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Abstract
Rationale Chronic use of cocaine is associated with
dysfunctions in frontal brain regions and dopamine D2
receptors, with poorer mental flexibility and a reduced
ability to inhibit manual and attentional responses. Little is
known, however, about cognitive impairments in the
upcoming type of recreational cocaine polydrug user (1–
4 g monthly consumption).
Objective We studied whether recreational cocaine poly-
drug users, who do not meet the criteria for abuse or
dependence, showed impairments in working memory
(WM) and cognitive flexibility.
Methods Controls and recreational cocaine polydrug users
(who abstained from cocaine and other substances more
than 1 week) were matched by sex, age, alcohol consump-
tion, and IQ (Raven’s Standard Progressive Matrices).
Groups were tested by using two cognitive tasks measuring
cognitive flexibility and three tasks investigating the
maintenance and monitoring of information in WM.
Results Recreational cocaine polydrug users performed
significantly worse than controls on tasks tapping cognitive
flexibility, but show comparable performance in the active
maintenance and monitoring of information in WM.
Conclusions The findings suggest that recreational use of
cocaine selectively impairs cognitive flexibility but not the
maintenance of information in WM. The inability to adjust

behavior rapidly and flexibly may have repercussions for
daily life activities.
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Introduction

Since 2007, cocaine is Europe’s second preferred recrea-
tional drug after cannabis (European Monitoring Centre for
Drugs & Drug Addiction 2007). Taking cocaine by snorting
route is not a “privileged habit” anymore, as it was in the
80s, but now is affordable for everyone, in particular for
recreational purposes. Cocaine has, thus, become a com-
mon street drug. At long term, chronic (i.e., daily) use of
cocaine is associated with reduced functioning of dopamine
D2 (DAD2) receptors (Volkow et al. 1999) and dysfunc-
tions in lateral prefrontal cortex (LPFC), orbitofrontal
cortex (OFC; Bolla et al. 1998; Bolla et al. 2004), anterior
cingulate, and cerebellum (Hester and Garavan 2004).

Given that all these areas have been shown to play major
roles in the control of goal-directed action (Miller 2000), it
is not surprising that cocaine dependence is correlated with
deficiencies in cognitive control functions (Hester and
Garavan 2004; Verdejo-Garcia et al. 2006). Indeed, a
majority of studies on chronic cocaine users (see Bolla
et al. 1998; Jovanovski et al. 2005, for a review) points in
that direction: Chronic users, compared to nonusers, are
less able to inhibit overt responses (Fillmore and Rush
2002), perform worse on tasks measuring mental flexibility
(Verdejo-Garcia et al. 2006; Verdejo-Garcia and Perez-
Garcia 2007) and conflict control (Franken et al. 2007), are
less able to control visual attention (Kübler et al. 2005), and
choose more disadvantageously in a decision-making task
(Monterosso et al. 2001).
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So far, however, only few studies have systematically
looked into cognitive impairments in the upcoming type of
the recreational user, who does not meet the criteria for
abuse or dependence but takes cocaine (preferably by
snorting route) on a monthly frequency (1 to 4 g1,
commonly consumed in only a few sessions). Very
recently, Colzato et al. (2008b) found that the spontaneous
eyeblink rate, a marker of striatal dopaminergic function-
ing, is significantly lowered in recreational users, suggest-
ing that even the recreational use of cocaine is associated
with a hypoactivity of the subcortical dopamine system.
Consistent with this consideration, recreational users
exhibit impairments in the inhibition of overt manual
responses (Colzato et al. 2007) and of covert attentional
responses (Colzato and Hommel 2009), which both are
assumed to relying on proper dopaminergic functioning.
However, even though the empirical connection between
inhibitory control functions and cocaine use is consider-
able, the causal relation between the two is not straight-
forward. Indeed, there are some hints to preexisting
neurodevelopmental factors that may play a mediating
role. For instance, monkeys that have preexisting lowered
D2 receptor densities run a higher risks to use cocaine and
to become addicted (Nader et al. 2006), and chronic
human users may suffer preexisting problems in inhibitory
control (Bechara 2005) and impulsivity (Verdejo-Garcia et
al. 2008).

Previous studies on recreational use of cocaine have
focused on inhibitory control. The ability to inhibit
unwanted thoughts and actions is commonly considered
an important part of executive control, but it represents just
one of a larger set of control functions. In an attempt to
categorize the available concepts and measures in a
coherent fashion, Miyake and colleagues have investigated
the psychometric relationships between the tests and tasks
that are commonly used to assess cognitive control
(Friedman and Miyake 2004; Friedman et al. 2006; Miyake
et al. 2000). Their findings suggest the existence of three
major, separable control functions: the “inhibition” of
unwanted responses, the “shifting” between tasks and

mental sets (also called “flexibility”), and the “updating”
(and monitoring of) working memory (WM) representa-
tions. Given that the link between cocaine use and the
inhibition function seems to be well established, we in the
current study focused on the two remaining functions,
flexibility and updating. Previous studies on chronic
cocaine users have provided evidence that, apart from
inhibitory control, cognitive flexibility is impaired in users
(Verdejo-Garcia et al. 2006; Verdejo-Garcia and Perez-
Garcia 2007), so that we expected that recreational users
would also show impairments in tasks tapping flexibility.
At the same time, reports concerning performance of cocaine
users on tasks tapping WM have been inconsistent. In some
cases, cocaine abuse has been shown to negatively affect
visual memory (Hoff et al. 1996; O’Malley and Gawin 1990).
In other cases, verbal but not visual memory deficits have
been reported (Beatty et al. 1995). In particular, so far, we
are not aware of any hint to a connection between cocaine
and WM update (as measured by the N-back and Mental
Counters tasks), so that recreational users would be expected
to function normally in tasks tapping WM updating.

Demonstrating a dissociation between flexibility and
updating would be of considerable theoretical relevance,
especially with regard to the underlying neuromodulatory
systems. Measures like eyeblink rates (as used by Colzato
et al. 2008b) are assumed to indicate individual dopami-
nergic functioning (Blin et al. 1990; Karson 1983; Taylor
et al. 1999), so that the observed correlation between
eyeblink rates and recreational cocaine use points to the
involvement of dopamine in cocaine-related cognitive
deficits. However, this measure is too general to distin-
guish between the dopaminergic pathways and/or the
receptor families involved. Interestingly, WM processes
seem to be mainly driven by the (D1-dominated) meso-
cortical pathway (Sawaguchi and Goldman-Rakic 1991),
whereas inhibition seems to be mainly driven by the (D2-
dominated) nigrostriatal pathway (Frank et al. 2004). A
recent behavioral genetics study has linked cognitive
flexibility to the DRD2 TAQ I A polymorphism (Reuter
et al. 2006), which is associated with a selective impair-
ment of the D2 receptor family. This impairment went along
with increased flexibility, which fits with the idea that
dopaminergic D2 receptors are involved in flexibility and
inhibition (Franken et al. 2007). Along these lines, finding
recreational use of cocaine to impact flexibility but not
updating may point to an interesting commonality between
flexibility and inhibition and the underlying neuromodula-
tory mechanism.

To test our hypothesis, in order to avoid long testing
protocols that may be problematic in motivational and
fatigue term, we carried out two separate studies with
different subjects: study 1 testing cognitive flexibility and
study 2 testing updating of WM.

1 There is no objective way to draw a line between cocaine addicts
and recreational users in terms of consumption, but in our past work, a
monthly use of 1–4 g has shown to be an amount that is very typical
for users who seem to function normally in everyday life (e.g., as
University students) and who in no way meet standard criteria for
addiction. Note that according to the statistical bulletin of European
Monitoring Center for Drugs and Drug Addiction (2008), the average
purity (percentage) of cocaine in The Netherlands, where our data
were collected, is rather high (52.8%) as compared to other European
countries, such as United Kingdom (34.4%), Denmark (22%), or
Germany (24.6%). These differences would need to be taken into
account if comparing studies across countries.
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Study 1 (flexibility)

Materials and methods

Participants

Forty young healthy adults (33 men and 7 women) were
compensated for their collaboration. They constituted the
two groups of recreational cocaine polydrug users and
cocaine-free controls. The sample was drawn from 100
adults in the Leiden and Delft metropolitan area, who
volunteered to participate in studies of behavioral pharma-
cology. Participants were recruited via ads posted on
community bulletin boards and by word of mouth. Follow-
ing Colzato et al. (2007) and Colzato and Hommel (2008),
we made sure that the users met the following criteria: (1) a
monthly consumption (1–4 g) by snorting route for a
minimum of 1 year, (2) no clinically significant medical
disease, (3) no use of medication criteria, and (4) no family
history of alcoholism and/or substance use disorder. No user
met more than two of the seven criteria that according to the
American Psychiatric Association DSM-IV and the World
Health Organization (ICD-10) define addiction: tolerance,
withdrawal, difficulty controlling the use, negative conse-
quences for job, family and health, significant time or
emotional energy spent in searching/consuming the drug, put
off or neglected activities because of the use, and desire to
cut down the use. Cocaine-free controls met the same criteria
except that no one reported any history of past or current
cocaine use. Participants were selected via a phone interview
using the Mini International Neuropsychiatric Interview (M.
I.N.I.; Lecrubier et al. 1997). The M.I.N.I. is a well-
established brief diagnostic tool in clinical and stress
research (Sheehan et al. 1998; Elzinga et al. 2007, 2008;
Colzato et al. 2008a) that screens for several psychiatric
disorders including schizophrenia, depression, mania, atten-
tion deficit/hyperactivity disorder (ADHD), and obsessive–
compulsive disorder. Based on the interview, we excluded 20
of the 100 potential participants because of hints to a
possible psychiatric disorder (ADHD, mania) and/or current
medication.

Participants were asked to refrain from taking all
psychoactive drugs for at least 2 weeks before the test,
not to consume alcohol on the night before the experimen-
tal session, and to have a normal night rest. Participants’
compliance with the instruction was encouraged by taking a
(not further analyzed) saliva sample at the beginning of the
session (cf., Colzato et al. 2004).

Participants in the two groups were matched for ethnicity
(100% Caucasian), age, sex, IQ (measured by Raven’s
Standard Progressive Matrices (SPM); Raven et al. 1988),
and alcohol consumption. Although cocaine was the
preferred drug of use for the participants, all 20 were

polydrug users in also consuming alcohol on at least a
weekly basis and using cannabis (19), MDMA (14),
amphetamine (4), GHB (3), and psilocybin mushrooms
(1). All cocaine users (and nonusers) reported to have never
used LSD, barbiturates, steroids, solvents, or opiates.
Demographic and drug use statistics are provided in Table 1.

Written informed consent was obtained from all partic-
ipants after the nature of the study was explained to them.
The protocol and the remuneration arrangements of 30 euro
were approved by the institutional review board (Leiden
University, Institute for Psychological Research).

Computerized tasks

The tasks used in this study have been previously employed
to systematically investigate the neurotoxic effects of
recreational MDMA use (Daumann et al. 2004; von Geusau
et al. 2004). Similar to the studies and following Miyake
et al. (2000), we defined cognitive flexibility as the ability
to adapt and restructure cognitive representations in
response to changing situational demands (cf., Monsell
1996). Two tasks were used to assess flexibility, the
Wisconsin Card Sorting Test (WCST; Grant and Berg
1948) and the dots–triangles task (Huizinga et al. 2006).

All participants were tested individually. Individual IQs
were determined by means of a 30-min reasoning-based
intelligence test (SPM). The SPM assesses the individual’s
ability to create perceptual relations and to reason by
analogy independent of language and formal schooling; it is
a standard, widely used test to measure Spearman’s general
intelligence factor and of fluid intelligence in particular
(Raven et al. 1988). Participants provided a saliva sample,
completed the SPM, and subsequently performed the
behavioral tasks measuring cognitive flexibility and WM
capacity. Participants were allowed to take a short break
(maximal 10 min) between task blocks. The experiment
was controlled by a PC attached to a 17-in. monitor with a
refresh rate of 120 Hz. Participants were seated approxi-
mately 0.5 m from the screen.

Wisconsin Card Sorting Task The WCST is an elective
measure of cognitive flexibility because it measures the ability
to shift attention according to changes in the dimensional
relevance of stimuli. This task requires the deduction of
correct sorting rules and their flexible execution. Against a
light gray background, four key cards were presented at
the top of the screen and were numbered from 1 to 4. The
response cards were taken from the original version of the
WCST (Grant and Berg 1948) and were presented one at a
time at the bottom of the screen. The task required
participants to match the series of response cards with any
of four key cards by pressing the number corresponding to
that key card. The display remained until a choice was given.
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Feedback followed the response and consisted of a “+” sign
if the response was correct, or a “−” sign if the response
was incorrect. Response cards could be matched on color
(red, green, blue, yellow), shape (triangle, star, cross,
circle), or number (1, 2, 3, 4). Once the participant made
ten consecutive correct sorts, the sorting principle
changed. The task was terminated either after the
participant completed six categories (e.g., shape, color,
form, color, form, shape), or after the maximum of 128
trials was reached. The order of the sorting principles was
randomized, with the constraint that the same sorting
principles did not occur consecutively. The test was
administered according to the procedure outlined in the
Heaton Manual (Heaton et al. 1993). The variables of
interest were the number of categories achieved, the
proportion of perseverative errors (i.e., the total number
of errors that occur when a participant is required to switch
to another sorting principle and then persists in responding
to the previously correct sorting principle, relative to the
number of trials administered, and multiplied by 100), and
the proportion of conceptual level responses (i.e., the total
number of consecutive correct responses that occur in runs
of three or more relative to the number of trials
administered, and multiplied by 100).

Dots–triangles task The task was modeled after Huizinga
et al. (2006) and involves the maintenance and switching of
response set. Varying numbers of either red dots or green
triangles were presented in a 4×4 grid on the screen (i.e.,
three to eight dots or triangles per half of the grid; equally
distributed). During the “dots” task, participants had to
decide whether there are more dots in the left or the right
part of the grid (block 1; 30 practice trials, 50 experimental
trials). During the “triangles” task, participants had to
decide whether there are more triangles in the top or in the
bottom part of the grid (block 2; 30 practice trials, 50
experimental trials). Blocks 1 and 2 were administered in
randomized order. In the third block (90 practice trials, 150
experimental trials), a series of four “dots” trials and a
series of four “triangles” trials were alternately presented to
the participants. A stimulus remained on the screen until a
response was given. Participants had 3,500 ms to respond.
The time interval between the response and the next
stimulus was 900–1,100 ms. The variables of interest were
the median response latencies on repetition and alternation
trials.

Statistical analysis

We adopted a significance level of p<0.05. Independent
samples t tests were used to analyze binary comparisons
and analyses of variance (ANOVAs) otherwise.

t tests were performed for analysis of age, sex, IQ, and
alcohol consumption and in the Wisconsin Card Sorting Test
differences between recreational cocaine polydrug users and
cocaine-free controls. Differences between groups in the
other cognitive task measures were analyzed using repeated
measures ANOVAwith group (cocaine users vs cocaine-free
controls) as between-subject factor. Spearman’s correlation
coefficients were computed between the degree of exposure
to cocaine and to other drugs (especially MDMA, cannabis,
and amphetamine) and cognitive performance in order to test
whether the magnitude of cognitive impairments is propor-
tional to the amount of cocaine consumed and to control for
the consumption of those drugs that varied significantly
between the cocaine group and controls. Effect magnitudes
were assessed by calculating partial Eta squared (η2p) and
Cohen’s d (Cohen 1988) for repeated measures ANOVAs.

Results

Participants

No significant group differences were obtained for age,
t(37)=1.10, p=0.28; intelligence, t(37)=-1.61, p=0.14; or
alcohol consumption, t(37)=1.02, p=0.30. Table 1 shows
drug-use profiles for the two groups. The recreational
cocaine polydrug group had consumed significantly higher
quantities of MDMA, cannabis, GHB, and speed.

Tasks

The results per cognitive task are summarized below and in
Table 2. Due to technical failure, the data of one participant
(one cocaine-free control) from some of the tasks were
incomplete.

Wisconsin Card Sorting Task As compared to cocaine-free
controls, cocaine users made more perseverative errors,
t(37)=3.36, p=0.002; completed fewer categories, t(37)=
−2.35, p=0.025; and showed less insight into conceptual
level, t(37)=−2.54, p=0.016.

Dots–triangles task For the single-task blocks, Reaction
Times (RTs) and errors did not vary significantly between
the two groups, F(1,37)=2.37, p>0.05, MSE=249077.71,
η2p=0.07, and F<1, respectively. The mixed block RTs
revealed a significant main effect of task repetition,
F(1,37)=131.92 , p<0.0001, MSE=17395.44, η2p=0.78;
and a task repetition×group interaction, F(1,37)=5.37,
p<0.05, MSE=17395.44, η2p=0.13. Recreational cocaine
polydrug users showed more pronounced switching costs (i.
e., a greater difference in RT between alternation trials and
repetition trials) than the cocaine-free controls. In the error
analysis, task repetition revealed a main effect, F(1,37)=
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28.78, p<0.001, MSE=0.209, η2p=0.44, due to fewer
errors when the task was repeated than alternated. Group
was not involved in any significant effect, suggesting that
the task repetition×group interaction in the RTs does not
reflect a speed–accuracy trade-off.

Correlations

Lifetime cocaine exposure positively correlated with
switching costs, r(19)=0.456, p=0.05, and with persever-
ative errors, r(19)=0.507, p=0.022, while peak and
monthly cocaine dose and monthly drinks and cigarettes,
even though it followed the same trend, did not. No
significant correlations were obtained between exposure to
other drugs and cognitive performance.

Study 2 (WM)

Materials and methods

Participants

Forty young healthy adults (33 men and 7 women) were
compensated for their collaboration. They constituted the
two groups of recreational cocaine polydrug users and
cocaine-free controls.

As for study 1, although cocaine was the preferred
drug of use for the participants, all 20 were polydrug
users in also consuming alcohol on at least a weekly
basis and using cannabis (19), MDMA (14), amphet-
amine (6), and GHB (2). All cocaine users (and
nonusers) reported to have never used LSD, barbiturates,

steroids, solvents, or opiates. Demographic and drug use
statistics are provided in Table 3.

The same standard matching criteria from study 1 were
applied, see Table 3, and the remaining method was the
same.

Computerized tasks

Research on WM has emphasized the existence of two
different types of WM components, a rather passive storage
component and an operational, executive component
(Baddeley 1996). We employed the digit span task (Wechsler
1987) to assess the storage component and the mental
counters task (Huizinga et al. 2006) and the N-back task
(see, Kane et al. 2007, for a recent review) to assess the
operational component.

As for study 1, all participants were tested individually,
and the remaining method was the same as for study 1.

Digit span task The digit span is a subtest of the Wechsler
Adult Intelligence Scale—Revised (Wechsler 1987). Five
series of numbers of increasing length (from 4 to 8 in the
forward condition and 3 to 7 in the backward condition)
were read to each participant at the rate of one digit per
second. Participants had to repeat the numbers in the same
order (forward condition) or in reversed order (backward
condition). Each set length was tested twice. For each
correctly repeated digit set, the number of digits was added
up, and the scores for the forward and backward conditions
were combined, so that scores could range from 0 to 12.

Mental counters task The mental counters task required
participants to retain numerical information active in their
WM. Participants had to keep track of the values of two or

Sample Controls Recreational users

N (M:F)a 20 (17:3) 20 (16:4)

Age (years)a 23.0 (2.2) 23.9 (4.6)

Raven IQa 112.6 (4.6) 109.2 (4.4)

Monthly drinksa 40.1 (28.4) 50.3 (48.5)

Lifetime exposure (MDMA)a, ** 6.8 (5.0) 70 (112)

Monthly exposure (joints)* 4.4 (3.0) 18.6 (26.8)

Lifetime exposure (GHB)a 0 0.24 (1.0)

Lifetime exposure (grams speed)* 0 3.6 (10.8)

Lifetime exposure (psilocybin)a 0 0.08 (0.29)

Highest regular frequency (times per month) 0 5.8 (3.6)

Highest amount in a 12-h period (peak; grams) 0 1.8 (1.5)

Monthly exposure (grams cocaine) 0 2.4 (1.6)

Lifetime exposure (grams cocaine) 0 146 (160)

Duration of use in years 0 5 (3.8)

Monthly money cocaine (euro) 0 108 (55)

Table 1 Demographic charac-
teristics and self-reported use of
cocaine and other psychoactive
drugs for study 1

Standard errors are presented
within parentheses

Raven IQ IQ measured by
means of the Raven’s Standard
Progressive Matrices, Monthly
drinks monthly number
of standard alcoholic drinks
a Nonsignificant difference

*p<0.05

**p<0.01
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three (blocked) independent “counters”, which change
rapidly and in random order. The counters consisted of a
horizontal line, above or below which squares appear.
Participants were required to add one to the value of the
counter, when a square appeared above the line, and to
subtract one, when it appeared below the line. When any
counter reached a given criterion value, participants had to
press a button. The series of stimuli presented comprised
five or seven (chosen randomly and equiprobably); there
were two blocks consisting of 15 response probes.
Participants had 3,500 ms to respond. The interval between
consecutive presentations of squares varied randomly
between 1,000 and 1,300 ms (drawn from a uniform
distribution). The main dependent variable was the propor-
tion of correct trials.

N-back task Participants performed two N-back tasks
consisting of the sequential visual presentation (stimulus
onset asynchrony 2,000 ms; duration of presentation
1,000 ms) of single letters (B, C, D, G, P, T, F, N, L).
Participants had to press a button when a target stimulus

appeared. Target definition differed with respect to the
experimental condition. In the 1-back condition, targets
were defined as stimuli within the sequence that were
identical to the immediately preceding one. In the 2-back
condition, participants had to respond if the presented letter
matched the one that was presented two trials before. The
1-back and 2-back tasks differ in their amount of memory
load and demands on executive control for the processing
of information within working memory. Each block con-
sisted of four cycles of the same task.

Statistical analysis

As for study 1, we adopted a significance level of p<0.05.
Independent samples t tests were used to analyze binary
comparisons and ANOVAs otherwise.

t tests were performed for analysis of age, sex, IQ, alcohol
consumption, and digit span task. Differences between
groups in the other cognitive tasks (for mental counters and
N-back tasks) measures were analyzed using repeated

Sample Controls Recreational users

N (M:F)a 20 (16:4) 20 (17:3)

Age (years)a 22.9 (2.0) 24.0 (4.3)

Raven IQa 111.8 (4.4) 110.6 (3.8)

Monthly drinksa 42.2 (32.6) 51.3 (42.6)

Lifetime exposure (MDMA)** 6.8 (5.0) 68 (114)

Monthly exposure (joints)* 4.8 (3.8) 16.2 (24.0)

Lifetime exposure (GHB)a 0 0.26 (0.8)

Lifetime exposure (grams speed)* 0 4.0 (12.3)

Lifetime exposure psilocybina 0 0

Highest regular frequency (times per month) 0 6.0 (4.4)

Highest amount in a 12-h period (peak; grams) 0 2.0 (1.5)

Monthly exposure (grams cocaine) 0 2.8 (2.0)

Lifetime exposure (grams cocaine) 0 140 (170)

Duration of use in years 0 5 (3.2)

Monthly money cocaine (euro) 0 103 (48)

Table 3 Demographic charac-
teristics and self-reported use of
cocaine and other psychoactive
drugs for study 2

Standard errors are presented
within parentheses

Raven IQ IQ measured by
means of the Raven’s Standard
Progressive Matrices, Monthly
drinks monthly number of stan-
dard alcoholic drinks
a Nonsignificant difference

*p<0.05

**p<0.01

Task Recreational users Controls

Cognitive flexibility

Dots–triangle RT PE RT PE

479 (78) 9.7 (0.2) 435 (85) 9.7 (0.3)

Switch costs 298* 0.4 194* 0.3

WCST

Categories (#) 4.2* (0.4) 5.4* (0.4)

Perseverative errors (%) 15.5* (1.9) 6.6* (1.9)

Conceptual level (%) 55.4* (4.4) 71.2* (4.5)

Table 2 Means response laten-
cies (RT) (in millisecond), error
rates (PE) (in percent), and
standard deviations of all rele-
vant measures on cognitive
flexibility tasks (study 1)

*p<0.05 (significant group
difference)
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measures ANOVAwith group (cocaine users vs cocaine-free
controls) as between-subject factor. Spearman’s correlation
coefficients were computed between the degree of exposure
to cocaine and to other drugs (especially MDMA, cannabis,
and amphetamine) and cognitive performance in order to test
whether the magnitude of cognitive impairments is propor-
tional to the amount of cocaine consumed and to control for
the consumption of those drugs that varied significantly
between the cocaine group and controls. Effect magnitudes
were assessed by calculating partial Eta squared (η2p) and
Cohen’s d (Cohen 1988) for repeated measures ANOVAs.

Results

Participants

No significant group differences were obtained for age,
t(38)=1.18, p=0.22; intelligence, t(38)=−1.70, p=0.10; or
alcohol consumption, t(38)=0.96, p=0.34. Table 3 shows
drug-use profiles for the two groups. The recreational
cocaine polydrug group had consumed significantly higher
quantities of MDMA, cannabis, GHB, and speed.

Tasks

The results per cognitive task are summarized below and in
Table 4. Due to technical failure, the data of one participant
(one recreational cocaine polydrug user) from some of the
tasks were incomplete.

Digit span task No significant group differences were
obtained for the scores in the forward, t(38)=0.84, p=0.41,
and backward condition, t(38)=−1.00, p=0.32.

Mental counters task RTs and accuracy were submitted to
separate repeated measures ANOVA with WM load (low

versus high) and series length (short versus long), as
within-subjects factors, and group (recreational cocaine
polydrug users versus cocaine-free controls), as between-
subjects factor. Both RTs and accuracy were affected by
series length, with longer series leading to longer RT,
F(1,38)=6.08, p<0.05, MSE=9400.01, η2p=0.14, and
lower accuracy, F(1,38) = 6.13, p<0.05, MSE=0.969,
η2p=0.14. Group was not involved in any significant effect,
F<1.

N-back task RTs and accuracy were submitted to repeated
measures ANOVA with WM load (1 versus 2) as within-
subjects factors and group (recreational cocaine polydrug
users versus cocaine-free controls) as between-subjects factor.
Both RTs and accuracy were affected by load, with load 2
leading to longer RT, F(1,38)=10.26, p<0.05, MSE=
2367.62, η2p=0.22, and lower accuracy, F(1,38)=23.58,
p<0.001, MSE=68.233, η2p=0.39. Group was not involved
in any significant effect, F(1,38)=0.17, p<0.68, MSE=
2367.62, η2p=0.005, d=0.002; and F(1,38) = 0.08, p<
0.78, MSE=68.233, η2p=0.002, d=0.001; for RT and
accuracy, respectively.

Correlations

No significant correlations were obtained between exposure
to cocaine and to other drugs and cognitive performance.

Discussion

This study tested, for the first time, whether the recreational
polydrug use of cocaine is associated with a detectable
selective impairment in cognitive flexibility and/or WM. As
expected, recreational users showed increased switching
costs, reduced insight into the sorting strategies, more
perseverative errors, and a reduced conceptual level of
responses, all suggesting that recreational use is associated
with impaired cognitive flexibility. At the same time,
performance in recreational users did not differ from
performance in nonusers with respect to WM functioning,
which was true for both WM maintenance (i.e., the storage
component) and WM updating (the executive component).
Together with our previous observation of impaired
inhibitory control in recreational users (Colzato and
Hommel 2009; Colzato et al. 2007), these results fit with
the available studies on chronic cocaine users, which
reported impairments on tasks measuring mental flexibility
and inhibition (Verdejo-Garcia et al. 2006; Verdejo-Garcia
and Perez-Garcia 2007).

It is important to note that the causal relation between our
results and the recreational use of cocaine is not straightfor-

Table 4 Means response latencies (in millisecond), error rates (in
percent), and standard deviations of all relevant measures on working
memory tasks (study 2)

Task Recreational users Controls

Working memory

Mental counters RT PE RT PE

457 (32) 8.7 (0.2) 420 (32) 9.2 (0.2)

Digit span Accuracy Accuracy

Forward 8.5 (2.2) 8.0 (1.9)

Backward 7.2 (1.5) 7.7 (1.3)

N-back RT Accuracy RT Accuracy

1-back 476 (61) 90.3 (10.6) 485 (53) 90.1 (10.2)

2-back 507 (72) 81.7 (14.3) 520 (67) 80.9 (11.1)

*p<0.05 (significant group difference)
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ward. Indeed, there are some hints to preexisting neuro-
developmental factors that may play a mediating role. For
instance, monkeys that have preexisting lowered D2 receptor
densities run a higher risks to use cocaine and to become
addicted (Nader et al. 2006), and chronic human users may
suffer preexisting problems in inhibitory control (Bechara
2005) and impulsivity (Verdejo-Garcia et al. 2008).

Even if data on the density of DAD1 and DAD2
receptors in recreational cocaine polydrug users are not
yet available, one may speculate that recreational users
suffer from reduced functioning of DAD2 receptors. If so,
the apparent connection between D2 downregulation and
flexibility and inhibition on the one hand and between D1
and WM on the other would account for our observation
that recreational cocaine polydrug users suffer from impair-
ments in flexibility but not in WM processes. Another not
necessarily exclusive possibility is that the impairments on
tasks measuring mental flexibility were the result of “silent
strokes”, small ischemic strokes accompanied by destruc-
tion of neuronal tissue occasionally associated with cocaine
use (Westover et al. 2007). Moreover, given that our
subjects reported the rather frequent joint consumption of
cocaine and alcohol, it cannot be exclude that our pattern of
results is due to the impact of cocaethylene, a psychoactive
ethyl homolog of cocaine formed during the coadministra-
tion of cocaine and alcohol (Farrè et al. 1993).

As our participants were screened for several psychiatric
disorders, we can rule out an account in terms of pre-
existing psychiatric disorders (as schizophrenia, ADHD,
and obsessive–compulsive disorder) that have been associ-
ated with dopaminergic abnormalities (Davis et al. 1991;
Pooley et al. 2007; Tripp and Wickens 2007). Particularly
important was the matching of the age range and
intelligence: cognitive flexibility and WM are known to
be related to general intelligence (Ackerman et al. 2005;
Colzato et al. 2006) and to decline with increasing age
(Kray et al. 2002; Hartman and Warren 2005).

Given that no significant correlations were obtained
between exposure to other drugs and cognitive perfor-
mance, we tentatively attribute our findings mainly to
cocaine consumption and only secondarily to use of these
other drugs.

Indeed, even though the group difference in MDMA
lifetime exposure was considerable, MDMA is known to
affect WM and short-term memory (Bolla et al. 1998;
Verkes et al. 2001) but not flexibility (Verdejo-Garcia et al.
2005, but see von Geusau et al. 2004). Therefore, if the use
of MDMA would have confounded our results, we should
have obtained a group effect on WM performance, which
we did not.

Given the seemingly small amount of cocaine involved
the present study, together with previous results showing
that the recreational use of cocaine is associated with

impairments in inhibitory control (Colzato et al. 2007;
Colzato and Hommel 2009), it seems of societal relevance
to devote more research on the functional significance of
these deficits for the adaptive control of behavior. Indeed,
the ability to adapt and restructure the cognitive system in
response to changing situational demands is the basis for
almost all “functional” everyday behavior, and it is needed
in many real-life situations. The present findings also raise
the question whether recreational cocaine polydrug users
show impairments in other control functions, such as
probabilistic learning, conflict control, and decision making
related to the intact functioning of the ACC and OFC, two
areas targeted by cocaine use (Bolla, et al. 1998; Bolla et al.
2004; Hester and Garavan 2004). Of particular, interest
would be to look into decision making, considered by
Verdejo-Garcia and Perez-Garcia (2007) to represent a fourth
executive function, besides flexibility, inhibition, and updat-
ing, already championed by Miyake and colleagues (2000). It
also remains to be demonstrated, among other things, that
recreational use of cocaine is associated with changes in
neuromodulation (e.g., reduced functioning of DAD2 recep-
tors), cortical functioning (e.g., dysfunction in ventro-LPFC,
ACC, and OFC), genetic vulnerability, and changes in
expression of genes. For instance, it would be informative
to investigate whether, among recreational cocaine polydrug
users, there is also a genetic association with the Taq A1 of
the DRD2 polymorphism as in the case of alcohol
dependence (Blum et al. 1990) and cocaine addiction (Noble
et al. 1993). This association would be useful as marker for a
genetic vulnerability, even in the case of recreational
substance use (see for a review, Verdejo-Garcia et al. 2008).
It would be also interesting to look whether the recreational
use of cocaine increases gene expression and promotes
release of the κ opioid ligand dynorphin in the striatum, as in
the case of cocaine addiction (Kreek et al. 2005).
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