


Principles of Frontal Lobe Function



This page intentionally left blank 



Principles

Frontal Lobe
Function

of

Edited by

DONALD T. STUSS, Ph.D. (C.Psych), O.Ont.
Reva James Leeds Chair in Neuroscience and

Research Leadership
Vice President, Research, and Director
The Rotman Research Institute
Baycrest Centre for Geriatric Care
Professor, Departments of Medicine (Neurology,

Rehabilitation Science) and Psychology
University of Toronto

ROBERT T. KNIGHT, M.D.
Evan Rauch Professor of Neuroscience
Director, The Helen Wills Neuroscience Institute
Department of Psychology
University of California, Berkeley

OXFORD
UNIVERSITY PRESS

2002



OXJORD
UNIVERSITY PRES S

Oxford Ne w Yor k
Auckland Bangko k Bueno s Aires Cap e Tow n Chenna i
Dar e s Salaa m Delh i Hon g Kon g Istanbu l Karach i Kolkat a
Kuala Lumpu r Madri d Melbourn e Mexic o City Mumba i Nairob i
Sao Paulo Shangha i Singapor e Taipe i Toky o Toront o

and a n associate d compan y in Berli n

Copyright ©  2002 b y Oxford University Press, Inc .

Published b y Oxford University Press , Inc .
198 Madison Avenue , New York , Ne w Yor k 1001 6

http://www.oup-usa.org

Oxford i s a  registered trademar k o f Oxfor d Universit y Press

All right s reserved . N o part o f this publication ma y be reproduced ,
stored i n a  retrieval system , or transmitted , in an y form o r by any means,
electronic, mechanical , photocopying , recording , o r othenvise ,
without th e prio r permissio n o f Oxford Universit y Press.

Library of Congress Cataloging-in-Publicatio n Dat a
Principles o f frontal lobe functio n /
edited by Donald T . Stuss, Robert T . Knight.
p. cm.
ISBN-13: 978-0-19-513497- 1
ISBN-10: 0-19-513497- 4
1. Fronta l lobes .
I. Stuss , Donald T .
II. Knight , Robert T.
QP382.F7 .P755 2002 612.8'25—dc2 1 200105546 6

9 8 7 6 5 4

Printed in the Unite d States of America
on acid-fre e pape r

http://www.oup-usa.org


To David  and  Leanne  Stuss,
and Tom  and  Sonia  Moser,
for all  their support
and love  and to  D.  Frank  Benson,
an always  remembered  mentor,
colleague and friend,
with whom I shared  the  joys of
initial explorations  of  the
mysteries of  the  frontal lobes

D.T.S.

To Donatella  Scabini,
whose love  and support
made my  contribution  to  this  book  possible
and to  Sara
for all  her humor.

R.T.K.



This page intentionally left blank 



Foreword

MARCUS E. RAICHLE

In th e mind s o f many , a n understandin g o f
how the brai n works represents th e las t grea t
frontier i n biology , i f no t i n al l o f science .
While a  fascination with this agenda concerns
brains large an d small , the ultimat e goa l is to
understand within the limits of our capacity to
do so , the working s of the huma n brain . Fo r
in this knowledge lies not only the potential to
understand an d ultimately treat, rationall y and
effectively, som e o f th e mos t importan t dis -
eases afflictin g humankin d but als o to addres s
social problems tha t continue t o vex scientists
and scholar s i n field s a s diverse a s anthropol -
ogy, politica l science , psychology , sociology ,
and economics .

In pursuing a goal of understanding th e hu-
man brai n and , hence , the uniquenes s o f hu-
man behavior i t is important t o first recognize
the way s i n whic h th e huma n brai n differ s
from the brains of other species. While we are
only beginning t o understand suc h difference s
in any detail, the siz e of the huma n brain rel -
ative t o th e siz e o f th e bod y i n whic h i t i s
housed i s a feature apparent t o even the casua l
observer. Th e developmen t o f th e fronta l
lobes i n th e huma n brai n i n particula r ac -
counts fo r a  disproportionat e fractio n o f th e
increased siz e of the huma n brain when com-
pared t o th e proportio n i n nonhuma n pri -
mates. I n human s the fronta l corte x accounts

for 30 % of the cortica l surface , a fact tha t has
instilled i n clinician s an d scientist s fo r ove r
two centuries th e suspicio n tha t a  key to un -
derstanding th e uniquenes s o f human behav-
ior wil l com e fro m a n unveilin g o f th e func -
tions of the fronta l lobes .

As Marse l Mesula m posit s i n hi s super b
contribution t o thi s volum e (Chapte r 2) , a
seminal event i n research o n the fronta l lobes
began a t precisel y 4:3 0 P M on Wednesday ,
September 13 , 1848. O n that date , in Caven-
dish, Vermont , explodin g dynamit e sen t a n
iron tamping rod through the prefrontal cortex
of a  railroa d constructio n forema n b y th e
name of Phineas Gage . Miraculousl y surviving
this accident , Gag e nevertheless was change d
for th e remainde r o f his life. Such a profound
transformation occurred in his personality tha t
to hi s friend s h e wa s "no longer Gage. " De -
spite th e remarkabl e clinica l feature s o f thi s
case an d o f simila r one s tha t followed , th e
frontal lobes have, until recently , been slow to
yield u p thei r secrets . I n fact , the y hav e ac -
tually been referred t o as the "silent " areas of
the brain .

The silenc e o f th e fronta l lobe s ha s no w
been broken , a s we hav e learne d t o as k ap -
propriate question s an d hav e th e necessar y
tools a t our disposa l to obtain meaningfu l an-
swers. A s a  result , muc h ne w an d importan t
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information ha s bee n gathere d o n th e func -
tions o f the fronta l corte x i n human s and i n
nonhuman primates , especiall y ove r th e pas t
few decades . Thi s volum e represent s a  ver y
timely an d importan t summar y of tha t infor -
mation. Noteworth y contributions com e fro m
the ver y investigator s an d laboratorie s tha t
have led the field through the recent explosive
accumulation o f knowledg e i n thi s area . A s
such, this volume represents an invaluable re -
source to all interested i n this vitally important
area o f research , whic h encompasse s huma n
brain functio n an d huma n behavio r a t th e
highest level .

In contemplatin g the enormou s amoun t of
current informatio n o n th e function s o f th e
frontal lobe s an d appreciatin g th e impressiv e
array o f tool s tha t ca n hel p pus h bac k th e
frontier o f knowledge even further , severa l is-
sues come to mind. How is it that th e closing
decades o f the twentiet h centur y hav e bee n
witness t o suc h a n explosio n o f ne w infor -
mation on the fronta l lobes ? I t ha s been sug -
gested tha t significan t advance s i n scienc e
come when two disparate bu t potentially com-
plementary discipline s joi n forces . An apt ex-
ample here is cognitive neuroscience. This field
emerged becaus e of the foresight of the James
S. McDonnell Foundation, th e Pew Charitable
Trusts, and their advisors, who envisioned com-
bining the experimenta l strategies o f cognitive
psychology with various techniques to actually
examine ho w th e brai n function s t o suppor t
mental activities . Th e timin g was perfect , a s
the new techniques of functional brain imaging
(positron emissio n tomograph y [PET ] an d
functional magneti c resonanc e imagin g
[fMRI]) ha d jus t emerged . Alon g wit h th e
more traditiona l lesio n behavio r studie s an d
measurement o f event-related potentials , ob -
tained with electroencephalography and mag-
netoencephalography, these new imaging tech-
niques wer e place d i n th e hand s o f a  whole
new generatio n o f scientist s schoole d i n so -
phisticated behavioral technique s a s well as in
brain science . Studie s o f th e norma l human
brain moved front and center in brain research.

The availabilit y of a  larg e amoun t o f ne w
information o n th e huma n brain , especiall y
from functiona l brain imagin g studies o f th e
normal human brain with PET and fMRI, has

presented u s with the opportunity to integrate
information acros s multipl e level s o f investi -
gation i n neuroscience . Thi s i s a  very impor-
tant opportunit y fo r al l concerned. I t comes ,
however, wit h a  challenge , becaus e w e lac k
understanding o f the event s withi n th e brai n
surrounding functionall y induce d change s i n
activity. Fo r th e neurophysiologist s thes e
changes ar e traditionall y recorded as changes
in th e spikin g activit y o f neurons. Fo r them ,
spiking i s th e gol d standard . However , fo r
those usin g functiona l brai n imaging , th e
changes observe d occu r i n th e brai n circula -
tion and its energy metabolism. Not only does
circulation chang e bu t als o th e manne r i n
which additiona l energ y requirement s ar e
met. T o make matter s mor e complex , spike s
are recorde d fro m cel l bodies , whil e th e cir -
culatory an d metaboli c change s occu r pre -
dominately around axo n terminals , dendrites ,
and thei r surroundin g astrocytes . A t the mo -
ment, therefore , w e cannot , b e sur e tha t
changes i n spikin g alway s coincid e spatiall y
with th e metaboli c an d circulator y change s
that we observe with functional brain imaging.
Both measure s reflec t importan t aspect s o f
brain function . Finally , in imagin g the whol e
brain i s sample d an d imagin g almos t always
reveals widely distributed system s involved in
most cognitiv e activity . The detail s o f activity
within a given region of interest are , of course,
missing. For neurophysiologists th e situation is
reversed. I n m y opinion, bot h neurophysiolo -
gists an d cognitiv e neuroscientist s hav e nec -
essary but not sufficient information t o obtain
a complete picture of events critica l to an un-
derstanding of the function o f the brain. A bal-
anced perspective , withou t claim s t o privi -
leged acces s t o th e complet e truth , wil l b e
most helpfu l a s we see k t o understan d thes e
issues, and an open and mutually informed di-
alogue wil l be critical .

Another issue likely to be o f increasing im-
portance t o ou r futur e understandin g o f hu -
man brain function in general, and frontal lob e
function i n particular, i s the matte r o f individ-
ual differences . From th e perspectiv e o f cog-
nitive neuroscienc e an d functiona l brai n im -
aging, a n earl y worr y wa s tha t individua l
differences woul d be sufficiently  grea t that at-
tempts a t averaging imagin g data across indi -
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viduals to improve signals and diminish noise
would be doomed to failure . These fear s were
quickly put t o res t b y the ver y first attempts
to averag e functiona l imagin g data acros s in -
dividuals—the results were stunning . Th e ap-
proach of averaging data across individuals has
dominated the field of cognitive neuroscience ,
with great success. For al l who have examined
such data in detail, however, the emergence of
individual difference s provide s excitin g pros -
pects fo r a n eve n deepe r understandin g o f
human behavior. Given psychologists' and psy-
chiatrists' long-standin g interes t i n an d tech-
niques fo r th e characterizatio n o f personality
differences, w e are poised t o make major ad -
vances in this area. Our current understanding
of frontal lobe s functions an d connections will
play a  majo r rol e i n unraveling the mysterie s
of each person' s individuality .

As exemplifie d by most of the wor k in thi s
volume, cognitive neuroscientists have focused
largely o n the adul t huma n brain, examining
how it functions normall y and how it changes
when focall y damaged . I n Chapte r 29 , how-
ever, Adel e Diamon d remind s us o f the im -
portance o f considering brain function fro m a
developmental perspective . Th e developmen -
tal psychology literature i s very rich in details
about developmenta l milestone s associate d
with maturatio n of the huma n brain. What is
missing, however , i s anythin g remotel y ap -
proaching a  satisfactory understanding o f th e
maturation process withi n systems of the hu -
man brain . Whether i t i s the developmen t of
attention, language , memory , management of
distress, o r personalit y developmen t mor e
generally, all of which involve the fronta l lobes
in some way, we lack information about brain
maturation a t a  system s level . Suc h informa-
tion would not only enrich our understandin g
of development itself but also of the end result
of development—tha t is , the organizatio n o f
the adul t brain . Thi s lac k o f informatio n re -
flects not onl y an inability to safely an d accu-
rately acquire the needed data in humans but
also a  genera l focu s o n the cellula r an d mo -
lecular leve l within developmental neurobiol -
ogy. Tools are now becoming available to cog-
nitive neuroscientist s tha t wil l allo w saf e
access to the necessar y areas in humans. Var -
ious imaging techniques applicabl e to children

can no w acces s no t onl y functiona l but als o
anatomical information , including th e devel -
opment o f fibe r pathways . Data fro m a  smal l
group o f pioneering investigator s provid e ex-
citing glimpse s o f the future . Paralle l studie s
in nonhuma n primates , in whic h a  direct ex-
amination o f change s a t a  cellula r leve l ar e
possible, should be encouraged .

Finally, it is important to consider the brain
from th e perspectiv e o f it s possibl e baselin e
functions. I n cognitive neuroscience a s well as
in th e long-standin g wor k o f neurophysiolo -
gists, th e primar y focus ha s been o n change s
in activit y (usuall y increases; "activations " i n
the parlance of functional imagers ) that are as-
sociated wit h specifi c menta l processes . Evi -
dence is now accumulating that a true baseline
level o f functionall y importan t activit y char -
acterizes th e brain . Furthermore , th e fronta l
lobes contribut e significantl y to thi s baselin e
activity, a s recognize d b y researchers suc h as
the lat e Davi d Ingva r an d a s mor e recentl y
detailed b y others and us. The important mes-
sage for investigators probing the function s o f
the fronta l lobes i s to view them a s operating
continuously—enhanced unde r some circum-
stances an d attenuate d unde r others . A s my
colleague Debr a Gusnar d and I have pointe d
out (Gusnard , D.A . & Raichle , M.E. ; [2001 ]
Searching for the baseline : functional imaging
and the restin g human brain. Nature Reviews
Neuroscience 2:685-694) , thi s vie w is consis-
tent wit h th e continuit y o f a  stable , unifie d
perspective of the organism relative t o its en-
vironment ( a 'self). This unified perspective is
generally underappreciated becaus e i t largely
functions i n the background .

In closing, I  would like to thank Don Stuss
and Bo b Knight for the ver y flattering invita-
tion to contribute a  foreword to this important
volume o n th e fronta l lobes . The y an d thei r
contributors ar e t o be congratulated . Studie s
of the brain , particularly o f the huma n brain,
that focu s a s thes e d o o n behavior s a t th e
highest leve l have broad implication s fo r th e
integration o f the natura l an d socia l sciences ,
as s o eloquentl y discusse d b y E.O . Wilso n
(Consilience: Th e Unity  o f Knowledge  [Alfre d
A. Knopf , 1998 , Ne w York] ) Th e en d resul t
should be a much better understanding of the
human condition .
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Preface

Our ultimate hop e is that thi s volume will be
the standar d referenc e boo k o n th e fronta l
lobes fo r a t leas t a  decade . W e took severa l
steps t o achiev e thi s goal . First , w e invite d
those whom we felt are currently th e mos t in-
novative an d prominen t researcher s i n th e
field of fronta l lobe research t o contribut e t o
the book. Unfortunately, as is evident fro m th e
table of contents o f this volume, not everyon e
in this category is listed there. There were sev-
eral reason s fo r this . Som e who were invite d
couldn't participat e fo r variou s reasons . Cer -
tain individual s who m w e wante d t o invit e
represented a  duplicatio n o f content , s o w e
invited th e perso n we considered t o have the
least overlap with other contributors. The final
reason wa s th e limitin g one : th e envisage d
book was already too large to be economically
feasible fo r the publisher .

We encouraged each of the author s to elab-
orate thei r chapte r in several ways. The chap-
ters were to include information that could be
used not only by knowledgeable scientists and
clinicians but als o by the young , future scien -
tific leader s i n fronta l lob e research ; tha t is ,
we wante d history , breadth, depth , practical -
ity, and creativity in each chapter. Where pos-
sible, differen t contributor s wer e encourage d
to writ e chapter s together , t o enhanc e cross -
fertilization o f ideas a s well a s to foste r inte -

gration o f critica l concepts . Eac h o f th e au -
thors wa s encourage d t o cross-referenc e
where possibl e other chapters in the boo k t o
add to the integration o f ideas. We wanted re -
searchers, clinicians , an d particularly student s
to hav e a  comprehensiv e pictur e o f curren t
knowledge o f th e fronta l lobe , an d t o se e
where no t onl y cohesion bu t als o difference s
might lie .

This boo k i s intended fo r virtuall y anyon e
interested i n th e fronta l lobes . Jus t lik e th e
song in A Funny  Thing  Happened  o n the Way
to the Forum, there i s something for everyone.
We wanted t o en d u p wit h a  comprehensiv e
reference book , providing value for th e mos t
advanced researcher , th e younges t student ,
and the hands-o n clinician . There i s no doub t
a bias toward th e researcher , sinc e activ e sci-
entists wrot e th e chapters . Nevertheless , we
hope tha t neuroscientists , neurologists , psy -
chiatrists, psychologists , health-car e worker s
of various professions (includin g nurses, phy-
siotherapists, and occupational therapists), ba-
sic researchers , an d clinician s wil l fin d th e
book of value. We are no t sur e if we will have
satisfied al l these constituents , sinc e eac h o f
the domain s covered coul d be a  book unto it-
self. Moreover , the statu s of knowledge in cer-
tain area s o f fronta l lob e researc h wa s not a s
well developed a s in others, leading to possible

XI
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inequalities i n backgroun d and ne w data . We
leave the judgment as to how well we satisfie d
the variet y o f potentia l audience s t o thes e
readers.

We are grateful to all the contributors to the
book. Thei r science , thei r creativity , an d th e
time taken to write the chapters constitut e the
essence o f thi s volume . Dr . M . Raichl e was
very graciou s i n agreein g t o writ e th e fore -
word. Specia l thank s g o to D . Scabin i fo r all
her suppor t an d encouragement . W e are in -
debted to the following individuals for all their
work o n the volume : C . Gojmerac , D . Derk -
zen, and I . Yang for diligent help in preparing
the boo k fo r submission; C . Copnick , fo r cor-
respondence and secretaria l work ; and F. Ste-
vens and J . House o f Oxford University Press
for thei r feedbac k an d enthusias m abou t th e
project.

We are personally grateful to those agencie s
that fund ou r personal research, without which
we would no t hav e been i n a  position t o un -
dertake thi s effort : fo r D . T . Stuss, the Cana -
dian Institute s o f Healt h Researc h an d th e
McDonnell Foundation ; an d fo r R.T . Knight,
the Nationa l Institut e o f Neurologica l Disor-
ders an d Stroke , the Veteran s Administration
Research Service, and Varian, Inc. The success
of The Rotma n Research Institute conference
in 2000, which spurred the idea of this volume,

was du e t o th e generosit y o f ou r academi c
sponsors—Baycrest Centre fo r Geriatric Care
and the Universit y of Toronto—and our finan-
cial sponsors: Sustaining Sponsor, Hong Kong
Bank of Canada; Conference Sponsor, Nozomi
Hospital, Tokyo Japan; Conference Bag Spon-
sor, Varia n MR I Systems ; Contributing Spon-
sor, Novartl s Pharmaceuticals ; Sponsor ,
AstraZeneca pharmaceuticals ; an d additiona l
support, Fido . We also received two education
grants fro m th e Medica l Researc h Counci l of
Canada (now the Canadian Institutes o f Health
Research) an d th e Ontari o Menta l Healt h
Foundation. Th e abstract s o f the presenters '
talks and the poster s presente d at the confer-
ence are published in Brain and Cognition (H.
Whitaker and S. Segalowitz, eds.) 2001, vol . 47
(112), th e commo n practice fo r The Rotma n
Research Institut e conferences .

The succes s o f the conferenc e was directly
due t o a n outstandin g organizin g team: con-
ference coordinator , S. Teaves; administration,
J. Pagiamtzis, C. Copnick, and S . Ng; registra-
tion, H . Roesle r an d P . Ferreira; audiovisua l
aids B . Kierdal ; and virtually all the othe r ad -
ministrative staf f o f The Rotma n Research In-
stitute, and student volunteers.

Toronto, Ontario
Berkeley, California

D.T.S.
R.T.K.
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1
Introduction

DONALD T. STUSS AND ROBERT T. KNIGHT

The frontal lobes are a toolmaker.
Bob Rafal, Toronto 2000

The titl e o f thi s book , Principles  o f Frontal
Lobe Function,  clearl y state s ou r emphasis :
the function s o f the fronta l lobes , an d fronta l
systems. Muc h o f th e controvers y abou t ex -
ecutive an d fronta l lob e function s ha s bee n
the resul t o f inconsistency of operational def -
initions and limit s of discussion. We hope that
this treatise will bring clarity to the field as well
as raise key issues for future investigation .

As frequently stated in several chapters, th e
frontal lobe s represen t a  larg e proportio n o f
the huma n brain . Althoug h we hav e trie d t o
cover th e role s o f all sections, there i s a clear
emphasis on what is commonly called prefron-
tal cortex, that region antecedent to the motor,
premotor and supplementary motor areas. Im-
portant informatio n o n thes e latte r motor -
related structures is provided i n Chapter 8 , by
Gemba, an d i n Chapter 9 , by Rafal .

Our intention in organizing the book was to
cover th e fronta l lobe s fro m birt h t o death ,
from biochemistr y and anatom y to rehabilita -
tion, fro m theor y t o function , an d fro m nor -
mal to disrupted function . A t first we planned
to divide i t into sections, such as neuroscience
bases, theoretical positions , and so on. It even-

tually became clear that this would be a some-
what arbitrary organization, since so many au-
thors presente d materia l tha t covere d severa l
of these arbitrary distinctions. A second option
was t o organiz e th e boo k accordin g t o ap -
proaches, suc h a s anima l research o r human
research. Afte r som e debate , w e arranged th e
chapters mor e i n a  logical and conceptua l se -
quence, startin g fro m basi c scienc e an d end -
ing in more applied work. Although this struc-
ture i s perhaps stil l artificial , th e attemp t was
to juxtapose chapters tha t ha d som e concep -
tual commonality.

In this introductory chapter, we will present
an overview of the differen t contributions . By
highlighting som e o f th e similaritie s an d dif -
ferences among approaches, we hope to entice
the astut e reade r t o conside r th e diversit y of
approaches t o th e sam e questio n abou t th e
role of the fronta l lobes in organized behavior,
to advance the field ahead.

We brackete d th e boo k wit h chapter s tha t
introduce an d summarize in overarching ways
the structur e an d content  o f the book . Mesu -
lam, Chapte r 2 , set s th e stag e fo r the res t of
the book , an d th e novic e reade r o f the func -
tions o f th e fronta l lobe s shoul d star t here .
Mesulam's overvie w impart s th e importanc e
of thi s fiel d o f research . Hi s anatomica l an d
clinical distinctions provide organizational and
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PRINCIPLES OF FRONTAL LOBE FUNCTION

memory "hooks " fo r readin g man y o f th e
other chapters . Chapte r 34 , b y Knigh t an d
Stuss, is the other bookend, providing an over-
view of much o f the content  o f the boo k an d
forecasting wha t the futur e wil l bring.

The discussion of the anatom y of the fronta l
lobes wa s charge d t o Petride s an d Pandy a
(Chapter 3) . In their contributio n the y extend
their previous work on architectonic specificity
(see, e.g. , Petride s &  Pandya , 1994 ) b y pre -
senting ho w th e fronta l lobe s ar e intercon -
nected wit h differen t brai n region s throug h
association pathway s and ho w this is reflected
in functiona l observations . We cannot empha -
size enough that the study of frontal lobe func -
tions canno t b e don e solel y by pure localiza -
tion; th e stud y o f system s an d pathway s i n
relation t o function will continue t o be one of
the importan t future initiatives . In this regard ,
development o f nove l method s t o elucidat e
white matte r pathway s i n th e huma n brain ,
such as diffusion tenso r analysis , is particularly
relevant for future research. Petrides an d Pan-
dya wisely state in their concluding paragraph:
"Proper knowledg e o f th e cours e o f th e dif -
ferent fibe r pathway s i s a s importan t a s
knowledge of their termination in order t o in-
terpret properl y the functiona l deficits result -
ing fro m damag e t o particula r region s o f th e
cerebral cortex. "

Many othe r chapter s i n th e boo k presen t
additional anatomica l informatio n relate d t o
their particula r content . Taken together, thes e
chapters provide a  quite astounding amount of
information o n th e anatom y and connectivit y
of th e fronta l lobes , an d ho w these relat e t o
different functions . I n Chapte r 2  Mesula m
provides a n overview; in Chapter 3 2 Kolb and
Gibb discus s the change s at synaptic levels; in
Chapter 2 9 Diamon d discusse s maturation a t
different tim e points from birt h to early adult-
hood; in Chapter 8  Gemba addresse s th e rol e
of differen t subregion s i n moto r control ; i n
Chapter 2 3 Roll s review s th e anatom y an d
connections o f th e orbitofronta l cortex ; i n
Chapter 9  Rafa l outline s the cortica l and  sub-
cortical circuitr y fo r oculomoto r control ; an d
in Chapte r 2 6 St . Cy r an d colleague s discus s
frontal-subcortical circuitry .

If th e reade r i s intereste d i n th e neuro -

chemistry o f brain functioning , either fro m a
purely scientifi c view o r fo r th e purpose s o f
investigating neuropharmacologica l treat -
ments of  prefronta l corte x function , the n
Chapter 4  b y Arnsten an d Robbin s will be a
godsend. Th e author s revie w anima l and hu -
man researc h o n th e mechanism s b y whic h
dopamine, norepinephrine , serotonin , an d
acetylcholine ma y influence prefrontal corte x
cognitive functions . I t i s clea r tha t th e brai n
(usually anatomy ) behavio r approac h t o th e
study of frontal lobe functions mus t include t o
a fa r greate r exten t th e relatio n o f chemica l
pathways t o functio n a s well . I n additio n t o
providing information on anatomica l develop-
ment Diamon d describe s i n Chapte r 2 9 th e
biochemical changes a t several developmenta l
periods. I n Chapter 26 , St. Cyr and colleagues
summarize the neurochemistry of frontal-sub -
cortical circuit s a s a  basi s fo r understandin g
behavioral consequence s an d treatment .

The controversia l issu e o f segregatio n ver -
sus integration , o r the fractionatio n or homo-
geneity of the fronta l lobes, is discussed in sev-
eral chapters , reflectin g th e salienc e o f thi s
question ove r the pas t decade. In Chapter 18,
Duncan and Miller , in their theory of adaptive
coding, argue les s for tight regiona l specificity
and mor e fo r join t recruitmen t o f differen t
frontal region s i n respons e t o differen t cog -
nitive demands. They base the idea of adaptive
functioning o n the observatio n tha t th e sam e
frontal neuron s appea r t o b e configure d t o
solve man y differen t cognitiv e operation s
(compare this concept with the one postulated
by D'Esposit o an d Postl e i n Chapte r 11) . I n
Chapter 5 , Goldman-Rakic and Leung provide
a compellin g counterpoin t t o thi s vie w an d
readers ar e lef t t o draw their own conclusions.

A large numbe r o f chapters com e dow n on
the sid e o f heterogeneity o f frontal lob e func -
tioning. I n Chapte r 12 , Moscovitch and Win-
ocur sugges t a  componen t proces s mode l fo r
the strategi c rol e of the fronta l lobe s in mem-
ory. I n Chapte r 25 , Stus s and colleagues pro -
vide empirica l evidenc e fro m neuropsychol -
ogical test s administere d t o individual s wit h
discrete foca l lesion s that differen t region s of
the fronta l lobes play different roles . Knight's
electrophysiological researc h als o suggests re -
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gional specificity for different aspect s o f atten-
tion and working memory capacity. This spec-
ificity is evident in aging, discussed in Chapte r
31 by Craik and Grady , and als o at some ear -
lier developmental stages , addressed i n Chap-
ter 3 0 by Anderson and colleagues .

Two chapter s eve n hav e "fractionation " i n
their titles . I n Chapte r 16 , Baddeley extend s
his original working memory model to specif y
in greate r detai l th e rol e o f the thir d compo -
nent, the "central executive." He speculates on
what capacities suc h an executive would need ,
and uses task performance analysi s of patients
suffering fro m early-stag e Alzheimer' s disease
to test the validity of the separation of the pro -
posed executiv e functions . Thi s chapte r pres -
ents an important distinction made earlier: the
study o f executiv e function s doe s no t neces -
sarily indicate a n analysis of frontal lob e func -
tion. I n Chapte r 17 , Shallic e present s a
higher-order mode l suggested by Fox and Das
(2000) t o augmen t th e Norma n an d Shallic e
model o f the supervisor y system. In contras t
to Baddeley , however, Shallice' s thesis o n th e
fractionation o f th e supervisor y syste m doe s
relate to the fronta l lobes , since his supporting
data derive from functiona l imaging and lesion
research. Th e constitutiv e component s o f the
supervisory system , or centra l executive , tha t
both author s discus s have notable similarities.

In reviewin g primaril y anima l research ,
Fuster argue s i n Chapte r 6  tha t prefronta l
lobe function s need t o b e interprete d a s an
important par t o f associativ e neocortica l net -
works which , whil e distributed , ar e over -
lapping an d intersecting . Hi s distinctio n be -
tween operation s (e.g. , monitoring , planning,
attention) an d representation s (executiv e
memory) ma y be on e wa y of solvin g the di -
lemma over the heterogeneity or homogeneity
of functions—tha t is , i t ma y depen d o n th e
level of analysis or the qualit y of description .

There ar e level s o f complexit y i n th e sys -
tems approac h t o fronta l lob e functioning .
D'Esposito and Postle conclude in Chapter 11
that differen t region s withi n th e latera l pre -
frontal corte x ar e indee d relate d t o differen t
cognitive operations ; yet , a t th e sam e time ,
they suggest , a s d o Dunca n an d Mille r i n
Chapter 18 , that th e sam e region ca n also be

engaged i n differen t cognitiv e operations . I n
Chapter 25 , Stus s an d colleague s sho w tha t
different change s i n context , illustrate d i n
their discussio n of task demands, o f what ap -
pears t o b e superficiall y a ver y simila r task,
alter which brain regions appear necessary for
that task performance. With a simpler task de-
mand, ther e i s evidence o f considerabl e het -
erogeneity, althoug h i t i s anatomical systems,
not just foca l brai n regions , tha t demonstrat e
this fractionatio n o f function . With differen t
task demand s tha t see m mor e difficult , ther e
is n o eviden t fronta l lob e heterogeneity . I n
one sense , thi s latte r findin g migh t suppor t
Duncan and Miller' s findings; it is less obvious
how this relates t o Fuster' s concep t o f repre -
sentations. Regardless , in the futur e o f fronta l
lobe research , contex t wil l pla y a n ever -
increasing role .

In ou r view, the controvers y over the sepa -
ration and commonality, and the homogeneity
and heterogeneity , o f frontal lob e function re-
flects ou r commen t a t th e beginnin g o f thi s
chapter o n the importanc e o f operational def-
initions. This controversy must also be seen in
light of the importanc e of dynamic, integrated
(and perhap s context-dependent ) brai n
systems.

In Chapte r 19 , Grafma n suggest s tha t th e
frontal lobe s stor e variou s representationa l
units, whic h h e call s structured  event  com-
plexes. Thes e element s o f memory of higher-
level knowledg e hel p guid e ove r tim e mor e
complex behaviors. Since there is a clear sim-
ilarity betwee n thi s proposa l an d othe r con -
cepts, Grafman assist s the reader by discussing
in Chapte r 1 9 the difference s and similarities
between hi s approach and similar frameworks.
Picton an d colleagues , wh o revie w huma n
physiological researc h o n fronta l lob e func -
tions in Chapter 7 , propose a  concept that has
at leas t over t similarit y to Fuster' s represen -
tations. The y posi t tha t th e prefronta l lobe s
through representationa l processin g ar e th e
"theatre o f th e mind, " wher e option s ar e
played out , examined , and understood . A  key
to Picto n an d colleagues ' mode l i s a return t o
one o f th e mos t importan t concept s o f th e
1960s: the Test-Operate-Test-Exit mechanism,
to perceive , decode , and respon d t o informa -
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tion (Mille r et al. , 1960) . Thi s mode l ha s also
been use d to explain different level s of aware-
ness (Stuss , 1991 ; Stus s et al. , 2001) . Th e in -
teractivity o f differen t brai n region s i s agai n
emphasized i n these approaches .

Several contributors have focused on a spe-
cific function . I n Chapte r 8 , Gemb a summa-
rizes th e knowledg e o f moto r control , and i n
Chapter 9 , Rafa l review s visuomoto r control .
While seemingl y lower level , thes e function s
are crucia l t o understandin g th e action/activ e
role o f the fronta l lobe s i n th e fina l common
output pathway . The stud y of motor program-
ming ca n b e see n a s the investigatio n o f vol-
untary behavior . Gemb a outline s ho w differ -
ent parts of the fronta l lob e and other region s
(e.g., limbic , premotor, motor , supplementary
motor area ) combin e fo r voluntar y vocaliza-
tion an d han d movements . Rafa l use s ey e
movements a s a  mode l syste m t o investigat e
how midbrain  refle x circuit s an d fronta l an d
parietal system s fo r ey e movemen t contro l
combine to produce goal-directed behavior . In
both chapter s th e importanc e o f a  system s
analysis is again confirmed.

Endel Tulvin g i s know n fo r hi s abilit y t o
synthesize importan t concept s i n memorabl e
terms. Mor e importantly , hi s elaboration s o f
the concept s ar e lucid and compelling. "Chro-
nesthesia," a s Tulvin g point s ou t i n Chapte r
20, ha s bee n propose d before—bu t neve r i n
as comprehensiv e manne r a s presented here .
His idea o f mental time travel should be con-
sidered b y readers i n th e contex t o f Fuster' s
temporal integration , an d contrasted wit h th e
different tempora l domain s considered i n th e
workings of memory. There is little doubt tha t
the rol e o f the fronta l lobe s in the integratio n
of the pas t and present t o look into the futur e
is o f majo r importance . I n ou r opinion , thi s
needs t o b e investigate d i n a  mor e compre -
hensive manner , b y lookin g a t differen t as -
pects o f time an d comparin g th e rol e o f th e
frontal lobe s t o th e tempora l function s o f
other brai n areas , suc h a s the cerebellu m o r
basal ganglia , that hav e been linke d t o timing
control.

In Chapte r 10 , Alexander provides a  com-
prehensive view of frontal language functions ,
moving beyon d traditiona l perspectives . I n
many regards , h e i s presentin g a  mode l fo r

research o f th e rol e o f fronta l lob e i n lan -
guage, sinc e ther e ar e no t man y studies tha t
have pursued some of the les s traditional ideas
(discourse, scripts, etc.) with well-documented
focal fronta l lesions . On e migh t wonde r i f
there i s an y relationshi p betwee n th e script s
proposed fo r languag e an d Grafman' s struc -
tured even t complexes.

Clearly the stud y of memory in relatio n t o
frontal lob e function s ha s been a  major thrus t
of research , a s evidence d b y th e numbe r o f
chapters tha t hav e the word "memory" in the
title an d tha t cove r memor y within th e text .
The connectio n betwee n working  memory in
particular an d the fronta l lobe s has generated
much interest . D'Esposit o an d Postl e agai n
emphasize (in Chapter 11 ) that one mus t con-
sider anatomica l and functiona l system s when
attempting t o disentangl e th e rol e of prefron -
tal area s i n memory . They add a  new leve l of
complexity to thi s area o f study.

The questio n remains , however , whethe r
working memor y is a  function of maintaining
information o r o f attentiona l selection . I n
Chapter 14 , Passingha m an d Row e sugges t
that holdin g information in memory and tru e
selection ar e dissociabl e processes , and that it
is possibl e tha t monkey s with lesion s i n are a
46 fai l delayed-respons e tasks , not becaus e of
impaired working memory but becaus e o f de-
ficient respons e selection . Ou r state d goa l of
highlighting differences in the theoretica l po -
sitions of different researchers, an d indicating
why the difference s might exist, is wonderfully
highlighted i n the compariso n o f the chapter s
by Passingha m an d Row e (Chapte r 14 ) an d
Goldman-Rakic an d Leun g (Chapte r 5) . Th e
idea that the sam e cell may be capable o f per-
forming a  differen t tas k under differen t con -
ditions (se e Chapters 1 1 and 18 ) may provide
another answe r t o thi s controversy . Holdin g
information an d respons e selectio n ma y both
be associate d with are a 46 , depending o n th e
exact natur e o f the tas k demands. Thes e ne w
distinctions an d concept s ar e clearl y exciting
avenues o f future research .

Two chapter s highligh t th e active , supervi -
sory, strategic, controlling nature of the fronta l
lobes i n memor y functions . A t firs t glance ,
Chapter 13 , by Shimamura , an d Chapte r 12 ,
by Moscovitch an d Winocur appear simila r in
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content. Bu t ther e ar e considerabl e differ -
ences i n emphases . Moscovitc h an d Winocu r
are blatant abou t how important they feel this
role o f th e fronta l lobe s is , th e media l tem -
poral lobe s bein g viewe d a s "stupid. " Ou r
apologies i n advanc e to ou r hippocampa l col-
leagues. The y describ e th e rol e o f the fronta l
lobes a s "working with memory, " and se e this
use no t jus t fo r recoverin g pas t experience s
but als o fo r directin g othe r activities . Shima-
mura focuse s mor e o n a n inhibitor y model ,
which h e call s the "dynami c filtering theory."
Other processes , suc h a s selecting , maintain -
ing, updating , an d rerouting , ca n b e consid -
ered in light of this gating function of the fron -
tal lobe .

In Chapte r 15 , Jonides an d colleagues con-
tinue th e them e o f filtering, or selection , bu t
address i t independen t o f memory : they dis -
cuss the psychological process of selectively at-
tending t o on e sourc e o f informatio n t o th e
exclusion o f others . I n a  meta-analysis , the y
review differen t task s used t o stud y selectiv e
attention, unde r th e construc t o f conflict res-
olution, a s assesse d wit h functiona l imaging
techniques. Bot h the anterio r cingulate cortex
and th e dorsolatera l prefronta l corte x ar e in -
volved i n som e aspec t o f conflic t resolution ,
which i s likel y relate d t o differen t mecha -
nisms. The theme of heterogeneity o f function
is reflected in these results .

Four chapters provide an excellent overview
of the rol e of orbitofrontal/ventral-medial lobe
function i n emotional function s and socia l be-
havior. I n Chapte r 21 , Watanab e cover s th e
monkey literature relate d t o motivatio n (orbi-
tofrontal cortex) , emotions, and cognition (the
latter tw o being integrate d i n the latera l pre -
frontal cortex) . The mechanis m b y which an -
atomical systems work together i s underscored
in thi s chapter : cognitio n inform s motivatio n
and motivatio n modulate s cognition . Thi s
chapter agai n note s th e influenc e of context ,
this time in the form of the reward expectancy
of the monkey .

In Chapte r 23 , Roll s present s anima l an d
human (lesion and functional imaging) work in
his review of the function s o f the orbitofronta l
cortex. Th e pivota l poin t o f the rewar d valu e
of tast e an d smel l demonstrate s tha t ther e is
a ver y simila r base t o th e behaviora l choice s

made b y animal s o f man y species . H e pro -
poses th e rapi d shapin g an d reversa l o f re -
ward-punishment contingencie s a s a  ke y as -
pect of orbital prefronta l function.

In Chapte r 22 , Tranel discusses the rol e of
the orbita l prefronta l corte x in behavior , with
emphasis o n th e involvemen t o f the ventral -
medial prefronta l lobe i n emotion s an d deci -
sion making . He demonstrate s ho w us e o f a
"gambling task " ha s provide d th e abilit y t o
measure decisio n makin g an d relate d emo -
tional influences. The somatic marker hypoth-
esis propose d t o explai n the observe d result s
should b e compare d wit h materia l i n al l fou r
chapters (21-24 ) dealin g wit h th e emotiona l
changes with fronta l lob e damage .

Finally, i n Chapte r 24 , Mayber g take s a
common disorder , depression , an d shows how
limbic-cortical interactions, th e pla y betwee n
emotions an d cognition , ca n b e s o important
in depression . Thi s chapte r represent s th e
practicality an d applie d natur e o f frontal lob e
research, and shows the importanc e o f the in-
terrelationships o f differen t approaches . I n
comparing Chapters 2 1 with 24, it is clear that
Mayberg an d Watanab e eac h approac h lim -
bic-cortical relations fro m quit e different per -
spectives. Thes e studie s o n th e motivationa l
and emotiona l function s o f th e fronta l lobe s
announce a  return t o th e earl y excitement of
frontal lob e research—th e effec t o f lesions on
personality, emotions , an d socia l behavior . I n
our view , th e stor y i s no t ye t complete , bu t
rather, unfolding.

Several chapter s addres s ho w fronta l lob e
or fronta l syste m damag e occur s i n specifi c
diseases o r disorders . I n Chapte r 25 , Stus s
and colleague s summariz e the findings o f the
effects o f well-characterize d foca l fronta l le -
sions, with an emphasis on stroke. In Chapte r
28, Levine an d colleague s presen t the effect s
of traumatic brain injury on fronta l lob e func -
tioning. Tw o practical aspect s o f this chapte r
are th e critica l revie w o f th e cognitiv e an d
behavioral assessment s o f traumati c brai n
injury, an d th e presentatio n o f a  ne w seg -
mentation approac h t o asses s gray, white, an d
cerebrospinal flui d compartmen t volumes .
The reader interested in developmental com-
parisons shoul d rea d th e abov e tw o chapter s
in conjunctio n with Chapte r 30 , by Anderson
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and colleagues , wh o presen t interestin g
(and new ) data o n th e effect s o f foca l lesion s
and traumati c brai n injur y i n children . I t i s
clear fro m thi s work that, when one consider s
the effect s o f diseas e o n prefronta l function ,
children canno t b e viewe d a s jus t smal l
adults.

Chapter 26 , by St . Cyr and colleagues , no t
only i s a n excellen t revie w o f th e conse -
quences of neurosurgical treatment of patients
with Parkinson' s disease , i t epitomize s th e
value of studying systems and circuitry, partic-
ularly the frontal-subcortica l circuits . What is
new i n thi s chapte r i s the extensio n o f some
of th e circuit s t o includ e ne w anatomica l
regions, an d th e effec t o f deep brai n stimula-
tion o n cognition an d moto r responses .

In Chapte r 27 , Brave r an d colleague s dis -
cuss how prefrontal cortex functions chang e in
schizophrenia. Thi s chapte r i s a n exampl e o f
how a connectionist computationa l model can
be usefu l i n studying psychological constructs .

In ou r view , the stud y of fronta l lob e func -
tions i n differen t disorder s ha s benefite d im -
mensely fro m ne w theoretical construct s an d
advances in anatomy and neurochemistry. This
approach need s t o be continued an d differen t
disorders wit h suppose d fronta l syste m dys -
function als o need to be studied in this critical
and theoretical manner a s well.

There i s perhaps n o more interesting aspec t
of fronta l lob e functio n tha n to see how these
functions chang e developmentally , fro m birt h
to ol d age . Diamon d set s th e stag e fo r thi s
topic in Chapter 29, by describing how normal
development o f prefrontal cortex occurs fro m
birth t o young adulthood. I n this chapter, dis -
cussions o f anatomy , biochemistry, an d func -
tion overlap , an d th e autho r show s tha t th e
functions describe d and studied in adult s un -
fold i n a  stage d manne r i n children . I f these
stages ar e arreste d i n som e manner , suc h a s
by acquired brai n damage , what happens ? I n
Chapter 30 , Anderson and colleagues contras t
the effect s o f focal lesions and traumatic brai n
injury a s they occur a t differen t developmen -
tal stages. I n our view, this exciting research is
in its infancy—but wha t a  future! Researc h of
frontal lobe function s i n adults provides a nec-
essary bas e fo r understanding brain-behavio r
relations; developmenta l studie s hav e th e po -
tential t o chang e educatio n an d rehabilitation

for lon g periods o f time . Thes e tw o chapter s
should be rea d i n relation t o Kol b and Gibb' s
work in Chapter 3 2 on fronta l brai n plasticity.

Currently, ther e i s stil l evidenc e fo r a  cor -
responding staged , peelin g awa y o f fronta l
lobe abilitie s with aging . Craik and Grad y are
appropriately cautiou s in discussing the "fron -
tal lobology " of aging , i n Chapte r 31 . Tha t i s
what make s their summar y of behavioral an d
imaging changes i n memory with aging all the
more interesting . Thei r chapte r suggest s tha t
memory-performance change s wit h agin g are
indeed relate d t o age-relate d biologica l
changes i n th e fronta l lobes—bu t no t onl y in
the fronta l lobes. Brai n systems are importan t
at all stages of life, an d are perhaps even more
important as one adapts to the effect s o f aging.
In Chapte r 27 , Brave r an d colleague s appl y
their modellin g approach t o the effect s o f ag-
ing i n th e contex t o f norma l an d disordere d
cognitive control .

The succes s of rehabilitation o f frontal lob e
dysfunction i s dependen t o n th e correc t un -
derstanding o f th e function s o f thi s region .
The fac t tha t w e ar e stil l debatin g wha t th e
systems an d function s o f the fronta l lobe s ar e
might be on e reaso n fo r there bein g only two
chapters o n thi s importan t topic . I n Chapte r
32, Kolb and Gib b talk about the chang e over
time i n the structur e o f the fronta l lobes , ac -
cording to results in animal research. Ho w the
information wil l apply to clinical rehabilitation
is no t ye t certain . Fo r example , housing ani -
mals i n comple x environment s result s i n in -
creases i n spin e densit y i n th e fronta l lobes ,
but doe s no t affec t dendriti c length . I n con -
trast, suc h experience s d o increas e dendriti c
length i n moto r an d sensory  areas ; th e rele -
vance o f thi s t o rehabilitatio n presentl y re -
mains unclear . Nonetheless , ther e i s a  sens e
that this information will some day provide th e
ultimate measur e o f rehabilitatio n efficacy ,
perhaps indirectl y through functiona l imaging
techniques.

In Chapte r 33 , Burgess an d Robertso n ap -
proach rehabilitatio n fo r fronta l lob e dysfunc -
tion fro m a  somewha t differen t perspective .
Taking differen t theorie s the y discus s ho w
each theoretica l mode l lead s t o differen t im -
plications fo r research . Th e resul t i s a  ver y
practical se t o f si x principles tha t direc t ho w
rehabilitation should  be done . I n our opinion,
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this metho d has the potentia l to b e transfor -
mative i n the rehabilitatio n field .

Through thi s introduction w e hope we have
whetted th e reader' s appetit e fo r an in-dept h
reading o f th e individua l chapters—no t onl y
to gai n insigh t int o eac h chapter' s topi c bu t
also t o se e ho w the differen t chapter s migh t
inform eac h other . I n the las t chapter, we pro-
vide a  summar y of muc h o f the recen t wor k
on prefronta l corte x an d conside r wha t th e
field might look like in 2010 .
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The Human Frontal Lobes: Transcending the
Default Mode through Contingent Encoding

M.-MARSEL MESULAM

They said, "You have a blue guitar,
You do not play things as they are."
The man replied, "Things as they are
Are changed upon the blue guitar."

Wallace Stevens, The Man with the Blue Guitar

THE LEGACY OF PHINEAS GAGE

Contemporary researc h o n th e fronta l lobe s
started a t 4:3 0 P.M . on Septembe r 13 , 1848 ,
when an accidental explosion at a railroad con-
struction site in Cavendish, Vermont hurled an
iron tampin g ba r throug h th e hea d o f a  25-
year-old forema n named Phinea s Gag e (Har -
low, 1848) . Th e tapere d en d o f th e 13.2 5
pound, 3. 5 foot-long ro d penetrated the hea d
below th e lef t zygomati c arch , passed behin d
the lef t eye , and exited through the calvarium,
slightly right of the sagitta l suture. The recon -
struction o f th e trajectory , a s publishe d i n
1868, showe d tha t th e ba r mus t have pierce d
and carried away a substantial part of the fron -
tal lobes (Fig . 2-1) .

Dr. Edwar d H . Williams , who reached th e
scene 25-3 0 minute s afte r th e accident , re -
ported findin g Phinea s Gag e spittin g bloo d
but in no apparent distress , and in the process
of describin g th e even t t o incredulou s by -
standers who were amazed that he had walked

away fro m suc h a n acciden t (Bigelow , 1850) .
Joseph Adams , a  loca l justic e o f th e peace ,
submitted writte n testimony : "I sa w him an d
conversed wit h hi m soo n afte r th e accident ,
and a m o f opinion tha t h e wa s perfectly con-
scious" (Bigelow , 1850) . Dr . Joh n Harlow ,
summoned to attend t o Gage , arrived approx -
imately a n hour late r and , with Dr . Edwards '
help, shaved the scalp and dressed the wound.
The followin g day , Gag e remaine d quit e ra -
tional, an d displaye d a n accurat e recollectio n
of the events relate d to the explosion . He sub-
sequently develope d a  woun d infectio n an d
lapsed int o stupo r an d deliriu m fo r th e nex t
month. H e the n rapidl y recuperate d t o th e
point where h e was deemed physicall y and in-
tellectually fit for work and, with the exceptio n
of blurre d visio n i n th e lef t ey e an d a  sligh t
left facia l palsy , appeared non e th e wors e fo r
the wear .

Phineas Gag e wa s examine d b y th e Har -
vard surgeon Henr y Jacob Bigelo w in January
1850. Dr . Bigelo w concluded tha t a  consider-
able portio n o f the brai n mus t have been de -
stroyed an d marvele d a t th e sparin g o f func -
tion. Becaus e o f Bigelow' s eminenc e i n
medical circles , Phinea s Gage' s conditio n be -
came know n a s the Bosto n (rathe r tha n Cav-
endish) Crowba r Case , an d th e emphasi s fel l
on th e recovery . I n fact , whe n th e tamp -

2
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Figure 2-1 . Passag e of the ba r throug h the skul l o f Phi-
neas Gage , as reconstructed b y Harlow in 186 8 (Harlow,
1868),

ing iro n wa s deposite d t o th e museu m a t
Harvard Medica l School , i t wa s beautifull y
engraved with th e followin g inscription : "Thi s
is th e ba r tha t wa s shot throug h th e hea d o f
M Phineha s P  Gag e a t Cavendis h Vermon t
Sept. 14 , 1848 . H e full y recovere d fro m th e
injuries."1

It appears , however , that Bigelo w had been
a bi t prematur e i n hi s pronouncements . Th e
recovery might have been complete i n the sur-
gical sense, but not in the spiritual . Before the
accident, "Gag e was an ordinary sober Yankee,
intelligent, a  home-body , with n o peculia r o r
bad habits."2 The injury, however , led to a dra-
matic change , describe d i n a  passag e tha t i s
now a classic i n the annal s of behavioral neu -
rology (Harlow, 1868) :

His contractors , who regarded him a s the mos t ef -
ficient and capable foreman i n their employ previ-
ous to his injury, considered the change in his mind

so marke d tha t the y could not giv e hi m hi s place
again. The equilibriu m or balance, so to speak, be-
tween hi s intellectual faculties an d anima l propen-
sities, seem s to hav e bee n destroyed . He i s fitful,
irreverent, indulgin g a t time s in th e grosses t pro-
fanity (whic h was not previously his custom), man-
ifesting bu t littl e deferenc e fo r hi s fellows , impa -
tient of restraint or advice when it conflicts with his
desires, a t time s pertinaceously obstinate , yet ca -
pricious an d vacillating , devising many plans o f fu-
ture operation , which ar e no sooner arranged than
they ar e abandone d i n tur n fo r other s appearin g
more feasible .

Harlow adde d that , t o hi s friends, his patien t
was "no longer Gage. "

In time , Gag e becam e increasingl y erratic ,
moving from on e odd job t o another , the first
being to sit at the entrance o f the Bosto n Mu-
seum wit h th e tampin g ba r betwee n hi s
knees.3 He "worked" a t Barnum where he was
displayed a s a  curiosity . H e the n move d t o
Chile an d drov e a  six-horse stagecoach i n Val-
paraiso. Al l report s commen t o n hi s chaoti c
career an d unprovoke d profanity . Hi s fina l
destination wa s Sa n Francisco, wher e h e suf-
fered a  fatal epileptic fit in May of 1861, mor e
than 1 2 years afte r th e accident . Harlow , who
had lost contact wit h Gage , eventually learned
of Gage' s death , contacte d hi s mothe r and ,
with th e hel p o f the mayo r of San Francisco ,
had th e grav e opene d i n 1868 . Th e skul l was
removed an d delivere d t o Harvar d fo r saf e
keeping.4

THE SIGNS AND SYMPTOMS

Dozens o f report s publishe d sinc e Harlow' s
1868 pape r have repeatedly confirme d the piv-
otal lesso n taugh t b y th e cas e o f Phinea s
Gage—namely, tha t massiv e damag e t o th e
frontal lobe s ca n caus e dramati c change s i n
personality an d comportmen t whil e keepin g
sensation, movement, consciousness, and most
cognitive facultie s intact . Thi s dissociatio n i s
largely responsibl e fo r th e sens e o f enigm a
and parado x tha t ha s permeate d researc h o n
the huma n fronta l lobes. Durin g the first half
of the twentieth century , the "dilemma" of the
frontal lobe s unfolde d in the for m o f a dialec -
tic between thos e wh o considered i t the sea t
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of the highes t integrative function s of the hu -
man min d (Brickner , 1934 ; Ackerly , 1935 ;
Goldstein, 1936 ) an d thos e wh o commente d
on the paucit y of deficits associated with sub-
stantial fronta l lob e damag e (Hebb , 1945 ;
Landis, 1949) . Thi s controvers y was gradually
resolved throug h th e emergenc e o f insightfu l
clinical assessmen t methods , sophisticate d
neuropsychological instruments , and a willing-
ness to acknowledg e th e neurologica l basi s of
emotion an d personality. By the secon d hal f of
the twentiet h century , th e literatur e o n thi s
subject starte d t o reflec t a  surfeit rathe r tha n
paucity o f deficit s linke d t o fronta l lob e
damage.

Mounting evidenc e fro m comprehensiv e
case reports , fo r example, began t o sho w that
many patients with frontal lobe lesions became
puerile, profane , slovenly , facetious, irrespon -
sible, grandiose, and irascible, while others lost
spontaneity, curiosity, initiative, and develope d
an apathetic blunting of feeling, drive, attentive
power, an d behavior . Fronta l lob e damag e
came to be associate d with an erosion of fore-
sight, judgment , an d insight , an d a n inabilit y
to dela y gratificatio n o r experienc e remorse .
Some patients tended to display an impairment
of abstrac t reasoning , hypothesi s generation ,
creativity, proble m solving , an d menta l flexi-
bility; jumped t o prematur e conclusions ; and
became excessivel y literal . Th e orderl y plan -
ning an d sequencin g o f comple x behaviors ;
the abilit y t o atten d t o severa l component s
simultaneously and then flexibly alter the focu s
of concentration; th e capacit y for grasping the
context an d gis t o f a  comple x situation ; th e
resistance t o distractio n an d interference; th e
ability to follo w multiste p instructions; the in-
hibition o f immediat e bu t inappropriat e re -
sponse tendencies ; an d th e abilit y t o sustai n
behavioral outpu t withou t perseveration coul d
each becom e markedl y disrupte d followin g
frontal lob e injury . (Mesulam , 1986) .

In keepin g with thes e clinica l descriptions ,
neuropsychological testin g o f patient s wit h
prefrontal damage showed quantifiable deficits
in task s o f concentratio n (a s determine d b y
digit span) , sustained information retrieval (a s
determined b y th e F-A- S tas k o f verba l flu -
ency), an d inhibitio n o f inappropriat e re -
sponses (a s determined b y the Stroop , go-no

go, and Trai l Makin g B tasks). Tests o f motor
sequencing (Luria) , menta l flexibilit y (th e
Visual-Verbal Test) , and hypothesi s formatio n
(the Wisconsi n Car d Sortin g Task ) wer e als o
frequently impaire d (Milner , 1963, 198 2 Lu -
ria, 1966 ; Benton , 1968 ; Stus s &  Benson ,
1984; Leimkuhle r &  Mesulam , 1985 ; Wein -
traub &  Mesulam , 1985) . I n contrast , mos t
tests o f perception , construction , language ,
and spatia l attention remaine d intact . Explicit
memory tended t o be spare d excep t fo r diffi -
culties in the organizatio n of retrieval an d re -
call. Man y patients displaye d a  "task difficult y
effect," whereb y performanc e i n virtuall y all
areas bega n t o declin e rapidl y when th e mo -
tivation require d o f th e patien t exceede d a
certain level .

Despite al l these  clinica l findings , th e di -
lemma o f th e fronta l lobe s appeare d o n th e
verge o f bein g resurrecte d b y report s o f pa -
tients with sizeabl e fronta l lob e lesions whose
extensive neurological , behavioral , an d neu -
ropsychological examination s were quit e un -
remarkable. Suc h case s starte d t o los e muc h
of thei r enigma,  however , a s i t becam e clea r
that the sam e patient who gave exemplary an-
swers t o question s abou t socia l or mora l con-
flicts durin g neuropsychologica l assessmen t
could stil l ac t wit h a  tota l lac k o f judgment
when face d wit h th e rea l situation , an d tha t
impeccable conduc t i n th e offic e wa s no t in -
compatible with major behavioral impairments
in the unstructure d settin g o f daily life .

Is ther e a  unitar y "fronta l lob e syndrome "
encompassing al l o f thes e sign s an d symp -
toms? Are there regiona l segregations of func -
tion within the fronta l lobes ? I s i t possible t o
identify a  potentially unifying principl e o f or-
ganization whic h cut s acros s th e heterogene -
ous specialization s attribute d t o th e fronta l
lobes? The purpos e o f this revie w i s to offe r
a ver y selectiv e introductio n t o these
questions.

SYNOPSIS OF BEHAVIORAL
NEUROANATOMY

The 20 billion neurons of the huma n cerebral
neocortex are spread ove r a surface area of 2 -
3 square meter s which is then folde d into the
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multiple gyr i an d sulc i o f the cerebra l hemi -
spheres (Tram o e t al. , 1995 ; Pakkenber g &
Gundersen, 1997) . Numerou s cytoarchitec -
tonic map s o f the cerebra l corte x hav e bee n
published. The y vary in complexit y fro m Ex -
ner's ma p of more than 50 0 zones t o the on e
of Bailey and von Boni n based o n only 9 (Ex-
ner, 1881 ; Baile y &  Bonin , 1951) . Th e vas t
majority o f investigators agre e o n th e bound -
aries o f primar y sensor y an d moto r cortice s
which, i n turn , displa y a  one-to-on e corre -
spondence betwee n cytoarchitectur e an d
function. Mos t investigator s disagre e o n th e
location o f boundaries withi n associatio n cor -
tex an d fin d exceedingl y fe w one-to-one cor -
respondences betwee n subregion s o f associa-
tion corte x an d specifi c behaviors . Thes e ar e
some of the reason s for espousing a functional
rather than strictl y cytoarchitectonic approach
to th e mappin g o f the cerebra l cortex . Suc h
an approac h allow s the subdivisio n of the ce -
rebral cortex into five zones: primary sensory-
motor, unimodal  association , heteromoda l as -
sociation, paralimbic , an d limbi c (Mesulam ,
2000b).

The primary sensory-motor  areas of the ce -
rebral corte x provide th e mos t immediate in -
terface wit h the  extrapersona l environment ,
whereas the limbic  areas receive almos t no di-
rect visual , auditory , o r somatosensor y input s
and have their mos t extensive affiliation s wit h
the hypothalamu s an d interna l milieu . Uni-
modal area s provid e a  sit e fo r th e modality -
specific elaboratio n o f sensor y information ,
and heteromodal  area s provid e a  sit e fo r th e
integration o f inputs fro m mor e than one sen-
sory modality . Unimodal,  heteromodal,  an d
paralimbic cortices serv e as neural bridges be-
tween th e interna l an d the externa l worlds so
that th e need s o f the interna l milie u ca n be
discharged accordin g t o the opportunitie s an d
restrictions tha t prevai l i n th e outsid e world .
These thre e zone s mediat e th e associativ e
elaboration an d encodin g o f sensory informa -
tion, it s linkag e t o moto r strategies , an d th e
integration o f experience wit h drive, emotion ,
and visceral states .

The fronta l lobe s occup y almos t a  third o f
the cortica l are a i n the huma n cerebra l hem -
ispheres. Eac h fronta l lob e ca n be conceptu -
alized a s a  pyramid containin g a n apex a t th e

frontal pole , a  base a t the leve l of the centra l
sulcus, an d thre e externa l surface s formin g
the lateral , medial , and orbita l walls. All func-
tional type s o f corte x ar e represente d withi n
the fronta l lobes . Limbi c corte x i s repre -
sented i n the for m o f an inconspicuous sliver
of pyrifor m corte x a t th e mos t cauda l en d o f
the orbita l surface ; primary motor an d moto r
association cortice s ar e locate d o n th e latera l
and dorsomedial surfaces; heteromodal corte x
covers mos t o f the latera l surfac e and the an -
terior part s o f the media l and orbital surfaces ;
and paralimbic cortex is located o n the cauda l
parts o f the media l an d orbita l surface s (Fig -
ure 2-2) . Th e paralimbi c componen t o f th e
frontal lob e i s continuou s wit h th e cingulat e
gyms o n th e media l surface , an d wit h th e
insula an d tempora l pol e o n th e orbita l
surface.

The term s prefrontal  cortex  an d frontal
lobe syndrome  refe r almos t exclusivel y to th e
paralimbic an d heteromoda l component s o f
the fronta l lobes . Thes e ar e th e onl y tw o
components tha t will be addresse d i n this re -
view. Th e heteromodal  componen t o f th e
frontal lob e i s characterize d b y a n isocortica l
architecture (hig h neuronal density , six layers,
granular bands i n layers 2 and 4). In contrast ,
the paralimbic  component i s characterized b y
a gradua l architectoni c transition fro m primi -
tive allocorte x t o granula r isocortex . I t tend s
to have a lower neurona l density , less than six
layers, an d absen t o r rudimentar y granula r
bands. The heteromoda l componen t i s known
as granular  cortex  wherea s th e paralimbi c
component i s known as dysgranular o r agran-
ular cortex  (Mesulam , 2000b). Th e bounda -
ries between thes e tw o components tak e th e
form o f gradual transition s rathe r tha n abrup t
shifts.

Orbitofrontal paralimbi c corte x i s exten -
sively interconnecte d wit h th e hypothalamus ,
amygdala, hippocampus , an d als o with othe r
paralimbic cortice s i n th e tempora l pole , in -
sula, parahippocampal gyrus, and cingulate gy-
rus (Morecraf t e t al. , 1992 ; Ongii r e t al. ,
1998). Th e majo r connection s o f heteromoda l
prefrontal corte x ar e wit h th e othe r hetero -
modal an d unimoda l cortice s i n th e brai n a s
well a s wit h orbitofronta l an d relate d para -
limbic areas , especiall y th e cingulat e gyru s
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Figure 2-2 . Latera l (top)  and
medial (bottom)  views of th e
frontal lobes . The number s re-
fer t o the Brodinan n nomencla-
ture (Brodmann , 1909). CC,
corpus callosum; CG, cingulat e
gyrus; CS, centra l sulcus ; OF,
orbitofrontal surface ; SF , Syl -
vian fissure .

(Chavis &  Pandya, 1976 ; Barba s & Mesulam ,
1985). Compared t o other heteromodal corti -
ces i n th e latera l tempora l an d posterio r pa -
rietal lobes, prefrontal heteromoda l cortex ap-
pears t o hav e mor e pronounce d paralimbi c
connections, a  featur e tha t may  underli e its
distinctive rol e i n integratin g extensivel y pre-
processed sensor y information with limbic and
visceral states .

Prefrontal corte x i s als o characterize d b y
prominent subcortica l projections . It s hetero -
modal an d paralimbi c component s sen d ax -
onal projection s t o th e hea d o f th e caudat e
nucleus. With respec t t o the thalamus , heter-

omodal prefronta l corte x i s interconnecte d
with the parvocellula r part o f the dorsomedia l
nucleus, whereas paralimbic orbitofrontal cor-
tex i s interconnected mostl y with the magno -
cellular par t o f the sam e nucleus . Paralimbic
as wel l a s heteromoda l component s o f pre -
frontal corte x also receive monoaminergi c and
cholinergic inputs . Interferin g wit h dopami -
nergic o r cholinergi c neurotransmissio n i n
subregions o f prefronta l corte x impair s th e
functions o f th e denervate d areas , highlight -
ing th e importanc e o f thes e transmitter s fo r
frontal lob e functio n (Brozosk i e t al. , 1979 ;
Bias e t al. , 1996) .
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THE CANONICAL FRONTAL
SYNDROMES: HETEROMODAL VERSUS

PARALIMBIC

Although th e literatur e tend s t o emplo y th e
term frontal lobe  syndrome a s if it referred t o
a unitar y entity , th e examinatio n o f patient s
with prefronta l lesion s reveal s numerou s pat -
terns. Th e specifi c clinical picture i n an indi -
vidual patient i s likely to be influenced by the
location o f the lesion , it s rat e o f progression ,
the ag e o f onset , an d perhap s eve n th e pas t
personality o f the patient . However , tw o "ca -
nonical" subtypes of frontal lobe syndrome can
also b e identified . On e i s characterize d b y a
loss o f initiative , creativity , and concentratio n
power, with a  propensity for apathy and emo-
tional blandness . Thi s patter n ca n be identi -
fied a s th e frontal abulic  syndrome.  Th e sec -
ond subtyp e i s characterize d b y to o muc h
behavior, althoug h th e content s o f behavio r
betray a  lac k o f judgment, insight , an d fore -
sight. Despit e intac t retentiv e memory , pa -
tients wit h thi s secon d patter n o f prefronta l
syndrome d o no t see m t o lear n fro m experi -

ence an d impulsivel y stumbl e fro m on e dis -
astrous situatio n int o another . Thi s ca n b e
called the frontal disinhibition  syndrome. Pa -
tients with th e abulic  syndrome ar e occasion -
ally misdiagnose d a s bein g depresse d an d
those with the disinhibition syndrome as being
hypomanic.

These canonica l syndrome s ca n b e illus -
trated wit h th e hel p o f two clinica l vignettes .
The magneti c resonance sca n in Figure 2-3 A
belongs t o a  50-year-old paten t attorne y o f a
Fortune 50 0 company . H e complaine d o f vi-
sual blurrin g an d headaches . A  lef t fronta l
glioma was oliscovered and removed . The sur-
gery relieve d th e headache s an d visua l blur-
ring. A s h e appeare d fi t i n al l physica l an d
mental aspects , he decided to return to work.
At work, he displaye d hi s customary master y
of relevant knowledge but seeme d to have lost
his abilit y for focuse d concentration an d con -
cern fo r detail . H e starte d t o mak e careles s
errors, som e o f whic h prove d ver y costl y t o
his company . Reprimand s wer e shrugge d of f
and performance continue d t o be erratic . H e
was eventually forced to take early retirement,

Figure 2-3. Magneti c resonance imaging scans of two pa-
tients. A : Corona l sectio n throug h th e anterio r fronta l
lobe. The lesion s (arrows) ar e predominantly in the het -
eromodal componen t of prefronta l cortex . B: Horizontal

section throug h the orbita l surfac e o f the brain . The re -
gion tha t shoul d hav e contained orbitofronta l corte x (of)
is occupied by cerebrospinal fluid.
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which h e di d without protesting , an d seeme d
quite content  t o spen d mos t o f hi s tim e a t
home, watching televisio n an d helping his wife
with household chores . When h e las t came to
the clinic , he casually announced that hi s wife
had just been diagnosed wit h metastatic breas t
cancer, bu t tha t h e wa s not abou t t o le t thi s
news bothe r hi m to o much . Thi s patien t ex -
emplifies th e fronta l abuli c syndrome. His le-
sion wa s almos t entirel y confine d t o th e an -
terior heteromoda l par t o f th e prefronta l
cortex. The mor e posterior orbita l and medial
surfaces containin g th e paralimbi c compo -
nents remaine d quit e intact, thoug h undoubt -
edly disconnected fro m th e damage d part s of
heteromodal prefronta l cortex. 5

A differen t clinica l pictur e emerge s i n th e
case o f a  widowe d woman , i n he r 50s , wh o
also develope d visua l blurring (Figur e 2-3B) .
An olfactor y groove meningiom a was discov -
ered and removed. In the process o f the neu -
rosurgical procedure , the orbitofronta l regio n
was extensivel y destroyed wherea s th e mor e
dorsal heteromoda l par t o f prefronta l corte x
remained almos t entirel y intact . Prio r to sur -
gery, sh e wa s a  conspicuousl y conventiona l
woman who had been holdin g a  steady job as
an administrativ e assistant . Afte r surgery , sh e
showed ver y littl e neuropsychologica l impair-
ment, eve n i n "frontal" tests such as the Luri a
motor sequences, th e Stroo p Test, or the Wis-
consin Car d Sortin g Tes t (Mesulam , 2000b) .
However, sh e starte d t o encourag e intimat e
encounters with perfect strangers , a t least one
of whom had just been released fro m jail . She
admitted tha t her behavior was impulsive, and
that i t lacke d "brakes, " bu t neithe r th e thef t
of her purs e b y one o f her mal e guest s no r a
bout of sexually transmitted disease could curb
these inappropriat e impulsiv e behaviors. Thi s
patient displays the characteristi c traits of the
frontal disinhibitio n syndrom e an d share s
many clinica l feature s wit h Phinea s Gage ,
whose brai n injur y mus t als o hav e involve d
predominantly the orbita l an d media l parts of
the fronta l lobes (Figur e 2-1) .

These clinicopathologica l correlation s ar e
further supporte d b y observation s i n nonhu -
man primates . Orbitofronta l lesion s i n mon -
keys, fo r example , lea d t o impulsivit y an d
emotional hyperactivity whereas lateral fronta l

lesions i n chimpanzee s leav e mos t basic neu -
rological functions intac t while inducing a per-
vasive stat e o f apath y s o tha t th e animal s
spend mos t o f the tim e i n th e middl e o f th e
cage in a state of indifference (Jacobsen , 1936 ;
Butter &  Snyder, 1972) .

THE DEFAULT MODE: A STRAIGHT
AND NARROW PATH FROM STIMULUS

TO RESPONSE

Neither o f the tw o canonical fronta l lobe syn-
dromes described abov e is associated with pri-
mary deficit s o f motility , sensation , o r majo r
cognitive domains , supportin g th e widel y ex-
pressed contentio n that prefrontal cortex plays
a predominantl y "executive " rathe r tha n op -
erational role in the contro l of neural function .
Prefrontal lesion s do no t caus e fixed and cat -
egorical impairment s suc h a s amnesia, proso -
pagnosia, or alexia . Instead, such lesions seem
to promot e th e resurgenc e o f behavioral ten -
dencies that ma y occasionally surfac e in neu -
rologically intact individuals, but tha t ar e pre -
potent onl y in developmentally more primitive
stages o f neural integration .

An exampl e o f suc h primitiv e behaviora l
tendencies i s displaye d b y turke y hen s wit h
newly hatched broods . A t this critical stag e of
motherhood, th e hen s develo p a n urge t o at -
tack al l movin g object s tha t fai l t o utte r th e
characteristic pee p o f thei r chicks , a  highl y
adaptive instinc t fo r discouragin g potentia l
predators. I f a  turkey hen wit h ne w chicks is
made deaf , however, she will attack her prog -
eny an d pec k the m t o death . I f a  dominan t
male bo x turtl e i s placed befor e a  mirror , i t
will attack its reflection and fight it from daw n
to dus k or unti l th e turtl e (an d it s reflection )
collapse fro m exhaustion . If a  herring gul l in
confinement leave s he r nes t fo r momentar y
relief and her egg s are placed a few feet away
on the sand , the returnin g gul l will proceed t o
incubate the empty nest even though her eggs
are i n plai n sigh t (Tinbergen , 1951 ; Schleid t
& Schleidt , I960 ; Harless , 1979) . Thes e thre e
examples o f reflexivel y triggere d instinctiv e
behaviors revea l th e natur e o f a  hypothetica l
default mode,  a  real m o f neura l functio n
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where inflexibl e stimulus-respons e linkages ,
sensitive predominantly to the internal milieu,
remain imperviou s to modificatio n by context
or experience .

The defaul t mod e ha s severa l majo r char -
acteristics. Th e preferre d pat h fro m stimulu s
to respons e i s straigh t an d narrow , triggering
automatic reaction s an d immediat e gratifica -
tion. Options fo r alternative interpretations o r
actions are not encouraged, minimizing choice
or improvisation . The horizo n o f conscious -
ness i s confined to th e here-and-now , leaving
little roo m fo r hindsigh t o r foresight . Repeti-
tive displays of hard-wired response s are pro-
moted even when they do not fit the prevailing
context. Appearanc e canno t b e differentiate d
from significance : whatever glitters is gold. Al-
though th e defaul t mode i s most conspicuous
in submammalia n species , th e law s of evolu-
tion suggest that it should remain represented,
perhaps i n latent form , i n the centra l nervous
system (CNS ) of mor e advance d specie s a s
well.

The res t of this review will attempt to show
that fronta l lob e damag e allows a  resurgenc e
of th e defaul t mod e an d tha t th e principa l
physiological function o f prefrontal cortex is to
suppress and transcend this mode by enabling
neuronal response s t o becom e contingen t
rather tha n obligatory . This influenc e of pre-
frontal corte x is manifested through five core
functions: 1 ) working memory and relate d at -
tentional processes ; 2 ) th e inhibitio n o f dis -
tractibility, perseveration an d immediate grat -
ification 3 ) Th e activ e pursui t o f choic e an d
novelty; 4 ) th e conditiona l mappin g o f
emotional significance ; and 5) the encodin g of
context, perspective, an d menta l relativism.

WORKING MEMORY: SELECTIVE
EXPANSION OF CONSCIOUSNESS

BEYOND THE HERE-AND-NOW

The flo w o f ambien t informatio n greatl y ex-
ceeds th e real-tim e processing capacity of any
CNS (Broadbent , 1958 ; Baddeley , 1996) . I t is
therefore necessar y to postulate th e existence
of neural systems that selectively focus aware-
ness o n behaviorall y relevan t event s whil e

holding potentiall y distractin g stimul i a t bay.
Attention i s a generic ter m use d to designat e
the entir e famil y o f neural operations serving
this purpos e (Mesulam , 2000a) . Experiment s
in monkeys and humans indicate that prefron -
tal cortex plays a critical role in nearly all such
functions, includin g divide d attention , sus -
tained attention , an d especiall y workin g
memory (Pard o e t al. , 1991 ; Johannse n e t al. ,
1997; Mesulam , 2000a) . Working  memory
constitutes on e o f th e mos t distinctiv e spe -
cializations of prefrontal cortex. It i s an atten-
tional functio n tha t enable s th e on-lin e hold -
ing an d menta l manipulatio n o f information.
Working memor y transforms informatio n ac-
cess from a  sequential and disjunctive process,
where onl y one even t cluste r ca n be heede d
at an y given instant , t o a  conjunctive patter n
where several selected clusters can become in-
corporated int o th e strea m o f consciousness
(Fig. 2-4) .

The critica l relevanc e o f th e primat e pre -
frontal corte x t o workin g memor y wa s firs t
demonstrated i n th e cours e o f delayed-
response tasks.  I n thes e experiments , the ani -
mal watches foo d bein g place d unde r on e of
two cups . An opaque scree n i s then lowere d
and hel d ther e fo r a n interva l o f second s t o
minutes durin g which th e anima l has to kee p
the relevan t informatio n in workin g memory
so that it can choose the correc t cup when the
screen i s lifted . Chimpanzee s an d monkey s
with dorsolatera l prefronta l lesion s ar e se -
verely impaire d i n thi s tas k (Jacobsen , 1936 ;
Goldman & Rosvold, 1970). I n a variant of this
task, known as the delayed  matching  to sample
test, a  monkey is firs t shown a sample stimu-
lus, expose d to a variable delay, and rewarde d
for respondin g t o a  tes t stimulu s onl y i f i t
matches the sample . The crucial component is
the dela y perio d (u p t o 2 0 second s i n thes e
experiments), during which the anima l has to
maintain a  mental, on-line representatio n o f a
stimulus tha t i s behaviorall y relevan t bu t n o
longer part of ambient reality. Lateral prefron -
tal neuron s emi t sustaine d response s durin g
delay period s a s i f prolongin g th e impac t o f
the stimulu s o r anticipatin g it s reappearanc e
(Desimone, 1996) . Thes e neurons also partic-
ipate in the on-line maintenance of convergent
information belongin g t o differen t modalities .
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Figure 2-4 . Diagrammati c illustratio n o f working mem -
ory. Th e colum n o n th e left  illustrate s th e real-tim e un -
folding o f thre e events . Th e middle  colum n show s what
would hav e happene d t o th e menta l representatio n o f

these three events in the absence of working memory. The
column o n the right  depict s th e contributio n o f working
memory. The horizonta l arrows reflect the on-line holding
of information .

In on e experiment , fo r example , monkey s
were required to retain first the identity o f an
object an d the n it s location . Afte r havin g re-
tained objec t informatio n in th e initia l delay,
many prefrontal neuron s switched mode s and
conveyed spatia l information in the second de-
lay (Ra o e t al. , 1997) . Prefronta l lesion s ca n
disrupt dela y activity in the sensory associatio n
area corresponding t o the modality of stimulus
presentation, indicatin g tha t prefronta l corte x
exerts a  top-dow n (executive ) influenc e o n
working memor y in othe r part s o f the brai n
(Fuster e t al. , 1985 ; Desimone , 1996) .

The relevance of the huma n prefrontal cor -
tex t o workin g memor y wa s confirme d b y
functional imagin g in 197 3 whe n Risber g and
Ingvar foun d tha t digi t spa n tasks yielded he -
modynamic activation s i n th e latera l fronta l
lobes (Risber g &  Ingvar , 1973) . Sinc e then ,
numerous imagin g studie s hav e reporte d lat -
eral prefronta l activatio n durin g workin g
memory task s base d o n verbal , perceptual ,
and spatia l stimul i (Petride s e t al. , 1993 ;
D'Esposito e t al. , 1995 ; Cohe n e t al. , 1997 ;
LaBar et al. , 1999) . In the 2-back  task,  for ex-
ample, th e subjec t i s shown a string of letters,
one lette r a t a  time , an d i s aske d t o pres s a
button i f the lette r i s identical to the on e tha t
came befor e the  immediatel y precedin g one .

This i s a demanding tas k and requires the on-
line holding o f at least tw o bits of information
at an y given time . Successfu l performanc e in
this tas k lead s t o robus t activatio n i n latera l
heteromodal prefrontal cortex with a center of
gravity in th e middl e fronta l gyru s (LaBa r e t
al., 1999) . A n eve n mor e demandin g task ,
based on the abilit y to keep on e goal in mind
while pursuing another, als o leads to selectiv e
activation within lateral heteromoda l prefron-
tal corte x (Koechli n e t al. , 1999) . A s i n th e
case o f th e monkey , the huma n latera l pre -
frontal corte x ha s also been shown to mediat e
the convergen t on-lin e holdin g o f multimoda l
information (Prabhakara n e t al. , 2000) . I n
keeping wit h thes e finding s base d o n func -
tional imaging, patients with lateral prefrontal
lesions sho w profound impairment s o f work-
ing memory—the y ar e impaire d i n task s o f
delayed respons e (Freedma n &  Oscar -
Berman, 1986) , the y canno t hold information
on-line, and they have difficulty maintainin g a
coherent strea m o f thought .

Daily activitie s tha t rang e fro m keepin g a
telephone numbe r i n mind t o considering al -
ternative facet s o f a  mora l dilemm a rel y o n
working memory. In the clinic , working mem-
ory i s most readil y tested wit h th e digit  span
task. I n thi s task , the abilit y to hear an d the n
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repeat a  strin g o f numbers require s th e on -
line holdin g o f information, while th e abilit y
to repea t th e number s i n revers e require s a
manipulation o f the internalize d information .
The "on-line holding" aspect of working mem-
ory is likely to play an important rol e in shift -
ing the focu s of attention fro m externa l events
to their internal representations. This is an es-
sential ingredien t o f th e phenomeno n com -
monly identified as thinking. The other aspec t
of working memory, the "manipulation " o f the
on-line information, i s likely to play an impor-
tant rol e i n th e volitiona l scannin g an d reor -
ganization o f menta l content , explainin g why
patients wit h prefronta l lesion s hav e promi -
nent difficultie s i n tasks of verbal fluency and
memory retrieval. These tw o aspects o f work-
ing memory collectively enable the contents of
consciousness t o b e selecte d deliberatel y
rather than set reflexively (in a stimulus-bound
mode) by events in the environment.

Working memory can be said to enrich th e
texture of consciousness by prolonging the im-
pact of selected components of experience be-
yond the here-and-now. It would also seem to
play a  majo r rol e i n determinin g ho w many
channels of information can be handled in par-
allel. The spa n o f working memory could b e
likened t o th e numbe r of balls tha t a  juggler
can hol d i n th e air . Simpl e nervou s system s
based on the defaul t mode of neural function-
ing can handle only one ball at a time, and even
that one is not thrown very far. In contrast, the
working memory capacity of the human brain
allows multipl e ball s t o be hel d u p in the ai r
at an y given time s o that though t ca n reflec t
the contribution s o f multipl e processin g
streams. Ther e ar e undoubtedl y grea t inter -
individual variations in the capacity for working
memory. A  most remarkabl e example i s pro-
vided by Julius Caesar, who is said to have had
the ability to dictate on different topics to three
scribes a t the sam e time (Tucker , 1765) .

DISTRACTIBILITY, PERSEVERATION
AND DISINHIBIT1ON

An automati c orientatio n towar d salien t
events, regardless of their relevance to current

goals, and a  tendency t o repea t th e sam e re -
sponses eve n whe n the y hav e outlive d thei r
usefulness ar e tw o characteristi c feature s of
the defaul t mode. The resultan t distractibility
and perseveratio n ar e ubiquitou s i n th e be -
havior o f animals , children , an d adult s wit h
brain disease . Th e inhibitio n o f distractibilit y
and perseveration, appear s to requir e th e in -
tegrity of prefrontal cortex.

In a  delaye d matching-to-sampl e
A«B«C»D»A paradig m o f working memory,
for example , a  prefronta l neuro n know n t o
emit a  selectiv e dela y activit y followin g th e
presentation o f A, continues to show high delay
activity afte r B , C , an d D  an d maintain s i t
until the reappearance of A (Desimone, 1996).
Prefrontal neurons may therefore play a critical
role i n protectin g on-lin e informatio n fro m
interference by abstractors. In human subjects,
the requiremen t t o ignor e distractor s during
target detectio n lead s t o the activatio n of the
anterior cingulate , media l prefrontal , an d lat-
eral prefronta l cortice s (Coull , 1998) . Nearl y
identical areas are activated by the Stroop  Test,
when subject s mus t stat e th e colo r i n which
the word is written while suppressing the dis -
tracting tendenc y t o rea d th e wor d itsel f
(Brown e t al. , 1999) . I n keepin g wit h thes e
functional imagin g experiments, patients with
frontal lob e lesions displa y a marked increas e
in distractibilit y (Cha o &  Knight , 1995) .

The vulnerabilit y t o perseveratio n ca n b e
probed throug h the go no-go task, where th e
subject i s aske d t o respon d t o on e typ e o f
stimulus whil e suppressin g response s t o an -
other. Tumors in the media l prefrontal region
interfere wit h th e inhibitio n o f inappropriat e
responses during no-go trials, a deficit that can
be reverse d upo n remova l of the tumo r (Le -
imkuhler &  Mesulam, 1985) . Functiona l im -
aging i n neurologicall y intac t subject s show s
that respons e inhibitio n i n th e n o g o trials is
associated wit h activatio n i n th e media l pre -
frontal corte x a s well a s i n th e heteromoda l
prefrontal corte x of the inferio r fronta l sulcu s
(Konishi e t al. , 1999) . Thi s multifoca l distri -
bution o f activatio n help s t o explai n wh y so
many different kinds of prefrontal lesions lead
to disinhibition an d perseveration. Persevera -
tive tendencies i n patients with prefrontal le-
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sions interfer e wit h th e acquisitio n o f nonre -
petitive sequentia l behavior s suc h a s thos e
required by the "palm-fist-edge " task of Luria.
In othe r patients , disinhibitio n undermine s
the ability to suppress inappropriate behaviors
that lea d t o immediat e gratification . In mon-
keys, inferofrontal/orbitofrontal lesion s lead to
errors o f commission in go-no go tasks and to
perseverative error s durin g reversa l learnin g
when previously rewarded an d neutral stimuli
switch contingencie s (Iverse n &  Mishkin ,
1970). I n keeping with these results , th e sup-
pression o f the perseverative tendency to look
at a distracting stimulus during an anti-saccade
task i s associate d wit h latera l prefrontal neu-
ronal activity (Funahashi et al. , 1993) .

The are a o f latera l prefronta l corte x acti -
vated during the inhibition of responses on no-
go trials overlap s with the are a activate d dur -
ing categor y shift s i n th e Wisconsi n Car d
Sorting Test (Konishi et al., 1999). This finding
implies that category shifts ma y be dependen t
upon th e suppressio n o f perseverativ e re -
sponses s o tha t ne w hypothese s ca n b e ex -
plored. Thi s i s in keepin g wit h clinica l expe-
rience i n whic h patient s wit h prefronta l
lesions display major impairment s in the Wis-
consin Car d Sortin g Test , mostl y because o f
perseveration an d lac k of mental flexibility in
exploring ne w sorting criteri a (Milner , 1963) .
This impairment of mental flexibility may also
be responsibl e fo r th e poo r performanc e of
such patients i n the Visual-Verbal  Test,  where
a previousl y successfu l sortin g strateg y mus t
be relinquishe d an d replace d b y a  partiall y
overlapping alternative .

The relationshi p o f prefronta l corte x t o
working memory , inhibition , an d hypothesi s
testing underscores th e importanc e o f this re-
gion fo r comple x reasoning processes suc h as
those tha t ca n b e probe d wit h Kuhris  plant
problem (Kuh n &  Brannock , 1977) . I n thi s
problem, the subjec t is shown pictures o f four
plants, two of which look healthy and two un-
healthy. Eac h plan t ha s bee n care d fo r with
one o f tw o differen t regimen s o f plant food ,
watering, and lea f lotion. The goa l is to iden-
tify whic h of the thre e variables i s critical fo r
growing a  healthy plant . A  successful resolu -
tion of the problem requires working memory,
hypothesis generation , th e paralle l considera -

tion o f multipl e variables , th e suppressio n o f
perseverative inferences , and the inhibition of
distractibility by irrelevant cues. Patients with
bifrontal lesion s acquire d earl y i n lif e hav e
considerable difficultie s solvin g this problem
(Price et al. , 1990) .

NOVELTY, UNCERTAINTY, AND
CHOICE

A preference fo r sameness and uniformity is a
property o f th e defaul t mod e an d promote s
behaviors tha t ca n b e describe d a s stimulus-
bound o r stereotyped . Th e antithese s of this
tendency, novelty seeking and playfulness, ar e
inconspicuous i n amphibian s an d reptiles ,
emerge in birds, and reach their mos t exuber-
ant expressio n i n advance d mammals , espe-
cially primates. Monkey s will wor k hard i n a
setting where th e onl y reward i s a brief peek
through a  window , an d huma n subject s wh o
are given a choice between familia r and novel
patterns wil l consistentl y spen d mor e tim e
viewing th e latte r (Butler , 1953 ; Berlyne ,
1960). Prefronta l corte x seems to play an es-
sential role in novelty seeking. The P30 0 elic-
ited by novel, changing, or deviant stimuli, for
example, i s critically dependen t o n the integ -
rity o f prefronta l cortex , an d a n N200-P30 0
response tha t i s maxima l ove r prefronta l cor -
tex appear s t o determin e th e attentiona l re -
sources tha t wil l voluntaril y b e allocate d t o
novel event s (Knight , 1984 ; Daffne r e t al. ,
2000). I n keepin g wit h thes e relationships ,
task-related prefronta l activatio n decrease s
significantly as the tas k becomes more familiar
(Raichle et al. , 1994) . These aspect s o f fronta l
lobe functio n ma y help t o explai n wh y pre -
frontal lesion s lead to apathy and also why pa-
tients with such lesions are disproportionatel y
impaired when facing nove l situations (Gode-
froy &  Rousseaux, 1997 ; Daffne r e t al. , 2000).

The defaul t mod e o f neura l functio n doe s
not tolerat e muc h choice or uncertainty . Pre-
frontal neuron s ar e sensitiv e t o both o f these
behavioral parameters. In th e monkey , for ex-
ample, latera l prefronta l neurons ca n encode
the certainty (or uncertainty) with which a cue
predicts th e outcom e o f a  subsequen t re -
sponse (Quintana & Fuster, 1999) . In humans,
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guessing behaviors , where stimulus-respons e
linkages ar e maximall y unconstraine d an d
where choice an d doubt ar e accentuated, give
rise to prominent orbitofrontal activation (El -
liott e t al. , 1999) . Furthermore , greate r acti -
vation of lateral prefrontal corte x has been re -
ported when actions are selected by voluntary
choice tha n whe n externall y specified (Rowe
et al. , 2000).

These relationship s t o novelt y seeking an d
choice sugges t tha t prefronta l cortex belong s
to a neural circuit tha t transcends the one-to-
one relationshi p betwee n stimulu s an d re -
sponse i n favo r o f a one-to-many setting tha t
tolerates a  greater diversity of outcome. In al-
most al l othe r animals , geneti c factor s con -
strain behaviora l domain s suc h a s thos e in -
volved i n dietar y preferences , method s o f
communication, courtin g displays , an d affilia -
tive interactions . Th e situatio n i s drasticall y
different i n humans, where thousands o f lan-
guages hav e bee n invente d t o expres s th e
same thoughts, thousands of cuisines to satisf y
the sam e hunger, and thousands of diversions
to dissipat e th e sam e boredom. A n ability to
tolerate an d see k novelt y underlie s thi s
uniquely human aptitude fo r discovering mul-
tiple solution s t o simila r problems , a  facult y
that greatl y accelerate s adaptatio n t o rapidl y
changing circumstances (Mesulam , 2000c).

EMOTIONAL COLORING OF ACTION,
EXPERIENCE, AND DECISION MAKING

In the reptilia n an d amphibian CNS, sensory
areas ar e monosynapticall y interconnecte d
with the limbic syste m so that perceptio n be -
comes colored with emotion at the very initial
stages o f neura l processing . A  byproduct o f
this arrangement , and a chief characteristic of
the defaul t mode , i s to promote rigi d stimu-
lus-response linkage s wher e th e salien t sen -
sory feature s o f a  primary reinforce r trigge r
automatic responses energized by the prevail-
ing motivationa l state . Th e primat e CN S in-
troduces a  greater degre e o f flexibility by in-
serting intervening synapses between sensory
and limbic areas, as if to prevent action s fro m
being dominate d b y limbi c imperatives , bu t
then resorts to very complicated multisynaptic

circuitry fo r integrating experienc e with emo-
tion, ensuring , however , that on e is not over-
whelmed by the othe r (Mesulam, 1998).

Prefrontal cortex appears to play a principal
role i n this multisynapti c integration o f emo-
tion with action an d experience . Althoug h all
of prefronta l corte x participate s i n thi s pro -
cess, it s paralimbi c component s displa y a
closer affiliatio n wit h emotion an d related as -
pects of visceral function. In functiona l imag-
ing experiments , fo r example , neura l activit y
in orbitofrontal cortex varies according to th e
hedonic valence of sensory experience and the
magnitude o f reward or punishment (Blai r et
al., 1999 ; Rolls , 2000). The latera l part o f or-
bitofrontal corte x seems mor e closel y related
to punishment wherea s its medial part seem s
more closely related to reward (O'Doherty et
al., 2001; Smal l et al. , 2001). Furthermore , at -
tending t o the attractivenes s o r emotional ex-
pressiveness o f faces yield s a  relatively selec -
tive activatio n o f inferio r fronta l an d
orbitofrontal corte x (Nakamura et al. , 1999) .

In the monkey , single-unit recordings show
that th e majorit y o f orbitofrontal neurons are
sensitive t o rewar d (Hikosak a &  Watanabe,
2000). Th e anticipatio n o f a  raisin , fo r ex -
ample, elicite d bris k orbitofronta l activatio n
during the dela y period on trials in which the
animal subsequentl y consume d th e rewar d
but no t o n trials where satiet y led to the re -
fusal o f th e raisi n (Hikosak a &  Watanabe ,
2000). Thes e neuron s ar e thu s mor e respon -
sive t o th e motivationa l valence o f a n antic -
ipated rewar d than to its identity. I n contrast ,
lateral heteromodal prefrontal cortex contains
neurons that are also sensitive to the identit y
of th e rewar d an d the cue s with which the y
have become associate d (Watanabe , 1996). I t
appears, therefore , tha t orbitofronta l neuron s
encode the hedonic valence of anticipated ex-
periences, wherea s the latera l prefrontal neu-
rons ma y als o encod e th e cognitiv e catego -
rization o f suc h experience s an d thei r
arbitrary association s (Hikosak a & Watanabe,
2000).

Through it s amygdaloi d an d hypothalami c
connections, orbitofrontal cortex can modulate
the viscera l correlate s o f emotion . Electrica l
stimulation o f orbitofronta l cortex , fo r exam -
ple, cause s majo r change s in blood pressure,
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heart rate , vascula r tone , gastri c secretions ,
and respirator y rate (Kaad a e t al. , 1949 ; Poo l
& Ransohoff , 1949 ; Kaada , I960; Oppenhei -
mer e t al. , 1992) . Thes e viscera l manifesta -
tions ca n mediat e th e influenc e of emotion s
upon thought , experienc e an d actio n (Man -
dler, 1962) . Patients wit h damage to the ven-
tromedial components of prefrontal cortex, for
example, fai l t o produc e a n anticipator y vis -
ceral respons e jus t prio r t o makin g risky de -
cisions i n a  tas k i n whic h th e winnin g long-
term strateg y i s base d o n resistin g oversize d
short-term gain s (Bechar a e t al. , 1997) . Th e
absence o f the anticipator y viscera l activatio n
in thes e patient s i s associated wit h a  persev -
erative impulse to seek immediate gratification
even whe n subsequen t questionin g reveal s
that the y realize thi s t o be a  disadvantageous
strategy (Bechar a e t al. , 1997) . Th e ventro -
medial prefronta l damag e i n thes e patient s
presumably disengage s decisio n makin g from
the restrainin g influenc e o f th e anticipator y
visceral reactio n o r "gu t feeling. " Thi s disen -
gagement seem s t o allo w the short-ter m im -
peratives o f th e defaul t mod e t o preemp t
adaptive long-term planning .

Prefrontal damag e tends to disrupt the con-
tingent rathe r tha n constitutiv e aspect s o f
emotion an d motivation . Thus , patients with
frontal lob e damag e have no majo r chang e i n
appetite bu t ma y become les s discriminatin g
in their foo d preferences; prefrontal lobotomy
does no t alte r th e threshol d fo r withdrawing
from painful stimuli but blunts the concern for
the pain. In monkeys, orbitofrontal or anterior
cingulate lesion s resul t i n marke d alteration s
of emotiona l responsivity: the animal s d o no t
lose the capacit y for the emotio n but lose th e
ability to match its intensity to the significance
of the triggering event (Smith, 1944; Butte r &
Snyder, 1972) .

As note d above , heteromoda l prefronta l
cortex plays a critical rol e in working memory.
The objec t o f working memory need no t b e
confined t o numbers , places, o r words. Emo-
tion itsel f coul d conceivabl y becom e th e ob -
ject o f workin g memor y for on-lin e holdin g
and manipulation , allowing the emotiona l im-
pact o f a n even t t o b e extende d beyon d it s
real-time evolution . Suc h on-line holding and

mental manipulation of an emotion would in-
crease it s associativ e dept h an d synapti c re -
verberation. Through such processes, prefron-
tal corte x woul d b e expecte d t o pla y a n
important role in the genesis of complex moral
and civi c emotions. Prefrontal lesions on th e
other hand , would be expecte d t o promote a
state o f emotiona l shallownes s interperse d
with stimulus-bound emotional outbursts .

SIGNIFICANCE, CONTEXT AND
AMBIGUITY

The behavioral repertoire of primates requires
an adaptatio n t o a  complex reality where th e
same cue may signal reward in one context but
not in anothe r an d where th e sam e stimulus
may elici t on e respons e i n on e settin g bu t a
different on e i n another . Thi s aspec t o f be -
havioral flexibility requires neura l mechanisms
that ca n encod e arbitrar y stimulus-response
contingencies an d their experience-dependen t
temporal fluctuations . Tw o pivota l experi -
ments illustrat e th e relevanc e o f prefronta l
cortex to these aspects o f encoding .

In on e o f these, a  monkey was first taught
to respond t o red object s (circle s o r crosses),
but t o withhol d respondin g t o gree n object s
(circles or crosses). At this stage , some lateral
prefrontal neuron s gav e a  muc h briske r re -
sponse t o th e gree n circle s an d crosses . Th e
animal wa s subsequentl y taugh t a  differen t
contingency in which it had to respond t o cir-
cles (gree n o r red) , bu t withhol d respondin g
to crosses (gree n or red). At this second stage,
the sam e latera l prefronta l neuron s that ha d
previously given a muted response t o the re d
cross (when it was the go signal) gave vigorous
responses t o the identical cue, now that it had
become th e no-g o signa l (Sagakam i & Niki ,
1994). I t appears , therefore , tha t the primate
prefrontal corte x contain s th e sor t o f neuron
that would be necessary for differentiating ap-
pearance fro m significance , and fo r realizin g
that glitte r an d gol d nee d no t overlap .
Through the intercession of such neurons, the
control o f behavior could be liberated from a
small se t o f geneticall y determine d primar y
reinforcers an d transferre d t o a  muc h large r
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set o f higher-orde r marker s whose relation -
ship t o th e primar y reinforcer s ca n underg o
experience-induced modifications.

In anothe r experiment , distinctiv e visua l
patterns predicte d the deliver y o f raisin , ap-
ple, o r cerea l rewards . Durin g any given ses-
sion, th e monke y could b e receivin g on e of
two types of reward (raisin versus apple or ap-
ple versus cereal), each reward being signaled
by a  specifi c visua l cue . I n on e anima l tha t
fancied raisin s the mos t and cerea l th e least ,
the cue that predicted a  piece o f apple elicite d
a much brisker respons e fro m th e sam e orbi-
tofrontal neuro n whe n the appl e rewar d was
paired wit h th e cerea l rewar d tha n whe n i t
was paire d wit h th e raisi n rewar d (Trembla y
& Schultz, 1999) . This sor t of neuron appear s
to encode the way in which context alters th e
relative significance of a secondary reinforcer,
even whe n it s linkag e t o th e primar y rein -
forcer remain s unchanged.

An elegan t experimen t reporte d i n 197 4
had alread y demonstrated th e rol e of the hu -
man prefronta l corte x in encodin g th e influ -
ence o f context . I n thi s experiment , subject s
were show n a  se t o f eithe r thre e letter s o r
three number s an d wer e aske d t o rea d th e
members o f eac h se t a s rapidl y a s possible .
The font was chosen so that one of the stimul i
was ambiguous and could be rea d eithe r a s a
"B" when i t wa s presented a s a  letter o r a s
"13" whe n it was presented a s a number. This
same stimulu s was found t o elici t differentia l
evoked potentials i n the fronta l lob e whe n i t
was read a s a letter a s opposed t o a  number
(Johnston &  Chesney, 1974) . I n contrast , vi -
sual cortex in the occipita l lobe gav e identica l
responses t o thi s stimulus , regardles s o f how
it was being read. This notable result indicate s
that occipita l cortex is sensitive to the surfac e
sensory propertie s o f visua l stimuli , wherea s
prefrontal corte x is also sensitive to the way in
which context alters their meaning .

The encodin g o f contex t necessitate s th e
parallel processin g o f multiple consideration s
related to the target event and its background.
This sort of process becomes particularly crit-
ical i n guidin g behavio r unde r "ambiguous "
conditions wher e there are no absolutely cor-
rect choices ; Whe n show n "ambiguous " ad -

vertisements tha t containe d litera l a s well a s
implied messages , for example , patients wit h
prefrontal lesion s coul d no t infe r th e les s ob-
vious nonliteral meaning (Pearce et al. , 1998) .
Furthermore, patient s wit h fronta l lob e le -
sions performe d mor e poorl y tha n contro l
subjects i n realworl d financial planning tasks
in whic h ther e wer e n o absolut e righ t o r
wrong answers and numerous ambiguous var-
iables neede d t o b e considere d i n concer t
(Goel et al. , 1997). The impairment of humor
appreciation tha t ha s bee n describe d i n pa -
tients wit h fronta l lob e lesion s (Shamm i &
Stuss, 1999 ) ma y also reflect, a t least i n part ,
the inabilit y t o detec t nonlitera l inference s
and contextua l incongruities . Furthermore ,
certain type s of prefrontal lesions can lead t o
florid confabulation s (Moscovitch , 1995) ,
probably because the y interfere with the abil -
ity to determine contextua l plausibility during
memory retrieval.

The experiment s describe d i n thi s sectio n
also sugges t tha t prefronta l cortex is likely to
play a crucial role in abstract thinking in which
a literal (stimulus-bound) association needs to
be resisted in favor of a less obvious inference
implied by the context. Prefrontal damage fre-
quently trigger s a  stimulus-boun d stat e i n
which thinking becomes concret e an d behav-
ior i s guide d b y th e surfac e propertie s o f
events i n th e environment . On e o f ou r pa -
tients, for example, slavishly complied with so-
licitations fo r magazin e subscriptio n sh e re -
ceived in the mail , and felt compelled t o read
aloud all signs and billboards sh e encountere d
in the streets . Suc h stimulus-bound behaviors
lead t o a  phenomenon tha t ha s been terme d
the environmental  dependency  syndrome  b y
Lhermitte (Lhermitte , 1986 ; Lhermitt e et al. ,
1986). I n elicitin g th e manifestation s of thi s
syndrome, Lhermitt e employe d a  less struc -
tured setting than is customarily used for neu-
ropsychological assessment . The lac k o f spe -
cific instruction , th e ambiguit y of the context ,
and the method of open-ended observatio n al-
lowed hi m t o sho w tha t patient s wit h larg e
prefrontal lesion s displa y a  remarkabl e
stimulus-bound tendenc y t o imitat e th e ex -
aminer's gestures and behaviors even when no
instruction had been give n to do so, and even
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when this imitation entailed considerabl e per -
sonal embarrassment. Furthermore, th e mer e
sight of an object was shown to elicit the com-
pulsion to use it, although the patient ha d not
been aske d t o d o s o and th e contex t was in-
appropriate—as i n th e cas e of the housewif e
who saw a tongue depressor an d proceeded to
give Professo r Lhermitt e a  medica l checkup.
In these patients, a n excessive dependency on
the immediate environment led to stereotype d
responses tha t ignored the incongruity of con-
text. Prefronta l lesion s ca n thu s caus e
thoughts and actions to fal l unde r the contro l
of external stimuli in way s that interfere with
behavioral flexibility and individua l autonomy
(free will).

SWITCHING PERSPECTIVES AND
MENTAL RELATIVISM

In th e defaul t mode , event s ten d t o b e as -
sessed fro m a n egocentric perspectiv e s o that
the horizo n o f consciousness does no t exten d
beyond th e here-and-no w an d the sel f i s the
center aroun d whic h othe r event s revolve .
One way to transcend the default mode would
be t o transpos e th e effectiv e referenc e poin t
from sel f t o other , fro m her e t o there , an d
from no w to then, so that the sam e event can
be apprehended fro m multipl e vantage points,
each generating it s own set of considerations.
Prefrontal corte x ma y play a  pivota l rol e i n
these hypothetical transformations. In Flavett's
role-taking task,  fo r example , a  subjec t i s
shown a  map and asked to detect ambiguities
in directions bein g given to a fictitious traveler
who is trying to reach a  specific house on th e
map (Flavell , 1968) . In th e first phase o f the
test, th e fictitiou s travele r an d th e subjec t
share a n identica l spatia l perspective . I n th e
second, th e travele r ha s a  different initial lo-
cation so that the subject needs to assume the
spatial perspectiv e o f th e traveler . Patient s
with early-acquire d fronta l lob e diseas e d o
well in the first phase bu t no t in the second ,
suggesting that the ability to apprehend event s
from a  non-egocentric spatia l perspective ma y
be impaired (Pric e e t al. , 1990) .

Prefrontal cortex could conceivably also me-

diate shift s i n time, rather tha n space, so that
intended action s an d thei r consequence s can
be apprehende d fro m a  vantage poin t i n th e
future. A s noted above , prefrontal neurons in
monkeys fire in anticipation o f reward, a s if a
future realit y were being previewed (Hikosaka
& Watanabe, 2000). In humans, functional im-
aging shows that premotor (an d perhaps pre -
frontal) cortex participates i n the estimation of
temporal interval s (Coul l &  Nobre , 1998) ,
suggesting that this part o f the brain may shift
awareness into an inferred future . Th e abilit y
to shif t vantage points into the futur e s o as to
predict potentia l consequence s o f contem -
plated behavior s would provide th e essentia l
ingredients fo r planning , sequencing , an d
foresight, facultie s tha t becom e severel y im-
paired i n patients wit h prefrontal damage.

A third sor t o f putative shif t o f perspectiv e
entails th e abilit y t o ente r someon e else' s
shoes an d t o surmis e what that othe r perso n
might thin k an d fee l i n respons e t o specifi c
events an d actions. 6 Circumstantia l evidenc e
implicates prefronta l corte x in th e mediatio n
of thes e "psychological " shift s o f perspectiv e
as well. For example, the ability to read others '
minds o r t o infe r thei r reactions , intentions ,
and feeling s become s impaire d b y prefrontal
lesions wherea s task s that requir e suc h infer -
ences lead to the activation of medial prefron-
tal cortex (Stone et al., 1998; Blai r & Cipolotti,
2000; Castell i e t al. , 2000 ; Gallaghe r e t al. ,
2000). Interpersona l skills , judgment, socially
appropriate comportment , and moral conduct
are a t least partiall y dependent o n the abilit y
to transcend a n egocentri c poin t o f view and
to regulat e behavior s accordin g t o thei r in -
ferred impac t on the feeling s and reactions of
significant others . I n th e absenc e o f this fac-
ulty, compassion , empathy , an d conscienc e
may fai l t o develop, givin g rise to the charac -
teristic insensitive behaviors, callous amorality,
and sociopathic behaviors of patients with pre-
frontal disease . Suc h deficit s ar e particularl y
pronounced i f prefrontal damag e i s acquire d
early in life o r centered in orbitofrontal cortex
(Price et al. , 1990; Anderson et al. , 1999; Blair
& Cipolotti, 2000) .

The neura l computation s tha t ar e likel y to
mediate perspective shift s woul d be expecte d
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to depen d o n a  stat e o f menta l relativis m
where multipl e representation s o f th e sam e
event ca n be tolerated . The capacit y for real-
izing tha t suc h multipl e representation s (fo r
example, the sel f and its reflection in the mir-
ror) constitut e alternativ e manifestation s o f
the sam e basic phenomenon i s not automatic .
Turtles, for example , will attack their own re-
flection i n th e mirror ; only speciall y traine d
monkeys giv e an y sig n o f rudimentar y self -
recognition i n front o f a mirror; and many de-
mented patients wil l react t o their reflections
as i f they were intruder s (Ajuriaguerr a e t al. ,
1963; Harless , 1979; Gallu p et al. , 1980; Hau -
ser e t al. , 1995) . Th e toleranc e o f multipl e
representations ma y hav e necessitate d th e
evolution of a critical mass of neurons, such as
those i n prefrontal cortex , with no obligatory
role i n routin e sensory , skeletomotor , o r au -
tonomic function . These neuron s would have
developed th e sor t o f flexible (discretionary)
firing contingencies that could mediate the en-
coding o f multipl e representations . On e by -
product o f such a  development woul d be th e
emergence o f an observing self who becomes
differentiated fro m th e sensor y flux of ambi-
ent events and who can therefore intentionall y
reflect o n experienc e (Mesulam , 1998) . Such
a capacit y fo r introspectio n ma y have gener -
ated firs t th e sens e o f a  "commentin g sel f
separate fro m th e experiencing body, then the
belief tha t other s als o hav e commentin g
selves, and , ultimately , that thes e othe r com -
menting selve s believ e tha t other s als o have
commenting selves . This i s the sor t of repre-
sentational amplificatio n tha t woul d b e nec -
essary to sustai n the shift s o f perspective de -
scribed above , especiall y thos e tha t mediat e
the ability to experience the world through the
eyes, thoughts, an d feelings of others .

Is it possible to identify shift s o f psycholog-
ical perspectiv e i n nonhuma n primates? Th e
premotor cortex of monkeys contains "mirro r
neurons" tha t respon d bot h whe n the anima l
performs a  particular actio n an d when i t ob-
serves the same action being performed by an-
other animal . The suggestio n ha s been mad e
that thes e neuron s provide precursor s of th e
neural circuitr y tha t allow s th e readin g o f
other mind s (Gallese & Goldman, 1998) .

Monkeys ar e socia l animals . Their interac -
tions rely on token aggressiv e and submissive
displays, mutua l grooming behaviors, an d vo-
calizations. Socia l succes s depend s o n direct -
ing the proper behavior to the proper individ-
ual i n th e prope r context , presumabl y base d
on some awareness of how these behaviors in-
fluence conspecifics . Monkey s wit h orbito -
frontal lesion s sho w a  sever e disruptio n o f
these affiliativ e behavior s an d eventuall y be -
come ostracized int o socia l isolation (Klin g &
Steklis, 1976) . Carefu l observatio n in a  natu-
ralistic settin g i s necessary fo r detecting suc h
alterations sinc e thes e animal s may show few,
if any , abnormalities in the structured  settin g
of the laboratory . Thes e experiment s provid e
an anima l model fo r the sociall y maladaptive
behaviors see n afte r fronta l lob e damag e and
support the contention tha t these aberrant be-
haviors ar e mor e likely to emerg e afte r dam -
age to the paralimbic component of the fronta l
lobe. These experiments also support the clin-
ical adage that the consequences o f prefrontal
lesions becom e particularl y conspicuou s i n
naturalistic setting s wher e behaviora l guide -
lines are ambiguous .

FRONTAL LOBE VERSUS FRONTAL
NETWORK SYNDROME

Dorsolateral prefronta l corte x belong s t o a
neural circui t tha t include s posterio r parieta l
cortex, th e hea d o f the caudat e nucleus , an d
the dorsomedial thalamic nucleus. Orbitofron-
tal cortex , o n th e othe r hand , function s a s a
component o f a paralimbic ring tha t include s
the cingulat e gyrus , parahippocampa l cortex,
the tempora l pole , an d the insula . Prefronta l
cortex could thu s be conceptualize d a s a sit e
of confluence fo r two partially overlapping and
interconnected networks— a ventromediall y
located limbi c syste m with it s well-known re -
lationships t o emotion , motivation , memory ,
and visceral function; an d a more dorsolateral
frontoparietal syste m subservin g workin g
memory and related cognitiv e processes .

All comple x behaviora l domain s ar e coor -
dinated b y large-scal e distribute d networks .
The performance of a relevant task engages all
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components o f th e pertinen t network , an d
damage to any network component can impair
behavior i n th e relevan t domai n (Mesulam ,
1990). Th e prefronta l network s follo w thes e
principles o f organization. I n additio n t o dor -
solateral prefrontal cortex, for example, the N-
back workin g memory tas k als o lead s t o th e
activation of posterior parieta l cortex, the cau-
date nucleu s an d th e dorsomedia l thalami c
nucleus (LaBa r e t al. , 1999) . Furthermore ,
working memor y task s modulat e th e coher -
ence betwee n prefronta l an d parietal activity ,
suggesting that the collaboratio n o f these two
areas i s essentia l fo r performanc e (Diwadka r
et al., 2000). In keeping with this organization,
the manifestation s o f th e frontal  lob e syn -
drome, especially those aspects related to abu-
lia, workin g memory , an d othe r executiv e
functions, ca n also arise after damage either to
the caudate nucleus or to the dorsomedial tha-
lamic nucleus (Richfield e t al. , 1987 ; Mende z
et al, , 1989 ; Sandso n e t al. , 1991) . Although
these same signs and symptoms can also result
from posterio r parieta l lesions , the verba l and
visuospatial impairment s o f th e parieta l syn -
drome dominat e th e clinica l pictur e o f such
patients.

A circumstanc e o f considerabl e interes t i s
the emergenc e o f the fronta l lobe syndrom e
as a  consequenc e o f multifoca l white matte r
disease or metabolic encephalopathy (Wolf e et
al., 1990 ; Mesulam , 2000a). Assumin g tha t a
major physiologica l functio n o f th e fronta l
lobe is the top-dow n o r executive modulation
of other networks , the emergence o f the fron -
tal lobe syndrome should come as no surprise
in these cases , where multifoca l partial lesions
(none of which are individually severe enough
to disrup t specifi c cognitive domain s suc h a s
language o r memory ) collectively undermine
internetwork coordination . I n clinical practice ,
multifocal lesions and toxic-metabolic enceph -
alopathies ar e mor e frequentl y encountere d
causes o f the fronta l lobe syndrom e tha n le -
sions directly involving prefrontal cortex. A di-
agnosis o f "fronta l network syndrome " rather
than "fronta l lob e syndrome " ma y therefor e
prevent considerabl e confusio n b y acknowl -
edging that the responsible lesion could be lo-
cated anywher e withi n thi s distribute d
network.

OVERVIEW AND SUMMARY

Prefrontal corte x enjoy s a n exalte d ontoge -
netic an d phylogenetic status . It i s nearly un-
identifiable in subprimate species an d reache s
its greatest relative size in the human. Even in
the human , prefronta l corte x doe s no t full y
mature, eithe r physiologicall y or structurally,
until approximatel y mid-adolescenc e (Dia -
mond &  Doar , 1989 ; Huttenloche r &  Dab -
holkar, 1997 ; Lucian a &  Nelson , 1998) . I n
keeping wit h thes e developmenta l patterns ,
prefrontal corte x appears t o si t at the ape x of
behavioral hierarchies . Phinea s Gage , fo r ex-
ample, showed that prefrontal cortex is not all
that necessar y fo r enjoying the circus , driving
a stagecoach , circumnavigatin g the globe , re -
calling yesterday' s events , o r communicatin g
with others. It would seem that prefrontal cor-
tex assume s a  critica l rol e onl y for behavior s
that requir e th e highes t level s o f menta l
integration.

Many cortical areas in the huma n brain are
devoted t o th e modality-specifi c representa -
tion o f events , faces , words , an d locations .
Others mediat e th e transmoda l bindin g o f
these representations s o that face s ca n lead to
recognition, word s t o comprehension , inten -
tions t o actions , event s t o memorie s (Mesu-
lam, 1998) . Foca l brai n lesion s tha t interfer e
with these processin g stream s lea d t o discon-
nection syndrome s such as apraxia, prosopag-
nosia, color anomia , amnesia, and so on (Ges-
chwind, 1965 ; Mesulam , 2000b) . Prefronta l
cortex i s no t essentia l fo r encodin g an y o f
these representation s an d is not implicated in
the pathogenesi s o f any traditional disconnec -
tion syndrome . Damage t o prefronta l cortex
leads t o a  distinctive se t o f impairments tha t
are context-dependen t (contingent ) rathe r
than categorical . Th e manifestation s o f pre -
frontal damage become particularly prominent
when th e environmen t contain s distractors ;
when ambiguit y an d conflic t ar e high ; whe n
appearance an d significance are at odds; when
events mus t be interpreted in light of contex-
tual peculiarities ; whe n prepoten t respons e
tendencies mus t be restraine d fo r some long-
term purpose ; when decision trees have mul-
tiple branches; an d when the egocentric poin t
of view must be transcended.
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Prefrontal corte x regulate s th e selection ,
timing, monitoring , an d interpretation o f be-
havior rathe r tha n th e formatio n of the con -
stituent percept s an d movements . Prefronta l
cortex i s consequentl y sai d t o provid e th e
critical substrat e fo r executiv e function s
through th e top-dow n modulatio n o f othe r
neural system s in th e brain . Thi s top-dow n
modulation i s exerte d throug h widesprea d
prefrontal connection s tha t ar e i n a  positio n
to activat e a  give n network , inhibi t another ,
influence networ k combinations, an d perhaps
even allo w anticipator y readout s o f contem -
plated actions . Prefronta l corte x coul d thu s
enable th e highes t leve l of internal represen -
tation (o f network s rathe r tha n o f sensor y
data o r moto r programs ) an d provid e a n
arena for the various networks to play out dif-
ferent scenarios .

In mos t othe r part s o f th e brain , regiona l
specializations ca n b e designate d b y singl e
terms suc h a s language,  vision,  spatial atten-
tion, face perception,  an d s o on . N o singl e
term is yet available to encompass all the spe -
cializations attribute d t o prefronta l cortex .
Perhaps the problem lie s in the fac t tha t pre -
frontal corte x contains differen t subarea s with
different specializations ; perhap s a  unitar y
functional designatio n wil l emerge with more
research; o r perhap s n o unitar y designatio n
will be established, even for individual cytoar-
chitectonic subsector s o r topographica l re -
gions o f prefrontal cortex.

This revie w has resorted to the pedagogica l
practice o f proposing a unified functional spe-
cialization fo r prefrontal cortex by contrasting
it t o a  hypothetical antithesi s designate d th e
default mode.  Th e influenc e o f th e defaul t
mode, a s define d i n thi s review , become s
prominent i n species tha t lac k prefrontal cor-
tex, durin g infanc y whe n prefronta l corte x is
not yet full y developed , an d in adult primates
with prefrontal lesions. In this mode of neural
function, th e pat h fro m stimulu s to respons e
is short , appearanc e an d significanc e overlap,
familiarity an d repetitio n ar e promoted , an d
the horizon of consciousness is confined to the
here-and-now o f a n egocentri c perspective .
Events in the defaul t mode lead to automatic,
predetermined, an d obligator y response s
without allowin g muc h neurona l spac e fo r

thought, foresight , choice , innovation , o r
interpretation.

Nearly al l functiona l affiliation s attribute d
to prefronta l cortex can be conceptualize d as
attempts t o constrai n o r transcen d th e influ -
ence o f th e defaul t mod e an d it s stimulus -
bound style of responding to the environment.
Working memor y allow s th e content s o f
awareness t o b e chose n deliberatel y rathe r
than se t reflexivel y by ambient events ; volun-
tary shift s o f perspective allo w the horizo n of
consciousness to transcend the egocentric van-
tage point ; th e suppressio n o f perseveratio n
promotes choice , improvisation , an d hypoth -
esis generation ; th e arbitrar y an d reversibl e
linkage of emotional valence t o secondary re -
inforcers allow s a  differentiatio n o f appear -
ance fro m significance ; th e abilit y t o inhibi t
prepotent tendencie s helps to establish a state
in which th e translatio n o f emotions into ac -
tion an d o f thought s int o word s ca n b e re -
strained when necessary; and the capacit y for
the paralle l processin g o f multipl e variable s
enables th e encodin g o f contextua l relativit y
and the realizatio n tha t thing s are no t always
what they seem to be.

One commo n denominator , i f on e ca n b e
found, i s the insertio n o f a neural buffe r be -
tween stimulus and response in a way that de -
lays closure so that weaker associations and al-
ternative response s ca n b e considered . Th e
outcome i s a mental relativism in which each
event can evoke multiple scripts and scenarios
that ca n the n compet e fo r acces s to though t
and behavior. These processes rely on contin-
gent rathe r tha n obligator y encoding so as to
promote th e inferential , pragmatic, an d inter-
pretive aspect s o f mental function.

Despite considerabl e advance s in this field
of research , i t is difficul t t o dismis s the sens e
of uniquenes s associate d wit h fronta l lob e
function. I t i s quite remarkable , fo r example,
that sizeabl e fronta l lobe lesion s ca n remai n
clinically silen t fo r man y years . Eve n afte r
massive bifronta l lesion s i n monkeys , chim -
panzees, and humans, change can often be de-
tected onl y in compariso n wit h th e previou s
personality o f tha t individua l rathe r tha n i n
reference t o an y se t o f absolut e behaviora l
standards. I n fact , man y of the alteration s as-
sociated wit h prefronta l lesion s appea r t o
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overlap wit h the rang e o f normal huma n be -
havior. Fo r example , whil e simila r behavior s
do emerg e afte r fronta l lob e lesions , there is
also a  vast numbe r o f improvident, irrespon -
sible, immoral , an d facetiou s individual s who
have no evidence o f demonstrable brai n dam-
age. In contrast , th e lac k of visible damage to
the pertinen t cerebra l are a i s a  rar e occur -
rence i n individual s wit h aphasia , amnesia ,
apraxia, o r unilatera l neglect . Thi s is in keep -
ing with the contentio n tha t prefronta l cortex
underlies function s that ar e muc h les s "har d
wired" an d tha t i t act s predominantl y a s a n
orchestrator fo r integratin g othe r cortica l ar -
eas and fo r calling up behavior programs that
are appropriat e fo r context . Damag e t o thi s
part o f the brai n would thu s resul t i n behav-
ioral deficits that are context-dependent rathe r
than static.

There hav e bee n numerou s attempt s t o
capture th e astoundin g feat s o f th e huma n
brain in comparison t o technological artifacts .
Hydraulics, switchboards , servo-mechanisms ,
silicone chips , an d massivel y parallel super -
computer network s have each been invoked to
model brai n activity . Some of these analogie s
have been quit e helpfu l in shaping the inves-
tigation o f movement , perception, attention ,
language, memory , an d eve n ches s playing .
Prefrontal corte x ha s bee n mor e resistan t t o
this sor t o f analysis . Wit h th e exceptio n o f
working memor y (where th e linkag e t o ran -
dom access memory has been made) , it is hard
to find an adequate technologica l too l that can
model th e function s o f prefronta l cortex . I n
the absence of such a model, one could invoke
a somewha t fanciful analog y from th e fiel d o f
sculpture. Statue s ca n star t eithe r a s mounds
of clay that ar e molded into the desired shape
or a s block s o f marbl e tha t chang e shap e a s
the piece s tha t occlud e th e desire d for m ar e
chipped away . Th e posterio r cortice s o f th e
human brai n serv e th e firs t approac h a s they
synthesize veridica l template s o f externa l re -
ality; prefronta l corte x promote s th e secon d
approach b y chipping awa y at surface appear -
ance unti l a  deeper "meaning " i s uncovered .
In a figurative sense, it could be suggested tha t
the dialecti c tensio n between thes e represen -
tative an d interpretiv e approache s t o neura l

encoding hel p t o se t th e ton e o f huma n
consciousness.

The phylogeneti c emergenc e o f prefrontal
cortex ma y have introduce d th e capacit y fo r
choice, change , an d reflectio n bu t ha s no t
specified th e natur e o f the choices , th e con -
tents of the reflections , or the directio n o f the
changes. Th e menta l facultie s promote d b y
prefrontal corte x ar e thu s a s likely to lea d t o
the greates t feat s o f culture an d civilization as
they ar e t o Hiroshim a an d Auschwitz . Th e
mechanisms tha t shap e th e cours e o f individ-
ual action s ar e currentl y beyon d th e scop e of
neurological analysis . Perhaps this will become
possible when a  new science i s developed fo r
analyzing not only how a single brain reacts to
experience bu t als o ho w brain s (an d thei r
owners) interact with each other to form social
matrices whic h the n influenc e individua l de-
cisions. Suc h an analysis is likely to sho w that
prefrontal corte x play s a  pivotal rol e i n thes e
aspects o f social neurolog y as well.

It i s fai r t o conclud e tha t th e sens e o f
enigma surrounding the cas e of Phineas Gage
is rapidl y vanishing . I t i s also clear , however ,
that much more work needs to be done so that
the speculations an d metaphors linke d to pre-
frontal corte x ca n yiel d t o fact s an d mecha -
nisms. Considerin g wha t ha s alread y bee n
achieved durin g the firs t 150 years of researc h
on the frontal lobes, it would be safe to predict
that thi s field will continue to generate fertile
insights int o th e uniquel y huma n aspect s o f
neural function and menta l integration .
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NOTES

1. Th e discrepanc y in th e dat e ha s no t bee n explained.
The event definitely occured on September 13.

2. Fro m a  192 8 letter , no w a t th e Warren  Museu m o f
Harvard Medica l School , fro m Dr . Edwar d Williams '
son, Edward H. Williams, Jr.

3. H e became very attached to the iron bar and seems to
have kept it unti l he died .
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4. I t is now part of the Warren Museum collection a t Har-
vard Medica l School .

5. A  prototypical exampl e o f the fronta l abuli c syndrom e
had bee n reporte d b y Wilder Penfield . H e publishe d
the effect s o f a  righ t prefronta l remova l (affectin g
mostly heteromoda l cortex ) h e ha d performe d o n hi s
own sister for the treatmen t o f a slowly growing oligo-
dendroglioma. Followin g th e acut e postoperativ e pe -
riod, Penfiel d noted tha t hi s sister' s judgment , insight ,
social graces, and major cognitive abilities had remaine d
intact. When visitin g her hom e a s a dinner guest , how-
ever, Penfiel d note d a diminished capacity for the plan -
ning an d administratio n o f the meal , decreased initia -
tive, and a slowing of thinking (Penfield & Evans, 1935).

6. Thi s i s th e menta l facult y tha t i s als o know n b y th e
cumbersome ter m theory  o f mind.
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3
Association Pathways of the Prefrontal Cortex
and Functional Observations

MICHAEL PETRIDES AND DEEPAK N. PANDYA

In th e primat e brain , th e posterio r boundar y
of th e fronta l lob e i s th e centra l sulcu s (Fig .
3-1). Immediatel y in fron t o f the centra l sul -
cus lies the moto r and premotor cortex , which
comprises architectonic area s 4 and 6, respec-
tively. Furthe r forwar d lie s the prefronta l cor -
tex, whic h reache s it s highes t leve l o f devel -
opment i n th e huma n brain . Thi s larg e
expanse of cortex plays a major rol e in various
executive processe s tha t ar e critica l fo r th e
planning of sequences o f responses, the selec -
tion an d formulatio n o f appropriate strategie s
in complex behavioral situations , the monitor -
ing of the effectivenes s of cognitive processing
and behavior , an d th e capacit y to mak e deci -
sions to inhibit o r change behavio r a s environ-
mental circumstance s chang e (se e Stus s &
Benson, 1986 ; Petrides , 2000a).

The prefronta l cortical regio n i s not homo-
geneous bu t i t comprise s severa l architecton -
ically distinct area s in both the human and the
monkey brain (Brodmann , 1905 , 1908 , 1909 ;
Economo &  Koskinas , 1925 ; Walker , 1940 ;
Sarkissov et al. , 1955 ; Barba s & Pandya, 1989 ;
Preuss &  Goldman-Rakic , 1991 ; Petride s &
Pandya, 1994) . Experimenta l anatomica l in -
vestigations i n th e monke y have show n tha t
these architectoni c area s diffe r i n term s o f
their connection s with cortical and subcortical
structures (fo r reviews se e Jones , 1985 ; Pan -

dya &  Yeterian, 1985 ; Alexande r et al , 1986 ;
Schmahmann &  Pandya, 1997) . Afferen t con -
nections provide critica l information to partic-
ular prefronta l area s abou t perceptua l an d
mnemonic processes occurring in posterior as-
sociation cortica l area s an d subcortica l struc-
tures, whil e efferen t connection s provide th e
means b y which th e prefronta l cortica l area s
can regulate selectively information processing
in thes e post-Rolandic cortica l associatio n ar -
eas and subcortica l structures . These afferen t
and efferen t connection s ar e mediate d vi a
specific fibe r pathways . The techniqu e o f au -
toradiography usin g anterograd e tracer s ha s
been particularl y usefu l fo r identificatio n of
these fiber tracts (Cowan et al., 1972) . In such
material, one ca n clearly identify the commis-
sural and associatio n fiber pathways, as well as
the subcortica l connection s leadin g t o th e
striatum, thalamus , pons , reticula r formation ,
tectum, an d spina l cor d fro m thei r point  o f
origin within a  particular cortica l are a (for ex-
amples see Fig . 3-2) .

The focu s o f thi s revie w i s th e associatio n
pathways linkin g post-Rolandi c cortical area s
with particula r prefronta l cortical regions , in-
cluding comments on their possible functiona l
significance. The details concerning the origin,
direction, an d termination of these association
pathways derive from experimenta l anatomical

31
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Figure 3-1 . Composit e dia-
gram o f the medial , lateral, and
ventral views of the monke y
brain to sho w the architectonic
areas o f the fronta l lob e ac-
cording to Petrides and Pandya
(1994), the parieta l lobe ac-
cording to Pandya and Seltzer
(1982), the superio r temporal
gyrus according to Pandya and
Sanides (1973) , the inferotem-
poral cortex according to Selt-
zer an d Pandya (1978), and th e
posterior parahippocampal gy-
rus accordin g to Rosen e and
Pandya (1983) . The shaded
area highlights the orbita l fron -
tal regio n shown both o n th e
lateral an d the ventra l views of
the brain . Also shaded ar e th e
retrosplenial areas (Ret-spl ) 29
and 3 0 that lie in the uppe r
bank o f the callosa l sulcus. Ar-
chitectonic areas 44, 3 , V2/V3,
and TPO li e within the sulc i in-
dicated by the arrows . CS, cen-
tral sulcus ; SF , Sylvian fissure .

studies o f th e monke y brain . I n th e huma n
brain, th e basi c directio n an d th e ste m o f
these pathway s ca n b e observe d fro m gros s
dissections an d th e examinatio n o f materia l
stained fo r fibers (e.g., with myelin stains), but
we must rely on monkey data for their precis e
origin an d terminatio n withi n particula r cor -
tical areas .

Although w e shal l classif y an d describ e
these fibe r tract s o n th e basi s o f their regio n
of origi n i n post-Rolandi c cortex , i t mus t b e
emphasized tha t thes e ar e bidirectiona l asso -
ciation systems in the sens e that they also con-
tain efferen t fibers originating from th e targe t
frontal lob e region s an d directe d bac k t o th e
same post-Rolandic cortical areas .

PATHWAYS LINKING THE POSTERIOR
PARIETAL CORTEX WITH THE FRONTAL

CORTEX

The majo r associatio n pathwa y tha t link s th e
parietal corte x with the fronta l lobe i s the su -
perior longitudinal fasciculus (SLF) . These fi-
bers cours e throug h th e centra l cor e o f th e
cortical whit e matte r an d reac h th e variou s
regions o f the fronta l lobe . Experimenta l an -
atomical studie s i n th e monke y indicate tha t
the mai n componen t o f th e SL F originate s
from th e parieta l corte x (Petride s &  Pandya ,
1984). W e have subdivide d th e classica l tract
into three fascicles designated SL F I , SLF II ,
and SL F III .
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Figure 3-2. Photomicrograph s showing labeling in various
pathways, following isotope injections in the inferio r pari-
etal lobule , a t fou r differen t caudal-rostral coronal level s
(A-D). The three arrows in A, B, and C point to fibers di-
rected towards the presubiculum. CAL, callosal fibers; CF,
calcarine fissure ; ILF , inferio r longitudina l fasciculus ;

LF, latera l (Sylvian ) fissure ; MdLF , middl e longitudina l
fasciculus; OTS , occipitotemporal sulcus ; PRESUB, pre-
subiculum; SLF, superior longitudinal fasciculus; STS, su-
perior tempora l sulcus ; TH+PON, thalamic and pontine
fibers.

SLF I originate s mainl y from th e superio r
parietal regio n an d th e adjacen t media l pari-
etal cortex (areas PE, PEc , an d PGm). Thes e
fibers course in the white matter lateral to and
above the cingulat e sulcus. They terminate in
the supplementar y moto r are a (Mil) , dorsa l
area 6 , and, to a  lesser extent , area 8Ad (Fig.
3-3). I t should be pointed ou t that these con-
nections ar e reciproca l i n nature—i.e. , no t
only d o th e prefronta l area s receiv e input s
from th e abov e parietal region s but the y also
(via th e sam e fiber system) give rise to back -

connections tha t provid e th e mean s of regu-
lating the post-Rolandic areas.

Several investigations (Duff y &  Burchfield ,
1971; Sakat a et al , 1973 ; Mountcastl e et al ,
1975; Lacquanit i et al. , 1995) have shown that
the neuron s o f the corte x of the superio r pa -
rietal lobul e cod e th e locatio n o f body part s
(e.g., th e arm ) in a body-centered coordinat e
system. Thus, the dorsal component of the su-
perior longitudina l fasciculu s (SLF I), b y vir-
tue o f its linking medial and superio r parieta l
regions wit h th e supplementar y moto r are a
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Figure 3-3 . Schemati c diagram
to illustrat e the origin , course,
and termination o f the dorsa l
component o f the superio r lon-
gitudinal fasciculu s (SL F I).
Note tha t thi s pathway origi-
nates i n the superio r parieta l
lobule and the adjacen t media l
parietal cortex . Architectonic
areas ar e accordin g t o Figur e 3—
1.

Superior Longitudinal Fasciculu s - SLF I

and the dorsal premotor region , can play a ma-
jor rol e i n th e regulatio n o f higher aspect s o f
motor behavior requirin g information on body
part location. Fo r instance , lesion s o f the per -
iarcuate regio n i n the monke y can give rise to
severe impairment s i n conditiona l associativ e
tasks in which differen t competin g moto r act s
must b e selecte d o n th e basi s o f the appro -
priate conditional rules (Petrides , 1982 ; Hals -
band & Passingham, 1982 ; se e Petrides, 1987 ,
for review) . Simila r impairment s ca n b e ob -

served i n huma n subject s wit h lesion s o f th e
dorsolateral prefronta l region tha t include th e
target zone of the SLF I (Petrides, 1985,1997) .

SLF I I originate s fro m th e cauda l par t o f
the inferio r parieta l lobul e (are a PG) and th e
adjacent occipitoparieta l regio n (are a Opt) .
These fibers course in the white matte r above
the Sylvia n fissur e an d terminat e i n th e pos -
terior dorsolatera l fronta l lob e i n dorsa l are a
6, are a 8  (i.e. , 8A d an d 8B) , an d mid -
dorsolateral area s 9/4 6 an d 4 6 (Fig . 3-4) . I n

Figure 3-4 . Schemati c diagram
to illustrate th e origin , course ,
and terminatio n of the middl e
component o f the superio r lon-
gitudinal fasciculu s (SL F II) .
Note tha t this pathway origi -
nates i n the cauda l inferior pa -
rietal lobule . Architectonic ar-
eas ar e accordin g t o Figur e 3—
1.

Superior Longitudinal Fasciculus - SLF II
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contrast t o th e superio r parieta l lobule , th e
caudal part o f the inferio r parietal lobul e (ar-
eas P G an d Opt ) plays a  majo r rol e i n visual
and oculomoto r aspect s o f spatia l functio n
(Mountcastle e t al. , 1975 ; Hyvarine n &  She-
lepin, 1979 ; Anderse n &  Gnadt, 1989 ; Gold -
berg &  Segraves, 1989) . Patient s wit h lesion s
of th e parieta l regio n exhibi t sever e impair -
ments i n spatia l attentio n (Mesulam , 1981 ;
Posner et al., 1984) . Thus, this pathway can be
viewed as a major link providing the prefronta l
cortex wit h informatio n concernin g th e per -
ception o f visual space fro m th e posterio r pa -
rietal cortex. The fibers originating within th e
prefrontal cortex and directed back to the pos-
terior parieta l regio n through SL F II provid e
the mean s by which the prefronta l cortex can
regulate th e focusin g o f attentio n withi n dif -
ferent part s o f space . Fo r instance , wherea s
normal subjects can use information provided
in advance abou t the location o f an impendin g
stimulus to speed up their detection of it, pa-
tients wit h latera l prefronta l cortica l lesion s
are impaire d i n usin g suc h informatio n (Ali -
visatos & Milner, 1989; Kosk i et al. , 1998). An-
other possibl e functiona l role o f the SL F I I
pathway may be in the selection between com-
peting location s o n th e basi s o f conditiona l
rules. It is known that monkeys with lesions of
area 8  are severely impaired i n their ability to
select between differen t location s on the basis
of conditiona l rule s (see Petrides, 1987) . Sim-

ilar deficits can be seen in humans with lesions
involving posterior dorsolatera l prefrontal cor-
tex (Petrides , 1985) .

SLF III originate s fro m th e rostra l portion
of the inferior parietal lobule, which in the hu-
man brain constitutes the supramarginal gyrus
(i.e., are a 4 0 o r PF) , an d fro m th e adjacen t
parietal opercula r regio n (Fig . 3-5). Thes e fi-
bers cours e i n th e parieta l an d fronta l oper -
cular whit e matte r an d terminat e i n ventra l
premotor area 6, in adjacent area 44 (pars op-
ercularis i n th e huma n brain) , i n th e fronta l
opercular region (gustator y area), as well as in
the ventra l par t o f area 9/46 (Petride s &  Pan-
dya, 1984 ; Cipollon i &  Pandya, 1999). SLF II I
also contains fibers originating in the prefron-
tal cortex and directe d bac k to th e rostra l in-
ferior parieta l lobule an d the adjacen t parietal
opercular regio n (e.g. , Preus s &  Goldman -
Rakic, 1989) . The rostra l portion o f the infe -
rior parieta l lobul e receive s inpu t fro m th e
ventral postcentra l gyru s (Pandy a &  Seltzer ,
1982) an d it s neuron s exhibi t complex soma-
tosensory response s relate d t o th e fac e an d
arm (Hyvarine n & Shelepin , 1979 ; Leinone n
et al. , 1979 ; Robinso n &  Burton, 1980 ; Tair a
et al. , 1990) . Thus, SL F III provide s the ven-
tral premotor regio n and the rostrally adjacent
area 4 4 with higher-orde r somatosensor y in -
put. I t ha s been show n tha t neuron s i n thi s
frontal regio n respon d durin g specifi c goal —
directed action s an d appea r t o cod e no t th e

Figure 3-5 . Schemati c dia-
gram to illustrate the origin ,
course, and termination of
the rostroventra l component
of the superio r longitudinal
fasciculus (SL F III). Note
that this pathway originates
in the rostra l inferior parie-
tal lobule and the adjacen t
parietal operculum. Archi-
tectonic area s are accordin g
to Figur e 3-1 .

Superior Longitudinal Fasciculus - SLF III
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movements pe r s e bu t rathe r th e actio n i n
high-level abstrac t term s (Rizzolatt i e t al. ,
1988; Murat a e t al. , 1997) . Furthermore ,
many neurons i n this region o f the fronta l cor-
tex respon d bot h whe n th e monke y performs
a particula r movemen t an d als o whe n th e
monkey observes anothe r anima l perform th e
action code d b y thes e neuron s (Rizzolatt i et
al., 1996) . These neurons therefore mayb e in-
volved in the computatio n of information nec-
essary fo r action imitation .

The interaction s betwee n rostra l inferio r
parietal corte x an d th e ventra l fronta l regio n
made possibl e b y SL F II I ma y be necessar y
for gestura l communication , which ma y have
preceded th e evolutio n o f linguisti c commu -
nication. I n this regard, i t is interesting to note
that the gestura l impairments seen in the clin-
ical syndrom e o f ideomotor apraxi a are ofte n
the resul t o f lesions o f the rostra l inferio r pa -
rietal regio n o r th e underlyin g whit e matte r
(De Renzi , 1989) . Th e bidirectiona l connec -
tions between th e rostra l inferior parietal lob -
ule and ventral are a 9/46 via this pathway may
be critica l fo r the monitorin g of orofacial and
hand actions, since this area is part o f the mid -
dorsolateral prefronta l regio n tha t ha s bee n
shown to play a critical rol e in the monitorin g
of informatio n in workin g memor y (Petrides ,
1994, 1996) .

PATHWAYS LINKING OCCIPITAL AND
INFEROTEMPORAL CORTEX WITH THE

FRONTAL CORTEX

There ar e tw o mai n stream s fo r th e cortica l
processing o f visual stimulation originating in
the striat e corte x (Ungerleide r &  Mishkin ,
1982). Th e occipitotemporal  strea m underly -
ing objec t perceptio n stem s mainl y from th e
ventrolateral occipita l regio n servin g centra l
vision and is directed through a  series o f areas
to th e rostra l inferotempora l region . Th e oc-
cipitoparietal strea m fo r spatia l perceptio n
and, i n particular , tha t aspec t involve d i n th e
control o f actio n (Milne r & Goodale , 1995) ,
originates from th e media l and dorsal occipital
areas that are engaged i n peripheral visio n and
is directe d t o th e posterio r parieta l region .

Fibers originatin g in the ventra l part o f the
occipital lob e (are a 19 ) and directe d toward s
the inferotempora l regio n occup y a  positio n
between th e opti c radiations and the fibers ly-
ing immediatel y subjacen t t o th e tempora l
cortex. Thes e occipitotempora l fibers , whic h
form th e inferio r longitudina l fasciculus , de-
scend ventrall y an d forwar d i n th e for m o f a
cascade t o terminat e i n th e inferotempora l
cortical regio n (area s TEO , TE3 , TE2 , an d
TE1), as well as in the parahippocampa l gyms
(areas TF , TL , an d TH ) (Fig . 3-6 ) (Tus a &

Inferior Longitudinal Fasciculus - ILF

Figure 3-6 . Schemati c diagram
to illustrate the cours e and ter-
mination of the inferio r longitu-
dinal fasciculu s (ILF ) originat-
ing in the extrastriat e visual
region (V4 ) and directed to th e
inferior tempora l region. Note
that fiber s fro m th e caudalmos t
part o f the inferio r parietal lob -
ule (are a Opt) mingle with this
pathway. Also, note the origin
of a  component of the uncinat e
fasciculus (UF ) from th e ros -
tralmost part o f the inferotem -
poral cortex and another fron -
tally directed bundle originating
from th e occipitotempora l re -
gion coursin g through the ex-
treme capsule (EXTM.CAF).
Architectonic area s ar e accord -
ing to Figure 3-1 .



ASSOCIATION PATHWAYS OF THE PREFRONTAL CORTEX 37

Ungerleider, 1985) . A  contingen t o f fiber s
originating fro m th e cauda l inferio r parieta l
lobule als o course s throug h thi s fibe r bundl e
and ends in the parahippocampal region (Selt-
zer &  Pandya , 1984) . A  fe w fiber s fro m th e
occipitotemporal regio n procee d forward ,
possibly a s a  temporofronta l fascicle , t o ter -
minate in the ventra l part o f area 8  (i.e., 8Av )
(Fig. 3-6) . Th e occipitotempora l fibe r syste m
transmits informatio n originating i n th e stri -
ate corte x an d processe d i n a  serie s o f step s
all the wa y to th e rostra l inferotempora l cor -
tex leadin g t o objec t identificatio n (Mishkin ,
1982). The rostra l par t of the inferotermpora l
cortical regio n (are a TE1 ) an d th e ventra l
part o f the tempora l proisocorte x sen d fibers
to th e prefronta l corte x vi a the uncinat e fas -
ciculus. Thes e fiber s terminat e mainl y in or -
bital are a 1 1 and are a 47/1 2 (Fig . 3-6) . Thi s
component o f the uncinat e bundl e therefor e
provides critica l informatio n about th e natur e
of objects t o the orbita l an d ventrolateral pre-
frontal region .

As describe d above , th e parieta l corte x i s
bidirectionally linked wit h th e prefronta l cor -
tex by means of the superio r longitudina l fas-
ciculus. Th e questio n tha t no w arise s i s th e
precise cours e o f th e pathwa y tha t provide s
direct inpu t to the prefronta l cortex fro m th e
occipital region . There has been considerabl e
controversy regarding the pathway connecting
the occipita l with the fronta l region and which

has bee n calle d th e occipitofrontal  fasciculus
(OFF) (Dejerine , 1895) . Accordin g to our ob-
servations, som e of the fiber s fro m th e dorsa l
and media l occipita l lobe an d the cauda l par-
ietotemporal region trave l via an ill-defined fi-
ber bundle. This bundle i s located in the white
matter betwee n th e coron a radiat a an d th e
callosal fibers. These axons follow a  horizontal
course an d terminate predominantly in dorsal
and ventral are a 8  (i.e. , 8Ad and 8Av) , with a
smaller numbe r terminatin g i n are a 8 B an d
caudal area 9/46 (Fig. 3-7). Man y of the fibers
of the OFF concentrat e nea r a parallel bundle
that lie s jus t abov e th e bod y and head of the
caudate nucleus , th e subcallosa l fasciculus of
Muratoff (1893) . Although this latter fiber sys-
tem ca n easil y b e confuse d wit h th e OFF ,
careful observation reveals that they are in fact
two separat e fibe r tracts . Th e fiber s formin g
the bundl e o f Muratoff ar e derived fro m pos -
terior parietal , posterio r temporal , an d occip -
ital cortex , a s well a s the corte x o f the cingu -
late gyru s an d th e fronta l lobe . Thes e fiber s
terminate i n the striatum , especiall y the cau -
date nucleu s (Mufso n & : Pandya , 1984) . Th e
OFF, o n th e othe r hand , ca n be viewe d a s a
fiber system that stem s from area s serving pe-
ripheral vision an d may therefore provide th e
means by which the posterior dorsolateral pre-
frontal corte x (mainl y area 8 ) receive s infor -
mation fro m occipita l corte x an d th e caudal -
most parieta l corte x an d ca n influence , vi a

Figure 3-7 . Schemati c diagram
to illustrate the origin , course,
and terminatio n of the occipi -
tofrontal fasciculu s (OFF) .
Note tha t thi s pathway origi-
nates in the dorsa l an d media l
occipitoparietal region . Archi-
tectonic area s are accordin g to
Figure 3-1.

Occipitofrontal Fasciculus - OFF
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feedback connections , visuospatia l processing .
We mus t poin t ou t tha t furthe r studie s ar e
needed to delineate th e exact course and func -
tional contributio n o f this pathway.

PATHWAYS LINKING THE SUPERIOR
TEMPORAL CORTEX WITH THE

FRONTAL CORTEX

There ar e thre e distinc t fibe r pathway s tha t
arise from th e superio r tempora l gyrus and ad-
jacent superio r tempora l sulcu s (Petride s &
Pandya, 1988) . On e pathwa y stem s fro m th e
caudal par t o f th e superio r tempora l gyrus ,
i.e., are a Tp t (Fig . 3-8) . Thes e fibers , whic h
arch aroun d the cauda l part of the Sylvia n fis-
sure an d resum e a  horizontal cours e runnin g
along the fibers of SLF II, terminate predom -
inantly in area 8A d (Fig. 3-8) . Sinc e thes e fi-
bers curve  aroun d i n th e parietotempora l
junction, a s see n i n gros s dissection s o f th e
human brain, this pathway is referred to as the
arcuate fasciculus. B y means of thi s pathway ,
the posterio r dorsolatera l prefronta l corte x
may be receivin g auditor y spatial information.
There is evidence tha t neurons in area Tpt re-
spond selectivel y t o th e locatio n o f soun d
source (Leinone n e t al. , 1980) . Lik e SL F II ,
which provide s th e mean s fo r visuospatia l in-
teractions betwee n prefronta l corte x an d th e
posterior parieta l region , thi s fibe r pathwa y

linking tempora l wit h fronta l corte x ca n b e
viewed a s providing th e mean s by which pre -
frontal corte x ca n receiv e an d influenc e au -
diospatial information.

The mid-portio n o f th e superio r tempora l
gyrus (area s paAl t an d TS3 ) an d th e multi -
modal areas o f the adjacen t superior tempora l
sulcus (are a TPO) giv e ris e t o a  distinc t fibe r
system tha t run s i n th e extrem e capsule .
These fibers terminate mainl y in area 45 (pars
triangularis o f th e huma n brain ) and , t o a
lesser extent , in areas 9 , 46, and 8Ad (Fig. 3 -
9). A  contingen t o f fiber s originatin g withi n
the multimoda l superio r tempora l sulcu s also
runs with this pathway and terminates in fron -
topolar are a 10 .

The fiber system arising from the  caudal su-
perior temporal regio n an d directed primarily
to are a 8A d (Fig. 3-8) i s clearly distinc t fro m
the pathwa y arisin g fro m th e mid-portio n o f
the superio r tempora l gyru s an d directe d to -
wards mor e rostra l latera l prefronta l corte x
(Fig.3-9) (Petrides & Pandya, 1988; Romansk i
et al. , 1999) . Thes e tw o pathway s ma y b e
viewed by analogy to the two visual-processing
streams specializin g fo r visua l spatia l an d vi -
sual objec t information . Whereas th e cauda l
superior tempora l regio n ma y be forwardin g
to th e cauda l dorsolatera l prefronta l corte x
(primarily area 8Ad ) auditory spatia l informa-
tion, the mid-portio n of the superio r tempora l
gyrus ma y be forwardin g auditory objec t in -

Figure 3—8 . Schemati c diagram
to illustrate the origin , course,
and termination of the arcuat e
fasciculus (ARC.FASCI.) . Note
that thi s pathway originates in
the cauda l superior temporal
gyrus. Architectonic areas are
according to Figure 3-1 .

Arcuate Fasciculus -ARC.FASCI,
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Figure 3-9. Schemati c diagram
to illustrate the fiber bundle
originating in the middl e por-
tion of the superio r temporal
gyrus and adjacen t superio r
temporal sulcus and running
through the extrem e capsule
(EXTM.CAP.). Architectonic ar-
eas are according to Figure 3 -
1.

Extreme Capsule - EXTM.CAP.

formation. Ther e i s evidenc e fro m wor k i n
both monkeys (Colombo e t al. , 1996 ) an d pa-
tients (Zatorre, 1985) tha t parts of the superio r
temporal gyrus may operate in a manner anal-
ogous to that o f the inferotempora l corte x for
object vision .

In th e huma n brain , are a 45 , lying on th e
pars triangulari s o f the inferio r fronta l gyrus ,
plays a  major rol e i n language processing. In-
deed, electrica l stimulatio n o f both th e par s
opercularis (are a 44 ) an d th e cauda l par t o f
the par s triangulari s (are a 45) i n th e lef t ce -
rebral hemispher e cause s speec h disruptio n
(Rasmussen & : Milner, 1975; Ojemann , 1979) .
However, the anatomica l connections o f these
two ventrolatera l fronta l area s ar e quit e dis -
tinct. A s pointed out above , area 44 is the re -
cipient o f majo r somatosensor y input s fro m
the supramargina l gyrus via the SL F III (Fig .
3-5), wherea s area 45 receives input fro m th e
superior tempora l regio n via the extreme cap -
sule (Fig . 3-9) . Thes e result s sugges t tha t
area 44 may be closely involved in the higher -
order articulator y contro l o f speech, wherea s
area 4 5 ma y hav e a  rol e i n th e non -
articulatory contro l o f linguisti c processing .
The specifi c rol e o f area 4 5 in the lef t hemi -
sphere o f the huma n brain fo r languag e may
be a n adaptatio n o f the mor e genera l rol e o f
the ventrolatera l prefronta l regio n i n primat e
brains fo r th e top-dow n regulatio n o f infor -

mation i n posterio r cortica l associatio n area s
(Petrides, 1994 , 1996) . Accordin g t o thi s hy -
pothesis, th e mid-portio n o f the ventrolatera l
prefrontal corte x (area s 45 an d 47/12 ) i s crit -
ical for the activ e (i.e. , strategic) regulation of
information i n posterio r cortica l associatio n
areas wher e informatio n i s perceive d an d
coded i n short-an d long-ter m form . Thus ,
various kinds of active selection necessary for
encoding an d retrieva l o f specific information
held i n thes e posterio r cortica l region s ar e
regulated b y the mid-ventrolatera l prefrontal
region. This rol e o f the ventrolatera l prefron-
tal corte x ca n be contraste d wit h tha t o f th e
mid-dorsolateral prefrontal cortex (area s 9, 9/
46, and 46), which is involved in the monitor-
ing of mnemonic performanc e o n the basi s of
the subject' s curren t plan s (Petrides , 1994 ,
1996; se e below) .

Functional neuroimagin g studie s ar e gen -
erally i n agreemen t wit h th e vie w tha t ven -
trolateral area s 4 4 an d 4 5 diffe r i n function .
For instance , Paules u e t al . (1993) , i n a  pos-
itron emissio n tomography study , have shown
the involvemen t o f area 4 4 in th e processin g
of articulator y information . B y contrast , Pe -
trides e t al . (1995 ) hav e provide d evidenc e
that are a 45 has a  role i n the activ e retrieva l
of verba l informatio n fro m memory . I n th e
latter study , whe n th e subject s repeate d
words spoken by the experimente r (repetition
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condition), bot h area s 4 4 an d 4 5 i n th e lef t
hemisphere showe d increased activit y relative
to a  baselin e contro l conditio n tha t involved
no speaking . However , whe n th e subject s
recalled a  lis t o f specifi c words hear d befor e
scanning (recal l condition) , ther e wa s a n
additional significan t increas e i n activit y i n
area 45 in the lef t hemispher e compare d wit h
that durin g th e repetitio n condition , indicat -
ing tha t th e rol e o f are a 4 5 i n verba l infor -
mation goe s beyon d th e mer e articulatio n of
words.

The rostralmos t par t o f th e superio r tem-
poral gyms (area s TS2 and TS1) and the tem-
poral proisocorte x give ris e t o fibers that ru n
as par t o f th e uncinat e fasciculu s (Fig . 3-
10).These fibers terminate i n areas 13 , 47/12,
and 1 1 in the orbita l frontal  cortex an d in ar-
eas 14 , 2 5 an d 3 2 i n th e media l prefronta l
cortex (Fig . 3-10). Som e of these fiber s ma y
be critica l fo r regulatin g th e emotiona l re -
sponse to auditor y stimuli . This speculation is
based o n th e fac t tha t th e orbitofronta l cor -
tex, especiall y it s mor e cauda l part , an d th e
adjacent limbi c media l fronta l region s ar e
strongly connected with the amygdal a (Aggie-
ton e t al, 1980; Amaral & Price, 1984 ; Barbas
& D e Olmos , 1990 ; Carmichae l &  Price ,
1995), a  structur e tha t i s critica l fo r affectiv e
responses (se e Aggleton, 1992 , for review) .
Furthermore, experiment s in monkey s (Ruch

& Shenkin , 1943; Butter et al. , 1970 ) and hu -
mans (Hornak et al.,  1996;  Sarazin  et al.,  1998;
Angrilli et  al.,  1999)  with  lesions  of  the  orbi-
tofrontal corte x indicat e tha t thi s regio n i s
important fo r normal behaviora l response s t o
emotional stimuli . A  recent stud y wit h posi -
tron emissio n tomograph y investigate d
changes i n cerebra l bloo d flow in norma l hu-
man subject s durin g exposur e t o unpleasan t
auditory information, suc h as the sound s of vi-
olent ca r crashe s (Fre y e t al. , 2000) . The re -
sults indicate d a  majo r increas e i n activit y in
the cauda l orbitofronta l region i n relatio n t o
unpleasant auditor y informatio n (Fig. 3-11).
Thus, th e connection s betwee n th e orbito -
frontal corte x an d the rostra l superio r tempo -
ral regio n establishe d vi a the uncinat e fascic -
ulus (Fig . 3-10) ma y be critica l fo r enablin g
the organis m t o evaluat e an d regulat e th e
response t o auditor y inpu t tha t ha s affectiv e
quality. Th e cauda l orbitofrontal region via its
connections wit h othe r fronta l area s (Barba s
& Pandya , 1989 ; Carmichae l &  Price , 1996)
is in an ideal position t o interac t with the lat-
eral prefronta l area s tha t underli e higher -
order cognitiv e processin g (Petrides , 1996) .
The uncinat e fasciculu s i s a  comple x syste m
which, in addition t o the above-mentione d fi -
bers, comprise s fiber s fro m th e rostra l infer -
otemporal an d parahippocampa l gyr i (see
below).

Figure 3-10 . Schemati c dia-
gram t o illustrate the origin,
course, an d terminatio n o f the
component o f the uncinat e fas -
ciculus (UF) arising in the ros-
tral part o f the superio r tempo-
ral gyrus. Architectonic areas
are according to Figure 3-1 .

Uncinate Fasciculus - UF
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Figure 3-11. Summar y dia-
gram to illustrate th e locatio n
of activity peaks in the caudal
orbitofrontal regio n (area 13 ) in
relation to the processing of
unpleasant auditory stimuli.
IOS, intermediate orbital sulcus;
L, lef t hemisphere ; LOS, lateral
orbital sulcus; MOS, medial or-
bital sulcus ; OLF, olfactor y sul-
cus; R, right hemisphere; TOS,
transverse orbital sulcus.

THE LIMBIC PATHWAYS

These pathway s link the parahippocampal and
cingulate cortical areas with the fronta l cortex,
and ar e discusse d below .

THE VENTRAL LIMBIC PATHWAYS

The parahippocampal  regio n i s a  comple x
structure that has been subdivided into several
different areas . Th e anterio r par t comprise s
the entorhina l an d perirhina l corte x an d th e
posterior par t areas TH, TF , and TL (Rosene
& Pandya , 1983) . Thi s regio n receive s inpu t
from visual , auditory, an d somatosensor y cor-
tical associatio n areas , multimoda l cortical ar -
eas, th e fronta l cortex , a s well as limbic areas
(Van Hoese n 1982 ; Suzuki &  Amaral , 1994) .
Fibers originatin g fro m th e parahippocampa l
region and directed towards the orbita l fronta l

lobe proceed rostro-dorsally to form a  discrete
bundle runnin g lateral and ventral to the ven-
tralmost portio n o f th e extrem e capsul e an d
the claustru m (Fig . 3-12). These fiber s for m
part of the uncinat e fasciculu s an d course for-
ward throug h th e lime n insul i toward s th e
frontal lobe . Som e of the fibers leave this bun-
dle an d proceed mediall y to terminat e i n th e
medial forebrai n regio n just cauda l to the or -
bital fronta l cortex , while other s procee d ros-
trally in the for m of a plate in the orbital white
matter an d terminat e i n area s 13 , 47/12, 11 ,
and 1 0 (Fig . 3-12). Anothe r contingen t o f
fibers originating in the cauda l parahippocam-
pal region enter s the extreme capsule and ter-
minates i n area s 46 , 9/46, and 9  (Fig. 3-12).
Finally, a  significan t numbe r o f fiber s fro m
the parahippocampa l corte x ascen d int o th e
white matter dorsally and aggregate i n the cin-
gulum bundle , wher e the y cours e rostrall y to
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Figure 3-12. Schemati c dia-
gram t o illustrate the origin,
course, an d termination of two
fiber pathways fro m th e para -
hippocampal region. The rostral
pathway runs through the unci -
nate fasciculu s (UF ) towards
the orbita l frontal regio n and
the media l forebrain region .
The cauda l pathway originates
in the cauda l parahippocampal
region and runs in the extreme
capsule (EXTM.CAP.) . Archi-
tectonic areas are according to
Figure 3-1.

Ventral Limbic Pathway

terminate i n are a 2 4 o n th e media l fronta l
cortex.

THE DORSAL LIMBIC PATHWAY

The cingulum  bundle  (CB ) has tw o compo -
nents. I t ha s a  centra l core , whic h i s mainl y
composed o f fiber s originatin g fro m an d di -
rected t o th e thalamus , surrounde d b y asso -
ciation fiber s (Mufso n &  Pandy a 1984) . A
component o f thes e associatio n fiber s origi -
nates in the rostra l and caudal cingulate cortex
(areas 24 and 23) and the retrosplenia l corte x
(area 30) and is directed to the prefronta l cor-
tex, formin g the dorsa l limbi c pathway . Thi s
component run s a s par t o f th e C B an d ter -
minates i n th e mid-dorsolatera l prefronta l ar-
eas 9 , 9/46 , an d 4 6 (Mufso n &  Pandya, 1984 ;
Morris e t al. , 1999a) . Som e fiber s fro m thi s
bundle are directe d toward s th e orbitofronta l
cortex (are a 11) , a s well a s to are a 3 2 on th e
medial surfac e of the fronta l lob e (Fig . 3-13).
This pathwa y i s bidirectional—tha t is , i t als o
contains fiber s originatin g withi n th e fronta l
cortex and terminating in the cingulate and re-
trosplenial corte x (Morri s et al. , 1999b) .

The tw o limbi c pathway s describe d abov e
linking th e prefronta l corte x wit h th e limbi c
medial tempora l an d cingulat e region s ar e o f

particular interes t i n our understanding o f the
role o f th e prefronta l corte x i n memory . Bi-
lateral lesion s o f the media l tempora l region ,
namely th e hippocampu s an d th e cortica l
structures surroundin g i t (i.e. , th e entorhina l
and perirhina l corte x an d th e posterio r para -
hippocampal cortex) , give rise to a  severe am -
nesic syndrom e characterize d b y a n inabilit y
to stor e ne w informatio n abou t fact s an d
events (Milner , 1972; Mishkin , 1982; Squir e &
Zola-Morgan, 1991) . Patients with damage re -
stricted t o th e limbi c regio n o f th e media l
temporal lob e hav e no difficult y i n perceivin g
and interpretin g ne w information . However ,
this regio n i s critica l i f informatio n tha t ha s
been perceive d i s to be maintaine d o n a long-
term basi s whe n attentio n i s shifte d t o ne w
information o r whe n th e capacit y o f short -
term memor y is exceeded .

Recent wor k in the monke y has shown that
the entorhina l an d perirhina l regio n o f th e
medial temporal lobe is critical for recognition
memory (Meunie r et al. , 1993 ; Suzuk i et al. ,
1993). Interestingly , th e entorhina l an d perir -
hinal regions are most strongly connected with
the orbita l an d ventromedia l limbi c fronta l
cortex (Barba s & Blatt, 1995) . Lesion s o f this
orbitofrontal targe t zon e of the entorhina l an d
perirhinal corte x i n th e monke y giv e ris e t o
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Figure 3-13. Schemati c dia-
gram t o illustrate the origin ,
course, an d termination of the
dorsal limbic pathway running
in the cingulu m bundle (CB).
Architectonic areas are accord-
ing to Figure 3-1. Ret-Spl , re-
trosplenial region aroun d the
splenium o f the corpus
callosum.

Dorsal Limbic Pathway - CB

impairments i n recognitio n memory , suggest-
ing tha t i t i s an importan t componen t o f th e
circuit fo r processing ne w information (Bach-
evalier &  Mishkin , 1986 ; Meunie r e t al. ,
1997). The role of the orbita l prefrontal region
in memory may be less direct tha n that o f the
limbic media l temporal region . I t ma y lie pri-
marily in th e top-dow n modulatio n o f medial
temporal activity, based on the subject' s eval -
uation of the potentia l interest o f incoming in-
formation dependin g o n th e subject' s goals ,
current motivation , etc. Fo r instance , in a  re-
cent study with positron emission tomography,
normal human subject s were aske d t o view a
series o f novel abstrac t design s and were tol d
that they should commi t to memory these de-
signs (Fre y & Petrides, 2000) . Relative to th e
viewing of familiar abstrac t designs , there was
increased activit y in th e orbitofronta l cortex ,
specifically i n are a 1 1 (Fig . 3-14) , an d thi s

area 1 1 activity was correlated wit h activity in
the entorhinal-perirhina l regio n o f the tem -
poral lobe . Thes e result s reinforc e th e vie w
that th e orbitofronta l cortica l regio n i s i n a
close functiona l interactio n wit h th e rostra l
part of the parahippocampal region during the
active encoding of new information.

The rol e o f the orbita l an d ventra l part s of
the prefronta l corte x i n the self-regulatio n o f
behavior i s wel l establishe d (e.g. , Bechar a e t
al., 1996) . Thi s rol e i s probabl y mediate d
largely via the uncinat e fasciculus . Support for
this derive s fro m a  recent cas e repor t b y Le-
vine e t al . (1998 ) o f a  patien t wit h traumati c
brain injur y involvin g the uncinat e fasciculus
(temporofrontal disconnection ) who had a  se-
rious defici t i n self-regulator y behavior alon g
with a  retrograde amnesia .

Lesions o f th e latera l prefronta l corte x d o
not give rise to primary impairments in mem-
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Figure 3-14.  Summary  dia-
gram to illustrat e the locatio n
of activit y peaks in area 1 1 of
the orbitofronta l region in rela -
tion to the encodin g of abstract
visual information. IOS, inter-
mediate orbita l sulcus ; L, lef t
hemisphere; LOS , latera l or-
bital sulcus ; MOS, medial
orbital sulcus ; OLF, olfactory
sulcus; R , right hemisphere.

ory, bu t rathe r disrup t variou s executiv e pro -
cesses that ar e necessary to sustain certain as-
pects o f working memory, as well as to encode
and retriev e comple x informatio n (Petrides ,
2000b). Fo r instance , th e mid-dorsolatera l
prefrontal cortica l regio n (area s 46, 9/46 , an d
9) ha s been show n to be critica l fo r the mon -
itoring and manipulation of information within
working memory. This evidence i s based bot h
on lesio n work with monkey s (Petrides, 1991 ,
1995, 2000c ) and patients (Petrides & Milner,
1982) a s well as functional neuroimagin g stud-
ies (se e Petrides, 2000a) . The questio n tha t is
raised i s ho w th e mid-dorsolatera l prefronta l
cortex interact s wit h th e media l tempora l re -
gion s o tha t contro l processe s suc h a s moni-
toring ca n operat e o n an d influenc e working
memory processing . On e suc h pathwa y i s
probably the cingulo-frontal pathway that links
the dorsolateral prefrontal cortex with the pos-

terior cingulat e an d retrosplenia l regions ,
which ar e i n tur n linke d with th e parahippo -
campal corte x an d hippocampu s proper . I n
our recen t examinatio n of this pathway (Mor-
ris et al. , 1999a, 1999b) , i t was clear that fiber s
directed to the latera l fronta l corte x (o r origi-
nating fro m it ) wer e preferentiall y centere d
within th e mid-dorsolatera l prefronta l region,
which is the ver y part o f the prefronta l cortex
that ha s been show n t o b e critica l fo r moni -
toring informatio n withi n workin g memor y
(Petrides, 1994 , 1996) . Thus, this bidirectional
dorsal limbi c association pathway may be th e
major pathwa y throug h whic h th e mid -
dorsolateral prefronta l corte x receive s critica l
information abou t workin g memor y process -
ing fro m th e hippocampa l syste m and modu -
lates thi s processing.

The importanc e o f th e mid-dorsolatera l
prefrontal corte x togethe r wit h th e posterio r



Figure 3-15. Summar y dia-
gram to illustrate the location
of activity peaks in the mid -
dorsolateral prefrontal corte x in
relation to th e monitorin g of vi-
sual abstract information in
working memory. IFS, inferio r
frontal sulcus.

cingulate an d retrosplenia l region s fo r th e
mnemonic processin g underlyin g workin g
memory was highlighted i n a  functional neu-
roimaging study (Petrides et al. , 1993) . In this
study, local cerebral blood flow was measured
with positro n emissio n tomography in normal
human subject s while they performed a visual
self-ordered memor y task requirin g monitor -
ing of information in working memory. In this
task, whic h wa s directl y analogou s t o thos e
previously used with patients (Petride s & Mil-
ner, 1982 ) an d monkey s (Petrides , 1991 ,
1995), th e subject s were require d t o selec t a
different stimulu s on eac h tria l fro m a  se t o f
eight stimul i until al l had been selected . Th e
subjects wer e therefor e require d t o monito r
carefully wha t ha d alread y been selecte d an d
what remaine d t o b e selecte d a s the y wer e
preparing eac h new response. Performance of
this self-ordered task , in comparison with that
of th e contro l task , resulte d i n significantl y
greater activit y withi n th e mid-dorsolatera l
frontal corte x (areas 46 and 9/46) (Fig. 3-15).
Interestingly, there was also increased activit y

in th e posterio r cingulat e regio n durin g th e
performance o f this task.

CONCLUSIONS

The fiber pathways described above are recip -
rocal i n nature . Th e prefronta l cortica l area s
that receiv e inpu t fro m particula r post -
Rolandic regions give rise to efferen t connec -
tions that ar e directed back to the sam e areas
from whic h the y receive d input . Thus , thes e
pathways provid e particula r prefronta l area s
with sensory-specifi c or multimoda l informa -
tion and, at the sam e time, provide the means
by which the prefronta l cortical area s can reg-
ulate informatio n processing i n th e posterio r
cortical areas. Highly processed sensor y infor-
mation i n post-Rolandi c area s i s provided t o
the orbitofronta l cortica l regio n vi a the unci -
nate fasciculus . Th e orbitofronta l regio n ap -
pears t o b e critica l fo r th e regulatio n o f th e
emotional significanc e an d th e motivationa l
value o f stimuli. Thus, via its back-going con-
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nections t o th e area s fro m whic h i t receive s
input, th e orbitofronta l corte x ca n exer t a
modulating influenc e o n cognitiv e processin g
and decisio n makin g on th e basi s o f curren t
emotional and motivationa l states .

The post-Rolandi c cortica l region s provid e
the latera l prefronta l cortica l regio n wit h
sensory-specific an d multimoda l information .
There i s evidence tha t ther e is a fundamental
distinction betwee n th e mid-ventrolatera l (ar-
eas 45 and 47/12) an d mid-dorsolatera l (areas
9, 9/46 , an d 46 ) prefronta l region s (Petrides ,
1994, 1996) . The mid-ventrolatera l prefrontal
region, via its strong bidirectional connection s
with severa l post-Rolandi c areas , i s i n a  po -
sition t o exercis e a  top-dow n modulatio n o f
activity i n thes e area s fo r th e purpos e o f ac-
tive (i.e. , strategic) judgement , encoding , an d
retrieval o f information. The mid-dorsolatera l
prefrontal region , o n th e othe r hand , i s crit -
ical fo r th e monitorin g o f informatio n i n
working memory, which i s necessary for high-
level plannin g an d manipulation  o f informa -
tion. Th e interactio n betwee n th e mid -
dorsolateral prefronta l regio n an d th e
memory system may be exercise d via the dor -
sal limbi c pathway that link s reciprocall y this
region o f the prefronta l corte x wit h th e hip -
pocampal syste m via the posterio r cingulate -
retrosplenial region . I n thi s manner , we ca n
observe distinc t level s o f control exercise d b y
the prefronta l corte x o n posterio r cortica l
processing.

The posterio r dorsolatera l fronta l corte x
(i.e., areas 8 and rostral 6) appears t o underli e
what ar e sometime s referred t o a s attentional
processes. These area s receive input from me -
dial an d latera l parieto-occipita l cortica l
regions, a s wel l a s fro m th e adjacen t cauda l
superior tempora l gym s vi a the superio r lon -
gitudinal, th e occipitofrontal , an d the arcuat e
fasciculi. Throug h thes e bidirectional connec -
tions, th e posterio r dorsolatera l fronta l area s
are i n a  positio n t o ac t upo n parieto -
occipitotemporal region s fo r th e purpos e o f
selecting o n th e basi s o f variou s operation s
(e.g., conditiona l rules ) betwee n competin g
aspects o f somatospatial , visuospatial, an d au -
diospatial information. For instance , lesions of
rostral are a 6  impai r th e selectio n betwee n
competing moto r act s o n th e basi s o f condi -

tional rules , wherea s lesion s o f area 8  impair
the selectio n betwee n differen t location s o r
different visua l stimul i in spac e (se e Petrides ,
1987).

Many diseas e processe s involv e th e whit e
matter pe r s e o r i n additio n t o cortica l dam -
age. With th e curren t availabilit y of neuroim-
aging techniques , suc h a s diffusio n imagin g
magnetic resonance , i t i s possibl e t o discer n
some o f these pathway s in viv o i n the huma n
brain (Makri s e t al, 1997) . Proper knowledge
of th e cours e o f th e differen t fibe r pathway s
is a s importan t a s knowledg e o f thei r termi -
nation to interpret properly the functional def-
icits resultin g fro m damag e t o particula r
regions o f th e cerebra l cortex . I t shoul d b e
pointed out that functional los s due to damage
of a  particula r fibe r pathwa y ma y not neces -
sarily be th e sam e as that resultin g from dam -
age t o th e fronta l corte x pe r se . A  clear un -
derstanding o f th e cours e o f th e prefronta l
pathways wil l permi t th e desig n o f experi -
ments t o demonstrat e thei r functiona l
contribution.

The possibilit y o f demonstrating foc i o f in -
creased activatio n in relation to particular cog-
nitive processing in the human cerebral cortex
with moder n functiona l neuroimagin g raise s
the questio n o f wher e precisel y thes e in -
creases occur . Sinc e there i s variability in th e
gross morphology of the huma n brain (i.e. , its
sulcal an d gyra l parterns) , i t i s necessar y i n
future wor k to describ e an d quantif y thi s var-
iability withi n a  standardize d proportiona l
stereotaxic space and to investigate its relation
to architectonic areas . For instance , if the var-
iability of a given architectonic are a in a  stan-
dardized proportiona l stereotaxi c spac e wer e
known, th e investigato r coul d transfor m th e
particular dat a fro m a n experimen t int o thi s
space and be abl e to provide a  statistical state-
ment o f the probabilit y tha t a  certain activit y
focus i n a  grou p o f subject s o r a n individua l
case lie s withi n a  certai n architectoni c area .
Probability map s describin g th e variabilit y of
different gros s morphologica l structure s an d
architectonic area s within standard stereotaxic
space hav e begun t o appea r (e.g. , Pau s e t al. ,
1996; Tomaiuol o e t al. , 1999 ; Geye r e t al. ,
2000), bu t considerabl y mor e wor k will nee d
to be carrie d out .



ASSOCIATION PATHWAYS OF THE PREFRONTAL CORTEX 47

REFERENCES

Aggleton, J.P . (1992) . Th e Amygdala:  Neurobiological  As -
pects of  Emotion,  Memory,  and  Mental  Dysfunction.
New York : Willey-Liss, Inc .

Aggleton, J.P. , Burton , M.J. , & Passingham, R.E . (1980) .
Cortical an d subcortica l afferent s t o th e amygdal a
of th e rhesu s monkey . Brain  Research,  190,  347 -
368.

Alexander, G.E. , DeLong , M.R. , &  Strick , PL . (1986) .
Parallel organizatio n o f functionally segregated circuit s
linking basa l gangli a an d cortex . Annual  Review  Neu-
roscience 9, 357-381.

Alivisatos, B . &  Milner , B . (1989) . Effect s o f fronta l o r
temporal lobectom y on the us e o f advance informatio n
in a  choic e reactio n tim e task . Neuropsychologia,  27 ,
495-503.

Amaral, D.G. &  Price, J.L . (1984). Amygdalo-cortical pro-
jections in the monke y (Macac a fascicularis) . journal of
Comparative Neurology,  230,  465-496.

Andersen, R . & Gnadt, J.W . (1989). Rol e o f posterior pa -
rietal corte x in saccadi c eye movements . In : R . Wurtz
& M . Goldber g (Eds.) , Th e Neurobiology  o f Saccadic
Eye Movements  (pp . 315-335). Amsterdam: Elsevier .

Angrilli, A. , Palomba , D. , Cantagallo , A. , Maietti , A. , &
Stegagno, L . (1999) . Emotiona l impairmen t afte r righ t
orbitofrontal lesio n i n a  patient withou t cognitiv e defi -
cits. NeuroReport,  10 , 1741-1746.

Bachevalier, J . &  Mishkin , M . (1986) . Visua l recognitio n
impairment follow s ventromedia l bu t no t dorsolatera l
prefrontal lesion s i n monkeys . Behavioral  Brain  Re -
search, 20, 249-261.

Barbas, H . &  Blatt , G.J . (1995) . Topographicall y specifi c
hippocampal projection s targe t functionall y distinc t
prefrontal area s in the rhesu s monkey. Hippocampus, 5,
511-533.

Barbas, H . &  De Olmos , J. (1990) . Projections fro m th e
amygdala t o basoventra l an d mediodorsa l prefronta l
regions i n th e rhesu s monkey . Journal o f Comparative
Neurology, 300,  549-571.

Barbas, H . &  Pandya, D.N . (1989) . Architectur e an d in -
trinsic connections o f the prefrontal corte x in the rhesu s
monkey. Journal o f Comparative  Neurology,  286,  353-
375.

Bechara, A. , Tranel , D. , Damasio , H. , &  Damasio , A.R.
(1996). Failure to respond autonomically to anticipated
future outcome s followin g damage t o prefrontal cortex .
Cerebral Cortex,  6, 215-225.

Brodmann, K . (1905). Beitraeg e zu r histologischen Lok -
alisation de r Grosshirnrinde . III . Mitteilung . Di e Rin -
denfelder de r niedere n Affen . Journal  fur Psychologic
und Neurologic  (Leipzig),  4 , 177-226 .

Brodmann, K . (1908) . Beitraeg e zu r histologische n Lok -
alisation de r Grosshirnrinde . VI . Mitteilung : Di e Cor -
texgliederung de s Menschen . Journal  fur Psychologie
und Neurologic  (Leipzig),  10 , 231-246.

Brodmann, K . (1909) . Vergleichende  Lokalisationslehre
der Grosshirnrinde  in  ihren  Prinzipien  dargestellt  auf
Grand de s Zellenbaues.  Leipzig: Earth .

Butter, C.M., Snyder, D.R., & McDonald, J.A . (1970). Ef -
fects of orbital frontal lesions on aversive an d aggressive

behaviors i n rhesu s monkeys . Journal o f Comparative
Physiologic Psychology,  72 , 132-144.

Carmichael, S.T . & Price, J.L. (1995) . Limbi c connection s
of the orbita l and media l prefronta l corte x i n macaqu e
monkeys. Journal of Comparative  Neurology,  363, 615—
641.

Carmichael, S.T . &  Price, J.L . (1996) . Connectiona l net -
works within the orbita l an d medial prefronta l cortex of
macaque monkeys . Journal o f Comparative  Neurology,
371, 179-207.

Cipolloni, B . & Pandya, D.N. (1999). Cortical connection s
of the frontoparieta l opercula r area s i n the rhesus mon -
key. Journal of Comparative  Neurology,  403,  431-458.

Colombo, M. , Rodman , H.R. , & Gross, C.G. (1996) . Th e
effects o f superio r tempora l corte x lesion s o n the pro -
cessing an d retentio n o f auditory informatio n in mon -
keys (Cebus  apella).  Journal ofNeuroscience, 16 , 4501 -
4517.

Cowan, W.M. , Gottlieb , D.I. , Hendrickson , A.E. , Price ,
J.L., &  Woolsey , T.A . (1972) . Autoradiographi c dem -
onstration o f axonal connections i n the centra l nervou s
system. Brain  Research,  37, 21-51.

Dejerine, J . (1895) . Anatomie  de s Centres  Nerveux,  Vol.
1. Paris : Rueff .

De Renzi , E . (1989) . Apraxia. In : F . Boiler & J. Grafma n
(Eds.), Handbook o f Neuropsychology,  Vol.  2 (pp . 387 -
394). Amsterdam : Elsevier Press .

Duffy, F . & Burchfield, J . (1971). Somatosensor y system :
organizational hierarch y fro m singl e unit s i n monke y
area 5 . Science,  172, 273-275.

Economo, C. & Koskinas, G.N. (1925). Die Cytoarchitek-
tonik de r Hirnrinde  de s erwachsenen  Menschen.  Vi -
enna: Springer-Verlag .

Frey, S. & Petrides, M. (2000). Orbitofronta l cortex : a  key
prefrontal regio n fo r encoding information. Proceedings
of th e National  Academy  o f Science  USA,  97 , 8723 -
8727.

Frey, S. , Kostopoulos , P. , & Petrides, M . (2000) . Orbitof-
rontal involvemen t i n the processin g o f unpleasant au -
ditory information . European  Journal o f Neuroscience,
12, 3709-3712.

Geyer, S. , Schormann , T , Mohlberg , H. , & : Zilles , K .
(2000). Area s 3a , 3b, and 1  of human primar y soma -
tosensory cortex . 2 . Spatia l normalizatio n t o standar d
anatomical space . Neurolmage,  11 , 684-696.

Goldberg, M . &  Segraves , M.A . (1989) . Th e visua l an d
frontal cortices . In : R . Wurt z &  M . Goldber g (Eds.) ,
The Neurobiology  of  Saccadic  Eye  Movements
(pp. 283-313). Amsterdam: Elsevier .

Halsband, U . &  Passingham, R . (1982) . Th e rol e o f pre -
motor an d parieta l corte x i n th e directio n o f action .
Brain Research,  240, 368-372.

Hornak, J., Rolls, E.T., & Wade, D. (1996) . Face and voice
expression identificatio n i n patients wit h emotiona l an d
behavioural changes following ventral frontal lobe dam-
age. Neuropsychologia,  34, 247-261.

Hyvarinen, J. & Shelepin, Y . (1979). Distributio n o f visual
and somatic functions i n the parietal associative areas 7
of the monkey . Brain Research,  169, 561-564.

Jones, E.G . (1985) . Th e Thalamus.  Ne w York : Plenu m
Press.



48 PRINCIPLES OF FRONTAL LOBE FUNCTION

Koski, L.M. , Paus, T. , &  Petrides,  M . (1998) . Directe d
attention afte r unilatera l fronta l excision s i n humans .
Neuropsychologia, 36 , 1363-1371 .

Lacquaniti, R , Guigon , E. , Bianchi , L. , Ferraina , S. , &
Caminiti, R . (1995) . Representin g spatia l informatio n
for lim b movement : rol e o f area 5  in the monkey . Ce-
rebral Cortex,  5, 391-409.

Leinonen, L. , Hyvarinen , J. , Nyman , G., &  Linnankoski ,
I. (1979) . Functiona l propertie s o f neuron s i n latera l
part o f associativ e are a 7  i n awak e monkeys . Experi-
mental Brain  Research,  34, 299-320.

Leinonen, L. , Hyvarinen , J. , &  Sovijarvi , A.R.A . (1980) .
Functional propertie s o f neuron s i n th e temporo -
parietal associatio n corte x o f awak e monkeys . Experi-
mental Brain  Research,  39, 203-215.

Levine, B., Black, S.E., Cabeza, R. , Sinden, M. , Mcintosh,
A.R., Toth , J.P., Tulving, E. , &  Stuss, D.T. (1998). Ep -
isodic memor y and th e sel f in a  case o f isolated retro -
grade amnesia . Brain, 121,  1951-1973.

Makris, N. , Worth , A.J. , Sorensen, A.G. , Papadimitriou ,
G.M., Wu , O. , Reese , T.G. , Wedeen, V.J. , Davis, T.L.,
Stakes, J.W. , Caviness, VS. , Kaplan, E. , Rosen , B.R.,
Pandya, D.N. , &  Kennedy, D.N. (1997) . Morphometr y
of i n viv o huma n whit e matte r associatio n pathway s
with diffusion-weighte d magneti c resonanc e imaging .
Annals o f Neurology,  42 , 951-962.

Mesulam, M.-M . (1981). A  cortical networ k fo r directed
attention an d unilatera l neglect . Annals  o f Neurology,
10, 309-325 .

Meunier, M. , Bachevalier, J. , Mishkin, M. , & Murray, E.A.
(1993). Effect s o n visua l recognition o f combined an d
separate ablation s o f the entorhina l and perirhina l cor-
tex i n rhesu s monkeys . Journal  o f Neuroscience,  13 ,
5418-5432.

Meunier, M. , Bachevalier , J. , &  Mishkin , M . (1997) . Ef -
fects o f orbital frontal an d anterior cingulate lesions on
object an d spatia l memor y i n rhesu s monkeys . Neuro-
psychologia, 35, 999-1015 .

Milner, A.D. & Goodale , M.A . (1995). Th e Visual  Brain
in Action. Oxford: Oxford Universit y Press.

Milner, B. (1972). Disorders o f learning and memory after
temporal lob e lesion s i n man . Clinical Neurosurgery,
19, 421-446.

Mishkin, M.  (1982) . A  memor y syste m in  the  monkey .
Philosophical Transactions  of the  Royal  Society  of Lon-
don B : Biological Sciences 298, 85-95.

Morris, R. , Petrides , M. , &  Pandya, D.N. (1999a). Archi-
tecture and connection s o f retrosplenial are a 3 0 in th e
rhesus monke y (Macaca  mulatto).  European Journal o f
Neuroscience, 11 , 2506-2518.

Morris, R. , Pandya , D.N. , & Petrides, M . (1999b) . Fibe r
system linkin g the mid-dorsolatera l fronta l corte x with
the retrosplenial/presubicular region in the rhesus mon-
key. Journal o f Comparative  Neurology,  407, 183-192.

Mountcastle, V.B. , Lynch, J.C., Georgopoulos, A. , Sakata,
H., &  Acuna, C . (1975) . Posterio r parieta l associatio n
cortex o f th e monkey : comman d function s fo r opera -
tions withi n extrapersona l space . Journal ofNeurophy-
siology, 38 , 871-908.

Mufson, E.J . & Pandya, D.N. (1984). Som e observation s

on the cours e an d composition o f the cingulu m bundle
in th e rhesu s monkey . Journal o f Comparative  Neurol-
ogy, 225,  31-43.

Murata, A. , Fadiga , L. , &  Fogassi, L . (1997) . Objec t rep-
resentation i n the ventra l premoto r corte x (are a F5) of
the monkey . Journal  o f Neurophysiology,  78 , 2226-
2230.

Muratoff, W . (1893) . Secundar e Degeneratio n nac h
Durchschneiden de s Corpu s Callosum . Neurologische
Zentralblatt 12 , 316, 714-729 .

Ojemann, G.A . (1979) . Individual variability in cortical lo-
calization o f language . Journal  o f Neurosurgery,  50 ,
164-169.

Pandya, D.N . &  Sanides, F. (1973). Architectoni c parcel -
lation of the tempora l operculu m i n the rhesu s monkey
and it s projection pattern . Zeitschrift fur Anatomie und
Entwicklungsgeschichte. 139, 127-161 .

Pandya, D.N . & Seltzer , B . (1982) . Intrinsi c connection s
and architectonic s o f posterio r parieta l corte x i n th e
rhesus monkey. Journal of Comparative  Neurology, 204,
196-210.

Pandya, D.N . & Yeterian, E.H. (1985). Architecture an d
Connections o f cortical associatio n areas . In : A . Peter s
& E.G. Jones (Eds.) , Cerebral  Cortex:  Association and
Auditory Cortices,  Vol.  4  (pp . 3-61). Ne w York :
Plenum.

Paulesu, E. , Frith , C.D. , & Frackowiack , R.S.J . (1993) .
The neura l correlates of the verbal component o f work-
ing memory. Nature,  362,  342-345.

Paus, T. , Tomaiuolo , R , Otaky , N. , MacDonald , D. , Pe -
trides, M. , Atlas , J., Morris , R. , &  Evans , A.C . (1996).
Human cingulat e an d paracingulate sulci : pattern, var-
iability, asymmetry , an d probabilisti c map . Cerebral
Cortex, 6 , 207-214.

Petrides, M . (1982) . Moto r conditiona l associativ e learn -
ing after selective prefrontal lesions in the monkey . Be-
havioral Brain  Research,  5, 407-̂ 13.

Petrides, M . (1985) . Deficit s o n conditiona l associative -
learning task s afte r frontal - an d temporal-lob e lesion s
in man. Neuropsychologia,  23, 601-614 .

Petrides, M. (1987). Conditional learnin g and the primate
frontal cortex . In : E . Perecma n (Ed.) , Th e Frontal
Lobes Revisited  (pp . 91-108). Ne w York : IRB N Press .

Petrides, M . (1991) . Monitorin g o f selection s o f visua l
stimuli an d th e primat e fronta l cortex . Proceedings  of
the Royal  Society  of London:  Series  B 246, 293-298.

Petrides, M . (1994) . Fronta l lobes an d working memory:
evidence fro m investigation s o f th e effect s o f cortica l
excisions in nonhuman primates. In: F. Boiler & J. Graf -
man (Eds.) , Handbook  o f Neuropsychology,  Vol.  9
(pp. 59-82). Amsterdam: Elsevier.

Petrides, M.  (1995) . Impairment s on  nonspatia l self -
ordered and  externall y ordered working memory tasks
after lesion s of the mid-dorsa l par t o f the latera l frontal
cortex in the monkey . Journal o f Neuroscience,  15, 359-
375.

Petrides, M . (1996) . Specialize d system s for the process -
ing of mnemonic information within the primate frontal
cortex. Philosophical  Transactions of th e Royal  Society
of London  B , Biological  Science 351, 1455—1462.



ASSOCIATION PATHWAYS OF THE PREFRONTAL CORTEX 49

Petrides, M . (1997) . Visuo-moto r conditiona l associativ e
learning after frontal and temporal lesion s in the human
brain. Neuropsychologia,  35 , 989-997.

Petrides, M. (2000a). Mappin g prefrontal cortica l system s
for th e contro l o f cognition. In : A.W. Toga & J.C. Maz -
ziotta (Eds.) , Brain  Mapping:  Th e Systems  (pp . 159-
176). Sa n Diego: Academi c Press .

Petrides, M . (2000b) . Fronta l lobe s an d memory . In : F .
Boiler &  J . Grafma n (Eds.) , Handbook  o f Neuropsy-
chology, Second  Edition,  Vol.  2 (pp . 67-84). Amster -
dam: Elsevier .

Petrides, M . (2000c). Dissociable role s of mid-dorsolateral
prefrontal an d anterio r inferotempora l corte x i n visual
working memory . Journal o f Neuroscience,  20 , 7496 -
7503.

Petrides, M.  &  Milner , B.  (1982) . Deficit s on  subject -
ordered tasks after frontal- and temporal-lobe lesion s in
man. Neuropsychologia, 20 , 249—262 .

Petrides, M . & Pandya , D.N . (1984). Projection s t o th e
frontal corte x fro m th e posterio r parieta l regio n i n th e
rhesus monkey . Journal of Comparative  Neurology, 228,
105-116.

Petrides, M . &  Pandya , D.N . (1988). Associatio n fibe r
pathways t o th e fronta l corte x fro m th e superio r tem-
poral regio n i n the rhesu s monkey . Journal o f Compar-
ative Neurology,  273, 52—66.

Petrides, M . & Pandya, D.N . (1994) . Comparativ e archi -
tectonic analysi s of the human and the macaque fronta l
cortex. In : F . Boiler &  J. Grafma n (Eds.), Handbook of
Neuropsychology, Vol.  9  (pp . 17—58). Amsterdam :
Elsevier.

Petrides, M. , Alivisatos , B. , Evans , A.C. , & Meyer , E .
(1993). Dissociatio n o f huma n mid-dorsolatera l fro m
posterior dorsolatera l fronta l corte x i n memor y proc -
essing. Proceedings of th e National  Academy o f Science
USA, 90 , 873-877.

Petrides, M. , Alivisatos , B. , &  Evans, A.C. (1995). Func -
tional activatio n o f the huma n ventrolatera l frontal cor-
tex durin g mnemoni c retrieva l o f verba l information .
Proceedings of  the  National  Academy  of  Science  USA,
92, 5803-5807.

Posner, M.I. , Walker, J.A. , Friedrich, F.J. , & Rafal , R.D.
(1984). Effect s o f parietal injury on cover t orientin g of
attention. Journal  o f Neuroscience,  4, 1863-1874.

Preuss, T.M. & Goldman-Rakic, P.S. (1989) . Connection s
of ventral granula r frontal cortex of macaques wit h per -
isylvian premotor an d somatosensor y areas : anatomica l
evidence for  somati c representatio n in  primate fronta l
association cortex . Journal  o f Comparative  Neurology,
282, 293-316.

Preuss, T.M . & Goldman-Rakic , P.S . (1991). Myelo - an d
cytoarchitecture of the granula r fronta l cortex an d sur-
rounding regions i n the strepsirhine primat e galag o and
the anthropoi d primat e macaca . Journal of Comparative
Neurology, 310,  429-474 .

Rasmussen, T . &  Milne r B . (1975) . Clinica l an d surgica l
studies o f th e cerebra l speec h area s i n man . In: K.J.
Zulch, O. Creutzfeldt, & G.C. Galbraith (Eds.) , Cerebral
Localization (pp. 238-257). Berlin: Springer-Verlag.

Rizzolatti, G. , Camarda , R. , &  Fogassi , L . (1988) . Func -

tional organizatio n o f inferio r are a 6  i n th e macaqu e
monkey: II . Are a F 5 an d th e contro l o f dista l
movements. Experimental Brain  Research, 71, 491-507.

Rizzolatti, G. , Fadiga , L. , &  Gallese, V . (1996). Premoto r
cortex an d th e recognitio n o f motor actions . Cognitive
Brain Research,  3, 131-141.

Robinson, C.J. & Burton , H . (1980) . Organizatio n o f so-
matosensory receptiv e field s i n cortica l area s 7b , re -
troinsula, postauditory , granula r insul a o f M . fascicu-
laris. Journal o f Comparative  Neurology,  192,  69-92 .

Romanski, L.M. , Tian , B. , Fritz , J. , Mishkin , M. ,
Goldman-Rakic, P.S. , &  Rauschecker, J.P. (1999). Dua l
streams of auditory afferent s targe t multipl e domain s in
the primat e prefronta l cortex . Nature  Neuroscience,  2 ,
1131-1136.

Rosene, D.L.  & Pandya, D.N. (1983).  Architectonics  and
connections o f the posterio r parahippocampa l gyrus in
the rhesu s monkey . Society  for Neuroscience  Abstracts,
9, 222.

Ruch, T.C. & Shenkin, H.A . (1943) . Th e relatio n o f are a
13 o n orbita l surfac e o f fronta l lobe s t o hyperactivit y
and hyperphagi a i n monkeys . Journal o f Neurophysiol-
ogy, 6 , 349-360.

Sakata, H. , Takaoka , Y. , Kawarasaki, A. , &  Shibutani , H .
(1973). Somatosensor y properties of neurons in the su -
perior parieta l corte x (are a 5 ) o f th e rhesu s monkey .
Brain Research,  64, 85-102.

Sarazin, M. , Pillon , B. , Giannakopoulos , P. , Rancurel, G. ,
Samson, Y, &  Dubois, B . (1998). Clinicometaboli c dis -
sociation o f cognitiv e function s an d socia l behavio r i n
frontal lob e lesions . Neurology,  51, 142-148.

Sarkissov, S.A.,  Filimonoff,  I.N.,  Kononowa,  E.P.,  Preo-
braschenskaja, I.S. , & Kukuew, L.A. (1955). Atlas of th e
Cytoarchitectonics of  the Human Cerebral  Cortex. Mos-
cow: Medgiz .

Schmahmann, J.D. & Pandya, D.N.  (1997).  Anatomic  or-
ganization o f the basila r pontin e projection s fro m pre-
frontal cortice s i n rhesu s monkey . Journal o f Neurosci-
ence, 17, 438-458.

Seltzer, B.  & Pandya, D.N.  (1978).  Afferent  cortical  con-
nections an d architectonic s o f th e superio r tempora l
sulcus an d surroundin g corte x i n th e rhesu s monkey .
Brain Research,  149, 1-24.

Seltzer, B . & Pandya , D.N . (1984). Furthe r observation s
on parieto-temporal connections i n the rhesu s monkey.
Experimental Brain  Research,  55, 301-312.

Squire, L.R . & Zola-Morgan, S . (1991). The media l tem-
poral lob e memor y system . Science  253, 1380-1386.

Stuss, D.T . & Benson , D.F . (1986). Th e Frontal  Lobes.
New York : Raven Press .

Suzuki, W.A. & Amaral, D.G. (1994). Perirhina l an d par-
ahippocampal cortice s o f the macaqu e monkey : cortical
afferents. Journal of  Comparative  Neurology, 350, 497-
533.

Suzuki, W. , Zola-Morgan , S. , Squire , L.R. , & Amaral ,
D.G. (1993) . Lesion s o f the perirhina l an d parahippo -
campal cortice s i n th e monke y produc e lon g lastin g
memory impairment s i n the visua l and tactua l modali -
ties. Journal o f Neuroscience,  13, 2430-2451.

Taira, M. , Mine , S. , Georgopoulos , A.P. , Murata, A. , &



50 PRINCIPLES OF FRONTAL LOBE FUNCTION

Tanaka, Y . (1990). Parieta l corte x neuron s o f the mon -
key relate d t o th e visua l guidance o f hand movement .
Experimental Brain  Research,  83, 29—36 .

Tomaiuolo, R , MacDonald , J.D., Caramanos, Z. , Posner ,
G.; Chiavaras , M. , Evans, A.C. , & Petrides, M . (1999) .
Morphology, morphometr y and probabilit y mappin g of
the par s operculari s o f the inferio r frontal gyrus: an in
vivo MR I analysis . European Journal  o f Neuroscience,
11, 3033-3046.

Tusa, R.J . & Ungerleider , L.G . (1985). Th e inferio r lon-
gitudinal fasciculus : a  reexaminatio n i n human s an d
monkeys. Annals o f Neurology,  18 , 583—591 .

Ungerleider, L.G . & Mishkin, M . (1982) . Two cortical vi -
sual systems.  In  D.J.  Ingle, M.A.  Goodale,  &  R.J.W.
Mansfield (Eds.) , Analysis o f Visual  Behavior  (pp . 549-
586). Cambridge , MA : MIT Press .

Van Hoesen , G.W . (1982). Th e parahippocampa l gyrus .
Trends i n Neuroscience,  5, 345-350.

Walker, A.E. (1940). A cytoarchitectural study of the pre-
frontal are a o f th e macaqu e monkey . Journal o f Com-
parative Neurology,  73 , 59-86.

Zatorre, R . (1985) . Discriminatio n an d recognitio n o f to-
nal melodies afte r unilatera l cerebral excisions . Neurop-
sychologia, 23, 31-41.



4

Neurochemical Modulation of Prefrontal Cortical
Function in Humans and Animals

AMY F.T. ARNSTEN AND TREVOR W. ROBBINS

The cognitiv e function s o f the prefronta l cor-
tex (PFC) , whic h includ e us e o f working
memory to guide behavioral responses and the
contents o f attentional focus , th e inhibitio n of
inappropriate responses , an d planning fo r the
future, ar e among  the mos t fragile i n our be -
havioral repetoire . Deficit s i n PF C functio n
are evident in every neuropsychiatric disorder
(indeed, the term "psychiatric problem" seems
synonymous wit h PF C dysfunction) . Abilitie s
carried ou t b y the PF C ca n also become im -
paired i n so-called "normal " individuals under
conditions o f uncontrollabl e stress , fatigue ,
and wit h advancin g age . Man y o f thes e
changes clearl y resul t fro m transient , neuro -
chemical changes in the PFC , an d research in
animals indicate s tha t th e PF C i s tremen -
dously sensitive t o it s neurochemical environ-
ment. The ascending monoaminergic and cho-
linergic systems appear to have marked effect s
on th e cognitiv e functionin g of th e PF C a s
part o f their orchestratio n o f cortical arousal .
An understandin g o f th e varie d mechanism s
influencing PFC functionin g will be critical for
the developmen t o f intelligent pharmacologi -
cal treatments fo r neuropsychiatri c disorders .
The followin g chapte r wil l revie w researc h
from bot h anima l and huma n studie s o n th e
ways i n whic h dopamin e (DA) , norepineph-
rine (NE) , serotonin (5HT), and acetylcholine

(ACh) may modulate PF C cognitiv e functions .
The anatomica l connection s o f these ascend -
ing pathway s an d th e reciproca l connection s
from th e PF C ar e summarized in Figure 4-1 .

STUDIES IN ANIMALS

DOPAMINE

Working Memory Tasks

For mor e than 2 0 years, we have known that
DA has a critical effec t o n PFC working mem-
ory function . We have learned tha t eithe r to o
little or too much DA receptor stimulatio n im-
pairs spatia l working memory performance in
monkeys an d rodents . Thus , D A recepto r
stimulation appear s t o obe y a n "inverte d U -
shaped" dose-response function tha t has been
seen i n both animal s and human s (Fig . 4-2) .
This sectio n wil l revie w dat a fro m anima l
studies.

Catecholamine Depletion.  Th e wor k o f Bro -
zoski et al . (1979) was the first to demonstrate
that catecholamine s play a critica l rol e i n th e
modulation o f th e spatia l workin g memor y
functions o f the PFC . Dopamin e an d N E de -
pletion i n the PF C wa s produced b y infusio n
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Figure 4—1 . Schemati c t o sho w main anatomical connec -
tions between chemicall y defined ascending systems of the
reticular core and the neocortex (posterior cortex and pre-
frontal corte x [PFC] ; the latte r i s shown simplisticall y di-
vided into the dorsolateral and orbitofrontal regions) . Pro-
jections t o th e PF C ar e show n a s solid lines ; projection s
from th e PF C ar e show n a s dashed lines.  Th e monoam -
ines an d acetylcholin e (ACh ) project t o al l sectors o f th e
PFC, althoug h ther e i s some variatio n i n th e densit y of
innervation fo r som e area s (e.g. , fo r th e catecholamine s
dopamine [DA ] and norepinephrin e [NE] ; see Lewi s e t
al. 1988) . Ther e ar e som e difference s o f innervatio n i n
comparison t o th e posterio r neocortex—e.g. , the relativ e
lack o f stron g D A projections . Not e als o th e feedbac k
pathways fro m th e PF C t o the vicinit y of the cel l group s
of origin o f the ascendin g systems—e.g. , the orbitofrontal
cortex t o th e basa l forebrai n cholinergic  cell s (Mesulam,
1995), whil e th e dorsolatera l PF C project s t o th e locu s

coeruleus (LC ) (Arnste n & Goldman-Rakic , 1984) . Thi s
pattern o f projections i s intriguing given tha t th e orbita l
PFC an d basal forebrain cholinergic cell s often fire on the
basis of stimulus relationships t o reward (e.g. , Richardson
& DeLong, 1986 ; Rolls , 1996) , while the dorsolatera l PF C
and L C ar e mor e relate d t o regulatio n o f attention (e.g. ,
Foote e t al. , 1980 ; Wood s &  Knight , 1986) . Indeed , on e
of the specia l feature s of the PFC , perhap s uniqu e among
cortical areas , i s its ability to regulat e thes e chemical sys -
tems an d thu s alte r modulatio n of most brain functions .

This figur e i s based i n par t o n finding s summarize d in
the followin g publications: Goldman-Raki c (1987) ; Lewi s
et al . (1988) ; Sesac k et al . (1989) ; Lewi s (1990) ; Williams
and Goldman-Rakic (1998); Cavada et al. (2000); and On -
gur and Price (2000); BS-ACh, brain ste m cholinergic cell
groups; DRN , dorsa l raph e nuclei ; MRN , median raph e
nuclei; NBM , nucleus basali s o f Meynert ; VTA ; ventral
tegmental area ; 5HT , 5-hydroxytrytamin e (serotonin).

of th e catecholamin e neurotoxi n 6-hydroxy -
dopamine (6-OHDA ) int o th e dorsolatera l
PFC o f monkeys. Animals with large catecho -
lamine depletion of the PF C were as impaired
as those wit h PF C ablations , which highlight s
the importanc e o f catecholamin e modulator y
influences. Animal s were no t impaire d i n th e
performance o f a non-PFC task, visual pattern
discrimination, implicatin g a n effec t o f cate -
cholamine depletio n o n PF C cognitiv e func -
tion rathe r tha n nonspecifi c performance def -
icits. Th e Brozosk i stud y focuse d o n th e

importance o f D A t o PF C function , a s mon -
keys wit h larg e N E depletio n an d smal l D A
depletion di d no t sho w deficits . However , i t is
now appreciated that bot h catecholamine s ar e
important t o PFC function , an d it is likely that
both mus t b e substantiall y deplete d t o pro-
duce marke d impairment . Th e landmar k Bro-
zoski study has been replicate d i n rats with 6-
OHDA lesion s o f th e medica l PF C (Simon ,
1981) an d in marmosets with 6-OHDA lesions
to th e dorsolatera l PF C (Collin s e t al. , 1998 ;
Roberts e t al. , 1994) .



Figure 4-2 . Hypothetica l effect s o f L-Dop a medicatio n
on cognitiv e an d moto r functio n i n Parkinson' s diseas e
(PD), interpreted i n terms o f the differentia l functioning
of frontostriata l loops . Top:  Inverted U-shape d function s
illustrate Yerkes-Dodso n principl e o f optima l level s o f
arousal fo r performance ; arousa l i s equated i n thi s cas e
with increase d dopaminergi c activit y in th e mesocortica l
and mesostriata l dopamin e (DA) systems. Shown are dif-
ferent baselin e level s o f D A activit y tha t correspon d t o
the differen t level s of DA depletion tha t occur during PD
in th e putame n an d othe r sector s o f th e striatiu m an d
frontal corte x as a  function o f disease duratio n (see text).
DA depletio n an d medicatio n henc e differentiall y affec t
(arrows) th e functionin g o f hypothetica l frontostriata l
loops that ar e preferentiall y engaged i n different form s of
motor an d cognitiv e functioning , (b , baseline D A deple-
tion; d , D A receptor stimulatio n following L-Dopa medi-
cation). Thu s moto r functio n i s improve d b y L-dopa , a s
are cognitiv e function s suc h a s spatia l workin g memory
performance an d tas k set-switchin g (Cool s R. , Barke r
R.A., &  Sahakian , B.J . &  Bobbins &  2001). However , a

different for m o f reversal learnin g though t t o depend on
the orbitofronta l loo p i s impaired b y L-Dopa medicatio n
(see Swainso n e t al. , 2000) , a s L-Dop a medicatio n ma y
produce excessiv e levels of DA receptor stimulation in this
loop. Bottom:  Three mai n loops ar e shown , i n simplifie d
form, eac h bein g characterize d b y topographica l projec -
tions fro m severa l cortica l region s (no t shown) onto par-
ticular striata l structure s suc h a s th e putamen , caudat e
nucleus, and ventral striatum. The striata l regions project
topographically t o different regions o f the globu s pallidus
(GP) an d fro m ther e t o th e thalamu s (Thai) . A feedback
projection t o a  subset o f the cortica l area s completes th e
loop (althoug h th e loop s ar e ope n an d als o projec t int o
the brai n stem) . Th e putame n form s par t o f th e moto r
loop an d i s preferentially depleted of DA in early PD (a s
indicated by the lighter shading) . The caudate an d ventral
striatum ar e implicate d i n cognitiv e an d affectiv e func -
tions and are less depleted o f DA in early PD, thu s being
more susceptibl e t o possibl e over-dosin g effect s arisin g
from D A medication. PFC , prefronta l cortex .
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Spatial workin g memor y deficit s wit h pre -
served visual discrimination functio n hav e also
been observe d wit h globa l catecholamin e de -
pletion. Fo r example , systemic , chronic reser -
pine treatment impair s delayed respons e with-
out alterin g discriminatio n performanc e i n
young adul t monkey s (Ca i e t al. , 1993) . Fur -
thermore, age d monkey s and rat s wit h natu -
rally occurrin g catecholamin e depletio n ex -
hibit prominen t spatia l workin g memor y
deficits an d generall y spare d performanc e o n
discrimination tasks (Bartus et al. , 1978; Luin e
et al. , 1990) . I n bot h youn g (Sahakia n e t al. ,
1985) an d age d (Luin e e t al. , 1990 ) rats , cog -
nitive performanc e correlate d wit h level s o f
PFC catecholamines . Pharmacologica l studie s
in age d animal s an d young , deplete d animal s
indicate tha t bot h D A and N E facilitat e PF C
working memor y functio n throug h action s a t
Dl an d (X 2-adrenergic receptors, respectively .

Brozoski et al . (1979) illustrate d th e impor -
tance o f D A mechanism s t o PF C workin g
memory functio n b y showin g tha t th e mixe d
D1/D2 agonist , apomorphine , coul d amelio -
rate delaye d alternatio n deficit s i n thei r
catecholamine-depleted monkey s (Brozoski et
al., 1979) . Thi s interpretatio n wa s reinforce d
by electrophysiologica l finding s i n monkey s
performing a  working memor y task i n whic h
iotophoresis o f D A ont o PF C neuron s en -
hanced memory-relate d cel l firing during th e
delay perio d (Sawaguch i e t al. , 1988) . Dopa -
mine ca n als o excit e PF C neuron s tha t re -
spond to the cue signal and/or to the g o signal
informing the monke y it is time to respond fo r
reward (Sawaguch i e t al. , 1990) . Thes e dat a
are quit e consisten t with recording s fro m DA
cell bodie s i n monkey s performing a  working
memory task, in which D A cells fire d t o cue s
associated with reward (Schultz , 1998; Schult z
et al. , 1993) . I n highl y traine d monkeys , th e
DA neuron s fire d t o th e visuospatia l cu e sig -
nal. One thus could speculat e tha t D A release
is enhance d i n th e PF C a t th e initiatio n o f
each tria l b y the cu e signa l in time t o modu -
late cue- , delay-an d go-relate d activity . Not e
that thi s speculatio n assume s long-actin g ef -
fects o f DA on PFC cells , i.e. , over man y sec-
onds, presumabl y vi a secon d messenge r ac -
tions.

Dl Receptor  Stimulation.  Researc h i n mon -
keys an d rodent s ha s now established th e im -
portance o f the D l recepto r famil y in the reg-
ulation o f PF C function . Recording s fro m
PFC neuron s in  monkeys performing a  work-
ing memory task first suggested that Dl famil y
mechanisms may be mor e influentia l tha n D 2
family mechanism s for working memory func-
tion, a s mixed D1/D 2 famil y antagonist s sup-
pressed delay-relate d activity of PFC neurons ,
while a  mor e selectiv e D 2 famil y antagonis t
was ineffectiv e (Sawaguch i et al. , 1988) . Thi s
hypothesis wa s supported b y behavioral stud -
ies showing that infusion s o f selective Dl , bu t
not D2/D3 antagonists into the PFC markedly
impaired spatia l working memory (Sawaguchi
& Goldman-Rakic , 1991) . Impaire d workin g
memory with D l recepto r antagonis t infusio n
has now been replicate d in rat PFC, where D l
mechanisms ar e though t t o modulat e hippo -
campal inpu t t o PF C (Seaman s et al. , 1998) .
Systemic administratio n o f a  Dl recepto r an -
tagonist ca n als o impai r workin g memor y i n
monkeys (Arnste n e t al. , 1994 ) and rat s (Mur-
phy e t al. , 1996a) , a s ca n lo w dose s o f a
D2/D3/D4 agonis t tha t inhibit s D A releas e
(Arnsten e t al. , 1995) . Conversely , workin g
memory can be improved by low doses of D l
agonists. For example , systemic administration
of low, but no t high , dose s o f Dl agonis t im -
proves spatia l workin g memor y performanc e
in youn g monkey s o r i n age d monkey s with
naturally occurrin g D A depletio n (Arnste n et
al., 1994 ; Ca i &  Arnsten , 1997) . Similarly ,
intra-PFC infusion s o f lo w dose s o f a  partia l
Dl agonis t improv e attentiona l performanc e
in rat s (Robbin s et al. , 1998a , see below). Se-
lective, ful l D l agonist s have only recently be-
come available for research i n animals and are
not yet available for human usage; thus, less is
known about D l influence s on cognitive func -
tion i n humans . However , th e mixe d D1/D 2
family agonist , pergolide , appear s t o produc e
more consisten t improvemen t i n spatial work-
ing memory in humans than does the D 2 fam-
ily agonist , bromocriptine , suggestin g tha t
mechanisms observe d wit h D l agonist s in an-
imals may extend to humans as well (Kimberg
et al. , 1997 ; Mulle r et al. , 1998 , se e below).

High level s o f Dl recepto r stimulatio n im-
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pair working memor y function . Accumulatin g
evidence indicate s tha t hig h level s o f D A re -
ceptor stimulatio n in the PFC impairs working
memory function. It ha s been appreciate d fo r
more than 2 0 years that exposur e to even rel -
atively mild , uncontrollabl e stres s greatl y in -
creases D A release i n the PF C (e.g. , Thierr y
et al. , 1976 ; Deutc h &  Rot h 1990) . Recen t
studies hav e show n tha t stres s exposur e im -
pairs workin g memor y functio n throug h ex -
cessive stimulation o f DA and NE (see below)
receptors i n the PFC . Studie s o f neurochem -
ical and cognitive changes in response to stress
have particula r clinica l relevance , a s man y
neuropsychiatric disorder s ar e exacerbate d o r
precipiated b y exposur e t o stres s (see , e.g. ,
Mazure, 1995) .

Studies i n monkeys , rats, an d human s have
shown tha t acut e exposur e t o mild uncontrol -
lable stres s impair s cognitiv e function s asso -
ciated wit h the PFC. Thus , exposure to either
an environmenta l stres s suc h a s lou d nois e
(Arnsten &  Goldman-Rakic , 1998 ) o r a  phar-
macological stresso r (Murph y e t al. , 1996a ;
Birnbaum e t al. , 1999a) , impair s performance
of spatia l workin g memor y task s i n monkey s
and rats . I n contrast , exposur e t o stres s ha s
little effec t o r actuall y improves performanc e
of task s dependen t o n th e inferio r tempora l
cortex (Arnste n & Goldman-Rakic, 1998) , pa-
rietal corte x (Murph y et al. , 1996a) , striatu m
(Selden e t al. , 1990 ; J . Ki m &  M . Packard ,
personal communication) , o r cerebellu m
(Shors et al. , 1992) . A  similar profile ha s been
observed i n human studies . The origina l work
of Broadbent, Hockey , and others showed tha t
exposing huma n subject s t o lou d nois e stres s
improved reactio n tim e o n well-rehearsed o r
simple tasks , bu t impaire d performanc e o f
more comple x tasks (Broadbent , 1971) , espe -
cially whe n th e subject s experience d them -
selves a s havin g n o contro l ove r th e stresso r
(Glass e t al. , 1971) . Nois e stres s impaired th e
ability t o sustai n attentio n (Hockey , 1970 ) o r
inhibit prepotent , inappropriat e response s o n
the Stroo p Interferenc e Tes t (Hartle y &  Ad-
ams, 1974) .

Accumulating dat a fro m anima l studie s in -
dicate tha t th e cognitive deficit s observed dur -
ing stres s resul t fro m excessiv e stimulation of

DA D l receptor s i n th e PF C (an d N E cc r
receptors, se e below) . Th e workin g memor y
deficits induce d b y stres s exposur e i n rat s o r
monkeys ca n b e blocke d b y pretreatmen t
with D A recepto r antagonists , includin g th e
Dl recepto r antagonis t SCH2339 0 (Arnste n
& Goldman-Rakic , 1990b , 1998 ; Murph y e t
al., 1996a) . Workin g memory deficits can als o
be averte d b y pretreatment wit h agent s suc h
as clonidin e an d guanfacin e tha t preven t
stress-induced increase s i n D A turnove r
(Arnsten &  Goldman-Rakic, 1986 ; Murph y et
al., 1996b ; Birnbau m e t al. , 2000) . Interest -
ingly, stress-induce d workin g memory deficits
correlate wit h th e ris e i n D A turnove r i n
PFC (N E an d it s metabolit e were no t mea -
sured, Murph y e t al. , 1996a) . Conversely ,
stress-induced workin g memor y deficit s ca n
be mimicke d b y th e administratio n o f a  D l
receptor agonist . Althoug h th e systemi c ad -
ministration o f lo w doses o f D l agonist s im -
proves workin g memor y performanc e i n
young an d age d monkey s (Arnste n e t al. ,
1994; Ca i &  Arnsten , 1997) , highe r dose s
impair performanc e withou t an y evidenc e o f
side effect s (Arnste n e t al. , 1994 ; Ca i &  Arn-
sten, 1997) . Furthermore , infusio n o f a  ful l
Dl agonis t (0. 1 |lg) directl y int o th e PF C in
rats impair s workin g memor y performanc e
and produce s a  mildl y perseverativ e patter n
of response , muc h a s i s seen i n stresse d rat s
(Zahrt e t al. , 1997) . Thes e deficit s ca n be re -
versed b y treatmen t wit h a  D l recepto r an -
tagonist (Arnste n et al. , 1994 ; Ca i &  Arnsten,
1997; Zahr t e t al. , 1997) , consisten t wit h ac -
tions a t D l receptors .

Electrophysiological studie s o f PF C neu -
rons hav e als o show n tha t hig h level s o f D l
receptor stimulatio n ca n erode neuronal func -
tion. Fo r example , th e iontophoresi s o f low
concentrations o f Dl recepto r antagonists can
enhance memory-relate d neurona l response s
in monkeys performing a  challenging workin g
memory tas k (William s &  Goldman-Rakic ,
1995). Conversely , intracellula r recording s o f
pyramidal cell s fro m roden t PF C slice s hav e
shown that D l recepto r stimulation decrease s
the n - and p-calcium currents tha t convey sig-
nals fro m dendrit e to som a (Yan g & Seamans,
1996). Optima l level s o f D l recepto r stimu -
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lation appear t o focus signa l transmission, con-
veying only large o r temporally coincident sig-
nals to the cel l body (Yan g & Seamans, 1996) .
However, highe r concentration s o f D A o r a
Dl agonis t abolis h calciu m currents , effec -
tively "strangling " informatio n transfe r fro m
dendrite t o som a (Yan g &  Seamans , 1996 ;
Zahrt e t al. , 1997 ; Se e Fig . 4-3) . Thi s inter -
ruption o f informatio n transfe r ma y underli e
the working memory impairment seen a t high
levels of Dl recepto r stimulation (Zahr t et al. ,
1997). Animal s may become perseverative , a s
no ne w spatia l informatio n ca n acces s th e
soma to chang e respons e patterns .

We are currently testing the hypothesi s tha t
high level s o f D l recepto r stimulatio n im -
pair PF C cognitiv e functio n b y activatin g a
cyclic adenosin e monophosphat e (cAMP) -
dependent protei n kinas e A  (PKA ) intracel -
lular pathway . Surmeie r an d colleague s hav e
shown tha t D l recepto r stimulatio n de -
creases n - an d p-calciu m current s i n den -
drites o f striata l neuron s throug h a  cAMP -
PKA-protein phosphatas e 1  intracellula r
signalling cascad e (Surmeie r e t al. , 1995) .

For example , either a  Dl agonis t or the PKA
activator, Sp-cAMPS , decreas e n - an d p -
calcium current s (Surmeie r e t al. , 1995) . W e
examined whethe r intra-PF C infusio n o f Sp -
cAMPS, lik e a  D l agonist , woul d impai r
working memor y performanc e (Taylo r e t al. ,
1999). A s predicted , Sp-cAMP S produced a
dose-related impairmen t i n delaye d alterna -
tion performanc e tha t coul d b e reverse d b y
the PK A inhibito r Rp-cAMP S (Taylor e t al. ,
1999). Th e Sp-cAMPS-treate d animals exhib-
ited a  slightl y perseverativ e patter n o f re -
sponse, a s ha d bee n observe d wit h D l ago -
nist infusio n o r mil d stress . Thes e dat a
suggest th e excitin g possibility tha t activatio n
of cAMP-PK A intracellula r signalin g cas -
cades i n th e PF C contribut e t o PF C dys -
function. Interestingly , guanfacin e i s eve n
more poten t tha n clonidin e i n preventin g
stress-induced cognitiv e deficit s (Birnbau m &
Arnsten, 1996) , eve n thoug h guanfacin e i s
weaker tha n clonidin e i n reducin g catechola -
mine releas e an d reducin g L C cel l firin g
(Engberg &  Eriksson, 1991). These dat a sug-
gest th e intriquin g possibilit y tha t guanfacin e

Figure 4-3 . A  speculative Mode l of how moderate level s
of catecholamines ma y enhance , whil e hig h level s o f cat-
echolamines ma y impair , workin g memor y functio n o f a
layer V  pyramidal cell. Thi s mode l i s based o n th e intra -
cellular recording s o f Yang and Seaman s (1996) and Ma -
rek an d Aghajania n (1999) . A: Moderat e level s o f norep -
inephrine (NE ) an d dopamin e (DA ) ma y optimiz e
processing o f incomin g signal s throug h action s o n den -
dritic spines . Dopamine axon s appear t o avoid the primary
dendritic stem, and there may be little D A receptor stim-
ulation o f the ste m unde r thes e conditions . Thus, robust,
calcium-mediated signal s would travel from the distal den-
dritic tree via the primary dendritic stem to the soma. LC,
locus coeruleus ; VTA , ventral tegmenta l area . B : Sche -
matic representatio n o f th e signa l a t th e leve l o f th e (1)
dendritic tree , (2 ) upper portio n o f the primar y dendritic
stem, and (3) lower portion o f the primary dendritic stem.
Schematic depictio n o f a n extracellula r recording o f this
neuron (4) shows increased firing during the delay period.
It i s thought tha t thi s delay-related activit y is used to ap -
propriately guid e behavior . C : High levels o f NE an d DA
released during stress may erode signal transmission from
the dendritic tre e to the soma through actions on the den-
dritic stem . Steroid s release d during stress may block the
extraneuronal catecholamin e transporters , thu s allowin g

high level s o f catecholamines t o buil d up nea r th e stem .
Stimulation o f D A D1/D 5 receptor s o n th e ste m i s
thought to reduce signals by blocking the n  and p calcium
channels which normally convey signals to the som a (Yang
& Seamans , 1996). This likely involves a protein kinas e A
(PKA) intracellula r mechanis m (se e text) . Stimulation of
NE a l receptor s i s though t t o increas e "noise " b y pro -
moting nonspecifi c glutamat e (GLU ) release (Mare k &
Aghajanian, 1999) . Thi s likely involves a protein kinas e C
(PKC) mechanism (see text). D: Schematic representation
of the signa l at the level of the (1 ) dendritic tree, (2 ) upper
portion o f the primar y dendriti c ste m where hig h level s
of D1/D 5 recepto r stimulatio n reduce th e signa l by clos-
ing n  an d p  calciu m channels , an d (3 ) lower portio n o f
the primar y dendriti c ste m wher e hig h level s o f N E re -
lease induce nonspecific glutamate release, resulting in so-
dium entr y tha t increase s "noise. " Thus , th e signal-to -
noise ratio  i s reduced . A  schemati c depictio n o f a n
extracellular recordin g o f thi s neuro n (4 ) i s als o shown .
The los s of delay-related activity would impair the abilit y
to appropriatel y guid e behavior ; i n th e absenc e o f ne w
information, th e subjec t ma y respon d perseveratively .
(Source: Adapte d fro m Birnbau m et al. , 1999 a an d Arn-
sten, 2000a)
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may protect cognitiv e performanc e by engag -
ing G j protein s an d reducing  cAMP-PK A ac -
tivity in th e PFC .

Role of the D 2 Family o f Receptors.  Th e rol e of
the D 2 family of receptors i n the modulation of
working memor y is less well understood. D2 /
D3 compound s hav e opposin g action s a t pre -
vs pos t synapti c receptors , an d ofte n produc e
marked sid e effect s (e.g. , dyskinesias, nausea)
when administered systemically , which can ob-
scure cognitive changes. Although a D2/D3 an-
tagonist had little effec t whe n infused int o th e
PFC o f monkeys , systemi c administratio n o f
D2/D3/D4 agonist s ca n improv e workin g
memory in monkeys (Arnsten et al. , 1995) an d
humans (Kimber g et al. , 1997 ) wit h workin g
memory impairment (see below). It is possible
that D 4 receptor mechanism s in PFC contrib -
ute t o thes e beneficia l dru g effects , a s hig h
doses of the selective D4 antagonist NGD94-1 ,
can impai r a n objec t retrieva l tas k associate d
with the PFC (Jentsc h et al., 1998).

Stimulation o f D 4 receptor s ma y b e in -
volved wit h stress-induce d workin g memor y
deficits. Agent s with poten t D 2 o r D 4 recep -
tor-blocking activit y suc h a s haloperido l an d
clozapine ar e effectiv e i n preventin g stress -
induced cognitiv e deficit s (Murph y e t al. ,
1996a, 1997 ; (Arnste n &  Goldman-Raki c
1998), bu t thes e agent s hav e man y other re -
ceptor actions , includin g D l an d arreceptor
blockade. Recently , we hav e shown tha t a  se-
lective D 4 recepto r antagonis t ca n revers e
stress-induced cognitiv e deficit s i n monkey s
(Arnsten e t al. , 2000) , an d ra t studie s hav e
shown tha t infusio n o f a  D 2 recepto r famil y
agonist into the PFC impairs working memory
in rat s (Druzi n e t al. , 2000) . Thes e finding s
suggest that high levels of D2/D3/D4 receptor
stimulation ma y als o contribut e t o cognitiv e
deficits. D 4 receptor s ar e concentrate d o n y -
aminobutyric aci d (GABA)ergi c interneuron s
in th e primat e PF C (Mrzlja k e t al. , 1996) ,
which suggest s tha t modulatio n o f inhibitor y
mechanisms ma y contribute t o thes e actions .
However, direc t infusion s o f D 4 antagonist s
into the primate PF C an d the developmen t of
D4 selectiv e agonist s ar e neede d t o furthe r
test the rol e o f D4 receptor s i n PFC workin g
memory function.

Possible Role s of Prefronta l Corte x
Dopamine i n Executiv e and Attentiona l
Functions

When use d i n the anima l literature, the work-
ing memor y construc t generall y refer s to th e
capacity t o hol d informatio n about a  stimulus
on-line in a period afte r i t is no longer present .
However, the mor e extended concep t o f work-
ing memor y i n huma n cognition , introduce d
by Baddele y (1986) , is , a s on e migh t expect ,
more complex , including not onl y two distinc t
short-term memor y stores—a n "articulator y
loop," a  for m o f subvoca l rehearsa l mecha -
nism, and a  short-term memor y buffer fo r vis-
uospatial imagery , th e "visuospatia l sketch -
pad"—but als o a  "centra l executive " system ,
which coordinates processing between th e var-
ious dedicated satellit e systems. This executive
system is commonly related t o the functioning
of the PFC , althoug h it would be naive to map
so simpl y psychologica l processe s onto  ana -
tomical structure . I n fact , th e 'centa l execu -
tive' syste m o f Baddele y (1986 ) ha s muc h i n
common with anothe r possibl e mode l of fron -
tal lob e functionin g terme d th e "supervisor y
attentional system, " in which contro l ove r in -
strumental choice behavio r is exerted throug h
"attention t o action " (Shallice , 1982) . Thi s
concept i s particularl y relevan t t o paradigm s
such a s th e spatia l delayed-respons e o r
delayed-alternation tas k i n whic h ther e ar e
other cognitiv e requirements beside s "holdin g
stimuli on-line. " Fo r example , the anima l has
to inhibi t makin g repeated response s t o pre -
potent stimul i (Diamond, 1996) . Thi s contro l
is potentiall y als o modulate d b y PF C DA , as
shown b y th e perseverativ e behavio r elicite d
in rat s b y intracortica l D l agonist s (Zahr t e t
al., 1997) , regardles s o f whether one consider s
the inhibitor y functio n t o b e a  produc t o f
working memor y processes o r a  relatively in-
dependent for m o f executiv e function . Give n
the possibilit y tha t th e PF C ma y mediate "su -
pervisory attentional functions, " and the avail -
ability o f additiona l approache s t o modelin g
executive function s tha t als o posi t attentiona l
mechanisms (Cohe n e t al. , 1998) , i t i s impor-
tant t o stud y th e effect s o f manipulations  o f
the mesocortica l D A syste m o n comple x be -
havior tha t doe s no t simpl y reflect the main -
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tenance o f stimul i on-lin e i n a  short-ter m
store.

This wa s the approac h take n b y Collin s e t
al. (1998) , who attempted t o mode l th e com -
plex aspect s o f executiv e contro l require d o f
marmosets when performing sequences o f be-
havior to achieve a  goal. The animals were re -
quired t o respond t o a  series o f locations on a
touch-sensitive scree n withou t repeatin g re -
sponses t o particula r locations . Thi s tas k
clearly ha s som e workin g memor y require -
ments, bu t contro l experiment s foun d tha t
these wer e muc h les s importan t tha n th e ca -
pacity t o inhibi t previousl y performe d re -
sponses. The strikin g result was that, although
excitotoxic lesions of the entire PFC produce d
massive deficit s resultin g fro m perseverativ e
responding, mesocortica l D A depletio n wa s
entirely without effect . Th e importanc e o f the
negative resul t was confirmed by the usual sig-
nificant effec t o f mesocortica l D A depletio n
on spatia l delayed-respons e performance .
Thus, whereas prefrontal lesions affected bot h
sequencing an d spatia l delayed response , me -
socortical D A los s affecte d onl y th e latter .
These results suggest indeed a  specific role for
prefrontal D A i n certai n aspect s o f workin g
memory bu t no t i n othe r form s o f executiv e
dysfunction. Thi s dissociatio n ha s assume d
some possibl e clinica l significanc e fro m th e
observation tha t childre n wit h phenylketo -
nuria are impaired i n undertaking simpl e spa-
tial memor y tasks , bu t no t i n a  tes t o f self -
ordered working memory (see Chapter 29) .

Another commonl y used clinical test of pre-
frontal functio n i n humans , th e Wisconsi n
Card Sortin g Test (WCST ) (Milner, 1964), of-
ten elicit s perseverative respondin g in patients
who experienc e difficult y i n shiftin g on e sort -
ing rul e t o another . W e hav e modelle d thi s
complex human paradigm in marmosets, using
tests o f visua l discriminatio n learnin g includ -
ing intradimensiona l se t shifting , extradimen -
sional se t shifting , an d reversa l learning , an d
have foun d tha t reversa l learnin g an d extra -
dimensional shif t learnin g (conceptually , th e
key componen t o f th e Wisconsi n Car d Sor t
Test) depen d on differen t sector s o f the PF C
(Dias et al. , 1996a,b , 1997) . Remarkably , how-
ever, prefrontal cortica l DA depletion actuall y
appeared t o facilitat e extradimensiona l set -

shifting, whil e havin g no effec t o n an y othe r
aspect o f visua l discriminatio n learning , in -
cluding reversal and intradimensional se t shift -
ing (Robert s e t al. , 1994) . Again , these sam e
DA-depleted animal s di d exhibi t deficit s o n
the classica l spatia l delayed-respons e task .
Thus, three task s shown to be sensitiv e to le-
sions o f th e PFC—spatia l delaye d response ,
self-ordered sequencing , an d a  mode l o f th e
Wisconsin Card Sortin g Test—actually exhibit
differential effect s o f prefrontal D A loss : def-
icit, n o effect , an d enhancement , respectively .
This i s important i n terms o f the inverte d U -
shaped functio n relatin g efficienc y o f perfor-
mance to central D A function, a s it seems that
different task s have different optimal levels of
prefrontal D A activity , according t o a  Yerkes-
Dodson principle . I n othe r words , differen t
operations possibl y mediate d b y distinc t
regions o f the PF C ma y have differin g neu -
rochemical need s i n terms o f the modulator y
functions provide d b y th e midbrai n D A sys-
tem. In theoretica l terms , this may reflect th e
fact tha t stressfu l o r arousin g state s probabl y
require differen t set s o f executiv e operation s
as a  functio n o f th e overal l leve l o f stres s o r
arousal to enabl e a n adaptive copin g with en -
vironmental demand s (se e als o Robbins ,
2000).

Recent findings have furthe r serve d t o de -
fine the natur e o f the attentiona l stat e of mar-
mosets wit h PF C D A loss . On e possibl e ex -
planation fo r a  facilitation o f extradimensional
set-shifting migh t aris e fro m excessiv e atten -
tional labilit y (o r distractibility) , which mean s
that th e animal s with PF C D A loss ma y no t
initially have developed ver y strong attentional
sets, with th e resul t tha t the y find it easie r t o
shift whe n th e rewar d contingenice s ar e al -
tered. There was no clea r evidenc e o f this in
the origina l stud y (Robert s e t al. , 1994) , bu t
in that case the D A depletion wa s effected af-
ter th e initia l set s ha d bee n established , an d
this ma y have serve d t o attenuat e attentiona l
problems. I n a  recen t stud y (Croft s e t al. ,
2000), the PF C D A depletion was effected be -
fore attentiona l se t training, and the PF C DA-
depleted animals now exhibited deficit s a t the
intradimensional set-shiftin g stag e an d als o
during a  specia l prob e tes t i n whic h nove l
stimuli irrelevan t t o th e discriminatio n wer e
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introduced, t o measure possible disruptiv e ef -
fects o n the PF C DA-deplete d animals ' selec-
tive attentiona l capacities . Therefore , on e in -
terpretation o f these experiment s is that PF C
DA-depleted monkey s hav e problem s i n th e
executive contro l o f attention, whic h may lead
to paradoxica l improvement s i n performanc e
under certai n circumstances .

The hypothesi s o f a  possibl e rol e fo r PF C
DA in attentional functio n has been bolstere d
by studies i n rats usin g intracerebral infusion s
of D A into th e PF C i n rat s performin g on a
five-choice serial reactio n tim e tas k i n whic h
working memor y demand s are , again , mini -
mal. Grano n e t al . (2000 ) showed tha t intra -
PFC infusion s of  the  partia l D l agonis t im-
proved th e accurac y of detecting visua l targets
when baseline performance was at a somewhat
low leve l (abou t 70 % correct ) rathe r tha n a
high leve l (80%) . The D l recepto r antagonis t
SCH-23390 (bu t no t th e D 2 recepto r antag -
onist sulpiride ) produce d almos t the opposit e
pattern of effects: impairmen t in the high , but
not low , baseline rats . These data sugges t tha t
engagement o f th e PF C D A syste m ca n b e
beneficial in performance of an attentional test
modelled afte r test s o f continuou s perfor -
mance i n humans , which ma y be relevan t t o
the type s o f deficit observed i n attention def -
icit hyperactivity disorder (ADHD) .

In summary , D A exhibit s a n inverte d "U "
dose-response functio n i n regar d t o PF C
working memor y an d attentiona l function s
through it s actions a t the D l famil y o f recep-
tors. Thus , lo w levels o f D l recepto r stimu -
lation ar e essentia l fo r working memory func -
tion, bu t hig h levels , suc h a s occu r durin g
stress, impai r workin g memor y function . Th e
role of the D 2 family is still being investigated .

NOREPINEPHRINE

Enhancement o f Working Memory by a-2
Noradrenergic Receptor s

Actions at  Post-synaptic  Receptors.  Functio n
Norepinephrine enhance s PF C functio n vi a
postsynaptic (X 2 recepto r stimulation . Studie s
in rodents , monkeys , an d human s hav e al l
shown that N E has an important beneficial in-

fluence on PFC functio n throug h its actions at
postsynaptic CC 2 receptors . Young  monkey s
with working memory impairment induced by
local PF C (Arnste n & Goldman-Rakic , 1985 )
or globa l (Ca i e t al. , 1993 ) catecholamin e de -
pletion ar e greatl y improve d b y treatmen t
with GC 2 agonist s suc h a s clonidin e an d guan -
facine. Th e beneficia l effect s o f CC 2 N E ago -
nists have also been observed in aged monkeys
(Arnsten &  Goldman-Rakic, 1985 ; Arnste n e t
al., 1988 ; Ram a e t al. , 1996 ) an d age d rat s
(Carlson e t al. , 1992 ) wit h naturall y ocurring
catecholamine loss . OC 2 Agonist s also improv e
working memory performance in intact, young
monkeys, bu t a t highe r dose s tha n those
needed t o improv e age d o r deplete d animals
(Franowicz &  Arnsten , 1998) . Indeed , th e
greater th e los s of NE, th e lowe r th e dos e of
OC2 agonis t neede d t o improv e PF C perfor -
mance (Franowicz & Arnsten, 1999), a  pattern
consistent wit h dru g actions a t supersensitive ,
postsynaptic receptors . Improvement s with a2
agonists ca n b e reverse d wit h a 2, but no t (X l5
antagonists, an d a2 antagonists by themselves
impair PFC function , consisten t with an (X 2 re -
ceptor mechanis m (Arnste n &  Goldman -
Rakic, 1985) .

Subtype o f (X-2  Receptor.  Pharmacologica l pro-
files further indicat e tha t the (X 2A receptor sub-
type may be th e mos t critical for cognitive en-
hancement (se e Arnste n e t al. , 1996 , fo r
review). Fo r example , th e OC 2A-selective ago -
nist, guanfacine , i s th e mos t effectiv e com -
pound i n enhancing working memory without
side effect s (Arnste n et al. , 1988 ; Ram a et al. ,
1996). Guanfacin e is abou t te n time s weake r
than clonidin e i n inhibitin g firin g o f th e N E
cell bodie s i n th e locu s coeruleu s (LC ) or i n
decreasing N E releas e (Engber g &  Eriksson,
1991), but i s 10-100 times more potent in im-
proving workin g memor y i n age d monkey s
(Arnsten e t al. , 1988) . Recen t studie s i n ge -
netically altere d mic e emphasiz e th e impor -
tance o f th e OC 2A recepto r subtype , a s mic e
with a  mutation o f the (X 2A subtyp e n o longe r
show beneficia l effect s o n workin g memor y
(Franowicz et al. , 1998) , while knockout of the
OC2C subtyp e ha s n o effec t o n dru g respons e
(Tanila et al. , 1999) . Although knockout of the
OC2C recepto r ha d n o effec t o n workin g mem -
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Figure 4-4 . Th e prefronta l corte x (PFC ) appear s t o b e
modulated in  a  manne r tha t is  "upsid e and  backwards "
from th e res t o f th e brain , a t leas t i n regar d t o norepi -
nephrine (NE ) mechanisms . Thus , neuromodulatio n o f
PFC cognitiv e function s ar e th e "mirro r image " o f pos -
terior cortica l mechanisms : PFC cognitiv e function s ar e
improved b y <X 2 recepto r stimulatio n an d impaire d b y o ^
receptor stimulation, while P receptor stimulation appear s
to have n o effec t (thes e mechanisms are stil l being inves-
tigated). I n contrast , (X 2 receptor stimulation has no effec t
or often impair s functions carried out by posterior cortical
and subcortica l regions , which ar e improve d b y P  and 0 ^
receptor stimulation . Becaus e N E ha s highe r affinit y fo r
(X2 receptors than for at or P receptors, conditions of mod-
est N E releas e woul d favo r PF C regulatio n o f behavior ,
while condition s o f high N E releas e (e.g. , stress ) woul d
favor posterio r cortica l an d subcortica l regulatio n o f be -
havior. I n thi s way, NE ma y act a s a chemical "switch" t o
alter the brai n system s in control o f thoughts an d actions.
(Source: Adapte d fro m Arnsten , 2000b)

ory, i t doe s see m t o be relate d t o the modu -
lation o f othe r NE-associate d behaviors . In -
terestingly, knockou t o f th e (X 2C subtyp e
diminished th e respons e t o stres s i n classi c
tests o f anxiet y (Salline n e t al. , 1999) , whic h
suggests that (X 2C receptor stimulation contrib -
utes t o the anxiogeni c response .

Second Messenger  Actions.  Th e second -
messenger mechanism s underlyin g th e bene -
ficial effect s o f oc 2 agonist s o n PF C functio n
are currentl y unknown. However, (X 2 receptor s
are commonl y couple d t o G ; proteins , whic h
inhibit adenyly l cyclase-cAMP pathways (Du-
man &  Nestler , 1995) . Becaus e activatio n o f
the adenyly l cyclase-cAM P pathwa y seems t o
impair PFC functio n (see above), inhibition of

this intracellula r signalin g pathwa y ma y con -
tribute to th e beneficia l effect s o f cc 2 agonist s
on PF C cognitiv e function .

Effects o n no n PF C Tasks.  oc 2 Agonists improve
the performanc e o f task s tha t challeng e th e
PFC, bu t ofte n hav e littl e benefi t under con -
ditions tha t d o no t challeng e th e PFC . (X 2 Ag-
onists hav e bee n show n t o improv e workin g
memory fo r both visuospatia l (Arnste n et al. ,
1988) an d visualfeatur e (Jackso n &  Bucca -
fusco, 1991 ) cues , suggestin g enhancemen t o f
both dorsolatera l and ventrolateral PF C func -
tion. I n contrast , OC 2 agonist s d o no t improve ,
and sometime s impair , cognitive function s as -
sociated wit h parietal an d temporal lobe func -
tions (Fig . 4-4) . Fo r example , thes e drug s
have n o effec t o n o r impai r th e spatia l mem -
ory function s o f th e hippocampu s (Sirvi o e t
al., 1991) , th e visual—featur e discriminatio n
memory function s o f th e inferio r tempora l
cortex (Arnste n &  Goldman-Rakic , 1985 ;
Steere &  Arnsten , 1997) , th e visual-featur e
recognition memor y function s o f th e perir -
hinal corte x (Arnste n &  Goldman-Rakic ,
1990a), o r th e cover t visuospatia l attention -
shifting function s of the parieta l corte x (Witt e
& Marrocco , 1997) .

Effects o n PF C Neurons.  A  number o f studie s
in rodent s an d monkey s hav e demonstrate d
that OC 2 compounds ac t directl y i n th e PF C t o
alter workin g memor y function . A s with sys -
temic injection , direc t infusio n o f (X 2 antago -
nists, but no t CC i or ( 3 antagonists, into the dor -
solateral PF C produce s a  delay-relate d
impairment i n spatia l working memor y (Li &
Mei, 1994) , demonstratin g tha t endogenou s
NE stimulatio n o f GC 2 receptor s i n th e PF C i s
critical t o workin g memor y performance .
Conversely, intra-PF C infusio n o f CX 2 agonist s
improves working memory performance in ei-
ther young (Mao et al., 1999) o r aged monkeys
(Arnsten, 1997 ) o r age d rat s (Tanil a e t al. ,
1996). Electrophysiologica l studie s hav e ob -
served simila r finding s a t th e cellula r level .
Iontophoresis o f th e OC 2 antagonis t yohimbin e
reduces delay-relate d activit y in PFC neuron s
of monkeys performing spatia l working mem-
ory task s (L i e t al. , 1999 ; Sawaguchi , 1998) .
Conversely, systemi c clonidine administratio n
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enhances delay-relate d firing in PFC cells, and
this effec t i s reversed b y iontophoreti c appli -
cation o f yohimbin e (L i e t al. , 1999) . Thus ,
NE action s a t (X 2 receptors i n PF C hav e pow-
erful effect s o n delay-relate d firing , th e pre -
sumed neuronal substrate o f working memory
function. I t i s possible tha t th e beneficia l ef-
fects o f (X 2 receptor stimulation occur o n den -
dritic spine s (Fig . 4-3) , a s (X 2A receptor s hav e
been localized on the postsynaptic membranes
of spine s i n monke y PF C (Aok i e t al. , 1994 ;
Arnsten e t al. , 1996) . However , ther e ar e n o
electrophysiological dat a t o suppor t o r refut e
this hypothesis .

Imaging Data.  Imaging studies in monkeys are
also consistent with a2-adrenergic mechanisms
enhancing PF C function . W e hav e observe d
increased regiona l cerebral bloo d flow (rCBF)
in th e dorsolatera l PF C o f monkey s treate d
with guanfacin e prior t o performin g a  spatia l
working memor y tas k (Aver y et  al. , 2000) .
Guanfacine improve d working  memor y per -
formance and increased rCB F in the PFC sur-
rounding the principal sulcus , the same regio n
essential fo r spatia l working memory function
(Goldman &  Rosvold , 1970) . I n contrast ,
guanfacine ha d n o effec t o n rCB F i n the au -
ditory associatio n corte x (superio r tempora l
cortex), a  regio n no t involve d i n tas k perfor-
mance (Aver y e t al. , 2000) . Thes e result s ar e
consistent wit h imagin g studie s i n human s
treated with guanfacin e (see below).

Other Prefrontal  Cortex  Functions. Most stud-
ies o f N E modulatio n o f PF C functio n hav e
used working memory tasks, but a  few animal
studies hav e show n effect s o n attentio n regu -
lation an d behavioral inhibition . Fo r example ,
OC2 agonist s ar e particularl y effectiv e i n en -
hancing working  memor y durin g distractin g
conditions (Jackso n &  Buccafusco, 1991 ; Arn -
sten &  Contant , 1992) , a  findin g consisten t
with earlier studie s showing that forebrain NE
depletion increase s distractibilit y (Carl i e t al. ,
1983). Highe r dose s o f guanfacin e hav e als o
been shown to improve performance of an ob-
ject reversa l tas k associate d wit h orbita l PF C
function (Steer e &  Arnsten, 1997) . Clonidin e
and guanfacin e hav e bee n show n i n human s
to improv e attentiona l regulation , behaviora l
inhibition, an d plannin g as well (se e below).

Impairment o f Working Memory by a-1
Noradrenergic Receptors .

High Levels  of  NE  Impair  Working  Memory
Function vi a a 1 Receptor  Stimulation.  Ne w
evidence indicates tha t hig h concentrations of
NE impair PFC functio n through activation of
CCj receptors. Norepinephrin e has higher affin -
ity for a2A than 0 ^ receptors (oc 2A receptors: 5 6
nM [O'Rourk e e t al. , 1994] ; at receptors: 330
nM [Mohel l et al. , 1983]) . Thus it is likely that
low level s o f N E (e.g. , unde r basa l o r non -
stress conditions ) preferentiall y engag e a 2 re-
ceptors an d improve PFC function , while dur-
ing condition s o f hig h N E release , a :
receptors woul d becom e engage d an d over -
ride the effect s o f a2 receptor stimulation . I t
is wel l established tha t hig h level s o f N E ar e
released i n th e PF C durin g stres s exposur e
(e.g., Finla y e t al. , 1995 ; Goldstei n e t al. ,
1996), and recent evidenc e suggest s that thes e
high NE level s stimulat e 0^ receptors an d im-
pair PF C functio n (Birnbau m e t al. , 1999a) .
Thus, stress-induce d cognitiv e deficit s wer e
blocked b y infusio n o f the O ^ recepto r antag -
onist urapidi l into th e PF C prio r t o cognitive
testing (Birnbau m et al. , 1999a) . Infusion s o f
urapidil ha d n o effec t unde r nonstres s condi -
tions (Birnbau m e t al. , 1999a) , presumabl y
because ther e i s little endogenou s N E ot j re -
ceptor stimulatio n durin g nonstressfu l condi -
tions.

The effect s o f stres s o n working  memor y
performance ca n b e mimicke d by infusio n o f
an oq receptor agonist into the PFC . Infusion s
of the «! agonist phenylephrine into the PFC
in rat s markedl y impaire d workin g memor y
performance (Arnste n e t al. , 1999) . Thi s im -
pairment wa s reverse d b y co-infusio n o f th e
(Xj receptor antagonist urapidi l (Arnsten et al. ,
1999), whic h i s consisten t wit h action s a t o ^
receptors. Simila r effects hav e been observe d
in monkeys , i n whic h infusion s o f phenyle -
phrine int o th e dorsolatera l PF C produce d a
marked delay-relate d impairmen t i n working
memory performance (Ma o et al. , 1999) . In-
fusions wer e mos t effective i n the cauda l two-
thirds o f th e principa l sulca l corte x (Ma o et
al., 1999) , th e cortica l regio n mos t tightl y as-
sociated wit h spatia l working memory perfor -
mance i n monkey s (Goldma n &  Rosvold ,
1970). Thus , hig h level s o f NE releas e i n th e
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PFC may engage 0^ receptors an d impair PFC
working memory function. Interestingly, most
effective antipsychoti c medications , includin g
the ne w "atypical " neuroleptics , hav e poten t
a: blockin g propertie s (Baldessarin i e t al. ,
1992). Althoug h mos t previou s attentio n ha s
focused o n th e sedatin g effect s o f thes e 0 ^
blocking properties , th e curren t dat a sugges t
that (X j blockade ma y have therapeutic effect s
as well.

Second Messenger  Actions.  a: Receptors are
commonly coupled t o th e phosphotidy l inosi -
tol-protein kinase C (PKC) intracellular path-
way via Gq proteins (Duma n & Nestler, 1995) .
Evidence t o dat e suggest s tha t o ^ recepto r
stimulation impair s PFC functio n throug h ac-
tivation of this second messenger pathway. For
example, the cognitive impairment induced by
phenylephrine infusions int o the ra t PF C ca n
be completel y reversed b y pretreatment wit h
a dose of lithium known to suppress phospho-
tidyl inosito l turnove r (Arnste n et al. , 1999) .
However, lithiu m ca n alte r othe r second -
messenger pathways ; thu s curren t studie s i n
animals are focusin g o n agents that selectivel y
target molecule s in the phosphotidy l inositol -
PKC cascade . Fo r example , intra-PF C infu -
sion o f th e PK C inhibito r chelerythrin e ap -
pears t o bloc k th e detrimenta l effect s o f a:
agonists (Birnbau m et al. , 1999b) . Thes e re -
sults are consistent with activation of the phos-
photidyl inositol-PKC pathwa y underlying o^
receptor-mediated impairmen t o f PF C cog -
nitive function . Th e finding tha t excessiv e ac-
tivation o f PK C impair s PF C functio n ma y
have direct relevance to the symptom s of dis-
inhibition i n mania, a disorder associate d with
overactivation o f PK C an d treate d b y agent s
such a s lithium, which reduc e th e activit y of
the phosphotidyl inositol-PKC cascade (Manj i
& Lenox , 1999) .

Model o f Actions in Prefrontel  Cortex.  The in -
tracellular recording s o f Mare k an d Aghaja -
nian (1999 ) sugges t a n interestin g cellula r
mechanism b y which o ^ recepto r stimulatio n
may impai r PF C cognitiv e functioning . Their
studies have shown that N E act s a t ax adren -
oceptors t o increas e glutamat e release , whic h
in tur n increase s excitator y postsynapti c so -
dium current s in the proxima l dendritic stem.

In othe r words , o ^ recepto r stimulatio n may
erode signa l transfer by increasing noise in the
dendritic stem , a s schematicall y depicte d i n
Figure 4-3. Thi s increase in background noise
would obscure signa l transmission by decreas-
ing the signal/nois e rati o of cell respons e an d
would preven t th e norma l increas e i n delay -
related activit y of the som a needed t o guid e
behavior durin g workin g memor y tasks . I n
summary, D A Dl recepto r stimulatio n would
decrease "signal, " whil e N E a : stimulatio n
may increase "noise." It is likely that these NE
and DA actions are additive or synergistic, and
the signa l may be abl e to survive either mod-
est reductio n b y DA or modes t noise by NE ,
but coul d no t surviv e both. This hypothesis is
supported b y th e findin g tha t eithe r a  D l
(Murphy e t al. , 1996a ; Arnste n &  Goldman-
Rakic, 1998) o r an oc1-adrenoceptor antagonist
(Birnbaum e t al. , 1999a ) ca n protec t perfor -
mance fro m th e detrimenta l effect s o f stress.

The hypothetical model presented in Figure
4-3 implie s that i t is not onl y the level  of cat-
echolamine stimulatio n that determine s ben -
eficial vs . deterimenta l effect s o n PF C func -
tion, bu t als o th e location  o n th e neuro n
where thes e action s tak e place . Simpl y put,
the mode l implie s tha t catecholamin e action s
on spines and on distal dendrites enhance sig-
nal processing and working memory function ,
while catecholamin e action s o n th e primar y
dendritic ste m erod e signa l transfe r t o th e
soma an d impai r workin g memor y function .
Dopamine fiber s generall y avoi d the primar y
dendritic stem s of pyramidal cells, an d extra -
neuronal catecholamin e transporter s o n gli a
may absorb any leakage of catecholamines into
the extrasynapti c space , thu s maintainin g low
levels o f catecholamin e stimulatio n near  th e
dendritic stem . However , durin g exposure t o
stress, increases in cortisol would block the ex-
traneuronal catecholamin e transporter s an d
allow catecholamine levels to build and engage
receptors o n or near the stem, reducing signal
transmission to the soma . If this model is cor-
rect, workin g memory should be impaired by
exogenous administratio n o f cortisol , an d re -
cent evidenc e fro m huma n studie s suggest s
this ma y be tru e (Lupie n e t al. , 1999) . Thi s
model may also explain why stimulants such as
amphetamine an d methylphenidate , whic h
produce hig h level s of catecholamine release ,
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generally improv e rathe r tha n impai r working
memory functio n i n human s (Meht a e t al. ,
2000), a s under thes e nonstressfu l conditions ,
the extraneurona l catecholamin e transporter s
would protec t th e dendriti c ste m fro m th e
high levels of release. The mode l also predicts
that individual s would b e mor e vulnerable t o
the detrimenta l effect s o f catecholamin e re -
lease during stress if they had either (1 ) highe r
cortisol level s (e.g. , advanced age ) and/o r (2 )
degeneration o f dista l dendrite s an d spine s
(e.g., schizophrenia , advanced age) .

In summary , N E ha s opposin g action s o n
PFC functions : it  improve s workin g memor y
and attentio n regulatio n throug h action s a t
postsynaptic, OC 2A receptors , whil e impairin g
PFC functio n throug h action s a t O ^ receptors.
Because NE has higher affinit y fo r a2A than 0^
receptors, N E ca n ac t a s a  chemica l switch ,
strengthening PF C functio n unde r nonstres s
conditions an d taking PFC off-lin e durin g un-
controllable stres s when high levels o f NE ar e
released in  the brain .

SEROTONIN

In compariso n wit h th e catecholamine s D A
and NE , relativel y littl e i s know n abou t th e
precise function s o f the indoleamine serotoni n
(5HT) i n cognitio n i n experimenta l animals ,
especially wit h regar d t o PF C function . Thi s
is partly becaus e o f the complexit y of the dis -
tribution o f differen t 5H T recepto r type s
within th e neurona l circuitr y o f th e PF C
(Goldman-Rakic, 1999) . I n fact , i t ma y prov e
to be the case that, in contradistinction to links
being mad e betwee n studie s o f the function s
of PF C catecholamine s i n experimenta l ani -
mals an d hypothese s abou t th e role s o f PF C
catecholamines i n huma n cognition , th e re -
verse situatio n i s true fo r PFC 5H T (se e sec-
tion o n serotoni n effect s i n humans , below) .
There are som e studies o f the effect s o f 5H T
manipulations on spatial working memory pro-
cesses i n rat s (Winte r &  Petti , 1987 ; Col e e t
al., 1994 ; Warburto n e t al. , 1997 ; se e Steckle r
& Sahgal , 1995 , fo r a  review) , but thes e ma y
well involv e effect s a t th e leve l o f the hippo -
campus rathe r tha n th e PFC . I n suppor t o f
this, the classi c study of Brozoski et al . (1979)
found no effect o f PFC 5H T depletion o n spa-

tial delaye d respons e i n monkeys . Similarly ,
systemic administratio n of 5HT3 receptor an-
tagonists to monkey s had n o effec t o n perfor -
mance o f a  working memor y task, no r di d i t
impair reversa l i n objec t discriminatio n tas k
(Arnsten e t al. , 1997) . However , thes e com -
pounds di d improv e acquisitio n o f th e initia l
object discrimination , suggestin g a  beneficial
effect o n inferio r tempora l cortica l function .
Although thes e result s sugges t tha t th e PF C
may be mor e sensitiv e t o catecholamin e tha n
serotonergic influences , th e pharmacolog y o f
serotonin i s immensel y complex , an d i t i s
likely tha t importan t serotonergi c influence s
will be observed when the right pharmacolog-
ical tool s ar e applied . Becently , electrophy -
siological studie s o f PF C neuron s hav e fo -
cused o n th e 5HT2 A receptor , give n it s
relevance t o schizophrenia . I n ra t PF C slices ,
Marek ha s observe d marke d increase s i n th e
excitatory postsynaptic sodium currents in the
proximal dendriti c ste m o f PF C pyramida l
cells (Mare k &  Aghajanian , 1999) . Thes e
mechanisms are now being studied in the PF C
of awake behaving monkeys, in which 5HT2 A
receptor blockad e disrupt s spatia l tunin g o f
PFC neuron s durin g a  spatia l working mem-
ory tas k (William s et al. , 1997) . However , w e
still d o no t kno w what effect s 5HT2 A agonis t
or antagonis t infusion s int o th e PF C hav e on
cognitive performance .

In summary , we are stil l learning about ser-
otonergic influence s o n PF C function . Th e
complexity o f 5H T recepto r pharmacolog y
makes thi s tas k difficult .

ACETYLCHOLINE

An association of acetylcholine (ACh) with th e
intellectual deterioratio n o f Alzheimer' s dis -
ease ha s become wel l establishe d fro m histo -
pathological evidenc e o f degeneratio n o f th e
basal forebrai n cholinergi c syste m projectin g
to the cerebra l corte x and a corresponding re -
duction o f neocortica l cholinergi c marker s
such a s cholin e acetyltransferas e activit y
(Perry e t al , 1978) . Mor e recently , simila r re -
lationships have been reporte d for Parkinson's
disease and Lewy Body dementia (Perr y et al. ,
1999). Wha t i s les s wel l establishe d i s th e
causal role of ACh in the characteristi c deficit s
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in memory and learning as was well as in other
domains o f cognitio n shown , fo r example , i n
Alzheimer's disease . Pertinen t t o th e presen t
chapter ar e the effect s o f cholinergic loss from
the PF C itself .

Much o f the relevan t evidenc e ha s derive d
from wor k in rats and monkeys after they have
either developed lesion s of the basa l forebrain
or receive d a n infusio n o f cholinergi c agent s
into the prefrontal regions (see Everitt & Rob-
bins, 1997 , fo r a  review) . Th e forme r sourc e
of evidence i s complicated b y the relativ e lack
of specificit y of th e lesion s o f th e basa l fore -
brain because o f the absenc e a t that time of a
specific cholinergi c neurotoxin . On e clai m
made b y ou r ow n grou p ha s bee n tha t basa l
forebrain lesion s in th e ra t leadin g t o cholin -
ergic depletion o f the ra t fronta l corte x impair
the accurac y o f discriminatio n o n th e sam e
five-choice discriminatio n tas k describe d
above (e.g. , Grano n e t al. , 2000) . These defi -
cits wer e correcte d unde r certai n condition s
by administering drug s tha t boos t cholinergi c
function, suc h a s the anti-cholinesteras e phy-
sostigmine an d nicotin e (Mui r e t al. , 1995) .
This implicatio n o f cholinergi c system s in at -
tentional function s ha s recently been substan-
tiated by two lines of evidence: (1) that lesions
made usin g th e selectiv e cholinergi c immu -
notoxin sapori n mimi c to som e exten t th e ef -
fects o f less specific lesions (McGaughy et al. ,
2000), an d (2 ) tha t AC h i s released fro m th e
frontal corte x as the ra t performs this task rel-
ative to a  suitable contro l tas k (Passett i et al. ,
2000). The hypothesi s tha t AC h has a  role i n
modulating attentiona l functio n mediate d b y
the ra t fronta l corte x i s als o consisten t wit h
evidence fro m othe r investigator s wh o hav e
used a  variet y o f approache s (e.g. , Sarte r &
Bruno, 1997) .

Other approache s hav e suggested tha t ACh
contributes t o workin g memor y processe s
within th e ra t prefronta l cortex . Broerse n e t
al. (1995) , fo r example , hav e provide d evi -
dence fo r delay-dependen t deficit s in tw o ra t
working memor y task s (delaye d matchin g t o
position [DMTP ] an d delaye d non-matchin g
to position [DNMTP]) following intra-PFC in-
fusions o f th e anti-cholinergi c dru g scopola -
mine. These effect s wer e muc h more convinc-
ing tha n thos e obtaine d followin g simila r

infusions o f D l antagonists , althoug h intra -
PFC scopolamin e als o impair s performanc e
on the five-choice task (Bobbins et al. , 1998a) ,
so th e precis e rol e o f AC h i n attentio n an d
working memor y need s t o b e determine d i n
the sam e experimenta l setting . Intriguingly ,
Granon e t al . (1995 ) hav e show n differentia l
effects o f intra-PFC infusion s o f a nicotine re -
ceptor antagonis t o n DMT P an d DNMT P
working memory tasks for the ra t that appea r
to recrui t differen t degree s o f "effortfu l pro-
cessing" with detrimenta l result s achieve d fo r
the effortfu l varian t bu t no t fo r th e non -
effortful one . These data may be related t o the
observations of Granon et al . (2000 ) of the ef -
fects o f intra-PFC infusio n o f the D l agonis t
SKF38393 on rats with relativel y low baseline
levels o f accuracy.

In nonhuma n primates , ther e i s les s con -
vincing evidenc e t o lin k fronta l cholinergi c
function with working memory. Classical stud-
ies b y Bartu s an d Johnso n (1976 ) seeme d t o
indicate specifi c delay-dependent impairments
in spatia l delayed-respons e performanc e fol-
lowing systemi c scopolamine . However , th e
behavioral, a s well as the neural , specificit y of
these effect s i s a little i n doubt . Fo r example ,
scopolamine als o certainl y impair s attentiona l
performance i n monkey s (Witte e t al. , 1997) ,
but ther e i s n o specifi c evidenc e t o lin k th e
delayed-response defici t following administra-
tion of scopolamine solel y to the PF C an d not
to other possibl e contributor y structure s suc h
as the hippocampu s an d caudat e nucleus .

There have , i n fact , bee n relativel y fe w
studies o f th e rol e o f prefronta l AC h i n cog -
nition (see Everitt & Bobbins, 1997). One pos-
sibly salient resul t i s the demonstratio n o f se-
rial reversa l learnin g deficit s bu t sparin g o f
extradimensional shiftin g followin g nonselec-
tive excitotoxi c lesions o f the marmose t basal
forebrain tha t lea d t o significan t reduction s of
cortical choline acetyltransferase activity (Bob-
erts e t al. , 1992) . Unlik e the effect s o f meso-
cortical DA depletion (se e above), these mon-
keys also exhibited reductions i n distractibility
when irrelevan t backgroun d stimul i were ma -
nipulated. Th e impaire d reversa l learning but
spared extradimensiona l shif t performanc e i s
reminiscent o f th e effect s o f orbitofrontal , as
distinct fro m lateral , lesion s o f the marmose t
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prefrontal corte x (se e above , Dia s e t al. ,
1996a,). Thes e finding s ar e therefor e quit e
consistent with the existenc e of strong projec-
tions o f th e orbitofronta l corte x t o th e basa l
forebrain, an d ther e ma y be significan t asso -
ciations of cholinergic activity with orbitofron-
tal function (Mesulam, 1995) . However , thes e
findings need to be reexamined with the more
specific lesionin g too l o f saporin , whic h ha s
been employe d t o effec t lesion s o f th e mar -
moset basal forebrain cholinergic neurons suf-
ficient to produc e impairment s i n objec t dis -
crimination learning (Ridley et al. , 1999) .

In summary , ACh has a  powerful effect o n
PFC functio n an d ma y be particularl y impor-
tant fo r orbital/media l PF C function . Impair-
ment wit h cholinergi c depletio n o r recepto r
blockade ha s been mor e prominen t tha n im -
provement with cholinergic agonists. This may
be du e t o th e relativel y poo r availabilit y o f
cholinergic agonist s tha t ca n enter th e brain .
Alternatively, AC h ma y hav e rapid , time -
dependent actions that ar e not mimicked well
by pharmacotherapies .

STUDIES IN HUMANS

DOPAMINE

Critical evidenc e fo r th e rol e o f D A i n PF C
function i n human s derive s fro m tw o mai n
sources: studies o f patients with disorders tha t
implicate th e D A system, and studie s o n th e
effects o f dopaminergi c drugs i n norma l sub-
jects. Such work is beginning to be augmente d
by the us e o f functiona l neuroimaging—gen-
erally positro n emissio n tomograph y (PET) ,
but mos t recentl y functiona l magneti c reso -
nance imagin g (fMRI)—t o measur e interac -
tions betwee n tas k an d dru g effect s o n re -
gional cerebral bloo d flow (rCBF). This latter
approach i s essential i n human studies, as it is
the only means at present of resolving whether
the primar y locus of a  D A drug effec t i s at a
striatal o r prefronta l cortica l level , althoug h
anatomical connectivit y o f th e frontostriata l
circuitry (Alexande r e t al. , 1986 ) make s i t
likely that D A effects withi n the striatu m ca n

potentially affec t prefronta l or , indeed , exec -
utive functioning .

Dopamine an d Cognitio n i n Clinical
Disorders

Restorations o f underactiv e (o r alternatively ,
reductions i n overactive ) dopaminergi c trans -
mission are generally assumed to be beneficial
for cognitiv e functio n an d motivat e attempt s
to trea t suc h divers e disorder s a s Parkinson' s
disease (PD) , schizophrenia , ADHD , and ,
more recently , acut e brain injury .

A cognitiv e defici t syndrom e occur s i n idi -
opathic PD, eve n early in its course (Taylor et
al., 1986 ; Owe n e t al. , 1992) , an d als o follow -
ing MPTP-induce d parkinsonis m (Ster n &
Langston, 1985) . Man y aspect s o f thi s syn -
drome are similar to those seen after PFC dys-
function an d includ e impairment s i n working
memory, planning , an d se t shiftin g (Robbin s
et al. , 1998b ) i n th e relativel y earl y stage s of
the disease , although a range of other memory
and learnin g impairment s ar e als o eviden t
(e.g., Knowlto n e t al. , 1996) . I t i s mor e diffi -
cult t o b e sur e which , if any, of these deficits
are linke d specificall y t o th e los s of PFC D A
or eve n t o centra l D A in general , becaus e o f
the multivariat e natur e o f the neurochemica l
pathology o f thi s neurodegenerativ e disease .
Effects o f dopaminergi c medicatio n fo r P D
would nonetheless appea r t o implicat e D A to
some extent . Fo r example , cognitiv e deficit s
seen in medicated P D patient s with mild clin-
ical disabilit y ma y be les s tha n thos e see n i n
PD patients earlier in the course of the disease
who have received n o medication (Downe s e t
al., 1989 ; Owe n e t al. , 1995a) . Inference s can
also be made on the basi s of longitudinal stud-
ies i n which th e effect s o f medication ar e as -
sessed prio r t o an d followin g medication, a s
long as one assumes that the disease itself pur-
sues a n unremittin g cours e o f further deficit .
In on e suc h large-scale study , Growdon e t al .
(1998) reporte d tha t levodop a improve d mo -
tor functio n withou t impairin g cognitio n i n
nondemented PD patients with mild disability;
in fact, performance in tests of executive func -
tion, whic h were suppose d t o b e sensitiv e t o
frontal lob e dysfunction, showed some benefi t
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of medication. However , the mos t informative
evidence ma y be tha t i n whic h P D patient s
have their medication remove d in a controlled
manner. In one study of this type, Lange e t al.
(1992) showe d tha t L-Dop a withdrawal fro m
a smal l group ( n =  10 ) of PD patient s selec -
tively impaire d thei r performanc e o n test s
from th e Cambridg e Neuropsychologica l Test
Automated Batter y (CANTAB ) o f spatia l
working memory, planning, and varieties of vi-
sual discriminatio n learning . O f interes t wa s
that th e latenc y a s wel l a s th e accurac y o f
thinking o n th e plannin g tas k were bot h af -
fected i n thi s group , whic h ma y paralle l th e
beneficial effect s o f medicatio n o n bradyki -
nesia in PD .

However, dopaminergi c medicatio n doe s
not always have beneficial effects o n cognitio n
in PD . Gotha m e t al . (1988 ) provide d evi -
dence tha t certai n aspect s o f cognitive perfor-
mance i n P D coul d actuall y b e worsene d b y
L-Dopa. The y propose d a  hypothesi s tha t
related th e effect s o f L-Dop a t o th e patter n
and cours e o f DA loss withi n th e striatu m i n
PD. Those region s sufferin g extensiv e DA de-
pletion, such as the putamen, would have their
functions optimall y titrated b y DA medication.
By contrast, thos e region s tha t were relativel y
spared i n the earl y stages, such as the caudat e
and ventral striatum, would potentially b e dis-
rupted by medication, as the level of DA func-
tion would presumabl y b e se t supra-optimally
by th e drug . Thi s hypothesi s i s schematicall y
represented i n Figure 4-2 , whic h invoke s the
same inverted U-shape d functio n a s that use d
above to explai n the deleteriou s effect s o f ex-
cessive D A activity in th e PFC . Furthe r evi -
dence t o support th e Gotha m et al. (1988) hy-
pothesis come s fro m a  recen t stud y b y
Swainson e t al . (2000) , whic h showe d tha t
medicated P D patient s wit h mil d disabilit y
performed poorl y o n test s o f probabilit y re -
versal learning, which is likely associated wit h
ventral striata l an d orbitofronta l function ,
while th e sam e PD patients ' result s were rel -
atively improve d o n test s o f spatia l memor y
function. A  recen t L-Dop a withdrawa l stud y
in Parkinson s diseas e patient s substantiate s
and extend s these finding s (Cool s et al , 2001 ,
see Fig . 4-2) .

The us e o f dopaminergi c medicatio n fo r
other form s o f neurologica l disturbanc e i s
more limited , bu t cas e stud y report s an d ex-
perimental studie s (e.g. , McDowel l e t al. ,
1998) ar e suggestin g possible application s fo r
brain-injured patients . McDowel l et al . (1998)
examined the effect s o f a low dose o f the D A
D2 receptor agonis t bromocriptine on working
memory an d othe r executiv e form s o f cogni-
tive functio n i n individual s wit h traumati c
brain injur y i n a  double-blin d crossove r tria l
with placebo . Consistent with th e findings for
Parkinson's disease , bromocriptin e improve d
performance on some but not all tasks thought
to b e subserve d b y the PFC . Als o consisten t
with result s i n th e Parkinson' s diseas e litera -
ture, n o effect s wer e observe d fo r contro l
tasks not thought t o be subserved by the PFC .
More controversially , an d seemingl y a t odd s
with bot h th e anima l literatur e (se e above )
and that on normal individuals (to be reviewed
below), bromocriptin e exerte d n o effect s o n
working memor y tasks , wit h minima l addi -
tional demand s place d o n executiv e function .
A furthe r puzzl e i s whether th e D 2 recepto r
agonist exert s it s beneficia l effect s o n execu -
tive performanc e a t th e leve l o f the PF C or ,
indirectly, via the striatum .

Making inference s abou t th e function s o f
DA i n cognitio n i s less promising in th e cas e
of schizophrenia , a s antipsychoti c medicatio n
may produce indirect effect s o n performanc e
by th e remediatio n o f disruptiv e positiv e
symptoms. Additionally, as we have seen abov e
(e.g., Williams e t al. , 1998 ) neurolepti c drug s
can impair cognitive functioning (King, 1990) .
In a  comprehensive review , Mortime r (1997)
concluded tha t muc h remained unclea r abou t
whether neurolepti c treatmen t affecte d th e
cognitive defici t syndrom e presen t i n schizo -
phrenia. The effect s o f conventional neurolep-
tics are quite small, often bein g beneficial and
related t o the remission of psychosis. The pos-
sibility that th e so-calle d atypica l neuroleptic s
such a s clozapine exer t "cognitive facilitatory "
as well as "cognitive sparing " effect s need s t o
be resolve d usin g mor e sophisticate d neuro -
psychological methods an d stud y designs.

The potential complexit y of this area can be
gauged fro m a  functional neuroimaging study
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using PE T t o measur e rCB F i n norma l an d
unmedicated schizophreni c subject s follow -
ing challeng e wit h apomorphin e o r placeb o
(Dolan e t al. , 1995) . Thi s stud y extend s a n
analogously motivate d stud y of th e effect s o f
d-amphetamine i n schizophreni a (Danie l e t
al., 1991). Dolan et al. (1995) found that rCB F
was enhanced i n the anterio r cingulat e corte x
of schizophreni c patient s performin g a verbal
fluency task . On e proble m i n interpretin g
these results , however , i s that i t i s not know n
whether th e effect s o f apomorphin e depen d
on a n enhancemen t o f D A neurotransmisio n
or, alternatively , on reductions , via its presyn-
aptic action at D2 receptors. Anothe r problem
of interpretatio n i s th e lac k o f reporte d dat a
on verba l fluenc y performanc e i n tha t study ,
so althoug h th e therapeuti c implication s may
be evident , th e actua l impac t o n cognitio n o f
cortical action s o f apomorphin e i n schizo -
phrenic o r norma l individual s i s a  littl e
unclear.

Similar uncertainties  abou t whethe r treat -
ment "damp s down " unwante d activit y o r
boosts deficien t functionin g als o hinde r ou r
understanding o f th e basi s o f th e effectiv e
strategy of  treating ADH D wit h methylphen -
idate an d amphetamine-lik e compound s
(Mehta et al. , 2000, 2001 Solant o et al. , 2000).
Converging evidenc e implicate s th e dopa -
minergic syste m and  the  prefronta l and  ni-
grostriatal region s i n th e pathophysiolog y o f
childhood ADH D an d prefrontal catecholam -
inergic dysfunctio n in adul t ADH D (Erns t et
al., 1998) , bu t i t remain s unclea r t o wha t ex-
tent th e beneficia l effect s o f drug s suc h a s
methylphenidate (Ritalin ) depen d o n modu -
lation o f dopaminergic o r noradrenergic neu -
rotransmission, o r both . Th e neura l sit e o f
such effects i s also unclear. Vaidya et al . (1998)
have recentl y employe d fMR I i n a  g o no-g o
functional imagin g paradig m t o sho w tha t
methylphenidate attenuate d bloo d flow in the
basal ganglia of normal children bu t increase d
blood flo w i n childre n wit h ADHD . Equi -
valent degree s o f fronta l activatio n were see n
in both groups , however. Improvements in be-
havioral performanc e wer e als o see n i n bot h
groups followin g administratio n o f th e drug ,
but i t i s difficul t t o b e sur e a t whic h neura l
loci th e stimulan t i s actin g t o produc e thes e

effects. Studie s b y Matta y e t al . (1996 ) an d
Mehta e t al . (2000 ) o n th e effect s o f d -
amphetamine an d methylphenidate , respec -
tively, i n norma l volunteers implicat e cortica l
networks that include the dorsolateral PEG. In
these latte r experiments , task s tha t normall y
require PE C functioning (performance on the
WCST an d self-ordered spatia l working mem-
ory tasks, respectively) were employed , s o the
identity o f th e neura l network s upo n whic h
stimulant drug s exer t thei r effect s o n perfor -
mance—for bot h norma l an d clinica l popula -
tions—may hing e o n th e natur e o f th e tas k
under study .

Effects o f Dopaminergic Drug s o n Cognitio n
in Norma l Human Volunteers

The earl y literatur e showin g tha t ampheta -
mine-like drugs have beneficial effects o n vig-
ilance function s has  generally been supporte d
by more recent work (Koelega, 1993). Despit e
the us e o f methylphenidat e i n treatin g
ADHD, unti l recently, the effect s o f this drug
on othe r aspect s o f cognitio n ha d no t bee n
widely investigated. Clark et al . (1986) showe d
that methylphenidat e (0.6 5 mg/k g p.o. ) re-
versed impairment s i n a  dichoti c auditor y at -
tention tas k produced b y the neurolepti c dro -
peridol. B y itself , however , methyphenidat e
had littl e effec t excep t t o enhanc e subjectiv e
increases i n elation, energy, and alertness. Sig-
nificant improvement s i n performanc e o f
CANTAB tests o f self-ordered spatia l working
memory an d plannin g function s wer e pro-
duced b y a  similar ora l dos e o f the dru g (El -
liott e t al . 1997) . Thes e improvement s wer e
limited mainl y to th e firs t tes t sessio n an d so
were no t correlated wit h changes in subjective
arousal which occurre d o n both tes t sessions .
Indeed, whe n take n o n a  secon d session , th e
drug sometime s increase d th e spee d o f re -
sponding on certain test s a t the expens e of re-
duced accuracy . Also evident was an enhanced
retrieval o f certai n aspect s o f performance, a
finding consisten t wit h othe r dat a (Evan s e t
al., 1986) . A  more recent stud y (Rogers et al. ,
1999a) has shown that use of methylphenidat e
in human s (a t th e sam e dosag e a s tha t em -
ployed b y Elliot t e t al. ) can improv e perfor -
mance o n a n extradimensiona l se t shif t task ,
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similar t o th e on e employe d i n a  stud y wit h
monkeys b y Robert s e t al . (1994) , bu t a t th e
cost of slowing performance and increasing er-
rors in the contro l tes t o f intradimensional set
shifting. Thes e result s ar e importan t i n show-
ing that it is possible t o demonstrate improve -
ments i n norma l individual s treate d wit h
methylphenidate a s wel l a s i n patient s wit h
ADHD. However , consisten t wit h th e anima l
and clinica l dat a reviewe d above , othe r func -
tions ma y also show impairment. Thus, drug s
such as methylphenidate (an d presumably also
amphetamine) seem to place the subjec t in an
altered mod e of functioning that is optimal for
certain form s of performance, such as working
memory, memor y retrieval functions , an d re -
sponding t o previousl y irrelevant stimulu s di-
mensions, bu t a t the cos t o f other capacities ,
in a  way reminiscent o f the effect s o f manip-
ulations o f the PF C i n experimenta l animals .
The challenge now is to determine th e precis e
contribution o f DA itself to these effect s an d
to identify th e neura l loc i of the drug-tas k in-
teractions i n the intac t brain .

The mos t direc t mean s o f takin g u p thi s
challenge i s to study the effect s o f specific DA
agonists an d antagonist s o n huma n cognition ,
ideally incorporatin g a  functional imaging ap-
proach whereve r feasible . Unfortunately , the
lack o f suitably selective compound s tha t ca n
be administere d t o norma l human volunteer s
(e.g., withou t emeti c an d dyskineti c sid e ef -
fects) limite d i n thi s typ e o f study . Nonethe -
less, D2 antagonists have been given to normal
subjects and have been shown to generally im-
pair cognitiv e function . Th e impairment s ar e
not simpl y linked t o sedativ e actions , as , fo r
example, sulpiride produces relativel y little ef-
fect o n test s o f sustaine d attentio n an d asso -
ciative learnin g tha t ar e sensitiv e t o benzodi -
azepines suc h a s diazepa m (Meht a e t al. ,
1999). I n th e sam e study , however , sulpirid e
(400 m g p.o. ) di d produc e a  patter n o f im -
pairments tha t i s qualitativel y simila r t o tha t
seen i n Parkinson' s disease , includin g deficit s
in spatia l bu t no t visua l patter n recognitio n
memory, plannin g performance , an d atten -
tional se t shifting—agai n reflectin g capacitie s
mediated b y fronto striata l systems.

The greate r predominanc e o f D 2 recepto r
binding i n striata l a s distinc t fro m cortica l

regions actuall y implicate s th e striatu m a s a
probable sit e o f actio n o f man y o f thes e ef -
fects. Thi s i s consistent wit h evidenc e o f cor-
relations betwee n D A D2 receptor binding in
both norma l volunteer s an d neurologica l pa -
tients. Fo r example , Volko w e t al . (1998 )
found severa l significan t correlations betwee n
performance measure s (o n tasks administered
outside th e scanner ) and indices o f D2 recep-
tor bindin g usin g [ nC] raclopride . Althoug h
these wer e greates t fo r moto r task s suc h a s
finger tapping , significan t correlation s wer e
also found fo r measures of cognitive function ,
including performanc e o n Raven' s Matrice s
and th e Stroo p an d WCS T test s (categorie s
attained measure) , eve n afte r correctin g fo r
the considerabl e declin e i n D2 receptor bind-
ing tha t occur s wit h norma l aging . Addition -
ally, Lawrenc e e t al . (1998) foun d tha t severa l
aspects o f performanc e o n spatia l workin g
memory an d plannin g task s exhibite d signifi -
cant correlations with indices o f striatal D2 re-
ceptor binding in patient s a t various stages of
Huntington's disease . A n excitin g prospec t
would be t o attemp t t o confir m suc h findings
using functiona l imagin g paradigm s t o effec t
DA recepto r displacement—i n othe r words ,
to directl y relat e D A release t o cognitive per -
formance i n consciou s huma n subjects . Some
progress i n attainin g thi s goa l has been mad e
in wha t promise s t o b e a  semina l stud y b y
Koepp e t al . (1998) . The y wer e abl e t o sho w
that performanc e i n a  motivating video gam e
could be used to reduce binding of raclopride
to D A receptors i n th e regio n o f the ventra l
striatum, presumabl y becaus e o f striata l D A
release engendere d by the task . While the na-
ture o f th e cognitiv e operation s engage d b y
this task within the striatum could not be iden-
tified fro m thi s study alone, it nevertheless df -
fers considerabl e promis e fo r makin g futur e
advances i n thi s area , particularl y i f use d i n
combination wit h th e othe r approache s w e
have surveyed .

Most impressiv e o f al l would b e th e dem -
onstration o f significan t facilitatio n in aspect s
of cognitiv e functio n followin g administratio n
of specific DA receptor agonists. For the most
part, i t has only proven feasibl e to asses s per-
formance—altering effect s o f D2 agent s such
as bromocriptin e or , alternatively , o f mixe d
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D1-D2 agent s suc h as apomorphine and per -
golide. Eve n thoug h onl y a  fe w studie s hav e
emerged s o far , significan t improvement s i n
some aspect s o f cognitiv e performanc e hav e
been see n i n mos t of these. On e exceptio n i s
that o f Grasby et al . (1992) , who showed tha t
apomorphine ( 5 an d 1 0 u g s.c. ) impaire d
learning o f a n auditory-verba l wor d lis t i n a
PET-scanning paradigm , an d tha t thes e ef -
fects were relate d to  its effects to  reduce PFC
rCBF.

By contrast , improvement s i n cognitiv e
function hav e mainly been observe d i n visuo-
spatial workin g memor y tasks . Lucian a e t al .
(1992) wer e th e firs t t o demonstrat e tha t
bromocriptine (2. 5 mg p.o.) enhance d th e ac -
curacy o f performanc e i n a  spatia l delayed -
response task for humans. Luciana and Collins
(1998) extende d th e resul t t o sho w improve -
ment o f memor y fo r spatia l bu t no t objec t
cues a t a  lowe r dos e o f bromocriptin e (1.2 5
mg). Mulle r e t al . (1998 ) usin g a  rathe r dif -
ferent delayed matchin g working memory task
in which subject s had to match the locatio n of
a complex visual pattern within a spatial fram e
of reference, failed to find significant improve-
ment with bromocriptine (2. 5 mg). They were
able, however , to demonstrate significan t ben -
efits o f the mixe d DA agonist pergolide, whic h
they attribute d t o it s D l recepto r agonis t
properties. Furthe r light has been shed on the
possible variable s controllin g thes e effect s
through findings of Kimberg et al . (1997) tha t
the effec t o f bromocriptin e i n norma l young
adults depende d o n thei r baselin e workin g
memory capacity . Afte r receivin g 2. 5 m g o f
bromocriptine, high-capacit y subject s per -
formed mor e poorl y o n a  rang e o f executiv e
and workin g memor y tasks , wherea s low -
capacity subject s performe d bette r afte r th e
same dosage. This finding is reminiscent of the
inverted U-shape d Yerkes-Dodson—like func -
tions already shown earlier t o be important for
influencing th e effect s o f dopaminergi c ma -
nipulations, although Kimberg et al. (1997) ac-
tually invok e mor e computationall y rigorou s
applications o f the sigmoi d activation functio n
(Servan-Schreiber et al. , 1990) .

Kimberg e t al . thus faile d t o replicat e Lu -
ciana et al.'s (1992) effects with a task that was
slightly differen t fro m tha t use d b y them , i n

its inclusio n o f a  centra l distracto r condition .
While Kimberg et al . suggest that the discrep -
ancy between thei r result s an d those o f Luci-
ana et al . might reflect differences in the base-
line workin g memor y capacitie s o f thei r
subject samples , another plausibl e explanation
is tha t th e les s comple x visuospatia l for m o f
the memor y task, requirin g memor y fo r only
the locatio n o f a  simpl e stimulu s a t a  singl e
spatial location , ma y be mor e sensitiv e to im-
provement tha n th e mor e comple x form s o f
this task . Meht a e t al . (unpublishe d results ,
see Meht a e t al. , 2001 ) hav e show n tha t a
lower dos e o f bromocriptin e (1.2 5 mg ) im -
proves performanc e o f th e CANTA B spatia l
span task but no t its self-ordered spatia l work-
ing memory equivalent .

Evidently, th e effect s o f dopaminergi c
agents suc h a s bromocriptine ar e quit e wea k
and subtle , dependin g o n bot h th e natur e o f
the tas k unde r stud y a s wel l a s th e baselin e
capacities o f normal individuals. Nevertheless,
the dat a ar e excitin g in tha t the y hel p t o re -
move th e prospec t o f "cognitive-enhancing "
drugs for normal individuals from th e real m of
science fiction . I t alread y seem s quit e clear ,
however, that enhancemen t i s only likely to be
achieved i n certai n situation s an d onl y a t th e
possible cos t o f inefficiency i n other domains.
The apparen t susceptibilit y o f individuals low
in baselin e workin g memor y capacit y t o
cognition-enhancing effect s o f bromocriptin e
may b e a  usefu l porten t fo r th e us e o f D 2
agonists in clinica l applications.

In summary , altered D A likel y contribute s
to many PFC disorders , includin g PD, schizo -
phrenia, and ADHD. However, the absence of
Dl agonist s fo r huma n us e ha s greatl y hin -
dered th e developmen t o f D A therapie s fo r
these patients . Dat a fro m norma l volunteer s
suggest tha t D A mechanisms likely exhibit an
inverted U  dose-response curv e i n humans ,
just a s in animals.

NOREPINEPHRINE

Most researc h o n N E mechanism s an d PF C
function i n human s ha s focuse d o n CC 2 com -
pounds, as agonists at the ar and (3-adrenergic
receptor generall y d o no t cros s th e blood -
brain barrier,  and  the  few  that do  are  usually
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not approve d fo r huma n use . Unti l recently ,
most o f th e huma n researc h ha s focuse d o n
the OC 2 agonis t clonidine , a  suboptima l dru g
because o f it s poten t inhibitio n o f L C firing ,
prominent side-effec t profile, an d high affinit y
for imidazolin e II receptors. Clonidin e usually
has mixed effects o n PFC function s in healthy
young adults , presumably because o f compet-
ing pre- vs . postsynaptic effect s an d dos e lim-
itations from sedativ e an d hypotensive side ef-
fects (Coull , 1994 ; Jalcal a e t al. , 1999a) .
However, the mor e selective (X 2A agonist guan-
facine ha s recentl y bee n show n t o improv e
working memory , planning , an d paired -
associates learnin g task s i n health y youn g
adults (Jakal a et al. , 1999a , 1999b) .

CC2 Agonist s hav e als o bee n show n t o im -
prove performance o f PFC tasks , but no t non-
PFC tasks , in patients wit h PF C dysfunction .
For example, clonidine improved performance
of memory recall and the Stroo p Interferenc e
Task in patients with Korsakoff s amnesia, and
was mos t effectiv e i n thos e wit h th e greates t
signs o f N E los s (Mai r &  McEntree , 1986) .
Clonidine ha s als o bee n show n t o improv e
memory recal l an d performanc e o f the Trail s
B Task in schizophrenic patient s (Field s et al.,
1988). One recen t stud y has shown that clon -
idine ca n eve n improv e workin g memor y in
patients wit h Alzheimer' s diseas e (Riekkine n
& Riekkinen, 1999), althoug h previous studie s
have no t show n benefi t (Moh r et al. , 1989) .
Interestingly, th e cc 2 antagonis t idazoxa n ha s
also bee n show n t o enhanc e performanc e o f
PFC task s i n patient s wit h fronta l lob e de -
mentia (Coul l e t al. , 1996) . Monke y studie s
suggest tha t lo w dose s o f (X 2 antagonist s ca n
improve PF C functio n b y preferentiall y in -
creasing N E releas e an d enhancin g endoge -
nous stimulatio n o f pos t synapti c OC 2 recep -
tors (Arnste n &  Cai , 1993) . However , i t i s
not know n i f idazoxan improves performanc e
in demente d patient s throug h thi s sam e
mechanism.

Much research wit h CX 2 agonists has focused
on patient s wit h ADHD , a  disorde r wit h
prominent PF C dysfunction . Earl y studie s
demonstrated tha t clonidin e ca n improv e
symptoms o f ADHD (Hun t e l al. , 1985) , bu t
serious hypotensiv e an d sedativ e sid e effect s
have limite d it s use . Curren t studie s hav e

turned to the mor e selective (X 2A agonist, guan-
facine. Guanfacin e ha s bee n show n to b e ef -
fective i n three open-labe l trial s (Chappel l e t
al., 1995 ; Horriga n &  Barnhill, 1995 ; Hun t e t
al., 1995 ) an d no w in tw o placebo-controlle d
trials a s wel l (i n th e tria l i n ADH D adults,
guanfacine with dexedrine produced favorable
results) [Taylo r & Russo, 2000]; in the tria l in
ADHD children with tics, guanfacine reduced
tics an d ADH D symptom s [Scahil l e t al. ,
2001]). I n additio n t o havin g therapeuti c ef -
fects o n standard rating  scales, guanfacine has
been show n t o improv e performanc e o f PF C
tasks suc h a s th e Stroo p Interferenc e Tas k
(Taylor &  Russo , 2000; guanfacin e was supe -
rior t o dexedrine ) an d th e Connor s Continu -
ous Performanc e Tas k (CPT ) whic h assesse s
vigilance, working memory, and behavioral in-
hibition (Scahil l et al. , 2001) . Thes e finding s
are consisten t wit h clinica l report s tha t guan -
facine reduce s impulsivity , a  sign of improved
PFC function . The importanc e o f OC 2 mecha -
nisms to PFC functio n may also be relevant to
the recen t findin g tha t polymorphism s i n a2

receptors ma y be linke d wit h ADH D symp -
toms (Coming s et al. , 1999) . A s mutations i n
the (X 2A receptor impair PFC functio n in mice
(Franowicz e t al. , 1998) , simila r alterations i n
humans ma y induce PF C deficit s tha t resem -
ble ADHD.

Imaging Studies o f Noradrenergic Functio n
in Humans

Imaging studie s i n human s generally suppor t
findings fro m anima l research . Studie s usin g
low dose s o f clonidin e i n norma l adult s gen -
erally show a picture of impaired attention and
emerging sedatio n associate d wit h imagin g
changes i n thalamu s (Coul l e t al. , 1997 ) an d
parietal cortex . Thes e finding s ar e consisten t
with an older study showing that clonidine im-
paired attentiona l orientin g (Clar k e t al. ,
1987), a  function dependen t o n parieta l lob e
function (Posne r e t al. , 1984) . Thes e finding s
reinforce th e notio n tha t posterio r corte x and
most subcortical structures ar e impaire d by (X 2

receptor stimulation . However, a different pic-
ture emerge s whe n highe r dose s o f clonidin e
are give n to patient s wit h presumed N E loss ,
or when guanfacine is used. Fo r example , ad-
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ministration o f highe r dose s o f clonidin e t o
Korsakoffs patient s increase d rCB F in fronta l
lobe, an d th e increase d bloo d flow in the lef t
PFC correlate d wit h improve d verbal fluency
performance (Moffoo t e t al. , 1994) . A  mor e
sophisticated analysi s also suggests tha t cloni -
dine can have important modulatory effects on
higher cortica l function . Clonidin e has  bee n
shown t o increas e th e effectiv e connectivit y
between th e LC , parieta l cortex , an d PF C
during a n attentiona l task , whil e decreasin g
connectivity durin g res t (Coul l e t al. , 1999) .
More recently , guanfacin e has been show n to
increase rCB F i n th e fronta l lob e o f health y
adults a s measure d b y PE T imagin g (Swart z
et al. , 2000) . Thes e studie s reinforc e the ide a
that (X 2 recepto r stimulatio n often impair s th e
functioning of most brain regions, and that the
PFC i s exceptiona l i n it s beneficia l influence
from OC 2A receptor stimulation .

In summary , research i n patient s an d nor -
mal volunteers support s th e finding that stim-
ulation o f OC 2A receptor s improve s PF C func -
tions i n human s a s wel l a s i n animals . Th e
powerful, sedating , an d presynapti c effect s o f
clonidine hav e sometimes obscure d thi s view,
but mor e recen t studie s with guanfacine have
been mor e successful .

SEROTONIN

There ar e severa l method s availabl e fo r ma -
nipulating 5HT functio n i n humans , but pin -
pointing effect s o n PF C functio n necessaril y
depends o n indirec t inference s mad e eithe r
concerning effect s o n cognitive tasks known to
be sensitiv e t o PF C damag e o r fro m interac -
tions with regiona l blood flow within the PF C
using functional imagin g paradigms. As an ex-
ample o f th e latte r approach , Grasb y e t al .
(1992) hav e show n tha t buspirone , a  rathe r
nonspecific 5HT1 A agonist , impair s verba l
learning in a  functional neuroimagin g context,
the defici t correlating , however , with changes
in rCBF in the posterior neocortex rather than
the PFC , eve n thoug h change s i n blood flow
were observe d i n areas o f the PFC , tha t wer e
associated with thi s learning task.

As an example of the forme r approach , em -
ploying sensitive tests of PFC dysfunction, Lu-
ciana e t al . (1998 ) showe d tha t th e indirec t

5HT agonis t fenfluramin e (6 0 mg , p.o. ) im -
paired delaye d visuospatia l memor y perfor -
mance selectively at longer delays , in contrast
to the mil d beneficial effect s o f the D 2 agonist
bromocriptine reviewe d above . Thes e effect s
were no t simply due to sedative effect s reduc -
ing arousa l levels, bu t ma y have been du e t o
actions on 5HT receptors at non-PFC regions .
These result s o f Luciana e t al . were extende d
by a study of effects o f fenfluramine (Cayced o
et al. , 1994) , i n which 30 mg of the dru g dis -
rupted executiv e function s suc h a s thos e
tapped b y the Stroo p Test an d verbal fluency,
while no t affectin g performanc e on tests with
less executive loading, such as list learning and
recognition memory.

We have employe d anothe r metho d t o ma -
nipulate centra l 5HT rathe r more globally, via
the tryptophan depletion technique . B y giving
food-deprived human s or rat s a  diet deficien t
in the amin o acid tryptophan, i t is possible t o
produce a  transien t centra l depletio n o f th e
indoleamine 5H T an d presumabl y deficien t
serotoninergic activity , because tryptopha n i s
a necessar y precurso r o f 5H T synthesize d in
the brai n (Youn g et al. , 1985) .

Our initial study of the effect s o f tryptophan
depletion o n cognitiv e functio n i n human s
found tha t ther e wa s rathe r littl e effec t o n
many test s sensitiv e t o fronta l lob e dysfunc -
tion. For example , performance on the Towe r
of Londo n Tes t o f plannin g an d self-ordere d
spatial working memory were both unaffecte d
(Park e t al. , 1994 ) i n marke d contras t t o th e
effects o f sulpiride and methylphenidate , and
the noradrenergi c agent s clonidin e an d ida -
zoxan (Middleton et al. , 1999). Learning of the
paired-associates tas k wa s retarded , a n inter -
esting paralle l t o th e effect s see n o n verba l
learning b y Grasb y e t al . (1992) . Th e paire d
associates learnin g defici t ma y have been du e
to actions of 5HT in posterior cortica l memory
circuits, fo r example , i n th e parieta l o r tem -
poral lobe , althoug h th e tas k is also sensitive
to fronta l cortica l damag e (Owe n e t al. ,
1995b).

The lo w tryptopha n treatmen t di d impai r
performance o n the CANTA B attentional set -
shifting paradigm , althoug h th e effect s wer e
more eviden t a t the extradimensiona l reversa l
stage tha n durin g th e extradimensiona l shif t
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condition, whic h immediately precedes it . Re-
versal learnin g i s anothe r exampl e o f shif t
learning in which the discriminative stimul i re-
main the same , but identit y o f the reinforce d
stimulus (o r "object" ) i s switched . Thus , th e
subject ha s to desis t respondin g t o the previ -
ously reinforce d stimulu s and begi n respond -
ing to th e previousl y non-reinforced stimulus
in order t o gain reward. Th e capacity to show
reversal ca n b e divide d int o tw o mai n com -
ponents: th e abilit y t o inhibi t respondin g t o
the previousl y reinforce d stimulus , an d th e
ability t o lear n whic h stimulu s i s no w re -
warded. Marmoset s with lesions of the latera l
and orbitofronta l corte x exhibi t differentia l
impairments on reversal learning as compared
with extradimensiona l shif t learning . Animal s
with latera l lesion s ar e impaire d i n the extra -
dimensional shift-learnin g task, whereas thos e
with th e orbitofronta l lesion s ar e impaire d
specifically a t eithe r simpl e o r extradimen -
sional reversa l learnin g (Dia s e t al. , 1996a) .
This resul t ca n b e characterize d a s a  doubl e
dissociation o f effects of prefrontal lesion s o n
two form s o f shif t learning : shif t learnin g a t
the level of single stimuli or objects, and learn-
ing a t th e mor e abstrac t leve l o f entire stim -
ulus dimensions . Given the stron g anatomical
connections o f th e orbitofronta l corte x wit h
limbic structures such as the anterior cingulate
and the amygdala , i t is perhaps no t surprisin g
that th e orbitofronta l lesion should impair the
specific stimulus-rewar d learning required in
reversal. Furthe r evidenc e fo r a  specifi c rol e
of the orbitofronta l cortex in reversal learning
comes fro m huma n studies (Roll s et al. , 1994 ;
Rahman et al. , 1999). Consequently, it appears
that ther e ma y b e functiona l commonalitie s
between th e effect s o f orbitofronta l lesion s
and procedure s affectin g 5H T functio n i n
humans.

To tes t furthe r th e hypothesi s tha t reduc -
tions in central 5HT may selectively impair re-
versal learning, Rogers et al . (1999a) used th e
same three-dimensiona l discriminatio n learn -
ing and shifting paradigm a s that employed t o
test th e effect s o f methylphenidat e (se e
above). Thi s mor e difficul t for m o f th e two -
dimensional versio n o f the tas k was expecte d
to lea d t o mor e clear-cu t findings than thos e
apparent in the Park et al. (1994) study, where

effects appeare d t o b e limite d largel y t o th e
first session in a crossover design. Significantly ,
the result s of Park et al. (1994) were extended
and confirmed , reversal learnin g being muc h
more impaire d tha n nonreversa l learnin g a t
several of the stage s of the tas k in contras t t o
the effect s o f bot h methylphenidat e (de -
scribed above ) an d clonidin e (Roger s e t al. ,
1999a).

To test the hypothesi s tha t 5HT manipula -
tion migh t affec t function s controlle d b y th e
orbitofrontal corte x t o a  greate r exten t tha n
those o f the dorsolatera l PFC , w e have .com-
pared th e effect s o f th e catecholaminergi c
agent methylphenidat e wit h thos e o f trypto -
phan depletio n o n performanc e i n anothe r
paradigm tha t we have show n t o be sensitiv e
to orbitofrontal dysfunction. This task is mod-
eled afte r th e "gamblin g task, " which i s sen-
sitive t o orbitofronta l damag e i n human s de -
scribed by Bechara et al . (1998) and describe d
in greate r detai l i n a  more recen t stud y (Rog-
ers et al., 1999b). Briefly , subjects are require d
to make probabilistic decision s an d then assign
proportions o f their previousl y earned rewar d
to thos e decisions . This decision-makin g tas k
is also sensitive to damage of the orbitofronta l
cortex, whethe r produce d b y lesions (Rogers
et al. , 1999b ) o r b y neurodegeneration (Rah -
man e t al. , 1999) . Importantly , in the presen t
context, tryptopha n depletio n produce d ef -
fects o n performanc e whic h mimicke d some
of thos e produce d b y orbitofronta l lesion s
(Rogers et al. , 1999b) . O n the othe r hand, the
same dos e (4 0 m g p.o. ) o f methylphenidat e
previously shown t o affec t man y of the othe r
tasks describe d abov e tha t depende d o n dor-
solateral PF C functionin g ha d n o effect s o n
the decision-makin g task (R.D. Rogers & T.W.
Robbins, unpublished findings). Given the rel-
ative lack of effect o f tryptophan depletion o n
performance o n the self-ordere d spatia l work-
ing memor y tas k an d th e Towe r o f Londo n
planning task , i n relatio n t o it s significan t ef -
fects o n reversa l learnin g an d th e decision -
making task, and the opposit e effect s o n these
of th e indirectl y acting catecholaminergic ag -
onist methylphenidate, we appear to have pro-
vided evidence fo r a double dissociatio n of ef-
fects o n task s controlle d b y differen t sector s
of th e PFC . Thes e finding s confir m th e sug -
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gestion mad e abov e tha t operation s requirin g
different region s o f th e PF C ma y be modu -
lated optimally by different degrees of activity
of th e ascendin g monoaminergi c an d cholin -
ergic systems.

In summary , 5H T appear s t o modulat e
functions controlle d b y th e orbitofronta l cor -
tex t o a  greater exten t tha n those  o f the dor -
solateral PFC . Thi s findin g ma y explai n th e
importance of 5HT in depression (se e Chapter
24).

ACETYLCHOLINE

Despite intens e interes t i n th e possibl e ther -
apeutic efficac y o f cholinergi c agent s i n de -
mentia, ther e ha s agai n bee n relativel y littl e
evidence o f specifi c effect s o n task s that spe -
cifically engag e fronta l function s i n humans ,
especially whe n th e sedativ e effect s o f drug s
such a s scopolamin e ar e take n int o account .
Some capacitie s suc h a s verba l fluenc y ma y
even be relatively unscathed a t doses affectin g
many othe r form s o f memor y an d learnin g
functions (Beatt y et al. , 1986) . On e importan t
approach ha s been to examine the relationship
between cholinergi c dru g treatment s an d
changes i n rCB F i n th e contex t o f functiona l
neuroimaging. In one such study (Furey et al. ,
2000), improvement s i n th e spee d o f recog -
nizing face s wer e accompanie d b y significan t
task-related reductions in rCBF in the dorso -
lateral PF C followin g physostigmine  (whic h
prolongs the presenc e o f ACh in the synapti c
cleft) while increasing activity in posterior cor-
tical region s suc h a s th e extrastriat e cortex .
Furey e t al . (2000 ) interpre t thei r findings a s
demonstrating tha t AC h can reduce th e bur -
den o n working memory by increasing the vi-
sual encoding of the faces . Thi s interpretatio n
is compatibl e wit h th e findin g tha t nicotin e
improves performance on a  rapid visua l infor-
mation processin g tes t o f sustaine d attentio n
that ha s a  workin g memor y component  (Sa -
hakian e t al. , 1989) . Ho w the result s of Fure y
et al . (2000 ) can b e reconcile d wit h th e evi -
dence reviewed above in experimental animal s
that appear s t o sho w direc t modulatio n o f
function b y manipulation s restricte d t o th e
PFC i s not ye t clear . However , the paralle l of

the results of Furey et al . (2000) with the ben-
eficial effect s o n accurac y o f th e catechola -
mine indirect agonist methylphenidate o n per-
formance o f a  self-ordere d spatia l working
memory task , als o bein g associate d wit h re -
ductions in blood flow in the dorsolatera l PFC
(Mehta e t al. , 2000) , i s theoretically interest -
ing, a s it suggest s that thes e differen t system s
may be actin g on qualitatively distinct aspect s
of mnemoni c processin g withi n th e PFC . A
definitive compariso n o f effect s o f thes e tw o
drugs, usin g th e sam e memor y task , i s no w
required. Overall , furthe r characterizatio n o f
the modulatio n o f th e cognitiv e function s of
the PF C b y cholinergi c mechanism s i s cer -
tainly warranted.

In summary , although scopolamine and Al-
zheimer's diseas e hav e dramati c effect s o n
learning an d memory , the relevanc e o f thes e
findings to specific , cholinergi c mechanisms in
PFC i s no t known . This remain s a n are a fo r
future investigation .

COMPARISON TO OTHER BRAIN
REGIONS

Our emergin g pictur e suggest s tha t th e PF C
may be modulate d differently than other than
brain regions. The PFC may be more sensitive
to the detrimenta l effect s o f DA Dl recepto r
stimulation tha n area s suc h a s the amygdala ,
but this idea remains to be tested within a  sin-
gle lab . Unlik e fo r DA , we wer e abl e t o ob -
serve qualitativ e difference s in the manne r in
which N E regulate s PF C a s opposed t o pos -
terior cortica l function s (reviewed in Arnsten,
2000b). As illustrated in Figure 4-4 , N E reg -
ulation o f the PF C i s "upside dow n an d back-
wards" fro m muc h o f th e res t o f th e brain .
Thus, N E stimulatio n o f a 2 receptor s en -
hances PF C function s bu t impair s many pos-
terior cortica l functions , whil e stimulatio n of
OCj and/o r ( 3 receptors enhance s posterior cor -
tical function s bu t impair s or has no effec t o n
PFC function . As N E ha s highe r affinit y fo r
a2 tha n o ^ o r ( 3 receptors (se e above) , lower
levels o f NE releas e durin g nonstresse d con -
ditions may preferentially engage (X 2 receptor s
and facilitat e PF C regulatio n o f behavior ,
while hig h level s o f N E releas e durin g stress
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may engag e 0 ^ an d ( 3 receptors, takin g th e
PFC "off-line " bu t providing areas such as the
amygdala, hippocampus , sensory/moto r corti -
ces, and cerebellum with a more optimal neu-
rochemical environment . Thi s ma y have sur -
vival value, allowing more habitual or reflexiv e
mechanisms t o contro l behavio r durin g dan -
gerous conditions . However , thi s differentia l
neurochemical regulatio n ma y rende r th e
PFC particularl y vulnerable t o dysfunction in
our dail y lives , an d i n a  wide variet y o f neu -
ropsychiatric disorders.

TREATMENT OF NEUROPSYCHIATRIC
AND NEUROLOGICAL DISORDERS

A critical goal of current research is to develop
superior pharmacologica l treatment s fo r pa -
tients wit h PF C dysfunction . A s describe d
above, catecholaminergic agents such as meth-
ylphenidate an d guanfacin e are alread y being
used successfully fo r disorders such as ADHD
with prominen t PF C impairment s ye t intac t
PFC neurons . Thes e agent s ar e abl e t o
strengthen PF C function and thus intelligently
inhibit inappropriat e behavior s and thoughts .
The atypica l antipsychotics ma y also optimize
the neurochemical environment in the PFC in
schizophrenic patients, fo r example, by reduc-
ing detrimenta l D A D 4 an d N E c ^ recepto r
actions. Similarly , lithiu m an d valproi c aci d
may normaliz e th e intracellula r environmen t
of PFC neuron s in manic patients by reducing
harmful protei n kinas e C  actions . I n depres -
sion i t i s conceivable tha t som e o f the thera -
peutic benefi t of medication wit h antidepres -
sant drugs is mediated b y effects o n serotonin
function i n ventromedial PF C structure s (se e
Chapter 24) . However, i t remains to be deter -
mined whether these agent s can be helpful in
patients wit h lesion s o f th e PF C itself ,
whether the lesions are due to stroke, tumors,
traumatic brain injury, o r degenerative diseas e
such a s Alzheimer' s disease . Fo r example ,
monkey studies indicat e tha t guanfacin e loses
efficacy whe n th e PF C i s lesioned (Arnsten &
van Dyck , 1997) , an d (X 2 agonist s do no t ap -
pear to be helpfu l i n treatment o f Alzheimer's
disease (Moh r et al. , 1989 ) (althoug h specifi c

studies o f PF C function s d o fin d som e im -
provement [Riekkine n & Riekkinen, 1999]). It
may be tha t extensiv e PFC lesion s leave little
substrate fo r these drugs to work on. There is
some evidence tha t cholinergic agents can im-
prove some aspects o f frontal lob e function i n
patients wit h Alzheimer' s disease . Fo r exam -
ple, improvement s i n performanc e o f atten-
tional tasks that depend in part o n PFC func -
tion have been found following treatment with
the AChesteras e inhibito r tacrin e a s wel l a s
nicotine (se e Sahakia n &  Coull , 1994 , fo r a
review). However , a s th e degeneratio n pro -
gresses, the benefi t of these compound s is of-
ten outweighe d b y the devastatio n o f the dis -
ease. I n case s o f profoun d fronta l lob e
damage, alternative and less optimal strategies
must be employed , e.g. , restricting behaviora l
output throug h blockade o f striatal D2 recep -
tors with neuroleptic medication s o r blocking
posterior cortica l | 3 receptors with compounds
such a s propranolol . Althoug h thes e com -
pounds cannot inhibit and guide behavior with
the intelligenc e o f the PFC , the y may provide
a critical , i f nonspecific , brake o n subcortica l
and posterior cortica l mechanisms.

FUTURE DIRECTIONS

The mai n theoretical notion s advance d in this
chapter ar e tha t th e modulatio n o f cognitive
functions depending on the PFC by chemically
defined ascendin g pathway s o f th e reticula r
core o f th e brai n ar e quit e specific , bein g
determined b y (1) the natur e o f the cognitiv e
task, th e operation s i t requires , an d thu s th e
regions o f th e PF C implicate d i n thos e op -
erations, and (2) the particular system involved
(i.e., DA , NE , 5HT , o r ACh ) an d th e leve l
of activity within that system, both on baseline
and i n respons e t o demand s o f th e interna l
and externa l environmen t (i.e. , stress) . It ca n
also b e inferre d (3 ) that th e precis e circum -
stances evokin g changes i n activit y within th e
different neurotransmitte r system s ma y wel l
be distinct , providin g som e further specificity
of function for these classical "arousal" systems.

An importan t futur e directio n wil l als o b e
to defin e mor e precis e role s fo r differen t re -
ceptors an d thei r subtype s i n cognitiv e func -
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tion. Much progress has already been made on
this front , a s show n fro m th e wor k reviewe d
for th e N E an d DA systems, but furthe r anal-
ysis, fo r example , of the functiona l rol e o f th e
D4 recepto r i n th e prefronta l cortex , ma y
prove t o be important . Thi s ma y be th e cas e
especially for the 5HT systems with their mul-
tiple receptors . I t seem s likel y tha t differen t
5HT receptors , perhap s becaus e o f thei r
sometimes quit e specifi c anatomical distribu -
tions, will have distinct effects o n different as-
pects o f cognitiv e function . Fo r example , a
study by Gomez et al . (1995) reported tha t the
5HT-1A agonis t buspiron e produce d deficit s
on test s o f verba l learning , which , fro m th e
results of Grasby et al . (1992) reviewed above ,
might b e associate d wit h action s i n th e pos -
terior neocortex . However , performanc e was
enhanced b y buspirone o n the classica l fronta l
lobe tes t o f verbal fluency , possibl y resultin g
from a  release o f fronta l functio n fro m inhib -
itory action s o f th e dorsa l raph e vi a somato -
dendrititic 5HT-1A receptors. This intriguin g
dissociation show s again, as we have seen fro m
the neuromodulator y effect s o f othe r neuro -
transmitters, tha t cognitive function is not nec -
essarily affecte d i n a  globa l manne r b y drugs
affecting thes e systems , with evidence o f con-
siderable functiona l specificit y a t th e leve l o f
the receptor . I t remain s t o b e see n whethe r
this wil l hold fo r the 5HT2 A receptor , whic h
is particularl y implicate d i n cortical , possibl y
even anterio r cortical , functioning . For exam-
ple, th e 5HT2 A agonis t psilocybi n produce s
marked cognitiv e impairments , a s wel l a s
some hallucinogenic  activity , whe n adminis -
tered t o huma n volunteer s (Hermi e e t al. ,
1993); the precise nature of these deficits now
warrants furthe r analysis.

In this chapter we have reviewed suggestiv e
evidence of a preferential 5HT-ergi c (and pos-
sibly als o cholinergic ) modulatio n o f orbito -
frontal functio n an d catecholaminergi c mod -
ulation o f dorsolateral PFC function. Although
there are no very clear differences in the man-
ner o f innervation of these regions o f the PF C
by the monoamine systems or in their dynamic
modes of operation (Goldman-Rakic , 1999) , i t
is possibl e tha t som e quantitativ e variation ,
e.g., i n the densit y o f catecholamine innerva -
tion (Lewi s e t al. , 1988 ; Sesac k e t al. , 1989 ;

Lewis, 1990) , a s well a s in th e feedbac k pro -
jections of the PF C t o cells of origin (e.g. , or-
bitofrontal corte x to nucleus basalis [Mesulam,
1995]), wil l prove t o b e o f functiona l signifi -
cance. Th e functiona l consideration s de -
scribed abov e ma y thus be a  stimulus for fur-
ther neurobiologica l investigation s o f thes e
important issues . Consequently , i t is most un -
likely that ther e wil l be qualitativel y sharp di-
visions i n th e type s o f functio n modulate d b y
these systems. Nevertheless , i t is possible tha t
the quantitative , differentia l influence s will be
significant, no t onl y for understanding normal
functioning bu t als o i n th e stud y o f psycho -
pathology. Thi s ma y b e tru e i n a  variet y o f
clinical contexts , rangin g fro m th e treatmen t
of depressio n (se e Chapte r 24) , ADHD (So -
lanto e t al. , 2000) , schizophrenia , acut e brai n
damage, an d neurodegenerativ e disorder s
such a s Parkinson' s diseas e an d fronta l lob e
dementia.

For th e stud y of both norma l cognition and
psychopathology, i t wil l b e necessar y t o tes t
these hypothese s b y conducting carefu l stud -
ies in which cognitive paradigms are combined
in pharmacological an d neuroimaging context s
in human s an d b y relatin g directl y thes e re -
sults to those obtaine d fro m th e mor e specifi c
methods availabl e fo r studyin g PF C functio n
in experimenta l animals. It wil l also be essen -
tial t o compar e rathe r carefull y th e precis e
conditions unde r whic h thes e neurotransmit -
ter system s are regulate d i n respons e t o en -
vironmental demands s o that thei r hypotheti -
cally separabl e function s ca n b e discerne d
more clearly .
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Functional Architecture of the Dorsolateral
Prefrontal Cortex in Monkeys and Humans
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Working memor y i s a  centra l concep t i n th e
cognitive science s an d toda y amon g the mos t
actively studied subject s in cognitiv e psychol-
ogy and human imaging. The history and rich-
ness of this concept hav e been elaborate d an d
comprehensively reviewe d i n a voluminous ex-
perimental literatur e (Baddeley , 1986; Jus t &
Carpenter, 1992 ; Miyak e & Shah, 1999) . Th e
focus o f cognitiv e psychologist s ha s naturall y
been o n psychological process rathe r tha n on
brain mechanisms , althoug h no t withou t
awareness that psychologica l process could be
mapped ont o brai n systems , an d indeed , as -
sumptions in the psychologica l literature have
often been made abou t th e cortical or subcor-
tical localization of these systems. A major psy-
chological distinctio n i n the workin g memory
literature i s tha t betwee n th e storag e an d
processing component s o f workin g memory .
Baddeley's mode l o f working memory in par-
ticular distinguishe s betwee n slav e system s
(the articulator y loop an d visuospatial sketch -
pad) wit h stron g storage/rehearsa l function s
and the centra l executive , a high-level centra l
processor wit h similaritie s t o th e supervisor y
attentional system of Shallice (1982 ; 1988) .

It is often assume d that the distinc t psycho-
logical processe s o f onlin e storag e an d func -
tion ar e carrie d ou t i n differen t area s o f ce -
rebral cortex . Som e model s allocat e thes e

distinct processe s t o posterio r parieta l an d
prefrontal cortica l area s o f the prefronta l cor -
tex (e.g. , Courtne y e t al. , 1997 ; Smit h & Jon-
ides, 1997 ; 1999) , respectively , whil e other s
have suggested segregatio n o f these function s
in different cytoarchitectonic areas of the pre -
frontal corte x (e.g. , Petrides , 1994 ; Owen ,
1997). An alternative hypothesi s i s that storag e
and processin g ar e integrall y relate d an d de -
pendent o n the sam e neuronal infrastructure.
Additionally, o n th e basi s o f dat a fro m neu -
ropsychological studie s an d i n par t fro m ana -
tomical an d electrophysiologica l research , w e
have propose d tha t th e prefronta l corte x i s
topographically organize d int o informationally
constrained domains , each o f which is a node
in a wider network of sensory, motor, and lim-
bic area s (Goldman-Raki c &  Schwartz , 1982 ;
Selemon &  Goldman-Rakic , 1985 , 1988 ; Ca -
vada & Goldman-Rakic, 1989). In thi s frame -
work, eac h domain-specifi c networ k ha s it s
own central processor with integrated storag e
and processing components. Over the past de-
cade, thes e proposition s hav e drive n health y
debate an d muc h research , receivin g suppor t
from som e investigation s (McCarth y e t al. ,
1994, 1996 ; Courtne y et al., 1996; 1997 ; Swee -
ney et al. , 1996 ; Leun g et al. , 2000) as well as
challenge fro m othe r cognitiv e neuroscienc e
and imagin g studie s (e.g. , Petride s e t al. ,
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1993a; 1993b ; Owe n e t al. , 1996 ; Rushwort h
et al. , 1997 ; D'Esposit o e t al. , 1999) .

Although it is unlikely that these fundamen-
tal issues can be easil y resolved, knowledge of
the functiona l architecture o f the cerebral cor-
tex at a cellular and circuit level can contribute
to the development o f a comprehensive theory
of huma n cognitio n an d consciousness . Here
we argu e tha t convergen t findings fro m neu -
rophysiology, neuroanatomy , an d functiona l
magnetic resonanc e imagin g (fMRI ) ar e es -
sential fo r a  comprehensiv e understandin g o f
the structur e of executive processes. In partic-
ular, th e dorsolatera l prefronta l corte x i n th e
nonhuman primat e ca n serv e a s a n unparal -
leled mode l syste m fo r studyin g visua l mem -
ory an d examinin g its properties . Analysi s of
one system in detail should help to address the
larger issue s o f domain specificity , the neura l
basis o f storage an d processin g functions , an d
plasticity within working memory.

CIRCUIT BASIS OF WORKING
MEMORY

The metho d o f single-cell recordin g i n awake
behaving monkeys as they perform behavioral
tasks is at present the mos t powerful approach
to understanding th e neura l basis of behavior.
In contrast to cellular analyses in vitro, e.g., in
slice preparations, th e i n vivo approach allows
direct correlatio n o f cellular activit y and spe -
cific processe s a s they ar e engage d b y behav-
ioral paradigms. In contrast to noninvasive im-
aging o f structure-functio n relationship s i n
the huma n o r anima l brain , th e spatia l reso -
lution o f single-unit recording i s on the orde r
of micron s an d tempora l resolutio n i s on th e
order o f microseconds . Furthermore , a s cel -
lular activit y i s coinciden t wit h psychologica l
events, inference s about th e dynami c basis of
information processin g ar e direct . Limitation s
of thi s approac h includ e th e inabilit y to une -
quivocally identify the cel l under investigation,
although th e localizatio n o f neurons to cytoar-
chitectonic area s an d cortica l layer s can , with
difficulty, b e determined . Neurophysiologica l
studies hav e not onl y given a dynamic view of
neural processin g "on-line " bu t hav e allowe d
investigators t o examin e fundamenta l issue s

about both norma l and experimentally altered
brain function . However , it should be patently
obvious tha t recordin g on e o r a  few cells a t a
time has been a  technical necessit y and in no
way should be take n to imply that an y behav-
ior i s dependen t o n a  singl e cel l o r an y on e
brain area . Rather , the neuro n investigated is
a representativ e o f a  cohor t o f cells actin g in
aggregate, includin g loca l an d long-distanc e
synaptic connections.

Single-neuron recordin g i s and ha s bee n a
method pa r excellenc e fo r dissecting the neu -
ronal element s involve d i n perceptual,  mne -
monic, and motor control processes. Many sci-
entists hav e applie d thi s metho d t o th e
investigation o f working memor y i n monkey s
trained t o perfor m spatia l o r nonspatia l ocu -
lomotor delayed-respons e (ODR ) tasks . Re -
markably, the delayed-response format used in
nonhuman primat e studie s ha s become para -
digmatic fo r probin g working memory in hu -
man imagin g studies (Fig . 5-1) . I n a n oculo -
motor spatia l version o f delayed response , th e
location o f a  briefl y presente d visuospatia l
stimulus i s maintained in working memory to
provide guidance for subsequent saccadic eye
movements (se e Fig . 5- 1 A, uppe r left) . Th e
essential featur e o f thi s tas k i s tha t th e ite m
to be recalled has to be updated on every trial
in analogou s fashio n t o th e moment-to -
moment proces s o f huma n mentation . Afte r
training i s completed , monkey s are prepare d
for physiologica l recording sessions which usu-
ally occur o n a  5-day-a-week basis . The corti -
cal region tha t ha s been mos t strongly related
to spatia l processing in nonhuman primates is
the dorsolatera l regio n aroun d th e posterio r
third o f the principa l sulcu s corresponding t o
Walker's mappin g of area 46 , including tissue
adjoining th e anterio r surfac e o f th e fronta l
eye fiel d i n th e macaqu e monke y (Walker ,
1940). Area 46 a s well a s the fronta l ey e field
region o f prefrontal cortex is distinguished by
its preferential projections to the superio r col-
liculus, which in turn relay s cortical signal s to
oculomotor center s (Fries , 1984) .

Because th e OD R tas k require s th e regis -
tration o f information in the stimulus , the on -
line maintenanc e o f thi s informatio n in tem -
porary storage , an d it s integratio n wit h a
goal-directed response , a  priori  ther e woul d
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Figure 5—1 . Commo n desig n o f workin g memory para-
digms a s employed in studie s of nonhuman primates (A,
B) an d human s (C—E).  Al l tasks emplo y sequential pre-
sentation of the ite m or items to be recalle d (shapes , let-
ters, words, or markers of location), delay periods between

items ove r which items mus t be recalled , an d recal l o r
response epochs. (Source: Funahashi et al. , 1989 ; McCar -
thy et al. , 1996 ; Smit h et al. , 1996 ; and O'Scalaidhe et al.,
1997, wit h permission)

be n o wa y o f knowin g ho w thes e real-tim e
events ar e mad e operationa l b y th e nervou s
system. Does a single class of neuron carry out
this synthesis or is this prospective process de-
composed int o elementa l components , sub -
functions, o r subroutines ? Single-cel l record -
ing studies o f prefrontal corte x have indicated

that separat e neuron s withi n a  cortica l are a
exhibit elementa l processes—i.e. , some regis-
ter information , som e hold it "on-line," or re-
spond a t the tim e of the moto r response (Fig .
5-2), wherea s other s withi n th e ver y sam e
area exhibi t remarkabl e combinatoria l prop -
erties, ofte n exhibitin g al l three component s
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Figure 5—2. Diagrammati c representatio n of neuronal re -
sponses observed in individual neurons recorded fro m th e
dorsolateral prefronta l corte x durin g th e oculomoto r
delayed-response task . A: Som e neurons exhibi t a  phasic
response t o registe r o r encode a  briefly presented stimu-
lus. B: Other neurons show tonic activity during the delay
period—i.e., these neurons hold the signal online after the

stimulus is withdrawn. Stil l other neurons exhibi t a phasic
burst jus t prio r t o initiatio n o f a  respons e (presaccadic )
(C) o r afte r its completion (postsaccadic ) (D) . Many neu-
rons exhibi t combination s o f thes e "simple " activations .
The vertical lin e marked "R " represents th e signa l to re-
spond; note that the pea k activity in panel c occurs before
response initiation . "C," cue period ; "D,"  dela y period .

— cue-(sensory) , delay- (mnemonic), and res-
ponse-related activitie s a t different point s in a
single memory trial (Fig. 5-3). These neuron s
typically exhibit , relativ e t o baseline , a n
abrupt, stron g phasi c increas e i n rat e a t th e

time of the cue, a lower but sustained increase
in firing rate throughou t the dela y period, fol-
lowed by another strong phasic increase i n fir-
ing rat e a t th e en d o f the dela y perio d pre -
ceding th e animal' s response . Ho w d o th e
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Figure 5-3. Top:  Example of prefrontal neurona l activity
recorded i n vivo  as a  monkey performed an oculomotor
spatial delayed-response task. The neuron's activity is pre-
cisely tim e locked to th e event s in the task : the presen -
tation o f a  spatia l cue (50 0 ms) ; th e dela y period inter -
posed between the cue and the response (3000 msec); and
the respons e period afte r th e dela y 1000 ms) . The raster
display abov e eac h histogra m show s the neuron' s firing
rate on numerous trials, during which the anima l was re-
quired t o remembe r the sam e target location relativ e to
the fixation point tria l afte r trial . The firing rate was con-
sistently enhanced during the dela y period whenever the
monkey recalle d th e cu e a t it s preferred targe t location ;
such enhancemen t was no t observe d fo r "nonpreferred "
locations. The preferentia l activation of a prefrontal neu -
ron during memory intervals (during which no stimulus is
present and no response required) i s termed the neuron's
memory field, i n analog y t o receptiv e fiel d propertie s o f
neurons i n sensor y cortices. Bottom:  Average percent o f
hemodynamic signa l change i n th e middl e fronta l gyru s
during trials in which human subjects were asked to recall
five sequentially indicated locations over an 18-second in-
terval. The x-axis represents time in terms of image frames
(a total of 30 frames o r 45 seconds). The first vertical line
marks th e en d o f the cu e presentation , an d th e secon d
line mark s th e onse t of the prob e presentation , followed
by responses. (Source o f top panel:  Goldman-Rakic, 1996,
with permissio n fro m th e publishe r o f Philosophical
Transactions of  the  Royal  Society  of  London)

neurons tha t appea r t o hav e separat e cue- ,
delay- o r response-relate d response s coordi -
nate thei r function ? A likely way i s fo r thes e
neurons t o for m a  microcircui t i n which cu e
information i s passed t o a  "delay" cell, whic h

in tur n i s terminated b y a  "go " signa l fro m a
third neuro n wit h presaccadi c activity . Alter-
natively or additionally , i n analog y with visual
cortical cells , elementa l o r "simple " proces s
neurons migh t converge o n higher-order neu -
rons which combine som e or all elemental sig-
nals provided by the single-process neurons. A
still thir d scenari o i s tha t neuron s wit h cue- ,
delay-, or response-related activitie s migh t be
interconnected i n a  completel y re-entran t
neural net—i.e., with mutual interconnection s
between al l elements. I n an y case, thes e ele -
mental neuron s woul d for m a  loca l networ k
that binds real-time event s together in the ser-
vice of comprehension, wille d action, updating
of information, etc. Recen t studie s i n this lab-
oratory with multiple electrodes are beginning
to deciphe r th e rule s o f microcircui t func -
tional connectivit y tha t for m th e structur e o f
a microcolumn (Constantinidi s et al. , 2001) .

SIMILAR PROFILES OF INFORMATION
PROCESSING EVENTS IN NONHUMAN

PRIMATES AND HUMANS

In th e huma n prefronta l cortex , are a 4 6 has
been mappe d by cytoarchitectonic criteria to
the anterio r portio n o f the middl e fronta l gy-
rus (MFG) . I t shoul d be mentioned tha t suc h
mapping ca n onl y b e approximate . Recen t
event-related fMR I studie s carrie d ou t i n col-
laboration wit h Hoi-Chun g Leun g an d Joh n
Gore a t Yal e Universit y have she d ne w ligh t
on th e functiona l localizatio n o f thi s are a i n
humans an d have aide d in isolating th e com -
ponent processe s o f visuospatia l workin g
memory in humans. The findings reveal a  re-
markable similarit y to the componen t analysis
from neurona l recordings i n monkeys and also
establish ground s fo r functional homology be-
tween th e MF G an d cauda l principa l sulcu s
region i n nonhuma n primates . I n th e fMR I
studies, w e aske d norma l huma n subject s t o
perform a n ODR tas k in which a  varied num-
ber o f locations, presented serially , were t o be
recalled afte r a  delay . Th e numbe r o f item s
varied fro m 1  to 5 and were eithe r picture s or
simple geometri c stimul i suc h a s circle s o r
dots. Th e dela y perio d i n ou r studie s laste d
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either 1 8 or 2 4 second s fo r differen t cohort s
of subjects . Becaus e o f th e lon g latencie s o f
hemodynamic responses , th e extende d dela y
periods allowe d u s t o bette r resolv e th e he -
modynamic respons e t o sensory , mnemonic ,
and respons e event s i n these tasks . We foun d
that th e MF G was activated transientl y when
subjects recalle d thre e location s bu t showe d
sustained activation s through 1 8 seconds when
the numbe r o f memorand a wa s elevate d t o
5. Moreover, the MFG exhibited the stronges t
activations o f an y prefronta l area , includin g
the inferio r an d superio r prefronta l region s
(Fig. 5-4).  Thi s resul t i s in keeping with pre -
vious studie s showin g loa d effect s fo r verba l
(Cohen e t al. , 1997 ) an d spatia l (Carlso n e t
al., 1998 ) processin g i n th e dorsolatera l pre -

Figure 5-4. Percen t o f signal change in group composite
maps o f 1 1 subjects , base d o n contrast s betwee n th e
memory and baseline of three-item (upper)  an d five-item
spatial (lower)  workin g memory tasks. Mean percent sig-
nal difference s fo r areas abov e a threshold of P <  0.00 5
(uncorrected) ar e show n fo r the las t 6  seconds o f the 18 -
second dela y period. Middl e frontal gyru s (MFG ) activa -
tion wa s observed in the three-ite m task , bu t thi s activa-
tion di d no t persis t throughou t th e dela y period . Th e
MFG i s indicated by circles. Positive signals are indicated
by the ligh t patches and negative signals are not visible in
this black and white figure . R , right; L, left .

frontal cortex . Importantly , a s illustrate d i n
Figure 5-3 , i n th e five-ite m condition , th e
profile o f signa l chang e resemble s tha t ob -
served in single-unit activity in nonhuman pri-
mates—there ar e stronge r signal s t o th e re -
sponse event s o f a  tria l tha n durin g th e
mnemonic episod e itself . I t shoul d b e note d
in th e single-uni t profil e tha t althoug h th e
firing rat e o f th e cel l i s sustaine d ove r th e
duration o f the dela y interval , th e firin g rat e
is usuall y lower than a t th e tim e o f response .
This lowe r signa l is likely to b e mor e difficul t
to detec t i n fMR I studie s tha n th e phasi c
bursts of neuronal activity in conjunction with
motor- an d sensory-relate d signal s and coul d
account fo r negativ e result s i n som e studies .
The selectiv e activatio n o f th e huma n pre -
frontal regio n correspondin g to  the  dorsola -
teral regio n i n monkey s where cell s with vis -
uospatial memor y field s ar e locate d (Fuste r
and Alexander , 1971 ; Kubot a and Niki , 1971 ;
Niki, 1974 ; Funahash i e t al. , 1989) , wher e
lesions selectivel y impai r visuospatial delayed-
response performanc e (Goldma n et al. , 1971) ,
and wher e cytoarchitectoni c analysi s reveal s
anatomical homolog y t o are a 4 6 i n monkey s
(Walker, 1940; Rajkowsk a and Goldman-Rakic ,
1995a; 1995b ) provide s a  compellin g argu -
ment fo r th e conservatio n o f a  stron g struc -
ture-function relationshi p i n cortica l
specialization durin g primat e evolution .

RESOLVING DISCREPANCIES IN THE
LITERATURE

How d o we explai n inconsistencies i n th e lit -
erature regardin g th e locatio n o f th e visuos -
patial memory domain within the fronta l lobe?
Although MFG activations have been found in
numerous studie s o f visuospatia l workin g
memory (McCarth y et al. , 1994 , 1996 ; Bake r
et al. , 1996 ; Smit h et al. , 1996 ; Sweene y et al. ,
1996; Leun g e t al. , 2000) , othe r studie s hav e
contested thi s localizatio n an d indicate d tha t
other fronta l lob e area s migh t b e mor e im -
portant fo r th e maintenanc e functio n o f vis-
uospatial memoranda . Courtney e t al . (1997) ,
for example , foun d stron g activation s i n th e
precentral cortice s in a  spatia l working mem-
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ory task identical t o our three-item tas k (with
similar fac e memoranda) , excep t tha t the y
used a  9-second dela y period rathe r tha n 1 8
seconds. Thei r repor t als o included evidenc e
of significan t activation s i n th e MFC , corre -
sponding to the transien t activatio n we saw in
our three-ite m task . We also found the sam e
strong activation s i n th e precentra l corte x as
did Courtne y e t al . i n thei r three-ite m task .
Thus, the result s of the tw o studies would ap-
pear t o be in quite good agreement. However ,
we hav e show n tha t sustaine d MF G activa -
tions rise s abov e threshol d onl y wit h highe r
memory demands , a s i n ou r five-ite m tasks ,
and that denial of a role for this region in stor-
age (o r processing) is unwarranted.

The sam e argumen t ca n appl y t o th e vis -
uospatial working memory task developed b y
Rowe e t al . (2000) , i n whic h thre e re d dot s
were presente d i n rando m location s a t th e
start of a trial, and both shorte r to longer (9.5 -
18.5 seconds ) delays followed before the sub -
jects were require d t o make a response. As in
the Leung et al. (2000) study described above ,
the virtue of this design is that subjects cannot
prepare a  respons e durin g th e dela y period .
Similar to Rowe and Passingham (see Chapter
14), we used 18 - and 24-second delays to seg-
regate th e cue , mnemonic , an d respons e ac -
tivations. Lik e Row e an d Passingha m w e ob -
served significan t activatio n i n are a 4 6 a t th e
time o f response selection . W e also saw tran-
sient activatio n durin g a  three-ite m tas k fo r
the firs t 1 2 seconds o f the 18-secon d delay in-
terval. W e then repeate d ou r stud y with five
items and also found stronger responses at the
response period, bu t no w we obtained a  mne-
monic response that lasted throughout the 18 -
24 seconds in individual subjects. Thus, in our
view, th e failur e t o activat e are a 4 6 i n Rowe
and Passingham' s visuospatial memory tasks is
explicable in terms of the inadequat e loa d im-
posed i n their fMR I study .

There remain s the issu e o f why Rowe an d
Passingham observe d are a 8  activit y i n thei r
three-item workin g memor y task . I t seem s
possible tha t this could b e due to the residua l
stimulus-related activit y presen t i n th e dela y
period (the y di d no t statisticall y evaluat e du -
ration of response within the dela y period), to

eye movements that occurred durin g the delay
period, or to a mnemonic process , a s claimed.
In an y case , i t i s eviden t fro m th e abov e re -
sults that low-loa d workin g memory functions
can be supporte d b y areas outsid e o f area 46
itself and , althoug h w e di d no t observ e acti -
vations in area 8  in our ow n study, it is a pos-
sible locus for supporting visuospatial working
memory. W e an d other s hav e reporte d evi -
dence tha t are a 8A neurons exhibi t robust ac-
tivity in delay periods o f oculomotor delayed-
response task s (e.g. , Funahash i e t al. , 1989) .
What i s at issue is not the involvemen t of area
8 in working memory processes, but the denial
of this functio n for area 46 .

Passingham an d Row e have also attempted
to harmoniz e electrophysiologica l dat a i n th e
nonhuman primat e wit h tha t i n humans , o n
the premise tha t the basic mechanisms of cog-
nition ar e conserve d amon g mammal s (se e
Chapter 14) . However , thei r reference s to the
behavioral deficit s tha t follo w lesion s o f th e
prefrontal corte x ar e incomplete . Certai n
other findings should be recalled . Bilatera l le-
sions of area 8a do not produce deficit s on the
classical delayed-respons e task , a s woul d b e
predicted fro m th e Passingha m an d Row e
study (Goldman et al. , 1971) ; bilatera l area 46
lesions d o no t produc e deficit s o n task s re -
quiring onl y response selectio n suc h a s visual
discrimination, conditiona l positio n tasks , o r
object alternation , al l o f whic h involv e re -
sponse selectio n bu t non e o f whic h ar e im -
paired b y full  lesion s o f th e principa l sulcu s
Mishkin &  Pribram , 1955 ; (Goldma n e t al. ,
1971). Th e lesio n finding s d o no t therefor e
support th e thesi s tha t are a 4 6 i s critica l fo r
response selectio n fro m memor y as a generi c
proposition; the y d o suppor t th e thesi s tha t
this area i s involved in using "short-term rep -
resentational memor y (i.e. , internalize d
knowledge) t o guide  behavior  in th e absenc e
of informative externa l cues" (Goldman-Rakic,
1987). I t shoul d als o be recalle d tha t on e o f
the mos t importan t propertie s o f neurons i n
area 46 and in area 8a is that they are spatially
tuned i n thei r delay-perio d activations—i.e. ,
they have memory fields, analogous to sensory
receptive fields . Wha t purpos e woul d thi s
property serv e i f no t t o provid e directio n t o
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response choice ? Furthermore , i t ha s bee n
shown tha t delay-perio d activit y predict s
whether a n anima l wil l mak e a  correc t re -
sponse or an error; when a  neuron's memory -
related activity falters in the middl e of a delay
or does no t aris e a t all , an error inevitabl y oc-
curs (Funahash i et al. , 1989) . Thus , th e sam e
neuron codes the same location and guides the
same directional response , tria l afte r trial , and
different location s i n th e visua l fiel d ar e re -
membered b y differen t neurons . Further ,
temporary inactivatio n o f on e o r a  few mod-
ules result s i n the los s of memory-guided re -
sponses t o visuospatia l cue s whil e sparin g
sensory-guided response s (Sawaguch i &
Goldman-Rakic, 1991) . Th e disruptio n o f
other prefronta l domain s ha s eithe r bee n
shown or can be expecte d t o cause the los s of
memory fo r faces , names , subject s o f sen -
tences, ideas , an d goals . Indeed , w e hav e al -
ready observed suc h processing in the for m of
face an d objec t responsiv e cell s a s well as vo-
calization responsiv e neuron s i n inferio r por -
tions of the nonhuman primate prefronta l cor -
tex (O'Scalaidh e e t al. , 1997 ; 1999 ; Romansk i
& Goldman-Rakic , 1999).

TERMINOLOGICAL OR CONCEPTUAL
DISCREPANCIES?

We have propose d tha t prefronta l neuron s in
area 46 with their distinc t sensory , mnemonic,
and response-relate d activation s provid e a
neural basi s for guiding behavior  in visuospa-
tial working memory tasks . Accordin g t o thi s
view, the mnemoni c neura l component i s the
link betwee n sensatio n an d respons e choice .
Passingham an d Row e argu e o n th e basi s o f
the stud y describe d earlie r tha t are a 8 , no t
area 46 , is engaged b y the mnemoni c process
per se . I n thi s volum e an d i n previou s
publications, these authors have proposed tha t
area 4 6 i s activate d whe n workin g memor y
tasks requir e "attentiona l selection " betwee n
items withi n memory . We see little differenc e
between thi s construc t an d workin g memory
constructs othe r tha n terminology . Bot h ar e
referent t o th e sam e capacit y an d th e sam e
area o f the dorsolatera l prefronta l cortex.

WORKING MEMORY, DORSOLATERAL
PREFRONTAL CORTEX, AND

SCHIZOPHRENIA

Recent advance s i n integrativ e an d cognitiv e
neuroscience no w allo w penetration int o th e
neural circuit s an d cellular processes tha t un -
derlie huma n cognitio n an d provid e insight s
into th e pathophysiolog y o f disease s suc h a s
schizophrenia. Nonhuma n primates share with
humans the capacit y for working memory, the
ability to hold items of information transiently
in min d to meld together separat e event s and
ideas into coheren t line s of thought an d com-
munications. Metaphor s fo r working memory
include "blackboar d o f th e mind,"  "menta l
sketch-pad" (Baddeley , 1986) , an d "on-lin e
memory" (Goldman-Rakic , 1987) . Whe n w e
listen to human speech, w e are using working
memory t o hol d th e segment s o f sentence s
"on-line" millisecon d by millisecond . We em-
ploy working memory to carry forward, in real
time, th e subjec t o f a  sentence an d associat e
it with verb s an d object s t o comprehen d th e
sense an d meanin g o f sentences . Whe n w e
perform a  mental arithmetic problem, recal l a
phone number , plan a hand o f bridge o r chess
move, o r follo w a  verba l instruction , w e us e
working memory. In fact , i t is difficult t o think
of a  cognitiv e functio n tha t doe s no t engag e
the workin g memor y system s o f the brain . I t
is no t surprising , therefore, tha t th e dorsolat -
eral prefronta l cortex has become a  major fo -
cus o f intens e investigatio n o f schizophreni a
with noninvasiv e neuroimagin g analyse s an d
with morphologic and biochemica l analyses of
postmortem brains (for reviews, see Goldman-
Rakic &  Selemon , 1997 ; McCarle y e t al. ,
1999). Usin g stereologic methods , finding s i n
this laboratory have shown that neuronal den-
sity i s elevate d i n area s 9  an d 4 6 i n schizo -
phrenic patient s (Selemo n et al. , 1995 , 1998) ,
without los s o f neurons , an d thes e finding s
have led to the hypothesi s tha t a  reduction i n
cortical neuropi l ma y be th e neuropathologi c
substrate fo r cognitive dysfunctio n o f the pre -
frontal corte x i n schizophreni a (Selemo n &
Goldman-Rakic, 1999). Numerous postmortem
studies of pre- and postsynaptic elements sup-
port th e hypothesi s that neurona l connectivity
is compromised in the dorsa l areas of prefron-
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tal cortex in schizophreni c brain s (e.g. , Garey
et al. , 1998; Glantz &  Lewis, 2000). The neu-
ropathological findings in the dorsolateral pre-
frontal corte x provide s a  biologica l basi s fo r
visuospatial working memory impairments, in -
cluding eye-trackin g deficits , tha t ar e reliabl y
observed i n schizophreni c patient s (Par k &
Holzman, 1992 ) and ca n accoun t a s wel l fo r
numerous reports o f aberrant activation of this
region i n positio n emissio n tomographi c
(PET) an d fMR I studie s o f cognitive process -
ing (e.g, Weinberge r e t al. , 1988; Manoach e t
al., 2000) . Earl y psychiatrist s designate d thi s
condition a s schizophrenia  (translate d fro m
the Gree k schizein  an d phren  a s split-mind).
Because the working memory functions of the
prefrontal corte x are essentia l fo r keeping th e
thought proces s o n track , deficienc y o f pre-
frontal circuitry can be expected to lead to the
derailed an d fragmente d menta l stat e o f th e
schizophrenic patien t (Goldman-Rakic , 1987,
1991).

WORKING MEMORY NETWORKS

The dat a describe d abov e identif y th e dorso -
lateral prefronta l corte x a s a critica l elemen t
in a neural system that utilize s working mem-
ory t o hol d specifi c item s o f spatia l informa -
tion on-line . Nevertheless , i t i s clear tha t th e
neural system supporting working memory ca-
pacity canno t resid e wholl y within prefronta l
cortex, bu t extend s beyon d i t t o involv e and,
in fact , requir e interaction s wit h other distant
cortical areas . Amon g these ar e th e posterio r
parietal cortex, th e inferotempora l cortex , th e
cingulate gyrus , an d hippocampa l formation ,
all of which have connections with dorsolatera l
prefrontal corte x (Petride s &  Pandya , 1984;
Schwartz &  Goldman-Rakic , 1984 ; Barbas ,
1988; Selemo n &  Goldman-Rakic , 1988; Ca-
vada &  Goldman-Rakic , 1989; Stanton e t al. ,
1995). These long-trac t connection s for m in -
teractive networks ; ho w informatio n i s inte -
grated within network s i s the subjec t o f much
discussion an d theorizin g i n th e imagin g lit-
erature, th e computationa l literature , an d the
neuropsychological fields. Analysis of how net-
works ar e forme d and ho w they work i s fun-
damental t o diagnosi s an d treatmen t i n

neurology an d psychiatr y an d t o a n under -
standing of higher brai n functio n i n academic
science.
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6
Physiology of Executive Functions:
The Perception-Action Cycle

JOAQUIN M. FUSTER

In thi s chapter , th e executiv e functions o f the
prefrontal corte x ar e discusse d agains t th e
background o f it s positio n i n th e neocortica l
map of cognitive representations. Lateral pre -
frontal areas constitute the highest stage in the
cortical hierarch y o f executiv e memories .
Their neurona l networks represent schemas of
sequential action , pas t or planned. Th e enact-
ment o f a goal-directed sequenc e o f actions is
a continuou s proces s o f temporal integration .
At the roo t of this process i s the mediatio n of
cross-temporal contigencie s betwee n th e ac -
tion plan, the goal , and the act s leading to the
goal. Th e latera l prefronta l cortex control s a t
least fou r cognitiv e operation s tha t mediat e
those contingencies : selectiv e attention , work-
ing memory, preparatory set , and monitoring.
Microelectrode dat a obtaine d b y th e autho r
and collaborators provid e evidenc e for the fol-
lowing: (a) temporal integration takes place in
prefrontal corte x throug h loca l transaction s
between cell s activ e i n working  memory and
cells activ e i n preparator y set ; (b ) workin g
memory essentially consist s of the temporar y
activation, fo r prospectiv e action , o f a  wid e
cortical network of long-term memory; and (c)
working memor y i s maintaine d b y reverber -
ating activity within that network .

The stud y of the function s o f the prefronta l
cortex require s a  clea r distinctio n betwee n

cortical representation  an d cortica l operation.
In muc h o f the prefronta l literature , th e tw o
are confounded , an d th e firs t commonl y ig-
nored. Th e emphasi s o f most studies i s on the
operations of the prefrontal cortex—that is, on
what th e prefronta l corte x does,  commonl y
disregarding thi s cortex as part o f the perma -
nent cortica l stor e of memory and knowledge .
As a  consequence , certai n function s o f th e
prefrontal cortex , such as its role in attention ,
monitoring, workin g memory , an d planning ,
which intimatel y depen d o n tha t permanen t
substrate, ar e construe d an d teste d a s i f they
could b e isolate d fro m it . Thi s separatio n o f
operation fro m representatio n i s not onl y im-
plausible bu t lead s t o artificiou s an d ofte n
phrenological views of prefrontal functions .

In this chapter, I attempt to place prefrontal
functions withi n th e broa d framewor k o f th e
cortical substrat e of long-term memory, which
is forme d b y a  comple x arra y o f widel y dis -
tributed, overlapping , an d intersectin g neu -
ronal network s i n neocorte x o f association .
The prefronta l networks , which in th e aggre -
gate constitute what we call executive memory,
are par t o f tha t vas t arra y of associativ e neo -
cortical networks . I t i s onl y withi n tha t
broader context that the executiv e functions of
the prefronta l corte x can be understood . Fo r
this reason , I  shal l prefac e th e discussio n of
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those functions with a conceptual model of the
distribution o f long-term memor y i n th e ne -
ocortex. Th e chapte r conclude s wit h a  brie f
discussion of microelectrode dat a from the lat-
eral prefronta l corte x tha t no t onl y reaffir m
the anchorin g o f it s function s i n long-ter m
memory bu t als o provid e insigh t int o th e
mechanisms o f temporal integration , whic h is
cardinal amon g those functions .

EXECUTIVE MEMORY IN THE
CORTICAL COGNITIVE MAP

The neocorte x of the primat e is , anatomically
and physiologically , divide d b y the centra l o r
rolandic fissur e int o tw o majo r regions , pos -
terior an d frontal . Generally , th e corte x be -
hind th e fissure, namely the corte x o f the oc-
cipital, parietal , an d tempora l lobes , i s
dedicated t o th e representation s an d func -
tions relate d t o perception. Broadl y speaking,
it is cortex devoted t o the processin g o f infor -
mation acquire d throug h th e senses . B y con-
trast, th e fronta l corte x i n it s entiret y i s
broadly devote d t o th e processin g o f actions .
Whereas th e orbita l an d medial regions of the
frontal lob e ar e criticall y involve d i n emo -
tional actions , th e latera l fronta l cortex—tha t
is, th e corte x o f th e convexit y o f th e fronta l
lobe—is essentia l fo r th e tempora l organiza -
tion o f action s i n th e domain s o f behavior ,
speech, an d reasoning .

Following tha t lin e o f thinking, an d fro m a
large body o f neuropsychological, anatomical ,
and physiologica l evidenc e (reviewe d i n Fus -
ter, 1995) , i t ca n be conclude d tha t th e per -
manent o r long-ter m memor y of the individ -
ual i s distribute d i n wid e network s o f th e
neocortex o f association. Accordingly, the tw o
large categories o f long-term memory, percep-
tual and executive, ar e distributed in posterior
and fronta l cortex , respectively . Thi s distribu -
tion has been best substantiated in the huma n
(Fig. 6-1) . Als o o n th e basi s o f a  large bod y
of evidence , i t seems reasonabl e t o infe r tha t
in both sector s o f the corte x long-term mem -
ory i s forme d unde r influence s fro m struc -
tures of the media l temporal lobe , notabl y the
hippocampus an d th e amygdal a (Amaral ,
1987; Squir e &  Zola-Morgan, 1988) . The two

broad categorie s o f cortica l memory , percep -
tual an d executive , ar e hierarchicall y orga -
nized. Th e connection s betwee n successiv e
areas i n eithe r cortica l hierarch y ar e bi -
directional, an d hav e bee n anatomicall y wel l
substantiated, especially in the nonhuman pri-
mate (Pandy a &  Yeterian , 1985 ; Mesulam ,
1998).

Perceptual memory  i s memor y acquire d
through th e sensor y organs . At its mos t basic
level, i t include s th e memor y o f elementar y
sense perceptions , in sensory and parasensor y
cortices. A t highe r an d mor e genera l levels ,
perceptual memor y comprise s multimoda l
sensory memories , i n "trans-modal " corte x
(Mesulam, 1998) . Abov e thos e levels , i n
higher corte x o f association, perceptual mem -
ory includes episodic an d semantic memories,
which in the aggregate constitut e the so-calle d
declarative memory . Th e highes t cognitiv e
level, als o i n posterio r associatio n cortex , i s
conceptual memory,  th e mos t general an d ab-
stract for m o f perceptual knowledge .

Although th e differen t categorie s o f per -
ceptual memor y ar e i n genera l term s hierar -
chically organized , individua l item s o f mem -
ory ar e essentiall y heterarchical . A n
autobiographic memory , fo r example , con -
tains semanti c a s well a s well a s episodic an d
sensory elements . Thi s implie s tha t th e net -
work representing tha t memor y spans severa l
levels o f the mnemoni c hierarch y i n posterio r
cortex. Consequently , a  local cortical lesio n of
that corte x may produce selectiv e amnesi a for
certain aspect s o f th e memor y bu t no t fo r
others.

The counterpart of the hierarchy of percep-
tual memory in posterior corte x is a hierarchy
of executive memory in frontal cortex . Its low-
est leve l is the primar y moto r cortex (phyleti c
motor memory), which represents the most el-
ementary aspects of movement, a s defined by
the contraction o f particular muscles and mus-
cle groups . Abov e tha t laye r o f elementar y
representations, th e premoto r corte x store s
the memor y o f moto r program s define d b y
goal an d trajectory . Elementar y structure s o f
language ar e als o represented i n certain area s
of premotor corte x (e.g. , Broca' s area) .

The lateral prefronta l cortex constitutes th e
highest leve l o f the fronta l cortica l hierarch y
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Figure 6-1. Cognitiv e representatio n in the neocortex of
the human . Top: Schema of memory hierarchies. Bottom:

General distributio n o f memor y networks . RF , rolandi c
fissure.

for th e representatio n o f executiv e memory .
Judging b y th e neuropsychologica l evidenc e
from th e human, neuronal networks of the lat -
eral prefronta l corte x harbo r representation s
of plans and schemas of behavior and language
(Fuster, 1997) . Thi s cortica l regio n appear s
most clearl y implicate d i n th e representatio n
of nove l an d comple x schema s o f action . I t
also appear s importan t fo r the representatio n
of ol d schema s tha t contai n uncertaintie s o r
ambiguities t o b e resolve d b y tempora l inte -
gration o f environmenta l signals . Thi s i s th e

case, fo r example, in delay tasks (e.g. , delaye d
response, delaye d matching) . The highes t lev-
els o f prefronta l representatio n includ e th e
rules an d contingencie s fo r th e executio n o f
those plans an d schema s o f behavior an d lan-
guage, in addition to the mos t general and ab-
stract concepts of action .

In sum, my model stipulates that the cortex
of the latera l convexity of the fronta l lobe pro-
vides th e structura l substrat e fo r long-ter m

o
executive memory . Bot h th e structur e an d
contents o f long-ter m memor y consis t o f hi -
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erarchically organized neuronal networks. The
representations of action increase in generality
and abstraction fro m th e botto m up, fro m th e
elementary motor networks o f primary motor
cortex t o th e mos t genera l an d abstrac t rep -
resentations o f action in lateral prefrontal cor -
tex. There seem s to be a  hierarchical orde r in
frontal corte x fo r eac h separat e domai n o f
action (e.g. , locomotion , ey e movement ,
speech), though there als o appears to be con-
siderable interactio n betwee n domain s i n th e
representation o f complex schemas and plan s
of action . I n an y event, a s in th e cas e o f th e
perceptual memor y networks of posterior cor-
tex, individua l executiv e network s ar e proba -
bly mixe d an d heterarchical , mad e o f repre -
sentations a t variou s level s o f th e fronta l
hierarchy.

TEMPORAL INTEGRATION AND ITS

ANCILLARY FUNCTIONS

The mos t genera l functio n o f the latera l pre -
frontal corte x i s the tempora l organizatio n of
behavior, speech , an d reasoning . Thi s infer -
ence i s base d mainl y o n neuropsycholog -
ical data fro m th e huma n (Luria , 1966 , 1970 ;
Fuster, 1997) . Human s with extensive lesions
of thi s corte x hav e well-documente d diffi -
culties i n executin g plan s o f behavior , se -
quences o f prepositiona l language , an d com -
plex menta l operations . Thes e deficit s ar e
attributable t o impairment s i n th e represen -

tation an d executio n o f goal-directe d se -
quences o f actions .

A critica l elemen t o f the rol e o f the latera l
prefrontal corte x i n bot h th e representatio n
and th e executio n o f goal-directe d action s is
the capacit y t o integrat e informatio n in th e
time domain. Temporal integration is essential
to tempora l organization . Temporal order de -
rives directl y fro m th e mediatio n o f cross -
temporal contingencies—tha t is , from th e in -
tegration o f temporall y separat e unit s o f
perception, actio n an d cognitio n int o a  se -
quence towar d a goal (Fig. 6-2). Because tem-
poral integratio n i s necessar y fo r al l goal -
directed tasks (e.g., delay tasks), the functiona l
integrity of the latera l prefrontal cortex is nec-
essary fo r thei r performance . I n accor d wit h
this view, a large variety of tasks activate a vast
region o f thi s corte x i n commo n (Dunca n &
Owen, 2000).

Temporal integratio n i s th e resul t o f th e
functional cooperatio n o f the prefronta l cortex
with subcortica l structure s an d with othe r ar -
eas o f th e neocortex , notabl y th e associatio n
cortex o f the parietal , occipital , an d temporal
lobes. Tha t cooperatio n serve s a t leas t fou r
cognitive function s tha t ar e essentia l for tem-
poral integration : attention , working memory,
set, an d monitoring . Al l four ar e unde r som e
degree o f prefrontal control, at least inasmuch
as they serve the tempora l organization of be-
havior. There does not appear to be conclusive
evidence fo r th e area l segregatio n o f thes e
functions; th e fou r are closely intertwined an d

Figure 6-2. Sequencin g of ac-
tions towar d a  goal . Top:  Over-
learned or routine sequence of
acts (a l .  . . aj, eac h leading to
the next , i n chain-like fashion ,
with contingencie s (two-way ar -
rows) onl y between successive
acts. Bottom:  A  new an d com -
plex sequence, where act s ar e
contingent acros s tim e on th e
plan, o n the goal , and on other
acts; th e latera l prefrontal cor -
tex mediates cross-tempora l
contingencies and organizes the
sequence.
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operate i n al l latera l prefronta l areas . How -
ever, bot h i n th e monke y and i n th e human ,
there i s evidence, reviewe d elsewhere (Fuster ,
1997), fo r the area l segregatio n o f the repre -
sentational content s o f thos e cognitiv e func -
tions, i n othe r words , o f the materia l in long-
term memor y wit h whic h the y operate .
Furthermore, ther e appea r t o b e separat e
groups o f hierarchicall y organize d fronta l ar -
eas for different sector s of executive represen -
tation (e.g. , locomotion, eye motility, linguistic
expression).

ATTENTION

The structurin g o f behavio r require s th e se -
lective an d orderl y activatio n o f cortica l net -
works tha t ar e highl y specific i n term s o f th e
information the y represent , thei r inputs , an d
their outputs . Tha t selectiv e an d orderly acti -
vation i s critica l fo r th e performanc e o f an y
novel an d comple x for m o f goal-directed be -
havior. I t mus t take place in a cortex-wide sys-
tem o f intersecting an d overlappin g networks
that profusel y shar e neuron s an d pathways .
The availabl e evidence indicate s tha t the pre -
frontal corte x play s a  crucia l rol e i n ensurin g
both selectivit y an d orde r i n th e recruitmen t
of cortica l network s fo r tempora l integration ,
and thu s fo r temporal organization . Tha t rol e
is th e essenc e o f wha t ha s bee n calle d "th e
supervisory attentiona l control " o f th e pre -
frontal corte x (Shallice, 1988).

Neurophysiology and neuroimaging provide
ample evidenc e o f th e participatio n o f pre -
frontal area s i n th e cortica l contro l o f atten-
tion. Human s with prefronta l injur y hav e dif-
ficulties i n holdin g an d shiftin g attentio n o n
sensory material . A  neuroelectri c manifesta -
tion of these difficultie s i s the loss of attention-
related modulatio n o f sensor y evoked poten -
tials in posterior corte x (Knight , 1984 ; Barcel o
et al. , 2000 ; Daffne r e t al. , 2000) . Functiona l
imaging (Pard o e t al. , 1990 ; Posne r &  Peter -
sen, 1990; Corbetta e t al. , 1993; Kastne r et al. ,
1999) reveal s tha t cognitiv e task s with impor-
tant attentiona l requirement s activat e thre e
major part s o f th e prefronta l cortex : th e an -
terior cingulate region , the orbita l region, and
the latera l region .

From neuropsychologica l evidence i t is rea-
sonable t o infe r tha t eac h o f those activation s

reflects a  differen t aspec t o f attention . Th e
cingulate activation probably reflects drive and
motivation; for that, the anterio r cingulate cor-
tex receive s profus e afferent s fro m limbi c
brain structures. The orbital activation may re-
flect mainly the exclusionar y aspects o f atten -
tion—that is , the inhibitor y control an d filter-
ing ou t o f materia l unrelate d t o th e tas k a t
hand (se e Chapte r 13) . Th e latera l activatio n
has t o do , mos t likely , wit h th e selectiv e an d
orienting aspect s o f attention—that is , the fo -
cus of attention. Especiall y relevant in this re-
spect i s the activatio n of lateral areas , notably
area 8 , tha t pla y a  rol e i n gaz e an d recepto r
orientation control . Som e o f tha t latera l acti -
vation may also have to do, however, with mo-
tor attentio n o r se t (below).

WORKING MEMORY

Of all the tempora l integrative functions o f the
prefrontal cortex , working memory is the bes t
substantiated physiologically . It was the first to
be supporte d b y neuronal dat a (Fuste r &  Al-
exander, 1971 ; Fuster , 1973) . So-calle d mem-
ory cells were first discovered in the prefrontal
cortex o f monkey s performin g delayed -
response tasks . The y wer e characterize d b y
sustained elevate d discharg e durin g the dela y
period (memor y period) o f delayed-respons e
trials; that discharg e was higher than intertrial
baseline (th e phenomenon canno t be  evince d
in delaye d alternatio n fo r lac k o f suc h a
baseline).

The memory-relate d dela y discharg e o f
memory cells, now demonstrated i n many lab-
oratories o n variou s type s o f dela y tasks , ha s
some importan t properties : (a ) i t onl y occur s
when th e signa l preceding th e dela y call s for
a motor act ; (b) it does no t occu r in the mer e
expectation o f reward; (c ) i t i s correlated wit h
the animal' s performanc e (efficac y o f short -
term memory) ; and (d)  i t can be disrupte d b y
the distractio n o f the animal .

Functional neuroimagin g ha s no w ampl y
substantiated th e activatio n o f prefronta l
regions i n workin g memor y fo r visua l infor -
mation (Jonide s e t al. , 1993 ; Cohe n e t al. ,
1994; Swart z e t al. , 1995 ) an d fo r verba l in -
formation (Grasb y et al. , 1993 ; Petride s et al. ,
1993b, Smith , e t al. , 1996) . Characteristicall y
in th e human , a s i n th e nonhuma n primate ,



PHYSIOLOGY OF EXECUTIVE FUNCTIONS 101

the latera l prefronta l area s ar e especiall y ac -
tivated during working memory. Imaging stud-
ies challenge the segregatio n o f these areas in
terms of the kin d of information that the sub-
ject must retain in working memory (Owen et
al, 1998; Postl e & D'Esposito, 1999 ; Prabhak-
aran e t al. , 2000 ; se e Chapte r 11) . Further -
more, imaging studies substantiat e th e activa-
tion o f latera l prefronta l area s i n othe r tha n
delay tasks . Temporal integration , tha t is , th e
mediation o f cross-tempora l contingencies ,
seems t o b e th e commo n element o f al l th e
paradigms that have been used to demonstrate
lateral prefronta l activation . I n man y of th e
relevant studies , the subject' s requiremen t t o
temporally integrat e th e tester' s instruction s
with subsequen t behavio r o r cognitive opera -
tions i s curiousl y ignored . A  recen t meta -
analysis b y Dunca n an d Owe n (2000 ) illus -
trates the commonality of temporal integration
to the paradigm s with which lateral prefrontal
activation ha s bee n demonstrate d i n th e
human.

PREPARATORY SET

Whereas working memory serves temporal in-
tegration retrospectively , b y retentio n o f re -
cent sensory  information , preparator y se t
serves i t prospectively ; i t prepares th e organ -
ism for anticipated signals to act and for action
itself. Preparator y se t i s clearly another func -
tion o f the latera l prefrontal cortex. The orig-
inal evidenc e cam e fro m huma n neuropsy -
chology. Tha t evidenc e wa s th e defici t tha t
frontal patient s ha d i n preparin g fo r an d ini -
tiating serial actions; it was a deficit obviously
related, i f no t identical , t o th e well -
documented plannin g deficit of those patients
(Ackerly &  Benton , 1947 ; Lhermitte , e t al. ,
1972; Eslinge r & Damasio, 1985) . That defici t
reflects th e underlyin g difficulty i n mediating
contingencies betwee n presen t event s an d
their anticipate d consequences , betwee n th e
image o f a  goal and th e act s that wil l lead t o
it. I t i s a  failur e o f prospectiv e memor y o r
"memory of the future " (Ingvar , 1985) . Elec -
trophysiology (Singh & Knight, 1990) and im -
aging (Partio t e t al. , 1995 ; Bake r et al. , 1996 )
substantiate the activatio n of lateral prefrontal
cortex o f human s in prospectiv e preparatio n
and planning.

In th e prefronta l corte x o f monkey s per -
forming a  dela y tas k wit h doubl e cross -
temporal contingencies , Quintan a and Fuste r
(1999) obtaine d cellula r evidenc e o f bot h
working memor y an d preparator y set . O n
every trial, the anima l had to first attend t o a
color i n a  centra l dis k a t ey e level . A  period
of 12-secon d dela y ensued , a t th e en d o f
which a  secon d visua l signa l appeared . De -
pending o n the combinatio n of the colo r and
the secon d signal , the anima l had to mov e its
hand to a right or a left location . Both the first
and the second signal changed at random from
trial to trial . Thus, every choice o f location at
the en d o f the tria l was based o n the doubl e
contingency betwee n th e tw o signal s sepa -
rated by the delay . In the full y trained animal,
the first signal (color) predicted th e second —
and the location of choice—with some degree
of probability ; som e colors predicte d locatio n
with 100 % certainty and other s with 75%.

Cells were found in lateral prefrontal cortex
that responde d specificall y to th e colo r (firs t
signal). Thei r discharg e diminishe d i n th e
course o f the dela y (Fig . 6-3). Suc h cells be -
haved like conventional working memory cells.
Conversely, othe r cells ' discharg e augmente d
gradually i n th e dela y period , an d afte r tha t
period the y reacte d differentiall y t o th e sid e
of th e respons e (righ t o r left) . Furthermore ,
the degree of acceleration of their delay activ-
ity wa s proportiona l t o th e certaint y wit h
which the monkey could anticipate the specifi c
movement tha t th e secon d signa l would cal l
for. Thus , thes e cell s wer e attune d t o th e
movement (motor-coupled) , and appeare d t o
anticipate i t and participate i n its preparation.
It was not possible t o separate topographically
the tw o types of cells. Bot h working memory
cells and se t cell s were foun d intermingle d in
the latera l prefrontal cortex (upper prefrontal
convexity and uppe r ban k of the sulcu s prin-
cipalis) and seemed t o participate i n the tem-
poral integratio n o f visua l informatio n wit h
consequent action .

RESPONSE MONITORING

For methodologica l reasons , th e prefronta l
functions tha t serv e tempora l integratio n ar e
discussed her e separately , even thoug h ther e
is no clea r separat e anatom y for any of them.
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Figure 6-3. Discharg e o f pre-
frontal unit s during the dela y
period o f a  double-contingency
task (se e text fo r details) . A:
Working memory cells fo r colo r
(color-coupled). B: Preparatory
set cell s (direction-coupled) .
Note th e opposit e tempora l fir-
ing trends o f the tw o cel l types;
in se t cells , note the relatio n
between acceleratin g trend an d
predictability of response
direction.

It would be reasonable, however, to put al l the
prefrontal function s discusse d thu s fa r under
the headin g o f the first—attention . Attention,
which i s physiologically a  process o f selectiv e
allocation o f neura l resources , i s inseparabl e
from working memory and from set . Thus, the
prefrontal corte x ca n b e assume d t o contro l
three forms of content-defined selectiv e atten-
tion—that means , physiologically , ther e ar e
three form s o f selective recruitmen t an d acti -
vation of cortical cognitiv e networks . First, the
prefrontal corte x facilitate s th e activatio n o f
networks involved in the receptio n o f sensory
signals an d i n the executio n o f motor action s
that are part of a behavioral sequence. Second ,
the prefronta l cortex , b y it s rol e i n workin g
memory, ensure s th e sustaine d attentio n t o
the representatio n o f recent signals . Third, by
preparatory se t o r moto r attention , th e pre -
frontal corte x activate s th e representatio n o f
forthcoming action s that depen d o n those sig-
nals. Workin g in tandem , thos e tw o form s o f
internal an d temporall y symmetri c attention ,
one retrospectiv e (workin g memory) and th e
other prospectiv e (set) , ensur e th e mediatio n
of cross-tempora l contingencie s betwee n
signals an d action s tha t i s ke y t o th e

temporal integratio n an d organizatio n o f
behavior.

A fourt h aspec t o f attention , th e monitor -
ing o f responses, shoul d als o be considere d a
prefrontal functio n tha t serve s tempora l in -
tegration. Al l goal-directe d behavio r i s per -
formed withi n th e broa d contex t o f th e per -
ception-action cycl e (Fuster , 1997) , whic h i s
grounded o n a  basic biologica l principle : th e
circular cyberneti c flo w o f cognitive informa -
tion tha t link s th e organis m t o it s environ -
ment (Fig . 6 :̂) . Sensor y input s ar e proc -
essed i n sensor y structures . Th e resul t o f
that processin g lead s t o actions , whic h in -
duce change s i n th e environment . These , i n
turn, generat e ne w sensor y signals , whic h
feed bac k int o th e cycl e an d hel p contro l
new action . Tha t feedbac k contro l ha s bee n
termed monitoring.

O

The notio n o f a rol e o f the prefronta l cor -
tex i n monitorin g originate d wit h th e ol d
concept o f "corollar y discharge " (Teuber ,
1972). Fro m neuropsychologica l observation s
in th e human , i t wa s inferre d tha t th e pre -
frontal corte x wa s essentia l fo r th e integra -
tion o f information resultin g fro m th e organ -
ism's ow n actions . Tha t informatio n derived,
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Figure 6-4. Schemati c diagram
of cortical interaction s i n th e
perception-action cycl e (unla -
beled rectangles signif y inter -
mediate areas or subareas) . All
arrows signif y genera l pathways
identified anatomicall y in th e
monkey.

in part , fro m efferen t copie s o f th e actions ,
and i n par t fro m sensor y input s (includin g
proprioceptive) resultin g fro m them . Base d
on tha t information , th e prefronta l corte x
would generat e corollar y discharge , whic h
would flow upon moto r an d sensor y systems
and prepar e the m fo r furthe r action s an d
percepts. Lesio n experiment s i n th e monke y
(Petrides, 1991 ) suppor t th e monitorin g rol e
of th e prefronta l corte x an d provid e i t wit h
some topograph y i n th e latera l region . Neu -
roimaging i n th e intac t huma n brai n (Petri -
des e t al. , 1993a ; Fletche r e t al. , 1998 ;
McDonald e t al. , 2000) an d electrophysiology
in patient s wit h latera l lesion s (Gehrin g &
Knight, 2000 ) furthe r suppor t th e involve -
ment o f latera l prefronta l corte x i n respons e
monitoring. Th e sam e methodologie s appea r
to suppor t a  parallel o r subsidiar y role o f the
anterior cingulat e corte x in the monitorin g of
response error s (Carte r e t al. , 1999 ; Gehrin g
& Knight , 2000 ; McDonal d e t al. , 2000 ; se e
Chapter 27) .

MECHANISMS OF TEMPORAL
INTEGRATION

The neura l mechanism s o f tempora l integra -
tion are the mechanisms of the prefrontal cog-
nitive function s tha t serv e it . Thes e mecha -
nisms ar e onl y sketchil y understood . Amon g
the fou r function s outlined , workin g memory
is th e on e tha t ha s bee n mos t intensel y ex -
plored physiologicall y and , consequently , th e
best substantiate d fro m th e poin t o f view o f
mechanisms.
From microelectrod e studie s i n th e monkey ,
the concep t i s emerging o f working memor y
as the  temporar y activation , unde r prefronta l
control, o f a  neocortica l networ k fo r th e ex -
ecution o f prospectiv e actions . A s thes e ac -
tions ar e contingen t o n recent , commonl y
sensory, events , th e activatio n o f tha t net -
work ha s th e functio n o f retaining th e mem -
ory o f thos e event s an d thu s integratin g
them wit h subsequen t actions . I f thi s as -
sumption i s correct , th e activate d networ k
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Figure 6-5. Fronta l cell s i n a
cross-modal dela y task (top left):
for 1 0 seconds th e anima l must
remember a  tone i n order to
choose a  color. Low-pitche d
tone calls for green choice , high-
-pitched ton e call s fo r red ( c
indicates correc t choice) . Top
right: Diagra m o f monkey's
brain indicatin g the are a fro m
which tone- an d color -
discriminating cells were re -
corded (number s indicate cy-
toarchitectonic areas) . Bottom:
Frequency histogram s of two
cells discriminatin g tones an d
colors accordin g t o the task
rule (uppe r cell prefers high
tone an d red ; lowe r cell , low
tone an d green) . (Source:  Mod -
ified fro m Fuste r e t al. , 2000)

also ha s th e functio n o f mediatin g tha t con -
tingency acros s time . I n thi s ligh t i t i s rea -
sonable t o assum e tha t prefronta l memor y
cells "remembe r fo r action. "

What ar e th e neurona l constituent s o f a
working memor y network ? Ho w doe s i t sta y
active? I t i s now clear , fro m 3 0 years o f phys-
iological research , tha t th e prefronta l cortex is
not th e onl y cortex involve d in working mem-
ory, and, a s we have seen , working memory is
not th e onl y function of the prefronta l cortex .

We know, fro m us e o f memory tasks, that vi -
sual working memory activates inferotempora l
units (Fuste r &  Jervey , 1982 ; Miller , e t al. ,
1993) a s well a s frontal units . Tactile working
memory activate s somatosensor y unit s (Zho u
& Fuster, 1996 ) a s well as frontal unit s (Romo
et al. , 1999) . I t seems , therefore , tha t a  work-
ing memory network spans both posterior and
frontal region s an d include s element s o f per -
ceptual memor y as well a s executive memory.
Indeed, o n th e basi s o f microelectrod e an d
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imaging studies i t appears increasingly plausi-
ble tha t a  working memory network i s an ac-
tivated long-ter m memor y network with per -
ceptual a s well as executive components. This
does not exclude new percepts or new actions
from workin g memory; these ca n be easil y in-
corporated int o activ e network s of long-term
memory by similarity, categorization, an d per-
ceptual o r executive constancy.

A recen t stud y (Fuster , e t al. , 2000 ) sup -
ports th e structura l identit y o f workin g an d
long-term memory . Monkeys were traine d t o
perform a  cross-modal delayed matchin g task
(Fig. 6-5) . The animal had to listen to a brief
tone i n orde r t o choos e a  colo r 1 2 second s
later. A  high-pitche d ton e calle d fo r re d
choice, a  low-pitched ton e fo r green . I n dor -
solateral frontal cortex, cell s reacte d with dif-
ferent firing rate s t o the tw o tones and, the n
again, t o th e tw o colors . Thos e cellula r reac -
tions wer e correlate d accordin g t o th e tas k

rule: som e cell s reacte d mor e t o lo w ton e
and gree n tha n t o hig h ton e an d red , whil e
others di d th e reverse . Thos e correlation s
disappeared whe n th e monke y failed t o per -
form th e tas k correctly . Furthermore , i n cor -
rect performanc e th e correlation s persiste d
through the dela y or working memory period
(Fig. 6—6) . Thus, in conclusion, neuron s o f lat-
eral frontal corte x integrate information across
time an d acros s modalities—i n ou r case ,
sound an d vision . The discharg e o f the neu -
rons in working memory is not only related t o
sound and to color but als o to the association
between th e two , whic h i s i n th e long-ter m
memory of the traine d animal . Thi s observa -
tion can be bes t understoo d by assuming that
those frontal neurons are constituents of a net-
work o f long-ter m memor y temporaril y acti -
vated, i n workin g memory , for th e tempora l
integration o f informatio n o f tw o separat e
modalities.

Figure 6-6. Thre e cells that
prefer th e lo w tone in the tas k
of Figure 6-5. The average fre-
quency histograms of the sec -
ond and third cell s show , in ad-
dition to sustained working
memory activity for the lo w
tone durin g the delay , marked
preference fo r green, the
matching color. (Source:  Modi -
fied from Fuste r e t al. , 2000)
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The result s o f the stud y just described als o
imply tha t th e fronta l componen t cell s o f th e
working memor y network—tha t is , a n acti -
vated long-term memory network—receive as-
sociative, task-related sensory inputs from pos-
terior associatio n cortex . Furthermore , th e
firing o f fronta l memor y cell s i s attune d t o
those input s durin g th e workin g memory pe-
riod. There is experimental and computational
evidence tha t working memory is sustained by
recurrent excitation , throug h re-entran t cir -
cuits, betwee n th e constituen t neurona l com-
ponents o f an active memory network (Fuster ,
2001). In workin g memory as in other execu -
tive functions of the frontal lobe, the prefronta l
cortex cooperate s no t onl y wit h subcortica l
structures (e.g. , thalamus , basa l ganglia ) bu t
also with posterio r cortice s (Hasegaw a et al. ,
1998; Kastne r et al. , 1999; Tomit a et al. , 1999 ;
Daffner e t al., 2000). In monkeys performing a
visual delaye d matchin g tas k (Fuster , e t al. ,
1985), the reversible inactivatio n of lateral pre-
frontal or inferotemporal cortex has two corre-
lated effects : (1)  a behavioral deficit in working
memory fo r color , an d (2 ) a  decreas e i n th e
ability o f cells in either cortex to discriminat e
colors i n th e workin g memor y period. Thes e
observations indicate that the inactivation of ei-
ther cortex, prefrontal or inferotemporal, inter-
rupts loops of reverberating discharge betwee n
them that are engaged in working memory and
critical for its maintenance.

The result s o f experiments suc h a s the on e
just describe d indicat e tha t th e reverberatio n
through recurren t neurona l circuit s i s a likely
mechanism of working memory, and therefore
of tempora l integration . Compute r modelin g
supports thi s concep t further . Zipse r e t al .
(1993), in a  fully recurren t networ k trained t o
perform workin g memory , observe d "cells "
(hidden units ) that behave d lik e rea l cortica l
cells i n working memory tasks. Consequently,
working memor y appears t o b e a  mechanism
of temporal integration base d on the recurren t
activation o f cel l assemblie s i n cortica l long -
term memor y networks.

CONCLUSIONS

Neuropsychological studies document the rol e
of the prefronta l corte x i n the representatio n

and executio n o f plans an d schemas o f behav-
ior. Fro m result s o f these studie s derive s th e
notion o f a  critica l involvemen t o f th e pre -
frontal corte x i n the tempora l organizatio n of
speech an d behavior. The temporal organizing
function o f th e prefronta l corte x rest s o n it s
ability to integrate informatio n in the time do-
main—that is, its ability to mediate contingen-
cies acros s time . Wit h it s rol e o f temporall y
integrating ne w an d comple x behavior a t th e
summit o f neura l hierarchies , th e prefronta l
cortex implement s th e perception-actio n cy-
cle, whic h i s the cortica l exponen t o f a  basic
biological principle . Tempora l integratio n i s
served by at least four prefrontal functions: at -
tention, workin g memory, preparatory set, and
monitoring. I n al l four , th e latera l prefronta l
cortex cooperate s physiologicall y with subcor-
tical structure s an d wit h posterio r associatio n
cortex. Workin g memor y appear s essentiall y
based o n th e activatio n o f neurona l cortica l
networks o f long-ter m memory , an d main -
tained b y reverberatio n o f activit y betwee n
prefrontal an d posterio r cortica l component s
of those  networks . Futur e progres s i n fronta l
lobe researc h shoul d b e aime d a t gainin g a
better understanding of the basi c mechanisms
of prefronta l cognitiv e functions . Promisin g
methodologies includ e th e us e o f electrophy-
siological techniques , reversibl e lesions , an d
neuroimaging, singly or i n combination . Neu -
roimaging, whic h appear s i n th e vanguar d of
progress, i s stil l encumbere d b y th e seriou s
and unresolved problem o f adjusting its spatial
and tempora l scale s t o those  o f cognitio n i n
the cerebra l cortex .

REFERENCES

Ackerly, S.S . & Benton , A.L. (1947) . Repor t o f cas e o f
bilateral frontal lobe defect. Research Publications—As-
sociation for Research  in  Nervous  and Mental  Disease,
27, 479-504 .

Amaral, D.G. (1987). Memory: anatomical organization of
candidate brai n regions . In: F . Plu m (Ed.) , Handbook
of Physiology;  Nervous  System,  Vol.  V: Higher  Func-
tions of th e Brain,  Part 1 (pp. 211-294). Bethesda, MD:
American Physiologica l Society .

Baker, S.C. , Rogers, R.D., Owen, A.M., Frith , C.D. , Do-
Ian, R.J. , Frackowiak, R.S.J. , &  Robbins , T.W. (1996).
Neural system s engaged by planning: a PE T stud y of
the Towe r of London task. Neuropsychologia,  34 , 515-
526.

Barcelo, P., Suwazono, S. , & Knight, R.T. (2000). Prefron -



PHYSIOLOGY OF EXECUTIVE FUNCTIONS 107

tal modulatio n o f visual processing i n humans. Nature
Neuroscience, 3, 399-403.

Carter, C.S., Botvinick, M.M. , & Cohen, J.D. (1999). The
contribution o f the anterio r cingulat e corte x t o execu -
tive processe s i n cognition . Reviews  i n th e Neurosci-
ences, 10, 49-57.

Cohen, J.D. , Forman , S.D. , Braver , T.S. , Casey, B.J.,
Servan-Schreiber, D. , &  Noll , D.C . (1994). Activation
of the prefrontal cortex in a nonspatial working memory
task with functiona l MRI . Human  Brain  Map, 1, 293-
304.

Corbetta, M. , Miezin , P.M., Shulman , G.L., & Petersen ,
S.E. (1993). A PET study of visuospatial attention. Jour-
nal o f Neuroscience,  13 , 1202-1226.

Daffner, K.R. , Mesulam, M.-M., Scinto, L.F.M., Acar, D.,
Calvo, V., Faust, R., Chabrerie, A., Kennedy, B., & Hoi-
comb, P. (2000). The centra l rol e o f the prefronta l cor-
tex i n directin g attentio n t o nove l events . Brain  123,
927-939.

Duncan, J. & Owen, A.M. (2000). Common regions of the
human fronta l lob e recruite d b y divers e cognitiv e de -
mands. Trends  i n Neurosciences,  23, 475-483.

Eslinger, P.J. & Damasio, A.R. (1985). Severe disturbance
of higher cognition after bilateral frontal lobe ablation:
patient EVR . Neurology, 35, 1731-1741.

Fletcher, PC. , Shallice , T , Frith , C.D. , Frackowiak ,
R.S.J., &  Dolan , R.J . (1998). Th e functiona l role s o f
prefrontal corte x i n episodi c memory . II . Retrieval .
Brain, 121, 1249-1256.

Fuster, J.M. (1973). Unit activity in prefrontal cortex dur-
ing delayed-response performance : neuronal correlate s
of transien t memory . Journal o f Neurophysiology,  36 ,
61-78.

Fuster, J.M. (1995). Memory  i n the Cerebral  Cortex: A n
Empirical Approach  to Neural Networks in the Human
and Nonhuman  Primate.  Cambridge, MA : MIT Press .

Fuster, J.M . (1997) . Th e Prefrontal  Cortex:  Anatomy,
Physiology and  Neuropsychology  of  the  Frontal  Lobe.
Philadelphia: Lippincott-Raven .

Fuster, J.M . (2001). Th e prefronta l cortex—a n update :
time is of the essence . Neuron,  30, 319-333.

Fuster, J.M . & Alexander , G.E . (1971). Neuro n activit y
related t o short-term memory . Science, 173, 652-654.

Fuster, J.M . & Jervey, J.P. (1982). Neurona l firing in th e
inferotemporal corte x of the monke y in a  visual mem-
ory task . Journal of Neuroscience,  2, 361-375.

Fuster, J.M. , Bauer, R.H. , & Jervey , J.P . (1985). Func -
tional interactions between inferotempora l and prefron-
tal cortex in a cognitive task. Brain Research, 330, 299-
307.

Fuster, J.M. , Bodner, M. , &  Kroger , J . (2000) . Cross -
modal an d cross-tempora l associatio n i n neuron s o f
frontal cortex . Nature, 405, 347-351.

Gehring, W.J. &  Knight, R.T. (2000). Prefrontal-cingulate
interactions in action monitoring . Nature  Neuroscience,
3, 516-520.

Grasby, P.M., Frith , C.D. , Friston, K.J. , Bench, C., Frac-
kowiak, R.S.J. , & Dolan, R.J . (1993). Functiona l map-
ping of brain areas implicated i n auditory-verbal mem -
ory function . Brain,  116, 1-20.

Hasegawa, I. , Fukushima , T , Ihara , T , &  Miyashita , Y .
(1998). Callosa l windo w betwee n prefronta l cortices :

cognitive interaction t o retrieve long-term memory. Sci-
ence, 281, 814-818.

Ingvar, D.H. (1985). "Memory of the future" : An essay on
the tempora l organizatio n o f conscious awareness. Hu-
man Neurobiology,  4 , 127-136 .

Jonides, J. , Smith , E.E., Koeppe, R.A. , Awh, E., Minosh -
ima, S. , & Mintun, M.A. (1993). Spatia l working mem-
ory i n humans a s revealed b y PET. Nature, 363, 623—
625.

Kastner, S. , Pinsk , M.A., De Weerd , P. , Desimone, R. , &
Ungerleider, L.G . (1999). Increase d activit y in huma n
visual cortex durin g directed attention i n the abscenc e
of visual stimulation. Neuron, 22, 751-761 .

Knight, R.T. (1984). Decreased response to novel stimuli
after prefrontal lesions in man. Electroencephalography
and Clinical  Neurophysiology, 59 , 9-20 .

Lhermitte, F. , Deroulsne, J. , & Signoret, J.L. (1972). An-
alyse neuropsychologique du syndrom e frontal. Revista
de Neurologia,  127, 415-440.

Luria, A.R . (1966). Higher  Cortical  Functions  i n Man.
New York : Basic Books.

Luria, A.R . (1970). Traumatic  Aphasia.  Th e Hague :
Mouton.

McDonald, A.W. , Cohen , J.D. , Stenger, V.A. , & Carter ,
C.S. (2000) . Dissociatin g th e rol e o f th e dorsolatera l
prefrontal an d anterio r cingulat e corte x i n cognitiv e
control. Science,  288, 1835-1838.

Mesulam, M.-M . (1998). Fro m sensatio n t o cognition .
Brain, 121, 1013-1052.

Miller, E.K. , Li, L. , &  Desimone , R . (1993) . Activit y of
neurons i n anterio r inferio r tempora l corte x durin g a
short-term memor y task . Journal o f Neuroscience,  13 ,
1460-1478.

Owen, A.M. , Stern, C.E. , Look, R.B. , Tracey, I. , Rosen ,
B.R., & Petrides, M. (1998). Functiona l organizatio n of
spatial an d nonspatia l workin g memor y processin g
within th e huma n latera l fronta l cortex . Proceedings
of th e National  Academy o f Sciences  USA,  95 , 7721 —
7726.

Pandya, D.N., & Yeterian, E.H. (1985). Architecture and
connections o f cortica l associatio n areas . In : A . Peters
& E.G. Jones (Eds.) , Cerebral  Cortex, Vol. 4 (pp . 3-
61). Ne w York: Plenum Press .

Pardo, J.V , Pardo , P.J. , Janer , K.W. , & Raichle , M.E.
(1990). The anterio r cingulat e corte x mediates process-
ing selection in the Stroop attentional conflic t paradigm.
Proceedings of  the  National  Academy of  Sciences  of the
USA, 87 , 256-259.

Partiot, A., Grafman, J. , Sadato, N., Wachs, J., and Hallett ,
M. (1995) . Brai n activatio n durin g th e generatio n o f
non-emotional an d emotiona l plans . NeuroReport,  6 ,
1269-1272.

Petrides, M . (1991) . Monitorin g o f selection s o f visua l
stimuli an d th e primat e fronta l cortex . Proceedings
of th e Royal  Society  o f London,  Series  B , 246,  293-
306.

Petrides, M. , Alivisatos , B. , Evans , A.C. , & Meyer , E .
(1993a). Dissociatio n o f huma n mid-dorsolatera l fro m
posterior dorsolatera l fronta l corte x i n memor y pro-
cessing. Proceedings  o f th e National  Academy o f Sci-
ences of  th e USA,  90, 873-877.

Petrides, M. , Alivisatos , B. , Meyer , E. , &  Evans , A.C.



108 PRINCIPLES OF FRONTAL LOBE FUNCTION

(1993b). Functiona l activation of the human frontal cor-
tex during th e performanc e o f verbal workin g memor y
tasks. Proceedings  o f th e National  Academy o f Sciences
of th e USA,  90, 878-882.

Posner, M.I . & Petersen, S.E . (1990). The attentio n sys-
tem o f the huma n brain . Annual  Review  o f Neurosci-
ence, 13, 25-42.

Postle, B.R . and D'Esposito , M . (1999) . "What"-then -
"where" i n visua l workin g memory : a n event-relate d
fMRI study . Journal  o f Cognitive  Neuroscience,  11 ,
585-597.

Prabhakaran, V. , Narayanan , K. , Zhao , Z. , &  Gabrieli ,
J.D.E. (2000) . Integratio n o f divers e informatio n i n
working memor y within th e fronta l lobe . Nature  Neu-
roscience, 3, 85-90.

Quintana, J . &  Fuster , J.M . (1999) . Fro m perceptio n t o
action: temporal integrativ e function s of prefrontal an d
parietal neurons . Cerebral Cortex, 9, 213-221.

Romo, R. , Brody , C.D. , Hernandez, A. , &  Lemus , L .
(1999). Neurona l correlate s o f parametri c workin g
memory i n th e prefronta l cortex . Nature,  399,  470-
473.

Shallice, T . (1988) . From  Neuropsychology  t o Mental
Structure. Ne w York: Cambridge Universit y Press .

Singh, J . &  Knight , R.T. (1990). Fronta l corte x contribu -

tion t o voluntar y movement s i n humans . Brain  Re -
search, 531, 45-54.

Smith, E.E. , Jonides, J. , &  Koeppe , R.A . (1996) . Disso -
ciating verba l an d spatia l working memor y using PET.
Cerebral Cortex,  6 , 11-20 .

Squire, L.R . & Zola-Morgan , S . (1988) . Memory : brai n
systems an d behavior . Trends  i n Neurosciences,  11 ,
170-175.

Swartz, B.E., Halgren, E., Fuster, J.M., Simpkins, F, Gee,
M., &  Mandelkern , M . (1995) . Cortica l metaboli c ac -
tivation i n humans during a  visual memory task. Cere-
bral Cortex,  3, 205-214.

Teuber, H.-L. (1972). Unit y and diversit y o f frontal lob e
functions. Acta Neurobiologiae Experimental^, 32,625-
656.

Tomita, H. , Ohbayashi , M. , Nakahara , K. , Hasegawa , I. ,
& Miyashita, Y. (1999). Top-down signa l from prefrontal
cortex in executive control of memory retrieval. Nature,
401, 699-703.

Zhou, Y . &  Fuster , J.M . (1996). Mnemoni c neurona l
activity i n somatosensor y cortex . Proceedings  o f th e
National Academy  o f Sciences  USA, 93, 10533-10537 .

Zipser, D. , Kehoe , B. , Littlewort, G. , & Fuster, J . (1993) .
A spiking network mode l o f short-term activ e memory.
Journal o f Neuroscience,  13, 3406—3420 .



7
The Theatre of the Mind: Physiological Studies of
the Human Frontal Lobes

TERENCE W. PICTON, CLAUDE ALAIN, AND
ANTHONY R. MclNTOSH

What's Hecuba to him, or he to her,
That he should weep for her?

Hamlet, II: 2

In th e epigraph , Hamle t consider s wha t h e
should d o b y comparing his ow n behavior t o
what he imagines someone else might do. The
situation ha s man y levels : w e imagin e th e
character o f Hamle t a s playe d b y a n actor ;
Hamlet consider s ho w th e lea d playe r pre -
tends t o b e Aeneas ; and Aenea s remember s
the event s o f th e fal l o f Tro y an d Hecuba' s
grief a t her husband' s death . Hamle t goe s on
to evaluat e hi s ow n "motive an d cu e fo r pas-
sion" i n ligh t o f thes e othe r characters . Th e
proposal o f thi s chapte r i s tha t th e fronta l
lobes, and in particular the prefrontal cortices ,
enact the "theatre of the mind. " They provid e
the "representationa l processing " tha t allow s
the huma n subject to entertain alternativ e in-
terpretations o f reality , t o understan d pas t
causes an d predic t futur e effects , an d t o fi t
individual dat a t o abstrac t concepts . Thi s re -
quires makin g comparisons betwee n tw o o r
more concurrentl y activ e representation s us -
ing a variety of criteria, an d operating a t mul-
tiple levels. Representational processing works
in the real m o f both th e subjunctiv e and th e
subjective, looking at what is possible an d how

it affect s th e self . It s goal is to discover mean-
ing and purpose. A  sense o f this creative pro -
cess i s captured b y a n ol d word—apprehen -
sion—used by Hamlet earlie r in this scen e of
the pla y ("i n apprehensio n ho w lik e a  god"),
and by Baddeley in Chapter 16 .

The processing is cybernetic, involving mul-
tiple feedbac k loops . Althoug h th e fronta l
regions ar e essentia l t o representationa l pro -
cessing, th e actua l processin g involve s inter-
actions betwee n multipl e area s o f th e brain .
Figure 7— 1 i s on e o f man y diagrams deriving
from th e Test-Operate-Test-Exit , or TOTE, of
Miller an d colleague s (1960) . I n term s o f in-
coming information , th e syste m generate s a
model t o fi t th e information , and adapt s th e
model base d o n th e goodnes s o f fi t and th e
stringency of the fittin g criteria . Th e diagram
differs fro m th e origina l TOTE, i n that i t also
includes an output system . A model of activity
is constructed an d the outpu t is adjusted to fit
that model . The key to these processes—what
we propos e a s th e essentia l prefronta l func -
tion—is th e generativ e activit y (Picto n &
Stuss, 2000). This is necessary for constructing
an interpretatio n o f a perceived realit y or ad -
justing a  behavio r toward s a n intende d goal .
The modelin g process ca n go on a t many dif-
ferent level s (Stus s e t al. , 2001) . Th e genera -
tion of the mode l depends on the error signal,

109



110 PRINCIPLES OF FRONTAL LOBE FUNCTION

Figure 7-1 . Mode l makin g in th e nervou s system . Thi s
diagram illustrates how the brain might evaluate incoming
information an d monito r outgoin g behavior . A generato r
mechanism create s a  mode l an d adjust s this mode l unti l
the fi t wit h th e incomin g information reaches som e cri -

terion. Onc e th e fi t i s accepted, th e mode l becomes th e
perception o f the input . On th e outpu t side , th e centra l
mechanism generate s a  mode l fo r th e desire d behavio r
and then initiate s outpu t unti l it fits with this model . This
diagram ha s been adapte d fro m Picto n an d Stus s (2000) .

which itsel f depend s o n th e discrepanc y be -
tween th e mode l and the information , and on
some selected criteria for discrepancy. Thi s er-
ror signal may itself relate to various subjective
experiences dependin g upo n th e leve l o f th e
hierarchy a t whic h th e modelin g occurs . A t
lower level s i t ma y indicate a  perceived fuzz -
iness an d a t highe r level s i t ma y relat e t o
anxiety.

PHYSIOLOGICAL MEASUREMENTS OF
COGNITION

The functionin g o f the huma n brai n ca n b e
measured usin g tw o mai n methods : electro -
magnetic an d hemodynamic. Figur e 7- 2 pre -
sents th e tempora l an d spatia l resolutio n o f
these human techniques usin g a diagrammatic
convention firs t employed b y Churchland an d
Sejnowski (1991 ) t o sho w the variou s experi -
mental techniques use d i n animal and human
neuroscience. Th e detail s ar e simila r to those
presented b y Churchland an d Sejnowski , ex-
cept fo r the divisio n of the positro n emissio n
tomography (PET ) studies int o hemodynamic
(oxygen) an d metaboli c (usin g 2-deoxy -
glucose, o r 2DG) , an d th e additio n o f func -
tional magneti c resonanc e imagin g (fMRI )
(Menon &  Kim, 1999) . Hemodynami c meth -
ods suc h a s PET an d fMR I sho w greater an -
atomical precision bu t les s temporal precision
than th e electri c an d magneti c recordings ,
which are necessary for investigating the tim e

course o f perceptua l an d cognitiv e functions .
The combinatio n of data from bot h hemodyn-
amic and electromagnetic techniques ca n pro-
vide a  ful l spatiotempora l analysis . Electroen-
cephalography (EEG ) is less precise i n terms
of spatial resolution than the other techniques .
Nevertheless, i t i s inexpensiv e an d ha s goo d
temporal resolution. Furthermore, sinc e it can
be recorde d simultaneousl y wit h an y o f th e
other techniques , EE G ca n serv e a s a  go -
between t o ensure that paradigms ar e provid-
ing consistent dat a in the differen t recordin g
environments. Despit e bein g fuzzy , EE G i s
frugal, fast , an d friendly .

Electromagnetic recordings look at the elec-
trical o r magneti c fields that ar e generate d a t
the scal p by the activit y of neurons within th e
brain. Th e recorde d fields occur a t the sam e
time as the neuron s are active , and reflec t th e
summed activitie s o f man y neurons . Sinc e
electromagnetic activit y i s bipolar , superim -
posed field s o f differen t neuron s ma y cance l
themselves out . Large r field s ar e therefor e
created when th e fields of the activ e neuron s
are parallel , suc h as the pyramida l cells of the
cortex, an d whe n thei r activatio n i s synchro-
nized. Transien t burst s o f activit y ar e associ -
ated with the transfe r of information from on e
cerebral regio n t o another . Sustaine d activit y
is associate d wit h th e processin g o f informa-
tion or the maintenanc e o f that information in
working memory . Rhythmi c activit y i s les s
clearly understood . Som e rhythm s suc h a s
the alph a rhyth m ma y reflec t decrease d in -
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Figure 7-2 . Spatia l an d tempora l resolution . Thi s dia -
gram shows the resolutio n of different technique s used to
evaluate the functio n o f the human brain. The spatia l res-
olution i s show n o n th e y-axis , usin g a  logarithmi c scal e
such tha t valu e 0  equal s 1  mm, value 1  equals 1 0 mm,
etc. Th e tempora l resolutio n i s given on the x-axis , again
using a  logarithmic scal e suc h tha t th e numbe r 0  equals
1 second , th e number 1  equals 1 0 seconds, etc . I n orde r
to disentangl e th e overlap , tw o of the procedure s (EE G

and bloo d flo w wit h oxyge n PET ) hav e bee n shaded .
Techniques usin g electroencephalograph y (EEG ) an d
magnetoencephalography (MEG ) sho w bette r tempora l
resolution than the blood flow techniques or the metabolic
technique usin g labele d 2-deoxyglucos e (2DG) . Func -
tional magnetic resonance imaging with the blood oxygen-
ation level-dependent (BOLD) effect show s a better spa-
tial resolution than positron emission tomography (PET).

formation processing , an d ar e attenuate d o r
desynchronized whe n th e corte x i s activ e
(Pfurtscheller &  Lopes d a Silva , 1999) . Othe r
rhythms—gamma rhythms—ma y b e associ -
ated wit h binding together informatio n being
processed i n separate area s of the corte x (Lli -
nas et al, 1998 ; Singer , 2000). Analyses of the
coherency o f EE G o r magnetoencephalo -
graphic (MEG ) activit y betwee n differen t
regions o f the brai n demonstrat e th e flow of
information betwee n thes e regions . Thes e
measurements are powerful because of the ac-
curate tim e dimension . However , car e mus t
be taken when using scalp recording to ensure
that fiel d sprea d i s distinguishe d fro m neu -
ronal transmission (Nunez et al. , 1999) .

Hemodynamic studies  o f th e huma n brai n
look a t th e change s i n bloo d flow that follo w
the activatio n of neurons. Since these change s

occur severa l second s afte r th e neurona l acti -
vation, the tempora l resolutio n o f the analysis
is limited. However, the anatomica l resolution
is muc h bette r tha n fo r th e electromagneti c
techniques, particularl y fo r fMRI . Correla -
tional analysi s o f hemodynami c dat a i s wel l
justified sinc e th e measurement s d o no t
change polarity . However , the y ar e limite d
since they cannot easil y be don e ove r time.

Three genera l principles ar e helpful in eval-
uating physiologica l measurement s (eithe r
electromagnetic o r hemodynamic) during cog-
nition. First , multipl e area s o f th e brai n ar e
simultaneously active. Neuronal activity in the
frontal lobe s doe s no t occu r withou t simulta-
neous activity elsewhere. This may make it dif-
ficult to study. Neuronal firing patterns a t one
location canno t b e understoo d independentl y
of neurona l activit y in othe r locations . At th e

PHYSIOLOGICAL STUDIES OF HUMAN FRONTAL LOBES
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level o f the scalp-recorde d potential s ther e is
the adde d proble m tha t th e field s generate d
by neurons in one are a ma y significantly over-
lap with thos e generate d i n othe r areas . Sec -
ond, when processing depends o n networks of
interacting neuron s (Mclntosh , 1999 , 2000) ,
the localizatio n o f functions to specific areas is
difficult. Lesio n studie s hav e complex effects .
Third, th e mos t informative measurements of
neuronal network s ma y involv e correlationa l
studies. All begin with c:  concurrent activatio n
of differen t areas , comple x effect s o f lesions,
and correlationa l measurement s of activity.

Our chapte r look s a t th e function s o f th e
frontal lobes of the human brain from th e per -
spective o f physiology . Th e developmen t o f
the chapte r wil l follo w th e genera l mode l o f
representational processing . W e shal l mak e
some working hypotheses abou t th e workings
of the fronta l lobes an d se e how well they fit.
These hypothese s ar e speculative—th e gen -
erating process is active and the fitting criteria
are loose . Thi s mod e o f thinkin g i s necessi -
tated by the genera l lac k of knowledge abou t

J O O

how the huma n fronta l lobes work .

PERCEPTION

PROCESSING SENSORY INFORMATION

Although sensor y stimulatio n primaril y acti -
vates the sensory cortices, the frontal regions of
the brain are often activated in parallel with the
more specifically sensory areas. In the auditory
system, the sensor y response generates a  large
electrical P1-N1-P2 complex. These potentials
are largely generated in the auditory cortices of
the supratempora l plane , an d picke d u p ove r
the fronta l scal p because o f the sprea d o f the
electrical field s throug h volum e conduction.
However, th e fronta l lobe s ar e activ e a t th e
same tim e o r slightl y later tha n th e tempora l
lobes. Figur e 7- 3 show s a  simplifie d sourc e
analysis o f the lat e auditor y evoke d potentials
(Picton et al, 1999). The sources are shown in
only one hemisphere . Activatio n of the supra -
temporal plane is quickly followed by activation
of the lateral temporal lobe and several regions
of th e fronta l lobe . Simila r results hav e bee n
suggested b y analysi s o f th e curren t sourc e
densities of these responses (Giard et al., 1994 )

Figure 7-3 . Sourc e analysi s o f th e auditor y evoked po-
tentials. Thi s figur e show s th e sourc e waveform s activ e
during the perio d o f the auditor y evoked potentials (PI—
Nl, P2-N2) . I n orde r t o mak e th e analysi s mor e easily
understood, onl y thos e source s active in th e righ t hemi-
sphere i n respons e t o lef t ea r stimulatio n are shown . A
full analysi s is presented in Picton et al. (1999). In general,
the sourc e waveform s ar e reasonabl y symmetrica l be-

tween homologou s areas i n th e tw o hemispheres , with
some sligh t asymmetr y suc h tha t th e contralatera l tem-
poral region s ar e mor e active in respons e to a  monaural
sound tha n the ipsilatera l tempora l regions . The vertical
dashed line s represent timin g at 50-ms intervals after th e
onset o f the tone . The sourc e waveforms illustrat e a flow
of activation from th e temporal regions to the anterior and
midfrontal regions.
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The overla p betwee n th e differen t sourc e
components makes it difficult t o recognize the
effects o f frontal lesions . Lesions to th e tem -
poroparietal regions significantly attenuate the
Nl wav e o f th e auditor y evoke d potential ,
whereas lesion s t o th e fronta l lob e d o no t
(Knight et al. , 1980; Alai n et al. , 1998). Source
analysis indicate s tha t th e tempora l lob e i s
clearly th e dominan t generato r an d tha t re -
moving one o f the fronta l source s would have
only littl e effec t o n th e scal p measurements.
Intracerebral recording s (Alai n e t al. , 1989 ;
Baudena e t al. , 1995 ) hav e no t show n evi -
dence o f fronta l generators , bu t thi s ma y be
related t o th e limite d location s o f th e
electrodes.

Although bloo d flo w studie s o f passive lis -
tening usuall y show activation tha t i s limite d
to th e tempora l lobes , region s o f the fronta l
lobe ar e recruite d durin g activ e listenin g a s
well (Hal l et al. , 2000; Pedersen e t al. , 2000).
It i s difficul t t o determine fro m thes e studie s
whether th e fronta l region s ar e continuousl y
active in terms of general attention or whether
there ar e mor e specifi c stimulus-by-stimulu s
interactions. Th e electrica l sourc e analysi s
suggests tha t th e interaction s occu r fo r eac h
stimulus.

Rapid activation of the fronta l lobes also oc-
curs durin g the processin g o f visual informa-
tion. During attention t o visual stimuli, a fron-
tal negative wave occurs slightly later (120 ms)
than th e posterio r P I wav e at abou t 10 0 ms
(Luck &  Hillyard , 1994) . Targe t detectio n i s
similarly associate d wit h a  posterio r N2p c
wave tha t i s quickl y followed b y a n anterio r
N2 wave (Luck et al. , 1994) . I n a n intriguing
study, Thorp e e t al . (1996 ) showe d earl y
changes in the event-related potentia l a t fron -
tal region s whe n subject s hav e t o decid e
whether comple x photographs contai n a n an-
imal or not. The fronta l differences beginning
at approximatel y 15 0 ms likel y represen t a n
interaction betwee n th e visua l areas an d th e
response-selection system.

Concurrent activatio n of frontal and sensory
cortices ma y relat e t o consciou s awareness .
Koch an d Cric k (2000 ) hav e postulate d tha t
connections betwee n th e sensor y cortices and
the prefronta l corte x ar e essentia l t o aware -
ness. In general, lesions to the frontal lobes do

not impair awareness, but this may not be true
when th e sensory  input i s complex . A large
lesion o f the righ t fronta l lob e impaire d per -
ception o f auditor y tempora l pattern s (Grif -
fiths e t al. , 2000) . Thi s suggest s tha t th e au -
ditory system up to and including the primary
auditory cortex is not sufficien t fo r the norma l
perception o f temporal patter n withou t addi -
tional frontal processing. This vital interplay of
prefrontal corte x an d sensor y region s i n
awareness wa s als o shown i n a n fMR I stud y
of Lume r an d Ree s (1999) . Subject s partici -
pated i n a binocular rivalry task, in which dis-
tinct stimul i wer e presente d t o th e lef t an d
right visua l fields . Unde r norma l circum -
stances, subjectiv e percept s switc h betwee n
the tw o stimuli . A  significan t covariation ex -
isted between peristriate , ventral occipitotem -
poral, and superior prefronta l cortice s durin g
rivalry conditions . Presumably , the coactiva -
tion of these area s carried the informatio n on
the dominan t percept. Suc h a distributed pat -
tern o f coactivation i n perceptua l rivalr y ha s
also bee n reporte d i n steady-stat e ME G re -
cordings (Tonon i et al. , 1998 ; Srinivasi n et al. ,
1999).

The rapi d rhythm s o f th e EE G probabl y
play a crucial role in the interactions betwee n
the prefronta l region s an d th e res t o f th e
brain. On e possibilit y (Singe r &  Gray , 1995 ;
Singer, 2000 ) i s tha t synchronize d rhythmi c
firing of the neuron s in various regions of the
brain migh t bind sensor y attribute s int o per -
ceived objects . Th e network s migh t function
through synchronize d gamm a rhythms (with
frequencies o f 3 0 H z o r greater) . Gamm a
rhythms may be recorded i n the human EEG.
They mus t be analyze d in the frequenc y do-
main on each trial, since trial-to-trial variations
in their frequency or phase may cancel out the
activity i n a n average d recording . Further -
more, care mus t be taken to distinguish brain
activity fro m muscl e artifacts . Tallon-Baudry
and colleagues (1997 ) showed that the percep-
tion of an object in a camouflaged background
was associated wit h a burst of gamma activity.
Rodriguez and colleagues (1999 ) had subject s
view abstract figures that were sometimes rec-
ognizable a s faces an d sometime s not . Whe n
the subjec t perceive d a  face ther e wa s a high
correlation betwee n gamm a activitie s re -
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corded ove r anterio r an d posterio r region s of
the scalp . Meaningfu l perceptio n thu s oc -
curred whe n the fronta l and posterior region s
became synchronized .

NOTICING CHANGES

The mismatch  negativity  (MMN ) is a  smal l
negative wave that ca n be recorde d fro m th e
scalp whe n a  repeatin g auditor y stimulu s
changes (Picto n e t al. , 2000) . Th e MM N re -
flects a  proces s i n sensory  memor y tha t de -
tects a  deviatio n fro m som e regularity . Th e
MMN occur s regardles s o f whether th e sub -
ject i s attendin g t o th e devian t stimuli . Al-
though i t i s mainly generated i n th e auditor y
cortices o f the supratemporal plane, the scalp -
recorded MM N als o receives som e contribu -
tion from th e righ t frontal cortex (Giard et al. ,
1990). Th e MM N process migh t represen t a
call to attention—something has changed an d
this ma y be important . Concurren t activatio n

of sensory and fronta l corte x therefore occur s
both durin g the sensory  response (something
has happened ) an d durin g th e mismatc h re -
sponse (somethin g has changed) .

Lesions to the temporal lob e unilaterally at-
tenuate th e MM N t o stimul i tha t ar e pre -
sented contralaterall y t o th e lesion , wherea s
lesions t o th e fronta l lob e caus e bilatera l at -
tenuation (Alai n e t al. , 1998) . Figur e 7- 4 il -
lustrates thes e finding s (lesion s to th e hippo -
campus d o no t affec t th e response) . Th e
MMN i s therefor e mainl y generate d i n th e
temporal lob e wit h the hemispher e contralat -
eral to the side of stimulation playing the dom-
inant role . The rol e o f the fronta l lobe s is less
clear. Bilateral frontal generator s may contrib-
ute to the scalp-recorded MM N (regardless of
the ea r o f stimulation ) and thes e generator s
may interact suc h tha t a  lesion t o on e fronta l
region impairs the function of the other, or the
frontal lobe s ma y facilitate th e MM N gener -
ators in both temporal lobes. Whatever the ex-

Figure 7-4. Effect s o f brain lesions on mismatch negativ-
ity (MMN) . Thi s figur e show s the averag e deviant—stan-
dard differenc e waveforms for a  grou p o f patient s wit h
temporoparietal lesion s (upper]  an d a  grou p o f patient s
with fronta l lesion s (lower).  Th e patien t waveform s ar e
compared to those of normal control subjects. Responses
are show n when the stimulu s wa s presented ispilaterall y
and contralaterall y t o th e lesione d hemisphere . Fo r th e

control subjects, the ipsilateral and contralateral responses
are identical and represent the mea n of the righ t and lef t
ear responses. A clear mismatch negativity began at about
50 m s afte r th e stimulu s and peake d a t abou t 15 0 ms.
Unilateral fronta l lesion s decreas e th e MM N t o eithe r
right o r lef t ea r stimulatio n bilaterally , whereas temporo-
parietal lesions only decrease the response when the stim-
uli are contralateral .
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planation, th e fronta l an d tempora l lobe s in -
teract i n th e generatio n o f th e MMN . A
complex network underlies sensory memory.

If th e subjec t attend s t o th e discrepan t
stimulus i n order  t o detec t i t a s a target, th e
MMN is followed by a large complex of waves,
usually consistin g o f N2 , P3 , an d slo w wave.
The larges t o f these i s the lat e positiv e wave,
called P3 from it s location i n the P1-N1-P2-
N2-P3 sequence or P300 because of its typical
latency in milliseconds in young subjects (Pic -
ton, 1992). Determination of the brain regions
generating thi s wave has lon g been a  source
of controversy . Severa l recen t fMR I studie s
have looke d a t th e cerebra l location s o f in -
creased bloo d flo w durin g targe t detectio n
(Menon et al. , 1997; Linde n et al, 1999; Yosh-
iura e t al. , 1999 ; Downa r e t al. , 2000) . In -
creased blood flow occurs in the temporopar -
ietal regions an d in severa l othe r area s o f the
brain, includin g th e fronta l cortex . Thi s fit s
with intracrania l recording s i n huma n sub -
jects, which show simultaneous activity in mul-
tiple regions of the brain (Halgren et al., 1998)
during the time of the scalp-recorded late pos-
itive wave . The P30 0 i s likel y a  networ k re -
sponse with no dominant focal generator . The
late positiv e wav e occur s i n a  variet y o f cir-
cumstances i n addition t o the detectio n of an
improbable target—in go/no-go tasks, in feed-
back, an d i n the detectio n o f novelty ("beep ,
beep, beep, bark"). In all of these contexts, the
frontal lobe s contribut e mor e significantl y t o
the scalp-recorde d wave.

Many researcher s hav e recognize d tw o
main type s o f P30 0 wave , th e P3 a an d P3 b
(Squires et al, 1975 ; H e et al, 2001) . The P3b
occurs whe n a n expecte d targe t i s detecte d
and i s maximall y recorded fro m th e parieta l
scalp; the P3a  occurs when a novel stimulus—
a dog bark or other strange noise—is noticed
and is maximally recorded more frontally. Pre-
frontal lesion s cause a significant reductio n in
the P3 a amplitude (Knight , 1984) . Hippocam-
pal lesions als o significantl y affec t th e novelty
P3a but spar e th e targe t P3 b (Knight , 1996 ;
Knight &  Scabini , 1998) . Th e network s un -
derlying these two late positive wave s are se t
up differently . Novelt y detection involves the
medial tempora l region s an d th e prefronta l

cortex muc h mor e tha n routin e targe t detec -
tion, which is handled i n the temporoparieta l
association areas . Thes e result s fi t wel l with
hemodynamic studie s o f novelt y detectio n
which indicate significan t activation of the me -
dial temporal regions (Tulving et al , 1996) .

HYPOTHESES CONCERNING
PERCEPTION

Sensory information reachin g th e corte x may
or may not reach consciousness. Much of what
comes in i s disregarded o r handled automati-
cally. Paying attention t o som e part of the in -
coming informatio n probabl y involve s inter -
actions betwee n th e prefronta l cortice s an d
the sensor y regions of the brain . These inter -
actions may be initiated top-down o r bottom -
up, an d ar e probabl y associate d wit h facili -
tated transmissio n o f informatio n fro m on e
region o f cortex t o anothe r an d b y rapi d os -
cillations in the electrical activity of interacting
neurons. When such interactions occur, the in-
formation become s conscious.

Changes ca n b e expecte d o r novel . When
an expecte d chang e i n th e inpu t occur s tha t
requires a  routin e response , i t i s handle d
mainly throug h th e sensorimoto r associatio n
areas of the parieta l regions . These are the fo-
cus o f a  network o f activity tha t ma y also in -
volve motor activation, memory updating, sen-
sory tuning , an d othe r procedures . Whe n
something nove l occurs, the media l temporal
regions an d th e prefronta l corte x ar e muc h
more involved.

CONTROL OF BEHAVIOR

INHIBITING RESPONSES

If the usua l target-detection tas k is inverted so
that the subject responds to the standard stim-
uli an d withhold s respons e fro m th e target ,
the N 2 wave to the no-go stimulus is increased
in amplitud e (Eimer , 1993 ) an d th e P30 0 is
more frontall y distribute d (Hillyar d e t al ,
1976; Simso n et al, 1977 ; Robert s et al, 1994 ;
Falkenstein e t al , 1995) . A  similar se t o f po-
tentials i s associated with th e presentatio n o f
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a sto p signa l i n a  paradig m i n whic h a n on -
going discriminativ e respons e mus t b e pre -
vented i f a  sto p signa l occur s jus t afte r th e
stimulus t o b e discriminate d (Pliszk a e t al. ,
2000). Here , th e N 2 wav e i s large r ove r th e
right fronta l region s tha n ove r th e left .

Source analyse s o f the cerebra l activit y un-
derlying th e no-g o respons e indicate s a  com-
plex se t o f overlappin g generator s i n th e in -
ferior prefronta l regions , cingulate , an d
premotor region s (Kiefe r e t al. , 1998) . Th e
role o f the righ t inferio r regions o f the fronta l
cortex in response inhibitio n has also been im-
plicated i n fMR I studie s (Case y et al. , 1997) .

MONITORING OF ERRORS

At times the subjec t ma y make a mistake dur-
ing targe t discriminatio n an d respon d t o a
no-go stimulus . This situatio n i s often se t u p
by makin g th e no-g o stimulu s improbabl e
(Robertson e t al. , 1997) . Th e subjectiv e erro r
experience i n this task is sometimes describe d
as "Oops " (an d ofte n wit h mor e expletiv e
terms). I f th e event-relate d potential s (ERP )

are recorde d usin g th e erro r respons e a s a
trigger, w e can see the cerebra l concomitant s
of thi s experienc e (Falkenstei n e t al. , 1991 ,
1994; Gehring  e t al. , 1993 ; Scheffer s e t al. ,
1996). Th e event-relate d potential s recorde d
when th e respons e wa s correct ar e subtracte d
away fro m th e potential s recorde d whe n a n
error wa s mad e t o giv e a n "error-related "
ERP. This contains  a n Ne-Pe comple x that is
maximally recorded ove r th e midfronta l scal p
(Fig. 7-5) .

When feedbac k o n a  task is given afte r th e
response, th e ER P t o th e feedbac k stimulu s
that denote s tha t th e respons e wa s incorrec t
contains an increased N 2 wave (Miltner et al. ,
1997). Sourc e analysi s o f thi s wav e show s a
similar generato r t o th e anterio r cingulat e
source underlyin g th e N e wav e fo r a n in -
correct respons e t o a  no-g o stimulus . I n
the no-g o task , th e subject s ar e immediatel y
aware o f thei r error s an d provid e thei r ow n
feedback.

Several studie s have implicated th e anterio r
cingulate corte x i n th e generatio n o f thes e
error-related potentials. Sourc e analysi s of the

Figure 7-5 . Error-relate d responses . Thi s figur e show s
the event-related potentials synchronized to the motor re-
sponse i n a  paradigm i n which th e subjec t wa s required
to withhold a  respons e t o a n improbabl e no-go stimulus
while responding as rapidly as possible to all other stimuli.
Sometimes th e subjec t wa s unabl e t o withhol d th e re -
sponse an d committe d a n error . Th e differenc e betwee n
the response-relate d potential s fo r the erro r an d fo r th e

correct respons e show s th e error-relate d potential s a t
the bottom . Th e majo r component s o f thi s respons e
are th e N e an d P e waves . This figure s show s the differ -
ence i n these wave s between a  group of 10 patients who
had suffere d fro m traumati c brai n injur y (TBI ) an d a
group o f age-matched control subjects. Unpublishe d data
are fro m M.L . Armilio, I.H . Robertson , D.T. Stuss , an d
T.W. Picton.
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error-related negativity shows focal activit y in
the anterio r cingulat e region (Dehaen e e t al. ,
1994; Holroy d e t al. , 1998) . I f on e look s a t
these erro r response s usin g event-relate d
fMRI, on e finds a significant activation i n the
medial prefronta l corte x (Kieh l e t al. , 2000) .
Several processes ar e going on during the rec -
ognition o f a n error . Th e erro r mus t be de -
tected, th e guil t o r frustratio n mus t b e ac -
knowledged, an d compensatory behavior must
be initiated . Othe r region s of the brai n prob -
ably interact with the anterior cingulate durin g
such error processing .

The N e wav e recorde d fro m individual s
with latera l prefronta l damag e i s significantly
reduced (Gehrin g &  Knight , 2000) . Th e lat -
eral prefronta l cortex must therefore interac t
with the anterio r cingulat e corte x in monitor -
ing behavior and in guiding compensatory sys-
tems. Interestingly , bot h th e correct respons e
and the error elicited large negativ e waves. It
is possible tha t th e patient s di d no t properl y
discriminate error s fro m correc t response s i n
terms o f how they reacted t o them. As shown
in Figur e 7-5 , th e error-relate d respons e i s
also abnorma l afte r hea d injury . Thes e pa -
tients ma y notice errors—th e N e i s no t sig -
nificantly differen t fro m normal—bu t no t b e

able t o cop e wit h them—th e P e wave is sig-
nificantly reduced.

Errors often resul t from a  lapse in intention
or goa l neglect (Dunca n e t al. , 1996) . A  slow
positive shif t ca n be observed over the fronta l
pole in the event-relate d potential s precedin g
an error i n a  Stroop paradig m (Wes t & Alain,
2000). This slow wave inverts in polarity fro m
the fronta l pol e t o th e frontocentra l region ,
suggesting a dipole source in the anterior fron -
tal regions . This likel y represents th e declin e
in a sustained frontal negativity associated with
maintaining task goals in mind.

SWITCHING TASKS

Figure 7- 6 represent s some data recorded in
a paradigm that required th e subject to switch
from on e tas k t o anothe r (Moulden , 1999) .
One tas k wa s t o respon d o n th e basi s o f
whether a  stimulus was on the lef t o r right of
a grid ; th e othe r wa s to respon d whethe r i t
was a t th e to p o r th e bottom . Tw o types o f
visual cue s indicate d whic h tas k t o perfor m
when the target stimulus occurred. Followin g
the cue, a negative preparatory wav e occurred
in the fronta l region s o f the scal p as the sub -
ject prepared for the upcoming task. If the cue

Figure 7-6 . Event-relate d potentials associated with task
switching. In thi s paradigm, a cue (C ) stimulus came on
1500 m s before a target stimulus (T). The target stimulus
was a  red circl e located in one section s of a 2 X  2 grid.
The cue informed th e subjec t whether to respond on the
basis of whether the circle was on the lef t o r the righ t or
whether it was in the upper or lower half of the grid. Both
the cu e an d the targe t persisted until the response . The

task change d randoml y fro m tria l t o trial . Two types of
cue, were used , on e usin g arrows and one usin g letters.
When the task was switched from th e previous trial, there
was a n increase d negative wave a t around  700 m s afte r
the cue , compared to when the task was the same as pre-
viously. This negativity was recorded maximall y from th e
midfrontal regions . Unpublishe d dat a ar e fro m J.A .
Moulden (1999).
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indicated tha t th e require d response s woul d
be differen t fro m tha t on the precedin g trial ,
the subjec t ha d to switch . I n thi s case , ther e
was a n additiona l mid-fronta l negativ e wave ,
the N70 0 wave, which appear s t o indicate the
revising o f the stimulus-respons e rules .

Hemodynamic studie s o f tas k switchin g
have shown increased activation i n many brain
regions, particularly th e latera l prefronta l cor-
tex an d th e parieta l lobe s (Dov e e t al. , 2000 ;
Kimberg et al. , 2000; Sohn et al. , 2000). Stud-
ies o f patients wit h lesion s indicate d tha t th e
right hemispher e i s mor e involve d i n tas k
switching than the left , bu t patients with fron -
tal lesion s di d no t sho w the expecte d deteri -
oration i n switchin g efficiency (Mecklinge r e t
al., 1999) . Switchin g between task s i s neces -
sarily complex since i t mus t involve the sche -
mata (o r stimulus-response rules ) for eac h of
the task s a s wel l a s th e executiv e process o f
switching betwee n them . Th e electrica l re -
cordings ar e importan t becaus e th e timin g of
the switc h likel y occur s befor e th e activatio n
and inactivatio n o f th e tas k schemata . W e
might therefore speculat e that the dorsolateral
prefrontal region s might initiate th e switchin g
of the stimulu s rules tha t ar e perhaps se t up
in the sensory and motor regions o f the cortex.

HYPOTHESES CONCERNING
BEHAVIORAL CONTROL

The fronta l lobes ar e intimately related to the
control o f behavior, with the mai n motor out -
flow fro m th e cerebra l corte x derivin g fro m
the precentral gyrus. Areas anterior t o this gy-
rus ar e involve d i n initiatin g behavior , over -
seeing complicate d behaviora l patterns , an d
stopping behavior . Th e mos t excitin g recen t
results concer n th e implicatio n o f inferio r
frontal region s i n stoppin g behavio r an d th e
existence o f a n error-processin g networ k
linked to the anterio r cingulat e region.

Switching betwee n task s is a  comple x pro-
cess that requires initiating new task rules and
withdrawing others . Th e cerebra l processe s
responsible fo r switchin g therefor e involv e
many areas of the brain . The dorsolateral pre -
frontal region s seem crucial to these switching
networks, althoug h th e parieta l region s likel y

maintain representation s o f the activ e stimu -
lus-response rules .

LEARNING AND MEMORY

BECOMING AWARE OF CONTINGENCIES

Understanding th e relationship s betwee n
stimuli i s the domai n of the contingen t nega -
tive variation (CNV), initially reported b y Wal-
ter e t al . (1964) . Thi s i s a  negativ e baselin e
shift tha t occur s between tw o stimul i (SI an d
S2) whe n a  subjec t recognize s a  meaningfu l
association, or contingency, between th e stim -
uli (McCallum , 1988) . I n mos t CN V para -
digms, S I warn s of the upcomin g occurrence
of S2 , which requires a  motor response. Mul-
tiple differen t processe s likel y contribute t o
the CNV: an early orientation to the first stim-
ulus, a  late preparation o f the respons e t o the
second stimulus , an d a n overridin g proces s
that organize s behavior accordin g to the con -
tingencies o f the task . Th e amplitud e o f th e
CNV i n a  simpl e respons e tas k i s relate d t o
neuropsychological test s o f executive function
in patient s with traumatic brain injur y (Sega-
lowitz e t al. , 1992) . Prefronta l lesion s signifi -
cantly reduce th e amplitud e o f the late r por -
tions o f the CN V (Rosahl & Knight, 1995) .

Figure 7-7 show s some dat a recorde d dur -
ing a paradigm involvin g associations betwee n
stimuli (Prouk, 1981 ; Proul x & Picton, 1984) .
Four differen t pair s o f tone s occurred , wit h
only one o f these pairs occurrin g righ t befor e
a buzzer that the subject had to turn off. Some
subjects recognize d th e associatio n betwee n
the buzze r an d th e particula r ton e pai r tha t
preceded it , and others di d not . For th e sub -
jects wh o becam e awar e o f the rules , a  CNV
occurred durin g th e ton e pai r tha t indicate d
an upcoming response, an d not durin g a tone
pair tha t wa s unrelated t o th e response . Th e
wave was significantly affecte d b y anxiety. The
subjects ha d t o discove r the contingencie s for
themselves. A relaxed subject had no difficult y
recognizing the stimulu s association, develop-
ing a  CN V t o th e relevan t stimulu s and re -
sponding quickly. If the subjec t was anxious by
nature, ther e wer e tw o possibile results . The
subject coul d become involved in the task, de-
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Figure 7-7 . Contingen t negativ e variation. In thi s para -
digm, multiple different pair s of stimuli (S1-S2) occurred .
If the two tones were high pitched, th e pair of stimuli was
then followed by a buzzer. The instructions wer e t o turn
off the buzzer as quickly as possible. Some of the subjects ,
such a s th e subjec t whos e event-relate d potential s ar e
shown in the uppe r par t o f the figure , recognized the as-
sociation between th e high-pitche d tone s and the buzzer
and developed a contingent negativ e variation (CNV) after

the initia l stimulus . The response s whe n th e tw o stimul i
were high pitche d ar e show n by the thic k lines. The re -
sponses when the two stimuli were low pitched are shown
by the thi n lines . Othe r subjects , suc h a s the on e whose
waveforms ar e shown in the lowe r par t o f the figure, did
not recogniz e the associatio n between th e tone s an d the
buzzer, did no t sho w any changes in thei r baseline EEC
level, an d responde d t o th e buzze r with a  slow reaction
time (RT).

velop a  larg e CNV , perform well , bu t suffe r
from hig h level s o f anxiety . O r th e subjec t
could decide not to become involved, no t de-
velop a  CNV, perform poorly , an d fee l fine.

What i s happening i n the brai n durin g thi s
CNV? Figur e 7- 8 show s som e PE T dat a ob -
tained durin g a n analogous tas k (Mclntos h e t
al., 1999) . A t the beginning, the subject s were
not aware of the contingencies . Som e subjects
became awar e that one stimulus predicted the
upcoming tas k an d th e other s di d not . A  re-
gion o f th e lef t dorsolatera l corte x becam e
highly relate d t o behaviora l performance an d
to other activ e regions of the brain, either pos-
itively or negatively . Subject s who did not be -
come awar e o f th e associatio n di d no t sho w
this patter n o f correlations. Thes e result s ar e
analogous t o thos e discusse d earlie r i n th e
chapter i n relatio n t o perceptua l awareness .
The prefrontal region s ar e essentially involve d

in becoming awar e o f both what somethin g is
and what i t means . The prope r interpretatio n
of the world requires communication between
the prefrontal region s and the rest of the brain.

Rhythmic gamm a activit y als o occur s i n
these task s (Miltne r e t al. , 1999) . A s an asso-
ciation betwee n a  visual stimulus an d a n up -
coming somatosensor y stimulu s wa s made ,
gamma activit y increase d a t occipita l an d pa -
rietal sites and a CNV developed between th e
stimuli. I n addition , th e gamm a activit y
showed increase d coherence between the oc-
cipital areas (subserving vision) and the centra l
areas (subservin g somatic sensation) .

SHORT-TERM MEMORIES

Tallon-Baudry and colleagues (1998) looked a t
the neurophysiologica l concomitants o f short -
term memory . Thei r tas k wa s t o determin e
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Figure 7-8 . Awarenes s o f contingencies . Thi s figur e
shows the functiona l network s derived b y path analysis of
PET bloo d flow data durin g late phase s o f training in a
differential sensor y conditionin g tas k (adapted fro m Mc -
Intosh, et al. , 1999) . Two different tone s differentially sig-
naled th e upcomin g occurrence (o r not ) of a visual stim-
ulus tha t th e subjec t had t o discriminate . Some subjects
became awar e o f the associatio n between th e tone s an d

the visua l stimul i an d som e di d not . Separat e networ k
analyses were performed from th e two groups. The arrows
represent th e effec t on e regio n ha s on another , with th e
size and sign of the effec t indicate d in the legend . Aware
subjects showed strong difference i n effective connections
involving left prefronta l are a 9 and other regions that dis-
tinguished betwee n th e tw o tones . Conversely , the net -
work fo r th e unawar e subject s di d no t diffe r betwee n
tones and showe d n o strong lef t prefronta l involvement .

whether a  secon d visua l shap e wa s the sam e
as the first . A  control task used the sam e first
stimulus bu t th e subjec t onl y responded t o a
dimming o f th e fovea l fixatio n cros s a t th e
time o f the secon d stimulus . Durin g the first
stimulus the slowe r rhythm s were significantly
reduced; thi s i s terme d event-related  desyn-
chronization (Pfurtschelle r &  Lopes d a Silva ,
1999). Burst s o f gamm a rhyth m occurre d a t
the onse t an d the offse t o f the stimulus . If the
stimulus ha d t o b e maintaine d i n workin g
memory, a further burst of gamma rhythm oc-
curred t o se t up thi s representation .

When informatio n i s held in working mem-
ory, hemodynami c studie s sho w comple x in -
teractions betwee n fronta l cortex , hippocam -
pus, anterio r cingulate , an d sensor y cortice s
(Mclntosh, 1999) . I n a  delaye d match-to -
sample tas k for  faces , thes e interaction s
changed with changes in the interval betwee n
the sampl e an d th e matching-task . I n partic -
ular, the fronta l regions became mor e involved

as th e dela y increase d an d memor y move d
from short - t o long-term .

LONG-TERM MEMORY

Encoding int o long-ter m memor y involve s
complex interaction s betwee n differen t brai n
regions with the fronta l regions, playin g an im-
portant rol e (Mangel s et al. , 2001). In a simple
learning paradig m subject s lear n a  lis t o f
words an d then are tested fo r recal l an d rec -
ognition. At the tim e of encoding, wha t deter -
mines whether th e word will be later recalled ?
This wa s studied by selectively averagin g th e
event-related potential s recorde d durin g en -
coding o n the basi s of later recal l (Fig . 7-9).)
The main findings were sustained potential s in
both the posterior an d frontal scalp. The com-
bined activatio n of frontal and posterior corte x
set u p th e episodi c contex t tha t allow s late r
recall. The fronta l activit y was larger ove r th e
right hemisphere , whic h doe s no t fit with th e
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Figure 7-9 . Encodin g informa-
tion int o episodic memory. I n
this paradigm , subject s were re -
quested to learn list s o f words.
The event-related potentials re-
corded during eac h wor d wer e
then separatel y average d o n the
basis o f whether the wor d was
later recognized or not
("missed"). Th e recognize d
words were separated int o
those that the subject s "remem -
bered" seeing on the learning
list an d those which they
"knew" were on the lis t withou t
any clear memor y of learning
them. The words that were re-
membered wer e associated wit h
increased sustained potential s
both frontally an d posteriorly .
These were particularl y eviden t
over the righ t frontal  regions .

usual hemispheri c recording-retrieva l asym -
metry. Generally , th e lef t prefronta l region s
are activate d durin g encodin g an d th e righ t
prefrontal region s ar e activate d durin g re -
trieval (Tulving et al., 1994; Cabez a & Nyberg,
2000). On e suggeste d explanatio n fo r thi s i s
that, althoug h left-hemispher e semanti c pro-
cessing i s necessary for encoding , processin g
the words in terms of a specific persona l con-
text (mediate d mor e b y th e righ t prefronta l
regions) facilitates later episodic recall .

A major ER P finding in recognition task s is
an increase d amplitud e o f th e lat e positiv e
wave recorde d ove r th e parieta l region s fol-
lowing old stimuli compared to that followin g
new stimuli—th e "old-ne w effect " (Rugg ,
1995). Swic k and Knight (1999) examined be-
havioral an d ER P measure s o f recognition i n
patients with dorsolateral prefrontal lesions. In
normal subjects, recognition accuracy and the
ERP old-ne w effec t decline d wit h increasing
retention intervals . Althoug h fronta l patient s
showed a  highe r false-alar m rat e t o ne w
words, thei r hi t rat e t o ol d words an d ER P
old-new effec t wer e intact , suggestin g tha t
recognition processes were not fundamentally
altered b y prefronta l damage . Th e opposit e

behavioral patter n wa s observe d i n patient s
with hippocampa l lesions : a  norma l false -
alarm rate and a precipitous decline in hit rate
at lon g lags . Th e intac t ER P effec t an d th e
change i n respons e bia s durin g recognitio n
suggest that fronta l patients exhibited a  deficit
in strategi c processin g or postretrieva l moni-
toring, i n contras t t o th e mor e purel y mne -
monic defici t show n by hippocampal patients.

Diizel and colleagues looke d a t the human
event-related potential s an d PE T measure -
ments o f bloo d flo w durin g a n episodi c re -
trieval task (Diizel et al. , 1999) . Subjects were
presented wit h a  lis t o f fou r word s and wer e
asked t o decid e whethe r eac h o f th e word s
had bee n presen t o n a  prior lis t o r not . Th e
task was associated with increased blood flow in
the righ t fronta l lob e an d a slowly developin g
positive shif t recorde d fro m th e righ t fronto -
polar scalp . Episodicall y retrieve d ol d item s
were associate d with increase d bloo d flow in
the lef t medial temporal lobe and an increased
amplitude of the transient lat e positive wave in
the ERP . These result s sugges t tha t th e righ t
frontal corte x is continuously active during an
episodic retrieval task, whereas the lef t media l
temporal lobe i s intermittently active as item-
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Figure 7-10. Proble m solving.
In thi s paradigm, subjects were
presented with a slide showing
visual information tha t could be
categorized according to multi -
ple criteria . The subjects ' task
was to decide which was the
correct criteri a for categorizing
the stimuli . A cue (C ) precede d
the slid e and feedbac k (FB)
was given after th e response .
Before th e discover y of th e
correct sorting criterion, while
the subjec t wa s trying to figur e
out the correc t response , ther e
was a n increased positive sus-
tained potentia l (SP ) recorded
over the fronta l regions , partic-
ularly on the right , compare d
to when the subjec t kne w how
to respond.

specific information is retrieved. The prefron -
tal corte x monitor s th e informatio n retrieve d
through the medial temporal regions .

PROBLEM SOLVING

Figure 7-1 0 show s some ERP dat a recorde d
in a  paradig m derive d fro m th e Wisconsi n
Card Sor t Task (Stuss & Picton, 1978) . I n this
test paradigm, a  click warned o f an upcomin g
visual stimulu s that ha d t o be categorize d ac -
cording t o severa l possible criteria . Feedbac k
was given after th e response . Negativ e expec-
tancy wave s occurre d i n preparatio n fo r th e
visual stimulu s an d fo r th e feedback . A  sus -
tained righ t fronta l positiv e wav e occurre d
during the visual stimulus in the trials in which
a subject was still trying to determine the sort-
ing criterion . O n these trials the subjec t con-
sidered al l the possibl e ways to categorize th e
stimuli an d the n chos e one . Th e sustaine d
frontal positiv e wav e ma y represent th e pre -
frontal corte x generating the possibilities .

Hemodynamic studie s o f th e Wisconsi n
Card Sortin g Paradigms have shown increased
activation o f the prefronta l regions , in associa-
tion with activation of several other region s of
the brai n (Berma n et al. , 1995) . Thi s suggests
that a  network of activity underlies these pro -

cesses of working memory, and would be com-
patible with the ide a o f the prefronta l regions
controlling operation s i n othe r area s o f th e
brain. When performanc e on the sortin g task
was impaired by having the subject s perform a
second task , the amoun t o f prefrontal activa-
tion decreased (Goldber g et al. , 1998) . The ef-
ficiency of working memory therefore seems to
depend on the amount of prefrontal activation.

HYPOTHESES CONCERNING LEARNING
AND MEMORY

New knowledg e i s attaine d throug h experi -
ence an d throug h th e reorganizatio n o f pas t
experience. Th e prefronta l region s o f th e
brain becom e involve d whe n th e brai n rec -
ognizes association s betwee n stimul i o r th e
implications o f thes e stimul i fo r response .
Such involvemen t ca n b e manifes t b y activa-
tion o f th e fronta l regions , increase d coher -
ence betwee n thes e region s an d those  pro -
cessing o r maintainin g th e information , an d
increased rapid electrical rhythms.

The media l tempora l regions ar e crucia l to
encoding informatio n int o long-ter m memo -
ries and late r retrieving thi s information. Th e
frontal regions , however , determine whic h in-
formation i s encoded—we lear n wha t w e at -
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tend to . Furthermore , th e fronta l region s su-
pervise th e retrieva l proces s an d evaluate th e
information tha t i s retrieved. Activatio n of the
frontal lobe s durin g memor y show s u p wit h
increased bloo d flow and sustaine d electrica l
potentials.

Problem solvin g uses informatio n availabl e
in bot h short - an d long-ter m memory . Th e
manipulation o f thi s informatio n involves ex-
tensive interaction s between differen t region s
of the brain , with the prefronta l region s being
crucial t o settin g u p an d maintainin g thes e
networks.

CONCLUDING COMMENTS

CHECKING THE MODEL

It i s an exciting time for studying human cog-
nition. Hemodynami c techniques can show us
clearly which regions of the brai n are involved
in cognitive processing . Electromagneti c tech-
niques ca n giv e u s som e idea o f when thes e
regions ar e involved . On e definit e conclusio n
that comes from thes e studies is that cognition
involves multiple activitie s i n multiple regions
of the brain . This is particularly true when th e
frontal lobe s are involved. Activity in the fron -
tal lobe s canno t occu r independentl y o f si -
multaneous activit y i n othe r region s o f th e
brain. Cognition shoul d be conceived in terms
of interactin g network s (Mclntosh , 1999) .
There i s likely no specifi c rol e of the prefron -
tal region s othe r tha n t o initiat e an d ti e to -
gether thes e interactin g networks .

Although we are gaining a better knowledge
of where an d when processes are active in the
human brain, ou r model o f cognition contain s
little informatio n abou t ho w the y ar e active .
Here we must have recourse to animal studies
and neuronal models . To understand th e pro -
cesses of cognition, we shall need to know the
actual neurona l mechanisms—no t just  tha t
neurons ar e active , bu t als o wha t the y ar e
doing.

under the rubri c of the "theatr e o f the mind. "
The neurophysiologica l finding s sugges t tha t
the fronta l regions of the human brain are cru-
cial elements in the interactin g network s tha t
instantiate representationa l processing . A  rep-
resentational processo r interpret s wha t i s oc-
curring b y makin g explanator y models , an d
adjusts behavio r t o fi t wit h desire d goals . At
its highes t level s th e representationa l proces-
sor can be separate d fro m realit y and can op-
erate o n hypothetical contents . This is not th e
passive Cartesia n theatr e o f the philosopher s
but th e activ e cortica l theatr e o f the huma n
brain.

The processin g involves simultaneous activ-
ities in multiple region s of the brain, which are
essentially linked throug h prefronta l neurons.
The concurrenc e o f thes e activitie s make s i t
difficult t o disentangl e th e individua l pro -
cesses. Th e neuropsycholog y o f th e fronta l
lobes mus t conside r th e disruptio n o f net -
works rathe r tha n th e localizatio n of function .

Neurophysiology must develop new ways to
measure th e activit y o f networks . Thi s wil l
probably involv e correlationa l studie s an d at -
tention t o rhythm s a s wel l a s t o isolate d
potentials.

The prefrontal regions functio n b y interact-
ing wit h al l th e othe r region s o f th e brain .
They attempt t o find meaning and purpose by
fitting the possibl e to the actual , the futur e t o
the past , an d th e individua l t o th e universal .
An exampl e i s when Hamle t remember s Yor-
ick from hi s graveyard skull. Yorick was a "fel-
low of infinite jest , an d mos t excellen t fancy, "
who woul d hav e appreciate d th e ide a tha t
Hamlet i s performin g a  decaye d match-to -
sample paradigm . Hamle t imagine s ho w th e
skull migh t hav e appeare d befor e death , re -
members the past and predicts his own future,
seeing i n al l thi s th e universa l principle s o f
mortality. His prefrontal cortex is enacting th e
theatre o f the mind . How this occurs remains
to be discovered . I t is the play' s unfolding we
must probe, t o catch the functio n o f the fron -
tal lobe.

THE THEATRE OF THE MIND

This chapte r ha s selectivel y considere d th e
neurophysiology o f th e huma n fronta l lobe s
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8
Motor Programming for Hand and
Vocalizing Movements

HISAE GEMBA

How the brain works in a person behaving vol-
untarily i s a n attractiv e scientifi c theme an d
has been studie d b y many scientists fo r more
than 10 0 years. Motivation to willingly initiate
any ac t o r sto p an y ongoin g ac t come s fro m
(1) inwar d informatio n relate d t o instinc t o r
homeostasis, o r (2 ) outwar d informatio n re -
ceived b y a  sensor y organ . Sensor y informa -
tion i s transmitte d t o th e prefronta l corte x
from a  peripheral sensor y receptor via differ -
ent neura l pathways from inwar d information.
The frontal lobe, including the prefrontal, pre-
motor, and motor cortices , i s thought t o be a t
least partly related to a motor program tha t is
involved fro m th e tim e o f decision makin g of
movement initiatio n u p to moto r execution .

Many neural connections involvin g the pre -
frontal o r motor cortex have been reveale d b y
morphological studie s usin g trace r method s
and b y physiologica l studie s usin g electrica l
stimulation. I t seem s rathe r difficul t t o asses s
what neura l connection s ar e activate d durin g
volitional movement s fro m cel l recordin g ex -
periments wit h monkey s performin g tasks ,
and functiona l magneti c resonanc e imagin g
(fMRI) o r positro n emissio n tomograph y
(PET) studie s o f human s performin g tasks .
However, simultaneou s recordin g o f field po-
tentials o n th e surfac e an d a t 2.0-3. 0 m m
depth i n a  particula r corte x i s a  ver y usefu l

method fo r findin g ou t functiona l neurona l
circuits on voluntary movement, which in turn
enables u s t o predic t whic h kin d o f synapti c
input wil l be activated . I n thi s chapter , I  shall
present a  study in which a monkey was trained
for hand movemen t an d vocalization, an d cor-
tical field potentials wer e recorde d durin g the
movement b y a  pair o f electrodes implante d
in the cerebra l corte x in the monkey . The po-
tentials wer e analyze d i n connection wit h be -
havioral observations .

METHODS

Excitatory postsynapti c potential s (EPSPs )
generated i n apica l dendrite s o f pyramida l
cells i n the cerebra l corte x mainl y contribute
to cortica l fiel d potentials . Afferen t synapti c
inputs int o th e cerebra l corte x ar e conveye d
by thalamocortica l an d corticocortica l projec-
tions. Synapti c input s int o the superficia l par t
of the apica l dendrite of the pyramidal cell are
due t o superficia l thalamocortical projection s
(Fig. 8-1 , I) . Input s int o th e deepe r par t o f
the apica l dendrit e ar e due t o dee p thalamo -
cortical an d corticocortica l projections . Whe n
superficial thalamocortica l projection s ar e ac -
tivated, negative an d positive potential s can be
recorded wit h electrode s implante d o n th e
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Figure 8-1. 7 : Origin o f cortical field potentials . A: Thal-
amocortical (T-C ) projection . B : Excitator y postsynaptic
potential (EPSP ) generated in the apica l dendrite o f a py-
ramidal neuro n b y superficia l thalamocortical projection .
+ , positive potential in a deeper part outside the dendrite;
—, negative potential i n a superficial part outside the den -
drite. C : Curren t flo w (arrow ) generate d insid e (i ) an d
outside (o) the dendrite by EPSP (show n in B). II: Depth
profiles o f cortical field potentials in superficial (SUPERF.
T-C) an d deep (DEE P T-C ) thalamocortica l projection s
respectively (negativit y upward). ///: Arrangements for re-
cording cortica l fiel d potential s (to p left ) an d specimen s
(right sid e o f diagram ) obtaine d b y electrode s (middl e

left) chronicall y implante d i n th e forelim b moto r are a
(bottom left ) i n a monkey performing visual-initiated hand
movements. Potentials were average d 10 0 times by stim-
ulus onse t puls e (triangle s an d upwar d arrow ) with elec-
trooculogram (EOG) , electromyogram (EMG) , an d me -
chanogram (MECH.) . The 50 0 u V amplitude scale is for
EOG; th e 5 0 |J, V amplitud e scal e fo r cortica l potentials .
VS., diod e fo r visual stimulus ; INDIE , indifferen t elec -
trodes implante d i n th e bone ; S , surfac e potential ; D ,
depth potential ; S  —  D, surfac e minu s dept h potential ;
RT, reaction tim e histogram. Se e tex t fo r furthe r discus-
sion. (Source:  Reprinte d fro m Gemba , 1996 , wit h
permission)
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surface and at 2.0-3.0 mm depth in the cortex,
respectively. Whe n dee p thalamocortica l o r
corticocortical projections are activated , posi-
tive an d negativ e potential s ca n be recorde d
with electrodes implante d on the surfac e an d
at 0.5-3. 0 m m dept h i n th e cortex , respec -
tively (Fig. 8-1, II ) (Sasaki , 1979; Sasaki et al.,
1981b; Sasak i &  Gemba , 1993a) . Thi s tech -
nique was applied to chronic experiments with
monkeys in the presen t study .

An exampl e in which thes e method s wer e
used i s shown in Figur e 8-1 , III . A monkey
was full y traine d t o lif t a  leve r quickl y an d
properly i n respons e t o a  visua l stimulu s
(visual-initiated han d movement) . Fiel d po -
tentials wer e recorde d wit h electrode s im -
planted chronically on the surface and at 2.0-
3.0 m m dept h i n th e forelim b moto r cortex,
and thes e wer e referre d t o indifferen t elec -
trodes burie d i n the bon e behind bot h ears .
Surface (S) , depth (D) , and surface-minus -
depth ( S —D) potentials , wer e measured .
Electomyomyographic (EMG ) data wer e re -
corded bipolarl y wit h surfac e electrode s o n
the wris t extensor muscle. The mechanogram
was recorded through a transducer attached to
the lever . Th e histogra m o f reactio n time s
(RT) fro m th e stimulu s onse t t o th e move -
ment onset was also recorded. These were av-
eraged 10 0 time s b y stimulu s onse t pulse .
Surface-positive, depth-negativ e (s-P , d-)
potential appeared a t a latency of about 50 ms
after th e stimulu s onset, an d was followed by
surface-negative, depth-positive (s-N , d-P) po-
tential. Thi s lat e componen t i s thought t o b e
due t o superficia l thalamocortica l projectio n
(Gemba et al. , 1981; 1982).

HAND MOVEMENT

MOTOR EXECUTION

Monkeys were trained fo r lever lifting a t self -
pace. Potential s recorded i n the forelim b mo-
tor area , contralateral to the movin g hand are
shown in Figure 8-2 with EMG. Surface, mid-
dle, depth, and surface-minus-depth potentials
were average d 10 0 time s b y th e movemen t
onset pulse . Surface-negative , depth-positiv e
(s-N, d-P) slo w potentials starte d about 1  se

ond before the movement. The slow potentials
were considere d t o be readines s potential for
hand movements. The readiness potential was
recorded in the premotor, forelimb motor, and
somatosensory areas, contralateral to the mov-
ing hand, and in the premotor area on the ip-
silateral side , an d als o i n th e supplementar y
motor are a (SMA ) o n th e contralatera l sid e
(not show n here) (Gemb a et al. , 1979 ; 1980;
1982; Gemb a & Sasaki, 1984b) .

The effec t o f cerebella r hemispherectom y
upon the readines s potentia l i s shown in Fig-
ure 8-3 . Th e cerebellum was resected o n the
right side . The lef t (PREOP. ) and right (POS-
TOP.) column s show the potential s recorde d
before an d afte r th e hemicerebellectomy , re-
spectively. Potential s average d 10 0 times b y
the movemen t onset pulse are show n in S  — D
potentials. Mechanogram s ar e show n belo w
the potentials. Afte r the operation, the upward
(s-N, d-P) potential, the readiness potential, in
the moto r cortex was almost completely elim-
inated (POSTOR , D ) (Sasak i e t al. , 1979) .
Other area s were unaffected . Fro m these re -
sults, togethe r wit h thos e o f the othe r study ,
the readiness potential in the motor cortex was
inferred t o be the cerebelloventrolatera l thal-
amic nuclei-moto r cortica l respons e (Sasaki ,
1979).

MOTOR LEARNING

To study motor learning, cortica l field poten-
tials were recorded i n various cortical areas in
a naiv e monkey learning t o lif t a  lever i n re -
sponse to a visual stimulus (green with 0.5-1.0
seconds duration ) appropriatel y an d quickl y
(visual-initiated han d movement) . The mon-
key wa s rewarded fo r han d movement s per-
formed withi n the duratio n of the stimulus.

Figure 8-4 shows changes in field potentials
during th e learnin g processe s o f visual -
initiated hand movements in a single monkey.
Columns I  to I V show learning stages I to IV,
respectively. Dat a are fro m th e prefronta l (A-
C), premoto r (D) , motor (E) , prestriat e (F)
and striat e (G ) cortices , contralatera l t o th e
moving hand. Upwar d and downwar d arrows
show th e onse t an d en d time s of stimuli , re-
spectively. Th e potential s wer e average d 10 0
times b y th e stimulu s onse t puls e an d ar e
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Figure 8-2 . Distributio n o f premovemen t slo w cortica l
potentials summarize d fro m th e dat a o f seve n monkey s
with self-paced hand movements. Surface (S), middle (M),
depth (D) , and surfac e minus depth ( S —  D) potential s
were average d 10 0 times b y movemen t onse t puls e (up -
ward an d downwar d arrows ) wit h electrooculogra m
(EOG) and electromyogram (EMG). The 1 mV amplitude

scale i s for EOG; the 0. 1 mV amplitude scale for cortica l
potentials. Sites of large and small potentials are indicated
with larg e an d smal l circles, respectively ; site s o f n o po -
tential ar e indicate d wit h asterisks , s.a. , arcuat e sulcus ;
s.c., centra l sulcus ; s.i. , intraparieta l sulcus . See tex t fo r
further discussion . (Source:  Reprinte d fro m Gemb a et al .
1980, wit h permission from Elsevie r Science)

shown i n S  —D. Th e dat a a t stag e I  wer e re -
corded o n th e firs t trainin g day , whe n th e
monkey elevated th e leve r regardles s o f stim-
uli, a s seen in the R T histogram. A t stage II ,
recorded o n the 21s t trainin g day , an upwar d
(s-N, d-P) potential appeare d in the prefronta l
(C) an d prestriat e (F ) areas , althoug h th e
monkey stil l lifte d th e leve r independen t o f
stimuli. A s the upwar d potential  becam e big -
ger alon g wit h furthe r training , th e monke y
came t o respon d t o stimul i wit h th e han d
movements, as seen a t stage III (III , C, F, and
RT). W e calle d th e earl y learnin g perio d
stages, I  to III, recognition  learning. As an up-

ward (s-N , d-P) potentia l occurre d an d be -
came bigge r i n th e moto r corte x (E ) i n con -
nection wit h furthe r intensiv e training , th e
monkey cam e t o lif t th e leve r appropriatel y
and quickly , as seen a t stage IV. We called th e
late learning  perio d stages , II I t o IV , skill
learning. Figur e 8- 5 show s tha t th e upwar d
potential i n the moto r cortex originates i n the
cerebellum, an d tha t skil l learnin g i s du e t o
cerebrocerebellar interaction s (Sasak i an d
Gemba, 1981a ; 1981b ; 1982 ; 1983 ; 1989a ;
1993a; 1993b ; Gemb a & Sasaki, 1984a; Sasaki
et al. , 1982 ; Tsujimot o e t al. , 1993) . Neuroim-
aging studies in human subjects have indicated
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Figure 8-3 . Cortica l field po-
tentials ( S —  D) associate d wit h
self-paced hand movements be-
fore (PREOP. ) an d afte r (POS-
TOP.) cerebellar hemispherec-
tomy. Potentials were averaged
100 times by movement onset
pulse (broke n line and upward
arrows). Negativit y of potentials
is upward. See furthe r tex t for
further discussion.

that th e cerebellu m i s relate d t o visuomoto r
skill learning (Doyo n et al. , 1996) .

Left (PREOP. ) an d righ t (POSTOP. ) col -
umns in the lef t par t in Figure 8- 5 sho w data
before an d afte r th e cerebellectom y (A) . The
potentials averaged 10 0 times by the stimulu s
onset puls e ar e show n i n S  —D i n th e uppe r
part (diod e fo r visua l stimulu s [VS.]) . Th e
same dat a wer e aligne d 10 0 time s b y th e
movement onse t pulse , show n i n th e lowe r
part (leve r elevatio n [L.E.]) . Afte r th e cere -
bellum was resected o n the side , ipsilateral to
the movin g hand , th e upwar d potentia l was
almost completel y eliminate d i n th e moto r
cortex (FM), and was associated with more ir-
regular an d longer reactio n times than befor e
(A: FM an d RT). The dat a after th e operatio n
are similar to data in learning stage III i n Fig-
ure 8-4 .

It can also be seen that the cerebella r hem-
ispherectomy induce d enhancemen t o f th e
upward potentia l i n th e forelim b somatosen -
sory cortex (FS) (Fig. 8-5 A : VS.). In fact , th e
area o f upward potentia l prio r t o th e move -
ment, marke d by arrows with a broken lin e in
L.E. averages , increased afte r th e hemispher-
ectomy to almos t three time s as much as be-
fore the operation. The postoperative increas e
of th e F S premovemen t potentia l (are a i n
S — D record) is plotted o n the ordinat e against
days afte r th e operatio n o n th e absciss a fo r
three monkey s in the righ t par t o f the figure
(B). Th e premovemen t potentia l increased t o
250%-300% of the preoperativ e valu e several
days afte r the operation , bu t decline d steepl y
within 30-4 0 day s afte r th e operation . Suc h
enhancement o f premovement potentials was
not in the othe r cortica l area s othe r than th e
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Figure 8-4. Change s o f cortical fiel d potential s ( S —  D)
in learnin g processes o f visual-initiated han d movement s
in sam e monkey . Potentials were average d 10 0 times by
stimulus onse t puls e (triangle  an d upwar d arrows) . Col -
umns /-TV: Learnin g stage s I-IV. Data ar e from th e pre -

frontal (A—C) , premotor (D) , motor (£), prestriate (F), and
striate (G) cortices, contralateral to the moving hand. S.C.,
central sulcus; downward arrows, end times of stimuli. See
text fo r further discussion. (Source:  Reprinte d fro m Sasaki
and Gemba , 1982 , wit h permission)

SMA, whic h showe d a  sligh t increas e o f th e
premovement potential componen t (Gemba &
Sasaki, 1984b; Sasaki & Gemba, 1984a; 1991a ;
1991b). Th e increase d premovemen t activit y
of th e somatosensor y corte x afte r cerebella r
hemispherectomy suggests a motor function of
the somatosensor y corte x t o compensat e fo r
the moto r corte x dysfunctio n caused b y lack
of cerebella r influenc e (Sasak i &  Gemba ,
1984b).

To study audio-initiated han d movement , a
monkey was trained t o lif t th e leve r b y han d
in response t o auditory stimulus. When a pure
tone (100 0 o r 200 0 Hz ) was used a s auditory
stimulus, i t too k mor e trainin g day s for mon-
keys to learn audio-initiate d han d movements
than it did to learn visual-initiated hand move-
ments. On e monke y did no t lif t th e leve r i n
response t o th e auditor y stimulu s o f pur e
tone, despite continued intensive trainin g ove r
more tha n 2  months , wherea s th e monke y

could respond to the visual stimulus with hand
movement afte r th e usua l training of 3 weeks
(Gemba &  Sasaki , 1987 , 1988) . However , i t
took almost the sam e number of training days
for monkey s to learn th e audio-initiate d han d
movements with a  complex tone (monke y call
or buzzer ) a s i t di d t o lear n visual-initiate d
hand movements . It appeared to be easie r for
monkeys t o lear n audio-initiate d han d move -
ments with comple x tone than with pure tone
(Gemba & Sasaki, 1993; Gemb a et al. , 1995a) .
Natural stimuli , being mostl y complex tones,
as i n anima l vocalizations , rathe r tha n pur e
tones, ar e o f general significanc e t o monkeys.

Figure 8- 6 show s change s i n cortica l fiel d
potentials durin g learning processe s o f audio-
initiated han d movement s with complex tone.
Columns l a t o II I sho w recognition learning ,
while columns III t o I V show skill learning. A
new auditory stimulu s elicited a bigger cortical
response tha n a  familiar one . Learnin g stage I
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Figure 8-5 . A : Cortical field potentials (S-D ) fro m th e
forelimb moto r (FM) and somatosensory (FS) cortices as-
sociated wit h visual-initiate d han d movement s befor e
(PREOP.) an d afte r (POSTOP. ) cerebellar hemispherec -
tomy. The sam e data were aligne d 10 0 times by stimulus
(triangle: upper half, visual stimulus [VS.]) and movement
(arrows wit h broke n line : lowe r half , leve r elevatio n
[L.E.]) onset pulses respectively. B: Enhancement of pre-

movement componen t (premovemen t are a o f S— D po -
tential [ordinate] ) o f th e somatosensor y potentials afte r
the cerebellar hemispherectomy is plotted against days af-
ter th e operatio n [abscissa] . Th e three differen t symbols
show data fro m thre e differen t monkeys . See text for fur-
ther discussion . (Source:  Reprinte d fro m Sasak i an d
Gemba 1984b , wit h permission).

is divided int o la and Ib, and is different fro m
visual-initiated han d movement . Potential s
were averaged 10 0 times by the stimulus onset
pulse. Whe n a n upwar d (s-N , d-P) potentia l
appeared an d increased i n the rostra l bank of
the inferio r limb o f the arcuat e sulcu s (A ) in
the lef t hemisphere , th e monke y coul d asso -
ciate th e auditor y stimulu s wit h leve r liftin g
(la-III, A  and RT) . As an upwar d (s-N , d-P)
potential appeared and gradually increase d in
the moto r cortex, the monke y gradually came
to lift the lever appropriately an d quickly (III-
IV, C  an d RT) . In th e rostra l ban k o f the in -
ferior lim b o f the arcuat e sulcu s (A) , the up -
ward potential became larger at stage I V than
at stag e III . Suc h upwar d potentia l wa s
scarcely recorde d i n the othe r prefronta l cor -
tical area s (B , D, E ) durin g th e learnin g pro -
cess. The upward potential in the motor cortex

was eliminate d b y the cerebella r hemispher -
ectomy (no t shown here); this potential is con-
sidered t o b e th e sam e cerebellar-mediate d
potential a s tha t i n th e visual-initiate d han d
movement. This suggest s tha t skil l learning is
due t o cerebrocerebella r interaction s i n con -
juction wit h audio-initiate d hand movements ,
as wit h visual-initiate d han d movement s
(Gemba & Sasaki, 1987) .

Analyses o f cortica l fiel d potential s durin g
learning processe s o f visual - an d audio -
initiated hand movement s in monkeys showed
that activities of the prefrontal cortex gradually
increased durin g th e earl y learning perio d o f
associating stimulu s with movemen t (recogni -
tion learning)  fo r bot h type s o f movement .
Even i f monkey s moved eithe r thei r righ t o r
left hands , marke d cortica l activitie s were re -
corded i n the rostra l bank of the inferio r limb
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Figure 8-6. Change s of cortical field potentials (S—D ) in
learning processe s o f audio-initiate d han d movement s
with comple x tone i n sam e monkey . Potential s were av-
eraged 10 0 times by stimulus onset pulse (vertical line and
upward arrows) . Column s la—HI:  recognitio n learning ;
1II-IV: skil l learning . A-F: Cerebra l cortica l area s a s in-

dicated i n diagram s (right). RT , reaction time histogram;
S.A., arcuat e sulcus ; S.C. , central sulcus ; filled diamond,
electrode loc i in cerebral gyrus ; circle with dot i n center,
electrode loc i in bank o f cerebral sulcus . See text for fur -
ther discussion . (Source:  Reprinte d fro m Gemb a e t al. ,
1995a, wit h permission from Elsevie r Science)

of the arcuat e sulcu s in the lef t cerebra l hemi-
sphere durin g recognitio n learning , wherea s
significant activitie s di d no t tak e plac e i n th e
right hemisphere .

JUDGEMENT OR DECISION MAKING

To study th e neura l process o f decision mak-
ing, cortical field potentials were recorded and
analyzed whil e monkey s learned go/no-g o re -
action tim e han d movement s wit h ton e dis -
crimination. Tone s o f 100 0 H z an d 200 0 H z
with a duration o f 500 ms were use d as go and
no-go stimuli . The g o and no-g o stimul i were
given t o th e monke y in rando m orde r an d a t
random interval s o f 5.0-10.0 seconds . When
the monkey lifted the lever by hand within 500
ms afte r th e onse t o f th e g o stimulus , it was
rewarded, whereas i t was not rewarde d afte r
the no-g o stimulus , regardles s o f whethe r i t
lifted o r di d no t lif t th e lever . Changes in cor-
tical fiel d potential s i n a  single monke y while

it learn s go/no-g o reactio n tim e han d move -
ments wit h ton e discriminatio n ar e show n i n
Figure 8-7 .

Columns I , II , III , an d I V sho w learnin g
stages I , II, III , and IV, respectively. Potential s
were averaged 10 0 times by onset pulse s of go
and no-g o stimuli , respectively . Th e uppe r
rows sho w go trials, an d th e lowe r row s sho w
no-go trials . Data a t stage I  were recorde d on
the firs t trainin g day . A t stage I , th e monke y
responded t o bot h g o and no-g o stimuli , and
similar potentials were recorded on both stim-
uli, a s i n th e cas e o f simple-task , audio -
initiated han d movements. Six days after stag e
I, a n upward (s-N , d-P) potentia l emerge d i n
the dorsa l bank o f the principa l sulcus (II , B ,
lower row) on no-go trials , although the mon -
key stil l lifted the leve r t o bot h g o and no-go
stimuli (II , MECH. , uppe r an d lowe r rows) .
The upwar d potential  starte d a t about 10 0 ms
after th e onse t o f no-g o stimul i (II , B , lowe r
row). I n th e auditor y associatio n corte x (A),

PRINCIPLES OF FRONTAL LOBE FUNCTION
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Figure 8-7. Change s of cortical field potentials (S-D) in
a singl e monke y whil e i t learn s go/no-g o reactio n tim e
hand movement s wit h ton e discrimination . Potential s
were average d 10 0 times by respective onse t pulse s of go
(tone o f 100 0 Hz ) an d no-g o (ton e o f 2000 Hz ) stimuli .
The onse t and the en d of auditory stimulus are shown by
upward arro w and broken lines , and by downward arro w
respectively. Column s I-IV:  Learnin g stages I-IV . A: au-

ditory association cortex ; B: dorsal ban k of principal sul -
cus; C : motor cortex . MECH. , mechanogram ; fille d dia -
mond, electrode loc i in cerebra l gyrus ; circle wit h do t in
center, electrod e loc i i n bank of cerebra l sulcus . The 5 0
|j,V amplitude scal e i s for A an d C ; the 2 5 uV amplitude
scale i s fo r B . Se e tex t fo r furthe r discussion . (Source:
Reprinted fro m Gemb a 1993 , wit h permissio n fro m El -
sevier Science )

the upward (s-N, d-P) potential a t a latency of
about 5 0 m s becam e large r durin g stag e I I
than a t stage I  on go as well a s no-go trials ( I
and II , A , upper an d lowe r rows) . As respec -
tive upwar d potential s i n th e auditor y associ-
ation cortex (A ) and i n the dorsa l bank of the
principal sulcu s (B ) became mor e marke d a t
stage II I than in stage II , with further training
for a  week (I I an d III , A  and B) , the monkey
began t o sto p th e han d movemen t o n no-g o
stimuli (MECH . rows i n III) . B y the en d o f
additional training for 6 days, the monke y had
almost completel y discriminate d betwee n g o
and no-go stimuli, as seen in the MECH . rows
in IV. The upwar d potential i n the moto r cor-
tex (C ) o n no-g o trial s became muc h smaller
by stag e I V than i n stag e II I (II I an d IV , C,
lower rows) .

Sasaki and Gemba have termed th e upwar d
potential recorde d onl y in no-g o trial s in th e
dorsal bank of the principa l sulcus (B) the no-
go potential, which is related to the judgement
(or decision ) no t t o mov e (Gemb a & Sasaki ,
1990; Gemba , 1993) . Change s i n upward po -
tential i n th e auditor y associatio n corte x (A)
during th e proces s o f learnin g th e ton e dis -
crimination tas k may , however, reflec t a  sce -
nario in which informatio n about tone stimuli
is processed i n the auditor y association cortex
more carefull y an d attentively on the discrim-
ination tas k tha n o n th e simple-task , audio -
initiated han d movement , so that th e g o and
no-go stimul i coul d b e discriminate d an d
judged i n the prefronta l cortex .

Monkeys were als o trained fo r go/no-go re -
action tim e han d movemen t wit h colo r dis -
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crimination betwee n gree n an d red , an d cor -
tical field potential s wer e recorde d i n various
cortices. Th e potential s wer e average d 5 0
times b y th e onse t pulse s o f g o an d no-g o
stimuli, respectively. An upward (s-N, d-P) po-
tential a t abou t 7 0 m s latenc y fro m stimulu s
was recorde d i n th e dorsa l ban k o f the prin -
cipal sulcu s and in the rostroventra l corne r of
the prefronta l corte x in no-go trial s only . Th e
upward potentia l wa s assumed t o b e th e no -
go potential , relate d t o th e decisio n no t t o
move (Sasak i &  Gemba, 1986 , 1989b , 1991a ,
1991b, 1993c , Gemb a e t al. , 1990 ; Sasak i e t
al., 1992) . Th e electrode s chronicall y im -
planted i n various cortical areas , for recordin g
cortical field potentials , wer e als o used fo r bi-
polar stimulatio n o f the cortica l area . A  train
of brie f electrica l pulse s was delivered t o th e
loci producibl e o f th e no-g o potentia l a t dif -
ferent time s afte r th e onse t o f go visual stim-
ulus. The stimulation suppressed the go move-
ment by cancelling an d delaying it. The grade
of the suppresso r effec t depende d on the tim-
ing of electrical stimulatio n afte r th e onse t o f
visual stimulus, and was maximal at around the
time of the appearanc e o f the no-g o potential.
It was suggested tha t th e no-g o potential rep -
resented th e suppresso r action of the prefron-
tal areas by revoking an d deferring the moto r
command initiated b y the visua l stimulus (Sa-
saki e t al. , 1989 , 1994) .

No-go potential s fo r visua l stimul i hav e
been recorde d i n the caudal part of the dorsa l
bank o f th e principa l sulcu s an d th e rostro -
ventral corner in the prefrontal cortex on both
sides. No-g o potential s fo r auditor y stimul i
have bee n recorde d i n the rostra l par t o f the
principal sulcu s (Fig . 8-8) ; Gemb a &  Sasaki ,
1990). No-g o potential s hav e als o bee n re -
corded i n humans (Gemba & Sasaki, 1989; Sa-
saki et al. , 1993) .

MOTIVATION-DEPENDENT ACTIVITY

It is generally known that the media l and ven-
tral part s o f the prefronta l corte x ar e mostl y
involved i n affectiv e an d motivationa l func -
tions an d in the inhibitor y contro l o f both ex-
ternal influence s an d interna l tendencie s tha t
interfere with purposive behavior and provoke
inappropriate moto r acts in monkeys. The dor-

solateral part of the prefrontal cortex is, on the
other hand , considere d t o b e primaril y in -
volved in cognitive aspects o f behavior. I  have
found motivation-dependen t activit y i n th e
dorsolateral par t o f th e prefronta l corte x i n
monkeys, a s describe d belo w (Gemb a &  Sa-
saki, 1993 , 1996 ; Gemb a e t al. , 1997b) .

Figure 8- 9 show s data fro m monkey s tha t
were wel l traine d fo r visual-initiate d han d
movement. Th e lef t colum n (I , early ) shows
data fro m th e firs t sessio n o f a  day , and th e
right (I , late), data from th e las t session of the
same day for the sam e monkey. Potentials ar e
presented her e onl y in S  —D. I n th e firs t ses -
sion, th e monke y appeared t o b e thirst y an d
to lif t th e leve r eagerl y wit h intensiv e desir e
for a  rewar d o f juice , becaus e th e monke y
had bee n give n n o wate r th e da y before th e
experiment. I n thi s session , a  larg e upwar d
(s-N, d-P ) potentia l a t a  latenc y o f abou t 8 0
ms wa s recorde d i n th e rostra l ban k o f th e
arcuate sulcu s (I , Early , A). A little later , cer -
ebellar-mediated potential appeare d markedl y
in the moto r corte x alon g with shor t reactio n
times (I , Early , B and RT) . In th e las t session,
the monke y appeared t o be tire d o f drinking
the juice and lifting the lever. The upward po-
tential i n th e prefronta l corte x decrease d t o
about hal f the siz e o f that i n th e firs t sessio n
(I, Late, A). The cerebellar-mediated potentia l
in the moto r cortex also became late r in start-
ing an d smalle r i n size , wit h longe r reactio n
times, than in the earl y session (I, Late, B and
RT).

The relationshi p betwee n th e amplitud e of
the upwar d potential  i n the prefronta l corte x
(closed circles ) an d th e reactio n tim e (ope n
circles) i s shown i n Figur e 8-9 , par t II . Th e
data, obtaine d fro m a  differen t monke y fro m
the one in Figure 8-9 , par t I , were plotted for
every sessio n durin g a  4-da y experiment .
When th e monke y eagerl y lifte d th e leve r
with intensiv e motivatio n fo r rewar d earl y in
the morning , th e potentia l wa s larg e i n am -
plitude wit h a  shor t reactio n time . A s on e
session succeeded another , the potential grad -
ually becam e smalle r i n amplitud e wit h
a longe r reactio n time . Th e result s sugges t
that th e upwar d potentia l i n th e prefronta l
cortex i s motivation-dependen t activity . Suc h
motivation-dependent activit y wa s no t re -
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Figure 8-8 . I : cortica l fiel d potential s (S—D ) o n go/no -
go discriminative movements with auditory (A.S. ) and vi-
sual (V.S. ) stimul i i n sam e monkey . Dat a ar e fro m th e
rostral (A ) and cauda l (B ) parts o f the dorsa l bank of th e
principal sulcus, and the premotor (C ) and forelimb motor
(D) cortices , contralatera l to th e movin g hand . Tone s o f
1000 H z an d 200 0 H z were use d fo r go and no-g o audi-
tory stimuli respectively, while green an d red color s were
used fo r g o and no-g o visua l stimuli respectively. Poten -
tials were average d 10 0 times by respective onse t pulse s
of g o (100 0 H z o r green ) an d no-g o (200 0 H z o r red )
stimuli. Onse t an d en d o f stimulus are show n by upwar d
arrow and broken line , an d by downward arrows , respec -
tively. Not e tha t no-g o potential s (marke d b y asterisk)
were recorde d i n th e rostra l (A ) and cauda l (B ) parts o f
the dorsa l ban k o f th e principa l sulcus , respectivel y o n
auditory and visual stimuli. S.P., principal sulcus; MECH.,
mechanogram; RT , reaction tim e histogram ; filled circle ,

electrode loci in cerebral gyrus ; circle wit h do t in center,
electrode loc i i n bank of cerebral sulcus . The 2 5 |O. V am-
plitude scal e i s for A-C; th e 5 0 u, V amplitude scale is for
D. II : The sam e surface minus depth (S—D ) potentials as
in the rostra l (A ) and cauda l (B ) part s o f the dorsa l bank
of the principa l sulcu s respectively o n no-go auditory an d
visual stimul i in I  ar e show n togethe r wit h th e cortica l
surface (S ) and dept h (D ) potentials . Not e th e s-N , d-P
no-go potential s (marke d by dotted line s wit h asterisks )
respectively on auditory an d visual stimuli.  Ill: Distribu -
tion of the no-g o potential i n the dorsa l bank of the prin -
cipal sulcus, which is schematically unfolded. Broken lines
(dorsal an d ventral) shoul d be together in composing th e
outer lin e o f the principa l sulcu s when folded . Open di -
amond, no-g o potentia l o n auditor y stimuli ; fille d dia -
mond, no-g o potentia l o n visua l stimuli . (Source:  Re -
printed fro m Gemb a an d Sasaki , 1990 , wit h permissio n
from Elsevie r Science )

corded i n th e rostra l ban k o f th e inferio r
limb o f th e arcuat e sulcu s i n th e lef t hemi -
sphere, whic h wa s reported t o b e relate d t o
recognition learnin g o f associatin g a  stimulus
with movemen t i n th e learnin g processe s o f
the visual- or audio-initiated han d movements.
It appear s probabl e tha t th e motivation -
dependent activit y modulates motor responses
through prefronta l cortico-cerebello-thalamo -
motor cortica l projections . Morphologica l
studies hav e suggeste d tha t th e nucleu s ven -C7O

trails anterior pars magnocellula r (VAmg ) tha-
lamic nucle i ar e relate d t o th e initiatio n o f

motivation-dependent activit y (Mik i &
Gemba, 1994) .

Motivation-dependent potential s wer e als o
recorded i n th e monke y performin g mout h
movement a t self-pace. Dat a fro m th e session
with th e rewar d o f appl e juic e ar e show n i n
the firs t an d thir d column s i n Figur e 8-10 ;
data fro m anothe r sessio n wit h a  rewar d o f
water ar e i n the secon d an d fourt h columns .
The potentials wer e averaged 100 times by the
onset pulse of mouth opening movement , and
shown in S  —D. I n th e rostra l ban k o f the ar -
cuate sulcu s o f the righ t hemispher e (D , E) ,
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Figure 8-9 . 7 : Cortical fiel d potential s ( S —D) i n visual -
initiated han d movement s in a  monkey . Potentials were
averaged 10 0 times by stimulu s onse t pulse (vertica l line
and upwar d arrows) . Data in the Early  colum n are fro m
the first session of the day ; data in the Late  column, fro m
the las t session . A: rostra l bank of the arcuat e sulcus ; B:
motor cortex; C: somatosensory cortex. RT, reaction time
histogram; filled diamond, electrode loci in cerebral gyrus;
circle with dot in center, electrode loc i in bank of cerebral

sulcus. II:  Mai n diagram , relationship between pea k am-
plitude o f upward potential in the rostra l bank of the ar -
cuate sulcu s (A ) and mea n reactio n time . Not e invers e
relationship. Fille d circle , upwar d potentia l i n th e pre -
frontal cortex ; open circle , reactio n time ; VS., visual stim-
ulus; L.E. , leve r elevation ; S.C., central sulcus ; MECH.,
mechanogram. Se e tex t fo r furthe r discussion . (Source:
Reprinted fro m Gemb a e t al. , 1997b , wit h permission
from Elsevie r Science)

an upward (s-N , d-P) potential occurred mark-
edly in the sessio n with a  reward o f juice, bu t
it did not appea r i n the sessio n with a  rewar d
of water. This suggests tha t the upward poten-
tial i n th e prefronta l corte x (D , E ) i s
motivation-dependent activity . Suc h a  poten -
tial di d no t occu r a t al l in th e loc i o f the lef t
hemisphere (A , B).

The distributio n o f motivation-dependen t
potentials i n monkey s performin g visual -
initiated an d self-pace d han d (an d mouth -
opening) movement s i n th e cerebra l hemi -
sphere i s show n i n Figur e 8—11 . Th e
motivation-dependent potentia l was mainly re-
corded i n the rostra l ban k o f the arcuat e sul -
cus on both sides , excep t fo r the inferio r limb
of th e arcuat e sulcu s i n th e lef t hemispher e
and i n th e cingulat e corte x i n th e lef t
hemisphere.

SUMMARY

The rostra l ban k o f th e inferio r lim b o f th e
arcuate sulcu s i n th e lef t hemispher e wa s
found t o be relate d t o recognition learning  of
associating stimulu s wit h movemen t i n th e
learning processe s o f visual- or audio-initiate d

hand movements, while the other rostral banks
of th e arcuat e sulcu s showe d motivation -
dependent activity . Th e dorsa l ban k o f th e
principal sulcus , however , wa s related t o de -
ciding no t t o move . Neuroimagin g studies i n
normal human subjects and patients with foca l
brain lesion s hav e show n tha t th e lef t dorso -
lateral prefronta l corte x i s o f significanc e fo r
visuomotor learnin g (Ton i &  Passingham ,
1999), and that the dorsolatera l prefrontal cor-
tex i s related t o inhibitory contro l o f sensor y
processing (Cha o & Knight, 1998) . Thes e ac -
tivities i n the prefronta l corte x see m t o mod -
ulate hand movement s through neurona l con -
nections betwee n th e prefronta l cortex ,
cerebellum, ventrolatera l thalami c nuclei, and
the forelim b motor cortex .

VOCALIZATION

MOTOR EXECUTION AND
MOTIVATION-DEPENDENT ACTIVITY

It i s generally said that animal vocalization dif-
fers fundamentall y fro m huma n speech —
namely in that a  major pattern o f human vocal
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Figure 8-10 . Cortica l fiel d potential s (S—D ) associate d
with self-pace d mout h movement s in a monkey. Data ar e
from 10 0 mouth movements with reward o f juice (Juice )
and 10 0 movements with reward of water (Water) . Poten -
tials wer e average d 10 0 times b y movemen t onse t puls e

(vertical line and upward arrows). MECH., mechanogram;
S.C., centra l sulcus ; filled diamond, electrod e loc i i n ce -
rebral gyrus ; circl e wit h do t i n center , electrod e loc i i n
bank o f cerebral sulcus . See text fo r furthe r discussion .

behavior i s b e acquire d b y learning . Anima l
vocalization i s largely considered t o be genet -
ically preprogramme d utterances , relatin g
simply t o interna l state s o r course s o f actio n
and bein g simila r to emotiona l vocal manifes -
tation i n human s (Robinson , 1967 ; Sutto n e t
al., 1974 ; Aitken , 1981 ; Kirzinge r &  Jiirgens,
1982). Physiologica l studies have reported tha t
the hypothalamu s an d th e limbi c syste m ar e
related t o generation an d control of animal vo-
calization, but no t the neocortical areas. Some
ethological studie s hav e reported,  however ,
that primat e utterance s coul d provid e evi -
dence o f communicative intentionality, convey
specific information concerning environmenta l
referents t o conspecific animals , an d display a
syntactical organization . T o stud y whic h cor -
tices ar e activate d i n association with monkey
vocalization, an d how , monkey s were traine d

to vocaliz e a t self-pac e man y times, and cor -
tical field potentials wer e recorde d in various
cortical area s an d analyzed . I t was found tha t
the neocortical area homologous to the human
speech are a too k par t i n th e generatio n an d
control o f monke y vocalization , a s describe d
below (Gemb a et al. , 1995b) .

Cortical field potentials associate d with self -
paced vocalizatio n ar e show n in Figure 8-12 .
Vocalization wa s recorde d throug h a  micro -
phone nea r th e monkey' s mouth , an d the n
amplified. A  vocalization sampl e and it s sona-
gram are shown in Figure 8-12 , par t III . Dat a
are from th e cingulat e gyrus (A), the SM A (B
the cauda l bank of the arcuat e sulcu s (homo-
log of the Broca' s area ) (C) , and the fac e mo-
tor (D ) and somatosensor y (E ) cortices. Fiel d
potentials and vocalizations were averaged 100
times, respectively , b y th e vocalizatio n onse t
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Figure 8—11 . Cortica l areas of motivation-dependent ac-
tivity in the dorsa l and mesia l aspects o f the lef t an d righ t
cerebral hemisphere s i n seve n monkey s ar e marke d b y
two different symbols . S.P., principal sulcus ; S.A. , arcuate

sulcus; S.C. , centra l sulcus ; S . Cing. , cingulat e sulcus ;
filled diamond , electrode loci in cerebral gyrus; circle with
dot i n center , electrod e loc i i n ban k o f cerebra l sulcus .
See text fo r furthe r discussion .

pulse. Surface-negative , depth-positiv e (s-N ,
d-P) potential s starte d abou t 1  second befor e
the vocalizatio n i n al l o f the cortica l loci . To
further stud y how significant the s-N , d-P, pre-
movement potential s ar e fo r monkey s t o vo -
calize, fiel d potential s wer e recorde d i n con -
nection wit h various emotional states and then
analyzed.

In Figur e 8-13 , dat a i n th e lef t (I , moti -
vated) an d middl e (II , less-motivated ) col -
umns were recorde d i n the firs t an d las t ses -
sions o f th e sam e day , respectively . Th e
monkey was seen t o vocalize 100 times eagerly
with intens e motivatio n fo r reward o f juice in
the firs t sessio n (I) , because th e monke y had
been give n n o wate r th e da y befor e th e ex -
periment. Bu t in the las t session (II), the mon-
key might have been less motivated for reward
because i t had alread y drun k a  lot o f juice as
reward fo r mor e tha n 70 0 vocalizations. Th e
right column (III , irritated) show s data fro m a
session o n anothe r day . I n thi s session , th e
monkey was not rewarde d fo r vocalization. I n
this session , th e monke y seeme d t o vocaliz e
with irritatio n an d anger . The potential s wer e
averaged 10 0 times by movement onse t pulse ,
and ar e show n i n S~D . Ther e wer e no t s o
clear changes in the upward (s-N, d-P) premove-

ment potentials i n the SM A and the premoto r
and motor , somatosensory cortices amon g the
three session s of different emotiona l states . I n
the cingulat e and prefrontal cortices , however ,
the upwar d (s-N , d-P ) premovemen t poten -
tials in the less-motivate d session decreased t o
about hal f th e siz e o f tha t i n th e motivate d
session, and no potentials were recorded prior
to vocalization in the irritate d session . Similar
results wer e obtaine d fro m fiv e monkeys . I t
was foun d tha t readines s potential s fo r vocal-
ization were recorde d i n the premotor , motor,
and somatosensor y cortice s i n bot h hemi -
spheres an d i n th e SM A i n th e lef t hemi -
sphere. Th e motivation-dependen t potential s
were, however , recorded i n the rostra l bank of
the arcuat e sulcu s i n bot h hemisphere s (ex -
cept fo r the inferio r limb of the arcuate sulcus
in th e lef t hemisphere ) a s well a s in th e cin -
gulate corte x i n the lef t hemisphere .

Some influence s o f righ t hemicerebellec -
tomy o n th e potential s an d vocalizatio n were
also studied . Th e lef t (I , motivated ) an d mid -
dle (II, irritated) columns in Figure 8-14 sho w
data from before cerebellectomy, an d the right
(III, motivated) column shows data fro m afte r
cerebellectomy. Th e readines s potential s i n
the cauda l bank o f the arcuat e sulcu s (homo -
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Figure 8-12. Cortica l field potentials associate d with self -
paced vocalization . 7 : Electrode loc i o f recordin g speci -
mens in panel IV . Filled diamond , electrode loc i in cere -
bral gyrus; circle with dot in center, electrode loc i in bank
of cerebra l sulcus . 77 : Recordin g electrodes i n the dorso -
lateral cortex (marked by filled diamond) and in the dorsa l
bank of the principal sulcus (marke d by circle with dot in
center) ar e schematically illustrated in the fronta l section .
777: A  vocalization sampl e (top ) (VOC.) an d it s sonagram
(bottom) are shown. 7V!- Cortical field potentials associate d
with self-paced vocalization . Potentials were averaged 100

times b y vocalization onse t puls e (vertica l line s an d up -
ward arrows). A: cingulate gyrus; B: supplementary motor
area; C: caudal bank of arcuate sulcus ; D: face moto r cor-
tex; E: face somatosensor y cortex. S , surface potential; D ,
depth potential ; S  —D, surfac e minu s dept h potential ;
filled diamond, electrode loci in cerebral gyrus ; circle with
dot i n center , electrod e loc i i n ban k o f cerebral sulcus .
See tex t fo r furthe r discussion . (Source:  Reprinte d fro m
Gemba e t al. , 1995b , wit h permissio n fro m Elsevie r
Science)

log of the Broca' s area ) (B ) and moto r cortex
(C) were almos t entirely eliminated after  th e
hemicerebellectomy, as seen in the upper part
of th e figure . Afte r th e operation , th e ton e
of vocalizatio n cam e t o hav e fewe r differen t
frequencies, an d it s duratio n varie d muc h
more than before, a s seen in sonagrams in the
lower part. These results suggest tha t the neo -
cortical area homologous to the human speec h
area and the cerebellum take part in the gen -
eration an d contro l o f monke y vocalization ,
possibly throug h cerebrocerebella r interac -

tions (Gemb a e t al. , 1995b , 1997a , 1998a) .
From morphological and electrical stimulation
study i t appear s tha t th e cerebello-nucleu s
ventralis posterio r par s orali s (VPLC)-moto r
area and cerebello-area x-premotor area neu -
ronal connection s ar e probabl y activ e durin g
monkey vocalization (Kyuho u et al. , 1997) .

MOTOR LEARNING

Studies on cortical involvement in monkey vo-
cal communication have seemed to be helpfu l
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Figure 8-13. Cortica l field po-
tentials ( S —D) associate d with
self-paced vocalization in vari-
ous emotional states in same
monkey. A: cingulate gyrus; B:
rostral bank of arcuate sulcus;
C: supplementary motor area;
D: premotor cortex; £.• face
motor cortex; F: face somato -
sensory cortex. Potentials were
averaged 10 0 times by vocaliza-
tion onse t pulse (vertical line
and upwar d arrows) . VOC., vo-
calization sample ; filled dia-
mond, electrode loci in cerebral
gyrus; circle with dot i n center ,
electrode loc i in bank of cere -
bral sulcus . See tex t for furthe r
discussion. (Source:  Reprinte d
from Gemb a et al . 1995b , wit h
permission fro m Elsevie r
Science)

for clarifyin g th e brai n mechanis m i n huma n
speech. Therefore, I  attempted t o make an ex-
perimental mode l o f vocal communication us -
ing monkeys . I  starte d t o trai n a  monke y t o
respond t o auditor y stimulu s (monkey' s co o
call with 40 0 msec duration ) wit h vocalizatio n
(audio-initiated vocalization) . Afte r intimat e
and intensiv e trainin g ove r a  lon g perio d ( 6
days a  wee k fo r 3- 6 months) , fiv e o f seve n
monkeys vocalizin g a t self-pac e cam e t o vo -
calize i n respons e t o a n auditor y stimulus ,
whereas th e remainin g tw o monkey s coul d
not. Thi s indicate d tha t i t wa s mor e difficul t
for monkey s t o lear n audio-initiate d vocaliza -
tions, than to learn audio-initiate d han d move-
ments. Th e five monkeys were further trained
for audio-initiate d vocalizatio n fo r mor e tha n
2 months , then recordin g electrode s wer e im-
planted i n variou s cortices . Cortica l fiel d po -

tentials associate d wit h audio-initiate d an d
self-paced vocalizations in a single well-traine d
monkey are show n in Figure 8-15 .

The firs t (I , aud-init ) an d secon d (II , aud -
init) columns show data on audio-initiated vo -
calization, while the thir d (III , self-pac ) shows
data o n self-pace d vocalization . Th e fourt h
column show s vocalizatio n sample s an d thei r
sonagrams o f audio-initiate d an d self-pace d
vocalizations. Potential s wer e average d 10 0
times b y the stimulu s onse t puls e i n th e firs t
column, whil e th e secon d an d thir d column s
show dat a average d 10 0 times b y the vocali -
zation onse t pulse . Potential s ar e show n i n
S —D. I n th e rostra l ban k o f the inferio r limb
of the arcuate sulcus (A) , no significant poten-
tial occurred i n association wit h self-paced vo-
calizations, whereas a n upward (s-N , d-P) po-
tential a t 7 0 mse c latenc y afte r th e stimulu s



Figure 8-14 . Cortica l fiel d potential s (S—D ) an d sona -
grams o f vocalization call s associate d wit h self-pace d vo-
calization i n sam e monkey . Columns 7  and I I sho w data
in motivate d an d irritated states , respectively , befor e th e
resection o f the cerebellu m o n th e righ t side , while col -
umn 77 1 shows data o f a motivated state afte r th e opera -
tion. Dat a ar e fro m th e rostra l ban k (A ) of th e arcuat e
sulcus i n th e righ t cerebra l hemisphere , an d th e cauda l
bank (B ) of the arcuat e sulcu s and fac e moto r cortex (C)

in the lef t hemisphere . Potential s were averaged 100 times
by vocalization onse t puls e (vertica l lin e an d upwar d ar-
rows). The 500 ms time scale is for cortical potentials; the
100 ms time scal e for sonagrams. VOC., vocalization sam -
ple; filled diamond, electrode loc i in cerebral gyrus ; circle
with do t in center , electrod e loci in bank of cerebral sul -
cus. Se e tex t fo r furthe r discussion . (Source:  Reprinte d
from Gemb a e t al . 1995b , wit h permission fro m Elsevie r
Science)
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Figure 8-15 . 7 : Cortical fiel d potential s (S—D ) in audio-
initiated vocalization (aud-init ) in a single monkey. Poten-
tials wer e average d 10 0 time s b y stimulu s onse t puls e
(broken lin e an d triangles) . II:  Dat a i n colum n I  wer e
averaged 10 0 times by vocalization star t (vertica l line and
upward arrows) . 777 : Cortical fiel d potential s ( S —D) dur-
ing self-paced vocalization (self-pac) i n same monkey. Po-
tentials were average d 100 times by vocalization start. The
200 ms time scal e fo r all records i n column I; the 50 0 ms
time scal e i s fo r thos e i n column s II—III . 7V! - Vocalization
sample (VOC ) an d it s sonagra m associate d wit h audio -

initiated vocalization in column I (top) and with self-paced
vocalization i n colum n II I (bottom) . Dat a ar e fro m th e
rostral (A) and caudal (B) banks of the arcuat e sulcus, and
the fac e motor (D ) and somatosensory (E ) cortices in th e
left cerebra l hemisphere , an d th e premoto r cortex (C) in
the righ t hemisphere . RT , reaction tim e histogram; filled
diamond, electrod e loc i in cerebra l gyrus ; circl e with dot
in center , electrod e loc i i n ban k of cerebra l sulcus . Se e
text fo r furthe r discussion . (Source:  Reprinte d fro m
Gemba e t al. , 1999a , wit h permissio n fro m Elsevie r
Science)

was associate d wit h audio-initiate d vocaliza -
tions ( I and III , A) . This potentia l appear s t o
be relate d t o associatin g stimul i wit h vocaliz -
ing movements , a s i n audio-initiate d han d
movements. I n th e moto r corte x (C) , an up -
ward (s-N , d-P) potentia l i n associatio n wit h
audio-initiated vocalization s wa s recorde d a t
about 200 msec latency from th e stimulu s and
700 msec before the vocalizatio n onset ( I and
II, C) . Th e potentia l wa s almost th e sam e as
the readines s potentia l o n self-pace d vocali -
zations. Reaction times were irregular , but av-
eraged abou t 0. 9 second s (I , RT ) (Gemb a e t
al., 1998a; 1999a) .

Changes i n field potential s durin g relearn -
ing processes o f audio-initiated vocalization in
a single monke y that had forgotte n th e vocal -
ization tas k afte r no t performin g i t fo r mor e
than 2  month s wer e als o recorde d an d ana -
lyzed (no t show n here) . Relearm'n g stage s
were divided into three. Relearnin g stages I to
III corresponde d t o learnin g stage s I  t o III ,
respectively, i n learning processes o f audio- or
visual-initiated hand movements. When an up-
ward (s-N , d-P) potentia l a t 7 0 mse c latency
after th e stimulu s emerged, a t stage I I i n the
rostral bank of the inferio r limb of the arcuat e
sulcus, and increased, th e monke y came to vo-
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calize i n respons e t o th e stimulus . The reac -
tion time s a t stag e II I wer e rathe r irregular ,
but average d abou t 0. 9 seconds. The relearn -
ing processe s wer e simila r to thos e o f recog -
nition learnin g i n visual - o r audio-initiate d
hand movements . Furthe r intensiv e trainin g
of audio-initiate d vocalization s di d no t mak e
the monke y perform the tas k more appropri -
ately an d quickly . Thi s findin g indicate s tha t
there i s no skil l learning in audio-initiated vo-
calization, i n contras t wit h audio-initiate d
hand movement . A s fo r reactio n tim e han d
movements, skil l learning elicited marke d dif-
ferences betwee n audio-initiate d an d self -
paced han d movement s i n th e upwar d (s-N,
d-P) potential s i n the moto r corte x (se e Figs .
8^4, 8- 5 an d 8-6) . Moreover , reactio n time s
were graduall y shortene d durin g th e skil l
learning o f audio - an d visual-initiate d han d
movements, whil e longe r an d mor e variabl e
reaction time s wer e recorde d i n the monke y
fully traine d fo r audio-initiate d vocalization .
This resul t show s tha t ther e i s a big contras t
between audio-initiate d vocalization s an d
hand movement s (Gemb a e t al. , 1998b ,
1999b).

The influenc e o f righ t hemicerebellectom y
on cortica l fiel d potential s an d vocalization s
was studie d i n the monke y on audio-initiate d
vocalization. I t was found tha t th e hemicere -
bellectomy eliminated the upward potential in
the moto r corte x an d change d voca l ton e i n
the audio-initiate d vocalizatio n (no t show n
here). Bu t there was hardly any change in re-
action tim e befor e an d afte r th e operation .
This finding suggests that ther e is a great dif-
ference betwee n cerebella r action s durin g
audio-initiated vocalization s and those durin g
hand movement s (Gemb a e t al. , 1999b) .

It too k 1 0 to 20 times longer fo r a  monkey
to b e traine d fo r audio-initiate d vocalizatio n
than fo r audio-initiate d han d movement , a s
described above . Th e correc t respons e rat e
(correct respons e number divide d b y stimulus
number) was very different fo r audio-initiate d
hand movement s an d audio-initiate d vocali -
zation. The rate of audio-initiated vocalizations
varied greatl y from da y to day , even afte r th e
accomplishment o f the task , whereas th e rat e
of audio-initiate d han d movement s increase d

in connectio n wit h th e learnin g processe s o f
the task . Thi s suggest s tha t vocalizatio n .i s
more easil y influenced by motivatio n to per-
form (o r not) than b y hand movement.

Cerebrocerebellar interactions—tha t is, the
prefrontal cortex-pontei n nucleus-cerebel -
lum-thalamus-motor corte x neura l circuit s
are activate d t o skillfull y perfor m audio -
initiated han d movements . Thes e neura l cir -
cuits ar e als o activate d t o perfor m audio -
initiated vocalizations , bu t a  separat e neura l
circuit ma y brea k int o thes e circuit s an d
hinder the skillfulnes s of the movement. From
morphological an d lesion studie s o n the fron -
tal lob e i n monkeys , a possible candidat e fo r
such a  circui t i s the reciproca l neura l circui t
between th e prefronta l corte x and the rostra l
cingulate gyrus . Throug h thi s circuit , infor -
mation concernin g emotio n o r instinctive be -
haviors may intrude into the cerebrocerebella r
interactions i n audio-initiate d vocalizations .
The limbi c syste m seems t o b e mor e signifi -
cant in vocalization tha n in hand movemen t in
the monkey.

SUMMARY

The neocortica l are a homologou s t o th e hu -
man speec h are a take s part i n the generatio n
and contro l o f monke y vocalizatio n throug h
neuronal connection s betwee n th e prefronta l
cortex, cerebellum , VPL o thalamic nucle i (o r
area x  thalami c nuclei) , an d th e fac e moto r
cortex (o r the premoto r cortex) . In fact , clin -
ical and neuroimaging studies of patients with
neurological disorders have shown that the lef t
prefrontal corte x i s significan t fo r wor d gen -
eration (Steven s et al. , 1998; Stus s et al. , 1998 ;
Thompson Schil l e t al. , 1998) . I  als o foun d
that centra l nervou s mechanism s i n audio -
initiated vocalizatio n differe d fro m thos e fo r
audio-initiated han d movements.

CONCLUSION

The prefrontal cortex continuously receives in-
formation o n emotio n o r interna l state s fro m
the limbi c system , while outwar d informatio n
is transmitted int o th e prefronta l cortex fro m
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a sensory  orga n throug h th e sensor y cortex .
Through the studies presented in this chapter,
it is suggested that the specifi c response to in-
formation—i.e., t o mov e o r no t t o move , an d
to move willingly or reluctantly, is judged and
decided o n in th e prefronta l cortex . I t i s also
suggested that the limbi c system i s more sig -
nificant i n vocalizatio n tha n i n han d move -
ments. I f information i s properly managed in
the prefronta l corte x so that i t is prepared for
the SM A an d th e premotor , motor , an d so -
matosensory cortices , where it will be used to
ensure reasonabl e behavior , w e can expec t t o
live togethe r pleasantly—man y persons , i n
harmony with nature , on the earth .
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Cortical Control of Visuomotor Reflexes

ROBERT RAFAL

In 1973 , Easto n publishe d a n essa y i n th e
American Scientist  entitled "Th e Norma l Use
of Reflexes" (Easton, 1973). It s theme was that
the neura l circuit s tha t subserv e reflexe s ar e
the buildin g block s fo r more comple x behav-
ior, an d that the nervous system routinely goes
about it s business through an orchestration o f
those circuit s b y cortica l processe s tha t acti -
vate or inhibit them. With regard to the fron -
tal lobes , I'v e com e t o thin k o f thi s a s th e
Apollo 1 3 framework.

You ma y recal l tha t thre e astronaut s were
on thei r wa y t o th e moo n whe n somethin g
went seriousl y wrong . Findin g themselve s
stranded betwee n th e eart h an d th e moo n
they reporte d t o missio n control , "Houston ,
we have a problem." In the movi e made about
their plight, one particular scene made an im-
pression o n me . Their CO 2 scrubber was dy-
ing, an d they would too i f they couldn' t ge t a
new one . Th e missio n control boss called th e
engineers int o a  room and , showin g them a n
item in his hand, he said , "this is a CO2 scrub-
ber." The n pointin g t o a  bunch o f junk on a
table, h e said , "thi s i s everythin g the y hav e
with the m u p there. " The surviva l of the as -
tronauts require d that they figure out how to
make a  CO2 scrubber ou t o f all that junk.

The predicamen t o f th e Apoll o 1 3 astro -
nauts is , o f course , exactl y tha t o f a  specie s

confronting evolutionar y pressures . T o mee t
new demands an d surviv e it has to mak e use
of those circuits that have been bequeathed t o
it b y it s ow n evolutionary history. In thi s re -
gard th e fronta l lobes ca n be though t o f as a
toolmaker; they us e ol d circuit s t o solv e new
problems. Refle x circuitr y provide s th e tool s
that th e toolmake r use s t o mak e ne w tools .
This job ma y require puttin g these circuit s to
uses quite differen t fro m thos e that they orig-
inally evolve d for , holdin g the m onlin e i n
working memor y to be integrate d wit h othe r
circuits, and inhibiting thei r "defaul t mode. "

This chapter wil l explore this framework by
examining eye movements as a model system.
We will first take a  look a t eye movement re -
flexes, and the midbrai n circuit s that mediat e
them. I'l l the n revie w studie s tha t hav e ex-
amined the cortica l systems of the fronta l and
parietal lobe that put this oculomotor machin-
ery t o us e i n th e servic e o f goal-directe d
behavior.

THE VISUAL GRASP REFLEX: MIDBRAIN
MECHANISMS FOR REFLEXIVE

ORIENTING

Our neura l machiner y fo r visua l orienting i s
the product o f a long evolutionary history (In-
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gle, 1973) . Al l vertebrates hav e primitive mid-
brain circuit s for reflexively orienting th e eye s
toward salien t event s occurrin g i n th e visua l
periphery. In foveate mammals , including hu -
mans, thes e archetypa l pathway s functio n t o
align high-acuity regions of the retina with ob-
jects o f potentia l interest ; bu t thei r activit y
must b e coordinate d wit h a  phylogeneticall y
new visua l cortex tha t receive s it s dominan t
input fro m th e retin a throug h th e latera l ge -
niculate nucleu s o f th e thalamus . Th e de -
mands of increasingly complex visual cognition
presumably generate d th e evolutionar y pres-
sures leadin g t o th e developmen t o f a  com-
pletely new , paralle l visua l pathway i n mam-
mals. What functio n doe s the phylogenetically
older midbrain  pathway serve in humans?

Two converging strands of research i n neu-
rological patient s hav e bee n use d t o investi -
gate huma n extrageniculate pathways for me -
diating visuomotor reflexes. One approach has
been t o stud y the effect s o f midbrain lesions
on orientin g behavior . Anothe r ha s bee n t o
study heminaopic patients i n order t o identif y
what visuomoto r reflexe s ar e presen t whe n
only subcortica l visual pathways are available.
Patients wit h degeneratio n o f th e midbrai n
from progressiv e supranuclea r pals y (PSP )
were shown to be impaired not only in moving
their eyes but als o in shiftin g cover t attentio n
(Rafal e t al. , 1988) . We also showed that mid-
brain circuit s damaged in PSP are involved in
the generatio n o f a n inhibitor y spatia l tag ,
called inhibition  o f return  (IOR ) (Posne r e t
al., 1985) . Thi s inhibitory tag has been shown
to serv e a n importan t functio n a s a  "foragin g
facilitator" tha t optimize s the efficienc y o f vi-
sual search by favoring novelty (Klein & Mac-
Innes, 1999) . Mor e recen t studie s hav e pro -
vided convergin g evidenc e fo r midbrai n
mediation o f IOR . Sapi r an d colleague s re -
ported tha t IO R wa s abolishe d i n th e visua l
field contralateral to a  unilateral lesion of the
colliculus (Sapi r e t al. , 1999) . Furthermore ,
we hav e shown that IO R coul d be generate d
in the blind field of a hemianopic patient, even
in the absenc e of awareness of the stimul i that
evokes i t (Danzige r et al. , 1997) .

We live in a world of moving objects and so,
while IOR may be generated i n the colliculus,
if this inhibitor y ta g is to be usefu l i n regulat -

ing visual search, it might be expected that the
tag would b e transmitte d t o a  cortical object -
based referenc e frame . Tippe r an d colleagues
have shown that IOR ca n tag and follow mov-
ing objects . We showed in split-brai n patients
that interhemispheri c transmissio n o f this ta g
requires a n intac t corpu s callosu m (Tipper e t
al., 1997) . Whe n a n objec t tagge d b y a  cu e
moved within a hemifield, IOR  was  observed,
but no t whe n th e objec t crosse d th e midlin e
and ha d t o b e represente d i n th e opposit e
hemisphere. I t seem s likely, then, tha t IO R is
generated an d maintaine d in a  corticocollicu-
lar circuit . A s thi s exampl e o f th e inhibitor y
tagging illustrates , th e phylogeneticall y older
and th e newe r cortica l system s must be inte -
grated t o provide a  coherence o f goal-directed
behavior an d a  continuity of perceptual expe -
rience. Th e remainde r o f thi s chapte r wil l
review som e of what has been learne d abou t
interactions betwee n midbrai n an d cerebra l
cortex in humans.

CORTICOCOLLICULAR INTERACTIONS

Frontal an d parieta l corte x both hav e regions
involved in oculomotor control. They are con-
nected to one another and both are connected
to th e superio r colliculus . Th e fronta l ey e
fields are locate d jus t anterio r t o th e moto r
hand area of each hemisphere, a t the junction
of the superio r fronta l sulcu s and the precen -
tral sulcus. I t project s t o the superio r collicu -
lus bot h directl y an d vi a th e basa l gangli a
through th e caudat e nucleu s and the substan -
tia nigra pars reticulata (see Fig.9-1). The sub-
stantia nigr a ha s inhibitory, GABAnergi c pro-
jections to the colliculus on the same side, and
crossed projection s t o th e contralatera l colli -
culus. The parietal eye fields are located in the
intraparietal sulcus . They receiv e inpu t fro m
the colliculu s through the pulvina r nucleus of
the thalamus ; and they can influenc e th e col -
liculus, in part through connections to primary
visual cortex.

In th e followin g sections , I  wil l first sum-
marize the pioneerin g work of Jim Spragu e in
cats tha t firs t reveale d th e dynami c interac -
tions of cortical and subcortical systems for the
control o f orientin g behavior . I'l l the n sum -
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Figure 9-1. Som e of the cortical and subcortical circuitry
for oculomoto r control . (Source:  Adapte d from Goldber g
& Segraves , 1989 , with permission)

sions the colliculu s looses this tonic activation
(Hovda &  Villablanca , 1990) . A t th e sam e
time, th e opposit e (contralesional ) colliculus
becomes hyperactive . Thi s imbalanc e i s sus-
tained an d aggravated by the mutuall y inhibi-
tory connection s betwee n th e tw o collicul i
themselves. Th e more active contralesional su -
perior colliculu s i s release d fro m inhibitio n
and produce s disinhibite d reflexiv e orientin g
to signals in the field ipsilateral to the cortica l
lesion. I f the contralesiona l superior colliculus
is then removed (or the fibers of passage fro m
the substanti a nigr a pars reticulata  to the op-
posite colliculus) , the ipsilesiona l hyperorient -
ing is eliminated an d contralesiona l orientin g
is restored .

marize work, mostly from m y own laboratory,
demonstrating th e rol e of frontal and parieta l
lobes i n regulatin g midbrai n visuomoto r
reflexes.

PARIETAL LESIONS AND THE SPRAGUE
EFFECT

Sprague firs t demonstrated tha t visua l orient -
ing is mediated b y a dynamic interaction be -
tween th e cerebra l corte x an d th e midbrai n
pathways fo r reflexiv e orientin g (Sprague ,
1966). I n a  classic experiment, cats were ren -
dered blin d i n on e visua l fiel d b y unilatera l
extirpation o f occipita l an d parieta l cortex . I t
was then show n that orienting toward the con-
tralesional fiel d wa s restore d i f th e opposite
superior colliculu s was removed. A  similar re -
sult was obtained i f the inhibitor y connections
were severe d between th e contralesiona l sub-
stantia nigra pars reticulata and the ipsilesional
colliculus (Wallac e e t al. , 1989 ; 1990) . Con -
verging evidenc e fo r midbrai n mediatio n o f
the Spragu e effec t wa s also demonstrated b y
Sherman (1974), who sectioned the interhem-
ispheric commisur e i n cat s an d showe d tha t
the Spragu e effec t wa s restricted t o the tem -
poral hemifield .

The Sprague effect i s thought to work in the
following way . Parieto-occipital projections t o
the ipsilatera l superio r colliculu s normally ex-
ert a  tonic facilitatio n o n it . Afte r parieta l le-

EFFECTS OF FRONTAL EYE FIELD
LESIONS ON VISUALLY GUIDED AND

VOLUNTARY SACCADES

Acute lesions in the superio r par t o f the dor -
solateral prefronta l cortex—includin g th e
frontal ey e fiel d (FEF)—ca n caus e hemispa-
tial neglect . However , th e neglec t i s typically
transient. Ther e ar e extensiv e direc t an d in-
direct projections fro m thi s par t of cortex, es -
pecially fro m th e FEF , t o th e midbrain , in -
cluding th e superio r colliculu s an d th e
substantia nigr a par s reticulata . A n acut e le -
sion to the FE F cause s a kind of shock to con-
nected regions , calle d diaschesis,  tha t ca n be
measured experimentall y a s hypometabolis m
in remot e structure s includin g th e superio r
colliculus (Deue l &  Collins , 1984) . S o th e
acute neglec t see n afte r FE F lesion s may re-
sult, i n part, becaus e th e ipsilesiona l superio r
colliculus i s transientl y dysfunctional . I n th e
chronic, compensate d state , however , lesions
restricted t o the FE F d o not result in persist-
ent neglec t o r any evident impairments o f eye
movement i n dail y life , o r o n clinica l exami -
nation o f eye movements a t the bedside . This
recovery reflects the reorganize d state of fron-
tocollicular circuitry.

We hav e investigate d th e reorganizatio n of
dynamic interaction s betwee n th e FE F an d
the midbrai n b y examinin g th e effect s o f
chronic unilatera l lesions o f the huma n FE F
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on the latencie s o f eye movements. In one ex-
periment, w e compare d visuall y guide d sac -
cades an d voluntar y saccade s (Heni k e t al. ,
1994). Th e patient s i n this stud y were par t of
a group of individuals who have suffered brai n
injuries, mostl y fro m strokes , an d wh o hav e
been graciou s i n helping u s to investigate th e
consequences o f these injuries . Each wa s se-
lected for having a single, unilatera l lesio n re -
stricted t o th e dorsolatera l fronta l cortex . All
had recovered from th e acut e phase o f the ill-
ness, during which diaschesis can have a major
affect o n remote structures ; most were studie d
several years afte r th e ictus . Al l were compe -
tent an d independen t individuals , an d hav e
been active participants i n neurobehavioral re-
search ove r a  number o f years.

For us to make inferences about FEF func -
tion, w e use d th e followin g approach . W e
compared the nin e patient s in this fronta l le-
sion grou p i n who m th e lesio n include d th e
FEF, wit h seve n neurologica l contro l patient s
who had fronta l lesion s tha t spare d th e FEF .
The region involved in these patients include d
that are a believe d t o b e th e FEF , base d o n
positron emissio n tomograph y (PET ) studie s
(Paus, 1996) . Thi s includes the mos t posterio r
part o f the middl e fronta l gyru s where i t joins
the precentral sulcus .

The patient s wer e teste d o n thei r perfor -
mance o f tw o saccad e tasks : visuall y guide d
saccades t o target s tha t appeare d 10 ° to th e
left o r right ; an d voluntar y saccade s fro m a
symbolic arrow cue at the center o f the display
that pointed t o a marker target, 10 ° to the lef t

or right . The result s are shown in Figure 9-2 .
For the neurologica l contro l patients whose

frontal lesion s spare d th e FEF , th e latencie s
of voluntary saccade s were , a s for norma l in-
dividuals, longe r tha n fo r visually guided sac -
cades. Moreover , th e fronta l lesion s di d no t
produce a n asymmetr y o f ey e movements .
Saccade latencie s wer e no t differen t fo r con-
tralesional an d ipsilesiona l field s fo r eithe r
kind o f eye movement.

In patients with FEF lesions , voluntary sac-
cades wer e slowe r to th e contralesiona l field.
In contrast , visuall y guide d saccade s wer e
slower t o th e ipsilesiona l field . I n th e ipsile -
sional fiel d th e patients ' visuall y guided sac -
cade latencie s were , quit e abnormally , no fas-
ter tha n thei r latencie s fo r voluntary saccades
to that field. These result s indicat e that FE F
lesions have two separate effect s o n eye move-
ments: (1 ) the fronta l ey e field s ar e involve d
in generating endogenous saccades to the con-
tralateral field , an d lesion s i n thi s regio n
therefore increas e thei r latency ; and (2 ) FE F
lesions als o influenc e th e opposite  superio r
colliculus. I t seem s no t t o generat e a  visual
grasp reflex , an d saccades made toward signals
in the field ipsilesional to it must be made vol-
untarily withou t th e usua l advantag e o f thi s
midbrain reflex .

Thus, unilatera l lesions o f the FEF , i n th e
chronic state , ca n produce a  kind o f revers e
Sprague effect . On e explanatio n o f thi s ap -
parent reverse d Spragu e effec t i s tha t FE F
lesions disinhibit the ipsilesiona l substantia ni-
gra pars  reticulata,  resultin g i n inhibitio n o f

Figure 9—2 . Saccad e latencie s
to the ipsilesiona l and contrale -
sional fiel d fo r voluntary an d vi-
sually summoned saccades in
patients with lesions o f the dor -
solateral fronta l cortex . A group
of patients in whom the lesio n
involved the fronta l ey e field
(FEF) ar e compared wit h a
group of patients in whom th e
lesion spared that regio n o f the
frontal lobe . (Source:  Fro m
Henik e t al. , 1994 , wit h
permission)
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the superio r colliculu s opposit e t o th e FE F
lesion.

MAPPING THE FRONTAL EYE FIELD
WITH TRANSCRANIAL MAGNETIC

STIMULATION

To determin e whethe r th e revers e Spragu e
effect reflect s a  plasti c reorganizatio n follow -
ing recover y fro m brai n injur y o r th e imme -
diate effec t o f FE F inactivation , w e investi -
gated th e effec t o f single-puls e transcrania l
magnetic stimulatio n (TMS ) of th e FE F i n
normal subjects. In this technique, a  transient
magnetic field is generated o n the scal p to in-
duce a  ver y brie f electrica l stimulatio n tha t
inactivates th e underlyin g corte x fo r a  fe w
hundred milliseconds—i n essence , a n ultra -
temporary lesio n i s produced . Whe n TM S
was applie d ove r th e FEF , ther e wa s a n in -
crease in latency for voluntary saccades t o th e
contralateral field—th e sam e pattern a s seen
in patient s wit h chroni c foca l lesions . How -
ever, unlik e th e result s i n th e patien t study ,
TMS ha d n o effec t o n ipsilatera l visuall y
guided saccade s (Ro et al, 1997) . Sinc e TMS
of the FE F di d not hav e the effec t o n ipsile-
sional visuall y guide d saccade s tha t occur s
with chroni c lesion s o f th e FEF , w e con -
cluded tha t th e revers e Spragu e effec t afte r
chronic FEF lesion s is the resul t o f plastic re-
organization afte r brai n injury .

More recently , w e hav e combine d struc -
tural magneti c resonanc e imagin g (MRI) an d
TMS t o ma p the FE F (R o et al. , 1999) . Th e
hand are a o f the moto r corte x was identified
by locatin g th e are a wher e TM S produce d
visible twitches in the contralatera l hand . This
location serve d a s a  physiologica l landmar k
for mappin g the FEF . Figur e 9-3 shows that
the MR I sca n confirme d the locatio n o f th e
motor han d area . Th e sit e a t whic h finge r
movements wer e elicite d wa s ove r th e pre -
central gyrus . Th e figur e als o show s thos e
sites, anterio r t o thi s landmark , where TM S
prolonged th e latenc y o f contralatera l volun -
tary saccades. Th e FEF wa s localized to a re-
gion 2  c m anterio r t o th e han d are a o f th e
motor cortex.

Figure 9-3. Colocalizatio n of frontal ey e fields (FEF) us-
ing structura l magneti c resonanc e imagin g (MRI ) and
transcranial magnetic stimulation (TMS) . The X  indicates
the locatio n of the moto r hand are a where TMS evoked
finger movements. The dar k circles on th e to p pane l in-
dicate th e site s wher e TM S increase d th e latencie s for
contralateral endogenou s saccades . (Sowrce:Fro m R o e t
al., 1999 , with permission)

EFFECT OF FRONTAL EYE
FIELD AND PARIETAL LESIONS

ON ANTISACCADES

The antisaccad e task, in which a saccade must
be mad e away  fro m a  periphera l target , de -
mands both tha t th e visua l grasp reflex b e in -
hibited an d tha t a  voluntary saccade b e gen -
erated towar d th e opposit e field . In a  recen t
study using the antisaccade task, we confirmed
that chronic, unilateral FEF lesion s cause dis-
inhibition o f the visua l grasp refle x mediate d
by the ipsilesiona l superior colliculu s (Rafal e t
al., 2000) . Figur e 9- 4 show s th e numbe r o f
reflexive glances , tha t is , errors i n which sac-
cades were mad e toward instead of away from
the target , i n patient s wit h FE F lesions , pa-
tients wit h parieta l lesions , an d norma l con -
trols. I n th e FE F lesio n patients , reflexiv e
glances wer e increase d towar d contralesiona l
targets, whereas in the parietal patients , fewe r
reflexive glance s wer e mad e towar d th e con -
tralesional fiel d tha n wer e mad e b y contro l
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Figure 9-4. Effect s o f fronta l
eye field (FEF) lesions and pa-
rietal lesions on errors in th e
antisaccade task. The numbe r
of reflexiv e glance s toward th e
contralesional and ipsilesiona l
fields i s shown fo r patients with
frontal lesion s involving th e
FEF, fronta l lesion s sparing th e
FEF an d patients with parietal
lesions (PAG) , a s well a s nor-
mal controls . (Source:  Fro m
Rafal e t al. , 2000 , with
permission)

subjects. Thes e result s confir m tha t FE F le -
sions resul t i n disinhibition o f the ipsilesiona l
colliculus, whereas parietal lesions result in in-
hibition o f the ipsilesiona l colliculus .

SACCADIC BIAS: A STUDY OF
FRONTAL AND PARIETAL LESIONS

In a  recent study , we examine d th e effect s o f
chronic unilatera l lesion s o f the inferio r pari -
etal lobe an d th e fronta l ey e field s o n oculo -
motor bias (Ro et al. , 2001). Two visual events
were presente d fo r eac h trial , on e i n eac h
hemifield a t various stimulus onset asynchron -
ies. Th e patient s wer e teste d i n thei r perfor -
mance o f two tasks . I n th e saccad e task , pa -
tients move d their eye s to whichever stimulu s
attracted thei r gaz e first . I n th e perceptua l
task, the y presse d a  button t o indicat e whic h
stimulus was perceived first . Patient s wit h le -
sions of the FEF showe d no bias in either the
saccade o r perceptual task.  That is , when th e
two signals appeared simultaneously , these pa -
tients wer e jus t a s likely to judge th e contra -
lesional stimulus as having occurred first , o r to
make a  saccad e towar d th e contralesiona l
stimulus, a s the y wer e t o repor t th e ipsile -

sional stimulus as occurring firs t o r to mak e a
saccade towar d it . Patient s wit h parieta l le -
sions als o showe d n o bia s i n th e perceptua l
task. However , thei r saccade s tende d t o b e
ipsilesional unless the contralesiona l target led
substantially. Thi s resul t reveal s a  bias i n sac -
cade choice afte r parietal damage tha t canno t
be attribute d t o deficien t visual perception .

Why did the patient s wit h FE F lesion s not
show an oculomotor bias in this task? The sac-
cadic task requires a  decision o n which way to
move th e eyes . A n impairment i n generatin g
contralesional voluntary eye movements might
be expecte d t o have resulted i n an ipsilesional
bias. However , a s we hav e seen , FE F lesion s
also caus e disinhibite d orientin g towar d con -
tralesional signals. Therefore, i t is possible tha t
the bia s to choose a n ipsilesional saccade may
have bee n counteracte d b y a  disinhibitio n o f
reflexive orientin g towar d th e contralesiona l
target.

STRATEGIC CONTROL OF OCULAR
FIXATION

So far we hav e considere d the neura l control
of saccadi c ey e movements . Their purpos e i s
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to brin g object s o f interest ont o th e fove a s o
that the y can be fixated for identification and
analysis. Oculomotor control require s tha t th e
neural system s controlling saccade s an d fixa-
tion b e coordinated . Par t o f this coordinatio n
is implemented withi n th e superio r colliculus
itself (Muno z & Wurtz, 1992; Muno z & Istvan,
1998). In the rostra l pole of each colliculus are
cells that are active during fixation (even in the
dark) an d whos e activit y i s furthe r increase d
by a visual signal at fixation. These fixation, or
pole, neuron s hel p kee p th e eye s fro m mov -
ing. Cauda l to the fixation neurons, and inhib-
ited b y them, ar e cells (commonl y referred t o
as movement  cells)  whos e activit y help s th e
eyes move to a new position. Eye movements,
then, ar e controlle d b y a n opponen t proces s
involving intrinsi c collicula r circuits : ther e i s
mutual inhibition between th e visual grasp re-
flex (VGR), activate d b y abrupt signal s in th e
visual periphery an d mediated by more caudal
movement cells , an d th e fixatio n reflex , acti -
vated by visual signals at fixation and mediated
by rostral pole neurons. Together , th e activit y
of thes e tw o type s o f cell s determin e whe n
and where th e eye s will move.

The offse t o f a fixated stimulus prior to , o r
simultaneous with , th e onse t o f a  periphera l
target disinhibit s the VGR and speeds reactio n
time to initiate a n eye movement to a periph -
eral target . Th e benefi t o f fixatio n offse t o n
saccadic latencies was first reported b y Saslow
(1967), and has been termed the fixatio n offset
effect (FOE ) (Klei n &  Kingstone , 1993) . Fix -
ation offset paradigms are used to compare la-
tencies t o mak e eye movement s when a  fixa-
tion stimulu s remain s presen t a t target onse t
to those when th e fixation stimulus offsets .

The FOE i s thought t o result from change s
in cellula r activit y i n loca l inhibitor y circuit s
within th e superio r colliculu s tha t ar e trig -
gered b y the offse t o f a fixated stimulus (Mu-
noz &  Istvan, 1998) . Whe n a  fixated stimulus
offsets, th e activit y o f fixation neurons i n th e
rostral pol e decrease s an d ey e movemen t la -
tency is reduced (Muno z & Wurtz, 1992; Dor -
ris &  Munoz , 1995) . Conversely , stimulating
fixation neurons just prior t o or during an eye
movement ca n delay o r arres t th e ey e move-
ment (Muno z & Istvan, 1998) . Thi s finding is
consistent with the demonstratio n tha t unilat -

eral microstimulatio n o f th e rostra l superio r
colliculus inhibits movemen t cells in both col-
liculi (Munoz & Wurtz, 1993; Muno z & Istvan,
1998). Together , thes e neurophysiologica l
findings suggest that when fixation cell activity
decreases i n response to fixation offset, move -
ment cel l activit y increases , disinhibitin g th e
VGR an d speeding reaction time to initiate an
eye movement t o a peripheral target .

The differenc e i n saccad e latenc y betwee n
fixation offset an d fixation overlap condition s
(the FOE ) is a measure of the degree to which
rostral pole neurons are under external control
by th e fixation point.  Manipulation s of strate-
gic set that brin g these neuron s under volun-
tary control, and thereby reduc e th e influenc e
of th e externa l stimulu s a t fixation , wil l de -
crease the siz e of the FOE . Th e magnitude of
the FO E thereb y provide s a  measur e o f th e
degree t o whic h collicula r circuitr y i s unde r
cortical contro l rathe r tha n unde r th e contro l
of external stimuli . The magnitude of the FO E
can therefor e b e use d experimentall y a s a
measure o f cortical control ove r intrinsi c col -
licular circuits .

Voluntary contro l ove r collicula r circuitr y
increases durin g infan t development . Th e
VGR i s quit e bris k i n newborn s (Maue r &
Lewis, 1997) . Th e fixatio n reflex , i n whic h a
visual signal at the poin t o f fixation reflexively
activates fixation neurons that inhibit the VGR
to eccentric events , becomes quite strong dur-
ing th e firs t 2  month s (Johnson , 1990) . A t
about 2  months of age, the collicul i come un-
der unoppose d inhibitor y influenc e o f th e
basal ganglia (substantia nigrapars reticulata).
This uninhibite d fixation refle x ma y serve t o
facilitate paterna l bondin g by maintaining eye
contact betwee n infant s an d parents . How -
ever, infant s presente d wit h somethin g like a
checkerboard patter n ma y become distresse d
because the y ar e unabl e t o brea k th e loc k of
a visual stimulus in order t o mov e their eyes .
The FO E decrease s durin g infanc y (Hoo d et
al., 1997 ; Johnson & Gilmore, 1997), marking
a maturatio n o f fronto-basa l ganglia-collicula r
circuits tha t bring s th e fixatio n refle x unde r
voluntary contro l an d permi t efficien t visua l
search wit h alternating saccade s and fixations.

We have recently shown that normal adult s
can modulat e th e FO E o n th e basi s o f stra-
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tegic set . Th e FO E decrease d a s the propor -
tion of catch trials (i.e. , in which no target was
presented an d n o ey e movemen t wa s made )
decreased (Machad o &  Rafal , 2000b) , sug -
gesting tha t increasin g oculomoto r readines s
reduces th e inhibitor y effec t o f th e fixatio n
point o n rostra l pol e neurons . W e hav e als o
shown tha t th e FO E decrease s whe n a  vol-
untary saccade is prepared (Rafa l e t al. , 2000).

Another experimen t demonstrated tha t th e
FOE ca n be modifie d differentially b y strate-
gic set for visually triggered an d voluntary sac-
cades (Machad o &  Rafal , 2000b) . Saccade s
were mad e eithe r t o a  periphera l targe t (vi -
sually triggered) or were generated voluntarily
in respons e t o a n auditor y ton e t o loo k righ t
or left . O n half the trial s the fixation point re -
mained presen t (overla p condition) ; o n th e
other hal f i t offse t whe n th e targe t wa s pre -
sented (offse t condition) . In one block of trials
endogenous saccade s wer e mor e frequen t
(80%); in the other , saccade s to peripheral tar-
gets were required o n 80% of trials. Table 9- 1
shows th e effect s o n saccad e latenc y o f ma -
nipulating strategic set fo r voluntary or reflex -
ive eye movements on the FOE . When reflex -
ive saccade s wer e frequen t an d voluntar y
saccades were infrequent , the FOE was atten-
uated fo r reflexiv e saccades . When voluntar y
saccades were frequen t an d reflexiv e one s in-
frequent, th e FO E wa s attenuated fo r volun-
tary saccades. We concluded tha t cortical pro-
cesses relate d t o tas k strateg y ar e abl e t o
decrease fixatio n neuro n activit y even i n th e

presence o f a  fixation stimulus, resulting in a
smaller FOE, an d that there are separate neu-
ral mechanisms fo r modulation o f fixation cell
activity for th e tw o types of saccades.

Our mos t recent work in normal individuals
has examined strategic modulation of the FO E
under condition s i n whic h subject s mus t in -
hibit th e VGR . An example is the antisaccad e
task which requires that the VGR be inhibited
and a  saccade b e mad e in the opposit e direc -
tion. The FO E i s typically reduced i n the an -
tisaccade tas k (Reuter-Loren z e t al. , 1991 ;
Forbes &  Klein , 1996) . I n ou r experiments ,
we compare d th e FO E i n antisaccade an d go
no-go paradigm s (Machad o &  Rafal , 2000a) .
Peripheral target s were , unpredictabl y an d
with equa l probability, either re d o r green. I n
the antisaccad e task, subject s mad e prosacca -
des towar d gree n target s an d awa y from re d
targets. I n th e g o no-go task, they mad e sac-
cades toward green targets and held fixation if
a red target appeared . I n both tasks, the fixa-
tion point offset when targets appeared on half
the trials , an d overlappe d targe t onse t o f th e
other half . A s expected , ther e wa s a  smal l
FOE whe n antisaccade s wer e made . More -
over, there wa s a smal l FOE fo r prosaccade s
in the antisaccade-prosaccad e task , indicating
that th e strategi c requirement s t o inhibi t th e
VGR i n th e antisaccad e tas k also determine d
the FO E o n prosaccade trials . By contrast, in
the g o no-go task , th e FO E wa s found t o b e
increased compare d t o block s i n whic h onl y
prosaccades were made . Thus, although there

Table 9-1. Latencie s for saccades to periphera l target s and for endogenous saccade s i n response t o
auditory cues*

20% tone targe t

Peripheral Target Trials Tone Target Trials

Block

20% peripheral target /
80% tone targe t

80% peripheral target /

Overlap
ms (SD)

359 (58)

277 (48)

Offset
ms (SD)

300 (55)

251 (39)

FOE

59

26

Overlap
ms (SD)

424 (85)

557 (132)

Offset
ms (SD)

411 (89)

518 (123)

FOE

13

39

"Results ar e fro m tw o tasks tha t differe d i n strategic se t to mak e reflexive or voluntary ey e movements . FOE , fixation
offset effect ; SD , standar d deviation .
(Source: Fro m Machad o & Rafal , 2000b) .
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is a  requiremen t t o inhibi t th e VG R in bot h
antisaccade an d g o no-go tasks , we observe d
opposite effect s o n the FO E i n these tw o par-
adigms. Th e requirement , i n th e antisaccad e
task, tha t som e ey e movemen t b e mad e o n
every trial obliges subjects to adopt a  differen t
strategy fo r inhibitin g th e VG R tha n tha t
which the y adop t i n th e g o no-g o task , i n
which oculomoto r inhibitio n ma y be use d a s
the defaul t mode.

The strategi c modulatio n o f fixatio n dem -
onstrated i n the experiment s reviewe d here is
presumably mediated by cortical influences on
the superio r colliculus , either direct or via the
basal ganglia . Futur e researc h wil l focu s o n
determining th e specifi c cortica l substrate s
and the circuitr y involved.

SUMMARY AND CONCLUSIONS

Converging evidenc e fro m patient s wit h mid-
brain lesion s an d fro m hemianopi c patient s
reveals tha t midbrai n pathway s ar e responsi -
ble fo r reflexiv e orientin g i n humans . Th e
VGR mediate d b y the colliculu s is modulated
by a dynamic interaction betwee n cortica l and
subcortical systems . Chroni c lesion s o f th e
FEF caus e a  slowin g o f visually guided sac -
cades towar d th e ipsilesiona l field ; wherea s
parietal lesion s caus e a  bia s agains t makin g
voluntary saccade s towar d th e contralesiona l
field. Similarly , i n th e antisaccad e task , th e
VGR wa s disinhibite d towar d th e contrale -
sional field in patient s wit h FE F lesions , and
inhibited towar d th e contralesiona l fiel d i n
patients wit h parieta l lesion . Thus , th e FE F
and parieta l lobe s appea r t o normall y hav e
opposing influences on collicular function : th e
parietal lob e facilitate s the VGR and the FE F
inhibits it.
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10
Disorders of Language after Frontal Lobe Injury:
Evidence for the Neural Mechanisms of
Assembling Language

MICHAEL P. ALEXANDER

When aske d b y a frien d abou t a  recent vaca-
tion, one i s likely to immediately break int o a
complex tal e o f travel problems , site s visited ,
meals eaten , an d loca l color , al l wove n to -
gether with comple x syntax: "After th e airlin e
finally found ou r bags—wha t a  mess ! I  don' t
ever wan t t o fly again—and w e foun d a  ca b
that wasn' t to o disgustin g to touch , we go t so
lost looking for the hotel , which turned ou t to
be practically a brothel, tha t we thought, 'Why
have we done this? ' " This description i s filled
with ric h vocabulary , an d i s interwove n wit h
recognition o f what th e frien d alread y know s
about th e trip , sensitivit y to how much detai l
he ca n abid e an d hi s toleranc e fo r off-colo r
asides, an d humo r t o kee p hi s interest . Thi s
narrative i s guide d b y th e narrator' s knowl -
edge o f the scrip t tha t th e listene r wil l expect
the telle r o f the tal e t o follow—"th e vacatio n
story script. " There ar e man y ways to weav e
this stor y within the accepte d script , an d one
will have to for m a  plan fo r unfolding the on e
version appropriat e fo r th e settin g an d th e
friend. Th e fronta l lobe s wil l b e th e activ e
agents i n this endeavor .

Damage to the fronta l lobes, particularly on
the left, will impair this capacity. Depending on
the location, the impairment maybe at different
levels of the narrative . This chapter will review
these impairment s a t fou r discrete , althoug h

overlapping, level s o f clinical phenomena. (1 )
transcortical motor aphasia (TCMA) , the clas-
sical aphasic syndrome of left posterio r frontal
injury; (2 ) dynamic aphasia,  which is the cor e
impairment o f (TCMA ) an d a  disturbanc e o f
complex, open—ended sentence assembly ; (3)
discourse impairments, which are disturbances
in the assembl y of complex narratives; and (4 )
disrupted action  planning,  th e fundamenta l
impairment o f complex , goal-directed, inten -
tional behavior. Dynamic aphasia and discourse
impairment should be see n a s action planning
deficits specific to language use.

TRANSCORTICAL MOTOR APHASIA

Damage restricte d t o th e posterior , latera l
portion o f the lef t fronta l lobe causes language
impairment. Th e precis e for m o f the impair -
ment depends , a s alway s in clinica l phenom -
enology, o n severa l factor s beyond coars e lo -
bar localization : th e exac t locatio n o f th e
injury, th e dept h o f injury , th e tim e post —
onset i f onset wa s acute, th e conditio n o f th e
brain prior to injury, and the age of the patien t
if a  child, allowin g for variances through al l of
these mechanisms . The usua l result o f poste -
rior, lateral fronta l damage is TCMA (Mega et
al., 2000) .

159
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Transcortical moto r aphasi a i s define d firs t
by nonfluent output , althoug h usually not th e
markedly restricted , telegraphi c an d agram -
matical outpu t o f classi c Broca' s aphasi a
(Goodglass, 1993) . Th e outpu t i s mor e typi -
cally grammatica l bu t simplified , repetitive ,
and delayed, with quite variable severity of an-
omia. Man y response s ar e echolalic , some -
times completel y so , an d othe r time s onl y a
portion o f th e examiner' s questio n o r state -
ment i s made int o a  response , terme d incor-
poration echolalia.  I t i s a n absolut e definin g
characteristic o f TCM A tha t repetitio n i s in -
tact, regardless of the grammatica l or syntactic
complexity (Goodglass , 1993) . Failur e t o in -
hibit repetitio n underlie s th e echolali c re -
sponses. Oral reading is also usually intact. Au-
ditory and written comprehension are normal,
at least a t the relativel y unchallenging level of
most clinical aphasia tests. In the acute phases,
pervasive deficits i n response set may simulate
a comprehension deficit , an d i t i s not unusual
for larg e fronta l lesion s t o initiall y appea r a s
mixed transcortica l aphasia . Writin g i s th e
most variable aspect o f TCMA, and n o profil e
of writin g abnormalit y i s usefu l i n definin g
TCMA.

Since initia l description s b y Lichthei m
(1885) an d initial theory of neural mechanism
by Wernicke, it has been asserted tha t TCMA
is cause d b y lesion s i n th e latera l lef t fronta l
lobe, variousl y anterior o r superio r t o Broca' s
area (Goldstein , 1948 ; Goodglass , 1993 ; Alex -
ander, 1997) . Thi s definition , o f course ,

hedges the definitio n of Broca's area. Norman
Geschwind ofte n tol d hi s student s tha t
"Broca's are a i s that area , which , when dam -
aged, produce s a  permanent Broca' s aphasia."
By that definition , Broca' s area could b e very
large. Numerou s neuroimaging studies i n th e
last 2 5 years hav e demonstrate d tha t chroni c
Broca's aphasi a i s generally associated wit h a
large lesion of frontal operculum, middle fron -
tal gyrus , lowe r moto r an d sensor y cortices ,
often supramargina l gyrus , muc h subcortica l
white matter , an d ofte n th e dorsa l caudate .
Some o f th e sam e studie s hav e als o demon -
strated tha t permanen t Broca' s aphasia coul d
occur without any damage to frontal cortex . In
these cases , there was usually extensive dam-
age to subcortica l whit e matter , paraventricu-
lar white matter , and caudate .

With m y colleagues a t the Bosto n Veteran's
Administration Medica l Center , w e hav e de -
scribed thre e clinical-anatomica l base s o f
TCMA. First , lesion s restricted t o th e fronta l
operculum, a n anatomicall y conservative def -
inition o f Broca' s are a an d th e are a wher e
most review s plac e th e "B, " produc e TCM A
(Freedman e t al. , 1984) . Thus , lesion s i n
"Broca's area " d o no t caus e Broca' s aphasia ,
and Broca' s aphasi a does no t requir e a  lesion
in "Broca's area." Second , lesions in the white
matter deep to frontal operculu m down to the
paraventricular white matter produce an iden-
tical clinical aphasia picture (Fig . 10-1). Most
of these lesions also involve the dorsa l caudate
(Mega &  Alexander, 1994) . I n eithe r case , i n

Figure 10-1 . A s described i n
the text , transcortial motor
aphasia (TCMA ) can be see n
with a  wide variet y of lesion lo-
cations. This figur e i s a sche-
matic of perhaps the mos t typi -
cal lesion site : dorsa l midfrontal
above and involving the ante -
rior operculum . The white mat -
ter portio n o f this lesion alon e
(cross-hatched area) is also a
common finding in TCMA.
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the initia l phase, there may be transien t mut-
ism. I f the lesio n involves lower moto r cortex
or its descending white matter pathways, there
may be considerabl e dysarthri a (Freedma n e t
al., 1984) . Large r lesion s produc e transien t
agrammatism and/o r phonemi c paraphasia s
(acute Broca' s aphasia) , bu t wit h recovery ,
overt agrammatis m clears.

Third, lesion s of the media l frontal lob e in -
volving supplementary motor area (SMA ) pro-
duce a  form o f TCMA (Alexande r & Schmitt,
1980; Freedma n e t al. , 1984) . The modifie r "a
form" i s require d becaus e wit h recover y i t
may not always be convincing that patients are
actually aphasic so much as unable to speak at
length (Vo n Stockert, 1974) . Eithe r righ t o r
left media l fronta l lesion s ma y produce initia l
mutism wit h evolutio n ove r hour s o r day s t o
simplified languag e with frequen t pause s an d
blocks (Rubens , 1976 ; Masde u e t al. , 1978 ;
Freedman e t al. , 1984) . Whe n a  left-sided le-
sion also involves medial white matter, includ-
ing the anterio r corpu s callosum, mutism may
be mor e prolonge d an d recover y o f lengthy,
fluid language utterance s muc h more delaye d
and even incomplet e (Rubens , 1976).

At the boundarie s of these three lesions lies
the paraventricula r white matte r adjacen t and
superior t o th e lef t fronta l hor n o f the latera l
ventricle. A lesion in this region represents th e
overlap of the systems relevant to TCMA. This
region i s a  ke y intersection o f severa l neura l
networks o f languag e an d speec h output : as -
cending pathway s fro m th e mesencephali c
ventral tegmenta l are a (VTA ) to th e media l
frontal lobe s (se e below ) (Lindval l e t al. ,
1974), lateral an d oblique pathways from bot h
medial fronta l lobe s t o th e lef t latera l fronta l
lobe an d dorsa l caudat e an d to the contralat -
eral cerebellu m (Baleydie r &  Mauguiere ,
1980; Jiirgens , 1984) , an d long , bidirectiona l
association pathway s betwee n th e lef t latera l
and pola r fronta l lob e an d posterio r corte x
(Nauta & Freitag, 1986) . I t is the involvement
of these systems that produces TCMA. Exten-
sion o f a  lesio n t o adjacen t structure s ma y
cause agrammatism , dysarthria, o r eve n righ t
hemiparesis. Thus , TCMA , lik e al l aphasi a
syndromes, may be modified, atypical, or over-
lap wit h othe r syndrome s dependin g o n th e
exact lesion boundaries. These variations fro m

being prototypica l ar e i n additio n t o variance
caused by biological factors  suc h as gender o r
the form s o f anomalous language organization
more commo n i n left-hander s tha n right -
handers.

There i s ongoing controversy about the pos-
sible rol e of cortical injur y in regions that ap -
pear o n structura l imaging to be restricte d t o
subcortical region s (Godefre y e t al. , 1992) .
When caused by infarction, ther e i s always as-
sociated reduce d perfusio n o f th e overlyin g
frontal corte x o n positro n emissio n tomogra-
phy (PET) studies (Nadea u & Crosson, 1995),
and the cases with aphasia are more likely than
those withou t aphasi a t o hav e demonstrabl e
severe ipsilateral carotid occlusive disease (Ol-
sen e t al. , 1986) . Th e perfusio n deficit s hav e
been variousl y interpreted a s diaschisis , deaf -
ferentation o f cortex (Alexander , 1992) , o r ev-
idence o f hypoxi c neurona l injur y withou t
frank infarctio n (Olsen e t al. , 1986 ; Nadea u &
Crosson, 1995) . Som e of the languag e abnor-
malities ma y be du e t o thi s microscopi c cor-
tical injury , bu t ther e ar e als o reasons t o be -
lieve tha t th e subcortica l lesio n itsel f ma y be
the caus e o f aphasia. First , subcortica l lesions
can certainl y produce remot e effect s o n neu-
ronal function. The same patients have equally
significant perfusio n deficit s i n contralatera l
cerebellum tha t canno t b e accounte d fo r a s
hypoxic injur y (Alexander , 1992) . Second ,
identical languag e disorder s ar e see n afte r
deep, loba r hemorrhages i n which there i s no
a priori mechanism for sufficien t cortica l neu-
ronal injury to account for aphasia (D'Esposito
& Alexander , 1995) . Third , ther e ar e numer -
ous example s o f critica l whit e matte r lesion s
producing cognitiv e impairment s s o ther e i s
no nee d t o discove r a  cortical explanatio n for
all cognitive deficits .

Mutism withou t an y overt languag e abnor -
malities, a s best a s can b e judged i n patient s
who rarely speak, is also caused by damage to
the ascendin g dopaminergi c system s originat-
ing in the VTA of the uppe r midbrai n and ter-
minating i n th e SM A and anterio r cingulat e
gyrus (Ross & Stewart, 1981) . When lesions of
these pathway s or thei r termina l cortica l tar -
gets ar e bilateral , ful l akineti c mutis m results
(Freemon, 1971) . Whe n unilateral , less strik-
ing speec h reduction s an d contralatera l aki -
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nesia occu r (Alexande r &  Schmitt , 1980) .
Thus, a s note d above , whe n lesion s ar e re -
stricted t o the SM A and anterior cingulate gy-
rus, it is arguable that ther e is no aphasia, just
a reduce d propensit y t o spea k (Vo n Stockert,
1974; Devinsk y et al. , 1995) . Wit h large r me -
dial cortica l lesions , over t languag e impair -
ment doe s appear .

SUMMARY

Transcortical motor aphasia is a syndrome de -
fined by minima l speech output , wor d selec -
tion deficits , reduce d grammatica l complexity,
and variabl e tendencie s t o echo , perseverate ,
or just not respond when any complex or novel
language i s calle d for . Mutis m an d it s lesse r
forms ma y be a  factor independen t o f any ac-
tual language impairment.

DYNAMIC APHASIA

So what is the cor e of TCMA, stripped o f mild
agrammatism an d articulatio n impairment ,
that might be seen i n some, or most, patients?
There is a long history of answers to this ques-
tion, and they all revolve around the sam e key
claims. Goldstei n (1948 ) an d Luri a (Luri a &
Tsevtkova, 1967 ; Luria , 1973) , i n particular ,
are credited wit h asking the correc t question s
and providin g provisiona l answers . Luri a
coined th e ter m tha t bes t capture s th e cor e
impairment: dynamic aphasia.  Those two orig-
inal observer s an d other s sinc e hav e variously
held tha t dynami c aphasia represent s a n im -
pairment o f translating  o r transforming  o r
mapping o f concepts  o r intentions  o r verbal
plans o r thought  o n to linguisti c forms. Luri a
devoted muc h effor t t o demonstratin g tha t
these patients had two deficits that defined dy-
namic aphasia, and his observations hav e sub-
sequently bee n mor e empiricall y elaborate d
by modern cognitive neuropsychologists. Luri a
asserted tha t on e defici t i s a  failur e o f predi -
cation—that is , an inability to defin e th e crit -
ical predicate, o r action that determines a n ut-
terance's intentio n (Luria , 1973) . Th e secon d
deficit i s an inability to produce a  linear struc-
ture fo r a n intende d utteranc e (Luri a & Tse-

vtkova, 1967) . Thes e hypothese s remaine d
largely unexplored fo r severa l year s afte r Lu -
ria's studies , bu t recentl y detaile d analysi s of
individual case s hav e specifie d th e natur e o f
dynamic aphasi a muc h beyon d th e evocative ,
but onl y metaphorical , assertion s o f discon -
nections o f thought fro m language .

In sum , dynami c aphasi a represent s th e
core impairment of TCMA. It is characterized
by a  sever e reductio n i n spontaneou s speec h
but accurat e response s to  direc t questions , a
poverty o f response s o r eve n a  complet e in -
capacity to respon d t o open-ended questions ,
and a severe reduction i n capacity to carry the
flow o f standar d conversationa l exchanges .
The limite d numbe r o f fully elaborate d utter -
ances ar e grammaticall y and syntacticall y cor-
rect. Paraphasia s ar e uncommo n bu t uni -
formly semantic . Speec h i s normall y
articulated an d prosodic . Th e fe w modern ,
well-studied cases have had lesions in left dor -
solateral fronta l lob e includin g dee p whit e
matter (Fig . 10-2). The same language distur-
bance ha s bee n describe d i n patient s wit h
frontal lobe dementia an d with progressive su-
pranuclear palsy , which , i n turn , i s ofte n ac -
companied b y fronta l lob e dementia .

Patients wit h dynami c aphasi a ofte n hav e
accompanying deficits in other executive tasks,
but dynami c aphasia is not simpl y due to gen-
eral executive deficits. I t i s a very specific def-
icit i n th e executio n o f comple x language .
There ar e man y route s t o executiv e impair -
ment. Foca l injur y i n variou s fronta l struc -
tures, righ t o r left , cause s cognitiv e manifes -
tations o f varyin g degree s o f specificity ,
depending o n th e precis e lesio n site . Wide -
spread injury , suc h a s diffus e axona l injur y
from trauma , ca n caus e executiv e impair -
ments; whethe r the y should  b e considere d
frontal o r not i s controversial. Often executiv e
impairments ar e transien t becaus e o f meta -
bolic encephalopathies. Som e are transient be-
cause functiona l disturbances , suc h a s anxiety
or depression , hav e occurred . Non e o f thes e
causes dynami c aphasia.

There hav e bee n a  fe w painstakin g singl e
case analyse s to determine th e precis e cogni -
tive mechanis m o f dynami c aphasia . Carefu l
control o f eac h elemen t require d i n complex
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Figure 10-2 . Dynami c aphasia
has not bee n systematicall y cor-
related wit h any particular le-
sion site , but followin g Sirig u e t
al. (1998 ) an d various single
case studies , i t appears tha t a
more anterio r locatio n with
more extension anterior t o tha t
frontal hor n i s most typical.

language constructio n wa s essentia l fo r eac h
study. Costell o an d Warringto n (1989 ) dem -
onstrated that their patient had intact syntactic
capacities allowin g fo r norma l languag e pro -
duction when construction of an utterance was
guided b y context. When presente d wit h ele -
ments o f a n utteranc e o f unambiguou s for m
and intent, capacity was preserved. Only when
the utterance require d tha t the patient for m a
plan ou t o f several possible plans was the pa -
tient unabl e t o carr y thi s out . Thes e investi -
gators concluded tha t the patient had deficient
verbal planin g prio r t o actua l sentenc e con -
struction o r syntacti c for m decision . . . .
Fletcher et al. (1996) phrased thei r conclusion
differently afte r analysi s o f thei r patient , fo -
cusing on the patient's inability to establish the
arrangement o f semanti c element s i n a n ut -
terance whe n th e element s di d no t impl y a
specific concret e linkage . Robinso n an d col -
leagues (1998 ) conclude d tha t thei r patien t
was unabl e t o generat e well-forme d preposi-
tional utterance s whe n th e contex t di d no t
provide a  constrained optio n amon g multipl e
possible constructions . Al l of thes e investiga -
tions defin e mor e precisel y wha t migh t b e
meant by an inability to translate or transform
into or map onto linguistic forms, concepts, in-
tentions, verbal plans, or thought.

This accoun t o f dynami c aphasi a receive s
support fro m othe r directions . Pric e an d col -
leagues (1999) reported o n the mechanism s of
translation betwee n languages i n bilingual pa-

tients, a s oppose d t o simpl e speec h o r ora l
reading i n on e languag e o r th e other . The y
asserted tha t movin g betwee n language s re -
quired language-specifi c "task schemas, " de -
scribed a s "effectively actio n sequences i n th e
domain o f language." These schema s are "ex-
ternal t o the lexica l semantic system," and the
schemas unique to each language "compete to
control output s fro m th e lexica l semantic sys-
tem." Thes e actio n outpu t contro l schema s
would b e th e site s o f impairment i n dynamic
aphasia.

Many years ago , Luri a (1973 ) an d Ruben s
(1976) demonstrated tha t patients with TCMA
could produc e intac t utterance s aroun d a
single targe t nou n bu t wer e markedl y im -
paired whe n the sentenc e als o had to includ e
a modifie r fo r the targe t word. Meg a and Al-
exander (1994 ) demonstrate d tha t patient s
with mil d TCM A fro m subcortica l stroke s
were impaire d a t generatio n o f a  sentenc e
from specifie d verbs . I n moder n researc h i t
has frequentl y been demonstrate d wit h PE T
or functiona l magneti c resonanc e imagin g
(FMRI) that i n normal subjects, generation of
a modifie r o r associated word to a  target pro -
duces bloo d flow activation in the lef t ventro -
lateral fronta l corte x (Peterse n e t al. , 1988 ,
1989). Thompson-Schil l e t al . (1998 ) recentl y
analyzed thi s generativ e tas k whe n th e re -
sponse coul d com e fro m multipl e unconstrai-
ned choices . The y foun d tha t th e lef t latera l
frontal lob e modulate s th e selectio n an d as -
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sembly o f outpu t whe n contex t an d externa l
constraints do not defin e tha t output .

SUMMARY

Dynamic aphasi a i s th e cor e impairmen t o f
TCMA. I t is an action plannin g disturbance at
the leve l of production o f complex, novel sen-
tences. The apparatu s o f grammar and o f syn-
tax is intact. I t i s the recruitmen t t o fi t a  par-
ticular intentio n tha t i s defective . Th e mor e
unconstrained the intention, the more difficul t
it i s to produc e a  sentence structur e i n a  co-
herent an d timely manner.

DISCOURSE

Discourse i s another leve l of language assem-
bly. Discourse  refer s t o th e productio n o f
structured, comple x outputs that follo w an an-
ticipated for m (Chapma n e t al. , 1992) . Th e
forms ma y be ver y culture-specific. Discourse
has differen t structure d forms : tellin g a  story,
describing a  procedure, givin g directions, an d
telling a  joke. Anyone who has raised childre n
is awar e o f th e gradua l developmen t o f dis -
course capacit y as children lear n th e expecta -
tions of the speake r and the rule s of discourse
unique t o th e ambien t culture . Allowin g for
cultural differences, discours e has a set of pro-
cedural rules : us e o f reference , stor y gram -
mars, requirement s fo r linea r coherence , us e
of indirection , allowanc e fo r humo r o r sur -
prise, an d s o on. Som e forms o f discourse ar e
very rule bound, such as pleading a  court cas e
or th e structur e o f a  scientifi c report . Other s
are much freer: describin g a vacation and sim-
ilar narratives . Man y form s o f discours e re -
quire som e knowledg e o f wha t th e listene r
knows, expects , o r wil l tolerate—tha t is , tha t
the narrato r have a "theory o f mind" (Stone et
al., 1998) . Thus , th e form s o f discours e ar e
"verbal schemas " o f considerabl e complexity .
They are plans of action in the verbal domain,
on a much large scal e than that o f the individ -
ual sentence .

Analysis of discourse i s extremely time con-
suming, an d ther e ar e relativel y fe w studie s
of discours e afte r developmen t o f foca l le -
sions. Th e availabl e studie s demonstrat e

prominent deficit s afte r fronta l lesion s an d
different form s o f defici t afte r lef t o r righ t
frontal injur y (Kaczmarek , 1984 ; Novo a & Ar-
dila, 1987 ; Levelt , 1989 ; Chapma n e t al. ,
1992). Lef t fronta l lesion s resul t i n reduce d
number o f word s an d themes , i.e. , ke y ele -
ments o f th e narrative . I n patient s wit h lef t
frontal lesion s there i s a reduction i n variation
in sentenc e structur e wit h a  tendenc y to  re-
use o r repea t sentenc e structures . Thi s sim -
plification an d perseveratio n o f sentenc e
forms wer e previousl y describe d i n TCMA .
The overal l narrative s ar e generall y coherent .
They hav e preserve d structur e an d gist , bu t
with a  povert y o f specifi c references . Righ t
frontal lesion s produc e narrativ e wit h poo r
coherence—i.e., th e structura l framewor k i s
poorly maintained. There ma y be intrusio n of
thematic element s tha t ar e unrelate d o r a t
least inessentia l t o th e overal l narrativ e goal .
Some example s o f poo r semanti c plausibilit y
are frankl y confabulatory . Th e patient s wit h
right fronta l lesion s may have reduced theor y
of mind , omittin g element s tha t th e listene r
requires t o understan d th e narrative . Th e so-
cial aspect s o f discourse ma y be abuse d wit h
inappropriate humor , languag e selection , o r
informality.

It shoul d be apparen t tha t ther e i s no strict
boundary betwee n th e languag e formulatio n
deficits o f dynami c aphasia an d thos e o f dis -
course impairment. If the language abnormal-
ity emerges ou t o f a  transient perio d o f over t
aphasia, i s associate d wit h an y degre e o f
straightforward anomia , and i s sufficientl y se -
vere to impede conversatio n or preclude well-
formed response s t o questions , i t i s likel y to
be recognize d a s a n aphasi a disorde r (acut e
Broca's aphasi a becoming TCMA , TCMA be-
coming dynami c aphasia) . I f i t begin s wit h a
period o f mutism and continues t o be defined
by terse , unelaborate d utterances , i t i s als o
likely t o b e hear d a s TCM A becomin g dy -
namic aphasia . I f there i s no over t aphasi a a t
onset an d languag e i s relativel y readil y pro -
duced excep t i n open-ende d utterances , i t i s
likely to be viewed as a discourse impairment.
Sirigu e t al . (1998) describe d a  small number
of patients wit h lesions in the lef t dorsolatera l
frontal lob e (area s 9, 44, and 46) , the lef t pos -
terior fronta l lob e (area s 44, 45 , 6 , and 4) , o r
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in both . Th e firs t grou p wa s impaired a t as -
sembling elements o f a story script int o a co-
herent narrativ e bu t wa s abl e t o assembl e
words int o a  grammatica l sentence . Th e sec -
ond group had the opposit e profile . Th e thir d
group wa s impaire d a t bot h tasks . A  fourt h
group tha t wa s no t studie d b y Sirig u e t al .
could assembl e simple , familia r script s bu t
could no t assembl e more complex ambiguous
scripts. Thes e group s represen t neste d level s
in a  hierarchy o f capacitie s t o mobiliz e com-
plex menta l procedure s fo r us e o f languag e
when the phonetic , phonemic, lexical, seman-
tic, and grammatica l functions o f language are
preserved.

SUMMARY

The parallel s betwee n discours e an d othe r
complex behavior s shoul d b e apparent , bu t
the following example may illuminate the rela-
tionship. Presenting a  medical report i s a very
complex discours e type . I t ha s a n expecte d
form—a script . I t require s considerabl e co -
herence, comple x ordering of elements, an d a
specialized vocabular y that mus t be precisel y
recruited. Thi s i s a n exampl e o f actio n plan -
ning i n th e verba l domain . Performin g th e
medical examinatio n that lead s t o th e repor t
also follow s a  form , o r script . I t require s co -
herence, comple x orderin g o f elements , an d
the precise , bu t flexible , recruitmen t o f spe -
cialized motor and perceptual skills . This is ac-
tion plannin g i n a  specialize d cognitiv e do -
main. The cognitive architecture of either one
should inform us about the other .

ACTION PLANNING

The notio n tha t dynami c aphasi a an d dis -
course impairments represent disturbances in
action plannin g restricte d t o th e verba l do -
main has received support from th e analysi s of
other form s o f impaire d actio n planning , fo r
example, through study of the routin e perfor -
mance o f learne d task s (Shallice , 1982 ) an d
study of patients who were unable to organize
a procedur e fo r carrying out complex , multi-
step activitie s tha t migh t b e performe d i n a
variety of ways (Schwartz et al. , 1991; Shallic e

& Burgess , 1991) . Th e exampl e studie d b y
Schwartz e t al . wa s eatin g a  meal . Th e "se -
mantics" o f movemen t an d th e operation s
(themes) necessary to organize a  meal are pre-
served: slicing , pouring, stirring , mixing , an d
salting. The "lexical " elements are recognized
for thei r plac e i n th e overal l action: coffe e i s
drunk, suga r i s mixed, spoon s ar e fo r stirrin g
and fo r soup , straws are fo r sipping , butter i s
spread, an d s o on . Th e orde r i s no t fixed , a s
the variou s elements ca n b e acte d o n i n nu -
merous orders. A plan for ordering the actions
must b e created : fo r example , the suga r goes
in the coffe e befor e it is drunk, and the brea d
is buttere d befor e i t i s eaten . Impaire d pro -
duction o f an action pla n i s to praxi s and ob -
ject recognitio n wha t dynami c aphasi a i s t o
language—an inability to generate an d keep in
mind a  comple x task tha t wil l unfol d i n th e
near future .

CONCLUSION

There are layers of language impairment tha t
may result fro m fronta l injuries . Th e firs t i s a
reduction i n the activatio n t o spea k or to use
language a t all . Thi s proble m range s fro m
frank mutis m to delaye d speech/languag e ini-
tiation to terse , poorl y sustained output . Thi s
deficit revolve s aroun d injur y t o th e media l
frontal lobes , the lef t mor e than the right. The
damage can be in different projection s to me-
dial fronta l lobes fro m dopaminergi c neuron s
in th e uppe r brai n stem , i n media l fronta l
structures directly , o r t o th e efferen t projec -
tions fro m media l fronta l lobe s t o lef t latera l
frontal lobe .

The secon d layer of language impairment is
faulty generative , intentiona l languag e us e a t
the leve l of impoverished open-ended, uncon-
strained language , wit h restricte d an d repeti -
tive structur e an d eve n poo r wor d choic e
(TCMA). Thi s patter n follow s lef t fronta l in -
jury focuse d o n th e dorsolatera l cortex . Th e
third laye r is unelaborated conversationa l out-
put wit h restricte d capacit y fo r comple x dis-
course procedures . Thi s defici t follow s devel -
opment o f anterio r lef t fronta l lesions . A
complementary discours e defici t wit h dilapi -
dated organizatio n an d sociall y inappropriat e
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or frankl y confabulator y outpu t follow s righ t
lateral and anterior fronta l lesions. The second
and thir d fronta l languag e disorder s ar e no t
strictly aphasic . The y ar e impairment s i n th e
use o f learne d menta l procedure s (actio n
plans) fo r mobilizatio n o f complex, functional
language.
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11
The Organization of Working Memory Function
in Lateral Prefrontal Cortex: Evidence from
Event-Related Functional MRI

MARK D'ESPOSITO AND BRADLEY R. POSTLE

The prefronta l corte x (PFC ) is a heteromodal
association are a interconnecte d wit h a  widely
distributed network of cortical and subcortical
regions. Thus , th e PF C i s in a  privileged po -
sition t o mak e critica l contribution s t o man y
cognitive functions . A n early glimpse into this
role was the landmark observation by Jacobsen
(1935) tha t monkey s wit h PF C lesion s wer e
impaired o n delayed-respons e tasks . In thes e
tasks, th e monke y had t o kee p "i n mind, " or
actively maintain , a  representation o f the tar -
get stimulus over a  short delay . Decades later ,
the abilit y t o recor d fro m individua l neuron s
in latera l PF C corte x le d t o th e observatio n
that som e o f thes e neuron s activate d exhibi t
sustained, elevated levels of activity during the
delay period whe n th e monke y is maintaining
information in  memor y prio r to  a  makin g a
motor respons e tha t i s contingent o n thi s in -
formation (Funahash i e t al. , 1989 ; Fuster ,
1997; se e Fig . 11-1) . Thi s typ e o f activit y is
consistent wit h tha t predicte d b y model s o f
the neurophysiologica l mechanism s tha t ma y
support th e maintenanc e o f item s i n short -
term memor y (Hebb , 1949) . Mor e recently ,
our conceptio n o f short-ter m memor y ha s
evolved t o encompass no t only the temporar y
maintenance "i n mind " o f information that i s
not accessible in the environmen t but also the
set o f processes tha t permi t th e manipulatio n

and transformatio n of thi s informatio n in th e
service o f planning and guidin g behavior , and
the ter m working  memory  (Mille r et al. , 196 0
Baddeley & Hitch, 1974 ) has been adopte d t o
connote thi s richer concept . Workin g memory
is believed t o make important contributions to
many cognitiv e function s suc h a s reasoning ,
language comprehension, planning, and spatial
processing (Baddeley , 1986; Jonides , 1995) .

Hypotheses abou t th e critica l rol e o f th e
PFC i n supporting workin g memory functio n
were first prompted by syntheses of the results
from experimenta l lesio n studie s (Pribra m e t
al., 1964) . Thes e dat a wer e soo n supple -
mented an d extende d wit h result s fro m elec -
trophysiological studie s o f sustaine d delay -
period activit y such as those describe d above .
Such studie s i n monkeys performing delayed-
response an d delayed-recognitio n task s hav e
revealed tha t PF C neuron s ca n als o respon d
in a  selective wa y to man y non-delay portions
of the task , such a s to targe t (o r cue) presen -
tation, and to probe presentation and response
(Fuster e t al. , 1982 ; Funahash i e t al. , 1989 ;
Chafee &  Goldman-Rakic , 1998) , propertie s
also observe d i n huma n PF C (Rypm a &
D'Esposito, 1999 ; Jh a &  McCarthy , 2000 ;
Rowe e t al. , 2000). Thus, in addition t o active
maintenance o f temporaril y store d informa -
tion, th e PF C appear s t o suppor t processe s
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Figure 11-1 . Delay-perio d ac -
tivity in lateral prefronta l corte x
during single-uni t recording i n
a monke y (A) (adapted fro m
Funahashi et al. , 1989 ) an d
during an event-related func -
tional magnetic resonance im-
aging (fMRI ) experimen t in a
human subjec t (B ) (adapted
from Zarah n et al. , 1997) , whil e
both performe d a  spatia l
delayed-response task .

that may include stimulus encoding, sustaining
of attention t o stimuli , manipulation o f work-
ing memory representations , decisio n abou t a
probe, preparation for a motor response , an d
execution o f th e moto r respons e itself . Ac -
cording t o one influential view, these manifold
properties o f latera l PF C ca n be understoo d
as supporting th e tempora l integratio n o f be-
havior (Fuster , 1997 ; als o see Chapte r 6) .

In thi s chapter , w e wil l focu s muc h o f ou r
attention o n methods, data , and interpretatio n
of delay-specific activit y in human PFC. Afte r
reviewing importan t neuroimagin g methods ,
we wil l asses s tw o influentia l model s o f th e
organization o f workin g memor y functio n i n
lateral PFC . The n w e will review evidenc e o f
the hypothesi s tha t man y discret e region s o f
the PFC eac h suppor t multipl e discrete work -
ing memory-related processes.

FUNCTIONAL NEUROIMAGING OF
WORKING MEMORY FUNCTION IN

HUMAN PREFRONTAL CORTEX

Attributing delay-period activit y to PFC func -
tion i n human s analogou s t o tha t measure d
electrophysiologically i n th e monke y was no t
feasible unti l th e adven t o f functiona l neu -
roimaging method s suc h a s positron emissio n
tomography (PET ) an d functiona l magneti c
resonance imagin g (fMRI) . Th e firs t genera -
tion o f functional neuroimagin g investigations
of working memory behavior could only assess
delay-period activit y i n a n indirec t way , em -

ploying blocked experimenta l design s that re -
quired th e integratio n o f neuroimaging signal
across entir e block s o f trial s (Posne r e t al. ,
1988). For a  delayed-recognition task, the ra -
tionale o f a  bloc k desig n i s tha t "cognitive "
subtraction o f images obtaine d durin g senso -
rimotor control trial s (i.e. , not requiring mem-
ory) fro m image s obtaine d fro m th e memor y
trials will reveal brain regions that suppor t th e
maintenance o f information during th e dela y
period o f th e tas k (see , fo r example , Jonides
et al. , 1993) . Thi s approac h deviate s method -
ologically i n importan t way s fro m monke y
electrophysiological experiment s tha t ca n at -
tribute unequivocall y neura l activit y to partic -
ular epoch s o f a task.

First, th e tempora l resolutio n o f blocke d
PET o r fMR I design s i s inherently poor , typ-
ically o n the orde r o f tens o f seconds , an d i s
thus il l suite d t o measur e directl y cognitiv e
processes that evolve o n the orde r of second s
or milliseconds .

Second, thi s approac h often require s appli -
cation o f th e logi c o f "cognitiv e subtraction "
(Posner e t al. , 1988 ) an d th e companio n as -
sumption o f "additivity " o f discret e compo -
nents of a task. These assumptions , also called
pure insertion,  posi t tha t a  cognitiv e proces s
can be adde d t o a  preexisting se t of cognitive
processes withou t affectin g the m (Sternberg ,
1969). Fo r example , delayed-respons e task s
are characterized b y a target-presentation ep -
och (entailin g perceptua l an d encodin g pro-
cesses), a  dela y epoc h (entailin g th e mne -
monic processes of storage an d maintenance) ,
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and a  probe epoc h (entailin g stimulus evalu-
ation, decision , response selection , an d moto-
ric outpu t processes) . A  block-designed func -
tional neuroimaging experiment of such a task
seeks t o uncove r th e neura l substrate s o f it s
mnemonic processes via the subtractio n o f the
integrated (i.e. , averaged, summed, or totaled)
neuroimaging signa l derive d fro m a  bloc k o f
trials lackin g th e dela y epoc h fro m tha t de -
rived fro m a  block o f trials containing a delay
epoch. Interpretatio n o f the result s of such an
experiment, however , i s conditione d o n th e
possibility o f a  failur e o f th e assumptio n o f
pure insertion . Thi s coul d happen , fo r exam-
ple, i f th e "inserted " dela y epoc h interact s
with an y of the processe s associate d with th e
probe epoch , suc h that th e neuroimagin g sig-
nal evoked by the probe epoch is greater when
this stag e i s preceded by a delay than whe n it
is not . I n thi s example , the cognitiv e subtrac-
tion woul d yiel d a  greate r signa l i n memor y
trials tha n i n sensorimoto r contro l trial s eve n
if ther e wa s n o signa l chang e evoke d b y th e
delay epoch itsel f (for an empirical example of
such a  failur e o f th e assumptio n o f pur e in -
sertion i n PFC, se e Zarahn et al, 1997) .

A third potential limitatio n of block designs
that applie s t o fMR I ma y explain one reaso n
for failure s o f pure insertion . To yield nonar -
tifactual results , th e functio n definin g th e
transform fro m neura l signa l to neuroimaging
signal mus t b e linear . Severa l reports , how -
ever, hav e describe d som e nonlinearitie s as -
sociated wit h fMRI dat a (Boynto n et al. , 1996 ;
Vazquez &  Noll , 1998 ; Huette l &  McCarthy,
2000). A  systematic patter n o f diminutio n o f
the magnitud e o f th e evoke d bloo d oxygen -
level dependen t (BOLD ) response t o nonini-
tial stimul i in a  seria l trai n o f stimuli , for ex -
ample, might explain why a probe epoch fMR I
signal migh t b e greate r whe n precede d im -
mediately b y a  (stimulus-free ) dela y epoc h
than whe n precede d immediatel y b y th e
target-presentation epoch . Thi s an d man y
other suc h conceivabl e nonlinea r interactions
among BOLD response s to trial epochs woul d
be undetectabl e i n a  blocked experiment.

The fourt h limitatio n o f inference, the las t
one tha t we will consider i n detai l here , i s as-
sociated wit h task s o f a  "continuou s perfor -
mance" nature , a s oppose d t o task s tha t ar e

administered a s a series o f discrete trials . The
most widel y use d o f suc h task s i n workin g
memory investigation s i s th e n-bac k task , i n
which subjects monitor a serial presentation of
stimuli an d judge , fo r eac h one , whethe r o r
not i t matche s th e stimulu s that appeare d n
positions previously . This demandin g task re -
quires severa l computationa l operations , in -
cluding (a) encoding a  stimulus into a memory
store; (b ) maintainin g th e representatio n o f
this stimulu s i n memor y despit e th e subse -
quent presentatio n o f additiona l interferin g
and attentionally salient stimuli; (c) shifting at -
tention back to this mnemonic representation
when necessitate d b y tas k contingencies ; (d )
making a  discriminatio n betwee n thi s mne -
monic representation an d the stimulu s on the
screen an d (e ) guiding behavior with the out -
come o f thi s discrimination ; an d (f)  activel y
discarding thi s mnemoni c representatio n s o
that i t won' t interfer e with subsequen t oper -
ations to b e performe d with othe r mnemonic
representations (Postl e et al. , 2000b). It i s im-
possible i n a  blocked administratio n of a con-
tinuous performance task to dissociate activity
that is, in principle, attributabl e to each of the
many discret e menta l processe s engage d b y
these tasks. For example, to anticipate an issue
that we will revisit later , i s the greate r activity
seen whe n comparin g a  spatial 2-back task to
its contro l tas k due t o the increase d encodin g
demands of the former , t o its memory storage
demands, t o it s increase d attentio n shiftin g
demands, to the increased difficult y o f the de -
cision abou t eac h stimulus , or t o som e com-
bination o f these?

To overcome thes e limitations , a new class
of "event-related" design s for fMRI have been
developed (fo r review, se e D'Esposit o e t al. ,
1998; Rose n et al. , 1998) . Thi s secon d gener -
ation o f fMR I design s allow s on e t o detec t
changes in fMRI signa l that are attributable to
neural events that ar e associated with discret e
epochs withi n behaviora l trials , a s contraste d
with a  signa l tha t ca n onl y b e attribute d t o
entire block s o f trials . Mos t event-relate d
fMRI design s ar e analogou s to event-relate d
potential (ERP ) designs o f electroencephalo -
graphic studie s i n tha t th e evoke d response s
attributed t o differen t tempora l epochs of the
task ca n b e sorte d an d analyze d separately .
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Event-related fMR I represent s a n importan t
methodological advance , becaus e i t permit s
direct measurement o f PFC activity associated
with each of the theoretically dissociabl e men-
tal processes engage d b y a task. In thi s sense ,
it i s analogou s t o th e method s employe d i n
extracellular electrophysiologica l studie s o f
awake, behavin g monkeys . I n th e contex t o f
working memor y studies , event-relate d de -
signs permit direc t assessment o f delay-period
activity, a n importan t advantag e ove r blocke d
designs. Using event-related fMR I designs , for
example, severa l group s hav e confirme d tha t
lateral PF C i n human s i s activ e durin g th e
maintenance o f information across short-dela y
epochs o f delayed-recognitio n task s (e.g. ,
Courtney e t al. , 1997 ; Zarah n e t al. , 1997 ;
1999; se e Fig . 11-1). A more detaile d consid -
eration o f differen t type s o f functiona l neu -
roimaging experimenta l design s can be foun d
in Aguirr e an d D'Esposit o (1999) . What fol -
lows i s a  revie w o f th e applicatio n o f thes e
event-related fMR I method s t o investigation s
of the functiona l organizatio n o f PFC .

THE LABELED-LINE MODEL OF
PREFRONTAL CORTEX FUNCTION

Goldman-Rakic (1987 ) ha s proposed tha t dis -
crete region s o f the PF C ar e critica l fo r th e
temporary maintenanc e o f differen t domain s
of information . Particularl y influentia l ha s
been th e hypothesi s tha t latera l PF C i s orga-
nized int o discret e dorsa l an d ventral systems
that suppor t th e temporar y storag e o f spatia l
or objec t information , respectively . Thi s hy -
pothesis ha s the appea l o f parsimony because
it represent s a  rostra l extensio n o f the "what /
where" organization o f the visua l system (Un -
gerleider &  Haxby, 1994) . I t i s also consistent
with anatomica l evidenc e fro m monkey s fo r
the "labele d lines " tha t coul d carry this infor -
mation abou t "where " an d "what" : parieta l
cortex (i.e., spatial vision regions) projects pre-
dominantly t o a  dorsa l regio n o f latera l PF C
(Petrides &  Pandya , 1984 ; Cavad a &
Goldman-Rakic, 1989) , an d tempora l corte x
(i.e., objec t vision regions) projects mor e ven-
trally within lateral PFC (Barbas , 1988). Gold -
man-Rakic and colleagues have recorded fro m

neurons i n th e cauda l thir d o f th e principa l
sulcus o f dorsolateral PF C an d i n the inferio r
convexity o f ventrolateral PFC whil e monkey s
performed spatial-delaye d respons e tasks , and
found that a  greater proportio n o f neurons re -
sponded i n a stimulus-selective way during the
delay perio d i n the forme r tha n i n the latte r
region (Funahash i e t al. , 1990) . Conversely ,
they have also found that mor e neurons in the
inferior convexit y tha n i n principa l sulcu s
demonstrated stimulus-selectiv e delay-perio d
activity during a pattern delayed-response tas k
(Wilson e t al. , 1993) . Goldman-Rakic and col -
leagues hav e also proposed tha t a  third, mor e
ventral are a o f latera l PF C ma y selectivel y
support fac e workin g memor y (O'Scalaidhe
et al. , 1997) . Neuropsychologica l corrobora -
tion o f thes e result s ha s bee n see n i n th e
fact tha t lesion s o f the dorsolatera l PF C ca n
impair spatia l workin g memor y performanc e
(Gross, 1963 ; Funahash i e t al. , 1993 ; Lev y &
Goldman-Rakic, 1999) , wherea s lesion s o f
more ventra l area s o f lateral PF C ca n impai r
nonspatial workin g memor y performanc e
(Passingham, 1975 ; Mishki n &  Manning ,
1978).

Shortly afte r th e introductio n o f the cogni -
tive subtractio n methodolog y t o functiona l
neuroimaging, investigator s bega n usin g thi s
method t o address thi s question i n humans by
determining th e patter n o f PFC activit y dur -
ing spatia l an d nonspatia l workin g memor y
tasks. An d althoug h severa l earl y report s o f
neuroimaging studie s o f visual working mem-
ory describe d anatomica l segregatio n fo r
working memor y fo r "what " an d "where " i n
lateral PFC , ther e i s ver y littl e consistenc y
among them: one study reported spatial activ-
ity i n righ t ventrolatera l PF C bu t n o objec t
activity in the PF C (Smit h et al. , 1995); a sec-
ond reporte d spatia l activit y i n righ t dorsola -
teral PF C an d objec t activit y i n dorsolatera l
PFC bilaterall y (McCarth y e t al. , 1996) ; a
third foun d greate r spatia l activit y in dorsola -
teral an d ventrolatera l PF C bilaterall y an d
greater objec t activity in left ventrolateral PF C
(Baker et al. , 1996) ; a fourth reported greater
spatial activity in the superio r fronta l sulcu s in
premotor corte x and greater objec t (fac e stim-
uli) workin g memory activity in righ t inferio r
and orbita l fronta l corte x (Courtne y e t al. ,
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1996a); an d a fifth reported greate r spatia l ac-
tivity i n media l superio r fronta l gyru s an d
greater objec t activit y i n middl e an d inferio r
frontal gyr i bilaterall y (Belge r e t al. , 1998) .
(Note that the foc i o f spatially related superio r
frontal cortex activation reporte d by the fourth
(Courtney e t al. , 1996a ) an d fift h [Belge r e t
al., 1998 ] studie s di d no t overlap , a s th e for -
mer did not find spatial activation in the PFC ,
and th e latte r di d no t acquir e dat a fro m th e
premotor cortex. )

Confronted wit h thi s heterogeneit y i n th e
literature, w e performed a  critical examination
of these first-generatio n studie s o f spatial an d
nonspatial workin g memor y t o se e i f a  com -
mon tren d towar d segregatio n b y stimulu s
type woul d emerg e when dat a fro m differen t
studies wer e compare d directly . Ou r meta -

analysis, however , foun d n o evidenc e fo r a
clear dorsal/ventra l dissociatio n o f PFC activ -
ity b y stimulu s domai n (D'Esposit o e t al. ,
1998). I n thi s meta-analysis we plotted th e lo-
cations o f activation s fro m al l reporte d func -
tional neuroimaging studies o f spatial and non-
spatial workin g memor y o n a  standardize d
brain. Th e labeled-lin e mode l predicte d tha t
the huma n homologu e o f the principa l sulca l
region of lateral PFC, th e middle an d superior
frontal gyru s (Brodmann' s are a 9/46) , woul d
subserve spatial working memory, whereas th e
inferior fronta l gyru s (Brodmann' s area s 47 ,
44, 45) would preferentially subserve nonspa-
tial working memory. As illustrated i n Figur e
11-2, however , numerous block design studie s
of spatial working memory have demonstrated
activation withi n ventrolateral PFC , and , con-

Figure 11-2 . Meta-analysi s of published functiona l neu -
roimaging studie s o f working memory (D'Esposit o e t al. ,
1998). Each squar e o r circle represents a significant acti -
vation reported in a  standardized atla s (Talairach & Tour-

noux, 1988) . Top:  Activations from eithe r spatia l o r non -
spatial studies . Bottom: Activations from th e sam e studies
reclassified a s requirin g maintenanc e o r manipulatio n
processes.
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versely, numerous block design studies of non-
spatial workin g memor y hav e demonstrate d
activation within dorsolatera l PFC .

Most o f th e studie s incorporate d i n th e
above analysis examined either spatia l or non-
spatial workin g memory , bu t no t both . W e
therefore performe d a n accompanyin g fMR I
study in which we scanne d subject s perform-
ing 2-back working memory tasks with stimul i
drawn fro m tw o differen t domain s o f infor -
mation during fMRI. Th e spatia l task featured
identical square s appearin g i n differen t loca -
tions and the verbal task featured different let -
ters al l appearing centrally . Paire d wit h eac h
2-back tas k wa s a  contro l tas k i n whic h
subjects monitore d seriall y presented stimul i
for a  single , predetermined item . Grou p an d
individual subjec t analyse s revealed activatio n
in right middle frontal gyrus that did not diffe r
between spatia l an d nonspatial workin g mem-
ory conditions . Sinc e thi s stud y ther e hav e
been several other first-generation studies tha t
have als o no t foun d a  clea r segregatio n o f
function betwee n dorsa l an d ventra l PFC —
e.g. location s versu s abstrac t pattern s (Owe n
et al. , 1998) ; locatio n versu s abstrac t shape s
(Postle e t al. , 2000b) ; and locatio n versus let-
ters versu s abstrac t shape s (Nystro m e t al. ,
2000).

Results from on e laboratory stand out a s an
exception t o al l the studie s presente d abov e
(Courtney e t al. , 1996b , 1998) . I n a n initia l
blocked desig n PE T stud y o f delaye d recog -
nition that used face identit y and face location
as nonspatia l an d spatia l memoranda , respec -
tively (Courtne y et al. , 1996b) , a  direc t com -
parison o f th e tw o memor y condition s re -
vealed tha t th e spatia l workin g memory task
was associate d wit h greate r activatio n withi n
left superio r fronta l sulcu s (Brodmann's areas
8/6), wherea s th e fac e workin g memor y task
was associate d with greate r activatio n in righ t
ventral PF C (area s 9/45/46) . A n unintende d
finding of this study was that the spatia l work-
ing memor y task di d no t produc e PF C acti -
vation relativ e t o it s matched contro l task . I n
a follow-up stud y using an event-related fMR I
design, thi s grou p reporte d a  double dissoci -
ation of the neura l loci of sustained (i.e. , delay
period) activit y between face and spatial work-

ing memory-relate d activity : significantl y
more sustained activity occurred during spatial
than durin g fac e trial s within superio r fronta l
sulcus, bilaterally , and significantl y mor e sus-
tained activit y occurred durin g face than dur -
ing spatial trials in left ventra l PFC (Courtne y
et al. , 1998) . A  subse t o f subject s als o per -
formed a  visually guided saccad e task , and i t
was determined tha t th e spatia l sustaine d ac -
tivity in these subjects extended anteriorl y and
superiorly (by approximately 8.5 mm) beyon d
the regio n activate d by the saccad e task . This
result was interpreted a s evidence fo r an area
"specialized" fo r spatial working memory that
is discret e fro m th e fronta l ey e fields , a  hy -
pothesis tha t w e wil l revisi t late r i n thi s
chapter.

There ar e tw o salien t methodologica l fea -
tures o f the Courtne y e t al . (1998) stud y that
may contribut e t o th e qualitativ e differenc e
between it s result s an d thos e o f man y othe r
studies o f working memor y fo r differen t do -
mains of information. First, it is likely that th e
measures o f "sustained " activit y reporte d i n
this stud y were contaminate d b y activity tha t
preceded an d followe d th e dela y period. Thi s
is because sustaine d delay-perio d activit y was
modeled i n the regressio n mode l a s a  square
wave (o r "boxcar") spanning the entir e lengt h
of th e dela y period, an d the n convolve d with
a gaussia n smoothin g kernel . I n an y linea r
modeling approach to fMRI analysis , indepen-
dent variables , o r regressor s o r covariates , i n
the mode l must be convolved with a filter that
approximates th e low-pas s filtere d qualitie s of
the fMR I signal—th e fMR I respons e t o neu -
ral activit y i s "smeared out " i n tim e wit h re -
spect t o th e underlyin g neura l activity . Th e
choice of modeling th e entir e delay period of
a tas k necessaril y resulte d i n a n estimat e o f
delay period activity that was influenced by ac-
tivity tha t immediatel y precede d an d imme -
diately followe d th e dela y perio d (Zarah n e t
al., 1997) , because, in essence, encoding activ-
ity wil l "smear " int o th e dela y period , an d
delay-period activit y wil l "smear " int o th e
probe/response epoch . I n statistica l terms ,
choosing to model the entire dela y period with
a boxca r regresso r result s i n a  situatio n i n
which th e coefficien t (o r the paramete r esti -
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mate) correspondin g t o thi s regresso r likel y
reflects stimulus/encoding - and/o r response -
evoked activit y as well as delay-period activity.
This problem haunt s any experiment in which
events o f interes t occu r i n a  temporall y de -
pendent manne r (e.g. , dela y period s alway s
follow a  stimulus presentation epoch , an d ar e
always followe d b y a  probe/choice/respons e
epoch). For  suc h experiments , randomizatio n
of events o f interest (e.g. , Buroc k et al. , 1998 ;
Clark e t al. , 1998 ) i s not feasible . T o achiev e
more reliabl e result s i n suc h experiments ,
which ar e centra l t o working  memor y re -
search, modele d epoch s o f a  tria l shoul d b e
spaced ou t by at least 4 seconds, the minimum
gap tha t permit s theoreticall y distinc t epoch s
of an fMR I tim e serie s t o be measure d with -
out concer n o f contaminatio n b y event s tha t
precede o r follo w the m (Zarah n et al. , 1997) .
Second, visua l working memory studies by this
group ar e th e onl y "what " versu s "where "
studies tha t w e kno w of i n whic h face s hav e
been employed a s the nonspatia l stimuli . Th e
nature o f th e stimul i used i n thi s stud y ma y
have bee n a n important determinan t contrib -
uting to the dissociatio n that was found.

We hav e performe d a  stud y usin g event -
related fMR I tha t examine d th e neura l cor -
relates o f th e maintenanc e o f spatia l versu s
shape information . Ou r stud y differe d fro m
that o f Courtney e t al . (1998) in that ou r non-
spatial stimul i wer e difficult-to-verbaliz e
shapes (Attneav e & Arnoult, 1956; Vanderpla s
& Garvin, 1959) , an d we employed a  task with
a "what-then-where" design that incorporated
an objec t an d a  spatia l dela y perio d i n eac h
trial. Thi s tas k wa s adapte d fro m a  monke y
electrophysiology stud y b y Mille r an d col -
leagues tha t provided evidenc e tha t ther e was
extensive overla p i n th e topograph y o f delay-
active neuron s tune d fo r spatia l an d objec t
stimuli within lateral PFC (indeed , many neu-
rons carried bot h kind s of signal) and no clear
segregation (Ra o et al. , 1997) . Simila r t o th e
results in the monkey , we found that identica l
regions o f latera l PF C wer e activate d whe n
subjects maintaine d eithe r spatial o r object in -
formation. Reliabl e spatial/objec t difference s
in dela y perio d activit y were observed , how -
ever, in posterior cortical region s o f the dorsa l

and ventra l visua l stream s (Postl e &
D'Esposito, 1999) .

In a  second stud y (Postle et al. , 2000a) , we
tested directl y the hypothesis that a region im-
mediately anterio r to the fronta l ey e fields in
the vicinit y o f superio r fronta l sulcu s i n su -
perior fronta l corte x (SFC ) is "specialized fo r
spatial workin g memory " (Courtne y e t al. ,
1998, p . 1347) . Thi s hypothesi s was an impor-
tant claim , becaus e i t represente d th e onl y
published evidenc e consisten t wit h th e origi -
nal labeled-line mode l of a dorsal-ventral seg -
regation of spatial versus object working mem-
ory i n huma n fronta l cortex . Ou r stud y
featured variation s o f a  delayed-recognitio n
task that permitted compariso n of memory for
unpredictable location s o n a  two-dimensiona l
display screen with saccades performed in two
behavioral contexts : (a) repetitive, predictabl e
horizontal (i.e. , one-dimensional ) saccades ;
and (b ) unpredictabl e two-dimensiona l sac -
cades. (Th e Courtne y e t al . (1998 ) stud y had
only employe d saccade s o f the forme r type. )
When w e compare d delay-evoke d activit y t o
one-dimensional saccade s (th e typ e use d b y
Courtney e t al . [1998] , w e observe d greate r
delay-evoked tha n saccad e evoke d activit y in
the SFC . However , when we compared delay -
evoked activit y t o (memory-free ) saccade s
made i n th e sam e unpredictable , two -
dimensional circumstances a s were th e mem -
ory encoding-relate d saccades , ther e was no
difference i n fMR I activity . Thi s resul t sug -
gests that the memory-relate d function of this
area i s n o mor e importan t tha n it s saccade -
related function , an d tha t i t i s not specialize d
for memor y functio n (Postl e e t al. , 2000a) .
Thus, w e faile d t o fin d suppor t fo r a  mode l
that i s critica l t o th e labeled-lin e vie w of th e
organization o f workin g memor y functio n i n
the PFC .

Most o f th e evidenc e draw n fro m th e hu -
man neuroimaging studies reviewed her e is in-
consistent wit h on e particula r labeled-lin e
model of the organizatio n of working memory
function i n PF C (Goldman-Rakic , 1987) . I t is
important t o emphasize , however , tha t al -
though thi s mode l i s derive d fro m monke y
studies, there are many reported monke y elec-
trophysiological studie s o f dorsa l an d ventra l
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regions o f lateral PF C in which neither region
exhibits delay-activ e neuron s clearl y segre -
gated by domain specificity (Rosenkilde et al. ,
1981; Fuste r e t al. , 1982 , 2000 ; Quintan a e t
al., 1988; Rainer et al. , 1998; Ra o et al. , 1997) .
Additional evidenc e from monke y studies that
is inconsisten t wit h th e labeled-lin e mode l of
PFC i s that (a ) cooling (Fuster & Bauer, 1974;
Bauer &  Fuster , 1976 ; Quintan a &  Fuster ,
1993) an d lesions (Mishkin et al. , 1969 ; Petri -
des, 1995 ) o f a  dorsa l regio n o f latera l PF C
cause impairment s o n nonspatia l workin g
memory tasks, and (b ) lesions in ventrolateral
PFC cause spatial impairments (Mishkin et al.,
1969; Iverse n &  Mishkin, 1970; Butter s et al. ,
1973); wherea s (c ) ventrolatera l PF C lesion s
do no t caus e delay-dependen t defect s o n vi-
sual patter n associatio n an d colo r matchin g
(Rushworth e t al. , 1997) .

In severa l o f th e first-generatio n neuroim -
aging studies discussed above , there was a sug-
gestion o f a hemispheric dissociation betwee n
spatial an d nonspatia l workin g memory (e.g.,
greater righ t PF C activatio n i n spatia l para -
digms and greate r lef t PF C activatio n in non-
spatial paradigms) , although , a s w e noted ,
there wa s marked heterogeneit y acros s stud -
ies. These hemispheric differences were foun d
during performanc e o f delayed-recognitio n
tasks of comparing spatial and nonspatial stim-
uli (letters : Smit h e t al. , 1996 ; objects ; (Smit h
et al. , 1995 ; Bake r et al. , 1996 ; Belge r e t al. ,
1998) i n an N-back task comparing spatial and
object stimul i (Smit h e t al. , 1996) , an d i n a
repetition detectio n workin g memor y tas k
comparing spatia l an d objec t stimul i (McCar-
thy e t al. , 1996) . However , lateralizatio n b y
stimulus domai n wa s no t alway s reported i n
block desig n studie s (Postl e e t al. , 2000b ;
D'Esposito e t al. , 1998 ; Owe n e t al. , 1998) .

Prompted b y the equivocalnes s o f the cor -
pus o f first-generatio n neuroimagin g studie s
on this question, we reanalyzed data from sev-
eral event-related fMR I studie s to address di -
rectly the question of lateralization by stimulus
type o f maintenance-relate d (i.e. , delay -
period) activity (Postle & D'Esposito, 2000) . A
reanalysis of spatial-versus object-delayed rec -
ognition reveale d n o evidenc e fo r lateraliza -
tion o f delay-perio d activit y i n dorsa l PF C

(i.e., areas 9  and 46). I t di d suggest, however ,
a tren d towar d lateralizatio n o f delay-perio d
activity in anterior ventral PFC (are a 47), with
object delay-perio d activit y being stronge r i n
the lef t hemispher e an d spatia l delay-perio d
activity bein g stronge r i n th e right . A  reana -
lysis o f delayed recognitio n o f letter (i.e. , ver-
bal) stimul i also foun d n o evidenc e fo r later -
ality difference s in dorsolatera l PF C nor , fo r
these stimuli , in are a 47 . Thi s reanalysi s did ,
however, yield stron g evidence for greater let -
ter delay-period activity in the lef t hemispher e
than in the right hemisphere in posterior ven-
tral PFC (area s 44/45). This result is thus con-
sistent with models positing an important rol e
for Broca' s are a i n th e workin g memor y re -
hearsal an d maintenanc e o f verba l stimulu s
material (Paules u e t al. , 1993 ; Aw h e t al. ,
1996; Gabrieli , 1998 ; Smit h & Jonides, 1998 ,
1999; Henso n et al. , 2000).

In thi s section , w e hav e reviewe d th e hu -
man neuroimaging data investigating the prin-
ciple o f labeled-lin e organizatio n o f working
memory function i n lateral PFC . O n the basis
of thi s review , ou r workin g hypothesis i s tha t
there d o exis t varying degree s o f segregation
of functio n b y stimulus domain (e.g. , strongly
so fo r verba l stimuli , mor e weakl y for visua l
stimuli), but that the topographical pattern s of
segregation ar e no t thos e tha t woul d be pre -
dicted by interpolation fro m the functiona l or-
ganization o f th e visua l system . Most impor-
tantly, rathe r tha n bein g segregate d i n a
dorsal-ventral fashion, spatial and object visual
working memor y function s appea r t o b e
broadly overlapping , an d perhaps weakl y seg-
regated b y hemispher e i n anterio r ventra l
PFC.

PROCESSING MODELS OF
PREFRONTAL CORTEX FUNCTION

In some behavioral contexts , information must
be maintaine d i n a  state analogou s to tha t i n
which i t wa s encoded (a s when on e remem -
bers a  telephone numbe r when walking fro m
the phon e boo k to the telephone) . Othe r cir -
cumstances requir e th e manipulatio n o f thi s
remembered informatio n (a s when on e per -
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forms menta l calculation s an d mus t first gen-
erate, the n retain , th e intermediate products) .
Presumably, these manipulation s or additional
operations entai l the recruitmen t o f additional
cognitive processe s no t require d fo r simpl e
maintenance o f information . Petride s (1994 )
has proposed a  processing mode l in which the
ventrolateral PFC (primaril y the inferio r fron -
tal gyrus ) i s the sit e where informatio n i s ini-
tially received fro m posterio r association areas
and where organization of information held in
working memor y is performed , wherea s dor -
solateral PFC (primaril y the middle frontal gy-
rus) i s additionally recruited onl y when mon -
itoring and manipulation of information within
working memory is required. Th e emphasi s of
this and other processing models , then, is that
the fundamenta l facto r alon g whic h latera l
PFC functio n i s organized is cognitive process
(in contrast with the facto r of information con-
tent, th e organizin g principl e o f labeled-lin e
models). Note , however , that mos t processing
models o f th e organizatio n o f working mem-
ory functio n o f the PF C are,  i n principle, or-
thogonal t o an d mutuall y compatible wit h a t
least som e versions of the labeled-lin e models
described i n the previou s section .

Empirical support fo r such a dorsal-ventra l
organization-by-process i n huma n PFC cam e
first from a  block desig n PE T stud y contrast -
ing PFC activatio n associated with several dif-
ferent spatia l working memory tasks that were
designed t o vary in terms of manipulation and
monitoring demands (Owe n et al. , 1996) . Th e
results were consisten t with Petrides' process-
ing model,  an d hav e bee n replicate d i n sub -
sequent bloc k desig n experiment s employin g
fMRI (Owe n et al. , 1998 ) an d PE T (Owe n et
al., 1999) . Interpretatio n o f these result s was
complicated, however , b y the comple x se t o f
subtractions and comparisons required t o par-
cel ou t th e relativ e contribution s o f the task s
that the y employed—delayed-response , span ,
self-ordered choosing , and N-back, and of the
control tas k associate d wit h each—t o mea -
sures o f PF C activation . A s with mos t first -
generation neuroimagin g studie s relyin g o n
cognitive subtractio n logic , th e blocke d de -
signs of these studie s also prevented direc t in -
ference a s to whether th e additiona l neuroim-
aging signal was attributable t o neura l activity

arising durin g encoding , delay , or prob e por -
tions of such tasks. Thus, although these stud-
ies represen t importan t initia l test s o f thi s
processing mode l of the anatomica l organiza-
tion o f working memory function i n the PFC ,
they lef t man y importan t question s
unresolved.

We hav e performe d thre e event-relate d
fMRI studie s designe d t o investigate the pro -
posed neura l dissociatio n betwee n processe s
required fo r th e activ e maintenanc e o f infor -
mation in working memory and the processe s
engaged whe n thi s informatio n i s manipu -
lated. I n th e firs t stud y (D'Esposit o e t al. ,
1999a), th e behaviora l paradig m wa s a
delayed-recognition tas k in which a set of five
letters wa s presented simultaneously , in a ran-
domly determine d order , followe d immedi -
ately by an instruction cue ("Forward " or "Al-
phabetize"), followe d b y a n 8-secon d dela y
during which only a fixation cross appeared o n
the screen, followed by a probe that prompted
the subjec t t o mak e a  motor response . Thus ,
subjects were presente d wit h two types of tri-
als (i n random order ) i n which the y were re -
quired eithe r t o (1 ) maintai n a  randoml y or-
dered sequenc e o f five letters acros s a  dela y
period o r (2 ) manipulat e a  comparabl e se -
quence o f letter s b y arrangin g the m int o al -
phabetical orde r durin g th e dela y period . I n
both conditions, the probe consisted of a letter
and number . I n th e forwar d condition , sub -
jects wer e instructe d t o determin e whethe r
the lette r wa s in th e ordina l positio n repre -
sented b y th e number . Thi s condition ,
therefore, simply required retentio n o f the let-
ters i n th e sam e forma t a s presente d a t th e
beginning of the trial . In the alphabetiz e con-
dition, subject s wer e instructe d t o determin e
whether tha t lette r woul d b e i n th e ordina l
position represente d b y th e numbe r i f th e
items in the memor y set were rearrange d int o
alphabetical order . Thi s condition , therefore ,
required subject s to transpose the encoded or-
der o f the five items during the dela y period .

In each subject , activity during the delay pe-
riod wa s foun d i n bot h dorsolatera l an d ven -
trolateral PF C i n bot h type s o f trials . Addi -
tionally, i n eac h subjec t dorsolatera l PF C
activity was significantly greater in trials durin g
which informatio n hel d i n workin g memory
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was manipulate d (se e Fig . 11-3) . A  secon d
study also employing letter stimuli , whose re -
sults wil l be considere d in more detai l below,
replicated thes e result s (Postl e e t al. , 1999) ,
and a third stud y confirmed that this property
of dorsolateral PF C generalizes t o spatial stim-
uli (Postl e e t al. , 2000a) . Thus , ou r result s
were broadly consisten t wit h a  two-stage pro-
cessing mode l o f the organizatio n o f working
memory function i n lateral PFC , i n that the y
revealed a  consistently greate r contributio n o f
dorsal tha n ventra l PF C t o manipulatio n
processes.

The result s o f our event-related studies dif-
fered importantly , however , fro m thos e o f
previous block design studie s o f maintenance
in working memor y (Aw h et al. , 1996 ; Owe n
et al. , 1996 , 1998 ; Smit h & Jonides, 1998 ) i n
that the y provide d evidenc e tha t dorsolatera l
PFC i s als o activ e durin g workin g memory
maintenance trials . Thus , ou r mode l o f
organization-by-process o f PFC is a nested, hi-
erarchical one , in which al l of lateral PFC ca n
be recruite d t o support maintenanc e require -
ments o f a  workin g memor y task , bu t onl y
dorsolateral region s ar e recruite d t o a n addi -
tional extent when manipulation of mnemonic
representations i s required . W e believe tha t
the discrepancy between ou r results and those
of Owe n an d colleagues , fo r example , ar e
more likel y attributable t o neuroimagin g task
design (i.e. , blocked versus event-related) than
to difference s i n behaviora l tasks . Althoug h

our maintenanc e tas k differe d procedurall y
from som e o f thos e o f Owe n an d colleague s
in that it may not have required "monitoring "
operations t o th e sam e extent, this difference
would only be expected to lessen the exten t to
which ou r task s woul d recrui t dorsolatera l
PFC. Th e result s fro m ou r grou p tha t wer e
summarized i n th e previou s paragrap h ar e
consistent wit h thos e o f severa l othe r event -
related fMR I studie s tha t hav e shown , wit h
several differen t type s o f stimuli , tha t activ e
maintenance i n workin g memory can recrui t
dorsolateral PF C (e.g. , Cohe n e t al. , 1997 ;
Courtney e t al. , 1997 ; Zarah n e t al. , 1999) .
The finding that dorsolatera l PF C can be en -
gaged during maintenance-requiring a s well as
during manipulation-requiring dela y periods is
the firs t piec e o f evidence tha t w e have mar-
shaled i n support o f our view that lateral PF C
supports several discrete working memory-re -
lated cognitiv e processes.

The secon d event-relate d fMR I stud y o f
maintenance versu s manipulatio n o f letter s
(Postle e t al. , 1999) , mentione d briefl y above ,
replicated th e result s o f th e firs t stud y
(D'Esposito e t al. , 1999a) , providin g corrobo-
rative evidenc e fo r dorso - an d ventrolatera l
PFC activit y during the dela y period o f work-
ing memor y maintenanc e trials , an d consis -
tently greate r activit y durin g alphabetizatio n
trials onl y i n dorsolatera l PF C (Postl e e t al. ,
1999). Thi s secon d stud y als o extende d ou r
earlier results i n two important ways . First, i t

Figure 11-3 . Trial-average d functiona l magneti c reso -
nance imagin g (fMRI ) tim e serie s fro m voxel s in latera l
prefrontal corte x tha t wer e significan t i n th e direc t con -
trast betwee n manipulatio n an d maintenanc e in a  repre-
sentative norma l subject. Not e that th e tw o peaks in th e

maintenance condition correspon d to the stimulus presen-
tation (cue ) and the probe periods of  the trial . In the ma-
nipulation condition , th e voxel s displaye d maintaine d a
high leve l o f activit y throughou t th e dela y period . Th e
solid ba r represent s th e duratio n o f the dela y period .
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established tha t th e maintenance/manipula -
tion organizatio n o f dorsolatera l PF C i s no t
confounded b y difference s i n difficulty , be -
cause performanc e o n forwar d an d alphabet -
ize trial s (eac h presentin g fiv e letters ) wa s
equivalent. Second , th e inclusio n o f a  condi -
tion requiring maintenance of two letters per-
mitted investigatio n o f working memory load
effects. W e di d no t fin d consisten t delay -
specific loa d effect s i n dorsolatera l PFC , and ,
importantly, ther e wa s n o evidenc e o f delay -
period loa d effect s i n an y voxels that evince d
greater manipulatio n than maintenanc e activ -
ity (Postl e et al. , 1999) . (W e did find , i n con -
trast, consisten t delay-perio d loa d effect s i n
left posterio r perisylvia n cortex. ) Thi s result ,
therefore, provide s th e first evidence tha t the
manipulation-related processe s ascribe d t o
dorsolateral PF C ar e fundamentall y extram -
nemonic in nature. Tha t is , whereas the y play
an important rol e i n the exercis e o f executiv e
control o f working memory , they operat e in -
dependently o f th e processe s responsibl e fo r
the storag e of information in working memory.
Indeed, th e alphabetization-relate d processe s
required b y our manipulatio n working mem-
ory trial s ar e likel y th e sam e a s thos e tha t
would b e require d wer e on e t o alphabetiz e a
string of letters tha t were presen t throughou t
the tria l (i.e. , i n a  tas k tha t di d no t requir e
working memory).

This resul t has implications no t onl y for hi-
erarchical processin g model s o f the organiza -
tion o f working memory functio n in PFC bu t
also for the interpretatio n o f "load effects " ob -
served i n the PFC in experiments tha t manip-
ulate parametricall y th e numbe r o f item s
maintained i n a n N-bac k tas k (Brave r et al. ,
1997; Cohe n e t al. , 1997 ; Jonides et al. , 1997) .
This resul t suggest s that these  effect s ma y be
attributable to  processe s contributin g to  per -
formance o f thes e task s tha t ar e no t storag e
or maintenance related. Examples of such pro-
cesses includ e encoding-specifi c processes ,
and contro l processe s suc h a s attention shift -
ing and inhibition of prepotent responses . This
idea received suppor t fro m th e result s o f the
next study we will describe, a n examination of
load effect s i n item-recognitio n workin g
memory.

PREFRONTAL CORTEX SUPPORTS
MANY WORKING MEMORY-RELATED

PROCESSES

The findings from th e studie s reviewed in this
section wil l revea l a n apparen t parado x re -
garding the organizatio n of working memory-
related function s o f latera l PFC : functiona l
subdivisions clearl y exis t i n tha t differen t
regions within lateral PF C ar e engaged by dif-
ferent cognitive operations, yet any one region
of latera l PF C ma y b e engage d b y multipl e
theoretically discret e cognitiv e operations . I n
the previou s sectio n w e hav e alread y note d
one example of this phenomenon: dorsolatera l
PFC i s engaged i n both th e maintenanc e and
manipulation o f information in working mem-
ory (D'Esposito et al. , 1999a); although no sin-
gle voxel within thi s regio n seem s t o suppor t
both (Postl e et al. , 1999) . As we shall now see,
the adven t o f event-related fMR I design s ha s
led t o th e discover y o f man y more suc h ex-
amples of the multifunctionalit y of this region.

Recently, two first-generation neuroimaging
studies have shown that activity in dorsolateral
PFC increases in concert with increased mem-
ory loa d durin g performance of tasks with no
overt requirements t o manipulat e information
held i n workin g memor y (Manoac h e t al. ,
1997; Rypm a e t al. , 1999) . Fo r example ,
Rypma an d colleague s (1999 ) observe d acti -
vation i n dorsolatera l PF C i n a  Sternber g
(1966)-type item-recognitio n tas k i n whic h
subjects were required to maintain one, three,
or si x letters i n workin g memor y fo r 5  sec -
onds. I n the three-letter condition, relativ e t o
one letter , activatio n in th e PF C wa s limited
to lef t ventrolatera l PF C (Brodmann' s are a
44). However , i n th e six-lette r condition , rel-
ative to one letter , th e additiona l activatio n of
dorsolateral PF C wa s observed . Rypm a an d
colleagues propose d tha t dorsolatera l PF C
may be recruite d durin g maintenance tasks in
which subject s mus t activel y maintai n infor -
mation load s tha t approac h o r excee d short -
term memor y capacity. According to this view,
the sam e dorsolatera l PF C circuit s importan t
for manipulatio n o f informatio n i n workin g
memory ma y be recruite d fo r the mediatio n
of strategic processes necessar y for the main -
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tenance o f a  hig h loa d o f information . Alter-
native interpretation s o f th e Rypm a e t al .
(1999) an d Manoach et al. (1997) result s wer e
possible, however , becaus e bot h feature d
blocked designs that made identification of the
specific componen t processe s tha t wer e sen -
sitive to varying load impossible.

In an event-related fMR I stud y intended t o
elucidate th e relative contributions of cue, de-
lay, an d prob e tas k periods t o PF C activatio n
in item-recognitio n workin g memor y perfor -
mance, Rypm a and D'Esposit o (1999 ) aske d
subjects t o maintai n eithe r tw o o r si x letters
across an unfilled delay period and found that
the effect s o f increased memory load were ob-
served onl y i n dorsolatera l PF C an d onl y in
the encodin g perio d o f th e task . Consisten t
with the resul t described earlie r (Postle  et al. ,
1999), delay-perio d loa d effect s wer e see n
only in left posterio r cortex . These results sug-
gest tha t th e load-sensitiv e effect s i n dorsola-
teral PFC that were identifie d in earlier block
design studie s (Manoac h et al. , 1997 ; Rypm a
et al. , 1999 ) ma y have been du e t o encoding -
related processes , rathe r tha n t o the mainte -
nance o f informatio n in workin g memory . I t
may be that initia l encoding of information re -
quires cognitiv e operation s (e.g. , monitorin g
the content s o f working memory, and updat -
ing and coordination o f multiple memor y buf-
fers) tha t ar e simila r to those  require d i n th e
manipulation task s described previously . I t i s
also possible, however, that the same brain re-
gion tha t support s delay-related manipulation
processes als o support s distinc t encoding -
related processes. Thi s possibility constitutes a
second exampl e of how dorsolateral PF C ca n
support severa l discrete workin g memory-re -
lated processes . Additiona l experiment s ar e
required t o adjudicat e between th e "manipu-
lation" an d "encoding" alternatives .

Because w e observe d considerabl e inter -
subject variabilit y i n fMR I signa l magnitude
and activatio n exten t i n thi s event-relate d
study o f ite m recognitio n (Rypm a &
D'Esposito, 1999) , w e performe d additiona l
analyses to explore possibl e relation s between
individual difference s i n PF C physiologica l
measures an d tas k performance . Fo r thes e
analyses we measured performance of each in-

dividual subject in terms of his or her memory
retrieval rate , the interpolated slop e being ob-
tained whe n plottin g reactio n tim e agains t
memory loa d (two - vs. six-lette r trials) . This
reaction time slope i s believed t o index mem-
ory retrieval rat e when subject s mus t mak e a
yes/no judgment abou t th e membershi p o f a
probe stimulu s in the memor y set (Sternberg ,
1966). Thi s memor y retrieva l rat e ma y vary
with th e efficienc y o f memor y scanning pro-
cesses. We measured PF C activit y as the num-
ber o f voxel s identifie d wit h a  load -
independent contras t selectiv e fo r voxel s
evincing delay-perio d activity during two- and
six-letter trials . Linea r regressio n analyse s
were then applied t o data from eac h trial com-
ponent (i.e. , cue , delay , and probe) an d fro m
two PFC region s of interest (dorsolatera l and
ventrolateral) to test for relationships betwee n
performance an d activity . The result s of these
analyses o f individua l difference s showe d a
significant effec t onl y in the dorsolatera l PFC ,
whereas th e retrieva l rat e wa s positively cor-
related wit h activit y during only one tria l ep -
och, the probe epoch (see Fig. 11-4). Because
this epoc h encompasse s decision - an d
response-related processes , thes e result s sug-
gest tw o conclusions . First , becaus e a  slower
retrieval rat e correspond s t o les s efficien t
working memory scanning, poorer performers
on thi s tas k may have recruite d broade r net -
works within dorsolatera l PF C t o compensate
for inefficien t working memory scanning pro -
cesses. Second , th e findin g o f a  significan t
brain-behavior lin k only in dorsolatera l PFC ,
and onl y durin g response , suggest s tha t thi s
region o f th e PF C represent s a n importan t
substrate o f memory scanning, a retrieval pro-
cess tha t i s initiate d wit h th e onse t o f th e
probe stimulus . Here , then , i s th e thir d ex -
ample o f a discrete working memory-relate d
process being supported b y dorsolateral PFC .

Although th e previousl y describe d stud y
characterized the neural substrate o f one com-
ponent process (o r set of processes) that is re-
cruited i n associatio n wit h th e onse t o f th e
probe stimulu s i n a  delayed-recognition task ,
there ar e certainl y man y other processe s en -
gaged durin g thi s portio n o f th e task , candi -
dates among them including shifting attentio n
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Figure 11-4 . Scatte r plot o f the number s of suprathres-
hold voxel s durin g th e respons e perio d o f a  delaye d re -
sponse tas k i n dorsa l prefronta l corte x (PFC ) (squares )
and ventra l PF C (circles ) plotte d agains t reactio n tim e
(RT) slopes . The linear relationship between PF C activity

and R T i s significant i n dorsal , but no t ventral PFC. Als o
shown ar e axia l slice s o f activatio n pattern s i n th e tw o
representative subject s with th e lowes t (fastes t memor y
scanning rate ) an d highes t (slowes t scannin g rate ) R T
slopes.

among item s hel d i n workin g memor y (Mc-
Elree &  Dosher, 1987 ; Carava n e t al , 2000) ;
inhibition o f prepoten t response s (Diamond ,
1990); mediatio n o f proactiv e interferenc e
(Jonides et al. , 1998) ; coordination o f multiple
task performance (D'Esposito et al., 1995) ; re-
sponse selectio n an d preparatio n (D'Esposit o
et al. , 2000; Rowe et al. , 2000; Schumache r &
D'Esposito, 2000) ; an d moto r execution . An
important empirica l questio n i s the exten t t o
which eac h o f thes e theoreticall y dissociabl e
probe-related processe s relie s o n th e sam e
neural substrate . T o begi n t o approac h thi s
problem w e chos e t o focu s o n anothe r work-
ing memory-relate d phenomenon , proactiv e
interference, whos e effect s ar e measure d b y
reaction time s (RTs) .

Using event-related fMRI , w e scanned sub-
jects a s the y performe d a  four-lette r item -
recognition tas k i n whic h tw o type s o f trial s
were o f greates t interest : thos e wit h recen t
negative probes that matched a letter fro m th e
target se t o f th e tw o previous , bu t no t th e
present, trial ; an d thos e wit h nonrecen t neg -
ative probes tha t did not match a target lette r
from an y o f thes e trials . A  previous imagin g
study indicated tha t recen t negativ e trial s are
associated wit h a n R T cost believed t o reflect
the operatio n o f a process o r se t o f processes
that detect s an d resolve s proactiv e interfer -

ence (Jonide s et al. , 1998) , an d behavioral re-
sults fro m ou r stud y also revealed a  small but
reliable R T effect. Th e physiological data fro m
our tas k confirmed that ther e were n o differ -
ences between th e two trial types anywhere in
the PFC during target presentation and delay-
period epochs , but tha t there was significantly
greater probe-relate d activatio n fo r recen t
negative tha n fo r nonrecen t negativ e trial s
within lef t ventrolatera l PF C (bu t not in other
regions o f th e PFC) . Thes e finding s charac -
terized spatiall y and temporally a physiological
proactive interferenc e effec t tha t was reliable
across subject s an d tha t correlate d wit h th e
mean R T cos t o f 3 2 m s produce d b y ou r
proactive interference manipulation .

An additional study has established that this
left ventra l regio n o f PF C i s also sensitive t o
proactive interferenc e tha t i s generate d
within, i n contras t t o across , trial s (Postl e e t
al., 2001) . I n a  runnin g span , o r "updating "
task, subject s viewe d lette r stimul i a s the y
were presente d i n group s o f one , two , o r
three, an d they were instructe d t o maintai n a
memory o f the fou r mos t recentl y presente d
items. Th e fMR I correlate s o f th e probe -
related intratrial  proactiv e interferenc e (PI )
effect wer e foun d reliabl y only in Brodmann's
area 45 , an d thu s were anatomicall y specific ,
and were consisten t with th e result s obtaine d



WORKING MEMORY FUNCTION IN LATERAL PREFRONTAL CORTEX 181

with intertrial  proactiv e interferenc e i n de -
layed item-recognitio n task s (Jonide s e t al. ,
1998, 2000) , D'Esposito et al. , 1999b) .

Note tha t th e lef t ventra l PF C regio n as -
sociated with this proactive interference effec t
is th e sam e regio n associate d wit h delay -
specific activit y (perhap s attributabl e t o re -
hearsal) in verbal working memory (Paulesu et
al., 1993 ; Aw h e t al. , 1996 ; Gabrieli , 1998 ;
Smith e t al. , 1998 ; Smit h &  Jonides , 1999 ;
Henson e t al. , 2000 ; Postl e &  D'Esposito ,
2000). Furthe r investigatio n o f thes e effect s
needs to be carried ou t to determine whethe r
the process(es ) indexe d b y thes e effect s ar e
best characterized a s response inhibition (Jon-
ides e t al. , 1998) , selectio n amon g candidat e
memoranda (Thompson-Schil l e t al. , 1997) ,
probe discrimination (Monsell, 1978; McElree
& Dosher , 1987) , o r a n a s ye t unarticulate d
alternative. But regardless of what subsequent
studies tell us about the computationa l nature
of the processe s underlying this PI effect , w e
have alread y establishe d tha t i t i s supporte d
by a  different regio n of PFC tha n tha t which
supports memor y scanning-relate d processe s
that ar e als o associate d wit h th e probe/re -
sponse componen t o f workin g memory-tas k
performance. Thus , w e hav e als o character -
ized a  fourt h discret e workin g memory-re -
lated proces s tha t i s supporte d b y latera l
PFC—in thi s case , b y th e sam e regio n
associated wit h th e maintenanc e o f verba l
stimulus material.

Finally, this same study of updating in work-
ing memor y (Postl e e t al. , 2001 ) reveale d a
fifth an d sixt h workin g memory-related pro -
cess associate d wit h latera l PFC : a n item -
accumulation effec t an d a  trial-lengt h effect .
We assumed that updatin g comprises (1) dis-
carding items from, (2 ) repositioning items in,
and (3 ) addin g item s t o a  runnin g working
memory span . Th e item-accumulatio n effect ,
observed i n updating-sensitiv e voxel s i n th e
PFC, was manifested by a monotonic increas e
in signa l with the numbe r o f items presented
during a  trial , despit e th e insensitivit y of be-
havioral measure s t o th e trial-lengt h factor .
The trial-lengt h effect , i n contrast , wa s a
probe-specific effec t correspondin g t o signa l
intensity difference s betwee n 4 - an d 12-ite m

trials. Thi s effec t wa s onl y significan t i n lef t
dorsolateral PFC . Not e that this effect i s likely
different fro m the  memor y scanning-relate d
probe effect s see n i n test s tha t var y memory
load (e.g. , Rypm a e t al. , 1999) , becaus e th e
memory load in the updating task is held con-
stant a t fou r items , regardless of trial length.

CONCLUSION

Lateral PF C i n human s i s clearl y recruite d
during many discrete cognitive processe s tha t
are engage d b y the performanc e o f delayed -
recognition tasks . Figur e 11- 5 summarize s
schematically the findings of the event-related
fMRI studie s fro m ou r laborator y tha t wer e
reviewed i n thi s chapter . On e stron g conclu-
sion that can be drawn from thes e data is that
lateral PFC activit y cannot be ascribe d to the
function o f a  single , unitary cognitive opera-
tion. Consisten t wit h th e pictur e tha t ha s
emerged fro m th e monke y electrophysiologi-
cal literature, we have seen tha t huma n PFC
is involved in several encoding- and response-
related processe s as well a s in the mnemonic
and extramnemonic processes that ca n be en-
gaged durin g th e dela y period s o f workin g
memory tasks.

When the amoun t of to-be-remembered in-
formation presente d a t th e beginnin g o f a
delayed-response tria l approache s o r exceed s
short-term memor y capacity (e.g. , Waugh &
Norman, 1965) , dorsolatera l PFC i s engaged,
suggesting that processes supported by this re-
gion ma y facilitat e the efficien t encodin g o f
information. Durin g the subsequen t delay in-
terval, whe n n o informatio n is accessibl e t o
the subject, both ventro- and dorsolateral PFC
are recruited . Ou r dat a indicat e tha t
maintenance-related processe s engaged by all
stimulus type s ar e distribute d broadl y acros s
both hemisphere s o f PFC . Maintenanc e o f
verbal stimul i i s strongest , however , i n lef t
posteroinferior PFC , an d maintenance o f spa-
tial an d nonspatia l visua l stimul i ma y exhibit
weak lateralization within righ t and left anter -
oinferior PFC , respectively. If manipulation of
this informatio n (regardles s o f type ) i s addi -
tionally required durin g the delay period, dor-
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Figure 11—5 . Schemati c illustration that summarize s the
findings from th e functiona l magneti c resonance imaging
(fMRI) studie s presente d i n thi s chapter . Eac h pane l il -

lustrates dorsa l an d ventra l prefronta l corte x area s tha t
were activ e durin g differen t stage s o f delayed-respons e
tasks.

solateral PF C i s engage d t o a  significantl y
greater extent . Upo n th e presentatio n o f th e
probe stimulus , when a  subject is required t o
make a response based on what was presented
at the beginnin g of the trial , dorsolateral PF C
is agai n engaged , presumabl y a s th e subjec t
scans the informatio n that was retained acros s
the tria l and chooses a n appropriate motor re -
sponse. Furthermore , the exten t o f activatio n
of dorsolatera l PF C i s inversel y correlate d
with th e efficienc y o f thi s scannin g process .
That is , faste r memor y scanning is associated
with les s PFC activation , an d vice versa. I f a t
the tim e o f the prob e ther e is proactive inter -
ference fro m previousl y remembere d infor -
mation, a  mor e ventra l regio n o f lef t PF C i s
engaged t o adjudicat e th e conflic t cause d b y
this interference . Als o a t th e tim e o f th e
probe, activit y in lef t dorsolatera l PFC i s sen-
sitive t o th e numbe r o f items tha t hav e bee n
presented durin g a  trial, regardles s o f the ac -
tual memor y loa d require d b y that trial . Or -
thogonal to all these effects , th e accumulatio n
of item s durin g a n updatin g tas k i s indexe d
broadly acros s PFC i n the ite m accumulation
effect. Together , th e result s o f thes e studie s

reveal a  temporally an d topographicall y com -
plex pattern of PFC functio n in the servic e of
working memory task performance.

Our dat a hav e provided evidenc e fo r func -
tional subdivision s within lateral PF C an d we
propose tha t lateral PF C i s organized both by
content (right/left ) and process (dorsal/ventral)
(see Fig . 11-6) . However , i t i s clear tha t an y
one region withi n lateral PFC can be engage d
by distinctl y differen t cognitiv e operation s i n
different contexts . Fo r example , dorsal , an d
not ventral , PF C i s preferentiall y engage d
when encoding a large number of items, when
information bein g maintained must be manip-
ulated, when the presentation of a probe stim-
ulus prompts a  scan of the contents o f working
memory, an d durin g th e selectio n o f a  re -
sponse base d o n th e remembere d informa -
tion. Yet , presumably very differen t cognitiv e
operations ar e engage d durin g eac h o f thes e
processing stages. And whereas man y of these
processing stages are engaged during different
task epochs , som e ar e associate d wit h th e
same epochs . Fo r example , maintenanc e and
manipulation o f information , tw o differen t
cognitive operations , can recruit th e sam e re-
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Figure 11-6 . Propose d hybri d
model of the organizatio n of
lateral prefrontal cortex.

gion of dorsolateral PFC (althoug h apparently,
not the sam e voxels within this subregion) .

A priority o f future researc h will be t o de -
termine i f the tw o subregions of lateral PF C
that we have concentrated on in this chapter ,
the dorsal and ventral portions, can be further
subdivided o n functional grounds , or whether
each o f thes e region s trul y has th e adaptiv e
capacity to be engage d b y different cognitiv e
operations i n differen t contexts . Th e latte r
possibility woul d sugges t tha t th e functiona l
significance o f activit y i n a  particula r subre -
gion o f lateral PF C ma y depend o n the pos -
terior and subcortical brain regions with which
it is interacting a t that momen t (Mclntos h e t
al., 1996 ; Fuster , 2001 ) and/o r on the curren t
tonus se t b y subcortica l modulator y systems
(Kimberg et al. , 1997) .

It i s importan t t o emphasiz e th e limit s of
inferences tha t can be draw n from ou r review
of functiona l neuroimagin g studie s o f PF C
function. I t i s the natur e o f al l physiologica l
studies o f th e nervou s syste m (includin g
single- an d multiuni t electrophysiology , elec -
troencephalograpy, magnetoencephalography ,
and measure s o f glucose metabolism , a s well
as hemodynamic measures such as fMRI) that
they suppor t inferences about the association
of a  particula r brai n syste m with a  cognitiv e
process. Thus , functiona l neuroimaging i s an
observational, correlativ e metho d (Sarte r e t
al., 1996). The inference of necessity of a brain
region to a given cognitive functio n cannot be
made withou t a  demonstration tha t th e inac -

tivation o f this region disrupts the functio n i n
question. Bu t interpretation o f neuropsychol -
ogical dat a i s subject t o a  different se t o f ca-
veats. Amon g them, lesion localizatio n is dif-
ficult in huma n studies , an d the interruptio n
of fibers of passage by a brain insult is difficul t
to assess , a s are compensation , plasticity, and
other recover y processes. Additionally, strong
inferences abou t structure-functio n relation -
ships ca n b e complicate d b y th e possibilit y
that th e lesione d are a contribute s i n a  non-
specific way to the normal functioning of a dis-
tal regio n tha t i s itsel f th e tru e neura l sub -
strate of the functio n i n question. When lesion
and functional neuroimaging studies are com-
bined, however , a  stronger leve l o f inferenc e
can result .

Few huma n studie s o f patient s wit h foca l
lesions o f PF C performin g delayed-respons e
or recognitio n task s have been reported . I n a
recent revie w of such studies , we foun d tha t
some groups of patients with PFC lesion s can
show impairment, and that these deficit s tend
to be more prominent when patients perfor m
tasks that include distractio n durin g the delay
period (D'Esposit o &  Postle , 1999) . Severa l
transcranial magnetic stimulation studies have
shown tha t stimulatio n over latera l PFC dur -
ing the delay period of a delayed-response task
degrades performanc e (Pascual-Leone & Hal-
lett, 1994 ; Mur i e t al. , 1996 ; Brand t e t al. ,
1998). These findings, coupled wit h the find-
ing that patient s with PFC lesion s ar e gener -
ally not impaired on tests of working memory
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span (i.e. , digi t spa n an d spatia l [Cors i block ]
span (D'Esposit o & Postle, 1999) , are consis -
tent with the idea that lateral PFC is especially
critical for the extramnemoni c executive con -
trol processe s investigate d b y man y o f th e
fMRI studie s presente d i n thi s review . Be -
cause patient s wit h foca l lesion s o f the PF C
are rare, and their lesions ar e not typically re -
stricted t o smal l subdivisions , th e neuropsy -
chological evidence for functional subdivision s
within latera l PFC i s scant. I t i s our hope tha t
future neuropsychologica l studie s guide d b y
functional imagin g studies, such as those pre -
sented in this chapter, will lead to new insight
regarding th e functiona l organizatio n o f th e
frontal lobes .
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In numerou s attempt s t o characteriz e th e
functional significanc e o f th e fronta l corte x
(FC), investigators have emphasized the struc-
ture's rol e i n episodi c memor y an d variou s
memory-related processe s suc h a s workin g
memory, tempora l ordering , an d meta -
memory. Ther e i s little doub t tha t th e F C i s
involved in memory, but i t is equally clear tha t
its rol e i s differen t fro m tha t associate d wit h
structures i n th e media l tempora l lob e (e.g. ,
hippocampus) and diencephalon (e.g., anterior
and dorsomedia l thalamus) . While the  latte r
regions diffe r i n terms of their specifi c contri -
butions, ther e i s no questio n a s to thei r fun-
damental importanc e t o memor y processes .
Damage t o media l tempora l lob e an d dien -
cephalic region s reliabl y produce s profound ,
global anterograd e amnesi a that i s manifested
as impaire d recal l an d recognition . B y com-
parison, damag e to th e F C doe s no t typically
produce generalized memory loss and, indeed,
when i t comes to remembering salient o r dis-
tinctive events, patients with FC damage ofte n
experience littl e or no difficulty . Suc h patients
also typically perform within norma l limits on
tests of cued recal l or recognition memory un-
less some organizational component i s needed
to facilitat e performance (Moscovitc h & Win-
ocur, 1995 ; Wheele r e t al. , 1995) . The y ar e
severely handicapped, however , when success-

ful recal l depend s o n self-initiate d cue s o r
when targete d informatio n i s relativel y inac -
cessible (Moscovitc h &  Winocur , 1995) . I n
other words , th e F C i s require d i f accurat e
memory depends o n organization , search , se -
lection, an d verificatio n i n th e retrieva l o f
stored information . Th e importan t poin t tha t
emerges i s tha t th e F C i s les s involve d i n
memory recollection pe r se , than i t i s in me -
diating th e strategi c processe s tha t suppor t
memory encoding , recovery , monitoring , an d
verification.

An equally important point , i n terms o f un-
derstanding F C function , i s that it s participa -
tion i n strategi c processe s i s not restricte d t o
the recover y o f pas t experiences . Indeed ,
there i s considerable evidenc e tha t th e struc -
ture uses established memorie s to direct othe r
activities, such as new learning , problem solv -
ing, an d behaviora l planning . I n previou s
publications, w e have referred t o medial tem -
poral lob e an d diencephali c system s a s "ra w
memory" structures , becaus e o f thei r clos e
and direct link s to basic memory processes. By
comparison, we have argued tha t the F C must
work with memory to perform its diverse stra -
tegic function s b y eithe r influencin g inpu t t o
medial temporal lobe-diencephalic systems or
by acting on outpu t fro m thes e regions .

We hav e chose n th e ter m working-with-
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memory (WWM ) t o distinguis h ou r notio n
from tha t o f working memory,  whic h w e be -
lieve has different , an d mor e restrictive , con -
notations in the literatur e o n both huma n and
animal memor y (se e Moscovitc h &  Winocur,
1992a, 1992b) . Our ide a i s that strategi c con -
tributions t o long-ter m memor y ar e o f th e
same typ e a s those  mad e t o othe r functions ,
such a s short-term o r working memory, prob-
lem solving , attention, and response planning .
Our approac h t o F C involvemen t in memory
fits into a broader framework in which the FC
is viewed as a central-system structure that op-
erates o n many domains of information, rathe r
than as a domain-specific module (Moscovitch
& Umilta , 1990 , 1991 ; Moscovitch , 1992 ,
1994a; Moscovitch & Winocur, 1992a, 1992b).
The variou s central-syste m function s o f th e
FC are localized in different regions. Thus , lo-
calization o f functio n i s a s much a  character -
istic o f central, fronta l system s a s of posterio r
neocortical modula r systems . Wha t distin -
guishes one from th e other i s that modules are
defined i n terms o f their content o r nature o f
the representation,  suc h a s faces , phonemes ,
objects, an d s o on , wherea s central,  frontal
systems ar e defined in terms of their function,
such a s monitoring , searching , verification ,
and s o on.1

In our  framework , the  media l tempora l
lobes, which include the hippocampus and re-
lated neocortica l structures , a s wel l a s th e
diencephalic structure s associate d wit h the m
(Aggleton &  Brown , 1999) , ar e module s
whose domain is conscious or explicit memory
(Moscovitch, 1992 , 1994a , 1995 ; Moscovitc h
& Winocur, 1992a , 1992b) . The y mandatorilly
encode an d retriev e informatio n tha t i s con -
sciously apprehended , an d th e informatio n is
stored randoml y wit h n o organizing principl e
except tha t o f short-latency , tempora l conti -
guity. As WWM structures , region s o f the F C
operate strategicall y on information delivere d
to th e medial-temporal/diencephali c syste m
and recovered fro m it , thereby conferrin g "in-
telligence" t o what essentially is a "stupid" me-
dial tempora l lobe/diencephali c system . Th e
FC i s needed to implement encodin g an d re -
trieval strategies . The latter includes initiatin g
and directin g searc h i n accordanc e wit h th e
demands o f the task , monitoring and verifyin g

recovered memories , an d placing them i n the
proper temporal-spatia l context .

In ou r researc h program , w e hav e ad -
dressed issue s relate d t o thi s theoretica l
framework fro m differen t perspectives , usin g
human subject s a s well a s animal models an d
a variet y o f experimenta l paradigms . A s par t
of ou r ongoin g testin g o f specifi c hypothese s
that follo w fro m ou r theoretica l position , w e
attempt to show that the FC works with other
structures i n performin g variou s tasks , an d
that the contribution s o f the respectiv e brain
regions ca n b e functionall y dissociated . Thi s
chapter wil l focus o n studies fro m ou r animal-
and human-base d researc h tha t reflec t ou r
general approac h an d provid e convergin g ev-
idence in suppor t o f the WW M model .

As useful a s our WWM framework has been
for guidin g researc h o n memor y i n human s
and animals, in its original version it lacked the
specificity tha t i s required fo r subsequen t de -
velopments o n localizatio n o f functio n withi n
the FC . Whe n w e firs t propose d th e mode l
(Moscovitch, 1989 ; Moscovitc h &  Winocur ,
1992a), littl e was known about the localization
of the variou s strategi c encoding and retrieval
functions, i n par t becaus e th e F C wa s no t
thought t o pla y a  prominen t rol e i n episodi c
memory. The situatio n has changed markedl y
since then , an d we now have a  better ide a of
the distributio n o f these function s withi n th e
FC, and the prefronta l corte x (PFC) in partic-
ular. Accordingly, in the concluding section we
briefly revie w recen t evidenc e regardin g th e
localization o f functio n withi n th e PF C an d
present a  revise d versio n o f ou r mode l tha t
takes the ne w evidence int o account .

ANIMAL STUDIES

Our overal l researc h strateg y i s guided b y the
premise that, for the mos t part, cognitive tasks
are multidimensional , and  successfu l perfor -
mance depend s o n th e effectiv e recruitmen t
and integratio n o f variou s componen t pro -
cesses (Witherspoo n &  Moscovitch , 1989 ;
Moscovitch, 1992 ; Winocur , 1992b ; Roedige r
et al. , 1999) . Fo r example , whe n presente d
with a complex new problem, we tend to learn
specific feature s o f that proble m which , i f re -
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membered, wil l b e usefu l whe n confronte d
again with th e sam e problem. W e and other s
associate thi s functio n wit h th e hippocampu s
and relate d structures . W e also learn concep -
tually relate d informatio n tha t ca n b e ab -
stracted an d strategically applied when dealing
with variations o f the problem, a  process likel y
mediated b y th e F C (se e als o Miller , 2000 ;
Chapter 18) . I n th e norma l course o f events,
these distinc t processes ar e combine d a s part
of a n efficien t cognitiv e operation , bu t un -
doubtedly the y ar e controlle d b y differen t
neural structures , and , theoreticall y a t least ,
they are separabl e an d amenabl e t o indepen -
dent measurement .

MAZE LEARNING

Our componen t proces s approach was tested
in a rat mode l (Winocur & Moscovitch, 1990) .
In a  tes t o f comple x maz e learning , hungr y
rats had to avoid blind alleys in learning a spe-
cific route to a goal area where food was avail-
able. Fo r thi s study , rat s wer e subjected , i n
approximately equal numbers, to lesions of the
FC or hippocampus, or to a control procedur e
in whic h n o brai n tissu e wa s destroyed. Hal f
the rat s in each grou p receive d initia l training
on maz e A , while th e othe r hal f receive d n o
maze training . Subsequently , hal f th e rat s i n
each trainin g conditio n wer e teste d o n maze
A, whil e th e othe r hal f were teste d o n a  dif-
ferent maz e (maz e B) . Thus , i n th e trainin g
condition (T) , half th e rat s were re-teste d o n
maze A, while the othe r hal f were teste d o n a

new bu t simila r maze . I n th e non-trainin g
(NT) condition , al l th e rat s experience d a
maze fo r the first time a t test.

The results , which are summarized in Table
11-1, revea l a  clear dissociatio n betwee n th e
effects o f FC an d hippocampa l lesions. As ex-
pected, at test, control rat s in the T conditio n
performed bette r tha n N T controls , and they
also di d bette r o n maz e A  tha n o n maz e B .
On the familia r maze A, the controls were able
to benefit from specifi c as well as general task-
related information , wherea s o n maze B, they
were abl e t o dra w onl y o n genera l
information.

Lesions t o hippocampu s o r F C generall y
disrupted maz e performance, relative t o con-
trols, but the patterns of deficit were quite dif-
ferent. Rat s with hippocampa l lesion s and i n
the T condition mad e fewe r errors tha n those
in the N T condition , bu t withi n the T  condi -
tion, the y performed equally on maze s A and
B. Thus , rat s wit h hippocampa l lesions ,
trained on maze A, appear to have acquired a
maze-learning strateg y that the y were abl e t o
transfer t o a  simila r problem . However , thei r
failure t o displa y additiona l saving s whe n
tested o n maz e A suggests tha t the y remem -
bered genera l informatio n about thi s typ e o f
maze tha t woul d suppor t a  learnin g se t bu t
that, essentially, they had forgotten the specif -
ics of their maze A training experience.

As for the groups with FC lesions , there was
no significan t differenc e betwee n T  an d N T
rats on the unfamilia r maz e B, but rat s in the
T conditio n performe d bette r tha n in the NT

Table 1 2-1 . Errors a t testing for all groups in training and no-training conditions during 60
trials of maze learning.

Maze

A (familiar )
Mean
SE

B (unfamiliar )
Mean
SE

Hippocampal

T

105.3
4.6

112.3
4.6

Lesion

NT

142.6
3.8

133.1
5.7

Frontal

T

82.7
2.8

99.6
3.3

Cortex Lesio n

NT

103.8
2.6

101.6
2.7

T

52.3
1.8

64.2
2.0

Control

NT

80.8
2.3

81.6
2.0

T, training; NT, no training ; SE , standard error .
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condition rats in the N T condition on maze A.
Clearly, rat s wit h F C lesion s benefite d fro m
training o n maz e A only when the y wer e re -
tested o n th e sam e task . Thi s show s that ,
whereas rats with FC lesions were able to rec-
ognize the familia r maze A , this memor y di d
not hel p them o n maze B.

These results are consistent wit h the WWM
notion of FC function . Bilatera l lesions to th e
hippocampus selectivel y affecte d rats ' mem -
ory fo r th e specifi c an d contextuall y defined
experience associate d wit h maz e A  learning ,
but spare d procedura l learnin g an d memory
that coul d b e applie d whe n subsequentl y
tested o n either maze A or B . In contrast , the
FC-lesioned group ha d goo d memor y for th e
salient maz e A-learning experience , bu t wer e
unable t o use that memor y in a flexible, stra-
tegic wa y tha t woul d enabl e saving s on an -
other task , eve n on e tha t was closely relate d
to the origina l one.

Related work (Winocur, 1992b) ha s empha-
sized that the impairmen t of FC-lesioned rats
in transfer of learning is , in fact, a  WWM def-
icit an d no t simpl y a failur e o f procedural o r
rule learning . I n on e experiment , rat s wit h
hippocampus, FC , o r sha m lesion s wer e
trained o n a  problem i n which the y were re -
quired t o discriminat e between circle s o f dif-
ferent sizes . Th e group s di d no t diffe r i n
learning or remembering the origina l discrim-
ination. However , the F C lesioned-group was
severely impaire d a t transferin g th e learne d
discrimination t o a  ne w se t o f stimul i (trian -
gles). Althoug h relativel y simpl e o n th e sur -
face, ther e was a substantial strategi c compo -
nent t o thi s proble m i n that , t o transfe r
learning successfully , rat s ha d t o compar e
training an d tes t conditions , attend t o critica l
similarities whil e ignorin g irrelevan t differ -
ences and , o f course, apply previous learning
to the new discrimination. All these operation s
required th e anima l to work with memory.

In th e sam e experiment , rat s wit h F C o r
hippocampus lesions, and control rats were ad-
ministered a  size-discriminatio n proble m i n
which th e stimulu s pair s change d o n ever y
trial. Al l groups learned the rul e a t the sam e
rate an d showe d excellen t retentio n severa l
weeks later . Thi s outcom e i s instructiv e be -
cause, althoug h rat s ha d t o appl y the rul e t o

different stimul i o n eac h trial , th e require -
ments quickly became routine and predictable.
In thi s case , th e transfe r o f informatio n re -
quired little in the way of planning or strategi c
operations, an d n o comparison s between ex -
periences separated in time; as such, this trans-
fer place d n o demand s o n WW M processes .

CONDITIONAL ASSOCIATIVE LEARNING

The maze-learnin g and transfe r studie s dem -
onstrate th e importance o f FC for transferring
information t o new learning situations that re-
quire the effectiv e integration o f past experi -
ence with current task demands over extended
time periods . Whil e suc h task s draw on what
may be considered long-ter m memory, similar
processes ar e involved in other tasks in which
accurate respondin g depend s o n short-ter m
memory. Fo r example , i n conditional associa -
tive learning (CAL), in which different stimul i
are associate d wit h differen t responses , o n
each trial the subjec t must select, from among
several alternatives , th e respons e tha t i s ap -
propriate to  the mos t recently presented stim-
ulus. The delay between stimulu s presentation
and th e opportunit y t o respon d i s brie f an d
often o n th e orde r o f seconds . Variation s of
this task have been developed for humans and
nonhuman primates , wit h the consisten t find -
ing that lesions to the FC , particularly areas 6
and 8 , impai r performanc e (se e Petride s &
Milner, 1982 , Milne r & Petrides, 1984 ; Petri -
des, 1990 ; 1995 ; chapte r 3) .

Impairment o f CA L following FC damag e
has been characterize d a s a working memory
deficit resulting from a  lesion-induced inability
to retai n trial-specifi c informatio n ove r th e
stimulus-response dela y period . However ,
when we compared th e effect s o f FC and hip-
pocampal lesions on a rat version of CAL, the
results suggeste d othe r interpretation s (Win -
ocur, 1991 ; Winocu r &  Eskes , 1998) . I n thi s
task, on e wal l o f a  Skinne r bo x was outfitte d
with a  displa y panel , consistin g o f si x lights
placed abov e two retractable levers tha t wer e
located o n eithe r sid e o f th e foo d chamber .
Rats were reinforced for pressing the lef t leve r
in respons e t o a  ligh t o n th e lef t sid e o f th e
panel, an d th e righ t lever , t o a  ligh t o n th e
right side . Initially , rats were trained with th e
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conditional stimulus and both levers presented
together o n eac h trial . Th e light s were extin -
guished an d th e lever s withdraw n afte r a  re -
sponse was made t o allo w for a  30-second in-
tertrial interval. When responding  stabilized in
the 0-dela y trainin g condition , rat s receive d
five additional days of training with a 5-second
stimulus-response delay , and five more days of
training i n whic h th e dela y wa s increased t o
15 seconds. For the delay trial, the conditional
stimulus wa s presente d fo r 1 0 second s an d
then turne d of f while the rat s waited th e pre -
scribed delay period fo r the levers to reappear.

There wa s n o differenc e betwee n
hippocampus-lesioned an d contro l group s i n
learning th e conditiona l rul e i n th e 0-dela y
condition, bu t th e grou p with F C lesion s im-
proved a t a  much slowe r rat e and , a s can b e
seen i n Figur e 12—1 , faile d t o reac h th e per -
formance leve l o f the othe r group s eve n afte r
30 training sessions. Sinc e there wa s no stim-
ulus-response delay during training, this result
shows tha t th e F C group' s defici t wa s no t
linked t o th e requiremen t tha t critica l infor -
mation be retained ove r a period o f time. Sim-
ilar pattern s o f performanc e hav e als o bee n
observed i n FC - an d hippocampus-lesione d
groups i n test s o f delayed alternatio n and de -
layed matching-to-sampl e (Winocur , 1991 ,
1992a, 1992b) .

These dat a argu e tha t th e defici t canno t be
attributed to  memory loss or to the retentio n
components of working memory. This conclu-
sion i s reinforce d b y th e result s o f the dela y
conditions (se e Fig . 12-1) . Here , w e se e a
rapid declin e i n performanc e o f th e
hippocampus-lesioned group , indicatin g tha t
these animal s were unabl e to remember eac h
trial's signa l even afte r a  brief period o f time.
Of particula r interes t wa s the findin g tha t in -
creasing the stimulus-respons e dela y di d no t
adversely affec t th e performanc e o f rat s with
FC lesions . A s the delay s increased, th e per -
formance o f this grou p decline d a t th e sam e
rate a s that o f the contro l group. I t shoul d be
noted tha t a n alternative working memory in-
terpretation o f these result s is that rat s had to
coordinate, in working memory, the signa l and
the response , as  well as the interferin g effect s
of past experiences , and those with FC lesions
did not hav e the capacit y to do that .

Figure 12—1 . Percentag e correc t o n th e conditiona l as -
sociative learnin g tes t fo r hippocampus-lesioned , fronta l
cortex-lesioned, and contro l groups.

These result s indicate tha t impairment s on
conditional learning tasks following FC lesions
are neithe r time-dependen t no r du e t o a
straightforward memor y failure , a s migh t b e
argued fo r hippocampus-lesione d rats . Mor e
likely, the effect s o f FC damag e were o n con-
ditional rul e learning or on the proces s o f re-
sponse selection . We are no t prepare d t o dis-
miss a  rule-learnin g deficit , although , a s w e
have seen in the transfer studies, FC lesions do
not necessaril y disrupt rul e learning . I n a  re-
cent experiment , Winocu r &  Eske s (1998 )
showed that modifyin g the CAL task to reduc e
demands o n response-selectio n processe s re -
sulted i n a  significan t improvemen t in perfor -
mance in FC-lesioned rats. Our interpretatio n
is that lesions to the FC interfered with the an-
imal's abilit y to use critica l information i n th e
context of a learned rule for the purposes of ac-
curate respons e selection . W e view this as an-
other expressio n o f WWM. The CA L result s
highlight the point that the WWM function ap-
plies to the strategic use of specific and nonspe-
cific memories at short as well as long delays.

RECENT AND REMOTE MEMORY

The FC , a s a WWM structure, i s also involved
in the recover y of remote memories . There i s
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growing evidenc e tha t damag e t o th e F C i n
humans produces a  severe retrograde amnesia
that ca n extend back many years. This patter n
contrasts wit h th e temporall y grade d retro -
grade amnesi a tha t ha s ofte n bee n reporte d
for human s and animals (Winocur, 1990; Zola-
Morgan &  Squire, 1990 ; Squire , 1992 ; Squir e
& Alvarez, 1995) with incomplete medial tem-
poral lobe/hippocampa l damag e (bu t see Na -
del &  Moscovitch , 1997 ; Nade l e t al. , 2000 ;
Rosenbaum e t al. , 2001) .

Investigations o f memor y function i n ani -
mals wit h F C damag e hav e bee n concerne d
mainly with anterograde memory , but recently
we examined the effect s o f FC lesion s in rats
on a test of anterograde an d retrograde mem-
ory for a learned food preference (Winocu r &
Moscovitch, 1999) . I n thi s test , a  subject-ra t
acquires th e preferenc e b y interacting wit h a
demonstrator-rat tha t ha s just eate n a  partic -
ular food . Memor y for th e preferenc e i s in -
dicted when the subject later prefers that foo d
to a n unfamilia r foo d tha t i s presented along -
side it .

In previou s work with this paradigm (Win-
ocur, 1990) , rat s with lesions to hippocampus
or dorsomedial thalamus were tested following
pre- and postoperative acquisitio n of the foo d
preference. Ther e wa s n o effec t o f thalami c
lesions o n anterograde o r retrograde memory,
but th e group s wit h hippocampa l lesion s ex-
hibited clear impairment . O n the anterograd e
test, rat s wit h hippocampa l lesion s learne d
normally bu t forgo t th e acquire d preferenc e
at an abnormally rapid rate . In the retrograde
test, the y suffere d a  temporally graded retro -
grade amnesi a in which preferences, acquire d
well before surgery, were remembere d bette r
than more recently acquired ones .

When rat s with F C lesion s were teste d o n
this task , ther e wer e n o difference s betwee n
FC and control groups in either memor y con-
dition (Winocu r &  Moscovitch , 1999) . Al -
though surprising at first, on further reflection,
the failur e o f F C lesion s t o affec t memor y
performance mad e sense . I n th e food -
preference task , memor y i s assessed i n wha t
is essentially a two-choice recognition memory
test, and it is well known that FC damage does
not affec t performanc e o n standar d test s o f
recognition memor y (Wheele r e t al. , 1995 ;

Mangels et al. , 1996) . I n our experience, how -
ever, age d animal s with fronta l lobe dysfunc -
tion (Winocu r &  Gagnon , 1998 ; Winocu r & :
Moscovitch, 1999 ) an d patient s wit h Parkin -
son's diseas e (Ergi s e t al. , 2000 ) wh o exhibi t
frontal symptom s d o exhibi t impaire d recog -
nition memor y whe n interferenc e i s intro -
duced b y increasing the numbe r o f response
alternatives an d thei r similarit y to th e target .
Accordingly, in a second experiment, the num-
ber o f food choice s was increased from tw o to
three, s o tha t rat s ha d t o selec t th e sampl e
food fro m thre e equall y desirable diets .

As can be seen in Figure 12-2 , i n the three -
choice test, rat s with FC lesions, in contrast to
the control groups , exhibited poo r memory for
the acquire d foo d preference . Th e effec t was
especially marke d i n th e retrograd e memor y
test, where the FC groups showed no gradient
over the delay period, and at no time did their
average intake of the sampl e food excee d 50%
of th e tota l amoun t consumed. I n th e anter -
ograde memor y test , th e grou p wit h F C le -
sions showe d declinin g memor y for th e foo d
preference with increased delays.

These results are interesting for several rea-
sons. First, they represent th e first clear dem-
onstration i n FC-lesione d animals of patterns
of anterograd e an d retrograd e memor y loss
that correspon d t o those reliabl y observe d i n
patients wit h comparable damag e o n context -
free (semantic ) test s o f memor y (se e discus -
sion in Rosenbaum et al. , 2001). Second , the y
confirm tha t th e F C doe s no t mediat e basi c
processes relate d to the acquisition an d reten-
tion of new information, but that the structure
does play a role when the tasks are more com-
plex and greater effor t i s required t o perform
them. Thus , i n experimen t 2 , th e increase d
number o f alternative s place d greate r de -
mands on search and selection operations and
that clearl y put th e grou p with F C lesion s a t
a disadvantage . Third, th e result s provide fur-
ther evidenc e that , unde r certai n conditions ,
even recognitio n memory , which typicall y re -
sists th e effect s o f FC damage , ca n be com -
promised. Finally , a n importan t findin g wa s
that anterograd e amnesi a a t lon g delay s cor -
related significantl y with retrograd e amnesi a
in rat s with F C damage . This resul t wa s un-
doubtedly relate d t o the fac t tha t th e antero -
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Figure 12-2 . Amoun t of sam-
ple die t consume d by fronta l
:ortex-lesioned and control
groups, expressed as a percent-
age of the tota l amount of foo d
consumed, a t the various delays
in the (three-choice ) retrograde
and (three-choice ) anterograd e
amnesia tests. (Source:  Fro m
Winocur & Moscovitch, 1999 )

grade an d retrograd e test s wer e similar , an d
that the y dre w o n simila r FC-mediate d
processes.

This stud y provides a n importan t exampl e
of how the FC direct s goal-oriente d strategie s
that lead t o the recover y o f relatively inacces -
sible information . In th e absenc e o f sufficien t
external cues , th e F C i s recruite d t o initiat e
appropriate search operations aimed at finding
specific memor y traces . Factor s suc h a s th e
passage of time, the numbe r of competing as-
sociations, an d difficult y i n placin g event s i n
spatial-temporal contex t add to the complexity
of th e process , an d plac e additiona l demand s
on FC . Th e three-choic e versio n o f the food -
preference tas k incorporates al l these factors ,
and it s sensitivity to the effect s o f FC lesions,
on both anterograd e an d retrograde measures ,
offers stron g suppor t fo r th e WW M
hypothesis.

SUMMARY

In thi s section we reviewed th e result s of sev-
eral experiments , each involvin g different par-
adigms and each revealing deficit s in rats with
FC lesions that are broadly consistent with def-
icits see n i n patient s wit h F C damage . Al -
though ver y differen t i n terms o f their cogni -
tive demands , the y al l ha d a  memor y
component that , i n itself , pose d n o problem s
for th e group s wit h F C lesions . The y als o re -

quired the animals to work with specifi c mem-
ories—whether i n acquirin g ne w responses ,
retrieving ol d ones , o r i n usin g memory i n a
strategic way . Th e result s consistentl y sho w
that i t wa s the WW M functio n tha t wa s im-
paired in the FC-lesione d rats .

HUMAN STUDIES

Our studie s on  FC  and  memor y in  humans
parallel thos e conducte d with anima l models .
In bot h case s w e tr y t o distinguis h betwee n
the contributio n o f th e F C an d othe r brai n
regions t o performanc e o n test s tha t hav e a
WWM component . Th e studie s o n human s
and animal were not intended t o be analogous
in the sense that they would resemble on e an-
other i n surfac e structure , bu t rathe r the y
were designe d t o shar e processin g compo -
nents wit h eac h other . I n fact , thi s approac h
was necessitated by the differen t evolutionar y
histories and adaptation s o f the organisms .

Our comparativ e approac h i s illustrate d
most clearly in our studies o f remote memory.
Because rat s rel y s o muc h o n olfaction , w e
used sociall y transmitted olfactor y learning t o
examine thei r remot e memory . In humans , it
was mor e appropriat e t o rel y o n verba l an d
pictorial informatio n to tes t memor y for per -
sonal an d publi c events an d personalities . We
used neuroimaging and lesion studie s t o iden -
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tify th e region s that are implicated in retrieval
of recen t an d remot e memories . B y compar-
ing fronta l an d media l temporal contributions
to memor y in animal s an d humans , as mea-
sured by corresponding tests, we hoped to de-
velop a  bette r appreciatio n o f th e processe s
mediated b y these structures .

In thi s sectio n o n huma n studies , w e wil l
focus o n lesion studie s o n memor y distortio n
because w e believ e tha t thes e provid e th e
most compelling evidenc e o f the contributio n
of the F C t o memory . The studie s we review
show that the F C contributes t o acquisition of
new memories an d to retrieval o f both recent
and remot e memories . I n lin e wit h ou r view
that fronta l lobes mak e a similar contributio n
in al l domains, we will also show that damag e
to th e F C lead s t o distortio n o f both autobi -
ographical memor y an d genera l knowledge .
We then wil l turn t o neuroimagin g studies o f
recent an d remot e memor y t o identif y th e
contribution o f different region s of the F C to
retrieval.

LESION STUDIES: REMOTE MEMORY
AND MEMORY DISTORTION

The contributio n o f th e fronta l lobe s t o re -
trieval o f remot e memor y was note d b y Ko -
pelman (1989 , 1991) , wh o foun d tha t perfor -
mance on tests of remote memory in amnesia
was correlated with the severit y of deficits o n
tests o f fronta l lob e function . Mor e recen t
studies by Levine et al. (1998) have shown that
loss o f remot e autobiographica l memories ,
particularly th e abilit y to re-experienc e them
as element s o f one' s persona l past , i s associ-
ated with damage to the inferior , right FC and
the uncinate fasciculu s that connect s i t to the
anterior tempora l lobe . Thi s sam e region was
found by Levine (persona l communication) to
be activated when re-experiencing o r remem-
bering an event, a s opposed t o "knowing" that
it occurred . B y comparison , performanc e i s
relatively preserve d o n recognitio n test s tha t
are mediated primarily by the medial temporal
lobes.

In contras t t o Levin e e t al.' s patien t wh o
finds hi s ow n pas t unfamiliar , there ar e pa -
tients with the opposit e disorder : they find fa-
miliarity eve n i n nove l event s an d stimul i

(Schacter e t al. , 1996a ; Rapcsa k et al. , 1999) .
This overextende d sens e o f familiarity , mos t
noticeable whe n nove l item s belon g t o th e
same categor y a s recentl y studie d targets , is
also observe d when thes e patient s encounte r
people, faces , an d word s fo r th e ver y firs t
time, presumabl y because a t som e leve l they
resemble familia r stimuli . Th e lesio n associ -
ated with this disorder ha s not yet been local-
ized to a particular regio n in the fronta l lobes ,
although i t occurs more often with damage in
the righ t hemispher e (bu t se e Parki n e t al. ,
1999, nex t section) . Ther e ar e a  numbe r o f
possible interpretion s o f thi s disorder , whic h
we consider below . The overextended sens e of
familiarity resemble s a  commo n featur e o f
confabulation, althoug h th e latte r i s a  mor e
complex for m o f memory distortion i n which
elements o f old memorie s ma y be combine d
with on e another , an d wit h curren t percep -
tions an d thoughts , t o creat e ne w memories
that th e individua l truly believes t o be veridi-
cal an d experientia l (Dall a Barba , 1993a ,
1993b). Overextende d familiarit y i n confabu -
lating people i s apparen t o n test s o f recogni -
tion. Correct responses to targets may be nor-
mal, bu t ther e ar e more false alarm s either t o
new, relate d item s (see Moscovitch , 1989 ) o r
to item s tha t ha d onc e serve d a s targets bu t
now act as lures (Schnider et al. , 1996 ; Schni -
der &  Ptak, 1999) . I n lin e with thei r perfor -
mance on laboratory tests, many confabulating
patients wil l claim to b e familia r wit h peopl e
and place s encountere d fo r th e firs t time .
With ver y goo d retrieva l cues , FC-damage d
patients ar e abl e t o provid e correc t answers
and thei r confabulation s are diminishe d an d
even eliminated (Moscovitch , 1989).

It wa s observations suc h a s these tha t le d
us t o conclud e tha t confabulation s aris e i n
conditions i n whic h searc h i s fault y bu t no t
empty, an d i n whic h th e erroneou s product s
of tha t searc h ar e no t monitore d wel l (Mos-
covitch, 1995) . Th e F C i s needed bot h t o in-
itiate an d guid e searc h an d t o monito r th e
product o f that searc h a t differen t level s (see
Gilboa an d Moscovitch , in press, fo r review).

Most o f our knowledg e o f remote memory
and confabulation is based o n informal obser-
vation and report s o f spontaneously occurrin g
confabulation. T o bring confabulatio n fo r re -
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mote memor y unde r som e experimenta l con -
trol, Moscovitc h an d Mel o (1997 ) adminis -
tered a n autobiographica l an d historical /
semantic versio n o f the Crovit z cue-word tes t
(Crovitz &  Schiffman , 1974 ) t o confabulating
and nonconfabulating amnesic patients and to
their matche d controls . I n thes e tests , partic -
ipants wer e aske d to us e a  cue word , suc h as
broken fo r th e autobiographica l version , an d
assassinations fo r th e historical/semanti c ver-
sion, t o retrieve , an d describe i n detail, eithe r
a personal memor y related t o that word o r an
historical even t tha t als o occurred befor e th e
participant wa s born. There ar e a  number of
interesting aspect s t o th e results , whic h ar e
noted in Figure 12-3 .

First, the Crovitz test proved t o be effective
in elicitin g confabulation s unde r laborator y
conditions, bu t onl y i n people prone t o con -
fabulation outsid e th e laboratory . Non -
confabulating amnesics and controls produce d
few confabulations . Second , consisten t wit h

our idea that the FC is a central syste m struc -
ture tha t work s wit h memor y acros s al l do -
mains, w e foun d tha t confabulatio n wa s no t
restricted to autobiographical memor y but in-
cluded knowledge of the historica l events that
belong t o th e domai n o f semanti c memor y
(but se e Dall a Barba , 1993a , 1993b) .

A third aspec t o f the result s is that confab -
ulating amnesics recalled fa r less information ,
whether veridical or otherwise, than other am-
nesics o r controls , an d benefite d dispropor -
tionately fro m prompting . It  shoul d be  note d
that prompt s increase d veridica l an d confab -
ulating responses equally.

These findings indicate that although th e fi-
nal, proxima l caus e o f confabulatio n ma y b e
defective postretrieva l monitorin g an d verifi -
cation o f recovere d memories , deficit s i n a
number o f preretrieval component s ar e asso -
ciated wit h th e disorde r an d i n al l likelihood
contribute t o it . They include impairments in
formulating the retrieva l problem and in spec-

Figure 12-3. Mea n score (maximum 36), with an d with-
out prompt , fo r confabulating an d non-confabulating pa-
tients and their respective controls on the Crovitz personal

and historical cue word test . (Source:  From Moscovitch &
Melo, 1997 )
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ifying appropriat e cues . Othe r component s
that may be deficient are those guiding search
and selectio n amon g alternative memory can-
didates an d responses . Simila r proposal s fo r
fractionating th e retrieva l proces s int o a num-
ber o f subcomponents hav e been advanced by
Burgess an d Shallic e (1996 ) (se e chapte r 17) ,
by Schacte r e t al . (1998a) , an d by Kopelma n
(1999). Thi s view suggest s tha t th e natur e o f
the confabulatio n errors that are observed will
depend o n whic h an d ho w man y of the sub -
components ar e affected . Th e ide a i s consis-
tent with our WWM model, which assigns dif-
ferent component s o f encodin g an d retrieva l
to the FC , and raises th e possibilit y tha t the y
are mediate d b y differen t region s i n th e F C
(see Localization of function i n Frontal Cortex
and chapte r 17) .

LESION STUDIES: MEMORY
ACQUISITION AND MEMORY
DISTORTION

If memor y i s a  reconstructiv e proces s (Bart -
lett, 1932), confabulatio n and an overextended
sense o f familiarity ma y be cause d b y deficit s
at encoding a s much as by deficits a t retrieva l
in people with FC lesions. Parkin et al. (1999)
provide compellin g evidenc e that a  defec t i n
encoding th e targe t distinctively , rathe r tha n
by it s genera l characteristics , ca n lea d t o ex-
aggerated fals e recognitio n i n a  patien t wit h
left fronta l lesions . T o stud y th e effect s o f
frontal lesion s on distortion o f newly acquire d
memories, Melo , Winocu r an d Moscovitc h
1999) induce d distortion s i n th e laboratory .
They use d th e Deese-Roediger-McDermot t
paradigm (Deese , 1959 ; Roedige r &  Mc -
Dermott, 1995 ) t o examine memory distortion
in amnesic people wit h and without F C dam-
age, a s wel l a s i n peopl e wit h F C damag e
without amnesia . In thi s paradigm, people tr y
to remembe r list s o f relate d words , suc h a s
bed, nap,  pillow,  snooze,  al l of which ar e as -
sociated to a common word, which, in this par-
ticular example , woul d b e sleep.  Th e wor d
sleep, however , i s not presente d an d serve s as
a critical lure  a t test. Followin g eac h lis t pre -
sentation, participant s ar e aske d t o recal l a s
many o f th e item s a s the y ca n remember .
Once al l the list s ar e presented and recalled,

Figure 12-4 . Proportio n of study list words produced by
patients H and controls • T  < 0.05. Amn., amnesia; FL,
frontal lesion ; MTL/D, media l tempora l lobe/diencepha-
lon (Source:  Fro m Mel o et al. , 1999) .

a brea k ensues , afte r whic h participant s ar e
asked to recognize the target items and distin-
guish them fro m unrelate d lure s and from th e
critical lure .

The control s behave d a s normal people did
in mos t publishe d studies : the y recalle d an d
recognized a s high a  proportion o f the critica l
lures a s that o f the targe t items , and very few
of the unrelated lure s (see Figs. 12-4 and 12 -
5). Althoug h ther e ar e a  number o f explana-
tions fo r thi s outcome , th e on e w e prefe r i s
that participants base thei r responses bot h on
their specifi c (verbatim ) memor y fo r the tar -

Figure 12-5. Proportio n of critical lures intruded by pa-
tients HI and controls • T  < 0.05 . Amn. , amnesia ; FL,
frontal lesion ; MTL/D, medica l temporal lobe/dienceph-
alon (Source:  Fro m Mel o et al. , 1999 )
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gets a s well a s on th e gis t that the y extracte d
from them , which , i n mos t cases , wa s exem-
plified bes t by the critica l lure (Brainerd et al.,
1995, 2000 ; Reyna & Brainerd, 1995; Schacter
et al. , 1996c , 1998b) . Monitorin g a t retrieva l
for perceptual qualities o f the recovered mem-
ory ca n b e helpfu l i n distinguishin g target s
from critica l lure s (Schacte r et al. , 1999) , bu t
is no t a  majo r facto r unles s participant s ar e
trained o r instructed t o attend t o the relevan t
features.

On the basi s of this analysis and our WWM
framework, w e predicte d tha t amnesi c pa -
tients, whos e memor y for th e target s i s poo r
but wh o ca n stil l retain th e gis t i f tested im -
mediately afte r th e lis t i s presented , wil l re -
spond wit h a  higher tha n norma l proportio n
of critical lures , and a  lower proportion o f tar-
gets, a t recall . Whe n recognitio n i s delayed ,
their memory for both target s an d gist will be
poor, an d s o they wil l show poorer tha n nor-
mal recognition o f both. Patients with only lat-
eral, FC lesions will be impaired at monitoring
and so are expecte d to sho w a  slight increas e
in recallin g an d recognizin g critica l lures , al -
though thei r memor y for target s wil l be nor-
mal. Th e increas e shoul d b e sligh t becaus e
monitoring plays a minimal role in normal per-
formance o n thi s tes t (se e above). Amnesics
with media l tempora l lobe/diencephali c
(MTL/D) an d FC damag e suffe r fro m a  com-
pound deficit . Thei r lesion s typicall y includ e
the ventromedia l fronta l lobe s an d basa l fore -
brain. Consequently, their memory for the tar-
gets wil l be a s poor a s that of amnesics. Their
frontal damag e ma y not only impair their abil-
ity t o monito r bu t ma y eve n preven t the m
from extractin g the gis t a t encodin g o r using
it to guide retrieval . As a result, their memory
for target s an d critica l lure s shoul d b e dis-
proportionately lo w eve n whe n teste d
immediately.

The findings were consisten t wit h ou r pre-
dictions (se e Fig. 12- 4 an d 12-5) . Thoug h
providing genera l suppor t fo r th e WW M
model, showin g differen t effect s o f MTL/ D
and FC lesions on performance, ou r results do
not distinguis h clearl y whether th e distortio n
in patient s wit h F C lesion s arises a t encodin g
or retrieval . Thi s is an issue that ha s yet to be

resolved i n al l studies employin g the Deese -
Roediger-McDermott (DRM ) paradigm. I n
addition, ou r stud y also suggest s a  degre e o f
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specialization withi n th e F C i n tha t patient s
with primaril y latera l fronta l lesion s d o no t
show a s muc h distortio n a s thos e whos e le -
sions are mor e medial and implicate the basal
forebrain. Thes e difference s wil l nee d t o b e
taken int o accoun t i n developin g th e mode l
further (se e Component s o f Retrieva l an d
Frontal Cortex).

LOCALIZATION OF FUNCTION IN
FRONTAL CORTEX

Our initia l inten t i n developin g th e WW M
model was to establish it s basic principles wit h
respect t o th e broa d rang e o f F C functions ,
such a s initiatin g an d guidin g retrieva l o f
memories (whic h ma y involv e cu e specifica -
tion an d maintenance) , monitorin g memories ,
evaluation, an d respons e selection , tha t ar e
implicated in tests of episodic memory. (In ad-
dition t o the studies reported here, the mode l
was supported b y studies of aging [Moscovitch
& Winocur , 1992b , 1995] , wor d fluency ,
[Troyer, e t al. , 1997; 1998a, 1998b]; and o f di-
vided attentio n [Moscovitch , 1994b ; Troye r e t
al., 1999 ; Fernande s &  Moscovitch , 2000 ;
Moscovitch e t al. , i n press] . Eac h o f thes e
component function s of the F C i s likely me -
diated b y differen t region s o f the FC . Ther e
is growin g evidenc e i n th e literatur e tha t a
comprehensive model of frontal functio n must
take regiona l specializatio n int o account—and
this clearl y i s the directio n i n which th e fiel d
is heading. Although our researc h ha s not ad -
dressed th e issu e of localization of function i n
the F C directly , ou r findings indicate it s im-
portance. Fo r example , as noted above , ther e
is a  clear dissociatio n of function betwee n th e
lateral an d ventromedial aspect s o f the F C in
memory distortion .

One of the difficultie s o f the traditional neu-
ropsychological approac h t o thi s issu e i s tha t
patients rarel y presen t wit h sufficientl y cir -
cumscribed lesion s t o allo w precis e localiza -
tion o f function i n large-scale studies (but see
Milner an d Petrides , 1984 ; Chapter 3 ; Stuss ,
this volume , Chapte r 25) . Sophisticated neu-
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roimaging and controlled anima l studies, how-
ever, ca n be use d t o addres s thi s issu e mor e
effectively. Ou r neuroimagin g work on recov -
ery o f recen t an d remot e autobiographica l
memory illustrate s th e benefit s o f thi s
approach.

NEUROIMAGING STUDIES: RECENT AND
REMOTE AUTOBIOGRAPHICAL MEMORY

We conducte d a  functiona l magneti c reso -
nance imaging (fMRI) stud y on remote mem-
ory fo r autobiographica l event s t o identif y
structures associate d with the variou s compo-
nent processe s tha t ar e activate d durin g re -
trieval (Rya n e t al. , 2001) . W e aske d partici -
pants t o recollec t (re-experience ) i n a s much
detail a s possible a  personal episod e tha t oc-
curred eithe r recentl y (withi n the las t coupl e
of years ) o r lon g ag o (2 0 o r mor e year s ear -
lier). Activation i n the autobiographica l mem -
ory tes t was compared t o two baseline condi -
tions: res t an d a  sentence completio n test .

Two importan t result s emerge d fro m thi s
study. The firs t wa s that retrieva l o f autobio -
graphical memor y wa s associate d wit h in -
creased hippocampal and diencephalic activity,
as compared to the control conditions , regard -
less of whether th e memor y was recent o r re-
mote. Second, we also found greater activation
in a number o f neocortical regions, mos t par -
ticularly i n th e FC . Here , too , th e exten t o f
activation was no differen t fo r retrieva l o f re -
cent memorie s than fo r that o f remote mem -
ories, althoug h Maguir e (2001) , in her revie w
of thi s literature , ha s noted greate r activatio n
in th e regio n o f left , posterio r ventrolatera l
PFC.

One interpretatio n o f thes e result s i s tha t
retention an d retrieva l o f autobiographica l
memories, both recent and remote, depend on
the interactio n o f media l temporal/dien -
cephalic region s wit h th e FC . Thi s interpre -
tation is consistent with the WWM model, and
also supports th e multiple trace theory (MTT )
of memor y proposed b y Nade l an d Moscov -
itch (1997 , 1998). 2

Within th e FC , area s 6  (premoto r cortex) ,
9, 4 6 (mid-dorsolatera l FC) , an d 4 7 (ventro -
lateral FC ) wer e activated , a s well as areas 44

and 45, indicating widespread FC involvement
in the retrieva l of autobiographical memories.
These result s are consistent with those of Fink
et al . (1996 ) Levin e (persona l communica -
tion), and Gilboa , Winocur , Grad y & Moscov-
itch (i n preparation) who foun d greate r righ t
PFC activatio n i n som e o f these region s dur -
ing recognitio n o f persona l autobiographica l
memory than of  semantic memorie s or  infor -
mation associated with another person . In th e
WWM model , w e assum e tha t eac h o f these
activated region s serve s a  differen t function .
We are drawin g on the huma n and animal lit-
erature to speculate abou t the function o f each
of these regions an d are attempting to develop
the mode l further . W e are doin g s o with th e
knowledge tha t th e functio n o f some of thes e
regions i s understood better than tha t of oth -
ers, and that eve n fo r those tha t ar e relatively
well understood , ther e i s som e debat e a s t o
how bes t t o characteriz e th e functions , a s is
obvious by comparing most of the chapter s in
this volume. We also hope tha t this model will
serve a s a useful guid e fo r futur e research .

COMPONENTS OF RETRIEVAL AND
FRONTAL CORTEX

One o f the cor e ideas of WWM is that regions
of the F C tha t ar e implicated i n memory re-
trieval ar e describe d bes t i n term s o f thei r
function o r general cognitive operation, rathe r
than i n term s o f informatio n conten t o r th e
domain in which they operate. Thus, when the
same functions are performed, th e sam e gen -
eral region s o f F C tha t ar e activate d durin g
retrieval o f recen t an d remot e memor y ar e
also activated durin g tests of working memory,
problem solving , or eve n durin g tests o f per-
ception. There i s some dispute, however, as to
whether smaller , local , o r lateralize d region s
within the mor e general area are activated dif-
ferentially depending o n whether the materia l
is spatial , verbal , o r pictoria l (se e Moscovitc h
& Umilta , 1990 ; Footnot e 1 ; and Chapter s 3 ,
5, 11 , 15, and 18) .

In considerin g the component s of retrieval,
we deliberately made littl e reference t o later-
alization o f function i n th e fronta l lobes . Do -
ing s o enabled u s t o focu s o n th e functio n o f
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the variou s subregion s withou t enterin g th e
debate concerning lateralization .

Area 6  (Premoto r Cortex) : Response
Selection an d Inhibitio n

The are a tha t wa s most consistently activated
in ou r neuroimagin g stud y wa s are a 6  (pre -
motor cortex), the likely homologue of the F C
lesion tha t le d to equa l deficit s i n remote an d
recent memor y in rat s (Winocu r &  Moscov-
itch, 1999) . Activatio n of area 6  is likely asso-
ciated with memory-based respons e selection .
Damage to this region leads to deficits on tests
of CAL in monkeys (Petrides, 1982 ; se e Chap-
ter 3) . an d i n human s (Petride s &  Milner ,
1982; Milne r &  Petrides , 1984 ) an d i s acti -
vated durin g test s o f CA L i n norma l peopl e
(Petrides, 1995 ; se e Chapter 3). In a  series of
studies, Winocur foun d tha t lesions to the F C
that consistentl y destroye d al l or mos t o f th e
premotor are a disrupted performanc e on a va-
riety o f conditiona l learnin g task s (CAL , de -
layed alternation: Winocur, 1991; matching-to -
sample; Winocur , 1992a ) tha t require d
accurate respons e selectio n fro m amon g com-
peting alternatives. Of particular importance is
Winocur an d Eskes ' findin g (1998 , se e Con -
ditional Associative Learning, above) that def-
icits i n CA L are reduce d in rat s wit h F C le -
sions i n th e regio n o f th e premoto r corte x
when respons e selectio n i s not a n overridin g
factor. Similarly , on th e sociall y acquired foo d
preference-test (Winocu r &  Moscovitch ,
1999), remot e an d recen t memor y were im -
paired onl y when th e numbe r o f alternative s
was increased fro m tw o to three. Respons e se-
lection clearl y i s a n importan t facto r i n re -
trieval o f autobiographica l memor y i n whic h
the appropriat e even t an d correspondin g de -
tails mus t be selecte d fro m a  variety of othe r
similar items.

Response selectio n (o r inhibitio n o f alter -
native responses ) als o seems t o pla y a role i n
performing som e implici t test s o f memory ,
such a s stem completion , whose performance
is relate d t o fronta l functio n i n olde r adult s
(Winocur e t al. , 1996) . Th e correlatio n be -
tween test s o f ste m completio n an d fronta l
function ar e foun d onl y when there ar e many
multiple solution s to the stem s (Nyber g et al. ,

1997) and not on tests o f fragment completio n
with only one solution (se e also Gabrieli et al.,
1999). Consisten t wit h thi s interpretatio n i s
some suggestiv e evidenc e tha t th e premoto r
area i s one o f several FC structure s activate d
when normal subjects select primed responses
in test s o f word-stem completio n (e.g. , Buck-
ner e t al. , 1995) .

Areas 9  and 46 (Mid-dorsolatera l Fronta l
Cortex): Monitorin g and Manipulatio n o f
Information Hel d i n Min d (Workin g
Memory)

The mid-dorsolatera l PFC (area s 9  and 46) is
implicated i n test s tha t requir e manipulatio n
of informatio n tha t i s bein g activel y main -
tained suc h a s in anima l an d huma n test s o f
working memory (Petrides , 1995) . Thus, acti -
vation of this region is associated with increas-
ing complexity of operations i n test s o f mem-
ory and problem solving (Christoff &  Gabrieli,
2000; Dunca n &  Owen, 2000; Petrides , 2000 ;
Postle & D'Esposito, 2000; see Chapters 3 and
18). Thi s are a i s als o implicate d i n test s o f
long-term memor y suc h a s fre e recall , i n
which one mus t keep track of responses in or-
der no t t o repea t the m (Stus s e t al. , 1994 ;
Fletcher et. al. , 1998 ; Henso n et al. , 2000). As
might be expected , are a 9 is also activate d o n
tests o f temporal orde r i n humans (Cabeza et
al., 1997) . I t is very likely that manipulation of
information, whic h relie s o n monitorin g an d
maintaining tempora l order , is also crucial fo r
recounting event s tha t hav e a  narrative struc-
ture, suc h a s autobiographica l memories ,
which ma y explai n wh y thi s regio n wa s acti -
vated durin g retrieva l i n ou r neuroimagin g
study.

Work with animal s provides convergin g ev-
idence tha t area s 9  and 46 play a crucial role
in monitorin g informatio n tha t derive s fro m
temporally ordered events . Damage to this re-
gion i n monkey s an d it s homologu e i n rat s
(dorsomedial prefronta l cortex ) reliabl y pro -
duces deficit s o n test s o f workin g memor y
(Becker e t al. , 1980 ; Petrides , 1991 , 2000 ;
Granon &  Poucet , 1995 ) an d self-ordere d
pointing (Petrides , 1989) , as well as on order-
ing ite m an d spatia l informatio n (Kesne r &
Holbrook, 1987) . Al l of these studies hav e or-
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dering an d response-selectio n components ,
but a  stud y by Delatou r an d Gisquet-Verrie r
(2001) showe d tha t lesion s to thi s are a affec t
response selectio n onl y when tasks place high
demands o n orderin g processes. Thes e inves -
tigators compare d rat s with lesion s t o dorso -
medial prefronta l corte x o n tw o respons e al -
ternation tasks—on e i n whic h correc t
behavioral sequencin g require d th e us e o f
temporally ordere d informatio n and a secon d
in which explici t cue s specifie d the correct re-
sponse o n each trial . Bot h task s required th e
selection o f a  correc t respons e bu t th e le -
sioned rat s were impaire d onl y on the former
task wher e respons e selectio n wa s directl y
linked t o temporal patterning .

Ventrolateral Frontal Corte x (Area 47): Cue
Specification and/o r Maintenance at Retrieval
and a t Encodin g

The mid-ventrolatera l FC (are a 47) has been
implicated i n test s o f recognitio n indepen -
dently of the number of items held in memory
or the operations performed on them (Henson
et al. , 2000 ; Fletche r &  Henson , 2001) . A
number o f investigator s hav e propose d tha t
this regio n i s crucia l fo r usin g distinctive re -
trieval cues t o specif y informatio n that need s
to b e recovere d fro m long-ter m memor y
(Wagner, 1999 ; Henso n e t al. , 2000 ; Fletche r
& Henson, 2001), a s in detailed recal l of spe-
cific autobiographica l events, and possibly also
for encodin g informatio n distinctively enoug h
to discriminat e target s fro m simila r lure s
(Brewer et al. , 1998; Wagner et al. , 1998 ; Par-
kin e t al. , 1999) . Thus , poor cue specification,
with a n overrelianc e o n gis t a s see n i n ou r
memory distortio n stud y (Mel o e t al. , 1999) ,
may be responsible fo r the overextended sense
of familiarit y observe d i n som e patients wit h
ventral FC lesions, with lesions on the lef t be -
ing associate d wit h encodin g deficit s (Parki n
et al., 1999) an d lesions o n the right with def -
icits a t retrieva l (Schacte r e t al. , 1996a) . Thi s
disorder may also be linke d t o dysfunctio n in
the ventromedia l area , whic h i s adjacen t t o
area 47 and ofte n difficul t t o isolate function -
ally i n lesio n o r activatio n studie s (se e nex t
section). Sufficientl y poo r cu e specificatio n
also leads to errors o f omission o n tests of re-

call, a  common feature o f fronta l lob e amne -
sias (Moscovitc h &  Melo, 1997). Suc h an im -
pairment, associate d wit h lesion s t o are a 4 7
and th e uncinat e fasciculus , whic h project s
from thi s regio n t o the tempora l lobes , coul d
also accoun t fo r th e los s o f a  sens e o f recol -
lection tha t accompanie s autobiographica l
memory (see Levine e t al. , 1998) . Thi s disor-
der i s opposit e th e on e associate d wit h con -
fabulation i n whic h subject s experienc e a
sense o f recollection that i s virtually indistin -
guishable fo r true an d fals e memorie s an d i s
likely related to damage to ventromedial PF C
(see next section) . Thus , cu e specification i s a
necessary earl y ste p i n accessin g store d
memories.

Consistent wit h th e ide a tha t th e functio n
of are a 47 i s cue specification , monkey s wit h
lesions t o th e ventrolatera l cortex , lik e hu -
mans, have difficult y choosin g betwee n nove l
and familiar items (Petrides, 2000). In rats, the
deficit manifest s itsel f o n test s tha t requir e
flexibility in response to cues that change their
significance withi n th e sam e context . Fo r ex-
ample, i n a  tes t o f alternatio n behavio r con -
ducted in a  cross-maze, rats were abl e t o al -
ternate o n th e basi s o f spatia l locatio n o r o n
the basi s o f thei r ow n prio r response . How -
ever, havin g learned on e rul e fo r alternation ,
lesioned animal s wer e unabl e t o shif t t o an -
other on e i n th e sam e contex t (Ragozzin o et
al., 1999) . This defici t is similar to one Schni -
der e t al. , (2000) proposed to account for con-
fabulation (discusse d in next section) and may
also be associate d with ventromedial lesions.

Ventromedial Fronta l Cortex (Area s 11, 13,
25): Felt-Rightness for Anomoly or Rejectio n

The lesion s mos t commonl y associated wit h
confabulation ar e foun d i n th e ventromedia l
FC an d basa l forebrain , whic h includ e area s
11, 13 , and 2 5 (an d possibly 32 , althoug h it s
role seem s to be associated mor e with conflict
resolution), s o it is puzzling that they were not
activated i n ou r neuroimagin g stud y o n re -
trieval o f recent an d remot e memories . On e
possibile explanatio n i s that the location o f the
areas makes them difficul t t o observe o n neu-
roimaging studies , particularl y thos e studie s
using fMRI . W e shoul d note , however , tha t



202 PRINCIPLES OF FRONTAL LOBE FUNCTION

on PE T scans , th e compariso n sentence -
completion task may also activate th e sam e or
adjacent regions of FC (se e Elliot et al. , 2000),
thus eve n i f this regio n coul d hav e been im -
aged on fMRI, n o difference would have been
detected betwee n th e memor y and baseline ,
sentence-completion task . W e wil l retur n t o
this point shortly .

In a  PE T study , Schnide r an d colleague s
(2000) showe d tha t th e ventromedia l F C i s
crucial fo r tempora l segregation (se e also Pri-
bram &  Tubbs, 1967 ; Schacter , 1987) , s o that
currently relevan t memorie s can be differen -
tiated from memorie s that may have been rel -
evant onc e but ar e n o longer . Tempora l con -
fusion, however , may not be the primary cause
of confabulation but secondar y to some other
aspect o f strategi c retrieva l mediate d b y
the ventromedia l F C (se e Moscovitc h 1989 ,
1995).

The hypothesi s w e favou r i s derive d fro m
studies o n the effect s of ventromedial F C le -
sions o n emotion , ris k taking , an d socia l
awareness an d interactio n (Bechar a e t al. ,
2000a, 2000b) . Patients with ventromedial F C
lesions have difficult y takin g into accoun t th e
emotional and social consequences o f their ac-
tions s o that the y ca n plan  appropriatel y an d
maximize their reward s i n the lon g run. The y
are describe d a s bein g "cognitivel y [bu t no t
motorically] impulsive, " a s no t bein g abl e t o
appreciate th e "felt-rightness,"  o f a  respons e
in relation t o the goal s of a task, regardless of
whether th e domai n i s socia l (Bechar a et al. ,
2000a, 2000b) o r cognitive (Elliot et al., 2000).

From the point of view of memory retrieval,
felt-rightness i s a n intuitive , rapi d endorse -
ment or rejection o f recovered memories with
respect to the goals of the memory task. "Cog-
nitive impulsivity " i n th e memor y domain ,
manifested a s the absenc e o f a mechanism for
felt-rightness, lead s to the hasty acceptance of
any strong, recovere d memor y as appropriat e
to th e goal s o f the memor y task , even i f it i s
not. Th e extensive , direc t connection s o f th e
ventromedial PFC to the hippocampus, amyg-
dala, an d adjacen t structure s i n th e media l
temporal lobes , an d t o th e tempora l pole ,
make i t ideall y situate d t o pla y a  prominen t
role i n the first , postecphori c stage s o f mem-
ory retrieva l fro m th e MTL . Bot h elements ,

the conten t o f th e memor y an d th e overal l
context i n whic h it i s made , ar e crucial . This
early, rapi d (intuitive ) decisio n t o rejec t a n
item a s incorrec t i s necessaril y a  firs t stag e
of retrieva l tha t likel y precede s th e mor e
thorough, cognitiv e chec k o n th e memory' s
plausibility, whic h occur s unde r condition s
of uncertaint y o r whe n th e initia l respons e
is incompatibl e wit h othe r knowledg e o r
memories.

This hypothesis receives some support fro m
a PET  stud y (Moro z 1999 ) on  memor y for
words code d in relatio n t o onesel f an d in re -
lation t o anothe r person . I n thi s study , an in-
vestigator migh t ask , for example , "Doe s th e
word modest apply to you" (self)? "Does it ap-
ply to the curren t Prim e Ministe r of Canada"
(other)? Moroz (1999), working with us, found
that different region s of the FC were activated
depending o n whether a  target item elicited a
"remember" o r a "know" response at retrieval,
regardless of whether i t was related to the sel f
or to another (Craik et al., 1999). "Remember "
responses ar e associate d wit h a  contextuall y
rich memor y fo r a n item , a n indicatio n tha t
the perso n re-experience d th e even t a t re -
trieval. A  "know " respons e indicate s onl y fa-
miliarity tha t th e even t occurred . Typically ,
"remember" response s ar e much faster and of
higher confidenc e tha n "know " responses ,
which ar e mor e tentative, a s they were in our
study. "Remember " responses were positively
correlated wit h activation in a  neural network
that include d th e anterio r cingulate , which is
part o f th e ventromedia l PFC , an d relate d
limbic structures . "Know " responses , o n th e
other hand , bein g les s certai n an d requirin g
more monitoring , wer e correlate d wit h acti -
vation i n th e mid-dorsolatera l PF C [lef t
(Brodmann's are a 6/9/46 ) >  righ t (Brod -
mann's are a 9 , 47)] . Simila r results were re -
ported b y Henso n e t a l (1999) i n thei r stud y
on rememberin g and knowing.

Area 1 0 (Anterior Prefrontal Cortex) : Felt-
Rightness for Acceptance o r Endorsemen t

This region i s also often implicate d during re-
trieval o f episodi c memory , bu t it s functio n
has ye t t o b e determine d wit h an y great de -
gree of confidence. Some investigators equat e
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activation of area 10 on the righ t with retrieval
mode (LePag e e t al. , 1998 ) o r with recover y
of episodic memories (Tulving et al. , 1994) . In
a recent revie w of the literature, Henso n et al.
(2000; Fletche r &  Henson , 2001 ) suggeste d
that area 10 is activated during successful (cor-
rect) retrieval of episodic (Henson et al. , 2000;
Fletcher & Henson, 2001) o r semantic (Rugg
et al. , 1998 ) information . If their conjectur e is
correct, are a 1 0 may work in concert with th e
ventromedial PF C t o se t context-dependent
criteria of felt-rightness fo r correct acceptanc e
(area 10 ) o r rejectio n (ventromedial ) o f re -
trieved information, be it episodic or semantic.
That are a 1 0 may be activate d equall y by re -
trieval of episodic an d semanti c memory may
also explai n why we di d no t observ e greate r
activation i n thi s are a durin g retrieva l o f au -
tobiographical memorie s than during retrieval
of semanti c memorie s i n th e baseline ,
sentence-completion task .

There i s no deart h o f alternative proposals
for th e functio n o f area 10. Fletcher and Hen-
son (2001) have proposed that area 10 may act
as a superordinate supervisor y system needed
to maintai n comple x plans i n min d fo r coor -
dinating retrieval operations handle d b y other
regions such as the ventrolatera l F C an d dor-
solateral FC . Tha t ma y account fo r evidenc e
that activatio n o f this regio n i s task-sensitive.
Our ow n proposal o f context dependent crite-
rion setting would provide an equally plausible
explanation of these effects . Ye t another alter -
native i s Christof f an d Gabrieli' s (2000 ) sug-
gestion tha t thi s regio n i s concerne d wit h
monitoring o f self-generated , a s oppose d t o
externally generated, information , which is the
province o f th e dorsolatera l FC . Th e latte r
proposal seem s a t varianc e wit h evidenc e o f
dorsolateral F C involvemen t on tests o f mon-
itoring such as free recal l and random number
generation, al l of which involve self-generated
information. A  final possibility is that thi s re -
gion implicate d th e "sens e o f self," which is a
crucial component  o f episodic (autobiograph -
ical) memor y that underlie s th e abilit y to re -
experience th e pas t (Craik et al. , 1999; Levin e
et al. , 1998 ; Moroz , 1999 ; Mosocovitch , 2000 ;
Wheeler e t al. , 1997) . Al l of these proposals,
have som e merit , an d althoug h all , includin g
ours, ar e frankl y speculativ e a t thi s stag e o f

investigation, they are usefu l i n that they pro-
vide clear hypotheses that can be tested in fu-
ture studies .

SEQUENCE OF INTERACTION AMONG
COMPONENTS

As yet , we kno w little abou t th e sequenc e o f
interaction amon g the variou s region s o f th e
FC a t encoding an d retrieval . B y considering
the function s w e hav e assigne d t o thes e
regions i n th e previou s section , i t i s possible
to derive som e suggestions about the process-
ing sequence a t retrieva l (se e Fig. 12-6) .

Retrieval is initiated with the establishmen t
of a retrieval mode, which includes setting the
goals of the task and initiating a  retrieval strat-
egy if external or internal cue s cannot elici t a
memory directly . Assumin g that th e functio n
of the dorsolatera l PF C i s manipulation of in-
formation i n working memory, then i t is more
suited tha n an y of the othe r area s t o coordi -
nate thes e strategi c activitie s an d t o monito r
their outcome . I n anima l models, this process
would involv e learning th e goal s o f th e tas k
and coordinatin g th e activitie s necessar y t o
achieve them.

Once th e retrieva l strateg y is in plac e an d
initiated, th e ventrolatera l PF C i s recruited .
As noted earlier , it s rol e i s to specif y an d de -
scribe th e cue s neede d t o gai n acces s t o th e
MTL an d maintai n th e informatio n until th e
memory i s recovered . Th e involvemen t o f
the ventrolateral PFC in this process begins at
encoding an d i s reiterated at retrieval , wher e
cue distinctivenes s i s a  crucia l facto r i n per-
formance (Moscovitc h &  Craik , 1976) . Thi s
cue informatio n i s transmitte d t o th e MT L
where i t interact s wit h a  cod e o r inde x tha t
elicits a  (consciousl y apprehended ) memor y
trace. I f th e cu e i s not specifi c or distinctiv e
enough t o interac t wit h th e MT L cod e an d
activate a  memor y trace , th e proces s i s re -
peated unti l a n adequat e cu e i s found and a
memory i s recovered , o r th e proces s i s
terminated.

It is also possible that a cue can activate the
MTL directly, rather than via the ventrolatera l
PFC, i f the cu e i s highly specifi c an d strongly
related t o the informatio n represented i n the
MTL code. I n our component process model,
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Figure 12-6. Flo w diagram for
interactions amon g medial tem -
poral corte x and region s of
frontal corte x during retrieval
of episodic memories . DLPFC ,
dorsolateral prefrontal cortex;
VLPFC, ventrolatera l prefronta l
cortex; VMPFC, ventromedial
prefrontal cortex . The DLPF C
is represented twic e in the dia -
gram to indicate it s involve-
ment i n different processes at
different point s in th e
sequence.

we refe r t o thi s direc t proces s a s associative-
cue dependent  (Moscovitch , 1992 ; Moscovitc h
& Winocur, 1992a , 1992b) .

Once a  memory is recovered, th e informa -
tion i t represent s i s delivere d t o th e ventro -
medial PFC . Althoug h i t i s difficul t t o dis -
tinguish betwee n th e contributio n o f th e
ventrolateral an d ventromedia l region s t o
memory i n lesio n an d neuroimagin g studies,
we have assigned differen t function s t o them.
Based o n informatio n about th e goal s o f th e
task fro m dorsolatera l PF C an d abou t cue s
from ventrolatera l PF C (an d possibly contex t
from Are a 10) , th e ventromedia l corte x auto -
matically an d immediatel y signal s whethe r
recovered memor y trace s satisf y thos e goal s
and ar e consisten t wit h th e cue s i n tha t
particular context . It signal s the felt-rightnes s
of the recovere d memor y rather tha n the re -
sults o f a  considere d evaluation . Becaus e
damage t o ventromedial corte x lead s t o indis-
criminate acceptanc e of recovered memories ,
its likel y rol e i s inhibitor y i n settin g criteri a
(rejection).

In case s o f uncertainty, the settin g criteri a
may als o implicat e are a 10 , where i t play s a
reciprocal rol e o f signaling acceptance o r en -
dorsement (excitatory ) rathe r tha n rejectio n

(inhibitory) befor e th e recovere d memor y is
subjected to further processing. I n those latter
circumstances, th e dorsolatera l PF C i s re -
cruited t o engag e strategi c verification  pro -
cesses, tha t would involve a host of regions in
the FC, including the ventrolateral region , and
posterior neocortex. These region s would then
supply relevan t informatio n abou t th e recov -
ered memory , such a s it s perceptua l charac -
teristics (Johnso n et al. , 1996 ; Schacte r e t al. ,
1996b) and its compatibility with other knowl-
edge abou t th e even t i n question , tha t woul d
influence th e decisio n t o accep t o r rejec t th e
recovered memory.

Response selection , mediate d b y are a 6
(premotor moto r cortex ) i s a  crucia l elemen t
in the retrieva l process , althoug h it is difficul t
to know where t o place i t in the sequence . I t
can either operat e earl y in the process to help
select amon g alternativ e strategie s o r cue s
with which to probe memory, or later to select
among possibl e response s t o memorie s tha t
were recovered , o r both . I f th e require d in -
formation i s no t recovere d o r accepted , th e
retrieval processing sequence may be repeate d
or the searc h terminated .

We have focused on retrieval , bu t som e of
the sam e regions likely also operate a t encod -
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ing. In particular, area s 9 and 46 (DLPFC) are
implicated a t encoding to direct attentio n an d
establish encoding strategies (area 46) that will
make th e targe t distinctiv e (are a 47 , ventro -
lateral), thereb y influencin g its store d repre -
sentation i n MT L and , ultimately , makin g it
more easil y retrievabl e vi a specifi c cue s lai d
down a t encoding .

CONCLUSION

When w e firs t propose d ou r WW M model ,
our goa l was to provid e a  framework for dis -
tinguishing media l temporal fro m fronta l con-
tributions t o memor y (Moscovitch , 1989 ,
1992; Moscovitc h &  Winocur, 1992a , 1992b ;
Winocur, 1992b) . I n particular , w e wished t o
place studie s o n memor y in th e contex t o f a
more general framewor k of modules and cen-
tral system s (Moscovitc h &  Umilta , 1990 ,
1991). I n reviewing the literatur e a t the time ,
we noted that ther e wa s ample evidenc e tha t
the F C wa s crucial for performance on some
tests of long-term, episodic memory , but with
one o r tw o exception s (Shallice , 1988 ; Petri -
des, 1989) , ther e wa s n o theoretica l frame -
work that integrated those observations . Mos t
of the focu s i n memor y research wa s stil l o n
the medial temporal lobes. On the basis of our
review, we proposed tha t the media l tempora l
lobes ar e "stupid " module s tha t obligatorily ,
and relativel y automatically , encod e an d re -
trieve informatio n tha t i s consciousl y appre -
hended, wherea s the fronta l lobes ac t a s "in-
telligent" centra l syste m structures tha t wor k
with memory delivered t o the media l tempo -
ral lobe s o r recovere d fro m it . W e propose d
that a s centra l syste m structures , th e fronta l
lobes ar e neede d fo r strategi c aspect s o f en -
coding and retrieval. These include organizing
input a t encoding an d initiating an d directin g
search a t retrieval , a s well a s monitoring an d
verifying the memories to see that they fit with
the goal s o f the tas k and t o plac e th e recov -
ered memorie s in their prope r temporal-spa -
tial context. At the time of that initial proposal ,
there wa s littl e evidenc e t o assig n eac h o f
these strategi c operation s t o differen t region s
of the FC , an d we though t w e ha d gon e fa r
enough in distinguishing between the strategi c

function o f the FC and the modula r functions
of the media l tempora l lobes . Th e decad e o f
research since our proposal has generally sup-
ported ou r ide a tha t th e fronta l lobe s ar e
WWM structures and we have extended i t by
attempting t o identif y the region s i n the F C
that mediat e th e differen t component s o f
WWM. Althoug h a  consensu s ha s ye t t o b e
reached abou t wha t th e variou s component s
are and where they are localized, there i s suf-
ficient evidence to formulate, as we did in the
previous section , hypothese s abou t th e func -
tion of different region s of the FC , in general,
and mor e particularly , abou t thei r rol e i n
memory encodin g an d retrieval . Recognizin g
that som e of the hypothese s are mor e specu-
lative tha n others , an d tha t furthe r wor k i s
necessary, particularl y wit h respec t t o devel -
oping animal models, we offer a n updated ver-
sion of the WW M model , based o n these hy-
potheses. Lik e th e previou s version, the ne w
version i s a  component process mode l that i s
concerned a s muc h wit h th e interactio n
among th e component s a s i t i s wit h assign -
ment, and localization, of function. We believe
the mode l helps integrat e the findings we re-
viewed an d provide s a  framewor k fo r futur e
research.
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NOTES

1. Give n the specificit y of connections fro m othe r struc-
tures to the FC, there ma y well be some domain spec-
ificity at a very local level within each region of the F C
(see Moscovitch & Umilta, 1990, p 21; Miller, 2000; Pe-
trides, 2000).

2. Th e multipl e trace theory (MTT ) argue s against the
traditional view that, as memories become consolidated,
the role of the hippocampal complex in memory reten-
tion and retrieval diminishes with time whereas that of
the neocortex increases. According to the MTT and the
results we obtained, the hippocampal complex is impli-
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cated regardles s o f the ag e of the memory . However ,
supported b y evidenc e suc h a s tha t obtaine d i n th e
food-preference stud y (se e Recen t and Remot e Mem -
ory, above) , proponents of the traditiona l view have of-
fered alternativ e interpretations . Indeed , th e questio n
as to whether the hippocampa l complex i s needed for
retention and recovery of remote memories i s currently
under intensiv e debat e in both the huma n an d anima l
literature (Moscovitc h &  Nadel , 1998 , 1999 ; Rosen -
baum e t al, 2001).
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Memory Retrieval and Executive Control
Processes

ARTHUR P. SHIMAMURA

When was the las t time you went to the mov-
ies? Wha t movi e di d yo u see ? Wher e wer e
you? Wh o wen t wit h you ? Unles s you hav e
seen a  movi e ver y recently , th e answer s t o
these question s requir e a  strategi c searc h
through you r memory . Suc h searche s plac e
significant demands on executive control—that
is, the ability to select, manipulate, and updat e
retrieved memories . Fo r example , yo u ma y
have generate d severa l movie s tha t wer e re -
cently seen an d then update d th e information
to determine whic h one was the mos t recent .
When you retrieved wha t you thought was the
most recen t movie , furthe r monitorin g an d
control wa s necessar y t o retriev e answer s t o
the othe r questions , suc h a s when an d wher e
you saw the movie . In this example, your abil-
ity t o retriev e memor y embedde d withi n a
spatial-temporal context was tapped.

Executive contro l i s particularl y require d
when retrieva l depend s o n recollecting mem-
ories withi n a  specifi c context . Th e contex t
may be episodi c in nature , a s in the exampl e
above, o r th e contex t ma y be semantic , as in
answering an essay question (e.g. , describe th e
role of executive contro l i n memory retrieval) .
Findings fro m cognitiv e neuroscience sugges t
that th e prefronta l corte x contribute s signifi -
cantly to memory retrieval. Fo r example, neu-
ropsychological studies show that patients with

frontal lob e lesion s exhibi t significan t deficits
in retrieving bot h semantic and episodic mem-
ory. Functiona l neuroimagin g finding s (i.e. ,
positron emissio n tomograph y [PET ] an d
functional magneti c resonanc e imagin g
[fMRI]) have corroborated an d extended find-
ings from patient s wit h frontal lobe lesions. In
particular, neuroimagin g studie s hav e locate d
specific region s withi n th e prefronta l corte x
that appea r t o mediat e differen t aspect s o f
retrieval.

Theories hav e been developed to character -
ize the role of the prefrontal cortex in memory
and cognition . Indeed , thi s volume i s a testa -
ment to the variet y of views on, and empirical
approaches toward , the analysi s of frontal lob e
function. Wit h respec t t o memor y retrieval ,
theorists hav e draw n attentio n t o th e impor -
tance of the prefrontal cortex in accessing, up-
dating, an d monitorin g retrieve d information.
There i s some genera l agreemen t concerning
the importanc e o f the prefronta l cortex in ex-
ecutive contro l processe s associate d wit h
working memory. Baddeley's seminal descrip-
tion o f th e "dysexecutive " syndrom e charac -
terizes wel l th e cognitiv e disorde r associate d
with fronta l lob e damag e (Baddeley , 1986) .
Moscovitch described th e rol e of the prefron-
tal cortex as "working with memory " and em -
phasized the importance of the prefrontal cor-
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tex in strategic memory searches (Moscovitch ,
1992). Finally , neuroimagin g result s have im-
plicated aspect s o f executive control , suc h as
memory maintenance , updating , an d manip -
ulation, in the servic e of memory retrieval (i n
particular, see Chapter s 3 , 11 , 15, and 17) .

EXECUTIVE CONTROL AND DYNAMIC
FILTERING THEORY

Shimamura (2000 ) develope d a  theoretica l
framework calle d dynamic filtering theory. By
this view , the prefronta l corte x monitor s an d
controls informatio n processing by a  filtering
or gatin g mechanism . Fou r aspect s o f execu-
tive contro l ca n be characterize d i n terms of
dynamic filterin g o f information processing—
selecting, maintaining , updating , an d rerout -
ing. Selecting  refer s t o the abilit y to focu s at -
tention on perceptual features or on activate d
memory representations . Maintaining  refer s
to th e abilit y t o kee p activ e an y selected in -
formation. Short-ter m memor y tasks, suc h as
the digi t spa n task, assess the abilit y to main-
tain informatio n in workin g memory. Updat-
ing refer s t o processes involved in modulating
and rearrangin g activit y i n workin g memory.
For example , i n a  backwar d digi t spa n task ,
subjects repor t th e strin g of digits backwards,
from th e last one presented t o the first. In this
case, subject s mus t rearrang e o r updat e th e
order o f digits i n working memory before re -
sponding. Rerouting  refer s t o th e abilit y t o
switch from on e cognitive process or respons e
set to another. Tasks that require rerouting in-
volve a n entir e shif t fro m on e stimulus-re -
sponse path to another. Set shifting tasks, such
as th e Wisconsi n Car d Sortin g Tes t (Milner ,
1964), tap rerouting of information processing .

The dynami c filtering theory suggest s tha t
these fou r aspect s o f executive control ca n be
described i n term s o f th e interpla y betwee n
regions withi n th e prefronta l corte x an d
regions i n th e posterio r cortex . This dynamic
interplay involve s feedforwar d an d feedbac k
activations betwee n prefronta l an d posterio r
regions. I n cognitive terms , prefrontal region s
monitor posterio r activit y an d the n contro l
these activation s by recurrent circuit s back to
posterior regions . Thes e feedbac k circuit s ac t

to selec t and maintain certai n activation s and
filter (i.e. , inhibit ) others . B y this view , pos -
terior cortical activation s a t any given moment
consist of a cacophony of neural signals in re -
sponse t o sensor y informatio n an d memor y
activations. The prefronta l cortex orchestrates
these signal s by maintaining certain activation s
and inhibitin g others . A s such, the prefronta l
cortex refine s cortica l activit y b y increasin g
signal-to-noise ratios .

Shimamura (2000 ) propose d tha t th e fou r
aspects o f executive contro l ca n be construe d
in terms o f different filterin g properties , suc h
as engaging a filter (selecting), keeping a  filter
active (maintaining) , or switching between fil-
ters (updating or rerouting). These aspects are
arranged by level of complexity, from the most
rudimentary, selecting , t o th e mos t demand -
ing, rerouting . Th e dynami c filterin g theor y
was initially proposed to account for deficits in
patients wit h frontal lobe lesions (Shimamura,
1995, 1996) . A  recent extensio n of thi s vie w
(Shimamura, 2000 ) draw s heavil y o n func -
tional neuroimagin g findings and conceptuali -
zations develope d b y others , suc h as those o f
D'Esposito e t al . (1998) , Knigh t et al . (1999) ,
Shallice an d Burges s (1998), Petride s (1998) ,
and Smit h and Jonides (1999) .

It i s presumed tha t th e fou r aspect s o f ex-
ecutive contro l ar e essentia l fo r successfu l
memory retrieval. That is , when asked to rec-
ollect information , suc h a s rememberin g th e
last movi e yo u saw , memory representation s
must b e selected , maintained , an d updated .
To th e exten t tha t som e memor y activation s
become irrelevant (e.g., determining that a re-
trieved movi e was not th e las t on e seen) , ac-
tivations must be inhibited an d processing re-
routed. Thus, strategic memory searches plac e
significant demand s o n executiv e control . I f
relevant informatio n canno t b e selecte d an d
maintained o r if irrelevant informatio n cannot
be inhibited , memor y retrieva l wil l b e
hampered.

The followin g section s revie w neuropsy -
chological findings fro m patient s wit h fronta l
lobe lesions. These patients incurred unilateral
damage o f the fronta l lobe tha t centere d o n
the dorsolatera l prefronta l cortex . Finding s
from thes e patient s sugges t problem s i n as -
pects o f executive contro l as the sourc e of im-
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pairment in memory retrieval (se e also Chap -
ter 34) . In a  variety of test paradigms, such as
retrieval o f semanti c knowledge , retrieva l o f
public events , word list recall , and source rec -
ollection, patients wit h frontal lobe lesions ex-
hibit significan t impairment. I n thes e tasks , a
strategic searc h o f memory is critical.

RETRIEVING SEMANTIC KNOWLEDGE

Semantic knowledge  refer s t o one' s expans e
database o f factua l information . Suc h infor -
mation i s generall y viewed a s well-integrate d
knowledge structure s accesse d b y inter-ite m
associations. Conside r a  semanti c retrieva l
task, such as the verba l fluency task, in which
subjects ar e give n 1  minut e t o retriev e a s
many words as they can that begi n with a  let-
ter (e.g. , F , A, and S ) (Milner , 1964; Bento n
& deHamsher , 1976) . Thi s tas k require s th e
retrieval o f semantic or lexical knowledge an d
can be facilitate d b y cuing inter-ite m associa -
tions. Suc h task s als o requir e th e abilit y t o
monitor previousl y responde d item s an d t o
update retrieve d item s afte r eac h response .
That is , afte r a  successfu l retrieva l ha s bee n
made, subject s mus t kee p i n min d prio r re -
sponses so that they will not be repeated. Fail -
ure t o updat e thi s se t wil l lead t o repetitio n
errors (i.e. , perseverations) .

Patients with frontal lobe lesions exhibit sig-
nificant impairmen t o n fluenc y tasks (Milner ,
1964; Bento n &  deHamsher , 1976 ; Jones -
Gottman &  Milner , 1977 ; Bald o &  Shima -
mura, 1998) . I n on e stud y (Bald o &  Shima-
mura, 1998) , verba l fluency was assessed using
letters ("F, " "A," "S") and semanti c categories
as cue s ("animals, " "occupations," "fruits") . I n
both cases , retrieva l wa s impaired i n patient s
with frontal lobe lesions (se e Fig. 13-1) . As in
many studies o f verbal fluency, a concomitant
of impaire d retrieva l i n patient s wit h fronta l
lobe lesion s i s a n inordinat e numbe r o f re -
sponse repetition s or perseverations. This fail -
ure to inhibit o r gate prior responses contrib -
utes t o a  proble m i n updatin g informatio n
during retrieval . Impaire d retrieva l an d per -
serverative response s ca n als o be observe d i n
studies usin g nonverba l materia l a s wel l
(Jones-Gottman &  Milner, 1997 ; Bald o et al. ,

Figure 13-1 . Performanc e b y contro l subject s an d pa -
tients with fronta l lobe lesion s o n tests of verbal fluency.
On these tests , subject s were given 1  minute to retrieve
as many items as possible usin g either lette r cues , such as
"S," "F,"  an d "A " (top  graph ) o r categor y cues , suc h a s
"animals," "occupations," an d "fruits." Patients with frontal
lobe lesion s exhibite d significan t impairmen t i n th e re -
trieval o f such well-learned semanti c knowledge. (Source:
Data fro m Bald o & Shimamura, 1998)

2001). Moreover , neuroimagin g studie s hav e
shown increase d activatio n i n prefronta l
regions during the generatio n an d retrieva l of
semantic knowledg e (Frit h e t al. , 1991 ; Ga -
brieli e t al. , 1996 ; Thompson-Schil l e t al. ,
1998).

To th e exten t tha t prefronta l corte x i s in -
volved i n controlling  retrieval, i t i s necessar y
to substantiat e tha t semanti c informatio n was
initially encoded an d store d i n a  normal fash -
ion. Tha t is , poor encodin g o r degradatio n o f
semantic representation s ca n also lead t o im-
pairment o n memor y tests . I t i s particularl y
important t o addres s th e statu s o f encodin g
and memor y storag e i n patient s wit h fronta l
lobe lesions , becaus e i t i s wel l documente d
that such patients d o exhibit problems in some
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aspects o f learning and organizing information
at th e tim e of encoding Hirs t & Volpe, 1988 ;
Gershberg &  Shimamura, 1995 ; Bald o & Shi-
mamura, 2000). To substantiate a retrieval def-
icit, a s opposed t o a n encodin g deficit , Man-
gels et al . (1996) administere d tests of remote
public knowledge , such as memory for public
events o r memor y fo r famou s faces . Thes e
tests have been use d previously to asses s ret-
rograde amnesi a in patients with severe mem-
ory disorder s (Alber t e t al. , 1979 ; Squire , e t
al., 1989) .

For th e publi c event s tests , tes t question s
assessed knowledg e abou t specifi c incidence s
(e.g., "Wh o sho t Joh n Lennon? " [answer :
"Chapman"]). Both recall and four-alternative,
forced-choice recognitio n test s wer e adminis -
tered. Fo r th e famou s face s test , photographs
of publi c figure s (e.g. , Anwa r Sadat , Mery l
Strepp) were shown, and subject s were asked
to name the individual. If the name could not
be retrieved , semanti c an d phonemi c cue s
were provide d (e.g. , "Thi s movi e actres s
starred i n Sophie's  Choice;  he r initial s ar e
M.S."). Bot h th e publi c event s an d famou s
faces test s assesse d ver y remot e knowledg e
(from a s early as the 1940s) , an d exposur e to
these event s an d people occurred wel l before
the onse t o f neurologica l damage (whic h oc-
curred during the lat e 1980 s o r early 1990s in
the patients) . Thus , i t ca n be presume d tha t
deficits i n performanc e o n thes e test s ar e

likely due to problems in retrieval rather tha n
encoding.

Patients wit h prefronta l lesion s exhibite d
impairment on free recal l measures of remote
public event s an d famou s faces . Fre e recal l
impairment wa s significan t an d comparabl e
across all decades tested. On the famou s face s
test, cue d recal l wa s also impaired (se e Fig .
13-2). Recognition memory, however, was not
reliably impaired . Th e disproportionat e im -
pairment o n test s o f recal l compare d to rec -
ognition memor y tests suggest s tha t th e pre -
frontal corte x is involved in searching through
semantic memory. That is, selecting, updating ,
and rerouting pla y a significant role in strate -
gic retrieva l o f information , suc h a s recalling
the name of a famous individual. Such retriev-
als require searching through semantic knowl-
edge, accessin g relevant information , and dis-
regarding irrelevan t information . Ite m
familiarity, a s measure d b y recognitio n tests ,
does no t requir e suc h a  detaile d searc h o f
memory. Recognitio n memor y can b e mor e
easily based on familiarity judgments—that is,
on recognitio n test s i t i s simply necessary to
determine whic h choic e seem s mor e closel y
associated (i.e. , familiar ) wit h th e questio n
(e.g., "Wh o killed Joh n Lennon : Mar k Chap-
man o r David Roth?").

Sylvester an d Shimamur a (i n press ) use d
another techniqu e t o address the statu s of se-
mantic knowledge in patients with frontal lobe

Figure 13-2 . Contro l subject s an d patients with fronta l
lobe lesions were given tests of remote memory. Subjects
were presented photographs of individual s who became
famous durin g various time period s betwee n 194 0 an d

1995. Fre e and cued recall performance was significantly
impaired in patients with prefrontal lesions, whereas rec-
ognition memor y wa s les s affected . (Source:  Dat a fro m
Mangels et al. , 1996 )



214 PRINCIPLES OF FRONTAL LOBE FUNCTION

lesions. In that study, semantic relationships o f
animals were assessed . Multidimensional scal-
ing techniques were applied a s a way to assess
semantic knowledge o f animals. Subjects were
presented al l possibl e triplet s o f 1 2 anima l
names (e.g. , "giraffe, " "dog," "cat" ) an d wer e
asked t o determin e o n eac h tria l whic h tw o
animals wer e mos t similar . O n th e basi s o f
these similarity judgments, a map of "semantic
space" coul d b e constructed . Suc h maps have
been use d t o describ e th e degre e t o whic h
items ar e related t o each other . Fo r example,
during th e experiment , "dog " an d "cat " wer e
presented i n 10 different triplets . I f "dog" an d
"cat" were alway s judged t o be th e mos t sim-
ilar pai r i n a  triplet , the n thes e tw o animals
would be represented ver y close to each othe r
in semanti c space. To obtain the similarit y re-
lationships amon g the entire set of 12 animals,
multidimensional scalin g technique s wer e
applied.

Previous studie s usin g multidimensiona l
scaling methods have shown that patients with
mild t o moderat e Alzheimer' s disease exhibi t
abnormal semanti c representation s (Cha n e t
al., 1993). Such findings suggest that posterio r
cortical atroph y ca n significantl y disrup t se -
mantic knowledge . Usin g th e sam e metho d
employed t o demonstrat e impaire d semanti c

representations i n patient s wit h Alzheimer' s
disease, Sylveste r an d Shimamur a (i n press )
found n o impairment of semantic space in pa-
tients wit h fronta l lob e lesions ; bot h patient s
and control subject s produced nearl y identical
similarity relationships. Figure 13- 3 display s a
two-dimensional representatio n o f similarit y
judgments. Th e semanti c relations suggeste d
that both groups categorized animal s in terms
of physica l an d conceptua l dimensions , suc h
as siz e and domesticity . Importantly , the cat -
egory use d t o demonstrat e intac t semanti c
knowledge (i.e. , animals ) wa s th e sam e on e
used t o demonstrat e impaire d semanti c re -
trieval o n fluenc y test s (Bald o &  Shimamura,
1998).

In summary , retrieval o f item s fro m well -
learned semanti c categorie s an d retrieva l o f
very remote publi c event s ar e impaired i n pa-
tients wit h fronta l lob e lesions . In thes e stud -
ies, recal l performanc e i s disproportionatel y
impaired compare d t o recognitio n memory .
Moreover, th e abilit y t o mak e semantic simi-
larity judgments, as measured by semantic re-
lationships usin g multidimensiona l scalin g
methods, suggest s tha t patient s wit h fronta l
lobe lesion s perform well when the demands
of retrieva l searc h ar e minimized . I t i s sug -
gested tha t th e selecting , maintaining , updat-

Figure 13-3 . Two-dimensiona l representation o f seman-
tic space using similarity judgments and multidimensiona l
scaling methods . Contro l subject s (circles ) an d patient s
with fronta l lob e lesions (squares) were presented al l pos-
sible triplet s o f 1 2 animal names and aske d to determin e
which tw o were mor e similar . Control s an d fronta l pa -

tients exhibite d ver y simila r semanti c representatio n o f
animals. Not e tha t thes e finding s sugges t tha t patient s
with fronta l lob e lesion s exhibi t intac t representatio n fo r
semantic knowledge, despite impairmen t in the abilit y to
retrieve such information o n verbal fluency tasks. (Source:
Data fro m Sylveste r & Shimamura, 2001)
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ing, an d rerouting of memory play a significant
role i n searchin g an d retrievin g informatio n
through semanti c memory . The nex t sectio n
suggests tha t thes e sam e executiv e contro l

OO

processes pla y a  prominent rol e i n retrievin g
episodic memory .

EPISODIC MEMORY RETRIEVAL AND
SOURCE RECOLLECTION

Episodic memory  refer s t o autobiographica l
memories tha t ar e embedde d withi n a  tim e
and plac e contex t (se e Tulving, 1983 ; Tulvin g
& LaPage , 2000) . Searching through episodi c
memory ofte n involve s selecting an d filterin g
memories of life events . The openin g exercise
of remembering th e las t time you went to the
movies i s a n exampl e o f retrievin g episodi c
memory. Closel y relate d to episodi c memor y
is the notio n o f source recollection  (se e John-
son, e t al. , 1993) , i n whic h individual s ar e
asked t o recollec t specifi c feature s of an epi -
sode, suc h a s the colo r o f a  stimulu s o r th e
voice o f th e perso n wh o presente d som e
information.

Recent finding s fro m functiona l neuroim -
aging studies sugges t a  prominent rol e o f the
prefrontal cortex in both episodic retrieval and
source recollection . I n man y PET an d fMR I
studies, th e righ t prefronta l cortex is particu-
larly activ e durin g task s tha t involv e th e re -
trieval o f recently presented informatio n (see
Buckner &  Peterson , 1996 ; Henso n e t al. ,
1999). Variou s aspect s o f retrievin g informa -
tion hav e been associate d wit h prefrontal ac-
tivation, suc h as indicating a  successful mem-
ory retrieva l o r settin g a  genera l mod e o f
retrieval (se e Kapu r et al. , 1995 ; Rug g et al. ,
1996; Buckne r e t al. , 1998) . Moreover , neu -
roimaging studie s hav e identifie d thre e dis -
tinct subregion s withi n th e righ t prefronta l
cortex tha t appea r particularl y activ e durin g
memory retrieval . Thes e subregion s includ e
(1) a  ventral region (Brodmann' s area 45/47) ,
(2) a  mid-dorsolatera l regio n (Brodmann' s
area 9/46) , an d (3 ) a  fronta l pola r regio n
(Brodmann's are a 10 ) (se e Henso n e t al. ,
1999).

Neuropsychological studie s hav e als o dem -
onstrated a  prominent rol e o f the prefronta l

cortex in mediatin g som e aspect s o f episodi c
memory. Althoug h patient s wit h fronta l lobe
lesions do not exhibit severe amnesia, they are
impaired o n test s o f free an d cue d recal l fo r
recently presente d materia l (Hirs t &  Volpe ,
1988; Janowsk y et al. , 1989 ; Stus s et al. , 1994 ;
Gershberg &  Shimamura, 1995). As in the re -
trieval o f remot e memories , patient s wit h
frontal lob e lesion s exhibi t a  disproportionat e
impairment o f recall compared t o recognitio n
memory performanc e (Janowsk y e t al. , 198 9
Gershberg &  Shimamura , 1995 ; Wheeler , e t
al., 1995) . Thi s findin g suggest s that patient s
with fronta l lobe lesion s hav e minima l prob -
lems i n makin g familiarity judgments fo r re -
cently presented material. Their recal l impair-
ment during learning appears to be relate d to
poor semanti c organizatio n durin g learnin g
(Hirst &  Volpe , 1988 ; Gershber g &  Shima -
mura, 1995) . Suc h executiv e contro l deficit s
during learnin g o f episodic materia l stand in
contrast to patients wit h severe amnesia , as in
patients wit h media l tempora l lob e damage .
Patients wit h sever e amnesi a exhibi t impair -
ment in the storag e of recently learned infor -
mation, whic h affect s bot h recal l an d recog -
nition memory (see Gershberg & Shimamura,
1998; Squir e &  Knowlton, 2000).

To th e exten t tha t retrieva l deficit s i n pa -
tients with fronta l lobe lesion s ar e attribute d
to problems in executive control, i t should be
possible t o degrad e memor y performanc e by
taxing executive processes. The dynamic filter-
ing theory purport s tha t a  prominent featur e
of executiv e contro l i s th e filterin g o f extra-
neous information processing. Th e occurrenc e
of extraneous or distracting information places
heavy demand s o n updatin g an d rerouting .
Shimamura e t al . (1995 ) demonstrated  in -
creased susceptibilit y t o extraneou s informa-
tion in patients with frontal lobe lesions. Three
study-test learnin g trials of a list of 12 paired-
associates (e.g. , "thief—crime; " "lion—hunter" )
were presented . Memor y was tested by pre -
senting the first word in each pair and asking
subjects t o repor t th e secon d wor d (e.g. ,
"thief-?"). Fo r the initia l list , performance by
patients with fronta l lobe lesion s was not dif -
ferent fro m tha t o f control subjects . Subjects
were then presented a second list in which the
same cu e word s wer e paire d wit h differen t
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target word s (e.g. , "thief-bandit; " "lion-cir -
cus"). On this second set , patients with frontal
lobe lesion s exhibite d significan t impairment
(see Fig . 13-4) . Moreover , the y mad e man y
intrusion errors , using words fro m th e first set
during testing of the second set. Thus, patient s
with fronta l lob e lesion s incurred impairmen t
when memory retrieval required the executiv e
control o f recen t associations , suc h a s updat -
ing recen t association s an d inhibitin g prio r
ones. The importance of the prefrontal corte x
in mitigating interference effect s has also been
demonstrated i n a  similar fMRI stud y (Dolan
& Fletcher, 1997) .

Early neuropsychologica l studie s o f sourc e
recollection implicate d th e importanc e o f the
frontal lobe in this aspect of episodic memor y
(Schacter e t al. , 1984 ; Shimamur a & Squire ,
1987; Janowsk y et al. , 1989b). Tha t is, patients
with fronta l lobe lesions exhibi t particular im-
pairment i n remembering details o f a learning
event, suc h a s wher e an d whe n som e infor -
mation wa s presente d (Janowsk y e t al. ,
1989b). Suc h finding s hav e bee n associate d
with disorder s i n memor y for tempora l orde r
(Shimamura e t al. , 1990 ; Milne r e t al. , 1991 ;
Mangels, 1997) . I n neuroimagin g studies, th e
left prefronta l cortex is particularly active dur-
ing retrieva l o f source informatio n (Nold e e t
al., 1998 ; Rug g et al. , 1999 ; Ranganat h et al. ,
2000).

From findings o f source memory , i t i s rea -

sonable t o sugges t tha t th e fronta l lobe s con -
tribute specificall y t o th e encodin g an d rep -
resentation o f tempora l information . Suc h a
view would be consistent with the general role
of th e prefronta l corte x i n episodi c memory .
That is , a  failur e t o stor e tempora l informa -
tion, suc h a s a  tim e ta g t o stimulu s events ,
would significantl y affec t episodi c memory .
Yet, accordin g t o the dynami c filtering theory,
the prefronta l corte x doe s no t directl y repre -
sent o r stor e an y specifi c for m o f memory ,
such a s a  tempora l ta g o r othe r time-base d
forms o f episodi c memory . Instead , th e pre -
frontal corte x i s presumed t o b e involve d i n
the on-lin e control o f memory activations. Ef-
ficient monitorin g an d contro l facilitat e th e
processing of memory activation s bot h a t th e
time o f encoding an d retrieval .

To th e exten t tha t th e prefronta l corte x i s
involved in the contro l of source information ,
rather tha n i n th e actua l storag e o f suc h in -
formation, i t i s necessary to demonstrat e tha t
source recollection happens t o place particular
demands o n executive control . Tha t is , select -
ing, maintaining , updating , an d reroutin g in -
formation mus t b e particularl y importan t fo r
retrieval o f specifi c detail s o f one's pas t expe -
riences (suc h a s rememberin g th e orde r o f
events o r wh o presente d som e information) .
McAndrews and Milner (1991) addressed thi s
issue b y using a task that facilitate d executive
control i n patient s wit h frontal  lob e lesions .

Figure 13-4 . Contro l subject s an d patient s wit h fronta l
lobe lesion s wer e administere d memor y tests i n whic h
they were presented wor d pairs (e.g. , "lion—hunter") and
then teste d for the second wor d when cued with the first
(e.g., "lion-?"). The two groups performed similarly on the
first list. However , patients performed poorly when given

a secon d set o f word pairs involving the sam e cue words
but differen t respons e words (e.g., "lion-circus"). Findings
suggest tha t th e patient s with fronta l lob e lesion s were
particularly susceptibl e t o interference fro m prio r associ-
ations. (Source:  Dat a fro m Shimamur a et al. , 1995 )
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Subjects wer e presente d object s an d wer e
asked t o perfor m a n actio n wit h eac h on e
(e.g., bounce the ball) . This manipulation was
presumed to increas e sensorimoto r activation
during encoding and thereby increase the dis-
tinctiveness o f stimuli . Memory for tempora l
order was assessed b y presenting pair s o f ob-
jects o n test trial s an d askin g subjects t o de -
termine whic h o f th e tw o wer e presente d
more recently . Performanc e by patients wit h
frontal lob e lesions did not diffe r fro m perfor -
mance by control subjects on tests of temporal
order whe n stud y objects were manipulated .
However, the patients exhibited significant im-
pairment on a control task in which they were
presented th e object s bu t di d not manipulat e
them. Thi s benefi t appeare d to be rathe r se -
lective to patients with frontal lobe lesions be-
cause performanc e by amnesi c patients wit h
temporal lobe lesions was not facilitated by the
manipulation condition . Thes e finding s sug -
gest tha t frontal lobe functio n is more associ -
ated wit h attentional processes tha n with pro-
cesses associate d specificall y with memory for
temporal order .

Executive contro l wa s manipulate d durin g
encoding in a study of source memory (Jurica
& Shimamura , 1999). I n tha t study , th e tas k
involved a  simulate d socia l conversatio n i n
which subjects "conversed " wit h various "peo -
ple" (i.e. , faces on a computer screen) . Durin g
a stud y phase, subject s wer e aske d question s
("Where do you think the mos t scenic spot in
California i s located?" ) o r rea d statement s
("Bicycles ar e a  commo n means o f transpor-
tation these days" ) presented b y one o f three
sources (faces) . Question s wer e use d t o focu s
attention o n th e conceptua l informatio n b y
having subjects generate an answer. The facil -
itation o f memory for items that are generate d
is a well-known phenomenon and is called th e
generation effect.  Juric a an d Shimamur a
(1999) wondered whether a  generation effec t
for ite m information would extend to a  facili -
tation o f source memory.

A rather surprisin g effec t wa s observed. Al-
though topic s presented as questions were re -
membered bette r tha n topic s presente d a s
statements (i.e. , th e standar d generatio n ef -
fect), a  negative  generatio n effec t wa s ob -
served fo r sourc e memory . Whereas subjects

were bette r able to remember th e conten t of
information presente d a s a  question , the y
were les s abl e t o remembe r wh o aske d th e
question. Thus, source memory for items pre-
sented a s question s wa s poore r tha n sourc e
memory fo r item s presente d a s statements .
These findings suggest a tradeoff of attentional
control fo r ite m an d sourc e information ; di -
recting attentional contro l t o item information
reduced encodin g of source information. With
respect t o patient s wit h fronta l lob e lesions ,
such patient s ma y hav e onl y enoug h atten -
tional contro l (i.e. , selecting , maintaining, up-
dating) t o implemen t encoding o f item infor -
mation. This interpretation woul d explain why
such patient s ofte n perfor m wel l o n ite m
memory bu t fai l t o remembe r sourc e
information.

Another stud y suggests that executiv e con-
trol during the tim e of retrieval can also ham-
per sourc e recollectio n (Dodso n &  Shima -
mura, 2000) . Subject s wer e presente d word s
spoken i n on e o f two voices (femal e o r mal e
voice). Typically , subjects ar e teste d b y pre -
senting a word visually (without any voice) and
asking the m t o determin e whethe r th e wor d
had been originall y presented by a male or fe-
male voice . Dodso n an d Shimamur a (2000)
modified this standard paradigm by presenting
test words spoken b y irrelevant voices . Thes e
test voice s ha d bee n use d durin g th e stud y
phase an d either matched o r mismatched th e
original voic e use d t o presen t a  word . Th e
voices a t tes t wer e presente d a s a way to in -
troduce extraneou s information during source
recollection. Fo r this test, efficient sourc e rec-
ollection depende d o n successfu l filterin g o f
the tes t voice. The results demonstrate d a  sig-
nificant impairmen t o f sourc e recollectio n
when a mismatched voice was used to presen t
a tes t item . Interestingly , ite m memory , as
measured b y old/ne w recognitio n perfor -
mance, wa s no t affecte d b y presentin g
matched or mismatched voices during the test
phase.

Taken together , thes e findings suggest tha t
episodic retrieva l an d sourc e recollectio n ar e
associated wit h fronta l lob e function . More -
over, the rol e o f the prefronta l corte x in such
retrieval tasks appears to be related t o on-line
control o f memory activations. That is , extra-
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neous informatio n a t th e tim e o f recollectio n
can significantl y interfer e wit h episodi c re -
trieval an d sourc e recollection . Indeed , suc h
interference effect s appea r mor e significan t
for sourc e recollectio n tha n fo r th e recollec -
tion o f item information . Boosting or support -
ing executiv e contro l ca n improv e sourc e
memory performanc e i n patients wit h fronta l
lobe lesion s (McAndrew s & Milner 1991) . Ac-
cording to  the  dynami c filtering  theory , the
prefrontal corte x facilitate s executiv e contro l
of episodic memories by monitoring and con -
trolling activatio n i n workin g memory . Th e
prefrontal corte x doe s no t house o r represen t
specific knowledg e abou t episodi c memory .
Indeed, episodi c memory , lik e semanti c
knowledge, i s presumed t o be represente d in
widely distribute d network s involvin g man y
regions withi n posterio r cortex .

CONCLUSION

The dynami c filterin g theor y offer s a  usefu l
framework withi n whic h t o conceptualiz e th e
role o f prefronta l corte x i n executiv e control .
With respec t t o memor y retrieval , strategi c
searches o f either semanti c o r episodic mem-
ory place heav y demands o n selecting , main -
taining, updating , an d reroutin g informatio n
processing. I t i s likel y tha t differen t region s
within th e prefronta l corte x ar e associate d
with differen t aspect s o f executiv e control .
That is , reroutin g ma y activate differen t (an d
perhaps more ) prefronta l region s tha n select -
ing or maintaining . I t i s also likely that differ -
ent prefrontal region s contro l different aspect s
of memory . Thus , contro l o f semanti c repre -
sentations will likely involve prefrontal region s
that ar e differen t fro m those  involve d i n con -
trol o f episodi c representations . Currently , i t
is unclea r wha t th e contribution s o f specifi c
prefrontal region s ar e i n th e servic e o f mem-
ory retrieval . Importantly , i t i s likely that pre -
frontal area s involve d i n the contro l o f mem-
ory retrieva l ar e als o involve d i n othe r
cognitive task s tha t plac e heav y demand s o n
aspects o f memor y contro l (proble m solving ,
conceptual analysis) . Clearly, furthe r advance s
in functional neuroimaging will strengthen ou r

understanding o f regiona l specificit y withi n
the prefronta l corte x in the servic e of memory
retrieval an d executiv e control .
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Dorsal Prefronta l Cortex : Maintenance in
Memory or Attentional Selection?

RICHARD E. PASSINGHAM AND JAMES B. ROWE

It ha s lon g bee n know n tha t monkey s wit h
prefrontal lesions are unable to perform a sim-
ple memor y tas k (Jacobsen , 1935) . Al l tha t
they ar e require d t o d o i s t o remembe r th e
location o f a peanut fo r a  few seconds. It was
later demonstrate d tha t th e critica l regio n i s
the principa l sulcu s (Mishkin , 1957) . Mor e
specifically, a  focal lesio n i n the middl e thir d
of thi s sulcu s alon e i s sufficien t t o caus e th e
impairment (Butter s &  Pandya , 1969) . Th e
middle an d anterio r thir d correspon d t o are a
46, whereas the posterio r thir d include s are a
8A, and a  transitional area fo r which Petrides
and Pandya (1995) sugges t th e ter m 9/46.

It was natural t o suppose tha t th e proble m
was tha t th e monkey s coul d no t remembe r
what the y ha d seen . An d this hypothesi s was
strengthened whe n i t wa s discovere d tha t
there wer e cells in sulcus principalis (area 46)
that continue d t o fire during the dela y period
(Fuster &  Alexander , 1971 ; Niki , 1974 ; Ko -
shima & Goldman-Rakic, 1984 ; Funahash i e t
al., 1989) . Thi s vie w wa s formalize d a s th e
working memor y hypothesi s b y Goldman -
Rakic (1987). The suggestion i s that the dorsa l
prefrontal cortex maintains information during
the delay . This hypothesi s ha s bee n o f enor-
mous influence i n the field, and has proved to
be ver y fruitfu l i n generatin g importan t ex -
periments. Studie s usin g functiona l brain im -

aging have been much influenced by the work-
ing memor y hypothesis , an d ther e ar e no w
several functional magnetic resonance imaging
(fMRI) studie s showin g prefronta l activit y
during the dela y on complex working memory
tasks (Cohe n e t al. , 1997 ; Courtne y e t al. ,
1997; Postle et al. , 1999) .

However, there are results tha t are not easy
to explai n throug h thi s view . Fo r example ,
many imagin g studies hav e show n tha t ther e
is activation in the anterio r middl e fronta l gy -
rus (are a 46) when human subjects freely se -
lect amon g movement s (Deibe r e t al. , 1991 ;
Frith e t al. , 1991; Hyde r et al., 1997; Jueptne r
et al. , 1997) . Th e subject s ar e require d t o
make movement s t o pacin g cues , an d t o
choose freel y o n eac h tria l whic h movemen t
to make . One possibilit y is that o n such 'free -
selection' tasks the subjects remember the last
few moves , an d tha t the y var y their curren t
moves accordingly . But rapid rate transcrania l
magnetic stimulatio n (TMS ) over the lef t dor -
sal prefrontal corte x delays freely selected re -
sponses eve n whe n there is no memory load;
whereas stimulatio n ha s n o effec t o n re -
sponses t o externa l stimul i (Hadlan d e t al. ,
2001). This suggests that this area plays a gen-
uine role in selection .

We hav e therefor e directl y compare d th e
effects o f maintenanc e o f item s i n memor y
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and the selectio n o f them. We have used a task
in which th e subject s wer e require d t o main-
tain spatia l cue s durin g a  dela y period , bu t
could neithe r prepar e thei r respons e no r ma-
nipulate th e informatio n i n memor y durin g
the dela y (Row e e t al. , 2000) . I n previou s
studies usin g the N-bac k task, such a s that b y
Cohen e t al . (1997), the subject s could updat e
the lis t o f item s durin g th e delay , rejectin g
items in memory that were no longer relevant .
On our task the subject s were not required t o
do this . We used event-relate d fMR I t o char t
activity, an d decorrelate d activit y durin g th e
delay wit h activit y a t the tim e o f response b y
varying the lengt h o f the delays . This metho d
was introduce d i n a  functional imaging study
by Ton i et al . (1999) .

MAINTAINING SPATIAL LOCATIONS
VERSUS SELECTING BETWEEN

LOCATIONS

The tas k is illustrated i n Figur e 14—1 . Durin g
working memory trials, the subject s saw three

red dots presented briefl y in random locations
(solid circles) . There followe d a variable delay
of 9.5 to 18. 5 seconds , durin g which th e sub -
jects were instructed t o remember exactl y the
location of the dots . In the figure the locations
in memor y ar e indicate d b y dotte d circles ;
these wer e no t actuall y presented t o subjects.
A line then appeare d briefly across the screen ,
running through the location of just one of the
dots. This indicated which of the remembere d
dots was the targe t for response, withou t spec-
ifying th e locatio n directly . Th e lin e was then
replaced b y a  centra l curso r identica l i n ap -
pearance t o the dot s an d th e subject s move d
the curso r t o the remembere d targe t locatio n
using a  joystick . Thi s ende d th e trial . Thus ,
during th e dela y th e subject s maintaine d th e
items in memory, but were not able to prepare
their response . Th e subject s coul d onl y selec t
the appropriat e remembere d locatio n a t th e
end o f th e workin g memor y delay . Overall ,
218/253 (86% ) responses wer e mad e t o th e
correct targe t location .

The visua l an d moto r component s o f th e
control tas k were simila r to thos e o f memory

Figure 14—1 . Schemati c representation of the first spatial
working memory task and control task. For a memory trial,
the subject s saw three red dots presented simultaneously
for 1. 5 seconds o n a screen, in random locations (soli d cir-
cles). There followed a delay of 9.5 to 18.5 seconds (in steps
of 1 seconds, randomly ordered), during which the subjects
remembered the exact location of the dots. A line then ap-
peared fo r 1.5 seconds across the screen, running through
the location of just one of the previous red dots. This indi-
cated which of the remembered dots now became the tar-
get fo r response , without  specifying  th e location  directly.

The line was then replaced b y a central cursor identical in
appearance to the red dots. The subjects moved the cursor
to the remembere d targe t locatio n usin g a joystick. Afte r
the response, th e trial ended and was followed by a rest pe-
riod of 8-12 seconds. For control trials the visual and motor
components o f the tas k were simila r to those of memory
trials, but the stimuli were presented in reverse order such
that ther e wer e n o spatia l cues t o remembe r during the
prolonged delay (nominal "non-memory" period). The tar-
get for the cursor response in the control trials was the lo-
cation of the single red dot, with no intervening delay.
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trials, bu t th e stimul i wer e presente d i n re -
verse order , s o that there were no spatial cues
to remember during the delay . In the analysis
this forme d th e nomina l "non-memory " pe -
riod. The target for the curso r response in the
control trials was the location of the single dot,
with no intervening delay. Statistical paramet-
ric mapping was used to identify brain regions
that were activated by maintenance o f the spa-
tial locatio n i n memory , by the selectio n of a
location fro m memory , or both (P < 0.0 5 cor-
rected for multiple comparisons) .

We wer e abl e t o dissociat e th e region s i n
which th e activatio n wa s associated wit h th e
sustained maintenance of items from thos e i n
which the activatio n was transient and associ-
ated with the selectio n of an item from within
memory. Relativ e t o th e equivalen t non -
memory period s o n contro l trials , mainte -
nance i n working memory on the experimen -
tal trial s wa s associate d wit h bilatera l
activation i n prefronta l are a 8  (Fig . 14-2A )
and the intraparietal cortex, but no t in the an-
terior middle fronta l gyms (area 46). Reducing
the significanc e leve l (0.00 1 uncorrected ) re -
vealed activation s posteriorly i n th e superio r
frontal sulcu s and in the inferio r fronta l gyms.
Figure 14-2 B show s the tim e course of activ-

ity durin g th e workin g memor y trials a s best
fitted t o the dat a fo r each lengt h o f memory
delay. I n fronta l are a 8  there wer e sustaine d
increases i n (th e bloo d oxyge n level-depend -
ent (BOLD ) signal throughout th e cours e of
the workin g memory delay, seen a s a plateau
for whic h the lengt h was in direc t proportio n
to the duration of the maintenance delay (Fig.
14-2B). Activation dorsally and anterior to the
frontal ey e fields has been reported i n previ -
ous studies o f spatial working memory (Belger
et al. , 1998 ; Courtne y e t al. , 1998 ; Owe n e t
al., 1999) .

The selectio n o f th e targe t locatio n fro m
memory was associated with activations of the
right anterio r middl e fronta l gyru s (are a 46)
(Fig. 14-3A ) an d the tissu e immediatel y pos-
terior to it, but not in area 8 itself. There were
additional activation s i n the righ t ventra l an d
orbital fronta l cortex , a s well a s in the poste -
rior intraparieta l corte x an d media l parieta l
cortex. The time course of activity is presented
in Figure 14-3 B fo r working memory trials as
best fitte d b y the model . Associate d with th e
selection even t ther e wa s a transient increas e
in th e BOL D signa l i n th e anterio r middl e
frontal gyru s (are a 46). From Figure 14-3 B i t
can b e see n tha t fo r thi s pea k ther e wa s n o

Figure 14-2 . A : Voxels i n lef t are a 8  were significantl y
more activ e durin g working memor y delay periods tha n
during the non-memory delay periods in control trials (t>
4.91, P  < 0.05) , show n here superimpose d o n a corona l
slice from a  representative Tl image in standard anatomi c
space. B:  The fitte d dat a fro m th e voxel s in righ t are a 8
have bee n temporall y realigne d t o the onse t o f working

memory trials, an d are shown as changes i n blood oxygen
level-dependent (BOLD) signal (z-axis ) over time (x-axis )
for eac h dela y lengt h o f workin g memor y (y-axis) . Th e
gray scal e indicate s th e relativ e chang e i n BOL D signa l
from th e star t o f eac h trial . Th e plot s demonstrat e th e
sustained activit y that lasts as long as the working memory
delay.
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Figure 14-3 . A : Voxels in prefrontal are a 4 6 were signif -
icantly activate d b y selectio n fro m memory , shown her e
superimposed on a coronal slice from a  representative Tl
image in standard anatomic space. B: The fitted data from
these voxel s have been temporall y realigned to the onse t
of working memory trials that preceded selection , and are
shown a s change s i n bloo d oxyge n level-dependen t
(BOLD) signa l (z-axis ) ove r tim e (x-axis ) fo r eac h dela y

length o f working memory (y-axis) . Th e thic k blac k line
indicates th e offse t o f th e workin g memory delays, and
the gra y scale indicates the relativ e change in BOLD sig-
nal fro m th e star t o f each trial . I n thi s area , there i s n o
activation during the working memory interval, but a peak
of activation following selectio n o f the ite m at the en d o f
the memor y period.

sustained activit y her e associate d wit h th e
maintenance o f the locations during the mem-
ory delay . I n summary , the prefronta l activa -
tion associate d wit h th e maintenanc e o f th e
locations i n memor y lay posteriorly (area 8A),
and the activation associated with selection be-
tween th e location s i n memor y lay anteriorl y
(area 46).

MAINTAINING THE ORDER OF
PRESENTATION VERSUS SELECTING

It coul d b e argue d tha t thi s experimen t di d
not mak e sufficien t demand s o n workin g
memory. I n th e N-bac k task , fo r example ,
there i s the extr a demand t o maintai n the or -
der i n which th e item s wer e presented . I n a
second experimen t w e therefore modifie d the
procedure so as to require the subject s t o re -
member th e orde r i n whic h thre e location s
were presente d (Row e & Passingham, 2001) .
The tas k is shown in Figure 14-4. On al l trials
three dots were presented in order and during
the dela y th e subject s remembere d bot h th e
locations an d th e order . O n hal f th e trials , a

number was presented a t the end of the delay,
and th e subject s move d th e curso r t o th e lo -
cation of the do t at that point in the sequence .
On the othe r hal f of trials, an X was presente d
and th e subject s ha d t o simpl y move the cur -
sor t o th e locatio n o f th e X . The increas e i n
the numbe r o f memory trials ha d th e advan -
tage tha t w e coul d plo t th e actua l (adjusted)
rather than just the fitted data .

As i n th e previou s experiment , ther e wer e
regions of brain activatio n associated with sus-
tained maintenanc e of  item s rathe r tha n se-
lection amon g items. Relativ e to the intertria l
interval a s baseline, th e maintenanc e o f items
was associate d wit h th e bilatera l activatio n of
prefrontal are a 8  (Fig . 14-5A ) an d intrapar -
ietal cortex , bu t no t o f th e anterio r middl e
frontal gyru s (are a 46) . Figur e 14-5 B show s
that i n prefrontal are a 8  there were sustaine d
increases i n activit y throughout th e cours e o f
the workin g memory delay, seen a s a plateau,
the lengt h bein g i n direc t proportio n t o th e
duration o f the maintenanc e delay .

As in the previou s experimen t (Row e et al. ,
2000), the selectio n of the target location fro m
memory was associated with activations of an-
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Figure 14-4 . Schemati c representatio n o f th e secon d
working memory task. I n al l trials, the subject s saw three
red dots presented sequentiall y for 0.5 seconds each on a
screen, in random locations (solid circles). There followed
a delay of 8.5 to 17.5 second s (i n steps of 1 seconds, ran-
domly ordered) , durin g which th e subject s remembered
the exact location o f the dots and their temporal order . I n
selection trials , a  number , 1 , 2, o r 3 , then appeare d fo r
1.5 seconds centrally . This indicated whether the first, sec-
ond, o r thir d do t no w became th e targe t fo r response ,

without specifying th e location . The number was then re-
placed b y a central curso r identical i n appearance t o th e
red dots . The subject s move d the curso r to th e remem -
bered target locatio n usin g a joystick. After th e response ,
the tria l ended and was followed by a rest period o f 8-1 2
seconds. Fo r contro l trial s th e workin g memor y perio d
was identical t o selection trials, but the target for the cur-
sor respons e was indicated b y a  cross , an d subject s di d
not select the locatio n fo r response from memory .

Figure 14—5 . A : Voxels i n area 8  were significantl y more
active durin g working memory delays than baselin e ( t >
4.91, P  <  0.05) , show n here superimpose d on a coronal
slice from a  representative Tl image in standard anatomic
space. E:  Th e bloo d oxyge n level-dependen t (BOLD )
data (bandpas s filtered) fro m th e pea k voxel in right area
8 have been temporally realigne d t o the onse t of working

memory trials, and are shown as changes in BOLD signal
(z-axis) over time (x-axis ) for each delay length of working
memory (y-axis) . Th e gra y scal e indicate s th e relativ e
change in BOLD signal from th e star t of each trial. It can
be seen that maintenanc e of the dots ' positions and order
is associated with sustained activation , which lasts as long
as the dela y period .
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terior middl e fronta l gyru s (are a 46) ; i n thi s
experiment th e activatio n wa s bilatera l
(Fig.l4-6A). Th e activit y als o extende d pos -
teriorly along the middle frontal gyrus into the
transitional are a 9/46. There was additional ac-
tivation o f th e orbita l fronta l corte x an d th e
anterior cingulat e cortex. Finally, there was bi-
lateral activatio n o f the intraparieta l and me -
dial parieta l cortex . Ther e wa s some overla p
in th e prefronta l an d parietal corte x betwee n
areas associate d wit h selectio n an d area s as -
sociated wit h maintenance . However , Figur e
14-6B show s that i n the anterio r middl e fron -
tal gyru s (are a 46 ) ther e wa s n o significan t
activity associate d wit h maintenance . Thus ,
the activation s are more widespread when the
subjects ar e required t o remembe r th e orde r
in which locations were presented rathe r than
the location s alone , but th e patter n i s similar.

COMPARISON WITH OTHER DATA

At first sight these result s appear no t to agre e
with thos e fro m single-uni t recording . Man y
electrophysiological studie s repor t activit y in
sulcus principali s durin g th e dela y (Fuste r &
Alexander, 1971 ; Niki , 1974 ; Koshim a &
Goldman-Rakic, 1984; Funahash i et al., 1989).
However, a proper compariso n of the dat a re -
quires tha t th e task s b e similar . I n ou r firs t

experiment (Rowe et al. , 2000), we compared
activity during a  delay when the subject s had
to maintai n items wit h a  dela y durin g which
they di d not.  Koshim a an d Goldman-Raki c
(1984) als o di d thi s wit h monkeys , and onl y
19% of the cell s fire d differentiall y in the tw o
delay periods . Secondly , w e ensured tha t th e
subjects coul d no t prepare a  response durin g
the dela y period s o that w e coul d isolat e ac -
tivity related only to the maintenanc e o f items
in memory . This wa s also done b y Sawaguchi
and Yaman e (1999) , an d th e cel l activit y re -
lated t o maintenance wa s found in area 8A, as
in th e presen t experiments . Indeed , mos t of
the cell s tha t fir e durin g th e dela y o n spatia l
delayed-response task s ar e t o be foun d i n th e
posterior thir d o f sulcu s principalis (are a 8A)
and the convexit y of area 8  (Funahashi et al. ,
1989; Chafe e & Goldman-Rakic, 1998). Thus,
when the imaging and electrophysiological re-
sults ar e examine d in detail , they can be see n
to be les s discrepant .

It coul d stil l be argue d tha t ou r result s do
not agre e wit h those fro m othe r recen t imag-
ing experiments. Activity in areas 9 and 46 has
been reporte d previousl y during delay periods
in workin g memory studies o f spatia l (Postle
et al. , 1999) , visua l (Courtney et al. , 1997) an d
verbal materia l (D'Esposito e t al. , 1999; 2000 ;
Postle e t al. , 1999 ; Rypm a an d D'Esposito ,
1999, 2000) , even when there was no demand

Figure 14—6 . A : Voxel s i n prefrontal area 46 were signif-
icantly mor e activ e durin g selectio n fro m memor y tha n
during the externally specified targe t ( t > 4.91, P  < 0.05) ,
shown here superimposed o n a coronal slic e from a  rep -
resentative Tl imag e in standard anatomic space. B:  Th e
blood oxygen level—dependent (BOLD) data (bandpass fil -
tered) fro m th e pea k voxe l i n area 46 have been tempo -

rally realigned t o the onse t of working memory trials that
preceded selection , and are show n a s changes i n BOL D
signal (z-axis ) ove r tim e (x-axis ) fo r eac h dela y lengt h of
working memory (y-axis) . The gray scale indicates th e rel -
ative change i n BOL D signa l from th e star t of each trial .
The thic k black line indicates th e tim e of selection fro m
memory.
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for manipulatio n o f th e item s i n memory .
There ma y be several reasons for the apparen t
difference i n results . First , w e use d a  spatia l
task, an d i n a  recent single-uni t stud y (Hoshi
et al., 2000) there was suggestive evidence that
spatial material was maintained more posteri-
orly tha n visua l material . Bu t Postl e e t al .
(1999) als o used a  spatial task. A second pos-
sibility is that the method s we used ar e not as
sensitive a s those use d in that study (Postle et
al., 1999 ; Zarah n et al. , 1999;) . However, even
if this were so , and sensitive method s ca n de-
tect som e activatio n i n area 46 related t o th e
maintenance o f spatia l items , ou r finding s
clearly sho w tha t activatio n i n thi s regio n i s
dominated b y th e requiremen t fo r selection .
Using verbal material, Rypma and D'Esposit o
(1999) also found that in dorsal prefrontal cor-
tex the activity at the time of the response was
much greater tha n the activit y during the de-
lay period .

There is another possibility . In the stud y by
Courtney e t al . (1997) th e subject s were spe -
cifically instructe d t o activel y rehearse th e vi-
sual materia l (faces ) durin g th e delay . Fur -
thermore, whe n subject s remembe r verba l
material (letters or digits), as in the studie s by
D'Esposito an d colleagues (D'Esposit o e t al. ,
1999, 2000 ; Postl e e t al. , 1999 ; Rypm a an d
D'Esposito, 1999 , 2000) , they do so by a pro-
cess o f cover t articulatio n (Baddele y 1986 ;
Paulesu et al., 1993). In our study, the subject s
were no t instructe d t o activel y rehears e th e
spatial item s durin g th e delay . I t i s possibl e
that th e mechanism s fo r th e continuou s re -
hearsal of items are related to the mechanisms
for activ e retrieval.

ATTENTIONAL SELECTION
In previou s studie s w e hav e propose d tha t
area 46 is only activated whe n working mem-
ory task s requir e th e "attentiona l selection "
between item s withi n memor y (Rowe e t al. ,
2000; Row e &  Passingham , 2001). Conside r
three tasks . First, on the N-bac k task the sub-
jects mus t use th e N-bac k rule t o selec t be -
tween th e item s in recen t memory , an d must
update th e lis t o f items i n memory , retainin g
some an d droppin g others . Second , o n th e

"self-ordered" tas k (Petrides et al. , 1993) , th e
subjects mak e a  serie s o f responses , obeyin g
the rul e tha t the y mus t no t mak e th e sam e
response mor e than once . On eac h tria l the y
must selec t item s from th e lis t o f possible re -
sponses. Finally , on task s requirin g th e "ma -
nipulation" of items in memory (D'Esposito et
al., 1999 ; Owe n et al. , 1999) , th e subject s are
required to produce them in an order that dif-
fers fro m th e orde r i n which the y wer e pre -
sented. Her e the re-ordering require s the sub-
ject t o selec t ou t item s s o as to arriv e a t th e
new order .

The ter m attentional  selection ha s tw o ad -
vantages ove r alternativ e proposals . The firs t
is that it can be applied to the performance of
monkeys o n th e delaye d respons e task . Th e
proposal that area 46 is critical for the manip-
ulation of items in memory (Owen et al., 1996 ;
D'Esposito et al., 2000) cannot be extended to
the performanc e o f monkey s o n delayed -
response task s in which no such manipulatio n
is required. The alternative proposa l by Petri-
des (1998 ) i s that are a 46 is crucial for moni-
toring items in memory. By this he means that
"each selectio n mus t b e marke d i n th e sub -
ject's mind." It i s clear that this formulation is
very close to tha t o f attentional selection . We
prefer th e terminolog y of attentional selection
because i t makes the direc t link between th e
selection betwee n item s on memory tasks and
the fre e selection of actions. As already noted,
area 46 is activated when subjects are required
to freel y selec t amon g actions suc h a s finge r
movements (Frith et al. , 1991 ; Jueptne r et al. ,
1997).

To further strengthe n thi s link, we have re-
cently used fMRI t o image the prefrontal cor-
tex while subject s are require d t o selectivel y
attend to their fingers. In the control conditio n
the subjects were required to make sequentia l
finger movements in a simple overlearne d se -
quence (1 , 2, 3, 4, 1 , 2, 3 , 4); the movement s
were paced a t one every 3 seconds. In the ex-
perimental conditio n th e subject s wer e re -
quired t o perfor m th e sam e sequenc e o f
movements, bu t t o atten d t o eac h finge r i n
turn. The instructio n was to "think abou t th e
next move. " Figur e 14- 7 show s that whe n a
comparison wa s made betwee n th e attende d
and non-attended conditio n ther e was activa-
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Figure 14-7 . Th e prefronta l are a 4 6 (PAR) , dorsa l pre -
motor cortex , (PM) , and intraparieta l corte x (IN ) wer e
more activated when the subject s specifically attended to
action than when the subject s performed the simpl e mo-
tor sequence alone. The SP M {t}  fo r this contrast is shown
at P  <  0.00 1 (uncorrected ) superimposed on a  lef t par -
asaggital sectio n from a  representative Tl imag e in stan-
dard anatomi c space . Th e dorsa l activations were al l sig-
nificant ( P <  0.0 5 corrected ) within prespecified regions
of interest.

tion in prefrontal are a 46. We suggest tha t o n
a free-selection tas k the subject s select among
fingers by temporaril y attendin g t o th e rele -
vant finge r o r key.

CONCLUSION

The evidenc e tha t w e have reviewed suggest s
an alternativ e reaso n wh y monkey s wit h le -
sions in the middl e o f sulcus principals (are a
46) fai l delayed-respons e tasks : they ma y fail ,
not because the y do not remember wha t they
have seen , bu t becaus e the y ar e impaire d a t
selecting among items in memory. It has been
shown tha t ther e i s interference amon g trials
on delayed-respons e task s (Mishki n &  Dela -
cour, 1975) . Th e monkey sees each sid e baited
several times , and on any particular tria l must
select th e sid e tha t ha s been baite d most  re-
cently. A s o n th e N-bac k task , th e cue s ar e
tagged b y th e tim e a t whic h the y ar e pre -
sented. Diamon d an d Goldman-Raki c (1989 )
have shown that monkeys with dorsal prefron-
tal lesions make errors when they must choose
the sid e opposit e th e on e tha t wa s baited o n
the previou s trial . O n suc h trial s the y fai l t o

choose th e locatio n tha t wa s mos t recentl y
presented.

While i t is true tha t there are man y cells in
this sulcus that are active during the delay pe-
riod, mos t o f these ar e i n th e posterio r thir d
of the sulcu s (area 8A) (Funahashi et al. , 1989 ;
Chafee &  Goldman-Rakic 1998; Sawaguch i &
Yamane, 1999) . Ye t permanen t (Butter s &
Pandya, 1969 ) o r temporary lesion s (Hoshi et
al., 2000 ) in the posterio r thir d hav e little ef -
fect on performance. It is lesions in the middl e
third o f the sulcu s (area 46) that lea d t o a  se-
vere impairmen t (Butter s &  Pandya , 1969 ;
Hoshi et al. , 2000). The dat a presented i n this
chapter sugges t tha t th e impairmen t o n de -
layed respons e ma y occur a t th e stag e o f re -
sponse selection .

INVITED COMMENTARY

In Chapte r 5 , Goldman-Raki c an d Leun g
comment o n the dat a presented i n this chap -
ter. The following comments have been adde d
so a s t o clarif y th e difference s betwee n th e
position outlined i n this chapte r an d in Chap -
ter 5 .

POSTERIOR PREFRONTAL CORTEX AND
THE INTRA-PARIETAL CORTEX

We have reported activatio n posteriorly in pre-
frontal corte x whe n subject s perfor m spatia l
working memor y task s (Row e e t al. , 2000 ;
Rowe &  Passingham , 2001) , wherea s
Goldman-Rakic an d Leun g (Chapte r 5 ) hav e
not. It appears fro m Figur e 5-4 that there was
posterior activatio n in fronta l cortex: presum-
ably Goldman-Rakic and Leung attributed thi s
to premotor are a 6, whereas other s (Belge r et
al., 1998 , Courtne y e t al. , 1998 , Row e e t al. ,
2000; Row e & Passingham, 2001) hav e attrib-
uted i t t o posterior prefronta l cortex . The ac -
tivity i n th e stud y b y Row e an d Passingha m
(2001) probabl y extend s int o th e transitiona l
area 9/46 identified in the recen t cytoarchitec -
tonic analysi s by Petrides (1999) . Chafe e an d
Goldman-Rakic (1998) refer to this area as 8A,
and thi s i s where the y recorde d delay-relate d
activity. I n thei r chapte r Goldman-Raki c and
Leung point  t o th e olde r cytoarchitectoni c



DORSAL PREFRONTAL CORTEX 229

classification o f Walke r (1940 ) wh o include d
this transitional regio n i n area 46.

Goldman-Rakic an d Leun g (Chapte r 5 )
question whether th e activit y in this regio n i s
mnemonic. The y cit e the pape r b y Goldma n
et al . (1971 ) i n whic h lesion s o f are a 8  pro -
duced a  lesse r effec t o n spatia l delaye d re -
sponse than lesions of sulcus principalis. In the
companion paper (Goldma n & Rosvold, 1970)
animals with lesions of the arcuat e cortex were
impaired o n spatia l delaye d alternatio n com -
pared with animals with premotor lesions , and
one anima l failed to learn withi n th e limit s of
testing. Chafe e and Goldman-Rakic (1998) re-
corded simila r delay-relate d activit y i n bot h
area 8A and the intra-parietal sulcus. It is pos-
sible tha t only a combined lesio n o f the intra -
parietal corte x an d are a 8  would consistently
cause a  severe impairment .

AREA 46

The critica l issu e raise d b y Goldman-Raki c
and Leun g (Chapte r 5 ) i s wh y the y foun d
delay-related activit y mor e anteriorl y i n th e
human middl e fronta l gyms , wherea s w e
failed t o d o s o (Row e e t al. , 2000 ; Row e &
Passingham, 2001) . Goldman-Raki c an d
Leung argu e tha t th e negativ e result s in ou r
studies may be du e to the fac t tha t only three
items wer e presented . Bu t Pocho n e t al .
(2001) als o included a  condition i n which sub-
jects wer e require d to maintai n spatia l item s
without bein g abl e to prepare their response .
Like Goldman-Raki c and Leung (Chapte r 5) ,
Pochon e t al . (2001) presented five items, bu t
unlike Goldman-Raki c and Leung they foun d
no significant activity during the delay. It could
be argue d tha t i n th e stud y by Pocho n e t a l
(2001) th e dela y of 6  second s wa s too short ,
but th e sam e stud y foun d significan t activit y
during thi s dela y in another conditio n wher e
the subject s coul d prepare  thei r response .
Furthermore, i n our own studies o n some tri -
als the delay s were a s long as 17.5 seconds .

It ma y be that i t is the interaction  between
the number of items and the delay length that
is crucial . Thi s raise s th e questio n a s to why
there shoul d b e activatio n i n are a 4 6 wit h
many items and long delays. One possibility is
that the attentiona l load is high in this condi -

tion an d subject s mus t engag e i n active  re -
hearsal t o hol d th e item s i n memor y agains t
distraction. Unde r som e condition s (e.g. , few
items, shor t delay ) th e subjec t ma y not hav e
to attend t o the tas k of maintaining the item s
in memory . Her e th e maintenanc e migh t b e
said t o b e "passive. " Unde r othe r condition s
(e.g., many items and a long delay) the subject
may have to attend closely , actively rehearsing
the item s s o a s t o preserv e the m agains t
distraction.

The distinctio n betwee n passiv e mainte -
nance an d activ e rehearsa l i s suggeste d b y a
recent stud y fro m ou r laborator y b y Saka i et
al. (2001) . The subject s wer e presente d with
a sequenc e o f five locations, whic h the y ha d
to remembe r fo r between 8  and 1 6 seconds.
On hal f th e trial s a  spatial abstracto r task fol-
lowed a t the en d o f the dela y to prevent fur-
ther rehearsal , an d o n hal f th e trial s n o dis -
tractor tas k wa s given . Memor y o f th e
sequence wa s then teste d b y a  prob e tech -
nique. Delay-relate d activation s wer e mea -
sured usin g th e sam e methodolog y a s in th e
previous studie s b y Row e an d colleague s
(Rowe e t al. , 2000 , Row e &  Passingham ,
2001). However, the studies differe d i n that in
this on e th e subject s kne w tha t o n hal f th e
trials they would be given a distraction task at
the en d o f the delay . There was significant ac-
tivation during the dela y in prefrontal areas 46
as well as in the mor e posterior prefrontal cor-
tex and in the intra-parieta l cortex .

When memor y was tested after distraction ,
the subjects sometime s made errors. On these
error trials, delay-relate d activatio n i n areas 8
and parietal corte x was normal, whereas there
was n o significan t delay-relate d activatio n i n
area 46 . Th e crucia l observation , however , is
that th e subject s mad e ver y fe w error s i f
memory was tested o n trial s with n o distrac -
tion. Ye t the subject s did not know in advance
whether there was going to be a abstractor task
or not o n tha t trial . Thi s mean s that on non-
distractor trial s th e subject s wer e abl e t o re -
member th e item s i n workin g memor y irre -
spective o f whethe r ther e wa s o r wa s no t
delay-related activit y i n prefronta l are a 46 .
Goldman-Rakic and Leung (Chapte r 5) ques-
tion whethe r th e activit y in prefrontal are a 8
is mnemonic . The abov e resul t suggest s tha t
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activity in area 8  and the intra-parieta l sulcus
may be adequat e fo r correct working memory
performance, s o long as there i s no distractio n
task.

WORKING MEMORY AND RESPONSE
SELECTION

There are many points o f agreement betwee n
what i s said her e an d i n Chapte r 5 . There is
agreement that the reaso n fo r maintaining in-
formation i n the shor t ter m i s to guide actio n
from momen t t o moment so that i t is adapted
to th e curren t context . Ther e i s agreemen t
that i t i s possibl e unde r som e condition s t o
record activations i n prefrontal are a 46 during
a dela y period . Ther e i s also agreemen t tha t
area 46 is only involved in the selectio n of re-
sponses when that selection i s based on an in-
ternal representation an d i s not guide d b y ex-
ternal cues .

Finally, ther e i s agreement tha t attentiona l
load ma y b e a  factor . However , thi s effec t i s
interpreted differentl y i n thi s chapte r an d i n
Chapter 5 . There i t i s suggested tha t there is
activity in human area 46 during the dela y un-
der condition s o f lo w load , bu t flVlRI i s no t
sensitive enough to detect it. Here i t has been
argued tha t ther e ma y only be activit y when
active rehearsa l i s required.  Activ e rehearsa l
can be viewed as the repeate d selectio n o f the
items for retrieval or the receding of the items
to protec t the m agains t distraction . However ,
even i f it were agree d tha t i t migh t b e possi -
ble, durin g a  maintenanc e delay , t o detec t
some singl e cel l activit y in human area 46 us-
ing microelectrodes , th e critica l issu e i s
whether tha t activity is necessary fo r the main-
tenance o f spatia l item s i n workin g memory .
We take it to be an important observatio n tha t
patients wit h dorsa l prefronta l lesion s ca n
maintain fiv e spatia l item s fo r 1 0 seconds i n
working memory as tested by recognition, but
are severel y impaire d a t reproducin g th e se -
quence (Teixeira-Ferreir a e t al. , 1998) . Thi s
strongly suggest s tha t th e critica l rol e fo r th e
dorsal prefrontal cortex is not the maintenance
of items bu t th e preparatio n an d selectio n of
responses. Whereas Goldman-Rakic (1987) ar-
gued tha t are a 4 6 in monkey s was critical for
the maintenanc e of items in memory, we have

emphasized tha t imagin g studies sugges t that
activity i n are a 4 6 i n th e huma n brain i s re -
lated t o respons e preparatio n (Pocho n e t al. ,
2001) an d to the perio d a t which subjects re-
trieve th e item s an d selec t thei r respons e
(Rowe e t al. , 2000 , Row e &  Passingham ,
2001).

ACKNOWLEDGMENTS

This work has been supported by the Wellcom e Trust.

REFERENCES

Baddeley, A . (1986) . Working  Memory.  Oxford : Oxfor d
University Press.

Belger, A. , Puce , A., Krystal , J.H. , Gore, J.C. , Goldman-
Rakic, P. , & McCarthy, G . (1998) . Dissociation of mne-
monic and perceptual processes during spatial and non-
spatial workin g memor y usin g fMRI . Human  Brain
Mapping, 6 , 14—32 .

Butters, N . &  Pandya , D . (1969) . Retentio n o f delayed -
alternation: effec t o f selective lesions o f sulcu s princi -
palis. Science,  165, 1271-1273.

Chaffe, M.V . & Goldman-Rakic , PS. (1998) . Matchin g
patterns of activity in primate prefrontal area 8 and pan-
ikal ar e a  spatia l working memory task. J . Neurophysi -
cal. p. 72, 2919-2940 .

Cohen, J.D., Perlstein, W.M., Braver , T.S., Nystrom, L.E.,
Noll, D.C., Jonides, J., & Smith, E.E. (1997). Temporal
dynamics of brain activation during a working memory
task. Nature,  386,  604-607.

Courtney, S.M., Ungerleider, L.G., Keil, K. , & Haxby, J.V.
(1997). Transient and sustained activity in a distributed
neural system for human working memory. Nature, 386,
608-611.

Courtney, S.M., Petit , L., Maisog, J.M., Ungerleider, L.G.,
& Haxby , J.V . (1998). A n are a specialize d fo r spatia l
working memory in human fronta l cortex. Science, 279,
1347-1351.

Deiber, M.P. , Passingham, R.E., Colebatch, J.G., Friston,
K.J., Nixon , P.O., & Frackowiak, R.S.J . (1991). Cortical
areas and the selectio n of movement: a study with pos-
itron emissio n tomography . Experimental  Brain  Re -
search, 84, 393-402.

D'Esposito, M. , Postle , B.R. , Ballard, D. , &  Lease , J .
(1999). Maintenanc e versu s manipulatio n o f informa -
tion hel d i n workin g memory : a n event-relate d fMRI
study. Brain  and Cognition,  41, 66-86.

D'Esposito, M. , Postle , B.R. , & Rypma , B . (2000) . Pre-
frontal cortica l contributions to workin g memory: evi-
dence fro m event-relate d fMRI studies . Experimental
Brain Research,  3-11 .

Diamond, A . & Goldman-Rakic, P.S . (1989). Comparison
of human infant s an d rhesu s monkey s o n Piaget' s AB
task: evidence for dependence o n dorsolateral prefron-
tal cortex . Experimental Brain  Research,  74 , 24-40.

Frith, C.D., Friston, K. , Liddle, P.P., & Frackowiak, R.S.J.



DORSAL PREFRONTAL CORTEX 231

(1991). Wille d actio n an d the prefronta l corte x in man:
a stud y with PET . Proceedings  of th e Royal  Society  o f
London, Series  B  244, 241-246.

Funahashi, S. , Bruce, C.J., & Goldman-Rakic, P.S. (1989).
Mnemonic codin g o f visua l spac e i n monke y dorsola-
teral prefrontal cortex . Journal of Neurophysiology,  61,
331-349.

Fuster, J.M . &  Alexander , G.E . (1971) . Neuro n activit y
related to short term memory . Science,  173, 652-654.

Goldman, P.S. , &  Rosvold , H.E . (1970) . Localizatio n o f
function withi n th e dorsolatera l prefronta l corte x o f
the rhesu s monkey . Experimental Neurology,  27, 291-
304.

Goldman, P.S. , Rosvold , H.E. , Vest , B. , &  Galkin , T.W .
(1971). Analysi s of the delayed-alternatio n defici t pro -
duced b y dorsolatera l prefronta l lesion s i n th e rhesu s
monkey. Journal o f Comparative  Physiology  an d Psy-
chology, 77 , 212-220.

Goldman-Rakic, P. (1987). Circuitry of primate prefrontal
cortex an d regulatio n o f behaviour b y representationa l
memory. In : F . Plu m &  V. Mountcastle (Eds.) , Hand-
book of  Physiology:  The  Nervous  System,  Vol.  5
(pp. 373-417). Bethesda , MD : America n Physiologica l
Society.

Hadland, K.A. , Rushworth, M.F.S. , Passingham, R.E. , Ja-
hanshahi, M. , & Rothwell, J. (2001) . Interference wit h
performance o f a  respons e selectio n tas k tha t ha s n o
working memor y component: a n rTM S comparison of
the dorsolatera l prefronta l an d media l fronta l cortex .
Journal o f Cognitive  Neuroscience, 13, 1097-1138.

Hoshi, E. , Shima , K., & Tanji, J . (2000). Neuronal activity
in the primate prefrontal cortex in the process of motor
selection based on two behavioral rules . Journal of Neu-
rophysiology, 83 , 2355-2373.

Hyder, F. , Phelps , E.A. , Wiggins, C.J. , Labar , K.S. , Bla-
mire, A.M. , & Shulman, R.G . (1997) . Wille d action: a
functional MR I stud y o f th e huma n prefronta l corte x
during a  sensorimotor task. Proceedings of the National
Academy o f Sciences  U.S.  94, 6989-6994 .

Jacobsen, C.F . (1935) . Function s o f fronta l associatio n
area in primates. Archives of Neurology  an d Psychiatry,
33, 558-569.

Jueptner, M. , Frith , C.D. , Brooks , D.J. , Frackowiak ,
R.S.J., &  Passingham, R.E . (1997) . Anatom y of motor
learning. II . Subcortica l structures and learning by trial
and error . Journal o f Neurophysiology,  77 , 1325-1337.

Koshima, S . &  Goldman-Rakic , P.S . (1984) . Functiona l
analysis of spatially discriminative neurons in prefrontal
cortex of rhesus monkey. Brain Research, 291, 229-240.

Mishkin, M . (1957) . Effect s o f smal l fronta l lesion s o n
delayed alternatio n i n monkeys . Journal o f Neurophy-
siology, 20 , 615-622.

Mishkin, M . &  Delacour , J . (1975) . A n analysi s of short -
term visual memor y i n the monkey . Journal o f Experi-
mental Psychology:  Animal  Behaviour  and Processes,  1,
326-334.

Niki, H . (1974) . Differentia l activit y o f prefronta l unit s
during right and  lef t delaye d respons e trials . Brain Re-
search, 70 , 346-349.

Owen, A.M. , Evans, A.C. , &  Petrides , M . (1996) . Evi -
dence for a two-stage model of spatial working memory

processing within th e latera l fronta l cortex : a positro n
emission tomography study. Cerebral Cortex, 6, 31-38.

Owen, A. , Herrod , N.J. , Menon, D.K. , Clark, J.C., Dow-
ney, S.P.M.J. , Carpenter,  A. , Minhas , P.S., Turkhemier ,
F.E., Williams , E.J. , Robbins, T.W., Sahakian, B.J. , Pe-
trides, M. , & Pichard, J.D . (1999). Redefining the func -
tional organization of working memory processes within
human latera l prefronta l cortex . European  Journal  o f
Neuroscience, 11, 567-574.

Paulesu, E. , Frith, C.D., & Frackosizk, R.S.J. (1993). Th e
neural correlate s o f the verba l componen t o f working
memory. Nature,  362,  342-345.

Petrides, M . (1998) . Specialized system s for the process -
ing of mnemonic information within the primate fronta l
cortex. In: A.C. Roberts, T.W. Robbins, & L. Weiskrantz
(Eds.), Th e Prefrontal  Cortex  (pp . 103-116). Oxford :
Oxford Universit y Press.

Petrides, M. , Alivisatos , B. , Evans , A.C. , &  Meyer , E .
(1993). Dissociatio n o f huma n mid-dorsolatera l fro m
posterior dorsolatera l fronta l corte x i n memor y pro -
cessing. Proceedings  of th e National  Academy  o f Sci-
ences USA,  90, 873-877.

Petrides, M . &  Pandya , D.N . (1999) . Dorsolatera l pre -
frontal cortex : comparative cytoarchitectonic analysis in
the huma n an d the macaqu e brai n an d corticocortical
connection patterns . European  Journal of Neuroscience,
11, 1011-1036 .

Pochon, J.-B., Levy, R., Poline, J.-B., Crozier, S., Lehericy,
S., Pillon , B. , Deweer , B. , Bihan , D.L. , &  Dubois , B .
(2001). The rol e o f dorsolateral prefronta l cortex in the
preparation o f forthcoming actions: an fMRI study . Ce-
rebral Cortex,  11, 260-266.

Postle, B.R . &  D'Esposito , M . (1999) . 'What'-Then -
'Where' i n visua l workin g memory : a n event-relate d
fMRI study . Journal  o f Cognitive  Neuroscience,  11 ,
585-597.

Postle, B.R. , Berger, J.S., & D'Esposito, M . (1999). Func -
tional neuroanatomica l doubl e dissociatio n o f mne -
monic an d executiv e contro l processe s contributin g t o
working memory performance. Proceedings  of th e Na -
tional Academy o f Sciences  USA, 96, 12959-12964 .

Rowe, J.  &  Passingham , R.E . (2001) . Workin g memory
for locatio n and time: activit y i n prefrontal are a 46 re-
lates t o selectio n rathe r tha n t o maintenanc e i n mem-
ory. Neurolmage , 14, 77-86

Rowe, J., Toni, I. , Josephs, O. , Frackowiak, R.S.J. , & Pas-
singham, R.E . (2000) . Separate fronto-parieta l systems
for selectio n versu s maintenance within working mem-
ory. Science,  288, 1656-1660.

Rypma, B . &  D'Esposito , M . (1999) . Th e role s o f pre -
frontal brai n region s i n components  o f working mem-
ory: effect s of memory load and individua l differences .
Proceedings of  the  National  Academy of  Sciences  USA,
96, 6558-6563 .

Rypma, B . & D'Esposito, M . (2000) . Isolating the neura l
mechanism o f age-relate d change s i n huma n working
memory. Nature Neuroscience,  2000, 509-515.

Sakai, K. , Rowe , J.B. , Passingham , R.E . (2001) . Activ e
maintenance create s distractor-resistan t memory : criti-
cal rol e o f sustaine d activatio n i n prefronta l are a 46 .
Society o f Neuroscience  Abstracts, 782.10



232 PRINCIPLES OF FRONTAL LOBE FUNCTION

Sawaguchi, T . &  Yamane, I . (1999) . Propertie s o f delay- Toni , I. , Schluter , N.D. , Josephs, O. , Friston , K. , &  Pas-
period activit y i n th e monke y dorsolatera l prefronta l singham , R.E . (1999) . Signal- , set - an d movement -
cortex during a spatial delayed matchin g to sample task. relate d activit y i n th e huma n brain : a n event-relate d
Journal o f Neurophysiology,  82 , 2070-2080. fMR I study . Cerebral  Cortex,  9 , 35-49.

Teixeira-Ferreira, C.T. , Verin, M. , Pillon , B. , Levy , R. , Zaralm , E., Aguirre, G.K., & D'Esposito, M. (1999). Tem-
Dubois, B. , &  Agid , Y . (1998). Spatio-tempora l work - pora l isolatio n o f the neura l correlate s o f spatia l mne-
ing memory and fronta l lesion s in man. Cortex, 34, 83- moni c processing with fMRI. Cognitive  Brain Research,
98. 7 , 255-268.



15
Mechanisms of Conflict Resolution
in Prefrontal Cortex

JOHN JONIDES, DAVID BADRE, CLAYTON CURTIS,
SHARON L. THOMPSON-SCHILL, AND EDWARD E. SMITH

Executive processe s i n human s ar e a  centra l
feature o f human cognition. While there is no
widespread agreemen t abou t a  taxonom y of
executive processes, i t i s generally recognize d
that selectivel y attendin g t o one sourc e o f in-
formation t o th e exclusio n of others i s either
a separat e executiv e proces s o r a  critical fea-
ture o f man y executiv e processe s (Smit h &
Jonides, 1999) . Fo r example , scheduling con -
secutive processe s i n comple x tasks, planning
a sequenc e o f tasks , an d monitorin g ongoin g
performance al l depend on control over atten -
tion, an d thes e ar e generall y considere d ex -
amples o f executiv e processe s necessar y fo r
higher cognitiv e function . Consequently , a n
understanding o f executiv e processin g re -
quires a n understandin g o f th e mechanism s
that contro l th e allocatio n o f attention.

The allocatio n o f attention i s critica l whe n
there ar e multipl e source s o f informatio n
competing fo r processing . O f course , man y
everyday an d laborator y task s hav e thi s fea -
ture. I n the laboratory , the Stroo p task is per-
haps th e best-studie d paradig m i n which two
sources o f informatio n compet e fo r contro l
over responses, an d thus attentional allocatio n
is demande d (Stroop , 1935) . I n th e Stroo p
task, participant s ar e presente d colo r name s
that ar e themselve s printe d i n in k colors .
When the task is to name the colo r of the ink,

subjects ar e hindere d i n producin g a  correc t
response i f the color name differs fro m th e ink
being named compare d to a control conditio n
in which th e underlyin g word i s not colo r re -
lated. Fo r example , i t take s longe r t o sa y
"green" to th e wor d "blue " printed i n gree n
ink tha n t o sa y "green " t o th e wor d "bell "
printed i n gree n ink . The mos t frequen t ac -
count of the conflic t i n this task is that naming
words (in this case color words) is a skill better
learned tha n namin g in k colors , an d s o th e
color responses fro m th e tw o sources of infor-
mation (lexica l and hue) conflic t wit h one an -
other. To resolve this conflict, ther e mus t be a
mechanism tha t allocate s attentio n t o one re -
sponse (o r inhibit s attentio n fro m th e other) .
The mechanis m by which thi s conflic t resolu -
tion occur s remain s a n ope n matter , bu t th e
fact tha t th e conflic t i s cause d b y competin g
sources o f informatio n vyin g fo r contro l i s
undisputed.

There ar e man y experimenta l effect s tha t
depend o n th e resolutio n o f interferenc e i n
addition t o the Stroo p effect . On e exampl e is
the stimulus-respons e compatibilit y effect :
stimuli tha t ar e naturall y an d compatibl y as -
sociated wit h som e respons e yiel d faste r an d
more accurat e response s tha n stimul i that are
arbitrarily associate d wit h a  respons e (Korn -
blum e t al. , 1990 ; Kornblu m &  Lee , 1995) .

233
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For example , respondin g wit h a  righ t ke y
press t o a  stimulus presented o n th e righ t of
a screen an d with a left key press to a stimulus
on the lef t yield s faster an d more accurate re -
sponses tha n i f th e mappin g i s crossed . An-
other exampl e is the flanke r effec t (Erikse n &
Eriksen, 1974) . When subject s are required t o
respond t o a  stimulus presented foveally , the y
display poorer performanc e i f that stimulu s is
surrounded b y stimuli that are associated wit h
a differen t response . Ye t other example s can
be foun d i n th e larg e literatur e concerne d
with proactiv e interferenc e o n memory . I n
these cases , a  previous associatio n betwee n a
stimulus an d a  respons e intrude s o n th e en -
coding o r retrieva l o f a  ne w association . Be -
yond thes e examples , ther e ar e stil l othe r
tasks, suc h as the go/no-g o task, which can b e
construed a s havin g tw o source s o f informa -
tion, on e of which competes against th e other
(e.g., Cha o &  Knight , 1995 ; Carte r e t al. ,
1998). I n a  popula r versio n o f th e go/no-g o
task, subject s ar e require d t o produc e a  re -
sponse t o a  stimulu s in on e context , bu t t o
withhold a  response to tha t sam e stimulu s i n
another context .

What all these tasks share in common is that
each feature s a  competitio n betwee n tw o o r
more source s o f information that vi e for con -
trol over responses. I n the Stroop task, the two
sources ar e th e hu e an d lexica l valu e o f th e
stimulus. In the flanker task, they are the stim-
ulus-response associatio n o f the centra l ite m
and th e stimulus-respons e associatio n o f th e
flankers. In th e go/no-g o task , the y ar e th e
trained tendency t o respond to a stimulus and
the nee d t o withhold tha t respons e whe n th e
context i s inappropriate. I n proactive interfer -
ence situations , the tw o sources ar e th e pre -
viously establishe d associatio n o f a  stimulu s
and a  response an d the curren t associatio n of
a stimulus with a  different response .

This similarit y among tasks lead s naturall y
to th e hypothesi s tha t al l thes e task s shar e
some commonalit y i n th e sourc e o f conflic t
resolution, a  hypothesi s tha t i s largel y un -
tested. Th e littl e behaviora l research tha t has
investigated thi s issu e ha s no t bee n particu -
larly encouraging . Fo r example , researc h b y
Kramer e t al . (1994) ha s revealed that corre-
lations i n performanc e amon g severa l task s

that al l putatively involve conflic t an d it s res -
olution ar e quit e low.

Nevertheless, ther e hav e bee n proposal s
suggesting a  commo n theoretica l ti e amon g
conflict-resolution mechanism s i n task s o f
this sort . Perhap s th e leadin g suc h proposa l
comes fro m th e wor k o f Botvinic k e t al .
(1999), Carte r e t al . (1995 , 1998) , an d Mac -
Donald e t al . (2000) . Conside r th e experi -
ment reporte d b y MacDonal d e t al . (2000) .
Subjects wer e give n a  Stroo p tas k o n som e
trials i n which the y ha d t o repor t th e hu e i n
which a  word was printed an d o n other trial s
in whic h the y ha d t o repor t th e wor d itself .
Each tria l bega n wit h a n instruction t o either
read th e wor d o r nam e th e color . Followin g
an 11-secon d delay , th e targe t stimulu s was
presented, an d subject s gav e thei r response .
Subjects wer e slowe r i n namin g th e colo r
when wor d an d color were incongruent, con -
sistent wit h th e classi c effec t documente d b y
Stroop (1935) . Brai n activation s i n thi s tas k
were examine d with event-relate d functiona l
magnetic resonanc e imagin g (fMRI ) durin g
two period s o f th e experiment : durin g fiv e
scanning sequence s (eac h 2. 5 second s i n du -
ration) afte r th e presentatio n o f th e tas k in -
struction an d durin g five scanning  sequence s
after presentatio n o f th e targe t stimulus .
When monitorin g activatio n afte r th e targe t
stimulus wa s presented , activatio n i n th e an -
terior cingulat e cortex (ACC ) was greater fo r
incongruent tha n fo r congruen t trials , bu t
there wa s n o differenc e i n activatio n o n
these tw o type s o f trial s i n th e dorsolatera l
prefrontal corte x (DLPFC) . B y contrast , th e
instruction-related fMR I activation s i n th e
ACC (Brodmann' s areas 2 4 an d 32 ) showe d
no differentiatio n betwee n trial s whe n sub -
jects wer e instructe d t o nam e th e hu e o r t o
read th e word . Bu t activatio n i n the DLPF C
during th e instructio n perio d (Brodmann' s
area 9 ) becam e increasingl y large r wit h suc -
cessive scan s durin g th e instructio n perio d
when subject s wer e instructe d t o rea d th e
hue, compare d t o whe n the y rea d th e word .
Not onl y did activatio n in the DLPF C differ -
entiate betwee n hue-namin g versu s word -
reading trials , individual s wit h mor e activa -
tion i n th e DLPF C after  th e color-namin g
instruction showe d lowe r Stroo p interfer -
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ence. Thes e an d othe r result s hav e led thes e
investigators t o conclud e tha t ther e ar e tw o
fundamentally differen t mechanism s involved
in th e allocatio n o f attentio n i n task s tha t
require conflic t resolution . One , lodge d i n
the ACC , i s responsibl e fo r th e detectio n
and monitorin g of conflicting representations ,
and s o thi s mechanis m i s activate d onc e a
stimulus i s presente d fo r processing . Th e
other, lodge d i n DLPFC , i s responsibl e fo r
"representing an d maintaining the attentiona l
demands o f th e task " (MacDonal d e t al ,
2000), an d s o i t i s increasingl y activate d
when instruction s indicat e tha t th e colo r
must b e named , a  tas k tha t require s in -
creased attentiona l resources . I t i s this mech-
anism tha t putativel y resolve s th e conflic t i n
the task .

A questio n tha t arise s fro m thi s mode l i s
whether i t generalizes to th e large r variety of
tasks tha t involv e conflic t resolution . I s there
a commo n network o f brain region s involved
in resolvin g interferenc e i n variou s tas k
contexts, an d i s conflic t detectio n b y AC C
necessary fo r th e enablin g o f prefronta l
interference-resolution mechanisms ? By now,
there hav e bee n severa l imagin g studie s o f
tasks that involve conflict resolution, and so we
conducted a  meta-analysi s o f thes e task s t o
discover whethe r the y shar e a  commo n
circuitry.

META-ANALYSIS OF
CONFLICT-RESOLUTION TASKS

We conducte d a  searc h o f th e publishe d lit -
erature fo r neuroimagin g experiment s i n
which conflict-resolution tasks had been used .
In these studies , the followin g task s were th e
subject of imaging: the Stroo p task, the flanker
task, variou s stimulus-respons e compatibilit y
tasks, go/no-g o tasks , an d th e A X continuous
performance task . Ou r criteri a fo r includin g
findings in the meta-analysi s were th e follow -
ing. First , th e studie s ha d t o be publishe d i n
refereed venue s an d the y ha d t o b e ful l ar -
chival presentations , no t abstracts . Second ,
they had to make use of either positron emis-
sion tomograph y (PET ) o r fMR I method s
tested o n healthy , youn g participants . Third ,

activations fro m th e respectiv e experiment s
had t o be reporte d fo r either th e subtractio n
of a  neutra l conditio n fro m a n incompatibl e
condition o r a  compatibl e conditio n fro m a n
incompatible condition . Fourth , th e coordi -
nates o f peak activatio n in each regio n had t o
be reported , an d these activation s had to pass
a relatively generous statistica l criterion o f z =
2.5 to be include d i n the analysis . The appli -
cation of these criteria yielded the inclusion of
15 publishe d report s i n th e meta-analysis ,
shown in Table 15-1 .

The purpose of the meta-analysis was to dis-
cover whether certai n commo n regions of the
brain wer e activate d i n thes e studie s o r
whether th e activation s were strew n through-
out th e brai n i n a  haphazard manner . To dis-
cover this , w e develope d a n iterativ e chi -
squared techniqu e to  determin e whethe r the
foci o f activation fro m interference-resolutio n
tasks wer e distribute d randoml y i n the brai n
or were clustered in certain areas greater than
would b e expecte d b y chance . W e describ e
this method onl y briefly here .

Activation foc i wer e groupe d b y Brod -
mann's area s (BA) , an d th e numbe r o f suc h
foci represente d ou r observed values . If ther e
was n o clusterin g i n foci , the y shoul d b e
spread nonsystematicall y among al l the areas ,
which became ou r expected values , correcting
for the fac t that BA s differ in volume from on e
to another , s o th e expecte d numbe r o f acti -
vations by chance alone would differ fro m on e
to another .

Having establishe d expecte d an d observe d
values fo r eac h BA , w e compute d a  chi -
squared statisti c fo r th e compariso n o f ob -
served an d expected frequencies o f foci. Thi s
was reliabl e ( P <  0 . 001). Thi s tes t doe s no t
reveal the region s i n which the clusterin g de -
viates fro m a  rando m distribution . T o locat e
specific region s o f nonrando m clustering , w e
deleted each B A one a t a  time (b y collapsing
each delete d are a wit h others ) an d recom -
puted chi-square d t o determine i f the signifi -
cance o f th e mode l changed . Compariso n o f
each ne w mode l wit h th e origina l i s possibl e
because th e differenc e betwee n th e chi -
squared valu e for  the  origina l mode l and  the
chi-squared fo r a  ne w mode l i s itself distrib -
uted a s chi-squared . Thi s procedur e ca n b e
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Table 15-1 . Experiment s included i n the meta-analysi s of interference-resolution task s

Study

Bench e t al. ,
1993

Botvinick e t al. ,
1999

Carter e t al. ,
1995

Derbyshire et al. ,
1998

George e t al. ,
1997

Hager e t al. ,
1998

Humberstone e t
al., 199 7

Kawashima e t
al., 199 6

Klingberg et al. ,
1997

Konishi e t al. ,
1998

Konishi e t al. ,
1999

Paus e t al. , 199 3
Sweeney e t al. ,

1996
Taylor e t al. ,

1994
Taylor e t al. ,

1997

Experimental Experimenta l
Condition A  Conditio n B

Stroop

"Event-related flanker

Stroop incongruen t

Stroop incongruen t

Stroop incongruen t

"Event-related CP T

"Event-related
go/no-go

Go/no-go Respons e selectio n

GO/no-go

"Event-related
GO/no-go

"Event-related
GO/no-go

Response selectio n Anti-stimulu s
Antisaccade

S-R incompatible

Stroop incongruen t

Control Contro l
Condition A  Conditio n B

Crosses

Congruent Neutra l

Congruent

Color naming

Response selection Go/no-g o

Baseline

Baseline Pro-stimulu s
Visually guided

saccade
S-R compatibl e

Neutral Fals e fonts

Imaging Num . Foci
Modality ( Z > 2.5 )

PET

fMRI

PET

PET

PET

fMRI

fMRI

PET

PET

fMRI

fMRI

PET
PET

PET

PET

13

2

10

2

4

10

3

46

11

5

5

30
5

2

18

"Involved event-related compariso n between incompatibl e and compatibl e trials.

repeated i n a n iterativ e fashio n unti l i t i s no t
possible t o remove any BAs without causin g a
significant declin e in the predictabilit y of the
remaining model . The resultin g BAs can then
be considere d th e site s of nonrandom cluster -
ing in the brain .

Very fe w BA s containe d cluster s greate r
than woul d b e expecte d b y chance (Fig . 15 -
1 show s th e area s o f commo n activatio n
among th e variou s studies) . Th e AC C wa s
prominent amon g these . Brodmann' s are a 24
was reliabl y presen t o n th e lef t an d B A 32
was reliabl e i n bot h hemispheres . Brod -
mann's are a 6 , a region tha t mingle s with an-
terior cingulat e corte x a t it s mos t ventra l ex -
tent medially , containe d a  cluste r i n th e lef t
hemisphere. Ther e was also a cluster i n righ t
DLPFC (B A 9).

This analysi s reveal s a  strikin g consistenc y
across studie s o f interference-resolution tasks
with respec t t o activatio n i n thre e regions :
the ACC , DLPFC , an d a  regio n o f th e sup -
plementary moto r are a tha t ma y be continu -
ous wit h th e activatio n i n th e ACC . Thus ,
the area s o f overlap amon g these studie s ar e
in par t consisten t wit h th e predictio n b y
Botvinick e t al . (1999) , Carte r e t al . (1998 ,
1995), an d MacDonal d e t al . (2000) . Task s in
which conflic t i s presen t shoul d recrui t
mechanisms o f AC C t o detec t an d monito r
that conflict , an d the y shoul d recrui t mecha -
nisms o f DLPF C i n th e servic e o f control -
ling attentio n t o resolv e tha t conflict . Thes e
earlier studie s ar e silen t abou t activation s i n
area 6 , a t leas t t o th e exten t tha t activatio n
in thi s are a i s separabl e fro m tha t i n ACC.
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Figure 15-1. Axia l view (top)
and sagitta l view (bottom) o f a
schematic of the brain . Each of
these is a "glass" view, in tha t
all activations in th e axia l view,
regardless of z-coordinate, ar e
shown, and al l activations in th e
sagittal view, regardless of x-
coordinate, are shown . Th e
plotted points represent the ar-
eas of activation that survived
the iterative chi-squared analy-
sis procedure discussed in th e
text, thus they show the areas
of common activation across
the studie s included in our
meta-analysis. BA , Brodmann' s

RESOLUTION OF PROACTIVE
INTERFERENCE

The studie s reviewed abov e share in common
the featur e tha t on e respons e i s prepotent—
that is , on e respons e tend s t o be mor e auto -
matic than another. This response must be in-
hibited i n favo r o f a n alternative , correc t re -
sponse. Knowin g this , i t i s natura l t o as k
whether th e activation s tha t ar e share d i n
common are a direct consequence o f resolving
conflict i n the fac e o f a prepotent respons e or
whether the y are a  result o f resolving conflict
in the fac e of possible competition somewhere
earlier in the processin g stream.

A strikin g commonalit y amon g al l o f th e

tasks included in our meta-analysi s is that th e
conflict tha t i s resolve d ca n b e attribute d t o
processes nea r th e respons e en d o f th e
stream. Thi s i s certainly ap t fo r th e go/no-g o
and stimulus-respons e compatibilit y tasks , as
these hav e bee n modele d commonl y (Korn -
blum e t al. , 1990) . Interferenc e i n respons e
selection ha s als o bee n implicate d i n th e
flanker tas k (see , e.g., Cohen e t al. , 1995 ; Co -
hen &  Shoup, 1997) . On e wa y to show this is
to compare flanker tasks in both o f which th e
flankers diffe r i n for m fro m th e centra l targe t
item, bu t i n on e o f them th e flanke r i s asso-
ciated wit h th e sam e respons e a s th e targe t
and i n th e othe r wit h a  differen t response .
Flankers associate d wit h a  differen t respons e

area.
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yield a  larger flanker effec t tha n thos e associ -
ated wit h th e sam e response , suggestin g tha t
interference associate d wit h respons e selec -
tion i s a  componen t o f th e flanke r effect .
Similarly, th e Stroo p effec t ha s als o bee n
shown t o b e du e i n par t t o conflic t a t th e
time of response selection . I f the ensembl e of
colors represente d i n th e colo r word s i s dif-
ferent fro m th e ensembl e o f color s repre -
sented i n th e inks , th e siz e of the Stroo p ef -
fect i s diminished, compared t o a  condition in
which the tw o ensembles are identical (Klein ,
1964). So , fo r example , i f the in k color s an d
words ar e al l chose n fro m th e se t "pink ,
green, yellow, " there i s a  larger Stroo p effec t
than i f the ink s ar e chose n fro m thi s set , bu t
the colo r word s ar e chose n fro m th e se t
"blue, orange , red. " Thus , i t ma y be th e reli -
ance on a  common stage of conflict resolutio n
at th e tim e o f respons e selectio n tha t cause s
the activation s that ar e reveale d i n our meta -
analysis.

This construa l o f th e result s o f th e meta -
analysis raises two questions: Is conflict among
responses necessar y t o recrui t processe s o f
conflict resolution ? D o processe s o f conflict
resolution inevitabl y presen t themselve s a s a

network tha t include s th e structure s foun d i n
our meta-analysi s regardles s o f whethe r th e
conflict occur s a t the tim e o f response o r ear-
lier? T o addres s thes e issues , w e hav e con -
ducted a  progra m o f researc h o n a  conflict -
resolution tas k that involve s interference i n a
working memor y paradig m (Jonide s e t al. ,
1998).

The paradig m is an adaptation of the classic
item-recognition tas k devise d b y Sternber g
(1966), an d it s tw o critica l condition s ar e
shown i n Figure 15-2 . Th e high-conflic t con-
dition i s a  standar d item-recognitio n tas k i n
which a  contingenc y i s created betwee n suc -
cessive trial s t o creat e conflict  tha t mus t b e
resolved. On each trial , subjects are presente d
with fou r randoml y selected letter s tha t serve
as targets fo r that trial . Subject s have to stor e
these target s durin g a  retention interva l o f 3
seconds, following which a  single probe-lette r
is presented , an d subject s mus t decid e posi -
tively or negatively whether thi s letter matches
one o f the targets . The critica l featur e of this
high-conflict conditio n i s tha t o n hal f o f th e
trials whe n th e prob e lette r doe s no t matc h
any o f the targe t items , i t does  matc h on e o f
the targets fro m th e previous trial. Thus, there

Figure 15-2. Schemati c of the two critical conditions that
were compare d t o sho w an effec t o f interference resolu-
tion. In the high-conflic t condition, a  probe on some trials
that require d a  negativ e respons e becaus e i t wa s no t a

member o f the targe t se t o f letters ha d bee n a  membe r
of the targe t se t o n the previou s trial. I n the low-conflic t
conditions, thi s sor t o f overla p betwee n successiv e trials
was not permitted . Se e text fo r furthe r elaboration .



MECHANISMS OF CONFLICT RESOLUTION 239

is a  relativel y hig h familiarit y valu e fo r tha t
probe, creatin g a  tendenc y t o respon d posi -
tively t o it ; thi s tendenc y interfere s wit h th e
proper respons e on that trial in that the probe
does not match a target item. The control (low
conflict) conditio n doe s no t hav e thi s contin -
gency betwee n successiv e trials . I n thi s con -
dition, each probe tha t require s a  negative re-
sponse does not match any of the target s fro m
the immediatel y preceding three trials , s o lit-
tle interference i s created .

Behaviorally, th e contras t betwee n thes e
conditions produced a  reliable interference ef-
fect suc h that response s on high-conflict trials
were longe r in latency than responses on low-
conflict trials . Fo r example , in a  practice ses -
sion of this experiment, response time was 757
ms in the high-conflic t condition vs. 695 ms in
the low-conflic t condition , an d accuracie s
were consistent with this difference at 91% vs.
96% respectively . Afte r thes e behaviora l dat a
were collected , subject s wer e PE T scanne d
while the y performe d i n th e tw o condition s
again. A  subtraction o f the activation s o f th e
high-conflict conditio n minu s the low-conflict
condition reveale d a  singl e regio n o f reliable
activation i n lef t latera l prefronta l corte x (the
peak voxe l wa s a t x  =  —48 , y  =  21 , z  —  9,
and the regio n extende d i n superior and pos-
terior directions ; B A 45). So , this experimen t
showed a n associatio n betwee n a  behaviora l
effect an d a  brain activation : increased inter -
ference betwee n the familiarit y o f a negativ e
probe an d it s lack of membership i n the cur -
rent targe t se t wa s associated wit h increase d
brain activatio n i n latera l prefronta l cortex in
the lef t hemisphere .

The fac t tha t thi s outcom e wa s realized i n
a PE T experimen t ha s its limitations. O f par-
ticular interes t i s th e fac t tha t th e tempora l
stage of prefrontal activation in comparing the
high- an d low-conflic t condition s canno t b e
surmised fro m th e PE T data . Fo r example , if
the differenc e i n activatio n betwee n thes e
conditions i s a result of brain activation during
the retention interval , one might conclude that
there ar e processe s a t wor k t o heighte n th e
trace o f th e curren t targe t se t tha t i s bein g
rehearsed agains t th e backdro p o f previou s
target sets . Thi s migh t b e a n effectiv e mech -
anism to fight the effect s o f interference fro m

previous items . Alternatively , if the activatio n
difference occur s a t th e tim e o f encodin g o f
each targe t set , then one might argue that en-
hanced perceptua l processe s were require d t o
encode each target se t in the fac e o f compet -
ing prior alternatives . Finally , if the activatio n
difference wa s du e t o processe s a t th e tim e
the prob e wa s presented, i t migh t be du e t o
one o f two effects . On e possibilit y is that tw o
responses ar e elicited at the time the probe is
presented, an d an inhibitory mechanism is ac-
tivated t o defea t th e incorrec t response . The
other possibilit y is that a t the tim e th e prob e
is presented, i t elicit s tw o competing interna l
codes: one is a result of its familiarity from th e
previous trial , an d th e othe r i s a result o f th e
item's episodi c cod e indicatin g tha t it is not a
member o f the presen t targe t set .

To tes t amon g thes e possibilities , w e con -
ducted a  ver y simila r experiment wit h fMR I
as the imagin g vehicle. This experiment had a
trial structur e tha t permitte d u s t o examin e
whether the activation differenc e betwee n th e
high- and low-conflict conditions was largely a
function o f encoding , retention , o r retrieva l
differences (D'Esposit o et al. , 1999) . The ex-
periment included high- and low-conflict trials
presented i n an intermixed fashion . Eac h tria l
was stretche d i n length , suc h tha t targe t set s
were presente d fo r 1 second, following which
there wa s a  7-secon d retentio n interval , fol -
lowed by a probe presente d fo r 2 seconds. An
intertrial interva l o f 1 4 seconds permitte d an
examination of the activation s of each tria l in-
dividually. Behaviorally, the subject s in this ex-
periment als o showed a reliable differenc e be -
tween high-an d low-Conflic t trials (850m s vs.
818 ms) . We then examine d activation i n th e
same left latera l prefrontal region (BA 45) that
had reveale d itsel f i n a  compariso n o f th e
high- an d low-conflic t conditions i n th e PE T
experiment. Th e onl y difference in activatio n
between th e high - an d low-conflic t trial s i n
this region appeared a t the time the probe let -
ter was presented. W e ruled out the possibility
that thi s differenc e wa s someho w du e t o
global difference s betwee n condition s b y ex-
amining a  differen t lef t fronta l are a tha t
showed n o activatio n difference s fo r th e tw o
types o f trial s durin g an y epoc h o f th e
experiment.
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Taken together , th e result s o f the PE T an d
fMRI experiment s usin g thi s conflict -
resolution paradig m sho w a  behaviora l inter -
ference effec t couple d wit h a n activatio n dif -
ference i n lef t inferio r prefronta l cortex . Th e
fMRI experimen t establishe s tha t th e tempo -
ral locu s o f thi s activatio n i s a t th e tim e o f
processing of the probe item. Of course, what
these experiment s establis h i s a n associatio n
between brai n activatio n an d a  behavioral ef -
fect; the y d o not establis h tha t th e brai n acti -
vation i s causally linked t o the behaviora l out -
come. T o examin e whether ther e i s a  causal
link, we undertook tw o furthe r explorations .

The firs t involve d testin g norma l olde r
adults in the PE T versio n of the task . It i s by
now wel l establishe d tha t olde r adult s hav e
more difficult y resolvin g conflic t betwee n
competing task s tha n younge r adult s (e.g. ,
Hasher &  Zacks, 1988 ; Connell y et al. , 1991 ;
Tipper, 1991) ; Thus , i t seeme d likel y tha t
older adult s would hav e eve n mor e difficult y
than younger adults with probe item s on high-
conflict trial s tha n o n low-conflic t trials . Thi s
failure t o resolv e interferenc e o n th e high -
conflict trial s shoul d b e accompanie d b y a
lower level of brain activation in the lef t latera l
prefrontal sit e that the earlier experiments had
implicated i n this task, indicating that this site
was causall y involve d i n mediatin g conflict -
resolution processe s (Jonide s et al. , 2000) .

This prove d t o b e so . Jonides e t al . (2000)
compared th e performanc e o f younge r an d
older adult s o n thi s tas k an d foun d tha t th e
older adult s showed a  larger performance dif-
ference (combinin g accurac y an d respons e
time) betwee n high-an d low-conflic t trials .
When w e compare d activatio n betwee n ag e
groups i n B A 45, we foun d tha t younger sub-
jects showe d reliabl y more activation . I n fact ,
the older subjects themselves did not have sta-
tistically reliabl e activatio n a t thi s sit e whe n
examined individually.

The secon d tes t o f causa l involvemen t o f
BA 4 5 i n conflic t resolutio n fo r thi s tas k in -
volved a  patien t wit h damag e t o thi s regio n
(Thompson-Schill e t al. , 1999) . Th e patient ,
R.C., was a 51-year old right-handed ma n who
had an arteriovenous malformation resected in
1981. A s a resul t o f the procedure , h e ha d a
53 c c lesion i n th e lef t prefronta l cortex , in -

eluding area 45 . R.C.' s performance on high-
and low-conflict trials was compared t o that of
three control groups of subjects: other patients
with frontal lesions , normal age-matched olde r
adults, and normal younger adults. The lesion
locations fo r R.C. and the contro l patients ar e
shown in Figure 15-3 . Figur e 15-4 shows the
performance differenc e betwee n high - an d
low-conflict trial s for R.C . and th e thre e con-
trol groups . Wha t i s stunningl y obvious fro m
the figur e i s tha t R.C . showe d massivel y
greater interferenc e o n th e tas k tha n an y of
the contro l groups .

All told , then , th e followin g pictur e ha s
emerged fro m thes e investigation s o f conflic t
resolution i n a  workin g memor y task . First ,
there i s a  quit e reliabl e an d robus t interfer -
ence effec t a s a  resul t o f memor y codes tha t

Figure 15-3. Location s of the lesions for patient R.C . and
for th e patient s i n a  contro l group . Patien t R.C. , as de -
scribed i n th e text , ha s a  lef t latera l lesio n tha t include s
Brodmann's are a 45 . Three o f the patient-control s hav e
left fronta l lesion s that are centered more posteriorly; one
has a  lef t fronta l lesio n tha t i s centered  mor e inferiorly;
one ha s a  lef t fronta l lesio n tha t i s centered mor e supe -
riorly; and th e final one has a  right fronta l lesio n that in-
cludes inferior frontal gyrus .
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Figure 15-4. Magnitud e of in-
terference effec t fo r patient
R.C. compared t o that o f young
and elderly normal adults and
of patient-controls with fronta l
lesions during a working mem-
ory interference task described
in the text . Left: Effect s on  re-
sponse times. Right: Effect s o n
error rates .

present a  conflict betwee n familiarit y and ep -
isodic context . Second , ther e is a brain regio n
associated wit h thi s interferenc e effec t i n th e
inferior fronta l gyru s o f th e lef t hemisphere .
Third, this brain region is functionally involved
in producin g th e resolutio n o f conflict . Thi s
picture tightly tie s th e lef t inferio r fronta l gy-
rus to conflic t resolution in this task; but ho w
is it related t o other demonstrations of conflict
resolution tha t hav e emerge d fro m th e stud y
of tasks included i n ou r meta-analysis ?

RELATIONSHIP AMONG STUDIES OF
CONFLICT RESOLUTION

One migh t as k first whether th e sit e o f acti -
vation i n ou r workin g memor y tas k matche s
the site s o f activatio n foun d i n th e meta -
analysis of other tasks . It doe s not , in two im-
portant ways . First , th e sit e o f latera l activa -
tion i n inferio r lef t prefronta l corte x i s no t
consistent with the site s of activation shown in
Figure 15- 1 fo r th e variou s studie s o f
interference-resolution tasks . The hemispher e
of predominant activatio n differs , an d beyon d
this, the peak of the sit e found in the working
memory studies is inferior and posterior to the
sites found in studies of the Stroo p task, stim-
ulus-response compatibility , and s o on.

A secon d kin d o f mismatc h concerns acti -
vations i n th e ACC . As we documented , thi s
is a region that i s activated commonl y in tasks
such a s the Stroop . W e di d no t fin d reliabl e
activation in this regio n i n our direc t compar -
ison of high- and low-conflict trials in the orig-
inal report (D'Esposito et al. , 1999) .

We teste d thi s furthe r b y conductin g tw o

types o f regio n o f interes t (ROI ) analyses .
First, structura l ROI s wer e draw n fo r eac h
subject ( n —  7) that include d al l of the supra-
callosal anterio r cingulat e regions . Thes e
structural ROI s included the regions that were
reported reliabl e in the studies by Botvinick et
al. (1999) , Carte r et al. , (1998), and MacDon -
ald e t al . (2000) . For eac h subject , activatio n
in the  ROI  durin g the  prob e phas e for  the
high-conflict trial s wa s compared t o tha t dur -
ing low-conflic t trials . Neithe r th e averag e
magnitude o f activatio n ( t [6 ] =  1.12 , P  =
0.15, one-taile d test ) nor the number of active
suprathreshold voxel s (t [6 ] =  0.49 , P =  0.33 ,
one-tailed test ) withi n th e RO I wa s signifi -
cantly differen t betwee n th e high - an d low -
conflict trials . Next , a functional RO I analysi s
was conducted b y identifying al l voxels within
the anterio r cingulat e RO I tha t wer e activ e
during the respons e phas e fo r both high - and
low-conflict trial s combined. On e subjec t was
not include d i n thi s analysi s becaus e h e
showed no significant activation in the anterio r
cingulate ROI during the high- or low-conflict
trials. Within these functionall y defined ROIs,
no differenc e i n activatio n wa s foun d whe n
comparing high - an d low-conflic t trial s ( t [5 ]
= 1.59 , P  =  0.09 , one-taile d test) . However ,
it i s no t th e cas e tha t th e anterio r cingulat e
was no t activ e a t th e tim e o f respons e (6/ 7
subjects showe d man y suprathreshold voxels,
mean =  38.4 , S D = 27.5) ; rather , the anterio r
cingulate wa s equally activ e durin g high- an d
low-conflict trials . Thus, within the contex t of
the verba l item-recognitio n paradigm , th e
conflict induce d b y interferenc e i s unrelate d
to anterior cingulate activation .

Of course , a  failure to find activation when

1
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comparing high - an d low-conflic t conditions
must b e taken wit h cautio n in that it is a null
result. I n thi s case , however , ther e i s corrob-
oration o f this null result by a report from an -
other laboratory. Bunge et al. (submitted) con-
ducted a n fMR I experimen t usin g th e verba l
item-recognition tas k i n whic h the y manipu -
lated tw o variables . On e wa s the ver y sam e
comparison o f high - an d low-conflic t condi-
tions reporte d b y Jonides e t al . (1998 , 2000 )
and D'Esposit o e t al . (1999) . Th e othe r vari-
able wa s a  manipulatio n o f th e siz e o f th e
memory loa d tha t subject s ha d t o stor e i n
working memory. In this report, there was re-
liable activatio n i n th e AC C elicite d b y bot h
variables, with the greater effec t dependin g on
the loa d variable . Furthermore , increase d ac -
tivation i n th e AC C du e t o greate r memor y
load wa s associate d wit h slowe d respons e
times, bu t n o associatio n was foun d betwee n
ACC activatio n an d th e effec t tha t interfer -
ence ha d on response times . The authors con-
cluded tha t th e activatio n i n thi s regio n wa s
more closel y linke d t o workin g memory loa d
than to interference resolution .

Yet another report usin g a different task also
casts doub t o n th e generalit y o f activatio n in
the AC C a s a  functio n o f conflic t detectio n
and resolution . Hazeltin e an d colleague s (i n
press) conducted a n fMRI stud y of the flanker
task. They recorde d fMR I image s a s subjects
performed congruen t an d incongruen t trial s
on a  flanke r tas k involvin g colore d stimuli ,
where two colors (red, green) indicated a  right
button-press an d tw o othe r color s (blue , yel-
low) indicate d a  lef t button-press . Whe n th e
response indicate d b y th e centra l stimulu s
matched th e respons e indicate d b y flanking
stimuli, th e tria l wa s congruen t (e.g. , a  re d
central target circl e flanked by green distracter
circles). When th e flanking stimuli indicated a
different respons e fro m th e target , th e tria l
was incongruent (e.g. , a red centra l targe t cir -
cle flanke d b y blu e distracte r circles) . The y
found n o evidenc e o f AC C activatio n whe n
comparing th e congruen t an d incongruen t
conditions.

This is an interesting contras t t o the repor t
of Botvinic k e t al . (1999) , who di d fin d ante -
rior cingulat e activatio n in this task. However,
it i s important t o not e tha t th e activatio n re -

ported b y Botvinick et al . (1999) on incongru-
ent trials appeared in a task in which there was
a heavy stimulus-response compatibilit y com-
ponent; furthermore , th e activatio n appeare d
only whe n incompatibl e trial s followe d com-
patible ones. I n this task, the imperative stim -
ulus wa s a n arro w embedde d amon g sur -
rounding arrow s tha t were eithe r compatibl e
or incompatible . Fo r example , th e stimulu s
"<««" would be a left-facing arro w sur-
rounded b y othe r left-facin g arrows , wherea s
the stimulus  "«>«" would  be  a right-
facing arrow surrounded by left-facing arrows .
This tas k resulted in a  flanker effec t tha t was
larger b y a  facto r o f 5  o r mor e tha n tha t o f
the standar d tas k studied b y Hazeltin e e t al .
(in press ) an d man y others . Th e large r mag -
nitude ma y signal that there are othe r factors
at work in thi s task , such a s facilitation in re -
sponse due to the natural association of arrows
with direction s an d th e homogeneit y of com-
patible stimul i on this dimension compared to
incompatible stimuli. As such, the activatio n in
the AC C may be a  function in part o f the jar-
ring effec t o f switching from a  unifor m stim -
ulus suc h a s th e forme r t o a  heterogeneou s
one suc h a s th e latter , a n effec t tha t woul d
occur onl y on trial s in which an incompatible
stimulus follow s a  compatible one .

Overall, then, we are led to two conclusions:
First, ther e i s a  noticeabl e similarit y among
activations i n certai n studie s o f conflic t reso -
lution i n region s o f DLPF C an d ACC . Sec -
ond, these similaritie s do not describe th e ac-
tivation patter n w e hav e documente d fo r a
working memory task and that Hazeltine e t al.
(in press ) have describe d fo r the flanke r task.
What migh t be th e roo t o f the discrepancy ?

Several possibilitie s sugges t themselves .
First, conside r th e shee r size s of the interfer -
ence effect s i n question. The report s include d
in ou r meta-analysi s ar e o f phenomen a tha t
are substantia l in size behaviorally. For exam-
ple, th e Stroo p interferenc e effec t i s ofte n
measured i n hundred s o f milliseconds . B y
contrast, th e interferenc e effect s foun d fo r
working memor y and fo r the flanke r tas k are
substantially smaller , typically 50 m s o r s o in
magnitude. Perhap s thi s differenc e i n magni-
tude reveal s a  fundamenta l propert y o f
conflict-resolution mechanisms . It may be that
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conflict mus t be substantia l in siz e to recrui t
a detectio n mechanis m i n th e AC C an d a n
attention-allocation mechanis m i n th e
DLPFC. Conflic t tha t i s smaller in magnitude
may be handled by other mechanisms, an d it
may be earlie r i n the processin g sequenc e a s
well, distinc t fro m th e late r processing stage s
when task s such a s the Stroo p hav e thei r ef -
fect. Possibl y relate d t o thi s i s th e fac t tha t
subjects performin g tasks such a s the Stroo p
are quit e distinctl y aware o f the conflic t tha t
is present o n incongruent trials, while subjects
performing th e workin g memor y tas k an d
flanker tasks often have little or no awarenes s
of th e differenc e betwee n high - an d low -
conflict trials . Awareness may be a  function of
the shee r siz e o f th e interferenc e effec t o r
whether i t occur s lat e i n th e processin g se -
quence, an d i t ma y take awarenes s to trigge r
the detectio n o f conflict b y the AC C and th e
allocation o f attention by the DLPFC .

Another possibilit y i s tha t th e activatio n
found in the AC C for some conflict task s rep-
resents no t s o muc h detectio n o f conflic t a s
response to conflict after i t has been detected.
By thi s account , task s i n whic h th e effec t o f
conflict i s sufficientl y substantia l to giv e sub-
jects awarenes s o f i t ma y trigger a n affective
response tha t i s a  consequenc e o f eithe r th e
conflict directl y o r th e perceive d difficult y o f
the tas k in th e fac e o f conflict . This affectiv e
response ma y be th e sourc e o f th e signa l in
the AC C tha t i s foun d i n task s suc h a s th e
Stroop task or othe r task s in which conflic t i s
substantial (suc h as the flanker task, when it is
performed unde r conditions of response com-
patibility o r incompatibility, a s in the report by
Botvinick e t al. , [1999]) . B y this account , th e
activation i n ACC represents no t a  detection
of conflic t fo r later resolutio n b y other mech -
anisms, bu t rathe r a  response t o conflic t tha t
has elicite d awarenes s an d bee n detecte d i n
some othe r way . One piec e o f evidence rele -
vant t o thi s positio n come s fro m a n event -
related potentia l stud y tha t measure d error -
related negativit y (ERN ) i n a  flanke r tas k
(Gehring &  Fencsik , 1999) . Th e ER N signa l
is a n event-relate d brai n potentia l tha t i s
found whe n subject s produc e a  respons e i n
tasks tha t involv e conflictin g response possi -
bilities. Althoug h ther e i s stil l controvers y

about the brain mechanism s that produce thi s
signal, ther e ar e source-localizatio n studie s
suggesting that i t emanates fro m media l fron -
tal structures, possibly the ACC . So, the ERN
may well be a  measure o f the ACC signal that
is measured in fMR I neuroimagin g studies of
conflict-resolution task s suc h a s thos e re -
viewed i n ou r meta-analysis . Gehrin g an d
Fencsik (1999 ) foun d tha t th e ER N i n th e
flanker task began afte r th e agonis t muscle in
their tas k showed evidenc e o f suppressing an
error i n the task , and that i t peaked afte r th e
onset o f agonis t electromyogra m activit y that
was associated wit h error correction. Thus , the
ERN canno t reflec t a  mechanism of error de -
tection, rather , it must reflect a response to an
error. I f the ERN , in turn, is the temporal sig-
nal o f anterio r cingulat e activation , thi s cast s
doubt o n th e vie w that th e AC C is acting t o
detect error s fo r later correction .

There is much yet to learn abou t processe s
of conflic t resolution . What w e know at pres -
ent i s that anterio r cingulat e an d dorsolateral
prefrontal cortica l regions are activated among
some task s tha t requir e processe s t o resolv e
among competin g responses . W e als o kno w
that these brain regions are not necessarily in-
volved in all such tasks, but tha t other region s
may be recruite d instead . What differentiates
the constellatio n o f task s i n whic h thes e
regions are recruited fro m thos e in which they
are no t i s as yet undetermined . T o make sub-
stantial progress o n these issues , we will need
both a  better taxonomy of tasks and their psy-
chological processes , an d we will need a better
corpus o f brai n activation s tha t task s ma y
share i n common.

The nex t several years are going to be very
exciting one s fo r stud y o f th e rol e tha t th e
frontal lob e an d other brai n structures pla y in
implementing executiv e processe s o f cogni -
tion. Wha t we ar e discoverin g a t thi s stag e is
that executiv e functioning seems best charac -
terized i n term s o f a  numbe r o f identifiabl y
different processes . Tha t thi s discover y is rel-
atively new , is , o f course , understandable , a s
there is much to learn abou t the rang e o f ex-
ecutive processes , abou t th e relationshi p o f
one t o another , abou t th e brai n implementa -
tion of these processes , an d about models that
might captur e the essenc e o f how these pro -
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cesses wor k individuall y an d i n collaboratio n
with eac h other . Researc h abou t al l these is -
sues i s just beginnin g and promises to lead to
rich theorie s o f th e processe s tha t i n man y
ways mak e huma n intelligence intelligent.
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In 1974 , Graha m Hitc h and I proposed an al-
ternative t o th e the n dominan t Atkinso n and
Shiffrin mode l of short-term memory . We fel t
that th e so-calle d moda l mode l ha d difficult y
accounting fo r data from patient s with specifi c
short-term memor y deficit s (Shallic e &  War-
rington, 1970) , fo r the powerfu l impac t o f dif-
ferential encodin g o n long-ter m memor y
(Craik &  Lockhart , 1972) , an d fo r a  range o f
our ow n result s obtaine d usin g dual-tas k
methodology. W e propose d instea d a  syste m
having a t leas t thre e components , usin g th e
term working  memory  (Mille r et al. , 1960 ) t o
emphasise ou r concer n wit h th e functiona l
role played by this syste m over and above that
of simple short-term storage .

The ter m working  memory  i s used t o refe r
to a multicomponent syste m that i s capable of
both storin g an d manipulatin g informatio n
hence playin g a  centra l rol e i n comple x cog -
nitive activities such as learning, comprehend -
ing, an d reasoning . Th e temporar y storage of
information (short-ter m memory ) i s stil l as -
sumed to be an important functio n o f working
memory, however , an d tw o o f the thre e sub -
systems proposed , namel y th e phonological
loop an d the visuospatial  sketch-pad,  were still
primarily regarde d a s storage system s for ver-
bal an d visuo-spatia l information respectively .
However, the third component , the central ex-

ecutive, was postulated principally a s an atten-
tional contro l system , capabl e o f integratin g
the tw o slav e systems , o f linkin g the m wit h
information fro m long-ter m memory , and o f
manipulating th e resultin g representation . I n
our origina l formulation, the executiv e was al-
most entirel y underspecified , bein g regarde d
as a  pool o f processing capacity abl e t o carr y
out th e comple x functions tha t were require d
to operat e an d combin e th e slav e systems . I t
is therefore fai r t o sa y that th e centra l execu-
tive functioned as a homunculus, the little per-
son in the head who does al l the tasks that can
not currentl y be explaine d b y the model .

I have to confess, however, tha t I am rather
fond o f homunculi , sharing Attneave' s (1960 )
view tha t the y ca n b e ver y useful , i f handle d
with care . The y are,  i n particular , helpfu l i n
allowing one to put o n one side important bu t
currently intractabl e problems , whil e concen -
trating o n mor e manageabl e issues . I t i s o f
course important t o recognize that they do not
offer a  solutio n t o a  problem, merel y serving
a holding function .

This continue d to be the rol e played by the
central executiv e unti l Baddele y (1986) , em -
barrassed a t th e lac k o f progress i n thi s area ,
began t o attemp t t o fil l the theoretica l void .
The strateg y employe d the n an d sinc e ha s
been t o attemp t t o specif y th e role s t o b e

246

Fractionating the Central Executive

ALAN BADDELEY



FRACTIONATING THE CENTRAL EXECUTIVE 247

played b y th e temporar y homunculus , tryin g
first to identif y th e task s i t need s t o perform
and the n t o explai n ho w the y ar e i n fac t
achieved. B y gradually splitting of f and inter -
preting these functions , i t was hoped t o even-
tually reach a  point a t which the homunculus
was n o longer necessary , and hence coul d b e
pensioned of f (Baddeley, 1996) .

THE PROBLEM OF FRACTIONATION

Attempting th e strateg y o f divide-and-rule i n
the analysi s o f executiv e function s is , o f
course, fa r fro m novel , havin g been use d ex -
tensively i n th e attemp t t o analyz e th e func -
tions of the fronta l lobes (Roberts et al. , 1998) .
The difficult y comes , however , in successfull y
achieving this aim.

It i s a truism of neuropsychological investi-
gation that dissociations offer a  more powerful
tool than associations . In the are a of memory,
for example , th e mos t powerfu l evidenc e fo r
fractionating long - an d short-ter m memor y
came fro m singl e case studie s o f amnesic pa-
tients an d patient s wit h short-ter m memor y
deficits. Whe n require d t o perform tasks that
data o n norma l subject s suggeste d wer e de -
pendent o n short-ter m memory , densely am-
nesic patient s wer e unimpaire d (Baddele y &
Warrington, 1970) , while patients wit h grossly
impaired short-ter m memor y showed norma l
long-term memor y (Shallic e &  Warrington ,
1970). Th e sectio n tha t follow s describe s ou r
first steps i n attemptin g t o appl y the dissoci -
ative strateg y t o th e analysi s o f th e centra l
executive.

A majo r proble m i n tackling executive pro-
cesses, however , is the lac k of consensus as to
exactly what they constitute. Muc h of the ear -
lier researc h in this area attempted t o capital-
ize on the probabl e associatio n between fron -
tal function an d executive control, pointed ou t
by Shallice (1982) . I t is certainly the cas e that
patients with "frontal lob e syndrome" typically
show both failur e o n a  range of tasks that ca n
plausibly b e assume d t o depen d cruciall y on
executive control , an d damag e t o th e fronta l
lobes (Shallice , 1988) . However , th e fronta l
lobes occup y a  ver y larg e par t o f th e brain ,
and i t i s by no mean s uncommon to find pa -

tients who clearly have lesions in this area that
are apparentl y unaccompanie d b y cognitiv e
deficit. Furthermore , example s o f executiv e
failure ma y occur i n the absenc e o f clear evi-
dence o f fronta l lob e damage . Bot h o f these
suggest that i t is unwise to conflate a  cognitive
deficit wit h it s presume d anatomica l under -
pinning, particularl y give n tha t neithe r o f
these is well understood .

Baddeley an d Wilson (1988) therefor e pro -
posed that the anatomically based term frontal
syndrome b e replace d b y the ter m dysexecu-
iwe syndrome.  The y suggeste d tha t th e anal -
ysis o f this wid e arra y of cognitiv e symptoms
should b e studie d i n thei r ow n right , an d i n
parallel wit h investigatio n o f th e neuropsy -
chology o f th e fronta l lobes , whil e acceptin g
that i t i s probable tha t thes e tw o line s o f in -
vestigation wil l becom e integrate d i n du e
course. A  separation betwee n specificatio n at
the functiona l an d anatomica l level s is , o f
course, ver y commo n i n neuropsychology . I n
the cas e of memory, for example, our progress
would b e likel y to hav e been muc h les s ha d
we attempted  t o defin e long-ter m memor y in
terms o f th e damag e t o a  singl e anatomica l
structure suc h as the hippocampus . As the ex-
cellent chapter by Stuss and colleagues (Chap-
ter 25 ) in this volume indicates, Baddele y and
Wilson were b y no mean s alone i n proposing
such a  dissociation betwee n th e stud y of th e
neuroanatomy o f th e fronta l lobe s an d th e
study of executive function .

We are, however , stil l left wit h the questio n
of ho w t o fractionat e th e centra l executive .
One approac h migh t be to take the task s that
have traditionall y been assume d to be associ -
ated with frontal function , usin g them as mea-
sures o f hypothetica l underlyin g executiv e
processes. However , a s thes e wer e typicall y
based o n studie s o f frontal lob e lesions , such
an approach seeme d likely to lead us back into
the structure-functio n conflatio n w e were try-
ing t o escape . M y colleagues an d I  decide d
therefore to step back and simply speculate on
what capacities a n executive would need in or-
der t o functio n adequatel y (Baddeley , 1996).

In the interests o f simplicity and tractability,
we assume d tha t th e executiv e wa s purely a
system fo r attentiona l control , an d di d no t it -
self have any storage capacity (Baddeley & Lo-
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gie, 1999) . I t wa s abl e t o focu s attentio n
against potentiall y distractin g irrelevan t infor -
mation, t o switc h attentio n betwee n tw o o r
more stimulus sources or actions, to divide at -
tention i n orde r t o perfor m tw o concomitan t
tasks, an d finally to interfac e wit h long-ter m
memory (Baddeley, 1996). We hoped to obtain
measures o f eac h o f these , establishin g gen -
erality by ensurin g tha t th e same  basi c exec -
utive function s coul d b e detecte d b y superfi -
cially different tasks using different modalities ,
and t o investigat e th e separabilit y o f suc h
functions usin g th e classi c method s o f
dissociation.

Our principa l subjec t group so far, has been
patients sufferin g fro m Alzheimer' s diseas e
(AD), i n who m w e identifie d a  particularl y
marked deficit in executive control, coupled of
course with thei r eve n more marked defici t in
episodic memor y (Spinnle r e t al. , 1988 ; W e
selected patients in the earl y stages of demen -
tia (MMS E 18-24) , a  poin t a t whic h a  clea r
diagnosis was possible, whil e cognitive capac -
ities were stil l adequate fo r the patien t t o un-
derstand an d follo w instructions for unfamilia r
experimental tasks . Th e exac t locatio n o f any
underlying anatomica l deterioratio n wa s un -
certain. Hence , althoug h suc h patient s offe r
the potentia l fo r studyin g executive function ,
they d o no t constitut e a n idea l grou p fo r th e
analysis o f frontal lobe function .

EXECUTIVE CONTROL AND
DUAL-TASK PERFORMANCE

Our firs t stud y occurre d a t a  tim e whe n th e
central executiv e wa s almos t totall y unspeci -
fied, being suggeste d b y the simpl e tripartit e
model whic h implie d tha t an y tas k tha t re -
quired th e coordinate d us e o f the sketchpa d
and th e phonologica l loo p would b e likel y to
make demand s o n th e centra l executive . We
therefore combine d a  concurrent visuo-spatial
pursuit tracking task, in which the patien t was
required t o keep the stylu s in contac t with a
moving spo t o f light , with a  number o f othe r
tasks that were assume d to involve perceptua l
and respons e system s that ha d minima l over-
lap wit h th e trackin g task . Recal l o f span -
length digi t sequence s is our mos t frequentl y

used concurren t task . B y adjusting th e spee d
of th e trackin g targe t an d th e lengt h o f th e
digit sequences , w e wer e abl e t o titrat e th e
level o f difficult y t o a  point a t which AD pa -
tients an d age-matche d an d youn g contro l
subjects were all performing a t the sam e leve l
of accuracy . Whe n require d t o combin e th e
two tasks, both young and normal elderly sub-
jects showe d a  small but equivalen t tendenc y
for performanc e t o decline , wherea s A D pa -
tients showe d a  marke d defici t (Baddele y e t
al., 1986) .

A subsequen t longitudina l stud y showe d
that, while the progressio n o f the diseas e ove r
a period o f 1 2 months had minima l effec t o n
the two tasks performed alone , it led to a clear
and systemati c declin e i n dua l tas k perfor -
mance (Baddeley et al. , 1991). This result con-
trasted wit h performanc e o n a  task i n whic h
subjects attempte d t o classif y word s a s be -
longing t o on e o r mor e categories . Leve l o f
difficulty wa s manipulate d b y increasin g th e
number o f categories . Th e A D patient s per -
formed mor e slowl y overall . Increasin g th e
number o f categorie s slowe d respons e time s
for al l subject groups . However , ther e was no
interaction betwee n subjec t grou p an d cate -
gory size , suggesting that a n increas e i n diffi -
culty does not inevitably have a disproportion-
ate impact on the performance of AD patients.
The categor y siz e effec t was , however , rela -
tively small , suggesting th e nee d fo r a  muc h
closer examinatio n o f th e rol e o f leve l o f
difficulty.

Reviewing studie s o f th e impac t o f AD o n
attentional control , Perr y and Hodge s (1999 )
suggest tha t dual-tas k performanc e provide s
the cleares t evidenc e o f a differential defici t in
AD ove r an d abov e tha t o f aging . They note ,
however, tha t a n alternativ e hypothesi s i n
terms o f lowe r processin g spee d i n A D pa -
tients needs to be investigated more fully. This
has recentl y bee n attempte d i n tw o separat e
research programms . Logi e an d collegue s
(2000a) hav e independentl y manipulate d the
level o f difficulty an d th e presenc e of a dual-
task demand . I n on e study , they investigate d
the effec t o f leve l o f difficult y whe n trackin g
and digit recal l were performed as single tasks.
For th e digi t task , span was established, afte r
which memor y was tested at two digits belo w
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span, one below span, and one an d two digits
above span . The result s ar e show n in Figur e
16-1, fro m whic h i t i s clea r tha t simpl y in-
creasing the leve l of difficulty doe s not differ -
entially impai r th e performanc e o f th e A D
patients. I n the cas e o f tracking, the standar d
pretest procedur e wa s used to determin e th e
target spee d tha t resulte d i n 60%-70 % tim e
on target . Patient s wit h A D an d youn g an d
elderly contro l subject s wer e the n teste d a t
50% o f this speed , an d a t 75% , 100% , 125% ,
and 150% . Onc e again , a varying level of dif-
ficulty had the sam e effect o n all three groups.
Hence, neithe r tas k gave an y support t o th e
suggestion tha t AD patients are more suscep -
tible t o a n increas e i n difficult y tha n contro l
subjects.

In a  furthe r experiment , dual-tas k perfor -
mance was studied usin g the easies t trackin g
and digi t conditions . Combinatio n o f the tw o
tasks led t o a n overal l decrement o f 12.6% in
AD patients , significantl y greate r tha n tha t
found in the elderl y (2.71%) or young subjects
(3.34%).

Baddeley an d colleague s (2001 ) als o chos e
to investigat e th e capacit y fo r dual-tas k per -
formance i n A D patients . The y attempte d t o
tackle th e difficult y hypothesi s by comparing

the performanc e of AD patients, age-matched
controls, and young controls on tasks involving
focused or divided attention. One focused task
involved reaction tim e (RT) , with level of dif-
ficulty being studied by comparing simpl e and
choice RT. Two dual-task tests were used. One
was essentially a replication o f earlier findings,
with a  visuospatia l tas k i n whic h subject s
placed crosse s i n a  chain o f boxes, combined
with a  concurren t digi t spa n task . A  secon d
experimental task was analogous to the tas k of
a rail passenger reading a magazine in a station
and waitin g t o hea r thei r statio n nam e an -
nounced. Th e visua l componen t involve d
searching a n arra y o f pictograms . Eac h ro w
was preceded b y a target, and the subjec t was
required t o cros s ou t an y occurrences o f th e
target o n tha t row , before proceedin g t o th e
next row and another target. The auditory task
involved listenin g t o a  stream o f town name s
for th e nam e "Bristol, " the cit y in which th e
testing wa s carrie d out ; wheneve r subject s
heard th e targe t nam e they were require d t o
repeat it .

Performance o f th e A D patient s an d th e
two contro l group s o n simpl e and choic e R T
showed, as expected, tha t overall performance
was better i n the youn g subjects than th e el -

Figure 16-1 . Effec t o f leve l o f difficult y o n th e perfor -
mance o f patients suffering fro m Alzheimer' s disease, an d
young and elderly control subjects. The difficult y o f a digit

span tas k wa s adjuste d s o tha t al l thre e group s wer e
matched unde r th e standard condition, wit h performanc e
tested at levels ranging from spa n —  2 to span +  2  digits.
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derly controls , wh o responde d mor e rapidl y
than the AD patients. Al l groups showed faster
simple tha n choic e RTs . There wa s a  signifi -
cant interactio n betwee n ag e an d tas k diffi -
culty, indicating that older subjects were mor e
affected b y increasing th e numbe r o f alterna -
tives. However , ther e wa s n o evidenc e fo r a
further interactio n betwee n diseas e an d leve l
of difficulty , a s predicte d b y th e hypothesi s
that mor e difficul t task s are simpl y more sen -
sitive to AD.

When digi t span was combined with the vis-
uospatial box-crossin g task , al l thre e group s
were abl e t o maintai n spee d o f box-crossing
reasonably well under dua l task conditions, al-
though ther e wa s an interaction betwee n con -
dition an d group , reflecting a small but signif -
icant tendenc y fo r th e A D patient s t o wor k
slightly mor e slowly . As i s typicall y th e case ,
however, performanc e o n the concurren t digi t
span tas k showed a  clear dual-tas k decremen t
for th e A D patients, but littl e for either o f the
control groups .

Figure 16- 2 show s th e equivalen t dat a fo r
the tas k involvin g visual searc h an d auditor y
detection. Rat e of visual search was clearly in-
fluenced bot h b y age and AD, and once again
held up  reasonabl y well, although there was a
suggestion that the AD patients were impaired
by the concurren t auditor y task . However , a s
Figure 16-2 B indicates , the dual-task require -
ment le d t o a  substantia l an d significan t in -
crease i n errors on the auditory-detectio n tas k
in th e cas e o f th e A D patients , bu t no t th e
controls.

Thus, w e agai n foun d clea r evidenc e o f a
dual-task defici t i n AD patients . The effec t o f
difficulty i n th e absenc e o f divisio n o f atten -
tion wa s shown i n th e simpl e an d choic e R T
study. A s anticipated , th e olde r subject s re -
sponded mor e slowly than the young subjects,
while th e A D patient s wer e ye t slower . Th e
move from simpl e to choice R T also increased
response latency . However , ther e wa s no sig -
nificant interactio n betwee n conditio n an d
group. The effec t o f age was at least as marked
as the furthe r effec t o f AD.

The combined dat a from th e various studies
of dual-tas k performanc e i n A D patient s
strongly indicat e a  particular susceptibilit y to

the requiremen t t o perfor m tw o task s simul-
taneously, a  defici t tha t doe s no t characteriz e
normal elderly subjects , at least when the level
of th e constituen t task s i s adjuste d s o a s t o
equate performance acros s groups i n the sin -
gle task condition. The dat a fro m Logi c e t al .
(2000b) an d Baddele y e t al . (2001 ) d o no t
readily fi t a n interpretatio n i n term s o f a n
overall simpl e defici t i n spee d o f processing .
They sugges t a  qualitative distinction betwee n
the effect s o f increasing difficult y throug h re -
quiring dual-task performance, and increasing
it by increasing the leve l o f difficulty o f a sin-
gle task (Baddeley et al. , 1991 , 2001 ; Logi c e t
al., 2000a) .

To wha t extent , however , ca n thes e find -
ings b e generalize d beyon d th e stud y of AD?
A simila r though smalle r dual-tas k decremen t
has bee n show n usin g the sam e paradig m i n
patients sufferin g for m Parkinson' s diseas e
(Dalrymple-Alford e t al. , 1994) , whil e Hart -
man, e t al . (1992 ) hav e adapte d th e para -
digm t o stud y th e effec t o f concurren t
conversation b y a  therapis t o n th e moto r
performance o f brain-damage d patients .
They foun d tha t conversatio n ha d n o detri -
mental effec t o n contro l subjects , bu t di d
impair patien t performance , wit h th e effec t
being mor e marke d in patients wit h evidenc e
of fronta l lob e damage .

The paradig m has als o been applie d t o re -
habilitation researc h b y Alderma n an d col -
leagues (1995) , wh o wer e intereste d i n
studying patient s withi n a  rehabilitatio n unit .
The uni t operate d o n th e basi s o f a  toke n
economy, attemptin g t o reduc e antisocia l be -
havior tha t wa s preventing th e patient s fro m
benefiting fro m therapy . Mos t patient s re -
sponded positivel y to th e regime , bu t a  small
number di d not.  Suc h patient s prove d t o
have a  particula r proble m i n dual-tas k per -
formance, suggestin g th e intriguin g possibil -
ity tha t th e capacit y t o respon d appropriatel y
in socia l situation s might itsel f involve a  for m
of dua l tasking , perhaps, fo r example , requir -
ing on e t o monito r one' s ow n goals and aims
at th e sam e tim e a s takin g accoun t o f th e
needs o f others .

An additiona l lin k betwee n dual-tas k per -
formance an d behaviora l dysfunctio n cam e



Figure 16-2 . Dual-tas k perfor -
mance in patients with Alzhei-
mer's disease an d i n elderly
and young control subjects . A:
Performance o n a  visual-search
task performed alone , an d in
combination with an auditory -
detection task. B:  Error s i n au -
ditory city name detection un -
der single - and dual-task
conditions.
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from a  study attempting t o examin e the rela -
tionship betwee n dual-tas k performanc e defi -
cit and fronta l lob e damag e (Baddeley , e t al ,
1997). Patient s identifie d a s having clear ana -
tomical evidenc e of damage withi n th e fronta l
lobes were tested on the Wisconsin Card Sort -
ing Test an d o n a  test o f verbal fluency. They
were als o independentl y categorize d b y tw o
judges a s to whethe r the y showe d th e disor -
ganized behavio r sometime s associate d wit h
frontal lob e damage . Al l subject s the n per -
formed tw o tasks, a perceptual-motor task in-
volving crossing out a  chain o f boxes, in eac h
of whic h a  cros s ha d t o b e written , an d a n
immediate-memory tas k involvin g a  serie s o f
digit sequence s o f spa n length . Thes e task s
were performe d singl y an d i n combination .
When th e group s wer e spli t o n th e basi s o f
the rating s of dysexecutive behavior, there was
clear evidenc e fo r a n associatio n betwee n
dual-task performanc e an d disordere d behav -
ior. Ther e wa s i n additio n a n overal l impair -
ment i n performanc e o n bot h th e Wisconsi n
Card Sortin g Tes t an d verba l fluency, but n o
suggestion tha t eithe r o f thes e wa s differen -
tially associate d wit h dysexecutiv e behavior .
Given tha t th e finding s o f thi s stud y an d o f
that o f Alderma n e t al . were t o som e exten t
unexpected, thi s issu e clearl y requires furthe r
investigation befor e drawin g an y firm conclu -
sions. I f replicated , the n i t migh t stil l simply
reflect separat e cognitiv e and behavioral func -
tions tha t happe n t o depen d o n anatomicall y
adjacent areas . A n intriguing possibility , how-
ever, i s that the capacit y t o perform tw o tasks
at the sam e time is an important and pervasive
component o f norma l socia l interaction , per -
haps operatin g throug h th e nee d t o combin e
one's ow n need s an d aim s with a n apprecia -
tion o f those o f others .

EXECUTIVE CONTROL AND TASK
SWITCHING

A thir d possibl y separabl e executiv e functio n
proposed wa s that o f a  capacity t o switc h at -
tention fro m on e tas k t o anothe r (Baddeley ,
1996). Despit e som e highly innovative studie s
by Jersild in 1927 , an d a  brief revival of inter -
est some 50 years later (Spector & Biederman,

1976), the stud y of task switching has only be-
gun t o receiv e th e attentio n i t woul d appea r
to deserve, followin g a n extensive series of ex-
periments b y Allpor t e t al . (1994) , which has
gone o n t o stimulat e considerabl e relate d
work (e.g. , Roger s &  Monsell , 1995 ; Los ,
1996; Meiran , 1996) .

Following u p th e suggestio n tha t tas k
switching might depend on a specific and sep -
arable componen t o f th e centra l executive ,
Baddeley e t al . (2001 ) decide d t o investigat e
the issu e using dual-task methodology. We se-
lected an d simplifie d a n arithmeti c tas k ini -
tially developed b y Jersild. In our version, sub-
jects wer e presente d wit h a  column o f single
digits printe d o n a  shee t o f paper, an d wer e
required t o either ad d 1 to each digit , o r sub-
tract 1 . In the crucia l switching condition, they
were aske d t o alternat e betwee n addin g an d
subtracting, in each case movin g down the lis t
as rapidly as possible withou t makin g errors.

We argued tha t i f there were a n importan t
switching componen t t o th e executive , the n
requiring subject s t o perfor m simultaneously
another switching task should massively impair
performance. Baddele y an d colleague s (1998 )
had, i n fact , develope d jus t such a task, based
on modifying the trails test. I t involved the re -
trieval an d recitatio n o f tw o overlearne d se -
quences, number s an d letters , eithe r as single
sequences, ("A , B, C, D , E , F, " etc. ; "1 , 2 , 3,
4," etc. ) o r i n alternatio n ("1 , A , 2, B , 3, C, 4 ,
D," etc.). Evidence fo r the executiv e nature of
the tas k cam e fro m combinin g it  with a  ran -
dom keyboard generatio n task. Our verbal ver-
sion o f th e trail s tas k substantiall y disrupte d
random generation ; indeed , degre e of disrup -
tion wa s virtually equivalen t t o tha t resultin g
from performin g a  concurren t flui d intelli -
gence test . A s we planne d t o us e thi s verba l
trails task in combination wit h the concurren t
arithmetic, w e fel t i t necessar y t o avoi d using
numbers, optin g instea d fo r tw o othe r over -
learned sequences , namel y day s o f th e wee k
and months of the year . Hence i n the blocke d
condition, subject s would simply recite "Mon -
day, Tuesday, " etc. , o r "January , February ,
March," etc. , whil e i n th e verba l trail s condi -
tion they were required t o alternate ("Monday ,
January, Tuesday, " etc.) . Suc h a  task does , of
course, involv e bot h alternatio n an d articula -
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tory suppression , makin g i t necessar y t o in -
clude a further contro l condition in which sub-
jects recited eithe r the days of the week or the
months o f the year , without th e requiremen t
to alternate .

Our design , therefore , looke d a t the cos t of
switching betwee n additio n an d subtractio n
when arithmeti c wa s performed alone , when
performed whil e simultaneousl y recitin g a
well-known sequence , th e month s of the year
or days of the week, and while alternating days
and months . I f ther e i s indee d a  specifi c ex -
ecutive functio n concerne d wit h switchin g of
attention, the n w e migh t expec t massiv e in-
terference fro m th e verba l trail s task , com -
pared to little or no effect o f articulatory sup-
pression. Finally , ou r stud y include d on e
further smal l but importan t variable . Specto r
and Biederma n (1976 ) reported tha t althoug h
arithmetic switching caused a substantial slow-
ing in performance whe n on e had to remem -
ber t o alternat e i n th e absenc e o f plu s an d
minus signs, accompanying each digit with the
appropriate sig n virtuall y eliminate d th e
switch cost. We therefore ran two studies, one
in whic h eac h digi t wa s followe d b y th e ap -
propriate sign , an d on e i n whic h th e sign s
were omitted . Th e result s o f our tw o studie s
are show n in Figure 16-3 .

Consider firs t Figur e 16-3A , performanc e
with sign s present . Unlik e Specto r an d Bied -
erman, we did obtain a  clear switchin g effect .
Furthermore, performanc e wa s indee d im -
paired b y our concurren t verba l trails task, al-
though no t dramaticall y so . Figur e 16-3 B
shows performance whe n th e plu s an d minus
signs wer e omitted ; firs t o f all , ther e wa s a
much more substantial switching effect, a s in-
deed Specto r and Biederman would have pre-
dicted. The concurrent verba l trails task had a
major effec t o n performance, bu t note that its
effect occurre d fo r both blocked and switching
conditions, suggesting that i t impaired the ba-
sic arithmeti c tas k a s wel l a s th e capacit y t o
switch. Ou r mos t unexpecte d finding , how -
ever, cam e fro m th e articulator y suppressio n
condition; althoug h suppressio n ha d littl e ef -
fect o n blocked performance , it had a  marked
impact when switchin g was required .

How shoul d w e interpre t thes e findings ?
First of all, although w e obtained a consistent

switching cost , whe n th e nee d t o remembe r
what t o d o nex t wa s remove d b y providin g
signs, the cos t was small, despite a  demanding
concurrent task . Our majo r effect s appea r t o
come fro m th e requiremen t t o maintai n and
operate the switchin g program , a n effec t tha t
is markedl y increased b y concurren t articula -
tory suppression. We will discuss these in turn.

Our result s provide som e support for a role
of th e centra l executiv e i n tas k switching .
However, th e evidenc e for a specific effect o n
switching per s e is weakened by the impac t of
our verbal trails task on speed o f performance
under th e blocke d condition , when switching
is no t required .

In contras t t o our lack o f success i n throw-
ing ligh t o n th e propose d centra l executiv e
switching process, our results do seem to have
strong implication s fo r anothe r importan t is -
sue. Wheneve r subject s com e int o a  psycho-
logical laborator y t o tak e par t i n a n experi -
ment, they will need a  set of instructions as to
how they should respon d to the experimenta l
material that will be presented . I n the cas e of
bright young students, they typically have little
difficulty i n absorbin g quit e comple x instruc -
tions, goin g o n t o retai n the m an d operat e
them at speed. Ho w do they do this? In a very
thoughtful article , Monsel l (1996 ) offer s thi s
puzzle a s his contribution t o a  book on unsol-
ved problems o f psychology. At first sight, ou r
own study suggests that the phonologica l loop
may pla y a n importan t rol e i n maintainin g
such internalized plans or programs. However,
our suppressio n task , recitin g th e month s of
the year , while a n appropriate contro l fo r th e
verbal trail s task we used, migh t itself be rel -
atively demanding. We therefore carried ou t a
further stud y in which suppressio n simpl y in-
volved repeatedly utterin g the word "the". We
obtained th e same results, althoug h the effect s
were les s marked . Thi s suggest s that holdin g
and operatin g th e alternatio n progra m ma y
well involv e processe s beyon d simpl e articu -
latory rehearsal . Th e questio n o f what thes e
might compris e i s discusse d i n th e nex t
section.

Vygotsky (1962 ) suggeste d tha t verbaliza -
tion ma y be a n important mechanis m for th e
control o f action , a  vie w tha t wa s subse -
quently extensivel y supporte d b y Luri a i n
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Figure 16-3 . Performanc e on
an arithmeti c switchin g task in-
volving alternating addition an d
subtraction a s a functio n o f
concurrent task . The task s in-
volved a  baseline control, a n ar-
ticulatory suppression condi -
tion, an d a condition that itsel f
involved alternation . A: Perfor-
mance when plu s and minus
signs are present ; B:  when the y
are absent .

studies o f both childre n an d o f patient s wit h
frontal lob e damag e (Luria , 1959a , 1959b) .
Given that suc h verbal contro l programs nee d
to operat e ove r a t leas t th e duratio n o f an ex-
perimental session , the y would appea r to im-
plicate th e fourt h functio n attribute d t o th e
central executiv e by Baddeley (1996) , namely
the capacit y t o interfac e wit h long-ter m
memory.

LINKING WORKING MEMORY AND
LONG-TERM MEMORY: THE EPISODIC

BUFFER

Over the years , although th e concept of work-
ing memor y ha s prove d applicabl e t o a  very
wide rang e o f data , ther e ha s bee n a  stead y
trickle of results that were not easy to accom -
modate withi n th e existin g framework . Thi s
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was particularly s o once the decision had been
taken to regard the centra l executive purely as
an attentiona l contro l system , withou t itsel f
having an y storag e capacit y (Baddeley , 1996 ;
Baddeley & Logie, 1999) . Although somewhat
diverse, mos t apparent anomalies fal l into two
related categories—namel y that o f integrating
information fro m th e tw o slav e systems , an d
interfacing with long-term memory.

The proble m of integration i s found even in
relatively simpl e tasks , suc h a s the immediat e
serial recal l o f visuall y presente d verba l ma -
terial. Th e presenc e o f a  powerfu l effec t o f
phonological similarit y indicate s tha t suc h
tasks typicall y rel y heavil y o n phonologica l
coding. Whe n visua l presentatio n i s accom -
panied b y articulator y suppression , th e pho -
nological similarit y effect disappear s an d per -
formance i s markedl y reduced . However ,
subjects ca n stil l remember fou r o r five digits,
and eve n patient s with grossl y defective pho -
nological short-term memor y can typically re-
member at least three or four digits when they
are presented visuall y (Shallice & Warrington,
1970).

A small but consistent visual similarity effec t
can also be found in serial verbal recall (Logie
et al. , 2000b) . Furthermore , digi t spa n i s
greater whe n visuall y presente d item s com -
prise Arabi c numeral s ("7 , 3 , 9, " etc. ) tha n
when the y ar e presente d a s word s ("seven ,
three, nine, " etc.) . Th e possibilit y tha t thi s is
due t o th e greate r visua l complexit y o f th e
digit word s i s suggeste d b y th e fac t tha t th e
effect wa s eliminate d b y a  concurren t visuo -
spatial tas k (Chincott a &  Underwood, 1997a ,
1997b). All of these result s imply a capacity to
combine informatio n fro m visua l an d verba l
sources; th e workin g memor y mode l a s out -
lined by Baddeley and Logi e (1999) has, how-
ever, n o mechanis m fo r achievin g thi s
combination.

The same issue occurs even more acutely in
the recal l o f sententia l material . Subject s can
typically recal l abou t 5  unrelate d words , o r
about 1 6 words i f the y ar e combine d int o a
meaningful sentence , well beyond the capacit y
of th e phonologica l loo p (Baddele y e t al. ,
1987). Thu s there appear s t o be a  synergistic
relationship betwee n materia l held in the pho-
nological stor e and that held in semantic an d

linguistic form , presumabl y i n long-ter m
memory.

A simila r problem i s raised b y the recal l of
a pros e passage , suc h a s th e Ann a Thomso n
story fro m th e Wechsle r Memor y Scal e
(Wechsler, 1945) . Recall is of course measure d
in term s o f gis t rathe r tha n verbatim , and i n
an intelligen t norma l subject would compris e
about 1 5 idea units . Performanc e i s typically
tested immediately and afte r a  filled delay of
about 2 0 minutes, a t which point amnesic pa -
tients ar e likely to recal l virtually nothing. On
immediate recall, however, although many pa-
tients performed poorly, a few performed at a
virtually norma l leve l (Wilso n &  Baddeley ,
1988). Ho w coul d suc h norma l performanc e
be achieve d b y a  densel y amnesi c patient ?
Clearly the recal l o f 1 5 idea unit s is well be -
yond the capacit y of the phonological loop; in-
deed, th e ver y process o f recal l would surely
disrupt retention of later items within the pho-
nological store , sinc e i t woul d introduc e a
filled delay o f man y seconds. Ou r suggestio n
(Baddeley & Wilson, in press) is that such pa-
tients were relying upon temporarily activated
representations i n long-ter m memory , a  view
not unlik e tha t assume d b y th e concep t o f
long-term workin g memory proposed b y Er -
icsson an d Kintsc h (1995). Like them , we as -
sume tha t th e comprehensio n o f a  complex
prose passag e involve s the activatio n o f long-
term representations a t levels ranging from in -
dividual words , throug h phrases , t o genera l
concepts an d higher-leve l schemat a suc h a s
those propose d b y Schank (1982). We assume
that integratin g an d maintainin g suc h nove l
representations i s likel y t o plac e heav y de -
mands o n executiv e processing . I n lin e wit h
this view , Baddele y an d Wilso n foun d tha t
good immediat e pros e recal l i n amnesi c pa -
tients occurs only when intelligence and/or ex-
ecutive processe s ar e spared . Patient s suffer -
ing fro m AD , wh o typicall y sho w executiv e
deficits, wer e foun d t o perfor m almos t uni -
formly poorly on immediate as well as delayed
recall.

It appear s t o b e th e case , therefore , tha t
given preserve d intellec t an d executiv e con -
trol, even densely amnesic patients are able to
maintain temporaril y a  relativel y complex se-
mantic structure . Unlik e norma l subjects ,



256 PRINCIPLES OF FRONTAL LOBE FUNCTION

however, onc e attentio n i s withdrawn , thi s
structure appear s t o dissipat e rapidly . Othe r
similar example s have been reporte d in othe r
domains. Fo r example , Ende l Tulvin g (per -
sonal communication ) report s th e cas e o f a
densely amnesi c patient wh o retained th e ca -
pacity t o pla y bridge . No t onl y coul d h e re -
member the contrac t throughou t a  game, but
he wa s abl e t o kee p trac k o f what card s ha d
been playe d sufficientl y wel l fo r hi m an d hi s
partner t o win the rubber . This , like the pre -
served pros e recall , point s t o som e for m o f
temporary activation , base d o n long-ter m
memory but usable even in patients with gross
disruption o f episodic long-ter m retention .

The example s jus t describe d represen t
some but b y no mean s al l of the piece s o f ev-
idence tha t d o no t fi t readil y int o th e 199 9
version o f th e three-componen t workin g
memory model . On e could , o f course , aban -
don th e mode l an d star t again , bu t give n it s
success over the las t 20 years in accounting for
a ver y wid e rang e o f data , thi s seeme d pre -
mature. Instead, a  fourth componen t wa s sug-
gested, namel y the episodi c buffer .

The episodic  buffer  i s assumed to b e a  lim-
ited capacit y storag e system , capable o f tem-
porarily holding and manipulating information
registered i n terms of a multidimensional code
(Baddeley, 2000a 2000b) . It is termed episodic
to reflec t it s capacit y t o hol d integrate d epi -
sodes tha t exten d bot h spatiall y an d tempo -
rally. I t i s a buffer i n the sens e that i t offer s a
multidimensional code that allows information
from differen t subsystem s t o b e integrate d
with an d linked t o long-term memory . Suc h a
multidimensional capacit y tend s t o b e com -
putationally demanding, hence th e limited ca-
pacity of the buffe r (Hummel , 1999). The buf-
fer i s assumed to be controlle d b y the centra l
executive, using conscious awareness a s a ma-
jor retrieva l strateg y (Baddeley , 1993; Badde -
ley &  Andrade , 1998 ; 2000) . Thi s modifie d
version o f th e workin g memor y mode l i s
shown in Figure 16-4.

Whereas ou r initia l approac h t o workin g
memory emphasize d th e importanc e o f frac -
tionation, developin g method s o f establishing
separate subsystems , the principa l functio n o f
the episodi c buffe r involve s integration . A s

Figure 16—4 . Modifie d versio n o f th e workin g memor y
model that includes suggested link s to long-term memory
(LTM), together with a new component, the episodic buf-
fer, a s proposed b y Baddeley (2000a).

such, i t refocuse s attention o n Miller' s classic
concept of  chunking,  whereby storage capacity
is increase d b y integratin g a  numbe r o f dis -
parate feature s int o a  singl e whol e (Miller ,
1956). Chunkin g can , o f course, operat e a t a
whole rang e o f levels extending from th e rol e
of rhythmi c cue s i n enhancin g auditor y digi t
span (Ryan , 1969 ) throug h t o th e us e o f ex-
pertise to chunk complex arrays, such as chess
positions whe n viewe d an d recalle d b y chess
masters (Saariluomi , 1995) . I t seem s unlikely
that al l of these wil l be attentionall y demand-
ing or that al l will depend on the episodic buf-
fer. Luc k and Voge l (1997), fo r example, pres-
ent evidenc e t o sugges t tha t subject s ar e
capable o f encoding and retaining multiple vi-
sual dimension s when th e dimension s repre -
sent th e feature s o f a  singl e object , wherea s
when represente d acros s a  differen t rang e of
objects, performance is much poorer. The ep -
isodic buffe r i s muc h mor e likel y t o b e in -
volved in the mor e complex aspects o f chunk-
ing, wher e executiv e processe s ar e likel y t o
play a n importan t role , creatin g ne w chunks
from previousl y unrelate d constituen t
features.

Postulating a  ne w componen t o f workin g
memory raise s a  numbe r o f questions . I t i s
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important, fo r instance, to determine th e lim-
its o f the system , in particula r separatin g th e
proposed multidimensiona l syste m fro m th e
existing slave systems. This shoul d be possibl e
to achieve b y using dual-task measures , inves -
tigating tasks that interfere with one slave sys-
tem but not the other, and those that influence
both (Baddele y & Andrade, 2000) . The stud y
of carefully selecte d singl e cases with specifi c
deficits t o on e o r anothe r o f the componen t
systems o f workin g memor y shoul d als o b e
very helpful i n this respect .

Another importan t issu e concern s the rela -
tionship between the episodic buffe r an d long-
term memory . Cowa n (1999 ; 2001 ) make s
similar assumption s abou t th e utilizatio n o f
long-term memor y via a  limited-capacit y at -
tentional control system analogous to the cen -
tral executive. However , he does not postulate
an additiona l temporar y store , presumabl y on
the assumptio n tha t th e activatio n i n long -
term memor y i s sufficient . However , give n
that acces s t o long-ter m memor y appear s t o
be attentionall y relatively undemanding (Bad-
deley, e t al. , 1984 ; Crai k e t al. , 1996) , i t is not
clear wh y performanc e o f task s tha t ar e as -
sumed t o requir e th e episodi c buffe r appea r
to be so dependent on executive capacity . I t is
also no t clea r ho w a system that simpl y reac-
tivates existin g materia l coul d b e capabl e o f
creating an d manipulatin g ne w representa -
tions. Consider , fo r example , the concep t o f a
female elephan t playin g ice hockey. Althoug h
this is an unlikely concept, mos t people appea r
to be able to create it and, furthermore, to use
it to make novel decisions. What migh t be th e
best positio n fo r suc h a  tea m member ? Sh e
would b e capabl e o f deliverin g a  formidable
body check, but migh t she be even more use-
ful i n goal ?

I sugges t tha t th e episodi c buffe r serve s as
a syste m no t onl y fo r representin g th e envi -
ronment and making it accessible t o conscious
awareness, th e classi c bindin g problem , bu t
also for utilizing past experience t o model th e
future. Simpl y activatin g long-ter m memor y
seems unlikely to achieve this goal. A possible
solution migh t b e tha t suc h manipulatio n in -
volves the maintenanc e o f 'addresses' for rep -
resentations i n long-ter m memory . However ,

it could be argue d tha t thi s is not s o much an
alternative t o a  buffer a s a speculation o n th e
process underlyin g th e operatio n o f the epi -
sodic buffer— a necessar y late r step , bu t no t
one that needs to be taken a t this point . This
speculation does , however , lead t o the impor -
tant question of how the episodic buffer migh t
conceivably be realize d neurobiologicall y

First o f all , i t seem s unlikel y that th e epi -
sodic buffe r wil l b e represente d b y a  singl e
specific anatomica l region o r structure . Give n
that on e of its essential functions is to link to-
gether man y differen t codes , i t mus t a t th e
very least have multiple connections . Further -
more, i f thi s syste m i s a s importan t a s sug -
gested, i t seem s likel y tha t evolutio n woul d
have buil t i n a  certai n amoun t o f anatomica l
redundancy t o increas e it s robustnes s against
potential brain damage .

There is , of course, considerable interes t i n
mechanisms tha t migh t potentiall y solv e th e
binding problem . On e interestin g lin e o f re -
search stem s fro m th e suggestio n tha t syn -
chronized firing might provide a  way of linking
multiple system s (Singer, 1999). Another pos-
sibility i s through singl e cell s tha t respon d t o
the co-occurrenc e o f two or mor e code s (se e
Chapter 6) . A t a  more system-base d level , i t
seems likely that area s within the fronta l lobe s
will pla y a  crucia l par t i n th e capacit y t o in -
tegrate concept s (Hummel , 1999).

A recen t stud y usin g functiona l magneti c
resonance imagin g (fMRI ) present s result s
that fi t neatly into the concep t o f an episodi c
buffer. Prabakara n an d colleague s (2000 ) re -
quired subject s to retain over a brief delay ei-
ther letter s o r marke d spatia l locations . I n a
third condition , the y wer e require d t o recal l
the locations , togethe r wit h th e letters , wit h
the tw o set s o f stimul i presente d i n parallel .
In a  fourth conditio n tw o sets o f stimuli were
combined by displaying on e letter in each lo-
cation. I n th e firs t thre e conditions , presen -
tation o f the letter s activate d area s associate d
with the phonologica l loop , or alternatively ar-
eas associate d wit h th e sketchpad , whil e th e
third conditio n involve d both. However , when
the letter s an d spatia l location s wer e inte -
grated, a  separate frontal are a became active ,
whereas previousl y activ e area s becam e les s
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so. Th e author s concluded : "Th e presen t
fMRI result s provid e evidenc e fo r anothe r
buffer, namel y on e tha t allow s fo r temporary
retention of integrated information" (Prabhak -
aran et al. , 2000, p. 89) .

One majo r featur e o f th e episodi c buffe r
concept is its emphasis o n the importan t issu e
of ho w informatio n i s chunked . Doe s i t rep -
resent one , two , o r many differen t processes ?
How is chunking relate d to the mor e genera l
concept o f binding , an d ho w ca n i t bes t b e
studied? I s th e capacit y o f the buffe r se t b y
the numbe r o f chunk s i t ca n hol d (Baddeley ,
2000a; Cowan, 2001) , and i f so, can we devis e
a convenient measure o f episodic buffer span ?

CONCLUSIONS

The concep t o f working memor y i s multifac-
eted an d functionall y defined , an d a s suc h i s
unlikely t o ma p i n a  simple wa y onto a n ana -
tomical structur e suc h a s th e fronta l lobes .
However, i t is clear that the fronta l lobes play
an importan t rol e i n integratin g informatio n
from man y othe r area s o f the brain , an d ar e
crucially involve d i n it s manipulatio n fo r pur -
poses suc h a s learning , comprehension , an d
reasoning. Give n tha t thes e ar e precisel y th e
roles attribute d t o working memory , i t seem s
likely tha t th e functiona l an d anatomica l ap -
proaches wil l continu e t o develo p synergisti -
cally, a s th e comple x function s assigne d t o
working memor y are tackled using an increas -
ingly sophisticate d armory of new psychologi-
cal and neurobiologica l techniques.
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17
Fractionation of the Supervisory System

TIM SHALLICE

It is generally agreed that the lateral prefrontal
cortex holds processes operating at a high level
in the cognitive system (Stuss & Benson, 1986 ;
Fuster, 1997 ; Miller , 2000) . Theoretica l ac -
counts o f how they operate are , however , re -
markably few in number . One reaso n fo r this
is that to understand high-level processes one
must hav e som e typ e o f characterizatio n o f
how the syste m (or systems) tha t they modu-
late o r directl y contro l operates . On e o f th e
few attempt s t o specif y this an d the modula -
tion relatio n wa s that i n 1980 , whe n Norman
and I  argued tha t high-leve l processe s modu-
late a  system that i s concerned with the rou-
tine control of routine motor and cognitive op-
erations (Norma n & Shallice , 1980 ; se e als o
Shallice, 1982) . We called this system conten-
tion scheduling.

We conceive d o f contentio n schedulin g b y
analogy with a type of production system. Pro-
duction system s are artificia l intelligenc e (AI )
systems that hav e an operation base d o n pro-
ductions, whic h ar e condition-actio n pairs ;
when th e condition s o f a  production ar e sat -
isfied b y perceptua l representation s o r one s
currently in working memory, the n a n actio n
occurs, namel y an outpu t o r a  new inpu t t o
working memory. Production systems differ i n
what happen s i f multipl e production s hav e
their conditions satisfie d at the sam e time. I n

our mode l th e selectio n o f which productio n
(in ou r terminology , schemas)  woul d contro l
the special-purpos e processin g system s i t re -
quired was based on McDermott and Forgy' s
(1978) approach to production system conflict
resolution. I n thi s approach , schema s eac h
have a  salience measure, activation, and there
is mutually inhibitory competition a s to which
schema achieve s a n activatio n leve l tha t ex -
ceeds th e selectio n threshold . Thi s schem a
then operates .

From th e perspectiv e o f its basic unit, th e
schema, our model fits with a framework used
in models of lower-level actions such as reach-
ing and graspin g (e.g., Arbib, 1997). Anatom-
ically, contention schedulin g may be viewed as
being base d o n selectio n processe s operatin g
in basa l gangli a (Norma n &  Shallice , 1986 )
and premotor corte x (see Rumiati et al., 2001),
both o f which ar e outflo w target s fo r dorso -
lateral prefrontal cortex. Moreover, neurolog-
ical disorder s o f th e carryin g ou t o f routin e
actions, a s in action disorganizatio n syndrome
(Schwartz et al. , 1991 ) an d certain varieties of
ideational apraxia , ca n b e modelle d usin g an
implemented version of contention scheduling
(see Coope r &  Shallice, 2000 ; Rumiat i et al. ,
2001).

In the Norma n Shallice model, the key dis-
tinction betwee n th e function s of contentio n
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scheduling and the Supervisor y System that is
held t o modulat e i t i s betwee n routin e an d
nonroutine operations.  The  Supervisory  Sys-
tem is  thought to be located  in  prefrontal cor-
tex. Evidenc e fro m a  variety o f methods , in -
cluding anima l studie s (Butter , 1964) ,
neuropsychology (e.g., Shallice & Evans, 1978;
Morris e t al , 1997 ; Daffne r e t al. , 2000a) ,
electrophysiology (Knight , 1984 ; Knigh t &
Scabini, 1998; Daffner e t al. , 2000b) and func -
tional imagin g (Raichle et al. , 1994 ; Jueptner
et al. , 1997) , support s th e ide a tha t th e pre-
frontal corte x i s indeed muc h mor e involved
in nonroutin e tha n i n routin e operations .
Moreover, damag e to  prefronta l corte x tend s
to lea d t o error s i n whic h the patien t make s
the respons e tha t contentio n schedulin g op-
erating alone would produce, namely "capture
errors," i n whic h higher-frequenc y incorrec t
responses elicited by the task environment are
produced rathe r tha n th e lower-frequenc y
correct ones (Delia Malva et al., 1993). Finally,
the Supervisor y System-contentio n schedul -
ing framewor k ca n b e see n a s being realize d
more concretel y i n some model s o f the oper -
ation of prefrontal cortex in specific tasks, e.g.,
those of Dehaene an d colleagues (Dehaen e &
Changeux, 1997 ; Dehaen e e t al. , 1998 ) on
tasks such as the Wisconsi n Card Sortin g Task
and the Tower of London Test , and somewhat
less wel l i n thos e o f Cohe n an d Colleague s
(1990), wit h task s suc h a s th e Stroo p Test .
There is , however, a  majo r proble m wit h th e
Supervisory System model. The theory can ex-
plain whic h task s shoul d give difficult y i f th e
Supervisory Syste m is lesioned, namel y those
that contentio n schedulin g alon e woul d fin d
difficult t o undertake . However , it s function s
are essentiall y apaphatically—tha t is , nega -
tively—defined; ther e i s n o specificatio n o f
how it operates othe r than to say that it carries
out al l processes require d fo r norma l human
cognition tha t ar e no t availabl e to contentio n
scheduling. Th e issu e t o be addressed in thi s
chapter i s th e following : Ca n suc h function s
be better defined, and, in particular, ca n com-
ponent processe s o f a Supervisor y System be
better specified?

A firs t attemp t t o specif y wha t the compo -
nent processe s o f th e Supervisor y Syste m
might b e wa s made b y Shallic e an d Burges s

(1996) (see Fig. 17-1). Tha t model , the Mar k
II Supervisor y Syste m model , wa s base d o n
the assumptio n tha t a  ke y process i n copin g
with a nonroutine situation was to develop and
apply what would be termed phenomenologi -
cally a n appropriat e strategy . In term s o f th e
model, a  strategy i s a schema (o r set o f sche -
mas) tha t i s activated above threshold by out-
put fro m the  Supervisor y System even though
it i s no t sufficientl y strongl y activated by en -
vironmental o r memor y triggers. Th e Super -
visory System was held to be able to use three
different procedure s t o b e abl e t o activat e
such a schema: by direct "spontaneous schem a
generation," rathe r analogou s t o insight ; b y
problem solving ; or b y retrievin g a  prespeci -
fied schem a fro m prospectiv e memory . Such
schema selectio n was , however, hel d t o b e
only one o f a number of stages in Supervisory
System operation . I t wa s to b e followe d b y a
separate process of careful checking o f its ap-
plication. Moreover , a  furthe r proces s wa s
held t o be th e settin g u p o f intentions to b e
later realized as one of the thre e schem a pro-
duction processes.

THE DOMINO MODEL ANALOGY

While th e se t o f processe s hypothesize d o n
the Mar k II Supervisor y System model were
intuitively plausible , the y appeare d a d hoc.
However, converging support for a related de -
composition o f th e Supervisor y Syste m int o
subsystems come s fro m A L A  recen t lin e o f
work on exper t system s is specifically focuse d
on th e simulatio n o f th e ke y capacitie s re -
quired when humans confront novelty , such as
reasoning abou t beliefs , usin g such reasoning
to make choices, deciding in conditions of un-
certainty, and acting over potentially very long
periods o f time to implement the action s that
flow from thes e decisions . Thes e ar e th e ca -
pacities ascribe d t o a n "intelligen t agent, " a
term use d by Al theorist s t o refe r t o artificia l
systems (as well as biological ones ) that ac t on
the environmen t and have certain o f the char-
acteristics of the human .

This degre e o f "humanness" is reflecte d in
the "order"  of  the agent  (Das  et  al.,  1997).  A
zero-order agent  respond s t o environmenta l
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Figure 17-1 . A  redraw n versio n of the Mar k I I Super -
visory Syste m mode l develope d b y Shallic e &  Burgess
(1996). All the diagram (except for the Contention Sched-
uling component ) concerns Supervisor y System process-
ing. Withi n th e larg e rectangl e representin g differen t
stages o f Supervisor y Syste m operation , temporall y dis -
tinct phase s o f Supervisor y System operatio n ar e repre -
sented by ellipses. Such phases of Supervisory System op-
eration ma y wel l involv e non-Supervisor y processes a s
well as Supervisory ones. However, the numbered rectan-
gles represen t specificall y Supervisor y Syste m sub -

processes that are held to involve materially different sub-
regions of  prefronta l corte x in  the  brain . (An  exception
concerns processe s 1  and 6, which may well involve the
same structure). The individual processes are discussed in
more detai l i n Shallic e &  Burges s (1996) . Their corre -
spondences wit h operation s o f the Fo x an d Da s mode l
(see Figur e 17-2 ) ar e show n in Table 17-1 . Processe s 5
is no t include d i n th e diagram ; i t i s "determinatio n o f
processing mode, " which i s a  generalizatio n of Tulving' s
(1983) concep t o f "retrieval mode."

conditions by evaluating som e function and re-
sponding o n the basi s of its evaluation; thus a
thermostat i s a zero-order agent . A  first-order
agent add s t o thi s b y containin g a n explici t
model o f th e environment . A  second-order
agent contains mor e tha n one such mode l and
so can be mor e adaptive than a first-order one
by being abl e to compare alternativ e interpre -
tations o f th e world . Finally , third-order
agents "ar e second-orde r agent s whic h main -
tain a  higher-order (meta ) model o f their be-
liefs an d desires , includin g th e justifications
for thei r belief s an d intention s an d th e ex -
pected consequence s o f thei r intende d ac -
tions" (Da s et al. , 1997 , p . 412). Suc h capaci -
ties ar e no t availabl e t o a  simpl e productio n
system operatin g i n th e fashio n of contentio n
scheduling; additiona l system s ar e require d
(see Newell , 1990) .

The recen t line of work referre d t o above ,
that o f Fo x an d Da s (2000) , contains bot h a
general account of how to implement so-calle d
third-order agents , one s that have a higher or-
der mode l of their beliefs and can justify thei r
actions, a s well a s the specifi c application s of
such a  model to a variety of medical decision -
making situations . Thei r model , th e so-calle d
domino mode l (s o name d fro m it s si x sides)
(see Fig . 17-2) , i s a  collectio n o f database s
(nodes) an d computational functions (arrows).
It operate s i n the followin g fashion.

First it maintains a  database of beliefs abou t a par-
ticular environment; in the medica l context this in-
cludes patient data . Certain beliefs (e.g. , unexplai-
ned weigh t loss ) caus e th e syste m t o rais e goal s
(e.g., t o explai n th e abnorma l weigh t loss) . Suc h
goals lead to problem solving to find candidate so-
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Figure 17-2. Th e generalized
domino mode l o f Fox and Da s
(2000). The ellipse s refer to
states o f the syste m (represen-
tations), the arrow s are pro-
cesses (J . Fox, persona l
communication).

lutions (e.g. , weigh t los s may be cause d b y cance r
or peptic ulcer) and argument s ar e constructed for
and agains t the candidates , b y instantiating general
argument schema s on the situatio n model (patien t
data) an d genera l domai n knowledg e (medica l
knowledge). As additional data are required a point
may aris e wher e a n assessmen t o f th e argument s
for an d agains t th e variou s candidates permit s th e
system t o commi t t o a  mos t probabl e hypothesi s
(e.g., cancer) . Thi s i s accepte d a s a  ne w belie f
which, while the belie f is held, guides further prob-
lem solvin g and action . Sinc e th e ne w belie f con -
cerns a n undesirable—indee d life-threatening —
condition anothe r goa l i s raised , t o decid e o n th e
best therap y fo r the patient .

This initiate s a  furthe r cycl e o f reasonin g
(Das e t al. , 1997) , whic h agai n involve s th e
left-hand par t of Figure 17-2 . "A s before, can-
didate decision option s are proposed (surgery,
chemotherapy, etc. ) an d argument s ar e gen -
erated for and against the alternatives . I n du e
course a  commitment may be made to a single
therapy (e.g. , chemotherapy). " Da s e t al .
(1997) the n continue :

Now th e proces s extend s t o th e righ t hal f o f th e
figure. Clinical therapies, suc h as chemotherapy, are
complex procedures execute d over time. Such ther-
apies ca n usually be modelle d a s hierarchical plans
that decompose into atomic actions (e.g., administer
a drug ) an d subplan s (e.g. , tak e baselin e measure-
ments, administe r severa l cycle s o f therapy , an d
then follow up the patient fo r a period). The frame -
work acknowledge s thi s b y providing way s o f rep -
resenting plans and specifying the control processe s
required durin g pla n execution . I n particula r th e
atomic actions of a plan mus t be scheduled .

A critica l aspec t o f th e syste m i s tha t th e
different computationa l function s tha t mov e
the syste m fro m on e stat e (a n ellips e i n Fig .
17-2) t o th e nex t ar e implemente d b y pro-
grams obeyin g differen t logics . Thu s th e se -
lection betwee n candidate s t o produc e a
decision i s based o n a  so-called logi c of argu-
ment. For this stage, the syste m uses a variant
of intuitivis t logi c tha t define s a  se t o f infer -
ence rule s fo r constructing arguments ; the ar-
guments d o no t prov e thei r consequences ,
they merel y indicat e suppor t o r doub t
(Krause, et al. , 1995). They can be aggregate d
to produc e a  partial-orderin g relatio n among
the candidate s specifyin g whic h ar e th e bes t
alternatives, whic h ar e th e nex t best , an d s o
on. B y contrast , th e stag e o f movin g fro m
plans to actions involves preconditions (assess -
ing whether th e basi c condition s fo r a n oper -
ation t o b e carrie d ou t ar e satisfied) , th e re -
alizing of subtasks, and schedulin g constraints
that specif y orderin g relation s betwee n th e
subtasks an d condition s unde r whic h th e op -
eration wil l b e aborted . I t als o involves what
Fox and Da s cal l the "logica l formalizatio n o f
safety."

If on e consider s these tw o processes o f de-
cision makin g an d o f implementin g a  plan ,
then th e firs t operate s i n a  domain o f priori -
tizing among alternatives, the secon d in terms
of tim e an d commitmen t o f resources . Th e
domains in which the computationa l function s
operate hav e very different properties and di-
mensions. Now , consider b y analogy posterior
cortex. I f th e computation s require d involv e
input o r output dimensions tha t have qualita -
tively very different properties , the n they tend
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to be carried out in materially distinct systems.
Take, fo r instance , th e processe s underlyin g
movement detectio n compare d wit h colo r
identification, o r the contras t withi n languag e
between phonologica l word-form , syntactic ,
and semanti c operations . Eve n within the se -
mantic domai n on e ha s th e phenomeno n o f
category specificit y whereby differen t type s of
semantic operatio n ar e separatel y localize d
(Warrington &  Shallice , 1984 ; Gainott i e t al ,
1995).

This principle tha t qualitatively very distinct
computational operation s ar e carrie d ou t b y
materially distinc t system s is an empirical on e
and not a  theoretical a priori one. Afte r all , a
serial-processing compute r ca n carr y ou t
highly differen t high-leve l function s o n th e
same hardware. However , i t does appear to be
a rule-of-thumb principle fo r the nervou s sys-
tem an d fo r th e corte x i n particular . I f thi s
simple principle were to apply to the (presum-
ably prefrontal ) processe s underlyin g third -
order agents , then suitabl e candidates for  be-
ing naturally distinct processes could be one s
implementing operation s simila r t o thos e
specified b y Fox and Das .

On the surface , the Mar k II supervisory sys-
tem mode l and the domin o mode l seem quit e
different. However , Glasspoo l (2000 ) ha s ar -
gued tha t a t a  deepe r leve l the y hav e muc h
similarity. Although the Mar k II mode l i s the
more complex in considering thre e alternativ e
methods o f temporar y ne w schem a genera -
tion, th e tw o models have related centra l ful-
cra. Thu s th e domin o model' s fulcru m i s th e
decision-plan link , whil e tha t o f the Mar k I I
model i s th e specificatio n o f temporar y ne w
schema-schema implementatio n link . Bot h
have a  commo n distinctio n betwee n proces s
(in Fig . 17- 2 th e domin o mode l proces s i s
represented b y a n arrow ; tha t o f Mar k I I i s
represented by a rectangle) an d state (i n Fig .
17-1 th e domin o mode l stat e i s represented
by a n ellipse ; tha t o f Mar k II , b y a n arrow) .
Moreover, on e ca n ma p betwee n th e pro -
cesses an d state s o f eac h (se e Tabl e 17-1) .
Therefore, i t would appea r tha t eve n thoug h
the tw o model s wer e develope d entirel y in -
dependently, ther e i s a  goo d correspondanc e
between thei r processe s an d states . O n th e

Table 17-1 . Approximate  Correspondences
between th e Shallice-Burges s and Fox-Das
Models

Fox and Da s (2000 ) Shallic e and Burges s (1996 )

Situation beliefs
Define problem
Generate option s

Argumentation

Commit

Task scheduling

Problem orientation phase
Goal setting (process 6)
Spontaneous schema Generatio n
(process 4) Progressive deepenin g
Strategy generation phase
Solution checking (stage 3 and pro-
cesses 2 and 3)
Implementation o f temporary new
schema (stag e 2  and process 1 ) In-
tention Marke r Activation
Delayed intention marker realiza-
tion (proces s 7)

The numbers relate to processes indicated in figure 17-1 .

domino mode l these ca n be justifie d fro m a n
AI perspective an d on the Mar k II model they
can b e relate d mor e directl y wit h findings of
cognitive neuroscience . Th e correspondenc e
between th e two strengthens thei r plausibility .

STRATEGY SELECTION AND
TOP-DOWN MODULATION OF

CONTENTION SCHEDULING

The fulcru m o f the domin o mode l i s the sys -
tem's commitmen t t o a  course o f action. Thi s
can be characterized as the adoptio n of an ap-
propriate strategy on the Mar k II model. Since
the conceptua l breakthrough o f Atkinson and
Shiffrin's (1968 ) concep t o f "contro l pro -
cesses," it has been widel y accepted i n cogni-
tive psycholog y that th e performanc e of sub-
jects o n man y tasks depend s o n th e strateg y
that ha s been used , which they can frequently
report. Patient s wit h prefronta l damag e ofte n
have a  striking defici t in this respect ; they d o
not us e th e strateg y norma l subject s stan -
dardly employ . Th e firs t publishe d stud y i n
which patient s wit h fronta l lobe damag e wer e
reported t o us e relativel y infrequentl y th e
standard strateg y employe d b y norma l sub -
jects was that of Owen et al . (1990). In a  com-
plex spatial working memory task, normal sub-
jects reduc e thei r memor y load by employing
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the strateg y of following the sam e route across
relevant spatia l positions on a  sequence o f re-
lated trials. Frontal lobe-impaired patients are
much less consistent in the rout e the y follow .

Another exampl e o f thi s patter n occurre d
when Shallice and McGil l (see Shallice & Bur-
gess, 1996 ) use d a n analogu e o f Corsi' s pro -
cedures (se e Milner, 1971) fo r testing the abil -
ity to mak e recency judgments. The temporal
dimension tha t wa s relevan t o n tes t trial s i n
Corsi's procedur e wa s replaced b y that o f the
explicitly stated importanc e o f the stimuli . In
different conditions , word s o r face s wer e
shown t o th e subjects , with the labe l "impor -
tant" provided for some stimuli . On test trial s
one o f tw o type s o f force d choice wa s given:
one typ e o f tria l require d a  decisio n o f th e
relative importanc e o f the tw o stimuli a t pre -
sentation; th e othe r typ e wa s forced-choic e
recognition. Man y norma l subject s develo p
the strateg y of paying less attention t o stimul i
not labeled important at input. This makes the
relative importanc e judgment , whic h i s th e
more difficult , muc h easie r eve n thoug h i t
makes th e recognitio n judgmen t somewha t
harder. Onl y 50% o f patient s wit h fronta l le -
sions reporte d usin g this strategy , i n contras t
with 78 % o f th e patient s wit h posterio r
lesions.

A third relevan t stud y was one i n which we
investigated th e abilit y o f subjects t o inhibit a
prepotent verba l respons e i n th e so-calle d
Hayling B  Task (Burges s & Shallice , 1996a) .
Subjects sa w a sentence lackin g the final word
that would be strongly constrained b y the rest
of the sentenc e (e.g. , "The ship sank very close
to the. .  . ."). Their task was to give a word that
was not a  completion an d also had no relatio n
to any word in the sentence . Norma l subjects
were agai n frequently found t o adop t a  strat -
egy o f avoidin g th e situatio n i n whic h the y
would have to inhibit a  prepotent response . A
commonly use d procedure wa s to generat e a
candidate wor d prior to the response and then
to chec k t o se e whether i t was suitable afte r
the sentenc e fram e wa s presented. T o do this,
two standar d strategie s ar e t o giv e th e nam e
of an item i n the roo m o r an associat e o f th e
preceding response . Whe n th e correc t re -
sponses were checked, patients with frontal le-

sions wer e foun d to  produc e response s tha t
fitted on e o f these tw o strategie s significantly
less than patients with posterior lesions.

These studie s d o no t provid e an y insigh t
into whether th e problem o f the patients wit h
frontal lesion s in suc h tasks was i n producing
the appropriat e strateg y o r i n employin g i t
when articulated. Indeed , in some of these pa-
tients it might be the first of these options and
in others , th e second . Wha t i s a  strateg y i n
information processing terms? In the language
of the Supervisor y System model it is required
in a  situation where a  schem a or se t o f sche-
mas togethe r wit h thei r argument s ar e no t
strongly activated b y the curren t environmen -
tal, motivational , and workin g memory situa-
tion. Whe n thi s is the case , an indirectly trig-
gered schema  (o r set o f such schemas ) has t o
be allowed to control behavior by means other
than tha t o f bein g elicite d b y environmental
triggers, an d then be hel d i n its own working
memory while i t i s being realized.

How i s a  strateg y produced ? I n th e ap -
proach o f Fox an d Da s (2000 ) i t i s the plan .
There are a number o f stages prior t o its pro-
duction. A t th e ver y least , on e need s th e ar -
ticulation o f a  goa l an d th e productio n o f a
single candidat e solution . I f ther e ar e mor e
than one , the n a  decisio n mus t be mad e be -
tween them . Let u s initially assume, however,
that ther e i s only one. Producin g a  candidat e
solution ca n involv e explici t proble m solvin g
or explicit use of a prior intention. In the Mark
II Supervisor y System model, however, there
is a third possibility. Th e generatio n of a rou-
tine run-of-the-mill strategy, such as those just
discussed wit h respec t t o performin g th e
Hayling B task, appears t o arise fairl y directl y
without consciou s proble m solvin g onc e th e
subject ha s the goa l of producing a  word i n a
way tha t i s no t subjec t t o th e standar d diffi -
culty tha t occur s i n th e tas k situation . Th e
standard difficult y i s having to inhibit the nat -
ural completio n wor d o f th e sentenc e tha t
would com e t o min d i f word selectio n wer e
left unti l afte r th e sentenc e fram e ha s bee n
heard.

One scannin g situatio n i n whic h a  run-of-
the-mill strateg y i s standardl y use d i s i n th e
encoding o f item s i n a  categorize d lis t when
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the items are presented in a random order . I t
has been known for many years tha t th e op -
timum strateg y fo r retainin g a  list containin g
related items i s to produce a n abstract struc -
ture that ties the items into a structured whole
(Mandler, 1967) . Subject s standardly reorder
the inpu t item s fo r rehearsa l int o categorie s
when a  list that contain s them is presented in
random order . Ou r grou p (Fletche r e t al. ,
1998a) presente d subject s wit h a  se t o f 1 6
words, fou r eac h draw n from fou r subcatego -
ries of the sam e broad semantic domain (e.g. ,
for th e domai n food, ther e were four differen t
meats, four fishes, four breads, an d four fruits .
Subjects were presented with lists constructe d
in three ways. Presentation orde r coul d either
be blocked  (procedur e 1 ) o r i n on e o f tw o
forms o f random. In on e for m ther e were in-
structions prior to list presentation about what
the domain s and subdomains were, and these
were differen t fro m thos e i n al l othe r list s
(procedure 2) . In th e othe r for m th e lis t was
presented withou t th e subjec t havin g prio r
knowledge of the domain or subdomains (pro-
cedure 3) . In addition , we followed the argu-
ment of Moscovitch. (1994) that a  demanding
secondary task would reduce fronta l executive
processes, which was directly supported in one
of our earlier studies (Shallice et al. , 1994). To
do this, subject s also carried out , a t the sam e
time a s lis t encoding , on e o f tw o secondar y
sensory-motor tasks , tha t differe d i n leve l o f
difficulty i n anticipating th e nex t stimulus bu t
involved otherwise identical input an d output
processes, which were unrelated to those used
in the memor y encoding task. In one case the
stimulus sequenc e wa s completel y predicta -
ble, an d in the othe r it was random. The easy
or difficul t secondar y tas k condition s wer e
combined factoriall y wit h th e thre e method s
of lis t presentation , t o giv e si x conditions i n
all.

Subjects were scanne d a s they encoded th e
lists. Later the y were tested on how well they
remembered th e lists. The list conditions were
equally wel l remembere d excep t fo r the on e
condition i n which the lis t structur e wa s ran-
dom an d subject s were give n n o prio r infor -
mation as to what the subcategories were (pro-
cedure 3 ) and they had the demandin g rather

than the easy secondary task. In this condition ,
subjects recalle d significantl y less. Moreover ,
their recal l wa s less wel l organize d int o cate -
gories. Subject s wer e no t abl e t o us e effec -
tively th e strateg y of organizing the word s in
the list into the fou r subcategories and so their
recall of the list was much less well structured,
as well as being reduced i n amount.

In onl y on e regio n wa s th e activatio n sig-
nificantly affected b y the lis t presentation pro-
cedure: a  left dorsolatera l area just abov e th e
inferior fronta l sulcus . There was a large effec t
of difficulty o f distraction o n the degre e o f ac-
tivation in this region fo r procedure 3  but not
for th e other two procedures, mirrorin g its ef-
fect on the abilit y to produce a  satisfactory or-
ganization for the list (see Fig. 17-3). Thus the
creation and/or use of the appropriate strateg y
in thi s situatio n depend s upo n a  specifi c re -
gion o f the lef t latera l prefrontal cortex.

Now, ther e ar e a  numbe r o f processes in -
volved in producing and using an appropriate
strategy. I n th e presen t case , th e natur e o f
working memor y demands seem s a  possibl e
explanation, althoug h ther e i s n o significan t
difference betwee n procedures 1  and 2 in the
activation produce d i n th e regio n o f the lef t
lateral prefronta l cortex , eve n thoug h th e
working memor y requirements diffe r greatly .
What i s very specificall y relevan t i s the pro -
duction o f a new organization .

Much th e sam e regio n i s activate d whe n
paired-associate element s hav e to be recede d
in a  re-paire d for m (relate d t o th e A- B A-C
paradigm), compare d wit h whe n ne w pair s
have t o b e learne d (Fletche r e t al. , 2000) .
There ar e tw o striking aspects to the region s
activated in these studies . The first is that th e
more inferior region of Brodmann's area (BA)
45 tha t ha s bee n associate d wit h simpl e se -
mantic operations b y Poldrack e t al . (1999) is
not activated ; th e activatio n i s somewha t
higher i n lateral prefrontal cortex . The secon d
is that the activatio n i s limited t o the lef t pre -
frontal cortex . Moreover , thi s seem s unlikel y
to be just a  result o f lack of sensitivity, as the
second stud y used fMRI .

The activate d are a i s within th e regio n of
left mid-dorsolatera l prefronta l corte x tha t
Frith (2000 ) has associated with "sculpting the
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Figure 17-3. Bloo d flow in lef t
dorsolateral prefrontal cortex
(coordinates: 36 , 22, 28) in th e
three organization presentatio n
procedures an d the tw o distrac-
tor condition s (easy , hard) .
Lighter bars , no distraction ;
darker bars , distraction. (Source:
From Fletche r et al. , 1998a ,
Fig. 2  with permission )

response space" (see also Thompson-Schill et
al., 1997 , for somewhat related ideas). Frith' s
idea i s that whe n interna l top-dow n modula -
tion of lower-level structures occurs, as in flu-
ency tasks, willed response tasks , and random
number generation , thi s area need s t o be ac-
tivated. Frit h see s th e modulatio n occurrin g
directly ont o the representatio n o f responses .
However, i n rando m numbe r generation ,
where a  very simila r relatio n i s obtained be -
tween activation and a psychological variable—
in thi s case , degre e o f randomness—th e lef t
prefrontal effec t seem s linked to the degree of
schema activation—i n thi s case , ho w muc h
± 1 or ± 2 schema s ar e used (Jahanshah i e t
al., 2000) . The "organization " experimen t als o
does no t fit well with the assumptio n tha t i t is
the respons e spac e tha t i s directly controlled.
However, both types of experiment are expli-
cable unde r th e genera l rubri c tha t whe n
structures at  various  levels of  the  output  sys-
tem cannot be directly triggered from stimulus
representations t o satisf y tas k requirements ,
then th e lef t mid-dorsolatera l prefronta l re -
gion i s required t o produc e top-dow n modu-
lation o f these activatio n levels.

MONITORING AND CHECKING

Consider, i n contrast , wha t i n th e Mar k I I
model i s a  very differen t typ e o f supervisory
process—monitoring and checking of putative

and actua l behaviors in a  novel situation. Th e
domino model uses checking in rather specific
situations. I n a  medical application , th e stag e
of clinical  decision  making,  o r strategy  pro-
duction in our terminology, is followed by that
of carrying out the therap y protocol (realizing
the plan ) (se e Fig. 17-̂ ). A  typica l therap y
protocol require s tha t monitorin g b e se t up ,
which checks for the existenc e o f certain clin -
ical sign s an d fo r whethe r thei r triggerin g
leads t o a n interruptio n o f the existin g treat-
ment an d it s replacemen t b y another . Th e
signs that are looked for may be specific to the
particular tas k situatio n an d s o would no t b e
realized just by overlearned triggers .

The domino model, however, has important
precursors i n the A l literature. The classic Al
study of a general-purpose problem-solve r for
coping wit h nove l situation s i s tha t o f Suss -
man's (1975 ) progra m HACKER , which op -
erates in two modes. When it is posed a prob-
lem, i f the answe r lies i n it s Answer Library ,
then i t operates in routine mode . If , however,
the answe r i s no t there , the n i t operate s i n
CAREFUL mode . I n CAREFU L mod e i t
keeps both a  detailed record o f its solution at-
tempts and of the changin g state of the world.
It mus t also do a  lot o f checking. I t need s t o
check its behavior because th e strategies i t ap-
plies i n a novel situation ma y not be effective.
It keep s a  detailed recor d s o as t o allo w for
effective fixin g o f an y bu g i f a  nove l strategy
fails. Thu s a  more genera l A l position i s that
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Figure 17-4. A n example of a
therapy protocol, for managing
asthma, of the pla n realizatio n
stage in a particular applicatio n
of the domin o model . Th e
monitor processes operate
when triggered by a check o n
the patient's state an d lead t o
alteration i n the therap y (per -
sonal communication, J . Fox).

when dealin g wit h nove l situations , i t i s nec-
essary to continuously check the appropriate -
ness o f the behavio r to be produced .

The checkin g o f behavio r tha t goe s o n i n
cognition ca n b e muc h mor e comple x tha n
merely detecting a  particular stat e o f the en -
vironment. I n a  protoco l stud y o f autobio -
graphical memory retrieval, Burges s and Shal-
lice (1996b ) obtaine d episode s involvin g th e
detection of a memory error throug h th e de -
tection o f an implicit contradictio n betwee n a
currently retrieve d memor y element an d the
implications of a previous memory element, if
the tw o were indeed par t o f the sam e overall
episode a s initially believed. Thu s an event of
cleaning a car (on a winter's day) was remem-
bered a s takin g plac e a t 8  P.M . Shortly
thereafter, a n episode within the cleaning pro-
cess was recalled and it was realized that if this
had taken place , i t would not have been pos-
sible fo r the subjec t t o have been able to see
in order to clean , a s the ca r was outside an d
parked i n a n unlighte d spot . I t wa s then re -
alized tha t th e prio r memor y of the tim e was
incorrect an d that the even t in fact took place
at 8  A.M . This typ e of process is implicit; one
does no t explicitl y check every stage in mem-
ory retrieval . Th e exampl e requires a n infer -
ence depending on a number of elements: (1)

that on e canno t clea n withou t light ; (2 ) a t 8
P.M. in Britain in winter it is dark; and (3) th e
car wa s outside an d i n a n unlighte d spot . To
carry out the detectio n o f the erro r a complex
computational process mus t occur.

Does one have neuropsychological evidence
concerning th e failur e of such a process? On e
example o f suc h evidenc e come s fro m th e
work of Stuss et al. (1994). In their study, they
gave subject s thre e 16-wor d list s t o remem -
ber: two contained fou r subcategories, one be-
ing presente d blocke d an d th e othe r un -
blocked, and one was a list of unrelated words.
Subjects ha d t o carr y out bot h vi a free recal l
and yes/n o recognition . A  grou p wit h righ t
frontal lesions and one with left fronta l lesions
were compare d with normal control subjects.
The lef t fronta l grou p performed more poorly
than th e other s o n fre e recall . However , th e
group wit h righ t fronta l lesions , rathe r tha n
that wit h lef t lesions , produce d a  significantly
larger numbe r o f repeated item s i n the free -
recall protocols—more than double that of the
rate o f the controls . I t wa s the righ t fronta l
group therefor e tha t checke d th e outpu t les s
satisfactorily.

Some of our functional imaging studies have
provided a  mor e specifi c localizatio n fo r th e
key processes involved in checking in memory
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retrieval. Our firs t such study (Fletcher e t al. ,
1998b) wa s the complemen t o f the stud y pre-
viously discussed (Fletcher e t al. , 1998a ) con-
cerned wit h organizatio n processes a t encod -
ing. Fiv e minute s befor e scannin g i n th e
experimental, so-calle d internall y cued , con-
dition subject s wer e presente d wit h a n orga -
nized list that contained four items each fro m
four related categories, fo r instance, four types
of brea d ("pitta,"  "ciabatta, " "wholemeal, "
"nan"), fou r type s o f fish , fou r o f fruit , an d
four o f meat. During the position emission to-
mography (PET ) scan, th e subjec t receive d
the "next " stimulu s every 4  second s an d had
to attempt t o recall anothe r word from the list.
In the control, externally cued, condition there
were 16 much more specific categories in each
list, eac h with a  differen t cu e word—e.g. , fo r
"nan" the cu e was "Indian bread." A differen t
cue was presented every 4 seconds at retrieval.
In additio n ther e wer e tw o wor d repetitio n
tasks as control tasks , one fo r each typ e of re-
trieval cue used in the two retrieval conditions.
When compare d wit h thei r correspondin g
repetition contro l conditions , bot h retrieva l
tasks gav e ris e t o significantl y greater activa -
tion i n a  large regio n o f the righ t fronta l cor-
tex. In complete contrast to the organization -
at-encoding task , there were n o effect s i n lef t
prefrontal cortex .

There wa s also , however , a n unexpecte d
double dissociation in the activatio n produced
within the right prefrontal cortex. In the right
dorsolateral cortex , the internall y cued recal l
gave rise to significantly greater activation than
the externall y cue d recall . B y contrast i n th e
posterior ventra l prefronta l cortex , ther e was
significantly greater activatio n in the externally
cued condition , whic h involve d paired -
associate recal l (see Fig. 17-5).

Why should these effect s occur ? As the ex-
periment o f Stus s e t al . (1994 ) indicates , re -
trieval o f 1 6 items , fro m a  4  X  4  structure ,
requires subjects to check continuously where
in the structure they are and which items have
and hav e no t alread y bee n retrieved . I n th e
externally cue d condition , however , eac h re -
trieval cue is highly restricted i n the items that
are relevant and, indeed, onl y one item in the
list satisfies it. If a putative response t o the cue

comes t o mind , it canno t hav e been give n to
a prior stimulus , so there i s no need t o check
the relatio n betwee n th e retrieve d ite m an d
those recalle d earlier . Checking , therefore , is
much les s critical . Thu s th e significantl y
greater activation i n the righ t dorsolatera l re -
gion i n the internall y cue d conditio n fits with
this regio n bein g involve d i n checkin g pro-
cesses. As free recal l from a  16-item list is pre-
cisely the situatio n in which mor e item repe -
tition error s wer e foun d i n retrieva l b y Stuss
et al. , thi s imagin g resul t suggest s tha t th e
right dorsolatera l regio n i s critical fo r the pro-
cess impaired i n the patient s studie d b y Stuss
et al .

In thre e mor e o f our studie s we compare d
different memor y retrieva l condition s an d
found tha t th e righ t dorsolatera l regio n i s
more activate d whe n mor e checkin g i s re -
quired. Th e firs t o f thes e (Henso n e t al. ,
1999b) wa s a  PE T stud y involvin g a  Jacob y
(1996) proces s dissociatio n framework , i n
which encoding and retrieval processes during
memory exclusion conditions were compare d
with thos e durin g memor y inclusio n condi -
tions. There wer e two parallel memory exclu-
sion conditions . I n one , subjects ha d t o re -
spond "yes" only when the test word had both
been presente d befor e an d ha d bee n pre -
sented i n the sam e spatia l position . I n a  sec-
ond exclusion condition the secon d constraint
was that the test word had to be in a particular
one o f the tw o lists (lis t 1  or lis t 2), a s when
originally presented . Ther e wer e n o differ -
ences i n activatio n betwee n thes e tw o exclu-
sion condition s an d s o the y wer e combined .
In both condition s subject s showe d stron g ac-
tivation o f dorsolateral prefronta l cortex bilat-
erally compared t o contro l conditions.

Following initial recognition that a test word
had previousl y been presented , th e exclusion
conditions clearl y require d a n additiona l
checking stag e tha t wa s no t require d i n th e
inclusion one . Thus th e findin g fit s th e hy -
pothesis concernin g checkin g develope d ear-
lier. The bilateral nature of the dorsolateral ac-
tivation doe s differ , however , fro m th e
activation i n th e previou s experiment , in tha t
in thi s (Henso n e t al. , 1999b ) experimen t
there was a lateralization effec t i f the appro -



Figure 17-5. Statistica l parametri c mappin g representa -
tion o f area s tha t diffe r significantl y (i n each o f the tw o

directions) betwee n recal l (A ) and paired-associate recal l
(B) (Fro m Fletcher e t al. , 1998b , Fig. 2  with permission)
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priate contras t wa s made . Th e activatio n oc -
curring i n th e memor y exclusio n condition s
was significantl y weake r tha n tha t i n th e en -
coding conditio n i n th e lef t dorsolatera l pre -
frontal cortex . In the righ t dorsolateral regions
there was far stronger activatio n in the mem-
ory exclusio n tha n i n th e encodin g context .
Thus, i n comparin g th e exclusio n conditio n
with th e encodin g one , ther e wa s a  laterality
effect i n dorsolatera l prefronta l cortex .

In a  further stud y (Henson et al. , 1999a) , in
which event-relate d fMR I wa s used , w e ob -
tained surprising support for this position. The
experiment involve d subject s i n a  recognitio n
memory experimen t usin g a remember/kno w
judgment i n a paradigm derive d fro m Tulvin g
(1985) an d Gardine r (1988) . Whe n result s
from trial s on which subjects gave a "remem-
ber" judgmen t wer e compare d wit h thos e
from trial s on which they gave a "know" judge-
ment, significan t difference s i n activatio n oc -
curred fo r two regions . Surprisingl y "remem-
ber" trial s produce d significantl y greate r
activation i n a n anterio r (are a 8) , lef t hemi -
sphere region . However , mor e directl y rele -
vant, th e "know " judgments produced a  sig-
nificantly greater activation of the sam e region
of right dorsolateral prefrontal cortex, as in the
previous tw o experiments . I f on e use s a  fa -
miliarity/recollection framewor k similar to that
of Mandle r (1980) , the n followin g presenta -
tion o f th e targe t wor d an d a  positiv e famil -
iarity impression, the subjec t will mak e an ex-
plicit chec k of the episodi c record, i f episodic
retrieval has not already occurred. For "know"
responses thi s explicit checking stage would be
prolonged becaus e i t initiall y fail s t o confir m
the familiarit y impression by ecphory in Tulv-
ing's (1983 ) sense .

Another situatio n in whic h mor e checking
is likel y to occu r i s when the subjec t has low
confidence. I n a fourth study, also using event-
related fMR I an d involving recognition (Hen-
son e t al. , 2000) , th e subjec t ha d t o bot h de -
cide whethe r th e tes t stimulu s ha d bee n
presented earlie r o r no t (yes/no ) and giv e a
confidence ratin g (high/low) , b y pressing on e
of fou r key s corresponding to "ye s high," "yes
low," "n o low, " and "n o high. " A s one woul d
expect fro m th e previou s studies , ther e wa s
more activatio n i n th e righ t dorsolatera l pre -

frontal region s whe n a  subjec t gav e a  low -
confidence respons e tha n wit h a  high -
confidence one . Mor e critically, this occurred
regardless o f whethe r th e subjec t correctl y
recognized tha t th e stimulu s had occurre d o r
correctly responded that it had not. In a  more
anterior right prefrontal region (are a 10) there
was a  significan t difference between hit s an d
correct rejections .

What w e se e i n al l thre e comparisons
(Fletcher e t al. , 1998a , 1998b ; Henso n e t al. ,
1999a, 1999b ) i s that when there i s an equiv-
alent encodin g condition there i s a  significan t
left-right differenc e i n dorsolatera l prefronta l
activation betwee n encodin g an d a  retrieva l
process tha t appear s t o b e involve d i n in -
creased checking of memory performance.

On th e accoun t presente d fo r th e relatio n
between th e righ t dorsolatera l activation ob-
tained and recognition, the effec t shoul d occur
late in the retrieva l process. This fits with elec-
trophysiological findings . In a  study involving
both recognitio n judgment s an d cue d recall ,
Allan an d Rug g (1997) found a  stronger right
than lef t fronta l potentia l a t retrieval.  How -
ever, thi s differentia l effec t di d no t begi n t o
occur until more than 1200 ms after th e onset
of the tes t stimulu s (see also Wilding & Rugg,
1996). The y argue d tha t th e righ t prefronta l
potential wa s a  consequenc e o f postretrieva l
operations, o f whic h checking i s one . I n an -
other study on the righ t fronta l potential , Uhl
et al . (1994) found tha t i t was greater i n con-
ditions wit h a  highe r degre e o f proactiv e in -
terference. These are situations in which more
checking has to occur, since there is a greater
probability of retrieving a n incorrect stimulus .

Are ther e no t alternativ e explication s fo r
certain conditions producing greater right dor-
solateral prefronta l activation in thes e experi-
ments? On e possibilit y i s retrieva l effor t
(Schacter e t al. , 1996) , whic h presumabl y
would be greate r in the exclusion , "know" and
low-confidence conditions . Retrieval effort ha s
been use d a s an explanation of the lef t fronta l
lateralization whe n mor e shallowl y studie d
words ar e retrieve d (Schacte r e t al. , 1996 ;
Buckner e t al. , 1998) , a  situatio n i n whic h
checking doe s no t see m t o b e a  plausible al-
ternative. Moreover , thes e tw o hypothese s
have a certain degre e o f overlap. In their pro-
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tocol stud y o f everyda y memor y retrieval ,
Burgess an d Shallic e (1996b ) showe d tha t a
variety o f differen t procedure s wer e use d t o
check retrieva l performance . A n importan t
method o f checkin g retrieva l performanc e i s
to search fo r further memory elements t o see
whether the y conflic t wit h thos e alread y ob-
tained. Thu s a  checking procedure woul d in-
volve furthe r retrieva l attempt s an d s o pro -
duce greater retrieva l effort .

The righ t dorsolatera l regio n i s als o acti -
vated i n othe r type s o f experimenta l para -
digms. Lesion s i n th e righ t fronta l cortex af -
fect vigilanc e operation s (Posne r &  Peterson ,
1990), suc h a s a subject's abilit y to carr y ou t
simple monotonou s task s (e.g. , Wilkin s e t al .
1987). I n addition , Pard o e t al . found (1991 )
that givin g subjects a  task that involve d them
being vigilant durin g the 1  minute of a PET
scan le d t o activatio n of this region ; subjects
had to count the numbe r of faint touches that
had occurred when there wer e n o more than
three or four . I n a  study in another cognitiv e
domain when subjects unexpectedly viewed an
anomalous percept , ther e wa s stron g activa -
tion i n th e righ t dorsolatera l regio n (Fin k e t
al., 1999) . Bot h thes e paradigm s woul d giv e
rise to checking of performance or experience,
but the checking could not be easily explained
by effort .

What doe s checkin g involve? Consider th e
experiment of Stuss et al . (1994), in which pa-
tients with right prefrontal lesions mad e a sig-
nificantly larger numbe r o f repeats in free re -
call. How do subjects prevent themselves fro m
repeating items ? I n th e Mandle r (1980 )
framework fo r recognitio n i t i s plausible tha t
when a repeated respons e comes to mind, the
subject experience s increased familiarity . Th e
familiarity need s t o b e detecte d a s bein g
greater tha n the threshold tha t must be spec-
ified by some cognitive system when recall be-
gins. Whe n th e implici t repea t arises , a n in-
terruption mus t therefor e occu r an d th e
subject mus t switch to an attempt t o explicitly
recognize whethe r th e ite m ha s already been
recalled o r not . I f a  match betwee n th e im -
plicit respons e and a previously retrieved ite m
is detected , the n th e respons e mus t be sup -
pressed. Thes e serie s o f stage s involv e bot h
memory and non-memory processes, of which

only the latter could generalized to other types
of study . There woul d seem to be three non-
memory processes tha t ma y be involved : th e
specification o f th e matchin g criteria , th e
matching o f th e implici t familiarit y respons e
with th e prespecifie d criteria , an d th e inter -
rupt process .

CONCLUSION

In thi s chapter , th e focu s o f discussio n ha s
been two supervisory processes: th e top-dow n
modulation o f lower-level schema s on the on e
hand an d checking , o r monitoring , processe s
on the other . Bot h of the Burgess-Shallic e and
the Fox-Da s models have a variety of subpro-
cesses. I s ther e an y evidence tha t an y of th e
other subprocesse s ma y b e localize d sepa -
rately in prefrontal cortex?

First, consider the right ventrolateral cortex.
It i s activated mor e i n retrieva l task s tha n i n
control an d encodin g task s i n virtuall y al l of
the memor y experiment s discusse d i n thi s
chapter. I n only one study, that o f Fletcher et
al. (1998b) , i s ther e differentia l activatio n o f
the regio n acros s differen t memor y retrieva l
conditions. Wh y shoul d ther e b e mor e acti -
vation in the posterio r ventral right prefrontal
region in the externall y cued conditio n of this
study? When retrieving an organized list, sub-
jects tended to retrieve the items in a category
in succession. This means that in the internally
cued recal l condition , th e recal l specificatio n
changed onl y fou r time s durin g retrieval ,
namely a t the tim e th e subjec t move d to th e
next category . I n th e externall y cue d recal l
condition, however , th e specificatio n of what
must be searched fo r in memory changed with
each ne w specifi c category cue ; ther e woul d
be sixtee n different recal l specifications to re-
trieve al l item s i n th e list . Fletche r e t al .
(1998b) suggeste d tha t th e externall y cue d
condition migh t stres s th e proces s o f specify -
ing wha t wa s being searche d fo r i n memor y
(see Norma n &  Bobrow , 1979 ; Burges s &
Shallice, 1996b) , an d tha t thi s proces s migh t
therefore b e localize d i n th e righ t ventrola -
teral regions (see Costello et al. , 1998 ; Levin e
et al. , 1998 , fo r furthe r supportin g evidence ;
and Shallice , 2001 , fo r furthe r discussion) .



274 PRINCIPLES OF FRONTAL LOBE FUNCTION

This explanation would fit with the functio n o f
the us e o f episodic memor y retrieval a s pro-
viding key input to allow case-based reasoning
in th e problem-solvin g metho d o f strateg y
production in the Mark  II model  (see Schank,
1982; Shallice , 1988) .

A fourth process that i s involved in the Fo x
and Das (2000) domino framework i s the con-
trol of behavior ove r time, through th e settin g
up o f a  tas k schedul e t o specif y a  serie s o f
treatment an d investigation processes . I n th e
Mark II model , this corresponds t o a prefron-
tal proces s distinc t fro m th e thre e discusse d
thus far—namel y th e setting-u p an d later re -
alization o f intentions t o provide the motor for
the thir d rout e fo r strateg y generation . Bur-
gess an d Shallic e (1991 ) describe d thre e pa -
tients whose difficulties were interpreted with
specific problem s i n the settin g u p an d reali -
zation of intentions. While performing well on
both IQ tests and many tests sensitive to fron -
tal lobe lesions, they performed very poorly on
two test s tha t involv e carrying ou t a  number
of subtask s withou t an y experimenter-give n
specification o f when the y shoul d b e carrie d
out, and doing so when obeying a set of simple
rules i n which the y had earlie r bee n trained .
Both the carryin g out of a previously specified
task with no signal as to when to do it and not
breaking a rule in which one had earlier bee n
trained ca n be though t o f as involving the re -
alization o f intentions previously set up . Tha t
area 1 0 was a  critica l regio n fo r th e disorde r
was show n in a  later grou p stud y (Burgess et
al., 2000). I n a  functional imaging study it was
also show n tha t th e are a wa s activated whe n
an intentio n t o carr y ou t a  specifi c task a t a
later tim e ha d bee n se t u p (Burgess , e t al .
2001).

Returning to the general theme , th e overal l
perspective tha t ha s bee n outline d i n thi s
chapter i s threefold . First , i t i s argue d tha t
there ar e processe s tha t com e int o pla y spe-
cifically i n nonroutin e situations . Thi s i s th e
position initiall y adopted in Norman and Shal-
lice (1980) . Second , fro m a n expert system Al
perspective (th e domino model) , on e woul d
expect ther e t o b e a  se t o f subprocesses tha t
are computationall y very differen t an d hav e
different specifi c roles but which also combine

in copin g wit h nonroutin e situations . This i s
the approac h take n earlie r fro m a  cognitiv e
neuroscience perspectiv e b y the Mar k II Su -
pervisory Syste m model . Third , fro m a  cog-
nitive neuroscience perspective, these  subpro-
cesses can be localized in different parts of the
prefrontal cortex .

I hav e specifically considered fou r different
such processe s an d argue d tha t the y ar e lo -
calized i n differen t parts o f prefrontal cortex .
Two were treated in more detail; these are the
top-down Supervisor y Syste m modulatio n o f
schemas i n contention schedulin g (lef t dorso -
lateral prefronta l cortex) , an d the monitorin g
and checking of behavior with respect to a va-
riety of internally generated criteri a (righ t dor-
solateral prefronta l cortex) . Tw o were consid -
ered muc h mor e briefly ; thes e ar e th e
specification o f a  require d memor y trac e
(right ventrolatera l prefrontal cortex) and th e
setting u p and/o r realizatio n o f intention s
(area 10) . All are subprocesse s postulate d i n
the Mar k II Supervisor y System model. Three
processes als o correspon d wel l t o thos e re -
quired b y the Domin o model . Indeed , thes e
three als o correspond well to three o f the fou r
temporal integratio n function s tha t Fuste r
postulates i n Chapter 6  from a  primarily neu-
robiological perspectiv e a s criticall y involving
lateral prefronta l cortex . Th e fourt h process ,
that of the specificatio n of a required memory
trace, relate s t o idea s develope d b y Schan k
(1982) tha t a  function o f episodi c memor y is
to allow case-based reasoning in problem solv -
ing (se e Shallice, 1988 ; Burges s &  Shallice ,
1996b). Mos t critically, however , al l four pro-
cesses satisf y th e thre e genera l principle s de -
scribed i n the penultimate paragraph .

First they come into play in non-routine sit-
uations. Second the y are computationally ver y
different fro m eac h other . Thir d the y appea r
to b e localize d i n differen t par t prefronta l
cortex.
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18
Cognitive Focus through Adaptive Neural Coding
in the Primate Prefrontal Cortex

JOHN DUNCAN AND EARL K. MILLER

Many o f th e mos t conspicuou s successe s i n
systems neuroscience deriv e from a n approac h
of "divide an d conquer," o r progressively fine r
and fine r subdivisio n o f th e brai n int o loca l
functional components . I n both monkey s an d
humans, fo r example , th e cortica l visua l sys-
tem ha s been divide d int o an increasing num-
ber o f subdivisions, or "visua l areas," t o some
extent specialize d fo r differen t aspect s o f vi-
sual functio n suc h a s object recognition , per -
ception o f scen e layout , visuomoto r control ,
and s o o n (Desimon e &  Ungerleider , 1989 ;
Tootell e t al. , 1998) .

The succes s o f this strateg y finds it s reflec -
tion in many current view s of prefrontal func -
tion, wit h proposal s tha t differen t region s o f
prefrontal corte x may be implicated in specific
cognitive contro l function s such a s set switch -
ing, inhibition o f inappropriate behavior , strat-
egy selection , o r maintenanc e an d organiza -
tion o f workin g memory . Man y functiona l
imaging experiments , fo r example , hav e at -
tempted t o localiz e specifi c contro l function s
of thi s sort . The hop e i n thi s endeavour i s to
produce som e roa d ma p o f prefronta l func -
tions comparable to  that now available for the
cortical visua l system.

In thi s chapter we  present som e rathe r dif-
ferent ideas about the organizatio n of prefron-
tal cortex . Rathe r tha n fixe d functiona l spe -

cialization, ou r vie w emphasize s adaptabilit y
of neura l codin g t o fi t behaviora l context . I n
particular, we present bot h neuroimagin g and
single-unit electrophysiologica l evidenc e t o
suggest that , i n selecte d regions o f prefronta l
cortex, neurons adap t thei r properties t o code
just tha t informatio n of relevanc e t o curren t
behavior. Thi s adaptation , w e suggest , i s a
major contributor to achievement of cognitive
focus an d control . Althoug h this adaptive cod-
ing mode l recognize s importan t regiona l spe -
cializations withi n prefronta l cortex , i t sug -
gests a  perspectiv e o n thes e tha t i s rathe r
different fro m tha t presume d i n th e tradi -
tional divide-and-conque r approach . Th e fo -
cus o f this chapte r wil l be evidenc e fo r adap -
tive neura l codin g an d it s implication s fo r
prefrontal topography . Fo r mor e detailed dis -
cussion of how such adaptive mechanism s can
be use d t o orchestrat e voluntary , goal -
directed behavior , w e refe r th e reade r t o re -
cent paper s b y Mille r (2000 ) an d Mille r an d
Cohen (2001) .

IMAGING STUDIES

One importan t lin e o f evidenc e come s fro m
human neuroimaging studies. As we have said,
a larg e bod y o f imagin g an d othe r wor k ha s
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sought neura l underpinning s fo r suc h tradi -
tional fronta l function s a s workin g memory,
response inhibition , an d s o on . Differen t as-
pects of working memory function, for exam-
ple, hav e been ascribe d t o dorsa l an d ventra l
subdivisions o f th e latera l fronta l surfac e
(Goldman-Rakic, 1988 ; Petrides , 1994) . Re -
sponse inhibition , traditionally associated with
orbitofrontal corte x (Fuster , 1989) , ha s mor e
recently been linke d wit h the anterio r cingu -
late (Pard o e t al. , 1990) . I n a  recen t revie w
(Duncan & Owen, 2000), we attempted a  sys-
tematic analysi s of wha t functiona l neuroim-
aging actually tells us about prefrontal regional
specializations of this sort .

Our ai m was to compare the distributio n of
prefrontal recruitmen t fo r differen t kind s o f
cognitive demand . I n particular , we sought to
combine dat a fro m publishe d positro n emis -
sion tomograph y (PET ) and  functiona l mag -
netic resonanc e imagin g (fMRI ) studie s that ,
as carefully a s possible, had manipulate d only
a specifie d demand i n th e contex t o f a n oth -
erwise identical task. As it turned out, we were
able t o fin d suitabl e dat a fo r fiv e aspect s o f
cognitive demand . Fo r each demand, we listed
foci o f activation within prefrontal cortex fro m
all relevant studie s we could find in the liter -
ature, allowin g a comparison o f overall distri -
butions o f activatio n fo r th e fiv e deman d
types.

As w e hav e alread y mentioned , on e com -
mon suggestio n is that prefrontal cortex is im-
portant i n suppression o f strong bu t inappro -
priate respons e tendencies . I n lin e wit h this ,
the firs t deman d we analyzed was strength of
response conflict . I n high-conflic t conditions ,
stimulus material s cue d stron g bu t inappro -
priate responses . For example , subjects might
be aske d t o nam e the colo r o f a  letter strin g
that itsel f spelle d a  conflictin g colo r nam e
(Stroop, 1935) , o r t o mak e an ey e movement
in the opposite directio n when a cue appeare d
in th e periphera l visua l field (Sweeney et al. ,
1996). In low-conflict conditions , th e inappro -
priate response tendency was weakened or re-
moved; fo r example , th e lette r strin g migh t
now spell a neutral, non-color word, or the eye
movement might now be made towards rather
than away from th e visua l stimulus. For al l six
studies o f thi s sort , w e liste d prefronta l acti -

vation foc i fo r a  direc t compariso n o f high -
and low-conflic t conditions.

A secon d commo n theme i n discussion s of
prefrontal functio n i s th e importanc e o f task
novelty. I n particular , th e suggestio n i s tha t
prefrontal contro l i s mor e importan t i n th e
early, "attentional" phase of performance tha n
in later, more automatic stages. To capture this
we combined data from five experiments com-
paring earl y and lat e phase s o f tasks in a  va-
riety o f cognitiv e domain s (moto r learning ,
word retrieval , etc.) . W e listed prefronta l ac-
tivation foc i fo r direc t comparison s o f earl y
and lat e task phases.

In line with th e recen t emphasi s o n a pre -
frontal rol e i n working memory, our nex t two
demands concerne d simpl e working memory
tasks i n whic h a  lis t o f on e t o si x locations ,
letters, o r other stimul i was to be retained fo r
a perio d o f a  fe w seconds , followe d by some
straightforward tes t o f eithe r recognitio n o r
recall. W e combine d dat a fro m tw o studie s
manipulating th e numbe r o f item s t o b e re -
tained, listin g activatio n foc i fo r direc t com -
parisons o f more an d fewe r items . In a  sepa-
rate list, we combined dat a fro m three studie s
manipulating delay between presentatio n an d
test, listin g activation foc i fo r direc t compari -
sons o f long and shor t delay .

Finally, w e though t i t usefu l t o includ e a
demand les s conventionall y associate d wit h
prefrontal function . For this purpose we chose
perceptual difficulty , fo r example , object rec -
ognition unde r condition s o f high versu s low
stimulus degradation. W e combined data fro m
four suc h experiments , listin g activatio n foc i
for direc t comparisons o f hard and eas y stim-
ulus conditions .

The result s appea r i n Figure 18-1 . T o pro-
duce thi s figure , al l reported prefronta l acti -
vation peaks, excluding only those lying in pri-
mary motor (Brodmann's area 4) or premotor
(Brodmann's area 6) cortex, have been plotte d
together ont o a  single brain . Differen t letter s
distinguish th e five different types of cognitive
demand. Th e figur e show s latera l (to p row)
and media l (middl e row) views of each hemi-
sphere, alon g wit h view s o f the whol e brai n
from abov e (botto m left ) an d belo w (botto m
right).

A firs t striking result i s anatomical specific -
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Figure 18-1 . Fronta l activa-
tions associated with five cogni-
tive demands . Activations are
from 2 0 studies addressing re-
sponse conflic t (a) ; task novelty
(b); number of elements in
working memory (c); working
memory delay (d); and percep -
tual difficulty  (e) . Shown are
lateral (top  row) and medial
(middle row)  views of each
hemisphere, along with whole
brain views fro m abov e (bottom
left) an d belo w (bottom right).
CC, corpu s callosum; IFS, infe -
rior fronta l sulcus ; SF , Sylvian
fissure. (Source:  Adapte d with
permission fro m Dunca n and
Owen, 2000).

ity. Although these ar e widely different exper-
iments, differentl y conducte d an d analyze d
and concerne d wit h quit e differen t cognitiv e
demands, activation s ar e clustere d withi n re -
stricted region s o f prefronta l cortex . O n th e
medial surfac e thi s clusterin g i s particularl y
clear, with almost al l reported activations lying
in or adjacent t o the dorsal part of the anterior
cingulate. O n the latera l surfac e the distribu -
tion i s more diffuse , bu t again , there ar e evi -
dent clusters around th e middle an d posterior
part o f th e inferio r fronta l sulcu s (IFS) , and
more ventrally along the fronta l operculum to-
wards th e anterio r insul a (appearin g i n Fig .
18-1 a s point s clustere d jus t anterio r t o th e
Sylvian fissure). Only occasional activations ap-

pear on the orbita l surface (Fig. 18-1, botto m
brain view).

The secon d importan t resul t i s essentiall y
complete overlap of activations associated with
the five differen t cognitiv e demands . Statisti -
cal comparison s betwee n th e three -
dimensional distribution s of activation foc i as -
sociated wit h eac h possibl e pai r o f demand s
revealed n o significan t differences . Further -
more, eve n individua l experiment s ofte n
showed th e ful l patter n o f joint activatio n i n
the region surrounding the IFS , on the fronta l
operculum, an d i n th e dorsa l anterio r cingu -
late. Evidently , thi s i s a  commo n patter n o f
frontal recruitmen t associate d wit h increase d
demand o r difficult y i n man y different cogni -
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tive domains . Indeed,  onc e thi s basi c patter n
is recognize d i t i s easil y foun d i n studie s o f
perception, respons e selection , task switching,
problem solving , language, episodi c memory ,
and doubtles s man y other cognitiv e activitie s
(Duncan &  Owen, 2000) .

On the on e hand, these results offe r stron g
evidence o f regional specialization within pre-
frontal cortex . Certainl y onl y restricte d pre -
frontal region s sho w demand-relate d activa -
tion i n these studies . O n the othe r hand, thi s
specialization take s a n unexpecte d form— a
specific se t o f frontal region s jointly recruited
by divers e cognitiv e demands . O f course ,
there are limitations to how much we can con-
clude from functiona l imaging evidence o f this
sort. Limite d spatia l resolution , fo r example ,
leaves ope n th e possibilit y that differen t cog-
nitive demands are indeed associated with dif-
ferent recruitmen t pattern s a t a  scal e fine r
than PE T o r fMR I ca n distinguish . A t th e
same time , th e dat a ar e certainl y consisten t
with the possibilit y of adaptive functio n in this
set o f frontal regions . To some extent a t least ,
the sam e fronta l neuron s ma y be configure d
to ai d i n solutio n o f many different cognitiv e
challenges. In the following section we present
more direc t evidenc e i n favo r o f this sugges-
tion, coming from neurophysiologica l and be -
havioral studies in monkeys.

STUDIES IN MONKEYS

Most neurophysiologica l studie s o f monke y
prefrontal corte x hav e focuse d on th e latera l
areas mos t directl y connecte d wit h sensor y
and moto r systems . This include s th e dorso -
lateral regio n aroun d an d jus t dorsa l t o th e
principle sulcus , the ventrolatera l surface just
ventral to the principl e sulcus , and the regio n
around th e arcuat e sulcu s (Fig . 18-2A) . I n
fact, a n obviou s propert y o f these neuron s is
their abilit y t o adap t t o behaviora l context .
With behaviora l training, th e activit y of many
lateral prefronta l corte x neuron s come s t o
code information relevant to the trained task—
information concernin g cues , voluntar y ac -
tions, an d reward s tha t i s central t o cognitiv e
control (Miller , 2000; Mille r & Cohen, 2001) .

An example of such adaptation t o task con-

text is provided in a recent study by Freedman
and colleague s (2001) . A  three-dimensiona l
morphing system was used to generate stimuli
spanning tw o categories , "cats " an d "dogs" .
Three species of cats and three breeds o f dogs
served a s prototype s (Fig . 18-2B) ; th e mor -
phed image s were linea r combination s o f al l
possible prototype pair s (Fig . 18-2B, double -
headed arrows) . B y blendin g differen t
amounts o f prototypes C l an d Dl, fo r exam-
ple, w e were abl e t o vary a stimulus continu-
ously fro m "cat " t o "dog" , whil e b y blendin g
Cl an d C 2 w e coul d continuousl y chang e
from on e ca t to another .

In the main experiment, only the "cat-dog"
categorization was relevant to the animal's task
(Fig. 18-2B, two-class boundary). Specifically ,
animals wer e aske d t o decid e whethe r "sam -
ple" an d "choice " stimuli , eac h presente d fo r
600 m s an d separate d b y a n interva l o f 100 0
ms, cam e fro m th e sam e o r differen t catego -
ries. Afte r trainin g in this task, many prefron-
tal neuron s gav e categorica l response s (Fig .
18-2C): neural activity differentiated betwee n
cats and dogs, even those close together across
the category boundary, but much less between
morphs withi n a  category . Categorica l "cat -
dog" activity is unlikely to be a  common prop-
erty of prefrontal neurons outside the contex t
of this task—in fact , monkey s had no prior ex-
perience wit h cat s o r dogs . So , alread y th e
data sugges t tha t prefronta l neuron s hav e
been tune d t o carr y exactl y that stimulu s in-
formation o f relevanc e t o curren t behavior .
This conclusio n wa s directl y confirme d i n a
follow-up study : Whe n on e anima l wa s re -
trained t o us e new , orthogona l categor y
boundaries (Fig . 18-B , 3-clas s boundaries) ,
"cat-dog" categorizatio n wa s los t fro m th e
neural respons e an d wa s replace d wit h th e
new, now-relevan t categorization .

Other example s o f suc h tunin g b y behav -
ioral training are eas y to find. Bichot and col -
leagues (1996) foun d that neurons in the fron -
tal ey e field s (i n th e bo w o f th e arcuat e
sulcus), which ar e ordinaril y selectiv e t o spa -
tial information related t o voluntary eye move-
ments and not selective to the form and color
of stimuli , becam e selectiv e fo r a  colo r afte r
the anima l learned ey e movements that wer e
contingent o n tha t color . I n th e experiment s



Figure 18-2 . A : Latera l vie w o f th e macaqu e monke y
prefrontal cortex . Cytoarchitectoni c area s ar e numbere d
and show n i n thei r approximat e location . B : Monkey s
learned t o categorize randoml y generated "morphs " fro m
the vas t numbe r o f possible blends o f six prototypes. Fo r
neurophysiological recording, 54 sample stimuli were con-
structed alon g th e 1 5 morph line s illustrate d here . Th e
placement o f the prototypes o n this figure does not reflect

their similarity . C: Average activity of a  singl e neuron t o
stimuli a t th e si x morph blends . Th e vertica l line s corre -
spond (fro m lef t t o right ) t o sampl e onset , offset , an d
choice stimulu s onset . Not e tha t thi s neuro n responde d
similarly t o dogs , regardles s o f thei r leve l o f "dogness, "
and similarl y to cats , regardless of their leve l of "catness."
(Source: Adapte d with permission from Freedma n e t al. ,
2001)
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of Watanab e (1990 , 1992) , latera l prefronta l
neurons (aroun d th e arcuat e sulcu s an d pos -
terior end o f the principa l sulcus ) came to re-
flect learne d association s between visua l and
auditory cues an d whether the y signale d tha t
a rewar d wa s forthcoming or would be with -
held. Fuste r an d colleague s (2000 ) recentl y
showed tha t latera l prefronta l neurons reflect
learned association s between visua l and audi -
tory cues.

Importantly, adaptatio n doe s no t requir e a
great dea l of time or practice; change s in pre-
frontal neural properties ca n be observed afte r
relatively littl e experience . A s on e example ,
Bichot and Schal l (1999) found tha t just a few
hours' experienc e o n one da y left a n "impres-
sion" on th e prefronta l corte x that interfere d
with processing on the nex t day when task de-
mands had changed. They trained monkey s to
search fo r a  differen t visua l target eac h da y
and foun d tha t neuron s i n the arcuat e sulcus
region no t onl y discriminated th e curren t tar -
get bu t als o distracting stimul i that ha d bee n
targets on the previou s day, relative to stimuli
that had been target s eve n earlier. This seems
to hav e accounte d fo r th e fac t tha t monkey s
were mor e likel y to mak e errors i n choosin g
these abstractor s tha t wer e th e previou s day's
targets. Asaad and colleagues (1998 ) reported
neural correlate s o f stimulus-respons e learn -
ing i n th e latera l prefronta l corte x tha t oc -
curred very rapidly in just 5-15 behaviora l tri-
als and ove r a  few minutes.

Adaptability of neural response can also eas-
ily be see n followin g a shif t o f task structur e
or rule . Behaviora l studie s sugges t tha t rul e
representation i s a cardinal prefrontal function
(Passingham, 1993 ; Grafman , 1994 ; Wis e e t
al., 1996). Asaad and colleagues (2000) trained
monkeys to switc h between task s using three
different rules : matching (delayed matching to
sample), associativ e (conditiona l visuomotor) ,
or spatia l (spatia l delayed response) . Record-
ing fro m th e sam e neuron s i n th e thre e dif -
ferent task s showed that , fo r many prefrontal
neurons, activity depended on which task was
currently i n force . Tha t is , a  give n neuro n
might be activate d by a cue object during one
task (e.g. , th e associativ e task) , bu t b e unre -
sponsive when th e sam e cue appeare d unde r
identical sensor y condition s durin g anothe r

task (e.g. , the matching task). While the lateral
prefrontal corte x di d contai n man y neuron s
that wer e responsiv e t o a  give n stimulu s o r
action (saccade ) acros s multipl e tasks , th e
baseline activit y of about hal f o f the neuron s
encountered varie d with the task; a given neu-
ron migh t consistentl y sho w highe r baselin e
activity whenever th e monke y performed th e
matching task , for example . These result s in -
dicate tha t prefronta l neuron s d o no t simpl y
code stimul i or actions . Rather, they also con-
vey their behavioral context, the pattern o f as-
sociated informatio n that i s uniqu e t o a  par -
ticular tas k o r operation . Whit e an d Wis e
(1999) also found that the activit y of up to half
of latera l prefronta l neuron s depende d o n
whether th e monke y was guiding behavior by
a spatial rule ( a cue's location indicated where
the targe t would appear) or an associative rule
(the identit y of the cu e indicated th e target' s
location), and Hoshi and colleagues (1998 ) re-
ported that responses t o a cue in many lateral
prefrontal neuron s were modulate d by which
rule (matchin g shape o r location) the monkey
was currently using.

This flexibilit y ma y explai n wh y differen t
studies using different task s to study the same
prefrontal region s nonetheles s al l report hig h
proportions o f neurons with task-related activ-
ity. I n a  stud y by Asaad et al . (1998) , fo r ex-
ample, almos t hal f o f latera l prefronta l neu -
rons (44% ) reflecte d newl y learne d
object-saccade associations. This is remarkable
considering tha t i n thes e an d othe r studie s
from thes e investigators , neuron s wer e no t
prescreened fo r responsiveness. Instead, eac h
electrode wa s advance d unti l th e activit y of
one o r mor e neuron s wa s wel l isolated , an d
then dat a collectio n began , a  procedure use d
to ensur e a n unbiase d estimat e o f prefrontal
activity. Watanab e (1992 ) ha s als o reporte d
that a s many as half of lateral prefrontal neu-
rons reflect learned associations between a  cue
and reward, and White and Wise (1999) foun d
that abou t hal f o f latera l prefronta l neuron s
coded on e o f two rules (matchin g versus spa-
tial) tha t th e anima l had learned . Plasticit y in
the prefronta l corte x ma y hav e resulte d i n
neurons bein g co-opte d fo r the tas k at hand ,
just a s long-ter m trainin g o n somatosensor y
discrimination change s th e representatio n o f
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corresponding bod y part s i n primar y sensor y
cortex (Recanzon e et al. , 1992a , 1992b) .

In lin e wit h th e imagin g studie s describe d
earlier, severa l genera l factor s ma y influence
the numbe r o f prefronta l neuron s recruite d
for a  given task. Firs t ther e ar e th e effect s o f
long-term familiarity . Highl y familia r stimul i
or tas k condition s produc e weake r activit y
than nove l stimul i or newly learned tas k con-
ditions (Asaa d e t al. , 1998 ; Raine r &  Miller,
2000). I t ma y b e tha t man y neuron s ar e
recruited fo r th e acquisitio n o f a  give n task ,
but the n a s the tas k becomes highl y familiar ,
neurons ar e winnowe d fro m th e population ,
leaving behin d a  smaller , bu t mor e robus t
and efficien t neura l representatio n (L i e t al. ,
1993; Raine r &  Miller , 2000). Thi s woul d b e
consistent wit h th e imagin g studies reviewe d
earlier, indicatin g tha t selectiv e prefronta l
regions sho w diminishe d activit y afte r tas k
learning. Als o i n lin e wit h imagin g studies ,
task difficult y i n genera l i s likely to b e a  ma-
jor influence . Neurons in the extrastriat e cor-
tex (whic h provide s a  rout e fo r visua l inpu t
to th e latera l prefronta l cortex ) hav e bee n
shown t o markedl y increas e thei r activit y
with increase d tas k difficult y (Spitze r e t al. ,
1988). Althoug h ther e ha s no t bee n a  thor -
ough, systemati c stud y o f th e effect s o f tas k
difficulty o n latera l prefronta l neurons , ther e
are strikin g difference s i n tha t a  minorit y of
neurons ar e engage d b y task s that , o n fac e
value, see m relativel y easy , suc h a s delaye d
matching-to-sample o r spatia l delaye d re -
sponse (Fuste r e t al. , 1982 ; Funahash i e t al. ,
1989), whil e man y neuron s ar e engage d b y
tasks tha t see m relativel y difficult , suc h a s
those requirin g ne w learnin g o r havin g hig h
attentional demand s (Asaa d et al. , 1998 ; Rai -
ner e t al. , 1998b) .

THE ADAPTIVE CODING MODEL

A simpl e mode l sum s u p th e abov e ideas .
Though ver y much a n outline , i t provide s a n
alternative perspectiv e t o th e traditiona l em -
phasis o n tigh t regiona l specialization . Give n
our emphasi s o n adaptabilit y o r plasticit y i n
prefrontal function , we cal l thi s th e adaptive
coding model .

Three ideas are prominent in theoretical ac-
counts o f prefrontal function. First i s the con -
cept o f working  memory,  o r temporar y rep-
resentation o f information, which is motivated
by well-know n deficit s i n delayed-respons e
and other short-ter m retentio n task s following
prefrontal lesion s i n th e monke y (Jacobsen ,
1935). Secon d i s th e concep t o f selective  at-
tention, or focus on specific information of rel-
evance to current behavior, which is related to
distractability an d processin g o f irrelevant in -
put followin g fronta l damag e (Malmo , 1942 ;
Chao & Knight, 1998). Third is the concep t of
control, o r directio n o f menta l activit y in line
with curren t tas k plans o r goals , reflecte d i n
the genera l disorganizatio n of behavior i n pa-
tients wit h fronta l lesion s (Luria , 1966) . Th e
adaptive coding model has obvious similarities
to other account s based o n each o f these con -
cepts (see , e.g., Norman & Shallice, 1980; En -
gle et al. , 1999 ; Brave r & Cohen, 2000; and in
particular, Dehaen e e t al. , 1998) . Aspect s of
this account are extended in other recent pres-
entations (Miller , 2000 ; Mille r &  Cohen ,
2001).

The mode l i s base d o n thre e proposals .
First, w e sugges t tha t i n muc h o f fronta l cor -
tex—certainly includin g muc h o f th e latera l
surface, an d perhaps als o other regions—neu -
rons ar e substantiall y adaptable  o r program-
mable o n the basi s of current behaviora l con-
cerns. I n particular , they can be configured to
carry that specifi c information of relevance t o
a current task ; in other words, they serve as a
global workin g memor y fo r currentl y impor -
tant information. In the single-uni t data, as we
have seen , adaptabilit y i s directl y show n b y
changes i n the informatio n that neurons carry
in differen t tas k conditions , an d indee d i s
strongly implie d b y th e simpl e findin g that ,
whatever (arbitrary ) task a  monke y has bee n
trained t o do , a  high proportio n o f recorde d
frontal neurons carry information about events
in tha t task . I n imaging , adaptabilit y i s sug -
gested b y highly similar patterns o f frontal re-
cruitment fo r ver y differen t cognitiv e
demands.

Second, it follows that prefrontal coding can
also b e see n a s a  global  attention  system,  fo -
cusing selectively on relevant informatio n and
discarding tha t whic h i s irrelevant. I f a  given
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neuron ca n carr y different information in dif-
ferent tas k contexts , i t follow s that , fo r an y
given context, there i s selective pruning out of
all those input s tha t ca n potentially driv e th e
cell but currentl y are unwanted .

Third, we sugges t that highl y selective rep -
resentation o f task-relevan t informatio n i n
prefrontal corte x also serves t o control  or di -
rect th e functio n of other brai n system s (De-
simone & Duncan, 1995). In most systems, we
suspect tha t processin g i s competitive , suc h
that increased representatio n o f one cognitiv e
element is bought at the expens e of decrease d
representation fo r others . I n visua l areas , fo r
example, a  stron g representatio n o f an y on e
object i n the visua l input inhibit s o r weakens
the representatio n o f others (Reynold s et al. ,
1999), an d w e suspec t tha t simila r principles
apply i n othe r sensor y modalities , i n moto r
processing, i n semanti c memor y activation ,
and s o on. I f stron g prefrontal representatio n
of some cognitive element strengthens or sup-
ports representatio n o f tha t sam e elemen t
elsewhere in the brain, this will provide a basis
for fronta l control : multiple system s will tend
to converge to represent o r give dominance to
just those elements or just that information re-
quired i n the curren t task (Desimone & Dun-
can, 1995 ; Duncan , 1996) . I n lin e wit h th e
common observatio n tha t fronta l lesion s im -
pair active , attentiona l contro l o f behavio r
(Luria, 1966 ; Norma n & Shallice, 1980 ; Dun -
can et al. , 1996) , we suggest that this selectiv e
convergence o f mental representation o n cur-
rently relevan t o r usefu l informatio n corre -
sponds to th e subjectiv e stat e o f active atten -
tional focus . W e sugges t tha t thi s proces s i s
fundamental i n configurin g a  highl y flexibl e
cognitive syste m fo r coheren t attac k o n spe -
cific curren t concerns .

Admittedly, this mode l i s little more tha n a
framework fo r futur e development . Experi -
mental work is just beginning, for example, on
interactions betwee n fronta l and posterior cor-
tical system s (Tomita et al. , 1999) , an d a t this
stage little definit e is known. Neither have we
addressed th e question o f how the frontal rep-
resentation i s able t o focu s o n informatio n of
significance i n th e curren t behaviora l contex t
(see, e.g. , Braver & Cohen, 2000) . A s empha-
sized by Shallice (1982) and others , this is the

conceptual proble m addresse d b y many plan-
ning and problem-solving systems, which must
combine goal s wit h knowledg e t o determin e
which fact s an d actio n plan s ar e german e t o
goal achievemen t (e.g. , Newell , 1990) . Lim -
ited a s i t is , however , th e adaptiv e codin g
model provide s a  usefu l contex t for consider -
ing a  range of questions relatin g to prefrontal
function. I n th e followin g section , we provide
two illustrative examples.

APPLICATIONS

SPECIALIZATION, ADAPTATION, AND
RECRUITMENT

To some extent, adaptability is the convers e of
specialization. I n imagin g data , a s w e hav e
seen, differen t cognitiv e demand s lea d t o
highly simila r pattern s o f prefronta l recruit -
ment. I n single-uni t data, i t certainly happens
that neuron s carrying many different type s of
task-relevant information—informatio n abou t
stimuli i n differen t sensor y modalities , in -
tended actions , tas k rules , workin g memory
for bot h locatio n and  objec t information , and
expected o r availabl e rewards—ar e foun d
mixed togethe r ove r very much th e sam e ex-
tent of the latera l fronta l corte x (see, e.g., Wa-
tanabe, 1990 ; Quintana & Fuster, 1992; Bichot
et al. , 1996 ; Ra o e t al. , 1997 ; Asaa d e t al. ,
1998; Raine r e t al. , 1998a ; Whit e &  Wise ,
1999; se e Chapte r 21) . Differen t prefronta l
subdivisions hav e partl y unique , bu t over -
lapping, patterns o f connections wit h al l sen-
sory systems , moto r syste m structures , an d
brain area s processing information about mo -
tivation stat e an d reward . Furthermore , a s in
much o f the neocortex , mos t prefronta l con-
nections ar e local ; ther e ar e extensiv e inter -
connections betwee n differen t prefronta l sub-
regions an d divisions . Thus , th e prefronta l
cortex seem s ideally suite d fo r intermixin g of
the "outputs" of other brain systems. This pre-
sumably provides a  basis for their synthesis , as
would be required for a system involved in the
orchestration o f complex behavior.

This i s not t o say, however, that al l prefron-
tal neuron s ar e equipotentia l fo r carryin g all
types o f information . I n contrast , i t seem s
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highly likely that, fo r an y given typ e o f infor -
mation, there is some distribution across fron -
tal cortex o f neurons wit h potentia l fo r carry -
ing tha t information . Fo r differen t kind s o f
information, thes e distribution s ma y be broa d
and overlapping , bu t quit e possibl y wit h dif -
ferent shape s and in particular differen t peak s
of maximu m selectivity .

This view , indeed , i s supporte d b y single -
unit evidence . I n on e study , O Scalaidh e and
colleagues (1999 ) assesse d fac e an d objec t se -
lectivity in both dorsa l and ventral convexities
of the latera l fronta l surface . Restrictin g anal -
ysis t o a  smal l fractio n o f th e mos t selectiv e
cells (5% of the population) , they found a  con-
centration o n the inferio r convexity, the regio n
directly i n receip t o f temporal lob e afferents .
As criteri a fo r "selectivity " were progressivel y
relaxed, however , th e distributio n o f object -
selective cell s became progressivel y broader .

Such result s bea r importantl y o n th e for m
of regional specialization to be expected i n im-
aging studies . Wit h lo w statistica l power , o r
low level of demand, tw o kinds of information
or cognitive events might appear to recruit dif-
ferent prefronta l regions . Thi s differenc e
would indicat e differen t region s o f peak sen -
sitivity. Wit h greate r powe r o r demand , how -
ever, distribution s o f recruitmen t woul d in -
creasingly overlap, indicating the ful l exten t of
potentially relevan t tissue .

One goo d exampl e concern s hemispheri c
specialization fo r stimulu s materials. I n work-
ing memor y and othe r studies , there i s some
evidence fo r selectiv e activatio n o f th e lef t
prefrontal corte x whe n material s ar e verba l
(e.g., Postl e &  D'Esposito , 2000) . Thi s selec -
tivity, however , i s fa r fro m absolute ; homolo -
gous righ t hemispher e regions , strongl y acti -
vated b y workin g memor y fo r spatia l an d
other materials , ar e simpl y more weakl y acti -
vated in the verba l case (Postl e & D'Esposito,
2000). Suc h result s ar e wel l explaine d b y th e
proposal tha t neuron s abl e t o carry verbal in-
formation ar e t o som e exten t distribute d i n
both hemispheres , bu t wit h highes t concen -
tration o n th e left .

Another possibl e exampl e concern s hemi -
spheric specializatio n fo r encodin g an d re -
trieval phase s o f standar d episodi c memor y

tasks. Across many experiments, a strong trend
has bee n reporte d fo r greate r lef t fronta l ac -
tivation durin g encoding , an d greate r righ t
frontal activatio n durin g retrieval . Th e result ,
however, ma y depend o n leve l o f demand; i n
a recen t review , Nold e an d colleague s (1998 )
suggest tha t retrieva l activatio n become s in -
creasingly bilateral a s retrieva l difficult y i s in-
creased. Thi s i s the resul t we should expec t if
the ful l distribution o f relevant cells is bilateral
but mor e concentrate d o n the right ; wit h in -
creasing demand , ther e wil l be increasin g re -
cruitment o f the ful l bilatera l network .

A third possible exampl e concerns apparen t
reconfiguration o f fronta l functio n followin g
unilateral damage . A s soon a s 3  day s afte r a
stroke affectin g th e lef t inferio r fronta l gyrus ,
a verbal task usually activating thi s region can
instead recrui t th e homologou s regio n o n th e
right (Thulbor n e t al. , 1999 ; Rose n e t al ,
2000). I f relevant cell s ar e distribute d i n bot h
hemispheres, bu t mos t densel y o n th e left ,
then thi s resul t woul d no t necessaril y reflec t
any radical reconfiguratio n of processing afte r
damage. I n norma l subjects , relativel y wea k
recruitment woul d b e manifes t a s predomi -
nant activit y on th e left . I n patients , tas k de -
mands could no longer be satisfie d in this way;
instead, stronger recruitment woul d reveal the
latent, relevan t cell population o n the right. In
line with this account, even some normal con-
trol subject s sho w weak right-side d activatio n
in these task s (Rose n e t al. , 2000) .

Our view also bears o n the for m o f regional
specialization expecte d i n monkey studies. For
example, conside r th e well-know n (partial )
separation i n the visua l cortex of the process -
ing o f information about colo r an d for m use d
to identify a n objec t (what)  fro m tha t use d to
discern it s location in space (where).  Thi s sep -
aration ha s bee n suggeste d t o continu e int o
the prefronta l cortex , wit h th e ventrolatera l
region bein g responsibl e fo r processing  what
and th e dorsolatera l regio n bein g responsibl e
for processin g where  (Wilso n et al. , 1993). Le-
sion studie s i n th e monke y suggest som e dif-
ference alon g these lines . Dorsolatera l lesion s
(especially thos e restricte d t o are a 46 ) some -
times impai r spatia l memory , bu t no t objec t
memory, tasks , while ventrolatera l lesion s can
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impair som e objec t memor y task s (Mishkin ,
1957; Gros s &  Weiskrantz , 1962 ; Mishki n &
Manning, 1978) . I t i s important t o note , how-
ever, tha t th e dissociatio n i s no t complete .
Spatial-reversal task s can show little or no im-
pairment afte r dorsolatera l lesion s (Goldman
et al. , 1971 ; Passingham , 1975; Gaffa n &  Har-
rison, 1989) ; dorsolatera l lesion s ca n impai r
certain objec t tasks , suc h a s thos e requirin g
memory for a  sequence o f object choice s (Pe-
trides, 1995) , and ventrolateral lesions can im-
pair som e spatia l task s (Mishki n e t al. , 1969 ;
Passingham, 1975) . Overall , thes e result s ar e
more i n lin e wit h a  quantitativ e rathe r tha n
qualitative distinctio n betwee n dorsolatera l
and ventrolatera l regions . Physiologica l dat a
are similar , showin g bot h what-  an d where  -
selective neuron s broadl y distribute d acros s
dorsal an d ventra l convexitie s (Ra o e t al. ,
1997; Raine r e t al. , 1998a ; Whit e &  Wise ,
1999), thoug h perhap s wit h som e difference s
in relative prominence fro m on e region to an-
other (Raine r et al. , 1998a) .

As we have said, the bul k of the single-uni t
evidence bearin g o n adaptiv e codin g come s
from recording s o n the latera l fronta l surface .
On th e on e hand , th e imagin g evidenc e w e
reviewed suggest s clos e collaboratio n among ;

oo O

dorsolateral, opercular , an d dorsa l anterio r
cingulate regions , all of which are co-recruite d
by man y forms o f cognitiv e demand . O n th e
other hand , thi s evidenc e suggest s a  definite
distinction fro m othe r fronta l regions , includ -
ing muc h o f th e media l an d orbita l surfaces .
In th e monkey , on e o f th e best-establishe d
functional difference s between differen t fron -
tal region s involve s the orbitofronta l an d lat -
eral prefronta l cortices . Anatomica l an d be -
havioral studie s sugges t tha t th e orbitofronta l
cortex i s mor e involve d i n processin g "inter -
nal" information such as motivational state and
reward value , wherea s latera l corte x i s mor e
involved wit h "external " informatio n such a s
stimuli and responses (se e Chapter 21). At the
same time , ther e ar e man y interconnection s
between thes e regions , an d neuron s process -
ing reward informatio n are readily apparent i n
both, albei t wit h somewhat large r number s in
the orbitofrontal  corte x (se e Chapte r 21) . A
topic fo r futur e developmen t i n the adaptiv e

coding approac h i s interaction amon g lateral ,
medial, and orbita l fronta l regions .

SPEARMAN'S g

Our second applicatio n o f the adaptiv e coding
idea concern s individua l difference s i n cogni-
tive activity . Perhap s surprisingly , almos t an y
pair o f tasks—whethe r the y emphasiz e per -
ception, memory , language, motor control , o r
any othe r cognitiv e domain—wil l sho w some
positive correlation acros s individuals: to some
extent a t least , th e sam e peopl e ten d t o d o
well eve n o n quit e differen t tasks . To explain
this result , Spearma n (1904 ) originall y pro -
posed tha t som e general , o r g  facto r make s
some contributio n t o succes s i n divers e cog -
nitive activities. Our proposal i s that the adap -
tive coding function of prefrontal cortex makes
a contributio n t o effectiv e cognitiv e focu s i n
any coheren t lin e o f activity. Could i t be tha t
this functio n i s on e majo r neura l basi s fo r
Spearman's g?

At th e mos t genera l level , thi s proposa l i s
certainly consisten t wit h th e characteristi c
cognitive defici t followin g huma n fronta l lob e
lesions. Rather than highly focal deficits , fron -
tal lesions are typically associated with a broad
disorganization o f behavior, with coherent task
performance bein g disrupte d b y omissio n o r
neglect o f crucia l tas k steps , an d interrupte d
by irrelevant , sometime s bizarr e intrusion s
(Luria, 1966) . Quantitatively , patient s wit h
frontal lesion s ar e impaired , b y compariso n
with controls , i n performin g man y differen t
tests, includin g those emphasizin g perceptua l
analysis or classification (Milner, 1963), mem -
ory (Milner , 1971), simple response selection s
(Drewe, 1975) , proble m solvin g (Milner ,
1965), and many other cognitive domains. Ac-
cepting Spearman' s model, facto r analysis can
be used to show which tasks are the best mea-
sures of g; typically, these tur n ou t to be test s
of novel problem solvin g such as Raven's Pro-
gressive Matrice s (Rave n e t al. , 1988) . Cer -
tainly patients wit h fronta l lesion s sho w defi -
cits i n thes e test s (Dunca n e t al. , 1995) , an d
under appropriat e circumstances , normal peo-
ple wit h poo r tes t score s sho w the same , de -
tailed neglect of crucial task requirements that
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is characteristic o f frontal patient s (Dunca n et
al., 1996) .

In a  recent stud y (Duncan e t al. , 2000 ) we
used PE T t o tes t thi s hypothesis . Three tasks
with high g correlations, measure d by standard
means, were compare d wit h contro l task s de-
signed t o involv e som e o f the sam e basi c op -
erations bu t to have lower g involvement. The
results are shown in Figure 18-3 . A s predicted
by the adaptiv e codin g view , the commo n el -
ement i n comparison o f the three high-g tasks
with thei r correspondin g low- g control s wa s
activation o f dorsal an d (i n two cases ) ventra l

Figure 18—3 . Activation s fo r thre e comparison s o f high -
and low- g tas k pairs . A ; Spatia l proble m solvin g minus
spatial control . B : Verba l proble m solvin g minu s verbal
control. C : High - minu s low- g perceptua l comparisons .
(Source: Adapte d wit h permissio n fro m Dunca n e t al. ,
2000)

regions o f th e latera l fronta l cortex . Recen t
replications usin g fMRI (J . Duncan &  D. Bor,
unpublished data ) sho w that thi s activatio n is
commonly bilateral fo r both spatia l and verbal
tasks, althoug h i n th e PE T experimen t onl y
left hemispher e activit y was significan t i n th e
verbal cas e (Fig . 18-3B). Th e ne w dat a als o
show activation of the dorsa l anterior cingulat e
for al l three high- g tasks . Obviously , this pat-
tern of prefrontal recruitment i s closely similar
to wha t w e hav e alread y see n i n associatio n
with a  broa d rang e o f perceptual , workin g
memory, respons e inhibitio n an d othe r cog-
nitive demand s (Fig . 18-1). These are exactly
the dat a we should expec t i f g indeed reflect s
an adaptiv e codin g functio n importan t i n re -
sponse to divers e cognitiv e challenges .

CONCLUSION

The adaptiv e codin g model ma y be mos t use-
ful i n the directio n i t suggests for future work.
For single-uni t physiology , for example , there
is perhap s littl e poin t in  furthe r experiment s
documenting that , onc e som e ne w tas k i s
trained, man y prefrontal units have properties
apparently helpful fo r that task's control. More
useful migh t be direct investigations of change
as a  tas k i s learne d an d the n late r become s
automatized (Che n &  Wise , 1995) , an d o f
short-term plasticit y o r reprogramming a s the
animal change s fro m on e tas k contex t t o an -
other. Accordin g to the model,  on e key prop-
erty o f th e prefronta l representatio n i s it s
strong selectivity for task-relevant information.
This suggest s direc t quantitativ e compariso n
of neural properties—for example , the effect s
of visual selective attention—in prefrontal and
posterior system s (Anderso n &  Miller , 2000 ;
see als o Everling et al. , 2000).

For imaging , similarly, there is perhaps littl e
point i n furthe r studie s documentin g th e co -
recruitment o f dorsolateral , ventral/opercular ,
and dorsa l anterio r cingulat e regions in differ -
ent tas k contexts . Instead , th e ke y question is
how thes e region s cooperat e t o respon d t o a
general increas e i n tas k complexit y o r de -
mand. In ligh t o f what we have said , one pos-
sibility is substantial flexibility of neural prop -
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erties i n eac h o f thes e regions , makin g i t
difficult t o assig n them clearl y differen t roles .
Alternatively, th e thre e region s ma y reflec t
somewhat different aspects o f task difficulty o r
demand. For the anterio r insula an d adjacen t
frontal operculum , fo r example , an importan t
function ma y be control of the autonomic  ner-
vous syste m (e.g. , Mesulam &  Mufson , 1982 ;
King, e t al. , 1999) , suggestin g a  possible rol e
in th e arousal/effor t aspec t o f cognitiv e loa d
(Kahneman, 1973) . For the anterior cingulate ,
one proposa l i s a  rol e i n bot h cognitiv e an d
affective aspect s o f error/uncertainty detectio n
(MacDonald e t al. , 2000) .

In cognitiv e neuroscience , on e majo r ques-
tion i s how cognitive an d neura l entitie s ma p
onto on e another . Althoug h a  commo n hop e
has been tha t a  defined cognitiv e proces s wil l
map onto one o r a few defined brai n regions ,
this, o f course , i s only one o f man y possibili-
ties. Fo r muc h of prefrontal cortex , such sim-
ple mappings may not be possible . The regio n
may better be seen as a general computationa l
resource, freel y adapting t o solv e man y quite
different cognitiv e problems .
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The Structured Event Complex and the Human
Prefrontal Cortex

JORDAN GRAFMAN

There i s no regio n o f human cerebra l corte x
whose functiona l assignment s are a s puzzling
to u s a s th e huma n prefronta l corte x
(HPFC). Ove r on e hundre d year s o f obser -
vation an d experimentatio n ha s led t o several
general conclusion s abou t it s overal l func -
tions. Th e prefronta l corte x (PFC ) i s impor-
tant fo r modulatin g highe r cognitiv e pro -
cesses suc h a s socia l behavior , reasoning ,
planning, workin g memory , thought, concep t
formation, inhibition , attention , an d abstrac -
tion. Ye t unlik e th e researc h conducte d i n
other cognitiv e domain s suc h a s objec t rec -
ognition o r lexical/semantic storage, ther e has
been littl e effor t t o propos e an d investigat e
in detai l th e underlyin g cognitiv e architec -
ture^) tha t woul d captur e th e essentia l fea-
tures an d computationa l propertie s o f th e
higher cognitiv e processe s presumabl y sup -
ported b y th e HPFC . Sinc e th e processe s
that ar e attribute d t o th e HPF C appea r t o
constitute th e mos t comple x an d abstrac t o f
cognitive functions , man y o f whic h ar e re -
sponsible fo r the interna l guidanc e o f human
behavior, a  critica l ste p i n understandin g th e
functions o f th e huma n brai n require s u s t o
adequately describ e th e cognitiv e topography
of th e HPFC . Th e purpos e o f this chapte r is
to argu e fo r the validit y o f a representational

research framewor k t o understan d PF C
functioning i n humans . This framewor k sug -
gests tha t b y postulating the for m o f the var-
ious unit s o f representatio n (i n essence , th e
elements o f memory ) stored i n PFC , i t wil l
be muc h easie r t o deriv e clea r an d testabl e
hypotheses tha t wil l enable rejectio n o r vali-
dation o f this an d othe r frameworks . M y col-
leagues an d I  hav e labele d th e se t o f HPF C
representational unit s allude d t o abov e a s a
structured even t comple x (SEC) . Belo w I
will detai l m y hypothese s abou t th e SEC' s
representational structur e an d feature s and I
will attemp t t o distinguis h th e SE C frame -
work fro m othe r cognitiv e model s o f HPF C
function. Befor e doin g so , I  wil l briefly sum-
marize th e ke y element s o f th e biolog y an d
structure o f th e HPFC , th e evidenc e o f it s
general rol e i n cognitio n base d o n conver -
gent evidenc e fro m lesio n an d neuroimagin g
studies, an d som e key models postulating th e
functions o f th e HPFC . I  wil l the n briefl y
argue fo r a  rational e that specifie s wh y ther e
must b e representationa l knowledg e store d
in th e PFC , presen t a  shor t prime r o n th e
SEC framewor k I  hav e adapted , an d finally
offer som e suggestion s abou t futur e direc -
tions fo r researc h o f HPF C function s using
the SE C framework.
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INTRODUCTION

What we know about th e anatom y and physi-
ology of the HPF C is inferred almos t entirely
from studie s i n the primat e an d lower specie s
(see Chapter s 3- 6 fo r a  mor e detaile d de -
scription o f th e anatom y an d physiolog y o f
the prefronta l cortex) . Thi s researc h indicates
that th e HPF C i s a  proportionally larg e cor -
tical region tha t is extensively and reciprocally
interconnected wit h othe r associative , limbic,
and basa l gangli a brai n structures . Grossly , it
can be subdivide d int o lateral, medial , and or-
bital regions with Brodmann's areas providing
morphological subdivision s within (an d occa -
sionally across ) eac h o f th e gros s region s
(Barbas, 2000) . I t mature s somewha t late r
than othe r corte x an d i s richl y innervate d
with modulator y chemica l systems . Finally ,
neurons i n the PF C appea r t o be particularly
able t o fir e ove r extende d period s o f tim e
(Levy &  Goldman-Rakic , 2000) . I f th e firin g
of neuron s i n th e PF C i s linke d t o activit y
that "moves " the subjec t towards a goal rather
than reactin g t o th e appearanc e o f a  singl e
stimulus, the n potentially , thos e neuron s
could continuously fire across many stimuli or
events unti l the goa l was achieved o r the be -
havior o f the subjec t disrupted . Thi s observa -
tion o f sustaine d firin g o f prefronta l corte x
neurons acros s time and event s has led many
investigators t o sugges t tha t th e HPF C mus t
be involve d in the maintenanc e o f a  stimulus
across time , i.e. , workin g memor y (Fuste r e t
al., 2000) . Beside s th e propert y o f sustaine d
firing, Elsto n (2000 ) ha s recentl y demon -
strated a  unique structura l featur e of neurons
in the PFC . Elsto n (2000 ) found tha t pyram -
idal cells in the PF C o f macaque monkeys are
significantly mor e spinou s tha n pyramida l
cells i n othe r cortica l areas , suggestin g tha t
they ar e capabl e o f handling a  larger amoun t
of excitator y input s tha n tha t o f pyramida l
cells elsewhere . Thi s coul d b e on e o f severa l
structural explanations for the HPFC' s ability
to integrate inpu t from man y sources in order
to implement mor e abstrac t behaviors . Thes e
features o f the HPF C ma p nicel y ont o som e
of the cognitiv e attributes o f the HPF C iden -
tified i n neuropsychological and neuroimaging
studies a s wel l a s i n th e SE C framewor k I

have adapte d an d describe d late r i n thi s
chapter.

FUNCTIONAL STUDIES

The traditional approac h to understanding the
functions o f the HPFC is to perform cognitiv e
studies testing  th e abilit y o f norma l an d im -
paired humans on tasks designed to induce the
activation o f processe s o r representationa l
knowledge presumabl y store d i n th e HPF C
(Grafman, 1999) . Bot h animal s an d human s
with brain lesions can be studied to determine
the effect s o f a  PF C lesio n o n tas k perfor -
mance. Lesions in humans, of course, are du e
to an act of nature wherea s lesions in animals
can be mor e precisely and purposefully made
by investigators. Likewise, "intact" animals can
be studie d usin g precis e electrophysiologica l
recordings of single neuron s or neural assem -
blies. I n humans , the powerfu l ne w neuroim-
aging techniques suc h a s functiona l magneti c
resonance imagin g (fMRI) hav e been use d t o
demonstrate fronta l lob e activation during the
performance of a range of tasks in normal sub-
jects an d patients . A  potentia l advantag e i n
studying human s (instea d o f animals ) comes
from th e presumptio n tha t sinc e th e HPF C
represents the land of higher—order cognitive
processes tha t distinguishe s human s fro m
other primates , an understanding of its under-
lying cognitiv e an d neura l architectur e ca n
only come fro m th e stud y of humans.

Patients wit h fronta l lob e lesion s ar e gen -
erally abl e t o understan d conversatio n an d
commands, recognize an d use objects, express
themselves adequatel y enoug h t o navigat e
through som e socia l situation s i n th e world ,
learn an d remembe r routes , an d eve n mak e
decisions. The y hav e documente d deficit s i n
sustaining thei r attentio n an d anticipatin g
what wil l happe n next , i n dividin g thei r re -
sources, i n inhibitin g prepoten t behavior , i n
adjusting t o som e situation s requirin g socia l
cognition, i n processin g th e them e o r th e
moral of a story, in forming concepts, abstract-
ing, reasoning , an d plannin g (Arnet t e t al. ,
1994; Goe l &  Grafman, 1995 ; Vendrel l et al. ,
1995; Goe l e t al. , 1997 ; Jurad o e t al. , 1998 ;
Dimitrov et al. , 1999a ; 1999b; Grafman, 1999 ;
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Zahn e t al , 1999 ; Carli n e t al. , 2000) . These
deficits hav e been observe d an d confirme d by
investigators ove r th e las t 40 years o f clinica l
and experimenta l research.

Neuroimaging investigator s hav e published
studies tha t sho w PF C activatio n durin g en -
coding, retrieval , decisio n makin g an d re -
sponse conflict , tas k switching , reasoning ,
planning, formin g concepts , understandin g
the mora l o r them e o f a  story , inferring th e
motives o r intention s o f others , an d simila r
high-level cognitive processing (Nichelli et al. ,
1994, 1995b ; Goel et al. , 1995; Koechli n et al. ,
1999; 2000 ; Wharton e t al. , 2000) . The majo r
advantage, s o far, of these functiona l neuroim-
aging studie s i s that the y have generall y pro-
vided convergen t evidenc e fo r th e involve -
ment o f the HPF C in controlling endogenous
and exogenous-sensitiv e cognitiv e processes ,
especially those tha t ar e engage d b y the ab -
stract characteristics o f a task.

NEUROPSYCHOLOGICAL
FRAMEWORKS THAT TRY TO

ACCOUNT FOR HUMAN PREFRONTAL
FUNCTIONS

WORKING MEMORY

Working memor y ha s bee n describe d a s th e
cognitive process that allows for the temporary
activation o f information in memor y for rapid
retrieval o r manipulatio n (Ruchki n e t al. ,
1997). I t was first proposed som e 30 years ago
to accoun t fo r a  variet y o f huma n memor y
data tha t wasn' t addresse d b y contemporar y
models o f short-ter m memor y (Baddeley ,
1998b). O f note is that subsequent researcher s
have bee n unusuall y successfu l i n describin g
the circumstance s unde r whic h th e so-calle d
slave system s employed b y workin g memory
would b e used . Thes e slav e systems allow for
the maintenanc e of the stimul i in a number of
different form s tha t coul d b e manipulate d by
the centra l executiv e component o f the work-
ing memor y syste m (Baddeley , 1998a). Neu -
roscientific suppor t fo r thi s mode l followe d
quickly. Joaqui n Fuste r wa s amon g th e firs t
neuroscientists t o recogniz e tha t neuron s i n

the PF C appeare d t o hav e a  specia l capacit y
to discharg e ove r tim e interval s whe n th e
stimulus wa s no t bein g show n prio r t o a
memory-driven respons e b y the anima l (Fus-
ter e t al. , 2000). H e interpreted this neurona l
activity a s bein g concerne d wit h th e cross -
temporal linkag e o f informatio n processed a t
different point s i n a n ongoin g tempora l se -
quence. Goldman-Raki c an d colleague s late r
elaborated o n thi s notio n an d suggeste d tha t
these sam e PF C neuron s wer e fulfillin g th e
neuronal responsibilit y fo r workin g memory
(Levy &  Goldman-Rakic , 2000). I n he r view ,
PFC neuron s temporarily hold in active mem-
ory modality-specifi c information until  a  re -
sponse i s made . Thi s implie s a  restrictio n o n
the kind of memory that may be stored in pre-
frontal cortex . That is , this point o f view sug-
gests tha t ther e ar e n o long-ter m representa -
tions i n the PF C unti l a n explicit intentio n to
act i s require d an d the n a  temporar y repre -
sentation i s created . Mille r ha s challenge d
some of Goldman-Rakic's views about the rol e
of neuron s i n the PF C an d argue s that man y
neurons in the monkey PFC are modality non-
specific an d ma y serv e a  broade r integrativ e
function rathe r tha n a  simpl e maintenanc e
function (Miller , 2000) . Fuster , Goldman -
Rakic, an d Baddeley' s program s o f researc h
have ha d a  majo r influenc e on th e functiona l
neuroimaging research program s o f Courtney
(Courtney e t al. , 1998) , Smit h an d Jonide s
(Smith & Jonides, 1999), an d Cohen (Nystrom
et al. , 2000)—al l o f whom hav e studie d nor -
mal subject s t o remap th e HPF C in the con -
text o f working memory theory.

EXECUTIVE FUNCTION AND

ATTENTIONAL/CONTROL PROCESSES

Although rathe r poorl y described i n th e cog -
nitive scienc e literature , i t i s prematur e t o
simply dismiss the genera l notio n of a centra l
executive (Baddeley , 1998a ; Grafma n &  Lit -
van, 1999b) . Severa l investigator s hav e de -
scribed th e PF C a s the sea t of attentional and
inhibitory processe s tha t gover n th e focu s o f
our behaviors  an d hav e thu s postulate d th e
notion o f a central executiv e operating within
the confine s of the HPFC . Norman and Shal -
lice (1986 ) propose d a  dichotomou s functio n
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of th e centra l executiv e i n HPFC . The y ar -
gued that the HPF C was primarily specialized
for th e supervisio n o f attentio n toward s un -
expected occurrences . Beside s thi s supervi -
sory attentio n system , they als o hypothesized
the existenc e o f a  contentio n schedulin g sys-
tem tha t wa s specialized fo r the initiatio n and
efficient runnin g o f automatize d behavior s
such a s repetitiv e routines , procedures , an d
skills. Shallice, Burgess, Stuss, and others have
attempted t o expan d this idea o f the PF C a s
a voluntar y contro l devic e an d hav e furthe r
fractionated th e supervisor y attentio n system
into a  se t o f paralle l attentio n processe s tha t
work togethe r t o manag e comple x multitask
behaviors (Shallic e &  Burgess, 1996 ; Stus s e t
al., 1999 ; Burgess , 2000; Burgess et al. , 2000).

SOCIAL COGNITION AND SOMATIC
MARKING

The rol e o f th e HPF C i n workin g memory
and executiv e processe s ha s been extensively
examined, bu t ther e i s als o substantia l evi -
dence tha t th e PF C i s involved in controlling
certain aspect s o f social and emotional behav-
ior (Dimitro v e t al. , 1996 , 1999c) . Althoug h
the classi c story of the nineteenth centur y pa-
tient Gage , wh o suffere d a  penetratin g PF C
lesion, ha s been use d t o exemplif y th e prob -
lems that patients with ventromedial PFC le -
sions have in obeying social rules, recognizing
social cues, and makin g appropriate socia l de-
cisions, the detail s o f this socia l cognitive im -
pairment hav e occasionall y bee n inferre d o r
even embellished to suit the enthusiasm of the
storyteller—at leas t regarding Gag e (Macmil -
lan, 2000) . Damasi o an d colleague s hav e
nonetheless consistentl y confirme d th e asso -
ciation of ventromedial PFC lesion s and social
behavior an d decision-makin g abnormalitie s
(Damasio, 1996 ; Eslinger , 1998 ; Anderso n e t
al., 1999; Bechar a et al. , 1999 , 2000 ; Kawasaki
et al. , 2001) . Th e exac t functiona l assignmen t
of that area of HPFC is still subject to dispute,
but convincin g evidenc e ha s been presente d
indicating tha t i t serve s t o associat e somati c
markers (autonomi c nervous syste m modula-
tors tha t bia s activation an d decisio n making )
with socia l knowledge , enablin g rapi d socia l
decision making—particularl y for overlearne d

associative knowledge . Th e somati c marker s
themselves ar e distribute d acros s a  large sys-
tem o f brain region s includin g limbic system
structures suc h a s th e amygdal a (Damasio ,
1996).

ACTION MODELS

The HPF C is sometimes thought o f as a cog-
nitive extensio n o f th e functiona l specializa -
tion o f th e moto r area s o f th e fronta l lobe s
(Gomez Beldarrai n e t al. , 1999) , leadin g t o
the ide a tha t i t mus t play an essentia l cogni -
tive rol e i n determinin g actio n sequence s i n
the rea l world . I n keepin g wit h tha t view , a
number o f investigators hav e focused their in-
vestigations o n concret e actio n serie s tha t
have prove d difficul t fo r patient s wit h PF C
lesions t o adequatel y perform . B y analyzing
the patter n o f errors committe d b y these pa -
tients, i t i s possibl e t o construc t cognitiv e
models of action execution an d the rol e of the
PFC i n suc h performance . I n som e patients ,
while th e tota l number o f errors they commit
is greate r tha n tha t see n i n controls , th e pat -
tern o f error s committe d i s simila r t o tha t
seen i n control s (Schwart z e t al. , 1999) . Re -
duced arousa l or effor t ca n also contribute t o
a breakdow n i n actio n productio n i n patient s
(Schwartz e t al. , 1999) . However , othe r stud -
ies indicat e tha t actio n productio n impair -
ment can be du e t o a  breakdown in access to
a semantic network that represent s aspect s of
action schem a an d prepoten t response s
(Forde &  Humphreys, 2000) . Action produc-
tion mus t rel y on a n associatio n between th e
target objec t o r abstrac t goa l and specifi c mo-
toric action s (Humphrey s & Riddoch , 2000) .
In addition , th e magnitud e of inhibition o f in-
appropriate action s appear s relate d t o th e
strength i n associative memory of object-goal
associations (Humphrey s &  Riddoch , 2000) .
Retrieving o r recognizin g appropriat e action s
may even help subject s subsequently detect a
target (Humphrey s &  Riddoch , 2001) . I t
should b e note d tha t actio n disorganizatio n
syndromes in patients ar e usually elicited with
tasks tha t hav e bee n traditionall y par t o f th e
examination of ideomotor o r ideational praxis,
such a s brushin g one' s teeth , an d i t i s no t
clear whether findings in patients performing



296 PRINCIPLES OF FRONTAL LOBE FUNCTION

such task s appl y to a  breakdown i n actio n or -
ganization a t a  higher level , suc h a s planning
a vacation.

COMPUTATIONAL FRAMEWORKS

A number o f computational model s o f poten -
tial HPF C processes a s well as of the genera l
architecture o f th e HPF C hav e bee n devel -
oped i n recen t years . Som e model s hav e of -
fered a  single explanation fo r performance on
a wide rang e o f tasks. For example , Kimberg
and Fara h showe d tha t th e weakenin g o f as-
sociations withi n a  workin g memor y compo -
nent o f their mode l led to impaired simulate d
performance o n a  range o f tasks , suc h a s th e
Wisconsin Car d Sortin g Tes t an d th e Stroo p
Test, that patients with PFC lesions are known
to perfor m poorl y o n (Kimber g &  Farah ,
1993). I n contrast , other investigators have ar-
gued fo r a  hierarchical approac h t o modelin g
HPFC function s tha t incorporate s a  numbe r
of layers , with th e lowes t level s regulate d b y
the environmen t an d th e highes t level s regu-
lated b y internalize d rule s an d plan s (Chan -
geux &  Dehaene , 1998) . I n additio n t o th e
cognitive level s of their model , Changeux and
Deahane, relyin g on simulations , suggest tha t
control for transient "pre-representations" that
are modulated by reward and punishment sig-
nals improve d thei r model' s abilit y to predict
patient performanc e dat a o n th e Towe r o f
London Tes t (Changeu x & Dehaene , 1998) .
Norman an d Shallic e first ascribed tw o majo r
control system s t o th e HPF C (Norma n &
Shallice, 1986) . A s noted earlie r i n thi s chap -
ter, one system was concerned wit h rigid, pro-
cedurally based , an d overlearne d behavior s
whereas the othe r syste m was concerned wit h
the supervisor y control ove r nove l situations.
Both system s could b e simultaneousl y active,
although on e system' s activatio n usuall y pre -
dominated performance . Th e Norma n an d
Shallice mode l ha s bee n incorporate d int o a
hybrid computationa l mode l that blends thei r
control system idea with a detailed descriptio n
of selecte d actio n sequence s an d thei r error s
(Cooper &  Shallice , 2000) . Th e Coope r an d
Shallice (2000 ) mode l ca n accoun t fo r se -
quences o f response , unlik e som e recurren t
network models , an d lik e th e Changeu x an d

Dehaene mode l i s hierarchical i n natur e an d
based o n interactiv e activatio n principles . I t
also wa s uncann y i n predictin g th e kind s of
errors o f actio n disorganizatio n describe d b y
Schwartz an d Humphrey s i n thei r studies .
Other author s hav e implemente d interactiv e
control model s that us e production rule s with
scheduling strategie s fo r activatio n an d exe -
cution to simulate executive control (Meyer &
Kieras, 1997) . Tacklin g th e issu e o f ho w th e
HPFC mediates schem a processing, Botvinick
and Plau t hav e recentl y argue d tha t schema s
are emergen t syste m propertie s rathe r tha n
explicit representation s (Botvinic k &  Plaut ,
2000). The y develope d a  multilayere d recur -
rent connectionis t network mode l t o simulat e
action sequence s tha t i s somewha t simila r to
the Coope r an d Shallic e mode l describe d
above. I n thei r simulation , actio n error s oc -
curred whe n nois e i n th e syste m cause d a n
internal representation fo r one scenerio to re-
semble a  patter n usuall y associated wit h an -
other scenerio . Their mode l also indicated tha t
noise introduce d i n the middl e o f a sequenc e
of action s was more disablin g than nois e pre -
sented close r to the en d o f the task .

Although th e biologica l plausibilit y o f al l
these models has yet to be formally compared,
it i s just a s importan t t o determin e whethe r
these model s ca n simulat e the behavior s an d
deficits of  interest . The  fac t tha t model s such
as th e one s describe d abov e ar e no w bein g
implemented i s a  majo r advanc e i n th e stud y
of the function s o f the HPFC .

COMMONALITIES AND WEAKNESSES
OF THE FRAMEWORKS USED TO
DESCRIBE HUMAN PREFRONTAL

CORTEX FUNCTIONS

The cognitiv e an d computationa l model s
briefly described abov e (and further explicated
in Chapter s 2 , 5 , 12 , 13 , 16-18 , 22 , 25 , 27 ,
and 34 ) have commonalitie s that poin t t o th e
general rol e o f the PF C i n maintainin g infor-
mation acros s tim e interval s an d intervenin g
tasks, i n modulating social behavior, in the in -
tegration o f informatio n acros s time , an d i n
the contro l of behavior via temporary memory
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representations an d thought rather than allow-
ing behavior to depend o n environmental con-
tingencies alone . Non e o f th e majo r model s
have articulated i n detail the domains and fea-
tures o f a  representationa l knowledg e bas e
that woul d suppor t suc h HPF C functions ,
making thes e model s difficul t t o rejec t usin g
error or response tim e analysis of patient dat a
or functional neuroimaging .

What woul d one thin k if I  describe d cere -
bral corte x i n th e followin g way . The rol e o f
cortex i s t o rapidl y proces s informatio n an d
encode it s features , an d bin d thes e feature s
together. Thi s rol e i s rathe r dependen t o n
bottom-up environmental input but represent s
the element s o f this processe d informatio n in
memory. Perhap s thi s i s not to o controversia l
a way to describe th e rol e of the occipital , pa-
rietal, or temporal corte x in processing objects
or words. For the cognitive neuropsychologist,
however, it would be critica l to define the fea-
tures of the word or object, the characteristic s
of the memor y representation tha t led to eas-
ier encoding or retrieval of the object or word,
and th e psychologica l structure o f the repre -
sentational neighborhoo d (ho w differen t
words o r object s ar e relate d t o eac h othe r i n
psychological an d potentiall y neura l space) .
Although ther e ar e importan t philosophical ,
psychological, and biological arguments about
the best way to describe a  stored unit of mem-
ory (b e i t an orthographic representatio n o f a
word, a  visual scene, o r a  conceptualization),
there i s genera l agreemen t tha t memorie s
equal representations. There i s less agreement
as to the differenc e betwee n a  representation
and a  cognitiv e process . I t coul d b e argue d
that processe s ar e simpl y th e sustaine d tem -
porary activatio n o f on e o r mor e repre -
sentations.

My view is that the description s of the func -
tional roles of the HPF C summarize d in most
of th e model s an d framework s alread y de -
scribed i n thi s chapte r ar e inadequat e t o ob-
tain a clear understanding of its role in behav-
ior. T o obtai n a  clea r understandin g o f th e
HPFC, I  believe tha t a  theory or model must
describe th e cognitiv e nature of the represen -
tational network s tha t are stored in the PFC ,
the principle s b y whic h th e representation s
are stored , the level s and form s o f the repre -

sentations, and hemispheric differences i n the
representational componen t store d tha t ar e
based o n th e underlyin g computationa l con -
straints impose d b y th e righ t an d lef t PFC .
Such a  mode l mus t als o lea d t o prediction s
about th e eas e o f retrievin g representation s
stored i n th e PF C unde r norma l conditions ,
when norma l subject s divid e thei r cognitiv e
resources or shift between tasks, and after var-
ious forms o f brain injury. None of the model s
noted above were intended to provide answers
to an y of these question s excep t i n th e mos t
general manner.

PROCESS VERSUS REPRESENTATION:
HOW TO THINK ABOUT MEMORY IN
THE HUMAN PREFRONTAL CORTEX

My framewor k fo r understandin g th e natur e
of knowledge stored in HPFC depends on the
idea tha t uniqu e form s o f knowledg e ar e
stored in the HPF C a s representations. In this
sense, a  representatio n i s a n elemen t o f
knowledge that , whe n activated , correspond s
to a  uniqu e brai n stat e signifie d b y th e
strength an d pattern o f neural activity in a lo-
cal brain sector . This representational element
is a  "permanent" uni t o f memory that ca n b e
strengthened b y repeate d exposur e t o th e
same o r simila r knowledge elemen t an d i s a
member o f a  loca l psychologica l an d neura l
network compose d o f multiple simila r repre -
sentations. Definin g th e specifi c form s o f th e
representations i n HPF C s o tha t a  cognitiv e
framework ca n b e teste d i s crucial , sinc e a n
inappropriate representationa l depictio n ca n
compromise a  mode l o r theor y a s a  descrip -
tion o f a targeted phenomena . It i s likely that
these HPF C representation s ar e parse d a t
multiple grai n size s (tha t ar e shape d b y be -
havioral, environmental,  an d neura l con -
straints).

What shoul d a  representationa l theor y
claim? It shoul d claim that a  process is a rep-
resentation (o r se t o f representations ) i n ac -
tion, essentiall y a  representatio n that , whe n
activated, stay s activated over a  limited or ex-
tended tim e domain. In order t o be activated,
a representatio n ha s t o b e prime d b y inpu t
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from a  representatio n locate d outsid e it s re -
gion or by associated representations within its
region. Thi s ca n occu r vi a bottom-up o r top -
down informatio n transfer . A  representation ,
when activated , may  or may not fit within the
typical tim e windo w describe d a s workin g
memory. Whe n i t does , w e ar e consciou s o f
the representation . Whe n i t doesn't , w e ca n
still proces s tha t representatio n bu t w e ma y
not hav e direc t consciou s acces s t o al l o f it s
contents.

The ide a tha t representation s ar e embed -
ded i n computations performed b y local neu-
ral network s an d ar e permanentl y store d
within those networks so that they can be eas-
ily resurrected i n a similar form whenever tha t
network i s stimulated b y the externa l world' s
example o f tha t representatio n o r vi a associ -
ated knowledge is not nove l or free o f contro-
versy. But simila r ideas o f representation hav e
dominated th e scientifi c understandin g o f
face, word , an d objec t recognitio n an d hav e
been recognize d a s an acceptabl e wa y to de -
scribe ho w the surfac e and lexica l features of
information coul d b e encode d an d store d i n
the huma n brain . Despit e th e adaptatio n o f
this notio n o f representatio n t o th e develop -
ment o f cognitiv e architecture s fo r variou s
stimuli base d o n "lower-level " stimulu s fea-
tures, th e applicatio n o f simila r representa-
tional theor y t o bette r understan d th e func -
tions o f th e HPF C ha s move d muc h mor e
slowly and i n a  more limite d way.

EVOLUTION OF COGNITIVE ABILITIES

As I noted earlie r i n this chapter, there is both
folk wisdo m about , an d researc h suppor t for,
the ide a tha t certai n cognitiv e abilitie s ar e
uniquely capture d i n th e huma n brain , wit h
little evidenc e fo r thes e sam e sophisticate d
cognitive abilitie s havin g been foun d i n othe r
primates. Som e example s o f thes e cognitiv e
processes includ e comple x languag e abilities ,
social inferentia l abilities , an d reasoning . It i s
not tha t these  an d other comple x abilities are
not presen t i n othe r species , bu t probably ,
they exis t only in a  more rudimentar y form .

The PFC , a s generally viewed, i s most de -
veloped i n humans. Therefore, i t is likely that

it has supporte d th e transitio n of certain cog-
nitive abilitie s fro m a  rudimentar y leve l t o a
more sophisticate d one . I  hav e alread y
touched upo n wha t kinds o f abilities ar e gov-
erned b y the HPFC . I t i s likely, however, that
such abilitie s depen d o n a  set o f fundamenta l
computational processe s uniqu e t o human s
that suppor t distinctive representational form s
in th e PF C (Grafman , 1995) . M y goal i n th e
remainder o f thi s chapte r i s t o sugges t th e
principles b y whic h suc h uniqu e representa -
tions woul d b e distinctivel y store d i n th e
HPFC.

THE STRUCTURED EVENT COMPLEX

I defin e a  structured event  complex  (SEC ) as
a se t o f events , structure d i n a  particular se -
quence, tha t a s a complex composes a  partic-
ular lan d o f activit y tha t i s usuall y goal ori -
ented. Fo r example , if you had a  goal to have
a nice dinner a t a restaurant with a friend, th e
structured set of events composing this activity
might hav e the followin g sequenc e o f events:
leave your apartment, ge t in your car, pick up
your friend a t her apartment , drive to the res -
taurant, park the car , enter the restaurant , the
host greet s you, the hos t seat s you, the waite r
arrives wit h th e menu , foo d i s ordered , con -
versation occurs , food i s served, ea t th e meal ,
receive th e bill , pay the bill , leave the restau -
rant. The information from these  events might
include wha t constitute s thei r boundarie s
(transition betwee n events) , ke y feature s o f
each even t (ordering , content o f conversation,
timing, etc.) , an d th e abstractio n o f idea s
across event s (unstate d intention s suc h a s t o
get to know your friend bette r an d to impress
her). Each of these aspect s o f the SE C should
be independentl y represente d i n th e HPF C
but ar e encode d an d retrieve d togethe r a s an
episode, muc h like the feature s of objects ar e
bound togethe r t o giv e one a  complete sens e
of a n object . On-lin e processin g o f a n SE C
would enabl e a  person t o predic t subsequen t
events, but i f there was damage to the HPF C
that limite d retrieva l o f part o r al l of an SEC,
then i t is likely that day-to-day behavior would
be disrupte d an d pron e t o distractibility , and
subjects woul d have a difficul t tim e detectin g
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behavioral and social errors in the sequenc e of
their activitie s (Gehrin g & Knight, 2000). Be-
low I  provid e mor e detail s abou t th e natur e
and cognitiv e architectur e o f th e SE C
representation.

THE ARCHETYPE STRUCTURED EVENT

COMPLEX

There mus t be a  fe w fundamental principles
governing evolutionar y cognitiv e advance s
from othe r primate s t o humans . A key prin -
ciple must be th e abilit y of neurons to sustain
their firin g an d cod e th e tempora l an d se -
quential propertie s o f ongoin g event s i n th e
environment o r i n th e min d ove r longe r an d
longer period s o f time . Thi s sustaine d firin g
has enable d th e huma n brai n t o code , store ,
and retrieve th e mor e abstract features of be-
haviors whose goal or end-stage would not oc-
cur unti l well after th e perio d o f time that ex-
ceeds th e limit s o f consciousnes s i n "th e
present." Gradually in evolution, this period of
time mus t have extende d itsel f to encompas s
and encode al l sorts of complex behaviors (Ni-
chelli e t al. , 1995a ; Ruecker t &  Grafman ,
1996, 1998) . Man y aspect s o f suc h comple x
behaviors mus t be translated into compressed
(and multiple modes of) representations (suc h
as a  verbal listin g o f a  serie s o f thing s t o d o
and the sam e set of actions in visual memory),
while other s ma y have real-tim e representa-
tional unpacking . Unpacking  mean s th e
amount o f time an d resources required t o ac-
tivate a n entir e representatio n an d sustai n i t
for behaviora l purpose s ove r th e lengt h o f
time i t would take to actually perform the ac-
tivity—for example , a n activit y compose d o f
several linke d event s tha t tak e 1 0 minutes t o
perform woul d activate some component rep -
resentations o f that activit y that woul d be ac -
tive for the entir e 1 0 minutes.

THE EVENT SEQUENCE

Neurons an d assemblie s firing over extende d
periods o f tim e i n th e HPF C proces s sets  o f
input tha t ca n b e define d a s events.  Alon g
with extended firing of neurons that allo w the
processing o f behavior s across  time,  ther e
must have also developed specia l neural pars-

ers tha t enable d th e editing  o f thes e behav -
iors int o linke d sequentia l bu t individua l
events (muc h like speec h ca n be parse d into
phonological unit s o r sentence s int o gram -
matical constituents ) (Sirig u e t al. , 1996 ,
1998). I n orde r fo r th e even t sequences , t o
be goa l oriented an d cohere , they mus t obe y
a logica l sequentia l structur e withi n th e con -
straints of the physica l world, the cultur e tha t
the individua l belongs to , and/o r th e individ -
ual's persona l preferences . Thes e even t se -
quences, a s a whole, can be conceptualized as
units o f memor y withi n domain s o f knowl -
edge (e.g. , a  socia l attitude , a  scrip t tha t de -
scribes cookin g a dinner, or a  story that ha s a
logical plot) . M y colleague s an d I  purposel y
labeled th e archetyp e even t sequenc e th e
structured event  complex  (SEC) , t o empha -
size tha t w e believe d i t t o b e th e genera l
form o f representation withi n the HPF C an d
to avoi d being to o closel y tied t o a  particula r
description of higher-level cognitiv e processe s
contained i n story , narrativ e processing ,
script, o r schem a frameworks.

GOAL ORIENTED

Structured even t complexe s ar e no t rando m
chains o f behavio r performe d b y normall y
functioning adults . They tend t o have bound-
aries tha t signa l their onse t an d offset . Thes e
boundaries ca n b e determine d b y tempora l
cues, cognitiv e cues , o r environmental/per -
ceptual cues . Eac h SEC , however , ha s som e
kind o f goal whose achievement precede s th e
offset o f the SEC . The natur e o f the goa l can
be as different as putting a  bookshelf together
or determinin g a  presen t t o impres s you r
child o n he r birthday . Som e event s mus t b e
more centra l o r importan t t o a n SE C tha n
others. Subject s can have some agreement o n
which one s thes e ar e whe n explicitl y asked.
Some SEC s ar e wel l structured , wit h al l th e
cognitive an d behaviora l rule s availabl e fo r
the sequenc e o f events t o occur , and there is
a clear , definabl e goal . Other  SEC s ar e il l
structured, requirin g th e subjec t t o adap t t o
unpredictable event s usin g analogica l reason -
ing o r similarit y judgment t o determin e th e
sequence o f action s on-lin e (b y retrievin g a
similar SE C fro m memory ) as well a s devel -
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oping a  quickl y fashione d goal . No t onl y ar e
SEC goal s centra l t o it s execution , bu t th e
process o f reachin g th e goa l ca n b e reward -
ing. Goa l achievemen t itsel f i s probably rou-
tinely accompanied by a reward tha t i s medi-
ated b y th e brain' s neurochemica l systems .
Depending o n th e salienc e o f thi s rewar d
cue, i t ca n becom e essentia l t o th e subject' s
subsequent competen t executio n of that same
or simila r SEC. Goal attainment is usually ob-
vious an d subject s can consciously move onto
another SE C i n its aftermath.

REPRESENTATIONAL FORMAT OF THE
STRUCTURED EVENT COMPLEX

I hypothesize that SECs are composed of a set
of differentiate d representationa l form s tha t
are store d i n differen t region s o f th e HPF C
but ar e activate d i n paralle l t o reproduc e all
the SE C element s o f a  typica l episod e (se e

Fig. 19-1) . These distinctive memorie s would
represent themati c knowledge , morals , ab -
stractions, concepts , socia l rules , feature s o f
specific events , an d grammar s for th e variet y
of SECs embodied i n actions, stories and nar-
ratives, scripts , and schemas.

MEMORY CHARACTERISTICS

As jus t described , SEC s ar e essentiall y dis -
tributed memor y units with differen t compo -
nents o f th e SEC , store d i n variou s region s
within th e PEG . Th e easies t assumptio n t o
make, then , i s that thes e memor y unit s obe y
the sam e principles a s other memor y units in
the brain . Thes e principle s revolv e aroun d
frequency o f activatio n base d o n us e o r ex -
posure, associatio n t o othe r memor y units ,
category specificit y o f the memor y unit, plas-
ticity o f th e representation , primin g mecha -
nisms, an d bindin g o f th e memor y uni t an d
its neighborhoo d memor y unit s t o memor y

spheres). For example , a patient with a left posterio r ven -
tromedial prefronta l cortex lesio n woul d b e predicte d t o
have difficult y retrievin g socia l rule s o r attitudes tha t ar e
of relatively short duratio n an d mad e up o f a few events,
especially i f the tas k require d th e patien t t o respon d t o
the primar y meanin g of the socia l rule/attitude o r the se-
quential dependency betwee n two events/stimuli compos-
ing the social rule/attitude (e.g. , an object and an attitude).

Figure 19-1. Ke y components of a structured event com-
plex (SEC ) mappe d t o prefronta l corte x topography .
These SEC components are discussed in the section Rep-
resentational Forma t o f the Structure d Even t Complex .
Note that a combination of features could be foun d in any
SEC but that lesions might affect onl y certain components
of th e tota l SE C (thi s i s based o n th e presumptio n tha t
every SE C relie s o n component s store d i n bot h hemi -
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units i n mor e distan t representationa l net -
works bot h i n an d remot e fro m th e territor y
of the PFC .

FREQUENCY OF USE AND EXPOSURE

As a  characteristi c tha t predict s a  subject' s
ability t o retriev e a  memory , frequency i s a
powerful variable . Fo r th e SEC , th e highe r
the frequency of the memory units composing
the SE C components, the mor e resilient the y
should be in the fac e o f PFC damage . That is,
it i s predicted tha t patient s wit h fronta l lob e
damage would be mos t capable of performing
or recognizing those SECs that they usually do
as a  dail y routin e an d mos t impaire d whe n
asked to produce o r recognize novel or rarely
executed SECs. This retrieval deficit would be
affected b y the frequenc y of the specifi c kind
of SE C componen t memor y unit s store d i n
the damage d PF C region .

ASSOCIATIVE PROPERTIES WITHIN A
HUMAN PREFRONTAL CORTEX
FUNCTIONAL REGION

In orde r t o hypothesiz e the associativ e prop -
erties of an SEC, it is necessary to adapt some
general information-processing constraints im-
posed by each o f the hemisphere s (Nichell i et
al., 1995b; Partiot et al., 1996; Beeman , 1998).
A numbe r o f theorist s hav e suggeste d tha t
hemispheric asymmetry of information coding
revolves around tw o distinct notions . The lef t
hemisphere i s specialize d fo r finel y tune d
rapid encodin g tha t i s bes t a t processin g
within-event informatio n and codin g fo r th e
boundaries betwee n events . Fo r example , the
left PF C migh t b e abl e t o bes t proces s th e
primary meaning of an event. The right hemi-
sphere i s thought to be specialize d for coarse,
slower coding , allowin g for th e processin g of
information tha t i s more distantl y relate d (t o
the informatio n currentl y bein g processed )
and coul d b e adep t a t integratin g o r synthe -
sizing information acros s event s i n time . Fo r
example, the right PFC migh t be best abl e to
process an d integrat e informatio n acros s
events to obtain the theme o r moral of a story
that i s bein g processe d fo r th e firs t time .

When lef t hemispher e fine-codin g mecha -
nisms ar e relie d on , a  local memory element
would b e rapidl y activate d alon g with a  fe w
related neighbor s wit h a  relativel y rapi d de -
activation. Whe n righ t hemispher e coarse -
coding mechanisms are relied on, there should
be weake r activatio n o f loca l memor y ele -
ments but a  greater spread of activation across
a large r neighborhoo d o f representations an d
for a  sustaine d perio d o f time—eve n corre -
sponding to the true duration of the SE C cur-
rently being processed. This dual form o f cod-
ing probabl y occur s i n paralle l wit h subject s
shifting betwee n th e two , dependin g o n tas k
and strategi c demands . Furthermore , th e or -
ganization o f a population o f SEC components
within a  functionall y define d region , regard -
less o f codin g mechanisms , should b e base d
on th e sam e principles a s those argue d fo r in
other form s o f associative representation, with
both inhibition of unrelated memory units and
facilitation of neighboring (and presumably re-
lated) memor y units following activation.

ORDER OF EVENTS

The HPF C i s specialized for the processing of
events over time. One aspec t o f the SE C that
is key to its representation i s event order. Or -
der i s coded b y the sequenc e o f events. Th e
stream o f action must be parsed as each even t
begins and ends, to explicitly recognize the na-
ture, duration , an d numbe r o f event s tha t
compose the event sequence (Hanso n & Han-
son, 1996 ; Zack s & Tversky, 2001) . I  hypoth-
esize that i n childhood, becaus e o f the neura l
constraints o f an immature HPFC, individual
events are initially represented as independent
memory unit s an d onl y later i n developmen t
are the y linke d togethe r t o for m a n SEC .
Thus, in adults, there should b e som e redun-
dancy o f representatio n o f th e independen t
event (forme d i n childhood ) an d th e mem -
bership o f tha t sam e even t withi n th e SEC .
Adult patients with PFC lesion s would be ex-
pected to commit errors of order in develop -
ing or executing SECs but coul d wind up de -
faulting to retrieving the independently stored
events in an attempt to slavishly carry out frag -
ments of an activity . Subjects are aware of the
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sequence o f events tha t mak e up a n SEC and
can eve n judg e thei r relativ e importanc e o r
centrality t o th e overal l SE C them e o r goal .
Each even t ha s a  typical duratio n an d a n ex-
pected onse t an d offse t tim e within th e tim e
frame o f th e entir e SE C tha t i s coded . Th e
order o f the independent events that mak e up
a particular SEC must be routinely adhered to
by th e performin g subject t o develo p a  more
deeply store d SE C representatio n an d im -
prove th e subject' s abilit y t o predic t th e se -
quence o f events . Th e repeate d performanc e
of a n SE C lead s t o th e systemati c and rigidl y
ordered executio n o f events—a n observatio n
compatible wit h th e artificia l intelligenc e (AI )
notion o f tota l orde r planning . I n contrast ,
new SECs are constantly being encoded, given
the variable and occasionally unpredictable na-
ture of strategic thought o r environmental de-
mands. This kind of adaptive planning in AI is
known a s partial order  planning,  sinc e even t
sequences are composed on-line, with the new
SEC consistin g o f previousl y experience d
events no w interdigitating wit h nove l events .
Since ther e mus t b e multipl e SEC s tha t ar e
activated i n a  typical day , it i s likely that the y
too (lik e th e event s withi n a n SEC ) ca n b e
activated i n sequence, o r additionally in a cas-
cading o r paralle l manne r (t o manage tw o o r
more tasks at the sam e time).

CATEGORY SPECIFICITY

There i s compelling evidence tha t the HPF C
can be divided into regions that have predom-
inant connectivit y wit h specifi c cortica l an d
subcortical brai n sectors . Thi s ha s le d t o th e
hypothesis tha t SEC s ma y b e store d i n th e
HPFC o n a  category-specifi c basis . Fo r ex -
ample, i t appears tha t patient s with ventral or
medial PFC lesion s are especiall y impaired in
performing socia l an d reward-relate d behav -
iors whereas patient s wit h lesion s t o th e dor -
solateral prefronta l corte x appea r mos t im -
paired o n mechanisti c planning tasks (Partio t
et al, 1995 ; Grafma n e t al. , 1996 ; Dimitro v et
al., 1999c ; Pietrin i e t al. , 2000 ; Zall a e t al. ,
2000). Furthe r delineatio n o f category speci -
ficity within th e HPF C await s mor e precis e
testing, usin g various SEC categorie s a s stim-
uli (Sirig u e t al. , 1998 ; Crozie r e t al. , 1999) .

NEUROPLASTICITY OF HUMAN
PREFRONTAL CORTEX

We kno w relatively little abou t th e neurobio -
logical rules governing plasticity of the HPFC .
It i s probable tha t th e sam e plasticity mecha-
nisms tha t accompan y learning an d recover y
of functio n i n othe r cortica l area s operat e i n
the fronta l lobe s to o (Grafma n &  Litvan ,
1999a). Fo r example , a  change  i n PF C re -
gional functiona l ma p siz e with learnin g ha s
been noted . Shrinkag e of ma p siz e i s usuall y
associated with learning o f a specifi c elemen t
of man y within a  categor y o f representation ,
whereas an increase in map size over time may
reflect th e genera l categor y o f representa -
tional for m bein g activated (bu t not a  specifi c
element o f memory within th e category) . Af-
ter lef t brai n damage , righ t homologou s
HPFC assumptio n o f a t leas t som e o f th e
functions previousl y associate d wit h Broca' s
area ca n occur . The mechanis m by which th e
unique characteristic s of  PFC  neuron s (e.g. ,
sustained re-entrant firing patterns o r idiosyn-
cratic neura l architectures ) interac t wit h th e
general principle s o f cortica l plasticit y ha s
been littl e explore d t o date . I n term s o f th e
flexibility of representations i n the PFC , i t ap-
pears tha t thi s are a o f corte x ca n rapidl y re -
organize itself to respond t o new environmen-
tal contingencie s o r rules . Thus , although th e
general underlyin g principle s o f ho w infor -
mation i s represente d ma y b e simila r within
and across species, individual experience man-
ifested b y species o r individual s within a  spe-
cies will be influential in what is stored in PF C
and important to control for when interpreting
the result s o f experiment s tryin g t o infe r
HPFC functiona l organization .

PRIMING

At leas t tw o kind s o f primin g (Schacte r &
Buckner, 1998 ) shoul d occur when a n SE C is
activated. Firs t o f all , withi n a n SEC , ther e
should b e primin g o f forthcomin g adjacen t
and distan t event s b y previousl y occurrin g
events. Thus, in the cas e o f the even t tha t in -
dicates that one is going into a restaurant, sub-
sequent event s suc h a s paying the bil l o r or -
dering fro m th e men u ma y be prime d a t that
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moment. Thi s primin g woul d activat e thos e
event representations eve n though they hadn't
occurred yet . The activatio n migh t be to o far
below threshold for conscious recognition that
the even t ha s bee n activated , bu t ther e i s a
probably a  relationship betwee n th e intensit y
of the primed activation of a subsequent even t
and th e tempora l an d cognitiv e distanc e th e
current even t i s from th e prime d event . Th e
closer th e prime d even t i s i n sequenc e an d
time to the primin g event, the mor e activated
it shoul d be . Th e secon d kin d o f priming in-
duced b y SEC activatio n would involve SECs
in th e immediat e neighborhoo d o f th e on e
currently activated . Closel y relate d SEC s (or
components of SECs) in the immediate neigh-
borhood should be activated to a lesser degree
than th e targete d SEC , regardles s o f hemi -
sphere. Mor e distantly related SEC s (or com-
ponents o f SECs ) woul d b e inhibite d i n th e
dominant hemisphere . Mor e distantly relate d
SECs (o r component s o f SECs ) woul d b e
weakly activated, rathe r tha n inhibited , i n the
nondominant hemisphere .

BINDING

Another for m o f priming, based o n th e prin -
ciple of binding (Engel & Singer, 2001) of dis-
tinct representationa l form s across  cortica l
regions, should occur with the activatio n of an
SEC. Th e sor t o f representational form s tha t
may be stored i n the HPFC , such as thematic
knowledge, should be linked to more primitive
representational form s suc h a s objects, faces ,
words, stereotyped phrases , scenes , and emo-
tions. This linkage or binding enables humans
to for m a  distribute d episodi c memor y fo r
later retrieval . Th e binding also enables prim-
ing across representational form s to occur. For
example, by activating an event within an SEC
that i s concerne d wit h workin g in th e office ,
activation threshold s shoul d be decrease d for
recognizing an d thinkin g abou t object s nor -
mally found i n a n office , suc h as a telephone.
In addition, the priming of forthcoming events
within a n SE C referre d t o abov e woul d also
result i n the primin g of the object s associate d
with th e subsequen t event . Eac h additiona l
representational for m linke d t o th e SE C
should improve the salience of the bound con-

figuration o f representations . Absenc e o f
highly SEC-salien t environmenta l stimul i o r
thought processe s would tend t o diminish the
overall activatio n o f the SEC-boun d configu -
ration o f representations an d bia s whic h spe -
cific subse t o f PF C representationa l compo -
nents ar e activated .

HIERARCHICAL REPRESENTATION OF
STRUCTURED EVENT COMPLEXES

I hav e previousl y argue d fo r a  hierarch y o f
SEC representations (Grafman , 1995) ; tha t is,
I predicted that SECs, within a domain, would
range fro m specifi c episode s t o generalize d
events. Fo r example , one coul d hav e an SE C
representing th e action s an d themes o f a sin-
gle evenin g a t a  specifi c restaurant , a n SE C
representing the action s and themes of how to
behave a t restaurants i n general , an d a n SE C
representing action s an d theme s relate d t o
eating tha t ar e contex t independent . I n thi s
view, SE C episode s ar e forme d firs t durin g
development o f the HPFC , followe d b y more
general SECs , an d the n th e context-fre e and
abstract SECs . As the HPF C matures , it is the
more general, context-free, and abstract SECs
that allo w for adaptiv e an d flexible planning.
Since these SEC s don't represen t specifi c ep -
isodes, the y ca n b e retrieve d an d applie d t o
novel situations for which a specific SE C does
not exist.

RELATIONSHIP TO OTHER FORMS OF
REPRESENTATION

BASAL GANGLIA FUNCTIONS

The basa l gangli a receiv e direc t connection s
from differen t region s of the HPF C an d some
of thes e connection s ma y carr y cognitiv e
"commands." The basa l ganglia , in turn , sen d
back to the PFC, via the thalamus, signals that
reflect it s ow n processing . Eve n i f th e basa l
ganglia wor k i n concer t wit h th e PFC , thei r
exact role in cognitive processing has yet to be
defined. They appear to play a role in the stor-
age o f visuomotor sequence s (Pascual-Leon e
et al. , 1993 , 1995) , i n reward-related behavio r
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(Zalla e t al. , 2000), and i n automatic cognitive
processing such as overlearned word retrieval .
It is likely that the SEC s in the PFC bind with
the visuomoto r representation s store d i n th e
basal gangli a t o produc e a n integrate d se t o f
cognitive an d visuomoto r action s (Pascual -
Leone et al. , 1996 ; Koechli n et al. , 2000; sub-
mitted) relevan t t o particular situations .

HIPPOCAMPUS AND AMYGDALA
FUNCTIONS

Both the amygdal a and the hippocampus have
reciprocal connection s wit h th e PFC . Th e
amygdala, i n particular , has extensive connec -
tions wit h ventromedia l PF C (Price , 1999 ;
Zalla et al. , 2000). The amygdala' s signals may
provide a  somatic marker or cue to the store d
representational ensemble in the ventromedial
PFC representin g socia l attitudes , rules , an d
knowledge. Th e mor e salien t th e inpu t pro -
vided by the somati c cue, the mor e importan t
the somati c marke r become s fo r biasin g th e
activation of social knowledge and actions .

The connections between PFC and the hip-
pocampus serv e t o enlis t th e SE C a s a  con -
textual cue tha t form s par t o f an episodi c en -
semble o f informatio n (Thierr y e t al. , 2000) .
The mor e salien t th e context , th e mor e im -
portant i t becomes fo r enhancing the retrieva l
or recognitio n o f episodi c memories . Thus ,
the hippocampu s als o serves to help bind th e
activation of objects, words, faces, scenes , pro-
cedures, an d other information store d i n pos-
terior cortice s an d basa l structure s t o SEC -
based contextua l informatio n suc h a s theme s
or plans.  Furthermore , th e hippocampu s may
be involve d i n th e linkag e of sequentially oc-
curring events. The abilit y to explicitly predict
a subsequen t even t require s consciou s recol -
lection o f forthcomin g events , whic h shoul d
require th e participatio n o f a  normall y func -
tioning hippocampus . Sinc e the hippocampu s
is no t neede d fo r certai n aspect s o f lexica l or
object priming , fo r example , i t i s likel y tha t
components o f th e SE C tha t ca n als o b e
primed (se e Priming, above) don't requir e th e
participation o f the hippocampus . Thus a  sub-
ject wit h amnesi a migh t gain confidenc e and
comfort i n experiencin g interactions i n which
they wer e re-expose d t o th e sam e contex t

(SEC) tha t the y ha d experience d before . I n
that case , th e representatio n o f tha t SE C
would be strengthened even without later con-
scious recollectio n o f experiencin g it . Thus ,
SEC representationa l primin g i n amnesi a
should be governed by the same restraints that
affect wor d o r objec t priming in amnesia.

TEMPORAL-PARIETAL CORTEX
FUNCTIONS

The computational processes representing the
major component s o f what w e recogniz e a s a
word, object , face , o r scene ar e stored i n pos-
terior cortex. These representations are crucial
components o f a context an d ca n provide th e
key cu e t o initiat e th e activatio n o f a n SE C
event o r it s inhibition . Thus , th e linkag e be -
tween anterio r an d posterio r cortice s i s very
important fo r providin g evidenc e tha t con -
tributes to  identifying the  tempora l and  phys-
ical boundarie s delimitin g the  independen t
"events" tha t mak e up an  SEC.

EVIDENCE FOR AND AGAINST THE
STRUCTURED EVENT COMPLEX

FRAMEWORK

The advantag e of this SE C formulatio n o f the
representations store d i n the HPF C i s that i t
resembles other cognitive architecture model s
that ar e constructe d i n suc h a  way as to pro -
vide testable hypothese s regarding their valid-
ity. Suppor t fo r hypothese s lend s confidenc e
to the structur e o f the mode l as predicated b y
its architects . Rejectio n o f hypothese s occa -
sionally leads to rejection of the entir e model ,
but ma y also lead to a  revised view of a com-
ponent o f the model .

The othe r majo r drivin g force s i n concep -
tualizing the rol e of the PF C have , in general,
avoided th e leve l o f detai l require d o f a  cog-
nitive o r computationa l mode l an d instea d
opted fo r functiona l attribution s whic h ca n
hardly b e disproved . Thi s i s no t entirel y th e
fault o f the investigator , as the form s of knowl-
edge or processes stored in the PFC have per-
plexed an d eluded investigator s for more than
a century. What I  have tried to d o by formu -
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lating th e SE C framewor k i s take th e trend s
in cognitiv e capabilitie s observe d acros s evo-
lution and development, which include greater
temporal an d sequentia l processin g and more
capacity for abstraction, and assume what rep-
resentational state(s ) thos e trend s woul d lea d
to.

The curren t evidenc e fo r an SEC-type rep-
resentational networ k i s supportiv e bu t stil l
rather sparse . Structured event complexes ap-
pear t o b e selectivel y processe d b y anterio r
PFC region s (Koechlin et al. , 1999 ; 2000) . Er-
rors in event sequencing can occur with pres-
ervation of aspects of event knowledge (Sirig u
et al. , 1995a) . Thematic knowledge can be im-
paired eve n thoug h even t knowledg e i s pre -
served (Zall a &  Cortex, in press) . Frequenc y
of the SE C ca n affec t th e eas e o f retrieval of
SEC knowledg e (Sirig u et al. , 1995a ; 1995b) .
There i s evidenc e fo r categor y specificit y i n
that ventromedial PFC appears specialize d for
social knowledg e processin g (Dimitro v et al. ,
1999c). The HPF C is a member o f many ex-
tended brai n circuits . There i s evidence tha t
the hippocampu s an d th e HPF C cooperat e
when th e sequenc e o f events hav e to b e an -
ticipated (Drehe r e t al. , submitted) . Th e
amygdala an d th e HPF C cooperat e whe n
SECs ar e goa l an d rewar d oriente d o r emo -
tionally relevant (Zall a et al. , 2000). The basa l
ganglia, cerebellum , an d HPF C cooperat e a s
well (Grafma n e t al. , 1992 ; Pascual-Leon e e t
al., 1993 ; Hallet t an d Grafman , 1997 ) i n th e
transfer o f performanc e responsibilitie s be -
tween cognitiv e an d visuomoto r representa -
tions. When th e SE C i s novel or multitasking
is involved , anterio r frontopola r PF C i s re -
cruited bu t whe n SEC s ar e overlearned ,
slightly mor e posterio r frontomedia l PF C i s
recruited (Koechli n et al. , 2000) . When sub -
jects rely on the visuomoto r components o f a
task, th e basa l gangli a an d cerebellu m ar e
more involved but when subject s have to rely
on the cognitive aspects of the task, the HPFC
is more involved in performance (Koechlin et
al., submitted) . Thus , ther e i s positiv e evi -
dence fo r the representatio n o f several differ -
ent SE C component s withi n th e HPFC . Al-
though ther e ha s bee n littl e i n th e wa y of
negative studies of this framework , man y pre-
dictions of the SE C framework i n the area s of

goal orientation , neuroplasticity , priming , as-
sociative properties , an d bindin g hav e no t
been full y explore d t o dat e an d coul d even -
tually be falsified .

FUTURE DIRECTIONS

The representationa l mode l of the structure d
event complex described abov e lends itself to
the generatio n o f testabl e prediction s o r hy -
potheses. T o reiterate , lik e mos t representa -
tional format s hypothesize d fo r object , face ,
action, an d word stores , th e SE C subcompo -
nents can each be characterized by the follow -
ing features: frequency of exposure/activation ;
imagability; associatio n wit h othe r items/ex -
emplars i n tha t particula r representationa l
store; centrality of the feature to the SE C (i.e.,
what proportiona l relevanc e doe s th e featur e
have t o recognizin g o r executin g th e SEC?) ;
length o f th e SE C i n term s o f numbe r o f
events an d duratio n o f eac h even t an d th e
SEC a s a whole; implicit or explicit activation;
and associatio n wit h othe r representationa l
forms tha t ar e store d i n othe r area s o f th e
HPFC o r in more posterior cortex/subcortica l
regions.

All these features can be characterized psy-
chometrically by quantitative value s based o n
normative studies using experimental methods
that hav e obtaine d simila r value s fo r words ,
photographs, objects , an d faces . Unfortu -
nately, there have only been a  few attempts to
collect som e o f these dat a fo r SECs , such as
scripts, plans, and simila r stimuli. If these val-
ues for all of the features of interest of an SEC
were obtained , on e coul d the n mak e predic -
tions about changes in SEC performance after
HPFC lesions . Fo r example , on e hypothesi s
from th e SE C representationa l mode l de -
scribed abov e i s that th e frequenc y of activa-
tion o f a  particula r representatio n wil l deter -
mine its accessibility following HPFC lesions .
A patient wit h an HPF C lesio n will have had
many different experience s eatin g dinner , in -
cluding eating food with their hands as a child,
later eatin g more properly at the dinin g room
table, eating at fas t foo d restaurants , eating at
favorite regula r restaurants , an d eventuall y
eating occasionall y at specia l restaurant s or a
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brand ne w restaurant . A  patien t wit h a n
HPFC lesio n o f moderate siz e should be lim-
ited i n retrievin g variou s subcomponent s o f
the SE C store d i n th e lesione d secto r o f th e
HPFC. This patient would likely behave mor e
predictably and reliably when eating dinner at
home the n whe n eatin g i n a  familia r restau -
rant, an d b e les s predictable whe n eatin g for
the first time i n a new restaurant wit h a n un-
usual seatin g o r dinin g procedure . Th e kind s
of errors that would characterize the inappro -
priate behavio r woul d depen d o n which sub -
component^) o f th e SE C (an d thu s region s
within o r acros s hemispheres ) wa s (were )
damaged. For example, if the lesion was in the
right dorsolatera l PFC , th e patient migh t have
difficulty integratin g knowledg e acros s dining
events, so he o r she would be impaire d in de-
termining the (unstated ) theme o f the dinne r
or restaurant , particularl y i f th e restauran t
procedures wer e unfamilia r enoug h tha t th e
patient coul d no t retriev e a n analogous SEC .
Only one stud y has attempted t o directl y tes t
this genera l idea of frequency-sensitivity, wit h
modest succes s (se e above ; Sirig u e t al. ,
1995a). Thi s is just on e exampl e of many pre-
dictions tha t emerg e fro m th e SE C mode l
with component s tha t hav e representationa l
features. Th e claim that SE C representationa l
knowledge i s store d i n th e HPF C i n various
cognitive subcomponent s i s compatibl e wit h
claims mad e fo r model s fo r othe r form s o f
representational knowledg e store d in other ar-
eas of brain and leads to the same land of gen-
eral predictions regardin g SE C component ac-
cessibility mad e fo r thes e othe r form s o f
knowledge followin g brai n damage . Futur e
studies need to test thes e predictions .

REPRESENTATION VERSUS PROCESS
REVISITED

The kin d o f representationa l mode l I  hav e
proposed fo r th e SE C balance s th e over -
reliance o n so-calle d proces s models , suc h as
the workin g memor y model , tha t dominat e
the fiel d today . Proces s model s rel y on a  de -
scription o f performance (holding o r manipu-
lating information ) withou t necessaril y bein g
concerned abou t th e detail s o f th e for m o f

representation (i.e. , memory ) activate d tha t is
responsible fo r the performance.

Promoting a  stron g clai m tha t th e PF C i s
concerned wit h processes rathe r tha n perma -
nent representation s i s a  fundamenta l shif t
away fro m ho w w e hav e previousl y trie d t o
understand th e forma t in which information is
stored i n memory . I t suggest s tha t th e PF C
has littl e neura l commitmen t t o long-ter m
storage o f knowledge, i n contras t t o posterio r
cortex. Such a shift i n studying brain functions
devoted t o memory requires a  much stronger
philosophical, neuropsychological , an d neu -
roantomical defense for the proces s approach
than previously offered b y its proponents. Th e
representational poin t o f view that I  offe r re -
garding HPFC knowledge stores is more con-
sistent wit h previou s cognitiv e neuroscienc e
approaches t o understanding how other form s
of knowledge , suc h a s word s o r objects , ar e
represented i n th e brain . I t als o allow s fo r
many hypothese s t o b e derive d fo r furthe r
study an d therefor e ca n motivat e mor e com-
peting representationa l model s o f HPF C
functions.

CLINICAL APPLICATIONS

There i s n o doub t tha t th e impairment s
caused b y lesion s t o th e HPF C ca n b e ver y
detrimental t o a  person' s abilit y t o maintai n
their previou s leve l o f work , responsibilit y to
their family , an d socia l commitment s (Graf -
man &  Litvan , 1999b) . Ther e i s som e evi -
dence tha t deficit s in executiv e function s can
have a more profound effect o n daily activities
and routine s tha n sensor y deficits , aphasia , or
agnosia (Schwa b e t al. , 1993) . Rehabilitatio n
specialists are awar e of the seriousnes s o f def-
icits i n executiv e impairments , but ther e ar e
precious fe w grou p studie s detailin g specifi c
or genera l improvement s i n executiv e func -
tions that are maintained in the real world and
that lea d t o a  positiv e functiona l outcom e
(Levine e t al. , 2000; Stablu m e t al. , 2000).

The SE C representationa l framewor k pro -
posed abov e ma y be helpfu l t o rehabilitatio n
specialists workin g o n problem s o f executiv e
dysfunction. On e advantag e tha t th e applica -
tion o f SE C theor y t o rehabilitatio n metho d
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has i s tha t a n understandin g o f th e schema s
that SEC s represen t an d th e type s o f break -
downs i n performanc e tha t ma y occu r i n
carrying ou t SEC s i s easil y graspe d b y th e
family members . Anothe r advantag e i s in th e
ease of designing tasks to use to try and mod-
ify patien t behavior . I n keepin g wit h th e fre -
quency characteristi c o f SE C components , a
therapist migh t wan t t o choos e a n SE C t o
work with tha t ha s a  mid-range frequenc y of
experience b y the patient . Thi s give s the pa -
tient som e familiarit y wit h th e activity , bu t
the activit y i s no t s o simpl e an d th e patien t
must tak e som e car e t o perfor m i t correctly .
In additio n t o developin g an erro r analysi s of
patient performanc e b y manipulatin g SE C
level o f frequency , difficulty , an d SE C even t
centrality, it should be much easier to see sys-
tematic difference s i n patient performanc e as
patients tackl e executin g an d understandin g
more difficul t SECs . Th e SE C framewor k
proposes tha t a  se t o f store d representation s
that ar e boun d togethe r for m th e unifie d
SEC. Thus , i t should be possibl e to have sev-
eral differen t variable s measurin g specifi c as -
pects o f SE C performance , includin g accu -
racy o f overlearne d o r ne w visuomoto r
procedures, acquisitio n o r expressio n o f inte -
grative o r event-specifi c themati c content ,
and structura l knowledg e o f the SE C (i.e. , or-
der an d timing of events). Thus, the potentia l
richness o f th e SE C framewor k allow s fo r
fine analysi s o f patien t breakdow n an d im -
provement in performance with training using
behavioral modificatio n methods . A n addi -
tional advantag e o f thi s approac h i s tha t i n
the rehabilitatio n o r researc h setting , SEC s
that patient s woul d b e traine d o n ca n b e ti -
trated t o specifi c activitie s tha t ar e uniqu e t o
a particula r patient' s experienc e a t work ,
school, o r home , s o tha t behavior s ca n b e
targeted fo r thei r relevanc e t o th e patient' s
daily life .

that ha s bee n th e predominan t approac h t o
understanding th e neuropsychologica l aspects
of, fo r example , language processin g an d ob -
ject recognition . Th e representationa l ap -
proach I  developed i s based on the structure d
event comple x framework, whic h claim s tha t
there ar e multipl e subcomponent s o f higher -
level knowledg e tha t ar e store d throughou t
the HPF C a s distinctive domain s of memory.
I have also argued that there are topographical
distinctions in where these differen t aspect s of
knowledge ar e store d i n th e HPFC . Eac h
memory domai n componen t o f the SE C ca n
be characterize d b y psychologica l feature s
such a s frequency of exposure, category spec-
ificity, associativ e properties , sequentia l de -
pendencies, an d goa l orientation , whic h gov -
erns th e eas e o f retrievin g a n SEC . I n
addition, when these memor y representation s
become activated via environmental stimuli or
by automati c o r reflectiv e thought , the y ar e
activated fo r longe r period s o f tim e tha n
knowledge store d in other areas o f the brain ,
giving rise to the impression that performance
dependent o n SE C activatio n i s base d o n a
specific for m o f memory called working mem-
ory. Adaptin g a  representationa l framewor k
such a s the SE C framewor k should lea d t o a
richer corpus of predictions abou t subject per-
formance that can be rejected o r validated via
experimental studies . Furthermore , th e SE C
framework lend s itsel f quite easily to rehabil -
itation practice . Finally , ther e i s no w a  sub -
stantial se t o f research suggestin g that study -
ing th e natur e o f th e SE C framewor k i s a
competitive and fruitful wa y to understand th e
role of the HPF C in behavior .

ACKNOWLEDGMENTS

Portions o f this chapte r wer e adapte d fro m a  chapter b y
J. Grafma n t o appea r i n th e Handbook  o f Neuropsy-
chology, 2n d edition , publishe d b y Elsevier Science .

CONCLUSIONS

In thi s chapte r I  hav e argue d tha t a n impor-
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Chronesthesia: Conscious Awareness of
Subjective Time

ENDEL TULVING

One of the most remarkable capacities that na-
ture has seen fit to bestow on us human beings
is our sens e of subjective time in which we ex-
ist. We do not think much about this subjective
time; w e tak e i t fo r grante d a s w e tak e fo r
granted th e ai r we breathe. Bu t we can, if we
decide to do so, reflect o n the fac t o f our pro -
tracted existenc e in time that extends from th e
present "back " into the past and "forward" into
the future . W e can, i f we wish, close our eye s
and thin k about wha t we did minute s ago , o r
how we celebrated ou r las t birthday . An d we
can think about what we might be doing tomor-
row, o r nex t year. Thi s kin d o f sens e o f time
makes a  huge differenc e t o wha t w e ar e an d
how we live. I f we retained al l our othe r mar-
velous mental capacities but lost the awareness
of time i n which ou r live s are playe d out , we
might still be uniquely different fro m al l other
animals but w e would no longer b e huma n as
we understand humanness.

This chapte r i s abou t thi s huma n sens e o f
time. To distinguish it from othe r time-relate d
and time-dependen t achievement s o f th e
brain/mind, I  refe r t o i t a s chronesthesia,
which i s tentatively define d as a  form o f con-
sciousness tha t allow s individual s t o thin k
about th e subjectiv e tim e i n whic h the y liv e
and tha t make s it possible fo r them t o "men -
tally travel " i n suc h time . I n thi s chapter , I

shall attempt t o explicate th e concep t o f chro-
nesthesia, sugges t wha t i t i s (an d wha t i t i s
not), contras t i t wit h othe r kind s o f time -
related mentation , discus s th e origi n o f th e
concept, and , th e mai n reaso n fo r th e chap -
ter's appearanc e i n the presen t volume, spec-
ulate o n chronesthesia' s relatio n t o prefronta l
cortex. I  shal l conclud e th e chapte r b y dis -
cussing th e rol e o f chronesthesi a i n huma n
evolution an d huma n affairs .

Chronesthesia is closely related to a number
of neurocognitiv e function s tha t hav e t o d o
with time , an d tha t hav e bee n studie d b y
brain/mind scientist s fo r a  lon g time . Thes e
include menta l activities such as remembering
(or recollectio n of ) past happenings , thinkin g
about the past,  expecting, planning, and think-
ing about th e future . T o understand th e rela -
tion betwee n chronesthesi a an d thes e othe r
time-related cognitiv e activities , whic h ma y
sound indistinguishable fro m chronesthesi a as
defined above , i t i s necessary firs t t o dra w a
distinction betwee n tw o aspect s o f organiza -
tion o f the brain/mind , capacity and function .

CAPACITY AND FUNCTION

A basic conceptua l distinctio n i s that betwee n
neurocognitive (brain/mind)  capacities  tha t

311
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individuals possess , o n th e on e hand , an d
functions (manifestations)  of  such  general  ca-
pacities o n th e othe r hand . A  (general ) neu-
rocognitive capacit y (sometime s also referre d
to as neurocognitive o r brain system) allows an
individual t o engag e i n menta l activitie s an d
attain goal s tha t ar e no t possibl e fo r a n indi -
vidual who does not possess the capacity. Each
general capacit y i s a  property o f the evolve d
brain tha t serve s specific organismicall y useful
ends. Thus , fo r example , th e visua l capacit y
(vision) allow s th e individua l t o mak e us e o f
optic signal s provide d b y th e environment ,
that is , to se e object s i n space . Similarly , th e
auditory capacity (audition)  allow s the individ-
ual to mak e use o f acoustic signals , that is , to
hear sounds . Th e episodi c memor y capacit y
allows on e t o remembe r one' s persona l past ,
that is , to re-experience a t time 2  happenings
experienced earlier , a t tim e 1 . The biologica l
value of these capacitie s an d their function s is
indisputable.

Examples o f some o f the genera l capacitie s
and thei r function s tha t interes t brai n scien -
tists ar e liste d i n Tabl e 20-1 . Som e o f the m
(vision, audition , an d othe r senses ) ar e asso -
ciated wit h specia l receptors , whil e other s
(learning, memory ) have n o suc h device s fo r
registering change s i n one' s externa l environ-
ment. Som e o f the latte r d o involv e "inputs "
and "outputs, " whereas th e operation s o f still
others (show n in Tabl e 20- 1 a s various kinds
of consciousness) somehow supervene on, and

Table 20-1 . Selecte d Example s of General
Neurocognitive Capacities and their Particular
Functions

General Capacity Functio n

Object visio n
Spatial vision
Color visio n
Motion vision
Audition
Semantic memor y
Episodic memor y
Noetic consciousnes s
Autonoetic consciousnes s
Chronesthesia

Seeing object s
Seeing space
Seeing color s
Seeing movemen t
Hearing sound s
Knowing the worl d
Remembering experience s
Awareness of the worl d
Awareness of sel f i n tim e
Awareness of subjective tim e

interact with, selected other processes i n ways
not yet completely understood .

The natur e o f the relatio n betwee n genera l
capacities and  their specifi c expressions (func -
tions) i s one tha t i s exceedingly commo n bu t
has n o commo n label . W e ca n us e th e ter m
enabling t o designat e it . Thus , a  genera l ca -
pacity enable s o r allow s th e individua l to en -
gage in a  large bu t circumscribe d category  of
mental activities without specifically determin-
ing whethe r o r ho w th e capacit y i s used . A
general capacit y i s just on e o f th e necessar y
conditions o f certai n behavioral , cognitive , o r
consciousness-based achievements. The actual
exercise o f an y capacit y alway s depend s o n
other factors  a s well.

All genera l capacitie s liste d i n Tabl e 20- 1
represent properties o f the evolve d brain, and
are subserve d b y specific , usuall y widely dis-
tributed, neurona l centers and pathways. The
capacities may vary among the species . No t all
species have vision, and very few, perhaps only
humans, hav e autonoeti c consciousness , th e
kind of consciousness that allows people to be
aware no w o f experience s o f a n earlie r time .
The capacitie s ar e als o product s o f ontoge -
netic development , an d usually grow, mature,
and deca y a s a n individua l interact s wit h it s
physical an d socia l environment . Bein g de -
pendent o n the brain , the y ar e vulnerable t o
brain damage .

When a  given brain/mind capacity is reason-
ably closel y tie d t o know n neuroanatomica l
structures an d physiologica l mechanisms , we
can talk about i t as a neurocognitive "system" :
for example , the visual system, or the auditory
system. Whe n suc h a  relatio n betwee n th e
brain an d th e min d i s less firml y established ,
as i s the cas e fo r learnin g an d memory , or as
yet largel y unknown, as i s the cas e fo r differ -
ent kind s o f consciousness , w e spea k o f th e
corresponding neurocognitiv e system s some-
what mor e metaphorically , simpl y a s a n ex -
pression o f ou r fait h tha t neura l correlate s o f
these capacitie s als o exist even i f they are no t
yet (o r not ye t completely ) known.

The point s just mad e abou t neurocognitiv e
capacities, o r systems, and their "expressions, "
or functions , ar e elementary , wel l know n t o
and accepte d b y al l practitioners . The y ar e
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mentioned here to place the concep t of chro-
nesthesia i n the proper perspective.

CONSCIOUSNESS AND
CHRONESTHESIA

The ter m consciousness  ha s man y differen t
meanings. A  ver y basi c distinctio n ca n b e
made between the individual's general state of
alertness o r arousal , suc h a s thos e accompa -
nying wake-sleep cycles , o r o f the lan d mea-
sured by the Glasgo w Coma scale, on the one
hand, an d variou s cognitivel y an d affectivel y
experienced menta l state s tha t characteriz e a
fully aler t individua l on the other .

Table 20- 1 include s th e referenc e t o two
particular kind s of consciousness o f the latte r
category, noetic and autonoetic . Bot h have to
do wit h experiential , o r phenomenological ,
aspects o f consciou s awarenes s tha t accom -
pany memory retrieval (recover y of stored in -
formation). Eac h has its own functions. Noetic
consciousness i s evolutionaril y olde r an d th e
more "primitive " o f th e two , an d i s th e de -
fault mod e o f th e semanti c memor y system.
Noetic awareness accompanie s an individual' s
memory-based interactio n wit h aspect s o f it s
environment in the present . Whe n individuals
think abou t th e "fact s o f the world, " they are
noetically aware of what they are thinking , as
well a s aware o f such awareness . Noeti c con -
sciousness als o provide s individual s wit h ac -
cess t o thei r ow n past, bu t th e mod e o f such
access i s on e o f "knowing, " no t "remember -
ing" (Gardiner , 1988 ; Rajaram , 1993) . Auto-
noetic consciousness  has a  more recent origin
in evolution and is more advanced than noetic ,
because i n additio n t o allowin g peopl e t o
know what happened in the pas t i t also allows
them t o re-experienc e pas t experiences . Au -
tonoetic awarenes s accompanie s retrieva l o f
information abou t one' s persona l pas t a s well
as projection o f one's thoughts into the future .
When individuals remember the past, they are
autonoetically awar e o f wha t the y di d o r
thought a t a n earlie r time , an d the y ar e als o
aware o f suc h awareness . Thus , autonoeti c
consciousness include s bu t transcend s noeti c
consciousness.

Both autonoeti c an d noeti c consciousnes s
are determine d b y the propertie s o f the indi -
vidual's brain and it s general physiologi c state
at an y give n moment . A  give n kin d o f con -
sciousness provide s th e individua l with a  po-
tential fo r particula r kind s o f awareness ; i t
determines wha t kind s o f awarenes s o r sub -
jective experienc e the perso n ca n have. Con-
sciousness a s capacit y i s no t directe d a t any -
thing, wherea s awarenes s i s alway s o f
something. T o be awar e o f somethin g means
to have a particular subjectiv e experience tha t
is determine d b y bot h th e curren t (general )
state o f consciousness and the curren t (partic -
ular) stimulatio n fro m externa l an d interna l
sources. I n othe r words , awarenes s presumes
consciousness, but consciousnes s does not im-
ply awareness : consciousnes s i s a  necessar y
but no t a  sufficien t conditio n o f awareness .
Within a  given leve l o f awareness , man y par-
ticular kinds of subjective experiences may oc-
cur. W e can think of (selective) attention as the
primary proces s tha t determine s th e aspect s
of the stimulu s situation o f which the individ -
ual i s aware.

Because chronesthesi a i s a  kin d o f con -
sciousness, everythin g tha t i s sai d abou t
consciousness in general also applies to chron-
esthesia. Chronesthesi a i s the kin d o f neuro -
cognitive capabilit y tha t expresse s itsel f i n
individuals' awareness of the tempora l dimen-
sion o f thei r ow n an d others ' existenc e an d
that makes thinking about subjective time pos-
sible. I t i s a general precondition o f many dif-
ferent kind s o f cognitive activity  tha t involve
time. The mos t common and familia r expres -
sion of chronesthesia is remembering happen-
ings fro m one' s life , o r thinkin g back t o pas t
events an d situations . Bu t th e huma n tim e
sense als o extend s t o th e future . Everybod y
can as readily think about the futur e and make
plans fo r th e futur e a s the y ca n thin k abou t
and remember the past. I refer to the thought-
about tim e i n whic h one' s persona l experi -
ences tak e plac e a s subjective time.  I t play s a
critical rol e i n the definitio n o f chronesthesi a
(on th e variou s concept s o f physical and psy-
chological time , se e Fraisse , 1963 ; Church ,
1989; Block , 1990 ; Ivry , 1996 ; McCormac k &
Hoerl, 1999) .
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WHAT CHRONESTHESIA IS NOT

It ma y be usefu l a t thi s poin t t o briefl y men -
tion wha t chronesthesi a i s not , t o minimiz e
confusion an d unnecessary argument. Numer-
ous time-relate d concept s figur e prominentl y
in th e existin g literature tha t nee d t o b e dis -
tinguished fro m chronesthesia . Conside r three
categories of such concepts .

First, ther e ar e various behavioral an d cog-
nitive (mental) activities that clearly depend o n
chronesthesia bu t ar e no t identica l wit h it .
They are the function s o f chronesthesia, activ -
ities tha t chronesthesi a make s possible . Ex -
amples are activities such as reminiscing about
or recollectin g pas t events , daydreaming , an -
ticipation o f futur e happenings , plannin g fu -
ture activitie s (Owen , 1997 ; Koechlin , e t al. ,
1999), and "prospective memory" (Mantyl a &
Nilsson, 1997 ; Einstei n e t al. , 1999) .

Second, a s a  specia l kin d o f consciousness ,
chronesthesia ha s properties tha t othe r form s
of consciousnes s d o not . Therefor e i t ha s t o
be distinguishe d fro m thes e othe r forms . Fo r
example, young children shar e man y forms of
consciousness wit h adults , bu t ther e is no evi-
dence tha t those  younge r tha n 3  o r 4  year s
"possess" chronesthesi a (Wheele r e t al. ,
1997).

The thir d categor y o f time-relate d menta -
tion tha t ha s t o b e differentiate d fro m chro -
nesthesia ha s t o d o wit h behaviora l an d cog -
nitive activitie s o f everyda y life , an d thei r
artifactual analogue s i n the laborator y (cogni-
tive tasks)  tha t ma y appear t o involv e aware-
ness o f subjective time . Thi s third category is
most troublesome , becaus e i n many cases th e
temptation i s grea t t o thin k o f the m a s de -
pendent o n chronesthesia. Examples o f these
include th e following : (1 ) man y non-episodi c
forms o f memor y whose functio n i s t o allo w
the organis m t o benefi t a t tim e 2  fro m wha t
happened a t time 1  (see Tulvin g &  Markow-
itsch, 1998 ; Tulving , 1999 , fo r furthe r discus -
sion); (2 ) variou s kind s o f "seria l learning " i n
humans (Crowde r &  Greene, 2000) o r in non-
human animal s (Gower, 1992) ; (3 ) geneticall y
programmed ("instinctive, " "purposeful" ) ev -
olutionary adaptations , suc h a s rodents dem -
onstrating tempora l 'entrainment ' o f behavio r
by environmental rhythms (Moore-Ede, et al. ,

1982) o r crows dropping walnuts to get a t th e
fruit (Zach , 1979) , (4 ) "estimations " o f tem -
poral duration s i n task s (e.g. , interva l rein -
forcement) where th e duratio n serve s as a dis-
criminative stimulu s (Church , 1989) ; (5 )
matching sensory-moto r rhythm s (e.g. , finge r
tapping) t o externa l source s o f rhythmic stim-
ulation (e.g. , Jancke , e t al . 2000) ; and (6 ) th e
kinds o f "generalize d timin g functions " i n
whose contro l th e cerebellu m play s an impor-
tant rol e (Ivr y &  Fiez, 2000) . Eve n semanti c
knowledge that humans possess about physical
time (chronognosia)  an d expression s o f suc h
knowledge linguistically need not imply the in-
volvement o f chronesthesia .

The exclusion of these an d other similar be-
havioral/cognitive activitie s a s expression s o f
chronesthesia doe s no t mean , o f course , tha t
they hav e nothin g t o d o wit h chronesthesia .
Indeed, i t make s sens e t o assum e tha t al l or
some o f th e man y way s i n whic h evolve d
brains deal with temporal aspect s of the world
represent evolutionar y precursors o f chrones-
thesia. Th e exclusio n o f thes e activitie s als o
does not mean that chronesthesia coul d not be
usefully deploye d i n man y of these activities .
The hypothesi s is simply that chronesthesi a is
not necessar y fo r them.

CHRONESTHESIA AND RELATED
CONCEPTS

If non e o f thes e othe r time-dependen t o r
time-related form s o f behaviora l o r cognitiv e
activities ar e t o b e identifie d wit h chrones -
thesia, wha t kind s o f time-relate d activitie s
are? Ho w d o we kno w that a  give n bi t o f an
individual's behavio r involve s or directly relies
on chronesthesia ?

In th e firs t instance , o f course, we ca n rely
on individuals ' tellin g u s wha t the y d o con -
sciously recollect o f their personal happenings,
that is , o n thei r verba l report s o f thei r pas t
experiences an d future intentions . We can also
rely o n thei r claim s tha t the y ar e consciousl y
aware o f the existenc e o f subjective time, and
that the y understan d wha t i t means t o "men -
tally travel" in such time.

But wha t d o we do abou t nonverba l organ -
isms, such as young children o r nonhuman an-
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imals? Here we have to rely on inferential rea-
soning based o n our extan t knowledg e o f th e
world. Thus , whe n w e observ e a n organis m
engaged i n a n activit y tha t w e suspec t migh t
involve chronesthesia , w e ask : Woul d i t b e
possible fo r thi s activit y to occu r withou t th e
capability o f consciously thinking back t o th e
past, o r forwar d t o th e future ? I f the answe r
is positive , w e ac t o n th e principl e o f parsi -
mony an d refrai n fro m invokin g chrones -
thesia; i f i t i s negative , w e postulat e tha t th e
activity in questio n i s an expression (function )
of chronesthesia . Althoug h w e ma y no t b e
able to achieve universa l consensus on the an-
swers t o al l instances o f suc h questions , i t i s
reasonable t o expect that sufficien t agreemen t
would exis t in the matte r t o make at least th e
beginning o f th e scientifi c study o f chrones -
thesia possible . Mor e refine d approache s t o
chronesthesia wil l be worke d ou t i n th e nat -
ural cours e o f th e developmen t o f cognitiv e
neuroscience.

Although th e sens e o f tim e ha s see n les s
coverage i n psycholog y and cognitiv e neuros -
cience tha n ha s th e sens e o f space , time -
related idea s rather simila r to that of chrones-
thesia hav e bee n propose d an d discussed .
These includ e ideas proposed by David Ingvar
who, i n hi s pioneering wor k on the measure -
ment o f regional cerebra l bloo d flow, noticed
chronic hyperfronta l activit y and attribute d i t
to th e individual' s consciou s thought s abou t
the futur e (Ingvar , 1985) . Hi s prescien t sen -
timents hav e bee n echoe d i n recen t wor k i n
functional neuroimagin g (Andrease n e t al. ,
1995). Som e time ago , Joaquin Fuster , o n th e
basis o f hi s finding s o f differentia l firin g pat -
terns o f individua l neuron s (Fuster , 1973) ,
proposed a  general theory of prefrontal cortex
in whic h tempora l organizatio n o f behavio r
and cognitio n play s a  centra l rol e (Fuster ,
1995). Fuster' s concep t o f "prospectiv e set "
(Fuster, 2000), one of the tw o major cognitiv e
specialties o f the dorsolatera l prefrontal cortex
in hi s theory (workin g memory is the other) ,
designates the brain' s capability of anticipating
future sensor y and moto r act s o n the basi s of
neurocognitive event s i n th e presen t (Fuster ,
2000). Prospectiv e se t ca n b e though t o f a s
closely related t o chronesthesia. In other stud -
ies i t ha s bee n observe d tha t som e patient s

with brain damag e ca n respon d wel l to ques -
tions abou t th e impersona l pas t an d future ,
but ar e quit e deficien t o n comparabl e ques -
tions pertaining to their own personal past and
future (Dall a Barba , et al. , 1997 ; Klei n et al. ,
2002 [i n press]). The impairmen t o f persona l
temporal orientatio n describe d i n these stud -
ies can be see n a s possible instances of defec-
tive chronesthesia . Disturbance s i n conscious-
ness o f tim e brough t abou t b y cerebra l
damage have been documented b y Knight and
Grabowecky (1995 , 2000) . Finally , i n devel -
opmental psychology , Haith (1997 ) ha s bee n
engaged i n a  systemati c researc h progra m
aimed a t elucidatin g th e developmen t o f
future-oriented thinkin g i n children . Haith' s
concept o f "futur e thinking " i s i n man y ways
quite simila r to chronesthesi a (se e also Hait h
et al. , 1994) .

The concep t tha t i s most closely related t o
chronesthesia i s autonoetic  consciousness  (or
autonoesis}, already mentioned above . It is de-
fined a s a  for m o f consciousnes s tha t allow s
individuals t o apprehen d thei r subjectiv e ex-
periences throughou t time , an d t o perceiv e
the presen t momen t a s both a  continuation of
their pas t an d a s a  prelud e t o thei r futur e
(Nelson, 1997 ; Suddendor f &  Corballis, 1997 ;
Wheeler e t al. , 1997 ; Tulving , 2001 ; Stus s e t
al., 2001) . Becaus e th e essenc e o f what I  at -
tribute her e t o chronesthesi a ha s previousl y
been associate d wit h autonoesis , on e ma y
wonder whethe r ye t another esoteri c concep t
such a s chronesthesia i s needed. I  thin k tha t
it is . Althoug h bot h autonoesi s an d chrones -
thesia imply awareness of self in time, the em -
phasis o n sel f versu s tim e i s differen t i n th e
two concepts: i n autonoesis the emphasi s is on
awareness o f self,  albei t i n subjectiv e time ,
whereas i n chronesthesi a th e emphasi s i s o n
awareness of subjective time,  albeit in relatio n
to self . Th e distinctio n ma y be subtl e but i t is
necessary, because time can be dealt with, and
usually is dealt with, independently o f the self ,
and sel f ca n b e deal t wit h independentl y o f
time, a s show n b y behaviora l (e.g. , Gallup ,
1982; Povinell i et al. , 1996 ; Ston e et al. , 1998 ;
Keenan e t al. , 2000 ) an d functiona l neuroim-
aging (Craik et al. , 1999 ; Kirche r et al. , 2000)
research o n self-recognitio n an d self-fac e
recognition.
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CHRONESTHESIA AND THE CASE
OF K.C.

The evidenc e supportin g th e postulate d exis -
tence of chronesthesia is as yet scant, and what
exists is largely indirect. Indeed , when relating
the hypothetica l ideas abou t chronesthesi a t o
empirical facts, i t would be pretentious t o talk
about evidenc e a s such. I t would be mor e ap-
propriate to talk about ideas, observations, and
facts tha t ar e relate d t o th e idea s concernin g
chronesthesia, an d tha t ca n b e see n a s en -
couraging speculations about the kind of sense
of time I  refe r to a s chronesthesia.

Some relevant evidence comes from clinica l
cases of brain-damaged patients , such as those
cases alread y mentione d (Dall a Barb a e t al. ,
1997, Klei n e t al. , i n press) . On e suc h case ,
indeed, gav e rise to the concep t of autonoetic
consciousness, th e predecesso r ide a o f chro -
nesthesia (Tulving , 1985) . (Note : N.N. in that
article i s the sam e patient tha t i n subsequen t
publications i s referred t o a s K.C.) . Th e cas e
is that o f a man know n as K.C., now 50 years
old, wh o a t th e ag e o f 3 0 suffere d traumati c
brain injury , a s a  resul t o f which h e becam e
densely amnesic . Variou s aspect s o f hi s cas e
have been published previously (Tulving et al. ,
1988, 1991 ; Tulving , 1989a , 1989b , 2001 ;
(Hayman et al. , 1993 ; Rosenbau m et al. , 2000;
Westmacott et al. , 2001). As shown i n Figure
20-1, h e has multiple cortica l and white mat-
ter lesion s i n anterio r an d posterio r regions ,
and hi s hippocampus an d othe r medial-tem -
poral lobe structures, more in the lef t than the
right hemisphere , ar e als o largel y dysfunc -
tional (Rosenbau m et al. , 2000).

In many ways K.C.' s intellectual capabilities
are comparable to those of healthy adults. His
intelligence an d knowledge of the world (pre-
morbidly acquire d semanti c memory ) is nor-
mal, languag e i s normal, he read s an d writes,
his thought processes ar e clear, he has a good
sense of self here and now, he plays the organ,
can pla y ches s an d variou s car d game s (in -
deed, h e spend s a  lo t o f time playin g thes e
games o n the computer) , he ha s no problem
with immediat e memor y (hi s digi t spa n ha s
been measure d at 8 digits), his social manners
are exemplary, and he possesses a quiet sense
of humour.

Figure 20-1 . Schemati c presentatio n o f K.C.' s brain le -
sions, estimated from magneti c resonance imagin g (MRI),
rendered on axial slices of the template from Damasi o and
Damasio (1989) . Mos t lesions ar e see n i n th e lef t hemi -
sphere limbic , cortical , an d white-matte r structures , al -
though som e als o appear o n the right , i n the media l tem -
poral an d media n parieta l (cuneu s an d precuneus )
regions. (Source:  Courtes y o f Dr . Pau l J Eslinger)

K.C. differ s fro m othe r peopl e primaril y in
two ways. First, h e ha s no functiona l episodi c
memory: fo r al l practical purposes h e canno t
remember anything that has ever happened to
him. Howeve r har d h e tries,  an d howeve r
powerfully he is prompted, he cannot mentally
travel back into his past in the way that healthy
people can . He has no conscious awareness of
a single event, happening, or situation that he
has witnessed o r in which he has participated .
This global episodic amnesia  covers the perio d
from hi s birth t o the presen t day . Second, h e
has seriou s difficultie s learnin g an d retainin g
new information. Although he has been taught
some ne w factua l informatio n (Tulving et al. ,
1991; Hayma n et al. , 1993) ; an d althoug h h e
has incidentall y acquire d som e othe r ne w
knowledge abou t th e worl d as well as himself
(Tulving, 1993 ; se e also Klein e t al. , 1996) , he
can b e classifie d clinicall y a s a  typica l dens e
anterograde amnesi c patient.

K.C.'s autonoesis is largely dysfunctional, o r
perhaps eve n nonexistent . He live s in a  time-
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less world—tha t is , i n a  permanen t present .
When h e i s aske d t o tr y t o "trave l bac k i n
time" i n hi s ow n mind , bac k eithe r a  fe w
minutes o r man y years, he say s he canno t do
it. When h e i s asked to describ e th e stat e of
his mind when he tries to turn his mind's eye
towards the past,  the bes t h e ca n do is to say
that i t is "blank." No r can he think about th e
future. Thus , whe n asked , he canno t tel l th e
questioner what he is going to do later on that
day, o r the da y after, o r at any time in the res t
of his life , an y more than h e ca n sa y what h e
did th e da y before o r wha t event s hav e hap-
pened in his life. When he is asked to describe
the stat e of his mind when he thinks about his
future, whethe r th e nex t 1 5 minute s o r th e
next year , he agai n say s tha t i t i s "blank." In -
deed, whe n aske d t o compar e th e tw o kinds
of "blankness, " one o f the pas t an d th e othe r
of the future , h e say s that they are "th e same
kind of blankness" (Tulving , 1985). Thus K.C .
seems t o b e a s incapable o f imagining his fu -
ture a s he i s of remembering his past.

It i s importan t t o not e tha t K.C . ha s n o
greater difficult y wit h physica l time tha n h e
has with physical space. He knows and can talk
about wha t mos t othe r peopl e kno w abou t
physical time , it s units , it s structure , an d it s
measurement b y clock s an d calendars . Bu t
such knowledg e o f time i n an d o f itself doe s
not allo w him t o remembe r event s a s having
happened a t a  particular time. I t i s necessary
but no t sufficient . Somethin g els e i s needed,
and thi s somethin g else—th e awarenes s o f
time in which one's experiences are recorded—
seems t o be missin g fro m K.C.' s neurocogni -
tive profile. H e thus exhibits a dissociation be-
tween knowin g time and experiencing time , a
dissociation tha t parallel s one between know-
ing th e fact s o f th e worl d an d rememberin g
past experiences .

It was this striking pattern o f K.C.'s mental
life—his largel y consciou s thought s abou t th e
impersonal worl d contraste d wit h hi s essen -
tially nonexistent conscious thoughts about his
own past an d future—tha t firs t suggested th e
distinction betwee n noeti c an d autonoeti c
consciousness (Tulving , 1985). K.C . possesses
the former , an d doe s no t posses s th e latter .
Because he is perfectly well aware of his time-
less self—sel f i n th e present—i t seem s rea -

sonable t o attribut e hi s difficultie s wit h per -
sonal pas t an d persona l futur e t o deficient ,
perhaps largely lacking, chronesthesia .

CHRONESTHESIA AND PREFRONTAL
CORTEX

What is the connection between chronesthesia
and prefronta l cortex ? What d o w e kno w in
general abou t th e neuroanatomica l correlate s
of chronesthesia ?

One reaso n for suspecting the involvemen t
of prefrontal cortex in chronesthesia lies in the
following genera l principle : I f X  represents a
"higher"—subtle, sophisticated , intricate —
form o f neurocognitiv e capability , the n
chances ar e tha t fronta l lobes in genera l an d
prefrontal corte x i n particula r figur e promi -
nently i n it s neura l substrate . Th e principl e
was originall y supporte d fro m neuropsychol -
ogical studies o f patients with fronta l damag e
(Stuss &  Benson , 1985) , an d i s no w furthe r
bolstered b y electroencephalographi c (EEC )
and functiona l neuroimaging studies (Knigh t
& Grabowecky, 1995 , 2000) .

A secon d reaso n lie s i n neuropsychological
and functiona l brai n imagin g finding s o f th e
involvement of prefrontal cortex in many tasks
that, one way or another, involve chronesthesia
(e.g., Bake r e t al. , 1996 ; Okud a e t al. , 1998 ;
Burgess e t al. , 2001).

A third reason ha s to d o with the clos e re -
lation betwee n chronesthesi a an d autonoesis .
Autonoesis has been see n as critically depend-
ent o n prefrontal cortex , a s discussed a t some
length by Wheeler e t al . (1997). With the fur-
ther refinemen t o f the concep t o f autonoesi s
in terms of self and time , it would be difficul t
to imagine that the temporal dimension of au-
tonoesis, tha t is, chronesthesia, would not crit-
ically depend o n prefrontal activity.

Neuroanatomical correlate s o f chrones -
thesia, o f course , ar e difficul t t o identify , fo r
the sam e reaso n tha t consciousnes s o f an y
kind is difficult t o pin down in the brain (Mos-
covitch, 2000) . But som e suggestiv e evidence
does exist . A relevant cas e i s tha t o f M.L. , a
patient studie d a t the Rotma n Research Insti-
tute b y Bria n Levin e an d colleague s (Levin e
et al. , 1998) . M.L . is a  young ma n wh o suf-



318 PRINCIPLES OF FRONTAL LOBE FUNCTION

fered traumati c brai n injur y i n a  traffi c acci -
dent tha t cause d a  sever e 'focal ' retrograd e
amnesia (Kapur , 1993 ; 2000 ; se e als o Kopel -
man, 2000) for both episodic and semantic in-
formation. Becaus e he ha d no t los t his ability
to acquir e ne w semanti c information , M.L .
was abl e no t onl y t o re-acquir e muc h o f th e
semantic knowledge h e had but also to relearn
many facts abou t hi s pre-accident life . Bu t h e
cannot autonoeticall y recollec t an y past hap -
penings, possibl y becaus e o f deficien t chro -
nesthesia (Levin e e t al. , 1998) . M.L.' s loss of
autonoesis i s accompanie d b y a  seriousl y di -
minished affec t an d difficultie s o f self -
regulation. The relevant observation is that the
only magneti c resonanc e imagin g (MRI) -
detectable brai n damag e is a lesion in the un -
cinate fascicle in the righ t hemisphere , a  fiber
tract connectin g prefronta l and tempora l cor -
tical regions .

Other clinica l evidenc e suggest s tha t pa -
tients wh o hav e suffere d righ t anterio r brai n
damage hav e difficult y i n autonoeticall y rem-
iniscing abou t thei r premorbi d persona l ex -
periences. Thus , Calabres e an d colleague s
(1996) hav e reporte d th e cas e o f a  post -
encephalitic patient, with brain damage mainly
in th e righ t temporofronta l region , wh o
showed a  severe and enduring loss of the abil -
ity t o recollec t premorbi d persona l experi -
ences, an d les s sever e los s o f genera l knowl -
edge. Baro n e t al . (1994 ) di d a  positio n
emission tomograph y (PET ) stud y o f a  60 -
year-old woma n durin g th e earl y recover y
phase o f a n episod e o f transien t globa l am -
nesia durin g whic h sh e exhibite d sever e ina -
bility fo r autobiographica l recollection . Th e
imaging result s showe d reduce d cerebra l
blood flow and oxyge n consumption over th e
right latera l prefronta l cortex , together with a
(smaller) reductio n i n ipsilatera l thalamic and
lentiform nucleu s metabolism , i n the absenc e
of any involvement of the hippocampa l region.
These finding s sugges t tha t th e transien t
global amnesi a i n thi s cas e resulte d fro m a
metabolic dysfunctio n of right prefronta l cor -
tex an d consequen t disturbanc e o f retrieval ,
possibly becaus e o f interferenc e wit h chro -
nesthetic functions , simila r to case s o f lasting
amnesia (Markowitsc h e t al. , 1993 ; Markow -
itsch, 1995 ; Calabres e e t al. , 1996) . A  partic -

ularly revealin g PE T activatio n stud y was re-
ported b y Fin k e t al . (1996) . I n critica l
conditions of the study , subjects were scanned
while they listened to two kinds of critical sen-
tences. On e kin d consiste d o f sentences tha t
were take n ou t o f the subjects ' ow n autobio -
graphical musings that th e experimenter s had
recorded previously . Thes e wer e assume d t o
bring back to the subjects' minds 'affect-laden '
earlier episodi c experiences . Th e othe r kin d
consisted o f comparabl e sentence s (take n
from other subjects' musings ) that the subject s
had bee n expose d t o previously in the exper -
iment. Listenin g t o thes e sentence s wa s also
assumed to evoke episodic recollection, but of
a type les s personally relevan t an d less affect -
laden. Fin k e t al . (1996 ) foun d tha t listenin g
to own-lif e sentence s wa s associate d wit h
largely righ t hemispheri c activatio n tha t in -
cluded tempora l lobes , posterio r cingulate in-
sula, and prefrontal regions, in close proximity
to M.L.' s lesio n reporte d b y Levin e e t al .
(1998). A n observatio n rathe r simila r t o tha t
of Fin k e t al . (1996 ) ha s bee n describe d b y
Markowitsch an d colleague s (Markowitsc h et
al., 1999) . This was a functional imaging study
with norma l health y volunteers , comparin g
neural network s involve d i n th e retrieva l o f
personal autobiographica l informatio n wit h
those involve d i n retrieva l o f similar fictitiou s
material. The results showed tha t the retrieva l
of autobiographical informatio n was associate d
with selective activations of the right amygdala
and th e righ t ventra l prefronta l cortex , agai n
in the vicinit y of the uncinat e fascicle.

All these and other similar case studies sug -
gest tha t damage to the fronta l lobe s and con-
nected brai n area s disrupt s autobiographica l
(episodic) recollectio n whil e recal l o f genera l
(semantic) knowledge o f the world remains in-
tact, o r i s less severely impaired . Th e dat a fit
well with suggestion s tha t fronta l lobes pla y a
critical rol e i n self-awarenes s (Ingvar , 1985 ;
Stuss & Benson, 1986) . Although, typically, in
these earlie r discussion s self-awareness  was
not explicitl y define d in terms o f time-relate d
(autonoetic or chronesthetic) consciousness, it
makes sens e t o d o s o (Wheele r e t al. , 1997 ;
Wheeler, 2000) . A recent cas e study explicitly
extends these ideas into the personal pas t and
personal futur e (Klei n e t al. , i n press) . Th e
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data als o fi t wel l wit h studie s tha t sho w th e
involvement o f the fronta l lobe s in "theory of
mind" tasks (e.g., Stone e t al. , 1998) .

FUNCTIONAL NEUROIMAGING

Perhaps the mos t promising, albeit stil l rather
indirect, evidenc e o n chronesthesi a ha s bee n
provided by functional neuroimagin g research
concerning the similaritie s and differences be-
tween episodi c an d semanti c memory . I t i s
well establishe d tha t episodi c memor y is like
semantic memor y i n man y way s (Tulvin g &
Markowitsch, 1998) , includin g th e fac t tha t
both depend critically on the intact limbic sys-
tem, includin g medial temporal lobe and dien-
cephalic structure s (Squire , 1992) . Fo r som e
time i t was also suspected tha t episodic mem-
ory depends on prefrontal cortex in a way that
declarative an d other form s of memory do not
(Schacter, 1987; Squire , 1987; Tulving, 1989b).
These early ideas have received goo d suppor t
from mor e recen t functiona l neuroimagin g
(PET an d FMRI ) studies . Mos t informative
have bee n studie s comparin g th e neuroana -
tomical correlates of semantic and episodic re-
trieval. Thes e studie s sho w bot h similaritie s
and difference s i n th e functiona l neuroana -
tomy of the tw o systems (e.g., Dall a Barba, et
al., 1998 ; Maguir e & Mummery, 1999 ; Wiggs,
et al. , 1999 ; Nyberg , 2002).

A remarkabl e empirica l regularit y tha t
emerged fro m earl y studie s (Shallic e e t al. ,
1994; Tulvin g e t al. , 1994 ) i s tha t righ t pre -
frontal cortex is differentially mor e involved in
retrieval o f episodi c tha n semanti c informa -
tion. Subsequen t work reinforced thi s kind of
hemispheric asymmetry , whic h ha s becom e
known a s one par t o f the hemispheri c encod -
ing/retrieval asymmetry (HERA) model (Tulv -
ing e t al. , 1994 ; Nyber g e t al. , 1996 , 1997 ;
Diizel e t al. , 199 9 Cabez a &  Nyberg , 2000).
Under th e circumstances , th e questio n natu -
rally aros e a s t o th e specifi c meanin g of th e
right fronta l activatio n s o frequently observed
in episodi c retrieva l bu t seldo m i n semanti c
retrieval.

It i s known tha t memor y retrieva l i s no t a
single proces s bu t rathe r consist s o f severa l
subprocesses. On e wa y of tacklin g th e ques -

tion abou t th e theoretica l meanin g o f right -
frontal activatio n therefore lies in the analysis
of th e overal l retrieva l proces s int o subpro -
cesses, and in trying to find out to what extent
these subprocesse s ar e associate d wit h righ t
prefrontal cortex . A  majo r distinctio n withi n
episodic-memory retrieva l proces s ca n b e
made between retrieval mode and recovery of
stored information . Retrieval mode  represent s
a mental (neurocognitive) state in which an in-
dividual attempt s t o remembe r earlie r expe -
riences, wherea s recovery  (als o calle d ec -
phory) refer s to the actua l success of such an
attempt. Given this distinction, it is possible to
ask whether the right fronta l episodi c retrieval
activation observed in PET and FMRI studies
signifies retrieva l mod e o r retrieva l success .
Although experimenta l evidenc e fo r bot h al -
ternatives ha s bee n reporte d (Rug g e t al. ,
1996, 1997 ; Schacte r e t al. , 1996 ; Buckne r et
al., 1998 ; Nolde , e t al. , 1998 ; McDermot t e t
al., 1999, 2000), the important fact in the pres-
ent contex t i s tha t righ t prefronta l activatio n
has been consistentl y found unde r condition s
where episodi c retrieva l mod e i s present bu t
no recover y o f previousl y stored informatio n
occurs (Kapur et al. , 1995; Nyber g et al. , 1995 ;
Rugg e t al. , 1997 ; Buckne r et al. , 1998 ; Wag-
ner e t al. , 1998) . A  recent multistud y analysis
of PET dat a (Lepag e e t al. , 2000) was under-
taken t o identif y "retrieva l mode " (REMO )
sites i n th e brain . A  BJEMO  site  wa s defined
as a  brai n regio n ( a cluste r o f voxels ) tha t i s
significantly mor e activ e durin g episodi c re -
trieval tha n durin g episodi c encodin g (o r se -
mantic retrieval) , and tha t i s equally so when
recovery succeeds an d when i t fails . Semantic
retrieval i s usually indistinguishable from epi -
sodic encodin g (Tulvin g et al. , 1994 ; Cabez a
& Nyberg , 2000). Th e dat a produce d b y this
study could be regarded as especially convinc-
ing becaus e o f th e larg e numbe r o f subjects
providing th e dat a ( n =  53) . Ther e wer e six
REMO sites , al l of them i n the fronta l lobes .
Five wer e i n prefrontal cortex , three "strong "
ones in the right and two "weaker" ones in the
left hemisphere , an d on e wa s i n th e media l
anterior cingulate . N o similar sites were see n
in an y other par t o f the brain .

One o r more , o r a  combination , o f thes e
prefrontal activation s ca n b e assume d t o b e
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associated wit h chronesthesia . Th e hypothesi s
is tha t the y reflec t th e "menta l tim e travel "
(into th e past ) componen t o f the recognitio n
test. I n orde r fo r subject s t o be abl e t o solve
the proble m pose d b y th e task—determin e
whether a  tes t ite m i s "old " o r "new"—the y
must be abl e to focu s o n a particular past seg-
ment o f their lives , the even t o f studying th e
list. Onl y individual s wh o posses s chrones -
thesia ca n "remember" suc h happenings fro m
their own past. Others must solve the problem
by relying on othe r processes , suc h a s "know-
ing," o r "familiarity " (o r "novelty" ) detectio n
(or assessment) , processe s whos e result s ar e
expressed throug h noeti c consciousnes s tha t
does no t involv e chronesthesi a (Mandler ,
1980; Yonelinas , e t al , 1998 ; Gardiner , 2000 ;
Kelley & Jacoby, 2000).

CHRONESTHESIA AND EVOLUTION
OF CULTURE

Living things in nature ma y be differen t fro m
inanimate things, but they , too, exist in a phys-
ical worl d wit h it s immutabl e law s t o whic h
everything in the worl d is subject. I n order to
come int o bein g an d t o survive , al l specie s
must be abl e t o no t onl y fit into the worl d as
it exist s but als o adap t t o change s i n i t ove r
time. Phylogeneti c evolutio n tell s the stor y of
the successe s an d failure s of suc h adaptatio n
by million s o f specie s ove r million s o f years.
The rul e i s simple an d harsh—t o liv e means
to confor m to th e requirement s o f the worl d
as it  exists.

Human beings , a s fa r a s i s known, are th e
only animal s who hav e eve r use d a  different ,
much mor e efficacious , solutio n t o th e prob -
lem of the fit between the specie s and its eco-
logical niche: at some point in their evolution-
ary history , thousand s o f year s ago , the y
discovered tha t the y did no t have to adap t t o
every featur e o f the world , and tha t on e way
of dealin g with th e physica l environment was
to chang e i t t o fi t them . Othe r specie s exis t
that hav e use d th e sam e strateg y fo r isolate d
purposes; humans learned t o do it on a grand
scale. The change s the y hav e wrought o n th e
natural world ar e staggerin g in scope and so-
phistication. W e can us e th e ter m culture  t o

collectively describ e al l th e difference s be -
tween th e world—materia l an d virtual , con -
crete and abstract—as it exists by virtue of hu-
man interventio n an d a s it would have existed
in th e absenc e o f suc h intervention , an d as k
the question : What kind s of events i n human
evolution mad e i t possibl e fo r Homo  sapiens,
slowly bu t surely , to brin g abou t th e monu -
mental achievemen t o f culture ? Wha t
prompted th e initiatio n o f cultura l evolution,
and what kep t th e momentu m going?

These sort s o f questions hav e been aroun d
for som e time , an d a  variety o f answer s have
been suggested . Thes e answer s hav e bee n
guided b y generall y accepte d fact s abou t th e
intraspecies huma n evolution that occurred af-
ter th e homini d specie s separate d fro m th e
pongids som e fiv e o r si x millio n year s ago .
Among thes e facts , a s reveale d b y availabl e
fossil evidence , on e o f the mos t telling i s that
for lon g stretches o f thi s very long time, hu -
man cultur e change d exceedingl y slowly . I t
was onl y in th e las t fe w tens o f thousands of
years (Eldredg e &  Tattersall , 1992 ) tha t th e
curve o f cultural evolution began inchin g up -
ward o n it s relentless marc h towards it s pres-
ent explosive acceleration. Thus, in addition to
the question s pose d earlier , we hav e anothe r
one: Why did thi s cultura l evolutio n occu r so
recently?

There i s goo d agreemen t tha t th e huma n
brain/mind has played a  critical role in human
evolution i n genera l an d cultura l evolution in
particular. Richard s (1987 ) ha s note d tha t
early evolutionists an d later Darwininians alike
embraced th e ide a tha t behavio r an d min d
"drove" the evolutionar y process. Thus , in ad-
dition t o th e gai n in intricac y of neuronal or-
ganization (Tobias , 1971) an d th e "dispropor -
tionately large " prefronta l corte x (Deacon ,
1997) tha t figur e a s candidate "drivers " of hu-
man cultura l evolution , there are als o obvious
mental factor s such a s manua l signaling, lan-
guage, an d especiall y speec h (Donald , 1991 ;
Lieberman, 1984 ; Corballis , 1998) ; literacy ,
numeracy, an d abstrac t though t (Donald ,
1991, Deacon , 1997) ; socia l learning and effi -
cient transmissio n o f informatio n fro m on e
generation t o th e nex t (Boy d &  Richerson ,
1985); explici t instructio n o f others b y those
who ha d specia l skill s an d knowledg e (Pre -
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mack, 1984); and development of an enquiring
or meditative abilit y exceedin g simpl e knowl -
edge (Santangelo , 1993) .

The reaso n fo r raisin g the questio n o f cul-
tural evolutio n i n this volume is this: I  would
like to propose tha t chronesthesia , an d specif-
ically proscopic  (forward-looking , future -
oriented) chronesthesia , wa s ye t anothe r
"driver" of human cultura l evolution , perhap s
even a  crucia l one . Th e ide a i s simple : con -
sciously apprehende d awarenes s o f th e exis -
tence o f futur e i s a  necessary , eve n i f no t a
sufficient, preconditio n fo r massively changing
one's environment . Mor e specifically , th e hy -
pothesis—call i t the hypothesi s o f chronesth-
etic culture—is tha t th e developmen t o f civi-
lization an d cultur e was, and it s continuatio n
is, criticall y dependen t o n huma n beings '
awareness o f thei r ow n an d thei r progeny' s
continued existence  i n tim e tha t include s no t
only the pas t an d the presen t bu t als o the fu-
ture. A n animal that canno t think about what
might happe n a t a  tim e tha t ha s no t ye t ar -
rived, and that therefore does not exist , is un-
likely t o initiat e an d persis t i n an y activit y
whose beneficia l consequence s wil l manifes t
themselves onl y at tha t physicall y nonexistent
time. Suc h a n animal' s behavio r i s governe d
completely by the physica l and biological law s
of th e world . Thes e law s operat e i n linea r
time: the pas t ca n influence the present , an d
the present can influence the future, but ther e
is no way in which the future , whic h does no t
yet exist , can influenc e anythin g that happen s
in th e present—n o way , except one : throug h
a futur e tha t exist s in one' s consciou s aware-
ness o f the world , the lan d o f awareness that
chronesthesia make s possible . Chronesthesi a
is a  trick tha t natur e invented t o circumven t
its own most fundamental law of unidirection-
ality of time.

To the extent , then , tha t chronesthesi a de -
pends o n prefronta l cortex , and to th e exten t
that chronesthesia , once i t began t o evolv e as
a property of the human brain, became critical
in the initiatio n and continue d suppor t of the
evolution o f huma n culture , th e conclusio n
follows tha t th e huma n prefrontal cortex, un-
doubtedly i n collaboration wit h other areas of
the brain , i s directl y responsibl e fo r th e cul -
tured world as it exists today, a world in which

not onl y human surviva l but huma n satisfac -
tion an d happines s ar e n o mor e a  matte r o f
nature bu t rathe r depen d o n huma n beings '
own wisdom, or lack of it .

PROBLEMS WITH CHRONESTHESIA

In thi s chapte r I  hav e outline d som e idea s
about a  human neurocognitive capabilit y that
I hav e calle d chronesthesia.  I hav e propose d
that it is a kind of consciousness involving sub-
jective time that serve s many time-related be-
havioral an d cognitiv e function s a s a  critica l
enabling condition . Al l matur e human s pos -
sess chronesthesi a an d criticall y depend o n i t
for thei r existence . Prefronta l corte x i s prob -
ably on e o f th e centra l component s o n th e
neuronal circuit s tha t subserve chronesthesia .
I assum e tha t chronesthesi a i s a  recen t ap -
pearance i n huma n evolution , an d tha t i t
played a critical role in the evolution of culture
and civilizatio n as we know it.

There are  many problems with this story (or
theory) of chronesthesia. Indeed, I  myself find
it much easier t o criticize it than find suppor-
tive idea s an d evidenc e fo r it . Doe s i t reall y
exist a s a separate neurocognitiv e capacity? If
so, in what sens e doe s i t exist? Why classify i t
as a  for m o f consciousness? Wherein lie s th e
advantage o f thi s assumption ? In wha t sens e
is consciousness , any kind of consciousness , a
neurocognitive capacity ? Th e lis t o f thes e
kinds of vexing questions i s long. Perhaps th e
most basic one o f them al l is this: Given tha t
there ar e no easy answers to thes e questions ,
why bothe r t o as k them ? Speculatio n ma y
have a  legitimate rol e t o pla y in science , bu t
if i t gets t o be to o much, doe s i t not become
counterproductive?

I a m wel l awar e o f th e problem s tha t th e
theory of chronesthesia faces . Bu t just because
there ar e man y problems wit h a n ide a doe s
not necessaril y mean  tha t th e w e shoul d no t
even try to think about it. Remember Michael
Faraday an d hi s ideas abou t electricity ; when
asked what this new thing that he called elec -
tricity wa s goo d for , h e i s sai d t o hav e re -
sponded: "Madam , wha t goo d i s a  newbor n
baby?" Chronesthesi a ma y not b e electricity ,
but i t does shar e with electricity, and al l other
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new ideas , th e featur e o f having a  kind o f fu-
ture promise that nonexistin g ideas do not .
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Integration across Multiple Cognitive and
Motivational Domains in Monkey Prefrontal
Cortex

MASATAKA WATANABE

The prefronta l corte x (PFC) is considered th e
center o f highe r cognitiv e activit y (Luria ,
1980; Stus s &  Benson , 1986 ; Fuster , 1997) .
The PF C play s the mos t important rol e in ex-
ecutive control , suc h a s planning ; decisio n
making; estimatio n o f value , time , an d fre -
quency; inhibitio n o f inappropriat e behavior ;
encoding an d retrieva l o f episodi c memory ;
and retention an d manipulation of information
in workin g memor y (Luria , 1980 ; Stus s &
Benson, 1986 ; Fuster , 1997 ; Robert s e t al ,
1998; Knigh t & Grabowecky, 2000). The PF C
also play s important role s i n motivationa l op -
erations, suc h a s emotiona l expression , per -
ception o f emotion, perception an d contro l of
social behavior, and estimation o f reward value
(Luria, 1980 ; Stus s & Benson, 1986; Damasio ,
1994; Fuster , 1997) . Neurona l mechanisms of
cognitive an d motivationa l operation s i n th e
PFC hav e been investigated b y recording sin -
gle neurona l activit y fro m task-performin g
monkeys. I n thi s chapter , I  wil l firs t describ e
the neurona l base s o f higher cognitiv e activity
in relatio n t o codin g th e stimulus ' meanin g
across different sensory modalities. Then neu -
ronal base s o f motivationa l operations i n pri -
mate PF C neuron s wil l b e described . Here ,
the focu s i s placed o n (1 ) post-trial outcome-
related an d (2 ) rewar d expectancy-relate d
neuronal activit y observed durin g task perfor-

mance. T o achiev e a  goal , severa l differen t
kinds of information should be taken into con-
sideration and integrated. Th e PFC appears to
play th e mos t importan t rol e i n thi s process .
Therefore, th e way s i n whic h differen t kind s
of informatio n interact an d ar e integrate d i n
the PFC fo r goal-directed behavio r will be de-
scribed, focusin g o n th e possibl e role s o f this
brain are a i n the integratio n betwee n motiva -
tional and cognitive information. Finally , func-
tional segregatio n o f th e PF C i n relatio n t o
motivational an d cognitiv e operation s wil l b e
discussed.

CODING THE MEANING OF THE
STIMULUS ACROSS DIFFERENT

SENSORY MODALITIES IN
PREFRONTAL NEURONS

In th e primat e PFC , ther e ar e severa l kinds
of neuron s tha t ar e involve d in highe r cogni -
tive activity . Fo r example , w e reporte d pri -
mate PF C neuron s that ar e relate d t o retain -
ing informatio n in workin g memor y (Nik i &
Watanabe, 1976 ; Watanabe , 1981) , behaviora l
inhibition (Watanabe , 1986b), time estimation
(Niki &  Watanabe , 1979) , an d codin g th e
meaning o f th e stimulu s independen t o f it s

326
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physical propertie s (Watanabe , 1981 , 1986a ,
1990, 1992) . Concernin g meaning-relate d
PFC neurons , som e neurons cod e th e behav-
ioral significance  o f the stimulu s in relation to
what behaviora l respons e th e stimulu s indi -
cates t o th e anima l whil e othe r neuron s ar e
related t o codin g th e associative  significance
of th e stimulu s i n relatio n t o wha t specifi c
event i t i s associated with . Here , I  wil l show
an exampl e o f a PFC neuro n tha t i s involve d
in codin g th e behaviora l significanc e o f th e
stimulus acros s visual and auditory modalitie s
(Watanabe, 1996b) .

In th e experiment , thre e monkey s wer e
trained o n th e visua l an d auditor y go/no-g o
discrimination tas k with ey e fixation (Fig. 21 -
1). I n thi s task , the monke y was seate d i n a
primate chai r facin g a  panel tha t containe d a
central rectangular window above a hold lever.

Figure 21-1. A : Schematic illustratio n of the experimen -
tal apparatus. The visual cue was presented on the window
and th e auditor y cu e wa s presente d fro m behin d th e
panel. B: Sequence an d timing of events in the visual and
auditory go/no-go discrimination task with eye fixation. FP,
fixation point; HL , hold lever .

The animal initiated eac h tria l by pressing th e
lever. Thi s turne d o n the fixation point (FP )
at the cente r o f the window, on which the an-
imal was required to fixate. When th e anima l
continued t o fixate on the F P fo r 1  to 2  sec-
onds, the discriminative visua l or auditory cu e
was presented fo r 0.5 seconds (durin g the cu e
period th e F P wa s turned off , with th e ey e
position stil l being controlled) . The visual cue
was presented o n th e window , an d th e audi -
tory cue  was  presente d fro m a  loudspeake r
positioned behind the panel. When the animal
further continue d t o fixate on the F P for 1 to
3 seconds, the FP became di m and the animal
was require d t o perfor m a  g o o r no-g o re -
sponse depending o n the previously presented
cue. O n g o trials , th e anima l ha d t o releas e
the leve r within 0. 8 seconds afte r dimmin g of
the FP (immediate release) while on no-go tri-
als, th e anima l had t o perfor m a  delayed re -
lease response whe n the di m light was turned
off 1. 2 seconds afte r i t wa s dimmed . A  juice
reward wa s given t o th e anima l fo r a  correc t
response o n bot h g o an d no-g o trials . Fou r
kinds o f patter n stimul i were use d a s visual
cues, an d fou r kind s o f soun d stimul i wer e
used a s auditor y cues . Tw o of eac h modalit y
of cues were assigne d to go and the othe r two
to no-go cues . Eac h cu e was expected t o gain

Figure 21-2. Walker's (1940) areas (area s 8, 9, 10, 11, 12,
14, and 46 ) i n th e primat e prefronta l corte x (PFC ) an d
schematic illustratio n o f th e convergenc e o f differen t
kinds of information in the primate PFC . Are a 13 and the
ventral par t o f are a 1 2 do no t appea r i n thi s figure . AS ,
arcuate sulcus; PS , principal sulcus .
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behavioral significanc e in relation t o what be -
havioral respons e (g o or no-go ) the cu e indi -
cated t o the animal . Visual and auditor y tasks
were give n t o th e anima l each i n a  bloc k of
about 10 0 trials. Singl e neurona l activit y was
recorded mainl y from th e arcuat e are a (are a
8) and the posterior hal f of the principal sulcus
area (are a 46) of the PF C (Fig . 21-2).

The PFC neuron shown in Figure 21-3 wa s
activated durin g the cu e period whe n the go-

indicating cu e wa s presented, irrespectiv e of
differences i n the cue' s physical properties, on
both visua l (Fig . 21-3A ) an d auditor y (Fig .
21-3B) tasks . This neuro n i s thus considere d
involved i n codin g th e behaviora l significance
of the stimulu s across visual and auditory mo-
dalities. This consideration i s strengthened b y
the observatio n tha t thi s neuro n was not acti -
vated i n respons e t o th e go-indicatin g cu e
while showin g a n activatio n t o th e no-go -

Figure 21-3 . A n example of
the activit y of a prefrontal cor -
tex (PFC ) neuron, which ap-
peared t o be involve d in coding
the behaviora l significance of
the stimulu s across visual (A)
and auditor y (B ) tasks . In th e
visual task , a circle and stripe s
were g o response-indicatin g
cues while a  plus and a  square
were no-go-indicatin g cues. In
the auditor y task , "cry" (mon-
key's cry) and "Ah " (human
"Ah" sound) were go-indicating
cues an d "noise " (lou d noise)
and "Uh " (human "Uh" sound)
were no-go-indicatin g cues.
Neuronal activity is shown in
raster an d histogram displays.
For eac h display , the secon d
vertical line from th e lef t shows
the tim e of the cu e onse t and
the thir d line indicates  its off-
set. A horizontal black bar indi -
cates the perio d when a  cue
was being presented (0. 5 sec-
onds), and abov e th e ba r is
shown the cu e tha t was actually
presented. I n raste r displays ,
each ro w indicates the neurona l
activity of each tria l fo r 2.5 6
seconds and each pulse indi -
cates the occurrenc e o f spike
discharge(s) in a  5-ms time bin.
(Source: Fro m Watanabe,
1996b, with permission)
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indicating cue on erroneous trials on both mo-
dalities o f tasks. Among 129 PFC neuron s that
were examine d o n bot h visua l an d auditor y
tasks, 3 6 neurons responde d i n a  simila r way
to bot h modalitie s o f cues dependin g o n th e
cue's behavioral significance , a s is the cas e fo r
the neuro n in Figure 21-3. The remaining 93
neurons code d th e behaviora l significanc e of
only th e visua l (n  =  85 ) o r auditor y ( n =  8 )
cue an d ar e considere d involve d in modality-
specific codin g o f the cue' s behavioral signifi -
cance. Neurons that coded the meaning of the
stimulus across visual and auditor y modalities
may obtai n informatio n from thes e modality -
specific meaning-relate d neurons .

Previously, I  reporte d PF C neuron s tha t
code th e associativ e significanc e of the stim -
ulus across visual and auditory modalities (Wa-
tanabe, 1992) . Th e PF C receive s almos t al l
kinds of highly processed sensor y information
from th e posterio r associatio n cortice s (Stus s
& Benson, 1986 ; Barbas , 1995; Fuster , 1997) .
The convergenc e o f differen t modalitie s o f
sensory inputs in the PFC ma y have functional
importance fo r extracting the meanin g o f th e
stimulus acros s differen t sensor y modalities ,
and cross-modal meaning-related neurons may
be involve d in the highe r cognitiv e activit y by
integrating modality-specifi c information into
modality-free informatio n concernin g th e
stimulus' meaning .

In summary , there ar e PF C neuron s tha t
are involve d in codin g th e behaviora l an d as-
sociative significanc e o f th e stimulu s acros s
different sensor y modalities . Suc h PF C neu -
rons ma y play importan t role s i n integratin g
different modalitie s o f informatio n to extrac t
modality-free informatio n concernin g th e
stimulus' meaning, and thus to support highe r
cognitive activity.

POST-TRIAL PREFRONTAL NEURONAL
ACTIVITY

Considerable interest in the brain mechanism s
of motivational operation s i n the PF C ha s re-
cently emerge d (Damasio , 1994 ; Rolls , 1999 ;
Cavada & Schultz, 2000; se e Chapters 2 2 and
23). Here , som e aspect s o f motivationa l op -
erations in the primat e PF C wil l first be de -

scribed, wit h a  focu s o n post-tria l outcome -
related an d rewar d expectancy-relate d
neuronal activity. Then, I  will turn to the sub -
ject o f interaction an d integration o f differen t
kinds of information in this area, and describ e
how motivationa l an d cognitiv e informatio n
interacts i n primate PF C neurons .

In primate PFC neurons , four kinds of post-
trial activit y change ar e observed : (1 ) reward-
related, (2 ) reinforcement-related , (3 ) error -
related, an d (4 ) en d o f trial-related .
Reward-related neurons  show activity changes
whenever th e foo d o r liqui d rewar d i s deliv -
ered t o th e anima l irrespective o f whether i t
is give n durin g o r outsid e th e tas k situation .
Reinforcement-related neurons  sho w activit y
changes onl y when the rewar d i s given to th e
animal's correct respons e an d do not show ac-
tivity change t o rewar d deliver y outsid e th e
task situation . Error-related  neurons show ac-
tivity changes when the anima l commits an er-
ror and the rewar d i s not given to the animal .
Figure 21̂ 1 show s a n exampl e o f a n error -
related neuro n observe d durin g a  delayed go /
no-go discrimination task. This neuron showed
activation whe n th e anima l committe d a n er-
ror an d coul d no t obtai n th e reward . En d o f
trial-related neurons  sho w activit y change s
whenever th e tria l end s irrespectiv e o f
whether th e anima l responds correctly , and ir-
respective o f whether the anima l obtain s th e
reward. Thes e neuron s ar e considere d t o b e
involved in coding the termination o f the trial .

These post-tria l activit y changes have been
observed i n the latera l PF C (LPFC ) (area s 8,
46, and the lateral part of area 12 of Fig. 21-2 ;
Niki &  Watanabe , 1979 ; Rosenkild e e t al. ,
1981; Watanabe , 1989 , 1990) , orbitofronta l
cortex (OFC; areas 11, 13, 14, and ventral part
of are a 12 ; Rosenkilde e t al.,1981 ; Aou et al. ,
1983 Thorp e et al., 1983; Trembley & Schultz,
1999, 2000) , and anterio r cingulat e area (are a
24; Nik i &  Watanabe , 1979 ) durin g th e de -
layed response (Rosenkild e et al. , 1981; Trem -
bley &  Schultz , 1999) , delaye d matching-to -
sample (Rosenkild e e t al. , 1981) , go/no-g o
discrimination (Watanabe , 1989 ; Tremble y &
Schultz, 2000) , visua l discriminatio n (Thorp e
et al. , 1983) , ba r pressin g (Ao u et al. , 1983) ,
delayed reactio n tim e (Watanabe , 1990) , an d
time estimatio n (Nik i &  Watanabe , 1979 )
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tasks. Som e neuron s hav e combine d charac -
teristics of the second and third types, showing
a differen t magnitud e of , o r reciproca l (in -
creased versu s decreased) activit y changes be-
tween, reinforce d and erro r trials .

In a  stud y t o furthe r investigat e th e char -
acteristics o f reinforcement - and/o r error -
related PF C neurons , i t was found tha t mos t
of these neurons did not respond t o the deliv -
ery o r omission of reward durin g the classical
conditioning situatio n (Niki , 1982) ; whe n a
conditional stimulu s (CS ) o f 1-secon d ton e
was associated with the unconditiona l stimulus
(UCS) of a drop of juice, they did not respond
to the deliver y or omission of juice, indicating
that thei r activit y wa s dependent o n th e op -
erant tas k situation.

In th e go/no-g o discriminatio n task , tw o
other interestin g aspect s o f the post-tria l ac -
tivity o f LPF C neuron s wer e foun d (Watan -

abe, 1989) . First , ther e wer e neuron s tha t
coded th e "correctness " o f th e respons e in -
dependent o f the presenc e o r absence o f th e
reward a s far as the correctnes s wa s informed
to th e animal . Mos t error-relate d neuron s
show similar activity changes when the rewar d
is omitted afte r th e animal' s correct respons e
as well a s when th e anima l commits an erro r
and n o rewar d i s given. Such neurons may be
called error-  and reinforcement  omission-  re -
lated neurons.  However , i n th e tas k situation
in which th e anima l was informed of the cor -
rectness o f th e response , som e error-related
neurons showe d activit y change s onl y whe n
the anima l committe d a n error , an d di d no t
show activit y chang e whe n th e rewar d wa s
omitted followin g th e animal' s correc t re -
sponse. Th e neuro n show n i n Figur e 21- 4
showed clea r activatio n when th e anima l rec -
ognized that it had committed an error in both

Figure 21-4 . A n exampl e o f a  prefronta l corte x (PFC )
error-related neuro n observe d i n th e go/no-g o discrimi -
nation task . A: Activit y of th e neuro n whe n th e rewar d
was given immediately after the animal's correct response .
B: Activity of the sam e neuron when the reward was given
1.5 seconds afte r th e animal' s correct respons e ("D.J " in-
dicates delaye d juic e deliver y 1. 5 second s afte r th e
animal's correc t response) . Th e tas k situation i n thi s ex-
periment was slightly different fro m tha t illustrated in Fig-
ure 21- 1 i n tha t th e ey e position o f the anima l was not
controlled an d the animal was informed of the correctness
of th e respons e independen t o f the presenc e or absenc e
of the reward . Neurona l activity is shown in raster display.
For bot h A  and B , the uppe r displa y is for g o trials an d
lower displa y is for no-go trials. The cente r line indicates
the en d of the delay period when the animal was required
to perform a go or no-go response dependin g o n the pre -
viously presented cue . Th e anima l had to perform a  key-

release respons e within 1 second (g o period) o n go trials,
but ha d to continue depressing the hol d lever for 1.5 sec-
onds (no-g o period) o n no-g o trial s afte r th e en d o f th e
delay period. Horizonta l black bars under heading s o f go
and no go indicate 1  second of go period and 1.5 seconds
of no-go period, respectively . Smal l filled triangles indicate
the tim e o f the animal' s go correc t respons e o n g o trials
and th e en d o f th e no-g o perio d (1. 5 second s afte r th e
end o f th e dela y period ) o n no-g o correc t trials . Larg e
filled triangles in B indicate the time of the delaye d juiced
reward delivery . Filled circle s indicate the tim e when th e
animal committe d a n error; when th e anima l did not re -
lease the hold lever within 1  second o f the go period and
when th e anima l release d th e hol d leve r to o early ; i.e. ,
within 1. 5 second s o f th e no-g o period . Thi s neuro n
showed activatio n when th e anima l committed a n error ,
but did not show activation even when the reward was not
given immediately after th e correc t response .
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the immediate-rewar d deliver y (Fig . 21—4A )
and delayed-rewar d delivery (Fig . 21^B) sit -
uations. However , i t di d no t sho w activatio n
when th e rewar d deliver y was delayed b y 1.5
seconds an d the rewar d was not give n imme-
diately afte r th e animal' s correc t respons e
(Fig. 21^B), as well as when th e rewar d was
omitted followin g th e animal' s correc t re -
sponse (no t show n i n th e figure) . Suc h
correctness-related neuron s ma y play impor -
tant role s i n the animal' s decision concernin g
whether th e curren t behaviora l strategie s
should b e maintaine d o r not . Thus , ther e are
two kind s o f reinforcement - and/o r error -
related neurons ; on e kind is related t o codin g
the reinforcemen t itsel f o r it s omission , an d
the othe r kind is apparently relate d t o codin g
the correctnes s o f the response .

The secon d interestin g finding s wer e
reward- an d reinforcement-relate d neuron s
that showe d differentia l activit y t o a  rewar d
delivery o f th e sam e lan d an d o f th e sam e
magnitude afte r differen t response s (g o an d
no-go) (Fig . 21-5). Suc h neuron s ma y be in -
volved i n codin g th e consequenc e o f th e g o
and no-g o response s separatel y an d thu s may
be involved in facilitating learning and perfor-
mance of the discriminatio n task.

Most post-tria l activit y change s i n primat e
PFC, especiall y LPF C neurons , appea r t o be
related no t solely to motivational operations—
i.e., no t simpl y to coding the presenc e o r ab-
sence o f the reward , bu t to coding the contex t
in which the rewar d is given (e.g., whether th e
reward i s given during the operan t o r classical
conditioning situation , o r whethe r i t i s given
to a go or no-go correct response ) or to coding
the congruenc e wit h or deviation fro m th e ex-
pectancy; reinforcement-relate d neuron s may
be involved in coding the congruence betwee n
expectancy an d th e respons e outcome ,
whereas error-relate d neuron s ma y b e in -
volved i n codin g th e incongruenc e o r mis -
match between expectanc y and outcome .

Human clinica l studie s indicat e tha t pa -
tients with LPFC lesions are impaired in using
the feedbac k signa l t o improv e thei r perfor -
mance (Luria , 1980; Milne r & Petrides, 1984) .
Human activatio n studie s indicat e tha t th e
LPFC a s well as anterior cingulat e are a i s ac-
tivated when the subjec t commits errors (Car -

Figure 21-5 . A n exampl e o f a  prefronta l corte x (PFC)
reward-related neuro n that responded differentl y afte r go
and no-go correct response s despite the fac t that the same
amount of juice reward was given to the animal . The task
situation i s th e sam e a s tha t explaine d in Figur e 21-4 .
Neuronal activit y i s show n i n th e raste r an d histogram
displays. The upper display (A) shows correct go trials and
lower displa y (B ) show s correct no-g o trials . Th e cente r
line indicates the en d of the delay period. The dotted line
on no-go trials indicates the tim e of the en d o f the no-go
period. Thi s neuro n did no t sho w any detectable activit y
change whe n th e rewar d was omitted afte r th e animal' s
correct g o response. Thus , the differenc e i n post-trial ac-
tivities after g o and no-go correct response s is not consid-
ered du e t o the simpl e summation of reward-related ac-
tivity and response-relate d activity .

ter e t al. , 1998 ; Kieh l e t al. , 2000) . Also , i n a
study of error-related brai n potential s i n PF C
patients (Gehrin g &  Knight , 2000), i t i s sug-
gested tha t LPF C interact s wit h anterio r
cingulate are a i n monitorin g respons e out -
come to adjust cognitiv e contro l based on task
demands.

In summary , there are severa l kinds of pri-
mate neuron s tha t sho w post-tria l activit y
changes in relation to response outcome , such
as reinforcemen t an d error , i n th e PF C an d
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anterior cingulat e area. The PFC and anterior
cingulate are a o f bot h human s an d primate s
are considere d t o b e involve d i n codin g an d
monitoring th e outcom e o f th e respons e fo r
better task performance.

REWARD EXPECTANCY AND
PREFRONTAL NEURONAL ACTIVITY

Since expectanc y appear s t o pla y importan t
roles i n the activit y of some post-trial-related
PFC neurons , i t wa s interesting , a s th e nex t
step, t o loo k fo r neurona l activit y i n th e pri -
mate corte x tha t migh t b e relate d t o rewar d
expectancy. A n expectanc y wav e ca n b e re -
corded from th e human PFC while the person
anticipates th e appearanc e o f a  certain even t

(Walter, et al. , 1964) . I n the primat e PFC , an -
ticipatory neurona l activit y ca n b e recorde d
while th e anima l i s waiting fo r th e presenta -
tion o f the cu e o r triggering stimulu s (Nik i &
Watanabe, 1979 ; Sakagam i & Niki , 1995) . As
for th e expectanc y o f the reward , rewar d ex -
pectancy-related neurona l activit y i s indee d
observed i n the PF C (Watanabe , 1996a; Leo n
& Schadlen , 1999 ; Tremble y &  Schultz, 1999 ;
2000; Hikosak a & Watanabe, 2000) .

Behavioral experiment s indicat e tha t th e
monkey expect s no t simpl y a  rewar d i n gen -
eral, but rathe r the specifi c reward durin g the
task performance . I n a  stud y by Tinklepaugh
(1928), the behavio r o f the anima l in relatio n
to rewar d expectanc y wa s examined durin g a
delayed-response tas k usin g severa l differen t
kinds o f reward s (Fig . 21-6) . O n som e occa -

Figure 21-6. Cartoo n illustration of Tinklepaugh's exper-
iment (1928) . 1 , cue period ; 2 , delay period; 3 , animal's
response; 4, reward delivery. A: Tinklepaugh first showed
a banan a (whic h wa s th e animal' s favorit e food ) i n th e
right o r lef t cu p a s a  cue . Durin g th e dela y period, a n
opaque screen was lowered i n fron t o f the anima l s o th e
animal could not see the cups . When the anima l correctly
responded t o the cue d sid e after th e scree n was raised, it
was given the rewar d that had been show n earlier (i n this

case, banana) . B: In thi s trial , the anima l was shown let-
tuce (whic h wa s no t th e animal' s favorit e food ) a s a  re -
ward. Th e anima l a t leas t worke d t o obtai n thi s non -
preferred food . C : O n som e occasions , Tinklepaug h
secretly change d th e banan a to lettuc e durin g the dela y
period. Afte r the correct response, when the animal found
lettuce instea d o f the banan a in the cup , it was surprised
and becam e angry , sometime s shriekin g a t th e exper -
imenter.
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sions (Fig . 21-6C), Tinklepaugh showed a ba-
nana (which was the animal' s favorite food ) in
the right or left cu p as a cue. During the delay
period when the animal had to retain the spa-
tial information in relation t o where th e foo d
(cue) was presented, Tinklepaug h secretly ex-
changed the banana for lettuce (whic h was not
the animal' s favorit e food , bu t fo r whic h th e
animal would, at least, work). After the correct
response, whe n th e anima l foun d lettuc e in -
stead o f banana i n th e cup , i t wa s surprise d
and became angry, sometimes shrieking at the
experimenter. I t shoul d b e noted that the an-
imal did no t become angry if it was given let-
tuce as a reward, as long as it had been shown
the lettuc e durin g th e cu e perio d (Fig . 21 -
6B). I t becam e angr y only when i t foun d a
food rewar d that was incongruent with the ex-
pected preferre d one. This experiment clearly
shows that durin g the dela y period, th e mon-
key wa s expectin g (althoug h the anima l was
not required t o do so) the deliver y of the spe -
cific reward , i n thi s case , banana, besides re -
membering (a s a  working memory ) where i t
was presented .

To search for reward-dependent differential
anticipatory activit y i n th e primat e LPF C
(area 8 , 46 and latera l par t o f area 1 2 of Fig .
21-2) neurons , tw o monkeys were traine d i n
a modifie d manual delayed-response tas k us-
ing several lands of food reward s (see Fig. 21 —
7A; Watanabe, 1996a). Th e anima l was seated
on a  primat e chai r facin g a  pane l tha t con -
tained righ t an d lef t rectangula r windows, cir-
cular keys, and a  hold lever belo w them. Th e
animal first depressed th e hol d leve r fo r 6 to
8 second s (Pre-cue) , and a  red ligh t was pre-
sented for 1 second eithe r o n the righ t or lef t
key a s a  cu e (Cue) . The n ther e wa s a  dela y
period o f 5  second s (Delay) . After th e dela y
period was over, a  white ligh t wa s presented
on both righ t an d lef t key s as a go signal (Go
Signal) an d th e anima l wa s require d t o re -
spond to the side where the red cue had been
presented (Response) . Following the animal' s
correct response , i t was given the rewar d tha t
had bee n prepare d behin d th e windo w (Re-
ward). I n thi s experiment , severa l differen t
kinds o f foo d reward s (suc h a s raisin , swee t
potato, apple , and cabbage) were used. In this
task, th e sam e rewar d was used continuously

Figure 21-7 . Sequenc e o f event s i n th e delayed -
response tas k (A) and examples o f reward expectancy—re -
lated prefronta l corte x neurons without (B ) an d with (C)
spatial specificity. Neurona l activity is shown in raster and
histogram displays . Fo r eac h display , th e secon d an d
third vertica l lines indicate cue onse t an d offset , an d th e
fourth vertica l lin e indicates the end of the dela y period.
Each ro w indicates on e trial , an d smal l upward triangles
in th e raste r indicat e th e tim e o f th e key-pressin g re -
sponses. Onl y dat a fro m correc t trial s ar e shown . Left -
and right-sid e display s are show n separately. The rewar d
used i s state d fo r eac h panel . C , cue ; D , delay ; R ,
response.
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in a  block of about 50 trials. Thus, the animal
could know what reward was being use d afte r
experiencing a  newl y presente d rewar d fo r
two o r thre e trials . Durin g th e dela y period ,
the anima l had t o retai n i n working memory
the spatia l information concerning which sid e
the cu e was presented fo r correct tas k perfor-
mance. Beside s that , considerin g behaviora l
studies indicatin g the rewar d expectanc y pro-
cess i n th e monkey , i t wa s though t tha t th e
animal was anticipating o r expectin g the spe -
cific rewar d tha t would be delivered .

Figure 21-7 B show s a n exampl e o f a n
LPFC delay neuron tha t is considered relate d
to reward expectancy. This neuron showed dif-
ferential activit y durin g th e dela y perio d de -
pending on differences in the reward, with the
largest activit y changes occurrin g o n cabbag e
reward trial s and almos t no activity change on
raisin rewar d trials . I t shoul d b e note d tha t
there was no external stimulus indicating a dif-
ference in the reward during the delay period.
Since th e sam e reward wa s used continuously
in a  block of about 5 0 trials, the anima l could
know wha t rewar d wa s bein g use d afte r ex -
periencing two or three trials and could expect
the specifi c rewar d durin g the dela y period i n
each trial . The differentia l activit y observed in
this neuro n i s considere d relate d t o th e ani -
mal's expectanc y fo r th e differen t kin d of re -
ward. Mos t of these neuron s showed more ac-
tivity changes to the mor e preferred reward .

It has been wel l documented tha t there ar e
many PFC neuron s relate d t o spatia l working
memory (Niki , 1974a , 1974b ; Nik i &  Watan-
abe, 1976 ; Funahashi , e t al, 1989) . I n my ex-
periment o n th e manua l delayed-respons e
task usin g several kind s o f reward , I  als o ob-
served many delay neurons that showed spatial
specificity. Interestingly , ther e wer e neuron s
that reflecte d bot h workin g memor y an d re -
ward expectancy . Th e neuro n illustrate d i n
Figure 21-7 C showe d workin g memory-re -
lated activit y by showing a higher rat e o f firing
on lef t trial s tha n o n righ t trial s durin g th e
delay period . Thi s neuro n als o showe d th e
highest rat e of firing on cabbage rewar d trials ,
intermediate firin g o n potat o rewar d trials ,
and the leas t firing on raisin reward trial s dur-
ing th e dela y period . Thus , i n th e activit y of
this neuron, there was  an interaction betwee n

working memory-relate d informatio n and re -
ward expectancy-related information . Such an
interaction ma y help the anima l to better pre -
pare fo r obtaining a  goal—i.e. , t o prepare fo r
performing a  certai n respons e a s wel l a s fo r
receiving a  specific reward .

In summary , there ar e neuron s i n th e pri -
mate LPFC that may be related t o the rewar d
expectancy process by showing differential an -
ticipatory activity depending o n differences i n
the rewar d t o be given .

INTERACTION AND INTEGRATION OF
DIFFERENT KINDS OF INFORMATION
IN PRIMATE PREFRONTAL NEURONS

As I  have described, th e PF C receive s various
kinds o f highly processed sensor y information
from th e posterio r associatio n cortices. I n th e
primate LPFC , ther e ar e neurons that ar e in-
volved in retaining both spac e (where)  an d ob-
ject (what)  informatio n in workin g memor y
(Watanabe, 1981; Rao , et al. , 1997). Previously
I reporte d thos e PF C neuron s tha t wer e in -
volved i n extractin g the meanin g of the stim -
ulus acros s differen t sensor y modalitie s (Wa-
tanabe, 1992 ; 1996b) . These "objec t an d space
working memory-related neurons" and "cross-
modal meaning-relate d neurons " ar e consid -
ered t o b e involve d i n th e integratio n o f dif-
ferent kind s o f cognitiv e informatio n for ex -
ecutive control . Fuste r (1997 ) ha s propose d
that th e mos t importan t rol e o f th e PF C i s
"temporal organizatio n o f behavior." Interest -
ingly, Fuste r an d colleague s (2000 ) hav e
shown, tha t PF C neuron s represen t th e asso-
ciation of sensory items of both visual and au -
ditory inputs and integrate thes e item s across
time. Thus , th e PF C ma y represen t bot h
cross-modal an d cross-tempora l association s
for executiv e control .

The PFC receive s not only sensory and cog-
nitive informatio n from th e posterio r associa-
tion cortices , bu t als o a variety of motivational
information fro m the  limbi c syste m (Stus s &
Benson, 1986 ; Fuster , 1997 ; Figur e 21-2) .
Thus, i t is not surprisin g to find PFC neuron s
where bot h motivationa l an d cognitiv e infor -
mation interact . I have described tw o kinds of
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such LPF C neurons . One kind of neurons re-
sponded differentl y t o th e reward/no-rewar d
delivery between operan t an d classical condi-
tioning situations, or responded differentl y de-
pending o n difference s i n th e behaviora l re -
sponse (g o or no-go ) of the anima l (e.g., Fig .
21-5). I n suc h neurons , ther e wa s a n inter -
action betwee n motivationa l (presence o r ab-
sence o f reward) and cognitiv e (what task sit-
uation th e anima l wa s face d wit h o r wha t
behavioral respons e th e anima l ha d per -
formed) information . Th e othe r kin d of neu-
rons showe d delay-relate d differentia l activit y
depending o n bot h th e differenc e in th e re -
ward tha t coul d b e expecte d an d th e differ -
ence in the impending response (right or left—
e.g., Fig . 21-7C). Also in suc h neurons ther e
was a n interactio n betwee n motivationa l (re-
ward expectancy ) an d cognitiv e (workin g
memory) information . A  stud y b y Leo n an d
Shadlen (1999 ) has indicated tha t a  larger re -
ward enhance s workin g memory-relate d ac -
tivity i n primat e LPF C neuron s o f are a 4 6
(principal sulcu s area) during the oculomoto r
delayed-response task . Suc h enhancemen t o f
neuronal activit y induced b y a  large r rewar d
may facilitate learning and performance of the
discrimination task. Thus, the LPF C may play
important role s i n th e integratio n o f motiva-
tional and cognitive information for better task
performance.

In summary , cognitiv e and motivationa l in-
formation appear s to interact in the activit y of
primate LPFC neurons . These LPFC neurons
may be involved in the integration of cognitive
and motivationa l informatio n for bette r tas k
performance.

FUNCTIONAL SEGREGATION OF
PRIMATE PREFRONTAL CORTEX IN

RELATION TO MOTIVATIONAL AND
COGNITIVE OPERATIONS

It is generally considered that the LPFC is im-
portant fo r cognitiv e o r executiv e functio n
while th e OF C i s importan t fo r motivational
function (Damasio , 1994 ; Fuster, 1997) . Inter -
estingly, a s fa r a s post-trial - an d rewar d ex -
pectancy-related neurona l activitie s ar e con -

cerned, ther e i s n o significan t differenc e i n
characteristics betwee n LPF C an d OFC . In -
deed, al l fou r kind s o f post-trial-relate d a s
well as reward expectancy-related neuron s are
observed i n bot h LPF C an d OFC , althoug h
reward-related an d reinforcement-relate d
neurons wer e reporte d t o be mor e abundan t
in the LPF C tha n in the OFC , whereas error-
related neuron s wer e mor e abundan t i n th e
OFC i n a study in which the neurona l activity
of both LPF C and OFC was examined in th e
same monkey (Rosenkilde et al. , 1981) . Thus,
it seem s tha t th e LPF C als o plays important
roles i n motivationa l operations. A human ac-
tivation stud y (Thut et al. , 1997 ) showe d tha t
both LPFC and OFC are similarly activated in
relation to the expectancy of monetary reward,
indicating that the human LPFC also plays im-
portant role s in motivational operations.

Although simila r post-trial- and reward ex-
pectancy- relate d activitie s ar e observe d i n
both LPF C an d OFC, an d the LPFC appears
to play as important a  role in motivational op-
erations as the OFC , there appear to be some
significant differences i n the properties of neu-
ronal activity between these two PFC areas. Al-
though there are insufficien t dat a available , it
has bee n indicate d tha t workin g memory-re -
lated neuron s are abundant i n the LPFC , but
quite rar e i n th e OF C (Tremble y & Schultz,
1999). Th e LPFC , bu t no t the OF C neuron s
are reporte d t o sho w both workin g memory -
related and reward expectancy-related activit y
changes during the delay period of the delayed-
response tas k (Watanabe , 1996a) . Th e LPF C
neurons appea r t o b e mor e concerne d tha n
OFC neurons with coding the context in which
the rewar d is given or omitted, such as in rela-
tion to whether the presence o r absence of re-
ward is associated wit h a go or no-go response
(Watanabe, 1989) . Th e LPFC , bu t no t th e
OFC neurons are reported to code the correct-
ness of the respons e independent o f the pres -
ence o r absenc e o f th e rewar d (Watanabe ,
1989, 1998) . Thus , i f it i s considered tha t (1 )
the LPF C receive s highly processed cognitive
information fro m th e posterior associatio n (the
temporal an d posterio r parietal ) cortices , (2 )
the OF C receive s motivationa l information
from the limbic system and sends the output to
the LPF C (Barba s & Pandya, 1991) , an d (3 )
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there i s a n interactio n betwee n motivationa l
and cognitiv e informatio n i n th e activit y o f
LPFC neurons, it could be concluded tha t the
LPFC, bu t no t OFC , i s involved in the inte -
gration o f motivationa l an d cognitiv e infor -
mation fo r optimizin g th e behavio r t o obtai n
the goal .

If thi s i s true , the n th e functiona l signifi -
cance o f post-trial - an d rewar d expectancy -
related neurona l activitie s migh t diffe r be -
tween LPF C an d OFC . I t appear s tha t OF C
neurons are more concerned with the hedoni c
aspects o f rewar d informatio n (Rolls , 1999) ,
whereas LPF C neuron s ar e mor e relate d t o
the integratio n o f motivationa l an d cognitiv e
information (Leo n &  Shadlen , 1999) . I t ma y
be that reward expectancy-related LPF C neu-
rons are related more to preparing fo r receiv-
ing the specifi c outcome by integrating severa l
different kind s o f information , suc h a s th e
taste, olfaction , an d th e visua l appearance o f
the futur e reward , rathe r tha n t o th e expec -
tancy of the appetitiv e aspect s o f the reward .

In summary , there appears t o be functional
segregation of the PFC in relation to cognitive
and motivationa l operations , i n that the OF C
is predominantly involve d in motivationa l op-
erations whil e th e LPF C ma y be involve d in
the integratio n o f cognitiv e an d motivationa l
information.

CONCLUSIONS

For surviva l or fo r a  better qualit y of life , a n
organism works to obtain a  goal, such as food,
liquid, a  mate, and mone y (in the cas e o f hu-
man beings). The goa l of the behavior has mo-
tivational significance that ma y differ depend -
ing o n th e organism' s motivationa l situation .
To optimiz e th e wa y to attai n a  goal , severa l
different kind s of information, including bot h
cognitive (suc h a s curren t environmenta l sit -
uation) an d motivationa l information (such as
hunger level and attraction o f the goal ) should
be take n int o consideratio n an d integrated .
The PF C appear s t o play the mos t important
role i n this process . Indeed , neurons tha t ar e
considered t o be involved in the integration of
different kind s o f information have bee n ob -
served i n th e primat e PFC ; som e PF C neu -

rons were relate d t o codin g behaviora l o r as-
sociative significanc e o f th e stimulu s acros s
different sensor y modalities , an d othe r PF C
neurons appeared t o be involved in integrating
motivational an d cognitiv e informatio n (such
as rewar d expectancy-relate d an d workin g
memory-related information) . Compared with
the OFC , whic h appears t o be predominantly
concerned wit h motivationa l operations , th e
LPFC appear s to be more concerned with the
integration o f motivationa l an d cognitiv e
information.

To better understand the brain mechanisms
of goal-directe d behavior , w e shoul d furthe r
clarify ho w cognitiv e an d motivationa l infor -
mation interact s i n th e PFC , examinin g how
cognition-related PF C activit y is modified by
motivational informatio n a s wel l a s ho w
motivation-related PF C activit y i s modulate d
by cognitiv e information . Futur e researc h
along this line migh t facilitat e a better under -
standing o f how the PF C accommodate s de -
sire withi n th e curren t situatio n o r ho w th e
PFC work s to integrat e cos t an d benefit.
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Emotion, Decision Making, and the Ventromedial
Prefrontal Cortex

DANIEL TRANEL

Folk wisdo m ha s long held that makin g com -
plex decisions is a task best accomplished with
a "cool head," under condition s o f deliberated ,
rational consideratio n o f various respons e op-
tions, uncolored by the "heat o f emotion." And
one canno t questio n tha t ther e i s some trut h
to this advice: take, for example, the irrational ,
emotion-tinged frenz y tha t occur s wit h som e
regularity in the stoc k marke t (Shiller , 2000) ,
or th e "crime s o f passion" tha t ar e wel l doc -
umented i n la w enforcemen t (Tranel , i n
press). Against this background , i t is of partic-
ular intrigu e tha t ther e i s ne w scientifi c evi -
dence suggestin g tha t to o little  emotio n ma y
be just a s detrimental fo r good decisio n mak -
ing as too muc h emotion .

This evidenc e derive s fro m a  series o f stud-
ies tha t m y colleagues an d I  hav e conducte d
in patient s wit h damag e t o th e ventromedia l
prefrontal (VMPF ; see Fig. 22-1) secto r of the
brain (Bechar a et al. , 1994 , 1996 , 1997 , 2000 ;
Anderson e t al. , 1999 , 2000 ; Trane l e t al. ,
2000; Barrash e t al . 2000). These studies have
been pursue d i n th e contex t o f th e somatic
marker hypothesis,  a  theoretica l framewor k
developed t o explai n ho w emotion s an d feel -
ings ar e use d t o guid e decision-makin g pro -
cesses (Damasio , 1994 , 1996 , 1999) . Thi s
chapter focuse s o n three aspects o f our inves-
tigations: (1)  th e developmen t an d applicatio n

of a laboratory task to measure decisio n mak -
ing an d relate d emotiona l influences ; (2 ) th e
development o f a set o f rating scales aimed at
characterizing the personality attribute s of pa-
tients wit h acquire d VMP F dysfunctio n an d
decision-making impairments ; an d (3 ) studie s
conducted i n patient s wh o sustaine d damag e
to VMP F cortice s ver y earl y in life , an d who
manifested lifelon g socia l conduc t an d
decision-making deficits. I n a  final section, the
main feature s o f th e somati c marke r frame -
work are summarized .

MEASURING DECISION MAKING AND
EMOTION IN THE LABORATORY

THE GAMBLING TASK

Many patient s wit h VMP F damag e d o no t
evince impairment s o n conventiona l neuro -
psychological procedures , includin g quintes -
sential "fronta l lobe " tasks, eve n thoug h thei r
real-world behavio r i s rif e wit h instance s o f
poor decision making . In respons e t o this par-
adox, w e develope d a  car d gam e (th e Gam -
bling Task) , i n whic h th e goa l i s to maximize
profit o n a  loan o f play money , an d i n whic h
response selectio n i s guided b y various sched-
ules of immediate reward and delayed punish-
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Figure 22-1. Mesia l views of the lef t hemispher e (upper
left) an d righ t hemispher e (lower  left),  an d ventra l view
of the hemispheres (right).  Th e darkened are a depicts le-
sion overlap s in th e ventromedia l prefronta l (VMPF ) re -
gion, fro m mor e than 1 2 patients who have been studied
in our laboratory over the past decade. The VMPF sector
includes th e orbita l cortices , lowe r mesia l cortices , an d
underlying white matter.

ment. The Gamblin g Task provides a  valid an-
alogue t o real-worl d decisio n making , b y
making unpredictabl e reward s an d punish -
ments a n explici t aspec t o f the situation , an d
by requirin g delaye d respons e gratification .
Patients wit h VMP F lesion s sho w a  reliabl e
pattern of disadvantageous respondin g on the
Gambling Task , eve n whe n the y ar e reteste d
over various intervals of time and with various
permutations o n th e basi c them e o f the tas k
(Bechara et al. , 1994; 2000) . Som e of the main
findings are summarize d below.

In th e basi c version o f the Gamblin g Task,
subjects are presented four decks of cards, and
are give n a  $200 0 start-u p loan . Subject s ar e
told tha t th e gam e require s a  lon g serie s o f
card selections , on e car d a t a  time, fro m an y
of the decks , unti l the experimente r ends the
game. Afte r eac h car d selection , subject s re -
ceive a  monetar y reward ; th e amoun t i s an-
nounced afte r th e car d selection , an d varie s
from dec k to deck. Afte r some card selections,
subjects ar e bot h give n mone y an d aske d t o
pay a penalty; again , the amoun t is announced
only after th e card selection, and it varies fro m
deck t o dec k an d fro m positio n t o positio n
within a  given deck. Subject s are told that th e
goal o f th e tas k i s t o maximiz e thei r profit ;

they ar e fre e t o switc h fro m an y deck t o an -
other, a t any time, a s often a s they wish . Th e
task i s discontinue d afte r 10 0 card selection s
(subjects are not informed of this beforehand).
The Gamblin g Tas k i s rigge d s o tha t tw o o f
the deck s (th e disadvantageou s decks ) yiel d
higher immediat e rewards , bu t highe r long -
term penalties , suc h tha t selectin g frequentl y
from thes e deck s will result in a net long-ter m
loss. Th e othe r tw o deck s (th e advantageou s
decks) yiel d lowe r immediat e rewards , bu t
also lowe r long-ter m penalties , suc h tha t se -
lecting frequently fro m these decks wil l resul t
in a  net long-ter m gain .

In a n initia l stud y (Bechar a e t al. , 1994) ,
three group s o f subject s wer e compare d o n
the Gamblin g Task : (1) six subjects with bilat-
eral VMPF lesions; (2) six brain-damaged con-
trols, wh o had lesion s outsid e th e VMP F re -
gion; an d (3 ) 4 4 norma l controls , wh o wer e
free o f neurological o r psychiatri c disease . To
score th e task , th e 10 0 card selection s wer e
divided int o fiv e discret e block s o f 2 0 each ,
and fo r each block , the number s of disadvan-
tageous selections and advantageous selections
were calculated. The results , broken dow n as
a function o f group, block, and dec k type, ar e
presented i n Figur e 22-2 . A s the tas k pro -
gressed, norma l an d brain-damage d control s
gradually shifte d thei r selection s toward s th e
advantageous decks , and by the last two blocks
(trials 61-100), the subject s were choosin g al-
most exclusively from thes e decks . The VMPF
subjects faile d to demonstrat e thi s shift : i n all
but on e tria l block , the y selecte d mor e card s
from th e disadvantageou s decks , an d o n th e
last tw o tria l blocks , the y continue d t o selec t
more frequentl y fro m th e disadvantageou s
decks.

The sam e pattern o f performance has been
demonstrated i n follow-u p studies , usin g dif -
ferent permutations o f the Gamblin g Task and
larger group s o f subject s (Bechar a e t al. ,
2000). Fo r example , eve n whe n th e reward -
punishment contingencie s of the task are com-
pletely reversed , s o tha t th e "advantageous "
decks involve higher up-fron t punishment bu t
higher long-ter m reward , an d th e "disadvan -
tageous" deck s involv e lower up-fron t punish -
ment bu t lowe r long-term reward , VMPF pa-
tients continu e t o opt for the disadvantageou s
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Figure 22-2 . Car d selections on the Gamblin g Task as a
function o f group (normal control, brain-damaged control,
ventromedial prefronta l damage) , deck typ e (disadvanta-
geous versus advantageous), and trial block. The two con-
trol group s graduall y shifted their respons e selections to-
wards the advantageou s decks, and this tendency became

stronger as the gam e went on. The ventromedial prefron-
tal subject s did no t mak e a reliabl e shift , an d continued
to opt for the disadvantageous decks even during the latter
stages o f the game , when controls had almost completely
abandoned choosin g fro m th e disadvantageou s decks .
(Source: Fro m Tranel et al. , 2000 , with permission)

decks. Thes e finding s sugges t tha t patient s
with VMPF lesions have a fundamental insen-
sitivity t o th e futur e consequence s o f thei r
choices, whethe r those  consequence s b e pos -
itive o r negative , an d ar e guide d prepotentl y
by the immediat e prospect s of their behavior .

ANTICIPATORY PSYCHOPHYSIOLOGICAL
RESPONSES

A psychophysiological dependen t variable was
added t o th e Gamblin g Task , a s a n inde x of
somatic stat e activatio n durin g th e tas k (Be-
chara e t al. , 1996) . Specifically , ski n conduc -
tance response s (SCRs ) durin g th e tas k wer e
measured. Th e forma t wa s se t u p t o allo w
identification o f each SC R generated i n asso-
ciation wit h a  specifi c car d fro m a  specifi c
deck. Thre e type s o f SCR s were defined : (1)
reward SCRs , defined a s SCR s generated af -
ter th e subjec t ha d selecte d card s fo r which
there wa s a  rewar d an d n o penalty ; (2 ) pun-
ishment SCRs , defined a s SCRs generated af -
ter th e subjec t ha d selecte d card s fo r whic h
there was a reward followe d immediately b y a
penalty; an d (3 ) anticipatory SCRs , defined as
the SCR s generated immediatel y prior t o th e

point at which the subjec t selected a  card fro m
a give n deck—i.e. , th e tim e perio d durin g
which th e subjec t wa s deliberatin g thei r
choice. Tw o groups o f subject s were studied :
(1) 7  subjects with bilateral VMPF lesions, and
(2) 1 2 normal controls .

Both group s o f subjects generated SCR s in
reaction t o rewar d an d punishment , an d th e
groups di d not diffe r fro m one another in this
regard. Th e contro l subjects , a s they becam e
experienced wit h th e task , bega n t o generat e
anticipatory SCRs , i.e., SCR s prior t o th e se -
lection o f som e cards . Th e VMP F subject s
failed t o generat e anticipator y SCRs . Also, i t
was foun d tha t control s generate d higher -
amplitude anticipator y SCR s to the disadvan -
tageous deck s tha n thos e t o the advantageou s
decks; n o suc h differenc e was evident i n th e
VMPF subjects. The results indicated tha t the
anticipatory SCR s generate d b y control s de -
veloped ove r time ; th e subject s bega n t o re -
spond, an d responded more systematically , af-
ter selecting severa l cards from eac h deck, and
thereby encounterin g severa l instance s o f re -
ward an d punishment. Th e anticipator y SCR s
became mor e pronounce d prio r to  the  selec -
tion o f cards fro m th e disadvantageou s decks .
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In sum , during the Gamblin g Task , contro l
subjects began to generate SCR s prior to their
card selections , whil e the y deliberate d whic h
deck to choose. This pattern neve r develope d
in th e VMP F subjects. The findings are con -
sistent with the idea that the absence of antic-
ipatory SCR s in the VMPF subjects is a phys-
iological correlat e fo r thei r insensitivit y t o
future outcomes . Within the contex t of the so-
matic marke r framewor k (se e below), the ev -
idence indicate s tha t thes e subject s fail t o ac-
tivate biasing signals that would serve as value
markers i n th e distinctio n betwee n choice s
with goo d o r ba d futur e outcomes . We have
also proposed tha t thes e signal s participate in
the enhancemen t o f attentio n an d workin g
memory relativ e t o representation s pertinen t
to the decision-makin g process, and that such
signals hail from bioregulator y machiner y that
sustains somati c homeostasis and tha t ca n b e
expressed i n emotion and feeling.

SOMATIC MARKERS CAN BE COVERT

The somati c marke r hypothesi s propose s tha t
somatic markers can operate both covertly and
overtly. An important prediction from this pro-
posal is that the overt reasoning used to decide
advantageously in a  complex situation i s actu-
ally preceded  by a  nonconscious biasing step .
This prediction was tested in another stud y us-
ing the Gamblin g Task (Bechara et al. , 1997) .
The subject s were 6  individuals with bilatera l
VMPF damage and 10 normal controls. Three
measurements wer e obtaine d i n parallel : be -
havioral (tas k performance) , psychophysiolog-
ical (SCRs) , and self-report o f the task contin -
gencies. Th e self-repor t dat a wer e use d t o
judge whether subject s had developed explici t
knowledge o f how the gam e worked . O n th e
basis of these reports , we divided the tas k into
four "knowledg e periods," defined below. The
reports wer e obtaine d b y interruptin g th e
Gambling Tas k afte r eac h subjec t ha d mad e
20 card selections , an d asking the subjec t th e
following: (1 ) "Tel l m e al l yo u kno w abou t
what i s going on i n thi s game" ; an d (2 ) "Tel l
me ho w yo u fee l abou t thi s game. " Th e
prompts were repeated at 10-card intervals for
the remainde r o f the task .

After samplin g from al l four decks , and be -

fore encounterin g an y punishments, subject s
tended t o prefe r th e disadvantageou s deck s
(where there is higher immediate reward), and
no anticipator y SCR s were evident . Thi s was
defined a s th e pre-punishment  period.  Afte r
encountering som e punishment s i n th e dis -
advantageous decks , th e contro l subject s be -
gan t o generat e anticipator y SCR s t o thes e
decks. However , none o f the subject s had yet
developed any notion a s to what was happen-
ing i n th e task , a s judge d fro m thei r self -
reports durin g this phase. This was defined as
the pre-hunch  period.  B y about tria l 50 , th e
control subject s bega n t o expres s a  "hunch "
that som e decks were riskie r an d les s favora -
ble, an d th e subject s generate d anticipator y
SCRs to th e disadvantageou s decks . This was
defined a s the hunch  period.  Durin g the re -
mainder o f the task , mos t o f the contro l sub -
jects (7/10 ) reporte d explici t knowledg e re -
garding th e tas k contingencies—i.e. , tha t o n
balance, som e deck s wer e "bad " an d som e
were "good. " Thi s was defined as the concep-
tual period.

The behaviora l dat a (car d selections ) an d
anticipatory SCR s were score d a s a  functio n
of th e fou r knowledg e period s (Fig . 22-3) .
During th e pre-hunch period, the magnitud e
of anticipator y SCR s in th e contro l subject s
increased significantly—i.e. , th e subject s de -
veloped anticipatory SCR s before the y had any
notion as to what was happening in the game,
and befor e thei r behavio r change d clearl y in
favor o f the advantageou s decks . Durin g th e
hunch an d conceptua l periods , th e control s
continued t o generat e anticipator y SCR s t o
the disadvantageou s decks , an d the y als o
shifted thei r choice s distinctl y t o th e advan -
tageous decks . The VMPF subjects never de-
veloped anticipator y SCRs , an d the y contin -
ued t o selec t mor e frequentl y fro m th e
disadvantageous deck s throughou t th e task .
Also, th e thre e control s wh o faile d t o reac h
the conceptua l perio d stil l showed a  shif t to -
wards th e advantageou s decks, and they gen-
erated anticipator y SCR s whenever the y se -
lected fro m th e disadvantageou s decks . B y
contrast, thre e o f the si x VMPF subjects di d
reach th e conceptua l period, but despite this ,
they continue d t o choos e disadvantageously ,
and they failed to generate anticipatory SCRs.
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Figure 22—3 . Psychophysiologica l (anticipator y ski n con -
ductance responses [SCRs] and behavioral (card selection)
data fo r contro l subject s (n =  10 ) and subjects  with ven-
tromedial prefrontal lesions (n =  6) , as a function o f fou r
"knowledge periods" (se e text). Control subjects, even be-
fore the y knew anything consciously about how the game
worked (pre-hunc h period) , bega n t o generat e anticipa -
tory SCRs and to shif t thei r selection s away from th e ba d
decks. In the controls, anticipatory SCRs , especially to the

bad decks , becam e mor e pronounce d a s the gam e pro -
gressed, an d the subject s shifted almos t exclusively to the
good decks . Th e ventromedia l prefronta l subject s neve r
produced anticipator y SCRs , an d the y als o continued to
opt mor e frequentl y for th e ba d decks . This pattern oc -
curred eve n i n ventromedial subjects (n  =  3 ) who knew
at a  consciou s leve l (conceptua l period ) ho w th e gam e
worked, an d tha t som e decks wer e goo d an d som e were
bad. (Source:  fro m Trane l e t al. , 2000 , with permission)

The autonomi c response s detecte d i n thi s
experiment (especiall y thos e eviden t i n th e
pre-hunch period ) ca n b e take n a s evidenc e
for a  nonconscious signaling process, whic h in
turn reflect s acces s o f records o f previous ex -
periences shaped b y reward, punishment , and
apposed emotiona l states . Withi n th e somati c
marker framework , these result s sugges t tha t
decision-making situation s lea d t o tw o non -

exclusive, interactin g chain s o f events . Th e
first i s tha t th e sensor y representatio n o f a
decision-making situatio n activate s neura l sys-
tems, includin g th e VMP F sector , tha t hol d
dispositional knowledg e relate d t o one' s pre -
vious emotiona l experienc e o f simila r situa -
tions. This , i n turn , activate s othe r neura l
regions, includin g autonomic an d neurotrans -
mitter nuclei . Th e ensuin g signal s (whic h re -
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main nonconscious) act as covert biases on cir-
cuits tha t suppor t cognitiv e evaluatio n an d
reasoning. I n th e secon d chai n o f events, th e
representation o f a  decision-makin g situatio n
generates over t recal l o f pertinent facts , suc h
as potential respons e options and probable fu -
ture outcomes . Conscious reasoning strategie s
can then b e applie d t o suc h facts . Ou r exper -
iment suggest s tha t nonconscious biase s guide
reasoning an d decision-makin g behavio r be -
fore consciou s knowledg e does ; moreover ,
without th e hel p o f suc h biases , consciou s
knowledge may not be sufficien t t o ensure ad-
vantageous behavior . Othe r studie s als o sup -
port thi s conclusion—for example , individuals
can learn and make decisions with information
that i s no t availabl e t o consciou s awarenes s
(e.g., Lewick i e t al. , 1992) , an d the y ca n de -
velop "unconscious insights" (Siegler, 2000).

DEFINING AND MEASURING THE
SYNDROME OF ACQUIRED

SOCIOPATHY

Some o f the mos t intriguin g observations re -
garding patients with VMPF lesions pertain to
the real m o f personality. The developmen t o f
certain maladaptiv e personalit y feature s fol -
lowing th e onse t o f VMPF damage has bee n
noted repeatedl y throughou t th e histor y o f
neuropsychology, datin g bac k t o th e descrip -
tion o f th e now-famou s "crowbar" cas e (pa -
tient Phinea s Gage) , and the prescien t obser -
vations o f Gage' s physician , Joh n Harlo w
(1848, 1868 ; fo r a detailed historical review of
this case , see Macmillan , 2000).

On September 13 , 1848, Phinea s Gag e suf-
fered a  bizarr e acciden t i n whic h a  tampin g
iron wa s propelled throug h th e fron t par t o f
his head . Th e ba r entered  hi s lef t chee k just
under th e eye , impaled th e fronta l lobes , and
exited through th e to p fron t par t o f his head .
A recen t analysi s of th e case , base d o n mea -
surements take n fro m Gage' s skul l an d th e
tamping iron , an d usin g moder n neuroana -
tomical analysi s techniques , establishe d tha t
Gage ver y likel y sustaine d bilatera l VMP F
damage a s a  consequenc e o f thi s acciden t
(Fig. 22^4 ; Damasi o e t al. , 1994) . Despit e a

remarkable recover y o f intelligence, memory ,
speech, sensation , an d movement , Gag e dis -
played a  profound chang e i n personalit y an d
social conduc t followin g his prefronta l injury .
Before, h e had been responsible, sociall y well
adjusted, an d popular with co-workers and su-
pervisors. Afterwards , h e wa s irresponsible ,
untrustworthy, irreverent , capricious , unrelia-
ble, an d callous . I n th e word s o f Harlo w
(1868), Gag e was "fitful , irreverent , indulgin g

Figure 22-4. Depictio n of the likely trajectory of the iron
bar through the brai n of Phineas Gage, as determined by
a computer-assiste d reconstructio n base d o n measure -
ments of Gage's skull and the bar . (Source:  Modifie d fro m
H. Damasi o et al. , 1994 , with permission)
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at time s i n th e grosses t profanit y (whic h was
not previously his custom), manifesting but lit-
tle deferenc e fo r hi s fellows , impatien t o f re -
straint or advice whe n i t conflicts with his de-
sires, a t time s pertinaciousl y obstinate , ye t
capricious an d vacillating, devising many plans
of futur e operation , whic h ar e n o soone r ar -
ranged tha n the y ar e abandone d i n tur n fo r
others appearin g mor e feasible " (pp . 339 -
340).

Others hav e calle d attentio n t o th e bizarr e
development o f personalit y change s an d ab -
normal socia l behavio r followin g prefronta l
brain injur y (fo r review, se e Damasi o &  An-
derson, i n press . Th e affecte d patient s dis -
played a  number o f characteristic features : in-
ability t o organiz e futur e activit y an d hol d
gainful employment , diminishe d capacit y t o
respond t o punishment, a tendency to presen t
an unrealistically favorable view of themselves,
and a  tendency t o display inappropriate emo -
tional reactions . Blume r an d Benso n (1975 )
noted that the personalit y profil e o f these pa-
tients (terme d "pseudo-psychopathic" ) wa s
characterized b y puerility , a  jocula r attitude ,
sexually disinhibited humor, inappropriate and
near-total self-indulgence , an d complet e lac k
of concer n fo r others . Stus s an d Benso n
(1986) emphasize d tha t th e patient s demon -
strated a  remarkable lack of empathy and gen-
eral lack of concern abou t others. The patient s
were describe d a s showin g boastfulness , un -
restrained an d tactles s behavior , impulsive -
ness, facetiousness , an d diminishe d anxiet y
and concer n fo r th e future . Thi s personalit y
profile bear s som e strikin g similarities t o tha t
characterized i n clinica l psycholog y an d psy -
chiatry a s psychopathi c (o r sociopathic )
(American Psychiatri c Association , 1994 ; Sut -
ker, 1994 ; Mealey , 1995) . I n fact , w e desig -
nated thi s condition a s "acquired sociopathy, "
in recognition o f the fac t that many prefrontal-
injured patient s develo p personalit y manifes -
tations that are reminiscent of those associate d
with sociopath y (Eslinge r &  Damasio , 1985 ;
Damasio et al, 1990 , 1991 ; Tranel , 1994) .

The personalit y manifestation s o f VMP F
patients turned out to be muc h like these pa-
tients' decision-makin g deficits , i n th e sens e
that th e anomalie s wer e blatan t i n th e pa -
tients' everyda y lives, but difficul t t o measure

in th e laboratory . Som e year s ago , i n a n at -
tempt to capture the syndrome of acquired so-
ciopathy with standard personality inventories,
we (Barras h e t al. , 1994 ) administere d t o a
group o f patients wit h VMPF damage several
well-established psychometri c instruments for
assessing psychopathology , including the Min -
nesota Multiphasi c Personalit y Inventor y
(MMPI an d MMPI-2) , th e Eysenc k Person -
ality Questionnaire , th e Structure d Intervie w
for DSM-III- R Personality , an d th e revise d
Hare Psychopath y Checklist . Thi s endeavo r
was a n unqualifie d failure : b y an d large , th e
VMPF patient s generate d norma l personalit y
profiles o n thes e instruments , o r produce d
profiles tha t wer e i n n o wa y faithfu l t o th e
real-world personalit y manifestation s o f th e
patients. Thi s outcom e ma y be explaine d b y
the fac t tha t man y of thes e instrument s rel y
on self-report , couple d wit h th e tendenc y o f
VMPF patients t o have significant anosognosia
(lack o f insight) for thei r condition ; as well as
the fac t tha t th e VMP F patients did , i n fact ,
have normal personalities prior to the onse t of
their brai n injur y (Gainotti , 1993 ; Barras h e t
al., 1994 ; Tate , 1999) .

In respons e t o thi s unsuccessfu l effor t t o
capture th e syndrom e of acquired sociopath y
with standar d personalit y instruments , we de-
veloped a  set o f rating scales—the Iowa Rat-
ing Scales  o f Personality  Change  (IRSPC) —
that wa s designed t o provide a  sensitive, reli-
able, an d vali d mean s o f characterizin g ac -
quired personalit y abnormalitie s i n brain -
damaged patients , especiall y patient s wit h
VMPF lesions . I n a  recen t stud y (Barras h et
al., 2000), we used the IRSP C to address two
objectives: (1 ) t o identif y empiricall y th e ac -
quired personalit y disturbance s tha t ar e mos t
highly an d specificall y associate d wit h ac -
quired sociopathy , an d (2 ) t o determin e th e
extent t o which the syndrom e of acquired so -
ciopathy i s specifi c t o damag e i n th e VMP F
region.

The reade r i s referre d t o Barras h e t al .
(2000) fo r a  detaile d presentatio n o f th e
IRSPC. Briefly , however , the IRSP C have sev-
eral feature s tha t warrant emphasis . Th e first
is tha t the y asses s functioning in th e area s of
emotional modulation , behavioral control , so -
cial an d interpersona l behavior , an d higher -
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order abilitie s such as decision-making and in-
sight. Second , th e scale s ar e completed b y an
informant, i.e. , an individual (usuall y a spouse
or relative o f the patient ) who is very familia r
with th e patien t fro m bot h befor e an d afte r
the onse t o f brain injury . Th e third feature is
that fo r eac h characteristic , th e informan t
rates both level  (the extent to which that char-
acteristic i s present now) and change  (th e ex-
tent t o whic h th e curren t leve l represent s a
change from premorbidly) . In sum, the IRSPC
allow comprehensiv e assessmen t o f personal -
ity changes tha t have occurred consequent t o
brain injury , whil e avoidin g problems o f self -
report an d clinician-base d observation s tha t
are limited by restricted behaviora l samples.

We studied 5 7 brain-damaged subjects , 7 of
whom had  bilatera l VMP F damage . Person -
ality characteristics tha t wer e rate d a s signifi -
cantly mor e sever e (highe r levels ) i n th e
VMPF subjects included (i n descending order
of severity ) lac k o f insight , lac k o f initiative ,
irritability, social inappropriateness, poor judg-
ment, lac k o f persistence , indecisiveness , la -
bility, blunte d emotiona l experience , apathy ,
inappropriate affect , poo r frustratio n toler -
ance, an d inflexibility . Characteristic s tha t
were rated as significant changes in the VMPF
subjects, compare d t o trait s durin g th e pre -
morbid epoch, included lac k of insight, lack of
initiative, irritability , socia l inappropriateness ,
poor judgment , lac k o f persistence , lability ,
blunted emotiona l experience , inappropriat e
affect, poo r frustratio n tolerance , an d inflexi -
bility. Th e level s an d degree s o f chang e i n
these characteristic s wer e muc h lower in sub-
jects wit h prefrontal damag e outside th e ven-
tromedial region (e.g. , i n dorsolatera l sectors)
and in subjects whose damage was outside the
prefrontal regio n entirely .

In sum , thi s stud y identifie d a  se t o f per -
sonality an d behaviora l characteristic s tha t
comprises th e cor e o f a  syndrom e tha t w e
have terme d acquired  sociopathy  (Tabl e 22 -
1): (1) genera l dampenin g o f emotional expe-
rience (impoverishe d emotiona l experience ,
low emotiona l expressivenes s an d apathy , in-
appropriate affect) ; (2 ) poorl y modulate d
emotional reaction s (poo r frustratio n toler -
ance, irritability , lability) ; (3) disturbance s i n
decision making , especially in the socia l realm

Table 22-1. Characteristic s of
Syndrome of Acquired Sociopath y

General dampening of emotional experience
Poorly modulated emotional reactions
Disturbances in decision making
Disturbances i n goal-directed behavio r
Disturbances in socia l behavior
Marked lack of insight into acquired changes

(indecisiveness, poo r judgment , inflexibility ,
social inappropriateness , insensitivity , lac k o f
empathy); (4 ) disturbance s i n goal-directe d
behavior (problems in planning, initiation, and
persistence, an d behaviora l rigidity) ; an d (5 )
marked lac k o f insigh t int o thes e acquire d
changes. Moreover , thi s syndrom e i s highl y
and specificall y associate d wit h VMP F dam -
age, an d no t wit h brai n damag e outsid e th e
ventromedial prefrontal region , o r with brai n
damage in general. I t is also important to note
that th e syndrom e of acquired sociopath y was
enduring i n th e VMP F patients: o n average ,
they ha d manifeste d these characteristic s fo r
more tha n 1 0 years afte r th e onse t o f brai n
injury. I n short , VMP F damag e lead s t o a
chronic se t o f disturbances i n emotional func -
tioning, decision making , goal-directed behav -
ior, socia l and interpersona l behavior , and in -
sight. Thi s se t o f disturbance s ca n b e
empirically defined as acquired sociopathy .

The personalit y disturbance s characteristi c
of patient s wit h VMP F damag e ar e reminis -
cent o f man y o f th e cor e feature s o f devel -
opmental psychopathy , includin g shallo w af -
fect, irresponsibility , vocational instability, lack
of realisti c long-ter m goals , lac k o f empathy ,
and poo r behaviora l contro l (Hare , 1970) .
General dysregulation of affect ha s been note d
in bot h group s (Scarp a &  Raine , 1997 ; Zlot -
nick, 1999 ; Damasi o &  Anderson , i n press) .
Similar psychophysiologica l abnormalities , in-
cluding diminishe d autonomic  responsiveness
(especially to socia l stimuli) , have been note d
in bot h VMP F patient s wit h acquire d socio -
pathy (Damasio et al. , 1990; Tranel , 1994) and
developmental psychopaths (Har e et al. , 1970 ;
Schmauk, 1970 ; Rain e e t al. , 2000) . Finally ,
some developmenta l psychopath s manifes t
decision-making deficits on the Gamblin g Task
that are reminiscent of those we have reported



346 PRINCIPLES OF FRONTAL LOBE FUNCTION

in VMPF patients (Schmit t et al. , 1999 ; Maza s
et al. , 2000).

These parallels between developmental and
acquired sociopath y rais e th e questio n a s t o
whether th e tw o condition s hav e a  common
pathological mechanism , namely , VMPF dys-
function. Thi s hypothesis has received suppor t
from studie s showing that developmenta l psy -
chopaths ma y hav e anatomica l (Rain e e t al. ,
2000), physiologica l (Deckel e t al. , 1996 ; Ku -
ruoglu e t al. , 1996) , an d metaboli c (Rain e et
al., 1998 ) abnormalitie s i n prefrontal cortices.
Further suppor t come s fro m recen t investi -
gations demonstratin g tha t earl y damag e t o
prefrontal region s ca n produce a  lifelong pat -
tern of social conduct and decision-making im-
pairments. The discussion turns now to a con-
sideration o f these investigations.

IMPAIRMENT OF SOCIAL AND MORAL
BEHAVIOR FOLLOWING EARLY

DAMAGE TO PREFRONTAL CORTEX

We recently ha d th e opportunit y to study two
individuals who sustained damage to prefron-
tal cortices ver y early in life , specifically , prio r
to 1 6 month s o f ag e (Anderso n et al. , 1999 ;
2000). Th e patient s wer e studie d whe n the y
were i n earl y adulthood , usin g a  variet y o f
neuropsychological, neuroanatomical, and psy-
chophysiological techniques . Bot h patient s
were raise d i n stable , middle-clas s home s by
college-educated parents, neither had any sib-
lings with behavior problems, and neither had
a famil y histor y o f psychiatri c diseas e o r ris k
factors fo r behaviora l disturbanc e othe r tha n
their brain injury . Thus , direct adverse geneti c
or environmental contributions to the patients '
behavioral problems ca n be largel y ruled out .
Against thi s background , both patient s devel -
oped profound disturbances o f social conduct
and mora l reasoning , whic h appear  t o b e at -
tributable t o their earl y prefrontal injuries.

Patient 1  was normal unti l age 1 5 months,
when he r hea d wa s run ove r by the whee l of
a truck. Sh e sustained a nondepressed lef t pa -
rietal skul l fracture , but mad e a rapid and  ap-
parently complet e medica l recover y withi n
days o f the accident . A t 2 months post-injury,

she was pronounced neurologically and behav-
iorally normal . Aroun d 3  year s o f age , how -
ever, th e girl' s mothe r notice d tha t sh e
seemed largely unaffected by verbal and phys-
ical punishment. After sh e entered school, her
teachers note d difficult y i n controlling her be -
havior. Sh e was able to obtain average grades ,
though, u p unti l abou t 6t h grade , whe n he r
behavior problems began t o intensify . Sh e ran
away from home , shoplifted, lied, and cheated .
At age 14 , her schoo l behavior became s o dis-
ruptive tha t sh e wa s place d i n th e firs t o f a
series o f treatmen t facilities . Sh e ha d bee n
placed i n si x different treatmen t facilitie s b y
age 16 ; typically , sh e wa s discharge d fo r re -
peatedly runnin g away , rul e violations , an d
failure to progress toward treatment goals. She
was sexuall y activ e b y ag e 14 , an d becam e
pregnant a t ag e 18 . He r materna l behavio r
was marked by nearly complete insensitivity to
her baby' s needs . Sh e appeared t o experienc e
little empathy.

The patien t continue d t o pu t hersel f a t
physical an d financia l risk , and eventuall y be-
came entirel y dependen t o n her parent s an d
social agencie s fo r financia l suppor t an d over-
sight o f her persona l affairs . Sh e di d no t see k
employment, an d di d no t formulat e plans for
the future . Whe n employmen t was arranged,
she coul d no t hol d th e jo b secondar y t o un -
reliable wor k attendance , lac k o f dependabi -
lity, an d gros s infraction s o f rules . Superfi -
cially, he r socia l behavio r wa s fairl y normal ,
but sh e displaye d labil e affec t an d emotiona l
responses tha t wer e ofte n poorl y matched t o
the situation. She showed complete unconcern
for he r behaviora l transgressions , an d neve r
expressed guilt or remorse. Her conduct prob-
lems were never significantly improved by any
of the variou s treatments t o which she was ex-
posed, includin g behavio r managemen t pro -
grams an d pharmacologica l interventions.

Patient 2  wa s norma l unti l ag e 3  months ,
when h e wa s diagnose d wit h a  righ t fronta l
tumor. The tumor was resected, an d he made
an excellen t physica l recovery; there has been
no sign of tumor recurrence . Whe n h e bega n
school, teacher s note d tha t h e ha d difficult y
adjusting t o ne w situations  an d interactin g
with othe r students , an d needed frequen t re -
minders to sta y on task.  By 4th grade , specia l
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education wa s recommende d becaus e o f hi s
poor work habits (poor attention, impulsive re-
sponses, no t turnin g i n assignments) , but h e
did no t qualif y becaus e o f norma l perform -
ances o n standardize d test s o f academi c
achievement. H e wa s disruptiv e i n clas s an d
often faile d t o tur n i n assignment s on time ,
but h e managed to complete hig h school with
only on e grad e repetitio n (12th) , and h e ob -
tained averag e t o hig h averag e score s whe n
tested wit h conventiona l I Q an d academi c
achievement tests .

His behavio r durin g childhood was notable
for impulsivenes s an d poo r judgment . Per -
sonal hygiene was poor. After graduatin g fro m
high school , hi s behavio r deteriorate d eve n
further. H e qui t o r wa s fire d fro m multipl e
jobs. If left t o his own devices, he would spend
all day watching TV and listening to music. He
could no t manag e hi s money ; h e repeatedl y
bought items o n credit an d di d not mak e the
payments, an d h e engage d i n pett y thievery .
He lied frequently , had no lasting friendships,
and displaye d littl e empathy . H e evince d ir -
responsible sexua l behavior, fathering a  chil d
in a  casual relationship and failin g to fulfil l hi s
paternal obligations . H e showe d n o guil t o r
remorse fo r hi s behavior , an d coul d no t for -
mulate an y realistic plan s fo r th e future . Hi s
parents describe d hi m a s showing little worry,
guilt, empathy , remorse , o r fear . Failur e t o
consider th e futur e consequence s o f hi s ac -
tions was a prominent and constant feature of
his everyday behavior.

Neither o f th e tw o patient s ha d an y neu -
rological abnormality . The patients were stud-
ied with a magnetic resonance imaging (MRI)
protocol that permitted reconstructio n of their
brains i n three dimensions , and thi s reveale d
that bot h ha d foca l damag e t o prefronta l
regions, an d n o evidenc e o f damage i n othe r
brain areas . The lesion in patient 1  was bilat-
eral an d involve d the pola r an d ventromedial
prefrontal sectors . Th e lesio n in patient 2 was
unilateral, an d involve d right prefronta l corti -
ces, i n mesial , polar , an d latera l sectors . Th e
lateral hal f of the orbita l gyr i and the anterio r
sector o f th e cingulat e gyru s wer e damaged .
The lesion s o f the tw o case s ar e depicte d i n
Figure 22-5 .

On neuropsychologica l testing , bot h pa -

Figure 22—5 . Neuroanatomica l analysi s o f tw o patient s
with early-onset prefrontal lesions . A: Case 1  has a bilat-
eral lesion in the prefronta l region , involving the anterior
orbital sector , and th e righ t mesia l orbita l sector and th e
left pola r cortices. B  Cas e 2 has extensive damage in th e
right frontal lobe, encompassing prefrontal cortices in me-
sial, polar, and latera l sectors. (Source:  Modifie d fro m An -
derson e t al. , 1999 , with permission)

tients obtaine d averag e IQ scores on the Wes-
chler Adul t Intelligenc e Scale-Revised , an d
both demonstrate d norma l anterograd e an d
retrograde memory , speech an d language, vis-
uoperceptual and visuospatial functioning, an d
visuomotor skills . O n task s o f attentio n an d
working memory , both patient s demonstrate d
mild, inconsisten t deficit s (whic h did no t ap -
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pear to interfere with thei r dail y functioning) .
The patients showed variable performances on
conventional "executiv e function " tests : bot h
performed defectivel y on the Towe r of Hanoi
and Design Fluenc y tests, and one patient had
a high number o f perseverative error s o n th e
Wisconsin Car d Sortin g Tes t (WCST) . How -
ever, both patient s were abl e to achieve al l six
category sort s o n th e WCST , an d bot h per -
formed normall y on the Trail-making Test, the
Controlled Ora l Wor d Associatio n Test , an d
the Stroo p Task. Both patients ha d normal ac-
ademic achievemen t performances .

The patient s wer e administere d a  series of
standardized procedure s t o asses s socia l
knowledge an d mora l reasoning : Standar d Is -
sue Mora l Judgmen t (SIMJ) , th e Optiona l
Thinking Tes t (OTT) , the Awarenes s of Con-
sequences Tes t (ACT) , an d th e Means-End s
Problem Solvin g Procedur e (MEPS) . Thes e
procedures involve verbal presentatio n t o th e
subject o f moral dilemmas or social situations,
and requir e verba l responses . I n th e SIM J
task, th e subjec t i s presente d a  conflic t be -
tween tw o mora l imperative s ( a ma n mus t
steal a  dru g i n orde r t o sav e hi s wife' s life) .
The subjec t i s asked to describe the protago -
nist's prope r action s an d thei r rationale . Th e
OTT measure s th e abilit y t o generat e alter -
native solution s t o hypothetica l socia l dilem -
mas (e.g. , tw o peopl e disagre e o n wha t T V
channel t o watch) . I n th e ACT , the subjec t is
presented hypothetica l predicaments involving
temptation t o transgres s ordinar y socia l con -
ventions (e.g. , receivin g too much money in a
business transaction) , and is asked to describ e
how one should respon d t o the situation . The
MEPS measure s th e subject' s abilit y t o con -
ceptualize effectiv e mean s o f achieving social
goals (e.g. , ho w to mee t peopl e afte r movin g
to a new neighborhood) .

On th e SIM J task , th e tw o patient s dem -
onstrated mora l reasoning that was conducte d
at a very early developmental stage—th e "pre-
conventional" stage , i n Colb y an d Kohlberg' s
(1987) terms—where mora l dilemmas are ap-
proached largel y from th e egocentri c perspec -
tive o f avoidin g immediat e punishment . Thi s
stage i s characteristi c o f most childre n unde r
the ag e o f 9 . O n th e othe r mora l reasonin g
tasks, th e patients ' response s wer e character -

ized by limited consideration o f the socia l and
emotional implication s o f decisions, failure t o
identify th e primar y issues involve d i n socia l
dilemmas, an d ver y limited generatio n o f re -
sponse options fo r interpersonal conflicts .

The tw o patient s als o participate d i n th e
Gambling Task (as described earlier) . The re -
sults wer e ver y simila r t o thos e fro m adult -
onset VMPF patients: th e tw o early-onset pa-
tients faile d t o develo p a  preferenc e fo r th e
advantageous deck s ove r th e cours e o f th e
Gambling Task, and continue d t o selec t mor e
frequently fro m th e risk y deck s tha t pa y a
higher rewar d u p fron t bu t hav e higher long -
term losses . Als o simila r to adul t VMP F pa -
tients, th e tw o early-onse t patient s faile d t o
generate anticipator y psychophysiologica l re -
sponses t o the risk y decks. I n sum , the early -
onset patient s demonstrate d abnorma l deci -
sion makin g an d abnorma l somati c marke r
activation durin g the Gamblin g Task.

There ar e tw o importan t comparison s t o
make i n regar d t o thes e early-onse t patients .
The firs t i s i n relationshi p t o adult-onse t pa -
tients with VMPF lesions. There are a number
of stron g parallels : a  shared locu s o f anatom-
ical dysfunctio n (VMP F cortices) , th e devel -
opment of social conduct disturbances , behav-
ioral an d emotiona l dysregulation , impaire d
decision makin g as indexed b y defectiv e per -
formance o n th e Gamblin g Task , impaire d
psychophysiological response s i n anticipatio n
of punishment, and a  lack of primary intellec-
tual o r othe r cognitiv e defect s tha t coul d ac -
count fo r th e deficit s observe d i n th e social /
emotional realm . Th e early-onse t patients ,
however, als o sho w a  numbe r o f distinctiv e
features. First , thei r inadequat e socia l behav-
ior was present throughou t developmen t an d
into adulthood , unlik e th e adult-onse t pa -
tients, whos e behavio r prio r t o th e onse t o f
VMPF damage was normal. Second, the social
conduct disturbance s i n th e early-onse t pa -
tients see m t o b e mor e sever e tha n thos e i n
the adult-onse t patients . Adult-onse t patient s
rarely sho w th e sor t o f blatan t antisocia l be -
havior note d i n th e early-onse t patients , e.g. ,
stealing an d violenc e agains t person s an d
property. Third , th e early-onse t patients wer e
not abl e t o retrieve comple x social knowledge
at a  factual level , as shown by their failure s on
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the mora l reasonin g tasks . Thi s outcom e
stands i n contras t wit h th e adult-onse t pa -
tients, wh o wer e remarkabl y competen t o n
these verbal, off-lin e procedures , eve n thoug h
they faile d t o deplo y suc h knowledg e appro -
priately i n real-worl d situation s (Save r &  Da -
masio, 1991 ; Anderso n e t al. , 1999) . Thes e
comparisons sugges t tha t th e integrit y o f
VMPF structures i s critical fo r the acquisitio n
of socia l an d mora l knowledg e i n th e firs t
place, an d tha t earl y damag e t o suc h struc -
tures block s suc h acquisition . Thi s conclusio n
has bee n hinte d a t i n othe r investigation s o f
patient population s wit h putativ e early-onse t
damage to VMPF structures (se e Tranel & Es-
linger, 2000).

The secon d importan t poin t o f comparison
is with developmental psychopaths . There are
a numbe r o f striking similarities between th e
patients wit h early-onse t VMP F damag e an d
developmental psychopath s (o r the condition s
subsumed b y th e label s "Conduc t Disorder "
or "Antisocia l Personalit y Disorder " i n DSM-
IV nosology) . I n th e early-onse t VMP F pa -
tients an d i n developmenta l psychopaths ,
there i s a  pervasiv e disregar d fo r socia l an d
moral standards , consisten t irresponsibility ,
lack o f remors e an d empathy , an d a  lac k o f
concern fo r futur e consequences . Bot h type s
of patients evidenc e a  lifelong pattern of social
conduct disturbance . Also , i t ha s been note d
that childre n wit h antisocia l tendencie s hav e
deficiencies o f mora l reasonin g aki n t o thos e
detected i n ou r early-onse t case s (Campagna
& Harter , 1975 ; Blair , 1997) . On e differenc e
we hav e note d i s tha t unlik e developmenta l
psychopaths, th e early-onse t VMP F patients '
patterns o f aggressio n see m impulsiv e rathe r
than goa l directed , an d hav e a  highl y trans -
parent, almos t child-like nature .

In sum , the findings from thes e early-onse t
VMPF case s sugges t tha t antisocia l behavio r
may depend in part on the abnormal operation
of a multicomponent neura l system which in-
cludes sector s o f th e prefronta l cortex . Th e
causes o f suc h abnorma l operatio n woul d
range fro m primaril y biological (e.g. , genetic ,
acting at molecular/cellular levels) to primarily
environmental. I n ou r cases , th e abnormalit y
can be traced to early damage to critical neural
sectors. Moreover , th e finding s sugges t tha t

defective socia l conduc t an d mora l reasonin g
can develo p independentl y o f socia l and psy -
chological factor s (whic h di d no t appea r t o
play a  role i n ou r patients) . Th e finding s als o
have implications in regard t o issues of neural
plasticity and recover y o f function, suggestin g
that i n th e cas e o f socia l an d emotiona l de -
velopment supporte d b y VMPF brain sectors ,
it ma y be difficul t o r impossibl e t o overcom e
early damage to the relevan t neura l structure s
(Eslinger e t al. , 1997 ; Taylo r & Alden, 1997 ;
Benton &  Tranel, 2000).

THE SOMATIC MARKER HYPOTHESIS

The backgroun d fo r th e somati c marke r hy -
pothesis come s fro m th e observatio n tha t pa -
tients wit h VMP F damag e develo p profoun d
impairments i n real-lif e decisio n making , es-
pecially i n situation s involvin g ambiguity , re -
sponse conflict , an d socia l contingencies . A
hallmark feature of many such situations i s an
inherent conflic t betwee n reward an d punish-
ment—for example , choosing a  course o f ac-
tion tha t lead s t o a n unpredictabl e blen d o f
short-term rewar d and long-term punishment,
or vic e versa . Example s of suc h uncertaintie s
abound i n everyda y life : a  ne w acquaintanc e
who seem s wonderfu l a t firs t meetin g ma y
turn ou t to be a n ogre i n the lon g run ; going
short on sleep to finish an overdue assignment
may be onerous a t the moment , but highly re-
warding late r on ; having a third martin i may
be very  appealing at  10  P.M. when  one  is  cel-
ebrating with friends , bu t ma y have unwanted
consequences the  nex t morning ; passin g up
the urg e t o cash in on an upward spik e in th e
stock marke t may  pay  majo r dividend s late r
on. It is situations like these that are especially
derailing fo r patients with VMPF lesions—the
patients repeatedly engag e in courses of action
that ar e detrimenta l t o thei r bes t long-ter m
interests.

This behavior i s all the mor e puzzling when
juxtaposed agains t the fac t tha t these patients
are usually capable o f performing normally on
all manner of conventional neuropsychological
procedures. The y d o no t manifes t defect s i n
conventional intellectua l functions , workin g
memory, o r attentio n o r concentration . The y
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often perfor m normall y o n man y so-calle d
frontal lob e tests , suc h as the Wisconsi n Card
Sorting Test and Tower o f Hanoi, which place
demands o n abstract thinkin g an d flexible re-
sponding (se e Tranel e t al. , 1994 , fo r review).
Moreover, as noted earlier , they even perform
normally o n task s directl y aime d a t retrieva l
and application of knowledge pertaining to so-
cial convention s an d mora l reasoning , pro -
vided thos e task s ar e administere d i n verba l
format an d "off-line,"—i.e. , i n a  structure d
laboratory settin g (Save r &  Damasio , 1991 ;
Anderson e t al. , 1999) .

What VMPF-damage d patients d o manifes t
is a  profound inability t o express emotion an d
to experienc e feelin g relative t o complex per-
sonal and social situations, for example, the ex-
pression an d experienc e o f embarrassment o r
guilt. Give n that th e blatan t change s i n social
conduct an d decision makin g that typif y thes e
patients canno t be explaine d by basic impair-
ments o f intellect , memory , language, atten -
tion, o r workin g memory , w e propose d tha t
deficits i n bioregulatory responses migh t pro-
vide a  plausibl e explanatio n (Damasi o et al. ,
1990, 1991 ; Damasio , 1994 ; 1995 ; 1996) . I n
essence, th e somatic  marker  hypothesis  out -
lines the followin g principles :

1. Certai n structure s i n prefronta l corte x
are necessar y fo r learnin g association s be -
tween variou s classe s o f complex stimul i an d
various interna l state s o f th e organis m (suc h
as emotions ) usuall y experience d i n connec -
tion with those classes o f stimuli. The internal
states are represented i n the brain as transient
changes i n activit y pattern s i n somatosensory
maps i n a  large collectio n o f structures , fro m
the cerebra l corte x t o th e hypothalamu s an d
brain stem . Th e ter m somatic  i s used t o de -
note thes e states , although i t should be note d
that somatic  i s mean t t o refe r t o al l compo -
nents of the soma , including th e musculoskel -
etal and visceral, and the interna l milieu.

2. Whe n a  situation fro m a  particular class
of comple x stimul i recur s durin g one' s ongo -
ing experience , system s in the VMP F region,
which previousl y recorde d a n associatio n be-
tween tha t typ e o f situation an d certai n type s
of somati c states , trigge r th e reactivatio n o f
the somatosensory pattern tha t depicts the ap-
propriate somati c state . Thi s ca n be achieve d

via eithe r o f tw o routes : (1)  "body " loop , i n
which th e som a actually changes i n respons e
to the activation , with signals of those changes
being relayed back to somatosensory maps ; or
(2) a n "as-if-body " loop , i n which reactivatio n
signals ar e relaye d directl y t o somatosensor y
maps, bypassin g the bod y t o promp t th e ap -
propriate patter n o f activation i n the somato -
sensory structures . Bot h o f thes e mecha -
nisms—the bod y loo p an d th e as-if-bod y
loop—can operat e overtl y (consciously ) o r
covertly (nonconsciously) .

3. Reactivatio n o f th e somatosensor y pat-
tern appropriat e t o a  give n situation , alon g
with concurren t recal l o f factua l knowledg e
pertinent t o th e situation , operate s t o con -
strain th e reasonin g an d decision-makin g
space, by qualifying alternatives . When the so-
matosensory patter n imag e i s juxtapose d t o
the image s that prompted th e somatic state as
well a s t o image s tha t depic t potentia l out -
comes, th e somatosensor y pattern marks  po -
tential outcomes a s good or bad. Covertly , th e
somatic marke r provide s a  nonconsciou s bi -
asing signal that facilitate s appetitive or avoid-
ance behavior . Overtly , th e somati c marke r
process functions a s an incentive o r deterrent .

4. Somatosensor y activity patterns als o fa-
cilitate attentio n and working memory, provid-
ing a n indirec t influenc e o n th e decision -
making process .

5. Logica l reasonin g i s facilitate d by step s
3 and 4. The VMPF cortices hold dispositional
records (convergenc e zones ; se e Damasio ,
1989) o f tempora l conjunction s o f activit y in
various neura l unit s (e.g. , sensor y cortices ,
limbic structures), arriving from bot h external
and interna l stimuli . The record s hol d signals
from neura l region s whic h wer e simultane -
ously activ e an d which , a s a  set , define d cer -
tain situations . On e o f th e ke y output s o f
VMPF convergence zones i s to autonomic ef -
fectors. Whe n aspect s o f a  particula r extero -
ceptive-interoceptive conjunctio n ar e reproc -
essed, nonconsciousl y and/o r consciously ,
activation i s signaled to VMPF cortices. Those
cortices the n activat e somati c effector s i n
structures suc h a s th e amygdala , hypothala -
mus, an d brai n stem . Essentially , there i s an
attempt t o reconstruc t th e kin d o f somati c
state that was part o f the origina l conjunction.
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Then, th e reconstitute d somati c stat e i s sig -
naled t o cortica l an d subcortica l somatosen -
sory structures, triggering either a covert pro -
cess tha t ca n promp t appetitiv e o r aversiv e
behavior, o r conscious perception i n the for m
of a.  feeling.

In this framework, emotion i s considered t o
be a  crucial component  o f the proces s o f rea-
soning an d decisio n making . Typically , situa-
tions involving personal an d social matters ar e
associated intimatel y with reward an d punish-
ment, with pleasur e an d pain—i n short , with
the regulatio n o f homeostati c state s a s ex -
pressed b y emotion s an d feelings . Assuming
that th e brai n ha s a  mechanis m fo r selectin g
good response s fro m ba d one s in socia l situa -
tions, th e framewor k suggest s tha t suc h a
mechanism was co-opted fo r behavioral guid-
ance. I n sum , somati c markers , regardles s o f
whether the y are perceived consciously in the
form o f feelings , provid e critica l signal s
needed i n man y situation s o f reasonin g an d
decision making , and especiall y those tha t oc-
cur i n a  social context.

It i s important t o note tha t ther e ar e other
interesting views on the manne r in which ven-
tral prefrontal cortices subserve functions such
as motivatio n an d emotion . Roll s an d col -
leagues, fo r example , hav e emphasize d th e
idea that the orbitofronta l regio n contains rep-
resentations o f primary reinforcer s fro m sev -
eral sensor y modalitie s (touch , taste , smell) ,
helping to shap e learning o f reward an d pun -
ishment contingencie s (Franci s e t al. , 1999) .
Specifically, Roll s (2000 ) has argue d tha t th e
orbitofrontal corte x i s crucia l fo r learnin g as -
sociations betwee n variou s stimul i an d thes e
primary reinforcers , an d especiall y fo r con -
trolling an d modifyin g reward-relate d an d
punishment-related behavio r i n respons e t o
such associations . Man y o f thes e idea s ar e
compatible wit h th e somati c marke r frame -
work outline d earlier , althoug h Rolls ' position
lacks th e emphasi s o n th e body-prope r a s a
major componen t o f emotion-related process -
ing (Rolls , 1999) . Anothe r formulation ,
termed the inhibition hypothesis, has been ad-
vanced b y Sahakian , Robbins , and colleague s
(Rahman e t al. , 1999 ; Roger s e t al. , 1999) .
This hypothesis focuses on the inabilit y of pa-
tients with VMPF dysfunction to suppress re -

sponses evoke d b y th e immediat e environ -
ment, and the reason s for the behavior of such
patients bein g dominate d b y th e immediat e
emotional impac t o f the stimulu s at hand. Fi -
nally, ther e ar e som e fascinating  neurophy -
siology studie s b y Watanab e an d colleague s
that hav e show n that neuron s i n orbitofrontal
cortex ar e especiall y concerne d wit h motiva -
tional aspect s o f response outcom e expectan -
cies (Watanabe , 1998 ; Hikosak a & Watanabe,
2000). As Watanabe has noted, this idea is very
compatible wit h ou r notio n tha t VMP F corti -
ces ar e intimatel y involved i n th e integratio n
of cognitiv e an d motivationa l informatio n for
the purpose s o f goal-directed behavior .

CONCLUSIONS

The investigation s reviewed her e sugges t tha t
too littl e emotio n ha s profoundl y deleteriou s
effects o n decisio n making ; in fact , to o littl e
emotion ma y be just a s bad fo r decision mak-
ing a s excessiv e emotio n ha s lon g bee n con -
sidered t o be. We have interpreted thes e find-
ings a s indicatin g tha t individual s utiliz e
bioregulatory responses , includin g emotion s
and feelings, to guide decision making in many
important ways , bot h consciousl y an d non -
consciously. A critical component of the neura l
machinery subservin g thes e processe s in -
cludes th e ventromedia l prefrontal region.
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23
The Functions of the Orbitofrontal Cortex

EDMUND T. ROLLS

The prefronta l corte x i s th e corte x tha t re -
ceives projection s fro m th e mediodorsa l nu -
cleus o f the thalamu s an d i s situated i n fron t
of th e moto r an d premoto r cortice s (area s 4
and 6 ) in the fronta l lobe . O n the basi s of di-
visions o f th e mediodorsa l nucleus , th e pre -
frontal corte x may be divide d int o three mai n
regions (Fuster , 1997) . First , th e magnocellu -
lar, medial , par t o f th e mediodorsa l nucleu s
projects t o the orbita l (ventral ) surface of the
prefrontal corte x (whic h include s area s 1 3
and 12) . I t i s calle d th e orbitofrontal  cortex,
and receive s informatio n fro m th e ventra l o r
object-processing visua l stream, an d taste , ol -
factory, an d somatosensor y inputs . Second ,
the parvocellular , lateral , par t o f th e medi -
odorsal nucleu s project s t o th e dorsolatera l
prefrontal cortex . Thi s par t o f th e prefronta l
cortex receive s input s fro m th e parieta l cor -
tex, an d i s involve d i n task s suc h a s spatia l
short-term memor y task s (Fuster , 1997 ; se e
Rolls &c  Treves , 1998) . Third , th e par s para -
lamellaris (mos t lateral) part o f the mediodor -
sal nucleu s project s t o th e fronta l ey e field s
(area 8 ) i n th e anterio r ban k o f th e arcuat e
sulcus.

The functions of the orbitofronta l cortex are
considered i n this chapter . Th e corte x o n th e
orbital surface of the fronta l lobe includes are a

13 caudally and are a 1 4 medially, and the cor -
tex o n th e inferio r convexity includes are a 12
caudally and area 1 1 anteriorly (se e Fig. 23- 1
and Carmichae l &  Price , 1994 ; Petride s &
Pandya, 1994 ; Ongu r an d Price , 2000) . Thi s
brain regio n i s relatively poorl y developed i n
rodents, bu t wel l develope d i n primates , in -
cluding humans. Thus to understand th e func -
tion o f thi s brai n regio n i n humans , mos t o f
the studie s describe d her e wer e performe d
with macaque s o r with humans.

CONNECTIONS

Rolls e t al . (1990 ) discovere d a  tast e are a i n
the latera l par t o f the orbitofronta l cortex and
showed tha t thi s was the secondar y tast e cor -
tex in that i t receive s a  major projectio n fro m
the primar y tast e corte x (Bayli s e t al. , 1994) .
More medially , ther e i s a n olfactor y are a
(Rolls & Baylis, 1994). Anatomically, there are
direct connection s fro m th e primar y olfactory
cortex, pyrifor m cortex , t o are a 13 a o f th e
posterior orbitofronta l cortex , whic h i n tur n
has onwar d projection s t o a  middl e par t o f
the orbitofronta l cortex (are a 11) (Price et al. ,
1991; Morecraf t e t al. , 1992 ; Barbas , 1993 ;
Carmichael e t al. , 1994 ; se e Figs . 23- 1 an d
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Figure 23—1 . Schemati c diagra m showin g som e o f th e
gustatory, olfactory, visual, and somatosensory pathways to
the orbitofronta l cortex , an d som e of the output s o f th e
orbitofrontal cortex . The secondar y taste corte x and th e
secondary olfactor y corte x ar e withi n th e orbitofronta l
cortex. VI , primar y visual cortex ; V4, visual cortica l area
V4. Abbreviations: A, amygdala; as, arcuate sulcus; cc, cor-
pus callosum ; cf , calcarin e fissure ; cgs , cingulate sulcus;
cs, central sulcus; INS, insula; io, inferior occipital sulcus;
If, latera l (o r Sylvian ) fissur e (whic h ha s been opene d t o

reveal th e insula) ; lun, lunate sulcus ; mos, medial orbita l
sulcus; os , orbital sulcus; ots, occipitotemporal sulcus; ps,
principal sulcus ; rhs , rhina l sulcus; sts , superior temporal
sulcus; T, thalamus; TE (21) , inferior temporal visual cor-
tex; T A (22), superior temporal auditory association cor-
tex; T F an d TH , parahippocampa l cortex ; TG , temporal
pole cortex; 12, 13, 11, orbitofrontal cortex ; 35, perirhinal
cortex; 51 , olfactor y (prepyrifor m an d periamygdaloid)
cortex.

23-2). Visua l input s reac h th e orbitofronta l
cortex directly fro m th e inferio r temporal cor-
tex, th e corte x i n th e superio r tempora l sul -
cus, an d the tempora l pol e (se e Barbas, 1988 ,
1993; Barba s & Pandya, 1989 ; Seltze r &  Pan-
dya, 1989 ; Morecraft , e t al. , 1992 ; Barbas ,
1995; Carmichae l &  Price , 1995) . Ther e ar e
corresponding auditor y (Barbas , 1988 , 1993 )
and somatosensor y input s fro m somatosen -
sory cortical area s 1 , 2, and SI I in the fronta l
and pericentra l operculum , an d fro m th e in -
sula (Barbas , 1988 ; Carmichae l &  Price ,
1995). Th e cauda l orbitofronta l corte x re -
ceives stron g input s fro m th e amygdal a (e.g. ,
Price e t al. , 1991) . Th e orbitofronta l corte x
also receive s input s vi a th e mediodorsa l nu -
cleus o f th e thalamus , par s magnocellularis ,

which itsel f receive s afferent s fro m tempora l
lobe structure s suc h a s th e prepyrifor m (ol -
factory) cortex , amygdal a and inferio r tempo-
ral cortex (se e Ongur &  Price, 2000) . The or -
bitofrontal corte x project s bac k t o tempora l
lobe area s suc h a s the inferio r tempora l cor -
tex and , i n addition , t o th e entorhina l corte x
(or "gatewa y t o th e hippocampus" ) an d cin -
gulate corte x (Insaust i e t al. , 1987) . Th e or -
bitofrontal corte x also projects to the preopti c
region an d latera l hypothalamus , t o th e ven -
tral tegmenta l are a (Nauta , 1964 ; Johnso n e t
al., 1968) , an d t o th e hea d o f th e caudat e
nucleus (Kem p & Powell , 1970) . Review s of
the cytoarchitectur e an d connection s o f th e
orbitofrontal corte x ar e provide d b y Petride s
and Pandy a (1994) , Pandy a an d Yeteria n
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Figure 23—2 . Schemati c diagra m showin g som e o f th e secondar y olfactor y corte x ar e withi n th e orbitofronta l
gustatory, olfactory, visual, and somatosensory pathways to cortex . VI, primary visual cortex; V2 and V4 visual cortical
the orbitofronta l cortex, and som e of the output s of the areas ,
orbitofrontal cortex . The secondar y taste cortex , and th e

(1996), Carmichae l an d Pric e (1994 , 1995) ,
Barbas (1995) , an d Ongu r and Price (2000) .

EFFECTS OF LESIONS OF THE
ORBITOFRONTAL CORTEX

Macaques wit h lesion s o f th e orbitofronta l
cortex are impaired a t tasks that involve learn-
ing abou t whic h stimul i ar e rewardin g an d
which one s ar e not , an d especiall y in alterin g
behavior whe n reinforcemen t contingencie s
change. Th e monkey s ma y respond whe n re -
sponses ar e inappropriate , e.g. , ar e n o longe r

rewarded, o r may respond t o a  non-rewarde d
stimulus. Fo r example , monkey s with orbito -
frontal damag e ar e impaire d o n Go/No-G o
task performance , i n tha t the y g o on the No -
Go trials (Iversen & Mishkin, 1970) ; i n an ob-
ject reversal task, as they respond to the objec t
that was formerly rewarded wit h food ; and in
extinction a s the y continu e t o respon d t o a n
object tha t i s n o longe r rewarde d (Butter ,
1969; Jone s &  Mishkin, 1972). There i s some
evidence fo r dissociatio n o f functio n withi n
the orbitofronta l cortex , i n that lesion s t o th e
inferior convexit y produce th e Go/No-G o and
object-reversal deficits , whereas damage to the
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caudal orbitofronta l cortex , are a 13 , produce s
the extinctio n defici t (Rosenkilde , 1979) .

Lesions more laterally in, for example the in-
ferior convexity, can influence performance o n
tasks in which objects must be remembered fo r
short periods , e.g. , delaye d matching-to -
sample an d delaye d matching-to-nonsampl e
tasks (Passingham, 1975; Mishki n & Manning,
1978; Kowalsk a et al. , 1991) , an d neuron s i n
this regio n ma y help t o implemen t thi s visual
object short-term memor y by holding the rep -
resentation activ e during the delay period (Ro-
senkilde et al., 1981; Wilson et al., 1993; Ra o et
al., 1997) . Whether thi s inferior convexity area
is specificall y involve d i n a  short-term objec t
memory (separately fro m a  short-term spatia l
memory) is not yet clear (Rao et al., 1997), and
a medial part of the frontal cortex may also con-
tribute t o this function (Kowalska et al., 1991).
It should be noted that this short-term memory
system for objects (which receives inputs fro m
the temporal lobe visual cortical areas in which
objects ar e represented ) is different fro m th e
short-term memor y system in the dorsolatera l
part o f th e prefronta l cortex , whic h i s con -
cerned with spatia l shor t ter m memories , con -
sistent with it s inputs fro m th e parieta l corte x
(see, e.g., Rolls & Treves, 1998) .

Damage t o th e cauda l orbitofronta l corte x
in th e monke y als o produce s emotiona l
changes (e.g. , decrease d aggressio n towar d
humans an d towar d stimul i suc h a s a  snak e
and a  doll) , and a  reduced tendenc y t o rejec t
foods suc h a s meat (Butte r e t al. , 1969 , 1970 ;
Butter &  Snyder, 1972 ) o r to display the nor -
mal preferenc e rankin g fo r differen t food s
(Baylis & Gaffan, 1991) . In humans, euphoria ,
irresponsibility, an d lac k o f affec t ca n follo w
frontal lob e damage (see Damasio, 1994; Kol b
& Whishaw, 1996; Rolls , 1999), particularly or-
bitofrontal damag e (Roll s et al. , 1994 ; Horna k
et al. , 1996) .

NEUROPHYSIOLOGY OF THE
ORBITOFRONTAL CORTEX

TASTE

One of the recen t discoverie s tha t ha s helpe d
us t o understan d th e function s o f the orbito -

frontal corte x in behavio r i s that i t contain s a
major cortica l representatio n o f tast e (se e
Rolls, 1989 , 1995b , 1997b ; Roll s &  Scott ,
2001; Fig . 23-2) . Given that taste can act as a
primary reinforcer, that is , without learning as
a rewar d o r punishment , w e no w hav e th e
start fo r a  fundamenta l understandin g o f th e
function o f th e orbitofronta l corte x i n
stimulus-reinforcement associatio n learning .
We know how one class of primary reinforcers
reaches an d is represented i n the orbitofrontal
cortex. A  representation o f primary reinforc -
ers i s essential fo r a  system involved in learn -
ing association s betwee n previousl y neutra l
stimuli an d primary reinforcers , e.g. , between
the sigh t o f an object an d it s taste .

The representatio n (show n by analyzing the
responses o f singl e neuron s i n macaques ) of
taste i n th e orbitofronta l corte x include s ro -
bust representation s o f the prototypica l taste s
sweet, salt , bitter , an d sou r (Roll s e t al. ,
1990), a s wel l a s separat e representation s o f
the tast e of water (Roll s et al. , 1990) , protein,
or umami , a s exemplifie d b y monosodiu m
glutamate (Bayli s & Rolls, 1991; Rolls , 2000g)
and inosin e monophosphat e (Roll s e t al. ,
1996c, 1998) , an d o f astringency , a s ex -
emplified b y tanni c aci d (Critchle y &  Rolls ,
1996c).

The nature o f the representatio n o f taste in
the orbitofronta l corte x i s tha t th e rewar d
value of the taste is represented. Th e evidenc e
for thi s i s that th e response s o f orbitofronta l
taste neurons ar e modulate d by hunger (a s is
the rewar d valu e or palatability of a taste). In
particular, it has been shown that orbitofronta l
cortex tast e neuron s sto p respondin g t o th e
taste o f a foo d wit h whic h th e monke y is fe d
to satiet y (Rolls , et al. , 1989) . I n contrast , th e
representation o f tast e i n th e primar y tast e
cortex (Scot t e t al. , 1986 ; Yaxle y e t al. , 1990 )
is not modulated b y hunger (Roll s et al. , 1988 ;
Yaxley, et al. , 1988) . Thus i n the primar y taste
cortex, the rewar d valu e o f taste is not repre -
sented, and instead the identity of the taste is
represented. Additiona l evidenc e tha t the re -
ward valu e o f foo d i s represente d i n th e or -
bitofrontal corte x i s tha t monkey s wor k fo r
electrical stimulatio n o f thi s brai n regio n i f
they ar e hungry , bu t no t i f the y ar e satiate d
(Mora e t al. , 1979 ; Rolls , 1994b) . Further -
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more, neuron s i n the orbitofronta l corte x ar e
activated fro m man y brain-stimulation rewar d
sites (Mor a e t al , 1980 ; Rolls , e t al , 1980 ;
Rolls et al. , 1980). Thus there is clear evidenc e
that i t is the rewar d valu e of taste tha t i s rep-
resented in the orbitofronta l cortex (see Rolls,
1999a, 2000e) .

The secondar y tast e corte x i s i n th e cau-
dolateral par t o f th e orbitofronta l cortex , a s
defined anatomicall y (Baylis et al. , 1994) . Thi s
region project s onto  othe r region s i n th e or -
bitofrontal corte x (Bayli s e t al. , 1994) , an d
neurons wit h tast e response s (i n what ca n b e
considered a  tertiar y gustator y cortica l area )
can b e foun d i n man y region s o f th e orbito -
frontal corte x (se e Roll s e t al. , 1990 ; 1996 ;
Rolls &  Baylis , 1994) .

In huma n neuroimagin g experiment s (e.g. ,
with functiona l magneti c resonanc e image ,
[fMRI]), i t has been show n (correspondin g to
the finding s i n nonhuma n primat e single -
neuron neurophysiology ) tha t ther e i s a n or -
bitofrontal corte x area activated by sweet tast e
(glucose) (Franci s e t al. , 1999 ; Smal l e t al. ,
1999), an d tha t ther e ar e a t leas t partl y sepa -
rate areas activated b y the aversiv e taste of sa-
line (NaCl , 0. 1 M ) (O'Doherty et al. , 2001b) ,
by pleasan t touc h (Franci s e t al. , 1999) , an d
by olfactor y stimul i (Franci s e t al. , 1999 ;
O'Doherty et al. , 2000) .

CONVERGENCE OF TASTE AND
OLFACTORY INPUTS IN THE
ORBITOFRONTAL CORTEX: THE
REPRESENTATION OF FLAVOR

In these furthe r parts o f the orbitofronta l cor-
tex, no t onl y unimodal tast e neuron s bu t als o
unimodal olfactor y neurons ar e found . In ad -
dition, som e singl e neuron s respon d t o bot h
gustatory and olfactory stimuli, often with cor-
respondence betwee n th e tw o modalitie s
(Rolls &  Baylis, 1994; Fig. 23-2). I t i s proba-
bly here in the orbitofrontal cortex of primates
that these tw o modalities converge t o produc e
the representatio n o f flavo r (Roll s &  Baylis ,
1994). Forthcomin g evidenc e wil l soo n b e
described tha t indicate s tha t thes e represen -
tations ar e buil t b y olfactory-gustator y asso -
ciation learning , a n exampl e o f stimulus -
reinforcement associatio n learning .

OLFACTORY REPRESENTATION IN THE
ORBITOFRONTAL CORTEX

Takagi, an d colleague s (se e Takagi, 1991) de-
scribed singl e neuron s i n th e macaqu e orbi -
tofrontal corte x tha t wer e activate d b y odors ,
and a  ventra l fronta l regio n ha s bee n impli -
cated i n olfactor y processin g i n human s
(Jones-Gotman &  Zatorre , 1988 ; Zatorr e e t
al., 1992) . Roll s an d colleague s hav e analyze d
the rule s by which orbitofrontal olfactory rep-
resentations ar e forme d an d operat e i n pri-
mates. Fo r 65 % of neurons i n the orbitofron -
tal olfactor y areas , (Critchle y an d Rolls ,
1996a) showe d tha t th e representatio n o f the
olfactory stimulu s wa s independent o f it s as -
sociation wit h tast e reward ; (analyze d i n a n
olfactory discriminatio n tas k wit h tast e re -
ward). Fo r th e remainin g 35 % o f th e neu -
rons, the odor s t o which a  neuron responde d
were influence d b y th e tast e (glucos e o r sa -
line) wit h whic h th e odou r wa s associated .
Thus th e odo r representatio n fo r 35 % o f or-
bitofrontal neuron s appeare d t o b e buil t b y
olfactory-to-taste associatio n learning . Thi s
possibility wa s confirme d b y reversin g th e
taste with which an odor was associated i n the
reversal o f an olfactory discrimination task.  I t
was found that 68 % of the sampl e of neurons
analyzed altere d th e wa y i n whic h the y
responded t o odo r whe n th e taste -
reinforcement associatio n o f the odo r wa s re-
versed (Roll s e t al . 1996a) . (I t was also foun d
that 25 % of the neurou s showed reversal , and
43% n o longe r discriminate d afte r th e rever -
sal. Th e olfactory-to-tast e reversa l wa s quit e
slow, bot h neurophysiologicall y an d behavior -
ally, ofte n requirin g 20-8 0 trials , whic h i s
consistent wit h th e nee d fo r som e stabilit y of
flavor representations . Th e relativel y hig h
proportion o f neuron s wit h modificatio n o f
responsiveness b y tast e associatio n i n th e se t
of neuron s i n thi s experimen t wa s probabl y
related t o the fac t tha t th e neuron s were pre-
selected t o sho w differentia l responses t o th e
odors associate d wit h differen t taste s i n th e
olfactory discriminatio n task. ) Thu s th e rul e
according t o which th e orbitofronta l olfactory
representation wa s formed was for some neu-
rons by association learning with taste .

To analyze the natur e o f the olfactor y rep-
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resentation i n the orbitofronta l cortex, Critch-
ley and Roll s (1996b) measured th e response s
of olfactor y neuron s tha t responde d t o foo d
while feedin g th e monke y t o satiety . The y
found tha t mos t o f the orbitofronta l olfactory
neurons decrease d thei r response s t o th e
odor o f the foo d with which th e monke y was
fed t o satiety . Thus for these neurons , the re -
ward valu e o f the odo r i s what i s represented
in th e orbitofronta l corte x (Roll s &  Rolls ,
1997). Becaus e the neurona l responses t o the
food wit h whic h th e monke y i s fed t o satiet y
decrease, an d ma y eve n increas e t o a  foo d
with which the monke y has not been fed , it is
the relativ e rewar d valu e o f stimul i tha t i s
represented b y thes e orbitofronta l corte x
neurons (a s confirme d b y Schult z an d col -
leagues, [2000]) ; an d thi s parallel s th e
changes i n the relativ e pleasantness of differ -
ent food s afte r a  food is eaten t o satiety (Roll s
et al. , 1981 , 1982 , 1997b ; se e Rolls , 1999a ,
2000e). W e d o no t ye t kno w whether thi s i s
the firs t stag e o f processing a t whic h rewar d
value i s represente d i n th e olfactor y system
(although i n rodent s th e influenc e of rewar d
association learnin g appear s t o b e presen t i n
some neuron s i n th e pyrifor m corte x
[Schoenbaum & Eichenbaum, 1995]) .

Although individua l neuron s d o not encode
large amount s o f information about whic h o f
the seve n t o nin e odor s ha s been presented ,
we hav e show n tha t th e informatio n doe s in -
crease linearl y with the numbe r o f neurons in
the sampl e (Roll s et al . 1996b) . Thi s ensem -
ble encodin g result s i n usefu l amount s o f in-
formation abou t whic h odou r ha s bee n pre -
sented bein g provide d b y orbitofronta l
olfactory neurons .

In human neuroimaging experiments, i t has
been show n (correspondin g t o the findings in
nonhuman primat e single-neuro n neurophy -
siology) tha t ther e i s a n orbitofronta l corte x
area activate d b y olfactor y stimul i (Jones -
Gotman & Zatorre, 1988 ; Zatorr e e t al. , 1992 ,
Francis e t al. , 1999) . Moreover , the pleasant -
ness or reward value of odor i s represented in
the orbitofronta l cortex , i n tha t feedin g hu -
mans to satiety decreases th e activatio n foun d
to the odo r of that food, and this effec t i s rel -
atively specifi c to th e foo d eate n i n th e mea l
(O'Doherty et al. , 2000).

VISUAL INPUTS TO THE
ORBITOFRONTAL CORTEX

We hav e bee n abl e t o sho w tha t ther e i s a
major visua l input t o man y neurons in the or -
bitofrontal cortex , an d tha t wha t i s repre -
sented b y these neuron s i s in man y cases th e
reinforcement associatio n o f visua l stimuli .
The visual input i s from th e ventral , tempora l
lobe, visua l stream concerne d wit h what  ob -
ject i s being see n (se e Rolls , 2000a; Roll s an d
Deco, 2002) , orbitofronta l visual neurons fre -
quently respond differentially to objects or im-
ages dependin g o n thei r rewar d associatio n
(Thorpe e t al . 1983 ; Rolls , et al. , 1996a) . Th e
primary reinforcer tha t has been used is taste.
Many o f thes e neuron s sho w visual-tast e re -
versal in one o r a  very few trials (se e example
in Fig . 23-3) . (In a  visual discrimination task ,
they wil l revers e th e stimulu s to whic h the y
respond, from , e.g. , a  triangl e t o a  square ,
when th e tast e delivere d fo r a  behavioral re -
sponse t o tha t stimulu s i s reversed. ) Thi s re -
versal learnin g probabl y occur s i n the orbito -
frontal cortex , fo r i t doe s no t occu r on e
synapse earlie r i n the visua l inferior temporal
cortex (Rolls , et al. , 1977) , an d i t i s in the or -
bitofrontal corte x that ther e i s convergence o f
visual and taste pathways ont o th e sam e neu -
rons (Thorpe et al. , 1983; Roll s & Baylis, 1994;
Rolls e t al. , 1996a) . Th e probabl e mechanis m
for thi s learnin g i s Hebbia n modificatio n of
synapses conveyin g visua l inpu t ont o taste -
responsive neurons , implementin g a  patter n
association networ k (Roll s &  Treves , 1998 ;
Rolls, 1999a) . Whe n th e reinforcemen t asso -
ciation o f a  visual stimulu s is reversed , othe r
orbitofrontal corte x neuron s sto p responding ,
or stop responding differentially, to the visua l
discriminanda (Thorp e e t al. , 1983) . Fo r ex -
ample, one neuro n i n the orbitofronta l corte x
responded t o a  blue stimulu s when i t was re-
warded (blu e S  + ) and not to a  green stimulu s
when i t wa s associate d wit h aversiv e salin e
(green S  — ). However , th e neuro n di d no t re -
spond afte r reversa l to th e blu e S  — o r t o th e
green S  +. Similar conditional rewar d neurons
were foun d fo r olfactor y stimuli (Rolls e t al. ,
1996a). Such conditional-reward neurons con -
vey informatio n abou t th e curren t reinforce -
ment statu s o f particular stimuli , and ma y re-
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Figure 23-3. Visua l discrimina-
tion reversa l of the response s of
a singl e neuron in the macaqu e
orbitofrontal corte x when th e
taste with which the tw o visual
stimuli (triangl e and square)
were associate d was reversed .
Each poin t i s the mea n post-
stimulus firing rate measure d in
a 0.5-second period over ap-
proximately 1 0 trials t o eac h of
the stimuli . Befor e reversal , the
neuron fired most to the squar e
when i t indicated (S + ) that th e
monkey could lic k to obtai n a
taste o f glucose. After reversal ,
the neuro n responded most to
the triangl e when it indicate d
that th e monke y could lick to
obtain glucose . The respons e
was low to the stimul i when
they indicated (S-) that if the
monkey licked then aversiv e sa-
line would be obtained . B:  Be -
havioral response to the trian -
gle and the square , indicating
that th e monke y reversed rap-
idly. (Source:  Afte r Roll s e t al. ,
1996a)

fleet the fac t tha t no t every neuron that learns
associations t o primar y reinforcer s (suc h a s
taste) ca n sampl e th e complet e spac e o f al l
possible conditione d (e.g. , visua l or olfactory )
stimuli whe n actin g a s a  patter n associator .
Nevertheless, suc h neuron s ca n conve y ver y
useful information , for they indicate when one
of th e stimul i t o whic h the y ar e capabl e o f
responding (give n their inputs) is currently as-
sociated wit h reward . Simila r neuron s ar e
present fo r punishin g primar y reinforcers ,
such a s the aversiv e taste o f salt.

In additio n t o thes e neuron s tha t encod e
the rewar d associatio n o f visual stimuli, other
neurons in the orbitofrontal cortex detect non-
reward; the y respond , fo r example , whe n a n
expected rewar d i s not obtained when a  visual
discrimination tas k is reversed (Thorp e e t al. ,
1983) (Tabl e 23-1, Visua l Discriminatio n Re -
versal), o r whe n rewar d i s n o longe r mad e
available in a  visual discrimination task (Table
23-1, Visua l Discrimination Extinction) . Dif-

ferent populations o f such neuron s respon d to
other type s o f non-reward , includin g th e re -
moval o f a formerly approachin g tast e rewar d
(Table 23-1, Removal ) and the termination of
a taste reward in the extinction of ad lib licking
for juic e (se e Table 23-1) , o r the substitutio n
of juice rewar d fo r aversive-tasting saline dur-
ing ad lib licking (Thorpe e t al. , 1983; see Ta-
ble 23-1) . Th e presenc e o f these neuron s is
fully consisten t wit h th e hypothesi s tha t the y
are par t o f th e mechanis m b y which th e or -
bitofrontal corte x enable s ver y rapi d reversa l
of behavior b y stimulus-reinforcemen t associ-
ation relearning when th e associatio n of stim-
uli with reinforcer s is altered or reversed (see
Rolls, 1986a , 1990) . The finding that differen t
orbitofrontal corte x neurons respond t o differ -
ent type s of non-reward (Thorp e e t al. , 1983)
may elucidat e par t o f the brain' s mechanis m
that enables task or context-specific reversa l to
occur.

Another type o f information represented i n

360
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Table 23-1. Differen t Type s of Non-reward to Which Orbitofrontal Cortex Neurons Respond

Cell Number

Task
D9 D l D l D l D l D 2 D 2 F 4 B  B  B 3 B 5 B 3 B 5 D 4 D 4 D  D 4 D  D
0 2 7 5 3 5 4 9 5 0 4 6 2 6 6 2 4 7 B 7 B 7 B 7 B 7 B 4 A 8 A 2 0 0  6 1 6 6

Visual discrimination
Reversal 1

Ad lib  licking

Taste o f saline
Removal
Visual arousal

1
n

0

1

0 1 0

1 0
0 0

— 0  0
0 —  0

— 1  0

0

n
n
0
1
0

1

n
n

0
1

0

1 0

n
n

0 0
1 0
0 0

0 _

1

1

1 0 0 0 0 0 0
1 0 1 1 1 1 1
1 0 0 0 0 0 1

— —  — —  —

0 0 0 0 0
1 1 1 1 1
0 0 0 0 0

1, individual neurons responded; 0 , individual neurons did not respond ; — , no t tested .
(Source: Afte r Thorp e et al. , 1983) .

the orbitofronta l corte x i s informatio n about
faces. A  populatio n o f orbitofronta l neuron s
responds to such information in ways that ar e
similar t o thos e o f neuron s i n th e tempora l
cortical visua l areas (se e Rolls, 1984a , 1992a ,
1994a, 1995a , 1996 , 1997a, 2000a , Walli s &
Rolls, 1997; Roll s & Deco, 2002 for a descrip-
tion o f thei r properties) . Th e orbitofronta l
face-responsive neurons , firs t observe d b y
Thorpe, et al. (1983), then by Rolls et al. (2002
in preparation ; se e Boot h Roll s e t al. , 1998) ,
tend t o respon d wit h longe r latencie s tha n
those o f temporal lobe neuron s (140-200 m s
typically, compared to 80-100 ms); convey in-
formation abou t which fac e i s being seen , b y
having differen t response s t o differen t faces ;
and ar e typicall y harde r t o activat e strongl y
than tempora l cortica l face-selectiv e neurons,
in tha t man y of the orbitofronta l neurons re -
spond much  better to  real  faces  than  to  two-
dimensional image s o f faces on a  video mon -
itor (Roll s &  Baylis , 1986) . Som e o f th e
orbitofrontal corte x face-selective neurons are
responsive t o facia l gestur e o r movement .
These finding s ar e consisten t wit h th e likeli -
hood tha t thes e neuron s are activated via the
inputs fro m th e tempora l cortica l visua l area s
in which face-selective neurons are found (see
Fig. 23-2). The significanc e o f the neuron s is
likely to be related to the fac t tha t face s con-
vey information that i s important in socia l re-
inforcement in at least two ways that could be
implemented b y thes e neurons . Th e firs t i s

that som e ma y encode fac e expressio n (Has-
selmo e t al. , 1989) , whic h ca n indicat e rein -
forcement. Th e secon d wa y i s tha t the y en -
code informatio n abou t whic h individua l i s
present, which , by stimulus-reinforcement as -
sociation learning , i s importan t i n evaluatin g
and utilizin g learned reinforcin g inputs in so-
cial situations—e.g. , abou t th e curren t rein -
forcement valu e a s decode d b y stimulu s re -
inforcement associatio n o f a  particula r
individual.

SOMATOSENSORY INPUTS TO THE
ORBITOFRONTAL CORTEX

Some neuron s i n th e macaqu e orbitofronta l
cortex respon d t o th e textur e o f foo d i n th e
mouth. Som e neuron s alte r thei r response s
when the textur e of a food is modified by add-
ing gelatine o r methyl cellulose, or by partially
liquefying a solid food such as apple (Critchley
et al. , 1993) . Another  populatio n o f orbito -
frontal neuron s respond s whe n a  fatt y foo d
such as cream i s in the mouth . These neurons
can also be activate d by pure fa t such as glyc-
eryl trioleate , an d by non-fat substance s with
a fat-lik e texture suc h a s paraffi n oi l (hydro -
carbon) an d silicon e oi l (Si(CH 3)2.O)n). These
neurons thus provide informatio n by somato-
sensory pathway s tha t a  fatt y foo d i s i n th e
mouth (Roll s e t al. , 1999a) . Thes e input s ar e
perceived a s pleasant when hungry, because of
the utilit y of ingestion of foods that ar e likel y

Extinction 1

Reversal
Extinction
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to contai n essentia l fatt y acid s an d t o hav e a
high calorific value (Rolls, 1999, 2000e) . In ad-
dition t o thes e ora l somatosensor y inputs t o
the orbitofronta l cortex , there ar e als o soma-
tosensory inputs fro m othe r part s of the body,
and indeed , a n fMR I investigatio n w e hav e
performed i n human s indicate s tha t pleasan t
and painful touc h stimul i to the hand produc e
greater activatio n o f th e orbitofronta l corte x
relative t o th e somatosensor y corte x tha n d o
affectively neutra l stimul i (Rolls et al. , 1997b ;
in preparation ; Franci s e t al. , 1999 ; se e
below).

NEUROPHYSIOLOGICAL BASIS FOR
STIMULUS-REINFORCEMENT

LEARNING AND REVERSAL IN THE
ORBITOFRONTAL CORTEX

The neurophysiologica l an d lesio n evidenc e
described suggest s tha t on e functio n imple -
mented b y th e orbitofronta l corte x i s rapi d
stimulus-reinforcement associatio n learning ,
and th e correctio n o f these association s when
reinforcement contingencie s i n th e environ -
ment change . T o implemen t this , th e orbi -
tofrontal corte x ha s th e necessar y represen -
tation o f primar y reinforcers , includin g tast e
and somatosensor y stimuli . I t als o receive s
information abou t objects , e.g. , visua l view -
invariant informatio n (Boot h &  Rolls , 1998 ;
Rolls, 2000a) , an d ca n associat e thi s a t th e
neuronal leve l wit h primar y reinforcer s suc h
as taste , an d revers e these  association s ver y
rapidly (Thorp e e t al. , 1983 ; Roll s e t al. ,
1996a). Anothe r typ e o f stimulus that ca n b e
conditioned i n thi s wa y i n th e orbitofronta l
cortex i s an olfactor y stimulus, although here
the learnin g is slower. I t i s likely that auditor y
stimuli ca n b e associate d wit h primar y rein -
forcers i n th e orbitofronta l cortex , thoug h
there i s les s direc t evidenc e o f thi s yet . Th e
orbitofrontal corte x als o has neurons tha t de -
tect non-reward , whic h ar e likel y to b e use d
in behaviora l extinctio n an d reversa l (Thorp e
et al. , 1983) . The y ma y d o thi s no t onl y b y
helping to reset th e reinforcemen t association
of neurons in the orbitofronta l cortex but also
by sendin g a  signal t o th e striatum , which i n

turn coul d b e route d b y the striatu m t o pro -
duce appropriat e behavior s fo r non-rewar d
(Rolls &  Johnstone , 1992 ; William s e t al. ,
1993; Rolls , 1994c). Indeed , it is via the stria -
tal rout e tha t th e orbitofronta l cortex may di-
rectly influenc e behavio r whe n th e
orbitofrontal corte x is decoding reinforcement
contingencies i n th e environmen t an d i s al -
tering behavio r i n respons e t o alterin g rein -
forcement contingencie s (se e Rolls , 1999) .
Some o f the evidenc e fo r this is that neuron s
that reflec t thes e orbitofronta l neurona l re -
sponses ar e foun d i n th e ventra l par t o f th e
head o f th e caudat e nucleu s an d th e ventra l
striatum, whic h receiv e signal s fro m th e or -
bitofrontal corte x (Roll s e t al. , 1983b ; Wil -
liams e t al. , 1993) . Also , lesions of the ventra l
part o f th e hea d o f th e caudat e nucleu s im-
pair visua l discriminatio n reversa l (Diva c e t
al., 1967) .

Decoding th e reinforcemen t valu e o f stim-
uli, which involves for previously neutral (e.g.,
visual) stimuli learning their association with a
primary reinforcer , ofte n rapidly , an d whic h
may involv e no t onl y rapi d learnin g bu t als o
rapid relearnin g an d alteratio n o f response s
when reinforcemen t contingencie s change , i s
then a  proposed functio n of the orbitofronta l
cortex. Thi s wa y of producin g behaviora l re -
sponses woul d b e importan t i n motivationa l
and emotiona l behavior , suc h a s th e feedin g
and drinking  that result s when primates lear n
rapidly about the foo d reinforcement to be ex-
pected fro m visua l stimul i (se e Rolls , 1994b ,
1999a). Thi s i s important , fo r primate s fre -
quently ea t mor e tha n 10 0 varieties o f food ;
vision b y visual-taste associatio n learnin g can
be use d t o identif y whe n food s ar e ripe ; an d
during the cours e o f a meal , the pleasantnes s
of th e sigh t o f a  foo d eate n i n th e mea l de -
creases i n a  sensory-specific way (Rolls e t al. ,
1983a), a  functio n tha t i s probabl y imple -
mented b y the sensory-specifi c satiety-related
responses o f orbitofronta l visua l neuron s
(Critchley & Rolls , 1996b) .

With respec t to emotiona l behavior, decod -
ing and rapidl y readjusting the reinforcemen t
value of visual signals is likely to be crucial , for
emotions ca n b e describe d a s responses elic -
ited by reinforcing signals1 (Rolls, 1986a, 1986 ,
1990, 1995a , 1999 , 2000d) . The abilit y to per-
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form this learning very rapidly is probably very
important fo r primates i n socia l situations , in
which reinforcing stimuli are continually being
exchanged an d th e reinforcemen t valu e o f
stimuli mus t b e continuall y update d (re -
learned), base d o n th e actua l reinforcer s re -
ceived an d given . Althoug h th e function s o f
the orbitofronta l corte x i n implementin g th e
operation o f reinforcer s suc h a s taste , smell ,
tactile, an d visual stimuli, including faces , ar e
best understood, i n humans the rewards proc -
essed i n the orbitofronta l corte x include quit e
general reward s suc h as working for "points, "
as will be describe d shortly .

Although th e amygdal a i s concerne d wit h
some of the sam e functions a s the orbitofron-
tal cortex and receives simila r input s (se e Fig .
23-2), ther e i s evidence tha t i t ma y function
less effectivel y i n the ver y rapid learnin g and
reversal o f stimulus-reinforcemen t associa -
tions, a s indicated b y the greate r difficult y i n
obtaining reversa l fro m amygdal a neuron s
(see, e.g. , Rolls , 1992b , 2000c ) an d b y th e
greater effec t o f orbitofrontal lesion s i n lead -
ing t o continuin g choic e o f n o longe r re -
warded stimul i (Jone s &  Mishkin , 1972) . I n
primates, th e necessit y fo r ver y rapi d
stimulus-reinforcement re-evaluation , an d the
development of powerful cortical learning sys-
tems, may result in the orbitofronta l cortex ef-
fectively takin g ove r thi s aspec t o f amygdala
functions (se e Rolls , 1992b , 1999a) .

THE HUMAN ORBITOFRONTAL
CORTEX

NEUROPSYCHOLOGY

It is of interest that a number of the symptoms
of fronta l lob e damag e i n human s appea r t o
be related to altering behavior when stimulus -
reinforcement association s alter. Humans with
frontal lob e damag e can show impairments in
a numbe r o f task s i n whic h a n alteratio n o f
behavioral strateg y is required i n respons e t o
a change in environmental reinforcemen t con -
tingencies (se e Goodglas s &  Kaplan , 1979 ;
Jouandet &  Gazzaniga , 1979 ; Kol b &  Whis-
haw, 1996) . Fo r example , Milne r (1963 )
showed tha t i n th e Wisconsi n Car d Sortin g

Task (in which card s ar e to be sorte d accord -
ing to the color , shape, o r number of items on
each card depending o n whether the examiner
says "right" or "wrong" to each placement), pa-
tients wit h fronta l lobe damag e ha d difficult y
in either determining the first sorting principle
or i n shiftin g to a  secon d principl e whe n re -
quired to . Also, in stylus mazes, these patient s
have difficult y i n changin g directio n whe n a
sound indicates tha t the correct path has been
left (se e Milner , 1982) . I t is of interest that, in
both types of test, frontal patients may be abl e
to verbalize the correc t rules , yet may be un -
able t o correc t thei r behaviora l set s o r strate -
gies appropriately . Som e o f th e personalit y
changes tha t ca n follo w fronta l lob e damag e
may b e relate d t o a  simila r typ e o f dysfunc -
tion. Fo r example, the euphoria , irresponsibil -
ity, lack of affect , an d lac k of concern fo r th e
present o r futur e that ca n follo w fronta l lob e
damage (se e Hecae n &  Albert, 1978 ; Dama -
sio, 1994) ma y also be related to a dysfunction
in alterin g behavio r appropriatel y i n respons e
to a  chang e i n reinforcemen t contingencies .
Indeed, i n s o far a s the orbitofronta l cortex is
involved i n th e disconnectio n o f stimulus -
reinforcer associations , an d suc h association s
are important in learned emotiona l responses,
then i t follows that the orbitofronta l corte x is
involved i n emotional response s b y correcting
stimulus-reinforcer associations when they be-
come inappropriate .

These hypotheses, and in particular the role
of the orbitofronta l cortex in human behavior,
have been investigated i n recent studies in hu-
mans with damag e t o the ventra l part s o f the
frontal lobe . (Th e descriptio n ventral  is given
to indicate tha t there was pathology in the or-
bitofrontal o r related part s of the fronta l lobe ,
and no t i n the mor e dorsolatera l part s o f the
frontal lobe. ) A  task directed a t assessing th e
rapid alteratio n o f stimulus-reinforcement as -
sociations was used, becaus e th e findings dis -
cussed abov e indicat e tha t th e orbitofronta l
cortex i s involved in this type o f learning. In -
stead o f th e Wisconsi n Car d Sortin g Task ,
which require s patients to shif t fro m categor y
(or dimension) t o category, e.g. , fro m colo r t o
shape, the tas k used was visual discrimination
reversal, i n whic h patient s lear n t o obtai n
points b y touchin g on e stimulu s when i t ap -
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pears on a video monitor , bu t to withhold a re-
sponse whe n a  differen t visua l stimulu s ap -
pears, otherwis e a  poin t i s lost . Afte r th e
subjects had acquired the visual discrimination,
the reinforcemen t contingencie s unexpectedl y
reversed. Th e patient s wit h ventra l fronta l le-

sions made more errors on the reversal task (or
on a similar extinction task in which the rewar d
was no longer given ) and completed fewe r re -
versals than control patients with damage else -
where i n th e fronta l lobe s o r i n othe r brai n
regions (Roll s et al., 1994; see Table 23-2). The

Table 23-2 . Voca l an d Face Expression Identificatio n i n Patients with Damag e to th e Ventra l Part s of
the Fronta l Lobes and in Control Patients.

Behavior
Questionnaire

Subjective
Emotional

Change

Facial
Expression

% Cor r
(SD)

Vocal
Expression

% Cor r
(SD) Reversals

Last
Error Extinction

Ventral Frontal  Case
1
2
3
4
5
6
7
8
9
10
11
12
Median

Nonventral

6.0
4.0
6.0
7.5
8.5
5.0
6.0
7.0
4.0
5.0
4.5
3.0
5.5

2.0
7.5
4.5
7.0
1.5
5.0
2.5
1.5
4.0
6.5

4.3

29 (- 6.5)"
84 (- 0.4)
60 (- 3.1)"
60 (- 3.0)"
58 (- 3.2)"
75 (- 1.3)
67 (- 2.3)"
54 (- 3.7)"
83 (- 0.4)
67 (- 2.2)"
40 (- 5.3)"
38 (- 5.6)"

60

42 (- 3.7)"
30 (- 4.8)"
36 (- 4.9)"
54 (- 2.5)"
39 (- 4.0)"
67 (- 1.3)
58 (- 2.1)"
—
81 (+0.1)
60 (- 1.9)°
53 (- 2.6)"
43 (- 3.5)"

53

0 (76%)
0 (83%)
0 (75%)
0 (67%)
—
0 (54%)
2
0 (100%)
2
1

0

38F
50F
20F
30F
—
51F
4
50F
5
23

30

—
30F (93%)
—
—
34F
53F (38%)
30F (86%)
48F (93%)
36 (45%)
9

34

1
2
3
4
5
6
7
8
9
10
11
12
13

Median

0.0
2.5
0.5
0.0
0.0
2.0
2.5
0.0
0.5
1.0
0.5

0.5

0.5
1.0
0.0
2.0
1.5
1.0
1.0
2.5
1.0
1.5
1.0

1.0

79 (- 0.9)
83 (- 0.4)
83 (- 0.4)
75 (- 1.4)
71 (- 1.8)"
92 (+ 0.6)
75 (- 1.4)
96 (+ 0.1)
67 (- 2.3)"
79 (- 0.9)
83 (- 0.4)

79

-

61 (- 1.8)°
61 (- 1.8)°
67 (- 1.2)
75 (- 0.5)
61 (- 1.8)s

78 (- 0.2)

72 (- 0.7)
61 (- 1.8)"

64

2 (14%)
2 (46%)
2 (25%)
2 (8%)
1
2 (42%)

2 (8%)

2

4
11
7
4
14
13

4

7

21 (43%)
12 (36%)
4 (7%)
3 (7%)
13 (21%)
100 (0%)

4 (7%)
4 (7%)

4

Also show n ar e th e numbe r o f reversal s complete d i n 3 0 trials , an d th e numbe r o f th e las t tria l o n whic h a n erro r
occurred durin g Reversal or Extinction.
"Scores whic h fal l belo w th e 5t h centil e o f th e norma l distribution , i.e. , S D < — 1.6 4 (impaired) . F, faile d t o reac h
criterion in reversal o r extinction .
"Scores which fal l belo w the 1s t centile of the norma l distribution, i.e., S D < — 1.9 6 (severel y impaired),
sd, numbe r of standard deviation s above (  + ) or belo w (; ms) th e mean s for norma l subjects.
The media n value s fo r reversal and extinction ar e for a larger group .
The %  columns refer for Reversa l and Extinctio n to th e percentag e o f errors o f commission, that i s responses mad e to
the stimulu s that was before reversa l or extinctio n the reward—relate d stimulus (old S +) .
°(Source: Dat a from Roll s et al. , 1994 ; Horna k et al. , 1996 ; Rolls , 1999b)
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impairment correlate d highly with the sociall y
inappropriate o r disinhibite d behavio r o f th e
patients (assesse d throug h a  behavio r ques -
tionnaire) (se e Tabl e 23-2) , a s wel l a s wit h
their subjectiv e evaluatio n o f th e change s i n
their emotiona l stat e sinc e th e brai n damag e
(see Tabl e 23-2 ; Roll s e t al. , 1994) . Th e pa -
tients wer e no t impaired a t performing other
types o f memor y tasks , suc h a s paired -
associate learning . Th e continue d choic e o f
the no-longe r rewarde d stimulu s i n th e
reversal o f the visua l discrimination tas k was
interpreted a s a  failur e t o revers e stimulus -
reinforcer, tha t is , sensory-sensory , associa -
tions, and not as motor response perseveration
that ma y follow muc h more dorsa l damage t o
the fronta l lobes ; this is being investigated fur -
ther i n thi s typ e o f patient. However , one o f
the type s o f evidence tha t bear s very directly
on thi s come s fro m th e response s o f orbito -
frontal corte x neurons , whic h respon d i n re -
lation t o a  sensor y stimulu s suc h a s a  visual
stimulus whe n i t i s paired wit h anothe r sen -
sory stimulu s to whic h th e neuro n responds ,
such a s a taste stimulus . The tast e stimulu s is
a primar y reinforcer . Thes e neuron s d o no t
respond to motor responses, and could not be
involved in stimulus-to-motor response asso -
ciation learning. Consistent with these findings
are thos e o f Bechar a an d colleagues , wh o
studied patients wit h frontal lobe damage per -
forming a  gambling task (Bechara et al. , 1994 ,
1996, 1997 ; se e also Damasio, 1994) . The pa -
tients were allowe d to choose cards fro m sev -
eral decks. The patients with frontal lobe dam-
age were mor e likel y to choos e card s fro m a
deck tha t gav e reward s wit h a  reasonabl e
probability, bu t als o had occasional ver y heavy
penalties resultin g i n lowe r ne t gain s tha n
those o f choices fro m th e othe r deck . I n thi s
sense, th e patient s wer e no t affecte d b y th e
negative consequence s o f thei r actions : the y
did not switc h fro m th e dec k o f cards provid -
ing significan t rewards , even when large pun-
ishments were incurred .

It i s of interest tha t i n th e reversa l and ex-
tinction tasks, these patients ca n often verbal -
ize th e correc t response , ye t commi t th e in -
correct actio n (Roll s et al. , 1994) . This patter n
is consisten t wit h th e hypothesi s tha t th e or -
bitofrontal corte x is normally involved in exe-

cuting behavio r whe n th e behavio r i s per -
formed b y evaluatin g th e reinforcemen t
associations o f environmental stimul i (see be -
low an d Chapte r 9  o f Rolls , 1999a) . Th e or -
bitofrontal corte x appear s t o b e involve d i n
this proces s i n bot h human s an d nonhuma n
primates, whe n th e learnin g mus t b e per -
formed rapidly in, for example, acquisition an d
during reversal .

An idea o f the wa y in which such stimulus-
reinforcer learning ma y play an important rol e
in normal human behavior, and may be relate d
to the behavioral change s seen clinically in pa-
tients with ventral frontal lobe damage, can be
provided b y summarizin g the behaviora l rat -
ings given by the caregiver s of these patients .
The patients were rated high on the behaviour
questionnaire o n a t least som e o f the follow -
ing: disinhibite d o r sociall y inappropriate be -
havior; misinterpretatio n o f othe r people' s
moods; impulsiveness ; unconcer n o r
underestimation o f th e seriousnes s o f thei r
condition; an d lac k o f initiativ e (Roll s e t al. ,
1994). Suc h behaviora l change s correlate d
with th e stimulus-reinforce r reversa l an d ex -
tinction learnin g impairmen t (Roll s e t al. ,
1994). The suggestion is, then, that the insen -
sitivity to reinforcement change s i n the learn -
ing task may be a t least part o f what produces
the change s i n behavio r foun d i n thes e pa -
tients wit h ventra l fronta l lob e damage . Th e
more general impac t on the behavio r of these
patients is that their irresponsibility tende d to
affect thei r everyda y lives . Fo r example , i f
such patients had received thei r brain damage
in a  roa d traffi c accident , an d compensatio n
had been awarded , the patient s ofte n tende d
to spen d thei r mone y withou t appropriat e
concern fo r th e future , sometimes , for exam -
ple, buying a very expensive car. Such patients
often fin d i t difficul t t o inves t in relationships
too, an d ar e sometime s describe d b y thei r
family as having changed personalities , i n that
they car e les s abou t a  wide rang e o f factor s
after tha n before th e brai n damage . The sug-
gestion tha t follow s fro m thi s i s tha t th e or -
bitofrontal corte x may normally be involved in
much socia l behavior . Th e abilit y t o respon d
rapidly and appropriatel y t o socia l reinforcers
is, o f course , a n importan t aspec t o f primat e
(including human) social behavior.
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Table 23-3. Facia l expression identificatio n

Sad Angry Frightened Disguste d Surprise d Happ y Neutral

Normal subjects
(n =  11 )

Frontal patient s
(n =  9 )

68.6

22.6

94.7

39.3

77.6

31.9

81.8 92.0

66.2

100.0

94.0

93.9

65.7

Group mea n percent correct on each emotion in normal subject s an d in patients with impaired ventral frontal lobe.
(Source: Dat a from Horna k e t al. , (1996 ; Rolls, 1999a).

To investigat e th e possibl e significanc e o f
face-related input s t o th e orbitofronta l visual
neurons describe d above , w e als o teste d th e
responses o f thes e patient s t o faces . W e in -
cluded test s of facial (and voice) expression de-
coding, becaus e thes e ar e way s i n whic h th e
reinforcing qualit y o f individual s i s ofte n in -
dicated. Impairment in the identification of fa-
cial an d vocal emotional expressio n wa s dem-
onstrated i n a  grou p o f patients wit h ventra l
frontal lobe damage who had socially inappro -
priate behavior (Hornak et al., 1996; see Tables
23-2, 23-3 , an d 23-4). The expressio n iden -
tification impairment could occur independen t
of perceptua l impairment s i n facia l recogni -
tion, voic e discrimination , o r environmenta l
sound recognition . Th e fac e an d voice expres -
sion problem s di d no t necessaril y occu r to -
gether in th e sam e patients , providin g a n in-
dication o f separat e processing . Th e
impairment wa s foun d o n mos t expressions ,
apart fro m happ y (which , as the onl y positive
facial expression , wa s relativel y easil y discri -
minable fro m th e others) , wit h sad , angry,
frightened, an d disgusted showin g lower iden -
tification tha n surprise d an d neutra l expres -
sions (se e Table 23-3) . Poo r performanc e o n
both expressio n tests wa s correlated wit h th e
degree o f alteratio n o f emotiona l experienc e

reported b y th e patients . Ther e wa s als o a
strong positive correlation between the degre e
of altere d emotiona l experienc e an d th e se -
verity o f the behaviora l problems (e.g. , disin-
hibition) foun d in these patients (se e Hornak
et al. , 1996; Table 23-2). A comparison group
of patients with brain damage outside the ven-
tral fronta l lob e region , without these behav-
ioral problems , wa s unimpaired o n th e facia l
expression identificatio n test, was significantl y
less impaired a t vocal expression identification,
and reported littl e subjective emotional change
(see Horna k e t al. , 1996 ; Table 23-2) . These
investigations ar e bein g extended , i n curren t
studies, and it is being found that patients with
facial expressio n decodin g problem s d o no t
necessarily have impairments at visual discrim-
ination reversal , and vice versa. This finding is
consistent wit h som e topograph y i n the orbi -
tofrontal cortex (see, e.g., Rolls & Baylis, 1994).

NEUROIMAGING

To further elucidat e the rol e of the human or-
bitofrontal corte x i n emotion , Roll s e t al .
(1997b; Francis e t al. , 1999) performed an in-
vestigation t o determin e wher e th e pleasan t
affective componen t o f touc h i s represente d
in the brain. Touch is a primary reinforcer tha t

Table 23-4. Voca l expression identificatio n

Sad Angry Frightened Disgusted Puzzled Contented

Normal subject s
(n =  10 )

Frontal patients
(n =  7 )

14.7

66.1

25.0

95.0

80.9

78.9

42.8

68.9

33.3

Group mean percent correc t o n each emotion in normal subject s an d i n patients with impaired ventral fronta l lobe .

(Source: Dat a from Horna k et al. , 1996)

48.1

52.8

80.8 88.1
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can produce pleasure . The y foun d with fMR I
that a  wea k bu t ver y pleasan t touc h o f th e
hand with velvet produced muc h stronger ac-
tivation of the orbitofronta l cortex than a more
intense bu t affectivel y neutra l touc h o f th e
hand wit h wood . I n contrast , th e affectivel y
neutral bu t mor e intens e touc h produce d
more activation o f the primar y somatosensory
cortex tha n di d th e pleasan t stimuli . Thes e
findings indicate tha t par t o f the orbitofronta l
cortex is concerned with representing the pos-
itively affective aspects o f somatosensory stim -
uli. Th e significanc e o f thi s findin g i s tha t a
primary reinforce r tha t ca n produc e affec -
tively positiv e emotiona l response s i s repre -
sented i n the human orbitofrontal cortex. This
provides on e o f the base s fo r th e huma n or -
bitofrontal corte x t o b e involve d i n th e
stimulus-reinforcement associatio n learnin g
that provides th e basi s for emotional learning.
In mor e recen t studies , Roll s e t al . (i n prep -
aration) hav e foun d tha t ther e i s als o a  rep -
resentation o f the affectivel y negativ e aspect s
of touch , includin g pain , i n th e huma n orbi -
tofrontal cortex . This is consistent with the re -
ports tha t human s with damage to the ventra l
part o f the frontal  lob e ma y report tha t the y
know tha t a  stimulu s i s pai n producing , bu t
that th e pai n doe s no t fee l ver y bad t o the m
(see Freeman &  Watts, 1950; Valenstein , 1974 ;
Melzack &  Wall, 1996) . I t wil l be o f interes t
to determine whether the region s o f the hu -
man orbitofronta l cortex that represen t pleas -
ant touc h an d pai n ar e clos e topologicall y o r
overlap. Eve n i f fMR I studie s sho w tha t th e
areas overlap , i t woul d nevertheles s b e th e
case tha t differen t population s o f neuron s
would be activated , fo r this is what recordings
from singl e cell s i n monkey s indicat e abou t
positively versus negatively affective taste , ol -
factory an d visua l stimul i (se e Neurophysiol -
ogy of the Orbitofronta l Cortex) .

It i s als o o f interes t tha t nearby , bu t no t
overlapping, part s o f the huma n orbitofronta l
cortex ar e activate d b y taste stimul i (suc h as
glucose) (Smal l et al. , 1999 ; O'Dohert y e t al. ,
2001b), an d i t ha s recentl y bee n show n tha t
the pleasantnes s o f olfactory stimul i i s repre-
sented i n th e huma n orbitofronta l cortex : or-
bitofrontal corte x activatio n decrease s t o a n
odor o f food tha t has been eate n t o satiet y so

that i t no longer is rewarding and smells pleas-
ant (O'Doherty et al. , 2000) .

In a  task designed t o show whether th e hu -
man orbitofronta l corte x i s involve d i n mor e
abstract type s o f rewar d an d punishment ,
O'Doherty e t al. (2001a) found that the medial
orbitofrontal corte x showe d activatio n corre -
lated with a n amoun t o f money just receive d
in a  probabilisti c visua l associatio n task , an d
the latera l orbitofronta l cortex showe d activa-
tion tha t wa s correlate d wit h th e amoun t o f
money just  lost . Thi s stud y show s tha t th e
magnitudes of quite abstract rewards and pun-
ishers ar e represente d i n th e orbitofronta l
cortex.

These huma n neuroimagin g studie s o n th e
orbitofrontal corte x are thu s providing confir -
mation that the theory of emotion and the way
in which i t i s relevant t o understandin g orbi -
tofrontal corte x functio n (Rolls , 1999 , 2000d )
also appl y to humans , in tha t representation s
of many types o f reward an d punishmen t ar e
being found in the human orbitofrontal cortex.
This evidenc e help s u s t o understan d behav -
ioral changes afte r orbitofrontal corte x damage
in human s a s bein g relate d t o alteration s i n
processing an d learnin g association s t o re -
wards an d punishments tha t are normally im-
portant i n emotiona l an d socia l behavior. The
aim here i s to understand th e function s of the
human orbitofrontal cortex in terms of the op-
erations i t performs , with th e hel p of precise
neurophysiological evidenc e availabl e fro m
studies in nonhuman primates .

NEURONAL NETWORK
COMPUTATIONS IN THE PREFRONTAL

CORTEX

STIMULUS-REINFORCEMENT
ASSOCIATION AND REVERSAL

This reversa l learnin g that occurs i n the orbi -
tofrontal corte x coul d b e implemente d b y
Hebbian modificatio n o f synapse s conveyin g
visual input onto taste-responsive neurons, im-
plementing a  patter n associatio n networ k
(Rolls &  Treves , 1998 ; Rolls , 1999a , 2000b) .
Long-term potentiatio n woul d strengthen syn -
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Figure 23-4. A  pattern associa-
tion network that could under-
lie the learnin g and reversa l of
stimulus-reinforcement
association i n the orbitofronta l
cortex (see text).

apses from activ e conditional stimulus neurons
onto neuron s respondin g t o a  primar y rein -
forcer such as a sweet taste, and homosynaptic
long-term depressio n woul d weaken synapses
from th e sam e active visual inputs i f the neu -
ron wa s no t respondin g becaus e a n aversiv e
primary reinforcer (e.g., a taste o f saline) was
being presente d (se e Fig . 23-4) . A s note d
above, th e conditional-rewar d neurons in th e
orbitofrontal corte x convey information about
the curren t reinforcemen t status of particular
stimuli, and may reflect the fac t that not every
neuron that learns associations to primary re-
inforcers (suc h as taste) ca n sampl e the com -
plete spac e o f al l possibl e conditione d (e.g. ,
visual o r olfactory ) stimul i when actin g a s a
pattern associator. Nevertheless,  such neurons
can conve y ver y usefu l information , for the y
indicate when one of the stimuli to which they
are capabl e o f responding (give n their inputs)
is currentl y associate d wit h reward . Simila r
neurons ar e present for punishing primary re-
inforcers, suc h as the aversiv e taste of salt .

The erro r detectio n neuron s tha t respon d
during frustrativ e non-rewar d ma y b e trig -
gered b y a  mismatc h betwee n wha t wa s ex-
pected whe n th e visua l stimulu s wa s show n
and the primary reinforce r tha t was obtained,
both o f which ar e represented in the primat e
orbitofrontal cortex .

The dopamine projections to the prefronta l
cortex and other areas are not likely to convey

information abou t rewar d t o th e prefronta l
cortex, whic h instea d i s likely to b e decode d
by the neuron s in the orbitofronta l cortex that
represent primar y reinforcers , an d th e orbi -
tofrontal cortex neurons that learn associations
of other stimul i to the primary reinforcers. Al-
though it has been suggeste d that the firin g of
dopamine neurons may reflect the earlies t sig-
nal i n a  task that indicate s rewar d an d coul d
be used as an error signa l during learning (see
Schultz et al., 2000), there is evidence that do-
pamine releas e i s mor e closel y relate d t o
whether activ e initiatio n o f behavio r i s re -
quired, regardles s o f whether this is to obtain
rewards or escape fro m o r avoid punishments
(see Rolls , 1999a , 2000d) .

PREFRONTAL CORTEX NEURONAL

NETWORKS FOR WORKING MEMORY

In a sense, the orbitofrontal cortex, by its rapid
stimulus-reinforcer associatio n learning , re -
members th e recen t rewar d associatio n o f
stimuli an d implement s thi s b y synaptic plas-
ticity, s o tha t n o ongoin g neurona l firin g i s
needed t o implemen t stimulus-reinforce r as -
sociation memory . I n contrast , th e inferio r
convexity prefronta l corte x an d th e dorsola -
teral prefrontal cortex implement a  short-term
memory for stimul i that i s maintained b y the
active, continua l firing of neurons. I  shall now
consider ho w this latte r for m o f memory ap-
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pears t o b e implemente d i n th e prefronta l
cortex.

A commo n way that th e brai n use s t o im -
plement a  short-ter m memor y is to maintai n
the firin g o f neurons durin g a  short-memory
period afte r th e en d o f a  stimulus (se e Roll s
& Treves, 1998 ; Rolls , 2000a) . In th e inferio r
temporal cortex of the monkey , this firing may
be maintaine d fo r a  fe w hundre d m s eve n
when the monkey is not performing a memory
task (Roll s &  Tovee 1994 ; Roll s e t al. , 1994 ,
1999b; Desimone , 1996) . I n mor e ventra l
temporal cortica l area s suc h as the entorhina l
cortex, the firing may be maintained fo r longer
periods i n delayed match-to-sampl e tasks (Su-
zuki et al. , 1997) , an d in the prefronta l corte x
for eve n tens of seconds (see Fuster, 1997) . I n
the dorsolatera l an d inferio r convexit y pre -
frontal cortex , th e firin g o f the neuron s ma y
be relate d t o the memor y of spatial responses
or object s (Wilso n e t al. , 1993 ; Goldman -
Rakic, 1996 ) o r both (Ra o et al. , 1997) , and in
the principa l sulcus-fronta l ey e field-arcuat e
sulcus regio n t o the memor y of places for eye
movements (Funahash i e t al. , 1989) . Th e fir -
ing may be maintaine d by the operatio n o f as-
sociatively modifie d recurren t collatera l con -
nections betwee n nearb y pyramida l cell s
producing attracto r state s i n autoassociativ e
networks (Amit , 1995 ; Roll s & Treves, 1998) .

For the short-ter m memor y t o be maintaine d
during period s whe n ne w stimul i ar e t o b e
perceived, ther e must  b e separat e network s
for th e perceptua l an d short-ter m memor y
functions, and indeed, two coupled networks—
one i n the inferio r tempora l visual cortex fo r
perceptual function s an d anothe r i n th e pre -
frontal corte x fo r maintainin g th e short-ter m
memory durin g intervenin g stimuli—provid e
a precise mode l o f the interactio n o f percep -
tual an d short-term memor y system s (Renar t
et al. , 2000 , 2001 ; Roll s &  Deco , 2002) . I n
particular, i t i s shown how a prefrontal cortex
attractor (autoassociation ) networ k coul d b e
triggered b y a  sampl e visua l stimulu s repre -
sented in the inferior temporal visua l cortex in
a delaye d match-to-sampl e task , an d coul d
keep this attractor activ e during a memory in-
terval in which intervenin g stimul i ar e shown .
When th e sampl e stimulu s reappeared i n the
task as a match stimulus, the inferior tempora l
cortex module showed a  large response to the
match stimulus, because i t is activated both by
the incomin g matc h stimulu s an d by the con -
sistent back-projecte d memor y of the sampl e
stimulus stil l bein g represente d i n th e
prefrontal corte x memor y modul e (se e Fig .
23-5).

This computationa l mode l make s i t clea r
that i n order fo r ongoing perception t o occu r

Figure 23-5 . A  short-term
memory autoassociation net -
work in the prefronta l corte x
could hold active a  working
memory representation by
maintaining its firing in a n at -
tractor state . The prefronta l
module would be loade d wit h
the to-be-remembered stimulu s
by the posterior module (i n the
temporal o r parietal cortex ) in
which th e incoming stimul i ar e
represented. Back-projection s
from th e prefronta l short-ter m
memory module to the poste -
rior modul e would enable th e
working memory to be un -
loaded t o influenc e ongoing
perception (see text) . RC, re-
current collatera l connections .
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unhindered, implemente d b y posterior corte x
(parietal an d tempora l lobe ) networks , ther e
must b e a  separate se t o f modules tha t i s ca-
pable o f maintainin g a  representatio n ove r
intervening stimul i (Roll s an d Deco , 2002) .
This approac h emphasize s tha t t o provid e a
good brai n lesio n tes t o f prefronta l corte x
short-term memor y functions , th e tas k se t
should requir e a  short-ter m memor y fo r
stimuli ove r a n interva l i n which othe r stim -
uli ar e bein g processed , becaus e otherwis e
the posterio r corte x perceptua l module s
could implemen t th e shor t ter m memor y
function b y thei r ow n recurren t collatera l
connections. Thi s approac h als o emphasize s
that ther e ar e man y a t leas t partiall y inde -
pendent module s fo r short-ter m memor y
functions in  the  prefronta l cortex—e.g. , sev -
eral module s fo r delaye d saccade s i n th e
frontal ey e fields ; on e o r mor e fo r delaye d
spatial (body ) response s i n th e dorsolatera l
prefrontal cortex ; on e o r mor e fo r remem -
bering visua l stimuli in the mor e ventra l pre -
frontal cortex ; an d a t leas t on e i n th e lef t
prefrontal corte x use d fo r rememberin g th e
words produce d i n a  verba l fluenc y tas k
(Rolls &  Treves, 1998 ; se e Chapte r 10) . This
computational approac h thu s provides a clea r
understanding o f why a  separat e (prefrontal )
mechanism i s neede d fo r workin g memor y
functions (Roll s an d Deco , 2002) . I f a  pre -
frontal corte x modul e i s t o contro l behavio r
in a  workin g memor y task , the n i t mus t b e
capable o f assumin g som e typ e o f executiv e
control. Ther e ma y b e n o nee d t o hav e a
single centra l executiv e i n additio n t o th e
control tha t mus t b e capabl e o f bein g ex -
erted b y every short-ter m memor y module.

To set up a  new short-term memor y attrac-
tor, synapti c modificatio n i s neede d t o for m
the ne w stable attractor . Onc e th e attracto r is
set up , i t ma y be use d repeatedl y whe n trig -
gered by an appropriate cue to hold the short -
term memor y state activ e by  continued neu -
ronal firing, even without an y further synaptic
modification (se e Kesne r &  Rolls, 2001). Thu s
agents tha t impai r the  long-ter m potentiatio n
of synapses ma y impair th e formatio n of ne w
short-term memor y states , bu t no t the us e of
previously learne d short-ter m memor y state s
(see Kesne r & Rolls, 2001).

CONCLUSIONS AND SUMMARY

The orbitofronta l cortex contains th e second -
ary taste cortex , i n which th e rewar d valu e of
taste i s represented. I t als o contains th e sec -
ondary and tertiary olfactory cortical areas , in
which informatio n abou t th e identit y an d th e
reward value of odors i s represented. Th e or -
bitofrontal corte x als o receive s informatio n
about th e sigh t o f object s fro m th e tempora l
lobe cortica l visua l areas , an d neuron s i n i t
learn and reverse th e visua l stimulus to which
they respon d whe n th e associatio n o f the vi -
sual stimulus with a  primary reinforcing stim-
ulus (suc h as taste) is reversed. Thi s i s an ex -
ample o f stimulus-reinforcemen t associatio n
learning, an d i s a type of stimulus-stimulus as-
sociation learning . Mor e generally , the stimu-
lus might be a visual or olfactory stimulus, and
the primar y (unlearned ) positive o r negativ e
reinforcer, a  tast e o r touch . A  somatosensory
input i s revealed b y neurons tha t respon d t o
the textur e of  food in  the  mouth , including a
population tha t respond s to  the mout h feel of
fat. I n complementar y neuroimagin g studie s
in humans, it has been foun d tha t area s of the
orbitofrontal corte x ar e activate d b y pleasan t
touch, b y painfu l touch , b y taste , smell , an d
more abstrac t reinforcer s suc h a s winning or
losing money . Damag e t o th e orbitofronta l
cortex can impair th e learnin g an d reversal o f
stimulus-reinforcement associations , an d thu s
the correctio n o f behaviora l response s whe n
these ar e no longer appropriat e because pre -
vious reinforcemen t contingencie s change .
The information that reaches the orbitofrontal
cortex for these functions includes information
about faces , an d damag e t o th e orbitofronta l
cortex can impair facial (an d voice) expression
identification. Thi s evidenc e thu s show s tha t
the orbitofronta l cortex is involved in decoding
and representin g som e primar y reinforcer s
such a s taste an d touch ; i n learnin g an d re -
versing associations of visual and other stimuli
to thes e primar y reinforcers ; an d i n control -
ling an d correctin g reward-relate d an d
punishment-related behavior ; and , thus , i n
emotion. Th e approac h describe d her e i s
aimed a t providing a  fundamental understand -
ing o f ho w th e orbitofronta l corte x actuall y
functions, an d thu s i n ho w i t i s involve d i n
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motivational behavio r suc h a s feedin g an d
drinking, i n emotiona l behavior, an d i n socia l
behavior.
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NOTE

1. Fo r th e purpose s o f this chapter , a  positive reinforcer
or reward  can be define d as a stimulus that th e animal
will wor k t o obtain , an d a  negative  reinforcer  o r pun-
ishment a s a stimulus that an animal will work to avoid
or escap e (se e Rolls, 1990, 1999).
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Mapping Mood: An Evolving Emphasis on
Frontal-Limbic Interactions

HELEN S. MAYBERG

Theories o f huma n behavio r hav e lon g em -
phasized a  critica l connectio n betwee n emo -
tion an d cognition— a relationshi p no w com-
monly attribute d t o neura l pathway s linking
limbic striata l an d neocortica l structures , par -
ticularly the fronta l lobes . While a  fundamen-
tal role for limbic regions i n the regulatio n o f
emotional behavio r ha s been rigorousl y dem -
onstrated i n studies across many species, thei r
links t o specifi c fronta l lob e region s are , b y
contrast, les s well characterized . Nonetheless ,
empiric clinica l observation s o f effect s o f
transient change s i n positiv e an d negativ e
mood o n attentio n span , decisiveness , mem -
ory, an d othe r cognitiv e abilitie s sugges t crit -
ical interaction s amon g thes e brai n area s i n
normal emotiona l processing . Failur e of these
interactions ha s also been implicate d a s a pos-
sible mechanis m fo r disorder s o f moo d suc h
as depressio n an d anxiety , with dysregulation ,
dysfunction o r injur y t o system s mediatin g
normal emotion s postulate d bein g a  likel y
substrate fo r illness . Usin g thi s model , on e
might furthe r hypothesiz e tha t i f health y
emotional state s aris e fro m stereotypica l stim-
uli an d produc e expecte d responses , diseas e
states involv e th e exaggeratio n o r uncouplin g
of thes e stimulus-respons e events , manifest -
ing a s inappropriat e initiatio n o r persistenc e
of an emotional state i n the absenc e o f a pro-

voking stimulus . A s such , th e delineatio n o f
normal pathway s mediatin g th e variou s com -
ponents o f the emotiona l experience become s
critical to the understandin g of emotional dis-
orders. Alternatively , th e vie w tha t diseas e
states an d norma l state s ar e fundamentall y
non-overlapping ca n also be tested by the use
of paralle l studie s i n norma l an d abnorma l
subject groups .

Functional an d structura l neuroimagin g
studies hav e taken o n a unique rol e in testin g
these hypotheses . Thi s chapte r wil l focu s o n
the us e o f various imaging techniques t o elu -
cidate th e functiona l neuroanatomica l sub -
strates mediatin g normal and abnorma l mood
states. I t i s in this framewor k tha t a  model of
depression, emphasizing disruptio n o f frontal-
subcortical circuits , will be discussed .

SADNESS AND DEPRESSION:
WORKING DEFINITIONS

A fundamenta l rol e fo r limbi c structure s i n
the regulatio n o f moo d an d emotiona l state s
is no w considere d a  virtua l scientifi c axio m
(Mesulam, 1985 ; Damasio , 1994 ; LeDoux ,
1996). Thes e regions , however , d o no t func -
tion i n isolation , with th e fronta l corte x gen -
erally viewe d a s a  critica l collaborator . Earl y
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observations b y Kleis t (1937 ) demonstratin g
mood an d emotiona l sensation s wit h direc t
stimulation o f the ventra l fronta l lobe s (Brod -
mann's areas 47 and 11 ) focused attention o n
paralimbic fronta l regions . Studie s b y Broc a
(1878) and , later , Pape z (1937) , Yakole v
(1948), MaClea n (1949 ) an d Fulto n (1951) ,
elaborated man y o f th e anatomi c detail s o f
these cytoarchitecturall y primitiv e region s o f
frontal cortex , a s wel l a s adjacen t limbi c
structures, includin g th e cingulat e gyrus ,
amygdala, and hippocampus, an d were among
the firs t t o sugges t a  role fo r these region s in
emotional behaviors. Modern comparative an-
atomical an d neurochemica l studie s hav e fur-
ther delineate d reciproca l pathway s linkin g
various 'limbic ' structures with widely distrib -
uted brain stem, striatal, paralimbic, and fron -
tal site s (Nauta , 1986 ; Vog t &  Pandya, 1987 ;
Alexander e t al. , 1990 ; Carmichae l &  Price ,
1996. Grabiel , 1990 ; Mesula m &  Mufson ,
1992; Morecraf t e t al. , 1992 ; Habe r e t al. ,
2000. Link s between thes e region s an d path -
ways mediatin g reward , motivational , and af -
fect behavior s i n animal s ar e wel l docu -
mented (MacLean , 1990 ; Panksep p e t al. ,
1992; Barbas , 1995 ; Bia s e t al. , 1996 ;
LeDoux, 1996 ; Rolls , 1996 ; Trembla y &
Schultz, 1999) .

Sadness, behaviorall y define d a s th e sus -
tained stat e o f withdrawl see n i n respons e t o
loss, i s also observed i n both animal s and hu -
mans, ofte n followin g th e deat h o f or separa -
tion fro m offspring . I n thi s state , change s i n
body posture , disinteres t i n previousl y re -
warding stimuli , and alteration s i n basic driv e
and circadia n behavior s (i.e. , feeding , repro -
duction, sleep , endocrine ) (Harlo w & Suomi,
1974, MacLean , 1990 , Panksep p e t al. , 1991 ;
Cowles, 1996 ; Levin e e t al. , 1997 ; Shivel y e t
al., 1997 ) ar e al l readily apparent , an d i n hu -
mans ar e commonl y referre d t o a s grief  (Zi -
sook &  DeVaul , 1985) . Despit e th e apparen t
consistency of these mor e chroni c behaviora l
changes acros s species , ther e ar e n o goo d
transient o r shor t ter m stimulus-respons e
models t o reliabl y study these phenomena i n
animals (Willner , 1991; Thiebo t e t al. , 1992) .
People, o n th e othe r hand , ca n experienc e
transient sadnes s in response to both personal
internal cue s an d extrapersona l events . I t i s

this capacit y that ha s been exploite d i n func -
tional imagin g experiments .

SADNESS: PROVOCATION STUDIES IN
HEALTHY SUBJECTS

Methods t o provok e sa d mood ar e wel l char-
acterized, wit h recollectio n o f pas t persona l
memories bein g th e mos t commonl y em -
ployed tactic (Brewe r et al. , 1980 ; Goodwi n &
Williams, 1982 ; Martin , 1990) . Thes e ap -
proaches have been used with great success t o
reveal brai n region s mediatin g acut e change s
in emotiona l state . Furthermore , provocatio n
of transient sadness can be viewed as a poten-
tial prob e o f putativ e pathway s mediatin g
chronic dysphori a in depressed patients .

Pardo e t al . (1993 ) firs t describe d bloo d
flow increases usin g position emissio n tomog-
raphy (PET) in superior an d inferior prefron-
tal corte x durin g spontaneou s recollectio n o f
previous sa d events . Subsequen t studie s b y
George e t al . (1996) , Schneide r e t al . (1995) ,
Lane e t al . (1997) , Gemar e t al . (1996), May-
berg et al . (1999), Liotti e t al . (2000), and Da -
masio e t al . (2000) , using a  variety o f provo-
cation methods , identifie d additiona l change s
involving varying combinations o f regions in -
cluding the insula , hypothalamus, cerebellum,
and amygdala . Across studies, increases in re -
gional activit y were mos t prominent . Fronta l
decreases reminiscent of resting-state findings
in clinically depressed patient s were also seen,
but no t consistently (Gemar et al. , 1996; May-
berg e t al. , 1999 ; Damasi o et al. , 2000 ; Liott i
et al. , 2000) . Timing of scans and th e specifi c
instructions appear to have a critical impact on
both pattern s an d directio n o f regiona l
changes. Fo r example , Mayber g et al . (1999)
and Liott i e t al . (2000) employed a n autobio -
graphical memor y paradig m i n whic h scan s
were acquire d onl y afte r th e sa d stat e wa s
reached an d sustained with subjects no longer
ruminating on the specific s of the personal sit-
uation used to provoke the mood . Ventral lim-
bic an d paralimbi c increase s (subgenua l cin -
gulate, anterio r insula , an d cerebellum ) an d
neocortical decrease s (righ t prefrontal , infe -
rior parietal , an d posterio r cingulate ) wer e
seen wit h thi s strategy , replicatin g som e bu t
contradicting othe r finding s previousl y re -
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ported. Th e anterio r cingulat e increase s
closely match findings of George e t al . (1996),
Partiot e t al . (1995) , Bake r et al . (1997) , an d
Damasio e t al . (2000) . I n contrast , th e righ t
prefrontal decrease s ar e th e revers e o f previ-
ous findings , perhap s becaus e o f scanning af-
ter rathe r tha n durin g activ e recollectio n o f
the sa d memor y (Pard o e t al. , 1993 ; Georg e
et al. , 1996) . In support of this assertion, these
decreases als o overlap area s shown to activat e
with sustained attentiona l tasks in the absenc e
of moo d manipulation s (Pard o e t al. , 1991 ;
Corbetta e t al. , 1993)—behavior s commonly
disturbed in depressed patient s (Elliott , 1998).

While furthe r corroborativ e studie s ar e
needed, thes e dat a sugges t plausibl e mecha -
nisms b y whic h mood , motor , an d cognitiv e
states interac t (Liott i & Tucker, 1992; Barbas,
1995; Tucke r e t al. , 1995 ; Heilman , 1997) .
However, even with well-behaved provocatio n
procedures an d well-designe d contro l states ,
dissociation o f region s mediatin g subjectiv e
feelings fro m autonomic , somatic , an d cogni -
tive aspect s o f an emotiona l stat e ma y not b e
straightfoward (Lang , 1993 ; Damasio , 1996) .

The importanc e of frontal, limbic , and stria-
tal interaction s i n th e mediatio n o f negativ e
emotions is further illustrate d by a recent case
of transien t depressio n durin g deep-brai n
stimulation fo r treatmen t o f intractabl e Par -
kinson's disease (Bejjan i et al., 1999). Selectiv e
high-frequency stimulation to the lef t substan -
tia nigr a ( 2 m m belo w th e subthalami c site ,
which alleviate d parkinsonian symptoms) pro-
voked a  reproducibl e an d reversibl e depres -
sive syndrom e i n a  woma n with n o previou s
psychiatric history . Stimulation-induced mood
changes were associate d with foca l bloo d flow
increases i n th e lef t orbita l fronta l cortex ,
amygdala, globu s pallidus , anterio r thalamus ,
and righ t parieta l cortex . Thi s patter n o f re -
gional activatio n i s simila r t o change s see n
with memory-induce d sadnes s in healthy vol-
unteers, althoug h ther e ar e clea r difference s
requiring additiona l furthe r studies. Nonethe -
less, thi s remarkabl e cas e no t onl y provide s
important additiona l clue s regardin g regiona l
circuits mediating normal and abnormal mood
states bu t als o emphasizes the potential utility
of carefull y evaluatin g specific behaviora l def-
icits in neurologica l disease models .

DEPRESSION: A DISEASE MODEL OF
ABNORMAL MOOD REGULATION

Medical illnes s associate d wit h change s
in mood , particularl y depression , ar e ex -
tremely common . Regardles s o f diseas e
mechanism, th e diagnosi s o f a  majo r depres -
sive episod e i s base d o n th e presenc e o f a
persistent negativ e moo d stat e i n association
with disturbance s i n attention , motivation,
motor an d menta l speed , sleep , appetite , li -
bido, a s well a s anhedonia, excessiv e or inap -
propriate guilt , recurren t thought s o f deat h
with suicida l ideations , and , i n som e cases ,
suicide attempts . Unlik e temporar y sadnes s
or grief , however , depressiv e syndrome s ar e
not necessarily precipitated b y external events
or persona l los s (America n Psychiatric Asso -
ciation, 1994) .

Theories implicatin g foca l lesion s (Bear ,
1983; Robinso n e t al. , 1984) , specifi c neuro -
chemical an d neuropeptid e system s (Schild -
kraut, 1965 ; Fibiger , 1984 ; Swerdlo w & Koob,
1987; Nemeroff , 1996) , and selectiv e dysfunc -
tion of known neural pathways (Drevets et al. ,
1992; Mayberg , 1994, 1997 ) have all been pro-
posed, supporte d b y a  growin g numbe r o f
clinical and basic studies (Caldecott-Hazard et
al., 1988 ; Wilner , 1991 ; Zacharko  & Anisman,
1991; Overstreet , 1993 ; Sapolsky , 1994 ; Pett y
et al. , 1997 ; Hei m e t al. , 2000) . Patien t find -
ings ar e complemente d b y paralle l experi -
ments o f specifi c cognitive , motor , circadian ,
and affectiv e behavior s mappe d wit h func -
tional neuroimaging techniques i n healthy vol-
unteers, whic h togethe r sugges t tha t depres -
sion i s a  systems-leve l disorder , affectin g
discrete bu t functionall y linke d pathway s in -
volving specifi c cortical , subcortical , an d lim -
bic sites and their associate d neurotransmitte r
and peptide mediators. It is further postulate d
that depressio n i s no t simpl y dysfunctio n of
individual regions or pathways, but i s a failure
of th e coordinate d interaction s amon g the m
(Mayberg, 1997) . Mechanism s mediating this
"failure" ar e no t full y characterized , althoug h
genetic vulnerability , developmenta l insults ,
and environmenta l stressor s ar e considere d
major contributor s (Fav a &  Kendler , 2000) .
Studies o f specifi c clinica l population s hav e
provided importan t clues .
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NEUROLOGICAL DEPRESSION
MODELS

ANATOMICAL STUDIES

Neurological disease s associate d wit h depres -
sion ar e commo n an d ca n b e groupe d int o
three primary categories: (1) focal lesions such
as stroke , trauma , seizur e disorders , an d tu -
mor (reviewe d i n Starkstei n &  Robinson ,
1993); (2 ) diseases with diffus e o r random pa-
thology suc h a s multipl e sclerosi s an d
Alzheimer's diseas e (Goodstei n &  Ferrell ,
1977; Hone r e t al. , 1987 ; Zubenk o & Moossy,
1988; Cumming s &  Victoroff , 1990) ; an d (3 )
degenerative disorder s wit h regionall y con -
fined patholog y suc h a s Parkinson' s disease ,
Huntington's disease , an d frontal-tempora l
dementia (Celesi a & Wanamaker, 1972; Cain e
& Shoulson , 1983 ; Folstei n e t al. , 1983 ; May -
berg &  Solomon , 1995) . Thes e studie s hav e
consistently linked dysfunctio n o f fronta l cor -
tex an d les s consistentl y temporal corte x an d
the striatu m t o th e presenc e o f moo d symp -
toms. The rol e o f limbic regions is less clear .

The critica l rol e o f the fronta l lobe s i s evi-
denced b y a  numbe r o f studie s o f foca l pa -
thology. Report s o f patient s wit h traumati c
frontal lob e injur y indicat e a  high correlatio n
between affectiv e disturbance s an d righ t
hemisphere patholog y (Grafma n e t al. , 1986) .
Studies i n stroke , on th e othe r hand , sugges t
that left-side d lesion s o f bot h fronta l corte x
and the basa l ganglia are more likely to resul t
in depressiv e symptom s tha n righ t lesions ,
where display s o f euphori a o r indifferenc e
predominate, althoug h ther e i s stil l consider -
able debate about this (Gainotti, 1972; Ros s &
Rush, 1981 ; Sinyo r e t al. , 1986 ; Starkstei n e t
al., 1987 ; Mende z e t al. , 1989 ; Carso n e t al. ,
2000). Furthe r evidence supportin g the later -
alization of emotional behaviors is provided in
studies o f pathologica l laughin g an d crying .
Crying is more common with lef t hemispher e
lesions, while laughter i s seen i n patients with
right lesion s (Sackhei m et al. , 1982) , consis -
tent with reports of post-stroke mood changes.
Lateralization o f moo d symptom s hav e als o
been examine d in patients with temporal lobe
epilepsy, althoug h again , ther e i s n o consen -
sus, as affective disorder s have been describe d

with left , right , an d non-lateralize d foc i (Flor -
Henry, 1969; Mende z et al. , 1986£shuler et al.,
1990).

Observations o f patient s undergoin g abla -
tive surgery to alleviate refractory melancholia
and unremittin g emotiona l rumination s pro -
vide complementary evidence fo r regional lo-
calization o f moo d an d affectiv e behavior s
(Fulton, 1951 ; Livingsto n &  Escobar , 1973 ;
Cosgrove & Rausch, 1995; Malizia , 1997). The
mechanisms b y whic h thes e destructiv e le -
sions improv e moo d ar e unknown , a s i s th e
precise lesio n sit e necessar y fo r amelioratio n
of depressiv e symptoms . Improve d mood ,
however, i s seen i n man y severely il l patients
after anterio r leukotom y or subcallosa l o r su -
perior cingulotomy. These seemingly paradox-
ical effect s sugges t a  more complicate d inter -
action amon g limbic , paralimbic , an d
neocortical pathway s in bot h norma l an d ab -
normal emotiona l processin g tha n th e lesion -
deficit literatur e woul d intimate . Als o un -
known is how dysphoria is related to behaviors
such a s apathy , executiv e dysfunction , moo d
lability, an d impulsivit y tha t ofte n co-exis t in
these patients .

FUNCTIONAL IMAGING STUDIES

Functional imaging (PET, single-photon emis-
sion tomography [SPECT] , and magneti c res-
onance spectroscopy , functiona l magneti c res-
onance imagin g [fMRI] ) ca n complemen t
structural imaging in that the consequence s of
anatomic or chemical lesions on global and re-
gional brain functio n (metabolism , blood flow,
transmitter) ca n be additionall y assessed. This
approach ha s been an important tool for iden-
tifying previousl y unrecognize d brai n abnor -
malities an d potentia l diseas e mechanisms .
These method s additionall y provid e alterna -
tive strategies to test how similar mood symp-
toms occu r with anatomicall y or neurochemi -
cally distinct diseas e states , or conversely, why
comparable lesion s d o no t alway s resul t i n
comparable behaviora l phenomena . Paralle l
studies o f primary affectiv e disorde r an d pa -
tients wit h neurologica l depression s provid e
complementary perspectives .

Mayberg, Starkstein an d colleagues, in a se-
ries o f PE T imagin g studies (Mayber g e t al. ,
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1990, 1991 , 1992; ) Starkstein et al. , 1990.) , fo-
cused o n neurologica l disease s i n which func -
tional abnormalities would not be confounded
by gros s cortica l lesions—specifically , Parkin -
son's disease , Huntington' s disease , an d lacu -
nar infarct s involv e the basa l ganglia. Not only
do clinica l sign s an d symptom s i n thes e pa -
tients mirro r thos e see n i n idiopathic depres -
sion, bu t specifi c etiologica l mechanisms have
been postulate d (Fibiger , 1984 ; Robinso n e t
al., 1984 ; Mayeu x e t al. , 1988 ; Cantell o e t al. ,
1989; Peyse r &  Folstein , 1990) . Paralimbi c
(ventral prefrontal , anterio r temporal ) hypo -
metabolism differentiate d depresse d fro m
non-depressed patient s withi n eac h group , as
well a s depresse d fro m non-depresse d pa -
tients, independen t o f disease etiolog y (May-
berg, 1994) . Thes e result s wer e th e firs t t o
suggest critica l commo n pathways for th e ex -
pression o f depressio n i n neurologica l pa -
tients, which provided importan t clues to pos-
sible mechanism s mediatin g moo d symptoms
in primar y moo d disorders . Thes e finding s
have bee n replicate d i n patients wit h Parkin -
son's diseas e (Jagus t et al. , 1992 ; Rin g et al. ,
1994), as well as in patients with temporal lobe
epilepsy (Bromfiel d e t al. , 1992) , subcortica l
strokes (Grass o et al. , 1994) , an d Alzheimer' s
disease (Hiron o et al. , 1998) . Th e regiona l lo-
calization o f changes i s similar (but no t iden -
tical) t o tha t see n i n primar y depressio n
(shown i n th e nex t section ) an d i s consisten t
with two known pathways: the orbita l frontal —
striatal-thalamic circui t (Goldman-Raki c &
Selemon, 1984 ; Albi n e t al. , 1989 ; Alexande r
et al. , 1990) , and the basotempora l limbic cir-
cuit which link s orbital fronta l corte x an d an -
terior tempora l corte x via the uncinat e fascic -
ulus (Papez , 1937 ; MacLean , 1949 ; Fulton ,
1951; Nauta , 1971 , 1986) . Disease-specifi c
disruption o f convergin g pathway s t o thes e
regions (Simo n e t al. , 1979 ; Azmiti a &  Gan-
non, 1986 ) bes t explain s the presenc e of sim-
ilar depressive symptom s in patients wit h dis-
tinctly differen t diseas e pathologies .

Involvement o f limbi c region s suc h a s th e
amygdala, hippocampus , an d hypothalamu s
has no t bee n prominen t i n these studies , de -
spite th e critica l importanc e o f these region s
as targets o f various antidepressant treatment s
(Hyman &  Nestler , 1996 ; Blie r &  d e Mon -

tigny, 1999 ; Duma n e t al. , 1999) . Systemati c
comparisons o f frontal-subcortica l an d
cortical-limbic pattern s i n neurologica l pa -
tients t o those  identifie d in patient s wit h pri -
mary affectiv e disorder s ar e neede d t o full y
characterize commo n functiona l marker s o f
the depressiv e syndrome . Divergen t pattern s
may additionally provide explanation s for sub-
tle and not-so-subtle clinical differences across
different "depressed " patien t groups , suc h as
the presenc e o f apathy or mood lability.

IDIOPATHIC DEPRESSION

ANATOMICAL STUDIES

Anatomical studie s o f patient s wit h primar y
affective disorder s hav e bee n les s consisten t
than those  o f depressed patient s wit h neuro -
logical diseas e (reviewe d i n Soar s &  Mann ,
1997). Foca l volum e loss in subgenua l medial
orbital fronta l corte x in both unipola r and bi -
polar depresse d patient s ha s bee n identified ,
but no t consistentl y (Drevet s e t al. , 1997) .
Cellular changes have also been reported (On-
gur e t al. , 1998 ; Rajkowsk a e t al. , 1999) . Re -
duced hippocampa l an d amygdal a volume s
have als o been demonstrate d i n patients with
recurrent majo r depressio n (Shelin e e t al. ,
1996, 1998) , wit h a  postulated mechanis m of
glucocorticoid neurotoxicity , consisten t wit h
both animal models (Sapolsky, 1994) and stud-
ies o f patient s wit h post-traumati c stres s dis -
order (Bremne r e t al. , 1995) . Nonspecifi c
changes i n ventricula r siz e an d T 2-weighted
MRI changes i n subcortical gray and periven-
tricular white matte r have also been reported
in som e patien t subgroups , mos t notably , in
elderly depresse d patient s (Zubenk o e t al. ,
1990; Coffe y e t al. , 1993 ; Dupon t e t al. , 1995 ;
Greenwald e t al. , 1996 ; Hicki e e t al. , 1997) .
Recent report s additionall y identif y a  mor e
generalized orbita l fronta l atroph y in patient s
with late-life depression suggestiv e of early an-
atomical change s see n i n Alzheimer' s disease
(Lai et al. , 2000). The parallels , if any, of these
observations to the regiona l abnormalitie s de-
scribed i n lesio n an d neurologica l patient s
with depressio n ar e unclear . Studie s o f new-
onset patients , o r preclinical-at-ris k subjects ,
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are neede d t o clarif y i f these change s reflec t
disease pathophysiolog y o r ar e th e conse -
quence o f chronic illness or treatment .

FUNCTIONAL IMAGING STUDIES

Resting-state PE T an d SPEC T studie s i n pa-
tients wit h primar y depressio n als o repor t
frontal an d cingulate abnormalities, in general
agreement wit h the patter n see n in neurolog-
ical depressions . Acros s studies, th e mos t ro -
bust an d consisten t findin g i s decreased fron -
tal lob e functio n (Buchsbau m e t al. , 1986 ;
Baxter et al., 1989; Georg e et al. , 1994; Lesse r
et al. , 1994; Mayber g et al., 1994, 1997 ; Kette r
et al. , 1996 ; amon g others) . Th e anatomica l
localization o f fronta l change s involve s bot h
dorsolateral prefrontal corte x (Brodmann's ar-
eas 9 , 10 , 46) an d ventra l prefronta l an d or -
bital frontal cortices (Brodmann' s areas 10,11,
47). Finding s ar e generall y bilateral, althoug h
asymmetries have been reported. Localizatio n
of reporte d cingulat e change s involve s pre -
dominantly anterio r dorsa l sector s (Benc h e t
al., 1992 ; W u e t al. , 1992 ; Mayberg , 1994 ,
1997; Ebert & Ebmeier, 1996) . Other limbic-
paralimbic (amygdal a anterio r temporal , in -
sula) an d subcortica l (basa l ganglia, thalamus)
abnormalities hav e als o bee n identified , bu t
the findings are more variable (Buchsbaum et
al., 1986 ; Pos t e t al. , 1987 ; Drevet s e t al. ,
1992; Mayber g et al. , 1994 , 1997 ; Bonn e an d
Krausz, 1997). Differences among patient sub-
groups (familial , bipolar , unipolar ) and heter -
ogeneous expressio n of clinical symptoms are
thought t o contribut e t o thi s variance , bu t
there i s not ye t a  consensus . Us e o f differen t
analytic strategies (voxel-wis e versus region of
interest) likely also accounts for some of these
apparent inconsistencies .

CLINICAL CORRELATES

Many studies demonstrate an inverse relation -
ship betwee n prefronta l activit y an d depres -
sion severity (reviewe d b y Ketter et al. , 1996).
Significant correlation s hav e also been shown
for psychomoto r spee d (negativ e correlation s
with prefronta l an d angula r gyms , Benc h e t
al., 1993a ; negativ e correlatio n wit h ventra l
frontal, Mayber g et al. , 1994), anxiety (positive

correlation with inferior parietal lobule, Benc h
et al. , 1993a and with parahippocampal gyms,
Osuch et al. , 2000), and cognitive performance
(positive correlatio n wit h media l frontal/cin -
gulate Bench et al. , 1993a; Dolan et al. , 1992).

Direct mappin g of these behavior s is an al-
ternative approach , allowin g head-to-hea d
comparisons o f patient s an d health y control s
(Dolan et al. , 1993 ; Georg e e t al. , 1997) . With
this type of design, one ca n both quantif y th e
neural correlate s o f th e performanc e decre -
ment an d identif y potentia l disease-specifi c
sites o f tas k reorganization . Thes e type s o f
studies ca n b e performe d wit h an y o f th e
available functiona l methods, includin g PET,
fMRI, an d event-relate d potential s (ERP )
(Whalen e t al. , 1998 ; Liott i an d Mayberg ,
2001).

By example , Georg e e t al . (1994 , 1997 )
demonstrated bluntin g of an expected anterio r
cingulate increas e durin g performanc e o f a
Stroop Task . A  shif t t o th e lef t dorsolatera l
prefrontal cortex , a  regio n no t normall y re -
cruited for this task in healthy subjects (Bench
et al. , 1993b ; Whale n e t al. , 1998) , wa s also
observed. Ellio t e t al. , (1997a) , usin g th e
Tower of London test , described simila r atten-
uation o f an expected increas e i n dorsolatera l
prefrontal corte x an d failur e t o activat e ante -
rior cingulat e an d caudate—regions recruite d
in controls. I n an additional set of experiments
(Elliot e t al. , 1997b ) thi s group , further dem-
onstrated that , unlik e health y subjects , de -
pressed patients also failed to activate the cau-
date i n respons e t o positiv e o r negativ e
feedback given while they performed the task.
The fac t tha t feedback valence influenced cog-
nitive performanc e i n norma l subject s an d
more dramaticall y in depressed individual s il-
lustrates the highly interactive nature of mood
and cognitiv e systems.

BRAIN CHANGES WITH
ANTIDEPRESSANT TREATMENTS

An additional approach to understanding core
frontal-limbic system s mediating mood state s
is to examine state-trait marker s revealed dur -
ing clinica l remission . Functiona l change s i n
cortical (dorsal/ventra l prefrontal , parietal) ,
limbic-paralimbic (cingulate, insula), and sub-
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cortical (caudate , thalamus) regions have been
described followin g variou s type s o f treat -
ments (medication , sleep deprivation , electro -
convulsive therap y [ECT] , repetitiv e tran -
scranial magnetic stimulation [rTMS], ablative
surgery). Normalizatio n of fronta l hypometa -
bolism i s th e best-replicate d finding , see n
mainly with medication (tricyclics , monoamine
oxidase inhibitor s [MAOIs] , variou s selectiv e
serotonin reuptak e inhibitor s [SSRIs]) , sug -
gesting that fronta l abnormalitie s may be state
markers o f th e illnes s (Baxte r e t al. , 1989 ;
Martinot e t al. , 1990 ; Goodwi n e t al. , 1993 ;
Bench e t al. , 1995 ; Buchsbau m e t al. , 1997 ;
Mayberg e t al. , 1999 ; Kenned y et al. , 2001) .
Changes i n associated limbic , paralimbic, an d
subcortical region s ar e mor e variabl e (Bonn e
& Krausz , 1997 ; Malizia , 1997 ; Brod y e t al. ,
1999; Mayber g et al. , 1999 ; Smit h et al. , 1999 ;
Teneback e t al. , 1999 ; Kenned y et al. , 2001) .
Few drug-treatmen t studie s repor t regiona l
decreases; althoug h bot h limbi c an d cortica l
decreases ar e see n i n studie s o f (ECT ) (No-
bler e t al. , 2001) . N o studie s hav e directl y
compared changes common to antidepressant s
with different mode s of action, although there
is a small literature o n regional differences as -
sociated wit h respons e t o differen t medica -
tions i n bipola r patient s (Littl e e t al. , 1996) .
While certain change patterns appear to occur
more ofte n tha n other s (prefrontal , anterio r
cingulate increases ; ventra l media l fronta l de -
creases), a  consistent an d reliabl e patter n ha s
not been demonstrated .

temporal dela y i n clinica l response . Clinica l
improvement wa s associate d wit h limbic -
paralimbic an d striata l decrease s (subgenua l
cingulate, hippocampus , pallidum, insula) and
brain ste m an d dorsa l cortica l increase s (pre -
frontal, parietal , anterior/posterio r cingulate) .
Failed respons e t o fluoxetin e wa s associate d
with a persistent 1-wee k pattern (hippocampa l
increases; pallidal , posterio r cingulat e de -
creases) an d absenc e o f either subgenua l cin-
gulate o r prefronta l changes . Thes e finding s
suggest no t onl y a n interactio n betwee n
limbic-paralimbic an d neocortical pathways in
depression, bu t difference s amon g patients in
adaptation o f specific target region s to chronic
serotonergic modulation. Failure to induce the
requisite adaptiv e change s migh t be see n a s a
contributing cause of treatment non-response .
Although specifi c neurochemica l mechanisms
for thes e limbic , paralimbic , an d neocortica l
metabolic change s remai n speculative , pre -
clinical studies implicated a  series o f recepto r
second messenge r and molecula r events (Hy-
man &  Nestler, 1996; Vaidya et al. , 1997; Blie r
& de Montigny , 1999; Duma n et al. , 1999) . As
placebo responder s sho w comparable changes
in neocortex and subgenual cingulate (bu t not
brain ste m o r hippocampus ) t o thos e see n
with activ e drug , i t i s furthe r hypothesize d
that clinica l response, regardles s o f treatment
mode, requires specifi c change s in critical tar-
get brai n region s an d pathway s (Mayber g e t
al. 200la). This hypothesis i s the focu s o f on-
going research .

RELATION TO CLINICAL RESPONSE

A critical issue in better understanding the re -
ported variabilit y in locatio n an d directio n o f
regional changes with treatment i s to conside r
that drug-induce d effect s ma y be differen t i n
patients wh o respond compare d t o those  tha t
do not, as suggested by the pretreatment rest -
ing stat e studie s describe d above . I n suppor t
of thi s hypothesis , Mayber g an d colleague s
(2000) examine d regiona l metaboli c change s
associated wit h 6  week s o f fluoxetin e treat -
ment i n patient s wit h majo r depression . Dis -
tinct pattern s o f change wer e see n a t 1  week
and 6  week s o f treatment , wit h th e tim e
course o f metaboli c change s reflectin g th e

BASELINE PREDICTORS OF TREATMENT
RESPONSE

Mechanisms mediatin g treatmen t non -
response remain s anothe r importan t unresol -
ved issue. While it is clear that antidepressants
and, mor e variably , cognitive an d psychother -
apy are generall y effective i n ameliorating de-
pressive symptoms , some patients fai l o r have
an incomplet e response . Th e incidenc e o f
treatment resistanc e can range anywhere from
20% to 40%, and at present there are no clin-
ical, genetic , o r biologica l marker s that iden -
tify whic h patient s ar e likel y to respon d t o a
given treatment , explai n wh y on e treatmen t
modality o r clas s o f medicatio n i s effectiv e
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when another is not, or predict which patients
are vulnerable to relapse (Kelle r e t al. , 1983 ;
Coryell e t al. , 1990 ; Ma j et al. , 1992) .

Recent PET studies have demonstrated tha t
pretreatment rostra l (pregenual ) cingulat e
metabolism ma y b e usefu l i n predictin g re -
sponse t o pharmacotherap y (Mayber g e t al. ,
1997; Branna n e t al. , 2000 ; Pizzagall i e t al. ,
2001). Acros s studies , hypermetabolis m wa s
seen i n eventua l treatmen t responders , an d
hypometabolism i n non-responders . A  similar
hypermetabolic pattern in a  nearby regio n of
the dorsa l anterio r cingulat e ha s als o bee n
shown t o predic t goo d respons e t o on e nigh t
of sleep deprivation (W u et al. , 1992 , 1999) . A
related observatio n has been mad e in patients
with obsessive-compulsiv e disorde r (OCD) ,
where ventra l fronta l hyper - an d hypometa -
bolism preferentiall y respon d t o behaviora l
therapy or medication (Saxen a et al., 1999) . In
bipolar patients , pattern s predictiv e o f re -
sponse t o on e moo d stabilize r ove r anothe r
have als o been reporte d (Kette r et al. , 1999) .
While additiona l studie s ar e needed , thes e
data sugges t physiologica l difference s amon g
patient subgroup s tha t ma y be critica l t o un -
derstanding brai n plasticit y and adaptatio n t o
illness, includin g propensit y t o respon d t o
treatment. Evidenc e o f persistent hypermeta -
bolism i n patient s i n ful l remissio n o n main -
tenance SSR I treatment fo r more than a  year
further suggest s a  critica l compensator y o r
adaptive role for rostral cingulate in facilitating
and maintaining clinical response (Mayber g et
al., 1998) .

FRONTAL-LIMBIC DYSREGULATION: A
WORKING MODEL OF DEPRESSION

Data presente d i n thi s chapte r strongl y sup -
port a  critical role fo r frontal-subcortica l cir -
cuits and , mor e specifically , frontal-limbi c
pathways i n th e mediatio n o f clinica l symp -
toms i n patient s wit h primar y and secondar y
depressions. Th e overal l patter n o f cortical ,
subcortical, an d limbi c change s suggest s th e
involvement o f severa l well-characterize d
pathways, schematically organized a s an inter-
active networ k mode l (Fig . 24-1 ; Mayberg ,
1997; Mayber g et al. , 2000).

Brain region s with known anatomical inter-
connections that also show consistent and syn-
chronized change s usin g PE T i n variou s be -
havioral states—transien t sadness , baselin e
depressed, pre - an d post-treatmen t (a s de -
scribed i n previous sections o f this chapter)—
have been groupe d int o two general compart -
ments: dorsal cortica l an d ventral limbic. This
dorsal-ventral segregation additionall y define s
those brain regions where a n inverse relation-
ship is seen acros s experiments .

The dorsal-cortica l compartmen t include s
primarily neocortica l elements , an d i s postu-
lated t o mediat e cognitiv e aspect s o f negative
emotion such as apathy, psychomotor slowing,
and impaired attention and executive function,
on the basi s o f complementary structural and
functional lesion-defici t correlationa l studie s
(Bench e t al. , 1992 ; Dola n e t al. , 1993 ; May -
berg e t al. , 1994 ; Devinsk y et al. , 1995 ; Mad -
dock, 1999) ; symptom-specifi c treatmen t ef -
fects i n depresse d patient s (Benc h e t al. ,
1995a; Buchsbau m et al. , 1997 ; (Mayber g e t
al., 2000) ; activatio n studie s designe d t o ex -
plicitly map these behavior s in healthy volun-
teers (Pard o et al. , 1991 ; Georg e e t al. , 1996 ;
and connectivit y pattern s i n primate s Mesu -
lam, 1985 ; Morecraf t e t al. , 1993 ; (Petride s &
Pandya, 1984 ; Barbas , 1995) .

The ventral-limbi c compartmen t i s com -
posed predominantly of limbic and paralimbic
regions know n to mediat e circadian , somatic ,
and vegetative aspects o f depression including
sleep, appetite , libidinal , an d endocrin e dis -
turbances, according to clinical and related an-
imal studie s (MacLean , 1990; Neafsey , 1990 ;
Mesulam &  Mufson , 1992 ; Augustine , 1996) .

The rostra l cingulat e (rCg24a ) i s isolate d
from bot h th e ventra l an d dorsa l compart -
ments base d o n it s cytoarchitectura l charac -
teristics an d reciproca l connection s t o bot h
dorsal an d ventra l anterio r cingulat e (Vog t &
Pandya, 1987 ; Vog t e t al. , 1995) . Contributin g
to thi s position i n the mode l ar e the observa -
tions tha t metabolis m i n thi s regio n uniquel y
predicts antidepressan t respons e i n acutel y
depressed patient s (Mayber g et al. , 1997 ) an d
is als o the principa l sit e o f aberrant respons e
during mood induction i n remitted depresse d
patients (Mayber g et al., 1998). These anatom-
ical an d clinica l distinction s sugges t tha t th e
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Figure 24—1 . Depressio n model . Regions with known an-
atomical interconnection s tha t als o sho w synchronize d
changes usin g PE T i n thre e behaviora l states—norma l
transient sadnes s (controls) , baseline depressed (patients),
and post-treatment (patients)—for m the basis of this sche-
matic. Regions are grouped into two main compartments,
cortical an d limbic , both with known connections to sub-
cortical targets , as delineated. Th e frontal—limbi c (dorsal -
ventral) segregatio n additionall y identifie s thos e brai n
regions wher e a n invers e relationshi p i s see n acros s th e
different PE T paradigms . Sadnes s and depressiv e illness
are bot h associate d wit h decrease s i n dorsa l neocortica l
regions (mainl y prefrontal ) an d relativ e increases i n ven-

tral limbi c area s (subgenua l cingulate) . Th e model , i n
turn, proposes tha t illness remission occurs when there is
inhibition o f the overactiv e limbi c regions an d activation
of th e previousl y hypofunctionin g cortica l area s (soli d
black arrows) , a n effec t facilitate d b y variou s form s o f
treatment (dotte d lines) . Integrity o f the rostra l cingulate
with it s direc t anatomica l connections to both th e dorsa l
cortical an d ventra l limbic compartments is postulated t o
be additionally required fo r the occurrence o f these adap-
tive changes , a s pretreatmen t metabolis m in thi s regio n
uniquely predict s antidepressan t treatmen t response .
(Source: Adapte d fro m Mayberg , 1997 ; Mayber g e t al. ,
1999, 2000 )

rostral anterio r cingulate may serve a n impor-
tant regulator y rol e i n the overal l network by
facilitating the interactions between th e dorsal
and ventral compartments Petrides & Pandya,
1984; Crin o e t al. , 1993 ; Pandy a &  Yeterian,
1996). As such, dysfunction in thi s area coul d
have significan t impac t o n remot e brai n
regions regulatin g a  variet y o f behaviors , in -
cluding th e interactio n betwee n mood , cog -
nitive, somatic , an d circadia n response s tha t
characterize a n emotiona l state .

Strategic modulatio n o f specifi c subcortica l
(brain stem, hypothalamus, hippocampus, pos -
terior cingulate , an d striatal ) "nodes " i s see n
as a  primar y mechanis m fo r th e observe d
widespread, reciproca l effect s i n ventra l an d
dorsal cortical-limbi c region s see n wit h vari -
ous antidepressant treatment s (Mayber g et al. ,
2000). Persisten t subgenua l cingulat e hypo -
metabolism i n combinatio n wit h rostra l ante -
rior an d posterio r cingulat e hypermetabolis m

in full y recovered , previousl y depresse d pa -
tients o n long-ter m maintenanc e SSR I treat -
ment provide s additiona l evidenc e tha t thes e
may b e th e requisit e adaptiv e metaboli c
changes neede d fo r sustaine d clinica l remis -
sion an d moo d homeostasi s (Mayber g et al. ,
1998). Whil e additiona l experimenta l studie s
are needed , i t i s postulated tha t illnes s remis-
sion, whethe r facilitate d b y medication , psy-
chotherapy, ECT , o r surgery , requires th e re -
configuration o f these reciprocall y interactive
pathways initiate d throug h eithe r top-dow n
(cortical-limbic) o r bottom-u p (limbic -
cortical) interventiona l strategies . I f on e as -
sumes tha t bot h o f thes e approache s ar e
equally efficacious , th e questio n shift s awa y
from whethe r suppressio n o f ventra l limbi c
regions allows the normalizatio n of dorsal cor-
tical hypometabolism, or normalization of cor-
tical activit y causes a  decrease i n ventral lim-
bic region s t o a  focu s o n pattern s an d
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mechanisms underlyin g successfu l an d faile d
response to differen t form s of treatment. Th e
contribution of specific frontal lobe subregions
to thes e issue s a s wel l a s mor e comple x as -
pects o f emotiona l processin g an d moo d reg -
ulation ar e a s yet unknow n bu t ar e th e focu s
of intens e interest . Futur e studie s examinin g
effective functiona l connection s amon g thes e
various pathway s wil l provid e additiona l ne w
insights int o mechanisms mediatin g mood ho-
meostasis i n health an d disease (Mclntos h &
Gonzalez-Lima, 1994 ; Mayber g e t al. , 2001b).
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The fronta l lobes, comprisin g 25% to 33 % of
the huma n cortex (Stus s & Benson, 1986 ; Ra -
demacher e t al. , 1992) , mos t readil y differen -
tiate a  primate brai n fro m th e brain s o f other
mammals (Fuster, 1997) . The function s of this
region ar e als o considere d those  tha t mos t
strongly identif y a  human a s human. Despit e
the genera l acceptanc e o f the importanc e o f
frontal lob e functions , the stud y of these abil -
ities ha s been difficul t fo r theoretical , experi -
mental, an d clinica l reason s (Stus s e t al. ,
1995). Fo r example , concept s suc h a s execu -
tive control o r supervisory system are difficul t
to mak e operationa l i n experimenta l para -
digms. In addition, even if separable processe s
can b e defined , th e relationshi p o f thes e t o
potentially specifi c fronta l lob e region s ha s
been difficult t o determine becaus e o f the rel -
ative infrequency o f patients with limited foca l
frontal lob e lesions .

In thi s chapter , w e summariz e a  decade o r
more of research o n the function s of the fron -
tal lobe s throug h th e stud y o f patient s wit h
pathology restricted t o that regio n (Alexander
& Stuss , 2000; Stus s & Alexander, 2000). We
started wit h on e assumption : there i s no uni-
tary fronta l lob e process , n o central executiv e
(Stuss &  Benson , 1986 ; Shallic e &  Burgess ,
1991). Rather ,

the fronta l lobe s (i n anatomica l terms ) o r th e
supervisory syste m (i n cognitiv e terms ) d o no t
function (i n physiologica l terms ) a s a  simpl e (in -
explicable) homunculus . . . . The differen t region s
of th e fronta l lobe s provid e multipl e interactin g
processes. Becaus e th e leve l o f processin g allow s
the interactio n o f informatio n fro m othe r brai n
regions an d becaus e o f the complexit y of the fron -
tal structures , th e interactin g processe s ca n pro -
vide a  sophisticated control . .  . . The understanding
of this , however , ca n b e complete d onl y a t th e
level o f processe s an d mechanism s (Stus s e t al. ,
1995).

In th e nex t section , evidenc e wil l b e pre -
sented fro m researc h usin g neuropsychologi -
cal test s o f fronta l lob e functio n t o demon -
strate that differen t cognitiv e processes ca n be
related t o distinct region s of the fronta l lobes .
A very brief revie w of the relatio n o f less cog-
nitive huma n abilities , suc h a s humor appre -
ciation an d theor y o f mind , provide s som e
support tha t eve n highe r huma n abilitie s de -
pend o n th e interactio n o f mor e distinc t lo -
calizable functions . W e the n mov e fro m th e
location of distinct processes to the interactio n
of these i n networks and cognitive systems . In
the final section, we will present th e implica -
tions o f our review .

392
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DISTINCT PROCESSES: EVIDENCE
FROM NEUROPSYCHOLOGICAL TESTS

AN APPROACH

To refine fronta l lobe brain-behavior relations,
we simultaneousl y improved ou r differentia -
tion of cognitive processes, and refined the lo-
calization o f region s withi n th e fronta l lobes .
For cognitive processes, we tried to isolate the
different component s tha t wer e necessar y t o
complete a  task , o r devise d test s tha t woul d
more directly be related t o a specific cognitive
function. Thes e effort s t o differentiate fronta l
lobe processes ar e exemplified below, and de -
scribed i n detai l i n the origina l publications.

There wer e severa l step s require d t o im -
prove th e identificatio n o f functionall y rele -
vant gyms-specifi c frontal lob e lesions . Sinc e
lesions d o no t usuall y respec t define d Brod -
mann's areas, we decided tha t it would be nec-
essary to test a s many patients a s possible who
might have lesions involving, and restricted to ,
any region o f the fronta l lobes . Although pa -
tients woul d have pathology that affecte d dif -
ferent fronta l lob e areas , i t was hypothesize d
that, i f a  particula r regio n wa s relevan t t o a
specific function, those individuals who had in-
volvement i n tha t distinc t are a woul d b e im -
paired i n tha t function , regardles s o f brai n
damage in other surroundin g areas. I n finding
patients whos e lesion s migh t represent differ -
ent region s o f the fronta l lobes , various etiol -
ogies othe r tha n singl e infarction s (th e pre -
ferred sample ) would hav e t o b e considered .
Thus, patient s wit h resecte d meningioma s or
benign gliomas are acceptable researc h partic -
ipants, provided tha t the damage from thi s eti-
ology ca n b e demonstrate d t o b e trul y foca l
and limited , an d tha t suc h patient s woul d be
reasonably represente d i n al l subgroups . Pa -
tients wit h bifronta l contusion s ar e necessar y
to provid e a n adequat e sampl e o f subject s
with inferio r media l and/o r pola r pathology .
However, suc h patient s shoul d no t hav e evi -
dence o f significan t diffus e axona l injury. Th e
challenge her e is that patients wit h restricte d
frontal lob e lesion s fittin g ou r inclusio n an d
exclusion criteri a ar e no t common , an d com -
pleting project s o f this magnitud e woul d tak e
5 to 1 0 years. The gambl e is that th e length y

effort woul d be fo r naught, o r that theoretica l
assumptions woul d n o longe r b e relevan t
when the stud y was completed .

Over th e years , w e use d th e greate r num -
bers o f patients to evolve different approaches
to localiz e function s within th e fronta l lobes .
We moved fro m compariso n o f fronta l versu s
posterior lesion s t o wha t w e calle d th e stan -
dard anatomica l classification within the fron -
tal lobes: right frontal , left frontal , an d bifron -
tal (Deli a Malv a e t al. , 1993) . A  somewha t
more sophisticate d approac h ca n b e consid -
ered "backwards engineering. " Tha t is , rathe r
than using an a priori anatomical classification,
we started fro m difference s in performance as
a means of classifying individuals . The overal l
goal was to reduce eve n further the group per-
formance variabilit y commonl y foun d i n pa -
tient studie s by developing anatomica l group-
ings tha t woul d b e mor e specifi c tha n th e
standard anatomica l classification. The group -
ing factor would be drive n by performance it-
self. Thi s i s a  modifie d cas e study-grou p ap -
proach (Shallice , 1988) . A s illustrated below ,
this metho d o f groupin g patient s ca n b e ac -
complished i n differen t ways.

The succes s o f thi s lesio n specificit y ap -
proach depend s no t only on the abilit y to sep-
arate cognitiv e processe s bu t als o on the pre -
cision i n brai n are a delineation . Ou r
anatomical classificatio n ha s graduall y im -
proved wit h th e accumulate d experienc e o f
several studies . W e currently us e a n anatomi-
cal classificatio n based o n th e Petride s an d
Pandya (1994 ) architectoni c divisions . Th e
rendering o f these architectoni c area s onto an
adult human brain i s illustrated i n Figure 25 -
1. We have als o groupe d thes e architectoni c
areas int o mor e specifi c subgroupings, which
can be furthe r clustered int o fou r majo r ana -
tomical region s (polar , inferio r medial , supe -
rior medial , an d lateral) . This cascade o f ana-
tomical groupings is depicted i n Figure 25—2 .
The differen t level s o f alignmen t allo w flexi-
bility i n th e precisio n o f lesion identification ,
depending o n th e specificit y of the availabl e
imaging data .

The identificatio n o f patholog y i n specifi c
architectonic area s woul d be usefu l a s an an -
atomical groupin g metho d onl y if a very large
number o f patients wit h lesion s i n such area s
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Figure 25-1. A  fas t TP-weighte d MR I of a young adult
human brai n i s transformed int o Talairach spac e (Talair -
ach &  Tournoux, 1988) , enablin g compariso n to imaging
data. O n thi s brain , th e fronta l architectoni c division s of
Petrides and Pandya (1994) are rendered i n a manner sim-
ilar to that of Damasio and Damasio (1989). For posterio r
areas where ne w architectonic division s are not available,
we continue to use Brodmann divisions on the latera l sur-
face only . A: the brai n i s sliced i n the axia l plane paralle l

to the AC-PC line. B: the brai n i s sliced in the axia l plane
parallel t o th e orbitomedia l line . Eac h slic e i s approxi -
mately 1  mm i n thickness . Dat a fro m patien t scan s can
be transferre d onto th e axia l slices , providing a  template
for localizin g lesions, at leas t in a  general way, to the de -
fined Petride s an d Pandy a specifi c architectoni c areas .
The subdivisio n o f premotor are a 6  i s based o n th e Pe -
trides and Pandya verbal descriptions of ventral and dorsal
sections which we have labeled 6 A and 6B , respectively.

were available . However , i f a reasonable num -
ber o f patient s hav e patholog y i n region s o f
interest, the n th e relationshi p betwee n a  de-
fined performance measur e an d eac h specifi c
region coul d b e calculate d usin g variou s sta -
tistics, dependin g o n th e distributio n o f th e
performance measure .

Examples o f these approaches are provided
in the followin g section.

LOCALIZATION OF COGNITIVE
FUNCTIONS WITHIN THE FRONTAL
LOBES

An earl y succes s i n discoverin g mor e precis e
frontal lobe-functiona l relationship s wa s i n a
study o f word lis t learnin g (Stus s et al. , 1994 ;

see als o Janowsky et al. , 1989) . Standar d anal -
ysis o f varianc e (ANOVA ) indicate d that , us -
ing the standar d anatomica l classification , the
left fronta l an d bifronta l group s ha d a  signifi -
cant impairmen t i n recognitio n performance .
Since this was contrary t o accepted wisdom a t
that tim e (se e Wheele r e t al. , 1995 , fo r a
meta-analysis o f fronta l lob e memor y re -
search), we were curious abou t th e reaso n fo r
this unusua l finding . Al l patients wit h fronta l
lobe damag e wer e ranke d i n orde r o f perfor-
mance, fro m th e bes t t o th e worst , an d com -
pared t o th e performanc e o f th e contro l
group. W e the n use d a  standar d criterio n ( 2
standard deviation s fro m th e contro l grou p
mean) t o differentiat e th e goo d fro m th e im -
paired performers . Som e o f th e fronta l pa -
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Figure 25-2 . Fou r majo r region s o f th e fronta l lobe s
(which ca n b e separate d int o righ t o r lef t fronta l areas )
are depicted : polar , lateral, superio r medial , and inferior
medial. Each of these division s is segmented further. Th e
polar are a ca n be superio r pola r o r inferior polar, the di -
vision approximatel y between th e 6t h an d 7t h axia l slices
in Figur e 25-la. The latera l fronta l lob e i s divided int o
the dorsolateral and ventrolateral (inferior ) sections at this
same level with minor overlap of dorsolateral and ventro-
lateral cytoarchitectoni c area s o n th e 6t h an d 7t h slices.
The superior medial division is divided into three sections:
the superior medial region continuous with the polar area;
the mor e posterio r superio r media l area ; an d th e mor e
caudal portions of the anterio r cingulate gyrus. Three sec-
tions compris e th e inferio r media l region: the orbitofron -
tal gyri ; the posterio r inferio r media l region involving the
septum; an d th e part s o f th e anterio r cingulat e corte x
somewhat inferio r t o th e corpu s callosum . Al l of thes e
divisions ca n b e furthe r classifie d int o th e Petride s an d
Pandya architectoni c area s a s indicated , bu t separatin g

these i n a  practica l wa y in huma n pathology researc h i s
difficult. Thi s informatio n ca n b e use d i n correlationa l
analyses, a s described i n the text .

Figures 25- 1 an d 25-2 ar e use d practicall y as follows .
Information fro m th e availabl e scan s (preferabl y at leas t
3 month s post-injury) ar e transferred t o the axia l and lat-
eral/medial views. The presence (1) or absence (0) of pa-
thology for eac h architectoni c are a i s noted o n a  spread -
sheet. Th e dat a ca n then b e use d fo r each architectoni c
area, o r collapsed i n a  hierarchical manner . For example,
patients wit h discret e damag e t o ventrolatera l 45 A may
exhibit a  definabl e performanc e pattern . O n th e othe r
hand, such a specific pattern ma y not be observable. Tha t
is, patients with damage to different architectonic areas of
the ventrolatera l are a ma y exhibi t commo n behavioura l
results indicatin g that th e logica l grouping is by the ven -
trolateral are a i n general , no t b y architectoni c divisio n
within th e area . Whil e thi s i s stil l crude, i t i s a consider -
able improvement on past localization methods for human
lesion research .

tients indee d showe d goo d recognitio n per -
formance, wit h man y performin g equivalen t
to o r bette r tha n th e contro l group . Sinc e
many o f th e impaire d patient s ha d bifronta l
lesions, ou r first hypothesis to explain the im-
paired recognitio n performanc e was that th e
frontal lob e damag e i n th e impaire d patient s
involved the septal-limbi c memory area. This
lesion locatio n wa s eviden t i n many , bu t no t
all, o f the impaire d patients . Furthe r investi -
gation revealed tha t the remainin g individuals
with impaire d recognitio n ha d mil d languag e

impairment, an d thei r patholog y wa s i n th e
left latera l fronta l region . Thus , tw o separat e
reasons, an d tw o distinc t anatomica l areas ,
could explai n th e sam e recognitio n perfor -
mance deficit : left dorsolatera l fronta l pathol -
ogy, with mil d residua l languag e impairment ;
and posterio r inferio r media l fronta l damag e
involving th e septal-limbi c memor y system.
The implicatio n i s that th e tw o areas ar e re -
lated t o a  verba l learnin g memory-encodin g
neural system.

This performance-base d clinica l approac h
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was complete d i n a  more formalize d manner
in a  stud y o n verba l fluenc y (Stus s e t al. ,
1998). For eac h patient , eac h frontal regio n of
interest tha t w e had define d at that tim e (se e
Stuss e t al. , 1995 ) wa s coded a s 1 (damaged)
or 0 (not damaged). Using the performance on
the verba l fluency task, the Classificatio n and
Regression Tree (CART ; Breiman et al. , 1984 )
statistical procedur e wa s use d t o divid e pa -
tients int o anatomica l group s tha t were maxi -
mally different i n terms of their performance .
The standar d fronta l lob e anatomica l classifi -
cation (right , left , bifrontal ) wa s the n com -
pared t o thes e ne w anatomica l grouping s b y
fluency performance (Fig . 25-3). The origina l
coarse anatomica l classification for the fronta l
lobes wa s refined from thre e groups into fou r
(left an d righ t dorsolateral , superio r medial ,
and inferio r medial) . Patholog y i n th e righ t
dorsolateral frontal cortical or striatal areas, or
the media l inferior lobe of either hemisphere ,

Figure 25-3. Verba l fluency results (total words produced
starting with either F , A, o r S, over a 1-minute period) ar e
compared fo r th e standar d anatomica l grouping s (top)
based o n righ t fronta l (RF) , lef t fronta l (LF) , bifronta l
(BF), righ t nonfronta l (RNF), an d lef t nonfronta l (LNF)
lesions to the restructured group s (bottom) based on Clas-
sification an d Regression Tree analysis. The lef t nonfronta l
group i s now divided int o lef t parieta l (LP ) and lef t tem -
poral (LT ) groups. Th e majo r differenc e fo r th e fronta l
patients i s th e divisio n o f mos t o f th e origina l bifronta l
group into inferior medial (IM ) and superior media l (SM)
groups. CTL , control .

did not result in impaired performance in pho-
nological fluency. Damage t o the righ t o r lef t
superior media l areas , an d lef t dorsolatera l
and/or striata l lesions , a s wel l a s lef t parieta l
pathology, did cause a significant deficit. These
new anatomica l classification s wer e subse -
quently use d t o asses s difference s in strateg y
performance on verbal fluency tasks (Troyer et
al., 1998) . I n th e semanti c fluency task, dam-
age to th e righ t dorsolatera l an d inferio r me-
dial area s als o resulte d i n impaire d perfor -
mance, suggestin g tha t thi s tas k require d
other processe s relate d to other brain region s
(see Fig . 25-3) .

This study exemplifies how a distinct fronta l
region ca n b e demonstrate d t o b e importan t
for a  process , regardles s o f th e presenc e o f
brain damag e in other surroundin g areas. The
inferior media l grou p wh o performe d withi n
the norma l rang e o n th e lette r fluenc y tas k
tended t o have pathology restricted to the in-
ferior media l fronta l area . Patient s i n th e su -
perior media l group , wh o wer e significantl y
impaired, occasionall y had damag e extendin g
to the inferio r medial region. The comparison
of the tw o groups suggested tha t the superio r
medial are a wa s mos t relevan t fo r successfu l
performance o n th e lette r fluenc y task , an d
that th e extensio n of pathology to the inferior
medial fronta l are a fo r tha t grou p wa s likely
not relevan t to their performance .

The us e o f th e CAR T t o separat e 3 5 pa -
tients wit h fronta l lob e damag e o n th e Wis -
consin Car d Sortin g Tes t (WCST ) als o re -
sulted i n fou r differen t groupings : lef t
dorsolateral, righ t dorsolateral , superio r me -
dial, an d inferio r media l (Stus s e t al. , 2000a).
With thes e ne w grouping s w e wer e abl e t o
clarify previous results using the WCST, which
tended no t t o emphasiz e th e rol e o f the me -
dial regions . Damag e t o th e inferio r media l
frontal are a di d no t resul t i n a  defici t o n th e
WCST (th e no w commo n findin g tha t suc h
patients ar e norma l o n "fronta l lobe " tests) ,
with on e exception . I f thes e patient s wer e
given th e categories , the y ha d n o troubl e
changing categorie s o f responses , bu t tende d
to lose set (see also Stuss et al. , 1983). Patients
with superio r media l damage , righ t o r left ,
tended t o b e th e mos t impaire d o n al l mea-
sures (categorie s achieved , perseveration s o f
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the preceding sortin g category), except for loss
of set. Right and lef t lateral-damaged patients
were also significantly impaired, althoug h usu-
ally somewha t les s tha n th e superio r media l
group. Ther e wa s one contras t betwee n th e
right an d lef t latera l groups : onl y thos e wit h
right latera l damag e ha d hig h se t loss , eve n
when furthe r instructions were give n to assist
performance.

We note d paralle l finding s wit h a n experi -
mental concept generatio n tas k modeled afte r
the Californi a Car d Sortin g Tes t (Deli s e t al. ,
1989; Levin e et al. , 1995a), which also involves
successively increasin g instructions . Dorsola -
teral and superio r media l patients wer e mor e
impaired tha n inferio r media l patient s were .
While al l patients improve d with additional in-
structions, th e superio r media l patient s im -
proved th e leas t (Levin e e t al. , 1995b) .

The incongruen t conditio n o f th e Stroo p
Test (Stroop , 1935 ) i s on e o f th e mos t com -
monly accepted measure s of frontal lobe func -
tioning, with differen t fronta l region s consid -
ered relevant . Investigator s usin g functiona l
imaging hav e propose d a  variet y o f fronta l
sites a s key: lef t inferio r latera l (Taylo r et al. ,
1997), lef t superomedia l (Pard o e t al. , 1990) ,

right fronta l pola r (Benc h e t al. , 1993) , an d
bilateral anterio r cingulate , perhaps with right
predominance (Pard o e t al. , 1990 ; Benc h e t
al., 1993) . Lesio n studie s hav e also suggeste d
different possibl e fronta l regions : lef t lateral ,
which i s th e mos t commo n regio n (Perret ,
1974; Golde n e t al. , 1981 ; Corcora n & Upton,
1993); righ t latera l (Vendrel l et al. , 1995) ; an d
superomedial (Holz t &  Vilkki, 1988) . The or -
bital fronta l regio n i s apparently no t essentia l
for successfu l performance on the Stroo p Test
(Stuss et al. , 1981) .

Our approac h i n analyzing performance on
different condition s o f the Stroo p Tes t (Stuss
et al. , 2001b ) indicate d tha t a  spee d perfor -
mance measur e wa s too variabl e t o differen -
tiate among patients wit h differen t frontal le-
sions. However , the numbe r o f errors fo r th e
color-naming (nam e patches of colors) and in-
congruent (rea d colo r words printed i n a  dif-
ferent colo r tha n th e wor d itself ) condition s
yielded two distinct group s (se e Figure 25-4).
Subjects were coded 0  for good performers or
1 for poor performers, on the basis of whether
the numbe r o f error s committe d fel l abov e
or belo w 1. 5 standar d deviation s abov e th e
control group' s mean . Onl y 7  o f 3 7 frontal -

Figure 25-4. Patient s with
frontal lob e lesion s are grouped
by the numbe r of errors they
made on the Stroo p test fo r
both the colo r naming and in-
congruent conditions. The time
to complete the differen t con -
ditions is also presented fo r
each group, as well as the over -
laps of the lesions . In the color-
naming task, th e majo r anatom-
ical difference wa s the
involvement of the lef t dorsola -
teral (LDL ) group. In the in-
congruent condition, damage in
the superio r medial (SM ) re -
gion, particularly on the right ,
was the differentiatin g area .
Since the individual s who were
impaired in each condition
were also slower, the difference
in the error s coul d no t be at-
tributed to a speed-accurac y
trade-off.
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damaged patient s wer e classifie d a s poor per-
formers o n colo r naming , an d thei r perfor -
mance wa s highl y relate d t o thei r lesion s i n
the lef t latera l area . Twelv e o f the fronta l pa -
tients mad e man y error s i n th e incongruen t
condition; th e importan t patholog y her e was
in th e superio r media l areas , particularl y th e
right superio r posteromedia l region . Th e im -
paired patient s i n eac h conditio n wer e als o
generally slower , bu t som e fronta l patient s
who did not make errors were als o slow. Time
scores alon e ma y no t b e th e mos t effectiv e
measure o f Stroop performance .

Our Stroo p lesio n stud y has severa l impor -
tant implications . The  Stroo p is  not  jus t a
"frontal lobe " test . Man y patient s wit h larg e
frontal lob e lesion s performe d normally .
Grouping b y performanc e i s effective , bu t
sometimes th e precis e measur e b y whic h t o
group patient s b y performanc e t o maximiz e
information ha s t o b e sought . I n additio n t o
the informatio n provide d b y th e large r ana -
tomical divisions , th e correlationa l method s
can yiel d reasonabl y precise gyral-specifi c re -
lations. Th e previou s lesio n studie s tha t sug -
gested lef t fronta l region s a s being mos t rel -
evant fo r performanc e o f th e incongruen t
condition wer e base d o n straight tim e scores .
However, th e incongruen t conditio n als o re -
quires colo r naming (a condition i n which th e
left fronta l patient s were  impaired) , an d a
speed measur e woul d b e confounde d b y th e
ability t o color—name . I f tim e score s ar e t o
be used , th e incongruen t tim e shoul d b e in -
dexed relativ e t o straigh t color-namin g time .
Our Stroo p result s dissociat e th e functiona l
relevance o f the lef t latera l an d superio r me -
dial fronta l regions .

The Trai l Makin g Tes t (Arm y Individua l
Test Battery, 1944; TMT) has been considere d
by some to be a  sensitive index of frontal lobe
dysfunction, i n particula r th e switchin g de -
mands o f Par t B , bu t suc h claim s wer e no t
based o n studie s assessin g individual s wit h
documented evidenc e o f frontal lob e dysfunc -
tion. Stus s e t al . (2001a ) teste d thi s assertio n
by administering th e TMT to 62 patients wit h
focal lesion s i n variou s fronta l (n  =  49 ) an d
nonfrontal ( n =  13 ) brain regions . Th e tim e
to complet e TM T Par t B  seeme d t o sugges t
that thi s test was sensitive to frontal lobe dam-

age. Thi s result , however , wa s eviden t onl y
when transforme d score s wer e use d and , i f a
proportional measur e tha t accounte d fo r th e
time taken to complete the processes require d
for Par t A , n o frontal-posterio r difference s
were noted . Th e numbe r o f errors , however ,
was discriminatory . Only subject s with fronta l
lobe lesion s mad e mor e tha n on e error . Pa -
tients with righ t o r lef t inferio r media l fronta l
and/or anterio r cingulat e patholog y mad e the
fewest errors . Thos e wh o mad e th e mos t er -
rors tended to have dorsolateral pathology , al-
though thi s was not significant .

We hav e als o explore d intrafronta l hetero -
geneity wit h test s tha t hav e bee n develope d
more recentl y i n th e experimenta l literature .
Conditional associativ e learning, requirin g th e
acquisition o f arbitrar y paire d associates , ha s
been extensivel y studie d i n bot h huma n (Pe -
trides, 1982 , 1985 , 1990 ; Marti n &  Levey ,
1987; Molcha n et al. , 1994 ) an d anima l (Hals-
band &  Passingham , 1982 ; Petrides , 1982 ;
Rainer e t al. , 1998b ; Se e Chapte r 21 ) para -
digms. I n a  comparison o f patients wit h foca l
frontal an d posterior lesions and healthy young
and ol d adults, aging and foca l fronta l damage
produced qualitativel y simila r deficit s (Levin e
et al. , 1997). These deficits, however , were not
quantitatively similar ; th e magnitud e o f im -
pairment wa s muc h greate r i n th e patient s
with foca l fronta l lesions , eve n thoug h the y
were younger than the older adults were. Con -
sistent wit h prio r work , fronta l patient s wer e
not uniformly impaired. The tes t was sensitive
to dorsolateral prefronta l dysfunction , but no t
inferior medial/orbitofrontal . Thi s dissociatio n
was notable in light of the fac t that the original
experimental wor k wit h thi s tas k wa s con -
ducted wit h dorsolateral-lesione d animal s and
humans.

By limitin g ou r conditiona l associativ e
learning tas k t o onl y fou r stimulu s pairs , w e
minimized th e rol e o f basi c media l tempora l
lobe-mediated memor y processes . Th e spec -
ificity of the tas k to processes involving control
over interference was further demonstrated by
administering th e stimulu s pairs in a  standar d
paired-associate learnin g paradig m (in  which
the examiner corrects error s rather than allow-
ing th e subjec t t o generat e thei r ow n error s
through trial-and-erro r learning) . By enhanc-
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Figure 25-5 . Whil e our result s
have demonstrated that ther e
are rathe r refined brain—behav -
ior relationships within the
frontal lobes , the majo r ana-
tomical groupings that have
been differentiated i n our vari-
ous studie s are righ t and lef t
dorsolateral, superio r medial ,
and inferio r medial . A: summa-
rizes the relationshi p of the dif-
ferent measure s from ou r vari -
ous studies to these fou r
groupings. B: Suggestions of
which processes are related t o
those differen t tests . The inade-
quacies of our label s for th e
processes are evident . For ex-
ample, the inhibition related to
the inferio r medial area is dif-
ferent fro m tha t to the righ t
dorsolateral region.

B

Left Dorsolateral
FAS
WCST
Stroop Color Naming
List Learning Recognition
Trail Making Test
Semantic Fluency

Inferior Medial
List Learning Recognition
Semantic Fluency

Left Dorsolateral
Verbal processing
Activation
Initiation
Switching

Right Dorsolateral
WCST
Trail Making Test
Semantic Fluency

Superior Medial
FAS
WCST
Stroop Incongruent
Trail Making Test
Semantic Fluency

Right Dorsolateral
Switching
Sustaining
Monitoring
Inhibiting

Inferior Medial

Maintenance
Inhibiting
Explicit memory

Superior Medial

Activation
Initiation
Switching
Maintenance

ing structural suppor t a s in our work with th e
WCST, interferenc e wa s reduced , an d eve n
the mos t impaired patient s coul d acquir e th e
stimulus pairs (Levin e et al. , 1997) .

lation of the test s to the differen t fronta l brain
areas i s presented . Figur e 25-5 b translate s
these test s into likely cognitive processes .

SUMMARY

The result s t o dat e sugges t a n anatomicall y
and functionall y discret e cognitiv e architec -
ture to the fronta l lobe s (se e Figure 25-5). At
this stage , th e architectur e i s trul y a n unfin -
ished structure . Regardless , since lesion stud-
ies indicate whic h region s ar e necessar y fo r a
function, thes e result s stan d a s a  framework
for mor e localize d patien t an d imagin g re -
search in the future . I n Figur e 25-5a, the re -

NON-COGNITIVE CHANGES IN
BEHAVIOR

The function s o f the frontal lobes are far more
than cognitive. A profound apathy, blunted so-
cial propriety , an d a  notabl e personalit y
change ofte n constitut e th e mos t striking ob-
servations i n patient s wit h fronta l lob e dam -
age, particularly bilateral orbitofrontal (ventra l
medial) pathology (Nauta, 1973; Stus s & Ben-
son, 1986 ; Damasi o e t al. , 1994 ; Stus s e t al. ,

A
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2000b). The changes may be so significant that
others ma y consider th e individua l no t t o b e
the sam e person, a s in Harlow' s (1868) classic
description o f Phinea s Gage—"h e wa s n o
longer Gage. "

The fronta l lobes also provide the individual
self-awareness t o use past personal knowledg e
to understand curren t behaviors , and to selec t
and guid e futur e response s t o integrat e th e
personal sel f into a  socia l context . Stus s et al .
(2001d) hav e propose d thre e interrelate d hi -
erarchical level s of self-awareness, with two of
the thre e level s base d o n processe s instan -
tiated in the fronta l lobes. Both of these level s
appear t o be relate d particularl y t o th e righ t
frontal regio n (Stuss , 1991 ; Stus s & Alexander,
1999). Th e highes t leve l o f self-reflectivenes s
has been calle d autonoetic  consciousness,  and
is the basi s fo r episodic memory , which is re -
lated to personal and emotionally relevant past
episodes (Wheele r e t al. , 1997 ; Levin e e t al. ,
1998b). A t th e highes t level , th e self -
referential abilitie s ca n be disturbed , despit e
normal executiv e o r problem-solvin g capaci -
ties. Thi s i s a  true disorde r i n self-reflection,
a deficiency at the highes t leve l of monitoring
of behavior .

The importanc e o f th e righ t fronta l lobe ,
and/or ventra l media l fronta l regions, i n non-
cognitive emotiona l function s ca n b e experi -
mentally demonstrated . Patient s wit h righ t
frontal lob e damage , i n particula r th e righ t
frontal polar/media l region , coul d gras p slap -
stick humor but did not appreciate th e subtle -
ties o f humor , a s i n joke s tha t depen d o n a
"twist" a t th e en d (Shamm i &  Stuss , 1999) .
Even whe n the y recognize d th e humor , the y
did no t sho w th e appropriat e emotiona l re -
sponse. Th e righ t fronta l lobe , certainl y par t
of a  muc h large r syste m o f emotiona l modu -
lation, i s required fo r the subtl e convergenc e
of cognition an d affec t essentia l t o humor.

These same types of patients, particularl y if
the patholog y is (right) inferior medial, find it
difficult t o tak e th e perspectiv e o f other s t o
understand o r guid e thei r ow n behavior s
(Stuss e t al. , 2001c) . Makin g inferences abou t
the action s o f other s require s th e abilit y t o
"mentalize." Suc h patients ma y not gras p th e
implications o f any faux pas they make (Stone
et al., 1998) . While such functions also require

cognitive capacity of different kinds , these def-
icits do not see m t o be reducibl e t o cognitive
impairment.

Problems i n socia l decision s an d interac -
tions mos t ofte n occu r i n real-lif e situations,
not usuall y i n highl y constraine d task s de -
signed to isolate a limited number of cognitive
operations. Progress , however, has been made
in stud y design and  new  method s demandin g
on-line monitoring , planning , an d applicatio n
of strategie s fo r behavin g hav e bee n devel -
oped (e.g. , Burgess et al. , 1998 ; Levine , 1999 ;
Levine e t al. , 1998a , 2000 ; se e Chapte r 33) .
These test s compris e multipl e subgoal s tha t
have t o b e complete d i n a  relativel y uncon -
strained environment . Patient s wit h docu -
mented fronta l lob e lesions , particularl y i n
ventral regions, who may perform normally on
traditional fronta l lob e tests , sho w strategi c
deficits o n thes e measure s du e t o impaire d
self-regulation (Burges s et al. , 1998 ; Levin e et
al., 1998a , 1999 , 2000 ; see als o Bechara et al. ,
1994; an d Chapte r 22) . The performanc e o f
these patients i s striking in that they may dem-
onstrate ful l awarenes s o f th e tas k demand s
even whe n failin g t o execut e the m (althoug h
in everyday practice thi s dissociation is not al-
ways observed). They incur large penalties fo r
their real-life  misconduct, yet repeat the same
mistakes again , with ofte n devastatin g effect s
on thei r qualit y o f life . Accordingly , we hav e
demonstrated tha t th e performanc e o f pa -
tients with traumatic brain injur y (which more
selectively affect s ventra l frontal regions ; Stuss
& Gow, 1992) o n our strateg y application task
is significantl y related t o measure s o f quality-
of-life outcom e (Levin e e t al. , 2000) . Graf -
man's concep t o f social knowledg e unit s pro-
vides on e mechanis m o f explainin g thes e
real-life failure s (Grafman , 1995 ; se e Chapte r
19).

FROM LOCATION AND PROCESSES TO
NETWORKS AND COGNITIVE SYSTEMS

Our research o n the effec t o f focal frontal lobe
lesions o n separabl e cognitiv e an d noncogni -
tive processe s reveale d distinc t role s fo r dif -
ferent region s o f th e fronta l lobes . Carefu l
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reading o f the result s lead s t o the conclusio n
that this is not a modern phrenolog y bu t a pre-
liminary effort i n the us e of lesion research t o
understand integrate d neura l networks . Con -
verging evidence fro m multipl e methodologies
compellingly argues fo r the regulator y rol e of
the fronta l lobes i n networks involving poste-
rior regions . Th e neura l modelin g o f Cohe n
and Servan-Schriebe r (1992 ) show s tha t th e
frontal lobe s ar e capabl e o f determinin g tas k
context throug h excitator y connection s wit h
posterior associatio n areas . Studie s o f event -
related potential s (Knight , 1997) , single-cel l
recording (Raine r e t al. , 1998a , 1998b) , an d
functional neuroimagin g (Mclntos h e t al. ,
1994) have each demonstrated tha t the fronta l
lobes regulate sensory cortex. The dynamic as-
pect of frontal lobe function within neural net-
works ha s als o bee n captured . Event-relate d
potential studie s hav e demonstrate d tha t no t
only are the fronta l lobes involved in networks
responsible fo r novelt y detection (Halgre n e t
al., 1998 ; Knigh t & Scabini, 1998 ) bu t fronta l
lobes ca n recrui t posterio r cortica l area s fo r
processing o f nove l event s (Knight , 1996 ;
Alain e t al. , 1998) .

Our researc h focuse s o n ho w thes e net -
works ca n b e uncovere d an d bette r under -
stood throug h behaviora l measures . Th e in -
volvement o f lef t dorsolatera l an d septal /
hippocampal memor y region s i n recognitio n
suggests a  neural syste m fo r verbal encoding ,
different region s playin g separat e roles . I n
phonological fluency, for example, there were
possibly several systems at work, including in-
itiation an d activatio n (superio r medial , an d
possible lef t dorsolateral ) and language-base d
process (lef t parietal an d left dorsolateral fron -
tal). Performanc e on the multicomponen t na-
ture o f the WCST requires th e functionin g of
a distributed neura l networ k (superio r media l
and bot h latera l fronta l region s fo r switchin g
of categories; right lateral fo r sustained atten -
tion and monitoring; inferior medial for main-
taining se t under conditions o f additional su-
pervisory reflectiv e efforts) . I n th e Stroo p
Test, different regions o f the frontal lobe were
involved in color naming (left frontal ) o r main-
tenance o f consisten t activatio n o f th e in -
tended response i n the incongruen t conditio n
(bilateral superio r media l frontal) .

TASK COMPLEXITY AND NEURAL
NETWORKS

The abov e studies le d to considerations abou t
how t o tes t mor e activel y neura l network s
through lesio n research . W e exploite d th e
functional domai n of attention, sinc e a simple
anterior-posterior dissociatio n o f attentiona l
abilities di d no t see m t o encapsulat e th e po -
tential complexities o f the interaction between
different brai n regions . Patient s with foca l le -
sions i n variou s fronta l an d posterio r region s
were compare d o n a  location-base d (select -
what, respond-where ) targe t detectio n tas k
(Stuss et al. , 1999) . The tes t allowe d measure-
ment o f three differen t attentiona l processe s
commonly linke d t o fronta l function : (a ) in -
hibiting attentio n t o distractin g informatio n
presented a t the sam e time a s the targe t (in-
terference); (b ) effec t o f previous inhibition o f
irrelevant informatio n o n subsequent process-
ing (negative  priming);  (c ) inhibition o f motor
responses t o nove l an d previousl y processe d
locations (inhibition of return).  These three at -
tentional processe s wer e measure d unde r
three levels o f task difficulty .

Figure 25- 6 summarize s our mode l o f the
regions involve d i n thes e task s base d o n th e

Figure 25-6 . Performanc e of patients with right frontal ,
left frontal , an d bifronta l lesion s on a  location-based (se-
lect-what, respond-where ) targe t detectio n tas k is illus -
trated. Ther e wer e thre e level s o f difficult y i n th e task ;
three different attentiona l measures were taken (see text).
The figure demonstrates that th e differen t brai n regions
necessary fo r successfu l performanc e on th e tas k varied
depending o n which attentiona l measure was taken, and
the leve l of difficult y o f the task . LI , lowest level of dif-
ficulty; L2 , mediu m leve l o f difficulty ; L3 , highes t level
of difficulty ; NE , negativ e priming ; IOR , inhibitio n o f
return.
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Stuss e t al . (1999 ) study . The presenc e o f a
symbol indicate s abnorma l performanc e fo r
that specific attentional processes at that leve l
of tas k complexity . Th e hypothesize d neura l
systems ar e indicate d b y the dotte d outline s
grouping th e task-relevan t lesione d area s
together.

Lesions i n differen t brai n region s affec t
different attentiona l processes . Fo r som e o f
the processes , impairmen t i s foun d i n bot h
frontal an d posterio r regions , suggestin g a
functional neura l system . Mos t importantly ,
the neura l system s are dynamic and active, al-
tering wit h th e complexit y o f tas k demands .
The functiona l process labele d interference  i s
impaired b y damage t o th e righ t fronta l lob e
(that is , unilatera l righ t fronta l an d bifronta l
damage, bu t no t unilateral  lef t fronta l dam -
age, result s i n impairment) , bu t onl y a t th e
highest leve l o f complexity . Th e abilit y t o
withhold attentio n t o irrelevan t informatio n
as define d by thi s tas k appear s t o b e a  righ t
frontal lob e function . I n contrast , inhibition
of return  i s affected by lef t fronta l damage a t
all levels of complexity, although performance
varies fro m abnorma l facilitatio n t o abnorma l
inhibition a s task complexity increases. A t th e
highest leve l of task difficulty ther e is also in-
volvement o f the lef t nonfronta l regions, sug-
gesting tha t tas k difficult y o r differin g tas k
demands no w someho w recrui t mor e poste -
rior region s o f lef t hemisphere . Negative
priming, a t th e simples t leve l o f tas k de -
mands, is impaired afte r damag e to eithe r an -
terior o r posterio r region s o f the righ t hemi -
sphere, suggestin g a  righ t frontal-posterio r
neuronal system for inhibition of spatial selec-
tion. A s difficult y increases , however , impair -
ment i s note d i n al l fronta l groups , implying
either th e necessit y o f additional fronta l lob e
processes o r resources .

There is no single frontal attentiona l deficit .
A fronta l supervisor y attentional syste m is , in
reality, an emergent interaction of different at -
tentional processes, a s proposed b y Stuss et al.
(1995). Differen t fronta l region s suppor t dif -
ferent attentiona l mechanisms , som e i n con -
cert wit h posterio r brai n regions . Thes e sys -
tems alte r dynamicall y wit h change s i n tas k
demands or complexity. Functional neural sys-
tems are relative to the task, not absolute. The

implications fo r theory an d clinica l neuropsy-
chological assessment ar e obvious.

PARTIAL LEAST SQUARES

A major stumblin g block to understanding the
function o f neura l system s is the lac k of pro -
cess purity, or a one-to-one mappin g between
tasks an d processes. Traditionally, the solution
to thi s proble m ha s bee n t o eithe r develo p
better task s t o isolat e specifi c processe s o r
look a t post-ho c relationship s betwee n tas k
measures an d standar d neuropsychologica l
tests in multiple domains. These methods help
to clarif y th e rol e o f anatomica l correlate s
across measures . Mor e recently , nove l statis -
tical techniques have been applied in address-
ing thi s proble m (Burges s et al. , 1998 , 2000 ;
see Chapte r 33) . Burges s an d colleague s
(1998) proposed severa l distinct processes un-
derlying performanc e i n thei r multitaskin g
procedure. A  factor analysi s o f th e measure s
taken fro m thei r task , togethe r wit h severa l
neuropsychological measures , identifie d fiv e
theoretical construct s tha t contribut e t o mul-
tiple performanc e measures . Later , Burges s
and colleague s (2000 ) employe d structura l
equation modelin g to investigate the potentia l
relationships betwee n underlyin g processe s
and how these migh t combine to produce suc-
cessful (o r unsuccessful ) multitaskin g i n pa -
tients wit h foca l brai n lesions . I n addition ,
they applied a lesion analysis technique similar
to tha t describe d her e t o identif y th e rele -
vance of lesion locations to the differen t mea -
sures o f task performance. The cognitiv e and
lesion analyses informed each other; the lesion
location analyse s constraine d th e cognitiv e
model, which i n turn suggeste d th e structur e
of neural system s supportin g the contributin g
processes.

We have applied a  different multivariat e sta-
tistical method , partia l leas t square s (PLS) , to
understand th e relationshi p betwee n ou r le -
sion finding s an d ou r behaviora l measures . A
full descriptio n o f th e matri x operation s in -
volved i n th e PL S procedure ha s bee n pro -
vided elsewher e (Mclntos h e t al. , 1996) . Fo r
the curren t analysis , we covaried a  brain ma -
trix containin g binary-code d lesio n locatio n
data fo r nin e area s (septal , and lef t an d righ t
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inferior medial , superio r medial , lateral , an d
polar) wit h a  behavior matri x containing age ,
education, an d IQ-correcte d scores fo r 24 pa-
tients wit h fronta l lob e damag e o n severa l
neuropsychological an d experimenta l mea -
sures (se e Fig . 25-7) . The singula r valu e de -
composition o f thi s covarianc e matri x pro -
duced set s o f mutuall y orthogona l paire d
latent variable s (LV) . Each L V pair consist s of
a behavior profil e acros s measure s an d a  pat -
tern o f lesion locations that is optimally related
to th e behavio r profile . The behavio r profile s
represent th e structur e o f tas k performanc e
most relate d t o the patter n o f lesion location s
(lesion profile) . Th e firs t an d secon d L V pair
accounted fo r 34 % an d 23 % o f the tota l Co-
variance, respectively . Whe n th e analysi s was
subjected t o a  permutation test , onl y the first
LV pai r ha d a  les s tha n 5 % probabilit y tha t

these relationships could have been found by
chance. However , both L V pairs showe d mod -
erate correlation s betwee n th e facto r score s
for th e lesio n laten t variabl e wit h th e facto r
scores fo r the behavio r laten t variable (firs t LV,
r =  0.61; secon d LV , r =  0.49), which suggests
that bot h L V pair s reflec t relativel y stron g
relationships.

Figure 25- 7 illustrate s th e relationshi p be -
tween th e behaviora l measure s an d th e pat -
tern o f lesion location s tha t wa s identified b y
the firs t tw o L V pairs. Th e directio n o f th e
bars represent s ho w the behavio r an d lesio n
profiles correlat e wit h on e another . Bar s tha t
share th e sam e directio n (upwar d o r down -
ward) i n both the behavio r an d lesion profiles
within a n L V pair ar e positively relate d t o an -
other. Bar s that point i n the opposit e directio n
for th e behavio r an d lesion profiles within a n

Figure 25-7. Th e first two orthogonal latent variable (LV)
pairs identifie d in th e partia l leas t square s analysis . The
top ba r graph s represen t th e patter n o f lesion location s
related t o each LV pair. The bottom  bar graphs represent
the profil e o f behavioral measures related to each LV pair.
The length an d direction o f the ba r represen t the corre-
lation o f the measure d variable with th e L V that i t con -
tributes to . Within an LV pair, task and lesion location bars
sharing the same direction (upward or downward) are pos-
itively relate d t o on e another , wherea s bars tha t poin t in
the opposite direction are negatively related to each other .
Asterisks indicate variables for which a high score reflects
poor performance . L, left ; R , right ; IM , inferio r medial;
SM, superio r medial ; E , polar ; DL , dorsolateral ; CVLT ,
California Verba l Learnin g Test ; FAS , verba l fluency ;

WCST, Wisconsin Card Sortin g Test; TMT, Trail Making
Test; BNT , Bosto n Namin g Test ; Digit s F , forwar d digi t
span; Digit s B , backward digi t span ; Recogn , recognitio n
measure o f th e CVLT ; Hits-FA, CVLT hits minu s fals e
alarms; Inconsist , CVL T inconsistenc y o f recal l acros s
learning trials; Primary , CVLT primary memory estimate;
Dbl Recall , CVL T within-trial recal l repetition ; FA S 15,
output ove r firs t 1 5 seconds; FA S 16— 60, output ove r 16 —
60 seconds; Cats , categories achieve d in the WCST; PPR,
perseveration o f the precedin g response i n the WCST ; B
Errs, number of errors on the TMT; A Time, time to com-
plete Par t A  of the TMT ; Clr Errs , numbe r o f errors in
the color-namin g condition o f the Stroo p Test ; In c Errs ,
number o f error s i n th e incongruen t conditio n o f th e
Stroop.
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LV pai r ar e negativel y relate d t o eac h other .
The outpu t o f the PL S i s quite complex , bu t
the aspec t o f this figure that is particularly rel-
evant to the present discussio n is that the pat -
tern o f lesion correlations fo r the firs t L V pair
seems t o reflec t a  left-right contrast , wherea s
the patter n o f lesion correlation s fo r the sec -
ond L V pair see m t o reflec t a  dorsolateral -
other area s contrast . Notic e tha t som e o f th e
task measure s ar e relate d t o bot h lesio n pat -
terns. Fo r example , in the firs t LV pair, error s
on Trail s B  covary positively wit h right-side d
damage. I n th e secon d L V pair , error s o n
Trails B  covar y positivel y wit h dorsolatera l
damage. This same relationship i s also true o f
performance measure s o n th e Californi a Ver-
bal Learning Test, verbal fluency test, an d the
Wisconsin Car d Sortin g Test . I n othe r words ,
within singl e measures , w e wer e abl e t o ex -
tract uniqu e varianc e relate d t o differen t le -
sion locations. Also, in general, the patterns of
behavior-lesion relationship s mirro r thos e
identified i n the individua l analyse s discusse d
earlier. This analysi s is the firs t o f its kind and
should b e regarde d a s a  preliminary attemp t
to separat e processe s withi n task s usin g thi s
method. Th e necessar y nex t ste p i s to cross -
validate the patterns identifie d here in a larger
sample o f patient s t o determin e th e stabilit y
of these findings . The eventua l goa l would be
to identif y uniqu e covarianc e across measures
that represen t neuropsychologica l dimensions
that ar e represente d t o varyin g degree s i n
their relatio n t o lesion location .

CONCLUSIONS

The fronta l lobes clearly are not homogeneous
anatomical or functional monolithic structures,
but ar e compose d o f morphologically distinct
areas interconnected wit h each other and with
posterior an d basal brain region s to constitut e
complex anatomica l circuitries . Suc h systems
are a n anatomica l (and certainly neurochemi -
cal) infrastructure allowing for the flexible and
dynamic constructio n o f functiona l network s
necessary fo r a  specifi c task. If on e consider s
the posterior brai n regions and their function s
to be mor e modula r an d hard-wired , a  major

role o f th e processe s relate d t o th e fronta l
lobes may be to serve the flexible and dynamic
nature o f suc h networks . Term s suc h a s su -
pervisory system  o r executive control are con -
venient labels to represent th e sum of the pro-
cesses recruite d a t an y moment, fo r any task.
We have identified some o f the processe s an d
marshaled evidenc e fo r thei r relationshi p t o
specific fronta l regions .

Activation studie s i n neurologicall y intac t
individuals usin g functiona l magneti c reso -
nance imagin g (fMRI ) an d positro n emissio n
tomography (PET ) also indicate tha t multipl e
regions ar e activ e durin g th e performanc e of
a specifi c tas k and identif y ho w distinc t fron -
tal brain region s ar e relate d t o particular ele -
ments o f supervisor y processes . However ,
such studie s canno t normall y differentiat e al l
the differen t processe s require d fo r a  com -
plex task , sinc e PE T an d fMR I ar e use d t o
average result s over time. Lesio n research , by
identifying tha t damag e to a  specific brain re -
gion impairs a  relatively unique function , pro -
vides additional information related to the ap-
parent necessit y o f a  brain are a fo r a  specifi c
function. I n addition , functiona l imagin g tha t
provides tempora l analysis , suc h a s event -
related potential s o r magnetoencephalogra -
phy, combined with source localization , would
be a n i n viv o on-lin e metho d o f dissociatin g
processes relate d t o brain localization . Newer
methods o f analysi s o f activatio n paradigm s
and comple x networks , suc h a s pat h analysi s
and partia l leas t squares , ma y disentangle th e
supportive fro m th e essentia l elemen t o f a
brain networ k activate d b y specifi c supervi -
sory processes .
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Neurobehavioral Consequences of
Neurosurgical Treatments and Focal Lesions
of Frontal-Subcortical Circuits

JEAN A. SAINT-CYR, YURI L. BRONSTEIN, AND
JEFFREY L. CUMMINGS

Analyses o f fronta l lob e function s hav e typi -
cally focuse d o n corticocortica l connections .
Thus, i n moto r control , emphasi s ha s bee n
placed o n the relation s between primary , sup-
plementary, an d premotor cortica l area s (e.g. ,
Wiesendanger &  Wise, 1992) , whil e Petride s
and colleagues (Petrides & Pandya, 1999) have
examined parieto- , temporo- , an d retrosplen -
ial/presubicular-frontal connection s an d func -
tions. W e mus t no w integrat e th e evidenc e
that a  major contributio n t o fronta l lob e func -
tion arise s fro m th e basa l ganglia . These sub -
cortical gra y masses receive a  full complemen t
of cortica l information , as well a s brai n ste m
and diencephalic inputs, the integrated outpu t
being largel y funnele d bac k t o th e fronta l
lobes vi a thalami c relays . Therefore , a  thor -
ough understandin g o f fronta l lobe-relate d
functions canno t ignore this crucial subcortical
link. Th e basa l gangli a contribut e t o th e ful l
gamut of behavioral processe s from affec t an d
motivation, through cognition , and finally into
the moto r domain .

Since Alexander et al. (1986) introduced th e
concept of parallel but segregated frontal-sub-
cortical circuits , ou r understandin g o f th e
mechanism involve d i n thei r anatomy , func -
tions, an d relationshi p t o a  variety o f brain-
motor and brain-behavior interaction s has ad-
vanced greatly. The description o f five frontal-

subcortical circuit s ha s provide d a  basi s fo r
elucidation o f ho w thos e circuit s influenc e
both behavio r and movements.

Complex neurochemica l interaction s occu r
at multipl e level s withi n th e circuit s an d un -
derlie the contro l o f both behavior an d move-
ments. Multipl e neurotransmitters, neuropep -
tides, recepto r subtypes , an d secon d
messengers ar e intricatel y involve d i n th e
function o f the circuitry .

Human disorder s linke d t o dysfunctio n o f
specific frontal—subcortica l circuit s includ e
personality and mood disturbances, obsessive-
compulsive disorder , an d Parkinson' s diseas e
(PD), amon g others . Wit h improve d under -
standing o f the mechanism s and neurochem -
istry underlying these condition s come s a bet-
ter opportunit y fo r selectiv e manipulatio n of
specific frontal-subcortica l circuits . Thi s i s
best illustrate d b y current approache s t o th e
treatment o f Parkinson' s diseas e usin g palli -
datomy and othe r surgica l options.

This chapte r describe s th e neuroanatom y
and neurotransmitter s o f frontal-subcortica l
circuits and the clinica l behaviora l syndrome s
associated with the specifi c focal lesions within
the circuits . I n addition , th e chapte r review s
the neuropsychologica l an d behaviora l conse -
quences o f posterior pallidotom y and of deep-
brain stimulation in the pallidum and subthal-
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amic nucleus i n patients wit h Parkinson' s dis-
ease. Thus , both "naturall y occurring" and in-
tentional lesion s or interruption o f the circui t
are considered .

OVERVIEW OF FRONTAL-
SUBCORTICAL CIRCUITS

Frontal-subcortical circuit s ca n be conceptu -
ally, anatomically , an d functionall y groupe d
into a s man y a s fiv e subcircuits . However ,
some author s prefe r t o categoriz e thes e int o
only thre e large r families  (se e Paren t &  Ha -
zrati, 1995a) . Nevertheless , eac h o f th e cir -
cuits include s th e sam e membe r structures ,
including the cerebra l cortex , striatum, globus
pallidus an d substanti a nigra , an d thalamus ,
finally funneling bac k principall y to th e fron -
tal lob e (Cummings , 1995) . Withi n eac h cir -
cuit ther e ar e tw o pathways: a  direc t an d a n
indirect on e that includes the subthalamic nu-
cleus (Alexande r e t al. , 1990) . Th e relativ e
anatomic relation s o f th e circuit s ar e pre -
served a s they g o through th e rela y stations ,
thus th e dorsolatera l prefronta l corte x pro -
jects t o th e dorsolatera l are a o f th e caudat e
nucleus, th e peristriat e visual belt project s t o
the cauda l body, genu, and tail of the caudat e
and adjacen t putamen , th e orbitofronta l re -
gion project s t o th e ventra l caudate/ventra l
striatum, an d th e anterio r cingulat e corte x
projects t o th e media l striatum/nucleu s ac -
cumbens regio n (Ilinsk y e t al. , 1985 ; Saint -
Cyr e t al. , 1990 ; Yeteria n &  Pandya , 1991) ;
Parent &  Hazrati , 1995a) . A  similar arrange -
ment i s preserved i n th e globu s pallidu s an d
the thalamus . This i s the principl e o f proxim-
ity elucidate d b y Kem p an d Powel l (1970) .
Yeterian an d va n Hoesen (1978 ) firs t demon -
strated tha t cortica l associatio n areas , whic h
are themselve s directl y interconnected , proj -
ect t o convergen t region s o f the striatum . Se-
lemon an d Goldman-Raki c (1985 ) the n
showed tha t thos e projection s coul d termi -
nate i n interdigitatin g longitudina l strip s
which coul d exten d throughou t mos t o f th e
length o f the striatum . This was also shown to
be th e cas e fo r cortica l projection s arisin g
from th e anterio r cingulate , interparieta l sul -
cus, an d superio r tempora l sulcu s corticos -

triate projection s (Saint-Cy r e t al. , 1990) .
Clearly, this pattern doe s no t follo w th e prin -
ciple o f proximity.

MOTOR CIRCUIT

The moto r circui t originate s fro m neuron s in
the supplementar y moto r area , premoto r cor-
tex, primar y motor cortex , and somatosensory
cortex (Alexande r e t al. , 1986 , 1990) . Fiber s
from thes e areas project principally to the pu -
tamen i n a  somatotopi c distribution . Whil e
motor cortica l area l somatotopi c representa -
tions ar e proportionatel y maintaine d i n th e
projection t o putamina l matrisomes , ther e i s
only abou t hal f a s larg e a n area , proportion -
ately, fo r the comparabl e somatosensor y pro-
jection (Flahert y & Graybiel, 1995) . Recently,
a contribution fro m th e anterior cingulate mo-
tor are a t o th e putame n ha s als o been foun d
(Nakano, 2000). The putamen in turn projects
to globus pallidus externa (GPe), ventrolateral
globus pallidus interna (GPi), and caudolateral
substantia nigra, pars reticulata (SNr) . The in-
direct pathway originates in the putame n and
projects t o th e GPe , whic h the n act s o n th e
subthalamic nucleu s (STN ) (Smith &  Bolam ,
1990), which in turn has excitatory projections
to the GPi/SNr and all other levels of the stria-
tum (Paren t &  Hazrati, 1995b) . Th e GP e and
the SN r als o projec t t o th e reticula r shel l of
the thalamus , thus exerting a modulatery con-
trol ove r specifi c thalami c rela y nuclei (Kaya -
hara e t al. , 1998 ; Par e e t al. , 1990 ; Paren t &
Hazrati, 1995b) . The fibers fro m GP i connec t
to ventral lateral (par s oralis), ventral anterior ,
and centromedian nucle i of the thalamus , and
from ther e major connections go principally to
the supplementar y moto r area , a s wel l a s t o
the premoto r cortex , with moto r corte x com-
pleting th e circuit . Thalami c nucle i hav e re -
ciprocal connections with the putamen and ce-
rebral corte x i n additio n t o th e connection s
within th e circui t (Paren t &  Hazrati , 1995a ;
McFarland & Haber, 2000). The GPi/SN r also
project caudall y t o th e nucleu s tegmento -
peduncularis, par s compact a (TPC) . Whil e
most o f the projection s o f that nucleu s reas -
cend back int o th e basa l gangli a circuitry, in-
cluding the STN , connections with brain stem
centers involve d i n locomotio n an d reticulo -
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spinal pathway s ma y exis t (Garcia-Ril l e t al. ,
1987).

OCULOMOTOR (FRONTAL EYE FIELDS-
SUBCORTICAL) CIRCUIT

The oculomoto r circui t originate s i n the fron -
tal ey e fiel d (Brodmann' s area 8 ) as well as in
the prefronta l an d posterio r parieta l cortices .
Fibers fro m cortica l region s sequentiall y pro -
ject t o th e centra l bod y o f caudat e nucleus ,
dorsomedial globu s pallidu s an d ventrolatera l
SNr, media l dorsa l thalami c nucle i (parala -
mellar division) , and back to fronta l ey e fields
(Alexander e t al. , 1986 , 1990) . Recently , th e
frontal ey e fiel d ha s bee n furthe r subdivide d
into a  smooth eye movement subregio n an d a
saccadic subregio n (Tia n &  Lynch , 1997) .
These transstriata l circuits , convergin g on th e
SNr, ar e involve d i n memory-guide d saccadi c
control, actin g through th e superio r colliculu s
(Hikosaka & Wurtz, 1989) .

DORSOLATERAL PREFRONTAL CIRCUIT

The dorsolatera l circui t originate s i n Brod -
mann's area s 9  an d 4 6 (prefronta l cortex ) on
the dorsolatera l surfac e of the anterio r fronta l
lobe. Contribution s fro m th e associatio n area s
of th e parieta l an d tempora l lobe s ar e als o
prominent. Sequentia l connection s ar e to th e
striosomes of the dorsolatera l head of the cau -
date nucleu s (Selemo n &  Goldman-Rakic ,
1985; Yeteria n & Pandya, 1991; Eble n & Gray-
biel, 1995) , latera l aspec t o f the dorsomedia l
GPi, and rostrolateral SN r via the direc t path-
way (Paren t e t al. , 1984 ; Paren t &  Hazrati ,
1995a). Th e indirect pathwa y through the dor -
sal GP e an d th e ventromedia l ST N als o pre -
serves som e anatomica l segregatio n fro m th e
motor an d limbi c circuits . Thalami c relay sta-
tions ar e parvo-and magnocellula r portions of
the ventra l anterio r nucleus an d the multifor -
mis divisio n o f the mediodorsa l nucleu s (Ilin -
sky e t al. , 1985 ; Nakano , 2000) . Th e medi -
odorsal thalamu s close s th e circui t b y
connecting back to area s 9  and 46 of the dor -
solateral fronta l lob e (Giguer e &  Goldman -
Rakic, 1988) . Projection s fro m th e ventrali s
anterior nucleu s als o terminat e i n the infero -
temporal corte x (Middleto n &  Strick , 1997 ,

2000). Again , th e GPi/SN r projectio n t o th e
TPC mus t be considered . Studie s have impli -
cated thi s link to the contro l o f arousal (Reese
et al. , 1995) . In this context, the GP e and SNr
projections t o th e reticula r shel l o f thalamus
may als o be involve d in the contro l o f arousal
Steriade e t al. , 1986 ; (Steriad e &  Llinas ,
1988). While no t identical, there is an intimate
relation betwee n attentiona l contro l an d
arousal, thu s potentiall y linkin g th e reticula r
thalamic an d TP C connection s wit h th e pre -
frontal cortica l executiv e contro l o f attention .

The dorsolatera l circui t subserve s executive
function (Taylo r et al. , 1986 , 1990 , Taylo r &
Saint-Cyr, 1995 ; Cummings , 1993a), which in-
cludes th e abilit y to organiz e a  behavioral re -
sponse t o solv e a  comple x proble m (i.e. ,
working memory) , activation o f remote mem -
ories, maintainenc e an d shiftin g o f behavioral
sets, generatio n o f moto r programs , environ -
mental independence , strateg y generation ,
and us e o f verba l skill s an d interna l cue s t o
guide behavio r (Stus s &  Alexander , 2000) .
Performance o f verbal an d desig n fluency and
alternating an d reciproca l sequences , perfor -
mance o n problem-solvin g task s (e.g. , th e
Wisconsin Car d Sorting  Tes t [WCST] ) an d
conditional associativ e learning , an d self -
monitoring depen d o n executiv e functio n
(Jones-Gotman &  Milner , 1977 ; Baddeley ,
1986; Cummings , 1995 ; Fuster , 1997) . Th e
functions o f thi s circui t i n th e contex t o f ex-
ecutive operation s i n P D hav e bee n exten -
sively reviewed (Brow n & Marsden, 1990; Du -
bois e t al. , 1991 ; Taylo r &  Saint-Cyr. , 1995) .
In additio n t o these  executiv e functions , im -
plicit o r procedura l learnin g function s hav e
also bee n attribute d t o thi s circui t (Saint-Cy r
et al. , 1988 , 1992 ; Saint-Cy r &  Taylor , 1992 ;
Graybiel, 1998 ; se e als o Wise e t al. , 1996) .

ORBITOFRONTAL CIRCUIT

The orbitofronta l circui t consist s o f two sub -
circuits originatin g i n Brodmann' s area s 1 0
and 11 . The media l orbitofrontal circui t send s
fibers to the ventra l striatum and to the dorsa l
part o f nucleu s accumben s (Habe r e t al. ,
1995); th e latera l orbitofronta l circui t send s
projections to the ventromedia l caudate . Bot h
orbitofrontal circuit s the n projec t t o the mos t
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medial portion o f the caudomedia l GPi and to
the rostromedia l SN r (Johnso n &  Rosvold ,
1971; Paren t &  Hazrati , 1995a) . Axon s ar e
sent fro m th e GPi/SN r t o th e media l are a of
the magnocellula r part s o f the ventrali s ante -
rior thalamic nucleus (Ilinsk y et al. , 1985 ; Se -
lemon &  Goldman-Rakic , 1985) . Th e circui t
then closes with projections back to the medial
or latera l orbitofronta l corte x (Ilinsk y e t al. ,
1985).

The orbitofronta l circui t mediate s sociall y
appropriate behavior ; personalit y changes ar e
the hallmar k o f orbitofronta l dysfunctio n
(Lhermitte et al. , 1986; Cummings , 1995). An-
imal studie s hav e emphasize d th e processin g
of rewar d i n th e orbitofronta l area s (Rolls ,
2000).

ANTERIOR CINGULATE CIRCUIT

Neurons o f th e anterio r cingulat e (Brod -
mann's are a 24 ) serve a s the origi n o f the an -
terior cingulate-subcortica l circuit. Input trav-
els t o th e ventra l striatu m (Selemo n &
Goldman-Rakic, 1985) , whic h include s th e
ventromedial caudate , ventra l putamen , nu -
cleus accumbens , an d olfactor y tubercle, col -
lectively name d th e limbic  striatum.  Fiber s
from th e ventra l striatu m projec t t o th e ros -
tromedial GPi , rostrodorsa l SNr , and ventra l
pallidum (th e region of the globu s pallidus in-
ferior to the anterior commissure, als o termed
the subcommissural  pallidum)  (Habe r e t al. ,
1990). There ma y be an indirect loop project-
ing fro m the  ventra l striatu m to  the  cauda l
pole o f GP e (Habe r e t al. , 1990) . Th e GP e
connects t o th e media l STN , which return s
projections t o th e ventra l pallidu m (Smit h e t
al., 1990) . Th e ventra l pallidu m connect s t o
the magnocellula r mediodorsal thalamus (Ha-
ber e t al. , 1993) . Th e circui t close s with pro -
jections t o th e anterio r cingulat e (Goldman -
Rakic & Porrino, 1985). The anterior cingulate
circuit mediate s motivate d behavior, and apa-
thy i s a majo r consequenc e o f the damag e t o
the structure s o f this circuit .

From a  functiona l perspective , th e separa -
tion of the orbitofronta l and anterior cingulat e
circuits ma y no t b e possibl e a t th e striata l
level, althoug h lesion s furthe r upstrea m may
result in differen t behaviora l syndromes (Par-

ent &  Hazrati, 1995a ; Saint-Cy r e t al. , 1995) .
The ventra l striatu m an d accumben s als o re -
ceive input s fro m th e amygdal a and, throug h
pallidonigral relays, establish an extensive out-
put int o th e basa l telencephalo n an d limbi c
midbrain, includin g suc h structure s a s th e
preoptic area , latera l hypothalamus , centra l
periaqueductal gray , mesencephali c tegmen -
tum, an d latera l habenul a (Nakano , 2000) .
This provide s a  means whereby th e so-calle d
emotional circuit s ca n directl y influenc e au -
tonomic and motor centers involved in the ex-
pression o f motivated behavior s and emotion,
without having to pass through a cortical relay.

OPEN CONNECTIONS AND
INTERCONNECTIONS

As described thu s far, each frontal-subcortica l
circuit comprise s a  closed loop . However , af-
ferent an d efferen t ope n element s als o con -
tribute t o eac h circui t (Meg a &  Cummings ,
1994). Ope n element s o f th e circuit s relat e
systematically t o othe r brai n regions . Fo r ex -
ample, Middleto n an d Stric k (1997 , 2000 )
have recently shown that striatal circuit output
can act on the inferotemporal cortex, thus pro-
viding a  mean s o f contributin g t o memor y
processing. I n additio n t o th e principl e o f
proximity, associativ e cortical areas , which ar e
themselves directl y interconnected, projec t to
longitudinal, interdigitatin g strips i n the stria -
tum (Selemo n &  Goldman-Rakic , 1985) .
Some cortica l input s ma y terminate o n toni -
cally activ e interneuron s tha t ma y cross-link
striosomes an d the surroundin g matrix (Gray-
biel, 1998) . Thos e interneuron s hav e bee n
shown t o b e activ e i n learnin g (Aosak i e t al. ,
1994a, 1994b ; 1995) , unde r dopaminergi c
control.

Despite th e anatomica l segregation o f pro-
jections throug h th e basa l gangli a (recentl y
also demonstrate d wit h transneurona l trans -
port o f viruses ) (Middleto n &  Strick , 1997) ,
the extensiv e dendritic arbor s of pallidal neu-
rons an d th e proliferatio n o f axona l termina -
tions fro m th e striatu m an d ST N (se e Paren t
& Hazrati , 1995a , 1995b , fo r a  review) reveal
the anatomical opportunity for interactions be-
tween circuits . Th e capacit y o f these circuit s
to functio n i n a  specifi c an d focused  manner



Table 26-1 . Connections  of frontal-subcortical circuits

Category

Striatal

Cortical
afferents

Subcortical
afferents

Subcortical
effe rents

Cortical
efferent
Focus

Category

Striatal

Cortical
afferents

Subcortical
thalamus
afferents

Subcortical
efferents

Cortical
efferent
focus

Motor

Putamen

Motor area s 9 , 6, 4
Parietal area s 2 , 1 , 3, 7
Cingulate are a 24 (mtr )

CM
VA/VLpc, VLpo
VPLpo, x
SNpc
Dorsal raph e

GPi (vl)
SNr (dl)
STN (dm)
VLo, VApc ,
CM, VLm , VLc
TPC

Supplementary motor are a 6

Orbitofrontal Circui t

Caudate-putamen (ventral )

Superior tempora l are a 22
Inferior tempora l area s
Orbitofrontal area s 10 , 11 , 12
Medial fronta l are a 3 2

Anterior cingulat e area s 24 , 25

Parafascicular (rm)
STN m
SN compact a (m )
VTA

Dorsal raph e
Nucleus basalis of Meyner t
Amygdala

GPi (cm)
SNr (rm)
STN m
VA me , M D m
VP vm, VP dl
Septal regio n
LHA, LPOA , Parav . N .

Prefrontal are a 9
Orbitofrontal area s 10 , 11 , 12

Oculomotor

Caudate (body )

Frontal ey e fields 8
Frontal 4 6
Parietal 7

C M/intralaminar
SNpc
Dorsal raph e

GPi (dm)
SNr (vl)
STN (dm)
MDpl
CM?
Superior colliculu s

Frontal ey e field area 8

Anterior Cingulate Circui t

N. accumben s

Hippocampus
Entorhinal area 28
Perirhinal are a 3 5
Superior tempora l are a 22
Orbitofrontal are a 1 2

Inferior tempora l area s
Anterior cingulate area s 24 , 25

Subparafascicular
Dorsal raph e
VTA
Nucleus basalis o f Meyner t

Amygdala

GPi (rl ) (subcomm.)
PAG
Lateral habenul a
LMA
TPC

Anterior cingulate area s 24 , 25

Dorsolateral (Complex)

Caudate (head-tail )

Prefrontal area s 9 , 46
Entorhinal area 2 8
Perirhinal area 3 5
Superior tempora l 2 2

Parafascicular
VA
SNpc
Dorsal raph e

GPi (dm)
SNr (rl)
STN (rl)
VAmc, pc VM p
MDmf, p i
Parafascicular
TPC

Prefrontal area s 9 , 46
Inferotemporal corte x

412
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has bee n show n t o b e regulate d b y dopami -
nergic input s (Filio n et al. , 1988 , 1994) . I n ad-
dition, th e entir e concept o f strict anatomica l
and hence functiona l segregatio n o f these cir-
cuits an d th e validit y o f th e curren t mode l
have been criticized Percheron & Filion, 1991 ;
Parent & Cicchetti, 1998) . Table 26-1 lists the
principal afferent s an d efferent s fo r th e
frontal-subcortical circuits .

BEHAVIORAL AND
NEUROPSYCHOLOGICAL
MANIFESTATIONS OF CIRCUIT—RELATED
LESIONS

Disruption o f each o f the behaviorall y related
circuits present s wit h "signature " clinica l
syndromes. A  lesio n i n th e orbitofrontal -
subcortical circui t lead s t o disinhibition , a  le-
sion of the anterio r cingulate circui t cause s ap-
athy, an d a  lesio n i n th e dorsolatera l circui t
produces a  fronta l dysexecutiv e syndrom e (i t
has recentl y bee n suggeste d tha t w e shoul d
refer t o front o striata l o r fronta l subcortica l
dysfunction t o differentiat e thos e syndrome s

from impairment s du e t o dorsolatera l fronta l
lesions). Asid e fro m thes e circuit-specifi c be -
havioral syndromes , ther e ar e circuit-relate d
syndromes, including moo d abnormalities , ob -
sessive-compulsive spectru m disorders , an d
psychosis (Meg a &  Cummings , 1994 ; Cum -
mings, 1995 ; Saint-Cy r et al. , 1995) . A variety
of etiologica l factors  hav e bee n implicate d i n
productions o f thes e syndromes . Behaviora l
abnormalities hav e bee n reporte d wit h foca l
lesions cause d b y stroke, tumors , trauma , an d
neurodegeneration Bhati a &  Marsden , 1994 ;
(Dubois e t al. , 1995) .

CIRCUIT NEUROTRANSMITTERS

Each circui t involve s tw o pathways : a  direc t
and an indirect one. Neurons with modulator y
transmitters projec t t o thes e circuit s an d in -
crease th e complexit y o f neurochemical regu -
lators. Bot h direct and indirect pathways begin
with excitatory, glutamatergic projections  fro m
frontal corte x t o specifi c region s o f striatum .
Striatal outpu t diverge s int o a  direc t an d in -

In thi s summar y of some o f th e majo r anatomica l relations o f striata l circuits, thalami c nomenclatur e i s taken largely
from th e anima l literature. Fo r correspondanc e wit h huma n terms , se e Macch i an d Jone s (1997) . Data ar e base d o n
recent review s by Parent an d Hazrati (1995a,b), Nakano (2000), and McFarland and Haber (2000) . Other references are
in the text .

It shoul d be noted tha t th e moto r circuits appear t o be more focused anatomically , and include the moto r area of the
anterior cingulat e corte x (cingulat e are a 24 , mtr) , while the comple x circuits may extend thei r influenc e outsid e o f the
frontal lobe s int o th e inferotempora l cortex . I n contrast , th e emotiona l circuitr y has widespread influence s extendin g
throughout th e preoptic , hypothalamic , an d limbi c midbrai n axis , a s well as th e amygdala . Other summarie s o f thes e
circuits have separated ou t a  lateral orbitofrontal circui t (see Alexander et al., 1986) with cortical inputs from the anterior
cingulate and temporal areas . The abov e scheme attribute s the tempora l inputs to the comple x circuit an d the anterio r
cingulate to th e emotiona l circuits . On e could als o define a  visual-perceptual circui t with links to both th e oculomoto r
and complex circuits (se e Saint-Cy r et al. , 1990) . I t i s also noteworthy tha t al l of the thalami c nuclei that are i n receip t
of pallidonigral inputs project back into the striatum . This provides an opportunity for a wide range of inputs from spinal,
brain stem , and cerebellar center s t o contribute to striata l computations.

The globu s pallidus interna (GPi ) terminations are defined by region, rostrolateral (rl) , ventrolateral (vl) , dorsomedial
(dm), cauda l media l (cm) , and subcommissura l (subcomm.) . Similarly , th e substanti a nigra pars reticulat a (SNr ) termi -
nations are also defined by region, dorsolateral (dl) , ventrolateral (vl), rostromedial (rm), rostrolateral (rl) . The subthalamic
nucleus (STN ) is also compartmentalized as dorsomedial (dm) , rostrolateral (rl) , and media l (m) . Substantia nigra pars
compacta (SNpc) , an d th e ventra l tegmenta l are a (VTA ) are source s o f dopamine , whil e th e dorsa l raph e contribut e
serotonin.

Abbreviations: Thalamic  nuclei:  CM, cente r median ; MD , mediali s dorsalis and it s divisions, paralamellaris (pi) , mul -
tiformis (mf),  and  magnocellularis  (m); po,  posterior group;  VA, ventralis anterior and its  subdivisions, parvocellularis (pc)
and magnocellulari s (me) ; VL , ventrali s laterali s an d it s subdivisions , orali s (o) , medialis (m) , and caudali s (c) ; VMp,
posterior portio n o f ventralis medialis . VP , ventrali s posterio r an d it s subdivisions , ventromedial (vm) , dorsolateral (dl),
and latera l posterio r (VPLpo) ; x, nucleus x.
Brain stem  an d hypothalamic  nuclei:  LHA , lateral hypothalamus ; LMA , limbic midbrai n area ; LPOA , lateral preopti c
area; PAG , periaqueducta l gray ; Paraven . N. , paraventricula r nucleus ; TPC , nucleu s tegmentopedunclularis , par s
compacta.
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direct pathway . Th e direc t pathwa y send s
gamma-aminobutyric aci d (GABA ) fiber s col -
ocalized wit h substanc e P , to neuron s i n th e
GPi an d th e SNr ; from there , GABAergi c ef-
ferents ar e sen t t o discrete regions within th e
thalamus tha t the n rela y informatio n back t o
the striatu m an d fronta l lob e utilizin g gluta -
mate a s th e thalamocortica l transmitter . Th e
indirect pathwa y originate s fro m GABAergi c
neurons colocalize d wit h enkephalin , whic h
projects firs t t o th e GP e tha t send s GA -
BAergic projections to the STN , which in turn
sends glutamatergi c fibers to  the  GPi/SNr ,
which the n project s t o th e specifi c thalami c
nuclei tha t complet e th e circui t b y sendin g
glutamatergic fibers back to the frontal cortical
areas (an d striatum).

Thus, the two principal fast-acting transmit-
ters o f th e frontal-subcortica l circuit s ar e
GAB A an d glutamate . Dopamin e (DA) , ace-
tylcholine (ACh) , an d serotoni n (5-HT ) ar e
major modulatin g transmitters i n the circuits .
Only the majo r transmitte r systems will be re -
viewed here , bu t th e reade r i s advise d tha t
many more neurochemical markers have been
identified (Graybiel , 1990) and the histochem-
ical compartmentation of the striatum is highly
complex (Gerfen , 1992) .

GABA

Within th e basa l ganglia , th e predominan t
neurotransmitter i s GABA . Mos t neurons lo -
cated withi n th e striatu m ar e GABAergic .
GABA is localized i n projections neurons , in -
terneurons, an d afferen t fibe r terminal s (Kita,
1993). Variou s type s o f GABAergi c neurons
have bee n describe d i n the caudate-putame n
(Kawaguchi e t al. , 1995) . Othe r structure s o f
circuits particularl y ric h i n GAB A ar e globu s
pallidus an d substanti a nigra . Inhibitio n o f
GABAergic neurons i n the GP e release s (dis -
inhibits) STN from thei r tonic inhibition. Sim-
ilarly, striata l activatio n ma y lead t o nigra l in-
hibition an d consequentl y t o thalami c
activation becaus e o f th e disinhibitio n o f th e
latter. I t ha s als o been show n tha t GP e pro -
jects directl y t o the reticula r shel l of the thal -
amus (als o GABAergic) , providing a  mecha -
nism b y whic h th e striatu m ca n modulat e
thalamo-cortical attentional mechanisms (Ster-

iade &  Llinas , 1988 ; Kayahar a e t al. , 1998 ;
Parent &  Hazrati, 1995a) .

The GABAergi c system represents th e out -
put pathway s o f neostriatu m an d globu s pal -
lidus. Tw o distinc t neurona l subpopulation s
are recognize d b y coexpressio n o f neuropep -
tides i n these outpu t pathways . Striatopallidal
GABAergic neuron s coexpres s enkephalin ,
whereas striatonigra l GABAergi c neuron s
coexpress substance P/dynorphin .

GABAergic neurona l terminal s mak e con -
tact wit h glutamatergi c (Moratall a & Bowery,
1991), D A (Bowery , 1989) , an d cholinergi c
(DeBoer &  Westerlink, 1994) neurons . I t ha s
been postulated tha t striata l ACh release is di-
rectly modulated b y stimulation of GABA a re -
ceptors located o n cholinergic neurons and in-
directly modulate d b y stimulatio n of GABA b

receptors locate d o n neuron s tha t for m syn -
apses o n cholinergi c neuron s (Ikarash i e t al. ,
1999).

GLUTAMATE

The striatu m is driven b y the massive , excita-
tory inpu t fro m cerebra l corte x an d thalamo-
striatal connections . Bot h o f thes e excitator y
pathways are thought to use glutamate (Carls-
son &  Carlsson , 1990 ; Starr , 1995) . Cortica l
glutamatergic neuron s innervat e th e dista l
dentrites o f medium-size d spin y striata l neu -
rons (Kotter , 1994) . Glutamatergi c fiber s ter -
minate at the spine heads, where all three ma-
jor glutamatergi c recepto r subtype s
(N-methyl-D-aspartate [NMDA] , AMPA , an d
kainate) ar e expresse d (Kita , 1996) .

Glutamate i s use d b y inpu t neuron s fro m
the cortex , thalamus , an d brai n ste m t o th e
STN, a s well a s by outpu t pathway s from th e
STN t o th e GPI/SN r (Rouzaire-Duboi s &
Scarnati, 1987) . Th e propose d mechanis m of
glutamate neurotransmissio n largel y involves
interactions wit h othe r neurotransmitte r sys -
tems, particularl y the  DA  system . The  pre -
vailing opinio n i n th e literatur e suggest s tha t
glutamate an d D A have functionall y opposite
effects i n th e striatum , however, ther e i s still
controversy a s t o whethe r glutamat e stimu -
lates o r suppresse s moto r outpu t fro m th e
striatum (Starr , 1995) . Glutamatergi c modu -
lation o f DA release in th e striatu m i s mainly
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facilitatory an d phasic in nature and mediate d
by pre - an d postsynapti c NMD A an d non -
NMDA ionotropic receptor s an d probably by
metabotropic glutamat e receptor s (mGluRs )
(Morari et al, 1998). These glutamatergic-do-
paminergic interactions ma y be highl y signifi -
cant in the etiopathogenesi s o f such disorders
as PD an d schizophreni a (Grace , 1992 ; Whit -
ton, 1997) .

ACETYLCHOLINE

Acetylcholine pathways in the frontal-subcor -
tical circuits are divided into subsystems char -
acterized b y long cholinergic projection neu -
rons an d shor t intrinsi c neuron s i n th e
neostriatum. The striatum contains cholinergic
interneurons that receive a  massive input fro m
the thalamu s bu t a  mor e modest , yet poten-
tially important , cortica l inpu t (Carpenter ,
1981; Graybiel , 1998) . Thes e cholinergi c in -
terneurons expres s Dl an d D2 DA receptor s
and ar e unde r dopaminergi c nigrostriata l in-
fluence. The y als o synaps e wit h GABAergi c
striatal output neurons . I n thi s way , they may
bridge th e direc t an d indirec t circuit s acros s
the striosomes and matrix, while playing a role
in reinforcemen t learning . Duboi s an d col -
leagues (1990 ) hav e argued fo r a  critical role
of ACh in executive functions i n PD, an d this
may involv e both cortica l an d subcortica l ac -
tions (Bedar d e t al. , 1999) .

Cholinergic afferent s t o th e thalamu s orig-
inate in the pedunculopontine nucleu s and la-
terodorsal tegmentu m an d ma y contribute t o
arousal and attentiona l mechanism s (Reese et
al., 1995) . Cortica l areas of frontal-subcortical
circuits receive cholinergi c input from nucleu s
basalis o f Meynert via medial and latera l cho-
linergic pathways (Selden e t al. , 1998), as part
of the open-loo p circui t connections .

The cholinergi c synapse s i n th e striatu m
demonstrate specifi c regiona l distributions .
The Ml , M2 , and M 4 receptors are localize d
in th e striatu m (Leve y et al. , 1991) ; M l an d
M4 receptor s ar e particularl y dens e i n th e
neostriatum an d nucleus accumbens. The M2
receptor i s localized i n caudate-putame n an d
nucleus accumbens . Th e M 3 and M 4 recep -
tors ar e presen t i n th e ST N (Chessele t &
Delfs, 1996) .

Striatal AC h neuron s receiv e thre e majo r
synaptic inputs : (1 ) fro m intrinsi c medium -
sized spin y neurons ; (2 ) fro m extrinsi c D A
neurons o f th e mesencephali c tegmentum ;
and (3 ) fro m extrinsi c excitator y (glutama -
tergic) neuron s o f th e intralamina r thalamus
and, t o a  lesser degree , o f the corte x (Mere-
dith &  Wouterlood, 1990) . Th e neurona l nic-
otinic receptor s ar e abundan t i n the striatu m
and SN (Perry et al., 1992). I t has been shown
that nicotine modulates midbrain DA neurons
and cortica l glutamatergi c neurons (Dalac k et
al., 1998) .

Complex interaction s occu r betwee n AC h
and othe r transmitters , particularl y D A an d
glutamate. Acetycholin e ha s bee n foun d t o
tonically facilitat e striata l D A release vi a acti-
vation of both muscarinic and nicotonic recep -
tors locate d presynapticall y o n D A terminals
(Di Chiar a &  Moreli , 1993) . I t appear s tha t
ACh an d D A exer t opposit e influence s o n
striatopallidal a s compare d t o striatonigra l
neurons b y affectin g differen t recepto r sub -
types (D1/D2 ; M1/M4 ) (D i Chiar a e t al. ,
1994).

Glutamate als o modulate s striata l choliner -
gic neurons such that blockade of NMDA re-
ceptors decreases basal ACh release (Damsma
et al. , 1991), whereas activatio n o f NMDA re-
ceptors cause s a n increase i n striata l ACh re -
lease (Scatto n & Lehman, 1982) .

DOPAMINE

The highest concentrations o f DA receptors in
the brai n are in the striatum . Dopamine is in-
volved i n th e regulatio n o f a  variety o f func -
tions, includin g locomoto r activity , neuroen -
docrine activity , emotions, mood, and thought
processes. The DA receptors are grouped int o
receptor subfamilie s designated D1-D5 . Each
DA recepto r subtyp e ha s a  specifi c predilec -
tion fo r a  specifi c locatio n in the frontal-sub -
cortical circuits . Bot h D l an d D2 DA recep-
tors ar e present i n high concentration s i n th e
caudate and putamen. Dl receptor s ar e found
only in GPi and SNr (direct pathway), whereas
D2 D A receptors ar e preferentially expresse d
by striata l projection s t o GP e (indirec t path -
way). D 3 subtype s ar e mor e abundan t i n
structures o f mesolimbi c system , and highes t
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D4 recepto r expressio n is in the fronta l lobe .
Dopamine exert s complementar y action s vi a
both direc t an d indirect pathway s to decreas e
tonic firin g rate s o f intrinsi c neuron s i n th e
major outpu t nucle i o f th e basa l ganglia . At
the sam e time , D A projections to th e fronta l
cortex regulat e activit y and excitabilit y of th e
cortical neuron s o n which the workin g mem-
ory functions of the prefronta l corte x depen d
(Williams &  Goldman-Rakic , 1995 ; Lewi s e t
al., 1998) .

According t o Schult z an d colleague s
(Schultz e t al. , 1998 ; Sur i &  Schultz , 1998 ;
Tremblay et al. , 1998), D A appears to play two
different role s in the striatum , namely a tonic
nonspecific facilitatio n (rather neurohumoural
like mos t monoamines ) an d a  phasi c actio n
linked to reinforcement learning and the elim-
ination o f errors. Evidenc e fo r these function s
has bee n gathere d i n single-uni t recordin g
studies i n subhuma n primate s (Aosak i e t al. ,
1994a, 1995b, ; Bowma n e t al. , 1996 ; Holler -
man e t al. , 1998) . Clinically , dopaminergi c
modulation o f al l frontal-subcortica l circuit s
provides th e anatomi c basi s fo r th e comple x
effects o f dopaminergi c agents , includin g im -
provement of motor function i n PD, enhance d
motivation in akinetic mutism, and adverse re-
actions suc h a s hallucination s an d delusion s
(Cummings, 1991) .

SEROTONIN

Serotonergic fibers project from th e medial ra-
phe to the striatum , SN, and cortex. Serotonin
(5-hydroxytryptamine; 5-HT ) receptor s ar e
differentially distribute d i n th e frontal-sub -
cortical circuits . Th e 5-HT 1 subtyp e i s pre -
dominantly localize d i n th e basa l ganglia ;
5-HT3 receptor s ar e mor e commo n i n th e
ventral striatum . Hig h densities o f 5-HT2 and
5-HTla subtype s ar e presen t i n neocortex .
Anatomical data indicate tha t the majo r targe t
of serotoni n axon s in th e prefronta l corte x i s
the interneuro n (Smile y &  Goldman-Rakic ,
1996).

Serotonergic fiber s modulat e dopaminergi c
neurons, particularl y whe n th e dopaminergi c
neurons ar e activate d (Palfreyma n e t al. ,
1993). Serotoni n interact s wit h othe r neuro -
transmitters and , operatin g throug h a  5-HT 2

receptor, activate s GABAergic interneurons in
the prefronta l corte x (Abi-Saa b et al. , 1999) .
Serotonergic dysfunctio n ha s been postulate d
to underli e depressio n i n P D (San o e t al. ,
1990), bu t a n interactio n betwee n biologica l
and behaviora l factor s may  be  a  mor e inte -
grated perspective (Taylo r & Saint-Cyr, 1990).
In thi s view, a monoamine-based weakness in
emotional contro l circuit s result s i n a n emo -
tional lability , making patients mor e suscepti -
ble t o symptom-specifi c an d environmenta l
stressors. Mayber g (1997 ) propose d a  func -
tional linkag e between dorsolatera l prefrontal
cortex, th e anterio r subgenua l cingulat e cor -
tex, an d th e ventra l striatum in the contro l of
mood.

ADENOSINE

In recent years an important role of adenosine
in modulation of neurotransmitters systems in
frontal-subcortical circuit s ha s bee n discov -
ered. Four different subtype s of adenosine re-
ceptors have been foun d in the brain: Al, A2a,
A2b, and A3 (Fredholm, 1995) . Striata l Al re -
ceptors ar e located i n intrinsic neurons and in
corticostriatal afferent s bu t no t i n dopami -
nergic afferents . Functiona l studie s suppor t
the modulator y influences of Al receptor s o n
DA releas e (Ballari n e t al. , 1995) . Dat a sug -
gest tha t adenosin e play s a role opposit e tha t
of D A i n th e striatum . Bot h D A antagonist s
and adenosine agonist s produce simila r effect s
in different behavioral tests. Adenosine recep-
tor agonists inhibit and adenosine receptor an-
tagonists potentiat e th e motor-activatin g ef -
fects o f D A recepto r agonist s (Ferre , 1997) .
There i s evidenc e fo r segregatio n o f th e D A
and adenosin e receptor s subtype s i n th e tw o
different type s o f striata l GABAergi c efferent
neurons, an d dat a sugges t tha t striatopallida l
neurons an d striatonigra l neuron s migh t b e
the mai n loci fo r the A2a-D 2 and A1-D1 in -
teractions, respectivel y (Ferre , 1997) .

FUNCTIONAL NEUROIMAGING OF
FRONTAL SUBCORTICAL CIRCUITS

Frontal cerebra l bloo d flow is reduced i n PD ,
while positro n emissio n tomograph y (PET )
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studies hav e show n hypometabolis m i n fron -
tal-striatal circuit s (se e Eidelberg , 1998 ;
Brooks, 2000 , fo r reviews) , again demonstrat -
ing the functiona l unit y of those interconnec -
tions. Activatio n paradigm s (functiona l mag -
netic resonanc e imagin g [fMRI]) , whic h
implicate th e striata l circuit s i n cognitiv e op -
erations, includ e visuomoto r learning , visual -
spatial localization, problem solving, motor se-
quence learning , an d attentiona l shiftin g (se e
and Rauc h &  Savage , 1997 : an d Owe n &
Doyon, 199 9 fo r reviews , an d recen t studie s
by Boeker et al. , 1998, Kosk i et al, 1999, Fold-
rack e t al. , 1999 , an d Roger s e t al. , 2000) .
These studie s confir m a n active role of striatal
circuits i n executiv e function s wit h demand s
on attentiona l capacity , working memory, and
new learning.

CLINICAL AND BEHAVIORAL
OUTCOME OF NEUROSURGICAL

TREATMENTS

Animal experiments as well as functional stud-
ies with patients hav e confirmed that both th e
GPi an d ST N ar e overl y active i n PD , moti -
vating th e resurgenc e o f neurosurgica l inter -
ventions (Lang & Lozano, 1998a, 1998b; Starr
et al. , 1998) . To the exten t that striata l circuits
continue t o pla y a  rol e i n moto r contro l an d
cognition in PD, the interruptio n o f patholog-
ical activit y pattern s vi a neurosurgica l inter -
ventions could eithe r impede o r facilitate nor-
mal function .

This ha s provided a  unique opportunit y t o
study behavioral changes produced by placing
focal lesion s or implanting chronic deep-brai n
stimulation electrode s i n frontal-subcortica l
circuits durin g surgica l treatmen t o f move -
ment disorders . Surgica l target s includ e GP i
(principally t o eliminat e drug-induce d dyski -
nesias and to treat primary dystonia), thalamus
(to treat tremor an d pain) , and ST N (to trea t
PD).

Neuropsychological outcom e studie s ini -
tially showed littl e cognitiv e impact , bu t late r
assessment wit h large r group s an d mor e ex -
tensive testin g indicate d hemisphere-specifi c
impairment an d executiv e dysfunctio n afte r

GPi posteroventral pallidotomy (Masterman et
al., 1998 ; Trepanie r e t al. , 1998 ; Gree n &
Barnhart, 2000 ; Stebbin s e t al. , 2000) . Thus ,
after lef t posteroventra l pallidotomy , long -
standing deficit s i n verbal memory and verbal
fluency a s well a s in executiv e functions wer e
found. Righ t hemispher e lesion s wer e mor e
likely t o b e associate d wit h transien t visual -
spatial dysfunction (Trepanie r et al. , 1998). Af-
ter eithe r lef t o r righ t unilatera l lesions , on e
in fou r patient s ma y develo p behaviora l o r
personality alteration s rangin g fro m apath y
and abulia to disinhibition and mania (Trepan-
ier e t al. , 1998) . Fortunately , thes e ma y b e
problematic fo r onl y a  fe w months , bu t i n
some cases , especiall y i n patient s wit h ante -
cedent psychiatri c histories , the decompensa -
tion may last over 1 2 months. Bilateral lesions
in th e pallidu m ar e unfortunatel y often cata -
strophic, resultin g i n marke d behaviora l dys -
function, characterize d a s a fronta l behaviora l
syndrome (Scot t et al. , 1998 ; Trepanie r e t al. ,
1998). I n th e mos t sever e cases , prolonge d
hospitalization an d behaviora l managemen t
are needed . However , som e patient s hav e
been reporte d i n who m th e outcom e wa s
more benign (Ghik a et al. , 1999) , possibly be-
cause o f location o r siz e of lesion.

Analysis o f lesio n locatio n ha s show n tha t
rostrodorsal placemen t withi n th e GP i i s as-
sociated wit h th e greates t reductio n i n dyski -
nesia, while posteroventra l lesion s ar e associ -
ated wit h reductio n o f akinesi a an d tremo r
(Gross e t al. , 1999) . Ther e i s also a n optima l
location, clos e t o the intende d posteroventra l
targeted location . Fro m a  neuropsychologica l
perspective, th e rostra l lesions have proved t o
be th e mos t toxic , bein g associate d wit h re -
duced verba l fluency and, on the left , with im-
paired verba l encodin g (Lombard i e t al. ,
2000). I n tha t sam e stud y i t wa s als o show n
that th e mos t cauda l lesion s ar e associate d
with a  modest improvemen t in attentional ca-
pacity. Recently , anothe r stud y ha s demon -
strated tha t lesio n volume , if segregate d int o
dorsal an d ventra l compartment s withi n th e
GPi, i s associated with clinica l outcome . Spe -
cifically, th e volum e o f th e posterio r compo -
nent wa s relate d t o th e reductio n o f drug -
induced dyskinesi a (Kishore e t al. , 2000).

The us e o f deep-brai n stimulatio n o f th e
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GPi, rathe r tha n lesions , appear s t o b e les s
toxic, an d permit s bilatera l intervention s (Ar -
douin e t al. , 1999 ; Trepanie r e t al. , 2000) .
Here also , there i s a  suggestio n tha t locatio n
of stimulation within th e pallidu m (whic h may
include portion s o f GPe) produces differentia l
effects o n parkinsonia n symptom s in th e on -
and off-dru g state s (Bejjan i e t al. , 1997) .

Bilateral stimulation of the ST N is now con-
sidered th e treatmen t o f choic e fo r PD , an d
this fundamentall y ameliorates symptom s and
permits drasti c reduction s i n medicatio n
(Krack e t al. , 1998 ; Kuma r et al. , 1999) . Th e
mechanism i s though t t o involv e blockin g o f
the actio n o f the STN , thus reducing it s wide-
spread excitator y influenc e throughou t th e
striatal circuitry (and perhaps als o directly into
the thalamus) . I n younge r patients , ther e ar e
few iatrogeni c cognitiv e cost s (Ardoui n et al. ,
1999). A  modest improvemen t i n som e exec -
utive function s ha s als o bee n show n (Jahan -
shahi e t al. , 2000) . Moreover , cessatio n o f
stimulation doe s no t appea r t o alte r tes t per -
formance (Pillo n e t al. , 2000) . Thus, afte r a n
initial adaptation , i t ma y be th e cas e tha t a
permanent reprogrammin g of the distributio n
of function ha s taken place, putting the striata l
circuits ou t o f th e processin g loop , a s sug -
gested b y Marsden an d Obeso (1994 ) with re-
gard t o moto r control . However , i n olde r pa -
tients, stimulatio n doe s lea d t o cognitiv e
compromise an d a  more modes t clinica l ben -
efit (Saint-Cy r et al. , 2000). Many of these pa -
tients experienc e transien t state s o f confusio n
lasting day s t o months . Otherwise , th e ful l
gamut of cognitive impairment ha s been seen,
with thos e function s dependen t o n executiv e
mechanisms bein g mos t a t risk . Idiosyncrati c
behavioral an d personalit y dysfunctio n i s
also present , sometime s requirin g psychiatri c
management.

Mood afte r surgica l interventions i s usually
improved, becaus e o f clinica l benefit . How -
ever, instances of euphoria an d depression/ap-
athy (abulia ) have been reported (Scot t et al. ,
1998; Bejjan i et al. , 1999 ; Kuma r et al. , 1999 ;
Trepanier e t al. , 2000 ; Pollak , persona l
communication).

Functional imagin g studies have shown that
GPi deep-brai n stimulatio n result s i n activa -
tion o f motor cortica l areas , whic h were pre -

viously underactivate d i n P D (Davi s e t al. ,
1997). Othe r studie s hav e show n tha t onl y
clinically effective stimulatio n of the ST N can
normalize bloo d flo w t o th e supplementar y
and moto r associatio n areas , whereas effectiv e
stimulation of the GP i has a less specific action
(Limousin e t al. , 1997) . Thes e effect s wer e
only demonstrable usin g motor activation par-
adigms. Deep-brai n stimulatio n o f th e ST N
increased activatio n (blood flow) of motor cor-
tical associatio n area s bu t decrease d primar y
motor cortica l activatio n (Ceballos-Bauman n
et al., 1999) . These studie s provide compellin g
evidence tha t th e deep-brai n stimulatio n ef -
fect i s related t o the recruitmen t o f cerebella r
compensatory mechanism s actin g throug h
thalamo-motor cortica l pathways . Again , we
are reminde d o f th e positio n adopte d b y
Mardsen and Obseo (1994 ) with regard t o the
reprogramming o f moto r contro l circuits .
Comparable studie s have yet to be done using
cognitive paradigms .

CLINICAL SYNDROMES WITH FOCAL
CIRCUIT LESIONS

ABULIA AND AKINETIC MUTISM

Akinetic mutism  i s a wakeful stat e of profound
apathy, wit h indifferenc e t o pain , thirst , o r
hunger, an d a n absenc e o f moto r o r psychi c
initiative, manifeste d b y lac k o f spontaneou s
movements, absen t verbalization , an d failur e
to respond t o question s o r commands (Cairns
et al. , 1941) . Abulia refer s to a  similar but less
severe psychomoto r syndrome .

Akinetic mutism has been describe d i n var-
ious etiological conditions involving the ventra l
striatum (nucleu s accumben s an d ventrome -
dial caudate), ventral globu s pallidus, an d me-
dial thalamus (Meg a et al. , 1997) . I n a  review
of patient s wit h discret e lesion s o f th e basa l
ganglia (Bhati a & Marsden , 1994) , abuli a oc-
curred wit h 28 % o f smal l an d larg e caudat e
lesions sparing the lentiform nucleus; most le-
sions wer e unilateral . Abuli a also occur s with
bilateral globu s pallidu s lesions . Meg a an d
Cohenour (1997 ) described a  patient wh o de-
veloped a  rigid akinetic mut e stat e cause d by
bilateral lesion s of GPi with ventral extension.
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While unilatera l caudat e lesion s are sufficien t
to produc e abulia , akineti c mutis m i s mos t
commonly accompanie d b y lesion s involvin g
bilateral anterio r cingulat e circui t structure s
and ma y be predicte d b y lesions tha t exten d
from th e cognitiv e effecto r regio n posteriorl y
into the skeletomoto r effecto r are a of the cin -
gulate (Meg a et al. , 1997) .

Nemeth e t al . (1986) , usin g pathologica l
studies, postulated that isolated damage to any
of the projection s of brain-stem dopaminergic
nuclear group s coul d resul t i n akineti c mut -
ism. Thi s i s supporte d b y simila r finding s i n
experimental animal s i n whic h a  syndrom e
resembling akineti c mutis m wa s produce d
by bilatera l o r unilatera l injectio n o f
6-hydroxydopamine into either the SN, ventral
tegmentum, o r nigrostriata l tract (Marshal l e t
al., 1974) .

Ross and Stewar t (1981 ) reporte d a  patient
with akinetic mutis m who responded t o treat -
ment wit h D A recepto r agonist s bu t no t t o
carbidopa/levodopa o r methylphenidate . Thi s
response suggests a loss of dopaminergic input
to anterio r cingulat e cortex . Respons e t o di -
rect D A agonist s ma y b e poor , however , i n
cases wher e D A receptor s hav e bee n dam -
aged, e.g. , i n patient s wit h lesion s involvin g
the anterio r cingulat e gyri .

Akinetic mutism may also be see n afte r bi -
lateral lesion s o f the posterio r midlin e thala -
mus, includin g th e cente r median-parafasci -
cular comple x (Heilma n e t al. , 1993) . Afte r
successful deep-brai n stimulatio n treatment ,
many patient s becom e abuli c an d apatheti c
because o f the dramati c decrease i n their DA
medications. This may be du e t o loss of com-
pensation fo r th e ventra l tegmenta l area -
mesolimbic los s o f D A t o th e orbitofrontal ,
medial frontal-cingulate , an d ventra l striata l
regions.

DEPRESSION

Depression ha s been linke d to two structures
of frontal-subcortical circuits , the frontal lobes
and th e caudat e nucleus . Foca l lesions o f the
dorsolateral prefrontal cortex and caudate may
be associate d wit h depressio n (Cummings ,
1993b; Jorg e e t al. , 1993) . Th e dorsomedia l
prefrontal corte x wa s foun d t o hav e reduce d

cerebral bloo d flo w (CBF ) i n depresse d bu t
not nondepresse d patient s wit h P D (Rin g e t
al., 1994) . Hiron o e t al . (1998 ) reporte d de -
creased hypometabolis m i n bilatera l superio r
frontal an d lef t anterio r cingulat e cortice s i n
depressed patient s wit h Alzheimer' s disease .
Mayberg (1997) has prosed a n interaction be -
tween th e ventra l striatu m an d both th e pre -
frontal cortica l area s thought to be involved in
the contro l o f compensatory strategie s i n de -
pression, and the subgenua l cingulate area 25,
which i s linked t o th e presence of depressiv e
affect.

Neuroanatomical studie s o f idiopathi c de -
pression reveale d decrease d metabolis m i n
the dorsolatera l prefronta l cortex and the cau-
date nucleu s (Baxte r e t al. , 1989) . Othe r
functional neuroimagin g studie s hav e identi -
fied abnormalitie s i n th e orbita l an d media l
prefrontal cortica l area s an d i n th e amygdal a
(Biver et al. , 1994 ; Drevets , 1999) . Th e poste -
rior orbita l corte x an d anterio r cingulat e cor -
tex ventra l t o gen u o f th e corpu s callosu m
have bee n show n recentl y i n morphometri c
MRI an d postmorte m histopathologica l stud -
ies t o hav e reduce d gra y matter volum e an d
reduced glia l cel l number s i n familia l majo r
depressive disorder s an d bipola r disorder s
(Drevets, 1998 , 1999) . Preliminar y finding s
suggest tha t patient s wit h depressio n hav e a
smaller volume of GP e o n postmortem stud y
(Baumann et al. , 1999) .

A substantia l number o f studies that exam -
ined post-strok e depressio n reporte d a  signif -
icantly highe r prevalenc e an d severit y o f de -
pression i n patient s wit h lef t hemispheri c
stroke, particularl y i n the vicinit y of the fron -
tal lobe an d frontal-subcortical circuit s (Rob -
inson e t al. , 1987 ; Starkstei n e t al. , 1987 ,
1988). A  recent stud y by Beblo e t al. , (1999 )
confirmed th e hig h prevalenc e o f post-stroke
depression afte r lef t hemispheri c strok e an d
involvement o f basal ganglia. Superimposition
analysis performe d by the author s reveale d a
maximal overlap o f lesions in the caudat e nu -
cleus an d posterior part s o f the putame n an d
pallidum.

Recently, Bejjani et al . (1999) reported a  re-
markable case of a patient who received deep -
brain stimulatio n to trea t he r intractabl e PD .
Electrical stimulatio n delivere d throug h a n
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electrode positione d i n th e centra l regio n o f
the lef t S N evoked, durin g th e cours e o f th e
stimulation, unequivocal  symptom s and sign s
of depression . Suggeste d mechanism s coul d
include a  de-activation o f remaining SNpc DA
neurons and thei r projections , o r alteration of
transthalamic circuit s relate d t o th e orbitof -
rontal-anterior cingulat e regions . Kuma r an d
colleagues (1999 ) hav e als o reporte d som e
cases.

MANIA

Mania is also a circuit-related behavior . Mania
has bee n describe d wit h lesion s o r neurode -
generative disorder s affectin g structure s o f or-
bitofrontal-subcortical circuit , orbitofronta l
cortex, caudate nucleus , and perithalamic area
(Cummings &  Mendez, 1984 ; Trautne r e t al. ,
1988; Kulisevsk y et al. , 1993) . Cortica l lesions
that produc e mani a are rarel y followed by cy-
clic moo d disorders , wherea s th e subcortica l
lesions affectin g th e caudat e an d thalamu s
produce a  bipolar typ e o f mood disorder wit h
recurrent depressio n an d mania (Starkstein et
al., 1991) . Mos t foca l lesion s elicitin g mani a
are associate d wit h righ t hemispher e lesion s
(Cummings, 1995) . Righ t inferio r fronta l le -
sions ar e recognize d a s the lesion s most likely
to produc e mani a (Robinso n e t al. , 1988 ;
Braun e t al. , 1999) .

Transient episode s o f involuntar y laughte r
and euphoria durin g deep-brain stimulatio n of
STN in a patient with PD have been reported
Krack e t al. , 2001 . Mende z e t al . (1999 ) de -
scribed a  patient wit h involuntary laughter af-
ter bifronta l lesio n followin g anterio r cerebra l
artery aneurysm rupture an d shunt placement
for obstructiv e hydrocephalus . Positro n emis-
sion tomography in this patient showe d medial
bifrontal hypometabolism . Th e author s pos -
tulated tha t th e pathologica l neuroanatomica l
circuit involve d in laughter includes the ante -
rior cingulate, caudal hypothalamus, amygdala,
and a  pontomedullary center .

OBSESSIVE-COMPULSIVE DISORDER
AND TOURETTE'S SYNDROME

Patients wit h idiopathi c an d acquire d obses -
sive-compulsive disorde r (OCD ) display sim-

ilar behaviora l symptom s an d neuropsychol -
ogical abnormalities . Etiologie s o f acquire d
OCD includ e pericallosal tumors compressing
the posterio r cingulate , lef t anterio r cingulat e
contusion, subcortica l lesion s (particularl y in-
volving th e caudat e nucleus) , lesion s o f th e
right posterio r putamen , an d post-traumati c
orbitofrontal contusion s (Berthier et al. , 1996) .
Orbital, caudate , an d thalami c region s hav e
been demonstrate d t o be abnorma l with PE T
in idiopathi c OCD . Severa l author s hav e hy-
pothesized tha t tha t th e mai n patholog y o f
OCD arise s fro m a n excessive disinhibition of
the mediodorsa l nucleu s o f thalamus (Modell
et al. , 1989 ; Baxter , 1990) . Serotoni n i s highly
implicated i n th e pathophysiolog y o f OCD .
The serotonergi c innervatio n t o th e striatu m
is localize d t o ventromedia l caudat e nucleu s
head and ventral striatum, which receive input
from th e orbitofronta l an d anterio r cingulat e
cortices (Parent , 1990) . Obsessive-compulsiv e
disorder als o occurs with lesions of the globu s
pallidus an d ha s bee n reporte d i n postence -
phalitic parkinsonism , anoxia , manganes e in -
toxication, progressiv e supranuclea r pals y
(PSP), an d Huntington' s diseas e (Cummings
& Cunningham, 1992) .

There is substantial evidence that Tourette' s
syndrome involves alterations within the fron -
tal-subcortical circuit s (Singer , 1997) . Neu -
roimaging data provide suppor t for altered cir-
cuit acitivity in Tourette's syndrome . Singer et
al. (1993 ) showe d th e putame n an d lenticula r
region t o b e significantl y smalle r usin g volu-
metric MRI . Brau n et al . (1993) use d PE T t o
demonstrate increased metabolic rates in fron -
tal moto r region s associate d wit h hypometa -
bolism in paralimbic prefrontal cortice s an d in
the ventral striatum. Many patients with Tour-
ette's syndrom e exhibite d OC D o r OCD-lik e
symptoms.

SUMMARY

The fractionation of corticostriatal circuits into
anatomically and functionally separate familie s
leads t o th e contemplatio n o f a t leas t thre e
and possibl y a s man y a s fiv e distinc t sets .
While recen t anatomica l studie s have empha -
sized potentia l convergenc e o f cortica l an d
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subcortical projections , a s wel l a s opportuni -
ties fo r cross-linkage s betwee n thes e circuit s
throughout thei r course , i t i s nevertheless re -
markable tha t specifi c behaviora l symptom s
and syndrome s can be see n clinicall y afte r fo -
cal lesion s o r specifi c disease processes . Th e
secret t o thi s functiona l specificit y may lie in
the actio n o f transmitter system s such a s DA,
which appea r to focus functio n within th e cir -
cuits. Othe r transmitte r system s als o sho w
promise a s modulator s o f circui t functions .
The fina l commo n pat h o f these circuit s was
originally thought t o focu s exclusivel y on th e
frontal lobes . Thi s stil l appears t o be tru e fo r
oculomotor an d skeletomoto r circuits , al -
though thes e reac h caudall y t o th e superio r
colliculus an d TP C nucleus , respectively .
However, th e influenc e of the comple x loop ,
referred t o a s the dorsolateral  prefrontal,  ha s
now been extended t o the inferotemporal cor-
tex. For th e orbitofrenta l an d cingulate loops ,
influence clearl y extend s int o th e hypotha -
lamic-limbic midbrain axis .

New opportunitie s fo r th e stud y o f thes e
circuits i n actio n ar e provide d b y single-uni t
studies i n subhuma n primate s an d intraoper -
ative recordings o f unit activity during surgery
for movemen t disorders . Fo r example , we can
now study neural responses to passive and vol-
untary movement s an d sequence s o f move -
ment. I n addition , th e us e o f dual microelec -
trodes permits  u s t o stud y proxima l cellula r
interactions an d the action s o f agonist an d an-
tagonist receptor-specifi c drugs . Functiona l
neuroimaging may also provide a  window into
potential interaction s between circuits and the
reprogramming o f functio n followin g inter -
ventional surgica l o r pharmacologica l treat -
ments. W e have bee n abl e als o t o stud y th e
acute effect s o f deep-brain stimulatio n on cog-
nitive an d moto r activatin g task s i n th e MR I
scanner a s wel l a s wit h PE T scanning . Thi s
may permit u s to dissect th e effect s o f the dif-
ferential actio n o f deep-brai n stimulatio n o n
adjacent neurona l an d fibe r systems . Func -
tional imaging , especiall y unde r condition s o f
activation paradigms and drug challenges, may
help us select patients accordingl y for surgical
intervention o r selectiv e pharmacotherapy .
The developmen t o f new receptor ligands fo r
both single-photon emissio n computed tomog -

raphy (SPECT ) and PE T imaging , in correla -
tion wit h bot h clinica l moto r an d neuropsy -
chological status , represent s anothe r fiel d o f
rapid evolution .
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The adven t o f cognitive neuroscience a s a dis-
cipline ha s accelerated researc h o n th e func -
tions of the prefronta l corte x (PFC) . The cog -
nitive neuroscienc e perspectiv e ha s le d t o
greater consideratio n an d integratio n o f mul-
tiple differen t methodologie s and research ap-
proaches, includin g basi c neuroscienc e (neu -
rophysiology an d neuroanatomy) , clinica l
neuroscience (neuropsycholog y an d psychia -
try), an d cognitiv e scienc e (experimenta l psy-
chology and computer science). Moreover, re-
searchers no w have the opportunit y t o stud y
the huma n brain "i n action" throug h th e us e
of functiona l neuroimagin g methods . How -
ever, th e greate r focu s o n convergenc e be -
tween thes e differen t approache s an d
traditions ha s als o revealed som e of the con -
flicts between them , i n term s o f thei r tradi -
tional views of PFC function .

The first conflict concerns whether the PFC
should b e considere d a  storag e buffe r o r a n
executive controller . I n th e neurophysiolog y
literature, a  commonly held view of PFC func -
tion is that of a short-term storage mechanism,
actively holdin g informatio n on-lin e throug h
neural activit y (Goldman-Rakic , 1995) . Thes e
findings have been supporte d b y human neu-
roimaging data , suggestin g sustained PFC ac -
tivation specificall y associate d wit h mainte -
nance periods i n tasks requiring short-term o r

working memory (Fiez e t al. , 1996 ; Cohe n e t
al., 1997 ; Courtney , e t al. , 1997) . I n contrast ,
the neuropsychologica l literatur e ha s tende d
to focu s o n the rol e of the PF C i n behavioral
regulation an d cognitiv e contro l an d o n th e
impairments in these functions followin g dam-
age to the PF C (Hecae n & Albert, 1978; Da -
masio, 1985; Stus s & Benson, 1986). Although
these differin g view s of PFC functio n ar e no t
by themselves incompatible, a  prominent cog-
nitive psychologica l mode l pu t forwar d b y
Baddeley an d colleague s ha s suggeste d tha t
storage an d contro l processes shoul d be con -
sidered architecturall y distinct and strictly seg-
regated component s of a working memory sys-
tem (Baddele y &  Hitch , 1974 ; Baddeley ,
1986).

A second conflic t among the variou s litera-
tures concern s whethe r th e PF C function s
more as a mnemonic, inhibitory, or attentional
structure. Neurophysiologica l an d neuroim -
aging studies have tended to focus o n the rol e
of PF C i n short-ter m o r workin g memor y
(e.g., Fuster , 1973 ; Funahash i e t al. , 1993 ;
D'Esposito e t al. , 1998 ; Smit h &  Jonides ,
1999). However , ther e i s clea r evidenc e tha t
the PF C i s criticall y involved in selectiv e at -
tention as well (Cabeza & Nyberg, 2000). The
PFC i s see n a s playing a  centra l rol e i n th e
"anterior attentiona l system, " in which the se -
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lection, direction, and allocation o f attentional
resources i s endogenousl y controlle d (Posne r
& Petersen , 1990) . I n contrast , th e develop -
mental and clinical literatures have viewed the
PFC a s primaril y geare d toward s inhibitor y
functions, suc h a s reducin g sensor y interfer-
ence an d overriding dominant but inappropri -
ate respons e tendencies . I n thi s literature ,
much ha s been mad e o f findings that inhibi -
tory control throughout th e lifespa n seems to
parallel th e tim e cours e o f PF C maturatio n
and declin e (Diamond , 1990 ; Dempster ,
1992), and that damage to the PFC often leads
to a  behaviora l "disinhibitio n syndrome " i n
which the norma l control ove r social and sex-
ual behavio r i s release d (Hecae n &  Albert ,
1978). I n previous review s attemptin g t o syn-
thesize these differen t literatures , som e theo-
rists have suggeste d tha t memor y and inhibi -
tion shoul d also be though t o f as distinct an d
anatomically segregate d function s o f PF C
(Fuster, 1989). This hypothesis has been based
on neuroanatomica l an d neurophysiologica l
data suggestin g functiona l segregation of dor-
solateral an d ventromedia l region s o f PFC ,
with dorsolatera l PF C bein g associate d wit h
mnemonic function s an d ventromedia l PF C
with inhibitor y function . Les s focu s ha s bee n
placed o n th e anatomica l locu s o f attentio n
within PFC, yet the implici t view seems to be
that attentiona l functions ar e one component
of a n anatomicall y base d modula r organiza -
tional structure within the PFC .

These functiona l distinction s betwee n stor -
age, control , an d memory , inhibition, an d at -
tention presen t a  confusin g an d ofte n incon -
sistent pictur e for  the  theoris t attemptin g to
develop a  coheren t theor y o f PF C function .
Thus, a n importan t ope n questio n i s whether
and how these distinctions can be reconciled.
In thi s chapter , w e shal l provid e suc h a n at -
tempt at reconciliation, by focusing on the po-
tential computationa l mechanism s associated
with storage, control, inhibition, and attention.
This computational approach suggest s a  reso -
lution o f th e apparen t conflict s betwee n th e
different perspective s o n PF C function . We
suggest tha t a  commo n se t o f computationa l
mechanisms allow for PFC mediatio n o f mne-
monic, inhibitory , an d attentiona l functions ,
where eac h i s preferentially observable unde r

different tas k situations , an d eac h occur s i n
the servic e o f cognitiv e control . Specifically ,
we argue that the control functions of the PFC
emerge as a direct consequence o f two specific
mechanisms: activ e maintenanc e o f task -
relevant context and top-down biasing of local
competitive interaction s tha t occu r durin g
processing.

We hav e develope d ou r theor y o f PF C
function usin g th e connectionis t computa -
tional modeling framework. This modeling ap-
proach involve s thre e components : (1 ) com -
putational analysi s o f th e critica l processin g
mechanisms required fo r cognitive control; (2)
use of neurobiologically plausible principles of
information processing ; an d (3 ) implementa -
tion an d simulation o f cognitive task s and be -
havioral performance . Th e modelin g work is
complemented b y a  series o f convergent em -
pirical studies relying on multipl e experimen-
tal methodologies . Firs t w e wil l describe be -
havioral an d neuroimagin g dat a o n health y
young adults that provide validation for critical
components of the model . W e will then sum-
marize ou r wor k applyin g the mode l t o th e
clinical domain; we have tested it s predictions
in differen t populatio n group s (olde r adults ,
schizophrenia patients) thought to suffe r fro m
PFC dysfunction . Thes e studie s highligh t th e
power of the cognitiv e neuroscience approach
by demonstrating ho w a single, integrated ac-
count o f PF C functio n ca n captur e a  wid e
range o f dat a fro m differen t methodologie s
and multiple populations .

A THEORY OF PREFRONTAL CORTEX
FUNCTION IN COGNITIVE CONTROL

CONTEXT AND COGNITIVE CONTROL

A basic and fundamenta l function o f cognitive
control i s to flexibl y adap t behavior to the de -
mands o f particular task s by facilitating proc-
essing of task-relevant informatio n over other
sources o f competin g informatio n and b y in -
hibiting habitua l o r otherwis e prepoten t re -
sponses that are inappropriate t o the task. Be-
cause thi s contro l functio n i s suc h a
fundamental one , it occurs in even very simple
task situations . A s a  specifi c example , take a
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situation i n whic h a  speede d respons e i s re -
quired t o a  particular stimulus , but onl y in a
particular contex t (e.g. , respon d t o the lette r
X onl y if immediately following th e lette r A).
If th e context-stimulu s pairin g occur s fre -
quently, th e cognitiv e syste m should begi n t o
exploit th e contex t t o prim e o r facilitat e pro -
cessing of the stimulus . In contrast, in the rar e
situations i n whic h th e stimulu s occur s i n a
different contex t (e.g. , X  followin g th e lette r
B), th e syste m mus t rel y o n th e informatio n
provided b y th e contex t t o inhibit  th e ten -
dency t o respond . Thi s exampl e raise s th e
question o f wha t type s o f processing mecha -
nisms coul d perfor m suc h a  cognitive contro l
function.

We would argue that there are at least three
minimal component s require d o f this type o f
cognitive contro l mechanism : (1) a  represen -
tational cod e tha t convey s implications of th e
behavioral goa l or prior contex t for future be -
havior; (2) a  capability for actively maintainin g
this representatio n i n a n accessible form ; an d
(3) a  mean s o f conveyin g an activatio n signa l
that ca n directly influence ongoing processing
by directing attention , biasin g action selection,
or resolvin g perceptua l ambiguities . I n refer -
ence t o the example task above, the contextual
cue shoul d b e translate d int o a  code tha t ap -
propriately distinguishe s betwee n differen t
upcoming inputs ( X versus not-X) and/o r thei r
behavioral consequence s (respon d versu s
don't respond) . Thi s representatio n should  be
accessible eve n under conditions in which the
contextual cue i s temporally isolated fro m th e
relevant stimulu s o r response , an d thu s n o
longer externally available . Finally , the contex -
tual cu e shoul d directl y modulat e processin g
in perceptua l and/o r moto r pathways, such as
by primin g th e expecte d respons e o r b y fo -
cusing attentio n toward s th e expecte d stimu -
lus features.

Over th e pas t 1 0 years w e hav e bee n de -
veloping a  theor y whic h suggest s tha t thes e
minimal elements of cognitive control are sub-
served by specific neura l mechanisms that ar e
dependent o n the functio n o f the PFC (Cohen
& Servan-Schreiber , 1992 ; Brave r et al. , 1995 ;
Cohen e t al. , 1996; O'Reill y et al. , 1999; Miller
& Cohen, 2001). Moreover, we have described
these neura l mechanism s in term s o f explicit

computational principle s an d hav e imple -
mented thes e principle s withi n connectionis t
neural networ k models . Ou r theor y i s com -
posed o f thre e centra l hypotheses : (1)  th e
PFC i s specialized fo r the representatio n an d
maintenance o f contex t information ; (2) con -
text informatio n i s maintained i n th e PF C a s
a stabl e an d self-sustainin g pattern o f neura l
activity; and (3 ) context representations i n th e
PFC mediate contro l through interactions that
modulate th e flo w o f informatio n i n othe r
brain system s that mor e directl y suppor t task
performance.

A critical aspect o f our hypothesis regarding
the role of the PFC in cognitive control relate s
to th e notio n o f contex t representation . W e
define context  as any task-relevant information
that i s internally represente d i n suc h a  for m
that i t can bias processing in the pathway s re-
sponsible fo r tas k performance . Goa l repre -
sentations ar e on e for m o f suc h information,
which hav e thei r influenc e o n plannin g an d
overt behavior . However , w e us e th e mor e
general ter m contex t t o includ e representa -
tions tha t ma y have their effec t earlie r i n th e
processing stream , o n interpretiv e o r atten -
tional processes . Fo r example , in th e Stroo p
Task, the contex t provided b y the tas k instruc-
tions mus t be activel y represented an d main-
tained t o bia s attentiona l allocatio n an d re -
sponse selectio n toward s th e in k colo r
dimension of a visually presented word . Thus,
context representations ma y include a  specific
prior stimulus or the resul t of processing a se-
quence o f stimuli , as well a s task instructions
or a  particula r intende d action . Representa -
tions of context ar e particularly importan t fo r
situations in which there i s strong competition
for respons e selection . Thes e situation s ma y
arise whe n th e appropriat e respons e i s on e
that i s relativel y infrequen t o r whe n th e in -
appropriate respons e is dominant and must be
inhibited (suc h a s th e wor d name  i n th e
Stroop Task) . Importantly , contex t represen -
tations can be maintaine d on-line, in an active
state, such that they are continually accessible
and availabl e t o influenc e processing . Thus ,
context ca n b e though t o f as a component o f
working memory . Specifically , contex t ca n b e
viewed a s the subse t of representations within
working memor y that gover n ho w other rep -
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resentations ar e used. I n this manner , context
representations simultaneousl y subserve bot h
storage an d contro l functions . A s describe d
above, thi s aspec t o f the mode l differentiates
it fro m Baddeley' s mode l o f working memory
(Baddeley, 1986 ; 1993) , whic h postulate s a
strict separatio n o f representations for storage
versus control .

A COMPUTATIONAL MODEL OF

PREFRONTAL CORTEX FUNCTION AND

CONTEXT PROCESSING

The theor y o f PF C involvemen t i n contex t
processing an d cognitiv e contro l describe d
above was developed within the connectionist ,
or paralle l distribute d processing , framewor k
(Rumelhart & McClelland, 1986 ; McClelland ,
1993). Th e connectionis t framewor k i s a  nat-
ural one for concomitantly studyin g the neura l
and psychologica l mechanism s o f cognitiv e
control, sinc e i t provide s a  computationa l ar -
chitecture tha t i s specified i n neurobiologica l
terms an d ca n be use d t o quantitativel y sim-
ulate performanc e i n cognitiv e tasks . I n thi s
framework, informatio n i s represente d a s
graded patterns o f activity over populations of
simple units, processing takes place as the flow
of activit y goe s fro m on e se t o f unit s t o an -
other, an d learning occur s throug h th e modi -
fication o f th e connectio n strength s betwee n
these. Fro m on e perspective , connectionis t
models ar e highl y simplified , capturing brain -
style computation , withou t necessaril y com -
mitting t o the detail s of any particular neura l

system o r subsystem . However , wit h appro -
priate refinement , such model s offe r th e op -
portunity to build bridges betwee n our under-
standing of the low-leve l properties o f neural
systems and their participation in higher-leve l
(system) behavior .

The theory of cognitive contro l put forward
here ca n b e schematize d i n th e for m o f a
simple canonica l mode l i n whic h a  contex t
module serve s a s a n indirec t pathwa y tha t
modulates processin g i n a  direc t stimulus -
response pathway (see Fig. 27-1). This context-
processing module represents th e function s of
the PFC. There ar e two critical features of this
module tha t provid e i t wit h th e capacit y fo r
control ove r processing. The first is that there
is strong , recurren t connectivit y withi n th e
context layer, which allows for the active main-
tenance o f information . Thus , inpu t t o th e
context laye r can be sustained throug h activit y
recirculation alon g mutuall y excitator y con -
nections, even when the externa l source o f in-
put i s no longe r present . Th e secon d critica l
feature o f the contex t pathway is its feedback
connection t o th e direc t pathway . Thi s pro -
vides a  mean s fo r activit y within th e contex t
module to provide a n additional sourc e o f in-
put, which ca n modulate th e flow of process-
ing withi n th e direc t pathway . I n particular ,
feedback fro m th e contex t layer serves to bias
the loca l competitio n fo r representatio n tha t
exists withi n eac h module , favorin g on e acti -
vation pathwa y o r se t o f representations ove r
their competitors . Thi s biasin g actio n o f th e
context modul e ca n produce inhibitory effects

Figure 27-1 . Diagra m of ca-
nonical model . Key computa-
tional principles of context
processing mechanism ar e
shown: active memory through
recurrent connections, and top-
down bias through feedbac k
connections. PFC, prefronta l
cortex.
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on processin g b y allowing a weak pathway to
inhibit th e mor e dominan t one .

An important insight that has emerged fro m
our wor k wit h thi s mode l i s tha t i t demon -
strates ho w context-processin g mechanism s
might jointl y suppor t thre e cognitiv e func -
tions—working memory, inhibition, and atten-
tion—that have all been suggested t o be sub -
served b y PFC, bu t tha t ar e ofte n treate d a s
independent. When a task involves a delay be-
tween a  cue and a  later contingen t response ,
it i s usually assumed that a  working memory
function i s involved. However, there is no ded-
icated mechanism fo r working memory in the
model. Rather , the mechanis m that i s used to
initially represent contex t information can also
maintain thi s information agains t th e interfer -
ing and cumulativ e effects o f noise over time.
In contrast , whe n a  tas k involves competing,
task-irrelevant processe s (a s i n th e Stroo p
Task), i t i s often assume d that a  dedicated in -
hibitory functio n i s responsibl e fo r suppress -
ing o r overridin g thes e irrelevan t processes .
Once again , i n th e model , ther e i s n o dedi -
cated mechanis m for inhibition . Rather , con-
text representation s indirectl y provid e a n in -
hibitory effect b y providing top-down suppor t
for task-relevan t processes , allowin g these t o
compete effectively against irrelevan t ones . I t
is importan t t o not e tha t thi s competitio n i s
expected t o occur locally, in posterior regions ,
rather than in the PFC itself. Finally, attention
is thought to be required in tasks during which
an interna l o r externa l cu e signal s that a  spe-
cific stimulu s featur e o r dimensio n ha s in -
creased salienc e relativ e t o others . I n th e
model, contextua l informatio n i s translate d
into a representational code and fed back into
the system , facilitating information processing
in specifi c stimulus-respons e pathway s via se-
lective suppor t o f those pathways. Yet the con -
text mechanism is not a  dedicated "attentiona l
module," bu t rathe r jus t a n extr a sourc e o f
top-down inpu t tha t ca n b e sustaine d ove r
time.

Thus, the sam e PFC mechanis m can be in-
volved i n task s tha t alternativel y ta p workin g
memory, inhibition, or attention; i t is simply a
matter o f th e behaviora l condition s unde r
which i t operates (i.e. , th e sourc e o f interfer -
ence) an d th e informatio n i t select s (task -

relevant versus task-irrelevant) that lead us to
label i t a s havin g a  working memory , inhibi -
tory, o r attentiona l function . Consequently ,
the mode l suggest s a  clea r resolutio n o f th e
supposedly disparat e finding s o f PFC involve -
ment in working memory, attentional, and in-
hibitory function s b y suggesting how a  single
mechanism migh t commonl y subserv e al l
three domains . Below , w e discus s th e com -
putational and empirica l studies we have con-
ducted t o test the model .

THE AX-CPT PARADIGM

Our investigation s hav e focuse d o n testin g
whether thi s mode l o f cognitiv e contro l pro -
vides a  useful account of both normal and dis-
ordered PF C function . T o examine this ques-
tion, w e hav e conducte d a  serie s o f studie s
using multiple methodologies an d populations,
but employin g a single experimental paradigm
for probing cognitive control function. Ou r re -
search strateg y ha s been to systematicall y ex-
amine and understand the properties an d con-
sequences o f PF C activit y withi n a  singl e
paradigm, befor e testing th e mode l furthe r in
additional paradigms.  The paradig m w e have
studied, know n as the AX-CPT , was selecte d
on th e basi s o f a  numbe r o f favorabl e prop -
erties. First , th e AX-CPT , is derived fro m th e
well-known Continuou s Performanc e Tes t
(CPT; Rosvold et al. , 1956) , which in the clin -
ical an d neuropsychologica l literature s i s
widely used as a test of attentional control and
vigilance (e.g. , Nuechterlein, 1991) . The mor e
demanding version s o f th e CP T hav e bee n
shown t o strongl y rel y o n PF C function , a s
evidenced b y performance deficit s observed in
patients wit h fronta l lesion s (Glosse r &
Goodglass, 1990 ) an d othe r syndrome s
thought t o involv e prefronta l dysfunction ,
such a s schizophreni a (Cornblat t &  Keilp ,
1994) an d attention-defici t disorde r (ADHD)
(Losier et al., 1996). Many neuroimaging stud -
ies hav e als o use d thes e difficul t version s o f
the CP T t o elici t PF C activit y (Cohen et al. ,
1987; Reza i e t al. , 1993 ; Siege l e t al. , 1995 ;
Seidman e t al. , 1998) . Second , th e AX-CP T
appears t o b e sensitiv e t o individua l differ -
ences i n PF C functio n and/o r cognitiv e con -
trol. I n previou s studies , we have show n that
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AX-CPT performanc e i s correlate d wit h per -
formance on other widely used probes o f PFC
and cognitiv e contro l function , suc h a s th e
N-back, Stroop , an d readin g spa n task s (Co-
hen et al., 1999; Key s et al. , submitted). Third,
the AX-CP T probes ke y aspect s o f cognitiv e
control, whil e distillin g the m int o a  task par -
adigm tha t i s a s simpl e an d interpretabl e a s
possible. Becaus e of the simplicit y of the task ,
it ca n b e use d wit h man y differen t subjec t
populations an d unde r a  wide variet y o f task
environments. Indeed, the tas k is very similar
in structure t o delayed-response task s used in
the neurophysiologica l literatur e o n workin g
memory (e.g. , Fuster , 1973) , an d thu s allow s
easy compariso n wit h thi s literature . More -
over, becaus e th e tas k i s relativel y simple , i t
can b e simulate d i n computationa l studies .
Lastly, althoug h th e tas k i s simple , i t never -
theless produce s multipl e performanc e mea -
sures, whic h generat e a  ric h se t o f dat a o n
which t o bas e an d constrai n theoretica l
interpretations.

In th e AX-CPT , subjects view sequences o f
letters presente d on e a t a  time a s a  serie s of
cue-probe pair s i n the cente r o f a visual dis-
play. The objec t of the tas k is to make a target
response t o a  specifi c prob e lette r (X) , bu t
only whe n i t follow s a  vali d cu e (A) , and a
nontarget response i n all other cases (se e Fig .
27-2). Performanc e is dependent o n the rep -
resentation an d maintenanc e o f context infor -
mation, insofa r a s the correc t response to the
probe depend s o n knowledge o f the previou s
cue ( A or not-A) . I n th e model , th e contex t
provided b y the cu e is represented an d main-
tained withi n th e PFC . W e further designe d
the tas k t o selectivel y measur e differen t as -
pects of the contex t processin g function s sub -
served b y PF C (workin g memory, attention ,
and inhibition) .

In th e task , targe t (AX ) trials occu r wit h
high frequency (70%) . This induces tw o types
of biases in subjects. The first is a bias to make
a targe t respons e t o th e occurrenc e o f an X
probe. O n thos e trial s i n whic h a  targe t re -
sponse shoul d no t b e mad e t o th e X  prob e
(i.e., BX  trials , wher e B  refer s t o an y non-A
cue), contex t informatio n must be use d i n an
inhibitory fashio n to override th e tendency t o
false alarm. The second bias that occurs i n the

Figure 27-2. Schemati c of AX-CPT paradigm. Single let-
ters ar e visuall y displayed as a series of cue-probe pairs.
A targe t i s define d a s the occurrenc e o f a n X probe im -
mediately followin g a n A  cue . Thre e type s of nontarget
trials occur, each with equal frequency (10%): BX, AY, and
BY (where B refers to any non-A cue, and Y refers to any
non-X probe).

AX-CPT is an expectancy to make a target re -
sponse followin g the occurrenc e o f an A cue .
In thi s case , th e contex t provide d b y the cu e
serves a predictive functio n tha t direct s atten-
tion to a particular response (i.e. , attention-to -
action; Norma n &  Shallice , 1986 ; Allport ,
1989). O n thos e trial s i n which th e cu e i s an
invalid predicto r o f the respons e (i.e. , AY tri -
als, wher e Y  refers t o an y non-X probe), th e
attentional function of context creates the ten -
dency to fals e alarm . This type o f cue validity
effect i s simila r t o other s tha t hav e bee n ex-
tensively studie d i n th e attentiona l literatur e
(e.g., Posner, 1980). Thus, the integrity of con-
text processin g ca n b e examine d no t onl y
through performanc e o n A X target trial s bu t
also throug h a n examinatio n o f performanc e
on nontarget trials .

A ke y elemen t o f ou r theor y i s tha t bot h
attentional an d inhibitory functions i n the AX-
CPT shoul d b e subserve d b y a single under -
lying mechanism—the internal representatio n
of contex t informatio n within th e PFC . Thi s
assumption ca n be tested by examining the re-
lationship o f AY to BX performance. Note that
on B X trials , failur e t o internall y represen t
context shoul d impai r performance , b y no t
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suppressing th e inappropriat e respons e bias .
Consequently, B X false alarm s can be consid -
ered context-failure  errors.  However , o n AY
trials, representatio n o f context shoul d creat e
an inappropriate expectanc y bias that leads to
an increased tendency to fals e alarm. AY false
alarms can thus be considered context-induced
errors. Thus, i f context representation s ar e in-
tact, mor e A Y (context-induced ) tha n B X
(context-failure) error s shoul d b e mad e (wit h
a simila r pattern observabl e i n reactio n tim e
on non-error trials) . Conversely, if context rep -
resentations ar e impaired , th e opposit e pat -
tern shoul d occu r (mor e B X than A Y errors).
Performance on AX target trials should also be
poorer i f context processing is impaired, since
determination o f targets i s dependent o n th e
context provided b y the cue . However , targe t
performance ma y no t b e a s impaire d a s BX
performance, sinc e o n targe t trials , th e re -
sponse bia s work s i n subjects ' favor , b y in -
creasing the tendency to make the correct tar -
get response. Finally , a  third type of nontarget
trial, BY , provides a  usefu l interna l control ,
since in this condition th e influence of context
on performanc e shoul d b e relativel y smal l
(given that both th e cu e and the probe always
map to a  nontarget response) .

The AX-CP T paradig m als o provide s a
means fo r examinin g th e mnemonic  rol e o f
context informatio n through manipulation s of
the cue-probe delay duration. Specifically , un-
der conclition s i n whic h ther e i s a  lon g cue -
probe dela y (e.g. , 5-1 0 seconds) , contex t in -
formation mus t be activel y maintained within
working memory . Ou r theor y suggest s tha t
context informatio n is bot h represente d an d
actively maintaine d withi n the PFC. Thus , the
same context-processin g mechanis m that sub-
serves inhibitor y an d attentiona l function s
should also subserve active maintenance in the
AX-CPT. Consequently, a  strong prediction o f
the theor y i s tha t th e effec t o f dela y wil l in -
teract wit h performanc e o n A Y and B X trials.
If contex t maintenanc e i s intact , the n th e
strength o f context representation s should  ei-
ther hol d constant or increase with delay (i.e.,
if it takes some period o f time for context rep-
resentations t o reac h ful l activatio n strength).
Consequently, BX performance should remain
constant o r improv e a t lon g delays , whil e AY

performance should  remai n constan t o r
worsen wit h delay . Conversely , i f contex t
maintenance i s impaired, the n contex t repre -
sentations shoul d lose strength over time. Thi s
should lead to a worsening of BX performance
with a  delay , bu t a n improvemen t i n A Y
performance.

As the abov e descriptio n of the tas k make s
clear, our mode l o f PFC functio n i n cognitive
control lead s t o a  numbe r o f specifi c predic -
tions for the AX-CPT that relate to normal be-
havioral performance , brai n activation , an d
clinical/n europsychological populations . A
central focu s o f our recen t wor k ha s been t o
systematically test thes e predictions throug h a
series o f studies (Brave r et al. , 1995 , i n press;
Barch e t al. , 1997 , 2001 ; Servan-Schreibe r e t
al., Braver, 1997; Brave r & Cohen, 1999 , 2000 ,
in press ; Cohe n e t al. , 1999) . Th e firs t phas e
of the researc h was to provide initial validation
of the mode l by examining how it can captur e
aspects o f norma l AX-CP T performance , i n
terms o f both brai n activit y and behavior. Th e
second phase o f the researc h was to apply the
model a s a  predictiv e too l fo r studyin g th e
consequences o f impairments in PFC functio n
and/or contex t processing . I n thi s work , w e
have attempte d t o sho w how th e mode l ca n
be used to make rather specific and sometimes
highly counterintuitiv e prediction s regardin g
AX-CPT performance in different population s
(healthy individual s performin g unde r load ,
schizophrenia patients , an d older adults) . The
remainder o f the chapte r discusse s these tw o
phases o f our research .

MODEL VALIDATION: NORMAL
COGNITIVE CONTROL

Over the pas t 1 0 years we have tested numer -
ous healthy young adults in the AX-CP T task.
From thi s testing it has emerged tha t ther e is
a se t o f fairl y standar d characteristic s o f be -
havioral performanc e o n th e tas k (Brave r e t
al., 1990b) . Figur e 27- 3 show s error dat a on
nontarget trial s average d fro m ove r 20 0 sub -
jects performin g th e AX-CP T unde r bot h
short (1- 2 seconds ) and long delay (5—1 0 sec-
onds) conditions . A  numbe r o f notabl e fea -
tures ca n b e observed . First , ther e ar e ver y
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Figure 27-3 . Simulatio n an d behaviora l performanc e
data fro m th e AX-CPT . A: Behavioral data obtained fro m
a normative sampl e of over 200 healthy young adults per -
forming th e AX-CP T under standar d conditions . Perfor -
mance on each of the three nontarge t tria l types is shown
for short - (dar k hatched bars ) and long-dela y (light bars)

conditions. B : Simulation data fro m computationa l model
showing performanc e o n eac h th e thre e nontarge t tria l
types (AY , BX , and BY ) under short - (dar k hatched bars)
and long-delay (light bars) conditions. (Source:  Dat a fro m
Braver e t al , 1999b )

few errors ever made on BY trials, which serve
as a n interna l contro l fo r baselin e perfor -
mance. Thi s suggest s that , overall , the tas k is
not difficult fo r healthy adults to perform. Rel-
ative t o th e B Y error rate , ther e ar e signifi -
cantly more error s o n B X and A Y trials. This
is consisten t wit h th e conflic t tha t i s present
on B X and A Y trials betwee n th e contextua l
information an d th e curren t inpu t (Carte r e t
al., 1998) . Thus , i n thes e condition s greate r
cognitive contro l i s required . Moreover ,
healthy adult s produc e mor e A Y (context-
induced) error s tha n B X (context-failure) er-
rors. As described above, this pattern indicate s
that contex t exert s a  strong influence ove r re-
sponding—subjects are more likely to overrely
on contextual information than they are to fai l
to utiliz e it . Finally , i t i s clea r tha t th e erro r
pattern als o interact s wit h delay . Specifically ,
at long delays AY errors ar e increased , B X er-
rors are decreased, and BY errors ar e unchan -
ged. Thi s pattern indicate s tha t contex t infor -
mation i s accurately maintained in the system
over the dela y period, an d even appears to ex-
ert a  stronge r influenc e ove r performanc e a t
the longer delay interval (i.e., at the long delay
there i s a greater likelihoo d o f context induc-
ing an error and a reduced likelihood o f con-
text failin g t o prevent a n error).

In compute r simulation s wit h ou r model,
we found that we were abl e to closely captur e
this patter n o f behaviora l performance , bot h
in qualitative an d quantitative term s (se e Fig .

27-3). I n particular , th e mode l exhibit s al l of
the primar y effects observe d i n the empirica l
data, including effect s relate d t o reaction tim e
(RT) an d A X target performanc e (no t shown ;
see Brave r e t al. , 1999b) . However , i t i s im -
portant t o not e tha t a  numbe r o f fre e para -
meters were adjusted in the model to optimize
its fit to the data . Thus, the simulations do not
provide a  strong test of the theory's sufficienc y
or explanator y power . Nevertheless , the y d o
serve as an initial validation o f the model , sug-
gesting that i t i s capable o f capturing the ma -
jor behavioral phenomena associate d with nor-
mal AX-CP T performance . Moreover , th e
results increas e ou r confidenc e i n usin g th e
model a s a  startin g point  fo r generatin g hy -
potheses an d predictions regardin g the effect s
of other variables .

In a  second se t o f studies, we directl y vali -
dated th e rol e o f PF C i n contex t processin g
and cognitive contro l postulated i n our model .
Specifically, brai n activit y was measure d dur -
ing AX-CPT performance through th e us e of
functional magneti c resonanc e imagin g
(fMRI) methods . Our model suggested that in
the AX-CP T task th e contextua l informatio n
provided by the cu e should be represente d i n
PFC and actively maintained ther e over an in-
tervening delay . T o tes t thi s hypothesis , w e
compared brain activity in the AX-CPT under
short- an d long-dela y conditions , holdin g al l
other aspect s o f the task constant (such as the
total tria l duration) . Consequently , th e onl y
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thing tha t shoul d hav e differe d acros s condi -
tions was the proportion o f the trial period de -
voted t o activ e maintenanc e o f contex t
information.

Our results indicated that activity within lef t
PFC, i n a  dorsolatera l (DL-PFC ) regio n cor -
responding to Brodmann's area (BA) 46/9, was
significantly increase d i n th e long-dela y con -
dition relativ e t o th e shor t on e (se e Fig . 27 -
4; Barc h e t al. , 1997) . Thi s findin g ha s no w
been replicate d i n thre e subsequen t studie s
using independen t cohort s o f subjects (Barc h
et al. , 2001b ; Brave r &  Cohen, 2001 ; Brave r
& Bongiolatti , i n press) . Recently , w e ex -
tended ou r initia l finding s b y conductin g a
study usin g newl y develope d event-relate d
fMRI method s (Brave r &  Cohen , 2001) .
Event-related technique s enabl e measure -
ment o f the tempora l dynamic s and evolutio n
of brai n activit y ove r th e cours e o f a  tria l
(Buckner e t al. , 1996 ; Buckne r &  Braver ,
1999). B y plotting th e activatio n tim e cours e
in this lef t DL-PF C region acros s the trial , we
observed a  respons e patter n tha t wa s highly
consistent wit h tha t predicte d b y th e model .
Specifically, we found tha t lef t DL-PF C activ-
ity increase d immediatel y followin g cu e pre -
sentation and remained hig h over the duratio n
of th e dela y perio d (1 0 seconds) , the n de -

clined followin g prob e presentatio n (Fig . 27 -
4). Critically , we found n o other brain region s
outside of DL-PFC showin g this characteristic
activity pattern .

The neuroimagin g studie s o f th e AX-CP T
provide important validation for our claims re-
garding th e rol e of PFC i n context processin g
and cognitive control . Moreover , they point to
the specifi c regio n within th e PF C tha t i s ac-
tivated by context processin g demand s durin g
AX-CPT performance. This is critical, because
the mode l i n it s curren t scop e i s rathe r ana -
tomically nonspecific , in tha t i t doe s no t dif -
ferentiate betwee n specifi c PF C su b regions.
In one aspect , this lack of anatomical specific -
ity i s intentional , becaus e w e believ e tha t a
unifying principl e o f PF C functio n i s it s in -
volvement i n aspect s o f contex t processing .
However, human PFC take s up nearly a third
of the cerebra l cortex , and there ar e clear an-
atomical subdivision s within i t (ventrolateral ,
dorsolateral, frontopolar , medial , orbital) (Bar-
bas &  Pandya , 1989b ; Fuster , 1997a) . Give n
the structure—functio n relationship s tha t exis t
in th e brain , i t i s likel y tha t thes e anatomi c
subdivisions withi n th e PF C reflec t relevan t
functional specialization . A n importan t ques -
tion tha t w e shal l return to a t the en d o f the
chapter is whether the model can be extended

Figure 27-4. A : Activity in lef t
dorsolateral (DL prefrontal cor -
tex PFC) fo r short- (light bars)
and long-delay (dark bars) con-
ditions. Brai n activation data
are shown for a representativ e
axial slice 24 mm superio r to
the AC-PC plane (centroid: -37 ,
42, 29). B: Time course of event-
related activity in left DL-PF C
during a long-delay trial (10 sec-
onds). Note that there is a sus-
tained increase i n activity dur-
ing the cue-probe delay period
which the decays during the in-
tertrial interval. (Source: Fro m
Barch e t al. , 1997 , an d Brave r
& Cohen, 2001 )
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in scop e t o hel p addres s an d explai n thes e
functional specialization s withi n PFC. Fo r the
current purposes , th e neuroimagin g studie s
suggest tha t ou r mode l o f PF C context -
processing functions i n the AX-CPT should be
considered t o pertai n t o DL-PF C region s
most directly . Moreover, the consisten t obser-
vation of left DL-PF C activit y during the AX-
CPT i n health y youn g adult s suggest s tha t
studies examinin g AX-CPT context-processin g
impairments i n differen t population s and/o r
task conditions shoul d focus o n this region as
the neura l locu s o f dysfunction . I n th e nex t
section, w e wil l focu s o n a  serie s o f studie s
designed t o test thi s hypothesis.

APPLYING THE MODEL: DISORDERED
COGNITIVE CONTROL

Our primary research strateg y has been to ap-
ply ou r mode l o f cognitiv e contro l a s a  pre -
dictive tool for generating hypotheses regard-
ing the relationship betwee n PF C dysfunctio n
and cognitiv e contro l impairment s relate d t o
context processing . In particular , we adopte d
a cognitive neuroscience approach that sought
to provide convergent evidence for the model
using multiple methods . Ou r first step was to
determine wha t biologically relevan t parame-
ters i n th e mode l affec t contex t processin g
functions. B y manipulating these parameter s
in computationa l simulations , w e determine d
their effect s o n performanc e of th e AX-CP T
task, bot h i n term s of behavior an d PF C ac -
tivity. Th e simulatio n results were the n use d
to generate empiricall y testable predictions fo r
populations o r experimenta l condition s tha t
were hypothesized to correspond to the same
change in the biologicall y relevant parameter.
Our result s ar e fro m thre e differen t popula -
tions: health y subject s performin g unde r in -
terference, schizophreni a patients , an d olde r
adults.

SIMULATION STUDIES

To examin e th e relationshi p betwee n PF C
dysfunction, contex t processin g impairment ,

and AX-CP T performance i n th e model , w e
simulated changin g the functio n o f the dopa -
mine (DA ) neurotransmitter projectio n int o
the PFC . A  detailed descriptio n o f the moti -
vation and theory behind these simulations is
beyond th e scop e o f this chapter , an d i s de -
scribed elsewher e (Brave r &  Cohen , 1999 ;
2000). Briefly , w e hypothesize d that D A pro-
vides a modulatory input into the PFC, which
serves t o regulat e th e acces s o f incoming in-
formation. I n particular , w e hav e suggeste d
that th e connectio n serve s as a gating mech-
anism. When the gat e is opened, a s is thought
to occur following a phasic burs t o f DA activ-
ity, incomin g informatio n can gai n acces s t o
the PFC, an d thus update the current state of
context representation . Conversely , when th e
gate is closed, acces s to the PF C is restricted,
protecting contex t representation s fro m th e
interfering effect s o f noise o r othe r irrelevan t
inputs. W e hypothesize d tha t th e timin g o f
gating signals is learned through a  reward pre-
diction learnin g mechanis m associate d wit h
the midbrai n DA system (Schultz et al. , 1997),
which enables task-relevant information to be
selected a s context, because o f it s association
with the potentia l for future reinforcement .

In our simulations, we found tha t when DA
effects ar e reduced in the contex t module, the
representation of context becomes less reliable
(since access i s partially blocked). Unde r con-
ditions whe n D A inpu t i s noisie r (i.e. , more
variable ove r time ) bot h th e representatio n
and maintenanc e o f context i s disrupted (se e
Fig. 27-5 ; Braver , et al. , 1999) . Th e mainte -
nance effect s occu r becaus e contex t informa-
tion i s more susceptible t o th e interferin g ef-
fects o f nois e an d task-irrelevan t inputs, an d
thus i s more likely to deca y over time. Thes e
conditions o f dysfunctional context processin g
were als o associate d wit h clea r change s i n
model performance on the AX-CPT (Fig. 27-
5). First, we found that BX performance wors-
ened. Recal l tha t B X trials requir e inhibitio n
of a  response bias, based o n context informa-
tion. Thus , i f th e contex t representatio n i s
weak, the n s o is the abilit y to inhibi t th e re -
sponse bias. In contrast, we found that AY per-
formance wa s actuall y improve d i n th e dis -
turbed model . Remembe r tha t o n A Y trials,
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Figure 27-5 . A : Plot o f aver-
age activity level in contex t
units during the cours e o f an
AX-CPT trial in the intac t an d
noisy DA models. Not e that
context activit y is attenuated in
the nois y dopamine (DA)
model an d furthe r decline s with
delay. B : Simulation data fro m
computational mode l with noisy
DA. (Source:  Dat a fro m Brave r
et al. , 1999b )

context set s u p a n expectanc y tha t i s violated
by th e nontarge t prob e letter . Whe n contex t
representations ar e weaker , s o i s th e expec -
tancy. The lower the expectancy, the less likely
it is that a  false alar m wil l be made .

It i s importan t t o not e tha t thi s improve -
ment o f A Y performanc e unde r impaire d
context-processing condition s represent s a
highly counterintuitiv e predictio n o f th e
model. I t i s typicall y muc h harde r t o obtai n
improvements i n performanc e du e t o cogni -
tive dysfunction  tha n i t i s t o obtai n impair -
ments. Moreover , the predicte d effect s o n AY
and B X performance sugges t a  crossove r in -
teraction whe n comparin g norma l an d dys -
functional context-processin g conditions . Pre -
dicted crossove r interactions ar e optimal fro m
an experimental point of view because (1) they
are statisticall y powerful , an d thu s easie r t o
detect (Wahlsten , 1991), an d (2 ) because the y
obviate nonspecifi c interpretation s o f thei r
cause, such as differential difficulty across con-
ditions (e.g. , Chapman &  Chapman, 1978) .

INTERFERENCE CONDITIONS

Our firs t tes t o f thes e mode l prediction s re -
garding context-processin g disruptio n wa s in
healthy youn g subject s performin g th e AX -
CPT under interference condition s (Brave r et
al., 1999b) . Specifically , w e hypothesized tha t

presentation o f irrelevan t distracto r letter s
during the cue-probe delay interval would dis-
rupt contex t processin g b y increasin g th e
probability o f a n inappropriat e DA-mediate d
gating signa l (causin g a n imprope r updat e of
context). Indeed , w e observe d tha t health y
subjects unde r interferenc e displaye d a  per -
formance patter n simila r to tha t predicte d b y
the mode l unde r contex t disruptions . A t th e
short delay, interference effect s were minimal,
with th e typica l effec t o f mor e A Y than B X
errors. However , a t the lon g delay, the effect s
of interference appeare d t o accumulate . Spe-
cifically, B X errors increased but A Y errors de-
creased, leaving significantly more BX than AY
errors (se e Fig . 27—6) . W e furthe r examine d
the effec t o f interferenc e i n a  neuroimagin g
study t o determin e whethe r performanc e i n
the interferenc e condition was associated with
changes i n th e activatio n o f lef t DL-PF C
(Braver & Cohen, 2001) . We again used event -
related fMR I t o trac k DL-PF C activit y dy -
namics ove r the cours e o f a  trial. Ou r result s
indicated a  significant effec t o f interference in
the lef t DL-PFC  regio n tha t w e ha d previ -
ously found to show delay-related activit y dur-
ing th e tas k (Fig . 27-6) . Unde r interferenc e
there is an activation respons e t o the cue tha t
initially increases, bu t the n show s a rapid de -
cay ove r th e dela y period . Thi s findin g pro -
vides fairly strong support for the idea that the
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Figure 27-6 . A : Behavioral
data fro m youn g adults per-
forming th e AX-CP T under in-
terference conditions . JB: Time
course o f event-related activity
in the lef t DLPF C under both
standard and interferenc e AX-
CPT conditions . Activity de -
clines mor e rapidly under th e
interference condition . (Source:
Data fro m Brave r et al. , 1999 ,
and Brave r & Cohen, 2001).

behavioral impairment s relate d t o contex t
processing observed i n AX-CP T performance
under interferenc e ar e linked to a  change i n
the activit y dynamics of DL-PFC .

SCHIZOPHRENIA PATIENTS

Our secon d se t o f studies examine d AX-CP T
performance in schizophrenia patients. Schizo-
phrenia i s a  diseas e associate d wit h marke d
cognitive disturbance . A  common view is that
schizophrenia patients suffe r fro m a  failure of
cognitive contro l (Callawa y & Naghdi , 1982 ;
Nuechterlein &  Dawson , 1984) . Ther e i s a
wealth o f neuropsychological , neuroanatomi -
cal, an d neuroimagin g evidenc e suggestin g
that PF C dysfunctio n is a central componen t
of th e disease , an d ma y b e th e underlyin g
cause o f th e cognitiv e deficit s (Goldma n -
Rakic, 1991) . Additionally , th e rol e o f D A in
schizophrenia i s well known , an d mos t phar -
macological treatment s fo r clinica l symptom s
involve agent s tha t affec t th e D A syste m
(Creese e t al. , 1976) . Mor e recently , investi -
gators hav e suggeste d tha t som e o f the cog -
nitive deficits present i n schizophrenia may re-
sult from altere d DA activity in PFC (Davi s et
al., 1991) .

We hav e examine d th e performanc e o f
schizophrenia patients on the AX-CP T across
a numbe r o f studie s (Servan-Schreibe r e t al. ,
1996; Cohe n e t al. , 1999 ; Barc h e t al. , 200lb;
Braver e t al. , 1999b) . A  consisten t patter n
across al l o f thes e studie s i s that , relativ e t o
matched controls , patient s sho w a  perfor -
mance pattern tha t i s indicative o f a selectiv e
deficit i n context processin g an d that appear s

to b e magnifie d in th e long-dela y condition .
More recently , w e hav e studie d patient s suf -
fering thei r firs t psychoti c episod e an d thu s
were no t ye t medicate d an d ha d neve r bee n
hospitalized. Thi s produced a  very clean sam-
ple fo r examining schizophrenia cognitive im-
pairments, becaus e man y of the confoundin g
clinical variable s tha t typically affec t cognitiv e
performance were no t presen t (e.g. , length of
illness, chroni c medication status , an d institu -
tionalization). We again found tha t thi s group
made significantl y more B X errors relativ e t o
a tightl y matche d contro l sample , bu t i n fac t
made fewer AY errors, and that this effect was
most pronounce d a t th e lon g dela y (se e Fig .
27-7; Barc h et al. , 2001b). These findings pro-
vide support for the hypothesis that a  selective
context-processing defici t underlie s som e o f
the cognitiv e impairment s observed in schizo-
phrenia. We simulated thi s dat a in our mode l
and foun d tha t whe n th e D A gatin g mecha -
nism was disrupted, th e mode l produced per -
formance patterns tha t were qualitativel y very
similar to that observe d empirically (Braver et
al., 1999) .

We als o acquire d measurement s o f fMR I
activity in this cohor t o f first-episod e patient s
and matche d control s durin g AX-CPT perfor-
mance (Barch et al. , 200lb). The healthy con-
trols showed normal delay-related activation of
left DL-PFC . However , th e patient s faile d t o
show a  delay-relate d increase , yieldin g a  sig-
nificant grou p x  delay interaction i n lef t DL -
PFC (Fig . 27-7). It is noteworthy that this was
the onl y brai n regio n foun d t o sho w suc h a
pattern. Moreover , i t wa s foun d tha t man y
other regions showe d norma l task-relate d ac -
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Figure 27-7 . A : Behavioral
data fro m first-episod e schizo -
phrenia patients and matched
controls. Patient s sho w more
BX errors, bu t fewe r AY errors;
this effec t i s more pronounce d
at long delay. B: Lef t dorsola -
teral prefrontal cortex (centroid:
-34, 25 , 26) shows delay-related
activation increas e in controls
but no t i n patients. (Source:
Data fro m Barc h e t al. , 2001b )

tivation i n patients , includin g mor e posterio r
and inferio r region s o f PF C (e.g. , Broca' s
area).

OLDER ADULTS

A fina l populatio n tha t w e hav e studie d i s
healthy olde r adults . Lik e schizophrenia ,
healthy agin g i s associate d wit h impairment s
in bot h PF C an d D A functions , albei t a t a
much les s sever e level . Olde r adult s perfor m
similarly to patient s wit h fronta l lob e damag e
on neuropsychologica l batterie s (West , 1996) ,
and in some cases neuropsychological test per-
formance ha s been foun d to correlat e t o th e
degree o f age-related reduction s i n PFC gra y
matter (Ra z et al. , 1998) . Th e functionin g of
the D A syste m als o decline s i n olde r adults ,
with D A receptor concentratio n regularl y de -
creasing with increasing age (de Keyse r et al. ,
1990). Moreover , recent wor k has linked age-
related D A receptor decrease s wit h cognitiv e
decline i n tests sensitive to PFC functio n (Vol -
kow et al. , 1998). We tested whethe r these ag-
ing effects o n DA and PFC functio n would be
reflected i n term s o f selectivel y decrease d
context-processing function .

In a large sample of older adults performing
the AX-CP T (i n th e long-dela y conditio n
only), unde r bot h baselin e an d interferenc e
conditions, w e foun d th e sam e patter n pre -
dicted b y the mode l t o be indicativ e o f selec-
tive context-processin g impairment—opposit e

patterns o f performanc e chang e o n B X an d
AY trial s (se e Fig . 27-8 ; Brave r et al. , 2001) .
On B X trials, olde r adult s mad e significantl y
more errors an d showed substantial slowing of
RT. However , o n A Y trials , olde r adult s
showed significantl y fewe r error s an d equiva -
lent RT . The A Y RT pattern i s especially strik-
ing, given that a n almost ubiquitous finding in
the cognitiv e agin g literatur e i s tha t olde r
adults ar e slowe r than younge r adult s o n any
cognitive tas k (Cerella , 1985 ; Myerso n &
Hale, 1993) . Moreover , th e longe r th e re -
sponse latenc y fo r younger adults , th e greate r
the amoun t o f slowin g typically observed . I n
contrast, ou r results indicate tha t there was no
age-related slowin g on A Y trials, even thoug h
these wer e th e condition s tha t produce d th e
longest RT s i n younge r adults . Withou t th e
benefit o f a  model, this would see m t o be a n
anomalous and potentially difficult resul t to in-
terpret. Ye t it i s full y consisten t wit h ou r hy -
potheses tha t context-processin g deficit s
should produce a  paradoxical improvement in
AY performance.

In ou r mos t recentl y complete d work , w e
have followe d u p o n th e behaviora l result s
with a  fMR I stud y conducted i n a n indepen -
dent sampl e o f younge r an d olde r adult s
(Barch e t al. , 2001a) . Subject s performed th e
long- an d short-dela y AX-CP T condition s i n
our standar d design . Onc e again , i n confir -
mation o f our predictions , w e observed a  sig-
nificant delay-relate d reductio n o f PFC activ -
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Figure 27-8. A : Behavioral
data fro m health y older (ligh t
bars) an d younger (dark bars)
adults, including both errors
(left) an d reactio n time (RT).
Older adults show more BX er-
rors, bu t les s AY errors. Th e
RT data show significant age-
related slowin g on B X trials,
but n o slowin g on AY trials. B:
Left dorsolatera l prefrontal cor -
tex (centroid : -43, 22, 28)
shows delay-related activation
increase in young but no t olde r
adults. (Source:  Dat a fro m
Barch e t al. , 2001a, an d Brave r
et al. , 2001)

ity in older adults, located within the sam e left
dorsolateral regio n identifie d i n th e previou s
studies (Fig . 27-8). Interestingly, this reduced
DL-PFC activit y contrasted wit h th e genera l
pattern observe d across other brain regions, in
which olde r adult s actuall y showe d greate r
task-related activity than younge r adults . Thi s
finding i s consisten t wit h othe r neuroimagin g
studies o f cognitio n i n agin g (Cabeza , 2001) ,
and could indicate that older adults recruit ad-
ditional brai n region s durin g task s requirin g
cognitive contro l a s a means o f compensating
for impaire d contex t processin g function s i n
the PFC .

SUMMARY AND DISCUSSION

Across a  series o f studies, w e have attempte d
to dra w a  tigh t lin k betwee n context -
processing function , AX-CP T performance ,
and PFC activity . In four independent samples
of health y youn g adult s performin g the AX -
CPT under standar d conditions , th e sam e re-
gion o f lef t DL-PF C (B A 46/9) was foun d t o
show increase d activit y whe n contex t infor -
mation needed to be actively maintained ove r
a dela y perio d (Barc h e t al. , 1997 , 200lb ;
Braver &  Cohen, 2001 ; Brave r & Bongiolatti,
in press). This highly replicable patter n o f re-
sults suggest s that th e AX-CP T provides a  se-

lective an d foca l prob e o f lef t DL-PF C func -
tion. The finding that this left DL-PF C regio n
showed reduce d activity in two different pop -
ulation (olde r adult s an d schizophreni a pa -
tients) though t t o suffe r fro m PF C dysfunc -
tion furthe r support s thi s suggestion .
Moreover, in both populations, the PFC activ-
ity pattern co-occurre d wit h a  distinctive an d
similar patter n o f behaviora l performance .
This behaviora l patter n included both perfor-
mance impairment s i n som e tas k condition s
(BX trials) , but als o relative improvement s in
others (A Y trials). Th e relationshi p betwee n
AX-CPT performance and lef t DL-PF C activ -
ity suggest s tha t th e AX-CP T paradig m ha s
potential clinica l utilit y as a selective neurop -
sychological marker . An obvious prediction o f
the mode l that i s worth testing in future stud -
ies is that patient s wit h foca l lef t DL-PF C le -
sions would sho w a performance profil e simi -
lar to that o f schizophrenia patient s an d olde r
adults. Anothe r possibl e us e o f th e AX-CP T
worth explorin g i n futur e studie s i s as a diag-
nostic too l fo r suspecte d lef t DL-PF C dys -
function (i.e. , whe n thi s i s no t immediatel y
clear fro m othe r neuroanatomica l markers) .
However, fo r this t o occur , a  clear amoun t of
additional wor k i s neede d t o determin e
whether th e AX-CP T shows appropriat e psy -
chometric propertie s (i.e. , sensitivity, specific-
ity, an d reliability ) in bot h it s behaviora l an d
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neural activit y measurements t o warrant suc h
usage.

It i s important t o recal l tha t no t onl y were
we able t o detec t difference s between-group s
in PF C activit y associate d wit h context -
processing dysfunction , bu t w e als o observe d
within-subjects PF C activit y difference s re -
lated t o experimentally induced disruption s of
context processing . In  particular , the  findings
from th e interferenc e AX-CP T studie s i n
healthy subjects indicate tha t reductions in lef t
DL-PFC activit y during tas k performance d o
not necessarily indicate the presence o f a neu-
robiological impairment . Conversely , th e re -
sults als o strengthe n th e hypothesi s tha t th e
reduced left DL-PF C activity observed among
older adult s an d schizophreni a patient s wa s
not a causally irrelevant populatio n difference ,
such a s bein g a  byproduc t o f a  mor e globa l
pathophysiology. Instead , w e sugges t tha t i n
the AX-CPT , delay-relate d decrease s i n lef t
DL-PFC signa l th e failur e t o appropriatel y
represent an d maintai n th e contextua l infor -
mation provide d b y task cues.

Although th e clinica l implication s o f ou r
work are certainly important, ou r primary goal
in this chapte r has been to highlight th e ben -
efits o f a  multimethod cognitiv e neuroscienc e
approach and , mos t importantly , the rol e tha t
computational modeling can play in advancing
theories o f PFC function . Th e critica l poin t of
our studie s i s no t tha t th e AX-CP T activate s
the lef t DL-PFC , o r that impaired activit y can
be observe d i n differen t population s and/o r
conditions, bu t t o wha t thes e finding s impl y
about th e underlyin g cognitiv e mechanism s
supporting tas k performance . W e began wit h
two relate d hypotheses : (1 ) a.  central functio n
of PF C i s to represen t an d activel y maintai n
context o r goal-relevan t information ; an d (2 )
these contex t representation s serv e to contro l
processing b y biasing th e flow of information
through posterio r brai n pathways . Thes e hy -
potheses ar e simila r in many ways to those ex-
pressed b y othe r investigator s (Goldma n -
Rakic, 1987 ; Fuster , 1997b) . In particular , th e
recent work of Miller and colleague s i s highly
consistent wit h ou r ideas . Mille r suggests tha t
representations i n th e PF C ar e no t directl y
tied to sensory features but instead code more
abstract propertie s suc h a s rules o r a  task se t

(Miller, 2000 ; Mille r &  Cohen , 2001) . How -
ever, a  distinguishing feature o f our approac h
is tha t w e hav e tried t o mak e the hypothese s
explicit, b y implementin g the m withi n com -
puter simulatio n model s (c.f. , Kimber g &
Farah, 1993 ; Dehaen e &  Changeux , 1995) .
These simulation models are admittedly highly
simplified an d somewha t abstrac t i n relatio n
to man y of the importan t neurobiologica l de -
tails tha t characteriz e rea l neura l systems .
Nevertheless, b y developin g an d implement -
ing a  runnin g simulatio n model , i t i s possible
to examin e ho w a  postulate d se t o f mecha -
nisms interac t wit h eac h othe r i n term s o f
their impac t o n information-processin g dy -
namics an d thei r implication s fo r behaviora l
performance withi n specifi c tas k contexts .

The critica l insigh t we develope d fro m thi s
simulation wor k i s tha t activel y maintaine d
context representations , whe n fe d bac k int o
the res t o f th e system , ca n suppor t multipl e
functions: short-ter m informatio n storag e
(working memory), suppression o f inappropri-
ate response s (inhibition) , an d selectio n an d
enhancement o f task-relevan t inpu t (atten -
tion). Moreover , although thes e function s ar e
all subserve d b y th e sam e mechanism , the y
are most apparent in different circumstances—
storage unde r dela y conditions , suppressio n
under condition s involvin g dominant respons e
biases, an d attentiona l facilitatio n unde r con -
ditions requirin g robust , efficien t processin g
(e.g., speede d conditions ) o r condition s wit h
perceptually wea k (o r ambiguous ) inputs .
From thi s insigh t w e designe d th e AX-CP T
paradigm t o prob e eac h o f thes e aspect s o f
PFC functio n throug h differen t measure s o f
performance (i.e. , dela y effec t =  workin g
memory, B X =  inhibition , A Y = attention) .
We hypothesize d tha t i f al l thre e function s
were subserve d b y a  commo n se t o f PF C
mechanisms, then performanc e o n the differ -
ent measures should interact. Because the AX-
CPT paradigm wa s conceptually so simple, we
were abl e to simulate performance of the task
in a  quantitativ e manne r an d unde r multipl e
different conditions . Th e simulatio n result s
supported th e hypothesi s o f interaction, show-
ing that whe n context-processin g mechanism s
were disturbe d (b y simulating a change i n DA
modulation o f PF C inputs) , performanc e
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changed o n bot h B X and A Y trials, an d th e
effects wer e modulate d b y delay. In addition ,
the behaviora l effect s wer e associate d wit h a
pattern o f altered activit y dynamics, such tha t
activity wa s reduce d i n th e simulate d PF C
units, an d tende d t o deca y ove r time . Thus ,
the primar y benefi t o f the mode l wa s that i t
provided u s wit h a  mean s o f generatin g ex -
plicit an d highly specific predictions abou t th e
consequences o f context-processin g distur -
bances fo r bot h brai n activit y an d behaviora l
performance.

The confirmatio n an d replicatio n o f th e
model's prediction s i n differen t population s
and wit h differen t method s sugges t tha t i t i s
capturing importan t principles relate d t o PFC
involvement i n cognitiv e contro l durin g AX-
CPT performance . I t i s our goal , however , t o
extend th e mode l beyond th e AX-CPT , to de-
termine whethe r i t ca n help explai n PFC in -
volvement in cognitive control more generally.
Specifically, w e have tried to show how a very
simple processin g mechanis m of contex t rep -
resentation an d maintenanc e ca n subserv e
both storage and control functions, both mem-
ory an d inhibition , a s wel l a s certain aspect s
of attentiona l selection . Thus , th e context -
processing mode l ma y provide a  resolution o f
the various theories o f PFC functio n that have
either argued for a preferential role of PFC in
one o f th e functions , o r hav e suggeste d tha t
the differen t function s ar e anatomicall y seg-
regated an d independent . Ou r mode l argue s
that neithe r o f these alternative s need s t o b e
true. A  single regio n withi n PF C ma y be in -
volved wit h multipl e cognitiv e contro l func -
tions and be critica l fo r multiple cognitive do -
mains, becaus e thes e function s ar e no t
necessarily independen t o r computationall y
incompatible.

LIMITATIONS AND FUTURE DIRECTIONS

An importan t directio n fo r futur e researc h i s
to determin e th e appropriat e scop e o f th e
context-processing model . Obviously, the work
presented t o dat e i s only a smal l firs t step. A
clear directio n fo r futur e researc h wil l be t o
determine i f th e mode l ca n b e extende d t o
examine contex t effect s beyon d th e AX-CP T
paradigm, i n different tasks , and across differ -

ent cognitiv e domains . Early stages of this ef -
fort hav e alread y begu n (Cohe n &  Servan -
Schreiber, 1992 ; Cohe n e t al , 1992 ; O'Reill y
et al. , i n press) . Anothe r directio n o f futur e
research wil l be t o enrich ou r mode l o f PF C
functions. Ou r curren t mode l i s highly simpli-
fied and , i n particular , doe s no t differentiat e
among PF C subregions . However , regiona l
specializations clearl y appear t o be present in
the PFC , i n terms o f both anatom y and func -
tion (Goldman-Rakic , 1987; Barba s & Pandya,
1989a; Fuster, 1997a) . Thus a  critical question
is whethe r th e mode l shoul d onl y appl y t o
DL-PFC region s (an d eve n mor e specifically
to lef t hemispher e DL-PFC) , o r whethe r i t
can be applie d mor e generally .

The suggestio n tha t th e context-processin g
model applie s onl y t o DL-PF C region s i s a
plausible one and , in fact, i s the onl y interpre-
tation strictl y supported b y the results . More-
over, th e dorsolatera l regio n o f PF C i s mos t
reliably implicate d i n cognitiv e contro l func -
tions, in both human (Cabeza & Nyberg, 2000;
Duncan &  Owen , 2000 ; Smit h &  Jonides ,
1999) an d primat e studie s (Fuster , 1989 ;
Goldman-Rakic, 1987 ; Smit h &  Jonides ,
1999); W e would lik e t o speculate , however ,
that participatio n i n contex t representatio n
and maintenanc e function s ma y be a  unifyin g
dimension tha t cut s acros s PF C subregions .
Even if this hypothesis i s true, the dimension s
and organizational structure that define the re-
gional specialization o f PFC remai n to be dis-
covered. Th e questio n o f PFC organizationa l
structure i s being activel y pursued b y a num-
ber o f investigator s (Goldman-Rakic , 1996 ;
Petrides, 1996 ; D'Esposit o e t al. , 1998 ; Owe n
et al. , 1998 ; Christof f &  Gabrieli, 2000) . On e
view commonly adopted i s that the PF C i s or-
ganized accordin g t o th e informatio n conten t
of representations , wit h distinction s bein g
drawn accordin g t o psychologicall y relevan t
categories, suc h a s identit y versu s location ,
verbal versus nonverbal, and sensory modality
(Wilson e t al. , 1993 ; Smit h &  Jonides, 1999 ;
Levy & Goldman-Rakic, 2000). A second view
suggests tha t th e organizationa l structur e i s
primarily based on processing rather than con-
tent specializations , suc h a s cognitiv e versu s
emotional/motivational function s (Dia s e t al. ,
1996; Bechar a e t al. , 1998 ; Rolls , 2000) , an d
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maintenance versu s manipulatio n o f informa-
tion i n workin g memor y (D'Esposit o e t al ,
1999; Postl e &  D'Esposito , 2000) . Eac h o f
these views ha s met wit h mixe d success a t ac-
counting fo r the ful l rang e o f empirical data .

Our ow n view i s that representationa l con -
tent an d processin g function s ar e likel y to b e
tightly intertwined within the brain. Moreover ,
given th e complexit y o f th e computationa l
functions performed i n PFC, i t is unlikely that
the representational distinctions betwee n PFC
subregions wil l ma p ont o easil y labele d con -
tent categories . Fo r example , th e relevan t di-
mensions o f specializatio n withi n th e PF C
may include the temporal duratio n ove r whic h
representations ar e typicall y activate d an d
maintained o r the numbe r o f stimulus dimen -
sions tha t ar e simultaneousl y integrated . We
have begun explorin g models tha t make use of
such computationa l specialization s (O'Reill y et
al., i n press) . Yet , regardless o f which dimen -
sions o f specializatio n eventuall y prov e t o b e
the mos t relevan t fo r PF C function , w e fee l
confident tha t computationa l modelin g analy -
ses have the potential to strongly contribute to
our understandin g o f this brain region .
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Novel Approaches to the Assessment of Frontal
Damage and Executive Deficits in Traumatic
Brain Injury

BRIAN LEVINE, DOUGLAS I. KATZ, LAUREN DADE, AND
SANDRA E. BLACK

Traumatic brain injur y (TBI ) i s a major caus e
of fronta l brai n damage . The Center s fo r Dis-
ease Contro l estimate s that 5.3 million Amer-
icans ar e currentl y livin g with disabilit y a s a
result o f TBI , wit h 80,00 0 t o 90,00 0 peopl e
being newl y disable d ever y yea r (Nationa l
Center fo r Injur y Prevention  an d Control ,
1999). Traumati c brai n injur y cause s 1 4 mil-
lion restricted-activit y day s pe r yea r i n th e
United States , with annua l cost s estimate d a t
$48 billion annually (Lewin-ICF, 1992) . While
acute medica l care an d managemen t o f phys-
ical symptoms are undoubtedly major contrib -
utors to these costs , it is the cognitiv e and be-
havioral consequence s o f TB I tha t ar e trul y
enduring, with a greater impact being on out-
come tha n physica l symptoms (Jennet t e t al. ,
1981; Brook s e t al. , 1986 ; Dikme n e t al. ,
1995).

The long-term cognitiv e an d behavioral im-
pairments i n significan t TB I ar e largely deter-
mined b y damag e t o th e fronta l lobe s an d
frontal projections . Deficits that involve capac-
ities governe d b y prefronta l area s ar e amon g
the mos t prominent and ubiquitous afte r TBI .
Despite the well-accepted observations of pre-
frontal dysfunctio n and th e particula r vulner -
ability o f the fronta l lobe s t o traumati c dam -
age, assessmen t o f thes e impairment s i s
challenging using standard neuropsychological

measures, and anatomical-clinical correlations
are ofte n elusive . In thi s chapter , w e wil l de-
scribe interrelate d stream s o f research aime d
at improvin g the specificit y of behavioral an d
brain imagin g assessmen t o f TBI . W e begi n
with a  brief revie w of TBI neuropathology .

DIFFUSE AND FOCAL
NEUROPATHOLOGY OF TRAUMATIC

BRAIN INJURY: EFFECTS ON FRONTAL
SYSTEMS

The prefronta l areas ar e highl y vulnerable t o
damage afte r TBI . Traumati c damag e t o pre -
frontal system s ma y resul t fro m a  variet y o f
primary an d secondar y brai n processes . Pri -
mary processes ar e best conceptualized in two
categories: foca l injur y an d diffus e injury .
These two injuries are important determinants
of chronic-stage outcome i n TBI .

Focal cortica l contusion s (FCC) , the mai n
form o f foca l injury , resul t fro m contac t an d
acceleratory/deceleratory forces . Ventra l an d
polar fronta l an d tempora l regions ar e partic -
ularly prone to contusional damage because of
excessive tissu e strain s i n thes e area s agains t
the ridge s an d confine s o f th e anterio r foss a
and middle foss a (Courville , 1937 ; Ommay a &
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Gennarelli, 1974 ; Gentr y et al. , 1988a) . Othe r
forms o f foca l damag e includ e larg e dee p
hemorrhages fro m accelerator y disruptio n o f
subcortical penetratin g vessels . Larg e dee p
hemorrhages ma y involv e subcortica l whit e
and gra y matte r (e.g. , caudate , dorsomedial ,
and ventra l anterio r thalamus) , structure s in -
volved i n frontal-subcortica l circuit s (Cum -
mings, 1993) . Secondar y damag e t o fronta l
systems afte r foca l injur y ma y result fro m de -
layed neurona l injur y (a s occurs afte r diffus e
injury), herniation syndromes (especially fron-
tal transfalcin e herniatio n tha t ma y compro -
mise media l fronta l lobe s an d anterio r cere -
bral arter y perfusion) , an d hypoxic-ischemi c
injury (includin g anterior cerebra l arter y and
middle cerebra l artery anterior borderzone is -
chemia fro m systemi c hypotension).

Delayed complication s afte r TB I ma y als o
disrupt frontal  cortex and projections. Hydro-
cephalus typicall y compromise s whit e matte r
pathways adjacent to the third and lateral ven-
tricles, which include many prefrontal projec -
tions. Chroni c subdura l hematoma frequently
occurs i n th e fronta l extra-axia l space s an d
may caus e dysfunctio n throug h compressio n
of the underlyin g frontal cortex.

Diffuse axona l injury (DAI) , the mai n for m
of diffuse injury , result s from acceleratory/de -
celeratory force s leadin g t o disruptio n o f ax-
onal transpor t progressin g t o axona l discon -
nections an d dista l axona l degeneration. As a
consequence, ther e i s widespread , scattere d
deafferentation o f these axonal projections, in -
cluding thos e involvin g prefronta l systems .
Similarly, these forces may disrupt smal l blood
vessels leading to scattered whit e matter hem-
orrhages. I n addition t o the structura l damag e
to axon s and bloo d vessels , DA I i s accompa -
nied b y a  host o f other insult s includin g dis -
ruption o f small subcortical blood vessels (pe-
techial whit e matte r hemorrhages ) an d
secondary neurona l damag e fro m cascade s o f
destructive biochemica l cellula r processe s
(e.g., excitotoxicity , membran e lipoperoxida -
tion; see Lyeth & Hayes, 1992; Lync h & Daw-
son, 1994 ; Povlishock &  Jenkins, 1995) .

Elements o f prefrontal dysfunctio n are th e
most commo n clinica l effect s o f DAI , espe -
cially durin g late r phase s o f recovery . I t ha s
been propose d tha t DA I ma y be mor e con -

centrated i n fronta l area s o f th e brain . Al -
though concomitan t petechia l hemorrhage s
are often mor e concentrated i n frontal regions
(Wilberger e t al. , 1990) , microscopic DA I pa-
thology can be found throughout the neuraxi s
at the gray-white matter cortical interface and
in subcortica l whit e matte r an d nucle i i n th e
absence o f macroscopi c lesion s (Povlishock ,
1993). Occasionally , petechial hemorrhages in-
volve subcortica l structure s with critica l fron -
tal projections , suc h a s the ventra l tegmental
area o f the midbrai n (Goldber g e t al. , 1989 ;
Adair e t al. , 1996 ) an d the anterio r o r media l
thalamus. Hypometabolis m i n prefronta l
regions was the only correlate of executive, be-
havioral, and memory dysfunction in a resting
positron emission tomograph y (PET ) study of
patients with DAI (Fontaine e t al. , 1999) . I t is
likely tha t prefronta l hypometabolis m an d
clinical sign s are s o prominent wit h DA I be -
cause of the vulnerability o f prefrontal system s
to an y for m o f diffus e subcortica l patholog y
(Goldberg &  Bilder, 1987) .

Despite improve d understandin g o f patho -
physiologic event s afte r TB I an d advance s in
structural an d functiona l imaging techniques ,
the precis e relationship s betwee n brai n dys -
function i n frontal  system s an d clinica l con -
sequences ar e no t alway s clear . Par t o f th e
problem has been the challenge o f parsing out
and measurin g particula r prefronta l cognitiv e
and behaviora l deficit s i n the fac e of an indi -
vidually unique combinatio n o f focal , diffuse ,
and secondary patholog y associate d wit h TBI .

The clinica l effect s o f TBI o n fronta l func -
tions ar e largely determined by the types , se -
verity, and locatio n o f these combine d patho -
physiological events . Computatio n o f clinical-
pathological relationship s i s confounde d b y
several factors: the multiplicit y of pathological
events; the difficult y o f direct measurement of
diffuse pathologies ; th e fac t tha t physiologica l
functional defect s usuall y excee d th e struc -
tural damage; difficultie s in measurin g execu-
tive an d behaviora l functions ; changes i n th e
proportional contributio n o f differen t pathol -
ogies an d non-injur y factor s t o clinica l syn -
dromes a s recover y evolves . Interpretatio n i s
further compounde d b y non-injur y factors ,
such as the psychosocial substrate in which the
injury occurs.
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Studies usin g structura l an d functiona l im -
aging have been inconsistent in demonstrating
clear fronta l clinical-pathologica l relation -
ships. Although atroph y an d depth o f hemor-
rhagic lesions on magneti c resonance imaging
(MRI) hav e a  fairl y clea r relationshi p wit h
overall clinical severity and outcome (Levi n et
al., 1988 ; 1990 ; Wilson et al. , 1988) , th e quan -
tity an d locatio n (mostl y frontal) o f petechial
hemorrhages d o not correlat e wel l with sever-
ity o r clinica l syndrom e (Wilberge r e t al. ,
1990; Kurt h et al. , 1994) . A number of studies
failed t o demonstrat e an y robust relationshi p
between lesio n locatio n (fronta l o r otherwise)
and neuropsychological performance (Levin et
al., 1992 ; Anderso n e t al. , 1995) .

Although a  consisten t pictur e ha s no t
emerged fro m thes e large r grou p studies, cer-
tain clinica l principle s ca n b e usefu l i n pro -
jecting natura l histor y fo r individual s wit h
TBI. Diffus e axona l injur y an d foca l frontal
injury differentially relate to outcome depend-
ing on stage of recovery. As the clinica l course
of DA I evolve s throug h unconscious , confu -
sional, and post-confusional phases , the defin -
ing cognitiv e impairmen t typicall y undergoe s
a transition from arousal , attention, and mem-
ory t o executiv e functioning . Foca l lesio n ef -
fects are determined b y lesion location, depth,
and laterality . Delaye d secondar y complica -
tions suc h a s hydrocephalus an d chroni c sub -
dural hematoma s commonl y presen t a s per -
sistent o r regressiv e fronta l cognitiv e o r
behavioral problems . Whe n executiv e an d at -
tentional deficits ar e due to DAI, they tend to
evolve ove r a more protracted course tha n the
similar deficits fro m foca l injuries. When com-
bined, a  sever e diffus e injur y largel y deter -
mines th e cours e o f recover y an d mask s th e
effects o f foca l patholog y i n th e earl y stage s
(Katz & Alexander, 1994; va n der Naal t et al. ,
1999). Foca l fronta l lesion s ma y caus e mor e
persistent an d prominen t fronta l deficit s tha n
expected fro m DA I alone, as recovery evolves.

Recovery depend s i n par t o n plasticity and
adaptive reorganizatio n o f undamage d struc -
tures. Prefronta l functions ma y have more re -
dundancy an d les s lateralizatio n tha n som e
more posterio r brai n functions , an d hav e a
greater capacit y fo r reorganization than othe r
more committe d brai n system s (e.g. , primar y

visual pathways , moto r contro l o f hand , an d
some language functions). Preservatio n of sub-
cortical pathway s an d homologou s controla -
teral area s ma y be critica l factor s i n adaptiv e
plasticity. Fo r instance , patient s wit h shallow,
unilateral fronta l lesion s ma y demonstrat e
substantial clinica l recover y and , conversely ,
patients with bilatera l fronta l lesion s often re -
cover poorly.

SUMMARY AND IMPLICATIONS

The presence o f multiple and evolving injuries
complicates interpretatio n o f brain-behavio r
relationships i n TBI , whic h i s probabl y wh y
this disease has not been a popular model fo r
studying fronta l lob e dysfunctio n i n th e cog -
nitive neuroscienc e literature . Althoug h TB I
patients wit h foca l lesion s shoul d no t b e re -
garded a s equivalent to nontraumatic focal le-
sion patients , properl y conducte d TB I re -
search ca n contribut e t o th e stud y of fronta l
lobe functio n an d t o ou r understandin g of di-
agnosis an d treatmen t o f TBI-related deficits.
Some genera l guideline s fo r thi s researc h in -
clude th e following : Larg e sample s should b e
recruited t o overcome th e inheren t variability
of TBI . Smalle r subgroup s ma y b e analyze d
using neuropathologicall y base d diagnosi s o f
injury typ e an d severity . Recover y effect s
should be deal t wit h by limiting testing to the
chronic phas e (e.g. , 1  yea r o r longe r post -
injury) o r by serial testing across recovery ep -
ochs. As disability in TBI can be influenced by
non-injury factor s (e.g. , compensatio n seek -
ing), patient s should  be  draw n fro m hospita l
admission lists rather than from clinic s that at-
tract patient s wit h late-emergin g complaints .
To minimize confounds related to the psycho -
social statu s o f th e TB I cohort , matched-
control subjects should be draw n from friend s
and famil y member s o f the patients . Concur -
rent testing  o f nontraumati c foca l lesio n pa -
tients ca n b e usefu l i n teasin g apar t focal -
lesion fro m diffuse-injur y effects .

The remainder of this chapter describe s th e
application o f som e nove l researc h technolo -
gies designe d t o increas e th e specificit y o f
brain-behavior relationship s i n TBI . Fo r ou r
behavioral work , w e hav e attempte d t o capi -
talize o n th e locatio n o f ventra l prefronta l
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damage in TBI by applying measures designe d
to b e sensitiv e t o thi s damage . Ou r imagin g
work seeks to quantify TBI neuropathology on
chronic-phase high-resolutio n MRI . W e wil l
conclude with recen t findings from a n activa -
tion functiona l neuroimaging study.

ASSESSING COGNITIVE AND
BEHAVIORAL CONSEQUENCES OF

TRAUMATIC BRAIN INJURY

Research o n the cognitive sequele a o f TBI in-
dicates a  classic pattern o f deficits i n speede d
information processing , attentio n (Va n Zo -
meren et al., 1984; Stus s et al, 1989), memory
(Levin &  Goldstein , 1986 ; Crosso n e t al. ,
1989), an d executiv e functionin g (Mattson &
Levin, 1990 ; Stus s &  Gow, 1992 ) tha t corre -
sponds with the frontal , temporal , an d diffus e
injury o f TBI . Althoug h this profil e i s widely
accepted, the complexity of the clinical picture
increases a s emotiona l an d psychosocia l fac-
tors ar e considered . Patient s wit h significan t
TBI ca n have profoundl y impaire d psychoso -
cial outcom e a s measured b y return t o work,
leisure activities , socia l an d interpersona l re -
lationships, an d personality chang e (Jennet t e t
al., 1981 ; Rappapor t e t al. , 1989 ; Crepea u &
Scherzer, 1993 ; Dikme n et al. , 1996) . The ex-
tent of this psychosocia l disruptio n i s not full y
accounted fo r b y the reporte d cognitiv e defi -
cits; man y patients wit h marke d real-lif e dis-
ability show only mild cognitiv e deficits . Con-
versely, patients wit h simila r cognitive deficit s
due t o othe r etiologie s (e.g. , media l tempora l
lobe amnesics , Parkinson' s diseas e patients) do
not repor t th e sam e degre e o f psychosocia l
disruption.

More specifi c behavioral an d imaging mea-
sures ar e necessar y t o attai n laborator y con -
cordance wit h th e patients ' real-lif e disability.
A generic "frontal" explanation o f the real-lif e
disability in TB I i s unsatisfying a s tests tradi -
tionally considered sensitiv e to frontal lob e le-
sions hav e bee n inconclusiv e i n studie s o f
patients with TBI (Ponsfor d &  Kinsella, 1992;
Anderson e t al. , 1995 ; Cockburn , 1995) . Per -
formance o n thes e test s correspond s mor e
closely with atrophy than with fronta l lob e le-

sions (Vilkk i et al. , 1992 ; Dunca n et al. , 1997) .
The insensitivit y o f standar d "frontal " test s
such a s th e Wisconsi n Car d Sortin g Tes t
(WCST) ma y be relate d t o the fac t tha t thes e
tests were developed and validated in research
on th e cognitiv e effect s o f dorsolatera l pre -
frontal cortica l lesions , as opposed t o the ven-
tral prefrontal region s tha t ar e specificall y af-
fected b y FC C i n TB I (Courville , 1937 ;
Gentry et al. , 1988a) .

As discussed i n detail elsewhere i n this vol-
ume (se e Chapters 3 , 21 , 22 , and 23 ) ventral
prefrontal corte x is intimately connected wit h
limbic nuclei involved in emotional processin g
(Nauta, 1971 ; Pandy a & Barnes, 1987 ) an d i s
involved i n th e acquisitio n an d reversa l o f
stimulus-reward association s (Mishkin , 1964 ;
Fuster, 1997 ; Rolls, 2000). The involvement of
the ventra l prefronta l corte x i n inhibition ,
emotion, an d rewar d processin g suggest s a
role i n behavioral self-regulation, as shown in
numerous case studies of patients with ventral
prefrontal lesion s (Harlow , 1868 ; Ackerly ,
1937; Eslinge r &  Damasio , 1985 ) whos e be -
havior i s reminiscen t o f tha t observe d i n pa -
tients with TBI (Stus s & Gow, 1992; Varne y &
Menefee, 1993) .

We have used th e ter m self-regulatory  dis-
order (SRD ) as shorthan d fo r th e syndrom e
exhibited b y these patient s (se e Chapte r 25) .
Self-regulatory disorde r i s defined as the ina -
bility t o regulat e behavio r accordin g t o inter -
nal goals . It arise s from th e inabilit y to hold a
mental representatio n o f the sel f on-line an d
to us e thi s self-relate d informatio n t o inhibi t
inappropriate response s (Levin e et al. , 1998a ,
1999; Levine , 1999) . I t therefore involves sus-
tained attention , inhibition , an d self -
awareness.

This disorde r i s mos t apparen t i n unstruc-
tured situation s (e.g. , chil d rearing , makin g a
major purchase, or occupational decision mak-
ing), where patient s fai l t o inhibi t inappropri-
ate responses . Thi s i s contraste d wit h struc -
tured situations  in which environmenta l cues
or overlearned routine s determine th e appro -
priate response , whic h i s ofte n th e cas e fo r
standard neuropsychologica l test s (Shallic e &
Burgess, 1993). As a result, many patients with
SRD appear unimpaire d i n overlearned, struc -
tured situations , in spite o f significant real-lif e



452 PRINCIPLES OF FRONTAL LOBE FUNCTION

upheaval (Mesulam , 1986 ; Stus s &  Benson ,
1986; Shallic e & Burgess, 1991) .

Until the las t decade o r so there were very
few studie s tha t quantifie d real-lif e SRD  in
clinical sample s (a s opposed t o patient s pre -
selected fo r thei r highl y specifi c lesion s an d
clear SRD) . In 1991 , Shallic e and Burges s at-
tained laborator y concordanc e o f real-lif e
SRD i n patients wit h ventra l prefronta l dam -
age usin g naturalisti c multipl e subgoa l tasks,
setting a  quantitative standar d fo r deficits tha t
had previousl y been limite d to qualitativ e de-
scription. Subsequen t studie s i n our laborato -
ries an d elsewher e hav e furthe r establishe d
the us e o f simila r unstructure d task s i n th e
study of patients with focal lesions (Bechara et
al., 1994 ; Goe l e t al , 1997 ; Burges s e t al. ,
1998, 2000 ; Levin e e t al. , 1998b ; Schwart z et
al., 1998 ) an d TB I (Whyt e e t al. , 1996 ; Rob -
ertson e t al. , 1997 ; Levin e e t al. , 1998b, 2000 ;
Schwartz e t al. , 1999) .

Our paper-and-penci l Strateg y Applicatio n
Test, modele d o n on e o f th e measure s fro m
the Shallic e an d Burges s 199 1 stud y (th e Six
Element Test) , require s th e selectio n o f tar -
gets with high payoff t o the exclusio n of read-
ily availabl e bu t lesser-value d targets . I n ou r
original stud y wit h variou s patien t group s
(Levine et al., 1998b) , patient s tested a t 1 year
post-injury were significantly impaired relativ e
to socioeconomic - an d age-matche d controls .

Consistent wit h ou r hypothesi s tha t th e TB I
deficit wa s du e t o ventra l prefronta l damag e
was th e findin g tha t concurrentl y teste d pa -
tients with nontraumatic focal ventral prefron-
tal lesion s wer e uniforml y impaired o n thi s
task, althoug h the y wer e preserve d o n othe r
tests sensitiv e to  dorsolatera l prefronta l dam-
age (Levin e e t al. , 1995 , 1997) . Th e tes t was
also sensitiv e t o righ t hemispheri c damag e i n
both patient s wit h TB I an d those  wit h non -
traumatic foca l lesions . Give n simila r findings
in patient s wit h right-lateralize d patholog y
(Schwartz e t al. , 1999 ) an d th e righ t laterali -
zation o f the sustaine d attentio n syste m (Pos-
ner &  Petersen, 1990) , thi s findin g indicate d
a rol e fo r sustaine d attentio n i n strateg y
application.

We subsequently revised the test to increase
its sensitivit y t o ventra l prefronta l damag e
(Levine e t al. , 2000 ; se e als o Levin e e t al. ,
1999). Thi s wa s accomplishe d b y fosterin g a
response patter n (completio n o f all items in a
sequential manner) applicable early in the task
but not  as  the tas k progressed , forcin g a  shif t
in strateg y (selectiv e completio n o f certai n
items to the exclusio n of other items) to main-
tain efficiency (se e Fig. 28-1). In other words,
efficient performanc e depended o n inhibitio n
or reversa l o f the respons e patter n reinforce d
at the beginnin g o f the test . Unlik e the origi -
nal measure , this revised Strateg y Application

Figure 28-1. Sampl e items from th e revised Strategy Ap-
plication Task (R-SAT ; Levine et al. , 1999 , 2000) . On th e
early pages (A) , all items can b e trace d i n 5—1 0 seconds.
As the subjec t progresses through the task , items increase
in duration to completion but no t i n difficulty o f comple-
tion (B,  C).  Give n limited time and a n equa l amoun t of

points per item, the best strategy is to inhibit the tendency
to d o al l item s (establishe d on earl y pages) i n favo r o f
selective completion of brief items on later pages. The test
is constructe d such that brief item s are alway s available.
Subjects ar e als o t o complet e similarl y constructed sen-
tence copying and simple counting items (not shown).
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Test (R-SAT ) was sensitive not onl y to TBI in
general bu t als o to the degre e o f TBI severity
as measure d b y th e 6-hou r Glasgo w Com a
Scale (GCS ) score (Levin e e t al. , 2000) . The
R-SAT performanc e wa s related t o patients '
health-related qualit y o f lif e o n th e Sicknes s
Impact Profile (SIP ; Bergner et al., 1976), sug-
gesting that SR D as measured by this labora-
tory tas k i s relate d t o real-lif e SR D effects .
This relationshi p hel d eve n afte r varianc e at -
tributable t o standar d neuropsychologica l
measures (includin g th e WCST ) wa s
controlled.

The developmen t o f clinica l test s o f SR D
has significan t implication s for patients whose
disability is overlooked i n standar d exams . To
date, however , the precisio n o f lesion-behav-
ior relationship s i n grou p studie s o f SR D i n
TBI i s constraine d b y th e us e o f compute d
tomography (CT ) scanning, whic h i s less sen -
sitive tha n MR I i n documentin g TB I effect s
(Levin e t al. , 1987 ; Gentr y e t al. , 1988b ;
Ogawa et al. , 1992) . Moreover , because o f the
evolving nature of TBI, scans acquired durin g
the acute phase only partially indicate chronic-
phase patholog y (Wilso n et al. , 1988 ; Blatte r
et al. , 1997) . I n ou r studies , fo r example, TBI
patients' R-SA T performanc e was not relate d
to lesion location along the anterior—posterio r
gradient a s documente d b y acut e CT . Fro m
these dat a alone , we could no t tel l i f the lac k
of effect wa s due t o insensitivity of the R-SA T
or insensitivit y of acut e C T t o chronic-phas e
frontal damage . Th e followin g sectio n de -
scribes improve d neuroimagin g analysis tech-
nology tha t ca n b e use d t o addres s suc h
questions.

NEUROIMAGING ASSESSMENT OF
TRAUMATIC BRAIN INJURY

NEUROPATHOLOGY

Greater precisio n i n brain-behavio r relation -
ships i n studie s o f TB I patient s requires , a t
minimum, chronic-phase MRI . A proper TBI
imaging protoco l shoul d includ e high -
resolution Tl-weighted , T2-weighted , proto n
density, an d gradien t ech o recalle d image s
taken a t leas t 7 0 day s post-injur y (Blatter e t

al., 1997) . Eve n wit h state-of-the-ar t images,
however, qualitativ e interpretatio n doe s no t
adequately describ e TB I neuropathology , es -
pecially DA I effects . Skille d radiologists have
been show n to underestimate DA I patholog y
on MR I (Gentry , 1990). Moreover , the smal l
DAI lesions represent only the region s where
the confluenc e of DA I i s large enoug h t o b e
visible to the nake d eye (Gentry , 1990). Thus
even perfect agreement amon g raters on DAI
lesions woul d no t trul y characteriz e th e ful l
extent o f DAI . Interpretatio n o f foca l lesion s
is more straightforward, but detectio n o f focal
damage du e t o localize d atrophi c change s in
the absenc e o f large lesion s is subjec t t o th e
same limitations as those i n interpreting gen -
eralized DA I (Berryhil l e t al. , 1995) . Thes e
problems i n measuremen t o f traumaticall y
damaged brai n tissu e contribut e substantiall y
to th e poo r precision o f brain-behavior rela -
tionships in many studies of TBI.

Although axona l degeneratio n an d cellula r
loss caused by DAI are microscopic, the quan-
tification o f the resultan t atroph y can provide
a numerica l inde x tha t ha s greate r precisio n
than qualitativ e judgment s an d tha t i s mor e
amenable t o research . Ventricula r enlarge -
ment has been show n to reflec t brai n atrophy
and i s indicativ e o f a  disproportionatel y
greater los s of white matte r than of gray mat-
ter (Anderso n & Bigler, 1994) . Quantification
of ventricula r enlargemen t ca n b e accom -
plished throug h simpl e linear width measures
taken from C T (corrected fo r head size; Levin
et al. , 1981 ; Bigle r e t al. , 1992 ) o r by tracing
of the ventricle s acros s multiple scan slices to
obtain ventricula r cerebrospina l flui d (CSF )
volumes (Gal e et al. , 1995) .

More modern methods have focused on tis-
sue compartmen t segmentatio n algorithm s
that capitaliz e o n a  relationship betwee n cer -
tain propertie s o f th e MR I signa l an d tissu e
type expressed a t the leve l of the imag e voxel.
These quantitativ e analyses involving segmen-
tation o f brain volume into its constituen t di -
visions of gray matter, white matter , and CS F
have been successfull y applie d in the stud y of
normal brai n developmen t (Blatte r e t al. ,
1995) a s well a s i n th e stud y o f neurologica l
and psychiatric disorders (Shenton et al., 1992 ;
Reiss et al. , 1993) .
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Several studie s o f TBI patient s hav e dem -
onstrated th e utilit y o f segmentatio n dat a i n
the characterizatio n o f TBI-relate d diffus e
damage (Berryhil l et al. , 1995 ; Blatte r e t al. ,
1997; Thatche r e t al. , 1997) . Th e ^-nearest -
neighbor techniqu e use d i n thes e studies ,
however, i s based o n user sampling of the tis -
sue compartment s an d doe s no t correc t fo r
scan inhomogeneitie s tha t aris e a s a  resul t of
the inheren t transmissio n and reception char -
acteristics o f radiofrequency coil s used in MR
scanning. Additiona l step s mus t b e take n t o
correct fo r this type of error. Newly developed
automated method s fo r MR I tissu e segmen -
tation usin g Tl-weighte d image s appl y loca l
model fittin g t o accoun t fo r inhomogeneities,
and increas e reliabilit y b y removin g depen -
dence on a  user to identify gra y matter, white
matter, an d CS F point s (Grabowsk i e t al. ,
2000). These methods are also able to accom-
modate variations in scan contrasts .

We have developed an d validated a  segmen-
tation protoco l simila r t o tha t describe d b y
Grabowski and  colleague s (2000 ) for the  pur -
poses o f rapid an d reliabl e assessmen t of gray
matter, whit e matter , an d CS F compartmen t
volumes in patients with TBI (Kovacevi c et al.,
submitted). The following study describes pre -
liminary dat a fro m ou r applicatio n o f thi s
method i n our ongoing series of TBI patients .

METHODS

Imaging Parameter s

Subjects wer e scanne d o n a  G E Sign a 1.5 T
MRI scanner . Sagitta l Tl-weighte d three -
dimensional (3D ) volume images (TR/TE/fli p
angle =  3 5 ms/5 ms/350, 1. 0 NEX, acquisition
matrix =  25 6 X  256; 12 4 slices, slice thickness
= 1. 3 mm ; FO V =  2 2 cm ) wer e acquired .
Proton density/T2-weighte d image s were ac -
quired usin g an interleaved sequence (TR/TE /
flip angl e =  300 0 m s an d 8 0 ms/3 0 ms/35 0,
0.5 NEX, acquisition matrix - 256 X 256; 56
slices, slice thickness = 3  mm; FOV= 2 2 cm).

Image Preprocessing

Prior t o segmentatio n o f th e T l image , th e
skull an d tissu e surroundin g th e brai n wer e

masked ou t o f the image , preventing the mis-
classification o f nonbrai n tissue s a s paren -
chyma. Rathe r tha n rel y o n full y automate d
software tha t i s error-prone, w e use d a  semi-
automated proces s i n whic h a n automate d
brain-nonbrain classificatio n o n th e PD/T 2
weighted image s was followed by manual ed-
iting, slice by slice. This was followed by a sec-
ond semi-automated step i n which ventricular
CSF an d th e cerebellu m wer e demarcated .
This presegmentation procedur e ca n be com-
pleted i n les s tha n 3 0 minute s pe r sca n b y a
trained operator . Interrate r reliabilit y i s high,
as indicate d b y intraclas s correlatio n coeffi -
cients o f 98%-99% . Th e resul t i s a  mas k of
total brain tissue without the inclusion  of skull
and dura matter, and separate classifications of
cerebellar tissu e an d ventricula r CSF . Thi s
mask i s the n transferre d onto  th e T l imag e
for tissu e compartmen t segmentatio n (se e
Figure 28-2) .

Tissue Compartment Segmentatio n

Four gaussia n curve s wer e fi t t o a  two -
dimensional histogra m o f the maske d Tl im -
age, modelin g the imag e intensity . This infor -
mation wa s use d t o fin d appropriat e cutof f
values betwee n gra y matte r an d CS F com -
partments, an d betwee n gra y an d whit e
matter. T o compensat e fo r inhomogeneit y o f
intensity values across the T l image , segmen-
tation was done ove r small regions of 50 X  50
X 3 0 voxels. Only the centra l portion of each
region was segmented wit h overlap occurrin g
on the oute r edge s o f each region , so that th e
segmentation ca n occu r locall y ye t var y
smoothly across the image . All voxels were as-
signed gray , white, or CS F value s (ventricular
or sulca l a s determine d b y th e maskin g pro-
cedure; se e Fig . 28-2) . Th e tota l numbe r of
voxels in each category was then calculate d as
a percentage o f the tota l intracranial capacity.
Our algorith m (Kovacevic et al. , submitted) is
similar t o tha t o f Grabowsk i an d colleague s
(2000), but i t is faster, providing the advantage
of ver y quic k computationa l processing tim e
of unde r 1  minute for the skull-extracte d Tl
image.
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Figure 28-2. A: Tl-weighted
image fro m a  healthy control
subject. B: Same slice a s A ,
with skul l and nonbrain tissue
masked out an d voxel s color
coded to represent gray matter ,
white matter , sulca l cerebras-
piral fluid (CSF), and ventricu-
lar CSF o n the basi s o f a tissue
compartment segmentatio n
algorithm.

Neuropsychological Tests

We administere d a  smal l battery o f standar d
neuropsychological tests of memory, attention,
and executiv e functionin g t o 2 1 o f th e pa -
tients. Thes e include d th e WCST ; Trail Mak-
ing, Part s A  and B ; phonemic wor d lis t gen-
eration; th e Hopkin s Verba l Learnin g Test ,
Revised (Benedic t et al. , 1998) ; an d the Sym-
bol Digi t Modalitie s Test (Smith , 1978) .

SUBJECTS

Twenty-six patient s wit h TB I participatin g i n
our TB I researc h progra m wer e recruite d
from consecutiv e admission s t o Sunnybroo k
and Women' s Healt h Science s Centre , To -
ronto, Canada's largest trauma center. Accord-
ing t o th e GC S score take n a t 6  hour s post -
injury, six had mild TBI (GCS = 13-15) , eight
had moderat e TB I (GC S =  9-12) , an d nin e
had sever e TB I (GCS =  3-8) . Clinical radio -
logic interpretatio n o f thes e patients ' MRI s
taken a t approximatel y 1  year post-injur y in-
dicated multipl e tiny lesions in 70% of the pa -
tients. Thirt y percen t o f the patient s ha d evi-
dence o f large r foca l lesions , mostl y i n th e
anterior tempora l an d fronta l regions . Seven -
teen percen t of the clinica l reports mentione d
atrophy.

Twelve health y adults,  ag e matched t o th e
TBI patients , serve d a s controls . Fo r bot h
groups, subject s with prio r TBI , neurologica l

disorders, psychiatri c o r substanc e abus e dis-
orders, and medical conditions or medications
affecting brai n functioning were excluded .

RESULTS

Relation t o Traumatic Brai n Injury Severit y

The presenc e an d degre e o f TBI wa s signifi -
cantly related t o tissue compartment volumes.
Gray matter, white matter , and sulcal and ven-
tricular CSF volumes were all reliably discrim-
inated amon g groups, with tota l parenchyma l
volume being th e mos t sensitive and specific .
As seen in Figure 28-3, there was a significant
main effec t o f TB I grou p o n brai n paren -
chyma (expresse d as a percentage o f total in -
tracranial capacity ; F  (3,36 ) =  11.02 , P  <
0.0001). B y this measure , al l TBI group s ha d
significantly lower corrected parenchyma l vol-
umes tha n controls , an d sever e TB I patient s
had significantly lower volumes than mild TBI
patients. Thi s dose-respons e relationshi p i s
also apparent i n the significan t correlatio n be -
tween correcte d parenchyma l volum e an d
GCS ( r (26 ) =  0.45 , p <  0.05) . Analysi s o f
individual compartment s reveale d tha t ven-
tricular CSF was more closely related to GCS
than sulca l CSF (r's (26) = -0.48 , P < 0.05 ;
-0.35, P < 0.08,  respectively),  and that white
matter volum e wa s mor e closel y relate d t o
GCS than gray matter volume (r's(26) = 0.40 ,
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Figure 28-3. Dose-respons e
relationship between traumati c
brain injur y (TBI ) severit y and
parenchymal change. Brain pa-
renchyma (gra y +  whit e mat-
ter, adjuste d for total intracra-
nial capacity) is plotted fo r
controls an d patients with TBI
of varying levels of severity. As-
terisk indicates significan t atro -
phy relative to controls. Doubl e
asterisk indicates significant at -
rophy relative to control s and
to mil d TBI. Grou p difference s
were assesse d with the Student -
Newman-Keuls Test, P <  0.05.

P <  0.05 ; 0.25 , no t significan t (NS),
respectively).

Relation to Behavior

The test s wit h th e stronges t relatio n t o seg-
mentation measure s wer e thos e involvin g
speeded informatio n processing, suc h a s th e
Symbol Digi t Modalitie s Tes t (speede d digi t
transcription, related to ventricular CSF; r(20)
= -0.63 , P  <  0.005 ) an d Trail Makin g Test,
Part B  (speede d alternatin g letter-numbe r
connection, relate d t o parenchyma l volume ;
r(20) =  -0.49 , P  <  0.05) . N o significan t re -
lationships emerge d fo r othe r test s o f execu-
tive functionin g and memory.

DISCUSSION

These results support the validity of our tissue
compartment segmentatio n protocol . Al -
though onl y fou r patient s i n thi s serie s were
diagnosed wit h atroph y fro m standar d radio -
logic interpretation , ove r hal f ha d significan t
atrophy as assessed by percent parenchym a >
2 standar d deviation s les s tha n controls . Th e
analysis o f individua l tissu e compartments ,
while preliminary , suggests tha t whit e matte r
is more affecte d b y increasing severity of TBI
than gra y matter . Th e correlatio n o f severity
with ventricula r a s oppose d t o sulca l CS F i s
consistent wit h thi s interpretation , a s ventric-
ular expansio n would b e a n expecte d conse -

quence o f whit e matte r los s (Levi n e t al. ,
1990; Anderso n & Bigler, 1994).

Parenchymal volum e wa s moderatel y re -
lated to injury severity as assessed by the GCS.
In using the GC S as a criterion measure in this
analysis, it is important to keep in mind that it is
a measure of coma depth at the time of injury.
It was not designed to measure later outcome.
Consciousness alteration a t the tim e o f injur y
can be caused by many factors, not all of which
are associated with later atrophy . Figure 28-4
displays segmented images from tw o patients,
both o f whom receive d GC S score s o f 3 , bu t
demonstrated markedl y different atroph y at 1
year post-injury. Patient A had a thalamic hem-
orrhage a t the tim e of injury, possibl y causing
altered consciousnes s in the absenc e o f majo r
DAI. Patient B , at age 58, may have been more
vulnerable to DAI effects du e to aging (patient
A was age 19 at the time of injury). I t should be
noted that the degree of atrophy in this patient
was far greater than tha t seen i n age-matche d
controls. Whatever the explanation for the dis-
crepancy, thes e patient s illustrat e th e impor -
tance of chronic-phase brain imaging in the as-
sessment o f TBI-relate d brai n damag e a s
opposed t o relyin g strictl y o n acut e clinica l
signs.

Diffuse axona l injur y affect s th e spee d an d
efficiency o f menta l operations . Accordingly,
DAI a s indexe d b y tissu e compartmen t vol-
umes was significantl y an d specificall y related
to measure s o f speeded informatio n process -
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Figure 28-4 . A,  B: Two trau-
matic brain injury patients with
severe consciousness alteration
(prorated GCS =  3) , but dis-
similar parenchymal volumes.
Tissue compartment segmenta-
tion indicated 88% parenchy-
mal volume fo r patient A (in
the rang e of controls, see Fig.
28-3), whereas patient B's per-
cent parenchyma was 78%.

ing, but no t other untimed tests . This finding
suggests that these volumetric measures could
be used to model the cognitiv e effect s o f gen-
eral parenchymal loss.

The next step in this research program is to
analyze th e effect s o f foca l damage . Chronic -
phase, three-dimensional image acquisition fa-
cilitates localization and characterization o f le-
sions. Usin g th e Analyz e softwar e syste m
(Biodynamic Researc h Unit , May o Founda -
tion, Rochester , MN , USA) , and comparin g
regions across the PD, T2, and Tl scans, areas
of contusion , encephalomalacia , an d hemosi -
derin deposit s ma y be quantifie d volumetri -
cally an d localize d i n standar d space , greatl y
increasing th e precisio n of lesion classificatio n
over acute C T (e.g. , Levine e t al. , 1998a) .

A secon d approac h t o assessin g focal dam -
age i n TB I i s throug h measuremen t o f re -
gional atrophy , which ca n revea l localize d ef -
fects i n the absenc e o f focal lesions (Berryhill
et al. , 1995) . Thes e dat a ma y b e extracte d
from th e whole-brai n segmentatio n b y co -
registering a  parcellate d mas k t o th e seg -
mented image . This mas k is defined b y spe -
cialized algorithm s tha t us e manuall y an d
automatically identifie d landmark s identifie d
on each brain to create a  standard but individ-
ually customize d gri d (se e Fig . 28-5) . Seg -
mentation dat a ca n then b e derive d individu -
ally fo r eac h regio n o f interes t an d use d t o
model th e effect s o f foca l tissu e loss. Greate r

precision in lesion identificatio n an d quantifi -
cation o f focal atroph y should increase brain-
behavior correlation s with respec t to the elu -
sive behavioral and neuropsychological deficits
described above .

In summary , a  properly obtained structura l
MRI contain s a  wealth o f informatio n about
TBI effect s tha t is only partially utilized in the
standard radiologi c examination . Quantifica -
tion of atrophy can be accomplished with sev-
eral differen t methods . Ou r tissu e compart -
ment segmentatio n algorithm s provid e thes e
data rapidl y an d reliably , with th e benefi t of
extension t o assessmen t o f focal atrophy. Ad -
ditionally, three-dimensional acquisition in the
chronic phas e allow s fo r greate r precisio n i n
lesion characterization . Combinin g thes e
methods wit h nove l behaviora l measure s
should improv e th e sensitivit y an d specificit y
of brain-behavior relationships i n TBI.

FUNCTIONAL NEUROIMAGING

Even th e mos t sophisticate d structura l imag-
ing analysis is not informativ e about the func -
tioning o f brai n tissue . Functiona l brai n im -
aging techniques ca n be used to study changes
in cerebra l bloo d flo w (CBF ) o r cerebra l
metabolism resulting from TBI . Most contem-
porary functiona l brai n imagin g studie s o f
chronic-stage TB I effect s hav e use d singl e
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Figure 28-5 . Color-code d re -
gional parcellation mask super-
imposed o n a  healthy olde r
adult's Tl-weighted image
shown i n three planes . Th e box
indicates the media l temporal
region (includin g amygdala and
hippocampus).

photon emissio n compute d tomograph y
(SPECT, usuall y with hexamethy l propylene -
amine oxim e [HMPAO ] labele d wit h
technetium-99m) an d positro n emissio n to -
mography (PET , usuall y wit h
fluorodeoxyglucose [FDG]). Give n th e cost -
effectiveness an d wid e availabilit y of SPECT ,
it i s more commonl y used. I t yield s a  greate r
number o f cerebra l abnormalitie s tha n con -
current structura l imaging studies (Gra y et al. ,
1992; Newto n e t al. , 1992 ; Abdel-Daye m e t
al., 1998) . Thes e finding s hav e i n tur n bee n
related t o neuropsychologica l tes t perfor -
mance (Goldenber g e t al. , 1992 ; Ichis e e t al. ,
1994). Lik e SPECT, FD G PE T i s sensitive to
functional abnormalitie s no t appreciate d b y
structural neuroimagin g (Langfit t e t al. , 1986 ;
Alavi et al. , 1997) , agai n with a meaningful re-
lationship t o neuropsychologica l tes t perfor -
mance (Fontain e e t al. , 1999) .

This functiona l neuroimagin g research ,
while providin g usefu l supplementatio n to
structural neuroimagin g findings, is still want-
ing with respec t t o elucidating brain-behavior
relationships in chronic TBI. These studies are
typically don e wit h th e patien t i n a  restin g
state, when neural activity does not necessarily
correspond t o task-related neural activity (Du-
ara et al. , 1992) . Cognitive testing is done sep -
arately from scannin g with clinical tests of lim-
ited neuroanatomica l specificit y that ar e the n
compared t o indice s o f brai n functio n ove r

large brain regions . The resultin g modest im-
aging-behavior correlation s ar e o f heuristi c
clinical value , bu t ar e limite d i n thei r contri -
bution t o knowledg e o f brain-behavio r rela -
tionships i n TBI . Additionally , measure s o f
resting metabolis m reflec t genera l functiona l
status tha t ca n b e affecte d b y factors  othe r
than brai n injur y (Alexander , 1995; Ricke r &
Zafonte, 2000 )

Rather tha n stud y the relationshi p of these
functional neuroanatomica l change s a t rest ,
when menta l activit y i s highly  variable , i t
makes sense to study them in response to spe-
cific task s wit h reliabl e functiona l neuroana -
tomical propertie s tha t ta p menta l processe s
affected by  TBI . H 2

15O PET  and  functiona l
MRI reflec t task-relate d change s i n regiona l
cerebral bloo d flo w (rCBF) . There ha s bee n
an explosio n of cognitive functiona l neuroim -
aging research in the last decade, probing neu-
ral circuitry i n response to specifi c task s in all
major domain s of human cognition (Cabeza &
Nyberg, 2000). This body of research provide s
useful template s agains t whic h t o interpre t
functional imagin g findings in specia l popula -
tions suc h a s patients wit h TB I (Grad y et al. ,
1995; Becke r e t al. , 1996 ; Woodar d e t al. ,
1998). I n additio n t o identifyin g foca l meta -
bolic deficits , thes e technique s hav e docu -
mented region s i n patient s wit h metabolis m
similar t o o r greate r tha n controls , thus indi -
cating preservation i n normal task-related sys-
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tems a s well a s reorganization i n respons e t o
injury. Suc h functiona l reorganizatio n i s most
explicitly seen i n activation studies o f patients
with focal lesions following recovery from spe -
cific neuropsychologica l deficit , wh o sho w in -
creased activatio n relativ e t o controls in areas
adjacent o r homologou s t o damage d region s
(Engelien e t al. , 1995 ; Weille r e t al. , 1995 ;
Buckner e t al. , 1996) .

Activation functiona l neuroimagin g para -
digms have been applie d in a small number of
cases an d grou p studie s o f patients wit h TBI
(Gross e t al. , 1996 ; Kirkb y e t al. , 1996 ; Levi n
et al. , 1996 ; Levine et al. , 1998a ; McAlliste r et
al., 1999 ; Ricke r e t al. , 2001) . I n a  functional
magnetic resonanc e imagin g (fMRI ) stud y of
working memor y in patient s wh o sustaine d a
mild TBI 1 month prior t o scanning, McAllis-
ter an d colleague s (1999 ) note d topographi c
similarity o f task-relate d activatio n betwee n
patients an d controls . Consisten t wit h th e
findings describe d above , however , wa s th e
finding tha t th e mil d TB I patient s showe d
greatly enhance d activation s i n task-specifi c
regions, includin g th e righ t prefronta l an d
right parietal cortices .

Mild TB I cause s a  brie f alteratio n i n con -
sciousness, with recover y o f mnemoni c func -
tion occurring over days or weeks. Assessment
patients wit h moderat e t o sever e TBI , i n
which return o f everyday memory is preceded
by a lengthy period o f post-traumatic amnesia
and possibly coma, would be more informative
for th e stud y of the functiona l neuroanatomi -
cal correlates of mnestic recovery . Cas e stud -
ies in th e literatur e hav e focused on foca l le -
sion effect s (Kirkb y e t al. , 1996 ; Levi n e t al. ,
1996; Levin e e t al. , 1998) . I n a n explorator y
H2

15O PE T study , a  sampl e o f fiv e patient s
with sever e TB I wa s noted t o hav e reduce d
frontal activatio n relativ e durin g fre e recall ,
but enhance d fronta l activatio n during recog -
nition (Ricke r e t al. , 2001) . However , th e
memory activatio n paradig m ha d no t bee n
previously validated an d there were onl y fou r
control subjects . Additionally, structural neu -
roimaging data for the patients was taken from
acute CT rather tha n chronic-phase  MRI .

In a  recent stud y with H2
15O PET, we dem-

onstrated reorganizatio n o f neura l system s
supporting memory in patients with moderate-

to-severe TBI (Levin e et al. , submitted) . The
patients, wh o ha d sustaine d thei r TB I a n av-
erage o f 4 years prior to the PE T study , were
scanned while performing a simple cued recal l
task tha t ha d bee n previousl y validate d i n
studies of healthy young and older adult s (Ca-
beza et al. , 1997a ; 1997b) . Consistent with the
functional neuroimagin g finding s fro m othe r
populations an d fro m studie s o f patients with
TBI, ou r patient s showe d bot h relianc e o n
normal functiona l system s as well a s area s o f
increased activatio n (see Fig. 28-6). In partic-
ular, they showed relatively more activation of
ventrolateral an d dorsolatera l fronta l an d an -
terior cingulat e regions , includin g increase d
recruitment o f lef t fronta l region s relativ e t o
controls. We were able to relate the functional
neuroimaging dat a t o pattern s o f diffus e an d
focal injur y a s reveale d b y high-resolutio n
structural MR I taken close in time to the PE T
scans. Althoug h foca l fronta l lesion s affecte d
local aspects of the activatio n patterns, the re -
maining areas of increased activation were un-
affected. Wit h th e exceptio n o f th e anterio r
cingulate increase (likel y associated with tas k
difficulty i n poor-performin g patients; Barc h
et al. , 1997) , th e overal l patter n wa s unaf -
fected b y performance differences.

Clinical functiona l neuroimaging studies o f
chronic-stage TB I patient s typicall y focu s o n
hypofunctioning, interprete d withi n a  lesion -
focused framewor k as reduce d brai n activit y
due t o foca l o r diffus e injury . Ou r finding s
suggest a n alternativ e injur y effect : task -
related hyperactivation. Similar findings in ag-
ing an d dementi a hav e bee n interprete d a s
evidence o f compensatory recruitmen t o f ad -
ditional brai n area s t o maintai n performance
(Grady et al. , 1995 ; Cabez a et al. , 1997a; Woo-
dard e t al. , 1998 ; Bookheime r e t al. , 2000) .
Another interpretatio n relate s t o th e neuro -
pathology o f DA I a s describe d above . Wide -
spread DA I a s occur s i n moderate-to-sever e
TBI an d th e resultin g neuroplasti c change s
have functiona l consequence s fo r th e intac t
receptive field s o f axotomize d neurons , wit h
functional reorganizatio n resultin g fro m bot h
excitatory an d inhibitor y deafferentation .
Neuronal functio n i s furthe r affecte d b y th e
resulting neuroplasti c change s (i.e. , axona l
sprouting and synaptogenesis ) tha t ma y occur
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Figure 28—6 . Retrieva l activations (relative t o a n encod -
ing baseline ) i n health y controls an d patient s with trau-
matic brain injury (TBI ) a s displayed on a  standard brain
image i n three planes . Activations ar e displaye d in white
in standar d spac e o n axia l brai n image s provided wit h
SPM96. Activation s ar e thresholde d a t P  <  0.0 1 fo r th e
purposes of display. Both healthy adults and patients with
TBI sho w a  righ t lateralize d patter n o f retrieval-relate d

brain activations in frontal polar , lateral temporal, and pa-
rietal regions , an d bilaterally in the anterio r cingulate gy-
rus. Patient s with TBI, however , show additional activa -
tions i n anterio r cingulate gyrus , cuneus , lef t insula,  and
left fronta l pole . These additiona l activations were statis -
tically significan t i n Grou p X  Condition interaction anal-
yses, P <  .001 .

in these fields as part o f the recover y proces s
(Povlishock e t al. , 1992 ; Christma n e t al ,
1997). Th e increase d sprea d o f cortica l acti -
vation observe d i n this stud y may result fro m
such neuroplasti c changes . Agin g and Alzhei-
mer's disease shar e with TBI both diffus e neu -
ronal changes and, as noted above , more wide-
spread task-relate d activation .

CONCLUSIONS

The advance s i n th e acut e managemen t o f
TBI tha t hav e reduced mortality and morbid -
ity hav e no t bee n parallele d b y diagnostic o r
therapeutic advance s i n th e chroni c stage ,
when menta l an d behaviora l deficit s predom-
inate, includin g memor y loss , impaired exec -
utive functioning , an d personalit y changes .
The resultin g long-ter m disablemen t affect s
millions o f Nort h Americans , wit h a n eco -
nomic impact i n the billion s of dollars. While
it i s acknowledge d tha t certai n deficit s ma y
have a  higher bas e rat e in the cohor t o f indi-

viduals who sustain TBI (Dikmen et al., 1995) ,
it is nonetheless widely accepted that the neu -
ropsychological profil e of moderate t o sever e
TBI i s related to brain damage .

The mechanism s governin g thes e brai n
damage effects , includin g their trajectory over
the recover y process , thei r rehabilitation , an d
their hig h variability across patients wit h sim-
ilarly sever e TBIs , however , ar e no t wel l un -
derstood. While structural and functional neu-
roimaging measures do show correlations with
behavioral an d cognitiv e outcomes , th e rela -
tionships ten d t o lac k psychologica l an d ana -
tomic specificity. This stat e o f affairs coul d b e
improved by increasing the specificit y of psy-
chological an d anatomi c measures.

Standard neuropsychologica l assessmen t
procedures ar e mor e effectiv e a t assessin g
speeded informatio n processin g deficit s an d
cognitive-executive effect s o f dorsolatera l
prefrontal cortica l damag e tha n a t assessin g
ventral prefrontal cortical effect s o n emotion -
related informatio n processing (Stus s &  Lev-
ine, 2002; see Chapter 25) , yet in patients with
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TBI, i t i s ofte n th e ventra l prefrenta l effect s
that determin e negativ e outcomes . Neuro -
psychological assessmen t o f thes e patient s
should includ e measure s capabl e o f revealin g
the SR D (suc h a s ou r strateg y applicatio n
tests) tha t characterize s thi s population . I t
should further incorporat e analysi s of patients'
real-life functioning , a s assessed throug h psy -
chosocial outcome questionnaires . Thes e mea-
sures ma y revea l lesion-behavio r effect s no t
observed i n laboratory assessment . A corollary
point i s that studie s o f TBI ca n contribut e t o
the understandin g o f the huma n ventra l pre -
frontal cortex , whic h i s otherwise no t a  com -
mon sit e o f frontal neuropathology.

Magnetic resonanc e imagin g is the modalit y
of choic e fo r chronic-phas e TB I structura l
neuroimaging. No t onl y doe s MR I hav e
greater sensitivit y t o TBI-relate d foca l dam -
age, bu t i t ca n als o provid e quantificatio n o f
parenchymal los s usefu l i n both researc h an d
clinical contexts . Suc h dat a ar e mor e appro -
priate t o th e descriptio n o f chronic stag e in -
jury characterizatio n tha n ar e acut e injur y
data.

Functional neuroimagin g studie s usuall y in-
volve assessmen t o f brain metabolis m a t rest .
Studies o f task-relate d brai n activatio n ma y
show injur y effects no t predicted by standar d
clinical imagin g studies . Earl y dat a hav e re -
vealed task-relate d activatio n increase s a s a n
effect o f DA I (an d other diffus e pathologies) ,
possibly due to deafferentation an d neuroplas -
ticity leading t o reorganizatio n i n respons e t o
injury.

The futur e car e an d treatmen t o f patient s
with TB I wil l depen d o n improvin g neuro -
psychological an d imagin g assessmen t wit h
novel approache s suc h a s thos e describe d i n
this chapter . Furthermore , TB I i s unique fo r
its effects o n ventral fronta l cortex an d diffus e
axonal injury. The stud y of the effect s o f these
injuries provides uniqu e insight s into the func -
tion o f fronta l systems .
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Normal Development of Prefrontal Cortex from
Birth to Young Adulthood: Cognitive Functions,
Anatomy, and Biochemistry
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Dorsolateral prefronta l corte x (DL-PFC ) i s
needed whe n concentratio n i s required , a s
when a  task is novel o r complicate d o r when
you mus t switc h tasks . An example would b e
when yo u nee d t o guid e you r action s b y in -
formation tha t yo u ar e holdin g i n mind , an d
must pa y clos e attentio n s o tha t yo u ac t ac -
cording t o tha t informatio n and no t t o you r
natural inclination . While i t i s difficul t t o re -
sist a  natural inclination or inhibit a  dominant
response, afte r awhil e suc h inhibitio n n o
longer require s DL-PF C actio n s o lon g a s
you consistentl y do tha t withou t interruption .
For example , o n th e classi c Stroo p tas k
(Stroop, 1935 ; MacLeod , 1991 , 1992) , colo r
words ofte n appea r i n th e in k o f anothe r
color (fo r example, th e wor d blue  migh t b e
printed i n gree n ink) . It i s difficul t t o repor t
the colo r of the ink , ignoring the words , but i t
is fa r easie r t o d o tha t ove r man y trials tha n
to switc h bac k an d fort h betwee n reportin g
the in k colo r an d reportin g th e word , eve n
though man y trials i n the latte r conditio n ar e
purportedly eas y becaus e th e correc t re -
sponse o n those  trial s i s t o mak e th e prepo -
tent respons e (tha t is , rea d th e word) . Task-
switching paradigm s (Jersild , 1927 ; Shaffer ,
1965; Allport e t al , 1994 ; Roger s &  Monsell,
1995; Meiran , 1996 ; Goschke , 2000 ; Mayr ,

2001) epitomiz e th e twi n need s o f activ e
maintenance (workin g memory ) an d inhibi -
tion, whic h ar e th e hallmark s of whe n DL -
PFC i s most clearly needed. Th e antithesi s of
when DL-PF C i s require d i s whe n yo u ca n
go on "automati c pilot" (Reaso n & Mycielska,
1982; Norman &  Shallice, 1986) .

PFC undergoe s on e o f the longes t period s
of developmen t o f an y brai n region , taking
over two decades t o reach ful l maturit y in hu-
mans (Kostovi c e t al. , 1988 ; Sowel l e t al. ,
1999a). Eve n during the first year of life, how-
ever, significan t maturationa l changes occur in
PFC tha t hel p t o mak e possibl e importan t
cognitive advances by 1 year of age. Other pe -
riods of life when marked changes occur in the
abilities associate d wit h prefronta l cortex ar e
the period s fro m 3  t o 6  year s an d 7  t o 1 1
years. I n thi s chapte r I  wil l focu s o n norma l
development, dividing it into the following ep-
ochs: 0- 1 years , 1- 3 years , 3- 7 years , an d 7
years through early adulthood. For each epoc h
I will try to summarize some of what is known
about (a ) th e developmen t o f th e workin g
memory and inhibitor y control function s tha t
depend o n PF C an d (b ) th e anatomica l an d
biochemical developmenta l change s i n PF C
during tha t period . First , however , I  wil l
briefly indicat e wher e PF C i s located.

466



DEVELOPMENT OF PREFRONTAL CORTEX 467

LOCATING PREFRONTAL CORTEX
GEOGRAPHICALLY

All of the corte x in fron t o f the centra l sulcu s
is fronta l cortex . The are a just in fron t o f th e
central sulcus , between i t an d th e precentra l
sulcus, i s primary moto r corte x (Brodmann' s
area 4). In fron t o f that is premotor cortex and
the supplementar y moto r are a (SMA) , bot h
subregions o f Brodmann' s area 6 . Al l o f th e
cortex in fron t o f that i s PFC (area s 8, 9 , 10 ,
12, 44, 45, 46, 47, and 9/46). I t is an extremely
large area, about 25% of all the cerebral cortex
in th e huma n brain . Whil e th e brai n a s a
whole ha s increase d i n siz e during evolution,
the siz e of PFC i s disproportionately large in
humans (Blinko v &  Glezer , 1968 ; Preuss ,
2000). DL-PFC extend s over the superio r and
middle frontal gyri . Areas 9, 46, and 9/46 com-
prise th e cor e o f DL-PF C (mid-dorsolateral
PFC; Petride s &  Pandya, 1999) , wit h are a 8
constituting th e posterio r portio n o f DL-PFC
and area 10, the anterior portion. Areas 44, 45,
and 47/12, all of which lie on the inferior fron-
tal gyms, comprise ventrolateral PFC .

DEVELOPMENT DURING THE FIRST
YEAR OF LIFE

IMPROVEMENTS IN COGNITIVE
FUNCTIONS THAT DEPEND ON
PREFRONTAL CORTEX

The A-not-B task (introduce d b y Piaget, 1954 ,
[1936]) has been use d worldwide to stud y in-
fant cognitiv e developmen t (Wellma n e t al. ,
1987). Unde r the nam e delayed response,  the
almost-identical task has been widel y used t o
study the function s of the DL-PF C subregio n
of PFC i n rhesus monkeys since Jacobsen first
introduced i t for that purpos e i n 1935 . I n th e
A-not-B/delayed-response task , a  participan t
watches a s a  desire d objec t i s hidden i n on e
of tw o hidin g place s tha t diffe r onl y in left -
right location. A few seconds later th e partic -
ipant i s encouraged t o find the hidden object .
He o r sh e mus t hold i n mind over those fe w
seconds wher e th e objec t wa s hidden . Ove r
trials, th e participan t mus t kee p thi s menta l

record t o reflec t wher e th e rewar d wa s hid-
den mos t recently . Th e participan t i s re -
warded fo r reachin g correctl y b y bein g al -
lowed t o retriev e th e hidde n object , thu s
reinforcing th e behavio r o f reachin g t o tha t
location. Henc e th e tendency to emit that re-
sponse i s strengthened . Whe n th e rewar d i s
hidden a t th e othe r location , th e participan t
must inhibi t th e tendenc y t o repea t th e re -
warded respons e an d instead respon d accord -
ing t o th e representatio n hel d i n min d o f
where th e rewar d wa s hidden mos t recently .
This tas k thus require s a n aspec t o f working
memory (holdin g information in mind) , resis-
tance t o proactive interference , an d inhibition
of a  prepotent actio n tendency (th e tendency
to repeat a  positively reinforce d response) .

By roughly 7Vz  t o 8  months of age , infant s
reach correctly at the first hiding location with
delays as long a s 2-3 second s (Cratc h & Lan-
ders, 1971 ; Diamond , 1985 ; se e Fig . 29-1) .
When the reward is hidden a t the other hiding
location, however, infants err by reaching back
to th e firs t locatio n (th e A-not-B error).  In -
fants show marked improvements i n their per-
formance o n th e A-not-B/delaye d respons e
task between 7 l/z an d 1 2 months o f age . Fo r
example, eac h mont h the y can withstand de-
lays approximately 2 seconds longer, so that by
12 months of age they can succeed with delays
almost 1 0 seconds long (Diamond, 1985; Dia -
mond & Doar, 1989) .

In a  transparen t barrie r detou r tas k calle d
"object retrieval " (Diamond , 1988 , 1990 ,
1991), a  toy is placed in a clear box , open on
one side . Difficultie s aris e whe n th e infan t
sees th e to y through on e o f the close d side s
of th e box . Here , th e infan t mus t integrat e
seeing th e to y throug h on e sid e o f th e bo x
with reachin g throug h a  different side . Ther e
is a strong pull to try to reach straigh t for the
toy; tha t prepotent response mus t be inhibited
when anothe r sid e o f the bo x is open. Infant s
progress throug h a  well-demarcated serie s of
five stages in performance of this task between
6 an d 1 2 months of ag e (se e Fig . 29-2) . In -
fants o f 6— 8 month s reac h onl y a t th e sid e
through whic h the y ar e looking . The y mus t
look through th e openin g and continue to do
so to reach i n and retrieve the toy . As they get
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Figure 29-1. A : Illustration o f the A-not- B task, showing
an infan t makin g the A-not- B error. Th e firs t fram e (top
and bottom)  illustrate s th e experimente r hidin g th e de -
sired objec t a s the infan t watches. Notic e tha t th e infant
sees where th e desired objec t is placed. Th e second fram e
of both row s illustrates the delay period. Th e delay begins
immediately afte r bot h well s ar e covered . Durin g th e
delay, th e paren t restrain s th e infant' s arms , an d th e ex-

perimenter call s t o th e infan t t o brea k th e infant' s vis-
ual fixation on th e correc t well . Th e thir d fram e o f bot h
rows illustrates th e infant' s response . Th e infan t uncover s
a well to search fo r the desired object. The infan t reache s
correctly durin g th e tria l a t th e A  location , bu t o n th e
trial a t wel l B  th e infan t incorrectl y searche s agai n a t
well A.

(continued)

older, th e memor y o f havin g looked throug h
the openin g i s enough ; infant s ca n loo k
through th e opening , si t up , an d reac h i n
while looking through a  closed side . By 11-1 2
months, infants do not need t o look along the
line of reach a t al l (Diamond, 1988, 1991).

Although the A-not-B/delayed response an d
object retrieva l task s shar e fe w surfac e simi-
larities, huma n infants improve on these tasks
during th e sam e ag e perio d (6-1 2 months ;
Diamond, 1988 , 1991 ) a s d o infan t rhesu s
monkeys (lVa-4  months ; Diamon d &
Goldman-Rakic, 1986; Diamond, 1988 , 1991) .
Despite marked variation among infants in the
rate a t whic h the y improv e o n eac h o f thes e
tasks, th e ag e at which a  given infant reache s
phase I B o n th e objec t retrieva l tas k i s re -
markably close t o the ag e at which tha t sam e
infant ca n first uncover a  hidden objec t in the

A-not-B/delayed respons e paradig m (Dia -
mond, 1991 ; see Table 29-1) .

There i s n o behaviora l tas k mor e firml y
linked t o DL-PF C tha n th e A-not-B/delaye d
response tas k (e.g. , i n ablatio n studies ; se e
Butters e t al. , 1969 ; Goldma n &  Rosvold ,
1970; Diamon d & Goldman-Rakic, 1989; elec-
trophysiology studies; see Fuster & Alexander,
1971; Fuster , 1973 ; Niki , 1974 ; localized cool -
ing studies ; se e Fuste r &  Alexander , 1970;
Bauer &  Fuster, 1976 ; and localize d injectio n
of dopamin e recepto r antagonists ; se e Sawa -
guchi & Goldman-Rakic, 1991). Thi s is one of
the stronges t brain-behavio r relations i n all of
cognitive neuroscience .

Lesions o f DL-PF C als o disrup t perfor -
mance o n th e objec t retrieva l tas k (Diamond
& Goldman-Rakic, 1985; Diamond, 1991) . In -
jections o f l-methyl-4-phenyl-l,2,3,6-tetrahy -
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Figure 29-1 (continued)
B: Developmenta l progression
in the abilit y to withstand
longer and longer delays on th e
A-not-B task a s infants ge t
older (base d on 25 infant s
tested longitudinally every 2
weeks). The graph shows that
as infants ge t older , increas-
ingly, longer delays are require d
to elici t the A-not- B error.
(Source: Reprinte d with per-
mission fro m Diamond , 1985)

dropyridine (MPTP) , whic h reduc e th e leve l
of dopamin e i n PFC , als o produce deficit s in
object retrieval task performance (Taylor et al.,
1990a,b; Schneide r &  Roeltgen , 1993) .
(MPTP als o affect s th e leve l o f dopamin e i n
the striatum, but lesions o f the striatum do not
impair performanc e o n th e objec t retrieva l
task [Croft s et al. , 1999]. )

Human infant s o f 7 l/2 t o 9  months , infan t
monkeys of 1V 2 to 2V a months, adul t monkeys
in who m DL-PF C ha s bee n ablated , infan t
monkeys o f 5 months i n whom DL-PF C wa s
ablated a t 4  months , an d adul t monkey s who
have received MPT P injections to disrupt th e
prefrontal dopamin e syste m fai l th e A-not-B /
delayed response and object retrieval tasks un-
der the sam e conditions an d in the sam e ways
(Diamond, 1988 , 1991) . Developmenta l im -
provements o n the A-not-B/delaye d respons e
and object retrieva l tasks in human infants ar e
related t o change s in the patter n o f electrica l
activity detecte d b y electroencephalogra m
(EEC) ove r fronta l corte x an d i n th e coher -
ence o f electrica l activit y detecte d b y EE C
over fronta l corte x and parietal corte x (re: the

A-not-B task , se e Fo x &  Bell , 1990 ; Bel l &
Fox, 1992 , 1997 ; re : the objec t retrieval , N.A.
Fox, persona l communication) . This doe s no t
prove tha t maturationa l change s i n DL-PF C
during infancy are one of the prerequisites fo r
the age-related improvements i n performanc e
of thes e tasks , bu t i t i s consisten t wit h tha t
hypothesis.

ANATOMICAL AND BIOCHEMICAL
EVIDENCE OF PREFRONTAL CORTEX

MATURATION DURING THE FIRST YEAR

OF LIFE

In humans the period of marked growth of the
length and extent of the dendriti c branches  of
pyramidal neurons i n laye r II I o f DL-PFC is
7Vz t o 1 2 month s (Koenderin k e t al. , 1994) ,
coinciding exactl y with th e perio d whe n hu -
man infants are improving on the A-not-B/de-
layed respons e an d objec t retrieva l tasks . Py-
ramidal neuron s i n DL-PFC have a  relativel y
short dendriti c exten t i n 7V2-month-ol d in -
fants. B y 1 2 month s o f age , thei r dendrite s
have reache d thei r ful l matur e extension .
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Figure 29-2 . A : Examples of the typica l performance of
infants a t 6-8 months , 8Vz  t o 9  months , and lO 1^ t o 1 2
months o n th e objec t retrieva l task . I n eac h fram e th e
same transparen t bo x is shown with a  desired to y visible
inside. Frame  1  show s performanc e typica l o f Phase s 1
and IB . Her e the  fron t of the box  is open, but the  infan t
sees th e to y through the close d to p o f the box . This 6Vz-
month-old infant tries t o retriev e th e to y by reaching di-
rectly fo r i t through th e sid e he i s looking through, as do
all infant s a t tha t age . Althoug h hi s hand hit s th e solid ,
impenetrable surfac e o f th e box' s top , an d althoug h h e
may touc h th e to p edg e o f th e box' s openin g an d eve n
grasp th e opening' s edge , th e infan t trie s only , thoug h
persistently, t o reac h throug h th e sid e throug h whic h h e
is looking . Frame 2 show s performanc e typica l of Phas e
2. Thi s SVa-month-ol d infan t stil l need s t o loo k through
the sid e sh e i s reaching. Sittin g straight up , sh e see s th e
toy through the top , and perhaps throug h the fron t o f the
box, bu t i t i s the righ t sid e o f the bo x that i s open . In -
fants a t thi s ag e com e u p wit h a  ver y creativ e solutio n

to thei r nee d t o matc h u p th e sid e throug h whic h the y
are lookin g and reaching . They lean over t o look through
the open side . In that position, thei r arm ipsilateral to the
box opening is somewhat trapped unde r their body, so in-
fants recrui t th e contralatera l arm, whose movement into
the bo x they ca n monito r fro m star t to finish. This "awk-
ward reach " ma y look inelegant, but i t i s a  very creative
way t o ge t th e jo b done , give n infants ' stron g pul l t o
reach throug h th e sid e throug h whic h the y ar e looking .
Frame 3  illustrate s performanc e typica l o f Phase 4 . Thi s
infant, no w 1 1 months old, is the sam e infant pictured in
Frame 1 . Now the infan t ca n si t up straight , look through
the close d top o f the box , and reac h int o th e ope n righ t
side of the bo x to retrieve th e toy . No longer does the in -
fant nee d to look through the bo x opening to retrieve th e
toy. Not e th e comple x mental calculation needed t o co -
ordinate a  direct lin e of sight to th e to y through th e to p
of th e bo x an d a  circuitou s detou r reac h throug h th e
box's righ t side . (continued)

These dendritic branches reach a plateau—in
total length , i n lengt h o f uncut termina l seg -
ments, an d i n radia l distance—a t aroun d 1
year o f age , a  platea u tha t extend s a t leas t
through 2 7 year s o f age . Th e surfac e o f th e
cell bodies o f these neuron s also increases be-
tween 7Vz  an d 1 2 months o f age (Koenderin k
et al , 1994) . The leve l of glucose metabolism
in DL-PF C increase s durin g thi s perio d a s
well, and reaches approximately adult levels by
1 year o f age (Chugani &  Phelps, 1986 ; Chu -
gani e t al. , 1987) .

Dopamine i s an important neurotransmitte r
in PFC. Durin g the period when infant rhesus
monkeys ar e improvin g o n th e A-not-B/de -
layed response an d object retrieva l tasks (IVz-
4 months), th e leve l o f dopamine increase s in
their brai n (Brow n & Goldman, 1977 ; Brow n
et al. , 1979) , the densit y o f dopamine recep -
tors increase s i n thei r PF C (Lido w & Rakic ,
1992), an d th e distributio n withi n thei r DL -
PFC o f axons containing the rate-limitin g en-
2yme (tyrosin e hydroxylase) fo r production of

dopamine markedl y changes (Lewi s & Harris,
1991; Rosenber g & Lewis, 1995) .

Indeed, eve n a s earl y a s th e firs t yea r o f
life, th e dopamin e projectio n t o PF C i s al -
ready critica l fo r the cognitiv e function s sub-
served b y DL-PFC . Thus , i f infant s 6-1 2
months old (as well as in older children) hav e
reduced dopamin e i n PF C whil e in other re -
spects their central nervou s system s appear to
be normal , the y sho w a  selectiv e defici t i n
holding informatio n i n min d an d simultane -
ously inhibiting a  prepotent respons e (as , for
example, o n the A-not- B and objec t retrieva l
tasks) whil e othe r cognitiv e function s appea r
to b e spare d (Diamon d e t al. , 1997 ; Dia -
mond, 2001) .

Acetylcholinesterase (AChE ) i s a n enzym e
essential for metabolizing another neurotrans-
mitter, acetylcholine . Th e patter n o f ACh E
staining in various layers of DL-PFC change s
dramatically durin g th e firs t yea r o f lif e i n
humans (Kostovi c e t al. , 1988 ; Kostovic ,
1990).
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Figure 29- 2 (continued)  B:  Illustratio n of th e develop -
mental progression on the object retrieval task. These his-
tograms indicate the percentage, at each age, of 25 infants
tested longitudinall y ever y 2  week s (Diamond , 1990 )

who wer e performing at eac h leve l o f competence with
transparent boxe s on th e objec t retrieva l task . (Source:
reprinted with permission from Diamond , 1988.)

DEVELOPMENT AT 1 TO 3 YEARS
OF AGE

IMPROVEMENTS IN COGNITIVE
FUNCTIONS THAT DEPEND ON
PREFRONTAL CORTEX

Less i s known abou t change s durin g thi s pe -
riod i n th e cognitiv e function s dependen t o n
PFC o r i n PF C anatom y an d biochemistr y
than during any other period of life. I t i s area
ripe fo r furthe r investigation .

Koslowski an d Brune r (1972 ) charte d th e
developmental progressio n betwee n th e age s
of 12 and 24 months in the abilit y to use a lazy
Susan t o brin g a  to y within reach . Thi s tas k
requires relatin g th e laz y Susan and its move-
ment t o the to y and its movement. I t als o re-
quires inhibition of trying to reach on a direct
line o f sigh t (a s the younge r childre n tr y t o
do) and inhibition of the tendency to push the
lazy Susa n in the directio n on e wants the to y
to go (one mus t push lef t t o make the to y ap-
proach o n th e right) . Cas e (1985 ; Marin i &
Case, 1989) similarl y reports marke d improve-

ments i n performanc e o f a  simpl e balanc e
beam proble m b y childre n betwee n l l/2 an d
2x/2 years of age .

Using a battery of tasks, Kochanska and col-
leagues (2000 ) found tha t the abilit y to inhibit
a prepoten t respons e i n orde r t o perfor m a
modulated o r differen t respons e improve d
markedly fro m 2 2 t o 3 3 month s o f ag e an d
that consistenc y i n performanc e acros s th e
various measures also increased from 2 2 to 33
months of age. In a spatial-incompatibility task
appropriate fo r children 2 4 to 36 months old,
Gerardi-Caulton (2000 ) instructe d th e chil -
dren t o pres s th e butto n tha t matche d th e
stimulus. Fo r eac h pai r o f stimuli , a  stimulus
might appea r o n th e sam e sid e a s it s associ-
ated butto n (spatiall y compatible trial ) o r o n
the sid e opposite its button. Thus, on roughly
half the trials , children ha d to inhibit the pre -
potent tendenc y t o respond o n the sam e sid e
as th e stimulus . Although the locatio n o f th e
stimulus i s irrelevant t o th e task , even adult s
perform wors e o n trial s i n whic h a  stimulu s
and it s associate d respons e ar e o n opposit e
sides (the  Simon  effect;  e.g. , Simon , 1969 ;
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Table 29-1. Ag e at which 25 infants studie d longitudinally entered Phase I B of
object retrieva l and could first uncover a  hidden object *

Age (i n weeks [and days]) o f First Appearance of:

Infant

Brian
James
Erin
Nina
Jennine
Kate
Rachel
Isabel
Chrissy
Ryan
Bobby
Julia
Lyndsey
Jamie
Mariama
Michael
Emily
Graham
Jane
Sarah
Jack
Blair
Rusty
Tyler
Todd

Phase IB , Objec t
Retrieval Task

28 (3) =
28 (5)
30 (3 )
31
31 (4) =
31(6)
32(4)
32 (5 ) =
32 (6) =
33 (1) =
33 (2) =
33 (2) =
33 (2) =
34 =
34
34
34 (2) =
34 (2 ) =
34 (5) =
34 (6) =
35 (3) =
35 (4) =
35(6)
36(2)
39 (4) =

Able to Uncove r a
Hidden Object , One

Hiding Location

28 (3 )
28 (5)

31(4)

32 (6 )

35 (3 )
35(4)

A-not-B Erro r

30 (5 )
32(4)
29
33 (2 )
33 (5 )
30(6)
32(5)
34(4)
33(1)
33 (2 )
33 (2 )
33 (2 )
34
36 (3 )
36(4)
34(2)
34(2)
34(5)
34(6)
37(5)
37(3)
33 (5 )
38(4)
35(1)

"Five infant s were no t yet read y for A-not-B testing with two wells when they could first uncover
a hidden object . Not e the strikin g similarity in age of entering objec t retrieva l phas e I B and age
of onset o f the A-not- B error .

Simon e t al. , 1976 ; L u &  Proctor , 1995) . B y
2l/2 year s o f age, childre n wer e abl e t o inhibi t
the prepoten t tendenc y wel l enoug h t o per -
form abov e chanc e o n the spatiall y incompat -
ible trial s an d b y 3  year s the y wer e correc t
90% of the time, though they (like adults) con-
tinued to be faster on the compatible than th e
incompatible trials .

ANATOMICAL AND BIOCHEMICAL
EVIDENCE OF PREFRONTAL CORTEX
MATURATION BETWEEN 1 AND 3 YEARS
OF ACE

Almost nothin g i s know n abou t change s i n
PFC durin g this period. One of the few things
we d o kno w i s tha t th e ACh E reactivit y o f
layer II I pyramida l neurons begin s t o develo p

during this period (Kostovic , 1990) , but tha t is
surely not the onl y change i n PFC between 1
and 3  years o f age.

DEVELOPMENT AT 3 TO 7 YEARS
OF AGE

IMPROVEMENTS IN COGNITIVE
FUNCTIONS THAT DEPEND ON
PREFRONTAL CORTEX

The period of 3-7 year s of age, and especiall y
3-5 years , i s a time o f marked improvement s
on a  grea t man y cognitiv e task s tha t requir e
holding informatio n i n min d plu s inhibitio n
(tasks such as day-night, tapping, car d sorting ,
go/no-go, conditiona l discrimination , appear -
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Figure 29-3. A : Illustration of
the standar d day-night tas k
(center) and o f some variants of
it. B: Performance o f 4-year-ol d
children o n the day—nigh t task.
Children perform at chance in
the standar d condition , but suc-
ceed when the demand s on in-
hibition are reduced (th e ab-
stract designs and dog-pig
conditions) and when forced t o
allow themselves more time to
compute their answer s (the
ditty condition). "" Performance
significantly better than that on
the standard condition a t P <
0.001.

ance-reality, theory of mind, fals e belief , liq -
uid conservation , an d dela y o f gratification) .
On th e day-night  task  (Gerstad t e t al. , 1994 ;
Diamond e t al. , 2002; Fig . 29-3 ) a  child mus t
hold two rules in mind, inhibit sayin g what the
stimuli reall y represent , an d instea d sa y the
opposite ("Sa y 'night ' whe n show n a  whit e

card wit h a  picture o f the sun , an d sa y 'day'
when shown a black card with a the moo n and
stars"). Childre n 3Vz  t o 4 l/2 year s o f ag e fin d
the tas k very difficult ; b y the ag e of 6-7 year s
it i s trivially easy. Improvement i n respondin g
correctly i s relativel y continuous fro m 3 l/z t o
7 years o f age (se e Fig . 29-4) , whil e th e im -
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Figure 29-4. Illustratio n of the
developmental progression of
children o n the day—nigh t an d
tapping tasks (Source : reprinted
with permission fro m Diamond
& Taylor , 1996 , Fig . 5)

provement i n speed o f responding occurs pri-
marily from 3 l/2 t o 4 l/2 years .

If abstrac t design s ar e use d a s the stimuli ,
even th e younges t childre n hav e n o difficult y
correctly sayin g 'day' to one and 'night ' to the
other (Gerstad t e t al. , 1994 ; se e Fig . 29-3) .
Hence, th e nee d t o learn an d remember two
rules i s no t i n itsel f sufficien t t o accoun t fo r
the poo r performanc e o f youn g children . I f
the word s t o b e sai d t o th e white-su n an d
black-moon cards are "dog" and "pig" or "dog"
and "cat," even the youngest children have no
difficulty (Diamon d et al. , 2002 ; se e Fig . 29 -
3). Hence, youn g children can remember two
rules an d inhibi t sayin g what th e image s o n
the card s represen t unless  wha t th e childre n
are suppose d t o sa y is semantically related t o
what they are no t suppose d t o say.

Comparisons acros s differen t trial s o f th e
same child and comparisons on the same trials
across differen t childre n sho w tha t whe n
younger children tak e longe r t o respon d the y
perform bette r (Gerstad t e t al. , 1994) . Appar-
ently, i t i s sufficientl y difficul t fo r the m t o
compute th e answe r o f sayin g "day " t o th e
black-moon car d o r "night " t o th e white-su n
card tha t i t take s the m quit e a  lon g tim e t o
generate th e correc t answer . When the y rush
or answe r impulsively, they err . I f a  delay be-

tween presentatio n o f the stimulu s and when
the chil d i s abl e t o respon d i s impose d b y
chanting a little ditty to the child ("think about
the answer , don' t tel l me") ; eve n youn g chil-
dren of 4 years are able to succeed despite th e
potential interference fro m th e experimenter' s
chanting (se e Fig . 29-3) . Slowin g down th e
session by inserting the experimenter' s chant -
ing i s not wha t help s th e childre n becaus e i f
the chanting comes before the stimulus is pre-
sented, i t does no t help th e childre n (se e Fig.
29-3).

Luria's tapping  test  (Luria , 1966 ) als o re -
quires (a ) remembering tw o rule s an d (b ) in -
hibiting a prepotent respons e to make the op-
posite respons e instead . Here , on e need s t o
remember th e rules , "ta p onc e whe n th e ex-
perimenter taps  twice, and tap twice when the
experimenter taps  once," and inhibi t th e ten -
dency t o mimi c what th e experimente r does .
Adults with larg e fronta l lob e lesion s fai l thi s
task (Luria , 1966) . Performanc e o f thi s tas k
has bee n show n to increase activatio n i n DL -
PFC i n norma l adults , i n compariso n wit h
mimicking th e experimenter' s tappin g re -
sponse (Bras s e t al. , 2001) . Th e greates t im -
provement i n correc t responding  o n thi s task
occurs betwee n 3Vz  an d 4  year s o f age , an d
the greates t improvemen t i n spee d o f re -
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spending occurs between 4 l/2 and 5 years (Pas-
sler et al. , 1985 ; Becke r et al. , 1987 ; Diamon d
& Taylor, 1996; se e Fig. 29^).

Performance o n the day-nigh t an d tapping
tasks is correlated, s o that children whose per-
formance o n the day-nigh t tas k is delayed or
accelerated sho w a corresponding dela y or ac-
celeration in their performance of the tappin g
task (Diamon d et al. , 1997 ; Diamond , 2001) .
Indirect evidenc e o n th e neura l syste m un -
derlying successful performance on these tasks
comes fro m th e finding tha t childre n treate d
early an d continuousl y fo r phenylketonuri a
(PKU) an d who ar e though t t o hav e reduce d
levels o f dopamin e i n PF C ar e impaire d i n
their performance o f both th e day-nigh t and
tapping tasks but no t o n an array of unrelated
cognitive task s (Diamon d e t al. , 1997 ; Dia -
mond, 2001) .

Three-year-olds mak e an error reminiscen t
of infants ' A-not- B error, bu t o n a  more diffi -
cult task . On thi s task , 3-year-olds sor t card s
correctly b y th e firs t criterio n (regardles s o f
whether tha t criterio n i s colo r o r shape ; se e
Zelazo e t al. , 1995 , 1996 ; Fig . 29-5) , jus t a s
infants an d prefrontally-lesioned monkey s are
correct a t th e firs t hidin g place , an d adult s
with PFC damag e sort cards correctly accord-
ing to the first criterion on the Wisconsin Card
Sort Test (WCST; Milner, 1964; Drewe, 1974 ;
Stuss e t al. , 2000 ; Fig. 29-5). Three-year-old s
err whe n the y mus t switc h t o a  ne w sortin g
criterion, e.g. , when cards previously sorted by
color must now be sorted by shape. This error
is similar to tha t o f infants o f 7Vz  t o 9  months
and prefrontall y lesione d monkey s whe n th e
reward i s switche d t o a  ne w hidin g location ,
and to tha t o f adults with PF C damag e when
they ar e require d t o switc h t o a  new sorting
criterion. Althoug h 3-year-old childre n fai l t o
sort by the new sorting criterion, they can cor-
rectly stat e th e ne w criterio n (Zelaz o et al. ,
1996), as is sometimes seen with adult patients
who have sustained damag e to PFC (Luri a &
Homskaya, 1964 ; Milner , 1964) . Infants , too,
occasionally indicate tha t the y kno w the cor -
rect answer on the A-not- B task, by looking at
the correc t well , although they reach back in-
correctly t o th e wel l tha t wa s previously cor-
rect (Diamond , 1991 ; Hofstadte r &  Reznick,

1996). B y 4 year s o f age , mos t childre n suc -
ceed on the simpl e card sortin g task with two
dimensions, tw o values pe r dimension , an d a
single switc h between dimensions ; by 5 years
of age , al l succeed (Zelaz o et al. , 1995 , 1996 ;
Kirkham et al. , 2002) .

Zelazo's card sor t task can be though t o f as
perhaps th e simples t possibl e tes t o f tas k
switching. Childre n mus t firs t sor t th e card s
by one dimension (e.g., color, task 1) and then
switch to sorting them by the other dimension
(e.g., shape , tas k 2) . Th e singl e switc h be -
tween task s occurs between th e block of trials
for tas k 1 and the block of task 2 trials. Errors
occur becaus e o f difficult y i n inhibitin g o r
overcoming what might be termed attentional
inertia, the tendenc y t o continu e t o focu s o n
what ha d bee n initiall y relevant (Kirkha m e t
al., submitted}. Fo r example , once a child of 3
years ha s focuse d o n th e "redness " o f a  re d
truck, i t i s difficul t fo r th e chil d t o switc h
mind-sets an d focu s o n it s "truckness. " Th e
child get s stuc k i n thinkin g abou t a  stimulus
in the initiall y appropriate way.

That tendency never completely disappears.
Traces o f it can be seen in the heightened re-
action time s o f eve n healthy , youn g adult s
when they are required to switch and respond
on the basi s o f another dimensio n (e.g. , Rog-
ers & Monsell, 1995; Monsel l & Driver, 2000;
Diamond &  Kirkham, 2001). N o matte r ho w
much warnin g adult s ar e give n abou t whic h
dimension wil l b e relevan t o n th e upcomin g
trial, an d no matte r ho w long the perio d be -
tween the forewarning and when the stimulus
appears or how long the period between trials,
adults ar e stil l slowe r t o respon d o n trial s i n
which the relevant dimension switches than on
non-switch trial s (Allpor t e t al. , 1994 ; Roger s
& Monsell , 1995; Meiran , 1996). Remnants of
attentional inerti a ca n also be see n in the dif-
ficulty adults hav e in representin g mor e tha n
one interpretation of an ambiguous figure at a
time (Chamber s &  Reisberg , 1985) . Eve n
when informe d o f the alternative s i n a n am -
biguous figure , 3-year-ol d childre n remai n
stuck in their initia l way of perceiving the fig-
ure; the y canno t revers e (Gopnic k & Rosati,
2001). B y 5 year s o f age , mos t childre n ca n
reverse. Seeing a stimulus in the card sort task
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Figure 29-5 . A : Illustration of th e Kirkha m e t al . (sub-
mitted) version of Zelazo's card sorting task for preschool-
ers. Whe n sortin g by color , fo r example , the blu e truck
card should go in the bin under the blue sta r card. When
sorting by shape, the blue truck card should go in the bin
under the re d truck card. B:  Illustration of the Wisconsin
Card Sortin g Tes t (WCST) , one o f th e classi c test s fo r
studying prefronta l corte x functio n i n adult s (Milner ,
1964; Drewe , 1974 ; Stus s e t al. , 2000) . Each card i n thi s
test ca n b e sorte d b y color , shape , o r number . The tas k
for th e participan t is to deduc e th e correc t sortin g crite-
rion o n th e basi s o f feedback and t o flexibly change th e
manner o f sortin g when th e experimente r change s th e
sorting criterion withou t warning. Zelazo's card sor t task
and the WCST are simila r in that participant s are to sort
each o f the card s i n a  deck unde r a  model card , first by
one dimensio n and the n b y another . There ar e als o dif-
ferences betwee n th e tasks , however, in additio n t o th e
obvious one s o f two dimensions and tw o level s per con -

dition in Zelazo's task and three dimension s and fou r lev-
els per dimensio n in the WCST. For the WCST, the par-
ticipant mus t deduc e th e correc t sortin g criterion based
on feedback ; in Zelazo' s task, children ar e tol d wha t th e
correct criterion is and when the criterion switches. Feed-
back i s give n afte r eac h sortin g response i n th e WCST ,
whereas n o feedbac k is given afte r an y card i s sorted o n
Zelazo's task . Zelazo' s tas k involve s onl y on e switc h o f
sorting criteria; the WCST involves several. Memory load
is intentionall y minimized on Zelazo' s car d sor t tas k by
the experimente r reminding the child of the curren t sort-
ing criterion on every trial; in the standar d version of the
WCST, n o suc h memor y aid i s provided . C:  Percentag e
of childre n wh o currentl y switche d dimension s on Kirk -
ham e t al.' s (submitted ) version of Zelazo's card sor t task.
An asteris k above a  histogra m indicates significantl y dif-
ferent performanc e from tha t o f children of the sam e age
on the standar d condition at P < 0.05 .

relevant i n incompatibl e way s t o th e previ -
ously relevan t dimensio n an d the newl y rele -
vant dimensio n (e.g. , accordin g t o it s color ,
one response woul d be correct , bu t accordin g
to its shape the othe r respons e i s correct) cre -
ates a problem. Ther e is a pull to focus o n the
previously relevant dimensio n an d to respon d
on tha t basis , which mus t be inhibite d befor e
the correc t respons e ca n b e made—despit e
knowing full well which dimension is currently
relevant an d which response s ar e appropriat e
for eac h valu e alon g that dimension .

Similarly, childre n 3  years o f age hav e dif -
ficulty with appearance-reality  tasks  (Flavell ,
1986, 1993 ) i n which the y ar e presented , fo r
example, with a  sponge tha t look s like a  rock.
Three-year-olds typicall y repor t tha t i t look s
like a  rock an d reall y i s a rock , wherea s chil -

dren 4-5 year s o f age correctly answe r tha t i t
looks lik e a  roc k bu t reall y i s a  sponge . Th e
problem fo r the younger children i s in relating
two conflictin g identitie s o f th e sam e objec t
(e.g., Ric e e t al. , 1997 ) an d i n inhibitin g th e
response tha t matche s thei r perception. Whe n
Heberle an d colleague s (1999 ) reduce d per -
ceptual salienc e i n the appearance-reality task
(by removin g th e objec t durin g questioning) ,
they found significantly better performance by
children 3- 4 years o f age.

Theory-of-mind an d false-belief  tasks  ar e
other tasks tha t requir e holding tw o things in
mind abou t th e sam e situation (th e true stat e
of affair s an d th e fals e belie f o f another per -
son) an d inhibiting the impuls e to give the ve-
ridical answer . Fo r example , th e chil d mus t
keep i n mind where th e hidde n objec t i s now
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and wher e anothe r perso n sa w it place d be -
fore, an d mus t inhibi t th e inclinatio n t o sa y
where th e objec t reall y is , sayin g instea d
where th e othe r perso n (wh o i s mistaken )
would thin k i t i s (se e Fig . 29-6) . Manipula -
tions tha t reduc e th e perceptua l salienc e o f
the true stat e o f affairs ai d children 3^ years
of age (e.g., telling the childre n where th e ob-
ject is really hidden but never actually showing
them [Zaitchik , 1991]) , a s d o manipulation s
that reduc e th e inhibitor y deman d i n othe r
ways. Fo r example , Carlso n e t al . (1998 ) rea -
soned tha t pointing veridically is likely to be a
well-practiced an d reinforce d respons e i n
young children, an d that childre n o f 3-4 years
have troubl e inhibitin g tha t tendenc y whe n
they should point to the fals e location on false-
belief tasks . Carlso n e t al . (1998 ) foun d tha t
3- t o 4-year-ol d childre n performe d bette r

when give n a  nove l respons e b y which t o in -
dicate th e fals e location .

Increasing th e perceptua l salienc e o f th e
previous dimension impair s performance. For
example, cards ar e normally sorted face-dow n
in Zelazo' s car d sor t task . I f the y ar e sorte d
face-up an d colo r wa s th e previou s dimen -
sion, a  red-sta r car d woul d b e unde r th e
red-truck mode l and a  blue-truck car d woul d
be unde r th e blue-sta r model . Thi s empha -
sizes th e salienc e o f th e colo r dimension .
While almos t al l 4-year-old s succee d i n th e
standard (face-down ) condition , almos t 50 %
of 4-year-olds fai l th e face-u p condition (Kirk -
ham e t al. , submitted ; se e Fig . 29-5C) . Simi -
larly, the card s ar e normall y sorted face-u p i n
the WCST . I f the y ar e sorte d fac e down ,
adults perfor m better an d adult s wit h fronta l
lobe damag e ar e especiall y helped . Manipu -

Figure 29-6 . Illustratio n o f a
typical theory-of-mind task.
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lations tha t reduce  perceptua l salienc e o n ap-
pearance-reality tasks , b y removin g th e ob -
ject durin g questioning , enabl e childre n o f 3-
4 years to perform much better (e.g. , Heberl e
et al. , 1999) .

Redirecting attentio n t o the currentl y rele -
vant dimension improve s performance. At the
outset o f each tria l i n Zelazo' s car d sor t task,
the experimente r label s th e ne w card fo r th e
child accordin g t o th e relevan t dimensio n
(e.g., "Her e i s a  truck " o r "Her e i s a  blu e
one"). Despite that, most 3-year-olds continu e
to sor t b y th e previousl y correc t dimension .
One smal l change—havin g th e child , rathe r
than th e experimenter , labe l th e car d t o b e
sorted—enables mos t 3-year-old s t o succee d
on th e switc h trial . Thus , i f the experimenter
asks the chil d t o labe l eac h ne w card (b y ask-
ing o n th e firs t tria l o f a  dimension , "Wha t
color (shape) is this?" and on the followin g tri-
als, simply , "What i s this?") , almos t twic e a s
many 3-year-olds are able to succeed when the
sorting criterio n change s (Tows e et al. , 2000 ;
Kirkham et al. , submitted; see Fig. 29-5C [La-
bel Condition]) . Childre n 3  years o f age find
it extremely difficult t o redirect their attentio n
to a  newl y relevan t sortin g dimensio n whe n
the values of the dimension they had been us-
ing ar e stil l present; they appea r t o ge t stuc k
in a  mind-se t ( a wa y o f thinkin g abou t th e
stimuli) tha t i s n o longe r relevant . Perhap s
their ow n labelin g o f the relevan t dimensio n
gives 3-year-ol d childre n a  way to us e verba l
mediation t o hel p themselve s (Luria , 1959 ;
Vygotsky, 1978 ) inhibi t th e menta l se t tha t i s
no longer correc t an d refocus their attention .

Patients wit h fronta l corte x damag e ar e
much worse a t switching to sort by a differen t
dimension an d a t switching tasks than ar e pa-
tients wit h damag e elsewhere i n the brai n o r
normal controls . I t i s now fairl y firml y estab -
lished tha t being able to switch criteria o n the
WCST tes t and to resis t perseveratin g o n the
previously correc t dimensio n selectivel y re -
cruits latera l prefronta l cortex , perhaps espe -
cially dorsolateral prefrontal cortex, and is par-
ticularly vulnerabl e t o damag e t o DL-PF C
compared wit h damag e elsewher e i n th e
brain, including other prefronta l regions (Mil -
ner, 1964 , 1971 ; Stus s e t al. , 2000) . Ther e is
also broad consensu s that patients with fronta l

cortex damage i n the lef t hemisphere , i n con-
trast with patients with damag e to other area s
of th e brain , ar e impaire d a t switchin g be -
tween task s (e.g. , switchin g between dimen -
sions; Shallic e &  Burgess, 1991 ; Owe n e t al. ,
1993; Roger s e t al. , 1998 ; Diedrichse n e t al. ,
2000; Keele & Rafal, 2000). They are impaired
under th e sam e condition s a s thos e unde r
which childre n 3  years o f age fai l (i.e. , when
the stimul i ar e relevan t t o bot h tasks) , an d
they fai l in the sam e way as do 3-year-old chil-
dren (b y perseverating o n the previousl y rel -
evant dimension) . Lik e childre n o f 3  years ,
their defici t i n switching to the newl y relevant
dimension persist s ove r severa l consecutiv e
trials (Keel e & Rafal , 2000) .

Neuroimaging studie s o f brai n activit y i n
healthy, young adults yield similar results. Ac-
tivity in latera l PF C (bot h dorsolatera l [Brod -
mann area s 9  &  46] an d ventrolatera l [area s
44 & 45]) is consistently found to be increase d
when people must switch between tasks , com-
pared t o when the y continu e doin g the sam e
task (Meye r et al. , 1998 ; Postl e &  D'Esposito,
1998; Omor i e t al. , 1999 ; Badr e e t al. , 2000 ;
Dove e t al. , 2000 ; Soh n et al. , 2000; Wyli e e t
al., 2000 ; Brave r e t al. , 2001 ; Drehe r e t al. ,
2001; Landau  e t al. , 2001) . Simila r result s
have been foun d using the WCST (for analysis
with positio n emissio n tomograph y [PET ]
neuroimaging, se e Berma n e t al. , 1995 ; Na -
gahama et al. , 1996 ; wit h single-photo n emis -
sion computed tomograp h [SPECT ] neuroim-
aging, se e Marenc o e t al. , 1993 ; Reza i e t al. ,
1993; wit h functiona l magneti c resonanc e
imaging [fMRI ] se e Konish i e t al. , 1998 ,
1999a; Monch i e t al. , 2001) . Konish i e t al .
(1998, 1999a ) foun d increase d activatio n i n a
posterior portio n o f the inferio r frontal sulcu s
(dorsal Brodmann areas 45/44) that was time-
locked t o whe n th e sortin g dimensio n
changed. Thi s occurre d eve n whe n partici -
pants were explicitly informed of the new sort-
ing dimension (Konish i et al. , 1999a ; much as
children ar e explicitl y informe d o f th e ne w
sorting dimension o n Zelazo' s car d sor t task) .
Monchi et al . (2001) found that activity in area
47/12 o f ventrolatera l prefronta l corte x in -
creased specificall y when feedbac k signaled a
switch in the sortin g dimension on the WCST.

Zelazo's car d sor t tas k can be though t o f as
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a conditional discriminatio n task (e.g., if it is a
color game , blue truc k goe s wit h blue star ; if
it i s a  shap e game , blu e truc k goe s wit h re d
truck). Indeed , th e cognitiv e complexit y an d
control theor y espouse d b y Zelaz o an d Fry e
(1997) emphasize s th e conditional , hierarchi -
cal rule structure implici t in the card sort task.
In classic conditional discrimination paradigms
participants firs t lear n tha t respondin g t o one
member of a pair o f stimuli is rewarded (anal -
ogous to the pre-switch block in the car d sor t
task). Testin g condition s migh t be a s follows :
Stimuli ar e alway s a  circle an d triangle ; bot h
are shown on every trial, always against a black
background; right-lef t position s of the stimul i
are randoml y varied ove r trials ; and choic e of
the circl e i s alway s rewarded . Afte r partici -
pants reac h a  high leve l of accuracy, the stim-
uli ar e presente d agains t a  differen t back -
ground (say , white ) an d th e rewar d
contingencies ar e reverse d (analogou s to th e
post-switch bloc k i n th e car d sor t task) .
Hence, the  conditiona l rule s for  thi s illustra -
tion woul d b e i f th e backgroun d i s white ,
choose triangle ; i f th e backgroun d i s black ,
choose circle . Afte r passin g criterio n o n th e
second subtask , trial s wit h eac h backgroun d
are alternate d o r randoml y intermixed (anal -
ogous t o th e mixed-tas k bloc k i n task -
switching paradigms) . Participant s receiv e
feedback o n ever y tria l abou t whethe r thei r
response i s correct or not (unlike the standar d
procedures i n Zelazo' s car d sor t tas k or task -
switching paradigms).

When childre n ar e teste d wit h procedure s
similar t o thos e use d wit h monkey s (minimal
instruction s o tha t th e participan t mus t de -
duce the rules), children cannot succeed at the
task until they ar e 4Vz  t o 5 l/2 year s old (Heid -
breder, 1928 ; Jeffrey , 1961 ; Golli n &  Liss ,
1962; Gollin , 1964 ; 1965 ; Doa n &  Cooper ,
1971). Whe n tol d th e rule , childre n younge r
than 4 l/2 d o muc h better , bu t perfec t perfor -
mance is not seen unti l about age 5 (Shepard,
1957; Osie r &  Kofsky , 1965 ; Gollin , 1966 ;
Campione &  Brown, 1974). Childre n younge r
than 3Vz  year s cannot d o this at all , even with
explicit instruction. Fo r example , when Gollin
(1966) gav e reminder trial s with feedback be -
fore th e mixed-tas k block, he foun d tha t 3V2-
year-olds (43-4 8 months ) performe d better ,
but childre n o f 3 years stil l failed . Not e again

the transitio n betwee n th e age s o f 3  an d 5
years.

While conditiona l discriminatio n task s in -
volve two relevant dimensions and participants
must relat e tw o separat e thing s (background
color an d foregroun d shape ) t o on e another ,
only tw o rule s apply : if there i s a black back-
ground, choos e circle ; i f white, choos e trian -
gle. Ther e ar e hal f a s man y rule s a s o n th e
card sor t task, yet success appears a t the same
age. Similarly , the day-nigh t and tapping tasks
involve onl y tw o rule s (e.g. , whe n th e teste r
taps once , you tap twice, when the teste r taps
twice, you tap once) , but the y also require in -
hibition o f stron g stimulus-respons e map -
pings, an d childre n o f 3  years fai l the m mis -
erably (Gerstad t e t al. , 1994 ; Diamon d &
Taylor, 1995) .

Conversely, whe n childre n nee d t o hol d
four rule s i n mind , but n o inhibitio n o r shift -
ing o f attention i s required , childre n 3  years
of age succeed. Zelaz o et al . (1995) presente d
3-year-old childre n with two manipulations of
the car d sor t tas k tha t require d memor y o f
four rule s (th e sam e numbe r a s i n th e stan -
dard version ) bu t di d no t requir e switchin g
between tw o dimensions (unlike the standar d
version). In one condition, childre n were pre -
sented wit h fou r targe t card s o f differen t
shapes an d tol d fou r rules : "If i t i s a plane, i t
goes here ; i f i t i s a  car , i t goe s here; i f i t i s a
bus, i t goe s here ; an d i f i t i s a  boat , i t goe s
here." Three-year-olds performe d better there
than on the standar d version of the task , even
though the y were require d to  kee p the  sam e
number o f rules in mind.

Recently Brooks and colleague s (2001 ) and
Perner and Lang (2002 ) independently teste d
children o n conditional discrimination reversal
tasks wher e th e relevan t dimensio n neve r
changed. Their tasks contained the same num-
ber o f rule s (four ) an d th e sam e hierarchica l
embedding a s Zelazo' s car d sor t tas k (tw o
games, tw o rule s each) , bu t unlik e th e car d
sort task, the task s of Brooks et al . and Perner
and Lan g contained n o switc h o f dimensions.
The same , singl e dimensio n wa s relevan t
throughout. (Indeed , bein g black-and-whit e
line drawings , the stimul i contained onl y one
dimension [shape , object identity]. ) In Brooks
et al.' s "same" game, children were to sort air-
planes with the airplan e mode l card an d dogs
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with the do g model card. I n the "silly " game,
children wer e t o sor t dog s wit h th e airplan e
model car d an d plane s wit h th e do g mode l
card. Similarly , i n Perne r an d Lang' s pre -
switch "normal" shape game, children were to
put cars with the car target car d and suns with
the su n targe t card . I n th e post-switc h "re -
versed" shape game, children were to put cars
with the sun target card and suns with the car
target card . I f the problem for children on the
card sor t tas k i s its hierarchical rul e structur e
(as the theor y o f Zelazo and Fry e (1997 ) pur-
ports), 3-year-old children shoul d fail here, for
these tasks involve the sam e logical structure .
Yet, childre n o f 3 years succeed a t these tasks.
In contras t t o Zelazo' s car d sor t an d condi -
tional discrimination tasks (each of which have
two relevan t dimensions) , 99 % o f 3%-year -
olds succeeded i n Brook s et al.' s study, as did
73% o f 3-year-olds . Similarly , childre n o f 3
and 3Vz  year s succeede d o n roughl y 90 % o f
the post-switc h trial s i n the Perne r an d Lang
study. Whe n youn g childre n di d no t hav e t o
switch thei r attentiona l focus—i.e. , di d no t
have to shif t fro m focusin g o n on e dimensio n
to another—the y wer e abl e t o succeed . Thi s
is true despit e the fac t tha t durin g the "silly "
or "reversed " games , childre n ha d t o sor t t o
the opposit e item , t o a  mode l car d tha t
matched th e stimulu s on no feature, resistin g
the pul l to go to the mode l card that matche d
the stimulu s exactly.

In these experiments, Brooks et al . and Per-
ner and Lang used black-and-white line draw-
ings. I n a  secon d experiment , Brook s e t al .
(2001) used picture s o f socks and cup s a s th e
stimuli, with half of each being green an d th e
other hal f yellow . Thus , a  secon d dimensio n
(color) was introduced, but i t was irrelevant to
the tas k throughout testing . Th e tas k was for-
mally identical t o that in Experiment 1. Under
these conditions , 3-year-old s faile d th e task .
Thus, whe n a  secon d dimensio n wa s intro -
duced, increasin g th e deman d o n attentiona l
inhibition to avoid distraction by the irrelevan t
dimension, 3-year-olds faile d the sam e task on
which they succeede d i n Experimen t 1.

Meyer et al . (1998) found tha t DL-PF C ac -
tivity was no t increase d fo r within-dimension
switches, eve n thoug h thes e require d chang -
ing stimulus-respons e mapping s (parallelin g
the succes s of 3-year-old childre n on that con-

dition [Brook s e t al. , 2001 ; Perne r &  Lang ,
2002]). Dorsolatera l prefronta l corte x activity
was onl y require d whe n participant s neede d
to refocu s thei r attentio n (i.e. , overcom e at -
tentional inertia ) an d switc h to a  different di -
mension. Similarly , Pollman (2001) found tha t
when onl y stimulus-respons e mapping s
needed t o switc h (attentiona l focu s remaine d
unchanged), activit y di d no t increas e i n DL -
PFC. (Ther e i s som e suggestio n fro m th e
Meyer e t al . [1998 ] an d Pollma n [2001 ] stud -
ies that premoto r cortex , in Brodmann' s are a
6, may be particularly important for inhibiting
acting accordin g t o th e previousl y relevan t
rules an d switchin g t o differen t stimulus -
response mappings. ) Conditiona l discrimina -
tions appea r t o requir e th e fronta l corte x
regions which , in th e monkey , border th e ar -
cuate sulcu s (premoto r cortex and the fronta l
eye field s i n area s 6  an d 8 ; se e Goldma n &
Rosvold, 1970 ; Petrides , 1982 , 1985 , 1986 ;
1988; Halsban d &  Passingham, 1985 ; Lawle r
& Cowey , 1987 ; Passingham , 1988) . Fo r ex -
ample, Petride s (1985 ) foun d tha t monkey s
with lesion s o f th e periarcuat e regio n coul d
learn a  simpl e discriminatio n (choos e th e li t
over th e th e unli t box ) bu t the y coul d no t
learn th e conditiona l discriminatio n (choos e
the li t box in the presence o f one stimulus ob-
ject, an d choose the unli t box in the presenc e
of a  differen t stimulus) .

Another example of apparently knowing the
correct answe r bu t no t bein g abl e t o ac t i n
accord with it is provided by work with go/no-
go tasks. Here, the chil d i s to respond t o one
stimulus but d o nothing when shown another.
Children wh o are 3-4 years old can correctly
restate th e instructions , bu t the y canno t ge t
themselves t o ac t accordingl y (Tikhomirov ,
1978; Bel l &  Livesey , 1985 ; Livese y &  Mor-
gan, 1991) . The y respon d eve n t o th e no-g o
stimulus. Studie s o f go/no-g o performanc e
consistently find that childre n canno t succee d
at the tas k until they are roughly 4Vz year s old
because o f inhibitory failure s (error s o f com-
mission t o th e no-g o stimulus ; se e Jeffrey ,
1961; Luria , 1961 ; Birch , 1967 ; Beiswanger ,
1968; Garbe r & Ross, 1968; Mille r et al., 1970;
Norton e t al. , 1971 ; Bronckart , 1973 ;
Tikhomirov, 1978 ; Bel l &  Livesey , 1985 ; Liv -
esey & Morgan, 1991 ; va n der Meer e &  Ste-
merdink, 1999 ; Dowset t &  Livesey , 2000) .



482 PRINCIPLES OF FRONTAL LOBE FUNCTION

Note agai n th e transitio n betwee n 3  an d 5
years o f age .

This i s no t t o sa y that continue d improve -
ments canno t b e see n wit h age , especiall y
when mor e rapi d responding  i s required and /
or th e rati o o f g o t o no-g o response s i s in -
creased. Fo r example, Garber and Ross (1968)
report tha t childre n 4 % years of age perform
significantly wors e than childre n o f 7 3/4 years,
van de r Meer e an d Stemerdin k (1999 ) repor t
more error s b y 8-year-ol d childre n tha n b y
children o f 1 0 o r 1 2 years , an d Case y e t al .
(1997) repor t mor e error s b y 9-year-old chil -
dren tha n b y young adults o f 22 years . Eve n
adults ar e rarely  a t ceilin g o n th e varian t o f
the go/no-g o task known as Simon Says.  Con -
versely, wit h a  slightl y easie r varian t o f th e
task, children o f 3% to 4  years have been re -
ported to perform at better than 90 % correc t
(Jones e t al. , in press).

Neuroimaging studie s indicat e th e impor -

tance of dorsolateral and ventrolateral PFC for
performance o f go/no-g o tasks . Tsujimot o e t
al. (1997 ) repor t increase d regiona l cerebra l
blood flow in th e principa l sulcu s (DL-PFC )
and fronta l pol e o f macaque s durin g perfor -
mance of a go/no-go task. Konishi et al . (1998,
1999) repor t increase d activatio n in th e infe -
rior fronta l sulcu s (ventrolateral PFC) o n no -
go trials compared with that o n go trials. Lid-
die e t al . (2001 ) repor t increase d activit y in
dorsolateral and ventrolateral PFC durin g no-
go trials . Casey et al . (1997 ) repor t increase d
activity in the inferio r frontal gyru s (ventrola-
teral PFC) , middl e fronta l gyru s (DL-PFC) ,
and orbita l fronta l gyru s on no-g o trials com-
pared with that o n go trials.

Many of the advance s o f Piaget's "concret e
operational" child , who is 5-7 year s old , ove r
a "preoperational " child , wh o i s 3-4 year s of
age, als o reflec t the developmen t o f the abil -
ities to hold mor e than one thing in mind and

Step 1 : Presen t two beaker s with
equal amounts of liquid .

Figure 29-7 . Illustratio n of the
procedure used for testing con-
servation o f liquid quantity.
(Source: Reprinted with per-
mission fro m Col e & Cole,
1989)

Step 2: Presen t taller , thinner
beaker, an d pou r contents of B
into it.

Step 3: Ask : "Whic h beake r has more
liquid, A or C—or do they
contain the same amount?"



DEVELOPMENT OF PREFRONTAL CORTEX 483

inhibit th e stronges t respons e o f the momen t
(Flavell, 1963) . Fo r example , children o f 3 or
4 year s fai l test s o f liqui d conservatio n (the y
do no t atten d t o bot h heigh t an d width , at -
tending onl y to the mor e perceptuall y salien t
of the two dimensions; Fig. 29-7) an d they fail
tests of perspective-taking i n which they mus t
mentally manipulat e a  scene t o indicate wha t
it woul d loo k lik e fro m anothe r perspectiv e
and must inhibit the tendency to give the most
salient respons e (thei r curren t perspective) .
By 5  o r 6  year s o f age , the y ca n d o thes e
things. Sinc e par t o f th e difficult y pose d b y
Piaget's liquid conservation task is the salienc e
of the visua l perception tha t the tall , thin con-
tainer contains more liquid, placing an opaque
screen betwee n th e chil d an d th e container s
before the child answer s enables younger chil-
dren t o perfor m th e tas k bette r (Bruner ,
1964).

In th e delay-of-gratification  paradigm,
when face d wit h th e choic e o f a  smaller , im-
mediate reward or a later, larger reward, many
3- to 4-year-old childre n ar e unable t o inhibi t
going for the immediate reward, although they
would prefe r the large r on e (Mische l & Mis-
chel, 1983) . If they cannot see the reward s or
can see only pictures of the rewards , they per-
form muc h bette r tha n i f the smalle r rewar d
is sittin g righ t i n fron t o f them. O n th e win-
dows task,  in which children are rewarded fo r
pointing to a  box that i s visibly empty and ar e
not rewarde d fo r pointin g t o a  box in whic h
they ca n se e candy , man y 3-year-old s fai l t o
inhibit the tendency t o point to the baited box
(Russell e t al. , 1991) . Childre n o f 5- 6 year s
perform wel l on both tasks.

ANATOMICAL AND BIOCHEMICAL
EVIDENCE OF PREFRONTAL CORTEX
MATURATION FROM 3 TO 7 YEARS

The densit y of neurons in human DL-PFC i s
highest a t birt h an d decline s thereafter . A t 2
years o f age , th e densit y i s 55 % abov e th e
adult mean , but b y age 7  years it i s only 10%
above adul t level s (Huttenlocher , 1990) . Thu s
there i s a  dramati c chang e i n neurona l den -
sity in DL-PFC betwee n 2  and 7 years of age.
The synapti c densit y o f laye r II I pyramida l
cells i n DL-PF C increase s afte r birt h an d

reaches it s maximu m at abou t 1  year o f age;
by 7  year s o f ag e th e decreas e i n synapti c
density i s significant, though no t ye t dow n t o
adult level s (Huttenlocher , 1979) . Another
change durin g this perio d i s a marked expan-
sion in the dendriti c tree s o f layer III pyram -
idal cell s in human DL-PF C between 2  and 5
years o f ag e (Mrzlija k e t al. , 1990) . I n addi -
tion, th e densit y o f neuropeptid e Y -
immunoreactive neuron s i n huma n DL-PF C
increases betwee n th e age s o f 2-4 year s an d
6-7 years (DeLall e e t al. , 1997) . (Neuropep-
tide Y-immunoreactive neuron s ar e a  class of
local circui t intrinsi c neurons [Hendr y e t al. ,
1984; Hendry,  1993]. )

DEVELOPMENT FROM 7 YEARS OF
AGE THROUGH EARLY ADULTHOOD

IMPROVEMENTS IN THE COGNITIVE
FUNCTIONS THAT DEPEND ON
PREFRONTAL CORTEX

Aspects o f memor y tha t d o no t depen d o n
PFC, suc h as the abilit y to recognize o r recal l
what one has previously seen, even after a  long
delay, o r th e abilit y t o hol d informatio n i n
mind (withou t an adde d requiremen t o f ma -
nipulating that informatio n or exercising inhi-
bition), develo p ver y early, are robus t b y th e
preschool years , and sho w little improvement
with age (Brown, 1975; Dempster , 1985 ; Dia -
mond, 1995) . Wher e improvement s with age ,
even after 7  years, and in most cases even until
early adulthood , ar e see n ar e i n (1 ) spee d o f
processing, (2 ) the abilit y to use strategies, (3)
the abilit y t o hol d informatio n i n min d an d
work wit h i t (manipulating , monitoring , o r
transforming it) , and (4) the abilit y to hold in-
formation i n mind and exercise inhibitio n (re-
sisting interference , resistin g attentional iner-
tia, o r resistin g a  prepoten t respons e
tendency). Interestingly , eac h o f thes e fou r
classes o f abilitie s appear s t o b e tie d t o th e
PFC, especiall y DL-PFC .

Speed o f Processing

Speed o f processing increase s markedl y unti l
early adolescenc e an d continue s improving ,
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though mor e gradually , unti l early adulthoo d
(Kail, 1988 , 1991a,b ; Hale, 1990 ; Kai l & Park,
1992; Fr y &  Hale , 1996 ; Mille r &  Vernon ,
1997). Ther e i s a  strong, well-replicated rela -
tion betwee n spee d of processing an d perfor-
mance on tasks either know n or hypothesized
to ta p DL-PF C function s (Cas e e t al. , 1982 ;
Fry &  Hale , 1986 ; Salthouse , 1992 ; Kai l &
Salthouse, 1994 ; Dunca n e t al. , 1995) , al -
though th e reaso n fo r thi s associatio n i s no t
yet full y understood .

Improvements i n spee d o f processing with
age account fo r a  good deal of what has been
taken t o be age-relate d improvement s i n th e
ability t o hol d informatio n in mind . Fo r ex -
ample, Case et al . (1982) found tha t the faste r
people were abl e to repeat back the word they
had jus t heard , th e mor e word s the y coul d
hold i n mind , and a s the spee d o f word rep-
etition improve d wit h ag e s o to o di d wor d
span. When Cas e e t al . equated th e spee d a t
which adult s an d 6-year-old s coul d repea t
back word s (b y presenting adult s wit h unfa -
miliar words) , the y foun d equivalen t wor d
spans i n adult s an d children . Similarly , when
they equated adults and children i n the speed
at which they could count (by requiring adults
to coun t i n a  foreig n language) , they foun d
equivalent countin g spans in adults and 6-year-
olds.

Speed o f encodin g i s anothe r aspec t o f
speed of processing. Ite m recognition time de-
creases wit h ag e (e.g. , Samuels , et al. , 1975 -
1976; Chi , 1977 ) an d spee d o f ite m identifi -
cation is related to the number of items (span)
that ca n b e hel d i n min d an d retrieve d
(Dempster, 1981) . Individual s wh o hav e
shorter namin g time s (withi n an d betwee n
ages) have larger memory spans. For example,
people generall y hav e large r span s fo r digit s
than for words and people can generally nam e
a digi t faste r tha n a  word ; peopl e generall y
have larger spans for words than pictures, an d
words ar e identifie d faste r tha n picture s
(Mackworth, 1963) . Ch i (1977 ) foun d tha t
when adults were only allowed to view picture
stimuli for half as long as 5-year-olds (t o offse t
the faste r encodin g spee d o f adults) , the ag e
difference i n th e numbe r o f pictures  tha t
could b e hel d i n min d wa s dramaticall y re -
duced. Similarly , Zal d an d lacon o (1998 )

found that , given the sam e amount of time for
encoding, 20-year-olds were significantly more
accurate than 14-year-old s a t indicating, fro m
memory, th e locatio n o f a n objec t i n space ,
even afte r a  brie f dela y o f onl y 50 0 ms . Al-
though the y foun d littl e differenc e amon g
age-groups i n th e rat e o f degradatio n o f th e
internal representation , they did find a devel -
opmental improvement in how accurately the
information coul d b e encode d i n a  give n
amount o f time.

Use o f Strategie s

As childre n ge t olde r the y ar e mor e likel y to
use strategie s an d t o improv e i n thei r us e of
strategies. Rehearsa l strategie s a s a  memor y
aid generally emerge around the age of 7 years
and ar e rarel y seen in younger children, even
when over t attempt s ar e mad e t o tr y t o en -
courage thei r us e (Flavell , et al. , 1966 ; John -
ston, e t al. , 1987 ; Gathercol e &  Hitch , 1993 ;
Gathercole, 1998) . Patient s wit h DL-PF C
damage ar e notoriou s fo r bein g unsystematic
and fo r failing to avail themselves of strategies
to ai d thei r performanc e (e.g. , Owe n e t al. ,
1996; Mangels , 1997 ; Bald o &  Shimamura,
1998). When th e materia l does not lend itself
to us e o f an y particula r strategy , ag e differ -
ences i n memor y spa n ar e greatl y reduce d
(Ross, 1969 ; Dempster , 1978 ; Hes s &  Radke,
1981), a s ar e performanc e difference s be -
tween fronta l patient s an d control s an d a s is
the differenc e i n degre e o f PF C activatio n
(Bor et al. , 2001) .

The Abilit y to Hol d Information in Mind
and Work with i t (Manipulating , Monitoring,
or Transforming it)

Piaget (1958 ) propose d tha t beginnin g a t
about 7 years of age, children begin to be able
to simultaneously take into account more than
one perspectiv e an d t o simultaneousl y thin k
about tw o aspects o f something. Beginning at
this age, according to Piaget, children become
able to mentally combine, separate , order, and
reorder. The y becom e mor e flexibl e i n thei r
thinking, an d ca n thin k abou t alternative s
when solvin g problems .

Baddeley, wh o coine d th e ter m working
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memory, defined it as involving both temporar-
ily maintaining information in mind and manip-
ulating that information (Baddeley, 1992). This
definition o f workin g memory—"temporar y
storage +  manipulatio n of information"—ha s
received widespread acceptance . Neuroimag -
ing studies have repeatedly demonstrated tha t
activation of DL-PFC is far greater when infor-
mation must be both held in mind and manip-
ulated than when it must only be held in mind
(e.g., D'Esposit o e t al. , 1995 , 1998 ; Petrides ,
1995; Cohen et al., 1997; Owen, 1997; Smith et
al., 1998; Smit h & Jonides, 1999).

Thus, fo r example , th e forwar d digi t spa n
task (recallin g numbers in the orde r i n which
they are heard) requires less DL-PFC involve-
ment, and performance of this task is less im-
paired in patients with PFC damag e than that
of backward digi t spa n (repeatin g bac k num-
bers i n the orde r opposit e tha t i n which they
were presented) , whic h require s no t onl y
holding the informatio n i n mind but als o ma-
nipulating i t (Hosh i e t al. , 2000) . Similarly ,
there i s muc h les s improvemen t wit h ag e i n
performing forwar d digi t spa n tha n ther e i s
with backwar d digi t span . Fro m age s 7  to 1 3
years, th e numbe r o f digit s tha t ca n be hel d
in min d fo r forwar d digi t spa n increase s b y
little mor e tha n 1. 5 digits (Dempster , 1981) .
Over th e sam e ag e period , i t increase s b y
twice tha t fo r backwar d digi t spa n ( 3 digits) .
Indeed, fro m age s 6 to 13 years there is a five-
fold increas e i n backward digit span.

Moreover, involvemen t o f DL-PF C an d
marked improvements in performance of a va-
riety of tasks over the school-ag e years appear
to be foun d regardles s of how the information
held i n min d i s to b e manipulated—e.g. , or -
dering randomly presented information (in al-
phabetical o r numerica l order ) o r mentall y
adding o r multiplyin g numbers . Thi s i s tru e
whether monitorin g a  lis t o f randoml y pre -
sented number s to determin e whic h on e was
omitted, generatin g al l the numbers from 1  to
10 in random order without repeating any (Pe-
trides et al., 1993; Jahanshahi et al., 2000), try-
ing t o remembe r whic h stimul i were alread y
chosen s o that eac h on e i s choosen onc e an d
none mor e tha n onc e (Petrides , 1995 ; 2000) ,
or keeping in mind a main goal while perform-
ing concurren t subgoal s (Koechli n e t al. ,

1999). Developmenta l difference s ar e consis -
tently greates t o n thos e task s tha t requir e
some (o r any) kind of transformation o f infor -
mation held in mind (Dempster, 1985). These
findings may describe the limited capacity sys-
tem independently hypothesized b y Daneman
and Carpenter (1980 , coming from a  cognitive
science perspective ) an d by Case et al . (1982,
coming from a  developmental psycholog y per-
spective) tha t subserve s both processin g (i.e. ,
manipulation) an d storage suc h that the mor e
information tha t mus t b e hel d i n min d th e
fewer resource s ther e ar e fo r actin g o n tha t
information, an d the mor e extensive the proc-
essing needed the fewe r item s of informatio n
that can be maintaine d in mind.

Ability to Hol d Informatio n in Min d While
Exercising Inhibition (Resistin g Interference,
Resisting Attentional Inertia , o r Resistin g a
Prepotent Respons e Tendency)

Engle an d Kan e have define d workin g mem-
ory slightl y differentl y fro m Baddeley . The y
define i t as the abilit y to (a) maintain selected
information i n a n active , easil y retrievabl e
form whil e (b) blocking or inhibiting other in-
formation fro m enterin g tha t activ e stat e
(Conway & Engle, 1994 ; Kan e & Engle, 2000 ;
2002; se e Hashe r an d Zack s [1988 ] fo r a
somewhat simila r perspective o n th e rol e o f
inhibition i n working memory).

Task-switching paradigm s epitomiz e th e
twin need s o f activate maintenanc e an d inhi -
bition captured by this perspective on working
memory, a s such paradigms requir e tha t on e
activate the informatio n and rules relevant for
the curren t tas k and inhibit th e mind-se t rel -
evant t o th e othe r task . Childre n 4  year s of
age can begin t o perform such switching par-
adigms, but only poorly. Improvement on task-
switching paradigms occurs throughout child-
hood an d int o adulthood . O n on e simpl e
paradigm devise d b y Meira n (1996 ; se e Fig .
29-8), by age age 11 years children are correc t
on virtuall y al l non-switc h trial s bu t o n onl y
80% o f the switc h trials , and b y age 1 1 years
children are still not performing at adult levels
(Cohen e t al. , 2001) . A s noted in th e sectio n
Development a t 3  to 7  Years o f Age (above),
switching task s elicit s increase d activatio n o f
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Figure 29-8 . A : Illustratio n o f Meiran' s task-switchin g
paradigm. Participant s ar e t o pres s th e "3 " ke y on th e
keyboard numbe r pad to indicate a  response o f "down" or
"right" an d are to press th e "7 " key to indicate a  response
of "up " o r "left. " B:  Differenc e i n percentage o f correct
responses o n mixed-tas k blocks versus single-task blocks.
Children wer e significantl y less accurat e o n switc h tha n
on nonswitch trials at every age, and on both kinds of trials
in mixed-tas k blocks tha n o n trial s i n single-tas k blocks.

Indeed, childre n wer e correc t o n significantly fewer non-
switch trial s in mixed-task blocks tha n on exactly the sam e
type o f trials (non-switc h trials) in single-tas k blocks. Just
knowing tha t sometime s they would hav e to switc h tasks
impaired thei r performanc e on al l trials in th e block . Al-
though th e differenc e in accuracy decreased continuousl y
with age , even 11-year-ol d childre n showed a  significantl y
larger difference in accuracy (a significantly larger "switch
cost") tha n did adults.

PFC, an d tas k switchin g i s impaire d i n pa -
tients wit h PF C damage .

Several bodie s o f wor k indicate  tha t th e
ability to exercise inhibitor y contro l continue s
to improv e unti l earl y adulthood . I n th e
directed-forgetting paradigm,  participant s ar e

directed to forge t some of the word s they ar e
shown and to remember others . Even children
11 years o f ag e sho w mor e intrusion s o f th e
to-be-forgotten word s tha n d o adult s (e.g. ,
Harnishfeger &  Pope , 1996 ; Lehma n e t al ,
submitted). Th e anti-saccade  task  require s
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participants t o suppres s th e tendenc y t o re -
flexively look a t (saccad e to ) a  visual stimulus
in the periphery , an d instead look away in the
opposite direction . Performanc e o f thi s tas k
depends especiall y o n th e fronta l ey e field s
(Brodmann's are a 8 ; Guitto n e t al. , 1985 ;
O'Driscoll e t al. , 1995 ) a s well as on the sup -
plementary ey e fields and DL-PF C (Lun a et
al., 2001) . Performanc e of th e tas k improves
continuously fro m 8  throug h 20-2 5 year s of
age (Fische r e t al. , 1997 ; Muno z et al. , 1998 ;
Luna e t al. , 2001) . Lun a e t al . (2001 ) repor t
that whil e activatio n i n th e fronta l ey e fields,
supplementary ey e fields , an d DL-PF C in -
creased durin g anti-saccad e performanc e i n
participants o f all ages, increased activatio n of
the thalamus , striatum , an d cerebellu m wa s
seen onl y i n adults , suggestin g perhap s lat e
maturation of the circui t connecting PFC with
subcortical regions.

Further evidenc e o f the very protracted de -

velopmental progressio n o f th e abilit y t o ex -
ercise inhibitor y contro l come s fro m testin g
with th e directional  Stroop task  (Diamon d et
al., 1998 ; Davidso n e t al. , 1999 ; se e Fig . 29 -
9), i n which participant s are give n a  respons e
box with two buttons (on e for the lef t thum b
and on e fo r th e right) . Whe n stimulu s A ap-
pears to the lef t o r right, the participan t is to
press the button on the sam e side as the stim-
ulus. Whe n stimulu s B  appears , th e partici -
pant is to press the button on the side opposite
the stimulus , which requires inhibitio n o f the
tendency to respon d o n th e sam e side a s the
stimulus. (Th e tendenc y t o respon d o n th e
same sid e a s a  stimulu s is wel l documented .
People ar e slower and less accurate to respond
on the sid e opposite a  stimulus than the y ar e
to respon d o n the sam e side. Thi s type o f re-
sponse is called "spatial incompatibility" or the
"Simon effect " [Simon , 1969; Craf t &  Simon,
1970; Simo n &  Berbaum , 1990 ; Hommel ,

Figure 29-9 . Illustratio n o f two of the condition s i n th e
directional Stroo p task. In the dots variant, when a striped
dot appears, the participant is to press the response button
on th e sam e sid e a s the stimulus . Whe n a  gray dot ap -
pears, th e participan t i s to pres s th e butto n o n the sid e
opposite th e stimulus . Similarly , i n th e arrows  variant,
when the arro w points straigh t down, the participant i s to
press the butto n o n that side , and when the arrow points

diagonally to the opposit e side , th e participan t i s to press
the butto n o n th e sid e opposit e th e arrow . Th e dots -
variant requires holdin g two rules in mind and, when the
dot is gray, inhibiting the tendency to respond on the same
side a s the stimulus . The arrows-varian t also requires in -
hibiting tha t tendenc y (whe n the arro w i s diagonal) , but
it requires little memory because the stimulus itself points
to where the participan t shoul d respond .
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1995; L u & Proctor, 1995]. ) The tw o kinds of
stimuli are randomly intermixed over trials. In
a comparison of the percentag e o f correct an -
swers, or reaction time , on trials in which par-
ticipants ar e t o respon d o n th e sam e sid e a s
the stimulu s versus on the opposit e side , one
finds that th e cos t (i n accuracy and speed ) of
inhibiting th e natura l tendenc y t o respond on
the sam e sid e a s th e stimulu s show s a  pro-
tracted developmenta l course , improvin g lin-
early fro m 4  t o 2 6 years o f ag e (Davidso n e t
al., 1999 ; see Fig. 29-10).

Most tests of working memory require both
(a) manipulatio n o f information held i n mind
and (b ) inhibition o f potentially competing in -
formation fro m intrudin g and potentially com-
peting response s fro m bein g made . Indeed ,

one perspectiv e o n th e reaso n fo r spee d o f
item identificatio n being s o highly correlate d
with memor y spa n i s tha t bot h ar e usuall y
tested unde r high-interferenc e condition s re -
quiring inhibition (Dempster, 1981), as, for ex-
ample, i n th e countin g spa n an d spatia l spa n
tasks (se e Fig. 29-11). O n eac h tria l o f th e
counting span task (Case et al. , 1982) , the par-
ticipant i s aske d t o coun t a  se t o f blu e dot s
embedded i n a  field of yellow dots , touchin g
each blu e do t an d enumeratin g it . Immedi -
ately thereafter , the participan t i s to giv e th e
answer for that displa y and the answer s for all
preceding display s i n correc t seria l order .
Thus, this task requires (1 ) selective attentio n
(inhibiting attentio n t o th e yello w dots) , (2 )
holding o f information in min d while execut -

Figure 29-10. A : Accuracy
when inhibitory control was not
required (congruen t trials [spa-
tial conflic t absent] ) minu s ac-
curacy when inhibitor y control
was require d (opposit e o r in -
congruent trial s [spatia l conflic t
present]) on both th e dot s and
arrows variants. B: Reactio n
time when inhibitor y control
was required (opposit e o r in-
congruent trial s [spatial conflic t
present]) minu s when inhibi -
tory contro l wa s not required
(congruent trials [spatia l con-
flict absent]) on both th e dot s
and arrow s variants . I t was suf-
ficiently difficult fo r childre n t o
inhibit respondin g on the sam e
side a s the stimulu s that thei r
performance o n trial s requiring
such inhibition was significantl y
worse (a s indexed by either ac -
curacy or speed ) a t every age
(4 through 1 5 years) than thei r
performance o n congruent tri-
als. Eve n 15-year-old s di d no t
perform a t adul t levels , al-
though the differenc e in perfor-
mance on these tw o trial types
decreased continuously with
age.
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Figure 29-11 . A : Sample of
the kind s of trials presente d
on the countin g span task.
(continued)

Instructions

Please count
the number of
gray dots out loud

Test Questions
(asked as soon as child finishes counting)

How many gray dots are there?

Please count
the number of
gray dots out loud

How many gray dots are there?

And how many were there last
time?

Please count
the number of
gray dots out loud

How many gray dots are there?

How many were there the first
time and the time after that?

Please count
the number of
gray dots out loud

How many gray dots are there?

Can you tell me how many there
were all the other times, in order.

ing anothe r menta l operatio n (counting) , (3)
updating o f the informatio n held i n min d on
each trial , an d (4 ) tempora l orde r memor y
(keeping track of the orde r o f the total s com-
puted acros s trials).

In the spatia l span task (Case, 1992a; b ) the
participant inspect s a  4  X  4  matri x on eac h
trial, notin g whic h cel l i s shade d in . A  filler
pattern i s then shown, and then a  second 4 X
4 grid. The secon d gri d i s empty; the partici -
pant i s t o poin t t o th e cel l tha t ha d bee n
shaded i n on that trial . Severa l blocks of trials
are presented. Th e number of shaded cells in-
creases by 1 for each subsequent block. Inter-
ference fro m prio r trial s an d fro m th e fille r
pattern i s very high.

A meta-analysi s b y Cas e (1992a ; b ) o f 1 2
cross-sectional studie s showe d remarkabl y
similar developmental progressions on both of
these task s (se e Fig . 29-11) . Continuou s and
marked improvements are see n on both tasks
from 4Vz  t o 8  year s o f age , an d continued ,
more gradua l improvemen t i s seen unti l per-
formance asymptote s on both task s at aroun d
10-11 year s of age.

Quite paralle l developmenta l progression s
have also been see n o n the compoun d stimu-
lus visual information (CSVI ) task, the patter n
span task , an d th e WCST . I n th e CSV / task
(Pascual-Leone, 1970) , th e participan t i s
taught a  differen t nove l respons e (e.g. , raise
your hand, clap your hands) for each of several
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different visua l cue s (e.g. , a  squar e shap e o r
red color) . Afte r learnin g thes e t o criteria ,
compound stimul i (e.g. , red square ) ar e pre -
sented, each for 5 seconds, and the participan t
is to "decode the message" by producing every
response calle d fo r by the stimuli . The num -
ber o f correct responses increases unti l abou t
age 1 1 (Case, 1972, 1995) .

The pattern  span  task  i s similar to the spa -
tial spa n tas k excep t tha t severa l cell s ar e
filled in . First , th e participan t get s a  quic k
look a t th e pattern . A t test , on e o f th e cell s
that had been filled-in is now unfilled an d th e
participant mus t point t o tha t cell . The num-
ber o f filled-in cells increases until the partic -
ipant's accurac y fall s belo w criterion . Perfor -
mance o n thi s tas k als o improve s greatl y
between 5  an d 1 1 year s o f age , whe n i t
reaches roughl y adul t level s (Wilso n e t al. ,
1987; Mile s et al. , 1996) .

On th e WCST , on e o f th e classi c test s o f
PFC functio n i n adults , th e participan t mus t
deduce th e rul e fo r sortin g cards , whic h ca n
be sorte d b y color , shape , o r number , an d
must flexibl y switc h sortin g rules , withou t
warning, o n th e basi s o f feedback o f whether
each respons e i s correct o r not . Childre n be -
gin t o reac h adul t level s o f performanc e o n
this task at about 10-1 1 year s old (Chelune &
Baer, 1986 ; Wels h et al. , 1991) .

Figure 29-1 1 (continued)
B: Sampl e of the kind s of trials
presented o n the spatia l span
task. C:  Developmenta l pro -
gression in the numbe r of items
that could be held in mind
(span) on the countin g span
and spatia l span tasks. The dat a
for th e countin g span task are
from Crammon d (1992), and
for th e spatia l span task, ar e
from Menn a (1989).
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On th e listening  span  task  (Danema n &
Carpenter, 1980 ) th e participan t need s t o
process incomin g informatio n (auditoriall y
presented sentences ) whil e retaining , i n cor -
rect tempora l sequence , th e fina l word s o f
each o f th e precedin g sentence s h e o r sh e
heard. Performanc e o n thi s tas k improve s
from 6  year s unti l a t leas t 1 5 year s o f ag e
(Siegel, 1994) .

ANATOMICAL AND BIOCHEMICAL
EVIDENCE OF PREFRONTAL CORTEX
MATURATION FROM AGE 7 UNTIL EARLY
ADULTHOOD

Myelination of PFC i s protracted an d does not
reach adul t level s unti l adolescence (Yakovle v
& LeCours , 1967 ; Huttenlocher , 1970 ; Gied d
et al., 1999). For example , using MRI and fol-
lowing the same children longitudinally, Giedd
et al . (1999 ) wer e abl e t o sho w tha t th e
amount o f whit e matte r (i.e. , myelinate d ax -
ons) increase d linearl y i n fronta l corte x fro m
4 to 1 3 years of age.

Portions o f the neuro n tha t ar e unmyelin -
ated, suc h a s th e cel l body , hav e a  gra y ap -
pearance. I n thei r longitudina l study , Gied d
et al . (1999) foun d tha t gra y matter i n fronta l
cortex increase d unti l adolescence , reachin g
its maximum size a t age 1 2 for males and ag e
11 fo r females . However , i n cross-sectiona l
volumetric studies , Jerniga n et al . (1991) an d
Sowell et al . (1999a) report reductions  in gray
matter volum e betwee n childhoo d an d ado -
lescence, wit h the mos t dramatic changes oc-
curring i n dorsa l fronta l an d parieta l cortex .
Sowell e t al . (2001) related thes e gra y matter
changes t o cognitiv e performanc e an d foun d
that, betwee n 7  an d 1 6 year s o f age , gra y
matter i n frontal  corte x (whic h include d i n
their analyse s no t onl y PF C bu t als o moto r
cortex, th e supplementar y moto r area , an d
premotor cortex ) decrease d i n siz e an d th e
ability t o accuratel y remembe r whic h word s
had an d had no t been presented earlie r (i.e.,
the abilit y t o remembe r whic h word s ha d
been see n i n the presen t contex t an d to dis -
criminate the m fro m othe r familia r words )
improved. Mor e impressively , gra y matte r
thinning i n fronta l corte x wa s significantl y
correlated wit h this source memory , indepen-

dent o f chronologica l age . Indeed , wherea s
the relatio n betwee n fronta l corte x gray mat-
ter thinnin g an d thi s abilit y remaine d signifi -
cant eve n whil e controllin g fo r age , th e rela -
tion between age and source memory was no
longer significan t when controllin g for fronta l
gray matter changes .

Synaptogenesis occur s concurrentl y wit h
myelination. Huttenloche r (1979 ) reporte d
that th e synapti c densit y o f layer II I pyrami -
dal cells in DL-PFC increase s unti l about th e
age o f 1  year , an d the n decreases , finall y
reaching adult levels a t about 1 6 years of age.
Huttenlocher an d Dabholka r (1997 ) reporte d
that the formation of synaptic contacts in DL-
PFC reache s it s maximum after 15 months of
age, an d synaps e eliminatio n occur s lat e i n
childhood, extendin g t o mid-adolescenc e fo r
DL-PFC.

Developmental change s i n PF C continu e
on int o adulthood . Sowel l e t al . (1999b ) re -
ported a reduction i n the densit y of gray mat-
ter in frontal corte x between adolescenc e (12-
16 years) and adulthoo d (23-3 0 years) . They
also reported a  reduction i n the striatu m (pri-
marily i n th e putame n an d globu s pallidus )
over five times greate r i n size during this pe -
riod. Kostovi c e t al . (1988 ) reporte d tha t
AChE reactivity of layer III pyramida l cells in
DL-PFC, whic h begin s t o develo p afte r th e
first postnatal year , finally reaches its peak in-
tensity in young adults.

CONCLUSIONS AND UNANSWERED
QUESTIONS

Clearly, th e abilit y to exercis e inhibitor y con-
trol over one' s thoughts , attention , and actio n
and the ability to interrelate, reorder , and play
with informatio n held i n min d bot h sho w a
protracted developmenta l progressio n tha t i s
matched b y the protracted maturatio n of DL-
PFC int o earl y adulthood . Yet , advances i n
these abilities, a s well as maturational change s
in DL-PFC , ar e eviden t eve n durin g the first
year o f life . Whil e thi s chapte r has generall y
focused on memory and inhibition rather than
on attention , clearl y th e abilitie s discusse d
here ar e critical for focused, selective, divided,
and sustained attention . Indeed , ca n attention



492 PRINCIPLES OF FRONTAL LOBE FUNCTION

and workin g memor y reall y be distinguishe d
from one  another ? The  differenc e is,  in part ,
merely semantic—on e ca n sa y that informa -
tion i s hel d i n workin g memor y fo r severa l
seconds o r tha t focuse d attentio n o n th e in -
formation wa s sustaine d fo r severa l seconds ;
they mean the same thing. The same PFC sys-
tem tha t enable s u s t o selectivel y kee p ou r
mind focuse d on th e informatio n we want t o
hold in mind also helps us to selectively attend
to stimul i in ou r environmen t (tunin g out ir -
relevant stimuli ; e.g., Awh et al. , 2000; Awh &
Jonides, 2001 ; Case y e t al. , 2001) . Aw h an d
colleagues (Aw h et al. , 1998 ; Aw h & Jonides,
2001) hav e shown , fo r example , tha t peopl e
are quicker to see , an d respond to, stimul i in
a locatio n the y ar e holdin g i n working mem-
ory; i f force d t o orien t thei r attentio n awa y
from a  memorized location, thei r memor y ac-
curacy declines . Individua l difference s i n
working memor y capacit y (usin g th e Engl e
and Kan e definitio n o f working memory , see
Ability t o Hol d Informatio n i n Min d Whil e
Exercising Inhibition, above) correspond t o in-
dividual difference s i n selectiv e attentio n
(Conway et al. , 1999) .

What i s the relatio n betwee n th e abilit y to
hold informatio n i n min d an d inhibition ? I s
inhibition necessar y t o kee p th e relevan t in -
formation, an d onl y the relevan t information,
on th e stag e o f one' s mind ? Ho w ca n on e
know what to inhibit unles s one is holding the
information o n what i s relevant i n mind ? Are
the abilitie s t o hol d informatio n in min d an d
to exercise inhibitory control, then, fundamen-
tally intertwined ? Certainl y individual s wh o
perform bette r o n test s o f workin g memor y
are bette r a t blockin g out , o r inhibiting , dis -
tracting informatio n (Hashe r &  Zacks , 1988 ;
Gernsbacher, 1993 ; Conwa y &  Engle , 1994 ;
Rosen &  Engle , 1997 ; Conwa y e t al. , 1999) .
Individuals with bette r working memory per -
form bette r o n task s tha t ta x inhibition , bu t
have minima l memory demands , suc h a s th e
anti-saccade tas k (Kan e et al. , 2001) . Vulner -
ability t o proactiv e interferenc e ma y deter -
mine working memory span scores (May et al. ,
1999). Conversely, taxing working memory can
impair one' s abilit y t o resis t distractor s (d e
Fockert et al. , 2001) an d to perform tasks that
demand inhibitio n of prepotent respons e ten -

dencies, such as the anti-saccade task (Roberts
et al., 1994). One view is that working memory
and inhibition depend on the same limited ca-
pacity syste m s o tha t increasin g th e deman d
on eithe r affect s one' s abilit y to d o the othe r
(e.g., Kan e &  Engle , 2002) . Anothe r vie w is
that workin g memor y i s primar y an d inhibi -
tion is derivative (Goldman-Rakic , 1987; Kim-
berg &  Farah, 1993 ; Munakata , 2000).

Are inhibitio n an d workin g memor y sepa -
rable, an d i f so , unde r wha t circumstances ?
Evidence ha s bee n presente d i n thi s chapte r
that thes e abilitie s ca n be dissociate d durin g
development (e.g. , Davidso n e t al. , 1999) .
There i s als o evidenc e tha t the y ca n b e dis -
sociated neurally (e.g. , Bunge e t al. , 2001). If
they are separable , ar e holding information in
mind +  manipulatin g i t an d holdin g infor -
mation i n min d +  exercisin g inhibition sepa -
rable? Wha t ar e th e relation s betwee n self -
control (o r it s inverse , compulsion s o r
addictions) and working memory or attention?
For example , impairment s i n th e executiv e
functions discusse d i n thi s chapter , especiall y
inhibition, ar e prominen t problem s i n obses -
sive-compulsive disorde r (OCD ; see , e.g. ,
Cox, 1997 ; Hartsto n &  Swerdlow , 1999 ; Ro -
senberg, et . al. , 1997). What is the rol e of PFC
in compulsiv e behavio r an d d o al l addictions
share a  common neural substrate ? There i s a
burgeoning literature on this (see, e.g., Lyvers,
2000; Goldstei n e t al . 2001 ; Schroede r e t al .
2001).

Are the differen t aspect s o f inhibitory con-
trol dissociabl e fro m on e another ? For exam -
ple, i s the sam e neura l system required to re-
sist interna l an d externa l distractions ? I s th e
neural syste m tha t subserve s inhibitio n i n at -
tention (selectiv e attentio n [inhibitin g atten -
tion t o distractors] , switchin g th e focu s o f
one's attention ) th e sam e neura l syste m tha t
subserves inhibition in action (inhibiting a pre-
potent response tendency, switching stimulus-
response mappings) ? There i s some evidenc e
that inhibitio n i n attention , memory , or cog -
nition ma y require anterio r portion s o f dor -
solateral an d ventrolatera l PFC , wherea s
switching stimulus—respons e mapping s ma y
require posterio r DL-PF C an d the premoto r
cortex immediatel y behin d i t (e.g. , Goldma n
& Rosvold , 1970; Petrides , 1982 ; Halsban d &
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Passingham, 1985 ; Meye r e t al. , 1998 ; Wyli e
et al. , 2000 ; Tollman , 2001) . Migh t develop-
ments i n inhibitio n an d i n workin g memory
appear earlie r a t the behaviora l level and then
later a t th e cognitiv e level ? I f so , would be -
havioral inhibition appea r befor e cognitive in-
hibition, an d migh t th e abilit y to hol d infor -
mation i n mind +  exercis e inhibitor y contro l
appear earlie r tha n th e abilit y to hol d infor -
mation in mind +  mentall y manipulate it?

Is the neura l system required t o inhibi t an
action an d no t ac t a t al l (e.g. , on no-go trials)
the sam e as the system required to inhibit one
action t o d o another ? Th e wor k o f Petride s
(1986) and de Jong and colleagues (1995 ) sug-
gests i t i s not . I s th e neura l syste m tha t un -
derlies th e abilit y to inhibi t a n unwanted ac-
tion th e sam e system as that whic h underlie s
the abilit y to chec k a  desire d actio n (e.g. , as
in no t swingin g at a  poorly pitched bal l o r as
on the stop-signa l task [Logan , 1994])? Do all
of thes e form s o f inhibition develo p concur -
rently and are they equally susceptible t o dis-
ruption becaus e o f a particular genetic abnor-
mality o r environmenta l insul t durin g
development? I f they ar e separable , ho w are
we to divide them into components (see, e.g.,
Nigg, 2000 ; Casey, 2001)?

In thi s chapte r I  have discusse d the abilit y
to simultaneousl y hold informatio n i n min d
plus manipulate i t in a host o f different ways,
monitor it, or inhibit prepotent thoughts , stim-
uli, o r actio n tendencies. Thi s ability requires
DL-PFC an d develop s durin g th e cours e o f
the firs t tw o decade s o f lif e a s DL-PF C de -
velops. I s DL-PFC to be understoo d a s some
sort o f general, all-purpos e centra l executive?
If so, how is that possible a t the neura l level ?
The mos t consisten t findin g acros s al l neu -
roimaging studie s i s tha t activit y in DL-PFC
is greater when a task—any task—is more dif-
ficult (e.g. , D'Esposit o e t al. , 1998 ; Diamon d
et al. , 1998 ; Dunca n &  Owen, 2000)—whe n
the tas k demand s greate r concentration , fo r
example, whe n i t i s new an d unfamiliar , and
when smal l changes i n th e neura l o r menta l
signal-to-noise ratio are most likely to result in
significant consequence s fo r performance .
How are we to understand the seemingl y per-
vasive involvement of DL-PFC in so many dif-
ferent functions and behavioral tasks? Can dif-

ferential developmenta l profile s i n thes e
functions and/o r i n performanc e o n thes e
tasks provid e a  clue? Ar e th e developmenta l
profiles o f these dissociable ?

Is the close relation between developmenta l
improvements in speed o f processing and de -
velopmental improvement s i n holdin g infor -
mation in mind +  manipulatin g i t or + inhib -
iting intrudin g perceptions , thoughts , o r
actions just a coincidence? Is the close relation
between the degradatio n o f each of these abil-
ities wit h advancin g old ag e (e.g. , Hashe r &
Zacks, 1988 ; Salthouse , 1990 , 1993 ; Salthous e
& Meinz , 1995) als o a coincidence? I s it sim-
ply tha t faster , mor e efficien t processin g i s
helpful t o th e developmen t o f an y cognitiv e
functions, includin g those dependen t o n DL -
PFC but by no means limited to them? Might
the function s dependen t o n DL-PFC b e par -
ticularly sensitiv e t o system-wid e improve -
ments (an d impairments ) i n th e tunin g o f
signal-to-noise ratios, and is speed an index of
that? Or , could i t be tha t spee d measure s are
also sensitiv e t o distractio n an d interference ,
and so the relation between measures of speed
and those of working memory consists in their
both requirin g th e exercis e o f inhibition ?
Might i t be tha t a  more mature , better func -
tioning DL-PF C i s abl e t o reduc e signal-to -
noise ratio s in diverse neura l regions, permit-
ting faste r an d mor e efficien t cognitiv e
functioning?

This chapte r ha s been concerne d wit h th e
development o f working memory and inhibi -
tory functions, an d the focu s has been on how
maturation of DL-PFC may be one of the fac-
tors contributing to the developmen t o f those
cognitive functions . However, the anterior cin -
gulate cortex has also been linke d to many of
these sam e cognitive functions (e.g. , Posner &
Rothbart, 1998 ; Carte r e t al. , 1999 ; Bus h e t
al., 2000 ; Cohe n e t al. , 2000) . Ho w ar e th e
differences betwee n th e functions of DL-PFC
and those o f the anterio r cingulate , o r the in -
terdependence between DL-PF C and the an-
terior cingulat e i n subservin g commo n
functions, t o b e understood ? Similarly , th e
cerebellum is consistently activated during any
cognitive tas k i n whic h DL-PF C i s activate d
(independent o f an y moto r requirement s o f
the task) , and cerebella r an d DL-PF C activa -
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tion i s remarkabl y closel y linked , suc h tha t
when activatio n o f on e increase s (o r de -
creases) s o doe s activatio n o f th e othe r (for
review, se e Diamond , 2000) . Moreover , th e
cerebellum show s the sam e protracted devel -
opmental progressio n a s does DL-PF C and i t
has undergone th e sam e explosion in size dur-
ing primat e evolutio n (Leine r e t al. , 1987 ;
1994-95). Ho w i s th e interrelatio n betwee n
DL-PFC an d th e cerebellu m i n subservin g
cognitive function s t o b e understood ? Doe s
the cerebellu m (traditionall y thought o f as be-
ing important fo r moto r functions) pla y a role
in th e workin g memory an d inhibitor y func -
tions linked to DL-PFC ?

Certainly, PFC doe s no t subserv e any of its
functions i n isolatio n fro m othe r neura l
regions. We are onl y beginning to understan d
the components of the neura l systems through
which th e function s associate d wit h DL-PF C
are realized . DL-PFC  send s a  heav y projec -
tion to the caudat e nucleus . What role s do the
basal gangli a pla y i n th e cognitiv e function s
discussed i n thi s chapter ? Th e caudat e ma -
tures muc h earlie r tha n DL-PFC . Migh t ma-
turational changes involving the caudate be re-
sponsible fo r an y o f th e developmenta l
changes durin g th e firs t year s o f lif e tha t I
have attribute d t o maturationa l change s i n
DL-PFC? DL-PFC, posterior parietal cortex ,
and th e superio r tempora l corte x sen d recip -
rocal projections t o one another , an d send in-
tricately interdigitate d projections throughout
the brain , providing multiple opportunities for
these neura l region s t o communicat e with ,
and influence, one another (Goldman-Raki c &
Schwartz, 1982 ; Schwartz &  Goldman-Rakic,
1984; Selemo n & Goldman-Rakic, 1985, 1988;
Johnson e t al. , 1989) . Wha t role s d o thos e
neural region s pla y in th e cognitiv e function s
discussed here? Sinc e DL-PFC , posterio r pa -
rietal cortex , an d superio r tempora l corte x
communicate directl y wit h on e another , wh y
has the brai n evolved i n such a way that thes e
neural region s ar e als o abl e t o communicat e
with on e anothe r a t s o man y different level s
throughout the brain and to simultaneously in-
fluence those  divers e neura l regions?

What are the developmenta l change s in the
prefrontal neura l syste m tha t underli e im -
provements i n th e cognitiv e function s i t sub-

serves? We still know little about that. What is
the developmenta l timetable in the functiona l
connectivity between PF C an d the other neu-
ral region s wit h whic h i t i s interconnected ?
What i s th e relatio n betwee n tha t timetabl e
and th e age-relate d cognitiv e advance s dis-
cussed i n thi s chapter ? I f DL-PF C subserve s
inhibitory control functions, wha t is the wiring
diagram an d neurochemica l basi s by which it
does that ? Wha t role s d o prunin g an d in -
creased arborizatio n i n PF C pla y in cognitiv e
advances discusse d here? Wha t role s d o hor-
mones pla y in PF C development ? Wha t rol e
does exposur e t o stres s pla y in PF C develop -
ment? What role s do changes in various neu-
rotransmitter system s in the PF C pla y in pre-
frontal maturatio n an d in the developmen t of
the cognitiv e function s dependen t o n DL -
PFC? Littl e i s known about th e role s o f neu-
rotransmitters othe r tha n dopamin e an d nor-
epinephrine i n DL-PFC , althoug h w e kno w
that serotonin , acetylcholine , an d othe r neu-
rotransmitters ar e presen t ther e (Goldman -
Rakic e t al. , 1990 ; Kritze r &  Kohama , 1999;
Lambe e t al. , 2000 ; Passett i e t al. , 2000) . In -
deed, th e regio n tha t i s sourc e o f th e dopa -
mine projection to PFC (the ventral tegmental
area) send s a  muc h heavie r projectio n o f
GABA to PF C tha n o f dopamine (Car r & Se-
sack, 2000) . Wha t role s d o change s i n thes e
neurotransmitter systems play in developmen-
tal change s i n th e cognitiv e function s sub -
served b y PFC ? Th e neurotransmitter s i n
PFC interact . Wha t ar e th e mechanism s and
consequences o f thos e interaction s i n adult s
and during development ?

We shar e wit h eve n simpl e creature s suc h
as worms and se a slug s the abilit y to b e con-
ditioned (t o b e affecte d b y ou r experience )
and, lik e them , we com e int o th e worl d wit h
certain biologica l predispositions. Even in hu-
mans, these ar e by far the tw o strongest influ -
ences o n behavior . However , becaus e havin g
PFC enable s us to hold in mind things we can-
not se e and t o inhibi t our predispositions an d
conditioned responses—howeve r fragil e an d
incomplete thos e abilitie s ma y be—we hav e
the possibilit y to exercis e choic e an d contro l
over what we do. This is important not just for
cognitive development but fo r social and emo-
tional development a s well. Now is an exciting
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time i n front lobe researc h becaus e finally we
have the tools to begin t o answe r man y of the
still unanswere d question s abou t th e devel -
opment o f PFC an d the abilitie s i t subserves .
Finding the answer s t o these questions is par-
ticularly pressin g becaus e PF C i s importan t
for s o many diverse cognitive function s and for
so much of what makes us proud to be human.

REFERENCES

Allport, A. , Styles , E.A. , &  Hsieh, S . (1994). Shiftin g in -
tentional set : exploring the dynamic control of tasks. In
C. Umilta & M. Moscovitch (Eds.) , Attention an d Per-
formance X V (pp . 421-452). Cambridge , MA : MI T
Press.

Awh, E . &  Jonides, J. (2001). Overlapping mechanisms of
attention and spatia l working memory . Trends  i n Cog-
nitive Science,  5, 119-126.

Awh, E. , Jonides , J. , &  Reuter-Lorenz , P.A . (1998) . Re -
hearsal i n spatia l working memory . Journal o f Experi-
mental Psychology:  Human  Perception  and  Perfor-
mance, 24, 780-790.

Awh, E., Anllo-Vento, L., & Hillyard, S.A. (2000). The role
of spatial selectiv e attentio n i n working memory for lo-
cations: evidence fro m event-relate d potentials . Journal
of Cognitive  Neuroscience, 12 , 840-847.

Baddeley, A. (1992). Working memory. Science, 255, 556-
559.

Badre, D.T., Jonides, J., Hernandez, L. , Noll, D.C., Smith,
E.E., &  Chenevert , T.L . (2000) . Behaviora l an d neu -
roimaging evidenc e o f dissociabl e switchin g mecha -
nisms in executiv e functioning . Cognitive Neuroscience
Society Annual  Meeting  Abstracts,  1, 108 .

Baldo, J.V. & Shimamura, A.P. (1998). Letter and categor y
fluency in patients wit h fronta l lob e lesions . Neuropsy-
chology, 12 , 259-267.

Bauer, R.H. & Fuster, J.M. (1976) Delayed-matching and
delayed-response deficit fro m coolin g dorsolateral pre -
frental corte x i n monkeys . Journal of Comparative  and
Physiological Psychology,  90 , 293-302.

Becker, M.G. , Isaac , W. , &  Hynd , G.W . (1987) . Neuro -
psychological developmen t o f nonverba l behavior s at -
tributed t o "fronta l lobe " functioning . Developmental
Neuropsychology, 3 , 275-298.

Beiswenger, H. (1968). Luria' s model of the verbal control
of behavior. Merrill-Palmer Quarterly,  14, 267-284.

Bell, J.A. , & Livesey, P.J. (1985). Cu e significanc e and re -
sponse regulation in 3- to 6- year old children's learnin g
of multiple choic e discriminatio n tasks . Developmental
Psychobiology, 18 , 229-245.

Bell, M.A . & Fox , N.A . (1992) . Th e relation s betwee n
frontal brai n electrica l activit y an d cognitiv e develop -
ment durin g infancy . Child  Development,  63 , 1142 —
1163.

Bell, M.A . & Fox , N.A . (1997). Individua l differenc e i n
object permanenc e performanc e a t 8  months: locomo-
tor experienc e an d brai n electrica l activity . Develop-
mental Psychobiology,  31 , 287-297.

Berman, K.F. , Ostrem , J.L. , Randoulph , C. , Gold , J. ,
Goldberg, T.E. , Coppola , R. , Carson , R.E. , Herscov -

itch, P. , &  Weinberger, D.R. (1995) . Physiological acti-
vation o f a cortical network durin g performance o f the
Wisconsin Car d Sortin g Test : a  positro n emissio n to -
mography study . Neuropsychologia,  33, 1027-1046.

Birch, D . (1967) . Verba l control o f nonverba l behavior .
Journal o f Experimental  Child  Psychology,  4 , 266-275.

Blinkov, S . & Glezer, I . (1968) . The Human  Brain in Fig-
ures and Tables.  Ne w York : Basic Books.

Bor, D. , Owen , A.M. , & Duncan , J . (2001) . Prefronta l
cortex activation increase s i n association wit h an easier
variant o f the spatia l span task . Neurolmage, 13 , S301 .

Brass, M. , Zysset , S. , &  vo n Cramon , D.Y . (2001). Th e
inhibition of  imitative  response  tendencies:  A functional
MR1 study.  Poste r presented at the Annua l Meeting of
the Cognitiv e Neuroscienc e Society , March 2001, Ne w
York, NY .

Braver, X , Sikka , S. , Satpute , A. , &  Ollinger , J . (2001) .
Dissociating prefrontal corte x involvement in sustained
vs. transien t component s o f task-switching . Neuro-
lmage, 13, S302 .

Bronckart, J.P. (1973) . The regulatin g rol e of speech. Hu-
man Development,  16, 417-^439.

Brooks, P.J. , Hanauer , J.B. , &  Rosman , H . (2001) . Ex -
amining the effec t o f stimulus complexity on preschool-
ers' rul e use using a novel dimensional card sort . Pape r
presented a t th e Biennia l Meetin g o f the Societ y for
Research i n Chil d Development , Minneapolis , MD ,
April, 2001 .

Brown, A.L. (1975) Th e developmen t o f memory: know-
ing, knowing about knowing, and knowing how to know.
In H.W . Rees e (Ed.) , Advances in Child  Development
and Behavior,  Vol. 10 (pp . 103-152) . Ne w York : Aca-
demic Press .

Brown, R.M. & Goldman, P.S . (1977). Catecholamine s in
neocortex of rhesus monkeys : regional distributio n an d
ontogenetic development . Brain  Research,  127,  576 -
580.

Brown, R.M. , Crane, A.M. , & Goldman, P.S . (1979). Re -
gional distribution o f monoamines in the cerebral cortex
and subcortica l structure s o f the rhesu s monkey : con -
centrations an d i n vivo synthesis rates . Brain Research,
168, 133-150.

Bruner, J.S. (1964). The course of cognitive growth. Amer-
ican Psychologist, 19, 1—15 .

Bunge, S.A., Ochsner, K.N., Desmond, J.E., Glover, G.H.,
& Gabrieli , J.D. (2001) . Prefronta l region s involved in
keeping informatio n i n an d ou t o f mind . Brain,  124,
2074-2086.

Bush, G. , Luu , P. , & Posner, M.I . (2000). Cognitive an d
emotional influence s i n anterio r cingulat e cortex .
Trends i n Cognitive  Sciences, 4, 215-222.

Butters, N. , Pandya , D. , Sanders , K. , &  Dye , P . (1969) .
Behavioral deficit s i n monkey s afte r selectiv e lesion s
within the middl e third o f sulcus principalis. Journal of
Comparative an d Physiological  Psychology,  76 , 8-14 .

Campione, J.C. & Brown, A.L. (1974). The effect s o f con-
textual change s an d degre e o f component master y o n
transfer o f training . Advances  i n Child  Development
and Behavior,  9, 69-114.

Carlson, S.M. , Moses, L.J., & Hix, H.R . (1998). Th e rol e
of inhibitor y processes i n youn g children' s difficultie s
with deception an d false belief . Child Development, 69,
672-691.

Carr, D.B . & Sesack, S.R . (2000). GABA-containing neu-



496 PRINCIPLES OF FRONTAL LOBE FUNCTION

rons i n th e ra t ventra l tegmenta l are a projec t t o th e
prefrontal cortex . Synapse,  38 , 114-123.

Carter, C.S. , Botvinick, M.M. , & Cohen, J.D. (1999) . The
contribution o f the anterio r cingulate cortex to execu -
tive processe s i n cognition . Reviews  i n th e Neurosci-
ences, 10, 49-57.

Case, R . (1972) . Validatio n o f a  neo-Piagetia n capacit y
construct. Journal  o f Experimental  Child  Psychology,
14, 287-302.

Case, R . (1985). Intellectual Development: Birth to Adult-
hood. Ne w York : Academic Press.

Case, R . (1992a) . Th e Mind's  Staircase:  Exploring  th e
Conceptual Underpinnings  of  Children's  Thought  and
Knowledge. Hillsdale , NJ:  Lawrenc e Erlbau m
Associates.

Case, R. (1992b). Th e role of the fronta l lobes in the reg -
ulation o f cognitive development . Brain  and Cognition,
20, 51-73.

Case, R . (1995 ) Capacity-base d explanation s o f working
memory growth : a  brie f histor y an d reevaluation . In :
F.E. Weiner t &  W. Schneide r (Eds.) , Memory  Perfor-
mance and Competencies:  Issues in  Growth  and  Devel-
opment (pp . 23-44) . Mahwah , NJ : Lawrence Erlbau m
Associates.

Case, R. , Kurland , D.M., &  Goldberg , J . (1982) . Opera -
tional efficienc y an d short-ter m memor y span . Journal
of Experimental  Child  Psychology,  33, 386-404.

Casey, B.J . (2001). Development and Disruption  o f Inhib-
itory Mechanisms  o f Attention,  Vol. 28. Hillsdale , NJ :
Lawrence Erlbau m Associates.

Casey, B.J. , Trainor , R.J. , Orendi , J.L. , Schubert , A.B. ,
Nystrom, L.E. , Cohen, J.D. , Noll , D.C., Giedd , J., Cas-
tellanos, X. , Haxby , J. , Forman , S.D. , Dahl , R.E. , &
Rapoport, J.L. (1997). A pediatric functional MRI study
of prefrontal activation durin g performance of a go-no-
go task. Journal of Cognitive  Neuroscience, 9, 835-847.

Casey, B.J. , Martinez , A. , Thomas , K. , Worden , M. , &
Durston, S . (2001). A developmental fMR I stud y of at-
tentional conflict . Neurolmage, 13 , S306 .

Chambers., D . &  Reisberg , D . (1992) . Wha t a n imag e
depicts depend s o n wha t a n imag e means . Cognitive
Psychology, 24 , 145—74 .

Chelune, G.J. , & Baer, R.A. (1986). Developmenta l norm s
for th e Wisconsi n Card Sortin g Test. Journal of Clinical
and Experimental  Neuropsychology,  8, 219-228.

Chi, M.T.H . (1977) . Ag e difference s i n memor y span .
Journal o f Experimental  Child  Psychology, 23 , 266-281.

Chugani, H.T . &  Phelps , M.E . (1986) . Maturationa l
changes i n cerebra l functio n in infant s determine d b y
18FDG positro n emissio n tomography . Science,  231,
840-843.

Chugani, H.T. , Phelps , M.E. , &  Mazziotta , J.C . (1987) .
Positron emissio n tomograph y stud y o f huma n brai n
functional development . Annals o f Neurology,  22 , 487 -
497.

Cohen, J.D. , Perlstein, W.M.,  Braver, T.S., Nystrom, L.E.,
Noll, D.C., Jonides, J. , & Smith, E.E. (1997) . Tempora l
dynamics of brain activatio n durin g a  working memory
task. Nature, 386,  604-607.

Cohen, J.D. , Botvinick , M. , & Carter, C.S . (2000) . Ante -
rior cingulat e an d prefronta l cortex : who' s i n control ?
Nature Neuroscience,  3, 421-423.

Cohen, S. , Bixenman , M. , Meiran , N. , &  Diamond , A .
(2001). Tas k switchin g i n children . Presente d a t th e

South Carolin a Bicentennia l Symposiu m on Attention,
University of South Carolina, Columbia, SC, May, 2001.

Cole, M. , & Cole, S.R . (1989). Th e Development o f Chil-
dren, 2n d ed . Ne w York: Scientifi c American Books .

Conway, A.R.A . &  Engle, R.W . (1994). Working memory
and retrieval : a  resource-dependen t inhibitio n model .
Journal o f Experimental  Psychology:  General,  123, 354-
373.

Conway, A.R.A. , Tuholski , S.W. , Shisler, R.J. , & Engle, R.
(1999). The effec t of memory load on negative priming:
an individua l difference s investigation . Memory  an d
Cognition, 27(6), 1042-1050.

Cox, C.S . (1997) . Neuropsychologica l abnormalitie s i n
obsessive-compulsive disorde r an d thei r assessments.
International Review  o f Psychiatry,  9 , 45-60.

Craft, J.L . &  Simon, J.R. (1970). Processing symbolic in -
formation fro m a  visua l display : interferenc e fro m a n
irrelevant directiona l cue . Journal of Experimental  Psy-
chology, 83 , 415-420.

Crammond, J . (1992) . Analyzing the basi c cognitiv e de -
velopmental processes o f children wit h specific types of
learning disability . In : R . Case (ed.) , Th e Mind's Stair-
case: Exploring  the  Conceptual  Underpinnings  of  Hu-
man Thought  an d Knowledge  (pp . 285-303). Hillsdale ,
NJ: Lawrenc e Erlbau m Associates.

Crofts, H.S. , Herrero , M.T. , Del Vecchio , A., Wallis, J.D.,
Collins, P., Everitt, B.J., Robbins, T.W., & Roberts, A.C.
(1999). Excitotoxic lesions of the caudate nucleus in the
marmoset: compariso n wit h prefronta l lesion s o n dis -
crimination learning, object retrieval and spatial delayed
response. Society  for Neuroscience  Abstracts, 25 , 891 .

Daneman, M . &  Carpenter , P . (1980) . Individua l differ -
ences i n working memory and reading . Journal o f Ver-
bal Learning  an d Verbal  Behavior,  19, 450^166.

Davidson, M. , Cruess , L. , Diamond , A. , O'Craven, K.M.,
& Savoy , R.L . (1999) . Compariso n o f executiv e func -
tions i n childre n an d adult s usin g directiona l Stroo p
tasks. Presented at the Biennia l Meetin g of the Societ y
for Researc h i n Chil d Development , Albuquerque ,
NM, April , 1999 .

de Fockert , J. , Rees , G. , Frith , C. , &  Lavie , N . (2001) .
The rol e o f working memor y i n visual selectiv e atten-
tion. Science,  291, 1803-1806.

de Jong, R. , Coles , M.G.H. , & Logan, G.D. (1995) . Strat-
egies and mechanisms i n nonselective and selective in-
hibitory moto r control . Journal o f Experiemental  Psy-
chology: Human  Perception  and Performance,  21,  498 -
511.

DeLalle, L , Evers , P. , Kostovic , I. , &  Uylings , H.B.M.
(1997). Lamina r distributio n o f neuropeptid e Y-im -
munoreactive neurons i n human prefronta l corte x dur -
ing development . Journal  o f Comparative  Neurology,
379, 515-522.

Dempster, F.N . (1978) . Memor y spa n an d short-ter m
memory capacity: a  developmental study . Journal of Ex -
perimental Child  Psychology, 26, 419-431.

Dempster, F.N . (1981) . Memory span: sources o f individ-
ual an d developmenta l differences . Psychological  Bul-
letin, 89, 63-100.

Dempster, F.N . (1985). Short-term memor y developmen t
in childhoo d an d adolescence . In : C.J . Brainer d &  M.
Pressley (Eds.) , Basic  Processes  i n Memory  Develop-
ment: Progress  in  Cognitive  Development  Research.
New York : Springer-Verlag .



DEVELOPMENT OF PREFRONTAL CORTEX 497

D'Esposito, M. , Detre, J.A., Aslop, D.C. , Shin , R.K. , At-
las, S. , & Grossman, M. (1995). The neural basis of the
central executiv e syste m o f working memory. Nature,
378, 279-281 .

D'Esposito, M. , Ballard , D. , Aguirre , G.K., & Zarahn, E .
(1998). Huma n prefronta l corte x i s no t specifi c fo r
working memory: a functional MRI study. Neurolmage,
8, 274-282.

Diamond, A . (1985) . Developmen t o f the abilit y t o us e
recall t o guid e action , a s indicated b y infants ' perfor -
mance on A-not-B. Child Development, 56, 868-883.

Diamond, A. (1988). Differences between adult and infant
cognition: is the crucia l variable presence o r absence of
language? In : L . Weiskrant z (Ed.) , Thought  without
Language (pp . 337-370). Oxford : Oxfor d Universit y
Press.

Diamond, A . (1990) . Developmenta l tim e cours e i n hu -
man infant s and infan t monkeys , and the neura l bases,
of inhibitor y contro l i n reaching . Annals  o f th e Ne w
York Academy  of Sciences,  608,  637-676.

Diamond, A . (1991). Neuropsychological insight s into the
meaning o f objec t concep t development . In : S . Carey
& R. Gelman (Eds.), The Epigenisis  o f Mind:  Essays  o n
Biology an d Cognition  (pp . 67-110). Hillsdale , NJ :
Lawrence Erlbau m Associates .

Diamond, A . (1995) . Evidenc e o f robus t recognitio n
memory earl y i n lif e eve n whe n assesse d by reachin g
behavior. Journal o f Experimental  Child  Psychology,  5 9
(special issue), 419—456.

Diamond, A . (2000). Clos e interrelatio n o f motor devel -
opment an d cognitive development an d of the cerebel -
lum an d prefrontal cortex. Child Development,  71 (spe-
cial issue: New Directions  for Child  Development  in the
21st Century),  44-56.

Diamond, A . (2001). A  model system for studying the role
of dopamine i n prefrontal cortex during early develop -
ment in humans. In: C. Nelsen and M. Luciana (Eds.) ,
Handbook of  Developmental  Cognitive  Neuroscience
(pp. 433-472). Cambridge, MA : MIT Press .

Diamond, A . & Doar, B . (1989). The performanc e o f hu-
man infants on a measure of frontal cortex function, th e
delayed respons e task . Developmental  Psychobiology,
22 (3) , 271-294.

Diamond, A . & Goldman-Rakic, P.S. (1985). Evidence fo r
involvement o f prefronta l corte x i n cognitiv e change s
during the firs t year of life: comparison of performance
of human infan t an d rhesu s monkeys on a  detour task
with transparen t barrier . Society  for Neuroscience  Ab -
stracts, 11, 832 .

Diamond, A. & Goldman-Rakic, P.S. (1986). Comparative
development i n human infants an d infan t rhesu s mon-
keys o f cognitiv e function s tha t depen d o n prefronta l
cortex. Society  for Neuroscience  Abstracts,  12, 742 .

Diamond, A . & Goldman-Rakic, P.S . (1989). Compariso n
of huma n infant s an d rhesu s monkey s on Piaget' s A -
not-B task : evidenc e fo r dependenc e o n dorsolatera l
prefrontal cortex . Experimental Brain  Research, 74, 24-
40.

Diamond, A . & Kirkham, N. (2001). Card sortin g by chil-
dren o f 3 &  4 years an d tas k switching by older chil -
dren: Inhibitio n neede d t o overcome "attentional iner-
tia." Presente d a t th e Cognitiv e Developmen t Societ y
Annual Meeting, Virgini a Beach, VA, October.

Diamond, A . & Taylor, C. (1996) . Developmen t of an as-

pect o f executive control : development o f the abilitie s
to remembe r wha t I  sai d an d to "d o as I say , not a s I
do". Developmental  Psychobiology,  29 , 315-334.

Diamond, A. , Prevor , M.,  Callender , G. , &  Drain , D.P .
(1997). Prefronta l corte x cognitiv e deficit s in childre n
treated early and continuously fo r PKU. Monographs o f
the Society  for Research  in Child  Development,  62(4),
Monograph #252, 1-207 .

Diamond, A., O'Craven, K.M., & Savoy, R.L. (1998). Dor-
solateral prefronta l corte x contribution s t o workin g
memory and inhibition a s revealed by fMRI. Society  for
Neuroscience Abstracts,  24, 1251 .

Diamond, A. , Kirkham , N. , &  Amso , D . (2002) . Condi-
tions under whic h young children CA N hold tw o rules
in mind and inhibit a  prepotent response. Developmen-
tal Psychology,  38,

Diedrichsen, J., Mayr , U., Dhaliwal, H. , Keele , S. , & Ivry,
R.B. (2000) . Task-switching deficits in patients with pre-
frontal lesions or Parkinson's disease. Presented at Cog-
nitive Neuroscience Societ y Annual Meeting, San Fran-
cisco, CA, April, 2000.

Doan, H.M. & Cooper, D.L . (1971) . Conditional discrim-
ination i n children : tw o relevan t factors . Child  Devel-
opment, 42 , 209-220.

Dove, A. , Pollmann, S. , Schubert, T. , Wiggins, C.J., & von
Cramon, Y.D . (2000) . Prefronta l corte x activatio n i n
task switching : an event-related fMR I study . Cognitive
Brain Research, 9, 103-109.

Dowsett, S.M . & Livesey, D.J. (2000) . Th e developmen t
of inhibitor y contro l i n preschoo l children : effect s o f
"executive skills " training . Developmental  Psychobiol-
ogy, 36 , 161-174.

Dreher, J.C., Kohn, P.O., & Berman, K. (2001). The neu-
ral basi s o f backward inhibition durin g tas k switching .
Neurolmage, 13 , S311 .

Drewe, E.A . (1974). The effec t o f type and area of brain
lesion o n Wisconsi n Car d Sortin g Tes t performance .
Cortex, 10, 159-170.

Duncan, J. & Owen, A.M. (2000). Common regions of the
human fronta l lobe recruited by diverse cognitiv e de -
mands. Trends  i n Neurosciences, 23 , 475-483.

Duncan, J. , Burgess , P. , & Emslie , H . (1995) . Flui d in -
telligence afte r fronta l lob e lesions . Neuropsychologia,
33, 261-268.

Fischer, B. , Biscaldi, M., & Gezeck, S. (1997). O n the de -
velopment of voluntary and reflexive components in hu-
man saccade generation. Brain Research, 754, 285-297.

Flavell, J.H . (1963) . Th e Developmental  Psychology  o f
Jean Piaget.  Princeton, NJ : Van Nostrand.

Flavell, J.H. (1986). The development o f children's knowl-
edge about the appearance-reality distinction. American
Psychologist, 41 , 418-425.

Flavell, J.H . (1993) . Th e developmen t o f children' s un -
derstanding o f fals e belie f an d th e appearance-realit y
distinction. International  Journal  o f Psychology,  28 ,
595-604.

Flavell, J.H., Beach, D.R. , & Chinsky, J.M. (1966). Spon-
taneous verba l rehearsa l i n a memory task as a function
of age. Child  Development,  37, 283-299.

Fox, N.A . &  Bell , M.A . (1990) . Electrophysiologica l in -
dices of frontal lobe development: relations to cognitive
and affectiv e behavio r i n huma n infant s ove r th e firs t
year o f life . Annals  o f th e Ne w York  Academy  o f Sci-
ences, 608, 677-704.



498 PRINCIPLES OF FRONTAL LOBE FUNCTION

Fry, A.F . &  Hale , S . (1996) . Processin g speed , workin g
memory, an d flui d intelligence : evidenc e fo r a  de -
velopmental cascade . Psychological  Science,  7 , 237 -
241.

Fuster, J.M. (1973) . Uni t activity in prefrontal corte x dur-
ing delayed-response performance : neurona l correlate s
of transien t memory . Journal  o f Neurophysiology,  36 ,
61-78.

Fuster, J.M . & Alexander, G.E. (1970) . Delaye d respons e
deficit b y cryogenic depression of frontal cortex . Brain
Research, 61, 79-91.

Fuster, J.M . &  Alexander , G.E . (1971) . Neuro n activit y
related to short-term memory . Science,  173, 652-654.

Garber, H.L. , &  Ross, L.E . (1968) . Intradimensiona l an d
extradimensional shift  performanc e o f children in a dif-
ferential conditionin g task . Psychonomic  Science,  10 ,
69-70.

Gathercole, S. (1998). Th e development of memory. Jour-
nal o f Child  Psychology  and Psychiatry,  39 , 3-27 .

Gathercole, S.E . &  Hitch , G.J . (1993) . Developmenta l
changes in short-term memory: a  revised working mem-
ory perspective . In : A . Collins, S.E . Gathercole , M.A .
Conway, &  P.E . Morri s (Eds.) , Theories  o f Memory
(pp. 189-210). Hove , UK : Lawrenc e Erlbau m
Associates.

Gerardi-Caulton, G . (2000) . Sensitivit y t o spatia l conflic t
and th e developmen t o f self-regulation in children 24—
36 months o f age. Developmental  Science,  3, 397-404.

Gernsbacher, M.A . (1993). Les s skille d reader s have les s
efficient suppressio n mechanisms . Psychological  Sci-
ence, 4, 294-298.

Gerstadt, C. , Hong , Y. , & Diamond, A . (1994). Th e rela -
tionship betwee n cognitio n an d action : performanc e of
3.5—7 year ol d children on a  Stroop-like day-night test .
Cognition, 53 , 129-153.

Giedd, J.N. , Blumenthal , J. , Jeffries , N.O. , Castellanos ,
F.X., Liu , H. , Zijdenbos , A. , Paus , T , Evans , A.C. , &
Rapoport, J.L. (1999) . Brain-developmen t durin g child-
hood an d adolescence : a  longitudina l MR I study . Na-
ture Neuroscience,  2, 861-863.

Goldman, P.S . &  Rosvold , H.E . (1970) . Localizatio n o f
function withi n the dorsolatera l prefrontal corte x of the
rhesus monkey . Experimental Neurology,  29, 291-304.

Goldman-Rakic, P.S . (1987). Developmen t o f cortical cir -
cuitry an d cognitiv e function . Child  Development,  58 ,
601-622.

Goldman-Rakic, P.S. , &  Schwartz , M.L . (1982) . Interdi -
gitation of contralateral and ipsilateral columnar projec -
tions t o fronta l associatio n corte x i n primates . Science,
216, 755-757.

Goldman-Rakic, P.S. , Lidow , M.S. , &  Gallagher , D.W .
(1990). Overla p o f th e dopaminergic , adrenergic , an d
serotoninergic receptor s an d complementarit y o f their
subtypes i n primat e prefronta l cortex . Journal o f Neu-
roscience, 10, 2125-2138.

Goldstein, R.Z. , Volkow, N.D., Wang , G. , Fowler , J.S., &
Rajaram, S . (2001). Addiction change s orbitofronta l gy -
rus function : involvemen t i n respons e inhibition .
NeuroReport: For  Rapid  Communication  of  Neurosci-
ence Research,  12, 2595-2599.

Gollin, E.S. (1964) . Reversal learning and conditional dis -
crimination i n children . Journal  o f Comparative  an d
Physiological Psychology,  58, 441-445.

Gollin, E.S . (1965) . Factors affecting conditional discrim-

ination i n children . Journal o f Comparative  an d Physi-
ological Pyschology, 60 , 422—427 .

Gollin, E.S . (1966) . Solutio n o f conditional discriminatio n
problems b y youn g children . Journal  o f Comparative
and Physiological  Psychology, 62, 454-456.

Gollin, E.S . &  Liss, P . (1962). Conditional discriminatio n
in children . Journal o f Comparative  an d Physiological
Psychology, 55 , 850-855.

Gopnick, A. & Rosati, A. (2001). Duc k or rabbit? Revers -
ing ambiguou s figure s an d understandin g ambiguou s
representations. Developmental  Science,  4, 175—183 .

Goschke, T. (2000). Intentiona l reconfiguratio n and invol-
untary persistence in task se t switching . In : S . Monsel l
& J. Drive r (Eds.) , Control  o f Cognitive  Processes:  At -
tention an d Performance  XVIII  (pp . 331-355). Cam -
bridge, MA : MIT Press .

Gratch, G . &  Landers , W.F . (1971) . Stag e I V of Piaget' s
theory of infant's objec t concepts : a longitudinal study .
Child Development,  42 , 359-372.

Guitton, D. , Buchtel , H.A. , &  Douglas , R.M . (1985) .
Frontal lob e lesion s i n ma n caus e difficultie s i n sup -
pressing reflexiv e glance s an d i n generatin g goal -
directed saccades . Experimental  Brain  Research,  58 ,
455-472.

Hale, S . (1990) . A  global developmen t tren d i n cognitiv e
processing speed. Child Development,  61 , 653—663.

Hale, S. , Bronik , M.D. , &  Fry , A.F . (1997) . Verba l an d
spatial workin g memor y in school-ag e children : devel -
opmental difference s i n susceptibilit y t o interference .
Developmental Psychology,  33, 364-371.

Halsband, U. & Passingham, R.E. (1985). Premotor cortex
and th e condition s fo r movemen t i n monkeys (Macaca
mulatto). Behavioural  Brain Research,  18, 269-277.

Harnishfeger, K.K . & Pope, R.S. (1996). Intending t o for-
get: the developmen t o f cognitive inhibitio n in directed
forgetting. Journal  o f Experimental  Child  Psychology,
62, 292-315.

Hartston, H.J . &  Swerdlow , N.R . (1999) . Visuospatia l
priming an d Stroo p performanc e i n patient s wit h ob -
sessive compulsiv e disorder . Neuropsychology, 13, 447 -
457.

Hasher, L . &  Zacks, R.T. (1988). Working memory, com-
prehension, an d aging : a  revie w an d a  ne w view . In :
G.H. Bower (Ed.) , The Psychology o f Learning and Mo-
tivation: Advances  i n Research  an d Theory,  Vol . 2 2
(pp. 193-225). Sa n Diego, CA : Academic Press .

Heberle, J.F. , Clune , M. , &  Kelly , K . (1999) . Develop -
ment o f young children' s understanding of the appear -
ance-reality distinction . Presente d a t th e Biennia l
Meeting o f th e Societ y fo r Researc h i n Chil d Devel -
opment, Albuquerque, NM, April, 1999 .

Heidbreder, E.F . (1928) . Proble m solvin g in children an d
adults. Journal o f Genetic  Psychology, 35, 522-545.

Hendry, S.H.C . (1993) . Organizatio n o f neuropeptid e Y
neurons i n the mammalia n central nervou s system. In :
W.F. Colmers and C . Wahlestedt (Eds.), The Biology of
Neuropeptide Y  and Related  Peptides  (pp . 65-156). To-
towa, NJ : Human Press .

Hendry, S.H. , Jones , E.G. , &  Emson, PC . (1984) . Mor -
phology, distribution , an d synapti c relation s o f
somatostatin- an d neuropeptid e Y-immunoreactiv e
neurons i n ra t an d monke y neocortex . Journal o f Neu-
roscience, 4, 2497-2517.

Hess, T.M. & Radtke, R.C . (1981) . Processing and mem-



DEVELOPMENT OF PREFRONTAL CORTEX 499

ory factor s i n children' s readin g comprehensio n skill .
Child Development,  52 , 479-488.

Hofstadter, M . & Reznick, J.S. (1996). Response modality
affects huma n infan t delayed-respons e performance .
Child Development,  67, 646-658.

Hommel, B . (1995). Stimulus-response compatibilit y an d
the Simo n effect : towar d a n empirica l clarification .
Journal of  Experimental  Psychology:  Human  Perception
and Performance,  21 , 764-775.

Hoshi, Y. , Oda, I., Wada , Y , Ito , Y , Yamashita , Y , Oda,
M., Ohta , K. , Yamada , Y. , &  Tamura,  M . (2000) . Vis -
uospatial imager y i s a  fruitfu l strateg y fo r th e digi t
span backwar d task : a  stud y wit h near-infrare d opti -
cal tomography . Cognitive  Brain  Research,  9 , 339 -
342.

Huttenlocher, P.R . (1970). Myelinatio n an d th e develop -
ment o f function i n immature pyramidal tract. Neurol-
ogy, 29 , 405-415.

Huttenlocher, P.R . (1979). Synapti c densit y i n huma n
frontal cortex—developmenta l change s an d effect s o f
aging. Brain Research, 163, 195-205.

Huttenlocher, P.R . (1990). Morphometri c study of human
cerebral corte x development . Neuropsychologia,  28 ,
517-527.

Huttenlocher, P.R . & Dabholkar , A.S . (1997). Regiona l
differences i n synaptogenesis in human cerebral cortex.
Journal o f Comparative  Neurology, 387, 167-178.

Jacobsen, C.F. (1935). Function s of the fronta l association
areas i n primates . Archives  o f Neurology  an d Psychia-
try, 33 , 558-560.

Jahanshahi, M. , Dirnberger , G. , Fuller, R. , & Frith, C.D.
(2000). The rol e o f the dorsolatera l prefrontal cortex in
random number generation: a study with positron emis-
sion tomography . Neurolmage, 12 , 713-725.

Jeffrey, W.E . (1961). Variable s i n earl y discriminatio n
learning: III. Simultaneous vs. successive stimulus pre-
sentation. Child  Development, 32, 305-310.

Jensen, A.R. & Figueroa, R.A. (1975). Forward an d back-
ward digi t spa n interaction with rac e an d I.Q.: Predic-
tions fro m Jensen' s theory. Journal of Educational  Psy-
chology, 67 , 882-893.

Jernigan T.L., Traune r D.A. , Hesselink J.R., & Tallal P.A.
(1991). Maturatio n o f huma n cerebru m observe d i n
vivo during adolescence . Brain,  114, 2037-2049.

Jersild, A.T . (1927). Mental se t an d shift . Archives  of Psy-
chology, 89.

Johnson, P.B. , Angelucci, A. , Ziparo , R.M. , Minciacchi ,
D., Bentivoglio , M. , & Caminiti, R. (1989). Segregatio n
and overla p o f callosal and associatio n neurons in fron -
tal an d parieta l cortice s o f primates: a  spectral an d co-
herency analysis . Journal  o f Neuroscience,  9 , 2313 -
2326.

Johnston, R.S. , Johnson, C., & Gray, C. (1987). The emer-
gence o f the wor d lengt h effec t i n young children: th e
effects o f overt an d cover t rehearsal . British  Journal of
Developmental Psychology,  5 , 243-248.

Jones, L.B., Rothbart , M.K. , & Posner, M.I . (submitted).
Development o f inhibitor y contro l i n preschoo l
children.

Kail, R . (1988) . Developmenta l function s fo r speed s o f
cognitive processes. Journal of Experimental  Child  Psy-
chology, 45 , 339-364.

Kail, R . (1991a) . Developmen t o f processin g spee d i n
childhood an d adolescence . In : H.W. Rees e (Ed.) , Ad-

vances in  Child  Development  and  Behavior,  23,
(pp. 151-185). New York: Academic Press .

Kail, R. (1991b). Developmental chang e in speed of proc-
essing during childhood and adolescence. Psychological
Bulletin, 109, 490-501 .

Kail, R. & Park, Y. (1992). Global developmental chang e in
processing time. Merrill-Palmer Quarterly, 38,525-541.

Kail, R . & Salthouse , T.A . (1994) . Processin g speed as a
mental capacity. Acta Psychologica,  86, 199-225.

Kane, M.J . &  Engle , R.W . (2000). Working-memor y ca-
pacity, proactiv e interference , an d divide d attention :
limits o n long-ter m memor y retrieval . Journal  o f Ex -
perimental Psychology:  Learning,  Memory,  6 - Cogni-
tion, 26, 336-358.

Kane, M.J. , Bleckley , M. , Conway , A.R., & Engle , R.W.
(2001). A controlled-attention vie w of working-memory
capacity. Journal o f Experimental  Psychology:  General,
130, 169-183.

Kane, M.J . & Engle , R.W . (2002). Ful l fronta l fluidity :
Working memor y capacity , attention , intelligence , an d
the prefrontal cortex . Psychonomic Bulletin  and Review
(in press).

Keele, S. & Rafal, R . (2000). Deficits of task set in patients
with lef t prefronta l corte x lesions . In : S . Monsel l & J.
Driver (Eds.) , Control of Cognitive  Processes, Attention
and Performance  XVIII  (pp . 627-652) . Cambridge ,
MA: MI T Press .

Kimberg, D.Y. , & Farah , M.J . (1993) . A  unified accoun t
of cognitive impariments following frontal lobe damage:
the rol e o f working memory in complex, organized be-
havior. Journal o f Experimental  Psychology,  122,  411-
428.

Kirkham, N. , Cruess , L. , &  Diamond , A . (submitted) .
Helping children apply their knowledge to their behav-
ior on a dimension-switching task. Cognition.

Kochanska, G. , Murray , K.T., & Harlan, E.T . (2000). Ef -
fortful contro l i n earl y childhood : continuit y an d
change, antecedents , and implication s for socia l devel -
opment. Developmental Psychology, 36 , 220-232.

Koechlin, E. , Basso , G. , Pietrini , P. , Panzer, S. , &  Graf -
man, J . (1999) . The rol e o f the anterio r prefronta l cor-
tex in human cognition . Nature,  399, 148-151.

Koenderink, M.J.Th. , Ulyings , H.B.M. , &  Mrzljiak , L .
(1994). Postnata l maturation of the laye r II I pyramida l
neurons i n the huma n prefrontal cortex : a  quantitativ e
Golgi analysis . Brain Research, 653, 173-182.

Konishi, S. , Nakajima , K. , Uchida, I., Kameyama, M., Na-
kahara, K. , Sekihara , K. , &  Miyashita , Y . (1998) . A n
fMRI stud y of Wisconsin Car d Sortin g Test: transien t
activation i n inferio r prefronta l corte x time-locke d t o
dimensional shift , an d it s load-dependen t increase .
Neurolmage, 1 , S891.

Konishi, S. , Kawazu , M., Uchida , I. , Kikyo , H. , Asakura ,
I., &  Miyashita , Y . (1999a) . Contributio n o f workin g
memory to transien t activatio n i n human inferio r pre-
frontal corte x durin g performanc e o f th e Wisconsi n
Card Sortin g Test. Cerebral  Cortex, 9, 745-753.

Konishi, S. , Nakajima , K. , Uchida , I. , Kikyo , H. , Kamey -
ama, M. , &  Miyashita , Y . (1999b) . Commo n inhibi -
tory mechanism i n human inferior prefrontal cortex re-
vealed b y event-relate d functiona l MRI . Brain,  122,
981-999.

Koslowski, B . &  Bruner , J.S . (1972). Learnin g t o us e a
lever. Child  Development, 43, 790-799.



500 PRINCIPLES OF FRONTAL LOBE FUNCTION

Kostovic, I . (1990) . Structura l and histochemical reorgan -
ization o f the huma n prefronta l cortex during perinatal
and postnatal life . Progress in Brain Research, 85, 223-
240.

Kostovic, I. , Skavi c J. , &  Strinovic D . (1988) . Acetylcho -
linesterase i n the huma n fronta l associativ e corte x dur-
ing the perio d of cognitive development : earl y laminar
shifts an d lat e innervation o f pyramidal neurons . Neu-
roscience Letters,  90 , 107-112.

Kritzer, M.F . & Kohama, S.G. (1999) . Ovaria n hormones
differentially influenc e immunoreactivity for dopamin e
beta-hydroxylase, choline acetyltransferase , an d seroto -
nin i n the dorsolatera l prefrontal corte x of adult rhesus
monkeys. Journal of Comparative  Neurology, 409, 438—
451.

Lambe, E.K. , Krimer , L.S. , &  Goldman-Rakic , PS .
(2000). Differentia l postnatal developmen t o f catecho -
lamine an d serotoni n input s t o identifie d neuron s i n
prefrontal corte x o f rhesus monkey . Journal ofNeuros-
cience, 20, 8780-8787.

Landau, S.M. , Schumacher, E.H. , Hazeltine , E. , Ivry , R.,
& D'Esposito , M . (2001) . Fronta l contribution s t o re -
sponse competitio n an d respons e selectio n durin g task
switching. Presented a t Cognitive Neuroscienc e Society
Annual Meeting , Ne w York , NY , April, 2001 .

Lawler, K.A . & Cowey, A. (1987). O n the role of posterior
parietal an d prefrontal cortex in visuo-spatial perceptio n
and attention . Experimental  Brain  Research,  65, 695 -
698.

Lehman, E. , Srokowski , S.A. , Hall, L.C., & Renkey, M.E.
(submitted). Directe d forgettin g o f related words: evi -
dence for the inefficien t inhibitio n hypothesis .

Leiner, H.C. , Leiner , A.L. , & Dow, R.S. (1987). Cerebro -
cerebellar learnin g loop s i n ape s an d humans . Italian
Journal o f Neurological  Sciences,  8, 425-436.

Leiner, H.C., Leiner, A.L., & Dow, R.S. (1994-1995). The
underestimated cerebellum . Human  Brain  Mapping, 2 ,
244-254

Lewis, D.A . & Harris , H.W . (1991) . Differentia l laminar
distribution o f tyrosine hydroxylase-immunoreactive ax-
ons in infant and adult monkey prefrontal cortex . Neu-
roscience Letters,  125,  151-154.

Liddle, P.F. , Kiehl , K.A. , & Smith , A.M. (2001). Event -
related fMR I stud y of  respons e inhibition . Human
Brain Mapping,  12 , 100-109.

Lidow, M.S . & Rakic , P . (1992) Schedulin g of monoami -
nergic neurotransmitte r receptor expression i n the pri -
mate neocortex during postnatal development. Cerebral
Cortex, 2, 401-416.

Livesey, D.J. , &  Morgan, G.A . (1991). Th e developmen t
of respons e inhibitio n i n 4 - an d 5-year-ol d children .
Australian Journal o f Psychology,  43 , 133—137 .

Logan, G.D . (1994) . On the abilit y to inhibit thought and
action: a  users ' guid e t o th e sto p signa l paradigm . In :
D. Dagenbach & T.H. Carr (Eds.) , Inhibitory Processes
in Attention,  Memory,  an d Language  (pp . 189-239) .
New York : Academic Press .

Lu, C.H . &  Proctor, R.W . (1995). Th e influenc e of irrel-
evant location informatio n o n performance: a  review of
the Simo n and spatial Stroop effects . Psychonomic  Bul-
letin and Review, 2, 174-207.

Luna, B. , Thulborn , K.R. , Munoz , D.P. , Merriam , E.P. ,
Garver, K.E. , Minshew , N.J. , Keshavan , M.S. , Genov-
ese, C.R. , Eddy , W.F. , &  Sweeney , J.A . (2001). Matu -

ration o f widel y distribute d brai n functio n subserve s
cognitive development . Neurolmage,  13 , 786-793.

Luria, A.R . (1959) . Th e directiv e functio n o f speec h i n
development an d dissolution . Word,  15 , 341-352.

Luria, A.R . (1961) . Th e developmen t o f th e regulator y
role o f speech . In : J . Tizar d (Ed.) , Th e Role  of Speech
in the  Regulation  of  Normal  and  Abnormal  Behavior
(pp. 50-96). New York: Liveright Publishing.

Luria, A.R. (1966). The Higher Cortical Functions in Man.
New York : Basi c Books.

Luria, A.R. & Homskaya, E.D. (1964) . Disturbanc e i n the
regulative rol e o f speech wit h fronta l lob e lesions . In :
J.M. Warren &  K . Akert (Eds.) , Th e Frontal  Granular
Cortex an d Behavior  (pp . 353-371). Ne w York : Mc -
Graw Hill .

Lyvers, M . (2000) . "Los s o f control " i n alcoholis m an d
drug addiction: a  neuroscientific interpretation. Journal
of Experimental  Clinical  Psychopharmacology, 8 , 225 -
249.

Mackworth, J.F . (1963) . Th e relatio n betwee n th e visual
image an d post-perceptual immediat e memory . Journal
of Verbal  Learning  and Verbal  Behavior,  2, 75-85 .

MacLeod, C.M. (1991). Haif a centur y of research o n the
Stroop effect : A n integrative review . Psychological Bul-
letin, 109,  163-203.

MacLeod, C.M . (1992) . Th e stroo p task : th e "gol d stan -
dard" o f attentional measures . Journal of Experimental
Psychology: General,  121, 12-14.

Mangels, J.A. (1997). Strategic processing and memory for
temporal orde r i n patient s wit h fronta l lob e lesions .
Neuropsychology, 11 , 207-221.

Marenco, S. , Coppola , R. , Daniel , D.G. , Zigun , J.R. ,
& Weinberger , D.R . (1993) . Regiona l cerebra l bloo d
flow during the Wisconsi n Card Sortin g Test in normal
subjects studie d b y xenon-133 dynami c SPECT : com -
parison o f absolute values, percen t distribution values ,
and covarianc e analysis . Psychiatry Research,  50, 177-
192.

Marini, Z. & Case, R . (1989). Parallels in the developmen t
of preschoolers' knowledg e abou t thei r physical and so-
cial worlds . Merrill-Palmer  Quarterly, 35, 63—88 .

May, C.P. , Hasher , L. , &  Kane , M.J . (1999). The rol e o f
interference i n memor y span. Memory  an d Cognition,
27, 759-767 .

Mayr, U . (2001) . Ag e differences in the selectio n o f men-
tal sets : the rol e of inhibition, stimulu s ambiguity , and
response-set overlap . Psychology  an d Aging,  16 , 96 -
109.

Meiran, N . (1996) . Reconfiguratio n o f processin g mod e
prior to task performance. Journal of Experimental  Psy-
chology: Learning,  Memory,  an d Cognition,  22, 1423 -
1442.

Menna, R . (1989) . Workin g Memory and Development :
An EE G Investigation . Master' s thesis , Universit y o f
Toronto.

Meyer, D.E. , Evans , J.E. , Lauber , E.J. , &  Gmeindl , L .
(1998). Th e rol e o f dorsolatera l prefronta l corte x fo r
executive processe s i n task switching. Paper presente d
at the Cognitiv e Neuroscienc e Societ y Annual Meeting,
San Francisco , CA , April, 1998 .

Miles, C. , Morgan , M.J. , Milne, A.B., & Morris , E.D.M.
(1996). Developmenta l an d individua l differences in vi-
sual memory span. Current  Psychology,  15 , 53-67.

Miller, L.T . &  Vernon , PA . (1997) . Developmenta l



DEVELOPMENT OF PREFRONTAL CORTEX 501

changes i n spee d o f informatio n processing i n young
children. Developmental  Psychology, 33 , 549-554.

Miller, S.A. , Shelton, J. , &  Flavell , J.H . (1970) . A test o f
Luria's hypotheses concernin g the developmen t o f ver-
bal self-regulation. Child  Development, 41, 651-665.

Milner, B . (1964) . Som e effect s o f fronta l lobectom y i n
man. In : J.M . Warren &  K . Aker t (Eds.) , Th e Frontal
Granular Cortex  an d Behavior  (pp . 313-334). Ne w
York: McGra w Hill.

Milner, B . (1971). Interhemispheric differences i n the lo-
calization o f psychologica l processe s i n man . British
Medical Bulletin,  27, 272-277.

Mischel, H.N. & Mischel, W. (1983). The developmen t of
children's knowledg e o f self-contro l strategies . Child
Development, 54 , 603-619.

Monchi, O. , Petrides , M. , Petre , V. , Worsley , K. , &
Dagher, A . (2001) . Wisconsi n Car d Sortin g revisited :
distinct neura l circuit s participating i n differen t stage s
of th e tas k identified by event-related functiona l mag-
netic resonanc e imaging . Journal o f Neuroscience,  21,
7733-7741.

Monsell, S . & Driver, J . (Eds. ) (2000) . Control  of Cogni-
tive processes: Attention an d Performance  XVIII.  Cam -
bridge, MA : MIT Press .

Mrzlijak, L. , Uylings , H.B.M., van Eden , C.G. , &  Judas,
M., (1990). Neuronal development i n human prefrontal
cortex in prenatal an d postnatal states . In: H.B.M. Uyl-
ings, C.G. van Eden, J.P.C. de Bruin, M.A. Corner, and
M.G.P. Feenstr a (Eds.) , Th e Prefrontal  Cortex:  It s
Structure, Function,  and Pathology.  Progress  in  Brain
Research, Vol. 85 (pp. 185-222). Amsterdam: Elsevier .

Munakata, Y. (2000). Challenges t o the violation of expec-
tation paradigm: throwing the conceptual bab y out with
the perceptual processin g bathwater? Infancy,  471-A77.

Munoz, D. , Broughton , J., Goldring , J. , &  Armstrong, I.
(1998). Age-related performanc e o f human subject s on
saccadic ey e movemen t tasks . Experimental Brain Re-
search, 217, 1-10 .

Nagahama, Y , Fukuyama , H. , Yamauchi , H. , Matsuzaki ,
S., Konishi , J., Shibasaki , H. , &  Kimura, J. (1996). Ce -
rebral activatio n durin g performanc e of a card sorting
test. Brain,  119, 1667-1675.

Nigg, J.T . (2000) . O n inhibition/disinhibitio n in develop-
mental psychopathology: views from cognitiv e and per-
sonality psychology and a  working inhibition taxonomy.
Psychological Bulletin,  126, 220-246.

Niki, H . (1974) . Differentia l activity o f prefronta l unit s
during righ t an d lef t delaye d respons e trials . Brain  Re-
search, 70 , 346-349.

Norman, D.A., &  Shallice, T. (1986). Attention t o action.
In: R.J . Davidson, G.E. Schwartz, & D. Shapiro (Eds.) ,
Consciousness an d Self-regulation  (pp . 1-18). Ne w
York: Plenum Press .

Norton, G.R., Muldrew, D., & Strub, H. (1971). Feature -
positive effec t i n children . Psychonomic  Science,  23,
317-318.

O'Driscoll, G.A. , Alpert , N.M. , Matthysse , S.W. , Levy ,
D.L., Rauch , S.L., & Holzman, P.S. (1995). Functiona l
neuroanatomy o f antisaccad e ey e movement s investi -
gated wit h positro n emissio n tomography . Proceedings
of th e National  Academy o f Sciences  USA,  92, 925-929.

Omori, M. , Yamada , H., Murata , T. , Sadato , N. , Tanaka ,
M., Ishii , Y, Isaki , K. , &  Yonekira, Y. (1999). Neurona l
substrates participatin g i n attentiona l set-shiftin g o f

rules fo r visua l guide d moto r selection : a  functiona l
magnetic resonance imaging investigation. Neuroscience
Research, 33, 317-323.

Osier, S.F . & Kofsky, E . (1965) . Stimulu s uncertainty as a
variable i n the development of conceptual ability. Jour-
nal o f Experimental  Child  Psychology,  2 , 264-279.

Owen, A.M . (1997). The functiona l organization of work-
ing memory processes within human lateral frontal cor-
tex: th e contributio n o f functiona l neuroimaging. Eu-
ropean Journal of Neuroscience,  9 , 1329-1339.

Owen, A.M., Roberts, A.C., Hodges, J.R., Summers, B.A. ,
Polkey, C.E. , &  Robbins , T.W . (1993) . Contrastin g
mechanisms o f impaired attentiona l se t shiftin g i n pa -
tients with fronta l lobe damag e or Parkinson' s disease.
Brain, 116, 1159-1175.

Owen, A.M. , Morris, R.G. , Sahakian , B.J. , Polkey, C.E. ,
& Robbins, T.W . (1996). Doubl e dissociations o f mem-
ory an d executiv e function s in a  self-ordere d working
memory tas k following frontal lobe excision , temporal
lobe excision s o r amygdalahippocampectom y i n man .
Brain, 119, 1597-1615.

Pascual-Leone, J.A . (1970) . A  mathematica l mode l fo r
transition i n Piaget' s developmenta l stages . Acta  Psy-
chologia, 32, 301-345.

Passetti, F , Dalley , J.W., O'Connell, M.T., Everitt, B.J., &
Robbins, T.W . (2000) . Increased acetylcholin e releas e
in the ra t media l prefrontal cortex during performance
of a  visua l attentiona l task . European  Journal o f Neu-
roscience, 12, 3051-3058.

Passingham, R.E . (1988) . Premoto r corte x an d prepara -
tion fo r movement . Experimental  Brain  Research,  70,
590-596.

Passler, P.A. , Isaac , W , &  Hynd , G.W . (1985) . Neuro -
psychological developmen t o f behavio r attribute d t o
frontal lob e functionin g i n children . Developmental
Neuropsychology, 4 , 349-370.

Perner, J. , &  Lang , B . (2002) . Wha t cause s 3-yea r olds '
difficulty o n the dimensiona l change car d sortin g task?
Infant an d Child  Development  (in press).

Petrides, M . (1982) . Moto r conditiona l associative -
learning afte r selectiv e prefrontal lesions in the monkey.
Behavioral Brain Research, 5, 407^13.

Petrides, M. (1985). Deficits in non-spatial conditiona l as -
sociative learning afte r periarcuat e lesions in the mon -
key. Behavioural  Brain Research, 16, 95-101.

Petrides, M . (1986) . Th e effec t o f periarcuate lesion s in
the monke y on th e performanc e o f symmetrically and
asymmetrically reinforced visual and auditory go, no-go
tasks. Journal of Neuroscience,  6 , 2054-2063.

Petrides, M . (1988) . Performanc e o n a  nonspatia l self -
ordered tas k after selectiv e lesion s of the primat e fron -
tal cortex. Society  for Neuroscience  Abstracts, 14, 2.

Petrides, M . (1995) . Impairment s o n nonspatia l self -
ordered an d externall y ordered workin g memory tasks
after lesions of the mid-dorsa l part of the latera l fronta l
cortex in the monkey . Journal of Neuroscience,  15, 359 -
375.

Petrides, M . (2000) . Mid-dorsolatera l an d mid -
ventrolateral prefronta l cortex : tw o level s o f executive
control for the processing of mnemonic information. In:
S. Monsell & J. Driver (Eds.) , Control of Cognitive Pro-
cesses: Attention  an d Performance  XVIII.  Cambridge ,
MA: MI T Press .

Petrides, M . &  Pandya , D.N . (1999) . Dorsolatera l pre -



502 PRINCIPLES OF FRONTAL LOBE FUNCTION

frontal cortex : comparative cytoarchitectoni c analysis in
the huma n and  the  macaqu e brai n and  corticocortica l
connection patterns . European  Journal ofNeuroscience,
11, 1011-1036 .

Petrides, M. , Alivisatos , B. , Meyer , E. , &  Evans , A.C.
(1993). Functiona l activation of the huma n frontal cor-
tex durin g performanc e o f verba l workin g memor y
tasks. Proceedings of th e National  Academy o f Sciences
USA, 90 , 878-882.

Piaget, J . (195 4 [1936]). Th e Construction  o f Reality  in
the Child.  (M . Cook, trans.) . Ne w York: Basic Books .

Piaget, J . (1958). Principa l factors determining intellectua l
evolution fro m childhoo d t o adul t life . In : E.L. Hartley
& R.E. Hartley (Eds.), Outside Readings in Psychology,
2nd ed . (pp . 43-55). Ne w York: Crowell .

Pollman, S . (2001) . Switchin g between dimensions , loca-
tions, and responses: the role of the lef t frontopolar cor-
tex. Neurolmage,  14 , 118-124 .

Posner, M.I . & Rothbart , M.K . (1998) . Attention , self -
regulation an d consciousness . Philosophical  Transac-
tions of  the  Royal  Society  of  London.  Series  B: Biolog-
ical Sciences,  353, 1915-1927.

Postle, B.R . &  D'Esposito , M . (1998) . Homologou s cog-
nitive mechanism s an d neura l substrate s underli e dis-
sociable component s o f set-shifting and task-switching
phenomena. Societ y fo r Neuroscienc e Abstracts , 24 ,
506.

Preuss, T.M . (2000). What' s huma n abou t th e huma n
brain? In : M.S . Gazzaniga (Ed.) , Th e Ne w Cognitive
Neurosciences, 2n d ed . (pp . 1219-1234). Cambridge ,
MA: MI T Press .

Reason, J . &  Mycielska , K. (1982) . Absent-MindedP Th e
Psychology o f Mental  Lapses  and Everyday Errors.  En -
glewood Cliffs , NJ : Prentice-Hall .

Rezai, K. , Andreasen , N.C. , Alliger, R. , Cohen , G. ,
Swayze, V.N. , & O'Leary , D.S . (1993). Th e neuropsy -
chology of the prefronta l cortex . Archives of Neurology,
50, 636-642.

Rice, C. , Koinis , D. , Sullivan , K , Tager-Flusberg , H. , &
Winner, E . (1997) . Whe n 3-year-old s pas s th e
appearance-reality test . Developmental  Psychology,  33 ,
54-61.

Roberts, R.J. , Hager, L.D., & Heron, C. (1994). Prefrontal
cognitive processes : workin g memory and inhibition in
the antisaccad e task . Journal o f Experimental  Psychol-
ogy: General,  123, 374-393.

Rogers, R.D. &  Monsell, S. (1995). Costs o f a predictabl e
switch betwee n simpl e cognitiv e tasks . Journal o f Ex -
perimental Psychology,  124, 207-231.

Rogers, R.D. , Sahakian, B.J. , Hodges , J.R. , Polkey, C.E.,
Kennard, C. , &  Robbins, T.W. (1998). Dissociatin g ex-
ecutive mechanism s o f tas k contro l followin g fronta l
lobe damage and Parkinson's disease . Brain,  121, 815-
842.

Rosen, V.M., & Engle, R.W . (1997). The rol e o f working
memory capacit y i n retrieval . Journal o f Experimental
Psychology, 126,  211-227.

Rosenberg, D . &  Lewis, D . (1995) . Postnata l maturation
of th e dopaminergi c innervatio n o f monke y prefrontal
and moto r cortices : a  tyrosine hydroxylase immunohis-
tochemical analysis. Journal of Comparative  Neurology,
358, 383-400.

Rosenberg, D.R. , Dick , E.L., O'Hearn, K.M., & Sweeney,
J.A. (1997) . Response-inhibitio n deficit s i n obsessive -

compulsive disorder : a n indicato r o f dysfunctio n i n
frontostriatal circuits . Journal o f Psychiatry  an d Neu-
roscience, 22, 29-38.

Ross, B.M. (1969). Sequentia l visual memory and the lim-
ited magic of the numbe r seven. Journal of Experimen-
tal Psychology,  80, 339-347.

Russell, J. , Mauthner , N. , Sharpe , S. , &  Tidswell , T .
(1991). Th e "window s task " a s a  measur e o f strategi c
deception i n preschoolers an d autisti c subjects. British
Journal o f Developmental  Psychology, 9, 101-119 .

Salthouse, T.A. (1990). Working memor y a s a  processing
resource i n cognitive aging . Developmental Review, 10,
101-124.

Salthouse, T.A. (1992). Influenc e o f processing spee d on
adult ag e difference s i n workin g memory . Acta  Psy-
chologica, 79 , 155-170 .

Salthouse, T.A. (1993) . Spee d mediatio n o f adult ag e dif-
ferences i n cognition . Developmental  Psychology,  29 ,
722-738.

Salthouse, T.A . & Meinz , E.J . (1995). Aging , inhibition,
working memory , an d speed . Journal  o f Gerontology
Series B, Psychological Sciences  and Social  Sciences, 50,
297-306.

Samuels, S.J., Begy, G., & Chen, C.C. (1975-1976). Com-
parison of word recognitio n spee d and strategies o f less
skilled an d mor e highl y skille d readers . Reading  Re -
search Quarterly,  11 , 72-86.

Sawaguchi, T . &  Goldman-Rakic , P.S . (1991). D l dopa -
mine receptor s i n prefronta l cortex : involvemen t i n
working memory . Science,  251, 947-950.

Schneider, J.S . &  Roeltgen , D.P . (1993) . Delaye d
matching-to-sample, object retrieval , and discrimination
reversal deficit s i n chroni c lo w dos e MPTP-treate d
monkeys. Brain  Research,  615, 351-354.

Schroeder, B.E. , Binzak, J.M., & Kelley , A.E . (2001). A
common profile of prefrontal cortica l activation follow-
ing exposur e t o nicotine - o r chocolate-associate d con-
textual cues. Neuroscience,  105, 535-545.

Schwartz, M.L . & Goldman-Rakic , P.S. (1984). Callosa l
and intrahemispheri c connectivity o f the prefronta l as-
sociation cortex in rhesus monkey: relation between in -
traparietal an d principa l sulca l cortex. Journal of Com-
parative Neurology,  226, 403-420.

Selemon, L.D . & Goldman-Rakic , P.S. (1985). Longitu -
dinal topograph y an d interdigitatio n o f corticostriata l
projections i n the rhesu s monkey . Journal of Neurosci-
ence, 5, 776-794.

Selemon, L.D . & Goldman-Rakic , P.S. (1988). Commo n
cortical and subcortica l target area s o f the dorsolatera l
prefrontal an d posterio r parieta l cortice s i n the rhesu s
monkey: evidence fo r a distributed neura l network sub-
serving spatiall y guide d behavior . Journal o f Neurosci-
ence, 8, 4049-4068.

Shaffer, L.H . (1965). Choic e reactio n wit h variabl e S- R
mapping. Journal o f Experimental  Psychology,  70, 284—
288.

Shallice, T . & Burgess , P.W . (1991) . Higher-orde r cogni -
tive impairment s and fronta l lob e lesion s i n man . In:
H.S. Levin , H.M . Eisenberg, &  A.L . Benton (eds.) ,
Frontal Lobe  Function  and Dysfunction  (pp . 125-138).
Oxford: Oxfor d Universit y Press.

Shepard, WO . (1957) . Learning se t in preschool children .
Journal o f Comparative  6 - Physiological Psychology, 50 ,
15-17.



DEVELOPMENT OF PREFRONTAL CORTEX 503

Siegel, L. (1994). Working memory and reading: a lifespan
perspective. International  Journal o f Behavioural  De-
velopment, 17 , 109-124.

Simon, J.R. (1969). Reaction s toward the sourc e o f stim-
ulation, journal o f Experimental  Psychology,  81 , 174 —
176.

Simon, J.R. , Acosta, E. , Mewaldt , S.P. , & Speidel , C.R .
(1976). Th e effec t o f a n irrelevan t directiona l cu e o n
choice reaction time: duratio n of the phenomenon an d
its relation t o stage s of processing. Perception an d Psy-
chophysics, 19 , 16-22.

Simon, RJ . &  Berbaum , K . (1990) . Effec t o f conflicting
cues o n informatio n processing: th e 'Stroo p effect ' vs .
the 'Simo n effect' . Acta  Psychologia,  73 , 159-170.

Smith, E.E . &  Jonides, J . (1999) . Storag e an d executiv e
processes in the fronta l lobes. Science, 283, 1657-1661.

Smith, E.E. , Jonides , J. , Marshuetz , C., &  Koeppe, R.A.
(1998). Component s o f verba l workin g memory : evi -
dence fro m neuroimaging . Proceedings o f the National
Academy o f Sciences  USA,  95, 876-882.

Sohn, M.H. , Ursu, S., Anderson, J.R., Stenger, V.A., Car -
ter, C.S. (2000). Inaugural article: the rol e of prefrontal
cortex an d posterio r parieta l corte x i n tas k switching.
Proceedings of  the  National  Academy of  Sciences  USA
97, 13448-13453 .

Sowell, E.R. , Thompson , P.M. , Holmes, C.J. , Batth , R. ,
Jernigan, T.L. , &  Toga, A.W . (1999a) . Localizin g age -
related change s i n brai n structur e betwee n childhoo d
and adolescenc e usin g statistica l parametri c mapping .
Neurolmage, 9 , 587-597.

Sowell, E.R. , Thompson , P.M. , Holmes , C.J. , Jernigan ,
T.L., &  Toga, A.W. (1999b). I n viv o evidence fo r post-
adolescent brai n maturatio n i n fronta l an d striata l
regions. Nature Neuroscience,  2, 859-861.

Sowell, E.R., Delis, D., Stiles , J., & Jernigan, T.L. (2001).
Improved memory functionin g an d fronta l lobe matu -
ration between childhoo d an d adolescence: a  structural
MRI study. Journal of the  International  Neuropsychol-
ogical Society,  7 , 312-322.

Stroop, J.R. (1935). Studies of interference in serial verbal
reactions. Journal of Experimental  Psychology,  18 , 643 -
662.

Stuss, D.T. , Levine , B. , Alexander , M.P. , Hong , J. , Pal -
umbo, C. , Hamer , L. , Murphy , K.J. , &  Izukawa , D .
(2000). Wisconsi n Car d Sortin g Tes t performanc e i n
patients wit h foca l fronta l an d posterio r brai n damage :
effects o f lesion location and test structure on separable
cognitive processes. Neuropsychologia,  38 , 388-402.

Taylor, J.R. , Elsworth, J.D., Roth , R.H. , Sladek , J.R. , Jr.,
& Redmond , D.E. , Jr . (1990a) . Cognitiv e an d moto r
deficits i n th e acquisitio n o f an objec t retrieva l detou r
task in MPTP-treated monkeys . Brain, 113, 617-637.

Taylor, J.R. , Roth , R.H. , Sladek , J.R. , Jr., &  Redmond ,
D.E., Jr . (1990b) . Cognitiv e an d moto r deficit s in th e
performance of the objec t retrieva l detour task in mon-
keys (Cercopithecus  Aethiops  sabaeus)  treate d wit h
MPTP: long-term performanc e an d effec t o f transpar-
ency of the barrier . Behavioral Neuroscience, 104, 564 -
576.

Tikhomirov, O.K . (1978) . Th e formatio n o f voluntar y
movements i n childre n o f preschool age . In : M . Col e
(Ed.), Th e Selected  Writings  o f A.R.  Luria  (pp . 229 -
269). Ne w York : M.E . Sharpe.

Towse, J.N., Redbond, J. , Houston-Price, C.M.T. , &Cook,
S. (2000) . Understanding th e dimensiona l change car d
sort: Perspective s fro m tas k succes s an d failure . Cog-
nitive Development,  15, 347-365.

Tsujimoto, T. , Ogawa , M. , Nishikawa , S. , Tsukada , H. ,
Kakiuchi, T., & Sasaki, K. (1997). Activation of the pre -
frontal, occipita l an d parieta l cortice s durin g go/no-g o
discrimination tasks in the monke y as revealed b y pos-
itron emissio n tomography. Neuroscience Letters, 224,
111-114.

van de r Meere , J . &  Stemerdink , N . (1999) . The devel -
opment o f state regulatio n i n norma l children : a n in -
direct compariso n wit h childre n wit h ADHD . Devel-
opmental Neuropsychology,  16 , 213-225.

Vygotsky, L.S . (1978) . Mind  i n Society:  Th e Development
of Higher  Psychological  Processes.  Cambridge , MA :
Harvard Universit y Press.

Wellman, H.M. , Cross, D. , &  Bartsch , K . (1987) . Infan t
search an d objec t permanence : a  meta-analysi s o f th e
A-not-B error . Monographs  o f the Society  for Research
in Child  Development, 51, 1-67.

Welsh, M.C. , Pennington, B.F. , &  Groisser, D.B . (1991).
A normative-developmental study of executive function:
a window on prefronta l functio n in children . Develop-
mental Neuropsychology,  7 , 131-149.

Wilson, J.T.L. , Scott , J.H., & Power, K.G. (1987). Devel -
opmental differences in the spa n o f visual memory for
pattern. British  Journal o f Developmental  Psychology,
5, 249-255.

Wylie, G.R., Frith, C.D., &  Allport, D.A. (2000). An fMRI
study o f task-switching: control i n preparation an d ac -
tion. Cognitive  Neuroscience  Society  Annual  Meeting
Abstracts, 1, 115 .

Yakovlev, P.I . & LeCours, A.R. (1967). The myelogeneti c
cycles o f regional maturatio n of the brain . In : A . Min-
kowski (Ed.) , Regional  Development  o f th e Brain  i n
Early Life  (pp . 3-70). Oxford : Blackwell .

Zaitchik, D . (1991) . I s onl y seein g reall y believing? :
sources o f the tru e belie f i n the fals e belie f task . Cog-
nitive Development,  6, 91-103.

Zald, D.H. , &  lacono, W.G. (1998) . The developmen t of
spatial workin g memory abilities. Developmental Neu-
ropsychology, 14 , 563—578 .

Zelazo, P.O. , &  Frye , D . (1997) . Cognitiv e complexity
and control : a  theory o f the developmen t o f deliberat e
reasoning an d intentiona l action . In : M . Stameno v
(Ed.), Language Structure, Discourse, and the Access to
Consciousness (pp . 113-153). Philadelphia : Joh n Ben -
jamins.

Zelazo, P.O. , Reznick , J.S. , &  Pinon , D.E . (1995) . Re -
sponse contro l an d th e executio n o f verbal rules . De-
velopmental Psychology,  31 , 508-517.

Zelazo, P.O., Frye, D. , & Rapus, T. (1996). An age-related
dissociation betwee n knowin g rule s an d usin g them .
Cognitive Development,  11, 37-63.



30
Executive Functions after Frontal Lobe Injury:
A Developmental Perspective

VICKI ANDERSON, HARVEY S. LEVIN, AND RANI JACOBS

The fronta l lobe s ar e critica l fo r norma l de -
velopment becaus e o f thei r ric h connection s
with othe r cerebra l region s an d thei r centra l
role i n efficien t executiv e function . Thes e
structures develo p rapidl y throug h childhoo d
and earl y adolescence . Thi s developmen t i s
paralleled b y increase s i n executiv e abilitie s
such a s planning , reasoning , an d flexibility .
Current researc h suggest s tha t damag e t o
frontal regions during childhood ma y interrupt
normal maturationa l processes , leadin g t o ir -
reversible change s i n brai n structur e an d or -
ganization and associated impairments in neu-
robehavioral development . Suc h impairments
may hinder the child' s capacity to function i n
day-to-day life , t o acquir e ne w skills , an d t o
make use o f teaching and instruction. T o full y
appreciate th e implication s o f such insults , i t
is necessar y t o conside r th e developmenta l
context o f the child . I n particular , a n under -
standing of normal maturational processes oc -
curring withi n th e centra l nervou s syste m
(CNS) and the associated developmen t of cog-
nitive abilitie s provide s a  backdrop fo r inter -
preting th e possibl e impairment s o f childre n
who have sustained fronta l injuries .

This chapter examine s these issues and con-
trasts norma l cerebra l an d cognitiv e develop -
ment with that of children who have sustained
frontal pathology. The consequences o f frontal

pathology ma y b e quit e globa l i n th e youn g
child, havin g a n impac t o n a  wid e rang e o f
cognitive domains . We hav e chose n t o focu s
specifically o n th e domai n o f executiv e func -
tion, wit h th e assumptio n that fronta l region s
are essentia l t o th e developmen t an d imple -
mentation o f efficient executiv e skills . We will
discuss tw o studie s fro m ou r researc h team s
that illustrat e th e impac t o f fronta l lob e pa -
thology during childhood an d the problems of
assessing thes e skill s accuratel y wit h curren t
methodologies. Th e firs t stud y describe s a n
ongoing progra m o f researc h tha t examine s
the rang e o f executiv e deficit s exhibite d b y
children wh o hav e sustaine d traumati c brai n
injury involvin g the fronta l regions . Th e sec -
ond study investigates the impact of focal fron -
tal lesions during childhood, with an emphasis
on approache s t o the measuremen t o f execu-
tive function.

EXECUTIVE FUNCTIONS

Historically, the fronta l structures o f the brai n
have bee n closel y linke d t o th e implementa -
tion o f executiv e abilities . Thes e executiv e
functions ma y be conceptualized a s the central
executive o f th e information-processin g sys-
tem, which directs attention , monitor s activity,
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and coordinate s an d integrate s informatio n
and activity . Lezak (1995) states that executive
functions ar e "capacitie s tha t enabl e a  person
to engag e successfull y i n independent , pur -
poseful, self-servin g behaviors " (p . 42). Stus s
(1992) ha s propose d a n integrate d mode l o f
executive function , includin g a  se t o f associ -
ated skill s that allo w the individua l to develop
goals, hol d the m i n activ e memory , monitor
performance, an d contro l fo r interferenc e t o
achieve thos e goals . Othe r author s hav e in -
cluded processe s suc h a s focuse d an d sus -
tained attention , generatio n an d implementa-
tion o f strategies , an d monitorin g an d
utilization o f feedbac k unde r th e umbrell a
term executive  functions (Stus s &  Benson ,
1986; Glosse r &  Goodglass , 1990 ; Matee r &
Williams, 1991) . Shallic e (1990 ) an d Wals h
(1978) hav e fine-tune d th e concep t further ,
suggesting that executive functions may not be
activated during the execution of well-learned,
routine behaviors, but ar e enlisted i n novel or
unfamiliar circumstances , i n whic h n o previ -
ously established routines for responding exist.

Such definition s ma y be operationalize d t o
include thre e separabl e bu t integrate d com -
ponents: (1 ) attentional  control,  whic h in -
cludes selectiv e attention , sustaine d attention ,
and respons e inhibition ; (2 ) goal  setting,  in -
corporating initiating, planning, problem solv-
ing, an d strategi c behavior ; an d (3 ) cognitive
flexibility, whic h entail s working memory, at-
tentional shift , self-monitoring , conceptua l
transfer, an d self-regulatio n (Neisser , 1967 ;
Luria, 1973; Duncan , 1986 ; Shallice , 1990 ; Le -
zak, 1995 ; Anderson, et al. , in press). Thus ex-
ecutive dysfunction  ma y be reflecte d by poor
planning an d organization , difficultie s gener -
ating and implementing strategies for problem
solving, perseveration , inabilit y to correc t er -
rors o r us e feedback , an d rigi d o r concret e
thought processes (Walsh , 1978 ; Stus s & Ben-
son, 1986) . Qualitativ e feature s o f executiv e
dysfunction ma y include poor initiation inflex-
ibility, reduced self-control , impulsivity, erratic
or careles s respons e behaviors , an d deficien t
high-level communication skills (Lezak, 1995) .
While thes e behavior s ar e commonl y consid-
ered devian t in adults following fronta l injury ,
a similar interpretation may not be warranted
for children . Befor e determinin g whethe r

such behaviors are indicative of executive dys-
function i n children , developmenta l expecta -
tions need t o be considered .

There i s a  growin g body o f developmenta l
research that describes sequential progressio n
of executiv e function s throughou t childhoo d
that coincide s wit h growt h spurt s i n fronta l
lobe developmen t (Wels h &  Pennington ,
1988; Levin et al. , 1991; Thatcher , 1991 , 1992 ;
Bell &  Fox , 1992 ; Lucian a &  Nelson , 1998 ;
Anderson e t al. , i n press) . Suc h findings pro-
vide suppor t fo r th e mediatio n o f executiv e
functions via anterior cerebral regions , and the
prefrontal corte x specifically . Whil e thi s ma y
be th e case , thes e cerebra l region s ar e de -
pendent on input from othe r brain areas, mak-
ing it difficul t t o isolate frontal function s fro m
those o f other developin g cerebra l structures .
It ma y be tha t th e gradua l emergence o f ex-
ecutive functio n demonstrate d throughou t
childhood reflect s th e integrit y o f develop -
ment throughou t the brain. Furthermore , th e
development of executive functions may be in-
extricably linked with the gradua l progression
of other cognitive capacities, a s there i s ample
evidence fo r associate d increment s i n skill s
such a s language (Gadde s &  Crockett , 1975 ;
Halperin e t al. , 1989) , attentio n (Mille r &
Weiss, 1962 ; McKa y e t al. , 1994) , spee d o f
processing (Howar d &  Polich , 1985) , an d
memory capacit y (Simon , 1975 ; Case , 1985 ;
Baddeley, 1986 ; Hal e e t al. , 1997) .

PHYSIOLOGICAL DEVELOPMENT
UNDERPINNING EXECUTIVE FUNCTIONS

Knowledge o f CNS maturatio n i s steadily ad-
vancing because o f increased sophisticatio n of
technical methodologies . I t i s now well estab-
lished tha t cerebra l developmen t continue s
throughout childhoo d an d int o adolescence .
Brain weight increases from around 400 grams
at birt h t o 150 0 gram s a t maturit y i n earl y
adulthood, althoug h mos t maturatio n i s
thought to occur during the first decade o f life
(Caeser, 1993) . Prenata l developmen t i s pri -
marily concerne d wit h structura l formation ,
while postnatal development is associated with
elaboration o f th e CN S (Yakovlev , 1962 ; Or -
zhekhovskaya, 1981) . Processe s suc h a s den -
dritic aborization , myelination , an d synapto -
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genesis hav e al l bee n reporte d t o progres s
during earl y childhoo d i n a  primaril y hierar -
chical manner , with anterior regions being the
last t o reac h maturit y (Kol b &  Fantie , 1989 ;
Jernigan &  Tallal , 1990 ; Fuster , 1993) . Ini -
tially, progres s i n chil d neuropsycholog y was
hindered by a view that the fronta l lobes were
"functionally silent " in infancy and early child-
hood, wit h executiv e skill s no t bein g measur-
able unti l the secon d decad e o f lif e (Golden ,
1981). A number of neurophysiological studies
now refute thi s view, documenting frontal lobe
activity even in infancy. Fo r example , Chugani
and colleagues (1987 ) measured local cerebra l
metabolic rates of glucose in infants and young
children, an d foun d evidenc e o f fronta l acti -
vation i n infant s a s young as 6 months of age.
Similarly, Bel l an d Fo x (1992 ) hav e docu -
mented change s i n scalp-recorde d electroen -
cephalograms (EEGs ) in fronta l region s dur -
ing th e firs t yea r o f lif e an d relate d thes e t o
improvements i n behaviora l performances .
Many investigator s no w suppor t th e notio n
that thes e biologica l growt h marker s accoun t
for age-relate d variatio n i n nonbiologica l de -
velopment during childhood, such as cognition
(Thatcher, 1991 ; 1992 ; Caeser , 1993) .

The basi c neura l structure s subsumin g ex-
ecutive functio n ma y be th e sam e regardles s
of developmenta l stage . However , importan t
differences exis t with respect to their maturity.
Results fro m a  variet y o f methodologica l ap -
proaches (EE G studies , functiona l an d struc -
tural imaging , metaboli c analyses ) have dem -
onstrated majo r growt h period s withi n th e
frontal regions , th e firs t bein g betwee n birt h
to 2  years , anothe r documente d fro m 7  to 9
years, an d a  final spurt occurrin g i n late ado -
lescence (1 6 t o 1 9 years ) (Hudspet h &  Pri -
bram, 1990 ; Jerniga n &  Tallal , 1990 ; Fuster ,
1993; Huttenloche r &  Dabholkar , 1997 ;
Klinberg e t al , 1999 ; se e Chapte r 29) . Pro -
gressive myelination of frontal structures , pre -
frontal RN A development, and changes in pat-
terns of metabolic activity and levels of various
enzymes durin g childhoo d an d adolescenc e
have each been described (Yakelov & Lecours,
1967; Thatcher, R.W . (1997). Uemura & Hart-
mann, 1978 ; Kenned y et al. , 1982 ; Hudspet h
& Pribram , 1990 ; Jerniga n &  Tallal , 1990 ;

Staudt et al. , 1993 ; Giedd e t al. , 1996 ; Hal e et
al., 1997 ; Huttenloche r &  Dabholkar , 1997 ;
Klinberg e t al. , 1999) . Wit h ongoin g matura -
tion, childre n an d adolescent s ma y gradually
acquire th e capacit y fo r mor e efficien t infor -
mation processing , becaus e transmissio n o f
nerve impulse s i s more rapi d with increasin g
myelination of nerve tracts (Halfor d &  Wilson,
1980; Klinber g e t al. , 1999 ; Sowel l e t al. ,
2001). The incomplet e developmen t of fronta l
lobes durin g childhoo d an d adolescenc e im -
plies a  limited abilit y to appl y effectiv e exec -
utive skills . Thi s suggestio n ha s bee n sup -
ported b y a  rang e o f developmenta l
researchers wh o hav e plotte d increment s i n
executive functio n throughou t childhoo d
(Simon, 1975 ; Todd , e t al. , 1996 ; Bjorklund ,
1989; Levi n et al. , 1991 ; Welsh et al. , 1991 ; V.
Anderson e t al. , 1995 ; Lucian a &  Nelson ,
1998).

Together, these findings support the view of
hierarchical organizatio n withi n th e fronta l
lobes, with al l areas receiving input fro m pos -
terior and subcortica l cerebral regions. In par-
ticular, the prefrontal cortex, thought to be the
primary mediato r o f executiv e functions , ha s
rich bidirectional connection s with all areas of
the fronta l an d posterio r neocorte x (Barbas ,
1992; Fuster , 1993) . Thus sensory and percep-
tual dat a ar e processe d b y th e fronta l lobe s
where action s ar e organize d an d executed .
This patter n o f connectivit y suggest s that ,
while prefrontal regions may "orchestrate" be -
havior, the y ar e als o dependen t o n al l othe r
cerebral area s fo r input , wit h efficien t func -
tioning bein g relian t o n th e qualit y o f infor -
mation received fro m othe r cerebra l regions .

Synaptogenesis appear s t o be simultaneou s
in multipl e area s an d layer s o f th e corte x i n
infrahuman primate s (Raki c et al. , 1986) , with
neurotransmitter receptor s throughou t th e
brain bein g reporte d t o matur e a t th e sam e
time (Lido w &  Goldman-Rakic , 1991) . Suc h
findings sugges t concurren t development , i n
which posterio r an d anterio r structure s de -
velop along approximately the same timetable.
However, synaptogenesi s and later pruning in
human frontal corte x is delayed relativ e to au-
ditory corte x (Huttenloche r &  Dabholkar ,
1997). Consequently , i t appear s tha t hierar -
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chical development with relative delay in fron -
tal cortica l developmen t ma y b e specifi c t o
humans.

To summarize, these various lines of inquiry
suggest tha t cerebra l developmen t i s likely to
be primaril y hierarchical , bot h withi n an d
across cerebra l regions , wit h fronta l area s
reaching maturit y relativel y late , possibl y i n
late puberty. Furthermore, ther e i s substantial
support for a step-wise model of development,
rather tha n a  gradua l progression , wit h con -
vergent evidenc e tha t growt h spurt s occu r in
early infancy , an d agai n around 7  to 1 0 years
of age , wit h a  fina l spur t describe d durin g
adolescence.

PSYCHOLOGICAL DEVELOPMENT

A number of links may be mad e between pat -
terns o f neuroanatomic chang e an d cognitiv e
development. Numerou s studie s hav e re -
ported tha t executiv e function s emerg e i n a
stage-like manner , consisten t wit h growt h
spurts identified within anterior brain regions.
Historically, cognitiv e model s hav e strongl y
supported such a hierarchical view of develop-
ment. In particular, Piaget's theory of cognitive
development (Piaget , 1963) , whil e providin g
no referenc e t o possibl e neura l substrates , i s
compatible with current understandings of ce-
rebral development . Piage t describe d fou r se-
quential cognitiv e stages : sensorimoto r (birt h
to 2 years), preoperational (2 to 7  years), con-
crete operational (7 to 9 years), and formal op-
erational (earl y adolescence) . Whil e contem -
porary developmenta l psycholog y dispute s
many o f th e principle s o f Piagetia n theor y
(e.g., Flavell , 1992) , i t is noteworthy tha t Pia -
get's hypothesize d timin g o f transition s be -
tween hi s cognitiv e stage s parallel s growt h
spurts documented within the CNS.

Some researchers have used Piagetian tech-
niques t o investigate th e relationshi p o f cere -
bral developmen t t o earl y cognitive develop -
ment (Diamon d &  Goldman-Rakic , 1985 ;
1989; Goldman-Rakic , 1987; Diamond , 1988) ,
finding evidence that frontally mediated , goal -
directed, planfu l behavio r i s present a s early
as 1 2 months of age in human infants. Others
have attempte d t o map developmenta l trajec -

tories for aspects of executive function in older
children (Chelun e & Baer, 1986; Passle r et al ,
1985; Becker , et al , 1987 ; Wels h et al. , 1991) ,
documenting a  stage-lik e progressio n o f ex -
ecutive skills , wit h master y stil l no t bein g
achieved i n man y areas by age 1 2 years.

More recently , a  numbe r o f researcher s
have examined th e possibilit y tha t the variou s
components of executive function ma y emerge
at differen t stage s durin g childhood . T o d o
this, mos t researcher s hav e employe d a  bat-
tery model,  incorporating into their study pro-
tocols a  variety of tests purported t o measur e
executive function . Suc h a n approach , whil e
providing developmenta l trajectorie s fo r eac h
of thes e tasks , als o enable s investigatio n o f
possible relationship s amon g measures , thu s
addressing th e crucia l issu e o f tes t validity .
One informativ e stud y wa s conducte d b y
Levin and colleagues (1991), who evaluated 52
normal childre n an d adolescents acros s thre e
age groups : 7-8 years , 9-12 years , and 13-1 5
years. They administered a  range of executive
ability measures and identified developmenta l
gains acros s al l tasks , reflectin g progres s i n
concept formation , mental flexibility, and goal-
setting skills throughout childhood. They iden-
tified thre e factors associated wit h specific as -
pects o f executive function , a s well as unique
developmental patterns . Facto r 1  tapped se -
mantic association/concept formation and fac-
tor 3  was primarily concerne d wit h proble m
solving; proficienc y in eac h o f thes e abilitie s
showed a  gradual progressio n ove r th e thre e
age ranges . Facto r 2  wa s relate d t o impuls e
control and mental flexibility and these behav-
iors wer e note d t o reac h adul t level s b y age
12.

With th e centra l ai m o f establishin g nor -
mative dat a fo r a  number o f commonly used
clinical executive function tests, Anderson and
colleagues (P . Anderson, e t al. , 1995 ; V . An-
derson, e t al. , 1995 , V . Anderson e t al , (i n
press); hav e als o examine d ag e trend s i n th e
executive domain . Their sampl e included 430
children, age d 7  to 1 7 years, selecte d a s rep -
resentative o f the genera l populatio n wit h re -
spect t o socia l factor s an d gender . Th e tes t
battery include d th e followin g measures: th e
Complex Figur e o f Ke y (CFR ; Key , 1964) ,
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Figure 30-1. Master y scores
for childre n and adolescent s on
executive functio n tasks . CFR :
ACC, accuracy score o f Com-
plex Figure o f Key ; CODES ,
number correct o n Code Test ;
TOL:CORR, number of items
correct o n Tower o f London;
VF:TOT, tota l words generate d
on Verba l Fluenc y Test .

Verbal Fluency Test (VF : Gaddes & Crockett ,
1975), Towe r o f Londo n (Shallice , 1982 ; P .
Anderson, e t al. , 1995) , Contingenc y Namin g
Test (CNT : P . Anderso n e t al. , 2001) , an d
Codes (Tes t o f Everyda y Attentio n fo r Chil -
dren: Manly et al., 1999). In line with the work
of Levin e t al . (1991) an d Welsh et al . (1991) ,
data indicated significan t improvement s in ex-
ecutive skill s through middle to late childhoo d
(7 to 11 years), with stabilization being evident
by mid-adolescence.

Figures 30- 1 an d 30- 2 illustrat e tha t age -
related improvement s ar e presen t fo r bot h
test master y score s an d strategi c measure s
specific t o executiv e functio n (e.g. , impulsive
errors, plannin g ability) . Such developmenta l

progression can also be depicte d qualitatively ,
as show n b y th e improve d reproduction s o f
the CF R displaye d i n Figur e 30-3 . Thes e
three copie s o f th e CF R wer e produce d b y
normal, health y children , age d 6 , 8  an d 1 2
years old , wit h comparabl e intellectua l abili -
ties fallin g within the high-average range. The

<—' O O O

relative lack of planning evident i n the 6-year -
old child' s cop y i s consisten t wit h finding s
from Chelun e an d Bae r (1986) , wh o argue d
that younge r childre n perfor m similarl y t o
adults with fronta l lesion s on tests tapping ex-
ecutive function , suggestin g tha t thes e skill s
are relativel y immatur e a t thi s stag e o f child-J O
hood. I n contrast , b y 1 4 years o f age , perfor -
mance i s equivalent t o adul t levels .

Figure 30-2 . Strateg y scores
for childre n an d adolescent s o n
executive functio n tasks . CFRT:
ORG, organization score of
Complex Figure o f Rey; CODE:
ERR, number of errors on
Code Test; CNT3+4:ERR,
number of errors o n subtest s 3
and 4  of Contingency Naming
Test; TOL:EXT , number of ex-
tra attempt s on Tower o f Lon-
don; VF:ERR , number of
errors o n Verbal Fluency Test .
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Figure 30—3 . Comple x Figur e o f Re y production s fro m
three health y children . A : Twelve-year-old boy, superior
intelligence. B : Eight-year-ol d boy , high-average intelli -
gence. C : Six-year-old boy, high average intelligence. All
productions fal l withi n ag e expectations , based o n nor -
mative data for accuracy and organizationa l level.

The parallel s betwee n th e pattern s o f
emergence o f executiv e function s describe d
in thes e studie s an d th e stage s reporte d i n
neurophysiological researc h ar e difficul t t o
ignore. Furthermore , th e dat a sugges t tha t
executive functions , rathe r tha n bein g a  uni -
tary concept , ma y be divide d int o a  numbe r
of subcomponent s possessin g differen t de -
velopmental trajectorie s an d possibl y matur -
ing a t differen t rates . Thes e varyin g pattern s
may reflect mediatio n b y specific areas withi n
the fronta l lobes, which als o mature a t differ -
ent rates . Th e likel y impact o f simila r matur-
ational processe s occurrin g i n othe r cerebra l
areas mus t als o be considered . Fo r example ,
the qualit y o f neura l transmissio n fro m pos -
terior an d subcortica l region s ma y hav e a n
impact o n th e functionin g o f the fronta l an d
prefrontal cortices , whic h hav e ric h con -
nections with al l cerebral areas. Maturation of
these posterior region s may then enhanc e th e

functioning o f anterior cerebra l areas . From a
cognitive viewpoint , simila r processe s ar e
important. Th e gradua l increas e i n memor y
capacity, advance s i n languag e skills , an d
faster spee d o f processin g ma y al l enhanc e
the child' s capacit y t o functio n on th e multi -
dimensional measure s o f executiv e function -
ing employed i n the studie s describe d above .
While tentativ e link s hav e bee n established ,
further investigatio n i s neede d t o defin e
relationships betwee n developmen t o f execu-
tive skill s and fronta l structures , o r t o isolat e
cognitive gain s specific to executive functions,
divorced fro m lower-orde r cognitiv e capaci -
ties. Advancing functional brain imaging tech-
nology ma y provid e th e necessar y tool s fo r
such investigations . Regardless , thi s conver -
gence o f evidence emphasize s the importance
of close communicatio n amon g disciplines in -
volved i n improvin g ou r understandin g o f
brain-behavior relationship s i n th e develop -
ing child.

FRONTAL LOBE PATHOLOGY:
DISRUPTION TO DEVELOPMENT?

In th e neuropsycholog y literature , th e term s
frontal lobe  function  an d executive  function
have develope d i n parallel . The y ar e ofte n
used interchangeably , mos t likel y because o f
early observation s o f executive dysfunctio n in
individuals with fronta l lobe damage (Benton,
1968; Luria , 1973 ; Walsh , 1978 ; 1985 ; Wels h
& Pennington , 1988 ; Parke r &  Crawford ,
1992). Despit e thi s commo n co-occurrence ,
the practic e o f localizin g executiv e function s
to the fronta l lobe s has been questioned , wit h
similar patterns o f behavioral disturbanc e be -
ing identifie d i n patient s whos e patholog y i s
not restricte d t o fronta l region s (Alber t &
Kaplan, 1980 ; Walsh , 1985 ; Glosse r &  Good-
glass, 1990) . Whil e fronta l regions play a cen-
tral rol e i n th e mediatio n o f executiv e func -
tion, th e integrit y o f the entir e brai n i s likely
to be necessar y fo r intact performanc e in this
domain. Alternatively , executiv e functio n may
be interprete d purel y a s a psychological con -
cept, relating t o a set of observable behaviors,
without an y reference t o possibl e anatomica l
underpinnings (Stuss , 1992).
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The impac t o f fronta l lob e injur y an d re -
lated executiv e deficit s o n long-ter m devel -
opment i s as yet unknown . In on e o f the ear -
liest studie s i n th e area , Matee r (1990 )
examined a  smal l grou p o f children who ha d
sustained a n earl y cerebra l insult , document -
ing perseveration , reduce d attention , rigidity ,
lability, an d socia l difficultie s i n he r sample .
Her finding s sugges t intac t o r mildl y de -
pressed intellectua l ability , despit e presenc e
of fronta l pathology , which i s consisten t wit h
adult pattern s o f impairment . A  handfu l o f
case studie s o f adult s sustainin g damag e i n
childhood ha s reveale d th e expecte d patter n
of poo r proble m solving , reduce d planning ,
and inappropriat e socia l skill s (Ackerl y &
Benton, 1948 ; Anderson , 1988 ; Eslinge r e t
al., 1992 , 1997 , 1999) . I n keepin g wit h th e
model o f emerging deficits originally outlined
by Denni s (1989) , Eslinge r an d colleague s
(1992) reporte d a  pattern o f delayed onse t o f
impairments in their patients , with difficultie s
being identifie d only as executive skill s failed
to "com e on-line " an d matur e a t critica l
stages throughou t development . Severa l
group studie s hav e recentl y reporte d o n th e
effects o f specifi c fronta l patholog y i n chil -
dren (Levi n et al. , 1994 ; 1997b ; 2000 , 2001 ;
Anderson & Moore, 1995; Garth , et al. , 1997 ;
Pentland, e t al. , 1998 ; Tod d e t al. , 1996) .
While eac h o f thes e author s not e th e ex -
pected deficit s i n aspect s o f executiv e func -
tion i n thei r sample , suc h a s plannin g an d
reasoning, ther e i s als o a  suggestio n o f rela -
tive deterioratio n o r lac k o f norma l develop -
ment i n children wit h fronta l pathology . Such
ongoing difficultie s ma y reflec t th e inade -
quacy o f th e damage d brai n t o acquir e skill s
in a  normal manner , and hav e majo r implica -
tions for the need s o f these childre n through -
out thei r lifetime.

This hypothesize d lac k of norma l develop -
ment, o r emergence  o f deficits,  ma y b e bes t
illustrated o n a n individua l cas e basis . Th e
following cas e descriptio n plot s th e progres s
of a  young child wh o suffere d a  sever e hea d
injury an d late r demonstrate d a  lac k o f ex -
pected developmen t an d a  gradua l fall-of f i n
performance relativ e to peers he r age .

Katy wa s age d 3  years , 1 1 months , whe n

she was hit by a truck, sustaining severe hea d
injuries. Prio r t o her accident , Kat y had bee n
a healthy, active toddler . Sh e had n o previous
medical histor y and  had  exhibite d norma l to
advanced developmenta l milestones. Kat y was
unconscious a t the scen e o f the acciden t an d
was take n t o a  loca l hospita l b y ambulance .
On admissio n to hospita l Kat y was diagnose d
as sufferin g fro m a  sever e hea d injury . Radi -
ological investigation s detecte d fronta l lob e
contusions an d hemorrhage.

Katy remaine d unconsciou s fo r 4  weeks .
She receive d intensiv e rehabilitation , bu t re -
mained functionall y impaired . O n discharge ,
9 weeks post-injury , Kat y displayed continue d
impairments in language , attention , an d gross
and fin e moto r skills . Even man y years post -
injury, Katy' s speec h wa s slo w an d labored ,
restricting he r capacit y fo r norma l communi-
cation. Difficultie s with mobilit y an d coordi -
nation persisted , an d sh e wa s unable t o par -
ticipate i n sporting activities .

Katy was firs t comprehensively assessed al-
most 7  month s post-injury , an d the n o n a
number of subsequent occasion s until the age
of 12 . O n eac h occasion , qualitativ e feature s
of presentatio n include d hig h level s o f dis -
tractibility an d impulsivity . Figur e 30- 4 plot s
her performanc e a t eac h assessmen t o n stan -
dardized measure s o f IQ , receptiv e language ,
memory, an d visuomoto r coordination . Th e
scores are presented a s age equivalents to en-
able direc t compariso n acros s tests . A s these
results suggest , Kat y exhibite d age-expecte d
progress i n th e firs t 1 8 month s t o 2  year s
post-injury, probabl y reflecting some recovery
of functio n plu s slightl y slowed developmen -
tal progression . Afte r thi s tim e he r progres s
reduced, showin g littl e improvemen t i n th e
following years . By 8 years post-injury , Katy's
best result s o n neuropsychologica l tes t mea -
sures were a t th e leve l expecte d fo r a  7-and-
a-half year-old child .

This lack of developmental progress i s con-
sistent wit h he r schoo l history . Kat y com -
menced schoo l a t age 6 years. She attended a
mainstream school , with full-time suppor t and
a modifie d educational curriculum . After sev -
eral years , Katy' s reduce d abilitie s becam e
difficult t o manag e within th e classroom , an d
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Figure 30-4. Cognitiv e recovery profile fo r Katy , followin g severe traumatic brain injury a t age 3 years, 11 months.

she wa s transferre d t o a  specia l schoo l fo r
children wit h intellectua l impairment . Eve n
in thi s environment , Kat y experience d ongo -
ing difficulties, bot h socia l and academic . In a
recent revie w aime d a t lookin g at he r futur e
vocational options , i t was evident tha t Kat y is
unlikely to live independently o r to attain em-
ployment. Whil e sh e i s able t o manag e basi c

daily livin g skills, including bathing , washing,
dressing, an d feeding , sh e i s unabl e t o per -
form mor e comple x activitie s withou t super -
vision, for example, cooking or shopping. Katy
displays limite d insigh t regardin g he r prob -
lems. Sh e progresse d throug h he r earl y
school year s quit e happily . A s sh e move s
through adolescence , sh e has developed some
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degree o f insight , inventin g a  specia l frien d
who had als o had a  brain injury . Throug h he r
friend sh e ha s bee n abl e t o expres s som e of
her feeling s of sadness an d anger abou t bein g
different fro m he r peers .

Such cases emphasize the impac t of disrup-
tion t o fronta l region s durin g earl y develop -
ment. I n contras t t o the specifi c deficit s ofte n
reported i n adults , i t appear s tha t childre n
may experienc e mor e globa l deficits , wit h in -
creasing cerebra l patholog y an d associate d
failure t o develo p i n a  norma l manner . Fur -
thermore, systemati c researc h i s require d t o
fully understan d th e impac t o f suc h insults .
To date , th e finding s i n thi s are a ar e limited .
Samples ar e ofte n heterogeneou s wit h re -
spect t o brain patholog y an d timin g of insult.
Studies ar e cross-sectiona l an d unabl e t o
demonstrate pattern s o f development . Mea -
sures ar e multidimensional , leadin g t o diffi -
culties isolatin g executiv e impairment s fro m
other lower-orde r impairment s i n language ,
visual skills , an d moto r function . Furthe r
studies ar e neede d tha t incorporat e accurat e
indicators o f locatio n an d exten t o f cerebra l
pathology a s wel l a s appropriat e an d reliabl e
measures of cognitive outcome. In the follow -
ing discussio n o f tw o researc h programs , we
aim t o highligh t th e importanc e o f these fac -
tors i n the searc h fo r a  clearer understandin g
of outcom e followin g fronta l injur y durin g
childhood.

STRUCTURAL LESIONS IN THE
FRONTAL LOBES ASSOCIATED WITH

TRAUMATIC BRAIN INJURY

In th e followin g section s w e wil l characteriz e
the relationshi p o f frontal lesion s to neurobe -
havioral sequela e o f traumati c brai n injur y
(TBI) in children sustaining closed head injur y
(CHI) i n which th e injur y mechanis m i s sud-
den acceleratio n o r deceleratio n o f the freel y
moving brain . Detectio n o f structura l lesion s
in the fronta l lobes depends on the post-injury
interval an d imagin g protocol , i n additio n t o
the severit y and biomechanics o f injury. Acute
frontal lesion s (e.g. , contusions) seen on com-
puted tomograph y (CT) within 24 hours afte r

injury migh t resolve prior to follow-up assess-
ment, wherea s lat e magneti c resonanc e im -
aging (MRI ) ca n detec t area s o f gliosis or he-
mosiderin that were not detected by early CT.
Specific MR I sequences (e.g. , FLAIR) are es-
pecially sensitiv e t o gliosi s an d hemosiderin ,
whereas othe r sequence s (e.g. , Tl volume se-
quence) provid e greate r anatomi c detail . I n
general, MR I performe d a t abou t 3  month s
after injur y i s appropriat e fo r detectin g
chronic lesion s an d sufficientl y delaye d fo r
resolution o f acute, reversibl e lesions . Conse -
quently, th e followin g section s ar e base d o n
late MR I finding s obtaine d i n researc h pro -
tocols in which radiologists interpreted th e im-
ages independentl y o f the neuropsychologica l
findings. Although the studies described below
indicate tha t fronta l lesion volume contributes
to cognitiv e impairment, caution i s advised in
interpreting these  findings , becaus e fronta l
and nonfronta l region s o f dysfunctio n hav e
been documente d b y magneti c resonanc e
spectroscopy (Ashwa l e t al. , 2000 ; Garnet t e t
al., 2000) even i n the absenc e o f structural le-
sions. I n a  recen t functiona l MR I (fMRI )
study of adults recovering from mil d TBI, Mc-
Allister e t al . (1999 ) showe d tha t th e patter n
of frontal activation in relation to memory load
was altered as compared to uninjured controls.
Consequently, th e absenc e o f structura l le -
sions in the fronta l regio n doe s not imply nor-
mal function , an d th e exten t o f fronta l dys -
function i s no t necessaril y confine d t o th e
boundaries o f a  structura l lesion . Finally , th e
circuitry associate d wit h th e fronta l corte x
could b e disrupte d b y diffus e axona l injur y
and thereb y contribut e t o executiv e dysfunc -
tion i n th e absenc e o f lesion s involvin g th e
frontal cortex .

FREQUENCY AND SITES OF FOCAL

BRAIN LESIONS

In a  project o n executiv e functions afte r non -
missile TB I i n children , Levi n e t al . (1997a )
performed MR I i n a  prospectiv e sampl e o f
169 childre n wh o sustaine d TB I a t leas t 3
months earlie r an d i n a  retrospectiv e sampl e
of 8 2 childre n wh o ha d a  TBI 3  year s post -
injury. Bot h cohort s include d th e spectru m
of acut e severit y o f TB I a s reflecte d b y th e
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Glasgow Com a Scal e (GCS ) of Teasdale an d
Jennett (1974 ) and wer e recruite d fro m con -
secutive hospital admissions to mitigate selec -
tion bias . Th e neuroradiologis t code d eac h
area o f abnorma l signa l usin g template s de -
veloped b y Damasi o (1989) . Th e fronta l lob e
white matte r was the mos t common site of le-
sion, includin g 5 4 lef t fronta l an d 5 1 righ t
frontal lesions . O f th e fronta l lob e cortica l
subregions, th e orbita l gyr i wer e mos t fre -
quently involve d (2 2 lef t an d 2 1 right) , with
approximately equal frequencies of lesions oc-
curring fo r the inferior , middle , an d superio r
frontal gyri .

CONTRIBUTION OF FRONTAL LESIONS
TO COGNITIVE SEQUELAE OF
TRAUMATIC BRAIN INJURY

Analysis o f the contributio n of fronta l lesion s
to th e neurobehaviora l outcom e o f TB I i s
complicated by frequent cases of multifocal le-
sions, which are not confine d to a single lobe .
Limiting analysis to children with focal lesions
restricted to the frontal region would constrai n
the sampl e size and the findings would not be
representative o f childre n wit h TBI . Foca l
brain lesion s ar e als o associated with TBI se -
verity, a  potential confoun d in the interpreta -
tion of lesion effects . T o mitigate thi s problem ,
Levin e t al . (1993 ) performe d multipl e hier -
archical regression in which the lesion size was
entered int o th e equatio n afte r enterin g th e
lowest post-resuscitatio n GC S scor e fo r 7 6
children and adolescents who were studied at
least 3  months post-injury. This approac h de -
termined th e relationshi p o f lesion volume to
cognitive performance afte r takin g account of
overall TB I severity . Children wit h lesion s in
the regio n o f interes t fo r eac h analysi s (e.g. ,
frontal) wer e include d despit e extensio n o f
their lesion(s ) t o othe r (e.g. , extrafrontal )
regions. Th e outcom e measure s emphasize d
executive functions as described earlier i n this
chapter. As shown in Figure 30-5, lef t fronta l
lesion volume was related t o performance o n
the Wisconsi n Car d Sortin g Tes t (numbe r of
categories) an d go/no-g o tas k (trial s t o crite -
rion), an d approache d significanc e fo r tota l
words produced on Controlled Oral Word As-
sociation. Righ t frontal lesion size was also re-

lated t o wor d association , semanti c organiza-
tion of items on the California Verbal Learning
Test as reflected by percent o f words from th e
same category clustere d i n recall , an d a  mar-
ginal finding on the go/no-g o tas k (P =  0.09) .
Volume o f extrafrontal lesions was not relate d
to performanc e on an y of the executiv e func -
tion measure s (Fig . 30-5) . A  similar analysis
of the Tower of London Test in a similar study
(Levin e t al. , 1997b ) als o showe d tha t lef t
frontal lesio n volum e was related t o th e per -
cent o f problems solve d on trial 1  and on the
initial planning time, whereas lef t extrafrontal
lesion volum e wa s relate d t o th e numbe r of
broken rules . Inclusio n o f a  smal l number o f
cognitive measure s tha t wer e no t considere d
to asses s executiv e function s (e.g. , receptiv e
vocabulary, matching faces) ha s generally sup-
ported th e specificit y o f th e relationshi p o f
frontal lesio n volum e t o executiv e functio n
performance.

RELATIONSHIP OF FRONTAL LESIONS TO
EPISODIC MEMORY AFTER TRAUMATIC
BRAIN INJURY

The relationshi p o f frontal lesion s to episodi c
memory i n head-injure d childre n ha s bee n
studied usin g th e Californi a Verbal Learnin g
Test-Children's Version (CVLT-C) of Delis e t
al. (1994) . A s noted i n th e precedin g section ,
Levin e t al . (1993 ) foun d tha t fronta l lesio n
size was related t o semantic clustering on th e
CVLT-C. In a recent stud y (Levin et al. , 2000)
the performanc e o f group s o f childre n wh o
sustained frontal (n  =  13 ) or extrafronta l (n —
7) lesion s wa s compare d afte r determinin g
that thei r severit y o f TB I an d demographi c
features di d no t differ . Th e fronta l lesio n
group recalle d fewer words fro m th e Monda y
list afte r a  shor t o r lon g dela y relative t o th e
performance o f children wh o had extrafrontal
lesions. In contrast , th e fronta l an d extrafron-
tal groups did not diffe r i n their estimatio n of
the frequenc y an d recenc y of presentation of
words an d nonverba l stimuli . I n a  relate d
study by thi s group , D i Stefan o et al . (2000 )
measured hippocampa l formatio n volum e i n
addition t o foca l lesio n volum e fo r childre n
who ha d undergon e MR I a t leas t 3  month s
after sustainin g a TBI. In view of earlier neu -
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Figure 30-5. Summar y of results of hierarchical multiple
regression analysi s tha t evaluate d th e contribution s of
frontal (top  left]  an d extrafronta l (top  right]  lesion s t o
making the varianc e in cognitive test score s incremental,
as explaine d b y th e lowes t post-resuscitatio n Glasgow
Coma Scale score. The regressions were repeated to eval-
uate specificall y th e contribution s of lef t fronta l (bottom
left] an d righ t fronta l (bottom  right) lesions . Close d bars
indicate R 2; hatche d bars , incrementa l R2. COWA, Con-

trolled Ora l Wor d Association ; CVLT, Californi a Verba l
Learning Test; TOL, Tower of London Test; WCST, Wis-
consin Card Sorting Test; WISC-R, Wechsler Intelligence
Scale fo r Children-Revised . (Source  Fro m Levin , H.S. ,
Culhane, K.A. , Mendelsohn, D., Lilly , M.A. , Bruce, D. ,
Fletcher, J.H.M. , Chapman, S.B. , Harward, H. , & Eisen-
berg, H.M . [1993]. Cognition in relation to MR I i n head
injured childre n an d adolescents . Archives of Neurology,
50, 897-905, reprinted with permission)

ropathological studie s (Kotapk a et al. , 1993 )
demonstrating hippocampa l damag e i n fata l
pediatric TBI, Di Stefano et al. postulated tha t
morphometric analysi s o f MR I woul d revea l
reduced hippocampa l volum e in children who
were a t least 3 months post-injury. Frontal le -
sion volume , bu t no t hippocampa l volume ,
was predictive o f recall on various measures of
immediate an d delayed recall on the CVLT-C
(Fig. 30-6) . D i Stefan o et al . also foun d tha t
hippocampal formatio n volume was only mar-
ginally reduced after severe TBI. The positiv e
findings for fronta l lesion volume are in agree-

O C*

ment with studies o f adults showing that fron -
tal lesion s ar e associate d wit h impaire d wor d

list recal l (Jette r e t al. , 1986 ; Janowsk y e t al. ,
1989).

METACOGNITION

The term metacognition  has been use d in the
developmental literatur e t o describ e tw o dif-
ferent processes . Th e firs t meanin g refer s t o
awareness o f one' s cognitiv e abilitie s (Flavell ,
1971), a  skill that is thought to emerge in mid-
dle childhood . I n contrast , metacognition  also
denotes the self-regulator y aspec t o f cognitive
processes (Brown , 1978), whic h i s thought t o
develop i n earl y childhood . Metacognitiv e
abilities ar e engage d i n task s suc h a s self -
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Figure 30—6 . Summar y of results of hierarchical multiple
regression analysi s that evaluate d th e incremental  contri -
butions o f bilateral fronta l (top  left), bilatera l extrafronta l
(top right),  left fronta l (middle  left),  lef t extrafronta l (mid-
dle right),  right frontal (bottom  left), an d right extrafrontal
(bottom right) lesion s to predicting the verbal learning and
memory tes t score s afte r enterin g th e severit y o f injur y
and ag e a t testin g alone . Close d bar s indicat e R 2 whe n
entering Glasgo w Coma Score and age at testing into th e
regression equation ; hatched bars indicate incremental R2

when additionall y entering lesio n siz e into the regressio n
equation. CLTER , clusters on Monda y list recall; COR K
L, correct word on long-delay free recall ; CORK LC, cor-

checking arithmetic , alterin g strateg y i n re -
sponse t o change s i n rewar d contingencies ,
and determining when the amoun t of studying
is sufficien t t o pas s a n examination . Meta -
memory, a s reflecte d b y usin g rehearsa l a s a
mnemonic strategy , appear s i n childre n b y 6

rect word on long-delay cued recall; CORR MON, correct
words o n Monda y list ; CORR TUES , correc t word s o n
Tuesday list ; CORR S , correct words on short-dela y free
recall; COR R SC , correct word s o n short-dela y cued re -
call; INTR , intrusion s on Monda y list recall ; PERS, per-
severations o n Monda y list recall ; RECOG , correc t rec -
ognitions. (Source:  Fro m D i Stefano , G. , Bachevalier , J.,
Levin, H.S. , Song , J.X., Scheibel , R.S. , & Fletcher, J.M.
(2000). Volume of focal brain lesions and hippocampal for-
mation i n relatio n t o memor y function afte r close d hea d
injury i n children . Journal  o f Neurology,  Neurosurgery,
and Psychiatry,  69 , 210-216,  reprinte d wit h permission
from th e BM J Publishing Group)

to 7  years and is thought t o be dependen t o n
frontal lob e functionin g (Shimamur a et al. ,
1991). Bot h self-awareness and self-regulatio n
are considere d t o b e dependen t o n th e mat -
uration an d integrity o f the prefronta l region.
In childre n who have foca l lesion s in the pre -
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frontal are a followin g TBI , i t i s plausible that
metacognition i s impaired .

Dennis e t al . (1996 ) administere d a  sen -
tence anomal y tas k i n whic h th e chil d wa s
asked to determine whethe r th e sentenc e was
correct o r not , an d the n t o repai r th e sen -
tence i f it had a n anomaly. These investigator s
found tha t TB I complicate d b y a  fronta l le -
sion an d TB I occurrin g befor e ag e 7  year s
were associate d wit h mor e sever e meta -
cognitive deficit . T o extend thi s finding , Han -
ten, an d colleague s (1999 ) studie d detectio n
and repai r o f sentence anomalies , including a
working memory manipulation in 1 2 children
who ha d sustaine d a  sever e TB I a t leas t 1 0
months previously. The chil d was asked to de-
cide i f the sentenc e presente d auditoril y was
acceptable o r not, to identify the problem i f it
was unacceptable, an d to repair th e sentence .
Placing th e anomal y afte r th e ver b reduce d
the workin g memor y loa d (e.g. , "Nea r th e
boat swa m the boy , the dog , an d th e bicycl e
together wit h th e fish" ) becaus e th e patien t
could detec t a n unacceptable sentenc e base d
on retainin g th e ver b "swam. " An interactio n
between memor y loa d an d grou p reflecte d
the TB I children' s disproportionat e difficult y
in detectin g sentenc e anomalie s under a  high
memory load conditio n (i.e. , when th e anom-
aly preceded the verb ; Fig . 30-7). In contras t
to th e Denni s e t al . study , Hante n an d co -
workers foun d tha t childre n ha d difficult y
identifying th e anomal y (i.e. , explaining what
was no t correct) , eve n i f the y coul d detec t
that th e sentenc e di d no t soun d correct .

Moreover, brain-injure d childre n frequentl y
were unabl e to repair an anomaly despite cor -
rectly detectin g it . Wit h a  smal l sample size,
Hanten e t al . were unabl e t o sho w a n effec t
of prefronta l lesion s o n comprehensio n o f
sentence anomalies . Implications of this study
include th e possibilit y tha t trainin g i n meta -
cognitive skill s coul d enhanc e pediatri c reha -
bilitation an d specia l educatio n fo r childre n
following TBI .

In a  preliminary metacognitive study , Han-
ten an d colleague s (2000 ) investigate d judg -
ment o f learnin g b y childre n age d 7  t o 1 3
years wh o ha d sustaine d a  TBI . Al l but on e
child wa s at leas t 1  year post-injur y and 7  of
the 9  childre n ha d fronta l lesion s o n C T o r
MRI performe d within a  year of testing. Th e
metacognitive judgmen t tas k wa s embedde d
in a  multitria l learnin g an d recal l procedure .
The chil d wa s aske d firs t t o rea d eac h wor d
aloud an d t o judg e th e eas e o r difficult y o f
learning each o f the 1 5 words on a scale rang-
ing fro m ver y eas y t o lear n t o ver y har d t o
learn. Followin g fou r stud y an d recal l trials ,
the chil d wa s then give n a  printed lis t o f th e
words and asked to judge how sure they were
of rememberin g eac h wor d (four-poin t scale)
over a  2-hou r interval . A  delayed-recal l tria l
was give n 2  hour s later . A s shown i n Figur e
30-8, th e distribution s of ratings for TBI chil-
dren were skewed toward the "easy" end of the
continuum for both ease of learning and judg-
ment of learning. Overall recall performance of
the tw o group s di d no t significantl y differ .
Ease-of-learning judgments were analyze d for

Figure 30-7. Effec t o f memory load manipulation on de-
tection o f anomalies . Data show n ar e percentag e o f cor-
rect detectio n i n th e befor e an d afte r condition s of th e
sentences containin g semantic anomalies that correspond
to greate r an d lesse r memor y load , respectively . CHI ,

closed hea d injury . (Source:  Fro m Hanten , G. , Levin ,
H.S., &  Song , J . (1999) . Workin g memor y an d meta -
cognition i n sentenc e comprehensio n by severel y head-
injured children: a preliminary study. Developmental Neu-
ropsychology, 16 , 393-414, reprinted with permission.)
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Figure 30-8. Averag e number
of words rated by children with
traumatic brain injury (TBI )
and contro l children for ease of
learning (A) and judgment of
learning (B) . Standard devia-
tions ar e shown as error bars.
(Source: Fro m Hanten , G.,
Bartha, M. , & Levin, H.S.
(2000). Metamemor y following
pediatric traumatic brain injury :
a preliminary study. Develop-
mental Neuropsychology,  18,
383-398, reprinted with
permission)

words rated 1  or 2 (easy to learn), with the TBI
group exhibiting a lower proportion o f correc t
recall (0.49) , compared t o that o f 0.65 fo r th e
typically developin g children . Correspondin g
proportions o f correc t delaye d recal l fo r th e
words rated as being easy to remember (1 or 2)
were 0.5 5 fo r the TBI group and 0.73 fo r the
controls. Thes e difference s i n proportion s o f
correct recal l o f words judge d t o b e eas y t o
learn (trial s 1-4) and recall (2-hour delayed re-
call) were significant . Hanten e t al. considere d
alternative explanations of this pattern, includ -
ing immatur e developmen t o f self-knowledge
of one's learning capacity. Deficient monitoring
of learning could also be invoked to explain the

tendency o f brain-injure d childre n t o over -
estimate their retention of words. Pending rep-
lication, thes e preliminar y finding s rais e th e
question o f whethe r remediatio n technique s
could improv e th e accurac y o f metacognitiv e
judgments about learning.

EXPRESSIVE LANGUAGE AND EXECUTIVE
FUNCTIONS

Expressive languag e impairments , includin g
reduced spontaneou s speec h an d wor d flu -
ency deficien t writin g t o dictation , an d dis -
course formulation , ar e frequen t sequela e o f
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severe TBI . Levi n e t al . (2000 ) studied wor d
fluency, a n abilit y tha t ha s bee n viewe d a s
sensitive t o executive functions , i n addition t o
linguistic competence . Compromise d sponta -
neity, initiative , attention , an d productivit y
under restricte d searc h an d retrieva l condi -
tions ar e factor s potentiall y contributin g t o
impaired wor d fluenc y afte r TBI . Workin g
memory to monitor words already mentioned ,
inhibition o f word s tha t d o no t confor m t o
the rule s o f the tas k (e.g. , proper nouns) , and
cognitive flexibility in shiftin g fro m on e wor d
to th e nex t ar e als o though t t o contribut e t o
word fluenc y performance . Consisten t wit h
this conceptualizatio n o f word fluency , Levi n
et al . (2000 ) postulate d tha t th e lef t fronta l
region mediate s th e linguisti c component  o f
the task , wherea s th e executiv e functio n as -
pects ar e subserve d b y bot h lef t an d righ t
prefrontal areas . Levi n e t al . (2000 ) posite d
that sever e diffus e TB I a t a  young age would
disrupt developmen t o f th e prefronta l cir -
cuitry involved in age-related improvemen t of
word fluency, whereas th e advers e effect s o f a
focal lef t fronta l lesio n woul d increas e wit h
age o f the child , reflecting  cortica l specializa -
tion fo r thi s function . Th e longitudina l stud y
included 7 8 childre n wh o sustaine d a  sever e

TBI (mea n age at injur y =  9. 6 years) and 44
children wh o ha d a  mil d TB I (mea n ag e a t
injury wa s 9. 8 years) . Bot h group s returne d
for a t leas t thre e follow-u p examinations over
a 3-yea r period . A s seen i n Figur e 30-9 , se -
verely injured children had impaired word flu-
ency relative to that of patients with mild TBI,
despite a  genera l tren d o f age-relate d im -
provement i n performance. However , a  triple
interaction o f TBI severity , ag e a t injury , an d
occasion reflecte d an increasing ga p in devel -
opment o f word fluenc y betwee n sever e an d
mild TB I group s i n th e younges t ag e range ,
whereas older , severely injured patients exhib-
ited recover y relativ e t o similarl y age d chil -
dren wh o sustained a  mild TBI .

To analyze the effec t o f lef t fronta l lesions ,
we selected 39 patients with severe TBI in the
longitudinal stud y who completed bot h th e 3-
and 36-mont h fluenc y test s an d categorize d
them accordin g t o presenc e (2 3 children) o r
absence (1 6 patients ) o f a  lef t fronta l lesion .
The tw o groups did not diffe r i n demographi c
features o r severity of TBI. However , childre n
in both group s frequently had lesions in othe r
sites, such a s a contralateral homologous area.
Regression analysis , which fitte d ag e at injury ,
lesion group , an d thei r interaction , showe d a

Figure 30-9 . Mea n total num-
ber o f words recalled b y mild
and sever e close d head-injure d
(CHI) childre n fro m thre e age -
at-injury group s in longitudinal
study. Growt h curve s sho w that
younger children exhibi t less
improvement i n word fluency
after sever e CH I tha n d o
younger childre n who sustained
mild CH I an d older childre n
following sever e CHI . (Source :
From Levin , H.S. , Song , J.,
Ewing-Cobbs, L. , Chapman,
S.B., &  Mendelsohn, D. (2001) .
Word fluency in relation t o se -
verity of closed hea d injury , as -
sociated fronta l brai n lesions,
and ag e a t injur y i n children .
Neuropsychologia, 39 , 122—131 ,
reprinted with permission fro m
Elsevier Science)



EXECUTIVE FUNCTIONS AFTER FRONTAL LOBE INJURY 519

significant interactio n betwee n ag e a t injur y
and lesion group. Figure 30-10 shows that the
difference i n th e tota l numbe r o f words gen-
erated acros s th e thre e trial s increase d wit h
age (i.e. , th e relativ e impairmen t associate d
with lef t fronta l lesion s wa s greate r i n th e
older childre n an d adolescents) . The mai n ef-
fects o f ag e a t injur y an d occasio n wer e sig -
nificant. A  parallel analysi s of the righ t fronta l
lesion effec t disclose d n o effec t o n wor d flu -
ency. Th e lef t fronta l lesio n effec t i n olde r
children an d adolescent s coul d reflec t th e
more establishe d functiona l commitmen t o f
this regio n t o expressiv e languag e an d wor d
fluency in particula r tha n tha t i n youn g chil-
dren wit h a  similar lesion. This interpretatio n
is compatibl e wit h th e findin g o f synapti c
elimination in the middl e fronta l gyms , which
continues into mid-adolescence (Huttenloche r
& Dabholkar, 1997 ) an d beyond the perio d of
pruning i n othe r cortica l regions , an d wit h a
recent fMR I stud y (Gaillar d e t al. , 2000) ,
which foun d a n age-relate d increas e i n a  lef t
frontal localizatio n of activation. I t is plausible
that young children sustainin g a left fronta l le-

Figure 30-10 . Histogra m showing left fronta l effec t o n
mean total number of words recalled in longitudinal study,
reflecting a  greater lesion effect o n word fluency in older
children tha n i n younger children. Reprinted fro m Neu-
ropsychologia, 39 , Levin , Song, Ewing-Cobbs , Chapman,
& Mendelsohn , Word fluenc y i n relatio n t o severit y of
closed hea d injury , associate d fronta l brai n lesions , an d
age a t injury in children, 122-131, 2001, with permission
from Elsevie r Science.

sion wer e abl e t o recrui t a  righ t fronta l ho -
mologous are a t o subserv e expressiv e lan -
guage. Positro n emissio n tomograph y (PET )
has show n tha t a  pea k o f cortica l glucos e
metabolism occur s betwee n age s 4  an d 9
years, a  finding viewed a s evidence fo r a  win-
dow of cerebral plasticit y that enhance s inter -
hemispheric transfe r o f functio n (Chugan i e t
al., 1987) .

Studies o f narrative discours e followin g se-
vere TB I i n childre n hav e als o identified im-
pairments tha t reflec t bot h linguisti c an d ex-
ecutive functio n deficit s (Chapma n e t al. ,
1992; Brookshir e e t al. , 2000) . I n thes e
studies, narrativ e discours e wa s assesse d a t
least 1  year (Chapma n et al. , 1992 ) o r mor e
than 3  year s (Brookshir e e t al. , 2000 ) post -
injury. Whe n aske d t o retel l storie s immedi -
ately afte r the y wer e rea d b y th e examiner ,
severely injured , bu t no t mildl y injured chil -
dren tende d t o los e th e gis t o r centra l poin t
of the storie s an d thei r production s wer e dis -
organized. Othe r feature s o f th e story -
retelling by children who had sustained severe
TBI include d les s comple x sentences , fewe r
words, an d reduce d content . Althoug h th e
discourse-processing deficit s wer e relate d t o
measures o f executiv e function , th e finding s
were no t specifi c to childre n wit h prefronta l
lesions.

Limitations in this are a o f research includ e
the characterizatio n o f fronta l pathology ,
which ca n b e detecte d wit h functiona l brai n
imaging i n th e absenc e o f structura l lesions .
Analysis o f lesio n volum e is als o problemati c
because man y childre n hav e lesion s over -
lapping fronta l an d extrafronta l regions. Con -
sequently, structura l MR I provides an incom-
plete assessmen t o f fronta l injur y effect s i n
children wh o hav e sustaine d TBI . Futur e
studies coul d mitigat e thi s limitation by incor-
porating functiona l brai n imaging , suc h a s
fMRI o r magnetic resonanc e spectroscopy .

FOCAL FRONTAL LESIONS
IN CHILDREN

Focal lesion s t o fronta l region s (i n particular,
prefrontal cortex ) i n adult s hav e demon -
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strated tha t thes e region s ca n b e subdivide d
according t o specific behaviora l characteristic s
and executiv e functions . I t i s unclear whethe r
the immatur e fronta l region s i n youn g chil -
dren, ar e similarl y structured, o r even i f there
is any lateralization of frontal function . To un -
derstand th e rol e o f the fronta l lobe s i n early
development, w e investigate d th e effect s o f
interruption t o thes e cerebra l regions . Th e
aims o f the stud y were t o examin e th e neu -
ropsychological abilitie s o f childre n wh o ha d
sustained foca l fronta l brai n injurie s durin g
childhood and , i n particular , t o documen t
presence an d lateralit y o f executiv e impair -
ments. T o d o this , th e stud y employe d a
number o f clinica l measure s purporte d t o
assess specifi c component s o f executiv e
function-attentional control , goa l setting , an d
cognitive flexibility , were used , wit h a n em -
phasis o n identifying tasks relevant an d inter -
esting to children .

Traditionally, test s o f executive abilit y have
been score d o n th e basi s o f a  summar y o r
"endpoint" score , incorporatin g a  rang e o f
cognitive skill s and thereby no t facilitating the
isolation an d quantificatio n o f specifi c fea -
tures of those skill s such as planning, problem
solving, reasoning , an d attentio n (Anderson ,
1998). On e o f the nove l aspect s o f this stud y
was th e implementatio n o f a  scoring metho d
that include d typica l summar y scores but als o
acknowledged tha t suc h score s represen t th e
contribution o f a  rang e o f lower-leve l cogni -
tive abilitie s i n additio n t o executiv e skills . I t
was predicte d that , whil e summar y score s
would detec t genera l level s o f cognitiv e im -
pairment, mor e process-oriente d score s
would enabl e discriminatio n withi n group s
with fronta l lob e damage . Thi s approac h ha s
been previousl y describe d b y Gart h e t al .
(1997), wh o divide d tas k performance a s fol-
lows: (1 ) mastery  i s a  summar y scor e tha t
provides a  genera l indicato r o f performanc e
reflecting a  rang e o f cognitiv e skills , such a s
speed, accuracy , perception, and language; (2)
rate i s the tim e take n to complete a  task; and
(3) strategy  refer s t o measure s o f adaptive o r
"high-level" aspect s o f performanc e tha t ar e
predicted t o b e specificall y impaired i n fron -
tal injuries . Typically , thes e aspect s ar e no t
analyzed o n traditiona l measure s o f executive

function. Th e validit y o f thi s measuremen t
approach ha s been describe d i n a  number of
child-based studie s conducte d b y ou r re -
search tea m (V . Anderson et al. , 1995 , Ander -
son e t al. , 199 8 Gart h e t al. , 1997 ; P . Ander-
son, e t al. , 2001; Matthew s et al. , 2001) .

In contras t t o the stud y of structural lesions
in th e fronta l lob e associate d wit h TB I (dis -
cussed above ) i n thi s researc h w e exclude d
TBI patient s i n a n attemp t t o focu s o n skill s
specific t o th e fronta l lobes . W e examined 27
children wit h foca l brai n lesion s involving the
prefrontal corte x a s documente d o n MR I
scan. Children wit h additional patholog y were
excluded fro m th e study . Etiolog y o f fronta l
pathology wa s divers e an d include d stroke ,
penetrating hea d injury , tumor , and dysplasia.
The timin g of lesion varied, with some lesions
resulting fro m developmenta l abnormalitie s
(n =  7 ) and other s bein g relate d t o acquire d
disorders ( n =  20) . A  health y contro l grou p
(n =  20 ) wa s als o include d i n th e stud y t o
match th e demographi c characteristic s o f the
frontal grou p (gender , age , socioeconomi c
status) a s closel y a s possible . Demographic ,
intellectual, an d neurologica l characteristic s
of th e sampl e ar e presente d i n Table s 30- 1
and 30-2.

The stud y aime d t o evaluat e th e thre e
components o f executiv e functio n previousl y
described: (1 ) attentional control , by means of
the Digi t Spa n Task (Wechsler, 1991) an d th e
Sky Searc h Dua l Tas k (SSDT ; Manl y e t al. ,
1999); (2 ) goal setting, by means of the Towe r
of Londo n Tes t (TOL ; Shallice , 1982 ; P . An-
derson e t al. , 1995 ) an d th e Comple x Figur e

Table 30—1 . Demographic s o f clinical and contro l
samples

Factor

Frontal Contro l
Lesions Sampl e

(n =  27 ) ( n =  20 )

Number of males 1 8 1 4
Age in years, mean (SD) 11. 1 (2.9 ) 10. 1 (2.2)
Socioeconomic status , mean 4. 8 (1.4 ) 3. 7 (0.9)

(SD)
Full-scale IQ , m  (SD ) 88. 9 (9.1 ) 106. 2 (13.6 )

SD, Standar d deviation .
Socioeconomic statu s derive d usin g scal e develope d b y
Daniel (1983) .
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Table 30-2 . Characteristic s of fronta l lesio n
group

Factor

Left-sided
Lesions

(n =  11 )

Age in years, mean (SD)

Intellectual ability
Full-scale IQ, mean (SD)
Verbal IQ mea n (SD)
Performance IQ , mean
(SD)

91.9 (9.0 )
89.6 (11.3 )
96.4 (11.6 )

Neurological characteristics
Acquired lesions (n) 7
Seizures (n ) 7
Seizure onset (years ) mean 7. 7 (4.2)

(SD)

Right-sided
Lesions
(n =  9 )

11.6 (2.5 ) 10. 7 (3.5 )

89.7 (8.0)
95.6 (12.6 )
88.4 (8.5 )

7
3
6.3 (4.5)

SD, standar d deviation . N o statisticall y significant differ -
ences between lef t &  right sided lesio n groups.

Table 30-3 . Master y scores for
neuropsychological function followin g fronta l
lesions

Measure

Digit span (SS)°
SSDT (target s correct)
SSDT (count s correct)0

TOL (no . correct)
CFR (cop y accuracy)
COWAT (tota l words)0

20QT ( % constraint)

Frontal Grou p
Mean (SD)

8.3 (2.5)
16.7 (3.4 )
4.8 (2.7)

10.8 (1.2 )
28.2 (9.1 )
16.5 (7.5 )
40.8 (27.2 )

Controls
Mean (SD)

10.1 (3.2 )
18.1 (1.5 )
7.5 (3.6 )

10.8 (1.0 )
23.2 (10.5 )
24.8 (7.9)
41.8 (19.4 )

CFR, Comple x Figure o f Rey; COWAT, Controlled Ora l
Word Associatio n Test ; SSDT , Sk y Searc h Dua l Task ;
TOL, Tower of London Test, 20QT, 20 Questions Test.
°P <  0.05 , b y Analysi s o f Covariance (ANCOVA ) covar-
ying for age .

of Re y (CFR ; Rey , 1964 ; P . Anderson e t al. ,
2001); an d (3 ) cognitiv e flexibility , by mean s
of the Controlle d Ora l Word Association Tes t
(COWAT; Gadde s &  Crocket , 197 5 an d th e
20 Question s Tes t (20Q ; Denn y &  Denny ,
1973). I n addition , th e variable s derived fro m
these measure s wer e designe d t o focu s o n
three component s o f executiv e function , i n
line wit h ou r previou s researc h (Gart h e t al. ,
1997; Anderson , 1998) , incorporatin g indice s
of rate and strateg y a s well a s mastery scores .

COMPARISONS BETWEEN FRONTAL
LESIONS AND CONTROLS

Initial analyse s o f childre n wit h foca l frontal
lesions ( n =  27 ) an d contro l childre n wer e
conducted, wit h al l analyse s includin g ag e a s
a covariate . Intellectua l quotien t (IQ ) was not
used a s a covariate, a s the developmen t o f IQ
is likely to be intimately linked to deficient ex-
ecutive function s i n children . Th e result s o f
these comparison s ar e show n i n Table s 30- 3
and 30-4 .

While trend s fo r poorer performanc e wer e
evident fo r children wit h frontal lesions, group
differences acros s mastery , rate , an d strateg y
measures were surprisingly small. For master y
scores, childre n wit h fronta l lesions exhibite d
poorer attentiona l control (Digi t Span, SSDT)

Table 30-4. Rat e and strategy scores for
neuropsychological function followin g fronta l
lesions

Measure

Rate
SSDT (completion time)
TOL ( % planning time)
TOL (tota l time)
CFR (cop y time)
20QT (solutio n time) 0

Strategy scores
SSDT (decremen t score )
TOL (faile d attempts)
TOL (perseverativ e

errors)!
TOL (rul e breaks)
CFR (organization)
COWAT (errors)
20QT (% pseudo -

constraint)0

20QT ( % hypothesis)

Frontal Grou p
Mean (SD)

113.3 (36.2 )
19.5 (5.7 )

272.9 (68.4 )
214.7 (84.0 )
63.3 (20.8 )

4.8 (9.1 )
9.2 (3.6)
2.2 (1.6 )

0.9 (1.5)
3.9 (1.2)
2.6 (2.4)
9.8 (10.9 )

49.4 (37.3)

Controls
Mean
(SD)

135.3 (48.1 )
21.2 (11.9 )

279.8 (78.9)
247.9 (101.4 )
85.4 (37.1 )

3.1 (4.4)
7.7 (3.3)
1.2 (1.8)

0.7 (1.3)
4.3 (1.0)
2.1 (2.2)

21.7 (17.2 )

37.3 (27.6 )

CFR, Comple x Figure of Rey; COWAT, Controlled Ora l
Word Associatio n Test ; SSDT , Sk y Searc h Dua l Task ;
TOL, Tower of London Test ; 20QT, 20 Questions Test.
*P <  0.05 ; t P <  0.1 , b y Analysi s o f Covarianc e
(ANCOVA) covarying for age .
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and generate d fewe r word s o n fluenc y task s
(COWAT). Mastery-leve l score s o n task s tap-
ping goa l settin g an d plannin g abilitie s (i.e. ,
TOL, CFR ) wer e unimpaire d relativ e t o
controls.

In th e domai n o f strategy , result s wer e i n
the predicte d direction , althoug h grou p dif -
ferences wer e ofte n no t substantial . Childre n
with foca l fronta l lesion s mad e mor e persev -
erative error s o n th e TOL , an d aske d mor e
"pseudo-constraint" question s on the 20Q; this
finding suggest s a  lower capacit y for strategi c
behavior and evidence o f cognitive inflexibility .
There wa s also a  trend towar d poore r atten -
tional control , highe r erro r levels , an d les s
planful behavior .

Interestingly, health y contro l childre n
tended to take longer to complete all executive
function tasks . Thi s findin g i s no t consisten t
with adul t findings , whic h sugges t slowin g of
processing spee d followin g brain insul t (Pons-
ford &  Kinsella , 1992) . Simila r finding s hav e
been documented , however , i n othe r studie s
of childhood brain disease (V . Anderson et al. ,
in press; Catroppa &  Anderson, submitted). In
both th e curren t stud y an d thes e previou s
studies, faste r respons e speed s wer e no t re -
lated to  bette r overal l performances . One in-
terpretation fo r the slo w performance o f nor-
mal childre n i s that th e quicke r response s o f
the fronta l grou p ar e abnormal , possibl y re -
flecting impulsive responses or a lack of atten-
tion to detail. This explanation is supported b y
the highe r mea n level s o f error s an d self -
corrections recorde d i n th e fronta l group ,
which sugges t tha t i n th e trade-of f betwee n
speed an d accuracy , childre n wit h fronta l le -
sions ar e mor e likel y to choos e speed , whic h
may indicate impulsivity . Thus such quick per-
formances ar e no t necessaril y advantageous ,
because overal l efficienc y ma y b e compro -
mised, a s show n o n th e Contigenc y Namin g
Test (CNT) : efficiency measure .

WITHIN GROUP COMPARISONS LEFT
AND RIGHT FRONTAL LESIONS

It i s ofte n argue d withi n th e adul t literatur e
that simple comparisons o f clinical and control
groups may mask subtle deficit s demonstrate d
by subset s o f th e clinica l sample . I n a n at -

tempt t o address this issue, we further divided
our clinica l sampl e accordin g t o lateralit y of
frontal pathology . W e expecte d tha t childre n
with left-side d lesion s woul d perfor m mor e
poorly o n task s requirin g primaril y verba l
skills, includin g verbal generation an d fluency
skills (e.g. , COWAT , 20Q) , whil e thos e wit h
right fronta l pathology woul d achiev e poores t
results fo r nonverba l tasks , includin g atten -
tional contro l (e.g. , o n th e SSDT , TOL , an d
CFR).

Results pertinen t t o thes e comparison s ar e
presented i n Table s 30- 5 an d 30-6 . Overal l
laterality effect s appeare d t o b e tes t specifi c
and a s predicted . Th e lef t fronta l grou p ap -
peared t o perfor m mos t similarl y to control s
overall, and this group performed better than
the righ t lesio n group on al l measures.

Right fronta l lesion s wer e associate d wit h
the poores t performance s on measure s o f at-
tentional control , goa l setting , an d cognitiv e
flexibility, regardless o f the primar y modalit y
of the task , as has been describe d i n relevan t
literature o n adults (Knight et al. , 1981) . Chil-
dren wit h righ t fronta l lesion s appeare d t o
have greate r difficultie s o n th e executiv e as -
pects o f these tasks . These result s canno t b e
explained i n term s o f severity , timing, or siz e
of lesion. On th e basi s o f this pattern o f find-
ings, i t ma y be postulate d that , i n early child-
hood, executiv e function s ar e primaril y sub -
sumed by the righ t fronta l lobe , or damage to

Table 30-5 . Master y scores o f laterality effect s
following fronta l lob e lesions

Measure

Digit Spa n (SS)
SSDT (targets correct)
SSSDT (counts

correct)
TOL (no . correct)
CFR (cop y accuracy)
COWAT (tota l words)
20QT ( % constraint) "

Left ( n =  11 )
Mean (SD)

8.4 (2.5)
17.2 (2.4)
5.0 (2.6)

11.0 (0.9)
28.2 (9.1)
15.5 (7.6)
54.5 (10.5)

Right ( n =  9 )
Mean (SD)

8.1 (2.6)
16.1 (4.5)
4.4 (3.2)

10.7 (1.4)
23.2 (10.5)
17.8 (7.6)
28.6 (32.0 )

CFR, Comple x Figure o f Rey ; COWAT, Controlle d Oral
Word Associatio n Test ; SSDT ; Sk y Searc h Dua l Task ;
SSSDT, Scor e Dua l Task ; TOL, Towe r o f Londo n Test ;
20QT, 20 Questions Test.
aP <  0.05; by Mests.
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Table 30-6. Rat e and strategy scores of laterality
effects followin g fronta l lob e lesions

Measure

Rate
SSDT (completion time)
TOL ( % plannin g time)
TOL (tota l time)
CFR (cop y time)
20QT (solutio n time )

Strategy scores
SSDT (decrement score)
TOL (failed attempts ) t
TOL (perseverativ e

errors)
TOL (rul e breaks)
CFR (organization )
COWAT (errors )
20QT ( % pseudo-constr)
20QT ( % hypothesis)0

Left
(n =  11 )

Mean (SD)

113.4 (50.4 )
19.7 (6.2)

264.5 (71.2)
210.9 (87.8 )

67.0 (24.1 )

3.7 (5.5)
7.8 (2.9)
1.9 (1.1)

0.7 (1.4)
4.3 (0.9)
2.4 (2.4)

12.2 (11.5 )
31.3 (15.3)

Right
(n = 9 )

Mean (SD)

113.1 (48.2 )
19.2 (5.5 )

282.2 (68.1 )
219.6 (85.6 )
60.5 (18.9)

6.2 (12.7 )
10.7 (3.9)
2.6 (1.9)

1.1 (1.7)
3.4 (1.4)
2.9 (2.6)
7.9 (10.7 )

63.5 (35.3 )

CFR, Comple x Figur e of Rey; COWAT, Controlled Oral
Word Associatio n Test ; SSDT , Sk y Searc h Dua l Task ;
TOL, Towe r of London Test; 20QT, 20 Questions Test .
°P <  0.05; f P <  0.1  by t-tests.

frontal lob e ma y hav e a  critica l rol e i n th e
early developmen t o f executiv e skills , a  find -
ing consisten t wit h th e wor k o f Rourk e
(1987). I t remain s unclea r whethe r thes e
skills ma y be graduall y lateralized i n childre n
with fronta l damag e o r remai n withi n th e
damaged lobe .

Alternatively, it may be tha t executiv e func -
tions develop primarily in right frontal regions,
then gradually transfer and become lateralized
with age. Thus, when right fronta l damag e oc-
curs in childhood, th e efficien t maturatio n and
transfer o f these skill s is disrupted. However ,
when earl y lef t fronta l damage occurs , devel -
opment ca n continu e unaffecte d in th e righ t
hemisphere. Transfer of function may then not
occur a t all , wit h al l function s bein g main -
tained within the healthy right hemisphere, or
transfer ma y occur afte r som e recovery to th e
damaged left fronta l regions . A final possibility
that th e test s w e hav e chose n i n thi s study ,
while supposedly tapping a variety of executive
components, may have failed to tap those sub-
sumed by lef t fronta l regions .

right fronta l region s ha s a  globa l impac t o n
the developmen t o f executiv e skills . A s th e
brain matures , executiv e skill s ma y becom e
progressively lateralized , leadin g t o th e
verbal-nonverbal distinctio n describe d i n
adults with such injury . Thi s suggestion is not
inconsistent wit h th e theor y o f nonverba l
learning disabilit y (Rourke , 1987), a  develop -
mental syndrome , whic h describe s th e righ t
hemisphere a s bein g particularl y vulnerabl e
to earl y insult . When suc h insul t occurs , de -
velopment i s disrupted , wit h symptom s in -
cluding moto r impairments , nonverba l proc -
essing deficits , a s wel l a s problem s wit h
higher-order functions , suc h as planning, rea -
soning, cognitive flexibility, and attention .

In summary , mastery , rate , an d strateg y
measures may all provide valuable information
on executive function in children. Results from
the presen t stud y suggest les s clear laterality -
specific functio n withi n th e brai n tha n ha s
been describe d i n adults , perhap s wit h th e
exception o f verbal production , a  skil l argued
to b e clearl y lateralize d fro m infanc y (John -
son, 1997) . Rather , i t appear s tha t th e righ t

CONCLUSIONS

Damage t o fronta l brai n region s ha s wide -
ranging implications fo r ongoing developmen t
in children . Deficit s in man y aspects o f neu -
robehavioral function hav e been observed , in-
cluding attention , impuls e control , language ,
and memory . I n contras t t o th e ofte n foca l
consequences observe d i n adults , childre n
who sustain frontal lobe pathology are likely to
present wit h mor e globall y depresse d cogni -
tive profiles, with the likelihoo d of developing
emerging deficit s ove r time . The possibl e ex-
planations fo r thes e generalize d impairment s
may relat e t o th e impac t o f suc h injurie s o n
the child' s capacit y t o acquir e ne w skills . Al-
ternatively, there ma y be a  biological basis re-
flecting the timin g of injur y an d th e capacit y
for functiona l reorganization an d recruitmen t
within the developin g brain .

Current researc h limitation s restric t ou r
ability to com e t o an y firm conclusions about
prefrontal function s i n children . I n particular ,
research has been flawed because of problems
in the accurat e detectio n an d characterizatio n
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of fronta l pathology , th e confoundin g effect s
of extrafronta l injury , and th e lac k o f consen -
sus regardin g the essentia l feature s o f execu -
tive functions , thei r mos t appropriat e indica -
tors i n children , an d thei r developmenta l
trajectories. Man y widely used measures o f ex-
ecutive functio n are complex and underpinned
by a  rang e o f skills , thu s complicatin g effort s
to specif y o r manipulat e hypothesize d pro -
cesses suc h a s inhibition o r working memory .
Hypothesis-driven studie s i n whic h task s de -
signed t o measure specifi c cognitive processes
are used could contribute to advancements in
assessment an d cognitiv e intervention . More -
over, neuroscientifi c researc h concernin g th e
pharmacologic modulatio n o f executiv e func -
tioning an d effect s o n prefronta l corte x (se e
Chapter 4) provide an opportunity t o develop
treatment strategie s fo r childre n wit h post -
traumatic frontal dysfunction .
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Older adult s ofte n complai n that thei r mem-
ory performance is not a s good as it was when
they wer e younger , an d thi s observatio n i s
generally born e ou t b y the result s o f labora -
tory studie s (Craik  &  Jennings, 1992 ; Balot a
et al , 2000 ; Zack s e t al. , 2000) . However ,
these studie s ar e als o consisten t i n showin g
that age-related memory losses ar e very task-
dependent; performanc e on som e tasks drops
substantially with increasing age, whereas per-
formance o n othe r task s shows essentially no
change acros s the adul t years. This differential
pattern o f strengths an d weaknesses ca n pre -
sumably giv e researcher s som e clues , abou t
both th e cognitiv e organizatio n o f memor y
systems an d th e underlyin g neura l correlate s
of these differen t systems . The purpose of this
chapter i s firs t to provid e a n accoun t o f age -
related memor y losses a t the behaviora l level
and the n t o asses s the compatibilit y betwee n
this accoun t an d curren t finding s an d idea s
from neuroimaging . I n particular , we addres s
the question of how far the pattern of memory
losses associated with normal aging can be un-
derstood a s a  consequenc e o f a n age-relate d
decline i n th e efficienc y o f fronta l lob e func -
tioning—the so-calle d fronta l lobe hypothesi s
of cognitiv e agin g (Alber t &  Kaplan , 1980 ;
Dempster, 1992 ; West , 1996) .

The ide a tha t th e fronta l lobe s ar e particu -

larly vulnerable to th e effect s o f aging comes
from bot h the behavioral literature and the lit-
erature on structural changes in the brain with
age. Fo r example , behaviora l studie s hav e
shown tha t olde r adult s hav e particular diffi -
culty with memor y tasks that mak e heavy de-
mands o n th e fronta l lobes , suc h a s working
memory and fre e recal l (West , 1996). Most of
the dat a o n change s i n brai n structur e wit h
age com e fro m magneti c resonanc e imagin g
(MRI) studies tha t have examined age-related
differences i n th e volum e o f variou s brai n
regions. A  recent revie w b y Ra z (2000 ) indi -
cates that the volume of frontal cortex is some-
what mor e strongl y correlated wit h ag e than
other cortica l areas , suc h a s the tempora l o r
parietal lobes, although it should be noted that
some subcortica l area s (suc h a s th e caudat e
nucleus) show a correlation with age similar to
that seen in the fronta l lobes . These tw o bod-
ies o f work togethe r hav e bee n take n a s evi-
dence tha t decline s i n fronta l lob e functio n
underlie many of the age-related changes see n
in cognitive abilities. However, a recent review
of the evidenc e fo r the fronta l lob e agin g hy-
pothesis (Greenwood , 2000 ) conclude d tha t
too little attentio n ha s been pai d t o evidenc e
for change s see n elsewher e i n th e brai n an d
advocates a  networ k approac h t o thi s issue ,
rather than a  localization one. As we shal l see
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below, the neuroimagin g evidence indicate s a
critical rol e no t onl y fo r th e fronta l lobe s i n
cognitive aging but als o for other areas as well.

AGING AND MEMORY: BEHAVIORAL
EVIDENCE

It i s abundantl y clea r tha t huma n memor y
cannot b e though t o f a s a  monolithi c entit y
that perform s eithe r poorly o r well. Rather , i t
is a  se t o f loosel y relate d cognitiv e abilitie s
whose various functions have been attribute d
to either differen t memory systems (e.g., Tulv-
ing, 1983 ; Tulvin g &  Schacter , 1990 ) o r dif -
ferent cognitiv e processe s (e.g. , Craik , 1983 ;
Jacoby, 1983 ; Koler s &  Roediger, 1984) . Th e
experimental literature o n cognitive aging typ-
ically deal s with adult s age d betwee n 2 0 and
90, and there i s general agreemen t tha t per -
formance o n som e memor y task s hold s u p
well acros s thi s ag e rang e wherea s perfor -
mance o n othe r task s decline s substantiall y
from young to old adulthood (see Craik & Jen-
nings, 1992 ; Balot a e t al , 2000 ; Zack s et al. ,
2000, fo r recen t reviews) . I t i s assume d tha t
this differentia l patter n o f tas k performanc e
reflects th e fac t tha t differen t memor y task s
tap th e differen t system s or processes t o var-
ious degrees ; also , some systems or processe s
are more vulnerable tha n other s to the effect s
of aging .

Tasks tha t sho w little chang e a s a  function
of agin g includ e procedura l memor y tasks ,
priming an d othe r "implici t memory " tasks ,
episodic recognitio n memory , an d semanti c
memory tasks . Procedural  memory  tasks  ar e
those reflecting  learne d skills—eithe r moto r
skills such as typing or cognitiv e skills such as
reading. Implicit  memory tasks  show benefits
from a  previous even t i n the absenc e of con-
scious recollection o f that event . Fo r example,
recent experienc e o f a word primes late r per -
ception o f that sam e word, even if the subjec t
does no t remembe r seein g th e wor d i n th e
previous phas e o f th e experiment . Semantic
memory i s the person' s genera l knowledg e of
facts, vocabulary, etc., and the ability to access
and us e thi s knowledg e change s onl y slightl y
with increasing age . Finally , although episodic
memory fo r specifi c event s i s generall y vul -

nerable t o th e effect s o f aging , i f the tes t i s
recognition (a s opposed to recall) , th e effect s
are typicall y small (Craik & McDowd, 1987) .
Large age-relate d decrements , however , ar e
usually seen in the fre e recal l of previously ex-
perienced episodes , i n recollection of contex t
and source , i n workin g memory , and i n pro -
spective memory . Thus , fo r example , olde r
adults ca n recollec t fact s tha t the y hav e ac -
quired, but be unable to remember the source
of that fact—whethe r i t was heard on the ra -
dio, seen on TV, or read in a newspaper. Work-
ing memory  tasks  ar e thos e tha t involv e th e
active manipulation of material held in mind—
mental arithmetic , fo r example , o r repeatin g
back a  strin g o f words i n th e revers e order .
Prospective memory  involve s remembering t o
carry ou t a  planne d actio n a t som e futur e
time, a s in mailing a  letter, buyin g a  birthda y
gift, o r eve n collectin g a  specifi c book fro m
another room ; older peopl e ar e ofte n les s ef-
ficient a t carrying out suc h tasks.

The crucia l scientifi c proble m i s therefor e
to fin d commo n factor s tha t underli e thes e
strengths an d weaknesses , firs t a t the leve l of
psychological description an d then a t the level
of brai n functions . On e possibl e basi s o f or -
ganization i s th e memor y system s viewpoin t
proposed b y Ende l Tulvin g an d colleague s
(Tulving, 1983 ; Tulvin g &  Schacter , 1990) .
Tulving has suggested that there ar e five major
memory systems : procedura l memory , th e
perceptual representationa l system , workin g
memory, semanti c memory , an d episodi c
memory. I s it possible tha t agin g affects som e
of these systems but not others, thereb y giving
rise t o th e previousl y describe d patter n o f
strengths an d weaknesses? Age-related differ -
ences ar e sligh t i n bot h procedura l memor y
and variou s perceptua l memor y system s
(Craik &  Jennings, 1992) , s o this observatio n
fits the system s viewpoint. Fo r th e othe r sys -
tems th e fi t i s not s o good, however , as ther e
are strengths an d weaknesses within eac h sys-
tem. Fo r example , workin g memor y task s
show substantial age-related decline s (see Bal-
ota et al., 2000; Zacks et al., 2000, for reviews),
but othe r closel y relate d short-ter m memor y
tasks (e.g. , span measure s an d primary mem -
ory tasks ) sho w littl e chang e (Crai k &  Jen -
nings, 1992) . Semanti c memory holds up well
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with age , ye t th e tendenc y t o forge t prope r
names (clearl y semantic memory information)
is universally reported by older people . Olde r
adults' performance on episodic memor y tasks
is generally poor , yet their performance o n ep-
isodic recognition  tasks , a s oppose d t o recal l
tasks, i s comparativel y goo d (Crai k &  Mc -
Dowd, 1987) . Al l i n all , then , th e system s
viewpoint does no t provide a  very satisfactory
account o f the pattern of memory deficits seen
in older people .

An alternativ e approac h i n term s o f differ -
ent processes  was suggeste d b y Crai k (1983 ,
1986), who theorized tha t encodin g processe s
are driven partly by internal menta l states , pri -
marily b y thos e associate d wit h th e percep -
tion, comprehension , an d elaboratio n o f th e
original event (Crai k & Lockhart, 1972 ; Crai k
& Tulving , 1975) , an d partl y b y th e externa l
context. Al l of these variables ar e incorporated
into the encode d representatio n o f the event .
Successful retrieva l i s largely a question o f re-
creating th e sam e pattern o f mental activitie s
that occurred a t the time of encoding, an d the
reestablishment o f thi s patter n i s helpe d
greatly i f th e externa l environmen t i s similar
to the encodin g contex t an d thus induces th e
same menta l operations . T o th e exten t tha t
such environmenta l suppor t i s lacking , th e
person must recruit self-initiated processin g in
an attemp t t o re-creat e th e origina l pattern ;
Craik's (1983 ) suggestio n wa s tha t suc h self -
initiated processin g depend s substantiall y on
the integrit y o f th e fronta l lobes . Also , som e
tasks requir e mor e self-initiate d processin g
than others . Recognitio n memory involves the
re-presentation o f the item s (alon g with ne w
lures or abstracto r items) and s o is moderately
high in environmental support. Free recall, by
contrast, i s typicall y carrie d ou t i n th e com -
plete absenc e o f cues and ofte n i n a  differen t
environment fro m th e origina l encodin g con -
text, s o this task is low in environmenta l sup-
port an d mus t therefore rel y heavil y o n self -
initiated activities . Th e genera l scheme ,
showing the complementary relations between
environmental suppor t an d self-initiate d pro -
cessing, i s show n i n Figur e 31-1 . I f norma l
aging is associated wit h a  reduction i n the ef -
ficiency of frontal lobe functioning , then older
people shoul d be especially penalized o n tasks

Figure 31-1. Schem e illustrating the relations among en-
vironmental support , self-initiate d processing , an d age -
related memor y loss.

that requir e a  lo t o f self-initiate d processing.
That is , the y shoul d b e poo r o n recal l task s
but perform comparatively well on recognition
and procedural memor y tasks, and this is what
the dat a show .

Before examinin g the plausibilit y of Craik's
suggestion further , w e wil l conside r th e evi -
dence o n agin g an d fronta l lobe functioning ,
with a n emphasi s o n recen t finding s fro m
functional neuroimaging .

NEUROIMAGING STUDIES OF AGING,
MEMORY, AND THE FRONTAL LOBES

There are two aspects of brain activity changes
with age during cognitive tasks that have been
addressed wit h functional neuroimaging: brain
areas where olde r adult s have reduced activit y
compared t o tha t o f young adults , an d area s
where older adults have increased activity . Re-
duced activit y ca n reasonabl y b e assume d t o
reflect a  reduced leve l o f functioning , partic-
ularly whe n accompanie d b y poore r perfor -
mance o n th e task . Therefore , i f th e fronta l
lobes ar e vulnerabl e t o th e effect s o f aging ,
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older adult s shoul d sho w reduced fronta l ac-
tivity during memory tasks, particularly those
memory tasks that olde r adult s find especially
difficult. Unfortunately , no neuroimagin g ex -
periments t o dat e hav e examine d fre e recall ,
the memor y task on which olde r adult s show
the greates t deficit. However, a  number of ex-
periments have used recognitio n tasks , to ex-
amine bot h encodin g an d retrieva l i n elderl y
adults, and a few have used cued recall . These
experiments hav e foun d suppor t fo r th e ide a
that olde r individual s ar e particularl y disad -
vantaged durin g encodin g (Crai k &  Byrd ,
1982). Durin g encodin g o f unfamilia r faces ,
young adults show increased activity in left in -
ferior prefrontal cortex , as well as in tempora l
regions, both mediall y and laterally (Haxby et
al., 1996 ; Bernstei n e t al. , 2002). Olde r adult s
show less activation o f left prefrontal and tem-
poral region s durin g fac e encodin g tha n tha t
in younger adults (Grady et al., 1995, i n press).
Similar results were found in a verbal memory
study i n whic h youn g an d ol d adult s wer e
scanned during encoding o f paired associates
(Cabeza e t al. , 1997) . As in the fac e memor y
study, th e ol d adult s showe d les s activatio n
during encoding in the area s that were activ e
in young adults—i.e., lef t prefronta l and tem-
poral regions . This findin g wa s replicate d b y
Anderson e t al . (2000) , wh o showe d furthe r
that divided attention during encoding and ag-
ing bot h reduce d encoding-relate d activit y in
left prefronta l cortex. This resul t suggests that
the reductions in memory accuracy due to ag-
ing and divided attention may have a common
mechanism i n that bot h reduc e th e abilit y to
engage i n elaborativ e encodin g tha t i s medi -
ated, a t least in part, by left prefronta l cortex.

During retrieva l th e pictur e i s somewha t
different. Durin g recognitio n o f faces , bot h
young an d ol d adult s show activation o f righ t
prefrontal an d parieta l cortice s wit h littl e o r
no differenc e i n the magnitude s o f this acti -
vation (Grady et al. , 1995, in press). Right pre-
frontal activit y i s als o see n durin g verba l re -
trieval i n bot h youn g an d ol d adults , durin g
both cued recal l (Cabeza et al. , 1997) and rec-
ognition (Cabez a e t al. , 1997 ; Madde n e t al. ,
1999b). Sometimes , however, righ t prefronta l
activity i s reduced i n th e olde r grou p durin g
cued recal l (Anderso n et al. , 2000 ) o r i s in a

different locatio n tha n tha t o f youn g adult s
(Schacter et al. , 1996) . Other areas of reduced
activity in the elderl y during retrieval include
the thalamus (Madden et al., 1999b; Anderson
et al., 2000), temporal regions (Backman et al. ,
1997; Cabez a e t al. , 1997) , an d visua l cortex
(Grady e t al. , 1995 ; Anderso n e t al. , 2000) .
Thus, i n term s o f prefronta l regions , olde r
adults consistently show reduced level s o f ac-
tivity in prefrontal area s tha t mediat e encod -
ing—mainly lef t inferio r prefrontal cortex. I n
contrast, olde r adult s ofte n ca n engag e th e
right prefronta l region s involve d i n retrieva l
relatively normally , particularly i f memor y is
tested via recognition; this finding is consistent
with th e behaviora l evidenc e o f les s age -
related reduction durin g recognition than dur-
ing recall. Thus, if one examines the result s in
terms of reduced frontal activity in the elderly ,
the findings are consisten t wit h the ide a tha t
older individual s hav e difficult y wit h bot h
stages o f memory , particularl y th e encodin g
stage and when memory is assessed with more
effortful form s o f retrieval . I n addition , thes e
difficulties ar e mediate d b y no t onl y reduc -
tions in the fronta l lobe s but als o reduced ac-
tivity in posterior cortica l regions.

In contras t t o these reductions  in brain ac-
tivation, which imply a reduction in processing
resources, a number of investigators have now
reported increased  utilizatio n o f som e brai n
regions by older adult s during memory tasks,
primarily in prefrontal regions during memory
retrieval. The stud y of paired-associate mem -
ory mentioned above (Cabeza et al., 1997) and
one of face memory experiments (Grady et al. ,
in press) found that both young and old adults
had righ t prefronta l activit y durin g retrieval ,
but th e ol d adult s als o had lef t prefronta l ac-
tivity durin g thi s task . Simila r finding s wer e
reported i n experiment s b y Cabez a e t al .
(2000) an d b y Madde n an d colleague s
(1999b), wh o examine d recognitio n o f singl e
words an d foun d tha t youn g adults had righ t
prefrontal activatio n during word recognition,
whereas th e old adults had bilateral prefrontal
activation. Backma n an d colleague s (1997 )
also reporte d bilatera l prefrontal activation in
older adult s durin g cue d recal l o f learne d
words; i n youn g adult s activatio n wa s i n th e
right hemisphere . Thes e experiments , to -
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gether wit h thos e examinin g encodin g (dis -
cussed above) , indicat e tha t olde r adult s d o
not engag e lef t prefronta l corte x durin g en -
coding, bu t ofte n do so during retrieval and to
a greate r exten t tha n youn g adults. Thi s sug -
gests tha t the cognitive processe s mediated by
left prefronta l cortex during memory tasks are
not necessaril y unavailabl e t o the elderly , bu t
are use d differently . Thes e age-relate d differ -
ences ar e summarized in Figure 31-2 .

Differential us e o f prefronta l an d othe r
regions of cortex also has been foun d in short-
term o r workin g memor y experiments . Two
recent experiment s o f workin g memor y fo r
letters i n which simila r paradigms were used ,
found decrease d activit y in left prefronta l cor-
tex (Jonide s e t al. , 2000 ; se e Fig . 31-2 ) an d
bilateral dorsolatera l prefrontal cortex in older
adults, tha n tha t i n younge r adult s (Rypm a
D'Esposito, 2000) . Interestingly , th e stud y by
Rypma an d D'Esposit o (2000 ) showe d tha t
this age-related differenc e was seen only when
participants mad e their responses to the mem-
ory probe an d not during encoding o r the 10-
second retentio n period . Other working mem-
ory studie s hav e show n increase s a s wel l a s
decreases i n activatio n i n olde r adults . On e
such experiment involve d short-term recogni -
tion of unfamiliar faces using a delayed match -
to-sample (DMS ) paradig m (Grad y e t al. ,
1998). Whe n th e delaye d recognitio n condi -

tions were compare d t o a  baseline condition ,
both youn g an d ol d adult s ha d activatio n o f
occipitotemporal and prefrontal cortices bilat -
erally. However , youn g adult s ha d greate r ac-
tivation o f righ t ventra l prefronta l cortex, an d
old individual s showe d greate r activatio n i n
left dorsolatera l prefrontal cortex (see Fig. 31-
2). I n addition , th e olde r adult s als o ha d
greater activit y durin g th e workin g memory
tasks in occipital cortex . This study is therefore
an interesting exampl e of both reduced us e of
resources (i n righ t frontal ) an d increase d us e
of resource s (lef t fronta l an d occipital ) i n th e
elderly. Reuter-Loren z an d colleague s (2000)
examined working memory for verbal and spa-
tial informatio n and foun d tha t youn g adults
had lateralized prefronta l activit y during these
tasks—in th e lef t hemispher e durin g th e ver -
bal tas k an d i n th e righ t hemispher e durin g
the spatia l task. Older adults , by contrast, had
bilateral prefronta l activit y durin g bot h tasks ,
a finding similar to the report s of bilateral pre-
frontal activit y i n th e elderl y durin g episodi c
retrieval, discusse d above .

The obviou s questio n raise d b y these dat a
is ho w on e shoul d interpre t thi s recruitmen t
of brain activit y in the elderly . I n som e cases,
this additiona l activit y occur s durin g a  tas k
that th e olde r adult s ar e abl e t o perfor m as
well as young adults, leading to the suggestio n
that recruitmen t o f additiona l area s i s com -

Figure 31—2. Schemati c right and left hemispheres show- in g memor y (WM ) experiments . Dat a wer e extracte d
ing area s wher e functiona l neuroimaging  studie s hav e fro m th e followin g studies : Grad y e t al. , (1995 , 1998 ,
found difference s betwee n olde r (o ) an d younge r (y ) 1999 , i n press) ; Schacte r e t al . (1996) ; Madde n e t al. ,
adults in brain activation during the encoding and retrieval 1996 , 1999 ; Backma n e t al . (1997) ; Cabez a e t al . (1997 ,
phases of episodic memory experiment s an d during work- 2000) ; Anderso n e t al . (2000); Jonides e t al . (2000).
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pensatory (Grad y et ah , 1994 ; Cabez a e t al. ,
1997). Anothe r way of looking at thi s issu e is
to examine correlations betwee n brai n activity
and tas k performance . I n a n experimen t ex -
amining brain activity during working memory
for simpl e visua l stimul i (Mclntosh  e t al. ,
1999), bot h youn g an d ol d adult s showe d
regions of cortex where activit y was correlated
with bette r memor y performance , bu t th e
specific region s wer e differen t i n th e tw o
groups. This resul t suggest s that memory per-
formance depends on the function of differen t
sets of brain regions as we age. A similar result
was reported fo r face memory , in that younger
adults showe d positiv e correlation s betwee n
activity in media l tempora l region s an d accu -
racy of face recognition , wherea s olde r adults
showed correlation s betwee n activit y i n dor -
solateral prefronta l region s an d fac e memor y
(Grady e t al. , i n press) . I n addition , Rypm a
and D'Esposit o (2000 ) foun d tha t faste r re -
action time s were relate d t o increased dorso -
lateral prefronta l activit y i n olde r bu t no t
younger adults . Thi s evidenc e o f differentia l
correlations betwee n brai n activit y and mem-
ory performanc e suggest s tha t olde r adult s
might be abl e t o recrui t brai n areas , particu -
larly dorsolateral prefrontal cortex, during cer-
tain task s to compensat e fo r reduced activit y
elsewhere i n th e brain . A s a consequence o f
this compensation, task performance would be
maintained. Dorsolatera l prefronta l cortex in-
creases it s activity , however , whe n task s em -
phasize executive functions (e.g . D'Esposito e t
al., 1995 , 1999 ) or become more difficult (e.g. ,
Grady e t al. , 1996 ; Brave r e t al. , 1997) . I t i s
possible, then , that increased prefronta l activ-
ity in the elderl y reflect s greate r nee d o r use
of executiv e function s at lowe r level s o f task
demand tha n woul d b e necessar y fo r activa -
tion o f thi s are a i n youn g adults . Thi s migh t

be th e mos t likel y explanation in those situa -
tions wher e olde r adult s have increase d pre -
frontal activatio n ye t sho w reduce d perfor -
mance level s compare d t o thos e o f younger
adults (e.g. , Madde n e t al. , 1999a) .

BEHAVIORAL EVIDENCE RE-EXAMINED

Much of the evidenc e fro m th e behaviora l ex-
periments an d neuroimaging studies reviewe d
above points t o inefficient encodin g processe s
in th e elderl y a s bein g th e majo r sourc e o f
age-related memor y problems. The similarity
between th e effect s o f aging and the effect s of
divided attentio n o n memor y (Craik , 1982 )
suggests furthe r tha t th e encodin g problem s
may be a  consequence o f reduced attentiona l
processing resources i n the olde r brain (Craik
& Byrd, 1982) . Thi s account has its problems,
however. I f encodin g processe s ar e impaire d
in older people, then manipulation s that boost
encoding shoul d benefi t olde r peopl e differ -
entially, yet typically they do not. Rather , such
manipulations benefi t younge r an d olde r
adults to the sam e extent. One example of this
pattern come s from a n experiment carried out
by Rabinowit z an d colleagues , reporte d b y
Craik an d Byr d (1982) . Younge r an d olde r
adults were give n either list s o f words or list s
of pictures o f objects to recall or recognize. I t
is wel l know n tha t picture s boos t encodin g
processes and are associated with higher levels
of subsequent recall . This was true in the pres-
ent case also (Table 31-1), but the picture su-
periority effect wa s the sam e for younger an d
older groups . Interestingly , th e age-relate d
decrement wa s eliminated whe n pictur e pre -
sentation wa s coupled wit h a  recognition test
at the tim e o f retrieval. A n imaging study us-
ing this design of comparing picture an d word

Table 31-1. Mea n proportions recalled and recognized as a function of
age and typ e o f material (Crai k & Byrd, 1982 )

Recall Recognition

Age Group Words Pictures Words Pictures

Young
Old

0.33
0.17

0.52
0.36

0.73
0.63

0.84
0.83
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recognition showe d result s consisten t wit h
these behaviora l findings . Bot h younge r an d
older adult s ha d brai n activit y pattern s tha t
differentiated pictur e an d wor d encoding ,
with visua l cortex an d media l tempora l area s
being more active during picture encoding , in-
dicating tha t th e mechanism s used t o provide
the pictur e superiorit y effec t wer e simila r re-
gardless of age (Grad y et al. , 1999) .

A secon d exampl e o f equa l benefit s t o
younger and  olde r subject s comes fro m a  re-
cent Swedis h stud y usin g subject-performe d
tasks (SPTs ) Ronnlun d e t al. , submitted) . It is
known tha t list s o f simpl e verba l command s
such a s "point t o th e book " an d "pic k up th e
orange" are recalle d better i f the action s ar e
actually performed , rathe r tha n i f the y ar e
read. I n th e stud y b y Ronnlun d e t al . (Sub-
mitted), participants rangin g in age from 3 5 to
80 years wer e give n list s o f verbal command s
or SPTs to recall. The results , shown in Figur e
31-3, demonstrat e tha t SPT s booste d recal l
(presumably by enhancing the effectivenes s of
encoding processes ) bu t di d s o equivalentl y
for subject s of al l ages .

Good episodi c memor y performanc e re -
flects the dept h an d elaboratio n o f encodin g
accomplished a t the tim e th e even t was orig-
inally encountere d (Crai k &  Lockhart , 1972 ;
Craik &  Tulving , 1975) . I n thes e term s i t
seems possible tha t on e consequenc e o f a re-

duction i n processin g resources , associate d
speculatively with both norma l aging and divi-
sion of attention in young adults, is a reduction
in th e dept h an d elaboratio n o f processin g
achieved durin g encodin g (Eysenck , 1974 ;
Craik &  Byrd , 1982 ; Naveh-Benjami n et al. ,
2000). A reduction i n depth o f processing im-
plies an impairment in semantic processing, yet
some recen t studie s cas t doub t o n whethe r
older adult s ar e impaired , a t leas t i n th e
amount of semantic processing carried out dur-
ing encoding . Experiment s o n "fals e memo -
ries" sho w tha t olde r peopl e mak e a t leas t as
many such errors as do younger adult s (Balot a
et al. , 1999; Kensinge r & Schacter, 1999; Ben-
jamin, i n press) . A  typical experimen t i n thi s
vein involve s th e presentatio n o f a  serie s o f
words that are highly related to a nonpresented
target word . Fo r example , th e nonpresente d
target word might be needle, and the presented
words would be pin, sharp, sew, etc. The find-
ing is that subject s falsel y recall and recogniz e
the target word with high probability, and that
older subjects mak e such errors a t least as fre-
quently as young adults do (Balota et al. , 1999 ;
Kensinger & Schacter, 1999 ; Benjamin , 2001) .
It seems , then , tha t th e amount  o f semantic
processing is not impaired in older people, bu t
it may well be the cas e that the specificit y and
distinctiveness of encoding is impaired by aging
and b y division of attention, an d tha t thi s im-
pairment lead s bot h t o a  decrease i n th e re -
trieval o f presented event s an d a n increase in
the liabilit y t o mak e false-positiv e errors .
Again, imaging studies can shed some light on
this issue . When olde r adult s ar e require d t o
learn ne w stimul i usin g semanti c strategies ,
they can recrui t th e brai n area s necessary for
semantic encoding as readily as young adults, at
least when the stimul i are pictures o f objects,
but no t when the stimul i are words (Grady et
al., 1999) . Thi s suggest s that th e "amount " of
semantic processing is similar in young and old
for a t least some types of stimuli, but perhap s
not all. An intriguing idea raised by the imaging
data reviewed abov e is that th e additiona l lef t
prefrontal activit y seen i n olde r adult s during
retrieval i s an attempt t o overcome the defici t
in specificity of semantic processing during en-
coding b y increased semanti c processing dur -
ing retrieval.

Figure 31-3. Proportion s of phrases recalled by adults of
different age s a s a functio n o f whether th e phrase s wer e
presented a s subject-performe d task s (SPTs ) o r verba l
tasks (VTs) . (Source:  Dat a fro m Ronnlun d e t al. ,
submitted)
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Some recen t evidenc e fro m Craik' s labora -
tory suggest s tha t divisio n o f attentio n i n
young people ma y impair encoding in a rather
different way . Experiments reported b y Craik
and Keste r (2000 ) showe d tha t memor y per -
formance wa s lowe r followin g divided atten -
tion than tha t afte r ful l attentio n a t encoding,
even whe n th e amoun t o f semanti c elabora -
tion achieved during the encoding process was
equated between the tw o conditions. Thi s re -
sult implies that division of attention has some
further detrimenta l effec t beyon d th e encod -
ing stage , an d Crai k and Keste r (2000) spec -
ulated tha t thi s furthe r effec t ma y b e con -
nected wit h th e consolidatio n o r bindin g
process. Speculatively , th e positiv e relation -
ship betwee n dept h an d elaboratio n o f pro -
cessing o n the on e hand an d memor y perfor-
mance o n th e othe r ma y b e modulate d b y
division o f attentio n suc h tha t th e leve l o f
memory performance associated with a partic-
ular amoun t of semantic processing a t encod -
ing i s reduce d a s attentiona l resource s ar e
withdrawn. B y extension , th e sam e mecha -
nism ma y be a  facto r i n norma l aging . I t i s
certainly th e cas e tha t amnesi c patient s pro -
cess informatio n deeply an d semantically , yet
remember very little. The present speculativ e
suggestion i s tha t a  simila r phenomenon oc -
curs i n dual-tas k situation s an d wit h olde r
adults, and that in these case s the modulatin g
variable is withdrawal of attentional resources .

If encoding difficultie s i n the elderl y do not
account fo r al l instance s o f memor y failure ,
what othe r type s o f impairmen t ma y play a
part? The obviou s candidate i s the se t of pro-
cesses that underlie retrieval ; is there evidenc e
for a n age-relate d increas e i n retrieva l diffi -
culties? Clearly the answe r is yes. First , olde r
adults very often report problems in retrievin g
names, eve n name s tha t the y kno w well an d
were clearly well encoded. A second indicatio n
of age-relate d retrieva l difficultie s i s th e ef -
fectiveness o f environmenta l suppor t (Craik ,
1983) i n reducin g th e siz e o f memory decre-
ments i n olde r people . Th e observatio n here
is tha t olde r adult s typicall y benefi t differen -
tially as more cues and context are supplied a t
the time of retrieval. For example, age-related
memory decrement s ar e les s i n recognitio n
than i n fre e recal l (Crai k & McDowd, 1987) .

A thir d exampl e comes fro m dual-tas k exper-
iments in which subject s encode an d retriev e
information eithe r unde r full-attentio n condi -
tions o r while carryin g ou t a  demanding sec -
ondary task . The result s o f such studie s hav e
shown tha t memor y performance i s reduce d
by the presence o f the secondary task to about
the sam e extent i n younger an d olde r adults ,
but tha t performanc e o n th e secondar y tas k
itself i s more impaire d i n older people, espe -
cially when the secondar y task is performed at
the tim e o f retrieval (Nyber g et al. , 1997 ; An -
derson et al. , 1998). Again, this example shows
that retrieval processes are less efficient, o r re-
quire more processing resources, in older than
in younger adults . Finally , recen t wor k by Ja-
coby and colleagues has shown that older peo-
ple hav e specific problems with the consciou s
recollection o f event s an d thei r contexts , a s
opposed t o situations i n which a  simple judg -
ment o f familiarity i s sufficien t (Jacoby , 1991 ;
Jennings & Jacoby, 1993; Ha y & Jacoby, 1999).
All of these example s make it clear that som e
substantial par t o f olde r people' s memor y
problems i s attributable t o a n age-related re -
duction in the efficienc y o f retrieval processes.
It als o shoul d b e note d tha t althoug h olde r
adults consistentl y have reductions i n a  num-
ber o f critica l brai n area s durin g encoding ,
there i s evidenc e fo r reduce d activit y i n
retrieval-related area s under som e conditions.
Thus, th e neuroimagin g dat a ar e consisten t
with the ide a that olde r adult s have deficits a t
both encodin g an d retrieval .

One way of characterizing suc h a  reduction
in efficiency i s the suggestio n that specific de -
tail become s harde r t o retrieve , wherea s rel -
atively general globa l information remain s ac-
cessible t o retrieval . Example s showin g tha t
older peopl e hav e particula r difficultie s with
specific detai l includ e thei r problem s i n re -
membering names and retrieving word s in re-
sponse t o thei r definition s or pictoria l repre -
sentations (se e Light , 1992 , fo r a  review) . A
second example come s fro m th e recal l o f text
material; Byr d (1981 ) showe d tha t th e age -
related decremen t i n recall was greater for de-
tailed informatio n than fo r genera l gis t infor -
mation. Th e poore r performanc e o f olde r
people i n the recollection of contextual detail ,
as opposed t o central ite m information (Spen-
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cer &  Raz , 1995) , i s a  furthe r cas e i n point .
Finally, th e ver y fac t tha t olde r peopl e per -
form les s well than their younger counterpart s
on episodi c memor y tasks—in whic h specifi c
events mus t b e recalled—agai n point s t o a
particular difficult y wit h th e recollectio n o f
specific detail .

Two further comment s may be made at this
point. First , give n tha t olde r adult s sho w dif-
ficulties bot h i n th e recollectio n o f name s
from th e semanti c memor y syste m an d o f
events fro m th e episodi c memory system, it is
suggested tha t th e primar y age-relate d diffi -
culty is associated with the specificit y of infor-
mation to be recalled , rathe r tha n with a par-
ticular memory system. Second, one congenia l
way of describing the difficult y associate d with
the recollectio n of detail is to say that the re -
solving powe r o f retrieva l processin g i s im -
paired. Interestingly , Fuste r (se e Chapte r 6 )
suggested tha t on e consequenc e o f fronta l
lobe damag e i s a  failur e of discriminatio n o r
of analyti c power.

Figure 31-4 illustrates the general idea that
the cognitiv e syste m i s organize d hierarchi -
cally, o r mor e likel y that th e syste m i s orga -
nized along a number of different dimensions,
each of which may be depicted i n hierarchical
terms. Figure 31-4  shows two of these dimen-
sions, one  runnin g fro m representation s of
specific episodi c instance s t o generalized ,
context-free representation s o f th e feature s
common t o thos e instances . A s an example ,
the specifi c instances could be the various oc-
casions o n which on e me t a  person, encode d
along with detail s o f time an d place , an d th e
higher-level representation s woul d encod e
one's genera l knowledg e o f that person . Th e

higher level s ma y b e designate d "semanti c
memory" and the lower levels "episodic mem-
ory," but in the present schem e these different
levels are graded level s in an overall hierarchy
rather than differen t memory systems. Recent
work in which experimental participants judge
that they either "remember" some event along
with it s contextua l detail s o r merel y "know "
that a n even t occurre d (Gardine r &
Richardson-Klavehn, 2000 ) ma y b e repre -
sented a s tappin g differen t level s o f th e
hierarchy.

A secon d cu t throug h th e sam e cognitiv e
system represents a  more taxonomic hierarchy
within genera l knowledge , runnin g from spe -
cific name s of people, plants , animals , etc. t o
global concept s o f thes e peopl e an d objects .
The relevanc e o f thes e idea s i n th e presen t
context i s tha t olde r adult s appea r t o hav e
greater difficult y retrievin g informatio n fro m
the lower levels of hierarchical representations
than fro m highe r levels.

Lesion studies provide another source of ev-
idence linkin g age-relate d memor y impair -
ments t o fronta l lob e functio n an d dysfunc -
tion. Stus s an d colleague s (1996 ) compare d
groups o f younger an d olde r individuals ' per-
formance o n a  verba l learnin g tas k t o thre e
groups of patients who had lesions in left fron -
tal, righ t frontal , an d bilateral  frontal regions ,
respectively. Th e qualitativ e natur e o f recal l
performance wa s simila r betwee n th e olde r
normal grou p an d the grou p o f patients wit h
right fronta l lesions , especially on measures of
organization an d i n the type s o f error show n
at retrieval . Th e overal l patter n o f perfor -
mance exhibite d b y th e olde r adult s resem -
bled tha t show n b y fronta l patient s muc h

Figure 31-4. Hierarchica l rep -
resentation of knowledge an d
memory.
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more tha n i t resemble d th e patter n usuall y
found i n patient s wit h tempora l lob e pathol -
ogy. I n particula r i t seeme d tha t a  deficiency
in executive processes was the mos t important
factor underlyin g th e relativel y poo r perfor -
mance o f the olde r participants .

CONCLUSION

The behaviora l evidenc e make s i t clea r tha t
age-related decline s i n memory do occur, bu t
that thes e decline s ar e muc h greate r i n th e
performance o f som e task s (e.g. , recal l an d
working memor y tasks ) tha n tha t o f other s
(e.g., recognitio n memor y and implici t mem-
ory tasks) . Age-relate d decline s i n brai n vol -
ume ar e als o differential , wit h th e greates t
amounts of atrophy being seen in the prefron-
tal corte x an d neostriatu m (Raz , 2000). I t i s
now clear that age-related change s in prefron-
tal cortica l structur e an d functio n are relate d
to th e change s observe d i n memor y perfor -
mance, although the researc h is still in its early
days.

Some finding s ar e alread y clear , however .
During memory encoding, areas in the lef t in-
ferior fronta l corte x are les s activated in olde r
than in younger adults (Grady et al. , 1995; Ca -
beza e t al. , 1997) . Interestingly , analogous re-
ductions i n lef t prefronta l activatio n were ob -
served in young adults encoding under divided
attention condition s (Anderso n et al. , 2000), a
finding that lend s suppor t t o th e notio n tha t
division of attention mimic s aging in many re-
spects (Craik , 1982) . On e possibilit y i s tha t
both condition s involv e reduction s i n atten -
tional processin g resource s (Crai k &  Byrd ,
1982). Suc h reduction s ca n b e compensate d
for b y increase s i n environmenta l suppor t
(Fig. 31-1, Craik , 1983). As one example, pre-
senting stimul i a s picture s instea d o f word s
raises th e leve l o f memor y performanc e i n
older adults , an d als o change s th e patter n o f
frontal activatio n (Grad y et al. , 1999) .

Older peopl e als o sho w retrieva l difficul -
ties—in bot h episodi c an d semanti c memory.
These difficultie s ten d t o b e greates t i n tasks
requiring a  great dea l o f self-initiated activity;
thus age-related decrement s ar e greater i n re-
call tha n i n recognitio n (Crai k &  McDowd ,

1987). Thi s differenc e i s als o foun d i n neu -
roimaging studies; for example, age-related re -
ductions i n prefronta l activit y occu r i n cue d
recall (Schacte r e t al. , 1996 ) bu t no t i n rec -
ognition (Grad y e t al. , 1995) . Youn g adults
show a marked asymmetry during retrieval, in
that th e righ t prefronta l cortex is more activ e
than th e left , bu t interestingly , olde r adult s
show much les s asymmetry ; specifically older
adults show greater amount s of left prefronta l
activity durin g retrieva l tha n youn g adults d o
(Cabeza e t al. , 1997 ; Grad y e t al. , i n press) .
This age-related reductio n in prefrontal asym-
metry may reflect compensatory activity in the
older brai n o r may reflect the proces s o f "de-
differentiation"—that is , older adult s ma y re-
cruit fronta l an d othe r cortica l area s in a  less
selective manne r (se e Buckne r &  Logan ,
2001; Cabeza , 2001, fo r recent reviews).

Thus some progress has been made in spec-
ifying the role s of the fronta l lobes in memory
encoding an d retrieval , an d ho w thes e func -
tions chang e a s a  functio n o f norma l aging .
Two interestin g problem s fo r futur e explora -
tions are first, the notio n of a breakdown with
age in appropriate contro l processes , which is
perhaps associate d wit h th e age-relate d fail -
ures o f inhibitor y processe s documente d b y
Hasher an d colleague s (e.g. , Zack s e t al. ,
2000), and second, the role of the fronta l lobes
in th e resolutio n an d reactivatio n o f specifi c
detail durin g episodic an d semantic retrieval .

Finally, ho w doe s th e fronta l hypothesi s of
aging far e i n ligh t o f the evidenc e presente d
here? Although it seems likely that age-relate d
inefficiencies o f man y differen t area s o f th e
brain play a role in the declin e o f many mem-
ory function s with age , th e presen t evidenc e
suggests tha t th e fronta l lobe s pla y a  crucia l
role, perhaps i n conjunction with other areas .
First, agin g is associated with a  decline i n ac-
tivation levels of the lef t prefronta l cortex dur-
ing encoding—an area tha t appear s t o be im-
portant fo r semanti c processin g an d thu s fo r
subsequent memor y performance . Second ,
this sam e are a show s a  declin e i n activatio n
when participants encod e unde r conditions of
divided attention. This is an interesting finding
given th e behaviora l similaritie s observed be -
tween olde r adult s an d young adult s working
in divided-attentio n situation s i n memor y
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studies. Third , patient s wit h righ t fronta l le -
sions sho w a pattern o f memory performance
similar t o tha t show n by normal olde r adults ,
especially i n organizationa l processe s an d i n
the type s o f error made . Fourth , severa l neu -
roimaging studie s hav e no w found tha t olde r
adults exhibit compensatory activation of areas
of th e lef t prefronta l corte x durin g retrieval ;
again th e age-relate d differenc e lie s i n th e
frontal regions . Finally, deficiencies in working
memory performanc e ar e typica l o f olde r
adults, and the executiv e control o f such tasks
has bee n locate d i n dorsolatera l prefronta l
regions.

Despite thes e man y reason s t o lin k agin g
with a  declin e i n fronta l lob e functioning , it
seems certai n tha t othe r areas als o contribut e
to age-relate d memor y losses . I n particular ,
age-related decline s i n th e functio n o f bot h
lateral media l temporal regions are likely to be
involved, as mentioned above . An exciting new
approach t o neuroimagin g dat a involve s th e
use o f analyse s tha t examin e th e functiona l
connections betwee n brai n region s durin g
cognitive tasks , o r so-calle d networ k ap -
proaches (Mclntos h &  Gonzalez-Lima, 1994) .
The us e o f these method s i s based o n the as -
sumption tha t cognitio n i s th e resul t o f th e
integrated activit y o f dynamic brain network s
rather than the actio n of any one region actin g
independently. Th e fe w studie s t o appl y thi s
approach t o data from olde r adults have shown
that th e brai n network s supportin g cognitiv e
processes ca n b e quit e differen t fro m thos e
seen i n younge r adults . Fo r example , Della -
Maggiore e t al . (2000 ) foun d tha t th e hippo -
campus wa s functionall y connected t o differ -
ent region s i n youn g an d ol d participant s
during a  visua l memor y task , wit h th e olde r
adults showing stronger influences from occip -
ital an d tempora l region s int o th e hippocam -
pus. Differentia l functiona l connection s be -
tween hippocampu s an d fronta l region s als o
were found . Thus, althoug h th e fronta l cortex
plays a  majo r rol e i n age-relate d change s i n
memory function , an  understandin g of  the
way i n whic h th e fronta l lobes communicat e
with other brain area s i s likely to be equall y if
not mor e importan t i n ultimately determinin g
the brai n mechanism s underlyin g thes e
changes.
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32
Frontal Lobe Plasticity and Behavior

BRYAN KOLB AND ROBBIN GIBB

The goal of this chapter is to consider how the
structure o f th e fronta l lob e change s ove r
time, how this relates to behavior, and how the
rest of the brain changes when the frontal lobe
is injured . I n thinkin g abou t th e relationshi p
between th e fronta l lob e an d behavior , ther e
is a tendency t o presume constanc y in fronta l
lobe function , rathe r tha n chang e an d vari -
ability. Thus , a s we tr y t o understan d fronta l
lobe function , ther e is a tendency t o focu s o n
the similaritie s i n th e functiona l dat a acros s
individuals. Indeed , i t coul d b e argue d tha t
one o f th e reason s tha t w e kno w s o muc h
about fronta l lob e function is because ther e is
so muc h constanc y in brai n organization , no t
only across subjects within a species but across
species a s well. Bu t the burgeonin g literatur e
on plasti c change s i n th e brai n i s makin g it
clear tha t chang e an d variabilit y are a s basic
to brai n functio n as uniformity. Th e firs t goa l
of thi s chapte r i s t o summariz e some o f th e
work o n th e natur e o f the plasti c changes in
frontal lob e structure an d functio n i n the nor-
mal brain. The secon d goa l is to consider how
the res t o f the brai n change s i n respons e t o
perturbations o f the frontal  lobe an d how this
in turn contribute s t o behavioral change.

This revie w will focus o n studie s tha t hav e
analyzed bot h structur e an d functio n and , in
particular, thos e tha t hav e estimate d th e

change in synaptic space after some treatment.
The simplest way to do this is to use some type
of techniqu e tha t allow s on e t o visualiz e a n
entire neuron . Th e mos t commo n techniqu e
is th e Golg i technique , whic h ha s th e advan -
tage tha t a  small percentage o f neurons (1%-
5%) are stained and these neuron s are stained
completely. I t i s thus possible t o draw the in -
dividual neuron s an d t o quantif y th e amoun t
of dendriti c spac e available , as well as the lo -
cation an d densit y o f dendriti c spines . Thes e
measures are used because the y can be take n
as estimate s o f th e tota l spac e fo r synapse s
(i.e., dendriti c length ) an d o f th e densit y o f
excitatory synapse s (i.e. , spin e density) . I t i s
estimated tha t abou t 95 % o f excitator y syn-
apses ar e locate d o n dendrite s an d mos t o f
those are foun d o n spines (e.g. , Buell & Cole-
man, 1985) .

FRONTAL LOBE PLASTICITY IN THE
NORMAL BRAIN

EXPERIENCE-DEPENDENT CHANGES

It ha s been know n since th e earl y 1960s tha t
experience ca n alte r cortica l structure , an d
there i s no w a n extensiv e literatur e showin g
that th e structur e o f cortical neuron s i s influ -

541



542 PRINCIPLES OF FRONTAL LOBE FUNCTION

enced b y various types o f sensory an d moto r
experience (fo r a review see Kolb & Whishaw,
1998). Fo r example , i f laborator y animals ,
ranging fro m rat s t o cat s an d monkeys , ar e
placed i n comple x environment s instea d o f
standard la b cages, there are large change s i n
dendritic lengt h and synapse number through-
out the primar y visual and somatosensory cor-
tex (e.g. , Greenoug h e t al , 1985 ; Beaulieu &
Colonnier, 1987) . Similarly , if rats ar e traine d
on neuropsychological learning tasks such as a
visual maz e o r a  skille d moto r learnin g task ,
then there are changes in cells in occipital cor-
tex and motor cortex, respectively (Greenoug h
& Chang , 1989) . Thes e change s ar e specific ,
however, a s visual training doe s no t influence
motor corte x neuron s an d vis a versa . Curi -
ously, fe w studie s hav e looke d a t fronta l
regions outsid e o f the moto r cortex . With thi s
in mind , we examined the change s i n the me -
dial prefrontal region (Zilles ' area Cg3), occip-
ital corte x (Ocl) , an d somatosensor y corte x
(Zilles' Parl ) i n animal s tha t wer e place d ei -
ther in complex environments o r standard lab
cages fo r 4 months . The result s were intrigu -
ing because they showed tha t althoug h cells in
both th e occipita l an d parieta l corte x showe d
large changes in dendritic length  (abou t 10%),
there was no chang e i n cell s i n Cg 3 (Kol b e t
al., i n submitte d 2002) . The simples t conclu -
sion fro m thi s resul t i s that placing animals in
complex environment s doe s no t engag e th e
prefrontal corte x an d thu s th e cell s d o no t
change. I n contrast , th e comple x environ -
ments d o engag e th e sensor y an d moto r
regions and, as a result, they do change. These
conclusions sugges t tha t th e presenc e o f th e
prefrontal corte x i s no t necessar y fo r cortica l
neurons t o sho w experience-dependen t
change i n comple x housin g studie s (Kol b &
Gibb, 1991a) .

The ke y question tha t w e migh t as k at thi s
point i s just what types of experience ar e likely
to engag e prefronta l neuron s an d lea d t o
structural changes . On e predictio n woul d b e
that trainin g animal s i n task s tha t hav e hig h
demands o n the tempora l organizatio n o f be-
havior (e.g. , Fuster, 1989 ) would chang e neu-
rons in the prefronta l cortex . We are unaware
of any such study , but th e predictio n i s that if
the prefronta l corte x reall y doe s functio n i n

such tasks , then trainin g animal s on thi s typ e
of task should lea d to changes in the structur e
of neuron s i n th e prefronta l region . (O f
course, i t i s possible tha t th e reaso n tha t w e
did no t se e experience-dependen t change s i n
frontal neuron s is that fronta l neuron s ar e rel-
atively unchanged b y experience, bu t w e shall
see below tha t thi s is not th e case. )

One hypothesis that comes from thinkin g in
this way about th e relatio n betwee n structur e
and function s i s that i f specifi c task s d o acti -
vate specifi c region s o f the fronta l lobe , the n
it ough t t o be possibl e t o infe r functiona l dif-
ferences i n differen t fronta l subregion s fro m
an analysi s of the anatomica l changes . This is,
of course , th e inten t o f positron emissio n to -
mography (PET) and functiona l magnetic res-
onance imagin g (fMRI) studies , bu t ther e is a
fundamental difference . Th e imagin g studies
identify thos e region s tha t ar e activel y en -
gaged i n behaviors . Th e anatomica l change s
reflect a  chronic chang e i n the processin g b y
frontal lob e area s a s a  resul t o f havin g bee n
engaged i n behaviors. In other words, anatom-
ical changes would reflect how the fronta l lobe
has bee n altere d b y its activatio n i n proble m
solving an d this , i n turn , i s expecte d t o alte r
how the fronta l lob e works in the future . Th e
effect o f psychoactiv e drug s (se e next sec-
tion) provide s a n exampl e o f thi s typ e o f
phenomenon.

There is , however , anothe r explanatio n fo r
why w e faile d t o fin d increase d dendriti c
length in prefrontal cortex of rats placed in the
complex environments . Specifically , i t i s pos-
sible tha t experienc e change s th e prefronta l
cortex i n a  differen t manner , compare d t o
other cortica l areas . Wit h thi s possibilit y i n
mind, w e measure d th e densit y o f spine s o n
distal region s o f th e dendrite s o f pyramida l
cells i n prefrontal , parietal , an d occipita l cor-
tex of the rat s housed i n the comple x environ-
ments. T o ou r surprise , w e foun d tha t al -
though th e prefronta l cell s di d no t gro w
longer dendrites , the y di d hav e increase d
spine densit y (Fig . 32-1), whic h mean s tha t
there was an increase i n synapses per cel l bu t
they were distribute d differentl y tha n i n con-
trol animals . Al l previou s report s o f
experience-dependent spin e change s i n adul t
animals have show n that whe n there i s an in-
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Figure 32-1. Th e prefrontal
cortex responds differentl y t o
experience tha n other cortica l
areas. For example , when ani-
mals are place d i n complex en-
vironments, mos t cortical area s
show an increase i n dendriti c
length an d an increase i n spine
density. In contrast , the pre -
frontal corte x shows only an in -
crease in spine density. Q, cage-
housed; •, house d in complex
environment. (Source:  Afte r
Kolb, e t al. , i n submitted)

crease i n spine density , it i s always associated
with increase d dendriti c lengt h (e.g. , Globu s
et al. , 1973 ; Kol b et al. , 2002). There is, how-
ever, a  precedent fo r spine change s indepen -
dent o f dendriti c length : tw o studie s hav e
shown tha t stimulation in infan t animal s leads
to a  decrease in spine densit y independent o f
changes i n dendriti c lengt h (Boc k &  Braun,
1998; Kol b et al. , 2002) . These findings have
been interprete d t o show that experience dur-
ing developmen t produce s change s i n th e
brain tha t ar e differen t fro m thos e a s a result
of simila r experience i n adulthood. Usin g the
same logic , we ca n conclud e tha t experienc e

in adulthood may change the prefrontal cortex
in a different manne r than experience changes
other cortica l areas . This possibility is intrigu-
ing an d certainl y worth pursuing . It als o sug-
gests tha t i f w e ar e t o loo k fo r synapti c
changes relate d t o the performanc e of cogni-
tive test s tha t engag e th e prefronta l cortex ,
these change s ma y not b e th e sam e a s those
that ar e foun d i n moto r o r visua l corte x
when animal s lear n moto r o r visua l tasks ,
respectively.

To summarize , neuron s i n th e prefronta l
cortex chang e i n respons e t o experienc e bu t
do s o differently than cell s i n othe r forebrai n
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Table 32-1 . Summar y of effects o f factors on fronta l cortica l plasticit y

Factor

Complex housing

Psychoactive drug s

Cocaine self -
administratation

Nerve growth factor

Gonadal hormones

Hippocampal injur y

Result

Increased spin e densit y

Increased dendriti c lengt h
Increased spin e densit y

Pathological structur e o f pre-
frontal neuron s

Increased dendriti c lengt h
Increased spin e densit y

Alter neuronal structure during
development

Removal o f estrogen stimulates
dendritic growt h

Infant hippocampa l lesions re-
duce synapse number

Kolb e t al. , submitted

Robinson &  Kolb, 1999 a

Robinson et al. , 200 1

Kolb e t al. , 199 7

Kolb & Stewart , 199 1

Forgie &  Kolb , submission

Lipska e t al. , 200 0

areas. Specifically , man y studie s hav e show n
that cortica l neuron s i n moto r an d sensory
cortex sho w experience-dependen t increase s
in dendriti c length , wherea s thos e i n pre -
frontal corte x sho w increases i n spin e densit y
(Table 32-1) . Pas t studie s o f experience -
dependent chang e i n prefronta l corte x tha t
have no t examine d change s i n spin e densit y
may thus hav e missed effect s tha t wer e actu -
ally present .

PSYCHOACTIVE DRUGS

The repeate d intermitten t administratio n o f
many drug s o f abus e result s i n a  progressiv e
increase i n thei r psychomoto r activatin g an d
rewarding effects , a  phenomeno n know n a s
behavioral sensitization  (e.g. , Robinso n &
Berridge, 1993) . Behavioral sensitization is in-
teresting in the current context for several rea-
sons. First , i t i s a  compellin g exampl e o f
experience-dependent behaviora l change .
Sensitized animal s remai n hypersensitiv e t o
the psychomoto r activatin g an d rewardin g ef -
fects of drugs for months to years. Second, the
neuroadaptations that underlie behavioral sen-
sitization may contribute t o drug-induced psy -
chopathology i n human s (e.g. , Sega l &
Schuckit, 1983) . Third , th e rewardin g effect s
of psychomotor stimulant drugs ar e mediate d
by th e mesolimbi c dopamin e syste m and , i n
particular, the projections from th e dopamine -

containing cell s i n the ventra l tegmenta l are a
to th e glutamate-containin g cells o f th e pre -
frontal corte x (e.g. , Wis e &  Bozarth , 1987 ;
Wise, 1996) . Finally , it has been proposed tha t
drugs of abuse may act on prefrontal neurons,
leading to various behavioral disorders includ-
ing paranoi d psychosi s an d addictio n (e.g. ,
Berridge &  Robinson , 1995) . Th e question ,
therefore, i s whethe r psychoactiv e drug s ac -
tually d o chang e th e structur e o f neuron s i n
the fronta l cortex , an d i f so , wha t doe s thi s
mean abou t fronta l lob e function .

Rats wer e give n intermitten t dose s o f on e
of severa l differen t drugs , includin g amphet -
amine, cocaine , an d nicotine . Neuron s in th e
medial fronta l regio n (C g 3) and parieta l an d
occipital corte x wer e late r analyze d usin g
Golgi method s (e.g. , Robinso n & Kolb , 1997 ;
1999a; 1999b; Brown & Kolb, 2001; Robinson
et al. , 2001). The results were unequivocal : all
of these drug s increased dendriti c length an d
spine density in Cg 3 but there were no effect s
of the drugs on dendritic measures in the neu-
rons in parietal o r occipital corte x (Fig. 32-2).
These result s are remarkable because thi s pat-
tern o f dendriti c chang e wa s exactl y th e op -
posite o f what we observed i n animal s placed
in complex housing instead o f lab caging (see
above). Thus , th e absenc e o f plastic change s
in respons e t o experienc e i n th e prefronta l
neurons was not simply a reflection of reduced
plasticity i n prefronta l neuron s bu t rathe r
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Figure 32-2 . Example s o f representativ e drawing s o f
neurons o f rat s tha t receive d repeate d administratio n of
either amphetamine or saline . (Source:  Afte r Robinso n &
Kolb, 1997 )

more likel y indicated th e engagemen t o f th e
frontal neuron s i n respons e t o th e drugs . We
should not e her e tha t th e dendriti c growt h
was not simpl y an artifact of increased activity
in th e drug-treate d rats , becaus e animal s
forced to run in running wheels or to bar press
for foo d showe d n o dendriti c change s i n th e
neurons i n Cg 3 (or Par 1).

One additiona l questio n tha t w e addresse d
was whether sel f administratio n o f the drug s
would produc e simila r changes to thos e see n
when th e drug s wer e experimente r adminis -
tered. Rat s wer e therefor e traine d t o self -
administer cocaine fo r a  period abou t a s long
as the rat s in the initia l studies had been given
experiment-administered drugs . Th e resul t
was clear , a s there wer e eve n large r increase s
in the Cg 3 neurons in response to the cocaine
self-administration. I n addition, w e found tha t
the C g 3  showe d patholog y i n th e for m o f
bead-like protuberance s alon g the dista l por -
tions o f the apica l dendrite s (Robinso n et al. ,
2001). I t i s unclear what thi s pathology migh t
reflect, bu t on e ca n speculat e tha t i t woul d
lead t o abnormalitie s i n fronta l lob e function -
ing. This is an intriguing notion, because there
is accumulatin g evidenc e suggestin g tha t co -
caine addict s sho w neurobiologica l an d neu -
ropsychological sign s o f fronta l lob e dysfunc -
tion (e.g. , Bolla et al. , 1998) .

In sum, it appears tha t neurons in the fron -
tal corte x ar e altere d b y psychomoto r stimu-
lants and that thes e neurona l changes may be
related to changes i n frontal lobe functioning.
The reaso n fo r the actio n o f the drug s is pre-
sumably becaus e o f alteration s i n th e dopa -
minergic inputs to the frontal lobe. It has been
hypothesized tha t th e dopaminergi c inpu t t o
the fronta l lobe is related to the fronta l lobe's
role in affect an d possibly in reward, and there
is little doub t tha t psychomotor stimulants act
to alte r affectiv e experienc e (e.g. , Tzschentke,
2000). What i s still puzzling, however, is what
the natur e of the chang e i n affective behavio r
might b e afte r repeate d exposur e t o psycho -
motor stimulants , and especially to nicotine .

NEUROTROPHIC FACTORS

Proteins know n a s neurotrophic  factors  ar e
manufactured in the brain and act to influence
development an d maintenanc e o f neurons .
Nerve growth facto r (NGF ) was the first neu-
rotrophic factor t o be describe d an d i t is still
the bes t characterized . Intraventricula r infu -
sions o f NGF stimulat e dendriti c growt h an d
increased spin e densit y i n cortica l pyramida l
cells, including those in the media l frontal re -
gion (Kol b et al. , 1997) . Indeed, the effec t o f
NGF o n neurons i n Cg 3 is even large r tha n
the effec t o f psychomotor stimulants.  It i s not
known whethe r othe r neurotrophi c factor s
might als o influence cortica l organization , bu t
it does seem likely, and there is reason to think
that a t least som e actions might be specifi c t o
prefrontal cortex . Fo r example , Flore s an d
Stewart (2000) have found tha t rats given sen-
sitizing dose s o f amphetamin e sho w a n in -
crease i n basi c fibroblas t growt h facto r
(bFGF) expressio n i n media l fronta l corte x
but no t i n mor e posterio r cortex . The y not e
that bFG F may thus participate i n the devel -
opment o f structura l change s brough t abou t
by amphetamine . Importantly , althoug h th e
structural change s i n neurons ar e long-lasting
and possibly permanent, th e changes in bFGF
are no t maintained . Thi s make s sens e i f th e
bFGF activit y i s involve d i n stimulatin g
the dendriti c changes becaus e once changed,
the bFG F woul d n o longe r b e needed . I t i s
not know n whether  administratio n o f bFGF
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might selectively change the structur e o f neu-
rons i n th e fronta l lobe , bu t i t seem s likely .
The interestin g questio n i s how this migh t be
manifested behaviorally .

GONADAL HORMONES

In the cours e o f studying the effect s o f fronta l
lesions i n mal e an d femal e rats , i t becam e
clear t o u s tha t ther e wer e sex-relate d differ -
ences i n the behaviora l outcome (e.g. , Kolb &
Cioe, 1996) , a  resul t tha t i s simila r to obser -
vations i n bot h human s (e.g. , Kimura , 1999)
and rhesus monkeys (Clark & Goldman-Rakic,
1989). This led us to investigate whether there
might b e sex-relate d difference s in the struc -
ture of cells in the prefronta l regions—namely
differences betwee n th e media l frontal (Cg 1,
Cg 3 ) an d th e ventra l fronta l regions—and ,
indeed, w e foun d thi s to be th e cas e (Kol b &
Stewart, 1991) . I n general , male s showe d
more extensiv e dendritic fields in the midlin e
regions wherea s female s showed mor e exten -
sive dendriti c field s i n th e ventra l fronta l
regions. Thes e difference s wer e hormone -
dependent, a s neonata l castratio n o r ovariec -
tomy eliminated th e difference s in adulthood .
The presenc e o f sexually dimorphic cell struc-
ture i n differen t region s o f the fronta l corte x
of rat s implie s tha t ther e mus t be som e typ e
of hormone-dependent differenc e in functio n
of th e differen t fronta l cortica l regions . Th e
nature o f thi s differenc e is , a t present ,
unknown.

The presenc e o f hormone-dependen t dif -
ferences in the organizatio n of the fronta l cor -
tex o f rats led u s to wonder i f there might be
sex-related difference s i n th e action s o f go -
nadal hormones o n neurons i n the fronta l cor-
tex o f adul t rats . T o tes t thi s possibility , w e
removed th e ovarie s o r teste s o f adul t rats ,
waited 3  months , an d the n examine d th e
structure of cortical neurons. The results were
surprising: ovariectom y resulte d i n a n exten -
sive increas e i n bot h dendriti c lengt h an d
spine densit y o f pyramida l cell s i n bot h th e
medial fronta l an d parieta l corte x (Stewar t &
Kolb, 1994 ; Forgi e &  Kolb , i n submitted) .
Furthermore, thi s dendriti c growt h coul d b e
blocked b y the administratio n o f estrogen. I n
contrast, castratio n ha d n o effec t o n dendriti c

length, bu t di d increas e spin e density . Thes e
results suggest that the circuitr y of the fronta l
cortex is somehow influenced by gonadal hor-
mones in the adul t brain. One intriguing ques-
tion i s whether th e slo w loss of gonada l hor -
mones ha s th e sam e effec t o n the corte x as a
sudden loss . To test thi s idea , we have looked
at the cortica l pyramidal neurons in 3-year old
female rats , with and without estrogen supple-
ments, over the las t year o f their life . Th e re -
sults were unexpected : th e untreate d female s
showed a  significan t atroph y an d reductio n i n
spine density , which was significantly reduced
in th e estrogen-treate d animals . I t appear s
that there is a difference between th e sudde n
loss of estrogen afte r ovariectomy and the slow
decline i n estrogen level s in old age .

The result s o f gonadal manipulation s in fe -
male rat s led us to wonder whethe r th e pres -
ence o r absenc e o f gonada l hormone s influ -
ences the cortica l response to experience or to
injury. Thi s questio n become s especiall y im -
portant when we consider the effec t tha t men-
opause migh t hav e o n cortica l organizatio n
and function . W e hav e begu n t o investigat e
this questio n b y examinin g the effect s o f es -
trogen o n recovery fro m media l frontal injur y
in postmenopausa l femal e rat s (Forgi e &
Kolb, in submitted). The behaviora l data show
that the absence o f estrogen actuall y produced
a smal l enhancemen t i n recovery , relativ e t o
estrogen-treated rat s with lesions . This resul t
has importan t implication s fo r th e treatmen t
of stroke i n human females and certainly war-
rants furthe r study.

In sum , i t i s clea r tha t gonada l hormone s
(especially estrogen) hav e both organizationa l
(developmental) an d activationa l (adult) influ-
ences on the intrinsi c circuitr y o f the fronta l
lobe. I t also appears tha t at least estrogen may
influence outcom e afte r fronta l injury . What is
not known yet is how gonadal hormones might
influence experience-dependen t change s i n
the fronta l lobe. Give n that gonadal hormones
do affec t hippocampa l plasticity (e.g., Juraska,
1990), it seems reasonable to expect that there
may be som e influence o n frontal lob e plastic -
ity a s well . Furthermore , Janowsky , an d col -
leagues (2000 ) hav e show n tha t testosteron e
can modulat e workin g memory in older men ,
suggesting that testosterone i s able to alter the
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structure (o r a t leas t function ) o f neuron s i n
the prefronta l cortex .

FRONTAL LOBE PLASTICITY IN THE
INJURED BRAIN

When th e brai n i s injured, ther e ar e two ob-
vious routes to repair : (1) reorganization o f ex-
isting circuits; and (2 ) the creatio n o f new cir-
cuits, eithe r b y formin g ne w connection s
among remainin g neuron s o r b y generatin g
new neurons . Studie s ove r th e pas t decad e
have shown that both routes to repair ar e used
by th e brai n but , curiously , ther e i s littl e
known abou t th e natur e o f change s i n th e
frontal lob e afte r injur y elsewhere . Tw o obvi-
ous outcomes ar e possible . First , i t i s reason-
able to expec t that i f regions of the brai n tha t
have extensiv e connection s wit h th e fronta l
cortex are damaged , then the absenc e o f such
connections coul d produc e dendriti c atrophy .
At leas t on e stud y show s this : whe n rat s ar e
given stroke s tha t involv e the moto r an d so -
matosensory regions , ther e i s a n atroph y o f
the neuron s i n Cg 3 (Kol b e t al. , 1997) , pre -
sumably reflecting  the los s o f afferent s fro m
the damage d regions . Second , we coul d pre -
dict tha t i f there were som e for m o f adapta -
tion t o th e injury , whic h coul d tak e th e for m
of partial recover y or perhaps eve n th e emer -
gence o f new behavioral symptoms, and if this
adaptation involve s fronta l lob e activity , the n
there migh t b e change s i n fronta l lob e orga -
nization. Although there are virtually no stud-
ies investigating this possibility after injuries in
adult animals, a recent study in young animals
is instructive . Weinberge r an d colleague s de -
veloped a n anima l model o f schizophrenia i n
which infant rat s receive lesions of the ventra l
hippocampus (e.g. , Raedler . e t al. , 1998) . I n
adulthood, thes e animal s show various symp -
toms characteristi c o f rat s wit h fronta l lob e
injuries, suc h a s hyperactivit y an d deficit s i n
social behavio r an d workin g memor y (e.g ,
Sams-Dodd e t al. , 1997) . Thes e functiona l
deficits ar e ameliorated by antipsychotic drugs
and ar e associate d wit h a  decreas e i n th e
metabolites o f dopamine in the media l fronta l
region, whic h ha s le d th e author s t o pro -
pose tha t schizophreni a migh t resul t fro m

Figure 32-3 . Summar y o f th e effect s o f ventra l hippo-
campal lesions in infant rats on spine density and dendritic
length i n neuron s in th e prefronta l corte x in adulthood.
(Source: Afte r Lipsk a et al. , 2000)

developmental abnormalitie s i n th e hip -
pocampal formation . (Lipsk a e t al. , 1992) .
Given tha t psychomoto r stimulant s enhance
dopaminergic-mediated activit y in th e fronta l
lobe an d produc e a n expansio n o f dendriti c
fields in medial fronta l corte x in rats, it is rea-
sonable t o predic t tha t decrease d prefronta l
dopaminergic activity after infan t hippocampal
lesions migh t decreas e dendriti c arborizatio n
and spin e densit y in prefrontal cortex. This is
indeed the case , as there is a reduction in den-
dritic arborizatio n an d a drop in spine density
in prefrontal , bu t no t parieta l cortex , i n rat s
with earl y hippocampa l lesion s (Fig . 32-3) ;
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Lipska e t al. , 2000) . This i s an exciting result ,
because i t suggest s tha t injur y elsewher e i n
the brai n ma y alter connectivit y in the fronta l
lobe, an d that , in turn, ma y alter behavior .

We ar e awar e o f only two studie s tha t exam -
ined change s i n cortica l neuron s afte r fronta l
lesions i n adulthoo d (Kol b &  Gibb , 1991a ;
Kolb, 1995) . These studie s showe d tha t ther e
is a  gradua l improvemen t i n maz e perfor -
mance, bu t no t skille d moto r behavior , afte r
frontal injur y i n rats . Subsequen t Golgi-Co x
analyses reveale d that there i s an initial atro -
phy o f dendriti c field s i n remainin g fronta l
regions but thi s reverses ove r a 1  to 3 month
period, resultin g i n a n expansio n o f the den -
dritic fields in the sam e cells. (A parallel result
is seen afte r lesions in the hippocampal system
as wel l [Steward , 1991]) . I t seem s likel y that
the observe d recover y is supported, a t least in
part, by the reorganizatio n of intrinsic cortical
circuits. We hasten to point out , however, tha t
this reorganizatio n i s insufficien t t o influenc e
recovery of skilled motor sequences o r of spe-
cies' typica l behavior s (e.g. , foo d hoarding ,
nest building, socia l behavior). This rather lim-
ited functiona l recover y afte r fronta l lob e le -
sions i s no t onl y observe d i n rat s bu t i s also
typical o f human s wit h fronta l cortica l exci -
sions (Kolb , 1995) . Ther e is , however , a  cir -
cumstance unde r whic h ther e i s much better
functional recover y afte r fronta l injur y an d
that i s durin g development . Th e privilege d
status o f th e infan t brai n ha s bee n know n
since the tim e o f Broca as he noted that chil -
dren with lesions of the lef t fronta l operculu m
are virtually never chronically aphasic, the only
exception bein g i f there ar e bilatera l lesions .
There i s no w a n extensiv e literatur e o n th e
effects o f early frontal injur y i n rats , cats , an d
monkeys, whic h w e shal l conside r i n som e
detail.

BEHAVIORAL SEQUELAE OF EARLY
FRONTAL LESIONS

Perhaps the best-known studie s on the effect s
of earl y brai n injur y o n behavio r wer e thos e

performed b y Margare t Kennar d i n th e lat e
1930s (e.g. , Kennard , 1942). Sh e made unilat-
eral moto r corte x lesion s i n infan t an d adul t
monkeys. Th e behaviora l impairment s i n th e
infant monkey s were milde r than those i n the
adults, which led Kennard to hypothesize tha t
there ha d bee n a  change in cortica l organiza-
tion i n th e infant s an d thes e change s sup -
ported th e behaviora l recovery . I n particular ,
she hypothesize d tha t i f som e synapse s wer e
removed a s a  consequenc e o f brai n injury ,
"others woul d b e forme d i n les s usua l com-
binations" and tha t "i t is possible tha t factor s
which facilitat e cortica l organizatio n i n th e
normal young are the sam e by which reorgan-
ization is accomplished in the imperfec t cortex
after injury " (Kennard,  1942 , p . 239). Al -
though Kennar d ha d muc h t o sa y regardin g
the limitation s o f functiona l recover y afte r
early brai n injur y (se e revie w b y Finge r &
Almli, 1988), i t was her demonstration tha t the
consequences o f moto r corte x lesion s i n in -
fancy wer e les s sever e tha n simila r injury i n
adulthood tha t i s usuall y associated wit h he r
name, an d i s commonl y referre d t o a s th e
Kennard principle.

Kennard was aware that early brain damage
might actuall y produc e mor e sever e deficit s
than expected , bu t i t was Hebb (1947 ; 1949 )
who emphasize d this possibility . O n the basi s
of his studie s o f children with fronta l lob e in -
juries, Heb b conclude d tha t a n earl y injur y
may preven t th e developmen t o f som e intel -
lectual capacitie s tha t a n equally extensive in-
jury, a t maturity , would no t hav e destroyed .
Hebb believe d tha t thi s outcom e resulte d
from a  failur e o f initia l organizatio n o f th e
brain, thus makin g it difficul t fo r the chil d t o
develop man y behaviors, especially socioaffec -
tive behaviors . Durin g th e 1960 s an d 1970 s
several groups examined the effect s o f fronta l
lobe lesions in infant monkey s (e.g., Harlowet
al., 1964; Goldman , 1974) . Although the initial
studies appeared to suppor t Kennard' s earlie r
conclusions, it became clea r by the mid-1970 s
that ther e wa s fa r les s functiona l recover y in
the infan t operate s tha n ha d bee n claimed ,
unless th e injurie s wer e induce d prenatall y
(e.g., Goldman & Galkin, 1978). The Goldman
studies wer e importan t becaus e the y pointe d
to the need for a thorough analysi s of the pre -
cise ag e a t injur y durin g development . Thi s

CORTICAL PLASTICITY AFTER
FRONTAL LOBE INJURY
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type o f stud y i s impractica l i n monkeys , bu t
because rat s ar e bor n earl y i n gestation , i t i s
possible t o manipulat e ag e at injury ex utero
in rat s an d ther e i s indee d a  very tigh t rela -
tionship between functiona l recovery and age
at injury . Conside r th e followin g example .

We have removed th e fronta l corte x of dif-
ferent group s o f rat s a t variou s age s rangin g
from embryoni c da y 1 8 (the gestation perio d
of a rat i s about 2 2 days) through infanc y an d
adolescence (e.g. , Kolb, 1995) . The behaviora l
results ca n b e illustrate d b y the spatia l navi -
gation performance of rats with removal of the
frontal corte x o n embryoni c da y 1 8 (E18) ,
postnatal da y 1 (PI), 5 , 10 , or 90 (i.e. , adult).
Rats ar e trained t o find a hidden platform in
a swimming pool. Figure 32-4  shows that rats
with lesion s i n adulthoo d o r o n da y 1  sho w
severe deficit s relativ e t o contro l animal s
whereas rat s with lesions on day 5 show inter-
mediate deficit s an d thos e wit h E1 8 o r P1 0
lesions show very little or no deficit a t all. Par-
allel result s ca n b e see n o n othe r behaviora l
tests a s well. Functiona l outcom e thus clearl y
varies with precise ag e at injury . O n the basi s
of our studie s we can reach th e following con-
clusion: damag e durin g th e perio d o f neuro -
genesis, which i n the ra t corte x is from abou t

Figure 32-4. Summar y of the effect s o f large frontal cor-
tex lesion s a t differen t age s o n wate r tas k performance.
Animals with lesions at embryoni c day 1 8 (E18) d o no t
differ fro m contro l animals. Animals with lesions on post-
natal day (P10) have a slight impairment in contrast to the
animals with lesions at PI, P5 , or in adulthood.

E12 to E20 , appear s t o b e associate d with a
good functiona l outcom e (se e als o Hick s &
D'Amato, 1961) ; damag e i n the firs t wee k of
life, whic h i s a  time o f neura l migratio n an d
the initiatio n o f synapti c formation , is associ-
ated wit h a  disma l outcome ; damag e i n th e
second week o f life , whic h i s a  time o f maxi -
mal astrocyt e generatio n an d synaps e devel -
opment, results in an excellent functiona l out -
come; an d damag e afte r 2  week s lead s t o
progressively mor e sever e chroni c behaviora l
loss. A  similar patter n o f result s ca n b e see n
in parallel studie s o f the effect s o f cortical le -
sions i n kitten s b y Villablanca an d colleague s
(e.g., Villablanca et al. , 1993). A key point here
is that birth date is irrelevant. I t i s the devel -
opmental stag e o f th e brai n a t injur y tha t i s
critical. Thus , becaus e rat s an d kitten s ar e
born a t a n embryologicall y younger ag e tha n
primates, including humans, the time scale for
functional outcome must be adjusted to match
the neura l event s tha t ar e underwa y a t th e
time o f injury . Becaus e neura l generatio n i s
most intens e durin g th e secon d trimeste r i n
humans an d i s largely complet e b y the thir d
trimester, th e secon d trimeste r i s probabl y
most simila r t o th e las t wee k o f gestation i n
the rat . Similarly , because th e thir d trimeste r
in human s i s a  tim e o f activ e cel l migratio n
and the beginnin g o f differentiation, the thir d
trimester o f humans parallels th e first week of
life i n the infan t rat . From thes e observation s
we woul d predic t tha t th e wors t tim e fo r in-
jury during development i n the human fronta l
lobe woul d likel y b e th e thir d trimeste r
whereas there should be relativel y good com-
pensation fo r injurie s durin g th e secon d tri -
mester (se e Chapter 30) .

In sum , ther e i s a  clea r relationshi p be -
tween ag e a t prefronta l injur y an d functional
recovery. Rat s or cat s with lesion s during th e
time o f neuronal migratio n sho w a  very poor
functional outcom e wherea s simila r lesion s
during the time of peak synaptogenesis lead to
a ver y goo d functiona l outcome. Simila r re -
sults can be seen in human infants as well (see
Chapter 30) . Give n tha t ther e ar e qualitativ e
changes in the growth of the prefronta l cortex
of infants an d children (e.g. , Thompson e t al. ,
2000), i t i s reasonabl e t o wonde r i f ther e
might b e additiona l age-relate d variation s i n
functional outcom e durin g th e mor e pro -
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longed developmen t o f th e prefronta l corte x
in children .

BRAIN PLASTICITY AFTER EARLY
FRONTAL INJURY

One o f th e mos t obvious , an d consistent ,
changes i n the brai n afte r earl y fronta l injur y
is tha t brai n siz e i n adulthoo d i s directl y re -
lated t o the postnata l age at injury: the earlie r
the injury , th e smalle r the brain and the thin-
ner th e cortica l mantle . Thus , rat s with peri -
natal lesion s hav e ver y smal l brains wherea s
those with lesions at day 10 have larger brains.
Curiously, however, the da y 10 brains stil l are
markedly smalle r than th e brain s o f rats with
lesions late r i n life , suc h a s a t da y 25 , eve n
though th e behaviora l outcom e i s fa r bette r
(Kolb &  Whishaw , 1981 ; Kol b e t al , 1996) .
Therefore, i t mus t b e th e organizatio n o f the
brain rather than its size that predicts recover y
in the da y 10 animal. Changes in organization
can b e inferre d fro m a n analysi s of dendriti c
organization, cortica l connectivity , an d evi -
dence o f neurogenesis . (W e note her e tha t i t
is not  jus t age  at  injur y tha t determine s the
adult brain size . Thus, although rats with pre-
natal fronta l lesion s do have small brains, they
are large r tha n those  o f animal s with lesion s
in th e firs t postnata l week . This , o f course ,
correlates wit h th e observe d functiona l
outcome.)

DENDRITIC ORGANIZATION

Golgi analyses of cortical neurons o f rats with
perinatal lesion s consistentl y sho w a  genera l
stunting o f dendriti c arborizatio n an d a  drop
in spin e densit y acros s th e cortica l mantl e
(e.g., Kol b & Gibb, 1991b ; 1993 ; Kol b et al. ,
1994). I n contrast , rat s wit h cortica l lesion s
around 1 0 day s o f ag e sho w a n increas e i n
dendritic arbo r an d a n increase i n spine den -
sity relativ e t o norma l contro l littermates .
Thus, animal s wit h th e bes t functiona l out -
come show the largest dendritic fields whereas
animals wit h th e wors t functiona l outcom e
have th e smalles t dendriti c arbo r relativ e t o
control animals . Furthermore, factor s that ac t

to increase dendriti c spac e als o enhance func -
tional outcom e wherea s thos e tha t ac t t o de -
crease dendriti c spac e ac t to retard functional
outcome (se e below).

CHANGES IN CORTICAL CONNECTIVITY

There i s a  tendency t o presum e tha t animal s
with nearly complete functiona l recover y afte r
early injury wil l show extensive reorganization
of connection s throughou t th e brain . W e
noted earlier , however , that mos t connection s
of pyramida l cell s ar e wit h neighborin g cell s
and tha t i n mos t instances plasti c changes re -
flect reorganization of intrinsic circuitry, which
is reflecte d i n th e dendriti c changes . T o ex-
amine the possibilit y that ther e migh t also be
changes i n cortica l connectivit y wit h othe r
structures, w e use d retrograd e tracin g tech -
niques t o ma p th e cortical-cortical , cortical -
thalamic, an d cortical-fuga l pathway s afte r
frontal lesion s o n day s 1  o r 10 . The result s
were surprising, as animals with frontal lesions
on da y 1 showed massiv e changes i n cortica l
connectivity bu t thes e animal s had th e wors t
behavioral outcom e (Kol b e t al. , 1994) . Fur -
thermore, we showed that the abnorma l path-
ways di d no t reflec t the creatio n o f new con-
nections s o much as they reflected a failure of
pruning o f connections that ar e normall y dis -
carded durin g development . Thi s wa s dem -
onstrated by our finding that newborn animals
have extensiv e aberrant pathway s that di e off
during th e firs t wee k o f life . I f th e corte x is
damaged durin g thi s time , however , som e of
these pathway s fai l t o di e off , leaving the an -
imal with apparently novel circuitry that is not
seen i n normally developing animals. Some of
this unusual circuitry could prove helpful after
an injury , bu t give n that norma l animals shed
such circuitr y i t seem s likel y tha t i t coul d
prove equall y disadvantageou s t o maintai n
such circuitry . Indeed , bot h hypothese s ar e
confirmed. Rat s with infan t moto r corte x le -
sions d o sho w sparin g o f som e moto r skill s
(Whishaw &  Kolb , 1988) , bu t apparentl y a t
the pric e o f impairment s i n othe r cognitiv e
functions (e.g . Kolb et al. , 2000) . I t therefor e
seems likel y tha t th e presenc e o f abnorma l
corticofugal pathway s afte r earl y cortica l in -
jury may be a s disruptive as it i s helpful. Thi s
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possibility ha s bee n terme d crowding  t o re -
flect the ide a tha t th e norma l functions o f a
cortical region can be crowded ou t by the de -
velopment of abnormal connections (e.g. , Teu-
ber, 1975) .

CHANGES IN NEUROGENESIS

In th e cours e o f studie s o f th e effec t o f re -
stricted lesion s of the media l frontal corte x or
olfactory bulb, we discovered that , in contrast
to lesions elsewhere i n the cerebrum , midline
telencephalic lesion s o n postnata l day s 7-1 2
led t o spontaneou s regeneratio n o f th e los t
regions, o r a t least partia l regeneratio n o f the
lost regions (Fig . 32-5). Similar injuries eithe r
before o r afte r thi s tempora l window did no t
produce suc h a  result. Analysi s o f the media l
frontal regio n showe d tha t the are a containe d
newly generated neuron s tha t formed at least
some of the norma l connections of this region
(Kolb e t al. , 1998c) . Furthermore , animal s

Figure 32-5. Photograph s illustrating the regeneration of
unilateral midline frontal cortex after a  lesion on postnatal
day 1 0 (A) but no t afte r a  similar lesion o n postnata l day
KB).

with thi s regrow n corte x appeare d virtuall y
normal o n many , althoug h no t all , behaviora l
measures (e.g. , Kolb e t al. , 1996) . Additiona l
studies showe d tha t i f we blocke d regenera -
tion o f th e tissu e wit h prenata l injection s of
the mitoti c marke r bromodeoxyuridin e
(BrdU), the los t fronta l tissu e failed to regrow
and ther e wa s no recover y o f functio n (Kol b
et al., submitted), a result that implies that the
regrown tissu e wa s supporting recovery . Par -
allel studies in which we removed the regrow n
tissue foun d complementar y results : remova l
of the tissu e eliminated the functiona l recov -
ery (Dallison & Kolb, submitted). Thus, in the
absence o f th e regrow n tissue , whethe r w e
blocked th e growt h o r remove d th e tissue ,
function wa s lost.

One questio n tha t arise s is whether th e re -
generation o f los t brai n durin g infanc y influ -
ences later plastic events in the brain . For ex-
ample, doe s th e generatio n o f s o man y ne w
cells durin g infanc y compromis e th e brain' s
ability t o generate cells for the olfactor y bul b
or hippocampu s i n adulthood ? T o tes t thi s
possibility we mad e fronta l lesion s in mic e a t
P7, an d late r i n adulthoo d w e remove d th e
stem cell s fro m th e subventricula r zon e an d
placed them in vitro with neurotrophic factor s
(Kolb et al., 1999). When stem cells are placed
in such a medium they normally divide rapidly,
producing larg e number s o f ne w ste m cell s
and progenito r cell s (e.g. , Weiss et al. , 1996) .
In contras t t o th e cell s fro m contro l mice ,
which produced thousand s o f new cell s i n vi-
tro, th e cell s fro m th e brain s o f the animal s
with previou s P 7 lesion s produce d fe w ne w
cells. The earl y brain damag e followed by re-
generation o f th e los t tissu e appear s t o hav e
used up the proliferativ e potential of the sub-
ventricular stem cells , leading to an abnormal
response i n adulthood . W e d o no t ye t kno w
what implication s thi s resul t ha s fo r th e nor -
mal endogenous production of new neurons in
adulthood, bu t i t seem s likel y that i t wil l not
be normal . Once again , there appears t o be a
price t o be pai d fo r plastic change s in the in -
fant brain .

In sum, it appears that neurogenesis ca n be
reinitiated afte r fronta l lesion s o n postnata l
days 7-12 . Th e reaso n fo r the particularit y of
this time and place for neurogenesis is unclear,
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but these results show that regeneration o f lost
tissue i s possible . Thi s regeneratio n ma y no t
be withou t cos t to later plastic changes in the
brain, however .

In conclusion , studie s o f laborator y rat s
with cortica l lesion s a t differen t develop -
mental age s hav e show n tha t ther e ar e a  va-
riety o f morphologica l change s tha t follo w
early cortica l injur y (se e Tabl e 32-2) . Thes e
changes includ e eithe r increase s o r decrease s
in synapti c space , alteration s i n corticofuga l
connectivity, an d th e regeneratio n o f cortica l
tissue. Functiona l recover y correlate s wit h
increases i n cortica l synapti c spac e an d
the generatio n o f ne w neurons , bu t change s
in corticofuga l connection s ma y be a s disrup-
tive a s helpfu l i n stimulatin g functiona l
recovery.

THE FUTURE: STIMULATING
PLASTICITY

We hav e examine d th e change s produce d
in the structur e o f neurons in the fronta l lobe
in respons e t o bot h experience , includin g
drug experienc e an d injur y elsewhere i n th e
brain, an d t o th e change s i n th e brai n afte r
frontal lob e injury . Ther e ar e tw o obvious di -
rections fo r th e future : (1 ) correlatin g ana -
tomical chang e wit h behavior s tha t engag e
the fronta l lobe ; and, (2) using information on
brain plasticit y t o stimulat e functiona l recov -
ery afte r injur y t o bot h th e fronta l lob e an d
beyond.

ANATOMICAL CHANGE AND FRONTAL
LOBE FUNCTION

We noted earlie r that imaging studies functio n
in part t o identif y cortica l region s tha t ar e ac-
tively engaged  in particular behaviors. The lit -
erature an d other chapters i n this volume have
now show n man y suc h examples . W e note d
too that , i n contrast , anatomica l change s re -
flect a  chronic  change  i n th e processin g b y
frontal lob e area s a s a  resul t o f havin g been
engaged i n behaviors . Thus , anatomica l
changes ca n b e see n t o reflec t ho w the syn -
aptic organization of the fronta l lobe has been
altered b y it s activatio n i n proble m solving .
Such changes i n fronta l lob e organizatio n ca n
be expecte d t o alte r ho w th e fronta l lob e
works i n th e future . T o date , ther e ar e fe w
studies o f this sort ; this i s an are a of researc h
that i s ripe fo r ne w investigations . A good ex-
ample i n the norma l brain woul d be t o study
the nature of the changes in frontal lobe struc-
ture durin g development . W e know , fo r ex -
ample, that th e fronta l lob e o f children i s very
late i n functiona l developmen t (e.g. , Kol b e t
al., 1992) . W e would predict , therefore , tha t
there should be prolonged change  in the syn-
aptic organization of the fronta l corte x and we
can speculat e tha t thes e change s ar e likel y to
be heavil y influence d b y experience s o f vari-
ous sorts . On e coul d expec t tha t man y expe-
riences, includin g social, sexual , and cognitiv e
experiences, a s well a s hormones , drugs , an d
neurotrophic factors  would influenc e the de -
velopment o f the synapti c organization o f th e
frontal lob e o f laboratory animal s and, b y ex-

Table 32-2 . Summar y of effect s o f fronta l cortica l injury a t differen t age s

Age at Injur y Resul t Referenc e

E18

P1-P6

P7-P12

P120

Cortex regrows with odd structure
Functional recovery

Small brain, dendritic atrophy
Dismal functiona l outcome

Dendrite and spine growth
Cortical regrowth
Functional recovery

Dendritic atrophy , then growth
Partial return of functio n

Kolb e t al. , 1998 a

Kolb &  Gibb, 199 0
Kolb, 198 7

Kolb &  Gibb, 1991 b
Kolb e t al. , 1998 c

Kolb, 1995 7

E18, embryoni c day 18; Px, postnatal day x.
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tension, children . Consider , fo r example, tha t
Donald Hebb (1949 ) believed tha t the fronta l
lobe's activit y wa s essentia l fo r th e develop -
ment o f norma l intellectua l capacities . H e
noted tha t fronta l lob e injurie s in children of -
ten produce d large r functiona l deficit s tha n
similar injur y i n adulthood an d he conclude d
that early injury may prevent the developmen t
of som e intellectua l capacitie s that , onc e de -
veloped, woul d no t hav e been influence d by
injury i n adulthood . W e noted too , tha t dam -
age to th e hippocampu s i n infanc y result s in
abnormal morpholog y o f cell s i n th e fronta l
lobe, a  conditio n tha t ma y b e a  mode l o f
schizophrenia. On e question tha t immediately
comes t o min d i s whethe r treatment s fo r
schizophrenia, suc h a s antipyschoti c drugs ,
might ac t to normalize the structur e o f thes e
cells. Suc h studie s coul d hav e importan t im -
plications fo r ou r understandin g o f bot h th e
etiology an d treatmen t o f schizophrenia , an d
presumably other disorder s a s well.

be treate d b y use o f nicotine a s a  postinjury
treatment. Furthermore , give n tha t w e know
that behaviora l experience , suc h a s complex
housing o r moto r o r cognitiv e training , ca n
stimulate synapti c chang e a s well , w e migh t
predict tha t a  combination of nicotine an d be-
havioral therapy migh t be expecte d t o stimu-
late considerabl e synapti c change , an d pre -
sumably functiona l recovery . Thi s i s likely t o
be a n activ e are a o f researc h ove r th e nex t
decade, bot h i n laboratory studie s an d in th e
clinic.

In sum, although the history of the neurop-
sychological study of frontal lob e function an d
organization ha s been devote d largel y to con-
stancy in fronta l lobe function , i t i s clear tha t
an understanding o f its change an d variability
provides a  complementar y brot h o f informa -
tion tha t shoul d attrac t mor e researchers ove r
the comin g decades .

STIMULATING FUNCTIONAL RECOVERY

Although i t i s generall y assume d tha t behav -
ioral therapies wil l improve recovery from ce -
rebral injur y i n humans, there hav e been fe w
direct studie s o f how thi s migh t work , whe n
the optimal time for therapy might be, or even
whether i t i s actuall y effective (e.g. , Kwakke l
et al. , 1997) . Furthermore , a s we tr y t o de -
velop anima l model s o f cognitiv e o r moto r
therapies, w e are lef t wit h the proble m o f de-
termining wha t a n appropriate therap y migh t
be. On e approac h t o thi s challeng e ha s bee n
to focu s o n manipulation s tha t w e kno w ar e
capable of changing the brain of intact animals
and then expos e brain-injure d animals , espe -
cially those with poor functiona l outcomes , to
the sam e experiences . W e know, for example ,
that sensor y an d moto r experience , psycho -
motor stimulants, gonadal hormones, and neu-
rotrophic factor s al l change the norma l brain.
The question , therefore , i s whether thes e fac-
tors migh t als o facilitat e recover y i n th e in -
jured brain , an d especiall y in th e brai n wit h
frontal lob e injury (fo r reviews see Kolb et al. ,
1998a; 2000). For example, given that nicotine
can stimulat e synapti c chang e i n th e cortex ,
one would predict that the injured brain coul d

CONCLUSIONS

1. Experience-dependen t change s in the syn-
aptic organizatio n o f the corte x (i.e. , cortica l
plasticity) ca n tel l u s a  great dea l abou t what
the function s o f the prefronta l corte x are. Be-
cause synapti c organizatio n ca n b e inferre d
from change s i n the dendriti c morpholog y of
prefrontal neurons , i t i s possibl e t o d o post -
mortem studies o n neurons in the fronta l lob e
of bot h human s an d laborator y animal s with
different type s of experiential histories .

2. Th e prefronta l corte x i s plastic , bu t it s
plasticity i s differen t fro m tha t o f other fore -
brain areas . Fo r example , housing animals in
complex environment s increase s dendriti c
length o f cells i n al l sensory and moto r areas
as wel l a s in th e striatu m an d hippocampus ,
but doe s no t alte r media l prefronta l neurons.
Surprisingly, placing animal s in complex envi-
ronments increases spine density in prefrontal
neurons eve n thoug h th e dendriti c lengt h i s
unaffected. I n contrast , exposur e t o psycho -
motor stimulants, certain neurotrophic factors,
and gonada l hormone s increase s dendriti c
length in prefrontal neuron s bu t no t thos e i n
sensory or moto r regions .

3. Th e organizatio n o f prefrontal corte x i s
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affected b y injury, an d especiall y perinatal in-
jury, in other parts of the brain .

4. Othe r part s o f th e brai n chang e whe n
the prefronta l corte x is damaged.

5. Variou s factor s modulat e th e injury -
related changes observed after fronta l lob e in-
jury. Thes e includ e experience , psychomoto r
stimulants, gonada l hormones , neurotrophi c
factors, an d neuromodulators .
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Principles of the Rehabilitation of
Frontal Lobe Function

PAUL W. BURGESS AND IAN H. ROBERTSON

The aim of this chapter is to outline the prac -
tical rehabilitation implications of current the-
ories an d model s o f executive deficit s follow-
ing fronta l lob e damage . We do not inten d t o
review comprehensivel y th e literatur e con -
cerning th e rehabilitatio n o f executiv e func -
tions, no r t o provid e clinica l guideline s (se e
Mateer, 1999 ; Robertson , 1999) . Moreover ,
we do not aim to address th e treatment o f the
motor an d languag e function s o f th e fronta l
lobes, bu t concentrat e instea d o n the execu -
tive functions o f the fronta l lobes . Within this
area, w e shall attemp t t o outline th e practica l
rehabilitation implication s of current theorie s
and model s o f frontal lobe function , with th e
aim o f providin g som e provisiona l principle s
for th e rehabilitatio n o f th e dysexecutiv e
patient.

INTRODUCTION

Many o f th e symptom s tha t rehabilitatio n
practitioners fin d particularl y difficult t o trea t
are thos e associate d wit h fronta l lobe abnor -
malities (e.g. , apathy ; Okad a e t al. , 1997) .
Moreover, fronta l executiv e dysfunctio n ca n
affect a  patient's abilit y to benefi t fro m ther -
apy aimed a t ameliorating othe r forms o f def-
icit (e.g. , physica l therapy) an d i s ofte n asso -

ciated wit h a  generall y poo r respons e t o
treatment (e.g. , Alderman, 1996; Tamamoto et
al., 2000). Additionally , dysexecutive problem s
are commo n i n neurologica l patients , a s w e
shall se e below . Fo r thes e reasons , i t i s vita l
that a  theory o f how the working s of rehabil-
itation migh t wor k is developed a s quickly as
possible. There are two main obstacles at pres-
ent. Th e firs t i s th e myria d o f symptom s o f
frontal lobe dysfunction, and the second is the
theoretical complexit y involve d i n investigat -
ing (an d therefor e understanding ) them . As
regards th e theoretica l complexity , althoug h
very significant gap s in our knowledge still ex-
ist (se e Burgess , 1997) , th e curren t volum e is
a testamen t t o th e ver y rapi d progres s no w
being mad e in this area , whic h gives us every
reason t o be optimistic . However , as we shall
see, i t is still not always easy to bridge the gap
between experimenta l work and the treatment
of real-life symptoms . Nevertheless, w e firmly
believe tha t i t i s possibl e t o d o s o (withi n
limits).

As regards th e rang e o f symptoms of exec-
utive dysfunction , conside r Tabl e 33-1 . Thi s
lists th e twent y mos t commonl y reporte d
symptoms o f fronta l lob e dysfunctio n tha t
were describe d i n the semina l works of Stuss
and Benson (1984, 1986) . There are also many
other symptom s tha t ar e les s commo n bu t

557
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Table 33-1. Frequencies of reporting dysexecutive symptoms5

Symptom

Poor abstrac t thinking
Impulsivity
Confabulation
Planning
Euphoria
Poor tempora l sequencin g
Lack o f insight
Apathy
Disinhibition (social)
Variable motivation
Shallow affec t
Aggression
Lack o f concer n
Perseveration
Restlessness
Can't inhibi t responses
Know— do dissociation
Distractibility
Poor decision making
Unconcern fo r socia l rules

Patients
Reporting
Problem

(%)

17
22
5

16
14
18
17
20
15
13
14
12
9

17
25
11
13
32
26
13

Caregivers
Reporting
Problem

(%)

21
22
5

48
28
25
39
27
23
15
23
25
26
26
28
21
21
42
38
38

Rank of
Disagreement t

16.5
19.5
19.5

1
5

15
3

13
13
18

10.5
6
4

10.5
16.5

9
13
8
7
2

Scaled
Disagreement

in Rank s |

-9
-10
+3
+8
+ 7
-8
+5
-5
-3
-7
+ 1
+6
+9

I

-6
+4
-2
+ 1
-3

+ 10

"Only ratings o f 3 or 4  (ou t of a maximu m of 4) fo r each ite m o n the dysexecutiv e (DEX ) questionnaire (Burgess e t
al., 1996a ) wer e considere d a s indicating a  problem. These correspon d t o classificatio n o f the sympto m as "often" or
"very often" observed. These result s are base d o n data gathere d a s part o f the stud y by Wilson et al. , (1996).
tThis number represents the rank size of the disagreements (in proportions reporting the symptom) between patients
and controls , where 1  = larges t disagreement . I n othe r words , 1  means that caregiver s reporte d thi s sympto m much
more ofte n tha n patients .
| This number reflects the relative disagreement in rank frequency of reporting between patients and controls, scaled
from —1 0 to +10 , with 0 being absolute agreement in rank position of that symptom. This scale takes into account the
tendency fo r patients t o repor t fewe r symptoms overall. On thi s scale, —1 0 means that thi s was a relatively commonly
reported sympto m by patients, but no t by caregivers, and +10 means that caregivers reported thi s symptom frequently,
but i t was relatively uncommon for patients to repor t it .

which migh t als o hav e bee n include d (e.g. ,
utilization behavior , [Shallic e e t al. , 1989] , bi -
zarre behavio r [Burges s &  Shallice , 1996a] ,
multitasking problem s [Shallic e &  Burgess ,
1991a; Burges s e t al. , 2000] , an d attentiona l
difficulties [Stus s et al., 1999]. In addition, one
might als o include th e difficultie s wit h spoke n
language, visual perception, and motor contro l
that ca n occu r followin g frontal lobe damag e
(for review , se e Passingham , 1993 ; Fuster ,
1997) bu t ar e traditionall y considere d unde r
other topic headings i n cognitive neuroscienc e
and so are no t considere d here . To include all
of thes e symptom s unde r on e topi c headin g
(e.g., "fronta l lob e [dys ] function" ) i s a  prag -
matic solution . Bu t ther e i s a  dange r tha t i t
implies th e possibilit y o f finding a single, uni -

fying explanatio n fo r them , an d thu s a  singl e
rehabilitative method . W e wil l sho w tha t th e
present evidence suggests that this will not be
possible.

GOING FROM THEORY TO PRACTICE

There are a  number o f obstacles tha t hav e t o
be overcom e i n makin g practica l suggestion s
for rehabilitatio n base d o n evidenc e fro m ex -
perimental (theoretical ) research . However ,
acknowledgment o f them i s a precondition fo r
resolution, an d w e hop e tha t th e followin g
brief expositio n wil l encourag e rehabilitatio n
practitioners an d theoretician s alik e t o con -
sider whethe r thes e obstacle s ar e actuall y
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helpful to either party. It is our contention that
the bes t practice o f either would actually look
more simila r tha n i s (largely ) th e cas e a t
present.

OBSTACLE 1: FUNCTION VERSUS
CONSTRUCT

The firs t obstacle i s that while rehabilitation i s
necessarily concerne d wit h specifi c function s
(i.e., the patien t canno t d o X (e.g., remembe r
to switc h of f th e oven) , experimenta l stud y
tends t o focu s o n constructs (i.e. , hypothetica l
abilities o r set s o f processes, e.g. , prospectiv e
memory). Thi s ha s quit e practica l conse -
quences: ideally , we would be abl e t o discus s
individually th e specifi c impairment s o r dis -
abilities give n i n Tabl e 33-1 . Bu t ou r (theo -
retical, experimental ) knowledg e o f the exec -
utive demand s mad e b y muc h real-worl d
behavior i s s o basic tha t thi s i s no t currentl y
possible. I n thi s way , the stud y o f executiv e
frontal lob e functio n differ s fro m othe r area s
of cognitive neuroscience : ther e i s often a  far
less obviou s correspondenc e betwee n th e ex -
perimental paradigm s use d i n researc h an d
the situations normally encountered b y people
in everyda y life (Burgess , 1997) .

Let us consider an example. When cognitiv e
neuroscientists stud y planning, the mos t com-
monly used tas k i s the Towe r o f London an d
its variants (e.g. , Shallice, 1982 ; Morris , 1988 ;
Owen e t al. , 1990 , 1995) . Howeve r th e situa -
tion tha t thi s tas k presents fo r a  participant i s
almost completel y unlik e say , where the y ar e
planning a  weekend trip away, or a holiday, or
a mea l for friends ; i n other words, what most
people would giv e a s examples o f the activit y
"planning." Contras t thi s situatio n wit h th e
study o f moto r control : i n typica l studie s o f
reaching an d grasping , fo r instance , th e situ -
ation bein g presente d t o th e subjec t i s ex -
tremely simila r t o thos e the y wil l ofte n en -
counter i n everyday life .

In th e stud y o f executive functions , I t ca n
be argued , o f course, tha t ther e i s some sim-
ilarity at the proces s leve l betwee n th e exper -
imental task (e.g. , Tower o f London) and real -
life demand s (e.g. , plannin g a  vacation) , fo r
instance, i n th e involvemen t o f som e imagi -
nary construct suc h a s "lookahead" (e.g. , Mc-
Carthy & Warrington, 1990) . Th e evidence for

such construct s i s extremel y weak , however .
There ar e man y differen t type s o f perfor -
mance failur e o n th e Towe r o f Londo n Test ,
and it may even be that a  given type of failure
may hav e mor e tha n on e reaso n (see , e.g. ,
Goel &  Grafman , 1995 ; Wels h e t al. , 1999 ;
Carlin e t al. , 2000 ; Miyak e e t al. , 2000) . Ad-
ditionally, ther e is almost certainl y a  comple x
network o f brai n system s whose operatio n i s
required fo r tas k succes s (e.g. , Bake r e t al. ,
1996; Daghe r e t al. , 1999) . Moreover , prim a
facie smal l differences in task structure o r ad -
ministration ma y have profoun d performance
(and psychometric ) effect s (se e Wels h e t al. ,
2000; an d Stus s e t al. , 200 0 fo r a n exampl e
with a n alternativ e paradigm) . We have use d
the Towe r of London Test as an example here .
But similar arguments could be made for most
experimentally derive d executiv e tasks.

OBSTACLE 2: ARE EXPERIMENTAL
PARADIGMS SIMPLIFIED MODELS OF
THE WORLD?

Of course , th e principa l reaso n fo r studyin g
experimental paradigm s tha t ar e quit e unlik e
"real" situation s i s that th e rea l situatio n i s so
complex or difficul t t o study that one needs t o
create a  simplifie d mode l situation . Thi s
model wil l permi t observatio n o f systemati c
change i n respons e t o a  give n manipulatio n
that wil l permit th e discover y o f basic princi -
ples o f cognition.

Recent evidenc e shows , however, that many
experimental tasks (e.g., the Tower of London)
do not appea r t o be significantl y less complex
than the real situation. For instance, it may be
the case that understanding th e entire dynam-
ics o f performance o n th e Towe r o f Londo n
Test (and  the brai n system s involved) is much
easier tha n understandin g th e dynamic s o f
how someone plan s a  short vacation . Bu t i t is
certainly no t obviou s that this i s the case .

OBSTACLE 3: WHAT DO EXPERIMENTAL
PARADIGMS AND REAL-WORLD
ACTIVITIES HAVE IN COMMON?

Unless we understand th e cognitiv e demand s
of everyday activities, w e will never know how
the result s of experimental studie s (o r indeed ,
any emergen t principle s o f cognition ) migh t
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relate t o them . Unfortunately , th e researc h
that i s necessar y t o sho w these relation s ha s
only recentl y begu n (e.g. , Burges s e t al. ,
1998). O f course , thi s requiremen t woul d b e
considerably reduce d i f a t leas t som e experi -
mental paradigm s wer e mor e lik e real-worl d
situations. Fortunately, there is a recent move
in thi s directio n (e.g. , Robertso n e t al. , 1996 ;
Wilson e t al. , 1996 ; Burges s e t al. , 2000) .
Some investigator s ar e eve n studyin g real-life
behavior in situ. For instance , Alderman et al.
(submitted) an d Shallic e and Burges s (1991a )
have studie d real-worl d shoppin g behavior .
Robertson e t al . (1996) use d a  range o f tasks,
such a s ma p reading , telephon e director y
searching an d listenin g t o a  simulated broad -
cast of winning lottery numbers, to try to sam-
ple distinc t type s o f attention , base d o n hy -
pothesized anatomicall y differentiate d
supramodal attentional systems (Robertson et
al., 1996) . In thi s way, it is thus likely that th e
results of future experimenta l studies will have
more obviou s relevance fo r the rehabilitatio n
of executiv e dysfunction . An d knowin g more
about th e dynamic s o f th e rea l situation s i n
which patient s experienc e problem s shoul d
help i n the desig n o f rehabilitative methods .

WHAT CAN WE LEARN FROM
THEORIES OF FRONTAL LOBE

FUNCTION?

We have described som e of the obstacle s tha t
currently preven t th e straightforwar d transla-
tion of experimental theoretical research to re-
habilitation. Whil e thes e obstacle s preclud e
making straightforwar d recommendation s fo r
rehabilitation o n the basi s of experimental ev-
idence, i t i s our vie w that experimenta l theo -
rizing still provides the mos t promising source
of provisiona l hypothese s concernin g whic h
techniques migh t b e wort h trying . Afte r all ,
every putativ e rehabilitatio n metho d firs t re -
quires a  theory of how it might work. Thus we
take theories of frontal lobe function that have
been base d o n (largely ) experimenta l evi -
dence, an d attemp t t o translat e thes e int o
their practica l implication s fo r rehabilitation .

Most o f thes e curren t theorie s o f fronta l

lobe functio n ar e (i n the term s o f Morto n &
Bekerian, 1986) more accurately characterized
as framework s tha n falsifiabl e theories . Fo r
this reason , the y ca n see m o f rathe r distan t
help whe n face d wit h a  specifi c symptom .
However, som e genera l principle s emerge .
The greates t leve l o f distinctio n tha t ha s im -
plications fo r rehabilitatio n metho d concern s
the wa y in whic h th e theor y wa s developed .
The mai n difference s are  thos e betwee n
single-account theories, construct-led theories,
multiple-account theories , an d single -
symptom theories . W e cannot cove r all of th e
theories i n thi s chapter , s o we hav e chosen a
few illustrative ideas that have been develope d
by other author s appearing i n this volume. In
this way , interested reader s ca n refe r t o th e
relevant chapter s shoul d the y want mor e de -
tailed exposition.

SINGLE-PROCESS THEORIES

COHEN'S CONTEXT INFORMATION
THEORY

Single-process theorie s ar e thos e tha t hol d
that damag e t o a  singl e proces s o r syste m is
responsible fo r a  numbe r o f differen t dysex -
ecutive symptoms. A good example is the the -
ory o f Cohe n an d colleague s (e.g. , Cohen e t
al., 1990 , 1998 ; Cohe n &  Servan-Schreiber ,
1992), whic h i s derive d fro m connectionis t
modeling o f simpl e task s suc h a s th e Stroo p
paradigm. Cohe n e t al.' s theor y i s tha t pre -
frontal cortex (PFC) is used to represent "con -
text information," which they define as the "in-
formation necessary to mediate an appropriate
behavioural response " (Cohe n e t al. , 1998 ,
p. 196). This information may be a  "set of task
instructions, a  specifi c prio r stimulu s o r th e
result of processing a sequence o f prior stimuli
(e.g., th e interpretatio n resultin g fro m pro -
cessing a  sequenc e o f words i n a  sentence) "
(Cohen e t al. , 1998 , p . 196). I t i s argued tha t
at least two functions o f PFC ma y be effecte d
by this system : active memor y and behaviora l
inhibition. The y argu e tha t bot h thes e func -
tions reflect th e operatio n o f the contex t layer
under differen t tas k conditions . Unde r th e
conditions o f respons e competition , whe n a
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strong respons e tendenc y mus t be overcom e
for appropriat e behavior , the contex t module
plays a n inhibitor y rol e b y supportin g th e
processing of task-relevant information. When
there i s a delay between informatio n relevan t
to a  respons e an d th e executio n o f tha t re -
sponse, th e contex t modul e play s a  rol e i n
memory by maintaining tha t information over
time.

Interestingly, Cohe n e t al . (1998 ) criticiz e
their ow n theor y a s incomplete . The y main -
tain tha t fo r a  mor e genera l accoun t o f cog -
nitive contro l (a s opposed to on e that i s con-
strained chiefl y t o explainin g pattern s o f
Stroop an d Continou s Performanc e Tes t
[CPT] performance) , they nee d mechanism s
that dea l wit h managemen t o f interference ,
identification o f task-relevant information , and
representation o f man y different informatio n
types. A  strengt h o f thi s theory , however , i s
that variou s aspect s o f i t ca n b e tested . Fo r
instance, Cohe n e t al . (1998 ) mak e the pre -
diction fro m th e mode l tha t memor y deficit s
should emerg e earlie r tha n inhibitor y deficit s
in schizophreni a (p . 199) .

IMPLICATIONS FOR REHABILITATION

These account s hav e th e advantag e o f parsi-
mony. And Cohen et al.'s account in particular
holds th e promis e tha t apparentl y quit e dif -
ferent symptom s migh t shar e a  commo n
cause. In this respect, carefu l consideratio n of
the precise demand s of the situations in which
patients demonstrat e thei r impairmen t i s en-
couraged. I t als o hold s th e promis e tha t re -
habilitation o f the critica l functio n migh t re -
sult i n improvemen t ove r a  wid e rang e o f
symptoms, although it may be difficul t t o pre-
dict th e exac t for m tha t thi s improvemen t
would take in any one case. In practical terms,
perhaps a  suggestion o f this theory i s that dy-
sexecutive patients migh t be helpe d b y a sys-
tem o f reminding patient s wha t they are sup-
posed to be doing , and how far they have yet
to go in achieving their goal—i n other words,
moment-by-moment feedbac k system . Thi s
implication fo r rehabilitation lead s u s to pro-
visional principle 1 : Consider th e us e of feed-
back systems to modify dysexecutiv e behavior,

especially fo r symptom s o f disinhibitio n an d
distractibility.

DUNCAN'S THEORY OF GOAL NEGLECT

Duncan (1986 ; 1995 ; Dunca n e t al. , 1995 ,
1996, 2000 ) has pointed ou t that muc h of hu-
man behavior is controlled by goal lists, or lists
of goals and subgoal s constructed i n response
to environmenta l o r interna l demand s (e.g. ,
get read y for guests to arrive) . When the cur -
rent stat e o f affair s doe s no t matc h th e goa l
state, a  store o f actions i s consulted, an d ac -
tions are then activated to resolve the discrep -
ancy in an iterative process . However , action s
can also be activated in response to competing
and sometimes irrelevant input (e.g., the lette r
on the desk) . A  function o f the goa l list i s to
impose coherenc e o n behavio r b y controlling
the activatio n or inhibition o f actions that pro-
mote or oppose task completion. An important
aspect o f goal-directed behavio r i s the selec -
tion o f new action s whe n previousl y selecte d
actions fai l t o achiev e th e goal . According to
Duncan e t al . (1996) , muc h o f the disorgan -
ized behavior seen in patients with frontal sys-
tems dysfunctio n ca n b e attribute d t o im -
paired constructio n an d use of such goal lists .
One fundamenta l featur e o f such impairment
is a restricted capacit y for maintaining goals in
working memor y suc h tha t particula r goal s
will b e extinguishe d o r neglected , leadin g t o
behavioral disorganization .

IMPLICATIONS FOR REHABILITATION

In contrast to Cohen's theory , the implications
of Duncan' s theory hav e been put t o rehabil -
itation test . Robertso n (1996 ) developed a  re-
habilitation metho d based on Duncan's theor y
of fronta l lob e function . Thi s goa l manage -
ment training, given over two 1-hou r sessions
in a  randomized tria l t o executivel y impaire d
subjects wit h traumati c brai n injury , taugh t
the step s o f stopping curren t activit y and ori -
enting towards the task, defining the main goal
and component subgoals , rehearsing the steps
necessary to tackle the problem, an d monitor-
ing th e outcome . Afte r suc h trainin g signifi -
cant reduction s i n error s rate s in naturalisti c
and varied cooking tasks, were found , an d pa-
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tients reporte d fewe r everyda y difficultie s
(Levine e t al. , 2000).

A further study examined whether th e pro -
vision o f brief auditor y stimul i could ac t i n a
bottom-up fashion to interrupt curren t activit y
and cue patients t o consider their overall goal,
thus reducin g goa l neglec t (Manl y e t al. , i n
press a) . Ten brain-injured patients complete d
a modificatio n of Shallic e an d Burgess ' si x el-
ements Tes t (Shallic e & Burgess, 1991a; Bur-
gess e t al. , 1996b ) unde r tw o conditions . I n
the 'hotel ' test, th e patient s wer e aske d to try
and d o som e o f fiv e subtask s withi n 1 5
minutes. A s the tota l tim e t o complet e al l of
the task s would excee d a n hour , the measur e
emphasizes patients ' abilit y t o monito r th e
time, switch between th e tasks, and keep track
of thei r intentions . Withou t the  externa l au-
ditory cues , th e patient s performe d signifi -
cantly more poorly than age- and IQ-matched
control volunteers , a  commo n erro r bein g
continuing t o perfor m on e tas k t o th e detri -
ment of beginning others o r allowing sufficient
time fo r them . Whe n expose d t o th e inter -
rupting tones, however, their performance was
both significantl y improved an d no longer sig-
nificantly differen t fro m tha t o f th e contro l
group. Th e result s hav e assessmen t valu e i n
helping t o attribute poo r performance t o goal
neglect, rathe r than , fo r example, poor mem-
ory or comprehension . They also suggest tha t
providing environmental support to one aspect
of executive function may facilitate monitoring
and behaviora l flexibility, and thu s th e usefu l
expression of other skills that may be relatively
intact. Th e implication s o f Duncan' s theor y
for rehabilitatio n lea d u s t o provisional  prin-
ciple 2 : Som e dysexecutiv e patient s fai l t o
carry ou t intende d tasks , despit e bein g abl e
to recall (whe n prompted) what it is they have
to do . Conside r th e us e o f simpl e interrupt s
in thei r treatment .

WORKING MEMORY THEORIES

Two o f th e mos t commonl y encountere d
working memor y theories ar e thos e b y Petri-
des an d colleague s (e.g. , Petrides, 1994 ) an d
Goldman-Rakic an d colleague s (e.g. ,

Goldman-Rakic, 1995) . Petrides' s positio n
concerns th e role s of the mid-dorsolatera l and
mid-ventrolateral aspect s o f the fronta l lobes .
He believe s tha t th e mid-dorsolatera l regio n
(areas 9  an d 46 ) support s a  brain syste m "in
which informatio n ca n b e hel d on-lin e fo r
monitoring an d manipulatio n o f stimuli " (Pe-
trides, 1998 , p . 106). B y "monitoring" h e re -
fers t o the proces s of considering a  number of
possible alternativ e choices . Thi s syste m en -
ables peopl e t o maintai n an d monito r thei r
self-generated choice s an d thu s th e occur -
rence o f events . B y contrast , th e mid -
ventrolateral regio n "subserve s th e expressio n
within memory of various first-order executive
processes, suc h as [the] active selection , com-
parison an d judgement of stimuli" (p. 107) . I t
is used fo r the explici t encoding an d retrieva l
of informatio n (se e Chapte r 3  fo r a  detaile d
discussion).

Goldman-Rakic's positio n i s rathe r differ -
ent. Sh e maintain s tha t th e variou s differen t
frontal lob e region s al l perform a  similar role
in working memory, but tha t each processes a
different typ e of information (Goldman-Rakic,
1995). Working  memory i s defined as the abil -
ity t o "hol d a n ite m o f information 'in mind '
for a  shor t perio d o f tim e an d t o updat e in -
formation fro m momen t t o moment "
(Goldman-Rakic, 1998 , p . 90). She argues that
dysfunction o f this system ca n caus e a  variety
of deficits. Problems on the verbal fluency and
Stroop tasks are explaine d a s a failure t o sup-
press a  prepotent response du e to an inability
to use working memory to initiate th e correc t
response. Perseveratio n an d disinhibitio n may
result fro m th e "los s o f th e neura l substrat e
necessary t o generat e th e correc t response "
(Goldman-Rakic, 1998 , p . 93). Ther e i s les s
disagreement betwee n Petride s and Goldman-
Rakic about which brain areas subserve work-
ing memory , a s Goldman-Raki c als o place s
emphasis o n th e latera l aspect s o f the fronta l
lobes (se e Chapter 5  for further discussion).

An interestin g aspec t o f thes e theorie s i s
that the y mak e th e stronges t connectio n be -
tween function and neurochemistry. Links are
consistently mad e betwee n workin g memory,
dorsolateral PFC , an d dopaminergi c system s
(See Diamond , 199 8 fo r review , and Chapte r
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11, this volume , fo r mor e detaile d discussio n
on the workin g memory role o f lateral PFC) .
Indeed, ther e is a link here with Cohen's the-
ory, i n whic h dopaminergi c neuromodulatio n
plays a  critica l rol e (e.g. , Cohe n e t al. , 1998 ,
pp. 207-208).

IMPLICATIONS FOR REHABILITATION

Two possibl e avenue s fo r rehabilitatio n
emerge fro m th e working memory accounts of
dysexecutive symptoms. The first is drug ther-
apy, as suggested b y the lin k between working
memory deficit s an d dopaminergi c syste m
dysfunction. Th e use s o f drugs tha t alte r th e
action of dopamine in the brain are, of course,
well develope d fo r treatin g schizophrenia .
They are less well developed fo r the treatmen t
of brai n injury , althoug h evidenc e o f the po -
tential o f such treatment i s now beginning t o
emerge (e.g. , Powel l e t al. , 1996 ; Karl i e t al. ,
1999; se e Chapter 32) . Thus working memory
theories ma y suggest a  role fo r neurochemis-
try in the treatmen t o f patients whose patter n
of deficit s i s consistent with working memory
problems (se e also Chapter 4) .

The secon d possibilit y arisin g fro m thes e
theories i s th e us e o f simpl e an d varie d in -
struction as well as use of quite basic method s
of reinforcement . Thi s possibilit y stems fro m
both Petrides ' an d Goldman-Rakic' s theorie s
Petrides' claim s that th e roo t o f many dysex-
ecutive patients ' problem s i s that they cannot
(1) hol d i n min d a  numbe r o f thing s a t on e
time and (2) select, compare , and make judge-
ments o n incomin g stimuli . Goldman-Raki c
holds that working memory systems might be
information o r modality-specifi c (e.g. , verbal,
visual, tactil e etc.) . Thes e characterization s
have quite straightforward implications for the
way tha t rehabilitatio n shoul d b e conducte d
(see also Baddeley and Deli a Sala , 1998) , an d
lead u s t o provisional  principle  3 : Kee p in -
structions simpl e an d unambiguous.

Reasoning with someone about their behav-
ior require s tha t th e perso n trac k the various
arguments as they are being said and compare
the various aspects of the argument . This may
well be beyon d th e capabilitie s o f the patien t
with working memory problems.

Rehabilitation implication s fro m th e work -
ing memor y theories als o include provisional
principle 4 : Use simple reinforcement an d re -
ward techniques , i f possibl e Petride s main -
tains tha t th e ventrolatera l workin g memory
system is implicated in the encoding and recal l
of complex material. If this system is damaged,
patients ma y have troubl e wit h encodin g fo r
themselves th e salien t aspect s o f the learnin g
situation. S o i t ma y be bette r i f verbal rein -
forcement alon e is not relied on; actual acts of
reward ma y be mor e effective . Moreover , for
treatment t o be effective , i t may be unwise to
rely on the patient' s abilit y to encode an d ac-
tively later remembe r th e th e conten t o f pre-
vious sessions . Gradua l behaviora l shapin g
may be a  better option . Abov e all, one migh t
expect a  statemen t t o a  patien t suc h as , "i t
would be bette r to d o X because .  . ." or gen -
eral talkin g therapies t o b e relativel y ineffec -
tive fo r treatin g dysexecutiv e symptom s tha t
may be secondary to working memory impair-
ment. Accordin g t o Goldman-Rakic , thi s
might includ e disinhibition , which , a s Tabl e
33-1 shows , i s a  quit e commo n dysexecutive
symptom.

PROBLEMS OF SINGLE-FACTOR AND
WORKING MEMORY THEORIES

A numbe r o f problems emerg e fo r an y exec-
utive functio n theor y tha t rest s o n a  single ,
unitary process :

1. I n grou p studie s o f eithe r neurologica l
patients o r health y subjects , correlation s be -
tween performanc e o n differen t executiv e
tasks are typicall y very low (see, e.g., Burgess
& Shallice, 1994 ; Robbins , 1998; Miyak e et al.,
2000).

2. Grou p studie s als o sho w a  numbe r o f
clusters o f behavioral symptom s of the dysex -
ecutive syndrom e rathe r tha n jus t on e facto r
(Burgess e t al. , 1998) .

3. A t the singl e cas e level , symptom s such
as confabulatio n o r multitaskin g deficit s ma y
be see n independentl y o f virtually an y othe r
signs (e.g. , Shallice & Burgess, 1991a; Burgess
& McNeil , 1999 ; Burgess , 2000b ; Burges s et
al., 2000) .
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4. Als o at the single case level, deficits such
as respons e suppressio n an d initiatio n prob -
lems can doubly dissociate (Shallice , 1988) o n
executive test s (e.g. , Burges s &  Shallice ,
1996c).

5. Differen t behaviora l symptom s ar e as -
sociated with performance decrements on dif-
ferent clinica l executiv e task s (Burges s e t al. ,
1998).

6. A s a  group , fronta l lob e patient s ca n
show a  rang e o f differen t form s o f erro r o n
the sam e executive tes t (e.g . Burgess & Shal-
lice, 1996c ; Stus s et al. , 2000) .

7. Brai n lesion s i n differen t part s o f th e
frontal lobe s ca n b e associate d wit h decre -
ments o n differen t executiv e task s an d wit h
different type s o f failur e (e.g. , Stuss , e t al. ,
1994, 1999 ; Troye r et al. , 1998 ; Burges s et al. ,
2000; Stus s & Alexander, 2000.)

8. Functiona l imagin g an d electrophysiol -
ogical studies o f the fronta l lobe s suggest po -
tential fractionatio n o f th e executiv e syste m
(Knight &  Nakada , 1998 ; Gehrin g &  Knight,
2000; se e also Chapters 7 and 11) .

Together, thes e result s sugges t tha t al -
though ther e ma y well b e cognitiv e control /
executive processes tha t ar e used in many dif-
ferent situation s a s th e single-proces s an d
construct-led account s claim , i t i s doubtfu l
that they can be complete accounts o f the en-
tire fronta l cognitiv e syste m (a s th e author s
themselves generall y admit) . A s a  conse -
quence, som e theorist s hav e presented mor e
complex models that attempt to take these po-
tential fractionation s int o account : th e multi -
ple-process theories .

MULTIPLE-PROCESS THEORIES

These theorie s propos e tha t th e fronta l lob e
executive syste m consists of a number of com-
ponents tha t typicall y work together i n every-
day actions, but ca n be examined relatively in-
dependently i n experimental studies .

FUSTER'S TEMPORAL INTEGRATION
FRAMEWORK

Fuster (1997; see also chapter 6 ) provides one
of th e mos t concisely articulated example s of

this typ e o f theory. H e states , "th e prefronta l
cortex is essential fo r the formulatio n an d ex-
ecution o f novel plans or structure s of behav-
iour. These gestalt s of action, with their goals,
are represente d i n neurona l network s o f this
cortex i n th e for m o f abstrac t schemas.  Th e
simpler components o f those structure s o f ac-
tion ar e represente d i n fronta l o r subcortica l
networks a t lowe r level s o f the moto r hierar-
chies" (Fuster, 1997 p. 251). The frontal cortex
exerts its influence through connective and re-
ciprocal link s with posterio r cortica l regions ,
and the overal l frontal syste m performs three
functions:

1. Working  memory:  the provisiona l reten -
tion of information for prospective action. This
function i s mainl y supported b y dorsolatera l
prefrontal cortica l (DLPFC ) areas .

2. Set:  the selection and preparation o f par-
ticular (established ) moto r acts . The DLPF C
and th e anterio r media l corte x als o suppor t
this function .

3. Inhibitory  control:  serves to suppress in-
terference, eithe r fro m externa l abstractors, or
from interna l inappropriate sensory and motor
memories. Thi s functio n i s supported primar-
ily by the orbitomedia l PFC .

STUSS'S ANTERIOR ATTENTIONAL
FUNCTIONS

The ide a i n Fuster' s mode l tha t th e fronta l
lobes serv e contro l function s ove r more basic
schemas i s one o f the endurin g ideas in mod-
ern fronta l lob e theorizin g (e.g. , Luri a &
Homskaya, 1964 ; Norma n & Shallice , 1986) .
Recently, Stus s e t al. , (1995 ) hav e expande d
upon ho w they se e the relationshi p betwee n
the schem a an d th e executiv e syste m migh t
operate (se e also Chapter 25) .

Stuss e t al . (1995) describe a  schema as be-
ing a  network o f connected neuron s tha t can
be activate d b y sensory input, by other sche -
mata, o r by the executiv e contro l (i.e. , fronta l
lobe) system. In turn, it can recruit other sche-
mata t o cognitiv e contro l processin g s o as t o
produce it s required response(s) . In addition ,
they sugges t tha t schemat a provid e feedback
to the executiv e system concerning its level of
activity. Differen t schemat a compet e fo r th e
control o f thought an d behavio r b y means of
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a proces s calle d "contentio n scheduling " ( a
concept describe d originall y b y Norma n &
Shallice, [1986]) , which i s mediated by latera l
inhibition. The y sugges t tha t eac h schem a
contains multipl e interna l connections , som e
of which provide interna l feedback . Once ac -
tivated, a  schema remain s active for a  period
of time, depending o n its goals and processing
characteristics. Thi s migh t be onl y a few sec-
onds in situation s such as reaction-time tasks.
But ove r longe r period s tha t requir e activit y
without triggerin g input , activatio n ha s to b e
maintained by repeated inpu t fro m th e exec -
utive control system.

The focu s o f Stus s e t al.' s theor y i s atten -
tion. They propose seve n different attentiona l
functions, eac h o f which has its own neuronal
correlates: sustainin g (righ t frontal) ; concen -
trating (cingulate) ; sharing (cingulate plus or-
bitofrontal); suppressin g (DL-PFC); switching
(DL-PFC plu s media l frontal) ; preparin g
(DL-PFC); and setting (lef t DL-PFC) .

SHALLICE'S SUPERVISORY ATTENTIONAL
SYSTEM

The notion tha t th e fronta l lobe s ar e crucially
involved in attention i s also reflected in one of
the most influential modern theories o f frontal
lobe function . Thi s theor y wa s developed b y
Shallice an d colleague s ove r the las t 20 years
(e.g., Norma n & Shallice, 198 6 [initiall y pub-
lished as a technical repor t i n 1980] ; Shallice ,
1988; Shallice et al, 1989; Shallic e & Burgess,
1991a, 1991b, 1993, 1996 ; Burges s & Shallice,
1997; Burges s e t al. , 2000 ; se e Chapte r 17) .
The use of the ter m attention  in this theory is
broad, and refers in a general sense to the al-
location o f processin g resource s (Shallice ,
1988).

The firs t version of this theor y (Norma n &
Shallice, 1986 ) i s principall y concerne d wit h
outlining i n broa d term s th e organizatio n o f
the executiv e contro l syste m ove r well -
rehearsed behaviora l (an d thought ) routines .
There ar e fou r level s o f increasin g organiza-
tion. The firs t leve l consist s merely of "cogni-
tive or action units," which are the basi c abil-
ities on e ha s (e.g. , reachin g fo r a n object ,
reading a  word). Schemata exist at the secon d
level. Thes e ar e nest s o f first-level units tha t

had come to be closely associated through rep-
etition, a s describe d above . Th e thir d level ,
was a  process calle d "contention scheduling, "
is th e basi c triggerin g interfac e betwee n in -
coming stimul i (includin g thoughts ) an d th e
schemata. It s purpos e i s t o effec t th e quic k
selection o f routin e behavior s i n well-know n
situations. O f course , man y situations (o r as -
pects o f them) that we encounter are not well
rehearsed. I n thi s situatio n on e ha s t o con -
sciously decide what to do. The cognitiv e sys-
tem tha t effect s thi s consciou s deliberation i s
called th e "supervisor y attentiona l system "
(SAS).

In the earl y versions of the theory , the SAS
was merely represented a s a single entity. This
was not because it was thought that the system
comprised onl y one process o r construct , bu t
merely that there was little empirical evidence
at that time concerning potential fractionatio n
(see point s 1- 8 i n Problems o f Single-Facto r
and Working Memory Theories, above) . More
recently, the putativ e organizatio n o f the SAS
has bee n articulate d i n mor e detai l (Shallic e
& Burgess, 1996; se e also Chapter 17) . In this
model, th e SA S plays a part i n a t leas t eigh t
different processes : workin g memory ; moni-
toring; rejectio n o f schema ; spontaneou s
schema generation ; adoptio n o f processin g
mode; goa l setting ; delaye d intentio n marke r
realization; an d episodi c memor y retrieval. (A
more detaile d descriptio n o f thi s theory , to -
gether wit h a  figur e o f th e model , ca n b e
found i n Chapter 17) .

IMPLICATIONS FOR REHABILITATION

The strengt h o f the multiple-proces s theorie s
is that they encapsulate th e result s from man y
different type s of studies, and they attempt t o
explain behavior in many different kind s of sit-
uations. As such, they stand a better chance of
explaining a variety of dysexecutive symptoms
(see Tabl e 33-1) . Thei r disadvantag e i s tha t
they ar e difficul t t o disprove . I f a  new disso -
ciation between task s or symptoms is found, i t
is eas y to eithe r "bolt-on " another proces s t o
the theory , or explain it as a refinement of one
of the existin g concepts. I t is difficult t o see at
what stag e suc h a  theory could ever be com-
pletely rejected .
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For rehabilitation , th e suggestion s o f thes e
models i s mor e comple x than fo r th e single -
process o r construct-le d theories . Thes e the -
ories sugges t that one first needs to isolate the
locus of the impairment(s) . In practical terms,
this woul d requir e administratio n o f the set s
of procedures o n which th e mode l was based
(or a s clos e a s i s practically possible) . Thi s i s
likely to be a much more time-consuming pro-
cedure tha n fo r th e othe r type s o f theory .
However, it is less likely that an important im-
pairment woul d be missed . Moreover , a num-
ber o f th e hypothesize d processe s ar e onl y
tapped i n certai n situations ; on e need s t o as-
sess a  patient i n a  wide rang e o f them. Thu s
we com e t o provisional  principle 5 : Pre- an d
post-treatment evaluatio n o f dysexecutiv e
problems requires assessmen t o f competence
in a  wide rang e o f situations.

If thi s principl e i s followed , rehabilitatio n
efforts ca n then be targeted to the specifi c sit-
uations i n which the patien t ha s problems. In
this way, the implication s fo r rehabilitatio n o f
the multiple-proces s model s ar e quit e differ -
ent fro m thos e o f the previou s theories, which
suggested tha t rehabilitatio n coul d b e per -
formed ou t of the everyda y situations in which
the patien t ha s problems.  Th e questio n the n
becomes, ar e there any grounds fo r establish -
ing a basic minimum set o f investigations that
should b e performe d a s a  first-stag e assess -
ment o f the dysexecutiv e patient?

The result s o f a  stud y b y Burges s e t al .
(1998) ma y giv e som e answer s t o thi s ques -
tion. I n thi s study , the caregiver s o r relative s
of 9 2 mixed-etiolog y neurologica l patient s
were given a questionnaire (th e DEX; Burgess
et al. , 1996a ) whic h aske d the m t o rat e th e
frequency o f occurrence o f the 2 0 most com-
mon dysexecutiv e symptom s i n th e patient s
they knew well. These symptom s are liste d in
Table 33-1 . Whe n th e result s were subjecte d
to facto r analysi s (orthogona l rotation) , fiv e
factors wer e selected : inhibitio n (principall y
problems wit h respons e suppressio n an d dis -
inhibition); intentionality (everyda y deficits i n
planning an d decisio n making) ; executiv e
memory (e.g. , confabulation , perseveration) ;
and tw o purel y affectiv e factors—positiv e
(e.g., euphoria ) an d negativ e (e.g. , apathy) af -
fective changes. A range of neuropsychologica l

tests wa s als o administere d t o th e patients ,
which allowe d examinatio n o f th e relation -
ships between th e score s fo r these behaviora l
symptom factor s and individua l psychometri c
test performances . Burgess et al . found a  dis-
tinct patter n o f relationship s betwee n tes t
performances an d th e behaviora l symptoms .
Performance o n non e o f th e psychometri c
tests wa s associate d wit h eithe r o f th e affec -
tive sympto m facto r scores . However , perfor -
mance on many executive tests (Cognitiv e Es-
timates, Verba l Fluency , Trail-Making , an d
the Si x Element Tes t o f th e Behavioura l As-
sessment o f th e Dysexecutiv e Syndrom e
(BADS) batter y (Wilso n et al. , 1996 ) wa s sig-
nificantly associate d wit h inhibitio n facto r
scores, a s wer e Wechsle r Adul t Intelligenc e
Scale (WAIS ) Full-Scal e I Q scores . Modified
Wisconsin Car d Sortin g Tes t (MWCST ) per-
formance an d verba l fluenc y wa s associate d
with the executiv e memor y factor scores. And
only 1  tes t (ou t o f a  tota l o f 22 ) wa s signifi -
cantly associated wit h the intentionalit y facto r
scores: the Si x Element Tes t (Shallic e &  Bur-
gess, 1991a ; Burges s e t al. , 1996b) . Fro m
these results , Burges s e t al . (1998 ) recom -
mended that , a t the ver y least, an assessment
of a  dysexecutive patient should  include test s
that measur e eac h o f these sympto m cluster s
(the affectiv e aspect s wil l b e deal t wit h be -
low). Broadly , these would include the follow -

1. A  general measur e o f inhibitory abilities
(impairments of which are detected by a
wide rang e o f tasks , includin g thos e o f
intellectual function )

2. Measure s o f executive memor y abilities,
both short-ter m (i.e. , workin g memory)
and long-ter m (i.e. , accuracy o f episodic
recollection)

3. A  measur e o f multitaskin g abilit y (th e
subcomponents o f whic h includ e plan -
ning, prospectiv e memory , an d tas k
switching; se e Burgess , 2000a, fo r mor e
detail).

The degree of concordance o f these empir -
ical result s with th e multiple-proces s theorie s
outlined abov e i s striking . Tw o o f Fuster' s
three tempora l integratio n function s ar e

ing:
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closely replicated , an d i f on e take s a  broa d
view o f preparatory set , then ther e i s furthe r
agreement. Stuss' s inhibition, switching , prep-
aration, and attention maintenance aspects are
also al l reflecte d i n thes e empirica l findings .
Shallice's mode l fare s particularl y well; i t ex-
plicitly mention s a s separate processes inhibi -
tion (in the for m o f both schema rejection and
adoption of processing mode); working mem-
ory an d episodi c retrieval ; an d bot h compo -
nents of multitasking (prospective memor y as
"delayed intentio n marke r realization " an d
planning a s the se t o f processes i n metho d 2
of new schema formation). Thus the multiple -
process theorie s explai n quite wel l the multi -
tude o f symptoms that ca n follo w fronta l lob e
damage.

These theorie s als o sugges t a  genera l ap -
proach t o investigatin g th e roo t cause s o f
everyday dysexecutive impairments. Followin g
formal assessmen t o f functio n a s outline d
above, one would examin e how the particula r
impairments contribut e t o disabilit y in every-
day life. This requires componential analysis of
the situations that present the greatest problem
(as identified, for instance, by ABC analysis). It
is mos t unfortunat e tha t experimenta l para -
digms are so often unlik e real-world situations
(see Obstacle 3 : What Do Experimental Para-
digms and Real-World Activities Have in Com-
mon), since if this were not the case , much of
the work would already have been done for the
rehabilitation specialist and this stage would be
largely redundant . Th e fina l stag e woul d o f
course b e intervention , th e exac t metho d o f
which would depend o n the nature of the im-
pairment, the situation in which it manifests it-
self, th e intac t abilitie s the patien t shows , and
other relevant clinical variables.

This argument raises two important and in-
terconnected matter s fo r the rehabilitatio n o f
executive function . Th e first concerns the rel -
ative importance of the various symptoms, and
the secon d concern s patients ' awarenes s o f
them.

THE PROBLEM OF AWARENESS

From Tabl e 33- 1 i t i s quit e apparen t tha t
some symptoms are reported mor e frequently

than other s b y caregivers o f dysexecutive pa-
tients. Indeed , som e (e.g., planning problems)
were reported as a problem b y relatives in al-
most half of the case s that forme d th e sample
in the study from which these data were taken
(Burgess e t al. , 1998) .

Table 33- 1 als o shows that patients are of-
ten unawar e of the exten t o f their problems.
This problem i s not confined to executive dys-
function: man y amnesics o r peopl e wit h ne -
glect ma y also be unawar e of their problems ,
at leas t i n th e earl y stage s o f thei r disability .
The proble m o f unawarenes s i s nonetheles s
both prevalent and persistent fo r dysexecutive
patients (se e als o Prigatano , 1991a , 1991b )
and shoul d a t leas t i n par t guid e th e agend a
for thei r rehabilitation. All other matters being
equal, treatmen t o f a  proble m tha t th e pa -
tients does no t notic e o r acknowledge will al-
ways b e mor e problemati c tha n fo r on e o f
which th e patien t complains . Tabl e 33- 1
shows that two of the symptom s where ther e
is typically greatest disagreement betwee n pa -
tients an d caregiver s bot h involv e a  lac k o f
concern. Thi s present s a n interestin g conun -
drum: ho w doe s on e mak e a  patien t con -
cerned tha t the y ar e unconcerned ? Perhap s
consideration of the ite m of greatest disagree-
ment betwee n patient s an d caregiver s pro -
vides a n answer : plannin g problems . On e
might suggest , i n a  simple-minde d fashion ,
that a  consequence o f not considerin g the fu -
ture o r th e consequence s o f one s action s i s
likely t o b e a  lac k o f concern . S o if on e ca n
first facilitate this planning function, the prob -
lem with concern is likely to show concomitant
improvement. I n thi s example i t would mak e
most sens e t o targe t one' s rehabilitatio n ef -
forts first towards the deficit s in planning. This
argument suggest s a  furthe r dysexecutiv e re -
habilitation principle , provisional  principle 6:
When decidin g whic h dysexecutiv e behavior
to treat first , do not necessarily start with th e
most troublesome. Als o consider th e orde r i n
which th e symptom s should b e treate d (se e
also Chapter 32) .

To continu e thi s exampl e into th e domai n
of mor e practical treatmen t delivery , the firs t
stage in facilitating planning is to demonstrate
the consequences of failures at the mos t basic
level—in othe r words , t o provid e a  feedbac k
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mechanism. Alderma n an d colleague s (1995 )
have describe d a  for m o f this feedbac k train -
ing, which they call "self-monitoring training."
This consists of five stages. The firs t is a base-
line stag e (o f target behavio r frequency). The
second stag e is "spontaneous self-monitoring,"
in which the patien t i s given a counting device
(e.g., mechanical clicker ) and is asked to keep
a recor d o f ho w man y time s the y sho w th e
target behavior while performing an attention-
demanding ongoin g task . I n th e thir d stage ,
the secon d stag e i s repeated wit h on e modi -
fication: on each occasio n the subjec t engages
in the targe t behavio r bu t doe s no t recor d it ;
the therapis t give s a  verbal promp t fo r the m
to d o so . Th e purpos e o f thi s stag e o f th e
training i s t o encourag e subject s t o monito r
their ow n behavio r mor e accuratel y an d ge t
into the habi t of routinely recording their be-
havior. The ai m of the fourt h stag e is to with-
draw externa l structur e an d facilitat e self -
monitoring. This is done by rewarding subjects
if thei r recordin g i s withi n a  give n rang e o f
the sam e recordin g mad e independentl y b y
the therapis t (verba l prompt s ar e no t give n
during this stage) . The subject' s accurac y may
be steadily "shaped" using ever-stricter criteri a
for reward . The ai m of the final stage of train-
ing is to encourage inhibition o f the target be-
havior. Thi s typicall y involve s rewardin g th e
participant i f they have not engaged in the tar-
get behavio r mor e tha n a  give n numbe r o f
times over a  set period. With success , the re -
ward criterio n numbe r i s graduall y reduce d
until th e targe t behavio r i s within acceptabl e
limits. This method has been used successfully
with a range of behavioral problems, when pa-
tients showe d littl e awarenes s o f the m (e.g. ,
Alderman e t al. , 1995 ; Alderman & Burgess ,
2001).

SINGLE-SYMPTOM THEORIES

The fina l categor y o f theories o f fronta l lob e
dysfunction i s those that see k t o explai n spe-
cific dysexecutiv e symptoms (see Table 33-1) .
Often thes e theorie s quit e directl y sugges t
treatment interventions . A n exampl e i s th e
treatment o f a confabulating patient reporte d
by Burgess and McNei l (1999). Based o n th e

Burgess an d Shallic e (1996b ) mode l o f th e
processes damage d i n confabulation , Burgess
and McNei l successfully implemente d a  sim-
ple diary-keeping method fo r the treatment of
a patient with a persistant confabulatory prob-
lem. Single-sympto m theories o f this type ar e
likely t o hol d grea t rehabilitatio n potential .
However, since i t is likely that some executive
impairments migh t be the roo t cause o f more
than on e behaviora l symptom , i t i s unlikel y
that i t will be possibl e to develo p explanatory
theories o f individua l symptom s i n isolatio n
from larger-scal e theories. A  full revie w of th e
rehabilitation implication s of al l possible the-
ories o f al l possible dysexecutiv e symptoms is
beyond th e scop e of this chapter , a s the focu s
of this chapter is general treatment principles,
which are less likely to emerge from symptom-
specific theories . W e believe , however , tha t
single-symptom theorie s se t i n the contex t of
larger-scale theorie s wil l prove to be a  partic-
ularly powerfu l too l fo r progres s i n rehabili -
tation technique .

MECHANISMS OF RECOVERY

We have discussed som e of the leadin g theo -
ries o n th e mean s b y ho w th e fronta l lobe s
exert their contro l over behavior. And we have
outlined i n broad term s som e o f the implica -
tions for the rehabilitatio n of patients with ex-
ecutive contro l deficits . I n som e cases , th e
form o f rehabilitatio n migh t b e terme d cog-
nitive prosthetics—in othe r words , the ai m is
to improve function rather than ameliorate th e
cognitive impairmen t b y th e us e o f externa l
aids (e.g. , th e Neuropag e syste m [Wilso n e t
al., 1997; Evans et al. , 1998]) . In othe r cases ,
rehabilitation may reduce the need for the im-
paired abilit y by changing the environment . A
third typ e o f rehabilitatio n aim s t o establis h
behavior patterns that rely on intact systems—
in other words, to alter the construct demands
of th e ol d functio n ( a rathe r simpl e example
might b e whe n a  patient wit h sever e speec h
production problem s i s encourage d t o writ e
messages to communicate). A fourth type aims
to improve the actua l cognitive impairment it-
self. Ho w migh t suc h a n improvemen t occu r
in the damage d brain?
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One possibilit y i s tha t a t leas t par t o f th e
impairment i n a  given executive function ma y
be attributabl e t o insufficien t inpu t fro m a
malfunctioning syste m tha t normall y provides
input t o it . Arousa l i s a  cas e i n point . Eve n
circadian fluctuation s i n basi c arousa l withi n
the intac t brai n alte r executiv e contro l ove r
behavior, includin g slip s o f actio n (Manl y e t
al, in press b) . Many pathologies tha t contrib -
ute t o fronta l damage—particularl y traumatic
brain injury—als o damag e th e whit e matte r
and othe r structure s responsibl e fo r the reg -
ulation of arousal in the brain , resulting in sig-
nificant and rather general problems of arousal
regulation. Th e effect s o f periodi c auditor y
alerts o n comple x executiv e functio n de -
scribed abov e (Manl y et al. , i n pres s a ) ma y
well hav e exerte d effect s throug h bottom-u p
modulation of arousal as well as activating top-
down monitoring of current goals . Modulation
of arousal through both behavioral (Robertson
et al. , 1995 ) an d pharmacologica l mean s i s
possible, an d it is entirely plausibl e that these
relatively simpl e manipulation s ma y produc e
effects i n complex , multifactorial system s in a
way that sophisticated intervention s that tackle
the system s themselves ma y have mor e diffi -
culty achieving .

CONCLUSION

There mus t b e a  theor y o f th e caus e o f an
impairment befor e a  treatmen t ca n b e de -
signed. However , currentl y ther e is a gap be-
tween pur e experimenta l wor k fro m whic h
such theorie s migh t evolv e an d potentia l
treatment applications . A s w e hav e seen ,

there ar e tw o reason s fo r thi s discrepancy .
First, th e kind s o f situation s an d technique s
studied i n pur e experimenta l wor k ar e ofte n
unlike thos e i n everyda y rehabilitation . Sec -
ond, rehabilitatio n i s necessaril y concerne d
with function , bu t experimenta l wor k i n thi s
area ha s historicall y bee n mor e concerne d
with constructs . I t i s our opinio n tha t there is
actually mor e potentia l cross-tal k betwee n
these concern s tha n migh t a t firs t appear . To
demonstrate thi s viewpoint, we have explored
the practica l implication s fo r rehabilitation o f
some curren t leadin g theorie s o f executiv e
frontal lob e function , and develope d si x pro-
visional principle s fo r treatmen t (se e Tabl e
33-2). These shoul d be regarde d a s hypothe-
ses fo r th e moment ; the y ar e unteste d
predictions fro m theoretica l studie s mad e
with n o regard fo r the myria d o f clinical con -
siderations tha t actuall y bear upon treatment .
Nevertheless, th e exten t t o whic h the y con -
form t o the kind s of approaches alread y being
developed i s encouraging. I t i s our contentio n
that i f rehabilitation o f frontal  lobe executiv e
functions i s t o develo p equivalenc e t o othe r
forms o f therapy in this area (e.g. , speech an d
language therapy) , suc h principle s mus t b e
formally develope d an d tested . Th e quit e
astonishing advanc e i n ou r understandin g o f
the fronta l lobe s ove r th e las t 2 0 year s sug -
gests tha t thi s migh t not be unnecessaril y op-
timistic, give n th e righ t circumstances . How -
ever, thi s wil l require extensiv e collaboratio n
between experimenta l researchers , wh o ma y
be in a position t o suggest new avenues to ex-
plore, an d clinicians , who can determine ho w
these suggestion s migh t b e implemented . T o
this end , w e hop e tha t bot h side s wil l make

Table 33-2. Provisiona l rehabilitation principles emerging from fronta l lob e theories

1. Conside r th e us e o f feedbac k system s t o modif y dysexecutiv e behavior , especiall y symptoms o f disinhibitio n an d
distractibility (i.e. , los s o f goal).

2. Som e dysexecutiv e patients fai l t o carr y ou t intende d tasks despite being able to recal l (when prompted) what i t is
they have to do . Consider the us e of simple interrupts in their treatment.

3. Kee p instructions and advice simple and unambiguous .
4. Us e simple reinforcement an d reward techniques, if possible.
5. Pre - and post-treatment evaluation o f dysexecutive problems requires assessment o f competence in a  wide range of

situations.
6. Whe n deciding which dysexecutiv e problem to trea t first , d o no t necessaril y start with the mos t troublesome . Also

consider the order in which the symptom s should be treated, since treatment of certain problems may benefit greatly
by initial groundwork elsewhere.
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sound effort s to make their work accessible to
each other .
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Prefrontal Cortex: The Present and the Future

ROBERT T. KNIGHT AND DONALD T. STUSS

The frontal lobes have provided the tools to now study
how tools are actually devised in the human mind.

R.T. Knight and D.T. Stuss 2001

In this chapter the current neuropsychologica l
and physiologica l evidence linkin g lateral an d
orbital prefrontal cortex (PFC) to human cog-
nition an d social interchang e wil l be reviewe d
in an attempt t o provide a  summary of much
of th e wor k presented i n thi s boo k and else -
where. We will begin with our view of the con-
tributions of lateral PF C t o executive control .
This boo k provides evidenc e o f a  remarkable
convergence o f lesion , electrophysiological ,
and functiona l magneti c resonanc e imagin g
(fMRI) an d data on the rol e of lateral PFC i n
inhibitory control , excitator y modulation ,
working memory, and novelty processing. Th e
electrophysiological dat a accrue d fro m hu -
mans an d animal s provid e importan t infor -
mation o n th e timin g o f PF C modulatio n o f
cognitive processing . Thes e dat a ar e comple -
mented b y fMR I findings definin g th e spatia l
characteristics o f PFC involvement in a variety
of cognitive tasks , with evidence mountin g for
engagement o f interleaved inhibitory and ex-
citatory processe s durin g a  hos t o f cognitiv e
processes. Finally , the neuropsychological dat a
provide th e crucia l behavioral confirmation of

electrophysiological an d fMR I finding s ob -
tained i n normal populations. In our view the
most complet e pictur e wil l emerg e fro m th e
fusion o f classi c neuropsychologica l ap -
proaches informe d b y cognitiv e theor y wit h
powerful ne w technique s t o measur e huma n
brain physiology. We will first review the find -
ings concerning the rol e o f lateral PF C i n ex-
ecutive contro l o f cognition an d then discus s
the relevan t literatur e o n the contribution s of
orbital PF C t o socia l an d emotiona l control .
This chapte r wil l not addres s th e rol e o f me-
dial PF C corte x i n variou s aspect s o f moto r
planning, no r wil l w e discus s languag e an d
PFC, which is reviewed by Alexander in Chap-
ter 10 . A possible separat e rol e fo r th e pola r
regions ma y exist , bu t th e evidenc e i s cur -
rently inadequate t o introduce i n this review.

LATERAL PREFRONTAL CORTEX

INTRODUCTION

Evidence fro m neuropsychological , electro -
physiological, and neuroimaging research sup -
ports a critical role of PFC in executive contro l
of goal-directe d behavior . Latera l PFC , in -
cluding portion s o f the inferior , middle , an d
superior fronta l gyri , i s involve d i n multipl e
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domains, includin g language , attention , an d
memory (Stus s &  Benson , 1984 , 1986 ;
D'Esposito e t al, 1995, 1999a , 1999b, Chao &
Knight, 1998 ; Corbetta , 1998 ; Knigh t e t al. ,
1998; D'Esposit o an d Postle , 1999 ; Dronker s
et al. , 2000; Fuster e t al. , 2000; McDonal d e t
al., 2000) . Functiona l MR I an d event-relate d
potential (ERP ) researc h hav e define d th e
spatial an d tempora l contribution s o f latera l
PFC i n working memory, attention, respons e
conflict, an d novelty processing (Jonides et al. ,
1993, 1998 ; Knigh t e t al. , 1998 ; Owe n e t al. ,
1998; Botvinic k et al. , 1999; Barc h et al. , 2000;
Prabhakaran e t al. , 2000) . A  meta-analysi s o f
neuroimaging studie s (Dunca n &  Owen ,
2000) reveals activation of common regions of
lateral PF C i n divers e cognitiv e tasks . Th e
PFC activation s i n thes e seemingl y divers e
cognitive domains center in the posterio r por -
tions of the latera l PF C a t the junction of the
middle and inferior frontal gyri , including por-
tions o f dorsa l an d ventra l PF C (Brodmann' s
areas 9 , 44 , 45 , an d 46 ; Rajkowsk a &
Goldman-Rakic, 1995a , 1995b) . Thi s suggest s
that commo n region s o f the huma n PF C ar e
able t o contro l man y aspect s o f huma n cog -
nition. Furthermore , fMR I researc h ha s re -
vealed tha t extensiv e areas o f dorsal and ven-
tral PF C ar e crucia l fo r sustainin g neura l
activations durin g cognitiv e performanc e an d
more dorsal portions of PFC appear to be cru-
cial fo r manipulatin g neura l activit y durin g
cognitive performance . Thus , a  mor e com -
plete behaviora l an d physiologica l pictur e o f
the function s o f subregion s o f huma n latera l
PFC i s emerging.

The extensiv e reciproca l PF C connection s
to virtuall y al l cortica l an d subcortica l struc -
tures plac e PF C i n a unique neuroanatomica l
position t o monito r an d manipulat e divers e
cognitive processes. Latera l prefrontal damage
in human s results i n behaviora l deficit s i n at -
tention, workin g memory , planning, respons e
selection, tempora l coding , metamemory ,
judgment, an d insight . I n advance d bilatera l
lateral PF C damage , th e patien t ha s a  flat -
tened affect , manifest s perseverative behavior ,
and is unable to properly manage everyday af-
fairs. Th e patien t ma y b e incorrectl y diag -
nosed a s bein g depressed , althoug h carefu l
evaluation actually reveals indifference and an

amotivational state rather than true feelings of
depression. Thi s amotivationa l stat e ca n b e
differentiated fro m th e amotivatio n see n i n
patients wit h pur e superio r media l o r orbito -
frontal patholog y (Stuss , e t al. , 2000) . Th e
amotivational stat e extend s t o bot h th e cog -
nitive an d emotiona l domain . Fo r instance ,
cognitive flexibilit y an d creativit y a s wel l a s
sexual driv e ar e frequentl y reduced . Fronta l
release sign s (primitiv e reflexe s includin g
snout, rooting , suck, grasp, an d palmomental )
are ofte n observe d (Knigh t &  Grabowecky ,
2000). Performanc e o f th e Luri a hand -
sequencing task , i n whic h th e patien t i s re -
quired t o repetitivel y produc e th e sequenc e
fist-palm o f hand-edg e o f hand , i s ofte n
abnormal becaus e o f perseverativ e an d ran -
dom errors .

It should be emphasized that the severe lat-
eral prefrontal syndrome is typically observed
in bilateral PFC damage , as might be observed
in degenerative disease , infiltratin g tumors , or
multiple cortica l o r subcortica l infarctions .
This clinica l observatio n emphasize s th e in -
herent redundanc y i n th e capacit y o f latera l
PFC functio n t o contro l cognitiv e processing.
This i s no t t o sa y tha t clea r behaviora l an d
physiological deficits  ar e no t apparen t afte r
unilateral damage . Rather , thes e deficit s ar e
not as obvious as one might expect. One intac t
PFC i s abl e t o contro l bilatera l hemispheri c
processing to som e degree. The way in which
this redundancy of function i s accomplished is
not clear , althoug h recen t anima l wor k sug -
gests that processing may be accomplishe d by
callosal transfe r o f informatio n to th e intac t
PFC (Ross i e t al. , 1999 ; Tomit a e t al , 1999) .
The us e o f the intac t processe s i n th e unda -
maged fronta l lob e t o overcom e o r compen -
sate fo r th e defici t i n th e damage d regio n o f
the prefrontal lobe has also been hypothesized
(Stuss, e t al. , 1987) .

NEUROPSYCHOLOGY

Human behavior is paralleled by a massive ex-
pansion o f th e PFC , whic h occupie s u p t o
35% of the neocortica l mantl e i n humans . In
contrast, the PFC occupies about 10%-12% of
the cortica l mantl e i n high-leve l nonhuma n
primates such as gorillas (Fuster , 1989) . Sinc e
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lateral PFC i s involved i n so many aspects of
behavior, characterization o f a mild prefronta l
syndrome ca n b e elusive . Prefronta l damag e
from strokes , tumors, trauma, or degenerativ e
disorders i s notoriousl y difficul t t o diagnose ,
since deficits in creativity and mental flexibility
may b e th e onl y salien t finding s (Knight ,
1991). Patients may complain that they are not
able t o pa y attentio n a s wel l an d tha t thei r
memory is not quit e as sharp. An early lateral
PFC syndrom e may become clinicall y obvious
only i f th e patien t ha s a  job requirin g som e
degree of mental flexibility and decision mak-
ing. However , i f the patien t ha s a  routinize d
job or lifestyle, prefrontal damage can be quite
advanced befor e a  diagnosis i s made. Indeed,
many prefrontal tumors are extensive at initial
diagnosis. As unilateral prefrontal disease pro-
gresses o r becomes bilatera l pronounced , ab -
normalities invariabl y becom e evident . Defi -
cits in attention , planning , response selection ,
temporal coding, metamemory, judgment, and
insight predominate. I n advanced bilateral lat-
eral PF C damage , perseveration , manifesting
behaviorally as being fixed in the presen t an d
unable t o effectivel y g o forwar d o r backwar d
in time , becomes evident . I n associatio n with
these deficits , confidenc e about man y aspects
of behavior deteriorates. Indeed , patients with
prefrontal damag e may be uncertain about the
appropriateness o f their behavio r eve n whe n
it i s correct .

The behaviora l change s tha t aris e fro m
damage to the PFC are notoriously difficult t o
capture wit h man y standardize d neuropsy -
chological tests . Patients with large prefrontal
lesions ca n perfor m withi n th e norma l range
on test s o f memory , intelligence , an d othe r
cognitive functions , on e observatio n tha t ha s
led to the often-cite d "paradox " or "riddle" of
the fronta l lobes . Eve n supposedl y fronta l
lobe-sensitive test s suc h a s th e Wisconsi n
Card Sortin g Tes t (WCST ) sometimes fai l t o
discriminate patients with fronta l lesion s fro m
people with normal function o r those with le-
sions i n othe r region s (Eslinge r &  Damasio ,
1985; Grafma n e t al., 1990). This is due in part
to a  mixin g o f lesio n location . Clinician s an d
researchers ofte n d o not differentiat e region s
within th e fronta l lobes . However , whe n on e
segregates subregion s o f PF C damage , a

clearer pattern of regional specificity emerges.
For instance , tests suc h a s the WCS T appea r
to b e mor e sensitiv e t o dorsolatera l tha n or -
bitofrontal PF C damag e (se e chapte r 25) . I n
addition, ther e i s often a  lack of specificity a s
to th e precis e proces s tha t i s impaired . Fo r
example, the notio n that only perseverative er-
rors are made by PFC lesioned patients in the
WCST ma y contribute t o som e of the confu -
sion i n th e literature . Recen t finding s i n pa -
tients wit h latera l PF C damag e indicat e tha t
these patients mak e as many random errors as
perseverative error s (Barcel o &  Knight , i n
press). Perseverativ e error s ar e traditionall y
viewed a s a  failur e i n inhibitio n o f previou s
response patterns . A  perseverativ e erro r o n
the WCS T i s du e t o failur e t o shif t se t t o a
new sorting criterion. Rando m errors that ar e
as frequen t a s perseverativ e error s reflec t a
different proble m i n these patients . A random
error occurs when a patient is sorting correctly
and switche s t o a  new incorrect sortin g cate -
gory without an y prompt fro m th e examiner .
Random error s ca n b e viewe d a s a  transien t
failure i n maintainin g th e goa l a t han d an d
may represent a  problem with maintenance of
neural activity during the sortin g task. As will
be discussed later, excitation-dependent main-
tenance o f distributed neura l circuits appear s
to b e a  ke y aspec t o f PF C functio n (fo r re-
views see Knigh t e t al. , 1998 ; D'Esposit o and
Postle, 1999) . Othe r task s often employe d by
clinical neuropsychologist s t o captur e latera l
PFC deficit s includ e variation s o f the Stroo p
Test, which i s particularly sensitive to failure s
in inhibitor y control , an d test s o f divided at -
tention. However , test s o f divide d attentio n
are also failed by patients with inferior parietal
lobe damage and do not provide a  specific as-
say of PFC function . I t shoul d be emphasize d
that patient s wit h lesions in differen t part s of
the brai n ma y fai l th e sam e task, bu t fo r dif-
ferent reasons .

While conventional neuropsychological tests
such as the Wecshle r Adult Intelligence Scal e
(WAIS) ma y be norma l or only show minimal
deficits, patient s with lateral PFC corte x dam-
age may be quit e impaire d in their dail y lives.
How ca n thi s parado x o f relativel y good per -
formance o n standardized test s b e reconcile d
with impaired functioning in daily life? We will
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first revie w th e curren t experimenta l neuro -
psychological literatur e o n latera l PF C dys -
function an d the n w e wil l present som e ne w
concepts draw n from th e cognitiv e psychology
literature tha t ma y provide additiona l insigh t
into understandin g th e huma n latera l PF C
syndrome. Afte r reviewin g th e neuropsychol -
ogical literature, we will then discuss the phys-
iological data , includin g ERP s an d fMRI ,
which delineat e o f the rol e o f lateral PF C i n
human cognition .

Temporal Processin g

Patients with frontal lob e lesion s are impaire d
in task s involvin g temporal ordering , suc h a s
the sequencin g o f recen t o r remot e event s
Milner, e t al. , 1985 ; Moscovitch , 1989 ; Shi -
mamura, e t al. , 1990 ; McAndrew s & Milner,
1991). Thes e patient s ar e als o impaire d i n
making recency judgments (Milner, 1971; Jan -
owsky e t al. , 1989a ; 1989b ; Milner,  e t al. ,
1985), a  process that also relies on the correc t
temporal codin g o f events . Performanc e o f
self-ordered pointing , a  task in which th e pa -
tient mus t remembe r th e orde r i n which ob -
jects hav e been indicated , i s also impaired i n
patients wit h fronta l lesion s (Petride s &  Mil-
ner, 1982) . Patient s wit h extensiv e fronta l le -
sions als o hav e littl e concer n fo r eithe r th e
past or the futur e (Goldstein , 1944; Ackerl y &
Benton, 1947) . Thes e patient s ar e "stuck " i n
the presen t world , wit h sever e perseveratio n
representing th e penultimat e exampl e of fail -
ure t o mov e acros s th e tim e dimension . T o
fluidly move fro m th e presen t t o eithe r th e
past o r the future , on e mus t be abl e t o bot h
inhibit the curren t menta l context and find or
construct a  ne w menta l image , requirin g
excitation-dependent activatio n o f neura l en -
sembles. Thi s PF C dependen t interpla y be -
tween inhibitor y an d excitator y activit y wil l
become apparen t whe n physiologica l data rel -
evant t o PF C functio n ar e reviewed .

Explicit Memory , Source Memory , an d
Metamemory

While som e source s sugges t tha t explici t
memory is normal in patients with lateral PF C
damage, a  meta-analysis of the publishe d dat a
shows significant deficit s in explicit memory in

patients with lateral PFC damag e (Wheele r et
al., 1995) . Thes e deficit s ar e typicall y no t a s
severe i n patient s wit h media l tempora l am -
nesia, bu t thi s distinctio n i s compromised b y
the fac t tha t mos t studies have compared uni -
lateral PF C lesion s t o bilatera l media l tem -
poral amnestie s suc h a s tha t occurrin g fro m
CA1 hypoxi c damag e o r herpe s simplex . I n
other studies , patient s wit h Korsakoff' s syn -
drome o r rupture d anterio r communicatin g
aneurysms hav e bee n compare d to  unilatera l
PFC patients. Thus, the true degree of explicit
memory dysfunction i n patients wit h bilatera l
PFC damag e ha s probabl y bee n underesti -
mated. I f the patholog y i s in the lef t PF C o r
involves septal/basal-forebrai n areas , a n en -
coding defici t i s revealed (Stus s e t al. , 1994) .
Patients wit h damag e t o PF C sho w a  dispro-
portionate impairmen t i n th e memor y fo r
source o f informatio n (Schacte r e t al. , 1984 ;
Shimamura &  Squire , 1987 ; Janowsky , e t al. ,
1989b). Factua l informatio n i s correctl y re -
called, bu t th e spatiotempora l contex t i n
which the informatio n was acquired i s forgot -
ten. Thes e patient s als o hav e a  diminishe d
ability to mak e metamemory judgments (Jan-
owsky et al. , 1989b) . Metamemory  includes an
ability to judge whethe r o r not th e answe r to
a factual question has been or will be correctl y
retrieved. Patient s wit h fronta l lesion s are im-
paired a t makin g thes e judgment s eve n
though their memor y for the fact s i s intact. I n
contrast, patient s wit h media l tempora l am -
nesia hav e explici t memor y impairment s bu t
are quite confiden t about th e limite d numbe r
of items they recall .

Inhibitory Contro l

There i s long-standin g evidenc e tha t distrac -
tion du e t o a  failur e i n inhibitor y contro l i s a
key elemen t o f th e defici t observe d i n mon -
keys on delayed-response task s (Malmo, 1942 ;
Brutkowski, 1965 ; Bartu s &  Levere , 1977) .
For example , simpl e maneuvers such as turn-
ing of f th e light s i n th e laborator y o r mildl y
sedating the animal , which would typically im-
pair performanc e i n intac t animals , improved
delay performanc e i n animal s wit h PF C le -
sions. Despit e thi s evidence , remarkabl y few
data have been obtained o n humans with PFC
damage. The extan t dat a cente r o n failures in
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inhibition o f earl y sensor y inpu t a s wel l a s
problems i n inhibitio n o f higher-leve l cogni -
tive processes .

In th e sensor y domain, i t ha s bee n show n
that inabilit y t o suppres s irrelevan t informa -
tion i s associated wit h difficultie s in sustained
attention, targe t detection , an d match-to -
sample paradigm s i n bot h monkey s an d hu -
mans (Wood s & Knight , 1986 ; Riche r e t al. ,
1993; Cha o &  Knight , 1995 , 1998) . Deliver y
of task-irrelevan t sensor y information dispro -
portionately reduce s performanc e i n patient s
with lateral PFC lesions. For example, presen-
tation o f brief, high-frequency tone pip s dur -
ing a  tone-matchin g dela y tas k markedl y re -
duces performanc e i n PF C patients . I n
essence, th e patien t wit h a  lateral PFC lesio n
functions i n a  noisy environment because o f a
failure t o gat e ou t extraneou s sensor y
information.

In th e cognitiv e domain , inhibitor y deficit s
in cognitiv e task s requirin g suppressio n o f
prior learned material are also observed in pa-
tients with latera l PFC lesion s (Shimamur a et
al., 1995 ; Mangel s et al. , 1996) . Prio r learne d
information now irrelevant to the task intrudes
on performance . Fo r example , words fro m a
prior list of stimuli employed in a memory task
may b e inappropriatel y recalle d durin g recal l
of a  subsequent lis t of words. In essence , th e
PFC patien t i s unable t o swee p th e interna l
mental slat e clean , thu s previousl y learne d
material maintain s a n activ e neura l represen -
tation. Inability to suppress previous incorrec t
responses may underlie th e poor performance
of PF C subject s o n a  wid e rang e o f neuro -
psychological tasks , suc h a s th e Wisconsi n
Card Sortin g Task , an d Stroo p Tas k (Shima-
mura et al. , 1992) . Interestingly , there is some
evidence tha t inhibitor y failur e extend s t o
some aspects of motoric control. For instance ,
lateral PF C damag e results in a deficit in sup-
pressing reflexiv e ey e movement s t o task -
irrelevant spatia l location s (Guitto n e t al. ,
1985).

Working Memory and Attention

Working memory and attentio n ar e cor e con -
cepts necessar y t o understan d latera l PF C
function. Working  memory refers to the ability
to maintai n informatio n ove r a  dela y an d t o

manipulate th e content s o f thi s short-ter m
memory storag e system . Working memory is
ubiquitous t o man y cognitiv e tasks . A  trivia l
example o f workin g memor y woul d b e re -
membering a  phon e numbe r jus t obtaine d
from th e operator . Thi s tas k woul d onl y re -
quire maintenance of the number s over a few-
second period and would typically not be im-
paired i n unilatera l disease . However , i f on e
were aske d t o remembe r th e sam e numbe r
over the sam e few-second delay but no w also
respond a t the en d o f the dela y as to whether
this numbe r matche d a  numbe r give n a  few
minutes previously, deficits would be apparen t
in patient s wit h latera l PF C disease . I n th e
second situation , bot h maintenanc e an d ma -
nipulation of the content s o f working memory
are required, an d both of these are dependen t
on lateral PFC. Experimenta l findings provide
a critica l lin k between th e anima l and human
working memory literature. Monkey s with bi-
lateral fronta l lesions involving the sulcus prin-
cipalis, propose d t o b e equivalen t t o huma n
lateral PF C (Brodmann s areas 9  and 46 ; Raj-
kowska & Goldman-Rakic, 1995a , 1995b) , ar e
severely impaire d a t delayed-respons e task s
(Jacobsen, 1935) . I n delayed-respons e tasks ,
information critica l t o perfor m a  certai n tas k
is initiall y presented. Th e experimente r the n
interposes a  delay period before the animal or
human i s allowe d t o perfor m th e task . Fo r
successful performance , th e informatio n must
be reliably held in a short-term working mem-
ory buffe r durin g th e dela y period . Ablation ,
cryogenic depression , o r dopamin e depletio n
in the sulcu s principali s area result s i n an in-
ability of the monke y to retai n th e critica l in-
formation at intervals as short as 1 second (Fu-
nahashi et al. , 1993) .

Subsequent anima l researc h showe d tha t
problems with inhibition o f extraneous inputs
contributed t o th e delayed-respons e deficit .
Simple maneuver s suc h a s turnin g of f th e
lights i n the laborator y or mildly sedating th e
animal, whic h woul d typicall y impai r perfor-
mance i n intact animals , improve d dela y per -
formance i n prefrontal-lesione d animals .
These observation s le d t o th e formulatio n of
the distractibility  hypothesis  (Malmo , 1942 ;
Bartus & Levere, 1977) , which postulates tha t
prefrontal patient s ar e unabl e t o suppres s re -
sponses t o irrelevan t stimul i durin g dela y
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tasks. Impairment s i n inhibitor y contro l i n
prefrontal patient s an d fMR I evidenc e linking
lateral PFC t o inhibitory control provides fur-
ther suppor t fo r th e prefrontal-distractibilit y
hypothesis. Successfu l performanc e o n th e
delayed-response task , o f course , require s
more tha n inhibitor y control . Subject s mus t
select an d activat e distribute d brai n regions ,
depending o n task-specifi c parameters. Dat a
from neurologica l patient s ha s reveale d tha t
lateral PF C modulate s excitator y pathway s
projecting int o subregion s o f visual and audi -
tory associatio n cortice s durin g attentio n an d
working memor y tasks . I n accor d wit h thes e
physiological deficit s i n inhibitio n an d excita -
tion, prefronta l patient s ar e distractibl e an d
unable t o maintai n the focu s o f attention .

Working memor y task s i n humans , widely
viewed a s dependent o n latera l PFC , shar e a
core tas k structur e wit h th e monke y delayed-
response task.  Single-unit , lesion, ERP , blood
flow, an d neura l model s (Funahash i e t al. ,
1993; Jonide s e t al. , 1993 : Cohe n e t al. , 1996 ;
Chao &  Knight , 1998 ; Raine r e t al. , 1998a ,
1998b) hav e show n tha t latera l PF C i s re -
quired t o perfor m an y task requiring a  delay.
Thus, delayed-respons e task s an d workin g
memory shar e som e commo n neura l mecha -
nisms i n animal s an d humans . Despit e th e
clear lin k between workin g memory, delayed-
response performance , an d PFC , ther e hav e
been a limited number of experimental studies
on working memory capacity i n humans with
PFC lesions . Moreover, working memory tasks
are infrequentl y employe d i n clinica l neuro -
psychological work . However , al l studie s ex -
amining working memory in patients with lat-
eral PF C lesion s have reported deficit s (Chao
& Knight, 1995, 1998 ; Harringto n et al. , 1998 ;
Stone e t al. , 1998) .

Patients wit h prefrontal lesions are als o im-
paired i n thei r abilit y t o focu s attentio n o n
task-relevant stimul i (Knight et al. , 1981 ; Da -
masio, 1985; Woods & Knight, 1986). I t should
be noted that attention deficit s ar e often mor e
severe afte r righ t PF C damage . Patients wit h
right prefronta l damag e sho w electrophysiol -
ogical an d behaviora l evidenc e o f a  dens e
hemi-inattention t o lef t ea r stimul i (Woods &
Knight 1986) , a s i n th e huma n hemi-neglec t
syndrome, which i s more commo n afte r righ t

prefrontal o r temporal-parieta l lesion s (Ker-
tesz &  Dobrolowski , 1981 ; Mesulam , 1981 ,
1998). Increase d siz e of the righ t fronta l lob e
in human s ma y provide th e anatomica l basis
for th e hemi-inattention syndrome in humans.
The lef t hemi-neglec t syndrom e subsequen t
to right temporal-parietal damage may be due
to remote effect s o f disconnection fro m asym -
metrically organized prefrontal regions.

Novelty Processing

The capacit y t o detec t novelt y in th e strea m
of external sensory events or internal thoughts
and the abilit y to produce nove l behaviors are
crucial for new learning, creativity, and flexible
adjustments t o perturbation s i n th e environ -
ment. Indeed , creativ e behavio r i n fields ex-
tending fro m scienc e t o th e art s i s commonly
defined in direct relatio n to the degree of nov-
elty. Prefronta l patient s hav e problem s wit h
the solvin g of novel problems (Goldberg et al. ,
1994; Godfre y &  Rousseaux , 1997) an d th e
generation o f novel behaviors (Daffne r e t al. ,
2000a, 2000b) . I n advance d diseas e indiffer -
ence, loss of creativity, and deficit s in orienting
to nove l stimuli emerge. I n accor d with thes e
clinical observations, prefrontal damage mark-
edly reduces th e scal p electrophysiological re -
sponse to unexpected nove l stimuli in the au -
ditory (Knight, 1984; Knight & Scabini, 1998),
visual (Knight , 1997), an d somatosensor y mo-
dalities (Yamaguch i &  Knight , 1991 , 1992) .
The physiologica l link between PF C an d nov-
elty processing wil l be expande d i n the Phys -
iology section (below).

Behavioral Monitoring

Behavioral outpu t i s constantl y monitore d s o
that incorrec t response s ca n be detecte d an d
corrected. On e notice s thi s syste m i n opera -
tion in everyday behavior, such as reaching for
the wrong object o n a table an d attempting to
on-line correc t the  incorrec t movement . An-
other exampl e migh t be attemptin g t o sto p a
swing a t a  basebal l pitc h tha t i s no t i n th e
strike zone . On e migh t exten d thi s notio n t o
the monitorin g of complex cognitive and social
exchange. Fo r instance , tw o linke d classe s of
higher-level cognitiv e operations , simulatio n
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behavior and reality checking, are proposed to
be impaired afte r latera l PFC damage (Knight
& Grabowecky, 2000). Simulation refers to the
process o f generatin g interna l model s o f ex-
ternal reality. These models may represent an
accurate pas t o r a n alternativ e past , present ,
or futur e an d includ e model s of the environ -
ment, o f other people, and of the self . Reality
checking refer s t o processe s tha t monito r in-
formation accrue d fro m interaction s with th e
external worl d i n a n effor t t o accuratel y rep -
resent thei r spatiotempora l contex t (Kahne -
man &  Miller , 1986) . Thes e monitorin g pro-
cesses ar e critica l fo r discriminatin g betwee n
simulations of alternate possibilities and verid-
ical model s o f th e world . Simulatio n and re -
ality checkin g ar e considere d "supervisory "
(Shallice, 1988 ) o r "executive " (Milner &  Pe-
trides, 1984; Stus s & Benson, 1986; (Baddeley
& Wilson, 1988) an d are essential for behavior
to b e integrated , coherent , an d contextuall y
appropriate. Simulatio n behavio r an d realit y
checking ar e necessar y fo r permitting action s
to be dissociate d fro m curren t environmental
constraints. The y permi t human s t o creat e
mental representation s of the worl d tha t may
either draw on prior experience or be entirely
innovative. A patient wh o canno t simulate al-
ternatives t o a  situatio n become s "stimulu s
bound" (Luria , 1966 ; Lhermitte , 1986 ; Lher -
mitte et al. , 1986) and is incapable of respond-
ing flexibly. Without realit y checking, a  patient
cannot discriminat e betwee n internall y gen -
erated possibilitie s an d th e mode l o f the ex -
ternal worl d a s it currentl y exists . Simulatio n
and reality checking work in concert, allowing
humans t o simulat e manipulations of th e ex -
ternal environment , evaluat e th e conse -
quences o f thos e manipulations , and ac t o n
the result s of those simulations.

Stimulus boun d behavio r i s typica l i n pa -
tients wit h PF C damag e (Luria , 1966 ; Lher -
mitte, 1986) . Th e patient s studie d b y Lher -
mitte and colleagues include d thos e with large
lateral PF C lesion s that extende d into the or-
bital an d basa l gangli a region s i n som e sub -
jects. Thus , precis e behavioral-anatomica l
conclusions must be tempered. Objects placed
in front o f prefrontal patients in the Lhermitte
studies wer e picke d u p an d use d (utilizatio n
behavior) withou t the patien t bein g aske d to

do s o (Lhermitte , 1986) . Behavio r of the ex -
perimenter ma y be imitated , eve n whe n thi s
behavior i s bizarre and sociall y inappropriate.
Thus, patients with fronta l lesion s appear ex-
cessively boun d b y environmenta l cues . Pa -
tients wit h PF C lesion s hav e als o bee n de -
scribed a s lackin g insigh t an d foresight , a s
being incapable of planning either for the near
or distant future, an d as being deficient in cre-
ativity (Heb b &  Penfield , 1940 ; Ackerl y &
Benton, 1948 ; Damasio , 1985; Eslinge r & Da-
masio, 1985) . Thi s se t o f abnormal behaviors
may be a consequence o f a deficit in the ability
to simulate alternative scenario s of the current
situation. Onc e again , precis e behavioral -
anatomical conclusion s canno t b e obtained ,
since clear lesion definition is only provided in
the Damasi o cohort a s predominantly orbital
damage.

The ter m reality  checking  refer s t o thos e
aspects o f monitoring the externa l world that
have bee n calle d "realit y testing " whe n the y
concern th e present , and "reality monitoring "
when they concern th e past . Reality checking
includes bot h a n awarenes s of the differenc e
between a n internally generate d alternate re-
ality an d a  curren t reality , an d th e mainte -
nance of a true pas t in the presenc e o f coun-
terfactual alternatives that one might construct
(Kahneman &  Varey , 1990) . Realit y checking
is essential for simulation processes to be car-
ried ou t withou t compromisin g the abilit y to
respond t o th e objectiv e environment. Simu-
lation processe s generat e a n alternat e realit y
that mus t be evaluated i n relation t o its diver-
gence fro m th e curren t reality . Memories are
created fo r bot h event s experience d i n th e
world an d event s experience d throug h inter -
nally constructe d simulations . Thes e tw o
sources o f memorie s mus t b e treate d differ -
ently fo r the m t o b e use d effectively . Give n
that bot h interna l an d externa l events creat e
memory representations , wha t cue s differen -
tiate ou r interna l model s o f realit y fro m ou r
internal simulation s o f reality ? Johnso n an d
Raye (1981 ) studie d norma l subjects' abilities
to discriminate between memories of external
events an d thos e o f internall y generate d
events. Ric h memor y traces wit h man y sen -
sory feature s were ascribe d t o externa l expe -
rience. Memorie s o f externa l event s ten d t o
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be mor e detaile d an d hav e mor e spatia l an d
temporal contextua l information . Internall y
generated memorie s ten d t o b e abstrac t an d
schematic, lackin g in detail . These tw o mem-
ory representation s for m overlappin g popula -
tions, an d simila r internal an d externa l event s
may becom e confused . Realit y checkin g in -
volves a  continual assessmen t o f the relation -
ship betwee n behavio r an d the environment .
As an individual acts o n the environment , th e
consequences o f the actio n mus t be incorpo -
rated int o existin g plans. I f th e environmen t
deviates fro m expectations , on e need s t o de -
tect this change and plans must be reassessed .
It i s proposed tha t thes e processe s o f contin-
ual realit y checkin g an d simulatio n ar e im -
paired i n patient s wit h fronta l lob e lesion s
(Knight & Grabowecky, 2000). There is a pau-
city o f neuropsychologica l literatur e linkin g
simulation an d realit y monitorin g to PFC , al -
though som e data indicat e tha t monitorin g in
memory is related t o dorsolatera l areas , more
on the righ t (Stus s e t al. , 1994) . Realit y mon-
itoring ha s als o bee n propose d a s a  majo r
mechanism underlyin g differen t disturbance s
of self-awarenes s (Stuss , 1991 ; Stus s e t al. ,
2001b).

PHYSIOLOGY

Physiological researc h strongl y support s an d
extends th e result s demonstrate d i n the neu -
ropsychological literature . Th e physiologica l
literature demonstrate s th e tempora l unfold -
ing o f fronta l lob e processes . I n thi s section ,
we will emphasize that basi c concepts suc h as
inhibitory and excitatory control, a  bias to nov-
elty, and response monitoring can provide use-
ful physiologica l construct s fo r beginnin g t o
understand PF C function .

Inhibitory Contro l

The PF C inhibitor y contro l o f subcortica l
(Edinger e t al. , 1975 ) an d cortica l region s has
been documente d i n a  variety o f mammalian
preparations (Alexande r et al. , 1976 ; Skinne r
& Yingling , 1977 ; Yinglin g &  Skinner , 1977) .
Galambos (1956 ) provided th e first physiolog-
ical evidence o f an inhibitory auditory pathway

in mammals with the descriptio n o f the brai n
stem olivocochlea r bundle . Th e olivocochlea r
bundle project s fro m th e olivar y nucleu s i n
the brai n ste m t o th e cochleu s i n th e inne r
ear. Stimulatio n o f thi s bundl e result s i n in -
hibition o f transmissio n fro m th e cochle a t o
the brai n ste m cochlea r nucleu s a s measure d
by reductions i n evoke d response s i n th e au -
ditory nerve . Thi s pathwa y provide s a  system
for earl y sensor y suppressio n i n th e auditor y
system. Th e evidenc e fo r sensory  filterin g a t
the cochlea r o r brain ste m leve l in humans is
controversial, wit h mos t laboratorie s findin g
no evidence o f attention-related manipulation
of th e brai n ste m auditory-evoke d respons e
(Woods & Hillyard, 1978; Woldorf f & Hillyard,
1991).

Subsequent researc h i n the 1970 s reporte d
evidence o f a  multimodal prefrontal-thalami c
inhibitory system in cats that regulates sensor y
flow t o primar y cortica l regions . Reversibl e
suppression o f the ca t PF C b y cooling (cryo -
genic blockade ) increase d th e amplitude s o f
evoked response s recorde d i n primar y cortex
in al l sensory modalities (Skinne r & Yingling,
1977; Yinglin g &  Skinner , 1977) . Conversely ,
stimulation of the thalamic region (nucleus re-
ticularis thalami ) surrounding the sensor y re -
lay nucle i resulte d i n modality-specific  sup-
pression o f activity in primary sensory cortex.
This effec t i s also observed i n al l sensory mo-
dalities. Thes e dat a provided th e firs t physio-
logical evidenc e o f a  prefronta l inhibitor y
pathway regulatin g sensor y transmissio n
through thalamic relay nuclei. This prefrontal -
thalamic inhibitory system provides a  mecha-
nism fo r modality-specifi c suppressio n o f ir -
relevant input s a t a n earl y stag e o f sensor y
processing. As noted, thi s system is modulated
by an excitatory lateral PF C projectio n to the
nucleus reticulari s thalami , although the pre -
cise course o f anatomical projections betwee n
these structure s i s no t wel l understood . Th e
nucleus reticulari s thalami , in turn , send s in -
hibitory GABA-ergi c projections  t o sensor y
relay nuclei , providin g a  neura l substrat e fo r
selective sensor y suppression (Guiller y et al. ,
1998).

There i s als o evidenc e i n human s tha t th e
PFC exhibit s contro l o n othe r cortica l an d
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subcortical regions. For example, ERP studie s
in patients with focal PFC damag e have shown
that primar y auditor y an d somatosensor y
evoked responses ar e enhanced (Knigh t et al. ,
1989a; Yamaguch i &  Knight , 1990 ; Cha o &
Knight, 1998) , suggestin g disinhibition of sen-
sory flow to primary cortical regions . I n a  se-
ries o f experiments , task-irrelevan t auditor y
and somatosensory stimuli (monaural clicks or
brief electri c shock s t o th e media n nerve )
were presente d t o patient s wit h comparabl y
sized lesion s i n latera l PFC , th e temporal -
parietal junction , o r latera l parieta l cortex .
Evoked response s fro m primar y auditor y
(Kraus e t al. , 1982 ) an d somatosensor y (Leu-
ders et al. , 1983 ; Sutherlin g et al. , 1988; Wood
et al., 1988) cortices were recorded fro m thes e
patients an d age-matched controls . Damage to
primary auditor y o r somatosensor y corte x i n
the temporal-parieta l lesio n grou p reduce d
the early latency (20-40 ms) evoked responses
generated i n thes e primar y cortica l regions .
Posterior associatio n corte x lesion s in the lat -
eral parieta l lob e sparin g primar y sensor y
regions had n o effec t o n early sensory poten -
tials an d serve d a s a  brain-lesione d contro l
group. Latera l PF C damag e resulte d i n en -
hanced amplitude s o f both th e primar y audi -
tory an d somatosensor y evoke d response s
(Knight e t al. , 1989a ; Yamaguch i &  Knight ,
1990; Cha o &  Knight, 1998). Spina l cord an d
brain stem potentials were no t affected b y lat-
eral PF C damage , suggestin g that th e ampli -
tude enhancements were due to abnormalities
in either a prefrontal-thalamic or a prefrontal-
sensory corte x mechanism . These result s ar e
in accor d wit h th e finding s reporte d i n th e
1970s b y Yinglin g an d Skinne r i n thei r ca t
model o f PFC dependen t sensor y gating.

Behavioral and imagin g evidence o f the in -
volvement of lateral PFC i n inhibitory control
(Konishi e t al. , 1998 ) doe s no t provid e direc t
support fo r the hypothesi s tha t ther e ar e in -
hibitory signals from th e PF C directe d either
toward earl y sensory  cortice s o r excitator y
PFC input s t o th e GABAergi c nucleu s reti -
cularis thalami , resultin g i n a  ne t inhibitor y
control o f sensory flow. In contrast , th e com -
bined ERP/patien t studie s describe d abov e
are able to measure th e tempora l dynamic s of

inhibitory contro l an d provid e powerfu l evi -
dence i n human s tha t th e PF C provide s a
net inhibitor y regulatio n o f earl y sensory
transmission.

Excitatory Contro l

Attention allows us to select from the myriad of
closely space d an d time d environmenta l
events. Attention is crucial for virtually all cog-
nitive abilities . Indeed , recen t cognitiv e theo -
rists have begun t o refe r to attention/working
memory, highlighting that these two constructs
are inextricably linked. In addition to suppress-
ing response s t o irrelevan t stimuli , subject s
must excit e an d sustai n neural activit y in dis -
tributed brai n region s t o perfor m attention /
working memory tasks. Computational model-
ing employing prefrontal excitatory modulation
of distribute d brai n region s ha s successfull y
modeled prefrontall y medicate d behavior s i n
people wit h norma l functio n an d prefronta l
dysfunction (e.g. , patients with schizophrenia)
(Cohen & Servan-Scrieber, 1992; Cohen et al. ,
1996).These authors postulate that dorsal PFC
controls task context by regulating posterior as-
sociation corte x throug h excitator y connec -
tions. Desimon e (1998 ) ha s propose d a
competition-based mode l of visual attention in
which visual neurons involved in the processing
of different aspect s of the visual world are mu-
tually inhibitory. In this view, an excitatory sig-
nal to selective visual neurons would result in
inhibition o f nearb y non-task-relevan t visua l
neurons, resulting in a sharpening of the atten-
tional focus. Patients with focal prefrontal dam-
age fail to maintain excitatory control of poste-
rior associatio n cortex , resultin g in failure s i n
attention/working memory.

Selective attentio n to an ear, a region of the
visual field, or a  digit increase s th e amplitud e
of sensory evoked potential s t o al l stimuli de-
livered to that sensory channel (Hillyard et al. ,
1973). There is evidence that attention reliably
modulates neural activity at early sensory cor-
tices, includin g secondar y an d perhap s pri -
mary sensor y corte x (Woldorf f e t al. , 1993 ;
Grady et al. , 1997 ; Somer s et al. , 1999 ; Stein -
metz e t al. , 2000) . Visua l attentio n involve s
modulation i n th e excitabilit y o f extrastriat e
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neurons throug h descendin g projection s fro m
hierarchically ordere d brai n structure s (Hill -
yard & Anllo-Vento, 1998) . Single-cel l record -
ings i n monkey s (Funahashi et al. , 1993 ; Rai -
ner e t al. , 1998a , 1998b ; Fuster e t al. , 2000) ,
lesion studie s i n human s (Knight , 1997 ;
Knight e t al. , 1998 ; Nielsen-Bohlma n &
Knight, 1999 ; Barcel o e t al. , 2000 ) an d mon -
keys (Ross i e t al. , 1999) , an d bloo d flow dat a
(Mclntosh e t al. , 1994 ; Biiche l &  Friston ,
1997; Ree s e t al. , 1997 ; Corbetta , 1998 ;
Chawla et al. , 1999; Kastner et al. , 1999; Hop -
finger et al. , 2000) have linked PFC to contro l
of extrastriate corte x during visual attention .

Modulation o f visua l pathwa y activit y ha s
been extensivel y investigate d i n human s
through th e us e o f ERPs . Attende d visua l
stimuli evok e distinc t ER P signatures . Atten-
tion enhances extrastriat e ER P amplitude s for
all stimuli in an attended channel with change s
apparent i n the initia l 100-200 ms after deliv -
ery o f a  to-be-attende d visua l stimulu s
(Heinze e t al , 1994 ; Mangun , 1995; Woldorf f
et al. , 1997; Martine z et al. , 1999) . These earl y
human ER P components hav e been linke d to
increased firin g o f extrastriat e neuron s i n
monkeys (Luck et al. , 1997) , providing a pow-
erful paralle l between th e huma n and animal
literature.

From ER P studie s i n patient s wit h latera l
PFC damage , evidenc e ha s accumulated tha t
human latera l PF C regulate s attention -
dependent extrastriat e neura l activity through
three distinct mechanisms. These mechanisms
include (1 ) a n attention dependen t enhance -
ment o f extrastriate cortex ; (2 ) a  tonic excita-
tory influence o n ipsilateral posterior area s for
all sensor y information , includin g attende d
and nonattende d sensor y inputs ; an d (3 ) a
phasic excitator y influenc e o f ipsilatera l pos -
terior area s t o correctl y perceive d task -
relevant stimuli . I n these  ER P studies , pa -
tients with unilateral PFC lesions (centered in
Brodmann's area s 9  an d 46 ) performed a  se-
ries o f visua l attentio n experiments . I n th e
task, non-targe t stimul i consiste d o f uprigh t
triangles, whic h wer e presente d rapidl y t o
both visua l fields (4° from th e fovea) . Target s
were rarel y presented (10 % of all stimuli) and
consisted o f inverted triangle s presented ran -
domly in each visual field. In one experiment,

patients an d age-matched control s were asked
to press a  button wheneve r a  target appeare d
in eithe r visua l field (Barcelo et al. , 2000) . I n
another experiment , subjects were required t o
allocate attention to only one visual field (Yago
& Knight , 2000).

An interestin g patter n o f result s emerge d
from thes e tw o experiments . First , bot h ex -
periments reveale d tha t latera l PF C provide s
a toni c excitator y influenc e t o ipsilatera l ex -
trastriate cortex . Specifically , th e P I compo -
nent of the visua l ERP i s markedly reduced in
amplitude for all stimuli presented t o the con -
tralesional field . Importantly , thi s toni c influ -
ence is attention independent , since a reduced
PI potentia l i n extrastriat e corte x wa s foun d
ipsilateral to PFC damag e for all visual stimuli
(attended an d nonattende d target s an d non -
targets) presente d t o th e contralesiona l field.
This toni c componen t ma y b e viewe d a s a
modulatory influence o n extrastriat e activity.

As note d previously , i t i s wel l know n tha t
attention increase s th e amplitud e o f extras -
triate ERP s in normal s with effect s onsettin g
by abou t 50-10 0 m s post-stimulu s delivery .
The second experiment (allocating attention to
only one visual field) provided evidenc e o f the
temporal kinetic s of prefrontal-extrastriate in -
teractions. I n essence , attentio n effect s o n ex-
trastriate corte x were norma l in th e firs t 20 0
ms of processing in PFC patient s and severely
disrupted afte r 20 0 ms (Yag o & Knight, 2000).
This finding suggests that othe r cortica l area s
are responsibl e fo r attention-dependen t reg -
ulation o f extrastriat e corte x i n th e firs t 20 0
ms. A  candidat e structur e fo r thi s influenc e
based o n th e neuroimagin g and clinica l liter -
ature woul d b e inferio r parieta l cortex . I t i s
conceivable tha t inferio r parieta l corte x i s re -
sponsible fo r the earl y reflexive componen t of
attention, wherea s PF C i s responsibl e fo r
more controlle d an d sustaine d aspect s o f vi-
sual attentio n onsettin g afte r th e parieta l sig -
nal to extrastriat e cortices .

The thir d observatio n fro m thes e experi -
ments is the finding that latera l PFC has been
shown to send a top-down signal to extrastriate
cortex when a  task-relevant event i s detected
during a n attentio n task . There ar e tw o types
of stimul i typicall y presented i n a n attende d
channel—one tha t i s task-irrelevan t an d on e
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requiring detection and a behavioral response .
The amplitud e o f both th e irrelevan t an d rel-
evant stimuli is enhanced i n an attended chan -
nel. As discussed previously , PFC i s responsi-
ble fo r regulatin g thi s channel-specifi c
attention enhancement . Whe n a  relevan t tar-
get even t i s detected in an attended channel ,
another distinc t electrophysiologica l even t i s
generated i n additio n t o th e channel-specific
enhancement. Thi s top-dow n signa l onsets a t
about 20 0 m s afte r a  correc t detection , ex -
tends throughou t th e ensuin g 500 ms , an d is
superimposed on the channel-specific ERP at-
tention enhancemen t (Suwazon o et al. , 2000).
Damage to lateral PFC result s in marked dec-
rements in the top-dow n signal , accompanie d
by behaviora l evidenc e o f impaired detectio n
ability (Barcleo et al. , 2000).

The tempora l parameter s o f thi s huma n
PFC-extrastriate attentio n modulatio n ar e i n
accord with single-unit recordings i n monkeys
that show enhanced prefronta l stimulus detec-
tion-related activity 140 ms post-stimulus on-
set (Raine r e t al. , 1998a , 1998b ) an d othe r
studies showin g top-dow n activatio n o f infe -
rior temporal neurons 180-300 ms post-target
detection (Tomit a et al. , 1999) . Finally , there
is a  vigorou s debat e i n th e single-uni t an d
fMRI researc h domain s o n whether  latera l
PFC i s organized b y modalit y (Wilso n et al. ,
1993; Courtne y e t al. , 1998 ; Romanski e t al. ,
1999) o r whether latera l PFC, and, more par-
ticularly, dorsolatera l PFC , function s i n a
modality-independent executiv e manne r dur-
ing workin g memor y an d objec t an d spatia l
integration (Ra o et al. , 1997 ; Assa d e t al. ,
1998; D'Esposit o e t al. , 1999a ; Miller , 1999;
Fuster e t al. , 2000) . Evidenc e fro m PFC x le -
sioned patient s (Mulle r e t al. , i n press ) sup-
ports th e notio n tha t th e latera l portio n o f
PFC ma y function i n a task-independent man -
ner to control and integrate distribute d neura l
activity in some cognitive tasks.

Projections fro m prefronta l areas 4 5 and 8
to inferio r temporal (IT ) areas T E an d TE O
have been demonstrated i n monkeys (Webster
et al. , 1994) , providin g a  possibl e glutama -
tergic pathway by which lateral prefrontal cor-
tex could facilitat e visua l processing. A  similar
failure o f prefronta l excitator y modulatio n i s
observed i n th e auditor y modality . Prefrontal

lesions markedl y reduc e th e attention -
sensitive N10 0 componen t throughou t th e
hemisphere ipsilatera l t o damag e (Cha o &
Knight, 1998) . Ther e ar e well-described pre-
frontal projection s t o th e superio r tempora l
plane, whic h ma y subserv e thi s excitator y
PFC-auditory corte x inpu t (Alexande r e t al. ,
1976). Th e auditor y an d visua l dat a provid e
clear evidenc e tha t latera l PF C corte x i s cru-
cial fo r maintainin g distribute d intrahemis -
pheric neura l activit y during auditory an d vi-
sual attention/working memory tasks.

Novelty Processin g

The neura l mechanism s of novelt y detection
and th e productio n o f nove l behavio r hav e
been receivin g increasin g attention . Multipl e
experimental approaches have focussed on the
biological mechanism s o f novelt y processing .
Behavioral an d electrophysiologica l dat a have
shown tha t nove l event s ar e bette r remem -
bered (Vo n Restorff, 1933 ; Karis et al. , 1984) .
On a  molecula r basis , geneti c studie s o f nov-
elty seeking behavior in humans have provided
a link to the shor t arm of chromosome 11 and
the dopamin e D4 receptor gen e (Benjami n e t
al., 1996 ; Ebstei n e t al. , 1996) . Integrativ e
neuroscience approache s includin g neuropsy-
chological, electrophysiological , an d cerebra l
blood flow techniques have revealed that a dis-
tributed neura l network , includin g latera l
PFC, temporal-parieta l junction , hippocam -
pus, an d cingulat e corte x i s engaged bot h b y
novelty detectio n an d durin g th e productio n
of nove l behaviors.

Studies i n normal s hav e show n tha t nove l
items generate a  late-positive ER P peaking in
amplitude a t abou t 300-500 m s tha t i s maxi -
mal over the anterio r scalp . This novelty ERP
is proposed t o be a  central marke r of the ori-
enting response (Sokolov , 1963; Courchesne et
al., 1975 ; Knight, 1984; Yamaguchi & Knight,
1991; Bahramal i e t al. , 1997 ; Escera  e t al. ,
1998). Th e ER P evidenc e derive d fro m neu-
rological patient s wit h latera l PF C damag e
(Knight e t al. , 1989b ; Yamaguch i &  Knight ,
1991, 1992 ; Verleger e t al. , 1994 ; Knight ,
1996; 1997 ) and intracrania l ER P recording s
in presurgical epileptics (Halgre n et al. , 1998)
has revealed tha t a  distributed neura l network
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including latera l an d orbita l PFC , hippocam -
pal formation , anterior cingulat e an d tempo -
ral—perietal cortex is involved in detecting and
encoding nove l informatio n (Halgre n e t al. ,
1998). Neuroimagin g result s hav e confirmed
the lesio n an d intracrania l evidenc e o n th e
neuroanatomy o f th e novelty-processin g sys-
tem (Tulvin g e t al. , 1994 , 1996 ; Ster n e t al. ,
1996; McCarth y e t al. , 1997 ; Meno n e t al. ,
1997; Linden e t al. , 1999 ; Opit z e t al. , 1999a,
1999b; Yoshiura et al. , 1999; Clar k et al. , 2000;
Downar et al., 2000; Kiehl et al., in press). The
lateral PF C contributio n i s a key component
of thi s novelt y network . Fo r instance , unlike
posterior cortica l an d hippocampa l activity ,
PFC novelty activation recorded with ERPs or
neuroimaging habituate s t o repeate d expo -
sures to novel events and is modality indepen-
dent (Knight , 1984 ; Yamaguch i &  Knight ,
1991; Raichl e e t al. , 1994 ; Knigh t & Scabini,
1998; Peterso n e t al. , 1999) . Importantly ,
lateral PFC als o appears to initiate the novelty
detection cascad e prio r t o activatio n o f othe r
brain regions , as revealed by lesion-ERP stud-
ies. I f the nove l event i s sufficiently engaging ,
posterior cortical and medial temporal regions
are recruite d fo r furthe r processin g (Ahl o e t
al., 1994 ; Knight , 1996; Alain et al. , 1998) .

Novelty, of course, is an elusive concept de -
pendent on both the sensory  parameters of an
event an d th e contex t i n whic h i t occurs . As
an example , th e unexpecte d occurrenc e o f a
visual fracta l woul d typicall y engage th e nov -
elty system. Conversely, if one were presented
with a  stream of visual fractals an d suddenly a
picture o f an appl e occurred , thi s would also
drive the novelt y system. In the first case, the
visual complexity of the fracta l drive s the nov-
elty response . I n the secon d situation , the lo-
cal contex t of repeated fractal s woul d be vio-
lated b y the insertio n o f a picture o f an appl e
and thi s woul d als o engag e th e novelt y net -
work. Sensor y parameter s an d loca l contex t
have powerfu l effect s o n electrophysiologica l
and behaviora l respons e t o novelt y (Comer -
chero &  Polich, 1998 , 1999 ; Katayam a & Pol-
ich, 1998) , an d thi s effec t i s als o dependen t
on latera l PF C (Barcel o & Knight , i n press ;
Suwazono et al. , 2000) .

Neuroimaging findings in people with nor-
mal functio n als o suppor t a  critica l rol e fo r

PFC in responding to novel events and solving
new problems (see Duncan & Owen, 2000, for
a review). These neuropsychological, ERP, and
neuroimaging finding s suppor t a  centra l rol e
of lateral prefrontal cortex in the processing of
novelty (Kimble et al. , 1965 ; Godfre y & Rous-
seaux, 1997) . Single-uni t dat a fro m monkey s
also suppor t a  prefrontal bias towards novelty
(Rainer &  Miller , 2000).

Response Monitoring

Major advance s hav e developed in our under -
standing o f th e neura l basi s o f implementing
neural control o f behavioral output . First , th e
discovery o f an ER P respons e referre d t o a s
the error-related  negativity  (ERN ) has pro -
vided a n on-lin e measur e o f a  subject' s per -
formance monitorin g (Gehrin g e t al. , 1993) .
Second, neuroimagin g data have implicated a
prefrontal-cingulate networ k i n erro r re -
sponse monitoring and correction (Kieh l et al.,
2000; McDonald et al. , 2000). Finally, lesion-
ERP evidence obtaine d fro m patients with lat-
eral PF C damag e support s th e notio n tha t
PFC control s cingulate-relate d erro r activit y
(Gehring &  Knight , 2000) . Cohe n an d col -
leagues hav e suggeste d tha t th e rol e o f PF C
in respons e monitorin g is t o provid e a  stabl e
representation o f the tas k a t han d (Carte r e t
al., 1999 ; Cohe n e t al. , 2000) . Thi s permit s
better suppressio n o f distracting information,
lessening th e chanc e o f a n error . Thes e au -
thors sugges t tha t th e cingulat e ER N an d
fMRI bloo d flow response t o errors i s a man-
ifestation o f conflic t detectio n b y the anterio r
cingulate (area s 24 and 32) . Thus, i f the rep -
resentation o f th e tas k i s weakened b y PF C
damage, conflic t increase s o n al l trials and a n
ERN i s generate d t o al l stimuli . Thi s vie w
places th e PF C i n a n executiv e positio n re -
garding anterio r cingulat e function . A n alter -
native mode l consisten t with the accrued data
posits tha t th e activit y reflected i n th e ER N
represents a n affectiv e o r motivationa l signal.
In thi s view, the cingulat e signal as measured
by the ER N woul d serve an alertin g functio n
that mobilize s affectiv e systems , rathe r tha n
immediate correctiv e action , perhap s vi a cin-
gulate connection s wit h th e amygdal a an d
brainstem autonomi c nuclei . Thi s conceptio n
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of th e ER N woul d b e consisten t wit h disso -
ciations betwee n ER N activit y an d compen -
satory behavio r an d wit h report s o f media l
frontal ERN-like activity in response to stimuli
with negativ e hedoni c significanc e (Falken -
stein e t al, 2000; Vidal et al., 2000; Luu et al.,
2000).

CASE REPORT, THE LATERAL
PREFRONTAL SYNDROME: PATIENT W.R.

A case stud y exemplifies th e effect s o f latera l
prefrontal lesions . W.R., a  31-year-old lawyer ,
presented t o th e neurolog y clinic with famil y
concern ove r his lack o f interest i n important
life events . When queried a s to why he was in
the clinic , the patien t state d tha t h e had "lost
his ego. " Hi s difficultie s bega n 4  years previ-
ously, in 1978, whe n he had a tonic—clonic sei-
zure afte r stayin g up al l nigh t an d drinkin g
large amount s o f coffe e whil e studyin g fo r
midterm exams in his final year of law school.
An extensiv e neurologica l evaluatio n con -
ducted a t tha t tim e a t the Nationa l Institutes
of Healt h (NIH ) includin g electroencephalo -
gram (EEC) , compute d tomograph y (CT )
scan, an d positro n emissio n tomograph y
(PET) sca n were al l unremarkable. The diag -
nosis o f generalize d seizur e disorde r exacer -
bated b y slee p deprivatio n wa s given an d h e
was placed o n dilantin . W.R. graduated fro m
law schoo l bu t di d no t ente r a  practic e be -
cause he couldn't decide where to take the bar
exam. Over the nex t year he worked as a ten-
nis instructor in Florida . H e the n brok e of f a
2-year relationshi p with a  woman and move d
to California to live near his brother, who was
also a lawyer. His brother reported that he was
indecisive, procrastinate d i n carryin g ou t
planned activities , and was becoming progres-
sively isolate d fro m famil y an d friends . Th e
family attributed thes e problems to a "mid-life
crisis." Four months prior to neurological con-
sultation, W.R.' s mothe r died . A t the funera l
and during the time surrounding his mother's
death th e famil y note d tha t h e expresse d n o
grief regarding his mother's death. The famil y
decided to have the patient re-evaluated . W.R.
was pleasant bu t somewha t indifferen t t o th e
situation. Genera l neurologica l exa m wa s un -
remarkable. A  mild snou t refle x wa s present.

W.R. made both perseverative an d random er-
rors o n th e Luri a hand-sequencin g tas k an d
was easil y distracted durin g th e examination.
His fre e recal l was two out o f three words a t
a 5-minut e delay . H e wa s abl e t o recal l th e
third word with a  semantic cue . On question-
ing about his mother' s death , W.R. confirmed
that h e di d no t fee l an y strong emotions , ei -
ther about his mother's death or about his cur-
rent problem . Th e patient' s brothe r men -
tioned tha t W.R . "ha d neve r los t it "
emotionally during the week after his mother's
death, a t which point W.R. immediately inter-
jected "an d I' m no t trying not to lose it." Re-
garding his mother's death , h e state d " I don't
feel grief , I  don't know if that's ba d o r good."
These statement s wer e emphatic , bu t ex -
pressed i n a  somewha t jocular fashio n (witz -
elsucht). W.R. was asked abou t change s i n his
personality. He struggle d fo r some minutes to
describe changes h e had noticed, but di d not
manage to identif y any . He stated , "bein g in -
side, I can't see it as clear." He was distractible
and perseverative , frequentl y revertin g t o a
prior discussio n o f tennis , an d repeatin g
phrases such as "yellow comes to mind" in re-
sponse to queries of his memory. When asked
about eithe r th e pas t o r th e future , hi s re -
sponses wer e schemati c an d stereotyped . H e
lacked an y plans fo r th e future , initiate d n o
future-oriented actions , an d stated , "I t didn' t
matter that much , it never bothered me, " that
he neve r began to practice law . A CT scan re-
vealed a  lef t latera l prefronta l glioblastoma ,
which had grown through the corpus callosum
into th e latera l righ t fronta l lobe . Afte r dis -
cussion of the seriou s nature of the diagnosis ,
W.R. remaine d indifferent . Th e famil y wer e
distressed b y the gravit y of the situatio n an d
showed appropriat e anxiet y and sadness . In -
terestingly, the y note d tha t thei r sadnes s was
alleviated when in the presenc e o f W.R.

Discussion o f Patient W.R.

W.R. remaine d a  pleasant and articulat e indi-
vidual despit e hi s advance d fronta l tumor .
However, h e wa s unable t o carr y out th e ac -
tivities to mak e him a  full y functionin g mem-
ber o f society . Hi s behavio r wa s completel y
constrained by his current circumstances. Hi s
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jocularity was a reaction t o the socia l situation
of the moment , and was not influenced by the
larger contex t o f his recen t diagnosis . He ap -
peared to have difficulty with explicit memor y
and sourc e monitoring , with littl e confidenc e
in hi s answer s t o memor y queries , compli -
cated b y frequen t intrusion s fro m interna l
mental representations . Thus , metamemor y
was impaired , an d h e wa s unable t o sustai n
working memor y processes. H e wa s distracti-
ble and was unable to sustain normal working
memory. Perseverativ e error s wer e commo n
in bot h th e moto r an d cognitiv e domain . A
prominent aspec t o f his behavior wa s a com-
plete absence of counterfactual expressions. In
particular, W.R . expresse d n o counterfactua l
emotions, bein g completel y unabl e t o con -
strue an y explanatio n fo r hi s curren t behav -
ioral state. He seemed unable t o fee l grief o r
regret, no r was he bothered by their absence ,
even thoug h h e wa s awar e o f hi s brother' s
concern ove r hi s absenc e o f emotion . Thes e
observations sugges t tha t damag e i n latera l
PFC lead s t o deficit s i n realit y monitoring , a
process tha t i s essentia l fo r th e norma l plan-
ning and decision-makin g functions necessar y
for norma l human behavior . Behaviora l anal-
ysis o f thi s cas e highlight s th e rol e o f latera l
PFC i n virtuall y al l aspect s o f huma n
cognition.

ORB1TOFRONTAL CORTEX

INTRODUCTION

In th e simples t formulation , latera l PF C ma y
be viewe d a s the centra l executiv e fo r cogni -
tive control , with orbitofronta l corte x servin g
as the centra l executiv e for emotional an d so-
cial control . I n contras t t o latera l prefronta l
damage, orbitofronta l damag e spare s man y
cognitive skill s bu t dramaticall y affect s al l
spheres o f socia l behavio r (Becher a e t al. ,
1998; Ston e et al. , 1998) . Th e patien t wit h or-
bitofrontal damage is frequently impulsive, hy-
peractive, an d lackin g i n prope r socia l skills ,
despite showin g intact cognitiv e processing on
a range o f tasks typicall y impaired i n the lat -
eral PFC-lesioned patient. I n some cases, the
behavioral syndrome is so severe that the term

acquired sociopathy  ha s bee n use d t o de -
scribe th e resultan t personalit y profil e o f th e
orbitofrontal patient . However , unlik e tru e
sociopaths, orbitofronta l patient s typically feel
remorse fo r thei r inappropriat e behavior .
Primitive reflexes suc h as snout, suck, rooting,
and gras p are no t ofte n observed . Sever e so -
cial an d emotiona l dysfunctio n i s typically ob-
served onl y i n bilatera l orbita l disease , a s
might b e observe d afte r hea d trauma , orbita l
meningioma, o r certai n degenerativ e disor -
ders suc h a s frontal-tempora l dementia .
Thus, there appear s to be redundancy in both
lateral an d orbita l huma n PFC , wit h on e in -
tact PF C bein g abl e t o sustai n man y aspects
of cognitive an d socia l function. Simila r to re -
cent advance s i n segregatin g functio n o f lat -
eral PF C int o dorsa l an d ventra l divisions ,
progress has been mad e i n parcellation of or-
bital PFC function . Th e ventromedial portion
of th e orbita l PF C ha s bee n associate d wit h
the us e o f interna l autonomi c state s i n th e
guidance o f goal-directe d behavior . Th e ven -
tromedial portio n o f human orbita l PF C ha s
also bee n propose d t o b e involve d i n inhibi -
tory processing o f emotional stimuli . The lat -
eral portions o f orbital PF C hav e been impli-
cated i n th e rapi d establishmen t o f reward -
punishment association s (Shimamura , 2000 ;
see Chapte r 23) . Tests o f socia l and cognitiv e
skills reveal a  double dissociatio n between lat-
eral an d orbita l PF C damage . Latera l PF C
damage impair s workin g memor y an d atten -
tion capacit y bu t spare s theor y o f mind. Con -
versely, orbita l PF C damag e leave s workin g
memory intac t bu t impair s theor y o f mind .
There i s some suggestion of an important role
of the pola r region , bu t thi s has not ye t bee n
conclusively determined .

Disorders o f emotiona l contro l an d socia l
regulation ar e frequen t accompaniment s o f
acquired neurologica l diseas e an d ar e receiv -
ing increasing attention i n the clinica l and re-
search aren a (Stus s & Alexander, 2000 ; Stus s
et al , 2001a) . I n th e 1930s , Kluve r &  Buc y
(1939) describe d prominen t affectiv e an d vi -
sual processin g change s i n monkey s with bi -
lateral anterior temporal ablations. During this
same period, Papez (1937 ) described the clas -
sic "circle of Papez" or limbic brain in humans
encompassing th e anterio r cingulate , hippo -
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campus, septum, and hypothalamus. However,
the tw o mos t critica l component s o f the hu -
man emotiona l contro l network , orbitofrontal
cortex and amygdala, were not included in the
original concept proposed by Papez. A seminal
observation linkin g brain damage and person-
ality alteration ca n be trace d t o 184 8 i n Cav-
endish, Vermont . A well-respected trai n com-
pany employee, Phinea s Gage , was working at
clearing rock s fo r th e layin g dow n o f a  ne w
rail line. An unfortunate accident propelle d an
iron tampin g rod through hi s skull . Remarka-
bly, given that the rod weighed 1 3 pounds, was
over 3  feet long , an d antibiotics were not yet
discovered, Gag e survived . However , marked
changes i n hi s previou s cal m an d organize d
personality ensued . Gag e became mor e labil e
and disinhibited in his behavior and was noted
to us e profanit y an d mak e irreveren t state -
ments. Hi s acquaintance s note d tha t "Gag e
was no longer Gage. " His problems continue d
unabated unti l h e die d o f uncontrolle d sei -
zures 1 2 years later i n Sa n Francisco. Inspec -
tion of his skull indicates that th e trac t of the
bar injure d bilatera l orbitofronta l corte x an d
the anterio r portion o f the lef t tempora l lobe .
The rol e o f orbitofronta l corte x in socia l be -
havior wa s largel y neglected , however , unti l
the 1960s .

The mos t commo n caus e o f orbitofronta l
and amygdal a damage i s close d hea d injury ,
with about 100,000 people per year in the U.S.
alone experiencing a closed head injury sever e
enough to damage these critical brain injuries .
Orbitofrontal and amygdala damage is not lim-
ited to head traum a and can also be observe d
in dementin g disorder s suc h as Pick's diseas e
or frontotempora l dementia , whic h ha s bee n
linked t o abnormalitie s i n chromosome 1 7 in
some cases . I n addition , tumor s includin g
meningiomas an d glioma s can affec t thes e ar -
eas and infections such as herpes simple x have
a particula r predilectio n fo r the limbi c brain .
Patients wit h a n acquire d nonprogressiv e le -
sion such as that du e t o head traum a may re-
turn t o a  hig h leve l o f pre-injur y cognitiv e
function. However , a s predicted b y the Gag e
case, patient s wit h orbitofronta l o r amygdal a
damage ar e impaire d t o varyin g degree s i n
emotional control , socia l interaction , an d de -
cision makin g involving interpersonal choice s

and behaviors . Man y patient s ar e initiall y di-
agnosed incorrectly with a personality disorder
when, i n fact , the y have damage d thei r emo -
tional brain . Neurologica l examination , othe r
than for frequent anosmia, is invariably normal
if damag e i s restricte d t o orbita l PF C an d
there wa s n o significan t axona l shea r a t th e
initial time o f injury. Fronta l releas e sign s in-
cluding snout , suck , grasp, and rooting are ab-
sent. Remarkabl y littl e i s know n abou t th e
neural underpinnings o f this severely compro-
mised socia l self.

NEUROPSYCHOLOGY

Several investigators have provided neuropsy-
chological dat a implicatin g orbital/ventral -
medial PFC in emotional and social regulation
(Grafman e t al. , 1993 ; Becher a e t al , 1994 ;
1997; 2000 ; Roll s et al. , 1994 ; Trane l &  Da -
masio, 1994 ; Ston e e t al. , 1998 ; Shamm i &
Stuss, 1999 ; Hartikaine n e t al. , 2000) . Disor -
ders of emotional control and social regulation
due t o orbita l PF C dysfunctio n ar e frequen t
accompaniments of psychiatric disease such as
obsessive-compulsive disorder an d drug abuse
(London et al. , 2000; Volkow & Fowler, 2000),
as wel l a s acquire d neurologica l disease , in -
cluding hea d trauma , dementia , an d tumors .
Thus, th e societa l cost s o f orbita l PF C dys -
function ar e immense. Developmental aspect s
of acquire d orbita l PF C damag e i n childre n
and adolescent s ar e even less well understood
than adul t dysfunctio n (Price e t al. , 1990). Pa-
tients wit h adul t acquire d orbita l PF C ar e
aware o f their problem s an d kno w the actua l
rules of proper socia l behavior despite failure s
to properl y implemen t them . Childhood -
acquired orbita l PF C damag e ma y result i n a
failure t o both implemen t an d learn the rule s
of prope r socia l discours e (Anderso n e t al. ,
1999). Change s i n emotiona l dispositio n ar e
routinely observe d i n patient s wh o hav e suf-
fered damag e t o th e orbitofronta l cortex .
Damage t o thi s brain regio n has been associ -
ated wit h a  variet y o f social-emotiona l dys -
functions, includin g personalit y change , ris k
taking, impulsivity , emotiona l outbursts , an d
social inappropriateness . Three theories hav e
been propose d t o explai n th e disordere d be -
havior subsequen t t o orbita l damag e i n hu -
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mans. These include th e somatic  marker  hy -
pothesis, put fort h b y Damasio and colleagues
(Bechera e t al. , 1994 ; se e Chapte r 22) ; im -
paired linking,  of  reward  and  punishment,
proposed b y Roll s (Roll s e t al. , 1994 ; se e
Chapter 23) ; an d emotional  disinhibition  ac -
companied b y enhanced centra l nervou s sys -
tem responsivit y recentl y propose d b y Rul e
and colleague s (Rul e e t al. , 1999 ; Shimamura,
2000).

For example , Damasio an d colleagues hav e
shown tha t patient s wit h orbita l PF C lesion s
elicit inappropriat e emotiona l response s an d
abnormal galvani c skin response s (GSR ) in a
gambling tas k i n whic h subject s mus t inhibi t
high-risk gamble s (Becher a e t al. , 1997) .
These author s propos e tha t damag e i n th e
ventromedial PFC impair s generation o f a so-
matic state that can be used a s a guide to con-
trol behavior . Thi s proposa l i s supporte d b y
reduced anticipator y GSR s i n patient s wit h
ventromedial damage . I n anothe r study , a
group o f patient s wit h latera l PF C damag e
and a  grou p wit h orbita l PF C damag e wer e
studied i n workin g memor y an d theor y o f
mind (TOM ) tasks. Theory  o f mind  refer s t o
a person' s abilit y to infe r anothe r person' s o r
group of people's internal mental state , and is
viewed a s on e o f th e highes t form s o f socia l
abilities. A  double dissociatio n wa s observed .
Lateral PF C patient s ha d difficultie s wit h
working memor y bu t wer e no t impaire d o n
TOM tasks. Orbital PFC patients were normal
on workin g memor y task s bu t faile d TO M
tasks (Ston e e t al. , 1998) . Thi s findin g ha s
been replicated an d extended to indicate some
potential importanc e o f th e righ t fronta l re -
gion i n anothe r cohor t o f lateral- an d orbital -
lesioned patient s (Stus s e t al. , 2001a) . Take n
together, these findings are consistent with the
notion tha t thi s brai n regio n i s intricately in -
volved in the analysis , monitoring, and contro l
of emotionall y lade n stimul i an d socia l
interchange.

PHYSIOLOGY

Functional neuroimagin g currentl y ha s ha d
difficulty with imaging orbita l PF C because of
susceptibility artifact s fro m nearb y sinuses ,
and a  limite d numbe r o f studie s hav e bee n
published (i.e. , Schoenbau m e t al. , 1998 ; No -

bre e t al. , 1999 ; Elliot t e t al. , 2000) . Recen t
studies indicat e succes s with neuroimagin g of
orbital region s (O'Dohert y e t al. , 2001 ; se e
Chapter 23) . As noted in the Neuropsycholog y
section, thre e theorie s hav e been propose d t o
explain the disordered behavio r subsequent to
orbital PF C damag e i n humans , an d al l ar e
supported b y physiologica l data. Th e somati c
marker hypothesis (Bechera et al. , 2000) pro-
poses tha t ventromedia l orbita l PF C o r th e
right sensor y cortical damag e impairs genera-
tion o f an appropriate somati c feeling needed
to guid e behavio r (Tranel , &  Damasio, 1994 ;
Bechera e t al. , 1997 ; se e Chapter 22) . The so-
matic marker hypothesis is supported b y a de-
creased GSR , a peripheral autonomic measure
of orienting, in patients with orbital PFC dam-
age. Anothe r vie w propose s impairment s i n
linking of reward an d punishment (Roll s et al. ,
1994), and is supported b y results from single-
unit, PET, and some fMRI researc h (Elliot t et
al., 2000; se e Chapte r 23) . A third theory , the
dynamic filterin g hypothesis , ha s als o bee n
proposed t o explai n some component s o f th e
orbital PF C behaviora l syndrom e (Rul e et al. ,
1999; Shimamura , 2000). Thi s theor y posit s
that orbita l PFC patient s ar e unable to inhibit
responses to certain emotiona l and social stim-
uli, an d i s supported b y enhanced ER P mea -
sures o f orienting t o nove l emotionall y laden
stimuli in thes e patients . Th e enhance d cen -
tral nervous system response t o emotional au-
ditory an d somatosensor y stimul i i n orbita l
PFC patient s i s i n accor d wit h th e disinhi -
bited, impulsiv e behavior observe d afte r orb -
ital PF C damag e i n human s an d monkey s
(Butter e t al. , 1969 , 1970 ; Dia s e t al. , 1997 ;
Roberts an d Wallis , 2000) . Interestingly , Ma -
caque monkey s with orbitofronta l lesion s fai l
to habituate to novel auditory and visual stim-
uli (Butte r e t al. , 1970) . Importantly , these
findings suggest regional specificit y within the
prefrontal cortex . Event-relate d potential s t o
novel emotional stimul i are disinhibited in pa-
tients wit h orbita l PF C lesions , wherea s pa -
tients with lateral PFC lesion s show decreased
novelty response s t o thes e sam e stimul i
(Knight &  Scabini , 1998) . Thes e result s indi -
cate tha t orbita l patient s ma y have a n exces -
sive centra l nervou s respons e t o irrelevan t
stimuli. Direc t connection s fro m orbitofronta l
cortex t o posterio r parieta l corte x (are a 7A)
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have been identified (Cavada et al., 2000). Or-
bitofrontal corte x could be exertin g inhibitory
control ove r novelty-relate d activit y i n th e
temporal-parietal region via these fibers. Loss
of thi s contro l migh t contribute t o th e disin -
hibited behavio r s o frequentl y observe d i n
these patients . Element s o f al l three notion s
of orbita l functio n ar e likel y correc t an d a
more complet e concep t o f orbita l contribu -
tions to socia l and emotiona l behavior is likely
to emerge i n the ensuin g years.

CASE REPORT, THE ORBITAL
PREFRONTAL SYNDROME: PATIENT J.L

A case stud y exemplifies the effect s o f orbita l
PFC lesions . Patien t J.L . was seen i n neuro -
logical consultation o n the inpatien t psychiat -
ric servic e i n 1988 . H e wa s admitte d t o th e
psychiatric service after a n altercation a t an in-
tersection wher e h e go t int o a  cursin g an d
shoving matc h with a  drive r wh o cu t hi m of f
as he was crossing a street. J.L. was a 42-year-
old accountan t wit h a  master s degre e a t th e
time o f evaluation. H e ha d bee n i n excellen t
health unti l a n acciden t a t a  part y 1 3 year s
previously where h e fel l of f a  third floo r bal -
cony and sustained a  severe coup injury to his
frontal lobe . The CT scanning revealed exten -
sive bilateral damag e to his orbital PFC. Both
the ventromedia l an d latera l portion s o f th e
orbital PF C wer e destroyed . J.L . develope d
grand ma l seizure s afte r th e accident , whic h
were well controlled with dilantin. Clinical and
experimental neuropsychologica l evaluatio n
revealed a  doubl e dissociatio n betwee n cog -
nitive an d socia l function . Latera l PF C wa s
spared an d al l test s showe d tha t cognitiv e
function relate d t o lateral PFC was intact. For
instance, J.L.' s I Q remaine d a t a  pre-morbi d
level of 128. Clinica l and experimenta l tests of
memory, includin g measure s o f sourc e an d
metamemory, wer e intact . Attentio n capacit y
and working memory were excellent . I n con -
trast t o hi s excellen t cognitiv e performance ,
since th e incident , J.L . ha s ha d prominen t
problems in emotiona l an d socia l control . H e
has gotte n int o numerou s stree t altercations ,
and has been arreste d severa l times. He i s so-
cially inappropriate an d notes tha t h e "come s
on to o strong " t o women . Woma n laborator y
personnel wher e patien t J.L . has been teste d

report tha t h e i s constantl y comin g o n t o
them. Whe n querie d further , h e report s tha t
he migh t ask a woman to marr y him afte r 1 -
2 day s o f knowin g her . Whe n aske d i f h e
thought thi s behavior was appropriate, patien t
J.L. responde d no . Importantly , patien t J.L .
knows his behavior is inappropriate bu t i s un-
able to control it . J.L. is also unable to handle
the financia l resource s tha t accrue d a s a  set -
tlement fo r hi s acciden t an d require d a  con-
servator to manag e his affairs . Durin g the in -
terview, J.L . ofte n laughe d inappropriately .
His neurologica l examinatio n was normal, in-
cluding testin g o f language , attention , mem -
ory, an d perception . H e admitte d t o obses -
sive-compulsive behavior s suc h a s countin g
the number s o n ca r license plates . Testing of
working memor y was normal , bu t J.L . faile d
theory of mind tests, which require th e ability
of a  perso n t o infe r anothe r person' s menta l
or emotional state .

Discussion o f Patient J.L.

Patient J.L . manifest s th e typica l orbital PF C
syndrome o f intac t executiv e contro l o f cog -
nitive processes an d severel y impaire d execu-
tive contro l o f socia l an d emotiona l behavio r
(see Chapter s 22 and 23). His IQ was superior
and h e score d wel l in al l conventional tests of
attention, memory , and language . Ye t he wa s
severely impaire d i n hi s everyda y socia l be -
havior an d i n makin g appropriat e lif e deci -
sions, a s in managin g his financia l affairs . Re -
markably, when queried abou t the appropriat e
social or emotional respons e or the proper de-
cision regardin g persona l affairs , patien t J.L .
was abl e t o respon d correctly . Hi s problem s
became eviden t whe n h e ha d t o implemen t
on-line behavior . Explicatio n of this apparen t
paradox of knowledge versus failure t o imple-
ment suc h knowledge i s a great challeng e fo r
the future .

WHERE ARE WE GOING

What will the futur e brin g to our understand-
ing o f prefrontal function ? Given the vas t ex-
pansion o f PFC i n humans, explication of the
function o f this brain region appears to be fun-
damental for a complete understandin g of hu-
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man cognition i n both health and disease. Ad-
vances hav e been mad e i n multipl e domains .
Cognitive psycholog y has provided a  welcome
addition t o th e classi c neuropsychological ap-
proach, an d ne w area s o f behaviora l theor y
and analysi s have enriched ou r understandin g
of PFC function . We believe tha t the nex t de-
cade wil l witness a n eve n greate r implemen -
tation o f sophisticated cognitiv e theory to pre-
frontal research . Approache s draw n fro m th e
discipline o f socia l cognitio n an d fro m th e
study o f behavior s suc h a s decisio n makin g
and realit y monitorin g ar e certai n t o provid e
a broade r an d ecologicall y vali d approac h t o
understanding PF C function . Thi s fusio n o f
theory an d experiment wil l provide importan t
new insight s int o th e rol e o f orbita l fronta l
cortex i n socia l behavior . Thi s boo k ha s pro -
vided differen t view s on th e natur e o f orbital
frontal functio n i n humans. We expect that by
2010 w e wil l hav e a  more integrate d vie w of
how this vast expans e of prefrontal cortex en -
ables th e socia l being .

One are a likel y to receive increasin g atten -
tion i s the contributio n o f PFC t o th e evalu -
ation and implementation o f context in behav-
ior. Th e notio n o f contex t ha s bee n broadl y
applied t o seemingl y divers e areas , includin g
probability learning , socia l regulation , an d
novelty detection . Fo r instance , i n th e socia l
domain, a  behavior in on e situatio n migh t b e
very appropriat e whil e th e sam e behavio r
could b e quit e counterproductiv e i n anothe r
situation. Human s are abl e t o fluidly draw on
prior experience t o set and implement the ap-
propriate contex t fo r th e curren t situation .
Similarly, in the area of novelty processing, th e
effects o f local context are extremely powerful.
For instance, the occurrence o f a visual fractal
in a  strea m o f commo n visua l object s woul d
elicit a  powerful novelt y response t o the frac -
tal. However, the occurrence o f a common ob-
ject in a  stream o f fractals woul d als o elici t a
powerful novelt y response . Researc h o n th e
role o f PF C i n applicatio n o f context -
dependent parameters t o behavior ma y prove
critical fo r understandin g th e rol e o f PF C i n
mental flexibility .

Single-unit studie s i n monkey s hav e bee n
crucial i n developin g ne w model s o f PF C
function. Th e classi c idea s o f segregatio n o f

function hav e been challenged by findings that
PFC neurons are more plastic than traditional
views migh t suggest . Th e concep t o f rapi d
learning an d plasticit y o f PF C neuron s i s i n
accord with the neurologica l literature , which
reports profoun d alteration s in  menta l flexi-
bility i n patient s wit h PF C damage . Thi s
single-unit researc h dovetail s nicel y wit h th e
explosion o f insight s draw n fro m fMR I re -
search. Nove l insights into segregatio n versus
integration o f functio n i n subregion s o f PF C
have fueled th e debate . W e now enjoy a  pow-
erful interpla y betwee n huma n an d monke y
research tha t herald s majo r advance s i n th e
understanding o f cognitive processes. We cer-
tainly believ e tha t b y 201 0 ther e wil l b e a
clearer answe r t o the questio n o f segregation
versus overlappin g o f functio n i n prefronta l
cortex. W e predic t that , a s i n man y scientific
controversies, the final answer will blend dat a
drawn fro m bot h camps.

The way in which these executiv e processes
are implemente d a t a  neural leve l i s perhap s
the greates t challeng e fo r a  true understand -
ing o f PF C function . W e certainly hop e tha t
work durin g th e nex t decad e wil l fil l i n th e
crucial gaps in our understandin g of this cen-
tral aspec t o f huma n cognition . Th e notio n
that engagemen t o f parallel inhibition an d ex-
citation ca n b e a  usefu l construc t fo r under -
standing PF C functio n i s receivin g suppor t
from single-unit , lesion , ERP , and functiona l
neuroimaging research. Advances in the fusio n
of these experimental approaches may provide
new insights into both th e tempora l an d spa -
tial aspect s o f PFC-dependent executiv e con-
trol. Consideration o f the neuropharmacolog y
of PF C functio n wil l be necessar y for a  com-
plete understandin g o f prefronta l function ,
and we hope this volume has focused attention
on this needed part o f the fronta l lob e riddle .

The natur e o f the neura l cod e bot h a t th e
local single-uni t leve l an d th e system s inter -
action level is, of course, central to a complete
picture o f PFC function . Ho w do single units
in a subregion of PFC interac t t o produce th e
needed outpu t signa l to othe r brai n regions ?
Are neuron s concerne d wit h inhibitio n inter -
twined with those involved in excitation? What
is th e natur e o f the outpu t signa l fro m PF C
to other neura l regions? Is it a  coherent burs t
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of neural activity, suc h as a gamma oscillation?
These questions are only beginning to be ad-
dressed, bu t the y promis e grea t insight s int o
the way s i n which PFC implement s executive
control.

What els e migh t b e discusse d a t a  confer -
ence o n th e fronta l lobe s i n 2010 ? Certainl y
we ar e i n th e middl e o f an explosio n o f ne w
methods t o imag e th e huma n brain , an d thi s
exponential progress is likely to continue. Fu -
sion o f electrophysiologica l an d functiona l
magnetic resonanc e method s promise s ne w
insights into the temporal-spatia l dynamics o f
human cognition . Optica l imaging technique s
have develope d tha t ma y improv e tempora l
and spatia l resolution . Perhap s a s important ,
optical technique s ca n be use d t o imag e in -
fants, extendin g th e fiel d o f imagin g t o th e
gamut o f huma n development . W e wouldn' t
be surprise d i f th e nex t decad e yield s nove l
information on the development of the fronta l
lobe fro m infanc y t o adulthood .

Finally, why bother with al l this fus s abou t
the prefronta l cortex ? I s i t becaus e scientist s
deserve t o stud y wha t fascinate s them ? Cer -
tainly tha t fascinatio n bring s an d keeps man y
researchers to the fronta l lobe table. However,
that is not th e tru e reaso n why we spend ou r
time studyin g prefronta l cortex . Rather , w e
know tha t thi s brai n regio n hold s th e ke y to
understanding norma l an d disordere d cogni -
tion, with profoun d implication s fo r both th e
individual and society .
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application of , 437—44 1
AX-CPT paradigm, 432-434, 433 f
interference condition s and, 438-439, 439 f
in older adults, 440-441, 441f
in schizophrenia , 439-440 , 440 f
simulation studie s of , 437-438, 438 f
validation of , 434-437, 435f

rehabilitation and , 560-561
Consciousness

autonoetic vs . noetic , 311—312 , 312t
and chronesthesia , 313

Contention schedulin g
fractionation o f supervisory system and, 261-262,

263f, 294-295
top-down modulatio n of, 265-268, 268f

rehabilitation and , 56 5
Context

adaptive neura l coding and, 281-284, 282 f
impaired behavio r and, 24
us. defaul t mode, 20-22
working with memory and, 203

Contingency Namin g Test, 50 8
Contingency(ies)

awareness of , 118-119, 119f-120 f
cross-temporal integratio n of , 99-103, 99f
of emotiona l responses , 2 0
neuronal responses and , 14-15

Contingent negative variatio n (CNV) , 118-119, 119f -
120f

Continuous Performanc e Task (CPT)
AX-CPT paradigm and, 432-434, 433 f
guanfacine and, 71

Controlled Ora l Word Association Test (COWAT) , 520,
521t-522t

"Corollary discharge, " 10 2
Cortex. Se e also  specifi c anatomi c names

primary motor , 97 , 98f
representation in , 96
"trans-modal," 9 7

Corticocollicular interactions o f visuomotor reflexes, 150 —
151, 151 f

Cortisol and stress , 63
Counting span test , 488, 489f-490f
Critical lur e an d working with memory, 197-198, 197f
Crovitz cue-word test , 196 , 196 f
Cues

rehabilitation and , 56 2
structured even t comple x and, 304
working with memory and, 195-197, 196f, 201

checking and, 270
Culture evolution and chronesthesia, 320-32 1
Cyclic adenosine monophosphat e (cAMP )

dopamine and , 56-58, 57f
norepinephrine and, 61

Day-night task , 473-475, 473f-474 f
Decision makin g

in moto r programming studies, 134—136 , 135f-137f
ventromedial frontal corte x and, 338-353, 339 f

Declarative memory , 97
Deep-brain stimulatio n for Parkinson's disease, 417 -

418
Deese-Roediger-McDermott paradigm, 197
Default mode , 14-1 5

chronesthesia and , 313
overview of, 2 5

Delay of gratification paradigm an d developmenta l
levels, 483

Delayed matchin g to sample tes t
and latera l prefronta l corte x lesions, 577
working memory and, 15-17

Delayed-response task s
adaptive neura l codin g and, 283
and aging , 532
expectancy and reward and , 332-334, 332f-333 f
oculomotor, dorsolatera l prefrontal cortex and, 86—89,

87f-89f
preparatory se t and, 101, 102f
working memory and, 15-17

organization of , 169 , 169 f
temporal integratio n and , 100-106, 104f-105 f

Dementia
frontal lob e

aphasia and, 162
orbitofrontal corte x lesions and, 64

Lewy body, and acetylcholine , 64
Dendrites

frontal lob e plasticity and, 541-547, 543f , 544t , 545f .
See also  Plasticity , of fronta l lob e

organization and, 550
Depression

definitions of , 378-379
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Depression (continued)
frontal-limbic dysregulatio n and, 383-385, 384f , 419-

420
idiopathic, 380-383
neurological models, 379-380
serotonin for , 75
vs. abuli c syndrome , 13

Depth and elaboration o f processing and age , 533-536,
533t, 534f, 536 f

Development o f prefrontal cortex , 466--503
acquired sociopath y syndrome and, 343—346 , 343f ,

345t, 587
in first year

anatomic an d biochemica l evidence of , 469-470
functional improvements , 467-469, 468f-471f , 472 t

geographic locatio n of , 467
from on e to three years, 471^72
physiological, 505-507
psychological, 507-509 , 508f-509 f
from seve n year s to adulthood , 483-491, 486f-490 f

anatomic an d biochemica l evidenc e of, 491
from thre e to seve n year s

anatomic and biochemica l evidenc e of , 483
functional improvements , 472-483, 473f-474f, 476f -

478f, 482 f
traumatic brain injur y and . Se e also Traumati c brai n

injury (TBI )
frontal lob e plasticit y and , 550-552, 55 If, 552 t

Developmental psychopathy , 345-349, 345t, 347 f
Diaschesis, 15 1
Diencephalon functions vs . prefronta l cortex, 188-189
Diffuse axona l injur y (DAI)

in traumati c brain injury , 449^50, 512
structural neuroimagin g and , 453-457, 455f-457 f

Digit spa n task
fractionation o f centra l executiv e and, 248—252 , 249f
in traumati c brain injury , 520 , 521t—522 t
working memory and, 16-1 7

Directed-forgetting paradigm , 486
Disconnection syndromes , 24
Discourse an d fronta l lob e injury , 164—16 5
Disinhibition

in defaul t mode, 17-1 8
syndrome of , 13-14, 13f

connectionist computationa l framewor k and , 429
Distortion o f memory, 195-198, 196f-197 f
Distractibility

adaptive neura l codin g and , 284
in defaul t mode , 17-1 8
norepinephrine effect s on , 6 2

Distractibility hypothesis, 577-578
"Divide-and-conquer" approach t o systems neuroscience ,

278
Domino mode l analog y

checking in , 268-269, 269f
compared t o supervisor y system , 262-265, 264f , 265 t

L-Dopa. Se e Dopamine (DA)
Dopamine (DA)

connectionist computationa l framewor k testing and,
437-438, 438 f

in olde r patients, 440^141 , 441 f

developmental level s in first year, 469-470
in frontal-subcortica l circuits , 415-416
human studies , 66-70
novelty processing and , 583—58 4
phenylketonuria treatment and , 475
plasticity of fronta l lob e and, 544-545 , 545 f
in rehabilitation , 562-563
stimulus-reinforcement associatio n an d reversal , 368

Dorsolateral prefrontal cortex
aging and, 533
in conflic t resolutio n tests , 234-236, 237 f
in connectionis t computationa l framework

AX-CPT paradigm testing and, 436-437, 436 f
interference condition s and , 438^439, 439 f
schizophrenia and , 439—440 , 440f

development of , 466-503. Se e also  Developmen t o f
prefrontal corte x

frontal-subcortical circuit s and , 409-410
functional architectur e of , 85-95

circuit basis of working memory, 86-89, 87f-89 f
in huma n and nonhuma n primates, 89-90, 90f
literature difference s regarding, 90-92
schizophrenia and , 92-93
working memory networks and, 93

maintenance us. attentional selection , 221-232
area 46 and, 229-230
area 8 A and, 228-229
comparison with other data, 226-227
free selectio n and , 227-228, 228f
order o f presentation and , 224-226 , 225f-226 f
working memory and, 230

motivation-dependent activit y and, 136-138, 138f -
140f

orbitofrontal corte x connections and , 354-356, 355f -
356f

in working memory, 368-370, 369 f
supervisory system fractionatio n and, 267—26 8
switching tasks and, 118

Droperidol an d methylphenidate , 68
Drug abus e

orbitofrontal corte x lesions and , 587
plasticity of fronta l lob e and , 544-545, 545 f

Dual-task performance
age and , 535
central executiv e fractionation and , 248-252, 249f ,

251f
supervisory system fractionation and , 267

Duncan's theor y o f goal neglect an d rehabilitation , 561 -
562

Dynamic aphasia, 162—164 , 163 f
Dynamic filtering theory of memory retrieval, 211-212

extraneous information processing and , 21 5
orbitofrontal corte x lesions , 588

Dysarthria and aphasia , 161
Dysexecutive syndrome , 210, 24 7
Dysgranular cortex defined , 1 1
Dysregulation of affect , 34 5

Ecphory, 319
Egocentricity vs. defaul t mode, 22-23
Electroconvulsive therapy and brain changes , 382
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Electroencephalography explained, 110-112 , 1 1 If
Electromagnetic recording s explained , 110-112, 1 1 If
Electromyography in moto r programming studies,

129
Emotional response s

mood disorder s and. See Mood
orbitofrontal corte x and

lesions of , 357, 586-589
stimulus-reinforcement learnin g and, 362-363

ventromedial fronta l corte x and, 338-353, 339f
us. defaul t mode, 19-20

Enabling defined, 312
Encephalopathy and fronta l networ k syndrome, 24
Encoding processe s

vs. retrieva l deficits , 212-213
in workin g memory, 178-181, 190f

End o f trial-related neurons, 329
Enkephalin, 414
Entorhinal cortex , 354-356, 355f-356 f
Environmental dependency syndrome, 21-22
Environmental suppor t an d aging , 530, 530f
Epilepsy an d depression , 38 0
Episodic buffer , 254-258 , 256 f
Episodic memory

adaptive neura l coding and , 286
and aging , 529
as capacity , 311-312, 312t
retrieval an d checking , 269
source recollectio n and, 215-218, 216f

Error monitoring , 116-118, 116f-117f , 584-58 5
Error-related negativity (ERN)

in conflic t resolutio n tests , 24 3
lateral prefronta l corte x lesions and, 584-585

Error-related neurons, 329, 330f
Estrogen an d fronta l lob e plasticity, 546-547
Event-related desynchronization , 120
Event-related functiona l neuroimagin g

in conflic t resolutio n tests , 234
of working memory, 168-187. Se e also Working

memory, organization of
Event-related potential s (ERP) , 116

functional neuroimagin g and, 170-171
of lateral prefronta l cortex, 57 4

auditory and visual association pathways and, 581-
583

novelty processing and, 583—584
orbitofrontal corte x lesions and, 58 8

Event sequenc e in structured even t complex , 299, 301-
302

Evolution
chronesthesia and , 320-321
structured even t comple x and, 298—299

Excitatory postsynaptic potentials (EPSPs) , 127
Executive functions , 14—1 5

adaptive neura l codin g and , 284
in cognitiv e map , 97-99, 98f
development of . See Developmen t o f prefrontal cortex
dopamine and, 58-60
dynamic aphasia and, 163
fractionation of . See Fractionation o f central executive
frontal-subcortical circuit s and, 41 0

overview of , 2 5
perception-action cycl e in , 96-108
retrieval o f memory and, 210-220
structured even t comple x and, 294—29 5
temporal integration and, 99-103, 99f, 102f-103f

mechanisms of, 103-106, 104f-105 f
traumatic brain injury and. See Traumatic brain injur y

(TBI)
working memory and, 16

Expectancy and reward, 332-334, 332f-333 f
Explicit memory and latera l prefronta l cortex lesions ,

576
Extreme capsule pathways , 38-39, 39f
Eye movemen t reflexes . Se e Visuomotor reflexe s

Face and arm respons e pathway , 35
Face encodin g

aging and, 531
in labeled-lin e model , 171, 173
orbitofrontal corte x and, 361

neuropsychology and, 363-367, 364t, 366 t
Failure of predication, 16 2
False-belief tasks, 477
Familiarity

adaptive neura l coding and, 284
checking and, 271

Famous faces test , 213
Fasciculus o f Muratoff , 3 7
Feedback

in connectionis t computationa l framework , 431-432 ,
431f

rehabilitation and , 560—561 , 569t
error monitorin g and, 116-117, 116f
response monitorin g and, 10 2

Feeling and somati c marker theory, 351
Felt-rightness for acceptance , 202—20 3
Felt-iightness for rejection, 201-20 2
Fenfluramine and serotonin , 72
5HT. Se e Serotonin (5HT )
Fixation offse t effec t (FOE) , 155-15 7
Flanker effect/test , 234 , 237-238, 242
Flavell's role-takin g task, 22
Flavor respresentation s i n orbitofrontal cortex, 35 8
Fluoxetine, 382
fMRI. Se e Functional neuroimagin g
Focal cortica l contusion s (FCC), 448
Food. See also  Reward ; Tast e

orbitofrontal corte x inputs and, 361-362
working with memor y and, 20 0

"Foraging facilitator, " 150
Fractionation

of centra l executive , 246-260
dual-task performance and, 248-252, 249f , 25 If
episodic buffe r and , 254-258, 256f
explaining the problem, 247-24 8
neuropsychological test evidenc e and, 392, 404
task switichin g and, 252-254, 254f
verbal trail s test , 252-254, 254f

from neuropsychologica l tes t evidence , 392—40 7
approach to , 393-394, 394f-395f
California Car d Sortin g Test and, 397
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Fractionation (continued )
conditional associativ e learnin g test s and , 398—399
localization o f cognitive function s by, 394-399
networks and, 400-404
noncognitive behavio r change s and, 399-400
partial leas t square s analysi s and, 402-404, 403 f
results of , 399, 399f
Stroop test and, 397-398, 397 f
task complexity and networks , 401-402, 401f
Trail Makin g Test and, 398
verbal fluency task and, 396-397, 396 f
Wisconsin Car d Sortin g Test and, 396-397

of supervisor y system, 261-277
contention schedulin g and, 261-262, 263f

top-down modulatio n of , 265-268, 268f
domino mode l analogy and, 262-265, 264f, 265t
monitoring an d checking and, 268-273, 269f, 271f
neuropsychological test evidenc e and , 392, 404
strategy selection and , 265-268, 268 f

Frequency and structured even t complex , 301
Frontal ey e field, 150-151, 151f

orbitofrontal corte x connection s and , 354
in visuomotor reflexes

lesion effect s and , 151-153, 152f
mapping of, 153 , 153f
parietal lesion s and, 153-154, 154f

Frontal-limbic interactions an d mood , 376-391. Se e also
Mood

Frontal lobe dementia and aphasia , 16 3
Frontal lob e hypothesi s o f cognitive aging , 528. See also

Age
Frontal lob e syndrome , 11

canonical subtypes , 13—14 , 13 f
vs. dysexecutiv e syndrome , 24 7
vs. fronta l network syndrome , 23—2 4

Frontal network syndrom e vs . fronta l lobe syndrome, 23 —
24

Frontal operculu m
adaptive neura l codin g and, 280, 280f
lesions an d aphasia , 160 , 160f

Frontal releas e signs , 574
Frontal-subcortical circuit(s )

anterior cingulat e corte x and, 411
dorsolateral prefrontal , 409-410
frontal ey e fields-subcortical, 409-410
functional neuroimagin g of, 416-417
lesions of , 408-427

behavioral an d neuropsychologica l effect s of , 408-
409, 413

clinical syndrome s with, 418-420
surgical treatment outcome s and, 417-418

motor circuits , 409-410
neurotransmitters for , 413̂ 116. Se e also

Neurotransmitters
oculomotor, 41 0
open connection s and interconnections , 411̂ 113, 412t
orbitofrontal, 410-41 1
overview of , 409—41 3
traumatic brain injur y and, 449^50

Fronto-striatal circuits. Se e Frontal-subcortical circuit(s)

Functional magneti c resonanc e imagin g (fMRI) . Se e
Functional neuroimagin g

Functional neuroimaging . Se e also
Electroencephalography (EEG)

adaptive neura l codin g and, 278-281, 280 f
of age and memor y loss, 530-533, 532f
of AX-CPT paradigm, 435-437 , 436 f
chronesthesia and , 317-318, 319-32 0
in conflic t resolutio n tests , 23 4
depression and , 379—380
dopamine and, 66
of dorsolatera l prefronta l cortex , 89-90, 90f
for fronta l ey e fiel d mapping , 153 , 153f
for go/no-g o tasks , 481̂ 182
of lateral prefronta l cortex, 57 4

novelty processing and , 583-584
norepinephrine and, 71-72
of olfactory stimuli, 359
of orbitofronta l cortex , 358, 366-367, 588-589
retrieval o f memory and, 210
sadness provocation studie s and , 377—378
source recollection and , 215-218, 216f
structured even t comple x and, 293-294
of task switching, 47 9
of taste stimuli , 358
temporal integratio n and , 100-101
of traumati c brain injury , 457-460, 458f, 460f , 51 2
of working memory , 16

event-related, 168-187. See also Working memory,
organization o f

of working with memory , 199

Gage, Phineas , 8-9 , 9f , 24, 26
acquired sociopathy syndrom e and, 343-346, 343f ,

345t, 587
Galvanic ski n response (GSR) and emotion, 340-341,

588
Gambling task, 338-340, 340 f

orbitofrontal corte x lesions and, 365
serotonin and , 73
somatic markers and, 341-343, 342f, 588

Gamma-aminobutyric acid (GABA) , 414
Gamma rhythms

contingency awarenes s and, 119
explained, 110-111
in perception , 113-114

Generation effect , 21 7
Generative activit y of prefrontal function , 109-110, HO f
Gestural communicatio n pathway, 36
Glasgow Coma Scal e (GCS ) and traumatic brain injur y

tests, 453, 456, 457f, 512-513
Global episodic amnesia an d chronesthesia , 316
Globus pallidus and frontal-subcortica l circui t lesions ,

409-421
Glutamate

in frontal-subcortica l circuits, 414-415
norepinephrine and , 63

Go/no-go tas k
behavioral significanc e and, 326-329, 327f-328 f
in conflic t resolution, 23 4
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developmental level s and, 481-482
orbitofrontal corte x lesion s and, 356-357
perseveration and , 17-18

Goal neglec t theor y an d rehabilitation, 561-56 2
Goals

acquired sociopathy syndrome and, 343—346, 343f ,
345t, 586-589

in actio n models , 295-296
adaptive neura l coding and, 284
in developmen t o f prefrontal cortex, 505, 507. See

also Developmen t o f prefrontal cortex
error monitoring and, 117
executive memory and, 97
in structure d even t complex , 299-300
temporal integratio n and , 99-103, 99f

Gonadal hormones an d fronta l lob e plasticity , 546-547
Granular cortex defined , 11
Growth spurt s i n development o f prefrontal cortex, 505.

See also  Developmen t o f prefrontal cortex
Guanfacine

attention defici t hyperactivit y disorder and , 71
dopamine effect s and , 55-56
norepinephrine and, 60, 62
for treatment , 7 5

Guessing behavior, 19

HACKER program, 268
Haloperidol and dopamine, 58
Hand an d vocalizing motor programming, 127—14 8

of hand movement , 128-138
decision makin g and, 134-136, 135f-137f
motivation-dependent activity , 136-138, 138f-140f
motor execution , 129, 130f-131f
motor learning,  129-134, 132f-134 f

methods o f study, 127-129, 128f
of vocalization , 138-145

motivation-dependent activity , 138-141, 141f-143f
motor learning , 141-145, 144f

Harlow, John, 8- 9
Hayling B task in strateg y selection, 26 6
Hebbian modificatio n o f synapses

stimulus-reinforcement associatio n an d reversal , 36 7
for tast e an d visual stimuli, 359

Hemi-neglect syndrome, 578
Hemispatial neglect , 15 1
Hemispheric encoding/retrieva l asymmetry (HERA) ,

319
Hemmorhage i n traumatic brain injury , 44 9
Hemodynamic imaging studies, 110 . See also Functiona l

neuroimaging
explained, 110-112 , 11 If

HERA (hemispheric encoding/retrieval asymmetry),
319

Herniation syndromes in traumatic brain injury , 44 9
Heteromodal cortex, 11-12, 12f
Hippocampus

frontal lob e plasticit y and, 546-548, 547 f
long-term memor y and, 97
mood disorder s and , 377
structured even t comple x and, 304

working memory networks and, 93
working with memor y studies and , 190-191, 190t

Hopkins Verba l Learnin g Test, 455
Hormones an d fronta l lobe plasticity , 546-547
Hotel test , 562
Human hemi-neglect syndrome, 578
Humor and orbitofronta l cortex pathology, 400
Huntington's diseas e

depression and , 379-380
dopamine and, 69

Hydrocephalus in traumatic brain injury , 44 9
Hypomanic vs. disinhibitio n syndrome, 1 3
Hypothalamus

in somati c marke r theory, 350-351
visceral correlates of emotion and , 19—20

Idazoxan and serotonin , 72-7 3
Ideational apraxia and contention scheduling , 261
Ideomotor apraxi a syndrome, 36
Imaging. Se e Functional neuroimaging ; Neuroimaging
Implicit memor y tasks and aging , 529
Incorporation echolalia , 160
Indoleamine serotonin . Se e Serotonin (5HT )
Infants, cognitiv e developmen t in . Se e Development o f

prefrontal corte x
Inferior parieta l corte x and auditor y and visual

association pathways , 582
Inferior tempora l corte x

pathways of, 36-38, 36f-37f, 354-356 , 355f-356 f
working memory networks and, 93

Inhibition, 17—18 . Se e also  Disinhibitio n
in conflic t resolutio n tests , 23 7
in connectionis t computationa l framework , 428-44 7
developmental level s and, 486-490, 485f-490f, 50 5
lateral prefrontal corte x lesions and , 576-577, 580 -

581
norepinephrine effects on , 6 2
physiologic measurement s of, 115-116
visuomotor reflexes and, 150—151

Inhibition hypothesis , 352
Inhibition o f return (IOR) , 150

neural networks and, 401-402
Injuries t o fronta l lobes. Se e also Traumati c brain injur y

(TBI)
Phineas Gage and, 8-9, 9f
signs and symptom s of, 9-10

Insight
lateral prefronta l cortex lesion s and, 579
ventromedial frontal corte x and, 344—345

Instinctive behavior , 14—1 5
Integration

across motivationa l and cognitiv e domains , 326—33 7
coding meaning , 326-329, 327f-328 f
cortical functiona l segregation and , 335-336
interaction and, 334-335
post-trial neurona l activity, 329-332, 330f-331f
reward expectancy and , 332-334, 332f-333 f

temporal. Se e Temporal integratio n
Intelligent agen t i n artificia l intelligence , 262-263
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Interference
in conditiona l associativ e learnin g task, 398—39 9
connectionist computationa l framewor k and , 438-439,

439f
neural network s and, 401-402
proactive, 180-18 1
source recollectio n effect s of , 218

IOR (inhibitio n of return) , 150
Iowa Ratin g Scales o f Personality Change  (IRSPC) , 344-

346, 345 t
Item-accumulation effec t i n working memor y

organization, 18 1
Item-recognition tas k in conflic t resolutio n tests , 238-

240, 238 f

Jacoby memor y exclusion paradigm, 27 0
J.L. (patient) , 589

K.C. (patient) , 316-317, 316f
Kennard principle , 54 8
KorsakofPs amnesi a

clonidine and, 71
lateral prefronta l corte x lesion s and, 57 6

Kuhn's plant problem , 1 8

Language
assembling mechanism s for, 159-167

action plannin g and, 165-166
discourse and , 164-165
dynamic aphasi a and, 162-164, 163f
transcortical motor aphasi a and , 159-162, 160f

cognitive ma p of , 97-98
frontal lob e injur y and, 159-167

development o f prefrontal corte x and, 517-519,
518f-519f

processing of , 39
Language-specific task schemas , 16 3
Lateral prefronta l cortex , 573-597. Se e also Dorsolatera l

prefrontal cortex ; Prefrontal corte x (PFC )
cognitive ma p of , 97-99, 98f
lateral prefronta l syndrome cas e repor t and, 585—586
motivational and cognitiv e operation s and , 335—336
neuropsychological test s of , 574-580

behavioral monitorin g and, 578-580
inhibitory contro l and , 576-577
memory and , 576
novelty processin g and , 578
temporal processin g and , 57 6
working memory and, 577—578

physiologic research and , 580-585
excitatory contro l and , 581—583
inhibitory control and , 580-581
novelty processing and , 583-584
reponse monitorin g and, 584—585

role of , 573-586
working memor y organizatio n and, 168-187. See also

Working memory, organization o f
Lateral prefrontal syndrome , 574

case repor t of , 585-586
Lazy Susa n test, 47 1

Learned foo d preferenc e an d working with memory, 192-
194, 194f

Left vs . righ t prefronta l corte x
aging and memor y loss and, 531—533, 532 f
lesions and development , 518-519 , 519f, 522-523,

522t-523t
Lewy body dementi a an d acetylcholine , 64
Limbic cortex neuroanatomy , 11-12, 12f
Limbic pathway s

dorsal, 42-45, 43f-45 f
ventral, 41-42, 42f

Limbic striatum, 411
Liquid conservatio n task , 483, 482f
Listening span task , 491
Lithium

norepinephrine and , 63
for treatment , 7 5

Load effect s
in conflic t resolutio n tests , 24 2
in working memory, 178—181 , 190f

adaptive neura l codin g and, 279, 280f
Long-term memor y

in cognitiv e map , 97-98, 98f
episodic buffe r and , 254-258, 256 f
in executiv e functions , 96—10 8
physiologic measurement s of , 120-121, 121f

Luria's hand sequencin g task , 18 , 574
Luria's tapping test , 474-475 , 474f

Magnetoencephalographic activity (MEG) , 111
Maintenance o f information

developmental level s and, 484^485
dynamic filtering theory and , 211
and latera l prefronta l corte x lesions , 577
vs. attentiona l selection. Se e also Dorsolatera l

prefrontal corte x
dorsal prefronta l corte x and, 221-232

in working memory, 168-169, 169f
vs. manipulation , 175-178 , 177f

Mania an d frontal-subcortica l circui t lesions , 420
Manipulation of information

developmental level s and, 484-485
and latera l prefronta l cortex lesions , 577
in working memory, 17, 178-181, 190f

vs. maintenance , 175—178 , 177f
Manipulation of perceptual salience , 478-47 9
Map, cognitive , 97-99, 98f
Mapping mood, 376-391
Mark I I Supervisor y System model , 262-263 , 263f , 265t .

See also  Fractionation , o f supervisor y system
Maturation o f central nervou s system . See Developmen t

of prefrontal cortex
Maze learning i n working with memory , 190-191, 190t
Medial temporal lobe s (MTL)

long-term memor y and, 97
vs. prefronta l corte x functions , 188-18 9

Meiran's task-switching paradigm, 485-486, 485 f
Memory

acquisition of , 197-198 , 197f
aging and. See Age; Development o f prefrontal corte x



INDEX 609

chronesthesia and, 31 4
conceptual, 9 7
declarative, 9 7
distortion of , 195-198, 196f-197 f
dorsal limbi c pathway and, 42-45, 43f-45 f
executive, 96 . Se e also Long-ter m memory
of the future , 10 1
long-term. See also  Long-ter m memor y

in executiv e functions , 96-10 8
perceptual, 97-99 , 98f
permanent. Se e Long-term memor y
phyletic motor, 97, 98f
prospective, 31 4
recognition. Se e Recognition memor y
remote, 195-197 , 196f
retrieval of . Se e Retrieval o f memory
short-term. Se e also Working memory; Working with

memory (WWM)
contingency awarenes s and, 119-120

units o f representation and, 292
in structure d even t complex , 300-301

working, 15-17, 16f . See also  Working memory;
Working with memor y (WWM)

Memory exclusion paradigm, 27 0
Menopause and fronta l lob e plasticity , 546
Mental relativism vs. defaul t mode, 22-23
"Mental sketch-pad, " 92
Metacognition, 514-517, 516f-517f
Metamemory, 514

and lateral prefronta l corte x lesions, 576
Methylphenidate

attention defici t hyperactivit y disorder and , 68
serotonin and , 72-73
for treatment , 7 5
working memory and, 63

Mid-dorsolateral frontal corte x and working with
memory, 200-201

Middle fronta l gyru s and are a 46 , 89-90, 90f
"Mirror neurons, " 23
Mismatch negativity (MMN) , 114-115, 114f
M.L. (patient) , 317-318
Mnemonic processin g

connectionist computationa l framewor k and, 428—
447

dorsal limbi c pathway and, 45
Monoamine oxidase inhibitors and brain changes ,

382
Mood, 376-391

definitions of , 376-379
depression an d

definitions of , 378-379
frontal-limbic dysregulation and, 383-385, 384f , 419-

420
idiopathic, 380-383
neurological model s of , 379-380

frontal-subcortical circui t lesions and, 408
Moral concept s

acquired sociopath y syndrome and, 345-349, 345t,
347f

emotion and , 20

Motivation-dependent activity . See also Rewar d
in moto r programming studies

of hand , 136-138 , 138f-140 f
of vocalization, 138-141 , 141f-143 f

Motivational domain integratio n with cognitive domains.
See Integratio n

Motor programming o f hand an d vocalization. Se e Hand
and vocalizing motor programming

Multidimensional scaling techniques an d semantic
knowledge, 214, 214f

Multiple-process theories and rehabilitation, 564-56 7
Multiple trace theor y (MTT) , 199 , 205n
Mutism and aphasia , 161-16 2
Myelination and developmenta l levels , 491, 505—506

Name recal l an d aging , 530
Nerve growth facto r (NGF), 545
Network(s). Se e also Associatio n pathways; Circuits;

Frontal-subcortical circuit(s)
in conflic t resolutio n tests , 238
domain-specific, 8 5
frontal lob e syndrom e and, 23-24
of languag e and speech , 16 1
neuropsychological test evidence and, 400-404

task complexity, 401^02, 401f
orbitofrontal corte x computation s in, 367-370
working memory, 93

Neuroanatomy
of behavior , 10-12 , 12 f

frontal networ k syndrom e and, 23-24
depression and , 37 9
of orbitofronta l cortex, 11-12, 12f , 354, 355f

Neurochemical modulation of function, 51-84 . Se e also
Neurotransmitters; specific chemicals

animal studies of , 51-66
acetylcholine, 64-66
dopamine, 51-60, 52f-£3f, 57f
norepinephrine, 60-64, 64f
serotonin, 6 4

compared t o othe r brai n regions , 7 4
future direction s of , 75-76
human studie s of , 66-74

acetylcholine, 7 4
dopamine, 66-70
norepinephrine, 70-7 2
serotonin, 72—7 3

as treatment fo r disorders , 7 5
Neurocognitive capacity defined , 311-313, 312t
Neurogenesis an d fronta l lob e plasticity, 551-552, 551f,

552t
Neuroimaging

functional. Se e Functional neuroimagin g
structural

age-related studies of , 528
of traumatic brain injury , 453-457 , 455f-457f, 51 2

Neuropsychology
and latera l prefronta l cortex, 574-580. Se e also

Lateral prefronta l cortex
and orbitofronta l cortex, 363-367, 364t, 366t , 587 -

588. Se e also  Orbitofronta l corte x
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Neuropsychology (continued )
tests base d o n

dendritic change s and , 542
fractionation and , 392-407. Se e also Fractionation ,

from neuropsychologica l test evidenc e
rehabilitation and, 566
of traumati c brain injury , 451—453 , 452 f

Neurotransmitters. Se e also  Neurochemica l modulatio n
of function ; specifi c chemical s

acetylcholine, 64—66 , 7 4
in frontal-subcortica l circuits , 415

adenosine, 41 6
animal studies , 51-6 6
dopamine, 51-60, 52f-53f , 57f,  66-7 0

in frontal-subcortica l circuits , 415-416
of frontal-subcortica l circuits , 413-416
gamma-aminobutyric acid, 414
glutamate, 414-415
human studies , 66-7 4
norepinephrine, 60-64, 64f, 70-72
of prefronta l cortex , 1 2
serotonin, 64 , 72—7 3

in frontal-subcortica l circuits , 416
Neurotrophic factor s and plasticity , 545-546
Nicotine

frontal lob e plasticity and, 544-545
frontal-subcortical circuit s and, 415
as treatment , 55 3
working memory and, 65, 74

Noetic vs . autonoeti c consciousness , 311-312, 312t
Noise stres s

dopamine and , 55
emotional response s to , 40 , 41f

Norepinephrine (NE )
animal studie s of , 60-64, 64f
human studie s of , 70-72

Novelty
adaptive neura l codin g and, 279, 280f
lateral prefrontal cortex lesion s and, 578, 583-584
mismatch negativity and, 115
neural network s and, 401, 583-584
visuomotor reflexes and, 150
vs. defaul t mode, 18-1 9

Nucleus accumbens and frontal-subcortica l circuits , 41 0
Nucleus reticulari s thalami and auditor y response , 58 0
Nucleus ventralis anterio r par s magnocellula r

motivation-dependent activit y and, 137
Nucleus ventralis posterior par s orali s an d vocalization ,

141

Object identificatio n pathway , 3 7
Object perceptio n pathway , 36
Object retrieva l task , 467-469, 470f-471f , 472 t
Obligatory neurona l responses , 14-1 5
Obsessive-compulsive disorde r (OCD )

frontal-subcortical circui t lesions and, 420
orbitofrontal corte x lesions , 58 7
treatment respons e of , 383

Occipital lob e and tempora l integration , 99
Occipital pathways , 36-38, 36f-37 f

Occipitofrontal fasciculu s (OFF) , 3 7
Occipitoparietal stream pathway , 36
Occipitotemporal strea m pathway , 36
Ocular fixatio n control , 154—157 , 156t
Oculomotor reflexes . Se e Visuomotor reflexe s
"Old-new effect, " 12 0
Olfactory representation s i n orbitofronta l cortex, 354-

356, 355f-356f , 358-35 9
Olivocochlear bundl e an d auditory response , 58 0
On-line holdin g of information, 15-17, 16f

in dorsolatera l prefrontal cortex, 85-9 5
dynamic filtering theory and , 216
in structure d even t complex , 301-302

Orbitofrontal cortex . Se e also  Ventromedia l fronta l corte x
adaptive neura l codin g and , 287
depression and , 380
effects o f lesions o f

in animals , 356-357
in humans , 363-367, 364t , 366t

frontal-subcortical circui t lesion s and , 409-421
functional neuroimagin g of, 366-367
functions of , 354-375
motivational and cognitive operation s and , 335-336
neural connection s of , 354—356 , 355f-356 f
neuroanatomy of, 11-12, 12f , 354, 355f
neuronal networ k computation s in , 367-370
neurophysiology of, 357-362, 360f, 588-589

flavor respresentations and , 358
olfactory representation s and , 358-359
somatosensory input s to , 361-362
stimulus-reinforcement learning and reversal in, 362-

363, 367-368 , 368f
taste representation s and , 357—358
visual input s to , 359-361, 360f , 361t

neuropsychology and, 363-367, 364t , 366t , 587-588
orbital prefronta l syndrome cas e report , 589
somatic marke r theory and , 351
summarized, 586-589
working memory and , 368-370, 369f

Organization
and fronta l lob e plasticity , 546-548

dendritic, 55 0
of working memory , 168-187, 182f-183f . Se e also

Working memory
Overextended sens e o f familiarity, 195-196 , 20 1

P300 waves and mismatc h negativity, 115
Paired-associate memor y and aging , 531
Pallidotomy and behavior , 408, 417-418
Pallidum an d frontal-subcortical circui t lesions , 409-421
"Palm-fist-edge" tas k o f Luria, 18 , 574
Parahippocampal pathways, 41^42, 42f
Paralimbic cortex neuroanatomy , 11—12 , 12 f
Parietal corte x an d tempora l integration , 9 9
Parietal eye fields , 150-151, 151 f
Parkinson's diseas e

acetylcholine and , 6 4
depression and , 379-380
dopamine and, 53f, 66-70
dual task performance and, 250



INDEX 611

frontal-subcortical circuit s and, 408, 417-418
sulpiride and, 69

Partial leas t square s analysi s from neuropsychologica l
test evidence , 402-404 , 403 f

Partial orde r planning , 302
Pathways o f prefrontal cortex . Se e Association pathway s
Patient studies . Se e also Gage , Phinea s

in developmenta l psychopathy , 345-349, 345t, 347 f
J.L. (orbita l prefrontal syndrome), 589
K.C. (chronesthesia) , 316^317, 316f
M.L. (chronesthesia) , 317-318
W.R. (latera l prefronta l syndrome) , 584-585

Pattern spa n task , 490
Perception

adaptive neura l codin g and, 279, 280f
physiologic measuremen t of , 112-115, 112f , 114 f

Perception-action cycl e in executive functions , 96-108.
See also  Executiv e function s

Perceptual memor y and executiv e functions, 97-99, 98f
Pergolide and dopamine , 54 , 69
Perseveration

in defaul t mode , 17-1 8
in prefronta l damage, 57 5
in verbal fluency test, 212

Personality. Se e also Behavio r
serotonin and , 343
us. orbitofronta l cortex lesion, 58 7

Perspective switchin g vs. defaul t mode , 22-23
Phenylephrine and norepinephrine, 62
Phonological loop , 246
Phosphotidyl inositol-protei n kinas e C pathway, 63
Phyletic motor memory , 97, 98f
Physiologic measurements, 109-126 . Se e also Functiona l

neuroimaging
behavior contro l and, 115-118, 116f-117f
of learning an d memory , 118-122, 119f-122 f
methods of , 110-112, 11 If
of perception , 112-115, 112f , 114 f

Physostigmine
acetylcholine and, 7 4
working memory and, 65

Piaget
liquid conservatio n tas k of, 483, 482f
theory o f cognitive development and , 507

Pick's disease and orbitofronta l cortex lesions , 587
PKA (Protei n Kinas e A), 56-58, 57f
PKC (Protei n Kinase C), 6 3
Planning

partial order , 302
rehabilitation and , 567—568
temporal integration and, 101, 102 f

Plasticity
adaptive neura l coding and, 283, 288
of fronta l lobe , 541-556

age a t injury and, 550-552, 551f
experience-dependent changes and , 541-544, 543f,

544t
gonadal hormones and, 546-547
injury and, 547-550, 547f, 549 f
neurotrophic factors and, 545-546

in norma l brain, 541-547
psychoactive drug s and, 544—545, 545 f

stimulus-reinforcer associatio n learning and, 368-370,
369f

in structure d even t complex , 302
traumatic brain injury reorganization and, 450, 519
treatment respons e an d depression , 38 2

Playfulness vs . defaul t mode, 18-19
Pole neuron s and visuomotor reflexes , 15 5
Positron emissio n tomography (PET) . See Functiona l

neuroimaging
Post-Rolandic cortical pathways . See Association

pathways
Post-stroke depression , 41 9
Posterior parieta l corte x

pathways of , 32-36, 34f-35 f
working memory networks and, 93

Precentral corte x and visuospatia l memory, 90—92
Prefrontal corte x (PFC) . See also Dorsolatera l prefronta l

cortex; Latera l prefronta l cortex; Orbitofrontal
cortex

chronesthesia and , 317—319
development of . See Development o f prefrontal cortex
future researc h about, 589-591
lateral, 573-597. See also Latera l prefronta l cortex
neuroanatomy of, 11-12, 12f

structured even t comple x and, 293
orbitofrontal cortex , 586-589. See also Orbitofronta l

cortex
traumatic brain injury dysfunction from, 449-450, 504-

527. Se e also Traumatic brain injur y (TBI )
Premotor corte x

in long-ter m memory, 97, 98f
working with memor y and, 199-200

Preparatory se t and tempora l integration , 101, 102 f
Primary motor cortex , 97, 98f
Primary reinforcers

taste as , 357, 367
touch as, 366-367

Primary sensory-motor cortex , 11-12, 12f
Priming

age-related studies and, 529
neural network s and, 401—402
in structure d even t complex , 302—30 3

Principal sulcu s
adaptive neura l coding and, 281, 282f
coding across sensor y modalities and, 327f, 328

Principle o f proximity, 409
Proactive interferenc e i n working memory tasks, 180 —

181
Problem-solving

adaptive neura l coding and, 287-288, 288f
physiologic measurements of , 121—122 , 122f

Procedural memor y tasks and aging , 529
Process dissociatio n framework , 27 0
Process vs . representation , 297-298
Production syste m conflict resolution , 261
Progressive supranuclea r pals y and visuomotor reflexes ,

150
Proscopic chronesthesia, 321
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Prospective memor y and aging , 529
"Prospective set " and chronesthesia , 315
Protein kinas e A (PKA) , 56-58, 57f
Protein kinas e C (PKC) , 63
Pseudo-psychopathy, 34 4
Psychoactive drugs an d plasticity , 544—545 , 545f
Psychopathology and drug abuse , 544-545, 545f
Psychophysiological responses, 340-341
Public event s tests, 213
Pure insertio n logic , 169
Putamen an d frontal-subcortical circui t lesions , 409-

421
Pyriform corte x and orbitofronta l corte x connections ,

354-356, 355f-356f

Raclopride and dopamine , 6 9
Raven's Progressive Matrices , 287
"Raw-memory" structures, 188
Re-entrant circuits , 106
Reaction times in working memory tasks, 180-181
Readiness potential, 12 9
Reality checking and latera l prefronta l corte x lesions,

578-580, 584-585
Recall

and aging,  529, 533, 533t
episodic buffer and , 254-258, 256 f
episodic memor y retrieval and , 215-218, 216f

checking and, 269
semantic knowledge and, 213, 213f

Recent memor y and working with memory , 192—194,
194f

Recognition memory
and aging , 529, 533, 533t
dorsal limbic pathway and, 42-43
episodic memor y retrieval and, 215
in moto r programming studies, 130
semantic knowledg e and, 213, 213f

Recovery. See also  Rehabilitatio n
of memory , 319
stimulation of , 553

Recruitment an d adaptive neura l coding , 285-287
Recurrent connectionist network model , 296
Reflexes

frontal lob e circuitr y and, 149
visuomotor. Se e Visuomotor reflexes

Regeneration o f cortical tissue , 551—552, 55 If
Region o f interest (ROI ) analyse s in conflic t resolutio n

tests, 24 1
Regional specializations of brain, 2 5
Rehabilitation, 557-572

mechanisms for , 568-569, 569t
obstacles with theories and , 558-560
plasticity of frontal lob e and , 552-553
provisional principles for , 569-570, 569t
ranges o f symptoms and, 557-558, 558t
self-awareness problem s and, 567-568
and structure d even t complex , 306-307
translating theories int o practice , 560-56 7
Cohen's contex t informatio n theory and, 560—561
Duncan's theory of goal neglect , 561-562

Fuster's tempora l integratio n framework , 56 4
multiple-process theories , 564-56 7
problems with, 563—56 4
Shallice's supervisory attentional system , 565
single-process theories , 560-562
single-symptom theories , 568
Stuss's anterio r attentiona l functions , 564-56 5
working memory theories, 562-56 3

Rehearsal i n maintenance studies , 227-230
Reinforcement-related neurons , 329
Remember/know judgments and checking , 271
Remote memor y and working with memory , 192-194,

194f
Repetition i n language

transcortical moto r aphasia and, 160
verbal fluency test and , 21 2

Representation
in connectionis t computationa l framework , 428-44 7
cortical, 9 6
of flavor , 35 8
olfactory, 354-356 , 355f-356f, 358-35 9
structured even t comple x and

format of , 300-303, 300 f
vs. process , 297-298, 306. See also Structured event

complex (SEC )
of taste , 357-35 8

Representational processing , 10 9
Rerouting and dynami c filtering theory, 211
Response

inhibition of . Se e also  Inhibitio n
adaptive neura l codin g and, 279, 280f
in conflic t resolution tests , 23 7
in working memory organization, 181

monitoring of
lateral prefrontal cortex lesions and, 578—580, 584 —

585
temporal integratio n and, 101-103, 103f

post-trial neurona l activity and, 329-332, 330f-331f
Retrieval mode (REMO) , 319
Retrieval of memory

components o f
sequence of interaction of, 203-204, 204f
working with memor y studies and, 199—203

dynamic filtering theory of, 211-212
executive control processe s and, 210—220
functional neuroimagin g and, 319—320
semantic knowledge and , 212-215, 212f-214 f
source recollectio n and , 215-218, 216f

Reward
emotional coloring and, 19-20
expectancy and, 332-334, 332f-333f
orbitofrontal corte x and. See also Orbitofronta l corte x

lesions of, 356-357, 586, 588-589
neurophysiology of, 357-362, 360f , 362-363, 588 -

589
in rehabilitation , 563
structured even t complex and, 303-304

Reward-related neurons , 329
Rhythmic activity of electromagnetic recordings , 110 -

111
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Right vs. lef t prefronta l corte x
aging and memory loss and, 531-533, 532 f
lesions and development, 518-519 , 519f, 522-523,

522t-523t
Routine strategies an d fractionatio n of supervisor y

system, 266-267
Rules. Se e Stimulus-response rule s

Saccadic bias an d visuomotor reflexes , 15 4
Sadness

provocations of , 377-378
vs. depression , 376-37 7

Scanning processes i n working memory, 178—181, 190f
Schemas

in action models , 295-29 6
in contention scheduling , 261

Schizophrenia
clonidine and, 71
connectionist computationa l framewor k and, 439-440,

440f
dopamine and, 66-70
dorsolateral prefrontal cortex architectur e and , 92-

93
frontal lob e plasticit y and, 547-548, 547 f
serotonin and, 64

Scopolamine and working memory, 65, 74
Selection

attentional, 92 , 221-232. See also Attention , selective ;
Dorsolateral prefronta l cortex

in conflic t resolution, 23 3
dynamic filtering theory and, 211
in fractionatio n of supervisory system, 265-268, 268 f

"Selective attention, " 92
Selective serotoni n reuptak e inhibitor s an d brai n

changes, 382
Self

and chronesthesia , 31 5
and metacognition , 514-517, 516f-517 f

Self-awareness. Se e Awareness
Self-initiated processing an d aging , 530, 530f
Self-monitoring in rehabilitation, 567-56 8
Self-regulatory disorder (SRD) , 451̂ 153. See also

Traumatic brain injur y (TBI )
Semantic knowledge , 212-215 , 212f-214f
Semantic memory

and aging , 529
consciousness and, 312t, 313

"Semantic space," 214, 214f
Sensory information processing

coding the meanin g of, 326-329, 327f-328 f
physiologic measurement s of , 112-114

Sentence anomal y tests, 516
Sentence completio n task , 201-202
Serotonin (5HT )

animal studies of , 6 4
in frontal-subcortica l circuits , 416
human studie s of , 72-73

Set shifting
dopamine effect s and , 59
rerouting o f information and, 211

Short-term memory . See also Working memory; Working
with memor y (WWM)

in connectionis t computationa l framework , 428^47
contingency awareness and, 119—120
fractionation o f central executiv e and, 246
orbitofrontal corte x and, 357

Significance. Se e also  Contingenc y
vs. defaul t mode , 20-2 2

Similarity judgments and semanti c knowledge, 214, 214f
Simon effect , 47 1
Simon Says , 48 2
Simulation behavior an d reality checking , 578-580
Single-process theories an d rehabilitation, 560-562
Sketch-pad, 92 , 246
Skin conductance response (SCR) and emotion and

decision making , 340-341, 588
Sky Search Dual Task (SSDT) in traumatic brain injury ,

520, 521t^22 t
SLF I , 33-34, 34f
SLF II , 34-35, 34f
Social interaction

and dua l task performance, 250 , 252
neuropsychological test s and, 399-400
somatic markers and, 295

Social neurology, 26
Sociopathic behavio r

acquired sociopath y syndrome, 343-346, 343f , 345t ,
586^589

moral concepts and , 345-349, 345t, 347 f
perspective and , 22-23

Sodium current s an d norepinephrine,  57f, 63
Somatic markers

in gamblin g task, 341-343, 342f, 58 8
hypothesis of , 349-351, 58 8
social interactio n and , 295, 304

Somatosensory evoked respons e an d lateral prefrontal
cortex, 580-581

Somatosensory inputs to orbitofrontal cortex , 361-36 2
Somatosensory maps and somati c marker theory, 350
Source memory and latera l prefrontal cortex lesions,

576
Source recollection an d retrieva l o f memory, 215-218,

216f
Space shift thinking , 2 2
Spatial attention pathway , 35
Spatial perception pathway , 36
Spatial span test , 487-488, 489f-490 f
Spatial working memory

adaptive neura l codin g and, 283, 287
dopamine and, 51-60, 52f-53f , 57 f
maintenance us . attentional selection in, 222-224,

222f-224f
working memory organization and, 173

Spearman's g factor and adaptive neura l coding , 287 -
288, 288 f

Specialization and adaptive neura l coding, 285-287
Speed o f processing an d developmental levels , 483-484
Spine density vs . dendriti c lengt h i n frontal lob e

plasticity, 541-547, 543f , 544t , 545 f
Sprague effec t an d visuomotor reflexes , 15 1
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Standard Issu e Mora l Judgment (SIMJ ) and acquire d
sociopathy syndrome , 34 8

Stem cell s and neurogenesis , 55 1
Stereotyped behavior. Se e Stimulus-bound behavior
Stimulus-bound behavior, 18

context and , 20-22
lateral prefronta l cortex lesions and, 579

Stimulus-reinforcement learnin g and reversa l in
orbitofrontal cortex , 362—36 3

Stimulus-response compatibility effect , 23 3
Stimulus-response rule s

adaptive neura l coding and , 283
developmental level s and, 480-481
error monitorin g and, 118

Strategy Application Tes t fo r traumatic brain injury , 452-
453, 452 f

Strategy use and developmenta l levels , 484
Stress. Se e also Nois e stres s

cortisol and, 63
dopamine and, 55
norepinephrine effects on , 62

Striatum
dopamine and , 69
frontal-subcortical circui t lesion s and, 409-421

Stroke
aphasia and, 162
depression and , 41 9

Stroop tes t
in conflic t resolutio n

mechanisms of , 23 3
tests of , 23 8

contextual representation and , 430
depression and , 381
developmental level s and, 487, 487f-488f
distractibility and, 17-18
fractionation studie s and, 397-398, 397f
lateral prefronta l cortex lesions and, 575

Structured even t comple x (SEC) , 292-310
background, 293
defined, 298-300
evidence for and against , 304-305
evolution of cognition and, 298
functional neuroimagin g and, 293-294
future direction s of , 305—30 7
neuropsychological models and, 294-296

commonalities and weaknesses of , 296-297
process vs. representation and, 297-298
relationship to other functions , 303-30 4
representational forma t of , 300-303, 300 f

Stuss's anterio r attentiona l function s an d rehabilitation ,
564-565

Subcommissural pallidum, 411
Subdural hematoma i n traumatic brain injury , 44 9
Subject-performed task s and aging , 534, 534f
Subjective time and chronesthesia , 313 , 315
Substantia nigra

and frontal-subcortica l circuit lesions , 409-421
visuomotor reflexe s and , 150, 151f

Subthalamic nucleus in frontal-subcortical circuit lesions ,
409-421

Sulpiride
Parkinson's disease and, 69
serotonin and , 72

Superficial thalamocortica l projections in moto r
programming studies, 127-129 , 128f

Superior longitudinal fasciculus (SLF), 32-36, 34f-35 f
Superior temporal corte x pathways, 38—40 , 38f-41f , 353 —

356, 355f-356 f
Supervisory attentional system. Se e also Attention,

control of ; Supervisory system
rehabilitation and, 565

Supervisory system, 58, 85, 294-296
adaptive neura l coding and, 284
fractionation of , 261-277. See also Fractionatio n
temporal integratio n and , 100

Supplementary moto r area (SMA ) an d aphasia , 16 1
Switching perspective vs . defaul t mode, 22-23
Switching tasks

adaptive neura l coding and, 283
developmental level s and, 477—480

inhibition and , 485-486, 486 f
error monitorin g and, 117-118, 117f
fractionation o f central executive and, 252-254, 254f

Symbol Digi t Modalitie s Test i n traumatic brain injury ,
455, 45 6

Synapses and fronta l lob e plasticity , 541-547, 543f, 544t ,
545f

Synaptogenesis and developmental levels , 491, 505-506

Tacrine fo r treatment , 7 5
Task switching . See Switchin g tasks
Taste representation s i n orbitofrontal cortex , 354-356,

355f-356f, 357-35 8
TBI (Traumati c brain injury) . Se e Traumatic brain injur y

(TBI)
TCMA. Se e Transcortical motor aphai a
Temporal integratio n

executive functions and , 99-103, 99f, 102f-103f
Fuster's framewor k theory and rehabilitation , 564
lateral prefronta l corte x lesions and, 57 6
source recollectio n and, 215-218
structured even t comple x and, 296—29 7

mechanisms of, 103-106, 104f-105 f
Test o f Everyday Attention fo r Children , 508, 508f
Test-Operate-Test-Exit (TOTE) , 109-110 , HO f
Testosterone an d fronta l lob e plasticity, 546--S47
Thalamus

aging and memory and, 531
auditory respons e and, 580
frontal-subcortical circui t lesion s and , 409-421
neuroanatomy of, 12 , 12f

orbitofrontal corte x and, 354-356, 355f-356f
visuomotor reflexe s and, 150, 151f
working with memor y and, 199

Theatre of the mind , 109-126
Theory o f mind

and chronesthesia , 319
discourse disorder s and, 164-165
orbitofrontal corte x lesions and, 586, 588-589
tasks, 477-478, 478f
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Third-order agent s in supervisory system, 263
Time-related activities . See also Tempora l integratio n

and chronesthesia , 314-315
Time shif t thinking , 22
Tissue compartment segmentation fo r traumatic brain

injury, 453-457, 455f-457 f
TOTE (Test-Operate-Test-Exit) , 109-110, HO f
Tourette's syndrom e and frontal-subcortica l circuits ,

420
Tower of Hanoi tes t an d acquire d sociopath y syndrome,

348, 35 0
Tower of London tes t

cognitive development and , 508, 508f
depression and, 381
in traumatic brain injury, 513-514, 514f-515f, 520,

521t-522t
Trail Makin g Test

fractionation studie s and, 398
in traumatic brain injury , 455, 456

"Trans-modal" cortex , 97
Transcortical motor aphasia, 159-162 , 160f
Transcranial magnetic stimulatio n (TMS) . See also

Functional neuroimagin g
for fronta l ey e field mapping , 153 , 153f

Translation and aphasia , 16 3
Traumatic brain injur y (TBI )

acquired sociopath y syndrom e and, 343-346, 343f ,
345t, 587

assessment of , 448—46 5
functional neuroimagin g of, 457-460, 458f , 460f
neuropsychological tests of , 451-453, 452f
structural neuroimaging of, 453-457, 455f-457 f

development o f prefrontal cortex and, 504-527
cognitive sequelae of , 513, 514f
deficit emergenc e and, 509-512, 511f
episodic memory and, 513-514, 515f
focal lesion s and, 519-523, 520t-523t
language and, 517-519, 518f-519 f
metacognition and, 514-517, 516f-517 f
physiological, 505-507
psychological, 507-509, 508f-509f
sites of lesions, 512-513

neuropathology of, 448-451
implications of , 450—45 1

Trial-length effec t i n working memory organization,
181

Tricyclic antidepressants an d brain changes , 382
Tryptophan depletion techniqu e an d serotonin , 72
20 Questions Test , 520, 521t-522t
2-back task and workin g memory, 16

Uncertainty vs. defaul t mode, 18-19
Uncinate fasciculus , 40 , 40f

chronesthesia and , 31 8
depression and , 380
remote memor y and, 195

Unimodal cortex neuroanatomy, 11-12, 12 f
Unpacking in structured even t complex , 299
Updating and dynami c filtering theory, 211
Urapidil and norepinephrine , 62

Valproic acid fo r treatment , 7 5
Ventral tegmental area (VTA ) an d aphasia , 16 1
Ventrolateral frontal corte x an d working with memory,

201
Ventromedial fronta l corte x

emotion and decision makin g and, 338—353, 339f, 586-
589

acquired sociopath y syndrom e and, 343-346, 343f ,
345t, 586-589

early cortical damag e and, 346-349, 347 f
laboratory measurements of, 338-343, 340f , 342 f
somatic marker hypothesis and, 349-351

in traumati c brain injury , 451-453
working with memor y and, 198, 201-202

Verbal fluency task
cognitive development and , 508, 508f
fractionation studie s and , 396-397, 396 f
semantic knowledge and , 212-215, 212f-214f

Verbal recal l an d episodic buffer , 254-258 , 256 f
Verbal trails test and fractionatio n of central executive ,

252-254, 254f
Vigilence operations, 273
Visual and auditory go/n o go discrimination task, 326-

329, 327f-328 f
Visual and auditor y pathways and latera l prefronta l

cortex lesions , 581-583
Visual grasp refle x (VGR)

mechanism of , 149-150
ocular fixation control and, 155-157

Visual-initiated hand movemen t studies, 129-132
Visual inputs to orbitofronta l cortex , 354-356, 355f-356f ,

359-361, 360f, 361t
Visual object informatio n pathways , 38

physiologic measurements of, 113-114
Visual similarity effect an d verbal recall , 25 5
Visual-Verbal Test

perseveration and , 18
Visuomotor reflexes , 149-15 8

corticocollicular interactions of , 150-151, 151 f
frontal ey e field in

lesion effect s and , 151-153, 152f
mapping of, 153, 153f
parietal lesion s and, 153-154, 154f

ocular fixation strategic contro l and , 154-157, 156 t
saccadic bias and, 15 4
Sprague effec t and , 151
structured even t comple x and, 303-304
visual grasp refle x mechanis m and, 149-150

Visuospatial memory
adaptive neura l coding and, 286
dorsolateral prefrontal corte x and, 86-89, 87f-89 f
information pathway s of, 3 8
schizophrenia and, 93

Visuospatial pursuit tracking task, 248-252, 249f
Visuospatial sketchpad, 58 , 246
Vocalization moto r programming. See Hand an d

vocalizing motor programming

Wechsler Adult Intelligence Scal e (WAIS ) an d latera l
prefrontal corte x lesions, 575-576
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What/where memory
adaptive neura l coding and, 286-287
functional neuroimagin g and, 174
interaction an d integration o f information and, 334-

335
neural networks and, 401

Williams, Edward H. , 8
Windows task , 483
Wisconsin Card Sortin g Test (WCST)

acquired sociopath y syndrome and, 348, 350
developmental level s and, 489-490
dopamine effect s and , 59
dual tas k performance and, 252
fractionation studie s and, 396-397
inhibition and, 18
lateral prefrontal corte x lesions and, 575
orbitofrontal corte x lesions and, 363
physiologic measurement s and, 121-122, 122f
rerouting o f information and, 211
in traumati c brain injury , 455 , 513-514, 514f-515 f

Word-stem completio n test an d working with memory,
200

Working memory, 15-17, 16f . See also Working with
memory (WWM) ; specifi c tasks

in A-not- B delayed-response tasks , 467—469
acetylcholine effects on , 64-66
adaptive neura l coding and, 279, 280f, 284
and aging , 532
Baddeley's mode l of , 8 5
components of , 24 6
developmental levels and, 484—485
dopamine effect s on , 51-60, 52f-53f , 57 f
dorsal limbic pathway and, 4 4
dorsolateral prefrontal cortex and

circuit basi s of, 86-89, 87f-89 f
maintenance vs. attentiona l selection , 23 0

episodic buffer and , 254-258, 256f
labeled-line mode l of, 171-175, 172f
lateral prefronta l cortex lesions and, 577-578
norepinephrine effects on , 60-64, 64f

orbitofrontal corte x and, 368-370, 369 f
organization of, 168-187, 182f-183 f

checking and, 270
functional neuroimagin g of, 169-17 1
hierarchical, 536, 536f
labeled-line model of, 171-175, 172f
multiple processes involved in, 178—181 , 180f
processing model s of, 175-178, 177f
summarized, 181-184, 182f-183 f

somatic marke r theory and, 350
structured even t comple x and, 294, 297-298
tasks demonstrating , 24
temporal integratio n and, 100-106, 104f-105 f
translating theories into rehabilitation , 562-563
vs. workin g with memory , 189

Working with memory (WWM), 188-209. See also
Working memory

animal studies of , 189-19 4
conditional associative learning and, 191-192, 192f
maze learning and, 190-191, 190t
recent and remot e memor y and, 192-194, 194f

human studie s of , 194—20 5
components of retrieval and, 199-203. See also

Area(s)
sequence of interaction of , 203-204, 204f

functional neuroimagin g studies of , 19 9
localization i n fronta l corte x and, 198-199
memory acquisition and distortion and, 197-198,

197f
remote memor y and memory distortion and, 195-

197, 196f '
retrieval o f memory and, 210

W.R. (patient) , 584-̂ 85

Yerkes-Dodson principle, 51, 53f, 59, 69
Yohimbine and norepinephrine , 61

Zelazo's card sortin g task, 475-477, 476f-477 f
as conditional discrimination tasks, 477-479
perceptual salience manipulation and, 477-479


	Contents
	Contributors
	1 Introduction
	2 The Human Frontal Lobes: Transcending the Default Mode through Contingent Encoding
	3 Association Pathways of the Prefrontal Cortex and Functional Observations
	4 Neurochemical Modulation of Prefrontal Cortical Function in Humans and Animals
	5 Functional Architecture of the Dorsolateral Prefrontal Cortex in Monkeys and Humans
	6 Physiology of Executive Functions: The Perception-Action Cycle
	7 The Theatre of the Mind: Physiological Studies of the Human Frontal Lobes
	8 Motor Programming for Hand and Vocalizing Movements
	9 Cortical Control of Visuomotor Reflexes
	10 Disorders of Language After Frontal Lobe Injury: Evidence for the Neural Mechanisms of Assembling Language
	11 The Organization of Working Memory Function in Lateral Prefrontal Cortex: Evidence from Event-Related Functional MRI
	12 The Frontal Cortex and Working with Memory
	13 Memory Retrieval and Executive Control Processes
	14 Dorsal Prefrontal Cortex: Maintenance in Memory or Attentional Selection?
	15 Mechanisms of Conflict Resolution in Prefrontal Cortex
	16 Fractionating the Central Executive
	17 Fractionation of the Supervisory System
	18 Cognitive Focus through Adaptive Neural Coding in the Primate Prefrontal Cortex
	19 The Structured Event Complex and the Human Prefrontal Cortex
	20 Chronesthesia: Conscious Awareness of Subjective Time
	21 Integration across Multiple Cognitive and Motivational Domains in Monkey Prefrontal Cortex
	22 Emotion, Decision Making, and the Ventromedial Prefrontal Cortex
	23 The Functions of the Orbitofrontal Cortex
	24 Mapping Mood: An Evolving Emphasis on Frontal&#8211;Limbic Interactions
	25 Fractionation and Localization of Distinct Frontal Lobe Processes: Evidence from Focal Lesions in Humans
	26 Neurobehavioural Consequences of Neurosurgical Treatments and Focal Lesions of Frontal-Subcortical Circuits
	27 The Role of Prefrontal Cortex in Normal and Disordered Cognitive Control: A Cognitive Neuroscience Perspective
	28 Novel Approaches to the Assessment of Frontal Damage and Executive Deficits in Traumatic Brain Injury
	29 Normal Development of Prefrontal Cortex from Birth to Young Adulthood: Cognitive Functions, Anatomy, and Biochemistry
	30 Executive Functions after Frontal Lobe Injury: A Developmental Perspective
	31 Aging, Memory, and Frontal Lobe Functioning
	32 Frontal Lobe Plasticity and Behavior
	33 Principles of the Rehabilitation of Frontal Lobe Function
	34 Prefrontal Cortex: The Present and the Future
	Index
	A
	B
	C
	D
	E
	F
	G
	H
	I
	J
	K
	L
	M
	N
	O
	P
	R
	S
	T
	U
	V
	W
	Y
	Z




