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O]-Positron Emission Tomography (PET) was used to 
examine regional cerebral blood flow (rCBF) after 
administration of a single oral dose of the serotonin 
realeaser and uptake inhibitor MDMA (1.7 mg/kg) or 
placebo to 16 MDMA-naïve subjects. Psychological 
changes were assessed by psychometric rating scales. 
MDMA produced distributed changes in regional blood 
flow including increases in ventromedial frontal and 
occipital cortex, inferior temporal lobe and cerebellum; and 
decreases in the motor and somatosensory cortex, temporal 
lobe including left amygdala, cingulate cortex, insula and 

thalamus. Concomitant with these changes, subjects 
experienced heightened mood, increased extroversion, slight 
derealization and mild perceptual alterations. MDMA also 
produced increases in blood pressure and several side effects 
such as jaw clenching, lack of appetite and difficulty 
concentrating. These results indicate that a distributed 
cluster of brain areas underlie the various effects of MDMA 
in humans.

 

[Neuropsychopharmacology 23:388–395, 
2000]

 

© 2000 American College of 
Neuropsychopharmacology. Published by Elsevier Science 
Inc.

 

KEY

 

 

 

WORDS

 

: 

 

MDMA; Ecstasy; H

 

2

 

O-PET; CBF; Serotonin; 
Human; Psychological effects

 

3,4-Methylenedioxymethamphetamine (MDMA) is the
major component of the widely used recreational drug
“Ecstasy.” In a clinical setting, MDMA produces a ro-
bust enhancement of mood and extroversion, slight de-
realization and a physiological response characterized
by marked increases in heart rate and blood pressure
(Vollenweider et al. 1998). Acute adverse effects include

jaw clenching, lack of appetite, difficulty concentrating
and impaired balance.

Animal studies have shown that MDMA predomi-
nantly releases serotonin via interaction with the sero-
tonin (5-HT) transporter (Rudnick and Wall 1992;
Schmidt 1987), and, to a lesser extent, also dopamine
(Yamamoto and Spanos 1988). Consistent with these re-
sults, recent work in our lab demonstrated that both the
psychological and physiological effects of MDMA can
be attenuated by pretreatment with the selective seroto-
nin uptake inhibitor citalopram, while the dopamine D

 

2

 

antagonist haloperidol only reduced MDMA-induced
positive mood (Liechti et al. 1999; Liechti et al. unpub-
lished observations). These results suggest that the sub-
jective and physical response to MDMA in humans is
largely dependent on the enhancement of serotonergic
neurotransmission.

The neurophysiological basis of the various effects of
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MDMA has not been examined in humans. The present
study was conducted to elucidate changes in regional
cerebral blood flow (rCBF) produced by administration
of a single oral dose of MDMA (1.7 mg/kg) in MDMA-
naïve human subjects. A recent study with the compa-
rable 5-HT releaser d-fenfluramine in healthy subjects
reported increased rCBF in medial frontal areas and de-
creases in the posterior temporal lobes and thalamus
(Meyer et al. 1996). We hypothesized that the common
serotonergic activation produced by both agents would
result in overlapping changes in cerebral blood flow.

Additionally, correlations between rCBF and ratings
of subjective experience were computed to obtain infor-
mation on possible neural substrates of MDMA-induced
changes in mood, perception and self-experience.

 

METHODS

Subjects

 

Sixteen MDMA-naïve healthy subjects (6 women and
10 men; mean age 26.0 years, S.D. 

 

5

 

 2.5 years) without a
history of drug abuse were recruited from university
students and hospital staff. Subjects were healthy ac-
cording to medical history, physical examination, elec-
trocardiogram and blood analysis. A semi-structured
psychiatric interview revealed no current or past psy-
chiatric illness in any subject or their first-degree rela-
tives. No subject had ever received psychiatric, psycho-
therapeutic or psychopharmacological treatment.

Written consent was obtained from all subjects after
they had received written and oral descriptions of the aims
of the study, the experimental procedures involved and
the effects and possible risks of MDMA administration.

 

Design

 

In a double-blind design, subjects received a single oral
dose of 1.7 mg/kg MDMA or placebo in randomized
and counterbalanced order. The two experimental ses-
sions were separated by at least 2 weeks. PET measure-
ments started 75 min after drug intake, at the time of
peak drug effects (Vollenweider et al. 1998). In order to
standardize cognitive activity during PET scans, all sub-
jects performed a visual Continuous Performance Test
(CPT) and a corresponding control task. In five subjects,
the control task was replaced by a simple resting state
measurement with eyes open. On a given day, each sub-
ject received four 60-second PET scans, two during the
CPT and two during the control task/resting state. Blood
pressure and heart rate were monitored throughout the
session. Psychometric ratings of subjective experience
during the PET measurement were obtained 4 hours af-
ter drug intake, when all drug effects had subsided.

A dose of 1.7 mg/kg MDMA was chosen for the
study, since it was known from a previous study to pro-

duce reliable mood effects (Vollenweider et al. 1998).
Available evidence suggests that this dose is very un-
likely to produce neurotoxicity or lasting functional im-
pairments in humans (Vollenweider et al. 1999; see also
Lieberman and Aghajanian 1999).

The study was approved by the Ethics Committee of
the University Hospital of Psychiatriy, Zurich, and the
Swiss Federal Health Office (BAG), Berne.

 

CPT/Control Task

 

We used a computerized A-X version of the CPT as de-
scribed in Van Leeuwen et al. (1998). A sequence of cap-
ital letters appeared on screen and subjects’ task was to
click a mouse button with the right index finger when-
ever the target sequence, an “A” followed by an “X,”
appeared. Stimuli were presented for 150 ms in the cen-
ter of the screen, between two vertical lines below and
above as fixation aids (which remained constantly on-
screen). The interstimulus interval was 1500 ms. Forty
target sequences were presented during a total task du-
ration of 11 minutes.

The control task was identical to the CPT, except that
the target letters “A” and “X” were removed from the
stimulus set. There was no attentional task for the sub-
jects. The instruction was to simply relax and look at
the screen.

 

Psychometric Rating Scales

 

The Altered States of Consciousness Questionnaire
(OAV) is a visual-analog scale which measures alter-
ations in mood, thought processes and experience of
the self/ego and of the environment in drug- and non-
drug-induced altered states of consciousness (Dittrich
1998; Bodmer 1989). The OAV consists of three dimen-
sions. The first dimension, OB (“Oceanic Boundless-
ness”), measures derealization and depersonalization
associated with a positive basic mood, and alterations
in the sense of time. The second dimension, VR (“ViO-
sionary Restructuralization”), refers to visual illusions,
hallucinations, synaesthesia and the altered experience
of meaning. The third dimension, AED (“Anxious Ego
Dissolution”), measures thought disorder, ego disinte-
gration, and loss of body and thought control associ-
ated with arousal and anxiety.

The EWL Mood Questionnaire (Janke and Debus
1978) includes scales measuring activity, inactivation,
extroversion, well-being, emotional excitability and
anxiety. The well-being scale is composed of the two
subscales “self-confidence” and “heightened mood.”

Adverse drug effects were assessed by the List of
Complaints (LC). It contains 65 items describing un-
pleasant somatic and psychological symptoms. For the
purposes of this study, the item jaw clenching was
added to the list.
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Statistical Analysis of Subjective and 
Cardiovascular Data

 

MANOVA with drug (placebo, MDMA) as within-sub-
ject factor was used to determine effects of MDMA on
psychometric scales (OAV and EWL) and CPT perfor-
mance. Two-way ANOVA with drug (placebo, MDMA)
and time as factors was used to assess MDMA-induced
changes in blood pressure. Post-hoc comparisons were
done using Tukey’s test.

 

Image Acquisition and Analysis

 

Scans were performed on a General Electric Advance PET
scanner in 3D-acquisition mode. The accumulated counts
over 60 seconds were taken as measure for blood flow.
Mean doses of radioactivity administered per scan ranged
between 400–500 MBq. The mean time between radio-
tracer injection and start of the scan was 40–50 seconds.
Images were processed using the statistical parametric
mapping software (SPM 95). Individual scans were re-
aligned, normalized into stereotactic space (Talairach and
Tournoux 1988) and smoothed with a gaussian filter (15
mm FWHM) (Friston et al. 1996). Comparisons between
drug and task conditions were made on a voxel-by-voxel
basis using the 

 

t

 

-statistic and linear contrasts with oppo-
site weights (1 and 

 

2

 

1) for contrasting conditions. The re-
sulting maps (SPM{t}) were transformed to the unit nor-
mal distribution (SPM{Z}). Significant main effects of drug
and task as well as significant drug 
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 task interactions
were identified based on a statistical level of significance

 

p

 

 

 

,

 

 .05, corrected for multiple comparisons.
Correlations between rCBF and psychometrics

scores were obtained for the MDMA condition using an
SPM ANCOVA model that assessed covariance of psy-
chometric scores (OAV, EWL) with mean MDMA scans
(averaged over all task conditions). The level of statisti-
cal significance for regional correlations was set at 

 

p

 

 

 

,

 

.05, corrected for multiple comparisons.

 

Substance

 

Racemic MDMA (3,4-methylenedioxymethamphet-
amine) was obtained from EPROVA AG, Schaffhausen,
by permission of the Swiss Federal Health Office (BAG),
Department of Pharmacology and Narcotics, Berne, and
was prepared as capsules (10 mg and 50 mg) at the Phar-
macy of the Kantonsspital, Lucerne, Switzerland.

 

RESULTS

PET

 

Statistical parametric mapping revealed significant
main effects of drug and task, but no significant task 

 

3

 

drug interactions, indicating that task condition had no

significant effect on how MDMA affected regional cere-
bral blood flow compared to placebo. Consistent with
this, visual comparison between placebo and MDMA
scans for each individual task condition (resting state,
control task, CPT) showed nearly identical patterns of
rCBF changes. Thus, all results provided here represent
the statistical main effects of drug and task, respec-
tively.

MDMA produced significant bilateral increases in
rCBF in the ventromedial prefrontal cortex, the ventral
anterior cingulate, the inferior temporal lobe, the me-
dial occipital lobe, and a widespread activation of the
entire cerebellum (Figure 1). MDMA decreased rCBF
bilaterally in the pre- and paracentral lobule, the dorsal
anterior and the posterior cingulate, the superior tem-
poral gyrus, insula, and thalamus. One-sided decreases
were found in the left amygdala and the right parahip-
pocampal formation and uncus. Figure 1 shows statisti-
cal parametric maps of significant regional differences
between MDMA and placebo. For all regions, voxels of
maximal change with Talairach coordinates, Z score
and level of statistical significance (corrected for multi-
ple comparisons) are given in Table 1.

Compared to the control task, the CPT produced sig-
nificant changes in rCBF. CPT-induced increases (with
Broadman area, Talairach x, y, z coordinates, Z score
and 

 

p

 

-values corrected for multiple testing given in
parantheses) included the right medial occipital cortex
(BA 18, 24, 
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96, 8, Z 

 

5

 

 5.8, 

 

p

 

 

 

,

 

 .001), the left precentral
gyrus (BA 6, 

 

2

 

50, 

 

2

 

6, 40, Z 

 

5

 

 5.2, 

 

p

 

 

 

5

 

 .001), the left su-
perior frontal gyrus (BA 9, 

 

2

 

20, 48, 36, Z 

 

5

 

 4.9, 

 

p

 

 

 

5

 

.002) and the left anterior cingulate (BA 32, 

 

2

 

12, 28, 24,
Z 

 

5

 

 4.4, 

 

p

 

 

 

,

 

 .02). Decreases during the CPT compared
to the control task included the right medial temporal
gyrus (BA 37, 54, 

 

2

 

64, 8, Z 

 

5

 

 7.5, 

 

p

 

 

 

,

 

 .001), the left su-
perior temporal gyrus (BA 22, 

 

2

 

44, 

 

2

 

50, 20, Z 

 

5

 

 5.8,

 

p

 

 

 

,

 

 .001), the right precuneus (BA 7, 14, 

 

2

 

48, 40, Z 

 

5

 

4.7, 

 

p

 

 

 

5

 

 .004) and, at a statistical trend-level, the right
medial frontal gyrus (BA 9, 10, 36, 28, Z 

 

5

 

 3.9, 

 

p

 

 

 

,

 

 .09).

 

Psychology

 

Predominant among the MDMA-induced subjective ef-
fects were affective changes of a generally positive na-
ture. Compared to placebo, MDMA significantly ele-
vated EWL scores (main effect drug (Rao R (6,10) 
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8.05, 

 

p

 

 

 

,

 

 .002). Post hoc comparisons showed signifi-
cant increases for well-being (

 

p

 

 

 

,

 

 .001), heightened
mood (

 

p

 

 

 

,

 

 .001), self-confidence (

 

p

 

 

 

,

 

 .001), extroversion
(

 

p

 

 

 

,

 

 .001) and emotional excitability (

 

p

 

 

 

,

 

 .001)(Fig-
ure 2a).

MDMA also produced mild derealization and deper-
sonalization, as reflected by significantly increased OAV
scores (main effect of drug Rao R (3,13) 
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 11.56, 

 

p

 

 

 

,

 

.001). Post hoc comparisons revealed significant in-
creases for OB (“Oceanic Boundlessness”; 

 

p

 

 

 

,

 

 .001), VR
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(“Visionary Restructuralization”; 

 

p

 

 

 

,

 

 .001) and AED
(“Anxious Ego Dissolution”; 

 

p

 

 

 

5

 

 .02) (Figure 2b). The in-
crease in OB scores was due to a prominent increase in
items for positive basic mood and moderate increases in
items for derealization and depersonalization. Although
VR scores were elevated, none of the subjects reported
hallucinations, whereas visual illusions and an intensifi-
cation of tactile awareness were experienced frequently.
Increased AED scores were due to thought disorder and
first signs of loss of body control.

 

Correlations between Psychometric Scores and rCBF

 

No correlations reached statistical significance when
corrected for multiple comparisons. For exploratory
purposes, it was decided to lower the level of signifi-
cance to 

 

p

 

 

 

,

 

 .001, uncorrected for multiple compari-
sons. Correlations surviving this statistical threshold
are given below (with Broadman area, Talairach x, y, z
coordinates and Z score given in parantheses). Height-
ened mood correlated positively with CBF in the right
parietal cortex (BA 7, 18, 

 

2

 

58, 40, Z 

 

5

 

 3.9) and nega-

tively with CBF in the right caudate nucleus (

 

2

 

, 18, 20,
0, Z 

 

5

 

 3.4). Oceanic Boundlessness (OB) correlated pos-
itively with CBF in the right lateral prefrtontal cortex
(BA 10, 40, 50, 4, Z 

 

5

 

 3.7), the right supramarginal gy-
rus (BA 40, 54, 

 

2

 

56, 32, Z 

 

5 3.4) and the right lingual/
fusiform gyrus (BA 19, 26, 266, 0, Z 5 3.4). Anxious
Ego Dissolution (AED) correlated positively with CBF
in the left amygdala (2, 222, 28, 212, Z 5 3.3), the left
superior temporal gyrus (BA 22, 256, 238, 20, Z 5 3.3)
and negatively with CBF in the right inferior temporal/
fusiform gyrus (BA 20, 40, 222, 228, Z 5 3.5). EWL Ex-
troversion correlated positively with CBF in the left
precuneus (BA 7, 28, 250, 56, Z53.5).

For the present study, these results should be regarded
as purely descriptive. They may, however, serve to gener-
ate anatomically constrained hypotheses for future studies.

Cardiovascular and Adverse Effects

Blood pressure (BP) measurements were temporally av-
eraged into three time intervals: pre-drug (ranging

Figure 1. Transverse, coronal and sagittal brain sections showing significant rCBF differences between MDMA and pla-
cebo. Images are color-coded statistical parametric maps displayed according to radiological convention (left 5 right). Dis-
tance of planes relative to the anterior commisure are given in mm: x is the lateral distance from the midline (positive: right),
y is the anteroposterior distance from the anterior commisure (positive: anterior) and z denotes the rostrocaudal distance
from the bicommisural plane (positive: rostral). Upper row: MDMA-induced increases in rCBF. a 5 ventromedial frontal
cortex (including orbitofrontal and ventral anterior cingulate cortex), b 5 cerebellum, c 5 inferior temporal cortex, d 5
occipital cortex. Lower row: MDMA-induced decreases in rCBF. e 5 superior temporal cortex, f 5 insula, g 5 Thalamus,
h 5 pre-/paracentral cortex, k 5 left amygdala.
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from 2 h before up to drug administration), 0–75 min
post drug administration and 75–150 min post drug ad-
ministration. Each interval contained the average of
about four separate BP measurements.

MDMA moderately, but significantly, raised systolic
and diastolic BP, both compared to pre-drug levels and
to placebo levels. There were significant main effects of
drug for systolic (F(1,13) 5 17.33, p , .001) and diastolic
(F(1,13) 5 10.45, p , .001) BP as well as significant drug 3
time interactions for both systolic (F(2,26) 5 15.58, p ,
.001) and diastolic (F(2,26) 5 15.27, p , .001) BP. MDMA
raised systolic BP from 120.0 6 10.8 mm Hg pre-drug to
129.2 6 19.6 mmHg at 0–75 min (p , .001; post hoc) and
to 136.2 6 13.9 mmHg at 75–150 min post-drug (p , .001;
post hoc). Placebo levels at 0–75 min (118.3 6 9.0 mmHg)
and 75–150 min (118.3 6 10.6 mmHg) were significantly
lower than those after MDMA for the same time inter-
vals (p , .001 for both comparisons).

MDMA also increased diastolic BP from 73.4 6 8.4
mmHg pre-drug to 77.3 6 12.0 mmHg at 0–75 min (p ,
.001; post hoc) and to 80.9 6 10.6 mmHg at 75–150 min
after drug administration (p , .001; post hoc). Placebo
levels at 0–75 min (71.9 6 7.0 mmHg) and 75–150 min
(71.5 6 8.8 mmHg) were significantly lower than those
after MDMA for the same time intervals (p , .001 for
both comparisons).

Consistent with our previous report (Vollenweider
et al. 1998), MDMA produced a number of side effects,
which, however, were not experienced with great dis-
comfort by most subjects. Most frequently reported
were jaw clenching (64% during MDMA vs. 0% during
placebo), lack of appetite (63% vs. 6%), sweating (50%
vs. 0%), sensitivity to cold (50% vs. 6%), dry mouth/
thirst (50% vs. 6%), palpitations (38% vs. 0%) and diffi-
culty concentrating (50% vs. 31%).

CPT Performance

There was a statistical trend for a slightly greater num-
ber of errors made in the CPT during MDMA compared
to placebo (p , .06). Errors increased from 0.6 (0.15%)
under placebo to 1.2 (0.3%) under MDMA. There was
also a trend-level decrease (p , .09) in the number of
correct responses to the target letters during MDMA.
Correct responses droppped from 39.6 (99%) under pla-
cebo to 39.2 (97.9%) under MDMA.

DISCUSSION

In this study, a single oral dose of MDMA produced dis-
tributed rCBF decreases in limbic, paralimbic, central

Table 1. Local Maxima of MDMA-induced rCBF Changes in Healthy Subjects

Area (Brodmann’s area) x y z Z score p

rCBF increases
L ventromedial prefrontal cortex (10) 24 56 0 4.4 .010
R ventromedial prefrontal cortex (10) 6 56 0 5.1 .001
L ventral anterior cingulate (32) 212 46 0 5.0 .001
R ventral anterior cingulate (32) 18 38 24 5.1 .001
L fusiform gyrus (20) 244 28 224 5.4 ,.001
R fusiform gyrus (20) 48 28 224 4.9 .002
L occipital cortex (17/18) 222 292 0 5.8 ,.001
R occipital cortex (18) 4 290 8 5.7 ,.001
cerebellum 0 264 232 9.7 .001

rCBF decreases
pre-/paracentral cortex (5/6) 0 222 48 8.7 ,.001
L dorsal anterior cingulate (24) 24 8 26 5.7 ,.001
R dorsal anterior cingulate (24) 4 0 40 7.9 ,.001
L posterior cingulate (31) 22 230 36 4.9 ,.001
R posterior cingulate (23) 2 216 32 5.1 ,.001
L superior temporal gyrus (22) 250 22 4 6.4 ,.001
R superior temporal gyrus (22) 50 22 4 5.8 ,.001
L insula (13) 242 0 0 5.0 ,.001
R insula (13) 42 0 4 4.8 ,.001
R uncus (28/36) 20 0 228 5.8 ,.001
L amygdala 220 24 216 4.4 .020
R parahippocampal gyrus (35) 24 224 220 5.0 ,.001
L dorsomedial thalamus 26 216 4 4.8 ,.001
R dorsomedial thalamus 6 220 4 6.4 ,.001

Coordinates are defined in the standard stereotactic space of Talairach, relative to the anterior commisure.
x is the lateral distance (mm) from the midline (positive: right), y is the anteroposterior distance (mm) from
the anterior commisure (positive: anterior) and z denotes the rostrocaudal distance (mm) from the bicommi-
sural plane (positive: rostral). P– values are corrected for multiple comparisons.

Abbreviations: L 5 left, R5 right. rCBF 5 regional cerebral blood flow.
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frontal and temporal areas and increases in the prefron-
tal, inferior temporal and cerebellar cortex in human
subjects. These changes were paralleled by pronounced
mood enhancement, increased extroversion, slight anx-
ious ego dissolution, and a mild intensification of sen-
sory perception. Cardiovascular monitoring confirmed
our previous findings (Vollenweider et al. 1998) that
MDMA increases blood pressure. Likewise, adverse ef-
fects were similar as reported previously and included
jaw clenching, anorexia and difficulty concentrating.

It can be assumed that the observed changes in brain
activity reflect several (if not all) of these psychological
and physical alterations to a certain extent. With regard to
possible neural substrates for MDMA-induced mood en-
hancement, the observed decrease in left amygdalar CBF
in subjects experiencing an overall pleasurable mood state
may be relevant. A decrease in left amygdala rCBF has
previously been found to be correlated with feelings of eu-
phoria during psychopharmacological stimulation in
healthy subjects (Ketter et al. 1996). Furthermore, a num-

ber of functional imaging studies reported a positive cor-
relation or association of left amygdalar activity with anxi-
ety or sadness (Schneider et al. 1995; Ketter et al. 1996;
Kalin et al. 1997), which is also in tentative agreement with
the present, non-significant correlation between CBF in
the left amygdala and anxiety-related psychometric
scores. Thus, the observed decrease in left amygdalar flow
after MDMA could provide a possible neurophysiological
substrate for MDMA-induced heightened mood. How-
ever, we did not find a correlation of scores for positive
mood with the decrease in left amygdala flow. Clearly, the
regulatory influence of the amygdala on mood and emo-
tional state needs to be evaluated in further studies.

A number of other areas modulated by MDMA are also
likely to play a role in its prominent emotional effects. The
ventral (George et al. 1995; Ketter et al. 1996; Drevets et al.
1994; Lane et al. 1997) and dorsal (Ketter et al. 1996; Para-
diso et al. 1997) anterior cingulate, thalamus (George et al.
1995), temporal lobe (George et al. 1995) and cerebellum
(Volkow et al. 1991; Paradiso et al. 1997) have all been im-
plicated in emotional processing based on funtional imag-
ing studies using pharmacologically, film- or self-induced
emotion. These regions are richly interconnected and there
is growing evidence that, together with the amygdala, they
form a functional network for the regulation of mood and
emotion (George et al. 1995). Thus, MDMA-induced emo-
tional enhancement may rely on modulation of these lim-
bic and paralimbic brain structures.

However, rCBF changes in some areas may also reflect
non-psychological effects of MDMA. For example,
MDMA may have direct cerebrovascular effects that
could uncouple cerebral blood flow from neuronal activ-
ity (as indexed e.g., by firing rate or glucose/oxygen me-
tabolism). In fact, it has been found that MDMA, al-
though at a higher dose (5 mg/kg) than the one presently
used, led to marked hyperperfusion in the rat frontal and
parietal cortex without a concomitant change in glucose
consumption (Kelly et al. 1994). If we assume such an ef-
fect in our study, it could either be global or local. A po-
tential global effect would be controlled for by the ap-
plied correction for global variance. However, a local
cerebrovascular effect of MDMA could not be controlled
for statistically and cannot be excluded in our study.

Some of the prominent rCBF changes induced by
MDMA are not immediately explained. The strong and
widespread decrease in cortical somatosensory and motor
areas may be related to the altered tactile awareness under
MDMA. Increased flow in the visual cortex could be attrib-
utable to the mild visual alterations reported by MDMA
subjects. However, there is no correlation between VR
scores and CBF in this area to support such a view.

Recent evidence from our lab indicates that serotonin
is mainly involved in the psychological and physiological
effects of MDMA in humans, while dopamine D2 action
plays a less important role (Liechti et al. 1999; Liechti et al.
unpublished observations). These data suggest that 5-HT

Figure 2. MDMA-induced alterations of subjective experi-
ence during PET measurements. (A) MDMA-induced affec-
tive changes as measured by the EWL Mood Questionnaire.
(B) MDMA-induced changes in dimensions of the Altered
States of Consciousness Questionnaire (OAV). OB 5 “Oce-
anic Boundlessness,” VR 5 “Visionary Restructuralization”
and AED 5 “Anxious Ego Dissolution.” *p , .05, **p , .01,
***p , .001. Whiskers represent Standard Errors.
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may also be the main neurotransmitter system involved
in mediating the CBF effects of MDMA, at least to the ex-
tent that they are neurotransmitter effects. This view is
consistent with results from a human [H2

15O]-PET study
with the 5-HT releaser and uptake inhibitor d-fenflu-
ramine that produced changes overlapping with those
seen in the present study, particularly rCBF increases in
the ventromedial frontal cortex and decreases in the tem-
poral lobes and thalamus (Meyer et al. 1996). A further
PET study in humans using the MDMA congener MDE
also found some changes similar to the present study, in-
cluding a prominent increase in bilateral cerebellar meta-
bolic rate of glucose (rCMRGlu) and decreases in the pre-
central and superior frontal cortex (Gouzoulis-Mayfrank
et al. 1999). These common changes may reflect a com-
mon serotonergic activation. However, there were also
substantial non-overlapping changes in brain activity be-
tween MDMA and these other 5-HT agonists. Generally,
MDMA produced a more widespread modulation of
brain activity. These differences may be in part due to dif-
ferent methodologies, but may also reflect differential ef-
fects on receptors and neurotransmitters such as dopa-
mine, norepinephrine and acetylcholine.

In conclusion, our study demonstrates that distrib-
uted rCBF changes in cortical and limbic/paralimbic
structures parallel the various psychological and so-
matic effects of the 5-HT releaser MDMA in humans.
MDMA may provide a useful tool to study serotonergic
mechanisms of mood regulation in humans.
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