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Abstract
The ability to adapt behavior in a changing environment is necessary for humans to achieve their
goals and can be measured in the lab with tests of rule-based switching. Disease models, such as
cocaine addiction, have revealed that alterations in dopamine interfere with adaptive set switching,
culminating in perseveration. We explore perseverative behavior in individuals with cocaine use
disorders (CUD) and healthy controls (CON) during performance of the Wisconsin Card Sorting
Test (WCST) (N = 107 in each group). By examining perseverative errors within each of the 6
blocks of the WCST, we uniquely test two forms of set switching that are differentiated by either
the presence (extradimensional set shifting (EDS) – first 3 blocks) or absence (task-set switching –
last 3 blocks) of contingency learning. We also explore relationships between perseveration and
select cognitive and drug use factors including verbal learning and memory, trait inhibitory
control, motivational state, and urine status for cocaine (in CUD). Results indicate greater
impairment for CUD than CON on the WCST, even in higher performing CUD who completed all
6 blocks of the WCST. Block by block analysis conducted on completers’ scores indicate a
tendency for greater perseveration in CUD than CON but only during the first task-set switch; no
such deficits were observed during EDS. This task-set switching impairment was modestly
associated with two indices of immediate recall (r = −.32, −.29) and urine status for cocaine [t
(134) = 2.3, p <.03]. By distinguishing these two forms of switching on the WCST, the current
study reveals a neurocognitive context (i.e. initial stage of task-set switching) implicit in the
WCST that possibly relies upon intact dopaminergic function, but that is impaired in CUD, as
associated with worse recall and possibly withdrawal from cocaine. Future studies should
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investigate whether dopaminergically innervated pathways alone, or in combination with other
monoamines, underlie this implicit neurocognitive processes in the WCST.

Keywords
perseveration; memory; prefrontal cortex; task switching; cocaine; drug addiction

1. Introduction
The ability to perform two tasks in succession requires several cognitive and emotional
processes known as executive functions. For instance, modifying your driving route home as
a function of traffic patterns and/or errands requires higher-order functions that encompass
planning, sequencing, initiating, sustaining, and updating behavior toward your given goals.
Meeting one’s goals requires an appropriate configuration of mental resources to produce a
procedural task-set (a configuration of cognitive processes that is actively maintained for
subsequent performance of the task) (Monsell, 1996, 2003). Humans apply ‘executive’
control to both select and implement a task-set that is appropriate to obtain their goal and to
also inhibit distractions that get in the way of that goal (Monsell, 1996). Each stimulus that
is encountered however can produce alternatives (e.g. one could choose to sit in traffic or go
to dinner and wait for the traffic to die down, etc.). Switching between task sets therefore
depends upon cognitive flexibility. Each time we switch our behavior a switch cost is
incurred (e.g. time and/or error).

The Wisconsin Card Sorting Test (WSCT) (Berg, 1948; Heaton, 1999) is a widely used
measure of cognitive flexibility that assesses the ability to shift cognitive set from one
perceptual attribute of a complex visual stimulus to another through feedback regarding the
accuracy of a response received after every trial (Milner, 1963). Specifically, the WCST
assesses attentional set shifting in which an individual must learn to switch their behavior
based on three sorting rules (cards are sorted by their color, shape, or number, in this
sequence). Two types of trials are encountered through contingency learning: those
following negative feedback (“wrong”) which require an extradimensional set shift (EDS;
shifting responding from a current rule to a new rule) and those following positive feedback
(“right”) which require maintaining the current sorting rule (intradimensional shifting). After
the three sorting principles have been utilized, the sorting sequence is repeated to the
completion of three more sorting sets. Therefore, in the first sequence an individual initially
learns to sort according to the three sorting rules, but no new contingency learning is
required when they repeat the sequence (i.e., the individual does not need to learn new
sorting dimensions/sets). Instead, switching in the second sequence occurs only between
previously reinforced rules, and therefore requires reconfiguring (unsuppression) of a
previously relevant task set. EDS has been differentiated from task-set switching based on
the premise that task-set switching does not involve new learning and therefore different
(but sometimes overlapping) neural mechanisms are proposed to underlie each process (see
reviews by Robbins, 2007; Sakai, 2008). Based upon this learning distinction, we will refer
to switching during the first sequence of the WCST as EDS, and to switching during the
second sequence as task-set switching. Both forms of switching (i.e. EDS and task-set
switching) require the inhibition of a previous relevant rule and an attentional shift to the
relevant features of the stimulus. However, only during task-set switching do previously
relevant stimulus features become relevant once again and therefore must be reused for
accurate responding. Failures to switch can be perseverative in nature, that is, the individual
will continue to sort to a previously relevant rule even after the rule has clearly changed.
Perseverative error is considered a marker for prefrontal cortical dysfunction (Strauss,
Sherman, & Spreen, 2006).
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1.1 Neurotransmission Underlying the WCST
There is some ambiguity as to the specific neural mechanisms that underlie the multiple
cognitive processes assessed by set shifting and task switching designs such as the WCST.
This ambiguity is reflected in the significant arm of research dedicated to decomposing its
neuropsychological processes (for review see Nyhus & Barcelo, 2009). Disease models have
proven to be a valuable resource for understanding the neural mechanisms that are
associated with cognitive flexibility. For example, there is a reliable association between
frontostriatal dopamine and task switching (Cools, Barker, Sahakian, & Robbins, 2003;
Robbins, 2007; Stelzel, Basten, Montag, Reuter, & Fiebach, 2010). However, human studies
that have utilized modified versions of the WCST as well as studies with animal analogues
suggest that other neurotransmitters underlie the multiple cognitive processes in the WCST.
For example, EDS has been associated with noradrenaline (for review see Robbins, 2007).
Given that cocaine abuse is associated with changes primarily in the corticostriatal
dopaminergic circuit (Volkow, Wang et al., 2008), the pattern of perseverative behavior
within this population may inform us of neurotransmitter systems that help support both
EDS and task-set switching processes within the WCST.

1.2 The Prefrontal Cortex (PFC) and Perseverative Behavior
Humans with substance dependence disorders and/or other dopaminergically-related
disorders produce more perseverative errors during set shifting on the WCST as compared to
healthy control subjects (CON) (Goldstein et al., 2004; Salo et al., 2005; Verdejo-Garcia &
Perez-Garcia, 2007; Woicik et al., 2009). It is hypothesized that these individuals fail to
master attentional control to inhibit irrelevant/distracting information, and therefore
erroneously apply previous relevant rules even when it becomes inappropriate (i.e.,
perseveration) (Bishara & Jacoby, 2008; Garavan & Stout, 2005; Hester, Barre, Mattingley,
Foxe, & Garavan, 2007; Salo et al., 2005). Human studies of cocaine addiction are
supplemented by animal studies showing that repeated cocaine administration impairs
learning on WCST analogues (Jentsch, Olausson, De La Garza, & Taylor, 2002). These
deficits are attributed to the PFC. For example, animal and human studies show that
reductions in the ventrolateral PFC (Hampshire & Owen, 2006) have been reliably
associated with EDS. However, the inferior frontal gyrus and its connections to basal
ganglia mechanisms have been correlated with task-set switching (Aron, Monsell, Sahakian,
& Robbins, 2004; Duncan & Owen, 2000; Konishi et al., 1999). In addition, functional
connectivity between the frontal lobes and basal ganglia has been shown to contribute to
better performance on the WCST in general, and dopamine has been suggested to modulate
this corticostriatal connectivity (Nagano-Saito et al., 2008).

1.3 Memory Processes, Trait Inhibitory Control, and Motivation
Memory is essential for successful set switching (Asaad, Rainer, & Miller, 1998; Goldman-
Rakic, 1990; Levy & Goldman-Rakic, 1999; Mansouri, Matsumoto, & Tanaka, 2006;
Pontecorvo, Sahgal, & Steckler, 1996; Rao, Rainer, & Miller, 1997; Sakagami & Niki,
1994; Wallis, Dias, Robbins, & Roberts, 2001; White & Wise, 1999). Indeed, one of the
central cognitive components probed by the WCST is working memory, which is necessary
for maintaining and updating task-relevant information and goal-directed representations
(Strauss et al., 2006). Moreover, it is well established that the PFC has a major role in
subserving working memory functions (Goldman-Rakic, 1992, 1994, 1995). For example,
neurons in the dorsolateral PFC are considered a correlate for shorter-term memory of the
relevant rule and essential for successful performance on the WCST (Mansouri et al., 2006).
Similar to task switching and its reported reliance on dopamine, impairment to neural
feedback mechanisms subserving memory are considered a result of dopamine dysfunction
in the PFC (Goldman-Rakic, 1998a; Seamans & Yang, 2004). Based on previous findings
from human studies indicating memory impairment in individuals with cocaine use disorders
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(CUD) (Goldstein et al., 2004; Woicik et al., 2009), we predict that deficits in memory (i.e.,
recall) will be correlated with perseverative behavior during switching in CUD.

To achieve a better understanding of the neural mehanisms that support EDS and task-set
switching, we examine perseverative error in CUD, a disorder that is marked by dopamine
deficiencies. Specifically, we measure perseveration within each of the two sequences of the
WCST (i.e. EDS and task-set switching) and compare performances of (gender and
education-matched) CUD and CON who successfully completed all six blocks of the
WCST. By so doing, we can determine whether perseverative impairment on the WCST
reflects an implicit process that may possibly be dopaminergically regulated. We also
explore possible cognitive/emotional correlates of perseverative behavior in CUD to
determine the impact of select individual differences in perseveration. In addition to memory
(i.e., recall), we consider trait inhibitory control and urine status for cocaine as previous
studies have documented their effects on neuropsychological dysfunction in drug addiction
(Belin, Mar, Dalley, Robbins, & Everitt, 2008; Dolan, Bechara, & Nathan, 2008; Gullo,
Jackson, & Dawe, 2010; Verdejo-Garcia, Bechara, Recknor, & Perez-Garcia, 2007;
Verdejo-Garcia, Lawrence, & Clark, 2008; Woicik et al., 2009). Alternatively, perseverative
responding might result from declines in task interest. Therefore, we also explore the
relationship between perseveration and self-reported motivation to perform the
neuropsychological (NP) tasks.

2. Materials and Methods
2.1 Subjects and Procedures

All subjects were selected from neuroimaging protocols at Brookhaven National Laboratory
which have been approved by the appropriate ethics committee and have therefore been
performed in accordance with the ethical standards laid down in the 1964 Declaration of
Helsinki. One hundred and seven CUD were matched to 107 CON on gender and years of
education. All subjects gave their informed consent prior to their inclusion in the study.
Telephone screening and subsequent on-site evaluations by a licensed physician ensured that
all subjects were healthy, that cocaine abusers met DSM-IV diagnostic criteria for current
cocaine dependence or abuse (reporting cocaine as their preferred drug and with primary use
of cocaine by smoked route), and that CON had no history of drug addiction. Exclusionary
criteria for all subjects were history of head trauma with a loss of consciousness > 30
minutes and/or a history of past or present psychiatric, neurological, endocrine, or
cardiovascular disease, and/or current psychiatric disorders (apart from cocaine, nicotine and
alcohol abuse or dependence for the cocaine groups). No subjects were taking any
medications at the time of the study.

Subjects were administered a NP battery on a separate random day or as a separate module
that was independent of imaging procedures. For the purpose of this study, we use selected
tests discussed below (see NP testing). On the morning of NP testing, a triage urine panel
tested for the presence of any psychoactive drugs. A positive result for any drug was
exclusionary with the exception of the presence of cocaine or its metabolites in the cocaine
group. A positive result for cocaine indicated cocaine use within a 72-hour period of testing
and was used as an index of short-term withdrawal (Woicik et al., 2009). During medical
and psychological evaluations, subjects reported about their history of cocaine (age of onset,
lifetime use) and nicotine (number of cigarettes smoked per day) use. Depressive symptoms
within the past two weeks were assessed with Beck’s Depression Inventory II (BDI) (Beck,
Steer, & Brown, 1996).

The sample was divided into four groups, according to their diagnosis (CUD or CON) and
further subdivided according to their ability to complete all six blocks of the WCST
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(completers [C] versus non-completers [N]) resulting in the following distribution; (CUD-
N=54; CON-N=17 CUD-C=53; CON-C=90)].

2.2 NP Testing
Verbal and non-verbal intelligence were estimated with the reading subscale of the Wide
Range Achievement Test 3 (WRAT) (Wilkinson, 1993) and the matrix reasoning subscale
of the brief Weschler Adult Scale of Intelligence (Wechsler, 1997), respectively (Table 1).

Cognitive flexibility was assessed with a computerized version of the WSCT (Heaton,
1999). This version presents stimulus cards one at a time on a computer screen to which
respondents must learn a sorting strategy based on minimal feedback (a recorded voice
indicating whether the response was “right” or “wrong”). The task consists of six blocks of
trials: The first three blocks require novel discrimination learning in which the respondent
must learn to sort stimulus cards on color first, then on geometric shape, and then on the
number of objects on the card (sequence 1- EDS). Blocks 4–6 represent blocks in which the
respondent is required to sort on the three previously reinforced sorting rules (sequence 2 -
task-set switching). The WCST permits an examination of the patterns of errors made by
subjects to determine if they are perseverative or random in nature. Successful performance
of the WCST requires a number of intact cognitive functions and traditional performance
indices include: Establishing set which is inferred by the participant’s ability to understand
the instructions and utilize computer feedback to establish the first sorting principle. The
ability to maintain set is demonstrated by the ability to continue sorting to the correct
principle once it is discovered (intradimensional shifting). Set-shifting ability is evaluated
when, after a series of 10 correct responses, and without warning, the computer changes the
sorting criterion so that previously correct responses are no longer correct. Thus, a
participant must be able to recognize that the principle has changed and again use the
feedback to determine the new sorting principle. The following performance scores are
yielded and reported in the current study: Number of categories completed (representing the
number of blocks with 10 consecutive correct matches), perseverative responses (continuing
to choose no-longer correct cards), non-perseverative responses, percent perseverative error
(the concentration of perseverative errors in relation to overall test performance), failures to
maintain set (after 5 consecutive correct matches an incorrect match is made before the
block is successfully completed), and percent of conceptual level responses (consecutive
correct matches occurring in runs of three).

Recall was assessed by the California Verbal Learning Test II (CVLT) (Delis, Kaplan,
Kramer, & Ober, 2000). The CVLT-II is a popular measure of list learning, in which a 16-
item word list (List A) is read to the subject over five learning trials. The words comprising
this list are equally divided into four semantic categories (vegetables, furniture, ways of
traveling, and animals). Immediate free recall is assessed with free recall of list A over five
consecutive trials. Thus, these trials are an index of overall auditory attention and verbal
learning skills (Delis et al., 2000), a process necessary for acquiring memory (Okano,
Hirano, & Balaban, 2000). In previous studies by our group, CUD subjects exhibited
impairment on this task as compared to matched CON (Goldstein et al., 2004; Woicik et al.,
2009).

Trait inhibitory control was assessed by the control subscale of the Multidimensional
Personality Questionnaire (MPQ) which possesses good reliability and validity (Tellegen &
Waller, 1997). To test whether perseverative error might be driven by declines in task
interest/motivation, subjects were asked to rate the extent they felt “motivated” on a likert
scale ranging from 0 to 10 (“Not at all” to “Very much”) before the start and at the close of
the NP battery. The mean of these two scores was computed for use in the current analyses.
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2.3 Statistical Analyses
One-way analyses of variance (ANOVA) with planned contrasts were conducted on
demographic and NP variables to examine between-subject main effects among the four
groups (i.e CUD-N, CUD-C, CON-N, and CON-C) and to test two nested between-subject
factors [i.e., subject diagnostic status (all CUD versus all CON) and WCST completion
status (all C versus all N)]. Post-hoc follow-up analyses were conducted using Tukey t-tests
(Klockars, Hancock, & McAweeney, 1995). Chi-square analyses were used for categorical
variables (Tables 1 and 2).1 2 A secondary analysis was conducted in the sub sample of
subjects that completed all six blocks of the WCST. A mixed 2 (sequence: 1st versus 2nd) X
3 (stimulus block: blocks 1–3) X 2 (subject status: CUD-C vs. CON-C) ANOVA was
conducted on indices of perseverative3 and non-perseverative error. Post hoc independent
and paired-sample t-tests were conducted in these analyses.

To directly contrast perseveration during EDS and task-set switching, we calculated two
percentage change scores in this sub sample of completers; the rate of increased
perseverative error from sequence 1 (EDS blocks that require sorting to novel sorting rules)
to sequence 2 (task-set switch blocks that require sorting to a previously relevant rule) and
from block 1 (first block of the test in which the individual must learn to sort by color) to
block 4 (the first block to require sorting to a previously relevant rule). The percentage
change from sequence 1 to sequence 2 would account for performances on all 3 blocks
within a sequence and would supplement the other change score given that, unlike all other
blocks in the WCST, block 1 does not require a set shift (Heaton, 1999). In addition, we
calculated a percentage change score representing the rate of list learning from trial 1 to trial
5 on the CVLT. We reasoned that this would estimate a learning “snapshot” of immediate
free recall. Pearson correlations were conducted to test associations between perseverative
error, immediate free recall, trait inhibitory control, and state motivation.

The potential impact of all demographic variables that differed between the study groups
(Table 1) was examined. If significantly associated with the dependent variables, the
demographic variable was entered as a covariate one at a time (Tabachnick & Fidel, 1983).
To protect against type I error in all analyses we applied a significance level of p < .01 and
corrected for the number of comparisons by performing Tukey t-tests in ANOVAs
(Klockars et al., 1995). We also report WCST trends that reached a significance level of p
< .05.

3. Results
3.1 Descriptives

One-way ANOVAs and chi-square analyses revealed that there were no differences between
the four study groups in distributions of gender and years of education in accordance with
matching. Groups also did not differ on first language, race, or handedness (note however
there was a significantly different distribution of African Americans when CUD groups
were collapsed and compared to all CON). We did observe differences in socioeconomic
status (SES), age, verbal (WRAT- reading) and non-verbal (matrix reasoning) intelligence,
depressive symptoms, and smoking status (Table 1). Table 1 provides results from the one-

1Scores for WCST perseverative responses, perseverative errors, non perseverative errors, and failure to maintain set were non-
normally distributed for the entire sample (skewness > 1) and therefore were transformed using a log transformation.
2Transformed values for BDI scores were computed by adding a numerical constant of 2 to each score, and subsequently, taking a log
of that resultant value. Note the F-value for BDI (reported in Table 1) was computed using transformed BDI scores but means and
standard deviations are raw scores.
3In this analyses N= 135, CUD-C = 49 and CON-C = 86 [4 subjects from each group who had extreme scores (> 3 standard deviations
from the mean) on perseverative error trials 1 through 4 were removed from this analysis)].
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way ANOVA, Tukey t-tests, and planned contrasts between all CUD and all CON. These
tests indicated a significant main effect for diagnostic status on age (CON-C>CUD-N =
CUD-C), verbal intelligence (CUD-N< CUD-C = CON-C), and depressive symptoms
(CUD-N=CUD-C > CON-N=CON-C). In addition, there was a main effect for WCST
completion status on scores of non-verbal intelligence (t (210) = −3.8, p < .001) and a trend
for this factor on SES (CUD-N< CON-C). CUD groups were comprised of more smokers
than CON groups.

Within CUD, severity of cocaine use (as measured by lifetime years of use) and urine status
for cocaine did not differ between C and N subgroups (Table 1). Based on the above results,
SES, age, verbal and non verbal intelligence, depressive symptoms, race, and smoking status
were considered for covariate analyses in all subsequent analysis.

3.2 Wisconsin Card Sorting Test Performance
Chi-square analysis indicated that CUD were associated with greater inability to complete
all six blocks of the WCST (N = 54 CUD versus 17 CON, X2 =28.9, p < .001). One way
ANOVAs yielded significant main effects for group across all WCST indices. Table 2
presents results of the one-way ANOVA on all WCST indices computed for the study.
Planned contrasts indicated a main effect of WCST completion status (and not diagnostic
category) on these scores (C>N) indicating that N groups in general (including both CUD
and CON) performed more poorly than C groups across all WCST indices (CUD-C=CON-
C>CUD-N=CON-N; Tukey t scores ranged from 4.0 – 29.5, all p < .001).

3.3 Secondary Analysis with Completers
No main effects were found in the mixed ANOVA conducted on perseverative errors but we
observed a significant sequence × block interaction [F (2, 133) = 24.7, p < .0001] and a
trend for a sequence × block × group interaction [F (2, 133) = 3.5, p < .05]. Post hoc
analyses revealed greater perseverative errors for all C on the second block in sequence 1 as
compared to the second block in sequence 2 [(t (134) = 5.7, p < .0001]. The trend for the
three-way interaction suggested greater perseverative error for CUD-C as compared to
CON-C on the initial block requiring respondents to sort on a previously relevant rule, that
is the first task-set switch (block 4) [t = 2.2, p < .05 (Figure 1)]. CUD-C showed an increase
in perseverative errors on the initial block requiring respondents to sort on a previous rule
(block 4 > block 1, t (52) = −2.7, p < .01), followed by a decrease in perseverative errors in
the following blocks [block 2 > block 5: t (52) = 3.7, p < .001; and block 3 > block 6: t (52)
= 2.1, p < .05]. In contrast, the scores of CON-C reflected a trend for a smooth learning
curve (with a decrease in perseverative errors documented when comparing block 5 with
block 2: t (89) = 4.5, p < .001).

The analysis conducted on non-perseverative errors revealed main effects for sequence [F
(2,134) = 18.7, p < .0001 (sequence 1 > sequence 2)] and block [F (2,134) = 11.8, p < .0001
(block 1 > block 2)]. In addition, there was a sequence X block interaction [(F (2,133) =
12.6, p < .0001] indicating steep learning in both groups between blocks 1 and 2 [t (48) =3.7
and t (85) = 4.6, for CUD-C and CON-C, respectively, p < .001] (Figure 2). A group main
effect or interaction with group were not significant.

3.4 Correlations between Memory, Trait Inhibitory Control, and Motivation with
Perseveration

Table 2 reports mean scores and standard deviations for immediate free recall, trait
inhibitory control, and motivational state for the entire sample. There were no main effects
for group on scores measuring the level of state motivation or recall as measured by trial 1
of the CVLT. However, main effects for group were found for the number of words recalled
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on trial 5 of the CVLT as well as trait inhibitory control as measured by MPQ-control. Post
hoc tests indicated that both CUD groups had worse recall on trial 5 and reported lower
control on the MPQ as compared to CON-C.

The correlations between change in perseverative errors (sequence 2 minus 1 and trial 4
minus 1) and percentage change in immediate free recall (CVLT trial 5 – 1) approached
significance (r = −.32 and .29, respectively, p < .05) exclusively in CUD-C (as compared to
CON-C in which r = 0.1 and −0.1, p > .10) (Figure 3). This correlation shows that the lower
the increase in immediate free recall, the greater the perseverative behavior during sequence
2 (i.e., task-set switching). Trait inhibitory control and motivational state were not correlated
with either of the WCST change scores (rs ranged from −.21 − .22 for CUD and −.01 − .23
in CON, all p > .05).

3.5 Cocaine Use and WCST performance
Urine status and lifetime use of cocaine were not associated with any of the standard WCST
indices. In our secondary analyses of completers, we found a trend for a main effect of urine
status; CUD-C with a urine negative status for cocaine committed more perseverative error
on block 4 in relation to block 1 [t (47) = 2.1, p <.05].

3.6 Effects of Potential Covariates on WCST Performance
BDI scores did not correlate with any of the WCST indices. However, age, intelligence
(WRAT-reading and matrix reasoning scores), smoking status, race, and SES were
associated with some of the WCST indices and therefore were entered singly as covariates
in analyses conducted on the entire sample. All of the main effects remained significant (F
values ranged from 6.6 – 210.0, all p < .01).

In the full sample, both intelligence scores (matrix reasoning and WRAT-reading) as well
as race and smoking status were associated with immediate recall on trial 5 of the CVLT.
The main effect for group in this analysis was reduced to a trend when each (except race)
was controlled [F values ranged from = 2.3 – 3.2, all p < .10]. Smoking status was
associated with MPQ-control such that after controlling for its impact the main effect for
WCST group failed to reach significance[F (3, 173) = 1.4, p > .10].

Importantly, in the secondary analysis of completers only, we found that non-verbal
intelligence (matrix reasoning) was associated with perseverative errors: when entered as a
covariate, the sequence × block interaction failed to reach significance [F (2,134) = 0.3, p > .
10)] but the trend for the three way interaction was maintained [F (2, 134) = 3.6, p < .05]. In
the analysis of non-perseverative error we found that SES was associated with errors: when
entered as a covariate, the main effect for sequence and the sequence × block interaction
were reduced to trends [F (2,134) = 3.1 and 2.7, respectively, p < .10] and the main effect
for block did not reach significance. None of the descriptive variables were correlated with
the dependent variables in correlation analyses.

4. Discussion
The current study explored perseveration during performance of the WCST in healthy
individuals and CUD. In a large matched sample of CUD, we observed greater error
(perseverative and non-perseverative) and greater inability to complete the test as compared
to CON. The design of the WCST allowed us to compare performances of a group of higher
functioning CUD (CUD-C, those able to complete the WCST) who had comparable scores
to the CON-C group on all traditional WCST indices. By uniquely examining the block-by-
block performance on the task, we were able to detect trends that suggested impairment in
otherwise normally performing CUD-C. Indeed, we observed that CUD-C exhibited more
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perseveration when they were initially required to sort by a previous sorting rule (the initial
task-set switch). In contrast, CON-C exhibited generally less perseveration as they
progressed through blocks. The current study also points to deficits in recall and possibly
withdrawal from cocaine (crudely indexed by urine status for cocaine), but not self reported
motivation and inhibitory control, as factors that may impact task-set switching.

Our results are consistent with numerous human studies showing impaired executive
function (and recall) in CUD (K. Bolla et al., 2004; K. I. Bolla, Funderburk, & Cadet, 2000;
Goldstein et al., 2004; Jovanovski, Erb, & Zakzanis, 2005; Verdejo-Garcia, Bechara,
Recknor, & Perez-Garcia, 2006; Verdejo-Garcia & Perez-Garcia, 2007; Woicik et al., 2009).
The current study shows that, in otherwise normally performing CUD, deficits in set shifting
may only be evident in a specific neurocognitive context (i.e., when for the first time an
individual must sort on a previous sorting rule). Given equivalent performance to CON-C on
all other WCST indices, this deficit, and possibly its association with impairment to recall,
may help identify more specific neurocognitive processes underlying task-set switching.
Indeed, chronic cocaine use is associated with impaired dopaminergic neurotransmission in
a frontostrial loop (Goldstein & Volkow, 2002), and therefore impairment in this circuit may
account for interference with this particular aspect of task-set switching in the WCST. The
fact that perseveration at this juncture was higher for CUD in a more protracted withdrawal
state emphasizes this point, given that dopamine neurotransmission is down regulated during
withdrawal (Volkow, Fowler, Wang, Baler, & Telang, 2008). We speculate about the
precise mechanism underlying this sepcific deficit in section 4.2 below.

4.1 Deficits in Task-Set Switching Among Higher Functioning CUD
A substantial amount of research has been dedicated to parcelling the multiple cognitive
processes implicit in the WCST (Rogers, Andrews, Grasby, Brooks, & Robbins, 2000).
With this in mind, the current results show a selective impairment in CUD. In our sample of
higher functioning CUD-C, the exaggerated perseveration isolated to a single task-set switch
is starkly contrasted by equivalent behavior to CON-C on all other blocks. Therefore, our
results raise the question of why CUD-C experienced more failures than CON-C at this
particular juncture of the task. Perseverative errors result from interference from either an
attention bias or a strong stimulus-reinforcement association formed for the previous sorting
rule (Robbins, 2007). However, CUD-C were capable of overcoming both forms of
interference on all other blocks and therefore the unique features of the fourth block may
reveal a specific cognitive hurdle for CUD-C. Indeed, in the fourth block, for the first time
no new learning is involved; instead, a respondent must reconfigure a previous task set (i.e.,
sorting by color) for which there was no interference from previously reinforced sorting
rules. Subsequently, compared to all other task blocks, the switch cost is the largest on the
fourth block. Task set switching involves the interactions between three factors: task-set
inertia (the persistence of activation and/or inibition from previous trials; Allport & Wylie,
1999; Monsell, 2003; Yeung and Monsell 2003), exogenous activation (activation of a task
set induced by stimulus features, particularly on switch trials; Lhermite, 1983; Rogers and
Monsell 1995), and endogenous control [a top-down input that biases a task set by directing
attention to the relevant stimulus feature to overcome both the inertia on a switch trial and
an irrelevant but activated task set (Norman & Shallice, 1986; Yeung and Monsell 2003)].
Therefore, it might be speculated that the larger switch cost observed in the fourth block in
which for the first time an individual must reconfigure a previous task set reflected
impairment to endogenous control such that top down input was insufficient for the
reactivation of the relevant task set and the inhibition of all irrelevant but activated task sets..
Note that it is unlikely that the observed deficit was a result of the type of stimulus (color)
since CUD-C perfomances were comparable to CON on the first block which also required
sorting to color.
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Large switch costs also result from failures in working memory processes including the
retrieval of goal states (what to do) and condition-action rules (how to do it) (Monsell,
2003). Working memory processes including recall are also essential for performance of the
WCST for facilitating inihibition, response selection, and holding stimuli representations
“online” (Goldman-Rakic, 1998b). It is possible that the relationship we found between
perseveration and CVLT recall [previously found to be compromised in CUD (Goldstein et
al., 2004; Woicik et al., 2009)] may have a role in reducing the ability to hold stimulus
representations ‘online’ at this particular junction of the test (i.e. at sequence 2). The notion
that recall is necessary for acquiring memory for later retrieval is consistent with previous
research (Okano et al., 2000) and suggests impairment to recall may promote perseverative
error by increasing inhibition of the current sorting rule and/or activating transient carryover
effects of the preceeding relevant rule. What might clarify the nature of the observed
impairment would be to determine whether at this junction of the WCST carryover effects
slow down a correct response selection in CUD or increase attention to the previously
formed task sets when conflict is detected (Monsell, 2003). Nevertheless, our results suggest
a particular cognitive context in which cognitive flexibility is challenged in a
dopaminergically deficient population.

4.2 Dopaminergic Links to Task Switching
Results from human and animal studies show that alterations of different monamines elicit
differential impairment in discrimination learning: Dopamine with task-set switching,
noradrenaline (and in some studies dopamine) with EDS, and serotonin with reversal
learning (Clarke, Dalley, Crofts, Robbins, & Roberts, 2004; Clarke, Walker, Dalley,
Robbins, & Roberts, 2007; Crofts et al., 2001; Evers et al., 2005; Leber, Turk-Browne, &
Chun, 2008; Oades, 1985; Robbins, 2007; Roberts, Loh, Baker, & Vickers, 1994; R. D.
Rogers et al., 2003) (Cools, Barker, Sahakian, & Robbins, 2001; Funahashi, Bruce, &
Goldman-Rakic, 1989; Mehta, Goodyer, & Sahakian, 2004). The absence of error
differences between CUD-C and CON-C in the first sequence (involving EDS) is consistent
with the above literature to the extent that EDS is associated with noradrenaline while
impairment in CUD has been linked primarily to dopamine. Similarly, we cannot rule out a
deficit in reversal learning but reversal learning is primarily associated with serotonin and
typically engaged by tasks that simply reverse stimulus reinforcer associations (Dias,
Robbins, & Roberts, 1997; Robbins, 2007; R. D. Rogers et al., 2000) which does not occur
on the WCST. Instead, our focus on task-set shifting is consistent with results in Parkinson’s
patients, another dopamine deficient population, where a similar impairment (in task
switching) has been remediated by L-Dopa (Cools et al., 2003). More recent evidence
suggests that increased D2 receptor density and not decreased density is associated with
higher switch costs (Stelzel et al., 2010; Thoma, Wiebel, & Daum, 2007) consistent with the
effects of suprastimulation of D2 receptors in inducing perseveration during a set shift
(Haluk & Floresco, 2009). These seemingly conflicting results have been reconciled through
the suggestion that the relationship between dopamine and task switching effort can be
represented as an inverted U-shape such that extreme alterations in dopaminergic function in
either direction may have a negative impact on task switching (Arnsten & Li, 2005).

Our behavioral results are also similar to results from earlier animal studies conducted with
non-human primates who performed a WCST analogue or other EDS tasks. Following
cocaine administration, primates exhibited intact acquisition of novel discriminations (i.e.,
learning to respond to a new sorting strategy), equivalent to sequence 1 in the current study,
but they perseverated on blocks that required the inhibition of a previously reinforced
association (Jentsch et al., 2002), equivalent to sequence 2 in the current study. Similarly,
striatal-dopamine-depleted marmosets had equivalent performance to healthy control
primates on EDS (novel set shifting) and intradimensional shifting (IDS) except they
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committed more errors at the end of the EDS/IDS series when faced with the choice of
selecting between one of two previously learned/relevant reinforced task sets (Crofts et al.,
2001), that is, when the switching deficit was isolated to an interpolated novel shift.
Dopamine depletion in this striatal region (as well as the dorsolateral PFC) was also found to
be correlated with working memory deficits in these animals (Collins et al., 1998).

Taken together, these studies suggest that the striatum, dorsolateral PFC (DLPFC) and their
dopaminergic innervation are important in mediating shifts between previously established
task sets (task-set switching). Recent human evidence revealed that the left DLPFC is
involved in processing the negative feedback that is necessary for a set shift to occur on card
sorting tests (Petrides, 2000; Monchi, Petrides, Petre, Worsley, & Dagher, 2001). Specificity
to the left DLPFC has been suggested by its transient disruption with a continuous theta
burst stimulation which impaired card sorting task performance and dopamine release in the
striatum (Ko and colleagues (2008). To summarize, given that cocaine addiction is
associated with lower dopamine D2 receptor density in the striatum as well as reduced
regional activity in the DLPFC (Volkow, 2006), this mechanism may underlie the
impairment reported in the current study.

4.3 Greater Perseveration and Negative Urine Status
The relationship between negative urine status and greater perseverative error suggests a
possible effect of withdrawal on task-set switching. That perseveration at this juncture was
higher for CUD in a more protracted withdrawal state emphasizes the role of dopamine
neurotransmission in task-set switching given that dopamine is down regulated during
withdrawal (Volkow, Fowler, Wang, Baler, & Telang, 2008). However, all monoamine
neurotransmission (dopamine, serotonin, and noradrenaline) may be altered during
withdrawal from cocaine (McDougle et al., 1994; Parsons, Koob, & Weiss, 1995; Rudoy &
Van Bockstaele, 2005; Volkow, Fowler et al., 2008). Deficiencies in these neural chemical
pathways, especially within PFC systems, may therefore differentially contribute to reduce
an individual’s initial flexibility to appropriately switch to a previous task set (Monchi et al.,
2001).

4.4 Study Limitations and Future Investigation
Some limitations of the current study raise questions for future investigation. First, CUD-C
were significantly older than CON-C in the current study, and this may account for the
observed differences in set shifting/switching. Indeed, as age increases so does perseveration
on the WCST, and this age effect has been attributed to declines in processing speed,
temporal processing, and deficits in working memory, all of which are mediated by
decreased prefrontal cortical volume (Head, Kennedy, Rodriguez, & Raz, 2009). Although
we controlled for age in all relevant analyses, similar testing in a sample that is also matched
on age would help validate the current findings.

Second, with the exception of 19 urine samples in CUD-C, all others tested positive for
cocaine indicating that cocaine had been consumed within 72 hours of the test. Therefore,
the low number of subjects testing negative for cocaine may have reduced power in the
analysis of urine status, and therefore conclusions on how compromised neurotransmission
(i.e., withdrawal which was crudely indexed by urine status) may be related to this specific
deficit should be cautiously interpreted (in either direction). Moreover, we tried to address
other factors associated with drug use and withdrawal such as smoking status and depressive
symptoms (i.e., BDI scores) as these factors may have also influenced our results.

It is well established that the PFC contributes to the performance of the WCST (Goldman-
Rakic, 1987). Of particular interest to the current study is the precise PFC circuitry that
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mediates EDS and task-set switching. While the lateral PFC (Dias, Robbins, & Roberts,
1996; Dias et al., 1997) [including ventrolateral (Hampshire & Owen, 2006) and dorsolateral
PFC (Petrides, 2000; Monchi, Petrides, Petre, Worsley, & Dagher, 2001)] have been reliably
associated with EDS, the inferior frontal gyrus and its connections to basal ganglia
mechanisms have been correlated with task-set switching (Aron et al., 2004; Duncan &
Owen, 2000; Konishi et al., 1999). Alternatively, reversal shifting is mediated by the
orbitofrontal cortex, striatal and caudate regions (Robbins, 2007; Stalnaker, Takahashi,
Roesch, & Schoenbaum, 2009). The observed impairment in CUD may reflect dysfunction
of one or all of these PFC regions and their associated circuitry. Since many of these PFC
regions have been shown to be dysregulated in human CUD, future neuroimaging
investigations should examine what monoaminergic pathways (e.g., dopaminergically
innervated PFC pathways in combination with other monoamines) underlie the observed
deficit.

Future investigations should also explore the extent that this deficit explains the compulsive
behavior and relapsing nature associated with drug addiction. For example, it is possible that
CUD may fail to use previously learned and possibly less salient strategies (e.g., a cognitive
strategy to resist cues) and therefore persist in drug use. The current findings in higher
functioning CUD has significant relevance given studies indicating that the higher the
cognitive function in drug addicted individuals the better adherence to treatment
(Aharonovich et al., 2006; Aharonovich, Nunes, & Hasin, 2003).

In summary, the current study compared the pattern of perseverative behavior in CON and
CUD, a dopamine deficient population. In otherwise normally functioning CUD,
perseverative deficits were observed but were isolated to task-set switch trials rather than
EDS. By distinguishing these two forms of switching on the WCST, the current study
reveals a neurocognitive context (i.e. initial stage of task-set switching) implicit in the
WCST, which possibly relies upon intact dopaminergic function and its DLPFC innervation,
and where impairments are associated with worse recall and withdrawal from cocaine.
Future studies should investigate whether dopaminergically innervated pathways alone, or in
combination with other monoamines, underlie this implicit neurocognitive process in the
WCST.
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Figure 1.
Perseverative error for each of the 6 blocks on the WCST. Error bars are standard error
means; BL=Block on the WCST; Sequence × Block × Group interaction, F = 3.5, p < .05;
*p < .05; ** p < .01; ***p < .001
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Figure 2.
Non- perseverative error for each of the 6 blocks on the WCST. Error bars are standard error
means; BL=Block on the WCST; Main effects for sequence, F (2,133) = 18.7, p < .0001,
block, F (2,133) = 11.8, p < .0001, and a sequence X block interaction, (F (2,133) = 12.6, p
< .0001; *p < .05; ** p < .01; ***p < .001
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Figure 3.
Correlation between percentage change in perseverative error from sequence 1 to sequence 2
and CVLT immediate free recall; CUD r = −.32, p < .05; CON r =.01, p > .10
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