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Abstract Rationale: Methylene-dioxymethamphetamine
(MDMA) is known to cause degeneration of serotonin
nerve terminals after acute doses in animals. Similarly,
behavioral studies in human MDMA users regularly find
abnormalities in memory, mood, and impulse control.
However, studies of brain function using brain imaging in
MDMA users have been less consistent. Objectives: The
purpose of this study was to determine, using functional
magnetic resonance imaging (fMRI), whether individuals
with a self-reported history of MDMA use would differ
from non-MDMA using controls on activation while
performing a working memory task. Methods: Fifteen
MDMA using subjects and 19 non-MDMA using controls
underwent fMRI scanning while performing the immedi-
ate and delayed memory task (IMT/DMT). The study was
based on a block design in which the delayed memory task
(DMT) alternated with the immediate memory task (IMT),
which served as a control condition. FMRI scans were
acquired on a 1.5 T scanner, using a gradient echo
echoplanar pulse sequence. Results: Random effects
SPM99 analysis showed significantly greater activation
(whole volume corrected cluster P<0.05) during the DMT
relative to the IMT in the MDMA subjects compared with
the control subjects in the medial superior frontal gyrus, in
the thalamus extending into putamen, and in the hippo-
campus. Conclusions: Although these effects could be
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due to other drugs used by MDMA users, these results are
consistent with behavioral problems that are associated
with MDMA use, and with animal studies on the effects of
MDMA on brain function.
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Introduction

Numerous preclinical studies have found evidence of
long-term changes in serotonergic neurons after MDMA
administration (Schmidt and Taylor 1987; Pan and Wang
1991; Colado et al. 1999; Hatzidimitriou et al. 1999;
Ricaurte et al. 2000a, b). Based on the animal findings of
chronic effects of MDMA on serotonin nerve terminals,
investigators have attempted to determine the long-term
cognitive and behavioral effects of MDMA use in humans.
The majority of these studies found differences between
MDMA users and non-users on measures of memory
(Bolla et al. 1998; Parrott et al. 1998; McCann et al. 1999;
Gouzoulis-Mayfrank et al. 2000; Rodgers 2000), mood
(Cohen 1995; Parrott and Lasky 1998; Parrott et al. 2000),
and impulsivity (Morgan 1998; Schifano 2000; Moeller et
al. 2002). However, there is controversy surrounding these
findings, since other studies found that differences
between MDMA users and controls on memory were
primarily due to other drugs used by MDMA users, such
as marijuana (Croft et al. 2001; Simon and Mattick 2002;
Dafters et al. 2003).

Studies using functional brain imaging have not always
produced consistent results in showing MDMA causes
long-term neuronal effects in humans. Results of positron
emission tomography (PET) studies have been mixed,
with some studies showing altered brain metabolic glucose
rate in MDMA users (Obrocki et al. 1999), while another
study found no difference in brain blood flow between
MDMA users and controls during a simple version of the
continuous performance task (Gamma et al. 2001). Several
studies have examined serotonin transporter binding in
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MDMA users. McCann et al. (1998) found decreased
global and regional brain 5-HT transporter binding in
MDMA users compared with controls. Similar results
were reported by Thomasius et al. (2003), with reduced
serotonin transporter availability in the mesencephalon
and caudate nucleus. In another study by the same group,
current MDMA wusers were found to have reduced
transporter binding in the mesencephalon and thalamus,
but former MDMA users showed transporter binding very
similar to controls (Buchert et al. 2003). Other studies
using single photon emission computed tomography
(SPECT) of MDMA users have found increased 5-HT,,
receptor binding (Reneman et al. 2002) and decreased
serotonin transporter binding (Semple et al. 1999) in the
cerebral cortex of MDMA users.

To date, there have been three published studies
comparing MDMA users and controls using fMRI. In
one study, the authors compared the response to an n-back
cognitive task on fMRI of 22 MDMA users (divided into
heavy and moderate users) with 11 healthy controls. This
study found no statistically significant differences between
heavy MDMA users (n=11), light MDMA users (n=11),
and controls (n=11) on random effects analysis after
correction for multiple comparisons (Daumann et al.
2003a). In a second study by the same authors (Daumann
et al. 2003b), eight “pure” MDMA users were compared
with eight MDMA users who reported using other drugs
along with MDMA, and eight non-drug using controls.
This study reported differences between MDMA users and
controls on fMRI in the premotor cortex, inferior temporal
region, angular gyrus region and striate cortex. However,
this study used a statistical analysis which did not correct
for the multiple comparisons, which makes interpretation
of the results of this study difficult. Correcting for multiple
comparisons within the whole brain volume has been
described as being necessary to control the experiment-
wise type I statistical error rate (Poline et al. 1997,
Petersson et al. 1999). Most recently, a study comparing
MDMA -using adolescents with non-MDMA using ado-
lescents, which focused on the hippocampus using an
auditory n-back task, found greater fMRI activation in
adolescent MDMA users (Jacobsen et al. 2003).

In order to examine further whether MDMA users differ
from non-MDMA users as measured by functional
neuroimaging, the present study scanned a group of
MDMA users and controls with blood oxygen level
dependent (BOLD) fMRI while performing a working
memory task. The hypothesis of the study was that
MDMA users would show differences in BOLD activation
on fMRI compared with non-MDMA using controls.

Materials and methods
Subjects
MDMA using subjects and non-drug abusing controls

were recruited through advertisements in a local entertain-
ment newspaper seeking research participants to study the

effects of ecstasy use on behavior. Written informed
consent was obtained from all subjects prior to participa-
tion. MDMA using subjects were required to have used
MDMA on multiple occasions, and non-MDMA using
subjects were required never to have used MDMA.
Subjects received monetary compensation of approxi-
mately $8.00 per hour for behavioral testing and $50 for
fMRI testing for participation.

Exclusion criteria included lifetime presence of any axis
I disorder other than substance abuse or dependence, or
substance induced mood disorder. Subjects were also
excluded if they had any non-psychiatric medical condi-
tion, were taking any prescribed psychotropic medication,
or if any alcohol was found on a breath alcohol
measurement. Additional exclusion criteria for control
subjects included past or present substance use disorder, or
positive urine drug screen for any substance of abuse.

Diagnostic assessment

All subjects were screened for psychiatric illness using the
structured clinical interview for DSM-IV (SCID) (First et
al. 1996). The diagnostic assessments were performed by a
bachelors degree level research assistant who had under-
gone extensive training on the use of the SCID including
observing videotaped and live patient interviews. Diag-
nostic interviews were intermittently monitored by a board
certified psychiatrist (F.G.M.) who has also undergone
extensive SCID training. Results of all SCID interviews
were also reviewed by the same psychiatrist. All subjects
also underwent a medical history and physical examina-
tion. This study was approved by the Committee for the
Protection of Human Subjects of the University of Texas
Health Science Center at Houston and conformed to the
Helsinki Declaration of 1975.

MRI scans

Scans were performed on a 1.5 T general electric (GE)
Echospeed LX NVi scanner. Prior to MRI, sessions were
conducted with an MRI simulation device (mock MRI) in
the behavioral laboratory. A Vac Fix Immobilization
Device (VF-160 bag) was used to restrict head motion.
The Vac Fix bag consists of a reusable, cushion-like
airtight bag filled with small polystyrene spheres. The
cushion is molded to provide a custom fit to the back and
sides of the subject’s head. After air is evacuated from the
bag with a vacuum pump, the spheres inside adhere to
each other such that the bag becomes a rigid shell, while
maintaining the individualized form-fitting molded shape
that is comfortable to the subject. A separate, soft
comfortable strap passes under the gantry and over the
sides of the shell to be joined over the subject’s forehead
with a hook and loop closure, and thereby anchors the
shell to the gantry. Care is taken to make the subject
comfortable and not to obstruct the subject’s vision. In
addition to mechanical restriction of head motion,



mathematical correction of head motion was performed
during post-processing (see below). Sessions with greater
than 2.0 mm head motion were eliminated from analysis.

Following a T1 weighted sagittal localizer; T1 weighted
high-resolution images using GE 3D-SPGR pulse se-
quence, 256x256 matrix on 240x240 mm field of view,
120 slices, 1 mm slice thickness were acquired. The fMRI
scans were axial slices acquired using a single-shot
gradient echo echoplanar imaging pulse sequence that is
sensitive to BOLD hemodynamic response (Ogawa et al.
1990), flip angle 90°, TR 2500 ms, TE 40 ms, receiver
bandwidth 62.5 kHz, 24 slices, 3 mm slice thickness,
1.5 mm spacing between slices, 64x64 matrix, and
240x240 mm field of view. A total of 250 repetitions
were acquired in each series while the subject participated
in the IMT/DMT protocol. The duration of each fMRI
series was 10 min 35 s.

Behavioral protocol during fMRI

The subjects performed the immediate and delayed
memory task (IMT/DMT) (Dougherty 1999) that had
been modified for fMRI scanning. The IMT is a contin-
uous performance test in which a series of visual stimuli
are presented on a screen at a rate of one stimulus per
second, and each stimulus consists of a horizontal string of
multiple numeric digits. Subjects were trained to press a
button when a number (probe stimulus) was an identical
match with the stimulus that immediately preceded it
(target stimulus). A different target stimulus was presented
in each trial. The DMT was similar to the IMT, except that
in the DMT, a distracter stimulus was presented 3 times
during a delay period between target and probe stimulus
(see Fig. 1). The IMT/DMT shares features with the “n-
back” sequential letter memory test because there is a
contrast between a longer working memory delay period
(DMT) and a shorter delay period (IMT). One advantage
of the IMT/DMT is that it allows the experimenter to
manipulate the task difficulty independently of the
duration of the working memory delay. The IMT/DMT
also varies working memory demand by changing the
number of digits per stimulus to alter task difficulty
independently from changing the working memory delay.
Thus, both the memory delay and the number of digits per
stimulus can be varied parametrically.

The distracter stimulus was a multi-digit string consist-
ing of all zeros. Thus, the DMT was similar to the “n-
back” test, which in this case would be a 1-back condition
with a greater delay than the IMT. Between individual
trials of the DMT, a multi-digit string consisting of all ones
was shown on the screen to indicate that one trial ended
and another was about to begin. The string of all ones was
shown four times between individual trials during IMT
blocks, so that the number of non-salient stimuli (the sum
of all the distracter and inter-trial stimuli) was the same in
both the IMT and DMT blocks. Also, the number of trials
was the same in both the IMT and DMT blocks. The
percentage of correct detections or “hits” was calculated,
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Fig. 1 Immediate and delayed memory task

as well as errors of omission and commission and response
latency.

The methodology was a parametric block design, which
presented three different values for the number of digits
per stimulus (3, 5, and 7) within each of two different
delay periods: IMT=0.5 s, and DMT=3.5 s (see Fig. 1). All
three levels of the variable-digit condition (3, 5, 7 digits)
and two levels of the variable-memory-delay condition
(either 3.5 or 0.5 s) were presented in alternating blocks
within each session. The order of the variable-digit
conditions within each session was counterbalanced
between subjects. The duration of each behavioral block
was 42 s, and there was a 10-s rest between each block to
reduce carry-over effects between conditions. There was a
20-s rest period at the beginning of the session to allow
magnetization to achieve equilibrium at the start of the
fMRI scanning.

Image processing

After image reconstruction and prior to any other post-
processing steps, Fourier interpolation was used to time-
shift each slice to correct for the different slice acquisition
times within a TR, utilizing SPM99 (Friston et al. 1995a).
Next, 3D registration with AFNI software (Cox 1996) was
used to realign the fMRI images and to determine the
degree of head motion for each volume. Sessions with
head motion >2.0 mm were eliminated from analysis.
AFNI software was also used to transform the high-
resolution 3D anatomical volume for each subject to
Talairach stereotaxic coordinates using the subject’s own
anatomical landmarks according to the original definitions
of the Talairach atlas (Talairach and Tournoux 1988).
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Images were then resliced to 3 mm isotropic voxels using
AFNI.

fMRI data analysis

The data were analyzed with statistical parametric map-
ping using software (SPM99) from the Wellcome Depart-
ment of Cognitive Neurology, London, UK (Friston et al.
1995a), implemented in Matlab (Mathworks Inc., Sher-
born, Mass., USA). The images were spatially smoothed
using a 6 mm isotropic Gaussian filter prior to fixed effects
analysis, plus an additional 4 mm isotropic Gaussian filter
prior to random effects analysis, in order to ensure that
assumptions were met about the smoothness of the random
field (i.e. >3x the resolution). The condition, subject, and
covariate effects were estimated according to the general
linear model at each voxel (Friston et al. 1995a).

The regression parameters for the IMT and DMT blocks
were estimated using delayed boxcar models that were
convolved with the SPM99 canonical hemodynamic
response function (hrf). Each subject’s performance scores
as measured by the 4" accuracy scores (Donaldson 1992)
per each block were entered as covariates in the general
linear model. Global effects were removed using propor-
tional scaling. Cosine functions with a period greater than
210 s were added to the model as covariates to serve as a
temporal high pass filter in order to reduce low frequency
noise. In order to improve the signal to noise ratio, the
time series was convolved with the canonical hrf, which
served as a low pass temporal filter.

Random effects analysis

The random effects procedure for SPM99 provides for a
mixed model analysis of fixed and random effects
(Holmes and Friston 1998). This consisted of a two-
stage procedure. First, the data were collapsed to one
single contrast image per subject calculated from the fixed
effects DMT parameter estimate minus the IMT parameter
estimate after removal of confounds. The contrast images
for each subject were then entered into the SPM99 Basic
Models two-sample #-test module. The resulting set of
voxel values for each contrast (control group minus
MDMA group, and MDMA group minus control group)
constituted a statistical parametric map of the one-tailed ¢
statistic. The criterion for statistical significance at the
voxel and cluster levels of inference used the SPM99
correction for multiple comparisons across the whole
volume, derived from random field theory (Adler 1981;
Friston et al. 1995b).

In addition to the SPM99 correction, all probability
levels except post hoc testing of effects of other drugs of
abuse were multiplied by a factor of 2 in order to account
for two-tailed hypothesis testing. After significant clusters
had been identified using SPM99, the mean value of the
parameter contrasts within the cluster were determined
using Marsbar software (Brett et al. 2002).

Urine testing

Urine drug screening was performed on all subjects using
an immunochromatographic assay for THC, opiates,
cocaine (benzoylecgonine), amphetamine, and benzodia-
zepines (Syva Company). All subjects were free of alcohol
at the time of testing as determined by an Intoximeter
Alcosensor III breathalyzer (Intoximeters Inc., St Louis,
Mo., USA).

Results
Subject characteristics

Twenty-four MDMA using subjects and 25 controls
underwent fMRI scans. Of these, scans from two
MDMA using subjects were excluded because of exces-
sive head motion or large body movements observed
during the scan. An additional five scans from MDMA
using subjects and three controls were eliminated due to
corruption of the raw data files. One control and two
MDMA users were dropped from all analyses because of
no better than chance performance on the IMT/DMT.
Finally, two control subjects were excluded for significant
symptoms of depression.

The final subject groups in the analysis included 15
MDMA users and 19 non-drug using controls. Demo-
graphic characteristics of MDMA users and controls are
shown in Table 1.

MDMA users did not differ statistically from controls in
age (=0.40, df=32, P=0.69). or gender (Pearson chi
square=1.87, df=1, P=0.171), but there was a significant
difference in education (=3.52, df=1,28.9, P=0.001), with
the majority of MDMA wusers having only partly
completed college, while the majority of controls had
completed college or were in graduate school. No controls
reported ever using MDMA. Among the MDMA users,
the number of self-reported uses of MDMA averaged
193.54239.7 times, ranging from & to 1000 lifetime uses.
MDMA users reported using MDMA 6.5+4.9 times per
month, and the last MDMA use was 37451 days prior to
the fMRI scan, with a minimum of 3 and a maximum of
194 days prior to the scan. As has been noted in previous
studies (McCann et al. 1999; Morgan et al. 2002), MDMA
using subjects tend to use a number of other drugs along
with MDMA. The subjects included in this study also had
a lifetime history of several other drugs (see Table 1).

Urine drug screen results

On the day of the fMRI, breath alcohol screens were
negative for all subjects. Urine drug screens were negative
for five of the MDMA using subjects.

Of the other ten MDMA using subjects, four subjects
were positive for THC, six subjects were positive for
cocaine, and two subjects were positive for amphetamine,



Table 1 Demographics and lifetime history of drug use by group. Drug use is shown as percent of subjects ever using the drug and the mean+SD of number of lifetime uses (MDMA) or

the number of uses in the last year (all other drugs)

THC

Benzo.

Barb.

Opiates Cocaine

Alcohol

Years of education MDMA

Gender

Age

Group

124+157
1+6

18436 53.3% 1016 86.7%
0 0

30452 33.3%

0

28494  80%

0

106£105 40%

194240 100%
5792

0

100%
0%

12.8+1.2

12 M, 3F

MDMA (n=15) 24.7+3.4

31.6%

0%

0% 0%

0%

68.4%

11 M,8F 14.9+2.2

19)  25.446.0

Control (n
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methamphetamine, or MDMA. Urine drug screens were
negative for all of the controls.

Behavioral performance

Using the SAS mixed procedure implementation of
repeated measures ANOVA, MDMA users were compared
with controls for behavioral data while in the scanner. The
results of that analysis showed that MDMA users and
controls did not differ on the non-parametric discrimina-
tion score (4") (Donaldson 1992), correct detections, or the
number of commission errors (false alarms), for 3, 5, or 7
digits. However, there was a significant group by stimulus
type interaction effect (F=12.53, df=1, 63.9, P=0.0008) for
response latency. MDMA users had significantly shorter
latency for commission errors (meantSE=570+28 ms)
than controls (689+24 ms). There was no significant
difference between the two groups on latency for correct
detections.

fMRI results
Overall pattern of activation

SPM99 random effects analysis of the main effect across
both groups combined showed significantly greater
clusters of activation during the DMT relative to the
IMT as revealed by significant clusters (whole volume
corrected two-tailed cluster level P<0.05) in the following
regions (Talairach coordinates represent the maximum ¢
value within each cluster; left is positive): superior frontal
gyrus (3, 6, 51), middle frontal gyrus (=36, 33, 33),
superior parietal lobule (24, —54, 45), precuneus (—30,
—63, 39), and insula (=33, 18, 6). These regions, with the
exception of the insula, are often reported as being
activated in working memory studies of normal indivi-
duals (D’Esposito et al. 1998).

Differences in activation between groups

SPM99 random effects analysis showed that MDMA users
had significantly greater BOLD activation, at the cluster
level corrected for multiple comparisons and corrected for
two-tailed hypothesis testing, compared to the control
group during the DMT (relative to the IMT baseline) in
three separate clusters (Table 2, Fig. 2).

The first cluster (labeled cluster A in Table 2) was in the
left medial and superior frontal gyrii, with activation
extending into in the right medial and superior frontal
gyrii, bilateral anterior cingulate gyrii, and the right middle
frontal gyrus. The second cluster (labeled cluster B in
Table 2) was in the left thalamus, with activation
extending into the left caudate and putamen, left
parahippocampal gyrus, left hippocampus, and left insula.
The third cluster (labeled cluster C in Table 2) was in the
right parahippocampal gyrus, extending into the right
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Table 2 Clusters that show statistically significant greater activa-
tion in MDMA-using subjects versus control subjects during DMT
relative to IMT. SPM99 random effects analysis. Cluster P(cor)
signifies cluster level probability values corrected for multiple
comparisons over whole brain volume (43,753 voxels, smoothness
FWHM=3.9, 3.9, 3.3 voxels) and also corrected for two-tailed
hypothesis testing. Voxel threshold =2.14, df=32, uncorrected
threshold P<0.020. Tailarach atlas coordinates in bold font signify
the voxel that showed the maximum value of the ¢ statistic within
each significant cluster. Talairach atlas coordinates in non-bold font
signify local maxima >8.0 mm apart within each significant cluster

Cluster Talairach Number Mean Standard Cluster
label atlas of activation of  error of P(cor)
coordinates voxels all voxels activation of
(mm) (left is in within cluster all voxels

positive) cluster (% of mean  within
x y oz global BOLD cluster
signal)
A 9 51 15 380 0.1113 0.0958 0.020
-18 51 12
-24 51 3
B 15 27 6 846 0.1453 0.1142 0.002
33 -186
27 3 3

Fig. 2 Areas of statistically significant activation in MDMA users
compared with controls. Red, yellow, and blue areas signify cluster
A, B, and C in Table 2, respectively, overlayed on a representative
single control subject’s Talairach SPGR in gray

hippocampus, right thalamus, right lentiform nucleus,
right putamen, right insula, and right temporal cortex (see
Table 2, Fig. 2). No voxels were statistically significant at
the individual voxel level of inference (Friston et al.
1995b).

There were no statistically significant voxels or clusters
in which control subjects showed greater activation than
MDMA using subjects. Since MDMA users differed from
controls on the number of years of education, an SPM99
random effects regression analysis was performed to
determine if there were any areas of BOLD activation
which correlated with education. In that analysis, there
were no areas of activation which correlated positively or
negatively with education (P<0.05 corrected) at either the
cluster or voxel level of inference.

A separate SPM99 random effects regression analysis
was performed within MDMA users to determine if there
was a correlation between self-reported number of uses of
MDMA and areas of activation on fMRI. Number of uses
was log-corrected prior to regression analysis. The results
of that analysis showed no statistically significant clusters
or voxels of activation that correlated positively or
negatively with number of uses of MDMA or maximum
amount of MDMA used during an episode of use.
Similarly, there was no statistically significant positive or
negative correlation between length of time (whether log
transformed or not) since last MDMA use and BOLD
activation at any level of task difficulty (i.e. 3, 5, or 7
digits per stimulus), even when using a similar criterion as
in Jacobsen et al. (2003) of eight contiguous voxels greater
than a threshold of uncorrected alpha=0.01 within a
hippocampal region of interest.

Since some MDMA users had a positive urine drug
screen (UDS) and others did not, an SPM random effects
ANOVA was performed comparing MDMA users who
had a negative UDS with control subjects. Results of that
analysis are shown in Table 3.

MDMA users with a negative urine drug screen showed
greater activation than controls in three regions. The first
region had maximal activation in the right caudate,
extending into the left caudate and left medial frontal
gyrus and Brodman area 10. The second region had
maximal activation in the left parahippocampal gyrus,
extending into the left basal ganglia, thalamus and
hippocampus. The third region had maximal activation
in the right inferior temporal gyrus, extending into the
right basal ganglia, thalamus and hippocampus. These
three regions overlapped with the three regions of
increased activation seen in the comparison of the larger
group of MDMA users to controls (Table 3).

Further exploratory post hoc analyses were performed
to examine the effects of other drugs of abuse upon the
difference in brain activation between groups. A separate
SPM random effects ANCOVA was performed with
amount of use over the past year of each of the following
drugs as the covariate: barbiturates, benzodiazepines,
hallucinogens, alcohol, cocaine, and marijuana. Results
of these ANCOVAs are listed in Table 4. MDMA users
continued to show greater brain activation compared to



Table 3 Post hoc analysis results of clusters that show greater
activation in MDMA-using subjects who had a negative urine drug
screen at the time of scanning versus control subjects during DMT
relative to IMT. SPM99 random effects analysis. Cluster P(cor)
signifies cluster level probability values corrected for multiple
comparisons over whole brain volume (43,753 voxels, smoothness
FWHM=3.9, 3.9, 3.3 voxels) (one tail). Voxel threshold =2.14,
df=32, uncorrected threshold P<0.020. Tailarach atlas coordinates
signify the voxel that showed the maximum value of the 7 statistic
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within each significant cluster. Percent overlap indicates the percent
of voxels in each cluster (A, B, C) in Table 2 that are also present in
the aggregate of the significant clusters from this analysis, which
was calculated using Marsbar software according to the following
formula: [the number of voxels in the logical intersection of the
{union of all of the significant clusters from this analysis} with the
{set of voxels in an individual cluster (A, B, or C) from Table 2}]
multiplied by 100 divided by the number of voxels in the individual
cluster (A, B, or C) from Table 2

Talairach atlas coordinates Number of voxels in cluster One tail cluster P(cor) Percent overlap with each cluster (A, B, C) from Table 2

(mm) (left is positive)

x y z

21 0 24 383 0.005 A8

21 -9 -3 233 0.06 B 36
-9 -9 -3 597 0.01 C 33

controls during the DMT relative to the IMT after
covarying for the extent of use of each of the other
drugs. There was a large percentage of overlap (Table 4)
between areas with greater activation in MDMA users in
analyses that did or did not include extent of other drug
use as a covariate.

However, after including marijuana use as a covariate,
there was no significant increase in activation in the
prefrontal cortex in MDMA users. Also, due to a decrease
in signal to noise ratio when quantity of benzodiazepine
use was included as a covariate, the SPM voxel-level ¢
threshold was empirically decreased from 2.14 to 1.70 in
order to detect a statistically significant group difference at
the cluster level of inference (Table 4).

Discussion

This study found statistically significant differences during
DMT relative to IMT between MDMA users and controls
on BOLD fMRI using a random effects analysis with
corrections for multiple comparisons over the whole brain.
This finding of greater BOLD activation in MDMA users
is consistent with several prior studies using BOLD fMRI
with a working memory task in substance abusing
populations (see Table 5).

Since BOLD fMRI compares the relative change in
activation between a baseline “resting” or control state and
an “active” state, increased BOLD activation seen in
substance abusing groups may possibly be due to
substance abusers having less cerebral blood volume or
cerebral blood flow at baseline (Volkow et al. 1988).

Thus, the net change in BOLD activation would be
greater in these groups due to a greater dynamic range for
the BOLD signal between the two conditions. This
explanation for the greater BOLD signal in MDMA
users would be consistent with a previous study that found
significantly increased BOLD activation in the occipital
cortex after photic stimulation in cocaine users compared
with controls (Lee et al. 2003). There are two studies
suggesting that at least acute MDMA administration can
decrease regional cerebral blood flow (rCBF). Chang et al.

(2000) found that MDMA users did not have significantly
less rCBF compared to non-MDMA using controls as
measured by SPECT at baseline. However, after taking
MDMA there was a significant decrease in rCBF in
MDMA users. This finding is similar to a recent study in
rats in which significant decreases in rCBF were seen in
28 of the 50 brain areas analyzed after acute MDMA
administration (Quate et al. 2004). Another possible
explanation for the greater BOLD activation in MDMA
users is that MDMA using subjects had less “efficiency”
in performing the working memory task and thus showed
a greater increase in neuronal activity in order to perform
the task at the same level of performance as control
subjects. Similar findings have been seen in other studies
in patients at risk for dementia (Bookheimer et al. 2000;
Emst et al. 2002).

The main shortcoming of this study is the fact that other
drug use was not controlled. Thus, it cannot be determined
whether the greater BOLD activation seen in this study
was specifically due to MDMA use. It is possible that the
finding of increased activation could be due to concom-
itant drug use, since a study in “pure” MDMA users
(Daumann et al. 2003b) found lower activation. However,
the two studies cannot be directly compared due to
differing methodology, since the study by Daumann et al.
did not control for multiple comparisons over the whole
brain volume.

Post hoc analyses comparing the smaller sample of
MDMA users with a negative urine drug screen at the time
of scan to controls were consistent with the findings
comparing the larger group of MDMA users to controls,
although the overlap in areas of activation was relatively
small in the prefrontal cortical region. Likewise, the
inclusion of quantity of other drug use as a covariate in the
analyses produced similar results to the overall analysis
comparing MDMA users to controls. However the region
of increased activation in the prefrontal cortex was no
longer significant after inclusion of quantity of marijuana
use as a covariate.

The areas of differences in activation found in the
present study (including prefrontal cortex, hippocampus,
thalamus, and basal ganglia) are consistent with clinical
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studies showing deficits in working memory and impulse
control in MDMA users (Bolla et al. 1998; Morgan 1998;
Parrott and Lasky 1998; Parrott et al. 1998, 2000;
Gouzoulis-Mayfrank et al. 2000; Schifano 2000; Moeller
et al. 2002), with the caveat that many prior studies of
working memory also did not control for other drug use.
The regional differences in activation in MDMA users are
also consistent with prior rodent studies showing long-
term changes in serotonin levels in the hippocampus,
striatum and cortex after MDMA administration (Colado
et al. 2001; McGregor et al. 2003). The greater activation
in the hippocampus in the present study is also consistent
with a prior study in adolescent MDMA users (Jacobsen et
al. 2003).

Increased BOLD fMRI activation in the hippocampus
may be relatively specific to MDMA use, since this
finding has not been reported in alcoholics (see Table 3).
Unlike the prior fMRI study by Jacobsen, we found no
significant correlation between length of time since last
MDMA use and BOLD activation. One possible explana-
tion for this difference in findings is due to the fact that the
MDMA users in the present study were older, used more
MDMA, and used MDMA more recently than the prior
study. It is also possible that the use of MDMA in
combination with other drugs could have a bearing on the
relationship between length of time since last MDMA use
and BOLD activation, since MDMA users in the present
study also reported using a number of other drugs.

Bearing in mind the limitations of the present study,
MDMA users show differences in BOLD activation in the
prefrontal cortex, hippocampus, thalamus and striatum
while undergoing a working memory task compared to
controls. Further research is warranted to study changes in
perfusion and cerebral blood volume in MDMA users as
well as to compare MDMA users to other drug using
groups in order to determine the specific etiology of the
greater activation seen in MDMA users.
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