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Abstract

Methadone is a widely used opioid agonist in maintenance therapy for opioid addiction; however, its global diversion is
increasing. Determining methadone’s role in drug-related deaths is often challenging due to its pharmacological proper-
ties, such as tolerance, and the co-consumption of psychotropic substances. This study aims to identify the demographic,
clinical, and therapeutic characteristics of methadone-related deaths to support forensic interpretation. A systematic litera-
ture review was conducted to retrieve and analyze publications on methadone-related deaths that included post-mortem
toxicological analyses. The data were integrated with methadone-related death cases examined at the Institute of Forensic
Medicine in Bologna. The literature review identified 58 articles for data extraction. Aggregated data were available in
29 papers, while individual-level data were reported in 30 studies (with one paper providing both). The aggregated data
comprised 3,148 cases, with a median of 80 cases per study (interquartile range, IQR 32-129). A total of 240 individual
cases were retrieved from the literature (»=204) and Bologna’s Forensic Medicine records (n=36). Among these, 27 were
children, 190 were adults, and 23 had no reported age. The median blood methadone concentration was 300 ng/mL (IQR
195-600 ng/mL) in children and 503 ng/mL (IQR 300-933 ng/mL) in adults, overlapping with levels observed in living
patients undergoing methadone maintenance therapy. Statistically significant differences in methadone blood concentra-
tions were found between deaths attributed solely to methadone and those involving multidrug intoxication, with higher
concentrations observed in the former group (p<0.001). This review confirms previous findings on the overlap between
therapeutic and toxic methadone blood concentrations, highlighting the increasing risk of multidrug intoxications. The
extensive number of cases collected and reviewed serves as a valuable resource to assists forensic pathologists in inter-
preting post-mortem methadone concentrations in relation to the cause of death.
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Introduction

Opioid maintenance therapy with methadone is an essen-
tial component in treating opioids addiction and reducing
related morbidity and mortality [1, 2]. This opioid agonist,
when administered in a steady state, prevents withdrawal
symptoms without causing euphoria, thus reducing the urge
to abuse opioids. The effectiveness of methadone in reduc-
ing opioid-related deaths has led to a significant increase in
its prescription over the last two decades. Nonetheless, this
rise in prescription, together with the undeniable potential
for abuse of methadone itself, has, in turn, contributed to
the phenomenon of methadone diversion for recreational
use, which contributed to several cases of overdose deaths
around the world [3, 4].

Post-mortem methadone concentrations detected in cases
of fatal methadone intoxication can overlap with those found
in living intoxicated individuals or in patients undergoing
maintenance therapy [5—7], plausibly due to interindividual
variability in methadone tolerance. Habitual users—whether
following a maintenance prescription or because of habitual
abuse—develop a much higher tolerance than individuals
using methadone recreationally (i.e., just as experimental
episodes or in socially-endorsed situations), where a lower
dose may be sufficient to cause death - particularly when
combined with other drugs [6]. Due to this variability, most
methadone-related deaths are accidental [7] —whether due
to improper prescription, erroneous intake, or illegal abuse—
and typically occur during the first few weeks of opioid
maintenance therapy, often resulting from rapid dosage esca-
lation and subsequent fatal respiratory depression [8]. Plau-
sibly, also other risk factors concur to methadone-related
toxicity and deaths, as coadministration of other drugs [9].
Because of this variability, the medico-legal interpretation
of post-mortem toxicological findings in methadone-related
fatalities can be challenging if no further information about
the case history is available [10].

A large body of literature has investigated post-mortem
cases to characterize methadone-related deaths and under-
stand whether there is a toxic or lethal post-mortem concen-
tration that could help both in understanding the toxicity of
the molecule and in evaluating the influence of methadone
in death for medico-legal purposes.

This study reviews published cases of methadone-related
deaths reporting post-mortem methadone concentrations
to identify individual characteristics that may assist in the
forensic interpretation of these deaths. A series of 36 cases of
methadone related deaths from the Legal Medicine of the Uni-
versity of Bologna, Italy were also included in the analysis.
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Materials and methods
Study design

A systematic literature review retrieved and analyzed all the
publications concerning methadone-related deaths report-
ing post-mortem toxicological analysis. Extracted data were
divided into aggregated data and individual-level data. First,
we presented global statistics from the complete sample to
explore methadone-related deaths’ characteristics. Second,
we focused exclusively on individual data to better assess
the effect of demographic, anamnestic, and therapeutic
variables on the relationship between concentration and
mortality. Retrieved data were integrated with 36 metha-
done-related deaths on which a forensic autopsy was per-
formed at the Institute of Legal Medicine of Bologna, Italy.

Search strategy

In July 2024, two authors performed the Web-based system-
atic search of the literature by querying the search engines
MEDLINE/PUBMED, searching for the Mesh terms “Meth-
adone” AND “Forensic Toxicology” OR “Death” OR “Poi-
soning”, and SCOPUS searching for the terms “Methadone”
(Article title) AND “Forensic toxicology” (Article title,
Abstract, Keywords) OR “Death” (Article title, Abstract,
Keywords) OR “Poisoning” (Article title, Abstract, Key-
words). The research query was intentionally kept broad
to ensure sensitivity and minimize the risk of misleading
results. Retrieved articles were then screened to assess their
eligibility. Two reviewers independently screened the titles
and abstracts first, followed by a review of the full text. To
identify relevant reports on methadone-related deaths for
this review, we assessed whether the following eligibility
criteria were met.

a) Type of study: original articles, case-reports and case-
series published between January 2000 and July 2024.

b) Papers reporting “methadone related deaths”, namely
fatalities where toxicological post-mortem analysis
revealed the presence of methadone in post-mortem
blood.

c) Data on methadone concentration range and cause of
death.

Non-English language studies were excluded. A compre-
hensive database of the retrieved articles was created and
checked for removing duplicates (including studies con-
ducted on the same database).
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Information retrieval

The following data were retrieved from included papers
using a pre-piloted Excel sheet. The papers were catego-
rized into two groups: studies reporting only aggregated
data and those providing data on individual deaths.

The following information were extracted.

— Bibliographic data: author(s), year of publication, coun-
try where the study was performed.

— Type of study: retrospective study (based on autopsy re-
port o registry), case report/series.

— Demographic data about the victim(s): sex (male/fe-
male), age.

— Cause of death, divided into ‘“acute methadone in-
toxication” and “multidrug intoxication” based on the
detection of relevant concentration of other psychoac-
tive drugs (illicit drugs or medications) in the blood.
For this categorization we relied on the interpretation
of the paper’s author, and in case of doubts, three re-
viewers evaluated the case based on circumstantial data,
autopsy findings, and the concentrations of all detected
substances.

— Methadone maintenance therapy (MMT): considering
the well-known inter-individual tolerance to metha-
done, it was investigated whether the deceased was un-
dergoing MMT (yes/no/unknown). The posology was
retrieved when available.

— History of addiction: present, absent, unknown.

— Methadone blood and urine concentration (ng/ml).

— Other psychoactive drugs detected in post-mortem toxi-
cological analyses and their concentrations (ng/ml). The
drugs were also classified into categories based on their
potential pharmacokinetic or pharmacodynamic interac-
tion with methadone, in accordance with Drugbank [11]:
CYP2B6 inducer, CYP3A4 inducer, CYP3A4 inhibitor,
Central Nervous System (CNS) depressant (or depres-
sant agents), QT prolonger, other concomitant medica-
tions not included in the previous categories.

Statistical analysis

Data from children and adults were analyzed separately,
due to different body composition, volume of distribution
and administration method. In fact, voluntary intake is
highly unlikely in children, making voluntary administra-
tion or accidental ingestion more probable. Specifically,
children were defined as individuals under 7 years of age,
as no data were collected for individuals between the ages
of 7 and adulthood. Data on children were analyzed using
a descriptive analysis of the collected variables. Categori-
cal variables were described as absolute and percentage

frequencies, while continuous variables were summarized
using the median, interquartile range, minimum and maxi-
mum values. For adults, both aggregated and individual-
level data were analyzed using descriptive statistics. For
individual data, further analyses were conducted, including
the study of blood methadone concentrations and their char-
acterization by sex, MMT (yes or no — data with unknown
status were excluded), and cause of death. These analy-
ses involved plotting the distribution of blood concentra-
tion by group, applying the Wilcoxon-Mann-Whitney test
for assessing differences in blood concentrations between
group, and performing a regression analysis to determine
whether methadone blood concentrations could be influ-
enced by the coadministration of other drugs with poten-
tial pharmacokinetic or pharmacodynamic interactions with
methadone. All analyses were performed using R v.4.3.1.

Results

The literature review led to the selection of 58 papers [3,
6, 7, 9, 10, 12—-64] for data extraction. Aggregated infor-
mation was available in 29 papers [3, 7, 10, 12-37], while
individual-level data were reported in 30 papers [6, 9, 36,
38-64] (Fig. 1). One paper reported data in both individual
and aggregated form [36].

Aggregated data (Table S1) reported a total sample size of
3,148 cases, with a median of 80 cases per study (interquar-
tile range, IQR 32-129). Among studies that specified sex,
the total number of males was 2,087 (77.3%) and females
613 (22.7%), with a median number of 61 males (range
25-105) and 21 females (range 6—42) per study. The median
age was 36 years (age range 17-57). Additionally, the cause
of death was acute methadone intoxication in 1,941 (61.7%)
cases and multidrug intoxication in 893 (28.4%).

A total of 240 single cases were retrieved from the lit-
erature (Table S2), including the 36 cases from the Institute
of Legal Medicine of Bologna (Table S3). In total, 27 were
children, 190 were adults, and 23 did not report an age. The
latter were assumed to be adults from the analysis of the
data. Table 1 reports data on children’s cases, while Table 2
reports data on adult cases.

Most of the children’s cases involved neonates or infants
(median age 0.92 years, IQR 0.08-2 years), with males com-
prising 73.1% of the cases. Among children, in 3 cases the
mother was in MMT, and only in 4 cases a multidrug intoxi-
cation was observed. There were 213 adult cases, with 78%
being males. The median age was 36 years (IQR 29-44). Most
cases (53%) were from Italy, also due to the inclusion of data
from Bologna’s Forensic Medicine Institute. Additionally,
23% of cases were from Germany, and 8% from the United
Kingdom. Cases were nearly equally distributed between
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Fig. 1 Selection process of the article to include in the review. Aggregated data were available in 29 papers, while individual-level data were

reported in 30 studies (with one paper providing both)

“methadone intoxications” and “multidrug intoxications”
(51% and 49%, respectively). The median methadone blood
concentration was 503 ng/ml (IQR 300-933), with distribu-
tion reported in Fig. 2. Twenty-two subjects were on MMT,
84.6% of the subjects for whom the data was known, as this
information was unavailable for 70 cases. Comparison of
methadone blood concentration in male and female subjects
(Table S4 and Figure S1), in deceased with and without MMT
(Table S4 and Figure S2) and in methadone intoxication and
multidrug intoxication (Table S4 and FigureS3) showed sta-
tistically significant differences only between deaths caused
by methadone and multidrug intoxications, with higher con-
centrations in the former group (p<0.001). Regression analy-
sis showed no significant association between drugs with
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potential pharmacokinetic/pharmacodynamic interactions

and methadone blood concentrations (Table S5).

Discussion

A large body of research has investigated, in the past 24
years, post-mortem blood concentrations in methadone-
related fatalities, characterizing both acute methadone
intoxication and multidrug intoxications. We divided studies
fulfilling the inclusion criteria, into two categories: studies
reporting aggregated data (Table S1) and studies reporting
single cases (Table S2), that were integrated with cases from
the Institute of Legal Medicine of Bologna (Table S3).
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Table 1 Descriptive analysis of children cases. IQR: interquartile range

Variable N=27

Sex

Female 7 (26.9%)
Male 19 (73.1%)
Unknown 1

Age

Median (IQR) [range] 0.92 (0.08-2) [0-6]
Country

United States 8 (29.6%)
Italy 5(18.5%)
United Kingdom 5 (18.5%)
France 4 (14.8%)
Canada 2 (7.4%)
Poland 1(3.7%)
Slovakia 1 (3.7%)
Australia 1 (3.7%)

Cause of death

Methadone intoxication
Multidrug

Methadone blood conc (ng/ml)
Median (IQR) [range]

23 (85.2%)
4 (14.8%)

300 (195-600) [26-900]

Table 2 Descriptive analysis of adult cases (>21 years). IQR: inter-
quartile range. MMT: methadone maintenance treatment

Variable N=213

Sex

Female 42 (21.7%)
Male 152 (78.4%)
Unknown 19

Age

Median (IQR) [range] 36 (29-44) [16-64]
Unknown 23

Country

Italy 112 (52.6%)
Germany 50 (23.5%)
United Kingdom 17 (8.0%)
Poland 16 (7.5%)
Switzerland 8 (3.8%)
United States 4 (1.9%)
France 1 (0.5%)

Cause of death
Methadone intoxication
Multidrug

Methadone blood conc (ng/ml)
Median (IQR) [range]

MMT
No
Yes
Unknown
Posology (mg/die)
Median (IQR) [range]
Unknown

109 (51.2%)
104 (48.8%)

503 (300-933) [2-11,580]
22 (15.4%)

121 (84.6%)

70

45 (40-80) [10, 720]
175

The analysis of studies reporting aggregated data has
shown higher post-mortem methadone blood concentrations
in women compared to men [18, 29], in subjects on MMT
[10] and in cases of multidrug intoxication [21]. However,
these results are not statistically significant and are similar
to those observed in living subjects [24]. Further, these stud-
ies often involve limited populations, focusing on a single
center or having different research objectives, with poor
details on post-mortem blood concentration. For this reason,
it became necessary to extract data to assess the influence of
individual variables.

The analysis of studies reporting individual data was per-
formed separately for children (<7 years) and adults (> 19
years), as there are significant physiological differences that
may influence both the analysis and interpretation or toxi-
cological results.

Most of the children fatalities concerned acute metha-
done intoxication (85.2%). Intoxications in children mainly
occurred as a consequence of accidental ingestion or admin-
istration by third parties of methadone in syrup form [47,
48]. Poisoning through ingestion via breast milk is a topic
widely addressed in the literature, as maternal methadone
use is not, per se, a contraindication to breastfeeding. This
is primarily because there are no clear reports in the litera-
ture of fatal intoxication attributable to methadone exposure
through breast milk [65]. Of particular interest, the study
by Madadi et al. [48] reported two infant fatalities whose
mothers were receiving methadone maintenance therapy.
Both infants were heterozygous for the reduced activity
form of the P-glycoprotein transporter, and one also carried
a CYP2B6 pharmacogenetic variant thought to decrease
methadone metabolism. However, the authors explicitly
state that both infants had other contributing factors that
may have led to their deaths, and that it would be inappro-
priate to conclude that methadone exposure via breast milk
was the sole cause of death in these cases. In our review
of fatal cases, we observed a median blood concentration
in children of 300 ng/mL (IQR 195-600 ng/mL), and urine
analyses were rarely conducted. For the purposes of data
interpretation, our analysis focused on blood concentrations,
as urinary levels are influenced by factors such as water
balance, fluid intake, perspiration, renal insufficiency, and
the timing of the last bladder voiding. Consequently, uri-
nary concentrations are of limited value in determining the
cause of death. Notably, in children under one year of age,
acute methadone intoxication has been described even with
concentrations below 100 ng/mL. The results obtained were
similar to those observed in systematic review of 38 stud-
ies on methadone toxicity, including 29 pediatric cases of
fatal methadone ingestion, found an average concentration
of 385 ng/mL with a range of fatal concentrations starting
from 60 ng/mL [66]. Therefore, concentrations considered
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Fig. 2 Distribution of methadone blood concentration in all single cases. Total number of cases: 240. Cases with available methadone blood con-

centration: 224

“therapeutic” in adults can cause fatal acute poisoning in
children, even in the absence of concomitant medications.
The analysis of single case studies involving adults
included 190 fatal intoxications, mostly males (78.4%), with
an average age of 36 years (IQR 29—44). Contrarily to what
was described in previous single-center studies, methadone
blood concentrations observed in our review were not sig-
nificantly different between men and women, nor between
individuals who were or were not in MMT. However, we
found a significant difference between individuals who died
from acute methadone intoxication (median 630 ng/ml;
mean 994 ng/ml) and those who died from multidrug con-
sumption (median 399 ng/ml; mean 524 ng/ml). This sug-
gests, as described in previous studies, that co-consumption
of other legal or illegal drugs lowers the lethal threshold of
methadone. However, this finding will need to be further
investigated by quantitatively analyzing the other detected
substances to determine whether methadone played a pri-
mary role in the death or if it was caused by other com-
pounds. The increased susceptibility when consumed with
other substances could be due to their interaction with the
metabolism of the molecule. The pathophysiological expla-
nation is that the concurrent misuse of alcohol or benzo-
diazepines with methadone significantly increases the
risk of central nervous system depression, particularly by
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enhancing sedation and respiratory depression. Acute alco-
hol intake has been shown to reduce methadone metabo-
lism by competing for hepatic metabolic enzymes, whereas
chronic alcohol consumption induces these enzymes, poten-
tially accelerating methadone clearance and precipitating
opioid withdrawal [67]. The synergistic effect of these sub-
stances causes a reduction in ventilation and arterial oxy-
genation, increased arterial carbon dioxide tension, and
hypoxia, ultimately leading to death from acute respiratory
failure [3, 20].

An interesting finding highlighted by our study per-
tains to differences in patterns of multidrug intoxication
between children and adults. Specifically, while multiple
drugs were detected in 48.8% of adult cases, methadone
was the sole substance identified in the majority of chil-
dren cases (85.2%). One possible explanation could be that
adults often present with multiple comorbidities, including
psychiatric disorders or substance or alcohol use disorders,
which involve drugs that interact with the pharmacokinet-
ics and pharmacodynamics of methadone. In our study,
linear regression analysis for evaluating drugs interacting
with inducers or inhibitors of Cytochrome P450 enzymes
showed no differences, likely due to the analysis of a limited
group of enzymes and the lack of quantitative data on indi-
vidual drugs, which were not available.
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However, when interpreting post-mortem methadone
blood concentrations, it is essential to also consider that
methadone can cause QT interval prolongation, potentially
leading to severe arrhythmias such as torsade de pointes.
This risk is heightened when methadone is co-administered
with other QT-prolonging substances or with drugs that
interfere with hepatic metabolism (e.g., CYP3A4 inhibitors)
[68]. Medications known to prolong the QT interval include
certain antiarrhythmics, antipsychotics, antidepressants,
macrolide antibiotics, fluoroquinolones, and antihistamines
[69]. Concomitant use of these agents with methadone may
significantly increase the risk of life-threatening arrhyth-
mias. Therefore, in cases of methadone-related death, toxi-
cological and clinical assessments should take into account
not only post-mortem methadone concentrations but also
the potential for pharmacological interactions with these
drug classes.

We observed that the average blood concentration of
methadone found in adult cases is 503 ng/mL, higher than
observed in children, and overlapping with the range of
concentration normally reported in living patients undergo-
ing MMT (400-1000 ng/ml). This complicates the foren-
sic analysis of methadone-related deaths, as MMT is now
a well-established therapeutic strategy for treating opioid
addiction and is generally considered a safe medication.
However, the phenomenon of methadone-related deaths
among individuals enrolled in methadone maintenance pro-
grams is well documented in the literature.

In the cases from the Institute of Legal Medicine of
Bologna, most of adult subjects were undergoing MMT.
The prevalence is significantly higher than those reported
in studies conducted in single-center studies from USA [70,
71]. No association has been demonstrated between the
blood concentrations of subjects in MMT and those of naive
users or individuals with no known history of use. This data
shows that the well-known tolerance to methadone observed
in individuals undergoing MMT does not correspond to an
increased post-mortem concentration of the drug in cases
of death caused by acute intoxication in these subjects, as
observed in previous single-center studies [10, 41].

The overlap between potentially fatal concentrations
detected post-mortem and therapeutic concentrations
observed in living subjects precludes the determination,
based solely on the post-mortem blood concentration,
of whether the individual died due to a fatal methadone
concentration.

Actually, this review provides limited information
regarding the enantiomeric form of methadone in fatal
cases. Methadone is typically administered as a 50:50 race-
mic mixture of (R)- and (S)-stereoisomers, with (R)-meth-
adone exhibiting approximately tenfold higher affinity and

potency for the p-opioid receptor compared to the (S)-iso-
mer [11]. The latter lacks significant respiratory depressant
effects but retains antitussive properties. In reports of fatal
methadone intoxication where the enantiomeric form is not
specified, the reference is generally to the racemic mixture.
Data typically pertain to racemic methadone unless the
enantiomeric composition is explicitly indicated [72]- [73].
Only in particular circumstances—such as treatment with
enantiopure L-methadone—are concentrations specific to
a single enantiomer analyzed or reported. Consequently, in
fatal intoxications where the enantiomeric form is unspeci-
fied, toxicological data, concentration ranges, and clinical-
legal assessments—including thresholds relevant to the risk
of death—refer to racemic methadone.

In conclusion, our study highlights a great heterogeneity
in the reports of methadone-related deaths and deaths involv-
ing methadone, making it difficult to identify demographic
susceptibilities or a concentration cut-off beyond which death
from methadone is considered likely. This is because a range of
individual factors are probably involved, making it extremely
challenging to define an exhaustive model that allows to pre-
dict fatality of methadone intoxication based on blood con-
centration and risk factors. This underscores the importance of
a comprehensive forensic approach for each individual case,
which considers clinical, circumstantial, medical, autopsy, and
toxicological data to allow for a full evaluation of the case and
to determine whether the death was caused by methadone or if
methadone may have played a role.

Conclusion

To gain further insights into methadone toxicity and the
interpretation of lethal blood concentrations for clinical and
forensic purposes, it will be necessary to expand the body of
literature by systematically reporting the key variables that
can influence methadone toxicity.
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