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(7)3,4-Methylenedioxymethamphetamine (MDMA, ‘Ecstasy’) is a widely used illicit drug that produces toxic effects on brain serotonin

axons and axon terminals in animals. The results of clinical studies addressing MDMA’s serotonin neurotoxic potential in humans have

been inconclusive. In the present study, 23 abstinent MDMA users and 19 non-MDMA controls underwent quantitative positron

emission tomography (PET) studies using [11C]McN5652 and [11C]DASB, first- and second-generation serotonin transporter (SERT)

ligands previously validated in baboons for detecting MDMA-induced brain serotonin neurotoxicity. Global and regional distribution

volumes (DVs) and two additional SERT-binding parameters (DVspec and DVR) were compared in the two subject populations using

parametric statistical analyses. Data from PET studies revealed excellent correlations between the various binding parameters of [11C]

McN5652 and [11C]DASB, both in individual brain regions and individual subjects. Global SERT reductions were found in MDMA users

with both PET ligands, using all three of the above-mentioned SERT-binding parameters. Preplanned comparisons in 15 regions of

interest demonstrated reductions in selected cortical and subcortical structures. Exploratory correlational analyses suggested that SERT

measures recover with time, and that loss of the SERT is directly associated with MDMA use intensity. These quantitative PET data,

obtained using validated first- and second-generation SERT PET ligands, provide strong evidence of reduced SERT density in some

recreational MDMA users.
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INTRODUCTION

(7)3,4-Methylenedioxymethamphetamine (MDMA, ‘Ec-
stasy’) is a popular drug of abuse (Johnston et al, 2004)
that produces toxic effects on brain serotonin neurons in
animals. In particular, animals treated with MDMA
demonstrate persistent reductions in regional brain con-
centrations of serotonin (Schmidt, 1987; Schmidt et al,
1986), its major metabolite, 5-hydroxyindoleacetic acid
(5-HIAA), (Commins et al, 1987; Schmidt, 1987) its rate-
limiting enzyme, tryptophan hydroxylase (TPH), (Schmidt
and Taylor, 1987; Stone et al, 1987, 1986), its transporter,
SERT (Battaglia et al, 1988, 1987; Commins et al, 1987), and

vesicular monoamine transporters (VMATs) (McCann et al,
2000). Additionally, immunocytochemical techniques de-
monstrate a loss of serotonin axons and axon terminals in
MDMA-treated animals, suggesting that losses of serotonin
axonal markers are related to a distal axotomy of brain
serotonin neurons (McCann et al, 2000; O’Hearn et al, 1988;
Yuan et al, 2004). This view is supported by recent tract-
tracing studies which demonstrate reduced anterograde
[3H]proline transport from rostral raphe nuclei to various
regions of the forebrain in MDMA-treated animals (Call-
ahan et al, 2001). Taken together, neurochemical, neuro-
anatomical, and axon-tracing methods provide compelling
evidence that MDMA is toxic toward brain serotonin axons
and axon terminals in animals.

Clinical studies that have assessed abstinent MDMA users
for evidence of toxic effects on brain serotonin neurons
have yielded suggestive, but inconclusive, findings. For
example, abstinent MDMA users, like monkeys with
documented serotonin neurotoxicity (Ricaurte et al, 1988;
Taffe et al, 2002) have reduced levels of CSF 5-HIAA
(McCann et al, 1999, 1994) but reductions in CSF 5-HIAA
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could represent persistent alterations in serotonin metabo-
lism, rather than neurotoxicity. Positron emission tomo-
graphy (PET) studies with [11C]McN5652 have also
demonstrated reductions in brain SERT in abstinent MDMA
users (Buchert et al, 2003, 2004; McCann et al, 1998), but
these studies have had limitations. In particular, our study
(McCann et al, 1998) applied a method for determination of
the plasma input function of the radioligand that led to high
estimates of SERT density, and were associated with a high
degree of variability that necessitated use of logarithmic
transforms to permit parametric statistical analyses. The
studies by Buchert et al (2003, 2004) did not include
determination of the arterial input function for quantitative
PET analysis but, rather, used the cerebellum as a reference
region to correct for nonspecific binding. While this latter
method permits assessment of the relative density of
subcortical SERT-rich brain regions, it precludes assess-
ment of cortical SERT density. Imaging studies using
SPECT methods have also demonstrated a loss of the
SERT in MDMA users (Haddad et al, 2002; Reneman
et al, 2001a, b; Semple et al, 1999), but the utility of
SPECT for detecting loss of cortical SERT has not been
validated.

Recent studies in baboons (Szabo et al, 2002) and humans
(Frankle et al, 2004; Houle et al, 2000; Meyer et al, 2001;
Wilson et al, 2000) have demonstrated the suitability of a
new SERT ligand, [11C]DASB, for studying serotonin
neurons in the living brain. [11C]DASB appears to have
two critical advantages over [11C]McN5652, including a
greater specific-to-nonspecific equilibrium activity ratio,
and a measurable plasma-free fraction for use in tracer
modeling (Frankle et al, 2004). These advantages may be
helpful in detecting differences in regions of the brain with
relatively low SERT density, such as the neocortex. The
purpose of the present study was two-fold: (1) to conduct
and compare PET studies with [11C]McN5652 and
[11C]DASB in abstinent MDMA users and matched controls
using quantitative methods and (2) to explore the
possibility that MDMA use parameters, such as lifetime
exposure and duration of abstinence, are related to SERT
binding in MDMA users.

METHODS AND MATERIALS

Subject Recruitment

Subjects were recruited by advertisements posted in news-
papers, fliers, radio, and the worldwide web. A number of
subjects were also recruited by word-of-mouth, from
previous participants. Potential subjects underwent an
initial telephone screen to determine demographics, med-
ical histories, drug and alcohol use histories, and psychia-
tric histories. Those subjects who appeared to meet
inclusion criteria were invited to come for a face-to-face
screening, which involved assessment using the SCID-IV
(First et al, 1996) by a trained member of the research team,
a physical examination, routine blood chemistries, blood
clotting studies, and urine and blood screens for drugs of
abuse. Female subjects underwent urine pregnancy tests
prior to undergoing PET procedures. The study was
approved by the Johns Hopkins Medicine Institutional
Review Board and the Johns Hopkins Bayview Medical

Center General Clinical Research Center Advisory Board.
All subjects provided written informed consent.

Subjects were in good medical health, had normal clotting
studies, negative urine and blood drug screens for illicit
drugs (other than marijuana, which can be detected in urine
for 3 weeks after use), and reported no illicit drug use for at
least 2 weeks prior to study participation. MDMA subjects
reported having used MDMA on at least 25 separate
occasions. Control subjects reported that they had never
previously used MDMA. Both groups were permitted to
have used other recreational drugs (but none in the 2 weeks
prior to study participation). No subjects met criteria for
psychiatric illnesses in which serotonin has been implicated
(ie major depression, obsessive compulsive disorder, panic
disorder, generalized anxiety disorder, generalized social
phobia, bipolar disorder, any psychotic disorder). No
subject met criteria for past or present alcoholism or
current drug dependence.

Imaging Procedures

MRI protocol. To ensure reproducibility of positioning
during the repeated PET studies, a custom-made face mask
(TRU-SCAN, Annapolis, MD) was fitted to subjects’ heads,
which were then attached to the head holder during the PET
scans. Two MRI sequences were obtained using a Signa 1.5-
T scanner (General Electric Medical Systems, Milwaukee,
WI). The first sequence was a set of T1-weighted scout
images with the following parameters: repetition time
(TR)¼ 500 ms, echo time (TE)¼ 20 ms, 5-mm slice thick-
ness with no gap, 128� 256 matrix, and 1 excitation. The
second sequence was an axial spin-density/T1-weighted
three-dimensional volumetric scan using radiofrequency
spoiled gradient (SPGR) echoes. The parameters were as
follows: TR¼ 35 ms, TE¼ 5 ms, flip angle¼ 451, 1.5-mm
effective slice thickness, no gap, 124 slices with in-plane
192� 256 matrix, 15-cm field of view and 1 excitation.
The purpose of the SPGR sequence was to ensure
precise positioning and to achieve image registration with
PET for localization of the structures of interest (Szabo et al,
1999).

PET protocol. An Advance PET camera (General Electric)
with an axial resolution (full width at half maximum) of
5.8 mm and an in-plane resolution of 5.4 mm was used for
image acquisition. This scanner acquires 35 simultaneous
slices of 4.25-mm thickness, enclosing a total longitudinal
field of view of 15 cm. A transmission scan was obtained
with twin 370-MBq (10 mCi) 68Ge pin sources for 10 min
and was used for attenuation correction of the subsequent
emission PET scans. [11C]McN5652 and [11C]DASB were
prepared according to published methods (Wilson et al,
2000; Suehiro et al, 1992). Two PET studies were performed
for each subject: one study employed [11C]McN5652, at
446732 MBq, and the other employed [11C]DASB, at
448731 MBq. The time difference between the injections
was approximately 135 min. At the time of injection, specific
activities for [11C]McN5652 were 5347367 GBq/mmol, and
those for [11C]DASB were 5937338 GBq/mmol. A total of 18
serial dynamic PET images were acquired during the first
95 min after injection of each radioligand using the
following image sequence: 4� 15 s frames, 3� 1 min frames,
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3� 2 min frames, 3� 5 min frames, 3� 10 min frames, and
2� 20 min frames. Correct positioning of subjects’ heads
was monitored by a laser guide. PET scans were recon-
structed using ramp-filtered backprojection in a 128� 128
matrix, with a transaxial pixel size of 2� 2 mm.

Input function. Before PET studies, a radial artery line was
placed by an anesthesiologist and was kept open with
heparinized high-pressure normal saline. To obtain the
input function, blood samples were collected from a radial
artery every 5 s during the first 2 min and then collected
with increasing time intervals of 1–5 min until the end of the
study, 95-min postinjection. Exact times of blood sampling
were recorded. The input function was corrected for
metabolized radioligand activity using 2-ml arterial plasma
samples obtained at 5, 15, 30, 60, and 90 min after injection,
and analyzed for tracer metabolism. The extent of
metabolism of [11C]McN5652 and [11C]DASB was deter-
mined as described previously (Hilton et al, 2000; Szabo
et al, 2004).

Regions of interest. A total of 15 regions of interest were
drawn by a neurologist (ES) who was blind to the group
designation of the subject, using multiple coregistered
SPGR MRI scan slice pairs. PET and MRI images were
coregistered before the regions of interest were drawn using
a software package developed at our institution. An early
step in this program is compression of the 4D PET data set
into a 3D data set (ie summing all individual scans into one
scan and eliminating the time vector). Therefore, the PET
scans used for registration represent an average of all
95 min. These summed images contain activity in both
cortical and subcortical regions sufficient for registration
with MRI.

The 15 regions of interest included in our analyses were:
amygdala, hippocampus, midbrain, ventral pons, dorsal
pons, anterior cingulate gyrus, posterior cingulate gyrus,
orbitofrontal cortex, dorsolateral frontal cortex, parietal
cortex, occipital cortex, temporal cortex, thalamus, head of
caudate, and putamen. More specifically, the amygdala,
hippocampus, and midbrain (drawn as a rectangle between
colliculi and pedunculi) were drawn using transaxial
sections, whereas the ventral pons and dorsal pons were
identified on sagittal sections. The anterior and posterior
halves of the cingulate gyrus were identified on sagittal
sections. Cortical regions were defined using coronal
sections, with orbitofrontal and dorsolateral frontal cortices
defined using the anterior pole of the corpus callosum as the
anatomic landmark delineating the posterior boundaries for
these regions, and the sulcus between the triangular and
orbital portions of the inferior frontal gyrus as the boundary
separating these two regions. The thalamus, head of caudate
and putamen were drawn by following their anatomical
boundaries on transaxial sections. The cerebellum was used
as a reference region, but was not included as a region of
interest for statistical purposes.

Although PET and MRI images were displayed simulta-
neously during definition of the regions of interest, multiple
factors assured that the individual who drew the regions of
interest maintained her blinded status. In particular, (1) this
person was blinded to the group designation of the

individual whose scan she was evaluating; (2) ROIs were
drawn solely on the basis of MRI data using the anatomical
boundaries, and the PET image was only displayed to check
that the software-driven registration was appropriate; and
(3) PET images were normalized to their own maximum so
that it was not possible to tell if tracer accumulation was
normal or decreased.

Tracer kinetic modeling. Radioligand binding was quanti-
fied by the (apparent) total distribution volume (DV)
represented by the ratio DV¼K1/k2, where K1 represented
radioligand uptake into brain tissue and k2 represented
radioligand release from the brain tissue. K1 and k2 were
estimated using the Marquardt error minimization algo-
rithm (Marquardt, 1963) and a single tissue compartmental
model (Szabo et al, 1999). The impulse response function
that builds the kernel of this model is described by a blood
volume component BV and the two parameters K1 and k2.
To increase the stability of estimating K1 and k2, BV was
preset to 0.05 to correspond to an average blood volume of
5% in brain tissue. DV was expressed in units of ml (virtual
ligand binding space)/ml (tissue space).

In addition to DV, the following parameters were
calculated for group comparisons: distribution volume of
specific binding (DVspec), calculated by subtracting the DV
measured in the cerebellum from each regional DV and the
distribution volume ratio (DVR), calculated by dividing
the regional DV by the DV of the cerebellum. The purpose
of these normalizations is to minimize parameter bias
caused by nonspecific binding, and taking into account
that SERT-binding sites within the cerebellum are
relatively small in number (although, notably, are known
to decrease significantly following exposure to MDMA)
(Szabo et al, 2004). Each of these ways of calculating
radioligand binding involves different assumptions, and we
included statistical tests for these measures to determine the
robustness of our findings in the face of these different
assumptions.

Statistical methods. To compare SERT binding in the 15
regions of interest in MDMA users and controls, an analysis
of variance was conducted, with group (MDMA vs control)
and brain region (each of the 15 predesignated regions of
interest) as fixed variables, and SERT binding as the
dependent variable. When significant main effects of group
or region were found, or when a significant group by region
interaction was seen, preplanned comparisons were con-
ducted, comparing SERT binding in each of the 15 brain
regions in the two groups (two-tailed tests). The possibility
that SERT density, as measured by [11C]DASB or
[11C]McN5652, might be associated with MDMA use
variables was explored by correlational analyses. In
particular, Pearson’s product moment correlations were
performed to determine the potential relationship between
global and regional SERT-binding parameters (ie in cortical
and subcortical structures), and MDMA use parameters.
Analyses were based on a hypothesized positive correlation
between SERT binding and duration of abstinence, and a
negative hypothesized correlation between SERT binding
and MDMA use intensity (one-tailed tests). All statistical
tests were conducted using SPSS (Chicago, Il).
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RESULTS

In total, 23 abstinent MDMA users (10 female and 13 male
subjects) and 19 control subjects (11 female and eight male
subjects) participated in the study. Demographics and drug
use histories of the two subject groups are shown in Table 1.
On average, MDMA users had used MDMA on 97 separate
occasions over a period of approximately 3 years but, on
average, had not used MDMA for nearly 5 months. Groups
were well matched with regard to age and level of education.
Despite efforts to match subjects for ‘other drugs of abuse’,
MDMA users, as a group, used more drugs than controls.

In keeping with previous findings (Frankle et al, 2004;
McCann et al, 1998) regional binding of both radioligands
was consistent with the known distribution of the brain
SERT in humans. There was an excellent correlation
between the DVs of [11C]McN5652 and [11C]DASB in the
various brain regions evaluated (overall r¼ 0.97; Control
r¼ 0.96; MDMA r¼ 0.98; Figure 1). There was also a
significant correlation within individual subjects (overall
r¼ 0.55, Control r¼ 0.53; MDMA r¼ 0.49; Figure 2).

Significant main effects of group and region were noted
for all three SERT-binding parameters for both SERT
radioligands (Figure 3; Table 2), reflecting significantly

lower mean SERT binding in MDMA users. There were no
significant group� region interactions. Differences in K1

between groups were not significant for either tracer

Table 1 Subject Demographics

MDMA (N¼ 23) Control (N¼ 19)

Gender 10 female, 13 male 11 female, 8 male

Avg. age 22.04 26

Avg. years of education 13.7 13.68

MDMA exposure

Number of exposures 96.96 (range 28–324) N/A

Duration of use (in years)7SD 2.972.2 years N/A

Frequency of use (exposures per month)7SD 3.1271.59 N/A

Usual dose (in pills)7SD 1.7970.49 N/A

Maximum dose (in pills)7SD 5.8373.92 N/A

Time since last use (in months)7SD 4.7478.71 N/A

Other drug exposurea

Number (%) Lifetime Past 6 months Lifetime Past 6 months

Marijuana 22 (96) 17 (77) 7 (37) 3 (16)

Hallucinogens 19 (83) 5 (22) 2 (11) 0 (0)

Cocaine 12 (52) 5 (23) 1 (5) 0 (0)

Opioids 10 (43) 5 (22) 1 (5) 0 (0)

Stimulants (including ephedrine, ‘diet pills’) 11 (48) 5 (23) 1 (5) 0 (0)

Sedatives 4 (17) 0 (0) 0 (0) 0 (0)

Ketamine 13 (57) 3 (14) 0 (0) 0 (0)

Inhalants 6 (26) 0 (0) 1 (5) 0 (0)

ETOH 23 (100) 21 (91) 15 (79) 12 (63)

Caffeine 20 (87) 19 (86) 13 (72) 12 (67)

Tobacco 20 (87) 14 (64) 12 (67) 8 (44)

aSome MDMA subjects were unable to remember with certainty whether their most recent use of some ‘other drugs’ had occurred within the past 6 months. Only
data on those subjects who provided specific information is included (ie 22, rather than 23, subjects were included for some ‘other drugs’). In addition, caffeine and
tobacco use data were not collected from one control subject.
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circles) and MDMA subjects (closed circles).
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([11C]DASB F¼ 1.68, p¼ 0.125; [11C]McN5652 F¼ 1.599,
p¼ 0.162). When preplanned comparisons of regional brain
SERT binding in the two groups were applied, significant
differences in DV were revealed in 12 of 15 regions for
[11C]McN5652, and nine of 15 regions for [11C]DASB
(Figure 4, Table 3). Results with DVR and DVspec were
quite similar, and generally led to decreased variability in
binding values, particularly for [11C]DASB (Figure 4).

As there is no general consensus regarding the optimal
binding parameter for either [11C]McN5652 or [11C]DASB,
the ability of the three imaging parameters to detect
differences between groups was assessed. In the current
study, use of the DVspec parameter for [11C]McN5652 led to
decreased variability in SERT binding and, therefore,
increases in the degree of statistical significance relative to
the DV parameter (the exceptions being amygdala and
orbitofrontal cortex); whereas for [11C]DASB, use of both

the DVR and DVspec binding parameters led to reductions in
SERT-binding variability and increased ability in detecting
significant differences in regional SERT binding between
groups (significant differences found in 10 of 15 regions for
both DVR and DVspec). These data suggest that the
advantages of using cerebellar SERT binding as a ‘non-
specific’ binding reference may outweigh the disadvantages,
despite the fact that the cerebellum is not void of SERT sites,
which have been shown to be sensitive to MDMA-induced
neurotoxicity (Szabo et al, 2002). Although results using the
two radiotracers were highly consistent, the level of
significance found with [11C]DASB was generally greater
than that for [11C]McN5652.

Exploratory analyses evaluating a possible relationship
between MDMA use parameters and SERT binding revealed
significant relationship between global [11C]McN5652
DVspec (ie mean DVspec of all 15 regions of interest) and
duration of abstinence (r¼ 0.418; p¼ 0.026), as well as
global [11C]McN5652 DVR and duration of abstinence
(r¼ 0.494; po0.010). In addition, global SERT binding
DVR was inversely correlated with typical monthly MDMA
dose for both [11C]McN5652 and [11C]DASB (r¼�0.38 and
�0.37, respectively; p¼ 0.04 for both radioligands).

DISCUSSION

The present results indicate that humans who report having
used MDMA on at least 25 previous separate occasions (but
no MDMA within the previous 2 weeks) have global
reductions in binding of [11C]McN5652 and [11]DASB to
the brain SERT. Results obtained with the two selective
SERT radiotracers were highly consistent, although, overall,
[11C]DASB appears better suited for detecting statistically
significant MDMA-associated reductions in brain SERT
density in humans. When considered with the large body of
preclinical literature demonstrating the toxic potential of
MDMA toward brain serotonin neurons (see Introduction),
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Figure 3 PET images obtained 75–95 min postinjection of [11C]McN5652 and [11C]DASB in a representative control subject and a representative
MDMA subject, demonstrating the reductions in SERT binding in the MDMA subject with both radioligands. PET images are normalized to a common
maximum.
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the most parsimonious explanation for SERT reductions in
MDMA users is that it is related to MDMA-induced toxicity
to serotonin axons and axon terminals. However, it should
be noted that subjects who participated in this study had
used MDMA on at least 25 separate occasions and, on
average, had used it on 97 separate occasions. Therefore,
conclusions regarding MDMA-induced SERT reductions in
individuals with lower levels of MDMA exposure than those
included in this study cannot be reached.

The present results are largely in agreement with the
recent voxel-based analysis of MDMA users by Buchert et al
(2004), who found significant reductions of [11C]McN5652
binding in a variety of brain regions in MDMA users (who
were abstinent at the time of scanning), as well as a
correlation between [11C]McN5652 binding and duration of
abstinence (in current MDMA users as well as those with
protracted abstinence). Notably, their study failed to find
group differences in SERT binding between controls and
MDMA users who, on average, had abstained from use of
MDMA for 18 months. The reasons for the absence of
detectable differences between long-term abstinent MDMA
users and controls in their study (as compared to data from
the present study) could be related to several factors. These
include the longer average duration of abstinence in their
subjects (18 vs 4 months, on average) and possible
regeneration of serotonergic axons over time, differences
in analytic methods (quantitative vs nonquantitative), and
differences in spatial resolution (SPM requires normal-
ization of brain volumes and, therefore, has reduced spatial
resolution).

Of note, PET measures of the SERT, whether obtained
using [11C]DASB or [11C]McN5652, are known to under-
estimate the extent of MDMA-induced reductions in the
SERT, and percent reductions of BP potential do not
correspond 1 : 1 with reductions of the SERT measured in
vitro (Scheffel et al, 1998; Szabo et al, 2002). Measurements
of the SERT in areas of the brain with relatively low SERT
density, such as the neocortex, are particularly vulnerable to
‘noise’ introduced by more richly innervated subcortical
regions, decreasing the ability to discern differences
between subject groups. In addition to the problem of
region-to-region ‘spillover,’ several additional sources of
variability decrease the power to detect significant differ-

ences between groups. These include signal-to-noise
variability of the radioligand, intersubject variability (ie
there is a range of ‘normal’ SERT binding in control
subjects, as well as a range of presumed MDMA-induced
changes in SERT binding), interscan variability, and
variability associated with each of the factors employed in
the model used to estimate SERT binding, to name a few.
That having been said, the finding that two distinct
radioligands employed within the same subject yield highly
consistent global and regional PET data speaks strongly to
the validity of the results herein reported.

The biologic significance of the observed SERT reduc-
tions is uncertain. However, as noted above, percent
reductions in PET-binding parameters (Table 3) tend to
underestimate the true extent of SERT loss, as evidenced by
the fact that in baboon they are approximately 50% of those
measured in vitro in the same animals (Scheffel et al, 1998;
Szabo et al, 2002). Recognizing that percent reductions in
PET-binding parameters may not precisely gauge the extent
of SERT loss, the issue of biological significance, to a large
degree, remains to be determined. From a functional
standpoint, the absence of overt clinical consequences in
our subjects could be taken to suggest that MDMA-induced
SERT loss does not lead to gross abnormalities in behavior
or physiology. However, upon thorough testing, a number
of psychometric studies have revealed subtle cognitive/
memory deficits in abstinent MDMA users (Verbaten,
2003). Although it remains to be established that these
memory abnormalities, if due specifically to MDMA, are
directly related to serotonergic deficits, controlled studies in
which indices of serotonin neuronal integrity are assessed
in conjunction with detailed cognitive assessments should
help to address this question.

The reasons for the failure to detect significant differences
between SERT-binding parameters in a number of sub-
cortical brain regions high in SERT density is, at first,
puzzling. Indeed, we (McCann et al, 1998) and other
researchers (Buchert et al, 2003) have previously noted a
reduction in SERT-binding sites in some of these regions.
Evaluation of the data in subcortical regions (ie putamen,
midbrain) in the present study indicates a high level of
variability relative to other brain regions where significant
differences were identified. The reasons for the high

Table 2 Results from ANOVA of SERT-Binding Parameters in MDMA Users and Controls with [11C]McN5652 and [11C]DASB

DV DVspec DVR

Effect F (p-value) F (p-value) F (p-value)

[11C] McN5652

Group 5.3 (p¼ 0.028) 6.6 (p¼ 0.014) 5.9 (p¼ 0.02)

Region 172.8 (po0.001) 172.8 (po0.001) 296.4 (po0.001)

Group�Region 1.8 (p¼ 0.16) 1.8 (p¼ 0.16) 0.9 (p¼ 0.45)

[11C] DASB

Group 4.1 (p¼ 0.05) 5.0 (p¼ 0.031) 7.4 (p¼ 0.01)

Region 139.6 (p o 0.001) 139.6 (po0.001) 267.8 (po0.001)

Group�Region 1.4 (p¼ 0.25) 1.4 (0¼ 0.25) 1.4 (p¼ 0.25)
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variability in subcortical regions are likely to be multiple
(see above). Also, in MDMA subjects, possible regeneration
of serotonin axons and axon terminals from raphe nerve
cell bodies, which are known to be unaffected by MDMA
(Green et al, 2003; Hatzidimitriou et al, 1999) may
contribute to variability in subcortical regions. Thus, the

potential for recovery over time, coupled with the fact that
recovery is not uniform among various brain regions, may
be a source of variability in abstinent MDMA users who
have different durations of abstinence. When considered
with the fact that, unlike experimental animals, most
MDMA users do not have a single exposure regimen of
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MDMA but, instead, tend to use MDMA over months to
years, interpretation of neuroimaging studies in MDMA
users poses challenges.

Exploratory analyses suggested a positive relationship
between SERT binding and duration of abstinence, and a
negative relationship between SERT-binding parameters
and MDMA use intensity (as measured by self-reported
typical monthly MDMA consumption). These data are
consistent with preclinical data (Hatzidimitriou et al, 1999),
which demonstrate recovery of serotonin axonal terminals
in some (but not all) brain regions over time, and a dose-
related MDMA-induced serotonin neurotoxic response
(Green et al, 2003). However, they must be interpreted with
caution and considered preliminary because, as mentioned
above, MDMA users in this study had multiple exposures to
MDMA, and our study was not powered to demonstrate
significant correlations between SERT-binding parameters
and use parameters.

Limitations of this study should be recognized. First, as
noted previously (and in Table 1), MDMA users tended to
use more ‘other’ recreational drugs (licit and illicit) than
controls, despite considerable efforts to match the two
groups on this factor. The difficulty in matching subjects on
this feature stems from the fact that MDMA users who met
criteria for study inclusion (ie use on at least 25 separate
occasions), as a rule, used a number of other recreational
drugs as well. Therefore, the possibility remains open that
‘other drug’ use, alone or in interaction with MDMA, may
play a role in SERT reductions noted in MDMA users.
Second, even if MDMA subjects’ retrospective accounts of
their drug use histories are fully accurate, it is impossible to
verify whether drugs believed to be MDMA were pure, or
whether they were adulterated with other drugs that may
have influenced SERT binding. Finally, it is possible that
reductions in SERT binding in MDMA users pre-existed
MDMA use. Although subjects with neuropsychiatric

diagnoses and conditions in which serotonin has been
implicated were excluded from participation, it is possible
that an unidentified condition that predisposes individuals
to use recreational drugs played a role in SERT reductions
in MDMA users.

In conclusion, quantitative PET results from the current
study extend previous observations obtained with
[11C]McN5652 to [11C]DASB. Together, studies with first-
and second-generation SERT radiotracers in the same
individual demonstrate that abstinent MDMA users have
reductions in regional brain SERT. Notably, results
obtained using two SERT radiotracers in the same subjects
were highly consistent, using a variety of SERT-imaging
parameters. Although both tracers were found to be capable
of detecting MDMA-related reductions in regional brain
SERT binding, results obtained using [11C]DASB were more
robust. Future studies are needed to determine the lower
limits at which PET is capable of detecting loss of the SERT,
and whether individuals with lower exposure to MDMA also
demonstrate losses of the brain SERT. In addition, studies
aimed at determining the potential relationship between
brain measures of the SERT and functional consequences of
MDMA may be useful in elucidating the role of the
serotonin system in normal brain function and in various
neuropsychiatric disease states.
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