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Preface

Clinical toxicology and post-mortem toxicology cover a broad scientific field with many
opportunities and challenges. This Special Issue addresses the opportunities and challenges of
detecting the exposure and intoxications of various (recreative) drugs and novel active psychoactive
drugs. Currently, an increasing number of drugs have become widely available on the internet,
posing questions surrounding how and where we can detect these agents and their metabolites in
body fluids, as well as what the potentials and limitations of comprehensive and targeted toxicology
screenings are in clinical and forensic toxicology cases. This issue also addresses novel options for the
clinical management of intoxicated patients, including the prevention of (re)absorption, the enhanced
extracorporal elimination of drugs, and specific antidotes. In cases of post-mortem toxicology, how
do we interpret drug levels in blood and tissues, as well as address challenges related to post-mortem
redistribution and degradation?

It is our pleasure to present a Special Issue with papers covering this interesting and challenging
field of toxicology.

Eric J. FE. Franssen
Editor
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1. Introduction

This Special Issue addresses the challenges faced in detecting the exposure and intoxi-
cations of various (recreative) drugs and novel active psychoactive drugs. An increasing
number of drugs have become widely available on the internet, posing the following ques-
tions: how and where can we detect these agents and their metabolites in body fluids, and,
what are the potentials and limitations of comprehensive and targeted toxicology screen-
ings in clinical and forensic toxicology cases? This issue also addresses novel options for
the clinical management of intoxicated patients: prevention of (re)absorption, extracorporal
enhanced elimination of drugs, and specific antidotes. In cases of post mortem toxicology,
how do we interpret drug levels in blood and tissues, as well as addressing challenges
related to post mortem redistribution and degradation?

2. An Overview of Published Articles

In their case study, Lee et al. discuss bromadiolone, a potent, long-acting anticoagulant
rodenticide. Bromadiolone is often blended with cereals to produce rat bait. The study
outlines an incident involving six individuals employed in a small factory who suffered
from a severe bleeding tendency several weeks after consuming a rice-based meal that was
tainted with bromadiolone. High serum levels of bromadiolone and excessive bleeding
were found in these individuals, who were then treated with vitamin K1 in the weeks
following the incident. These cases indicate that long-acting anticoagulant rodenticide may
induce cumulative toxicity in repeated, low-dose exposure. Blood bromadiolone levels
may indicate the need for antidote therapy (Contribution 1).

Reimerink et al. describe a case of a potentially lethal caffeine intoxication after the
reported ingestion of 10 g of caffeine. Due to hemodynamic instability, due to tachycardia,
hypertension, and insufficient continuous labetalol infusion, the patient was started on
continuous veno-venous haemodialysis (CVVHD). After successful treatment for 15 h,
CVVHD was discontinued and the patient was discharged the following day. The authors
stress the importance of an early recognition of caffeine intoxication, so that haemodialysis
can be considered in the case of a potentially lethal intoxication (Contribution 2).

Exhumations, conducted under legal directives, are a crucial instrument in the investi-
gation of death allegations. In cases where the cause of death is suspected to be the result of
drug misuse, pharmaceutical overdose, or pesticide poisoning, this process may be applied
on human remains. However, after a large postmortem interval (PMI), determining the
cause of death from an exhumed body is challenging. In this issue, Albano et al. report
challenges associated with postmortem drug concentration changes following exhumation
more than two years after death (Contribution 3). In their case study, they present a case
of a 31-year-old man who was found dead in a prison cell. During the inspection of the
scene, police officers collected two blister packs—one with a tablet and the other empty.
The deceased was suspected to have taken cetirizine and food supplements consisting of
carnitine—creatine tablets the evening before. No relevant autopsy findings were observed.
A comprehensive toxicological analysis was performed by gas chromatography coupled
with mass spectrometry. The screen results were negative for substances of abuse. However,
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proteomic analysis returned positive results for creatine detection and negative results
for other drugs (such as clarithromycin, fenofibrate, and cetirizine). The authors present
the methods, and their findings, addressing the limitations of toxicological analysis in an
exhumation case with a long postmortem interval (PMI).

There has been a significant increase in sodium azide intoxications since the 1980s.
Sodium azide is not regularly detected in comprehensive toxicology screenings. A specific
and targeted bioanalysis is required for its detection in both blood and urine. Intoxications
caused by sodium azide are becoming increasingly prevalent in the Netherlands as a result
of its promotion for the purpose of self-euthanasia. The mechanism of toxicity is not
completely understood, but it is dose-dependent. Van der Heijden et al. present a case of
suicide by sodium azide of a young woman (26 years old) with a history of depression
and previous suicide attempts (Contribution 4). The deceased was found in the pres-
ence of various prescription drugs, including temazepam, domperidone—in combination
with omeprazole—and the chemical preservative sodium azide. Quantitative toxicology
screening of whole blood revealed the presence of 70 pug/L temazepam (toxic range >
1000 pg/L) and 28 mg/L sodium azide (fatal range: 2.6-262 mg/L). Whole blood qualita-
tive analysis revealed the presence of temazepam, temazepam-glucuronide, olanzapine,
n-desmethylolanzapine, and acetaminophen. Interestingly, in circles promoting sodium
azide, it is recommended to use sodium azide in combination with medications targeting
its adverse effects, such as analgesics, anti-emetics, and anti-anxiety drugs. The medicines
recovered at the deceased’s location, coupled with the results of the toxicology screens,
appeared to be consistent with recommendations of self-euthanasia using sodium azide.

Synthetic cannabinoid receptor agonists (SCRAs) first appeared as a legal alternative
to cannabis in 2004, and they have been linked to numerous fatalities since [1]. Simon
et al. report a case of a 26-year-old male who died from consuming synthetic cannabinoid
receptor agonists MDMB-4en-PINACA and 4F-ABUTINACA (Contribution 5). MDMB-4en-
PINACA and 4F-ABUTINACA are potent synthetic cannabinoid receptor agonists (SCRAs).
The scientific literature on the symptoms associated with these substances was evaluated,
along with the pharmacological properties and possible mechanism of death. A forensic
autopsy was performed according to Recommendation No. R (99)3 of the Council of Europe
on medico-legal autopsies. Histological samples were stained with hematoxylin and eosin
(HE). Complement component C9 immunohistochemistry was applied to all heart samples.
Toxicological analyses were performed by supercritical fluid chromatography, coupled
with tandem mass spectrometry (SFC-MS/MS) and headspace gas chromatography with
a flame ionization detector (HS-GC-FID). The literature was reviewed to identify previ-
ously reported cases of MDMB-4en-PINACA and 4F-ABUTINACA use. Autopsy findings
included brain edema, internal congestion, petechial bleeding, pleural ecchymoses, and
blood fluidity. Toxicological analyses revealed the 7.2 ng/mL of MDMB-4en-PINACA
and 9.1 ng/mL of 4F-ABUTINACA in the peripheral blood. The authors conclude that
MDMB-4en-PINACA and 4F-ABUTINACA are strong, potentially lethal SCRA, and their
exact effects and outcome are unpredictable.

The administration of intravenous lipid emulsion (ILE) is a proven antidote used
to reverse local anesthetic-related systemic toxicity [2]. Although the capacity of ILE to
generate blood tissue partitioning of lipophilic drugs has been demonstrated previously, a
clear recommendation for its use as an antidote for other lipophilic drugs is still debated.
Venlafaxine (an antidepressant which acts as a serotonin-norepinephrine reuptake inhibitor
(SNRI)) and quetiapine (a second-generation atypical antipsychotic) are widely used in the
treatment of psychotic disorders. Both are lipophilic drugs known to induce cardiotoxicity
and central nervous depression. Cobilinschi at al. report a case of a 33-year-old man with a
medical history of schizoaffective disorder, who was admitted to the emergency department
(ED) after having been found unconscious due to a voluntary ingestion of 12 g of quetiapine
and 4.5 g of venlafaxine (Contribution 6). An initial assessment revealed a cardiorespiratory
stable patient, but the subject was unresponsive to a GCS of 4 (M2 E1 V1). In the ED, he was
intubated, and gastric lavage was performed. Immediately after admission to the intensive
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care unit (ICU), his condition quickly deteriorated. He then developed cardiovascular
collapse refractory to crystalloids and vasopressor infusion. Junctional bradycardia then
occurred, followed by spontaneous conversion to sinus rhythm. Subsequently, frequent
ventricular extrasystoles, as well as patterns of bigeminy, trigeminy, and even episodes
of non-sustained ventricular tachycardia occurred. Additionally, generalized tonic—clonic
seizures were observed, alongside supportive therapy, antiarrhythmic and anticonvulsant
therapy, intravenous lipid emulsion bolus, and continuous infusion were administered. His
condition progressively improved over the following hours, and 24 h later, he was tapered
off the vasopressor. On day 2, the patient repeated the cardiovascular collapse and a second
dose of ILE was administered. Over the next few days, the patient’s clinical condition
improved, and he was successfully weaned off ventilator and vasopressor support. The
authors conclude that ILE has the potential to become a form of rescue therapy in cases of
severe lipophilic drug poisoning, and should be considered a viable treatment for severe
cardiovascular instability that is refractory to supportive therapy. This finding is also
supported by similar papers on overdoses of venlafaxine, in which blood venlafaxine
concentrations were monitored resulting in enhanced clearing of venlafaxine by ILE [3].

The pharmacokinetic features of psychoactive drugs—their significant postmortem
redistribution especially—challenge traditional sampling in forensic toxicology. In response
to this, Sosa performed a systematic literature review to evaluate different matrices as a
surrogate endpoint in the forensic toxicology of quetiapine-related deaths (Contribution 7).
This review considers the results of five comprehensive studies. The highest quetiapine
concentrations were usually measured in the liver tissue. As interpreted by their authors,
the results of the considered studies showed a strong correlation between some matrices,
but, unfortunately, the studies presented models with poor goodness-of-fit. The distribution
of quetiapine in distinct body compartments and tissues showed no statistically significant
relationship with the length of the postmortem interval. Furthermore, this study did not
confirm the anecdotal correlation of peripheral blood concentrations with skeletal muscle
concentrations. Also, there was no consistency regarding selecting an endpoint for analysis.

An alternative matrix for post mortem toxicology analysis may be fluid obtained from
the chest cavity (FCC). Zughaibi et al. studied the presence of 11-nor-A 9 -carboxy tetrahy-
drocannabinol (THC-COOH) in FCC of postmortem cases collected from drug-related
fatalities or criminal-related deaths to evaluate its suitability for use as a complementary
specimen to blood and biological specimens in cases where no bodily fluids are avail-
able or suitable for analysis (Contribution 8). The relationships between THC-COOH
concentrations in the FCC samples, age, body mass index (BMI), polydrug intoxication,
manner, and cause of death were investigated. Methods: Fifteen postmortem cases of
FCC were analyzed using fully validated liquid chromatography-positive-electrospray
ionization tandem mass spectrometry (LC-MS/MS). Results: FCC samples were collected
from 15 postmortem cases; only THC-COOH tested positive, with a median concentration
of 480 ng/mL (range = 80-3010 ng/mL). THC-COOH concentrations in FCC were higher
than THC-COOH concentrations in all tested specimens with the exception to bile. The
median ratio FCC/blood with sodium fluoride, FCC/urine, FCC/gastric content, FCC /bile,
FCC/liver, FCC/kidney, FCC/brain, FCC/stomach wall, FCC/lung, and FCC/intestine
tissue were 48, 2, 0.2, 6, 4, 6, 102, 11, 5 and 10-fold, respectively. Conclusion: This is the
first postmortem report of THC-COOH in the FCC using cannabinoid-related analysis. The
FCC samples were liquid, easy to manipulate, and extracted using the same procedure as
the blood samples. The source of THC-COOH detected in FCC could be derived from the
surrounding organs due to postmortem redistribution or contamination due to postmortem
changes after death. THC-COOH, which is stored in adipose tissues, could be a major
source of THC-COOH found in the FCC.

Urine, vitreous humor, and bile specimens are interesting alternative matrices for
post mortem toxicological analyses. Al-Asmari et al. reviewed heroin-related postmortem
cases reported at the Jeddah Poison Control Center in Saudi Arabia over a 10-year period
(Contribution 9). Liquid chromatography electrospray ionization tandem mass spectrom-
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etry (LC/ESI-MS/MS) was utilized to determine the 6-monoacetylmorphine (6-MAM),
6-acetylcodeine (6- AC), morphine (MOR), and codeine contents in unhydrolyzed post-
mortem specimens. This study assessed 97 heroin-related deaths, and they represented 2%
of the total postmortem cases (median age, 38; 98% male). In the blood, urine, vitreous hu-
mor, and bile samples, the median morphine concentrations were 280 ng/mlL, 1400 ng/mL,
90 ng/mL, and 2200 ng/mL, respectively, 6-MAM was detected in 60%, 100%, 99%, and
59% of the samples, respectively, and 6-AC was detected in 24%, 68%, 50%, and 30% of the
samples, respectively. The highest number of deaths (33% of total cases) was observed in
the 21-30 age group. In addition, 61% of cases were classified as “rapid deaths”, while 24%
were classified as “delayed deaths”. The majority (76%) of deaths were accidental; 7% were
from suicide; 5% were from homicide; and 11% were undetermined. The availability of
urine, vitreous humor, and bile specimens provided valuable information regarding the
opioids that were administered and the survival time following heroin injection.

Interpreting potential toxicological fatalities is challenging due to lack of data on drug
reference concentrations in postmortem tissues. Towards this, Shaikhain et al. investigated
the autopsy findings and toxicological results of fatalities involving khat in Saudi Arabia’s
Jazan region from 1 January 2018 to 31 December 2021 (Contribution 10). All confirmed
cathine and cathinone results in postmortem blood, urine, brain, liver, kidney, and stomach
samples were recorded and analyzed. Autopsy findings and the manner and cause of
death of the deceased were assessed. Saudi Arabia’s Forensic Medicine Center investigated
651 fatality cases over four years. Thirty postmortem samples were positive for khat’s
active constituents, cathinone and cathine. The percentage of fatalities involving khat was
3% in 2018 and 2019 and increased from 4% in 2020 to 9% in 2021, when compared with all
fatal cases. These cases all included males ranging in age from 23 to 45. Firearm injuries
(10 cases), hangings (7 cases), road traffic accidents (2 cases), head injuries (2 cases), stab
wounds (2 cases), poisoning (2 cases), unknown causes (2 cases), ischemic heart disease
(1 case), brain tumors (1 case), and choking (1 case) were responsible for these deaths.
In total, 57% of the postmortem samples tested positive for khat only, while 43% tested
positive for khat with other drugs. Amphetamine was the drug most frequently involved.
The average cathinone and cathine concentrations were 85 and 486 ng/mL in the blood,
69 and 682 ng/mL in the brain, 64 and 635 ng/mL in the liver, and 43 and 758 ng/mL in the
kidneys, respectively. The 10th-90th percentiles of blood concentrations of cathinone and
cathine were 18-218 ng/mL and 222-843 ng/mL, respectively. These findings show that
90% of fatalities involving khat had cathinone concentrations greater than 18 ng/mL and
cathine concentrations greater than 222 ng/mL. According to the cause of death, homicide
was the most common fatality involving khat alone (77%). More research is required,
especially toxicological and autopsy findings, to determine the involvement of khat in
crimes and fatalities. This study may help forensic scientists and toxicologists investigate
fatalities involving khat.

3. Conclusions

In conclusion, this Special Issue shows the importance of comprehensive and targeted
toxicology screening to detect different drugs and toxins in blood and tissues of both
patients and the deceased. Quantitative measurements of drugs in body fluids are helpful
in monitoring the use of antidotes and extracorporal clearance of patients in the clinic [4-8].
Additionally, reports on quantitative measurements of parent drug and metabolites in the
body fluids of the deceased can enhance our knowledge of postmortal redistribution and
ultimately aid in establishing a potential toxicological cause of death [9-15].

Conflicts of Interest: The author declares no conflict of interest.

List of Contributions:

1. Lee, K.-L; Lin, J.-H.; Chu, Y.-J.; Deng, ].-F.; Chu, W.-L.; Hung, D.-Z. Rat Bait, Not Healthy Rice!
Toxics 2023, 11, 60. https:/ /doi.org/10.3390/toxics11010060.



Toxics 2024, 12, 205

2. Reimerink, E.J.; Huntjens, D.W.; Pelkmans, L.G.; Geerts, ].-W.H.].; Franssen, E.J.F. Successful Use
of Continuous Veno-Venous Haemodialysis in a Case of Potential Lethal Caffeine Intoxication.
Toxics 2023, 11, 196. https:/ /doi.org/10.3390/toxics11020196.

3. Albano, G.D.; Zerbo, S.; La Spina, C.; Midiri, M.; Guadagnino, D.; D’Anna, T.; Buscemi,
R.; Argo, A. Toxicological Analysis in Tissues Following Exhumation More Than Two Years
after Death (948 Days): A Forensic Perspective in a Fatal Case. Toxics 2023, 11, 485. https:
//doi.org/10.3390/toxics11060485.

4. van der Heijden, L.T.; van den Hondel, K.E.; Olyslager, E.].H.; de Jong, L.A.A.; Reijnders, U.J.L.;
Franssen, E.J.F. Internet-Purchased Sodium Azide Used in a Fatal Suicide Attempt: A Case
Report and Review of the Literature. Toxics 2023, 11, 608. https://doi.org/10.3390/toxics11070
608.

5. Simon, G.; Kuzma, M.; Mayer, M.; Petrus, K.; Téth, D. Fatal Overdose with the Cannabinoid
Receptor Agonists MDMB-4en-PINACA and 4F-ABUTINACA: A Case Report and Review of
the Literature. Toxics 2023, 11, 673. https://doi.org/10.3390/toxics11080673.

6. Cobilinschi, C.; Mirea, L.; Andrei, C.-A.; Ungureanu, R.; Cotae, A.-M.; Avram, O.; Isac, S.;
Grintescu, LM; Tincu, R. Biodetoxification Using Intravenous Lipid Emulsion, a Rescue Therapy
in Life-Threatening Quetiapine and Venlafaxine Poisoning: A Case Report. Toxics 2023, 11, 917.
https://doi.org/10.3390/toxics11110917.

7.  Sosa, L Quetiapine-Related Deaths: In Search of a Surrogate Endpoint. Toxics 2024, 12, 37.
https://doi.org/10.3390/toxics12010037.

8. Zughaibi, T.A.; Alharbi, H.; Al-Saadi, A.; Alzahrani, A.E.; Al-Asmari, A.I. 11-Nor-9-Carboxy
Tetrahydrocannabinol Distribution in Fluid from the Chest Cavity in Cannabis-Related Post-
Mortem Cases. Toxics 2023, 11, 740. https:/ /doi.org/10.3390/ toxics11090740.

9. Al-Asmari, A.L; Alharbi, H.; Al-Zahrani, A.E.; Zughaibi, T.A. Heroin-Related Fatalities in
Jeddah, Saudi Arabia, between 2008 and 2018. Toxics 2023, 11, 248. https:/ /doi.org/10.3390/
toxics11030248.

10.  Shaikhain, G.; Gaballah, M.; Alhazmi, A.; Khardali, I.; Hakami, A.; Oraiby, M.; Alharbi, S.;
Tobaigi, M.; Ghalibi, M.; Fageeh, M.; et al. Fatalities Involving Khat in Jazan, Saudi Arabia, 2018
to 2021. Toxics 2023, 11, 506. https:/ /doi.org/10.3390/ toxics11060506.

References

1.

10.

11.

12.

European Monitoring Centre for Drugs and Drug Addiction. Synthetic Cannabinoids in Europe—A Review. 2021. Avail-
able online: https:/ /www.emcdda.europa.eu/system/files /publications /14035 / Synthetic-cannabinoids-in-Europe-EMCDDA-
technical-report.pdf (accessed on 24 June 2023).

Liu, Y,; Zhang, J.; Yu, P; Niu, J.; Yu, S. Mechanisms and Efficacy of Intravenous Lipid Emulsion Treatment for Systemic Toxicity
From Local Anesthetics. Front. Med. 2021, 8, 756866. [CrossRef] [PubMed]

de Wit, D.; Franssen, E.; Verstoep, N. Intralipid administration in case of a severe venlafaxine overdose in a patient with previous
gastric bypass surgery. Toxicol. Rep. 2022, 9, 1139-1141. [CrossRef] [PubMed]

Moffat, A.C. Clark’s Analysis of Drugs ENS Poisons, 3rd ed.; Moffat, A.C., Osselton, M.D., Widdop, B., Eds.; Pharmaceutical Press:
London, UK, 2004; ISBN 0853694737 .

Allen, D.; McWhinney, B. Quadrupole Time-of-Flight Mass Spectrometry: A Paradigm Shift in Toxicology Screening Applications.
Clin. Biochem. Rev. 2019, 40, 135-146. [CrossRef] [PubMed]

Maurer, H.H. Hyphenated high-resolution mass spectrometry—The “all-in-one” device in analytical toxicology? Anal. Bioanal.
Chem. 2020, 413, 2303-2309. [CrossRef] [PubMed]

Mardal, M.; Fuskevég, O.-M.; Dalsgaard, PW. Comprehensive UHPLC-HR-MSE screening workflow optimized for use in routine
laboratory medicine: Four workflows in one analytical method. J. Pharm. Biomed. Anal. 2021, 196, 113936. [CrossRef] [PubMed]
Caspar, A.T.; Meyer, M.R.; Maurer, H.H. Blood plasma level determination using an automated LC-MS" screening system and
electronically stored calibrations exemplified for 22 drugs and two active metabolites often requested in emergency toxicology.
Drug Test. Anal. 2018, 11, 102-111. [CrossRef] [PubMed]

Baselt, R.C. Disposition of Toxid Drugs and Chemical in Man, 12th ed.; Biomedical Publications: Seal Beach, CA, USA, 2020;
ISBN 978-0-578-57749-4.

Hansen, S.L.; Dalsgaard, PW.; Linnet, K.; Rasmussen, B.S. Comparison of Comprehensive Screening Results in Postmortem Blood
and Brain Tissue by UHPLC-QTOEF-MS. J. Anal. Toxicol. 2022, 46, 1053-1058. [CrossRef] [PubMed]

Launiainen, T.; Ojanper4d, I. Drug concentrations in post-mortem femoral blood compared with therapeutic concentrations in
plasma. Drug Test. Anal. 2013, 6, 308-316. [CrossRef] [PubMed]

Swanson, D.M.; Pearson, ].M.; Evans-Nguyen, T. Comparing ELISA and LC-MS-MS: A Simple, Targeted Postmortem Blood
Screen. J. Anal. Toxicol. 2021, 46, 797-802. [CrossRef] [PubMed]



Toxics 2024, 12, 205

13.  Grapp, M.; Kaufmann, C.; Streit, F,; Binder, L. Systematic forensic toxicological analysis by liquid-chromatography-quadrupole-
time-of-flight mass spectrometry in serum and comparison to gas chromatography-mass spectrometry. Forensic Sci. Int. 2018, 287,
63-73. [CrossRef]| [PubMed]

14. Kriikku, P; Rasanen, I.; Ojanperd, I.; Thelander, G.; Kronstrand, R.; Vikingsson, S. Femoral blood concentrations of flualprazolam
in 33 postmortem cases. Forensic Sci. Int. 2019, 307, 110101. [CrossRef] [PubMed]

15. Alasmari, A.; Alhejaili, A.; Alharbi, H.; Alzahrani, M.; Zughaibi, T. Challenges and insights: Methamphetamine analysis in
post-mortem putrefied human tissues in a hot climate. Saudi Pharm. ]. 2024, 32, 101990. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.



94 foxics

Case Report

Rat Bait, Not Healthy Rice!

Kuan-I Lee !, Jing-Hua Lin 209, Yen-Jung Chu 3, Jou-Fang Deng %, Wei-Lan Chu % and Dong-Zong Hung >*

check for
updates

Citation: Lee, K.-L; Lin, J.-H.; Chu,
Y-J.; Deng, ].-F.; Chu, W.-L.; Hung,
D.-Z. Rat Bait, Not Healthy

Rice! Toxics 2023, 11, 60. https://
doi.org/10.3390/ toxics11010060

Academic Editor: Eric J. F. Franssen

Received: 7 December 2022
Revised: 3 January 2023
Accepted: 6 January 2023
Published: 8 January 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Emergency, Buddhist Tzu Chi General Hospital, Taichung Branch, Taichung 42721, Taiwan
Division of Toxicology, China Medical University Hospital, Taichung 40447, Taiwan

Department of Emergency Medicine, China Medical University Hospital, Taichung 40447, Taiwan
Division of Clinical Toxicology & Occupational Medicine, Department of Medicine,

Taipei Veterans General Hospital, Taipei 11217, Taiwan

*  Correspondence: dzhung0224@gmail.com; Tel.: +886-4-2205-2121

W N =

Abstract: Bromadiolone, a potent, long-acting anticoagulant rodenticide is frequently tinted to
a red or pink color and mixed with cereals as rat bait. Six peoples working in a small factory
suffered from a severe bleeding tendency several weeks after consuming a rice meal that was tainted
with bromadiolone mistaken to be healthy food. High serum levels of bromadiolone and excessive
bleeding were found in these individuals, and they needed vitamin K1 therapy for weeks. These cases
indicated that long-acting anticoagulant rodenticide might induce cumulative toxicity in repeated,
low-dose exposure, and the blood levels of bromadiolone might be an indicator for antidote therapy
if available.

Keywords: bromadiolone; rat bait; vitamin K1

1. Introduction

Bromadiolone, a second-generation, long-acting anticoagulant rodenticide (LAAR)
with a white to yellow color chemically, is marketed worldwide and frequently colored
with red dye and mixed with grains as rat bait of 0.005% w/w in general meaning that it
might be confused with healthy food such as red yeast rice. Long-acting anticoagulant
rodenticides have an extremely higher affinity to vitamin K epoxide reductase (VKOR),
a key enzyme in the liver for vitamin K reactivation, compared with warfarin. The tight
binding and inhibition of VKOR by LAAR allows for a significant deficiency in the reduced
form of vitamin K and this is characterized by prolonged coagulopathy and bleeding after
initial treatment and the need for high-dose vitamin K1 therapy after LAAR poisoning [1].
The half-life of bromadiolone in human beings has been reported to be as long as 144 h [2].
Repeated small-dose exposures had been suggested to be likely to produce cumulative
toxicity and severe coagulopathy [1], but it has never been reported in the literature before.
Here, we describe six individuals suffering from varied doses of bromadiolone through
repeated exposure with severe bleeding diathesis due to the misuse of rat-bait rice as
healthy food for weeks.

2. Case Report

Six individuals in Taiwan, working overseas from a small company in China, pre-
sented to an emergency department (ED) due to hematemesis, hematuria, and multiple
ecchymoses on their skin. Tracing back their histories, the first case (patient 1) sought medi-
cal attention in a local hospital in China because of severe hematuria, gum bleeding, tarry
feces, and ecchymoses for 1-2 days. An unexplained bleeding tendency with a prolonged
prothrombin time (PT) was found there. His condition improved and he was released
from hospital after a transfusion of fresh frozen plasma. Unfortunately, the hemorrhagic
symptoms reappeared and his colleagues subsequently experienced similar symptoms. All
of them went back to the emergency room under the suspicion of massive food poisoning
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due to LAAR-contaminated rice (Figure 1), which their cook mistook as red yeast rice and
it was served three times a day. The tainted rice containing 0.5% w/w of bromadiolone was
prepared to be 0.005% w/w of bait. These patients consumed 1-3 bowls of rice per meal and
they had lasted for more than 2 weeks before bleeding diathesis occurred. Without rice
washing, a bowl of rice is estimated to contain 9 milligrams of rat poison.

These people all denied any trauma or history of anticoagulants use. Most of them
presented with hematuria, gum bleeding, and subcutaneous ecchymosis (5/6 patients). All
of them were free from any signs or symptoms of central nervous system damage. Their
clinical manifestations are summarized in Table 1. All of them were admitted and received
intravenous vitamin K1 therapy until their INR values were normal. Twenty to thirty mg
of vitamin K1 intravenously per day in divided doses was prescribed and was adjusted
with the INR values being checked every 2-3 days. These patients were discharged and
followed-up at an out-patient clinic while their antidotes were shifted to an oral route if they
could keep their normal INR value under only 10 mg of vitamin K1 injection per day. All of
them recovered with normal INR values and they were free of symptoms after vitamin K1
therapy when they were discharged from hospital. Their blood samples were taken when
they were admitted and quantitated by LC-MS/MS in the Toxicology Laboratory of Taipei
Veterans General Hospital [3], and high serum bromadiolone (3.9~74.5 ng/mL) levels were
identified in all of these six patients.

Figure 1. The appearance of the bait. The rice grains were stained unevenly by pink bromadiolone
powder before being washed (the patient provided the rice grains).

Table 1. Clinical and demographic data of the six patients with bromadiolone intoxication.

Patient1*  Patient 2 Patient 3 Patient 4 Patient 5 Patient 6

Age 58 32 54 32 29 27

Sex M M M M F M

Hematuria + + + - + +

Gum bleeding + + - + + +

GI bleeding + — — + _ _

Ecchymosis + + + + — +

Conjunctival hemorrhage — — + — — —

PT/INR

Unclotted  Unclotted Unclotted 17.5/1.55 37.7/3.31 25.1/2.21

(Normal 0.8-1.2)
SBL 74.5 6.17 8.94 7.5 39# 8.0

Total dose of Vit. K1 & (mg),
IV /Oral 130/50 120/100 110/50 120/100 50/0 40/0

*: The patient consumed meals every day during that time and was lost to the follow-up after discharge.
SBL: serum bromadiolone level, ng/mL, assayed by LC-MS/MS; #: The patient delayed medical attention
and blood tests for three days. &: IV form 10 mg/vial and oral form 5 mg/tablet. Patient 1 was the
manager for machine maintenance, patients 2 and 4 were the assistants of the manager, patient 3 was the
boss, and patients 5 and 6 were the daughter of the boss and her husband, respectively. The patients
5 and 6 frequently went out on business and might have been less exposed.
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3. Discussion

Bromadiolone, a kind of 4-hydroxycoumarin, is a popular LAAR [1]. Compared with
the 17-h half-life of warfarin, the elimination half-life of bromadiolone in animal blood is
much longer, about 1.0 to 2.4 days, and even up to 170-318 days in rat livers [1,4]. In case
reports of human poisoning [2,5], bromadiolone was eliminated from the blood with the
terminal half-life of 10-24 days, contrary to the first phase of 3.5-6 days. The fact of slow
elimination suggests the possibility of the cumulative toxicity of bromadiolone in cases of
long-term, repeated exposure, similar to the behavior of heavy metal lead or cadmium [1].

Bromadiolone is commonly prepared as a 0.5% red to pink color liquid formulation
to be mixed with grains such as rice and corn to a 0.005% w/w concentration and it is
commonly applied in buildings as rat bait in China [6]. Due to the colorful appearance
and the lack of warning signs, it could easily be served as a meal by mistake. Rice is
usually washed with water before cooking, and the concentration of leftover bromadi-
olone in a rice meal might be less than 0.005%. Bromadiolone is thermally stable below
200 degrees Celsius [7]. In cases without washing, a bowl] of rice is calculated to contain
9 mg of rat poison. Although we did not obtain the sample for a toxin assay, it was clear
from these patients’ data that more serious exposure through continuous ingestion rather
than intermittent exposure resulted in higher blood levels, more rapid onset, and severe
manifestations. Patient 1, who consumed meals three times a day and 2-3 bowls/meal,
suffered from prompt bleeding diathesis and his blood rodenticide level was found to be
more than 74.5 ug/L; patient 5 with intermittent exposure and the latest presentation had
the lowest blood level and required low doses of vitamin K1 therapy and subsequently had
the shortest period of treatment. This suggested that long-term and repeated exposure to
such small doses of bromadiolone might have also induced cumulative toxicity and led
to a bleeding tendency in humans. According to these small groups of patients, the most
frequent presentations were hematuria and gum bleeding with varied serum concentrations
of LAAR.

Long term vitamin K1 therapy to prevent a relapse in bleeding tendency and the
absence of reliable clinical indicators have been noted in acute LAAR poisoning [1,8]. A
few reports from cases studies have indicated that serum bromadiolone levels less than
10 ng /mL and 4-10 ng/mL of brodifacoum are associated with a consistently normal
coagulation profile without antidote therapy [1,2,5]. These findings seemed to not be
applicable in these cases of low-dose and repeated LAAR exposure. The patients who
suffered from significant bleeding and abnormal INR values required the use of vitamin K1
therapy even with serum bromadiolone level less than 4 ng/mL [7].

Our study has some limitations. Firstly, these patients could not correctly recall how
much contaminated rice they had consumed. Secondly, we did not obtain the rice sample
for a bromadiolone assay due to restrictions on the importation of agricultural products.
Thirdly, we did not study the toxicokinetics of bromadiolone in these patients to define
the antidotes use. However, we confirmed their bromadiolone exposure by detecting
significant toxin bromadiolone levels by the LC-MS/MS in the patients’ blood, and its
possible relationship to exposure frequency.

In conclusion, low-dose and repeated exposure to LAARs could lead to significant
coagulopathy and bleeding from the vital organs and there is a need for prompt antidote
therapy regardless of the LAAR blood level.
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Abstract: Here we describe the case of a potentially lethal caffeine intoxication after the reported
ingestion of 10 g of caffeine. Due to hemodynamic instability with tachycardia and hypertension with
an insufficient effect of continuous labetalol infusion, the patient was started on continuous veno-
venous haemodialysis (CVVHD). After successful treatment for 15 h, CVVHD could be discontinued,
and the patient was discharged home the next day. This case report is the first to report the use of
CVVHD as a haemodialysis modality in the case of caffeine intoxication and illustrate the effect on
caffeine clearance. We stress the importance of an early recognition of caffeine intoxication, so that
haemodialysis can be considered in the case of a potentially lethal intoxication.

Keywords: caffeine intoxication; continuous veno-venous haemodialysis; caffeine clearance

1. Introduction

Caffeine (1,3,7-trimethylxanthine, guaranine) is a plant-derived alkaloid that antago-
nizes subtype Al and A2a of the adenosine receptor. Since adenosine is an endogenous
neuromodulator with mostly inhibitory effects, the antagonism of adenosine results in pos-
itive inotropic and chronotropic effects. After oral intake, caffeine is completely absorbed
in the stomach and intestines (100%) and is almost completely metabolized in the liver by
CYP1A2 (95%) through demethylation of caffeine (1,3,7-trimethylxanthine) to paraxanthine
(1,7-dimethylxanthine) [1]. In the case of regular consumption, the metabolization will fol-
low linear kinetics with a half-life time of 3-5 h and a plasma protein binding of 17-36% [2].
However, due to saturation of CYP1A?2 in the case of an overdose, the unbound fraction
will no longer be dose-linear, and caffeine will follow non-linear kinetics, with a higher
unbound fraction and a prolonged half-life time [3,4]. After metabolization, the majority of
caffeine is eliminated in the urine through renal excretion (85-88%) [4].

Caffeine is usually consumed to increase focus, enhance memory, and improve physi-
cal performance [2,5,6]. Caffeinated beverages contain varying amounts of caffeine: from
60 mg in a cup of coffee to 250 mg in potent energy drinks. The consumption of these
beverages rarely leads to severe caffeine intoxication. However, caffeine supplements
regularly exceed this dosage and can contain 300 mg each. These supplements can be
bought limitlessly online as pills or as pure caffeine powder. The increasing popularity
of caffeine supplements has resulted in (unintended) severe caffeine intoxications, which
have necessitated treatment in a critical care unit and even resulted in deaths [7,8]. The
American Association of Poison Control Centers (AAPCC) reported 3031 cases of single-
substance caffeine use in 2019, of whom 415 were treated in a healthcare facility, resulting
in 23 major outcomes (life-threatening or resulting in significant residual disability or
disfigurement) [9].

In previous case reports, the ingestion of 15-30 mg/kg has resulted in significant
toxicity, and oral doses of >5 g have been reported as fatal [1,6]. Due to the severity of
the intoxication, elimination enhancement through renal replacement therapy (RRT) can
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prove a valuable therapy. Since caffeine is a small hydrophilic molecule with a low plasma
protein binding (17-36%) and a small volume of distribution of 0.61 L/kg, it is suitable
for dialysis [10]. Successful intermittent haemodialysis has been described in case reports;
however, the benefit of continuous renal replacement therapy remains unclear.

We here describe a case of severe caffeine intoxication with a potentially lethal oral
dosage of 10 g, in which the patient has made a full recovery after treatment with continuous
veno-venous haemodialysis (CVVHD). To the best of our knowledge, this is the first case
report describing the use of CVVHD as a haemodialysis modality in caffeine intoxication.

2. Case Report

A 29-year-old male patient with a history of borderline personality disorder and
alcohol and drug abuse presented to the cardiac care unit (CCU) with complaints of chest
pain and stomach ache. As an experiment, he voluntarily consumed 10 g of caffeine powder
approximately 14 h before presentation. About 30 min after ingestion, he started vomiting
and sweating, and he experienced a heavy chest. These symptoms endured 13 h until he
eventually called the emergency services and was taken to the hospital. At presentation,
the patient was anxious and in pain, and he was sweating profoundly. Vital signs showed
tachycardia (152 beats per minute), hypertension (190/35 mmHg), tachypnoea (22 breaths
per minute), an oxygen saturation of 97%, and a subfebrile temperature (38 °C). The
electrocardiogram showed sinus tachycardia (148 beats per minute) with a prolonged QTc
(554 ms) and ST-depressions in II, V2-V5 and ST-elevation in Avr, with normal R-wave
progression. The initial laboratory results are depicted in Table 1.

Table 1. Laboratory results (No indication for follow-up or previously normalized).

Day 1 Day 2 Reference Values
Hb (mmol/L) 12.5 10 8.5-11
Leucocytes (X 10%/L) 344 27.9 4.0-10.0
Sodium (mmol/L) 142 140 135-147
Potassium (mmol/L) 2.6 39 3.5-5.0
Phosphate (mmol/L 0.53 0.66 0.70-1.50
Magnesium (mmol/L) 0.68 0.87 0.70-1.00
Glucose (mmol/L) 11.6 6.8 4.0-7.8
Creatinine (umol/L) 137 75 59-104
AST (U/L) 42 - <35
ALT (U/L) 92 - <45
Creatine kinase (U/L) 483 - <171
pH 7.55 7.51 7.35-7.45
Bicarbonate (mmol/L) 21.1 22.4 22.0-29.0
Lactate (mmol/L) 5.0 1.7 0.5-1.7
CK-MB (ug/L) 16 - <7.6
Hs-trop T (ug/L) 0.066 - <0.014

Hb: haemoglobin, AST: aspartate transaminase, ALT: alanine transaminase, CK-MB: creatine kinase-myocardial
band, HS-trop T: high-sensitive troponin T.

Despite the presence of lactate acidosis, arterial blood gas analysis showed metabolic
alkalemia due to continuous vomiting. The drugs-of-abuse toxicology screening in a urine
sample (Quidel, Tox Drug Screen, 94600) was found positive for benzodiazepines and
cocaine. The positive benzodiazepine screening was attributable to midazolam adminis-
tered in the ambulance. Cocaine and benzoylecgonine (a metabolite of cocaine) were not
detectable in serum via liquid chromatography coupled with multistage accurate mass
spectrometry (LC-MS") and were therefore not clinically relevant. Initial treatment included
infusion of isotonic liquids, electrolyte supplementation, and anti-emetics (including dex-
amethasone 12 mg). Despite supportive therapy, tachypnoea increased (40 breaths per
minute), and the temperature rose to a fever (38.7 °C), in addition to persisting nausea,
tachycardia and hypertension. Subsequently, the patient was admitted to the intensive care
unit, where benzodiazepines and a continuous infusion of labetalol were initiated to treat
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anxiety and excesses in haemodynamics, respectively. In addition, CVVHD was initiated to
increase caffeine elimination, using the MultifiltratePRO (Fresenius medical care) with an
ultraflux AV1000S filter and regional citrate anticoagulation. The dialysate flow rate was
set at 2 L/h and the blood flow rate at 100 mL/min at a temperature of 37 °C. Within three
hours after initiating CVVHD, the fever resolved due to active cooling. Tachypnoea started
declining some hours later. The follow-up of elevated cardiac blood markers showed a
decrease six hours later. After 15 h of CVVHD, the patient’s haemodynamics normalized.
Therefore, labetalol could be withdrawn, and CVVHD was discontinued. Caffeine blood
levels were taken at presentation, during CVVHD treatment and after completion of ther-
apy, and are depicted in Figure 1. The caffeine serum concentration upon presentation was
70 mg/L and had dropped to 21 mg/L after CVVHD treatment. Using the therapeutic
drug-management application MwPharm version 1.8.2.20 (Mediware), we were able to
simulate the serum caffeine concentrations (see Figure 1 and Table 2) [11]. After 30 h of
ICU admission, the patient was discharged to the internal medicine ward with telemetric
monitoring of the heart rhythm and discharged home the next day.
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Figure 1. Caffeine blood concentration based on three caffeine blood samples extrapolated in a phar-
macokinetic model using a therapeutic drug-management application.

Table 2. Pharmacokinetic parameters of caffeine blood concentration model.

Parameter Population Value Individual Value
Unbound fraction 0.64 0.64

Distribution volume 0.61 L/kg 0.86 (non-Bayesian) L/kg
Elimination constant 0.136 h~1 0.0462h~!
Bioavailability 1 1

Absorption constant 19.8h~! 19.8 h~!

3. Discussion

Despite the increasing popularity of energy drinks, most deaths resulting from caffeine
overdose can be attributed to the consumption of diet pills and stimulants [12]. Initial
symptoms of intoxication include nausea, vomiting, tachycardia, hypertension, hypoten-
sion, and convulsions. Secondary hypokalaemia, hyperglycaemia, hypocalcaemia, lactate
acidosis, and rhabdomyolysis with subsequent kidney failure have been described. These
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biochemical changes and an increased sympathetic activity can result in cardiovascular
complications, including potentially lethal arrhythmia and myocardial infarction [2,13,14].
Therapy includes preventing systemic absorption through gastric lavage and active char-
coal combined with a laxative and should be initiated within 30-90 min after intake, based
on caffeine’s half-life time. However, since the half-life time can be prolonged in case of an
overdose, active charcoal is possibly effective even after this period. Furthermore, therapy
focuses on supportive care, such as electrolyte correction, fluid resuscitation, anti-emetics,
beta-blockade and benzodiazepines, in the case of moderate to severe anxiety or convul-
sions [15]. These therapies require continuous monitoring of vital signs and biochemical
markers. Therefore, admittance to a critical care unit is highly recommended in case of
severe caffeine intoxication.

There are limited publications about using RRT in caffeine intoxication. Theophylline
is also a xanthine derivate. It shows, structurally and in pharmacology, many similarities
to caffeine. There are more publications about the use of RRT in theophylline intoxication.
The EXtracorporeal TReatments In Poisoning workgroup (EXTRIP) published a guideline
and recommended extracorporeal treatment in severe theophylline poisoning [16]. Clinical
conditions can classify this severity (e.g., seizures or shock), as can a plasma concentration
>100 mg/L. Intermittent haemodialysis is the preferred and recommended extracorporeal
treatment, but hemoperfusion or CRRT (continuous renal replacement therapy), including
CVVHD, are acceptable alternatives if haemodialysis is not available. In the article by
Kim et al. [17], the authors provide a clear view on the differences between CRRT and
haemodialysis in patients with an intoxication. The different extra-corporeal treatments are
compared in the case of several well-known drug intoxications. The authors conclude that
haemodialysis is the more effective treatment with all intoxications. The Dutch guidelines
for intoxications agree with these conclusions but name CRRT as an acceptable suboptimal
alternative [10]. The exceptions to this conclusion are patients who are haemodynamically
unstable and in situations where haemodialysis is not available in the acute setting. Another
indication for starting CRRT could be after the initial haemodialysis session to prevent a
rebound rise of the drug. Although CRRT is less effective than haemodialysis, CRRT can
be considered in intoxications with drugs that have a low protein binding, low volume of
distribution (VD) and narrow therapeutic index. Examples of drugs where CRRT can be an
acceptable alternative in intoxications are lithium, methanol and ethylene glycol.

The severity of intoxication, in this case, was based on the reported ingested amount
and clinical presentation. Since death due to severe caffeine intoxication has been described
after an oral intake of 5 g or more of caffeine [1,6], this patient’s consumption of 10 g of
caffeine was potentially lethal. Similarly, the predicted initial serum concentration was
140 mg/L, where concentrations of >80-100 mg/L are potentially lethal [2,8]. Based on
the high ingested amount of caffeine, the high predicted blood levels, and the severity
of the symptoms presented by our patient, we initiated CVVHD. Criteria for initiating
haemodialysis in case of caffeine intoxication have been described by others [18]. The
authors suggest that patients with severe clinical symptoms, in our case a tachycardia
of >140 beats per minute, and high caffeine concentrations >140 mg/L can benefit from
haemodialysis. Due to a delay in presentation, however, the initial serum concentration
turned out to be 70 mg/L and did not therefore meet the suggested criteria. Even so, a
concentration of 70 mg/L must still be considered a severe intoxication, since toxicity is seen
at a caffeine serum concentration of >50 mg/L. The elevated initial serum concentration,
even after a delay in presentation, illustrates the slow clearance of caffeine in case of
an overdose. High serum caffeine concentrations result in the saturation of CYP1A2.
Consequently, caffeine clearance follows non-linear kinetics in case of an overdose, thereby
prolonging the half-life time from 5 h to >16 h, and up to 120 h has been described [2,3]. In
this case, the half-life time was prolonged to 15 h (Figure 1), three times the half-life time of
regular consumption. Due to this long half-life time, in combination with low VD and low
plasma protein binding, toxin removal through CVVHD can be a valuable intervention to
increase clearance and improve symptoms.
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Caffeine concentrations can be quantified using immunoassays (ELISA) or high-
performance liquid chromatography (HPLC). Even though ELISA may be more cost-
effective, HPLC is the method of choice, since it has a high sensitivity and specificity [19,20].
In case of an intoxication, a high specificity is requested, since interference with other
xanthine derivatives should be avoided. Sensitivity is less relevant, since intoxications
generally concern high drug levels, which are measured to estimate the duration to a return
to therapeutic drug levels and an indication for dialysis. Following the validated sensitivity
and the high specificity of HPLC, we recommend HPLC as the quantification method of
choice when used in the case of caffeine intoxication.

The effect of CVVHD is graphically illustrated in Figure 1, where the deflection in the
curve at t = 19 h shows the additional effect of CVVHD in addition to the patient’s clearance
capacity. A more pronounced result can be expected using intermittent haemodialysis
compared to CVVHD [3,21]. However, emergency haemodialysis is not always logistically
possible or can be contra-indicated because of haemodynamic instability. We have shown
that CVVHD can be a helpful alternative. Using high blood flow rates and high dialysis
flow rates theoretically maximizes the effect of CVVHD on caffeine clearance; however,
further studies are needed to test this hypothesis. Additionally, the effect of CVVHD
can be more pronounced in the case of higher caffeine serum concentrations. Given
caffeine’s low plasma protein binding (17-36%), a higher plasma concentration will most
likely lead to a higher percentage of unbound caffeine due to protein saturation. Since
unbound caffeine is dialyzable, higher caffeine concentrations may result in additional
serum clearance. Intermittent haemodialysis or CVVHD should therefore be reserved for
cases involving severe, potentially lethal caffeine toxicity, hence with a high percentage of
unbound caffeine. Additionally, a fast initiation of therapy will add to the effectiveness of
CVVHD and therefore to its effectiveness in relation to symptoms of caffeine toxicity. We
therefore stress the importance of an early recognition of caffeine toxicity. Once initiated,
the duration of CVVHD therapy can best be adjusted to clinical response.

4. Conclusions

CVVHD may be an acceptable alternative to intermittent haemodialysis in the case
of severe, potentially lethal caffeine intoxication, when intermittent haemodialysis is not
available. Preferred treatment should always be haemodialysis, if possible. Overall CVVHD
can be considered in intoxications with drugs that have low protein binding, low VD
and a narrow therapeutic index. Adding Cytosorb could further improve effectivity.
Both modalities should be reserved for cases of severe toxicity. Further research on the
effect of higher blood flow rates may lead to a more effective use of CVVHD in case of
caffeine intoxication.
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Abstract: Exhumations are performed in accordance with a court order and are crucial instruments
in the investigation of death allegations. When a death is thought to be the result of drug misuse,
pharmaceutical overdose, or pesticide poisoning, this process may be used on human remains.
However, after a protracted postmortem interval (PMI), it might be difficult to detect the cause of
death by looking at an exhumed corpse. The following case report reveals problems associated with
postmortem drug concentration changes following exhumation more than two years after death. A
31-year-old man was found dead in a prison cell. Onan inspection of the place, two blister packs, one
with a tablet and the other empty, were taken and kept by the police officers. The evening before,
the deceased would have taken cetirizine and food supplements consisting of carnitine—creatine
tablets. No relevant autopsy findings have been observed. The toxicological analysis was performed
by gas chromatography coupled to mass spectrometry and was negative for substances of abuse.
Proteomic analysis was positive for creatine detection and negative for other drugs (clarithromycin,
fenofibrate, and cetirizine). The presented case shows the methods, the findings, and the limitations
of toxicological analysis in an exhumation case with a long postmortem interval (PMI).

Keywords: exhumation; proteomic analysis; forensic; postmortem interval; sudden cardiac death

1. Introduction

An exhumation is an important tool in investigating suspicions of death, carried out
under court order. It involves unburying a body, performing an autopsy, and evaluating all
remains found near the body [1-4]. This procedure may be performed on human remains
in the case of a death suspected to be due to poisoning with pesticides, medications, or drug
abuse [3,5-8]. However, it can be challenging to diagnose by examining an exhumed corpse
after a prolonged PMIL. It may be difficult to differentiate actual lesions from autolytic
changes, which should be carefully assessed. Moreover, postmortem toxicology investiga-
tions on exhumed human remains are rare but a true challenge for both the pathologist
and the forensic toxicologist. Some drugs’ concentrations may be influenced by the activity
of certain enzymes, even after death [9]. Moreover, autolysis may cause the release of
exogenous compounds [10]. Bacteria metabolism may influence the toxicological analysis
results by using particular drugs or metabolites as substrates [11]. Furthermore, redistribu-
tion after death is influenced by the postmortem interval, even in the post-sampling and
storage periods [12,13]. Previous reports stated the issues and limitations of toxicological
analysis in exhumation cases, highlighting that conventional biological matrices may not
be available due to putrefaction processes and that different postmortem phenomena may
contribute to the reliability of toxicological findings [14,15]. Therefore, toxicological analysis
of exhumed human remains is still a significant challenge. In this case report, we report
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our forensic investigation experience of a death in prison for which toxicological investi-
gations were requested two years after the death. Prior to an exhumation, the question
usually arises whether presumed morphological or toxicological findings can be detected
after certain postmortem intervals. The presented case shows the methods, the findings,
and the limitations of toxicological analysis in exhumation cases with a long postmortem
interval (PMI).

2. Case Report
2.1. Case History

This is the case of a 31-year-old man found dead in a prison cell. On an inspection of
the place, two blister packs, one with a tablet and the other empty, were taken and kept
by the police officers. The evening before, the deceased would have taken cetirizine and
food supplements consisting of carnitine—creatine tablets. A study of the documentation
revealed in the anamnesis the presence of exertional precordialgiaextra-systolic arrhythmic
activity, isolated ventricular premature beats (BEV), gastritis, and papulo-pustular acne.

Following this first judicial inspection, an autopsy examination was ordered, and
thecompetent judicial authority (J.A.) ordered the dismissal of the case. However, more
than two years later (948 days), the defenders of the deceased’s family argued that the
drugs taken the night before would have influenced the death event. Therefore, it was
deemed necessary to proceed with the exhumation of the body.Among the questions posed
was the need to proceed with the sampling to verify the presence of the drugs resulting
from the prescribed therapy.

2.2. Autopsy Findings

The autoptic examination showed a male subject’s corpse, apparentlyof regular build,
with indefinable somatic characteristics due to the advanced putrefactive phenomenon.
When the clothes were removed, the signs of the previous autoptic activity were revealed,
with resection of the skullcap and cutting of the trunk; overall, the body had an appearance
tending toward corification in the head-neck district, with a great representation of the
putrefactive changes in the remaining part of the human residues of the exhumed body.
The following organs were recognizable: stomach, intestine, aortic tract, and kidney; the
state of decomposition made their removal superfluous for subsequent histopathological
evaluations. The following tissues were collected and sampled for toxicological investiga-
tions: hair matrices, quadriceps muscles of the right thigh, and tissue fragments of possible
renal origin.

2.3. Toxicological Analysis for Proteins, Drugs and Substances of Abuse

The toxicological analysis was carried out via gas chromatographic analysis with a
mass detector of the extracts, acids, and bases subjected to a derivatization process. The
extraction was carried out on organic residue. About 1 g of organic material was taken and
finely minced with a mechanical instrument. Then, 4 mLof distilled water was added, and
the whole was left to macerate for 48 h at 4 °C.

The sample was reconditioned at room temperature. It was then stirred on a rotating
stirrer for 20’ and centrifuged for 10’ at 3500 rpm; the analysis was performed on the
supernatants loaded on SPE cartridges bondelut certify Agilent 130 mg.The elution was
performed with 2 mL of a freshly prepared mixture of dichloromethane and isopropanol
containing 2% ammonia in a ratio of 78/20/2. The eluate was collected in a glass test tube
containing 50 puLof a methanol/HCI mixture (9:1). The internal standard, i.e., a solution of
the deuterated compounds, was added to the eluate before it dried.

The analysis was performed by gas chromatography technique coupled to mass
spectrometry using an Agilent model 6890 N gas chromatograph connected to a model
5973 mass spectrometer operating at 70 eV with a source temperature of 230 °C; the instru-
ment was operated using computers and Mass Hunter software.
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An Agilent (Agilent Technologies Inc., Santa Clara, CA, USA) J&W DB-5 ms Ultra
Inert capillary column with a length of 30 m, an internal diameter of 0.25 mm, and a film
thickness of 0.25 um was used for the chromatographic separation. The analysis was
conducted with a programmed temperature starting from 150 °C for 1.00 min; then, the
oven temperature was increased by 20 °C per minute up to 210 °C and maintained for
10 s; subsequently, the temperature was increasedfrom 20 °C by 10 °C per minute to reach
the temperature of 250 °C, which was held for one minute. Finally, with a rise of 20 °C
per minute, the temperature of 280 °C was reached and maintained for two minutes.The
chromatographic run had a total duration of 11.2 min, and the data were acquired in sim
(selected ion monitoring) mode. With the GC/MS technique, the identification of the
substances present in the extracts occurred through the evaluation of the retention time of
the gas chromatographic peak and its fragmentation spectrum; the latter was compared
with those included in the computerized libraries with which the management software
was equipped of the tool. Toxicological analyses were negative for substances of abuse
and cetirizine presence. Analysis of the composition of food supplements (AMCO)for food
products and supplements provides the hypothetical identity of the compounds present in
the sample. Identification was made using the official database of the National Institute for
Standards and Technologies (NIST) without the aid of a certified analytical standard. The
test should be interpreted as a first-level screening. The detection of compounds is subject
to the limits of instrumental detection.

The sample was digested using trypsin. An analysis was conducted in the auto-
fragmentation acquisition mode. The data obtained were processed using SANIST Hb
software with a generic “Uniprot” database. The results of this processingwere sent once
the software had finished. An analysis was performed on thesample by looking for the
compounds: creatine 132.13, detected; clarithromycin 748.47, not detected; and fenofibrate
361.11, not detected.

The sample was treated by enzymatic digestion with trypsin and analyzed in Auto
Ms(n) acquisition mode. The data obtained were processed with the SANIST Hb software
using a generic “Uniprot” database. From this processing, results were obtained with a
statistical score of less than 30.

The sample was treated by enzymatic digestion with trypsin and analyzed in Auto
Ms(n) acquisition mode. The data obtained were processed with the SANIST Hb software
using a generic “Uniprot”database. From this processing, results were obtained with a
statistical score of less than 30.

3. Discussion

In the specific case, the evening before the death, the patient had taken only one tablet
of cetirizine and food supplements consisting of carnitine—creatine tablets. A single dose of
carnitine can hardly reach a concentration to determine effects on cardiac repolarization, as
in cases after prolonged administration, which can be evaluated by continuous activity on
the QTC.

Indeed, the drug is well absorbed by the gastrointestinal tract after oral administration.
The drug is distributed to biological tissues, reaching maximum plasma concentrations
within one hour. The half-life of the drug is around 8 h. Cetirizine crosses the blood-brain
barrier with difficulty, which accounts for the drug’s minor sedative effects compared to
other antihistamines. Plasma protein binding is 93%. Cetirizine is metabolized in the liver
to a minimal extent and is an inactive metabolite. Elimination occurs by the renal route,
with 60-70% of the drug eliminated in 24 h. A further 10% is excreted in the urine over
96 h. Reduced renal or hepatic function may result in slower elimination by prolonging
its half-life. Half-life (T/2) is the time required for the amount of a drug in the body to
decrease by 50% during elimination. Therefore, knowledge of the half-life of a drug is
essential to allow adequate administration and avoid incurring an overdose. The half-life
is a value independent of the drug’s concentration and our body’s metabolic activity. If
the T/2 is short, then the decrease in concentration will be fast; conversely, the longer the
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half-life, the slighter the reduction in concentration. In daily clinical practice, the half-life is
necessary to reach a specific effective plasma concentration value or to maintain a particular
concentration of the plasma value of the drug for a long time (days or months) [16].

Therefore, it was assumed that after eight hours, the concentration of the drug was
reduced by half, corresponding to 04.00-06.00 in the morning, the time of death, and still
could not reach a stable concentration, which requires further administration over time.
Therefore, it is difficult to assume that the single administered dose could have exerted
such a pharmacological activity to alter the QTc and cause potential arrhythmia [17,18].

As for the carnitine and the creatine taken in the evening, it is noted that they are
supplements (drugs) without adverse effects on the cardiovascular system, so much so
that they are suggested as prophylactic protection in subjects receiving chemotherapy.In
addition, when taken in high doses, it provides cardioprotection. In a review, the optimal
amount was around 3g/day, with patients not obtaining better results even with higher
doses of up to 6 g/day. Understood in the meaning of “drug,” it has almost no contraindica-
tions and nearly no side effects, so much so that it is used as an over-the-counter drug, while
its use as a supplement is as an anti-fatigue [5,11,19]. Carnitine is an endogenous product;
however, in this case presentation, it was suspected by parents (irrespective of well-known
scientific evidence) of ingestion as a protein-enriched food, which could interfere withthe
cardiac function of the dead man in jail. The prosecutor’s office asked for such an analysis.

The above-described analysis of the literature on the incidence and the potential
lethality of the patient’s arrhythmic disturbances suggests the probable hypothesis that
the patient’s death was caused by a malignant ventricular arrhythmic event. The event
was probably caused by a pre-existing extra-systolic focus of possible genetic nature and is
still not always identifiable, as well as being a potential genetic character not detectable in
ECG analysis [20-22].

To date, the toxicological investigations carried out have not allowed the detection of
substances referred to in the pharmacological anamnesis. This outcome must, in any case,
be evaluated in the context of studies carried out on widely degraded tissue samples of
muscle matrix more than three years after the death and the sampling itself, making this
investigation very limited in the reliability of the laboratory data.

In every test, choosing a practical sample type is an important choice. It is crucial
to choose the right procedure if you want results that are legitimate and satisfying. The
selection process is most strongly influenced by how valuable each sample type is [22,23].

When the analytes and sample matrix are defined, the next step is to develop a
chromatographic system providing highly efficient separation for the targeted analytes and
the corresponding matrix [24].

These techniques range from the simplest and currently rarely used, thin-layer chro-
matography (TLC), to capillary electrophoresis (CE) techniques, gas chromatography (GC),
high-performance liquid chromatography (HPLC), and, finally, the most sophisticated,
ultra-high-performance liquid chromatography (UHPLC) [25,26].

Substrates in postmortem toxicology are often seriously influenced by post-mortal
degradation, redistribution, matrix effects, temperature, etc. Therefore, interpretation of
the results may be difficult, especially when toxicological examinations must be carried
out following exhumation. Many issues with various elements of decomposition may
arise during the study of postmortem material. First, redistribution of many medications
and poisons is known to happen throughout autolysis and into the putrefactive stage of
decomposition, where residual enzyme activity can continue to metabolize pharmaceuticals
and poisons. During putrefaction, bacteria that enter the body break down the tissues. The
ensuing matrix of protein and lipid breakdown products can make it challenging to identify
and quantify analytes. The same bacteria that putrefy the body can also break down
medications and toxins inside the body, altering concentrations and perhaps causing the
full loss of some analytes. Several of these drug breakdown pathways and their byproducts
remain unknown. Recent studies suggest a possible role for metabolomics and proteomics
in forensics to provide information about the assumption of substances and the postmortem
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interval. However, strong evidence is still lacking, and future research is needed to validate
these methodologies and their application in the forensic field [27,28]. In the literature,
comprehensive lists have been published called “expectation catalogues” on morphological
and toxicological findings in relation to the postmortem interval. For this reason and due to
the huge variety of possible issues, it may be difficult or impossible for even an experienced
forensic specialist to acquire the necessary knowledge on his own [6-8,29-32] (Box 1).

Box 1. Take-home messages of toxicological and proteomic analysis in cases of autopsy tissues
coming from exhumation with a high postmortem interval.

Key points

1. A number of drugs are unstable either chemically (from pH changes), biochemically (from
residual enzyme activity), or from use as substrates by putrefactive bacteria, or a combination of
the above;

2. Postmortem redistribution of drugs and poisons increases with the postmortem interval,
and peripheral blood samples should be analyzed in preference to those from central areas for
quantitative purposes;

3. Byproducts of decomposition are putrefactive compounds, which can interfere with the analysis
of drugs, particularly with less selective detectors;

4. The samples most frequently used in cases of toxicological investigations after exhumation with
large PMI are: blood/plasma, hair, liver, and brain;

5. The most commonly used toxicological analysis techniques in cases of toxicological investigations
after exhumation with large PMI are: thin-layer chromatography (TLC), capillary electrophoresis
(CE) techniques, gas chromatography (GC), high performance liquid chromatography (HPLC), and
finally, the most sophisticated, ultra-high-performance liquid chromatography (UHPLC);

6. Care should, therefore, be taken when interpreting quantitative drug and poison results in
forensic toxicology, especially where there is evidence of putrefaction.

4. Conclusions

The toxicological investigations carried out did not allow the detection of substances
referred to in the pharmacological anamnesis. The creatine detection was not relevant to the
cause of death. This outcome must, in any case, be evaluated in the context of investigations
carried out on tissue samples (largely degraded tissue fragments, mostly of the muscle
matrix) taken more than two years after death, making this investigation very limited in
the reliability of the laboratory data. Despite the great potential shown by these techniques,
their active implementation in forensic investigations requires thorough validation studies
to provide a uniform and certain interpretation of the results and strong reliability when
the data are presented in a courtroom.
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Abstract: There has been a significant increase in sodium azide intoxications since the 1980s. Intoxi-
cations caused by sodium azide are becoming increasingly prevalent in the Netherlands as a result
of its promotion for the purpose of self-euthanasia. The mechanism of toxicity is not completely
understood but is dose-dependent. The presented case describes a suicide by sodium azide of a
young woman (26 years old) with a history of depression and suicide attempts. The decedent was
found in the presence of prescription medicine, including temazepam, domperidone in combination
with omeprazole, and the chemical preservative sodium azide. Quantitative toxicology screening of
whole blood revealed the presence of 70 pug/L temazepam (toxic range > 1000 pug/L) and 28 mg/L
sodium azide (fatal range: 2.6-262 mg/L). Whole blood qualitative analysis revealed the presence of
temazepam, temazepam-glucuronide, olanzapine, n-desmethylolanzapine, and acetaminophen. In
circles promoting sodium azide, it is recommended to use sodium azide in combination with medi-
cations targeting sodium azide’s negative effects, such as analgesics, antiemetics, and anti-anxiety
drugs. The medicines recovered at the body’s location, as well as the results of the toxicology screens,
were consistent with the recommendations of self-euthanasia using sodium azide.

Keywords: sodium azide; postmortem toxicology; suicide

1. Introduction

Sodium azide (NaN3) is the conjugate base of hydrazoic acid (HN3) [1]. It is a white
crystalline powder that is tasteless, odorless, and highly soluble in water [1]. Sodium azide
transforms into hydrazoic acid when it comes into contact with water [1,2]. The compound
is used in several fields, most notably as a propellant in vehicular airbags and safety chutes
in airplanes [3]. Other applications of sodium azide are as a facilitator in synthetic reactions
in chemical laboratories and as a preservative to inhibit microbial growth in biomedical
laboratories [4].

In recent years, there has been a rise in the number of reports detailing (deadly)
poisonings caused by sodium azide. Since the 1980s, there has been a significant increase
in sodium azide intoxications in comparison to previous decades [2]. Continuing, there
has been an increase in the number of suicides committed with sodium azide since the
year 2000 [2]. In 2021, 37% of all case reports regarding sodium azide intoxications were
suicide attempts [2]. The fatality of a sodium azide intoxication is approximately 50%, but
increases to 92% if only suicide attempts are taken into account [2]. As a result of sodium
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azide’s promotion as a substance for use in self-euthanasia, the incidence of sodium azide
poisonings increased in the Netherlands and surrounding countries [5,6]. It is likely that
the convenience of purchasing the substance through online retailers has contributed to the
increase in the usage of sodium azide as a (fatal) method of suicide [7,8].

The mechanism of toxicity of sodium azide is not completely elucidated. In the
liver, sodium azide is metabolized to nitrogen oxide, which causes hypotension and ar-
rhythmia [9,10]. In addition, sodium azide irreversibly blocks Cytochrome C oxidase by
inhibiting oxidative phosphorylation, resulting in cell death [1]. Sodium azide also inhibits
catalase, an enzyme responsible for the detoxification of hydrogen peroxide to water and
oxygen [11], which can reduce ATP synthesis and cause oxidative stress [4]. The toxicity
of sodium azide is dose-dependent [12]. Lower doses may result in nausea, vomiting,
hypotension, tachycardia, and headaches, whereas higher doses can lead to prolonged
hypotension, dysrhythmias, acidosis, seizures, and eventually death [13]. Lethal doses
are reported to be above 700 mg or 10 mg/kg [14,15], while toxic doses are reported to be
between 20 and 180 mg [15]. The average time between ingestion and death is 4.5 h [1].

The current case describes a suicide with sodium azide of a young woman with a
history of depression and suicide attempts and illustrates the need for research of the epi-
demiology of sodium azide poisonings as well as ambiguous recommendations regarding
toxicology screening.

2. Case Report

Early in the morning, a friend of the decedent (female, 26 years old), contacted the
police after receiving an alarming text, which resembled a farewell message. The police
arrived at the house of the decedent within an hour, finding several medications in the
bedroom of the decedent. Several strips of temazepam 10 mg were discovered on the
desk, although one of the strips was missing seven pills. In addition, there was half a
strip of domperidone 10 mg on the desk, of which two tablets were missing, and a jar
with omeprazole with the name of the decedent. On one of the desk’s shelves, a white
container with a white crystalline substance was discovered. According to the label,
it contained 25 g of sodium azide. External examination was performed by a forensic
physician in collaboration with crime scene technicians and detectives. In the Netherlands,
external examinations are performed by a forensic physician in cases of suspected unnatural
causes of death or when the general practitioner is unavailable or unknown [16]. While
routine post-mortem toxicological screening has not been implemented in all regions of
the Netherlands, the collection of urine and femoral blood for toxicology screening has
become increasingly part of the medical examination. A forensic autopsy is only performed
when the case report contains questions regarding the cause of death (suspected crime).
Clinical autopsies are not commonly performed due to their costly and time-consuming
procedures [16,17].

The decedent had a history of depression and schizophrenia and was previously
hospitalized for 10 weeks in an institution for adults with severe psychiatric disorders or
addiction. Continuing, the decedent received outpatient treatment. The decedent had few
social contacts, most of which she kept over the internet. The decedent also had a history
of suicide attempts, and, according to her mother, the decedent had talked about the use of
sodium azide in the past and communicated that she had ordered the compound online.

Toxicology screening was performed on whole blood and urine. The femoral-collected
NaF-preserved blood sample was stored at —20 °C until analysis. Qualitative analysis of
the whole blood sample revealed the presence of temazepam, temazepam-glucuronide,
olanzapine, n-desmethylolanzapine, and paracetamol. Domperidone and omeprazole were
not part of the toxicology screening. Acetone, ethanol, isopropanol, and methanol were not
present in the whole blood sample. Additional quantitative analysis was performed on the
whole blood sample for temazepam and sodium azide using validated LC-MS/MS and GC-
MS methods, respectively. Except for the highest QC for sodium azide, which demonstrated
a 16.2% bias, the methods were linear, and showed a bias of +/—15% and a precision less
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than 15% throughout the entire measuring range. The temazepam blood concentration
was 70 pg/L (toxic range > 1000 pg/L), and the sodium azide blood concentration was
28 mg/L, which was above the upper limit of quantification (10 mg/L). A sodium azide
concentration of 28 mg/L falls within the range of reported fatal concentrations [15]. Lastly,
the toxicology screening of the urine sample was only positive for benzodiazepines.

3. Discussion

This case report presents a fatal intoxication with sodium azide after obtaining the
compound through an online retailer. Sodium azide has been promoted as a drug for self-
euthanasia in the Netherlands since 2017 [18]. After the first news report about drugs for
self-euthanasia, a retailer reported increased sales of sodium azide [19]. However, the inci-
dence of self-euthanasia with sodium azide, or other self-euthanasia drugs, is unknown [18].
The “right-to-die” organization supporting sodium azide for self-euthanasia recommended
the administration of 1-2 g of sodium azide, along with pain killers, antiemetics, and
medications used for insomnia or anxiety [18]. In the current case report, the decedent was
found in the presence of the antiemetic domperidone and temazepam. These findings sug-
gest the decedent followed the recommendations regarding self-euthanasia with sodium
azide. Furthermore, the whole blood samples collected from the decedent were positive for
acetaminophen. While sodium azide is recommended as a quick and humane manner of
self-euthanasia, the recommended co-medication and the described symptoms discredit
this claim [4,11,12,18].

The use of sodium azide is hazardous because there is no antidote or effective therapy
for sodium azide poisoning available. Sodium azide demonstrates similarities to cyanide
poising. However, neither treatment with sodium thiosulfate nor treatment with sodium
nitrite improves clinical outcomes [12,13,20]. There is a hypothesis that methylene blue may
prevent seizures caused by sodium azide by scavenging nitric oxide in the brain [21,22].
However, to date, no cases have been reported in which methylene blue has been success-
fully used as an antidote. Other case reports described a variety of therapeutic supportive
care interventions, including sodium thiosulfate, intralipid, gastric lavage with activated
charcoal, hydroxocobalamin, dopamine, dobutamine, methylprednisolone, calcium glu-
conate, insulin/glucose, sodium bicarbonate, and adrenaline [4,14,23,24]. Despite extensive
and aggressive supportive care measures such as exchange transfusion or dialysis, in
addition to the above-described therapeutic strategies, all of these individuals had to be
resuscitated, and all were unsuccessful [4,14,23,24]. However, it is suggested that there
might be a window of opportunity for the use of exchange transfusions or dialysis if applied
before systemic effects [4] and in patients with no severe hemodynamic symptoms [14].
Due to the rapid onset of symptoms after a (high) dose of sodium azide, this treatment
window may be limited.

Quantitative analysis of the deceased’s whole blood samples confirmed a sodium
azide concentration of 28 mg/L, which is within the known range of fatal sodium azide
concentrations (2.6-262 mg/L) [15]. In acute intoxications, the typical blood concentrations
are around 50 mg/L [2]. The variability in reported sodium azide levels may be partially
attributable to sodium azide’s instability in post-mortem biological material [2]. In vitro,
the half-life of azide was 2.5 days at ambient temperature and 12 days at 0 °C [25]. Sodium
azide was stable for 49 days in whole blood stored at —20 °C [26,27] and 49 days in
plasma at —20 °C and —70 °C [24]. Therefore, it is recommended to store biological
samples at —20 °C or —70 °C, protected from light. Neutralizing the pH of the matrix is
another method to improve the stability of sodium azide [26]. The current reported sodium
azide blood concentration of 28 mg/L could possibly be an underestimation, since the
sample was thawed when it was received at the location of analysis. A second factor that
could contribute to the reported range of sodium azide levels is its fast elimination [24].
Sodium azide has a reported half-life of 2.5 h in living individuals and may be detected
approximately 12 h after ingestion [28]. The rapid clearance of sodium azide is consistent
with findings from a number of case reports in which sodium azide was not detectable in
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plasma or blood but was quantifiable in stomach content [24,27]. In this case report, blood
sodium azide concentrations were quantifiable, which is consistent with the time between
sample collection and the estimated time of death (approximately 5 h).

The above discussion addresses several subjects that should be investigated further.
First, the epidemiology of sodium azide intoxications is incompletely understood and
should be investigated further. The incidence of self-euthanasia with sodium azide and
information about how people obtain the compound could inform preventative strategies
and legislation (e.g., steps are being taken in the Netherlands to increase the difficulty for
private individuals to obtain sodium azide). Moreover, unambiguous recommendations
regarding toxicology screening for suspected sodium azide poisonings are necessary. Lastly,
a better understanding of the toxicological mechanism of sodium azide is essential for more
and better-informed treatment options.

4. Conclusions

The presented case describes a suicide of a young woman with a history of depression
and suicidal behavior using sodium azide. The medications found at the location of the
body and the results of the toxicological tests were consistent with the recommendations
of self-euthanasia with sodium azide. There are indications in the literature that the
commercial availability of sodium azide is hazardous. More research is needed regarding
the epidemiology of sodium azide poisonings, and ambiguous recommendations regarding
toxicology screening are desired.
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Abstract: A case of a 26-year-old male who died from consuming synthetic cannabinoid recep-
tor agonists MDMB-4en-PINACA and 4F-ABUTINACA is reported. MDMB-4en-PINACA and
4F-ABUTINACA are potent synthetic cannabinoid receptor agonists (SCRAs). This is the first de-
tailed reporting of MDMB-4-en-PINACA and 4F-ABUTINACA associated fatality, which can help the
routine forensic work. The scientific literature on the symptoms associated with these substances are
evaluated, along with the pharmacological properties and possible mechanism of death. A forensic
autopsy was performed according to Recommendation No. R (99)3 of the Council of Europe on
medico-legal autopsies. Histological samples were stained with hematoxylin and eosin (HE). Comple-
ment component C9 immunohistochemistry was applied to all heart samples. Toxicological analyses
were carried out by supercritical fluid chromatography coupled with tandem mass spectrometry
(SFC-MS/MS) and headspace gas chromatography with a flame ionization detector (HS-GC-FID).
The literature was reviewed to identify reported cases of MDMB-4en-PINACA and 4F-ABUTINACA
use. Autopsy findings included brain edema, internal congestion, petechial bleeding, pleural ecchy-
moses, and blood fluidity. Toxicological analyses determined 7.2 ng/mL of MDMB-4en-PINACA and
9.1 ng/mL of 4F-ABUTINACA in the peripheral blood. MDMB-4en-PINACA and 4F-ABUTINACA
are strong, potentially lethal SCRA, and their exact effects and outcome are unpredictable.

Keywords: forensic pathology; forensic toxicology; synthetic cannabinoid; MDMB-4en-PINACA;
4F-ABUTINACA; overdose; autopsy

1. Introduction

Synthetic cannabinoid receptor agonists (SCRAs) first appeared as a legal alterna-
tive to cannabis in 2004, and they have been linked to numerous fatalities since then [1].
SCRAs have diverse toxicological effects, including renal injury (proximal tubular dilation
and tubular necrosis), cardiotoxicity (arrhythmias, myocardial infarction, heart failure,
cardiomyopathies), respiratory depression, gastrointestinal symptoms (abdominal pain,
vomiting), epilepsy, and a broad spectrum of psychiatric symptoms [2-6]. SCRA toxicity
can be related to fatalities directly (alone or mono intoxication), or indirectly (behav-
ioral and physical contribution), but many times their contributory role is not clear [7,8].
The main problem with the forensic evaluation of potentially SCRA-related fatalities is
that the concentration threshold that could be fatal is poorly defined and exhibits signifi-
cant variations, especially in light of the several different SCRAs consumed [8]. Detailed
reports—including autopsy findings and toxicological results—of fatal cases associated
exclusively or partially with SCRAs (and other psychoactive substances) can be advised
to help understand their mechanism of effect and establish potentially toxic and fatal
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concentrations for each substance, thus helping everyday forensic practice. It is especially
important in the case of widely used compounds.

MDMB-4en-PINACA—also known as MDMB-PENINACA, 5CI-ADB-A, or ADB-
PINACA-A, with the IUPAC name methyl (S)-3,3-dimethyl-2-(1-(pent-4-en-1-yl)-1H-
indazole-3-carboxamido)butanoate—is a full and potent SCRA. It was first identified
in Europe in 2017 [9], appeared in the market in mid-2019, and became one of the most
common SCRA in the next year and a half [10-12]. It quickly became one of the prisons’
most commonly detected SCRA [13,14]. Additionally, there are reports that cannabis is reg-
ularly adulterated with MDMB-4en-PINACA [14,15]. MDMB-4en-PINACA concentrations
in these adulterated cannabis flower samples ranged from 0.3 to 4.6 ug/mg, whereas in
hashish samples, it varied from 1.7 to 7.2 ug/mg [15].

MDMB-4en-PINACA shares structural features with several SCRAs, including 4F-
MDMB-BINACA and 5F-MDMB-PINACA. Similarly to these compounds, MDMB-4en-
PINACA contains an indazole core, a carboxamide link, and a tert-leucinate (dimethyl
methyl butanoate) group. However, it differs in the tail from these compounds; it has a
pent-4-ene moiety on a pentyl tail (Figure 1).

Figure 1. Chemical structure of MDMB-4en-PINACA (left) and 4F-ABUTINACA (right).

4F-ABUTINACA—also known as N-(4-fluorobutyl)-APINACA or 4F-ABINACA, with
the IUPAC name N-(1-adamantyl)-1-(4-fluorobutyl)indazole-3-carboxamide—is a fourth
generation indazole-adamantyl-derived SCRA (Figure 1). Its chemical structure is most
similar to APINACA (AKB48) and 5F-APINACA (5F-AKB48), which are potent agonists
of both the CB1 receptor and the CB2 receptor [16]. 4F-ABUTINACA appeared in Asia in
2020, but no data are available about its pharmacological properties [17-19].

Based on in vitro biological activity assessment at cannabinoid type 1 (CB1) receptor
via its interaction with -arrestin 2, the potency and efficacy of MDMB-4en-PINACA is
similar to that of their structural analogs 4F-MDMB-BINACA and 5F-MDMB-PINACA.
In vitro studies showed an EC50 of 1.88-2.47 nM, an Emax of 221-299% (compared to
JWH-018), and a Ki value of 0.28 on the CB1 receptor [20-23]. MDMB-4en-PINACA
seems to have a seven-fold greater affinity to cannabinoid type 2 (CB2) receptor than CB1
receptor [24].

Since MDMB-4en-PINACA has not been formally studied in humans, information
about its pharmacological properties is limited [1]. An in vivo study revealed that MDMB-
4en-PINACA interferes with hippocampal functions and impairs cognitive performance,
highlighting the cognitive harm posed by MDMB-4en-PINACA [25].

It metabolizes rapidly [26], with an in vitro half-life (t1/2) of 9.1 min [1]. Gu et cowork-
ers found that MDMB-4en-PINACA metabolism involves 11 metabolic pathways, including
acetylation, a novel metabolic pathway for SCRAs. According to their findings, the major
metabolic pathways involved in MDMB-4en-PINACA metabolism are ester hydrolysis and
hydroxylation, and up to nine metabolites can be detected in the serum [27]. Xiang et al.
also identified further ketone metabolites and special phase II metabolites [28]. Various clin-
ical symptoms were reported after using MDMB-4en-PINACA, such as headaches, seizures,
paranoia, anxiety, hallucinations, amnesia, mydriasis, nausea, and vomiting [29,30].
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The European Monitoring Centre reported four deaths with confirmed exposure to
MDMB-4en-PINACA for Drugs and Drug Addiction (EMCDDA). These cases occurred
between 2019 and 2020, but the details were not published [31].

At the time of writing, this is the first fatal case report involving 4F-ABUTINACA
reported with detailed autopsy findings and concentrations.

2. Case Report

The deceased was a 26-year-old Caucasian male with no prior medical history. He
had a long history of abusing new psychoactive substances (NPS) and had previously
committed multiple drug-related offenses. He was wearing an electronic tagging device at
the time of his death. He had complained of acute headache and angina the day before his
death. On the morning of his death, he went to the restroom at approximately 5:45 a.m.
He returned to his room a few minutes later. In a short while, his father heard a thump
and entered his room. The victim had a weak pulse and noisy breathing (death rattle). The
father immediately called an ambulance and began resuscitation. The emergency medical
personnel noticed pulseless electrical activity. Resuscitation efforts were unsuccessful, and
he was pronounced dead at the scene. The police found 6.82 g of dried, shredded, green
plant material in a mini zip log bag and a few cigarette butts.

Analysis of the seized green plant material and cigarette butt was carried out by
the exclusively authorized national laboratory (Hungarian Institute of Forensic Sciences),
MDMB-4en-PINACA and 4F-ABUTINACA were detected in each sample. The authors
received the results of this analysis 24 months after the autopsy.

3. Materials and Methods
3.1. Autopsy and Sampling

Forensic autopsy was performed according to the Recommendation No.R (99)3 of the
Council of Europe [32] on medico-legal autopsies. Histological samples were collected
from the brain (posterior limb of the internal capsule with adjacent thalamus, rostral
pons, cerebellum including the dentate nucleus, hippocampus, dorsal frontal inter-arterial
watershed zone), lungs, heart (sinoatrial node, Koch’s triangle (AV node), right ventricle,
septum, and left ventricle), suprarenal glands, kidneys, and liver. Toxicological samples
were collected from the femoral vein (whole blood) and bladder (urine).

3.2. Histology

All samples were fixed with 9% buffered formalin for three days, then stained with
hematoxylin and eosin (HE). Immunohistological staining for complement factor C9
(cat. no. ABS 004-22-02, Thermo Fisher Scientific, Rockford, IL, USA) was applied on all
heart samples.

3.3. Toxicological Analyses

Toxicological analyses were carried out by supercritical fluid chromatography tandem
mass spectrometry (SFC-MS/MS) (Waters® ACQUITY UPC2 supercritical fluid chromato-
graph coupled with Xevo TQ-S triple quadrupole mass spectrometer, Milford, MA, USA),
and headspace gas chromatography with flame ionization detector (HS-GC-FID) (Agilent
Technologies G1888 headspace with 7890A gas chromatograph system, Santa Clara, CA,
USA). Prior to the analyses, biological samples (blood and urine) were stored at 4 °C. After
the analytical measurements, the samples were stored frozen (—20 °C).

SFC-MS/MS was used to identify and quantify 295 compounds, including drugs
(e.g., antihypertensive drugs, anxiolytics, antipsychotics, antidepressants, antiepileptics,
general and local anesthetics, NSAIDs, opioids, anticoagulants), narcotics, and novel
psychoactive substances (e.g., SCRAs). In the first step of sample preparation, nine isotope-
labeled internal standards were added to the samples, which cover a wide range of physic-
ochemical properties to monitor the extraction procedure for all the target molecules.
The isotope-labeled standards were amphetamine-D6, 4-methylmethcathinone-D3,
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delta-9-tetrahydrocannabinol-D3, 11-nor-9-carboxy-tetrahydrocannabinol-D3, N-[(15)-1-
(aminocarbonyl) -2-methylpropyl]-1-[(4-fluorophenyl)methyl]-1H-indazole-3-carboxamide
D4 (AB-FUBINACA-D4), carbamazepine-D10, citalopram-D6, alprazolam-D5, and
clonazepam-D4, all were purchased from Lipomed AG (Arlesheim, Switzerland). The
internal standard of SCRAs was AB-FUBINACA-D4. The SCRA reference standards were
obtained from the exclusively authorized national laboratory (Hungarian Institute for
Forensic Sciences, Budapest, Hungary). Metabolites of SCRAs are not analyzed routinely
in our laboratory.

The HS-GC-FID method was applied to determine alcohols (methanol, ethanol,
1-propanol, 2-propanol, n-butanol) and other volatiles (e.g., acetone, toluene, ethyl ac-
etate). Tert-butanol was used as an internal standard.

The applied analytical procedures were evaluated for a number of validation char-
acteristics (selectivity, repeatability and intermediate precision, limit of detection, limit of
quantification, and calibration range).

3.3.1. SFC-MS/MS Conditions

Measurements were performed by an ACQUITY UPC2 supercritical fluid chromatog-
raphy system (Waters) coupled with a Xevo TQ-S Triple Quadrupole Mass Spectrometer
(Waters). Data were recorded by MassLynx software.

Separation of compounds was performed at 45 °C on a 2.1 mm X 100 mm, 1.7 um
particle size, Waters ACQUITY Torus™ DIOL analytical column with a guard cartridge
(Torus™ DIOL VanGuard™, 2.1 mm x 5 mm, 130 A, 1.7 um). The mobile phase consisted
of a mixture of carbon dioxide (A) and 10 mM ammonium hydroxide, and 12 mM formic
acid in methanol/water (97.2/2.8, v/v) (B). The following gradient profile was used: 97.5%
A at 0 min and 37.5% A at 10 min. A pre-equilibration period lasting 2.5 min was applied
before each injection. The flow rate of the mobile phase was 0.6 mL/min, the injected
volume was 0.5 uL. Constant 175 bar back pressure was used to maintain the supercritical
state. To sustain a suitable electrospray, methanol was added to the mobile phase as
a makeup solvent with a flow rate of 60 puL/min (Waters 515 HPLC Pump). The MS
measurement was performed in positive ion mode (except for some acidic compounds
such as barbiturates). The ESI source was operated with a spray voltage of 3 kV in both
positive and negative ion modes. Cone voltage was 30 V. The source was set at 150 °C.
Both desolvation and cone gases were nitrogen delivered at 300 and 150 L/h, respectively.
Desolvation gas was tempered at 300 °C. The collision gas was argon with a flow rate of
0.13 mL/min. MS/MS experiments were performed in MRM (multiple reaction monitoring)
mode with an isolation window of 0.4 m/z. MRM transitions of MDMB-4en-PINACA and
4F-ABUTINACA can be seen in Table 1.

Table 1. Analytes of interest with ionization mode, retention time (R;), quantifier (*) and qualifier ion
transitions and collision energies (CE).

Analvte Ionization Rt Precursor Ion Product Ion CE

y Mode (min) (ml2) (mlz) (eV)

213.1* 25

MDMB-4en-PINACA ESI+ 1.030 358.2 145.0 40
90.0 60

135.1 % 25

4F-ABUTINACA ESI+ 1.668 370.2 107.1 45
93.1 45

Peak detection and quantification were achieved using TargetLynx XS software (Wa-
ters). The observed ions (mass in m/z) were accepted and quantified if the following
conditions were met: appropriate MS1 mass, appropriate retention time, appropriate MS2
mass, appropriate fragmentation pattern (three MRM transitions with appropriate peak
area ratios), and recovery of internal standard.
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3.3.2. Sample Preparation—SALLE (Salting out Assisted Liquid-Liquid Extraction)

One hundred and twenty pL of internal standard solution (125 mM formic acid/
acetonitrile) was added to 90 uL of the sample. After vortex-mixing, the mixture was
allowed to stand at room temperature for 5 min. In the next step, exact amount of solid
ammonium formate as salting agent was added to the mixture to obtain a saturated solution
at 20 °C and incubated in a thermomixer (20 °C, 1200 rpm) for 15 min. After the incubation
mixture was centrifuged (18,000 rcf, 20 °C) for 5 min, 30 pL of the supernatant was trans-
ferred into a microinsert from which 0.5 uL was injected to the chromatographic system.

4. Review of the Literature

The literature was reviewed to identify reported cases of MDMB-4en-PINACA
and 4F-ABUTINACA use. The search was performed on 25 July 2023 using electronic
databases of PubMed, Scopus, and Web of Science (WoS) using the following search
parameters: MDMB-4en-PINACA (all fields) and 4F-ABUTINACA (all fields). Conference
abstracts and works in languages other than English were excluded. Results from all three
databases were downloaded and collated for duplicates. Manuscripts not describing a
case or cases without information on the concentration, symptoms, or autopsy findings
were excluded.

5. Results
5.1. Autopsy

The autopsy was performed five days after death and documented a well-developed,
athletic build man without signs of significant trauma. A puncture wound over the
lateral aspect of the left cubital fossa and small abrasions on the chest were found as a
result of resuscitation. Neither petechiae nor rash were identified. Internal examination
revealed brain edema (1670 g), internal congestion, petechial bleeding, pleural ecchymoses,
and fluidity of the blood. No anatomic cause of death was found. The results of the
histopathological examination were unremarkable except for mild subendocardial fibrosis.
The main macro- and microscopic findings are summarized in Table 2.

Table 2. Main autopsy and histological findings of the reported case.

Weight

Organ (&) Macroscopical Finding Histological Finding
Brain 1670 edema edema
Heart 322 -1 minimal subendocardial fibrosis
congestion, edema, acute congestion, minimal
Lung right: 497 pleural petechial interstitial edema, macrophages
left: 426 bleeding, and containing double refracting
ecchymoses brown pigments
Liver 1750 congestion acute congestion, mild steatosis
Kidneys 302 congestion congestion
Suprarenal N/A -1 congestion
gland
Arteries N/A minimal atherosclerosis -2

N/ A: not applicable; ! no pathological change was observed; % not examined.

5.2. Toxicology

Toxicological analyses determined 7.2 ng/mL of MDMB-4en-PINACA in the periph-
eral blood and 0.4 ng/mL in the urine. Other substances identified in the blood were
caffeine (126 ng/mL) and theophylline (26 ng/mL). Ethyl alcohol could not be detected.

Blood and urine samples were re-examined 24 months after the autopsy, because
analysis of the seized green plant material and cigarette butt revealed that these contained
4F-ABUTINACA in addition to MDMB-4en-PINACA. At the time of the autopsy, 4F-
ABUTINACA was not routinely examined in our laboratory. The repeated toxicological
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analyses determined 9.1 ng/mL of 4F-ABUTINACA in the peripheral blood and 2.0 ng/mL
in the urine (Figure 2). Furthermore, it turned out that MDMB-4en-PINACA is stable
during long-term storage (24 months) at —20 °C both in the blood and the urine. Moreover,
103.8% of the previously determined concentration was present in unchanged form in the
blood, and 100.6% in the urine. Since the stability test of 4F-ABUTINACA could not be
performed, the possibility that its concentration was much higher at the time of the autopsy
cannot be excluded [33].
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Figure 2. Representative MRM chromatograms of MDMB-4en-PINACA (A) and 4F-ABUTINACA (B)
in postmortem peripheral blood sample, and corresponding chromatograms of a blank sample (C,D).

The limit of detection (LOD) of the applied method was 0.09 ng/mL for MDMB-4en-
PINACA and 4F-ABUTINACA. The limit of quantification (LOQ) was 0.15 ng/mL for
MDMB-4en-PINACA and 4F-ABUTINACA. Calibration range was 0.15-50.0 ng/mL for

both compounds.

5.3. Review of the Literature
MDMB-4-en-PINACA was first mentioned in the scientific literature in 2019 [34]. There
are now (July 2023) 44 scientific articles in all (40 entries in Pubmed, 41 in Scopus, and 37 in
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Web of Science), but none of these describe a fatal case in detail, and only one describes
the symptoms linked with its usage. Goncalves et al. reported eight cases of MDMB-
4en-PINACA associated hospitalization with the most common symptoms of paranoia
and/or hallucinations (four cases), nausea and/or vomiting (three cases), altered or loss of
consciousness (three cases), psychomotor agitation and/or aggressiveness (three cases),
headaches (three cases), persistent tiredness (three cases), mydriasis (three cases), seizure
(two cases), amnesia (two cases), and dizziness (two cases) [29]. Seizures after consumption
of MDMB-4-en-PINACA were also reported [30]. There was only one paper in which a case
of a 40-year-old female was reported who died because of mixed drug toxicity, including
MDMB-4-en-PINACA [35]. However, there is no information on its concentrations or any
postmortem findings. Ricciardo reported a case of finding MDMB-4en-PINACA in a case
of fatal thyroid storm, but they were not able to quantify the MDMB-4-en-PINACA due to
prior embalming [36].

Regarding the 4F-ABUTINACA, the search revealed only one scientific article describ-
ing a UPLC method for the simultaneous determination of five indole/indazole amide-
based SCRAs including 4F-ABUTINACA (article is in Chinese) [37], and it is mentioned
only in one other article [38].

6. Discussion

Cardiac arrhythmias and myocardial infarction are the most common causes of death
in SCRA-related fatalities, although other direct (respiratory depression, excited delir-
ium) or indirect (accident, suicide) mechanisms are also frequent [38—41]. In fatal in-
cidents, the most common signs and symptoms are sudden collapse, chest pain, and
seizures [7]. Autopsy findings of SCRA-related fatalities are diverse. Internal congestion
and edema are the most common internal findings, although other conditions, such as
signs of asphyxial death, brain edema, cerebral infarction, pulmonary edema, acute respira-
tory distress syndrome, myocardial infarction, and acute tubular necrosis have also been
observed [42,43]. Autopsy findings are unremarkable in many cases [43].

Determining the cause of death in the case of overdose of new psychoactive materials
can be challenging due to the lack of data about these substances. It also presents an-
other difficulty: the emerging new substances are often not found during the toxicological
screening (so a negative screening does not exclude the possibility of an overdose). The
determination of the cause of death in these cases is always based on the detection and
quantification of the substances from the cadaveric blood, evaluation of the toxicological
results, autopsy and histological findings (including a thorough review of the scientific liter-
ature) and excluding all other diseases or factors possibly causing the death or contributing
to it. The data from scientific literature were limited in regard to the two substances de-
tected but based on the toxicological results and after excluding other possible causes of
death, the cause of death in our reported case was determined as an overdose of SCRAs,
namely MDMB-4en-PINACA and 4F-ABUTINACA. However, the exact mechanism is
unclear: autopsy results (brain edema, internal congestion, petechial bleeding, pleural
ecchymoses, and fluidity of the blood) suggest asphyxia and, hence, respiratory depression,
yet the above-described circumstances suggest a sudden collapse and potential arrhythmia.
Although MDMB-4en-PINACA was one of the most commonly used SCRA in recent years,
only a small number of cases have been reported, and no fatal case clearly attributed
exclusively to the use of MDMB-4en-PINACA has been described in the scientific literature,
and there is no manuscript describing 4F-ABUTINACA use (fatal or non-fatal).

The reported case further emphasizes that the relationship between concentration and
effects in the case of SCRA use is unpredictable, with mortality occurring at relatively low
concentrations, even in young and healthy individuals.

7. Conclusions

MDMB-4en-PINACA and 4F-ABUTINCA are strong, potentially lethal SCRAs; the
exact effects and outcome of their use are unpredictable. MDMB-4en-PINACA and 4F-
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ABUTINCA are potent, potentially lethal SCRAs; nevertheless, the precise effects and
outcomes of their use are unknown.
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Abstract: The administration of intravenous lipid emulsion (ILE) is a proven antidote used to reverse
local anesthetic-related systemic toxicity. Although the capacity of ILE to generate blood tissue
partitioning of lipophilic drugs has been previously demonstrated, a clear recommendation for its
use as an antidote for other lipophilic drugs is still under debate. Venlafaxine (an antidepressant
acting as a serotonin-norepinephrine reuptake inhibitor (SNRI)) and quetiapine (a second-generation
atypical antipsychotic) are widely used in the treatment of psychotic disorders. Both are lipophilic
drugs known to induce cardiotoxicity and central nervous depression. We report the case of a
33-year-old man with a medical history of schizoaffective disorder who was admitted to the emer-
gency department (ED) after having been found unconscious due to a voluntary ingestion of 12 g of
quetiapine and 4.5 g of venlafaxine. Initial assessment revealed a cardiorespiratory stable patient
but unresponsive with a GCS of 4 (M2 E1 V1). In the ED, he was intubated, and gastric lavage was
performed. Immediately after the admission to the intensive care unit (ICU), his condition quickly
deteriorated, developing cardiovascular collapse refractory to crystalloids and vasopressor infusion.
Junctional bradycardia occurred, followed by spontaneous conversion to sinus rhythm. Subsequently,
frequent ventricular extrasystoles, as well as patterns of bigeminy, trigeminy, and even episodes of
non-sustained ventricular tachycardia, occurred. Additionally, generalized tonic—clonic seizures were
observed. Alongside supportive therapy, antiarrhythmic and anticonvulsant therapy, intravenous
lipid emulsion bolus, and continuous infusion were administered. His condition progressively
improved over the following hours, and 24 h later, he was tapered off the vasopressor. On day 2,
the patient repeated the cardiovascular collapse and a second dose of ILE was administered. Over
the next few days, the patient’s clinical condition improved, and he was successfully weaned off
ventilator and vasopressor support. ILE has the potential to become a form of rescue therapy in
cases of severe lipophilic drug poisoning and should be considered a viable treatment for severe
cardiovascular instability that is refractory to supportive therapy.

Keywords: intravenous lipid emulsion; antidote; venlafaxine; quetiapine; suicidal attempt; cardiotoxicity;

neurotoxicity; intoxication
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1. Introduction

Suicide by drug overdose can be precipitated by a variety of factors, such as psychiatric
disorders like depression, anxiety, bipolar disorder, and schizophrenia, among others.
Typically, venlafaxine and quetiapine are prescribed to treat these types of disorders.

Quetiapine is an antipsychotic drug belonging to the class of dibenzothiazepine. Low
to moderate antagonist activity at multiple neurotransmitter receptor sites is described,
such as serotonergic 5-hydroxytryptamine (5-HT2A) receptors, dopaminergic (D1 and D2)
receptors, histaminergic (H1) receptors, adrenergic «1 and «2 receptors, and partial agonist
activity at 5-HT1A receptors [1]. In a 5-year retrospective analysis of 945 cases diagnosed
with acute quetiapine overdose, the main clinical manifestations were drowsiness (76%),
coma (10%), seizures (2%), tachycardia (56%), hypotension (18%), and respiratory depres-
sion (5%), complications that were more commonly compared with overdose of all other
antipsychotic agents [2].

Venlafaxine is a phenethylamine derivative, a selective serotonin and norepinephrine
reuptake inhibitor (SNRI). It acts by raising neurotransmitter levels in the brain, which can
enhance mood and alleviate symptoms of depression and anxiety [3]. Venlafaxine has been
reported to be notably more toxic than selective serotonin reuptake inhibitors (SSRIs) [4].
Clinical manifestations of an overdose of venlafaxine include nausea, vomiting, seizures,
agitation, confusion, and changes in blood pressure or heart rate. In critical cases, the
overdose may lead to coma, acute respiratory failure, or cardiac arrest. It is also associated
with a high prevalence of cardiovascular adverse events. When cardiotoxicity arises, it can
manifest itself in a serious manner, as seen in cases of Takotsubo cardiomyopathy, acute
coronary syndromes with normal coronary arteries, and malignant arrhythmias. A recent
investigation showed that severe cardiotoxicity occurs if the ingestion dose is greater than
8 g, but this is not paramount. Tachycardia and QTc interval prolongation appears to be a
dose-dependent effect that may lead to severe cardiac arrhythmias [5-7]. If the ingestion
dose exceeds 8 g, patients could also manifest other symptoms, including seizures and
serotonin toxicity.

The two drugs are often used to treat mental health conditions. Quetiapine is used to
treat schizophrenia, bipolar disorder, and major depressive disorder, whereas venlafaxine
is used to treat depression and anxiety disorders. An overdose of either of these drugs can
be fatal and necessitates emergency medical intervention. The particular symptoms of an
overdose may differ depending on the amount of medication used, as well as individual
patient characteristics, such as age and overall health.

Intravenous lipid emulsion (ILE) therapy was initially proposed to address systemic
toxicity caused by local anesthetics [8]. Recent case reports have indicated that lipid emul-
sion infusion may be an effective treatment for non-local anesthetic overdoses involving a
diverse range of drugs, including beta-blockers, calcium channel blockers, parasiticides,
herbicides, and several psychiatric substances. ILE has been used to treat severe toxicity
caused by a variety of lipophilic drugs [9,10]. Even low doses of intravenous lipid emulsion
infusion have been reported to be a possibly useful therapy in quetiapine overdose [11].
There are currently no dosage guidelines for drug toxicity other than local anesthetics.

In this study, we report a case involving a deliberate overdose of quetiapine and
venlafaxine, which resulted in a life-threatening situation. However, the patient in question
was successfully treated using intravenous lipid emulsion (ILE) therapy.

2. Case Report

We report the case of a 33-year-old man with a medical history of schizoaffective
disorder, who was admitted to the emergency department (ED) after having been found
unconscious due to a voluntary ingestion of 12 g of quetiapine and 4.5 g of venlafaxine.
Ingestion was estimated to occur 8 h before presentation. Upon initial assessment, the
patient was spontaneous breathing; he was normotensive but comatose with a Glasgow
Coma Scale of 4 points (M2 E1 V1) with midline symmetrical dilated pupils and preserved
light responses. Considering the patient’s neurological state, he was intubated, and mechan-
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ical ventilation was initiated. Gastrointestinal decontamination was promptly performed,
consisting of gastric lavage and administration of activated charcoal.

Initial laboratory tests were within normal limits, although the first arterial blood
gas analysis revealed elevated lactate of 5.3 m Mol /L. Urine was analyzed by qualitative
gas chromatography—mass spectrometry, which was positive for venlafaxine and queti-
apine. Additionally, 12 leads electrocardiography (ECG) was recorded without revealing
significant changes. The initial QTc interval was assessed at 456 ms.

The patient was admitted to the toxicology intensive care unit, where his condition
rapidly deteriorated, developing cardiovascular collapse. The patient’s systolic blood pres-
sure had a downward trend despite volume resuscitation with balanced crystalloids and
synthetic colloids. Additionally, vasopressor therapy was initiated with a norepinephrine
infusion in doses up to 0.4 ug/kg/min. However, the cardiovascular collapse exhibited
resistance to vasopressor intervention and volume resuscitation, resulting in an ongoing
decline in blood pressure. Subsequently, the occurrence of junctional bradycardia was ob-
served, which was followed by the spontaneous restoration to sinus rhythm. Subsequently,
frequent ventricular extrasystoles, as well as patterns of bigeminy, trigeminy, and even
episodes of nonsustained ventricular tachycardia, occurred. In addition, the patient also
exhibited generalized tonic—clonic seizures.

A repeated ECG revealed a prolonged QTc of 510 ms. A transthoracic echocardiogra-
phy exam showed a hyperdynamic left ventricle without abnormalities in wall motion. No
right ventricle (RV) dysfunction was registered.

Alongside supportive therapy, antiarrhythmic and anticonvulsant therapy were ini-
tiated. Due to severe cardiotoxicity, lipid emulsion 20% (Intralipid® 20%, Fresenius
Kabi, Bucharest, Romania) was administered as an intravenous bolus: 1.5 mL/kg over
1 min~100 mL. This was followed by a 0.1 mL/kg/min (approximately 400 mL/h) 2 h con-
tinuous infusion. Intravenous magnesium sulphate was administered 18 h post-ingestion
when the QTc was 510 ms. The patient’s condition progressively improved over the follow-
ing hours, and he was weaned off the vasopressor within 90 min of ILE therapy initiation
(Table 1).

Table 1. Timeframe in hours following ingestion and clinical and paraclinical markers.

Timeframe (hours
following ingestion)

12 14 16 18 20 22 24 48 55 72 96 120

Lactate (mmol/L) 53 43 36 47 35 3.3 31 22 3.6 20 15 1
Noradrenaline 025 04 0.14 0 0 0 02 013 0 0
(mcg/kg/min)

QTc (ms) 456 510 503 480 440
ILE therapy * i

* Intralipid 20%® 1.5 mL/kg—100 mL intravenous bolus over 1 min, followed by a 0.1 mL/kg/min 2-h continuous
infusion. ** Intralipid 20%® 1.5 mL/kg—100 mL intravenous bolus over 1 min.

On the second ICU day (55 h after ingestion), the patient became hypotensive, re-
quiring vasopressor therapy with noradrenaline in a dose of ~0.2 pg/kg/min. This was
followed by sinus bradycardia, which was managed with the help of an atropine bolus.
Additionally, a second dose of ILE 1.5 mL/kg was administered.

Over the course of the patient’s stay in the ICU, multiple ECGs were recorded, reveal-
ing normalization of QTc after day 6 of ICU. In addition, until day 6 of the patient’s stay in
ICU, the urine toxicological exam remained positive for both quetiapine and venlafaxine.

Hypertriglyceridemia, pancreatitis, and phlebitis, which are common side effects of
ILE therapy, were not observed in this case.

Over the next few days, the patient’s clinical condition improved. Sedation was
successfully stopped, and afterwards, the patient was weaned from vasopressors and suc-
cessfully extubated. One week after ingestion, he returned to his neurological baseline. On
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day 15, the patient was discharged in good clinical condition and referred to a psychiatrist
specialist to manage the suicidal attempt.

3. Discussion

There is currently no known specific treatment for quetiapine and venlafaxine over-
dose. In instances where there are more severe symptoms, it is advisable to admit the
patient to an intensive care unit where supportive care will be used, such as assuring proper
airway, oxygenation, and ventilation, monitoring heart rate and vital signs indicators.
Additionally, symptomatic measures are advised. It is not recommended to induce emesis.
If performed promptly after intake, gastric lavage may be indicated. Activated charcoal
should be used. Due to the large volume of distribution of these drugs, forced diuresis,
dialysis, hemoperfusion, and exchange transfusion are unlikely to be of benefit. There are
no particular antidotes for venlafaxine or quetiapine overdoses. Intravenous lipid emulsion
(ILE) infusion has been reported to be a possibly useful therapy when other interventions
have failed [11,12]. Extracorporeal life support should be employed in severe cases of
drug-induced cardiotoxicity [13].

Antidepressant poisoning most commonly manifests similarly to serotonin syndrome
symptoms, such as high fever, convulsions, mydriasis, and unconsciousness; however,
overdose may also cause cardiotoxicity by inhibiting various cardiac ion channels, resulting
in sinus bradycardia and QT or QRS prolongation [14]. Atypical antipsychotic overdoses are
associated with significantly higher mortality rates. Antipsychotic-induced cardiotoxicity
is also caused by alpha-1-adrenergic antagonism, which causes vasoplegia and reflex
tachycardia due to antimuscarinic action [15].

The management of patients who have overdosed on both venlafaxine and quetiapine
is determined by the degree of overdose and the symptoms that the patient is experiencing.
Overdoses of these medications can be fatal.

The immediate release of quetiapine has a linear pharmacokinetic profile with an
elimination half-life (t3) of approximately 6-7 h, reaching a peak plasma concentration at
1-1.5 h after ingestion. Additionally, immediate release from the elimination of venlafaxine
t1 is 5 + 2 h. Extended release from the elimination of t% is 15 £ 6 h. Because plasma
concentrations of quetiapine and venlafaxine in this patient were not measured, it is unclear
whether the patient’s clearance or metabolism of these drugs was abnormal. Therefore, the
second peak of toxicity occurred at 55 h, and it is not clear if it was related to the extended
released form of these drugs. This could have been something associated with the late
occurrence of cardiotoxicity.

The utilization of ILE therapy has been well recognized as an effective approach
to managing local anesthetics systemic toxicity (LAST). Professional bodies such as the
American Society of Regional Anesthesia (ASRA) endorse the use of intravenous lipid
emulsion (ILE) therapy, referred to as lipid resuscitation therapy (LRT), as the recommended
treatment for LAST [16]. Starting with the 2015 American Heart Association guidelines
for “Special Circumstances of Resuscitation”, the use of ILE therapy is recommended as a
supplementary approach to advanced cardiac life support techniques in cases of suspected
cardiac arrest produced by local anesthetic systemic toxicity (LAST) [17].

Additionally, ILE therapy has been employed to treat severe toxicity caused by a
variety of lipophilic drugs [9,10]. The mechanism through which lipophilic drug toxicity
is treated using ILE therapy is most likely a complex one [12,18]. “The lipid sink theory”
hypothesizes that a lipid emulsion traps the drug in the intravascular compartment, pre-
venting it from reaching the peripheral tissues and organs. The reduction in toxicity is
achieved by decreasing the concentration of the toxin at the site of its effect. In addition
to scavenging, both animal and human models have demonstrated the existence of car-
diotonic and postconditioning effects resulting from lipid infusion. Lipids have a direct
impact on enhancing cardiac contractility, leading to an improvement in cardiac output and
an increase in preload via direct volume expansion [19,20]. However, a growing body of
evidence supports the contribution of other mechanisms, such as providing cardiomyocytes
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with enough free fatty acids used as an alternate energy source and generating a direct pos-
itive inotropic effect. Other mechanisms include calcium and sodium channel modulation
and vasoplegia reduction via endothelial nitric oxide synthase inhibition [21-23].

In 2016, the literature was analyzed by a collaborative workgroup, which subsequently
formulated clinical guidance regarding the utilization of intravenous lipid emulsion in
cases of drug overdose limited only to a few specific situations [24]. Numerous practical
aspects, such as the optimal dose, the optimal administration time frame, and the optimal
duration of infusion for clinical efficacy, as well as the threshold dose for adverse effects,
are still being debated. Current knowledge substantiates the utilization of ILE exclusively
in cases of LAST and cardiac toxicity caused by lipophilic drugs when an imminent risk
to the patient’s life and alternative treatments have proved to be inefficacious. The use of
ILE as a potential antidote is still in its early stages, and more preclinical investigations,
clinical studies, and systematic reporting of its usage in humans are required before any
recommendations can be made. There is limited comprehension regarding ILE effectiveness,
its mechanism of action, and safety [25].

The primary source of information regarding side effects pertains to the administration
of intravenous lipids as a form of parenteral nutrition. These adverse effects encompass
allergic reactions, hypertriglyceridemia, pancreatitis, bacteremia, fat embolism, throm-
bophlebitis with peripheral administration, heart failure, lipoid pneumonia, and acute
respiratory distress syndrome (ARDS) [26].

Toxicology experts currently recommend a 1.5 mL/kg lean body mass of 20% lipid
emulsion bolus followed by a continuous infusion of 0.25 mL/kg/min, with options to
repeat the bolus or double the infusion rate for persistent cardiovascular instability [27].

The initial documentation of the successful use of lipid emulsion as an antidote for
lipophilic, non-local anesthetic toxicity in a human subject was reported in a case involving
a 17-year-old female who ingested a substantial amount of bupropion and lamotrigine,
resulting in a severe cardiovascular collapse unresponsive to standard advanced cardio-
vascular life support. A 20% intravenous lipid emulsion was administered as a rescue
intervention in an effort to restore hemodynamics, leading to the normalization of vital
signs within one minute [28].

In a case series report, intravenous lipid emulsion was administered for the treatment
of various lipophilic drug intoxications, resulting in the amelioration of cardiovascular
and neurologic symptoms. The report concluded that ILE treatment is an effective life-
saving intervention for lipophilic drug intoxications, particularly in unconscious patients
presenting with cardiac and/or neurologic manifestations [9].

A case report of a 34-year-old patient with a mixed overdose of multiple lipid-soluble
drugs documented effects such as a notable decrease in the degree of consciousness and a
severe circulatory collapse that did not respond to treatment with adrenaline, noradrenaline,
and vasopressin. Additionally, the patient had significant acidemia. However, the clinical
condition of the patient began to improve after receiving a lipid infusion, which resulted
in a quick reduction in the need for inotropic and vasopressor support, as well as the
correction of acidosis [29].

A previous case report also details the effective utilization of ILE therapy for a
61-year-old male patient who purposefully ingested excessive quantities of quetiapine
and sertraline. Upon arrival at the emergency department, the patient was assessed with a
score of 3, according to the Glasgow Coma Scale, and was hypotensive. Around four hours
after consumption, a bolus dose of 1.5 mL/kg of a 20% lipid emulsion was administered,
followed by an infusion of 6 mL/kg (400 mL). Within fifteen minutes, a notable improve-
ment in the patient’s level of consciousness was registered, resulting in a Glasgow Coma
Scale (GCS) score of 9 [30].

Another case report describes a patient with acute quetiapine overdose, leading to cir-
culatory collapse. Attempts to stabilize the patient’s condition with vasopressor/inotropic
therapy were ineffective. However, the administration of intravenous lipid emulsion (ILE)
successfully restored cardiovascular stability [31].
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Table 2 contains data from multiple case reports when intravenous lipid therapy
was successfully used for acute intoxication with drugs that included quetiapine and/or
venlafaxine. Each case described in the table includes the dosing and timing of ILE therapy
and the symptoms for which intravenous lipid therapy was used.

Table 2. Case reports on acute intoxications that included quetiapine and/or venlafaxine, in which

intravenous lipid emulsion therapy was used.

Reference Drug Symptoms ILE Dose ¥L€;2§;LE Clinical Outcome
20% lipid emulsion Rapid and
a 4 v bolu/skdose of sustained rise in
. uetiapine an . 1.5mL/kg - : consciousness
Finn et al. [30] certraline GCS 3 points (100 mL) followed 4 haafter ingestion (GCS 9) occurred
by an infusion of simultaneously
6 mL/kg (400 mL) with ILE therapy
Within the first
Cardi 1 20% lipid emulsion hour, vasopressor
Copdiovaseulr 1V bolusdose.of requirement
170 mL followed decreased and no
Eﬁﬁigg ?31] Quetiapine :O V? soplicessc;lr by an infusion of further boluses of
volume om 500 mL 20% lipid either epinephrine
ot emulsion run over or
resuscitation 1h phenylephrine
were required
One hour after
Depressed gg)/o 111 'iﬂ%ﬁéiom admission to the
Engin et al. [32] tiapi consciousness, v l; lp d ICU, ILE therapy Symptoms
ngin et al. Quetiapine tachycardia, and OlUS dOSES was considered to  improved
hypotension 15 min apart with prevent further P
no infusion drip complications
100 mL 20% lipid
emulsion IV bolus, Hypotension and
Cevik et al. [9] Quetiapine Hypoten}slion acrl1_d i(gl/%vzﬁ;lukgoioor\r;; frz;};ZSC:;ccll 1’c?/vo
sinus tachycardia 2h hours after ILE
(total dose of treatment
3580 mL)
1.5-mL/kg 20%
o lipid emulsion IV
Hiegeretal. [33]  Quetiapi e bolusover5min, 1y oo Norepinephrine
teger etak uetiapine ?zglla?;e 10Vascwlar  then a drip at 0.25 ANerMEEston a5 discontinued
mL/kg/min (total
dose 2000 mL)
100 mL 20% lipid
Mixed overdose, Hemodynamic emulsion IV bolus Hemodynamics
Harvey et al. [34] including instability with over 1 min improved, QRS
y ) Quetiapine and prolonged QRS followed by a and QTc
Amitriptyline and QTc further 400 mL normalized
over 30 min
Life-threatening 1.5 mL/kg
arrhythmia (100 mL) 20% lipid After ILE, QTc
Quetiapine, (prolonged QTc emulsion IV bolus 12 h after normalized, and
Purg et al. [11] Citalopram, followed by PVC over 10 min, admission ventricula.r
Bromazepam and VT with pules) followed by an tachycardia and
and status additional 200 mL seizures stopped
epilepticus over the next hours
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Table 2. Cont.

Reference Drug Symptoms ILE Dose %LT;:EYILE Clinical Outcome
Following the
administration of

1.5mL/kg 40 h after the; intravenous

De Wit et al. [35] Venlafaxine MODS and (120 mL) 20% lipid resumed lipid emulsion,

’ refractory shock emulsion IV as a Ii:)n estion there was a notable
single bolus dose & improvement in
the patient’s
clinical condition
. o 25mL/kg
Venlafaxine, Rigidity, . Symptoms
Dagtekin et al. [36] Lamotrigine, hyperreflexia, and (150 {)nL) IV bolus 8 h after admision improved after
. . of 20% lipid in ICU X :
Diazepam reflex myoclonia emulsion infusion started
1.5mL/kg
(100 mL) 20% lipid 30fmin after 4
; P emulsion IV bolus infusion started,
Hillyard etal. [37]  yeniafaxine, AdedclineinGCS 400 Followed by a his GCS improved
y Zopiclone to 3 points y ;
400 mL infusion to 11 points and
over the next was 14 after 3 h
40 min
1.5 mL/kg 20%
lipid emulsion IV
Ref p
c:ré?gxtlzg);ular bolus in 60 s No further PEA or
Blixt et al. [38] Venlafaxine followed by an cardiac arrest
collapse and PEA y :
cardiac arrest infusion at a rate of episodes occurred
0.25 mL/kg/min

over 60 min

There are a few studies that describe the effect of lower doses of ILE therapy, partic-
ularly in children. One case report described the successful treatment of quetiapine and
citalopram overdose with the recommended bolus dosing, followed by a lower infusion
dose of 0.025 mL/kg/min over 1 h [11]. Another case report illustrated the successful
treatment of an overdose of quetiapine and fluvoxamine with a 1 mL/kg lipid emulsion
bolus followed by a 0.05 mL/kg/min infusion for two hours [39].

The dosing regimen employed in our case was comparable to that utilized by other
researchers. This approach resulted in a notable enhancement in clinical outcomes, prompt-
ing the decision to prolong the treatment duration for an additional two hours and to repeat
the bolus dose when signs of cardiotoxicity reappeared. The administered medication
did not exhibit any detrimental consequences, such as allergic responses, fat overload
syndrome accompanied by hepatosplenomegaly, jaundice, acute pancreatitis, seizures, fat
embolism, coagulopathies, or any alterations in laboratory test results.

After the acute problem is resolved, the patient may require psychological evaluation
and treatment to address the root causes of the overdose and prevent future suicidal actions.
Medication adjustments and/or hospitalization may be required for further evaluation and
care of their mental health condition.

It is crucial to remember that the therapy for venlafaxine and quetiapine overdose can
be complicated and may vary based on the patient’s individual previous health status. As a
result, it is critical to seek immediate medical assistance and consult with a skilled medical
practitioner for advice on the best treatment approach.

4. Conclusions

This case report emphasizes the effective use of ILE therapy for severe cardiotoxicity
induced by SSRI and antipsychotic overdose. We sustain that the potential utilization of
lipid rescue therapy could go beyond its current role and function as a treatment for toxicity
induced by local anesthetics.
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In summary, despite possible adverse effects, lipid emulsion appears to have an
evolving role in the management of a patient with a severe, life-threatening overdose of
lipid-soluble compounds. It has been successfully used in the treatment of induced car-
diotoxicity by severe overdoses with lipophilic drugs, such as quetiapine and venlafaxine.
Overall, the use of intravenous lipid emulsion infusion for venlafaxine and quetiapine
overdose needs further investigation. It may be considered as part of a comprehensive treat-
ment plan, especially in those patients with severe cardiotoxicity refractory to maximum
conventional therapy.

It should be noted, however, that the use of ILE infusion in drug overdose is still a
relatively new and experimental therapy. Its safety and efficacy have not been thoroughly
demonstrated. Therefore, it should only be used when the advantages outweigh the
hazards and only under the supervision of a skilled medical expert.

Author Contributions: Conceptualization, C.C. and R.T.; methodology, L.M.; investigation, A.-M.C.;
resources, R.U.; data curation, S.I.; writing—original draft preparation, C.-A.A.; writing—review
and editing, C.C.; visualization, O.A.; supervision, LM.G.; project administration, R.T.; funding
acquisition, L.M. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Ethics Committee of the Clinical Emergency Hospital of Bucharest
(protocol code 41144 and 3 October 2023) for studies involving humans.

Informed Consent Statement: Written informed consent was obtained from the patient to publish
this paper.

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.
13.

14.

Schotte, A.; Janssen, PEM.; Gommeren, W.; Luyten, WH.M.L.; Van Gompel, P; Lesage, A.S.; De Loore, K.; Leysen, ].E. Risperidone
compared with new and reference antipsychotic drugs: In vitro and in vivo receptor binding. Psychopharmacology 1996, 124, 57-73.
[CrossRef]

Ngo, A.; Ciranni, M.; Olson, K.R. Acute Quetiapine Overdose in Adults: A 5-Year Retrospective Case Series. Ann. Emerg. Med.
2008, 52, 541-547. [CrossRef]

Holliday, S.M.; Benfield, P. Venlafaxine: A Review of its Pharmacology and Therapeutic Potential in Depression. Drugs 1995,
49, 280-294. [CrossRef]

Hawton, K.; Bergen, H.; Simkin, S.; Cooper, J.; Waters, K.; Gunnell, D.; Kapur, N. Toxicity of antidepressants: Rates of suicide
relative to prescribing and non-fatal overdose. Br. J. Psychiatry 2010, 196, 354-358. [CrossRef] [PubMed]

Hgjer, J.; Hulting, J.; Salmonson, H. Fatal cardiotoxicity induced by venlafaxine overdosage. Clin. Toxicol. 2008, 46, 336-337.
[CrossRef]

Bosse, G.M.; Spiller, H.A.; Collins, A.M. A fatal case of venlafaxine overdose. J. Med. Toxicol. 2008, 4, 18-20. [CrossRef]

Howell, C.; Wilson, A.D.; Waring, W.S. Cardiovascular toxicity due to venlafaxine poisoning in adults: A review of 235 consecutive
cases. Br. J. Clin. Pharmacol. 2007, 64, 192-197. [CrossRef] [PubMed]

Weinberg, G.L.; VadeBoncouer, T.; Ramaraju, G.A.; Garcia-Amaro, M.E; Cwik, M.]. Pretreatment or Resuscitation with a Lipid
Infusion Shifts the Dose-Response to Bupivacaine-induced Asystole in Rats. Anesthesiology 1998, 88, 1071-1075. [CrossRef]
Eren Cevik, S.; Tasyurek, T.; Guneysel, O. Intralipid emulsion treatment as an antidote in lipophilic drug intoxications. Am. J.
Emerg. Med. 2014, 32, 1103-1108. [CrossRef]

Elgazzar, EM.; Elgohary, M.S.; Basiouny, S.M.; Lashin, H.I. Intravenous lipid emulsion as an adjuvant therapy of acute clozapine
poisoning. Hum. Exp. Toxicol. 2021, 40, 1053-1063. [CrossRef]

Purg, D.; Markota, A.; Grenc, D.; Sinkovi¢, A. Low-dose intravenous lipid emulsion for the treatment of severe quetiapine and
citalopram poisoning. Arh. Hig. Rada Toksikol. 2016, 67, 164-166. [CrossRef] [PubMed]

Karcioglu, O. Use of lipid emulsion therapy in local anesthetic overdose. Saudi Med. ]. 2017, 38, 985-993. [CrossRef] [PubMed]
Baud, EJ.; Megarbane, B.; Deye, N.; Leprince, P. Clinical review: Aggressive management and extracorporeal support for
drug-induced cardiotoxicity. Crit. Care 2007, 11, 207. [CrossRef] [PubMed]

Pacher, P.; Kecskemeti, V. Cardiovascular Side Effects of New Antidepressants and Antipsychotics: New Drugs, old Concerns?
Curr. Pharm. Des. 2005, 10, 2463-2475. [CrossRef]

46



Toxics 2023, 11,917

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

38.

39.

Stoner, S.C. Management of serious cardiac adverse effects of antipsychotic medications. Ment. Health Clin. 2017, 7, 246-254.
[CrossRef]

Neal, ].M.; Barrington, M.].; Fettiplace, M.R.; Gitman, M.; Memtsoudis, S.G.; Moérwald, E.E.; Rubin, D.S.; Weinberg, G. The Third
American Society of Regional Anesthesia and Pain Medicine Practice Advisory on Local Anesthetic Systemic Toxicity. Obstet.
Anesth. Dig. 2018, 38, 171. [CrossRef]

Lavonas, E.J.; Drennan, .R.; Gabrielli, A.; Heffner, A.C.; Hoyte, C.O.; Orkin, A.M.; Sawyer, K.N.; Donnino, M.W. Part 10: Special
circumstances of resuscitation: 2015 American Heart Association guidelines update for cardiopulmonary resuscitation and
emergency cardiovascular care. Circulation 2015, 132 (Suppl. S2), S501-5518. [CrossRef]

Rothschild, L.; Bern, S.; Oswald, S.; Weinberg, G. Intravenous lipid emulsion in clinical toxicology. Scand. J. Trauma. Resusc. Emerg.
Med. 2010, 18, 51. [CrossRef]

Fettiplace, M.R.; Weinberg, G. The Mechanisms Underlying Lipid Resuscitation Therapy. Reg. Anesth. Pain Med. 2018, 43, 138-149.
[CrossRef]

Sepulveda, E.A.; Pak, A. Lipid Emulsion Therapy. In StatPearls; StatPearls Publishing: St. Petersburg, FL, USA, 2023. Available
online: https:/ /www.ncbi.nlm.nih.gov/books/NBK549897 (accessed on 6 November 2023).

Kuo, I; Akpa, B.S. Validity of the lipid sink as a mechanism for the reversal of local anesthetic systemic toxicity: A physiologically
based pharmacokinetic model study. Anesthesiology 2013, 118, 1350-1361. [CrossRef]

Partownavid, P.; Umar, S,; Li, J.; Rahman, S.; Eghbali, M. Fatty-acid oxidation and calcium homeostasis are involved in the rescue
of bupivacaine-induced cardiotoxicity by lipid emulsion in rats. Crit. Care Med. 2012, 40, 2431-2437. [CrossRef] [PubMed]
Stehr, S.N.; Ziegeler, ].C.; Pexa, A.; Oertel, R.; Deussen, A.; Koch, T.; Hiibler, M. The effects of lipid infusion on myocardial
function and bioenergetics in L-bupivacaine toxicity in the isolated rat heart. Anesth. Analg. 2007, 104, 186-192. [CrossRef]
Gosselin, S.; Hoegberg, L.C.G.; Hoffman, R.S.; Graudins, A.; Stork, C.M.; Thomas, S.H.L.; Stellpflug, S.J.; Hayes, B.D.; Levine, M;
Morris, M.; et al. Evidence-based recommendations on the use of intravenous lipid emulsion therapy in poisoning. Clin. Toxicol.
2016, 54, 899-923. [CrossRef] [PubMed]

Jaffal, K.; Chevillard, L.; Mégarbane, B. Lipid Emulsion to Treat Acute Poisonings: Mechanisms of Action, Indications, and
Controversies. Pharmaceutics 2023, 15, 1396. [CrossRef] [PubMed ]

Cave, G.; Harvey, M.G. Should we consider the infusion of lipid emulsion in the resuscitation of poisoned patients? Crit. Care
2014, 18, 457. [CrossRef] [PubMed]

Nedialkov, A.M.; Umadhay, T.; Valdes, ].A.; Campbell, Y. Intravenous Fat Emulsion for Treatment of Local Anesthetic Systemic
Toxicity: Best Practice and Review of the Literature. AANA J. 2018, 86, 290-297. [PubMed]

Sirianni, A.].; Osterhoudt, K.C.; Calello, D.P,; Muller, A.A.; Waterhouse, M.R.; Goodkin, M.B.; Weinberg, G.L.; Henretig, EM. Use
of Lipid Emulsion in the Resuscitation of a Patient With Prolonged Cardiovascular Collapse After Overdose of Bupropion and
Lamotrigine. Ann. Emerg. Med. 2008, 51, 412-415. [CrossRef]

Oti, C.; Uncles, D.; Sable, N.; Willers, J. The use of Intralipid for unconsciosness after a mixed overdose. Anaesthesia 2009,
65,110-111. [CrossRef]

Finn, S.D.H.; Uncles, D.R.; Willers, J.; Sable, N. Early treatment of a quetiapine and sertraline overdose with Intralipid®.
Anaesthesia 2009, 64, 191-194. [CrossRef]

Bartos, M.; Knudsen, K. Use of intravenous lipid emulsion in the resuscitation of a patient with cardiovascular collapse after a
severe overdose of quetiapine. Clin. Toxicol. 2013, 51, 501-504. [CrossRef] [PubMed]

Arslan, E.D.; Demir, A.; Yilmaz, F; Kavalci, C.; Karakilic, E.; Celikel, E. Treatment of quetiapine overdose with intravenous lipid
emulsion. Keio . Med. 2013, 62, 53-57. [CrossRef] [PubMed]

Hieger, M.A; Peters, N.E. Lipid Emulsion Therapy for Quetiapine Overdose. Am. |. Ther. 2020, 27, E518-E519. [CrossRef]
Harvey, M.; Cave, G. Case report: Successful lipid resuscitation in multidrug overdose with predominant tricyclic antidepressant
toxidrome. Int. J. Emerg. Med. 2012, 5, 8. [CrossRef] [PubMed]

de Wit, D.; Franssen, E.J.E,; Verstoep, N. Intralipid administration in case of a severe venlafaxine overdose in a patient with
previous gastric bypass surgery. Toxicol. Rep. 2022, 9, 1139-1141. [CrossRef] [PubMed]

Dagtekin, O.; Marcus, H.; Miiller, C.; Bottiger, B.W.; Spohr, F. Lipid therapy for serotonin syndrome after intoxication with
venlafaxine, lamotrigine and diazepam. Minerva Anestesiol. 2011, 77, 93-95.

Hillyard, S.G.; Barrera-Groba, C.; Tighe, R. Intralipid reverses coma associated with zopiclone and venlafaxine overdose. Eur. J.
Anaesthesiol. 2010, 27, 582-583. [CrossRef] [PubMed]

John, B.; Shazia, R.; Stephen, B. Severe Venlafaxine Intoxication with Refractory Pulseless Electrical Activity Cardiac Arrest
Successfully Treated with Intravenous Lipid Emulsion. Int. ]. Crit. Care Emerg. Med. 2018, 4, 44. [CrossRef]

Hubbard, A.M.; House, L.M.; Lee, ]. M. Low-dose lipid emulsion for pediatric vasoplegic shock due to quetiapine and fluvoxamine
overdose: A case report. J. Emerg. Crit. Care Med. 2022, 6, 28. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

47



Review

Quetiapine-Related Deaths: In Search of a Surrogate Endpoint

Ivan Sosa

check for
updates

Citation: So3a, I. Quetiapine-Related
Deaths: In Search of a Surrogate
Endpoint. Toxics 2024, 12, 37.

https:/ /doi.org/10.3390/ toxics12010037

Academic Editor: Hartmut W.

Jaeschke

Received: 20 November 2023
Revised: 30 December 2023
Accepted: 1January 2024
Published: 3 January 2024

Copyright: © 2024 by the author.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Anatomy, Faculty of Medicine, University of Rijeka, 51000 Rijeka, Croatia; ivan.sosa@uniri.hr

Abstract: Quetiapine is a second-generation antipsychotic drug available for two and half decades.
Due to increased misuse, prescription outside the approved indications, and availability on the black
market, it is being encountered in medicolegal autopsies more frequently. For instance, it has been
linked to increased mortality rates, most likely due to its adverse effects on the cardiovascular system.
Its pharmacokinetic features and significant postmortem redistribution challenge traditional sampling
in forensic toxicology. Therefore, a systematic literature review was performed, inclusive of PubMed,
the Web of Science—core collection, and the Scopus databases; articles were screened for the terms
“quetiapine”, “death”, and “autopsy” to reevaluate each matrix used as a surrogate endpoint in the
forensic toxicology of quetiapine-related deaths. Ultimately, this review considers the results of five
studies that were well presented (more than two matrices, data available for all analyses, for instance).
The highest quetiapine concentrations were usually measured in the liver tissue. As interpreted
by their authors, the results of the considered studies showed a strong correlation between some
matrices, but, unfortunately, the studies presented models with poor goodness of fit. The distribution
of quetiapine in distinct body compartments/tissues showed no statistically significant relationship
with the length of the postmortem interval. Furthermore, this study did not confirm the anecdotal
correlation of peripheral blood concentrations with skeletal muscle concentrations. Otherwise, there
was no consistency regarding selecting an endpoint for analysis.

Keywords: forensic toxicology; quetiapine; relevant matrix; tissue modeling

1. Introduction

Quetiapine is an atypical antipsychotic drug (a second-generation antipsychotic drug)
used to treat schizophrenia, bipolar, borderline personality, and major depressive disor-
ders; broadly speaking, this treatment has numerous neurocognitive, neuroprotective,
and potential off-label indications [1,2]. Developed in 1985, the US approved quetiapine
for medical use in 1997; now, it is on the World Health Organization’s List of Essential
Medicines [3,4]. Regarding the non-approved uses of approved drugs, the most frequent
such use for quetiapine is its wide use as a sleep aid due to its sedating effects [5,6]. The
benefits of off-label use do not appear to outweigh the side effects. Nevertheless, it is
reported to treat conditions such as Tourette’s syndrome, musical hallucinations, etc. [7-9].
Unlike most other antipsychotics, its hypnotic and sedative effects offset any problems
with patient compliance.

Quetiapine’ appears to have low dopamine receptor affinity and intense antihistamine
activity, which renders it similar to sedating antihistamines [10]. Approximately 90% of
serotonin in the human body is stored in the gastrointestinal tract, and quetiapine has a
moderate affinity for its receptors [11]. Notwithstanding, quetiapine shows an affinity
for various neurotransmitter receptors [12]. Not only does it enhance the serotoniner-
gic transmission, but serotonin, a key neurotransmitter of the brain—-gut axis, also plays
a vital role in the pathogenesis of emotional distress and gastrointestinal diseases [13].
Specifically, it binds serotonin (5-hydroxytryptamine; 5HT) 5HT2A, adrenergic (x1), mus-
carinic, and histaminergic receptors, and it has a relatively weak affinity for dopamine D2
receptors [14,15], with an occupancy half-life about twice as long as that for plasma. All of
these are cell-surface receptors that intervene in cellular communication.
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For quetiapine toxicity to be fatal, it is necessary to combine it with other drugs [16].
Acute overdose typically results in sedation or hypotension and tachycardia, but cardiac
arrhythmias, coma, and death have also been reported [17]. For some of them, severe
overdosage may result in seizures requiring intubation/mechanical ventilation.

Some cases are hallmarked by cardiac and sinus tachycardia [18-20]. Generally,
10-25 mg/L levels are observed in the blood samples obtained from fatal cases dur-
ing postmortem examinations. Non-toxic levels in postmortem blood extend to around
0.8 mg/kg, but, at the same time, toxic levels in postmortem blood can begin at 0.35 mg/kg.
The serum or plasma of quetiapine overdose survivors had concentrations ranging from
1to 10 mg/L [21-23].

Even though the blockage of histamine-1 receptors produces the soothing effect of
quetiapine, arrhythmogenic effects result from the channel inhibition of the ether-a-go-
go-related gene (hERG). This may influence the QT interval [24]. The presence of some
cardiovascular pathologies, for example, coronary disease, could be the lethal trigger
if quetiapine is used, as seen in polydrug intoxications [25,26]. Quetiapine’s deadly ef-
fect is governed by whether some medication potentiates this inhibition effect and, if so,
to what extent [27,28]. As for respiratory depression, Culebras et al. reported its inci-
dence in three patients on combined antipsychotic—opioid therapy [29]. In randomized
clinical trials (RCTs) involving humans, considering the interactions of first-generation
antipsychotics and morphine, sedation was scored on a sedation score tool. In eight of the
fourteen RCTs, increased sedation scores were reported when morphine and droperidol
were combined [19,27]. After the drug’s ingestion and its rapid absorption, it reaches the
maximum plasma concentration after 1.5 h, where it binds mostly (83%) to non-specific
plasma proteins (human albumin) [13,15,30]. Quetiapine’s bioavailability depends mainly
on its first-pass metabolism, which is as poor as 9% [31,32]. Notably, the liver metabolizes
many drugs, resulting in the production of water-soluble compounds that can be excreted
via the bile [33]. In one stage, this process relies upon the “phase 1 reactions” mediated
by cytochrome p450 (CYP). Oxidation, reduction, and hydrolysis reactions are mainly di-
rected by the CYP isozyme CYP3A4. This explains why any drug interaction that modifies
quetiapine’s metabolism and pharmacokinetics is more likely to occur with drugs that are
inhibitors or inducers of CYP3A4, rather than inhibitors of CYP2Dé6.

Bearing all of this in mind, this systematic review of the literature aims to identify
studies with sufficient laboratory data to identify an alternative matrix to be used in the
forensic investigation of quetiapine-related deaths.

2. Use and Misuse

In a formal sense, issues related to the misuse and abuse potential of quetiapine have
not been regarded as a danger. However, those who administer quetiapine should be cau-
tious when prescribing it to individuals with a history of substance abuse (particularly with
opioids or anxiolytics). These individuals are “loose cannons” and are at increased risk.

Typically, people whose deaths are related to quetiapine are men in their mid-forties.
Their leading causes of death at this age are drug toxicity and natural diseases. Less
frequently, however, these deaths are linked to physical assaults [17].

Occasionally, quetiapine is associated with drug misuse, but it has limited potential
for misuse [34]. Misuse is most often seen in patients with a history of polysubstance abuse
and/or mental illness (especially those who are detained in prisons or secure psychiatric
institutions) because the limited access to alternative intoxicants brings quetiapine to
the fore.

However, quetiapine has been found to be associated with drug-seeking behavior
more than any other atypical antipsychotic. It has standardized street prices and slang
terms, such as “Q-ball” (referring to the intravenous injection of quetiapine mixed with
cocaine), either alone or in combination with other drugs [16,19].
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Quetiapine-Related Fatalities and Fatal Toxicity

Due to increased misuse and availability on the black market, quetiapine-associated
deaths are frequently seen in medicolegal practice. Unintentional self-poisoning fatali-
ties are classically related to substance abuse, mental health issues, and physical health
problems; quetiapine is no exception. Fatalities—complex suicides and suicide attempts
involving antipsychotic or sedative-hypnotic medications are frequently seen [35-37]. Poi-
soning homicides are rare, though they have been described, and quetiapine is used only
to incapacitate the victim (as in pediatric homicides) [16,38,39].

Some reports on quetiapine-related deaths and series lack clinical details or provide
only single quetiapine serum concentrations rather than a kinetic course. However, in-
creasing numbers of studies provide more detailed clinical and analytical data on severe
overdose cases. Available data from 1998 to 2021 in England and Wales could be a helpful
introduction to the field. In Figure 1, six hundred ninety-six deaths involving quetiapine
were presented [40]. A similar, increasing trend of misuse, non-fatal, and fatal overdoses
was registered in Victoria (Australia) in the study (2006-2016) conducted by Lee et al. [41].
Mortality data from the European Union are not available
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Figure 1. Quetiapine-related mortality in England and Wales 1998-2021 [40].

Kales et al. provided estimates of the direct mortality risk over 180 days, comparing
individual antipsychotic agents and valproic acid. The mortality risk was found to vary,
ranging from quetiapine (lowest) to haloperidol (highest). In fact, quetiapine use had the
lowest effect on mortality, with a 3.2% (95% CI = 1.6-4.9%; p < 0.01) higher mortality risk
than antidepressants (31; 95% CI = 21-62) [42,43].

As reported by Breivik et al., a Norwegian cohort showed no clear relationship for the
length of the postmortem interval [44]. Their study showed that the postmortem interval
was weakly correlated (positive correlation) with the quetiapine concentration in peripheral
blood (mg/L). Moreover, the regression model was invalid (p = 0.27) with poor goodness
of fit (R2 = 0.16). The same was found for central blood, brain, muscle, and liver tissue.
This result agreed with the study of Vignali et al., where a weak positive correlation of
postmortem interval was noted only for liver tissue [45]. When the post-mortem interval has
been so long that extensively putrefied bodies are assessed, the analysis of entomological
samples may support and complement the toxicological results [46]. Even in the case of
dried blood spots, the quantification of quetiapine is possible with good recovery rates,
within the concentration range of 0.05-1.0 pg/mL [47].

3. A Systematic Review Strategy and a Meta-Analysis

This study used a systematic literature review based on PRISMA guidelines to as-
sess the postmortem management of quetiapine-related deaths (Figure 2) [48,49]. The
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term “quetiapine-related death” refers to deaths where quetiapine was linked to the cause
of death anywhere in the causal chain. The literature is abundant in such cases; they
are either complex suicides or homicides (where quetiapine was the reason for seda-
tion/incapacitation), accidental intoxications, or polydrug overdoses.

oy
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5 databases (n=156) screening:
-§ Pubmed (n=15) Duplicate records
=
'E Web of science - core —_— removed (n=32)
= collection (n=21) Records removed for non-
Scopus  (n=120) English (n = 0)
—
l Systematic reviews excluded (n =
L
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report of a single case (n=9)
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o >
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é matrices + reusable results for
= each analysis)
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Figure 2. Methodology of literature search—systematic review according to the PRISMA guide-
lines [49].

Starting from their inception, PubMed, Web of Science—core collection, and the
Scopus databases were screened for “quetiapine” AND “death” AND “autopsy.” After
finding 156 records, 32 duplicates were eliminated after being found using the automated
bibliography tool. Finally, three systematic reviews, and nine case reports of a single case,
were eliminated. Such an approach resulted in 112 entries (English language, “no-single
case “case report, original papers, literature reviews, and meta-analyses), of which 47 full
texts were available. Five researchers listed in Table 1. involving post-analytical results

51



Toxics 2024, 12, 37

obtained from multiple matrices were included in the meta-analysis and discussed in this
paper (therefore, were inclusion/exclusion criteria).

Table 1. Characteristics of the included studies.

Correction of the

Study Year Participants Method Interventions Measurement Units
Anderson and Fritz [50] 2000 7 Experimental case series ~ Postmortem toxicology no
Hopenwasser et al. [51] 2004 8 Experimental case series ~ Postmortem toxicology no

Parker and McIntyre [18] 2005 21 Experimental case series ~ Postmortem toxicology no
Vignali et al. [45] 2020 13 Experimental case series ~ Postmortem toxicology yes
Breivik et al. [44] 2020 14 Experimental case series ~ Postmortem toxicology no

The meta-analysis correlation of blood quetiapine with other matrices lacks a marked
significance level (p-value). In cases where this was missing, the correlation could not be
proved, so this was considered to be incomplete outcome data (attrition bias, Figure 3). The
same was the case in the absence of a marked control cohort. Studies by Anderson and
Fritz [50] and Vignali et al. [45] have the form of case reports, even though they do present
several cases (Table 1), so this is considered a risk of selection bias (random sequence
generation issue). The reason for this problem lies in the practice of forensic pathologists
(and all forensic toxicologists are either pathologists or are related closely to forensic
pathologists) to rely on experience and individual customary practice in formulating their
opinions is a potential source of low goodness of fit or statistically insignificant results in
some cases. Conversely, case reports play a critical role in defining new entities, applying
toxicological expertise, and obtaining data that other researchers could not accept due to
regulations Not considering “post-mortem factors” was considered an “other bias” issue.

Random sequence generation (selection bias)

Allocation concealment (selection bias)

Blinding of participants and personnel (performance bias)
Blinding of outcome assessment (detection bias)
Incomplete outcome data (attrition bias)

Selective reporting (reporting bias)

Other bias

0% 258% 50% 75%  100%

.Low risk of hias DUnclearrisk of bias

[l High risk of bias

Figure 3. Risk of bias graph for studies included in meta-analysis: review authors’ judgments about
each risk of bias item presented as percentages across all included studies.

4. Relevant Matrices

Out of five studies included in this meta-analysis, 238 toxicological analyses involving
63 postmortems were performed. Although analyses were performed on a series of different
matrices, those that were most frequently used (and are more traditional) are given in
Figure 4.
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Liver 25%

Central blood 23%
Femoral blood 18%
Brain 11%

Muscle 10%

Figure 4. Matrices used in >10% of cases.

4.1. The Liver and Its Lobar Structure

The liver is a highly vascularized, large (typically weighing around 1.5 kg), and
encapsulated organ situated to a large extent in the upper right front portion of the abdomen.
It is divided into two major lobes; the smaller left lobe partially overlays the ventricle [52,53].

The left lobe is smaller and more flattened than the right. Its undersurface presents
a gastric impression and omental tuberosity. Brevik et al. prepared a report of seven
participants (7/14, 50%) from whom paired samples of liver tissue were obtained (both
lobes). A paired t-test of two samples for means established no significant difference
regarding quetiapine accumulation in either lobe. The left liver lobe is most likely more
susceptible than the right lobe to the postmortem redistribution of zopiclone, and some of its
constituents are thinner due to its anatomical proximity to the stomach (see Table 2) [54,55].
The documented postmortem redistribution of the drug from the biliary system can also
contribute to its apparent accumulation in hepatic tissue [44,56,57]. Classic biliary anatomy
includes the left hepatic duct, which emerges from the umbilical fissure along the inferior
border of the left lobe. The right hepatic duct drains the right liver lobe and comprises two
major branches, the right posterior duct and the right anterior duct [58].

Table 2. Table of correlations and a goodness of fit for quetiapine concentrations in liver tissue vs.
bile or stomach content.

Study Year Pearson Correlation Coefficient (r) R2 (Goodness of Fit) p-Value Matrix
Anderson and Fritz [50] 2000 0.21 0.04 0.22 Bile
Anderson and Fritz [50] 2000 0.51 0.26 0.02 Gastric content
Hopenwasser et al. [51] 2004 0.99 0.97 0.19 Bile
Hopenwasser et al. [51] 2004 —-0.33 0.11 0.23 Gastric content

Parker and McIntyre [18] 2005 —-0.15 0.02 0.04 Gastric content
Vignali et al. [45] 2020 0.52 0.28 0.0005 Bile

4.2. First-Pass Effect and the Liver

The liver is the body’s primary site for drug metabolism and contains the largest
quantity of the critical cytochrome enzyme system, liver alcohol dehydrogenase, and many
other enzymes. Like most xenobiotics, including drugs, quetiapine’s pharmacology and
toxicology are largely inextricably linked to its metabolism. Due to its significant metabolic
potential, central anatomical position, and ability to take away chemicals from the blood,
the liver constitutes an organ with a high susceptibility to the effects of xenobiotics. The
liver’s involvement is the most obvious in transaminase elevations. These typically occur
by the third week of treatment, and levels return to baseline with continued quetiapine
administration [56].

The drug’s volume of distribution while it spreads throughout the body is 10 = 4 Ukg [15,50].
Quetiapine is orally administered as a fumarate salt in the form of tablets. Daily doses
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in adults range from 150 to 750 mg, and steady-state concentrations are achieved within
two days of dosing [59]. No specific plasma proteins that carry quetiapine were iden-
tified; however, it is converted into the active proteins and metabolites norquetiapine
and 7-hydroxy quetiapine [60,61]. Both were assessed in patients autopsied in the study
of Vignali et al. The authors found (peripheral) blood levels of norquetiapine to be
258.93 (95% CI = —22.63-540.48). Blood levels of 7-hydroxy quetiapine were 45.88 (95%
CI = —8.24-83.52) [22,45].

The cytochrome P450 (CYP) system has been observed to extensively metabolize
quetiapine in the liver, with less than 5% of the original drug appearing in urine (and
minimally in other excretions). Around 73% of 150mg of quetiapine radiolabeled with
100 mCi *C was recovered in the urine and 21% in the feces within 168 h of administration.
The mean terminal half-life of quetiapine is about six hours; in its unchanged form, it
accounted for less than 1% of the excreted substance [15,62].

Though quetiapine is excreted with urine, it has a low renal elimination rate (less than
5%) and a relatively large volume of distribution (Vd = 10 1/kg), so forced diuresis is no
longer recommended [63,64]. The elimination half-life can be easily calculated as follows:

As assessed in several case series, the concentration level of quetiapine was noticeably
higher in the liver tissue than in any other postmortem sample [18,44,50]. This paradigm
was most evident in the study of Parker and McIntyre (16.09 (CI 95% = 4.96-27.22) mg/kg).
However, the linear regression model showed no statistical significance (the p-value was
0.09). Anderson and Fritz showed a more distinct and statistically significant positive
correlation of quetiapine concentrations between the peripheral blood and liver tissue
(R2=0.99; p = 0.01), although their study consisted of only five participants who were
eligible for the linear regression model (27.86 (CI 95% = —31.05 to 86.77 mg/kg)). An-
other study that assessed quetiapine concentrations in eight liver samples reported 5.11
(CI195% =1.11-9.11 mg/kg) [51]. In this regard, the study that included the most sizable
cohort was that of Vignali et al. from 2020. It comprised 12 liver samples with mean
quetiapine concentrations of 1002.9811 (CI 95% = 57.64-1948.32 mg/kg) [45].

4.3. Liver Tissue from Fresh Cadavers

Resected liver biopsies can be sliced with retained original cellular diversity and
in vivo cellular architecture. They can be cultured ex vivo for two weeks [65,66]. Routine
toxicology is performed on these tissues using mass spectrometry (GC-MS) or specific high-
pressure liquid chromatography (HPLC) [30,67]. Both methods are relatively sensitive,
with a limit of quantification for HPLC of ug/L, and the GC-MS method is accurate to
2 ug/L [15] (see Table 3).

Table 3. Correlation and goodness of fit for peripheral blood and liver tissue.

Study Year Pearson Correlation Coefficient (r) R? (Goodness of Fit) p-Value
Anderson and Fritz [50] 2000 0.82 0.68 0.23
Hopenwasser et al. [51] 2004 —0.28 0.08 0.94

Parker and McIntyre [18] 2005 0.37 0.14 0.04
Breivik et al. [44] 2020 0.82 0.66 0.27
Vignali et al. [45] 2020 —0.26 0.07 0.25

4.4. Liver Tissue Modeling

Normal hepatocytes, constituting nearly 60% of the total cell population within the
liver, along with the HepaRG cell line, are capable of performing the majority of liver
functions, including many drug-processing activities at various levels [68]. Transcribing
liver-specific genes at high levels without fresh human tissue is challenging, but it can even
provide differentiated hepatocyte-like HepaRG cells. In fact, it is more successful than any
other liver cell line. As HepaRG cells express most of the drug-processing genes, including
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major CYPs and UGTs, it should not be surprising that these cell lines have been used as
pharmacological and toxicological models [68-70]. According to Le Daré et al., a higher
quetiapine metabolism was observed in differentiated HepaRG cells (50% of quetiapine
metabolized) compared to pHH (25% of quetiapine metabolized) [71-73]. This helps meet
the desired feature of human cell models, stably expressing the functional properties of
the in vivo cells they are derived from in order to predict the toxicity of chemicals [74].
Indeed, in vitro models of human liver preparations seem to be the most lucrative models
with maximum feasibility. Cellular and subcellular systems are included in these models,
and they can equally contain HepG2 and HuH?7 hepatic cell lines (developed from liver
tumors and preserved hepatocytes) [74-76]. The primary functional cells of the liver, the
hepatocytes, have historically been challenging to culture ex vivo. Various complementary
in vitro liver models have been introduced to overcome this difficulty. These models are
classically categorized into 2D and 3D models. At the same time, none are simple and
effective for predicting all hepatic functions (specifically, the clearance of chemicals).

Even though 2D models are flexible, affordable, and valuable for studies that require
large numbers of cells, most cell lines do not have normal liver-specific functions, includ-
ing those relevant to toxicology. They are genetically abnormal and do not adequately
reproduce hepatocyte biology. Meanwhile, 3D cultures offer cell-cell and cell-extracellular
matrix interactions, though these methods are often more challenging to translate into
high-throughput tactics. Primary hepatocytes in 3D modeling can form spheroids, pro-
longing the maintenance of hepatic phenotype and function. The ability to transiently
proliferate and self-organize is a well-known ability of hepatic cells, and it has also been
taken advantage of in forming liver organoids. Organoid models have been developed
from various hepatic cell types, and all exhibit various degrees of similarity to human
hepatocytes [66,77,78]. Hepatocytes with or without non-parenchymal cells can be spatially
patterned in 3D, using, for instance, soft lithography. Combining 3D printing technologies
with cytocompatible biological “inks” enables engineers to bioprint tissue models, incorpo-
rating parenchymal and stromal cells in spatially patterned arrangements. Unfortunately,
such “futuristic” models are challenging to make and maintain.

Since in vivo quetiapine metabolism pathways generate well-defined metabolite
derivatives, this drug was used to explore the consistency of the in vitro metabolic model.
Out of many emerging preclinical human-relevant in vitro models used to evaluate toxic
injury to the liver, in silico modeling has shown good potential in terms of its affordability
and easy maintenance [68]. Mathematical modeling, referred to as physiologically based
pharmacokinetic (PBPK) modeling, is basically an in silico technique where mathematical
modeling is used to inform and optimize the design in, for instance, forensic toxicology [79].
In the same context, forensic toxicologists should benefit from the estimated time course
concentrations [80]. Reported human blood concentrations of quetiapine were considered
in the context of the environment that includes the receptor (gut), metabolizing agent (liver),
and central compartments with blood-to-plasma concentration ratios (Rb) and liver-to-
plasma concentration ratios (Kp,h) [81,82]. Alternatively, some other compounds may be
estimated using in silico tools. All of these are important clinical parameters for calculating
pharmacokinetic (PK) properties [83]. In recent years, there has been significant progress
in developing liver-emulating technologies, including liver-on-a-chip. Biochemical and
metabolic information is chip-generated [84]. However, this advanced and highly sensi-
tive technology is still in its infancy, as methodologies, procedures, and standards render
the obtained data difficult to handle in the grossing room or in medicolegal settings in
general [85].

4.5. Blood

Since the drug’s blood level is the one that affects the individual, blood is the most
important tissue for toxicological analysis. This accounts for central (e.g., heart) and
peripheral (e.g., femoral) blood. Although there are cases where peripheral vs. central
blood concentrations differed significantly, none of the five included studies showed
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significant differences between the endpoints (p-values varied from 0.18 to 0.59; for overall
effect see Figure 5). The results from previous studies indicate that drug concentrations in
the central blood are generally higher than in the peripheral blood [86].

Favprs centra Favors peripheral Mean difference
Year Weight IV, random, [95% Cl]
2000 . 99.60% 0.80[0.44, 1.16]

.
2005 0.00% -14.68 [-36.95, 7.59]
———
2020 - 0.10% 7.69[-5.70, 21.07]
2020 0.30% 1.67 [-4.57,7.92]
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0.80[0.44, 1.16]

Heterogeneity: Tau? = 0.00; Chi® = 2.95, df = 3 (p = 0.40); 1= 0%

Test for overall effect: Z = 4.35 (p < 0.0001)

Figure 5. Forest plot of comparison of different blood matrices. For four studies that considered
central and peripheral blood, pooled variance (Sp2) was calculated at 245.89 ng/mL with a pooled
standard deviation of +15.68 [18,44,45,50].

4.6. Brain Tissue

Several studies considered brain tissue’s quetiapine, and in the study of Breivik et al.
this concentration correlated moderately (positive correlation) with that in the peripheral
blood (r = 0.5); unfortunately, the linear regression model was below the level of statistical
significance [44]. Skov et al. even claim brain concentrations are about four times those in
the blood [87] (see Table 4 containing data reviewed here).

Table 4. Table of correlations and goodness of fit for quetiapine concentrations in peripheral blood vs.

brain tissue.

Study Year Pearson Correlation Coefficient (r) R2 (Goodness of Fit) p-Value
Hopenwasser et al. [51] 2004 Only two samples 0.19
Breivik et al. [44] 2020 0.50 0.25 0.24
Vignali et al. [45] 2020 0.05 0.002 0.25

4.7. Skeletal Muscle

Breivik et al. even concluded that, in the absence of blood, skeletal muscle may
be treated as a preferred matrix for quetiapine concentrations since its concentration in
skeletal muscle correlated well with that in peripheral blood. Hopenwasser et al.’s related
data indicate a strong positive correlation between blood and skeletal muscle quetiapine
concentrations. Their study participants showed r = 0.98 in a linear model with R? = 0.97.
Unfortunately, the p-value was, likewise, inappropriate at 0.07 [51]. A strong positive
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correlation (r = 0.92) was obtained in a linear model with a p-value of 0.98. The same was
true in the cohort of Vignali et al. in which a strong correlation was obtained for a poor
model (r = 0.80, R2 = 0.63, p-value = 0.51) [44,45]. Nevertheless, quetiapine’s implication in
the metabolism of lipids in the skeletal muscle is visible in lipidomics [88].

In conclusion, Burghardt et al.’s findings suggest that atypical antipsychotics change
the lipid profiles of human skeletal muscle, so the role of that tissue in quetiapine metabolism
should be assessed in the future [62,88]. Precisely because of this, it should be no surprise
that Breivik et al. (b) validated the method for determining quetiapine in postmortem
skeletal tissue [89].

5. Other Matrices

The blood, the brain, the liver, and the muscle tissue were all used as preferred
matrices in those five studies of interest to this review. Of 238 samples assessed, 59 (24.79%)
were liver tissue. Blood, as a primary tissue of toxicological interest, whether central or
peripheral, was considered in 54/238 (22.59%) and 43/238 (18.07%) cases, respectively.
Brain and skeletal muscle were both bordering on 10% of cases. The brain was assessed in
25/238 (10.5%), and the skeletal muscle in 247/38 (10.1%).

Other less frequently used matrices are given in Figure 6.

Urine (7%)

Spleen (5%) | Lung (5%)

Vitreous
(9%) Kidney (5%)

Figure 6. Less frequently used matrices.

Pathologists’ choices seem unfortunate since bile and vitreous are traditionally preferred
matrices in forensic toxicology [90]. More so considering moderate positive correlations of
femoral blood’s quetiapine and the concentrations of quetiapine in vitreous or bile. However,
peripheral blood’s quetiapine and its concentrations in vitreous correlated (though weakly)
in the study of (r = 0.32, R? = 0.11, p-value = 0.04) [18]. Vignali et al. correlated bile with
peripheral blood more straightforwardly (r = 0.52, R? = 0.28, p-value = 0.01) [45].

Lastly, quetiapine concentrations in hair segments have been assessed. Such an
assessment is a step forward in therapeutic drug monitoring. Not counting the practical
significance of this endpoint in forensic toxicology. Unfortunately, none of the five studies
considered included hair concentrations of quetiapine, so more detailed calculations are
unavailable. For the completeness of this review, note that several studies have been
published over the years on antipsychotics in hair, and quetiapine is not an exception.
Studies also report quetiapine concentrations in nails [91-94]. Nevertheless, nails should
be preferred as a relevant matrix since they retain certain substances more likely to have
concentrations than hair [95,96].
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6. Conclusions

When blood is not available, the analysis of other tissues can provide important
information that helps diagnose potential intoxication with quetiapine. The search for an
adequate alternative endpoint seems rational, considering the increasing trend of quetiapine
misuse and overdoses.

The relatively high concentrations of quetiapine in the liver tissue, and the modest (if
any) statistical significance when correlating other endpoints with blood, cast a suspicion on
any straightforward recommendation for selecting a relevant matrix. Further investigations
and the integration of results obtained in silico and in vitro are needed to improve routine
forensic toxicology. Recent endeavors where hair or nails were used as surrogate endpoints
point out the advantages of keratin matrices that are much more resistant to post-mortem
decomposition than other biological samples. Even though the evidence on the feasibility of
keratinized matrices in this regard is missing, these reports could answer this paper’s query.
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Abstract: In this study, the presence of 11-nor-A’-carboxy tetrahydrocannabinol (THC-COOH) in
postmortem fluid obtained from the chest cavity (FCC) of postmortem cases collected from drug-
related fatalities or criminal-related deaths in Jeddah, Saudi Arabia, was investigated to evaluate
its suitability for use as a complementary specimen to blood and biological specimens in cases
where no bodily fluids are available or suitable for analysis. The relationships between THC-COOH
concentrations in the FCC samples and age, body mass index (BMI), polydrug intoxication, manner,
and cause of death were investigated. Methods: Fifteen postmortem cases of FCC were analyzed using
fully validated liquid chromatography-positive-electrospray ionization tandem mass spectrometry
(LC-MS/MS). Results: FCC samples were collected from 15 postmortem cases; only THC-COOH
tested positive, with a median concentration of 480 ng/mL (range = 80-3010 ng/mL). THC-COOH
in FCC were higher than THC-COOH in all tested specimens with exception to bile, the median
ratio FCC/blood with sodium fluoride, FCC/urine, FCC/gastric content, FCC/bile, FCC/liver,
FCC/kidney, FCC/brain, FCC/stomach wall, FCC/lung, and FCC/intestine tissue were 48, 2, 0.2, 6,
4,6,102, 11, 5 and 10-fold, respectively. Conclusion: This is the first postmortem report of THC-COOH
in the FCC using cannabinoid-related analysis. The FCC samples were liquid, easy to manipulate, and
extracted using the same procedure as the blood samples. The source of THC-COOH detected in FCC
could be derived from the surrounding organs due to postmortem redistribution or contamination
due to postmortem changes after death. THC-COOH, which is stored in adipose tissues, could be a
major source of THC-COOH found in the FCC.

Keywords: 11-nor-A’-carboxy tetrahydrocannabinol; post-mortem analysis; fluid; chest cavity;
LC-MS/MS

1. Introduction

Cannabis is an increasingly harmful product that is used worldwide [1]. The American
National Survey on Drug Use and Health reported that 16% of the American population
(43.5 million) used marijuana in 2018 [2,3]. In Canada, 3.8% of drivers were found positive
for cannabis, which is reported to increase the risk of automobile accidents two-fold [4].
Cannabis is considered a substance of abuse in the Middle East and North Africa (MENA).
In Arab nations, apart from Lebanon, cannabis is considered as a substance of abuse [5].
However, rarely has the reporting on the role of cannabis use in MENA investigated
antemortem of postmortem cases. Indirectly, cannabis is commonly detected in postmortem
cases with powerful drugs of abuse such as heroin and methamphetamine [6,7]. The
impact of cannabis in the cause of death is not fully understood, and it is a paramount
task for forensic toxicologists to provide information regarding its role in these deaths;
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therefore, forensic postmortem investigations are required. Consequently, identification of
cannabinoids and their metabolites is crucial for forensic toxicologists [8,9].

In human cadavers, the active compound of cannabis (Ag—tetrahydrocarmabinol (THQ))
metabolism is well known, and this compound has a psychoactive effect following cannabis
administration [10]. THC is converted to 11-hydroxy-tetrahydrocannabinol (THC-OH) and
then metabolized to 11-nor-A’-carboxy tetrahydrocannabinol (THC-COOH) [11]. Until
recently, the inclusion of THC and its metabolites in postmortem analysis has gained
less interest due to the common belief that it does not contribute to the cause of death.
Numerous measurement methods have been reported for the analysis of these metabolites
in ante-mortem specimens, particularly for drivers under the influence of drugs and
workplace drug testing. Most of these challenges are encountered due to the low THC
and THC-OH concentrations in the blood, and most of the THC and its metabolites are
converted to more polar metabolites by glucuronidation. Free THC and its metabolites
were rarely detected in urine samples. The hydrolysis step becomes a cornerstone for the
detection of THC and its major metabolite, THC-COOH, in bodily and tissue specimens,
regardless of the techniques used for analysis. Therefore, two challenges must be considered
when developing methods for THC and metabolite analyses. First, the low concentration of
active THC metabolites in the specimens of interest requires sensitive analytical techniques.
Second, the samples were prepared to be suitable for testing the free analytes of interest
without preliminary sample preparation for analyzing the polar conjugated metabolites of
these analytes. The approach of testing glucuronide metabolites has received little attention
in previous postmortem analyses for two main reasons. The first is that not all glucuronide
metabolites and their internal standards are commercially available. The second reason is
that testing glucuronide metabolites using gas chromatography-mass spectrometry (GC-
MS) is not appropriate and is time consuming because of these polar metabolites. In
postmortem testing for cannabinoids, more than one procedure is often used to obtain free
THC and its metabolites in non-blood specimens; for example, a combination of protein
precipitation, following by alkaline or enzymatic hydrolysis, and then subjected to either
liquid-liquid extraction (LE) or solid phase extraction (SPE), followed by derivatization
using GC-MS. The use of LC-MS techniques has a great impact on the postmortem testing
of cannabinoids, and several advantages can be gained when using LC-MS techniques
over GC-MS, such as the lack of derivatizing agents required [12,13], in cases where
urine samples, direct analysis without sample pretreatment approach into LC-MS, and
the most important cannabinoid glucuronide can be directly measured without hydrolysis
steps [8,14].

THC and THC-COOH have been the most frequently detected cannabis metabolites in
previous studies, and few studies have reported THC-OH [8,9,11,14,15]. It is well known
that the distribution of parent drugs and their metabolites varies among individuals due
to their tolerance, occurrence of usage, presence of other drug(s), state of health of study
subjects, stability of the target analytes in antemortem and postmortem cases, and during
storage in test tubes. One of the goals of testing parents and metabolites is to understand
the time of intake; however, this has been poorly reported in previous studies. In fact, each
cannabinoid metabolite is unique and time-dependent. THC and THC-OH appear shortly
following cannabis demonstration, which is similar to THC-COOH; however, the latter
could be determined in human specimens for a longer time, even without THC and THC.
THC-COOH is stored in fatty adipose tissues, continues to leach into the blood circulation,
and is finally excreted with urine, which makes detection of THC-COOH unsuitable for
distinguishing the time of use. The appearance of THC and THC-OH in the blood has been
suggested as a tool to estimate the state of impairment and recent cannabinoids used [9,11].

Blood is the sample of choice in most forensic applications, particularly postmortem
analysis. A history of drug use can be evaluated using urine samples in parallel with blood
tests. However, these two distinct specimens may not be available on many postmortem
occasions such as traffic accidents and urination before death. Therefore, alternative
specimens may be used to obtain data to support cases in hand [2,11,16]. Analysis of these
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alternative specimens may introduce new challenges regarding the homogeneous nature
of these specimens, that is, tissue specimens (skeletal muscle, liver, gallbladder, kidneys,
spleen, and brain tissues).

In situations where blood or other bodily fluids are unattainable during autopsy exam-
ination, it is crucial to explore dependable non-blood postmortem samples as alternative or
complementary sources for quantifying and identifying THC and its metabolites. None
of the body fluids were deemed appropriate for cases that were received at the JPCC.
Alternative samples, such as liver, kidneys, stomach wall, and brain, were collected. In
some cases, the fluid from the chest cavity (FCC), specifically from the pleural cavity, was
sent for analysis.

Notably, high concentrations of THC-COOH were obtained when the FCC was tested
for cannabinoids; this is novel, and no information regarding FCC testing is available in
the literature. Thus, FCC from other cannabinoid-positive cases that conceded positive
results for THC or its metabolites were further evaluated to investigate the concentration
of THC-COOH in the FCC.

To the best of the authors” knowledge, this is the first postmortem report of THC-
COOH in the FCC. The impact of this approach is to provide suitable and homogenous
specimens appropriate for testing analytes of interest that can be extracted easily, when
compared to sold tissues specimens, which are always tested in such cases where no blood
is available. It was investigated if these analytes’ concentrations differ from bodily fluids
and tissue specimen’s concentration and which analytes are mostly detected in FCC. The
purpose of this study was to study the value of non-blood specimens including, for the
first time, FCC. In addition, these results were compared with other postmortem specimen
results from previously published reports.

2. Materials and Methods
2.1. Speciemns Selection

The demography of the deceased in this report (history, sex, age, body mass index
(BMI), interval time (PMI), and mode of death) was acquired from the Forensic Postmortem
Jeddah database (FTR]), which is an online database for medicolegal cases received by the
Jeddah Toxicology Centre (JTC), Jeddah, Saudi Arabia.

2.2. Specimens Collection

In this investigation, the same protocol used for sample collection in our previous
cannabinoid investigations was followed [9,15,17]. Briefly, blood was collected in sample
tubes containing at least 1-2% sodium fluoride (BNaF). All BNaF was drawn from subcla-
vian vein, while the liver was collected from at least three different sites throughout the
deep right lobe of the liver in order to avoid contamination. Kidney tissues were taken from
both the right and left kidneys, at the center of each kidney. Urine samples were collected
from the bladder tissue using a clean syringe. Gastric contents obtained at autopsy were
collected and used for analysis. Bile in liquid form was collected when it was possible.
The stomach wall (W-Stomach), lung, brain, and small intestine (S. intestine) tissue were
collected from 3-5 sites of these tissues.

2.3. Bodily and Tissues Sample Preparation
2.3.1. Non-Hydrolyzed Specimens

One mL of BNaF and FCC were kept separately in 15 mL sample glass tubes (screw-
capped). Next, 50 uL of internal standards containing THC-OH-d3, THC-COOH-dy, and
THC-d3; (50 ng/mL) were transferred to each calibration and test sample and mixed
thoroughly.

2.3.2. Hydrolyzed Specimens

In this study, one milliliter of urine, bile, and gastric content were subjected to alkaline
hydrolysis. Then, 50 uL of internal standards containing THC-OH-d3, THC-COOH-dy,
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and THC-d3 (50 ng/mL) were transferred to each calibration and test sample and mixed
thoroughly. Sodium hydroxide (NaOH) (10 N) was added to each specimen (200 uL). All
the urine, bile, and gastric content samples were placed in a water bath at 60 °C for at least
20 min to facilitate hydrolysis. The pH of the samples was adjusted to 3.5, using 2 mL of
concentrated glacial acetic acid (GAA), and placed in a cold place for at least 5 min. For
the brain, S-Intestine, W-Stomach, and Lung tissues, a gram of each tissue was weighed
and then diluted using aqueous 1% sodium fluoride. Tissue at a ratio of 2:1 was added into
a stomacher bag and homogenized for 5 min in a Stomacher machine (Seward Limited,
Worthing, UK). Homogenized tissue (500 mg) was transferred to a new test tube. Then,
50 pL of the same internal standard was spiked into each tube. Next, 200 uL of NaOH
(10 N) was transferred to each test tube, which was placed in a water bath at 60 °C for at
least 20 min to facilitate hydrolysis. After cooling the sample tubes for 5 min, the sample
pH was adjusted to 2 mL of GAA. The specimens were then transferred for centrifugation
for 10 min at 2200 g. Finally, the supernatant was transferred into a clean test tube.

2.3.3. Solid Phase Extraction

As detailed in the Al-Asmari report, all samples were processed using labeled Clean
Screen® cartridges for extraction [9,15]. Briefly, the SPE system was positioned on a vacuum
manifold. Initially, the column was preconditioned by adding first adding 3 mL of methanol,
then adding 3 mL of deionized water (HyO-D) to each cartridge, and 1 mL of hydrochloric
acid (HCI, 0.1 M). Next, the supernatant of the specimens prepared above was transferred
onto labelled SPE cartridges and allowed to pass through the gravity force. Next, the SPE
cartridges were washed with 2 mL of H,O-D, followed by the addition of 1 mL of a solution
containing HCl (0.1 M) and acetonitrile (70:30). The SPE cartridges were then placed under
vacuum at >10 inches Hg for at least 5 min for drying. Hexane (200 puL) was added for
further cleaning. After that, analytes of interest were eluted from labeled SPE cartridges
by adding a mixture containing 2 mL of ethyl acetate and hexane (50:50) and then final
extracts were dried using nitrogen at 40 °C. Finally, residues were mixed using 100 uL
of initial percentages of mobile phase (70% methanol:30% ammonium formate solution
(10 mM, pH 3.5) and 1 pL of final extract were injected into the LC-MS/MS.

2.4. LC-MS/MS Conditions

A previously fully validated in-house LC-MS/MS procedure to quantify and detect
analytes of interest was used in this study [9]. In these reports, a triple quadrupole mass
spectrometer analyzer, operated by electrospray ion, was operated using the multiple
reaction monitoring positive ion mode (model: Shimadzu LCMS-8050, Kyoto, Japan) in
combination with Ultra-High Performance Liquid Chromatography (UPLC, model: Nexera,
Shimadzu, Kyoto, Japan). In this procedure, Raptor Biphenyl column (50 x 3.0 mm, 2.7 um)
and its guard column (model: Raptor Biphenyl, 2.7 um, 5/3.0 mm; Restek, Bellefonte, PA,
USA) were chosen for the separation of analytes; the oven column was set at 40 °C. The
autosampler was maintained at 4 °C, and the flow rate was 0.3 mL/min throughout the
run. The analytes of interest and their corresponding internal standards were achieved
using a gradient elution containing two mobile phases: an aqueous modifier containing
ammonium (10 mM, pH 3 (A)) and an organic modifier containing 100% methanol (B). The
gradient mobile phase was set at 70% B for one the first min of the run, followed by an
increase in B to 95% at 5 min. Solution B was maintained at 95% concentration for 3 min.
Finally, 70% of the B solution was installed at 9 min and maintained for the last min of the
run at 10 min.

The MS/MS setting was in accordance with our published procedure [9], and spray
voltage (7000 V) and temperature (40 °C) were applied in this study. The ionized analytes
were then carried into the high vacuum of the MS system. In the MRM mode, Q1 targets
the m/z values at 315, 331, and 345, with consequent fragmentation of the target ions at
193, 123, 313, 20, 193, and 299 m/z for THC, THC-OH, and THC-COOH, respectively. For
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the Q3 fragment, daughter ions were chosen for quantitation purposes. The retention time
was within 0.05 of the reference standards and the ion ratios were within +20%.

2.5. Method Validation

The experimental procedures were fully validated as described in detail elsewhere [9,15].
Further optimization was conducted to detect trace concentrations (TR) of THC and THC-
OH. In a previous study, the lower limit of quantification (LOQ) were as low as 1 ng/mL
and 1 ng/g in body and solid tissue postmortem specimens, respectively [9,15,17]. All
calibration curves for THC and its metabolites were found to be linear using calibration
ranges of 1-1000 ng/mL (BNaF, VH, urine, bile, gastric contents, and FCC) and 1-1000 ng/g
(liver, kidney, and brain tissues) for THC-COOH. Linear calibration curves with coefficients
of determination greater than 0.999 were obtained. Within-run precision and between-run
precision were evaluated for THC and THC-OH using three quality control standards (QCs)
of 25, 100, and 750 for bodily and solid tissues. In the current method, the within- and
between-run precisions were better than 10%. The accuracy values were assessed using
similar quality control as precision studies, which ranged —8% to +8%. The procedure
reported by Matuszewski et al. was followed to measure the effect of the matrix and the
recoveries of THC and its metabolites using QCs for each analyte [18]. The matrix effect
and recoveries were acceptable, ranging from 78.0% to 122% and 79% to 97%, respectively.

As the variation between concentrations is obvious and can be dependent on health
status, chronic use, weight, and other factors, dilution studies should be conducted to
ensure that the method is capable of accurately detecting the analytes of interest, as dilution
of specimens is also part of the method of extraction and sample preparation. The QCs
samples were diluted 100 and 10 times their target concentrations and measured using the
described method. All the obtained results were determined and found to be acceptable
compared to their target concentrations (£15%). Method selectivity was examined by
injecting commonly encountered compounds into the LC-MS/MS system to investigate
their effects on the analytes of interest, and no interference with the analytes of interest was
detected. The blank containing only the mobile phase was used as a sample and subjected
to LC-MS/MS analysis after the injection of a high control concentration directly in order
to examine any carryover effects.

2.6. Statistical Analysis

All statistical measurements included in this work were conducted using Statistical
Packages for Software Sciences version 29 purchased from IBM Corporation (Armonk,
New York, NY, USA).

3. Results
3.1. Demographic Profile

Data from the 15 FCC specimens examined in this study were evaluated. In these
cases, the median age of the patients was 26 years (range: 18-50 years-old, 93% were male,
and 47% were aged between 21 and 30-year-old. Patients were classified into three groups
according to their BMI (normal (BMI = 18-24.9, overweight (BMI = 25-30), and obese
(BMI > 30)), and almost 40% of the deceased were classified as having normal BMI. The
median PMIs of the current study was 48 h, and signs of putrefaction were observed in
ten out of fifteen cases in the current study (three and seven of these cases were classified
as partially and heavily decomposed cases). In this study, 60% and 87% of patients had a
history of drug-related disorders and polydrug pharmacies, respectively (Table 1).
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3.2. Case Samples
3.2.1. THC-COOH in FCC

FCC samples were collected from 15 postmortem cases; only THC-COOH was pos-
itive (median THC-COOH = 480 ng/mL, range concentration = 80-3010 ng/mL). THC-
COOH in FCC concentrations were higher than THC-COOH concentrations in all tested
specimens, with the exception of bile (Table 2 and Figure 1), and the median ratios
FCC/BNaF, FCC/urine, FCC/gastric content, FCC/bile, FCC/liver, FCC/kidney, FCC/brain,
FCC/stomach wall, FCC/lung, and FCC/intestine tissues were 48, 2, 0.2, 6, 4, 6, 102, 11, 5,
and 10-fold, respectively.

Table 2. Summary of A9—tetrahydrocannabinol in multiple postmortem specimens from 15 cases
included in this study.

Number of Cases Median Minimum Maximum

A°-tetrahydrocannabinol (THC) 10 10 102 20.0

BIOOdF‘{ﬁé?iggdium 11-norA®-THC-9-carboxylic acid 11 20.0 2.0 100.0
11-hydroxy-A°-THC 9 3.0 1.0 10.0
THC 0 na. & n.a. n.a.

Fluid from Chest Cavity ~ 11-nor-A%-THC-9-carboxylic acid 15 480.0 80.0 3010.0
11-hydroxy-A°-THC 0 n.a. na. n.a.
THC 4 3.0 2.0 10.0

Urine 11—nor—Ag—THC—9—carboxylic acid 10 370.0 20.0 1560.0
11-hydroxy-A°-THC 6 2.0 Tr# 4.0

THC 8 120.0 6.0 250.0

Bile 11—nor—Ag—THC—9—carboxylic acid 13 210.0 40.0 33,000.0

11-hydroxy-A°-THC 13 110.0 3.0 1350.0

THC 10 80.0 5.0 280.0

Gastric Contents 11-nor-A’-THC-9-carboxylic acid 9 50.0 1.0 1020.0
11-hydroxy-A°-THC 4 4.0 1.0 30.0
THC 4 2.0 1.0 30.0

Liver 11-nor-A?-THC-9-carboxylic acid 14 120.0 14.0 440.0
11-hydroxy-A®-THC 2 1.0 Tr 1.0
THC 7 2.0 1.0 70.0

Kidney 11-nor-A%-THC-9-carboxylic acid 14 70.0 1.0 500.0

11-hydroxy-A°-THC 3 1.0 1.0 140.0
THC 3 20.0 14.0 20.0
Brain 1 1-nor—A9—THC—9-carboxylic acid 3 4.0 4.0 10.0
11-hydroxy-A°-THC 4 2.0 1.0 10.5

THC 6 30.0 4.0 470.0

Stomach Wall Tissue 11-nor-A’-THC-9-carboxylic acid 5 30.0 6.0 110.0
11-hydroxy-A°-THC 0 n.a. na. n.a.
THC 5 20.0 3.0 40.0
Lung 11-nor-A?-THC-9-carboxylic acid 5 40.0 4.0 75.0
11-hydroxy-A°-THC 1 n.a. na. n.a.
THC 0 n.a. n.a. n.a.

Small Intestine tissue 11—nor—Ag—THC—9—carboxylic acid 4 145.0 30.0 1050.0
11-hydroxy-A°-THC 2 385 20.0 60.0

& n.a: no samples, not detected or low sample size; * Tr: trace concentration.
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Median concentartion of 11-nor- A9-THC-9-carboxylic acid
in fluid from chest cavity
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Figure 1. Concentrations of 11-nor-A’-carboxy tetrahydrocannabinol in different specimens, fluid
obtained from the chest and/or abdominal cavities (FCC, ng/mL), blood with sodium fluoride
(ng/mL), urine (ng/mL), bile (ng/mL), gastric content (ng/mL), liver tissues (ng/g), kidney tissues
(ng/g), lung tissues (ng/g), stomach wall tissues (W-Stomach) (ng/g), brain tissue (ng/g) and small
intestine tissue (S-Intestine) (ng/g) of tested 15 postmortem cases. The horizontal boxes represent
the median concentration ratio, and the box lengths represent the 25-75th percentile. The whiskers
represent the smallest and largest value within 1.5 times the interquartile range, and circles (outlier)
represent values exceeding 1.5-3 times the interquartile range.

3.2.2. Cause and Manner of Death

Table 3 shows that the differences between FCC and BNaF in accordance with the
cause of death can be classified into three types: deaths solely due to drug overdose,
death-related fatalities by the combination of drug use and other circumstances such as
car accidents, falls from height, etc., and death unrelated to drugs such as violence and
homicides. The THC-COOH concentration in the FCC was higher in drug-related deaths
than in the drug-only and non-drug-related fatalities groups (Figure 2). No differences
were observed between the THC-COOH concentration in both accidental overdose and
accidental injury manner of deaths; the highest THC-COOH was determined in homicidal
cases with 1160 ng/mL, and the lowest THC-COOH concentration was found in suicidal
manner of deaths (190 ng/mL) (Figure 3). Figure 4 shows a higher median of THC-COOH
in the FCC in heavy and partially putrefied cases than in non-petrified cases.

4001

3001

2001

fluid from chest cavity (ng/mL)

1001

Median concentartion of 11-nor- A9-THC-9-carboxylic acid in

—

Drug overdose

Drug related death Non-Drug related Death

Cause of Deaths

Figure 2. Variation in 11-nor—Ag—THC-9-carboxylic acid (THC-COOH) concentration in the fluid
collected from the chest cavity in 15 cases according to the cause of death.
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Figure 3. Variation in 11-nor-A?-THC-9-carboxylic acid concentration in the fluid collected from the
chest cavity in the 15 cases according to the manner of death.
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Figure 4. Variation in 11—nor—Ag-THC—9—carboxylic acid concentration in the fluid collected from the
chest cavity in 15 cases according to the degree of putrefaction.

3.2.3. History of Drug Abuse, PMIs, and BMI

The relationship between the THC-COOH concentration in the FCC and history of
drug abuse showed no significant differences (Table 3). The most obvious differences were
observed in the PMIs group, in which higher concentrations were observed with longer PMI
times. This could be explained by postmortem redistribution from the surrounding organs.
Moreover, decreasing the water content in the case of putrefaction led to the concentration
of analytes in the FCC. This is supported by the high level of THC-COOH in heavily
decomposed (1100 ng/mL) cases, followed by partially putrefied cases (642 ng/mL), in
comparison to non-purified cases (240 ng/mL). Differences in THC-COOH in the FCC
were not observed between the BMI groups in comparison with THC-COOH in the BNaF
normal BMI group level than in the overweight and obese groups.
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4. Discussion

Few studies have discussed the post-mortem data on THC, THC-OH, and THC-
COOH in autopsy samples. Kemp et al. [16] reported 55 cases related to cannabis use in a
series of cases of deaths related to fatal aviation accidents in the USA. This study revealed
the usefulness of using alternative specimens, particularly lung tissue, in postmortem
cannabinoid analysis. Saenz et al. found that the use of alternative specimens is useful
when severe trauma is associated with accidents in case no blood is available. In that study,
vitreous humor, brain, spleen, muscle, liver, lung, kidney, bile, heart, urine, and blood
were found to be suitable alternatives or supplemental choices for qualitative cannabinoid
detection [11]. Comparable conclusions were reported by Cliburn et al., in which ten
pilots were involved in airplane crashes [2]. Postmortem details of cannabinoid testing in
multiple body fluids and tissue analyses in forensic toxicology cases unrelated to aviation
accidents have rarely been reported. Al-Asmari reported 32 cases that tested positive for
cannabinoids. In that study, multiple postmortem specimens, including body and tissue
samples of interest, were investigated [15]. These studies identified alternative specimens
suitable for routine postmortem analysis of THC and its metabolites. These studies were
limited by their small sample sizes, and no correlation was found between cannabinoids
and their metabolites when multiple postmortem specimens were compared.

While blood is frequently employed as a specimen in forensic toxicology investiga-
tions, it may sometimes be unavailable owing to circumstances such as fatal accidents or
putrefaction [2,8,16]. In this study, non-blood samples, especially FCC, were analyzed, and
because this is the first report of this type of specimen, other bodily and tissue specimen
results for the same subjects were compared with the FCC results. FCC was found to be
positive at higher concentrations than most matrices analyzed in postmortem cases, except
for bile, which agrees with previously reported bile concentrations in ten fatally injured
pilots [2,14]. The FCC samples were liquid, easy to manipulate, and were extracted using
the same procedure as the blood samples. The blood procedure was chosen because of the
similar nature of the samples and the use of blood calibration curves for quantification of
THC-COOH in the FCC. According to ANSI/ASB guidelines [19], it is acceptable to use
a whole-blood calibration curve to quantify other postmortem bodily fluids and tissues.
Although these matrices are different in terms of their viscosity, protein content, and ability
to pass through SPE cartridges, a full validation of each analyte of interest in each matrix
of interest may be time consuming and labor intensive, and because of the availability of
samples in such unusual specimens for testing such as FCC. Another option is to adapt
different calibration curves for different samples for quantification and used a control from
the FACA with each batch, taking into consideration in these matrices, which is logically
much higher in FCC than in blood; this is also the case with drugs and different metabolites.
Therefore, a higher ULOQ of 1000 ng/mL BNaF was applied.

The importance of the FCC matrix comes from the nature of the cases, as most are
traumatic, violent, or putrefied cases in which non-blood or biological fluid is available or
suitable for analysis. For example, in putrefied cases, solid tissues such as the liver, lung,
kidney, and brain can be tested, and their extraction is usually labor- and time-consuming
compared to testing bodily fluid specimens. THC and THC-OH were rarely observed in
solid tissues, and only THC-COOH was easily detected, which is similar to the result from
the FCC. In Kemp et al. [16] and in other study [14], THC together with THC-COOH were
determined in many specimens, including solid tissues. In that study, liver and kidney
specimens showed a positive result for these analytes. In a comparable manner to this
work, THC-COOH was determined in the liver and kidney, which agrees with earlier
reports [11,14-16]. In these case study reports, THC-COOH levels ranged from 8.0 to
3894 ng/g in liver tissues and from 3 to 1774 ng/mL in kidney tissues. In contrast, the THC
was negative in most cases, which agrees with the current study. The detection of THC-
COOH only in most liver and kidney tissues can be explained by its role in cannabinoid
metabolism and excretion from the body, as THC and its metabolites are conjugated to be
eliminated in urine. THC-COOH-glucuronide degrades to THC-COOH in vivo without the
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need for a hydrolysis procedure during extraction, which enhances its content in these solid
tissues and transfers it to surrounding bodily fluids and tissues with long PMI if tissues are
not subjected to proper storage prior to death [9,15,20,21]. In a similar study on morphine
conjugate metabolites, glucuronide metabolites were deconjugated to form their free forms
if not immediately subjected to proper storage conditions, even without hydrolysis. This
was much more obvious for analytes of interest in internal tissues, for example, in liver
and kidney tissues [22]. Fluids from the chest cavity can be contaminated by postmortem
interval time (PMI) and postmortem redistribution of some drugs. Postmortem changes
after death could also increase the concentration of drugs, or some drugs could be degraded
or evaporated [23].

In addition, the detection of free metabolites using alkaline or enzymatic procedures
or instead a direct determination of conjugated metabolites of THC and its metabolite
procedures has been reported, and there is always a difference between free drugs obtained
using different hydrolysis methods or direct analysis [9,20]. Gronewold and Skopp [14]
developed a method for the direct measurement of THC glucuronide metabolites without
any hydrolysis procedure. In that study, in addition to THC metabolites, only THC-
COOH-glucuronide was tested, as other glucuronide metabolites (THC-OH-glucuronide
and THC-glucuronide) were not available commercially. In the report by Gronewold and
Skopp, an obviously higher concentration of THC-COOH-glucuronide was found in all
five cases included in their study, whereas in some cases, THC and its metabolites THC-OH
were either not detected or detected at trace levels. This suggests that THC and THC-OH
are significantly conjugated, which requires hydrolysis to obtain their free form, mirroring
the process observed for THC-COOH. Consequently, an effective hydrolysis method is
required to separate THC from THC-OH. In contrast, the free forms of these analytes were
reported after alkaline hydrolysis in liver and kidney tissues, although they were present
at trace levels [15,16]. Saenz et al. conducted enzymatic hydrolysis for their analysis and
discovered that these analytes could be detected in liver and kidney samples [11].

As no THC or THC-OH was detected in FCC, the source of THC-COOH detected
in FCC could be derived from the surrounding organs due to postmortem redistribution
or contamination due to postmortem changes after death. This could also be explained
by the slow transport of THC and its metabolites from the blood to organs and the lag
in distribution between the blood, surrounding organs, and FCC. However, THC-COOH,
which is stored in adipose tissue, could be a major source of THC-COOH found in the
FCC. Other alternative specimens, such as bile, gastric contents, brain tissue, stomach wall
tissues, and lung tissues, were found to be perfect matrices for the measurement of THC and
THC-OH in the current study and previous investigations [2,11,15]. Al-Asmari suggested
that the detection of THC in the stomach wall specimens and in the lung specimens can be
justified by the influence of the route of administration as cannabinoids are smoked, thereby
increasing direct contact to these tissues, thereby increasing the likelihood of THC detection
in these tissues [15]. Moreover, this may be because they undergo cycles of enterohepatic
movement from the liver, the site of THC, and THC-OH metabolism, in which these
analytes are reabsorbed by gastric contents, which increases their concentration.

As we discuss cannabinoid use, even when using blood THC concentrations, it is
still not possible to distinguish between recent and chronic use. It is believed that the
concentration of cannabinoids varies depending on how often cannabinoids are consumed;
however, some studies found that THC and THC-COOH could still be detected in blood
up to seven days after cessation of marijuana administration [11,24]. This is because of
the nature of analyte metabolism, which is deposited in adipose tissues and released into
the bloodstream for a longer period when individuals do not smoke [11]. Nevertheless,
in a recent study, the distribution of THC and its metabolites differed depending on renal
function, body mass index, body composition, and gender [17]. Therefore, if the detection
of THC can be used to confirm its recent use, this is misleading, and it is not recommended
in toxicology investigations. The correlation between blood and other specimens is always
poor owing to several issues such as the water content and the weight of the tissues
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constantly changing during the putrefying process, PMI, and postmortem redistribution
phenomena, which can also affect FCC testing. However, alternative specimens can be
used to provide complementary information to blood, and in cases where no blood or
other traditional samples such as urine, vitreous humor, liver, and other traditionally used
specimens are available at postmortem investigation [11]. Cliburn et al. believed that
information obtained from these complementary specimens may add useful information to
the scarce real postmortem cannabinoid case study available in the literature and advise
suitable biological and tissue matrices for investigating cannabinoid-related deaths [2].

One of the limitations of using FCC is the small sample size and analysis of this
specimen directly without using a hydrolysis procedure. However, in agreement with most
previous investigations, poor correlations were often obtained between THC metabolite
concentrations in the blood, body, and tissue specimens. This can be attributed to the lack
of information regarding the route, time, and dosage of cannabinoids administered [2].

5. Conclusions

This is the first postmortem study to report THC-COOH in the FCC in real samples.
FCC is a promising sample, as in some cases where blood and other biological fluids are
unavailable, it can provide information regarding cannabinoid administration, considering
that contamination from the surrounding tissues cannot be excluded. The impact of
using FCC as an alternative sample is to provide suitable and homogenate specimens
appropriate for testing analytes of interest that can be extracted easily compared to solid
tissue specimens that are always tested in cases where no blood is available. Nevertheless,
the value of the FCC matrix comes from the nature of the cases tested in this project, as
most are traumatic, violent, or putrefied cases in which non-blood or biological fluid is
available or suitable for analysis. The limitations of using FCC were the small sample
size and direct analysis of this specimen without using a hydrolysis procedure, and more
research is needed with different hydrolysis methods to investigate the presence of other
cannabinoid metabolites.
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Abstract: To date, epidemiological studies have not evaluated heroin-related deaths in the Middle East
and North African regions, especially Saudi Arabia. All heroin-related postmortem cases reported at
the Jeddah Poison Control Center (JPCC) over a 10-year period (21 January 2008 to 31 July 2018) were
reviewed. In addition, liquid chromatography electrospray ionization tandem mass spectrometry
(LC/ESI-MS/MS) was utilized to determine the 6-monoacetylmorphine (6-MAM), 6-acetylcodeine (6-
AC), morphine (MOR), and codeine contents in unhydrolyzed postmortem specimens. Ninety-seven
heroin-related deaths were assessed in this study, and they represented 2% of the total postmortem
cases at the JPCC (median age, 38; 98% male). In the blood, urine, vitreous humor, and bile samples,
the median morphine concentrations were 280 ng/mL, 1400 ng/mL, 90 ng/mL, and 2200 ng/mL,
respectively; 6-MAM was detected in 60%, 100%, 99%, and 59% of the samples, respectively; and
6-AC was detected in 24%, 68%, 50%, and 30% of the samples, respectively. The highest number
of deaths (33% of total cases) was observed in the 21-30 age group. In addition, 61% of cases were
classified as “rapid deaths,” while 24% were classified as “delayed deaths.” The majority (76%) of
deaths were accidental; 7% were from suicide; 5% were from homicide; and 11% were undetermined.
This is the first epidemiological study to investigate heroin-related fatalities in Saudi Arabia and the
Middle East and North African region. The rate of heroin-related deaths in Jeddah remained stable
but increased slightly at the end of the study period. Most patients were heroin-dependent abusers
and from the middle-aged group. The availability of urine, vitreous humor, and bile specimens
provided valuable information regarding the opioids that were administered and the survival time

following heroin injection.

Keywords: forensic toxicology; opiates; opioids; LC-MS/MS; postmortem

1. Introduction

The abuse of heroin (diamorphine, acetomorphine, and diacetylmorphine) remains
a major cause of death worldwide. For example, an estimated 62 million people used
opioids for non-medical purposes in 2019 (1.2% of the global population), with half using
heroin or opium [1]. The primary cause of heroin-related deaths is overdose [2—4], while
indirect causes of death include infectious diseases, such as human immunodeficiency
virus (HIV) and hepatitis, and sepsis associated with intravenous injection [2]. The latest
United Nations Office on Drug and Crime (UNDOC) report indicated that in 2019, heroin
trafficking occurred in ninety-nine countries [1]. According to a recent report from the
European Union, heroin is the most abused opioid. In 2019, 85% of the drug-related
deaths in Europe were caused by one or more opioids [5]. Currently, North America is
experiencing a sharp rise in heroin users, with an increase of approximately 150% from 2007
to 2017 [1]. In the United States, Evans et al. analyzed drug residues from needle-exchange
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syringes and found that heroin was the second most detected controlled substance [6].
In the last UNODC report published in 2022 [1], it was stated that although heroin is
not the primary cause of death related to opioids in the USA, it is still causing fatalities
via ingestion, either intentionally or accidentally. It has been estimated that 9.5 million
people were using opioids non-medically in the past year in the USA. Almost 98% of
them were using pharmaceutical opioids non-medically; in this period, 9.5% were using
heroin, and 7.4% used both heroin and pharmaceutical opioids. Based on another report [7],
heroin alone as a cause of death seems to be declining; however, heroin-related fatalities
have been increasing in terms of deaths in that region. Heroin found in such cases was
allegedly ingested accidentally, as most cases were also fentanyl-related fatalities, and this
is most likely due to the mixing of heroin with fentanyl in the black market. According to a
UNODC report, heroin is still the predominant opioid used in many Asian countries, such
as India and Pakistan. In 2018, 23 million Indians were estimated to use opioids, and heroin
was the most frequently used drug among the population. In contrast, a 50% decline in
heroin use has been reported among registered drug users in China [1].

In the Middle East and North African (MENA) region, principally in the Arabian
Gulf region, heroin is reported in the media as a symbol of drug addiction. However,
heroin-related fatalities have rarely been reported in scientific literature from this region.
Thus, little is known about heroin-related deaths, and most studies in the Arabian Gulf
region are outdated [8,9]. Al-Matrouk et al. reviewed these studies and found that they
were mostly survey-based and lacked laboratory-based research; thus, these studies did
not actually describe the real situation of drug abuse patterns in these countries [10].

In Saudi Arabia, alcohol and drug use are prohibited by law and denounced based on
social and religious perspectives [11,12]. Thus, Saudi drug use is poorly understood. In
one study, the abuse of heroin in recent years appeared to decrease or was not reported in
certain regions of Saudi Arabia, such as the Al-Qassim region [13]. In contrast, heroin was
the second most detected drug at Jeddah’s Addiction Hospital [8]. In the eastern region of
Saudi Arabia, 49% of overdose deaths were related to opiates (116 out of 249 drug-related
deaths) in an 8-year period from 1990 to 1997 [14]. However, in that study, postmortem
details were not reported; thus, whether heroin or codeine was the main opioid was not
determined.

Heroin is unstable in biological specimens and rarely identified in postmortem cases [15].
Alternatively, its biomarkers (6-monoacetylmorphine (6-MAM) and 6-acetylcodeine (6-AC))
provide sufficient evidence to demonstrate whether heroin was the opioid administered
and whether death occurred shortly following ingestion. 6-MAM has a short half-life of
~40 min before converting to morphine [16]. However, 6-AC metabolism and its role in
heroin-related fatalities have rarely been reported [17,18]. In cases of death, if sample
collection is delayed, then heroin biomarkers will be converted to morphine and codeine.
Morphine is an active metabolite of heroin with a much longer half-life than heroin and 6-
MAM, whereas codeine is formed by 6-AC degradation [2]. In fact, 6-MAM, morphine, and
morphine metabolites have frequently been reported in heroin-related deaths, whereas the
presence of 6-AC in postmortem cases has rarely been reported [19,20], which may be due
to its short half-life, instability under storage conditions, and incredibly low concentrations
in deceased specimens [15,20]. To the best of our knowledge, no epidemiological studies
have reported 6-MAM and 6-AC together in a postmortem specimen in heroin-related
fatalities.

The patterns of heroin-related deaths are poorly understood in the MENA region.
Thus, up-to-date epidemiological studies to reveal heroin-related fatalities and explore
the problem of heroin abuse are a crucial task. As Jeddah is one of the major cities in
Saudi Arabia (4 million population), this paper reports the first epidemiological study
evaluating heroin-related deaths in Jeddah City, Saudi Arabia, between 2008 and 2018 and
investigates whether metabolites of heroin found in various bodily fluid samples can be
used to identify the type of opioid ingested and the time of death after administration.
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Such toxicological information is crucial for providing knowledge on the trends in illegal
drug use and planning initiatives to reduce accidents and deaths among drug users.

2. Materials and Methods
2.1. Reagents and Standards

Morphine, morphine-d3, 6-MAM, 6-monoacetylmorphine-d3 (6-MAM-d3), codeine,
codeine-d3, and 6-AC were purchased from Lipomed (Arlesheim, Switzerland). Methanol
(HPLC grade), acetonitrile (HPLC grade), ammonium carbonate, formic acid, and ammo-
nium hydroxide were obtained from BDH (Poole, UK). Ammonium formate was obtained
from Sigma-Aldrich (Steinheim, Germany). Clean Screen® solid phase extraction (SPE)
cartridges (CSDAU203) were obtained from United Chemical Technologies (Bristol, PA,
USA).

2.2. Solid Phase Extraction (SPE)

One milliliter of each specimen was placed in a glass test tube, which was then spiked
with 50 pL of the internal standard (containing 50 pug/mL of 6-MAM-d3, morphine-d3,
and codeine-d3). The mixture was then mixed and vortexed for at least 10 s. Next, 2 mL
of 0.1 M phosphate buffer (pH 6) was added to the samples, mixed, and centrifuged for
10 min at 3500 rpm. Before loading the samples into the SPE cartridges, the samples were
prepared for SPE by adding 2 mL of methanol, 2 mL of deionized water (D.H;0), and
2 mL of 0.1 M phosphate buffer adjusted to pH 6. The sample mixture was then loaded
onto the SPE column using gravity. Next, the cartridges were washed by adding 1 mL of
D.H;O, followed by 1 mL of acetic acid (0.1 M), and then dried under vacuum for 5 min.
The third washing step was completed by adding 2 mL of hexane. Two elution steps were
performed: the first elution (A) was performed by adding 2 mL hexane/ethyl acetate (1:1,
v/v). Next, the elution tubes were removed, and the SPE cartridges were washed using
3 mL of methanol and then dried under full vacuum for 2 min. The second elution (B)
was performed by adding 3 mL of dichloromethane /isopropanol/ammonium hydroxide
(78:20:2, v/v) to each cartridge. Both fractions were collected in a glass evaporation tube and
evaporated to dryness using nitrogen. Finally, 200 pL of the initial mobile phase was added
to the final extracts and subjected to liquid chromatography tandem mass spectrometry
(LC-MS/MS) using an injection volume of 1.0 pL.

2.3. LC-MS/MS Systems

Two different LC-MS/MS systems were used to analyze the heroin biomarkers, mor-
phine, and codeine. The first system included a Thermo Finnigan LCQ Fleet ion trap
instrument equipped with a Surveyor LC system interface (Thermo Finnigan, San Jose,
USA) equipped with electrospray ionization (ESI+) and selective reaction monitoring
modes. Analytes were separated using a Synergy Polar RP column (150 x 2.0 mm,
4 um particle size, Phenomenex, Torrance, CA, USA) equipped with a guard column
with identical packing material (4 X 2.0 mm, Phenomenex, Torrance, CA, USA). The col-
umn oven and auto-sampler tray temperatures were kept at 30 °C and 4 °C, respectively.
The gradient mobile phase consisted of ammonium formate buffer (10 mM, pH 3) as mobile
phase A and an organic modifier of 100% acetonitrile as mobile phase B, with a flow rate of
0.3 mL/min for the whole run. The gradient program was initiated by applying 3% B for
3 min, which was increased to 15% over the next 5 min, 26% over the next 7 min, 80% over
the next 13 min, and 95% over the next two min. After 27 min, the initial mobile phase was
applied for 3 min. Data were acquired and managed using the Xcalibur system (Version
2.07 SP1, Thermo Finnigan, San Jose, USA).

The second LC-MS/MS analysis was performed according to a previously reported
method [20]. Brifly, LC-MS/MS with a triple quadrupole mass spectrometer (Shimadzu
LCMS-8050, Kyoto, Japan), (+)ESI, and a Shimadzu Nexera UHPLC system were used for
the analysis of 6-MAM, 6-AC, morphine, and codeine. Analytes of interest were separated
using a phenyl LC-column (Raptor Biophenyl column (50 x 3.0 mm, 2.7 um, Restek,
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USA) fitted with a guard column with a similar chemistry (Raptor Biophenyl column
(5.0 x 3.0 mm, 2.7 um, Restek, USA). The gradient condition mobile phase consisted of
ammonium formate (10 mM, pH 3, mobile phase A) and 100% methanol (mobile phase B),
and the flow rate was 0.3 mL/min for the whole run. The mobile phase gradient elution
started with 3% B during the first minute and then increased to 5% within 1 min and 95%
over the next 13 min. The initial mobile phase was then applied for 1 min and maintained
for the next 4 min to re-equilibrate and prepare the column for the next injection. The
LC-MS/MS parameters are listed in Table S1. Data were acquired and managed using
LabSolution software (version 5.75, Shimadzu, Kyoto, Japan). The LC-MS/MS parameters
are listed in Table 1.

Table 1. Liquid chromatography electrospray ionization tandem mass spectrometry (LC-MS/MS)
data for heroin biomarkers, morphine, and codeine.

Analytes & SI;:;::;S RT * (min) Quantifier Ion Qualifier Ion RT (min) Quantifier Ion Qualifier Ion
LC-MS 8050 LCQ Fleet
Analytes

6-MAM 6-MAM-d3 69 33%7125 3121213/—2221 151 ;;8/ fl21:1 312%/—2228
6-MAM-d; # - 7.0 m/z=331-165 m/z=331-221 15.1 m/z=331-165 ~m/z=331-221
6-AC Codeine-d3 9.3 m/z=342-225 m/z=342-165 19.0 m/z=342-225 m/z=342-282
Morphine Morphine-d3 47 m/z=286-165 m/z=286-153 8.4 m/z=286-201 m/z=286-229
Morphine-d; # - 4.6 m/z=289-165 m/z=289-153 8.2 m/z=289-201 m/z=289-229
Codeine Codeine-d3 6.8 m/z=300-165 m/z=300-44 13.9 m/z=300-215 m/z=300-243
Codeine-d3 # - 6.7 m/z=2303-165 m/z=300-199 13.9 m/z=303-215 m/z=300-243

& Analytes: 6-monoacetylmorphine (6-MAM), 6-acetylcodeine (6-AC), RT *: Retention time. # Internal standard.

2.4. Case Samples
2.4.1. Ethical Approval

This study was approved by the IRB committee of Jeddah Health Affairs, Ministry of
Health, Jeddah, Saudi Arabia (research no: #A00221; approval no: A00187).

2.4.2. Sample Collection

Blood samples were collected from the subclavian site in tubes containing 1% sodium
fluoride (BNaF). Vitreous humor fluid was collected in gray tubes containing sodium fluo-
ride, and urine and bile samples were stored in a plain container without any preservative.
All samples were stored frozen (at —20 °C) until analysis. Autopsy samples were thawed
to obtain them and refrozen until use. Blood samples were obtained for 84 postmortem
cases (87%), urine samples were obtained for 74 cases (76%), vitreous humor samples
were obtained from two eyes in 70 cases (72%), and bile specimens were obtained for 27
cases (28%).

2.4.3. Data Collecting for Post-Mortem Cases

All postmortem body fluids and tissues collected for forensic toxicology investigations
are analyzed for commonly abused drugs and reported, and they are also assessed based
on requests by forensic pathologists. All heroin-related postmortem cases reported at
the Jeddah Poison Control and Medical Chemistry Center (JPCC) over the last 10-years
(21 January 2008 to 31 July 2018) were reviewed. The 6-MAM, 6-AC, morphine, and
codeine contents were reviewed, and case details were collected from the online Forensic
Toxicology Jeddah Reports Database. The search was conducted between February 2015
and July 2018. Data before February 2015 was manually collected from JPCC archive files.
Cases positive for heroin use were reviewed and included in this investigation according
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to the inclusion/exclusion criteria mentioned below. Ninety-seven cases reported during
the study period were included.

2.4.4. Inclusion/Exclusion Criteria

The same criteria applied in our previous study were used in the current study [21].
The most important criteria included the detection of 6-MAM in blood samples available
for testing or in any alternative samples, particularly vitreous humor, urine, and bile.

2.4.5. Other Toxicological Investigations

All postmortem cases, irrespective of the manner of death, were screened using a
common immunoassay reagent. The second step was to search for other concomitant drugs
using general unknown screening approaches (GUS), (known as systemic toxicological
analysis, or STA) by gas chromatography (GC) coupled to a flame ionization detector (FID),
gas chromatography coupled to mass spectrometry (GC-MS), and LC-MS/MS.

The analysis methods were all fully validated using international guidelines for foren-
sic investigation [22], and a selectivity study was conducted that included additional toxi-
cology testing for drugs and their metabolites that are commonly detected in postmortem
forensic toxicology. The analyses used whole blood, urine, or tissue specimens when other
body fluid samples were not available. STA includes immunoassay testing, which employs
two separate instruments: alcohol testing using GC-Headspace-FID, carbon monoxide
testing using spectrometric techniques, heavy metal analysis using inductively coupled
plasma mass spectrometry, and GUS using GC-MS and LC-MS/MS to confirm all sus-
pected positive results. GUS depends on the case, and target drugs and their metabolites in
specimens of interest, which include but are not limited to opiates, opioids, amphetamines,
cocaine, benzodiazepines, barbiturates, antipsychotics, cannabinoids, and their metabolites,
were identified using adapted LC-MS/MS methods as previously reported [23-25], while
GUS for non-target drugs was performed using GC-MS [26,27].

2.5. Statistical Analysis

Useful statistical data are reported in terms of the frequency, percentage, mean, median,
and range when applicable. The data were calculated using Statistical Packages for Software
Sciences (SPSS) version 28.0.1.1 (Armonk, New York, IBM Corporation) and Microsoft Excel
version 16.66.1 (Microsoft, Redmond, WA, USA). Descriptive statistics were completed,
and continuous data were presented as median, minimum, and maximum. Definite data
were displayed as frequency and percentage. A Mann-Whitney U test was employed
to estimate variations between groups. Spearman’s correlation test (R) was utilized to
compare variables. A p-value <0.05 was considered statistically significant.

2.6. Method Validation

The method in the current investigation was validated according to ANSI/ASB stan-
dards [22] and other published method validation protocols [28,29]. Two different LC-
MS/MS methods were fully validated using the BNaF, urine, vitreous humor, and bile
samples before being employed in the current investigative analysis. Complete method
validation using blood and other specimens has been published previously [20,25]. Nega-
tive human postmortem specimens that were confirmed to be drug-free were utilized for
calibration and quality control. Over the 10-year study period, the method parameters were
re-optimized and re-validated when needed as part of the quality control and policy and
procedure protocol updates, as required by the JPCC. Calibration curves of the matrices
of interest were prepared for each new batch of samples according to the sample type
(each calibrator was run in duplicate). Linear dynamic range (LDR) was chosen as the
quantitative analysis method according to previous reports [20], using a 10-point calibration
curve (1000, 500, 250, 100, 50, 25, 10, 5, 1, and 0.5 ng/mL). For each matrix of interest, three
positive quality control (QC) standards were established at low, medium, and high analyte
concentrations (25 ng/mL, 100 ng/mL, and 800 ng/mL, respectively), which were analyzed
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on the same day, and this was repeated on five consecutive days (five replicates for each
concentration) to investigate the within-run and between-run precision.

Heroin biomarkers are not stable, which leads to a decrease in the concentration of
these biomarkers in tested specimens that are not stored properly; therefore, a sensitive
method is required to measure these biomarkers. The stability of these heroin biomarkers
is a well-known issue that must be considered during sample processing, namely, during
sample storage, preparation, and analysis in an autosampler. Therefore, all specimens
were immediately frozen, thawed before extraction, and then immediately refrozen after
sampling. The stability of these heroin biomarkers was investigated in an autosampler using
three controls that were previously used in precision studies, and they were reanalyzed
after 24 h, 48 h, and one week.

The most important feature of such analysis methods is to investigate the limit of detec-
tion (LOD) in the proposed matrix of interest and the workable lower limit of quantification
(LOQ) that can be utilized to quantify these unstable analytes at very low concentrations
(£1 ng/mL). Elevated morphine concentrations in urine and bile were used as the upper
limit of quantification (ULOQ) and assessed for all heroin-related analytes. The sen-
sitivity analysis was performed in accordance with the ANSI/ASB method validation
guidelines [22].

In each batch of samples, negative blank samples from different matrices were in-
cluded without any standards or internal standards. Negative blank samples with internal
standards were only used to investigate method selectivity, and negative blank samples
were run following the calibrator with the highest concentration to investigate any car-
ryover. Matrix effects were investigated using post-extraction addition as reported by
Matuszewski et al. [28]. Six different autopsy specimens were analyzed for each matrix
of interest using the optimized method. These matrices were negative, and three con-
centrations, such as those used for precision and accuracy studies, were analyzed (each
concentration was repeated five times). The same approach was used to calculate extraction
recoveries for these different matrix sources, while standards were added before extraction
and internal standards were added post-extraction for the recovery experiment. Matrix
effects were obtained by comparison with neat standards prepared in the initial mobile
phase, and the extraction recovery value was assessed via comparison with the matrix
effect results as described by Matuszewski et al. [28].

3. Results
3.1. Method Validation

The validated analysis method was acceptable (Table S1), and the sensitivity of the
proposed method for detecting incredibly low concentrations of heroin biomarkers and
higher concentrations of morphine in urine and bile had an LOQ of 1 ng/mL for all analytes.
As indicated in Table S1, the autosampler was set to 4 °C during the stability experiments,
which showed that the three controls were stable up to one week, with concentrations
of analytes of interest expressed as percentages to their target concentration, which were
within +10%. As most heroin users are known to be polydrug users, the ability of the
method to distinguish between analytes of interest and other co-ingested drugs is crucial,
especially when opioids with similar drug chemistry can be used. Peaks were not observed
in the chromatogram following the injection of blank samples alone, internal standards,
or standards of the analytes of interest. Similar results were obtained when only internal
standards were injected and no response to heroin biomarkers, morphine, or codeine was
observed. This confirmed that both the standards and the internal standards were pure.

Linearity was accepted, with coefficients of determination greater than 0.99 for 6-
MAM, 6-AC, morphine, and codeine in multiple body fluid samples. The LOD values
were estimated from ten different calibration curves and ranged between 0.2 and 0.4 ng/g,
while the LOQ was evaluated by spiking with 1 ng/mL of each analyte of interest, and
the results were calculated using freshly prepared calibration curves for all analytes of
interest in different matrices of interest. The precision, accuracy, dilution, and autosampler
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stability results were all within 15% of the nominal value, thus confirming that the method
is suitable for the quantification of target analytes in the matrices of interest. In addition,
carryover contamination from the previous positive control test was not detected.

3.2. Case Samples
3.2.1. Demographic Profile

The number of heroin-related deaths in the city of Jeddah within the study period rep-
resents 2% of the total number of postmortem cases received by the JPCC between 2008 and
2018 (Figure 1). Although the Jeddah population has increased in recent years, the number
of heroin-related fatalities has remained unchanged, with a median of 9 cases per year
(ranging 4-15 cases/year). Almost 70% of the heroin-related deaths occurred among Saudi
citizens, while 30% occurred among other nationalities. In addition, 64% of the deceased
were unemployed and supported by their families. As indicated in Figure 2 and Table S2,
the median BNaF morphine concentration was 282 ng/mL (n = 85; range, 23—4400 ng/mL);
the highest median BNaF morphine concentration occurred in 2012 (470 ng/mL), while the
lowest median concentration occurred in 2008 (141 ng/mL).

Mean = 2013.58
Std. Dev. = 3.262

2007

2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019

Year

Figure 1. The total number of heroin-related deaths cases over the 10-year period in Jeddah, Saudi
Arabia (2008-2018).

3.2.2. Age Groups and Analyte Concentrations

The mean age of the patients was 38 + 12 years (range, 16-70 years; males, 98%). The
21-30 age group had the highest number of deaths, with almost 33% of the total cases
(n = 32 cases), followed by the 3140 age group (n = 26 cases, 27%), while the 10-20 age
group had the lowest number of heroin-related death cases (n = 4 cases, 4%; Figure 3
and Table S3). Notably, a gradual increase in the median blood morphine concentration
occurred from the youngest to the oldest age groups, with a median of 190 ng/mL in the
10-20 group and 302 ng/mL in the 51-70 group. This was also observed for morphine in
the vitreous humor; in relation to age, the 6-MAM median concentration showed the same
trend as morphine. 6-MAM was not detected in 75% of the cases in the 10-20 year age
group, whereas it was present in 40% in the 61-70 year age group and at concentrations
(BNaF median, 21 ng/mL; vitreous humor median, 52 ng/mL). This can be understood
by the increase in tolerance that occurred as the duration of heroin addiction increased.
Therefore, 6-MAM was more likely to be detected in the older age groups than the younger
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age groups. In contrast, 6-MAM was higher in the biliary specimens of the youngest age
groups, as indicated in Figure 3.

Grand Median = 280.00

2008

H& |Hii

2009 2010 2011 2012 2013 2014 015 2016 2017 2018

Figure 2. Variation in median concentration of morphine in blood with sodium fluoride in heroin-
related deaths cases over a 10-year period. The horizontal boxes correspond to the median concentra-
tion ratio, and the box lengths correspond to the 25-75th percentile. The whiskers correspond to the
smallest and largest value within 1.5 times the interquartile range, and circles (outlier) symbolize
values exceeding at least 1.5 times the interquartile range and extremes (asterisks) correspond to
values exceeding at least 3.0 times the interquartile range.

In the current investigation, 6-AC was more likely to be detected in the middle-aged
groups and was detected in most urine samples in all age groups in this study. This finding
indicates that urine is the best choice matrix for 6-AC analysis in both antemortem and
postmortem samples [17,30,31]. In relation to age, the codeine concentration in the blood
was slightly higher in the older age groups.

3.2.3. PMI and Analyte Concentrations

The majority of cases had a PMI within 24 h (51% of total cases), which led to the
identification of both heroin biomarkers when the blood was fresh and putrefaction was
not observed. The median concentrations of 6-MAM and 6-AC in cases with a PMI within
24 h were 16 and 2 ng/mL, 22 and 3 ng/mlL, 324 and 35 ng/mL, and 12 and 4 ng/mL
in the BNaF, vitreous humor, urine, and bile samples, respectively (Table S4). 6-AC was
present in the blood at extremely low concentrations in cases where the PMI was less than
48 h, and no 6-AC was detected in any BNaF cases when the PMI was greater than 48 h,
although most cases were stored properly following death. In contrast, 6-AC was still
detected in the urine samples from all PMI groups (Figure 4). As expected, the median
morphine concentration in BNaF increased with longer PMlIs. The lowest median morphine
concentration (263 ng/mL) was observed at a PMI of 24 h, and the highest concentration
(380 ng/mL) was observed at a PMI ranging from 121-240 h (Figure S1).
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Figure 3. Variation of morphine concentration in the 97 heroin-related fatality cases according to
age group (a) blood with sodium fluoride (ng/mL), (b) urine (ng/mL), (¢) vitreous humor and
(d) bile. The whiskers correspond to the smallest and largest value within 1.5 times the interquartile
range, and circles (outlier) symbolize values exceeding at least 1.5 times the interquartile range and
extremes (asterisks) correspond to values exceeding at least 3.0 times the interquartile range (this
description is applied to the remaining box-plot figures).

In the current study, both biomarkers were detected in the vitreous humor in two
cases with a PMI longer than 10 days, whereas 6-MAM was negative in the BNaF samples,
which indicates that the role of PMIs on heroin biomarkers can be minimized if samples
are stored correctly following autopsy and if the vitreous humor is the sample of choice for
heroin-related fatality investigations. Figure S2 shows the distribution of 6-MAM in BNaF
and vitreous humor samples among PMI groups in the current study.

3.2.4. Mode of Death

In the current study, heroin alone contributed to death in 68% of the studied cases,
whereas intoxication with other co-ingested substances contributed to 32% (Table 2). A
higher median morphine concentration (310 ng/mL) was observed in the heroin-only
cause of death cases than in the polydrug intoxication group (250 ng/mL). The median
6-MAM concentration was similar between these two groups, whereas the median 6-AC
concentration in the heroin-alone cases was higher (2.5-fold) than that in the polydrug
intoxication group. No difference was observed between the codeine concentrations in the
two groups.
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Figure 4. Distribution of 6-AC in the 97 heroin-related fatality cases according to postmortem interval
time group (a) blood with sodium fluoride (ng/mL), (b) urine (ng/mL), (c) vitreous humor and (d)
bile. The whiskers correspond to the smallest and largest value within 1.5 times the interquartile
range, and circles (outlier) symbolize values exceeding at least 1.5 times the interquartile range and
extremes (asterisks) correspond to values exceeding at least 3.0 times the interquartile range (this
description is applied to the remaining box-plot figures).

Table 2. Heroin biomarkers, morphine, and codeine concentration in relation to cause of death in the
current study.

Cause of Deaths

Heroin Only Poly Drug Intoxication
Total case 66 31
number
N Med Min Max N Med Min Max
Specimens Analytes & ng/mL ng/mL
6-MAM 36 10 1 420 14 10 Tr 100
Blood with Sodium 6-AC 11 5 Tr 30 9 2 Tr 10
Fluoride Morphine 57 310 100 4400 27 250 23 670
Codeine 57 20 4 140 27 20 3 110
6-MAM 46 330 1 18,900 28 320 1 4600
. 6-AC 30 40 1 670 20 40 1 710
Urine
Morphine 46 1340 90 50,400 2 1850 10 20,400
Codeine 43 210 5 12,110 27 170 3 1210
6-MAM 45 30 1 240 25 20 1 210
. 6-AC 18 2 Tr 10 17 2 Tr 20
Vitreous Humor
Morphine 45 90 10 890 26 90 10 490
Codeine 44 10 3 140 25 10 1 70
6-MAM 9 10 1 160 8 10 2 40
. 6-AC 3 5 1 10 5 3 1 5
Bile
Morphine 18 2400 40 41,100 10 1700 300 4
Codeine 15 20 5 230 10 40 10 120

& Analytes: 6-monoacetylmorphine (6-MAM), 6-acetylcodeine (6-AC). N: number of cases; Med: Median;
Min: Minimum; Max: Maximum; Tr: Trace concentration.
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These findings indicate that the morphine concentration in heroin-related fatalities
showing the presence of other CNS drugs is often lower than that in heroin-alone cases. The
significant role of the PMI in cases of heroin metabolites is well known, and the tolerance
and health status of the deceased contribute to this finding. Similar trends were observed
among the various specimens, with slightly higher median concentrations in the urine
and bile. Moreover, a polydrug intoxication case showed a slightly higher morphine
concentration in the vitreous humor than that with heroin alone.

The most frequently detected drugs, regardless of the cause of death, were metham-
phetamine, cannabis, amphetamine, alprazolam, cocaine, and ethanol. Thirty-eight cases
only showed heroin metabolites. A higher median morphine concentration was measured
in only heroin cases compared to those in which heroin was the sole cause of death de-
spite the presence of another drug, such as amphetamine or cannabis (370 ng/mL vs.
310 ng/mL). Similarly, the median morphine concentration (312 ng/mL) decreased when
one extra drug was used, and it was further decreased (191 and 198 ng/mL) when two and
four extra drugs were co-ingested, respectively.

Notably, methamphetamine was co-ingested with heroin in twenty-three cases (BNaF
median morphine concentration, 284 ng/mL). The median morphine concentration for most
co-ingested drugs was often higher than 200 ng/mL. A reduction in the median morphine
concentration (BNaF, 154 ng/mL) occurred when heroin was used in combination with
cocaine.

3.2.5. Time Span between Heroin Intake and Death

In this study, 61% and 24% of the cases were rapid and delayed deaths, respectively,
and 15% had an undetermined time of death. This was either because of a lack of informa-
tion caused by the deceased dying without a witness or because the bodies were moved
after death to a deserted area where the bodies began to decompose and thus did not
show signs of heroin use, such as injection marks (Table 3 and Figure 5). In these cases,
both heroin biomarkers tested negative in the BNaF samples. Although a higher PMI was
detected in these cases, heroin biomarkers were detected in alternative body fluids, and all
urine samples tested positive for 6-MAM.

Table 3. Heroin biomarkers, morphine, and codeine concentration in relation to survival time
following heroin administered in the current study.

Survival Time

Rapid Deaths Delayed Death Unknown

Total
case 69 19 9
number

Speci Analytes # . . . . . . . . .

pecimens & N Median ~ Minimum Maximum N Median ~ Minimum Maximum N Median ~ Minimum Maximum

6-MAM 48 10 Tr 420 0 0

Blood with Sodium 6-AC 19 3 Tr* 30 0 0

Fluoride MOR 66 310 80.0 4400 14 210 23.0 715 4 317 310.0 439
COD 66 20 3.0 140 14 10 3.0 40 4 30 4.0 60
6-MAM 54 380 1.0 18,876 14 380 10.0 820 6 50 1.0 130

. 6-AC 37 40 1.0 710 12 10 1.0 320 0

Urine
MOR 54 2100 14.0 50,401 14 1300 244.0 11,100 6 550 120.0 11,700
COD 51 210 3.0 12,110 13 90 3.0 630 6 20 5.0 660
6-MAM 50 40 13 240 18 10 3.0 40 2 na. 1.0 13

Vitreous Humor 6-AC 25 3 Tr 20 9 1 Tr 14 1 na. 1.0 1
MOR 51 90 10.0 900 18 60 10.0 270 2 n.a 11.0 90
CcOD 50 10 1.0 140 17 10 3.0 70 2 n.a. 2.0 10
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Table 3. Cont.

Survival Time

Rapid Deaths Delayed Death Unknown
6-MAM 10 10 2.0 160 4 10 10.0 40 3 10 2.0 40
. 6-AC 4 2 Tr 5 3 5 4.0 10 1 n.a 1.0 1
Bile
MOR 17 2200 30.0 41,100 6 2800 40.0 9,400 4 1520 410.0 41,100
COD 16 30 5.0 190 5 40 Tr 230 4 40 10.0 170

& Analytes: 6-monoacetylmorphine (6-MAM), 6-acetylcodeine (6-AC); MOR: morphine; COD: codeine.
# N: number of cases; * Tr: Trace concentration.

This suggests that either the undetermined cases died immediately after heroin was
administered and the environmental surroundings allowed for the hydrolysis of 6-MAM
to morphine or that a delayed death occurred, which allowed morphine glucuronide to
deconjugate to free morphine due to the long PMI before sampling. In contrast, lower
median morphine concentrations were observed in the delayed death group (median
BNaF =210 ng/mL) than the rapid death group.

In all groups, the median morphine concentration was much lower in the vitreous
humor than the blood. This indicates that some of the heroin biomarkers were converted
to their metabolites in the blood but were stable in the vitreous humor after death. Never-
theless, the vitreous humor results should be interpreted with caution because a certain
amount of morphine is associated with accumulation from the use of old doses by chronic
heroin users. Interestingly, 6-MAM levels were higher for the rapid death cases (36 ng/mL)
than the delayed death cases (14 ng/mL) and undetermined death cases (7 ng/mL). This
can be explained by many factors, including the longer PMI in delayed deaths, putrefaction
effects, and body storage effects, especially when the time of death is unknown. These con-
ditions led to a decrease in the 6-MAM concentration in the vitreous humor. This highlights
the importance of testing the vitreous humor in cases of longer PMIs and negative 6-MAM
in the blood.

Morphine levels in bile were primarily detected in chronic heroin users, which limits
the use of these values in distinguishing between rapid and delayed deaths. 6-MAM in
bile was detected in 10 of 17 rapid deaths, 3 of 6 delayed deaths, and not detected of
4 undermined cases. Urine is most likely to be positive for heroin biomarkers and their
metabolites in these types of deaths. In this study, the free morphine concentration was
high for rapid deaths (2100 ng/mL) compared to that for delayed deaths (1300 ng/mL) and
undetermined cases (550 ng/mL). An almost 4-fold higher median concentration of 6-AC in
urine was observed for rapid death (40 ng/mL) compared with delayed death (10 ng/mL).
Moreover, the median codeine concentration was higher in the unknown group (30 ng/mL)
than in the rapid (20 ng/mL) and delayed groups (10 ng/mL). Codeine forms quickly
after heroin ingestion as a product of 6-AC degradation. Most codeine is metabolized to
codeine-6-glucuronide, while some is metabolized to morphine.

3.2.6. Manner of Death

In the current study, 76% of the total cases were ascribed to accidental death, and they
had a median age, median BNaF morphine concentration, and PMI of 38 years, 280 ng/mL,
and 24 h, respectively. Nevertheless, most heroin abusers in Saudi Arabia used drugs in
private or remote areas, such as deserted areas and open land outside the city. In the case
of overdoses, deceased bodies left behind without witnesses complicated the identification
of the mode of death, especially if the bodies were heavily putrefied.

Information about intentional overdoses was available for seven heroin-related fatali-
ties. Four of these individuals died at home, and two died outdoors while accompanied by
a friend. These cases had a median BNaF morphine concentration of 480 ng/mL, a PMI of
24 h, and an age of 48. The highest levels of vitreous humor and morphine were detected
in suicide cases (150 ng/m).
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Figure 5. Variation of median morphine concentration in the 97 heroin-related fatalities cases ac-
cording to survival time before death; (a) blood with sodium fluoride (ng/mL), (b) urine (ng/mL),
(c) vitreous humor and (d) bile. The whiskers correspond to the smallest and largest value within
1.5 times the interquartile range, and circles (outlier) symbolize values exceeding at least 1.5 times
the interquartile range and extremes (asterisks) correspond to values exceeding at least 3.0 times the
interquartile range (this description is applied to the remaining box-plot figures).

In five cases, the mode of death was identified as homicide, and they presented a
median BNaF morphine concentration of 180 ng/mL, a PMI of 24 h, and an age of 22.
Notably, most cases were discovered outdoors.

The data in Table 4 clearly show that heroin biomarkers were higher in suicides, which
had median concentrations of 210 ng/mL for 6-MAM. The role of multiple specimens was
crucial for the undetected modes of death because few blood specimens were available for
testing. The detection of heroin biomarkers facilitates the source of opioid identification
and survival time. In some cases, although syringes and heroin bags were found at the
scene, the blood samples were negative for heroin biomarkers. No difference in codeine
concentrations was observed according to the mode of death. The manner of deaths was
not determined in the last 11 cases.
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3.2.7. Route of Administration

Table 5 demonstrates that heroin injection was the main route of administration in the
current investigation, followed by sniffing. The route of administration was unknown in
16 of cases, with most involving decomposed bodies. Syringes were found at the scene in
36% of the studied cases. Needle marks were identified in 65% of the total cases, whereas
heroin powder was found in 18% of the total cases. Heroin was sniffed in only 9% of cases,
which indicates that injection is the main route of heroin administration in Saudi Arabia.

Table 5. Comparison of different routes of administration on heroin biomarkers, morphine, and
codeine concentrations in the 97 heroin-related fatalities cases in Jeddah, Saudi Arabia between
2008-2018.

Route of Administration

Injection Sniffing Unknown
Total Case Number 72 9 16
Specimens Analytes & N#  Median Minimum Maximum N Median ~ Minimum Maximum N Median ~ Minimum Maximum
6-MAM 41 10 1.0 420 5 4 Tr 10 4 5 1.3 20
Blood with 6-Ac 17 4 Tr* 30 3 3 Tr 10 0
cum Fluori
Sodium Fluoride ™) hine 63 310 200 4400 8 150 75.0 360 13 220 120.0 720
Codeine 63 20 3.0 140 8 10 3.0 40 13 20 10.0 70
6-MAM 53 470 1.0 18,900 9 280 20.0 480 12 75 1.0 2520
Uri 6-Ac 36 40 1.0 710 7 20 1.0 40 7 10 1.0 250
rine
Morphine 53 2650 10.0 50,400 9 1330 20.0 11,700 12 310 90.0 5350
Codeine 52 220 3.0 12,110 7 140 3.0 660 11 20 5.0 1210
6-MAM 53 25 3.0 240 9 20 34 125 8 30 1.0 80
6-Ac 27 2 Tr 20 6 4 1.0 20 2 10 1.0 10
Vitreous Humor _
Morphine 53 90 10.0 890 9 90 10.0 260 9 120 11.0 300
Codeine 52 10 1.0 140 9 10 3.0 20 8 10 200 30
6-MAM 8 10 2.0 40 6 10 10.0 40 3 10 1.0 160
. 6-Ac 2 3 1.0 5 5 4 1.0 10 1 1 1.0 1
Bile
Morphine 16 1590 130.0 41,100 6 4180 1510.0 9440 6 1060 40.0 403400
Codeine 15 30 5.0 170 6 50 20.0 230 4 20 10 190

& Analytes: 6-monoacetylmorphine (6-MAM), 6-acetylcodeine (6-AC); MOR: morphine; COD: codeine. # N:
number of cases; * Tr: Trace concentration.

Table 6 indicates that the median morphine BNaF concentration when the drug was
administered via injection was 300 ng/mL, followed by sniffing at 150 ng/mL and an
unknown route of administration at 220 ng/mL (Table 5). The highest BNaF morphine
concentrations (340 ng/mL and 310 ng/mL) were observed when heroin powder and
syringes were found near the deceased, respectively. In cases where both syringes and
heroin powder were discovered, the median BNaF morphine concentration was 400 ng/mL.
No differences were observed in the median vitreous humor concentration among the three
routes of administration, with a median of 90-120 ng/mL in all groups. The heroin powder
group showed a slightly higher morphine vitreous humor concentration, followed by cases
with syringes and heroin bags at 160 ng/mL and 140 ng/mL, respectively (Table S5). In
contrast, the median urine morphine concentration was higher in cases of injected heroin
(2400 ng/mL) than in the sniffing heroin group (1400 ng/mL). The median bile morphine
concentration was almost double in the sniffing group (4200 ng/mL) than in the injection
group (1600 ng/mL).
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3.2.8. Location of Deaths and Putrefaction

Most heroin deaths occurred in outdoor environments (63%), with a median PMI of
48 h, whereas 37% of the patients died in a private home (Table 6), with a median PMI
of 24 h. A higher median BNaF morphine level was observed in those who died indoors
(320 ng/mL) than outdoors (240 ng/mL), while the level in vitreous humor was similar
(100 ng/mL vs. 80 ng/mL, respectively). In contrast, the median urine and bile morphine
concentrations were two- and three-fold higher among those who died outdoors than
indoors, respectively.

It has been mentioned that the weather in Saudi Arabia is extremely hot most of the
year, and the weather in Jeddah is known to be highly humid. Accordingly, it is well-known
that putrefaction and postmortem changes would begin a few hours following death if
bodies were not stored appropriately [32,33]. In cases in which heroin was injected and
the person dies alone in a closed indoor area, putrefaction will occur faster owing to the
combination of hot weather and high humidity in Jeddah city. Considering that most of the
deceased die indoors and are discovered in a closed toilet, garage, or hidden area at home,
such as the roof, this could facilitate postmortem changes, especially when deaths occur
at night with no witnesses. In contrast, a deceased body on the street (outdoor) would be
easily discovered unless it was moved to an empty or deserted area.

In 63 out of 97 cases (65%), police and forensic pathologist reports indicated that
no witnesses observed the final moments before death (Table S5). Nine patients (11%)
were transferred to the hospital; however, most patients died either at the scene before
transfer to the hospital or during transfer to the hospital. Identifying the mode of death was
difficult due to a lack of information and heavy decomposition of the bodies, especially for
those who died outdoors, in the desert, under construction bridges, or in old buildings. In
8 of the 97 cases, the manner of death was unknown due to putrefaction, and these cases
presented a median BNaF morphine concentration of 380 ng/mL, a PMI of 230 h, and an
age of 40. High morphine concentrations can be explained by the administration of a high
dose or due to postmortem changes after death that cause the conversion of 6-MAM and
morphine conjugates to free morphine.

In this study, higher BNaF morphine concentrations were measured in patients whose
deaths were pronounced at hospitals (n = 9 cases, 450 ng/mL), followed by those found in
the street (n =9 cases, 335 ng/mL), under bridges (n = 11 cases, 262 ng/mL), in cars (n =17,
240 ng/mL), in rental flats or hotel rooms (n =7, 237 ng/mL), and in deserted areas (n = 8
cases, 170 ng/mL). PMI, environmental conditions (location of death and weather), and
patient tolerance have major effects on the detection of heroin biomarkers and metabolites.
The patients who died at the hospital had a lower PMI, and their deaths were caused by an
overdose of heroin alone. In contrast, among individuals who died under bridges, most
cases showed putrefaction, and 6 out of 10 cases were polydrug intoxication cases. Notably,
a high number of deaths occurred in cars, with 13 out of 17 cases of polydrug intoxication
having a relatively low PMI (median 24 h) and 6 cases exhibiting signs of putrefaction, with
two heavily putrefied. Vitreous humor and urine were available in 13 and 12 of these cases,
respectively, and 6-MAM and 6-AC were detected in 6 and 9 cases, respectively. Only one
case was positive for both heroin biomarkers in bile. A higher median of BNaF morphine
was observed compared to vitreous humor (60 ng/mL), which suggested a shorter survival
time. This was supported by the lower urine morphine concentration (860 ng/mL) and
highest bile morphine concentration (9800 ng/mL), suggesting a chronic heroin user.

Twenty-one cases showed signs of putrefaction (Table 6), 60% showed partial purifica-
tion, and 8 out of 21 putrefied cases showed heavy decomposition. There was no difference
in age between the two groups; however, the PMIs were higher in the heavily putrefied
group (heavy putrefaction: 228 h; partial putrefaction: 96 h; Table 6). 6-MAM was detected
in BNaF in two cases in each group. The advantages of testing alternative specimens in
determining the source of opioids have been clearly observed in these putrefaction cases
because most of the alternative samples, namely urine, vitreous humor, and bile, were
positive for 6-MAM. A few cases that showed partial putrefaction tested positive for 6-AC.
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3.2.9. Seasonal Distribution

The seasonal distribution of heroin-related fatalities is presented in Table S6 and Figure
53. The highest proportion occurred in spring (29%), followed by summer (28%), winter
(27%), and autumn (16%). The highest mortality rate occurred in July (12%), followed by
April (11%). The lowest proportion of heroin fatalities (4 %) occurred in October.

3.2.10. Multiple Specimens

The median morphine concentrations in the BNaF, urine, vitreous humor, and bile
samples were 280, 1400, 90, and 2200 ng/mL, respectively. Among the available BNaF,
urine, vitreous humor, and bile specimens, 6-MAM was detected in 60%, 100%, 99%, and
59%, while 6-AC was detected in 24%, 68%, 50%, and 30%, respectively. The presence of
sodium fluoride in the blood test tube as a preservative prevented 6-MAM from converting
to morphine in most cases. Additionally, the availability of urine, bile, and vitreous humor
samples provides valuable information on the opioids that have been administered. The
median free morphine concentration ratios among the vitreous humor/BNaF, urine/BNaF,
and bile/BNaF were 0.37-fold (n = 63), 5.6-fold (n = 64), and 7.3-fold (n = 23), respectively.
In addition, free morphine/free codeine were always higher than 1, with median ratios
of 13-fold (n = 84), 13-fold (n = 70), 6-fold (n = 68), and 85-fold (n = 25) for BNaF, urine,
vitreous humor, and bile, respectively.

The Spearman correlation coefficient (R) was used to establish the relationship between
heroin biomarkers, morphine, and codeine concentrations in various body fluids (Table S7).
6-MAM in BNaF exhibited a strong positive correlation with the analytes of interest in both
the urine and vitreous humor, except for 6-MAM in BNaF vs. 6-AC in the vitreous humor.
In contrast, the correlation between 6-MAM in BNaF and analytes of interest in bile was
weakly positive for 6-MAM, 6-AC, and codeine but negative for morphine (non-significant
p-values higher than 0.5). The correlation between the 6-AC concentration obtained from
multiple biological fluids was always poor and not statistically significant, and it was not
calculated for bile due to the lack of positive samples. A negative correlation was observed
between 6-AC and morphine in bile and analytes of interest in the BNaF, urine, and vitreous
humor samples, as shown in Table S7. The poor correlation between 6-AC in the different
specimens could be explained by the low concentrations, small sample size, and instability
of 6-AC in biological specimens. The 6-AC concentrations in BNaF were not significantly
correlated with the analytes of interest in the urine and bile, while a significant correlation
was obtained with the analytes of interest in the vitreous humor.

Good correlations were obtained between the analytes of interest detected in BNaF vs.
vitreous humor, BNAF vs. urine, and vitreous humor vs. urine. The level of 6-AC seemed
to be higher in the vitreous humor than the blood, which can directly reflect the anatomical
location of the vitreous humor; thus, 6-AC in the vitreous humor is more stable and has a
longer half-life before conversion to codeine than that in blood samples.

The bile samples showed the lowest positive results for 6-AC (eight cases) compared
to 6-MAM. The 6-MAM was detected in 16 of the 27 bile samples tested in this study.
Although the correlation between heroin-related compounds in BNaF and bile was weak,
the correlation between these analytes in bile and their corresponding specimens in vitreous
humor and urine was strong, except for the 6-AC concentration.

4. Discussion
4.1. History of Heroin Abuse

In the literature, few studies have detailed the relationship between addiction and
morphine concentration. Steentoft et al. reported 245 heroin-related deaths, and all of these
cases were from known heroin abusers with the exception of 13 cases [34]. Elfawal pointed
out the lack of history of drug abuse in opiate overdose cases in the eastern region of Saudi
Arabia [14]. In the current study, a history of heroin abuse was observed in only 24% of all
cases. This indicates an improvement in healthcare reporting regarding postmortem drug
abuse in Saudi Arabia, considering that the Elfawal study was conducted in 1999 [14].
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4.2. Age Group and Analyte Concentrations

Heroin users often die young because of polydrug intoxication [35], and most of the
deceased are male. Previous reports showed that middle-aged groups and individuals
from 2140 were most likely to be at risk of heroin intoxication, which was demonstrated
in the current study based on this group accounting for 60% of the total cases. In one study
from Jordan, the mean age of five cases of heroin-related death was 33 [36]. In the eastern
region of Saudi Arabia, Elfawal reported that almost 60% of drug-related deaths occurred in
individuals aged 20-29 years old [14]. A study from Iran reported that 34% of opioid-related
fatalities occurred in individuals aged 20-29 years [37]. In Victoria, Australia, the median
ages of opioid-related fatalities were 30 and 29 for males and females, respectively [38].
In Sweden, the median age of heroin-related deaths ranges from 34 to 35 in two different
studies [2,39]. An older mean age of 47 has been reported for Minneapolis, MA, USA [40]

Jones and Ahlner studied 766 postmortem heroin-related deaths and 124 traffic ante-
mortem cases related to heroin use and found no correlation between the concentration
of free morphine and the age of heroin users (r = 009, p > 0.05) [2]. These findings were
consistent with those reported by Darke et al. [41]. It is believed that older heroin users
likely received higher doses, developed tolerance, and were less likely to change their drug
use practices. In the present study, a higher median morphine concentration in the blood
was observed in individuals older than 40 compared to those younger than 40, which may
be related to the increased tolerance to heroin in long-term abuse cases. A higher 6-MAM
level was detected in the blood of the older age group (the highest 6-MAM median blood
concentration (250 ng/mL) was found in the 61-70-year age group), while 6-AC was found
at low concentrations in all age groups.

The level of codeine was low in all age groups (median, 20-35 ng/mL), which could be
explained by the fact that 6-AC is metabolized to codeine and codeine-6-glucuronide (C6G)
faster than to other compounds. A recently published study demonstrated that C6G was
not detected in blood samples obtained from authentic postmortem cases following heroin
intake, while codeine was [42]. In another study, codeine was always higher than C6G in
autopsy blood samples from heroin- and codeine-related fatalities [19]. Thus, reporting the
free codeine concentrations in the blood is accurate and less laborious. In contrast, C6G was
frequently present at a much higher concentration than codeine in many cases attributed to
codeine intoxication [43].

4.3. PMI and Analytes Concentration

Skopp concluded that the PMI competes with the postmortem redistribution phe-
nomenon (PMR) [44], and they indicated that postmortem changes that occur between
death and the discovery of the body include degradation and the formation of drugs or new
products. These changes may occur before autopsy and during sample transfer and storage,
which is consistent with the many cases of ethanol synthesis after death, for example.
Changes that occur during the PMI period and the stability of heroin biomarkers have been
well addressed in the literature and can be investigated by assessing the conditions sur-
rounding the cases under investigation, such as the condition of the body after putrefaction
has started. A longer PMI can decrease and increase the amounts of heroin biomarkers
and their metabolites, respectively, and the presence of these heroin biomarkers cannot be
detected with a longer PMI. However, Gerostamoulos and Drummer [45] investigated the
influence of PMR on heroin-related fatalities (n = 40, mean PMI = 59 h) and did not observe
significant changes in morphine and its metabolite concentrations between antemortem and
postmortem samples. This observation was supported by the work of Logan and Smirnow,
who also found no significant difference in free morphine concentrations obtained from
different anatomical sites (n = 32 cases) [46]. In 19 cases related to codeine intoxication,
they found that the PMI did not have a significant effect on the production, formation, or
redistribution of codeine-related metabolites, including morphine and its metabolites [43].

Fugelstad et al. studied the effects of postmortem changes on heroin-related fatalities
and concluded that the concentration detected at autopsy was the same as that at the time
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of death [39]. In contrast, Sawyer and Forney studied the effect of different PMIs on the
concentration of morphine in rats and found that the morphine metabolites increased
by almost 300% [47]. This increase may be due to the fast release of fluids from tissues
following death in small animals, which leads to increased morphine concentrations in
postmortem body fluids [45,46]. Although morphine concentrations differed depending
on the site of collection, such as cardiac blood and femoral blood, this can be due to the
incomplete distribution of the drug after death and mostly represents anatomical site-to-site
differences, which should be considered when interpreting heroin-related fatalities [4,45,48].

PMR has been debated scientifically, especially for postmortem blood morphine con-
centrations following heroin-related deaths. Maskell et al. suggested the use of vitreous
fluid to verify heroin use because minimal morphine change was detected in their study [49].
An increase in free morphine after death can be expected due to the conversion of 6-MAM
to morphine; in some cases, morphine-conjugated degradation can be expected, especially
during the PMI period [2,50,51]. Including multiple specimens is crucial for identifying
the source of the opiates used. In the case of vitreous humor, this study showed that
6-MAM is higher than BNaF in this fluid and free morphine is lower than BNaF. Similar
observations were reported by Scott and Oliver [52] and Rees et al. [51]. Different results
have been obtained for urine samples because low free morphine concentrations should be
expected due to morphine-conjugated formation before excretion into urine [53,54]. Heroin
biomarkers were more stable in vitreous fluid than in blood [55], which is supported by the
detection of high 6-MAM in vitreous humor in cases with a longer PMI, whereas 6-MAM
was negative or found at a low level in BNaF samples. The probability of obtaining a
vitreous humor specimen for testing decreases with an increase in the time between death
and body discovery. In addition, longer PMIs decreased the likelihood of obtaining such
specimens unless the body was stored properly immediately after death [33]. The combina-
tion of BNaF and vitreous fluids or BNaF and urine analysis are crucial tools for identifying
the source of morphine in postmortem cases with a PMI greater than 48 h. Bile is a unique
matrix for assessing the chronic use of drugs [20], and it was tested in only 27 cases in
the current investigation. Interestingly, both heroin biomarkers were detected in all PMI
period groups; however, due to the small sample size in the long PMI groups, we could
not examine the correlation between BNaF and bile when assessing heroin-related deaths.
However, the presence of heroin biomarkers might be a potential indicator of a recent,
rapid overdose of heroin, regardless of the PMI period after death. Codeine is formed by
6-AC degradation, and most of the 6-AC is completely converted to codeine following
injection [2]. The highest median codeine concentration in the current study was observed
with a PMI of 73-120 h after death (BNaF: 50 ng/mL, vitreous humor: 20 ng/mL).

4.4. Mode of Death

The use of blood-free morphine/total morphine ratios in the blood to identify the
cause and mode of death has been reported [18,42]. However, this approach always
involves certain issues. For example, morphine3-glucuronide and morphine-6-gluccronide
are known to be unequal in terms of production and potency, and sample preparation
using different hydrolysis procedures (acidic or enzymatic) seems to differ depending
on the individual laboratory setting. The stability of morphine conjugates is affected by
the phenomena of redistribution following death and enterohepatic recirculation. The
total morphine content can be affected by the accumulation of morphine from previous
injections. Therefore, free morphine is more important than total morphine for determining
the blood concentrations of heroin-related fatalities [2,20,56].

Jones and Ahlner found no differences in the median blood morphine concentration
between intoxication with polydrug and heroin-only [2]. Meissner et al. found that the
median free morphine concentration was higher in polydrug intoxication than in heroin
intoxication alone (232 ng/mL vs. 170 ng/mL, respectively) [57]. Al-Asmari reported that
the median free morphine in heroin-only intoxication cases was marginally higher than
that of multiple drug intoxication cases (152 vs. 108 ng/mL, respectively) [20].

100



Toxics 2023, 11,248

This study is consistent with a previous investigation that found lower morphine con-
centrations when cocaine was co-administered [58]. The low free morphine concentration
in blood in polydrug intoxication cases is consistent with a previous investigation that sug-
gested that the possibility of overdose was potentially increased with the presence of other
CNS drugs, even with low free morphine concentrations, due to the cumulative effects of
these drugs, including heroin [59]. In contrast, in the presence of both cocaine and heroin, a
higher free morphine concentration was obtained because both drugs are metabolized by
carboxylesterases [58], which may inhibit the formation of morphine conjugates [19].

In this study, few case were positive for heroin and ethanol, where ethanol was
attributed to antemortem ethanol ingestion. Moreover, the few cases may have been related
to the low sample size of heroin users and the prohibition on ethanol intake by law in Saudi
Arabia due to religious reasons [11,60]. In contrast, 28% and 13% of heroin cases showed
co-ingestion of cannabinoids and amphetamine, respectively, which are more popular
drugs in this region [25]; however, these drugs rarely contribute to death [61-63]. 6-MAM
was detected in BNaF in most cases that tested positive for antemortem ethanol, which is
consistent with the results of previous investigations [19].

Notably, Figure 2 shows the median concentration of morphine per year. In 2018,
there were more cases but much lower concentrations than in 2014. The highest morphine
concentration was observed in the current study despite having the fewest cases, and this
can be interpreted as follows. In 2014, most cases involved mono-heroin intoxication, and
almost 60% of cases were putrefied, which explains the high concentration of BNaF. In
contrast, cases in 2018 comprised polydrug intoxication, including methamphetamine,
cocaine, and tramadol, and only 20% of cases presented with slight putrefaction. In this
project, a shift from mono-intoxication to intoxication from 2008, when this project was
started, to a poly-drug intoxication trend at the end of this report in 2018, was observed.

In 2018, alprazolam was detected in 4 out of 15 cases; most of these cases involved
polydrug intoxication, including methamphetamine, cocaine, and tramadol. In Saudi
Arabia, alprazolam is a controlled drug, although the alprazolam supply has increased
in illegal markets, which explains this increase. A similar trend has been observed with
methamphetamine-related postmortem deaths in Jeddah, Saudi Arabia, in the same pe-
riod [64]. Abuse of alprazolam and heroin has been previously reported, which reflects
a high number of prescriptions or supplies from the illegal market [65]. In addition, few
deaths related to alprazolam have been reported in the literature; however, intoxication
cases with alprazolam and other drugs, especially cocaine, have been reported [66].

4.5. Time Span between Heroin Intake and Death

Consistent with previous reports, deaths following heroin intake can be divided into
three types: rapid and delayed deaths, and undetermined survival times [2,3,51]. Rapid
deaths can be identified by the detection of 6-MAM in blood samples, fresh needle marks,
and the presence of syringes attached to the deceased body or nearby [3,42,59]. In addition,
valuable information on the last moment before death can be obtained from family, friends,
or witnesses [13]. Negative blood samples for 6-MAM may indicate a longer time between
death and heroin administration (delayed death), which is supported by the detection of
6-MAM in other specimens, such as vitreous humor, urine, and bile [20,67]. Rapid deaths
were expected to occur within <3 h after administration based on the detectable 6-MAM in
blood, while delayed deaths occurred >3 h after administration based on the absence of
6-MAM in blood but presence in other specimens [3,51,68,69].

Goldberger et al. reported similar findings to the current study and showed that
a higher median free morphine concentration occurred for rapid deaths (1420 ng/mL)
compared to delayed deaths (250 ng/mL), while the median morphine for undetermined
survival time after ingestion (610 ng/mL) was higher than that for delayed deaths [70].
Recently, Jakobsson et al. reported on 35 acute heroin-related deaths and found that the
median free morphine concentration was 350 ng/mL for rapid deaths and 130 ng/mL for
delayed deaths, respectively. The authors suggested that this discrepancy can be ascribed
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to a high heroin dose in rapid deaths [42]. This hypothesis is supported by the results
from the current study and a previous investigation by Dark et al., who found that the
median free morphine in rapid heroin death cases (260 ng/mL) was double that of delayed
death cases (120 ng/mL) [58]. In addition, in some undetermined cases, the bodies were
discovered many days after death, which increased the time between death and analysis.
Such extended time periods were sufficient to convert 6-MAM and morphine conjugates to
free morphine, which led to increased morphine concentrations in the blood. In contrast, in
cases of delayed death, a considerable amount of morphine was eliminated before death,
which resulted in low morphine concentrations [3].

The concentration of morphine in the vitreous humor is often lower than that in
the blood. However, this concentration was found to be dependent on the survival time
following heroin administration.

The use of the bile free morphine concentration to distinguish between rapid and
delayed deaths has received little attention, and in most cases, the total morphine content
has been reported. The total morphine concentration is significantly higher with delayed
deaths, which indicates that the deceased is heroin-dependent and has received high doses
of heroin [70]. The same observation was obtained in the current study, in which the bile
free morphine concentration was higher in delayed death cases (2800 ng/mL) than in rapid
(2200 ng/mL) and undetermined cases (1400 ng/mL). A similar finding has been reported
regarding the role of urinalysis in cases of heroin-related deaths, with negative morphine
or low concentrations used as an indicator of recent or naive heroin use [71].

4.6. Manner of Death

In general, heroin-related deaths are most likely to occur due to accidental over-
doses, although suicidal or homicidal modes of death have also been reported in the
literature [13,69]. Abiragi et al. stated that identifying the mode of death in these cases is
complicated if a relevant history of drug addiction and information on the last moment
before death obtained from family or friends are not available at autopsy and in related
toxicology reports [13]. One common finding was the lack of available information for
individuals who were found dead without witnesses to the last moments before death.
Gerostamoulos et al. [38] studied 434 heroin-related deaths in Victoria and found that 67%
of these cases were found to be deceased, and 59% of the cases died alone. In that report,
ambulances were called for 72% of the heroin-related deaths. Thaulow et al. studied 51
heroin-related deaths, and 64% of cases were found dead alone [3].

Depression is an indicator associated with heroin abuse, and it has led to an increase
in violence-related deaths among heroin users [41,72]. Darke and Ross reported that the
suicidal manner of heroin-related deaths ranges from 3% to—35% and suggested that heroin
users are more prone to die by suicide at a rate 14-times higher than that of non-heroin
users [72].

Opioids, such as heroin, are sedative drugs that are rarely associated with
violence [72-74]. In cases where violence was attributed to heroin, it was considered
indirect and not related to the effect of heroin ingestion; for example, it can arise from
actions performed to obtain money for purchasing drugs [74]. A direct effect of heroin on
homicide can be expected in the case of injecting or spiking heroin to sedate a victim be-
cause the dose may be higher than the victim can tolerate, or the user may be naive [74-76].
In addition, homicide deaths can occur between drug dealers, and violence also occurs
between dealers and users [13,35,74]. Suicide-associated heroin deaths are underreported
because it is difficult to differentiate between suicidal and accidental deaths based on the
lack of necessary information from family and friends who may have witnessed the last
moments of the deceased’s life [13,72].

The median morphine concentration reported in this study was considered higher
in cases of suicide-related deaths compared to those of accidental intoxication, which is
consistent with the study by Darke et al. [41]. In most suicide cases, the method was a
heroin overdose; deaths occurred in closed areas (home or prison); the deceased were

102



Toxics 2023, 11,248

male; and unemployment was a factor, which is consistent with prior investigations [72].
Moreover, the long history of heroin abuse reported in these cases may have increased the
risk of depression, which led to suicidal thoughts. The highest morphine concentration
reported in this study was for the suicide cases, which was consistent with the high blood
morphine concentration (>1000 ng/mL) reported in a suicide case [41]. In another study
that reported on two suicides by heroin injection, the blood morphine concentration was
630-640 ng/mL [77].

Heroin overdose as a means of homicide has been reported, and the percentages of
heroin-related homicide have varied between studies. For example, in a study by Den-
ninng et al., almost 20% of cases were reported to be homicides by drug overdose [78].
In other reports, >50% of homicide cases were due to the use of heroin as a means
of intoxication [72,79-81]. In the current report, homicides were more frequent among
younger users (median age: 22), while suicides were more frequent in older users (me-
dian age: 48), which is consistent with a previous report by Lee et al. [35]. Homicides
cases frequently involved multiple drugs, and in the current study, all homicides cases
were positive for cannabis, cocaine, tramadol, and alprazolam which is consistent with
the findings of Lee et al. [35]. In contrast, suicide-related heroin cases mostly involve
heroin alone. The most common cause of death is old age, which frequently involves other
diseases due to prolonged heroin use, such as HIV and hepatitis, bronchopneumonia/acute
pneumonia, cardiac problems, and a history of mental health problems [82,83]. Owing to
the above-mentioned lack of drug abuse history and dying in deserted areas, which leads
to putrefaction, an undetermined manner of death was recorded in 11% of the current cases.
The manner of death in these cases was unknown due to a lack of information, and recent
injection markers could not be found. Moreover, identifying the last injection site was
difficult because most heroin addicts inject many times a day and most of the bodies were
heavily decomposed. 6-MAM was only detected in blood samples from two of these cases.

4.7. Route of Administration

Our findings were consistent with the study by Thiblin et al. (median BNaF for in-
jection = 230 ng/mL, non-injection = 100 ng/mL, and unknown routes of administration
= 180 ng/mL) [84]. A higher median morphine concentration is often associated with
heroin injection compared to non-injection routes. Consistent with the current investi-
gation, Hadidi et al. concluded that the main route of heroin administration in Jorden
was injection [36]. Crandall et al. [85] observed recent needle puncture marks in 77% of
opioid overdose deaths, whereas drugs were found nearby in 51% of deaths. Darke and
Duflou [58] reported that 44% of their cases died immediately, and needles or tourniquets
were still attached to the bodies. In that study, 13% of the patients were transferred to the
hospital. Thaulow et al. studied 51 heroin-related deaths, and syringes were discovered
nearby the bodies in 16 out of 51 cases, with nine and seven classified as rapid and delayed
deaths, respectively [3]. In a study from Thailand, needle puncture marks were observed
in only 35% of deceased patients [86].

In the current study, no differences were observed in the median vitreous humor
concentration among the three routes of administration. The most useful information
obtained by measuring vitreous humor is the source of opiates administered when 6-MAM
is detected in this matrix [4]. In contrast, Thaulow et al. [3] stated that the interpretation
of the vitreous humor concentration of morphine can be complicated by many factors
that make its use in postmortem investigations less suitable. One of the most obvious is
the accumulation of morphine from a previous injection, especially for chronic users. In
addition, it seems that the transport of morphine from the blood to the vitreous humor is
slower, and a lag in distribution between these two matrices was reported [51]. Therefore,
the use of morphine/codeine ratios to assess the source of opiates administered is not
recommended. In the same report, using vitreous humor results, two cases were classified
as codeine use if no 6-MAM was detected in the vitreous humor [3]. This is also complicated
because the use of prescribed opiates and heroin together can increase this ratio and lead to
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misleading results. Therefore, no differences between different routes of administration
can be expected due to the aforementioned factors. Darke and Ross reported a comparison
between injection and non-injection in fetal heroin overdose cases. They found that a
lack of differences between these two routes of administration and deaths due to heroin
is not restricted to the injection of heroin and non-injection routes, along with the same
heroin-overdose threat observed [87].

In a study by Fugelstad et al. [39], patients tested positive for HIV and hepatitis in
7.3% and 88% of cases, respectively. In a study from Victoria, 61% of the total cases tested
positive for hepatitis, and only two cases were positive for HIV [38]. In another study, 50%
of heroin-related deaths tested positive for hepatitis, and HIV was detected in 2% of the
total cases [88].

It has been widely reported that heroin addiction is one of the main causes of HIV, and
therefore, we believe that it is important to discuss the number of individuals who died
from HIV. As the discussion here pertains to an epidemiological investigation in certain
parts of the world for the first time, this piece of information is important. However, one
of the limitations of this study is that the infectious disease history was not detailed in all
cases. HIV and hepatitis were reported in fewer than 1% and 3% of total cases, respectively,
which may indicate that sharing needles is not a common practice or that HIV deaths
related to heroin addiction are under-reported in Saudi Arabia, considering that deaths
due to infectious diseases are not usually subjected to postmortem analysis.

4.8. Location of Deaths and Putrefaction

The location where the bodies were found following a drug overdose is an important
factor when interpreting the cause and manner of death. The impacts of ecological condi-
tions, such as temperature and humidity, and location, such as indoor and outdoor places,
on the analytes of interest in the postmortem samples were investigated. Few studies have
discussed the location of heroin-related deaths. Fugelstad et al. [39] found that one-third of
their cases occurred in private homes, almost 60% died alone with no witnesses, and only
9% were witnessed by others. In addition, Gerostamoulos et al. reported 434 heroin-related
deaths in Victoria and showed that 60% occurred in the home [38]. In a study from Thailand,
40% and 24% of heroin-related deaths occurred in homes and hotels, respectively [86]. The
risk of overdose increases when heroin is administered in public locations because the
heroin users may inject the drug rapidly to avoid being noticed [88].

In previous studies, although putrefaction was reported, limited information regarding
heroin-related metabolites was available. In the study by Crandall et al., putrefaction was
observed in 12% of heroin-related deaths [85]. Crump et al. found that putrefaction
degradation products did not interfere with morphine and codeine analyses [89]. Soravisut
et al. concluded that morphine was detected in 50% of decomposed bodies in alternative
specimens, such as liver tissues [86]. Reisinger et al. [90] compared oral cavity specimens
with blood, urine, and bile specimens in cases of heroin-related fatalities. Some of these
cases were partially or heavily decomposed (PMI 2-10 days). In their study, 6-MAM was
found in the blood or urine of putrefied cases in 6 of 11 cases, which is consistent with the
current investigation.

4.9. Seasonal Distribution

The impact of seasonal variation on heroin biomarkers and their metabolite analysis is
believed to be a crucial factor underlying heroin-related deaths, especially in countries such
as Saudi Arabia, where hot weather is more dominant. Kringsholm et al. [91] reported 205
heroin deaths and found that seasonal variations were not significant in most of the tested
specimens. However, the weather in Denmark is cold [91] compared to that of Saudi Arabia.
The detection of 6-MAM and 6-AC in bile seems to be seasonally dependent, despite the
low sample size for bile, and the most frequent detections of these metabolites occurred
in January and February. This can be attributed to stability issues for heroin biomarkers
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during the winter in Saudi Arabia. Soravisut et al. studied 142 opiate-related fatalities and
found that the highest number of overdose deaths occurred in May [86].

4.10. Multiple Specimens

In forensic postmortem procedures, the ratio of morphine to codeine is of paramount
importance in differentiating the source of opioid ingestion. A morphine-to-codeine ratio
of less than one is considered an indicator of the intake of medicine containing codeine,
while a morphine-to-codeine ratio of more than one is related to the use of heroin [3,51,92].
The interpretation of morphine/codeine ratios in the blood becomes difficult if morphine
and heroin are administered. It is recommended to use these ratios in cases where no
6-MAM is detected; moreover, heroin intake can be confirmed if this ratio is higher than
one and supported by information from the scene and autopsy findings [3,51]. Berg-
Pedersen et al. studied the codeine/morphine ratio under different storage conditions
and found that codeine and its glucuronide are more stable than morphine and its glu-
curonide in antemortem and postmortem cases [93]. Skopp et al. found that morphine
conjugates were stable in the blood if they were subjected to proper storage at —20 °C;
however, increases in morphine were observed with heroin and codeine intoxication [94].
Morphine-3-glucuronide and morphine-6-glucuronide are cleavage products of morphine,
and this cleavage occurs during sample storage, which increases the morphine concen-
tration and affects the ratio between morphine and codeine [95,96]. In this study, the free
morphine/codeine ratios were higher than 11, which agrees with previous investigations
on heroin-related administration [20,97].

Many factors that affect the connections between heroin biomarkers and their metabo-
lites must be taken into consideration, such as the history of abuse, concomitant use of
other drugs, tolerance, route of administration, and PMI [3,33,44]. Mercurio et al. [98]
studied 52 morphine-related deaths in which blood and bile were assessed in parallel
and found that bile/blood morphine concentrations were poorly correlated (r> = 0.01,
p = 0.4), which agrees with the current investigation. In that study, the median ratio of
free morphine between the bile and blood was twenty-nine, which was lower than that
in the current study. Duflou et al. reported the total morphine in blood and bile, and
a strong correlation for the total morphine between blood and bile was obtained when
using their data, with Rs = 0.712 and a p-value of 3 x 1072, and the median ratio of
free morphine between bile and blood was 37 [96]. The morphine concentration in bile
and urine was utilized to investigate whether the deceased had a history of heroin use,
and in a previous study, heroin-related deaths were compared between two cities in the
USA. In that study, blood morphine concentrations were similar, and both bile and urine
provided information that users in San Francisco (n = 27 cases) were heroin-dependent
while those in Connecticut (n = 15 cases) were naive or had stopped using heroin for some
time before the last injection [54]. Negative or low concentrations of morphine in urine
can be expected with rapid deaths related to heroin; for example, in two suicide-related
heroin overdoses, the total morphine ranged from 100 to 500 ng/mL [77]. A low morphine
concentration <1000 ng/mL is considered an indicator of a short survival time following
heroin injection [71]. In addition, Jakobsson et al. compared heroin-related metabolites
in urine with the findings of previous reports using free morphine and concluded that a
higher concentration of urine free morphine is an indicator of a higher heroin dose [42].

The correlation of morphine in the blood with the vitreous humor has been widely
studied. Scott and Oliver [52] found that this correlation was dependent on the rate of
death and reported a good correlation (r? = 0.697) in all cases, whereas a strong correlation
was obtained in 17 cases when the deaths were described as sudden (r* = 0.885). The
same observation was reported by Rees et al. [51], who found a significant correlation for
free morphine between the blood and vitreous humor, with Rs = 0.81 for rapid death and
Rs = 0.71 for delayed death. In the current investigation, rapid death cases showed a better
correlation (Rs = 0.650, p = 8.0 x 10~7) than delayed death cases (Rs = 0.450, p = 0.1).
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5. Conclusions

To the best of our knowledge, this is the first epidemiological study evaluating heroin-
related deaths in Jeddah, Saudi Arabia. Although the weather in Saudi Arabia is extremely
hot most of the year, 6-MAM hydrolysis to morphine is favored. The detection of heroin
biomarkers (6-MAM and 6-AC) is facilitated by short PMI periods in the majority of cases;
moreover, the addition of sodium fluoride as a preservative prevents 6-MAM from being
degraded to morphine in most cases. In addition, the availability of urine, vitreous humor,
and bile samples provides valuable information on which opioids have been administered
based on the detection of heroin biomarkers. The latter is important if no blood samples
are available, if blood samples are negative for heroin biomarkers, and in cases of partially
and heavily decomposed bodies. The incidence of heroin deaths in Jeddah remained stable
during the study period. Most individual deaths likely occurred within groups, but the
body was left behind or moved owing to fear among users to call an ambulance. Although
only 24% of the deceased had medical records, the findings indicated an improvement in
health reporting regarding drug abuse in Saudi Arabia. It is highly recommended that
heroin users be encouraged to contact ambulances and trained in resuscitation. This study
concluded that most patients were unemployed (up to 53%), had started taking heroin
in their teens, and had been admitted several times to the addiction center. Therefore,
the loss of tolerance following detoxification might have been the primary cause of many
heroin-related deaths.
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Abstract: Interpreting fatalities involving khat is challenging due to a lack of data on cathinone and
cathine reference concentrations in postmortem tissues. This study investigated the autopsy findings
and toxicological results of fatalities involving khat in Saudi Arabia’s Jazan region from 1 January
2018 to 31 December 2021. All confirmed cathine and cathinone results in postmortem blood, urine,
brain, liver, kidney, and stomach samples were recorded and analyzed. Autopsy findings and the
manner and cause of death of the deceased were assessed. Saudi Arabia’s Forensic Medicine Center
investigated 651 fatality cases over four years. Thirty postmortem samples were positive for khat’s
active constituents, cathinone and cathine. The percentage of fatalities involving khat was 3% in
2018 and 2019 and increased from 4% in 2020 to 9% in 2021, when compared with all fatal cases.
They were all males ranging in age from 23 to 45. Firearm injuries (10 cases), hanging (7 cases), road
traffic accident (2 cases), head injury (2 cases), stab wounds (2 cases), poisoning (2 cases), unknown
(2 cases), ischemic heart disease (1 case), brain tumor (1 case), and choking (1 case) were responsible
for the deaths. In total, 57% of the postmortem samples tested positive for khat only, while 43% tested
positive for khat with other drugs. Amphetamine is the drug most frequently involved. The average
cathinone and cathine concentrations were 85 and 486 ng/mL in the blood, 69 and 682 ng/mL in
the brain, 64 and 635 ng/mL in the liver, and 43 and 758 ng/mL in the kidneys, respectively. The
10th—90th percentiles of blood concentrations of cathinone and cathine were 18-218 ng/mL and
222-843 ng/mL, respectively. These findings show that 90% of fatalities involving khat had cathinone
concentrations greater than 18 ng/mL and cathine concentrations greater than 222 ng/mL. According
to the cause of death, homicide was the most common fatality involving khat alone (77%). More
research is required, especially toxicological and autopsy findings, to determine the involvement of
khat in crimes and fatalities. This study may help forensic scientists and toxicologists investigate
fatalities involving khat.

Keywords: forensic toxicology; khat; cathinone; cathine; postmortem

1. Introduction

Khat is the common name for the plant known by its scientific name as Catha edulis
(Vahl) Forssk. ex Endl. Typically, its leaves are chewed to produce stimulant effects such as
alertness, euphoria, and increased motor activity [1]. The two major active components
of khat are cathine and cathinone. They are listed in the controlled substances act as
psychotropic substances Schedules III and I, respectively, and the khat plant is listed as
a controlled plant [2]. Despite the low concentrations of cathine and cathinone in khat
leaves (which range from 0.1% to 0.2% and from 0.1% to 0.3%, respectively), long-term
consumption of large amounts of khat leaves can cause toxicity [3,4]. In addition to
those compounds, khat leaves also contain sterols, tannins, cathedulins (polyhydroxylated
sesquiterpenes), triterpenes, and flavonoids [5].
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The most potentially toxic effects of khat consumption are hyperthermia, insomnia,
anorexia, constipation, urinary retention, hypertension, myocardial infarction, and ar-
rhythmia [6-9]. Hepatitis was also reported in two khat users, which was resolved by
discontinuing khat use, but relapse occurred when khat use was resumed in both cases [10].
There are also reported cases of cerebral hemorrhage, psychoactive disorders, and can-
cer [5,11]. Chewers of khat typically consume 50-200 g of fresh khat leaves per day [12].
This amount of khat leaves consumed daily induces psychological dependence and toler-
ance, leading to an increased daily consumption [13-15]. The metabolic cytochrome P450
enzymes 3A4, 2D6, 2C19, and 1A2 are affected by khat consumption [16,17]. Hence, the
inhibitory effects of khat on metabolic enzymes may alter plasma concentrations, which
may impact the efficacy and safety of drug therapy.

Both cathine and cathinone are basic compounds with pKa values of 9.37 and 7.55,
respectively, and are susceptible to postmortem redistribution [18]. As a parent drug,
cathine and cathinone are excreted in human urine. Furthermore, they each have a minor
metabolite, pseudoephedrine and diethylpropion [19,20]. Cathinone was also rapidly con-
verted to norephedrine and nor-pseudoephedrine [21]. Consequently, the aforementioned
metabolites may indicate Khat consumption [22].

The toxicity of khat exposure has been demonstrated by previous studies, and the
possibility of lethality cannot be ruled out. To rule out an overdose as the cause of death, tox-
icologists must evaluate and interpret the substance concentrations present in postmortem
samples. Substance concentrations must be quantified, reported, and published to expand
the limited published evidence on toxicological findings for fatalities involving khat. The
autopsy findings and other circumstances surrounding death are also important indicators
of substance-related deaths. The results of an autopsy finding will also be important for
figuring out what concentrations of cathine and cathinone are dangerous and which are
fatal. Studying the prevalence of fatalities involving khat is also important for prevention,
treatment, and education. The purpose of this study were (a) to analyze fatalities involving
khat in Jazan, Saudi Arabia, and (b) to explore the disposition of cathine and cathinone in
postmortem tissues.

2. Materials and Methods
2.1. Study Design and Data Collection

All fatal forensic cases received at the Poison Control and Medical Forensic Chemistry
Center in Jazan, Saudi Arabia, from the 1st of January 2018 to the 31st of December 2021
were retrospectively evaluated. The data were collected from the OTARR electronic system
using the data collection form. All acquired data regarding the toxicological study results
and accident summary, including the manner of death in the forensic cases involving khat,
were analyzed. These data included forensic cases that are confirmed as positive for the
presence of cathine and cathinone and excluded the forensic cases that are negative for the
presence of cathine and cathinone.

All information regarding the autopsy finding, manner, and causes of death in fatalities
involving khat within the period of study was revised, defined, and recorded by the medical
forensic examiner experts at the Jazan Forensic Medicine Center. The autopsy finding data
in the autopsied cases were clearly defined and tabulated. The manner of death was
classified as follows: suicidal, homicidal, accidental, and undetermined. The identification
of hazards for cathine and cathinone, as well as forensic cases involving their exposure,
have been evaluated.

2.2. Toxicological Analysis

Drugs of abuse including amphetamines, cocaine, cannabinoids, opiates, barbiturates,
and benzodiazepines in all autopsied samples are primarily screened via immunoassay
analysis using the RANDOX system (Evidence Plus; Randox Laboratories, Crumlin, UK).
Volatiles including methanol, ethanol, isopropanol, and acetone are routinely analyzed us-
ing headspace-gas chromatography. Using liquid chromatography-mass spectrometry, the
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immunoassay positive results for amphetamine-type stimulants (including amphetamine,
methamphetamine, cathine, and cathinone) were confirmed and quantified, while gas
chromatography—mass spectrometry was used to exclude other drugs.

Cathine and cathinone concentrations were identified and quantified via the liquid
chromatography-ion trap mass spectrometry (LCQ Fleet Ion Trap LC/MS) method (Thermo
Fisher Scientific, Waltham, MA, USA). For sample preparation, one gram of each organ
tissue was homogenized in one milliliter of deionized water and then centrifuged for 15 min
at 3000 x g using a Heraeus Labofuge 400 centrifuge (Thermo Fisher Scientific, Waltham,
MA, USA). The supernatant was then mixed with 1 mL of phosphate buffer pH 6 and
vortexed for solid phase extraction (SPE) using DAU extraction columns (UCT, Bristol, PA,
USA). Prior to the extraction procedure, one milliliter of each sample’s homogenate was
spiked with 20 pL of a prepared stock solution of 3,4-methylenedioxymethamphetamine
(MDMA) at a concentration of 50 ng/mL as an internal standard. SPE columns were
preconditioned with 3 mL methanol and 3 mL deionized water and equilibrated with
1 mL phosphate buffer at pH 6. Upon sample load completion, SPE columns were washed
with 3 mL of deionized water, 1 mL of 0.1 M acetic acid, and 3 mL of methanol and dried
for 10 min under a nitrogen stream. Next, cathine, cathinone, and MDMA were eluted
into 12 mL glass tubes with 3 mL of a mixture of dichloromethane, isopropanol, and
ammonium hydroxide (78:20:2, v:v:v). Then, one drop of 0.1 M hydrochloric acid (HCI)
was added into each tube, and all elutions were evaporated to dryness under nitrogen
stream. Finally, all samples were reconstituted with 100 uL of the aqueous proportion of
the mobile phase (10 mM ammonium formate with 0.11% formic acid) for LCQ Fleet Ion
Trap LC/MS analysis.

Calibration samples were prepared by spiking 1 mL of blank tissue homogenates with
cathine, cathinone, and MDMA (Lipomed, Arlesheim, Switzerland). Six calibration points
were prepared at concentrations of 50, 100, 250, 500, 1000, 2000, 3000, 4000, and 6000 ng/mL
of cathine and cathinone and 1000 ng/mL MDMA as the internal standard. Postmortem
samples were diluted prior to extraction and reanalyzed when concentrations exceeded the
upper limits of quantification. Three quality control samples were prepared by spiking 1 mL
of the blank homogenate tissues with cathine and cathinone at the concentrations of 100, 250,
and 500 ng/mL and the concentration of 1000 ng/mL of MDMA as an internal standard.

An LCQ Fleet Ion Trap LC/MS system (Thermo Fisher Scientific, Waltham, MA,
USA), employing an LCQ fleet mass analyzer coupled with a Surveyor Auto-Sampler
and a Surveyor Quaternary Pump and managed by X-Caliber Software (Themo Scientific,
USA), was used. Briefly, 10 uL of each sample was injected by an autosampler. The
chromatographic separation of cathine, cathinone, and MDMA was achieved with a HPLC
column (Hypersil GOLD, 5 um, 150 x 4.6 mm, Thermo Fisher Scientific, Waltham, MA,
USA), using mobile phase A (ammonium formate (10 Mm; 0.639 mg ammonium formate
in 1 L HPLC water) and mobile phase B ( formic acid in acetonitrile (0.1%; 1 mL formic
acid in 999 mL acetonitrile). Gradient elution was performed as follows: 0-1 min, 100%
A; and 1-7.5 min, 80% A; 7.5-8.5 min, 50% A, 8.5-9.5 min, 0% A; 9.5-10.5 min, 50% A;
and 10.5-11.5 min 100% A. Flow rate was 300 pL/min, and the injection volume was 5 pL.
The electrospray ion source (ESI), as an optimized tuning profile of ATS, runs in positive
ionization mode with 5 kV spraying voltage, 275 °C capillary temperature, and sheath gas
value 30. The mass analyzer runs in the scan mode, scanning at m/z 152 for cathine, m/z
150 for cathinone, and m/z 194 for MDMA. Cathine, cathinone, and MDMA are fragmented
in the collision cell with helium gas in the Pulsed q collision-induced dissociation (PQD)
mode into m/z 134 and 117 for cathine, m/z 132 and 105 for cathinone, and m/z 163 and
135 for MDMA. The PQD values for cathine and cathinone were 19 and 22 for MDMA.
Qualitative and quantitative analyses were performed using X-Caliber Software. The
analytical method employed in this study was developed and validated in our laboratory,
and it is already routinely used to analyze amphetamine and related substances, with
in-house modifications [23].
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The general unknown screening analysis was performed via gas chromatography—
mass spectrometry (GC/MS) analysis (GC/MS Agilent Technologies, Santa Clara, CA,
USA). Each sample (one ml of a homogenate sample) was mixed with 1 mL of the phos-
phate buffer (pH 6). One milliliter of the homogenate sample was extracted via the solid
phase extraction (SPE) technique using DAU extraction columns (UCT, Bristol, PA, USA) ac-
cording the manufacture’s instructions. For instance, columns were conditioned with 3 mL
of methanol and then 3 mL of deionized water and equilibrated with 1 mL of the phosphate
buffer (pH 6). Two milliliters of each sample was loaded and allowed to pass slowly. Then,
the columns were washed with 3 mL of deionized water followed by 1 mL of 0.1 M acetic
acid and allowed to dry for 15 min under a flow of air. The first elution was collected by
adding 2 mL of ethyl acetate /hexane (50:50, v:v). Thereafter, the columns were washed with
3 mL of methanol, 2 mL of the second elution (dichloromethane/isopropanol/ammonium
hydroxide; 78:20:2, v:v:v) was added, and the sample was dried under nitrogen. All sam-
ples were reconstituted with methanol (100 nL), then vortexed, and transferred to GC/MS
autosampler vials for GC/MS analysis.

The Thermo Fisher Scientific (TR-5MS) separation column had the following properties:
30 m length, internal diameter (ID) 0.25 mm, and film thickness 0.25 pm. Helium was
used as the carrier gas with 1 mL/min flow rate. A total of 2 uL of each sample was
injected into the splitless mode at an injection port with a temperature of 260 °C. The GC
thermal program started at 80 °C and lasted 1.5 min. The thermal program then increased
the temperature at the initial ramp to 210 °C at a rate of 30 °C/min and then slowed to
20 °C/min to reach the final temperature of 320 °C, which was held for 11 min. Electron
ionization (EI) was used as the ion source in MS, and the analysis was carried out in
scanning mode with an electron energy of 70 eV. The temperature of the ion source and
transfer line was set at 230 °C. The mass spectral libraries from Wiley and the National
Institute of Standards and Technology (NIST) were used to identify the GC/MS mass
spectra of unknown substances.

2.3. Statistical Analysis

All variables were categorized and tabulated using descriptive statistics. Means,
standard error of mean (SEM), and median were presented. SigmaPlot for Windows
Version 11.0 was used to analyze all of the data.

3. Results

The Forensic Medicine Center in Jazan, Saudi Arabia, investigated 651 fatal cases
over four-year period. Thirty of the cases had postmortem samples positive for cathinone
and cathine, the active ingredients in khat. They were all males ranging in age from 23
to 45. Firearm injuries (10 cases), hanging (7 cases), road traffic accidents (2 cases), head
injury (2 cases), stab wounds (2 cases), poisoning (2 cases), unknown (2 cases), ischemic
heart disease (1 case), brain tumor (1 case), and choking (1 case) were responsible for the
deaths. The toxicological analysis of cathinone and cathine in fatalities involving khat was
performed and summarized (Tables 1 and 2).

Table 1. Postmortem toxicological analysis of cathinone in fatalities involving khat.

Cathinone Concentrations (ng/mL)

Specimens Brain Liver Kidney Blood Urine Stomach !
Number of samples 10 8 11 12 21 12
Mean + SEM 69 + 14.5 64 £16 43 £10 85 £ 26 1009 + 204 Positive
Median 70 48 33 40 860 -
10-90 Percentile 25-126 30-138 13-99 18-218 105-2134 -

! The stomach results indicate exposure, not acute toxicity.
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Table 2. Postmortem toxicological analysis of cathine in fatalities involving khat.

Cathine Concentrations (ng/mL)

Specimens Brain Liver Kidney Blood Urine Stomach !
Number of samples 13 17 16 17 22 16
Mean + SEM 682 +170 635 £ 132 758 £+ 167 486 + 80 12,616 + 3279 Positive
Median 494 430 691 470 6240 -
10-90 Percentile 227-1471 162-1140 184-1530 222-843 1790-36,400 -

! The stomach results indicate exposure, not acute toxicity.

The average cathinone and cathine concentrations were 85 and 486 ng/mL in the blood,
1009 and 12,616 ng/mL in the urine, 69 and 682 ng/mL in the brain, 64 and 635 ng/mL
in the liver, and 43 and 758 ng/mL in the kidney. The blood concentrations of cathinone
and cathine ranged from 18 to 218 ng/mL and from 222 to 843 ng/mL, respectively. In 90%
of fatalities involving khat, cathinone concentrations greater than 18 ng/mL and cathine
concentrations greater than 222 ng/mL were detected. The retention time for cathine,
cathinone and MDMA were 4.4, 4.5, and 5.1 min, respectively. The limits of quantification
(LOQ) and detection (LOD) were both 36 ng/mL. Precision and accuracy were within 20%
standard deviation and 20% bias, respectively. The extraction recovery ranged from 80 to
90%, with less than 20% carryover. At doses of 100 ng/mL and 6000 ng/mL, the matrix
effects (suppression/enhancement) were within the acceptable limits (25%).

The urine samples had the highest 90th percentile concentrations of cathinone (2134 ng/mL)
and cathine (36,400 ng/mL). Figures 1 and 2 show box plot diagrams of the median and
interquartile range of cathinone and cathine concentrations detected in fatalities involving
khat. According to the current study, the number of fatalities involving khat in the last four
years increased from 3% in 2018 and 2019 to 4% and 9% in 2020 and 2021, respectively.
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Blood - ‘I:|—{
@
Q.
P
2 Kidney - %
£
©
n
Liver |I:|
Brain I]]
T T T T T T T 1
0 500 1000 1500 2000 2500 3000 3500

Cathinone concentration (ng/mL)

Figure 1. Box plot diagrams of the median and interquartile range of cathinone concentrations
detected in fatalities involving khat. Individual dots represent outlier values.
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Figure 2. Box plot diagrams of the median and interquartile range of cathine concentrations detected
in fatalities involving khat. Individual dots represent outlier values.

Table 3 summarizes the findings of the autopsy. Homicide was the major manner
of death (13 of 30 fatalities), and firearm injuries are the leading cause of death among
homicide victims (10 of 13 fatalities).

Table 3. Summary of autopsy findings.

Case Number

Age (Year)

Cause of Death Manner of Death Detected Drugs

1

24

Blunt trauma to head and neck (skull

fractures, brain hemorrhage) Homicidal Cathinone, Cathine

24

Firearm injury in head (skull fractures

. . Homicidal Cathinone, Cathine
and brain lacerations)

24

Firearm injuries in chest (lung
lacerations and hemopneumothorax)
and abdomen (hepatic, intestinal, and

renal lacerations)

Homicidal Cathinone, Cathine

25

Stab wounds in the chest (lung

. Homicidal hi hi
lacerations and hemopneumothorax) omicida Cathinone, Cathine

25

Firearm injuries in head (skull fractures
and brain lacerations), neck, and chest Homicidal Cathinone, Cathine
(lung lacerations)

35

Firearm injuries in head (skull fractures
and brain lacerations), chest (lung
lacerations), and abdomen (hepatic,
intestinal, and renal lacerations)

Homicidal Cathinone, Cathine

26

Firearm injury in neck (major blood

. Homicidal Cathinone, Cathine
vessels lacerations)

30

Firearm injury in chest (lung lacerations

and hemopneumothorax) Homicidal Cathinone, Cathine

47

Stab wounds in the chest (lung and

. Homicidal Cathinone, Cathine
heart lacerations)

10

45

Firearm injuries in chest (lung and heart
lacerations) and abdomen (hepatic and Homicidal Cathine
renal lacerations)
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Table 3. Cont.

Case Number Age (Year) Cause of Death Manner of Death Detected Drugs
1 61 Firearm injuries hea.d (skull fractures Homicidal Cathine
and brain lacerations) and neck
12 23 Firearm injury in head (sl'<u11 fractures Homicidal Cathme,.
and brain lacerations) Amphetamine
13 5 Firearm injury in head (slfull fractures Homicidal Cathme,'
and brain lacerations) Amphetamine
14 23 Suicidal hanging Suicidal Cathinone, Cathine
15 40 Suicidal hanging Suicidal Cathinone, Cathine
16 23 Suicidal hanging Suicidal Cathinone, Cathlne,
Olanzapine
17 32 Suicidal hanging Suicidal Cathinone, Qathme,
Olanzapine
.. . .. Cathinone, Cathine,
18 28 Suicidal hanging Suicidal Amphetamine
.. . .. Cathinone, Cathine,
19 38 Suicidal hanging Suicidal Amphetamine
Cathinone, Cathine,
20 25 Suicidal hanging Suicidal Amphetamine,
Ethanol, THC
21 35 Roa.d t.ra.fﬁc acc1den.t (skull fractures, Accidental Cathinone, Cathine
brain injury, thoracic cage fractures)
22 29 Roa.d t.réfﬁc acc1den.t (skull fractures, Accidental Cathinone, Cathine
brain injury, thoracic cage fractures)
23 43 Head injury (skull fracture and Accidental Cathinone, Cathine
extradural hemorrhage)
24 25 Choking Accidental Cathinone, Ca'thme,
Amphetamine
Cathinone, Cathine,
. . . . Amphetamine,
25 26 Amphetamine poisoning Accidental Dextromethorphan,
Diphenhydramine
% 4 Ischemic healjt disease (Partlal occlusion Natural Cathinone, Cathine
in coronaries)
o7 29 Brain tumor (intraventicular benign Natural Cathinone, Ca.thme,
tumor) Amphetamine
28 20 Unknown Undetermined Cathinone, Cathine
29 28 Unknown Undetermined Cathinone, Cathine
. .. . Cathine,
30 42 Carboxy-hemoglobin poising Undetermined Amphetamine

A stacked bar chart of fatalities involving khat alone or khat in combination with other
drugs in different manners of death cases is presented in Figure 3. Homicide occurred
more often in fatalities involving khat alone (77%) than in fatalities involving khat in
combination with other drugs (23%). Suicide occurred more often in fatalities involving
khat in combination with other drugs (71.5%) than in fatalities involving khat alone (28.5%).
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Figure 3. Stacked bar chart of occurrence of the manner of death according to fatalities involving
Khat alone or Khat with other drugs.

Figure 4 is a stacked bar chart showing the occurrence of firearm injuries in fatalities
involving khat (khat alone and khat with other drugs) by age group. Remarkably, all
fatalities in the 20- to 30-year-old age range and more than 70 percent of fatalities in the
31- to 45-year-old age group were caused by firearm injuries in homicides involving only
khat. Another remarkable finding is that five of the seven hanging suicides involved khat
in combination with other drugs, and amphetamine is frequently involved in fatalities
involving khat (three of seven suicide victims).
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Figure 4. Stacked bar chart of occurrence of the firearm injuries in fatalities involving khat (Khat
alone and Khat with other drug) by age group.

4. Discussion

The khat plant (Catha edulis (Vahl) Forssk. ex Endl.) is listed by the Saudi Food
and Drugs Authority (SFDA) as a prohibited plant under the Act, whereas cathinone
and cathine are listed in Schedules I and III, respectively, of the 1971 United Nations
Convention on Psychotropic Substances. Khat, on the other hand, is cultivated in Yemen,
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where it is widely consumed. However, in the Jazan region, which is close to the Yemeni
border, 21.4% of students and 28.7% of all surveyed individuals reported that they were
currently chewing khat. In Yemen, khat is commonly cultivated and consumed by 68% of
the surveyed Yemenis [24-26].

In 2020, khat was the most frequently seized plant-based substance, according to the
United Nations Office on Drugs and Crime (UNODC, 2022). Khat accounts for 55% of
all plant-based substances seized between 2016 and 2020. Saudi Arabia accounted for the
most total khat seizures in 2019 [27]. In addition, chewing khat has become increasingly
illegal in Europe, not because it is associated with toxicity but because it has fallen into the
hands of organized crime networks [28]. There is a significant risk of toxicity for those who
consume khat excessively, a problem that is common among the majority of khat users who
consume large amounts of khat on a regular basis. According to a recent study, 73.5 percent
of people who are dependent on khat chewing have consumed half a bundle or more of
khat, and 55.9 percent of those people chew khat more than three times per week for an
average of more than six hours each session [29]. Approximately 200 g of khat leaves are
contained within each bundle.

Few articles have documented fatalities associated with khat, and there is currently no
established reference range for cathinone and cathine that is toxic and lethal [22,30,31]. Cathi-
none and cathine were found in the blood, urine, vitreous humor, brain, liver, kidney, and
stomach in previous studies on fatalities involving khat. Although there is no conclusive
evidence that khat caused death and its presence in the body does not necessarily imply
that it did, it is expected that khat will cause death when consumed in large quantities [32].
As a result, it is critical to record and publish postmortem toxicology levels in khat fatalities.

The median blood concentrations of cathinone and cathine were 40 and 470 ng/mL,
respectively, exceeding the median blood levels of cathinone and cathine in previously
published forensic non-fatal road traffic accidents (median 33 and 129 ng/mL, respectively;
N =19) [33]. They conclude that chewing khat may severely impair driving ability. While
the median urine concentrations of cathinone and cathine were 860 and 6240 ng/mL, re-
spectively, in our study, they were less than the median levels of cathinone and cathine in
the study mentioned (median 8000 and 38,600 ng/mL, respectively; N = 19). The concen-
trations of drugs in the antemortem and postmortem samples are not comparable because
there are more uncertainties due to variable circumstances and incomplete information,
and several other factors, such as postmortem redistribution and postmortem time interval,
affect tissue concentrations in autopsy samples [34-36]. This may help to explain why
drug tissue concentrations in postmortem versus antemortem samples differ. Additionally,
cathinone is less stable and has a shorter elimination half-life (1.5 & 0.8 h) than cathine
(5.2 £ 3.4h) [37,38]. As a result, cathine has a longer detectable period than cathinone.
Nevertheless, urine concentrations indicate chemical exposure, but not acute toxicity. On
other hand, cathinone blood concentrations ranged from 19 to 122 ng/mL in forensic
postmortem cases [31]. These levels were lower than the wide range observed in our
study (18-218 ng/mL), while cathine blood concentration was 1447 ng/mL in one forensic
postmortem case, exceeding the range observed in our study (222-843 ng/mL). The aver-
age concentrations of cathinone and cathine in the brain, liver, and kidney were 69 and
682 ng/mlL, 64 and 635 ng/mL, and 43 and 758 ng/mL, respectively. The concentrations of
cathine were roughly 10 times higher than those of cathinone.

Cathine and cathinone should be included in all routine toxicological investigations,
especially in homicidal cases, because the number of fatalities involving khat has already
increased. This study reveals the number of deaths associated with khat use, both alone
and in combination with other drugs. Which demonstrate that homicidal patterns were
observed in a greater proportion of cases involving khat alone (77%) than cases involving
khat in combination with other drugs (23%), and that suicidal pattern was observed in a
greater proportion of cases involving khat in combination with other drugs (71.5%) than
cases involving khat alone (28.5%).
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Khat use has been associated with a higher risk of myocardial infarction [9,39-41]. It
has been shown that khat induces tachycardia and hypertension, which may be increased
at a higher dose, hence raising the risk of myocardial infarction [37,42,43]. Cathine and
cathinone were the only substances detected in Case 26 of the current study, which showed
ischemic heart disease with coronary partial occlusion.

Hepatotoxicity, on the other hand, has been observed in multiple studies, particularly
among chronic khat chewers. Multilobular necrosis, canalicular cholestasis, an enlarged
liver with decreased echogenicity, cirrhotic and portal fibrosis, jaundice with elevated liver
enzymes, and severe liver injury with an elevated international normalized ratio were
all characteristics of khat-related hepatic toxicity [44-46]. Hepatotoxicity was cured in
two cases by discontinuing khat usage [10]. In the current study, cathine and cathinone
were detected in the liver at average concentrations of 635 + 132 and 64 + 16 ng/mL,
respectively. However, no evidence of liver toxicity was found.

Khat use has also been associated with mental disorders including anxiety, irritability,
aggression, psychosis, paranoia, dysphoria, depression, insomnia, hallucinations, and
delusions [47—49]. In addition, anxiety, trembling, lethargy, depression, and nightmares
could be withdrawal symptoms [22,50,51]. On the other hand, khat intake may aggravate
schizophrenia symptoms and diminish the therapeutic efficacy of antipsychotic drugs [52].
With both khat use and withdrawal condition, incidents of violence have been reported.
In addition, anxiousness and poor decision-making have been observed following khat
use [29,53,54]. Repeated oral administration of khat extract, according to Banjaw et al.
(2006)’s report, makes experimental rats more aggressive [55]. Moreover, studies show that
khat affects driving, social behavior, and work performance. It has been associated with
homicide, notably in mentally ill people [11,48,53,56,57], and two reported homicides have
been linked to khat consumption [56,58].

In the current study, homicide and suicide were the leading manners of death in
fatalities involving khat alone and khat in combination with other drugs, respectively.
In fatalities involving khat in combination with other drugs, particularly amphetamine,
suicide was the most common manner of death. This study has limitations due to the small
sample size and the fact that only non-natural cases were sent for toxicological analysis. In
addition, it is essential to determine the relationship between khat consumption, violent
crime, and fatalities. Therefore, a study is now underway to examine the role of khat in the
toxicology of violent death over a ten-year period (2014 to 2023) and to establish reference
ranges for cathinone and cathine in fatalities involving khat, which will represent only the
fatal cases intoxicated with both cathinone and cathine.

In spite of the limitations described above, these findings suggest that fatalities involv-
ing khat are cause for concern, particularly among young people with a higher propensity
for homicide and firearm injuries. Therefore, any health-based crime prevention strategy in
Jazan has to consider khat use.

5. Conclusions

This study determined the average levels of cathinone and cathine in 30 cases of
fatalities involving khat. This information may help forensic toxicologists and pathologists
interpret toxicological investigations, but it should not be interpreted independently of
other evidence, such as the death investigation and autopsy results. To create the body
of literature necessary for more precise determinations of the role of khat in crimes and
death investigations, additional research is required, particularly involving toxicological
investigative and autopsy findings.
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