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Abstract As drug instability and redistribution are fac-
tors known to affect the interpretation of post-mortem
blood levels, we questioned whether post-mortem vitre-
ous humour concentrations could be useful as predictors
for the MDMA load at the time of death. In afirst series
of in vivo experiments using rabbits, 3,4-methylenedioxy-
methamphetamine (MDMA) concentrations in plasma,
blood and vitreous humour were studied as a function of
time after intravenous (iv) administration of MDMA.
Equilibration between the vascular compartment and vit-
reous humour was attained about 1 h after iv MDMA ad-
ministration. In a second series of experiments, the post-
mortem stability of MDMA in vitreous humour in relation
to ambient temperature was investigated. Post-mortem
MDMA concentrations in vitreous humour were closer to
the ante-mortem blood levels when compared to cardiac
blood samples. These preliminary investigationsin the rab-
bit model indicate that measurements of vitreous humour
concentrations could also be of interest for predicting the
blood concentration at the time of death in humans.
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Introduction

As post-mortem drug levels in blood do not necessarily
reflect the concentration at the time of death, the question
whether a detected level played an important role in the
mechanism of death remains a complex problem in the
forensic practice. In particular, post-mortem instability
and redistribution of drugs are important thanato-chemi-
cal factors [1]. This toxicological nightmare is an estab-
lished fact for various drugs e.g. cocaine [2] and many
therapeutic drugs such as barbiturates [1] and digitalis [3,
4]. To a certain extent, the influence of these post-mortem
phenomena can be avoided by sampling blood as soon as
possible after death from an isolated peripheral vein such
as the femora vein [5]. However, bearing in mind this
general recommendation, a single blood sample is often
insufficient to draw appropriate conclusions. Another
sample (tissue or fluid) should not only be used as an an-
alytical control for the blood level determined, but could
also provide information on the pharmacokinetic phase
and as aresult the time of drug intake. Vitreous humour is
one of these supplementary samples and is an interesting
medium because the vitreous fluid is less influenced by
autolytic processes and is convenient (e.g. simple to sam-
ple and not affected by hemolysis). Formerly, vitreous hu-
mour determinations have been performed in order to de-
tect various drugs, in particular ethanol [6] and also mor-
phine [7], cocaine [8] and amitriptyline [9] for example.

To our knowledge, the post-mortem drug distribution
in humans has barely been explored for amphetamines
and analogues, or for MDMA in particular, with the ex-
ception of afew case reports [10, 11, 12].

To investigate whether vitreous humour concentrations
could be more helpful than blood for determining post-
mortem MDMA levels in humans, preliminary experi-
ments in rabbits were carried out. Rabbits were chosen as
the animal model because they have a vitreous volume of
about 1.4 ml [13] which ismuch larger than in rats and the
chemical characteristics of vitreous humour in rabbits are
comparable to those in humans [14]. As pharmacokinetic
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datafor MDMA in the rabbit are lacking, we first investi-
gated this after intravenous (iv) administration. We then
studied whether determination of MDMA in vitreous hu-
mour is possible and whether there was a correlation in
Vivo between the vitreous humour levels and the plasma
or blood concentrations. Finally, to explore whether the
post-mortem vitreous concentrations could be useful to
estimate the blood MDMA levels at the time of death, the
influence of the post-mortem interval and the ambient
temperature was examined.

Materials and methods

The study protocol was approved by the Ethics Committee for an-
imals of the Medical School, Ghent University (request number
ECP 98/1 and ECP 99/9). 3,4-Methylenedioxymethamphetamine
hydrochloride was provided by Sigma-Aldrich (Belgium).

Animals and procedures

Female white New Zealand rabbits (weight 20504500 g) were
purchased from Iffa Credo, Belgium. The animals were fasted
overnight before the experiment but were allowed free access to
water.

In vivo experiments

The broad study design is shown in Fig. 1. A polyethylene catheter
(P.E. 50) filled with heparin solution (100 1U/ml) was implanted
(xylocaine 1%) into the main central artery of the right ear in
18 rabbits under local anaesthesia.

In one group of six rabbits (t = 120 min), arterial blood samples
(2 ml) were taken at 0, 5, 10, 15, 20, 30, 45, 60, 90, 120 min after
drug administration for the assay of MDMA and MDA (3,4-meth-
ylenedioxyamphetamine) concentrations in plasma. Additional
samples (1 ml at 10, 20, 60, 120 min) were taken for whole blood
determinations. Pentobarbital anaesthesia was induced according
to Prince (30—35 mg/kg body weight [15]).

In al cases, sampled blood was replaced by the same amount
of saline. Blood samples were centrifuged at 3500 rpm for 10 min
and plasma and whole blood samples were frozen at —30°C until
analysis. Both eyes were immediately frozen after enucleation by
immersion in liquid nitrogen for 1-2 min. The eyes were preserved
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at —30°C until the vitreous bodies were dissected as described by
Abel and Boyle [16].

Finally, in three rabbits the urinary excretion of MDMA and
MDA was followed for 96 h after MDMA iv administration
(1 mg/kg). Urine was collected in a metabolism cage and the vol-
ume measured. These samples were also frozen until analysis.

Post-mortem experiment

The broad study design is shown in Fig.1. Sample preservation
and dissection of the eyes were carried out as previously described.

Protein binding

Protein binding of MDMA was determined by ultrafiltration using
the Amicon centrifuge micro-partition system and YMT mem-
brane discs (Grace, Amicon Division, Beverly, Mass.). Blank rab-
bit plasma samples were spiked with 400 ng/ml MDMA, 1 ml-
plasma samples were transferred to the micro-partition system and
centrifuged at 1500 rpm for 30 min resulting in a volume between
100 and 200 pl. The MDMA concentration was measured in a
50 pl aliquot of the ultrafiltrate with HPLC. Adsorption of MDMA
to the filter was negligible.

Drug assay

Concentrations of MDMA and MDA were determined using a
fully validated HPLC (high pressure liquid chromatography) pro-
cedure with fluorescence detection (Ao 288, Agn 324 nm). The
samples (250 pl) were liquid/liquid extracted with hexane: ethyl-
acetate (70:30 v/v) at pH 9.5 using MDEA (3,4-methylenedioxy-
ethylamphetamine) as the internal standard. Chromatographic sep-
aration was achieved using Hypersil BDS C18 columns (3 pm,
100 x 2.1 mm, Alltech, Deerfield, Il.) isocraticaly eluted at
0.2 mi/min with a mixture of water/methanol/acetonitrile contain-
ing 0.1 M ammonium acetate. The method proved linear from 2 to
1000 ng/ml (2 ng/ml being the quantitation limit both for MDMA
and MDA, between-day reproducibility < 25%). With each batch
of samples, a calibration curve prepared in the corresponding
blank matrix (except for the vitreous humour which was substi-
tuted with water for reasons of practical unavailability) and quality
control samples (7 and 500 ng/ml) were analysed. Accuracy was
between 97-102% (n = 7) and total precision (CV, coefficient of
variation) was lower than 13% (n = 7).

Fig.1 Study design in rabbits

receiving 1 mg/kg MDMA in vivo experiments

post-mortem experiments

slowly infused via the left ear n=18 n=12

vein [t time expressed in min- | atr=120: - blood sample right ear vein (3 ml)

utes, T temperature in °C, PMI | ] | + - immediate killing

post-mortem interval (h)] n=6 n=6 n=6 (neck concussion + air embolism)
t=30 t=120 =240 + - immediate enucleation of one

at 1= 30, 120 or 240:

- last arterial blood sampling (3 ml)

eye (left or right eye, at random)

+ - pentobarbital anaesthesia n==6 n==6
+ - immediate enucleation of both eyes T 2°C ﬂ‘i
n=3 n=3 n=3 n=3
PMI 25h 73h 25h 73 h

At PMI = 25 or 73 h: cardiac blood sampling and
enucleation of the second eye
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Analysis of data

The results are expressed as means (= SD).

The plasma concentration-time profiles of MDMA after iv ad-
ministration were individually analysed using a pharmacokinetic
computer programme (WinNonlin version 1.5 — Scientific Con-
sulting, Inc.) and were best characterized on the basis of the
Akaike Information Criterion [17] by a 2-compartment model us-
ing the equation,C = Ae! + Be T, where C is the plasma concen-
tration at timet, a and 3 are hybrid rate constants and A and B are
the coefficients of the exponential terms. Calculation of the phar-
macokinetic parameters (half-life, volume of distribution at steady
state, volume of distribution of the central compartment, clearance,
area under the curve (AUC) and mean residence time) was done
according to Gibaldi and Perrier [18].

Statistical processing of the data was performed using non-
parametric tests. The Wilcoxon Rank test was used for analysis of
interindividual differences in concentrations between the left and
right eyes. The Friedman test for repeated measurements was used
to compare the ratios of blood to plasma MDMA concentrations
(10, 20, 60 and 120 min after infusion). The ratios between the vit-
reous humour MDMA concentration and the corresponding
plasma or blood level sampled 30, 120 and 240 min after adminis-
tration, were compared using the non-paired Kruskal-Wallis test
and when appropriate, this was followed by the Mann-Whitney
U-Test. The correlation between vitreous humour and plasma or
blood levels was investigated with the Spearman correlation test.
For all tests, P values less than 0.05 were considered to be statisti-
cally significant.

Results
In vivo experiments

Figure 2 shows the time course of the mean plasma con-
centrations of MDMA following a1 mg/kg iv dose (n = 6).
The data from each animal were well fitted according to a
two compartment model. The corresponding pharmacoki-
netic parameters are summarized in Table 1. The mean
blood/plasma ratios calculated a 10, 20, 60 and
120 min after infusion, were 1.2+ 0.1, 1.2+ 0.2, 1.3+ 0.5
and 1.3 + 0.2, respectively. Statistical analysis did not re-
veal significant differences.

1000 1

100 4

MDMA concentration (ng/ml)

10 T T T
0 30 60 90
time (minutes)

120

Fig.2 Plasma concentrations of MDMA as a function of time in
rabbits after an iv dose of 1 mg’lkg MDMA (n = 6). Results are
expressed as means + SD
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Table 1 Pharmacokinetic parameters of MDMA in rabbits after
an intravenous dose of 1 mg/kg (results expressed as means + SD)

AUC (area under the curve; ug.min/l) 16,937 * 7,849

Alpha half-life2 (min) 50+ 18
Beta half-life? (min) 635+ 342
Systemic clearance (1/kg per h) 41+ 14
Volume of distribution of the central compart- 19+ 0.8

ment (1/kg)

Volume of distribution at steady state (I/kg) 49+ 2.6
Mean residence time (min) 781+ 46.7

aHalf-time in the distribution phase
bHalf-time in the elimination phase

150 1

100

50

vitreous MDMA concentration (ng/ml)

t

0 30 60 90 120 150 180 210 240
time (minutes)

Fig.3 Mean vitreous humour MDMA concentrations as a func-
tion of time in rabbits after an iv dose of 1 mg/lkg MDMA (n=6
for each time point). Results are expressed as means + SD

MDMA concentrations were measured in the vitreous
fluid 30, 120 and 240 min after administration (n = 6 for
each time point, see Fig. 3). Asthere were no statistical dif-
ferencesin MDMA concentrations between the left and the
right eyes (n = 18), the mean values for both eyes were used.

The ratios of the vitreous MDMA concentrations
(MDMA re0us) t0 the plasma (MDMA  .4ma) (see Fig.4A)
or whole blood (MDMA ;4.4) concentrations 30 min after
administration (see Fig.4B) were less than one and sig-
nificantly different from the values obtained at 120 and
240 min when both ratios were higher than one, but no
significant difference was observed between both values
(ratios at t = 120 min 1.4 £ 0.3 and 1.1 + 0.3, a t =
240 min 1.6 £ 0.2 and 1.1 + 0.4, respectively).

Figure 5 shows the scatterplot of the MDMA;e0us VEI-
sus MDMA ; .gna (Fig.5A) levels or MDMA, o4 (Fig. 5B)
in the elimination phase. The Spearman (r.) correlation
coefficients for the MDMA jjiyequs @d MDMA jgmq OF
MDMA 00q in the elimination period (at t = 120 and
240 min) were 0.98 and 0.95, respectively. These correla-
tions were significant at the 0.01 level.

MDA plasma and blood concentrations were low,
ranging between 2 ng/ml and 6 ng/ml. The MDA levelsin
the vitreous humour were below the limit of quantitation

(2 ng/ml).
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Fig.4 Individual and mean ra-
tios of the vitreous humour
MDMA concentrations to
plasma (A) or blood (B) con-
centrations as a function of
time in rabbits after an iv

dose of 1 mg/kg MDMA
(n=18)

Fig.5 Scatter plot of vitreous
humour versus plasma (A) or
blood (B) MDMA concentra-
tions 120 and 240 min after an
iv dose of 1 mg/kg MDMA
(n=12)

Fig.6 Individual blood and vit-
reous MDMA concentrations
(ng/ml) in rabbits 120 min after
an iv dose of 1 mg/kg MDMA
(ante-mortem values) and pre-
served at 2 °C (left panel) and
17 °C (right panel), either 25 h
or 73 h post mortem
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The percentages of the administered MDMA dose re-
covered in urine of three rabbits were 12.9, 3.4 and 4.1%,
respectively. MDA levels were below the limit of quanti-
tation. The mean unbound fraction of MDMA in plasma
was 63% + 3 (n = 6) at a concentration of 400 ng/ml.

Post-mortem experiment (see Fig. 6)

The mean plasma, blood levels and the vitreous humour
concentrations of one eye 120 min after MDMA infusion
(just prior to killing of the animas) were 32 + 17,
42 + 16, and 27 + 7 ng/ml, respectively (n = 12).

Blood MDMA concentrations were clearly increased
post mortem compared to the values obtained ante
mortem, whereas the vitreous MDMA concentrations did
not change substantially post mortem. An overall slight
increase in vitreous MDMA levels was observed, some-
what more pronounced at 17 °C 73 h post mortem and vit-
reous MDMA levels tended to be more stable at 2°C.

Discussion

In this study, we examined whether determination of vit-
reous MDMA levels can be useful to predict the MDMA
blood concentrations at the time of death with the help of
arabbit experiment.

In order to interpret the post-mortem concentrations of
MDMA in the rabbit, we first investigated the pharmaco-
kinetics of MDMA after an intravenous dose of 1 mg/kg.
The plasma concentration versus time curves of MDMA
were fitted according to a 2-compartment model. MDMA
has a high volume of distribution (5 I/kg), a high systemic
clearance (4.1 I/kg per h) and a relatively short half-life
(1 h). Our results were fairly consistent with previously
reported pharmacokinetic parameters of MDMA after in-
travenous (iv) and subcutaneous (sc) administration in
rats [19].

The mean blood/plasma ratios in the distribution as
well as the elimination phase indicate a certain accumula-
tion of MDMA in red blood cells.

In our experiments, only 6% of the MDMA dose was
found unchanged in urine and MDMA is probably elimi-
nated by biotransformation or by excretion viathe bile. In
addition, MDA concentrations in rabbit plasma were very
low (below 6 ng/ml) and were below the limit of quantita-
tion in urine. In rats and mice, MDA was identified in
plasma as an important metabolite [20] whereas in rat
urine, either R(-) MDA and S(+) MDA were rarely found
[19]. In humans, MDA was originally assumed to be the
major metabolite [21], but it was demonstrated that conju-
gated HMMA (4-hydroxy-3-methoxy-methamphetamine)
and HHMA (3,4-dihydroxy-methamphetamine) were the
main urinary metabolites of MDMA [22, 23, 24, 25].

The mean binding of MDMA in rabbit plasma (37%) is
similar to that in dogs [26].

In our experiments, after a single intravenous dose,
equilibration between plasma and vitreous humour was
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obtained between 30 and 120 min, as the MDMA iireoud
MDMA . sma rétios did not differ significantly between
120 and 240 min post administration. Physiologically, the
blood-retina barrier can be compared with the blood-brain
barrier and Chu et al. [27] demonstrated that an equilibra-
tion between plasma and brain concentrations of MDMA
was obtained within 30 min after sc administration of
MDMA in rats. The MDMA jyreous /| MDMA jj6m Fétios at
120 (1.4 £ 0.3) and 240 min (1.6 = 0.2) and the corre-
sponding ratios of MDMA iyeous 10 MDMA00q (1.1 £
0.3 and 1.1 £ 0.4, respectively) indicate a slight accumu-
lation of MDMA in the vitreous compartment. The accu-
mulation isin fact even more important as the plasma pro-
tein binding of MDMA is + 30%. A possible explanation
could be binding to the vitreous humour, but in vitreous
fluid protein concentration is only 1-3% of the total
serum protein concentration [14]. For some drugs with an
important level of plasma protein binding, such as flerox-
acin [28], vitreous to plasma concentration ratios lower
than 1 were seen. However, higher vitreous humour levels
compared to serum concentrations were noticed in rabbits
for fluconazole [29]. For ethanol too, a higher vitreous hu-
mour level compared to blood concentration at steady
state was observed [6] which was explained by the
smaller dry matter content of vitreous humour [30].

To our knowledge, there are only two case reports of
MDMA determination in human vitreous humour; both
revealing a vitreous humour/blood concentration ratio be-
low 1. Crifasi and Long [31] published a traffic accident
fatality attributed to the use of MDMA. The vitreous-
blood ratio was 0.5 and very little MDA was detected.
These authors concluded that their results support an
acute event (i.e. that death occurred before distribution
was complete). In the second case report, (an acute poi-
soning, probably accidental, due to combined intake of
MDMA, cocaine and heroin) [32], the ratio of total vitre-
ous-blood MDMA levels was calculated as 0.66; an anal-
ogous explanation for their results could be assumed.

Since ambient temperature and post-mortem interval
areimportant thanato-chemical factors, four different con-
ditions, 2°C or 17°C and 25 or 73 h post mortem, respec-
tively, were investigated in the second part of our study.
We demonstrated that MDMA concentrations in cardiac
blood increased post mortem, whereas vitreous MDMA
levels were much more stable and thus more representa-
tive of the ante-mortem blood levels. Relatively small dif-
ferences were noticed between the peri- and post-mortem
vitreous values obtained at ambient temperatures of either
2°C or 17°C. The elevation of the vitreous MDMA con-
centration 73 h after death in rabbits preserved at 17°C
could partially be explained by the dehydration which oc-
curred and, theoretically a low level of post-mortem re-
distribution. On the other hand, the MDMA concentration
increase in our rabbit heart blood samples, taken 73 h post
mortem in particular, point to a post-mortem redistribu-
tion. Moriya and Hashimoto [33] demonstrated post-
mortem diffusion of methamphetamine from lung tissue
in rabbits. In humans, post-mortem cardiac blood levels of
amphetamine [5] and methamphetamine [34, 35] were
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found to be higher than femoral blood concentrations and
in one of the cases reported by Rohrig and Prouty, the
MDMA concentration in heart blood was reported to be
5 times higher than in femoral blood [11]. However, re-
cently, in two human fatal cases associated with ampheta-
mine intake [36], a post-mortem increase in amphetamine
concentrations of 50-60% in femoral blood was noticed.
Further thanato-chemical experiments are needed to ex-
plore the mechanism of these increases. Instability of
MDMA itself is not very likely asin vitro stability studies
of MDMA and MDA in agueous solutions and dog
plasma demonstrated that these products are fairly stable
[26]. Human blood samples containing amphetamine and
methamphetamine stored in preservation products are suf-
ficiently stable up to 5 years [37]. Nagata and colleagues
[38] investigated the stability of amphetamine and
methamphetamine in post-mortem rabbit tissues and con-
cluded that these products are sufficiently stable.

In summary, after intravenous administration, MDMA
can easily be identified in the vitreous humour of rabbits
and an equilibration between the vitreous humour and the
vascular compartment was established after about 1 h. In
addition, our results confirm that heart blood samples can-
not be used for post-mortem toxicological analysis. In fact
rabbit vitreous MDMA was more stabl e than post-mortem
cardiac blood levels.

Vitreous sampling for MDMA determination seems to
be agood autopsy practiceif blood islacking (e.g. asare-
sult of severe blood loss or putrefaction). Moreover, after
equilibration, vitreous humour could be a suitable control
sample in cases of erratic blood values due to either sam-
pling site bias or analytical errors. In fact vitreous humour
MDMA levels could be more representative than blood
MDMA concentrations when there is a prolonged post-
mortem interval. Further thanato-chemical investigations
of routine autopsy cases should be performed to confirm
these preliminary observations in rabbits.
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