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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 postmortem
forensic toxicology cases. This process allows the selection of the interpretive methodology based on the amount of previous infor-
mation that is available for the drug(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 drug is available. When there is a robust amount of case data available, then a probabilistic approach, through the evaluation
of likelihood ratios by the forensic toxicologist and of prior probabilities by the fact finder, is utilized. This methodology provides a
transparent means of making an interpretive decision on the role of a drug in the cause of death. This will allow 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 science

disciplines.

Introduction

Scientists need to provide interpretive opinions that are as
objective as possible, transparent and based on sound scien-
tific 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 increasingly loud calls to improve the “science”
in forensic science. In the field of forensic toxicology, modern
analytical techniques have enabled the identification, with a
very high degree of certainty, of the presence of a particular
drug (or substance) in a postmortem sample. These techniques
have also enabled the determination, with a high degree of
accuracy and precision, of the amount of a particular drug
present in that sample.

Based on these analytical results, there has been a nat-
ural 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 caused, beyond doubt, the death of that individ-
ual. However, for logical, physiological and medical reasons,
defining such a concentration for an individual is an unachiev-
able aim (5). Controlled experiments, self-evidently, can never
be performed, so no data will be available from that poten-
tial source of information. An alternative option, quoting
general statistics derived from populations of past cases, pro-
vides some information but is of limited value. Merely stating
“sub-therapeutic”, “therapeutic”, “toxic” and “fatal” concen-
trations observed in populations is of limited help to the fact
finder in any one individual case. Thus, even with modern
analytical techniques in postmortem forensic toxicology, the
issue of whether the detected drug (or substance) caused, or
was a contributing factor in, the death of the individual being
investigated remains problematic.

The decision on the cause of death is ultimately made by
the trier 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 toxicological findings
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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 rel-
evant data there may be and is as robust, transparent and 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 drug in question.

In this paper, we focus on just one part of the decision-
making process in postmortem forensic toxicology, namely,
the way in which opinions about the probative force
(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) of toxicological results may be formed
logically and reliably. We will focus on how we can give inter-
pretation both for well-known drugs, in which there is a clear
causative link to intoxication and death, and for the so-called
NPSs, of which there is little known. We start with the pre-
viously proposed toxicological significance score (TSS), an
interpretive model for qualitative evaluation of the role of a
drug 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 are based on the central tenet of
toxicology that “the dose makes the poison” or that the higher
the concentration of a drug in blood, the higher the probabil-
ity of adverse effects and death. The model also assumes that
these are acute toxicological events (the adverse effects arise
from exposure(s) to a drug in a short period of time).

This paper is structured into five sections. The “Toxico-
logical significance score (TSS)” section explains how the
analytical results can be assigned a TSS to give informa-
tion about the likely toxicological significance of the detected
drug in the cause of death. The “A conditional probability
approach to interpretation” section explains how an approach
based on conditional probabilities for analytical results may
be applied. It describes how these may be incorporated into
the overall consideration of the primary issue of whether
the detected drug caused the death of the individual. The
“Strengths and limitations of available data” section provides
a note on strengths and limitations of databases in the assign-
ment of probabilities. The “Potential application of “Toxi-
colist” and other sources to inform probability assignments”
section illustrates how one such database, Toxicolist, may be
used to inform the assignment of probabilities for analytical
results and gives an example case involving the drug ethanol
(alcohol). Conclusions are presented in the “Conclusions”
section.

The toxicological significance score (TSS)

The TSS was initially developed to enable a more system-
atic, reproducible and transparent approach for assessing the
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toxicological significance of NPSs. While full details on the
methodology can be found in (9), a high-level overview is
presented in this section. This approach is particularly impor-
tant in cases where there is very limited information on the
detected drug e either in the literature or from other sources
such as in-house databases. While the intended application of
the TSS was to assist in reviewing the potential role a NPS
might have played in a death, the approach was based on
concepts regularly used and encountered in toxicology (9).
These include the circumstances of the case, the nature of
the specimen(s) analyzed, the type of analysis performed, the
availability and applicability of known concentration ranges,
an assessment of tolerance to the drug, the impact of phar-
macogenomics, the presence of other drugs, stability of the
drug in biological material and the possible in vitro or in
vivo production of the drug (especially in postmortem situ-
ations), in addition to other potential influencing factors such
as postmortem redistribution (PMR). Other drugs present that
could also contribute to death to a lesser or higher degree
than the specific drug being evaluated are also required to be
investigated.

The process for assessing the toxicological significance of a
specific drug in fatalities requires the following factors to be
considered:

(i) presence, concentration and pharmacological nature of
the specific drug under consideration in the analyzed
sample;

(i) presence, concentration and pharmacological nature
of any other drugs present (including alcohol) in the
analyzed sample;

(ili) circumstances of death;

(iv) potential cause of death, including pathology findings
(especially important if it is an alternative cause to
intoxication, such as drowning or mechanical suicide—
e.g., hanging);

(v) depending on the number of cases, it may be possi-
ble to determine typical concentrations of the drug in
varying circumstances (e.g., direct cause of death or
alternative/unrelated cause of death);

(vi) the deceased’s drug/prescription history;

(vii) the deceased’s age, sex and body mass index and

(viii) any pre-existing medical conditions.

There are various inter-dependencies in the aforementioned
factors, such that to assess whether a drug concentration
is relevant, it is necessary to have comparative concentra-
tion datasets in varying circumstances. This includes post-
mortem concentrations in fatalities with an alternative cause
of death (e.g., hanging, gunshot, road traffic collision, trauma
from a fall, etc.), postmortem concentrations in drug-related
fatalities involving the drug(s) under review and antemortem
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 case-
work concentrations and experience, as this can minimize any
inter-laboratory experimental differences. Aside from ensur-
ing that the absolute figure of the measured concentration is
not taken at face value (i.e., some drugs are inherently associ-
ated with higher concentrations than others due to the dose),
this also serves to incorporate the possibility of postmortem
redistribution and other changes that can occur after death,
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which can result in artificially elevated drug concentrations
depending on the postmortem interval, nature of the drug and
anatomic site of sampling (whereby blood obtained appropri-
ately from the femoral vein is the preferred source as this is
the postmortem blood sampling site that is the least affected
by postmortem redistribution). If such datasets are not avail-
able, knowledge of the pharmacological nature of the drug
can assist in predicting the possible actions and effects—as
well as any interactions with any other pharmacodynamically
similar drugs present. This enables an assessment even when
only limited information is available.

Subsequently, it is possible, based on the aforementioned
considerations, for an appropriately qualified and experienced
forensic toxicologist to assign a level of significance to the
drug according to the following scores:

(i) low—drug unlikely to have contributed to death/alter-
native cause of death;

(i) medium—drug that may have contributed to toxic-
ity/death and/or other drugs present may be more toxi-
cologically significant;

(iii) high—drug likely to have contributed to death, even in
the presence of other drugs and

(iv) unclassified—insufficient data to allow assessment.

Although there may be some clear assignations during
assessment, there will equally be some situations where scor-
ing may be unclear. Aside from potential drug-drug inter-
actions, much of this is due to the specific circumstances
involved and drug/prescription history whereby tolerance is
an essential consideration. This is where a concentration for
one individual would be “normal” and reflect therapeutic use,
whereas the same concentration could be “fatal” for an indi-
vidual not prescribed or used to the drug. Such instances
result in a significant overlap in concentrations in different
circumstances, but assessments and opinion can still be made
if sufficient and supporting information is available.

A conditional probability approach to
interpretation

Assigning a likelihood ratio

A potential solution to the problem of providing transpar-
ent, useful opinions is the use of case-specific assignment of
conditional probabilities for the analytical test results, when
sufficient, relevant and reliable data are available (11). Con-
ditional probabilities are used to evaluate a likelihood ratio
(LR)—a measure of the probative force of the test results. As
with the TSS, the LR would be evaluated by an appropri-
ately qualified and experienced forensic toxicologist. There
are numerous sources in the forensic science literature that
explain the use of conditional probabilities and LRs and their
use within the paradigm known as Bayes Theorem. We refer
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the reader to (12-17) for further information on this branch
of statistics. In short, Bayes Theorem (Figure 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 we are suggesting in this paper is only one of sev-
eral possible approaches when investigating issues that may
be termed issues of “causality”. This type of issue seems to
be particularly relevant in civil litigation (18, 19). It is worth
noting that a probabilistic, LR approach has already been sug-
gested for use in forensic pathology cases (20); the current
paper extends that approach to evaluative opinion in forensic
toxicology and provides illustrative examples.
The LR 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-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 proba-
bility 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 the new test results.
For example, an LR of 1 will not change the initial estima-
tion of the proposition’s truth, whereas an LR of 100 would
strongly increase 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 a wholly
objective process—it is necessarily a mental process and per-
sonal to the “assigner”. The assigner (in this case, the forensic
toxicologist) will use their knowledge, experience and under-
standing of the evidence type to form a view of the probability,
but, crucially, they will draw upon whatever relevant, reli-
able data there may be. In our example here, data from
two relevant populations would help the forensic toxicologist
assign probabilities for observing the test result given that the
detected drug was or was not the cause of death. These two
populations would be

Prior Odds

Assigned by Trier of
Fact (i.e., Forensic
pathologist, Coroner or
Medical examiner)

Likelihood Ratio

Assigned by the
forensic expert (in this
case the forensic
toxicologist)

Posterior Odds

Assigned by Trier of
Fact (i.e., Forensic
pathologist, Coroner
or Medical examiner

Figure 1. Bayes theorem, with indications on roles in the death investigation process.
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(i) a population of deaths in which the drug was detected,
quantified in the deceased femoral blood samples and
to which death was attributed.

(ii) A population of deaths in which the drug was detected,
quantified in the deceased femoral blood samples, but
in which death was not attributed to the drug.

Because 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 abso-
lute 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
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circular argumentation. From the datasets of drug concen-
trations within each of the two populations, one can build a
probability density function (PDF) for each group (Figure 2).
For any given drug concentration, the ratio of the two densi-
ties 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 distri-
butions. Within this overlap, there will be a concentration
range for which the two probabilities will be approximately
equal, that is, the observed concentration would be approxi-
mately equally probable if death was or was not caused by the
drug. The resultant value of the LR for these concentrations

+ Control Group

Death Group

0 f T T
0 100 200 300

T T

400 500 600 700 800

Drug Concentration (arbitary units)

(b) 1000 A

100 4

10 A

100 200 300

0.1 4

Likelihood Ratio

0.01 A

0.001 4

0.0001 -

400 500 600 700 800

Drug Concentration (arbitary units)

Figure 2. (a) A fictitious example of probability density functions (PDFs) for a drug. The two populations are (I) a population of deaths in which the drug
was detected, quantified in the deceased femoral blood sample and to which death was attributed (“death group”) and (Il) a population of deaths in
which the drug was detected, quantified in the deceased 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 LR calculations. LR =
calculated using probabilities obtained from (a).

Probability of observingmeasured drug concentration given drugwasthe cause of death (Y) (b) The LR
Probability of observing measured drug concentration givendrugwasnot the cause of death (X)
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will then be ~1, and the findings would therefore be of no
probative force. However, as the two curves start to diverge
from each other, the LR will move away from a value of 1,
thereby providing probative value one way or the other. It is
important, wherever possible, to use datasets that are as rel-
evant as possible to the deceased’s circumstances, e.g., age,
sex, level of tolerance to drug, health of the deceased prior
to death, etc. These data may not be available, so we must
recognize and acknowledge the degree of uncertainty in prob-
ability assignments from such datasets. Greater uncertainty in
the probability assignments should be reflected in LR values
that are closer to 1. Further discussion about relevant popu-
lations and datasets is given in the Strengths and limitations
of available data section of this paper.

Incorporating an LR into the context of the fact in
issue

At this point in the paper, 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., decid-
ing on the issue of whether the drug caused the death. It is
important to clarify that 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 determin-
ing if the drug detected caused the death, Bayesian logic tells
us that the posterior 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

0dds [DIC]= Odds[D |xLR[C] (1)

where: Odds[DIC] is the posterior odds of the death [D] hav-
ing been caused by the drug, given the concentration [C] of
drug present. Odds[D] is the prior odds (before the toxicol-
ogy 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

Probability of observing measured drug
concentration given drug was not the cause of

death

LR[C] =

(2)
Odds and probability are easily interchangeable, given that
odds are simply the ratio of a probability to its complement.
It is important to note that the prior odds are case-specific
(22). While data such as Fatal Toxicity Index (the number
of fatal poisonings caused by a drug divided the number of
people consuming the drug [21].) may be consulted to pro-
vide general values, the value assigned in any one case will be
determined by what is known about the deceased, their medi-
cal history, whether any drugs or paraphernalia was found at
the scene and what witnesses may say (6). This can be illus-
trated, simplistically, with two cases of suspicious death with
different case circumstances.

Case Scenario 1

A body was found hanging by a noose from a high landing
over a stairwell. A chair was found at the bottom of the stairs.
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The pathologist observed certain pathological features that,
while not being specific for hanging, were commonly found in
hangings. The deceased had a previous history of attempting
to complete suicide through hanging. Based on the patholog-
ical evidence and the case circumstances (and not, as yet, the
toxicology 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 would assign 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 is 95:5 and the complementary
odds of death having been caused though some other means
is 5:95 or 1:19.

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

To assign an LR, a pair of mutually exclusive proposi-
tions related 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

D;—death caused by the drug

D,—death caused by hanging

and the LR will be given by

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

LR =
€] Probability of observed drug concentration

given hanging was the cause of death (D2)

How may an LR for the observed drug concentration (C)
be assigned? It would be useful to have data from two pop-
ulations to inform the conditional probabilities of the LR—a
population in which the cause of death was ascribed to the
drug and a population of deaths in which the drug had been
detected, 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 concentration (C) was found
to lie well within the range of deaths caused by the drug
but was also found to lie in the tail of the range of concen-
trations observed in deaths through some other cause. From
those data, the forensic toxicologist decided that the observed
concentration of the drug was of the order 10 times more
probable if the cause of death was the drug (D;) rather than
if it was hanging (D,)—the LR is therefore estimated at 10.
An LR of value 10, by itself, would seem to provide good pro-
bative force for the view that death was caused by the drug.
However, how does this LR interact with the prior view of
the cause of death? We have, from the pathologist, the prior
odds of death being due to some other means than hang-
ing, such as the drug (D,), of 1:19. To arrive at the posterior
odds (Equation 1) of death being due to the drug, we follow
the Odds Form of Bayes Theorem and multiply the prior odds
of death having been caused by the drug (Odds [D;] of 1:19)
by the LR of 10 to reach posterior odds of the death hav-
ing been caused by the drug, given that concentration C was
observed (Odds [D,IC] 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 ~0.34 of death having been caused
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by drugs (D;) and a complementary posterior probabil-
ity of death having been cause by hanging (D,) of ~0.66
(1-0.34=0.66).

Even though one would think that 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
no prior history of drug abuse, and no drug paraphernalia was
found at the scene. The pathologist was uncertain about the
cause of death since the autopsy gave no 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 no specific 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 were found in femoral
blood. It seems we now have a potential cause of death, and
we could define the proposition and its alternative as

D;—death caused by the drug

D,—death not caused by the drug but by some other,
unknown, cause

and the LR will be given by

Probability of observed drug concentration

LR[C] = given drug was the cause of death (D1)

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? Assign-
ing these prior odds would be in the remit of the fact finder,
considering all the case circumstances. It may be appropri-
ate to assign a probability reflecting the proportion of deaths
of uncertain cause that were later shown to be drug related.
However, in this case, let us assume the fact that finder 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 favor of a drug death (LR of 10) as in
Scenario 1.

Multiplying the prior odds of 1 by the LR of 10 gives pos-
terior odds of 10:1 on death having been caused by the drug.
This converts to a posterior probability of 0.91 of death hav-
ing been caused by the drug—a high probability that the drug
was the cause of death.

For the same drug concentration, and hence the 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 probability (prior
odds) of the cause of death. This in accordance with accepted
practice of not interpreting toxicology results in a vacuum.
The drug will not be the cause of death in all cases in which
the drug concentration was above what would be considered
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a “lethal” level; it does not override all factors being the “non-
drug” circumstances and evidence.

Following these two examples that illustrate the condi-
tional probability approach to interpretation, a few points are
worth discussing. The first is how the notion of bias interplays
with the suggested procedure. To avoid any subconscious bias,
the prior probability should be assigned based on circum-
stantial and other information before the concentration of
the drug is known. Interestingly, the LR calculated by the
forensic toxicologist is based strictly on concentration distri-
butions and does not consider case circumstances. In this way,
a so-called “snowball effect” is avoided, whereby the pathol-
ogist, forensic 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 sim-
ply not justified. Indeed, the UK Forensic Science Regulator’s
Standard on the development of evaluative opinions (4) says
at7.2.9:

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 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 numer-
ical assessment, it cannot be reported as a single figure;
instead, results will be reported at an order of magnitude
level, alongside a verbal equivalent (8.5.11 and 8.5.12).

and at 8.3.8:

There will be examples, such as probabilistic evaluation
software for DNA or fingerprint comparison, which may
assign probabilities on the basis of probability density
functions, resulting in many significant figures. In such cir-
cumstances 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 (...)
adequately representative of the case circumstances or (...) of
sufficient quality or size”. One obvious such case would be
NPS that either has never been licensed for clinical use (such as
etonitazene (24)) or have only been licensed in a small number
of countries (such as phenazepam and etizolam (25, 26)).

Strengths and limitations of available data

There are various sources of drug concentrations quantified
in a variety of case types in living and deceased subjects
that may be consulted to help inform assignments of prob-
abilities. These may include case studies from journal arti-
cles, in-house databases and published compilations of case
studies. As mentioned previously, these data cannot be com-
plemented by experimental studies on lethal concentrations,
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 postmortem effects well known to forensic
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toxicologists (5). Data based on postmortem analytical results
will be the most valuable, especially when all the blood sam-
ples are from the femoral vein (generally agreed to be the least
affected by postmortem redistribution and for which there are
relatively large datasets) and have been analyzed using simi-
lar validated analytical procedures. Ideally, we would want
a dataset from a population of people who were similar to
the deceased in terms of factors such as age, gender, ethnicity,
state of health and lifestyle. However, there will never be a
perfect database for every individual case because each case
has unique circumstances that cannot be replicated. There-
fore, 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 how to improve the reliabil-
ity of postmortem drug concentration databases have 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 judgment by the certifying fact finder,
whether that be a pathologist, a coroner or other agent.
While definitions of causes of death are standardized by the
World Health Organization (WHQO) ICD-11 (28), the reliabil-
ity and relevance of the final ruling depend on the fact finder’s
judgment being correct. In many instances, whether drug(s)
directly caused a death may be unknowable or surrounded by
a significant degree of uncertainty and complexity. Further-
more, 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 reliable data from populations in which the death,
without consideration of the surrounding circumstances, was
directly caused by a drug. Statistics on the cause of death
are based on the certified “immediate” cause of death, as rec-
ommended by WHO, but drug intoxication may be listed as
an intermediary cause in the sequence or as a contributory
factor (29). WHO states that the certified cause of death is
“(...) the best medical opinion”. In this situation, we must
retreat to a broader specification of the fact in issue in tox-
icological 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 case of seman-
tics, but definition of the issue, and the resultant propositions,
is intimately connected with the form of data that are avail-
able 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 avail-
able 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.

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 postmortem 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 later.
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This dataset comprises multiple groups, all measured in
femoral blood:

Group A—Certified deaths by intoxication involving only
one detected drug, and other contributory factors could be
ruled out. This group could be designated as “single drug
intoxication”.

Group B—Certified deaths by intoxication in which more
than one drug was detected. This group could be designated
as “multiple drug intoxication”.

Group C—Certified other causes of death in which the rel-
evant drug was detected but in which the circumstances of
death, in the view of the fact finder, exclude the possibility of
incapacitation by the drug or other drugs. This group could
be viewed and designated as a “control group”.

It is important to note that, for all cases in Groups A, B
and C, the certification of cause of death was carried out by
the authorized fact finder and was based on all the evidence in
the case. These decisions were reviewed by the database com-
pilers. Most drugs and drug 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:

(i) The frequency distributions of “non-fatal” (Group 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 neces-
sarily a limitation—it is a fact of life (or death) that is
accommodated through a probabilistic approach.

(i) Group C may include “sub-therapeutic”, “therapeutic”
or “toxic” concentrations.

(iii) As causes of death are the opinion of the forensic
pathologist (or other fact finder), every approach to
categorization 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 concentration would then be added to the dataset
of the “fatal due to the drug” group, thereby influencing
the data distribution of this grouping for future users.
Unless control trials are performed (and they will not be
performed for obvious ethical reasons), it is impossible
to have datasets of 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
observations are made, an overall reliable mean should
be obtainable.

(iv) Several variables are ignored or grouped in such a
dataset, e.g., postmortem sampling intervals and drug
metabolism profiles. But, as discussed in the “Strengths
and limitations of available data™ section, the perfect
database for every individual case is an impossible goal.
Assuming that variables take similar ranges of values in
each group, and if the groups are large enough, then
the impact of these variables may be canceled out. For
example, in clinical studies, it is recommended that there
are 120 samples for each variable (such as sex or age
(32, 33)). For forensic studies, this sample size may
not be possible. For postmortem toxicology cases, it
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Table I. The Calculated LRs for Given BACs Based on Probability Density
Distributions Derived from Relative Frequency of Group A (Solo Ethanol
Intoxication Cases) and Group C (Control Cases) Based on Data from
(35, 36)

Probability density
BAC (mg/100mL) Group A Group C LR
<20 0.00001 0.08600 0.0001
21-40 0.00001 0.07800 0.0001
41-60 0.00001 0.09500 0.0001
61-80 0.00010 0.07900 0.001
81-100 0.00070 0.07600 0.01
101-120 0.00140 0.08600 0.02
121-140 0.00267 0.09100 0.03
141-160 0.00483 0.08700 0.06
161-180 0.00826 0.08500 0.1
180-200 0.01339 0.07900 0.2
201-220 0.02057 0.05900 0.3
221-240 0.02994 0.03200 0.9
241-260 0.04131 0.02500 2
261-280 0.05399 0.01900 3
281-300 0.06688 0.00800 8.
301-320 0.07850 0.00600 10
321-340 0.08730 0.00400 22
341-360 0.09201 0.00200 50
361-380 0.09188 0.00001 9000
>380 0.08695 0.00001 9000

is expected that at least 20 individual cases would be
needed for each of the drug groupings (A, B and C) for
the creation of usable datasets for the creation of PDFs
(11, 34).

Example calculation: 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

LR =
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 were 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 intoxication (35). For the denominator of the LR,
Group C-type data were obtained from a study by Jones et al.
with 1,343 cases in which ethanol was quantitated in femoral
blood, but the cause of death was hanging (36). The Group
A dataset was normally distributed, whereas the Group C
dataset had a non-standard distribution (Figure 3a). From
these PDFs, it is possible to evaluate the LR for any given con-
centration (Figure 3b; Table 1). As expected, the LR increases
with the increasing blood alcohol concentration (BAC); but
note that it is only at BACs more than ~245 mg/100 mL that
the LR starts to exceed 1. It is only at this concentration
that the probability of that BAC, given that death was caused
by ethanol, begins to exceed the probability of that BAC,
given that death was not caused by ethanol. At this BAC,
the LR begins to provide evidence supporting the proposi-
tion that ethanol caused the death rather than it did not. As
BAC increases above 245 mg/100 mL, the magnitude of the
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LR increases, the probative force of the BAC increases and
the LR has an increasing effect on the posterior odds of death
having been caused by ethanol. There is a large increase in the
LR at a BAC of >360 mg/100 mL, due to the small probability
density in the Group A dataset. As the probability of adverse
effects from a drug increases with the blood concentration, if
the BAC is >380 mg/100 mL, then the maximum LR observed
would be utilized. In the ethanol dataset, the values in Groups
A and C are large enough for robust LRs to be produced for
case work.

Cases with polydrug use

The examples we have given earlier are solo drug intoxica-
tions. However, it is more common in postmortem toxicology
to see polypharmacy where multiple drugs have been con-
sumed and detected in the toxicological sample. In these cases,
there is added complexity 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 complex-
ity, the Group B (multiple drug intoxication) dataset could be
used to assign probabilities and be compared with a multi-
drug subset of the Group C (control) dataset. 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 independence between the
probabilities for the individual drugs, an independence that
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 concen-
tration and that a certain concentration of a drug in a class will
give the same effect. An example is that etizolam is considered
to be three times as potent as diazepam (38), and so a blood
concentration of etizolam of 1 mg/L would be equivalent to
3 mg/L of diazepam. Therefore, if concentrations of 0.5 mg/L
(etizolam) and 1 mg/L (diazepam) were detected in a femoral
blood sample, this would give a pooled diazepam equiva-
lent benzodiazepine concentration of 2.5 mg/L ((0.5x 3) +1).
This “pooled data” approach allows equivalent Group A,
B and C data to be compiled and used in a probabilis-
tic approach to postmortem drug interpretation for drug
classes.

The reliability of a dataset to determine LRs

As mentioned earlier, it is important to have a robust, reli-
able and sufficiently large dataset 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 dataset for the assignment of LRs. Considerations
would include the dataset’s size and characteristics (e.g., val-
idated data, measurement uncertainty, the suitability of this
model for use with other blood/tissue sampling sites, etc.).
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Figure 3. (a) 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 the cause of death was given as acute alcohol consumption (Group A). (b) Calculated LR against
measured BACs.
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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 lab-
oratory 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 inter-
pretive model. With the compilation of a large, robust and
reliable dataset, with suitable variables, in the future, it may
be possible to utilize artificial intelligence (Al) to help inform a
decision on the role of a drug in a death but to date no such rel-
evant, large datasets exist. Furthermore, Al suffers from being
a “black box” system, possibly lacking the required trans-
parency for the legal system. Therefore, with the data and
resources available at the present time, the approaches sug-
gested in this paper provide 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 improve-
ments in forensic toxicology interpretation in a transparent
manner.

Conclusions

The interpretive model presented here provides a transpar-
ent evaluation of the femoral blood concentrations of drugs
detected in postmortem cases in situations where there are
limited, pre-existing case data (such as in the case of NPS)
and for drugs with larger amounts of data. Where limited
data are available the TSS model should be used. However,
where robust datasets are available, evaluation of the proba-
tive force of observations, through the assignment of LRs, is
suggested, conforming to a standard set out by the UK Foren-
sic Science Regulator. This paper also illustrates how the LR
may be combined with the relevant circumstances, avoids the
definition of a “lethal concentration” and provides an alter-
native means of assessing the potential role of a drug in the
cause of death. The methodology outlined here would 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 the generation 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 AI modeling. Also, much work remains to be
done with regard to (i) characterizing the underlying data
necessary for a reliable interpretive model, (ii) refining the
Bayesian model with known forensic toxicology considera-
tions (tolerance, postmortem redistribution, etc.) and finally
(iii) 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 approaches proposed in this
paper may not necessarily be expected to be better than the
traditional interpretive process that requires an experienced
forensic toxicologist. They will, however, support experienced
forensic toxicologists and 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,
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probative force (LR) of the results, or TSS, would be explic-
itly laid out and available for consultation, as is common with
the analytical results of postmortem samples and the associ-
ated methodological validation. This work represents a first,
very small, but important step toward full evaluative report-
ing in forensic toxicology; but there remains, however, a lot
of work to be done.
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