Neuropsychopharmacology (2008) 33, 247-258
© 2008 Nature Publishing Group Al rights reserved 0893-133X/08 $30.00

@

www.neuropsychopharmacology.org

Assessment of Cognitive Brain Function in Ecstasy Users and
Contributions of Other Drugs of Abuse: Results from an fMRI

Study

Gerry Jager®', Maartje ML de Win?, Ingeborg van der Tweel®, Thelma Schilt*, Rene S Kahn',
Wim van den Brink®, Jan M van Ree® and Nick F Ramsey'

'Department of Neurosurgery, Rudolf Magnus Institute of Neuroscience, University Medical Center, Utrecht, The Netherlands; “Department of
Radiology, Academic Medical Center, University of Amsterdam, Amsterdam, The Netherlands; “Department of Biology, Center for Biostatistics,
Utrecht University, Utrecht, The Netherlands; *Amsterdam Institute for Addiction Research and Department of Psychiatry, Academic Medical
Center, University of Amsterdam, Amsterdam, The Netherlands; 5 Department of Pharmacology and Anatomy, Rudolf Magnus Institute of
Neuroscience, University Medical Center, Utrecht, The Netherlands

Heavy ecstasy use has been associated with neurocognitive deficits in various behavioral and brain imaging studies. However, this
association is not conclusive owing to the unavoidable confounding factor of polysubstance use. The present study, as part of the
Netherlands XTC Toxicity study, investigated specific effects of ecstasy on working memory, attention, and associative memory, using
functional magnetic resonance imaging (fMRI). A large sample (n=71) was carefully composed based on variation in the amount and
type of drugs that were used. The sample included 33 heavy ecstasy users (mean 322 pills lifetime). Neurocognitive brain function in
three domains: working memory, attention, and associative memory, was assessed with performance measures and fMRI. Independent
effects of the use of ecstasy, amphetamine, cocaine, cannabis, alcohol, tobacco, and of gender and IQ were assessed and separated by
means of multiple regression analyses. Use of ecstasy had no effect on working memory and attention, but drug use was associated with
reduced associative memory performance. Multiple regression analysis showed that associative memory performance was affected by
amphetamine much more than by ecstasy. Both drugs affected associative memory-related brain activity, but the effects were consistently
in opposite directions, suggesting that different mechanisms are at play. This could be related to the different neurotransmitter systems

INTRODUCTION

Ecstasy (3,4-methylenedioxymethamphetamine, MDMA, XTC)
is a popular recreational drug, despite the fact that there
is considerable concern about its neurotoxic potential. Studies
in animals have shown deleterious effects of MDMA on
the serotonin system, indicated by serotonergic axonal injury,
decreases in the number of central serotonin transporters
(SERT), and a significant depletion of serotonin in various
cortical and subcortical regions (for review see Ricaurte et al,
2000; Green et al, 2003). On the basis of these animal data,
it is likely that ecstasy might damage serotonin neurons in
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the human brain too. In humans, the literature on the
potential neurotoxicity of ecstasy is extensive and complex
and it is beyond the scope of this paper to discuss in detail
the methods available for assessing the neurotoxic effects of
ecstasy on the living human brain or differences in results
across studies in different populations (for review see Parrott,
2001; Reneman, 2003; Morton, 2005). In general, however,
neuroimaging studies (PET, SPECT) provide evidence for
sustained serotonergic dysfunction in people who heavily use
ecstasy, whereas the dopaminergic system appears to be
unaffected (McCann et al, 1998, 2005; Kish, 2002; Buchert et al,
2004; Gouzoulis-Mayfrank and Daumann, 2006a,b; Parrott,
2006; Reneman et al, 2001, 2006). Whether the alterations
in serotonergic function are permanent is not yet clear.
Some studies suggest that for instance reductions in SERT, a
marker of serotonergic neurotoxicity, are transient in most
but not all brain regions, as reversibility was shown in former
ecstasy users (Semple et al, 1999; Reneman et al, 2001;
Buchert et al, 2004).
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Cognitive consequences of ecstasy use have been
examined more extensively. Numerous cross-sectional
studies reported impairments of learning and memory in
moderate to heavy recreational users (for review see
Morgan, 2000; Parrott, 2000; Verbaten, 2003). However,
little is known about the effects of ecstasy on the neural
systems involved in cognition. The few available functional
MRI studies have primarily focused on working memory
and generated inconclusive results concerning the effects of
ecstasy on brain activity patterns and the specific brain
areas that are affected (Daumann et al, 2003, 2004a, b, c, d;
Jacobsen et al, 2004; Moeller et al, 2004). One study
investigated episodic memory function and suggested that
memory deficits in ecstasy users arise from a hippocampal
dysfunction (Daumann et al, 2005). Summarizing, there is
some evidence of effects of ecstasy use on neurocognitive
brain function, but this issue is clearly in need of further
investigation.

Research in this area suffers from methodological
problems for which there are no easy solutions (Turner
and Parrott, 2000). Most human studies contend with
interference of many potential confounders, such as
polysubstance use and large heterogeneity in recreational
ecstasy users (Gouzoulis-Mayfrank and Daumann, 2006a).
Experienced ecstasy users not only consume more
ecstasy than novice users but they are also more likely to
consume other drugs such as cannabis, amphetamine,
cocaine, LSD, and psilocybin (mushrooms) (Scholey et al,
2004). Consequently, cumulative ecstasy use almost invari-
ably correlates highly with use of other drugs, making it
almost impossible to differentiate between effects of ecstasy
and of the other drugs. Indeed, several studies have
indicated that signs of neurotoxicity in ecstasy users
may well be associated with polydrug use in general or
with the use of other drugs, such as cannabis and
amphetamine (Daumann et al, 2004a). In some studies, an
effort was made to control for the use of these other
drugs, either by including a group of ‘pure’ ecstasy
users (Halpern et al, 2004), a group of ecstasy-naive
polysubstance users (Rodgers, 2000), or by statistically
adjusting for polydrug use (Medina et al, 2005). Although
statistical techniques help to separate the effects of ecstasy
and of other drugs to some extent, they generally do not
suffice if subjects are recruited at random, given the fact
that ecstasy use almost invariably is associated with
polydrug use.

The present study aims to clarify the specific effects of
ecstasy on neurocognitive brain function, that is, effects that
can be ascribed to ecstasy and not to the co-occurring use of
other drugs. For this purpose, a large sample (n=71) with
substantial variation in the amount and type of drug used
was carefully composed. Multiple regression analysis with
ecstasy and other drugs as separate regressors was applied
to investigate the specific effects of ecstasy on working
memory, selective attention, and associative memory,
measured with functional magnetic resonance imaging
(fMRI). We hypothesized that if deficits in memory or
attention and/or related brain function would surface,
ecstasy use would be the primary but not the only factor
accounting for these abnormalities. We expected that
amphetamines, cannabis, and/or cocaine would contribute
to possible neurocognitive deficits.

Neuropsychopharmacology

MATERIALS AND METHODS

This study is part of the Netherlands XTC Toxicity (NeXT)
study. A detailed description of the design and objectives of
the NeXT study is provided in a paper on the methods (De
Win et al, 2005). Besides fMRI, subjects underwent SPECT
and MR imaging and cognitive testing; results of these
measurements will be reported in separate publications (De
Win et al, 2007; Schilt et al, in press). In two previous
papers, we reported fMRI findings in a part of the non-
ecstasy using subjects (n=27) on the effects of cannabis on
cognitive brain function (Jager et al, 2006, 2007).

Subjects

A total of 71 subjects (44 male, 27 female; mean age 23 years
(SD 3.8, range 18-37) were included based on specific
variations in the amount and type of drugs they were using
and with the objective to keep correlations between the
drugs that were used as low as possible. Potential candidates
interested to participate in the study were asked to fill out a
questionnaire on their drug use, but were blind to the
inclusion criteria. Besides the typical heavy polysubstance
ecstasy users, preference was given to candidates who were
either ‘selective ecstasy users’ (100 ecstasy pills or more
lifetime, but no or almost no use of other drugs except for
cannabis) or ‘polydrug-but-no-ecstasy users’ (extensive
experience with amphetamine and/or cocaine, but (almost)
no ecstasy use, that is <10 pills lifetime). Eventually, the
sample included 33 heavy ecstasy users and 38 non-ecstasy
users, with both ecstasy users and non-ecstasy users
showing considerable variation in type and amount of
other drugs taken, for example, some heavy ecstasy users
reported minimal use of other drugs such as cannabis,
amphetamine, or cocaine, whereas others were moderate or
frequent users of one or more other psychoactive drug.

All subjects were right-handed and were excluded if they
reported: major medical, neurological, or psychiatric dis-
orders; current use of psychotropic medications; use of
intravenous drugs; pregnancy; and contra-indications for
MRI. Except for smoking, which was allowed until 2 h before
scanning, subjects had to abstain from use of all psychoactive
drugs for at least 2 weeks and from alcohol for at least 1 week
before examinations. Compliance to abstinence was checked
with urine drug screening (enzyme-multiplied immunoassay
for amphetamines, ecstasy, opiates, cocaine, benzodiaze-
pines, cannabis, and alcohol). Hair samples were collected for
drug hair analysis on previous ecstasy use (gas chromato-
graphy/mass spectroscopy).

Subjects were paid for their participation (€ 150 for 2
days) and gave their written consent according to the
Helsinki Declaration. The local medical ethics committee
approved the study.

Procedure

All 71 subjects completed validated self-report question-
naires about their drug use (Van den Wijngaart et al, 1997).
They were screened for axis I psychiatric disorders using the
Dutch version of the Mini International Neuropsychia-
tric Interview for DSM-IV clinical disorders (Sheehan
et al, 1998). Urine samples were collected on the day of



scanning and verbal intelligence was estimated using the
Dutch version of the National Adult Reading Test (Schmand
et al, 1991).

Assessment of Working Memory, Selective Attention,
and Associative Memory

Three fMRI tasks were administered: a modified Sternberg
item recognition task (denoted STERN), a visuo-auditory
selective attention task (SAT), and a pictorial associative
memory task that depends on (para)hippocampal brain
function (PMT). The STERN task has the following basic
format: a set of five consonants is shown for 5340 ms (the

target set
(5340 ms)
FGMPT
mask
(1000 ms)
*
stimulus
(1670 ms)
SO M= ————
:
10 stimuli
per run/epoch

Figure 1 The temporal sequence of events is shown for the STERN
task. Each epoch starts with presentation of the target-set, and is followed
by ten trials. Subjects have to press a button as fast as possible, if the letter

belongs to the target-set.

TONES ONLY
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target-set). After this, a series of 10 consonants is displayed
in sequence (Figure 1). Subjects are instructed to memorize
the target-set, and subsequently press a button as quickly as
possible when a consonant belongs to the target-set (50%
were targets). Two experimental tasks were administered,
which differed only with regard to the target-set(s): a novel
set and a practiced set. In the practiced set task (PT), the
same set was used repeatedly. In the novel set task (NT), the
composition of the target-set was changed after every run of
10 trials. An additional reaction time control task (CT) was
included, as well as rest periods of equal epoch duration (for
further details on the STERN task see Jansma et al, 2001;
Ramsey et al, 2004).

The second task SAT is a visuo-auditory oddball
detection task. It involves detection of tones deviant in
pitch from a baseline tone, and similarly, detection of dots
deviant in size from a baseline dot (Figure 2). A threshold
for detecting differences in pitch and dot-size was
determined individually before the scan session by adjust-
ing it until the subject detected 80% of the deviant stimuli.
Tones and dots were presented simultaneously in epochs of
29s each. Epochs differed only with regard to the task
instruction. At the start of each epoch, subjects were
instructed to attend either to the tones while ignoring the
dots (TO), or vice versa (DO) (for details see Jager et al,
2006).

The PMT task is a pictorial associative memory task,
modified from a task paradigm from Henke et al (1997) and
involves three task conditions. First, an associative learning
phase (AL) is conducted which requires subjects to
remember a specific combination of pictures and to
establish a meaningful connection between the two pictures.
In the next phase, single item pictures have to be classified
(SC), which serves as a control task. Finally, in the retrieval
phase (RE), subjects have to recognize specific combina-
tions previously presented during associative learning. The
RE-task condition enables to measure recall accuracy, which

r

25 STIMULI
20% TARGETS

DOTS ONLY ﬂ

25 STIMULI
20% TARGETS

Figure 2 The temporal sequence of events is shown for the SAT task. Each epoch (duration 29's) starts with an instruction slide (5's), indicating ‘rest’,
‘attend to the tones only', or ‘attend to the dots only’. Both during ‘tones only’ and ‘dots only', the instruction slide is followed by a series of 25 stimuli
(simultaneous asynchronous presentation of tones and dots at a variable interstimulus interval rate) of which on average 20% deviant (targets). In case of a
target, subjects have to press a button as fast as possible. Before fMRI scanning, the difference between standard and deviant tones and dots is determined
for each individual by changing the contrast until a performance of 80% correct is obtained.
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serves as an indirect measure for adequate associative
learning during the AL phase. In healthy volunteers, this
task reliably reveals brain activity in the hippocampus and
parahippocampal gyrus bilaterally, especially during the AL
condition (Henke et al, 1997). Figure 3 depicts a schematic
example of the PMT task. In the scanner, each picture,
containing two color photographs on a white background,
was presented for 5000 ms, followed by a 2340 ms fixation
cross. Each task condition was presented in four epochs of
eight stimuli (picture + fixation cross). Also, four rest
periods (RS) were included of equal epoch duration. For
further details on the PMT task, we refer to Jager et al
(2007).

Scans were made on a clinical Philips ACS-NT 1.5 Tesla
MR-scanner with PT 6000 gradients, using a standard scan
protocol (navigated 3D PRESTO; Ramsey et al, 1998). Voxel
size was 4mm isotropic. For further details on the scan
procedure and scan parameters, we refer to Jansma et al
(2001), Ramsey et al (2004) and Jager et al (2006, 2007).

SIMPLE CLASSIFICATION

RETRIEVAL

Figure 3 The temporal sequence of events is shown for the PMT task.
Each epoch starts with an instruction slide (5's) followed by a fixation cross
(2.55). This is followed by eight trials of 7.5s each (picture pair 5, fixation
cross 2.55). Subjects have to respond to the task by pressing one out of
two buttons, according to the instruction in each task condition.

Table I Demographic Features and Drug Use Characteristics

Dependent and Independent Variables

Drug use (independent variables). Table 1 gives a
description of the drug use history of the sample. Use of
GHB (liquid ecstasy), LSD, psilocybin, and laughing gas
were less commonly reported and cumulative dosages were
much lower than self-reported lifetime use of ecstasy
(number of tablets), cannabis (number of joints), amphe-
tamine and cocaine (number of occasions), and alcohol and
tobacco consumption (drinks/week vs cigarettes/week).
Therefore, only ecstasy, amphetamine, cocaine, alcohol,
and tobacco were used as independent variables.

Self-report histories may be inaccurate and in addition,
there is imprecision arising from variation in drug content
in ecstasy tablets. As a result, inaccuracies in dosage
calculations are likely to undermine the validity of
dose-response measures (Bedi and Redman, 2006). Also,
drug use variables were far from normally distributed, even
after log-transformation. Therefore, drug use variables were
dichotomized using cutoff scores, which were fixed to
balance the distribution of users and non-users of a
particular drug within the sample. For ecstasy, amphet-
amines and cocaine the cutoff score was >10 tablets/
occasions lifetime. For cannabis, the cutoff score was
set somewhat higher (>50 joints lifetime), because
experimenting with cannabis without becoming a frequent
and long-term user is much more common than with
the other illicit drugs. To illustrate this point, about half of
the sample reported no use at all of ecstasy, amphetamines
or cocaine, whereas only eight subjects reported no use
at all of cannabis (see Table 2 for a description of the sample
after drug use variables were dichotomized).

Performance data (dependent variables). Outcome
measures included performance accuracy (for STERN,
SAT, and PMT) and reaction times (STERN only).
Task performance during STERN was measured by
computing the decrease in reaction time (RT) owing to
practice (mean RT during the novel task minus mean RT
during the practiced task in ms), and the decrease in error

Lifetime dose

Last year dose

Users (N) of users of users Time since last

NI71 Mean (SD) Median Range Mean (SD) Median Range use (weeks)

Ecstasy (number of pills) 33 322 (357) 250 5-2000 54 (60.4) 31 [-250  Mean (SD)=8 (9.8)
Range = 145

Amphetamine (number of times) 37 78 (130.3) I3 |-250 6 (94) 3 0-36 =2
Cocaine (number of times) 38 44 (62.5) I5 [-300 10 (13.3) 5 0-50 =2
Cannabis (number of joints) 63 838 (1450.0) 288 [-6650 109 (202.3) 10 0-90 =2
Alcohol (drinks per week) 64 — — — 13.8 (12.6) I 0-60 > |
Tobacco (cigarettes per week) 39 — — — 383 4 0-200 —
GHB (liquid ecstasy) (number of times) 31 16 (25.8) 3 [-100
LSD (number of times) 6 9 (12.3) 2 |40
Psilocybin (mushrooms) (number of times) 6l 5 (114 2 [-100
Laughing gas (number of times) 8 13 (15.9) 6 |-40

Mean (SD), median and range for the different drugs show scores from the users only

Neuropsychopharmacology



rate owing to practice (errors novel task minus errors
practiced task). Accuracy during SAT was calculated by
dividing the number of correctly identified deviants by the
total number of trials (percent correct). Recall accuracy
during PMT was computed by averaging the percentage ‘hits’
(picture pairs correctly identified as seen previously) and
‘correct negatives’ (percentage of picture pairs correctly
rejected as seen before) during the retrieval task.

fMRI (dependent variables). For all three tasks (STERN,
SAT, and PMT) analysis of fMRI data involved the follow-
ing stages: first, after motion correction, statistical activity
maps were generated for each individual, for each of the
task conditions compared with the rest condition by means
of multiple regression (Worsley and Friston, 1995). Next,
these maps were smoothed (FWHM 8 mm) and normalized
into standard MNI space (Collins et al, 1994), and were
analyzed for the whole group, creating a contrast of interest
for each task and using z-statistics (details are described in
the given references for each task). We then identified
regions of activity in the group-maps for each task,
thresholded at p<0.05 Bonferroni corrected for the total
number of voxels in the brain (Ramsey et al, 1996; Rypma
et al, 2006). These group-maps were based on the following
contrasts. For STERN, the regions of interest (ROIs) were
derived from the difference between the novel and the CT.
For SAT, the ROIs were obtained from the contrast between
tone detection and rest. For PMT, the ROIs were based on
the contrast between associative learning and simple
classification.

For regression analyses (based on drug use), we used the
mean levels of activity in each of these ROIs for each
subject, for each task and for each condition within tasks,
relative to resting state.

Ecstasy and human cognitive brain function
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Statistics

Multiple regression analyses. Specific effects of ecstasy and
the relative contributory effects of other substances
(amphetamines, cocaine, cannabis, tobacco, and alcohol)
on task performance and brain activity were assessed using
multiple regression analyses with the different drugs as
separate regressors. As non-drug predictors verbal IQ and
gender were added to the model, because of the expected
effect of IQ on cognitive task performance and because
previous studies indicated a higher vulnerability to the
effects of ecstasy in females (Reneman et al, 2001;
Verheyden et al, 2002). Age was not included as a regressor
owing to the relatively small age range within the sample,
and to reduce the total number of regressors in the
regression model (and thus maximizing statistical predic-
tive power).

The strength of the effect of ecstasy use was estimated
using two stepwise regression models. Model 1 estimated
the crude or upper bound effect of ecstasy on neurocogni-
tive function, that is, after adjustment for the effects of
gender and IQ but without correction for the effects of other
drugs. In the first step, gender and IQ were entered, then in
a second step, ecstasy. The independent effect of ecstasy is
quantified as the R-square change between the first and the
second step of the model. This model resembles the
approach in previous studies where ecstasy-users were
compared with non-users without accounting for polydrug
use. The effect of ecstasy in this model is likely to be an
overestimation owing to the lack of correction for the
impact of other drugs. Model 2 estimated the adjusted or
lower bound effects of ecstasy with all other substance use,
gender and IQ entered into the model first. Ecstasy use was
entered as the second step, and its effect was expressed as
the R-square change between the first and the second step.

Table 2 Description Sample After the Drug Use Variables were Dichotomised

Tobacco
Ecstasy Amphetamine Cocaine Cannabis Alcohol (drinks (cigarettes per
Lifetime use (no. of pills) (no. of times) (no. of times) (no. of joints) per week) week)
0 37 34 33 8
-5 | 12 8 10
6-10 0 7 8 3
| 1-50 I 7 12 8
51-100 5 0 6 |
101-250 Il 9 3 8
251-500 Il I I 9
501-1000 4 I 0 9
1001-2000 I 0 0 8
2001-5000 0 0 0 5
> 5000 0 0 0 2
N=7I N=7I N=7I N=7I N=7I N=7I

Figures in the cells correspond to the number of subjects (out of 71) that reported lifetime use of the various drug in amounts corresponding to the classification in the
first column. The number of subjects that were assigned to the non-user group after dichotomising the drug use variables is depicted in light gray, whereas the number
of subjects that were assigned to the user-group is depicted in dark gray.

Cutoff scores for ecstasy, amphetamine, and cocaine use was set on more than 10 pills/occasions lifetime. Cutoff score for cannabis was set on more than 50 joints
lifetime. Cutoff scores for alcohol and tobacco were set on more than 10 drinks and cigarettes per week, respectively.
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The effect of ecstasy in the second model is likely to be an
underestimation.

Goodness-of-fit statistics were used to quantify the fit of
the model and standardized regression coefficients-f were
used to indicate the predictive power of the different
regressors.

Phi correlations were used to explore associations
between dichotomized substance variables and demo-
graphic variables (see Table 3). The validity of the
regression model is not affected by the relatively low
associations (in terms of phi values) between some
independent variables because each regressor in the
stepwise model is adjusted for the predicting effect of all
other regressors in the model. The variance inflation factor
(VIF), a measure of multicollinearity, had a maximum value
of 1.1 (as a rule of thumb any VIF that exceeds 10 is a reason
for concern; Stevens, 1996), also indicating that correlations
between variables in the model did not cause over-
specification of the regression model.

RESULTS
Sample Characteristics

As data from a few tasks were lost for some subjects owing
to technical malfunction, results are reported for each task
separately with the number of subjects included within
brackets. On average, mean verbal IQ was 101 (SD 7.7, range
83-122). Drug use characteristics are shown in Table 1 and
2, and the correlations between use of various drugs are
shown in Table 3.

Performance

Table 5 shows the results from multiple regression analyses
for all three tasks. For performance during STERN model 2
yielded a marginal significant fecsrasy (R-squareecasy = 0.05,
p=10.08). However, the regression model as such failed to
reach significance and, therefore, it was statistically not
justified to interpret any of the separate standardized f-
coefficients. For SAT performance neither regression model
1 nor model 2 reached significance. For PMT performance
regression model 1 failed to explain a significant part of the

variance in recall accuracy. Regression model 2 explained a
marginally significant part (R-square = 20.3%, p =0.08) of
the total variance in recall accuracy in the PMT task.
However, ecstasy use explained only 1% (not significant) of
the variance, whereas amphetamine use significantly pre-
dicted a reduction in recall accuracy (Bimphetamine = —0.39,
p=0.007).

fMRI

The ROIs obtained with the contrast described in the
methods are shown in Figure 4, and details are given in
Table 4. The results of regression analyses are shown in
Table 5. The key results are as follows: there were no
significant effects of ecstasy or other illicit drugs on brain
activity in the STERN (n=70) or the SAT (n=269) tasks.
However, there were significant effects of tobacco use,
gender, and IQ on the dorsolateral prefrontal cortex in the
STERN task: being a smoker was associated with higher
levels of brain activity in this brain area during working
memory processing, as was being female, whereas higher IQ
scores were associated with lower brain activity. Use of
drugs did affect associative learning-related activity during
the PMT (n=69) task. Ecstasy use predicted lower activity
in the left dorsolateral prefrontal cortex, whereas in the
right middle occipital gyrus it was the opposite, that is
stronger brain activity. Amphetamine use predicted lower
activity in the right middle occipital gyrus, higher activity in
the right dorsolateral prefrontal cortex and marginally
lower activity in the left parahippocampal gyrus. Cocaine
use predicted higher brain activity in the left dorsolateral
prefrontal cortex and marginally higher activity in the right
middle occipital gyrus. Finally, use of tobacco predicted
marginally lower activity in the right middle occipital gyrus.
Strength and direction of the effects of drug use on
associative learning-related brain activity are depicted in
Figure 5.

DISCUSSION

The present study found working memory and attention to
be intact in polysubstance ecstasy users. However, polydrug
use was associated with worse performance on an

Table 3 Correlations between Use of Various Drugs and Demographic Factors in Selected Sample (N=71)?

Age Gender 1Q Alcohol Tobacco Ecstasy Amph Cocaine Cannabis
Age NS NS NS NS NS NS NS NS
Gender NS NS NS NS NS NS —0.22
DART-IQ NS NS NS NS NS NS
Alcohol NS NS NS NS NS
Tobacco 0.40 NS 0.24 NS
Ecstasy 043 0.54 NS
Amphetamine 0.45 NS
Cocaine NS
Cannabis
*The Table shows the correlations (Phi, Pearson 2 p<0.05, two-tailed) between age, gender (0= male, | =female) and the dichotomised drug use variables
(0=non-user, | =user). See Materials and methods section for classification criteria used.
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associative memory task. Interestingly, when effects of
drugs were teased apart, it was the use of amphetamine, and
not the use of ecstasy, that largely accounted for reduced
associative memory performance.

Ecstasy use was related to altered brain activity patterns
during associative learning in the left dorsolateral prefrontal
cortex and the right middle occipital gyrus. These effects

Figure 4 ROIs for STERN, SAT and PMT: A=fusiform gyrus,
B =dorsolateral  prefrontal cortex, C=superior parietal cortex,
D =anterior cingulate cortex, E=inferior frontal cortex, F=auditory
cortex, G = (para)hippocampal region, H=middle occipital gyrus. The
numbers beneath the slices indicate the MNI z-coordinates. Slices are in
radiological orientation (left side is right hemisphere and vice versa).

Table 4 Regions of Interest

Ecstasy and human cognitive brain function
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were independent from those of cannabis and alcohol
use, and appeared to be independent from those of
amphetamine, cocaine, or tobacco use. These specific
effects of ecstasy on brain activity during associative
learning may reflect sustained, possibly long-term adapta-
tion or compensatory reorganization in a fronto-visual
network. Whether or not this signifies serotonin neurotoxi-
city in terms of neuronal damage cannot be concluded
from the present findings. However, our results do not
support the notion of widespread loss of serotonin axons, as
the effects of ecstasy use were moderate, and selective for
associative memory. It is therefore more likely that the
network involved in associative memory is more sensitive to
the effects of ecstasy on cognitive activation than
other networks. Several underlying mechanisms may be
involved. For one, ecstasy use could compromise serotonin
function. Converging evidence from monkey and human
studies suggests that the visual cortex is particularly
sensitive to MDMA exposure. In a recent study by Brevard
et al (2006), it was shown that a low dose of MDMA in
marmoset monkeys had an intense effect on brain activity
in the visual cortex without applied visual stimuli, measured
with BOLD-fMRI. Similar BOLD-effects have been observed
in human ecstasy users, that is, an increased visual cortex
activation after photic stimulation where the magnitude of
the increase was positively related to the degree of prior
ecstasy exposure (Cowan et al, 2006). In addition, there is
evidence of serotonergic modulation of functional
brain activity in the prefrontal cortex and limbic structures
during a cognitive challenge (Evers et al, 2005; Rubia
et al, 2005). In one study, acute tryptophan depletion

Task Region Brodmann area Number of voxels X Y z Maximum z-value
STERN I-SPC 7 190 34 —63 48 12.65
I-DLPFC 9/46 168 46 5 32 12.50
ACC 6/24 69 6 6 56 12.17
l-FuG 37 60 46 -39 —12 9.06
r-SPC 7 55 -30 —67 44 9.19
SAT r-IFG 47 138 —46 21 —4 16.99
r-AUD 41/42/22 121 —58 =3I 16.58
I-FAUD 41/42/22 86 60 -23 8 17.45
ACC 6/24 58 -2 21 44 17.77
PMT r-PHG 37/36 220 —26 —47 —16 16.33
[-PHG 37/36 136 34 —47 -20 14.42
-MOG 19 103 —34 —87 8 [1.52
I-DLPFC 9 82 50 17 28 10.39
r-DLPFC 9/46 65 —46 29 24 8.26
r-IFG 47 38 —42 21 —4 8.39
ACC 6/24 34 2 29 40 9.22
-MOG 18 33 30 —91 8 9.21
l-IFG 24/6 33 50 2| —4 7.53

Abbreviations: ‘I-" versus ‘-, ‘left’ versus ‘right’; SPC, superior parietal cortex; DLPFC, dorsolateral prefrontal cortex; ACC, anterior cingulate cortex; FuG, fusiform
gyrus; IFG, inferior frontal gyrus; AUD, auditory cortex; PHG, parahippocampal gyrus; MOG, middle occipital gyrus.

MNI coordinates are shown for the regions of interest for working memory (STERN), selective attention (SAT), and associative memory (PMT). The coordinates X, Y,
and Z represent location of the voxels with the highest z-value in the group map. Corresponding names and Brodmann areas are obtained from the location of voxels
with the highest z-value.
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Table 5 Results Multiple Regression Analyses STERN, SAT and PMT

R-square regression model
(R-square ecstasy)

Model 2: standardized
p-coefficients

Model | Model 2 Ecstasy Amphetamine Cocaine Cannabis Alcohol Tobacco Gender 1Q
PMT
Performance 0.07 (0.05)*"  0.20* (0.01) —0.13 —0.39%* 0.16 0.18 0.03 —0.12 0.19 0.05
Associative leaming-related brain activity
[-PHR 0.10* (0.05)* 0.18 (0.03) 0.23 —0.28'* 0.17 0.12 —0.19 0.05 0.09 —0.11
r-PHR 0.03 (0.00) 0.1'1 (0.00) 0.05 —0.28* 0.03 0.21 —0.04 0.04 0.17 —0.14
r-IFG 0.02 (0.00) 0.08 (0.02) —0.20 —0.08 0.23 0.02 —0.15 0.1 0.10 0.03
I-IFG 0.11'* (0.03) 0.15 (0.01) —0.10 —0.10 0.05 —0.08 0.18 —0.11 0.20 —0.20
r-MOG 0.15%* (0.11) 0.29%* (0.11) 0.43%% —0.34* 0.24* 0.10 —0.14 —0.23'* 0.09 —0.10
I-MOG 0.07 (0.01) 0.1'1 (0.00) —0.06 —0.02 —0.04 —0.11 —0.13 0.07 0.18 —0.11
I-DLPFC 0.02 (0.01) 0.21* (0.06) —0.32% 0.21 0.37* —0.10 -0.07 —0.17 —0.02 0.03
r-DLPFC 0.06 (0.00) 0.3 1% (0.00) —0.06 0.48#+* —0.18 —0.12 —0.19 —0.05 0.08 —0.20
ACC 0.01 (0.00) 0.03 (0.00) —0.05 0.07 0.05 —0.10 0.15 —0.06 —-0.09 0.0l
STERN
Performance RT 0.04 (0.03) 0.18 (0.05)* 029 —0.41%* 0.04 0.10 —0.13 0.04 0.13 0.1
Performance Accuracy 0.09'* (0.02) 0.12 (0.01) —0.10 —0.08 —0.06 0.10 0.08 0.02 —0.04 —0.31*
Working memory-related brain activity
I-FUG 001 (0.01) 0.11 (0.00) 0.07 —-0.31* 0.17 0.09 0.02 0.15 0.08 0.13
I-DLPFC 0.13* (0.01) 0.23* (0.01) —0.16 —0.18 —0.0l1 0.13 —0.07 0.27* 0.25* —0.22%*
I-SPC 0.06 (0.00) 0.10 (0.01) 0.15 —0.16 0.00 —0.07 0.09 —0.13 0.12 —0.19
r-SPC 0.05 (0.01) 0.09 (0.02) 0.18 —0.08 —0.03 —0.17 0.05 0.05 0.05 —0.12
ACC 0.08 (0.00) 0.15 (0.00) 0.07 —0.21 0.16 —0.16 0.15 0.04 0.27* 0.02
SAT
Performance 0.01 (0.00) 0.07 (0.02) 0.18 —0.16 —0.14 0.15 —0.06 —0.11 0.10 0.06
Selective attention-related brain activity
r-AUD 0.05 (0.00) 0.10 (0.00) —-0.03 0.08 0.02 0.07 —-0.21 —0.09 —0.23* —0.04
I-FAUD 0.04 (0.01) 0.14 (0.02) 0.18 —0.14 —-023 0.01 —0.15 0.17 —0.14 —0.09
r-IFG 0.13* (0.02) 0.17 (0.01) 0.09 0.05 0.07 —0.02 —0.15 —0.08 —0.24* —0.25*
ACC 0.04 (0.01) 0.09 (0.01) 0.13 0.1 —0.06 —0.11 —0.05 —0.11 —0.11 0.16
Brain activity in attentional modulated ROIs (TO-DO contrast)
VIS 0.01 (0.00) 0.18 (0.01) 0.11 —0.18 0.15 0.20 —0.28* —0.38* —0.08 —0.06
r-AUD 0.02 (0.00) 0.06 (0.00) —0.01 —0.03 0.06 —0.19 0.13 0.18 —0.16 0.09
I-FAUD 0.03 (0.00) 0.12 (0.00) —0.09 —0.05 0.13 0.33*  —0.05 —0.25* —0.05 —0.23'*
I-HG 0.02 (0.01) 0.06 (0.00) 0.00 —0.09 0.04 0.13 0.01 —0.24 —0.08 —-0.03

The Table shows the results from the regression analyses for PMT, STERN, and SAT, for Model | (upper bound effect ecstasy) and for Model 2 (lower bound effect
ecstasy). For details on the regression models, see the paragraph on Statistics. The columns on Model | and Model 2 display the R-square of the overall regression
model (reflecting the fit of the regression model). Significant or marginal significant R-square values are printed in bold. Within brackets the amount of variance uniquely
explained by ecstasy use (R-square ecstasy) is shown, that is corrected for gender and verbal IQ (in Model I) or corrected for other substances, gender and verbal 1Q
(in Model 2). The right side of Table 5 shows the standardized f-coefficients of each predictor in Model 2. (Marginal) significant f-coefficients are printed in bold. Note:
If Model 2 fails to reach significance, it is statistically not justified to interpret any of the separate -coefficients and significant S-coefficients are NOT presented in bold.
For abbreviations of the regions of interest see Table 4.
*0.10< p<0.05; *p< 0.05; #p< 0.01; **p<0.001.

significantly reduced brain activation in the right orbito-
inferior prefrontal cortex, whereas it increased activation in
the superior and medial temporal cortex. It was suggested

that reduced prefrontal activation reflects low serotonin
turnover, whereas the increased engagement of temporal
brain regions could reflect compensatory mechanisms
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Figure 5 Overview of the results from the multiple regression analyses for PMT. The vertical axis of the graphs represents standardized f-coefficients:
values reflect strength and direction of the association between use of the drug and magnitude of brain activity in a brain region. On the horizontal axis,
colored bars represent the different drugs (see legend; number -8 displayed from left to right in the graphs). Abbreviations: L-PHR = left parahippocampal
region, L-DLPFC = left dorsolateral prefrontal cortex, R-DLPFC = right dorsolateral prefrontal cortex, R-MOG = right middle occipital gyrus. The numbers
beneath the slices indicate the MNI z-coordinates. Slices are in radiological orientation (left side is right hemisphere and vice versa).

(Rubia et al, 2005). These findings bear a resemblance to the
current observations of and reduced activation of the
dorsolateral prefrontal cortex, increased activation of the
middle occipital gyrus during associative learning. Thus, it
is conceivable that heavy ecstasy use induces sustained
reduced serotonin turnover in the prefrontal cortex.
However, this does not explain why lower prefrontal
activation in ecstasy users was selective to one cognitive
domain, that is associative memory; the left dorsolateral
prefrontal cortex, activated in all tasks (see Figure 4, ROI ‘B’
for STERN and PMT, data not shown for SAT), was only
affected during associative memory. Another mechanism
could be mild damage to (part of) the associative memory
system owing to ecstasy use, though serious enough to lead
to reduced functioning. In this case, the (para)hippocampal
region is the most plausible candidate as this region was
only activated during associative memory, and not during
working memory or attention. However, our results suggest
that the (para)hippocampal region may not be a prime
target for ecstasy-related neurotoxicity (Daumann et al,
2005), as we found only tentative evidence for enhanced
brain activity in the left parahippocampal area.

In addition to the specific effects of ecstasy, the effects of
amphetamine on activity in the network engaged during

associative memory are of special interest as most of the
heavy ecstasy users also take amphetamine. Amphetamine
use was related to altered brain activity in the right middle
occipital cortex, the right dorsolateral prefrontal cortex and
possibly the left parahippocampal region (statistical trend).
It should be noted that the effects of ecstasy and
amphetamine on brain activation were in the opposite
direction in the prefrontal and middle occipital regions,
suggesting that different mechanisms are at play. This could
be related to the different neurotransmitter systems these
drugs predominantly act upon, namely, the serotonin
(ecstasy) and the dopamine (amphetamine) system. At
present, there is no compelling evidence to suggest that
ecstasy use damages dopamine neurons in the human brain
(Colado et al, 2004), but there is evidence from neuroima-
ging studies that (meth)amphetamine can induce changes in
dopaminergic brain circuits (Choi et al, 2006; Reneman
et al, 2002; Uftring et al, 2001; Volkow et al, 2001). However,
more research with other (neuroimaging) techniques is
necessary to further elucidate the neurochemical mechan-
isms underlying the drug-induced alterations in the BOLD
signal, as measured in the present study.

Our findings of impaired associative memory perfor-
mance in polysubstance (ecstasy) users are consistent with
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many neuropsychological studies reporting deficits in
mainly verbal memory tests in heavy ecstasy users. It is
important to note, however, that our results showed that
lower associative memory performance in ecstasy users was
largely due to amphetamine, and not ecstasy use. As
previous studies in heavy ecstasy users often contend with
confounding effects of polysubstance use (including am-
phetamine), an alternative explanation could be that (part
of) the previously observed impairments in memory may be
related to concomitant use of amphetamine. Furthermore,
our brain activity data challenge the notion that memory
impairments in polysubstance ecstasy users reflect hippo-
campal dysfunction owing to a specific vulnerability of this
brain region to the neurotoxic effects of ecstasy (Daumann
et al, 2005; Jacobsen et al, 2004). Only amphetamine seemed
to affect the parahippocampal region to some extent, but
there was no effect of ecstasy.

With regard to working memory and attention our results
are less straightforward. We found no evidence for robust
effects of ecstasy or other illicit drugs on performance or
brain activity in the networks engaged during working
memory or selective attention. This seems at odds with
findings from several previous fMRI studies on working
memory in ecstasy users in which both decreased and
enhanced brain activity has been reported in ecstasy users
in a variety of brain regions, including the frontal and
temporal cortex (Daumann et al, 2003, 2004a,b,c,d;
Jacobsen et al, 2004; Moeller et al, 2004). There are several
possible explanations for the discrepancy between the
current and previous findings: first, activity in brain areas
other than those consistently reported as being activated in
working memory studies in healthy controls, that is parietal
and frontal areas (D’Esposito et al, 1998), may result from
specific characteristics of the fMRI task paradigm used.
Consequently, observed differences between ecstasy users
and non-users in, for example, hippocampal activity, may
not be specifically related to working memory, but may
surface because the task paradigm used involves other
(episodic) memory processes as well. Second, differences in
statistical analyses impede comparisons between the
studies. In the present study, we used a whole brain
analysis correcting for multiple comparisons, whereas other
studies used more liberal statistical thresholds (Daumann
et al, 2003) or performed a ROI analysis restricted to the
(para)hippocampal region (Jacobsen et al, 2004). This may
have biased results to certain brain areas that are not
involved in working memory per se.

Several limitations of the current study should be noted.
For one, a consistent critique of a cross-sectional design is
that neurocognitive abnormalities might actually predate
and place individuals at risk for drug abuse rather than
being the result of abuse. In this regard, it is important to
note that animal research has reported MDMA-induced
neurotoxicity in several species, including primates
(Ricaurte et al, 2000). Furthermore, several human studies
have demonstrated dose-effect relationships between cu-
mulative lifetime ecstasy use and memory deficits, which
support the idea of ecstasy use causing neurocognitive
impairments (Fox et al, 2001). A second limitation is that
we had to rely on statements by the subjects themselves on
their current and earlier consumption habits, with ques-
tionable reliability. Unfortunately, in a naturalistic design
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there is no obvious solution to this problem. Drug hair
analyses confirmed previous ecstasy use in 86% of the
subjects who reported to have used ecstasy. In addition, the
results from hair analyses showed no evidence for previous
use of ecstasy in 96% of the subjects who had reported to be
ecstasy-naive. Drug hair analysis yields no information on
patterns of ecstasy use, that is frequency, dosage (eg
multiple pill ingestion per occasion resulting in nonlinear
MDMA plasma levels), or cumulative dose lifetime, but the
results support the plausibility of self-reported data on
ecstasy use in the current study. Pill purity is related to
reliability of self-reported drug use data. Pills containing
pure MDMA are probably rare. Nevertheless, between 2002
and 2004, when subjects were recruited, pill-testing
confirms that in The Netherlands more than 95% of the
tablets sold as ecstasy contain MDMA as the sole (91.2%)
or main (4.2%) psychoactive component (Netherlands
National Drug Monitor, 2004 (http://www.trimbos.nl/)). A
third limitation is that despite the substantial time and
effort spent on recruitment, sample stratification was not
completely satisfactory. The resulting correlations between
use of ecstasy and amphetamine and cocaine were reduced
but still substantial and statistically significant. Thus, we
cannot claim full independence between predictors. None-
theless, correlations between use of ecstasy and use of other
illicit drugs were lower than usually found after random
recruitment among frequent ecstasy users (Scholey et al,
2004; Parrott et al, 2002) and multicollinearity diagnostics
indicated that the regression model allowed for reliable
estimation of the effects of the various drugs. In contrast,
the association between ecstasy use and its most commonly
used co-drug cannabis was successfully removed as a result
of sample stratification, thereby controlling for an impor-
tant potential confounder.

In conclusion, this study does not show strong effects of
use of ecstasy or other drugs in the domains of working
memory and attention. However, polysubstance ecstasy
users exhibit reduced associative memory performance, but
this impairment is largely due to concomitant amphetamine
use, and not to ecstasy use. Moreover, ecstasy and
amphetamine have differential and partly opposite effects
on brain activity in the network engaged during associative
memory, suggesting that different mechanisms are at play
that could be related to differential neurochemical effects on
serotonin and dopamine systems. The effects of ecstasy and
amphetamine are not specific for brain structures; the
dorsolateral prefrontal cortex, activated in all tasks, is only
affected during associative memory. It seems more likely
that the network as a whole is affected, and that the
dorsolateral prefrontal cortex responds differently to
alterations in serotonergic vs dopaminergic neurotransmis-
sion within certain brain systems.
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