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ABSTRACT

Quantitative measures of the importance of evidence such as the “likelihood ratio” have become increasingly popular in
the courtroom. These measures have been used by expert witnesses formally to describe their certainty about a piece of
evidence. These measures are commonly interpreted as the amount by which the evidence should revise the opinion of
guilt, and thereby summarize the importance of a particular piece of evidence. Unlike DNA evidence, quantitative meas-
ures have not been widely used by forensic dentists to describe their certainty when testifying about bitemark evidence.
There is, however, no inherent reason why they should not be used to evaluate bitemarks. The purpose of this paper is to
describe the likelihood ratio as it might be applied to bitemark evidence. We use a simple bitemark example to define the
likelihood ratio, its application, and interpretation. In particular we describe how the jury interprets the likelihood ratio
from a Bayesian perspective when evaluating the impact of the evidence on the odds that the accused is guilty. We
describe how the dentist would calculate the likelihood ratio based on frequentist interpretations. We also illustrate some
of the limitations of the likelihood ratio, and show how those limitations apply to bitemark evidence. We conclude that the
quality of bitemark evidence cannot be adequately summarized by the likelihood ratio, and argue that its application in this

setting may be more misleading than helpful. (J Forensic Odontostomatol 2002;20:31-7)
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INTRODUCTION

The thrust of modern bitemark analysis has
generally been to resolve mechanistic questions about
reproduction, recording and comparison procedures
to be followed.! Of secondary importance have been
questions about the uniqueness of the dentition and
about how bitemark evidence is to be presented in
the courtroom. Progress in resolving questions about
the individuality of tooth shape, size and position®*
has been cautious, perhaps because investigators have
been loathe to consider dental development from a
population perspective. As a consequence, a
comprehensive characterization of dental
individuality comparable to that of DNA data has
not emerged.

The presumption of dental uniqueness is the raison
d’etre for the admissibility of bitemark evidence. 7*
Yet if one accepts that no two bites by the same biter

will be identical in all ways, and that the principle of
individuality implies that no two bitemarks are
identical, the question becomes with what confidence
can we distinguish between two people’s bites on
the same surface, and can this confidence be mean-
ingfully quantified?

Unlike DNA evidence, bitemark analysis does not
have a quantitative base; thus, it is crucial for the
forensic dentist to understand how to relate an
inherently qualitative assessment to the quantitative
measures used in other fields. Because it is the duty
of the expert witness to inform the jury, the goal is to
give an appropriate interpretation of certainty of that
expert opinion rather than develop a technological
black box that produces a number which substitutes
for that appropriate interpretation.
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Quantitative measures of the importance of a piece
of evidence are based on the idea that the perception
of guilt can be described using probability. In a crimi-
nal trial the jury is instructed to evaluate the evidence,
and in that process must assume innocence unless
guilt is established “beyond a reasonable doubt.” This
basic judicial premise implies that the degree of
certainty must be a central consideration, and that a
guilty decision should only be reached when the
probability of innocence is sufficiently small. Jury
deliberations can be viewed as the process of deter-
mining the probability of guilt, and a “reasonable
doubt” could be phrased in terms of this probability.
Although it is debatable whether or not formal
quantification of uncertainty is helpful to juries, its
use during trials is increasing - especially its
application to evidence offered by expert witnesses.
As a consequence it is important for expert witnesses
to develop an understanding and intuition for the
measures of uncertainty as applied in the courtroom.

The primary objective of this paper is to describe the
application, calculation and interpretation of quanti-
tative measures of the importance and reliability of
evidence in forensic dentistry. Since the seminal work
of Lindley'” and Evett" there has been a growing
interest in the “Bayesian approach” to the quantifi-
cation and evaluation of expert forensic
testimony.”'*"* Recent papers by Malokoff,"
Goodman" and others are further evidence for a
renewed interest in the Bayesian approach. The
principles behind these measures are somewhat
abstract, and as a result there is an impression that
forensic dental evidence may have become over-
shadowed by sophisticated and mathematically
complex techniques which are not easily under-
stood.'®"” In fact these measures are all directed at
expressing the probability of guilt, and in particular,
how that  probability changes with new evidence.
In what follows, we review these measures and the
fundamental ideas from which they derive in order
to describe their appropriate interpretation and
application to the evaluation of human bitemark
evidence.

Quantitative Evaluation of Evidence

A new piece of evidence in a trial revises the
certainty or probability of guilt. The amount by which
the probability is revised depends on the importance
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and the quality of the evidence. The jury relies on
the expert witness to provide this information so that
the evidence has an appropriate impact on the ver-
dict. In this section we describe a formal framework
for the interpretation and evaluation of evidence in a
trial using a numeric rating know as the “likelihood
ratio.” We first describe the likelihood ratio as a
quantity used to interpret the evidence from the
perspective of the jury and then describe the same
quantity as a measure used by the expert witness to
evaluate the reliability of the evidence. We note
that likelihood ratios are sometimes considered
synonymous with “Bayesian reasoning” in the court-
room. In the following discussion we describe what
this means, and contrast this interpretation with the
“frequentist” interpretation used by the expert
witness to derive the likelihood ratio.

The jury and the Bayesian interpretation
Conceptually, at the beginning of the trial (in the
absence of any evidence and under the presumption
of innocence) the probability of guilt should be very
small. Initially the probability should be approxi-
mately 1/N where N is the largest possible number
of potential perpetrators (e.g., N is the number of
people in the city where the crime occurred). This
could be interpreted as the probability that the
accused individual has ended up on trial simply
because the police randomly selected one individual
from this population. It is equivalent to expressing
this probability using the “odds.” The use of odds
originates in wagering where it is the amount of
money required for a fair bet. Odds can be calcu-
lated from the probability: if the probability of guilt
is p, then the odds of guilt are p/(1-p). In a finite
sample where p is the proportion of people with a
particular trait, then the odds of the trait is the ratio
between the number of people with the trait and the
number of people without the trait. In our courtroom
application, if the initial probability of guilt is 1/N,
then the odds of guilt are:

N
N 1
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The evidence in the trial is used to either increase or
decrease the initial probability (or odds) so that a
guilty or not-guilty verdict can be returned. One way
to interpret the impact of a piece of evidence on the
trial, and hence its importance, is to measure how
much it revises the probability of guilt. The likeli-
hood ratio (LR) is the commonly used measure of
the impact of a piece. of evidence on the perception
of guilt. It is defined as the ratio between the odds of
guilt after the evidence is considered to the odds of
guilt prior to its introduction:

odds of guilt given the evidence

odds of guilt prior to evidence

If the likelihood ratio for a piece of evidence is less
than 1.0, then that evidence has decreased the odds
of guilt. If it is greater than 1.0, then the odds of guilt
are larger than they were without the evidence.

To illustrate, we consider a hypothetical example
involving the trial of a man for an assault at a party.
Suppose that during the trial it has been clearly
established that the assailant was male and attended
the party along with 49 other males. Suppose that
there are no witnesses, so the guilt or innocence of
the defendant will be decided on circumstantial
evidence. Furthermore, suppose that the victim was
bitten by the assailant, and that a forensic dentist has
been asked to evaluate the bitemark and bite casts
for all male party goers. On the witness stand, the
dentist states that the most prominent feature of the
bitemark is the mesiodistal incisor width which is at
least 9.5mm, and that the bite casts show that 3 of
the 50 male party goers (including the accused) have
incisor width exceeding 9.5mm. In this example the
prior odds that the accused is guilty are 1/49 (which
corresponds to a probability of 1/50), and after the
bitemark evidence those odds increase to 1/2
(corresponding to a probability of 1/3). The
likelihood ratio calculated using the pre- and post-
evidence odds is 1/2 + 1/49 = 24.5. From the jury’s
perspective, the bitemark evidence has resulted in a
24.5-fold increase in the odds of guilt.

A central requirement for the above calculation is
the presence of a clearly defined group of 50
suspects - something which may not be available.
Consider a second example in which an assault
occurred on the streets of a large city, and the only

clearly established prior information is that the
assailant is male. In this example we can denote the
size of the male population by N, but it cannot be
directly calculated. Once again, suppose that the
dentist determines that the assailant has a mesio-distal
incisor width of at least 9.5mm, and that the accused
satisfies this condition. Suppose further that popula-
tion studies indicate that mesiodistal incisor width
among males follows a Normal distribution with a
mean of 8.7mm and a standard deviation of 0.4mm;
that is, the assailant’s incisors are at least 2 standard
deviations above the mean. From the properties of
the Normal distribution, only 2.3% of the popula-
tion is more than 2 standard deviations above the
mean. It follows that the incisor width evidence has
reduced the size of the population of potential
perpetrators from N to 0.023 x N. In this example
the prior odds of guilt are 1/(N - 1) and the revised
odds are 1/(0.023 N - 1), so the likelihood ratio (after
simplification as in equation 1) is:

|
s
N

r-

R UON-1
/(N - 1

=~

where r is the prevalence of an evidential character-
istic in the N possible perpetrators. In the above
example, r =0.023 and if N is large, LR = 1/0.023 =
43.5. The incisor evidence has produced a 43.5-
fold increase in the odds of guilt.

Note that the likelihood ratio requires knowledge of
r and N. In the first example both could be
determined by actual measurements taken on all
possible perpetrators, which would clearly be
impossible in most situations. In the second
example it is sufficient to know that N is large as
long as there is secondary information about the
distribution of the bitemark in the relevant popula-
tion. The second approach is commonly used when
there is a natural estimate of the prevalence of an
evidential trait. A good example is with DNA test-
ing where the probability of a match in a randomly
selected individual can be determined from the
number of independent alleles examined. As
discussed below, an incorrect likelihood ratio could
be obtained if the large population approach were
applied to a small group of potential perpetrators or
vice versa.
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The likelihood ratio as defined and interpreted above
is a Bayesian quantity because it measures the
probability of truth (i.e., guilt) given the data (i.e.,
evidence). A Bayesian interpretation contrasts with
a frequentist interpretation which is based on meas-
uring the probability of the data (evidence) given truth
(innocence or guilt). The relative merits of Bayesian
and frequentist-approaches to statistical analysis is
currently the subject of debate. Advocates of
frequentist approaches prefer methods that are not
affected by an arbitrary prior distribution (a techni-
cal necessity for the Bayesian approach), whereas
advocates of Bayesian methods prefer the interpret-
ability of a Bayesian analysis. In fact the Bayesian/
frequentist argument does not really apply to the in-
terpretation of courtroom evidence. The likelihood
ratio has a meaningful frequentist interpretation in
addition to its Bayesian interpretation. We now show
that a frequentist interpretation is more useful to the
expert witness than the Bayesian interpretation used
by the jury.

The expert witness and the frequentist evaluation

The expert witness must provide the jury with some
indication of the certainty or uncertainty in his/her
conclusions about the evidence. When the determi-
nation is subjective (as is the case with much of
forensic dentistry), then the certainty must be
conveyed verbally. When quantitative determinations
are possible, then the likelihood ratio provides a more
precise measure of certainty. To calculate a likeli-
hood ratio by quantifying the odds of guilt as
described above would be inappropriate for an
expert witness. The jury must assess guilt; the
expert witness must evaluate a particular piece of
evidence.

The likelihood ratio can be re-expressed using
elementary probability relationships so that the
expert witness can report the same likelihood ratio
without quantifying the pre- and post-evidence odds
of guilt:

odds of guilt given the evidence

LR =

odds of guilt prior to evidence

probability of evidence given guilty

probability of evidence given not guilty

Weighing up bitemark evidence

The first interpretation of the likelihood ratio is the
Bayesian measure described above. The second
interpretation is a frequentist measure because it
describes the probability of the evidence under
different assumptions about guilt .

Once again, consider the first example of the assault
at the party. Suppose that the dentist has finished
testimony and the lawyer for the defence asks for
the likelihood ratio as a measure of the importance
of the evidence. During evaluation of the bite casts
and bitemark the dentist needed to ask two questions:
(1) how likely are various bite characteristics in the
assailant (the person who made the bitemark - not
necessarily the accused), and (2) how likely are those
characteristics in the non-guilty population? The
dentist must assess the bitemark for one or more
distinctive characteristics; i.e., those characteristics
which are both readily apparent in the bitemark and
uncommon in the non-guilty population. Assigning
probabilities to these assessments leads to the alter-
native form for the likelihood ratio. In the party
assault example the dentist would have examined the
bitemark and decided that the assailant’s incisor width
could be measured with certainty, and that wide
incisors are relatively rare in the non-guilty popula-
tion. Expressed as probability, the dentist would be
certain that the assailant had an incisor width of at
least 9.5mm (i.e., the probability of width > 9.5mm
in the guilty person is1.0), and from the casts would
measure that 3 of the 50 potential suspects had wide
incisors (which implies that 2 of 49 non-guilty
individuals had wide incisors). According to the
alternative version of the likelihood ratio:

probability of evidence given guilty

LR probability of evidence given not guilty
/1 _
2/49

which is the same as the value derived above by
quantifying the odds of guilt.

If, as in the second example, the assault occurred in
a large city, it would only be known that the number
of potential assailants is very large. Once again, the
dentist would select a characteristic which was both
readily apparent in the bitemark and rare in the
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non-guilty population. As in the party example, the
incisor width would be a good characteristic if width
is readily measured in the bitemark and if the meas-
urement was so extreme as to make it unusual in the
general population. If, as above, there are N
individuals in the population of potential assailants
(1 guilty and N-1 not guilty), and the proportion with
incisors larger than 9.5mm is r, then the probability
of the wide incisors in the non-guilty portion of the
population is (rN-1)/(N-1), and the likelihood ratio
is:

1 '

1
N
LR=viv-n = . L

Once again, the likelihood ratio is approximately 1/r
when N is large, and if r = 0.023, then LR = 43.5 as
obtained above when quantifying the odds of guilt.

The frequentist interpretation of the likelihood ratio
reflects the difference in definition. In the party
assault, the dentist would report that the probability
that the assailant has wide incisors is 24.5 times the
probability of large incisors in the non-guilty
population. The jury would interpret this as the
amount by which the pre-evidence odds of guilt have
increased. Similarly, in the city assault the dentist
reports that the probability of wide incisors in the
guilty individuals is 43.5 times the probability of wide
incisors in a non-guilty individual; the jury interprets
this as change in the pre-evidence odds of guilt.

In the previous section we motivated the likelihood
ratio as the jury’s interpretation of how the evidence
changes their perception of guilt. The forensic
dentist focuses on the evaluation of the evidence,
and therefore focuses on its quality. In this role the
dentist is interested in unusual characteristics that
identify a distinct bitemark which serves to narrow
the list of possible suspects. By definition unusual
characteristics are rare, and rare characteristics will
make high quality bitemark evidence. Thus, the
probability of a bite characteristic in the general
population is a natural measure for evaluation of the
certainty of the evidence. In this regard we suggest
that the jury views the likelihood ratio from the
Bayesian perspective, and the expert witness views
it as a frequentist evaluation.

One issue which is readily apparent in the frequentist
interpretation, which is less apparent in the Bayesian
interpretation is the role of certainty in characteris-
ing a bitemark trait. We assumed in the incisor width
example that the dentist was certain that the
assailant’s incisor width was at least 9.5mm. This
assumption was explicit in the frequentist
interpretation where the numerator was the
probability that the incisor width in the assailant
exceeded 9.5mm. If the bitemark evidence was poor,
then the dentist may not be certain of this character-
istic, and the probability could be chosen to be less
than 1.0. In contrast, uncertainty in the
characterisation of the bitemark is not as explicit in
the Bayesian interpretation where it would alter the
odds of guilt given the bitemark characteristic. Once
again, the frequentist interpretation is more natural
for the dentist who must incorporate uncertainty in
the bitemark trait into their assessment.

Limitations of Quantitative Measures

The simple examples given above treat the
likelihood ratio as if it is a fixed property that is
directly determined by the quality of the evidence.
In fact, the likelihood ratio depends both on the size
of the population of possible perpetrators (N) and on
the prevalence of the evidential trait (r) in that
population. It follows that the likelihood ratio will
change according to what information is already
known at the time the evidence is presented. For
example, if N decreases during the course of the trial
(as we might expect) then the likelihood ratio will
tend to increase as long as r stays constant. For many
types of evidence the prevalence of the evidential
characteristic, r, is different in different reference
populations; thus for example, if we know that the
assailant had large feet, then it would not be so
unlikely that they would also have large teeth in
which case r will be larger and the LR smaller.

We return to the second example to illustrate the
interplay between different pieces of evidence and
their effect on the likelihood ratio. Suppose that in
the large city assault, the gender of the assailant was
not clear, so that the initial population included both
females and males. Females have smaller teeth, and
suppose the probability that incisor width exceeds
9.5mm in a population of females is 0.0062. If the
population is equally split between males and
females, then the overall probability that the incisor
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width exceeds 9.5mm is the average of the male and
female probabilities, (0.023 + 0.0062)/2 = 0.0146.
Following the same calculations given earlier, the
likelihood ratio when the population of possible
assailants includes both males and females is approxi-
mately 1/0.0146 = 68.5, as compared to 1/0.023 =
43.5 if the assailant is known to be male. Thus, the
likelihood ratio .may change as the population of
possible perpetrators is refined. This can happen both
at the initiation of the trial, and if the population is
revised by other evidence offered as part of the trial.
The likelihood ratio will not change if the particular
piece of evidence is completely independent of any
other evidence; for example, if the prevalence of large
teeth is the same in both males and females, then the
likelihood ratio for the incisor width evidence would
be the same regardless of whether it followed or
preceded any gender evidence.

In many trials the list of potential perpetrators is
actually quite small, and as in the party assault
example, the evidence is used to select the actual
perpetrator from a short list. In this setting it would
be inappropriate to use the large population methods
described in the second example. For example,
suppose that a DNA analyst reports a one in 1,000,000
chance of a match with a randomly selected
individual from a large population. If there are only
10 possible perpetrators, then the likelihood ratio
cannot be approximately 1,000,000 as it would be in
the larger population. If all 10 suspects have DNA
profiles and the defendant is the only match, then
the likelihood ratio is infinite ( = 1/0 = 1/9). If
however the DNA matches 3 of the 10 suspects
(something which might happen if suspects are
related) then the likelihood ratio is 3.0 (=1/3 + 1/
9). In fact bitemark evidence may be most useful in
these small-population situations where it is possi-
ble to match the mark to a small number of bite casts.

One of the theoretically appealing aspects of the like-
lihood ratio is that the overall likelihood ratio for large
blocks of evidence (or for all evidence) can be
calculated by taking the product of all likelihood
ratios from the individual pieces of evidence.
Unfortunately, this theoretical possibility is
impossible in practice. Practical problems arise
because some evidence is not amenable to quantifi-
cation; thus, even with quantifiable evidence, the
likelihood ratio will depend on earlier evidence for
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which quantification may be impossible. Similarly,
even if likelihood ratios can be calculated for all
previous evidence, it may not be possible to define
explicitly the size of the population of potential
perpetrators, which as described above can have
important effects on the likelihood ratio. Finally, even
if a reasonable likelihood ratio can be calculated for
every piece of evidence in a trial, it is questionable
as to whether or not the quantitative measure would
lead to better decisions. One attempt to calculate an
overall likelihood ratio in a trial resulted in a reversal
of a verdict on the basis that the jury had been
misdirected.'®

DISCUSSION

Interpretation of bitemark evidence is not a
quantitative process. Although some characteristics
can be directly measured (e.g., tooth dimensions,
intercanine distances), the ability to discern
measurable characteristics depends very much on the
circumstances surrounding the bite; bitemarks are not
usually made to facilitate later evaluation. Further-
more, unlike DNA testing, there is no theoretical basis
for determining the population prevalence of
bitemark characteristics, so even if measurements can
be made their distribution (prevalence) in the
reference population is probably unknown.

We conclude that bitemark evidence is inherently
qualitative, and the use of quantitative measures to
describe the importance of bitemark evidence would
be misleading. Such quantitative measures must
derive from quantitative justification, and basing a
likelihood ratio on professional opinion or
experience is likely to give a misleading impression
of the importance of the evidence and a false sense
of objectivity to a subjective determination. This
point has recently been emphasised by Taroni et al.,"”
who noted that frequentist probabilities were objec-
tive and Bayesian probabilities were subjective. That
is, frequentists rely upon long-run repetitions of an
observational event under defined and constant
conditions. In contrast, Bayesian or subjective
probabilities refer to the level of belief that an expert
may hold, based on his or her experience,
knowledge and information, about a single event
whose falsity or truth is unknown.

Although further studies might determine the
population prevalence for common bitemark
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characteristics, calculation of likelihood ratios for
bitemark evidence will always be complicated by the
variable nature of the circumstances surrounding the
bite. This is not to say that bitemark evidence is use-
less in a courtroom. In fact bitemark evidence may
be excellent for selecting the perpetrator from a small
group of suspects (as illustrated in the party assault
example). However even in these situations the jury
may be better informed by a careful explanation of
the bite characteristics than a formal calculation of a
likelihood ratio.

It is essential that expert witnesses have some
understanding of quantitative measures of the
importance of evidence. Their use is common, and
their apparent objectivity is appealing to judges and
lawyers. In some circumstances measures such as
the likelihood ratio greatly facilitate the interpreta-
tion of a piece of evidence, however inappropriate
use serves only to confuse matters. When it comes
to bitemark evidence, we recommend that the
forensic dentist understand the likelihood ratio, and
be able to offer an explanation (based on issues
described above) of why it may not apply to the case
at hand.
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