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Abstract

Converging cvidenee from human lesion, animal lesion, and human functional newrcimaging studics implicates overlapping
ncural circustry in ventral prefrontal cortex in decision-making and reversal learning. The ascending 5HT and dopamine neuwro-
tramsmitter systems have a modulatory role in both processes. There is accumulating cvidence that measures of decision-making and
reversal lcaming may be useful as functional markers of ventral prefrontal cortex integnty in psychiatric and neurological disorders.
Whilst existing mcasurcs of decision-making may have superior sensitivity, reversal lecarming may offer superior selectivity, partic-
ularly within prefrontal contex. Effective decision-making on existing mcasurcs requires the ability to adapt behaviowr on the basis of
changes in emotional significance, and this may underlic the shared newral crcuwitry with reversal learning.
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1. Introduction

FFollowme bram mjury o the orbitofrontal and
venlromedul prefrontal cortex (PTC), human patienis
display pross alleraions m social and emotional be-
haviour wilth largely preserved perception, language,
memory, and even executive lunchion (Bechara, Tranel,
& Damasio, 2000 Damasio, 1994; Malloy, Bihrle,
Dully, & Cirmno, 1993; Rolls, 1999). Characlensabion
of this profile usng copmbve lesting has been Lhe
larpel of consaderable rescarch, nol least becuse Lhe
behaviour of pabents with ventral prefrontal lesions
resembles aspecls of symplomalology scen i psycha-
glne condions  inclueding  psychopathy  (Lapeerre,
Braun, & Iodgins, 1995) and substance abuse (Beco-
hara & Damasio, 2002). Two copmlve domans have
receivied parbcular atlention m recenl years: decision-
makmg and reversal learming. The development of
severdl measures of deasion-making has stemmed lar-
gely rom observations by Damasio, Bechara and col-
leapucs, Lthal patwenls with ventromedial prefrontal
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corlex damape are mmpaired m ther abihly o0 make
successiul evervday decsions regarding  employment,
relationships, and personal nances. Spealically, 1L has
been proposed thal these pabienls are unable o use
pasl expernences o guide therr ongoing decision-mak-
mg (myopia for the lolure’) (Bechara et al, 2000;
Damasio, 1994). Recent milerest in reversal keearming,
contrasl, has developed [rom pre-climcal rescarch over
more than three decades demonstraung thal rodents
and non-human prnmales wilth kesions o the orbilo-
romtal corlex arc unable o adapl ther responding
[ollowing changes m stimulus—reward conbngencies
(Bulter, 1969; Jones & Mishkin, 1972)

The purpose of thes article 15 1o review converging
evidence [or the involvement of ventral prefrontal corlex
mn decision-makmg and reversal bearming, rom (1) ho-
man lesion studies, (2) animal lesion studws, and (3)
human lunctional neurommaping studws. Evidence [or
the contnbubion of the ascendmmg 5-I1T and dopamme
necurclransmiller sysiems Lo these domams will also be
descnbed. Recenl copmtve rescarch im a number ol
chmcal proups has begun o mveshgale the sensilvialy
and selectivily of deasion-makmmg and reversal learming
dehails as mdwes of ventral prefrontal dysfunclon.
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2. The copnitive ncorescicace of decision-making:

Decsion-making requires Lhe evaluation of muluple
response oplbons, [ollowed by the selechion of the re-
sponse considered oplimal. Each response oplion may
be charactensed in lerms of the reward and pumshment
oulcomes with which it 15 associaled. Response oplions
may vary m lerms ol (1) the magmivde of reward and
pumshment, (2) the probahly of receving reward or
pumshment, and (1) the delay 1o reward or pumshmeni.
This ramework provedes scope lor a range of decswon-
makimg abnormahbies m chmical gproups. Delicils may
become apparenlt m lerms of increased sensitvily Lo
reward or reduced sensiivily o pumshmenl, or al a
more complex level under silwabions of conlhct; lor ex-
ample, a lailure W avowd rewards with long-lerm nega-
ve conscguences, or Llhe preference [or a small
immoediate reward over a larper bul delayed reward.
Thas latler phenomenon s known as lemporal (or delay)
discounting, and exemphiics the relabonship belween
decsion-making and mpulsivily, given thal an opera-
onal defimbion of mpulsive behaviouwr 1 the lendency
lo choose a small or infernor mmediale reward over a

larger delayed reward (Evenden, 1999 Logue, 198E8).
2 1. Iheman lesion studies

Mevropsychological studws of deasion-makmg
humans have ubihsed two paradigms in recenl years: Lhe
lowa Gamblng Task (Bechara, Damasio, Damasio, &
Anderson, 1994) and the Cambndee Gamble Task
(Rogers, Evenil, el al, 1999). The lowa (sambling Task
15 descnbed i detml elsewhere in thas ssue (Bechara,
Lhas 1ssue). The lask emphasises the learming of reward
and punishment associations i order o pude ongomng
decision-making. Tealthy subpects performing Lthe Towa
Gamblmg Task learn o avowd ‘nsky’ card decks that
offer lugh mmedale rewards with a concommitant nsk ol
occasional very high punishment. They develop a prel-
erence inslead lor “sale’ card decks where the immedmie
rewards are smaller bul there s a low nsk of pumsh-
menl. Patents wilh hilaleral damage 1o the venlrome-
dhal PI'C do nol acquire a preference [or the sale decks
on Lhe lowa Gambling Task, bul mstead prefer Lthe nsky
decks [or Lthe duratbon of the Lask (Bechara et al., 1994,
2000). On the basis of these indings, venlromedial PI'C
has been posiled 1o mediale the learming and retneval of
lhe allective mlormabion thalt pudes decsion-making
(Damasio, 1994).

The Cambndge Gamble Task was developed Lo
gquanlly decsion-making oulsde of a learmng conlext.
The miormaton needed 1o make cach decsion 15 pre-
senled o the subpecl on ecach nal, and hence the
lecarmng demand across tnals 15 mummised. On each
lnal the subpeclt (st makes a relatively smple proba-
hhstc judgment on whether a loken 15 hidden under a

red or a blue box. Ten boxes are presenled mn total on
cach tnal, and the rabo of red o blue boxes vanes
across Lnals (9:1, 8:2, 73, and 6:4). Second, the subject
i required o bel a proporbon of therr pomnis Lotal,
reflecting therr conlidence in that judement (see g, 1)
The beling stape of Lhe Cambndpge Gamble Task
provides a direct measure of hgh-nsk behaviour, un-
conlammaled by learming. [Mixed bels are olfered Lo the
subject m an ascending or descending sequence, and
Lhe subpect must delay their response until the amount
displayed 15 the amount they would hke o bel For
example, m Lhe ascendimg sequence, Lhe first bet offered
i very small and the amounl merements every lew
scconds. The discrepancy between bels placed i the
ascending and descendme condibons provides an imdex
ol mpulavily: the impulsave subjecl may be less able o
delay responding 1o place an appropniate bel, and
Ltherelore would be expecled o place high bels m the
descendimg condibion, and low bels in the ascendmg
condibion. A non-impulsave subjecl, m contrasl, would
show similar beliing m the ascending and descendmg
condilions.

Four studhes o dale have examined performance on
the Cambndee Gamble Task mm patients with lrontal
lobe patholopy allfecting the ventral PIFC. Increased
betiing redabive o malched controls has been shown in
palienls with (1) subarachnmd hacmorrhage of the an-
lerior communicaling arlery, the blood vessel that sup-
phes ventral PIFC (Mavaddal, Kirkpatnck, Ropers, &
Sahakwan, 20000, {(2) rontal vananl [ronlo-lemporal
demenba (Rahman, Sahakan, llodees, Rogers, &
Robbins, 1999 descnbed m more detail below), and (3)
large prefrontal kesions mcleding orbatofrontal cortex,

Fig 1_ A schematic representation of the compuler soreon display from
Lhe Cambridge Gamble Task. Subjects are presented on cach trial with
10 med amdd bhee boxes (i this example 4 are rod and 6 ane blsc), whero
ono box hides a lokon. Thoy must lirst make a probabibisisc judgment
ol whethar thoy think the loken is under 2 rod or blee box (on the tral
dopecied thoy have sclectod BLUE)R Lalencies Lo make these judpments
aro reconbod. Socond, they musl place a bel on Lherr conlidenos in their
redblue decikion. Bels are generated automatically by the compulor im
the bir. on the mght side ol the semoen (newding 75 in the cxamplc). Bets
arg preseobod in an asending or descending soguence, moromanling or
docremeniing in porconlages of the poinls okl evary 550
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caused by haemorthage or lumour resection (Manes
el al, 2002). Whlst probalsic judpment was al Lthe
level of healthy controls i these three studies, Lthe la-
lenciss W make Lhose judpmenis were mereased in every
study, plausbly refllectmg an mopient delicil. In a lfourth
study, patents with prefrontal lesons moluding the or-
bital regmon showed poorer probabihstc judgment than
bramm-damaged controls withoul ormlofrontal damage,
and placed lower bels (Rogers, Eventl, ol al, 1999).
Probabihstc judgment and beting on the lask therelore
appear W be dosely hnked, and ths relabonship s
consislently disrupled by damage 1o ventral prefrontal
corlex.

2.2, Functional neursimaging studies

Functional neuromaging provides a valuable con-
vergenl methodolopy  [or  mvesugatmg  the neural
mechamsms of decswon-makmg, because lesions
pabienl studws are rardy discrele, and the degree of
[unctional reorgamsation post-kesion cannol be guan-
ulied. Ventral prefrontal coriex mmvolvement i the
Cambndge Gamble Task 15 supported by two PET
sludies thal wsed an adapled version ol the sk em-
phasismg Lthe conllict between probalbily and reward
(Ropgers, Owen, ¢l al, 1999; Rubinselem el al, 2001).
On cach tnal, the subpect was required o make a
probabihisic judgment where the less hkely opuon was
dbways assoculed with a higher el Contrasis of the
decision-makmg condiion with a visuo-molor control
lask revealed sipmificanl activabons m venlral pre-
[romlal corlex mduding the orlolrontal gyrus (Rog-
ers, Owen, el al., 1999).

In a PET sludy using Lhe lowa Gambhng Task (Emst
el al., 2002), a sublracton analysis of decsion-making
mmus conlrol ask revealsd more widespread frontal
achivalions m orbiloflrontal, anlenor cngulate, and
dorsolateral PIFC. However, the control condiion
this siudy entailed the selechon of cards m a speaiied
order (Le, A BCD A BCD), lrom [our decks malched
m lerms of gaans and losses. The decsion-making minus
conlrol companson Lherelore mcluded the processmg of
magniludes, probabhbes, and delays o bolth rewards
and pumshments, bul also more penenc processing n-
Cluding learming and behavioural adaptation. I s
hardly surpnsmg Lthalt this conlrast activaled a larpe
[ronlal network. In the same study, lask performance
(Lthe number of non-nsky decsions) correlated with the
neural response in a more discrele nelwork comprising
venlrolateral PIFC and cawdale nucless (Emst el al,
2002). The study therelore provides [urther evidence lor
venlral PIFC imvolvement in decasmon-makmg, bul also
highhghis the polental non-sclectmaly of the Towa
{rambling Task m a neuwropsychological seling, given
Lhe wadespread [ronlal recruitment demonstraled o the
sublraction analysis.

23 Animal lexion studies

Deasion-makmg in rodents 15 assessed usang the de-
layed reward paradigm, where the animal discnminates
between a small reward (epe, a smple lood pellet)
avatlable mmedialely and a larper reward (eg., wo
lood pellets) available aller a delay. Impulsive re-
spondmg can be guanbhed m rodents by thar preler-
ence [or Lhe small mmediale reward. In a vanabon ol
Lthe Ltask, the larger reward may be avanlable at a reduced
probabihity rather than a delay. The delay Lo, or prob-
abihily of, the larger remlorcer can be vaned over blocks
Lo ascertam Lthe poml al which preference swilches [rom
the larpe Lo the small remnflorcer, or vaned over tnals
using an adjusimg procedure lo calculale an ndilference
poinl (Mazur, 1987). Whilst thes paradigm s far simpler
than tasks used Lo assess decsion-making in humans, 1t
nonclheless requires the ammmal 1o use recenl expencnoe
of reward o pude the ongong sclechon belween op-
bons varying m lerms of either delay or probabiity.

Orhatofrontal corlex lesons m rodents mereased the
preference for small mmediale rewards over delayed
rewards, and increased preference lor a small, cerlam
remlorcer over a larper uncerlam reanforcer (Mobim
el al., 2002). In these expenmments, gumohmc acid lesions
lo orbilolrontal corlex were admmslered prnor Lo
trammng on Lhe lask, and bence the indings resemble
Bechara's data i emphasising the role of learmng
decsion-makmg. Lessons ol the nucleus accumbens
(parl ol the ventral sinatum) also mereased responding
lo the small immediale reward, contrasting wath un-
changed perflormance lollowme kesiwons ol the medhal
PIFC or anlenor cmgulale corlex (Cardinal, Penmcoll,
Sugathapala, Robhins, & Evenily, 2001). The nucleus
accumbens 15 recprocally connected with the orbilo-
romtal cortex, which may mdicale thal rather than
[uncuomng m solabion, [ronlo-sinatal mleractions ol
orbalofrontal cortex and necleus accumbens may con-
inbule o elfective decision-makmg.

2.4, Psychopharmacological studies

The delayed reward paradipm has been used 1o -
vishgale the role of 5-1IT neurotransmission i deoi-
mon-makmg, mven Lhe assoqalion belween mpulsialy
and reduced 5-1IT luncion (Soubne, 1986). Sclective
lesions of the ascendme 5-11T projeclion using Lthe
neurcloxin 5, 7-dihydroxylryplamine were reported Lo
increase mpulsive respondme by reduang the mdilfer-
ence delay (Mobim, Chaang, [lo, Bradshaw, & Seabadh,
20000, Conversely, responding Lo the small, immediale
reward was decreased m rodents by admmistrabon of 5-
HT reuplake mhabitors (Beeol, Thwebol, Le Bihan,
Soubrie, & Smmon, 1988) and the 5-1IT releasmg apgent
fenflluramine (Poulos, Parker, & Le, 1996 Soubne,
1986). Admmstration of [enfllurammne W  human



