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Sleep Deprivation Differentially Impairs Cognitive
Performance in Abstinent Methylenedioxymethamphetamine
(“Ecstasy”) Users
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Methylenedioxymethamphetamine (MDMA; “Ecstasy”) is a popular recreational drug and brain serotonin (5-HT) neurotoxin. Neuro-
imaging data indicate that some human MDMA users develop persistent deficits in brain 5-HT neuronal markers. Although the conse-
quences of MDMA-induced 5-HT neurotoxicity are not fully understood, abstinent MDMA users have been found to have subtle cognitive
deficits and altered sleep architecture. The present study sought to test the hypothesis that sleep disturbance plays a role in cognitive
deficits in MDMA users. Nineteen abstinent MDMA users and 21 control subjects participated in a 5 d inpatient study in a clinical research
unit. Baseline sleep quality was measured using the Pittsburgh Sleep Quality Inventory. Cognitive performance was tested three times
daily using a computerized cognitive battery. On the third day of admission, subjects began a 40 h sleep deprivation period and continued
cognitive testing using the same daily schedule. At baseline, MDMA users performed less accurately than controls on a task of working
memory and more impulsively on four of the seven computerized tests. During sleep deprivation, MDMA users, but not controls, became
increasingly impulsive, performing more rapidly at the expense of accuracy on tasks of working and short-term memory. Tests of
mediation implicated baseline sleep disturbance in the cognitive decline seen during sleep deprivation. These findings are the first to
demonstrate that memory problems in MDMA users may be related, at least in part, to sleep disturbance and suggest that cognitive
deficits in MDMA users may become more prominent in situations associated with sleep deprivation.

Introduction
Methylenedioxymethamphetamine (MDMA; “Ecstasy”) is a
popular drug of abuse that once again is increasing in popularity
among adolescents and young adults in the United States
(Johnston et al., 2009). Research in animals has shown that
MDMA can lead to lasting dose-related and protracted reduc-
tions in a variety of brain serotonin (5-HT) axonal markers
(Schmidt, 1987; Ricaurte et al., 1992; Hatzidimitriou et al., 1999;
Mechan et al., 2006; for review, see Green et al., 2003). Although
MDMA-related neurotoxicity is dose related, even single doses of
MDMA in the range of those used by humans are associated with
significant lasting reductions in 5-HT axonal markers in animals
(Schmidt, 1987; Colado et al., 1997), including nonhuman pri-
mates (Ricaurte et al., 1988). Neuroanatomical studies with immu-
nochemical markers indicate that losses of axonal markers are
secondary to a distal axotomy of 5-HT neurons, with sparing of the
5-HT cell body (O’Hearn et al., 1988; Hatzidimitriou et al., 1999).

Humans also appear to be susceptible to MDMA neurotoxic-
ity. In particular, positron emission tomographic (PET) and

single-photon emission computed tomographic imaging studies
using radioligands that bind to the 5-HT transporter (SERT)
provide evidence that MDMA produces lasting decrements in
this structural element of the 5-HT axon terminal (McCann et al.,
1998, 2005, 2008; Semple et al., 1999; Reneman et al., 2001;
Buchert et al., 2003, 2004; Thomasius et al., 2006). Similar find-
ings are seen in MDMA-treated baboons with documented 5-HT
neurotoxicity (Scheffel et al., 1998), and a recent postmortem
study has confirmed loss of the SERT protein in a human MDMA
user who also had low levels of another 5-HT axonal marker, the
tryptophan hydroxylase protein (Kish et al., 2008).

Although functional consequences of MDMA-induced brain
5-HT neurotoxicity have not been clearly defined, a large body of
data indicates that abstinent MDMA users have cognitive deficits
(Parrott, 2000; Kalechstein et al., 2007; de Win et al., 2008; Zakza-
nis et al., 2007). Working memory and verbal memory are the
cognitive domains that have most consistently been found to be
impaired in MDMA users, with some data indicating that poor
performance on some cognitive tasks may be related to impulsive
responding (Morgan et al., 2006; McCann et al., 2007; Quednow
et al., 2007). Although cognitive deficits in MDMA users have not
been definitively linked to MDMA-induced 5-HT injury, reduc-
tions in SERT binding, as measured by PET, have recently been
found to be related to poorer working memory performance (Mc-
Cann et al., 2008), and reductions in CSF 5-hydroxyindole acetic
acid, another validated marker of MDMA-induced 5-HT injury
(Ricaurte et al., 1988), have previously been found to be related to
poorer verbal and visual memory performance (Bolla et al., 1998).
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MDMA users have also been shown to have alterations in sleep
architecture (McCann and Ricaurte, 2007). Acute and chronic
sleep deprivation can lead to cognitive impairment (Newhouse et
al., 1989; Banks and Dinges, 2007) and, in some populations,
increased impulsivity (Carskadon et al., 2004; O’Brien and Mindell,
2005). Thus, it is possible that cognitive impairments in MDMA
users may, in part, be related to sleep disturbance.

The purpose of the present research was to test the hypothesis
that MDMA users, by virtue of preexistent sleep loss, would be
more vulnerable to the negative cognitive effects of sleep depri-
vation than age- and gender-matched healthy controls.

Materials and Methods
Subjects. Forty medically healthy adults (n � 19 MDMA users; n � 21
controls) participated in this research. Subjects were individuals who
responded to recruitment materials posted in newspapers and fliers
(looking for “club drug users”), individuals who contacted our labora-
tory expressing interest in any ongoing research projects, individuals
who responded to advertisements for healthy volunteers, or individuals
who were referred by other participants. Recruitment materials did
not indicate that the research was specifically directed at the effects of
MDMA. To be included in the MDMA subject group, subjects needed
to report that they had used MDMA on at least 25 separate occasions.
Inclusion in the control group required that subjects had never used
MDMA. All subjects needed to express willingness to abstain from
illicit substance use for 2 weeks before study participation. Other
inclusion criteria included normal results on medical screens and
physical examinations and negative drug screens (with the exception
of marijuana, which can remain positive for at least 3 weeks). Exclu-
sion criteria included presence of an Axis I psychiatric diagnosis in
which 5-HT has been implicated (major depression, bipolar affective
disorder, obsessive compulsive disorder, panic disorder, psychosis),
regular use of prescribed psychotropic medications, more than five
lifetime exposures to any amphetamine other than MDMA, or drug or
alcohol dependence.

Before enrollment in this research, potential subjects were first
screened using an institutional review board-approved scripted phone
screen. If subjects met inclusion criteria by phone screen, they were in-
vited for face-to-face screening, at which time they provided informed
consent. Before being invited for the face-to-face screening, subjects were
instructed to abstain from all illicit drug use for 2 weeks and from any
alcohol consumption for at least 3 d. They were informed that they would
be screened for illicit drug use at the time of the screening and that they
would not be allowed to participate if drug screens were positive. Face-
to-face screening measures included routine blood chemistries, human
immunodeficiency virus screening, complete blood counts, and urine
testing for drugs of abuse, including cannabinoids, opiates, cocaine me-
tabolites, alcohol, and amphetamines. Subjects who continued to meet
all inclusionary criteria were immediately enrolled and admitted to a
controlled inpatient clinical research unit for a 5 d period.

During the inpatient admission, subjects were also interviewed using
the Scheduled Diagnostic Interview for Diagnostic and Statistical Manual
of Mental Disorders, fourth revision (SCID-I) (First et al., 1997). MDMA
(and other drug) use was assessed during the initial phone screen, and by
standardized drug questionnaire, nursing assessment on admission to
the inpatient Clinical Research Unit, the SCID-I, and an MDMA-specific
questionnaire. If subjects provided inconsistent information, they were
excluded from study participation.

Sleep deprivation and cognitive measures. Cognitive performance was
tested by computer three times daily for the first 4 d of admission, and
once on the final day of admission, using the Walter Reed Army Institute
of Research Performance Assessment Battery (WRAIR PAB), a comput-
erized cognitive test battery that has previously been shown to be sensi-
tive to the effects of sleep deprivation (Thorne et al., 1985). We have
previously found abstinent MDMA users to differ from controls on several
WRAIR PAB tasks when tested over a 5 d period (McCann et al., 1999).

The same version of the PAB that has been used previously in MDMA
users (McCann et al., 1999, 2007) was used. As before, tasks included

were as follows: the Serial Add and Subtract Test, a machine-paced men-
tal arithmetic task requiring sustained attention; the Logical Reasoning
task, a self-paced task of semantic recognition and transformational
grammar; the Manikin task, a visuospatial rotation task that tests the
ability to mentally manipulate objects and determine the orientation of a
specific stimulus; a Code Substitution task, a subject-paced complex at-
tention and incidental learning task similar to the Digit Symbol-Coding
test on the Wechsler Intelligence Scale (Wechsler, 1981); a Matching to
Sample task, a machine-paced visual discrimination and working mem-
ory task; and a Delayed Recall Test, a test of recent memory.

The first three PABs on day 1 were interactive training sessions that were
used to ensure that subjects adequately understood each of the seven tasks
and were not used in statistical analyses. The second three PABs were used as
“baseline” measures. After awakening on day 3 of the study, subjects
began a 40 h sleep deprivation period, during which time cognitive test-
ing continued using the same daily schedule. During the 40 h sleep de-
privation, subjects were closely monitored by the Clinical Research Unit
nursing staff to ensure no sleeping. To facilitate wakefulness during the
early hours of the second morning (between 1:00 and 4:00 A.M.), when
subjects generally reported the greatest difficulty in staying awake, sub-
jects were monitored 1:1, and staff encouraged activities such as interac-
tive card games and walks.

The Pittsburgh Sleep Quality Index (PSQI) (Buysse et al., 1989) was
used to assess sleep quality and disturbances during the month before
enrollment. The seven components for the PSQI include subjective sleep
quality, sleep latency, sleep duration, habitual sleep efficiency, sleep dis-
turbances, use of sleeping medication, and daytime dysfunction. Each
component is self-rated from 0 to 3. The sum for these seven components
yields a global score. A global PSQI score �5 is indicative of clinically
poor sleep.

Statistics. Statistical analyses were performed using the SAS System
(version 9.1.3; SAS Institute). Accuracy and impulsivity factor (defined
below) measures on the WRAIR PAB were compared using a generalized
linear mixed model (Proc Mixed), adjusting for gender. First-order au-
tocorrelation among residuals was assessed by the Durbin Watson coef-
ficient. A first-order autoregressive covariance matrix [AR(1)] was used
to account for time-dependent data. MDMA status was the between-
group variable, and Time and Day were within-subject variables. For
each subject, an “impulsivity factor ” for each task over time was deter-
mined using a modification of a method originally established by Salkind
and Wright (1977) for use in a Matching to Familiar Figures task. As
before (McCann et al., 2007), the impulsivity factor was defined as 1 �
(mean percentage accuracy � mean speed per question). Speed per question
was quantified as the number of responses per minute. The impulsivity fac-

Table 1. Subject demographics and drug use histories

MDMA (n � 19) Control (n � 21)

Gender 12 males, 7 females 11 males, 10 females
Age 25.6 � 4.6 23.8 � 3.56
Years of education 13.5 � 1.5 13.6 � 1.8
NAART score 104.77 � 6.87 100.90 � 10.14
Number of MDMA uses 247 � 291.17 (30 –1000) N/A
Duration of MDMA use (months) 58.68 � 49.63 (12–156) N/A
Time since last MDMA use (months) 5.51 � 1.47 (0.5–36) N/A
Usual total dose (pills) 2.58 � 1.47 (1– 6) N/A
Maximum total dose/24 h (pills) 5.50 � 2.5 (2–10) N/A
Frequency of use (occasions/month) 5.81 � 7.55 (0.5–29) N/A
Marijuana use (number; frequency) 18; 8.08 17; 4.60
Hallucinogen use (number; frequency) 14**; 0.02 4; 0.02
Cocaine use (number; frequency) 10**; 1.10 1; 0
Opioid use (number; frequency) 4*; 0.01 0
BDZ use (number; frequency) 3; 0.01 0
Alcohol use (number; frequency) 19; 7.85 20; 3.78
Tobacco use (number; frequency) 12; 15.47* 13; 4.60

Ranges are in parentheses. *p � 0.05, significant difference between groups; **p � 0.001, significant difference
between groups; Fisher’s exact test. “Number” indicates the number of individuals in that group who have ever been
exposed to the drug. “Frequency” indicates the mean number of uses per month during the previous 6 months. BZD,
Benzodiazepines; N/A, not applicable.
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tor results in high scores when individuals perform quickly and inaccurately,
and low scores when they perform slowly and accurately. When a main
effect of Group or a Group � Day interaction was found, the least-
squares means of fixed effects were compared at individual time points to
determine the nature of these findings. The seven components of the
PSQI were compared in the two groups using ordinal regression. Logistic
regression was used to compare groups on the latent global dichotomous
variable (with a score of �5 being the cutoff as an indicator for sleep
disturbance). Mediation was calculated using methods described by
Kenny (2009), using multiple linear regressions with a sandwich variance
estimator and a Monte Carlo method (MacKinnon et al., 2004; Selig and
Preacher, 2009), adjusting for gender. The global PSQI score was used in
the mediation analysis.

In an effort to explore the potential role of previous cocaine, tobacco, and
alcohol use on PAB performance during sleep deprivation, Proc Mixed re-
gressions, with repeated measures adjusting for gender, were used to mea-
sure the strength of association between frequency of drug use during the
previous 6 months and accuracy and impulsivity measures that differed sig-
nificantly between groups. Frequency of hallucinogen use during the previ-
ous 6 months was insufficiently high to attain strength of association.

Results
Demographics and MDMA use characteristics of the two sub-
ject groups are shown in Table 1. The two groups were well
matched with regard to age, education and intelligence [as
reflected by the North American Adult Reading Test
(NAART)], and gender distribution. A similar number of
MDMA users and controls reported having used marijuana,
alcohol, and tobacco in the past, but a greater proportion of
MDMA users had previously used hallucinogens and cocaine
(Table 1). A small number of MDMA users, but no controls,
reported previous exposure to opioids and benzodiazepines
(Table 1).

Effect of sleep deprivation
Sleep deprivation led to impaired performance on five of the
seven tasks in the WRAIR PAB, as reflected by significant main
effects of Day (Table 2) on either accuracy or impulsivity, with
only time estimation and a matching-to-sample task remaining
unaffected by sleep loss.

Accuracy
MDMA users were less accurate than controls on the Code Sub-
stitution task (Table 2, Fig. 1), as reflected by a main effect of
group in accuracy on these two tasks. In addition, MDMA users
tended to be more susceptible to the effects of sleep deprivation
on accuracy of performance for the Code Substitution and De-

layed Recall tasks, as reflected by near-significant Group � Day
interactions for these tasks (Table 2; Figs. 1, 2).

Impulsivity
MDMA users exhibited higher levels of impulsive performance
(i.e., performed more quickly at the expense of accuracy) on the
Code Substitution and Delayed Recall tasks, as well as the Mani-

Figure 1. Accuracy and impulsivity on the Code Substitution task of the WRAIR PAB before,
during, and after 40 h of total sleep deprivation. Results were compared using the SAS Proc
Mixed function, with gender as the covariate, MDMA status as the between-group variable, and
Time and Day as within-subject variables. *p � 0.05; **p � 0.01. G*D, Group � Day interac-
tion. Error bars represent SEMs.

Table 2. Differences between abstinent MDMA users and controls on WRAIR PAB accuracy and behavioral impulsivity during 40 h of sleep deprivation

Task Measure Group Day Group � Day

Code Substitution Accuracy F � 6.58, p � 0.01 F � 9.01, p < 0.0001 F � 2.43, p � 0.07
Impulsivity F � 5.34, p � 0.03 F � 6.38, p � 0.0005 F � 3.61, p � 0.02

Delayed Recall Accuracy F � 0.00, p � 0.97 F � 7.62, p � 0.0001 F � 2.49, p � 0.06
Impulsivity F � 5.34, p � 0.03 F � 4.29, p � 0.007 F � 3.23, p � 0.03

Logical Reasoning Accuracy F � 1.19, p � 0.28 F � 3.84, p � 0.01 F � 1.32, p � 0.27
Impulsivity F � 0.23, p � 0.63 F � 2.52, p � 0.06 F � 0.61, p � 0.61

Manikin Figure Accuracy F � 1.43, p � 0.24 F � 1.70, p � 0.17 F � 0.09, p � 0.96
Impulsivity F � 5.37, p � 0.03 F � 0.28, p � 0.84 F � 0.33, p � 0.80

Matching to Sample Accuracy F � 2.64, p � 0.11 F � 0.22, p � 0.88 F � 0.58, p � 0.63
Impulsivity F � 2.51, p � 0.12 F � 1.41, p � 0.24 F � 0.76, p � 0.52

Serial Add and Subtract Accuracy F � 0.98, p � 0.33 F � 2.82, p � 0.04 F � 1.03, p � 0.38
Impulsivity F � 4.33, p � 0.04 F � 1.85, p � 0.14 F � 0.73, p � 0.53

Results from the SAS Proc Mixed function with an autoregressive covariance. Variables included in the model are Drug, Group, Gender, Day, Time, and Group � Day interaction. Bold indicates significant or near-significant differences
between groups.
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kin and Serial Add and Subtract tasks (Table 2, Figs. 1– 4), as
reflected by a main effect of group in impulsivity on each of these
tasks. MDMA users were also more susceptible to the effects of
sleep deprivation on behavioral impulsivity while performing the
Code Substitution and Delayed Recall tasks (Figs. 1, 2), as re-
flected by a Day � Group interaction on these two measures. As
expected, impulsivity and accuracy for these two measures were
inversely related, indicating that subjects increased their speed of
performance at the expense of accuracy.

Recovery sleep
For all tasks, recovery sleep led to a reversal of the effects of sleep
deprivation in both groups (Figs. 1–4), with performance and accu-
racyscoresbothreturningtobaselinelevelsexceptforbehavioral impul-
sivity in MDMA users on the Serial Add and Subtract task, which
remained higher than baseline at the final data collection point.

PSQI
Three of 19 MDMA users and 2 of 21 controls had missing data
for the PSQI. Seven of the remaining 16 MDMA users reported a
global score �5 (6.4 � 4.2; mean � SD), whereas only 1 of the
remaining 19 controls reported a score �5 (2.9 � 1.8). MDMA
users were 15 times as likely to self-report a global score cutoff of
�5 ( p � 0.02) (Table 3).

Mediation
The effect of MDMA use on the PAB performances of day 4
during sleep deprivation was tested for mediation from previ-
ously self-reported sleep disturbances, via the PSQI. The Monte
Carlo method for assessing mediation indicated that preexisting
sleep disturbance mediated increased impulsivity of performance
on the delayed recall and Logical Reasoning task after sleep de-
privation, as well as decreased accuracy on the logical reasoning
and Serial Add and Subtract tasks (Table 4).

Relationship to “other drug use”
There were no significant relationships between frequency of hal-
lucinogen or cocaine use on accuracy or impulsivity during sleep
deprivation on tasks that differed between groups. Frequency of
alcohol use was predictive of impulsive responding on the Code
Substitution task ( p � 0.002) and the Manikin task ( p � 0.02)
during sleep deprivation. Increased tobacco use was associated
with increased accuracy on the Serial Add and Subtract task dur-
ing sleep deprivation ( p � 0.01).

Discussion
The results of the present study indicate that abstinent MDMA
users are more susceptible to the negative cognitive consequences
of 40 h of total sleep deprivation than healthy age- and gender-
matched controls on tasks of working and short-term memory.
Notably, for both tasks, deterioration in performance appears to

Figure 2. Accuracy and impulsivity on the Delayed Recall task of the WRAIR PAB before,
during, and after 40 h of total sleep deprivation. Results were compared using the SAS Proc
Mixed function, with gender as the covariate, MDMA status as the between-group variable, and
Time and Day as within-subject variables. ∧p � 0.10; *p � 0.05. G*D, Group � Day
interaction. Error bars represent SEMs.

Figure 3. Accuracy and impulsivity on the Manikin Figure task of the WRAIR PAB before,
during, and after 40 h of total sleep deprivation. Results were compared using the SAS Proc
Mixed function, with gender as the covariate, MDMA status as the between-group variable, and
Time and Day as within-subject variables. ∧p � 0.10; *p � 0.05. Error bars represent SEMs.
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be primarily related to an increase in impulsive responding. In
particular, as the period of sleep deprivation progressed, MDMA
users responded more quickly, at the expense of accuracy. Tests
of mediation indicated that deterioration in performance on
three of seven cognitive tasks during sleep deprivation was medi-
ated by previous sleep quality, as measured by the PSQI. This
observation is consistent with the hypothesis that cognitive defi-
cits in MDMA users are related, in part, to sleep disturbance.

The present findings confirm and extend previous results
demonstrating poorer cognitive performance in MDMA users

(see Introduction) and provide additional evidence that impul-
sive responding may underlie poorer performance on some cog-
nitive tests (Morgan et al., 2006; McCann et al., 2007). In the
present study, sleep deprivation in MDMA users, but not con-
trols, was associated with increased behavioral impulsivity. This
response to sleep deprivation is atypical because the usual re-
sponse to sleep deprivation in a healthy adult population is to
maintain accuracy at the expense of speed (i.e., the “speed accu-
racy trade off”) (Webb and Levy, 1982; Angus and Heslegrave,
1985).

It is notable that the two tasks that were differentially affected
by sleep deprivation were tasks of working and short-term mem-
ory, the cognitive domains most consistently found to be im-
paired in MDMA users (Parrott, 2000; Kalechstein et al., 2007; de
Win et al., 2008; Zakzanis et al., 2007) and that are known to be
negatively impacted by sleep deprivation (Alhola and Polo-
Kantola, 2007). Sustained attention is the cognitive domain
known to be most immediately and severely impacted by sleep
deprivation (Banks and Dinges, 2007; Lim and Dinges, 2008), but
in the present study, a similar decline in both groups was ob-
served on the Serial Add and Subtract task, a task of sustained
attention. An extensive body of data indicates that with pro-
longed wakefulness, individuals develop an increasing number of
behavioral lapses that are thought to be related to “microsleeps”
(Kleitman, 1963; Dinges and Kribbs, 1991) and that sustained
attention tasks are acutely sensitive to this effect because subjects
miss cues that are presented while they are asleep. Working mem-
ory has also been found to be negatively influenced by sleep de-
privation (Alhola and Polo-Kantola, 2007), possibly as a function
of an inability to sustain attention on the memory task (i.e., sleep-
ing when the stimulus to be remembered is presented), rather
than problems with working memory function per se. The obser-
vation that MDMA users are more sensitive to the effects of sleep
deprivation on tasks of working and short-term memory is con-
sistent with the notion that cognitive deficits in MDMA users
could be related, in part, to chronic sleep disturbance (McCann et
al., 2007).

A large body of preclinical data, as well as a growing number of
clinical studies, implicates brain 5-HT systems in cognitive func-
tion, including memory processes (Schmitt et al., 2006; King et
al., 2008). Furthermore, in MDMA users, working memory def-

Figure 4. Accuracy and impulsivity on the Serial Add and Subtract task of the WRAIR PAB
before, during, and after 40 h of total sleep deprivation. Results were compared using the SAS
Proc Mixed function, with gender as the covariate, MDMA status as the between-group variable,
and Time and Day as within-subject variables. ∧p � 0.10; *p � 0.05.

Table 3. Differences between abstinent MDMA users and controls on PSQI
measures

Sleep category
Odds
ratio

95% Confidence
limits

Gender
( p)

MDMA
( p)Lower Upper

Quality 9.8 1.8 53.9 0.24 0.01
Latency 1.7 0.5 5.9 0.27 0.41
Duration 4.4 1.1 17.2 0.34 0.03
Efficiency 10.2 1.7 62.6 0.53 0.01
Disturbances 12.1 1.3 112.8 0.19 0.03
Medication N/A N/A N/A N/A N/A
Daytime dysfunction 5.5 0.8 37.6 0.02 0.08
Latent global 14.9 1.5 146.0 0.75 0.02

N/A, Not applicable.

Table 4. Mediation effects of baseline sleep disturbances on cognitive decline
during sleep deprivation in MDMA users

Estimated variance a b

Monte Carlo (95% CI)

Monte Carlo ( p)Lower Upper

Code Substitution
Accuracy 3.70 �12.03 �124.04 17.00 p � 0.05
Impulsivity 3.70 0.48 �0.20 4.41 p � 0.05

Delayed Recall
Accuracy 3.70 �5.86 �136.18 85.08 p � 0.05
Impulsivity 3.70 0.84 0.01 7.29 p � 0.05

Logical Reasoning
Accuracy 3.70 �16.10 �139.40 �0.13 p � 0.05
Impulsivity 3.70 1.12 0.47 9.22 p � 0.05

Manikin Figure
Accuracy 3.70 �15.62 �140.63 4.28 p � 0.05
Impulsivity 3.70 0.36 �0.93 4.05 p � 0.05

Matching to Sample
Accuracy 3.70 �7.92 �107.21 36.15
Impulsivity 3.70 0.47 �0.26 4.37

Serial Add and Subtract
Accuracy 3.70 �22.54 �177.21 �13.56 p � 0.05
Impulsivity 3.70 0.20 �0.83 2.55 p � 0.05
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icits have been found to be inversely related to brain SERT bind-
ing density (McCann et al., 2008). Brain 5-HT systems are also
implicated in impulsivity (Hollander and Rosen, 2000; Oquendo
and Mann, 2000), with decreases in brain 5-HT markers being
associated with increased impulsivity. Although MDMA subjects
in the current study did not undergo PET imaging as part of this
research, their use characteristics are similar to those of subjects
previously found to have significant global reductions of the
SERT (McCann et al., 1998, 2005, 2008). Therefore, it is plausible,
given the known role of 5-HT in cognitive function and impul-
sivity, that MDMA-induced 5-HT neurotoxicity is involved in
the current observations.

Although the present findings suggest that sleep disturbance
may play a role in the cognitive deficits seen in MDMA users, they
do not clarify the neurobiological basis for these deficits. In par-
ticular, it is possible that MDMA-induced 5-HT neurotoxicity
results in a disturbance in normal sleep mechanisms and that
sleep disturbance leads to cognitive dysfunction. It is also possible
that MDMA-induced 5-HT neurotoxicity leads to direct damage
of brain systems involved in cognitive function, or could impact
both sleep and cognitive processes. Conceivably, cognitive defi-
cits, impulsive responding, and sleep alterations could all be un-
related to brain 5-HT neurotoxicity. Future studies using
functional imaging methods, possibly in combination with PET
measures of 5-HT neuronal integrity, could be useful in clarifying
this issue. In addition, a future study comparing cognitive per-
formance in MDMA users and an age- and gender-matched
group of patients with chronic sleep disturbance but no previous
MDMA use would be helpful in determining the role of sleep
disruption per se in the present findings.

Cognitive deficits in MDMA users are subtle and, indeed, only
detected using sensitive quantitative testing measures. This fact,
plus the fact that cognitive testing scores in MDMA users often
overlap with those seen in healthy volunteers, is sometimes used
to argue that the deleterious effects of MDMA on cognition are
not clinically meaningful. The present findings suggest an alter-
nate interpretation of the data. In particular, as is common after
various forms of neural injury, it is likely that compensatory neu-
roadaptive processes occur after MDMA-induced 5-HT neuro-
toxicity. This view is supported by functional neuroimaging
studies demonstrating abnormal activation patterns during
memory processing (Moeller et al., 2004; Daumann et al., 2005;
Raj et al., 2009). However, when stressed, either by sleep depri-
vation or by pharmacological challenge (McCann et al., 2005),
these compensatory mechanisms begin to fail. It remains to be
seen whether, with advanced age and normal loss of brain dopa-
mine and 5-HT neurons, as well as diminished sleep quality,
cognitive deficits in MDMA users develop into clinically signifi-
cant cognitive impairment.

Limitations of the present study include the fact that MDMA
subjects were more likely to report lifetime exposure to other
drugs than controls. These other drugs could, in theory, play a
role in the cognitive deficits and differential effect of sleep depri-
vation found in the current study. However, previous studies that
excluded MDMA users who had been exposed to amphetamines
(McCann et al., 1998, 1999, 2007) controlled for other drugs of
abuse (Schilt et al., 2008), or only included MDMA users who had
relatively low other drug exposure (Schilt et al., 2007), have all
found MDMA users to exhibit deficits in memory function. Fur-
thermore, subjects in the current study had abstained from all
drugs for at least 2 weeks, and most substances for months, at the
time of testing. In the current study, there was no relationship
between frequency of cocaine use and cognitive performance

during sleep deprivation. Frequency of alcohol use was associated
with increased impulsivity on two tasks. However, both groups
used alcohol, and no subject met criteria for alcohol abuse. Fre-
quency of tobacco use, which was greater in MDMA users, was
associated with improved accuracy on an attention task during
sleep deprivation. Therefore, although other drug use could have
theoretically played a role in the current findings, the evidence for
such an effect is lacking. Another limitation of this study is that
drug use reports were retrospective, and could be inaccurate or
clouded by time or intoxication. As with all retrospective studies,
it is possible that differences found in MDMA users and controls
predated or even contributed to the onset of MDMA use. How-
ever, we have previously found reductions of brain SERTs, as
measured by PET, to be significantly associated with self-
reported lifetime MDMA exposure (McCann et al., 2005) and
cognitive deficits to be related to SERT binding (McCann et al.,
2008).

In conclusion, the finding that MDMA users are differentially
sensitive to the effects of sleep deprivation on tasks of sustained
attention and working memory is consistent with the hypothesis
that cognitive deficits in MDMA users are related, in part, to sleep
disturbance. Furthermore, tests of mediation indicate that self-
reported poor sleep quality during the month before enrollment
played a role in increased impulsivity and/or decreased accuracy
during sleep deprivation in MDMA users. Additional research
will be required to determine the precise mechanisms underlying
the effects of sleep deprivation on cognitive function in MDMA
users and to determine whether sleep disturbance and cognitive
dysfunction in MDMA users is related to MDMA-induced 5-HT
neurotoxicity.
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