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A B S T R A C T

The introduction of Short Tandem Repeat (STR) DNA was a revolution within a revolution that

transformed forensic DNA profiling into a tool that could be used, for the first time, to create National

DNA databases. This transformation would not have been possible without the concurrent development

of fluorescent automated sequencers, combined with the ability to multiplex several loci together. Use of

the polymerase chain reaction (PCR) increased the sensitivity of the method to enable the analysis of a

handful of cells. The first multiplexes were simple: ‘the quad’, introduced by the defunct UK Forensic

Science Service (FSS) in 1994, rapidly followed by a more discriminating ‘six-plex’ (Second Generation

Multiplex) in 1995 that was used to create the world’s first national DNA database. The success of the

database rapidly outgrew the functionality of the original system – by the year 2000 a new multiplex of

ten-loci was introduced to reduce the chance of adventitious matches. The technology was adopted

world-wide, albeit with different loci. The political requirement to introduce pan-European databases

encouraged standardisation – the development of European Standard Set (ESS) of markers comprising

twelve-loci is the latest iteration. Although development has been impressive, the methods used to

interpret evidence have lagged behind. For example, the theory to interpret complex DNA profiles (low-

level mixtures), had been developed fifteen years ago, but only in the past year or so, are the concepts

starting to be widely adopted. A plethora of different models (some commercial and others non-

commercial) have appeared. This has led to a confusing ‘debate’ about the ‘best’ to use. The different

models available are described along with their advantages and disadvantages. A section discusses the

development of national DNA databases, along with details of an associated controversy to estimate the

strength of evidence of matches. Current methodology is limited to searches of complete profiles –

another example where the interpretation of matches has not kept pace with development of theory.

STRs have also transformed the area of Disaster Victim Identification (DVI) which frequently requires

kinship analysis. However, genotyping efficiency is complicated by complex, degraded DNA profiles.

Finally, there is now a detailed understanding of the causes of stochastic effects that cause DNA profiles

to exhibit the phenomena of drop-out and drop-in, along with artefacts such as stutters. The phenomena

discussed include: heterozygote balance; stutter; degradation; the effect of decreasing quantities of

DNA; the dilution effect.

� 2015 Elsevier Ireland Ltd. All rights reserved.
1. Introduction

Short tandem repeat (STR) analysis was first introduced into
forensic casework 20 years ago. The ability to combine several
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markers to form multiplexes and to subsequently visualise the
results by automated fluorescent sequencing made National DNA
databases feasible. The first example was launched in 1995 by the
defunct Forensic Science Service (FSS). This ‘twentieth anniversary’
review is a perspective on the development and the subsequent
worldwide adoption of STRs that has taken place over the previous
two decades. The review is European-centred and is structured
into several sections:
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The scientific societies in Europe and North America played a
crucial role in coordinating standardisation, education and training
to facilitate uptake. This work continues to the present day
(Section 2). Section 3 begins a historical analysis that describes the
key research and developmental advances that went towards
designing and standardising multiplexes. In total there have been
three iterations of multiplexes, e.g. in many European countries the
six-loci SGM system was replaced by the ten-loci SGM-plus in
1999 to improve discriminating power. As databases expand, in
conjunction with political initiatives to introduce massive pan-
European databases, this in turn drives the requirement for ever
more powerful multiplex systems. This continuing need recently
led to the implementation of a new European standard set (ESS)
markers of twelve-loci (Section 5) that has been adopted by the
European Commission following recommendations of the Europe-
an Network of Forensic Science Institutes (ENFSI). Several
commercial companies, who work closely with the scientific
societies, now provide new multiplex systems to the community
on the basis of these recommendations. Practically speaking there
are sixteen loci, since D16S539, D19S433, S2S1338 and SE33 are all
included in addition to the ESS markers.

New biochemistry has simultaneously increased the sensitivity
of tests, to the extent that the once controversial low-level or low-
template (LT-) DNA analysis is considered to be routine (Section 7).
However, this is not without challenge. LT-DNA profiles tend to be
complex mixtures, with problems of ‘missing alleles’, known as
drop-out. New statistical methods, based on likelihood ratio (LR)
estimation have been critical to improve the interpretation
(Section 9). A number of different solutions have been proposed
and implemented. There is no ‘gold standard’ or any preferred
method, since each has its own advantages and disadvantages that
are listed. It is usually assumed that contributors to crime-stains
are unrelated. However, this is not always the case. Methods have
been developed to analyse mixtures (that may also be low-level)
where the contributors may be related e.g. sibs (Section 10).

The new statistical theory also extends to (and improves the
efficiency) of national DNA database interrogation (Section 11). It
is no longer necessary to think in terms of simple matching or non-
matching profiles; since likelihood ratios can be calculated for
every single member of a database (illustrated examples are based
on the UK database size of 5 million reference profiles). If large
databases are searched for potential suspects, there is increased
danger of false-positive matches and false-negative non-matches.
Forensic scientists are urged to consider the DNA evidence in full
context of the non-DNA evidence in court reports.

Finally, there is a comprehensive discussion in Section 16 on the
characteristerisation of DNA profiles where the causal reasons for
stochastic effects are explored. Stochastic effects are primarily
visualised as heterozygote balance (imbalance) and stutters of
variable size. Logistic regression is used to measure probability of
drop-out relative to allelic peak heights. There is a description of
the utilisation of software to predict and to simulate DNA profiles
based on DNA quantity, amount pipetted, PCR efficiency and
extraction efficiency.

2. The role of the European scientific societies in the evolution
of STR-DNA profiling

Within Europe, there are two predominant scientific societies
that have a special interest in DNA profiling: the oldest is the
International Society of Forensic Genetics (ISFG) which dates from
1968. This society is also the home of the DNA Commission. The
DNA commission comprises a peer review body of recognised
experts from all over the world (not just Europe) who regularly
[32_TD$DIFF]meet to discuss and to formulate recommendations relating to new
techniques or areas that may be controversial. Foundation studies
includes Y chromosome STR analysis [1]; the interpretation of
mixtures [2]; and the interpretation of low-template STRs [5]. A
full list of publications is to be found on the ISFG web site http://
www.isfg.org/Publications. These publications are reflective and
define the consensus view of the forensic community – conse-
quently, they are an important source of potential court-going
documents.

Also under the ISFG umbrella is the European DNA Profiling
Group (EDNAP) http://www.isfg.org/ednap/ednap.htm This group
came into being in 1988. Currently there are representatives from
17 European countries. The group is very active and practically
orientated. It was responsible for originally recognising the
potential of short tandem repeat (STR) analysis and was the first
to demonstrate uniformity of results across different laboratories.
The STRs and methods originally developed by EDNAP have since
become acknowledged as worldwide standards.

The DNA working group of the European Network Forensic
Science Institutes (ENFSI) http://www.enfsi.eu/about-enfsi/
structure/working-groups/dna first met in 1995. This is probably
the largest group with more than 30 European countries and close
US and Australian/New Zealand links. The group is involved with
several different areas: database legislation, development of
sampling kits, training, standards for the ENFSI QA programme;
methods, analysis and interpretation of evidence; a European
population database was developed http://www.str-base.org

3. Historical development of multiplexed systems

Early multiplexes consisted of relatively few loci based on
simple STRs. The four locus ‘quadruplex’ was the first multiplex to
be used in casework, and was developed by the Forensic Science
Service (FSS) [4]. Because it consisted of just four STRs, there was a
high chance of a random match – approximately 1 in 10,000. In
1995, the FSS re-engineered the multiplex, producing a 6 locus STR
system combined with the amelogenin sex test [5]. This acquired
the name ‘second generation multiplex’ (SGM). The addition of
complex STRs: D21S11 and HUMFIBRA/FGA [6], which have
greater variability than simple STRs, decreased the chance of a
random match to about 1 in 50 million. In the UK, the introduction
of SGM in 1995 facilitated the implementation of the UK national
DNA database (NDNAD) [7]. As databases become much larger, the
number of pairwise comparisons increases dramatically, so it
became necessary to ensure that the match probability of the
system was sufficient to minimise the chance of two unrelated
individuals matching by chance (otherwise known as an adventi-
tious match). Consequently, as the UK NDNAD grew in its first four
years of operation, a new system known as the AmpFlSTR1 SGM
Plus1 [8], with average match probability of 10�13 was introduced
in 1999. This system comprised 10 STR loci with amelogenin,
replacing the previous SGM system. To ensure continuity of the
DNA database, and to enable the new system to match samples
that had been collated in previous years, all six loci of the older
SGM system were retained in the new AmpFlSTR1 SGM Plus1
system.

4. Development and harmonisation of European National DNA
databases

Harmonisation of STR loci was achieved by collaboration at the
international level. Notably, the European DNA profiling group
(EDNAP) carried out a series of successful studies to identify and to
recommend STR loci for the forensic community to use. This work
began with an evaluation of the simple STRs HUMTH01 and
HUMVWFA31 [9]. Subsequently, the group evaluated D21S11 and
HUMFIBRA/FGA [10]. Recommendations on the use of STRs were
published by the ISFG [11].

http://www.isfg.org/Publications
http://www.isfg.org/Publications
http://www.isfg.org/ednap/ednap.htm
http://www.enfsi�.�eu/about-enfsi/structure/working-groups/dna
http://www.enfsi�.�eu/about-enfsi/structure/working-groups/dna
http://www.str-base.org
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Most, if not all, European countries have legislated to
implement national DNA databases that are based upon STRs
[12]. In Europe, there has been a drive to standardise loci across
countries in order to meet the challenge of increasing cross-border
crime. In particular, a European Community (EC) funded initiative
led by the ENFSI group was responsible for co-ordinating
collaborative exercises to validate commercially available multi-
plexes for general use [13]. National DNA databases were
introduced in 1997 in Holland and Austria; 1998 in Germany,
France, Slovenia and Cypus; 1999 in Finland, Norway and Belgium;
2000 in Sweden, Denmark, Switzerland, Spain and Italy, Czech
Republic; 2002 in Greece and Lithuania; 2003 in Hungary; 2004 in
Estonia and Slovakia [14].

A parallel process has occurred in Canada [15,16] and in the US
[17]) where standardisation was based on 13 STR loci, known as
the Combined DNA Index System (CODIS) core loci. See concurrent
review in this series by John Butler [18].

5. Development of the European Set of Standard (ESS) markers

Based on the initial EDNAP exercises and recommendations by
ENSFI and the Interpol working party [19], four loci were originally
defined as the European standard set (ESS) of loci–HUMTH01,
HUMVWFA31, D21S11 and HUMFIBRA/FGA. The identity of these
loci was dictated by their universal incorporation into different
commercial multiplexes that were utilised by member states. By the
same rationale, three further loci were added to this set–D3S1358,
D8S1179 and D18S51. These loci are the same as the standard set of
loci identified by Interpol for the global exchange of DNA data.

A subsequent expansion of ESS loci was motivated by the Prum
treaty of 2005 [20], that was signed by Austria, Germany, France,
Spain, Belgium, Luxembourg and the Netherlands (many more
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Fig. 1. Commonly used multiplex kits showing
states have since signed). This treaty promoted cross-border
cooperation by agreement to exchange information, including
DNA profiling databases, to be made available for pan-European
searches. Clearly, the relatively high combined random match
probability of the original ESS loci (approximately 10�8) was not
sufficient to enable comparisons to be made without unaccept-
able risk of chance (adventitious) matches (Section 13.1). In
addition, since the development of the original multiplexes, a
significant number of new STRs had been discovered and it was
shown that ‘mini-STRs’ had improved potential to analyse
compromised (degraded) DNA samples because of their short
amplicon size [21]. To meet the challenges, discussions began in
Europe in 2005, within the ENFSI organisation. Collaborative
experimentation confirmed that ‘mini-STRs’ showed the expected
efficacy [22] to analyse degraded DNA. In consultation with
manufacturers of multiplex kits, a list of candidate ESS markers
were published [23] and revised [24], so that the final list of five
additional loci were: D10S1248, D12S391, D22S1045, D1S1656
and D2S441, making a grand total of 12 ESS loci, with a probability
of chance match roughly equal to 10�15. The new loci were
officially adopted by the European Commission [25] and Interpol
in 2010; this led to development of a series of new multiplexes by
the major companies (Promega, Life TechnologiesTM and Qiagen).
See Fig. 1.

Improved platforms and associated biochemistry utilised five-
dye technology to create the necessary space for new markers. Using
the new multiplex systems, the ENFSI group carried out comparative
concordance and population genetics studies between 26 EU
laboratories [26]. From 2012 to 2013 there was considerable
activity to implement the new multiplex systems throughout
Europe. At the time of writing the transition to the new marker
systems is almost completed and universal. Concurrent expansion of
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the North American CODIS loci has been agreed [27–29]. See the
NIST website for lists of markers http://www.cstl.nist.gov/strbase/.

6. Population databases

Population databases are distinct from intelligence databases
and are often referred to as ‘frequency databases’. They are used to
estimate the relative rarity of a profile in a population in order to
give an indication to a court regarding the strength of the DNA
evidence. Because allele frequencies differ between racial groups,
it is the usual practice to collect databases for the major racial
groups that comprise the commonest population groups of a
country. For example, there are three different databases that are
used in forensic casework in the UK: White Caucasian, Afro-
Caribbean and Asian (Indian sub-continent). The greatest differ-
ences are found between broad racial groupings. Relatively minor
differences are found between sub-groups within the same ethnic
group but are from (for example) distinctly different geographical
different locations. A key question is whether the frequency
database that is utilised is representative, given that most
databases used for forensic purposes are based on broad random
collections of racial groups that do not usually take account of sub-
population structure. The Asian database comprises people whose
ancestors originated from a very wide geographical and cultural
background. Can we be sure that a single database is representative
for all sub-groups within the entire sub-continent?

The NRC report [30] took the view that the actual ‘subgroup’ to
which the suspect belongs is irrelevant, since the consideration is
the probability of the evidence if the suspect was not the source of
the DNA. Accordingly, Foreman et al. [31] pointed out that it is the
ethnicity of the offender that is relevant and not the ethnicity of the
defendant. However, if the court wishes to evaluate the scenario
where it is claimed that the sub-population of the offender is the
same as that of the suspect (e.g. if all potential suspects are from a
particular locality or a particular group of people) then the
question does arise whether the database is representative?

To answer this question, fairly extensive studies have been
carried out to measure genetic differences between different
groups of people [32–35]. These studies support the notion that
differences between subpopulations are low and discernible
differences are unlikely within cosmopolitan populations. How-
ever, theoretical variation between sub-populations can be
accommodated by the use of a correction factor (Fst) [36,37].
Measured differences between sub-populations appear minor and
Fst< 1 % (unless the population is highly inbred). This means that
inferences derived about frequencies of alleles in a specific sub-
population for which a database is not available, can be
accommodated by using a general database so long as Fst is
included in the calculation. Gill et al. [38] showed from a
comparison of 24 different populations, that a single pan-European
database could suffice for white Caucasians. See Welch et al. [26]
for a more recent evaluation and review of European gene-
frequencies using new generation ESS multiplexes.

7. Challenges of low-template DNA analysis

Forensic scientists have been keen to increase the sensitivity of
their methods. Historically, the easiest way to do this was simply to
raise the number of PCR amplification cycles. Findlay et al. [39]
demonstrated that single cells (buccal) could be analysed by
amplifying with 34 cycles using the AmpFlSTR1 SGM Plus1
multiplex system. The interpretation was not straight-forward –
additional alleles (known as drop-in products) were occasionally
observed. The size of stutter artefacts was enhanced; missing
alleles, known as allele drop-out, were common. However, such
profiles can now be interpreted using statistical models that take
these phenomena into account (section 9). Increasing the
sensitivity of PCR by raising the number of cycles was used to
increase the range of evidence types available to analysis. For
example, some of the work in this area is as follows: Wiegand and
Kleiber [40] analysed epithelial cells transferred from an assailant
after strangulation using 30–31 cycles of PCR. Van Hoofstat et al.
[41] analysed fingerprints from grips of tools with 28–40 cycles.
Analysis of STRs from telogen hair roots and hair shafts in the
absence of the root was reported [42–44].

Increased PCR cycles are routinely used by anthropologists and
forensic scientists to identify ancient DNA from bones. Gill et al.
[45] originally used 38–43 cycles to analyse STRs from 70 year old
bone from the Romanov family. Schmerer et al. [46,47] and Burger
et al. [48] analysed STRs from bone thousands of years old (60 and
50 PCR cycles respectively). Some authors used modified PCR
methods, for example, a nested primer PCR strategy was used by
Strom and Rechitsky [49]. This utilised a first round amplification
with 40 cycles, with subsequent analysis of a portion with a further
20–30 cycles. This method was used to analyse DNA from charred
human remains and minute amounts of blood.

For a comprehensive review of the literature relating to trace
DNA evidence the reader is referred to Van Oorschot et al. [50].

All methods used to analyse low quantities of DNA suffered from
the same basic disadvantages of stochastic (random) effects
described in Section 16.2. If present in low copy-number, a DNA
molecule will be delivered in variable quantities as a result of
sampling variation. This leads to the preferential amplification of
alleles. There are therefore several consequences that cannot be
avoided:
� L
ocus drop-out, i.e. a whole locus fails to amplify.

� A
llele drop out may occur because one of a pair of alleles at a

heterozygote locus fails to be amplified to a detectable level.

� S
tutters may increase in size relative to the progenitor allele.

� A
llele drop-in results in additional alleles ‘contaminating’ the

sample.

This means that different DNA profiles observed may not be
fully representative. Tarbelet et al. [51] originally suggested a
method of replicated analyses that comprised a rule that an allele
could only be scored if observed at least twice in replicate samples.
This theory was expanded by Gill et al. [13] who adopted Tarbelet’s
duplication rule. However, introduction of new software solutions
that incorporate the drop-in/drop-out probabilities into calcula-
tions [5] superceded the need to derive consensus sequences and
this approach is much to be preferred as it does not waste
information (Section 9).

8. Low template vs. conventional DNA profiling (significance of
new technology)

There has traditionally been some difficulty in defining the
meaning of ‘low-copy-number’ or low-template DNA. The UK
technical working group [52] observed (in Section 2.9.1):

‘‘We have demonstrated experimentally that some laboratories
achieve results from c.50pg of DNA using standard 28 PCR
cycles. Since these consequences are common to all methods of
DNA analysis and are not restricted to 34 cycles, we do not
consider the LCN label for 34 cycle work to be useful, or
particularly helpful, and propose to abandon it as a scientific
concept because a clear definition cannot be formulated’’

In addition, rather than use arbitrary delineators to classify
conventional vs. low-template DNA, it is preferable to use an
interpretation strategy that can be used for all DNA profiles [53] so
that the concept of delineation itself becomes redundant.

http://www.cstl.nist.gov/strbase/


Table 1
Summary of available interpretation software.

Software Approach LTDNA WoE Deconvolution License Ref

DNAmixtures Continuous H H H Commercial [66]

Lab Retriever Semi-continuous H H [TD$INLINE] Open-source [67]

LikeLTD Semi-continuous H H [TD$INLINE] Open-source [65]

LRmix Semi-continuous H H [TD$INLINE] Open-source [61]

LOCIM Empirical [TD$INLINE] [TD$INLINE] H Non-commercial [68]

STRmix Continuous H H H Commercial [63]

TrueAllele Continuous H H H Commercial [62]

[1_TD$DIFF]Notes: WoE = weight of evidence. Note that DNAmixtures is a free of charge open-source R package, however it requires the HUGIN commercial software to run.

Table 2
Advantages and disadvantages of the main interpretation approaches.

Model Advantages Disadvantages

Binary Easy to use and to

implement

Cannot be used for LT DNA

Semi-continuous Can be used for LTDNA Model-parameters have to be

estimated

Makes fewer assumptions

than continuous models

Does not make use of peak

heights

Implementation requires

specialized software

Continuous Make use of peak heights Numerous parameters need to
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This means that there is no delineator that can be used (indeed
there has never been a consensus definition). Instead, the term
low-level (or low-template) is used as a broad generic term to
describe partial profiles, independent of the method used. It is the
quality of the result, rather than the method by which it was
derived, that is important.

However, the new multiplex systems display sensitivities, in
terms of detecting picograms of DNA, that are equivalent to or
better than those that were originally developed more than ten
years ago. For example, Pajnič et al. [54] used new multiplex
systems to analyse degraded DNA from World War II skeletons,
without using any enhancements or changes to the manufacturers
protocol, therefore it can be stated with some confidence, that
regardless of any definition, the forensic community has already
moved to a position where all laboratories are currently analysing
low-template DNA. Although the definition is not important, the
method of interpretation is important – the lower the amount of
DNA present in a sample, the greater the chance that it may not be
associated with a crime-event. Therefore this change in technology
is not without associated risks but can be addressed by suitable
education and training.

9. Analysis of complex DNA profiles – mixtures and low
template DNA

Low-level complex DNA mixtures are often encountered in
casework. The statistical analysis of such mixtures is challenging:
in single-source stains, only one genotype is possible at each locus,
but several genotypic combinations are possible in DNA mixtures.
Therefore, it is not straightforward to determine which genotypes
contributed to the mixture.This is further complicated when
samples are low-level, which makes them prone to PCR-stochastic
effects, such as drop-out, drop-in and imbalanced heterozgotes.

Here we summarise the main categories of models and software
that are available for mixture interpretation. Readers interested in
discussions on the various software available are referred to
comprehensive reviews and references to papers [55,37].

9.1. Approaches for mixtures interpretation

The different models used for mixture interpretation are
typically classified into three groups:
be estimated

Can be used for LTDNA Implementation requires

specialized software

I B
inary models,
Require calibration for
II S
emi-continuous models,

different STR kits and different
III C

conditions (e.g. PCR cycle no.)

Empirical Simple to implement

in casework

Require calibration for

different STR kits and different

conditions (e.g. PCR cycle no.)

Can only be used to extract

major profiles

Cannot be used for weight of

the evidence
ontinuous models.

This classification reflects the way peak heights are used. Binary
models ignore peak height information completely, and are
therefore not suited to interpret low-template mixtures. For this
reason such models may be considered obsolete and are not
discussed further. In semi-continuous models peak heights may be
used to inform the model parameters, while continuous models
incorporate peak heights fully. The classical models labeled as I are
described by Buckleton et al. [56] while Steele and Balding [37]
review software with emphasis on models II and III.

In general, there are two main approaches for statistical
evaluation of forensic DNA samples: the LR approach, described in
the next section, or calculation of the probability of exclusion (PE),
or its converse, the probability of inclusion (PI), also termed
random man not excluded (RMNE).

The preferred approach, according to the ISFG DNA commission
[2], is to calculate the likelihood ratio (LR). However, whereas the
computation of summary statistics, such as the RMNE, is
straightforward, the complexity of likelihood ratios requires the
use of specialised software to analyze complex DNA profiles.
Although the theory to support the use of LRs has been available for
several years [57–59], the introduction has been slow.

A number of new software, dedicated to the interpretation of
low template DNA mixtures, have recently become available [60–
65]. These software are anchored in a likelihood-ratio framework,
but they all use different probabilistic models, and rely on different
distributional assumptions (see Steele and Balding [37] for a
review). Table 1 gives an overview of the available software (either
open-source or commercial), and Table 2 further describes the
different approaches for mixture interpretation.

9.2. Reporting DNA evidence using likelihood ratios

Several years ago, the International Society of Forensic Genetics
DNA Commission reviewed the interpretation of complex DNA
profiles [2]. They recommended the ‘likelihood ratio’ (LR)
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approach. A typical analysis of crime sample evidence (E) requires
the scientist or other evaluator to consider at least two alternative
hypotheses–the prosecution hypothesis (Hp) and the defence
hypothesis (Hd). For a profile with more than one contributor, the
prosecution may hypothesise that the suspect (S) and one
unknown (U) person were the contributors, whereas the defence
may hypothesise that there were two unknown contributors U1

and U2 . The likelihood ratio (LR) compares the probabilities of the
evidence under these alternative hypotheses:

LR ¼ PrðEjH pÞ
PrðEjHdÞ

where Pr(E j H) is calculated, based on a model, and
in the example we use the notation:

H p ¼ Sþ U; Hd ¼ U1 þ U2

If the LR is greater than one, then the evidence favours Hp but if it is
less than one then the evidence favours Hd. The evidence is then
expressed in terms of the two alternative hypotheses. One of the
attractive features of this approach is that it enables the scientist to
simultaneously consider and to compare the alternative defence
and prosecution scenarios. It enables a framework that allows for
different hypotheses to be considered if necessary – for example
the defence may contend that there are three unknown
contributors instead of one. Much has been written on the subject
of the likelihood ratio. However, it is important to point out that
there are alternative methods, including versions of RMNE
probabilities, to evaluate evidence, that are used in many
jurisdictions. The reader is referred to Buckleton [56] (pp. 27–
64) for a review.

9.3. More on continuous models

Generally, the likelihood ratio for all of the above models can be
expressed as

LRC ¼
P

jw jPðS jjH pÞP
jw jPðS jÞjHdÞ

(1)

for appropriate interpretation of the terms entering into the
equation as explained below. We consider only one marker and
one replication. The extension to several markers requires no
fundamentally new ideas: the likelihoods for different markers are
conditionally independent and can be used to express the
combined likelihood as an integral. Here Sj is a set containing
genotypes of the contributors and w j ¼ PðGC jS jÞ where GC is the
crime stain. For continuous models, GC records information on
allele designation and corresponding peak information. The
notation inevitably differs between between papers. Above we
essentially follow Taylor et al. [63]. With no restrictions on drop-in,
any evidence can be explained under any hypothesis (also without
any contributors) and therefore the sum extends over all possible
combinations of genotypes indexed by j. Restrictions on the
mechanisms for drop-in are typically modelled and implemented
as explained in Section 4.2 of [37] and therefore a large number of
terms in Eq. (1) vanish.

For model I, w j ¼ 1 if the allele designations in GC are consistent
with the alleles specified by Sj and 0 otherwise. For models II and
III, 0 � w j � 1. The peak heights only influence w j via the drop-out
and drop-in probabilities for model II. For III, a model for peak
heights is specified. Large parts of papers on continuous models are
typically devoted to estimating or maximising w j, see
[69,63,70,62] where different models and computational methods,
including MCMC and Bayesian networks, have been implemented.
The formulation of the likelihood ratio in Eq. (1) is useful as it
expresses the likelihood for each hypotheses as a weighted average
of the probabilities of the possible genotypes of the contributors.
Furthermore, as we have seen Eq. (1) serves well to contrast
models in categories I, II and III and also different versions within
these categories.

We will not discuss these technical points further but rather
focus on some fundamental issues. In general, it is desirable to use
as much of the relevant information as possible and therefore it is
reasonable to explore continuous models. There is an argument
that ignoring information is wasteful and may itself lead to wrong
conclusions. Conversely the incorporation of more data into the
model leads to added complexity and more assumptions. For
instance, a parametric model for peak height distribution must be
specified. Both log–normal [63] and gamma [70] distributions have
been suggested. It is important to verify the modelling assump-
tions since this directly influences the results. In many applica-
tions, inferred models can be checked against predictions
(forecasting weather is one example). In crime cases, there is
typically no undisputed truth to check against, hence the challenge
is to use relevant experimental data that is representative of all

DNA casework profiles.
Stochastic effects that lead to profile imbalance and dropout are

not solely a function of the DNA quantity. Gill et al. [71] show that
there are several ‘causal’ contributing factors especially: the
amount of extract that is aliquoted by pipette; whether the stain
contains haploid or diploid cells; different platforms for analysis;
different PCR cycle number (Section 16.1). It is expected that prior
distributions e.g. heterozygote balance will be highly dependent
upon the ‘causal’ parameters, but they are difficult to control in
experimental regimes. For example, analysis of simple serial
dilutions of stock DNA do not strictly reflect the condition of typical
casework stains.

By necessity, continuous models employ fixed generalised
assumptions, but the sensitivity of the assumptions relative to the
various individual causes of stochastic effects (listed above) is an
area where more research is needed, especially when low-
template DNA is considered. The interested reader is directed to
a much more extensive discussion of this topic by Steele and
Balding [37] in section 3.8 of their paper where they conclude:

‘‘Although discrete-model [semi-continuous] LRs may have
similar drawbacks, the simpler data and modeling assumptions
on which they are based diminish such concerns, possibly
allowing these models to enjoy an advantage of robustness to
laboratory-specific details in return for a loss of statistical
efficiency.’’

Potential concerns of the continuous approach can therefore be
listed as follows:
(a) C
omplexity of modelling parameters and requirement to use
assumptions that are not easily verified.
(b) T
he continuous models are typically Bayesian and therefore
formulated in a Bayesian framework with prior distributions
specified, see for instance Section 3.2 of [70].
(c) T
he necessity to use different sets of assumptions for different
PCR procedures such as increased cycle number, different kits
etc that increases the amount of intra-laboratory validation,
and may restrict the range of protocols, that may be utilised.

In contrast, the principle advantage of the semi-continuous
model is that there are fewer assumptions, hence the same model
can be used across different multiplexes and different cycling
conditions.

9.4. Exploratory vs ‘black box’ approaches

A key goal of the continuous approach is to describe a DNA
profile by modelling all sources of variation and to encapsulate
evidence into a single likelihood ratio. Indeed, it may be tempting
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to use new statistical methods as a convenient way to generate
answers simply by feeding a program with numbers, running the
program and reporting the result, but this does not circumvent a
requirement for careful consideration of all of the DNA and non-
DNA evidence in a case [72].

No statistical method can capture all of the uncertainty that is
inherent to casework analysis of complex DNA profiles. This is why
the ISFG DNA commission [5] stated: ‘‘we do not advocate a black
box approach.’’ Software is used as part of the overall evaluation of
the evidence. Although the exploratory approach has been
advocated in relation to semi-continuous models, there is no
implicit restriction of the philosophy to any particular software.
Apart from unpredicted stochastic effects, the following are
important considerations that affect the reported likelihood ratio:

Biochemical phenomena such as primer-template mutations
[73]; somatic mutations [74], may all affect the likelihood ratio in
unpredictable ways.

Numbers of contributors [58] and associated defence and
prosecution hypotheses may not be obvious and are subject to
debate. There is no reason for numbers of contributors to be the
same under alternative hypotheses. In the ‘exploratory approach’
advocated by Haned et al. [61,75], the biological basis of profiles
are evaluated prior to any strength of evidence test.

Does the questioned profile fall within the scope of the software

validation? Additional questions are relevant: does the profile fall
within the limits defined by validation? For example, has the
software been tested relative to 3/4/5 low template contributors if
such mixtures are hypothesised?

The exploratory approach comprises a suite of software tools that
can be used by the expert to evaluate evidence; the purpose is not
restricted to solely reporting the strength of evidence as a likelihood
ratio, it is also used to ‘explore’ the evidence itself. The statistical
analysis may indicate ‘aberrant loci’ that require new tests employing
different biochemistry. This is preferable to a ‘blind’ statistical
analysis of samples. In addition, there will typically be several stains
in a case that may be considered for evidential purposes - this will
provide additional opportunity to cross-check inferences.

9.5. Concluding remarks – diversity of methodology

While there can be incorrectly calculated LRs, finding a perfect
LR solution for all situations is not possible. Balding [65] states:

‘‘Likelihoods depend on modeling assumptions, and there can
be no ‘‘true’’ statistical model for a phenomenon as complex as
an LTDNA profile’’

Consequently, there is no agreement within the forensic
community on the best approach, and it is unrealistic to suppose
that any single method will be universally adopted. This means
that in practice a diversity of methods will be used for the
foreseeable future. In principle, there is nothing wrong with this[6_TD$DIFF]. It
will encourage research. An inevitable outcome, to be encouraged,
is that court-reports will be routinely prepared and challenged by
different software that use different modeling assumptions.
Typically, commercial software will not be available to defence
experts and they will default to open source or non-commercial
software. However, if similar answers are obtained, then confi-
dence in results should increase. Here, we follow, Steele and
Balding [37], and suggest that a difference in the order of one ban
(one unit in log10 scale) is negligible.

Likelihood ratios are crucially dependent upon the assumptions
or the propositions used in the models (e.g. the number of
contributors). For this reason, there needs to be significant court
involvement with the process of formulating alternative proposi-
tions – indeed several sets of propositions may be simultaneously
proposed, tested and debated.
To summarise:
� T
here is no underlying ‘true’ likelihood ratio that can be
formulated

� A
 diversity of models, that rely upon different modelling

assumptions currently exist.

� D
iversity of models is encouraged for court-reporting purposes –

so that their results can be compared, if applicable with respect
to similarities in assumptions,[33_TD$DIFF] input-data and parameters.

� T
he ‘black box’ approach is strongly discouraged. There is no true

LR; the veracity of the propositions is also uncertain and this will
often indicate that the court needs to be proactive to ensure that
the propositions addressed are appropriate to the case in
question.

� A
 computer program does not replace the need to think carefully

about the case.

10. Mixtures in kinship analysis

10.1. Mixtures with relatives

Kinship analysis is usually treated as a separate area within
forensic genetics, and a number of different software are available.
A comprehensive list of kinship analysis programs can be found on
http://www.cstl.nist.gov/strbase/kinship.htm. A classic example of
kinship analysis is paternity testing, while other uses include the
identification of missing persons and disaster victim identification.
However, there are cases where kinship and crime cases intervene,
namely in mixtures where the contributors may be related.
Although a wide range of software exists for the interpretation of
mixtures, the usual assumption is that the involved individuals are
unrelated, except for subpopulation effects which can be
accounted for with FST. The terminology and notation differ
(frequently u is used). See [37] for a precise definition. However, if
there are specific family relationships between contributors that
need to be taken into account, this calls for alternative statistical
methods. If a close relative of the perpetrator is disregarded as an
alternative contributor, the evidence against the suspect may be
overestimated [76]. We initially consider Binary models, see
Section 9.3. The type of scenarios we envisage include mixtures
where the contributors are believed to be related, e.g. hypotheses
of the type – Hp: The evidence is a mixture of the victim and her

untyped grandfather vs. Hd: The evidence is a mixture of the victim

and an unknown, unrelated individual.
Another type of scenario involves mixtures where someone

related to the questioned contributor is considered as an
alternative contributor, e.g. Hp: The evidence is a mixture of the

victim and a suspect vs. Hd: The evidence is a mixture of the victim and

an untyped brother of the suspect.
Common to both scenarios is that one of the relatives is

untyped. Fung and Hu [77] have derived kinship coefficients for
cases with pairwise relationships like the two examples above.
However, when there are more than two related contributors
involved, another approach must be taken. In Egeland et al. [78]
(which includes information on open software implementation),
the problem of mixtures with related contributors was treated in
generality with the use of pedigrees to describe relationships. This
approach also allows for different family relationships to be
specified under the opposing hypotheses, such as: Hp: The evidence

is a mixture of two typed individuals, who are siblings, and their

untyped brother vs. Hd: The evidence is a mixture of two typed

individuals, who are half siblings, and their untyped father.

There is limited work to account for related contributors in
mixture models accommodating peak heights. However, it is not so
difficult to model relationships between pairs of individuals and

http://www.cstl.nist.gov/strbase/kinship.htm


Table 3
The table shows expected number of adventitious matches with a large reference

database size N when compared against a total of n single source stains. The results

were simulated using the Norwegian population for the old Interpol standard

(INTER) with 7 loci and the new ESS markers with 12 loci.

N= 1e+06 1e+07 1e+08 1e+09

INTER (n = 1e+05) 1.2e+02 1.2e+03 1.2e+04 1.2e+05

INTER (n = 5e+05) 5.9e+02 5.9e+03 5.9e+04 5.9e+05

INTER (n = 1e+06) 1.2e+03 1.2e+04 1.2e+05 1.2e+06

ESS (n = 1e+05) 7.4e�05 7.4e�04 7.4e�03 7.4e�02

ESS (n = 5e+05) 3.7e�04 3.7e�03 3.7e�02 3.7e�01

ESS (n = 1e+06) 7.2e�04 7.2e�03 7.2e�02 7.2e�01
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this is also implemented in the programs likeLTD [79], TrueAllele
[62] and STRmix [63], see Table 3 in Steele and Balding [37].

10.2. Drop-out in kinship cases

For mixtures in crime cases there exists a number of statistical
methods and software that account for stochastic phenomena such
as allelic drop-in and drop-out. Within kinship analysis however,
literature that discusses the analysis of profiles that may contain
drop-in and drop-out is scarce. Yet partial profiles may commonly
appear in kinship problems such as missing person identification
and disaster victim identification. Ignoring drop-out may lead to
incorrect interpretation of profiles, loss of valuable information
and biased results. Partial profiles were briefly treated in Brenner
and Weir [80] in connection with identification work after the
World Trade Center 9/11 disaster. A likelihood ratio model that
accounts for drop-out in kinship cases involving pairwise relation-
ships was formulated in Buckleton and Triggs [81], while Dørum
et al. [82] describe a general likelihood ratio drop-out model for
kinship described by pedigrees. Examples of software exist that
can handle drop-out in kinship cases, including Bonaparte [83]
(http://www.bonaparte-dvi.com/), DNA�VIEW (http://dna-view.
com/dnaview.htm) and Familias 3 [84], where the latter is freely
available (http://familias.no).

11. National DNA databases

With approximately 6 million records (https://www.gov.uk/
government/uploads/system/uploads/attachment_data/file/
252885/NDNAD_Annual_Report_2012-13.pdf), the UK National
DNA database (NDNAD) [7] is no longer the largest database in the
world–that honour now belongs to China with more than 32
million records as of November 2014, more than twice the size of
the US database (greater than 13 million samples: http://www.fbi.
gov/about-us/lab/biometric-analysis/codis/ndis-statistics). How-
ever, it is interesting to note that as a proportion of the population,
UK still ranks the highest with approximately 10% of the
population on the national register, compared with approximately
4% of the US population. Reference samples are obtained from
buccal (mouth) scrapes or hair roots taken from any individual
arrested for any criminal offence. These are known as criminal
justice (CJ) samples. Results are stored on computer in the form of
an alphanumeric code that is based on the nomenclature of each
STR allele. During criminal casework, operational laboratories
carry out analysis of biological material such as semen or blood-
stains. The STR profiles derived from these samples are compared
against the CJ samples in the reference database. If a match is found
then the investigating authorities are informed of the identity of
the individual, to enable further investigations to be carried out.
The NDNAD is primarily an intelligence database – it is used to
discover potential perpetrators of crime – this is a separate
exercise to the evaluation of the evidence.
Initially, DNA profiling evidence was confined to serious crimes,
but now this has been widely extended (dependent upon
jurisdiction) to include minor offences. As an example see the
Home Office breakdown of database match statistics [85]. Many
matches originate from volume crimes such as burglary. Databases
can also be used to compare profiles from different crime-scenes to
identify serial offenders. It is relatively common to find links
between minor offences and more serious offences.

11.1. Familial searches

Novel applications are possible. In particular, the use of the
database for familial searching [86]) has been implemented in the
UK and elsewhere [87]. This extension of the utility of national
DNA databases has proved ethically controversial – if a perpetrator
is not recorded on the NDNADB, then no match will result.
However close relatives e.g. brother or father will have many
alleles in common. This can be used to good effect – rather than to
search for a complete match, a search that relies on >50% alleles
matching will yield a list of potential suspects that may be quite
large. [88–90]. However, there is often information in the
circumstances of the crime to suggest that the perpetrator may
be local to a particular geographic area. This reduces the pool of
suspects, which in turn reduces the number of database matches;
therefore the investigation is much easier to manage. Additional
confirmatory tests using Y-chromosome or mitochondrial DNA can
be used to narrow the field further [91]. Once potential suspects
are identified, then a sample may subsequently confirm a match
with the crime stain. An indication of ethnicity is also possible,
either from the genetic STR genotype of the perpetrator, or from
the Y-chromosome – see ISFG DNA commission recommendations
[92,1] and the reviews [93,94] for more details. Whereas these
markers can give a useful indication of ethnicity, they are never
100%. Their use is primarily to prioritise a list of potential suspects
for investigative purposes.

11.2. Conventional search strategies

If no suspect has been identified as a contributor to crime-stain
evidence, then a search of the national DNA database is carried out.

A cursory analysis of discriminating potentials of multiplexed
STRs systems is generally conditioned on the ‘full’ DNA profile. This
assumption is never realistic [95–97]. Many case-stains are partial.
This means that alleles or markers are usually missing from the
profile.

The search of a national DNA database, where a crime stain
profile is compared against reference samples, is a two-stage
process:
� A
 match is declared if all the alleles contained in the crime stain
profile match those in the reference sample – this condition may
be relaxed to take account of possible allele mistyping and partial
profiles (Section 11.2.1).

� T
he evaluation of the strength of the evidence is carried out with

the putative ‘match’ and is a separate exercise to its discovery
(outlined above).

11.2.1. Matching allele count (MAC) method

The MAC method is the standard method: a simple count of the
number of matching alleles between an evidence sample and a
corresponding reference sample on the NDNAD [98]. If every
individual on the national DNA reference database is compared
against the evidence, this would return a ranked list of matched
candidates which satisfies the condition MAC�T for a threshold,
where T is a simple count of the number of matching alleles. If

http://www.bonaparte-dvi.com/
http://dna-view.com/dnaview.htm
http://dna-view.com/dnaview.htm
http://familias.no
https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/252885/NDNAD_Annual_Report_2012-13.pdf
https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/252885/NDNAD_Annual_Report_2012-13.pdf
https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/252885/NDNAD_Annual_Report_2012-13.pdf
http://www.fbi.gov/about-us/lab/biometric-analysis/codis/ndis-statistics
http://www.fbi.gov/about-us/lab/biometric-analysis/codis/ndis-statistics
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I =‘number of markers used in the analysis’, then MAC= 2I is a
complete match at every allele between the crime-stain and the
reference sample minimises the probability of observing false
positive matches. A ‘reduced stringency’ matching process (wild-
card searches), described in section 11.3, allows for partial profiles
with missing alleles and errors in allele designation so that T is less
than the number of alleles in a full profile. Provided that the profile
is a full single-contributor profile then the MAC is converted into a
match probability Pm which can be used to measure the strength of
evidence

For a selected threshold T, the false positive probability measure
p(T) = Pr(MAC > = T j E) evaluates the risk of false positive results
based on the evidence E. The formula is provided in [99]. Similar
problems were explored by Tvedebrink et al. [100].

If T is reduced, this will naturally increase the false positive rate.
Consequently, the random match probability is increased (because
of the loss of information), which means that the chance that it will
match a sample that originates from a different individual is also
increased. This is known as an ‘adventitious match’ that leads to an
error of false inclusion. Adventitious matches can also occur with
full profiles of course, but are less probable. The risks are directly
estimated by the match probability. Conversely, if a profile is
wrongly designated because of operator error (or because of the
contamination event known as drop-in) then it will not match a
reference or crime-stain profile. This could lead to an error of false
exclusion. In order to minimize the level of false exclusions,
NDNADs carry out low stringency searches. This [7_TD$DIFF] means that a
complete match is not needed for a putative match to be inferred –
for example perhaps 23 out of 24 alleles match in the case stain
match a reference sample, but there is one mismatch.

Low stringency tests intended to reduce false exclusion rates will
paradoxically increase the false inclusion rate. Some false inclusions
will be detected at the second stage of testing (where profiles are
manually compared or re-worked with different multiplexes).
Nevertheless, it follows that if the false inclusion rate is too high,
then this compromises the efficiency of a NDNAD, simply because
the increased amount of work to investigate multiple matches is
prohibitive.

11.3. Reducing the test stringency threshold T for searches on national

DNA databases

In order to reduce the stringency of a database search, wild
cards are incorporated as part of a profile designation in order to
accommodate the following phenomena:
� T
he locus may appear to be homozygous, but the allele peak is
below the stochastic threshold (Section 16.2). Under laboratory
rules, the possibility of drop-out is accommodated by an
additional allele that cannot be visualised. (eg 17,F means the
locus could be type 17,17 homozygote or 17,Q heterozyote
where Q is an allele other than allele 17. The F or Q designation
acts as a wild card that matches any other allele.

� If
 there is a locus with a wild-card e.g. 12,F; then it will match any

other locus with a single 12 designation, including 12,14; 12,12;
8,12 etc.

� If
 comparisons are made between loci, the primer-sets made by

two competing manufacturers will be different. If there is a primer
binding site mutation that prevents amplification of the target
molecule then the locus will appear to be homozygote with one set
of primers, and heterozygous with the alternative set e.g. [73]

� T
here may be some ambiguity associated with the allele – it may

be ‘off-ladder’ i.e. outside the usual range of alleles, so its identity
cannot be reliably designated relative to an allelic ladder, or it
may be rare so that it does not match a common allele (this may
be given an ‘R’ designation – this is also treated as a ‘wild-card’).
� T
ranscription or operator errors may result in mis-designations
of loci.

Low stringency tests operate by reducing the discriminating
power of the multiplex systems. If this becomes so low that
thousands of adventitious matches are expected to occur, then the
utility of a database is compromised. The increased time-
consuming aspects of manual inspection or investigation of
adventitious matches makes the process unviable.

11.4. Summary of matching rules – the Interpol Gateway

The minimum match stringency [101,102]is a complete match
between at least six of the seven ESS loci (the original set in
Section 5). Wild cards are introduced in order to allow for errors of
mis-designation outlined above so that a ‘search’ may introduce a
‘near-match’ report – bearing in mind that the search is for
investigative purposes.

The performance of a multiplex is dependent upon a) the size of
the reference database b) the inbuilt redundancy of the multiplex
(i.e. the tolerance to wild-card designations). Mixtures are not
allowed as the search strategies are based on simple MACs and this
system has inherent limitations, examined below.

Database searches are challenging if the evidence is complex,
with allele drop-out or/and multiple contributors. The increased
discriminating power of the new DNA typing kits offered by ESS
loci facilitates searches. Conversely, the inherent ambiguity in the
complex partial profile and the necessity to introduce ‘wild cards’
into the match-strategy reduces the effectiveness.

12. Assessing the strength of the evidence of a match derived
from the intelligence database

In current practice, a match of a crime stain with a reference
sample during a database search is identified by the MAC method.
The second step is to calculate a strength of evidence. This is always
presented as a conditioned match probability or as a likelihood
ratio, calculated by using a relevant population (frequency)
database (Section 6). The question of whether a search of a large
intelligence database for a match subsequently affected the
strength of the evidence was addressed by the NRC report [30];
pp. 133–135. They originally recommended that an adjustment
was applied by multiplying the match probability (Pm) by the
number of people on the database [103]. Using an example of an
intelligence database of n = 1000 and a multiplex with Pm of 10�6

this would result in a substantially reduced strength of evidence
n � Pm = 0.001. This suggestion became known as the ‘np-rule’ and
led to major debate.

12.1. The DNA database search controversy: quantification of

evidence after a database search

Balding and Donnelly [104] criticised the recommendation as
follows. Consider the likelihood ratio between the hypothesis Hp:
‘Suspect S is a contributor to the evidence’ and the complement Hd:
‘Suspect S is not a contributor to the evidence’. If the evidence is
single-source and no other information is provided, the weight-of-
evidence LR = 1/p where p is the population match probability.
Now let N be the known population size and n is the number of
individuals in a reference database, so that that n and S are both
drawn from the population N (we assume unrelatedness).
Furthermore, if S was the only individual in the database that
matched the evidence sample, the adjusted weight-of-evidence
becomes LR* = ((N � 1)/(N � n))(1/p) (equal prior probabilities 1/N
are applied to all individuals). Stockmarr [103] presented the
alternative hypotheses H0p: ‘The contributor is in the database’ and
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the complement H0d: ‘The contributor is not in the database’. This
resulted in the weight-of-evidence LR0 = 1/np where the population
size N is not relevant. This was the basis of the ‘‘np-rule’’ which was
supported by NRC [30].

Fig. 2 shows that the two approaches differed greatly, since
increased n will increase LR* slightly, while LR0 decreases rapidly.
This difference led to a major debate. Meester and Sjerps [105]
concluded that the two approaches described above were both
valid in terms of posterior probability, provided that prior odds of
guilt, based on the strength of non-DNA evidence were incorpo-
rated into the calculations above. The database search was
essentially an exercise in intelligence gathering to identify
potential suspects. At this stage, the probability of guilt per
individual in the population is the same (1/N). If a suspect is
identified then the investigation of the crime enters a second phase
to search for additional evidence that may implicate or exonerate a
suspect, hence the priors are continually updated to take account
of new information.

The debate was recently reopened by Schneider et al. [106] who
advocated use of the ‘‘np-rule’’ and drew responses from
Biedermann et al. [107] and Gittelson et al. [108]. The argument
followed similar lines to those briefly summarised above. There is
an excellent summary provided by Nordgaard et al. [109] who asks
the pertinent question:

‘‘why does this debate keep re-emerging?’’

They also provide the answer:

‘‘..the risk behind the fear is that the court would not use prior
odds for the individual to be the source of the recovered DNA. If
that is the case there would be no differences between a
database hit case and a probable cause case with respect to the
decision about guilt, if the DNA match is the only evidence
presented. In other words a conviction would be solely built on
the DNA match.’’

This is the essence of the problem – there is an expectation that
the court follows the rules – to take account of all the information
provided and to incorporate probabilities and relevant priors in
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line with current theory. Unfortunately, in the UK (as an example),
this is not always followed, Prosecutions can occur on the sole basis
of database matches without corroboration [72]. The jury is not
informed of the profile discovery via database search and the
strength of the DNA evidence is not necessarily considered in
correct context of the priors [110].

Nordgaard et al. [109] continue:

‘‘The seemingly rational thing to do is to enhance the
communication between the forensic laboratory and the
commissioners (police, prosecutors and court).’’

Biedermann et al. [107] appears to concur:

‘‘there is need for more argumentation, perhaps using another
language than that of mathematics’’.

The papers by Storvik [111] and Chung et al. [112] also provide a
comprehensive summary of the database search debate for the
interested reader; the latter extended the discussion to mixtures.

13. Limitations of databases relative to their size and the
discriminating power of the multiplex

Suppose that there are 1 million samples in an intelligence
database. If a multiplex system is used that has an average match
probability (Pm) of 2 � 10�8 (as for the original AmpFlSTR1
SGMTM system) then the chance of an adventitious match is
conveniently defined by the ‘np rule’, noting that in this specific
context the use is non-controversial: n � Pm = 0.02. Taking the
reciprocal demonstrates that approximately one in fifty samples
that are compared to a database this size will match by chance.

As databases grow, it is implicit that the probability of a match
needs to be reduced in order to keep the potential number of
adventitious matches to a minimum. To fulfil this requirement, STR
systems have been upgraded to include more loci (Section 3).
Consequently, a much lower average random match probability
was achieved.

To assess the impact of an adventitious match, the only relevant
comparisons are between criminal justice (reference or known)
samples and crime (or unknown) samples, rather than pairwise
comparisons within the database itself. Approximately 6 million
DNA profiles are currently retained on the UK database and to date
they have been compared against approximately 415,000 samples
taken from crime scenes [113] – this is 6.0 m � 415,000 =
2.5 � 1012 pairwise comparisons in total. Applying a full profile
match probability of 10�13 (the SGM Plus average), this gives a 92%
chance that one or more comparisons have led to adventitious
matches at all loci (ignoring relatedness) since inception. We can
conclude that it is certainly possible that adventitious matches
occur between crime samples and the database, but, (a) they will
be very rare; (b) provided that the match is treated as an
investigative lead, in the first instance, and not used as direct proof
of guilt in lieu of other evidence – an adventitious match can be
accommodated.

13.1. Adventitious matches affected by database size and multiple

searching

In Table 3 an example is provided to show the number of
expected adventitous matches when a large reference database
(size N) is compared to crime stain profiles (size n) using the
European standard set (ESS) (12 loci) which superceded the old
Interpol standard set (INTER) (7 loci) described in Section 5. For the
old Interpol standard it was expected that 120 adventitious
matches will result if n = 100 thousand crime stain profiles are
searched against a database of N = 1 million reference samples.



1 At the time of writing this document is still in preparation but will be available

on the ENFSI website http://www.enfsi.eu/.
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However, for the ESS loci, the discriminatory power is much
greater so that only 0.7 false positive matches are expected when
there are 1 million crime stains that are searched against a
database of N = 1 billion reference samples (for example)

To counter the challenges of massive databases with many
millions of individuals, the new generation multiplexes will
significantly reduce risks of chance adventitious matches, but of
the course the difficulty remains that there are 6 m samples in the
UK, as an example, that require upgrading to the new system –
recent EU legislation requires that DNA samples should not be
stored indefinitely, hence upgrading retrospectively will be
problematic – the expense is prohibitive and there appears to
be no easy solution to this problem. However, if an existing match
is believed to be adventitious then testing with further STR loci or
using other typing systems should easily demonstrate this.

Databases will contain pairs of relatives (especially brothers)
with increased probability of chance matching [114]. Between a
pair of siblings the probability is approximately 10�7 for the 16 loci
Life TechnologiesTM AmpflSTR1 NGMTM system.

Partial DNA profiles will continue to have much higher match
probabilities and therefore a much higher chance of adventitious
match.

13.2. Reducing number of false positives

In order to reduce the number of false positive matches in a
database search, an alternative method is to reduce the number of
individuals in the database. During the course of an investigation, it
is often possible to define the characteristics of the offender in
terms of gender, age, geographical location etc. Gill [72], pages
105–108, describes the idea of defining a ‘‘Target population’’
which is a ‘‘slice’’ of the population which satisfies some of these
criteria. If followed, it would be an effective way to reduce the
number of false positive matches relative to the reference database
(since N is reduced).

14. Searching databases with complex DNA profiling evidence
samples

14.1. Alternative to the MAC > Talleles approach using a likelihood

ratio (LR > TLR) method

A probabilistic model Pr(E j H) to the evidence stain E for a given
hypothesis H, where known and unknown contributors may be
specified, forms the basis of what is known as the likelihood ratio
(LR) method (see Section 9.2). Such a model requires that the
number of contributing individuals C is specified through H.
Consider individual j to be a genotyped individual in the reference
database, whom we want to investigate. Instead of counting
matching alleles (MAC), a countinuous score given by the
likelihood ratio (LR) between the two (typical) following compet-
ing hypotheses is considered:

Hj: Individual j and C-1 unknown individuals contribute to the
evidence E

Hd: C unknown individuals contribute to the evidence E

LR is the most efficient way to evaluate evidence and this principle
can be extended to database searches instead of using the MAC
method which is demonstrably inefficient for these kinds of samples
(see Bleka et al. [98] for low template DNA searching and Balding et al.
[79] for familial searching).

Curran et al. [115] proposed a model to specify probabilities of
allele drop-out and drop-in. If individuals in the database deviate
from the prior allele frequencies (i.e. originate from a different
population), this bias can be adjusted using the Fst correction [65].
Instead of selecting a threshold T based on MAC > Talleles, an
alternative is to extract all candidates which satisfy the condition
LR � TLR (subscripts are introduced to make clear the difference
between T defined as the number of alleles vs T defined as an LR)
hence the false positive probability measure becomes
p(TLR) = Pr(LR � TLR j E, Hd) [8_TD$DIFF]. Whereas the MAC measure is a
discrete match measure from 0 to 2I, in contrast, the LR is
continuous.

Another alternative method extracts a list of K candidates from
a database with probability P that it contains the true donor subject
to the conditional constraint that he is really in the database in the
first place. This theory was introduced by Slooten et al. [87] and
was evaluated by Bleka et al. [98].

14.2. Performance of database searching

The demonstration of improved performance using the LR > T

method was carried out by Bleka et al. [98]. A total of 4000
simulated partial two-person mixtures were searched against a
5 million person (simulated) database, for both the SGM Plus
(10 loci) and the ESX 17 (16 loci). It was shown that the 95% rank
quantile to extract the true donor with 6 allele drop-outs was
38864 and 18 respectively for SGM Plus vs. ESX 17 using
MAC > Talleles model, versus 9832 and 2 when a LR > TLR model
was used instead. This simultaneously demonstrated that
increased discrimination power of complex DNA profiles was
achieved by a) increasing the number of loci b) utilising the LR
method to measure strength of evidence. Bright et al. [116]
demonstrate an expansion to take account of allelic peak height
and stutter if this information is available.

14.2.1. Software to carry out database searches

The R-package ‘mastermix’ (available from http://r-forge.
r-project.org/) includes different user-friendly tools to carry out
mixture intepretation. The GUI ‘‘Mixture Tool’’ incorporates the
LRmix module, in addition to the MAC method, to provide efficient
database searching when considering complex evidences. Besides
allowing database searches, it also implements an extended
version of the deconvolution model for STR DNA mixtures provided
by Tvedebrink et al. [117].

15. Non-contributor tests of robustness for complex DNA
profiles

A probabilistic LR model relies on a number of assumptions,
including the propositions to be evaluated and parameters such as
the drop-in and dropout probabilities. Likelihood ratios are based
on comparing at least two propositions (Section 9.2). The choice of
propositions is provided initially by the mandating authorities
(reference: ENFSI guideline for evaluative reporting in forensic
science.1) However, the [34_TD$DIFF]proposition sets are not always obvious. A
consideration of case pre-assessment and the expert’s opinion may
lead to the proposal of several secondary sets of propositions to
test. Gill and Haned [75] advocate an exploratory approach and
provide guidelines to organise relevant propositions to interpret
complex mixtures. The proposal to evaluate different sets of
proposition pairs is also supported by Gill et al. [58] and Buckleton
et al. [118]. The robustness of the likelihood ratio model with
regard to the modeling assumptions has been discussed in several
papers [61,75,119,120].

http://r-forge.r-project.org/
http://r-forge.r-project.org/
http://www.enfsi�.�eu/
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15.1. Non-contributor tests

Gill and Haned [75] proposed using non-contributor tests to
investigate the robustness of a case specific LR. These tests are
based on the ‘Tippett test’, introduced for DNA profiling on a
specific per case basis by Gill et al. [119]. The test is used to indicate
the probability of misleading evidence in favour of the prosecution.
The idea is to replace the profile of the questioned contributor
(POI), e.g. the suspect, by a number of random profiles, and for each
random profile the likelihood ratio is recomputed. Consider a
simple LR of one contributor, where S is the questioned contributor
(e.g. suspect) in the numerator and U is an unknown unrelated
person.

LR ¼ PrðEvidencejSÞ
PrðEvidencejUÞ (2)

In non-contributor testing, S is substituted by n random man
profiles R1..n, where n is usually a large number �1000 and this
gives a distribution of random man LRs if the defense hypothesis is
true.

LRi¼1;...;n ¼
PrðEvidencejRiÞ
PrðEvidencejUÞ (3)

Once a distribution of non-contributors has been propagated,
some useful statistics can be provided:
� Q
uantile measurements e.g. median and 99 percentile,

� p
-values.

If the LR of the suspect is large enough to be easily
distinguished, and does not overlap the distribution of random
man LRs, it gives support to the proposition that the suspect is a
contributor. However, if replacement of the suspect’s profile with
random profiles results in LRs the same order of magnitude as the
observed LR, then the suspect’s profile data behaves no differently
from a random man and gives support to the defence hypothesis of
exclusion. The emphasis is that non-contributor tests are
diagnostic tests to assist the interpretation and to understand
any limitations of the observed LR that may prevail.

This is important since Haned et al. [121] showed that a large LR

does not necessarily translate into probative evidence against a
suspect when complex propositions are considered.

An example follows based on Table 3, Gill and Haned [75]. Two
suspects are simultaneously accused of a crime against a victim. A
mixture of three contributors is recovered and the victim can be
conditioned under both Hp and Hd. The primary propositions
provided by the mandating authorities for the scientist to evaluate
are formulated:

LR1 ¼
PrðEvidencejS1; S2;VÞ
PrðEvidencejU1;U2;VÞ

(4)

For this example there is only one LR, but there are two separate
non-contributor tests, or p-values, that must be evaluated.

This is because the LR is a holistic statistic that cannot
distinguish between contributors within the construct. Their
relative contributions are disproportionate. Non-contributor tests
are used to ‘dissect’ the propositions to reveal this hidden property.

Consequently, the propositions can be simplified as shown in
Eqs. (5) and (6):

LR2 ¼
PrðEvidencejS1;U2;VÞ
PrðEvidencejU1;U2;VÞ

(5)

LR3 ¼
PrðEvidencejS2;U1;VÞ
PrðEvidencejU1;U2;VÞ

(6)
Now there is only one LR and one non-contributor test per
construct. Note that we evaluate the evidence in ‘exploratory

mode’ since the proposition sets now deviate from the primary
request of the mandating authorities illustrated in Eq. (4):

In the following, to continue the example provided in Table 3, by
Gill and Haned [75] results are expressed as log10 values and the
figures in parentheses are 99 percentiles from non-contributor
distributions. It was demonstrated that the S1 substitution in the
non-contributor test(Eq. (3)) gave LR = 5.5(� 7) whereas S2 substi-
tution gave LR = 5.5(8.2) i.e. the 99-percentile was greater than the
‘combined’ LR and therefore the S2 result was exclusionary. When
propositions were simplified (Eqs. (5) and (6), respectively)
confirmation of the result was shown, LR = 7.2(0.14) and �3
(0.14), respectively.

To summarise, when the propositions to be evaluated include
several contributors, there is a chance of false inclusion of a
questioned individual. This may be the case if a single large LR is
used as simultaneous evidence against two suspects. If a non-
contributor test is applied to a given suspect and the random man
distribution overlaps the observed LR then this is exclusionary. The
methods described above will capture such occurrences, which
may otherwise be missed if total reliance is placed solely upon the
value of the LR.

15.2. The role of the p-value

Due to the large number of possible random man profiles, the
simulation based non-contributor test can only give an estimate of
how much an observed LR differs from random man LRs, based on
quantile measurement. An extension of the idea of the non-
contributor[9_TD$DIFF] test is to compute a p-value corresponding to the LR; an
algorithm was presented by Dørum et al. [122]. The p-value asks a
specific question, alternatively termed an ‘exceedence probability’
by Kruijver [123]:

‘‘What is the chance that a random (unrelated) man from a
population will provide a likelihood ratio that is equivalent to or
greater than that observed?’’

In this context, the p-value algorithm considers all possible
random man profiles and therefore gives the exact probability of
providing misleading evidence in favour of the prosecution.
Improvements in computation were suggested by Kruijver
[123].

Another use of the non-contributor test or p-value algorithm
is in database searches. In Bleka et al. [98] one approach to
database search was to extract candidates with a LR above a
selected threshold T. The probability of extracting false
candidates in such searches, i.e. Pr(LR � T), can be estimated
with a non-contributor test or calculated exactly with the p-
value algorithm.

Both Taylor et al. [124] and Kruijver et al. [125] recently
[37_TD$DIFF]discussed non-contributor (p-value) testing[38_TD$DIFF]. [39_TD$DIFF]However, [40_TD$DIFF][125] [41_TD$DIFF]did
[42_TD$DIFF]not illustrate the issues with interpreting LRs for [11_TD$DIFF] the multiple POI
problem outlined above (Section 15.1).

[12_TD$DIFF]Gill and Haned [75] [43_TD$DIFF]did [44_TD$DIFF]not advocate wholesale replacement of
the LR by p-values[13_TD$DIFF]. Rather[14_TD$DIFF], [15_TD$DIFF] it was demonstrated that the
interpretation of LRs derived from complex models has to proceed
with much caution if the reciprocal p-value is less than the LR, as
previously illustrated by the non-contributor tests in Section 15.1.

As already described, there is a p-value per contributor, whereas
there is only one LR that can be calculated per pair of propositions.
In addition, Gill and Haned [75] [43_TD$DIFF]did [45_TD$DIFF]not propose using a p-value [46_TD$DIFF]to
[47_TD$DIFF]replace LR < 1 (i.e. clearly exclusionary), as suggested by Kruijver
et al. [125].

On the contrary, once the propositions that make up the LR have
been agreed, it is useful to carry out further analysis to ensure that
the LR model proposed, is itself sound, to avoid the ‘black-box’
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approach and the associated potential dangers of ‘garbage in,
garbage out’.

15.3. Communicating ideas to the court

In the UK a number of court rulings disallow use of Bayesian
statistics. The recent UK ‘R. v. T.’ judgment [126] amply illustrates
the issues of poor communication between scientists and lawyers.
Similar issues have arisen in relation to explaining the significance
of database matches (section (12.1). Much more needs to be done
to break down barriers and scientists have a responsibility to
ensure that concepts are understood – this may require their
simplification. There is little research that has been carried out to
understand how lay-people conceive probabilistic thinking. A key
contribution by Lindsey et al. [127] showed that the issue of
understanding is related to cognitive effects. Lay-people have
much trouble to understand probabilities, preferring to think in
terms of ‘natural frequencies’.2 Indeed this method was proposed
by the Doheny and Adams [128] court of appeal, in preference to
use of Bayes theorem. New ways of thinking are needed to explain
statistics in court. Pluralism, where multiple methods are utilised
to explain and qualify evidence rather than a single dogmatic
approach is needed. The application of non-contributor tests may
well be useful as an adjunct to explain more complicated statistical
concepts in the specific context of the courtroom – this is an area
where much more research is now required.

To summarise
[16_TD$DIFF]� If
pr
multiple POIs are present in the numerator of the likelihood
ratio (eg two suspects) then a single likelihood ratio cannot be
applied to determine individual strengths of evidence per
contributor.

� T
he LR requires testing to ensure that it is robust. Non-

contributor tests are the preferred method to do this. One test
per POI in the numerator of the LR will identify potential
exclusions that are otherwise hidden.

� N
on-contributor statistics may play a role to explain evidence in

the court-room.

� M
ore research is needed to discover new methods to explain

statistics to lay-persons. Non-contributor statistics will play a
part in this endeavour.

16. Characterisation of STR profiles

The forensic community now has detailed understanding of the
behaviour of STR multiplex systems. In order to interepret results,
it is necessary to characterise loci by their key features, namely:
heterozygote peak balance, inter-locus balance, stutter ratio, and
the stochastic threshold. See validation recommendations of the
[17_TD$DIFF]Scientific Working Group on DNA Analysis Methods (SWGDAM)[18_TD$DIFF]
[129] and European Network of Forensic Science Institutes (ENFSI)
DNA working group guidelines [130].

16.1. Heterozygote peak balance

Heterozygote balance (Hb) is the ratio of peak heights between
the two alleles of a heterozygote. In vivo, there is perfect balance
between the numbers of DNA molecules for a heterozygote locus.
However, during forensic analysis, this balance is disrupted.
Imbalance between two alleles of a single locus results from
random (stochastic) sampling of DNA molecules [71]. During DNA
extraction the link between a pair of (diploid) alleles is broken as
2 e.g. How many people in a population could have contributed to the DNA

ofile?
the cell nucleus is disrupted. Pipetted aliquots of extracted
material results in random sampling of alleles. As a consequence
the variability of heterozygote balance increases as the template
concentration decreases. [131–136].

Random sampling of alleles (i.e. the pipetting) and, to a much
lesser extent, the PCR amplification3 [71,139], account for the
majority of variation in heterozygote peak balance. This has been
confirmed by simulations [71,134,135]. There are several tools that
can be used to simulate the extraction process and PCR: functions
are available within the open source packages ‘Forensim’ [140] and
‘PCRsim’ [141]. A VBA Excel subroutine is provided in the
supplement of [135]. These and other algebraic-based models
[131,132,142] have been used to predict the heterozygote balance
based on the quantity of input DNA.

Shorter DNA fragments are preferentially amplified. The effect
is decreased peak height as the length of the amplified DNA
fragment increases. Sample inhibition and degradation is common
in casework samples so that high molecular weight alleles may
drop-out completely. Tvedebrink et al. [132] showed a significant
relationship between the difference in repeat units and the
heterozygote balance in roughly half of the loci tested using two
different kits. Kelly et al. [131] found that for each unit increase in
repeat difference the natural logarithm of the heterozygote peak
balance (loge(Hb)) decreased on average 3%. Leclair et al. [143]
observed reduced median and higher variability in casework
samples compared to reference database samples where the latter
was higher quality.

There are two common definitions of heterozygote balance: the
high molecular weight allele peak height divided by the low
molecular weight allele peak height (Eq. (7)) [131,132,136] (the
converse may also be used [144,145]). The alternative method
(Eq. (8)) calculates the smaller peak height divided by the larger
peak height (irrespective of molecular weight of the allele)
[135,146–149].

H0b ¼
sHMW

sLMW
(7)

Hb ¼
ssmaller

slarger
(8)

Where s is the peak height; HMW and LMW refer to the high and
low molecular weight allele, respectively; ssmaller and slarger

represent the smaller and larger peak heights respectively.
Eq. (8) has been criticised as wasting information about the

ordering of the alleles [131,150] but is often used for pragmatic
simplicity. Both formulae ignore the repeat number difference
between alleles.

Because heterozygote balance is essentially a product of the
relative numbers of molecules that are randomly pipetted into
the PCR mix, it is not surprising to find that no locus dependencies
have been observed [131]. There is no effect of using different
genetic analyzers of the same, or different models [139,133,135],
or using different multiplex systems [136,132,135]. Further, it
has been shown that the distributions of heterozygote balance
for mixed and non-mixed stains for casework and artificial
samples, created using pristine (extracted) DNA, are very similar
[134].

A pragmatic guideline of Hb � 0.60 (Eq. (8)) can be used to
define genotype combinations of good quality profiles. However it
should be noted that primer binding site and somatic mutations
can produce outliers. In general, Hb decreases as the average peak
height decreases [151,152] (Fig. 3). However this relationship is
3 The PCR process itself is not 100% efficient. Some published values are 82% [71],

85% [137], and 82–97 [138].
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Fig. 3. Data generated from AB [20_TD$DIFF] 3500 [21_TD$DIFF]xL [22_TD$DIFF]Genetic Analyzer. Plot of average peak height

vs. natural logarithm of Hb (764 data-points), showing increased variance as the

stochastic threshold (T = 634 RFU) is approached (vertical dotted line). Data are the

same used for the drop-out plot in Fig. 5 (but data below LDT = 200 RFU have been

removed). The two horizontal dashed lines are the 60% Hb guideline that is used to

interpret conventional DNA profiles. The y-axis is the natural logarithm of Hb.

Analysis of data carried out using the balance module of R-package strvalidator

(version 1.3), plot created using ggplot2 (version 1.0) with the default loess

regression smoothing.

[(Fig._5)TD$FIG]

Fig. 5. Estimation of the stochastic threshold by logistic regression of known

heterozygotes from the AB [20_TD$DIFF] 3500[21_TD$DIFF]xL [22_TD$DIFF]Genetic Analyzer. The limit of detection (LDT) is

200 [23_TD$DIFF]RFU with this instrument. The stochastic thresholds corresponding to

PrD = 0.01 and 0.05 are at 634 and 487 [24_TD$DIFF]RFUs respectively. [25_TD$DIFF]These data are the

same used to generate Fig. 3. Analysis of data [26_TD$DIFF] was carried out using the drop-out

module of the R-package strvalidator (version 1.3), plot customised using ggplot2

(version 1.0).
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not observed with Eq. (7), since increased variance is observed as
DNA quantity decreases. This eventually leads to allele drop-out
[131,139] and this is why the mean Hb decreases if data are
analysed with equation 8.

16.2. Stochastic thresholds and logistic regression

Drop-out is an extreme form of heterozygote imbalance that is
characteristic of low-template or partial DNA profile (Section 16.1)
[2,5] and is specifically defined as an allelic signal that falls below
the limit of detection threshold (LDT) [5] – this is the level where
signals and background noise cannot be differentiated (Fig. 4). A
stochastic or homozygote threshold (T) serves as an approximate
delineation between a low-template (LT) and a conventional
[(Fig._4)TD$FIG]

no drop-out
(low template)

no drop-out
(high template)

drop-out
(insufficient signa

Fig. 4. High-template profiles usually have well balanced heterozygote peaks and no drop

show complete genotypes with no drop-out, but usually with increased imbalance. Upon

generate a signal above the LDT, complete drop-out which is the absence of a molecu

threshold (T) and one below the LDT.
profile – however, a precise definition of LT is not possible
(Section 8).

The stochastic threshold can be defined by estimating the
probability of drop-out (e.g. PrD = 0.05) relative to peak height,
determined by logistic regression of a series of samples of
varying quantity, as recommended by the DNA Commission [5]
(Fig. 5). A risk analysis associated with choice of PrD to designate
the threshold is provided by Gill et al. [153] and demonstrated by
Kirkham et al. [147]. Alternative ways to estimate the stochastic
threshold have been published: empirical cumulative distribu-
tion of peak heights from single heterozygote peaks [154], peak
height of the largest observed single heterozygote allele
[136,155], and variance of heterozygote peak balance [156].
Butler [157], page 95, compares stochastic thresholds between
the ABI 3130 and ABI 3500 instruments (the latter is much more
sensitive).
T

LDT

l)
drop-out

(absence of template)
extreme drop-out

-out. Low-template profiles are characterised by the risk of drop-out. They may well

analysis this can lead to three types of drop-out; insufficient number of molecules to

le in the PCR reaction, and extreme drop-out with one allele above the stochastic



4 http://www.cstl.nist.gov/strbase/software.htm.
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The probability of drop-out has been shown to be locus-
dependent [158,159]. It is also affected by the limit of detection
threshold [160,161]. Although drop-out and allele length have
been shown to correlate [161], it was also suggested by Lohmueller
et al. [161] that logistic regressions based on average drop-out
estimation resulted in robust LRs. This relationship also held true
with data from different STR multiplex systems [161]. However,
the differences can be quite large between capillary electrophore-
sis instruments [147,155]; utilisation of different numbers of PCR
cycles has a significant effect [132,159].

Drop-out probability has been modelled by Gill et al. [153] who
used the peak height of the surviving heterozygote peak as a
predictor. Tvedebrink et al. [162] used the average peak height of
the profile instead, arguing that this has lower variability than
using a single peak observation [158]. Both methods rely upon
empirical data. There are also simulation based approaches that
estimate the probability of drop-out using the crime scene profile
and stated hypotheses. Balding et al. [65] used a simulated
annealing algorithm to maximize the probability of evidence,
while Haned et al. [61] used Monte-Carlo simulations to generate a
distribution of drop-out probabilities that would result in the
observed number of alleles.

16.3. Stutter peaks

Stutter peaks complicate DNA mixture interpretation and are
therefore important to characterise [163]. Stutters are artefacts
caused by mispairing of the DNA strands during the PCR [164]. The
phenomenon is often referred to as the ‘strand slippage model’ or
‘slipped strand mispairing/displacement model’ and is a natural
mechanism for DNA sequence evolution [165].

Stutter peak size is characterised by the stutter ratio (SR) or less
commonly the stutter proportion (Sx):

SR ¼
sS

sA
(9)

Sx ¼
sS

sA þ sS

� �
(10)

where sS is the height of the stutter peak and sA is the height of the
allelic peak.

The most common and pronounced stutter is one repeat unit
shorter than the parental allelic peak (back stutter). Back stutters
commonly have a 95th percentile SR � 0.15 (Eq. (9)) [149,166].
Stochastic effects, especially associated with low-template sam-
ples, can produce outliers. In addition, somatic mutations are often
found in stutter positions, and this may contribute to abnormally
high peaks [74,167]. These effects can be investigated by replicate
studies, in order to determine if such an event has occurred.

Forward stutters (one repeat longer), double back stutters (two
repeats shorter), and intermediate stutters (e.g. two basepair
shorter in D1S1656 and SE33) are also observed but to a much
lesser extent – these complex stutters are observed with high
signals where samples may be over-amplified [136,152,168–170].
All stutters complicate mixture interpretation. In addition,
increased signal range of new, highly sensitive, capillary electro-
phoresis instruments (e.g. ABI 3500) lead to more frequent
detection of stutters.

The general trend is that increased stutter is observed with
increasing number of repeats for the parent allele
[132,143,149,154,169]. However, there are microvariant alleles
(e.g. allele 9.3 in TH01) and sequence variants (e.g. in SE33)
interrupting the number of consecutive repeats of the same type.
The effect is less stutter, and the longest uninterrupted repeat
stretch is a better predictor than the total number of repeats
[132,142,164,171]. In a clever and highly controlled study using
synthetic STR fragments, Brookes et al. confirmed these findings
[172]. Furthermore, they showed that high AT content in the
synthetic fragments increased the stutter ratio. This is explained by
the lower bond strength: there are two hydrogen bonds in an AT
base pair compared to three in a GC base pair. However, the finding
was contradicted by analysis of reference data. Nevertheless, it is
well established that the repeat sequence is important and that the
degree of stutter formation differ between loci [143,149,154].

The stutter ratio is also affected by the size of the repeat unit,
hence the tri-nucleotide repeat locus D22S1045 is expected to
show higher stutter ratios than tetra-nucleotide repeat locus [154].
The lower intensity of forward stutters compared to back stutters
may be caused by structural limitations within the Taq enzyme, or
the higher energy requirement for a forward shift to occur [137].
Leclair et al. [143] found similar stutter ratios in casework and
database samples. Optimising PCR conditions by lowering the
annealing and extension temperatures has been shown to decrease
the heights of stutter peaks [173]. At low template levels, the
stutter ratio gradually increased as the peak height of the parent
allele decreased towards the LDT. This effect can be explained by
the additive effect of stutter with background noise peaks
[132,143].

Considerable efforts have been made to model stutter ratios
[132,142,174]; PCR simulation of stutter formation was demon-
strated by Gill et al. [71] and Weusten et al. [175].

16.4. The use of open source software to analyse characteristics

Validation of a new STR multiplexes, analysis instruments or
extraction methods is required before routine use [129,130]. The
process of validation is resource intensive and time consuming,
which often delays the introduction of new technology. There are
freely available open-source tools to perform the necessary
calculations required, that can speed up this process.

Several Microsoft Excel/VBA based programs have been
developed by David Duewer at the National Institute of Standards
and Technology (NIST). The programs are freely available on the
NIST STRBase website.4 There are functions to calculate stutter
percentage, characterise peak height ratios, calculate STR allele
frequencies and population genetic metrics. Oskar Hansson at the
National Institute of Public Health (NIPH) has developed an R
program called STR-validator (R package strvalidator) with an easy-
to-use graphical user interface [176]. The program performs all
necessary calculations required for a validation study, including
concordance and mixture studies. A complete manual can be found
on-line at https://sites.google.com/site/forensicapps/strvalidator.

17. The evolving interpretation strategy

The drive to report complex DNA profiles using innovative
software is supported by the ISFG DNA commission, which
published a number of recommendations for users to interpret
complex DNA profiles where drop-out and drop-in are consider-
ations [5]. These recommendations are a result of consensus
international agreement on ways to interpret difficult DNA
profiles, especially those that are low level, and subject to the
phenomenon of allele drop-out/ drop-in or where stutters may
confuse interpretation.

This work continues. The aim is to consult widely between the
major scientific societies, including ENFSI, EDNAP in order to
produce additional authoritative documents. Training initiatives
are supported by the ISFG and the EU funded Euroforgen (Network

https://sites.google.com/site/forensicapps/strvalidator
http://www.cstl.nist.gov/strbase/software.htm
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of Excellence) http://www.euroforgen.eu/ and collaborative exer-
cises are in progress and have been completed [177].
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