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Abstract Rationale: () 3,4-Methylenedioxymeth-
amphetamine (MDMA, “ecstasy”) is an amphetamine
analog and drug of abuse. In animals, MDMA dam-
ages brain serotonin (5-HT) neurons at doses that over-
lap with those used recreationally by some humans. To
date, few functional sequelae of MDMA-induced 5-HT
damage have been identified. Objective: Since serotonin
is thought to be involved in cognitive processes, and
since previous studies have reported verbal and visual
memory deficits in MDMA users, the present study
sought to determine whether other cognitive processes
are influenced by previous exposure to MDMA.
Methods.: Twenty-two MDMA users who had not used
MDMA for at least 3 weeks and 23 control subjects
were tested repeatedly with a computerized cognitive
performance assessment battery while participating in
a 5-day controlled inpatient study. Cerebrospinal fluid
(CSF) measures of monoamine metabolites were also
collected as an index of brain monoaminergic function.
Results: MDMA users and controls were found to per-
form similarly on several cognitive tasks. However,
MDMA subjects had significant performance deficits
on a sustained attention task requiring arithmetic
calculations, a task requiring complex attention and
incidental learning, a task requiring short term
memory and a task of semantic recognition and
verbal reasoning. MDMA users also had significant
selective decreases in CSF 5-HIAA. Conclusions: The
present CSF data provide further evidence that
MDMA is neurotoxic to brain 5-HT neurons in
humans, and the behavioral data suggest that brain
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5-HT injury is associated with subtle, but significant,
cognitive deficits.
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Introduction

(¥) 3,4-Methylenedioxymethamphetamine (MDMA,
“ecstasy”) is a potent and selective serotonin (5-HT)
neurotoxin in a variety of animal species, including
non-human primates (Stone et al. 1986; Schmidt et al.
1986; Commins et al. 1987; O’Hearn et al. 1988S;
Ricaurte et al. 1988a,b). Animals treated with MDMA
develop long-lasting decrements in regional brain
5-HT and 5-hydroxyindoleacetic acid (5-HIAA)
(Schmidt et al. 1986; Stone et al. 1986; Commins et al.
1987; Schmidt 1987), decreased tryptophan hydroxy-
lase activity (the rate-limiting process in serotonin syn-
thesis) (Stone et al. 1986, 1987; Schmidt and Taylor
1987) and loss of 5-HT transporters (Battaglia et al.
1987, 1988; Commins et al. 1987). In non-human pri-
mates, MDMA-induced serotonin neurotoxicity per-
sists for more than a year after a 4-day treatment
regimen of MDMA (Ricaurte et al. 1992; Fischer
et al. 1995). These observations raise the distinct pos-
sibility that recreational MDMA users also incur brain
5-HT injury.

Although it has not been established that human
MDMA users develop brain 5-HT neurotoxicity, two
validated measures for assessing MDMA-induced
brain 5-HT injury strongly suggest that they do. First,
a controlled study in human MDMA users found selec-
tive decrements in cerebrospinal fluid (CSF) 5-HIAA,
the major metabolite of brain serotonin (McCann
et al. 1994). Similar reductions in CSF 5-HIAA
concentrations have been found in monkeys with
documented MDMA-induced 5-HT damage (Ricaurte
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et al. 1988c), although reductions in CSF 5-HIAA
underestimated the extent of SHT damage in the cere-
bral cortex. Second, positron emission tomography
(PET) studies using [''C] McN5652, a PET ligand
selective for the 5-HT transporter (5-HTT), indicate
that MDMA wusers have significant reductions in
5-HTT binding compared to control subjects, and that
loss of transporters is positively correlated with the
amount of previous MDMA use ( McCann et al. 1998).
A similar decrease in [''C] McN5652 binding has been
shown in baboons with MDMA-induced neurotoxic
lesions subsequently verified post mortem (Scheffel
et al. 1998). Thus, both of the currently available val-
idated measures for detecting MDMA-induced 5-HT
injury indicate that some human MDMA users also
develop brain serotonin neurotoxicity.

Despite biological evidence for brain 5-HT injury in
humans, few functional consequences of MDMA-
induced 5-HT axonal loss have been identified, either
in animals or humans. While the seeming absence
of neuropsychiatric sequelae (but see McCann and
Ricaurte 1991) from MDMA-induced neurotoxicity
could be because near total ablation of serotonin neu-
rons is necessary before obvious behavioral manifesta-
tions appear, it could also be due to the difficulty in
assessing and detecting alterations in subtle behavioral
functions modulated by serotonin neurons. For exam-
ple, disorders in mood, anxiety, cognitive processing
and neuroendocrine function, all thought to involve
5-HT neurons, require sensitive and specific methods
for detection (Martin and Reichlin 1987; Lezak 1995).
Such difficulties in MDMA users, if detected, could be
erroneously attributed to other causes (e.g., acute drug
effects or withdrawal).

Several studies suggest that MDMA users may have
memory impairments as a consequence of MDMA
use (Krystal et al. 1992; Parrott and Lasky 1998;
Parrott et al. 1998; Bolla et al. 1999). All of these
investigations found that MDMA users had poorer
verbal memory performance than control subjects.
The study by Bolla and colleagues also found visual
memory deficits in MDMA users, and memory dis-
turbances in MDMA users were positively correlated
with decrements in CSF 5-HIAA concentrations.
While strongly suggestive that prior MDMA use has
a negative impact on memory, cognitive performance
by subjects in three of the studies (Krystal et al. 1992;
Parrott and Lasky 1998; Parrott et al. 1998) may have
been influenced by recent psychoactive drug use. The
purpose of the present study was to evaluate further
a wide variety of cognitive processes in MDMA users
who had used no psychoactive drugs (except tobacco)
for 3 weeks prior to study, in an effort to determine
whether cognitive processes, other than verbal and
visual memory, are negatively impacted by MDMA
use. Since serotonin neurons innervate virtually every
part of the central nervous system, perhaps modulat-
ing other neurotransmitter systems, it was reasoned

that cognitive functions other than those mediated
specifically by serotonin might also be altered. This
study was part of a 5-day controlled inpatient proto-
col designed to assess the long-term effects of MDMA
in humans.

Materials and methods
Subjects

Twenty-two individuals with a history of MDMA use and 23 con-
trols participated in a 5-day inpatient protocol designed to deter-
mine the neurotoxic potential of MDMA in humans and its
functional consequences. The protocol was approved by investi-
gational review boards in both of the institutions involved in the
study. All subjects provided informed consent prior to study par-
ticipation. MDMA subjects had used MDMA on at least 25 sep-
arate occasions, and were self-referred. Control subjects were
recruited by advertisements and had never used MDMA. Prior use
of recreational drugs other than MDMA was allowed for both sub-
ject groups. Exclusionary criteria for both groups included past or
current history of major medical illness (e.g., neurologic, renal,
endocrine, or hematologic), current axis I psychiatric disorder as
determined by SCID-I/P version 2.0 (First et al. 1996), a positive
drug screen for illicit or prescribed psychoactive drugs, or current
alcohol dependence. Subjects agreed to abstain from all recre-
ational drugs for a duration of at least 3 weeks prior to testing,
and their drug-free status was confirmed by urine and blood drug
screens. Tobacco use was permitted during the study (when sub-
jects were idle, between various assessments), because it was felt
that nicotine withdrawal in individuals with nicotine dependence
could significantly confound cognitive data, while nicotine use
in a regular smoker would not be associated with significant
stimulant effects. Participants were paid for their time and
travel expenses. Informed consent was obtained from all subjects
and the research protocol was approved by the Institutional Review
Board.

Procedure

Subjects were admitted for a 5-day inpatient stay in a clinical
research setting. All participants underwent physical examinations,
structured diagnostic psychiatric interviews using the SCID-I/P
version 2.0, EKGs and comprehensive blood and urine laboratory
testing to rule out medical illness. Subjects also underwent a
battery of biological and behavioral tests to probe for evidence
of serotonin injury, including measurement of cerebrospinal
fluid (CSF) monoamines, sleep studies, pain testing, personality
assessment, and pharmacological challenges with the mixed
5-HT agonist, m-chlorophenylpiperazine (m-CPP). Only comput-
erized cognitive testing and cerebrospinal fluid measures will be
discussed here.

CSF monoamine metabolite concentrations

Concentrations of 5-HIAA and homovanillic acid (HVA) were
determined by high performance liquid chromatography coupled
with electrochemical detection using the method of Kilpatrick
et al. (1986). CSF concentrations of 3-methoxy-4-hydroxyphenyl-
glycol (MHPG) were determined using the method of Sharpless
(1986). Samples of CSF from control and MDMA subjects were
processed and assayed in tandem without awareness of the drug
condition of each subject.



Cognitive testing

Cognitive performance was measured using a version of the Walter
Reed Army Institute of Research Performance Assessment Battery
(WRAIR PAB; Thorne et al. 1985). The WRAIR PAB is a com-
puterized psychological test battery designed for examining the
effects of assorted state-variables on a representative sample of nor-
mal psychomotor, perceptual and cognitive tasks. The battery, in
various versions, has been used to study the effects of sleep depri-
vation (Thorne et al. 1983), stimulants (Newhouse et al. 1989)
catecholamine depletion (McCann et al. 1992) sustained perfor-
mance, jet lag, heat stress, physical fatigue, physical conditioning,
atropine, hypoxia and sickle cell disease on cognitive performance
(Thorne et al. 1985).

The version of the WRAIR PAB utilized in the present study
consisted of seven computerized performance tests designed to
assess a broad variety of psychomotor and cognitive functions,
rather than tasks thought to be modulated by serotonin per se.
Since serotonin is known to influence the function of a variety of
neurotransmitters, including the catecholamines, it was reasoned
that alterations in serotonergic neurotransmission might also lead
to alterations in cognitive functions mediated primarily by other
neurotransmitters (e.g., arousal and sustained attention, thought to
be mediated primarily via brain catecholamine systems). WRAIR
PAB measures included, in the order that they were administered:
1) The Time Wall task, a time estimation task. The subject observes
an object traveling at constant speed from the top of the computer
screen towards the bottom of the screen. Approximately three-
quarters of the way down the screen, the object is obscured by a
“wall”, and the individual is required to press a computer key when
he/she estimates that the object will reach the bottom of the screen;
2) the Serial Add and Subtract test, a machine-paced mental arith-
metic task requiring sustained attention. Two random digits and a
plus or minus sign flash rapidly on the computer screen. The sub-
ject performs the addition or subtraction and enters the least
significant digit of the result. If the answer is a negative number,
the subject must add 10 to obtain the correct response; 3) the Logical
Reasoning task, a self-paced task of semantic recognition and trans-
formational grammar. The letter pair “AB” or “BA” is presented
along with an active, passive, positive or negative statement that
correctly or incorrectly describes the order of the letters within the
pair (e.g., “A is not preceded by B.”) The subject is required to
press a computer key indicating whether the statement is correct or
incorrect; 4) the Manikin task, a visuospatial rotation task that tests
the ability to mentally manipulate objects and determine the ori-
entation of a specific stimulus. The subject makes a corresponding
bilateral response to indicate the hand in which a human figure
(presented in various orientations) is holding a target object;
5) Code Substitution, a subject-paced complex attention and inci-
dental learning task similar to the Digit Symbol Task on the
Wechsler Intelligence Scale (Wechsler 1981). A code key of nine
letter-digit pairs is displayed on the screen and the subject indicates
which digit corresponds to individual test letters. After three trial
blocks, the code key disappears and the subject either enters each
digit from memory for maximum points, or first presses a button
to recall the code key; 6) the Matching to Sample task, a machine-
paced visual discrimination and working memory task. The subject
memorizes a standard visual stimulus (6 X 6 matrices of 18 random
red and yellow cells) and then presses a key to present two com-
parison stimuli, one of which is identical to the first. The subject is
required to identify the identical stimulus; 7) the Delayed Recall
test, a test of recent memory. At the conclusion of the test battery,
subjects repeat one block of the code substitution task, without the
code key and without feedback. Individuals with basic reading and
arithmetic skills can perform this version of the WRAIR PAB, and
when well-trained, can complete it in approximately 20 min.

Subjects completed three WRAIR PABs per day for 4 days, and
a final PAB on the last morning of the study prior to discharge.
Subjects were medication-free for the first 3 days of the study, and
received intravenous m-CPP on the fourth morning of the study.
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Only performance measures from the first 3 days of the study (prior
to m-CPP administration) are reported here.

MDMA and other drug use

Detailed information about MDMA and other drug use was
obtained from an initial telephone interview, the drug history sec-
tion of the Addiction Severity Index, a structured interview that
ascertained the number of MDMA experiences and the amount and
frequency of MDMA use, and the drug use section of the Scheduled
Interview for DSM-IV Diagnoses. Blood and urine samples col-
lected on the day of admission were screened for psychoactive drugs
by immunoassay.

Statistical analysis
Cognitive tests

Statistical analyses were performed using a 2 (MDMA versus con-
trol) x 5 (time) repeated measures ANOVA with Greenhouse—
Geisser adjustments for degrees of freedom. The nine PAB trials
completed by each subject during the first 3 days of the study (i.e.,
three sessions per day) were averaged and reduced to three time
points: Baseline performance (mean performance score on day one
of the study); Learning curve (mean performance score on day
2 of the study); Peak performance (mean performance score on day
3 of the study). Data from day 4 and day 5 of the study were not
included because m-CPP administration on day 4 of the study could
potentially confound results. When significant main effects of Group
or Time, or significant Group X Time interactions were observed,
Bonferroni post-hoc tests were performed at individual time points.
Statistical analyses were carried out using SPSS for Windows (SPSS,
Chicago, Ill., USA). Significance was set at P < 0.05.

Initial comparisons of cognitive performance were made by com-
paring mean “throughput” scores for the two groups for each of
the seven WRAIR PAB tasks. Throughput scores are calculated by
multiplying the number of questions completed per minute (i.e.,
speed) by the percent of correct answers (accuracy). Throughput
values are thought to represent the amount of useful work com-
pleted per unit time, and are a non-specific estimate of performance
sometimes referred to as speed-adjusted accuracy. If a significant
main effect of Group or a Group X Time interaction was found for
throughput scores of an individual task, the task was further ana-
lyzed to determine whether differences were secondary to decreased
accuracy, decreased speed, or both. For the Time Wall Task, which
has no “correct” answer, the average response time was utilized for
purposes of statistical comparison.

In addition to comparisons of the two subject groups by ANOVA,
separate multiple linear regressions were conducted for each of the
seven cognitive tasks in an effort to determine whether there were
dose-related cognitive deficits associated with MDMA use history.
In particular, baseline and peak performance scores (throughput,
accuracy and speed) were regressed on the linear combination
of status (control or MDMA user) and, respectively, total past
MDMA dose, average weekly MDMA dose, and average monthly
MDMA dose.

Cerebrospinal fluid monoamine metabolites

CSF 5-HIAA measures were compared using two-tailed Student
t-tests. Further, in order to determine whether reductions in CSF
5-HIAA values were predictive of declines in baseline or peak accu-
racy, speed and throughput, bivariate Pearson’s correlations analy-
ses were performed for all seven cognitive tasks.
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Results
Demographics and drug histories

Demographic and drug use histories for both subject
groups are provided in Table 1. MDMA use patterns
in MDMA subjects are provided in Table 2.

Toxicological screens

No subject had positive urine or blood screens for any
psychoactive drug (including alcohol) at the time of
admission.

Cognitive tests
Throughput (Fig. 1; Table 3)

Repeated measures ANOVAs revealed a significant
main effect of group for the Logical Reasoning
[F(1,44)=5.18, P = 0.028] and Code Substitution tasks
[F(1,44) =4.25, P=0.045] and significant Group X
Time interactions for the Serial Add and Subtract task

Table 1 Demographics and recreational drug exposure in MDMA
users and control subjects

Control MDMA
(n=23) (n=22)
Age (year) 30.35£1.98 26.23 £ 1.99
Gender
Male 16 15
Female 7 7
Education (year) 15.22£0.45 13.36 £ 0.63
Drug exposure®
Non-MDMA amphetamines 10 21
Cocaine 10 21
Sedative hypnotics 7 15
LSD and other hallucinogens 11 22
Cannabis 19 22
Organic solvents/inhalants 7 17
Opiates 10 13
PCP and related drugs 4 6

#The number of subjects who reported using the drug more than
once

Table 2 Characteristics of MDMA use in MDMA users (mean +
SE)

MDMA (n = 22)

Number of exposures
Duration of use
Frequency of use
Usual dose

Time since last dose

215 £ 33 (range: 30-725)

4.52 £0.71 years (range: 1-14)

5.72 £ 0.61 per month (range 0.8-15)

272 £ 40 mg (range 100-1000)
13.91 £ 6.54 weeks (range 3-147)

[F(2,86) = 7.06, P = 0.004] and the Delayed Recall task
[F(2,86) =4.15, P=0.019]. No other main effects of
Group or Group X Time interactions were found for
throughput scores on any of the seven WRAIR PAB
tasks. Group differences on the Logical Reasoning task
and Code Substitution task reflected overall lower
scores in the MDMA group, with no significant
differences in throughput scores between the two
groups at any particular time-point. For the Serial Add
and Subtract task, Bonferroni post hoc comparisons
showed similar baseline scores in the two groups, but
lower scores in MDMA users on days 2 and 3 of the
study (P = 0.015, P = 0.015, respectively), indicating a
more shallow learning curve and lower peak perfor-
mance in MDMA users. For the Delayed Recall task,
Bonferroni post hoc comparisons revealed significantly
lower baseline scores in MDMA users compared to
controls (P = 0.004).

Accuracy

Two-way repeated measures ANOVAs of accuracy
scores on the four tasks that were found to differ
significantly in the initial throughput analyses were
conducted to determine whether these differences were
due to decreased accuracy or decreased speed of per-
formance in the MDMA group. Significant Group X
Time interactions were found for the Code Substitution
task [F(2,86) = 3.86, P = 0.036] and the Delayed Recall
task [F(2,86) = 3.86, P = 0.036], with no main effect of
Group or Group X Time interactions seen for either
the Serial Add and Subtract or Logical Reasoning
tasks. Bonferroni post hoc comparisons revealed that
the MDMA group was significantly less accurate at
baseline on both the Code Substitution (P < 0.0001)
and the Delayed Recall (P < 0.003) tasks.

Speed

Repeated measures ANOVAs of speed scores indicated
no significant main effect of Group or Group X Time
interactions for the Code Substitution, Delayed Recall
or Logical Reasoning tasks. In contrast, a significant
Group X Time interaction was found for the Serial
Add and Subtract task [F(2,86)=7.75, P =0.003].
Bonferroni post hoc analyses indicated that MDMA
users performed more slowly than control subjects
on days 2 and 3 of the study (P =0.01, P=0.007
respectively).

Association between cognitive performance
and MDMA exposure

Multiple linear regressions revealed a significant asso-
ciation between total MDMA exposure and peak per-
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Fig. 1 Mean performance scores on four tasks in the Walter
Reed Army Institute of Research Performance Assessment
Battery (WRAIR PAB) obtained over a 3-day period. Subjects com-
pleted three WRAIR PABs per day. Data were analyzed by repeated
measures ANOVA. Bonferroni post hoc comparisons of scores
from individual days were conducted, when appropriate.
Significance was set at P <0.05. B Control (n =23), & MDMA
(n=22)

formance (mean score from day 3 of the study) on the
Code Substitution task. In particular, when peak per-
formance scores were regressed on the linear combi-
nation of Group (MDMA versus control) and
total MDMA exposure, the equation containing these
two variables accounted for 16.81% of the variance
in throughput scores (F(2,42)=4.24, P =0.018,
adjusted R*=0.129] and 19.67% of the variance in
speed scores (F(2,42)=5.14, P =0.024, adjusted
R?=10.158], with increased MDMA exposure associ-
ated with decreased throughput and speed. No
significant associations between any of the three
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exposure variables and performance were found for
any of the other six cognitive tasks. Additionally, there
was no significant relationship between peak cognitive
performance and the duration of abstinence from
MDMA.

Cerebrospinal fluid monoamine metabolites
(Table 4)

Concentrations of CSF 5-HIAA in control subjects
were within the range of concentrations previously
reported for controls in our (McCann et al.
1994) and others’ (Post et al. 1980; Ben Menachem
et al. 1989; Hildebrand et al. 1990) studies. As
found in our previous study (McCann et al. 1994),
subjects exposed to MDMA were found to have
significantly lower CSF 5-HIAA concentrations than
control subjects with no differences between the two
groups on measures of CSF HVA or MHPG
(Table 4).
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Table 3 Performance scores

on WRAIR PAB tasks in Task Day 1 Day 2 Day 3
trol and MDMA subject

?r(l)illrrrlgerarclorrect per I;lilnglet(;s Control MDMA Control MDMA Control MDMA

mean + SE) ’ n=23 n=22 n=23 n=22 n=23 n=22
Serial Add 36.38+3.95 28.15+2.87 51.3+598 33.06+2.68 61.36+7.00 40.31%3.53
and Subtract
Code 2630+ 1.51 21.43+1.22 2652+1.63 22.74+1.32 2682+1.58 2342+1.30
Substitution
Delayed Recall 22.94 +2.66 14.89 +1.53 27.35+£2.32 21.90+244 28.46+2.55 2571%3.17
Time Wall 9.63+£0.15 9.56x0.11 9.70£0.18 9.63+£0.13 9.72+0.14 9.77% 0.18
Logical 11.67+092 843+0.64 17.29+223 11.62+0.77 21.38+227 16.57%+2.14
Reasoning
Mannequin 1911 £1.52 17.34 £ 1.57 26.40 £2.37 2484 +221 3586+3.07 33.56%3.03
Matching 776 £0.96 9.17+1.07 9.11£1.07 1099 +1.31 16.59+3.52 14.03+1.80
to Sample

Table 4 Monoamine metabolite levels in CSF of control and
MDMA subjects®

n 5-HIAA HVA MHPG
Control 23 1477+ 1.48°  19.53 £ 1.92 9.80 £1.02
MDMA 22 10.97 £ 0.81 19.90 £ 1.94 10.61 £ 1.36

#Values are means (£SE) expressed in ng/ml
®Value significantly higher than that of MDMA subjects, P = 0.038

Correlations between cognitive performance
and CSF 5-HIAA

Bivariate Pearson’s correlations analyses revealed no
significant correlations between CSF 5-HIAA and per-
formance on any day for any of the seven cognitive
tasks.

Discussion

The principal finding of this study is that, compared
to control subjects, drug-free MDMA users have
performance deficits on several tasks tested using a
computerized performance assessment battery. In par-
ticular, MDMA users who had abstained from any psy-
choactive drug use for at least 3 weeks had impaired
performance on four of seven cognitive tests in the
Walter Reed Army Institute of Research Performance
Assessment Battery. Performance deficits were found
on a sustained attention task requiring arithmetic cal-
culations, a task requiring visual discrimination and
working memory, a short-term memory task, and a
task of semantic recognition and verbal reasoning.
Performance deficits on the working memory task were
directly associated with extent of previous MDMA use.
As before (McCann et al. 1994), MDMA users had
selective decrements in CSF 5-HIAA relative to con-

trol subjects, suggesting that MDMA-induced 5-HT
neurotoxic injury may underlie cognitive deficits
observed in MDMA users.

The present findings extend those from previous
studies demonstrating deficits in verbal (Krystal et al.
1992; Parrot and Lasky 1998; Parrot et al. 1998; Bolla
et al. 1999) and visual (Bolla et al. 1999) memory in
MDMA users to include a variety of different psy-
chomotor, perceptive and cognitive tasks. Since this
study was not intended explicitly to test verbal or visual
memory, it can not be taken as confirmation of previ-
ous findings. However, deficits seen in MDMA users
on the Delayed Recall task are certainly consistent with
previous observations of short term memory problems
in MDMA users. The observation that MDMA users
have deficits in either accuracy or speed on a variety
of different cognitive measures suggests that MDMA-
induced 5-HT alterations may lead to long lasting
changes in serotonergic modulation of other neuro-
transmitter systems. For example, performance deficits
seen on the Serial Add and Subtract task, a task requir-
ing sustained attention, may be secondary to alterations
in serotonergic input on brain catecholamine neurons
known to be important in alertness and attention
(Robbins and Everitt 1982; Jones 1989).

It is noteworthy that performance impairments seen
on the Serial Add and Subtract task were secondary
to decreased speed of performance, and not to
decreased accuracy. This is the same type of perfor-
mance deficit that is seen in healthy individuals in the
early phases of total sleep deprivation (Newhouse
et al. 1989; McCann et al. 1992). In particular, during
the course of sleep deprivation, subjects initially
decrease their speed of performance on the Serial Add
and Subtract task, while maintaining accuracy. It is
only after several days of total sleep deprivation that
subjects’” accuracy on this task deteriorates. It is possi-
ble that similar monoaminergic substrates are involved
in both of these subject groups. It would be of inter-



est to learn whether MDMA users are more suscepti-
ble to the detrimental effects of sleep deprivation on
cognitive performance than control subjects.

Notably, MDMA subjects had impaired perfor-
mance on both the Code Substitution task, a measure
of complex attention and incidental learning and the
Delayed Recall task, which is the same test given after
a time delay. Thus, on the Delayed Recall task, sub-
jects are required to remember the same code that they
had learned earlier. As such, poor performance on the
Delayed Recall task could either be secondary to
altered attentional processes and poor acquisition of
the initial code, or to poor short-term memory.

Differences observed between MDMA users and
controls are not likely to have been secondary to base-
line differences in educational backgrounds or intelli-
gence between MDMA users and controls. There were
no differences in the mean educational levels of the two
groups. Further, the version of the Walter Reed PAB
utilized in the present study is easily completed in indi-
viduals with basic reading and mathematical skills. All
subjects had these skills, and no subject had difficulty
mastering the techniques necessary to complete the
PAB. The Code Substitution task, which is a variation
of the Digit Symbol task on the Wechsler Intelligence
Scale (Wechsler 1981), is a test that is relatively
unaffected by intellectual prowess (Erber et al. 1981;
Lezak 1995), also arguing against that possibility
that baseline differences in intelligence account for
differences seen between MDMA users and controls.
Rather, the relatively selective nature of performance
deficits seen in MDMA users suggests that only cer-
tain aspects of cognitive function are altered in MDMA
users, potentially as a result of a persistent alteration
in brain serotonergic function.

Differences in cognitive function seen in MDMA
users and controls were quite subtle, and only detected
using a sensitive battery of cognitive tests. Individuals
who took part in the study were generally not aware
of having cognitive difficulties, and cognitive impair-
ments were not obvious to the investigators. While
some could take this observation to indicate that
MDMA-related cognitive problems are not clinically
significant, there is an alternative interpretation. In par-
ticular, because of the subtle nature of symptoms, some
individuals may unwittingly continue to use MDMA,
unaware of potentially cumulative damage. Further, it
is not known whether subtle cognitive difficulties in
a youthful individual will become manifest with
advanced age and diminished neuronal reserve. Finally,
the subtle nature of MDMA-induced neuropsychiatric
disturbance could be the basis for the widely held view
that only a handful of individuals who have taken
MDMA have developed problems. Indeed, the num-
bers of individuals adversely affected by MDMA use
may be considerably larger than generally accepted,
and can only be ascertained by direct testing with sen-
sitive tools.
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Several potential drawbacks of this study should be
noted. First, drug use in both subject groups could only
be ascertained by retrospective report. Thus, it is pos-
sible that these reports were inaccurate, either because
of poor subject recall or because drugs used by sub-
jects may have been impure. Further, although both
subject groups were allowed to have used a variety of
recreational drugs, the MDMA subject group had used
more recreational drugs on average than control sub-
jects. Thus, it is possible that other drugs may also have
contributed to cognitive impairments seen in MDMA
subjects. However, while other drugs were used by both
groups, MDMA was the drug of choice in the MDMA
subject group, and was used to a greater extent than
other recreational drugs. Similarly, the finding that
deficits in performance on the code substitution task
were significantly associated with total past MDMA
use suggests a direct relationship between MDMA
exposure and cognitive deficits. Also, the fact that none
of the other drugs used by MDMA users have been
shown to damage 5-HT neurons in humans, yet selec-
tive 5-HT deficits were observed in MDMA users,
suggests that MDMA was responsible for the
5-HT deficits seen in these individuals. Nevertheless,
since this study was not prospective, evaluating cogni-
tive function in MDMA users over time, it is not
possible to definitively establish a cause-and-effect rela-
tionship between cognitive decline and MDMA use.

In contrast to the study by Bolla et al. (1999), cog-
nitive deficits in MDMA users in the present study were
not correlated with reductions in CSF 5-HIAA. This
contrasting result is possibly due to a lower level of
MDMA exposure in the Bolla et al. study and the fact
that an entirely different type of cognitive testing was
conducted in the two studies. While some may view the
lack of a correlation between CSF 5-HIAA and cog-
nitive deficits as evidence that cognitive deficits are
unrelated to brain 5-HT changes, there are alternative
explanations. While CSF 5-HIAA has been validated
as a measure of MDMA-induced 5-HT injury, it is
known to underestimate the extent of 5-HT injury pro-
duced by MDMA (Ricaurte et al. 1988c). The relative
lack of sensitivity of this biological measure could, in
part, account for the absence of a correlation between
CSF 5-HIAA and cognitive performance.

Future studies in larger numbers of MDMA users
utilizing additional cognitive assessment tools will be
instrumental in further establishing the prevalence and
nature of cognitive dysfunction in MDMA users.
Studies in a larger cohort may also make it possible to
link cognitive deficits to a biological marker of brain
5-HT neurotoxicity. It will also be important to deter-
mine whether similar cognitive deficits are seen in other
populations of individuals exposed to other selective
5-HT neurotoxins, such as fenfluramine (McCann
et al. 1997). Finally, it will be useful to better define
the relationship between MDMA exposure variables
(e.g., total past MDMA dose, average monthly dose,
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etc.) and cognitive dysfunction and determine whether
risk factors for the development of MDMA-related
cognitive deficits can be identified (e.g., previous neu-
ropsychiatric history, gender, 1Q).

In summary, the present data indicate that drug-free
MDMA users have impairments in cognitive function
compared to individuals who have never previously
used MDMA. In particular, MDMA users were found
to have performance deficits on a sustained attention
task, a task requiring complex attention and inciden-
tal learning, a short-term memory task and a task of
semantic recognition and verbal reasoning. MDMA
users were also found to have selective deficits in cere-
brospinal fluid 5-HIAA. Further, on the complex atten-
tion and incidental learning task, performance was
inversely related to total past MDMA exposure. Taken
together, these findings suggest that cognitive deficits
seen in MDMA users may be related to MDMA-
induced brain 5-HT neurotoxicity.
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