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Abstract

& Much evidence suggests that lesions of the prefrontal
cortex (PFC) produce marked impairments in the ability of
subjects to shift cognitive set, as exemplified by performance of
the Wisconsin Card Sorting Test (WCST). However, studies
with humans and experimental primates have suggested that
damage to different regions of PFC induce dissociable
impairments in two forms of shift learning implicit in the
WCST (that is, extradimensional (ED) shift learning and
reversal shift learning), with similar deficits also being apparent
after damage to basal ganglia structures, especially the caudate
nucleus. In this study, we used the same visual discrimination
learning paradigm over multidimensional stimuli, and the
H2

1 5O positron emission tomography (PET) technique, to
examine regional cerebral blood flow (rCBF) changes asso-
ciated with these subcomponent processes of the WCST. In
three conditions, subjects were scanned while acquiring visual
discriminations involving either (i) the same stimulus dimen-
sion as preceding discriminations (intradimensional (ID)
shifts); (ii) different stimulus dimensions from previous

discriminations (ED shifts) or (iii) reversed stimulus-reward
contingencies (reversal shifts). Additionally, subjects were
scanned while responding to already learnt discriminations
(‘performance baseline’). ED shift learning, relative to ID shift
learning, produced activations in prefrontal regions, including
left anterior PFC and right dorsolateral PFC (BA 10 and 9/46).
By contrast, reversal learning, relative to ID shift learning,
produced activations of the left caudate nucleus. Additionally,
compared to reversal and ID shift learning, ED shift learning
was associated with relative deactivations in occipito-temporal
pathways (for example, BA 17 and 37). These results confirm
that, in the context of visual discrimination learning over
multidimensional stimuli, the control of an acquired atten-
tional bias or ‘set’, and the control of previously acquired
stimulus-reinforcement associations, activate distinct cortical
and subcortical neural stations. Moreover, we propose that the
PFC may contribute to the control of attentional-set by
modulating attentional processes mediated by occipito-tem-
poral pathways. &

INTRODUCTION

Shifting cognitive set, as measured by performance of
the Wisconsin Card Sorting Test (WCST; Grant & Berg,
1948), is widely considered a cardinal function of the
human prefrontal cortex (PFC). However, it has been
widely documented (for example, Anderson, Damasio,
Dallas, Jones, & Tranel, 1991) that interpretation of the
impairments shown on this task by patients who have
sustained damage to the PFC (Drewe, 1974; Milner,
1963, 1964; Robinson, Heaton, Lehman, & Stilson,
1980) is complicated by a number of neuropsychological
and cognitive factors. Thus, at the level of clinical
practice, both the sensitivity and specificity of the WCST
to human PFC involvement has been questioned on the
basis of studies that have either failed to demonstrate
significant deficits in patient samples with known PFC
lesions (Anderson et al., 1991; Eslinger & Damasio, 1985;
Grafman, Jonas, & Salazar, 1990; Heck & Bryer, 1986), or
shown marked impairments in patients with specifically

nonfrontal brain damage (for example, Anderson et al.,
1991; Hermann, Wyler, & Richey, 1988; Teuber, Batters-
by, & Bender, 1951). Notwithstanding these acknowl-
edged difficulties, the balance of evidence indicates that
PFC damage is associated with impaired performance of
the WCST and, thus, the task continues to be used to
probe prefrontal dysfunction in an expanding range of
neurological and neuropsychiatric conditions (for exam-
ple, Parkinson’s and Huntington’s disease: Bowen, Ka-
mienny, Burns, & Yahr, 1975; Josiassen, Curry, &
Mancall, 1983; schizophrenia: Berman et al., 1986; Wein-
berger, Berman, & Zee, 1986; depression: Martin, Wiggs,
Ungerleider, & Haxby, 1996).

At a cognitive level of analysis, there has been surpris-
ingly little experimental research on the precise psycho-
logical basis of the impairments shown by frontal lobe
patients in performance of the WCST. The finding that
such patients tend to continue to sort the stimulus cards
by the previously correct, but currently incorrect rule,
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has generally been taken at face value, as supportive
evidence for damage to some sort of executive system
responsible for reorganising the patients’ cognitive re-
sources in order to replace one previously appropriate
behavior with another more in line with altered beha-
vioral goals (as defined by the experimenter’s change-of-
sorting rule). In this way, the frontal deficit is often
presented as the persistence of a ‘central set’ (in the
sense of Mishkin, 1964). However, inflexible or perse-
verative responding can originate from an inability to
modulate processing at any one of several levels within
the cognitive system (for example, Sandson & Albert,
1984, 1987). Thus, a difficulty in shifting from one
sorting rule to another in the WCST might involve a
failure to reorganise attentional, decisional or response-
related cognitive operations. Despite the widely ac-
cepted view of failure on the WCST as the hallmark of
PFC dysfunction, very little is understood about which
particular aspects of cognitive processing fail to be
appropriately modified when patients with PFC damage
are required to shift from sorting the cards according to
one rule to sorting the cards according to another.

Such difficulties are particularly relevant to recent
suggestions that impairments on the WCST arise from
damage to ‘working memory’ systems subserved by
the PFC and interconnected posterior cortical systems
(Berman, Zee, & Weinberger, 1995; Goldman-Rakic,
1987, 1991 for review). On this view, the failure of
frontal lobe patients to shift from one sorting rule to
another reflects their relative inability to maintain an
integrated representation of the information necessary
for identifying and then shifting to the newly relevant
sorting rule. Undoubtedly, access to information held
in short-term memory is important in the perfor-
mance of the WCST, as it has to be in any task in
which a subject’s responses are contingent upon
previously presented, but now absent, stimuli or cues
(Goldman-Rakic, 1987). However, an important but
neglected feature of the WCST is the involvement of
associative as well as working memory processes.
Essentially, the WCST is a series of visual discrimina-
tions over multidimensional stimuli, in which different
aspects of the stimuli are relevant to reinforcement at
different times (Teuber et al., 1951). Thus, a series of
successful responses (sorts) across a number of trials
results in positive feedback that will strengthen asso-
ciative links between various aspects of the stimulus
cards (for example, individual exemplars of stimulus
dimensions) and reinforcement. It is likely that PFC
mechanisms play an important role in modulating the
powerful effects that such associative links can exert
on subsequent behavior (Jones & Mishkin, 1972;
Mishkin, 1964). However, it seems that the complex-
ity of the WCST—even in its revised forms (Nelson,
1976; van den Broek, Bradshaw, & Szabadi, 1993)—
presents formidable obstacles to distinguishing the
relative importance of disrupted associative vs. work-

ing memory in the deficits shown by frontal lobe
patients.

Intra- and Extradimensional (ID/ED) Shift
Learning

In recent years, visual discrimination learning has been
used more precisely to develop a simplified experi-
mental setting in which to investigate the set-shifting
deficits seen in both human and animal subjects bear-
ing various forms of brain lesion (Dias, Robbins, &
Roberts, 1996a, 1996b, 1997; Downes et al., 1989;
Owen, Roberts, Polkey, Sahakian, & Robbins, 1991,
1993; Roberts, Robbins, & Everitt, 1988). Like the
WCST, the ID/ED shift learning task consists of a series
of simultaneous visual discriminations over multidimen-
sional stimuli. In the version used in the present study,
the test stimuli vary independently along the dimen-
sions of colour, shape, and value, although each dis-
crimination features only two exemplars from each of
these dimensions (for example, white and green, one
and six, arrow and square; see Figure 1), and the
correct stimulus for a given discrimination is specified
by just one exemplar from one dimension (for exam-
ple, the color green). An important experimental
tradition suggests that acquisition of such discrimina-
tions is best understood in terms of two-process ac-
counts in which subjects identify the stimulus
dimension relevant for reinforcement, and then associ-
ate individual exemplars of that dimension with their
reinforcement value (Mackintosh, 1965; Sutherland &
Mackintosh, 1971; Zeaman & House, 1963). By carefully
structuring a sequence of transfers between different
types of discrimination (see Slamecka, 1968), it is
possible to offer separable tests of distinct forms of
shift learning implicit in the WCST.

Figure 1. A typical display from the ID /ED task used for PET
scanning different kinds of shift learning.

Rogers et al. 143



During the ID/ED task, the subject first learns a
series of discriminations in which the same stimulus
dimension (for example, shape) is relevant, and which
is likely to promote the development of an attentional
bias towards that dimension (Issacs & Duncan, 1962;
Mackintosh, 1965; Shepp & Eimas, 1964; Shepp &
Schrier, 1969; Sutherland & Mackintosh, 1971; Zeaman
& House, 1963). The development of this bias is tested
by the presentation of a critical discrimination in which
the same stimulus dimension is relevant but consists of
completely novel test stimuli (that is, an ‘ID shift’).
Since none of the new test stimuli have any reinforce-
ment history that might influence responding through
specific stimulus-reinforcement associations, efficient
acquisition of this ID shift discrimination strongly
suggests that the subject has indeed ‘tuned’ an atten-
tional bias towards the currently relevant stimulus
dimension, possibly at the expense of other currently
irrelevant dimensions (Slamecka, 1968). However, the
task culminates with the presentation of a second
critical discrimination, again with novel test stimuli,
in which a different stimulus dimension is now rele-
vant (for example, colour), and which requires the
subject to override their acquired bias in order to
attend to this newly relevant dimension and learn
the new discrimination (that is, accomplish an ‘ED
shift’). Consistent with a well-established body of
experimental research (Issacs & Duncan, 1962;
Kruschke, 1996; Nolan, Stoneking, & Hatch, 1978;
Shepp & Eimas, 1964; Shepp & Schrier, 1969), acquisi-
tion of the culminating ED shift has been found to be
harder (that is, to take more trials) than acquisition of
the earlier ID shift discrimination (for example, Ro-
berts et al., 1988).

Thus, the ID/ED task captures one central feature of
the WCST by which a succession of correct sorts through
a sequence of trials (that is, a series of ID shifts) has the
effect of promoting an attentional bias towards the
stimulus dimension on which the current sorting rule
is based. This bias is then challenged on trials that
require the subject’s attention to be directed away from
that dimension towards another on which the new
sorting rule is based (that is, an ED shift). In both tasks,
a change of sorting rule (WCST), or the acquisition of
this new visual discrimination (ID/ED), must occur in
the face of an attentional-set established over the course
of recent reinforcement history.

Accumulating evidence indicates that focal damage
to PFC in both human neurological patients and ex-
perimental primates impairs such ED shift learning
(Dias et al., 1996a, 1996b, 1997; Owen et al., 1991,
1993), suggesting that at least part of the deficit seen in
frontal lobe patients on the WCST arises through a
failure to redirect attention away from those perceptual
aspects of the stimulus cards on which the previous
sorting rule was based. Moreover, the finding of com-
plementary patterns of deficits in patients with early in

the course Huntington’s disease (Lawrence et al., 1996),
and both early and late in the course Parkinson’s disease
(Downes et al., 1989; Owen et al., 1993) suggests that
ED shift learning is also supported by the processing of
basal ganglia structures, such as the striatum, and is
influenced by the ascending mesostriatal and cortical
dopaminergic projection systems (see also Roberts et al.,
1994). In summary, the available evidence is consistent
with recent suggestions that tasks involving ‘executive
functions’, including ED shift learning, are mediated by
the combined operation of frontocortical and subcorti-
cal mechanisms, possibly involving discrete ‘fronto-stria-
tal loops’ routed from various areas of the PFC through
the striatum, pallidal and thalamic nuclei back to the
originating prefrontal region (Alexander, DeLong, &
Strick, 1986).

Attentional-Set Shifting vs. Stimulus-Reward
Learning

Complementing the issue of how attention is focused
upon the currently relevant stimulus dimension is the
issue of individual stimulus-reinforcement associations.
One important feature of the WCST is that, over the
course of successful sorts with the same sorting rule, the
individual exemplars of the currently relevant stimulus
dimension become associated with reinforced behavior
(that is, matching responses with their appropriate
reference cards). However, since these exemplars con-
tinue to be present when the sorting rule is changed,
subjects not only have to modulate their acquired
attentional bias towards the previously relevant stimulus
dimension as a whole (for example, towards the dimen-
sion of ‘shape’ in general), but also override recently
acquired stimulus-reinforcement associations attached
to the individual exemplars of that dimension (for
example, the ‘circle’, ‘star’, ‘triangle’, and ‘cross’). Beha-
vioral evidence from both animal and human learning
experiments suggests that learning about stimulus-re-
ward associations (that is, their so-called ‘affective’ va-
lence), and learning about which stimulus dimensions
are general ly relevant to reinforced behavior are
mediated by distinct learning mechanisms (Kruschke,
1996; Mackintosh, 1965; Sutherland & Mackintosh, 1971
for review), yet both are clearly implicit in the WCST.

In order to explore the control of previously acquired
stimulus-reward associations, the ID/ED task also in-
cludes additional discriminations in which the stimu-
lus-reinforcement pairings (for example, green

p
/red £)

of an immediately preceding discrimination are swapped
without warning (that is, green £/red

p
). Since both

the test stimuli and the relevant stimulus dimension are
unchanged, reversal learning simply requires the subject
to learn the opposite pairing of stimuli and reinforce-
ment value (that is, a ‘reversal shift’). While initial
acquisition of such stimulus-reward associations is prob-
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ably mediated by lateral occipital, and inferior temporal
cortices (Cowey & Gross, 1970; Gross, 1973 for review;
Iwai & Mishkin, 1969), the reversal of such associations
appears to depend on the processing of specifically
orbito-frontal cortical areas, and the amgydaloid com-
plex (Dias et al., 1996a; Iversen & Mishkin, 1970; Jones &
Mishkin, 1972). Although there have been few studies of
reversal learning with human neurological patients,
some evidence of impairments has been seen in patients
with Korsakoff’s syndrome (Oscar-Berman & Zola-Mor-
gan, 1980), and patients sustaining unilateral frontal
lobe lesions (Daum, Schugens, Channon, Polkey, &
Gray, 1991; Rolls, Hornak, Wade, & McGrath, 1994),
further suggesting that disruption of the circuitry in-
corporating temporal cortices and PFC impairs the
acquisition of changed associations between stimuli
and reinforcement.

In the specific case of the ID/ED task, it appears
that reversal shift and ED shift learning are highly
dissociable in both experimental primates and human
subjects. For example, lesions of the orbitolateral PFC
in nonhuman primates have been found to impair
reversal learning, but not ED shift learning, with
lesions of the dorsolateral PFC producing the oppo-
site pattern of deficits (Dias et al., 1996a, 1996b,
1997). Similarly, depletions of the ascending choliner-
gic projections from the basal forebrain appear to
produce highly specific deficits in reversal learning
(Roberts, Robbins, Everitt, & Muir, 1992), while de-
pletion of prefrontal dopamine has its greatest effect
on ED shifting (Roberts et al., 1994). Finally, reversal
learning has been shown to be impaired in late but
not early Huntington’s disease (Lange, Sahakian,
Quinn, Marsden, & Robbins, 1995; Lawrence et al.,
1996; Oscar-Berman & Zola-Morgan, 1980), suggesting
that the course of the disease, with its claimed
dorsolateral/ventromedial progress through the cau-
date nucleus (Hedreen & Folstein, 1995) eventually
disrupts the orbito-frontal striatal circuitry required
for acquisition of a swapped set of previously ac-
quired stimulus-reinforcement associations.

To summarise, visual discrimination learning pro-
vides a highly controlled setting in which to study
the different kinds of learning processes implicit in
performance of the WCST (for example, shifts between
stimulus dimensions, as opposed to individual stimu-
lus-reward associations). Experiments in both human
and primate subjects suggest that these different kinds
of shifts involve dissociable psychological and neural
mechanisms, possibly involving discrete cortico-striatal
circuitry.

The Present Study

In the present experiment, 12 right-handed, healthy
adult volunteers were positron emission tomography

(PET) scanned, using the slow bolus infusion method
of water activation (H2

15O), while acquiring reversal
shift discriminations (in reversal scans), ID shift dis-
criminations (in ID shift scans) and ED shift discrimi-
nations (in ED shift scans). The subjects were also
scanned while responding to already-learnt discrimina-
tions (in performance scans). The experiment had two
purposes: (i) to investigate the wider neural network
underlying simultaneous visual-discrimination learning
over multidimensional stimuli, as revealed by compar-
isons of the regional cerebral blood flow (rCBF) asso-
ciated with the reversal, ID and ED shift scans, and the
rCBF associated with the performance scans; and (ii)
to isolate modulatory changes in this network asso-
ciated with different forms of shift discrimination learn-
ing (as revealed by planned comparisons between the
rCBF in each of the reversal, ID and ED shift scans
(see below)).

Our predictions were that, relative to both the ID
shift scans and each other, rCBF in the ED shift and
reversal scans would show dissociable changes, per-
haps involving different portions of the proposed
functional circuitry incorporating different areas of the
PFC and striatum (Alexander et al., 1986). Specifically,
we hypothesised that rCBF in the ED shift scans would
show particular increases within the dorsolateral re-
gions of the PFC, while rCBF in the reversal scans
would show increases in more inferior, orbital areas. In
addition, given the evidence of deficits in reversal
learning following striatal lesions or dysfunction (Divac,
Rosvold, & Szwarcbart, 1967; Lange et al., 1995; Oscar-
Berman & Zola-Morgan, 1980), we also expected rCBF
changes within the caudate nucleus associated with the
reversal scans.

The design consisted of three runs of four scans,
each presented in the following order: performance,
reversal, ID and ED shifts. Thus, each run contained
one scan taken while the subject performed each type
of discrimination. These discriminations were em-
bedded in longer sequences designed to mimic as
closely as possible the clinical form of the ID/ED shift
task used previously in studies with neurological pa-
tient groups (see Methods section below). However, at
the start of the scan itself (that is, when the head
count began to rise; see below), the appropriate
learning discrimination was presented to the subject.
In this way, we were able to ensure that the acquisition
of the count data corresponded precisely to the differ-
ent types of shift learning manipulated in the scans.
Finally, response rate (that is, the number of trials per
scan window) was controlled across the scans (by
means of a ‘pacing’ auditory cue) in order to make it
unlikely that the rCBF differences described below
were due merely to differences in motor activity. Scan
order was entered as a covariate in all analyses in order
to remove confounding time effects associated with
earlier vs. later scans.
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RESULTS

Task Performance

Reversal, ID, ED, Shift Learning

The behavioral data associated with each scan were
recorded in a fixed 45-sec interval between the point at
which the ‘head count’ began to rise and shortly after
the point at which it peaked. The principal measure
was simply the number of errors made by each subject
in learning the reversal, ID and ED shift discrimina-
tions. No errors were recorded for any subject during
the performance scans (and these scans were excluded
from the analysis). Following previous studies with the
ID/ED task (for example, Owen et al., 1991), the data
were subjected to square-root transformation to make
them suitable for repeated-measures analysis of var-
iance (ANOVA). The within-subject factors were those
of run (first, second or third) and discrimination-type
(reversal, ID or ED shift). Due to technical problems,
the data of one subject were lost so that the behavioral
results represent the performance of 11 of the 12
subjects.

Mean error rate for each type of scan is shown in
Figure 2. Overall, there was a highly significant effect of
discrimination-type, F(2, 20)=26.08, p<.0001, by which
errors in the reversal and ED shift scans were generally
increased, compared to those in the ID shift scans. The
relative differences between the three types of discri-
mination were slightly altered across the three runs of
the study, reflected in a near-significant two-way inter-

action between discrimination-type and run, F(4,
40)=2.48, p=.06. Thus, the number of errors in the
reversal scan was increased by 1.8 relative to those of
the ID shift scan in the first run, by only 0.2 errors in
the second, and then by 1.9 errors in the third.
Similarly, mean errors in the ED shift scans showed a
more marked increase relative to the ID shift scans in
the first run compared to the second and third (3.7 vs.
1.9 and 2.3, respectively) with a trend towards a
significant reduction over the course of the three runs,
F(2, 20)=2.71, p=.09. Overall, these data show slightly
higher rates of reversal and ED shift errors in the first
run of the study.

Figure 2 also shows the mean number of responses
(or equivalently, the mean number of trials) associated
with the scan windows of each discrimination-type. Note
that response rate is very closely matched. Subjecting
these data to ANOVA with the within-subject factors of
run (first, second or third) and discrimination-type
(reversal, ID or ED shift), revealed that neither the main
effect of run, discrimination-type, or the interaction
between them approached significance, F<2.5 in all
cases. However, a second analysis incorporating the
mean number of responses associated with the three
performance scans did reveal a significant main effect of
run, F(2, 20)=4.2, p<.05, and a significant interaction
between run and discrimination-type, F(2, 20)=3.47,
p<.01. This was due to a very slight, but reliable,
decrease in response rate in the first performance scan
(14.82±0.60) relative to the second (16.64±0.90) and
third scans (16.82±0.64). However, in general, there
were no consistent differences across the three runs in
the overall rate of responding associated with either the
performance or the learning scans.

Cognitive Activations

The data were subjected to two sets of analyses. First,
in order to assess the wider neural network support-
ing simultaneous visual discrimination learning over
multidimensional stimuli, the combined rCBF asso-
ciated with the reversal scans, ID and ED shift scans
were compared to the rCBF associated with the
performance scans. Since the intention of this com-
parison was simply to highlight which cortical areas,
other than the PFC, are implicated in visual discrimi-
nation learning, we set our threshold for significance
at p<.05 corrected for multiple comparisons in terms
of height.

Second, in order to isolate differences in the rCBF
associated with reversal and ED shift learning, further
comparisons were made between the different kinds of
learning scans. In the first instance, the rCBF from the
ID shift scans was compared with that from the reversal
scans, and with that from the ED shift scans. The use of
the ID shift scans as a common baseline for these
subtractions is especially appropriate for isolating acti-

Figure 2. Performance (number of errors required by subjects to
reach criterion) during the reversal, ID and ED shift discriminations
that were scanned. Mean rate of responding over the 45-sec data
acquisition per scan are also shown (± SE).
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vations (and deactivations) associated with the psycho-
logical processes specific to reversal learning and ED
shift learning. Specifically, subtraction of the rCBF in the
ID shift scans from that in the Reversal scans controls
for both the gross visual and motor characteristics of
visual discrimination learning over multidimensional
stimuli, as well as new learning within a previously
relevant stimulus dimension, but isolates the rCBF
associated with learning a switched pair of stimulus-
reward associations. Similarly, subtraction of the rCBF in
the ID shift scans from that in the ED shift scans also
controls for the visuomotor characteristics of the para-
digm, and new learning with novel stimulus exemplars,
but isolates the rCBF specifically associated with shifting
an acquired attentional bias towards a newly relevant
stimulus dimension.

Finally, in order to isolate the wider differences in
the neural systems mediating reversal and ED shift
learning, direct subtractions were made between the
two (that is, reversal scans–ED shift scans, ED shift
scans–reversal scans). For the intralearning compari-
sons, we set a threshold of p<.001 uncorrected for
hypothesis-led, anatomically constrained activations.
Additional activations (and deactivations) not pre-
dicted a priori are reported descriptively with those
surviving the additional threshold of p<.05 corrected
noted in the text. As noted above, task-unrelated

changes in rCBF associated with linear time effects
were removed by covarying for scan order.

Visual Discrimination Learning Network

Discrimination–Performance

Subtraction of rCBF collected in the baseline perfor-
mance scans from that collected in the discrimination
learning scans revealed a set of distributed activations,
incorporating both anterior and posterior cortices (see
Table 1(a); Figure 3). Significant, but distinct, bilateral
increases were particularly evident in frontal cortex,
along anterior parts of the middle frontal gyri (BA 10)
and the posterior parts of the inferior frontal gyrus (BA
9 and 45). Extensive activations were also clear along
the superior frontal gyrus (BA 6 and 8). More poster-
iorly, significant peaks were found bilaterally in the
superior parietal lobule (BA 7), as well in left occipital
cortex along the fusiform gyrus (BA 18). Finally, rCBF
was also significantly increased in bilateral regions of
the cerebellum.

Performance–Discrimination

Subtraction of the rCBF from the discrimination learn-
ing scans from that in the baseline performance
scans—isolating relative deactivations associated with

Table 1. Significant Activations in the Learning Scans (that is, Combination of Reversal, ID and ED Shift Scans) Compared with
Performance Scans

z-value x y z

(a) Discrimination–Performance

Frontal cortex 10/46 (GFm) L 5.43 – 42 50 10
10 (GFm) R 4.92 38 54 4
10/11 (GFm) L 4.48 – 24 52 – 10
9 (GFi) L 4.49 – 48 14 38
45 (GFi) R 5.00 52 20 22
6 (GFs) L 5.18 – 10 14 56
6 (GFd) R 5.31 4 20 46
6 (GFm) R 4.76 42 10 44

Occipital cortex 18 (GF) L 4.43 – 30 – 92 – 10

Parietal cortex 7 (LPs) L 5.14 – 32 – 64 44
7 (LPs) R 5.45 34 – 66 44

Cerebellum L 4.74 – 18 – 76 – 20
R 4.74 44 – 60 – 26

(b) Performance–Discrimination

Frontal cortex 6 (GFd) R 4.84 4 – 18 56

Temporal cortex 22 (GTs) L 5.43 – 46 – 6 6
41 (GTs) R 5.71 40 – 30 14
41 (GTs) R 4.94 50 – 14 10

GFm=middle frontal gyrus; GFi=inferior frontal gyrus; GFs=superior frontal gyrus; GF=fusiform gyrus; LPs=superior parietal lobule; GFd=medial
frontal gyrus; GTs=superior temporal gyrus. A threshold of p<.05 corrected for multiple comparisons (z-value=4.42) was set for all rCBF changes.
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learning compared to already-learnt performance—
yielded significant rCBF reductions in right medial
premotor cortex along the medial frontal gyrus (BA
6), as well as in the anterior superior temporal gyrus
on the left (BA 22) and the posterior superior temporal
gyrus on the right (BA 41; see Table 1(b)).

In summary, simultaneous visual discrimination
learning over multidimensional stimuli activated a dis-
tributed network of cortical sites, incorporating bilat-
eral regions of polar, dorsolateral, superior medial and
lateral frontal cortex, bilateral posterior visuospatial
areas, left visual association cortex, and the cerebellum.
Complementary deactivations were evident in auditory
association cortex bilaterally.

Reversal vs. ED Shift Learning (Activations Against
Common Baseline)

In order to examine more subtle differences between
the pattern of brain activation associated with reversal
shift learning and ED shift learning, we subtracted the
rCBF averaged over the ID shift scans from that averaged
over the reversal scans, and from that averaged over the
ED shift scans.

Reversal–ID Shift

As predicted, subtraction of the rCBF in the ID shift
scans from the rCBF in the reversal scans revealed

significant increases within the left caudate, one peak
located anteriorly within the medial part of the nucleus
and another located posteriorly within the tail (see
Table 2(a)). Additional rCBF increases were evident
along the ventral part of the left cingulate gyrus (BA
24/32), along the right medial frontal gyrus (BA 9/10),
and more posteriorly along the left angular gyrus (BA
39). None of these activations survived correction for
multiple comparisons. There was no indication of rCBF
changes in orbito-frontal cortex associated with reversal
learning.

ED–ID Shift

Predicted activations were present in dorsolateral PFC
along the right middle frontal gyrus (BA 9/46; see Table
2(b), Figure 4(a)), as well as anteriorly along the left
medial frontal gyrus (within BA 10), and posteriorly
along the left middle frontal gyrus (BA 8). An additional
unpredicted peak along the left middle temporal gyrus
(BA 39) was not significant after correction for multiple
comparisons.

In summary, compared to ID shift learning (that is,
learning discriminations with new stimuli from the pre-
viously relevant stimulus dimension), reversal learning
(that is, learning merely switched stimulus-reward asso-
ciations) activated caudate nucleus and left temporal/
parietal cortex, while ED shift learning (that is, learning
discriminations with new stimuli from a previously irre-

Figure 3. Significant rCBF
change in visual discrimination
learning (averaging over all
learning scans) compared to
performance of already learnt
discriminations: discrimination
scans- performance scans. Sig-
nificance levels set at a thresh-
old of p< .05 corrected for
multiple comparisons.
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levant dimension) activated left lateral and polar PFC,
and right dorsolateral PFC.

ED vs. Reversal Shift Learning (Deactivations
Against Common Baseline)

Further information about the neural activity associated
with ED shift learning and reversal shift learning can be
gleaned from examining the distribution of relatively
reduced rCBF seen in each case, when compared to
the rCBF associated with ID shift learning.

ID Shift–Reversal

Subtracting the rCBF of the reversal scans from that in
the ID shift scans revealed relative deactivations asso-
ciated with reversal learning along the precentral gyrus
on the right (BA 6). Additional reductions in rCBF were
present in the region of the right middle occipital gyrus
(BA 19) and along the right inferior temporal gyrus (BA
37). However, none of these deactivations remained
significant after correction for multiple comparisons
(see Table 3(a)).

ID–ED Shift

Comparison of the rCBF in the ED shift scans with that
in the ID shift scans revealed evidence of relative
deactivation associated with ED shift learning in exten-

sive areas of occipito-temporal pathways (see Table 3
and Figure 4(b)), including the left lingual and occipital
gyri (BA 17 and 18) and right middle occipital gyrus (BA
18/19). There was also a significant deactivation along
the right inferior temporal gyrus (BA 37). Of these, only
the deactivation along the left lingual gyrus (BA 17)
remained significant after correction for multiple com-
parisons (all z>4.42).

In summary, compared to ID shift learning, reversal-
shift learning was associated with relative deactivation in
right-occipital and infero-temporal cortices. By contrast,
ED shift learning produced more extensive reductions in
rCBF within both left and right occipito-temporal path-
ways, and especially within the left primary-visual cortex.

Reversal vs. ED Shift Learning (Direct
Comparison)

In order to isolate the wider differences in the neural
networks mediating changed stimulus-reinforcement
linkages and mediating the control of attentional bias,
direct subtractions were made between the rCBF asso-
ciated with the reversal scans, and that associated with
the ED shift scans.

Reversal–ED Shift

Compared to rCBF in the ED shift scans, rCBF in the
reversal scans showed activations along the fusiform

Table 2. Increased rCBF in Reversal Shift Learning and ED Shift Learning (Expressed Relative to the Common Baseline of ID Shift
Learning)

z-value x y z

(a) Reversal–ID Shift

Hypothesis-led, anatomically constrained activation

Basal ganglia caudate nucleus L 3.51 – 6 16 8
caudate nucleus L 3.16 – 16 8 20

Areas not predicted a priori

Frontal cortex 9 (GFd) R 3.27 8 56 20

Cingulate cortex 24/32 (CG) L 3.20 – 6 34 0

Parietal cortex 39 (Ga) L 3.10 – 54 – 70 34

(b) ED–ID Shift

Hypothesis-led, anatomically constrained activation

Frontal cortex 10 (GFd) L 3.73 – 8 60 8
8 (GFm) L 3.16 – 54 8 44
9/46 (GFm) R 4.22 16 46 26

Areas not predicted a priori

39 (GTm) R 3.37 38 – 58 24

(a) rCBF in reversal scans–rCBF in ID shift scans; (b) rCBF in ED shift scans–rCBF in ID shift scans. GFd=medial frontal gyrus; GC=cingulate gyrus;
Ga=angular gyrus; GFi=inferior frontal gyrus; GTm=middle temporal gyrus. A threshold was set at p<.001 uncorrected (z-value=3.09) for
activations predicted a priori, *unprecedented activations significant at p<.05 corrected (z-value=4.42).
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gyrus on the left (BA 17) and along inferior temporal
gyrus on the right (BA 20; Table 4(a)). An additional
increase in rCBF was seen in the anterior part of the
superior temporal gyrus on the right (BA 22). None of
these activations remained significant after correction
for multiple comparisons. There was no indication of
increased rCBF within inferior, orbital areas of the PFC
associated with reversal learning.

ED Shift–Reversal

As predicted, there were significant bilateral increases in
rCBF in the PFC (see Table 4(b)), notably along the right
middle and inferior frontal gyri (BA 9/46 and 47). A
further peak was present in the posterior part of the left
medial frontal gyrus (BA 6).

In summary, reversal learning produced increases in
rCBF in occipito-temporal cortices compared to ED shift
learning. By contrast, ED shift learning activated right
dorsolateral, ventrolateral PFC and medial premotor
cortex.

Summary

. Relative to an appropriate visuomotor performance
baseline, simultaneous visual discrimination learning
of multidimensional stimuli activated a distributed
network of anterior and posterior cortical areas,
involving bilateral polar, dorsolateral PFC and pre-
motor cortex, as well as bilateral superior parietal
cortex, ventral areas of left visual association cortex
and cerebellum. Discrimination learning deactivated

bilateral auditory association cortex (see Table 1,
Figure 3).

. Compared to ID shift learning, reversal shift learning
activated the left caudate nucleus (see Table 2(a)),
while ED shift learning activated left polar and right
dorsolateral regions of PFC (see Table 2(b) and
Figure 4(a)).

. Relative to ID shift learning, reversal learning was
associated with reduced rCBF in right lateral premotor
and posterior inferotemporal cortices, while ED shift
learning was associated with bilateral deactivations in
extensive areas of exclusively occipito-temporal cor-
tices, especially within left primary visual cortex (see
Table 3(a) and (b)).

. Reversal learning produced larger increases in rCBF in
left visual association cortex and right occipito-
temporal cortex than ED shift learning (see Table
4(a)), while ED shift learning activated right dorso-
lateral PFC, right ventrolateral PFC, as well as parts of
right medial premotor cortex (see Table 4(b)).

DISCUSSION

These data provide important new information about
the neural bases of different kinds of shift-learning
implicit in ‘concept-formation’ tasks, such as the WCST
(for example, Milner, 1963, 1964). First, we have demon-
strated, for the first time, the assembly of neural struc-
tures activated when healthy adult volunteers learn new
simultaneous visual discriminations over multidimen-
sional stimuli. Second, we have succeeded in isolating
relatively specific modulatory changes within this net-

Figure 4. (a) Significant peaks of rCBF change for ID vs. ED shift learning. (A) ED shift scans- ID shift scans; (B) ID shift scans- ED shift scans.
Significance levels set at a threshold of p< .001 uncorrected.
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work associated with different kinds of shift between
discriminations. In the following discussion, we first
examine interpretative issues concerning the design of
the present study. Then, we consider the significance of
these findings for understanding the role of the PFC, and
other neural substrates, in forms of shift learning implicit
in the WCST and ID/ED task (Milner, 1963, 1964; Owen
et al., 1991).

The performance of our normal adult volunteers—
that is, consistent increases in the errors associated with
reversal and ED shift learning compared with those
associated with ID shift learning—replicate the results
of several dozen studies that have examined these
different forms of shift learning in different species (for
example, Issacs & Duncan, 1962; Roberts et al., 1988;
Shepp & Eimas, 1964; Shepp & Schrier, 1969; Suther-
land & Mackintosh, 1971 for review). Thus, our subjects
found learning new discriminations with either newly
relevant stimulus dimensions (that is, ED shifts) or
switched stimulus-reinforcement associations (that is,
reversal shifts) harder than simply learning new discri-
minations with previously relevant stimulus dimensions
(that is, ID shifts) for which an attentional bias or
‘attentional-set’ was already tuned (see Sutherland &
Mackintosh, 1971).

In this context, it is important to note that the present
rCBF data are not attributable to simple differences in
task difficulty. For example, the evidence available from
animal and human learning experiments strongly sug-
gests that the increased difficulty of ED and reversal shift
learning compared to ID shift learning relates to the

operation of distinct learning mechanisms: controlling
attentional bias in the former and acquiring revised
stimulus-reinforcement associations in the latter (see
Sutherland & Mackintosh, 1971 for review of ‘two-pro-
cess’ theories of visual discrimination learning; also
Kruschke, 1996). Moreover, extensive research specifi-
cally employing the ID/ED task has begun to isolate the
neural bases of these mechanisms by demonstrating
doubly dissociable patterns of impairment in both hu-
man and primate subjects bearing different forms of
brain lesion (Dias et al., 1996a,b; Lawrence et al., 1996;
Owen et al., 1991, 1993; Roberts et al., 1992). Indeed,
the present rCBF data confirm this dissociability by
demonstrating increased activation of dorsolateral PFC
activity when acquiring ED shifts (with little evidence of
change in the caudate nucleus), together with increased
activation of the caudate nucleus when learning rever-
sals (with little change in dorsolateral PFC).

Second, our experimental procedure was carefully
designed so that the presentation of each of these
different kinds of shift discrimination coincided with
the rise in ‘head counts’ associated with each scan. In
this way, there is good reason to believe that the rCBF
data we have presented reflects the separate patterns
of brain activity associated with reversal, ID and ED
shift learning. Third, the subtractive data reported in
our study has been corrected for task-unrelated
changes in rCBF associated with time effects across
scans. Fourth, response rate was carefully controlled
across scans (see Figure 2), minimising the risk that
our results reflect differences in gross motor activity

Table 3. Reduced rCBF in Reversal Shift Learning and ED Shift Learning (Expressed Relative to the Common Baseline of ID Shift
Learning)

z-value x y z

(a) ID Shift–Reversal

Areas not predicted a priori

Frontal cortex 6 (GPrC) R 3.20 50 0 24

Occipital cortex 19 (GOm) R 3.71 32 – 82 24

Temporal cortex 37 (GTi) R 3.99 56 – 50 – 14

(b) ID–ED Shift

Areas not predicted a priori

Occipital cortex 17 (GL)* L 4.44 – 16 – 100 – 8
18 (GO) L 4.07 – 26 – 96 0
19 (GOi) L 3.52 – 44 – 80 – 10
18/19 (GOm) R 3.62 26 – 90 20

Temporal cortex 37 (GTi) R 3.97 50 – 56 – 8

Cerebellum R 3.96 42 – 40 – 26

(a) rCBF in ID-shift scans–rCBF in reversal scans; (b) rCBF in ID-shift scans–rCBF in ED-shift scans. GPrC=precentral gyrus; GOm=middle occipital
gyrus; GTi=inferior temporal gyrus; GL=lingual gyrus; GO=occipital gyrus; GOi=inferior occipital gyrus. A threshold was set at p<.001
uncorrected (z-value=3.09). *Unpredicted activations significant at p<.05 corrected (z-value=4.42)
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(for example, few responses while learning harder
discriminations; many responses while learning easier
discriminations).

Finally, the use of the ID/ED task, with its careful
separation of different forms of shift learning was well-
suited to the subtractive method offered by PET tech-
nology. Thus, our design afforded several precisely
controlled subtractions with which to answer different
kinds of questions about the cognitive and neural bases
of different forms of shift learning. For instance, at a
cognitive level of analysis, subtractions of the rCBF in
the ID shift scans from that in the ED shift scans
accurately controlled for the gross visual and motor
processing characteristics of the discrimination learning
task and the involvement of those cognitive processes
mediating the acquisition of new discriminations within
a previously relevant stimulus dimension, while isolating
the rCBF associated with specifically shifting an acquired
attentional bias towards a newly relevant stimulus di-
mension. By contrast, at a systems level of analysis,
direct comparison of the rCBF in the Reversal scans
and the ED Shift scans allowed examination of the
gross differences in the neural networks associated
with stimulus-reward learning and shifting an atten-
tional bias towards newly relevant stimulus dimensions.
In summary, the ID/ED task was well-suited to the
subtractive methodology, and yields multiple sources
of information relevant to our understanding of the
neural basis of normal and impaired performance of
the WCST.

Neural Mechanisms of Visual Discrimination
Learning

One important contribution of the present study is the
discovery of a relatively widespread and distributed

network of cortical areas activated by learning new
visual discriminations when compared to baseline per-
formance of previously learnt discriminations (see Ta-
ble 1(a)). Careful examination of this network reveals a
conjunction of multiple, and widespread, activations in
frontal cortices (for example, anterior and dorsolateral
PFC, along the middle and inferior frontal gyri; BA 10, 9
and 45), together with activations in other cortical
fields associated with orienting, attentional and re-
sponse-related operations. Specifically, accumulating
evidence from neuropsychological, electrophysiological
and brain-imaging sources stress the importance of the
parietal cortex (around the superior parietal lobules,
BA 7 and 40), as well as the cerebellum in various
aspects of visuospatial function. These include the
control of covert attention (Corbetta, Meizin, Shulman,
& Petersen, 1993, 1995; Nobre et al., 1997; Petersen,
Corbetta, Miezin, & Shulman, 1994), control of sac-
cades (Anderson et al., 1994; Mountcastle, Lynch,
Georgopoulos, Sakata, & Acuna, 1975), and conjunc-
tion search and related mechanisms of selective atten-
tion (Bushnell, Goldberg, & Robinson, 1981; Corbetta,
Meizin, Dobmeyer, Shulman, & Petersen, 1991, Corbet-
ta, Shulman, Meizin, & Petersen, 1995; Rafal & Robert-
son, 1985). Furthermore, both lateral and medial areas
of premotor cortex (BA 6 and 8), and the cerebellum,
are also associated with visuospatial function, and with
the control of voluntary action (see Colebatch, Deiber,
Passingham, Friston, & Frackowiak, 1991; Deiber, Co-
lebatch, & Friston, 1991; Fox, Raichle, & Thach, 1985;
Passingham, 1993 for review).

In the present study, the discovery that PFC activa-
tions are accompanied by additional activity in systems
pivotal to visuospatial function (for example, Desimone
& Duncan, 1995; Rafal & Robertson, 1985 for review)
suggests that the contribution of the PFC is coordinated

Table 4. Direct Comparison Between the rCBF Associated with the Reversal and ED Shift Learning

z-value x y z

(a) Reversal–ED Shift

Activations not predicted a priori

Occipital cortex 17 (GF) L 3.75 – 20 – 102 – 10

Temporal cortex 20 (GTi) R 4.36 36 – 24 – 4
22 (GTs) R 3.45 44 6 – 12

(b) ED Shift–Reversal

Hypothesis-led, anatomically constrained activation

Frontal cortex 9/46 (GFm) R 3.48 18 44 24
6 (GFd) R 3.18 28 8 62

47 (GFi) R 3.24 36 40 – 8

(a) rCBF in reversal scans–rCBF in ED shift scans; (b) rCBF in ED shift scans–rCBF in reversal scans; GF=fusiform gyrus; GTi=inferior temporal
gyrus; GTs=superior temporal gyrus; GFm=middle frontal gyrus; GFi=inferior frontal gyrus. A threshold was set at p<.001 uncorrected (z-
value=3.09) for activations predicted a priori, *unprecedented activations significant at p<.05 corrected (z-value=4.42).
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with the activity of multiple premotor and posterior
cortical fields mediating the attentional selection and
processing of task-relevant stimulus information. This
impression is reinforced by the presence of an addi-
tional rCBF increase in secondary, but not primary,
visual cortex (around the lingual gyrus), raising the
possibility of top-down enhanced processing of task-
relevant stimulus dimensions such as colour and shape
(Corbetta et al., 1991; Maunsell, 1995 for review; Watson
et al., 1995; Zeki et al., 1991). By contrast, the differ-
ential activations seen in auditory-association cortex,
when performing already-learnt discriminations com-
pared to learning new discriminations (see Table 1(b))
suggest relatively attenuated activity in these areas
under conditions of new learning or, alternatively, acti-
vation somehow associated with retrieval.

Mechanisms of ED and Reversal Learning:
Implications for the WCST

A principal aim of this study was to investigate the neural
correlates of various forms of shift learning implicit in
the WCST. Of particular interest was the relative con-
tributions of two distinct kinds of shift associated with
the functioning of the PFC: (i) shifting attention away
from previously relevant stimulus dimensions, and to-
wards newly relevant dimensions (that is, as measured
by the efficiency of acquiring ED shifts); and (ii) acquir-
ing altered stimulus-reward associations (as measured by
the efficiency of acquiring reversal shifts).

The results of our study unequivocally demonstrate
that shifting attention away from a previously reinforced
stimulus dimension towards a previously irrelevant sti-
mulus dimension is particularly associated with pre-
dicted rCBF increases within the PFC. Specifically,
Table 2(b) shows that subtraction of rCBF collected in
the ID shift scans from that collected in the ED shift
scans revealed predicted activations within the PFC,
specifically in lateral and anterior regions on the left
(BA 8 and 10), and dorsolateral regions on the right (BA
9 and 46). Therefore, these data augment evidence,
obtained from studies with both neurological human
subjects (Owen et al., 1991, 1993) and experimental
primates (Dias et al., 1996a,b, 1997), that control of
attentional biases is crucially mediated by predominantly
prefrontal cortical regions. Since the control of such
attentional biases (reinforced through a sequence of
successful ‘sorts’) is a crucial component of successful
performance of the WCST (Milner, 1963, 1964), it is
likely that disruption of this control is at least partly
responsible for the deficits repeatedly seen on the WCST
in patients sustaining frontal-lobe damage (Drewe, 1974;
Milner, 1963, 1964; Robinson et al., 1980).

In contrast to the frontal involvement in ED shift
learning, there was little evidence that learning revised
stimulus-reward associations differentially activated pre-
frontal cortical areas. In particular, subtraction of the

rCBF associated with ID shift scans from that associated
with the reversal scans did not reveal significant activa-
tions in orbito-frontal regions of PFC, as might have
been expected on the basis of several studies with
experimental primates (for example, Dias et al., 1996a;
Iversen & Mishkin, 1970; Jones & Mishkin, 1972).
However, the same subtraction did isolate significant
and predicted peaks in the region of the caudate
nucleus, as well as additional peaks in medial PFC
(BA 9), cingulate cortex (BA 24/32) and a region around
the angular gyrus (BA 39), indicating that reversal and
ED shift discrimination differentially activate distinct
neural stations.

For the moment, it is unclear why reversal learning
was not associated with significantly increased rCBF in
orbito-frontal cortex. However, we suggest two spec-
ulative explanations. One possibility is that both the ID
and ED conditions were themselves associated with
increased rCBF in orbito-frontal cortex. In this case,
any similar activation present in the reversal scans was
‘subtracted out’ in the comparisons with either the ID
or ED shift scans. Consistent with this, additional
comparisons of the rCBF associated with each of the
learning scans with the performance scans revealed
some evidence of increased activation in orbito-frontal
rCBF in all three cases, and comparison of the com-
bined learning scans against the performance scans
confirms this increased activity (see Table 1(a)). There-
fore, it seems likely that some of the predicted rCBF in
the reversal scans was simply subtracted out in this
manner. A second possibility relates to recent sugges-
tions that orbito-frontal neurones implement a me-
chanism for specifically rapid recoding of existing
stimulus-reinforcement associations (see Rolls, 1996
for review). For example, electrophysiological data
suggest that neurones firing preferentially to a re-
warded visual stimulus, but not to an unrewarded
visual stimulus, reverse this pattern of firing within
only a few seconds of these stimulus-reward associa-
tions being switched (see Thorpe, Rolls, & Maddison,
1983). In this case, it is possible that the additional
contribution of neural activity in orbito-frontal cortex to
reversal shift learning is too rapid to change the rCBF
integrated over the 90-sec period of data acquisition in
a PET scan, or that the changed activity of the sub-
populations of neurones coding the rewarded and the
unrewarded stimulus cancel each other out so that the
net activity in this cortical region remains unchanged.
Further studies with alternative brain-imaging para-
digms with greater temporal resolution (for example,
functional magnetic resonance imaging, fMRI) might
clarify this issue.

The isolation of significant rCBF increases within the
caudate nucleus is consistent with previous reports of
deficits in reversal learning following lesions of the
striatum in experimental animals (for example, Divac
et al., 1967), and in patients with late in the course
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Huntington’s disease (Lange et al., 1995; Oscar-Berman
& Zola-Morgan, 1980). We propose that these activations
may reflect the operation of at least two cortico-striatal
circuits implicated in the acquisition of stimulus-reinfor-
cement associations. First, so-called ‘limbic’ circuitry
involving the orbito-frontal PFC and amygdala—lesions
of which have each been shown to impair reversal
learning (Dias et al., 1996a,b; Iversen & Mishkin, 1970;
Jones & Mishkin, 1972) —encompass the ventromedial
portion of the caudate through projections from the
orbital PFC (Haber, Kunishio, Mizobuchi, & Lynd Balta,
1995). In this context, the apparent dependence of
Huntington’s disease patients’ deficits with the ID/ED
task on the dorsal-to-ventral direction of the neuronal
loss within the caudate nucleus (Hedreen & Folstein,
1995; Lawrence et al., 1996) may prove to be especially
significant. Specifically, early in the course, Huntington’s
patients have been found to be impaired at ED shift
learning, presumably reflecting disruption of circuitry
incorporating the head of the caudate and lateral PFC
(Lawrence et al., 1996), while late in the course patients
have been found to be additionally impaired at reversal
learning (Lange et al., 1995), presumably reflecting
developing disruption of the circuitry incorporating
the ventromedial caudate nucleus and those limbic areas
thought to be central to reversal learning (Haber et al.,
1995).

Alternatively, recent anatomical advances have high-
lighted the possibility that output pathways from the
caudate nucleus to occipito-temporal cortical areas (for
example, Middleton & Strick, 1996) form part of poster-
ior cortico-striatal loops involving those visual path-
ways already known to project to the ‘visual striatum’
(Webster, Bachevalier, & Ungerleider, 1993; Yeterian &
Pandya, 1995). Similarly, behavioural evidence that
these pathways may mediate aspects of so-called ‘habit
memory’ (Mishkin, Malamut, & Bachevalier, 1984) have
recently been supplemented by reports that cortico-
striatal projections from the visual cortex to the
striatum have a specific role in stimulus-reinforcement
learning (Gaffan, 1996 for review). Clearly, further
research will be needed in order to discover whether
the activations seen here in the caudate nucleus during
reversal learning reflect its contribution to anterior or
posterior cortico-striatal function.

In summary, it appears that ED shift learning differ-
entially activates PFC (reflecting the control of atten-
tional set), while reversal learning is associated with
increased rCBF in portions of the striatum (reflecting
the acquisition of swapped stimulus-reward associa-
tions). Since ED shift learning is central to the WCST,
impairments shown by patients with either damage to,
or disruption of, the PFC are likely to reflect, at least
partially, a failure to control attentional-set (Milner,
1963, 1964; Robinson et al., 1980). Moreover, difficulties
with revising stimulus-reward associations, also implicit
in performance of the WCST, may exacerbate the im-

pairments shown by patients with various forms of
striatal pathology (for example, Bowen et al., 1975;
Joiassen et al., 1983).

The Role of the PFC in the ID/ED Task: Evidence
for Working Memory Processes?

As discussed in the Introduction section, it has been
proposed that the PFC contributes to performance of
the WCST by mediating the short-term maintenance of
task-relevant information required for computing the
newly correct mode of response following a change of
sorting rule (Berman et al., 1995; Goldman-Rakic, 1987,
1991). Evidence that the verbal subsection of this work-
ing memory system (Baddeley, 1986) might indeed be
involved in this way has been supplied by an innovative
brain-imaging study, in which performance of the WCST
was shown to differentially activate left-sided cortex
around Broca’s area and the supramarginal gyrus (BA
44 and 40) compared to a simultaneous pattern-match-
ing control task (Berman et al., 1995). Increased rCBF in
these areas has, within the context of verbal working
memory performance, been assumed to reflect the
subvocal rehearsal of recently presented material
through a phonological store/ loop (see Cohen et al.,
1997; Paulesu, Frith, & Frackowiak, 1993; Smith, Jonides,
& Koeppe, 1996).

It is notable that, relative to any of the baselines used
in the present study, neither ED nor reversal learning
were associated with increased rCBF in left BA 44 or 40,
suggesting that neither of these forms of shift learning
differentially taxed verbal working memory processes
assumed to be subserved by these regions. Neither was
it the case that, relative to performance, these cortical
areas were activated by any of the intralearning compar-
isons. Thus, although we believe that working memory
processes must make some contribution to the acquisi-
tion of ED shift discriminations (perhaps by coding
recent responses and positive (reward) and negative
(punishing) feedback), we can find little evidence from
the present study that ED shifting was particularly
associated with increased activation in the posterior
portion of the inferior frontal sulcus (around BA 44) as
demonstrated in a recent single-trial fMRI study of the
WCST (Konishi et al., 1998), and believed to mediate
some aspect of the working memory contribution to
subjects’ ability to shift cognitive set (Konishi et al., 1998;
see also Berman et al., 1995).

On the other hand, relative to ID shift learning, ED
shift learning did differentially activate an area of right
mid-dorsolateral PFC, along the middle frontal gyrus
(BA 9/46), also activated in studies involving a variety of
verbal and visual working memory tasks (for example,
Cohen et al., 1997; Goldberg, Berman, Randolph, Gold,
& Weinberger, 1996; McCarthy et al., 1996; Owen et al.,
1996; Smith et al., 1996). Thus, this activation may
reflect some kind of ‘active representation’ in a work-
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ing memory system (see Cohen et al., 1997) needed for
the acquisition of an ED shift. However, currently
available theories of the organisation of working mem-
ory within PFC do not provide an adequate account of
the nature of the mid-dorsolateral activation seen in
the present study. For example, according to a mod-
ality-specific theory of working memory, by which
different parts of the PFC are hypothesized to mediate
memory for different types of information (Goldman-
Rakic, 1994, 1995), increased rCBF around the middle
frontal gyrus (BA 46) has tended to be associated with
memory for explicitly spatial material (for example,
Goldberg et al., 1996; McCarthy et al., 1996). However,
spatial information is no more necessary for the acqui-
sition of ED shifts than it is for the acquisition of ID
shifts, suggesting that the enhanced mid-dorsolateral
activation associated with ED shifting in the present
study reflects either uncontrolled, and functionally
unimportant, visuospatial encoding of the stimuli, or
else neural activity associated with some other kind of
cognitive activity. Furthermore, there was little indica-
tion of increased rCBF in more ventral regions of PFC
(for example, BA 47) that, according to the modality-
specific hypothesis of working memory, are implicated
in the processing of nonspatial or object-based infor-
mation (Goldman-Rakic, 1994, 1995; McCarthy et al.,
1996), and which might have been expected to be
activated by the pattern/object-based discriminanda of
the ID/ED visual discrimination task.

Slightly different difficulties face attempts to fit the
present data to an alternative theoretical approach
according to which different areas of the PFC are
hypothesized to mediate different kinds of cognitive
process implicated in working memory function (see
Petrides, 1994, 1995). Within this framework, activations
of more ventrolateral parts of the PFC (for example, BA
47) have been associated with the organisation of re-
sponses in preparation for recall, while those in more
dorsolateral regions (for example, BA 46) have been
associated with more extensive manipulation of the
remembered material (Owen et al., 1996). Thus, the
increased rCBF seen here around the middle frontal
gyrus in ED relative to ID shift learning may reflect some
additional manipulation or ‘monitoring’ of information
in working memory necessary for the acquisition of
discriminations involving previously irrelevant stimulus
dimensions. However, as we noted in the introduction,
an extensive animal and human learning tradition
(Kruschke, 1996; Issacs & Duncan, 1962; Mackintosh,
1965; Shepp & Eimas, 1964; Shepp & Schrier, 1969;
Slamecka, 1968; Sutherland & Mackintosh, 1971; Zea-
man & House, 1963) suggests that the principal differ-
ence between these two forms of shift learning is not the
greater degree of ‘manipulation’ within working mem-
ory, but rather the requirement to override an acquired
attentional bias that, by dragging attention back towards
previously relevant but currently irrelevant stimulus

dimensions, interferes with new learning. Thus, the ED
shift is predominantly a test of attentional control
(although the misallocation of attention may conse-
quently place greater strain on ancillary processes, in-
cluding working memory). In the absence of an
adequate characterisation of the contribution of working
memory to ED shift discrimination learning, it seems
more parsimonious to attribute the present pattern of
rCBF changes within the PFC to the control of atten-
tional-set. Moreover, other features of the our results
suggest that the PFC may also contribute to ED shift
learning by modulating specifically attentional aspects
of object-based processing mediated in posterior occi-
pito-temporal pathways.

The Role of the PFC in the ID/ED Task: Modulating
Attention?

We have argued that the ID/ED task makes explicit an
often neglected feature of the WCST; that it consists of a
series of shifts between visual discriminations over multi-
dimensional stimuli (Teuber et al., 1951). In this context,
one important feature of our results is the discovery that
acquisition of ED shift discriminations is associated with
relative deactivation of occipito-temporal pathways
widely believed to subserve important object encoding
and recognition processes (Haxby et al., 1991, 1994;
Kohler, Kapur, Moscovitch, Winocur, & Houle, 1995;
Martin, Oren, & Boon, 1991; Moscovitch, Kapur, Kohler,
& Houle, 1995; see Ungerleider, 1995; Ungerleider &
Mishkin, 1982 for review). Thus, subtractions of the
rCBF associated with the ED Shift from that associated
with the ID Shift scans—revealing relative rCBF reduc-
tions in ED compared to ID shift learning—isolated
extensive areas of deactivation within left visual cortex
(for example, BA 17) and right inferotemporal cortex
(BA 37; see Table 3(b) and Figure 4(b)).

How can we account for the relative inactivity in
occipito-temporal pathways in ED shift learning? One
answer begins with the observation that neither reversal
shift learning nor ID shift learning require an alteration
of attentional-set. The former requires the acquisition of
swapped stimulus-reward associations, while the latter
involves only the association of reward values with
entirely novel stimuli. However, in each case, the rele-
vant stimulus dimension is unchanged. Under these
conditions, it may be that the benefit to new learning
conferred by a preexisting attentional-set towards a
particular stimulus dimension or attribute is mediated
by activity in occipital (Motter, 1994), and inferotempor-
al cortices (Chelazzi, Miller, Duncan, & Desimone, 1993;
Maunsell, 1995 for review; Richmond & Sato, 1987;
Spitzer & Richmond, 1991) that has been tuned over
the course of training to permit privileged processing of
relevant stimulus attributes. By contrast, under the
conditions of an ED shift, the process of overriding such
an acquired attentional set—perhaps initiated by PFC
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projections to both occipito-temporal cortices (see
Jones & Powell, 1970)—may involve the temporary
modulation of this activity within posterior ‘object-pro-
cessing’ pathways implicated in various aspects of ob-
ject-based learning. This suggestion is consistent with
evidence that posterior occipito-temporal cortices, de-
activated in the ED shift scans contribute to visual
discrimination learning by mediating processes of per-
ceptual analysis (Cowey & Gross, 1970; Gross, 1973; Iwai
& Mishkin, 1969 for review).

Notwithstanding the above possibilities, the present
study has demonstrated that, in the context of visual
discrimination learning, shifting an acquired attentional
bias (that is, accomplishing an ED shift) and reversing
recently learnt stimulus-reward associations (that is,
accomplishing a reversal shift) are associated with in-
creased rCBF in dissociable cortical and subcortical
neural structures. Thus, these data complement a rich
tradition of research involving animal and human learn-
ing theory (for example, Kruschke, 1996; Mackintosh,
1965; Sutherland & Mackintosh, 1971; Zeaman & House,
1963), human subjects bearing different forms of brain
damage (Downes et al., 1989; Lawrence et al., 1996;
Owen et al., 1991, 1993) and experimental primates
(Dias et al., 1996a,b, 1997; Roberts et al., 1994), suggest-
ing that these different forms of shift learning are
mediated by distinct psychological, neuronal and neu-
rochemical substrates.

METHOD

Subjects

Twelve right-handed volunteers (11 male, 1 female),
with no history of psychiatric or neurological illness,
participated in the study. Their mean age was 43.3 years
(±1.7) while their mean verbal IQ, estimated with the
National Adult Reading Test (Nelson, 1982), was in the
above average range at 118.8 (±1.2). The study was
approved by the Hammersmith Hospital Ethics Commit-
tee and the Advisory Committee on the Administration
of Radioactive Substances (ARSAC), UK. All subjects gave
informed consent.

Adapted ID/ED Task

Each subject was scanned in the presence of low back-
ground noise and dimmed ambient lighting. Stimuli
were presented on a Taxan SV-775EV touch-sensitive
screen controlled by an IBM PS/2 microcomputer. The
screen was mounted at a viewing distance of approxi-
mately 50 cm so that the subject could touch all areas
of the screen with the index finger of the dominant
hand, which was rested on the chest between re-
sponses.

The test stimuli of the ID/ED visual discrimination
learning task varied independently along the dimensions
of colour, value and shape, with each dimension repre-

sented by two exemplars only (for example, white and
green, one and six, and arrow and square; see Figure 1).
The correct stimulus for a discrimination was specified
by one exemplar from one dimension (for example, the
colour green).

On any one trial, two test stimuli appeared randomly
in two of four rectangles positioned towards the sides of
the screen, and the subject was required to touch the
box containing the correct stimulus with the index finger
of the right-hand (see Figure 1). If the subject chose
correctly, the word ‘Correct’, written in green ink,
appeared in the centre of the screen accompanied by
a brief, high-pitched auditory tone (frequency: 1200 Hz;
duration: 164 msec). If the subject chose incorrectly, the
word ‘Incorrect’, written in red ink, appeared accompa-
nied by a longer, lower-pitched tone (frequency: 200 Hz;
duration: 550 msec). The subject was considered to have
learnt a given discrimination to ‘criterion’ after choosing
the correct stimulus six times in succession. Before PET
scanning commenced, but after the subject had been
positioned in the scanner, the experimenter explained
the nature of the test stimuli and responses. Following
this, the subject learnt one discrimination with each of
the dimensions of color, value, and shape, in order to
emphasize that the discriminations related to the most
obvious perceptual features of the stimuli, and that
other information was irrelevant. (In particular, present-
ing the test stimuli randomly within any two of the four
boxes as opposed to randomly within just two boxes (for
example, left and right) effectively emphasised that
spatial location was irrelevant for learning the discrimi-
nations.)

Testing consisted of three runs of four scans. Each
run contained one scan taken while the subject per-
formed one of four types of discrimination. These
discriminations were embedded in longer sequences
designed to mimic as closely as possible the clinical
form of the ID/ED shift task used previously in studies
with neurological patient groups (for example,
Downes et al., 1989; Owen et al., 1991). As described
in the introduction, the task consists of several ID and
reversal shifts, in which just one stimulus dimension is
relevant, and that induce, on the part of the subject, a
bias or ‘attentional-set’ towards that dimension. The
task culminates in an ED shift to a dimension which
was previously irrelevant, and, therefore, requires the
subject to modulate that acquired bias in order to
attend to this newly relevant dimension and learn the
discrimination.

For each scan, the subject began acquiring discrimina-
tions approximately 2.5 min before rCBF measurement
was taken. However, at the start of the scan itself (that is,
when the ‘head count’ began to rise; see below), the
appropriate learning discrimination was presented to
the subject. In this way, we ensured that the acquisition
of the count data corresponded precisely to the differ-
ent types of learning manipulated in the experiment.
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The exact sequence of discriminations for one typical
run is described below.

Discrimination Performance

Prior to the commencement of the first rCBF measure-
ment, the subject was asked to acquire an initial dis-
crimination, D1, consisting of two exemplars from each
of the three dimensions (for example, white and green,
one and six, and arrow and square). However, the
correct stimulus was specified by one particular exem-
plar from one dimension—for example, the colour
green—so that this dimension was relevant while the
two remaining dimensions—shape and value—were
irrelevant. All 12 subjects were able to learn D1 to
criterion within a maximum of a dozen or so trials,
and continued to respond by choosing the correct
stimulus up until the start of, and throughout the entire
duration of, the rCBF measurement itself. Once this
measurement was completed, the screen was cleared
and the subject asked to rest for approximately 5 min
before the next scan. Thus, in this performance scan,
the subject merely performed an already-learnt discri-
mination. We assumed that the amount of new learning
occurring during the scan itself was minimal and, there-
fore, constituted a good baseline against which to
compare the rCBF associated with the three specific
learning discriminations.

Reversal

Before the second scan commenced, the subject was
shown D1 and asked to relearn this discrimination.
Once criterion had been reached, a new discrimina-
tion, D2, was presented which consisted of entirely
new exemplars from each of the stimulus dimensions
(for example, red and blue, three and seven, and circle
and triangle). In this discrimination, the correct stimu-
lus was specified by an exemplar from the previously
relevant dimension—for example, the color red—and
constituted an ID shift in which attending to the
previously relevant dimension facilitated learning. All
12 subjects were able to learn D2 quickly and contin-
ued to respond to the correct stimulus right up until
the beginning of the rCBF measurement. At this point,
the reward valences of the exemplars for D2 were
reversed so that the previously incorrect stimulus—
blue—was correct while the previously correct stimu-
lus—red—was now incorrect. Once the subject learnt
this reversal to criterion, D2 was reversed again, so that
the original stimulus-reward relations were restored.
When the scan finished, the screen cleared, and the
subject asked to rest. We assumed that the rCBF
collected in this reversal scan, reflected learning that
the previously acquired stimulus-reward relationships
no longer held and that the opposite relationships
were now in force.

ID Shift

Prior to the third rCBF measurement, the subject
reacquired D2 to criterion, and was then given a further
ID discrimination, D3, in which all stimulus exemplars
were again novel but in which colour remained rele-
vant. As expected, all 12 subjects learnt D3 to criterion
easily and continued to choose the correct stimulus in
this discrimination right up until the beginning of the
PET scan. At this point, the subject was shifted to a
fourth discrimination with new exemplars, D4, and
scanned while acquiring this discrimination. Crucially,
the relevant dimension in D4—colour—was also un-
changed from that previously and constituted another
ID shift. Any acquired attentional bias to that dimen-
sion on the part of the subject (Mackintosh, 1965;
Sutherland & Mackintosh, 1971 for review; Zeaman &
House, 1963) would facilitate acquisition of this dis-
crimination. Once the subject had learnt D4 to criter-
ion, a further ID shift discrimination, again with novel
exemplars, was given in the form of D5. Once the scan
had finished, the screen was cleared and the subject
rested for approximately 5 min. We assumed that the
rCBF acquired in this ID shift scan was influenced by
the previously acquired attentional bias towards the
relevant dimension.

ED Shift

Before the fourth rCBF measurement, the subject reac-
quired D5 to criterion before being given another dis-
crimination with all new exemplars in which colour was
relevant, D6. Once the subject had learnt this discrimina-
tion, he/she continued to respond to the correct stimu-
lus right up until the start of the rCBF measurement at
which point a final discrimination with new exemplars,
D7, was given. However, now the correct stimulus was
no longer specified by one of the colours but rather by
one of the values. Thus, D7 constituted an ED shift in
that the subject had to attend to a different stimulus
dimension from that which was previously relevant in
order to learn the discrimination. We assumed that,
since by this stage the subject had learnt no fewer than
six colour discriminations, and two reversals within that
dimension, he/she would have acquired a reasonably
strong ‘attentional-set’ for the stimulus dimension of
colour. Insofar as this attentional bias persists in this ED
shift condition, learning should be retarded relative to
learning in earlier ID shift discriminations. Once D7 had
been acquired, a second ED shift from value to shape
was given in the form of the final discrimination, D8.
After the scan had finished, the screen was cleared and
the subject was asked to rest. We assumed that the rCBF
collected in this ED shift scan was influenced by the
requirement to override or modulate in some way a
previously acquired attentional bias towards a now-
irrelevant stimulus dimension.
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Design

Four subjects completed the sequence described above
in which colour was the relevant dimension in the first
run of the study. For these subjects, value was relevant
in the second run, and shape was relevant in the third.
For four different subjects, the ordering of relevant
dimensions across the three runs was value, shape,
and colour, and for the remaining four subjects, the
ordering was shape, colour, and value. In this way, each
dimension was relevant an equal number of times in
each of the first, second, and third runs.

Controlling Motor Responding

One important design issue involved the number of
motor responses, or, equivalently, the number of trials
across the different conditions of the study. For exam-
ple, in discriminations in which learning is relatively
rapid, frequency of responding will tend to be high
because the subject needs little time in which to delib-
erate about which stimulus is correct. By contrast, in
discriminations in which learning is slowed, frequency of
responding may be relatively decreased to the extent
that the subject thinks longer before making his/her
response. In this case, comparisons of rCBF associated
with these conditions may be contaminated by changes
due simply to gross differences in the amount of motor
movement. We wished to control for such effects, and
implemented a controlled frequency of responding
across scans. Specifically, each display was presented
on the screen for 1 sec before a brief auditory tone
(frequency: 700 Hz; duration: 165 msec) sounded to
indicate that the subject was to respond immediately.
He/she was instructed to use this tone as a cue to
respond (even when unsure about the correct stimulus),
and, thus, to develop an even rate of responding across
all the scans. Once the subject made his/her response,
the screen was cleared before the next display was
presented 1 sec later. The program that presented the
sequences of discriminations to the subject, and col-
lected latency and error data across the scans, also
counted the number of responses in the scan windows.
To reiterate the results presented above, the frequency
of responding was tightly controlled across all four types
of scans, and it is extremely unlikely that the rCBF
differences described here are due to gross differences
in motor activity.

PET Scanning

Measurements of rCBF were obtained using a CTI model
953B PET scanner (CTI, Knoxville, TN, USA). Collimating
septa were retracted in order to increase the sensitivity
of the PET camera and increase the number of recorded
true counts from the administered radiation (Bailey,
Jones, Friston, Colebatch, & Frackowiak, 1991). A 10-

min transmission scan was obtained using a retractable
external source of 68Ge/ 68Ga to correct for attenuation
of gamma radiation by the brain and skull. Twelve
dynamic images were acquired at 10-min intervals to
allow for the decay of radioactive tracer. 15O has a half
life of 2.04 min. Approximately, 9.4 mCi of H2

15O were
administered as a slow bolus infusion per subject.

In each of the learning scans, the shift to a new
discrimination was initiated as the head count started
to rise. Typically, subjects achieved at least two shifts in
the 45 sec corresponding to the rise and peak of the
head count. For each of the 12 scans, emission data were
collected for 90 sec.

Data Analysis

Image analysis was performed with SPM software (Well-
come Department of Cognitive Neurology; http://www/
fil.ion.ac.uk/spm) within MATLAB (Mathworks, Natick,
MA, USA). Realignment and normalisation used the
current working version of SPM (SPM 99 beta), while
statistical analysis was performed with SPM 96 (Ashbur-
ner, Neelin, Collins, Evans, & Friston, 1997).

Image Normalisation

Following reconstruction, the images were realigned
using the mean of all 12 scans as a reference (Friston
et al., 1995a), and transformed into standard space
corresponding to the MNI brain (Evans, Collins, &
Milner, 1992). Stereotactic standardisation of PET images
allows comparison of scan data in identical voxels across
different subjects and scans. Finally, the images were
smoothed using a Gaussian filter of 16-mm full width
half maximum (FWHM) in order to remove high-fre-
quency noise and to accommodate differences in gyral
anatomy between individual subjects.

Statistical Analysis

Conditions and covariates for each subject were speci-
fied in an analysis of covariance (ANCOVA) that removed
the confounding effect of differences in global activity
(radioactive counts) across scans and normalized global
activity to a notional mean rCBF of 50 ml dl–1 min–1

(Friston et al., 1990). Effects at each and every voxel
were estimated according to the general linear model
(Friston et al., 1995b). Condition effects at each voxel
were compared using linear contrasts. The resulting set
of voxel t statistics for each contrast constitute a statis-
tical parametric map (SPM {t}). SPM {t} maps were
transformed to the unit normal distribution SPM {Z} for
display and thresholded at 3.09 or p=.001 uncorrected.
The resulting foci were then characterized in terms of
spatial extent (k) and peak height (u). The significance
of each region was estimated using distributional ap-
proximations from the theory of Gaussian fields. This
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characterisation is in terms of the probability that the
peak height observed (or higher) could occur by chance
PZmax>u over the entire volume analyzed (that is, a
corrected p-value).
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