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Abstract

Purpose This review presents the current methods used for determining ethyl glucuronide (EtG) and ethyl sulfate (EtS) con-
centrations in postmortem specimens, including sample preparation, analysis and the role of EtG and EtS in the postmortem
assessment of the extent of alcohol abuse.

Methods Papers pertaining to postmortem investigation were collected from scientific databases and reviewed. The papers
were published between January 2006 and October 2020.

Results Most of the analyses involved postmortem blood and urine samples, with a few reports using other bodily specimens
and tissues. The method validation was not conducted for all applications. These reports were mostly intended to present
data rather than interpret them, and the lack of effort in relating these ethanol biomarkers with the cause of death and/or
determination of the time of deaths due to ethanol intoxication might decrease the applicability of these makers after a prom-
ising start between 2006 and 2010. Nevertheless, by the beginning of 2020, papers investigating ethanol biomarkers were
still increasing. A considerable number of methods used liquid chromatography coupled with mass spectrometry (LC-MS)
techniques that require less sample preparation (e.g., protein precipitation extraction, dilution, filtration, and centrifugation).
Although solid-phase extraction can be applied, only three applications were reported.

Conclusions Matrix effects can be a substantial challenge in analytical methods based on LC-MS because they directly affect
the ionization of analytes. However, these problems can be avoided due to the high cutoff values used to identify positive
results for these ethanol biomarkers, which are often above 0.1-1 mg/L, and using internal standards. Research on using
tissue specimens is recommended as most of the reported results on this type of specimen were promising.

Keywords Ethyl glucuronide - Ethyl sulfate - Blood alcohol concentration - Urine alcohol concentration - Ethanol -
Putrefaction

Introduction

Interpreting the role of alcohol as the cause of death in post-
mortem specimens is a well-known problem in forensic post-
mortem toxicology investigations. Postmortem fermentation
of alcohol can occur in the body immediately after death [1],
during transport of biological specimens, and during stor-
age of the body or specimens before testing [2-5], and so
on. Alcohol in postmortem samples can arise in three main
ways: antemortem alcohol ingestion; postmortem alcohol
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synthesis in the body; and ante- or postmortem alcohol
formation by microorganisms. The role of microorganisms
is especially important when the time between death and
analysis or storage conditions of the body are not appropri-
ate [6, 7]. The presence of bacteria and glucose in the bodily
specimens and suitable ambient temperature are known to
create conditions conducive to alcohol synthesis in a corpse
[8-10].

Postmortem ethanol testing uses ethanol biomarkers with
the aim of proving that ethanol was ingested antemortem,
rather than having been synthesized after death by micro-
organisms [11, 12]. The use of ethanol biomarkers is not
a new practice in postmortem investigations; it is a well-
established technique dating back to the first report dealing
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with postmortem formation of ethanol in corpses in 1936
[10]. The ethanol itself or its primary metabolite, acetalde-
hyde, can serve as a direct ethanol antemortem biomarker.
In addition to ethanol and products from phase I metabolism
of ethanol, fatty acid ethyl esters or conjugated metabolites
such as ethyl glucuronide (EtG), ethyl sulfate (EtS), and
phosphatidyl ethanol represent phase II metabolites that can
be directly measured (Fig. 1). These conjugated metabolites
can indicate ethanol ingestion before death if specimens are
collected at the right time and are at less risk of being con-
taminated by bacteria that can cause ethanol production after
death [13]. Some of the phase I metabolites of ethanol that
are produced via oxidative metabolism, such as acetaldehyde
and acetic acid, can also be measured, but they are difficult
to determine with consistency due to technical issues [14,
15]. Polar metabolites of alcohol (EtG and EtS) are biomark-
ers of antemortem alcohol consumption and are mostly used
to exclude postmortem formation of alcohol because they
are easy to detect while also providing reliable information.
In addition, plenty of data is already available from the lit-
erature [1, 11]. These metabolites are formed from ethanol,
are not influenced by liver disease, and are detectable in a
variety of biological specimens and tissues [2, 3]. No previ-
ous studies found that EtG can be formed after death [16]
and EtS is known to be stable even under severe putrefac-
tion; both analytes can be measured in corpses and have
been detected even after a period of 27 years had elapsed
since death. [17].

Although alcohol biomarkers had been known for a long
time, the first application for the simultaneous detection of
EtG and EtS was reported in 1995 by Schmitt et al. [18].
Most of these reports, which were reviewed elsewhere [13,
19-22], pertained to living subjects, and only a few dealt
with postmortem cases [23]. To our knowledge, no previ-
ous review has characterized forensic postmortem toxicol-
ogy findings with regard to EtG and EtS in ethanol-related
fatalities.

Ethanol biomarkers can be classified into two types:
direct and indirect. The change of liver function was noticed
after long-term alcohol consumption and liver enzymes,
for example, gamma-glutamyl transferase, aspartate ami-
notransferase, alanine aminotransferase, carbohydrate-defi-
cient transferrin, and mean corpuscular volume, are used
as indirect biomarkers for alcohol abuse. Changes in these
biomarkers are detected after ongoing overconsumption of
alcohol (50-80 g of ethanol daily) for at least 1-2 weeks
[24-27]. While direct biomarkers include EtG, EtS, and
phosphatidyl ethanol, which are products of ethyl alcohol
metabolism and are thus formed prior to death. As such, they
are highly sensitive and selective biomarkers that are supe-
rior to indirect biomarkers for determining chronic alcohol
consumption [28].
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Ethanol, or its metabolite acetaldehyde, has been used
as direct biomarkers of ethanol ingestion before death [29,
30]. EtG and EtS are biomarkers of antemortem alcohol con-
sumption and are also commonly used to test postmortem
toxicological samples. EtG and EtS are formed by glucuro-
nidation and sulfation of the ethanol and reach a maximum
blood concentration 3-5 h post ethanol intake. EtG and EtS
are both nonvolatile, stable, and water soluble. Their con-
centration in urine reaches a maximum at around 22-48 h
after alcohol consumption. The formation of EtG after
conjugation with glucuronic acid is catalyzed by uridine
5'-diphospho-glucuronosyltransferase.

When postmortem ethanol findings are being interpreted,
the most important factor is the distribution of ethanol among
blood, other bodily fluids, and tissues. The case history should
include information about alcohol ingestion, the postmortem
interval (PMI), and the circumstances surrounding the body
after death. Furthermore, data on the presence of any other
putrefaction products in blood (e.g., n-propanol) are neces-
sary. As mentioned above, the absence of EtG could be due
to postmortem degradation, but its presence, as well as that
of EtS, provides evidence that ethanol was consumed before
death. Some people are not able to form EtG due to reduced
activity of the uridine 5'-diphospho-glucuronosyltransferase
enzyme, which occurs in Gilbert’s syndrome and also in rare
cases of Crigler-Najjar syndrome type 1. No corresponding
diseases are known to affect the sulfation process, and a lack of
both EtG and EtS formation is less likely to occur [12]. Sam-
ples submitted to the laboratory may be in the form of bodily
fluids, and/or other tissue specimens. They can be analyzed
directly or may need pretreatment. There are many methods
used for investigating alcohol biomarkers EtG and EtS. Liquid
chromatography—tandem mass spectrometry (LC-MS/MS) is
one of the most precise and sensitive methods.

This article is a review of the methods for determining the
ethanol biomarkers EtG and EtS in postmortem specimens,
including sample preparation, stabilities, and interpretation
of the results. The review is aimed at improving the under-
standing and interpretation of ethanol biomarkers of inter-
est among postmortem forensic toxicologists. The founda-
tion of the review is publications collected from scientific
databases, such as ScienceDirect, PubMed, and other data-
bases. These databases were searched using the keywords
“ethanol biomarkers,” “ethyl glucuronide,” “ethyl sulfate,”
“postmortem samples,” “sample preparation,” and “detec-
tion methods” to identify research on ethanol biomarkers
used in postmortem investigations. The search focused on
publications from the period extending from January 2006
to October 2020.
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Analytical methods

The most commonly submitted specimen for analysis in
postmortem toxicology is blood, and alcohol is the most
frequently encountered substance [31]. However, to detect
the origin of ethanol in a dead body, its concentration should
be measured in several sample types, such as blood from
various sites as well as urine and vitreous humor (VH) [4,
32, 33]. The technical procedures used for measuring etha-
nol levels in blood from a corpse are the same as those used
with the living; however, testing to detect alcohol directly
needs to be done within 12 h after death since alcohol breaks
down rapidly. Researchers have identified alcohol biomark-
ers for measurements outside this 12-h window [11]. Table 1
summarizes most of the methods reported for the analysis of
EtG and EtS in postmortem specimens.

Sample preparation

Measuring ethanol in any type of postmortem specimen is
readily done using traditional methods of gas chromatogra-
phy with headspace technology that requires little sample
preparation [1]. When the polar ethanol metabolites EtG
and EtS are measured, some techniques require little to no
sample preparation and no derivatizing agents are needed.
For example, LC-MS techniques, compared with gas chro-
matography—mass spectrometry (GC-MS) techniques, do
not require the use of derivatizing agents. However, some
challenges may be encountered due to the heterogeneity of
blood samples and the decomposition of specimens. Under
ideal conditions, the sample extract is clean without inter-
ference from the matrix, and analyses are repeatable. How-
ever, matrix effects are a known problem with LC-MS/MS-
related testing, with implications for the precision, accuracy,
and reproducibility of the results for the analytes of inter-
est [34]. As previously mentioned, less than 0.1% of the
ethanol dose is converted to EtG and EtS [23], and such
low concentrations require the use of highly sensitive ana-
lytical methods for measurement. Consequently, traditional
knowledge of ethanol testing cannot be used for evaluating
ethanol biomarkers using LC-MS/MS because the analytes’
concentrations, and even units used for expressing analyte
concentrations differ. Hegstad et al. [35] investigated the
effects of the quality of blood samples for EtG and EtS test-
ing using LC-MS/MS. In that study, three sample prepara-
tion techniques were used to produce acceptable chroma-
tography. First, protein precipitation extraction (PPE) was
done, followed by phospholipid removal filtration and, in
some cases, dilution of blood samples (10 times) using nega-
tive blood. However, EtG peaks were split, which could be
explained by matrix components competing with analytes

of interest and affecting EtG ionization. This problem was
solved by reducing the injection volume from 5 to 0.5 pL.
However, lowering the injection volume was at the expense
of test sensitivity, given that only a small number of four
cases were been examined, and it was uncertain whether the
results reflected real-world cases.

Many techniques have been used to limit the effect
of endogenous compounds on EtG and EtS ionization
in LC-MS/MS as indicated in Table 1. Most previous
methods to address matrix effect problems have relied
on PPE. PPE is quick, easy, inexpensive, and available
in all laboratories, and the second approach to tackle
matrix effect phenomena is the use of internal standards
deuterium-labeled EtG (EtG-d5) and deuterium-labeled
EtS (EtS-d5) this enables compensation for the matrix
effects. However, despite the advantages of PPE in rou-
tine analysis of ethanol biomarkers, it increases the risk
of matrix effects for EtG and EtS extraction and the pos-
sibility of low recovery, and it introduces matrix interfer-
ence on the LC-MS/MS system. PPE is known to be a
non-selective method of extraction compared to that of
liquid-liquid extraction and solid-phase extraction (SPE),
PPE does not remove phospholipids from samples con-
taining endogenous matrix compounds, such as fatty acids
and steroids, PPE removes a part of the phospholipid con-
tent of serum, plasma or whole blood samples, depend-
ing on the organic solvent used. Previous studies found
that methanol extracts contain 40% more phospholipids
compared to acetonitrile extracts, and are also found to
be less clean than ethanol extracts [36—38]. According to
Chambers et al. significant matrix effects up to 67% to 77%
ion suppression, were observed with all PPE regardless of
precipitation solvent [39]. Moreover, the degradation prod-
ucts of nontarget components i.e. drugs and metabolites
are also introduced in the final sample extract. All of these
components lead to the contamination of the LC-MS ion
source, and thus contribute to matrix effects and reduced
sensitivity of the analysis. More clean-up steps for remov-
ing these unwanted degradation products and phospho-
lipids components are required along with PPE such as
high-speed centrifugation to reduce the interferent levels
in PPE final extracts and to obtain a good response from
the analytes of interest [1, 35, 40]. These interferences
can cause peak splitting, peak shoulders, broad peaks, and
peak tailing, and more importantly, the ion source could
be contaminated due to the accumulation of deposits that
affect the ionization of the target analytes. The ethanol
metabolites are very polar and elute early using reversed-
phase liquid chromatography techniques, causing analytes
to be eluted in the void volume zone and measurement
to be susceptible to interference from degradation prod-
ucts and endogenous components of specimens and col-
umn materials and a need exists for improved extraction
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Table 1 (continued)

*BAC blood alcohol concentration (mg/dL)

**UAC urine alcohol concentration (mg/dL)

#EtG ethyl glucuronide
P E1S ethyl sulfate

*JS internal standards

YLOD limit of the detection (mg/L)

*LOQ limit of quantification (mg/L)

*ME matrix effects % (Percentages above 100% indicate the presence of ion enhancement, while those below 100% indicate the presence of ion suppression)

URE recovery %

"Ref references

*HPLC high-performance liquid chromatography

¥LC-MS/MS liquid chromatography—tandem mass spectrometry

S5GC-NCI-MS/MS gas chromatography—negative chemical ion-mass spectrometry

and analysis methods [41-44]. Therefore, PPE is often
combined with other pretreatment technologies for remov-
ing phospholipids. Santunione et al. [2] used sonication
before PPE and then precipitated the protein using ice-
cold methanol at a ratio of 1:4 (v:v) blood and 1:9 (w:v)
for liver specimens. Supernatants were obtained following
centrifugation for 10 min, then endogenous phospholipids
were removed using Phree™ Phospholipid Removal Tubes
(Phenomenex, Torrance, California). In that study, the
matrix effect was within an acceptable range for method
validation (+25%) with less than 5% carryover observed
when blank samples were injected into the system follow-
ing the analysis of a control spiked with analytes of inter-
est at concentrations at the upper limit of quantification.
However, spiked blood samples may not accurately reflect
real case samples. In another study, a postmortem blood
clot from a middle-aged man who died 27-years earlier
only required two steps for sample preparation, including
PPE with acetonitrile and then high-speed centrifugation
of the supernatants for 10 min, before quantifying EtG
and EtS [17]. In that study, kidney and liver tissues were
also extracted and analyzed for EtG and EtS. The results
for the analytes of interest in these liver and kidney tis-
sues showed no matrix effects were detected. A different
approach has been reported using phospholipid plates and
high-speed centrifugation [45]. Samples were first cen-
trifuged at a high speed for 5 min, and then the superna-
tants were filtered using an Amicon Ultra 3 K filter (Merck
Millipore, Tullagreen, Ireland); matrix effects were exam-
ined, percentages above 100% indicate the presence of ion
enhancement, while those below 100% indicate the pres-
ence of ion suppression. In that study, both ion suppres-
sions (94%) and ion enhancement (108%) were observed.
It seems that high-speed centrifugation is more effective
in a combination involving less sample preparation than
using PPE with low-speed centrifugation. In recent work,
postmortem blood samples were extracted using ice-cold
methanol, centrifugation at 13,200g for 5 min, followed by
filtration through a 30-mm nylon syringe filter with 0.2-um
pore size (Thermo Fisher, Rockwood, TN, USA). Matrix
effects were detected with ion suppression values of 94%
and 98% and ion enhancement values of 101% and 108%
in blood and urine with respect to the target concentration,
respectively [1].

Al-Asmari et al. [11] extracted EtG and EtS from post-
mortem urine samples using two steps. First, 200 pL of ace-
tonitrile was transferred to a tube containing 100 pL of urine
and internal standards, and then the mixture was centrifuged
at 3700g for 10 min. In that study, matrix effects remained
within a range of 99% to 105%. In fact, urine is thought to
be a much cleaner matrix compared with postmortem blood
samples, and dilution may be a sufficient pretreatment for
urine samples prior to LC-MS/MS.

@ Springer
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Fig. 1 Ethanol metabolism
diagram in human

Direct analytical approaches can be used to analyze post-
mortem blood and VH samples after collection without any
pretreatment other than 1:1 (v:v) dilution with 0.9% NaCl to
solve the viscosity issue of VH specimens [46]. Wang et al.
[47] developed a method that used dried blood spots on filter
paper to quantify EtG and EtS in postmortem specimens.
This technique allows stable storage of the collected blood,
and it uses methanol for the extraction and n-propanol for
reconstitution before injection of the supernatant into the
system for analysis.

SPE is believed to be more sensitive and selective in
forensic toxicology applications compared with PPE and
dilution. It is aimed at preparing a clean extract that can
be injected into analyzers with less interference from the
matrix. However, it has rarely been reported for the analysis
of postmortem specimens for EtG, and no SPE procedure
is available for EtS in postmortem specimens yet. SPE has
been used for postmortem specimens, with two SPE proce-
dures having been reported for postmortem blood and two
others for testing hair [17, 48, 49]. Three of these SPE proce-
dures used aminopropyl SPE cartridges (NH,, 500 mg/3 mL)
(Varian, Milan, Italy) and one used Oasis MAX cartridges
(30 mg/3 mL) (Waters, Milford, USA). In addition to blood,
rib bone marrow, liver, muscle, fat tissue, urine, and bile
have been successfully extracted to measure EtG, which
was isolated using aminopropyl SPE, with a column con-
ditioned using 2.5 mL of methanol, water, and acetonitrile/
hydrochloric acid solution. Following sample-loading, the
cartridge was washed using 2 mL of n-hexane, and EtG
was then eluted using 1.8 mL of aqueous ammonia solution
(1%). Matrix effects were not a concern, with good recover-
ies ranging from 61 to 97% [48]. In hair samples, EtG was

@ Springer

isolated using similar SPE cartridge chemistry. First, the hair
shaft was decontaminated using an organic solvent, followed
by two steps of washing with dichloromethane and metha-
nol. The hair samples were then cut into small fragments
(1-2 mm), spiked with EtG-d5 (100 pg/mg) and incubated
overnight with internal standards in deionized water. The
mixture was then subjected to ultrasonication for 2 h and
centrifuged at 840g for 10 min before the supernatant was
loaded into SPE cartridges. In that study, EtG was success-
fully identified in all hair segments, but it was not possible
to quantify EtG due to severe ion suppression issues [17].
Another SPE application was developed by Kharbouche
et al. [49] using an Oasis MAX SPE (mixed-mode anion
exchange sorbent) to determine EtG in postmortem hair
samples, followed by derivatization with perfluoropenta-
noic anhydride. In that application, EtG was identified and
quantified using gas chromatography negative chemical ion
mass spectrometry (GC-NCI-MS) at concentrations ranging
from 60 to 820 pg/mg.

Determination of EtG and EtS in biological
matrices and tissues using LC-MS
techniques

Blood

A procedure of LC coupled with single-stage MS for deter-
mining EtG in antemortem cases was adapted for determin-
ing EtG in postmortem blood cases [16]. In this applica-
tion, EtG was separated using a Hypercarb HPLC column
(2.1 x 100 mm, 5-um particles size) and protected using a
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Hypercarb guard column (2.1X 10 mm) (Thermo Electron
Corporation, Cambridge, UK). EtG and the corresponding
internal standards were separated using an isocratic elution
consisting of 25 mM formic acid with 5% acetonitrile at
a flow rate of 0.2 mL/min and a run time of 45 min. This
application was proved to be sensitive, with a limit of detec-
tion (LOD) and limit of quantification (LOQ) values of 0.02
and 0.09 mg/L, respectively. At the time of that work, the
phenomena of matrix effects and the importance of analyz-
ing EtS in parallel with EtG had not yet been taken into
consideration. In addition, LC-MS was not the gold standard
procedure in forensic toxicology compared with GC-MS,
and the literature contained few studies about ethanol bio-
markers. Further, EtG stabilities had not yet been studied.
Also, matrix effects were not considered important parame-
ters in method validation, as shown by the Society of Foren-
sic Toxicologists (SOFT)/American Academy of Forensic
Sciences (AAFS) guidelines, for example [50]. In a study
by Hoiseth et al. [16] EtG was detected in blood in 19 out of
39 autopsy cases. The intention in that study was to exam-
ine the validity of using EtG as an ethanol biomarker for
antemortem consumption in real case samples and in cases
that tested positive for EtG, and to study if EtG formed after
death in any of the negative cases (20 cases).

In a previous report by the same authors, 93 decedents
were reported to have a history of antemortem alcohol inges-
tion and these reports were supported by positive EtG results
in all cases, even with low blood alcohol concentration
(BAC) [51]. In addition, samples from 53 decedents with no
history of alcohol use all tested negative for EtG. In the posi-
tive EtG cases, the range of EtG in blood (93 cases) ranged
from 0.11 to 56 mg/L. The median concentration of EtG in
blood was 0.48 mg/L (range 1.2-40 mg/L) in cases with a
high BAC and a history of alcohol ingestion (41 cases). In
the second group, which had a history of alcohol use and
the intermediate BAC concentration (40 cases), the median
EtG concentration was 3.6 mg/L (range 0.5-56 mg/L). In the
last 12 cases, which had low BAC and a history of alcohol
use, the median EtG concentration was 0.77 mg/L (range
0.11-4 mg/L) [51]. In these studies, EtG was confirmed to
be a reliable biomarker for antemortem alcohol ingestion;
howeyver, it was not stable under some circumstances. There-
fore, additional alcohol biomarkers similar to EtG, but more
stable under severe environmental conditions, were sought
for postmortem forensic toxicology investigations. A single-
quadrupole LC-MS analyzer was able to provide reasonable
data on EtG in a postmortem alcohol investigation, leading
to the use of more advanced LC-MS/MS techniques with
higher sensitivity and selectivity. However, due to the high
cost of LC-MS/MS at that time in 2007, few forensic labora-
tories were able to use this technique in forensic postmortem
investigations.

One of the earliest studies using LC-MS/MS to determine
EtG was conducted in 2008 [48]. In this study, 12 blood
samples from postmortem cases were analyzed using mul-
tiple reaction monitoring (MRM) in negative ion mode to
determine EtG. In that method, the LOD and LOQ for EtG
were 0.05 mg/L and 0.125 mg/L, respectively, as detailed
in a previous report [52]. A linear calibration curve over a
dynamic range of 0.05-2 mg/L was established, with a good
coefficient of determination (R>=0.999). In that procedure,
the matrix effects and recovery were not investigated. This
procedure was suitable for detecting EtG at a concentration
range of 0.2-34.9 mg/mL. The median ratio of blood EtG/
BAC was 20 (range 8-79). The correlations between BAC
and blood EtG were calculated and found to be poor with
R?=0.425,y=0.0108x+0.136.

In another study, the range of EtG concentration in blood
samples was 0.64-5.82 mg/L, which was below the LOD
(0.083 mg/L) at the lower end of the range; the median blood
EtG level was 1.25 mg/L; and the mean value was 2.0 mg/L
with 80% recovery [53]. The median ratio of blood EtG/
BAC was 1.1 (range 0.4—4.3). The correlations between
BAC and blood EtG were calculated and found to be poor,
with R?=0.306, y=0.320x+0.888.

Thierauf et al. [54] conducted a study using a similar
LC-MS/MS procedure to that reported by Weinmann et al.
[52] and Schloegl et al. [48] and determined EtG and EtS
in postmortem blood samples obtained from 26 cases (BAC
range of 346—700 mg/dL). In these cases, no sign of putre-
faction was observed due to cold weather and the bodies
having been refrigerated immediately; however, some of
the corpses had PMI between death and sampling of up to
9 days. Thierauf et al. [54] found positive EtG results in
25 out of 26 cases, with concentrations ranging from 0.35
t019.3 mg/L. Meanwhile, EtS was found to be negative in 2
out of 26 cases, with concentrations in positive cases rang-
ing from 0.13 to 4.9 mg/L. The median urine alcohol con-
centration (UAC)/BAC ratio was 1.4 (range 0.4—1.8) with a
good coefficient of correlation, R°=0.895, y=1.19x+0.171.
The median ratios of blood EtG/blood EtS, blood EtG/BAC,
and blood EtS/BAC were 2.3 (range 0.3-6.3), 2.5 (range
0.3-19.3), and 0.9 (range 0.4—4.5), respectively. The correla-
tions between BAC and ethanol biomarkers were calculated
and found to be poor, with R?=0.2009, y=0.313x+1.27 and
R%2=0.060, y=0.0413x+ 1.70 for blood EtG/BAC and blood
EtS/BAC.

An ultra-performance liquid chromatography coupled
with electrospray ionization tandem mass spectrometry
(UPLC-ESI-MS/MS) method reported by Hoiseth et al.
[55] was adopted by Krabseth et al. [12]. EtG and EtS were
analyzed using MRM mode and negative ion mode. Ana-
lytes of interest were separated using a Hypercarb HPLC
column (2.1 X 100 mm, 5 um) using a column oven tempera-
ture of 40 °C during the analysis, and the isocratic mobile
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phase consisted of 25 mM formic acid with 5% acetonitrile
at 0.2 mL/min, with a run time of 20 min. This applica-
tion proved to be sensitive, with LOD values of 0.02 and
0.013 mg/L for EtG and EtS; whereas, the LOQ was found to
be 0.06 mg/L for EtG and 0.028 mg/L for EtS. This method
was applied for 493 corpses positive for ethanol, and 60
cases were found to be negative for EtS (12%). In that study
[12], 38% of the total cases that had a BAC <54 mg/dL were
considered as having postmortem alcohol synthesis, while
only 2.2% of cases that had a BAC > 55 mg/dL, were con-
sidered as having postmortem alcohol synthesis. The median
amount of EtG and EtS in the blood was 9.5 pmol/L (range
not detected n.d. to 618) and 9.2 pmol/L (range n.d. to 183),
respectively, while the median BAC was 120 mg/dL (range
10-490 mg/dL) in the total cases while this was 30 mg/dL
(range 10-99 mg/dL) in the 60 cases tested negative for EtS.
A positive correlation between BAC and EtG was indicated
by Spearman’s tho=0.671 with Spearman’s rho=0.670 for
BAC and EtS. This is in agreement with a previous study
that suggested that the probability of new alcohol formation
increased with lower BAC concentrations [4].

Vezzoli et al. [29] reported a validated LC-MS/MS pro-
cedure for analyzing EtG, which achieved an LOD and an
LOQ as low as 0.001 mg/L and 0.005 mg/L, respectively.
Linear responses were obtained over the range of the calibra-
tion curve from 0 and 1 mg/L, with a coefficient of deter-
mination better than 0.998. Matrix effects were examined
using three controls at low, medium, and high concentrations
(0.05, 0.1 and 0.2 mg/L). In that study, ion enhancement
values of up to 118% were reported. Method accuracy and
precision were investigated using similar controls. Accept-
able coefficients of variation (%CV) were obtained for accu-
racy and precision with less than %CV: 15% and %CV: 12%,
respectively. However, a matrix effect was not investigated
at the LOQ level, and high control of both precision and
accuracy was not examined at 80% of the linear dynamic
range of method (0—1 mg/L) as recommended by the Scien-
tific Working Group for Forensic Toxicology (SWGTOX)
guidelines [56]. In addition, the range of positive EtG values
were considered low compared with most published methods
that considered 0.1 mg/L as the cutoff due to the probabil-
ity of false-positive results from matrix effects and other
ethanol-containing products such as mouthwash [57]. In a
study by Vezzoli et al. [29], the concentration of EtG in
femoral blood was used as a marker of recent ethanol use
in 63 cases. Nineteen of these cases showed ethanol in the
blood, with concentrations ranging from 50 to 300 mg/dL.
The median blood EtG concentration was 0.18 mg/L (range
0.02 to 3.27 mg/L). In 13 cases, BAC showed a concen-
tration higher than 50 mg/dL, although the observed blood
EtG concentration was lower than 0.01 mg/L. These cases
had been classified as putrefied cases, with some putrefac-
tion products detected, such as n-propanol. In contrast, in 14
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cases, the BAC was lower than 46 mg/dL and the blood EtG
concentration was higher than 0.01 mg/L. The median ratio
of blood EtG/BAC was 2.8 (range 0.01-35). The correlations
between BAC and EtG were calculated and found to be poor
with R?=0.376, y=0.0846x +0.373.

An LC-MS/MS with a triple-quadrupole mass spectrom-
eter operated with MRM and negative ion mode was used for
EtG and EtS analysis [58]. In that method, EtG and EtS were
separated using a Hydro-RP 100A column (2 X 100 mm,
2.5 pm) and a gradient mobile phase consisted of 0.1% for-
mic acid in water (A) and 0.1% formic acid in acetonitrile
(B) at a flow rate of 0.25 mL/min; the total run time was
6 min. This procedure was sensitive for ethanol metabolites,
with an LOD of 0.001 mg/L and an LOQ of 0.005 mg/L. Ion
suppression was observed in the range of 76-80%, 88-94%
and analytical recovery of 78 and 90% was obtained for EtG
and EtS, respectively.

Wang et al. [58], investigated the role of ethanol biomark-
ers for determining antemortem alcohol consumption, with
n-propanol used as a putrefaction marker. In their study, 42
cases were tested for n-propanol, EtG, and EtS. BACs in
these cases ranged from 10 to 500 mg/dL. The authors found
that n-propanol was not a reliable putrefaction marker, and
up to 17% of the cases in which EtG and EtS were present or
absent would be considered false results if only n-propanol
results were used. In addition, the concentration of EtG in
blood was always higher than that of EtS, which was in
agreement with previous studies [3, 29, 59]. In these cases,
good correlations were observed between BAC and ethanol
biomarkers with R=0.792 for EtG and R =0.884 for EtS.

A UPLC-MS/MS method for EtG and EtS was developed
and validated for the testing of blood specimens obtained
at autopsy with putrefaction and without putrefaction of
the decedents’ corpse [35]. The authors used a hydrophilic
interaction LC column (HSS T3 column, 2.1 X 100 mm
1.8 pm; Waters) to separate analytes of interest, which
was maintained at a 50 °C oven temperature. Separation of
analytes of interest was conducted using a gradient mobile
phase consisting of 0.1% formic acid in water (A) and 100%
methanol (B); the run time was 2.5 min which is the short-
est run time reported yet for the analysis of EtG and EtS. A
Xevo TQ-S tandem MS (Waters instrument) equipped with
a Z-spray electrospray interface was used for the quantifica-
tion and identification of analytes of interest using negative
ESI mode. This procedure provided a good coefficient of
correlation (0.999) over the ranges of the calibration curves
from 0.08 to 2 mg/L EtG and 0.025 to 2 mg/L EtS. Method
accuracy and precision were examined using three con-
trols at 0.12, 0.6, and 1.5 mg/L for EtG and 0.04, 0.6, and
1.5 mg/L for EtS. Accuracy was expressed as the relative
error (%E), and values were in the range of —2.4% to 1.8%
with a within-assay %CV value in the range of 2.7-4.6% and
a between-assay %CV value ranging from 1.7 to 7%. An ion
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suppression matrix value of less than 80% was observed,
while extraction recoveries were approximately 51 and 55%
for EtG and EtS, respectively. Nine autopsy blood samples
were tested for EtG and EtS, the median EtG and EtS con-
centrations were 1 mg/L (range 0.2-7.5 mg/L) and 1.1 mg/L
(range 0.1-1.9 mg/L), respectively. In these cases, the ratio
value of the median blood EtG/blood EtS was 1.5 (range
0.2-3.9), and a good correlation relationship was observed
between EtG and EtS with R=0.643, y=3.26x—1.24.

Liu et al. [60] studied the stabilities of EtG and EtS in
six real postmortem blood samples. They used their pre-
vious sensitive method of analysis [44], which was devel-
oped to achieve sensitive detection of lower LODs which
ranged from 0.0001 to 0.01 mg/L for EtG and EtS, while
LOQ was 0.02 mg/L and was 0.0005 mg/L for EtS. Cali-
bration curves for EtG and EtS were constructed over the
range of concentrations from 0.02 to 20 mg/L and 0.001
to 20 mg/L, respectively, which revealed a correlation of
determination of R’ =0.994 for EtG and R?=0.992 for EtS.
Four controls for each analyte were examined for accuracy,
precision, and recovery, and all were within the acceptable
limits for method validation < + 15%. Ion suppression values
of 67% were observed of the target EtG concentration, which
resulted in apparent low extraction recoveries less than 30%.
The values for ion suppressions of 85% and ion enhance-
ment of 115% were observed of the target EtS concentra-
tion and had a much better extraction recovery, exceeding
by 80% that for EtS. Liu et al. [60] reported six cases with
BAC 88-300 mg/dL which were investigated, and the results
showed the range of EtG was 0.4-7.3 mg/L, while the EtS
range was 0.3—1.5 mg/L. In these cases, the ratio value of
the median of blood EtG/blood EtS was 1.9 (range 0.8—4.8),
and a good correlation coefficient was observed between
EtG and EtS with R’ = 0.582, y=3.85x—0.958. However,
the correlation between ethanol biomarkers concentration
and BAC was not good, with R?>=0.319, y=0.180x+1.27
and R°=0.012, y=0.1999x + 1.58, respectively, which was
in agreement with previous studies [35, 54].

A recent study [1] investigated the EtG and EtS concen-
trations in blood samples using triple quadrupole LC-ESI/
MS, operating with MRM and in negative ion mode. Fast
elution of the analytes of interest in less than 2 min was
obtained using a Raptor Biphenyl column (50 % 3.0 mm,
2.7 pm, Restek, USA) coupled with a Security Guard Car-
tridge (5% 3.0 mm, 2.7 um). The mobile phase consisted
of 10 mM ammonium formate adjusted to pH 3 (A) and
methanol (B) over a run time of 5 min at a flow rate of
0.3 mL/min. All calibration curves were linear, with coeffi-
cients of determination greater than 0.999. The LOD ranged
from 0.05-0.06 mg/L for analytes of interest. The LOQs
were 0.075 mg/L for both EtG and EtS. Within-run preci-
sion and between-run precision were acceptable with %CV
less than 11% of the target concentration. Matrix effects for

EtG and EtS observed an ion enhancement value ranging
from 103 to 147%, and analytical recoveries ranged from 72
to 100%. This validated method was then used for routine
postmortem forensic toxicology analyses in 592 postmortem
cases to distinguish between antemortem ethanol consump-
tion and postmortem ethanol formation by microbes. The
median BAC in blood samples in the antemortem alcohol
cases was 138 mg/dL (range 11-537 mg/dL), the median
blood EtG concentration was 3 mg/L (range 1-156 mg/L),
and the median blood EtS concentration was 2 mg/L (range
0.3-99 mg/L). The BAC, EtG and EtS were reported in cases
that had some signs of putrefaction (5 cases), while only
BAC was measured in heavily putrefied cases (7 cases).
The use of EtG and EtS in parallel was found to provide
accurate results for distinguishing between antemortem
and postmortem BAC sources. Five samples were posi-
tive only for EtG and EtS and negative for ethanol, and 27
cases were positive for ethanol, EtG, and EtS. The ratio
value of the median values for blood EtG/blood EtS, blood
EtG/BAC (mg/mL), and blood EtS/BAC (mg/mL) were 3
(range 0.9-9), 3.5 (range 0.4-262), and 1.4 (range 0.2-231),
respectively. A correlation coefficient between EtG and EtS
was low with R?=0.378, y=1.41x+9.63. Similarly, the
correlation between ethanol biomarkers and BAC was not
good, with R?=0.003, y= —0.0018x + 1.53 and R*=0.020,
y=—0.0114x+ 1.57, which was in agreement with previous
studies [35, 54].

Urine

Blood samples are not always available at autopsy due to
trauma, decomposition, and exsanguinations that may occur
with fatalities related to automobile accidents or other cir-
cumstances. Therefore, the ability to detect ethanol and
metabolites in other bodily fluids and tissues is essential for
toxicology analysis [61].

UAC is always tested in parallel with BAC, which is
considered a reliable means for interpreting the source of
alcohol at autopsy and thus whether it is due to antemortem
alcohol consumption or postmortem synthesis by microor-
ganisms. Urine is a useful specimen, especially for alcohol
testing, because it is usually free of glucose in healthy indi-
viduals. In many postmortem forensic toxicology practices,
negative UAC and positive BAC would be interpreted as
an indication of postmortem synthesis of alcohol [4]. The
role of urine alcohol testing in antemortem and postmortem
analysis is discussed in detail by Jones [32]. A few studies
have reported EtG alone in postmortem urine analysis [2,
16, 48, 53] and a single study reported urine EtS alone [62],
while many studies have reported the simultaneous determi-
nation of EtG and EtS in routine postmortem urine analysis
since 2006 [1, 11, 54, 59, 63]. The earliest studies found
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that urine had the highest EtG concentration compared with
other bodily fluids and tissues [48, 51].

In 2006, LC-ESI-MS was used for the determination of
EtG in different postmortem bodily fluids and tissues [48],
and the LOD and LOQ were found to be low for analysis of
urinary EtG at 0.02 and 0.06 mg/L, respectively. The details
of the methods of analysis are discussed in the section about
blood above. Most of the validation parameters were exam-
ined for blood samples [48]. The use of calibration curves
derived from blood for calculating results from other post-
mortem specimens is acceptable according to SWGTOX
guidelines; however, quality control samples prepared in
matrices of interest should be examined which was not con-
ducted in Schloegl et al. study [56], the focus of that study
was to introduce new information on the stability of EtG in
postmortem specimens rather than method validation of a
new procedure.

LC coupled with single-mode MS was used to detect EtG
in urine in two previous reports [16, 53]. In these reports,
single-ion monitoring with negative ion mode at m/z 221
for EtG and m/z 226 for EtG-d5 were used to validate the
analysis. Another two applications used MS/MS for autopsy
urine specimens [2, 48]. In these applications, EtG and EtG-
dS were identified and quantified based on MRM negative
ion mode using the following transitions: EtG m/z 221 —75
and 221 — 85, and EtG-d5 m/z 226 — 75 and 226 — 85. In
a study by Schloegl et al. [48], the median UAC/BAC ratio
was 1.4 (range 1.2-1.8) and the median ratio of urine EtG
concentration (mg/L)/UAC (mg/dL) was 0.3 (range 0.1-1).
The correlation coefficient was poor between UAC and urine
EtG, with R=0.40.

In the paper by Hoiseth et al. [16] the analysis of urinary
EtG testing had a LOQ of 0.1 mg/L, and the EtG calibration
curve was found to be linear over the concentrations rang-
ing up to 20 mg/L. Two controls were used to investigate
the method precision (low: 0.15 mg/L and high: 6 mg/L),
and relative standard deviations (RSD) in intraday and
interday precision were < 10 and 2%, respectively. Keten
et al. reported an LOD and an LOQ of 0.12 and 0.36 mg/L,
respectively. The method enabled plotting a linear calibra-
tion line over a range from 0.05 to 50 mg/L, and the value
of extraction recovery was almost 90% [53].

Santunione et al. [2] reported a fully validated LC-ESI/
MS procedure for the analysis of 21 samples of various post-
mortem specimens including urine. This procedure was vali-
dated according to the SWGTOX guideline [56]. EtG was
separated using an Atlantis T3 100 A reversed-phase C18
column (150 % 2.1 mm; 3-pm particle size) with a guard col-
umn (50 % 2.1 mm) (Waters, Milford, MA), kept at 40 °C.
The total run time was 20 min through operating a gradient
elution system consisting of aqueous formic acid (0.1%) and
acetonitrile. The LOQ was higher compared with previous
reports [16, 53], and was reported to be 0.5 mg/L. Accuracy
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values were found to range from — 10 to + 10%, while intra-
batch and interbatch precision values were lower and a %CV
less than 10% was obtained. In 13 of the 21 cases, urine sam-
ples were available for EtG measurement. The median urine
EtG concentration was 22 mg/L (range 2-373 mg/L), and the
median ratio between urine EtG and blood EtG concentra-
tions was 19.2 fold (range of 2-104) [2]. In another study by
Schloegl et al. [48] urine EtG concentrations ranged from
15 to 509 mg/L, with a median concentration of 81 mg/L
and the ratio of the concentrations of urine EtG/blood EtG
of 15 fold (range 6-31). Similar ratios were also reported
by Keten et al. [53], who showed a median ratio of 18.6 fold
(range 3—142) and a higher urine EtG median concentration
of 43 mg/L (range 0.3-632 mg/L).

Research on the usefulness of including EtS and EtG in
postmortem alcohol testing was started at the same time.
However, most of the investigations focused on EtG only,
and methods were initially unavailable for measuring EtS
with LC-MS and GC-MS. The first use of EtS measurement
in postmortem urine analysis was published in 2006 [63], In
that first study, LOD was set at 0.1 mg/L, matrix effects were
observed for both EtG and EtS with ion suppression values
up to 70% and ion enhancement values up to 115%. Two
sets of calibration curves were constructed to accommo-
date the broad range of EtS concnentrations (0.1-15 mg/L
and 5-750 mg/L), with three different controls for each set
to examine the method accuracy and precision (0.1, 1.25,
and 15 mg/L and 5, 62.5, and 750 mg/L, respectively). The
RSDs for intraday and interday precision ranged from + 0.6
to+4.7% and from = 0.8 to + 8.3%, respectively.

Bicker et al. [63] presented data for 52 autopsy urine
samples (BAC, <5-402 mg/dL; UAC, 24-542 mg/dL),
with EtG and EtS being positive in 50, and 51 cases having
median concentrations of 98.4 mg/L (range 0.1-1380 mg/L)
and 28 mg/L (range 0.1-220 mg/L), respectively. In that
study, good correlation was found between EtG and EtS,
with median EtG concentration/EtS concentration ratios of 2
(0.35-5.6). However, UAC was poorly correlated with con-
centrations of both ethanol biomarkers.

Al-Asmari et al. [11] developed a method for urine analy-
sis of EtG and EtS using a hydrophilic interaction liquid
chromatography column for the first time in 2010, finding
that the LC—ESI/ion trap MS/MS technique was efficient
for direct determination of EtG and EtS in urine obtained
from postmortem cases. They used selective reaction moni-
toring and negative ion mode. In that study, the following
transitions were used in MRM mode: m/z 221 —203 and
m/z 221 — 113 for EtG; m/z 226 — 208 and m/z 226 — 118
for EtG-d5; m/z 125 —97 and m/z 125 — 125 for EtS; and
m/z 130 —98.5 and m/z 130 — 130. for EtS-d5, and 10%
of precursor ions remained as qualifier ions while the main
product ions were used as quantifier ions. EtG and EtS were
separated using a ZIC®-HILIC column (150X 2.1 mm,
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3.5 pm) protected by a guard column with identical packing
material of a larger particle size (14 X 1.0 mm, 5 pum/200 A)
(Merck SeQuant, Umea, Sweden). The gradient mobile
phase consisted of 5 mM ammonium acetate and acetoni-
trile at 0.2 mL/min, with a run time of 20 min. Low LOD
values (0.001 mg/L) for EtG and EtS were obtained, with
LOQ values of 0.13 mg/L and 0.2 mg/L for EtG and EtS,
respectively. Linear calibration curves for EtG and EtS were
established over the range of 0.05-10 mg/L. Three quality
controls at low, medium, and high concentrations (0.05, 0.5
and 2.5 mg/L) were spiked into blank urine to investigate
matrix effects, recoveries, accuracy, and precision. RSD
values of < +8 and + 11% were observed for intra-assay
and interassay precision, respectively. The value for accura-
cies, matrix effect, and extraction recoveries ranged from — 3
to+ 3%, from 99 to 105%, and from 96 to 101%, respec-
tively. This method was used for routine urine postmortem
analysis in 90 cases, and EtG concntrations ranged from 2
to 1500 mg/L and EtS from 0.5 to 400 mg/L, with mean
(median) concentrations of 250 (120) mg/L for EtG and 33
(62) mg/L for EtS [11].

In 20 urine samples, the LOD of EtG was 0.09 mg/L and
the range was 0.3-244 mg/L, based on analysis by LC-ESI/
MS negative mode [59]. In addition, in 14 out of 19 cases
that were analyzed to determine the levels of both EtG and
EtS, the median concentrations of EtG and EtS in urine were
35.9 (range 1.0-182) and 8.5 mg/L (range 0.3-99), respec-
tively. The median ratio between EtG and EtS concentrations
in urine was 2.2 (range 0.03-7.8). Thierauf et al. conducted a
similar study in 26 cases, and they found urine EtG concen-
trations ranged from not detected to 150 mg/L, with a UAC
of 42-459 mg/L [54].

Al-Asmari and Al-Amoudi [1] have analyzed urine sam-
ples to determine EtG and EtS. The LOD of EtG and EtS
was 0.05 mg/L and the LOQ was 0.075 mg/L. Moreover,
the value for matrix effects and extraction recoveries were
107-147% and 72-89%, respectively. Linear calibration
curves for EtG and EtS were established over the range of
0.05—-4 mg/L. Three quality controls at low, medium, and
high (0.1, 1.0 and 3 mg/L) were spiked into blank urine
samples to investigate method accuracies (%E), within-run
precision, and between-run precision, and the results ranged
from; %E—4 to+ 1%, CV% 1-10%, and CV% 1-11%, for
EtG and EtS, respectively. In this study [1], urine samples
obtained from 32 autopsies were tested for ethanol biomark-
ers, in these cases, the median UAC was 125 mg/dL, and the
mean UAC was 203 mg/dL (range 10-1180 mg/dL). All but
eight cases were available for EtG and EtS testing, which
had median concentrations of 52 mg/L (range 2—685 mg/L)
and 22 mg/L (range 3-155 mg/L), respectively. Urine is
typically not available in most cases involving alcohol syn-
thesis, and it was available for only one-third of the cases
reported in that study. The UAC/BAC ratios were calculated

in many groups of samples to investigate their usefulness
in distinguishing between antemortem alcohol consumption
and postmortem alcohol synthesis. In fact, many UAC tests
were positive despite the cases being classified as being due
to alcohol postmortem synthesis. In contrast, ratios of UAC/
BAC in putrefaction and nonputrefaction cases could not be
distinguished, due to low BAC and UAC. Therefore, EtG and
EtS are the indicators of choice for the identification of ante-
mortem alcohol consumption. In the study Al-Asmari and
Al-Amoudi, higher UAC/BAC concentrations ratios than
expected (one third) were obtained for confirmed ethanol
antemortem consumption cases for which the presence of
antemortem and postmortem alcohol sources was proposed.
EtG and EtS concentrations in cases in which alcohol was
the only drug detected were higher than in cases in which
alcohol was detected along with other drugs. The mean con-
centrations were 193 mg/L (18-649 mg/L) and 110 mg/L
(2-475) for EtG and 43 mg/L (3—155 mg/L) and 29 mg/L
(3-124 mg/L) for EtS, respectively. In addition, in cases that
were positive for antemortem alcohol, EtG and EtS concen-
trations were higher than in cases that showed some putre-
faction signs compared with cases without putrefaction. The
median concentrations were 257 mg/L (34—445 mg/L) and
126 mg/L (2-649 mg/L) for EtG, while the EtS concentra-
tions were 95 mg/L (3—156 mg/L) and 21 (3—124 mg/L),
respectively. The UAC/BAC ratios in cases in which only
ethanol was detected were almost within 1-2, with a mean
and median of 1, compared with cases in which ethanol
was detected with other drugs. In the latter cases, the ratios
ranged from 1 to 10, with a mean and a median of 3 and 1,
respectively. Al-Asmari and Al-Amoudi [1] stated that the
correlation of BAC or UAC with both EtG and EtS was often
poor, which was supported by previous reports [11, 63]. In
a similar manner, UAC/BAC ratios that were higher than
expected were found in 52 urine samples obtained from post-
mortem cases, with a mean and a median of 2 and 1 (0.5-22)
[63]. No differences were observed in the urine EtG/EtS
concentration ratios between groups of cases classified as
alcohol only, alcohol with other drugs, nonputrefaction, and
some putrefaction; the median ratio in all groups was 3. In
previous studies, the median ratios of urine EtG/EtS concen-
trations were 3.5 [63], 4.8 [11], 1.8 [54] and 3.8 [59].

Vitreous humor

Blood, urine, and VH have been recommended as speci-
mens for alcohol analysis. VH specimens are less prone
to postmortem alcohol synthesis because they are free of
glucose. Further, any microorganism contamination is lim-
ited in the early stages of the putrefaction process [4, 64],
and in later postmortem stages, VH is hardly contaminated
[54, 65]. These factors make VH a valuable specimen for
ethanol testing in cases in which blood is not available or
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when postmortem ethanol synthesis is suspected [29]. VH
has been extensively investigated in postmortem analyses
for many drugs and metabolites and especially for alcohol;
however, only five applications were reported for the analy-
sis of EtG [29, 46, 47, 53, 54], with only two including EtS
[47, 54].

In the first report of the process, VH samples for EtG
testing were obtained from 25 autopsy cases [53]. The mean
age of the deceased was 46 years old (range: 26—65 years).
Information on the time interval between death and sample
collection was available in 23 cases and it ranged from 12 to
36 h, with a median of 17 h. BACs were 33-358 mg/dL. All
cases were positive for EtG and blood ethanol, except in one
case that was negative for blood ethanol. EtG was measur-
able in blood in 21 out of 25 cases, in urine in 17 out of 19
cases, and in VH in 19 out of 25 cases. The negative VH
could be explained by EtG pharmacokinetics, whereby alco-
hol starts to be detectable in VH 30 to 45 min after ingestion
[66]. In Keten et al. [53] correlations between VH alcohol
concentrations (VHAC) and BAC were not mentioned, but
good correlation coefficients were found between VH EtG/
blood EtG concentrations (R>=0.54) and VH EtG/urine EtG
concentrations (R?=0.84). The median VH EtG/blood EtG
ratios were calculated and found to be < 1 inall tested cases
(range 0.02-0.8). The same study reported that VH EtG was
present in measurable amounts in 19 cases. The VH EtG
levels ranged from 0.05 to 1.90 mg/L and were below the
LOD (0.03 mg/L) in six.

The study by Keten et al. [53] aimed to investigate VH
EtG as a valuable postmortem tool to examine antemor-
tem alcohol consumption. An LC-MS/MS method was
developed to quantify EtG in blood, urine, and VH using a
single-stage LC-ESI/MS instrument, and the EtG and EtG-
d5 which were measured in negative mode with single ion
monitoring at m/z 221 and m/z 226, respectively. Analytes of
interest were separated using an isocratic mobile phase con-
taining 0.1% formic acid and 5% acetonitrile over a run time
of 30 min at a flow rate of 0.5 mL/min, with separation on
Zorbax Bonus RP Rapid Resolution column (150 X 4.6 mm,
particle size 3.5 um). The LOD and LOQ for EtG were 0.083
and 0.249 mg/L, respectively, and the method produced a
linear response over a range of 0.5-50 mg/L. Matrix effects
on analyte ionization were examined using post-extraction
blank blood, urine and VH samples and a recovery value
of 80% of the target concentration was obtained. Although
the method was well designed, some important validation
parameters such as accuracy and precision were not con-
ducted. Many of the positive cases had trace levels of the
analyte of interest (between LOD and LOQ range). It is rec-
ommended to use LOQ concentrations as the lowest point
on the calibration curve; however, in this procedure, the first
point on the calibration curve was two times as high as the
LOQ.
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Thierauf et al. [54] reported the use of LC-MS/MS to
analyze both EtG and EtS in VH obtained from autopsied
corpses. Analytes of interest were separated using a polar-
end capped phenylpropyl reverse-phase column (Synergi
Polar-RP 250 X2 mm, particle size 4 um) with a guard
column (4 X2 mm) (Phenomenex, Aschaffenburg, Ger-
many), using an isocratic elution (0.1% formic acid) with a
flow rate of 0.2 mL/min and a run time of 20 min. The cal-
ibration curve extended from 0.05 to 50 mg/L for EtG and
from 0.04 to 50 mg/L for EtS. The LOD was 0.05 mg/L for
both EtG and EtS. In 26 cases in which EtG was analyzed
in VH samples, the results showed that the range for EtG
was 0.1-9.4 mg/L with a BAC level of 10-432 mg/dL,
while the EtS range was 0.23—4.1 mg/L. The median BAC
was 200 mg/dL (range 70-350 mg/dL), and the VHAC
was 250 mg/dL (range 10—430 mg/dL), while the VHAC/
BAC and blood EtG/VH EtG concentration ratios were 1.3
(range 1.1-1.8) and 2.2 (range 0.5-6.2), respectively. Good
correlation coefficients were observed between BAC/
VHAC and UAC/VHAC, with R?=895, y=1.19x+0.171
and R*=0.878, y=0.798x+0.313, respectively. However,
poor correlation coefficients were obtained for EtG and
EtS concentrations between matrices. Therefore, to dis-
tinguish between antemortem and postmortem alcohol
sources, it is important to calculate ratios between alco-
hol concentrations in blood, urine, and VH, in addition to
detecting EtG and EtS concentrations.

Many factors can influence the detectability in matrices,
including the elimination rate and distribution based on
the time of drinking and the time when analytes of inter-
est reach various organs throughout the body. The authors
[54] stressed that deaths may occur at any time point during
ethanol elimination; for example, a UAC/BAC ratio of 1.25
or above indicates that ethanol was completely absorbed and
distributed throughout the body. A higher urine concentra-
tion could be expected, however, and in some cases, a nega-
tive UAC and BAC with a low concentration in VH were
encountered. Such cases can be interpreted in many ways,
for example, either the VH is susceptible to alcohol synthe-
sis post mortem or elimination was delayed. The authors
excluded the first option due to high EtG and EtS concen-
trations being detected. In addition, the amount detected in
VH could be a result of previous alcohol intake that has not
yet been eliminated due to a slow elimination rate in VH.

Vezzoli et al. [29] reported a validated LC-MS/MS pro-
cedure for analyzing EtG in VH from a cadaver. This pro-
cedure achieved an LOD and an LOQ as low as 0.001 and
0.005 mg/L, respectively. Linear responses were obtained
over a range from 0 and 1 mg/L, with a coefficient of deter-
mination better than 0.998. Matrix effects were examined
using three controls at low, medium, and high concentrations
(0.05, 0.1, and 0.2 mg/L) and the values ranged from 81
to 92%. Method accuracy and precision were investigated
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using similar controls examined for matrix effects. Accept-
able %E and CV% values were obtained for accuracy and
precision at+ 15% and 12%, respectively. However, matrix
effects were not investigated at the LOQ level, and for the
high control, neither precision nor accuracy was examined as
recommended by SWGTOX guidelines [56]. In addition, the
range of positive EtG values was considered low compared
with most published methods, which considered 0.1 mg/L as
the cutoff due to the probability of false-positive results. This
is due to matrix effect and other ethanol-containing products
such as mouthwash [57].

Vezzoli et al. [29], the VH EtG concentration was used
as a marker of recent ethanol use in 63 cases, in which the
median BAC was 30 mg/dL (range 10-230 mg/dL) and
VHAC was 10 mg/dL (range 10-130 mg/dL). The VHAC/
BAC and blood EtG/VH EtG concentration ratios were 0.6
(0.12-3.1) and 2 (0.1-18.2). Ethanol biomarkers and acet-
aldehyde and n-propanol were included to distinguish ante-
mortem alcohol consumption and new formation of alcohol
after death. Despite a good correlation between concentra-
tions of EtG in blood and VH, with a correlation better than
90%, few cases with BAC > 6 mg/dL, were tested negative
for acetaldehyde, and negative for EtG and n-propanol.
This brought the use of putrefaction marker (n-propanol)
and direct ethanol metabolites (acetaldehyde) into question
regarding their usefulness in distinguishing between ante-
mortem and postmortem ethanol production. In addition,
three cases that were positive for BAC (49-125 mg/dL) had
negative EtG results for blood and VH and positive acetal-
dehyde results. Four cases showed positive results for EtG in
blood but were negative for the VH specimens. In contrast,
one case showed a positive EtG in VH with negative EtG
results for blood. Clearly, using VH as the only sample type
for EtG would yield false-negative results. A negative VH
EtG finding with positive blood EtG may be interpreted as
indicative of a short amount of time elapsing between drink-
ing and death (< 3 h). This conclusion is supported by work
by Keten et al. [53] and a pharmacokinetic study of EtG
reported by Hoiseth et al. [66]. Acetaldehyde is known to be
a primary alcohol metabolite but it is not recommended as
an antemortem biomarker of alcohol consumption because
it is detected in low concentrations and there is a lack of
proper analytical techniques for obtaining reproducible data
[14, 15].

Wang et al. [47] developed a method for the analysis of
EtG and EtS in blood and VH. In that procedure, MS/MS
data were collected using MRM with a negative ion mode.
Analytes of interest were separated on a Synergi Hydro-RP
100A column (2 x 100 mm, 2.5 pm) column oven kept at
40 °C during analysis, with gradient elution using 0.1% for-
mic acid in water and 0.1% formic acid in acetonitrile with
a flow rate of 0.25 mL/min and a 6-min run time. A linear
calibration curve over a range from 0.005 to 10 mg/L for EtG

and EtS was achieved. LOD and LOQ for analytes of interest
were 0.002 and 0.005 mg/L, respectively. Accuracy values
were + 15%, and intraday and interday precision with %CV
less than 10% of the target concentration was achieved in
spiked controls for blood and VH. No obvious suppression
effect was observed for EtG and EtS in both whole blood
and VH, and extraction recovery values of analytes of inter-
est ranged from 78 to 90% in blood and from 95 to 101% in
VH. In 10 autopsy cases, both blood and VH were available
for testing. In that study, blood EtG and EtS concentrations
ranged from not detected to 22.3 mg/L and not detected to
2.1 mg/L, respectively. This method and previous investiga-
tions using real cases showed that ethanol biomarkers (EtG
and EtS) in blood specimens were reliable and useful when
interpreting the source of ethanol in postmortem samples.

Other biological fluids and tissues

Alternative specimens to blood and other traditional post-
mortem specimens such as urine and VH for ethanol bio-
marker testing are described in only three reports for EtG [2,
17, 48] and one report for EtS since 2006 [17]. Applications
using hair were described in three reports [17, 49, 67].

Bone marrow, bones, and bile

Although the first application reported by Schloegl et al.
[48] for EtG testing in multiple human specimens was
promising, only EtG was examined and the stability of EtG
under severe conditions had not been studied in 2006. In
that study, multiple body fluids and tissues of 12 corpses
were investigated, including blood, urine, bone marrow,
liver, bones, bile, and gastric content. The LC-MS/MS
method reported by Weinmann et al. [52] was adapted for
that analysis. For 9 of 12 specimens, rib bone marrow was
positive for EtG, with a median concentration of 1.5 mg/
kg (range 0.5-9.4 mg/kg). Bile is another specimen that is
commonly collected at autopsy, and in this study, bile from
seven corpses was tested and the median concentration of
EtG was 7 mg/L (range 1.1-42 mg/L). In addition, muscle
and fat tissues were also available for testing, and the median
EtG concentrations were 0.6 mg/kg (range 0.1-1.8 mg/kg)
and 0.5 mg/kg (range 0.2—-1.2 mg/kg), respectively. Cor-
relation coefficients were good between blood and other
tested matrices, except for muscle and fat tissues, which
showed poor correlations: R=0.401, y=0.0557x+0.50
and R?=0.058, y=0.0132x+0.5096, respectively. Other
tissues showed a good correlation for EtG concentrations
in bile, and bone marrow: R>=0.814, y=2.17x+2.48; and
R?=0.662, y=0.318x+0.0047, respectively.
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Liver, kidneys, and blood clots

Schloegl et al. [48] reported EtG analysis in liver obtained
from putrefied corpses available in seven cases, for which
the median concentration of EtG was 43 mg/kg (range
7-77 mg/kg). A good correlation for EtG concentrations
between liver and blood was reported with R?>=0.657,
y=3.2397x+ 15.478. Liver and kidney tissues were the only
types of matrix other than blood clots to be tested for EtG
and EtS 27 years after death [17]. In this particular case, a
50-year-old man with a known history of alcoholism was
found dead, with his body on a concrete floor. The cause
of death was thought to be suicide by hanging, but 27 years
later, the case was reopened as a possible homicide due to
evidence that the man’s death was associated with a series
of murders. The man’s body was exhumed and found to be
naturally mummified upon autopsy. This allowed the analy-
sis of blood clots and fragments of liver and kidneys for EtG
and EtS in the biological material 27 years after death. EtG
and EtS were measured in blood clot, liver, and kidney, and
following PPE extraction, 20 uL of final extract was injected
into LC-MS/MS instrument for analysis. EtG and EtS were
identified and quantified using MRM and negative ion mode
with the following transitions: m/z 221 — 75, m/z 221 — 85
for EtG, m/z 226 — 75 and m/z 226 — 85 for EtG-D5, m/z
125.1-96.9, m/z 125.1 —79.9 for EtS, respectively. Ana-
lytes of interest were separated using the Chrompack Inert-
sil ODS-3 column (100 X3 mm, 3-pm) equipped with a
Chrompack (10 x 2 mm) RP guard column (Varian, Walnut
Creek, CA, USA), and the flow rate and column temperature
were kept at 0.2 mL/min and 25 °C, respectively. A gradient
mobile phase containing 0.1% formic acid and acetonitrile
was used for separation, within a run time of 30 min. The
concentrations of EtG were 0.219, 0.141, and 0.250 mg/
kg and those for EtS were 0.645 mg/L, 0.535 mg/kg, and
0.945 mg/kg in blood clots, liver, and kidney, respectively.
Despite using an old validated method for their investiga-
tion [68], no validation parameters were detailed, given that
the specimens differed from those used for validation. In
contrast to the Schloegl et al. study [48], which showed that
the liver had the highest EtG concentration, a study by Politi
et al. [17] indicated that kidney tissues had almost double
the concentration found in the liver. These studies clearly
showed that EtG and EtS are stable over a long period of
time under proper storage conditions. Although these studies
provided important information, they lacked basic method
validation with real case samples.

In the third application using liver, the tissue was tested
for EtG in parallel with blood and urine samples [2]. Liver
specimens were tested for 21 cases, and the median EtG
concentration was 13 mg/kg (range 1.7-105 mg/kg). A good
correlation was found between liver and peripheral blood,
with R?=0.835, y=0.167x—0.190, while liver and central
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blood had an R =0.643, y=2.47x+0.960. The median ratio
between EtG concentrations in the liver and peripheral blood
was 8 (range 2.1-37), while that for liver/central blood con-
centrations EtG was 2.4 (range 1.1-10), which indicated that
the concentration of EtG was affected by postmortem redis-
tribution. Therefore, the use of multiple specimens is recom-
mended when EtG is being tested to avoid misinterpretation
that could introduce error in the medical-legal investigation.
It is seen that a higher concentration of EtG in the liver com-
pared to the blood is due to the high level of the liver enzyme
uridine-5’-diphospho-glucuronosyltransferase, which con-
verts ethanol to EtG. In that study, urine EtG was found
to have a higher concentration than liver EtG, which was
in agreement with previous reports by Schloegl et al. [48].

Hair EtG testing

Hair specimens are preferable autopsy specimens for foren-
sic investigations because they are distant from internal post-
mortem changes, especially in putrefied corpses. Therefore,
hair testing has become a reliable tool for detecting drugs
in forensic applications; however, ethanol itself cannot be
directly tested in hair due to its volatile nature and because
of possible contamination from outside sources. With
advancing LC-MS technology and the discovery of EtG as
a biomarker of recent alcohol use, the use of hair as a testing
matrix became possible [67, 69]. The cutoff approved by the
Society of Hair Testing (SoHT) to consider EtG in hair sam-
ple for repeated alcohol consumption was set at>7 pg/mg
EtG in the 0-3 up to 0—6 cm proximal scalp hair segment,
while chronic use cutoff was set at>30 pg/mg in 0-3 up to
0—-6 cm proximal scalp hair [69, 70].

For investigating the suitability of using EtG in postmor-
tem hair samples in cases of previous alcohol abuse, Ben-
droth et al. [67] studied 70 cases in which 100 mg of hair
was treated with deionized water and incubated overnight
in the sonicator, after which final extracts were injected into
UPLC-ESI/MS. The EtG and EtG-d5 were identified in
negative mode with selected ion monitoring at m/z 221 and
m/z 226, respectively. Analytes of interest were separated
using a high-strength silica (HSS) trifunctional C18 column
(2.1 X 100 mm, 1.8 um particle size). A gradient mobile
phase consisting of 0.1% formic acid in water, pH 2.85, and
100% acetonitrile was used at a flow rate of 0.4 mL/min,
with a run time of 2.6 min. The LOD for EtG was 0.9 pg/mg
and the LOQ was 2.5 pg/mg. The method produced a lin-
ear response over a range of 5—15,000 pg/mg. Matrix effect
values on EtG response were almost 70%, and the effect on
quantification was compensated for by the use of the deu-
terated internal standard. This procedure achieved a %CV
of < 10% for within-run and between-run precision.

In a study by Bendroth et al. [67], 70 autopsy hair sam-
ples for medical-legal investigations were examined. The
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average sample weight was 100 mg, and the mean age of
decedents was 47 years (range 18-68 years); 17% of cases
involved women. Despite EtG being detected in 65 cases,
only 49 cases were considered positive, with the EtG con-
centration ranging from 8 to 10,400 pg/mg. Among the 49
positive cases, 39 were identified as indicative of chronic
alcohol use based on EtG concentrations being > 30 pg/mg
according to SoHT guideline [69, 70], with the caveat that an
EtG concentration <30 pg/mg in hair does not exclude alco-
hol abuse. In this application, testing EtG provided reliable
information about the decedents’ history of alcohol abuse,
given that EtG formation only occurs enzymatically when a
person is alive. The use of liquid-liquid extraction provided
results in most cases; however, the use of SPE could increase
recoveries and provide much cleaner extracts.

SPE with LC-ESI/MS techniques was used to deter-
mine EtG in a hair sample from an autopsy completed
27 years after death [17]. The sample weight was 100 mg.
The calibration curve was linear (y=0.00894x + 0.00541,
R*=1.0000), and quality controls were acceptable with an
RSD of less than 11.4% for both accuracy and precision.
Although the outcome was positive for EtG in hair, an abso-
lute EtG concentration could not be determined due to ion
suppression problems.

Other techniques for testing EtG and EtS
in autopsy specimens

Electrophoresis technique

In one of the early applications using postmortem materi-
als [62], EtS was identified and quantified using capillary
electrophoresis paired with a photodiode array detector.
Analysis was performed in a negative polarity mode with
a background electrolyte composed of 15 mM maleic acid
and an indirect UV detection at 220 nm (300 nm reference
wavelength). Vinylsulfonic acid was used as the internal
standard. Electrophoretic runs consisted of uncoated fused-
silica capillaries that were 60 cm in length and 50 ym in
internal diameter. EtS was separated using a mobile phase
consisting of 1 M aqueous hydroxide solution for 5 min fol-
lowing by water for 2 min and background electrolytes for
5 min. A linear calibration curve was obtained over a range
of 5-700 mg/L. Three quality control levels (low, medium,
and high: 5, 60 and 700 mg/L) were used to examine method
accuracy and precision. The RSDs for intraday, interday, and
accuracy were all < +11%. The method was used for urine
samples obtained from 16 autopsied cases. The EtS median
concentration was 29 mg/L (range 6-200 mg/L), and the
UAC for these cases was 260 mg/dL (range 39-444 mg/dL).
Urine EtS concentration/UAC ratio was also calculated and

found to be 11 (range 3.5-140). To examine the results of
the capillary electrophoresis method, they were compared
with the results obtained from the same samples based on
LC-MS/MS. An excellent correlation was found between
the two systems, with R?’=0.975, y=1.11x-1.10. However,
correlation between UAC and EtS concentrations in urine
was very poor, which may have been due to postmortem
ethanol production after deaths, degradation of ethanol due
to putrefaction, or different elimination kinetics between
ethanol and EtS.

Liquid chromatography coupled
with electrochemical detector technique

A non-MS detector method for the analysis of EtG was
reported by Kaushik et al. [71]. In that procedure, reverse-
phase LC with pulsed electrochemical detection (PED) was
used to measure EtG in urine samples from 29 postmortem
cases. Methyl glucuronide was used as the internal standard
in this application. Analytes of interest were separated using
a mobile phase consisting of 1% acetic acid/acetonitrile
(98/2, v/v). Post-column addition of NaOH allowed for the
detection of all glucuronides using PED at a gold working
electrode. LOD and LOQ values were 0.03 and 0.1 mg/L,
respectively. Also, the percentage of recovery of compounds
was 50%. Linearity was established over the range of the
tested samples, which was within 3—-700 mg/L using dilu-
tion in cases of higher concentration. The median concentra-
tion of EtG was 550 mg/L (range 47-1371 mg/L), BAC was
150 mg/dL (range 40-370 mg/dL), while UAC was 200 mg/
dL (range 47-137 mg/dL) and the UAC/BAC ratio was 1.3
(range 0.6—4.3). A good coefficient of correlation between
BAC and UAC was obtained at R’ = 0.6, y=0.811x+25.2;
however, poor correlations were found for EtG concentration
in urine with BAC and UAC, at R*=0.090, y=0.733x+1270
and at R°=0.138, y=0.8284x+ 1566.1, respectively. This
outcome can be explained by ethanol concentration is not
affected by increased water intake. Excretion of ethanol by
the kidneys occurs by passive diffusion, compared with that
of EtG, which is affected by interindividual variations and
differences in the time lag within EtG excretion profiles. For
example, EtG concentration in urine is found to be affected
by many factors that are able to alter the production rate of
urine in the kidneys. Dilution by drinking water or taking
medications increases urine flow [72].

Gas chromatography-negative ion chemical
ionization-mass spectrometry (GC-NIC-MS/MS)

In 2009, a GC-NIC-MS/MS method was reported [49] for
the analysis of EtG in seven hair samples obtained at an
autopsy. The average sample weight was 30 mg, and sam-
ples were extracted using mixed-mode extraction cartridges
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(Oasis MAX SPE) followed by derivation with perfluo-
ropentanoic anhydride (Table 1). EtG was identified and
quantified using the selected reaction monitoring mode with
the transitions m/z 347 — 163 as a quantifier ion and m/z
347 — 119 as a qualifier ion; single-ion transition was used
for EtG-d5 (m/z 352 — 163). Analytes of interest were sepa-
rated on a fused silica capillary column (DB-5MS) with a
5% phenyl-95% methyl-polysiloxane stationary phase (15-m
length X 0.25-mm I[.D. X 0.25-pm film thickness). Helium
was used as the carrier gas with a constant flow rate at
1 mL/min on splitless mode. The injection temperature was
250 °C, and the transfer line was maintained at 275 °C. The
calibration curve was linear over a range of 8.4-260 pg/mg
hair, with a coefficient of determination (RZ) above 0.999.
This method was sensitive, with LOD and LOQ values of
3 and 8.4 pg/mg, respectively. The RSD for method preci-
sion ranged from 1.6 to 13.2%, with method accuracy values
of +30%. This method was applied to seven hair samples
obtained at autopsy, and the concentration of EtG ranged
from 60 to 820 pg/mg.

Immunoassays

An immunoassay is a bioanalytical method for determin-
ing the presence of analytes. It is highly sensitive and can
measure molecules with low molecular weights in biological
samples, using an antigen—antibody reaction procedure [73].
However, there are some limitations to immunoassay screen-
ings. For EtG, the cutoff level is 100 ng/mL, and there is
also the possibility of cross-reactivity with other substances,
including drugs such as sevoflurane, or bacterially formed
chemical compounds with a similar structure that could
lead to a false-positive result for EtG [74]. Cuypers et al.
[75] reported a urine sample that was screened positive for
EtG via immunoassay testing, but the final result based on
LC-MS/MS was negative. Therefore, immunoassay screen-
ing is not a selective, accurate, or reliable method for final
confirmation, and any positive results must be confirmed by
more advanced instrumentation with higher selectivity and
specificity. Gas or liquid chromatography coupled with mass
spectrometric instrumentation constitutes a more powerful
technique than immunoassays, and it is characterized by
both high selectivity and sensitivity [75]. Another drawback
associated with the use of immunoassays is that a reagent is
not yet available for EtS testing.

VH was available from 58 autopsied cases [46]. The
immunoassay was based on the Microgenics DRI EtG
enzyme immunoassay reagents used with an automated
Abbott Architect c8000 clinical chemistry analyzer, while
LC-MS/MS was used for confirmation as reported else-
where by Helander et al. [76]. The EtG immunoassay
showed an excellent correlation with the LC-MS/MS refer-
ence method (R?=0.94). The assay showed good linearity
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in the calibration range of 0.1-2 mg/L and excellent repro-
ducibility of results (intra- and inter-assay coefficients of
variation of 1.7 and 4.2%, respectively). In that study, VH
EtG yielded a markedly higher sensitivity for ascertaining
antemortem alcohol consumption than BAC testing (92 vs.
68%). A cutoff level of 0.3 mg/L for VH EtG was applied
for routine immunoassays, which enabled identifying 34 of
37 (92%) cases with a history of excessive alcohol use. In
comparison, a cutoff level of 10 mg/dL for BAC positively
identified 25 (68%) of these 37 cases. A good coefficient of
correlation between BAC and VH EtG concentration was
found, with R?=0.62. In the 12 cases that were positive for
VH EtG but negative for blood ethanol, the median VH EtG
concentration was 1 mg/L (range 0.4-27.3 mg/L).

Stability of EtG and EtS in postmortem
specimens

Studies on ethanol degradation and production after death
are controversial issues in postmortem toxicology investi-
gations. In contrast to postmortem alcohol synthesis, etha-
nol degradation due to putrefaction or storage conditions
is rarely discussed in former studies [33, 77, 78]. Skopp
et al. stated that ethanol postmortem synthesis or degrada-
tion after death should be taken into consideration when
interpreting alcohol results in postmortem cases [42]. A
similar conclusion reported by O’Neal et al. mentioned that
ethanol can be lost or produced after death [8]. Weiler and
Kloppel found that a BAC of zero was obtained 4 weeks
after specimens in an open dish container were stored at
5 °C [79]. Jones and Ericsson found that even with refrig-
erating blood at 4 °C, BAC showed a gradual decrease, the
ethanol degradation reached analytical significance values
after 14-28 days of starting storage time [80]. In addition,
Athanaselis et al. alleged that ethanol can be degraded due
to evaporation during the putrefactive process [6]. Kugel-
berg and Jones [33] and others [65, 81] insisted that ethanol
can be consumed by a wide variety of microorganisms as a
source of carbon and energy after death which leads to lower
or degraded antemortem alcohol concentrations, leading to
incorrect decisions. After death, ethanol concentration could
decrease through conversion to acetaldehyde [7]. Other stud-
ies have shown that antemortem blood ethanol was rapidly
degraded postmortem, during the first 2 days at 30 °C [78,
82]. The amount of glucose, the substrate for the produc-
tion of alcohol after death, is limited in the case of severe
climatic conditions and after the putrefaction processes are
completed, there will be a point where there is no substrate
for the alcohol production at which time the microorganisms
begin to use the alcohol available as a resource of energy and
carbon. The possibility of evaporation of alcohol in cases of
exposure to extreme heat may lead to the disappearance of
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all alcohol formed or consumed before death. In a previous
study, blood samples were incubated with microorganisms
at 37 °C for 24 h, maximum recorded BAC was followed by
a gradual decline of BAC, this degradation was likely due to
the reduction of the substrate availability and the subsequent
ethanol hydrolyzed to acetate and finally to CO, [83].

Sodium fluoride is the most commonly used preserva-
tive for postmortem specimens, and the mode of action is
based on the fluoride ion preventing microbes from forming
polysaccharides, which in turn prevents their growth [84].
In addition, studies have shown that sodium fluoride can
prevent ethanol formation. One of these studies [85] showed
that ethanol formation occurred in all specimens tested in
the absence of sodium fluoride. That study also showed that
the rate of ethanol formation decreased as the temperature
became lower. However, over time, the ethanol concentra-
tion in the refrigerated specimens was similar to that of the
specimens at room temperature. In fact, adding 1% sodium
fluoride limited the formation of ethanol at both 4 and 25 °C.
Not all investigations will be so straightforward though, and
there could be circumstances in which a postmortem exami-
nation is performed days, weeks, or even longer after death.
Nevertheless, what happens to the body from contamination
simply parallels putrefaction, which is defined as “a type of
decomposition due to the proliferation of endogenous bac-
terial microorganisms in the body” [86]. Putrefaction leads
to discoloration and bloating of the body, a foul odor, and
skin slippage. Microbial contamination of the blood may
especially occur at a temperature over 5 °C, through skin
wounds or punctures, or from intestinal bacteria invading
the adjacent tissues and the vascular system [87].

The production of ethanol after death is dependent on
the presence of particular microorganisms, most com-
monly yeasts (e.g., Candida parasitosis) and bacteria (e.g.,
Escherichia coli and Enterococcus faecalis); the availabil-
ity of a substrate (e.g., glucose); storage temperature before
and after autopsy; and the use of preservatives in the sam-
ple tubes or containers (e.g., sodium fluoride) that inhibit
enzyme activities. The enzymes increase the conversion of
glucose to ethanol in vivo or in vitro, and glucose is a good
substrate for the anaerobic production of ethanol via gly-
colysis [87, 88]. Ethanol production is most likely to occur
in a corpse if storage was not appropriate [86]. In addition,
diluters, pipettes, and other laboratory factors can cause a
considerable increase in BAC of the specimen if they are
contaminated with microorganisms [88]. Therefore, the etha-
nol concentration in a postmortem sample cannot be viewed
as a direct measure of alcohol consumption prior to death
because there are several disturbance factors that can lead
to ethanol postmortem synthesis and ethanol degradation as
explained above. Accuracy is particularly questionable when
the alcohol concentrations are low because they may reflect

alcohol synthesis post mortem. Therefore, it is necessary to
investigate additional biomarkers [1].

As mentioned previously, EtG and EtS are minor, non-
oxidative ethanol metabolites that can be detected in several
matrices, such as blood, hair, urine, and tissues, for longer
periods of time than ethanol [20, 89]. In addition, these
markers of antemortem ethanol consumption are considered
highly sensitive and specific compared with other biochemi-
cal biomarkers [90]. They take a longer time to eliminate
from the body than ethanol. EtG, for example, reaches its
maximum concentration in blood after 4 h, with a median
elimination half-life of 2.2 h [2]. However, the use of EtG
biomarkers alone as evidence of alcohol intake may lead to
false-negative results because it can be degraded in postmor-
tem specimens due to severe putrefaction. For this reason,
EtS is used in parallel with EtG because it is more stable and
reliable. However, both biomarkers should be tested in cases
of severe putrefaction [1, 11, 35].

In 2006, Schloegl et al. [85] examined nine urine samples
and postmortem tissues (liver, skeletal muscle) by LC-MS/
MS to determine the stability of EtG. EtG concentrations
were constant when stored at 4 °C in airtight test tubes, but
when they were stored in ventilated vials for 5 weeks at
room temperature, the EtG concentrations changed within
a range from a 30% decrease to an 80% increase. Postmor-
tem tissue concentrations of EtG were reduced by 27.7%
when samples were stored at room temperature for 4 weeks,
but they were still detectable. Stored urine samples at 4 °C
in airtight test tubes showed slight changes in EtG concen-
tration ranging from — 12 to 32%. Higher variations were
observed in EtG concentrations when samples were stored
at room temperature (22-27 °C) in ventilated vials ranging
from — 30 to + 83%.

In another study [16], blood samples were stored at 30 to
40 °C without preservatives. EtG was found to be extremely
unstable in these conditions, but when the samples were
stored at room temperature with potassium fluoride as a
preservative, EtG was stable. No new formation of EtG
occurred when samples were stored at 30 °C, even without
preservatives, or at room temperature with potassium fluo-
ride. In 15 routine cases in which blood EtG was negative
and the detected ethanol was supposed to be endogenous,
six cases were positive for EtG in urine. In these cases, etha-
nol was possibly ingested and the negative EtG result in the
blood may have been a false-negative detection because of
degradation during putrefaction.

In vitro experiments were carried out by Baranowski et al.
[91] with bacterial colonies of E. coli, K. pneumoniae, and
Clostridium sordellii that were isolated from autopsy speci-
mens (liver, heart blood, urine, ascites, pericardial fluid,
pleural fluid) and analyzed for pB-glucuronidase activity.
The three bacterial strains were added to a nutrient-defi-
cient medium including EtG, EtS, or both and incubated at
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36+ 1 °C. Specimens were taken after different times up to
11 days, and EtS and EtG were measured by LC-ESI-MS/
MS. Total degradation of EtG occurred with E. coli and C.
sordellii in 3—4 days, but EtS was not affected during the
entire 11 days of incubation. EtG is unstable in blood at
temperatures around 30—40 °C due to bacterial degradation,
yet it is stable at room temperature if potassium fluoride is
added as a preservative.

The formation of EtS is catalyzed by sulfotransferases.
EtS showed no indication of being decreased by E. coli in
a study that showed bacterial degradation of EtG [78]. This
finding indicates that the analysis of EtG alone could lead
to false-negative results. Combining EtG analysis with EtS
analysis is possible with LC-MS/MS. In one former report,
time of alcohol consumption can be estimated to be within
1-2 h of blood samples collection if the ratio between BAC
(mg/g) and EtG concentration (mg/l) is higher than 1.0,
while if that ratio is less than 1.0, it indicates a longer time
between ingestion and sample collection (> 2 h). This ratio
dropped below 1.0 within 3 h for the ratio of BAC/EtG con-
centration and 5 h for BAC/EtS concentration. It takes the
ethanol/EtS concentration ratio longer than the ethanol/EtG
ratio to fall below 1.0. This indicates a slower elimination
rate for EtS compared to that of EtG [92].

Therefore, a blood sample for alcohol concentration anal-
ysis should be stored under 4 °C with 1% sodium fluoride,
which will keep the ethanol concentration for 29 weeks. The
temperature is more influential than the presence or absence
of sodium fluoride on the rate of ethanol concentration
reduction [2, 16].

The stability of EtG and EtS in extracted postmortem
samples was examined during analysis (autosampler stabil-
ity) and found to be stable for up to 30 days at 4 to—20 °C, as
well as being stable in the autosampler for 7 days [90]. EtG
and EtS were found to be stable in dried blood spots used as
a storage technique, analytes of interest showed a high level
of stability using this technique for 90 days regardless of
the temperature [47, 93]. EtG and EtS spiked into postmor-
tem specimens, or were positive in real postmortem cases,
were found to be stable under different storage conditions;
including long- and short-time stability, room temperature
short-term stability for up to 48 h, autosampler up to 1 week,
freeze—thaw for up to four cycles, refrigerated at 4 °C, and
frozen at—20 °C [3, 11, 47].

Conclusion

The measurement of EtG and EtS is needed to distinguish
between antemortem and postmortem alcohol sources.
Knowledge about the kinetics and the stability of postmor-
tem EtG and EtS is required to interpret concentrations of
these metabolites correctly. Sample types may be blood,
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urine, hair, and other types of specimens. The specimens
can be analyzed directly or may need pretreatment. LC-MS/
MS is a very accurate and highly sensitive technique com-
pared with other methods used to investigate the ethanol
biomarkers EtG and EtS in different biological samples.
To ensure that the methods used for analysis are suitable,
their sensitivity and selectivity should be tested before using
them for forensic toxicology investigations. Methods should
be validated to verify that a method’s performance param-
eters are suitable for analysis. In this review, the number
of available investigations in the literature does not reflect
the importance of ethanol post-mortem alcohol formation
issues. In LC-MS reports, it is clear that the matrix effect
can be a significant challenge for the analytical method
performance in postmortem investigations. Matrix effects
directly affect the ionization pattern of analytes, but due to
high cutoff levels used to judge positive results for ethanol
biomarkers and are often above 0.1-1 mg/L, which is away
from the matrix effect zone. The use of deuterated internal
standards can overcome matrix effects to a large extent since
both analyte and internal standard should be affected to a
similar extent by the matrix. In addition, improved chroma-
tographic methods such as HILIC which move the EtG and
EtS away from the column void volume can reduce matrix
effects. Additional research on using tissue specimens is
recommended for three main reasons; firstly, as most of the
reported results were promising, secondly, as to be used as
alternative samples in cases with highly decomposed bod-
ies and no available bodily fluid specimens, and finally, as
complementary specimens to blood samples.
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