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Abstrac t t 
BackgroundBackground and purpose - Abuse of the popular recre-
ationall drug "Ecstasy" (MDMA) has been linked to 
thee occurrence of cerebrovascular accidents. It is 
knownn that MDMA alters brain serotonin (5-HT} con-
centrations,, and that brain post-synaptic 5-HT2 recep-
torss play a role in the regulation of brain microvascu-
lature.. Therefore, we used brain imaging to find out 
whetherr MDMA use predisposes to cerebrovascular 
accidentss by means of alterations in brain 5-HT neuro-
transmission.. Methods-The effects of MDMA use on 
brainn cortical 5-HT2A receptor densities were studied 
usingg ['^IJRgnso single-photon emission CT in 10 
abstinentt recent MDMA users, 5 former MDMA 
users,, and 10 healthy controlsubjects. Furthermore, to 
examinee whether changes in brain 5-HT2A receptor 
densitiess are associated with alterations in blood ves-
sell volumes, we calculated relative cerebral blood 
volumee (rCBV) maps from dynamic MR image sets in 
55 MDMA users and 6 healthy control control subjects. 

Results-- An analysis of variance revealed that 
meann cortical ['^IJRgnjo binding ratios were signifi-
cantlyy lower in recent MDMA users than in former 
MDMAA users and control subjects. This finding sug-
gestss down-regulation of 5-HT2 receptors caused by 
MDMA-inducedd 5-HT release. Furthermore, in MDMA 
users,, low cortical 5-HT2 receptor densities were sig-
nificantlyy associated with low cerebral blood vessel 
volumess (implicating vasoconstriction) and high cor-
ticall 5-HT2 receptor densities with high cerebral blood 
vessell volumes (implicating vasodilatation) in specific 
brainn regions. Conclusions- These findings suggest a 
relationshipp between the serotonergic system and an 
alteredd regulation of 5-HT2 receptors in human 
MDMAA users. MDMA users may therefore be at risk 
forr cerebrovascular accidents resulting from altera-
tionss in the 5-HT neurotransmission system. 

Introductio n n 
Recently,, several case reports have linked the abuse of 
thee popular recreational party drug 3,4-methylen-
edioxymethamphetaminee (MDMA, or "Ecstasy") to 
thee occurrence of cerebrovascular accidents (De stlva 
etal.,, 1992; Cledhill etal., 1993; Hanyu et al., 1995; 
Harriess et al., 1992; Henry 1992a; 1992b; Hughes et 
al.,, 1993; Teggin 1992). The brain area most vulnera-
blee to the vascular effects of MDMA is the globus pal-
lidus,, a region rich in serotonin (5-HT) nerve termi-
nalss (Spatt et al., 1997; Squier et a!., 1995). 
Considerablee evidence has accumulated over the 
yearss strongly pointing to the involvement of 5-HT 
andd 5-HT2 receptors in the regulation of brain micro-

circulationn (Cohen et al., 1996; Parsons 1991). MDMA 
inducess release of 5-HT from serotonergic neurons. 
However,, abuse of this drug eventually leads to loss of 
serotonergicc neurons, causing 5-HT depletion and a 
compensatoryy up-regulation of post-synaptic 5-HT2 
receptors.. It has therefore been suggested in several 
reportss that M DMA abuse may predispose to cerebro-
vascularr disease as a result of MDMA-induced effects 
onn brain 5-HT concentrations and 5-HT2 receptors 
(Greenn etal., 1995; Henry 1992b; Spatt et al., 1995; 
Squierr et al., 1995). Advances in neuroimaging techni-
quess such as single photon emission CT (SPECT), 
havee made it possible to study 5-HT2 receptors in the 
livingg human brain, using iodine-123 labelled Rgiiso. 
[,2Jl]R9ii500 binds selectively and with high affinity to 
thee 5-HT2A receptor subtype. Cortical binding of [,2JI]-
5-l-R9ii5oforr 5-HT2A receptors is specific and reversi-
ble,, as shown by inhibition of binding by ritanserin 
andd displacement by ketanserin (Busatto et al., 1997). 
Moreover,, by using cerebral blood volume (CBV) 
mapss calculated from dynamic MR imaging sets, it is 
noww possible to study relative CBV (rCBV) (Belliveau 
etal.,, 1990; Rosen et al., 1991) in the brain, in which 
regionall vasospasm will decrease rCBV values, and 
vasodilatationn will increase CBV values (Kaufman et 
al.,, 1998). 

Thee aim of the present preliminary study was to 
usee [,23l]R9"ti50 SPECT to investigate the effects of 
MDMAA use on brain 5-HT2A receptor density, and, 
withh the use of MR imaging sets, to ascertain whteher 
thesee effects are associated with alterations in rCBV in 
abstinentt recent MDMA users, former MDMA users, 
andd healthy control subjects. 

Method s s 
Participants Participants 
Fifteenn participants who reported previous heavy use 
off MDMA (mean age, 26 years) and 10 age-matched 
controll subjects (mean age, 23 years) (Table i) were 
enrolledd in the SPECT study. The eligibility criterion for 
thee MDMA group was previous use of at least 50 
tabletss of MDMA. Ten participants had recently used 
thiss drug (MDMA group) and five former MDMA 
userss had abstained from using MDMA (ex-MDMA 
group;; Table i ) .The eligibility criterion for the MDMA 
groupp was a drug-free interval of 1 week to 2 months 
priorr to the study. Because animal studies have shown 
thatt down-regulation of 5-HT2 receptors persists for 
att least 1 month after the last intake of MDMA 
{Scheffell et al., 1992), the cut-off point of the drug-free 
intervall for the ex-MDMA group was established at 2 
months.. The control group consisted of healthy sub-

I l l l 



Investigatin gg th e potentia l neurotoxicit y o f Ecstac y (MDMA) : An imagin g approac h 

jectss with no self-reported prior use of psychoactive 
drugs,, including MDMA. Recruitment was through 
advertisementss in local newspapers. Participants 
agreedd to abstain from use of psychoactive drugs for 
att teast i week before the study, and were asked to 
undergoo urine drug screening (with an enzyme-mul-
tipliedd immunoassay for amphetamines, barbiturates, 
benzodiazepinee metabolites, cocaine and metabolite, 
opiates,, and marijuana) before enrollment. After the 
testingg of urine samples, exclusion criteria were a 
positivee drug screen, pregnancy, severe medical or 
neuropsychiatricc illness that precluded informed con-
sent,, claustrophobia, a cardiac pacemaker or surgical 
clip,, and neuropsychiatric disease in which 5-HT has 
beenn implicated. All participants gave written infor-
medd consent. 

5-HT22 receptor imaging 

Forr SPEC! studies, the Strichman Medical Equipment 
810XX tomographic system was used (Strichman 
Medicall Equipment, Inc., Medfield, MA). The trans-
axiall resolution of this camera is 7.6 mm full-width at 
half-maximumm of a line source in air, and the axial 
resolutionn is 13,5 mm. Each acquisition consisted of 15 
slicess acquired in a 128 x 128 matrix with a slice distan-
cee of 5 mm and a scanning time of 3 minutes per slice. 
Thee energy window was set at 135 to 190 keV. Subjects 
layy in the supine position with the head aligned paral-
lell to the orbitomeatal line, and were positioned such 
thatt the scanning volume initially included the cere-
bellum.. Acquisition of images began 2 hours after 
intravenouss injection of approximately 140 MBq 
[1231^911500 (radiolabeling as described by Busatto and 
co-workers;; Busatto et al., 1997), a time at which spe-
cificc binding is maximal and stable for up to 8 hours 
afterr injection. For assessment of the scans, reveiwers 
weree blinded to subject status. For analysis of 
[l2M]R9ii 150 binding, a standard template with regions 
off interest (ROIs) was constructed manually from 
coregisteredd MR images. For positioning, we used 
thesee MR images as a guide. Coregistration of MR 
imagess and SPECT scans was performed using the 
Hermess Multi Modality software package (Nuclear 
Diagnostics,, Stockholm, Sweden). The template, 
includingg ROIs for the frontal, parietal, and occipital 
cortices,, was placed on the three highest consecutive 
SPECTT slices. An additional template was constructed 
withh an ROI forthe cerebellum. Mean signal density 
off the left and right cortices (mean counts per pixel of 
frontal,, parietal, and occipital cortices) and of the 
cerebellumm was determined. ROI analysis was perfor-
medd by an investigator unaware of the participant's 

history.. The uptake in the cerebellum, presumed free 
fromm 5-HT2A receptors, was used as a reference for 
backgroundd radioactivity (nonspecific binding plus 
freee ligand). ROI/cerebellum activity ratios were calcu-
latedd as a relative measure of specific binding to 5-
HT2AA receptors for a given brain region (Busatto et 
al.,, 1997; Travis etal., 1998). 

CalculatingCalculating rCBV values 
rCBVV maps were calculated from dynamic MR image 
setss acquired with echo-planar spin-echo imaging 
afterr intravenous injection of gadolinium-based con-
trastt material. MR images were obtained at 1.5 T MR 
imagingg was performed, on average, 6 hours before 
SPECTT studies were obtained. An 18-gauge catheter 
wass inserted into a large peripheral vein before MR 
imagingg was performed. A saline drip was used to 
maintainn the vein's patency. Gadopentetate dimeglu-
minee (0.2 mmol/kg) was power-injected at a rate of 5 
mL/ss through the angiocatheter. A series of images 
(400 series of 12 slices in 64 seconds) was obtained at 
intervalss of 1202 milliseconds using a lipid-suppres-
sedd spin-echo echo-planar pulse sequence (TR/TE = 
0.8/54)) before, during, and after injection of the con-
trastt agent. Lipid suppression was used to suppress 
subcutaneouss fat. We used a 128 x 128 x 12 matrix with 
aa voxel size of i.8x 1.8 x 6.0 mm. 

Afterr data collection, rCBV maps were derived on 
aa voxel-by-voxel basis from the dynamic image sets 
{usingg software developed at MGH-NMR Center, 
Charlestown,, MA) (Ostergaard et al., 1996; Rosen et 
al.,, 1989). Since susceptibility contrast rCBV mapping 
methodd yields relative rather than absolute value of 
rCBV,, comparison among subjects is facilitated by 
referencee to an internal standard. In analogy to pre-
viouss studies (Aronen et al., 1994; 1995), normal 
whitee matter was used as this reference. To calculate 
rCBV/whitee matter, the ROI's of various brain regions 
(leftt and right frontal-, and occipital cortex, white mat-
ter,, putamen and globus pallidus) were defined on 
rCBVV maps by a radiologist unaware of the partici-
pant'ss history. Ratios were calculated by dividing the 
meann rCBVofthe brain region by that of unilateral 
meann white matter. Because rCBV maps enable quan-
tificationn of vascularization in relative terms (Aronen 
ett al., 1995), a high rCBV ratio implies high regional 
bloodd volume, or vasodilatation, whereas a low rCBV 
ratioo implies vasoconstriction (Kaufman et al., 1998). 

Statistics Statistics 
Differencess in mean cortical [ l i J l jR9ii50 radioligand 
bindingg among groups were tested by one-way analy-
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TableTable 7. 5-HT. receptor imaging. Characteristics of participants, mean cortical ['^IjRgn^o binding ratios: 

Meann age (y) 

Men/women n 

Timee since last dose (wk) 

Lifetimee no. of tablets 

LastLast 3 months use of: 

MDMAA (no. of tablets) 

Alcoholl (units) 

Tobaccoo (no. of cigarettes) 

Cannabiss (no. joints) 

Cocainee (no. of lines) 

LSDD (no.of times used) 

Corticall [';-'l]R9ii50 binding ratio 

Control l 

nn = i o 

23(3) ) 
4/6 6 

--
" " 

_ _ 
411 (38) 
177 (20) 

3(6) ) 

--
--
1.788 (0. 

su u 

5) ) 

jjects s MDMAA Group 

nn = i o 

27(5) ) 
7/3 3 

7(5) ) 
139(129) ) 

11 (0.8) 

277 (31) 

577 (45) 
200 (29) 

66 05) 
1.0(1.7) ) 
1.58(0.17)= = 

ex-MDMAA Croup 

nn = 5 

24(5) ) 

4/1 1 

188 (15) 

2188 (201) 

0.44 (0.6) 
388 (33) 
544 (44) 
466 (39) 

1.911 (0.11) 

'' Data are expressed as mean values (  SD) 
11 Statistically significant difference in binding in the MDMA group as compared with control group and ex-MDMA group (p = 0.02. and 0.001. 
respectively;; ANOVA; Tukey Post Hoc test) 

siss o f var iance. Dif ferences in rCBV values a m o n g 

groupss were analyzed us ing an unpai red Student 's t-

test .. The re la t ionsh ip between mean cort ical 

['2»l]Ro.ii500 rad io l igand b ind ing and rCBV values in 

specif icc bra in regions was invest igated wi th Spear-

man 'ss rank cor re la t ion , since it has the advantage that 

2-5 5 

ii 1-5 -

0.55 -

1 — — 
Control l MDMAA ex-MDMA 

FigureFigure 1. The mean and individual p23ljRgn^o binding ratios in the 

cortex:cortex: control subjects versus MDMA and ex-MDMA users. Cortical 

bindingbinding ratios were calculated as cortical binding / binding in the cere-

bellum.bellum. Asterisk indicates a statistically significant difference in bin-

dingding ratio as compared with control subjects and ex-MDMA users. 

itt does not specif ically assess a l inear associat ion but 

aa more general one. A p value less than 0.05 was 

takenn to be s igni f icant w i th a two- ta i led test . We analy-

zedd all data w i t h SPSS version 9.0 sof tware (Stat ist ical 

Packagee for the Social Sciences, Chicago, I I) . 

Result s s 
5-HT25-HT2 receptor imaging 

Participantss in the M D M A and ex -MDMA group had 

used,, on average, 139  129 tabelts and 218  201 

tabletss o f M D M A , respectively (Table 1). Part ic ipants in 

thee M D M A and ex -MDMA group had not used M D M A , 

onn average, 7  5 and 18  15 weeks, respectively, before 

th iss invest igat ion. All part ic ipants were r ight-handed. 

Leftt and r ight cort ical [ , 2M]R9i i50 b ind ing d id no t 

di f ferr s igni f icant ly between cont ro l subjects and 

M D M AA users. Therefore, mean cort ical 5-HT2A recep-

to r -b ind ingg ratios were calculated (average o f left and 

r ightt f ron ta l , parietal, and occip i ta l [ ,J2|]R9i 150 b in-

d ing ) .. Mean cort ical 5-HT2A receptor b ind ing rat ios in 

thee M D M A g roup were signif icantly lower than in 

thosee in the e x - M D M A and cont ro l g roup (p = 0 . 0 0 1 , 

andd 0 .02 , respect ively). Mean cort ical 5-HT2A receptor 

b i n d i n gg ratios were higher in the e x - M D M A g roup 

thann in the con t ro l g roup, a l though this d i f ference was 

nott stat ist ical ly signif icant (Table 1, Figures 1 and 2). 

rCBVrCBV values 

Inn add i t i on to the SPECT studies, we per fo rmed dyna-

micc MR imag ing in a random sample o f par t ic ipants 

o ff the SPECT study to calculate rCBV values. 
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FigureFigure 2. P'^ljRgn^o SPECT images of a control sub-

ject,ject, a recent MDMA user and an ex-MDMA user. 

TransverseTransverse slices from the brain at the level of the basal 

ganglia,ganglia, approximately 3 cm above the orbitomeatal 

line.line. In the three images, the level ofp^ljRgn^o 

activityactivity is color-coded from low (black) to high (white) 

andand scaled to the maximum in the slice obtained in 

thethe control subject. The three images are representative 

forfor the three groups: in the control subject, there is 

normalnormal p2il]Rgii^o binding, in the recent MDMA user, 

lowlow p'iljRgn^o binding, and in the ex-MDMA user, 

highhigh p 23/]Rgi75o binding. 

Eventually,, a r a n d o m sample o f 5 M D M A users (3 

recentt users and 2 e x - M D M A users) and 6 healthy 

con t ro ll subjects were enro l led in the MR imag ing 

studyy (Table 2). 

Noo signi f icant di f ference in left and r ight rCBV 

TableTable 2. CSV values: characteristics of participants and mean rCBV 

ratioratio in brain areas studied' 

Controll subjects MDMA users 

n = 66 n=5 

Meann age (years) 

Men/women n 

Timee since last dose (wk) 

Lifetimee no. of tablets 

LastLast 3 months' use of: 

MDMAA (no. tablets) 

Alcoholl (units) 

Tobaccoo (no. cigarettes) 

Cannabiss (no. joints) 

Cocainee (no. lines) 

LSDD (no. of times) 

rCBVrCBV ratios 

Frontall cortex 

Occipitall cortex 

Putamen n 

Globuss pallidus 

thee e x - M D M A users had higher rCBV in some specif ic 

brainn regions (Figure 3). 

22(1) ) 

3/3 3 

--

366 (24) 
18(21) ) 

6(7) ) 

25(5) ) 

4/1 1 

7(5) ) 
3100 (247) 

566 (36) 
722 (40) 
400 (46) 

1.99(0.45) ) 
3.06(1.05) ) 
1.54(0.30) ) 

1.066 (0.27) 

144 (20) 

2.022 (O.35) 

3.04(1.10) ) 

1.722 (O.42) 

1.299 (0.26) 

Dataa are expressed as mean values (1 SD) 

valuess was f ound between the cont ro l subjects and 

thee M D M A users. Therefore, a mean o f left and r ight 

cerebrall rCBV values was calculated for the brain 

regionss s tud ied. Mean rCBV values for the M D M A 

userss d id not differ s igni f icant ly f r o m those obta ined 

inn con t ro l subjects in the brain regions studied (Table 

2).. Th e subgroup o f 2 e x - M D M A users had higher 

rCBVV values in the brain regions studied than d id 

recentt M D M A users. Compared w i th con t ro l subjects, 

FigureFigure 3. Higher rCBV values are observed in the left globus pallidus 

andand right thalamus in the ex-MDMA users than in control subjects. 

AfterAfter registration in the same orientation (in six control subjects and 

twotwo ex-MDMA users), an unpaired Student's t test was performed 

onon each voxel of generated rCBV maps, revealing significant differen-

cesces in the colored regions (yellow, p < 0.025; red, P < 0.005). Iniages 

werewere obtained at intervals of 1202 milliseconds (800/54) before, 

during,during, and after injection of the contrast agent. 

CorrelationsCorrelations between 5-HT2 receptor densities 

andand rCBV values 

Inn M D M A users, but not in con t ro l subjects, a signi f i -

cantt posi t ive corre lat ion was f ound between cor t ica l 5-

H T 2 AA receptor b ind ing rat ios and rCBV values in the 

g lobuss pal l idus and occipi ta l cortex (in con t ro l sub-

jects,, [rho] = - 0.12 and - 0 .06 , respectively, and p = 

0.744 and 0 .91 , respectively; in M D M A users, [rho] = + 

0 .90 ,, and = + 0 .90, p = 0 .04 and 0 .04 , respectively) 

(Figuree 4) . The covariance effects o f age, sex, and 

extentt o f previous M D M A use were not s ign i f icant in 

thee g lobus pal l idus (p = 0.89, p = 0.74, and p = 0.18, 

114 4 



P a r tt  I I I | P o t e n t i a l f u n c t i o n a l c o n s e q u e n c e s o f M D M A - i n d u c e d n e u r o n a l los s 

respectively)) or in the occip i ta l cortex (p = 0.15, p = 

0.11,, and p = 0 .08, respect ively). 

Discussion n 
Dataa obta ined in M D M A - t r e a t e d rats have shown 

down-regu la t ionn o f 5-HT2 receptors unt i l several 

weekss after t rea tment , o w i ng t o h igh levels o f synaptic 

5-HTT (Scheffel et al., 1992). Other studies have also 

shownn that 5-HT release leads to a compensa to ry 

down-regu la t ionn o f post-synapt ic 5-HT2A receptors 

(Peroutkaa et al., 1980), whereas 5-HT dep le t ion leads 

too an up-regulat ion o f 5-HT2A receptors (Heal et al., 

1985).. Interest ingly, in th is study, we observed a s igni-

f icantt lower cort ical [ 2 J l ]R9 i i 50 b i n d i n g to 5-HT2A 

receptorss in the M D M A g roup , compared to cont ro ls 

andd e x - M D M A users. This f ind ing suggests down-

regulat ionn o f 5-HT2A receptors. M D M A is an amphe-

tam inee der ivat ive, wh ich induces release o f 5-HT f r o m 

serotonergicc neurons (Green et al., 1996; Wh i te et a l . , 

1996).. The present ly observed low cort ical 5-HT2A 

receptorr densi ty in the recent M D M A group therefore 

suggestss down- regu la t ion due to M D M A - i n d u c e d 5-

HTT release. 

Inn contrast , the h igh b ind ing o f [>2 ' l ]Rgi150 in the 

e x - M D M AA g roup ( though not stat ist ical ly s igni f icant) 

suggestss an up- regu la t ion o f post-synapt ic 5-HT2A 

receptorss due to M D M A - i n d u c e d 5-HT dep le t ion . It is 

knownn that abuse o f M D M A leads eventual ly to loss 

o ff serotonergic neurons . For example, cort ical 5-HT 

levelss in M D M A - t r e a t e d monkeys were stil l signif i-

ess - , 

i-5 5 

rCBVV ratio 

Frontall cortex 

2-55 -1 

^^ 1.7 -

rCBVV ratio 

Occipitall cortex 

2-55 -1 

i-55 -

5 5 

rCBVV ratio 

Putamen n 

2-5 5 

2-55 -1 

ïï I J -

e»-5 5 

o — - / - - - --

ii  1.5 

rCBVV ratio 

Globuss Pallidus 

2'5 5 

FigureFigure 4. Cortical f^Z/Rcji^o binding versus rCBV values in specific brain regions. Open circles: controls; closed circles: MDMA users. 
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cantlyy reduced 13 months after treatment (Scheffel et 
al.,, 1998). Thus, the presently observed high 
[, iJl]R9ii 150 binding may be the result of low synaptic 
5-HT,, possibly caused by loss of 5-HT neurons due to 
previouss MDMA use. In a recent study it was demon-
stratedd that MDMA causes loss of 5-HT neurons not 
onlyy in animals, but in human beings as well {McCann 
ett al., 1998). Therefore, it could be hypothesized that 
inn the ex-MDMA group loss of 5-HT neurons resulted 
inn low synaptic 5-HT levels, leading to up-regulation of 
5-HT22 receptors. The SPECT results obtained in the 
presentt study indicate the necessity, and would proba-
blyy justify, repeated 5-HT2 receptor studies within 
MDMAA users. 

Inn MDMA users, but not in controls, we found a 
significantt positive correlation between cortical 5-
HT2AA receptor densities (measured with [,25l]R9ii5o 
SPECT)) and rCBV values (measured with dynamic 
MR)) in the occipital cortex and globus pallidus. 
Interestingly,, several studies have pointed out that 
necrosiss of the globus pallidus was the most striking 
neuropathologies!! change in post-mortem material of 
MDMAA users (Spatt et al., 1995). The globus pallidus 
iss an area rich in 5-HT terminals. It is thought that 
locall release of 5-HT, as induced after recent intake of 
MDMA,, led to prolonged vasospasm and necrosis of 
thee globus pallidus (Henry etal., 1997; Squieret a)., 
1995),, possibly via stimulation of 5-HT receptors situ-
atedd on microvessels by 5-HT. In addition, several stu-
diess have described cortical cerebral vascular acci-
dentss after MDMA use (De Silva et al., 1992; Cledhill 
ett al., 1993; Hanyu et al., 1995; Harries & De Silva 
1992;; Henry 1992a; 1992b; Hughes et al., 1993; Teggin 
1992).. The occipital cortex is also a brain area rich in 
5-HTT releasing neurons and 5-HT2A receptors (Aronen 
ett al., 1995). It has been shown that the occipital cor-
texx is particularly sensitive to 5-HT neuronal injury, 
sincee MDMA-treated monkeys showed the most seve-
ree 5-HT depletion in the occipital cortex (Scheffel et 
al.,, 1998). 

Thee presently observed correlation between cor-
ticall 5-HT2A receptor availability and rCBV values in 
thee occipital cortex and globus pallidus in MDMA 
users,, but not in controls, suggests that 5-HT2A recep-
torss are involved in the pathogenesis of MDMA-indu-
cedd abnormal vascular reactions, possibly leadingto 
cerebrovascularr accidents. It is known that 5-HT2A 

receptorss play a key role in the regulation of brain 
microcirculation,, since they are located on brain 
microvesselss (Cohen et al., 1996; Parsons 1991). For 
years,, 5-HT2 antagonists were proven effective in pre-
ventingg migraine headache (Mylecharane 1991). It is 
thoughtt that stimulation of 5-HT2A receptors by 5-HT 

mediatee cerebral vasoconstriction. However, vasodila-
tationss have also been observed (Cohen et al., 1996). 
Thee short-term effect of MDMA involves excessive 5-
HTT release and stimulation of 5-HT2A receptors, lea-
dingg to vasoconstriction. In line with this, we found 
thatt recent MDMA users had a significantly lower den-
sityy of cortical 5-HT2A receptors (down-regulation due 
too high synaptic 5-HT levels), and a low rCBV (vaso-
constriction)) in the occipital cortex and globus palli-
duss of this group. On the other hand, former 
(ex-)MDMAA users had a high density of cortical 5-
HT2AA receptors (up-regulation due to 5-HT depletion), 
andd a high rCBV (vasodilatation) (as illustrated in 
Figuree 3). In such a 5-HT deprived system, 5-HT2A 

receptorss are not sufficiently stimulated, thus leading 
too vasodilatation instead of vasoconstriction. These 
findingss suggest that MDMA users are susceptible to 
cerebrovascularr accidents, due to vasoconstriction in 
recentt MDMA users, and vasodilatation in ex-MDMA 
users. . 

Thee ratio obtained in this study between cortical 
grayy and white matter rCBV in controls, approximately 
2.5,, correlates well other MR rCBV mapping studies 
(Aronenn etal., 1994; Lammertsma et al., 1985). In 
addition,, the ratios of ['^1^91150 binding in controls 
aree wholly consistent with other studies (Busatto et 
al.,, 1997; Travis etal., 1998). 

Severall potential limitations of the current study 
shouldd be mentioned. First, as with all retrospective 
studiess there is a possibility that pre-existing differen-
cess between MDMA users and nonusers underlie dif-
ferencess in 5-HT2A receptor densities and rCBV. Thus, 
peoplee with low 5-HT2A receptor densities may be pre-
disposedd to use MDMA and to have low occipital and 
pallidall rCBV values. Second, this study was perfor-
medd using small samples. Nevertheless, 5-HT2A 

receptorr densities are unequivocal and these data do 
providee useful preliminary evidence of the relations-
hipp between 5-HT2A receptor densities and rCBV as 
revealedd by SPECT and MR. Furthermore, despite the 
knownn presence of 5-HT2A receptors in the globus 
pallidus,, as demonstrated in in vitro and in vivo stu-
diess (Pazos et al., 1987; Schotte et al., 1983), it is not 
possiblee to visualize 5-HT2A receptors in the globus 
palliduss or basal ganglia, using SPECT. In cortical 
regions,, 5-HT2A receptor densities are about 10 times 
higherr than in the basal ganglia {Schotte et al, 1983). 
Therefore,, reliable quantification of 5-HT2A receptor is 
difficultt in the basal ganglia using SPECT. In a recent 
studyy it was shown that in MDMA users brain 5-HT 
transporterr densities were globally decreased 
(McCannn et al., 1998). It can be expected, therefore, 
thatt the extent of alterations in cortical 5-HT2A recep-
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torr densities, observed in the present study, reflect 
thosee in the globus pallidus. Third, in the present 
study,, a larger number of females than males was 
includedd in the control group. Since there is evidence 
fromm animal experiments that 5-HT2 receptor density 
inn brain is higher in female than in male animals, the 
observedd difference between controls and MDMA 
userss may be an artifact of the larger number of 
womenn in the control group. However, a recent 
I,J3|]R9ii5oSPECTT study, performed in healthy human 
subjects,, showed no influence of gender on 
[,13l]Roji500 binding (Baeken etal., 1998). Finally, all 
participantss in the MDMA group in our study repor-
tedd that they had abstained from use of MDMA or 
otherr psychoactive drugs for at least one week before 
thee study. Although most of the MDMA users had 
experimentedd with other recreational drugs (mainly 
alcoholl and cannabis), none was a known 5-HT neuro-
toxinn in human beings, and was therefore not likefy to 
accountt for changes in [173l]-5-l-R91150 binding to 5-
HT2AA receptors. 

Conclusio n n 
Wee now provide new support for the hypothesis that a 
relationn between 5-HT2 receptor density and rCBV in 
specificc regions of the brain exists. Taken in conjunc-
tionn with the clinical data from other published stu-

diess and historical findings of cerebrovascular acci-
dentss in MDMA users, one may infer that a relation 
betweenn the serotonergic system and MDMA-induced 
cerebrovascularr accidents exists. Our data suggest a 
trendd in which MDMA users may be susceptible to 
abnormall vascular reactions, induced by alterations in 
thee 5-HT system, eventually predisposing to cerebro-
vascularr accidents. Additional studies and converging 
liness of evidence are needed to better delineate the 
potentiall of MDMA to induce cerebrovascular acci-
dentss in humans by alterations in the 5-HT system. 
Ourr observations, in accord with other (case) reports, 
indicatee that people who use MDMA are not only 
unwittinglyy putting themselves at risk of developing 
neuronall 5-HT brain injury, but cerebrovascular acci-
dentss as well. Furthermore, this study indicates that 
thee putative relation between cortical 5-HT2A receptor 
densityy and rCBV values in the occipital cortex and 
globuss pallidus may implicate a target for prevention 
andd treatment in the form of selective 5-HT receptor 
agents,, in patients suffering from abnormal vascular 
reactionss after MDMA use. 
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Abstrac t t 
PurposePurpose - To evaluate the effects of 3,4-methylen-
edioxymethamphetaminee (MDMA, ecstasy) on the 
humann brain by using diffusion and perfusion magne-
ticc resonance (MR) imaging. 
MaterialsMaterials and Methods - Eight abstinent ecstasy users 
andd six ecstasy nonusers underwent diffusion and 
perfusionn MR imaging. Apparent diffusion coefficient 
andd relative cerebral volume maps were reconstruc-
ted.. Differences in apparent diffusion coefficient valu-
ess and relative cerebral blood volume ratios between 
thee groups were analyzed using the Mann-Whitney-
Wilcoxonn test. The relationship between apparent dif-
fusionn coefficient values and relative cerebral blood 
volumee ratios and the extent of previous ecstasy use 
wass investigated with Spearman rank correlation. 
ResultsResults - Apparent diffusion coefficient values (0.84 vs 
0.655 x io"5 cm2/sec, p < 0.025) a r ,d relative cerebral 
bloodd volume ratios {1.22 vs i .01, p < 0.025) were sig-
nificantlyy higher in the globus pallidus of ecstasy 
userss compared with nonusers, respectively. 
Increasess in pallidal relative cerebral blood volume 
weree positively correlated with the extent of previous 
usee of ecstasy (p = o.73, p< .04) . Conclusion - Ecstasy 
mayy be associated with tissue changes in the globus 
pallidus.. These findings are in agreement with case 
reports,, suggesting that the globus pallidus is particu-
larlyy sensitive to the effects of ecstasy. 

Introductio n n 
3,4-Methylenedioxymethamphetaminee MDMA 
("Ecstasy")) is an amphetamine congener that has gai-
nedd marked popularity as a recreational drug. MDMA 
inducess release of serotonin (serotonin) from seroto-
ninn neurons. However, it has become increasingly 
apparentt that M DMA use eventually can lead to toxic 
effectss on brain serotonin neurons in animals as well 
ass humans. In animals, damage to serotonin neurons 
hass been demonstrated by reductions in various mar-
kerss unique to serotonin axons, including brain sero-
tonin,, 5-hydroxyindoleacetic acid (5-HIAA), and the 
densityy of serotonin transporters (Battaglia et al., 
1987;; Ricaurteet al., 1988a; 1992; Schmidt 1987; Stone 
ett al., 1986). Anatomic studies in M DMA-treated ani-
malss indicate that these neurochemical changes are 
secondaryy to a distal axonotomy of serotonin neurons 
(O'Hearnett al., 1988; Wifson etal., 1989). Findings in 
recentt positron emission tomography, or PET, and 
singlee photon emission computed tomography, or 
SPECT,, studies have shown decreases in the number 
off central serotonin transporters in human MDMA 
users,, findings which are similar to those observed in 

MDMA-treatedd primates (McCann et al., 1998; 
Scheffell et al., 1998; Semple et al., 1999). 

Feww functional consequences of MDMA-induced 
neurotoxicityy have been identified, however, in either 
animalss or humans (Boot et al., 2000). Because 
MDMA-inducedd serotonergic damage may lead to 
impairmentt of functions in which serotonin is invol-
ved,, it is important to study the potential consequen-
cess of MDMA induced neurotoxicity. The brain micro-
circulationn is of particular interest since considerable 
evidencee (Cohen et al., 1996; Parsons 1991) has been 
accumulatedd in past years that strongly suggests that 
serotoninn is involved in the regulation of brain micro-
circulation.. It is, therefore, of interest to note that fin-
dingss in several case reports have linked the abuse of 
MDMAA to the occurrence of cerebrovascular acci-
dentss (Cledhill et al., 1993; Henry 1992a; Henry et al., 
1992b;; Spattetal., 1997; Squier etal., 1995), as a 
resultt of MDMA-induced effects on brain serotonin 
concentrations. . 

Diffusion-weightedd magnetic resonance (MR) 
imagingg provides a form of contrast that enables the 
quantitativee measurement of diffusional motion of 
waterr molecules in biological tissue, especially axons 
(Lee Bihan et al., 1992). Cellular structures, such as 
highlyy organized myelinated axons in white matter, 
restrictt water molecular motion, and the apparent dif-
fusionn coefficient (ADC) is reduced compared with 
diffusionn in bulk water (Basser et al., 1996; Conturo et 
al.,, 1995; Moseley et al., 1990; Pierpaoli et at., 1996; 
Vann Celderen et a!., 1994). Any process that results in 
changess in structural elements of tissue, such as 
removall of some of the restrictive barriers, can result 
inn increased ADC values. It is, therefore, thought that 
diffusion-weightedd MR imaging is a promising appro-
achh for the evaluation of tissue changes in degenera-
tingg brain and nerve matter (Horsfield et al., 1998; 
Kinoshitaa et al,, 1999; Larsson et al., 1992). Moreover, 
thee us dynamic contrast-enhanced perfusion-weigh-
tedd MR imaging has made it possible to study the 
brainn vasculature by means of calculating relative 
cerebrall blood volume (rCBV) maps (Rosen et al., 
1989). . 

Thee purpose of our study was to evaluate the 
effectss of ecstasy on the human brain with diffusion 
andd perfusion MR imaging techniques. 

Material ss  and Method s 
Participants Participants 
Thee study was carried out at the Academic Medical 
Centerr in Amsterdam, the Netherlands, from October 
throughh December 1998. Eight ecstasy users (seven 
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men,, one woman; mean age, 27.6 years  4.9 [SD]; 
agee range, 22-35 years) were compared with six ecsta-
syy nonusers (three men, three women; mean age, 22.3 
yearss  0.8; age range, 22-23 years) who were using 
drugs.. Recruitement was trough advertisements in 
locall newspapers. 

Subjectss selected were group-matched for age 
andd sex, were otherwise healthy, and had no history of 
psychiatricc illness. The six ecstasy nonusers reported 
noo prior use of ecstasy. Participants agreed to abstain 
fromm use of psychoactive drugs for at least 3 weeks 
beforee the study and were asked to undergo a urine 
drugg screening (with an enzyme-multiplied immuno-
assayy for amphetamines, barbiturates, benzodiazepi-
nee metabolites, cocaine metabolite, opiates, and can-
nabiss [marijuana]) before enrolment in the study. After 
urinee samples were tested, subjects were excluded on 
thee basis of the following criteria: positive results of 
thee urinetest for drug screening, pregnancy, or severe 
medicall illness. 

Subjectss were interviewed with a structured auto-
matedd diagnostic psychiatric interview, or Composite 
Internationall Diagnostic Interview (CORE, version 2.1; 
Worldd Health Organization, Geneva, Switzerland) to 
screenn for current axis I psychiatric diagnoses. A 
detailedd drug-history questionnaire was obtained, and 
inn addition, subjects were screened for left- or right 
handedness.. Written informed consent was obtained 
fromm all participants. The institutional Medical Ethics 
Committeee approved the study. 

TableTable 1. Demographics, characteristics of ecstasy users and ecstasy 

non-users' non-users' 

MRMR imaging methods 

MRR imaging was performed with a L5-T machine 
(Magnetomm Vision; Siemens, Erlangen, Germany) with 
echo-planarr imaging capability. Before perfusion and 
diffusionn MR imaging, transverseTi- and T2-weighted 
standardd spin-echo sequences were performed. 
Imagingg parameters were 670/14 (repetition time 
msec/echoo time msec) with one signal acquired forTi-
weightedd sequences and 3,500/90 with one signal 
acquiredd for fast spin-echo T2-weighted sequences. 
Sectionn thickness was 5 mm; matrix, 256 x 192; and 
fieldfield of view (FOV), 23 cm.Ti-andT2-weighted images 
weree evaluated for the presence of edematous changes. 

Diffusionn images were obtained by using echo-
planarr imaging with 700/118 and signal acquired, an 
FOVV of 23 cm, and a matrix of 96 x 200, Diffusion gra-
dientss were applied independently on each axis of the 

Meann age (years) 

Men/women n 

DART-IQ---

Ecstasy Ecstasy 

Durationn of use (y) 

Usuall dose (tablets) 

Lifetimee dose (tablets) 

Timee since last dose (weeks, 

Alcohol l 

(no.(no. consumptions/week) 

Tobaccoo (cig./week) 

Cannabiss (no.joints/week) 

Ecstas yy non 

nn = 6 

22.33  0.8 

3/3 3 
1122  5.8 

--
--
--
--

7.55 9 
i,88 4 

0.33  0.3 

userss Ecstas y users 
nn = 8 

27.66 9 

7/1 1 
98.33  14.3 

4-33 ( M - M 
2.4(0.5-5.0) ) 

154(30-500} } 

14.6(3.0-52.0) ) 

10.55 6 
42.99 2 

4.44 6 
Amphetamine e 

(no.times(no.times used/} months) - 2 -9 4 -5 i 

Dataa are expressed in mean  SD values 
11 DART = Dutch Adult Reading Test 

 Statistical significant difference (p < 0.025) 

magnet.. Nine diffusion-weighted images were obtai-
nedd along each axis (bxj, byi, bzi, were i = 1.9). The b 
valuee is commonly used to describe the amount of dif-
fusionn sensitivity of the sequence. 

AA baseline image with minimum diffusion weigh-
tingg was acquired first by using small b value (b = o 
sec/mm2).. Then, a second diffusion-weighted image 
wass acquired with extended diffusion gradients to 
obtainn a larger b value (b = 1,000 sec/mm2). Although 
signall intensity in the diffu si on-weighted imaging is 
affectedd by Ti and T2, the ADC map is not. It is obtai-
nedd by calculating the logarithmic ratio of the signal 
intensityy at each pixel according to the following 
equation:: ADC = ln(Si/S2)/(b2-bi), where Si and S2 
aree the signal intensity of the baseline and diffusion-
weightedd images, respectively, and bi and b2 are the b 
valuess for the corresponding pulse sequences. 

Thee ADC value is also dependent on the direc-
tionn in which diffusion is measured, which makes a 
comparisonn of ADC values without taking into 
accountt the measurement direction, meaningless. By 
measuringg the ADC value in three orthogonal direc-
tionss and then averaging the results, with the 
equationn ADC = (ADCX + ADCy + ADCz}/3, we are able 
too measure diffusion that is independent of the orien-
tationn of structures. 

Echo-planarr T2*-weighted dynamic contrast-
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enhancedd images (0.8/54, one signal acqui red, 23-cm 

FOV,, 128 x 128 matr ix) were obta ined in 12 transverse 

sect ionss at 1,2-second intervals for 64 seconds i m m e -

diatelyy after in t ravenous bolus in ject ion o f gadopente-

tatee d i m e g l u m i n e (Magnev is t ; Schering, Berl in, 

Germany)) at o . i m m o l / k g o f body weight. The con-

trastt agent was power- in jected intravenously at a rate 

o ff 5 mL /sec t h r o u g h an 18-gauge antecubi ta l needle 

w i thh an MR-compat ib le power in jector (Spectris MR 

injector;; M e d r a d , Ind iano la , Pa). 

Quant i ta t i vee ADC and rCBV maps were au toma-

ticallyy der ived on a voxel-by-voxel basis by us ing soft-

waree (Massachuset ts General Hosp i ta l , N M R Center, 

Char les town,, Mass) (Ostergaard et al.. 1996; Rosen et 

al.,, 1989). Regions o f interest o f var ious brain regions 

(leftt and r ight f ron ta l cortex, occipi ta l cortex, wh i te 

matter,, p u t a m e n , and g lobus pal l idus) were def ined 

onn ADC and rCBV maps by a radiologist w h o was una-

waree o f the par t ic ipant 's history. Mean signal in tensi -

t iess were measured in the ROI on each ADC (expres-

sedd in io"5 x c m 2 / s e c ) and rCBV (expressed in 

arbi t raryy uni ts) m a p . Since suscept ib i l i ty-contrast 

rCBVV m a p p i n g m e t h o d yields a relative rather than an 

absolutee rCBV value, compar i son a m o n g subjects is 

faci l i tatedd by reference to an internal s tandard. 

Ana logouss to prev ious studies (Aronen et al., 1994; 

1995),, no rma l wh i te mat ter was used as th is referen-

ce.. Ratios were calculated by d iv id ing the mean rCBV 

o ff the bra in region by the mean rCBV o f whi te matter. 

i-5 5 

Trr 1-2 -

0.99 -

.. 0.6 -

0.33 -

Ecstasy y 

Non-users s 

Ecstasy y 

FigureFigure 1. Graph shows the mean (bar) and individual ADC values 

inin the globus pallidus in ecstasy nonusers and ecstasy users. Data 

showshow significantly higher ADC values in ecstasy users. * = statisti-

callycally significant difference in mean binding ratio between ecstasy 

nonusersnonusers and ecstasy users. 

VerbalVerbal intelligence 

TableTable 2. Mean rCBV; and ADC ratios in brain areas studied 

Ecstasyy non-users Ecstasy users 

n = 66 n = 8 

rCBVrCBV ratios 

Frontall cortex 
Occipitall cortex 

Putamen n 

Globuss pallidus 

ADCADC values (10''cm'/sec)-

Frontall cortex 

Occipitall cortex 
Whitee matter 

Putamen n 

Globuss pallidus 

1.900  0.24 

2.93*0.84 4 

1.48*0.17 7 

1.011  0.15 

3 3 

1.055  0.15 

0.811  0.06 

0.722  0.02 

0.655  0.03 

1.899  0.20 

2.677  1.28 
1.500 7 

1.222  0.14' 

1.233  0.09 

1.011 3 

0.899 5 
0.788 2 

0.844  0.22 

Dataa are expressed in mean  SD values 
-- rCBV = relative cerebral blood volume 
ADCC = apparent diffusion coefficient 

** Statistical significant difference (p < 0.025) 

Thee Du tch Adu l t Reading Test (DART) (Schmand et 

al.,, 1992) was admin is te red to obta in an es t imate o f 

verball in te l l igence. The DART is the Dutch adapta t ion 

o ff the Nat iona l Adu l t Reading Test (NART) (Ne lson 

1991),, a shor t reading test for the es t imat ion o f pre-

m o r b i dd verbal intel l igence quot ien t (IQ) (popu la t i on 

meann IQ, 100; SD, 15). Results o f th is test were used 

too descr ibe the sample. 

StatisticalStatistical analysis 

Differencess between the two groups w i th regard to 

demograph icc variables and exposure to other d rugs 

weree analyzed us ing the non-parametr ic M a n n -

Whi tney-Wi lcoxonn test. Differences in ADC values and 

rCBVV rat ios between both groups were also analyzed 

us ingg the Mann-Whi tney-Wi lcoxon test. The relat ions-

h ipp between ADC values and rCBV ratios in specif ic 

bra inn regions and the extent ( l i fet ime n u m b e r o f 

ecstasyy tablets taken) o f previous ecstasy and amphe-

t a m i n ee use was invest igated w i th the Spearman rank 

cor re la t ion ,, since it has the advantage that i t is no t 

usedd to specif ical ly assess a l inear associat ion but a 
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moree general association. To explore the effects age, 
sex,, and DART-IQ test results may have on rCBV 
ratioss and ADC values, a correlation analysis was per-
formedd between these variables and ADC values and 
rCBVV ratios. Because of the small sample size, the 
chancee of a type I error was set at a o.io, with the use 
off two-tailed tests of significance. To correct for mul-
tiplee comparisons, p values less than 0.025 (o.io + 4, 
forr four different brain regions) were considered signi-
ficant.ficant. All data were analyzed by using computer soft-
waree (SPSS version 9.0; SPSS Software, Chicago, III). 

Results s 
Noo statistical differences between any of the demo-
graphicc variables were found between both groups. 
Ecstasyy users consumed more alcohol and used more 
tobaccoo and cannabis than ecstasy nonusers before 
thiss investigation (Table 1), though this difference did 
nott reach statistical relevance. Ecstasy users ingested 
moree amphetamine compared with ecstasy nonusers, 
andd the difference was statostically significant. All par-
ticipantss were right-handed. 

Inn the ecstasy user group, participants had gene-
rallyy ingested more than 150 tablets of ecstasy over 
duringg a 2-3-year period. Most of the ecstasy users 
hadd not ingested ecstasy for several weeks, and some 

FigureFigure  2. ADC map obtained after voxel analysis to comapre mean 

ADCADC values between ecstasy nonusers (n = 6) and ecstasy users 

(n(n = 8). The green regions represent regions with significantly higher 

(p(p < 0.025) ADC values in ecstasy users compared with ecstasy 

nonusers.nonusers. These regions are located in the bilateral globus pallidus, 

thethe cingulate gyrus, the bilateral temporal cortex, and the left para-

hippocampalhippocampal gyrus. Diffusion imaging parameters were obtained 

byby using echo-planar MR imaging (700/718, one signal acquired, 

23-cm23-cm FOV, 96 x 200 matrix). After registration in the same orienta-

tion,tion, an unpaired Student t test was performed on each voxel of 

generatedgenerated ADC maps. 

••3 3 
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FigureFigure 3. Graph shows the mean (bar) and individual rCBV ratios in 

thethe globus pallidus in ecstasy nonusers and ecstasy users. Data show 

significantlysignificantly higher rCBV ratios in ecstasy users. "v = statistically sig-

nificantnificant difference in the mean rCBV ratio between ecstasy nonusers 

andand ecstasy users. 

indicatedd that they had not ingested ecstasy for sever
all months (Table 1). 

Imaging Imaging 
Thee conventional Ti- and T2-weighted images showed 
noo edematous changes in the brain of ecstasy users 
andd ecstasy nonusers. In both groups, the differences 
betweenn left and right ADC values and rCBV ratios 
weree not statsitically significant. Because of this, and 
becausee we did not expect left-right differences in the 
effectss of ecstasy, a mean of left and right cerebral 
ADCC values and rCBV ratios was calculated for brain 
regionss studied. Overall, mean ADC values were hig
herr in ecstasy users compared with ecstasy nonusers. 
Thiss difference was statistically significant only with 
regardd to the globus pallidus (0.650 x io'5 x cm2/sec 
inn ecstasy nonusers vs 0.84 x io'5 x cm2/sec in ecstasy 
users)) (Table 2) (Figures 1 and 2). 

Similarr observations were made for rCBV ratios. 
Overall,, mean rCBV values were higher in ecstasy 
userss compared with ecstasy nonusers, although this 
differencee reached statistical significance only in the 
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FigureFigure 4. Correlation between rCBV in the globus pallidus and 

extentextent of previous ecstasy use, suggesting that the effects on rCBV 

valuesvalues are dosage-related in this brain region. 

globuss pallidus of ecstasy users (mean, 1.22) compa
redd with nonusers (mean, 1.01) (Table 2) (Figure 3). 

CorrelationsCorrelations of findings 
Noo significant correlations were observed between 
ADCC values and extent of previous ecstasy or amphe
taminee use. Age, sex, and DART-IQ test results were 
nott significantly associated with rCBV ratios or ADC 
values.. However, a significant association was obser
vedd between extent of previous ecstasy use and rCBV 
ratioo in the globus pallidus (p = 0.73, p < 0.04; Figure 
5).. The higher the ecstasy exposure, the higher the 
rCBVV ratio in the globus pallidus. 

Discussion n 
Inn the present study, we observed increased ADC valu
ess and rCBV ratios in the globus pallidus of ecstasy 
users.. As we have previously discussed, diffusion 
weightedd MR imaging enables evaluation of the ran
domm motion of water on a molecular level. ADC valu
ess are a rotationally invariant measurement of the 
amountt of total diffusion within a tissue (Basser & 
Pierpaolii 1996; Pierpaoli et al., 1996; Warach et al., 
1992).. The in vivo cellular environment contains cell-
membraness that form a restrictive barrier to water dif
fusion.. Findings in experimental models have shown 
thatt the axonal cell membrane is sufficient to account 
forr most of the restriction of water diffusion in white 

matterr (Beaulieu et al., 1994; Le Bihan et al., 1992). 
Diffusionn is much more restricted in a direction per
pendicularr to the axis of the axon, than in a direction 
parallell to the axon (Basser & Pierpaoli 1996; Conturo 
etal.,, 1995; Moseley et al., 1990; Pierpaoli et al., 1996; 
Vann Gelderen et al., 1994). It is, therefore, not surpri
singg that any process that disrupts the integrity of the 
axonn or results in axonal loss would change the diffu
sionn of water in this tissue. 

Thee increase in ADC value in the globus pallidus 
off ecstasy users may be due to axonal injury or loss or 
increasedd extracellular fluid (vasogenic edema). T2-
weightedd MR images are more sensitive to brain 
edemaa than are other measurements. However, local 
brainn edema was not detected on the T2-weighted 
imagess obtained in the ecstasy users. These results 
indicatee that changes in the globus pallidus of ecstasy 
userss at diffusion weighted MR imaging are not due 
too an increased water content in the extracellular 
spacee but may reflect axonal loss. 

Inn support of this idea, it is known that extensive 
serotonergicc axonal loss occurs in various brain 
regionss of animals treated with MDMA. These results 
havee been demonstrated anatomically in numerous 
studiess with the use of immunocytochemical methods 
forr visualization of axons that contain serotonin 
(Molliverr et al., 1990; O'Hearn et al., 1988; Wilson et 
al.,, 1989). In MDMA-treated monkeys, serotonergic 
axonss have shown to be reduced by 80-90% in cortical 
brainn areas, striatum and thalamus and by 60% in the 
globuss pallidus 2 weeks after MDMA administration. 
Inn time, some axonal sprouting also seems to take 
place,, but reinnervation patterns up to 7 years after 
treatmentt are abnormal, with some brain regions 
remainingg denervated and others showing evidence of 
reinnervationn (Hatzidimitriou et al., 1999). 

Theree is suggestive evidence that MDMA may 
alsoo be neurotoxic to serotonin neurons in humans 
(McCannn et al., 1998; Semple et al., 1999), as well as 
too serotonin neurons in animals and non-human pri
mates.. These observations support the suggestion 
thatt the increased ADC values which we observed in 
thee globus pallidus of ecstasy users, compared to 
ecstasyy nonusers, reflect a distal axotomy or axonal 
injuryy of ascending serotonergic projections to the 
globuss pallidus. In keeping with this idea, it has been 
shownn that a disturbance in the axonal integrity, pro
ducedd by the toxic action of methylmercury (methyl-
mercury),, resulted in increased ADC values in rats tre
atedd methylmercury (Kinoshita et al., 1999). Findings 
inn studies in patients with the demyelinating disease 
multiplee slcerosis have shown increased ADC values 
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inn multiple sclerosis lesions and increased ADC valu-
ess sometimes in normal white matter (Christiansen et 
al.,, 1993; Horsfield etaL, 1998; Larsson etal., 1992). It 
iss thought that the pronounced increase in diffusion 
inn the chronic stage of multiple sclerosis may repre-
sentt axonal loss and tissue destruction (Scanderberg 
e t a L ,, 2 0 0 0 ) . 

Inn addition to increased ADC values, we obser-
vedd increased rCBV ratios in the globus pallidus of 
ecstasyy users. Findings in studies have shown that 
administrationn of the potent cerebral vasodilatator 
acetazolamidee results in large increases in the rCBV 
ratioo {de Crespigny et al., 1998; Nighoghossian et al., 
1997).. Furthermore, it has been shown that following 
administrationn of cocaine, rCBV ratios in brain pial 
arterioless were consistent with the arteriolar diameter 
reduction.. Thus, a high rCBV ratio implies high 
regionall blood volume, or vasodilatation, whereas a 
loww rCBV ratio implies vasoconstriction (Kaufman et 
al.,, 1998). Therefore, the increased rCBV ratios in the 
globuss pallidus of ecstasy in this study most probably 
reflectss vasodilatation. 

Considerablee evidence has accumulated over the 
yearss that strongly points to a vasoconstrictor role of 
serotoninn in the control of brain microcirculation 
(Cohenn et al., 1996). The remarkable sensitivity of 
brainn vessels for serotonin has been paralleled by 
visualization,, as evidenced by autographical, bioche-
micall and immunocytochemical methods, of a rich 
networkk of nerve fibers around major cerebral arteries 
andd pial vessels that contain serotonin. In keeping 
withh this idea, it has been shown that induction of 
serotoninn lesions with systemic administration of 8-
hydroxy-2-(di-nn propylamino)tetralin (8-OH-DPAT) 
mediatess a vasodilator/ response in the cerebrovascu-
l a rr re (de Crespigny et al., 1998). It is thought that, 
becausee of reduced serotonin content, vasodilatation 
occurss due to removal of serotonergic constrictor 
effects.. The increases in rCBV ratios in the globus pal-
liduss of ecstasy users in this study may result from a 
similarr mechanism. 

Ass discussed previously, numerous studies have 
shownn that in animals and nonhuman primates 
MDMAA administration results in loss of serotonergic 
axonss and terminals, which leads to persistemt losses 
inn serotonin (Battaglia et al., 1988; Hatzidimitriou et 
al.,, 1999; Molliveretal., 1990; O'Hearn etal., 1988; 
Scanzelloo et al., 1993; Wilson et al., 1989). Findings in 
studiess in human ecstasy users have shown selective 
neurotoxicc effects on the serotonergic system, as indi-
catedd by decreases in 5-hydroxyindoleacetic acid in 
cerebrospinall fluid (McCann et al., 1994; Peroutka et 
al.,, 1987) and in the number of amount of serotonin 

transporterss (McCann et al., 1998; Semple etal., 
1999}.. These findings in human ecstasy users are 
similarr to findings in MDMA-treated animals with 
documentedd serotonergic neurotoxic lesions (Scheffel 
ett al., 1998; Ricaurte 1998b). There is, therefore, con-
sistentt evidence that the observed increased rCBV 
valuess in the globus pallidus of ecstasy users in this 
studyy may at least be attributed to MDMA-induced 
serotoninn deficits. In the present study, the positive 
associationn between ecstasy exposure and rCBV ratios 
furtherr supports this finding. 

Interestingly,, the finding of increased rCBV ratios 
inn the globus pallidus of ecstasy users in this study is 
inn agreement with the finding in a recent study by 
Renemann and co-workers (2000). Findings in that 
studyy show that in specific brain regions (particularly 
thee globus pallidus) high cortical serotonin2 receptor 
densities,, which are suggestive of low synaptic seroto-
ninn levels, were correlated with high rCBV ratios and 
implicatedd vasodilatation. On the other hand, low cor-
ticall serotonin 2 receptor densities, which are sugge-
stivee of high synaptic serotonin levels, were correlated 
withh low rCBV ratios, implicating vasoconstriction. 

Furthermore,, findings ina recent study by Chang 
andd co-workers (2000) show that in subjects who 
receivedd MDMA in a controlled setting, larger decrea-
sess in cerebral blood flow, which implicated vasocons-
triction,, were observed in subjects who received 
MDMAA more recently (on average, 2-3 weeks before 
thee examination). In addition, the authors observed 
increasedd cerebral blood flow values, which implica-
tedd vasodilatation, in several subjects who underwent 
imagingg after 2-3 months. The short-term effect of 
MDMAA involves excessive release of serotonin. It, the-
refore,, was suggested that, with normalization of the 
excesss of serotonin or depletion of serotonin in some 
regionss at later time, cerebral blood flow may return 
too normal or increase to greater thann normal values, 
duee to removal of serotonergic constrictive effects. In 
thiss study, we observed significant increases in rCBV 
ratioss in the globus pallidus in the ecstasy users with 
withh a long period of abstinence from ecstasy use, 
whichh was at least 3 weeks but on average was 3,5 
months. . 

Thee ratio obtained in this study between cortical 
grayy and white matter rCBV in ecstasy nonusers, 
whichh was approximately 2.5, correlates well with 
resultss in other MR rCBV mapping studies (Aronen et 
al.,, 1994}. The observed ADC values of approximately 
i.ii x iO"5xcm2/sec in gray matter in this study are in 
goodd agreement with those in the literature (1.0 x io"5 
xcm2/sec)) (Chien etal., 1992). 

Ass with all retrospective studies, there is a possibi-
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lityy that preexisting differences between ecstasy users 
andd nonusers underlie differences in rCBV ratios and 
ADCC values. Thus, people with high pallidal rCBV 
ratioss and ADC values may be predisposed to use 
ecstasy.. Another potential limitation of the present 
studyy may that the samples were small. Nevertheless, 
too our knowledge, there have been few studies in 
whichh the effects of ecstasy on the central nervous 
systemm have been investigated with MR imaging and 
noo studies with diffusion-weighted MR imaging. Age, 
sex,, and results of the DART-IQ test are not likely to 
havee influenced our findings, since they were not sig-
nificantlyy related to rCBV ratios or ADC values. Finally, 
althoughh most of the ecstasy users in our study had 
moree experience with other recreational drugs than 
ecstasyy nonusers, no statistically significant differen-
cess in the use of drugs other than amphetamine and 
ecstasyy were observed between the two groups in this 
studd and were, therefore, not likely to account for 
changess in rCBV ratios or ADC values. 

Wee cannot, however, completely rule out the pos-
sibilityy that the observed changes in the globus palli-
duss of ecstasy users were unrelated to amphetamine 
use.. Since amphetamine and the other drugs that 
ecstasyy users reported having used are unknown sero-

toninn neurotoxins in human beings, it seems unlikely 
thatt the findings in this study should be attributed to 
substancess other than MDMA. 

Inn conclusion, we provide suggestive evidence 
thatt ecstasy use is associated with changes in rCBV 
ratioss and ADC values in the globus pallidus of 
humann ecstasy users. These findings are consistent 
withh findings of serotonergic axonal loss and seroto-
ninn depletion in animals treated with MDMA, data in 
humanss from other published reports, and findings of 
cerebrovascularr accidents in medical histories of 
ecstasyy users. Future studies with larger samples of 
ecstasyy users will help in a further evaluation of the 
associationn between findings of cerebrovascular acci-
dentss in medical histories and findings of MDMA-
inducedd cerebrovascular accidents. Our data indicate 
thatt MR imaging may be a valuable tool in the investi-
gationn of the consequences of MDMA use in brain 
tissuee and the microvasculature. 
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