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Abstract

The Paternity Testing Commission (PTC) of the International Society for Forensic Genetics has taken up the task of establishing the

biostatistical recommendations in accordance with the ISO 17025 standards and a previous set of ISFG recommendations specific to the genetic

investigations in paternity cases. In the initial set, the PTC recommended that biostatistical evaluations of paternity are based on a likelihood ratio

principle – yielding the paternity index, PI. Here, we have made five supplementary biostatistical recommendations. The first recommendation

clarifies and defines basic concepts of genetic hypotheses and calculation concerns needed to produce valid PIs. The second and third

recommendations address issues associated with population genetics (allele probabilities, Y-chromosome markers, mtDNA, and population

substructuring) and special circumstances (deficiency/reconstruction and immigration cases), respectively. The fourth recommendation considers

strategies regarding genetic evidence against paternity. The fifth recommendation covers necessary documentation, reporting details and

assumptions underlying calculations. The PTC strongly suggests that these recommendations should be adopted by all laboratories involved

in paternity testing as the basis for their biostatistical analysis.
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Box 1. Suppose the putative father (PF) is AB, the mother

(MO) is CD and the child (CH) is BC for a co-dominant

system of alleles A, B, C, D and E, where E is a marker

representing the collection of all other markers not in the

set {A,B,C,D}. Let A, B, C, D’s frequencies equal a, b, c, d,

respectively and let E’s frequency e = 1 � (a + b + c + d).

Essen-Möller postulated that X is the fraction of constel-

lations that have the true father with the same pheno-

types as PF, and, for our example, this would be given by:

X ¼ 2ab � 2cd � 1=2 � 1=2
2ab � 2cd � 1=2 � 1=2þ b2 � 2cd � 1 � 1=2
þ2cb � 2cd � 1=2 � 1=2þ 2bd � 2cd � 1=2 � 1=2
þ 2be � 2cd � 1=2 � 1=2

¼ abcd

bcd
¼ a:

Next, Y is the fraction of men with identical phenotypes

to PF and equals:

Y ¼ 2ab

1
¼ 2ab:

Thus, Essen-Möller’s paternity probability equals

W ¼ X

ðX þ Y Þ ¼
a

a þ 2ab
¼ 1

1þ 2b
:

If b = 0.2, say, then, W � 71%.
1. Introduction

In 2002, the Paternity Testing Commission (PTC) of the

International Society for Forensic Genetics (ISFG) published a

set of recommendations based on ISO 17025 standards

concerning selected areas of importance to paternity testing

[1]. The ISO 17025 standards are stated in general terms, but

their guidelines anticipate the need for attaching explanations

(AKA applications) in specialty areas so long as explanations

do not include additional requirements [2]. The PTC identified

areas that needed explanations and added these explanations as

recommendations related to paternity testing, conforming to

wording of previous publications of recommendations of the

ISFG. Although the recommendations clarified ISO standards

as they applied to paternity testing, they did not specifically

focus on the biostatistical evaluation of paternity testing except

to add the following limited explanation to Section 5.10.2 ‘Test

reports and calibration certificates’:

If the weight of the evidence is calculated, it shall be based

on likelihood ratio principles.

The paternity index (PI) is a likelihood ratio:

PI ¼

probabilityðtypes observedjthe hypothesis is that

the tested man is the fatherÞ
probabilityðtypes observedjthe hypothesis is that

a random man is the fatherÞ

If other values on likelihood ratio principle are presented, e.g.,

Wahrscheinlichkeit W, the premises and assumptions shall be

clearly specified.

For completeness, the denominator of PI may also be stated

as the probability (types observed jthe hypothesis that the tested

man is unrelated to the father).

In 2004, the board of the ISFG appointed the Paternity

Testing Commission of the ISFG to establish specific

recommendations on biostatistics in paternity testing. The

purpose of this report is to provide practical explanations

regarding the implementation of likelihood ratio principles to

summarize the genetic evidence in paternity testing. To help set

up the recommendations, we begin with a brief review on the

biostatistical evaluation of disputed parentage cases.

2. Abbreviated historical background

In much the same manner as Mendel’s work was originally

ignored, Essen-Möller’s investigations [3,4] into positive proof

of paternity went largely unrecognized for nearly 20 years.

Essen-Möller and his mathematical colleague Quensel devised

a formula (generally known as the Essen-Möller formula) for

standard paternity cases involving a putative father, mother and

child, which enabled serological phenotypes to be expressed

numerically as a probability of paternity. They arrived at the

relation W = X/(X + Y) in which the terms X and Y represented

probabilities of the hypotheses ‘‘paternity’’ and ‘‘non-

paternity,’’ respectively. Applying this formulation to a defined

population, one identifies constellations composed of mother–

child pairs with the same phenotypes as the mother and child.
Please cite this article in press as: D.W. Gjertson et al., ISFG: Recom
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There will be a fraction, X, of these constellations that have the

true father with the same phenotypes as the putative father.

Also, in the overall population, there will be a fraction, Y, of

men with identical phenotypes to the putative father. W gives

the probability of the putative father belonging to the subset of

fathers. Box 1 illustrates the logic of their approach.

Twenty-three years after Essen-Möller published his

formula, Ihm showed that the formula could be derived from

a straightforward application of Bayes’ theorem using the

Bayes’ postulate of equal a priori probabilities for and against

paternity [5]. In 1956, Gürtler proposed the ratio PI = X/Y as a

basic index to report the likelihood of paternity with large

values suggesting fatherhood [6]. Later, Ihm showed that the

best test of the ‘‘non-paternity’’ hypothesis (H0) has the form:

reject H0 if PI > (p0A)/(p1B) provided p1 > 0, where p0 and p1

are the a priori probabilities against and for paternity,

respectively [7]. When p0 = p1, the test is conducted by

setting A/B to be consistent with laboratory criteria and local

policies. Typical values of A/B are 100 or 1000. Thus, if PI is

greater than A/B based on an initial battery of tests, a case report

is issued; otherwise, further genetic tests are executed until

either the criteria are reached or all possible tests are exhausted.

Valentin observed that PI is a sufficient statistic since a case’s

distribution of observed phenotypes (given PI) does not depend

on whether the putative father is the true father that is, it

embodies all the information that is available from knowledge

of the genotypes [8].

Alternative methods for deciding paternity have been

reported. Wiener [9] proposed a probability of paternity which

differs from the Essen-Möller version. Wiener’s formula is

based on exclusion probabilities derived from the phenotypes of
mendations on biostatistics in paternity testing, Forensic Science
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the mother–child pair and does not make direct use of the

putative father’s phenotypes. This is one of several respects in

which an ‘‘exclusion’’ approach is inferior. Various other

derivations for a probability of paternity have been proposed

including a ‘‘Neyman–Pearson’’ type method by Schulte-

Mönting and Walter [10] and a minimax method by Ihm [7].

In 1985, Li and Chakravarti claimed that the Essen-Möller

Probability of Paternity was invalid and that PI was not a

likelihood ratio [11]. However, their claims were refuted by a

series of papers that validated PI’s formulation [12–14]. Elston

demonstrated that Essen-Möller’s version was more efficient

(smaller mean squared error) than Wiener’s method simply

because W makes use of more information [12], and Baur et al.

proved that PI is a proper likelihood ratio – the ratio of two

probabilities of an observable event (the phenotypic constella-

tions of the tested individuals) conditional on two mutually

exclusive hypotheses [13]. In the last paper of this series,

Mickey et al. demonstrated that W and PI were valid measures

of paternity based on actual casework [14].

Generally, PI requires tedious calculation. However, two

rules – Hardy–Weinberg equilibrium (HWE) and the product

rule – ease computation allowing efficient schemes and

algorithms to be derived. Early on, Hummel, in cooperation

with Ihm and Schmidt, tabled W and log(PI] values for all

possible putative father–mother–child phenotypic constella-

tions in low-polymorphic genetic systems [15]. Building on

work by Wehner and Rittner [16], Baur et al. [17] produced

computer programs that accommodated high-polymorphic

systems as well as a wide variety of parentage situations in

addition to the ‘‘standard’’ paternity case. Brenner extended

these ideas to produce a computer program that calculates

likelihoods of alleged genetic relationships among any

miscellaneous collection of people [18].

The product rule allows PI values derived from independent

genetic systems to be combined into a total likelihood ratio

(PIN) by simple multiplication. Symbolically, the combined

paternity index equals

PIN ¼
YN

i¼1

PIi

where i = 1 ,. . ., N indexes the individual genetic systems.

Caution should to be exercised when implementing the product

rule since genetic systems may be dependent because (1) they are

physically linked when expressed on the same chromosome

(linkage disequilibria among loci1) or (2) their genes may exhibit

non-random assortment even when expressed on different

chromosomes due to population substructure. Although methods

exist for incorporating linkage disequilibria (e.g., HLA

haplotype analysis) and population substructure (e.g., inbreeding
1 Physical linkage implies linkage within a family, but while this may be a

concern for some kinship problems it is not generally relevant for paternity.

Thanks to the opportunity for recombination over many generations, linkage

disequilibrium within a population – the possible concern for paternity – is not

observed in major populations unless the systems are extremely close, such as

the various HLA loci.

Please cite this article in press as: D.W. Gjertson et al., ISFG: Recom
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coefficients) into genetic calculations [19,20], a large body of

evidence indicates that, for the major racial/ethnic groups and for

the routine markers used in parentage testing, corrections do not

significantly alter PI’s accuracy [21–25].

3. Proposed ISFG-recommendations

The ISFG recommendations on biostatistics in paternity

testing are organized as follows.

R1 Mathematics

R1.1 LR principle

R1.2 Mutually exclusive hypotheses

R1.3 Calculation concerns

R1.3.1 Possible mutation

R1.3.2 Possible null allele

R2 Population genetics

R2.1 Allele probabilities

R2.2 Y-chromosome

R2.3 Mitochondrial DNA

R2.4 Population substructure

R3 Special cases

R3.1 Deficiency/reconstruction

R3.2 Immigration

R4 Non-paternity

R5 Documentation

R5.1 Test Reports

R5.2 Assumptions

The specific recommendations and guidance are:

R1 Mathematics

R1.1 Likelihood ratio

The weight of the evidence shall be calculated

based on likelihood ratio principles.

R1.2 Mutually exclusive hypotheses

The biostatistical evaluation of parentage shall be

founded on mutually exclusive hypotheses regarding

the parentage of the child or the disputed genetic

relationship.

Guidance: The hypotheses are mutually exclusive, limited

statements regarding the ‘‘cause of the child’’ or ‘‘the biological

relationship that exists among tested individuals.’’ Hypotheses

represent different pedigrees that depict genetic results for

individuals linked by given (for example, the mother–child) and

postulated (for example, the tested man–child) relationships.

Likelihood ratios are defined by contrasting hypotheses.

Examples of contrasting hypotheses include ‘‘the tested man

is the father of the child versus an unrelated untested man is the

father of the child’’ and ‘‘two tested individuals are siblings

versus they are half-siblings.’’ From each pedigree, a likelihood

or conditional probability of observing the linked test results is

computed based on Mendelian principles and underlying gene/

haplotype frequencies. Finally, likelihoods are compared.

When the number of postulated pedigrees is limited to two,

one computes a single ratio comparing the main hypothesis to
mendations on biostatistics in paternity testing, Forensic Science
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Box 2. Example: A cumulative PI = 94 is obtained from

15 tested loci: PI = 255,000 at the 14 ‘‘consistent’’ loci,

and PI = 1/2700 from vWA where Child = 16 and Tested

man = 14, 18 so a 2-step mutation is necessary to

explain paternity. We decide to consider the third pos-

sibility of unclehood as mentioned above. The likeli-

hood ratios favoring the hypotheses (1) the putative

father is the father of the child, (2) the putative father’s

brother is the father of the child, (3) the putative father is

unrelated to the father of any child, respectively over (3)

are 94 (the ‘‘PI’’), 700 (the avuncular index or ‘‘AI’’), and

of course 1. Then these three numbers may be consid-

ered the likelihoods Li, i = 1, 2, 3.

Prior probabilities: For the sake of illustration assume

(see §R5.2) prior probabilities pi of 50, 2, and 48%.

Calculation:

Hypothesis Father Uncle Unrelated

Likelihoods, Li 94 700 1

Priors, pI 50% 2% 48%

Relative posteriors, piLi 47 14 0.48

Posterior probabilities piLi/SpiLi 76% 23% 1%

Note that 76% compares to a posterior probability of nearly 99% if the

‘‘uncle’’ hypothesis is not considered. The conclusion is quite sensitive to

the prior probability p2 hypothesized for the ‘‘uncle’’ possibility.
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the alternative, and this likelihood ratio or paternity index (PI)

corresponds to one single posterior probability W

W ¼ PIðp1=p0Þ
½1þ PIðp1=p0Þ�

where (p1/p0) represents the prior odds in favor of the main

hypothesis.

The number of well-defined hypotheses need not be limited

to just two. Three or more hypotheses may be naturally

generated. For example, sometimes these mutually exclusive

hypotheses are of interest: (1) the putative father is the father of

the child; (2) the putative father’s brother is the father of the

child; (3) the putative father is unrelated to the father of any

child. If there are n hypotheses, then there are n likelihoods

which may be considered pairwise as n * (n � 1)/2 likelihood

ratios. As usual, interpreting these requires consideration of

prior probabilities. Let Li represent the likelihood of the ith

pedigree, i = 1 ,. . ., n. Then,

Wi ¼
piLiPn

j¼1 p jL j

where pj represents the prior probability of jth pedigree andP
p j ¼ 1.

From the legal perspective, genetic tests corroborate an

accusation of paternity or other genetic relationship that orig-

inates from external evidence. Practically, however, laboratories

do occasionally formulate hypotheses post hoc. When post hoc

hypotheses are considered, the laboratory shall be cautious about

suggesting prior probabilities and cognizant of the possibility of

experimenter bias. The example shown in Box 2 helps illustrate

the interpretation of multiple hypotheses described above. [Also

see Brenner [26] for guidance involving hypotheses in disaster

victim identification situations and other complex kinship cases.]

R1.3 Calculation concerns [regarding special circumstances in

standard and non-standard cases requiring additional

consideration in the biostatistical evaluation of paternity

testing)

R1.3.1. Possible mutation

PI shall be modified for possible mutation

patterns between tested individuals when isolated

mismatches among tested systems, which nor-

mally lead to an opinion of non-relationship, may

be the result of mutant DNA causing false

conclusions. The method for modifying PI shall

be documented.

Guidance: The possibility of mutation shall be taken into

account whenever a genetic inconsistency is observed. For

typical DNA systems, average mutation rates range from 0.005

to 1% [27]. Also, mutation probabilities are affected by sex as

well as DNA fragment sizes [27,28].

The theory is illustrated using the following hypothetical

case: putative father’s, mother’s and child’s alleles equal (A,B),

(C,D) and (C,E), respectively. Let mI,J equal the specific

mutation rate for changing allele I to J where I and J come from
Please cite this article in press as: D.W. Gjertson et al., ISFG: Recom
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the set of DNA markers. Given the specific transition

probabilities and ignoring multiple mutational events, X = (1/

2)(1/2) (mA,E + mB,E) and Y = (1/2)e, where e represents the

probability for the ‘‘E’’ allele in a defined population. Thus,

PI ¼ X

Y
¼
ðmA;E þ mB;EÞ

2e

Unfortunately, current estimates for mI,J are equivocal for most

DNA systems.

Several investigators have offered practical solutions

involving the use of average mutation rates per system (mm),

which avoid the use of specific mutation rates [29–31]. For

example, Brenner suggested adjusting PI based on mm and a

probability distribution for the number of repeat units altered

during the mutational event [31]. His method is especially well

suited for STR systems.

Due to the presence of fragment-band measurement error,

small mutations in RFLP loci may be indistinguishable from

gel resolution limitations. Thus, RFLP systems are especially

problematic with regard to specific mutation rates. Gjertson

[32] and others suggested substituting the following average

formula for RFLP PI, which is a modified version of one

published by Fimmers et al. [30]:

PIRFLP ¼
mm

A

where A equals the average probability of exclusion for non-

fathers in the given system. In practice, average mutation PI

shall be calculated by each laboratory using its empirically

validated data since values can vary depending on experimental

conditions.
mendations on biostatistics in paternity testing, Forensic Science
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R1.3.2. Possible null allele

The probability of silent and null alleles shall be

considered in biostatistical calculations.

Guidance: If only a single allele or single apparent haplotype

is identified in a tested subject, the possibility of a silent or null

allele and/or haplotype shall be considered when calculating PI.

A null allele is an allele that does not contribute to the

phenotypic result of the test. STR null alleles mainly occur

when a DNA-primer in the PCR reaction fails to hybridize to

the template DNA and thereby results in no detectable PCR

product. Laboratories should try to resolve this situation with

different pairs of STR primers.

Persistent null alleles are rare for standard STR systems

because of good primer design, and therefore accurate null allele

frequencies are elusive. If a null allele is critical for evaluation of

a particular case – namely if child and alleged father are

differently homozygous – and no data from which to estimate the

null allele frequency exists, consider a generous bracket of

plausible values for the frequency and compute a corresponding

range of values for the PI. If the resulting range of case-specific

PIN values are all large (as large as a laboratory’s threshold value

for issuing non-exclusion paternity reports), then report that the

PI is ‘‘at least greater than the smallest value’’ in the range, or, if

the resulting range of PIN values are all small (smaller than the

threshold value), then report that the PI is ‘‘at most less than

the largest value’’ in the range. For traditional systems such as the

HLA and ABO systems, maximum likelihood estimates of null

alleles can be made using the EM algorithm, which is analogous

to iterative gene-counting [33], by constructing databases of

independent observed phenotypes rather than inferred genotypes

containing apparent homozygotes.

R2 Population genetics

R2.1 Allele probabilities

The probability of observing an allele, i, can be

estimated as:

xi þ 1

N þ 1

where xi is the number of i alleles and N is the total

number of alleles in the existing database.

Guidance: The relevant probability of observing an allele is

its conditional probability given observation among tested

individuals. The database sample frequency of xi/N, ignoring a

new observation in a tested trio, is regularly biased toward

paternity.2 Extending the database with one extra observation is a

simple and nearly accurate procedure to overcome the bias. In

particular, occasionally, a new allele not present in a reference

database is observed in routine testing. Then the formula reduces

to 1/(N + 1) since the marker went unobserved among the N

previous alleles in the database. Additionally, laboratories may
2 In recessive and linked-loci systems, the bias may lie either for or against

paternity.

Please cite this article in press as: D.W. Gjertson et al., ISFG: Recom
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choose to follow a minimum count policy, such as the NRC II

recommendation of a minimum numerator of 5 [34].

R2.2 Y-chromosome

Results from Y-chromosome markers shall be handled

as haplotypes, and haplotype probability estimates shall

be used for calculation.

Guidance: Likelihoods for the Y-chromosome must be based

on haplotype frequencies. See Gill et al. [35] and Gusmao et al.

[36] for recommendations regarding Y-chromosome reference

databases. The weight of the genetic evidence of Y-chromo-

some markers shall be combined with the genetic weight from

independent, autosomal genetic markers. Since Y-chromosome

markers in males are similar from generation to generation

except for mutation events, they are generally informative only

in cases where no other family members in the paternal lineage

are relevant for alternative hypotheses. In cases where family

members are relevant for alternative hypotheses, LRs from Y-

STRs or Y-SNPs are often close to one and, therefore, are

useless as genetic evidence. [For completeness, the biostatis-

tical evaluation of X-chromosome markers is purposely not

addressed since laboratories are not routinely using X-linked

markers in relationship testing. See Szibor et al. [37,38] for

recent discussions of the use of X-chromosome markers.]

R2.3 Mitochondrial DNA

Results from mitochondrial DNA (mtDNA) markers

shall be handled as single entities per subject, and pseudo-

haplotype probabilities shall be used for calculation.

Guidance: MtDNA markers are passed en bloc from

generation to generation by maternal inheritance and, thus,

behave as apparent haplotypes-defined here as pseudo-

haplotypes. MtDNA is similar from generation to generation

except for mutation events. Therefore, a PI for mtDNA markers

must be based on pseudo-haplotype frequencies. See Carracedo

et al. [39] for guidelines regarding the construction of mtDNA

reference databases. Please note that there are as yet no

consensual approaches to estimate population-specific mtDNA

frequencies [40,41]. The weight of the genetic evidence of

mtDNA markers shall combined with the genetic weight from

independent, autosomal genetic markers by multiplication of

contributions to the likelihood ratio. Independence is key here,

and caution is warranted in simple multiplication based on the

grounds of population substructure [see Buckleton et al. [42]].

In addition, only in cases where no other family members in the

mtDNA lineage are relevant for alternative hypotheses can

the genetic evidence of mtDNA markers add substantially to the

overall results from autosomal genetic markers.

R2.4 Population substructure

If a significant degree of substructuring is known to be

present in a population, algorithms that take substructur-

ing into consideration shall be used.

Guidance: General algorithms for incorporating population
mendations on biostatistics in paternity testing, Forensic Science

http://dx.doi.org/10.1016/j.fsigen.2007.06.006


D.W. Gjertson et al. / Forensic Science International: Genetics xxx (2007) xxx–xxx6

+ Models

FSIGEN-59; No of Pages 9
substructure into PI have been presented by Evett and Weir

[20]. [Also see Gjertson and Morris [43] for presentation of an

alternative to the product rule for PI that offers a means of

avoiding objections to the rule.] As stated in Background, in

many populations the degree of substructuring is so small that,

for practical purposes, it does not affect the biostatistical

evidence to any significant degree in paternity testing. If no

significant substructuring exists in a population, the biostatis-

tical calculations can be performed without correcting for

substructuring [23].

R3 Special cases

R3.1 Deficiency/reconstruction

The basic principles for the biostatistical calcula-

tions in uncomplicated (standard) and complicated

(deficiency or reconstruction) cases are the same.

Guidance: All biostatistical calculations in paternity testing

shall be based on a likelihood ratio principle requiring the

evaluation of two relevant, mutually exclusive hypotheses. This

principle remains the same regardless of the complexity of the

paternity case and whether or not pertinent individuals are tested.

Deficiency cases include, but are not limited to, ones in which the

mother is not tested, or the putative father is not tested and his

genetic markers are deduced from those of relatives. The

common themes among these cases are that genetic information

is missing, the missing information requires statistical imputa-

tion, and imputation generally increases the complexity of

formulas for X and Y. For example, one needs to consider two

possible paternal alleles when the mother is not tested, whereas

usually one paternal marker is central to standard cases. Valentin

[44] and Asano et al. [45] formulated the general procedures in

motherless cases, and Ihm and Hummel [46] and Asano et al. [47]

outlined methods for PI using markers from relatives of deceased

putative fathers. Comprehensive reviews for calculating like-

lihood ratios for almost any type of dispute have been prepared by

Baur [48] and Brenner [18].

R3.2 Immigration

All biostatistical calculations in immigration cases

shall be based on likelihood ratio principles.

Guidance: In all matters of relationship testing, including

immigration cases, mutually exclusive hypotheses must be

clearly defined. Based on these hypotheses, likelihoods of the

genetic evidence are calculated, and the ratio of any two

likelihoods is computed. The basic principles for the

biostatistical calculations in e.g., immigration cases are similar

to those in paternity testing.

In immigration cases, the clients’ questions are often more

complex than in paternity cases. In a paternity case, the great

majority of problems can be reduced to the question whether

the investigated man or an alternative man is the father of the

child. In immigration cases, the prior probability of a tested

individual being a close relative to a true father is often

significant. When an adult has been excluded as the father or

mother of a child, the client often wants to know if another close
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relationship exists. Therefore, it may be tempting to perform

biostatistical calculations under a number of hypothetical

relationships, e.g., the investigated man is the true father’s

brother, half-brother, father, etc, to find the explanation

associated with the highest likelihood ratio. The commission

advocates to exercise restraint in testing speculative hypotheses

without specific knowledge about the case’s circumstances, as

such hypotheses may be unfounded and could incriminate the

tested individuals. Also, the commission recommends that

laboratories be particularly cautious about the assignment of

prior probabilities and cognizant of the possibility of

experimenter bias when assessing post hoc hypotheses.

R4 Non-paternity: Considerations on strategies regarding

genetic evidence against paternity.

Laboratories are responsible for establishing and admitting

their exclusion criteria. Preference shall be given to criteria

stated in terms of a PI threshold.

Guidance. These biostatistical recommendations direct

laboratories to always calculate a combined PI, which will

be greater than zero regardless of the number of observed

genetic consistencies or inconsistencies when possible muta-

tions, null alleles and measurement errors are considered. This

raises the question of whether laboratories should round PI to

zero at some point based on very small values? The ideal

answer is ‘‘no’’ since, by symmetry, we do not advocate

rounding PI to infinity or W to 100% either. Practically,

however, deterministic statements of non-paternity are legal

norms, and, it is easily deemed foolish to require a laboratory to

report PI > 0 when, say, 13/13 STR systems are inconsistent.

Thus, laboratories are responsible for establishing and

admitting their exclusion criteria. Preference should be given

to policy stated in terms of a PI threshold (e.g., PI < 1/1000),

but countenance is given to ones based on some number of

inconsistencies. Regarding the latter, a policy to exclude on

e.g., three inconsistencies out of 13 CODIS STR loci means on

average excluding with PI = 1/4600; two inconsistencies

corresponds to PI = 1/4.7 [49].

R5 Documentation

R5.1 Test reports

In addition to the combined PI, test reports shall also

contain the individual PI’s for each genetic system

reported and the racial/ethnic backgrounds used by the

laboratory for calculations. If the probability of

paternity (W) is reported, then the prior probability

assumption used to calculate W shall be stated. Test

reports shall include statements of assumptions,

validation and computational techniques whenever

alternative biostatistical methods to PI are used.

Guidance: Biostatistical results shall be presented in

sufficient detail to facilitate recalculation. The reporting of

individual PI’s allows examination of calculation principles and

review of concordant results when two laboratories use

different sets of genetic markers. Information on racial/ethnic

backgrounds helps to delineate the reference databases.
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The value of the scientific evidence is the likelihood ratio

(PI). In addition to reporting this number, a laboratory may

include posterior probabilities (W) calculated at various prior

probabilities (p1) as examples. However, the laboratory shall

not itself assume the prior probability. The following summary

statement is acceptable: ‘‘PI = 200 and W = 99.5% assuming

50% probability a priori.’’ While monitoring the distribution of

PI can justify certain prior probabilities for empirical validation

studies [14], such a ‘‘laboratory prior’’ is not properly taken as a

stand-in for the facts of a particular case. [See Potthoff and

Whittinghill [50], Hummel et al. [51], Baur et al. [52] for

additional arguments in the assignment of a priori probabil-

ities.] Laboratories may present W at a variety of different prior

probabilities in test reports, and any prior probabilities of

paternity shall be stated along with W to allow assessment of

prior weights assigned to the mutually exclusive hypotheses.

Confidence intervals of PI and W are irrelevant in probability

estimates and hence unnecessary. Also, ‘conservative’ esti-

mates of the weight of genetic evidence are generally irrelevant

to paternity testing as it is unfounded (from the laboratory’s

point of view) to assert a conservative side. In contradistinction

and as mentioned below, it may be appropriate to test W’s

sensitivity to changeable assumptions (for example, altering

prior probabilities for and against paternity) and present ranges

of posterior probabilities to aid in the interpretation of the

biostatistical evidence.

R5.2 Assumptions

Laboratory procedures shall document assumptions

and validate frequencies used to compute PI. The

reference database shall be selected so that it can be

used for estimation of the probability of obtaining the

genetic results under the assumption of the relevant

hypotheses. If a threshold PI exists for issuing test reports,

the value(s) shall be documented.

Guidance: All mathematical calculations require assump-

tions. The laboratory shall document PIs assumptions to ensure

quality and client satisfaction. Several assumptions are necessary

to compute and interpret PI, and they can be categorized as

fundamental, empirical, specific and changeable.

Fundamental claims imply correctness in laws of genetics and

mathematics. These laws are derived from basic principles and

are usually accepted as true or appropriate without justification.

Gene and haplotype probabilities are estimated through

empirical sampling of populations. The laboratory shall

validate and document that their frequency databases are

representative of defined populations (for a review of scientific

standards in forensic genetics, see Ref. [53]). Validation

evidence includes, but is not limited to, the following examples.

� When utilizing published frequency tables, concordance

between frequencies estimated from randomly sampled

persons typed by the laboratory and the tabled frequencies

shall be demonstrated.

� When importing databases from another laboratory, con-

cordance in pertinent test results of a random sample of a
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sufficient number of individuals shared between laboratories

shall be demonstrated. This may be achieved by participating

in proficiency testing exercises covering the genetic systems

in question.

Specific assumptions are those made to limit relationships

among tested individuals and qualify test results in order to

produce specific formulas for PI. In paternity cases, it is

usually assumed that subjects have been accurately identified,

maternity is undisputed, mating is random (where possible

fathers are not related to the mother or to each other), and

phenotypes have been accurately determined without error.

Furthermore, the individually reported genetic systems are

assumed independent so that the product rule applies. The

exact formulas for calculating PI depend on the specific

assumptions and the phenotypic constellations of the tested

parties. For DNA-based tests with unambiguous genotype

assignment, tables of formulas exist for possible allele-sharing

patterns, greatly simplifying the calculation [54]. If measure-

ment error exists, then the error shall be incorporated in the

formulas for PI greatly increasing their complexity [55,56].

Also, formulas have been developed to handle exceptional

cases, such as incest and possible fathers who are related to

each other [57]. In incest cases involving tested subjects,

formulas for paternity indices change only when the

incestuous relationship between the putative father and

mother yields information regarding their genotypes (e.g.,

the phase of HLA haplotypes, the existence of recessive

alleles). In the absence of a putative father’s sample, formulas

for incest indices assess the possibility of an incestuous

relationship producing a child (as opposed to a particular man

fathering the child).

Race and prior probabilities constitute the changeable

assumptions.3 Race or ethnic group is intended to define a

population in the formulation of PI, and gene/haplotype

frequencies may vary markedly from one group to the next. In

practice, a subject’s race/ethnicity is assigned by interview,

and the alternative father’s race/ethnicity is usually equated

with that of the putative father so frequencies are tallied for that

group. However, the alternative hypothesis may include an

assumption of the population to which the alternative father

belongs. Thus, the tested man and the alternative man may

belong to two different populations. In practice, this situation

usually arises in cases of mixed races or ethnicities between

mother and putative father. Justifying one race/ethnicity may

be difficult, and, in such cases, it is appropriate to test and

report PIs sensitivity by calculation under a variety of

assumptions.
mendations on biostatistics in paternity testing, Forensic Science

http://dx.doi.org/10.1016/j.fsigen.2007.06.006


D.W. Gjertson et al. / Forensic Science International: Genetics xxx (2007) xxx–xxx8

+ Models

FSIGEN-59; No of Pages 9
Acknowledgements

We thank Charlotte Hallenberg, MSc, PhD for helpful

discussions and assistance with the organization of the work in

the commission. We thank Professor, Dr.med. Christian Rittner

for hosting the meeting of the Paternity Testing Commission

and for helpful discussions. We thank Dr. Toshimichi

Yamamoto, who represented the Japanese Speaking Working

Group at the meeting of the Paternity Testing Commission, for

helpful discussions.

References

[1] N. Morling, R. Allen, A. Carracedo, H. Geada, F. Guidet, C. Hallenberg,

W. Martin, W. Mayr, B. Olaisen, V. Pascali, P.M. Schneider, Paternity

Testing Commission of the International Society of Forensic Genetics:

recommendations on genetic investigations in paternity cases, Forensic

Sci. Int. 129 (2002) 148–157.

[2] EN ISO/IEC 17025: 1999 Standard ‘General requirements for the Com-

petence of Testing and Calibration Laboratories,’ International Standar-

dization Organization, Geneva, Switzerland, 1999.
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aufgrund von Ähnlichkeitsbefunden, Z. Ges. Gerichtl. Med. 31 (1939)

70–96.

[5] P. Ihm, Die mathematischen Grundlagen, vor allem für die statistische

Auswertung des serologischen und anthropologischen Gutachtens, in: K.

Hummel (Ed.), Die medizinische Vaterschaftsbegutachtung mit biostatis-

tischem Beweis, Fischer, Stuttgart, 1961, pp. 128–145.
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