The Wisconsin Card Sorting Test and the cognitive assessment of prefrontal
executive functions: A critical update
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For over four decades the Wisconsin Card Sorting Test (WCST) has been one of the most distinctive tests
of prefrontal function. Clinical research and recent brain imaging have brought into question the validity
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Several classic studies reported the sensitivity of the WCST to
frontal lobe lesions (Drewe, 1974; Milner, 1963; Nelson, 1976;
Robinson, Heaton, Lehman, & Stilson, 1980; Teuber, Battersby, &
Bender, 1951). Many authors have later questioned the sensitivity
and specificity of the WCST to frontal lobe lesion or dysfunction in



Table 1
Clinical studies which used WCST scores to assess frontal or non-fontal localization of brain injury.

Authors and year Type, lesion location, and Task and Results Conclusions
sample size (N) brain imaging

Teuber, Battersby, War lesion Surgeon and Cat_N: less with posterior lesion

and Bender (1951) Anterior (20), central (20), neurological Tot_Er: more with posterior lesion
posterior (20) report and Pers_Er: not reported

Healthy controls (40) X ray Npers_Er: not reported



activation in ventrolateral prefrontal cortex (vPFC) (Lie et al., 2006;
Monchi et al., 2001). The laterality of this increase in activation of
prefrontal cortex either in the left (Catafau et al., 1994, 1998; Cicek
& Nalcaci, 2001; Kawasaki et al., 1993; Konishi et al., 2003; Monchi
et al., 2001; Nagahama et al., 1997; Rogers et al., 2000; Tien et al.,
1998), or in the right hemisphere (Konishi et al., 2002; Lie et al.,



Table 2
Functional neuroimaging studies that assessed the activation of frontal and non-frontal brain regions during performance of the WCST in healthy controls.

Authors and year Experimental design Sample size Brain imaging
(N) and regions of
interest (ROI)







Rogers, Andrews, Computerized WCST? (12) PET O%° ED shift learning compared to ID shift learning produced Visual discrimination learning over multidimensional

Grasby, Brooks, Total recordings: 12 activations in the left anterior PFC and right dPFC. stimuli, like those underlying the WCST, requires
and Robbins Epoch: 90 sec Reversal learning, relative to ID shift learning, produced different cognitive mechanisms that activate distinct
(2000) Design: reversal, intradimensional (D), and activations in the left caudate nucleus. Compared to cortical and subcortical neural networks.

extradimensional (ED) shifts reversal and ID shift learning, ED shift learning was also

Basal: already learned discriminations associated with relative deactivations in occipito-

temporal pathways

Cicek and Computerized WCST? (16) EEG spectral Greater alpha during rest correlated with higher Laterality is important to look at in WCST task
Nalcaci (2001) Total recordings: 8 1.3 power performance. Lower left frontal alpha power during performance adding to data only taking into account

Epoch: 1.28 sec analysis WCST correlated with higher task performance. Greater task related changes in cortical activity.

Design: laterality bilateral parietal alpha power during WCST also

Basal: two resting tasks and a visuomotor task correlated with higher task performance. Alpha during

WCST was restricted to lower alpha power (8.6—10.2 Hz)

Monchi, Petrides, Computerized WCST (12)
Petre, Worsley,

and Dagher

(2001)



Table 2 (# 41 Ue 3d

Authors and year Experimental design Sample size Brain imaging Results Conclusions
(N) and regions of
interest (ROI)
Periafiez Computerized WCST? (13) MEG Greater foci of activation during shift trials in inferior These results reveal activation in frontal and posterior
et al. (2004) Total recordings: >250 trials frontal gyrus (100—300 ms), anterior cingulate cortex areas involved with shifting and updating of information

Epoch: 0.7 sec
Design: shift compared to non-shift trials
Basal: not reported

(200-300 ms and 400-500 ms), and supramarginal
gyrus (300—400 ms and 500—-600 ms)

in working memory at different time points.




2001; Volz et al., 1997), the basal ganglia (Lombardi et al., 1999;
Mentzel et al., 1998; Monchi et al., 2001; Rogers et al., 2000; Tien
et al., 1998), the parahippocampal gyri (Gonzalez-Hernandez et al.,
2002; Nagahama et al., 1997), and the hippocampus proper (Peri-
afiez et al., 2004; Tien et al., 1998). These activations are in agree-
ment with previous lesion studies and suggest the engagement of a
widespread neural network involved in efficient WCST perfor-
mance, which includes not only prefrontal and posterior multi-
modal association cortices but also subcortical structures like the
basal ganglia (Monchi et al., 2001; Rogers et al., 2000).

4. Discussion

Current models of central executive function recognize that
cognitive control involves a network of brain structures that
are not exclusively localized to the frontal lobes (Baddeley,
2002). In addition, it has been shown that patients with frontal
damage often do not show executive deficits, whereas patients
without frontal damage often present executive deficits (An-
dres, 2003; Baddeley & Wilson, 1988). In agreement with cur-
rent models of central executive function, the present review
shows that WCST scores may not be considered as either valid
or specific markers of prefrontal executive function. Research
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Two WCST analogs combine knowledge from the fields of hu-
man and animal neuropsychology, experimental psychology, and
cognitive electrophysiology, thus incorporating recent theoretical
and methodological advancements into the assessment proce-
dures. One of these WCST analogs is the Extra-Dimensional Intra-
Dimensional Shift test of the CANTAB battery (Robbins, 1996; Rob-
bins, Owen, Sahakian, Mclnnes, & Rabbitt, 1997; Roberts et al.,
1994; Rogers et al., 1998). The other WCST analog has been re-
ferred to as the Madrid Card Sorting Test (MCST), and has been
developed in our own laboratory (see Fig. 1; Barceld, 2001, 2003;
Periafiez & Barcelo, 2009). These two WCST analogs provide more
valid and reliable indices of the component processes underlying
the WCST. In the following sections, we describe how research
with our MCST adaptation could help improve the construct valid-
ity of WCST scores and map these more precisely onto specific cog-
nitive operations and distinct neural network dynamics.

One way to improve the construct validity and anatomical spec-
ificity of WCST scores has been to try and separate out different
stages of WCST performance through experimental design. For in-
stance, Monchi et al. (2001) used a task design that allowed them
to look separately at the brain activations associated with the feed-
back and card matching stages. Functional magnetic imaging re-
sults showed activity in the mid-dPFC associated with either
positive or negative feedback, which was attributed to monitoring
of information in working memory. In addition, the mid-vPFC, cau-
date nucleus, and mid-dorsal thalamus increased activity specifi-
cally in response to the negative feedback, prompting a change in
the current task. Matching after positive and negative feedback
yielded activation in left posterior parietal, prestriate, lateral pre-
motor cortices, putamen, and posterior cingulate regions. Likewise,
Lie et al. (2006) used a task design in which they had subjects per-
form four variants of the WCST differing in task complexity. The
most complex was the standard WCST, the second was the WCST
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Fig. 1. Card sorting protocol adapted for the recording of event-related potentials.
(a) Schematic of one series of the Madrid Card Sorting Test (MCST; Barcel6, 2003),
with choice-cards that can be unambiguously matched with each key-card based on
only one perceptual dimension. (b) Schematic of one MCST trial converted into a
task-switching protocol, where tonal ‘switch’ and ‘repeat’ cues signal unpredictable
changes or repetitions in the previous sorting rule, respectively. The same tonal
cues can also be instructed to signal ‘wrong’ and ‘right’ perceptual classifications,
with similar effects on the pattern of observed ERP activations.

with warning of a dimensional change, the third was the WCST
with explicit instruction of the correct dimension prior to each
trial, and the fourth was a baseline condition where subjects
merely matched identical cards. After subtracting the less complex
tasks from the more complex tasks, functional magnetic resonance
imaging results showed activity in right dPFC during more complex
executive control operations, in anterior cingulate and temporal-
parietal areas during error detection, in right vPFC and superior
parietal cortex for attentional set-shifting, and in the cerebellum
during instructed set-shifting. However, like in other neuroimaging
studies, the limited temporal resolution of the BOLD signal could
not discern brain activations to target cards from those to contex-
tually relevant feedback signals (see also Konishi et al., 1998, 1999;
Nagahama, Okina, Suzuki, Nabatame, & Matsuda, 2005; Rogers
et al., 2000). This dilemma can be partly solved through the use
of brain imaging techniques with higher temporal resolution.
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The foregoing discussion suggests that when exploring the
validity and specificity of WCST scores, it is beneficial to combine
theory-based task design with fast brain imaging. The magnetoen-
cephalogram (MEG) provides good spatial resolution together with
good temporal resolution down to the millisecond. Using MEG,
Wang et al. (2001) compared the brain responses to both positive
and negative feedback signals, as well as to the following target
cards. These authors reported larger number of MEG dipole sources
of activation during negative than positive feedback at dPFC and
middle frontal cortex (460—640 ms). Likewise, greater MEG activa-
tion was found in dPFC, supramarginal, middle and inferior frontal
gyrus during incorrect than during correct card matching (190-
220 ms and 300-440 ms). These results are consistent with an-
other MEG study by Periafiez et al. (2004), who found greater
MEG activation for switch compared to repeat task cueing events
in inferior frontal gyrus (100—-300 ms), anterior cingulate cortex
(200-300 ms and 400-500 ms), and supramarginal gyrus (300—
400 ms and 500-600 ms). Overall, these results reveal a widely dis-
tributed fronto-posterior network for switching and updating task-
set information in working memory. The activation of this network
seems to be maximal about 300-500 ms following the negative
feedback cue (the task-switch cue) and, importantly, it occurs well
before the next target card is displayed (Barcel6 et al., 2002, 2006).

In spite of its limited spatial resolution, the excellent temporal
resolution of event related potentials (ERPs) offer important clues
about the rapid neurocognitive processes that occur from stimulus
onset to the motor response of the subject. Our research has contrib-
uted to the functional description of the scalp topography and ampli-
tude changes in ERPs during WCST performance (Barceld, 1999,
2001; Barcel6 et al., 1997, 2002, 2006; Periafiez & Barceld, 2009).
The scalp distribution and intensity of ERP activations to various
eventsin the MCST protocol show distinct changes within a millisec-
ond time-scale across fronto-polar, frontal, central, temporal, pari-
eto-temporal, and occipital areas (Barcel6 et al., 1997, 2006). By
probing each peak of the ERP it has been possible to explore their
underlying cognitive processes, and how they relate to various
behavioral indices in the MCST adaptation. For instance, the scalp
distribution and intensity of several ERP peaks vary from the early
to late cards in a series (Barceld, Munoz-Cespedes, Pozo, & Rubia,
2000; Barcel6 et al., 2002), which is consistent with the change from
extradimensional set-shifting during the early trials to intradimen-
sional set-shifting in the late trials of each WCST series (see Dias,
Robbins, & Roberts, 1997; Robbins, 1996). The activation of a cate-
gory representation in working memory together with the concur-
rent inhibition of the previous category are some of the
component operations thought to occur during set-shifting (Barcel6
et al., 2006; Robbins, 2007; Rogers et al., 2000).



Short-term phasic ERPs (P1 and N1) are overlapped with longer
latency slow brain potentials, indicating both serial and parallel
processing of information (Barcel6 et al., 2006; Periafiez & Barcel¢,
2009). Some ERP components are modulated by processes distinct
from the actual shift in set and may appear before and after it, such
as task-set maintenance over trials and task-set implementation at
card onset (Nicholson, Karayanidis, Poboka, Heathcote, & Michie,
2005). Some ERP components elicited to the target cards show an
analogous mid-parietal scalp topography as the ERP signature of
the shift in set at cue onset, and these components need to be seg-
regated through experimental or statistical design to avoid poten-
tial confounds (Barcel6 et al., 2006; Periafiez & Barceld, 2009).
Current models of task-switching offer a number of plausible
explanations for these accessory processes to set-shifting, includ-
ing the encoding of cueing events, inhibition of (or interference
from) irrelevant stimulus features or discarded categories, visual
scanning, and decision making processes (Barcel6, 2003; Monsell,
2005; Robbins, 2007; Rubinstein et al., 2001).
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Task-set switching has long been assumed to be a critical compo-
nent process underlying WCST performance (Monsell, 2005; Rubin-
stein etal., 2001) and lateral prefrontal lesions are related to deficits
in task-set switching ability (Rogersetal., 1998; Shallice etal., 2008).
Task-switching protocols include a sequence of trials where each
stimulus can be responded to in two or more possible ways (see
Fig. 1). The subjects’ task is to select the new correct rule of action
after certain transition points and adjust their response set accord-
ingly (Miller, 2000). However, it may be difficult to establish a direct
comparison between WCST scores and the behavioral measures ob-
tained in a variety of different task-switching protocols. The pattern
of scalp-recorded ERPs provides a comparison of the neural dynam-
ics underlying the WCST and task-switching paradigms. In a series of
ERP studies, we compared the brain responses to WCST and task-
switching stimuli. First, similar ERPs were elicited in response to
negative feedback cues and task-switch cues, indicating that the
brainresponses to the feedback cues partly reflect anticipatory prep-
aration of future actions (Barcel6 et al., 2002, 2006). Second, there
were distinct ERPs to contextual cues and target cards, which sug-
gest a functional dissociation between task preparation and task
execution mechanisms (Barcel6 et al., 2002; Periafiez & Barcelg,
2009). This has been a consistent result across different task-switch-
ing procedures and stimulus materials (Barcelé, Periafiez, & Nyhus,
2008; Kieffaber & Hetrick, 2005; Nicholson et al., 2005; Rushworth,
Passingham, & Nobre, 2002). Third, the most ‘frontal’ ERP activations
were typically observed in response to the contextual switch cues,
particularly when those cues conveyed relevant information about
the next target response, which suggests that some critical task-set
switching operations occur in anticipation of target onset (Monsell,
2005; Periafiez & Barcel, 2009). Fourth, when card sorting proceeds
in long runs of repetition trials with a few unexpected switch cues
interspersed in between, as in the conventional WCST protocol, this
‘frontal’ ERP signature putatively related to set-shifting operationsstimulus ma5; Periaing-set



spite of their very different probability of occurrence, it can be
shown that these switch and repeat cues convey similar amounts
of sensorimotor information for selecting their associated ‘nogo’ re-
sponse (also transmitted information, cf. Miller, 1956). This is illus-
trated in the left panel of Fig. 4, where an infrequent switch cue
( P=0.06) conveys the same information as a frequent repeat cue
( P=0.44) for selecting their shared ‘nogo’ response. These mean
probabilities are estimated for an ideal subject committing only
eight errors while sorting the 64 WCST cards following the color
rule (Fig. 4, left panel). These estimations for low-level sensorimotor
control stay the same when either two rules (Fig. 4, middle) or three
rules are involved (Fig. 4, right panel).

More interestingly, the information processing demands associ-
ated with the same task-switch cue increase as a function of the
number of higher-order task-set units being held in working mem-
ory (Fig. 4, Eg. (4)). This higher information content is consistent
with the larger behavioral costs and enhanced novelty P3 re-
sponses to task-switch cues observed under three task-set condi-
tions relative to only two, or single task-set conditions (Barcel6
et al., 2006, 2008). This approach may help us formalize the intui-
tive idea that stimulus processing depends on thet“skﬁ teﬂ ,and
suggests that the amount of information conveyed by unexpected
‘wrong’ feedback signals (or by task-switch cues) partly depends
ong %k lh,’eltqn,t t, ie., the total number of stimuli, responses,
and task rules being concurrently handled in working memory
(Fig. 3). The larger the amount of task-set information (task uncer-
tainty) conveyed by the contextual signals, the larger the ampli-
tude of endogenous novelty P3 potentials elicited them (Barcel6
et al., 2006, 2008).

This information theoretical approach could aid interpretation
of the behavioral results obtained from different WCST variants
and comparison across different task-switching procedures. This
approach provides common interpretative grounds for the type
of cognitive control processes required by novel distractors during
simple perceptual classifications, by task-switch cues in dual-task
conditions, or by disconfirming negative feedback signals in the
conventional WCST procedure. All these situations require a tran-
sient change in the higher-ordered representations responsible
for goal-directed behavior. This set-shifting mechanism is fast
and short-lived and depends on an intact lateral prefrontal cortex
(Miller, 2000; Milner, 1963; Shallice et al., 2008), but also on a dis-
tributed network of cortical and subcortical structures necessary
for processing novelty at the highest level of neural representation
(Barcel6 & Knight, 2007; Ranganath & Rainer, 2003). Moreover,
even if this set-shifting mechanism develops within a few millisec-
onds, it is most likely accompanied by parallel accessory processes,
as revealed by lesion studies (Barcel6 & Knight, 2007; Shallice
et al., 2008) and as indexed by overlapping slow ERP negativities
(Barcel6 et al., 2006; Nicholson et al., 2005).

These recent findings help us put into perspective the original
questions about the validity and anatomical specificity of WCST
scores for assessing prefrontal function. The concept of an anatom-
ically ‘pure’ test of prefrontal function does not seem only empiri-
cally unattainable, but also theoretically inaccurate. The
information conveyed by a set-shifting stimulus depends not only
on its physical parameters or mean probability of occurrence, but
also on its probabilistic association with other contextually related
low-level (sensory, motor) and high-level (sensorimotor) task-set
representations, as can be formalized through Egs. (1)—(4) (Koech-
lin & Summerfield, 2007), and is illustrated in Figs. 3 and 4 (cf. Mill-
er, 1956). Therefore, it seems reasonable to infer that the brain



suggests that the original WCST does not distinguish between fron-
tal and non-frontal lesions. Likewise, functional neuroimaging
studies confirm that delivery of negative feedback during WCST
rule transitions activates a widespread network of frontal and
non-frontal regions within a split-second time scale. New method-
ological and conceptual advances from theory-guided experimen-
tal designs, precise spatial and temporal sampling of brain
activity, and modern integrative models of prefrontal function
(Miller, 2000) combined with a formal information theoretical ap-
proach to cognitive control (Koechlin & Summerfield, 2007) can
improve our understanding of the WCST and its relationship to
prefrontal executive functions. These advances suggest that simple
modifications of the original version of the WCST may offer more
valid and reliable measures of key component operations, such as
the maintenance, shifting, and updating of task-set information
over trials. Fast brain imaging techniques help us put into perspec-
tive the specificity of the test as a marker of prefrontal function as a
key node within the widely distributed and tightly interconnected
neural networks subserving human cognition.
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