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1. Introduction

Forensic toxicology is of paramount importance in a scientific
investigation for the involvement of drugs or poisons in cases with
medico-legal consequences, usually through analysis of biological
specimens. While there are continuous challenges in forensic
toxicology, such as the emergence of new psychoactive substances
(NPS), the untiring research effort and instrumental development
bring continuous improvement in forensic toxicology, enhanced
capability and reliability of detecting trace amount of analytes in
various specimens, as well as better understanding for drug
metabolism and postmortem toxicology interpretations.

This review collected relevant publications in forensic toxi-
cology since last review presented in 2016, covering the progress
over the past 3 years fromMarch 2016 toMarch 2019. The review is
divided into 3 parts, namely “Surveillance in Toxicology”, “Chal-
lenges e Selected Topic of Forensic Interests” and “Advances e

from Sample to Interpretation”.
The first part “Surveillance in Toxicology” summarized the

recent development in quality aspects as “Surveillance in the Lab-
oratory”, the research in the area of driving under influence as
ist, Government Laboratory,
treet, Ho Man Tin, Kowloon,

Cheung).

er B.V. This is an open access articl
“Surveillance on the Road”, and theworkplace and court order drug
testing as “Surveillance in Workplace”. In the second part, selected
topic of Forensic Interests included publications in these three
years on the chemical warfare agents, drug facilitated crime, NPS
and protein analysis. For the last part of the review, advances in the
toxicology analysis were summarized covering the sample prepa-
ration, instrumentations, alternative specimens and interpretations
of toxicology findings.
2. Surveillance in Toxicology

2.1. Surveillance in laboratory e Accreditation and quality
assurance

2.1.1. Accreditation
A new version of ISO/IEC 17025 was published by the Interna-

tional Organization for Standardization (ISO) and the International
Electrotechnical Commission (IEC) in 2017 to update its content to
better serve the laboratories that use it [1]. After the publication of
the new standard, there will be a three-year transition period and
accreditation bodies will need to have all laboratories assessed to
the new standard by the end of 2020. The new version ISO/IEC
17025:2017 has changed its format significantly and the new
standard is now structured into: i) scope; ii) normative references;
iii) terms and definitions; iv) general requirements: v) structural
requirements; vi) resource requirements; vii) process re-
quirements; and viii) management requirements. The scope has
e under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.
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been revised to cover all laboratory activities of testing and/or
calibration and/or sampling associatedwith subsequent testing and
calibration. The new standard has a strong focus on information
technologies to cover the use of computer systems, electronic re-
cords and the production of electronic results and reports. The
terminology has also been updated and a new section on risk-based
thinking is added.

A chapter for accreditation was found in the new book written
by Collins [2]. The author discussed the importance of accreditation
for forensic science laboratories and explained the underlying
cultural and administrative philosophies that assured the highest
levels of quality. The chapter covered the requirement of accredi-
tation under ISO/IEC 17025 and the involvement of human resource
management in the accreditation process. The laboratories seeking
their first award of accreditation will find this chapter especially
useful.

2.1.2. Method validation
The American Academy of Forensic Sciences (AAFS) Standards

Board published the Standard Practices for Method Validation in
Forensic Toxicology in 2017 [3]. The standard was developed to
provide guidance on minimum requirements for validating
analytical methods in forensic toxicology laboratories. The valida-
tion parameters were evaluated for the forensic toxicology
methods which were categorized as screening methods, qualitative
confirmation/identification methods, or qualitative methods. Ex-
amples of validation were illustrated in its Annexes for
demonstration.

An overview on the process of developing methods for appli-
cations in forensic toxicology was made by Peters et at [4]. The
important aspect and considerations in the development of
analytical methods using hyphenated methods combining the high
separation power of chromatography with mass spectrometric
techniques for application in forensic toxicology was discussed.
There were method validations of using liquid chromatography-
tandem mass spectrometry (LC-MS/MS) for the detection of drugs
in a variety of biological matrices including blood [5], urine [6], hair,
nails [7], meconium [8], and oral fluids [9]. Hess et at [10] studied
the important practical consideration in the method validation of
LC-MS/MS for the quantitation of endogenous substances in the
human body. A rapid screening of blood and urine for fentanyl
using enzyme-linked immunosorbent assay was validated accord-
ing to the forensic toxicology guidelines proposed by the Scientific
Working Group for Forensic Toxicology (SWGTOX) [11].

2.1.3. Quality control
The recent advancement of forensic toxicology brought by

instrumental development has urged the societies of forensic tox-
icologists to develop high quality standards and guidelines for
drugs and poisons in biological specimens [12]. Wilson-Wilde [13]
highlighted the importance of the international development of
forensic science standards which could be used in the accreditation
of forensic laboratories or facilities and in the certification of ser-
vices. The range of factors that should be considered in imple-
menting best practice forensic toxicology were reviewed by
Drummer [14]. These factors include laboratory influence over the
collection of specimens, their proper transport and chain-of-
custody before arrival in the laboratory. The author made thor-
ough discussion on the importance of properly trained staff to use
suitably validated and documented procedures to perform analyses
which met the intended purpose in an accredited or suitably
quality oriented management system.

The current status of forensic toxicology in the United Kingdom
was discussed by Cosbey et at [15] with an emphasis on establishing
best practice for professional training and development. The author
intended to incite discussion within the forensic toxicology society,
industry regulators and other government bodies responsible for
the administration of justice. The United Kingdom & Ireland As-
sociation of Forensic Toxicologists (UKIAFT) revised the UKIAFT
laboratory guidelines in 2018 as a result of the changing technical
and toxicological environment [16]. These guidelines were inten-
ded to assist laboratories engaged in the practice of forensic toxi-
cology in improving quality assurance and achieving future goals.

2.1.4. Uncertainty of measurement
The AAFS Standards Board published the Standard Practices for

Measurement Traceability in Forensic Toxicology in 2017 [17]. This
standard was developed by the Toxicology Subcommittee of the
Organizational Scientific Area Committee to provide minimum re-
quirements for establishing measurement traceability in forensic
toxicology laboratories. The ultimate goal was to ensure confidence
and reliability in forensic toxicological test results.

Milinkovi�c et at [18] described the significance of an appropriate
assessment of the uncertainty of the measurement results in lab-
oratory medicine to reduce diagnostic uncertainty. Several ap-
proaches in deriving proper measurement uncertainty from
internal quality control data acquired in clinical laboratories were
presented by Ceriotti [19]. Several authors discussed the use of
error and uncertainty approaches in medical laboratories [20e22].
The authors opined that although error methods were more prac-
tical, uncertainty methods might still be preferred. Kadis [23]
highlighted some common mistakes in evaluating the uncertainty
from linear calibration in current chromatographic literature.
Overestimation of the uncertainty from linear calibration might be
caused by double counting the precision contribution to the un-
certainty budget.

The uncertainties of the concentration of ethanol for Widmark
calculations were revised and improved for both the United States
and United Kingdom [24]. The authors recommended the use of
Monte Carlo Simulation for the determination of uncertainty of
measurement for Widmark calculations. The results in this study
allowed forensic practitioners to both calculate and use reference
variables in order to improve their calculations of uncertainty when
using the Widmark equation for medicolegal purposes. The Toxi-
cology Bureau of the New Mexico Department of Health conducted
a study to estimate the uncertainty for blood alcohol concentration
(BAC) by headspace-gas chromatography coupled with flame
ionization detection (HS-GC-FID) [25] and another study to esti-
mate the uncertainty for the preparation and testing of aqueous
ethanol wet-bath simulator solutions which were used to perform
calibration adjustments, calibration checks, proficiency testing, and
inspection of evidential breath testing instruments [26].

Uncertainty associated with the alcohol concentration of pack-
aged beers in the UK was determined using an industry standard
near infra-red analyser [27]. It was found that the standard devia-
tion from the declared % of alcohol by volumewas larger than those
previously utilized for uncertainty calculations, illustrating the
importance of appropriate experimental data for determination of
uncertainty in forensic calculations.

An emergency laboratory in Turkey studied the measurement
uncertainty of their BAC test, using Synchron Systems Ethanol assay
kit by employing an enzymatic rate method on the Beckman-
Coulter Olympus AU400 auto analyzer [28]. BAC tests for drivers
involved in traffic accidents were retrospectively inspected with
the measurement uncertainty calculated according to the Nordtest
guidelines. The study obtained an expanded uncertainty of 19.74%
which concluded that BAC test results with values close to legal
limits should be reported as the obtained ethanol concentration
with corresponding measurement uncertainty.

A software application, named Ethanol WorkBook, to evaluate
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the measurement uncertainty for BAC by using Visual Basic for
Application language and MS Excel® was developed [29]. The
program, which was made freely available to the scientific com-
munity at request, was able to i) calculate measurement un-
certainties and decision limits with different methodologies; ii)
assess compliance to specification limits with a guard-band
approach; iii) manage quality control data and create control
charts for quality control samples; iv) create control maps from real
cases data archives; v) provide laboratory reports with graphical
outputs for elaborated data and vi) create comprehensive search-
able case archives.

The measurement uncertainty of total testosterone analysis
using chemiluminescent microparticle immunoassay technology
was calculated by Ayyildiz [30]. Two top-down approaches
including the single laboratory validation approach and the profi-
ciency testing approach were used to estimate measurement un-
certainty of whole blood tacrolimus mass concentration obtained
by LC-MS/MS [31]. The study showed that the uncertainty results
obtained from the two top-down approaches were quite similar.
Either of the two approaches could be used to estimate the mea-
surement uncertainty of whole blood mass concentration tacroli-
mus values in clinical laboratories.

The bottom-up approach was used to estimate the measure-
ment uncertainty in quantitation of benzoylecgonine and 11-nor-
D9-tetrahydrocannabinol-9-carboxylic acid in urine by gas
chromatography-mass spectrometry (GC-MS) [32]. The method
precision and the preparation of calibrators and samples were
found to be the major contributions to measurement uncertainty.
The measurement uncertainty for the determination of amphet-
amines in urine by liquid-phase microextraction and GC-MS was
estimated by bottom-up approach [33]. The combined standard
uncertainty was determined after identification of sources of un-
certainty and quantitation of uncertainty components.

2.2. Surveillance on the road e Driving under the influence

Driving under the influence of alcohol and drugs continues to be
a global problem. To combat the issue, numerous resources have
been devoted to law enforcement, drug prevalence studies and
drug detection. In this review, we summarized studies including
surveys on the prevalence of driving under the influence of alcohol
and drugs, toxicological examination methodologies, alcohol
pharmacokinetics and calculations as well as legal limit establish-
ment and the studies of its effectiveness.

2.2.1. Surveys on alcohol and drugs use among drivers
Surveys on alcohol and drugs on drivers provide valuable in-

formation on abuse patterns and trends, which help to establish
new examination methods and legal limits as well as preventative
measures. Numerous surveys on driving under the influence of
alcohol and drugs were conducted worldwide through analyzing
data from traffic offences and accidents as well as from roadside
testing [34e66]. The surveys revealed that in addition to alcohol,
drugs including cannabis, amphetamines and cocaine were
frequently taken by the drivers, while polydrug uses were not rare.
Moreover, the emergence of new psychoactive substances (NPS)
and designer drugs such as cathinone derivatives, synthetic can-
nabinoids and designer benzodiazepines [67e70] becomes an
additional challenge.

2.2.2. Detection of alcohol
Blood and breath are both well recognized sample matrices for

the determination of driving under the influence of alcohol. Several
studies on these topics were reported.
2.2.2.1. Blood alcohol detection. The presence of other volatile
substances can cause interference in ethanol analysis by HS-GC-
FID. A method using two chromatographic columns with different
polarities to unequivocally identify ethanol in the presence of an
interfering volatile anesthetic administered in the hospital was
validated in terms of selectivity, limits of detection, limits of
quantitation, linearity, repeatability, intermediate precision, accu-
racy, robustness and carryover [71].

Another study was conducted to estimate BAC levels expected
from consuming one or two cans of supersized alcopop, relative to
beer [72]. Median weight data from the National Health and
Nutrition Examination Survey were used in Matthews and Miller’s
(1979) BAC estimation formula. It was found that consuming a
single supersized alcopop over the course of 2 h could put youth
and young adults well over the legal per se driving limit of 0.08 g/dL
in the United States, while consuming two cans put them at risk of
alcohol poisoning. The estimates showed that supersized alcopop
consumers obtained dangerously high BAC levels and the re-
ductions in the alcohol content of supersized alcopops should be an
urgent priority for public health policy and law.

2.2.2.2. Breath alcohol detection. An investigation on a passive in-
vehicle driver breath alcohol detection system was conducted as
part of the work for the Driver Alcohol Detection System for Safety
program [73]. It was reported that the detection of alcohol vapor in
the proximity of a human subject might have been traced to that
subject by means of simultaneous recording of carbon dioxide at
the same location. Sensors based on infrared spectroscopy were
developed to detect and quantify low concentrations of alcohol and
carbon dioxide. The investigation confirmed the feasibility of pas-
sive driver breath alcohol detection using the system and further
improvement of sensor resolution and system ruggedness was
required before the results could be industrialized.

2.2.3. Detection of drugs
Urine, blood and oral fluid are common matrices for analyzing

driving under the influence of drugs (DUID). Typical procedures
involve screening by various immunoassay methods followed by
confirmation and quantitation by gas or liquid chromatography
mass spectrometry. Recently, non-invasive matrices such as breath
have also been studied.

2.2.3.1. Oral fluid
2.2.3.1.1. Evaluation of on-site oral fluid collection kits and testing

devices. The performance of an instrumental oral fluid roadside
testing device e Alere DDS®2 was compared with drug recognition
expert opinion, oral fluid laboratory-based analysis and routine
blood testing by Rohrig et al. [74]. The results showed a good cor-
relation with drug recognition expert observations and the device
performance was >80% in all drug categories compared to
laboratory-based analytical testing, both in oral fluid and blood.
Another project was also conducted to evaluate Alere DDS®2 for
use in the field [75]. Oral fluid specimen screened with Alere
DDS®2 for six drug categories was found to have the results
generally consistent with those of the evidentiary blood specimens.

A study was carried out to compare the results of the Norwegian
Mobile Police Service field testing of the drug screening device,
Dr€ager DrugTest (DDT5000), with drug findings in blood and oral
fluid samples taken from drivers suspected for DUID [76]. It was
found that DDT5000 did not absolutely correctly identify DUID
offenders due to fairly large proportions of false-positive or false-
negative results compared to drug concentrations in blood. How-
ever, it was still a valuable tool in identifying possible DUID
offenders.

The performance of two oral fluid collection devices, Quantisal®
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and Certus® collectors were evaluated [77]. Four parameters were
studied including (i) collected oral fluid volume; (ii) recovery effi-
ciency (iii) drug stability on storage; and (iv) impact of mouth cells
present in the collected oral fluid on drug stability with the drug
concentrations measured using gas and liquid chromatography
mass spectrometry. It was revealed that Quantisal® collector was
more reliable than Certus® collector although the practicability of
both devices remained to be determined at the roadside.

Another study also compared the on-site results for the DDS®2
to laboratory-based confirmatory assays with respect to detection
of drugs of abuse in human subjects [78]. The device demonstrated
high sensitivity (>90%), specificity (100%) and accuracy (>97%)
when using the manufacturer’s reported cut-off concentration
during confirmatory testing.

The performances of three rapid oral fluid test devices (Drug-
Wipe® 6S, Ora-Check® and SalivaScreen®) on simultaneous
screening for common drugs of abuse including ketamine have
been studied [79]. A total of 549 samples were collected in the
study. Results showed that the overall specificity and accuracy were
satisfactory andmet the DUID standard of >80% for all 3 devices but
the sensitivity varied. All devices performed poorly for D9-tetra-
hydrocannabinol (THC). Ora-Check® had the poorest sensitivity
among the 3 devices and did not achieve 80% in any of the tests
whereas DrugWipe®6S and SalivaScreen® achieved >80% sensi-
tivity in some of the tests.

2.2.3.1.2. Assessment of the suitability of oral fluid as matrix for
DUID cases. The effectiveness of using oral fluid during routine
traffic stops in DUID cases in conjunction with drug recognition
expert officers was evaluated by Veitenheimer et al. [80]. Samples
were screened at the roadside using an Alere DDS®2 Mobile Test
System and Quantisal™ collection devices were used for
laboratory-based screening and confirmation. The usefulness of
oral fluid as a DUID specimen was assessed by the results of drug
recognition expert observations, alternate specimens like blood
and urine, onsite oral fluid screening and laboratory based oral fluid
screening and confirmation. It was revealed that oral fluid testing
was a viable option both at the roadside and in a laboratory setting.

An ultra performance liquid chromatography tandem-mass
spectrometry (UPLC-MS/MS) method was used to quantify
cocaine, benzoylecgonine, and other basic drugs in oral fluid [81].
The oral fluid data were compared to plasma concentrations to
obtain concentration-time profiles. The sensitivity and accuracy of
the Drugwipe5S® were also assessed. The result showed that
Drugwipe5S® detected cocaine use until at least 4 h after intake
and an accuracy of 75e98% was observed when applying the legal
confirmation decision limit of 10 ng/mL in oral fluid. Besides,
cocaine concentrations in oral fluid weremuch higher and detected
longer as compared to plasma, when applying the same decision
limit.

To examine whether the oral fluid THC test could be used as a
valid alternative to the blood THC test, an evaluation of the sensi-
tivity and specificity of the analysis and an estimation of the
quantitative relationship between oral fluid THC concentration and
blood THC concentration using a correlation analysis and a linear
regression on the log-transformed THC concentrations were con-
ducted [82]. Data from drivers who participated in 2013 National
Roadside Survey of Alcohol and Drug Use by Drivers and for whom
THC testing results from both oral fluid and whole blood samples
that available were used. The findings concluded that the oral fluid
test was a highly valid method for detecting the presence of THC in
the blood but was not an accuratemethod for estimating blood THC
concentration.

2.2.3.1.3. Newly developed examination methods. A robust, sen-
sitive, lateral flow assay was developed to detect recent use via oral
fluid testing for THC [83]. The proof-of-concept assay used a
fluorescent-based immunoassay detection of polymeric beads,
conjugated to antibodies against native THC. The new technique
allowed for roadside identification as it provided significantly
lower limits of detection and higher precision determination of
recent marijuana use without the use of urine or blood sampling.
Detection level of 0.01 ng/mL was distinguished from background
and the lower limit of quantitation was determined to approach
1 ng/mL.

A LC-MS/MS based targeted oral fluid screening technique that
covered a broad range of basic and neutral drugs of abuse was
developed [84]. By combining small sample volume, simple
extraction procedure, rapid LC-MS/MS analysis and automated data
processing, 40 drugs of abuse were separated within 5 min. The
method monitored carbon-13 isotopes of 3,4-
methylenedioxymethamphetamine (MDMA) and methamphet-
amine (MA) to reduce detector saturation effects. As a result, large
concentrations of these compounds could be confirmed without
the need for dilution or re-analysis. The assay was successfully
applied for analysis of oral fluid collected as part of law enforce-
ment procedures at the roadside in Victoria, Australia, providing
forensic results as well as epidemiological prevalence in the pop-
ulation tested.

2.2.3.2. Blood. In 2013, the National Safety Council’s Alcohol Drugs
and Impairment Division added zolpidem and carisoprodol and its
metabolite meprobamate to the list of Tier 1 drugs that should be
tested for in all suspected drug impaired driving and motor vehicle
fatality investigations. The validation of an enzyme linked immu-
nosorbent assays for both drugs in whole blood and the utilization
of the validated assays to assess their positivity in suspected
impaired driving cases were reported [85].

A combined targeted and non-targeted screening approach to
authentic DIUD samples was developed and further validated using
whole blood samples spiked with 11 low-dose synthetic benzodi-
azepine analogues [86]. Analytical data were acquired using ultra
high performance liquid chromatography coupled with time-of-
flight mass spectrometry (UHPLC-TOF-MS) with data-
independent acquisition. The approach allowed tentative identifi-
cation of drugs and metabolites not included in the initial
screening.

A broad targeted screening method which covered 467 sub-
stances, based on broadband collision-induced dissociation UHPLC-
TOF-MS was developed for toxicological screening of whole blood
samples [87]. The new method was shown to combine high
sensitivity with a very broad scope in toxicological whole blood
screening using single injection.

2.2.3.3. Urine. An ultrafast procedure for the simultaneous detec-
tion and quantitation of cocaine and its two main metabolites,
ecgonine methyl ester and benzoylecgonine, in urine using
microextraction by packed sorbent and GC-MS was developed [88].
A fast extraction procedure together with a microwave-assisted
derivatization of a small sample volume (200 mL) allowed the
quantitation of all analytes in a range of 25e1000 ng/mL.

2.2.3.4. Breath. The detection of drugs of abuse in exhaled breath
would be highly desirable as an alternative to blood or urine
analysis in situations such as police controls for drugged driving. An
overview of the current state of drug detection in breath, including
both volatile and non-volatile substances was conducted by Trefz
et al. [89]. The detection of the intravenous anesthetic propofol was
presented as a detailed example to demonstrate the potential, re-
quirements, pitfalls and limitations of therapeutic drug monitoring
by means of breath analysis. A LC-MS/MS method to analyze 28
drugs of abuse in exhaled breath was developed and validated by
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Ullah et al. [90]. Excellent results were achieved for all validation
parameters includingmethod detection limits down to pg levels for
most of the drugs/metabolites.

2.2.4. Alcohol pharmacokinetics and calculations
A study was conducted to investigate the point at which elim-

ination rates turned from zero to first order kinetics at low BAC and
the exact elimination rates at the very low BAC intervals in drunk
drivers [91]. Two consecutively collected samples from suspected
drunk drivers were analyzed by HS-GC-FID. The elimination rates at
BAC below 0.25 g/kg was studied, and compared to that in a
moderate BAC reference group as well as a high BAC reference
group. The study showed that a shift from zero order to first order
kinetics occurred when BAC fell below 0.19 g/kg and the mean
elimination rate gradually declined from 0.163 g/kg/h to the lowest
elimination rate of 0.083 g/kg/h. These results could assist in back-
calculations in cases of drunk driving involving low BACs.

Another study for low BAC proposed that the Widmark’s
equation, which encompassed the one-compartment model with
zero-order elimination kinetics but ignored absorption kinetics,
might not be applicable to the analysis of low-alcohol dose cases of
drink driving because the issue was focused on the absorption
phase [92]. Two representative low-alcohol dose cases, which were
analyzed using the one-compartment model with first-order ab-
sorption and zero-order elimination kinetics, were thought to be
more suitable and useful for medicolegal practice than Widmark’s
formula.

A review which provided a summary of the pharmacokinetic
properties of ethanol and the clinical effects of acute intoxication
was published by Perry et al. [93]. Concerns regarding the extrap-
olation of BAC and the implications of impaired memory caused by
alcohol-induced blackouts were also discussed.

2.2.5. Legal limits for alcohol and drugs impairing driving ability
Establishing legal limits to unambiguously identify drivers un-

der the influence of alcohol and drugs is challenging, especially for
illicit drugs without therapeutic levels.

2.2.5.1. Legal limit establishment. Legal limits for driving under the
influence of 20 non-alcohol drugs in blood were introduced in
Norway since 2012. The legislation was revised and expanded in
2015 with the introduction of legal limits for 28 non-alcohol drugs.
As of 2016 the legislation also regulated the assessment of com-
bined effects of multiple benzodiazepines and opioids. Strand et al.
described a methodology for the equivalence tables for concen-
trations of benzodiazepines/z-hypnotics and opioids implemented
in the Norwegian Road Traffic Act [94]. Conversion factors for 14
benzodiazepines/z-hypnotics and two opioids were established to
calculate diazepam and morphine equivalents, which in turn might
be summarized to assess the overall impairment caused by multi-
ple drugs belonging to either class.

The Organization for Economic Cooperation and Development
(OECD) International Transport Forum published the Road Safety
Annual Report 2017 [95] which provided the most recent road
safety data and up-to-date information on road safety measures
and strategies for 40 countries including new legal limits for driving
under the influence of drink and drugs. The implementation of zero
tolerance policy for drink driving in Uruguay in 2016 was also
updated.

Looking for reasonable blood cut-offs and realistic analytical
values for drugs impairing driving ability, Busard�o et al. [96]
advocated for achieving a consensus on protocols acceptable both
nationally and internationally that included rapid blood collection,
reporting the time interval between accident and blood collection,
the concentrations of drugs in blood that were more likely related
to driving disability, and parameters that were able to guarantee
the most reliable analytical concentration and not the lowest one.

2.2.5.2. Effectiveness evaluation on the set legal limits. Studies were
conducted to evaluate the effects of a new law introduced in Chile
in March 2012 which lowered BAC limit for impaired drivers from
0.1% to 0.08% and BAC limit for driving under the influence of
alcohol from 0.05% to 0.03% [97,98]. Data from 2003 to 2014 na-
tional databases were studied using a descriptive and a Generalized
Linear Models approach, type of Poisson regression, to analyze
deaths and injuries in a series of additive Log-Linear Models ac-
counting for the effects of law implementation, month influence, a
linear time trend and population exposure. The studies provided a
strong evidence of a reduction in traffic injuries related to alcohol
following the new law.

Hamnett et al. [99] reported a retrospective study comparing
changes in the toxicological findings in deceased drivers and mo-
torcyclists before and after the reduced in legal blood alcohol limit
for drivers in both Scotland and New Zealand from 80 to 50 mg/
100 mL in December 2014. A year of fatal motor vehicle crashes
prior to and following the limit change was examined for both
countries. An increase in drug prevalence among fatally injured
drivers and motorcyclists was found in Scotland, with the use of all
drug groups increasing after the limit change, with the exception of
cannabinoids. In New Zealand, a reduction in cases involving drugs
only, but increases in the numbers of deceased drivers and mo-
torcyclists positive for alcohol only and co-using alcohol and drugs
were found.

In 2013, the National Transportation Safety Board issued a report
recommending that United States to lower the illegal BAC limit for
driving from 0.08 to 0.05 g/dL. Study on the recommendation
included a meta-analysis of qualifying international studies to es-
timate the range and distribution of the most likely effect size from
a reduction to 0.05 BAC or lower, which provided strong evidence of
the relationship between lowering BAC limit for driving and the
general deterrent effect on alcohol-related crashes [100]. In another
study, risk-taking was examined in healthy adults who were tested
in a driving simulator following placebo and two doses of alcohol
calculated to yield peak BACs of 0.08 g/dL and 0.05 g/dL [101]. The
findings provided evidence that reducing legal BAC limit in the
United States to 0.05 g/dL would decrease risk-taking among
drivers.

The effects of lowering the legal blood alcohol content limit for
drivers from 0.05 to 0.03 g/dL and increasing license suspension
periods for offenders in Chile were studied by Otero et al. [102].
Data of administrative records were used to direct measures of
accidents involving alcohol including fatalities and injuries. Results
showed a significant decrease in alcohol-related car accidents and
injuries. Complementary analysis of blood samples showed that the
law had an effect on BAC of male drivers up to the 90th percentile of
BAC distribution.

The prevalence and blood concentrations of drugs for drivers
involved in road traffic accidents in the Padova province, Italy and
the effects of adopting different concentration cut-off values pro-
posed or applied in other European countries on the number of
DUID offences were studied [103]. Blood samples from drivers
involved in road traffic accidents in the province from 2014 to 2017
were analyzed and the reduction of cases of driving under the in-
fluence of illicit drugs in applying different cut-offs was calculated.

The blood concentration of drugs found in motorists suspected
of DUID from 2010 to 2012 in England and Wales were reported by
Rooney et al. [104]. The study was carried out as new legislation
came into place, setting fixed blood concentration limits for drugs
in motorists. The analytical results were compared with the new
per se limits to give a reference of drug concentrations prior to the
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legislation coming into effect. The result showed that samples
containing medicinal and prescription drugs were likely to be
detected below the new legal limits, while illicit drugs were typi-
cally found in excess of the new specified limits.

To analyze the efficacy of alcohol polices in the new law on road
traffic safety, a study was carried out to evaluate inebriated fatally
injured drivers (FIDs) according to BAC in a 10-year period
(2004e2013) in Autonomous Province of Vojvodina, Republic of
Serbia [105]. It was revealed that the highest number of intoxicated
FIDs during the period was mildly and completely inebriated. In the
4-year post-policy period (2010e2013), the number of FIDs and
average BAC levels of inebriated FIDs did not significantly change,
indicative the abolition of a permissible BAC should be considered.

To study the cut-off limits adequacy for driving under the in-
fluence in Italy, data from blood tests for alcohol and illicit drugs on
drivers involved in road traffic crashes around Milan in 2012e2016
were analyzed and compared with a published random survey on
driving under the influence of drugs, alcohol and medicines from
the European Community [106]. The result indicated that the 0.5 g/
dL BAC cut-off was pertinent whereas the 2 ng/mL and 10 ng/mL
cut-off limits for THC and cocaine respectively and/or the pre-
analytical procedures for these substances were inadequate. The
authors proposed a better standardization of the procedure by
shortening the time interval between the request for investigation
and blood collection and the adoption of more stringent cut-off
limits.

2.3. Surveillance in workplace - Workplace & court-ordered drug
testing

2.3.1. Samples validity
2.3.1.1. Urine. Urine authenticity is still a matter of concerns in
workplace drug testing. Common tricks for circumventing a posi-
tive screening result include dilution of urine, provision of urine-
like fluids (artificial urine), and addition of chemicals (such as
bleach) into urine. Thus identification of any adulterated urine is a
key topic in urine authenticity.

The results of urine specimen validity tests for urinalysis in
workplace and court settings in Taiwan over 5 years were reported
by Lin et al. [107]. They found that on average,1.09% and 3.81% urine
specimens, submitted from the workplace and court respectively,
were tempered (dilute, substituted, or invalid tests). The percent-
age of dilute, substituted, and invalid urine specimens from the
workplace were 89.2%, 6.8%, and 4.1%, respectively and a similar
trend was observed in urine specimens from the court (dilution
94.8%, substitution 1.4%, and invalidity specimens 3.8%). Thus, au-
thors suggested that all urine specimens taken for urinalysis from
both the workplace and court needed to be tested for validity.

Kim et al. [108] studied whether commercially available syn-
thetic urine (SU) products can be identified by adulteration and on-
site SU test strips. Eight SU products were tested by the specimen
validity testing (SVT) and all passed and identified as authentic
urine. However, all tested SU samples were successfully identified
by the on-site SU test strips and five out of eight SU could be
identified by physical observation. The authors recommended that
direct observation in the collection process was effective to avoid
cheating.

A study was conducted to identify new markers for both
authentic and synthetic urine samples [109]. Two types of chem-
icals, benzisothiazolinone (BIT) and ethylene glycols specifically
triethylene glycol (E3G) and tetraethylene glycol (E4G), were
confirmed as markers of synthetic urine. Either BIT or E3G/E4G was
detected in eight commercially available SU samples which all
possessed normal creatinine levels in an acceptable pH. Since all SU
samples were fortified by creatinine which is a well-known
chemical found in urine, the presence of creatinine does not
necessarily prove the urine authenticity. Four authentic urine
markers, thus, were proposed as uric acid, 3-methylhistidine, nor-
metanephrine and urobilin. 92% from 3827 tested urine samples
contained all four markers, and approximately 6% were found to
contain uric acid and normetanephrine, but lacking either 3-
methylhistidine or urobilin. Those samples were identified as nat-
ural samples.

Kluge et al. [110] proposed ten endogenous biomolecules which
are commonly identified in authentic urine (phenylacetylglut-
amine, phenylalanine, tryptophan, propionyl-carnitine, butyryl-
carnitine, isovaleryl-carnitine, hexanoyl-carnitine, heptanoyl-
carnitine, octanoyl-carnitine and indoleacetylglutamine). The au-
thors defined that a detection of at least six out of ten biomolecules
was used to differentiate authentic and suspicious urine samples. A
polyglycol pattern (from tetrapropylene glycol to undecapropylene
glycol) was also reported as a marker of artificial urine.

Another study indicated that adulterants such as potassium
nitrite (KNO2) altered the endogenous urinary metabolites to
become new biomarkers [111]. A high resolution mass spectrom-
etry was used to monitor the concentration changes of common
metabolites and those new biomarkers in both untreated and KNO2
treated urines. Significant concentration changes (greater than 2-
fold) were reported. A large number of 5-OH-isourate, for
example, was formed by uric acid after KNO2 treatment. Comparing
with the untreated urine, concentrations of some amino acids such
as histidine, methylhistidine, di- and tri-methyllysine dropped
obviously in the treated samples. The concentration of imidazole
lactate, on the other hand, increased due to the breakdown of
histidine.

2.3.1.2. Hair. Hair is another matrix commonly collected for
workplace drug testing due to its availability. Hair validity is highly
sensitive to the external environment. Morini et al. [112] studied
the concentration changes of benzodiazepines in hair after a pro-
longed exposure in swimming pool water. The author freshly pre-
pared chlorinated water in the soaking experiment instead of using
real swimming pool water. Six benzodiazepines and metabolites
including diazepam, desmethyldiazepam, chlordesmethyldiaze-
pam, desalkylflurazepam, clonazepam, and lormetazepam were
monitored in seven hair samples. A control experiment showed
that the concentrations of those compounds were stable after being
soaked in deionized water up to 30 h. Besides, those which were
soaked in chlorinated water for 4 h showed considerable degra-
dation. Experiment showed that diazepam had the greatest loss; its
concentration decreased 86% after 30 h soaking. Clonazepam
showed the fastest degradation (61% loss in 4 h soaking). In
conclusion, the longer the soaking time in chlorinated water, the
higher the degradation.

Another study conducted by Ettlinger and Yegles [113] showed
the effect of thermal hair straightening on drugs in hair. They
monitored 24 hair samples in which 17 samples were positive in
cannabis and the rest were positive in cocaine. The hair samples
were ironed sequentially 30 times and for 2 s per time. After
thermal treatment, the cannabinol and benzoylecgonine contents
in all samples significantly increased, and the THC and cocaine in
hair were decreased. It therefore suggested that the hair straight-
ening should be taken into consideration for interpretation of hair
drug results.

2.3.1.3. Oral fluid. Oral fluid is a biological alternative for urine due
to its collection with less privacy concerns and difficult adultera-
tion. Scheidweiler et al. [114] studied the stability of cannabinoids
including THC, 11-nor-9-carboxy-D9-tetrahydrocannabinol (THC-
COOH), D9-tetrahydrocannabivarin (THCV), cannabidiol (CBD), and
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cannabigerol (CBG) in oral fluid collected with a specific device.
Results within ±20% of baseline concentrations were considered
stable after storage at 4 �C for 1, 2, and 3months. The authors
concluded that all analytes were stable for up to 2 months at 4 �C
for all participants with positive baseline concentrations.

2.3.2. Detection of drugs
2.3.2.1. Hair. Madry et al. [115] examined the drug extraction effi-
ciencies in hair by several extraction solvent systems. The systems
were classified as single and two-step extractions. Three different
solvents were tried in the single step extraction includingmethanol
(MeOH), acetonitrile (ACN), and a mixture of ACN and water
(1:1 vol by volume (v/v)). In two-step extraction, the solvent used
in the first steps was all methanol; four different solvents were
subsequently used as the second extraction solvents. They were
MeOH, a mixture of MeOH, ACN, and 5mM formate buffer (1:1:2 v/
v), a mixture of MeOH and 5mM formate buffer (1:1 v/v), and
MeOH acidified with 1.4% hydrochloric acid (v/v). Among different
extraction systems, the use of ACN alone showed the least extrac-
tion efficiency. On the contrary, the two-step extraction by using
methanol plus acidified methanol was most efficient. Different
tested solvents gave significantly different extraction yield. The
authors, thus, suggested that evaluation of extraction efficiency and
recovery by using authentic positive sample in validation protocols
was highly recommended. Moreover, the extraction protocols
should be harmonized for interpretation of hair testing result in
inter-laboratory comparison.

A highly sensitive analytical method was developed for THC-
COOH detection in hair by using micropulverized extraction
method (MPE) [116]. The method used MPE to analyze the un-
conjugated THC-COOH, and MPE with hydrolysis to determine the
total THC-COOH content including THC-COOH hydrolyzed from
conjugated THC-COOH (THC-COOHeglucuronide). In comparison
with the conventional extraction by alkaline dissolution of hair,
there was no significant difference in the total THC-COOH contents
by both methods.

Tassoni et al. [117] described a method for cannabinoids (THC,
cannabidiol and cannabinol) detection in hair which was applicable
to a limited amount of sample. By using a sample residual from acid
hydrolysis, the proposed method had the same efficiency as classic
basic hydrolysis. Moreover, this method complied with a standard
forensic procedure involving immunoanalysis screening followed
by a GC-MS confirmation of positive data. Heinl et al. [118] devel-
oped a newworkflow for cannabinoids detection in hair which was
a comprehensively automated analysis including a sample robot,
shaker, centrifuge, solvent evaporator, auto-pipette. The system
automatically completed the transfer of solution, digestion of hair,
liquid-liquid extraction, extract evaporation, reconstitution, deriv-
atization and GC-MS analysis. This automated analysis with limited
manual steps reduced the risk of human errors.

The content of NPS in hair from the attendees of nightclub and
disco was studied by Salomone et al. [119]. The authors reported
that butylone was the most common NPS. Besides, others drugs
including methylone, methoxetamine, 5-(2-aminopropyl)benzo-
furan (5-APB)/6-(2-aminopropyl)benzofuran (6-APB), alpha-
pyrrolidinovalerophenone (a-PVP) and 4-fluoroamphetamine (4-
FA) were also detected. Salomone et al. [120] reported another
study on the detection of the synthetic opioids including the ana-
logues of fentanyl and non-fentanyl compounds in the hair
samples.

Van Elsu�e et al. [121] determined the concentrations of GHB in
the hair samples from non-GHB users and GHB users. The con-
centrations of GHB in the hair samples from non-GHB users and
GHB users were found to be 0.3e2 ng/mg and 6.3e239.6 ng/mg,
respectively.
2.3.2.2. Oral fluid. A validated method for the rapid detection of 32
synthetic stimulants and hallucogenic drugs, commonly sold as
bath salts, in oral fluidwas reported byWilliams et al. [9]. The drugs
in the oral fluid were detected and quantified by LC-MS/MS. The
method provided a comprehensive range of drugs within the class.
Another review [122] overviewed practical considerations on
applying oral fluid analysis in the context of NPS detection. Authors
highlighted the current limitations and addressed options to
improve current research and legislative actions.

A study fromMiller et al. [123] reported reliability of oral fluid as
an alternative to urine. A total of 639 subjects undergoing long-
term medication-assisted treatment were recruited in the study.
Of the total paired urine and oral fluid tests, approximately 7% were
positive and 91% were negative for a drug in both specimen types,
resulting in an overall agreement of 98%. The authors affirmed the
reliability of oral fluid as an alternative specimen type for compli-
ance testing in this population.

2.3.2.3. Breath. Kintz et al. [124] reported use of exhaled breath
which is commonly used in alcohol testing as a source of volatile or
semi-volatile substances detection. A sampling device equipped
with a filter collected the bio-aerosol particles from exhaled breath.
THC was the substance of interest. The concentration from exhaled
breath collected up to 6 h after smoking a standard joint of cannabis
was compared with that of oral fluid. THC was identified in the
exhaled breath up to 6 h after smoking from all four subjects
recruited. Their study supported the possibility of using exhaled
breath as a new matrix to document exposure to drugs especially
for cannabis.

2.3.3. Passive and occupational exposure
A study of passive exposure of ketamine for veterinary physi-

cians (VP) was conducted by Favretto et al. [125]. Ketamine is
commonly used by VP as the anaesthesia agent. A total number of
11 VPs, recruited on a voluntary base, had positive results to keta-
mine in hair. Norketamine was found in all except 3 hair samples;
one of them had received hair treatment, and two contained lower
ketamine concentration (40 pg/mg). The authors also reported
another prospective study of two veterinary postgraduate students
starting their practical training in a clinic. Their hairs were obtained
before the training and 11 days after the training. The result clearly
showed that neither ketamine nor norketamine were detected
before their practical training, but both could be found after the
training. The authors concluded that the site of ketamine absorp-
tion was through skin especially occupationally injured hand con-
tacting with the ketamine solutions and animal body fluids in the
clinical activities.

Doran et al. [126] also studied the drugs contamination in police
stations. This study indicated that contamination issues were more
likely to be focused in higher risk areas where drug exhibits han-
dlings occurred, such as counters and balances in charge areas, and
surfaces on drug safes. Majority of detected drugs were found
below 40 ng in the alcohol swab. All 64 urine samples collected
from volunteers in this study were negative, and trace concentra-
tion for cocaine was detected in only 2 of the 11 hair samples
without its metabolite benzoylecgonine. Positive hair samples were
only obtained from the officers who were in very high risk jobs.
Thus, the potential exposure of police officers to drugs was unlikely
from their working environments. Similar conclusion by Doran
et al. [127] was drawn that no THC was detected in both urine and
hair samples from the police officers who were responsible for the
seizure and removal of illegally grown cannabis plants.

THC is still one of the most concerned illicit drugs in passive
inhalation due to its prevalence and consumptionway. Berthet et al.
[128] reviewed more than 950 journal articles related to passive
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exposure to cannabis. Positive results were observed in all matrices
after extremely high passive exposure, but samples from active
cannabis user should provide some distinctive features for identi-
fication. THC-COOH urinary level should be detected below the
positivity threshold used to confirm active cannabis smoking
especially after normalization of creatinine level. Also, Low THC and
very low THC-COOH concentrations in blood was another sign for
passive exposure. No THC-COOH should be detected in hair, oral
fluid and sweat/sebum emulsion. If THC-COOH was presented in
hair or sweat, it might suggest regular cannabis consumption and
recent consumption. It was recommended that any personwho has
to demonstrate abstinence from cannabis should avoid cannabis
smoke in unventilated environments.

Salomone et al. [129] studied the ethanol exposure of medical-
health workers by simulating the typical occupational situation of
hand disinfection. The authors monitored ethyl glucuronide (EtG)
and fatty acid ethyl esters (FAEEs) in hair to differentiate chronic
exposure from occasional ethanol intake. The results suggested that
a significant dermal absorption and/or inhalation of ethanol
occurred in exposure to alcohol-based hand sanitizers. The hand
disinfection caused urinary EtG concentrations both higher than
the cut-offs normally used for clinical and forensic analyses, but the
concentrations of the ethanol metabolites in the keratin matrices
were below the cut-offs. Thus, direct biomarkers of alcohol abuse in
the keratin matrix were capable of distinguishing between ethanol
consumption and incidental exposures.

Nail clippings are believed as a back-up of hair in drug analysis.
Similar to hair analysis, differentiating external contamination from
drug ingestion is one main aspect of using nails for drug moni-
toring. Hill et al. [130] studied that an extended washing method,
which was developed for hair analysis, was able to decontaminate
drugs from nails. However, for the presumptive positive nail sam-
ples, the authors failed to demonstrate that the wash method could
effectively differentiate contamination from ingestion with nail
when applying this extended buffer wash and wash criterion used
in hair.

2.3.4. Interpretation of drug testing results
Kulig [131] discussed the interpretation of workplace cannabi-

noid testing in the United States. The focus on cannabinoid testing
appeared to be shifting away from the history of marijuana use to
whether or not impairment from THC in the workplace exists. The
author reminded that a positive result did not document impair-
ment, or even recent use. A systemic review on working drug
testing in Italy was conducted by Rosso et al. [132] and concluded
that the number of true positivity at first-level workplace drug
testing was low, while the frequency of false positives was rela-
tively high. The author also advised a revision of the Italian legis-
lation on the compulsory workplace drug testing. Ogden et al. [133]
reviewed the Australian guidelines for re-licensing drivers or
applying safety-sensitive occupation. They proposed that hair
testing is reliable and reproducible to demonstrate remission and
provide cost-effective monitoring.

Montgomery et al. [134] from FBI laboratory reported a new set
of reporting criteria in hair drug analysis to differentiate real
cocaine user from individuals passively inhaled or contaminated
with cocaine. The two criteria were i) cocaine concentration was
identified above 500 pg/mg after a subtraction of five times of any
cocaine identified in the last wash of the hair, and ii) two hydrox-
ycocaine metabolites were identified in the hair specimen above
5 pg/mg.

Another study by Wang et al. [135] provided information about
deposition of diazepam and its metabolites (nordiazepam, oxaz-
epam, temazepam and others glucuronide conjugates) in hair after
single dose of 10 mg of diazepam. The authors studied the different
hair samples collected 1-month, 2-month and 10-month after
consumption. The samples of both 1-month and 2-month post-
exposure showed that nordiazepam content was consistently
higher than that of diazepam. Oxazepam, and temazepam could be
found in some samples but the glucuronide conjugates were not
detected. Both diazepam and nordiazepam were still found in the
10-month post-exposure sample at an extremely low level.

Young children living with their parents who are drug abusers
or receiving medication treatment for their drug dependence are
one of the concerns in child welfare in many countries. Monitoring
the hair of children is commonly used to understand their exposure
history. If the children are found positive in drug testing, their
parent might have legal consequences such as penalty, removal of
the remaining children, or even jail period. Kintz et al. [136] studied
the methadone and its metabolites in hair from 4 young children
whom three of themwere dead and onewas admitted to a hospital.
Authors mentioned that caution should be taken for concluding a
positive result. Hair sample amount was sometimes low for anal-
ysis. Children hair was more porous in comparison with adult. It
was more subjected to contamination. Also, children hair growing
was asynchronous. The detectionwindowwas hard to define. Thus,
it was very difficult to distinguish a systematic incorporation after
ingestion or inhalation from external contamination. Toxicologists
had the responsibility to inform all related parties about the
limitation.

Another similar study [137] concluded that hair analysis on
children less than 29 months old never provided an answer for the
discrimination of chronic administration of drugs from an acute
poisoning since drugs were detected so quickly all along the strand
of the hair. In those children aged over 34 months, hair analysis
could allow to identify the chronic or repeated administration of
the drugs, like in adults.

A review paper from Salomone et al. [138] mentioned that a
consensus of definitive interpretation of NPS consumption by the
use of hair analysis was still not reached within scientific com-
munity, since the wide range of chemical structures in NPS caused
difficulty to speculate about general criteria. The authors high-
lighted that any findings from NPS hair analysis should be
cautiously interpreted.

Solimini et al. [139] published a review article about nails in
forensic toxicology. They mentioned using nails to retrospectively
investigate drugs or illicit substances had become prevalent in
forensic and clinical toxicology as a complementary test, especially
for those substances which could be stably accumulated for long
periods of time. The authors reviewed how substances were
incorporated into nails, and suggested three potential mechanisms
of drug incorporation: i) contamination from sweat, ii) incorpora-
tion from nail bed and iii) incorporation from germinal matrix. The
studies highlighted the importance of standardization and
harmonization of the methodologies (either pre-analytical or
analytical) for nails analysis and the optimization of sampling as
well as the development of proficiency testing programs and the
determination of cut-off values.

2.3.5. Court ordered drug testing
Being recognized as a “legal” alternative to cannabis, synthetic

cannabinoids (SCs) are commonly consumed because of the pre-
sumptive non-detectability in drug tests. Franz et al. [140]
mentioned that in Germany, SCs were not included in the scope of
drug testing for cases of court-ordered abstinence control and re-
granting driving license. Their study showed that certain pop-
ulations who were under abstinence control programs frequently
consumed SCs as a cannabis substitute. They concluded that the
analysis for SCs should not be neglected in drug screening pro-
grams and the analysis should be carried out by LC-MS/MS analysis
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rather than immunochemical assays.

2.3.6. International guidelines
Brcak et al. [141] overviewed and prepared guidelines for legally

defensible workplace drug testing in oral fluid. The guidelines were
updated by the EuropeanWorkplace Drug Testing Society (EWDTS)
to establish best practice procedures. In the meantime, individual
countries are allowed to operate within the requirements of na-
tional customs and legislation. The EWDTS recommended that all
European laboratories providing legally defensible workplace drug
testing should use these guidelines for accreditation. These guide-
lines are relevant to laboratory-based testing only.

Crumption andMitchell [142] summarized themajor changes to
the Mandatory Guidelines for Federal Workplace Drug Testing
Programs (HHS Guidelines) using urine revised by US Department
of Health and Human Services effective from October 1, 2017. The
HHS Guidelines address all areas of a drug testing program from
collection through laboratory testing to medical review officer
(MRO) review and verification of results.

3. Challenges e Selected topic of forensic interests

3.1. Challenges e Chemical warfare agent

A chemical warfare agent (CWA) is a chemical substance whose
toxic properties are used to kill, injure or incapacitate human be-
ings. CWA are organized into different categories according to the
physiological manner (See Table). This section highlights the case
study, analysis and medical treatment of selected CWA in the past 3
years.
Class Example

Nerve agent VX, Sarin, Soman, NOVICHOKS
Blister agent Sulfur mustard, Nitrogen mustard, Ethyldichloroarsine
Blood agent Hydrogen cyanide, Cyanogen chloride
Pulmonary agent Phosgene, Diphosgene, Chlorine
Harassing agent Chloroacetophenone, Adamsite

Classification of Chemical Warfare Agents (CWA).
3.1.1. Sulfur mustard (SM)
Known as the “King of Battle Gases”, sulfur mustard (SM), or

bis(2-chloroethyl)sulfide, is a potent toxic alkylating agent which
first appeared in World War I. Even 3 or 4 decades elapsed,
numerous delayed complications among victims are still being
reported. Mohammadzadeh Shabestari et al. [143] surveyed the
late cardiac complications of SM poisoning in 38 Iranian Veterans
who were exposed with SM during the Iraq-Iran War in
1983e1988. These patients suffered from different degrees of
tricuspid regurgitation, increased pulmonary artery pressure and
non-obstructive or obstructive coronary artery disease. Sezigen
et al. [144] described the detailed clinical course of a family of four
who suffered from SM attack, including the medical history, initial
symptomatology, clinical examination and initial treatment in the
first 48 h after exposure. Schmidt et al. [145] closely monitored a
patient for over two years who accidently exposed to SM and un-
derwent surgical skin grafting. Isono et al. [146] carried out six
regular check-ups between 2006 and 2014 on 44 victims who were
poisoned by a mixture of SM and Lewisite. Through a series of tests,
diagnosis and questionnaires, they concluded that these patients
suffered from cognitive decline, loss in memories and visuospatial
abilities and post-traumatic stress disorder.

SM undergoes intramolecular cyclization to form an ethylene
episulphonium ion intermediate which then rapidly alkylates a
wide variety of electron-rich biological molecules such as proteins
and nucleic acids, leading to chromatid aberration and inhibition of
DNA, RNA and protein synthesis. After exposing to SM for as shortly
as 15 min, several oxidation and hydrolysis products such as sulfur
mustard oxide (SMO), thiodiglycol and thiodiglycol oxide are pro-
duced. Manandhar et al. [147] reported a quantitative analysis of
SMO by GCeCIeMS. The method detection limit was found to be
0.1 mM, with a linear range from 0.5 to 100 mM. On the molecular
level, there are several nucleophilic sites in DNA nucleobases that
are prone to adduct formation which could serve as long-term
biomarkers of exposure. Zubel et al. [148] gave a detailed review
on the comparative analysis of published LC-MS/MS-based
methods for the detection of SM-induced DNA adducts.

SM has been used for a hundred years, however, the exact
pathomechanism is still incompletely understood. There is no
specific therapy available so far. Rose et al. [149] analyzed the
studies published between 2000 and 2017 on the pathomechan-
isms and experimental treatments of SM-induced skin lesions with
an aim to shed some light on the future treatment. Glucocorticoids
and non-steroidal anti-inflammatory drugs (NSAIDS) are recom-
mended treatments. Menacher et al. [150] evaluated the efficacy of
dexamethasone, ibuprofen and diclofenac in vitro. Two different
cell culture models were used, namely monoculture of keratino-
cytes (HaCaT) and co-culture of keratinocytes (HaCaT) and immu-
nocompetent cells (THP-1). The results reviewed that
dexamethasone showed little, but generic protective effect in both
monoculture and co-culture; whereas diclofenac showed a more
pronounced protective result in co-culture than monoculture,
implicative of the ability of diclofenac to modify the immune cells
response. On the contrary, ibuprofen strongly amplified apoptosis
and necrosis in SM exposed cells, thus should be the least consid-
ered treatment. Glutathione has been known tomitigate symptoms
of SM poisoning in vitro and in vivo. Siegert et al. [151] recently
reported the mechanistic study of glutathione as a chemical scav-
enger with microbore LC-ESI-HR-MS/MS.

3.1.2. Nitrogen mustard (NM)
Nitrogen mustard (NM), or tris(2-chloroethyl)amine, is the ni-

trogen analogue of SM. NM has never been deployed in combat.
Because of its toxicity, lipophilicity and stability in acidic environ-
ment, it can potentially be used in terrorist attacks.

A phthalein-based method to determine NM was recently re-
ported by Rozsypal and Halamek [152]. NM formed colored adducts
with phthalein compounds which were measurable by UVeVis
spectroscopy. The limit of detection was determined to be
10e40 ppm with different phthalein compounds.

Goswami et al. [153] used ex vivo rabbit cornea organ culture as
a model to study NM-induced corneal injury and for pre-screening
of possible therapeutic agents such as dexamethasone, doxycycline
and silibinin. The study showed that treatment with 0.2% dexa-
methasone or 200 nmol doxycycline led to a significant improve-
ment when it was administered up to 2 h after washing NM.
Silibinin was found to cause epithelial degradation if it was
administered at a higher concentration than 0.01%. It was best
prescribed immediately after washout of NM, but showed no effect
at later time points.

3.1.3. Tetramethylenedisulfotetramine (TETS)
Tetramethylenedisulfotetramine (TETS) is a highly toxic

convulsant and a potent antagonist of g-aminobutyric acid (GABA).
Originally used as an effective rodenticide, it has been banned in
many countries due to its toxicity in human. In China, over 14,000
cases of TETS intoxication occurred between 1991 and 2010, and
932 people were reported death [154]. Patocka et al. [155]
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summarized the chemical, biochemical, environmental and toxi-
cological data available in the literature.

TETS is conventionally detected and quantified by GC coupled
with different detectors such as NPD, FID and MS/MS. However,
these methods require laborious work to reduce the matrix effect.
Vasylieva et al. [156] recently reported a sensitive immunoassay
based method for the quantitation of TETS, which had a perfor-
mance comparable to the conventional GC methods.
3.1.4. O-ethyl S-2-(N,N-diisopropylamino)
ethylmethylphosphonothiolate (VX)

VX is one of the most toxic nerve gases and is stockpiled as a
chemical weapon by many countries. Perhaps the most noted case
involving VX in recent years was the assassination of Mr. Kim Jong-
nam on 13 February 2017. The killing took place at the busy Kuala
Lumpur International Airport by two women rubbing Kim’s face
sequentially within only 7 s. It was certain that the VX was a binary
system. Kim complained of eye pain, possibly due to the entrance of
VX to his system through his eyes. Shortly after 20 min, he died
[157].

Detection of VX agent is difficult, simply because of the rapid
enzymatic hydrolysis and the biotransformation products are
traceable only within several hours or days. Recent research focuses
on biomarkers derived from covalent reactions of VX with proteins
which have longer half-life. Kranawetvogl et al. [158] developed a
microbore LC-ESI-HR-MS/MS method allowing the investigation of
two different classes of adducts of VX with human serum albumin
(HSA). Phosphorylated tyrosine residues and novel disulfide ad-
ducts at cysteine residues of HSA which were produced by enzy-
matic cleavage with pronase could be detected simultaneously.

Lee et al. [159] reported a novel sample preparation method to
purify VX adducts of albumin and butyrylcholinesterase (BChE).
The research group utilized immunomagnetic separation (IMS) and
a HiTRAP™ Blue affinity column to isolate VX-BChE and VX-
albumin adducts, respectively, from the plasma of rhesus mon-
keys exposed to nerve agents. The time-concentration and kinetics
of these biomarkers in vivo up to 8 weeks after exposure were
studied in details.

Pralidoxime, atropine and diazepam are used for the immediate
treatment of military personnel in order to restore the function of
acetylcholinesterase (AChE). The intravenous infusion of asoxime
chloride (HI-6) increases the survival rate compared to atropine
alone. In the report by Whitmore et al. [160], the research group
correlated the pharmacokinetic profile of HI-6 with both its phar-
macodynamic action of reactivating nerve agent inhibited AChE
and with its efficacy in guinea-pig.

On the other hand, BChE has been studied as a bioscavenger to
provide effective post-exposure protection against percutaneous
nerve agent. Mann et al. [161] evaluated the efficacy of BChE
administration on VX post-exposed guinea pig. On top of atropine,
asoxime chloride, avizafone prescription, the guinea pigs were
given BChE immediately or 2 h after the appearance of poisoning.
Five out of six animals which received BChE at 2 h after showing
signs of poisoning survived 48 h later, compared with six out of six
which received BChE immediately on signs.

For decontamination, nanosized CeO2 is a well-known hetero-
geneous catalyst for the degradation of VX or sarin. Trenque et al.
[162] prepared CeO2 of different shapes such as nanooctahedrons,
nanocubes and nanorods by hydrothermal synthesis. The degra-
dation activity as a function of the crystal faces was evaluated
in vitro, by measuring the degradation kinetics of paraoxon
organophosphate in the presence of CeO2 nanoparticles in aqueous
solution.
3.1.5. Sarin
2-Propylmethylphosphonofluoridate (Sarin) is a colorless and

odorless liquid which is extremely toxic. Due to the limited stability
and high reactivity of sarin, the detection of the intact molecule
in vivo is not possible. The biological fate of sarin primarily consists
of hydrolysis to O-isopropyl methylphosphonic acid (IMPA). Addi-
tional transformation pathways comprise binding to AChE, BChE,
albumin and other less abundant proteins. In a concerted effort by
specialized laboratories in the Netherlands and Germany under the
arrangement of the Organization for the Prohibition of Chemical
Weapons (OPCW), numerous tissues from a deceased female victim
were analyzed for an investigation of alleged use of chemical
warfare agents [163].

Young and Capacio [164] developed a sensitive GC-MS/MS
method for the determination of six nerve agents (tabun, sarin,
soman, cyclosarin, VX and Russian VX) and their corresponding
breakdown products. The nerve agents were spiked in human
serum. Five out of six (except sarin) nerve agents and all six
breakdown products were successfully detected. This method
could potentially be used as a rapid screening tool in exposure
event.

Read et al. [165] fabricated polymethyl[3-(2-hydroxy-4,6-
bistrifluoromethyl)phenyl]propyl-siloxane on commercially avail-
able GC column as the stationary phase for the retention of nerve
agent surrogates. The absorption of these surrogates to the column
was improved by one to several orders of magnitude compared to
commercial stationary phase.

Paper spray ionization coupled to high resolution quadrupole
orbitrap was used in the quantitation of organophosphate simu-
lants and their hydrolysis products in blood and urine [166]. The
limits of detection of the hydrolysis products in the negative ion
mode was found to range from 0.36 to 1.25 ppb in blood and urine.
These detection levels were well below those found in the victims
of the Tokyo subway attack of 2e135 ppb.

3.1.6. NOVICHOK
NOVICHOK belong to the organophosphorus nerve agents

developed by USSR as a reaction to English/American invention of
VX agents. Today, the information on the synthesis, physical-
chemical properties, and toxicity of NOVICHOK is still guarded
under the designation “top secret”. The mode of action of NOV-
ICHOK is the irreversible inhibition of AChE. Once NOVICHOK rea-
ches the bottom of the active site gorge, the nucleophilic attack of
the phosphorus atom by the hydroxyl group of serine occurs. This
attack is accompanied by a simultaneous departure of fluoride ion
and formation of phosphorylated enzyme. Rapid hydrolysis of the
oxime bond within the NOVICHOK-AChE adduct results in the aged
form of the enzyme. Once it occurs, the enzyme is permanently
inactivated and no therapy is available to restore its activity
[167,168]. Up to this moment, detection method of NOVICHOK is
not available in the literature.

3.2. Challenges e Drug facilitated crime

Drug facilitated crimes (DFC) consist of using drugs to inca-
pacitated the victims. This practice usually results in facilitated
robbery and/or most frequently in non-consensual sexual acts. In
the last three years, two systemic reviews were undertaken to
determine the current global prevalence of drug-facilitated sexual
assault (DFSA) in order to identify trends in the toxicology findings
in DFSA around the world. Anderson et al. [169] reviewed a total of
eight studies (three studies in United States, two studies in the
United Kingdom, one study in Canada, one study in France and one
study in Australia) that reported the toxicological findings associ-
ated with cases of suspected DFSA. Contrary to popular media
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reports and public perception, this review indicated that alcohol
was the most commonly detected substance in suspected DFSA
cases in which the victims aged 16 and above. After alcohol,
benzodiazepine was among one of the most commonly detected
drugs. This review suggested that alcohol intoxication combined
with voluntary drug consumption presented the greatest risk factor
for DFSA. In addition, this review also suggested that there was a
need to develop policies that encouraged early responders to sus-
pected DFSA to collect detailed information about the individual’s
licit and illicit drug consumption history in order to assist in
providing appropriate and more thorough contextual information.
Grela and Gautam et al. [170] reviewed a total of six studies (one
study in United States, one study in United Kingdom, one study in
Australia, one study in Canada, one study in Norway and one study
in N. Ireland). This review discussed the prevalence of drugs used in
DFSA in difference countries and went on to explain why the re-
ported drugs might be used in such offences.

In addition to two systemic reviews, there were several studies
which reported the toxicological findings of DFC in different
countries. A study of 107 victims of DFSA who reported to Victoria
Hospital Clinical Forensic Unit in Cape Town, South Africa over a 3-
year period from October 2013 to June 2016was reported [171]. The
study showed that alcohol was the most commonly found drug in
DFSA cases. Other drugs found in these cases included metham-
phetamine, methaqualone and diphenhydramine. Bertol et al. [172]
reported a study on female patients consulting the Sexual Assault
Centre at Careggi University Hospital, Florence, Italy after an
allegedly case of sexual abuse. In this study a total of 256 cases were
examined between January 2010 and July 2018. Victims were asked
to provide their hair sample 3 months after the event to perform
segmental hair analysis for retrospective information on the history
of drug exposure in the victim. Result of the study indicated that
alcohol was the most detected substance (57 cases), followed by
cannabis (19 cases), cocaine (15 cases), opiates/methadone (hero-
in:5; morphine:1; methadone:6), benzodiazepines (13 cases) and
amphetamine (2 cases). Regarding GHB, one case has been reported
and none NPS has been found. This finding was consistent with the
European statistics where alcohol, cannabis and cocaine were the
most found drugs of abuse. In Bangladesh, Basher et al. [173] con-
ducted a prospective clinical and toxicological study of 38 patents
with acute poisoning who had been admitted to Dhaka Medical
College Hospital between October 2008 and December 2008 and
suspected to be victims of drug facilitated crimes. Toxicological
screening was performed by LC-TOF/MS and LC-MS/MS analysis of
the blood samples of 22 of these patients. Examination revealed
pharmacological active concentrations of lorazepam in the blood
samples of all 22 cases, midazolam in 12 cases; diazepam in 3 cases
and nordiazepam in 6 cases. No mortality was observed in the
present study. In Hungary, the medical reports of Peterfy Sandor
Street Hospital Clinic and Casualty Centre’s 408 GHB-intoxication
cases (352 patients) were reviewed by Kapit�any-F€ov�eny et al.
[174]. Majority of the patients were male, in their twenties. GHB
was detected in 34.1% and it was solely consumed in 27.7% of all
cases. Ethanol (13.73%) was found to be the most frequently co-
ingested substance and it was followed by benzodiazepines
(1.72%), amphetamines (1.23%), opioid (0.5%), THC (0.5%) and
cocaine (0.25%). The frequency of GHB facilitated sexual assaults or
acquisitory crimes under the presumed influence of GHB and other
concomitantly consumed psychoactive substances were compared
between cases of intentional (111 cases) and unintentional (46
cases) GHB intake. They found that there was significant difference
in the frequency of sexual assaults and acquisitory crimes between
intentional and unintentional GHB intake cases. The finding that
GHB facilitated sexual assaults and acquisitory crimes only
occurred among cases of unintentional GHB intake suggested that
GHB is indeed used as an instrument of criminal offense.

3.2.1. Method development for DFC
In DFC, victims frequently delay or do not report the crime and

extended delays in sample collection will lower the probability of
drug detection in blood and urine. To address these difficulties
encountered in the toxicological analysis of exhibits in connection
with DFC, new sensitive method was developed to detected drugs
implicated in DFC cases. Recently, method for determination of
drugs of abuse, benzodiazepines and new psychoactive drugs in
urine was validated by Lee et al. [175]. This method was applied to
126 urine sample of DFSA victims. 29 urine samples were found
positive for abused drugs. The most common drug identified is
flunitrazepam followed by nimetazepam and ketamine. Some NPS,
such as 2CeB, mephedrone, PMA and PMMA were also detected.

The occurrence of DFC is usually confirmed by analyzing bio-
logical fluids. Other evidence can also be collected from the crime
scene such as medicine bottle and the remains of suspected doped
drink. de Paula et al. [176] developed a method using liquid-liquid
extraction with low temperature partitioning (LLE-LTP) and paper
spray mass spectrometry (PS-MS) to identify and quantify 5 ben-
zodiazepines (diazepam, alprazolam, bromazepam, clonazepam
and cloxazolam) in beverages. The quantitation potential of the
LLE-LTP/PS-MS methodology was demonstrated by using beer as
matrix, diazepam as target analyte and cloxazolam as an internal
standard. The recovery and LOD of this method for diazepam were
90% and 0.05 mg/ml respectively.

3.2.2. Hair analysis in DFC
In DFC, it is not rare that the delay between incidents and the

sample collection time can exceed several days or weeks. In such
situation, hair is generally the only matrix able to establish the
involvement of drugs in crime owing to its long detection window.
Hair serves as a specimen for identification of past drug exposure.
Segmental hair analysis may differentiate a single exposure from
chronical use. In the past three years, numerous methods were
developed for the detection of drugs in hair specimen. Van Elsu�e
et al. [177] presented a method with solid phase extraction using
GC-MS/MS to determine concentration of GHB in hair samples. The
author used this method to determine the endogenous level of
non-GHB user as well as the hair samples of abstinent, frequent and
chronic GHB users. In 20 non-GHB user, a mean endogenous con-
centration of 1.1 ± 0.6ng/mg hair was found. In GHB-dependent
patients, concentrations between 6.3 and 239.6ng/mg hair were
found with no correlation between concentration in hair and dose
of GHB intake. Kuwayama et al. [178] reported a study on the ability
of micro-segmental hair analysis using internal temporal markers
(ITMs) to estimate the day of drug ingestion of an over-the-counter
sleeping aid. In this study, volunteers were requested to ingest a
dose of diphenhydramine, followed by ingestion of two doses of the
ITM, chlorpheniramine after 14 days apart. Several hair strands
were collected from each subject’s scalp several weeks after the
second ITM ingestion. The day of diphenhydramine ingestion was
estimated from the distance between the regions and the days of
ITM ingestion. The error between estimated and actual ingestion
day ranged from �0.1 to 1.9 days regardless of subjects and hair
collection times. This method may be utilized to determine the
specific day of ingestion of other sleeping aids such as sedatives and
hypnotics, which are abused in the commission of drug-facilitated
crimes.

Wang et al. [179] presented an overview of toxicological in-
vestigations that have used hair analysis in DFC cases from 2009 to
2016 in Denmark. Hair samples were used to determine 24 DFC-
related drugs and metabolites, including benzodiazepine and
other hypnotics, antihistamine, opioid analgesic, antipsychotics,
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barbiturates and illicit drugs from DFC cases. A literature review on
concentration in the published DFC-related hair cases and on
concentrations in hair of these substances after single and multiple
doses was included. These cases demonstrated the value of
segmental hair analysis in DFCs and facilitated future in-
terpretations of result.

Busard�o et al. [180] reported a study on the decay of GHB con-
centration on a specific segment of a hair strand over a year. Thir-
teen hair specimens (all the hair shaft) were provided by a woman
who was given a dose of about 2g of GHB dissolved in a non-
alcoholic drink during a sex-party. The first hair sample was
taken about two days after the presumed GHB unconscious intake,
the second one 28 days after and then one shaft per month up to 12
months. In the study period, the concentration of GHB in the hair
segment corresponding to the intake of GHB decayed from 4.3 ng/
mg to 2.1 ng/mg. The ratios between GHB value in the targeted
segment and the mean in others progressively decreased month by
month (from 5.56 at the first month to 2.84 at the twelfth month)
with ratios at the eleventh and twelfth month lower than 3.

Controlled dose studies of drug concentration in hair after
administration improves our understanding of interpretation of
drug found in hair. Kintz et al. [181] has reported a study on the
segmental hair analysis after a single dose of tramadol. Three adult
subjects were orally administered a single 50mg dose of the drug. A
hair strand was collected after four weeks post administration and
stored in an envelop at room temperature until analysis. Tramadol
was extracted from 10mg decontaminated (2x5 ml of dichloro-
methane) cut hair (3 x2 cm segments) in the presence of 10ng of
diazepam-d5 used as internal standard. After overnight incubation
in 1ml saturated borate buffer pH 9.5, drugwas extracted by 5ml of
a mixture of dichloromethane-isopropanol-n-heptane (50-17-33,
v/v). The extract was reconstituted in 50ml of 5mM ammonium
formate buffer adjusted at pH 3. The sample was submitted to LC-
MS/MS analysis on an Acquity class I UHPLC coupled to a Xevo
TQD tandem mass spectrometer (UHPLC-MS/MS). The hair of three
volunteers that had ingested a single 50 mg tramadol dose was
segmented analyzed and quantified. Tramadol tested positive in the
proximal segment of all three subjects at concentration of 34, 70
and 106 pg/mg and was negative in other segments.

3.2.3. DFC - case reports
The DFC cases reported in different countries in the last three

years are summarized in the following Table 1:

3.3. Challenges e New psychoactive substances (NPS)

According to the World Report 2018 of United Nations Office on
Drugs and Crime (UNODC), a total of 803 NPS were reported in the
period 2009e2017 [188]. European Monitoring Centre for Drugs
and Drug Addiction (EMCDDA) also reported more than 670 NPS by
the end of December 2017 [189]. As more and more new NPS
emerge, some of the NPS may also disappeared from the market. It
was shown that about 60 NPS have disappeared from the drug
market since 2013 [190].

With the lack of information of NPS, such as toxicity and
metabolism, for the interpretation of NPS concentration, Ger-
ostamoulos et al. [191,192] proposed that the qualitative detection
of NPS in casework is not appropriate until more toxicity knowl-
edge is available. In recent years, more case reports which con-
tained valuable information such as the metabolism and post-
mortem redistribution on NPS were published. Elliott et al. [193]
published a paper on a system that allows the toxicological sig-
nificance of NPS to be assessed for the purposes of risk assessment.
This review focused on some case reports associated with NPS,
especially for some fentanyl derivatives, synthetic cathinones and
synthetic cannabinoids. Other information that is important for the
interpretation of results, such as metabolism, post-mortem redis-
tribution and stability of NPS, were also reviewed.

3.3.1. Fentanyl derivatives
Fentanyl is a synthetic opioid 50e100 times more potent than

morphine [194]. Fentanyl-adulterated heroin was found in recent
years, which may lead to unexpected fentanyl intoxication and
deaths [188,195e199]. In recent years, there have been an increase
in opioid overdose deaths [200e208]. Several fentanyl analogues
such as sufentanil, remifentanil, alfentanil and carfentanil, have
been approved for veterinary use on large animals. Fentanils first
emerged on the illicit drug market in the United States of America
in 1979 [209] and more fentanyl analogous emerged in recent
years. Between years 2012e2016, 17 fentanils were reported to
UNODC EWA [201]. A total of 28 new fentanils were reported to
EMCDDA since 2009 [189]. More than 250 deaths involved new
fentanils were reported in Europe [189]. Drummer has reviewed on
fatalities caused by novel opioids including fentanils [210].

3.3.1.1. Furanylfentanyl. Furanylfentanyl is a recently emerged
fentanyl derivative. Its potency is reported to be 50e100 times
higher than morphine [211]. The risk assessment report on fur-
anylfentanyl published by EMCDDA reported 11 acute intoxication
and 23 deaths associated with furanylfentanyl. Furanylfentanyl was
reported to be the cause of or to have contributed to death in 10 of
the 23 death cases, in which, furanylfentanyl was found to be the
only substance detected in 2 of the cases [212]. O’Donnell et al.
[213] reported that furanylfentanyl associated with 3.5% (182 out of
5152) of the opioid overdose death reported in 10 states partici-
pating in CDC’s Enhanced State Opioid Overdose Surveillance
(ESOOS) program in JulyeDecember 2016. Daniulaityte et al. [203]
also reported 87 out of 281 overdose deaths related to fentanyl and
its analogue involved furanylfentanyl. The chemistry, synthesis,
prevalence, metabolism, pharmacology, toxicology, legal status and
analytical methods in biological specimens of furanylfentanyl were
reviewed by Misailidi et al. [211]. The following table (Table 2) is a
summary of furanylfentanyl associated death cases in recent years
in which the concentration ranged from 0.38 to 8.7 ng/mL.

3.3.1.2. Carfentanil. Carfentanil is one of the most potent fentanyl
analogues, of which the potency is estimated to be 10,000 times of
that of morphine [194]. It is the most common fentanyl analogue
involved in drug overdose deaths in Ohio in 2017 [217]. During July
2016eJune 2017, 1,236 (11.2%) out of 11,045 opioid overdose deaths
were tested positive for carfentanil in 10 states including Ohio in US
[218]. Tiscione and Alford [219] also reported a significant increase
in the detection of carfentanil in blood in DUID cases from 5% of
cases in 2016 to 38% of cases in 2017 in Palm Beach County, FL, USA.
262 carfentanil associated fatalities were reported by Shanks and
Behonick [220] with concentration of carfentanil in blood ranged
from10.2 to 2000 ng/L. A series of carfentanil associated deaths was
also reported in UK [221,222]. Shoff et al. [223] reported some
qualitative death cases associated with carfentanil. EMCDDA also
published a joint report [224] and a report on the risk assessment of
carfentanil [225]. The table (Table 3) below summarizes death cases
associated with carfentanil which are not listed in the EMCDDA risk
assessment:

3.3.1.3. Ocfentanil. Ocfentanil is a derivative of fentanyl developed
in the early 1990swith an attempt to obtain an analgesic opioid. But
it has not been approved for medical use [229]. Ocfentanil was
reported to be an adulterant in heroin [230]. Several fatal cases
associated with ocfentanil were reported in recent years
[229,231e234]. Misailidi et al. [235] reviewed also the cases of



Table 1
Summary of DFC case reports in the last three years.

Drug [Ref.] Case history Analytical
method

Findings

Chloroform
[182]

26 years old woman declared that her partner get her to sleep with chloroform previous
night.

HS-G-MS Chloroform in blood at 580mg/L

Cathinones &
doxylamine
[183]

44-year-old man was sexually assaulted by two men after a party. Hair was sampled 15
days later.

LC-MS/MS Hair: (0e1cm)
4-methylethcathinone:3pg/mg
methylenedioxypyrovalerone:5pg/mg
Doxylamine:9pg/mg

Quetiapine
[184]

Teenage girl was sexually abused by a man who was met at a bar. She went to the home of
the man & drank an alcoholic beverage provided by the man, fell asleep afterwards. Hair
sample was taken after 6 months.

UHPLC-
TOF-MS
UPLC-MS/
MS

Blood:0.007mg/kg
Urine:0.19mg/l
Hair: (7e9cm) 0.11ng/mg
(0e7cm) not detected

Scopolamine
[185]

53-year old man was found dead at home, lying in his bed in prone position. GC-MS
HPLC-
DAD
LC-MS/MS

Heart blood:0.30mg/ml
Femoral blood: 0.0048mg/L
Stomach content:20mg/kg
Additional toxicology findings: citalopram
Heart blood:0.47mg/ml
Femoral blood: 0.66mg/L
Stomach content: Not detected

Scopolamine
[185]

Victim met the suspect in a cafe and went to victim’s home after together after having
dinner. After drinking the whiskey, victim only remembered that he had been scaring off
the visitor.

GC-MS
GC-FID
HPLC-
DAD
LC-MS/MS

Urine: detected
Hair: (0e3cm)0.2e0.8ng/mg
(3e4cm) not detected
Additional toxicology findings: Urine:
amphetamine, morphine codeine, paracetamol,
ethanol

Scopolamine
[185]

Victim acquainted the suspect through a gay dating site. On the day of the incidence, the
suspect came to victim’s home and they have dinner together. Victim lost consciousness
afterwards.

GC-MS
HPLC-
DAD
LC-MS/MS

Serum:0.00035mg/L
Urine: detected

Xylazine [186] 4-year old boy was sent to hospital by his godfather in an unconscious state. Investigations
revealed that the godfather had injected xylazine to the boy, possibly in preparation for a
share bath.

GC-MS Serum:0.053 mg/L
Urine:~0.63mg/L

Xylazine [187] 73-year-old womanwas sent to the emergency department after being found unconscious
at the hospital cafeteria. She recalled that after drinking a bottle of water given by a
stranger, she felt dizzy & sleepy

GC-MS
LC-MS/MS

Gastric content: detected
Serum: Not detected

Xylazine [187] A 71-year-old woman was found drowsy in the outpatient lounge of a hospital. LC-MS/MS Serum:0.057mg/ml
Urine:0.294mg/ml

Xylazine [187] A 76-year-old man was found drowsy in the outpatient lounge of a hospital. LC-MS/MS Urine:0.533mg/ml

Table 2
Summary of furanylfentanyl associated death cases in recent years.

Subject Age/
Sex [Ref.]

Autopsy finidng/
Cause of death

Furanylfentayl conc. In blood
(ng/mL or ng/g)

Other findings

26/M [214] Intoxication 1.00 THC, mirtazapine*, pregabalin, buprenorphine*, clonazepam*
36/M [214] Intoxication 2.74 Pregabalin
37/M [214] Intoxication 0.90 Carbamazepine, venlafaxine, alimemazine, promethazine*, methylphenidate, ritalinic acid,

paracetamol, pregabalin, amphetamine, 7-amino-clonazepam
26/M [214] Intoxication 0.41 e

26/M [214] Intoxication 0.74 Carbamazepine, pregabalin, gabapentin, norbuprenorphine, fentanyl, alimemazine*, alprazolam,
diazepam, methylphenidate, ritalinic acid

27/M [214] Intoxication 1.1 e

24/M [214] Intoxication 0.38 Fentanyl
53/F [215] coronary artery

atherosclerosis &
hepatic cirrhosis

8.71

5.52
Fentanyl*, 6-acetylmorphine*,4-ANPP, nicotine, diphenhydramine

23/M [216] acute toxicity of
furanylfentanyl

1.93

2.84
4-ANPP

Remarks: * and metabolite.
Specimens: 1Heart blood; 2Fermoral blood; 3Peripheral blood; 4Cardiac blood.
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ocfentanil. Some of the data was summarized in a UNODC pub-
lished manual [236].
3.3.1.4. Methoxyacetylfentanyl. Methoxyacetylfentanyl is a fentanyl
analogue structurally related to ocfentanil. It has been available in
Europe since at least November 2016 [237,238]. The risk assess-
ment report on methoxyacetylfentanyl by EMCDDA mentioned a
total of 13 deaths reported to EMCDDA. Methoxyacetylfentanyl was
quantified in nine of the cases and the concentration of
methoxyacetylfentanyl in blood ranged from 18 to 550 ng/mL [237].
Mardal et al. [239] also reported three methoxyacetylfentanyl
related deaths, the methoxyacetylfentanyl concentration ranged
from 0.022 to 0.056 mg/kg. Fogarty et al. [240] reported some
methoxyacetylfentanyl associated fatal cases in which the con-
centration ranged from 0.21 to 39.9 ng/mL (n ¼ 11; mean: 17.7 ng/
mL; median: 15.1 ng/mL).

3.3.1.5. Cyclopropylfentanyl. Cyclopropylfentanyl has been



Table 3
Summary of death cases associated with carfentanil.

Subject Age/Sex,
[Ref]

Case
Nature

Carfentanil conc. in blood
(ng/mL)

Other findings

40/M [221] Death 3.31 6-AM*, methadone, cannabinoids*, cocaine* (COC), olanzapine, tramadol, mirtazapine, diazepam, paracetamol
(PAR)

36/M [221] Death 0.801 6-AM*, methadone, COC*, 7-aminonitrazepam, 7-aminoclonazepam, trazodone, nortripytline, diazepam,
ibuprofen, cannabinoids, clozapine

36/M [221] Death 0.221 6-AM*, cannabinoids, clozapine
44/F [221] Death 0.821 6-AM*, dihydrocodine, COC, mebeverine, diazepam,
29/M [221] Death 0.241 6-AM*, ketamine*, amphetamine, alprazolam
37/M [221] Death 0.501

1.052

0.573

Noscapine, cannabinoids, PAR, sertraline

31/F [221] Death 0.661 Morphine* (MOR), methadone, COC, amitriptyline
21/M [226] Suicidal 92 norcarfentanil in blood at 0.532 ng/mL
44/- [227] Drug

overdose
5.1 EtOH, MOR, diphenhydramine (Diphen), methadone

35/- [227] Drug
overdose

6.0 diphenhydramine

34/- [227] Drug
overdose

9.3 MOR

36/- [227] Drug
overdose

7.6 Positive result in urine only

27/- [227] Drug
overdose

2.74 Positive result in urine only

33/- [227] Drug
overdose

5.82 MOR, diphenhydramine

37/- [227] Drug
overdose

2.724 EtOH, MOR, Diphen, metoprolol, chloroquine

24�/� [227] Drug
overdose

1.0 Alcohol, Diphen, nordiazepam

25/- [227] Drug
overdose

0.2 e

67/- [227] Drug
overdose

0.3 Diphen

45/- [227] Drug
overdose

Traces4 7-aminocloazepam

37/- [227] Drug
overdose

0.7 Bromazepam

38/- [227] Drug
overdose

4.354 No positive result in blood

35/- [227] Drug
overdose

Traces4 EtOH

26/- [227] Drug
overdose

0.3 MOR, Diphen

34/M [228] e 1.35 Furanylfentanyl (0.34), fentanyl (6), MOR, hydromorphone
25/M [228] e 0.125 e

Remarks: * metabolite also reported.
Specimens: 1Femoral blood; 2Aorta; 3Right ventricle; 4Urine with concentration in blood not reported; 5Heart blood.
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available in the European Union since June 2017 [241]. Cyclo-
propylfentanyl and crotonylfentanyl are structural isomers having
the same molecular formula. They show different UV spectra but
identical mass-spectral fragmentation pattern in UHPLCeQTOF
[242]. The risk assessment report by EMCDDA mentioned a total
of 78 deaths, which occurred between June 2017 and December
2017, related to cyclopropylfentanyl. The concentration of cyclo-
propylfentanyl reported in 77 of the quantified cases ranged from
1.1 to 270 ng/g [243]. Fagiola et al. [244] reported 5 postmortem
(PM) cases associated with cyclopropylfentanyl, in which its con-
centration in cardiac blood ranged from 5.6 to 82 ng/mL. Fogarty
et al. [240] reported a series of cyclopropylfentanyl related death,
with cyclopropylfentanyl concentration ranged from 1.4 to 43.3 ng/
mL (n ¼ 32; mean: 15.2 ng/mL; media: 12.3 ng/mL). Brede et al.
[245]reported a fatal case of a 27 year-old male with cyclo-
propylfentanyl concentrations in blood and urine of 0.029 and
0.61 mg/mL, respectively. Brockbals et al. [246] studied a fatal case
involving cyclopropylfentanyl and observed a significant PM con-
centration increases of cyclopropylfentanyl in femoral blood 18 h
after the first sampling, which indicated a relevant potential for
postmortem redistribution (PMR) and the finding was supported
by a central-to-peripheral blood concentration ratio (C/P-ratio) of
2.6.
3.3.1.6. Acetyl fentanyl. Acetyl fentanyl is a non-prescription fen-
tanyl analoguewhich is 15 times more potent thanmorphine and is
not approved for medical use [247]. It emerged in the market in
2013 [248]. The joint report published by EMCDDA mentioned 32
deaths associated with acetyl fentanyl [249]. Some previously re-
ported acetyl fentanyl related cases were summarized in a UNODC
published manual [236]. Avedschmidt et al. summarized the acetyl
fentanyl-related deaths, together with the study of acetyl fentanyl
associated cases in their office. The author concluded that the lower
acetyl fentanyl concentrations in peripheral blood are most likely
an artifact in themanufacture of the consumed illicit fentanyl [247].
41 overdose deaths associated with acetyl fentanyl reported in
multiple countries of the southwestern region of the state of
Pennsylvania were summarized by Dwyer et al. [250]. Zawilska
[251] also summarized several acetyl fentanyl related fatal cases.
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3.3.1.7. Acrylfentanyl. Acrylfentanyl, also called acryloylfentanyl, is
a fentanyl analogue of 170 times more potent than morphine firstly
described in 1981 [252,253]. The risk assessment report of
EMCDDA on acrylfentanyl mentioned that there were a total of 47
deaths associated with acrylfentanyl and that acrylfentanyl was the
cause of death or likely to have contribution to death in at least 40
of the death cases [209]. Ujv�ary et al. [254] also published a review
on acrylfentanyl. The following table (Table 4) shows a summary of
some reported cases associated with acrylfentanyl (AF):
3.3.2. Synthetic cannabinoids (SCs)
Synthetic cannabinoids (SCs) are substances that work in a

similar way to THC [189]. SCs have been available on the recrea-
tional drug market since 2004 [257]. They constitute the largest
category among all NPS reported to UNODC. The number of SCs
reported increased from 32 in year 2009 to 251 by the end of 2017
[190,258].
3.3.2.1. MDMB-CHMICA. MDMB-CHMICA, also called
MMBeCHMINACA (methyl 2-(1-(cyclohexylmethyl)-1H-indole-3-
carboxamido)-3,3-dimethylbutanoate) is a SC first detected in sei-
zures in 2014 [259]. A temporary scheduling order to control
MDMB-CHMICA was imposed on April 10, 2017 DEA [260]. A study
of Haden et al. [261] observed a limited reduction in the availability
Table 4
Summary of some reported cases associated with acrylfentanyl (AF).

Subject Age/
Sex [Ref.]

Case Nature Sampling time (after
admission)

AF conc. in b
(ng/mL)

29/M [255] Non-fatal intoxication 2h 1.31

35/M [255] Non-fatal intoxication 6.5h 0.61

51/M [255] Non-fatal intoxication 1.5h 0.71

29/M [255] Non-fatal intoxication 1.5h 1.01

23/M [255] Non-fatal intoxication e 2.11

27/M [255] Non-fatal intoxication 14h 0.71

38/M [255] Non-fatal intoxication e 0.81

19/F [255] Non-fatal intoxication 2h 1.31

23/M [256] Death (AF toxicity) e 0.32

43/M [256] Death (AF& hydrocodone toxicity) e 0.952

26/M [256] Death (AF, furanylfentanyl
toxicity)

e 0.322

25/M [207] Death (AF intoxication) e 0.02
48/M [207] Death (accidental AF intoxication) e 0.31

22/M [207] Death (accidental AF intoxication) e 0.78
45/M [207] Death (intentional AF intoxication

with fluoxetine)
e 2.9

35/M [207] Death (intentional AF intoxication) e 0.01
26/F [220] Death (carfentanil intoxication) e 2343

38/M [220] Death (carfentanil toxicity) e 2214

36/F [220] Death (carfentanil toxicity) e 1074

33/F [220] Death (mixed drug toxicity) e 1453

25/M [220] Death (COC & carfentanil
intoxication)

e 2415

44/F [220] Death (carfentanil intoxication) e 1054

28/M [220] Death (acute carfentanil
intoxication)

e 23.33

38-/M [220] Death (acute carfentanil toxicity) e 30.16

44/M [220] Death (multi-drug intoxication) e 1144

50/M [220] Death (Fentanyl and carfentanil
toxicity)

e 6176

27/M [220] Death (carfentanil toxicity) e 5294

62/F [220] Death (fentanyl & carfentanil
toxicity)

e 45.74

39/M [220] Death (mixed drug intoxication) e 10.44

Remark: * in urine; #and metabolite.
Specimens: 1Serum; 2Peripheral blood; 3Iliac blood; 4Femoral blood; 5Heart blood; 6Sub
of MDMB-CHMICA from internet-based suppliers after the UK
Government implemented the Psychoactive Substances Act in May
2016 to control the NPS production and supply of many drugs
including NPS. EMCDDA published a joint report [262] and a report
on the risk assessment [263] of MDMB-CHMICA. A total of 29
deaths associated with MDMB-CHMICA were reported and among
the 12 death cases, MDMB-CHMICA was reported either as the
cause of death or likely to have contributed to death. A report from
the Swedish STRIDA project described 9 intoxication cases
involving MDMB-CHMICA. The patients of the reported cases were
aged 23e62 (median 34) years with MDMB-CHMICA concentration
ranged from less than LLOQ (LOD ¼ 0.6 ng/mL; LLOQ ¼ 1.25 ng/mL)
to 86.4 ng/mL [264]. Gaunitz et al. [265] summarized also published
MDMB-CHMICA associated fatal and non-fatal acute intoxication
cases, MDMB-CHMICA concentration of fatal intoxication/autopsy
cases ranged from <0.2 ng/mL (in post-mortem blood) to 5.6 ng/mL
(in ante-mortem blood). Gaunitz et al. reported the post-mortem
distribution of MDMB-CHMICA in a case of a 27-year-old-man.
The authors also summarized some previously published MDMB-
CHMICA fatal and non-fatal intoxication cases. The metabolites
studies of MDMB-CHMICA after microsomal incubation [265] and
by detection in human urine sample [266] were also reported.
lood Other findings

-*
-*
-*
-*
-*
NPP*, flunitrazolam*, oxazepam*, temazepam*
4Cl-a-PVP*, ephylone*, amphetamine*
EtG*
Ibuprofen, nicotine#, MA#,*, THC-COOH*, fentanyl#,*
Caffeine, naloxone, hydrocodone (11ng/mL), Nicotine*, ethanol*,
dihydrocodeine#,*
Furanylfentanyl (0.95ng/mL), naloxone, nicotine#, MOR*, hydromorphone*

e

mirtazapine#, citalopram#, pregabalin, Ritalin, methylphenidate, (þ) N-
etylnorhexe-dron.
7-aminoclonazepam, nordazepam
bupropion#, quetiapine, fluoxetine#, zopiclone, dihydropropiomazin,
diazepam, nordazepam,
EtOH (0.46%)
THC-COOH, topirmate, buprenorphine*, norfentanyl*, MOR*
MOR*, codeine*. Hydromorphone*, norfentanyl*
THC#, nordiazepam#,*
, norfentanyl*, morphine*, hydromoprhine*
MOR, THC#, morphine*, codeine*
Benzoylecgonine (54.3mg/L), naloxone, caffeine, norfentanyl*

Cotinine
THC-COOH

MOR*, hydromorphine*, fentanyl*,#

Furanylfentanyl (0.61mg/L), alprazolam, THC#, codeine, buprenorphine,
phenytoin, quetiapin, naloxone, cotinine
Fentanyl (2.9mg/L)

THC-COOH
Fentanyl (1.1mg/L)

EtOH (1.54g/L), amitriptyline, nicotine#

clavian blood.
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3.3.2.2. 5F-MDMB-PINACA and 5F-MDMB-PICA.
5F-MDMB-PINACA (methyl 2-{[1-(5-fluoropentyl)-1H-indazole-3-
carbonyl]amino}-3,3-dimethylbutanoate) and 5F-MDMB-PICA
(methyl N-{[1-(5-fluoropentyl)-1H-indol-3-yl]carbonyl}-3-
methylvalinate) are indole or indazole-based SCs emerged
recently. European Monitoring Centre for Drugs and Drug Addic-
tion (EMCDDA) published a joint report [267] and report on the risk
assessment of 5F-MDMB-PINACA [268]. 35 acute intoxication and
28 death with confirmed exposure to 5F-MDMB-PINACA were re-
ported. 5F-MDMB-PINACA was found to be the cause of death or
likely to have contributed to the death in at least 20 of the death
cases [268]. Mogler et al. [269] reported the detection of 12 phase I
metabolites of 5F-MDMB-PICA in human urine samples. The au-
thors also demonstrated the application of immunochemical assays
(homogeneous enzyme immunoassays (HEIA™) SC-1, SC-2, and SC-
3 [Immunalysis, Pomona, CA, USA]) were not capable of detecting
5F-MDMB-PCA in urine [269].

3.3.2.3. Other reported synthetic cannabinoids cases. Besides the
SCs mentioned above, there are some more intoxication cases of
other SCs reported in recent years. For example, Adamowicz et al.
[270] reviewed 39 cases of UR-144 associated cases, with UR-144
concentrations ranged from trace amount (LOD: 0.15 ng/mL; LOQ:
0.5 ng/mL) to 17 ng/mL (mean 636 ng/mL, median 1.6 ng/mL).
Halter et al. [271] reported 27 fatal and non-fatal intoxication
associated with Cumyl-PEGACLONE. Among that, a total of 6 deaths
cases were reported with the Cumyl-PEGACLONE concentration in
blood (femoral vein) ranged from 0.12 to 0.84 ng/mL. And the non-
fatal intoxication cases with Cumyl-PEGACLONE concentration
ranged from 0.14 to 13 ng/mL. Joint report and report on risk
assessment of AB-CHMINACA, ABD-CHMINACA and CUMYL-4CN-
BINACA [272e277]. Other reported cases related with SCs were
summarized in the table (Table 5) below:

3.3.3. Synthetic cathinones
Synthetic cathinones are cathinone derivatives structurally

related to a psychoactive alkaloid found in khat plants. According to
the world report of UNODC 2018, there are 148 synthetic cath-
inones reported by the end of 2017 [258]. The legal status, chem-
istry, patterns of use, prevalence, biological effects,
pharmacokinetics, toxicity and factors affecting stimulant/toxico-
logical effects of 3-methylmethcathinone (3-MMC or metaphe-
drone) were reviewed by Ferreira et al. [282]. The 3-MMC
concentration in deaths and non-fatal intoxication cases related
to 3-MMC was also listed. Majchrzak et al. [283] reviewed on the
newest cathinone derivatives NPS. The chiral resolution and
enantioselectivity of synthetic cathinones were also reviewed by
Silva et al. [284]. Stability of synthetic cathinones in blood [285],
Table 5
Summary of SCs related case reports.

Subjects Age/Sex [Ref] SCs Conc. in blood (ng/mL) Othe
Conc

Mid-20/M [278] 5-APB 8601 Etha
53/M [279] 5F-ADB 0.19±0.042 Diph
27/- mean [265] MDMB-CHMICA 1.71 Amp
25/M [280] 5F-PB-22 0.371 BAC
28/M [280] AB-CHMINACA ~4.1*,1 BAC
41/M [280] 5F-ADB
14/M [280] AB-CHMINACA 8.23 e

17/M [281] UR-144
XLR-11
JWH-022

12.33

1.33

33

e

Remarks: *value above highest calibrator.
Specimens: 1Femoral blood; 2Right heart blood; 3Subclavian blood.
urine [286,287] and oral fluid [288] were also reported.
Pyrovalerone derivatives type synthetic cathinones such as

MPDV, a-PVP, a-PBP, a-PHP and a-PHPP have caused numerous
reported deaths [289e296]. The detection and effect of MDPV (3,4-
methylanedioxypyrovalerone) and a-PVP (a-pyrrolidinopentio-
phenone) on human were reviewed by Karila et al. [289]. Richman
et al. [297] published a review on a-PVP. Metabolism, dosage,
toxicity, reported fatalities and DUID cases of several pyrovalerone
type cathinones were reviewed by Zawilska et al. [298]. Franz�en
et al. [295] reported several acute intoxications cases involving a-
PBP, the a-PBP concentrations were found ranged 2.0e13,200 ng/
mL in urine and 2.0e440 ng/mL in serum. Fujita et al. [299] re-
ported an autopsy case involving a-PHP. The deceased was a 27/-
man and the toxicokinetics of a-PHP in the PM specimen was also
studied, the half-life T1/2 a-PHP of was determined to be 37 h.
Majchrzak et al. [300] reported a a-propylaminopentiophenone (N-
PP) related fatal, which believed to be the first N-PP cases reported
to the authors’ knowledge. There are also several studies on effect
of structural changes for pyrovalerone derivatives [290,301,302].

More cases report on different type of synthetic cathinones such
as 4-chloromethcathinone (4-CMC) [303], dibutylone (bk-DMBDB),
butylone (metabolite of dibutylone) [304] were reported during the
past few years. A series of fatal and non-fatal intoxication cases
associated with ephylone were reported by Costa et al. [305],
Krotulski et al. [306], Ikeji et al. [307] and Thirakul et al. [308].
Ephylone, also known as n-ethylnorpentylone or n-ethylpentylone
is a synthetic cathinones structurally related to methylone and was
first described by Boehringer Pharmaceuticals in the 1960s [305]. A
temporary scheduling order to control ephylone was imposed on
August 31, 2018 until August 31, 2020 by the Drug Enforcement
Administration (DEA) [309]. The following two tables (Table 6 &
Table 7) summarize fatal and non-fatal intoxication cases associ-
ated with ephylone:

3.3.4. Arylcyclohexylamines class NPS
3-MeO-PCP (3-Methoxyphencyclidine) is one of the methoxy-

lated analogues of phencyclidine (PCP) that reaches the MPS mar-
ket in recent years. Metabolisms of 3-MeO-PCP and 3-MeO-PCPy
were studied by Michely et al. [310]. Several fatal and non-fatal
cases related to 3-MeO-PCP were related during the past three
years. Below (Table 8 and Table 9) are the summary of the cases
reviewed.

3.3.5. Ketamine derivatives
2-oxo-PCE (N-Ethyldeschloroketamine) is an arylcyclohexyl-

amines class NPS first synthesized in 1962 as a short-acting
phencyclidine derivative [318]. Tang et al. [319] reported 3 out of
56 cases of 2-oxo-PCE associated acute poisoning intoxication in
r findings
. in ng/mL (unless specified)

nol, THC (0.0024mg/L)
enidine (12 ± 2.6)
hetamine (1050), MDMA (275), MDA(22), THC(9.3), THC-OH(0.9), THC-COOH(65)
(2.6g/kg), AB-CHMINACA, 5F-AKB-48
(1.45 g/kg)



Table 6
Fatal cases associated with ephylone.

Subject Age/Sex [Ref.] Case Nature Ephylone conc. in blood (ng/mL) Other findings

32/M [304] e 170 e

-/M [305] Alleged “Molly” use 50,000 Dibutylone
35/M [305] Homicide 833 Butylone, midazolam, THC
-/M [305] e 790 Pentylone, dibutylone, butylone
28/M [305] Suspected drug overdose 600 e

49/M [305] Suspected drug overdose 550 Dibutylone, 4-chloro-a-PVP
-/M [305] e 540 Dibutylone
-/M [305] Possible drug overdose 430 e

-/M [305] e 358 e

-/M [305] Following vehicular crash 210 Pentylone
-/F [305] Homicide 160 e

31/M [305] Suicide, gunshot wound 150 e

47/M [305] Suspected drug overdose 90 Carfentanil
53/M [305] e 86 U-47700, U-49900. THFF, Acrylfentanyl, 4-ANPP
-/F [305] Suspected drug overdose 38 dibutylone, butylone, FIBF
25/M [305] e 24 Alprazolam, THC
-/M [305] Suspected drug overdose 18.4 Furanylfentanyl, 4-ANPP, cocaine, THC
-/M [305] 12 e

Table 7
Non-fatal cases associated with ephylone.

Subject Age/Sex [Ref.] Case nature Ephylone conc. (ng/mL) Other findings

18/M [304] Intoxication 71 e

19/M [304] Intoxication 191 MDMA, caffeine, cotinine, alcohol
35/M [304] Intoxication 1491 e

26/M [304] Intoxication 611 e

23/M [305] DUID 872 e

40/M [305] DUID 412 Fentanyl*
Male [305] DUID 34.32 e

36/M [305] DUID 232 MA*
32/M [305] DUID 212 Clonazepam

Specimens: 1Serum; 2Blood. *Remarks: metabolite also reported.

Table 8
Fatal cases related to 3-MeO-PCP.

Subject Age/Sex [Ref.] 3-MeO-PCP conc. in blood (ng/mL) Other toxicological findings

29/M [311] 139 ± 41 Diphenhydramine, amphetamine
21/M [312] 3200 Ethanol, bupropion, delorazepam, mitragynine, paroxetine
58/M [312] 630 methamphetamine
39/F* [313] 63 Alcohol, diazepam, nordiazepam, cocaine#

27/M [314] 380 e

21/M** [314] 180 Burprenorphine and metabolite, 5-MeO-MiPT
27/M [314] 230 Methadone, diazepam#, pregabalin, MA, buprenorphine#

29/M** [314] 120 Nordiazepam, pregabalin, flubromazolam, AB-FUBINACA, THJ-018, buprenorphine#, methylphenidate#

32/M [314] 60 Oxycodone, amphetamine, flubromazolam, MT-45, 4-MeO-PCP, THJ-018, THC
27/M [314] 50 Tramadol, alprazolam, fentanyl, amphetamine
20/F [314] 80 Tramadol#

Remarks: * for Homicide case; ** for Suicidal case; # for metabolite also reported.

Table 9
Non-fatal intoxication related to 3-MeO-PCP.

Subject Age/Sex [Ref.] 3-MeO-PCP concentration in blood (ng/mL) Sampling time

19/M [314] 140 Upon arrival
80 2.5 h from arrival

60 5 h from arrival

40 17 h from arrival

19/M [315] 350 Upon arrival
21/M [315] 180.1 Upon arrival
37/M [316] 49 Upon arrival (2 h after drug ingestion)
40/M [316] 66 e

27/M [317] 131
90

0.2 h from arrival
3 h from arrival
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Hong Kong between October and November 2017. A fatal case
involving 2-oxo-PCE was reported by Theofel et al. [320].

3.3.6. Stability of NPS
Factors that affect the interpretation of results include ioniza-

tion suppression and enhancement [321], post-mortem redistri-
bution and also the stability of drugs. For example, 4-
chloromethcathinone (4-CMC) was found to be highly unstable at
4 �C with concentration dropped by 65% 3 days after measurement
[322]. 25IeNBOMe (4-iodo-2,5-dimethoxy-N-[(2-methoxyphenyl)
methyl]-benzeneethanamine) was found to be relatively unstable
among different NBOMe, and concentration dropped more than
40% at RT [323]. Hence, understanding the stability of drugs in
biological specimens could be essential for the results interpreta-
tion. The below tables (Tables 10e12) listed the recent studies on
stability of NPS in biological specimens:

3.3.7. Post-mortem redistribution
Sampling site and time for post-mortem specimens may affect

the analytical results due to post-mortem redistribution of drugs.
For example, significant increase in postmortem concentration of
cyclopropylfentanyl was observed in femoral blood during 18 h
after first sampling [246]. Time-dependent postmortem redistri-
bution was also observed for butyrfentanyl and its metabolites at
time of sample collection 9 h and 28 h after death [332]. While
post-mortem redistribution was not observed in case of MDAI (5,6-
methylenedioxy-2-aminoindane) and 2-MAPB (1-(benzofuran-2-
yl)-N-methylpropan-2-amine) in peripheral and heart blood
sampled at 11 h and 29 h after death [333]. Glicksberg et al. [334]
investigated postmortem redistribution of nine synthetic cath-
inones, including a-PVP, ethylone, methylone, butylone, MDPV,
methedrone, pentylone, 4-MEC, and MDPBP. Concheiro et al. [252]
reviewed the postmortem concentrations in different biological
samples, as well as themetabolism of some synthetic opioids. Some
of the postmortem redistribution (PMR) data are summarized in
the tables (Tables 13e17) below:

3.3.8. Studies on metabolism of NPS
The metabolism studies of NPS are necessary for a better

detection of analytes. There were a large amount of publications on
metabolism of NPS, especially for SCs in recent 3 years. Urine could
provide a longer detection period but metabolites of SCs instead of
the parent SCs are usually detected in urine [349]. However, a
better understanding the metabolism of NPS may provide more
information to prevent incorrect interpretation. For example, 6 of
the metabolites of 5F-CUMYL-PEGACLONE were also identified
metabolites for CUMYL-PEGACLONE [349]. Diao et al. [350] has
Table 10
Stability studies of Synthetic cathinones.

Analytes

Pentylone, butylone, mephedrone and benzedrone

Methcathinone, 3-FMC, 4-fluoromethcathinone (4-FMC, flephedrone), methylone, ethc
butylone, mephedrone, eutylone, 4-methylethcathinone (4-MEC), MDPBP, pentedro
DMMC), a-PVP, 4-ethylmethcathinone (4-EMC), 4-methyl-a-pyrrolidinobutiophenon

Methcathinone, 3-FMC, 4-FMC, methylone, ethcathinone, ethylone, methedrone, buphe
MDPBP, pentedrone, pentylone, 3,4-DMMC, a-PVP, 4-EMC, MPBP, MDPV, pyrovaler

3-FMC, 3,4-DMMC, 4-EMC, 4-FMC, 4-MEC, Buphedrone, Ethcathinone, Mephedrone, M
Butylone, Ethylone, Eutylone, Methylone, Pentylone, MPBP, Naphyrone, a-PVP, Pyro

4-CMC, 4-FMC, a-PBP, dibutylone, dimethylone, ethylone, eutylone, mephedrone, meph
MDPBP, MPBP, naphyrone, n-ethylbuphedrone (NEB), pentedrone and pentylone

Cathinone, methcathinone, buphedrone, mephedrone, 4-methylethcathinone,
MDPV, methylone, naphyrone, a-PVP and Nethylcathinone
reviewed on themetabolism of SCs. The below table (Tables 18e22)
listed reported metabolism of the NPS and the study approach, the
metabolites were mainly analyzed by LC-HR-MS and LC-tandem-
MS.

3.3.9. Immunoassay
Immunoassays provide an inexpensive, sensitive and rapid

screening for drugs in biological samples. However, not all NPSs can
be detected by immunoassay methods. For example, CUMYL-
PEGACLONE shown no positive results in 15 CUMYL-PEGACLONE
positive authentic urine samples analyzed by the ready-to-use
homogeneous enzyme immunoassays (HEIA®) Synthetic Canna-
binoids-1, Synthetic Cannabinoids-2, and Synthetic Cannabinoids-3
(Immunalysis, Pomona, CA, USA) when cut-offs recommended by
manufacturer were applied [366]. Nieddu et al. [393] described the
cross-reactivity profiles of 30 new amphetamine designer drugs in
whole blood, urine and oral fluid, using the Neogen® (Amphet-
amine Specific and Methamphetamine/MDMA assays) drug tests
and it was found that only a few of the analyzed compounds
exhibited a measurable cross-reactivity in whole blood or oral fluid
and no compound showed an absorbance significantly greater than
the positive control, even at concentrations up to 10,000 ng/mL for
urine matrix.

The cross-reactivity of 13 designer benzodiazepines in the
CEDIA, EMIT II Plus, HEIA, and KIMS II immunoassays were studied
by Pettersson Bergstrand et al. [392].

Several studies on the immunoassay cross reactivity of fentanils
were listed in the table (Table 23) below:

3.4. Challenges - Protein of forensic interest

With the continuous development of biopharmaceuticals, pep-
tides and proteins drugs have gained increasing attentions. The
methodologies for protein or peptide analysis in bio-matrices
emerge. In the past three years, reviews on the analysis of protein
by LC with superficially porous particles (SSP) [395], MS [394], and
LC-MS [396] have focused on the use of these techniques to tackle
the technical challenges for protein analysis, especially analysis of
proteins in bio-matrices. The application of LC-MS/MS for analysis
of therapeutic peptides in rat plasma for pharmacokinetic study
have also been reported [397,398]. The analysis of proteins and
peptides in bio-matrices of selected forensic applications will be
discussed below.

3.4.1. Protein in doing control
In doping control, a group of small peptides which can be used

to improve performance in sports are included in the prohibited list
Matrix Ref.

DBS & whole blood [329]

athinone, ethylone, methedrone, buphedrone,
ne, pentylone, 3,4-dimethylmethcathinone (3,4-
e (MPBP), MDPV, pyrovalerone, and naphyrone

Authentic urine [287]

drone, butylone, mephedrone, eutylone, 4-MEC,
one and naphyrone

Urine [286]

ethcathinone, Methedrone, Pentedrone,
valerone, MDPBP, MDPV

Blood [285]

edrone-D3, methedrone, methylone, MDPV, 3,4- Blood & urine [330]

Preserved oral fluid
(Quantisal™)

[288]



Table 11
Stability studies of SC (synthetic cannabinoids) and fentanils.

Analytes Matrix Ref.

XLR-11, UR-144, AB-Pinaca and AB-Fubinaca Whole blood [326]

SDB-006-N-phenyl-analogue, AB FUBINACA/AB FUBINACA 3 Isomer, UR-144, ADB CHMICA, Mepirapim, MAB-CHMINACA,
SDB 006, MA-CHMINACA, XLR-11, MAM-2201, FAB-144, 5-fluoro NNEI9, 5-fluoro SDB 006, 5-fluoro NNEI 2-naphtyl Isomer,
A-834735, 5-fluoro MN 18, THJ-018, NM 2201, M � 144, 5-fluoro PCN, ADBICA, 5-fluoro SDB 005, MMB-018, 5-fluoro PB-22,
ADB-PINACA, 5-fluoro NPB-22, AMB, F2201, 5-fluoro ABICA, 5 fluoro ADB, 5-fluoro AB PINACA, Cumyl THPINACA, Cumyl Pica, FUB JWH 018,

AB-001, 3-CAF, FUB-144, ADB-FUBINACA, XLR12, STS-135, AB-005-azepane Isomer, FUB-AMB, AB-005, 5-fluoro AKB-48, A-796260,
MDMB-CHMICA, NNEI, MDMB-CHMINACA, AB-CHMINACA, MO-CHMINACA, MN-018, EAM-2201, SDB-005, 5-chloro NNEI, THJ, EG 018,
PB-22, Cl-2201, NPB-22, FDU NNEI, THJ2201, FDU-PB-22, AM-2201 benzimidazole analogue, PX-1, MMB-2201, MAM2201
N(5chloropentyl) analogue d5, 5-fluoro ADB PINACA, FUB-PB-22, 5 fluoro ADB PINACA 2-Isomer, PX-2, 5 fluoro 2 ADB PINACA 2 Isomer,
MDMB-FUBINACA, 5-fluoro AMB, FUB NPB 22, 5-chloro AB-PINACA, AKB-48 N-(4fluorobenyzyl) analogue, APICA, APP CHMINACA, 5
fluoro Cumyl Pica, EG2201, 5-fluoro JWH018 adamantyl analogue, APP FUBINACA, AB FUBINACA 2 Isomer, MN-25

Serum [327]

Fentanyl type:
Butyryl Fentanyl, MT-45, AH-7921, 2-Furanylfentanyl, para-Fluorofentanyl, ortho-Fluorofentanyl, para-Fluorobutyryl Fentanyl, 4-

Methoxybutyrylfentanyl, 4-ANPP, alpha-Methylfentanyl, 4-Methylphenethyl acetylfentanyl, U-47700*, U-50488*, Acrylfentanyl,
Valerylfentanyl, Carfentanil, beta-Hydroxythiofentanyl

Blood, serum/plasma &
urine

[324]

Furanylfentanyl, Ocfentanil, Acetylfentanyl, Butyrfentanyl Whole blood [325]

Table 12
Stability studies of NBOMes and Synthetic Piperazines.

Analytes Matrix Ref.

Phenylethylamine derivatives - NBOMes:
25C-, 25H-, 25I-, 25B-, 25G-, 25D- and 25E-NBOMe DBS [328]
25B-, 25C-, 25D-, 25E-, 25G-, 25H- and 25IeNBOMe Whole blood [323]

Synthetic Piperazines
1-benzylpiperazine (BZP), 1-(4-fluorobenzyl)-piperazine (FBZP), 1-(4-methylbenzyl)-piperazine (MBZP), 1-(4-methoxyphenyl)-piperazine

(MeOPP), 1-(para-fluorophenyl)-piperazine (pFPP), 1-(3-chlorophenyl)-piperazine (mCPP), 1-(3-trifluoromethylphenyl)-piperazine (TFMPP)
and 2,3-dichlorophenylpiperazine (DCPP)

Human whole
blood

[331]
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by the World Anti-doping Agency (WADA). Growth hormone
releasing peptides (GHRPs), gonadotropin releasing hormones
(GnRHs), vasopressin analogues, and agonists of growth hormone
secretagogue receptors (GHSRs) are known examples of small
peptides used for performance enhancing. LC-HRMS method for
detection of the aforesaid peptides in urine was reported [399], in
which DMSO was used as mobile phase additive to enhance ESI of
peptides and proteins. The enhanced sensitivity by DMSO allowed a
simple sample preparation, 2-fold dilution of urine, while achieved
the detection of 36 small peptides and related metabolites with
LOD between 50 and 1000 pg/mL. Analysis of bioactive peptides
such as GHRPs and desmoporessin, in human urine by LC-MS and
solid-phase extraction on weak cation-exchange microelution 96-
well plates was also reported [400]. Similar approach using LC-
QTOF was used in the determination of 25 doping-related pep-
tides and 3 metabolites, including GHRPs, GnRHs and anti-diuretic
hormones [401]. Some other LC-MS methods reported focused on
the analysis for growth hormone (GH) administrationmarkers such
as insulin-like growth factor in human plasma [402] and its syn-
thetic analogues such as Long R3-IGFI in human plasma [403];
procollagen III amino-terminal propeptide (P-III-NP) in human
serum [404]; monitoring 22KDa-GH in serum [405]; four different
GHRHs and respective metabolites in human plasma [406]; 8 pro-
teins biomarker related to recombinant GH administration in
samples from athletes [407]; and 3 recombinant GHs in equine
plasma [408].

Human chronic ganodotropin (hCG) stimulates testosterone
production, which can be used to normalize the suppressed
testosterone level in males with prolonged intake of anabolic ste-
roid, and hence it is also in WADA list of prohibited substances.
Butch et al. [409] studied the reference threshold of intact hCG in
human urine for detecting male athletes that dopedwith hCG using
immunoaffinity extraction LC-MS/MS method. The study also
included the alpha and beta heterodimer of hCG (hCGa and hCGb).
The same group furthered their study and compared the concen-
tration of hCG, hCGa, hCGb and core fragment of hCGb (hCGbcf) in
male urine by immunoassay and LC-MS/MS [410]. The study indi-
cated that the intact hCG immunoassay slightly overestimated the
hCG level compared to LC-MS/MS method, however, the immu-
noassay method was capable of detecting the case of hCG use. The
metabolisms of GnRH and its synthetic analogues were also studied
using LC-MS/MS method [411]. LC-MS analysis for other perfor-
mance enhancing protein or peptdies, such as mitochondrial
derived peptide MOTS-c in plasma [412], Activin receptor com-
petitors including Sotatercept and Lusparercept in serum [413];
erythropoietin Fc (EPO-c) in biological specimens [414] were also
reported. Most of the aforesaid methods adopted the immu-
noaffinity extraction for sample preparation followed by LC-MS
analysis, some also include digestion by trypsin prior to LC-MS
analysis. Etanercept, a protein-base medication for rheumatoid
arthritis treatment, was rumored to be used in horse racing in
North America. Guan et al. [415] studied Etanercept in equine
plasma adopted immunoaffinity extraction followed by digestion.
The analyte was reduced and alkylated, and digested by trypsin
prior to LC-MS analysis. The presence of etanercept was confirmed
by BLAST and SEQUEST searches. They further adopted the meth-
odology for the detection of a-Cobratoxin (a-Cbtx) in equine
plasma [416]. a-Cbtx is a toxin in Cobra venom, with strong anal-
gesic effect and may be misused in sports such as horse racing.
Analysis of a-Cbtx in equine plasma was also achieved by split-free
nano-LC- HRMS method with LOD down to 50pg/mL [417].
3.4.2. Insulin
Insulin which is a hormone comprising two peptide chains



Table 13
Summary of PRM data for Synthetic cathinones.

Specimens Concentration in ng/mL or ng/g unless specified Ref.

Blood Urine Liver Brain Gastric contents Kidney Lung Vitreous Others

a-PHP 15.3 5.6 3.5 4.7 Detect 7.9 71.1 e 1.28

; 83.89

; 23.610; 1078.0 pg/mg11

[335]

a-PVP 174 401 190 292 606 122 e e e [291]
a-PVP** 41; 35 e 8 ND ND 4 ND e positive8; ND12 [336]
PV8 260∧ 110∧ 20∧ e e 10∧ e e e [337]
PV8 70∧ 130∧ 40∧ e e 40∧ e e e [337]
N-PP* 3200∧ e 5900∧ 2300∧ e 5400∧ e 4400∧ e [300]
Butylone 63; 84 934 116 e e e e e e [334]
Ethylone 8723; 7804 214 170 e e e e e e [334]
Ethylone 12703 8740 857 e e e e e e [334]
Ethylone 104; 55 273 e e e e e e e [334]
Ethylone 43; 64 958 e e e e e e e [334]
Ethylone 191;196 150 <60 e e e e e e [334]
Ethylone 2981; 27403 e e e e e e e e [334]
Ethylone 1933; 691 >20,0000 116 e e e e e e [334]
Ethylone 1463; 594 32 e e e e e e e [334]
Ethylone 2621 e 5200 e 6830 e e 279 e [334]
4-MEC** 85;345 e 36 47 e 29 27 e 2712 [336]
4-MEC** 971; 1505 e 75 138 77 43 200 e 9018; 16212 [336]
MDPV 803; 801 5210 e e e e e e e [334]
MDPV 103; 354 e e e e e e e e [334]
MDPV 61;: 65 166 e e 19 e e 5 e [292]
MDPV** 35; 115 e 16 8 e 15 11 e 488;

812
[336]

MDPV** 3961; 4265 e 1073 478 1050 1202 802 e 9788; 72212 [336]
4-methoxy PV8 9605; 3891 245 e e 550 e e e e [336]

Remarks.
ND ¼ not detectable.
*N-PP (a-propylaminopentiophenone): intraday result presented.
** result with exaction method utilizing QuEChERS.
∧ Original unit not in ng/mL or ng/g.
Blood: 1. Femoral; 2. Peripheral; 3. Aorta; 4. Iliac vein/vena cava; 5. Heart/Cardiac/Pericardial fluid; 6. Central.
Other specimens: 8. Bile; 9. Spleen; 10. Heart; 11. Hair; 12. Muscle.

Table 14
Summary of PRM data for Synthetic Cannabinoids.

Specimens Concentration in ng/mL or ng/g unless specified

Blood Urine Liver Brain Gastric contents Kidney Lung Others Ref.

Synthetic Cannabinoids
MDMB-CHMICA 2.15

; 1.71
0.01 2.6 5.5 2.4 3.8 2.6 1.212 [265]

AB-FUBINACA Detect1,5a,5b e 0.046∧ e e 0.0217∧ 0.124∧ e [338]
AB-PINACA 0.0126∧1

; 0.0196∧5a

; 0.0206∧5b

e 0.169∧ e e 0.138∧ 0.355∧ e [338]

Mepirapim 5935

; 5671
527 e e e e e e [339]

Mepirapim 5875

; 5541
309 6300 2740 *;

2690**;
3300#;
1710##

e 5410 2720 312010; 240013; 158014; 36109; 79212 [340]

EAM-2001 0.0566∧1; 0.0287∧5a; 0.031∧5b e 0.126∧ e e 0.120∧ 0.348∧ e [338]

Remarks: ∧ Original unit not in ng/mL or ng/g.
Blood: 1. Femoral; 2. Pericardial fluid; 3. Aorta; 4. Iliac vein/vena cava; 5. Heart/Cardiac (5a: right heart; 5b: left heart); 6. Central.
Other specimens: 8. Bile; 9. Spleen; 10. Heart/Myocardium; 11. Hair; 12. Muscle; 13. Pancreas; 14. Adrenal gland.
Brain: * Cerebrum; ** Cerebellum; # Pons; ## Medulla oblongata.
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namely, A and B chains, have been involved in many forensic cases.
Investigation of homicidal inulin overdose is challenging because of
difficulty in toxicology analysis for insulin, as well as the rapid
degradation of insulin in PM samples. In a report of four post-
mortem cases, the skin tissue of the injection sites was analyzed by
chemiluminescene immunoassay [418]. A rapid detection of C-
peptide of insulin in human urine was also developed with the use
of double-antibody sandwich ELISA [419]. Other than
immunoassay, LC-HRMS was used to detect insulin, proinsulin and
C-peptide in human plasma [420]. The method utilized immu-
noaffinity extraction of insulin from plasma, followed by orbitrap
mass spectrometry analysis with full scan and data dependent MS2

experiments, achieving the limit of detection down to about
0.05ng/mL.



Table 15
Summary of PRM data for Fentanils.

Specimens Concentration in ng/mL or ng/g unless specified Ref.

Blood Urine Liver Brain Gastric contents Kidney Lung Vitreous Others

Acetyl fentanyl 212; 955 8 160 200 28,000 e e 68 3308 [341]
Acetyl fentanyl 2855

; 1921
3420 1,100 620 e e e e e [342]

Acetyl fentanyl 2105

; 2551
2720 e e e e e 140 e [342]

Acetyl fentanyl 7.25; 2.21 e e e e e e 1.3 e [215]
Acetyl fentanyl 1555; 1251 126 e e e e e e e [339]
Acetyl fentanyl 2125; 1701 169 416 649*;

688**;
821#;
489##

e 1140 448 e 118010; 98713; 48114; 11509; 28112 [340]

Acetyl fentanyl 2395; 153±21 240 e e 880 e e e e [343]
4-ANPP 4.32; 5.85 Detect >40 e -ve e e <0.20 e [216]
Butyryl fentanyl 992

2205
64 41 93 590 e e 32 2608 [341]

Butyryl fentanyl 3.72; 9.25 2 39 63 4,000 e e 9.8 498 [341]
Carfentanil
Norcarfentanil:

92
0.532

2.8 e e e e e 23
0.300

e [226]

Carfentanil 1.95; 0.361 e e e e e e e e [215]
Furanylfentanyl 1.92; 2.85 Detect -ve e 55,000 e e <0.20 e [216]
Furanylfentanyl 8.75; 5.51 e e e e e e 30 e [215]
3-methylfentanyl 2.65; 1.71 e e e e e e 0.65 e [215]
Ocfentanil 15.31(EDTA)

;23.35(EDTA)

; 21.95

6.0 31.2 37.9 17.1 51.2 e 12.5 13.78 [229]

Ocfentanil 36.41; 49.85 67.9 106 72 e 75.5 108 e 3658 [231]
Ocfentanil 9.11(fluoride)

; 7.51(heparin)

; 27.95

480 e e e e e e 360ng15 [231]

Ocfentanil 3.72; 3.95 e e e 2.5 e e 2.0 8.48 [233]

Remakrs: ∧ Original unit not in ng/mL or ng/g.
Blood: 1. Femoral; 2. Peripheral; 3. Aorta; 4. Iliac vein/vena cava; 5. Heart/Cardiac/Pericardial fluid; 6. Central.
Other specimens: 8. Bile; 9. Spleen; 10. Heart/Myocardium; 11. Hair; 12. Muscle; 13. Pancreas; 14. Adrenal gland; 15 Nasal swab.
Brain: * Cerebrum; ** Cerebellum; # Pons; ## Medulla oblongata.

Table 16
Summary of PRM data for Synthetic Opioids.

Specimens Concentration in ng/mL or ng/g unless specified

Blood Urine Liver Brain Gastric contents Kidney Lung Vitreous Ref.

U-47700 1902; 3406 360 1700 e Trace (<1mg) e e 170 [344]
U-47700 5251; 13475 1393 4.3 0.97 e 2.7 3.2 e [345]
U-47700 8191; 10435 1848 3.1 1.1 e 1.4 2.4 e [345]
U-47700 260∧5; 400∧1 4600∧ 280∧ 380∧ e e e 19∧ [346]

Remarks: ∧ Original unit not in ng/mL or ng/g.
Blood: 1. Femoral; 2. Peripheral; 3. Aorta; 4. Iliac vein/vena cava; 5. Heart/Cardiac/Pericardial fluid; 6. Central.

Table 17
Summary of PRM data for Designer Benzodiazepine and others.

Specimens Concentration in ng/mL or ng/g unless specified

Blood Urine Liver Brain Gastric contents Kidney Lung Others Ref.

Designer Benzodiazepine
Flubromazolam 8∧1 58∧ 58∧ 51∧ e e e 14∧12 [347]
Flubromazolam 4.4∧1 e 17∧ 43∧ e e e 13∧12 [347]
3-Fluorophenmetrazine 2400∧1

2600∧6
e e e e e e e [348]

Others:
MXE** 25c; 75d e 8 5 58 16 7 358; 612 [336]
MXE** 2951; 6985d e 974 408 1391 846 554 7778; 44012 [336]
3-MeO-PCP 631 94 e e e e e 648; 73111*pg/mg;

89311** pg/mg; 84611#pg/mg
[313]

Remarks: ∧ Original unit not in ng/mL or ng/g.
Blood: 1. Femoral; 2. Peripheral; 3. Aorta; 4. Iliac vein/vena cava; 5. Heart/Cardiac/Pericardial fluid; (5c: heart; 5d: Pericardial fluid); 6. Central.
Other specimens: 8. Bile; 9. Spleen; 10. Heart/Myocardium; 11. Hair; 12. Muscle; 13. Pancreas; 14. Adrenal gland; 15 Nasal swab.
Hair: *0e2cm:; **2e4cm; # 4e6cm.
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Table 18
Metabolism study of Synthetic Cannabinoids.

Compound Study approach Ref.

3,5-AB-CHMFUPPYCA Pooled human liver microsomes (pHLM) [351]
ADB-FUBINACA Authentic human urine [352]
ADB-FUBINACA HLM [353]
40Ne5F-ADB Rat and human urine, pooled human S9 [354]
AM-694 Human urine (clinical casework) [355]
AM-2201 Human urine (clinical casework) [355]
AMB-CHMICA Pooled rat and human hepatocytes [356]
APINAC (AKB-57,
ACBL(N)-018)

Rat urine samples
Rat liver microsomes and blood sample of rats administered

[357]
[358]

BB-22 Urine and/or serum specimens
Human hepatocytes

[359]
[360]

5F-ADB HLM [361]
5C-AKB48 Pooled human hepatocytes and rat Hepatocytes [356]
CUMYL-PICA Rat and HLM [362]
CUMYL-PINACA pHLM

pHLM and human urine
[363]
[364]

5F-CUMYL-PINACA pHLM and human urine [364]
CUMYL-4CNeB7AICA pHLM [363]
CUMYL-4CN-BINACA pHLM [363]
5F-CUMYL-P7AICA Authentic human urine, pHLM [365]

[363]
CUMYL-PEGACLONE pHLM and human authentic urine samples [366]
5F-CUMYL-PEGACLONE pHLM and human urine [349]
5F-CUMYL-PICA Rat and HLM [362]
5FeCUMYL-PINACA pHLM [363]
CUMYL-4CN-BINACA Authentic urine samples and HLM [367]
EG-018 Human hepatocytes [368]

Authentic human urine [369]
EG-2201 Authentic human urine [369]
JWH-007 Human urine (clinical casework) [355]
JWH-019 Human urine (clinical casework) [355]
JWH-203 Human urine (clinical casework) [355]
JWH-307 Human urine (clinical casework) [355]
MAM-2201 Human urine (clinical casework) [355]

HLM; human, mouse, and rat hepatocytes [370]
MDMB-CHMCZCA Authentic human urine [369]
MDMB-CHMICA Authentic human urine and serum [266]
MDMB-FUBINACA Authentic human urine specimens [352]
MN-18 Pooled rat and HLM and hepatocytes [371]
NM-2201 (CBL-2201) Human hepatocytes and authentic human urine specimens [372]
NNEI Pooled rat and HLM and hepatocytes [371]
5F-PY-PICA Pooled HLM and hepatocytes, suspended and sandwich-cultured rat hepatocytes [373]
SDB-006 Human hepatocytes [374]
5Cl-THJ-018 Human urine [375]
UR-144 Human urine (clinical casework) [355]
XLR-11 Human urine (clinical casework) [355]

Table 19
Metabolism study of Fentanils.

Compound Study approach Ref.

Acetylfentanyl Human-induced pluripotent stem cell-derived hepatocytes [378]
hepatocytes isolated from a liver-humanized mouse (PXB-cells) [379]
Pooled human hepatocytes, authentic human urine samples from autopsy cases [380]

Acrylfentanyl Pooled human hepatocytes, authentic human urine samples from autopsy cases [380]
Butyrfentanyl HLM and recombinant cytochrome P450 enzymes (CYP) [381]
Fentanyl Human-induced pluripotent stem cell-derived hepatocytes hepatocytes isolated from a liver-humanized mouse (PXB-cells) [378]

[379]
4-fluoro-isobutyrylfentanyl Pooled human hepatocytes, authentic human urine samples from autopsy cases [380]
Furanylfentanyl Pooled human hepatocytes, authentic human urine samples from autopsy cases [380]
Methoxyacetylfentanyl Pooled human hepatocytes [239]
Ocfentanyl HLM [233]
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3.4.3. Botulism toxins
Botulism is a life-threatening neuroparalytic disease caused by

botulism toxins, which is a closely monitored in Europe [421,422].
Botulism can be foodborne, with the diagnosis confirmed by
identification of botulinum neurotoxin (BoNT) in patient’s stomach
or intestinal contents, vomit or feces, in blood in the hyper-acute
stage or in the ingested food [423]. Recently, cosmetic injection of
BoNT has swept the world, and a clinical analysis of 86 botulism
cases caused by cosmetic injection of BoNT was reported [424]. The
current standard test for BoNT is the mouse bioassay (MBA) with
immunoassay is a common alternative. A Rapid detection of BoN-
Tusing a sinlge-molecule array assay was developed for the



Table 20
Metabolism study of Synthetic Cathinones.

Compound Study approach Ref.

Dibutylone HLMs (HLM) [304]
a-PBP pHLM or pooled human liver S9 fraction (pS9) [376]
a-PHP pHLM or pS9 [376]

Urine [302]
a-PHPP Urine [302]
a-PEP/PV8 pHLM or pS9 [376]
a-POP/PV9 pHLM or pS9 [376]
a-PVP Urine [377]
a-PVT pHLM or pS9 [376]

Table 21
Metabolism study of Designer benzodiazepines.

Compound Study approach

Clonazolam pHLM or 13 different human
Deschloroetizolam pHLM or 13 different human
Etizolam pHLM or 13 different human
Flubromazolam pHLM or 13 different human

Authentic urine and serum
Flunitrazolam pHLM or 13 different human
Metizolam pHLM or 13 different human
Nifoxipam pHLM or 13 different human
Nitrazolam pHLM or 13 different human
Pyrazolam pHLM or 13 different human

Table 22
Metabolism study of Others.

Compound Study approach

Phencyclidine type:
3-MeO-PCP pHLM and rat u
3-Methoxyrolicyclidine (3-MeO-PCPy) pHLM and rat u
Phenethylamine type:
4-EA-NBOMe Rat urine and pS
25CeNBOMe Human hepatoc
25IeNBOMe Human hepatoc
Typtamine derivatives:
5-fluoro-DALT Rat urine and po
7-methyl-DALT Rat urine and po
5,6-methylenedioxy-DALT Rat urine and po
5-MeO-2-Me-ALCHT pHLM and cytos
5-MeO-2-Me-DALT pHLM and cytos
5-MeO-2-Me-DIPT pHLM and cytos
Synthetic Opioids:
U-4770 HLM and authen
U-49900 HLM and authen

Table 23
Studies on the immunoassay cross reactivity of fentails

Target analysts Immu

Fentanyls type:
acetylfentanyl, acrylfentanyl, butyrfentanyl, 4-chloroisobutyrfentanyl, 4-

fluorobutyrfentanyl, 4-fluorofentanyl, 4-fluoroisobutyrfentnyl,
isobutyrfentanyl, methoxyacetylfentanyl, or tetrahydrofuranfentanyl, 4-
methoxybutyrfentanyl and 2-fluorofentanyl

Therm
Immu
and th

2-fluorofentanyl, acetylfentanyl, acrylfentanyl, carfentanil, cyclopropylfentanyl,
tetrahydrofuranylfentanyl, furanylfentanyl, ocfentanil, valerylfentanyl

Fenta
system

Norfentanyl, acetyl fentanyl, 4-anilino-N-phenethylpiperidine, beta-
hydroxythiofentanyl, butyryl fentanyl and furanylfentanyl

Neoge

4-ANPP, acetylfentanyl, butyrylfentanyl, furanylfentanyl, isobutyrylfentanyl,
valerylfentanyl, norfentanyl, (þ)-cis-3-methylfentanyl, carfentanil, alfentanil,
norcarfentanil, remifentanil, sufentanil

Fenta
(CFE1
Fenta
(218-
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quantitative analysis of BoNT serotype A1, the most common
serotype with the limit of detection down to 200 fg/mL for serum
accomplished in about an hour [425]. Another handy tool for
detection of active BoNT Type A in human serum by a gold
nanoparticle-based lateral flow test was reported [426] which only
required 1 mL of serum samples. With the advance MS technology,
detection of BoNT type A in biological specimens was reportedwith
the use of MALDI-TOF mass spectrometry [427]. Prior to the mass
spectrometry, the toxin in biological matrices was first immune-
captured by antibodies immobilized on streptavidin beads, and
then subjected to a cleavage reaction to generate a cleavage product
Ref.

UDP-glucuronyltransferases (UGTs) [382]
UDP-glucuronyltransferases (UGTs) [382]
UDP-glucuronyltransferases (UGTs) [382]
UDP-glucuronyltransferases (UGTs) [382]

[383]
UDP-glucuronyltransferases (UGTs) [382]
UDP-glucuronyltransferases (UGTs) [382]
UDP-glucuronyltransferases (UGTs) [382]
UDP-glucuronyltransferases (UGTs) [382]
UDP-glucuronyltransferases (UGTs) [382]

Ref.

rine [310]
rine [310]

9 [384]
ytes, mice urine and authentic human urine [385]
ytes, mice urine and authentic human urine [385]

oledHLM [386]
oledHLM [386]
oledHLM [386]
ols and rat urine [387]
ols and rat urine [387]
ols and rat urine [387]

tic human urine [388]
tic human urine [388]

noassay kits Ref.

o DRI® Fentanyl Enzyme,
noassay, the ARK™ Fentanyl Assay homogeneous enzyme immunoassay,
e Immunalysis® Fentanyl Urine SEFRIA™ Drug Screening Kit

[389]

nyl direct ELISA kit (Immunalysis KI-218-IMM) on a Freedom EVOlyzer 150 [390]

n® Fentanyl ready-to-use enzyme-linked immunosorbent assay kit [11]

nyl ELISAPlate (FE 3505) and Carfentanil/Remifentanil ELISA Plate
0185)(from Randox Laboratories Ltd.); Fentanyl Group Kit (131519) and
nil Group Forensic Kit (1000519) (from Neogen); Fentanyl ELISA Kit
0096) (from Immunalysis)

[391]
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of peptide substrate for detection of toxin activity. In another
article, a MALDI-TOF MS method with similar approach was
directly compared with the MBA and validated [428].

3.4.4. Cardiac Troponins in the PM cases
With development in proteomics, the search for disease-specific

biomarkers for diagnostic or clinical applications gained significant
attention. The advancements in mass spectrometry (MS), LC-MS
and protein microarray technology and other protein profiling
methodologies have accelerated the discovery of disease-specific
biomarkers. A review described commonly used proteomic tech-
nologies for biomarker discovery and the most popular approaches
for diagnosis with biomarkers [429]. Troponin I is known to be one
of the most commonly used biomarker for diagnosis of myocardial
damage or cardiac dysfunction. A review discussed the different
isoforms of cardiac-specific troponin, covering the current situa-
tion, advance and prospect of analytical platform for routine
Troponin I analysis for diagnosis [430]. The review also discussed
the procedures, pros and cons, as well as applications of the two
main MS-based proteomics approaches: to-down for intact protein
and bottom-up for peptide analysis after proteolytic digestion. The
possible use of troponin I as biomarkers in postmortem diagnosis of
cardiac failure is well known in the forensic setting. Troponin T and
NT-proBNP (N-terminal pro-B-type natriuretic peptide)may also be
useful alternatives to Troponin I. The usefulness of troponins and
natriuretic peptides as indicators of fatal damage to heart in cases
of severe sepsis and septic shock without concomitant underlying
coronary syndromes was evaluated by comparing data post-
mortem cases of sepsis-related fatalities and a control group
[431]. The use of cardiac troponins and NT-proBNP in postmortem
diagnosis of heart disease was evaluated, including the sampling
site, PM interval, and the influence of cardiopulmonary resuscita-
tion (CPR), by a study of 24 PM cases of ischemic heart disease (IHD)
and 24 control cases [432]. High-sensitive cardiac troponin T (hs-
TnT) is used in clinical practice for diagnosis of myocardial
ischemia, and its potential for PM assessment was also evaluated
with 85 autopsy data [433]. The influence of CPR attempts on PM
hs-TnT was also investigated. Both studies determined the peptides
level by immunoassay technique, however, no significant correla-
tions could be established. Therefore more studies in this areawere
required. Alternative to immunoassay, quantitation of cardiac
troponin I in human plasma using immunoaffinity enrichment
strategry and isotope dilution LC-MS/MS was reported [434]. This
served as a first step for preparation of matrix-based reference
materials and potential harmonization for analysis of Troponin I in
human plasma.

4. Advances e from Sample to Interpretation

4.1. Advances e Sample preparation

Sample preparation plays a crucial role in toxicological analysis
because it represents an estimate of 80% of the whole process. Even
with the best instrument, a poor sample preparation likely results
in unsatisfactory analytical result. A good sample preparation
should be able to retain and concentrate the analytes of interest to
an extent suitable for instrumental analysis and at the same time
eliminate or reduce the matrix interference. García-Repetto [435]
surveyed the sample preparation for pesticide analysis in forensic
toxicology laboratories. The author carried out database searching
on pesticide extraction from human samples and concluded that
liquid-liquid extraction (LLE), solid-phase extraction (SPE) and
solid-phase microextraction (SPME) remained the three most used
extraction methods. These traditional methods suffer from draw-
backs such as laborious procedure and large consumption of
organic solvents.

4.1.1. Dried blood spot (DBS)
DBS is a sampling technique that involves collection of a low

volume of blood by puncturing the fingertip or heel using sterile
disposable lancet in the filter paper. Alternatively, the volume of
blood can be made precise by using a micropipette. DBS has been
used for highly diverse applications, such as newborn screening,
therapeutic drug monitoring (TDM) as well as toxicology. Velghe
et al. [436] published an article on DBS, focus on the use of DBS in
the fields of toxicology and TDM. Compared to whole blood
collection technique, DBS is less invasive, easier to store and
transport. Because it is a dry matrix, it reduces the enzymatic ac-
tivities and microbial degradation of compounds, which extend the
storage lifetime of more labile compounds such as cocaine and
opiates. In recent years, more forensic laboratories published on the
method validation for determination of cocaine and its metabolites
[437e439]. Sadler Sim~oes et al. [440] further extended the scope to
include opiates, cocaine, amphetamines and some of their metab-
olites in a single determination. DBS approach has been studied for
organophosphorus insecticides [441] and paraquat determination
[442].

4.1.2. Supported liquid extraction (SLE)
SLE is an analogue of the traditional LLE approach where the

aqueous phase is coated onto a large surface area material such as
diatomaceous earth held in the cartridge. Automated online
extraction can minimize tedious work. Valen et al. [443] reported a
high-throughput UPLC tandem mass spectrometry for the deter-
mination of 21 drugs in oral fluid (OF) using fully automated online
SLE extraction system. Similarly, Kristoffersen et al. [444] incor-
porated fully automated online SLE extraction system for the
extraction of opiates, benzodiazepines, amphetamine and de-
rivatives? from whole blood sample in cases involving Driving
Under the Influence of Drugs (DUID).

4.1.3. Disposable pipette extraction (DPX)
DPX is a dispersive micro SPE that enables rapid extraction of

analytes from liquid solutions by means of the loosely contained
sorbent placed inside a pipette tip. Sample is drawn into the pipette
tip directly where it gains contact with the solid phase. Air is drawn
into the pipette tip to allow efficient dispersion of the sample with
the sorbent. After equilibrium, the sorbent is washed with an
organic solvent. The analyte is eluted by another organic solvent.
Nowadays, DPX can be fully automated and coupled with GC-MS or
LC-MS for injection [445]. Commercially acquired pipette tip for
extraction was utilized in the determination of Cannabinoids and
metabolites [446] and pesticides [447] in human urine. Recently,
Zhang et al. [448] synthesized a novel three-dimensional ionic
liquid-ferrite functionalized graphene oxide nanocomposite and
successfully applied it to the extraction of 16 polycyclic aromatic
hydrocarbon (PAHs) in human blood sample.

4.1.4. Phospholipid removal
Phospholipids are major components of cell membranes. These

compounds are problematic to forensic analysts particularly when
they are not the analytes of interest. Phospholipids are strongly
retained on hydrophobic columns, and cause significant ionization
suppression in the mass spectrometer [449]. In recent years, many
forensic laboratories incorporated phospholipid removal plates in
the sample preparation to reduce the matrix effect due to the
endogenous phospholipids without sacrificing analyte signals.
Sensitive determination of peramivir [450], cannabinoids [451],
anticoagulant rodenticides [452], insecticides and pesticides [453]
were reported. While phospholipids were undesirable in these
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publications, Casati et al. [454] worked on the determination of
phosphatidylethanols which served as the alcohol biomarkers. The
phospholipids were retained in the phospholipid removal plates.
After washing the matrix, the phospholipids were eluted with 1%
ammonia in 2-propanol solution.

4.1.5. QuEChERS
Originally developed for multi-residue pesticides analysis in

fruits and vegetables in 2003, this extraction has recently been
utilized in forensic analyses. QuEChERS is an acronym for Quick,
Easy, Cheap, Effective, Rugged and Safe. The extraction process is
divided into two steps: the salting out assisted liquid-liquid
extraction (SALLE) and clean-up of the organic extract using
dispersive solid phase. Using this extraction method, Srivastava
et al. [455] reported the simultaneous determination of 31 multi-
class (organophosphates, organochlorines, and synthetic pyre-
throids) pesticide residues in human plasma. Similar work by
Lehmann et al. [456] whose research group used QuEChERS
extraction for the simulataneous determination quantification of 37
multi-class pesticides in human hair. Alves et al. [457] made the
first report on the extraction and determination of two antide-
pressants, fluoxetine and clomipramine, and their metabolites in
human urine. QuEChERS extraction were found applicable in hu-
man whole blood and serum for the determination of THC and its
metabolites [458], antipsychotic and antidepressant drugs [459],
pesticides, abuse drugs, prescription drugs and metabolites [460].

4.1.6. Microextraction
Microextraction is an extraction technique where the volume of

the extraction solvent is very small compared to that of the sample.
Depending on the extraction phase, it is categorized into solid-
based method and liquid-based methods. Solid phase micro-
extraction (SPME), microextraction by packed sorbent (MEPS) and
stir-bar sorptive extraction (SBSE) belong to the solid-based
method. On the other hand, hollow fiber liquid-liquid micro-
extraction (HFLLME), electomembrane extraction (EME) and
dispersive liquid-liquid microextraction (DLLME) belong to the
liquid phase microextraction (LPME).

4.1.6.1. Solid phase microextraction (SPME). SPME is an extraction
technique which resembles a syringe. The needle of the syringe is
the fiber coated with an extraction phase of polydimethylsiloxane
(PDMS), polyacrylate (PA), carbowax/polyethylene glycol fiber (CW/
PEG) or carbowax/template resin (CW/TPR). SPME integrates
sampling, preconcentration, removal of matrix and introduction of
extracts into one step, thereby greatly simplifying the sample
preparation procedure. Owing to the advantages of rapidness,
simplicity, being solvent free and easy automation, SPME has been
extensively used for the analysis of biological, forensic, environ-
mental, clinical, food, and pharmaceutical samples. In forensic
toxicology, Waters et al. [461] used head-space solid phase
microextraction (HS-SPME) to quantify 24 compounds including
aliphatic and aromatic volatile hydrocarbons from blood of ca-
davers in fire-related cases. SPME can also be coupled with 2D GC/
HRTOF-MS for profiling volatile organic compounds in postmortem
(PM) blood [462]. Human scent is a form of trace evidence collected
for biometric individualization. The Individual Odour Hypothesis
assumes that everyone has a unique scent due to the variation of
genetics, diets, metabolism and environmental factor. A procedure
based on HS-SPME coupled with GC-MS has been developed for the
determination of common used drugs in sweat of drivers stopped
during roadside controls [463]. Recently, a novel selective multi-
walled carbon nanotubes/ionic liquid based on imidazolium was
synthesized and successfully coated on the SPME fiber for the
extraction of methamphetamine and
methylenedioxymethamphetamine in human urine [464]. Not only
being coupled with GC-MS, in-tube SPME-LC tandem mass spec-
trometry has been reported in the determination of nicotine and
cotinine in hair [465].

4.1.6.2. Microextraction by packed sorbent (MEPS). MEPS is a
miniaturized version of SPE in which a packed sorbent cartridge is
mounted at the needle of the syringe. Common sorbent materials
include reversed phases (C2, C8, C18), normal phases (silica), mixed
mode (C8/SCX) and ion exchange resin. With MEPS, the sample size
can be as little as 10 mL. Besides, the sorbent material in MEPS can
be reused for multiple extractions if cleaned properly. MEPS has
been employed in the extraction of NPS in oral fluid [466,467],
abuse drugs [468], THC and its metabolites in human plasma [469],
cocaine and its metabolites in urine [88] and organopesticides in
blood [470].

4.1.6.3. Stir-bar sorptive extraction (SBSE). SBSE is a microextraction
technique where a stir bar is coated with an extraction phase of
polydimethylsiloxane (PDMS). After stirring for some time to ach-
ieve equilibrium of the analytes between the PDMS sorbent and the
sample matrix, the adsorbed compounds are thermally desorbed
for GC-MS analysis or desorbed with a solvent for LC system. SBSE
has been widely applied in the environmental and food analysis.
Only a handful examples of forensic analysis using SBSE as
extraction method are found in the literature. Determination of
dimethyl trisulfide in rabbit blood [471], Ghrelin hormone (aka.
hunger hormone) [472], losartan and valsartan in human plasma
[473] were reported by different research groups. The aforemen-
tioned examples made use of commercially available stir bars. On
the contrary, novel stir bars on which surface modification had
been applied to improve the extraction efficiency were reported.
Wang et al. [474] reported a method to chemically modify the inert
surface of polyether ether ketone (PEEK) jacket of metal stir bar
with polar benzoic acid followed by immobilization of metal
organic framework consisting of aluminum-based Materials of
Institute Lavoisier-68 (MIL-68). The MIL-68@PEEK-based SBSE de-
vice was used to determine three parabens in cosmetics and rabbit
plasma. Grau et al. [475] prepared a magnetic composite made of
CoFe2O4 magnetic nanoparticles (MNPs) embedded into a mixed-
mode weak anion exchange polymer (Strata™-X-AW) (i.e.,
CoFe2O4-Strata™-X-AW) as the sorbent material in SBSE to extract
traces of triphenyl and diphenyl phosphate in urine of nail polish
users. This novel approach combined the principles of stir bar
sorptive extraction (SBSE) and dispersive solid-phase extraction
(DSPE), in such a way at low stirring rate the magnetic material
remained onto the surface of the stir bar like in SBSE, whereas at
high stirring rate the material was completely dispersed into the
donor solution like in DSPE.

4.1.6.4. Hollow fiber liquid phase microextraction (HF-LPME).
HF-LPME system is a syringe device with a porous polypropylene
hollow fiber for immobilization of extraction solvent in the pores of
the hollow fibers. There are two different modes, namely, two-
phase and three-phase HF-LPME. In the two-phase HF-LPME, the
analytes of interest migrate from the sample matrix (donor phase)
to the extraction solvent (acceptor phase), which is an organic
solvent within the hollow tube lumen; whereas in the three-phase
system, an additional thin layer of organic phase is sandwiched
between the two aqueous donor and acceptor phases. The three-
phase HF-LPME works well with drugs with ionizable functional
groups. For basic drugs, the pH at the donor phase should be
alkaline to keep the analytes unionized for the efficient extraction
into the thin layer of organic solvent in the hollow tube. The pH of
the acceptor phase inside the hollow tube lumen should be made
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acidic to back-extract the analytes of interest. Using the two-phase
or three-phase HF-LPME as the extraction system, determination of
benzodiazepine drugs [476], bisphenol A and other plasticizer
metabolites [477], quercetin [478], proton pump inhibitor drugs
[479], anticancer drugs [480], ezetimibe and simvastatin [481] in
biological samples were reported.

4.1.6.5. Dispersive liquid-liquid microextraction (DLLME).
DLLME is performed by adding a small volume of the immiscible
extraction solvent to the sample. Both phases are mixed thoroughly
in order to obtain a fine dispersion which maximize the contact
surface between the extraction solvent and the sample containing
the analytes. The extraction solvent can be organic solvent or ionic
liquid, which is a liquid ionic salt with a melting point typically
lower than 100 �C. Eventually both phases are separated by
centrifugation. On the other hand, the extraction solvent can be
solidified at low temperature. The extraction solvent is collected
and analyzed. Much work has been reported using this extraction
technique. Selected examples include DLLME of benzodiazepines
and benzodiazepine-like hypnotics [482], recreational drugs [483],
cocaine’s major adulterants (caffeine, levamisole, lidocaine, phen-
acetin, diltiazem, and hydroxyzine) [484], stimulants [485], trizole
fungicides [486], abuse drugs and NPS [487] in human blood and
urine.

4.1.6.6. Electromembrane extraction (EME). Electromembrane
extraction was introduced in 2006 as a totally newmicroextraction
method for charged analytes in aqueous samples. Unlike all the
above extraction methods which rely on mass transfer between
phases, electromembrane extraction is based on electrokinetic
migration of the analytes through a supported liquid membrane
and into an acceptor solution under an influence of electric po-
tential. The supported liquid membrane is an organic solvent
immobilized in the pores of the porous membranes. Since analytes
must pass through the supported liquid membrane (SLM), the
chemical and physical properties of the organic solvent is critical to
the extraction process [488]. Drouin et al. [489] investigated as
many as 22 organic solvents to evaluate the extraction efficiency of
45 polar basic metabolites. From the study, 2-nitrophenyl pentyl
ether (NPPE) appeared to be the most efficient SLM. EME has been
applied for the extraction of benzodiazepines [490], propylthiour-
acil [491] and zolpidem [492]. Interestingly, Vårdal et al. [493]
looked into ways for phospholipid cleanup in human plasma
sample. With optimized conditions, no trace of phospholipids was
detected in any of the acceptor solutions, whereas the non-polar
basic drugs, polar basic drugs and non-polar acidic drugs were
extracted with recoveries up to 50%.

4.2. Advances e Instrumentations

4.2.1. Mass spectrometry overview
Mass spectrometry is the most important technique in forensic

toxicology analysis. Publications on multi-drugs toxicology analysis
by hyphenated tandemMass spectrometry (MS/MS), especially LC-
MS/MS have predominated for decades. An article on the extended
role of MS in drug testing [494] gave an introduction to the appli-
cation of MS in therapeutic drug monitoring (TDM) and toxicology,
the implementation and quality assurance, with emphasis of the
advances and recent trends such as HRMS. High-resolution mass
spectrometry (HRMS) has gained popularity in toxicology with its
increased availability. Mogoll�on et al. [495] summarized the MS
methods for the identification and drugs of abuse in various bio-
logical fluids and tissues, focusing on the most commonly used
methodologies, including GC-MS, LC-MS and other direct tech-
niques, such as direct analysis in real time (DART), paper spray (PS)
and laser diode thermal desorption (LDTD). In conclusion, the au-
thors opined that MS coupled with chromatography are more
preferred techniques for screening analysis, while the direct tech-
niques with MS are more likely for target analysis or qualitative
analysis. A review by Maurer [496] on mass spectrometry in toxi-
cology covered GC, LC, matrix-assisted laser desorption ionization
(MALDI) coupled to quardrupole (Q), ion trap (IT), time-of-flight
(TOF), or Obitrap (OT) mass analyzers. Meyer and Maurer [497]
reviewed and compared the use LC coupled to low- and high-
resolution MS for screening of NPS in biological matrices, and
opined that the low-resolution MS might remain the standard for
the next couple of years at least for easy-to-use quantitative
screening procedures. Maurer and Meyer [498] further published a
review on the use of HRMS in toxicology covering areas, such as
drug metabolism studies, screening and quantification for detec-
tion of drugs and poisons for forensic toxicology. The review
concluded that with very high identification power together with
comparable easy development of qualitative and quantitative
methods, HRMS would gain much more attraction when cheaper
equipment and user-friendly software packages available in the
market.

4.2.2. HRMS
4.2.2.1. HRMS e Screening protocol. A comprehensive screening
procedure for drugs and poison is an essential task in analytical
toxicology. Systematic toxicological analysis (STA) by a technique or
a combination of techniques with large reference libraries have
been adopted. The coverage of STA relies on the coverage of refer-
ence libraries. The challenge of continuous NPS proliferation had
accelerated need for non-targeted screening protocols. In a review
by Pasin et al. [499] on the use of HRMS for the analysis of NPS, the
research group gave an overview of the current state of non-
targeted screening strategies with HRMS, covering sample prepa-
ration procedures, data acquisition, instrumental analysis and data
processing techniques. In data processing techniques, targeted,
suspect and non-target screening were discussed. The author
further gave an overview of two different approaches of non-
targeted screening, namely, top-down and bottom-up. Pasin et al.
[500] also reported the characterization of phenethylamines ana-
logues using HRMS bottom-up approach for non-targeted
screening, and identified that common product ions and neutral
losses could be monitored using basic data processing techniques
such as product ion searching and neutral loss filtering (NLF). For
non-targeted screening analysis, data processing is considered as
the bottleneck, McEachran et al. [501] described the openly avail-
able workflow for the generation and linking of about 700,000 MS-
ready structures as well as download, search and export capabil-
ities to serve structure identification using HRMS. In this article, the
importance of the “MS-ready” structural representation for HRMS
was demonstrated with several examples. The use of HRMS
coupled with paper spray for drug screening was also discussed by
McKenna and coworkers [502]. This approach served as an alter-
native for rapid drug screening, in which the biological fluid was
simply spotted onto a paper substrate. Upon the application of a
spray solvent and an electric potential, extraction and ionization
occur directly from the paper without need for additional sample
preparation for the HRMS analysis. HRMS proves to be a versatile
technical for screening, it allows retrospective screening of data in
couple studies [503e505].

4.2.2.2. HRMS - QTOF for screening. QTOF is becoming more prev-
alent as screening tools in toxicology laboratories, and there are
numerous publications on the screening protocol using LC-QTOF in
the review period. Grapp et al. [506] reported a systematic forensic
toxicology analysis in serum by LC-QTOF-MS, and compared the
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results with GC-MS. It was found that LC-QTOF-MS procedure was
superior to GC-MS in screening, as more drugs were identified as
compared to GC-MS (335 versus 141). However, detection of ana-
lytes with nonpolar and volatile nature is privileged to GC-MS.
Bidny and co-workers [507] published their validated method for
the screening of more than 185 drugs and metabolites in blood by
LC-QTOF-MS, while simultaneously quantifying more than 90
drugs. Similarly, Partridge et al. [508] published their screening
method covering 320 forensically significant compounds in blood
by LC-QTOF-MS. Both articles shared their methodology and vali-
dation data. Liu et al. [509] established a MS spectral database by
UHPLC-QTOF-MS, including over a thousand compounds of in-
terests. It could serve as an effective protocol for general unknown
screening using the established database. The effectiveness of the
database and protocol was evaluated through analysis of external
proficiency tests and PM samples. A short communication by Colby
et al. [6] discussed the optimization and validation of HRMS data
analysis parameter for the screening method by LC-QTOF-MS with
data-dependent acquisition of product ion spectra. Colby et al. [510]
later reported a suspect screening for detecting drugs in biological
samples using LC-QTOF-MS with data-dependent acquisition. In
their work, they demonstrated that retention timewas not required
for drug identification, using accurate mass, isotope pattern and
product ion library matching would be sufficient for identification.
The use of LC-QTOF-MS with data-dependent acquisition for
screening drugs in urine samples in forensic casework was also
studied and compared to an established GC-MS procedure [511].
Data-independent acquisition in LC-QTOF-MS was a choice for
untargeted screening. Mollerup et al. [86] reported a method for
targeted and non-targeted drug screening in blood also using
UHPLC-QTOF-MS with data-independent acquisition and shared
their targeted and non-targeted screening workflow. Data-
independent acquisition in LC-QTOF been applied to screening for
fentanyl analogues in biological samples [242,512], urine drug
screening [513].

4.2.2.3. HRMS - Orbitrap technology for screening. The orbitrap
based mass spectrometer was first made commercially available in
2005, and has attracted research interests in applying them for
screening of drugs in clinical and forensic toxicology. Helfer et al.
[514] reported a comprehensive screening for drugs and their
metabolites in blood and plasma by LC-HRMS using orbitrap
technology, with a target screening for about 700 relevant com-
pounds, as well as data-dependent acquisition for unknowns.
Allard et al. [515] reported the use of orbitrap technique for
untargeted toxicological screening with the application of molec-
ular networking. In the study, this approach was applied to three
real cases, and the study illustrated that molecular networking can
be useful complement to conventional approaches for untargeted
screening interpretation, for example for xenobiotics identification
or NPS metabolism elucidation. There are also other studies using
orbitrap technology for screening of 228 drugs and poisons in hu-
man blood [516], screening of drugs of abuse in biological fluid
[517], and screening of rodenticides in blood [518].

4.2.2.4. HRMS - Metabolism studies and metabolomics. Over the
past few years, interests inmetabolomics have increased in forensic
toxicology. LC-HRMS has been widely used for metabolism studies,
especially for NPS, such as N,N-diallytryptamine (DALT) derivatives
or tryptamine-derived NPS [386,387], NBOMe derivatives
[384,385,519], synthetic cannabinoids [520], designer benzodiaze-
pines [521], new PCP analogues [522] and new NPS of NBOMes
(3,4-dimethoxyamphetamine and 4-methylmethamphetamine)
[523]. The feasibility of LC-HRMS metabolomics for untargeted
diagnostic screening in clinical toxicology was studied by Rochat
et al. [524]. Another article by Boxler et al. [525] has discussed
several analytical issues for the use of UHPLC-QTOF for untargeted
metabolomics studies including: a) two different approaches on
“blind matrix” for calibration samples; b) comparison of two
different HPLC columns; and c) different acquisition modes,
including the TOF-MS, information dependent data acquisition
(IDA) and sequential window acquisition of all theoretical
fragment-ion spectra (SWATH). In their study, all the modes per-
formed equally in metabolite quantification, while TOF-MS being
more sensitive, it lacked MS/MS spectra. IDA and SWATH provided
MS/MS spectra, with IDA showed good spectra match, and SWATH
gave better detection rate. However, SWATHwas incompatiblewith
many important software tools in metabolomics. In additional to
the analytical considerations, the quality aspect is also important. A
review by Dudzik et al. [526] on quality assurance procedures for
mass spectrometry had considered sources of variation, discussed
themethodologies tominimize them, strategies for monitoring and
improvement the quality of results. This served as an overviewwith
tools for monitoring, controlling and improving the reliability of
findings by implementation of good experimental quality practices
in the untargeted metabolomics study.

4.2.2.5. HRMS - Doping control. In the battle against doping with
new performance-enhancing drugs continuously emerge from
pharmaceutical industries and black markets, a non-target
screening approach by LC-HRMS will be a very useful tactic. A
screening method for doping compounds with GC-EI-hybrid
quadrupole orbitrap mass spectrometry was reported [527]. In
this study, the analysis on exogenous anabolic steroids with a
simple 4-step sample preparation including an enzymatic hydro-
lysis, liquid-liquid extraction, evaporation and trimethylsilation
was described. The author also discussed their initial findings of
using a full-scan selected ion monitoring-tander mass spectrom-
etry (SIM-MS/MS) approach as a way to obtain lower detection
limits than the reported method using full-scan mode. LC-HRMS/
MS has been applied in other reported method for anabolic and
androgenic steroids and analogues in horse hair [528,529], in hu-
man whole blood and hair [530], and also in steroid profiling in
serum [531].

4.2.3. Imagining mass spectrometry (IMS)
Advances in imagining mass spectrometry by direct and/or

ambient mass spectrometry approaches have given an impetus for
its applications in various areas, including toxicology. A review
article by Karlsson and Hanrieder [532] presented an overview of
IMS, with particular focus on MALDI IMS, and its use in drug
development and toxicology in general. It discussed the principles
and modalities of IMS, sample preparation and applications. An
article by Steuer et al. [533] also reviewed the instrumental setup
and sample preparation of IMS applications, with discussion of
their pros and cons and future perspectives. In forensic toxicology,
there have been increasing interests in IMS for the analysis of hair
samples, as it provides more accurate and visual chronological in-
formation in single hair analysis. Flinders and co-workers pub-
lished research articles [534,535] in the analysis of drugs of abuse in
hair by IMS. In the articles, the sample preparation and the
instrumental parameters, such as spatial resolution, raster speed
and sample orientation have been discussed. Most of the IMS
studies on hair analysis used MALDI-MS, such as the mapping of
cannabinoids in single hair [536], characterization of synthetic
cannabinoid isomers in single hair [537], olanzapines with escu-
letin as matrix [538], analysis of methamphetamine with umbel-
liferone as a matrix [539], and the study of zolpidem distribution in
hair after a single administration [540]. Instead of MALDI, another
ionization technique, DART (direct analysis in real time) was used in
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IMS study in forensic hair analysis [541]. In this work, four different
mass analyzers, including an orbitrap, a quadrupole orbitrap, a
triple quadrupole, and a quadrupole time-of-flight (QTOF) were
critically compared. The use of travelling wave ionmobility (TWIM)
for isobaric ions separation was also evaluated. The author
concluded that the use of triple quadrupole gave highest sensitivity,
while HRMS was found to be more specific. In the experiment, it
was found that a mass resolution of at least 30,000 FWHM was
required to differentiate THC from the isobaric interference from
hair matrix, even with the selectivity enhancement by TWIM.
Therefore, the quadrupole orbitrap instruments or QTOF at high-
resolution mode could be the choice for cases like analysis of THC
in hair with endogenous isobaric interferences.

4.3. Advances e Alternative specimens

Toxicology analysis commonly involves blood or urine. There
has been continuous interest in alternative matrices for toxicology
because each matrix has unique properties that provides advan-
tages for certain applications. Palmer and Krasowski [542] studied
four different matrices including meconium, cord tissue, hair and
oral fluid, and gave an overview of the utility, advantages and
limitations of these matrices. When traditional samples, blood or
urine, were unavailable for toxicology analysis, alternative speci-
mens, such as organs or even skeletal remains would be used. Brain
and vitreous humor (VH) have been studied for their potential as
better options with less endogenous interference. Specimens with
easy collection, like oral fluid and sweat were considered to be
convenient choices of sample for drug exposure monitoring. With
the interest in drug exposure history, specimens like hair and nails,
will be a choice for analysis, while meconium or umbilical cord
tissues reveal prenatal history. In this section, except oral fluid
which have been covered in the first chapter, the aforementioned
applications of various matrices were discussed.

4.3.1. Last resort e Organs to skeletal remains
In forensic cases, it is not uncommon that traditional samples

such as blood or urine are not available, soft tissues matrices such
as liver, kidney, lung and spleen are common samples for toxicology
analysis. However, investigations which focus on the spleen and
bile are relatively infrequent. Palmiere et al. [543] reviewed the use
of spleen in forensic applications, including histology, radiological
(PM computed tomography), morphological, toxicological micro-
biological and genetic investigations. A review [544] on the toxi-
cological significance of PM drug concentrations in bile studies
found that the drug levels in bile and blood are generally poorly
correlated. However, due to the relative higher drug level in bile
compared to blood, bile may allow qualitative identification of
drugs present.

In skeletonized cases, soft tissue matrices are no longer avail-
able, skeletal matrices including bone or teeth may be the last
resort. In a review article [545] about the current state and future
directions of skeleton toxicology, a model for the in vivo incorpo-
ration of drugs of forensic interest into bone tissue is proposed. This
model is based on the principles of ion exchange, adsorption and
substitution. A special focus on its potential application in chemical
weapon nerve agent detection was also discussed.

Other than the mechanism of drug in corporation in bone, there
have been study in the distribution of drugs in bone [546]. In this
research, the distribution of clomipramine, citalopram, midazolam
and metabolites in skeletal tissue of chronically dosed rats was
investigated by a fully validated method using LC-MS/MS. It was
found that midazolam and its metabolite could not be detected,
while clomipramine, citalopram and their metabolites were
detectable in bone. Midazolam which was undetectable implied
that drugs with pKa values under physiological pH were poorly or
not incorporated in bone tissue. Among bone types studied, they
found skeletal tissue concentration ranged from 1.1 to 587.8 ng/g,
while humerus showed the highest drug levels. In the study,
comparison of drug levels in the same bone type between different
rats showed high variance, while the drugs to metabolite ratio in
the sampled bones was in close concordance to the ratio seen in
blood within a rat. From this, the authors suggested the drugs to
metabolite ratio in skeletal tissuemay bemore useful than absolute
found concentration.

With levels of drugs detected in bone at level of ng/g, the
analysis of drugs in bone is also a challenge. In the instrumentation
aspect of skeletal toxicology, a validated method was developed by
Orfanidis et al. [547], where samples were extracted with methanol
followed by stirring and ultra-sonication. The extract, after filtra-
tion, evaporation and reconstitution was analyzed on a reversed-
phase column (C18) in gradient elution in the detection and
quantitation protocol using UPLC-MS/MS.

An alternative method, employing methanolic microwave
assisted extraction (MAE) followed by clean-up by solid-phase
extraction (SPE) and detection by GC-MS, in the analysis of dex-
tromethorphan and dextrorphan in skeletal remains of rats was
reported by Morrison et al. [548]. Drug levels at different decom-
position microclimates (rat skeletons decomposed in a shaded
forest microenvironment and rocky substrate exposed to direct
sunlight) were compared and no significant difference was
observed. Cornthwaite et al. [549] also reported the use of UHPLC-
QTOF-MS in the semi-quantitative detection of tramadol, dextro-
methorphan and metabolites. Methadone, EDDP and EMDP could
be detected in highest concentrations in bone marrow using a
similar protocol [550].

Other than MS, Raman spectroscopy is a favorable technique for
examination of bone, as it is non-destructive and requires a minute
sample size. However, biomolecules which exhibit strong intrinsic
fluorescence could potentiallymask the Raman spectrum and affect
the results. Chikhani et al. [551] found that scraping the bone
sample could resolve fluorescence better than chemical bleaching,
while preserving the sample in a state closest to its original form
was apparently beneficial in forensic investigation.

The determination of drugs of abuse in human teeth was
accomplished with the use of GC-MS. Pulverized samples of dental
material can be subjected to acid hydrolysis to detect opiates,
cocaine and their metabolites, whereas basic extraction of these
dental material could lead us to the detection of cannabis product
(D9-tetrahydrocannabinol, cannabidiol and cannabinol) by GC-MS.
The extraction techniques employed yielded recovery at over 74%
and LOD of 0.02e0.03 ng/mg and LOQ of 0.05 ng/mg for all the
analytes [552].

A case with bone as the only available material for toxicology
analysis was reported [553]. With a validated UPLC-MS/MS
method, alprazolam and zolpidem were detected in bone, which
were in accordance with the deceased’s medical record.

4.3.2. Protected samples eVH, IOF & brain
Vitreous humor (VH) is encountered in toxicology analysis

routinely for ethyl alcohol analysis. It actually is a more reliable
specimen for toxicology tests. Markowska et al. [554] discussed
specific applications of VH for biochemical and toxicological test.
VH is one of the most well-preserved biological specimens for PM
analysis due to the ease of sampling, low endogenous interference
and low metabolic activity. Active and passive transport through
blood-retina barrier of drugs into VH render the drugs levels in VH
more correlated to blood than urine. Methylenedioxyamphetamine
derivatives such as MDA, MDMA, MDEA, were detected using a
validated method by liquid-liquid extraction (LLE) followed by GC-



Table 24
Summary for ratio of brain to blood drug concentrations.

Drugs Cat. Brain-blood ratio N Ref

Median Mean (SD) 10e90% Range

Olanzapine A e 2.7 e 1.8e3.6 2 [560]
Olanzapine B 2.1 2.1(0.73) 1.2e3.0 1.0e3.9 17 [560]
Olanzapine C 3.4 3.9(2.4) 1.1e6.7 0.72e10.4 21 [560]

Citalopram A e e e 3.0 1 [561]
Citalopram B 3.0 3.2(0.9) e 1.9e4.7 9 [561]
Citalopram C 4.1 4.0(1.1) 2.5e5.3 1.4e5.9 25 [561]

Sertraline A e e e 3.2 1 [561]
Sertraline B 7.6 7.8(2.9) e 3.5e12.6 5 [561]
Sertraline C 7.7 9.1(2.7) 6.7e14.2 6.7e14.2 14 [561]

Mirtazapine B 1.9 e 1.5e2.3 2 [561]
Mirtazapine C 1.5 1.9(0.9) 1.2e2.9 1.0e4.7 24 [561]

Duloxetine A e e e 11.7 1 [561]
Duloxetine B e 9.0(2.9) e 5.0e11.7 3 [561]
Duloxetine C 9.4 11.6(5.9) e 5.9e21.6 6 [561]

Cocaine A 2.3 2.3(1.5_) e 0.2e4.2 6 [562]
Cocaine B 3.2 2.8(1.5) e 0.7e4.8 8 [562]
Cocaine C 1.9 2.4(1.7) 0.87e4.8 0.2e7.0 44 [562]

AMP A 1.9 e e 0.35e3.3 3 [562]
AMP B 2.0 2.5(1.4) e 0.9e4.7 10 [562]
AMP C 3.2 3.3(0.85) 2.3e4.5 2.0e5.0 23 [562]

Ephedrine C 2.3 4.0(6.5) 1.1e6.2 0.6e30 19 [562]

MDMA B 2.1 3.3(1.3) e 1.9e5.1 4 [562]
MDMA C 3.3 3.1(1.4) e 0.92e5.0 5 [562]

MPD B e e e 4.6 1 [562]
MPD C 2.3 2.5(0.92) e 0.92e3.8 9 [562]

Alprazolam B e 2.21 e 1.95e2.48 2 [563]
Alprazolam C 2.21 2.54 1.65e3.78 1.61e4.78 12 [563]

Bromazepam B 1.31 1.42 e 1.00e1.97 7 [563]
Bromazepam C 1.43 1.48 0.95e1.99 0.9e3.06 21 [563]

ClDP B 1.68 1.59 e 0.87e2.21 3 [563]
ClDP C 1.13 1.32 0.76e2.34 0.74e2.91 10 [563]

Diazepam B e e e 1.64 1 [563]
Diazepam C 1.35 1.70 0.59e2.77 0.37e10.73 38 [563]

DMdiazepam B 0.92 0.96 e 0.44e1.53 3 [563]
DMdiazepam C 2.27 2.56 1.22e4.14 0.51e6.38 54 [563]

Temazepam C 1.30 1.31 0.51e2.35 0.42e2.42 27 [563]

Oxazepam C 1.88 2.09 1.1e3.42 0.90e4.19 49 [563]
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EI-MS. The three targets were found to be stable with storage
at �20 �C for 5 weeks [555]. Heroin has an extremely short half-life
and is immediately converted to 6-acetylmorphine (6-AM) and
subsequently morphine, which can be detected in psoas muscle
and lateral vastus muscle in comparable concentrations as that in
peripheral blood and cardiac blood. In muscle, 6-AM was often not
detected, whereas urine and vitreous humor would serve as a
better specimen for its qualitative detection [556]. A comparison of
stability of endogenous GHB in VH against peripheral blood in dead
bodies also demonstrated that VH was a useful matrix for the
determination of PM GHB level [557].

Intraosseous fluid (IOF) in the bone has good blood supplies. A
study by Rodda suggested that IOF might have similar advantages
to vitreous humor in terms of its suitability for toxicological ex-
amination as they were both isolated compartments that was less
susceptible to PM redistribution (PMR) and bacterial contamination
than peripheral or central blood. Comparable ELISA drug screening
results between IOF and central/cardiac blood specimens could be
obtained with more than 96% correlation. However, drug classes,
such as oxycodone and its metabolites (OXY), tricyclic antidepres-
sants (TCA) and cannabinoids (THC), were not deemed positive
when they were detected positive in cardiac blood, possibly due to
their lipophilicity and conjugation [558].

Similarly, as an anatomically secluded organ, the post mortem
brain is protected to some extents from the diffusion of drugs from
other tissues. In a study where the adverse effects of adulterants of
cocaine on central nervous and cardiac systems were investigated,
ten PM brain samples taken from cocaine users were examined for
cocaine and its adulterants e.g. benzoylecgonine (BE), ecgonine
methyl ester (EME), diltiazem (DIL), hydroxyzine (HYD), levamisole
(LEV), cetirizine (CET), lidocaine (LID), phenacetin (PHE) and pro-
caine (PRO) [559]. DIL, PRO, CET were not detected in any brain
sample. However, LEV and HYD were detected in brain samples at
concentrations up to 426 ng/g and 242 ng/g respectively. LID, a
common anesthetic used in medical treatment, was detected in
brain samples at low concentrations up to 154 ng/g. In conclusion, it
was confirmed that some of adulterants of cocaine could pass
through the blood-brain barrier and potentially enhanced the
toxicity of cocaine, therefore, the interpretation of cocaine related
deaths could include the assessment of its adulterants in addition
to the drug itself to give further insight into death inquiry.

For interpretation of toxicology findings in brain, there have
been studies in establishing the correlation of drug levels in blood
and brain. The reference brain and blood concentrations of a range
of antipsychotic drugs and benzodiazepines in PM cases were
investigated. Among 40 forensic autopsy cases, the concentrations
of olanzapine in brain exceeded those in blood for all cases, a cor-
relation coefficient (R2) of 0.87 was found between blood and brain
concentrations [560]. A new generation of antidepressants which
are less toxic than the tricyclic antidepressants, such as citalopram,
duloxetine, mirtazapine and sertraline, were examined with their
correlations between brain blood concentrations with R2 between
0.67 and 0.91 [561]. PM Brain-Blood Ratios of Amphetamine (AMP),
Cocaine, Ephedrine (Eph), MDMA and Methylphenidate (MPD)
were also studied with R2 in range of 0.58e0.92 [562]. The brain
blood ratio of alprazolam, bromazepam, chlordiazepoxide (ClDP),
diazepam, and the metabolites desmethyldiazepam (DMdiaza-
pem), oxazepam and temazepam in PM femoral blood and brain
tissues were studied with R2 ranging from 0.51 to 0.95 [563]. The
ratio of brain to blood drug concentration for the aforesaid drugs
were summarized as below (Table 24), which can be served as
reference values for evaluating PM cases:

The case category (Cat.) are divided as Cat. A: the drug was the
sole cause of death; Cat. B: the drug contributed to the cause of
death; Cat. C: with drugs was not related to the cause of death.
In a study where 221 PM samples were collected for the com-
parison of GHB level in brain (frontal lobe) and blood (femoral vein)
by Thomsen et al. [564], it was found that PM generation of GHB
was much lower in brain than in peripheral blood, and hence
analysis of GHB in brain provided an improved capability to identify
exogenous source of GHB. However, evaluation of decomposition
level was pertinent since endogenous levels of GHB in brain could
be extremely high in cases where advanced decomposition had
taken place at the time of autopsy. The authors recommended a
cut-off concentration for brain tissue of 10mg/kg in cases with
limited decomposition.
4.3.3. Matrices for drug history e Hair, nail & earwax; placenta &
meconium

4.3.3.1. Hair. Hair analysis has become prevalent in recent years
[134,565e567], one main pitfalls of hair analysis is the possibility of
external contaminations from sweat or other chemicals/drugs. The
differentiation between systemic exposure and external contami-
nation continues to be one of the limitations of hair testing for
drugs [568].
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A recent report on a novel contactless decontamination of THC
from the surface of human hair using an 1-ethanol-3-methyl tet-
rafluoroborate, which was an ionic liquid, demonstrated a 13-h
extraction at 100 �C with 96% decontamination efficiency [569].

There have been reports on the detection of ethyl glucuronide,
abused drugs and other prescribed benzodiazepines, antidepres-
sants, antipsychotic drugs with the use of UPLC HRMS or QTOF
[570e574].

Analysis of hair can establish drug intake profile over a period of
months to years, complementing the drug intake information to
give a more comprehensive picture [575], e.g. to determine
whether psychiatric patients are receiving a stable intake of anti-
psychotics. UPLC-MS/MS analysis can be used in the detection and
examination of quetiapine in hair [576]. A significant positive cor-
relation was observed between estimated daily dosage of quetia-
pine and average concentration in hair of natural hair colour. On the
contrary no correlation was established with the dyed/bleached
hair samples. This study highlighted hair treatments should be
taken into account when hair was used as the target specimen for
toxicological examinations. In another study, natural hair colour of
rats were examined to determine the incorporation of NPS
including 25B-, 25C- and 25Ie NBOMe. It was found that incorpo-
ration of these drugs was better in black hair thanwhite hair of rats
[577].

The detection of exogenous gamma-hydroxybutyric acid (GHB)
has always been problematic as it is endogenous and no reference
values of endogenous GHB in hair have been reported until
recently. In a study with 150 hair samples, the baseline level of GHB
in hair was detected in the range of 0.27e2.84 ng/mg and that the
concentration of GHB in male hair was significantly higher than
that in females [578]. A single exogenous intake of GHB could be
detected in hair using GC-MS/MS [579], providing supplementary
information in crimes like drug-facilitated sexual assault (DFSA)
when blood and urine provide narrow (t1/2 ¼ 30 min) detection
window for detection of GHB [580,581].

In the evaluation of adherence to treatment of alcohol depen-
dent patients, hair ethylglucuronide (ethanol metabolite, EtG) or
baclofen quantitation could be used as monitoring markers to
assess patient’s compliance or abstinence and alcohol consumption
behavior [582]. However, washout effect by chlorinated water (e.g.
swimmers) could lead to a significant decrease of EtG concentra-
tions in hair, thus lifestyle and habit could play a role in such
monitoring using hair analysis [583,584].

Hair analysis is also used in the detection of synthetic andro-
genic steroid, e.g. androstenedione, stanozolol, cyionate and clos-
tebol etc., in the monitoring of the use of performance-enhancing
drug in sports competition. Previous studies showed a positive
result in urine analysis in cases of single or unintentional intake of
clostebol. This could be overcome by the detection of clostebol
acetate in hair to distinguish long term administration of steroid
[530,585].

4.3.3.2. Nail. Nail can be used for the determination of chronic
intake of drugs prior death or a back-up for hair analysis when hair
is unavailable. A review [139] on the use of nails in forensic toxi-
cology focused on the investigation of drug incorporation mecha-
nism and the drug detection in nails. The studies pointed out the
importance of standardization and harmonization of methodolo-
gies for nails analysis, as well as the determination of cut-off values.
Another article discussed the role of nail analysis for drugs in
workplace testing [130] in order to distinguish whether drugs
present is from ingestion or contamination.

In a study done by Kuwayama et al. [586], the concentration of
hair and toenails were collected at intervals up to 12 months from
healthy live subjects. It was found that acidic compounds were not
detected in any nail samples. In comparison with hair, the con-
centration of basic drugs in hair were higher than those in nail,
which could be attributed to the affinity of basic compounds to
melanin, which was abundant in hair. On the contrary, neutral or
weakly acidic compounds, such as allyl isopropyl acetylurea and
acetaminophen, were detectedmore frequently in nails than in hair
segments. Chlorpheniramine (CP) and desmethylchlorpheniramine
(DCP) were detected in nails 12 months after administration.
Another method for the quantitation of methadone, and its me-
tabolites: 2-ethylidene-1,5-dimethyl-3,3-diphenylpyrrolidine
(EDDP) and 2-ethyl-5-methyl-3,3-diphenylpyrrolidine (EMDP) in
nails [587] were reported with recovery ranging from 82% to 98%.
4.3.3.3. Earwax. Cerumen, a mixture of squalene, cholesterol es-
ters, wax esters, triacylglycerols, ceramides, and cholesterol sulfate,
is secreted by sebaceous glands located in the cartilaginous outer
third of the external auditory canal. It contains a high level of
keratin and thus can be grouped with hair and nail as having a
similar keratinizedmatrix. A pioneering study on quantitation of 12
neuropsychotic drugs, including clozapine, carbamazepine, lamo-
trigine, clonazepam, phenytoin and phenobarbital etc., in cerumen
using LC-MS/MS after straightforward fast extraction with meth-
anol, followed by vortex and centrifugation have been reported
[588]. Earwax can serve as a diagnostic biological secretion due to
its non-invasive sampling procedure. Moreover, it is less prone to
contamination by ambient air or by cosmetic as the ear canal is
protected from external environment. Earwax can probably provide
information on past drug use (a few months back) as well as recent
use.

The concentrations of common drugs of abuse in earwax, blood,
urine and hair were compared in a study by Meier et al. [589].
Opiates, amphetamines and derivatives, cocaines, methadone,
diazepam and derivatives were detected in cerumen. In some cases,
drugs that could only be detected in urine were also found in the
corresponding cerumen sample. Drug detectability in cerumen
exceeds the time range of blood as well as urine but not as long as
hair. Current obstacle is that detections of opiates and cannabinoids
have yet to be optimized. Another challenge is to get sufficient
sample as the current reported techniques require at least 10mg of
sample.
4.3.3.4. Umbilical cord tissue and meconium for prenatal drug his-
tory. Sometimes it is desirable to investigate in utero exposure to
drugs in order to identify any short- or long-term health problems
of babies. Umbilical cord tissue and meconium are always choices
for neonatal toxicology testing, and there was an article on the
comparison of these matrices [590]. Colby [591] also compared the
use of umbilical cord tissue and meconium for the confirmation of
in-utero drug exposure. In comparison of different sensitivities of
drug detection, it was found thatmeconium gave greater sensitivity
for drugs studied. Wu et al. [592] developed a validated LC-MS
method for the simultaneous determination of D9-tetrahydrocan-
nabinol (THC), 11-nor-9-carboxy-D9-THC (THC-COOH), 11-hydroxy-
D9-THC (11-OH-THC) and cannabinol (CBN) in umbilical cord tissue.
Another study of detection in utero cannabis exposure by umbilical
cord analysis was also reported using LC-MS/MS with dual ioniza-
tion source [593]. Active and passive tobacco exposure during
pregnancy could lead to complications in the health of the new
born. Nicotine, cotinine and hydroxycotinine (OH-cotinine) were
detectable in placenta and umbilical cords by LC-MS/MS using a
HILIC analytical column; these findings were confirmed by hair
analysis for the same target analytes [594].
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4.4. Advances e Interpretations

The interpretation of toxicology findings in various matrices has
been covered in the above sections, such as the implication of drugs
in various biological matrices and the significance of drug levels
inside certain matrix by studies of their correlationwith drug levels
in blood. There have been studies on specific drug in various bio-
logical specimens to evaluate interpretation values. A case report
on fatal zolpidem poisoning by zolpidem and its metabolite, zol-
pidem phenyl-4-carboxylic acid, in various body fluids and solid
tissues revealed PM distribution and PMR [595]. In a comparative
study of PM concentrations of antidepressants in different matrices
[596] from 173 PM cases to evaluate the interpretation values of
matrices other than peripheral blood (PB) which was considered as
golden standard for measuring PM drug concentration. It was
found that the antidepressant levels in the peripheral and cardiac
blood (CB), pericardial fluid (PF), muscle and VH can provide
important indications of the corresponding concentration in PB,
with a ratio of 0.5e2, while PB is not available. The concentrations
of drug in VH were found generally lower, while antidepressants of
high degree of protein binding, the levels in VH were much lower
than in other matrices, VH is therefore not recommended for
determination of concentrations of these antidepressants.

In another study, the PM distribution of cannabinoids [597] in
blood, urine, vitreous humor, liver, lung, kidney, spleen, muscle,
brain, heart and bile was evaluated with an LC-MS/MS method
capable of identification and quantification of cannabinoids at level
as low as 1 ng/mL. It was found that there is no consistent distri-
bution of cannabinoids between blood and any other fluids or tis-
sues, therefore the values for non-blood specimens could be for
qualitative cannabinoid detection only.

A study of distribution of heroin metabolites in different PM
matrices [598] proposed that these will be useful information for
interpretation of heroin intoxication, such as assessment of the
approximate time span between intake of heroin and death. The
ratios of morphine-3-glucuronide (M3G) level to morphine (MOR)
level were evaluated for rapid and delayed heroin death in a range
of specimens including peripheral and cardiac blood, pericardial
fluid, VH. The authors suggested that M3G/MOR ratios of less than 2
indicated a rapid death, while ratios of more than 3 indicated a
delayed death after heroin intake, while the muscle was less useful
for this assessment. For the ratio of morphine to codeine level
above unity in specimens such as peripheral blood, cardiac blood,
pericardial fluid of skeletal muscle, could possibly be regarded as an
indication of heroin intake, while such ratio in VH seemed less
useful.

For the interpretation of gamma-hydroxybutyrate (GHB), a re-
view by Busard�o and Jones [599] amplified the current knowledge
about the concentration of GHB in various biological specimens,
both endogenous level and after administration of GHB. The review
also indicated that urine extended the GHB detection window by
3e4 h compared to blood; while for longer delays after last intake,
hair or nails might be the only options. In another study of GHB in
different matrices, urine and blood in 37 GHB intoxication deaths
were evaluated [600]. GHB levels in urine were higher than that in
femoral blood with highly variable urine/blood ratios. This could be
explained by a rapid metabolism occurring in blood but not in the
urinary bladder. That was the reason for the extended detection
window of GHB in urine than blood samples. It was also suggested
that the urinary GHB concentration could give a hint on its con-
centration in blood at the time urine was produced in the kidney
and stored in the bladder since the previous void. The higher the
ratio of GHB level between urine and blood, the longer the delay in
death after GHB intake.

Reference for PM drug level for assessment of intoxication is
scarce. A study presented PM femoral blood concentration for 24
antipsychotic substances [601], with samples from 4949 autopsy
cases, complied PM fatal and non-fatal reference concentrations of
antipsychotics, such as amisulpride, chlorpromazine, haloperidol,
olanzapine, quetiapine and etc. In addition, this study also provided
information about the prevalence of different antipsychotics in
accidental, suicidal, homicidal and uncertain deaths. With refer-
ence to the toxic and lethal femoral blood limits based on the
aforesaid study, a study on the distribution of eight QT-prolonging
drugs and their main metabolites between PM cardiac tissue and
femoral blood revealed potential pitfalls in toxicology interpreta-
tion [602], especially for citalopram. It was found that 64% of cit-
alopram cases with non-toxic femoral blood concentration, but the
cardiac tissue concentrations were similar to toxic or lethal cases. In
view of the cardiac tissue being an active site for cardiotoxicity, it is
possible for intoxications to be missed or over-interpreted by solely
relying on toxicological interpretation of peripheral blood
concentration.

Factors affecting the level of drugs in PM sample including
postmortem redistribution (PMR) and drug stability are discussed
below.

4.4.1. Postmortem redistribution (PMR)
It is well-known that PMR poses difficulties in the interpretation

of drug concentration in postmortem analysis. As it is impossible to
predict the extent of postmortem changes for individual cases,
Steuer suggested interpretation needs to be done with care,
considering case circumstances and all available information [603].
To enrich the knowledge on PMR, a review on PMR of drugs [604]
discussed the mechanisms and factors influencing redistribution
phenomena, and gave recommendations concerning anatomic
sampling sites, sampling methods and sample storage making it
possible to limit these phenomena. And other study evaluated and
verified the theoretical PMR factor based on the liver-to PB (L/P)
ratio using antemortem (AM) and PM analytical results for 44 drugs
[605]. The theoretical PMR factor suggested the drugs’ propensity
for PMR, assisted with a rational interpretation of PM drug con-
centrations for forensic experts.

The ratio of central (C) to peripheral (P) drug concentration (C/P
ratio) is another option for assessing PMR. A comparison of drugs
concentrations at different sampling sites [606] studied the corre-
lation between central blood from right heart and PB from the
external iliac vein for 48 PM cases with blood sampled from six
different sites. The results confirmed previous studies that C/P ra-
tios were generally large than unity, and the ratios increased with
PM interval (PMI). This study also gave additional information
about the concentration differences in atrial and venous blood,
where there were virtually no concentration differences at short
PMI, with the differences increased with PMI. Therefore, timely
collection of PM sample is important.

In addition to the importance of sampling site, sampling tech-
nique for study of PMR is also important, a research team studied
the PMR of diazepam, methadone and morphine with different
sampling techniques including blind stick and dissection/clamping
techniques [607,608]. In their earlier study the authors suggested
the importance of isolating vessels from thorac-abdominal viscera
by clamping a vessel before sampling [607]. In addition to sampling
technique, authors also discussed the site- and time-related as-
pects, and concluded that the popliteal vein may represent a site
more resistant to changes caused by PMR [608].

For studying the time-related factors of PMR, there are re-
searches which make use of computed tomography (CT) to collect
biopsies using a robotic arm (virtobot). Such sampling technique
provides a valuable tool for systematic studies on time-dependent
PMR and have been used for evaluation of time-dependent PMR of
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opioids, including methadone, fentanyl, tramadol, codeine, oxyco-
done and hydrocodone [609], as well as, morphine and its metab-
olites [610]. In the study for opioids, it was found that fentanyl and
methadone showed significant PMR over time while other opioids
showed no consistent trend. Interestingly, methadone metabolite,
EDDP, showed a less significant trend for PMR [609]. In the study for
morphine, morphine also showed significant PMR over time, while
metabolites did not undergo extensive PMR, especially the conju-
gates [610].

Intoxication cases with multi-drug, the PMR of MDMA in acute
alcohol and MDMA combined use was studied using rats [611]. In
comparison of combined use against the alcohol or MDMA alone,
the levels of alcohol and MDMA in combined use were significantly
higher than cases with mono alcohol or MDMA alone. These find-
ings suggested that the effect of other drugs in PMR should also be
considered in toxicology evaluation.

4.4.2. Stability
Understanding the stability of drugs in biological specimens is of

crucial importance in the interpretation of the toxicological find-
ings in postmortem forensic toxicology. The study of drug stability
required a reliable analytical method, usually LC-MS/MS or LC-
HRMS, as well as planning of experiment. With the study of sta-
bility for an unstable cancer drug, gemcitabine, as an example, Reed
shared a protocol for evaluation of drug and drug metabolite sta-
bility in whole blood [612]. In the protocol, elements which could
stop or retard degradation process would be introduced, and
therefore understanding the degradation pathways of analytes
deemed important.

The degradation of drugs in biological specimens may lead to
decrease in drug levels or even false negative results. Cannabinoids
are prone to degradation leading to difficulties in analysis and
interpretation. The common degradative pathways of cannabinoids
leading to poor recovery in urine, oral fluid and hair were critically
discussed [613]. The stability of benzodiazepines in hair and nail, as
well as zolpidem in nails, after prolonged exposure to chlorinated
water was studied [112,614]. It was also found that the longer the
exposure time, the higher the degree of degradation. The degra-
dation pathways and factors should be considered as possible cause
of false negative results.

Considering potential false negative due to degradation, stable
metabolites or degradation products of a drug could be considered
as useful markers for evaluating the exposure of unstable drugs.
Degradation of bupropion was evaluated [615] with PM cases
samples stored at frozen (�20 �C), refrigerated (4 �C) and room
temperature (20 �C). Results showed that it degraded in PM blood,
liver and liver homogenate in all storage conditions, with the most
drastic decrease at room temperature (RT) but its metabolite,
threobupropion, appeared to be relatively stable. Hence, threobu-
propion can be used as an indicator for the extent of exposure to
bupropion. The stability of biomarkers for ethanol consumption
was studied [616], and concluded that ethylglucurondie is a reliable
marker, stable at 4 and -20 �C. In a stability study of 26 sedative
hypnotics in 6 biological matrices at different storage conditions
[617], it was found that except zopiclone, alprazolam and clonaz-
epam, most hypnotics were stable (less than 20% of drug decrease)
in all specimens, when refrigerated/frozen for a month or more.
Zopiclone in blood was stable if refrigerated/frozen for about a
week. It was stable for a month or longer in other specimens, such
as urine, liver, brain and stomach contents. Alprazolam and clo-
nazepam in blood were stable for about 2 weeks if refrigerated/
frozen. They had longer storage period in other specimens.
Furthermore, their metabolites, a-hydroxyalprazolam and 7-
aminoclonazepam were found to be more stable in blood, which
could be used as indicators for exposure of alprazolam and
clonazepam, respectively. The stability of 21 drugs including
cocaine, opioid and benzodiazepines in meconium at different
temperatures was evaluated by spiking the drugs into meconium
[618]. It was found that a marked decrease in the levels of 6-
acetylmorphine (MAM), nordiazepam, temazepam and oxazepam
at 37 �C (body temperature) over a 2-week period. Such finding
proposed that if a pregnant woman used these drugs 2 weeks
before delivery, the use of meconium for drug detection might not
reflect the drug uses during pregnancy, and other biomarkers
might be required for assessing the prenatal exposure of these
unstable analytes.

In some stability studies [619e621], the use of preservatives was
discussed. For the stability of PM methemoglobin, the use of EDTA
as preservative plus refrigeration (4 �C) are recommended as stor-
age condition prior to analysis, while frozen with cryoprotectant
at �80 �C or lower for maintaining methemoglobin stable in
extended storage [619]. In the study for stability of opiate com-
pounds in PM sample after heroin exposure [620], it was shown
that the use of 1% sodium fluoride in blood sample would be useful
for slowing down the degradation, especially important for the
most liable opiate, MAM. However, the study for methamidophos
in PM blood and liver [621] suggested that addition of sodium
fluoride in blood and fixation of liver in formaldehyde accelerated
the degradation of methamidophos and should be avoided. This
suggested the presence of additives did not necessarily prolong
storage period.
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