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Abstract
This study examines the plasma pharmacokinetics of 3,4-methylenedioxymethamphetamine
(MDMA) and metabolites 4-hydroxy-3-methoxymethamphetamine (HMMA), 3,4-
methylenedioxyamphetamine (MDA), and 4-hydroxy-3-methoxyamphetamine (HMA) in young
adults for up to 143 hours after drug administration. Seventeen female and male participants (black,
white, and Hispanic) received placebo, low (1.0 mg/kg), and high (1.6 mg/kg) oral MDMA doses
(comparable to recreational doses) in a double-blind, randomized, balanced, within-subject design
while residing on a closed research unit. Doses were separated by 1 week or more. A fully validated
two-dimensional gas chromatography/mass spectrometry method simultaneously quantified
MDMA, HMMA, MDA, and HMA. Calibration curves were MDA, 1 to 100 ng/mL; HMA, 2.5 to
100 ng/mL; and MDMA and HMMA, 2.5 to 400 ng/mL. Mean ± standard deviation maximum plasma
concentrations (Cmax) of 162.9 ± 39.8 and 171.9 ± 79.5 ng/mL were observed for MDMA and
HMMA, respectively, after low-dose MDMA. After the high dose, mean MDMA Cmax significantly
increased to 291.8 ± 76.5 ng/mL, whereas mean HMMA Cmax was unchanged at 173.5 ± 66.3 ng/
mL. High intersubject variability in Cmax was observed. Mean MDA Cmax were 8.4 ± 2.1 (low) and
13.8 ± 3.8 (high) ng/mL. HMA Cmax were 3.5 ± 0.4 and 3.9 ± 0.9 ng/mL after the low and high doses,
respectively. AUC∞ displayed similar trends to Cmax, demonstrating nonlinear pharmacokinetics.
Times of last plasma detection were generally HMA < MDA < MDMA < HMMA. Mean half-lives
(t1/2) of MDMA, MDA, and HMMA were approximately 7 to 8 hours, 10.5 to 12.5 hours, and 11.5
to 13.5 hours, respectively. HMA t1/2 showed high variability. Mean MDMA volume of distribution
was constant for low and high doses; clearance was significantly higher after the low dose. This study
presents MDMA plasma pharmacokinetic data for the first time from blacks and females as well as
measurement of HMMA and HMA concentrations after low and high MDMA doses and more
frequent and extended plasma sampling than in prior studies.
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INTRODUCTION
3,4-Methylenedioxymethamphetamine (MDMA or ecstasy) is an illicit drug popular with
young adults at clubs or “raves”1 as well as in more intimate settings.2 MDMA is known as
the “love drug” for its entactogenic properties of enhanced euphoria, loving feelings, self-
acceptance, communication, empathy, and understanding.3-9 In addition, MDMA exerts a
number of sympathomimetic effects, including marked increases in cardiovascular parameters,
pupil dilation, dry mouth, and loss of appetite.5,6,10,11

MDMA is primarily ingested orally, although there have been reports of intravenous injections
of crushed tablets,12,13 insufflation,14 and accidental sublingual absorption.15 MDMA
absorption is rapid after oral administration.16-22 Figure 1 shows the two main metabolic
pathways for MDMA in humans and the associated hepatic microsomal enzymes. 4-
Hydroxy-3-methoxymethamphetamine (HMMA) is the major plasma and urinary
metabolite6 and 3,4-dihydroxymethamphetamine (HHMA) is a reported additional major
metabolite.23 Two metabolites, HHMA and 3,4-dihydroxyamphetamine (HHA), are not
commercially available and, therefore, were not included in the present analysis.

CYP2D6 is a polymorphic gene containing as many as 50 alleles.24 In a recent study, 1.4%
and 4.5% of blacks were genotyped as poor and ultrarapid metabolizers, respectively.25 It is
estimated that 5% to 10% of the white population are poor metabolizers,26,27 with less than
5% classified as ultrarapid metabolizers.24 COMT also shows polymorphic activity with
variability between ethnic groups.28 High, intermediate, and low COMT function was reported
in 55%, 38%, and 7% of blacks and in 23%, 50%, and 27% of white, respectively. No gender
differences were observed.

MDMA primarily affects the serotonergic system, acting as an indirect monoaminergic
agonist29; however, the mechanism(s) by which MDMA causes toxicity are not fully
understood. MDMA and its metabolites 3,4-methylenedioxyamphetamine (MDA), HHMA,
and HMMA were nontoxic to the serotonergic system when injected directly into rat brain at
concentrations achieved with systemic administration.30,31

A single controlled MDMA administration study has documented MDMA and MDA plasma
pharmacokinetics after administration of two different MDMA doses to the same eight male
white participants.18,21 Also in this study, one subject’s peak plasma HMMA concentration
was measured after the 75-mg dose, whereas a separate subject’s peak concentration was shown
after the 125-mg dose.18 In an earlier pilot study by the same group, HMMA plasma
concentrations for 24 hours were displayed for one subject at each of three MDMA doses (50,
100, and 150 mg); however, the HMMA data were from a different individual at each dose.
18 These data, although not collected from the same participant, suggested nonlinearity in
MDMA and HMMA pharmacokinetics. Also, MDMA pharmacokinetics have not been
characterized in females and blacks. Earlier characterizations of MDMA and metabolites in
plasma evaluated concentrations only up to 24 hours postdose, except for two studies that
collected plasma for 48 hours.32,33 Because some participants are still positive at this time,
additional sampling is required to accurately determine detection windows and terminal
elimination half-lives (t1/2). Specialized pharmacokinetic analyses have examined repeated
MDMA dosing32 and compared poor and extensive CYP2D6 metabolizers.34

In this double-blind, randomized, balanced, within-subject study, placebo, 1.0, and 1.6 mg/kg
MDMA were administered orally to 17 young adult male and female MDMA users. Plasma
was collected for up to 143 hours postdose and simultaneously analyzed for MDMA, HMMA,
MDA, and 4-hydroxy-3-methoxyamphetamine (HMA). Pharmacokinetic and statistical
analyses were performed to compare parameters in the same subjects after low and high doses,
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determine MDMA pharmacokinetics in women, and characterize MDMA pharmacokinetics
in a larger population and for a longer timeframe than previously assessed. We hypothesize
that the MDMA dose-concentration relationship will be nonlinear in humans within the range
of doses self-administered by young adult MDMA users, that there will be significant gender
differences in MDMA pharmacokinetics, and that MDMA and HMMA will be detectable more
than 48 hours after dosing.

MATERIALS AND METHODS
Human Participants

Participants provided written informed consent and were paid to participate in this National
Institute on Drug Abuse Intramural Research Program (NIDA/IRP) Institutional Review
Board-approved research study. Male and female volunteers ages 18 to 40 years with no current
clinically significant medical problems were recruited by word of mouth, flyers, and television,
radio, and newspaper advertisements. Subjects must have consumed at least five tablets of
MDMA in their lifetime and at least one in the past 90 days. History of MDMA consumption
was supported by a positive urine amphetamines or hair MDMA test in the past 90 days. Hair
testing was included as an alternative matrix for verifying drug use as a result of the short
detection time (30 to 48 hours) of MDMA in urine.35 A recent study found that only 20% of
individuals with MDMA- or MDA-positive hair specimens had corresponding urine specimens
positive for either analyte.36 Females had to use a reliable method of birth control or abstain
from sexual intercourse throughout the study. Serum and urine pregnancy tests were
administered at the screening visit and on the morning of each dosing session, respectively.

All potential subjects received a comprehensive medical and psychologic evaluation, including
medical and drug use history and physical examination, clinical laboratory tests, 12-lead
electrocardiogram with 3-minute rhythm strip, Symptom Checklist-90-Revised (SCL-90R),
and computer-administered version of the Structured Clinical Interview for the Diagnostic and
Statistical Manual of Mental Disorders IV.37 Individuals meeting any of the following criteria
were excluded: nursing or pregnant women; current medical condition or history of neurologic
illness; axis I psychiatric diagnosis other than abuse or dependence on nicotine, cannabis, or
MDMA; recent (within 30 days of MDMA administration) prescription of a CYP2D6 or
CYP3A4 inhibitor or CYP3A4 inducer (with reconsideration 30 days after the individual
voluntarily stopped use); systolic blood pressure (BP) greater than 135 mmHg, diastolic BP
greater than 85 mmHg, or heart rate greater than 100 beats/min after 5 minutes at rest; total
cholesterol greater than 250 mg/dL if older than 30 years; hemoglobin less than 12.5 g/100 mL
(male) or less than 12 g/100 mL (female); clinically significant abnormal electrocardiogram;
and serum transaminase levels greater than three times normal.

Study Design
Participants had two options for study participation while residing on the closed research unit
of the NIDA/IRP: a single 23-day continuous stay encompassing all three dosing sessions or
three separate stays at least 1 week apart completed in 1 year. Participants remained on the unit
for 2 to 7 days after each dose. Participants were required to enter the inpatient unit at least 12
hours before dosing. On admission, staff completed a brief nursing assessment. Separate stay
participants were examined at each stay to ensure continued study eligibility. Urine was
screened for benzodiazepines, cocaine, amphetamines, cannabis, opiates, phencyclidine (PCP),
and barbiturates with a Triage® 7 Drugs of Abuse panel (Biosite, Inc., San Diego, CA).
Negative results were required for all drug classes except amphetamines and cannabis for the
dosing session to proceed. The next morning, participants were encouraged to eat a light
breakfast before dosing. Females were administered a urine pregnancy test. After collection
of baseline measures, biologic specimens, and a 12-lead electrocardiogram, participants orally
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ingested one of three doses: 0 (placebo), 1.0 mg/kg (low), or 1.6 mg/kg (high) MDMA
(Lipomed, Arlesheim, Switzerland) while seated in a quiet room. Active drug was prepared as
the hydrochloride salt; placebo contained only lactose. For safety purposes, there was a
maximum absolute dose limit of 150 mg MDMA. Two participants whose weight exceeded
93.75 kg, one male and one female, received this maximum dose. Dosing sessions were
separated by a minimum of 1 week to enable determination of MDMA and metabolite detection
times and t1/2. After MDMA or placebo administration, participants remained seated and were
monitored by medical staff for 3 hours or until systolic BP, diastolic BP, and heart rate returned
to within 20% of predose levels (or heart rate to <95 beats/min), whichever occurred later.
Biologic specimen collection, physiological measurements, and subjective evaluations
continued for 47 to 167 hours after dosing.

Blood Collection
Whole blood was collected in a sodium heparin Vacutainer (Becton, Dickinson and Company,
Franklin Lakes, NJ) at -0.25, 0.25, 0.5, 0.75, 1.0, 1.25, 1.5, 1.75, 2.0, 2.25, 2.5, 2.75, 3.0, 3.5,
4.0, 4.5, 5.0, 7.0, 9.0, 11, 13, 15, 23, 29, 34, 39, 47, 71, 95, 119, and 143 hours after each dose.
Predose through 47-hour specimens were collected from all participants; the exact number of
later collections depended on the length of residential stay. Specimens were stored on ice
immediately after collection, centrifuged, and plasma-separated within 2 hours. Plasma
specimens were frozen at -20°C until analysis.

Plasma Analysis
Plasma specimens were simultaneously analyzed for MDMA, MDA, HMMA, and HMA
according to a fully validated procedure.38 Briefly, internal standard solution (MDMA-d5,
MDA-d5, and pholedrine) was added to 1 mL of participant plasma, calibrator, or quality
control solution. Acidic hydrolysis was performed by addition of 1 mL 0.5 M hydrochloric
acid and incubation at 100°C for 40 minutes. After tubes cooled, pH was adjusted to 6 with 1
mL 0.1 M phosphate buffer (pH 6) and 50 μL 10 M sodium hydroxide. Samples were vortexed
and centrifuged before solid phase extraction with conditioned Styre Screen (United Chemical
Technologies, Bristol, PA) columns. Columns were washed with H2O, 0.1 M acetic acid and
methanol before elution of MDMA and metabolites with a fresh mixture of ethyl
acetate:isopropanol:ammonium hydroxide (90:6:4). Acidified methanol (15 μL) was added to
the eluate before evaporation. Extracts were reconstituted with 100 μL 0.5 M triethylamine in
heptane. Ten microliters heptafluorobutyric acid anhydride was added and tubes incubated at
60°C to derivatize HMMA and HMA. A back extraction was performed by addition of 200
μL Tris buffer to cooled tubes. Tubes were vortexed and centrifuged with the top organic layer
removed and pipetted into an autosampler vial.

Three microliters derivatized extract were analyzed by two-dimensional gas chromatography/
electron impact mass spectrometry (2D-GC/EI-MS) operated in selected ion monitoring mode.
2D-GC/EI-MS parameters are presented in detail in Kolbrich et al.38 The linear dynamic range
for each analyte was 1 to 100 ng/mL MDA, 2.5 to 100 ng/mL HMA, and 2.5 to 400 ng/mL
MDMA and HMMA. Method accuracy was greater than 80%. The greatest coefficient of
variation for an intraassay batch was 8.4%, whereas coefficients of variation for interassay
imprecision were 6.7% or less. Specimens with concentrations greater than the upper limit of
quantification (LOQ) were diluted with phosphate buffer (pH 6.0) and reextracted.

Pharmacokinetic and Statistical Analyses
Noncompartmental models (WinNonlin v 5.2; Pharsight Corp., Mountain View, CA) were
used to calculate t1/2, area-under-the-curve from 0 to infinity (AUC∞), apparent volume of
distribution after oral administration (Vd/F, where F is bioavailability), and apparent total body
clearance of the drug from plasma (CL/F). Three or more time points were included in the
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calculation of t1/2.AUC∞ was calculated by extrapolating AUC from time of dosing to infinity
based on the last observed concentration and the first-order rate constant (λZ) associated with
the terminal (log-linear) portion of the curve (estimated by linear regression of time versus log
concentration):

Statistical analyses were performed using SPSS v 14.0 for Windows (SPSS, Inc., Chicago, IL).
For within-subject comparisons, paired t tests were used to evaluate variables with Gaussian
data distribution and nonparametric Wilcoxon signed rank tests were used for variables with
non-Gaussian data distribution. Vd/F, CL/F, MDMA and MDA AUC∞, MDMA, MDA, and
HMA peak analyte concentrations (Cmax), HMMA time to reach Cmax (Tmax), and metabolite
ratios involving HMA were normally distributed and evaluated by paired t tests. High-dose
HMMA to MDMA AUC∞ and low-dose HMMA to MDMA Cmax and Tmax comparisons also
displayed Gaussian data distribution and were evaluated by paired t tests. All other within-
subject comparisons had at least one variable with non-Gaussian data distribution and were
evaluated with the Wilcoxon signed rank test. For between-group gender comparisons,
independent-samples t tests and the nonparametric Mann-Whitney U test were used for the
relevant variables. The following variables were normally distributed and evaluated with
independent-samples t tests: MDMA and MDA low- and high-dose t1/2; HMMA low-dose
t1/2; MDMA, MDA, and HMMA high-dose AUC∞;MDA low-dose AUC∞; HMMA and
MDMA low- and high-dose Tmax; MDMAVd/F and CL/F; and all Cmax comparisons except
HMMA high dose. All other gender comparisons used the Mann-Whitney U test. Statistical
comparisons between analytes or doses were always performed between matched participants
with all relevant data points. Descriptive statistics, eg, mean, standard deviation (SD) included
results from all participants. Statistical comparisons were considered significantly different if
P < 0.05 (two-tailed). As a result of smaller sample sizes, standard errors (SEs) are reported
for gender data. All other results are expressed as mean ± SD, unless otherwise noted.

RESULTS AND DISCUSSION
Participants

Seventeen healthy volunteers met eligibility criteria: seven black males, six black females, two
white males, one white female, and one Hispanic male of unknown race. Mean ± SD age and
weight were 21.5 ± 2.5 years (range, 18-27 years) and 76.7 ± 17.8 kg (range, 43.2-105.7 kg),
respectively. There was no significant gender difference in mean ± SE age (females 22.6 ± 1.1
years, males 20.7 ± 0.6 years, P = 0.13) or weight (females 66.7 ± 8.2 kg, males 75.3 ± 4.5 kg,
P = 0.345). Black participants had a mean ± SD age of 22.2 ± 2.4 years and mean weight of
73.5 ± 16.9 kg.

Four participants completed the study in one stay with 7 to 10 days between drug administration
sessions. Thirteen participants were discharged after each session and readmitted later for the
next session. The mean ± SD interval (range) between unit discharge and readmission was 17.0
± 18.2 (3-89) days. All three sessions were completed within a mean of 40.4 ± 27.8 (14-113)
days. The median number of hours for blood collection was 143 hours (mean ± SD 120.5 ±
39.3 hours; range, 47-146 hours).

Time of First Detection
MDMA was detected at 15 minutes in less than 25% of participants’ plasma and in all
participants 30 minutes after each dose. Time of first HMMA detection was similar to that of

Kolbrich et al. Page 5

Ther Drug Monit. Author manuscript; available in PMC 2009 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



MDMA. MDA was detected at 30 minutes in 34% of participants and at 45 minutes in 75%;
by 1.25 hours, all participants’ plasma was MDA-positive after both doses. HMA displayed
variable first detection times of 1 to 7 hours after the low and 2 to 9 hours after the high dose.
Approximately 50% of specimens were HMA-positive at 3 hours.

Other published studies of controlled administration of 75 to 150 mg oral MDMA report similar
times for onset of drug detection.6,21 For example, in two subjects administered 1.5 mg/kg
MDMA, MDMA was detected at 15 and 30 minutes and MDA at 1.5 and 2.25 hours after
dosing.39 Differences in first detection times between studies could be the result of differences
in plasma collection time points, LOQ achieved with individual analytical methods, and
variation in oral absorption between individuals.

Time of Last Detection
Plasma specimens from all participants remained MDMA-positive at 23 hours with mean
concentrations of 19.5 ± 12.4 and 44.1 ± 12.9 ng/mL after the 1.0- and 1.6-mg/kg doses,
respectively. After the low dose, plasma specimens from greater than 50% of participants were
still positive for MDMA at 39 hours; by 47 hours, four of 17 (23.5%) participants’ plasma
contained 3.2 to 22.8 ng/mL MDMA. Of subjects who resided on the research unit for longer
than 47 hours, plasma from only one individual remained positive at 71 and 95 hours at
concentrations of 10.4 and 5.1 ng/mL MDMA, respectively. By 119 hours, MDMA was below
the LOQ in all low-dose specimens. After the high dose, plasma specimens from 82% of
participants were MDMA-positive (3.2 to 15.7 ng/mL) at 47 hours. Plasma from one participant
with a residential stay longer than 47 hours remained MDMA-positive (2.7 ng/mL) at 71 hours.

HMMA had the longest detection window of the four analytes. Plasma specimens from all
participants except one were positive for HMMA at 47 hours after the 1.0-mg/kg dose with a
mean concentration of 4.8 ± 1.4 ng/mL. All 47-hour plasma specimens were positive for
HMMA after the high dose with a mean concentration of 9.5 ± 3.9 ng/mL. Of participants with
a 71-hour plasma collection, 14% and 67% were positive for HMMA after the low and high
doses, respectively, at concentrations ranging from 2.6 to 5.2 ng/mL. HMMA was quantifiable
in one participant’s plasma (2.8 ng/mL) 95 hours after the high dose, but was less than LOQ
by 119 hours.

At 23 hours, all participants’ plasma was MDA-positive at concentrations ranging from 1.6 to
12.0 ng/mL. Positivity decreased more rapidly after the low dose; by 47 hours, 24% of
specimens were positive after the low (1.2 to 2.3 ng/mL) and 82% after the high (1.1 to 4.5 ng/
mL) doses. One plasma specimen remained positive 71 hours after the low dose (1.4 ng/mL)
and one from a different participant after the high dose (1.0 ng/mL).

HMA never exceeded the LOQ in three participants’ plasma after the low and one after the
high dose. At 23 hours after the low and high doses, 79% and 100% of plasma specimens,
respectively, were HMA-positive. By 47 hours, all plasma specimens were negative after the
low dose, whereas plasma from two participants remained positive at 2.8 and 3.5 ng/mL at 47
hours after the high dose; both participants’ plasma specimens were negative at 71 hours.

Detection windows for MDMA, HMMA, and MDA are longer than previously reported,
presumably because this study extended plasma collections beyond 48 hours. These data
demonstrate that the most prevalent analytes for documenting MDMA exposure with the
longest detection window were MDMA or HMMA; however, detection of HMMA requires a
hydrolysis step during plasma analysis.
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Peak Concentration, Time to Reach Peak Concentration, and Area-Under-the-Curve From
Zero to Infinity

Mean MDMA Cmax were attained 2.4 hours postdose (Table 1; Fig. 2). Intersubject variability
in Cmax is shown in Figure 3. Mean MDMA Cmax was significantly higher after the 1.6-mg/
kg dose (n = 17, P < 0.001); no significant difference in Tmax was observed (n = 17, P = 0.78).
Mean AUC∞ was significantly higher (n = 17, P < 0.001) after the high MDMA dose. Although
the high MDMA dose was only 1.6 times the low dose, high-dose AUC∞ was 1.9 times the
low dose, indicating nonlinearity in the dose-concentration response.

Mean HMMA Cmax after the low and high doses were nearly identical (Table 1), although
intersubject dose response varied (Fig. 3). In 11 of 16 individuals, HMMA low- and high-dose
Cmax were within ± 20%. For the other five participants, three had higher HMMA plasma
concentrations after the 1.6-mg/kg dose and two after the 1.0-mg/kg dose. There was no
significant difference in mean Tmax between doses (n = 16, P = 0.48) with peak HMMA
concentrations occurring approximately 1.8 hours after drug administration. Although mean
Cmax were not significantly different (P = 0.96), mean AUC∞ was significantly higher after
the 1.6-mg/kg dose (n = 16, P = 0.001). Mean high dose AUC∞ was only 1.3 times low-dose
AUC∞.

Mean and individual HMMA and MDMA plasma data are presented in Figures 2 and 3. After
1.0 mg/kg MDMA (n =16), HMMA and MDMA mean Cmax (P = 0.66) and AUC∞ (P = 0.50)
were not significantly different, although mean HMMA Tmax occurred significantly earlier (n
= 16, P = 0.02). After the 1.6-mg/kg dose, MDMA mean Cmax (P = 0.001) and AUC∞ (P <
0.001) were significantly higher than those of HMMA, whereas there was no significant
difference in Tmax (n = 17, P = 0.08).

Plasma profiles showed high intersubject variation. Figure 4 displays the time course of
HMMA and MDMA plasma concentrations in one male and one female participant; subjects
had similar weights, 80 and 81 kg, respectively, and therefore, received nearly identical
absolute doses of approximately 80 and 128 mg MDMA after the low and high doses,
respectively. In male subject B, HMMA low and high dose and MDMA high-dose Cmax were
clustered around 300 ng/mL; MDMA low-dose Cmax was less than half this value. Female
subject C displayed an entirely different profile, with 210.8 and 465.3 ng/mL low- and high-
dose MDMA Cmax, and similar HMMA low- and high-dose Cmax of 126.0 and 148.6 ng/mL,
respectively.

Mean MDA Cmax were reached at approximately 7.5 hours after dosing (Table 1). Cmax and
AUC∞ were significantly higher after the high dose (n = 17, P < 0.001 for both comparisons),
whereas no significant differences in Tmax were observed (n = 17, P = 0.25). The mean HMA
Cmax after the high dose was significantly greater (n = 13; P = 0.02) than after the low dose
(Table 1). The highest plasma HMA concentrations of 4.2 (low) and 6.1 (high) ng/mL were
from the same individual. There was no significant difference in mean HMA Tmax (n = 13,
P = 0.25) or AUC∞ (n = 9, P = 0.14) as a result of high intra- and intersubject variability. Mean
AUC∞ ratios for MDA/MDMA and HMA/MDMA remained constant between doses at 10%
and 17%, respectively.

The absolute MDMA doses administered in this study were 43 to 106 mg (1.0-mg/kg dose)
and 69 to 150 mg (1.6-mg/kg dose), which are similar to common recreational doses.18,
40-42 The resulting MDMA and MDA Cmax (Table 1; Fig. 3) were in the range of peak
concentrations reported in other studies after oral administration of 47.5 to 150 mg MDMA.
6,17,18,32,33,39,43-48 Concentrations of hydroxylated metabolites after MDMA
administration have been evaluated less frequently. Mean HMMA Cmax after MDMA doses
of 50 mg (n = 2),18 100 mg (n = 86; n=745), and 150 mg (n = 2)18 have been published. One
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individual’s HMMA Cmax was reported after a 75-mg MDMA dose and one different
individual’s Cmax was available after a 125-mg dose.21 Current HMMA Cmax (Table 1; Fig.
3) after doses of 43 to 150 mg MDMA were in the range of Cmax achieved after doses of 50
to 150 mg in these earlier studies. The only HMA plasma Cmax data previously published were
from a single 100-mg MDMA administration to eight subjects6; mean HMA Cmax was 7.5 ±
4.0 ng/mL. The highest HMA Cmax in the current study was 6.1 ng/mL with mean values of
less than 4 ng/mL (Table 1). Differences may be attributable to the hydrolysis method used to
break glucuronide and sulfate bonds. Acidic hydrolysis was selected in the current study
because of its speed, low cost, and reported efficiency over basic and enzymatic hydrolysis.
39,49 The previous study used enzymatic hydrolysis using β-glucuronidase from Helix
pomatia.19

Only one participant (N) had MDMA and MDA concentrations and AUC∞ higher after the
low than after the high dose. HMMA concentrations showed the same trend and were the lowest
HMMA Cmax after each dose with concentrations 36.7 ng/mL or less. These unusual
pharmacokinetic data are difficult to explain simply by a slow metabolism rate.

MDMA, HMMA, and MDA Tmax in the current study (Table 1) are consistent with published
data.6,17,18,32,33,39,44-48,50 HMA Tmax occurred later than previously reported,6 probably
as a result of the extended plasma collection times in this study. HMA Tmax exhibited great
variability (Table 1), likely a result of HMA concentrations remaining near the LOQ during
the entire plasma time course. Although mean Tmax was consistent for each analyte across
doses, HMMA Tmax occurred significantly earlier than MDMA Tmax after the low dose. Mean
MDMA Tmax was the same or earlier than HMMA Tmax in all but one previously published
study.47 The reason for the discrepancy between studies is unclear. Variable absorption after
oral drug administration or differences in plasma collection time points may play a role.
However, evidence for rapid first-pass metabolism of MDMA comes from a Tmax of 1 to 1.2
hours for HHMA, the metabolic precursor of HMMA, as reported in earlier studies.17,45

Metabolite Ratios
Mean HMMA/MDMA ratios were higher (P < 0.001) after the 1.0-mg/kg than after the 1.6-
mg/kg dose. After both doses, ratios were larger at the beginning and end of the plasma time
course (Fig. 5A) when HMMA concentrations were higher than MDMA concentrations. There
was high inter-subject variability with individual ratios ranging from 0.06 to 22.9.

Low- and high-dose mean MDA/MDMA ratios increased linearly and similarly from 0.75 to
approximately 23 hours, when low-dose ratios began to increase more quickly (Fig. 5B). The
largest ratio was 0.47, 39 hours after the low dose.

Mean HMA/MDMA and HMA/MDA ratios were greater after the low dose (P = 0.04 and P
= 0.003, respectively; Figs. 5C and E). The low-dose ratio slope began a steeper ascent starting
approximately 11 hours after dosing. There was no significant difference between doses for
the HMA/HMMA ratio (P = 0.10; Fig. 5D).

Half-Lives, Volume of Distribution, and Total Body Clearance of the Drug From Plasma
There was no significant difference between doses in mean MDMAVd/F (P = 0.78) (Table 2).
Clearance (CL/F) was significantly faster after the low dose (P = 0.004) (Table 2). Mean Vd/
F was similar to values previously reported after chiral and achiral plasma analyses.20,23 Total
clearance rates were significantly lower after the high dose (P = 0.004; Table 2), consistent
with a previous study that suggested an impairment in MDMA hepatic clearance, because renal
clearance was constant, whereas total and nonrenal clearance generally decreased as dose
increased.18
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Vd/F and CL/F results are consistent with the significantly longer mean MDMA t1/2 (P = 0.009)
observed after the high dose (Table 3). MDA t1/2 was also significantly longer after the high
dose (P = 0.01; Table 3). HMA t1/2 did not differ significantly between doses (P = 0.89; Table
3).

Mean MDMA t1/2 results are similar to those reported in smaller studies administering 75, 100,
or 125 mg MDMA.6,17,18,21,23,33,45,47 Half-lives resulting from chiral and achiral plasma
analyses after 40 and 50 mg oral MDMA to male volunteers18,20,50 were shorter than in
participants receiving similar doses in this study. All three subjects receiving 40 to 50 mg
MDMA were females weighing less than 50 kg. The difference in t1/2 could be the result of
the gender difference in subjects (females had a significantly slower MDMA clearance rate
after the low dose compared with males in this study; P = 0.001) to differences in body weight.
Mean HMMA t1/2 after 1.0 mg/kg was in the upper range of previously published values,6,
17,45,47 whereas mean MDA t1/2 were shorter than those previously published.18,23,32,33
The earliest time point included in this study for MDA t1/2 determinations was 13 hours. The
majority of previous studies determined MDA t1/2 with only 10- and 24- hour plasma
collections after the peak, potentially resulting in an inaccurate estimation of MDA t1/2. Mean
HMA t1/2 (Table 3) was substantially greater than the value of 37.4 hours reported after a 100-
mg MDMA dose.6

Gender
This study is the first to report MDMA and metabolite concentrations for females after
controlled MDMA administration. Similar gender patterns were observed for AUC∞ and
Cmax: mean MDMA and MDA Cmax were greater in female than male subjects; the reverse
was observed for HMMA (Table 1). Tmax did not significantly differ by gender for any analyte
(Table 1). Gender differences in MDMA and MDA AUC∞ and Cmax were significant after the
low dose only (MDMA: AUC∞, P = 0.002; Cmax, P = 0.02; MDA: AUC∞, P = 0.001; Cmax,
P = 0.05). Mean MDMA AUC∞ after the high dose showed a trend toward significance (P =
0.06). Mean HMMA AUC∞ was significantly greater in male plasma specimens after both the
1.0- and 1.6-mg/kg doses (low, P = 0.002, six females, 10 males; high, P = 0.03), whereas
mean Cmax reached significance only after the 1.0-mg/kg dose (P = 0.002, six females, 10
males). No significant gender differences were observed for mean HMA Cmax and AUC∞. In
general, female subjects had longer t1/2 than male subjects (Table 3). Significantly longer mean
t1/2 were observed in females for MDMA after the high dose (P = 0.02), HMMA after the low
dose (P = 0.002), and MDA after both doses (low, P = 0.05; high, P = 0.005). Trends toward
significance were observed for mean low-dose MDMA (P = 0.08) and high-dose HMMA (P
= 0.07) t1/2.

Among participants who resided on the research unit longer than 47 hours, only female
participants’ plasma remained MDMA-positive more than 2 days postdose, although their
absolute MDMA doses tended to be smaller because of lighter body weight. MDMA is a
lipophilic drug, so the longer residence time in females could be related to their greater adipose
tissue mass, although Vd/F in males and females was similar with mean values ranging from
5.2 to 5.8 L/kg for both genders at both doses. Mean MDMA clearance results are consistent
with longer t1/2 in females with a significantly slower mean rate (P = 0.001) after the low dose
and a nearly significant slower mean rate (P = 0.08) after the high dose. In general, renal
processes, including clearance of drugs metabolized by CYP2D6, are faster in males.51 This
may help to explain higher concentrations of HMMA in males, but leaves unexplained higher
concentrations of MDA in females.

These observed gender differences in MDMA pharmacokinetics are not confounded by body
weight because dosing was based on milligrams per kilograms. They should be interpreted
cautiously because of the small sample sizes.
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Race/Ethnicity
The influence of race/ethnicity on MDMA pharmacokinetics has not been well studied. This
study included a substantial number of black subjects, a population group whose MDMA use
has increased over the past decade.52 Thus, evaluation of MDMA pharmacokinetics in this
group has public health significance. Racial subgroup comparisons could not be performed
within this study because of the small sample sizes. However, mean plasma pharmacokinetic
data after administration of 75 and 125 mg MDMA to eight European males are available for
comparison.21 Their mean weight was 74.4 kg, similar to the 76.0-kg mean weight of the seven
black males in the current study. Because our participants were dosed based on weight, MDMA
dosages ranged from 58 to 106 mg (mean ± SE: 76.3 ± 5.6) after the low dose and 97 to 150
mg (mean ± SE: 118.8 ± 6.1) after the high dose. Mean MDMA Cmax after the low and high
doses were higher by 22% and 21%, respectively, in blacks than in Europeans; mean MDA
concentrations were higher by 9.3% and 1.4%, respectively; mean MDMA AUC were higher
by 19% and 8%, respectively. Mean MDMA and MDA Tmax in blacks were always ≥ mean
Tmax than of Europeans. Mean MDMA t1/2 were similar in the two racial groups; mean MDA
t1/2 were shorter in blacks by 35% after the low and 131% after the high dose. These racial
differences should be interpreted cautiously because of methodological differences between
the studies, including more frequent and extended sampling in the current study and different
analytical methods.

Nonlinear Pharmacokinetics
This is the first study to report MDMA, HMMA, MDA, and HMA concentrations after
administration of multiple MDMA doses to the same individuals (ie, a within-subjects design
with respect to MDMA dose). Results support the theory of nonlinear MDMA
pharmacokinetics postulated by de la Torre et al.18 They observed nonlinear increases in
MDMA and HMMA concentrations after the administration of 50, 100, and 150 mg MDMA;
however, a different set of two subjects received each dose (ie, a between-subjects design with
respect to MDMA dose) and only one subject’s HMMA data were reported. In a later study,
75 and 125 mg MDMA were administered to eight male subjects.18,21 Although multiple
MDMA and MDA pharmacokinetic parameters were reported, the only HMMA data available
were Cmax for a single (different) participant after each dose.18

In the current study, mean MDMA Cmax and AUC∞ increased approximately 1.8- and 1.9-fold
(versus the expected 1.6) between the low and high doses. Ten of 17 participants had AUC∞
increases greater than twofold higher after the high dose; five of these individuals showed a
greater than 2.5-fold increase. Mean HMMA Cmax was unchanged, whereas mean AUC∞ was
1.3 times higher. Change in individual AUC∞ exceeded a 1.4-fold increase for a single
participant. Interindividual variations in HMMA dose response did not appear to be related to
the amount of drug administered (see Fig. 4). Mean HMMA/MDMA AUC∞ comparisons were
1.0 after the low dose and 0.67 after the high. Mean AUC∞ comparisons of MDA and HMA
to MDMA remained constant after both doses, at 0.10 and 0.17, respectively. This suggests
that these minor metabolites display the same nonlinear increase as MDMA. HMA/HMMA
AUC∞ ratios are not consistent between doses, at 0.17 (low) and 0.26 (high). Because HMMA
is a direct precursor of HMA, and metabolism is primarily mediated by CYP1A2, which has
not been associated with variation in MDMA metabolism, it is interesting that HMA/MDMA
AUC∞ ratios are constant, whereas HMA/HMMA AUC∞ ratios are not. However, these data
suggest that HMA is primarily formed through the minor, not major, metabolic pathway of
MDMA. Metabolite ratios also support nonlinear pharmacokinetics of MDMA with
metabolite/MDMA ratios always significantly lower after the high dose; a linear increase in
concentration should result in similar ratios across doses. Although the time course of HMMA/
MDMA, HMA/MDMA, and HMA/MDA ratios are initially parallel between doses (Fig. 5),
at 15 to 24 hours postdose, the gap between doses widens as the low-dose slope becomes
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steeper. This may occur because MDMA concentrations have decreased to levels where there
is less inhibition of its metabolism.18,53

The predominant theory of nonlinear pharmacokinetics of MDMA and HMMA is mechanism-
based inactivation of CYP2D6 by MDMA.53 In vitro data suggest that a metabolic complex
formed by the methylenedioxyphenyl ring inhibits O-methylation. Amine groups can also
reportedly form these complexes, although the mean MDA/MDMA AUC∞ ratio was constant
between doses, making this an unlikely binding site. Saturation of enzymes or interaction of
metabolites with enzymes in the metabolic pathway also have been suggested.18

CONCLUSION
Although ecstasy has been associated with a low number of emergency room visits and
fatalities,54,55 MDMA is rarely the sole drug ingested. Many substance abusers also use other
licit and illicit drugs, notably cannabis.56 In addition, the purity of “street” ecstasy is
notoriously poor; it often contains little or no MDMA.41,57,58 Substitutes include other illicit
drugs, caffeine, ephedrine, pseudoephedrine, salicylates, dextromethorphan, starch, and
lactose. Contaminants from the manufacturing process also may be present. Pharmacokinetic
data after controlled drug administration provides a more rigorous scientific framework for
interpreting plasma MDMA concentrations collected in clinical and forensic cases. The non-
linearity observed in the MDMA dose-concentration relationship was noted within the typical
recreational dose range and could be a contributory factor in observed toxicity of MDMA.

This study used a rigorous scientific design to perform an extended pharmacokinetic analysis
of MDMA and three metabolites, HMMA, MDA, and HMA, characterizing Cmax, Tmax,
AUC∞, detection windows, t1/2, Vd/F, CL/F, and metabolite ratios for up to 143 hours after
dosing. Low (1.0 mg/kg) and high (1.6 mg/kg) oral MDMA doses were administered to 17
volunteers of both genders, including, for the first time, black participants. Strengths of this
study include measurement of HMMA and HMA concentrations after low and high MDMA
doses, more frequent and extended plasma sampling (up to 143 hours post dose versus 48 hours
or less in earlier reports), and participants who resided on a closed research unit with 24-hour
monitoring to prevent self-administration of MDMA or other drugs. This study provides
support for the theory of MDMA nonlinear pharmacokinetics within the range of doses used
recreationally and provides preliminary information on gender differences in drug elimination.
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FIGURE 1.
Metabolism of 3,4-methylenedioxymethamphetamine (MDMA). MDA, 3,4-
methylenedioxyamphetamine; HHMA, 3,4-dihydroxymethamphetamine; HHA, 3,4-
dihydroxyamphetamine; HMMA, 4-hydroxy-3-methoxymethamphetamine; HMA, 4-
hydroxy-3-methoxyamphetamine.
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FIGURE 2.
Mean ± standard deviation concentrations of (A) 3,4-methylenedioxymethamphetamine
(MDMA) and 4-hydroxy-3-methoxymethamphetamine (HMMA) and (B) 3,4-
methylenedioxyamphetamine (MDA) and 4-hydroxy-3-methoxyamphetamine (HMA) after
administration of 1.0 (low) and 1.6 (high) mg/kg oral MDMA to 17 volunteers. Note: Plasma
concentrations of 0 occurring at the beginning and end of the time course were included in
mean calculations. If concentrations were less than limit of quantification (LOQ) during the
entire time course, the participant was excluded from calculations for that analyte and dose
only. an = 14, because HMA concentrations were always less than LOQ in plasma specimens
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from three participants. bn = 16, because HMA concentrations were always less than LOQ in
plasma specimens from one participant.
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FIGURE 3.
Individual 4-hydroxy-3-methoxymethamphetamine (HMMA) and 3,4-
methylenedioxymethamphetamine (MDMA) maximum plasma concentrations (Cmax) after
low- (1.0 mg/kg) and high- (1.6 mg/kg) dose oral MDMA administration with participants’
gender and race identified. F, female; AA, African-American; M, male; C, Caucasian; H,
Hispanic. aNo HMMA low-dose Cmax as a result of unavailable plasma concentration at/near
peak.
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FIGURE 4.
Plasma profiles of 3,4-methylenedioxymethamphetamine (MDMA) and 4-hydroxy-3-
methoxymethamphetamine (HMMA) in two subjects, (B), male and (C), female, administered
approximately 80 (low) and 130 (high) mg MDMA.
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FIGURE 5.
Metabolite ratios after administration of 1.0- (low) and 1.6- (high) mg/kg 3,4-
methylenedioxymethamphetamine (MDMA) to healthy volunteers. (A) 4-hydroxy-3-
methoxymethamphetamine (HMMA)/MDMA; (B) 3,4-methylenedioxyamphetamine (MDA)/
MDMA; (C) 4-hydroxy-3-methoxyamphetamine (HMA)/MDMA; (D) HMA/HMMA; and e)
HMA/MDA.
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