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Abstract At least in principle, most instances of complex
kinship testing can be reduced to pairwise kinship cases
involving two critical family members that either link or
separate presumed sub-branches of a family. In the
European population, the 34 short tandem repeats (STRs)
currently used in forensic genetics are sufficiently powerful
to allow assessment of disputed first and second but not
lower degrees of pairwise blood relatedness. We provide
estimates of the means and variances of marker-specific
log-likelihood ratios, using large-sample approximation and
assuming different scenarios of pairwise kinship analysis.
These estimates allow power calculations to be performed
for any combination of the available STRs. Since some of
the markers considered are physically linked, chromosome-
wide likelihood calculations in kinship cases other than
parent—child duos (and trios) have to take the reduced rates
of meiotic inter-marker recombination into account. We
show by simulation that this requirement may be ignored
when discriminating distant hypotheses about kinship, but
that linkage may play an important role in the biostatistical
analysis of more intricate cases.
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Introduction

Most practically relevant cases of disputed kinship either
concern the relationship between two individuals or can be
confined to the clarification of a bilateral relationship. For
instance, in classical trio cases of disputed paternity, the
identity of the biological mother is rarely questioned so that
the trio reduces to a duo comprising the child and the
alleged father. The mother is only involved because
knowledge of her genotype greatly increases the power to
identify the true biological father of the child and because
the maternal genotype may serve as an additional means of
quality control. Similarly, the vast majority of complex
kinship cases are concerned with a single disputed parent—
child relationship that either connects or disconnects two
groups of presumed blood relatives. Theoretically, most
kinship cases could thus be confined to the analysis of two
critically important individuals, one from each branch of
the family, if the markers used for kinship testing were
sufficiently powerful. The major advantage of trimming
kinship cases down to pairwise analyses would be that,
although a higher number of markers may be necessary to
achieve sufficient power to solve the case, the number of
individuals that need to be involved may be drastically
reduced.

To our knowledge, autosomal genetic markers cur-
rently used for routine kinship analysis in humans
comprise the 15 short tandem repeat (STR) loci of the
PowerPlex® kit (Promega Inc., Madison WI, USA), the
12 STRs of the Humantype Chimera® kit (Biotype AG,
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Dresden, Germany) plus eight additional STRs of
comparable heterozygosity, bringing the total number to
34 (Table 1; note that D18S51 is included in both
commercially available kits). In addition, a number of
sex chromosomal STRs are available for routine use,
including the Mentype® Argus X-8 set (Biotype AG,
Dresden, Germany) and the Y-STRs constituting the ‘core’
and ‘extended’ haplotypes (see www.yhrd.org). Owing to
their formal genetic particularities, however, sex-linked
markers will not be considered here.

All markers listed in Table 1 have proven sufficiently
informative for forensic case work and for solving trio
cases of disputed paternity. At the same time, however, we
are frequently asked to carry our pairwise kinship

analyses, thereby repeatedly confronting us with the
question of which types of disputed blood relatedness
may be resolvable with a particular set of markers. Here,
we evaluated this approach in four ways. First, we
calculated for each marker the mean and variance of the
log-likelihood ratio under different scenarios of disputed
kinship. These parameters were then used to assess the
overall probability of successfully solving the respective
type of cases, using different thresholds for the log-
likelihood ratio. Since many of the practically relevant
markers are physically linked, the marker-specific like-
lihoods cannot simply be multiplied to obtain the overall
likelihood in a given case. We therefore also explored for
which purposes and under which circumstances linkage

Table 1 Autosomal STR

markers under study Marker Chromosome  Physical map location (Mb) ~ Number of alleles®  Heterozygosity
F13B 1q31-q32 195.287 0.715
TPOX"® 2p25 1.461 0.632
D2S1360° 2p24 17.267 14 0.837
D2S1338 2q35-q36 210.734 11 0.879
D3S1358° 3p21 45.627 0.792
D3S1744° 3q24 144.469 0.814
D4S2366° 4pl6 6.418 0.787
FGAP 4q28 151.250 17 0.855
D5S2500° 5ql12 55.655 10 0.807
D5S818° 5q23 118.299 0.702
CSF1PO° 5q33-q35 144.604 0.725
F13Al 6p23—-p24 6.178 10 0.748
SE33° (ACTBP2)  6ql5 89.043 35 0.948
D6S474° 6q22 110.454 6 0.780
D7S820° Tpl2 78.398 9 0.809
D7S1517° 7931 117.861 13 0.870
LPL 8q22 18.352 6 0.694
D8S1132° 8q23 102.651 12 0.862
D8S1179° 8q24 121.231 10 0.812
D10S2325° 10p14 12.706 11 0.870
TH (THO1) 11pl5 1.983 7 0.787
VWAP 12p13 5.945 9 0.778
DI12S391° 12p13 12.215 15 0.882
PLA2A 12q24 119.249 7 0.718
Marker allele frequencies were D138317° 13q21 63.429 7 0.776
obtained from (http://www.uni- CYP19 (CYARO04) 15921 28.350 8 0.725
duesseldorf.de/WWW/MedFak/ Penta EP 15926 95.115 16 0.884
Serology) [1, 21 D16S539" 16924 70.690 8 0.779
e 190 wbopt  DI8SSI™ 18421 57.647 13 0.877
in the respective source D19S253 19p13 15.296 9 0.803
® powerPlex® kit (Promega Inc, D19S433 1921 26.925 10 0.740
Madison WI, USA) D21S11° 21q21 5.942 14 0.835
Humantype Chimera® kit D21S2055° 21q22 26.661 21 0.877
(Biotype AG, Dresden, Penta D° 21q22 43.853 12 0.829

Germany)
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has to be taken into account in the respective likelihood
calculations. Finally, for scenarios where the pairwise
approach was found to have little power, we investigated
the power gain to be expected from the inclusion of
additional relatives into the analysis.

Materials and methods

Single-marker likelihood calculations for pairwise blood
relationships

If two separate copies (‘alleles’) of a genetic marker are
indistinguishable with respect to their marker-defining
characteristics (e.g. the STR repeat number), they are
usually referred to as being ‘identical by state’ (IBS). If,
in addition, the two alleles originated from a single
ancestral copy in the not too distant past, they are called
‘identical by descent’ (IBD). For a given marker, any pair
of individuals therefore shares either none, one or two
alleles IBS and IBD, respectively.

In a population at Hardy—Weinberg equilibrium
(HWE), the likelihood of a certain blood relationship
between two individuals, given their genotypes at a
single genetic marker, is a simple function of the
population allele frequencies of that marker and the
IBD probabilities pertaining to the blood relationship in
question, labelled ry, r; and r, for sharing zero, one and
two alleles IBD, respectively. Indeed, any pair of
genotypes ajja;, and asja, can be encoded such that
their IBS status falls into one of the four categories listed
in Table 2, depending upon whether the genotypes share

two (category I), one (categories Ila and IIb), or zero
alleles IBS (category III). Categories Ila and IIb need to be
distinguished because, in cases where exactly one allele is
shared IBS, the likelihood of a presumed blood relation-
ship depends upon whether genotype aj;a;, is homozy-
gous (category Ila) or heterozygous (category IIb). Table 2
lists coefficients by, b; and b, that allow the likelihood of
a blood relationship, specified by ry, 7; and r,, to be
calculated as

L(ro, ri,mlanain, anar) = f(anain) - [ro - bo +ri - by +rs - by
(1)

for given genotypes ajja;, and ayjay,. Here, f(ajiais)
denotes the population frequency of genotype a;ai,
which can be calculated from known allele frequency
estimates (http://www.uni-duesseldorf.de/WWW/MedFak/
Serology/) [1, 2] because the population of interest is
assumed to be at HWE anyway.

Multiple-marker power calculations by means
of large-sample approximation

Rational decision making between two hypotheses Hy and
Hx about the blood relationship of two individuals is best
based upon the likelihood ratio, LR=L(H4)/L(Hy), or its
logarithm (logLR) [3]. In the following, we will take all
logarithms to base 10. The probability 7a (719) of
successfully solving a kinship case is then given by the
probability under Hy (Hg), respectively, that the logLR
exceeds a certain threshold 7 (in the right direction).
Assuming independence, i.e. unlinked markers, the overall

Table 2 Likelihood of pairwise blood relationship in a population at Hardy—Weinberg equilibrium

Category Identity by state (IBS) Coefticient
bg by b,
I tai,a12}t={ax1,a22} flaz1a22) [f(a21) + f(a2)]/2 1
e.g. AA-AA or AB-AB
Ila {ananniaz,ant={an} flazaz2) flazz) 0
{ai,a12} Adas,ax} ={axn}
e.g. AA-AB
IIb tanatniaz,ant={an} f{az1a22) f{a22)2 0
{ar,a12} Adaz a0} ={a12,a22}
e.g. AB-AC
11 taisantniay,ant =92 flazaz2) 0 0
e.g. AB-CD

MAN: set difference between M and N, defined as (M n N€) u (M n N). MAN contains all elements of M that do not belong to N and vice
versa. f(x): population frequency of genotype (or allele) x. ry (r1, ,): probability with which two individuals share 0 (1, 2) alleles identical by
descent (IBD). In the case of full sibs, for example, ro=r,=1/4 and r;=1/2. For two individuals with genotypes @@, and a,;a,, at a single
marker, the likelihood of a given blood relationship, specified by IBD probabilities 7y, 7, and », and given genotypes aj1a1, and a,az», equals

L(ro, r1,m2lanai, anazn) = f(anan) - [ro - bo +r1 - by +ra - by].
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logLR equals the sum of the marker-specific logLRs so that
the sought-for probability 7, equals

=

n'A:P(logLR>T):P( 10gLR,->T>. (2)
=1

Here, n denotes the number of markers used, and 7T is a
large positive number (e.g. +3). A similar formula applies
to 71y, using negative values of 7. Let p,« and 0'?* be the
mean and variance under Hx, respectively, of the logLR;
(where * stands for either ‘A’ or ‘0”). Then, according to the
Central Limit Theorem of probability theory [4], the sum of
the logLR; follows a normal distribution with mean and
variance

e = Xn:yiv* and o2 :i:o%*, (3)
i=1 i=1

respectively, if n is sufficiently large. If ®(x) denotes the
distribution function of the standard normal distribution, i.e.
®(x)=P(X<x) for a random variable with standard normal
distribution, this means that 7w, and 7, can be approxi-
mated by

n T—
A =Pa <Z logLR; > T) =1- ®<O_—#A> (4a)
A

i=1

for large positive values of 7 and by

i=1

70 = Po (Z logLR; < T> - cD(T;—O“O> (4b)

for correspondingly small negative values of T.

It must be emphasised, however, that the Central Limit
Theorem requires the mean and variance of all logLR; to be
finite, which may not always be the case. If the possibility
of mutation and genotyping error is ignored in cases of a
disputed parent—child relationship, for example, any pair of
genotypes that share zero alleles IBS would yield a logLR
of —oo, but such genotypes will occur with probability
strictly larger than zero if the two individuals of interest are
unrelated. Therefore, the above approach cannot be used to
calculate the power to detect false parenthood in dyads, and
published formulas of the paternity exclusion probability
have to be used instead [5—8].

Likelihood calculations for multiple linked markers

For more than one marker, the overall likelihood equals the
product of the marker-specific likelihoods, provided that the
markers are both in gametic equilibrium and physically
unlinked (i.e. stochastically independent). For linked
markers, however, likelthoods have to be calculated for
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whole chromosomes taking the pairwise genetic distances
between markers into account (see below). Furthermore, a
single set of IBD probabilities is not generally sufficient to
determine the IBD distribution along an entire chromo-
some. The only exception to this are relationships for which
r=1 for exactly one i€{0,1,2} and »;=0 for all j#i. For
example, likelihoods multiply even for linked loci if a
decision has to be made between parenthood (r=1, ro=r,=
0) and non-relatedness (ry=1, ;=r,=0) in classical duo (or
trio) cases of disputed paternity, which is probably why the
problem of linkage has been widely ignored in kinship
testing in the past.

In order to assess the effects of linkage between markers
upon the likelihood calculations in pairwise kinship
analysis, we performed a simulation study of five practi-
cally relevant case scenarios: parent—child vs unrelated
(PC-U); full sibs vs half sibs (FS-HS); full sibs vs unrelated
(FS-U); half sibs vs unrelated (HS-U; which is the same as
aunt/uncle—niece/nephew vs unrelated and grandparent—
grandchild vs unrelated); first cousins vs unrelated (FC-U).
For each scenario, genotypes of the two individuals
involved were simulated 1,000 times, adopting either of
the two hypotheses about their blood relationship. We also
investigated the effect of including additional relatives into
the analysis of two scenarios, namely those distinguishing
an aunt-niece pair and a pair of first cousins, respectively,
from unrelated individuals.

Unfortunately, no comprehensive linkage map of the
STRs in current forensic use is available. We therefore
exploited the genome-wide average relationship between
physical and genetic distance, implying that 1 Mb roughly
corresponds to 1 cM, to extrapolate pairwise recombination
fractions between adjacent markers from known NCBI
coordinates (Table 1), using Kosambi’s mapping function
[9]. Whilst our genotype simulations were based upon the
extrapolated linkage relationships of the 34 markers in
Table 1, assuming gametic equilibrium, the likelihood
calculations were carried out twice, once ignoring linkage
(‘rough’) and once taking linkage properly into account
(‘exact’). Genotypes were simulated with SimPed [10]. All
likelihood calculations were carried out using MLINK
v5.10 or FASTLINK v4.1P [11-14], while MAKEPED
v2.21 [12, 13] and PEDCHECK vl1.1 [15] were used for
data preparation and error checking. Graphs were prepared
using R v2.8.2 [16].

In order to assess the convergence properties of the
large-sample approximations in Eqs. 4a and 4b, we also
simulated 1,000 genotype pairs for the ten and 20 most
polymorphic STRs, respectively, each time assuming one of
the case scenarios described above. We then compared the
empirical distribution of the rough logLR values ensuing
for each scenario to the normal distribution with the
appropriate mean and variance.
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Results
Approximate power calculations

Table 3 lists the mean and variance of the log;-likelihood
ratio (logLR) for various scenarios of pairwise kinship
testing, assuming that either the null hypothesis Hy or the
alternative hypothesis H, about the blood relationship in
question is correct. The results indicate that, for a disputed
parent—offspring relationship (PC-U), the PowerPlex® set
of markers is sufficiently powerful to provide a positive
proof of parenthood. Thus, if 7=3,

—3 —5.0640
ma =10 222" | p(—1.7409
A ( V1.4057 ) ( )

=1-0.0409 = 0.9591,

i.e. the likelihood ratio would exceed 1,000:1 with more
than 95% probability if the presumed parent—child relation-
ship (Hya) is correct. If 7=2, corresponding to a likelihood
ratio of 100:1, the power would equal tpa=1—P(—2.5843)=
0.9951 or 99.5%.

In our experience, the second most frequent type of
pairwise kinship test in practise involves maternal half sibs
that may (Ha) or may not (Hy) have the same biological
father (scenario FS-HS). In this situation, the PowerPlex®
set alone is not powerful enough to solve the case with
sufficient certainty. For 7=2, 7o is only 1—®(0.5553)=
0.2894 or 28.9%. Even worse, if Hy is correct and 7=-2,
corresponding to a likelihood ratio of 1:100 against a
common biological father, then

(2 +1.0483
Ty =P —F———

= O(—1.1475) = 0.1256.
v0.6879 > ( )

However, if all 34 markers listed in Table 1 are being used,
TA=1—P(—0.6564)=0.7442 and 1ty=(0.3705)=0.6445 for
the same T values. This means that a common biological
father can be both demonstrated and excluded with
reasonable power.

Only marginally worse power is obtained in cases where
two individuals with different mothers wish to clarify
whether they had the same biological father (H,) or not
(Hp). This scenario (HS-U) is also numerically equivalent
to cases of a disputed grandparent—grandchild or aunt—niece
relationship. Using all 34 markers, mo=0.6907 and 7y=
0.6417 for T=2 and T=-2, respectively. The PowerPlex®
set alone would again be insufficient to solve such cases
with reasonable power (714=0.2143 and 71y=0.1392 for 7=
2 and T=-2, respectively). Finally, as can be inferred from
Table 3, full sibs can be distinguished reasonably well from
unrelated individuals using the PowerPlex® set alone
(scenario FS-U; ma=0.7168 and 71;=0.5947 for 7=3 and
T=-3, respectively), whereas even the full marker set
would not be sufficient to identify first cousins with
reasonable certainty and power (scenario FC-U; ma=
0.0943 and 71y=0.0279 for 7=2 and T=-2, respectively).

The mean and variance of the logLR; for individual
markers, assuming the five scenarios of kinship testing
discussed above, can be found in Supplementary Table S1.
These data allow summary statistics similar to those in
Table 3 to be calculated for any combination of the 34
markers considered. As can be inferred from Supplementary
Figs. 1 and 2, the quality of the normal approximation is far
more than sufficient for the purpose of power calculations
even if only the ten most polymorphic STRs were taken into
consideration. With the top 20 markers, the quality of the
approximation improves even further. We did not investigate
any smaller marker numbers here because these would be
irrelevant for practical case work anyway.

Table 3 Mean (x) and variance (¢°) of the log;o-likelihood ratio (logLR) under different scenarios of disputed kinship

Scenario Markers ION oa o o}
PC-U Parent—child (H,) vs unrelated (Hy) all 12.3204 3.1864 —00 na
PowerPlex® 5.0640 1.4057 —0 na
FS-HS Full sibs (HA) vs half sibs (Hy) all 3.2358 3.5450 —2.4648 1.5738
PowerPlex® 1.3371 1.4249 —1.0483 0.6879
FS-U Full sibs (H,) vs unrelated (Ho) all 10.2764 11.2616 =7.9773 5.2194
PowerPlex® 4.2289 4.5915 -3.3609 2.2702
HS-U half sibs (H,) vs unrelated (Hg)® all 2.8370 2.8244 -2.5012 1.9075
PowerPlex® 1.1507 1.1508 -1.0277 0.8040
FC-U First cousins (Ha) vs unrelated (Hg) all 0.7963 0.8382 —0.6598 0.4913
PowerPlex® 0.3171 0.3397 —0.2675 0.2021

na not applicable

#Same as aunt/uncle-niece/nephew vs unrelated and grandparent—grandchild vs unrelated
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PC-U FS-HS
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Fig. 1 Power of 34 autosomal STRs to confirm different hypotheses
about pairwise kinship. PC-U parent—child (H,) vs unrelated (Hp),
FS-HS full sibs (Ha) vs half sibs (Hp), FS-U full sibs (Hy) vs
unrelated (Hy), HS-U half sibs (HA) vs unrelated (Hy), FC-U first
cousins (Ha) vs unrelated (Hp); red bars: genotype data simulated
under Hu, blue bars: genotype data simulated under Ho; hatched bars:

Kinship inference using linked markers

Our simulation study employing exact (i.e. linkage-based)
likelihood calculations generally confirmed the results of
the approximate power calculations. For scenarios PC-U
and FS-U, the combined power 7ty of all 34 markers to
prove close kinship at 7=3 was found to exceed 95%
(Fig. 1). The same applies to 7, i.e. the power to exclude
kinship under Hy, adopting 7=-3 in scenario FS-U. It is
worth noting that 7ty was practically 100% for scenario
PC-U in the simulation study, i.e. a parent—child incom-
patibility arose for at least one marker in each of the 1,000
simulations.

Also, in agreement with the approximate results, the exact
power of pairwise kinship testing turned out to be substan-
tially lower for scenarios FS-HS and HS-U. For 7=3, 15 was
54.9% for scenario FS-HS and 47.1% for HS-U; with T=2,
7 equalled 72.8% for FS-HS and 69.5% for HS-U. The
power T, to exclude kinship if H is correct was even lower:
27.8% for FS-HS and 33.7% for HS-U if 7=-3 and 59.6%
for FS-HS and 64.7% for HS-U if 7=-2. Finally, the power
to distinguish between first cousins and unrelated individuals
(scenario FC-U) was <1.5% under both H, and H,,
assuming either 7=3 or 7=-3, respectively, as a threshold
for the exact logLR.

The logLR distributions obtained by exact and rough
likelihood calculations were found to be very similar
(Fig. 2). For theoretical reasons (see above), their overlap
was expected to be perfect under scenario PC-U (data not
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decision threshold 7 for the logLR set to either 2 or =2, solid bars: T=
3 or T=-3, respectively. All likelihood calculations were performed
taking inter-marker linkage appropriately into account (exact LR
calculation). For scenario PC-U, the bar charts corresponding to Hg
are missing because Mendelian incompatibilities would occur with
positive probability in such cases

shown), but not with more distant hypotheses about kinship
(i.e. Ha). Nevertheless, the concordance between exact and
rough logLR values was high (Fig. 3), and only some minor
bias of the rough logL.Rs became evident in the assessment
of the most disparate hypotheses about kinship, namely for
scenario FS-U (Fig. 3). Here, the absolute difference
between rough and exact logLR values exceeded 0.5 in
23.7% of the simulations under H, and in 70.4% of the
simulations under Hy. For practical purposes, however, the
proportion of cases in which use of the rough, instead of
the exact, logLR value would result in a wrong decision
about kinship is more important. We therefore determined
the percentage of simulations in which the logLR values
fell on opposite sides of commonly agreed thresholds 7 for
decision making, namely +2 or +3, which would be
equivalent to the production of false-positive or false-
negative evidence, respectively. While the percentage of
such errors was most often below 2%, it still exceeded 5%
for some scenarios (Table 4). Thus, rough instead of exact
likelihood calculations may produce wrong evidence in a
non-negligible proportion of cases.

Given the modest discriminatory power of pairwise kinship
testing under scenarios HS-U, which is numerically equivalent
to aunt—niece pairs in the absence of linkage, and FC-U, we
also investigated the effect of including additional relatives
into the analysis. In the first instance of a disputed aunt—niece
relationship, we assumed that either the genotypes of the
mother of the niece, of a second aunt or of both were also
known. This additional information dramatically increased the
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Fig. 2 Simulation-based densi-
ties of exact and rough logLR
values under different kinship
scenarios. x-axis: logLR, solid
curves: exact logLR values, thin
curves: rough logLR values
calculated ignoring linkage, 0.2 —
vertical lines: logLR thresholds

T=+2 (dash-dotted), T=+3

(dotted) and T=0 (dashed); for

the colour coding and the 0.1
definition of kinship scenarios,

see legend to Fig. 1

-5 0

0.3 .I

power to decide the case (Fig. 4a). The effects of including a
second aunt or a mother were similar, with 714 increasing
from 45.3% to 74.5% and 79.5%, respectively, if 7=3.
Simultaneous inclusion of both relatives raised the power to
96.1%. For scenario FC-U, we included either one or both
sibling parents of the propositi into the analysis (Fig. 4b).
Power 75 increased from 1.5% to 48.8% when only one
parent was included and to 98.3% with both parents
genotyped (7=3). The power to exclude the presumed
relationships at 7=-3 showed similar increases in both
scenarios (Fig. 4).

Discussion

Our study has revealed that the 34 STR markers currently
used in forensic practice are powerful enough to solve
pairwise kinship cases if the degree of disputed blood
relatedness is sufficiently high. Thus, parent—child dyads
and full sibs can be distinguished firmly from pairs of
unrelated individuals in more than 95% of cases, without
involving additional relatives into the analysis. For distin-
guishing half sibs from either full sibs or unrelated pairs of
individuals, the power would still be sufficient (~70%) if a
less stringent criterion for decision making is employed (i.e.

FS-HS FS-U

0.2

10

HS-U

a likelihood ratio of 100:1 instead of 1,000:1). Wider
kinship, however, cannot be reliably confirmed or excluded
with the 34 markers considered.

In such instances, additional relatives may need to be
involved, thereby transforming these cases into cases with
higher degrees of disputed relatedness. For example, if two
individuals wish to assess whether they are first cousins or
unrelated, at least one of their sibling parents must be tested
as well so that the case is essentially about an unclear uncle/
aunt—niece/nephew relationship.

The genomic distribution of the currently used STRs
implies that several markers will be located on one and the
same chromosome. In principle, this means that likelihood
calculations in complex kinship cases other than classical
duos or trios almost always have to take the physical
linkage of markers into account. It was recently reported
that even groups of X-chromosomal STRs deemed to be
virtually unlinked showed considerable inter-group linkage
[17]. As we have observed, logLR values calculated either
with (‘exact’) or without (‘rough’) the consideration of
linkage are strongly correlated. However, at least in cases
where half sibs are to be distinguished from full sibs or
from unrelated pairs of individuals (and in equivalent
cases), the discrepancy between exact and rough logLRs
may be so large that it affects decision making in individual
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Fig. 3 Correlation between o
exact and rough logLR values. L FS'U
x-axis: exact logLR, y-axis: e '

rough logLR, black lines: dif-
ference between exact and rough
logLR values equal to £2 (dash-
dotted), £3 (dotted) or zero
(dashed), respectively; for the
colour coding and the definition
of kinship scenarios, see

legend to Fig. 1

cases. Therefore, exact likelihood calculations appear  Only in instances of disputed paternity can likelihoods
mandatory in these cases. Anyhow, in our view, exact  continue to be multiplied in order to obtain overall
likelihood calculations are recommended for any type of  likelihoods without invalidating the numerical outcome.

kinship test because all propositi are entitled to the So far, empirically derived inter-marker genetic distances
provision of as exact a biostatistical result as possible. =~ have only been published for the minority of the forensic

Table 4 Percentage of simulations of kinship scenarios with false evidence produced by rough logLR value

Scenario True hypothesis T=+2 T=+3
% false % false % false % false
positives negatives positives negatives
FS-HS Full sibs (H,) vs half sibs (Hg) Ha 1.6 2.0 1.8 2.6
Ho 6.2 1.6 9.2 0.6
FS-U Full sibs (Ha) vs unrelated (Ho) Ha 0.0 0.3 0.0 0.4
Ho 0.6 0.1 1.0 0.0
HS-U Half sibs (H,) vs unrelated (Ho)?* Ha 1.2 3.0 1.5 3.0
Ho 5.5 1.9 6.7 1.0
FC-U First cousins (H,) vs unrelated (Ho) Ha 1.1 1.7 0.0 0.2
Ho 1.0 0.0 0.0 0.0

A positive sign of threshold 7 for decision making refers to the evaluation of H, whereas a negative sign applies to Hy. A result was deemed false
positive if the rough logLR exceeded T (in the right direction) while the exact logLR did not; a false negative result was obtained when the exact
logLR exceeded 7 while the rough logLR did not.

#Same as aunt/uncle-niece/nephew vs unrelated and grandparent—grandchild vs unrelated
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Fig. 4 Simulation-based exact

exact logLR

logLR distribution when one a

or two additional relatives are S

included into two kinship S

scenarios. Solid curves: original

scenario, i.e. aunt-niece vs un- Q A

related (a) and first cousins vs ©

unrelated (b), short dash-dotted °

curves: including one additional S

relative, namely a second aunt in

a and one parent in b, long- 0

dash-dotted curve: inclusion of s |

mother instead of a second aunt

(in a only), dashed curves: both =3

additional relatives included, S

vertical lines: see legend to Fig.

2; for the colour coding, see 8 -

legend to Fig. 1; for scenarios ©

where the mother is included in °

a, the curves corresponding to S~

Hy are missing because 10

Mendelian incompatibilities

would occur with positive prob-

ability in such cases b
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o
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STRs under study [18-22]. For the sake of consistency, we
therefore choose not to use this fragmentary mapping
information here but to approximate genetic distances by
physical position instead. Given the considerable variation
in recombination intensity known to exist along individual
chromosomes [23, 24], this implies that even our ‘exact’
results may only represent first approximations themselves.
A more precise assessment of the effects of linkage upon
pairwise kinship testing and the introduction of linkage-
based likelihood calculations into routine casework would
both require the (highly warranted) construction of com-
prehensive genetic maps for forensic STRs.

Despite the obvious relevance of linkage for solving
individual kinship cases, power considerations may safely

exact logLR

be based upon the assumption of independent IBD relation-
ships, i.e. of unlinked markers at gametic equilibrium.
Based upon our simulations, we conclude that this
simplification is sufficiently accurate in practise to judge
whether a certain pairwise kinship case can be solved with
a given set of markers or not. The mean and variance of the
marker-specific logLR values provided in Supplementary
Table S1 allow such power calculations to be performed for
specific sets of markers with little extra effort. What is
more, the approximate power estimates derived above were
also found to correspond well to our own practical
experience: of the 20 FS-HS cases analysed in our
laboratory in the past, only three yielded a logLR larger
than 2, using the PowerPlex® set alone, whereas one
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yielded logLR<—2. In the remaining 17 cases, the results
were inconclusive and required the inclusion of additional
STRs. Assuming that 50% (i.e. ten) of the implied
relationships were indeed correct and that 50% were
incorrect, these observations agree perfectly well with the
corresponding power estimates given above (28.9% and
12.6%).

One way to improve the power of wider pairwise
kinship tests would be to increase the number and
density of the available STRs. However, such an
extension would only be sensible if, at the same time,
sufficiently accurate estimates of the respective popula-
tion allele frequencies and of the inter-marker genetic
distances would become available. As a first step in this
direction, a genetic map of 39 X-chromosomal STRs
suitable for kinship analysis has recently been published
[23]. However, since most applications of STRs in
forensic practice, including trace donor matches and
paternity tests, do not require additional markers over
and above the 34 STRs taken into consideration here, it
remains to be seen whether such additional efforts will
also be made for the autosomal part of the genome. In any
case, any inclusion of additional markers would inevitably
increase the need to take linkage properly into account in
the likelihood calculations because the discrepancy be-
tween exact and rough logLLR values tends to increase with
increasing marker density. Furthermore, increasingly
dense marker maps will eventually create levels of inter-
marker linkage disequilibrium that can no longer be
ignored in likelihood calculations as well and that will
require the construction of comprehensive haplotype
instead of allele frequency databases [17]. Finally, inspec-
tion of Table 3 reveals that approximately three to four
times as many markers as are currently available would be
required to increase the mean logLR for the assessment of
a first cousin relationship to that of half sibs. In most
instances, it would undoubtedly be more economic to
genotype one or two additional individuals, if available,
rather than to triple or quadruple the genotyping load.

In summary, we may conclude that pairwise kinship
analysis is a feasible option for the assessment of first- and
second-degree relationships but that wider kinship has to
be, and will probably continue to have to be, assessed by
the involvement of additional individuals. Whilst power
considerations can be based upon large-sample approxima-
tions assuming the stochastic independence of markers,
likelihood calculations in individual cases should be
performed taking the physical linkage of STRs properly
into account.
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