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ARTICLE INFO ABSTRACT

Keywords: 3,4-Methylenedioxymethamphetamine (MDMA, “Ecstasy”) is a serotonin- and noradrenaline-releasing sub-
MDMA stance, currently among the most widely used illicit substances worldwide. In animal studies, repeated exposure
Neurotoxicity

to MDMA has been associated with dendritic but also axonal degeneration in the brain. However, translation of
the axonal findings, specifically, to humans has been repeatedly questioned and the few existing studies inves-
tigating white matter alterations in human chronic MDMA users have yielded conflicting findings. In this study,
we combined whole-brain diffusion tensor imaging and neurofilament light chain (NfL) analysis in blood to
reveal potential MDMA-induced axonal neuropathology. To this end, we assessed 39 chronic MDMA users and 39
matched MDMA-naive healthy controls. MDMA users showed increased fractional anisotropy in several white
matter tracts, most prominently in the corpus callosum as well as corticospinal tracts, with these findings partly
related to MDMA use intensity. However, the NfL levels of MDMA users were not significantly different from
those of controls. We conclude that MDMA use is not associated with significant white matter lesions due to the
absence of reduced fractional anisotropy and increased NfL levels commonly observed in conditions associated
with white matter lesions, including stimulant and ketamine use disorders. Hence, the MDMA-induced axonal
degradation demonstrated in animal models was not observed in this human study of chronic MDMA users.

Axonal neuropathology
White matter

DTI

Neurofilament light chain

1. Introduction

3,4-Methylenedioxymethamphetamine (MDMA, “Ecstasy”) is a
potent serotonin- and noradrenaline releasing drug (Gudelsky and
Yamamoto, 2008), inducing euphoria and vigilance in humans and
widely consumed in the nightlife scene (Parrott, 2001). After cannabis
and cocaine, MDMA is currently one of the most widely used illicit drugs

worldwide (UN World Drug Report, 2022). Moreover, the amount of
MDMA per tablet, the form in which MDMA is primarily consumed, has
more than doubled in the last decade (UN World Drug Report, 2022).
The main targets of MDMA in the brain are monoaminergic trans-
porters, with the highest affinity for serotonin (5-hydroxytryptamine [5-
HT]) as well as noradrenaline and, to a much lesser extent, also dopa-
mine transporters (Bershad et al.,, 2016; Liechti et al., 2000).

Abbreviations: MDMA, 3,4-methylenedioxymethamphetamine; 5-HT, 5-hydroxytryptamine (serotonin); DTI, diffusion tensor imaging; FA, fractional anisotropy;

NfL, neurofilament light chain; CBF, cerebral blood flow.
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Psychoactive effects of MDMA are mainly attributed to 5-HT release
(Liechti et al., 2000), while noradrenaline release contributes specif-
ically to the stimulant effects (Hysek et al., 2012; Hysek et al., 2011). In
line with this, chronic MDMA use in humans has been constantly asso-
ciated with selective long-term adaptations in the 5-HT system,
including lower 5-HT metabolite levels in the cerebrospinal fluid
(McCann et al., 1999; McCann et al., 1994), 5-HT depletion (Kish et al.,
2000) and reduced 5-HT transporter density in the brain (Miiller et al.,
2019; Roberts et al., 2016). In addition, chronic MDMA users have
consistently been found to display neurocognitive deficits, primarily in
the domains of learning and memory, as well as executive functioning
(Montgomery and Roberts, 2022; Mustafa et al., 2020; Roberts et al.,
2018; Wunderli et al., 2017). These functional impairments have been
suggested to result from serotonergic neurotoxicity of MDMA. However,
a precise understanding of the underlying mechanisms is still lacking
(Montgomery and Roberts, 2022).

Molecular alterations in the human 5-HT system following chronic
MDMA exposure are well documented, but how MDMA use affects other
brain structures in humans, such as white matter, has not yet been
extensively investigated. In rats and non-human primates, several
studies have demonstrated that MDMA causes severe axonal degenera-
tion in the brain. This occurs most prominently at serotonergic axons in
occipital regions, but has also been observed throughout the cortex
(Commins et al., 1987; Hatzidimitriou et al., 1999; O’Hearn et al., 1988;
Ricaurte et al., 1985; Ricaurte et al., 1988). The MDMA-induced neu-
roaxonal damage depends on excessive release of 5-HT, and there is
evidence that several mechanisms, such as toxic metabolite formation,
increased oxidative stress, hyperthermia, and excitotoxicity are involved
(Costa and Gotembiowska, 2022). However, the extent to which these
various mechanisms contribute to MDMA-related neurotoxicity remains
controversial. Furthermore, Fischer et al. (1995) showed region-specific
reinnervation patterns of serotonergic axons after MDMA-induced
axonal loss in rats as well as in non-human primates. Specifically, distant
targets of 5-HT pathways (e.g., occipital cortex) remained denervated,
whereas proximal targets (e.g., amygdala, hypothalamus) exhibited
abnormal axonal sprouting resulting in hyper-innervation. Thus, find-
ings suggest long-term reorganization of axonal projections.

In brief, these studies showed widespread axonal degeneration in the
brain and demonstrated the neurotoxic potential of MDMA in animals.
However, the translation of these results to humans has been repeatedly
questioned because i) the doses applied in animal studies may not be
comparable to average doses consumed by humans, ii) the route of
MDMA administration may be critical since in several animal studies
MDMA was injected subcutaneously or intraperitoneally, whereas
humans typically ingest MDMA orally, and iii) the species-specific
metabolism of MDMA may hamper the transfer of findings in animal
models to humans (Curran, 2000; de la Torre and Farré, 2004; Green
et al., 2003; Kish, 2002). Therefore, it remains unclear whether the
MDMA-induced neurotoxic disruption of axons found in animals also
occurs in humans.

So far, the few available studies investigating white matter alter-
ations in regular MDMA users are inconclusive (de Win et al., 2008a,
2008b; Liu et al., 2011; Moeller et al., 2007). These studies applied
diffusion tensor imaging (DTI) to compute the degree of water molecular
anisotropy (fractional anisotropy, FA), which has been shown to be a
reliable measure of white matter alterations. A reduction in FA has been
consistently observed in diseases associated with white matter lesions
and demyelination (e.g., multiple sclerosis [Welton et al., 2015], stroke
[Mgller et al., 2007], Alzheimer [Sexton et al., 2011] or adrenoleuko-
dystrophy [Huffnagel et al., 2019]). However, findings in MDMA users
regarding alterations in white matter FA are conflicting. Liu et al. (2011)
observed increased FA in the internal capsule and decreased FA in the
corpus callosum, while de Win et al. (2008a) found decreased FA in the
frontoparietal white matter of regular MDMA users. In contrast, Moeller
et al. (2007) and de Win et al. (2008b) observed no white matter al-
terations indicated by FA. Therefore, no clear conclusion can be drawn
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from these studies, in contrast to DTI studies in ketamine and stimulant
(i.e., cocaine and methamphetamine) users, which have found consis-
tent associations with reduced FA in several white matter tracts (Edward
Roberts et al., 2014; Huang et al., 2020; Ma et al., 2017; Michels et al.,
2022; Ottino-Gonzalez et al., 2022; van Son et al., 2016). White matter
lesions in ketamine users have been primarily suggested to stem from
glutamate-mediated excitotoxicity (Edward Roberts et al., 2014; Strous
et al., 2022), while white matter impairments in stimulant users have
been linked both to its cerebral vasoconstrictive effects elevating the risk
for ischemic lesions (Biittner, 2012) and to the cocaine-adulterant le-
vamisole, which induces leukoencephalopathic and vasculopathic
changes (Michels et al., 2022). Furthermore, animal research suggests
that enhanced oxidative stress in response to stimulant exposure might
affect the expression of myelin-related genes, thereby reducing axonal
stability (Albertson et al., 2004; Narayana et al., 2014).

In addition to inconclusive findings, previous studies investigating
white matter impairments in MDMA users were limited in several ways
by methodology and design. Specifically, appropriate controlling for co-
use of other substances was lacking, which is critical since MDMA users
tend to display a widespread pattern of polysubstance use (Gouzoulis-
Mayfrank and Daumann, 2006). Further, the majority of previous
studies used 1.5 Tesla scanners and the only study using a 3 Tesla
scanner measured only six gradient directions. These factors are known
to drastically reduce the signal-to-noise ratio of diffusion images (Gonen
et al., 2001; Jones, 2004). Methodological shortcomings of previous
studies applying DTI in substance use contexts were also criticized by a
recent review article (Hampton et al., 2019), which suggested several
methodological guidelines, that we adhered to for this study.

Complementary to the findings from DTI studies, recent findings
revealed elevated neurofilament light chain (NfL) levels in the blood of
chronic stimulant and ketamine users (Bavato et al., 2022; Liu et al.,
2021). NfL represents a neuronal cytoskeleton protein present in axons
and elevated levels in blood have been established as a sensitive
biomarker for neuroaxonal pathology (Khalil et al., 2018). Blood NfL
concentration is closely correlated with cerebrospinal fluid NfL con-
centration (Disanto et al., 2017) and shows positive associations with
several measures of structural brain alterations (Alirezaei et al., 2020). A
direct association between increased blood NfL levels and a reduction of
NfL concentration in specific brain regions has also been demonstrated
in patients with neurodegenerative disorders (Ashton et al., 2019). In
addition, chronic MDMA exposure has been shown to decrease NfL in
the hippocampal tissue of rats (Garcia-Cabrerizo and Garcia-Fuster,
2015), which in turn might lead to increased levels in blood. A recent
study further demonstrated that NfL levels were reduced after MDMA
treatment in a serotonergic cell line obtained from the rat raphe nucleus
(Bavato et al., 2022b), indicating serotonergic neurotoxicity. However,
no study has yet examined NfL levels in MDMA users.

In the present study, we used a deep-learning approach to segment
white matter into known anatomical tracts and, subsequently, con-
ducted statistical analyses based on FA along these reconstructed fiber
bundles. This approach has recently been shown to reliably detect white
matter alterations in clinical populations (Wasserthal et al., 2021;
Wasserthal et al., 2020; Wasserthal et al., 2018). In contrast to con-
ventional methods such as Tract-Based Spatial Statistics (TBSS; Smith
et al., 2006), this approach allows the analysis of DTI metrics in native
space and does not suffer from coregistration inaccuracies inherent in
TBSS (Zalesky, 2011). Moreover, it allows for precise localization of
white matter changes in the brain as the statistical analysis is not
restricted to a pseudo-anatomical white matter skeleton. Instead, sta-
tistical analysis is performed along anatomically known white matter
tracts, facilitating interpretation of effects in terms of functional con-
sequences. Moreover, in addition to the macroscopic DTI approach, we
complemented the study with a molecular analysis of NfL concentration
in blood, and applied advanced forensic hair toxicology to characterize
co-use of other substances, which represent important confounding
factors to consider when investigating white matter alterations in
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substance users. Thus, we aimed to overcome limitations of previous
studies and extended the DTI analysis with a sensitive marker of active
neuroaxonal pathology. Despite conflicting prior findings, we expected
decreased FA and increased NfL levels in chronic MDMA users — based
on existing findings in stimulant and ketamine users — and hypothesized
alterations are associated with severity of use.

2. Methods
2.1. Participants

Chronic MDMA users (n = 49) as well as MDMA-naive healthy
controls (n = 47) between 18 and 45 years of age were recruited in
Zurich, Switzerland. In total, 10 participants from the MDMA user group
were excluded due to the absence of MDMA residuals in hair (n = 4),
diagnosis of an Axis I DSM-IV psychiatric disorder (n = 1), missing data
(n = 1), corrupt data (n = 1), or poor data quality (n = 3; see below).
From the control group, a total of n = 8 participants were excluded
because either MDMA was detected in the hair analysis (n = 5) or DTI
data quality was poor (n = 3). Thus, the final DTI analysis included n =
39 MDMA users and n = 39 control participants. For the analysis of NfL
levels, n = 4 participants had to be excluded due to missing blood
samples and consequently n = 42 MDMA users and n = 40 controls were
analyzed. Both participant groups were matched by sex, age, years of
education, verbal intelligence, and nicotine use. General exclusion
criteria included acute or previous neurological disorders and severe
medical diseases, head injuries, ongoing intake of medication acting on
the central nervous system, previous heroin injections, daily cannabis
use, and cases of schizophrenia, bipolar disorder, or obsessi-
ve-compulsive disorder in first degree relatives. Participants were
further excluded if they were screened positively for previous or current
DSM-1V Axis I psychiatric disorders, with the exception of substance use
disorders in MDMA users. MDMA users were included if they reported a
minimum of 25 lifetime occasions of MDMA wuse, while having
consumed the substance at least once during the 4 months prior to study
participation (verified by hair analysis). Control participants who re-
ported illegal substance use on more than 15 lifetime occasions, except
for cannabis, were excluded. All participants were asked to abstain from
illegal substances for at least three days before testing (assessed by urine
analysis). Further, they were asked to not drink alcohol for 24 h prior to
testing. The Ethics Committee of the Canton Zurich approved the study
protocol (BASEC-Nr. 2018-02125) and in accordance with the Decla-
ration of Helsinki, all participants provided written informed consent.

2.2. Clinical and substance use assessment

All participants were screened by trained psychologists for DSM-IV
Axis I disorders with the Mini-International Neuropsychiatric Inter-
view (MINI; Sheehan et al., 1998), with the exception that substance use
disorders were assessed using the Structured Clinical Interview for DSM-
5 Axis I disorders (First, 2015). The DSM-IV-based MINI was used, as a
German version of the DSM-5-based MINI was not available at study
start. To further evaluate symptoms of Depression and Attention-
Deficit/Hyperactivity Disorder (ADHD), participants filled in the Cen-
ter for Epidemiologic Studies Depression Scale ([CESD]; Eaton et al.,
2004) and the ADHD Self-Rating Scale ([ADHD-SR]; Rosler et al., 2004).
By using a standardized German vocabulary test ([Mehrfachwahl-Wort-
schatz-Intelligenztest]; Lehrl et al., 1995), premorbid verbal intelligence
(verbal IQ) was estimated. Moreover, substance use history was assessed
with the standardized Interview for Psychotropic Drug Consumption
(Quednow et al., 2004) and, additionally, to objectively characterize
substance use over the four months prior to testing, a proximal hair
sample of 4 cm was taken from the occiput. If the participants’ scalp hair
was not long enough, body hair was sampled (n = 8). To screen for acute
drug exposure, urine samples were collected. Liquid chromatography-
tandem mass spectrometry (LC-MS/MS) as described in detail by
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Scholz et al. (2021) was used for forensic toxicological hair analysis.
2.3. Magnetic resonance imaging

MRI data were acquired using a 3-Tesla Achieva scanner (Philips
Healthcare, Netherlands) equipped with 80 mT/m gradients and a
32-channel receive head coil. Diffusion weighted images were acquired
using a single-shot spin-echo echo-planar imaging sequence (repetition
time [TR] = 11.8 s, echo time [TE] = 50.1 ms, field of view [FOV] = 220
x 220 mm?, N transversal slices = 60, slice thickness = 2 mm, acqui-
sition matrix = 112 x 110). Diffusion was recorded along 64 directions
with a b-value of 1000 s/mm? Additionally, one non-
—diffusion-weighted b = 0 s/mm? scan was performed. To aid with
anatomical registration of diffusion weighted images, T1-weighted
structural images were acquired with 1 mm isotropic resolution (TR =
8.1 ms, TE = 3.7 ms).

Preprocessing was performed using QSIPrep version 0.12.2 (Cieslak
et al., 2021), which is based on Nipype (Gorgolewski et al., 2011).
T1-weighted images were corrected for intensity non-uniformity and
skull-stripped using ANTs tools (Avants et al., 2011), then used as a
structural reference for registration of diffusion images. To correct
diffusion images for head motion and eddy current-induced image dis-
tortions, FSL eddy was applied (Andersson and Sotiropoulos, 2016). FA
maps were computed using tools from TractSeg (Wasserthal et al.,
2018).

2.4. Tractometry

Preprocessed and registered diffusion images were fed into TractSeg,
a convolutional neuronal network-based model that generates bundle-
specific tractograms for anatomically well-known white matter tracts
(Wasserthal et al., 2018). In total, 48 white matter bundles were
reconstructed separately for each participant (see Supplement for the list
of all extracted bundles). All white matter bundles were subdivided into
100 segments by defining 100 equidistant points on the tract’s centroid
streamline and assigning each point of the tract’s streamlines to the
nearest segment according to Euclidean distances (Chandio et al., 2020;
Yeatman et al., 2012). Subsequently, the mean FA value within each
segment was computed per participant, and group differences as well as
correlations to NfL levels were then computed per segment of each
bundle. An appropriate alpha-level (family-wise error rate (FWE) < 5 %)
corrected for multiple comparisons across bundles and segments was
obtained using permutation-based non-parametric tests computing the
distribution of maximum statistics as described in Nichols & Holmes
(2002). Group difference effects were tested using a two-sample t-test
and correlation effects using Pearson’s correlation after covariates were
regressed out of the data (i.e., a linear regression model was fitted
including covariates as predictors and resulting residuals reflected
denoised data [the group regressor is included when fitting the model
but not in subsequent calculation of residuals]). Covariates included
age, gender, handedness (left/right), and co-use of alcohol (amount
during six months prior to study based on self-reports), cocaine,
amphetamine, cannabis and ketamine (hair residuals reflecting use
within four months prior to study). Mean FA values of MDMA users in
areas where significant group differences were detected, were correlated
with MDMA use intensity (self-reported number of use occasions within
six months prior to study) using Pearson correlation and obtained p-
values were adjusted for multiple comparisons (Bonferroni correction),
as this analysis was repeated for all bundles containing areas of signif-
icant group differences. All analyses were performed in Python version
3.8 (Van Rossum and Drake, 2009) applying tools from TractSeg
(Wasserthal et al., 2018) and Dipy (Garyfallidis et al., 2014).

2.5. Neurofilament light chain

Blood serum samples were drawn using silica and gel containing
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tubes (BD Vacutainer). Samples were centrifuged for 15 min at 2000
rpm and 20 °C and subsequently stored at —80 °C. NfL concentration
was measured using simple-plex NfL assay (ProteinSimple, CA, USA) on
Ella microfluidic system (BioTechne, Minneapolis, USA). To test for
group differences regarding NfL concentrations, a linear regression
model was applied (alpha level = 5 %). The model included covariates
for age, gender, body mass index (BMI) as well as co-use of other sub-
stances (i.e., alcohol, cocaine, amphetamine, cannabis, and ketamine).
Further, NfL concentrations were tested for correlations with FA values.
On the one hand, this correlation was calculated in an exploratory
analysis for all segments and each tract to test for a general relationship
between NfL and FA. On the other hand, the correlation was calculated
only for each segment that showed significant group differences to test
whether significant differences in FA were also reflected in the NfL
values. Analysis was performed in R version 4.0.3 (R Core Team, 2021).

3. Results
3.1. Demographic and substance use characteristics

MDMA users were well-matched to the control group indicated by
the absence of significant group differences regarding demographic
variables (Table 1). MDMA was the most frequently used illicit drug in
the user group, but cannabis, stimulants, and ketamine were also oc-
casionally taken by some users.

3.2. Diffusion tensor imaging

Chronic MDMA users displayed increased FA levels in several
reconstructed white matter tracts (see Table 2 for a list of all white
matter tracts showing significant group differences). In contrast, no re-
gion was detected with decreased FA in MDMA users compared to
MDMA-naive controls. Increased FA levels in MDMA users were found in
the left and right corticospinal tract (see Fig. 1). Moreover, other sig-
nificant areas encompassed several segments of the corpus callosum,
specifically along the midline of the genu and anterior midbody, as well
as distal areas of the posterior midbody and isthmus (see Fig. 2). The
isthmus of the corpus callosum showed the most pronounced group
difference and mean FA values of MDMA users within significant seg-
ments correlated negatively with MDMA use intensity within the user
group, indicated by number of use occasions within six months prior to
study (r[37] = -0.49, Bonferroni-corrected p = 0.018, see Fig. 2C).
Hence, while MDMA users generally displayed elevated FA levels, this
was most pronounced in weak-to-moderate users.

3.3. Neurofilament light chain

Regarding the blood concentrations of NfL, no group difference was
observed between MDMA users and the control group (f = -0.56, t(72)
=-0.25, p = 0.80; see Fig. 3A for boxplots per group and Supplement for
complete regression table). Further, no association between MDMA use
frequency and NfL was found (r[40] =-0.18, p = 0.26, see Fig. 3B). In an
exploratory analysis correlating NfL. with FA in all segments of each
tract, no significant correlation survived correction by multiple com-
parisons (FWE—corrected alpha level: 0.000038; min. p-value: 0.0013;
max. Pearson’s correlation coefficient: 0.36). Additionally, to test
whether the increased FA levels in significant areas were reflected in NfL
levels, mean FA values within these regions were correlated to the latter,
but no significant relation was observed (all tests p greater than 0.05, see
Supplement Table S2 for detailed results).

4. Discussion
The translation of MDMA-induced axonal degradation findings from

animal models to humans has been challenging and previous in-
vestigations of white matter impairments in chronic MDMA users were
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Table 1
Demographics and substance use of chronic MDMA users and control group.
Controls (n = MDMA Users statistic  p
39 (n=39)
Age, years 30.08 (6.74) 29.92 (6.74) 0.10 0.92
Sex (female / male) 23/16 22/17 0.00 1.00
Years of school 10.03 (1.37) 10.41 (1.46) 1.20 0.23
education
Verbal Intelligence 105.03 102.87 (10.44) 0.90 0.37
(10.62)
ADHD total score 10.67 (7.03) 14.54 (10.51) 1.91 0.060
CESD total score 10.69 (8.33) 12.85 (11.58) 0.94 0.35
MDMA
Consumed last 6 months ~ 0/39 39/0 74.05 <0.001
(y/n)
Dose per week [mg]® 0.00 (0.00) 103.05 4.68 <0.001
(137.58)
Occasions per week * 0.00 (0.00) 0.36 (0.29) 7.66 <0.001
Years of use 0.00 (0.00) 9.27 (6.14) 9.44 <0.001
Cumulative dose 0.02 (0.10) 95.02 (156.42) 3.79 <0.001
lifetime [g]
Cumulative dose 0.12 (0.64) 633.46 - -
lifetime [tablets]” (1042.83)
Days since last — 22.56 (18.54), — -
consumption © n=39
Positive urine testing 0/39 0/39 - -
(y/m)
Hair analysis [pg/mg] ¢ 0.00 (0.00) 773.00 2.32 0.023
(892.53)
Nicotine
Consumed last 6 months ~ 22/17 26/13 0.49 0.49
(y/n)
Cigarettes per day 3.09 (5.42) 4.56 (6.45) 1.09 0.28
Years of use 7.46 (7.68) 10.15 (8.83) 1.44 0.15
Alcohol
Consumed last 6 months ~ 34/5 39/0 3.42 0.064
(y/n)
Dose per week [g] * 0.09 (0.13) 0.15 (0.18) 1.67 0.099
Occasions per week * 2.12(1.72) 2.21 (1.83) 0.23 0.82
Years of use 12.59 (7.43) 13.98 (7.13) 0.84 0.40
Cumulative dose 98.20 149.54 1.28 0.21
lifetime [kg] (140.60) (208.45)
Days since last 8.03 (24.58), 14.21 (29.73), 0.96 0.34
consumption n=34 n =39
Cannabis
Consumed last 6 months ~ 9/30 23/16 8.96 0.003
(y/n)
Dose per week [g] * 0.05 (0.14) 0.28 (0.76) 1.86 0.067
Occasions per week * 0.23 (0.72) 0.64 (1.37) 1.66 0.10
Years of use 4.90 (6.79) 9.26 (7.46) 2.70 0.009
Cumulative dose 233.33 818.42 2.57 0.012
lifetime [g] (620.40) (1277.29)
Days since last 34.11 25.00 (30.92), 0.58 0.57
consumption © (58.06),n=9 n=23
Positive urine testing 2/37 1/38 0.00 1.00
(y/n)
Hair analysis [pg/mg] d 0.00 (0.00) 0.00 (0.00) 2.47 0.016
Amphetamine
Consumed last 6 months ~ 0/39 21/18 26.07 <0.001
(y/n)
Dose per week [g] * 0.00 (0.00) 0.04 (0.09) 2.69 0.009
Occasions per week * 0.00 (0.00) 0.13 (0.26) 3.08 0.003
Years of use 0.00 (0.00) 4.84 (7.08) 4.27 <0.001
Cumulative dose 0.01 (0.04) 115.27 1.99 0.050
lifetime [g] (361.44)
Days since last - 39.14 (45.18), - -
consumption © n=21
Positive urine testing 0/39 0/39 - -
(y/n)
Hair analysis [pg/mg] ¢ 0.00 (0.00) 18.00 (26.69) 2.53 0.013

Cocaine

(continued on next page)
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Table 1 (continued)

Controls (n = MDMA Users statistic  p
39) (n=39)

Consumed last 6 months ~ 3/36 26/13 26.57 <0.001
(y/mn)

Dose per week [g] * 0.00 (0.00) 0.10 (0.21) 2.79 0.007

Occasions per week * 0.00 (0.01) 0.20 (0.43) 2.84 0.006

Years of use 0.00 (0.00) 4.33 (6.28) 4.31 <0.001

Cumulative dose 0.03 (0.10) 41.97 (89.61) 2.92 0.005
lifetime [g]

Days since last 56.33 60.65 (61.46), 0.12 0.91
consumption © (34.24),n=3 n=26

Positive urine testing 0/39 1/38 0.00 1.00
(y/n)

Hair analysis [pg/mg] ¢ 0.00 (0.00) 167.00 1.18 0.24

(247.59)

Ketamine

Consumed last 6 months ~ 0/39 14/25 14.71 <0.001
(y/n)

Dose per week [g] * 0.00 (0.00) 0.01 (0.03) 2.22 0.029

Occasions per week * 0.00 (0.00) 0.05 (0.13) 2.21 0.030

Years of use 0.00 (0.00) 0.20 (0.75) 1.69 0.096

Cumulative dose 0.00 (0.00) 1.97 (5.25) 2.35 0.022
lifetime [g]

Days since last - 60.14 (60.50), - -
consumption © n=14

Hair analysis [pg/mg] d 0.00 (0.00) 0.00 (0.00) 2.39 0.019

Values reflect mean and standard deviations, except that for hair residuals the
median and median absolute deviation are shown due to a highly right-skewed
distribution.
Statistical tests: independent t-tests for quantitative data, chi-squared test for
frequency data; significant p-values are shown in bold.
within the past 6 months. In this case, sample size (n) is shown.

# During the last 6 months.

® In 150 mg tablets.

¢ Days since last consumption is an average including only persons who re-
ported to have used the substance.

4 Hair residuals reflect sum score of respective substance and its metabolites as
quantified via forensic hair toxicology.

Table 2
All white matter tracts showing increased FA levels in MDMA users.

White matter tract Significant segments’ FWE-corrected p-
value®

Corpus callosum [Genu] 63 [midline] 0.032

Corpus callosum [anterior 43-44 [right of midline] 0.001
midbody]

Corpus callosum [posterior 13-14, 84 [left and right 0.030
midbody] distal]

Corpus callosum [Isthmus] 92-97 [right distal] <0.0001

Corticospinal tract [left] 28 [distal superior] 0.029

Corticospinal tract [right] 51 [middle] 0.032

Inf. occipito-frontal fascicle 23-25 [distal frontal] 0.003
[left]

Sup. longitudinal fascicle I 50 [middle] 0.041
[left]

Uncinate fascicle [right] 62-63 [middle] 0.038

Thalamo-parietal tract [right] 54 [middle] 0.049

Striato-fronto-orbital tract 45 [middle] 0.044

[left]

! Numbers reflect segment numbers within tracts, which were all segmented
into 100 segments. Thus, number reflects left to right, superior to inferior, or
frontal to posterior position along tract depending on their orientation in the
brain. In brackets, the relative location of the significant area within the tract is
indicated.

2 In case of multiple significant segments, the minimal p-value is shown.

inconclusive (de Win et al., 2008a, 2008b; Liu et al., 2011; Moeller et al.,
2007). In this study, we overcame methodological limitations of prior
DTI studies in MDMA users by adhering to the guidelines Hampton et al.
(2019) proposed. (1) We used a DTI sequence on a 3 T scanner
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measuring 64 diffusion directions and applied advanced deep-learning
based segmentation methods, enabling the detection of group differ-
ences along anatomically well-defined tracts. (2) We controlled for co-
use of other substances, notably by using results from forensic hair
toxicological analysis and, thus, did not have to rely on self-reports only,
which are known to be prone to social desirability biases (Latkin et al.,
2017). (3) We correlated observed effects to MDMA use intensity. Of
note, such an analysis was lacking in previous studies. (4) We com-
plemented the DTI analysis with the measurement of NfL, a molecular
marker of active axonal neuropathology, which has not been assessed
before in MDMA users.

Our findings are partly in line with the findings of Liu et al. (2011).
They observed increased FA in the internal capsule, of which the corti-
cospinal tract constitutes a large part, where we also found increased FA
in MDMA users. In contrast, Liu and colleagues found decreased FA in
the genu of the corpus callosum where we found increased FA instead.
Moreover, our findings are conflicting with those of de Win et al.
(2008a) showing reduced FA in frontoparietal white matter and Moeller
et al. (2007) and de Win et al. (2008b), who did not observe any dif-
ference in FA between MDMA users and drug-naive controls. However,
comparability of our study to previous findings is hampered by meth-
odological differences. This is due, first, to the selection of anatomical
regions of interest. The analysis of Moeller et al. (2007) was restricted to
the corpus callosum and both studies from de Win and colleagues to the
frontoparietal white matter. Liu et al. (2011), on the other hand, used a
voxel-wise whole brain approach but did not limit their analysis to white
matter only. Here, we used a whole-brain approach as no clear a-priori
regions of interest could be drawn from the existing literature. Second,
because of the anatomical resolution of the analysis, De Win and col-
leagues computed only one mean FA value over frontoparietal white
matter in both hemispheres. Hence, the exact anatomical location of the
observed effect remains elusive. Moeller and colleagues computed mean
FA in six segments of the corpus callosum, but only included midline
parts of the corpus callosum and not its fiber projections. In contrast, in
our study we partitioned each white matter tract into 100 segments and
hence results obtained allowed for a more fine-grained localization of
white matter alterations.

Against our a-priori hypothesis, we did not observe reduced, but
rather increased FA in several white matter tracts of chronic MDMA
users. Further, this increase was partly negatively associated with use
frequency. Although a significant correlation was only observed in the
isthmus of the corpus callosum, notably, this area showed the most
pronounced group difference effect. The negative correlation indicates
that FA decreases with increasing use frequency and thus, might indicate
a dose-dependent effect of MDMA use on FA. This finding may be akin to
those from a study on alcohol use, which observed an inverted U-asso-
ciation between alcohol use and FA (McEvoy et al., 2018). Nevertheless,
for MDMA, animal studies suggested a severe axonal loss (Commins
et al., 1987; O’Hearn et al., 1988; Ricaurte et al., 1985; Ricaurte et al.,
1988), which was not observed in this human study. Although increased
FA in MDMA users might represent potentially abnormal axonal reor-
ganization following axonal loss as observed in animals (Fischer et al.,
1995), the results in animals were obtained by selectively staining 5-HT
axons in histological slices and it is questionable to which extent we are
currently able to detect such fine-grained alterations in DTI since 5-HT
axons only constitute a minority of the total axons in the brain (Hor-
nung, 2003). As an alternative explanation for the increased FA found in
MDMA users, it has been suggested that the white matter changes might
be associated with MDMA-induced changes in cerebral blood flow
(CBF). Chang et al. (2000) demonstrated that MDMA causes sub-acute
reduced CBF in wide-spread cortical regions, observable 2-3 weeks
after MDMA administration. However, since findings relating CBF in
white matter to FA are currently controversial (Aslan et al., 2011; Gie-
zendanner et al., 2016), and since no long-term changes in CBF were yet
observed in MDMA users (see for meta-analysis Miiller et al., 2019), it
remains questionable whether sub-acute effects on CBF might be related
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Fig. 1. Increased levels of fractional anisotropy (FA) in the left and right corticospinal tract of chronic MDMA users compared to MDMA-naive control participants.
(A) Posterior coronal view of left and right corticospinal tract of an exemplary control participant reconstructed using automatic white matter tract segmentation
implemented in TractSeg. Segments in the corticospinal tract depicted in red indicate where MDMA users showed increased FA values after correction for multiple
comparison (FWE < 5 %). (B) Mean FA values per segment and respective standard error along the right corticospinal tract are displayed separately for MDMA users
(blue) and control participants (yellow). The area marked with a red dashed line corresponds to the significant area also colored in red in (A). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Increased levels of fractional anisotropy (FA) in the isthmus of the corpus callosum of chronic MDMA users compared to MDMA-naive control participants.
(A) Posterior coronal and right sagittal view of the isthmus. The isthmus is located between the body and splenium in the posterior part of the corpus callosum.
Segments in the isthmus depicted in red indicate where MDMA users showed increased FA values after correction for multiple comparison (FWE < 5 %). (B) Mean FA
values per segment and respective standard error along the isthmus are displayed separately for MDMA users (blue) and control participants (yellow). The area
marked with a red dashed line corresponds to the significant area also colored red in (A). (C) Mean FA values of MDMA users in significant areas are negatively
correlated with the number of MDMA use occasions during the six months prior to the study (Bonferroni corrected for multiple comparisons), suggesting that
although MDMA users generally had elevated FA levels, this effect was most pronounced among weak-to-moderate users. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

to the increased FA found here in MDMA users.

Inference of biological alterations underlying FA changes is chal-
lenging and is particularly complicated by the presence of crossing fibers
(Jeurissen et al., 2012; Jones et al., 2013). However, we found the most
pronounced FA increase in the corticospinal tract as well as corpus
callosum, where crossing fibers are rare (Jeurissen et al., 2012; Oouchi
et al., 2007). Therefore, the observed FA increase in these tracts most
likely reflects increased fiber density or myelination. This could indicate

potentiation of these white matter pathways, as activity—dependent
regulation of myelin is a critical factor in neuroplasticity, as has been
shown in rodents, in which increased myelination underlying white
matter plasticity was reflected in increased FA (Blumenfeld-Katzir et al.,
2011; Sampaio-Baptista and Johansen-Berg, 2017). In the present study,
a marked increase in FA has been found in the corticospinal tract and the
parts of the corpus callosum that bilaterally connect the primary motor
and sensory cortex (i.e., anterior and posterior midbody of corpus
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Fig. 3. Neurofilament light chain (NfL) levels in chronic MDMA users. (A) No
group difference was observed between chronic MDMA users and the control
group using a linear regression model including covariates for age, gender,
body mass index (BMI) and co-use of other substances. (B) Among MDMA users,
NfL concentration was not related to MDMA use intensity indicated by the
number of use occasions during the last 6 months prior to study.

callosum). Sensorimotor areas are densely innervated by 5-HT axons
(Hornung, 2010), and potentiation of associated white matter pathways
may reflect enhanced activation of these regions by repeated 5-HT
release induced by MDMA. This may be in line with recent findings
observing enhanced functional connectivity between raphe nuclei and
sensorimotor areas in this sample of human MDMA users (Zimmermann
et al., under review). Alternatively, the proposed potentiation of these
pathways may be related to altered sensorimotor processing in chronic
MDMA users: (1) Potentiation of white matter tracts connected to sen-
sory cortex might be associated with the increased cortical response to
sensory stimuli observed in chronic MDMA users (Cowan et al., 2006;
Croft et al., 2001). (2) Potentiation of white matter tracts connected to
motor cortex might be related to the enhanced motor cortex activation
found in MDMA users when performing a motor task (Karageorgiou
et al., 2009). The first hypothesis could be tested in a future study on
MDMA use examining cortical sensory evoked potentials and their
relation to FA in sensory-related white matter tracts, while to examine
the second hypothesis, motor cortex activity during a motor task could
be correlated with FA in white matter tracts connected to motor cortex.
However, ideally the neurobiological mechanism (e.g., extended mye-
lination) underlying increased FA in MDMA users should first be verified
in a post-mortem study.

In contrast to studies in cocaine and ketamine users (Bavato et al.,
2022a; Liu et al., 2021), we did not observe increased NfL blood levels in
MDMA users. However, substance use frequency in these studies were
much higher than in our study and both ketamine (N-methyl-p-aspartate
receptor antagonist) and cocaine (unselective monoamine transporter
inhibitor) have very different mechanisms of action. The absence of
elevated NfL levels in MDMA users is in sharp contrast with observed
axonal damage in animal studies and, hence, questions the presence of
active axonal pathology in MDMA users. On the one hand, the lack of
increase of NfL levels could mean that MDMA-induced alterations of
neuroaxonal structures are rather limited and/or regional (i.e., in sero-
tonergic axons), and not sufficient to result in a significant increase of
NfL levels in blood. On the other hand, NfL levels are coherent with DTI
findings and could suggest that brain alterations in chronic MDMA users
are due to neuroplastic changes but do not involve axonal damage and
neurodegeneration. In this direction, the repeatedly observed memory
impairments of MDMA users (Quednow et al., 2006; Wunderli et al.,
2017) may stem from molecular alterations in the 5-HT system but not
MDMA-induced neurotoxicity (i.e., via loss of neurons and their axons).

4.1. Limitations

A limitation of the present study, and a general challenge for sub-
stance use-related research, reflects the higher use of other substances
such as cannabis and stimulants in the MDMA user group compared to
the control group. Accordingly, the observed effects might be

Neurolmage: Clinical 36 (2022) 103191

confounded by co-use of other substances than MDMA, although we
aimed to rigorously control for co-use in all analyses. In addition, our
conclusions are limited by the fact that FA is only an indirect measure of
white matter structure and depends on several distinct factors such as
myelination, axonal diameter, fiber density as well as membrane
permeability (Beaulieu, 2002). Thus, interpretation of FA differences as
particular microstructural changes, such as degree of myelination or
axon density, without solid biological and theoretical foundations, are
challenging (Jones et al., 2013). Interpretation of the underlying
mechanism leading to increased FA in this study is further limited given
that the analysis was based on FA, while other metrics such as fiber
density, radial diffusivity, mean diffusivity and axial diffusivity were not
included. However, we used FA as the main outcome variable as all
previous studies using the deep learning-based white matter segmenta-
tion applied in this study were specifically based on FA.

4.2. Conclusion

In summary, we can nevertheless conclude, with the additional
support of complementary NfL results, that — unlike stimulant and ke-
tamine use — chronic MDMA use is not associated with severe white
matter lesions but is associated with MDMA-induced changes in white
matter diffusion, indicated by increased FA in several white tracts.
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