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Abstract

Over the past decades, the calls to improve the robustness of interpretation in
forensic science have increased in magnitude. Forensic toxicology has seen limited
progress in this regard. In this work, we propose a transparent interpretive pathway
for use in post-mortem forensic toxicology cases. This process allows the selection
of the interpretive methodology based on the amount of previous information that is
available for the substance(s) in question. One approach is an assessment of
various pharmacological and circumstantial considerations resulting in a toxicological
significance score (TSS), which is particularly useful in situations, where, limited
information about a substance is available. When there is a robust @mount of case
data available, then a probabilistic approach, through the evaluation of likelihood
ratios (LRs) by the toxicologist and of prior probabilities by thesfact-finder, is utilized.
This methodology provides a transparent means of making*ah interpretive decision
on the role of a drug in the cause of death. This, wills@llow the field of forensic
toxicology to take a step forward in using best practice in evaluative reporting, a tool

already used by many other forensic scienge disciplines.

Introduction

Scientists need to provide interpretive opinions that are as objective as possible,
transparent and based on sound scientific reasoning (1). This has been highlighted
as an area that is generally lacking in the field of forensic science (2—4). There have
thus been increasing loud calls to improve the “science” in forensic science. In the
field of forensiC toxieology, modern analytical techniques have enabled the
identificatiop’ Withna’very high degree of certainty, of the presence of a particular
drug ins=a “post-mortem sample. These techniques have also enabled the
determination, with a high degree of accuracy and precision, of the amount of drug

presentin that sample.

Based on these analytical results, there has been a natural and understandable
desire to define for each drug a lethal concentration (i.e., a concentration at which
the drug would cause death). This would clarify the probative value of the drug’'s
presence and concentration, i.e., its importance as a piece of evidence in
investigating the death as a whole. Defining a lethal concentration would imply that,

for every individual, there is a definitive concentration of drug that will have by itself
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caused, beyond doubt, the death of that individual. However, for logical,
physiological and medical reasons, defining such a concentration for an individual is
an unachievable aim (5). Controlled experiments, self-evidently, can never be
performed, so no data will be available from that potential source of information. An
alternative option, quoting general statistics derived from populations of past cases,

” “*

provides some information but is of limited value. Merely stating “therapeutic”, “sub-
therapeutic”, “toxic” and “fatal” concentrations observed in populations is of limited
help to the fact finder in any one individual case. Thus, even with moderprapalytical
techniques in post-mortem forensic toxicology, the issue of whetherstheddetected
drug (or substance) caused, or was a contributing factor in, ghe/ death of the

individual being investigated remains problematic.

The decision on the cause of death is ultimately made by therier of fact, also known
as the fact finder: commonly, a forensic pathologist, coroner, or forensic medical
examiner. This decision is based not only on the texieelogical findings but also on
the case history, scene investigation, gross and microscopic autopsy findings (6).
The fact finder’s role is to resolve the uncertainty about the cause of death and, in so
doing, they must consider the probative value of expert and non-expert evidence,
and their uncertainty. How the fact finder does that, in a cognitive sense, is very
personal but one would hope that fact finders are logical in their inferential process
and in their use of evidence. When it comes to the contribution of the forensic
toxicologist, it is vital that the interpretive process involved in forming an opinion on
the significance of the analytical findings is based on whatever relevant data there
may be and is as robust, transparent and as free from bias as possible, rather than
being based on professional experience alone (4, 7, 8). This can be particularly
difficult with the constant emergence of new psychoactive substances (NPS) for
which there may be very limited toxicological and pharmacological information about

the substance in question.

In this paper, we focus on just one part of the decision-making process in post-
mortem forensic toxicology, namely, the way in which opinions about the probative

force' of toxicological results may be formed logically and reliably. We will focus on

'Probative force is the power or tendency of evidence to prove or disprove a particular fact that is in
issue in a case. In other words, it is the ability of the evidence to make a fact more or less likely to be
true.
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how we can give interpretation both for well-known drugs, in which there is a clear
causative link to intoxication and death, and for the so-called new psychoactive
substances, of which there is little known. We start with the previously proposed
toxicological significance score, an interpretive model for qualitative evaluation of the
role of a substance in deaths (9). This interpretive model is then built upon to
achieve a more quantitative approach that, although having previously been
proposed, to date has not been fully explored (10). The models used here aredased
on the central tenet of toxicology that “the dose makes the poison”, or thatshe higher
the concentration of a substance in blood, the higher the probability of adverse
effects and death. The model also assumes that these are acute texicologieal events

(the adverse effects arise from exposure(s) to a substance in agshort period of time).

This paper is structured into 5 sections. The first section €xplains how the analytical
results can be assigned a Toxicological Significance Score te"give information about
the likely toxicological significance of the detected substance in the cause of death.
The second section explains how an approach based on conditional probabilities for
analytical results may be applied. It descfibesshow these may be incorporated into
the overall consideration of the primdry,isste of whether the detected substance
caused the death of the individualwJhe third section provides a note on strengths
and limitations of databases jn the assignment of probabilities. The fourth section
illustrates how one such databasey Toxicolist, may be used to inform the assignment
of probabilities for analytical results and gives an example case involving the drug

ethanol (alcohol). Canglusions are presented in the final section.
Section 1: The Toxicological Significance Score

The Toxieolegieal Significance Score was initially developed to enable a more
systematic, /reproducible, and transparent approach for assessing the toxicological
significafice of new psychoactive substances. While full details on the methodology
can be found in (9), a high level overview is presented in this section. This approach
is particularly important in cases where there is very limited information on the
detected substance either in the literature or from other sources such as in-house
databases. Whilst the intended application of the Toxicological Significance Score
was to assist in reviewing the potential role a new psychoactive substance might

have played in a death, the approach was based on concepts regularly used and
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encountered in toxicology (9). These include the circumstances of the case, the
nature of the specimen(s) analysed, the type of analysis performed, the availability
and applicability of known concentration ranges, an assessment of tolerance to the
substance, the impact of pharmacogenomics, the presence of other substances,
stability of the substance in biological material and the possible in vitro or in vivo
production of the substance (especially in post-mortem situations), in addition to
other potential influencing factors such as post-mortem redistribution. Othergdrugs
present that could also contribute to death to a lesser or higher degreg=than“the

specific drug being evaluated are also required to be investigated.

The process for assessing the toxicological significance of a specifie drtig#in fatalities

requires the following factors to be considered:

1. Presence, concentration, and pharmacological ¢natdre Jof the specific drug

under consideration in the analysed sample.

2. Presence, concentration, and pharmacolggical nature of any other drugs

present (including alcohol) in the analysed*sample.
3. Circumstances of death.

4. Potential cause of death,dncluding pathology findings (especially important if it
is an alternative causé€ tosintoxication, such as drowning or mechanical suicide

- e.g., hanging).

5. Depending_ on the number of cases, it may be possible to determine typical
concentratiofs in varying circumstances (e.g., direct cause of death, or

alternative/unrelated cause of death).
6. The deceased’s drug/prescription history.
7. The deceased’s age, sex, body mass index.
8. Any pre-existing medical conditions.

There are various inter-dependencies in the factors above, such that to assess
whether a drug concentration is relevant or not, it is necessary to have comparative
concentration datasets in varying circumstances. This includes post-mortem
concentrations in fatalities with an alternative cause of death (e.g., hanging, gunshot,

road traffic accident, trauma from a fall, etc.), post-mortem concentrations in drug-
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related fatalities involving the drug(s) under review and in ante-mortem
concentrations (e.g., non-fatal cases and suspected driving under the influence of
drugs). These data may be available through published case reports, series, or
compilations, but are arguably more appropriately obtained from in-house casework
concentrations and experience, as this can minimise any inter-laboratory
experimental differences. Aside from ensuring the absolute figure of the measured
concentration is not taken at face value (i.e. some drugs are inherently assaCiated
with higher concentrations than others due to the dose), this also gservesyto
incorporate the possibility of post-mortem redistribution and other changes’that can
occur after death which can result in artificially elevated drug concentrations
depending on the post-mortem interval, nature of the drug and anatomical site of
sampling (whereby blood obtained appropriately from gthe “femoral vein is the
preferred source as this is the post-mortem blood sampling/site that is the least
affected by post-mortem redistribution). If sueh™“\datasets are not available,
knowledge of the pharmacological nature of th€™drdg can assist in predicting the
possible actions and effects — as well "@aspany interactions with any other
pharmacodynamically similar drugs present. [ his enables an assessment even when

only limited information is available.

Subsequently, it is possible, based on'the considerations above, for an appropriately
qualified and experienceds»toxiCologist to assign a level of significance to the drug

according to the following Seores:
1 = Low - Drug unlikely to have contributed to death/alternative cause of death;

2 = Medium/- Drugynay have contributed to toxicity/death and/or other drugs present

may begmorestoxicologically significant;

3 =High="Drug likely to have contributed to death, even in the presence of other

drugs;
U = Unclassified —Insufficient data to allow assessment.

Although there may be some clear assignations during assessment, there will
equally be some situations where scoring may be unclear. Aside from potential drug-
drug interactions, much of this is due to the specific circumstances involved and

drug/prescription history whereby tolerance is an essential consideration. This is
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where a concentration for one individual would be “normal” and reflect therapeutic
use, whereas the same concentration could be “fatal” for an individual not prescribed
or used to the drug. Such instances result in significant overlap in concentrations in
different circumstances but assessments and opinion can still be made if sufficient

and supporting information is available.
Section 2: A conditional probability approach to interpretation
Assigning a likelihood ratio

A potential solution to the problem of providing transparent, useful opiniens is the
use of case-specific assignment of conditional probabilities for ¢he/analytical test
results, when sufficient, relevant and reliable data are available (14). Conditional
probabilities are used to evaluate a likelihood ratio (LR) — @ measure of the probative
force of the test results. As with the Toxicological Significance’Score, the LR would
be evaluated by an appropriately qualified and expefienced toxicologist. There are
numerous sources in the forensic science literature that explain the use of
conditional probabilities, likelihood ratios and theiruse within the paradigm known as
Bayes Theorem. We refer the reader te(12—47) for further information on this branch
of statistics. In short, Bayes Theorem (seg Fig. 1) shows how new evidence may be
used logically to update a view about the uncertainty of a fact in issue. It is important
to note that the approach wegsare ‘suggesting in this paper is only one of several
possible approaches when investigating issues that may be termed issues of
“causality”. This typ€ of issue seems to be particularly relevant in civil litigation (18,
19). It is worth gioting that a probabilistic, LR approach has already been suggested
for use in farensicypathology cases (20); the current paper extends that approach to

evaluative opinion in forensic toxicology and provides illustrative examples.
Thedlikelihood ratio may be defined broadly as:

The probability of obtaining the expert’s observation, given that a particular
proposition were true, divided by the probability of obtaining the expert’s

observation, given that a competing alternative proposition were true.

It is important to stress that the proposition pair should be defined by the fact in issue
in order for the LR to be directly relevant to that fact in issue. In cases of drug-
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associated death, the fact in issue would appear generally to be whether the

detected drug(s) caused the death. The LR would then be defined as:

The probability of observing the test result, given that the detected drug was
the cause of death, divided by the probability of the test result, given that the
detected drug was not the cause of death (death was through some other

cause).

In Bayesian terms, the LR is a measure of the amount by which a view on.the truth
of the proposition (that the drug caused the death) will be changed by, thesmew test
results. For example, an LR of 1 will not change the initial eStimation of the
proposition’s truth, whereas an LR of 100 would stronglysincrease the initial
estimation of the proposition’s truth and an LR of 0.01 would strongly decrease that

initial estimation.

Assigning a probability for the test result is not aywholly objective process — it is
necessarily a mental process and personal to the “assigner”. The assigner (in this
case, the forensic toxicologist) will use, their knowledge, experience and
understanding of the evidence type to,form“a‘view of the probability but, crucially,
they will draw upon whatever relevant, reliable data there may be. In our example
here, data from two relevantypopulations would help the toxicologist assign
probabilities for observing the test result given that the detected drug was or was not

the cause of death. TheSextwo populations would be:

1) A population gof\@deaths in which the drug was detected, quantified in the

deceaseds’ femaral bleod samples and to which death was attributed.

2) A population’ of deaths in which the drug was detected, quantified in the

deceaseds’ femoral blood samples, but in which death was not attributed to the drug.

Becalise the propositions are predicated on the cause of death, this information
should be known with certainty for all individuals in the dataset. Of course, knowing
with absolute certainty the cause of a death is an ideal that is largely unachievable.
The best we can hope for is an assessment of the cause of death which has been
achieved through a robust, logical evaluation of the evidence that avoids any circular
argumentation. From the datasets of drug concentrations within each of the two

populations, one can build a probability density function (PDF) for each group (see
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Fig. 2). For any given drug concentration, the ratio of the two densities gives us the
LR for that concentration. The magnitude of the (log)LR is a measure of the degree
of support provided by the observed concentration for one or the other proposition. It
is important to note that for some drugs, such as morphine (21), there will be a broad
overlap between the two distributions. Within this overlap, there will be a
concentration range for which the two probabilities will be approximately equal, i.e.,
the observed concentration would be approximately equally probable if death was or
was not caused by the drug. The resultant value of the LR for these congentrations
will then be approximately 1 and the findings would therefore be ofynoyprobative
force. However, as the two curves start to diverge from each otherfthe LRWill move
away from a value of 1, thereby providing probative value onefway oOkthe other. It is
important, wherever possible, to use datasets that are as yelevant.as possible to the
deceased’s circumstances, e.g., age, sex, level of tolégance 10 drug, health of the
deceased prior to death, etc. These data maygnet be available, so we must
recognise and acknowledge the degree of uri€értainty in probability assignments
from such datasets. Greater uncertainty in thémprobability assignments should be
reflected in LR values that are closer 1ON\1% Further discussion about relevant

populations and datasets is given in Section*3 of this paper.
Incorporating a likelihood ratigsinte,the context of the fact in issue

At this point in the paperi we diverge from the central aim of assigning an LR value
to that of placing the™findings into the overall context of the issue facing the fact
finder, i.e., deciding¥n the issue of whether the drug caused the death. It is
important toelarify thiat whereas the LR is determined by the forensic expert, the
placing of the LR into the overall context of the case is carried out by the trier of fact.
When determining if the drug detected caused the death, Bayesian logic tell us that
the\pesterior probability that a death was caused by the drug is a function of the LR

and the prior probability of the drug being the cause of death.

For convenience, this relationship may be written in the Odds Form of Bayes

Theorem, as:
Odds[D|C] = Odds[D] x LR[C] (1)

Where:
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Odds|[D|C] is the posterior odds of the death [D] having been caused by the drug,

given the concentration [C] of drug present.

Odds|[D] = prior odds (before the toxicology results are known) of the death having

been caused by the drug.

Probability of observing measured drug concentration given drug was the cause of death (2)
Probability of observing measured drug concentration given drug was not the cause of death

LR[C]=

Odds and probability are easily interchangeable, given that odds are simply theyratio

of a probability to its complement.

It is important to note that the prior odds are case specific (22). WWhile data such as
Fatal Toxicity Index (FTI)> may be consulted to provide generat values, the value
assigned in any one case will be determined by what is knewnabout the deceased,
their medical history, whether any drugs or paraphernaliaswere found at the scene,
and what witnesses may say (6). This can be illdstrated, simplistically, with two

cases of suspicious death with different case cireumstances.
Case scenario 1

A body was found hanging by a nooseyfrem a high landing over a stairwell. A chair
was found at the bottom of the staifs, The pathologist observed certain pathological
features that, while not beihg “specific for hanging, were commonly found in
hangings. The deceased¢had a previous history of attempting to complete suicide
through hanging. Based omythe pathological evidence and the case circumstances
(and not, as yet, gheytoxicology results), the pathologist was of the view that death
was very probably’caused by hanging. Let us assume that, if they were to be asked,
they wouldlassigh a probability of 95% for this proposition. By implication, this would
suggest a 5% probability for some other cause of death. We can readily convert
probability*into odds and say that the odds of death having been caused by hanging
are 95:5 and the complementary odds of death having been caused though some

other means are 5:95, or 1:19.

After analysis of a post-mortem femoral blood sample taken from the deceased, a
certain concentration (C) of a drug was detected.

’ The number of fatal poisonings caused by a drug divided the number of people consuming the drug [21].
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To assign an LR, a pair of mutually exclusive propositions relating to the fact in issue
needs to be defined. In our scenario here, it seems that there are only two possible
causes of death — drug or hanging. If that is accepted, then the proposition and its

alternative may be defined as:
D1 — Death was caused by the drug
D, — Death was caused by hanging

and the LR will be given by:

Probability of observed drug concentration given the drug was the cause of death (D1) (3)

LR[C]=

Probability of observed drug concentration given hanging was the cause of death (D2}

How may an LR for the observed drug concentration (C) be @ssigned? It would be
useful to have data from two populations to inform the conditienal probabilities of the
LR — a population in which the cause of death was ascribéd to the drug and a
population of deaths in which the drug had been deteeted, but the cause of death
was ascribed to something other than the drug. Assume that such data are available
and that, on inspection, the observed conecentration (C) was found to lie well within
the range of deaths caused by the driag, but'was also found to lie in the tail of the
range of concentrations observedsin, deaths through some other cause. From those
data, the toxicologist decided thatithe/observed concentration of the drug was of the
order 10 times more probable4f the cause of death was the drug (D4) rather than if it
was hanging (D») — the"LR\is therefore estimated at 10. An LR of value 10, by itself,
would seem to proVidefgood probative force for the view that death was caused by
the drug. Howéver, how does this LR interact with the prior view of the cause of
death? Welhave, ffom the pathologist, the prior odds of death being due to some
other means than hanging, such as the drug (D4), of 1:19. To arrive at the posterior
odds (Eqn«1) of death being due to the drug, we follow the Odds Form of Bayes
Thegrem and multiply the prior odds of death having been caused by the drug (Odds
[D4] of 1:19) by the LR of 10 to reach posterior odds of the death having been
caused by the drug, given that concentration C was observed (Odds [D4|C] of 10:19).

10/19 (posterior odds) = 1/19 (prior odds) x 10 (LR)

Transforming these odds back to a probability, we obtain a posterior probability of
approximately 0.34 of death having been caused by drugs (D{) and a
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complementary posterior probability of death having been cause by hanging (D) of
approximately 0.66 (1 - 0.34 = 0.66).

Even though one would think the drug concentration by itself would be sufficient to
ascertain a drug death, the LR provided by the concentration is insufficient to swing
the prior probability of the cause of death from hanging over to drug toxicity. The
posterior probability that the death was caused by hanging is still high at 0.66 but
that probability has been reduced from 0.95 by the observation of the\drug

concentration.
Case scenario 2

A body was found on a sofa in the lounge. The deceased had fio priomhistory of drug
abuse, and no drug paraphernalia was found at the scéne, Fhe pathologist was
uncertain about the cause of death since the autopsy gave,ne anatomical cause of
death.

The prior odds of cause of death would be, very different from scenario 1. The
pathologist is unsure of the cause of death “and therefore, while there may be a
range of speculative causes, there are nosspecific propositions on the cause of death
to consider prior to any results of"drug analysis are known. It is therefore difficult to
assign prior odds. Assume that the same drug and concentration as in scenario 1
was found in femoral blogd. It seems we now have a potential cause of death, and

we could define the preposition and its alternative as:

D1 - Death was gaused,by the drug

D, - Death was noti€aused by the drug but by some other, unknown, cause
and the LR will be given by:

Probability of observed drug concentration given drug was the cause of death (D1) (4)

LR[C}=

Probability of observed drug concentration given some other cause of death (D2)

What would be reasonable, realistic, prior odds for the proposition that the drug was
the cause of death? Assigning these prior odds would be in the remit of the fact
finder, considering all the case circumstances. It may be appropriate to assign a
probability reflecting the proportion of deaths of uncertain cause that were later

shown to be drugs related. However, in this case, let us assume the fact finder
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assigns odds of 50:50 (Odds[D+] = 1) for the prior odds that death was caused by
drugs.

The LR provided by the drug concentration was of the same probative force in favour

of a drug death (LR of 10) as in scenario 1.

Multiplying the prior odds of 1 by the LR of 10 gives posterior odds of 10:1 on death
having been caused by the drug. This converts to a posterior probability of 081 of
death having been caused by the drug - a high probability that the drug,wasisthe

cause of death.

For the same drug concentration, and hence same value of LR, the,outcome in
terms of the posterior probability of the cause of death is very/different between the
two case scenarios and is completely dependent on the prior prebability (prior odds)
of the cause of death. This in accordance with accepted,pragctice of not interpreting
toxicology results in a vacuum. The drug will not bexthe,cause of death in all cases in
which the drug concentration was above what would*be considered a “lethal” level; it

does not override all factors being the “non-drug”eircumstances and evidence.

Following these two examples that illustrate the conditional probability approach to
interpretation, a few points are wofth, discussing. The first is how the notion of bias
interplays with the suggestedfproeedure. To avoid any subconscious bias, the prior
probability should be assigned based on circumstantial and other information before
the concentration ofgsthe drug is known. Interestingly, the LR calculated by the
toxicologist is based\strictly on concentration distributions and does not consider
case circumstances. Jn this way, a so called “snowball effect” is avoided, whereby
the pathologist, toxicologist and fact-finder all include the same information into their

decision making process, leading to an undesired multiple counting (8, 23).

Furthermore, we must stress that the numbers quoted for LRs should not be
construed as having a precision that is simply not justified. Indeed, the UK Forensic
Science Regulator’s Standard on the development of evaluative opinions (4) says at
7.2.9:

Communication of the outcomes of evaluation needs to take account of the
fact that lay jurors and other court participants may equate a numerical value

of a LR with a level of precision that was not intended by the scientist. For this
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reason, where the LR is based on a data set that is not adequately
representative of the case circumstances or not of sufficient quality or size to
enable a precise numerical assessment, it cannot be reported as a single
figure; instead, results will be reported at an order of magnitude level,

alongside a verbal equivalent (see 8.5.11 - 8.5.12).
and at 8.3.8:

There will be examples, such as probabilistic evaluation softwaregfor IDNA or
fingerprint comparison, which may assign probabilities on, the “basis of
probability density functions, resulting in many significantfigtres. In such
circumstances the LR, when determined, should in general be reduced to one

significant figure.

In accordance with these recommendations, we suggest the use of the TSS for
cases in which there is not “a data set (...) adequtately representative of the case
circumstances or (...) of sufficient quality or Size*»One obvious such case would be
NPS which either have never been licenéed, for clinical use (such as etonitazene
(24)) or that have only been licenced“in a small number of countries (such as

phenazepam and etizolam (25, 26)).

Section 3: Strengths and limitations of available data

There are various &ources of drug concentrations quantified in a variety of case
types in livingd€and deceased subjects that may be consulted to help inform
assignment$ of prebabilities. These may include case studies from journal articles,
in-house™databases, and published compilations of case studies. As mentioned
previously, these data cannot be complemented by experimental studies on lethal
congentrations, due to obvious ethical concerns. While clinical reference data about
therapeutic concentrations are often available, they are not appropriate to use in
drug-death investigations due to a host of potential post-mortem effects well known
to forensic toxicologists (5). Data based on post-mortem analytical results will be the
most valuable, especially when all the blood samples are from the femoral vein
(generally agreed to be the least affected by post-mortem redistribution and for

which there are relatively large data sets) and have been analysed with similar
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validated analytical procedures. Ideally, we would want a data set from a population
of people who were similar to the deceased in terms of factors such as age, gender,
ethnicity, state of health, lifestyle. However, there will never be a perfect database for
every individual case because each case has unique circumstances that cannot be
replicated. Therefore, imperfect existing data sources will need to be appraised by
an expert for their relevance to the case at hand and in terms of their size,
robustness, and ease of access. The issue of the required sample size and liow to
improve the reliability of post-mortem drug concentration databases hawe been

discussed by Soderburg et al. (11) and Desharnais et al (27).

However, a significant limitation of cause-of-death data is their ‘dependence on a
judgement by the certifying fact finder, whether that be a pathologist, a coroner or
other agent. While definitions of causes of death are standardised by the World
Health Organisations (WHO) ICD-11 (28), the reliability\and’relevance of the final
ruling depends on the fact finder's judgement beipghcerrect. In many instances,
whether drug(s) directly caused a death may be,unknowable or surrounded by a
significant degree of uncertainty and camplexity.” Furthermore, there may be an
element of circularity to the argument@when a death is ascribed to drugs. As far as
we are aware, there are no reliablesdata from populations in which the death, without
consideration of the surrounding, circumstances, was directly caused by a drug.
Statistics on cause of death%afe based on the certified “immediate” cause of death,
as recommended by WHO,, but drug intoxication may be listed as an intermediary
cause in the sequengefor as a contributory factor (29). WHO states that the certified
cause of deathfis X(...) the best medical opinion”. In this situation, we must retreat to
a broader (specification of the fact in issue in toxicological cases - the issue
necessarily becomes whether the detected drug(s) was the
immediate/intermediate/contributory cause of death. This may seem to be largely a
caselof semantics, but definition of the issue, and the resultant propositions, is
intimately connected with the form of data that are available to inform assignments of
probabilities. For the remainder of this paper, we shall use the phrase “cause of

death” to accommodate both “immediate” and “intermediate” causes of death.

In summary, while there will always be limitations to available datasets, the expert’s
role is to assess possible sources and select the most adequate one. One such

source of data is presented in the next section.
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Section 4: Potential application of “Toxicolist” and other sources to inform

probability assignments

Druid and Holmgren developed a classification methodology (30) that provides a
useful model for the creation of “reference ranges” for the interpretation of post-
mortem femoral blood drug concentrations. These data are now in a database called
“Toxicolist” (31), which, containing a large number of cases, could be used to assign

conditional probabilities in the manner described below.
This dataset comprises multiple groups, all measured in femoral blood:

Group A - Certified deaths by intoxication involving only one detected, substance,
and other contributory factors could be ruled out. This group could bevdesignated as

“Single drug intoxication”.

Group B - Certified deaths by intoxication in which,more, than one substance was

detected. This group could be designated as “Multiple,dreg intoxication”.

Group C — Certified other causes of deathyifgwhich the relevant substance was
detected but in which the circumstances\of death, in the view of the fact finder,
exclude the possibility of incapacitation hy the substance, or other substances. This

group could be viewed and designated as a “Control group”.

It is important to note that,“fof all, cases in groups A, B and C, the certification of
cause of death was cafried, out by the authorised fact finder and was based on all
the evidence in the‘Gase. These decisions were reviewed by the database compilers.
Most substanceés and “substance groupings will show an increasing median drug

concentration when’going from group C to B to A.

There @are several important considerations to remember when assessing whether to

use the data from these groups:

e " The frequency distributions of “non-fatal” (Groups C) and “fatal” (Groups A
and B) concentrations of drugs will inevitably overlap and there is no sharp
dividing line between the two sets. However, that is not necessarily a
limitation — it is a fact of life (or death) that is accommodated through a

probabilistic approach.
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Groups C may include “therapeutic’, “sub-therapeutic” or “toxic”
concentrations.

As causes of death are the opinion of the forensic pathologist (or other fact
finder), every approach to categorisation and compilation of fatal and toxic
drug concentrations is susceptible to some degree of circular reasoning. For
example, a fact finder may decide, given the drug concentration and possibly
other evidence, that a particular death was caused by the drug, even_though
no-one can say for certain that the drug was the cause. This copCentration
would then be added to the data set of the “fatal due to theSdrug@” group,
thereby influencing the data distribution of this grouping{for future users.
Unless control trials are performed (and they will not beperformed for obvious
ethical reasons), it is impossible to have datasets6f*deaths where the drug
was and was not, without doubt, the cause of “death./However, due to the
phenomena of “regression to the mean”, if enough abservations are made, an
overall reliable mean should be obtainable:.

Several variables are ignored or grouped/imsuch a dataset, e.g., post-mortem
sampling intervals and drug metaboliSm"profiles. But, as discussed in Section
3, the perfect database for every individual case is an impossible goal.
Assuming variables take“similar ranges of values in each group, and if the
groups are large enolgh¢then the impact of these variables may be cancelled
out. For example,tin climical studies it is recommended that there are 120
samples for €ach variable (such as sex or age (32, 33)). For forensic studies,
this sample sizey,may not be possible. For post-mortem toxicology cases, at
leasty20 caseS are needed for each of the drug groupings (A, B & C) for the

creation of usable data sets for probability density functions (11, 34).

Example~ealculation: Ethanol

Following our earlier definition of an LR evaluation in cause-of-death, a case

involving ethanol may be written as:

Probability of the measured ethanol concentration given ethanol was the cause of death

" Probability of the measured ethanol concentration given ethanol was not the cause of death

To help assign a probability for the numerator of the LR, Group A-type data was
obtained from the study by Jones and Holmgren with 593 cases that gives the
concentration of ethanol in femoral blood where the death was attributed to ethanol
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intoxication (35). For the denominator of the LR, Group C-type data was obtained
from a study by Jones et al. with 1343 cases in which ethanol was quantitated in
femoral blood but the cause of death was hanging (36). The Group A data set was
normally distributed whereas the Group C data set had a non-standard distribution
(Fig. 3A). From these probability density functions, it is possible to evaluate the LR
for any given concentration (Fig. 3B). As expected, the LR increases with increasing
blood alcohol concentration (BAC); but note that it is only at BACs more than’~245
mg/100mL that the LR starts to exceed 1. It is only at this concentratiomsthat“the
probability of that BAC, given death was caused by ethanol, begins te exceed the
probability of that BAC, given death was not caused by ethanol. At'this BAC, the LR
begins to provide evidence supporting the proposition that ethanol caused the death
rather than it did not. As BAC increases above 245 mg/100mL ‘the/magnitude of the
LR increases, the probative force of the BAC incréases, and the LR has an
increasing effect on the posterior odds of death auing been caused by ethanol.
There is a large increase in the LR at a BACE>860,mg/100ml, due to the small
probability density in the group A data set. As, the,probability of adverse effects from
a drug increases with blood concentration, Nf the BAC is >380 mg/100ml, then the
maximum likelihood ratio observed would be utilised. In the ethanol data set, the
values in Groups A and C are large enough for robust LRs to be produced in case

work.
Cases with polydrug use

The examples we have given above are solo drug intoxications. However, it is more
common in pestamoriém toxicology to see polypharmacy where multiple drugs have
been consumedand detected in the toxicological sample. In these cases, there is
addedicomplexity in interpretation as some drugs may have synergistic rather than
additive actions (i.e., morphine and alcohol, where both drugs have potential central
nervous depressant effects) and other pharmacological actions such as antagonism
and potentiation. To accommodate this complexity, the group B (multiple drug
intoxication) data set could be used to assign probabilities and be compared with a
multi-drug subset of the group C (control) data set. This would potentially allow
assignment of LRs individually for each of the drugs in the multi-drug intoxication but
would not allow assignment of an LR for the specific combination of drugs observed

in a given case. Combining individual drug LRs can only be performed if there is
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independence between the probabilities for the individual drugs, an independence
which almost certainly is not present. The role of the combination of multiple drugs in
a death could be assessed if conditional probability distributions could be generated
for common drug combinations. In the meantime, a simpler approach has been
proposed by some researchers that may be used when multiple drugs of the same
class (such as benzodiazepines) have been consumed (such as etizolam and
diazepam). In these cases, “pooled data” may be used. In this methodology, for
which background and assumptions are given in (37, 38), there is an assumption
that each drug in a class has an equipotent concentration and that\@ certain
concentration of a drug in a class will give the same effect. Al example is that
etizolam is considered to be 3 times as potent as diazepam/(38) and so a blood
concentration of etizolam of 1 mg/L would be equivaleni#to 3,mg/L of diazepam.
Therefore, if a concentration of 0.5 mg/L (etizolam) ahd 1 mg/L (diazepam) were
detected in a femoral blood sample, this would give“a pobled diazepam equivalent
benzodiazepine concentration of 2.5 mg/L ((0:5=x23) + 1). This “pooled data”
approach allows equivalent group A, B and\C%data to be compiled and used in a

probabilistic approach to post-mortem drug\interpretation for drug classes.
The reliability of a data set to detesmine LRs

As mentioned above, it is impostanisto have a robust, reliable and sufficiently large
data set in order to assign robust, reliable LRs for specific drugs. However, much
more research needS§“to be carried out to characterize what would constitute a
suitable data sefsfor the assignment of LRs. Considerations would include the data
set’'s size and, characteristics (e.g., validated data, measurement uncertainty, the
suitability ofithis model for use with other blood/tissue sampling sites etc.). While the
information presented in this paper suggests that a single external database could
be'used, other avenues are certainly possible, e.g., the use/compilation of an internal
laboratory database, or the compilation of relevant case reports from the literature
(although this is necessarily “uncontrolled” information). What is presented in this
paper is merely an example to help support and illustrate a probabilistic interpretive
model. With the compilation of a large, robust and reliable data sets, with suitable
variables, in the future it may be possible to utilise artificial intelligence (Al) to help
inform a decision on the role of a drug in a death but to date no such relevant, large

data sets exist. Commonly in forensic toxicology, especially with the emergence of
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new NPS, there is a lack of data, hence the need for the TSS model. Furthermore, Al
suffers from being a “black box” system, possibly lacking the required transparency
for the legal system. Therefore, with the data and resources available at the present
time, the approach suggested in this paper provides a realistic, logical and
transparent model for forensic toxicology interpretation. The advantage of such a
model is the possibility of continuous refinement as increasing amounts of data
become available (such as markers for tolerance, metabolomics data etc.) allowing

improvements in forensic toxicology interpretation in a transparent manner

Section 5. Conclusions

The interpretive model presented here provides a transparent ‘evaluation of the
femoral blood concentrations of drugs detected in post-mortém cases in situations
where there is limited, pre-existing case data (such as in the®ease of NPS) and for
substances with greater amounts of data. Where robust data sets are available,
evaluation of the probative force of observations, “thfough the assignment of
likelihood ratios, is suggested, conforming to.a standard set out by the UK Forensic
Science Regulator. This paper also illustrates how the LR may be combined with the
relevant circumstances, avoids the defigiition of a “lethal concentration”, and provides
an alternative means of assessing*the potential role of a drug in the cause of death.
The methodology outlined heré weuld also be easily adaptable to current databases
such as “Toxicolist” to help asSign’LRs for the blood drug concentrations detected in
individual cases. Further work does need to be carried out to allow implementation of
the approach presented in this paper in routine forensic casework. A standardized
approach to theygéneration of PDFs, the generation of LRs from the PDFs and the
validation of LRs “for specific drugs, is required for consistent intra and inter-
laboratory application and for any potential Al modelling. Also, much work remains to
be@ene'with regards to 1) characterizing the underlying data necessary for a reliable
interpretive model, 2) refining the Bayesian model with known forensic toxicology
considerations (tolerance, PMR, etc.), and finally 3) exploring the best approaches to
use to communicate LR to other forensic practitioners and the wider judicial system
in a clear and understandable manner. It is important to note that any conclusions
reached by the approach proposed in this paper may not necessarily be expected to
be better than the traditional interpretive process that require an experienced
forensic toxicologist. It will, however, support experienced forensic toxicologist and
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allow them to be more transparent about the conclusions they have reached. The
databases/data and other factors used to reach conclusions on, for example,
probative force (LR) of the results, would be explicitly laid out and available for
consultation, as is common with the analytical results of post-mortem samples and
the associated methodological validation. This work represents a first, very small, but

important step towards full evaluative reporting in forensic toxicology; but there

remains, however, a lot of work to be done. &
Data Availability

The data underlying this article are available in the article. Q~
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Figure 1: Bayes Theorem, with indications on roles in death investigation process.
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Figure 2A: A fictitious example of probability density functions (PDF) for a drug. The two
populations are: 1) A population of deaths in which the drug was detected, quantified in the
deceased’s femoral blood sample and to which death was attributed (“Death group”). 2) A
population of deaths in which the drug was detected, quantified in the deceased’s femoral
blood sample, but in which death was not attributed to the drug (“Control group”). Both drug
populations are plotted against the concentration of the drug (arbitrary units). The lines show
how a relevant drug concentration of interest can be used to determine the probabilities for
use in likelihood ratio (LR) calculations.
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Figure 2B: The likelihood ratio (IfR) €alculated using probabilities obtained from graph A.
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Figure 3A: The probability density distributions based on the relative frequency of cases
where alcohol was detected, but in which the circumstances of death were not due to alcohol
(Group C) and in which cause of death was given as acute alcohol consumption (Group A).
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Figure 3B: Calculated likelihood ratio against measured,blood alcohol concentrations.
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Table 1: Table of the -calculated likelihood ratios for given blood alcohol
concentrations based on probability density distributions derived from relative
frequency of A (solo ethanol intoxication cases) and group C (control cases) based on
data from (35, 36)

Probability Density
BAC
(mg/100ml) 'R
Group A Group C
<20 0.00001 0.08600 0.0001
21-40 0.00001 0.07800 0.0001
41 -60 0.00001 0.09500 0.000%
61- 80 0.00010 0.07900 0.0013
81-100 0.00070 0.07600 0:0092
101-120 0.00140 0.08600 0.0163
121 -140 0.00267 0.09100 0.0293
141 - 160 0.00483 0.08700 0.0555
161 - 180 0.00826 0.08500 0.0972
180 - 200 0.01339 0.07900 0.1695
201 - 220 0.02057 0.05900 0.3486
221-240 0.02994 0:03200 0.9356
241 - 260 0.04131 0:02500 1.6524
261 - 280 0.05399 0.01900 2.8416
281 -300 0.06688 0.00800 8.3600
301-320 0.07850 0.00600 13.0833
321-340 0.08730 0.00400 21.8250
341 - 360 00092017 0.00200 46.0050
361 -380 0:09188 0.00001 9188.0000
>380 0.08695 0.00001 9188.0000
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