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Abstract

Synthetic cannabinoid receptor agonists (SCRAs, “Spice”) are a diverse group of recreational drugs, with their structural
and pharmacological variability still evolving. Forensic toxicologists often rely on previous reports to assess their role in
intoxication cases. This work provides detailed information on the “Spice”-related fatalities around Munich, Germany, from
2014 to 2020. All cases underwent an autopsy. Pharmaceutical and illicit drugs were detected and quantified in post-mortem
peripheral blood or liver by liquid chromatography-tandem mass spectrometry (LC-MS/MS). Based on circumstantial evi-
dence, only those cases for which a prior consumption was suspected underwent additional analyses for SCRAs and other
new psychoactive substances in post-mortem blood, liver or antemortem specimens. Drug concentrations, pathological find-
ings at autopsy and case histories were considered to assess and rank the SCRAs’ involvement in each death. Concentration
ranges for the individual substances in blood were defined and their distribution patterns over the investigated period were
determined and correlated with their legal status and local police seizures. We identified 41 different SCRAs among 98
fatalities. 91.8% were male, at a median age of 36 years. SCRAs played a causative role in 51%, contributory role in 26%,
and an insignificant role in 23% of cases. In correlation with local police seizures and legal status, SF-ADB was the most
prevalent in our cases, followed by SF-MDMB-PICA and AB-CHMINACA. Cumyl-CBMICA and SF-MDMB-P7AICA
were among the least frequently detected SCRAs. “Spice”-related fatalities and SCRASs’ causative role have significantly
decreased among our cases since the German New Psychoactive Substances Act.

Keywords Synthetic cannabinoid receptor agonists (SCRAs,“Spice”) - Post-mortem toxicology - Fatal intoxication -
Toxicological Significance Score (TSS) - New psychoactive substances (NPS)
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newer ones not long after. Slight adaptations to the chemical
structure made it relatively easy for drug producers to cir-
cumvent a recently implemented restriction. Consequently,
the German drug market alone saw the addition of at least
eight other structurally similar substances merely three years
after the first synthetic cannabinoids had been identified [8,
9]. In return, Germany and other countries implemented
generic legislations, restricting whole groups of substances
with structural or pharmacological similarities instead of
adding individual substances to an already lengthy list of
banned drugs [10, 11]. Finally, a significant decrease in the
annual number of newly emerging drugs could be observed.
However, the change in the legal control of synthetic can-
nabinoids also led drug producers to take an even more crea-
tive approach to further introduce “non-illegal” substances
to the market. Thus, also the structural diversity of synthetic
cannabinoids is evolving [12], and the addition of new com-
pounds continues [13], albeit in lower numbers than in earlier
years. As a result, by the end of 2020, a total of 209 synthetic
cannabinoid drugs have been reported to the European Moni-
toring Centre for Drugs and Drug Addiction (EMCDDA) [5].

One of the major problems associated with such a large
and diverse subgroup of psychotropic drugs is the wide
range of activity profiles between the individual substances.
Like the phytocannabinoid A°-tetrahydrocannabinol (THC),
synthetic cannabinoids act as agonists on the endogenous
cannabinoid receptor system. However, the synthetic coun-
terparts, many of which exhibit full agonistic activity and
stronger affinities for the CB; and CB, receptors, typically
show a much higher potency. Especially during the initial
frequent emergence of new compounds, even minor changes
in the chemical structure could significantly alter the extent
of the pharmacological effect, making the potential side-
effect profiles of newer substances highly unpredictable.

The international drug-abusing population has experi-
enced synthetic cannabinoids with toxicities ranging from
the relatively “insignificant” harmful effects of Cumyl-
PEGACLONE [14] to the numerous fatal outcomes associ-
ated with SF-ADB consumption [15, 16]. Furthermore, the
cardiotoxic effects exhibited by some SCRAs are seemingly
more pronounced than for others [17, 18]. Generally, car-
diovascular effects include arrhythmia, myocardial infarc-
tion and hypertension [19]. Other common adverse events
observed for most synthetic cannabinoids include respira-
tory depression, sedation, nausea and vomiting, as well as
seizures and psychosis. These effects either directly or indi-
rectly pose the risk of serious life-threatening conditions
with potentially fatal outcomes [20].

For the forensic toxicologist, information about the
deceased’s medical history, former drug abuse habits, the
circumstances of death and the presence of other drugs in
their system are some of the essential requirements to deter-
mine the role of a synthetic cannabinoid in a “Spice”-related
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death [21]. Furthermore, the knowledge of blood or tissue
concentrations of the drug at the time of death are required
to correlate it with the extent of the anticipated toxic effects.
Unlike therapeutically approved drugs, novel recreational
drugs typically have very limited available pharmacological
data that indicate potentially toxic or fatal concentrations.
Thus, forensic toxicologists must rely on previous reports
of intoxication cases to assess the role of “Spice” in a death
case. However, information on synthetic cannabinoid con-
centrations in post-mortem blood and their corresponding
toxic effects is rather limited. Considering that “Spice” is
still widely available over the internet at low costs, these
drugs continue to pose serious health threats and still play a
relevant role in fatal intoxications.

All these factors warrant better availability of informa-
tion about their toxicological significance in former cases
to help forensic toxicologists interpret results from synthetic
cannabinoid-related deaths successfully. We thus created an
overview of all autopsy cases at our institute from seven con-
secutive years, for which at least one synthetic cannabinoid
could be detected post-mortem. Our main aim was to assess
the toxicological significance [22] of the detected synthetic
cannabinoids in the respective fatalities. Furthermore, we
evaluated the chronological change in the appearance and
the gradual decrease or increase in the number of the respec-
tive substances in these cases over the investigated period for
its correlation with their local market availability.

Materials and methods
Study design

All cases included in this retrospective study underwent a
post-mortem investigation at the Institute of Forensic Medi-
cine in Munich between 2014 and 2020. All autopsy cases
at the Munich Institute of Forensic Medicine for which a
potential role of prescription and/or illicit drugs are sus-
pected in the fatality undergo routine toxicological analyses
to detect pharmaceutical substances and classical drugs of
abuse, including alcohol. Based on circumstantial data and
case histories, additional targeted analyses for the detection
of synthetic cannabinoids and other new psychoactive sub-
stances (NPS) are performed only on those cases for which
a prior consumption is indicated or suspected. Of these, all
autopsy cases for which one or more synthetic cannabinoid
receptor agonists could be identified during the investigated
period were evaluated for the purpose of this study.

Toxicological significance score

Case files from the corresponding public prosecutor’s
office were examined for demographic and other relevant
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information about the deceased. Together with the autopsy
findings, toxicological results and information from pub-
lished case reports, these data were applied to each case to
assess the toxicological significance of the detected synthetic
cannabinoids according to the method proposed by Elliott
et al. [22]. Drugs other than the synthetic cannabinoid under
review were also considered when performing this assess-
ment. Due to the limited availability of comparative concen-
tration datasets, synthetic cannabinoid blood concentrations
were compared between cases from our institute to estimate
potentially toxic and lethal levels of that drug. Where avail-
able, data from literature regarding concentration ranges
were also applied. As is often true for post-mortem forensic
casework, a reasonable assessment of the deceased’s toler-
ance to the substance is generally only possible through hair
analyses. Such analyses usually do not form part of routine
casework, unless specifically indicated.

In accordance with the method published by Elliott
et al. [22], a low toxicological significance score (TSS 1)
was assigned to cases for which low concentrations of the
drug and an unrelated cause of death could be identified.
Cases, both with and without an alternative cause of death,
for which comparatively moderate concentrations were
detected, but the substance may still have contributed to the
fatality, obtained a higher score (TSS 2). A typical example
is a fatal intoxication with high concentrations of other cen-
tral nervous system depressants combined with relatively
moderate concentrations of the synthetic cannabinoid. In
contrast, a TSS of 3 was assigned to those cases where the
synthetic cannabinoid was most likely the leading cause of
death. These also include cases where the death resulted
from adverse behaviour (e.g., jumping from a high building),
which may have been subsequent to a synthetic cannabi-
noid triggered psychosis or anxiety. Cases for which the role
of the synthetic cannabinoid was uncertain were generally
assigned the higher of the two scores. For example, if it
were uncertain whether a TSS of 1 or a TSS of 2 should be
assigned to a case, TSS 2 was used.

This evidence-based assessment was performed inde-
pendently by two forensic toxicologists. Differences in the
assigned scores were discussed in detail until an agreement
could be reached.

Evaluating the course of the appearance and fading
of synthetic cannabinoids in post-mortem cases
over the investigated period

The total number of synthetic cannabinoids detected and
how these individual substances were scattered over the
investigated period (i.e. how often a particular substance was
detected each year) were determined. The latter was corre-
lated with the change in legal status and the number of police
seizures in the German state Bavaria that were analysed at

the Bavarian State Criminal Police Office (BLKA). The con-
centration range for each synthetic cannabinoid detected in
femoral venous blood was defined. For cases where cardiac
blood was used due to the unavailability of femoral venous
blood (e.g. due to post-mortem decomposition), the concen-
trations detected in cardiac blood were compared to femoral
blood concentrations of the relevant substances.

Case details

Demographic data, including age and gender, of all cases for
which at least one synthetic cannabinoid could be detected,
were evaluated. A detailed summary of all positive cases,
including quantitative toxicological data, case histories, the
most relevant findings at autopsy, the leading cause of death
and the TSS assigned to each case, was created. The time
span between death and sampling of biological specimens
was determined based on the time of death provided by med-
ical officials and the date and time of the autopsy. For cases
with an unknown time of death, an estimate of the post-
mortem interval was made based on the interval between
the time the person was last seen alive and discovery of the
body, as well as the condition of the corpse at autopsy.

Toxicological analysis
Sample collection

Biological specimens for toxicological analysis were either
collected at autopsy or taken from hospital samples where
relevant and available. Post-mortem femoral venous blood
was used to detect and quantify pharmaceutical substances
and illicit drugs, including synthetic cannabinoids, by liquid
chromatography-tandem mass spectrometry (LC-MS/MS).
For cases where no femoral venous blood was available or
where otherwise indicated (e.g., due to hospitalization prior
to death), other blood samples (cardiac blood, antemortem
whole blood or serum), liver, muscle tissue or urine were
used. Liver and muscle tissue (2.0 g) were homogenized
with 10 mL of isotonic sodium chloride (NaCl) solution for
5 min in an ULTRA-TURRAX® (IKA, Staufen, Germany)
before sample extraction.

Liquid chromatography-tandem mass spectrometry
for detecting synthetic cannabinoids

The analysis for the detection of synthetic cannabinoid ago-
nists was performed at the Institute of Forensic Medicine
Freiburg. Sample preparation was performed using a two-
step liquid—liquid extraction procedure. Following the addi-
tion of internal standard solution, carbonate buffer (pH 10)
and extraction mixture I (hexane:ethyl acetate, 99:1, v/v) to
blood, liver homogenate or urine, the sample was gently
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mixed and centrifuged. The supernatant was transferred to
an HPLC vial. Extraction mixture II (hexane:ethyl acetate,
80:20, v/v) was added to the residue, and mixing and centrif-
ugation were repeated. The supernatant (1 mL) was added to
the first extract. The combined extracts were evaporated to
dryness, reconstituted in 100 pL of acetonitrile containing
ammonium formate solution (1% acetonitrile, 0.1% formic
acid and 2 mM ammonium formate in water:acetonitrile,
0.1% formic acid and 2 mM ammonium formate, 80:20, v/v)
and analyzed by LC-MS/MS.

LC-MS/MS analysis was performed according to a previ-
ously published method [23]. The mass spectrometric iden-
tification of all analytes was based on at least two transitions
per analyte. The method was updated regularly, using infor-
mation obtained from an ongoing systematic online monitor-
ing procedure of the drug market [13].

It should, however, be considered that the applied method
was validated for serum. This poses a potential limitation for
the analysis of post-mortem blood or liver, seeing that dif-
ferences in matrix effects between these matrices and serum
may lead to elevated measurement uncertainty [16]. Further-
more, the chemical instability of some synthetic cannabinoid
receptor agonists, particularly those comprising labile ester
functions (e.g., SF-ADB and SF-MDMB-PICA), may hinder
their detection.

Liquid chromatography-tandem mass spectrometry
for detecting pharmaceutical substances and illicit drugs
(not including synthetic cannabinoids)

Sample preparation and analysis for detecting pharmaceu-
tical substances and illicit drugs, excluding synthetic can-
nabinoids, were performed at the Forensic Toxicological
Center (FTC) Munich. Standard procedures were applied
according to previously published methods, including the
addition of a mixture of internal standards before sample
extraction [24, 25].
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Blood and homogenized liver were subjected to a protein
precipitation step before analysis. For protein precipitation,
100 pL of blood or liver homogenate were treated with 1 mL
of acetonitrile, vortexed for 1 min, and centrifuged for 5 min.
The supernatant was evaporated to dryness under nitrogen
at 37 °C, reconstituted in 150 uL of methanolic ammonium
formate solution (5 mM ammonium formate in water and
methanol, 85:15, v/v), and analyzed by LC-MS/MS. Instru-
mental details are summarized elsewhere [25].

Analysis for ethanol

The analysis for ethanol and methanol was performed at the
Institute of Forensic Medicine Munich. Ethanol was quanti-
fied in urine and femoral venous blood, or muscle if the lat-
ter was unavailable. The average alcohol concentration was
determined by using two separate methods, i.e., headspace
gas chromatography with flame ionization detector (GC-
FID) (Clarus 500, PerkinElmer, Rodgau, Germany) and an
alcohol dehydrogenase (ADH) method.

Results

A total of 15,240 autopsies (between 2078 and 2293 cases
each year) were performed at the Institute of Forensic Med-
icine Munich from 2014 to 2020. Approximately 25% of
these cases (total: 3,931; between 493 and 621 per year)
underwent general toxicological analyses for the detection of
pharmaceutical substances and illicit drugs, including classi-
cal drugs of abuse and alcohol. Of these, additional analyses
for the detection of synthetic cannabinoids were performed
on 841 cases. A summary of how these cases are distributed
over the seven investigated years, including the number of
positive cases and the distribution of their toxicological sig-
nificance scores, is shown in Fig. 1.
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Altogether 98 post-mortem cases (11.6% of all cases
analysed for SCRAS) could be identified for which at least
one synthetic cannabinoid could be detected, 81 in which
the synthetic cannabinoids were found in post-mortem fem-
oral venous blood. In cases where femoral venous blood
was not available as post-mortem specimen, synthetic can-
nabinoids were detected in cardiac blood (12 cases) or liver
(2 cases). The remaining three persons died in hospital,
for whom antemortem blood (2 cases: serum and whole
blood respectively) and urine (1 case), that were taken dur-
ing hospitalization, were analyzed. A detailed summary of
all 98 cases can be found in the supplementary informa-
tion and includes the age and sex of the deceased, the case
history, the leading cause of death and the most relevant
findings at autopsy (see Tables 1-4 in the supplementary
information section). Quantitative data for the synthetic
cannabinoid(s) and other relevant drugs, as well as alco-
hol concentrations in blood or muscle, and urine are also

included. The estimated time delay between death or the
intoxication incident and sample collection ranged from
1.5 h to approximately 47 days. Figure 2 shows the concen-
trations of the five most frequently detected synthetic can-
nabinoids as a function of the estimated time delay between
death or the intoxication incident and sampling.

Most of the deceased persons were male (90 cases,
91.8%), with only eight females present in this population
(8.2%). The ages ranged from 16 to 63 years for males and
21 to 48 years for females. Both groups had an average age
of 36 years and a median age of 35 years.

The most common cause of death was polydrug intoxica-
tion with synthetic cannabinoids and other central nervous
system depressants combined. A summary of the causes of
death for all cases is given in Table 1 below. During autopsy,
significant macroscopic pathological changes to the heart,
including pronounced cardiac hypertrophy, could be found
in nearly 20% of cases (19 cases), irrespective of the cause

Fig.2 Concentrations of the 30 o ®5F-ADB A 5F-MDMB-PICA M AB-CHMINACA X MDMB-CHMICA ¢ ADB-CHMINACA
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Table 1 Main causes of death

. i . Leading cause of death
for all cases in which synthetic

Number of %

cannabinoids were detected Total cases: 98 e
Polydrug intoxications that include synthetic cannabinoids 38 38.8%
Intoxications with mainly synthetic cannabinoids and alcohol combined 16 16.3%
Intoxications with drugs other than synthetic cannabinoids 16 16.3%
Intoxications with synthetic cannabinoids alone 14 14.3%
Aspiration after synthetic cannabinoid consumption, some also incl. other drugs 9 9.2%
Polytrauma after intoxication (2 after jumping or falling from a high building, 1 3 3.1%
traffic accident)
Drowning, likely due to a synthetic cannabinoid intoxication 1 1.0%
Unknown cause of death 1 1.0%
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of death. The youngest person affected in this regard was
16 years old. The deceased was known to have consumed
large amounts of synthetic cannabinoids chronically.

A total of 41 synthetic cannabinoids could be detected
among the 98 positive cases. The distribution of these sub-
stances over the investigated period is summarized in Fig. 3
(left). The number of police seizures of these substances in the
German state of Bavaria that were analysed at the Bavarian
State Criminal Police Office (BLKA) is also listed in Fig. 3
(right). SF-MDMB-PICA and AB-CHMINACA were the two
most common substances involved in fatal intoxications with
synthetic cannabinoids alone. SF-ADB was the most common

synthetic cannabinoid in deaths due to a mixed intoxication
with synthetic cannabinoids and alcohol combined.

The concentration ranges for all synthetic cannabinoids
that were detected in at least two cases in femoral venous
blood can be seen in Fig. 4.

Discussion

Our awareness of the importance of synthetic cannabinoids
in fatal intoxication cases has clearly increased since 2014,
as is evident from our numbers of toxicological analyses for
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A(M)B-FUBINACA
5F-Cumyl-PEGACLONE
EG-018
Cumyl-PEGACLONE
4F-MDMB-BINACA
Cumyl-4CN-BINACA
5F-PB-22
ADB-PINACA
AMB-CHMICA
MDMB-4en-PINACA
4F-MDMB-BICA
THJ-2201

STS-135

JWH-122
5F-Cumyl-P7AICA
APINACA
5F-APINACA
MDMB-FUBICA
APICA

BB-22

EAM-2201

JWH-018

JWH-210

PB-22

AB-PINACA
5F-AB-PINACA
5F-AMB
5F-Cumyl-PINACA
NE-CHMIMO
SDB-006
ADB-FUBINACA
5F-ADBICA
AM-2201
5F-MDMB-P7AICA
Cumyl-CBMICA

and 2020 (left) compared to the number of police seizures analysed at the Bavarian State Criminal Police Office (right)

@ Springer



International Journal of Legal Medicine (2023) 137:1059-1069

1065

Fig.4 Concentrations of syn-
thetic cannabinoids detected in
the (a) lower and (b) upper con-

(@),

™

centration ranges (mean + SD; i o
pg/L) in femoral venous blood 7.0 P
s/
= [ o
% 3.0 3
= 7
[
c -
15 2.0
=]
©
£
€15
2
3 T
1.0 -
o5F [
= —]
L I = vy l p= =y
2 g ¥ v ¥ & & »
» ‘1:\\ \0\\ .Q\(‘ QV'»%\ 9\0 \0\\ w“\a '\«19’1) evs’
& ®a S S L&A &S
& oF R a8 v ) g & ¢ <
¥ S S R A &
o‘(& \(\/ o\ o@* \ D o@ R
o @ K\
&
(b)
> 2 = E3
40 r
35
<
w 30
= - ) |
§ 25
=
S 20 | °
-
c
]
§ 15 B le)
10
5 - $ E F
= =
& & & & & & & RS oY K
ST R S I S N SO AP
b Q?// o@//‘lx @\Q @q\ 'Q// ng N S 6\(\
Fa & L Koo P Fe S
S N4 AN v
& ¥

their post-mortem detection. However, despite more analy-
ses being performed, a clear drop in positive cases could be
observed after 2016 (see Fig. 1). This is most likely a reflec-
tion of changes in local and international control measures
[26], including the New Psychoactive Substances Act (Neue-
psychoaktive-Stoffe-Gesetz, NpSG), which was enacted in
Germany in November 2016. This new generic control of
NPS was implemented to compensate for some shortcom-
ings of the German Narcotics Law (Betdubungsmittelgesetz,
BtMG) and thus to counteract the repetitive appearance of
new, uncontrolled substances. However, these generic control
measures focused on indole (e.g., JWH-018), indazole (e.g.,

ADB-FUBINACA) and benzimidazole (e.g., FUBIMINA)
based synthetic cannabinoid structures in the beginning,
thus not including substances with a tricyclic core scaffold,
such as the y-carbolinones or carbazoles [27, 28]. This legal
loophole led to the arrival of yet another generation of syn-
thetic cannabinoid receptor agonists on the recreational drug
market merely two weeks after the NpSG came into effect.
Cumyl-PEGACLONE (SGT-151), 5SF-Cumyl-PEGA-
CLONE, and Cumyl-CBMICA are typical examples of
synthetic cannabinoid drugs that were specifically designed
to bypass the law, of which Cumyl-PEGACLONE was
the first y-carbolinone structure to enter the “legal high”
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market [13]. In our cases, we first observed it in 2017, with
a total of six appearances until the first quarter of 2018.
Five of these cases were assigned a TSS of 1, underlin-
ing Cumyl-PEGACLONE’s relatively insignificant role in
intoxication cases, as was also found in an earlier study
[14]. In June 2018, it was replaced in our cases by its
structural analogue SF-Cumyl-PEGACLONE, reaching a
maximum the following year (see Fig. 3). This, too, prob-
ably resulted from the change in legislation, considering
that Cumyl-PEGACLONE was added to the annex of the
German Narcotics Law in July 2018 [29, 30]. Compared to
Cumyl-PEGACLONE, most of our cases with SF-Cumyl-
PEGACLONE were assigned a higher toxicological sig-
nificance score (TSS 2). This finding is not only in accord-
ance with the theory that fluorine-substituted cannabinoid
derivatives generally exert a higher potency [31], but also
agrees with earlier case studies regarding the toxic effects
of 5SF-Cumyl-PEGACLONE [32]. Cumyl-CBMICA was
first detected towards the end of the investigated period.
The carbazole-based synthetic cannabinoid EG-018
appeared among our cases in October 2016, thus several
months before the y-carbolinones reached the market.
EG-018 played a causative role in only one of the six fatali-
ties for which it could be detected. In literature, EG-018 is
described as a low-efficacy cannabinoid receptor agonist
[33].

Judging from the toxicological significance scores
assigned for synthetic cannabinoids from our 98 positive
cases, SCRAs have been causative in the death (TSS 3) of
more than half of this cohort, most of which occurred before
2017. It played at least a contributory role (TSS 2) in over
one-quarter of cases. The most common cause of death was
polydrug intoxication with synthetic cannabinoids and other
central nervous system depressant drugs combined, several
involving heroin. This is not surprising, as multiple-drug
consumption is common on the substance-abuse scene [34,
35]. Among the 98 cases, one cause of death could not be
determined. It is possible that the deceased, who had a his-
tory of drug abuse, had consumed (new) psychoactive sub-
stances that were either fatal in very low concentrations, or
not at all covered by our analyses. Several cases included
fatal intoxications involving only alcohol and synthetic can-
nabinoids, particularly so for the indazole-based substance
SF-ADB (SF-MDMB-PINACA).

The prevalence of 5F-ADB-related fatalities by far
exceeded those deaths with other synthetic cannabinoids
amongst our cases, followed by its indole counterpart
SF-MDMB-PICA (see Fig. 3). This higher number of
cases with SF-ADB and 5SF-MDMB-PICA may first of
all reflect their potencies [15], especially considering that
most of these cases received a TSS of 3. 5SF-ADB has been
described as one of the most dangerous synthetic can-
nabinoids on the market [36]. It was also one of the most
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frequently detected synthetic cannabinoids in a review of
eight case series and 26 case reports on “Spice”’-related
fatalities by Giorgetti et al. [16]. Likewise, SF-MDMB-
PICA is also described as a highly potent cannabinoid
receptor agonist in literature, which is associated with
several cases of serious adverse health effects and deaths
[37, 38]. The detection of the less potent substances like
Cumyl-PEGACLONE in our post-mortem cases was thus
mostly incidental, considering that an alternative cause of
death could almost always be identified.

In addition to their potency, the detection frequency of
individual synthetic cannabinoid agonists over the investi-
gated period also correlates with their market availability
in the Munich area. As was observed for our post-mortem
cases, SF-ADB and 5SF-MDMB-PICA were also the two
substances most frequently detected in seized preparations.
In contrast to most synthetic cannabinoids, the change in
legal status of these two substances had little effect on their
market availability. Nearly three years after its inclusion in
the German Narcotics Law, SF-ADB was still widely dis-
tributed in our area. It was not until SF-ADB was placed
under international control towards the end of 2018 that its
availability dropped. However, it was soon replaced by its
indole counterpart SF-MDMB-PICA, which was also widely
distributed [39]. The same is true for MDMB-CHMICA,
which was also detected frequently in herbal mixtures even
long after its national ban at the end of 2015.

Substances that were seized less frequently by the police
(e.g., SF-ADBICA, SDB-006, and 5F-Cumyl-PINACA)
were also seldom found in our post-mortem cases. Fur-
thermore, as can be seen for Cumyl-PEGACLONE and
5F-Cumyl-PEGACLONE, the local legislative control
and epidemiology of “Spice” may also have influenced the
appearance of substances and their replacement by newer
ones among our cases [5, 39].

Our median concentrations for various synthetic can-
nabinoids correlated well with concentrations found in fatal
intoxication cases in literature [16, 40]. However, a con-
siderable difference between the minimum and maximum
concentrations detected for most substances was generally
evident within our data (see Fig. 2). Here, several factors
may have played a role. For one, first-time or occasional con-
sumers may tolerate lower doses as opposed to chronic users,
resulting in higher potentially fatal concentrations in the lat-
ter. However, from a post-mortem perspective, it is difficult
to estimate the deceased’s tolerance toward a specific drug
when hair analyses are not performed routinely. Further-
more, post-mortem processes, like substance degradation
and redistribution and the time between consumption and
death, may also influence the drug concentration in blood
at the time of sampling. Our cardiac blood samples showed
higher concentrations for SF-Cumyl-PEGACLONE and
MDMB-4en-PINACA compared to their peripheral blood
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levels, which may be a result of post-mortem redistribution.
In contrast, there was no notable correlation between post-
mortem interval and substance concentration in blood, at
least for the five most frequently detected substances (see
Fig. 2). However, these results are not representative of post-
mortem cases in general. Our data include only a few cardiac
blood samples, i.e., cases for which no peripheral blood was
available for toxicological analysis (e.g., due to extensive
post-mortem decomposition). A combination of periph-
eral and central blood analyses was thus not performed for
any of our cases, making a direct quantitative comparison
between these two sources difficult. Nevertheless, when con-
sidering central to peripheral blood ratios for synthetic can-
nabinoids from previously recorded cases, a lack of consist-
ency becomes apparent [40—43]. This suggests that several
other factors, such as differences in the chemical properties
between substances and prior consumption patterns likely
determine the degree of post-mortem redistribution of syn-
thetic cannabinoids. Due to the rapid distribution and metab-
olism of synthetic cannabinoids after consumption, a longer
time lapse between consumption and death may result in
lower concentrations in post-mortem blood [44-46]. Overall,
it remains challenging to estimate the role of a synthetic can-
nabinoid concentration in the death, especially with limited
information about past consumption habits, as is often the
case in routine post-mortem toxicology.

Conclusions

Today, roughly one and a half decades after the appearance
of the first-generation synthetic cannabinoids in “legal high”
preparations, “Spice” and its effects still seem to baffle cli-
nicians, toxicologists and legal authorities. As the number
of synthetic cannabinoid receptor agonists on the market
increased, their structural diversity also evolved over the
years, bringing about an assortment of pharmacological
profiles within this group of drugs. Nevertheless, the data
provided in this publication suggest that, despite the ongoing
emergence of new substances, the changes in drug laws did
have a positive effect on their role in fatal intoxication cases,
at least in the Munich area. In this study, we not only saw
a significant drop in the total number of synthetic cannabi-
noid-associated fatalities since the NpSG came into force,
but the causative role of these drugs in the fatalities also
lost significance in recent years. Furthermore, in parallel to
the legal changes, public awareness of the risks associated
synthetic cannabinoid use might have been strengthened by
the wide media coverage of this issue, as well as increased
efforts in prevention work. Nevertheless, such cases still
emerge, requiring knowledge about previous cases to assess
their relevance in the fatality. Consumers of “herbal mix-
tures” can also never be certain of which substances are

contained in such products, nor their quantity or associated
health risks. It has been shown that the quantity of active
ingredients between samples, and even within packages, var-
ies significantly [47, 48], which further increases the risk for
serious intoxications.

With this work, we provide a detailed report of 98 syn-
thetic cannabinoid-related fatalities, encompassing 41 dif-
ferent synthetic cannabinoid drugs. All autopsies and toxi-
cological analyses were performed at the same respective
institutes, thus allowing a fair comparison between cases.

In conclusion, the limited knowledge about the pharma-
cokinetics, pharmacodynamics and post-mortem distribution
and stability of synthetic cannabinoids still challenges forensic
toxicologists in the assessment of their role in fatal intoxica-
tion cases. The availability of more detailed post-mortem case
studies will undoubtedly help shed more light on the topic.
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