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common in MDMA (Ecstasy) polydrug users. The contributions of Ecstasy or
polydrug exposure to reduced verbalmemory areunclear, as is the neural basis for this cognitive deficit. Ecstasy
users have reduced gray matter in brain regions mediating verbal memory (BA 18, 21 and 45). N-acetylaspartate
(NAA) as a neuronalmarker andmyoinositol (mI) as a glialmarker are inconsistently affected in Ecstasy users.We
used 3 T MRS in 17 recreational drug users to test the hypothesis that Ecstasy polydrug use would be associated
with altered NAA or mI in BA 18, 21 and 45. No effects were seen for mI. Metabolite ratios for NAA (mean±SD)
were: BA 18-NAA/Cr (2.030±0.188); BA 21-NAA/Cr (1.861±0.325); BA 45-NAA/Cr (1.925±0.329). Lifetime
cannabis usewas significantly associatedwithBA45NAA/Cr (r=−0.687, p=0.014) but notwithNAA inBA18 or 21.
In contrast, there were no statistically significant associations for lifetime use of Ecstasy, alcohol, or cocaine with
NAA. These findings suggest that cannabis use may contribute to altered neuronal integrity in Ecstasy polydrug
users in a brain region associated with verbal memory processing.

© 2008 Elsevier Inc. All rights reserved.
1. Introduction
MDMA (3, 4-methylenedioxymethamphetamine) is a widely-used
club drug that produces potentially permanent central nervous system
(CNS) serotonin neurotoxicity (Green et al., 2003). MDMA, as an illicit
drug, is sold under the street nameof Ecstasy. Estimates fromhealth and
law enforcement agencies indicate that Ecstasy remains highly popular,
especially in North America, Western Europe and Oceania (United
Nations, 2008). After a brief decline, use among young adults in the
United States is increasing since the year 2005 and estimates of lifetime
use of Ecstasy topped 12 million people in the most recent U.S. surveys
(Substance Abuse and Mental Health Administration, 2008; Johnston
et al., 2007).

Recreational Ecstasy use is a considerable public health concern.
Animal studies of MDMA administration and associational studies in
human recreational users suggest that MDMA produces long-lasting
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alterations inbrain serotonin function. Animal studies inmultiple species
(depending on dose quantity and frequency) have indicated that MDMA
administration in the laboratory setting leads to long-lasting reductions
in multiple molecular markers of brain serotonin (reviewed in Baumann
et al., 2007; Green et al., 2003). Given serotonin's diffuse innervation
pattern (covering the entire brain) and serotonin's role in both cell–cell
signaling and cytosekeletal integrity, MDMA-induced brain effects,
especially those influencing serotonin function, may produce a range of
primary and secondary brain structural, functional, and neurochemical
changes (Cowan et al., in press; Green et al., 2003). One caveat to the
study of MDMA effects in recreational drug users is that illicitly
distributed Ecstasy preparations may vary in their concentration of
MDMA and other ingredients (Cole et al., 2002; Parrott, 2004; Tanner-
Smith, 2006). And, because Ecstasy users worldwide are generally
polydrug users (e.g. Scholey et al., 2004; Degenhardt et al., 2004;
Gouzoulis-Mayfrank and Daumann, 2006), it is often difficult to
determine if a single drug or a combination of drugs may contribute to
brain differences. However, and consistentwith predictions from animal
studies of MDMA effects, human neuroimaging studies have generally
demonstrated evidence for altered brain serotonin markers in Ecstasy
users (Buchert et al., 2004;McCannet al.,1998, 2005, 2008;Obrocki et al.,
1999; Reneman et al., 2002; Semple et al., 1999). MDMA's potential
toxicity is underscored by consistent reports of impaired cognitive
function in human Ecstasy users, with verbal memory most commonly
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affected (Halpern et al., 2004; Kalechstein et al., 2007; reviewed in
Zakzanis et al., 2007; Laws and Kokkalis, 2007). While most reports of
psychological assessments of verbal memory in Ecstasy users are
retrospective, at least one prospective study suggests that Ecstasy per
se use may cause verbal memory impairments, among other affected
domains (Schilt et al., 2007). The clinical significance of impaired verbal
memory in Ecstasy users is not apparent. Effect sizes frommeta-analysis
studies suggest that Ecstasy use is associated with small to large effects
on verbal memory function ((Zakzanis et al., 2007; Laws and Kokkalis,
2007; Kalechstein et al., 2007). Verbal intelligence quotient (IQ),
however, seems to be largely preserved in Ecstasy users (e.g. (Bhattach-
ary and Powell, 2001; Halpern et al., 2004). Brain regions mediating
aspects of verbal memory and semantic memory (verbal memory for
word meaning) include, among other regions, Brodmann Areas (BA) 18,
21, and 45 (Lee et al., 2002). These brain regions have reduced brain gray
matter concentration in Ecstasy polydrug users when measured using
voxel-based morphometry (VBM), a largely automated technique that
analyzes structural brain images for brain gray matter distribution
differences (Cowan et al., 2003). Ecstasy, cocaine, alcohol, and cannabis
may contribute to these findings of altered regional brain gray matter
concentration (Cowan et al., 2003). Therefore, indirect evidence from
cognitive studies and functional and structural neuroimaging suggest
that BA 18, 21 and 45 would be reasonable target brain regions for
additional investigations in human Ecstasy polydrug users.

Onemethod for the non-invasive investigation of potential neurotoxic
effects of recreational drug exposure is magnetic resonance spectroscopy
(MRS). This method has proven sensitive to detecting metabolite
alterations across several classes of drugs, including cocaine, nicotine,
and alcohol (Magalhaes, 2005). Prior reports using magnetic resonance
spectroscopy (MRS) in human Ecstasy polydrug users have measured
primarily N-acetylaspartate (NAA) and myoinositol (mI), putative
neuronal and glial markers, respectively (Chang et al., 1999; reviewed in
Cowan, 2007; Cowan et al., 2007; Daumann et al., 2004; Obergriesser
et al., 2001; Reneman et al., 2001, 2002). Potentially due to cohort,
polydrug exposure, or methodology differences, these studies have not
consistently demonstrated specific associations between Ecstasy use and
metabolite levels. A recent prospective study found no effects of lowdose
Ecstasy use on metabolite levels (de Win et al., 2007). The above-
mentioned MRS studies of potential toxic effects in humans have been
Fig. 1. Representative voxel placement. Coronal localizer scans indicating Brodmann's Areas (
(For interpretation of the references to colour in this figure legend, the reader is referred to
largely conducted at anMRI scanner field strength of 1.5 Tesla (T) (except
for Cowan et al., 2007, which was conducted at a field strength of 4 T).
However, there are important theoretical advantages to employing
higher field strength scanners for MRS, including the potential for
increased sensitivity and specificity ofmetabolite isolation (Hetherington
et al., 1997).

Given the demonstrated sensitivity of MRS to assay drug effects,
the prior reports in Ecstasy polydrug users of altered NAA and mI, as
well as altered verbal memory and corresponding evidence that brain
regions mediating aspects of verbal memory function have reduced
gray matter in Ecstasy users, we chose to further investigate Ecstasy
and polydrug related effects on BA 18, 21 and 45. We predicted that
NAA would be inversely correlated with drug exposure (i.e. neural
toxicity leading to reduced NAA) and that mI would be positively
correlated with drug exposure (i.e. neural toxicity leading to glial
reactivity with secondary increase in mI). To test this hypothesis, we
employed a targeted region of interest approach using MRS at high
field strength (3 T) combined with a cross-sectional correlational
study design to examine NAA and mI concentrations in BA 18, 21, and
45 in human recreational drug users.

2. Methods

2.1. Participants

Seventeen recreationaldrugusers (age21.6±2.7 years)were recruited
via advertisements in local media and by word of mouth. Recruitment
materials invited individuals 18–35 years of age that had used Ecstasy or
other drugs to enroll in a brain research study. We enrolled polydrug
users (enriched for Ecstasyuse by the specific advertisements) to conduct
within-group exposure/outcome assays of drug exposure. Ecstasy users
worldwide show a clear pattern of heavier and broader polydrug
exposure than that of recruited non-Ecstasy user control groups, limiting
the utility of comparison to a specific control group e.g., (Scholey et al.,
2004; Degenhardt et al., 2004; Gouzoulis-Mayfrank and Daumann,
2006). This approach is especially relevant to costlyneuroimaging studies
when very large, ormultiple comparison groupswould be needed and to
studies based on animal research demonstrating a dose–toxicity
relationship (reviewed in Green et al., 2003). Because our study focused
BA) regions of voxel placement (red square) for spectral acquisition. L = left side of brain.
the web version of this article.)
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primarily on the question of long-lasting toxicity, participants were not
required to have recently used Ecstasy or other drugs. Participants were
compensated for participation but were told that no compensation
would be provided if urine or alcohol screens were positive. Participants
comprising the current report are part of a larger ongoing study
examining brain structure, function and neurochemistry in Ecstasy
users. The overall study is an observational, cross-sectional studywith no
behavioral or clinical interventions. Each participant took part in various
components of the larger study. The cohort reported here does not
overlap with an earlier MRS study by our group (Cowan et al., 2007).

2.2. Screening

Participants were screened by phone for provisional entry criteria
and then completed an in-depth screening that included Structured
Fig. 2. Representative fitted spectra. Short (mI, left column) and long (NAA, right column) ech
taken from a single subject. Spectra were fit using LCmodel (red lines). Horizontal axis indica
line. Due to technical restrictions, no short echo (mI) spectra are provided for BA 21. (For int
web version of this article.)
Clinical Interview for DSM-IV and detailed substance abuse question-
naires using a time-line follow back method. The questionnaire also
contained queries for drug use history for alcohol, cannabis, stimulants,
hallucinogens, opiates, sedatives, dissociative anesthetics, anabolic
steroids, and inhalants. The questionnaires contain items to indicate
when a specific drug was last used, number of total lifetime episodes,
episodes in the lastmonth,whether the subject intended to use the drug
in the future, and approximate amount of the drug used (Cowan et al.,
2006, 2007). Participants were blind to all inclusion/exclusion criteria
other than the requirement for Ecstasyorotherdruguse. All participants
self-reported abstinence from recreational drug and alcohol use for a
minimum of 4 days prior to the study day (excluding nicotine and
caffeine). Study exclusions were prior head injury, pregnancy (QuPid
One Step Pregnancy Test; Stanbio Laboratory, Inc. San Antonio, TX),
positive urine drug screen (Triage Drugs of Abuse Panel, Biosite
o spectra from Brodmann areas (BA) 18 (top row), 21 (middle row) and 45 (bottom row)
tes chemical shift in parts per million (ppm). Fitted baseline spline is indicated as solid
erpretation of the references to colour in this figure legend, the reader is referred to the



Table 1
Lifetime drug use and duration of drug abstinence

Drug N Lifetime use variables Abstinence (days)

Episodes Quantity Units Mean (S.D.) Minimum

Ecstasy 12 71.75 (116.22) 8330.00 (17216.42) mg 460.67 (303.84) 21
Alcohol 16 372.91 (458.04) 2117.05 (3607.24) units 14.36 (7.111) 4
Cannabis 15 526.97 (773.21) 993.31 (2101.82) joints 122.27 (172.76) 4
Cocaine 10 8.10 (6.19) 7.53 (13.84) gm 404.10 (362.99) 48

Table 3
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Diagnostics, San Diego, CA), positive alcohol breath screen (Alco Sensor
III, Intoximeters, St. Louis, MO) at enrollment or on the scan day, history
of current or past substance or alcohol dependence, history of current or
past SCID-diagnosed DSM-IV Axis 1 psychiatric disorder (except
substance-induced mood disorder or substance abuse), use of non-
illicit psychoactive medications (whether prescription or over-the-
counter) within six weeks prior to the study, endocrine abnormalities,
history of loss of consciousness for over 30 min, as well as contra-
indications toMR scanning (claustrophobia, implantedmedical devices,
pacemaker, aneurysm clips, non-removable metallic piercings, other
possible metal in the body including shrapnel and sheet metal filings).

2.3. Ethics approval

The study protocol was approved by the Vanderbilt University
Institutional Review Board (IRB) and conformed to the World Medical
Organization Declaration of Helsinki (http://www.wma.net/e/policy/
b3.htm). Participants were provided with written informed consent
approved by the Hospital's IRB.

2.4. Confidentiality

To protect participant confidentially, a Certificate of Confidentiality
was obtained from the National Institute on Drug Abuse (NIDA) and
participants were informed of the Certificate protections in the in-
formed consent document.

2.5. Acquisition of proton spectra

High resolution T1-weighted 3D anatomical images were used for
centering of point-resolved spectroscopic sequence (PRESS) voxels in
left BA 18, 21 and 45 (Fig. 1) according to regions affected in the earlier
VBM study (Cowan et al., 2003) and according to the Talairach and
Tournoux atlas (Talairach and Tournoux, 1988). Voxel sizes were
approximately 3.4 cm3 (approximately 1.5×1.5×1.5 cm in each plane).
The anterior and posterior commissure points were used as references
for voxel placement. PRESS measurements were made at 3 T on two
scanners (GEMedical Systems, MilwaukeeWI) or Philips Intera Achieva
(Philips Healthcare, The Netherlands). Two echo times were used for
each voxel, resulting in acquisition of two spectra each from areas 18
and 45. Due to technical limitations on short TE spectra in temporal lobe,
only long-echo spectra for NAA were analyzed for BA 21. Long-echo
(TE=144 ms, both scanners) spectra were collected for observation of
NAAand short-echo (TE=30ms forGE andTE=32ms for Philips) spectra
were collected to measure mI. Water suppression was achieved using a
chemical shift selective (CHESS) sequence. Repetition time (TR) was 2 s,
Table 2
Mean metabolite ratios by region

Brodmann area

Metabolite 18 21 45

NAA/Cr 2.030 (0.188) 1.861 (0.325) 1.925 (0.329)
mI/Cr 1.041 (0.539) – 0.709 (0.288)

Metabolite ratios presented as mean (S.D.).
with each spectrum consisting of 128 scans. Each area was shimmed
separately using first order shims only. Typical unsuppressed water line
widths were 8–10 Hz. Spectra with line widths greater than 15 Hz were
rejected for GE data and metabolite measurements having Camer–Rao
lower bounds b20% were reported for Philips data. Due to these
rejection criteria, the sample size for analyzable spectra varied by brain
region and metabolite (Table 3).

2.6. Processing of proton spectra

Spectra were fit with a Marquart–Levenberg algorithm using either
vendor-supplied software, SAGE (GE) or LCmodel (Philips). Ratios of
NAA/Cr andmI/Crwere calculated from the spectralfits and are reported
for each of the two anatomical regions. To control for the effects of the
two scanners and slightly different acquisition methods, data were
standardized to the overall groupmeanmetabolite/Cr ratio so that NAA/
Cr and mI/Cr correlation analyses are reported as standardized values.

2.7. Statistical analysis

The drugs usedmost frequently by this cohort were Ecstasy, alcohol,
cannabis, and cocaine. There were insufficient numbers of participants
demonstrating past-year use of these drugs to permit reasonable
correlation analyses. Therefore lifetime episodes (defined as each
discrete 24-hour period) as well as estimated quantity of corresponding
drug use (defined as the average amount of a drug used per episode
multiplied by the number of episodes) were assessed for associations
with the outcomevariables (NAA/Cr andmI/Cr ratios). As expected, drug
exposurewasnot normally distributed. Thus, associations betweendrug
exposure andmetabolite outcomemeasurementswere quantified using
Spearman correlation coefficients. Spearman correlations provide a
robustmeasure of bivariate associationwhen sample sizes are small and
for distributions with extreme outliers (Pagano and Gauvreau, 2000). A
maximum two-tailed alpha of 0.05 was used for assessing statistical
significance for all associations (Fig. 2).

3. Results

Lifetime drug use (as episodes and quantity of drug consumed) and
duration of abstinence are summarized for Ecstasy, alcohol, cannabis,
and cocaine—the drugs most frequently used by the study sample
(Table 1). Of the total cohort, only one subject met lifetime criteria for
cannabis dependence and no other subjects met lifetime dependence
criteria for any drug or alcohol. Two subjects met lifetime alcohol abuse
Metabolite-drug use correlations

Lifetime
episodes

BA 18 NAA/Cr BA 21 NAA/Cr BA 45 NAA/Cr

r (p) Na r (p) Na r (p) Na

Ecstasy 0.407 (0.317) 8 −0.100 (873) 5 −0.406 (0.244) 10
Cannabis −0.171 (0.615) 11 0.690 (0.058) 8 −0.687 (0.014) 12
Alcohol −0.116 (0.721) 12 0.567 (0.112) 9 −0.423 (0.150) 13
Cocaine −0.036 (0.939) 7 0.800 (0.200) 4 0.180 (0.670) 8

Bold values indicate significance at p b 0.05.
a Data are presented as Spearman's rho (r), two tailed significance (p), number of

subjects included in the correlation analysis (N).

http://www.wma.net/e/policy/b3.htm
http://www.wma.net/e/policy/b3.htm
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criteria alone; one met lifetime abuse criteria for cannabis, stimulants,
and hallucinogens; one met lifetime abuse criteria for alcohol and
cocaine alone and current abuse criteria for cannabis. An example
spectra from a single subject is illustrated in Fig. 1. Mean (non-
normalized) metabolite ratios are shown in Table 2. Overall, there
were no statistically significant associations between lifetime use
episodes of Ecstasy, alcohol, or cocaine for either NAA/Cr or mI/Cr ratios
in BA 18, 21 or 45. Further, there were no consistent patterns observed
for the direction of the associations between NAA/Cr or mI/Cr and
Ecstasy use. The relationships between the lifetime episodes of drug
exposure (analysis performed only in participants exposed to a
particular drug) and metabolite ratios for NAA/Cr are depicted in
Table 3. Lifetime episodes of cannabis use demonstrated a statistically
significant inverse association with BA 45 NAA/Cr (r=−0.687, p=0.014)
but not with BA 45 mI/CR nor for either metabolite ratio in BA 18 or 21.
Twelve subjects both used cannabis and had analyzable data for BA 45
NAA/Cr. With regard to the degree of cannabis use and the relationship
to Ecstasy use in this group, 8 were also Ecstasy users. The Ecstasy and
cannabis using group had the heaviest level of cannabis exposure with
mean episodes of use of 595.5 (±873.6) episodes versus 120 (±80.4)
episodes for the4 subjects reporting cannabis, but notMDMAuse.When
the correlation analysis was repeated in the subset of 8 cannabis users
also reporting Ecstasy use, there remained an association between
cannabis use and BA 45 NAA/Cr (r=−0.595), but this finding was no
longer statistically significant with the smaller sample size (p=0.120).
Associations of lifetime quantities of drug use with metabolite ratios
were also assessed (not shown). There were no statistically significant
correlations for Ecstasy, alcohol, and cocaine with NAA/Cr or mI/CR
metabolite ratios in BA 18, 21 or 45. However, for cannabis, and in
parallel with the association seen for lifetime episodes of cannabis use,
the lifetime number of joints smoked showed a similar trend-level
correlation with BA 45 NAA/Cr (r=−0.503, p=0.095).

4. Discussion

The intent of the present report was to test the hypotheses that NAA
and mI in brain regions important in verbal memory (left BA 18, 21 and
45; Lee et al., 2002) and previously demonstrated to have reduced gray
matter concentration in Ecstasy polydrug users (Cowan et al., 2003)
would show evidence consistent with Ecstasy or polydrug-induced
neurotoxicity. We found an inverse association between the degree of
cannabis use and BA 45 NAA/Cr. This association was not observed for
other brain regionsor formI. In contrast to theobserved cannabis effects,
there was no statistically significant association between the degree of
lifetime Ecstasy, alcohol or cocaine use and NAA or mI in the tested
regions. These results suggest that, at the levels of Ecstasy use reported
by our cohort and in the brain regions studied, Ecstasy use, per se, may
not be associatedwith neurotoxic effects in human recreational users as
measured by NAA and mI.

Cannabis use has been associated with reduced NAA/Cr in
dorsolateral prefrontal cortex (Hermann et al., 2007) and basal ganglia
(Chang et al., 2006) and with hippocampal and amygdala volume loss
(Yücel et al., 2008), but a similar association has not been previously
reported in BA 45 to our knowledge. Sincewe did notfind an association
of cannabis exposurewithNAA inBA18or21, the currentfindingswould
suggest that cannabis does not have a generalized effect on cortical NAA.
Notably, cannabis use showed a non-significant, trend-level positive
correlationwithNAA/Cr ratios in BA 21. Additional data examiningother
brain regions and structure function correlations in those regions seem
warranted. With regard to polydrug effects in the VBM study (Cowan
et al., 2003), both cannabis and cocaine use seemed to account for a
portion of the observed effects on brain graymatter concentration in BA
45. However, it remains unclear whether this finding was due to the
degree of inter-correlation of Ecstasy, cocaine and cannabis use or an
actual specific effect of cannabis and cocaine on brain gray matter
concentration.
Of note, we performed multiple statistical tests for the association
of metabolites but did not adjust our statistical threshold for those
comparisons. If we applied a Bonferroni correction adjusting for 20
tests across regions, metabolites, and drug use categories, then only
associations at a significance threshold of p≤0.0025 would survive.
Given the prior reports of cannabis effects suggesting biological
plausibility, the magnitude of the observed correlation for the
cannabis effects (r=−0.687) and the uncorrected p value of 0.014,
we believe it reasonable to conclude that this may be a real effect, and
not the result of Type I experimental error.

Predictionsderived from laboratory studies ofMDMAadministration
are equivocal with regard to the consequences of MDMA exposure on
brainmetabolites (Cowanet al., 2008).NAAandmIhave beenpreviously
studied in Ecstasy polydrug users with inconsistent findings (Chang
et al., 1999; reviewed in Cowan, 2007; Daumann et al., 2004; Reneman
et al., 2001, 2002; Cowan et al., 2007). Chang et al. (1999) found
increased occipital cortical mI but normal NAA in Ecstasy users while
Reneman et al. (2002) employing similar methods and similar voxel
placements reported no change in mI but reduced NAA in prefrontal
regions. An additional MRS study targeting the same regions as Chang
and Reneman found no effects of Ecstasy use on metabolites in a large
cohort of Ecstasy users (de Win et al., 2008). A prospective study of
incident Ecstasy use (employing voxel placements similar to those of
Chang et al. (1999), and Reneman et al. (2002), found no effects of low
dose Ecstasy use on multiple metabolite measures, including NAA and
mI (de Win et al., 2007). Daumann et al. (2004) reported no significant
differences between MDMA users and controls in hippocampal, mid-
frontal, or mid-occipital brain regions. Obergriesser et al. (2001) found
no significant differences in hippocampal NAA/Cr. Ecstasy use was not
associated with altered NAA or mI in mid-line occipital cortex of
moderate Ecstasy users (Cowan et al., 2007). In our earlier (Cowan et al.,
2007) and current report the average Ecstasy use (Table 1) is modest in
comparison to studies finding significant metabolite effects.

Both cocaine and alcohol have been variably associated with
altered NAA in some brain regions in cocaine or alcohol-dependent
individuals (Chang et al., 1999; O'neill et al., 2001). However, the
current study excluded subjects with a history of cocaine or alcohol
dependence and use levels for both alcohol and cocaine were low.

Limitations of the study include the relatively small sample size,
the inability to verify purity of Ecstasy or other polydrugs, and the
retrospective associational study design. Drug purity concerns and
other uncontrolled factors necessarily limit all studies of human
substance use in a naturalistic environment (Green, 2004). The sample
composition and size limitations of the current study do not permit us
to exclude Type 2 experimental error for negative findings or to
generalize beyond the current cohort. However, the Spearman test is
robust to small sample sizes and significant effects were detected with
regard to cannabis exposure. Finding an acceptable control group to
reasonably match Ecstasy polydrug users is very difficult because
Ecstasy users tend to use more of every class of drug than do their
non-MDMA using peers (de Almeida and Silva, 2003; Gross et al.,
2002; Pedersen and Skrondal, 1999; Schifano et al., 1998; Scholey
et al., 2004; Wish et al., 2006) and within-group associational designs
therefore have an important role in furthering our understanding of
specific drug exposure with specific outcomes.

Given the vast numbers of Ecstasy polydrug users and evidence for
the Ecstasy's sustained worldwide popularity, much additional
research examining the relative contributions of Ecstasy, cannabis,
and other drugs to potential CNS toxicity is needed. Future studies
examining correlated structure, function, and behavioral outcomes
may be best suited to answer some questions. Linking behavioral
effects to brain toxicity may have particular relevance if MDMA or
polydrug toxicity is affected by genetic, behavioral, or other factors
that lead to highly variable individual effects of the drug. Many
limitations inherent in retrospective associational studies of Ecstasy
users can potentially be overcome by prospective studies in groups at
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high-risk for future Ecstasy use (such as in the Netherlands XTC study;
De Win et al., 2005). Due to cost limitations inherent in neuroimaging
studies, however, such studies are not easily conducted in populations
having low prevalence rates of Ecstasy use.
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