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KEYWORDS Abstract Despite progress in the development and validation of analytical methods. In the
Interpretation of meantime, the challenges in interpretive forensic toxicology remain persistent, since it is no
results; easy to establish a causal link between the concentration of a compound in biological samples
Drug-facilitate crime; and its impact on a real case. A proper interpretation of results is required to ascertain their
Hair testing; relevance and to ensure that the investigator or jurist can make the most of the utility of the
Postmortem trace within the framework of the investigation or within the courtroom.

investigation Because of their complexity and frequent presence at toxicology laboratories, in this article, we

have focused our attention on the interpretation of results in drug-facilitated offences, in cases
where hair samples are involved and in cases related with postmortem investigation. Following
this review, the advances in analytical results interpretation in the selected cases, are being
mainly conducted towards metabolic studies.

In cases of drug-facilitated crimes, it allows to extend the detection window and identify low
concentration consumption markers for fast-clearing compounds. Regarding hair metabolomics
analysis, recent studies can assist us to determine the deterioration caused by cosmetic
treatments or to elucidate the difference between consumption and extern contamination,
which are a well-known factor affecting the interpretation of hair analysis. Concerning
postmortem results, progress is intended to ensure better reference data, to the study of drug-
to-drug interactions as well as to the application of metabolomics and to the acknowledgment of
the genetic variances related with drugs metabolism, location, and mechanism of action.
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analisis de pelo;

interpretativa permanecen ya que no es tarea facil establecer el vinculo entre la concentracion
de un compuesto en las muestras bioldgicas y su relevancia en un caso forense. Para determinar
la relevancia y garantizar que el investigador y el jurista puedan aprovechar la prueba en el
marco de la investigacion o en la sala de juicio, se requiere una adecuada interpretacion de los

Debido a la complejidad y frecuencia con que se presentan en los laboratorios, este articulo se
ha focalizado en la interpretacion de resultados en los delitos facilitados por drogas, en los casos
en que la muestra de pelo se encuentra involucrada y en los relacionados con la investigacion
postmortem. Tras la revision realizada, los avances en la interpretacion de los resultados
analiticos en los casos seleccionados se estan enfocando fundamentalmente hacia los estudios

En los casos de delitos facilitados por drogas estas investigaciones se dirigen a ampliar la ventana
de deteccion y detectar marcadores del consumo de bajas cantidades de compuestos de rapida
eliminacion. Respecto a los analisis de drogas en pelo, los nuevos estudios de metabolitos
pueden ayudar a determinar el deterioro provocado por los tratamientos cosméticos o a aclarar
la disyuntiva entre consumo y la contaminacion externa del cabello, conocidos factores que
afectan a la interpretacion de las drogas en pelo. En lo referente a los resultados postmortem,
los avances en la interpretacion se estan orientando a la mejora de las bases de datos de
referencia, estudios de interacciones entre compuestos, aplicacion de la metabolomica y al
conocimiento de las variaciones genéticas relacionadas con el metabolismo de los compuestos,

© 2024 Asociacion Nacional de Médicos Forenses. Publicado por Elsevier Espana, S.L.U. All rights
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de sus vias y lugares de accion.
Introduction

Forensic toxicology encompasses postmortem investigation,
the effects of alcohol and drugs on human behaviour,
workplace drug testing, and doping control, which is in
turn divided into human and animal control. With the
additions of illicit drug analysis, drug-facilitated crimes,
and hair analysis, modern forensic toxicology is comprised of
a total of 8 subdivisions, unveiling the advancements in this
forensic discipline.’

The basic responsibility of the forensic toxicologist is to
assist the judicial system in evaluating whether a particular
substance could have an impact on the outcome of a legal
issue. To do this, they must first determine the presence and
unequivocal identity of the chemical substance (whether
this be a prescribed substance, an illicit drug, or a general
toxicant) in an individual, and establish a relationship
between exposure to that substance and the manifestation
of a harmful effect or even death.? Once the compound has
been identified and the concentration determined, the
forensic toxicologist must interpret the role played by that
substance in the case.?

Over the years, many challenges in relation to interpre-
tive toxicology have arisen, which are particularly complex
in cases of drug-facilitated crimes, in cases with the
involvement of hair samples, and in postmortem investiga-
tions, which are the most characteristic of the historical
perception of forensic toxicology.

In the cases of drug-facilitated crimes, especially sexual
crimes (drug-facilitated sexual assaults, DFSAs), consider-
able progress has been made with the support of national
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and international medical/legal* and toxicological® recom-
mendations,®7” in addition to hospital protocols and review
articles that classify the criminal act.®-'9 However, given
the particularities of these cases, interpretation of the
analytical results remains complex, especially when com-
pounds such as gammahydroxybutyric acid (GHB) or scopol-
amine (burundanga) are involved.

Interpretation of analytical findings in hair is still
complicated, since the concentration of drugs in hair can
be affected, among other factors, by topical, chemical, or
physical hair treatments, by growth rates and cycles, and by
external contamination. These are frequently referred to as
drug limitations in hair analysis.""

Regarding the interpretation of postmortem results, it
must be determined whether the concentration of a
compound in a sample accurately represents the concentra-
tion at the time of death' and a correlation needs to be
established with the medical history, the setting and the
seized substances.'®'# After death, a series of processes
take place that hinder interpretation of the substances
detected in blood and other biological samples. Although
much has been published, focusing on redistribution and on
related artefacts for particular compounds, studies have not
addressed changes in time-dependent postmortem concen-
trations, nor do they offer advice on best practices that
should be adopted to interpret particular cases.’

In recent years, metabolic studies have become a
fundamental tool in different fields of forensic toxicology
through the proposal of biomarkers that improve the
interpretation of results,'® and in some cases, with comple-
mentary genetic studies. This article puts forward the
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advances that have been made in outcome interpretation of
the 3 types of issues mentioned, which are highly frequent in
the cases of forensic toxicology laboratories.

Opinions and interpretations

Although technology aids rapid detection of evidence at the
scene, together with its recognition, significance, and
analysis, outcome interpretation requires human interven-
tion to determine its relevance and guarantee that the
investigator and the jurist can take advantage of
the usefulness of evidence within the framework of the
investigation and/or in the courtroom.'”

The importance of standardisation of analytical methods
was highlighted in the National Academy of Sciences (NAS)
report and the assurance of the quality of the results has
been emphasised by different American organisations, such
as the ForensicToxicology Council (FTC) formed by the
American Academy of Forensic Science (AAFS), the Society
of Forensic Toxicologists (SOFT), and the American Board of
Forensic Toxicology (ABFT) and European organisations such
as the European Network Forensic Sciences Institutes
(ENFSI), among others.” As a result, the confirmation of
laboratory capacity has witnessed the development of
accreditation programmes, in keeping with that established
in standards and particularly in ISO/IEC 17025:2017. These
standards are general requirements for testing and calibra-
tion laboratory competence.

ISO/IEC 17025:2017 states that when opinions and
interpretations are included in a test report (7.8.7 Informa-
tion on opinions and interpretations), “the laboratory must
ensure that only personnel authorised to express opinions
and interpretations release the respective statement. Said
opinions and interpretations must be based exclusively on
the results obtained from the tested item and must be
identified as such.”'®

In the Sydney Declaration, which aims to cover the
essence of forensic science through the foundational bases
beyond organisations, protocols, and technicalities, point 7
refers to the fact that the findings acquire meaning in the
context, but it also highlights that the scientist must act
with ethics and impartiality, transparency and indepen-
dence, to ensure that the information provided for the
possible resolution of the investigated case is useful and
reliable, with avoidance of its adaptation to the recipient of
the information.'

Recently, the number of publications related to contex-
tual information and its possible effect on decision-making
has increased.?’ Although errors due to contextual bias
usually appear in those forensic disciplines dedicated to
identifications that are made using methods based on human
knowledge and experience, similar situations can occur in
forensic toxicology, where the methods used can also
provide ambiguous data, i.e. data very close to the
established limits.

In these cases, if the analyst is knowledgeable about the
context, they could be influenced to make an incorrect
decision by giving the environment a more solid basis for
their decision than the results endorse.?' Therefore,
although for the interpretation of results, the toxicology
laboratory always requests as much contextual information
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as possible about the case background and circumstances, its
combination with the results should not be made before
those results have been obtained.

It is recommended that the laboratory have explicit
policies or procedures for minimising contextual bias.?°

Interpretation of the results in drug-facilitated
crimes

Generalities

DFSA crimes are the most frequent among drug-facilitated
crimes, although it is also known that the true incidence is
difficult to quantify,?22° since victims sometimes do not
report the incident or take a long time to do so, with the
result that not all of them receive the medical treatment
and the corresponding toxicological study.?®

Advances in the interpretation of DFSA results have
occurred simultaneously with the understanding of the
idiosyncrasies of these crimes, fostering a global interest in
combating this phenomenon,?” with the involvement of
national®-28:2% and international°-32 authorities and organi-
sations. In the toxicology laboratory, the interpretative
difficulties in DFSA cases are essentially related to the
toxicokinetic characteristics of the substances involved and
the analytical techniques used.

One of the key points is to guarantee the shortest possible
time between the event and the sampling, in addition to
obtaining information about medical treatment. By having
more precise information and a better sampling protocol,
the interpretation of the toxicological analysis is improved,
and so too its usefulness in clarifying the facts.33 Although it
is possible to make retrospective estimates in the interpre-
tation of results through calculations based on the
toxicokinetic characteristics of the compounds, sample
collection, and circumstantial data, it is not possible to
determine the administered dose, due to uncontrolled
parameters, such as rates of metabolisation or simultaneous
consumption, especially of alcohol and drugs. Toxicologists
must interpret analytical data with caution and report to
judicial authorities from all possible angles, especially when
asked about the effects of the drug at the time of the
alleged events.3*

It is important to remember that many of the drugs
implicated in DFSAs, including alcohol, can produce similar
clinical symptoms, for example, incapacitation. Therefore,
it cannot be concluded that the reported incapacitation is
due to a specific substance without evidence that said
substance (or a specific marker/metabolite of it) is present
in at least one sample from the victim. Moreover, given that
most drugs are metabolised and eliminated at different
rates, it should never be assumed that a negative toxicology
result demonstrates that a drug was not present at the time
of the alleged crime,3® and this information should be
recorded in the results report.

With consideration of the characteristics that generally
hinder the interpretation of these cases, the 2 compounds of
GHB and scopolamine (burundanga) deserve special atten-
tion with regard to advances in the interpretation of their
results in DFSA cases.
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Interpretation of gammahydroxybutyric acid results
in drug-facilitated crimes

GHB is a powerful depressant of the central nervous system
that, due to its incapacitating effects, is related to proactive
DFSA (GHB-FSA), since it has the perfect characteristics to
go unnoticed in these criminal acts: easy availability,
amnesic effects—and there is little probability of being
detected due to a short half-life or lack of detection with
routine analytical procedures.

A vital issue in these forensic investigations is the careful
evaluation of the biological matrix (matrices) with which
possible unconscious ingestion of GHB can be demonstrated.
Taking into account its rapid metabolism and elimination,
concentrations in blood and urine quickly decrease to
endogenous values.3> Samples must therefore be taken as
quickly as possible, since the detection window of exogenous
GHB is narrow and hinders testing the use of GHB in cases of
DFSA.3¢ Forensic evidence is often lacking and analytical
reports often conclude that GHB was not detected.

From an analytical point of view, the endogenous nature
of GHB forces toxicologists to establish a cut-off concentra-
tion above which the results are considered positive. These
cut-off points must be higher than the highest endogenous
concentration and are different for different biological
samples.3” To report a positive GHB result, a value greater
than 30 mg/l in blood samples*® and between 6 and 10 mg/l
in urine samples®’ is recommended.

Although the "gold sample” for GHB-FSA cases is urine,
the interpretation of the results close to the cut-off point
can be complemented with the analysis of GHB in hair
samples, which can confirm exposure in the recent or distant
past.“0 Along these lines, different authors defend that,
even after weeks or months of GHB-FSA, the hair segment
corresponding to the moment of the event presents an
increase in the concentration of GHB with respect to the
endogenous concentration determined in other segments.*’

However, ensuring that a positive case is positive and a
negative case is negative in the hair sample with a single
exposure to GHB remains a controversial issue.*? This is
mainly due to factors such as the high variability of
endogenous GHB in the hair, which does not allow us to
propose a single reliable cut-off point that can be applied to
discriminate it from exogenous GHB, and the effect on the
GHB concentration by washing and/or hair treatments. and
by contamination through perspiration.®® In fact, specific
recommendations have been published aimed at avoiding
erroneous interpretations when using a hair sample in cases
of GHB-FSA.3%:44.45

All these difficulties in case analysis and interpretation
have necessitated the development of alternative analyti-
cal methods with less manipulation of the samples and more
sensitive techniques, as well as the use of metabolomics to
search for possible biomarkers of GHB consumption that
essentially expand the detection window in urine sam-
ples.3%46 |n the case of the hair sample, to date, neither the
GHB glucuronide conjugate nor other metabolites have
provided alternatives to the determination of GHB.*4

Fig. 1 shows the evolution and advances in studies of GHB
metabolites and their possible use as biomarkers to expand
the window of analytical detection.
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In another sense and in the same way that lipid esters of
ethanol are formed, phospholipids, esters of fatty acids, and
triglycerides represent a new class of GHB metabolites (P-
GHB) that are formed through phospholipase D and they can
be used as biomarkers. However, as in previous cases, more
studies are needed, in this case with real blood samples.>®

Interpretation of scopolamine (burundanga)
results in drug-facilitated crimes

Due to its narcotic properties and rapid elimination,
scopolamine (burundanga) is also a compound of choice in
these crimes. However, and contrary to alarming urban
legends, its widespread use is not proven, as was already
evident in 2014.57

Although some specific cases have revealed the involve-
ment of scopolamine in DFSA, the evidence reveals that its
actual participation is anecdotal.®® In 2016, its presence was
demonstrated in the urine sample along with the anticho-
linergic syndrome that the victim presented.> In that same
year, there was a widespread rumour about the use of
scopolamine, but in a series of similar cases characterised by
sample collection within 48 h of the event, the results were
always negative.®® Recently, data from the National Insti-
tute of Toxicology and Forensic Sciences corroborated the
very low presence in the DFSA with positive results for
burundanga in 1 of 292 suspected cases.®’

Similarly to GHB, but to a much lower degree, advances
have focused both on its determination in hair samples®%:¢3
and on experimental studies of its 3 main metabolites:
hydroxy-methoxy-scopolamine, scopine, and tropic acid,
together with scopolamine within the initial 24 h and
scopine and tropic acid in isolated cases 48 h after
administration.®°

Despite the low incidence, at least in Spain,®* circum-
stances vary and this can affect the criminal dynamics of
burundanga, such as, for example, media attention. En-
hanced popular knowledge of the existence of this type of
substance can make it more sought after increase its danger,
given the ease with which it can be acquired.®"

Interpretation of hair sample results

The interpretation of hair analysis is generally aimed at
elucidating one of the following key points: establishing
whether the individual consumed or was exposed to drugs;
identifying the drugs that were used; distinguishing between
single, occasional, or repeated consumption, and identifying
the consumption period.®>

Technological advances have made possible the detec-
tion of the presence of drugs in hair samples at low
concentrations. When the concentrations found are ex-
tremely low, interpretation must be cautious and the
analytical cut-off points established in the laboratory are
recommended to be stated in the report. If the concentra-
tions of the identified drugs are below these cut-off points,
the report must clearly reflect the limitations of the
analysis, including that use cannot be unequivocally proven
without other evidence. A positive or negative interpreta-
tion of results close to analytical breakpoints can vary
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FIRST GHB METABOLITE STUDIES

HB-B-O glucuronide and GHB-4 sulfate

They were not applied. Inter-individual variability hinders result

comparison*’
SUBSEQUENTLY
S cliEimganine fod dlhy.d.“”iyﬁ‘;tym e L e Positive results to improve the detection and interpretation window
succinic acid and succinyl carnitine®
L
A /.»
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Alternative markers such as those conjugated with carnitine, glutamate, glycine, taurine or pentose.>? So far none have been validated for forensic
use, they provide complementary information that is being used as a metabolic target and its contribution to the interpretation of GHB results.

<L
<

ADVANCES
< 5
\

Succinate and glycolate conjugates have been identified as potential biomarkers in urine, but only glycolate concentrations slowly decrease to
endogenous levels (up to 24 hours), expanding the detection window. The presence of these conjugates is capable of extending the detection time,
although not enough to use them in toxicology, at least with the results obtained so far with groups of few individuals.>!->2

y

C

GBH and for expanding the detection window.33:54.55

Other preliminary studies in urine samples have shown that GHB-carnitine can help in only qualitative detections due to its instability in processed
samples, while the detection of GHB glycine and GHB glutamate is an important step for the differentiation between exogenous and endogenous

Fig. 1

the results in DFSA cases.*’~>°

drastically from one laboratory to another which may
complicate legal consequences.

In addition to the analytical cut-off points, there are
internationally established limits, below which the analyti-
cal result of the drug (even if it is identified) must be
reported as "negative” or with similar wording. Although
these international limits are continually reviewed, their
purpose is to minimise risks when an interpretation cannot
distinguish active consumption from passive exposure.

Despite the indisputable forensic value of the hair
sample, it should not be the primary evidence to prove
drug use, as it can potentially be misinterpreted,®® both with
false-positive results, especially in those situations in which
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Evolution and advances in GHB metabolite studies to improve and where appropriate, correct the difficulties in interpreting

the individual is exposed to drugs, but does not actively
consume them,®” and with false-negative results, in those
cases in which the expected concentrations are low and the
drug must not only be detected, but also eliminate the
possibility of false reporting.®? In relation to ethyl alcohol
markers, the interpretation of hair tests is complex due to
similar problems, which sometimes call into question
whether the alcohol was actually consumed or not.%8
Erroneous results can also be due to segments which do
not correspond to the exposure time due to the growth
phase of the hair; inadequate sampling (not cutting close
enough to the scalp); inaccurate alignment of hair strands;
incorporation of drugs from sweat or sebum; variations in
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the rate of hair growth within the sample strand,or due to
contact between hairs in the distal direction.®®

In the latest consensus of the Society of Hair Testing
(2023)7° regarding the interpretation of drug results in hair,
it is indicated that the concentration of compounds in hair
can be affected by topical, chemical, or physical hair
treatments (including, but not limited to, bleaching, dyeing,
perming, straightening, and UV exposure). These external
contamination and growth rates and cycles must be
considered to establish the time frame represented by the
sample.

Currently, interpretive evaluation of results in hair
samples remains devoid of a full understanding of various
variables, including hair colour, cosmetic treatments, or
growth inequality, and the possible effects of any “decon-
tamination” procedures used. In recognition of the fact they
are key aspects impacting the interpretation of results, this
paper will address them in particular.

The specific nature of the sample

Colour and cosmetic treatments

One of the different factors that affect the incorporation
and retention of drugs in the hair is colour.”" Pigmentation is
due to the transfer of melanin granules from the melano-
cytes of the bulb to the cortical keratinocytes and its
presence fundamentally favours the incorporation of basic
drugs by interacting the protonated amino groups with the
negatively charged carboxyl groups of melanin.”? In the case
of ethyl glucuronide (EtG) and ethyl palmitate (markers of
alcohol consumption), incorporation is not affected by
natural hair colour.”?

Depending on the nature of the compounds and the type
of dye, cosmetic treatments (dyes and bleaches) accentuate
the variability in the incorporation of drugs and alcohol
metabolites into the hair,”# also causing a degradation of the
drugs that is difficult to estimate when treatments are
carried out after consumption.”>

Various studies have shown that bleaching and dyeing can
increase the uptake of cocaine”® and amphetamines, while
for MDMA or THC derivatives no differences are found with
untreated hair.”® For the particular case of EtG, the effect is
so important that the discoloration is even considered an
adulteration of the sample, since the high contents of
hydrogen peroxide cause important and unpredictable
reductions in the EtG contents.*%-73:77

It should be noted that some hair “cleansing” procedures
suggested on the Internet to negativise drug use have proven
to be very effective in reducing analyte concentrations. The
hair treated in this way is indistinguishable during visual
examination since it does not appear damaged or lose colour
when subjected to washing/digestion, making it difficult to
appreciate the samples that went through the process, and
possibly leading to false-negative results.*?

Advances in detecting cosmetic hair adulterations are
focused on detecting altered endogenous biomolecules that
could be used as biomarkers in the case of oxidative
cosmetic hair treatments. Eisenbeiss et al. were able to
identify 69 metabolites significantly altered after hair
bleaching. Most decreased after bleaching, but fully de-
graded metabolites showed the most promise as suitable
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biomarkers. The proportions in which the concentrations of
the metabolites increased and decreased improved the
discrimination of treated and untreated hair samples.
These results offer the possibility of including single
biomarkers or selections of biomarkers in routine detection
methods to improve the interpretation of hair analysis
results.”®

Further studies exist, aimed at determining oxidation
products. There are few of them but one, cysteic acid,
formed through the oxidation of cysteine, is an important
component of the keratin structure and is an already known
marker of hair damage induced by bleaching.*®

Whenever it is confirmed that the hair sample has been
treated, the toxicology laboratory must be informed, as it
involves considerations in the interpretation of the results’3
and the laboratory must reflect this in its report.”®

Hair growth

Hair growth is another bias factor to consider when
interpreting results. For years, the consensus that hair grows
1 cm per month has been understood as an oversimplifica-
tion, since in 1 month hair can grow as little as 0.6 cm or as
much as 3.36 cm. Furthermore, hair cut close to the scalp
does not show immediate growth, as it is estimated that it
takes between 7 and 10 days to reach the surface.”® Other
studies have estimated that a more accurate growth range
would be 1.1£0.2.%0

Taking into account that when the sample is taken after
the cut, 0.8+£0.1 cm remain on the scalp and that about
2 weeks must be added for the new follicle to reach the
scalp, the first 1 cm segment corresponds to a hair formed
1.3+0.2-2.2£0.4 months earlier, which undoubtedly has an
impact on results interpretation.2

Related to hair growth is its fragmentation to determine
the presence of the compounds over time, generally in
monthly periods of 1 cm, according to the growth consensus.
Segmental hair analysis is very informative, but is meaning-
less if the sample collection and handling of the hair
sampling is inappropriate. Hair must therefore be carefully
aligned, since if not, each segment will contain different
portions of hair strands and will represent longer or
overlapping periods of time.?

Depending on the type of compound, different authors
propose modifications to the segment size. Thus, for THC,
segments of 3.0-5.5 cm are proposed.”® In the case of ethyl
alcohol metabolites, the minimum proposed size is 3 cm,®
while in the cases of DFSA, smaller segments than recom-
mended (between 10 and 30 mm) are proposed to improve
the detection of the compound in a narrower window.3
These recommendations on the most appropriate length of
the segment depending on the type of case must be linked to
the analytical cut-off values established by the laboratory.

If segmentation is decisive in establishing consumption, it
is even more so in defining abstinence. With the cessation of
consumption, there is no radical change from positive to
negative,® but there is a transition zone due to changes in
hair growth; hair phase; continuity of the incorporation of
the drug into the hair after stopping high consumption;
inter-individual variations; variability in sample collection,
and other routes of incorporation (sebum or sweat) in
addition to blood.8¢
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In cases of abstinence, the variability of the elimination
constants of the different compounds in the body must be
added to the growth variability. Different research studies
report variations of the most common drugs, opiates,2¢
amphetamines,® or cocaine and benzoyl ecgonine®® which
suggest very different times for negative results to be
obtained after the last drug use. These times are related to
the analytical cut-off values used in each case and must be
taken into account when expressing abstinence in the results
report.

Regarding alcohol markers, the SoHT consensus in 201973
indicates that EtG in hair samples is the analysis of choice to
identify cases of withdrawal, and that a concentration
greater than 5 pg/mg in samples of 3-6 cm indicates
repeated alcohol consumption. It is not recommended to
use fatty acid ethyl ester concentration alone to determine
abstinence, although to indicate repeated alcohol consump-
tion, values equal to or greater than 120 pg/mg for 0-3 cm
or 150 pg/mg for 0-6 cm”3-% can be used.

External contamination

A critical issue regarding hair analysis, which is still
controversial after 30 years of research and data accumula-
tion by numerous scientists, is the possibility of obtaining a
positive hair analysis due to external contamination without
deliberate consumption of a compound.®®

Judicial systems are often interested in establishing
whether an individual has actually consumed (ingested,
inhaled, or smoked) a drug, so the differentiation between
exposure and consumption becomes a frequent interpreta-
tion presented to the toxicologist®’—which sometimes
entails compromising situations. The mere presence of
drugs in the hair sample should not be used firmly to
discriminate passive exposure from long-term consumption®
but a correct interpretation of the results must be
complemented with the identification of specific metabo-
lites, the implementation of a decontamination procedure
and analysis of hair washes.%?

The application of metabolite ratios can potentially help
differentiate consumption from exposure. However, this has
also been shown to be inaccurate for some common drugs.
Detection of drug metabolites alone cannot prove personal
use, as inadvertent absorption from environmental exposure
can inevitably lead to their metabolism with the presence of
low concentrations of their metabolites in hair and other
biological samples. For example, the transfer of the
methadone metabolite (EDDP) to a child from the sweat of
their caregiver has been demonstrated.®®

For greater certainty regarding the origin of drug
presence, the use of metabolites has been proposed, the
proportion of which can help differentiate consumption from
exposure.

In the case of cannabis, smoke containing THC is known to
result in drug-positive hair in a non-user, particularly if only
THC is being monitored. When the THC metabolites, 11-nor-
9-carboxydelta-9-tetrahydrocannabinol (THC COOH) and 11-
hydroxy-delta9-tetrahydrocannabinol (THC-OH) are also
detected, the probability that the presence comes from
active consumption increases.®® However, given the low
incorporation rates of these metabolites into the hair, this
detection is an analytical challenge that depends on the
analytical method and cut-off points established in the
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laboratory.”? There is also evidence that the solvent washing
process to eliminate contamination of the surface of the hair
can lead to the drug penetrating the interior compartment
of the hair fibres, leading to a possible conclusion that the
subject is a user.

Similarly, in the case of cocaine, measurement of
benzoylecgonine and one or more of the hydroxy metabo-
lites of cocaine is suggested, but as in the case of THC, due
to the low abundance of the hydroxy metabolites of cocaine
they are not always detected in active consumers.% In 2015,
the FBI published a protocol that summarises an extensive
washing of the sample to eliminate external contamination
followed by the analysis of cocaine, ethylcocaine,
norcocaine, and hydroxycocaine, establishing the following
criteria: cocaine must be identified above 500 pg/mg, after
subtracting 5 times the concentration found in the washings
and in addition, 2 of the hydroxylated metabolites must be
present with concentrations greater than 5 pg/mg. Depend-
ing on compliance with these criteria, the results must be
issued as "negative”, "contaminated,” or “consistent with
exposure to cocaine”.®’

Other studies indicate that strong criteria must be
applied to clearly differentiate consumption from contam-
ination, since different combinations of metabolites and
degradation products can produce false positives. Thus, for
concentrations of cocaine in hair greater than 0.1 ng/mg, it
must be reported as positive if positive results are found for
p or m-OH-benzoylecgonine (BE) or p or m-OH-norcocaine
(NC), and/or if the peak area ratios for p, m, 0-OH-cocaine
(COC) exceed a limit marked as 2 times the maximum ratio
estimated for each OH-COC isomer (0.1%, 0.2%, and 0.4%,
respectively) and/or if (NC+EC)/COC is greater than 2%.%4

Regarding opiates, recent research recommends includ-
ing the analysis of hydromorphone and of the first washing
solution in the procedure, in the case of morphine
poisoning.®>

These limitations do not generally call into question the
value of hair for drug analysis, but both laboratories and
recipients of the reports must consider them in their
interpretations.®®

Interpretation of postmortem results

For postmortem toxicological interpretation, it is essential
to know whether the concentration of a compound in a
sample accurately represents the concentration at the time
of death.

In 2011, Moffat et al., had already listed 10 factors to
consider for the interpretation of postmortem toxicological
data: the inherent pharmacological activity and toxicity of a
substance; source and administration route; postmortem
changes; exposure time; drug interactions; single or multiple
doses; age and natural disease; injuries; pharmacogenomics,
and tolerance. Among them, postmortem changes have been
the most important challenge for the forensic toxicologist.’

It is therefore prudent to assume that any postmortem
concentration in the blood sample should be carefully
considered, particularly if the concentration is of any
importance in the case, as it is unlikely to reflect the
perimortem concentration. Given the variability that has
been observed in virtually all publications, it is not possible
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to calculate a probable perimortem concentration, as this
will depend on a variety of factors operating in a particular
case (Fig. 2).

Ideally, if the suspicious concentration could be signifi-
cant in some way, i.e., to possibly contributing to the cause
of the death, then other information will be required to
inform any subsequent ruling. This may also include analysis
of other samples in addition to the blood sample, such as
stomach contents or a section of liver."

If in all matters of forensic toxicology, the importance of
the stability of the compounds in the interpretation of the
results must be considered, in postmortem cases, it is a
relevant factor, since they generally suffer long delays in the
processing and analysis of the samples. The data collected in
the recent review by Nosbest et al. suggest that quantitative
results related to long-term stored samples should be
interpreted with caution and that no single temperature,
pH, container, or preservative recommendation can be
made that is ideal for all drug classes. When long delays in
analysis are anticipated, laboratories should consider mov-
ing samples to frozen conditions and should take extreme
caution with new compounds.®®

A key issue in the interpretation of postmortem results is
finding reliable data to compare the postmortem concen-
trations found. Determining whether the concentration
found constitutes a lethal concentration is extremely
difficult for some compounds due to the overlap between
non-toxic, therapeutic, and lethal concentrations. Added to
this is both the possible habituation to the effects of a drug,
such as the case of some amphetamines and opiates, where
high levels may be tolerated, and the fact that they may
have ingested a series of medications/drugs/alcohol that
may have synergistic effects.®”

Obtaining reliable reference data constitutes one of the
most important challenges in the interpretation of postmor-
tem cases, since comparing concentrations found in post-
mortem blood with therapeutic concentrations in serum or
plasma from the clinical environment is inappropriate and
will lead to incorrect results.With this idea clear and in order
to improve diagnostic accuracy in cases of suspected death
due to poisoning, different compilations of postmortem
reference concentrations of drugs are often used, although
they should be used with caution taking into account
postmortem circumstances and factors.”®

Although at present there are no reference values for all
compounds in all biological samples, the published data have
evolved from simple data tables to the current ones, which
include details of the pharmacokinetics, physicochemical
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Factors to consider in the interpretation of postmortem results.

properties and stability of the compounds,®® origin of the
sample, and single or multiple drug consumption. 00101

However, the interpretation of the results for compounds
affected by postmortem redistribution is unresolved. Some
reference data collections have been performed on com-
pound concentrations in femoral blood obtained from
autopsies where the cause of death was not poisoning and
where the subject was not incapacitated. These data do not
reflect any “therapeutic” concentrations, but represent
concentrations that could be considered as normally found
and not associated with fatal outcome. With the use of these
tables, errors can be reduced and the problem associated
with postmortem redistribution minimised.'%?

A promising methodology for obtaining reliable postmor-
tem redistribution data and concentration databases from
multiple samples is the procedure established by Kraemer
and Steuer et al. through Virtobot technology, taking small
guided biopsies of different organs and biological fluids
combined with computed tomography and/or magnetic
resonance imaging. This technique provides a systematic,
time-dependent investigation of postmortem distribution,
requiring only minimal amounts of sample and causing
minimal damage to the body. Use of this methodology in
more cases and in multiple regions could provide improved
database sets to significantly assist in the interpretation of
postmortem toxicology.>>

Given the frequency of multiple drug consumption, the
interpretation of postmortem results must take into
account interactions between medication and drugs. Inter-
pretations entail knowledge of pharmacokinetics and
pharmacodynamics, since interactions can occur at meta-
bolic steps, sometimes affecting the activity of enzyme
system, in transport or in receptors. Interaction databases
have been published'®® and currently there are databases
with information on CYP450 inhibitors and inducers and
software for pharmacogenetic interpretation. In other
databases, genetic differences; the impact on enzymes;
side effects of compounds, and changes in lifestyle are
considered.

Another scarcely appreciated way to approach the
interpretation of postmortem results is by applying what is
called the toxicological significance score. This model was
initially developed to propose a more systematic, reproduc-
ible, and transparent approach to evaluate the toxicological
importance of new psychoactive drugs in deaths occurring in
serious adverse situations, for the purposes of risk assess-
ment. "% For this evaluation, the factors represented in Fig.
3 are considered.
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With this approach, where robust data sets are available,
an LR (likelihood ratio) approach could be used to evaluate
the evidentiary strength of observations. The LR avoids the
definition of a “lethal concentration” and provides an
alternative means of deciding on the potential involvement
of a compound in the cause of death.'%

Inter-individual variations

Inter-individual variations also affect postmortem concen-
trations of compounds and must be taken into account for
interpretation. Noteworthy among them are the enzymatic
polymorphisms that intervene in the metabolism of the
compounds and the genetic variations between individuals.

Recent advances in genetics and metabolomics offer
broader knowledge that is already being used to interpret
the toxicological significance of a variety of compounds at a
more “personalised” level.>®

Factors for the assessment of toxicological significance (TSS).

Pharmacogenomics

Inter-individual variability, adverse reactions to drugs, and
tolerance phenomena are closely linked to genetic differences
that affect the metabolism of enzymes, transporters, and
receptors.' In forensic toxicology, it is essential to under-
stand the fundamental role of pharmacogenetics since phar-
macokinetics, especially the bioavailability of a compound,
and pharmacodynamics are conditioned by a genetic substrate.
The possible influence of pharmacogenetics on drug metabo-
lism must be considered when interpreting the postmortem
concentration of a substance in body fluids or organs. '’

Some gene variants may determine a higher risk of toxic
effects, including death, in some individuals who are more
sensitive to the substance. Although there are at least 50
P450 genes, the most studied in postmortem toxicology are
CYP1A2, CYP2A6, CYP2B6, CYP2C19, CYP2D6 (Fig. 4),
CYP2E1, and CYP3A4.

s N
CYP2D6
(Cytochrome P450 Family 2 Subfamily D Member 6)
. J
4 CYPIDS N N )
CYP2D6
CYP2D6
It acts in phase I of the metabolism of debrisoquine/sparteine .
almost 25% of drugs, converting hydrolase CYP2D6 genotyping can
them from pro-drugs to active facilitate postmortem
metabolites (codeine and morphine), interpretation by investigating
active ‘émgs to da"“"e metﬁb"htes The differences it causes in the the frequency of the four
a(cot)i(\?,g(()irsg: tznin;);}i]\rzonr&tgggl)i?ers metabolism of medications/drugs CYP2D6 phenotypes, slow
(nortriptyline and amitriptyline a its can cause severe toxicity or metaboliser, intermediate
metabolites (Z)-10- therapeutic failures due to metaboliser, rapid metaboliser,
hydroxylated).108:10° alteration of the relationship and ultra rapid metaboliser, and
Involved in the metabolism of some between the dose and t.he enables S‘?qy‘“.g Whether
drugs, such as morphine and its pharmacologically active CYP2D6 activity is associated
derivatives (codeine, tramadol, concentration of the with a given cause of death,
dihydrocodeine, oxycodone) and medication/drug.!% concentration, or metabolic
some CYPDD6 polymorphisms can ratio.!0
k reduce methadone clearance.> / \ j \ /

Fig. 4
results.
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Influence of the CYP2D6'%%%° (Cytochrome P450 Family 2 Subfamily D Member 6) gene on the interpretation of postmortem
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CYP3A4 is involved in the metabolism of benzodiazepines
and buprenorphine. Therefore, determining the presence of
cytochrome-inducing or suppressing mutations can provide
answers in cases of death related to a suspected drug
overdose.>>

Geneticists of the stature of Budowle or Sajantila indicate
that genetic analysis and its effects on metabolism should be
applied in sudden deaths, unexplained suicides, or deaths
associated with therapies.

In a recent review, they show that pharmacogenetics,
through the study of gene polymorphisms, is a very useful
tool in toxicology. Genetic variants of enzymes that
metabolise or transport drugs change the bioavailability
and therapeutic/toxic concentration of the compounds. In
these cases, the chronic intake of medications/drugs should
also be considered, since there is always an impact due to
acquired tolerance. Otherwise, death may occur unexpect-
edly with very low concentrations compared to other cases
in which tolerance has developed.''°

The potential of pharmacogenomics promotes the trend
towards a “personalised” justice—a general term used to
describe each and every application in ante-, peri-, and
postmortem investigations. This represents a major chal-
lenge in forensic toxicology in which future studies will
determine if this tool serves as a complement to determine
the cause and manner of death.>> "

Metabolomics

Metabolite research reflects one of the most important
fields of postmortem forensic toxicology. Death results in
changes in some metabolites in body tissues due to lack of
circulating oxygen, altered enzymatic reactions, cellular
degradation, and cessation of the anabolic production of
metabolites and macromolecules. The new generation of
biomarkers (metabolomics) that can provide information
about the pathophysiological processes in the deceased can
be found in various biological samples such as blood, serum,
urine, vitreous humour, or cerebrospinal fluid. The appro-
priate selection of samples or tissues for analysis can be vital
for obtaining the desired metabolite.

Metabolic changes can also provide chemical markers to
determine the time since death (postmortem interval),
which is difficult to establish with current observation-
based methodologies.''?~""* Generally, the techniques used
in these estimates require information about fluctuations in
temperature, rigour mortis, body mass, body coverings, and
other environmental conditions that make correct estima-
tion difficult. Today, metabolomics provides answers based
on biomarkers that are considered practical and objective
indicators.""> Amino acids such as tyrosine, threonine, and
lysine, whose ranges of changes among subjects of similar
ages and postmortem intervals, are similar and are sug-
gested as biomarker candidates. '

If we refer specifically to postmortem GHB analysis, the
interpretation of the analytical cut-off values is not simple,
due to the range of endogenous GHB concentrations and the
possibility of postmortem GHB formation, considered as
the sum of production since death to the sampling and to the
conservation period. The investigation of GHB metabolites in
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postmortem blood samples, such as 2,4-dihydroxybutyric
acid, 3,4-dihydroxybutyric acid, or glycolic acid, may be
biomarkers of GHB consumption, considering that concen-
trations in femoral blood >4 mg/l for 2,4-dihydroxybutyric
acid, >5 mg/l for 3,4-dihydroxybutyric acid, and >12 mg/l
for glycolic acid are indicators of lethal concentrations. The
values of these metabolites in the urine sample are not as
decisive as in the blood sample.>°

A recent study by Steuer et al. conducted an investigation
aimed at finding possible correlations between time-depen-
dent postmortem concentration changes of morphine and
methadone and endogenous molecules in a real case.
Statistically significant individual correlations were deter-
mined between morphine/methadone and endogenous com-
pounds/characteristics such as creatinine; glutaric acid;
hypoxanthine; fructose; pentadecanoic acid; palmitoleic
acid; alanine, and linoleic acid, along with other unidenti-
fied characteristics. Due to the limited number of cases, the
reproducibility and robustness of the correlation was not
assessed.'"”

Considerations

In recent years, analytical and technological advances, along
with the implementation of quality systems in forensic
toxicology laboratories, have enabled the detection of low
concentrations of compounds in traditional, alternative, and
new matrices to be ensured, using automated workflows and
validated methods within the framework of quality
assurance.'"®

When such results are presented as testimony regarding
the potential effect of a substance on the death, illness,
mental, or physical impairment of a person, or in family
custody matters, the evidentiary impact is significant.
Accurate compilation and meticulous, objective interpreta-
tion of investigation results are therefore critical to any
responsible forensic toxicological assessment.

In this article, cases of complex toxicological interpreta-
tion have been presented for which toxicokinetic and
toxicodynamic knowledge is required. These cases involve
a number of factors, and in some cases numerous factors,
that impact interpretations and establish associated limita-
tions. Communication of these limitations to the judicial
authority is essential to help determine the meaning of the
results in the context of the litigation.

Some factors have been carefully studied and their
influence clarified. In other cases, challenges that have
opened doors to other scientific fields such as genetics or
metabolomics remain unresolved. Compared to other
experimental methods, metabolomics is presented in
forensic toxicology as a tool that will impact the develop-
ment and growth of data provision to optimise result
interpretation.

Although further research is necessary to determine the
appropriate biomarkers, there is marked interest by the
scientific community to conduct studies that promote and
progress in knowledge on limitations, enabling a deeper
understanding of what really happened in the facts investi-
gated. It is vitally important that these limitations be
properly recognised in any expert statement or testimony
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when determining the contribution of results obtained in
court cases.

Funding

None.

Declaration of competing interest

There were no conflicts of interests in the publication of this
article.

References

10.

11.

12.

13.

. Chung H, Choe S. Overview of forensic toxicology, yesterday,

today and in the future. Curr Pharm Des. 2017;23:5429-36.

. Adatsi FK. Forensic toxicology. En. In: Wexler P, editor.

Encyclopedia of Toxicology; 2005. p. 369-75.

. Wagner JR. Introduction to forensic toxicology . En. In: Pope

Carey N, Liu Jing, editors. An Introduction to Interdisciplinary
Toxicology, 32. ; 2020. p. 445-59.

. Guia de buenas practicas para la actuacion forense ante la

victima de un delito facilitado por sustancias psicoactivas:
intervencion ante la sospecha de sumision quimica. Madrid:
Ministerio de Justicia, Secretaria General Técnica; 2022
[consultado 18 Jul 2023], Disponible en: https://www.
mjusticia.gob.es/es/areas-actuacion/
documentacionpublicaciones/publicacionesConsultado%20el%
2018-07-2023.

. Instrucciones de actuacion en casos de agresion sexual con

sospecha de intoxicacion. Ministerio de Justicia; 2012
[consultado 5 May 2022], Disponible en: https://www.
abogacia.es/wp-content/uploads/2012/07/Instrucciones-
sumision-quimica-definitiva.pdf.

. United Nations Office on Drug and Crime. Guidelines for the

forensic analysis of drug facilitating sexual assault and other
criminal acts.Viena: United Nations; 2011 [consultado 29 Jun
2022]: https://www.unodc.org.

. European monitoring centre for drugs and drug addiction.

sexual assaults facilitated by drugs or alcohol.Lisboa: EMCDDA;
2008 [consultado 7 Mayo 2022]: https://www.emcdda.europa.
eu.

. Isorna Folgar M, Souto Taboada C, Rial Boubeta A, Alias A,

McCartan K. Drug-facilitated sexual assault and chemical
submission. Psychol Soc Educ. 2017;9(2):263-82.

. Busardo MP, Vari MR, di Trana A, Malaca S, Carlier J, di Luca

NM. Drug-facilitated sexual assaults (DFSA): a serious
underestimated issue. Eur Rev Med Pharmacol Sci. 2019;23:
10577-87.

Panyella-Carbé MN, Agustina JR, Martin-Fumadé C. Sumision
quimica versus vulnerabilidad quimica: analisis criminolégico
de los delitos sexuales facilitados mediante el uso de
sustancias psicoactivas a partir de una muestra de sentencias.
2019. Rev Esp Invest Criminol. 2019;5(17):1-23.

Favretto D, Cooper G, Andraus M, Sporkert F, Agius R,
Appenzeller B, et al. The Society of Hair Testing consensus
on general recommendations for hair testing and drugs of
abuse testing in hair. Drug Test Anal. 2023;15(9):1-5.

Skoop G. Postmortem toxicology. Forensic Sci Med Pathol.
2010;6:314-25.

European Monitoring Centre for Drugs and Drug Addiction. An
analysis of post-mortem toxicology practices in drug-related
death cases in Europe.Technical Report. Luxembourg: Publi-
cations Office of the European Union; 2019. [consultado 27 Jun
2022], Disponible en: https://www.emcdda.europa.eu.

72

14

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Chan W, Wong GF, Hung C, Wong Y, Fung K, Lee W. A review on
toxicology: 2016-2019. Forensic Sci Int Synergy. 2020;2(36).
https://doi.org/10.1016/j.fsisyn.2020.01.018.

Drummer OH, Gerostamoulos D. Post-mortem redistribution of
drugs and other factors affecting interpretation: a review.
WIREs Forensic Sci. 2023;5:1480.

Steuer AE, Raeber J, Simbuerger F, et al. Towards extending
the detection window of gamma-hydroxybutyric acid—an
untargeted metabolomics study in serum and urine following
controlled administration in healthy men. Metabolites.
2021;11(3):166. https://doi.org/10.3390/metabo11030166.
Bitzer S, Miranda MD, Bucht RE. Forensic advisor: the missing
link. Wires Forensic Sci. https://doi.org/10.1002/wsf2.1444
UNE-EN ISO/IEC 17025. Requisitos generales para la
competencia de los laboratorios de ensayo y calibracion.
2017 [consultado 27 Jun 2022], Disponible en: https://www.
une.org.

Roux C, Bucht R, Crispino F, De Forest P, Lennard C, Margot P.
The Sydney declaration — Revisiting the essence of forensic
science through its fundamental principles. Forensic Sci Int.
2022;332, 111182.

Hammett HJ, Jack RE. The use of contextual information in
forensic toxicology: an international survey of toxicologists'
experiences. Sci Justice. 2019;59(4):380-9.

Hammett HJ, Dror IE. The effect of contextual information on
decision-making in forensic toxicology. Forensic Sci Int.
2020;2:339-48.

Garcia Caballero C, Quintela Jorge O, Cruz Landeira A. Alleged
drug-facilitated sexual assault in a Spanish population sample.
Forensic Chem. 2017;4:61-6.

Garcia-Repetto R, Soria ML. Consideraciones toxicologicas
sobre supuestos casos de sumision quimica en delitos de indole
sexual en el sur de Espana entre los afos 2010-2012. Rev Esp
Med Legal. 2014;40(1):4-10.

Becerra Garcia JA. Epidemiologia de la sumision quimica con
fines sexuales. Med Clin (Barc). 2015;144(9):401-2.

Busardo FP, Vari MR, di Trana A, Malaca S, Carlier J, di Luca
NM. Drug-facilitated sexual assaults (DFSA): a serious
underestimated issue. Eur Rev Med Pharmacol Sci. 2019;23
(24):10577-87.

Souza Costa YR, Lavorato SN, Carvalho Moraes JJ. Violence
against women and drug-facilitated sexual assault (DFSA): a
review of the main drugs. J Forensic Leg Med. 2020;74, 102020.
LeBeau M, Andollo W, Hearn WL, Baselt R, Cone E, Finkle B,
et al. Recommendations for toxicological investigations of
drug-facilitated sexual assaults. J Forensic Sci. 1999;44(1):
227-30.

Protocolo de actuacion médico-forense ante la violencia
sexual en los Institutos de Medicina Legal y Ciencias Forenses.
Consejo Médico Forense. Ministerio de Justicia. Catalogo de
publicaciones de la Administracion General del Estado
Disponible en: http://cpage.mpr.gob.es2021.

Xifré A, Barberia E, Pujol A, Arroyo A, Bertomeu A, Montero A.
Grupo de Investigacion en Sumision Quimica del Instituto de
Medicina Legal de Cataluna, Sumisiéon Quimica: Guia de
Actuacion Médico-Forense Medicina Forense. Rev Esp Med
Legal. 2013;39(1):32-6.

UNODC. Guidelines for the Forensic analysis of drugs facilitat-
ing sexual assault and other criminal acts. 2011. Disponible en:
https://www.unodc.org/documents/scientific/forensic_
analys_ofdrugs facilitating_ sexual_assault_and_other_
criminal_acts.pdf.

OSAC Standard for the analytical scope and sensitivity of
forensic toxicology urine testing in drug-facilitated crime
investigations (draft). Disponible en: https://www.nist.gov/
document/osac-research-needs-toxemerging-drugspdf.
Parliamentary Assembly, Council of Europe. Recommendation
1777. Sexual assaults linked to «date-rape drugs”. Texto


http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0005
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0005
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0010
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0010
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0015
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0015
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0015
https://www.mjusticia.gob.es/es/areas-actuacion/documentacionpublicaciones/publicacionesConsultado%20el%2018-07-2023
https://www.mjusticia.gob.es/es/areas-actuacion/documentacionpublicaciones/publicacionesConsultado%20el%2018-07-2023
https://www.mjusticia.gob.es/es/areas-actuacion/documentacionpublicaciones/publicacionesConsultado%20el%2018-07-2023
https://www.mjusticia.gob.es/es/areas-actuacion/documentacionpublicaciones/publicacionesConsultado%20el%2018-07-2023
https://www.abogacia.es/wp-content/uploads/2012/07/Instrucciones-sumision-quimica-definitiva.pdf
https://www.abogacia.es/wp-content/uploads/2012/07/Instrucciones-sumision-quimica-definitiva.pdf
https://www.abogacia.es/wp-content/uploads/2012/07/Instrucciones-sumision-quimica-definitiva.pdf
https://www.unodc.org
https://www.emcdda.europa.eu
https://www.emcdda.europa.eu
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0040
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0040
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0040
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0045
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0045
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0045
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0045
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0050
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0050
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0050
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0050
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0050
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0055
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0055
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0055
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0055
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0060
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0060
https://www.emcdda.europa.eu
https://doi.org/10.1016/j.fsisyn.2020.01.018
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0070
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0070
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0070
https://doi.org/10.3390/metabo11030166
https://doi.org/10.1002/wsf2.1444
https://www.une.org
https://www.une.org
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0085
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0085
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0085
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0085
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0090
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0090
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0090
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0095
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0095
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0095
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0100
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0100
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0100
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0105
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0105
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0105
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0105
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0110
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0110
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0115
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0115
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0115
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0115
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0120
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0120
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0120
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0125
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0125
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0125
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0125
http://cpage.mpr.gob.es
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0135
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0135
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0135
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0135
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0135
https://www.unodc.org/documents/scientific/forensic_analys_ofdrugs%20facilitating_%20sexual_assault_and_other_criminal_acts.pdf
https://www.unodc.org/documents/scientific/forensic_analys_ofdrugs%20facilitating_%20sexual_assault_and_other_criminal_acts.pdf
https://www.unodc.org/documents/scientific/forensic_analys_ofdrugs%20facilitating_%20sexual_assault_and_other_criminal_acts.pdf
https://www.nist.gov/document/osac-research-needs-toxemerging-drugspdf
https://www.nist.gov/document/osac-research-needs-toxemerging-drugspdf

Revista Espanola de Medicina Legal 50 (2024) 62-75

33.

34.

35.

36.

37.

38.

39.

40.

1.

42.

43.

44,

45.

46.

47.

48.

49.

50.

adoptado el 22 de enero de 2007. 2007 [consultado 30 Ene
2022], Disponible en: https://www.assembly.coe.int.

Wille SMR, Van Dijck K, Van Assche A, Di Fazio V, Ramirez MDM,
Vanvooren V, et al. The interest of a systematic toxicological
analysis combined with forensic advice to improve the judicial
investigation and final judgment in drug facilitated sexual
assault cases. Pharmaceuticals (Basel). 2021;14(5):432.

Skov K, Johansen SS, Linnet K, Nielsen MKK. A review on the
forensic toxicology of global drug-facilitated sexual assaults.
Eur Rev Med Pharmacol Sci. 2022;26:183-97.

Berretta P, Vari MR. The overwhelming issue of drug facilitated
sexual assaults (DFSA): the case of GHB. Clin Ter. 2020;171(1):
44-5.

Tay E, Winky WK, Murnion B. Current insights on the impact of
gamma-hydroxybutyrate (GHB) abuse. Subst Abuse Rehabil.
2022;2022:13-23. https://doi.org/10.2147/SAR.5315720.
Busardd FP, Jones AW. Interpreting v-hydroxybutyrate con-
centrations for clinical and forensic purposes. Clin Toxicol.
2019;57(3):149-63. https://doi.org/10.1080/15563650.2018.
1519194.

Jones AW, Holmgren A, Kugelberg FC, Busardo FP. Relationship
between postmortem urine and blood concentrations of GHB
furnishes useful information to help interpret drug intoxication
deaths. J Anal Toxicol. 2018;42(9):587-91.

Loos NHC, van den Hondel KE, Reijnders UJL, Franssen EJF.
Complications in post-mortem GHB cut-off values in urine
samples: a case report. Toxicol Rep. 2023;10:600-3.

Jurado C. Forensic Applications of hair analysis. Chapter 9. En.
In: Kintz P, Salomone A, Vincenti M, editors. Hair Analysis in
Clinical and Forensic Toxicology; 2015. p. 241-73.

Kintz P, Cirimele V, Jamey C, Ludes B. Testing for GHB in hair
by GC/MS/MS after a single exposure. Application to document
sexual assault. J Forensic Sci. 2003;48:1-6.

Maestria S, Odoardi S, biosa G, Strano Rossi S. Pitfalls in
assessing the exogenous origin of GHB in hair. Drug Test Anal.
2023;15:1-5.

Kintz P. A novel approach to document single exposure to GHB:
hair analysis after sweat contamination. J Anal Toxicol.
2016;40:563—4.

Busardo FP, Pichini S, Zaami S, Pacifici R, Kintz P. Hair testing
of GHB: an everlasting issue in forensic toxicology. Clin Chem
Lab Med. 2018;56(2):198-208.

Busardo FP, Pichini S, Kintz P. GHB-facilitated sexual assaults:
how to proper assess a single GHB exposure in hair. Drug Test
Anal. 2023;15:796-7. https://doi.org/10.1002/dta.3475.
Palomino-Schatzlein M, Wang Y, Parella T, Brailsford AD,
Cowan DA, Legido-Quigley C, Pérez-Trujillo M. Direct moni-
toring of exogenous -hydroxybutyric acid in body fluids by NMR
spectroscopy. Anal Chem. 2017;89(16):8343-50. https://doi.
org/10.1021/acs.analchem.7b01567.

Piper T, Mehling LM, Spottke A, Heidbrederd A, Young P,
Madea B, et al. Potential of GHB phase-ll-metabolites to
complement current approaches in GHB post administration
detection. Forensic Sci Int. 2017;279:157-64.

Steuer AE, Raeber J, Simbuerger F, Dornbierer DA, Bosch OG.
Quednow BB et al. Towards extending the detection window of
gamma-hydroxybutyric acid-an untargeted metabolomics
study in serum and urine following controlled administration
in healthy men. Metabolites. 2021;11(3):166. https://doi.org/
10.3390/metabo11030166.

Jarsiah P, Roehrich J, Kueting T, Martz W, Hess C. GHB related
acids are useful in routine casework of suspected GHB
intoxication cases. Forensic Sci Int. 2021;324, 110833.
https://doi.org/10.1016/j.forsciint.

Jung S, Kim S, Seo Y, Lee S. Metabolic alterations associated
with y-hydroxybutyric acid and the potential of metabolites as
biomarkers of its exposure. Metabolites. 2021;11:101. https://
doi.org/10.3390/metabo11020101.

73

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Wang T, Nielsen KL, Frisch K, Lassen JK, Nielsen CB, Andersen
CU, et al. A retrospective metabolomics analysis of gamma-
hydroxybutyrate in humans: new potential markers and
changes in metabolism related to GHB consumption. Front
Pharmacol. 2022;13, 816376. https://doi.org/10.3389/fphar.
2022.816376.

Steuer AE, Raeber J, Steuer C, Boxler M, Dornbierer D, Bosch OG,
et al. Identification of new urinary gamma-hydroxybutyric acid
markers applying untargeted metabolomics analysis following
placebo-controlled administration to humans. Drug Test Anal.
2019;11(6):813-23. https://doi.org/10.1002/dta.2558.

Steuer AE, Brockbals L, Kraemer T. Untargeted metabolomics
approaches to improve casework in clinical and forensic
toxicology—"Where are we standing and where are we
heading?”. WIREs Forensic Sci. 2022;4:1449. https://doi.org/
10.1002/wfs2.1449.

Steuer AE, Sutter L, Steuer C, Kraemer T. New gamma-
hydroxybutyric acid (GHB) biomarkers: development and
validation of a liquid chromatography— tandem mass spec-
trometry method for the determination of GHB amino acid,
carnitine, and fatty acid conjugates in urine. Drug Test Anal.
2023;15:426-43.

Wille SMR, Elliott S. The future of analytical and interpretative
toxicology: where are we going and how do we get there? J
Anal Toxicol. 2021;45:619-32.

Thimm JS, Hofman V, Bartel M, Sundermann TR. Phospholipid
metabolites of GHB as potential biomarkers inwhole blood:
synthesis, analytics, andin vitroformation ofhomolog 16:0/18:
1. Drug Test Anal. 2023;15:192-203 Disponible en:
wileyonlinelibrary.com/journal/dta.

Xifrd A, Barberia E, Pujol A. Sumision quimica con finalidad
sexual en el laboratorio forense: datos de Espana. Rev Esp Med
Legal. 2014;40(1):1-3.

Prego P, Montalvoa G, Quintela O, Garcia C. Increasing
awareness of the severity of female victimization by opportu-
nistic drug-facilitated sexual assault: a new viewpoint.
Forensic Sci Int. 2020;315, 110460.

Gomila Muniz I, et al. Primera confirmacion en Espaia del uso
de la burundanga en una sumisién quimica atendida en
urgencias. Med Clin (Barc). 2016 https://doi.org/10.1016/j.
medcli.2016.06.025.

Fernandez L, Falcon M, Prieto-Bonete G, Perez-Martinez C,
Navarro-Zaragoza J, Suarez D, et al. Improving detection
window of scopolamine. Forensic Sci Int. 2018;10.

Fernandez Alonso C, Descalzo Casado E, Quintela Jorge O,
Megia Morales C, Bravo Serrano B, Santiago-Saez A. Sumision
quimica por «burundanga» o escopolamina. Rev Esp Med Legal.
2022;48:74-7.

Castro A, Lendoiro E, Quintela O, Concheiro M, Lépez-
Rivadulla M, Cruz A. Hair analysis interpretation of an unusual
case of alleged scopolamine-facilitated sexual assault. Foren-
sic Toxicol. https://doi.org/10.1007/s11419-012-0141-x.
Melchior SE, Klose Nielsen MKK, Ruiz Oropeza A. Detection of
scopolamine in urine and hair in a drug-facilitated sexual
assault. Forensic Sci Int. 2023;347, 111678.

Quintela O. Sumision quimica: situacion actual. Rev Esp Med
Legal. 2023;49:1-2.

United Nations Office on Drug and Crime. Guidelines for
testing drugs under international control in hair, sweat and
oral fluid.Viena: United Nations; 2014 [consultado 04 Feb
2022], Disponible en: https://www.unodc.org.

Drummer OH, Gerostamoulos D, LeBeau MA, Pragst F. Concerns
on the misinterpretation of very low drug concentrations in
hair. J Anal Toxicol. 2020;44:6-8.

Barroso M, Gallardo E. Hair analysis for forensic applications: is
the future bright? Bioanalysis. 2014;6(1):1-3.

Paul R. Alcohol markers in hair: an issue of interpretation.
Forensic Sci Med Pathol. 2019;15:281-3.


https://www.assembly.coe.int
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0150
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0150
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0150
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0150
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0150
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0155
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0155
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0155
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0160
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0160
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0160
https://doi.org/10.2147/SAR.S315720
https://doi.org/10.1080/15563650.2018.1519194
https://doi.org/10.1080/15563650.2018.1519194
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0175
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0175
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0175
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0175
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0180
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0180
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0180
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0185
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0185
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0185
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0190
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0190
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0190
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0195
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0195
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0195
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0200
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0200
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0200
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0205
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0205
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0205
https://doi.org/10.1002/dta.3475
https://doi.org/10.1021/acs.analchem.7b01567
https://doi.org/10.1021/acs.analchem.7b01567
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0220
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0220
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0220
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0220
https://doi.org/10.3390/metabo11030166
https://doi.org/10.3390/metabo11030166
https://doi.org/10.1016/j.forsciint
https://doi.org/10.3390/metabo11020101
https://doi.org/10.3390/metabo11020101
https://doi.org/10.3389/fphar.2022.816376
https://doi.org/10.3389/fphar.2022.816376
https://doi.org/10.1002/dta.2558
https://doi.org/10.1002/wfs2.1449
https://doi.org/10.1002/wfs2.1449
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0255
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0255
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0255
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0255
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0255
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0255
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0260
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0260
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0260
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0265
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0265
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0265
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0265
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0265
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0270
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0270
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0270
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0275
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0275
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0275
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0275
https://doi.org/10.1016/j.medcli.2016.06.025
https://doi.org/10.1016/j.medcli.2016.06.025
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0285
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0285
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0285
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0290
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0290
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0290
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0290
https://doi.org/10.1007/s11419-012-0141-x
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0295
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0295
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0295
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0300
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0300
https://www.unodc.org
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0310
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0310
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0310
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0315
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0315
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0320
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0320

M.L. Soria

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Kuwayama K, Miyaguchi H, Kanamori T, Tsujikawa K,
Yamamuro T, Segawa H, et al. Micro-segmental hair analysis:
detailed procedures and applications in forensic toxicology.
Forensic Toxicol. 2022;40:215-33.

The Society of Hair Testing consensus on general recommen-
dations for hair testing and drugs of abuse testing in hair. Drug
Test Anal. 2023:1-5.

The Society of Hair Testing. Consensus on general recommen-
dations for hair testing. Consensus revision — presented in
Verona June 10th, 2022, following the expert meeting in
Malaga. March 4-5. 2022 [consultado 28 Nov 2022], Disponible
en: https://www.ncbi.nlm.nih.gov.

Yua H, Janga W, Jangb JH, Parka B, Seo YH, Jeong CH, et al.
Role of hair pigmentation in drug incorporation into hair.
Forensic Sci Int. 2017;281:171-5.

The society of Hair Testing. Consensus for the use of alcohol
markers in hair for supporting the assessment of abstinence
and chronic alcohol consumption. 2019 [consultado 20 Ago
2020], Disponible en: https://www.soht.org.

Gerace E, Veronesi A, Martra G, Salomone A, Vincenti M. Study
of cocaine incorporation in hair damaged by cosmetic
treatments. Forensic Chem. 2017;3:69-73.

Skopp G, Potsch L, Moeller MR. On cosmetically treated hair -
aspects and pitfalls of interpretation. Forensic Sci Int.
1997;84:43-52.

Burgueiio MJ, Alonso A, Sanchez S. Amphetamines, and
cannabinoids testing in hair: evaluation of results from a two-
year period. Forensic Sci Int. 2016;265:47-53.

Petzel-Witt S, Pogoda W, Wunder C, Paulke A, Schubert-
Zsilavecz M, Toennes SW. Influence of bleaching and coloring
on ethyl glucuronide content in human hair. Drug Test Anal.
2018;10:177-83.

Eisenbeiss L, Binz TM, Baumgartner MR, Kraemer T, Steuer A.
Cheating on forensic hair testing? Detection of potential
biomarkers for cosmetically altered hair samples using untar-
geted hair metabolomics. Analyst. 2020;145(20). https://doi.
org/10.1039/d0an01265c.

Gail A, Cooper A. Hair testing is taking root. Ann Clin Biochem.
2011;48:516-30.

Pragst F, Balikova MA. State of the art in hair analysis for
detection of drug and alcohol abuse. Clin Chim Acta. 2006;370:
17-49.

LeBeau MA, Montgomery MA, Brewer JA. The role of variations
in growth rate and sample collection on interpreting results of
segmental analyses of hair. Forensic Sci Int. 2011;210:110-6.
Pichini S., Garcia-Algar O. and de la Torre R., Clinical
Applications of Hair Analysis. Chapter 9. En: Kintz P editor.
Analytical and Practical Aspects of Drug Testing in Hair,Boca
Raton 2007. [consultado 20 Ene 2022], Disponible en: https://
www.taylorfrancis.com

Suesse S, Bluemi M, Pragst F. Effect of the analyzed hair length
on fatty acid ethyl ester (FAEE) concentrations in hair — Is
there congruence of cut-offs for 0-3 and 0-6 cm hair
segments? Forensic Sci Int. 2015;249:1-5.

Cooper GAA, Konstrand R, Kintz P. Society of Hair Testing
guidelines for drug testing in hair. Forensic Sci Int. 2012;218:
20-4.

Barroso M, Gallardo E. Sampling alternative specimens: Hair
and oral fluid. En. In: Stove C, editor. Chapeter 8. New
Sampling Strategies in Toxicology and Therapeutic Drug
Monitoring; 2015. [consultado 12 May 2021], Disponible en:
https://www.researchgate.net/publication/290428444.

Shen M, Xiang P, Sun Y, Shen B. Disappearance of 6-
acetylmorphine, morphine and codeine from human scalp
hair after discontinuation of opiate abuse. Forensic Sci Int.
2013;227:64-8.

Suwannachom N, Thananchai T, Junkuy A, O’Brien TE,
Sribanditmongkol P. Duration of  detection of

74

88

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

methamphetamine in hair after abstinence. Forensic Sci Int.
2015;254:80-5.

Garcia-Bournissen F, Moller M, Nesterenko M, Karaskov T,
Koren G. Pharmacokinetics of disappearance of cocaine from
hair after discontinuation of drug use. Forensic Sci Int.
2009;189:24-7.

Consensus for the use of alcohol markers in hair for assessment
of both abstinence and chronic excessive alcohol consumption.
SoHT. 2016.

Kintz P, Ameline A, Raul JS. The difficult interpretation of a
hair test result from a 32-month-old child: administration of
propranolol and quetiapine or contamination? J Anal Toxicol.
2020;44:747-51.

Montgomery M, LeBeau M, Morris-Kuloski C. New hair testing
conclusions. J Anal Toxicol. 2017;41:161-2.

Tsanaclis L, Andraus M, Wicks J. Hair analysis when external
contamination is in question: a review of practical approach
for the interpretation of results. Forensic Sci Int. 2018;285:
105-10.

Duvivier WF, Peeters RJP, van Beek TA, Nielen MWF. Evidence
based decontamination protocols for the removal of external
D9-tetrahydrocannabinol (THC) from contaminated hair. Fo-
rensic Sci Int. 2016;259:110-8.

Franz T, Scheufler F, Stein K, Uhl M, Dame T, Schwarz G, et al.
Determination of hydroxy metabolites of cocaine from hair
samples and comparison with street cocaine samples. Forensic
Sci Int. 2018;288:223-6.

Madry M, Poetzsch SN, Steuer AE, Kraemer T, Baumgartner MR.
Significance of metabolite ratios in the interpretation of
segmental hair testing results—differentiation of single from
chronic morphine use in a case series. Metabolites. 2021;11:
557.

Nisbet LA, DiEmma GE, Scott KS. Drug stability in forensic
toxicology. WIREs Forensic Sci. 2023;5, e1481. https://doi.
org/10.1002/wfs2.1481.

Byard RW, Butzbach DM. lIssues in the interpretation of
postmortem toxicology. Forensic Sci Med Pathol. 2012;8:205—
7.

Soderberg C, Tillmar A, Johansson A, Wernvik E, Jonsson AK,
Druid H. The importance of sample size with regard to the
robustness of postmortem reference values. Forensic Sci Int.
2020;311, 110292.

Kennedy M. Interpreting postmortem drug analysis and
redistribution in determining cause of death: a review. Pathol
Lab Med Int. 2015;7:55-62.

Launiainen T, Ojanpera I. Drug concentrations in post-mortem
femoral blood compared with therapeutic concentrations in
plasma. Drug Test Anal. 2014;6:308-16.

Schulz M, Schmoldt A, Andresen-Streichert H, Iwersen-
Bergmann S. Revisited: therapeutic and toxic blood concen-
trations of more than 1100 drugs and other xenobiotics. Crit
Care. 2020;24:195.

Holmgren P., Postmortem Toxicology: Aspects on Interpreta-
tion, 2004, Disponible en: https://liu.diva-portal.org/smash/
record. jsf?pid=diva2%3A244641&dswid=2685.

Launiainen T, Vuori E, Ojanpera |. Prevalence of adverse drug
combinations in a large post-mortem toxicology database. Int J
Leg Med. 2009;123:109-15.

Elliott S. Sedefov Ry Evans-Brown M Assessing the toxicological
significance of new psychoactive substances in fatalities. Drug
Test Anal. 2018;10:120-6.

Maskell PD, Elliott S, Desharnais B, Findell M, Jackson G. A
model of evaluative opinion to improve the objectivity and
transparency of interpretation in post-mortem forensic toxi-
cology. Preprint. 2024.

Buscemi L, Tagliabracci A. In book: Forensic Medicine - From
Old Problems to New Challenge.Pharmacogenetics Role in
Forensic Sciences; 2011. https://doi.org/10.5772/19465


http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0325
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0325
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0325
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0325
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0330
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0330
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0330
https://www.ncbi.nlm.nih.gov
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0340
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0340
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0340
https://www.soht.org
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0350
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0350
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0350
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0355
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0355
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0355
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0360
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0360
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0360
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0365
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0365
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0365
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0365
https://doi.org/10.1039/d0an01265c
https://doi.org/10.1039/d0an01265c
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0375
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0375
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0380
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0380
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0380
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0385
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0385
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0385
https://www.taylorfrancis.com
https://www.taylorfrancis.com
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0395
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0395
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0395
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0395
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0400
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0400
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0400
https://www.researchgate.net/publication/290428444
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0410
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0410
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0410
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0410
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0415
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0415
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0415
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0415
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0420
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0420
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0420
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0420
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0425
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0425
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0425
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0430
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0430
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0430
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0430
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0435
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0435
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0440
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0440
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0440
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0440
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0445
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0445
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0445
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0445
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0450
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0450
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0450
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0450
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0455
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0455
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0455
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0455
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0455
https://doi.org/10.1002/wfs2.1481
https://doi.org/10.1002/wfs2.1481
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0465
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0465
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0465
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0470
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0470
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0470
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0470
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0475
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0475
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0475
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0480
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0480
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0480
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0485
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0485
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0485
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0485
https://liu.diva-portal.org/smash/record.jsf?pid=diva2%3A244641&amp;dswid=2685
https://liu.diva-portal.org/smash/record.jsf?pid=diva2%3A244641&amp;dswid=2685
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0495
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0495
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0495
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0500
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0500
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0500
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0505
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0505
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0505
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0505
https://doi.org/10.5772/19465

Revista Espanola de Medicina Legal 50 (2024) 62-75

107.

108.

109.

110.

109.

112.

[consultado 05 Nov 2022],
reserarchgate.net.

Jannetto PJ, Wong S, Gock SB, Laleli-Sahinl E, Schur C, Jenlzen
JM. Pharmacogenomics as molecular autopsy for postmortem
forensic toxicology: genotyping cytochrome P450 2D6 for
oxycodone cases. J Anal Toxicol. 2002;26:438—46.
Scheiper-Welling S, Tabunscik M, Gross T, Jenewein T,
Beckmann BM, Niess C, et al. Variant interpretation in
molecular autopsy: a useful dilemma. Int J Leg Med.
2022;136:475-82.

Di Nunno N, Esposito M, Argo A, Salerno M, Sessa F.
Pharmacogenetics and forensic toxicology: a new step towards
a multidisciplinary approach. Toxics. 2021;9:292. https://doi.
org/10.3390/toxics9110292.

Elmsjo A, Soderberg C, Jakobsson G, Green H, Kronstrand R.
Postmortem metabolomics reveal acylcarnitines as potential
biomarkers for fatal oxycodone-related intoxication. Metabo-
lites. 2022;12:109. https://doi.org/10.3390/
metabo12020109.

Battal D, Yukseloglu EH, Alkas FB, First SS. Pharmacogenomics
perspective for forensic toxicology: A mini review. Med
Science.  2022;11(4):1738-44.  https://doi.org/10.5455/
medscience.2022.07.165.

Donaldson AE, Lamont IL. Metabolomics of post-mortem blood:
identifying potential markers of postmortem interval.

Disponible en: https://www.

75

113.

114,

115.

116.

117.

118.

Metabolomics. 2014;2014:11.
s11306-014-0691-5.

Dawidowska J, Krzyzanowska M, Markuszewski MJ, Kaliszan M.
The application of metabolomics in forensic science with focus
on forensic toxicology and time-of-death estimation. Metabo-
lites. 2021;11:801. https://doi.org/10.3390/
metabo11120801.

Locci E, Bazzano G, Chighine A, Locco F, Ferraro E, Demontis
R. Forensic NMR metabolomics: one more arrow in the quiver.
Metabolomics. 2020;16:118.

Szeremeta M, Pietrowska K, Niemcunowicz-Janica A,
Kretowski A, Ciborowski M. Applications of metabolomics in
forensic toxicology and forensic medicine. Int J Mol Sci.
2021;22:3010. https://doi.org/10.3390/ijms22063010.

Pesko BK, Weidt S, McLaughlin M, Wescott DJ, Torrance H,
Burgess K, et al. Postmortomics: the potential of untargeted
metabolomics to highlight markers for time since death. OMICS
A J Integr Biol. 2020;24(11):649-59.

Steuer AE, Brockbals L, Kraemer T. Untargeted metabolomics
approaches to improve casework in clinical and forensic
toxicology— “Where are we standing and where are we
heading?”. WIREs Forensic Sci. 2022;4:1449.

Soria M.L., Avances en toxicologia forense y su papel en el
proceso forense (1), 49 (3) Rev Esp Med Legal, 2023, 107-117.
https://doi.org/10.1016/j.reml.2022.03.004.2023.

https://doi.org/10.1007/


https://www.reserarchgate.net
https://www.reserarchgate.net
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0515
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0515
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0515
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0515
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0520
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0520
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0520
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0520
https://doi.org/10.3390/toxics9110292
https://doi.org/10.3390/toxics9110292
https://doi.org/10.3390/metabo12020109
https://doi.org/10.3390/metabo12020109
https://doi.org/10.5455/medscience.2022.07.165
https://doi.org/10.5455/medscience.2022.07.165
mailto:luisa.soria@justicia.es
mailto:luisa.soria@justicia.es
https://doi.org/10.3390/metabo11120801
https://doi.org/10.3390/metabo11120801
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0550
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0550
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0550
https://doi.org/10.3390/ijms22063010
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0560
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0560
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0560
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0560
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0565
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0565
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0565
http://refhub.elsevier.com/S2445-4249(24)00016-5/rf0565
https://doi.org/10.1016/j.reml.2022.03.004.2023

	The improvements in forensic toxicology and its role in the forensic process. The interpretation of results (II)
	Introduction
	Opinions and interpretations
	Interpretation of the results in drug-facilitated crimes
	Generalities
	Interpretation of gammahydroxybutyric acid results in drug-facilitated crimes

	Interpretation of scopolamine (burundanga) results in drug-facilitated crimes
	Interpretation of hair sample results
	The specific nature of the sample
	Colour and cosmetic treatments
	Hair growth
	External contamination


	Interpretation of postmortem results
	Inter-individual variations
	Pharmacogenomics
	Metabolomics

	Considerations
	Funding
	Declaration of competing interest
	References


