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Does the Wisconsin Card Sorting Test Measure Prefrontal Function

Francisco Barcel6
Complutense University of Madrid

This review describes a research program aimed at evaluating the validity and specificity of the
Wisconsin Card Sorting Test (WCST), one of the most widely used tests of prefrontal function
in clinical and experimental neuropsychology. In spite of its extensive use, voices of caution have
arisen against the use of WCST scores as direct markers of prefrontal damage or dysfunction.
Adopting a cognitive neuroscience approach, the present research program integrates behavioral,
physiological, and anatomical information to investigate the cognitive and neural mechanisms
behind WCST performance. The results show that WCST performance evokes conspicuous
physiological changes over frontal as well as posterior brain regions. Moreover, WCST scores
confound very heterogeneous cognitive and neural processes. This confounding effect may have
led many authors to overlook the relative importance of certain dysfunctional states such as those
indexed by random errors. These findings strongly suggest that WCST scores cannot be regarded
as valid nor specific markers of prefrontal lobe function. However, they do provide some relevant
clues to update our current knowledge about prefrontal function. In the long run, the integrative
approach of cognitive neuroscience may help us design and develop more valid and sensitive
tools for neuropsychological assessment.

Key words: attention, event-related potentials, neuropsychological assessment, set-shifting, cognitive
neuroscience

En esta revision se describe un programa de investigacion dirigido a evaluar la validez y especificidad
del Test de Clasificacioén de Cartas de Wisconsin (WCST), uno de los mas empleados para evaluar
la funcion prefrontal en neuropsicologia clinica y experimental. A pesar de su amplio uso, han
surgido voces criticas en contra de la interpretacion de las puntuaciones del WCST como indicadores
directos del dafio o la disfuncién prefrontal. Desde la perspectiva de la neurociencia cognitiva, el
presente programa de investigacion integra informacién conductual, fisiolégica y anatémica para
indagar los mecanismos cognitivos y neuronales subyacentes a la realizacién del WCST. Los
resultados muestran que la ejecucion del WCST va asociada a importantes cambios fisioldégicos
en areas frontales y posteriores. Ademas, las puntuaciones del WCST mezclan procesos cognitivos
y neuronales muy heterogéneos. Esta confusion puede haber inducido a muchos autores a pasar
por alto la importancia relativa de ciertos estados anémalos como los asociados a los errores
aleatorios. Estos hallazgos sugieren que las puntuaciones WCST no pueden ser consideradas
como marcadores validos ni especificos de disfuncion prefrontal, aunque si proporcionan claves
para actualizar nuestro conocimiento actual sobre la funcién prefrontal. En un futuro, el analisis
integrador de la neurociencia cognitiva puede ayudar a disefiar y desarrollar instrumentos de
evaluacién neuropsicolégica mas validos y sensibles.

Palabras clave: atencién, potenciales evocados, evaluacion neuropsicolégica, cambio de criterio
atencional, neurociencia cognitiva
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Theories and methods from modern cognitive treatment, and rehabilitation of deficits in executive control
neuroscience have guided my inquiry into the cognitivesecondary to dysfunction in prefrontal cortex.
operations and neural mechanisms behind performance on In spite of the extensive use of tieéCST in both
the Wisconsin Card Sortingest (WCST Grant & Beg, clinical and experimental settings, voices of caution have
1948), one of the most extensively used tests in the historgrisen against its use as a direct marker of prefrontal
of clinical and experimental neuropsychology (Fystée7;  damage or dysfunction (Lezak, 1995; Mountain & Snow
Kimberg, D’Esposito, & Farah, 1997; Kolb &/hishaw 1993; Reitan &Wolfson, 1994).The inflection point for
1996; Lezak, 1995; Milnel963; Mountain & Snowl993; most of these criticisms was the evidence provided by
Spreen & Strauss, 1998; Stuss & Benson, 1986g newly available neuroimaging techniques thdeadd a
primary goal of the research line described here has beemeans to assess the localization and extension of brair
to assess the validity and specificity of W&CST as an  lesions more precisely (Anderson, Damasio, Jones, &
index of prefrontal lobe pathologfhe WCSTwas devised Tranel, 1991). Furthermore, recent analyses of the cognitive
by Grant and Bey as an index of abstract reasoning, structure of the test scores suggest that criticisms might
concept formation, and response strategies to changinglso reflect lack of internal validity and inconsistencies in
contextual contingencies. Some years Jdiiner (1963), the WCST scoring norms (Bowden et al., 1998). On the
a neuropsychologist from the Montreal Neurological one hand, these deficiencies would not be surprising for
Institute at McGill Universityintroduced th&VCSTas a  an instrument that was devised from rather old-fashioned
test of prefrontal lobe function. Even though there havemodels of both cognitive and prefrontal function. On the
been several versions of the test (Delis, Squire, Bihrle, &ther hand, if these criticisms were to be trusted, continuous
Massman, 1992; Heaton, 1981; Nelson, 1976), in itsreliance on WCST scores may be misinforming
conventional form, patients are administered a series ofieuropsychological assessment, as well as hampering
cards and asked to sort them by placing each into one gifrogress in the understanding of prefrontal lobe function.
four piles.The cards vary according to three attributes: In these circumstances, and before we could WIGEST
the numbercolor, and shape of their elementsdeck of  scores as direct indexes of prefrontal function, it was
such cards is handed to the participant who is then askedeemed necessary to address these fundamental questior
to sort them in piles beneath four reference cards that alsbhis was done by integrating behavioral information from
vary along these same dimensiofise only feedback given WCSTlike tasks with brain physiology (i.e., event-related
to the participant is the wondght or wrong after each  potentials- ERPs), and lesion studies (i.e., prefrontal
sorting. Initially, color is the correct sorting categpoand  patients). In order to derive fruitful conclusions about the
positive feedback is given only if the card is placed in therelationship between cognitive and brain processes, it is
pile with the same coloFor example, when the elements first necessary to establish a solid correspondence betwee
in the response card are red, and the card is placed benea#sisk design (i.e., cognitive processes) and brain physiology
the reference card that has red objects. Howsvieenever  In doing so, current cognitive models of working memory
the participant sorts 10 consecutive cards correthly  and attention provide a strong conceptual framework in
“correct” category change¥hus, only classifications that order to isolate the cognitive processes beWdST
match the new category will result in positive feedback.performance (Dehaene & Changeux, 1991; Robbins, 1998b;
The category first changes to shape, then to nunalpelr  Roberts, Robbins, & Everitt, 1988). Likewise, ERPs were
then repeats in the same ordstarting from colarThe chosen as fast and relatively inexpensive measures of brait
participant must learn to change the sorting categoriefunction. In the next section, | explain how ERPs can be
according to feedbacK he test ends after two decks of used to extract meaningful information about the cognitive
64 cards are sorted, or after six full categories are achievednd brain processes involved \WMCST performanceAs
Scoring of the test includes two main measures: the numbémowledge about the function of prefrontal cortex is still
of perseverative errors (i.e., failures to change sortingncomplete and patchyt is important to keep an open
strategy after negative feedback) and the number ofind to integrate knowledge from related cognitive,
categories achieved (Kimhgret al., 1997; Spreen & neuroimaging, and lesion studies to interpret ERE.
Strauss, 1998). Its purported sensitivity to prefrontal The third and fourth sections describe our main findings
dysfunction has favored its use to “confirm” prefrontal in normal participants and their interpretation in relation
involvement in psychiatric and clinical populations, mainly to conveging evidence from neuroimaging studies. In the
schizophrenic patients (Lenzenweger & Korfine, 1994),fifth section, clinical data from neurological patients with
obsessive-compulsive patients (Abbruzzese, Bellodi, Ferriprefrontal lesions are presentéithe last two sections
& Scarone, 1995), and attention deficit hyperactivity describe the main neuropsychological implications for the
disorder (Kempton et al., 1999. mere literature search assessment of prefrontal lobe function, as well as some
in Medline of the key words “WCST” or “card sorting” concluding remarks about the new horizons opened up by
yields over 500 scientific papers over the past five yearsognitive neuroscience for the objective assessment of
alone. This reflects a growing interest in the study higher brain functions.
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What can ERPs tell us about fW&CST? This aspect of the test is meant to draw on problem-solving
and concept-formation abilityvhich are indexed by the
The principles of measurement, physiological score “Number of trials to achieve the first category”
interpretation, and limitations of ERPs have been adequatelfHeaton, 1981; Lezak, 1995). Howevsuch processes are
reviewed elsewhere (Knight, 1997b; Rugg, 1992) and willclearly distinct from the attentional set-shifting aspect of
not be addressed any further hdwo main reasons justified the test (Milner1963) and are probably far too complex to
our choice of ERPs as indexes of brain activation. Fjrstlybe linked to simple phasic ER&sponses. In contrast, current
their excellent temporal resolution makes them a good indekheories of selective attentionferf a solid framework to
for exploring the association between fast changes in braimterpret the attentional set-shifting aspect of the test
activation and cognitive processes (i.e., a normal persofDesimone & Duncan, 1995; Duncan, Humphrey&yérd,
needs less than 1 second to soWw@ST card). Secondly  1997). Specifically previous animal research with an
their spatial resolution is enough to resolve gross anatomicalnalogue of theWCST had revealed behavioral and
questions (i.e., a frontal versus nonfrontal locuSV@ST physiological changes associated with early and late trials
effects). From a scientific point of viewhere was the extra within each series (Roberts et al., 1994; Roberts et al., 1988).
benefit that only one previous study had used ERPs to assdssthe early trials of a neWWCST series, the subject should
WCST performance (Mattes, Cohen, BerCanavan, & shift from an old category to a new orlhis cognitive
Hopmann, 1991), but these authors did not find anyprocess has been definedeadradimensional set-shifting
significant diferences in the pattern of ERPs evoked duringLate trials in awCST series demand selection of cards
WCST performance (see Barceld, Sanz, Molina, & Rubia,within the same stimulus dimension reinforced in the
1997, for a discussion). previous trials, a process referred tardsadimensional set-
Measurement of brain physiology relative to cognition shifting (Roberts et al., 1988). Many studies have reported
requires a computerized system so as to time precisely thgrefrontal activation mostly during the early trials in each
onset of task stimuli and responses for later averagimg. @ WCST series, while the participant is in the process of
was not an issue since a computer version oMI&ST  shifting between dferent stimulus sets or dimensions
was already commercially available (Harris, 1990). More(Gauntlett-Gilbert, Roberts, & Brown, 1999; Keele & Rafal,
importantly one rule of thumb in cognitive ERBsearch  2000; Konishi et al., 1999; Konishi et al., 1998). In
is that brain activity from cognitively similar trials should consequence, for both practical and theoretical reasons, we
be averaged togethdris requirement motivated a detailed decided to focus on attentional set-shifting rather than on
analysis of the cognitive operations during eA6DST trial. other cognitive processes also tapped at by the original test.
It soon became apparent that, in cognitive terms\M8ST  The computerize®WCST adaptation designed to measure
was a poorly designed taskhe first fault was that almost ERPs during attentional set-shifting has been called the
one third of all responses could not be interpretedMadrid Card Sortingrest (MCST Barcel6 & Santomé,
unambiguouslyFor instance, a card with four red circles 2000).
can be sorted in the fourth pile, attending either to the
number or the shape of its elements (see Figure 1). In suchhe Madrid Cad Soting Test (MCST)
a case, there is no way to know the actual rule from the
participants behavior alone. If the response is incorrect, it A schematic illustration of one series of the MGST
will not be clear whether a perseverative or ashown in Figure 1. Participants are instructed to match the
nonperseverative error should be scor@dnbiguous  response card with one of the four reference cards following
responses are a source of noise and a threat to construme of three possible rules: numpeolor, or shape.
validity, and have led to an artificially complex scoring Participants can practice the task for 5 minutes before the
system (Heaton, Chelung&lley, Kay, & Curtis, 1993) that experimental runThe new sorting principle is to be
has only made the problem worse (Greeve, 1998.only  determined with the help of auditory feedback delivered
possible way to tag cognitively similar processes forafter each response. Healthy individuals normally find the
averaging ERPs was to eliminate the ambiguous cards fromew rule after either the first or the second disconfirming
our computer version, an option already adopted by othefeedback (i.e., in the second or third trials of a serlegls
authors (Nelson, 1976). are ordered semi-randomly with the constraint that all cards
There was a second issue that had to be tackled beforan be sorted unambiguousBeries vary randomly between
brain activity could be meaningfully related to any specific six and nine trials, so that the start of a new series can not
cognitive processThe WCST is administered without be anticipatedA session consists of 36 series, with an
instructing about the taskrules, so that participants need average duration of 25 minutes for normal young
to work out the rules by themselves with the help ofparticipantsThe electroencephalogram (EEG) is concurrently
feedback after each card sortifipe oficial test instructions  recorded from a stitient number of electrodes to map
read: “This test is a little unusual because | am not allowegbrefrontal, fronto-temporal, central, parietal, temporal,
to tell you very much about how to do it” (Heaton, 1981). temporo-parietal, and occipital areas of both hemispheres
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Figure 1.Schematic illustration of one series of the Madrid Card Sof@asg. Each trial begins with the onset of fSWEST key-cards

on top of one response card, all centered on the computer screen. Participants use a 4-button response panel forrgortivey] are i
about the task' rules, and receive 5-min practiéeuditory feedback is delivered 1600 ms after the response (a 2000 Hz tone for correc
a 500 Hz tone for incorrect). ERPs are recorded for 1700 ms locked to the @asét, including a 200-ms prestimulus peridd.
complete task consists of two runs of 18 series eastparticipants cannot anticipate the start of a new series, they need to make
“first-trial error,” and usually find the new rule either in the second or in the third trials of the new series.

(Figure 2).To assess thefetts of attentional set-shifting two constructs of interest: either an extradimensional shift
on visual evoked potentials, mean amplitude values arer an intradimensional shift in attentiofo be considered
obtained from both short-latency (P1, 100-130 ms; N1, 155in the averagedVCST series need to meet all the following
175 ms; P2, 185-215 ms), and long-latency (N2, 305-33%onstraints: (a) there is no anticipation of the new sorting
ms; P3b, 450-600 ms) ERBmponents (see insert in Figure rule, (b) the new rule is found in either the second or third
2). Fast extrastriate ERPs are also modulated by attention&dials in the series, and (c) the category is not missed
set-shifting (Barcel6, Mufioz-Céspedes, Pozo, & RubiathereafterAs series are ordered randoparticipants have
2000), but the present review will focus on findings to guess after the first negative feedback of a new series
pertaining to P3b activity only (Figure 1). Hence, an ideal participant has a 50% chance o
A strict control over behavioral performance is of choosing the wrong category in the second trial of a new
paramount importance if we are to make valid inferencesNVCST series.These second-trial errors have been defined
about brain physiology and underlying cognitive processesas “eficient errors,” as they involve a shift in category and
Accordingly, ERPaverages are computed separately fromare followed by correct sortings in all remaining trials of
those trials whose associated behavior matched one of thbat series (Barceld, 1999; Barceld, Mufioz-Céspedes, et al.
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2000).Therefore, only one first-trial error and onéi@ént apparently defy the validity of a test that had been
error are allowed in any valid/CST series. In previous historically used as an indicator of prefrontal function
studies, the ® and 34 trials from all validWCST series  (Kimberg et al., 1997; Lezak, 1995; Milnet963; Stuss &
were used to compute eallyCSTERPSs, and the last two Benson, 1986).
trials served to compute [aWCST ERPs.The former Most of our knowledge about the ¢g@t P3b derives
measured extradimensional set-shifting, and the latefrom simple taget detection “oddball” tasks. It is
measured intradimensional set-shifting (Barceld, Mufioz-conceivable that P3b-like activation recorded during a
Céspedes, et al., 2000; Owen et al., 1993; Robbins, 1998bpmparatively more complex task such aswHeéST might
Roberts et al., 1988). receive some direct contribution from prefrontal generators.
This hypothesis was investigated using Brain Electrical
SourceAnalysis (BESA; Scher& Berg, 1990).The results
Half a Second beyond thedfital Lobes shown in Figure 3 suggested that nonfrontal dipole models
of the P3b response derived from auditory and
The ERRdifferences between early and I8 ST trials somatosensory oddball tasks accounted for up to 93.7% of
are illustrated in Figure Z'lhe most conspicuous changes our WCST-related P3b data érkka, Stokic, Basile, &
were the lager P3b amplitudes on late as compared withPapanicolaou, 1995). In turn, all attempts to fit frontal
early trials (Barceld, Mufioz-Céspedes, et al., 2000; Barceldipoles to ouWWCST P3b model were unsuccessful (Barceld
& Rubia, 1998; Barcel6 et al., 1997). Interestingwarly & Rubia, 1998). Finallya nonfrontal three-dipole model
and late trials produced tly similar ERPs over frontal managed to account for up to 94.6% of variance from the
regions. Given that intracraneal recordings and lesion studiesbservedWCST P3b changes in amplitude (Figure 3b).
suggest that the neural generators for the P3b lie at tempordhis dipole solution was in line with evidence from lesion
parietal and mesial temporal association cort{etdgren,  studies (Knight, Grabowecky& Scabini, 1995), and
Baudena, Clarke, Heit, Liégeois, et al., 1995; Halgren,ntracranial recordings in humans (Halgren, Baudena,
Baudena, Clarke, Heit, Marinkovic, et al., 1995; Heit, Smith,Clarke, Heit, Liégeois, et al., 1995; Halgren, Baudena,
& Halgren, 1990; Knight, 1997a; Rugg, 1995), our resultsClarke, Heit, Marinkovic, et al., 1995; Heit et al., 1990;
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Figure 2. Early-lateWCST P3b efects.Main panel:Grand ERPaverages for early and |af¢CST trials at two frontal and two posterior
electrodesVertical bars indicate the onset of W&CST key-cards plus response card compoedveforms represent linked-mastoid
referenced averages from 16 normal participdngett: Detailed illustration of the main ERf®mponents measured at the right parieto-
occipital electrode (PO2).
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Rugg, 1995), and suggested an involvement of temporal
parietal and mesial temporal association cortices within ¢ a
fraction of a second after ea®tiCST card sortingThese

results indicated that th&CST could not be regarded as

a specificmarker of prefrontal function, but they did not
inform us about the nature of the cognitive processes behin
those P3b changes, nor did they totally discard &
contribution from prefrontal cortex WCST performance.

Indeed, the P3b component has been linked to a variety (

mental processes (Donchin & Coles, 1988) but its

implication in basic cognitive operations such as memory

or attention is still a matter of controversy (Knight & RV%

Scabini, 1998). Moreovefailure to obtain ERRhanges V\Vlm/ 10 3 4
over prefrontal regions could be simply due to a closec 1

field configuration of the neural generators involved in 0.1

attentional set-shifting. Howeveas will be shown below

a shrewd combination of ERPs with task set-shifting
paradigms may help us elucidate some of the cognitive
operations underlying P3b changes duriNgCST
performance. Hence, the next step was to delineate th
cognitive meaning of the early-la®CST trial changes in
P3b amplitude.

Early-lateWCST P3b changes were originally attributed
to the gradual build-up of a memory template for the
stimulus category along each series (Barcel6 et al., 1997
Alternatively, it was also feasible that P3b changes were
linked to an “on-of’ switch mechanism triggered by the
actual shift in category (i.e., a shift in attentional SBt)o
control tasks were designed to examine whether early-lat
P3b changes reflected category selection (attention) o
category storage (memory) operations. One control tasl

announced the new correct category at the start of each ne RV%

series, and hence, it contained only intra-dimensional shift v\u =1 10 )
similar to those present during Ia6CST trials (theWID 113

task). In a second control task, participants were requeste 0.1

to sort in the pile that shared none of the responsescard

features (Figure 1).This demanded constant extra-

dimensional sortings, and so precluded the storage of arFigure 3. Dipole models for th&VCST P3b response. (darkka
single stimulus dimension (tWED task). Neither th&VID et al.5 (1995) 4-dipole model accounted for 93.7% of variance in
nor WED tasks can be regarded as completely neutrathe WCST P3b dataset. (b} 3-dipole model dered the best
conditions, as they both consist of relevant stimuli that areg%sbs'(;);?af'tlr?”bdo;x?r:zlgiie‘;p ;%iileg/;no;r\;?:rzng ;nﬁwcﬁlcorde(
expected to elicit a P3b response. ng,eaegradual build- WCSTP3b activity were estirrllated at mesial temporal and temporo-
up of a memory t.emplate for the stlmqlus category COUICparietal regions. Positive voltage values are plotted upwards.

be assumed only in thWWID task, but not in th&®/ED task.

Figure 4 shows the group averages for early and late trials

in theWCSTand the two control tasks. Surprisingtgither

of the two control tasks showed any signs of a P3kbsame extradimensional rule was consistently used in all
modulation as a function of trial ordefhis outcome  WED trials. In consequence, it seemed likely that the
suggested the existence of a unique cognitive mechanisendogenous shift in set in eayCST trials was responsible

in theWCST that was not shared by any of the two control for the observed P3b modulationghis hypothesis was
tasks. Perhaps the most distinctive feature ofM@ST is consistent with a lge number of studies both of normal
the need to endogenously shift the sorting rule and guesand clinical samples (Dehaene & Changeux, 1991; Lezak,
the next new one (Milnetl963). None of the two control 1995; Milner 1963; Rogers et al., 1998; Shallice, 1994),
tasks involved such a type of shift. Shifts were externallyand was pursued further with a finer trial-by-trial analysis
prompted by the first card in eatiiD series, whereas the of shift and nonshift trials.
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Figure 4.Grand ERRaverages for early {2 and 39) and late (last-1 and last) trials WCST, WID, andWED tasks recorded from the
mid-parietal scalp (Pz)Vaveforms are plotted from -200 to 1400 ms relative to the onset of the key-cards plus response card compou
Early and late trials from th&/ID and WED tasks evoked similar P3b waves in all the sites expldWageforms represent averaged
activity from 16 participants.

In all previous studies, thé"®and 3 trials of all valid All in all, these results suggest that early-[E€ST
WCST series had been collapsed together into an early ERP3b efects seem to be indexing threefelieént processes:
waveform. Howeverparticipants normally learn the new (a) a sharp reduction in P3b amplitude, and (b) a slight P3b
correct category in the"®trial on 50% of all valid series, asymmetry during shift trials, plus (c) a gradual post-shift
whose ¥ trials then do not involve any shift in set. P3b build-up extending over several nonshift trials (Figure
Therefore, correct8trials were split up into'3 shift and  6). According to task-set-shifting evidence, endogenous shifts
3 nonshift trials for a more precise analysis of the influencein set may be responsible for the sharp attenuation and the
of set-shifting on the P3b response. Figure 5 shows thslight asymmetry in P3b activity during eayCST trials
critical comparison betweeri%%hift and 34 nonshift trials ~ (Dehaene & Changeux, 1991; Robbins, 1998b; Rogers &
from valid WCST series.There was a significant increase Monsell, 1995; Shallice, 1994). On the other hand, the
in P3b amplitude betweer93shift and & nonshift trials.  gradual post-shift P3b build-up may be a physiological
This comparison also reveals a P3b asymmetry acrossoncomitant of the reconfiguration of the attentional set over
temporal electrodes, a result already noticed before (Barcelseveral post-shift trials (Allport, Styles, & Hsieh, 1994;
& Rubia, 1998; Barcel6 et al., 1997). Howeule increase  Rogers et al., 1998This account is consistent with current
in P3b amplitude from™$ shift to 39 nonshift trials did not  interpretations of the P3b response in terms of attentional
account for the full size of the P3b waves elicited in lateset-shifting and the updating of working memory templates
trials (see Figures 2 and 5). Even if the participant hador perceptual categories (Barcel6 et al., 1997; Donchin &
learned the new correct category after thetizal feedback, — Coles, 1988)To our knowledge, this was the first time that
it took him or her some extra trials to achieve the full-blownsuch a P3b modulation was reported using a task-set-shifting
P3b amplitudes observed in [&#CST trials. In other words,  paradigm. Further research is currently under way to confirm
the early-late change in P3b amplitude was not indexing and extend this novel finding.
mere “on-of’ switch mechanism related to the shift in set,
but also involved a gradual build-up in P3b amplitude
extending over several nonshift trialBhis outcome is Imaging prefrontal function
illustrated in Figure 6 with a trial-by-trial plot of P3b
amplitudes across shift and nonshift periods. It is worth  The foregoing findings did not discard a plausible
noting that the P3b asymmetry was apparent only duringmplication of prefrontal cortex ilVCST performance, even
early shift trials, but not during early nonshift or later trials if they did question its specificity as a marker of prefrontal
(Barcel6, Mufioz-Céspedes, et al., 2000). function. Both lesion studies and neuroimaging studies with
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Figure 5. Shift versus nonshift'8 WCST trials. Grand ERRwerages for early and |af#CST trials are compared with®shift trials

and 39 nonshift trials. Only  correct trials from completé/CST series were considered in the sub-averages. Each participant contribute
with 10 trials to each sub-average, with the same number of left- and right-hand sortings per subVssreedgens from mid-line Cz

and Pz, and laterdl7/T8 and P7/P8 electrodes are plotted from -200 to 1400 ms relative to the onset of the key-cards plus resp
card compound."8 shift trials evoked reliably smaller P3b amplitudes th&manshift trials at middle and left lateral electrodes:(

.01), but not at right lateral electrodes.

healthy individuals convge in that an intact dorsolateral duringWCST executionActive areas mostly correspond with
prefrontal cortex (dPFCX) is required for corr8¢CST the dPFCX, but activation is also reported in the ventro-medial
performance. Howevgefew imaging studies have investigated prefrontal cortex (VPFCx) (Berman et al., 1995; Konishi et
which cognitive processes behMdCST performance depend al., 1998; Mentzel et al., 1998; Nagahama et al., 1996, 1997
on the dPFCx and which ones depend on nonfrontal structure$998; Tien, SchlaepferOrr, & Pearlson, 1998), and the
Metabolic imaging techniquesfef both advantages and orbitofrontal cortex (0PFCx) (Berman et al., 1995). It is not
limitations for linking specific cognitive processes to brain yet clear whether the predominant pattern of activatifactaf
structure and functiorfable 1 presents a summary of some the left (Kawasaki et al., 1993; Mattay et al., 1996; Nagahama
WCST studies that have concurrently imaged brain functionet al., 1996, 1998; Ragland et al., 1998) or the right
in normal individualsAlmost without exception, these studies hemisphere (Marenco, Coppola, Daniel, Ziguij)&inbeger,
report an increase in the metabolism of prefrontal regiond993; Mentzel et al., 1998/olz et al., 1997).
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Figure 6.Physiological and behavior8/CST shift costs.Open axesGrand mean P3b amplitudes for shift and nondNi@ST trials
are plotted as a function of trial ordélote that 3 shift and & nonshift trials were drawn from @i#frent series. Mean P3b values from
Cz, Pz, T5,T6, P7, P8, PO7, and PO8 electrodes are sh¥entical lines indicate standard error of the meamonlinear b-spline
function was used to connect trial-by-trial changes in mean P3b ampliladed axes{Upper panel): Grand mean reaction times from
completeWCST series are plotted as a function of trial ordeower panel): Mean percent of errors from faW€ST series are plotted
as a function of trial orde¥ertical lines indicate standard error of the meesterisks indicate significant dérences with the previous
trial in the series; p < .05; ** p < .01.Triangles indicate significant dérences with the last trial in the seriasp < .05;AA p < .01.

Table 1 has a second reading that should not bd996;Tien et al., 1998)Whether these increments and
overlooked WCST performance increases the metabolism decrements in blood flow correspond with neural activation
in a wide neural network comprising the inferior parietal or inhibition is not known. In any event, these results are
cortex (Berman et al., 1995; Konishi et al., 1998; Nagahamaompatible with current accounts of higher brain functions
et al., 1996, 1997, 1998; Parellada et al., 1998), temporan terms of distributed neural networks (Dehaene &
parietal association cortex (Marenco et al., 1993; Nagaham@hangeux, 1991; Posner & Dehaene, 1994), and with
et al., 1996; Ragland et al., 1998n et al., 1998), temporo- evidence of interconnecting pathways between prefrontal and
occipital cortex and temporal pole (Berman et al., 1995;posterior association cortices (Goldman-Rakic, 1988), as well
Ragland et al., 1998), and primary and association visuahs with subcortical structures such as the basal ganglia
cortices (Berman et al.,, 1995; Marenco et al., 1993;(Hayes, Davidson, Keele, & Rafal, 1998).

Nagahama et al., 1996; Ragland et al., 1998gre is Neuroimaging studies, therefore, confirm tN&CST
somewhat less consensus as to whether there is an incregsaformance cannot be directly taken as an immediate marker
or a decrease in activation in other neural loci such as thef prefrontal function, an idea consistent with the ERP
thalamus and basal ganglia (Mentzel et al., 1998)findings reported in the previous section. But this conclusion
parahippocampal gyrus (Nagahama et al., 1996), anés noncommittal and has little application in clinical practice.
hippocampus proper (Berman et al., 1995; Mattay et al.The key question isA\re WCST scores indexing prefrontal
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function or are they notPhe solution to this dilemma commission of diferent types ofWCST errors. This
requires that the cognitive operations beRM@ST scores  outstanding disregard for the analysis of the neurocognitive
be related to specific brain processes. Unfortunatedy  mechanisms behind/CST scoring norms parallels a long-
even fMRI studies, with their high spatial resolution, could lasting disregard for the cognitive significanceWsCST
solve this question without first isolating the cognitive errors themselve§o date, few authors seem to have asked
processes involved in card sorting. Most neuroimagingthese simple questiong/hat’s the cognitive meaning of
studies listed iMable 1 did not even try to control for any failing to complete aNCST category?And what’s the
cognitive process with an appropriate experimental taskmeaning of a nonperseverative error? In our attempt to link
design. In most cases metabolic brain activity was averagelrain physiology to cognition, it soon became apparent that
for the whole duration of the task, as if performance of theobtaining a category score of zero does not denote any
WCST generated a homogenous state of “frontality” whoseparticular cognitive or brain dysfunctiofhus, a failure to
essence could be directly captured by the brain im&geh  score a category may reflect inability to shift set, but also
a course of action denotes some ingenuity about the scientifimability to maintain set in the face of stimulus interference
procedures necessary to measure cognitive processe®arcelo, 1999). It was necessary to clarify this conceptual
and may be responsible for much of the “anatomicalconfounding dect if | was to comply with the basic rule
nonspecificity” of neuroimaging studies (Barcel6 & Gale, in ERPresearch that “only EEG activity from cognitively
1997). On top of it, this problem partly derives from the similar trials should be averaged together
coarse temporal resolution of many metabolic techniques, Originally, my intention was to &r a topographical
which prevent the double-dissociation of distinct patternsanalysis of the braig’electrical changes associated with the
of brain activation as specifically related to particular commission of perseverative and nonperseverative errors
operations that typically develop at a very fast pace (Barceléorom a nonclinical sample of young volunteers. It was
& Santomé, 2000; D’Esposito, Zarahn,AQuirre, 1999). assumed thatVCST errors in normal participants probably
In consequence, adequate experimental designs améflect transitory dysfunctions in the same neural mechanisms
higher temporal resolution seem two important requirementslisrupted by neurological or psychiatric disease. In spite of
for achieving a close correspondence between brain anatomhe lesser incidence of errors in nonclinical samples, their
physiology and cognition. In this respect, ERPs may be asnore homogeneous causation makes them easier to pinpoir
valid as any other functional imaging technique to assesand study It was predicted that perseverative and
prefrontal function. Howeveit is important to keep in mind nonperseverative errors would evoke distinct patterns of ERF
both the strengths and weaknesses of each imaging technigaetivation.These ERPatterns were also expected tdetif
to avoid misinterpretationdVith regard to ERPs, results from their “correct” counterpart®Again, this cognitive
can be misleading when the active neural populations aranalysis soon revealed that the conventional scoring of
organized in a closed field, or when prefrontal activation isnonperseverativ&/CST errors was seriously flawe@hen
in the form of a tonic modulation rather than a phasicparticipants are in the process of shifting set, they cannot
stimulus-locked response (Barceld, Suwazono, & Knight,anticipate the next correct categamd hence, they are forced
2000). Figure 7 illustrates an example of ERPs recordedo make nonperseverative errors in order to find the new rule
from prefrontal scalp that were not sensitive to provenearly in a newWCST series (Barceld, 1999; Barcel6 &
lesions in the underlying brain tissue. Instead, thgektr ~ Knight, in press)This is a very dfcient trial-and-error
ERPanomalies were observed in the phasic stimulus-lockegrocess in normal individuals, who can keep track of all past
responses of those ipsilesional extrastriate areas that lackéucorrect rules to quickly find the new correct one. In
a sustained modulatory input from prefrontal cortex (Barcel6,consequence, the nonperseverative error score W@®&T
Suwazono, & Knight, 2000). It appears that the prefrontalis a heterogeneous mixture of those errors related to the
cortex exerts a sustained modulation upon extrastriate sensoefficient test of hypotheses during set-shifting (i.e.fi¢ant
areas that may not be always reflected in the ERPserrors”), as well as of random failures to maintain set (i.e.,
Nevertheless, the next section illustrates an example of hovirandom errors”).With the purpose of averaging brain
ERPs can become sensitive indexes of prefrontal functiomesponses in a cognitively meaningful waficient errors

when combined with appropriate task designs. were computed separately from random error§icieft
errors early in th&VCST series were taken as the correct
What's wrong withWCST errors? counterpart of perseverative errors. In turn, random errors

in the last trial of aVCST series could be referred to as
The most direct way to interfad®CST performance  distractions, and were compared with correctly sorted trials.
with brain function would be to try to isolate those brain  Figure 8 illustrates this comparisdrhese data confirm
responses that are strictly associated with specific scorinthat the ERPpattern evoked by perseverative errors and
norms, and in particulawith WCST errors. Surprisingly  distractions deviate from their respective correct counterparts.
virtually no neuroimaging study has so far attempted toMoreover both perseverative and random errors were
isolate the locus of brain dysfunction related to theassociated with distinct ERBnomalies encompassing
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|psilesional Contralesional
ERPs ERPs

lpsilesional

Frontal (Fi) milliseconds

.............. Patients
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Figure 7. Sensitivity of ERPs to changes in brain activation. Event-related potentials were recorded from frontal (F) and tempoi
occipital (TO) scalp regions in both prefrontal patients and controls during performance of a visual attention task. ERPs recort
over the lesioned frontal area did not show significant anomalies. Instead, importamin&fRRlies were observed in the phasic
stimulus-locked ERPs recorded over the intact temporo-occipital region of the lesioned hemisphere. Stimulus-locked ERPs may
be sensitive to the type of sustained modulation of prefrontal cortex upon visual cortical areas in visual attention taaks tésde

for a full explanation).
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prefrontal as well as nonfrontal brain regiofkis evidence  However patients with lesions in their dPFCx are susceptible
suggests that these two types of error result fromferelift ~ to distraction and external interference that might lead to
type of disruption in the neural networks that control difficulties in set maintenance. For instance, rapid degradation
attentional set-shifting (Barceld, 1999; Fust997; Owen  of information from the previous trial due to stimulus
et al., 1993)Whereas perseverative errors were related tanterference leads to poor performance on subsequent trials
significantly reduced extrastriate N1 and prefrontal P2In extreme cases, loss of online information could lead to a
components, random errors were associated with an increaseghdom error in the selection of the next card. Howefkier
amplitude of the fronto-central P2 componeiite inherent confounding &fct between random andfiefent
topographical distribution of thesefefts suggests a errors might impair the sensitivity of the conventionaCST
disruption in near field generators for perseverations, ando differences betweenfefient errors and random errors.
in deeperfar field generators for random errors (Barcelo, This issue has been recently addressed in a sample o
1999). Note the lge P3b responses evoked by perseverativgorefrontal patients in collaborative research with Rwbert
error trials that are similar to those evoked during the lasT. Knight at the University of California, Berkeley (see Figure
correct trials of aNCST series, where there is no change 9). Interestingly dPFCx patients showed highly deviant
in the attentional sefhus, a normal P3b can be expected numbers of random errors that were twice agelas those
when participants fail to update the old set in the presencéor perseverative errors, thus revealing constant shifts or
of changing contextual cues (i.e., after a negative feedbackjluctuations in their choice of sorting principle (see Figure
These novel ERPesults await confirmation from fast 10; Barcel6 & Knight, in press).
metabolic neuroimaging methods with a better spatial This tendency of some dPFCx patients to sort at random
resolution. may have gone undetected due to the inherent confounding
The neurocognitive analysis of errors from normal effect in the scoring of nonperseverative errors, and the
participants revealed a serious fault in the scoring ofextended use of the number of categories completed as
nonperseverativgVCST errors that, in turn, might help summary score foWCST performanceThus, the absence
interpret past inconsistenciesWICSTresearch under a new of significant group dferences in nonperseverative errors
light. It is feasible that this confoundingfeét may have may have motivated that any deficit in the category score
weakened the sensitivity of tW¢CST for detecting brain  be attributed to perseverative errors alone (Kimletral.,
dysfunction, particularly when other scoring norms are1997; Milner 1963). In turn, the present results suggest that
derived from nonperseverative errors (i.e., number ofextreme perseverative tendencies leading to a “stuck-in-set”
categories completed, perceptual level responses; Heaton &tore may not always account for the MICST category
al.,, 1993; Lezak, 1995; Spreen & Strauss, 1998). Inscore of dPFCx patients. More often, patients may simply
retrospect, this has straightforward consequences for thiese track of the ongoing category in the presence of
traditional interpretation o¥WVCST results. For instance, distracting stimulus features.
this inherent confounding ffct in the scoring of
nonperseverative errors may have led many authors ttmplications for theAssessment of Prefrontal Function
overlook the role of random errors as indicators of prefrontal
lobe pathology (Heaton et al., 1993; Lezak, 199%)e In recent years, research into the neural and cognitive
rationale for this hypothesis is based both on the importancprocesses of attentional set-shifting have disclosed new
of dPFCx for holding information online in working memory insights for the assessment of prefrontal functibmese
(Knight & Grabowecky 2000; Robbins, 1998b; Smith & new findings are relevant to both the clinical and
Jonides, 1999), and on the susceptibility of prefrontal patientexperimental contextdhe relative novelty of the present
to distraction and interference from external stimulationresults makes it dicult to establish a definite model of
(Fuster 1997; Lezak, 1995). attentional set-shifting at this time. From the various
For instance, suppose a participant faces thead of  cognitive constructs tapped by the conventigN&IST, we
a newWCST series, just after having been prompted to shiftchose to focus on attentional set-shifting, a process often
category by the Sttrial error An ideal participant would related to the executive system of attentibhe present
hold past information online to discard the now-irrelevantfindings have a number of implications for the
category and select one of the two remaining categoriesieuropsychological assessment of higher functions.
Such an ideal participant would be expected to mdiaeet
errors in half of all 2 trials. Any deviation from this ideal WCST performance activates a widespread network
pattern might reflect a disruption in the set-shifting operationsof neural areas. In line with every neuroimaging study
involved in card sorting (Keele & Rafal, 2000; Owen et al.,our ERPfindings confirm that card sorting modulates
1993; Rogers et al., 1998). In any perseverative behaviobrain activity over a widespread network of brain areas
the previously established set rigidly determines the respong@erman et al., 1995; Konishi et al., 1998; Nagahama et
in the early trials of a new series despite disconfirmingal., 1996). In normal individuals, the most conspicuous
feedback (i.e., a “stuck-in-set” tendency; Milnée63).  of these ERPmodulations influenced the @&t P3b
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Figure 8. Group ERPaverages to perseverative and rand®@ST errors in a sample of young normal participaklihite triangles
represent reaction times WCST error trials. Black triangles represent overall mean reaction times for correct trials. Both perseverativ
errors and distractions evoked ER#&terns that deviated from their respective normal counterparesscalp topography of these ERP
differences hinged on frontal (P2 component) as well as nonfrontal areas (N1 and P3b components).
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PREFRONTAL LESIONS
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Figure 9.Lesion reconstruction is shown for 6 patients with lesions to their left dorsolateral prefrontal cortex. In all casesa) desfrage
was due to cerebral stroke in anterior branches of the left middle cerebrallasiops are transcribed onto axial templates using 5-mm
cuts. Each row shows the extent of damage in an individual patielesions overlapped over posterior portions of Brodmann areas 9 and
45.The average tissue loss was 41.4 per patient. Software permitted reconstruction of the lateral perspective of the lesion, determinati
of lesion volume, and putative cytoarchitectonic area damaged. Lesioned areas are encircled with thick lines and filggayn with

response, whose putative generators have been proposadtivation linked to specific set-shifting operations, but
at temporo-parietal and mesial temporal associatiorvarying amounts of activation have also been observed
cortices (Barcel6 & Rubia, 1998; Halgren, Baudena,at posterior association cortices (Konishi et al., 1999;
Clarke, Heit, Liégeois, et al., 1995; Halgren, BaudenaKonishi et al., 1998).This apparent anatomical
Clarke, Heit, Marinkovic, et al., 1995; Heit et al., 1990; nonspecificity corresponds with the widely distributed
Knight, 1997a; Knight et al., 1995; Knight & Scabini, organization of neural networks underlying attention
1998).A few fMRI studies have reported bilateral dPFCx (Posner & Dehaene, 1994; Robbins, 1998b), and renders
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Figure 10. Mean number of &tient, random, and perseverat\VWCST shifts scored by diérent samples of left dPFCx patients, old
and young controls/ertical bars represent standard errors of the mean.

as illusory any attempts to design pure tests of prefrontaDesimone & Duncan, 1995; Robbins, 1998a; Rogers &
function. The problem resides with the very nature of Monsell, 1995; Shallice, 1994)ttentional set-shifting has
prefrontal (“executive”) function, which involves the long been regarded as an executive function of attention
management of a variety of hierarchically lowred that is regulated by prefrontal cortex (Baddeley & Della
stimulus and response processes (Rabbitt, 1997), eac®ala, 1998; Milner1963; Robbins, 1998bThis finding is
with their distinct anatomical substrates. Neverthelessconsistent with the hypothesis that prefrontal cortex
this anatomical nonspecificity of neuroimaging results modulates the activity of posterior association areas (Fuster
might also reflect technical and methodological immaturity Bauer & Jervey 1985; Tomita, Ohbayashi, Nakahara,
of our measurement devices and protocols rather than adasegawa, & Miyashita, 1999), and with reported
irretrievable conceptual hurdle for linking structure to disruptions in the amplitude of the g&t P3b response
function. Current neural network models postulate thatsecondary to deficits in prefrontal modulation (Barceld,
different divisions of the prefrontal cortex compute Suwazono, & Knight, 2000). On the other hand, most past
different cognitive operations (Dehaene & Changeux,P3b research has used simple oddball tasks with a fixed,
1991; Parks et al., 1992). Such agamizational principle pre-established set (Donchin & Coles, 1988; Ford, 1999).
of attentional networks also implies that an improvedTherefore, task-set-shifting paradigms such as the MCST
resolution in both the spatial and temporal measurementepresent a new methodological approach for exploring the
of brain functions will help us to delineate a specific interaction of prefrontal and posterior association cortices
mapping between cognitive operations and brain anatomynder changing attentional demands. Indeed, current
Any such technical improvements should go together withneurocognitive models of cognitive functions emphasize the
methodological refinements in task design, necessary imelevance of dynamic interactions among distant brain areas
order to isolate the cognitive operations of interest(Posner & Dehaene, 1994he MCSTmay also help us
(Mazziotta, 1996; Posner & Dehaene, 1994; Robbinsgxplore the conceptual links between constructs such as
1998b). attention, working memonand set-shifting, as well as their
Attentional set-shifting in thB&YCST modulates the tget interdependence with various divisions of prefrontal cortex
P3b responsélthough partly unexpected, this novel finding (D’Esposito et al., 1995; Robbins, 1998bhis goal will
has opened a promising pathway for integrating gelar require the combination of ERPs and fMRI technigques, and
database of neuropsychological and psychophysiologicathe manipulation and control of a number of variables
research into the brain mechanisms of working memory andffecting attentional set-shifting in order to parcel out the
attention.The new evidence has propitiated a fruitful contribution to the P3b modulation from various sub-
integration of the “context updating” model of the P3b operations such as memory access, inhibition of interference,
response (Donchin & Coles, 1988) with formal models ofvisual search, response evaluation, and hypothesis testing
visual attention and attentional set-shifting (Allport et al., (Baddeley & Della Sala, 1998; Hayes et al., 1998; Keele
1994; Bundesen, 1990; Dehaene & Changeux, 1991& Rafal, 2000).
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The conventionaWCST lacks suficient construct and nonhuman primates (Dias et al., 1997; Roberts et al.,
validity. In its current form, som@&/CST scores do not inform  1994), lend support to the hypothesis that even a relatively
about any specific type of cognitive impairment, and otherssimple cognitive process such as attentional set-shifting is
reflect a heterogeneous mixture of very diverse processesegulated by a complex reciprocal interaction of inhibitory
These types of confoundingfetts probably underlie some (i.e., dopaminggic) and excitatory (i.e., cholirgic) circuits
of the criticisms about the lack of validity and reliability of in dPFCx and orbitofrontal cortices (FustE®97; Goldman-
the WCST for pinpointing damage in prefrontal cortex Rakic, 1999; Robbins, 1998b). It is feasible that these
(Bowden et al., 1998; Mountain & Snpwl993). reciprocal interactions between distant brain regions will
Nevertheless, one might still want to UMCST scores as  eventually be disclosed using fast measures of brain activity
indexes of the general status of the paseskecutive system in combination with appropriate task designs.
of attention, regardless of its anatomical implications (Lezak,

1995). Unfortunatelya detailed neurocognitive analysis of

WCST scores, such as perseverative and nonperseverative Concluding remarks
errors, reveals that very heterogeneous or even antagonist
processes are scored as equival€his is the case when The empirical evidence summarized in this review is

efficient and random errors are combined within the broadconsistent with existing clinical and experimental literature
class of nonperseverative errors. Furthermore, the ambiguityr that theWCST is neither a specific nor a reliable test of
inherent to manyWCSTresponses motivated an artificially prefrontal function. Even more important, the evidence
complex scoring system with arbitrary rules such as thesuggests that the origindl CST suffers from a number of
“sandwich rule” (Heaton et al., 1993), which makes it deficiencies that make it less than adequate for measuring
impossible to pinpoint specific cognitive dysfunctions in cognitive processes related to attentional set-shifting, a key
relation to breakdowns in performance. Quite on the contraryaspect of the executive system of attention (Shallice, 1988).
recent contributions to the cognitive structure and anatomicdh retrospect, this is not at all surprising for an instrument
substrates of attentional set-shifting have showed up by usingevised from an old-fashioned view of cognitive and brain
behavioral tasks that avoid the conceptual confoundfegtef function. Howeverfor many years, blind reliance on the
present in the originA/CST design (Barceld, 1999; Barceld scores of the origindVCST may have actually arrested

& Santomé, 2000; Dias, Robbins, & Roberts, 1997; Robbinspur understanding of how cognitive processes relate to

1998b). prefrontal function (Mountain & Snawi993; Reitan &
Appropriate task designs may help us to pinpoint brainWolfson, 1994).
damageAlthough the overall picture ofVCST results In general, there seems to be twofeliént, although

appears rather mixed up, it is important to emphasize thatklated, problems when it comes to interpreting results from
a few new task designs have shown that spe@i@ST neuropsychological tests in terms of brain anatdfmgtly,
errors can eventually pinpoint disruptions in prefrontalit is difficult to isolate and measure the neurophysiological
function. From the foregoing discussion, it transpires thatcorrelates of fast cognitive processes that succeed at a ver
an intact dPFCx is necessary for accomplishing the operatiorapid pace during task performance. Secaqritiigre is the

of shifting the attentional set, but is not ficient for a  problem of faulty designs that shed reasonable doubt on the
correct execution of other operations, nor for the correcteliability and validity of tests developed from outdated
completion of the tes® key issue is whether the scoring views of cognitive and brain functiomherefore, problems
norms of theWCST or its analogues can provide us with arise not only from technical limitations in assessing fast
useful information about the cognitive operations brain processes in alert human subjects, but also from
compromised by a lesion, or else about the damagetimitations in the conceptual framework about the nature of
elements in the networkhis is exactly the conclusion that the neurocognitive functions that, in turn, give rise to
derives from the work of DrTrevor Robbins at the methodological deficiencies in task design and
University of Cambridge. For instance, using an analoguémplementationA solution to the first problem demands
of the WCST, they found that both dPFCx patients and improved temporal resolution of functional neuroimaging
Parkinsors disease patients failed to shifi@éntly among  techniques to monitor the fast pace of cognitive processes
stimulus categories. Howevyehe type of errors, and hence, The solution to the second problem involves the use of
the underlying cognitive deficit, ddred in each group. appropriate task designs in order to obtain more valid and
Whereas dPFCx patients failed to inhibit their responses toeliable measures of those cognitive processes responsibli
a previously relevant category-i.e., perseveration-, Parkmson’for breakdowns in performance. Moreoyvéask design
patients had diiculty shifting to a previously irrelevant should rely on realistic models of higher brain functions.
dimension-i.e., learned irrelevance (Owen et al., 1993)Even if more valid, sensitive, and reliable tests of prefrontal
Experimental studies both in human patients (Hayes et alfunction were eventually devised, it would be illusory to
1998; Keele & Rafal, 2000; Owen, Morris, Sahakian, Polkey expect them to be able to specifically activate prefrontal
& Robbins, 1996; Roberts et al., 1988), as well as in rodentsortex aloneAn essential function of prefrontal association
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areas is to control and modulate activation of other corticaBarceld, F, Sanz, M., MolinayV., & Rubia, F J. (1997) The
and subcortical regions, and hence, prefrontal activation is Wisconsin Card Sortingest and the assessment of frontal

probably associated with activation of distant brain structures.

In this review the principles from cognitive neuroscience

function: A validation study with event-related potentials.
Neuopsychologia, 35399-408.

have been applied to solve a long-standing problem irBarceld, F, Suwazono, S., & Knight, R.T2000). Prefrontal

clinical and experimental neuropsycholodyis feasible

that the same principles will continue to help us design

modulation of visual in  humanblature

Neuoscience, 3399-403.

processing

appropriate tests for assessing the linkage between minBerman, K.E Ostrem, J.L., Randolph, C., Gold, J., Goldb&E.,

and brain processeafter the heydays of behaviorism and

cognitivism, cognitive neuroscience seems to have taken

over in the search for a fruitful integration of human
neurobiology and psycholog¥his endeavor will likely
demand the collaborativefeft of different professionals
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