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A B S T R A C T

Background: To quantify how alcohol, polysubstance use and other factors influence opioid
concentrations in drug-related deaths in West Virginia (WV), United States.
Methods: Multiple linear regression models were employed to identify relationships among alcohol,
other factors, and the concentrations of four commonly identified opioids (fentanyl, hydrocodone,
oxycodone, methadone), accounting for demographic, toxicological and comorbid characteristics in WV
drug-related deaths from 2005 to 2018.
Results: Alcohol concentrations of 0.08% or above were associated with significant reductions in blood
concentrations of fentanyl (27.5%), hydrocodone (30.5%) and methadone (32.4%). Significantly lower
predicted concentrations of all opioids studied were associated with multiple opioid vs. single opioid
presence, with predicted concentration reductions ranging from 13.7% for fentanyl to 65–66% for
hydrocodone and oxycodone. Benzodiazepine presence was associated with small, non-statistically
significant changes in opioid concentrations, while stimulant presence was associated with statistically
significant reductions in hydrocodone and oxycodone concentrations.
Conclusions: Co-ingestion of alcohol, multiple opioids or stimulants were associated with significantly
decreased predicted concentrations of commonly identified opioids in drug deaths. Further evidence is
provided for enhanced risks from polysubstance use with opioids, which has important public health
implications.
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1. Introduction

Unintentional drug-related deaths are an ongoing public health
problem [1,2]. In 2017, West Virginia (WV) had the highest per
capita drug overdose mortality rate (57.8 per 100,000) in the
United States (U.S.) [1]. Similar to the rest of the nation, most
deaths involved opioid analgesics, particularly synthetic opioids
such as fentanyl, usually in combination with other opioids,
benzodiazepines, stimulants, or antidepressants [2–4]. Alcohol
(ethanol) was a co-intoxicant in 18.5% of opioid-related and 21.4%
of benzodiazepine-related U.S. deaths in 2010 and in 11% of
synthetic opioid-related deaths in 2016 [4,5]. Thus, alcohol can be
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an important and often underappreciated contributing factor in
drug-related deaths.

Opioid-related deaths are primarily due to overdose and the
resultant respiratory depressant effects. Alcohol intoxication also
produces central nervous system (CNS) and respiratory depression
[5,6], and as a co-intoxicant can produce additive or synergistic
effects with other CNS depressants, reverse tolerance to opioid-
induced respiratory depression, or alter the pharmacokinetic
profile of various opioids [7–10]. Additive or synergistic alcohol co-
intoxicant effects might also result in increased toxicity from lower
concentrations of opioids, benzodiazepines or cocaine compared
to single ingestions [11,12]. Benzodiazepines primarily depress
respiration when combined with opioids in drug overdoses, but
whether this combination results in pharmacokinetic or other
interactions is unclear [13]. Previous research has found an inverse
association between the number of co-intoxicants in drug-related
deaths and the alcohol concentrations present. Jones et al. reported
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mean alcohol concentrations in postmortem femoral blood to be
lower as the number of co-intoxicants increased: 306 mg% (alcohol
alone), 215 mg% (one co-intoxicant), and 178 mg% (two co-
intoxicants) [14].

Only a limited number of studies have examined the association
of alcohol with the concentrations of other co-intoxicant drugs
present in drug-related deaths, which can be an indirect measure
of enhanced toxicity potential with these combinations. Alcohol, in
concentrations above or below the legal U.S. limit for intoxication
(0.08%), was associated in one multistate study with lower
concentrations of hydrocodone, methadone, and oxycodone, but
not fentanyl, in single opioid deaths involving these substances
[15]. Alcohol was also found to have a greater association with
lower methadone and oxycodone concentrations than benzodia-
zepines (alprazolam and diazepam). However, this study excluded
cases involving multiple opioid ingestion and only included
alprazolam and diazepam but no other benzodiazepines. Another
study found lower median amitriptyline and propoxyphene
concentrations when alcohol was a co-intoxicant in these deaths;
thus, it was cautioned that additive or synergistic effects might
occur among various drug/alcohol combinations [16]. Cone et al.
reported that oxycodone levels were generally lower in the
presence of benzodiazepines or alcohol in drug overdose deaths,
although the presence of other drugs in the analyses makes this
interpretation less clear [17].

With greater fentanyl, heroin, cocaine, and methamphetamine
involvement in substance-related deaths in the United States [3],
there is a need to better understand the associations among
alcohol and other commonly identified substances, decedent
characteristics (e.g., sex, age, comorbid cardiac or pulmonary
disease), and postmortem opioid concentrations. This study sought
to characterize and quantify the associations of alcohol, various
co-intoxicants, and decedent characteristics with opioid concen-
trations in a large number of opioid-related deaths. It was
hypothesized that when alcohol or other respiratory depressants
are combined with opioids, toxicity would occur at lower opioid
concentrations due to enhanced respiratory depression; underly-
ing cardiovascular or pulmonary comorbidities could also predis-
pose individuals to fatal outcomes at lower opioid concentrations.

2. Materials and methods

The WV Office of the Chief Medical Examiner (OCME) uses a
centralized medical examiner system in which death scene
investigations, autopsies, comprehensive drug screening, and
quantitated toxicology testing are performed in suspected drug
deaths. WV routinely identifies on the death certificate the specific
substances involved in a death, including alcohol. A forensic drug
database (FDD) was created in 2005 to compile data from all WV
drug-related deaths, with ongoing data entry. Each FDD case
includes decedent demographics (age, sex, zip code, location of
death), body condition, body mass index (BMI), cause and manner
of death, drugs identified as a direct cause of or contributor to
death, whether the decedent had a prescription (within the
previous 30 days) for any controlled substances identified, medical
history (when available), key autopsy findings, and toxicological
analyses.

All drug-related deaths in the FDD from January 2005 to August
2018 were identified. Drug-related deaths were defined as deaths
for which the OCME determined that at least one drug or alcohol
was a direct cause of or a contributor to death and the manner of
death was ruled unintentional. The study sample included all
decedents in which at least one of the following four commonly
encountered opioids, fentanyl, hydrocodone, oxycodone, and
methadone, was identified as a cause of or contributor to death.
Heroin, although frequently involved in deaths, is usually not
present in postmortem blood samples as the parent drug due to
rapid metabolism to 6-monoacetylmorphine, so its blood concen-
trations can generally not be determined. Only peripheral blood
concentrations (femoral or subclavian) were included in our
toxicological analyses. Reasons for exclusion from the study
sample were: other than unintentional death (i.e., suicide,
undetermined, homicide), moderate or severe body decomposi-
tion, missing BMI data, and lack of femoral or subclavian blood
concentration data for the opioids studied.

Drug screening is routinely performed on all deaths investigat-
ed by the WV OCME, with confirmative toxicology tests conducted
for most positive screens, including therapeutic and nonprescrip-
tion drugs. Blood and/or tissue samples are screened for volatile
compounds using gas chromatography with flame ionization
detection and for drugs of abuse using automated enzyme
immunoassays. This latter test includes: amphetamines, barbitu-
rates, benzodiazepines, buprenorphine, cocaine, fentanyl/fentanyl
analogs, methadone, opiates (morphine, codeine, hydrocodone,
hydromorphone, oxycodone, oxymorphone) and marijuana. In
general, alcohol was considered to have been ingested (i.e., not an
artifact secondary to decomposition) if it was listed on the death
certificate as a cause of or contributor to death, if only mild or no
body decomposition was present, and if concentrations were at
least 0.02%. Vitreous fluid or urine were used to confirm the
presence of alcohol. Table 1 shows the limits of quantitation (LOQ)
and analytical methods used for the compounds included in
this study.

The primary outcome measures were the concentrations of
the four opioids (fentanyl, hydrocodone, oxycodone, and metha-
done) studied. Demographic, toxicological and comorbid char-
acteristics of the overall sample were characterized using
descriptive statistics. Multiple linear regression models were
used to examine relationships between the opioid concentrations
and several decedent characteristics and comorbidities. Predic-
tors included sex, age and BMI, as well as presence or absence of
each of the following: 1) opioids (defined as multiple opioids vs.
single opioid present), 2) benzodiazepines, 3) stimulants, 4)
alcohol (defined as absent, present at < 0.08% or present at >
0.08%), 5) tricyclic antidepressants (TCAs), 6) selective-serotonin
reuptake inhibitors (SSRIs), 7) diphenhydramine (DPH), 8)
cardiovascular disease, 9) pulmonary disease, and 10) history
of substance abuse. Cardiovascular disease (i.e., cardiomyopathy,
cardiomegaly, hypertrophy, hypertensive cardiovascular disease,
ischemic heart disease, atherosclerotic coronary artery disease,
cardiac disease, heart failure, myocardial infarction) and pulmo-
nary disease (asthma, sleep apnea, chronic obstructive pulmo-
nary disease, and pneumoconiosis) were identified through
autopsy reports, medical records (when available) or other
applicable information in decedent records. A history of
substance abuse included drug, alcohol, and/or other substance
abuse and was determined from medical records and/or other
information in decedents’ files (e.g., family/friend reports, death
scene/police investigations).

Due to the skewed nature of the concentrations, log-trans-
formed opioid concentrations were modeled to satisfy the linear
regression assumptions. For each opioid of interest, separate
multiple linear regression models were applied to examine
associations between log-opioid concentrations and each of the
following factors, while adjusting for the others: age, sex, BMI,
alcohol concentration, and the presence of the following: another
opioid(s), benzodiazepines, stimulants, TCAs, SSRIs, diphenhydra-
mine, cardiovascular disease, pulmonary disease and a history of
substance abuse. The analytic approach of multiple linear
regression used in this study enables estimation of alcohol effects
on log-opioid concentrations while accounting for the effects of
other important factors, such as multiple opioid and stimulant



Table 1
Limits of Quantitation and Analytical Methods Used for the Compounds.

Compound LOQ Analytical Method

Ethanol 0.02% GC/FID
6-Monoacetylmorphine 0.01 mg/L LC/MS/MS
Codeine 0.01 mg/L LC/MS/MS
Hydrocodone 0.01 mg/L LC/MS/MS
Hydromorphone 0.01 mg/L LC/MS/MS
Morphine 0.01 mg/L LC/MS/MS
Oxycodone 0.01 mg/L LC/MS/MS
Oxymorphone 0.01 mg/L LC/MS/MS
Acetyl Fentanyl 0.5 ng/mL LC/MS/MS
Fentanyl 0.5 ng/mL LC/MS/MS
Norfentanyl 0.5 ng/mL LC/MS/MS
Buprenorphine 1.0 ng/mL LC/MS/MS
Norbuprenorphine 1.0 ng/mL LC/MS/MS
Fentanyl Analogs 25 pg/mL LC/MS/MS
Meperidine 0.02 mg/L GC/MS
Methadone 0.02 mg/L GC/MS
Methadone Metabolite (EDDP) 0.02 mg/L GC/MS
Propoxyphene 0.02 mg/L GC/MS
Tramadol 0.02 mg/L GC/MS
7-Aminoclonazepam 0.01 mg/L LC/MS/MS
Alprazolam 0.01 mg/L LC/MS/MS
Chlordiazepoxide 0.01 mg/L LC/MS/MS
Clonazepam 0.01 mg/L LC/MS/MS
Diazepam 0.01 mg/L LC/MS/MS
Lorazepam 0.01 mg/L LC/MS/MS
Nordiazepam 0.01 mg/L LC/MS/MS
Oxazepam 0.01 mg/L LC/MS/MS
Temazepam 0.01 mg/L LC/MS/MS
Cocaine 0.01 mg/L LC/MS/MS
Benzoylecgonine 0.01 mg/L LC/MS/MS
Ecgonine Methyl Ester 0.01 mg/L LC/MS/MS
Amphetamine 0.01 mg/L LC/MS/MS
Methamphetamine 0.01 mg/L LC/MS/MS
Diphenhydramine 0.02 mg/L GC/MS
Amitriptyline 0.02 mg/L GC/MS
Amoxapine 0.02 mg/L GC/MS
Clomipramine 0.02 mg/L GC/MS
Desipramine 0.02 mg/L GC/MS
Doxepin 0.02 mg/L GC/MS
Fluvoxamine 0.02 mg/L GC/MS
Imipramine 0.02 mg/L GC/MS
Nortriptyline 0.02 mg/L GC/MS
Citalopram 0.02 mg/L GC/MS
Fluoxetine 0.02 mg/L GC/MS
Paroxetine 0.02 mg/L GC/MS
Sertraline 0.02 mg/L GC/MS

LOQ: limits of quantitation.

Fig. 1. Study Sample Case Identification among West Virginia Drug-related Deaths,
2005-2018.
* Sample sizes are not mutually exclusive due to possible multiple opioid presence.
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presence and comorbidities. The percentage difference on the
original concentration scale for each factor was calculated using
the formula: (eβ� 1) � 100% (where β is the linear regression
coefficient associated with that factor) to present the findings in a
clinically relevant manner. Descriptive and regression analyses
were performed using SAS 9.4 (SAS Institute, Cary, NC). Findings
were considered statistically significant at p < 0.05.

3. Results

A total of 9223 drug-related deaths were recorded in the FDD
from January 2005 to August 2018 (Fig. 1). A total of 3922 deaths
were included in the study sample for final analyses; 330
decedents (3.6%) were excluded for significant body decomposi-
tion and 1095 deaths (12.3%) were not unintentional. Among the
remaining 7798 deaths, 4598 involved one of the four study
opioids. Twelve additional cases had missing BMI data, and 664
lacked femoral or subclavian concentrations of the study opioids,
resulting in a total study sample of 3922 deaths. Oxycodone was
involved in the largest number of cases, followed by fentanyl,
hydrocodone, and methadone.
The characteristics of the study opioid-related deaths are
shown in Table 2. About 67% were male, with a mean decedent age
of 40.8 years (range = 38–43 years across opioids). The mean BMI
overall (29.2) in the deaths was in the upper overweight range and
fairly consistent across opioids. Alcohol was present in about
10–18% of deaths involving the opioids studied, generally in
concentrations of 0.08% or greater. Three of the four opioids
studied, with the exception of methadone, were more likely to
have other opioids present. A cross-tabulation of the number (%) of
deaths involving the opioids studied is shown in Table 3. For
example, of the 1238 cases involving fentanyl, hydrocodone was
also identified in 9.7%, oxycodone in 8.4%, and methadone in 4.7%
of those cases. Benzodiazepines were present in over half of all
opioid-related deaths, ranging from roughly 37% of fentanyl deaths
to 69% of hydrocodone deaths. Antidepressants (SSRIs, TCAs) and
diphenhydramine were present in from 2 to 9% of the opioid-
related deaths. Decedents with a history of drug and/or alcohol
abuse varied substantially among the opioids studied, from 47%
with methadone to 80% with fentanyl. Table 4 reports the
estimated factor effects of the various predictors on the log-
transformed opioid concentrations (log-mg/mL) in the regression
models, with the alcohol effects shown in Table 5. Table 6 presents
these effects as average percent changes in predicted drug
concentrations using the original concentration scale of mg/mL
(statistically significant findings shown in bold). Every 10-year
increase in age was associated with relatively small (7.6%) but
significant increases in oxycodone concentrations. Thus, an age
change from 30 years to 50 years would be associated with about a
15% increase in predicted oxycodone concentrations. A change in
BMI of 5 units was associated with a statistically significant
decrease only in fentanyl concentrations (9%). Male sex was
associated with statistically significant reductions of 16–17% in



Table 2
Characteristics of Study Opioid Deaths (N = 3922).

Total Fentanyl Hydrocodone Oxycodone Methadone

Total number, N 3922 1238 1018 1562 783
Age, mean (SD) 40.8 (11.2) 38.9 (10.8) 43.3 (10.9) 42.5 (10.9) 38.0 (11.1)
BMI, mean (SD) 29.2 (7.8) 28.4 (7.1) 29.8 (7.9) 30.0 (8.2) 28.6 (7.3)
Male, N(%) 2643 (67.4) 870 (70.3) 654 (64.2) 1033 (66.1) 525 (67.0)
Substances present, mean (SD) 3.2 (1.4) 3.0 (1.4) 3.8 (1.5) 3.4 (1.5) 2.9 (1.4)
Ethanol
Absent, N (%) 3323 (84.7) 1054 (85.1) 832 (81.7) 1326 (84.9) 704 (89.9)
< 0.08%, N (%) 201 (5.1) 73 (5.9) 45 (4.4) 86 (5.5) 29 (3.7)
> = 0.08%, N (%) 398 (10.1) 111 (9.0) 141 (13.9) 150 (9.6) 50 (6.4)
Opioids
Single opioid present, N (%) 2004 (51.1) 467 (37.7) 332 (32.6) 715 (45.8) 490 (62.6)
Multiple opioidsa present, N (%) 1918 (48.9) 771 (62.3) 686 (67.4) 847 (54.2) 293 (37.4)
Any benzodiazepineb present, N (%) 2204 (56.2) 455 (36.8) 705 (69.3) 1058 (67.7) 421 (53.8)
Any stimulantc present, N (%) 737 (18.8) 369 (29.8) 143 (14.0) 219 (14.0) 122 (15.6)
TCA presentd, N (%) 158 (4.0) 18 (1.5) 42 (4.1) 83 (5.3) 39 (5.0)
SSRI presente, N (%) 260 (6.6) 43 (3.5) 81 (8.0) 122 (7.8) 72 (9.2)
DPH present, N (%) 189 (4.8) 27 (2.2) 57 (5.6) 76 (4.9) 66 (8.4)
Cardiovascular diseasef, N (%) 1704 (43.4) 439 (35.5) 489 (48.0) 791 (50.6) 295 (37.7)
Pulmonary diseaseg, N (%) 831 (21.2) 193 (15.6) 274 (26.9) 369 (23.6) 149 (19.0)
History of substance abuseh, N (%) 2376 (60.6) 994 (80.3) 546 (53.6) 863 (55.2) 368 (47.0)

TCA = tricyclic antidepressant, SSRI = selective serotonin receptor inhibitor, DPH = diphenhydramine, BMI = body mass index.
a Includes fentanyl and fentanyl analogs, hydrocodone, oxycodone, methadone, morphine, buprenorphine, codeine, heroin, hydromorphone, diphenoxylate,

propoxyphene, meperidine, tramadol, oxymorphone.
b Includes alprazolam, clonazepam, chlordiazepoxide, diazepam, lorazepam, oxazepam, temazepam.
c Includes amphetamine, methamphetamine and cocaine.
d Includes amitriptyline, clomipramine, doxepin, imipramine, trimipramine, amoxapine, desipramine, nortriptyline, protriptyline.
e Includes citalopram, escitalopram, fluoxetine, paroxetine, sertraline, vilazodone, fluvoxamine.
f Includes cardiomyopathy, cardiomegaly, hypertrophy, hypertensive cardiovascular disease, ischemic heart disease, atherosclerotic coronary artery disease, cardiac

disease, heart failure, myocardial infarction.
g Includes asthma, sleep apnea, chronic obstructive pulmonary disease, pneumoconiosis.
h Includes drug, alcohol or other substance.

Table 3
Cross-Tabulation of the Number (%) of Deaths Involving Opioid Studied.

Fentanyl Hydrocodone Oxycodone Methadone

Fentanyl 1238 99 (9.7) 131 (8.4) 37 (4.7)
Hydrocodone 99 (8.0) 1018 297 (19.0) 56 (7.2)
Oxycodone 131 (10.6) 297 (29.2) 1562 95 (12.1)
Methadone 37 (3.0) 56 (5.5) 95 (6.1) 783

Note: Percentages calculated by column.

Table 4
Adjusted Estimated Effects on Log-Opioid Concentration From Multiple Regression Mo

Coefficients (Standard error)

Factors Fentanyl 

(N = 1238) 

Age �0.001 (0.003) 

BMI �0.019 (0.004)a

Male �0.183 (0.070)a

Ethanol concentration main effect p = 0.01 

Ethanol concentration <0.08% vs. Absent �0.192 (0.133) 

Ethanol concentration �0.08% vs. Absent �0.322 (0.110)a

Multiple opioids vs. Single opioid present �0.147 (0.065)b

Any benzodiazepine present �0.115 (0.066) 

Any stimulant present �0.039 (0.069) 

TCA present �0.168 (0.264) 

SSRI present �0.122 (0.173) 

DPH present 0.192 (0.214) 

Cardiovascular disease 0.061 (0.069) 

Pulmonary disease �0.025 (0.088) 

History of substance abuse �0.014 (0.082) 

Bold type: p < 0.05.
BMI = body mass index, TCA = tricyclic antidepressant, SSRI = selective serotonin recepto

a p � 0.01.
b p = 0.02.
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methadone and fentanyl concentrations, with no significant
associations found with the other concentrations.

Reductions in the predicted concentrations of all the opioids
were associated with the presence of alcohol, with statistically
significant decreases observed for fentanyl, hydrocodone, and
methadone but not oxycodone. Both high and low alcohol
concentrations (< 0.08% or > 0.08%) were associated with
significant reductions of about one third in hydrocodone concen-
trations, with higher alcohol concentrations (> 0.08%) associated
dels (log-mg/mL).

Hydrocodone Oxycodone Methadone
(N = 1018) (N = 1562) (N = 783)

0.006 (0.003) 0.007 (0.003)a 0.003 (0.003)
�0.006 (0.004) �0.003 (0.004) 0.006 (0.004)
0.073 (0.070) �0.027 (0.063) �0.174 (0.071)a

p < 0.01 p = 0.09 p < 0.01
�0.455 (0.160)a �0.217 (0.127) �0.284 (0.170)
�0.363 (0.098)a �0.149 (0.100) �0.392 (0.132)a

�1.074 (0.072)a �1.059 (0.058)a �0.593 (0.067)a

�0.065 (0.072) 0.054 (0.062) 0.026 (0.065)
�0.514 (0.095)a �0.296 (0.084)a �0.154 (0.088)
0.006 (0.165) �0.170 (0.131) �0.084 (0.149)
0.171 (0.123) 0.015 (0.109) �0.043 (0.112)
�0.223 (0.144) �0.136 (0.135) 0.017 (0.116)
0.121 (0.069) �0.048 (0.061) 0.009 (0.074)
�0.104 (0.077) �0.171 (0.070)b �0.118 (0.083)
�0.158 (0.067)b �0.203 (0.059)a 0.005 (0.064)

r inhibitor, DPH = diphenhydramine.



Table 5
Log Transformed Opioid Concentrations With or Without Ethanol.

Log-concentration, mean (range) Fentanyl Hydrocodone Oxycodone Methadone
N = 1238 N = 1018 N = 1562 N = 783

Ethanol concentration absent �4.31 (�8.34, -0.48) �2.64 (�5.30, 0.47) �1.74 (�5.30, 2.31) �1.06 (�4.61, 1.69)
Ethanol concentration <0.08% �4.52 (�7.60, �1.83) �3.06 (�6.73, 0.20) �1.89 (�4.61, 0.72) �1.32 (�4.61, 0.95)
Ethanol concentration �0.08% �4.60 (�7.26, �1.81) �2.76 (�5.26, 0.32) �1.74 (�4.71, 2.08) �1.33 (�3.00, 0.98)
Total �4.34 (�8.34, �0.48) �2.67 (�6.73, 0.47) �1.75 (�5.30, 2.31) �1.08 (�4.61, 1.69)

Table 6
Average Percent Change in Predicted Opioid Concentrations in mg/mL.

Percent change (%)

Factor Fentanyl Hydrocodone Oxycodone Methadone

Age, 10 years �0.6 6.6 7.6 3.1
BMI, 5 units �9.1 �2.7 �1.3 3.1
Male �16.7 7.6 �2.7 �16
Ethanol concentration < 0.08% vs. Absent �17.5 �36.5 �19.5 �24.7
Ethanol concentration � 0.08% vs. Absent �27.5 �30.5 �13.9 �32.4
Multiple opioids vs. Single opioid present �13.7 �65.8 �65.3 �44.7
Any benzodiazepine present �10.9 �6.3 5.5 2.6
Any stimulant present �3.9 �40.2 �25.6 �14.3
TCA present �15.5 0.6 �15.6 �8
SSRI present �11.5 18.6 1.6 �4.2
DPH present 21.2 �20 �12.7 1.7
Cardiovascular disease 6.3 12.9 �4.7 0.9
Pulmonary disease �2.5 �9.9 �15.7 �11.1
History of substance abuse �1.4 �14.6 �18.4 0.5

Values in bold: p < 0.05.
BMI = body mass index, TCA = tricyclic antidepressant, SSRI = selective serotonin receptor inhibitor, DPH = diphenhydramine.
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with statistically significant reductions in fentanyl (28%) and
methadone (32%) concentrations. All four opioids were associated
with statistically significantly lower predicted concentrations
when multiple opioids were present, ranging from a decrease of
13.7% for fentanyl to decreases of 65–66% for hydrocodone and
oxycodone.

Benzodiazepines were present in many fatalities, ranging from
a low of 34% of fentanyl-related deaths to over two-thirds (68%) of
hydrocodone deaths (Table 2). The presence of one or more
benzodiazepines was associated with only small, non-statistically
significant changes in log-transformed opioid concentrations.
Stimulant presence was associated with a significant 40%
reduction in hydrocodone concentrations and 26% reduction in
oxycodone concentrations. A TCA was present in a fairly small
percentage of the overall deaths and was associated with non-
significant reductions in the opioid concentrations. Variable non-
significant changes in opioid concentrations were associated with
the presence of an SSRI or diphenhydramine.

Co-morbid cardiovascular disease was present in a substantial
percentage of decedents overall (44%), ranging from about 36%
(fentanyl) to 51% (oxycodone) (Table 2). Cardiovascular disease was
associated with small, non-significant concentration changes
with all opioids. Pulmonary disease was present in over 1 in 5
decedents, ranging from about 15% (fentanyl) to 26% (hydro-
codone). Co-morbid pulmonary disease was associated with a
statistically significant change only for oxycodone concentrations
(decrease of 16%). A history of substance abuse was present in
about 65% of decedents overall (82% with fentanyl vs. 49–58% with
other opioids), and it was associated with statistically significant
reductions in oxycodone (18%) and hydrocodone (15%) concen-
trations.

4. Discussion

This study demonstrates that co-ingestion of alcohol, multiple
opioids or stimulants is associated with significantly decreased
concentrations of commonly identified opioids in drug-related
deaths. Earlier studies also found enhanced toxicity from opioid co-
ingestion with alcohol or respiratory depressant drugs and that drug
concentrations in polysubstance deaths were generally less than in
single drug deaths [14,18,19]. However, our study more clearly
defined the association of alcohol with decreased opioid concen-
trations,especially in the common situationwhen multiple drugs are
involved. The analytic approach of multiple linear regression used in
this study enables estimation of alcohol effects on log-opioid
concentrations while accounting for the effects of other important
factors, such as multiple opioid and stimulant presence and
comorbidities. Alcohol was found to be involved in 17% of drug
related deaths and elevated blood alcohol concentrations (BACs)
were associated with reduced concentrations for most opioids
involved in these deaths. Both low and high (>0.08%) BACs were
associated with significantly reduced hydrocodone concentrations;
fentanyl and methadone concentrations were statistically signifi-
cantly lower with the higher BACs. About 14–20% reductions were
associated with oxycodone concentrations in the presence of both
high and low BACs, although not statistically significant. Previous
work focusing on cases with only single opioids present found
significant associations of alcohol with lower concentrations of
oxycodone, hydrocodone, and methadone [15], indicating that
individuals could be more sensitive to opioid toxicity with alcohol
co-ingestion. Another paper reported oxycodone concentrations to
be lower in polysubstance deaths involving alcohol, although the
presence of other drugs was a potential confounding factor [17].
These findings combined with our current results provide
quantitative evidence for an enhanced toxic effect of alcohol when
combined with the opioids studied.

Multiple opioid ingestion was significantly associated with
lower concentrations of all four opioids in our study, likely due to
enhanced respiratory depressant effects [20], providing quantita-
tive evidence for enhanced toxicity that can result from combining
opioids. Prior studies, however, have not consistently found
associations between opioid concentrations in multiple substance
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deaths. One study did not find a significant difference in decedent
morphine concentrations when other opioid co-intoxicants were
present [21], and significant differences were not found in
methadone concentrations when present alone or combined with
other drugs in another study [22]. No differences were also found
between methadone concentrations in the presence of central
nervous stimulants or respiratory depressants for a small sample of
methadone-related deaths [23]. In our study, the association of
opioid concentrations with multiple opioid ingestions was
particularly strong for hydrocodone and oxycodone, with concen-
tration reductions of approximately two-thirds seen when these
agents were in the presence of one or more additional opioids.
Fentanyl concentrations showed the smallest association (14%
reduction) in single opioid vs. combined opioid deaths, perhaps
due to fentanyl’s greater toxicity potential in even small quantities.
Acute fentanyl toxicity could also cause muscle rigidity that can
further impair breathing [20]. Differences in abuse patterns, e.g.,
changes over time, routes of administration, might also contribute
to differences seen in the associations found among the opioids in
this study. Additional analyses conducted by the investigators for
each of the four opioids studied found fairly consistent mean
opioid concentrations over time. For hydrocodone, oxycodone and
methadone (not fentanyl), there were some differences noted in
the mean concentrations found with differing routes of adminis-
tration (when known/documented). However, oral was the
primary administration route used for these drugs (documented
in 42–46% of cases) vs. the injected route (documented in 9–12% of
cases), with the oral concentrations generally being higher than
injected (range of 30–77% higher).

One strength of our study was the ability to also examine
simultaneously the effects of benzodiazepines, the most frequent
co-intoxicant found with opioids. They can be taken to enhance
opioid euphoria, although the respiratory depression risk is
increased and oxygen saturation is decreased [13,24]. Concurrent
benzodiazepine and opioid use was found to significantly increase
the risk of several adverse outcomes among U.S. veterans,
including opioid and non-opioid overdose and death [25]. Higher
concentrations of both opioids and benzodiazepines were found in
fatal co-intoxications compared to concentrations found in
persons driving under the influence [26], with the conclusion
that there was a greater mortality risk with this combination.
Benzodiazepines were associated with lower oxycodone concen-
trations in one study, although the influence of alcohol and other
drugs was not accounted for [17]. A previous study found that
alprazolam, but not diazepam, was significantly associated with
reduced hydrocodone concentrations in the deaths. Thus, it was
anticipated that benzodiazepine presence might be associated
with lower opioid concentrations in this study. However this was
not evident, perhaps due to potentially complex interactions
among these agents [13]. In addition, our earlier study excluded
cases with multiple opioids or with benzodiazepines other than
alprazolam or diazepam, and did not factor in comorbidities or a
history of substance abuse in the analyses [15], which make the
earlier study difficult to compare directly with our current study.

Stimulants were present in about 19% of opioid-related deaths
in this study, most often with fentanyl (30%) and less often with
hydrocodone and oxycodone (14%). This is consistent with other
reports of the increasing combination of fentanyl and stimulants
such as cocaine and methamphetamine [2,27]. There is also an
emerging drug use pattern of concurrent injection of metham-
phetamine and heroin [28]. Combined abuse of stimulants and
opioids could result in enhanced cardiovascular adverse events
[29], and this combination might also increase the overdose risk
from opioid-induced respiratory depression once the stimulant
effects subside [27]. Studies have shown that acute cocaine toxicity
is enhanced in the presence of cocaethylene, an active metabolite
formed in the body from cocaine and alcohol co-ingestion [11]. Our
study found decreases in all four opioid concentrations associated
with stimulant presence, including statistically significant hydro-
codone (40%) and oxycodone (26%) reductions.

Antidepressants were present in about 13% of prescription
opioid-related deaths in the U.S. during 2014�15 [30], similar to
the overall percentage (11%) found in our study. Concurrent TCA,
SSRI or diphenhydramine presence was not associated with
statistically significant changes in any of the opioid concentrations
in our study, although sample sizes were relatively small.

Several other factors were also statistically significantly
associated with fentanyl, hydrocodone, oxycodone, and metha-
done postmortem concentrations in the present study. Age (for
each 10 year increase) was associated with a relatively small
increase in only oxycodone concentrations, although these
incremental changes might become more important when
comparing differences between relatively young (20–30 years
old) and older individuals (60+ years). Obesity might increase a
person’s sensitivity to opioid respiratory depression [20], and it has
been significantly associated with a lower lethal BAC, possibly
resulting from impaired respiratory function [6]. Increases in BMI
in our study were associated with small statistically significant
decreases in fentanyl concentrations, although not all study
decedents were obese. Relatively small, statistically significant
increases in methadone and fentanyl concentrations were
associated with males, but not females. In general, smaller body
size might be expected to result in higher drug concentrations in
females for a given exposure, as observed previously with
buprenorphine [31]. However, many other pharmacokinetic
and pharmacodynamic factors could affect concentrations,
and differing sex sensitivity to drug actions could also impact
toxicity [32].

High percentages of hypertrophy and atherosclerosis have been
reported in opioid mortality cases [33], with speculation that
underlying cardiovascular disease could increase the risk of
hypoxia related cardiac arrest or arrhythmias from opioid toxicity.
Although cardiovascular pathology was present in a substantial
percentage (43%) of our study decedents, statistically significant
associations were not found for the opioid concentrations studied.
Co-morbid pulmonary disease was also fairly common in our
study. Underlying impairment in respiratory function might be
expected to enhance opioid-induced respiratory depression. The
predicted oxycodone concentrations were found to be slightly but
statistically significantly lower with pulmonary disease, with only
slight non-significant associations present for the other opioids.
After the initial modeling was conducted, hepatic disease
(including hepatitis, cirrhosis, liver disease [alcoholic or not
otherwise specified], hepatic necrosis, or hepatic failure) was
considered as a possible variable that could affect opioid
metabolism and the resulting opioid concentrations observed.
Thus, the modeling was subsequently repeated adding in presence
or absence of hepatic disease as a covariate. No statistically
significant associations (p values from 0.10�0.41) were found for
any of the four opioids studied, nor were any of the other
associations significantly affected.

A history of substance abuse is fairly common with opioid
overdose. It might be anticipated that such a history would be
associated with higher opioid concentrations due to potential
tolerance development with chronic use, and a need to ingest
greater amounts of opioids to achieve the same effect [34].
However, loss of opioid tolerance after a period of abstinence (e.g.,
incarceration, receiving medication-assisted treatment) might
increase the risk of overdose from a given intake [35]. Statistically
significant reductions in hydrocodone and oxycodone concen-
trations were found in our study to be associated with a history of
substance abuse. The reasons for this are unclear since details
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about a decedents’ prior substance abuse history were not
available.

The percent changes in predicted opioid concentrations found
in this study can be multiplicative and provide a quantitative
illustration of the dangers from polysubstance ingestions. For
example, the presence of one or more additional opioids was
associated with a significant, almost two-thirds reduction in
hydrocodone concentrations compared to hydrocodone alone
(Table 6). Alcohol ingestion might be associated with an additional
one-third reduction, resulting in a predicted hydrocodone
concentration that is only 22% of the concentration expected
from hydrocodone alone in deaths.

There are potential limitations associated with this study. It is
difficult to clearly determine whether a death was unintentional or
a suicide; thus, the number of suicides related to drug overdose
deaths are likely underestimated [36]. Case data might be missing
or incorrectly entered in decedent files or the FDD, although data
were checked for inconsistencies or missing values with follow-up
to the extent possible. Several deaths were excluded from analyses
due to missing femoral or subclavian drug concentrations,
although these accounted for only 14.5% of the overall data
sample. Substantial interpatient variability exists in postmortem
drug concentrations, which could make it difficult to identify some
opioid concentration associations, especially for substances such
as TCAs, SSRIs, and diphenhydramine that were less commonly
identified. Interpreting postmortem drug concentrations can also
be difficult due to potential postmortem redistribution (PMR).
Only peripheral blood was used in all analyses in the current study
to lessen the extent to which PMR might affect the findings. In
addition, given the large number of cases studied with varying
postmortem intervals, it is likely that PMR would affect the
comparisons (e.g., presence vs. absence) similarly.

Variations in analytical methods and postmortem sampling, or
complex in vivo drug effects can also affect the associations, or lack
thereof, between opioid concentrations and the presence of co-
intoxicants such as benzodiazepines in drug-related deaths. When
identifying whether multiple opioids were present in the deaths, it
is possible that a few as yet unknown fentanyl analogs or other
illicit opioid analogs were not detected and thus not considered
when classifying deaths as involving single vs. multiple opioids.
There might also have been some data complexities when other
opioid concentrations were present due to our use of a factor of
multiple opioid presence or absence. However, we elected to
examine presence/absence of multiple opioids because of varying
morphine equivalents and resulting concentrations of the individ-
ual opioids present. Finally, although efforts were made to identify
cardiovascular or respiratory co-morbidities or a history of
substance abuse from the decedents’ files, which included multiple
sources of information, some of these conditions could have been
missed.

5. Conclusions

These findings provide additional, quantitative evidence for an
enhanced overdose risk from alcohol and opioid co-ingestion, with
several fairly large, significant associations found between opioid
concentrations observed and factors such as multiple opioid or
alcohol presence. Multiple regression modeling enabled us to
examine the importance of several factors simultaneously to
determine the association of alcohol and opioid concentrations.
Our findings have important clinical implications for those treating
or working with persons who have substance use disorders and for
those prescribing opioids, especially in the elderly, those with
comorbidities, and chronic pain patients. These patients should be
strongly advised that even small amounts of alcohol use can
potentially increase the risk of fatal overdose. The risks of mixing
multiple drugs and/or alcohol are considerable and should be
considered in any programs designed to reduce opioid-related
deaths. Documenting all potential co-intoxicants in drug-related
deaths is also essential to increase knowledge of possible
interactions and to maximize drug overdose prevention and
treatment efforts.

Contributors

ZD, MA and TH formulated the research question and designed
the study. MA, TH and ZD drafted the initial manuscript. ZD
conducted statistical analyses and DLL provided statistical exper-
tise. MA and ZD designed the tables and MA incorporated
suggestions from all co-authors. MA, GS, JK and AK contributed
to the conception of the analyses, interpretation of the results and
manuscript writing. All authors had full access to all of the data and
approved the final manuscript.

Conflict of interest

No conflict declared.

Role of funding source

This work was supported in part by the following awards:
National Institute of General Medical Sciences (2U54GM104942-
02), National Institute of Drug Abuse (1R21DA040187 and
1UG3DA044825).

CRediT authorship contribution statement

Zheng Dai: Conceptualization, Formal analysis, Methodology,
Writing - original draft, Writing - review & editing. Marie A. Abate:
Conceptualization, Data curation, Funding acquisition, Methodol-
ogy, Supervision, Validation, Writing - original draft, Writing -
review & editing. D. Leann Long: Formal analysis, Methodology,
Writing - review & editing. Gordon S. Smith: Data curation,
Funding acquisition, Methodology, Supervision, Validation, Writ-
ing - review & editing. Theresa M. Halki: Conceptualization,
Writing - original draft. James C. Kraner: Data curation, Supervi-
sion, Validation, Writing - review & editing. Allen R. Mock: Data
curation, Supervision, Validation, Writing - review & editing.

References

[1] L. Scholl, P. Seth, M. Kariisa, N. Wilson, G. Baldwin, Drug and opioid-involved
overdose deaths—United States, 2013–2017, MMWR Morb. Mortal. Wkly. Rep.
67 (5152) (2019) 1419–1427, doi:http://dx.doi.org/10.15585/mmwr.mm67515
2e1.

[2] M. Kariisa, L. Scholl, N. Wilson, P. Seth, B. Hoots, Drug overdose deaths
involving cocaine and psychostimulants with abuse potential—United States,
2003–2017, MMWR Morb. Mortal. Wkly. Rep. 68 (17) (2019) 388–395, doi:
http://dx.doi.org/10.15585/mmwr.mm6817a3.

[3] Z. Dai, M.A. Abate, G.S. Smith, J.C. Kraner, A.R. Mock, Fentanyl and fentanyl-
analog involvement in drug-related deaths, Drug Alcohol Depend. 196 (2019)
1–8, doi:http://dx.doi.org/10.1016/j.drugalcdep.2018.12.004.

[4] C.M. Jones, E.B. Einstein, W.M. Compton, Changes in synthetic opioid
involvement in drug overdose deaths in the United States, 2010-2016, JAMA
319 (17) (2018) 1819–1821, doi:http://dx.doi.org/10.1001/jama.2018.2844.

[5] C.M. Jones, L.J. Paulozzi, K.A. Mack, Alcohol involvement in opioid pain reliever
and benzodiazepine drug abuse–related emergency department visits and
drug-related deaths—United States, 2010, MMWR Morb. Mortal. Wkly. Rep. 63
(40) (2014) 881–885. https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4584
609/.

[6] C.J. Wingren, A. Ottosson, The association between obesity and lethal blood
alcohol concentrations: a nationwide register-based study of medicolegal
autopsy cases in Sweden, Forensic Sci. Int. 244 (2014) 285–288, doi:http://dx.
doi.org/10.1016/j.forsciint.2014.09.012.

[7] J.A. Gudin, S. Mogali, J.D. Jones, S.D. Comer, Risks, management, and
monitoring of combination opioid, benzodiazepines, and/or alcohol use,
Postgrad. Med. 125 (4) (2013) 115–130, doi:http://dx.doi.org/10.3810/
pgm.2013.07.2684.

http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0005
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0005
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0005
http://dx.doi.org/10.15585/mmwr.mm67515 2e1
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0010
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0010
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0010
http://dx.doi.org/10.15585/mmwr.mm6817a3
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0015
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0015
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0015
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0020
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0020
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0020
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4584609/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4584609/
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0030
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0030
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0030
http://dx.doi.org/10.1016/j.forsciint.2014.09.012
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0035
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0035
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0035
http://dx.doi.org/10.3810/pgm.2013.07.2684


8 Z. Dai et al. / Forensic Science International 313 (2020) 110352
[8] R. Hill, W.L. Dewey, E. Kelly, G. Henderson, Oxycodone-induced tolerance to
respiratory depression: reversal by ethanol, pregabalin and protein kinase C
inhibition, Br. J. Pharmacol. 175 (12) (2018) 2492–2503, doi:http://dx.doi.org/
10.1111/bph.14219.

[9] R. Hill, A. Lyndon, S. Withey, J. Roberts, Y. Kershaw, J. MacLachlan, et al., Ethanol
reversal of tolerance to the respiratory depressant effects of morphine,
Neuropsychopharmacology 41 (3) (2016) 762–773, doi:http://dx.doi.org/
10.1038/npp.2015.201.

[10] G. Høiseth, J.M. Andersen, J. Mørland, Less glucuronidation of morphine in the
presence of ethanol in vivo, Eur. J. Clin. Pharmacol. 69 (9) (2013) 1683–1687,
doi:http://dx.doi.org/10.1007/s00228-013-1533-5.

[11] A.W. Jones, Forensic drug profile: cocaethylene, J. Anal. Toxicol. 43 (3) (2019)
155–160, doi:http://dx.doi.org/10.1093/jat/bkz007.

[12] L.R. Webster, S. Cochella, N. Dasgupta, K.L. Fakata, P.G. Fine, S.M. Fishman, et al.,
An analysis of the root causes for opioid-related overdose deaths in the United
States, Pain Med. 12 (Suppl. 2) (2011) S26–S35, doi:http://dx.doi.org/10.1111/
j.1526-4637.2011.01134.x.

[13] J.D. Jones, S. Mogali, S.D. Comer, Polydrug abuse: a review of opioid and
benzodiazepine combination use, Drug Alcohol Depend.125 (1-2) (2012) 8–18,
doi:http://dx.doi.org/10.1016/j.drugalcdep.2012.07.004.

[14] A.W. Jones, F.C. Kugelberg, A. Holmgren, J. Ahlner, Drug poisoning deaths in
Sweden show a predominance of ethanol in mono-intoxications, adverse
drug–alcohol interactions and poly-drug use, Forensic Sci. Int. 206 (1) (2011)
43–51, doi:http://dx.doi.org/10.1016/j.forsciint.2010.06.015.

[15] M.H. Sorg, D.L. Long, M.A. Abate, J.A. Kaplan, J.C. Kraner, M.S. Greenwald, et al.,
Additive effects of cointoxicants in single-opioid induced deaths, Acad.
Forensic Pathol. 6 (3) (2016) 532–542, doi:http://dx.doi.org/10.23907/
2016.053.

[16] A. Koski, E. Vuori, I. Ojanperä, Relation of postmortem blood alcohol and drug
concentrations in fatal poisonings involving amitriptyline, propoxyphene and
promazine, Hum. Exp. Toxicol. 24 (8) (2005) 389–396, doi:http://dx.doi.org/
10.1191/0960327105ht542oa.

[17] E.J. Cone, R.V. Fant, J.M. Rohay, Y.H. Caplan, M. Ballina, R.F. Reder, et al.,
Oxycodone involvement in drug abuse deaths. II. Evidence for toxic multiple
drug-drug interactions, J. Anal. Toxicol. 28 (7) (2004) 616–624, doi:http://dx.
doi.org/10.1093/jat/28.7.616.

[18] M. Häkkinen, T. Launiainen, E. Vuori, I. Ojanperä, Comparison of fatal
poisonings by prescription opioids, Forensic Sci. Int. 222 (1) (2012) 327–331,
doi:http://dx.doi.org/10.1016/j.forsciint.2012.07.011.

[19] A.W. Jones, A. Holmgren, J. Ahlner, Post-mortem concentrations of drugs
determined in femoral blood in single-drug fatalities compared with multi-
drug poisoning deaths, Forensic Sci. Int. 267 (2016) 96–103, doi:http://dx.doi.
org/10.1016/j.forsciint.2016.08.015.

[20] D. Dolinak, Opioid toxicity, Acad. Forensic Pathol. 7 (1) (2017) 19–35, doi:
http://dx.doi.org/10.23907/2017.003.

[21] W.J. Minett, T.L. Moore, M.P. Juhascik, H.M. Nields, M.J. Hull, Concen-
trations of opiates and psychotropic agents in polydrug overdoses: a
surprising correlation between morphine and antidepressants, J. Forensic
Sci. 55 (5) (2010) 1319–1325, doi:http://dx.doi.org/10.1111/j.1556-4029.
2010.01408.x.
[22] M.J. Wunsch, P.A. Nuzzo, G. Behonick, W. Massello, S.L. Walsh, Methadone-
related overdose deaths in rural Virginia: 1997 to 2003, J. Addict. Med. 7 (4)
(2013) 223–229, doi:http://dx.doi.org/10.1097/ADM.0b013e31828c4d33.

[23] D.D. Baker, A.J. Jenkins, A comparison of methadone, oxycodone, and
hydrocodone related deaths in Northeast Ohio, J. Anal. Toxicol. 32 (2)
(2008) 165–171, doi:http://dx.doi.org/10.1093/jat/32.2.165.

[24] S. Darke, Opioid overdose and the power of old myths: what we thought we
knew, what we do know and why it matters, Drug Alcohol Rev. 33 (2) (2014)
109–114, doi:http://dx.doi.org/10.1111/dar.12108.

[25] L.E. Gressler, B.C. Martin, T.J. Hudson, J.T. Painter, Relationship between
concomitant benzodiazepine-opioid use and adverse outcomes among US
veterans, Pain 159 (3) (2018) 451–459, doi:http://dx.doi.org/10.1097/j.
pain.0000000000001111.

[26] H.E. Edvardsen, T. Tverborgvik, J. Frost, S. Rogde, I. Morild, H. Waal, et al., Differences
in combinations and concentrations of drugs of abuse in fatal intoxication and
driving under the influence cases, Forensic Sci. Int. 281 (2017) 127–133.

[27] L. LaRue, R.K. Twillman, E. Dawson, P. Whitley, M.A. Frasco, A. Huskey, et al.,
Rate of fentanyl positivity among urine drug test results positive for cocaine or
methamphetamine, JAMA Netw. Open. 2 (4) (2019), doi:http://dx.doi.org/
10.1001/jamanetworkopen.2019.2851 e192851-e192851.

[28] A. Al-Tayyib, S. Koester, S. Langegger, L. Raville, Heroin and methamphetamine
injection: an emerging drug use pattern, Subst. Use Misuse 52 (8) (2017) 1051–
1058, doi:http://dx.doi.org/10.1080/10826084.2016.1271432.

[29] A. Ghuran, J. Nolan, Recreational drug misuse: issues for the cardiologist, Heart
83 (2000) 627–633, doi:http://dx.doi.org/10.1136/heart.83.6.627.

[30] D.B. Kandel, M.-C. Hu, P. Griesler, M. Wall, Increases from 2002 to 2015 in
prescription opioid overdose deaths in combination with other substances,
Drug Alcohol Depend. 178 (2017) 501–511, doi:http://dx.doi.org/10.1016/j.
drugalcdep.2017.05.047.

[31] D.E. Moody, W.B. Fang, J. Morrison, E. McCance-Katz, Gender differences in
pharmacokinetics of maintenance dosed buprenorphine, Drug Alcohol
Depend. 118 (2-3) (2011) 479–483, doi:http://dx.doi.org/10.1016/j.drugalc-
dep.2011.03.024.

[32] O.P. Soldin, S.H. Chung, D.R. Mattison, Sex differences in drug disposition, J.
Biomed. Biotechnol. (2011)187103, doi:http://dx.doi.org/10.1155/2011/187103.

[33] S. Darke, S. Kaye, J. Duflou, Systemic disease among cases of fatal opioid
toxicity, Addiction 101 (9) (2006) 1299–1305, doi:http://dx.doi.org/10.1111/
j.1360-0443.2006.01495.x.

[34] C.M. Cahill, W. Walwyn, A.M. Taylor, A.A. Pradhan, C.J. Evans, Allostatic
mechanisms of opioid tolerance beyond desensitization and downregulation,
Trends Pharmacol. Sci. 37 (11) (2016) 963–976, doi:http://dx.doi.org/10.1016/j.
tips.2016.08.002.

[35] L. Sordo, G. Barrio, M.J. Bravo, B.I. Indave, L. Degenhardt, L. Wiessing, et al.,
Mortality risk during and after opioid substitution treatment: systematic
review and meta-analysis of cohort studies, BMJ 357 (2017) j1550, doi:http://
dx.doi.org/10.1136/bmj.j1550.

[36] I.R.H. Rockett, G.R. Hobbs, D. Wu, H. Jia, K.B. Nolte, G.S. Smith, et al., Variable
classification of drug-intoxication suicides across US states: a partial artifact of
forensics? PLoS One 10 (8) (2015)e0135296, doi:http://dx.doi.org/10.1371/
journal.pone.0135296.

http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0040
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0040
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0040
http://dx.doi.org/10.1111/bph.14219
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0045
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0045
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0045
http://dx.doi.org/10.1038/npp.2015.201
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0050
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0050
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0050
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0055
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0055
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0060
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0060
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0060
http://dx.doi.org/10.1111/j.1526-4637.2011.01134.x
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0065
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0065
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0065
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0070
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0070
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0070
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0070
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0075
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0075
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0075
http://dx.doi.org/10.23907/2016.053
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0080
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0080
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0080
http://dx.doi.org/10.1191/0960327105ht542oa
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0085
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0085
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0085
http://dx.doi.org/10.1093/jat/28.7.616
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0090
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0090
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0090
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0095
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0095
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0095
http://dx.doi.org/[266_TD$DIFF]10.1016/j.forsciint.[267_TD$DIFF]2016.08.015
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0100
http://dx.doi.org/10.23907/2017.003
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0105
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0105
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0105
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0105
http://dx.doi.org/10.1111/j.1556-4029. 2010.01408.x
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0110
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0110
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0110
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0115
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0115
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0115
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0120
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0120
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0120
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0125
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0125
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0125
http://dx.doi.org/10.1097/j.pain.0000000000001111
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0130
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0130
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0130
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0135
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0135
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0135
http://dx.doi.org/10.1001/jamanetworkopen.2019.2851
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0140
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0140
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0140
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0145
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0145
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0150
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0150
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0150
http://dx.doi.org/10.1016/j.drugalcdep.2017.05.047
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0155
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0155
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0155
http://dx.doi.org/10.1016/j.drugalcdep.2011.03.024
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0160
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0160
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0165
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0165
http://dx.doi.org/10.1111/j.1360-0443.2006.01495.x
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0170
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0170
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0170
http://dx.doi.org/10.1016/j.tips.2016.08.002
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0175
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0175
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0175
http://dx.doi.org/10.1136/bmj.j1550
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0180
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0180
http://refhub.elsevier.com/S0379-0738(20)30214-0/sbref0180
http://dx.doi.org/10.1371/journal.pone.0135296

	Quantifying enhanced risk from alcohol and other factors in polysubstance-related deaths
	1 Introduction
	2 Materials and methods
	3 Results
	4 Discussion
	5 Conclusions
	Contributors
	Conflict of interest
	Role of funding source
	CRediT authorship contribution statement
	References


