
Abstract In circumstances where a known DNA refer-
ence sample from the deceased’s belongings or biological
parents is not available, more complex kinship analyses
are possible. The purpose of the work reported here is to
determine the sensitivity and specificity of the sibship
analysis utilising multiple STR loci. Using all nine Pro-
filer Plus loci, likelihood ratios for biologically-related
siblings ranged from slightly less than 1 to over 45,000.
When allelic dropout was mimicked, likelihood ratios
ranged from less than 1 to over 1,000. Thus, the results of
this study have a direct application to forensic laboratories
faced with identifications involving sibling comparisons.
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Introduction

In situations where investigators are not able to make an
identification of found human remains by conventional
methods such as fingerprints and dental radiographs,
DNA technology can be implemented to identify an indi-
vidual. Amplification of trace DNA evidence using poly-
merase chain reaction (PCR) technology is now a well-es-
tablished forensic technique. Since the target regions of
the DNA molecule are microsatellite loci, or short tan-
dem repeats (STR) in the range of 100–300 base pairs, it
is possible to successfully amplify even partially degraded

DNA [1]. The STR loci are amplified and analyzed simul-
taneously (multiplexed) producing a genotype at numer-
ous polymorphic loci [2, 3].

DNA comparisons between a sample from the deceased
individual and a known reference sample can be either di-
rect or indirect. Known samples for direct comparisons
are established to have come from the deceased, such as a
hair from the deceased’s hairbrush, a biopsy sample or a
Pap-smear. Based on likelihood ratio calculations, the high-
est level of conclusions result from direct comparisons.
Indirect comparisons are made between a known family
member and the deceased using a kinship analysis, such
as paternity, reverse paternity or sibship. Paternity or re-
verse paternity comparisons using genetic profiles of both
putative parents typically result in the next highest level
of conclusion. For parentage analysis, the child must have
received one allele from the mother and the other from the
father. A genotype set can be exclusionary if the alleged
parents are not the biological parents of the individual, or
as a result of mutation. Since mutational events are possi-
ble, many laboratories require that there are exclusions in
a number of STR loci before calling an exclusion [4]. The
average number of exclusionary loci in the AmpFlSTR
Profiler PCR amplification kit determined by one parent-
age study was five, with the minimum number of exclu-
sionary loci being two [5].

In situations where neither direct comparison nor par-
entage analysis is feasible, sibship analyses by DNA com-
parison to an alleged sibling are possible. Sibship analy-
ses are more complicated since there are no obligatory al-
leles between siblings that make it possible to exclude a
biological relationship with absolute certainty. Although
full siblings are more likely to share genetic components
than not, a lack of shared alleles at any particular locus
does not exclude two individuals from being related [6].

A previous study by Wenk et al. used three indepen-
dent, polymorphic VNTR loci from 20 sibling pairs to de-
velop and assess the validity of a sibling comparison test
[7]. Results indicated that two pairs of siblings were not
related. Given the inclusion of parental samples in the
study to ensure true sibship, this is unlikely. This is sig-
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nificant in that it could lead to incorrect conclusions in
casework.

The likelihood ratio (LR) is the ratio of two probabili-
ties; the probability of the genetic evidence given event
one divided by the probability of the genetic evidence given
event two [8]. Guidelines for establishing a degree of cer-
tainty based on the calculated LR value (Table 1) have
been utilised in this study as a means of determining a cer-
tainty threshold [9]. While the scale is arbitrary, it is used
to determine the strength of the evidence when interpret-
ing LRs. Additionally, by calculating known error rates
this study will help to satisfy the increased judicial regu-
lations that require experts to define error rates for quoted
tests.

STRs have been shown to be highly discriminating in
determining both direct [3, 10] and parent/child relation-
ships [5, 11, 12]. The intent of the work reported here is to
extend the study performed by Wenk et al. [7] to STRs
and to meet requirements imposed by elevated court
scrutiny. Using 19 known related sibling pairs, as well as
random cross-pairing of unrelated individuals, the sen-
sitivity and specificity of the sibship analysis using
AmpFlSTR Profiler Plus (Applied Biosystems, Foster
City, Calif.) were calculated at a range of certainty thresh-
olds as well as a variety of loci. Degraded samples are of-
ten submitted as questioned samples in cases involving
the identification of human remains. Often these degraded
samples produce partial profiles when the largest loci do
not amplify during PCR (allelic drop-out). The loss of
these loci generally results in a lower level of certainty in
the conclusion. Partial profiles were artificially generated
by excluding the largest loci to mimic allelic drop-out.
Thus, the results of this study have a direct application to
forensic laboratories faced with identifications involving
sibling comparisons.

Materials and methods

Sample preparation and amplification

The biological samples used in this study consisted of buccal swabs
stored on FTA cards (Fitzco, Maple Plain, MN) from 21 unrelated
volunteer families of Canadian Caucasian decent, consisting of a
mother, father and two siblings. Permission to conduct this testing
was granted by the Clinical Research Ethics Board of the Univer-
sity of British Columbia. Each volunteer gave their informed con-
sent prior to inclusion in this study. The sample collection process
was conducted under blind testing conditions to maintain anonym-
ity and reduce bias.

Samples were removed from the cards by punching 1.2 mm cir-
cles using a Harris Micro-Punch (Shunderson Communications,
Ottawa, ON) and a self-healing mat. The circles were placed di-
rectly into 0.2 ml PCR tubes and washed three times for 5 min at

RT with FTA purification reagent (200 µl) and twice for 5 min at
RT with TE buffer (10 mM Tris HCl pH 8.0, 0.1 mM EDTA pH
8.0; 200 µl). The buffer was removed from the last TE wash and
the circles were dried (60°C for 20 min).

When the samples were dry, 5 µl of sterile distilled water was
added followed by 7.5 µl of PCR master mix (5.25 µl reaction mix,
2.75 µl Profiler Plus primer set, 0.25 µl AmpliTaq Gold). The PCR
samples were amplified according to the manufacturer’s protocol
(95°C for 11 min, 28 cycles of 94°C for 1 min, 59°C for 1 min, 
72°C for 1 min, 60°C for 45 min, 25°C infinite).

Following PCR 1 µl of each sample was added to 12 µl of de-
ionized formamide, heated to 95°C (3 min) and cooled in an ice
bath (3 min). Separation and detection of the amplified product
was carried out on an ABI 310 Genetic Analyser (Applied Biosys-
tems, Foster City, Calif.) with GeneScan 2.1 and Genotyper 2.0
software. Any samples that failed to amplify using the above pro-
cedure were re-punched with a 2 mm Harris Micro-Punch and re-
amplified. In order to accommodate the larger sample size, the
PCR reaction volume was doubled (25 µl).

Parentage and sibling analysis

Although samples were collected from known family units, the
parentage of each mother-father-child trio was confirmed for both
siblings by paternity analysis. The likelihood ratio for these calcu-
lations took the form LR = Pr(GC/GM, GF, H1 )/Pr(GC/H2), where
GC is the genotype of the child, GM is the genotype of the putative
mother, GF is the genotype of the putative father, H1 is the proba-
bility of observing the child’s genotype given the genotypes of the
mother and father and the proposition that the child is the biologi-
cal child of these parents and H2 is the probability of observing the
child’s genotype given the alternative proposition that a random
member of the population is the putative child. Likelihood ratios
greater than 1 indicate that the genetic evidence is more probable
if the putative parents are the biological parents. Likelihood ratios
less than 1 indicate that the genetic evidence is more probable if
the putative parents are not the biological parents. For every trio
tested, likelihood ratios were greater than 1, indicating that com-
mon parentage was very likely for each sibling pair. Once it was
corroborated that each child was in fact the biological offspring of
each set of parents, the parents were removed from the study to
mimic a true sibship analysis. Negative controls were generated by
random pairing of unrelated individuals from the nuclear families
to produce 19 non-sibling matches.

The notation and formulae described by Wenk et al. [7] were
used in this study. Siblings were arbitrarily labelled as S1 or S2.
The likelihood ratio for the sibling analysis, called a sibling index
(SI), took the form SI = Pr(GS2/GS1, H1)/Pr(GS2/H2), where GS2 is
the genotype of sibling 2 and GS1 is the genotype of sibling 1. The
numerator denotes the probability of observing the genotype of S2
given the genotype of S1 and the proposition that the two individ-
uals are truly related. The evaluation of the numerator depends on
the genotype band/peak pattern observed for each locus and the
use of the kinship coefficients for full siblings. The denominator
denotes the probability of observing the S2 genotype under the
proposition that the two individuals are unrelated, which is simply
the genotype frequency of S2. Combined SI’s were determined by
multiplying the individual values of the chosen loci. The allele fre-
quencies used in both the parentage and sibling calculations were
obtained from the Canadian Caucasian database.

Sensitivity and specificity of the sibship analysis

The sensitivity of the test is the probability of the test being posi-
tive given that the two people being tested are in fact siblings. The
specificity of the test is the probability of the test being negative
given that the two people are not siblings. Sensitivity and speci-
ficity of these tests are stable properties that remain constant when
various proportions of siblings and non-siblings are tested [13].
The positive predictive value (PPV) tells what proportion of sub-
jects have been correctly identified as siblings. The negative pre-
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Table 1 Certainty thresholds
for likelihood ratios Likelihood Evidence 

ratio strength

1– 33 Weak
33– 100 Fair

100– 330 Good
330–1000 Strong

> 1000 Very strong



dictive value (NPV) tells what proportion of subjects have been
correctly identified as non-siblings. Accuracy is the proportion of
sibship results that agree with the parentage results. Predictive val-
ues are not constant because they are dependent on the prevalence
of siblings in the studied population. In this study, prevalence, the
proportion of siblings to non-siblings, was arbitrarily set to 50% so
there were an equivalent number of sibling and non-sibling com-
parisons.

Results and discussion

Of the 21 unrelated families originally used in this study,
only 19 were actually used for the sibling analysis as 
2 families were excluded from the study due to different
mutation events at a single locus. The SI results for the
known sibling pairs are shown in Table 2.

SI calculations using all nine Profiler Plus loci

Due to the variation of relative allele frequencies in the
population, a wide range of combined SI values was ob-
served. When using all nine loci (D3S1358, vWA, FGA,
D8S1179, D21S11, D18S51, D5S818, D13S317, D7S820)

the values ranged from slightly less than 1 to over 45,000.
Under these circumstances, only one known sibling pair
resulted in a SI less than 1, indicating the evidence is more
probable if the siblings were unrelated. Given the con-
firmed parentage of the siblings, this is not likely. Ran-
dom pairing of non-siblings was created by matching un-
related individuals from the 19 nuclear families and used
to calculate combined SI’s. The 19 comparisons resulted
in no SI values greater than 1 when all nine loci were
tested (data not shown). Sensitivity and specificity of the
results are shown in Table 3. When adopting a certainty
threshold with a lower limit of 1 (i.e. all SI values greater
than 1 are considered positive), the sibship calculation has
94.7% sensitivity, 100.0% specificity, a PPV of 100.0%, a
NPV of 95.0% and an accuracy of 97.4%. This means that
94.7% of siblings will be considered as siblings, 100% of
non-siblings will be considered non-siblings, 100% of the
subjects are correctly identified as siblings, 95.0% of the
subjects are correctly identified as non-siblings and 97.4%
of the subjects are correctly identified as either siblings or
non-siblings. When adopting a certainty threshold greater
than 100 (i.e. all SI values greater than 100 are considered
positive), the sibship calculation has 52.6% sensitivity,
100.0% specificity, a PPV of 100.0%, a NPV of 67.8%
and an accuracy of 76.3%.

SI calculations using six Profiler Plus loci

Amplification of DNA from skeletonized or highly de-
graded remains often results in allelic drop-out of the
largest loci of Profiler Plus due to stochastic events or
degradation. In order to mimic this scenario, we repeated
the SI calculations but omitted three loci (FGA, D18S51
and D7S820). As in the previous example, the SI values
took a wide range (from less than 1 to over 4,000). One
known sibling pair resulted in a SI of less than 1. As
above, random pairing of siblings known to be unrelated
were also used to calculate combined SI’s and 19 compar-
isons of non-siblings resulted in 2 SI values greater than 1
(data not shown). Sensitivity and specificity of the results
are shown in Table 4.

SI calculations using three Profiler Plus loci

Of the 19 families tested, 6 resulted in SI’s less than 1. Sib-
ling index calculations using 19 unrelated sibling pairs re-
sulted in 5 SI’s with values greater than 1 (data not shown).
Sensitivity and specificity of the results are shown in Table 5.
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Table 3 Validity of sibship
indices using 9 loci Evidence strength Sensitivity (%) Specificity (%) PPV NPV Accuracy

(95% C.I.) (95% C.I.) (%) (%) (%)

> 1 (weak) 94.7 (76.7–99.7) 100.0 (85.4–100.0) 100.0 95.0 97.4
> 33 (fair) 63.2 (40.3–82.3) 100.0 (85.4–100.0) 100.0 73.1 81.6
> 100 (good) 52.6 (30.6–73.9) 100.0 (85.4–100.0) 100.0 67.8 76.3
> 330 (strong) 42.1 (21.8–64.6) 100.0 (85.4–100.0) 100.0 63.3 71.1
> 1000 (very strong) 42.1 (21.8–64.6) 100.0 (85.4–100.0) 100.0 63.3 71.1

Table 2 Sibship indices for known sibling pairs

Family Completea Partial (6 loci)b Partial (3 loci)c

1 262.2 36.6 3.5
2 65.7 1.1 4.7
3 0.02 1.3 1.1
4 50.9 11.6 0.5
5 18.8 5.5 2.2
6 1389.8 74.6 38.2
7 155.6 682.1 8.2
8 7715.6 1290.3 7.9
9 1.8 0.1 0.2

10 45699.0 4020.9 1111.5
11 6473.1 177.2 9.9
12 11.2 3.6 1.4
13 11836.7 140.6 35.7
14 7474.6 7.1 0.1
15 4414.2 179.4 0.9
16 2443.4 296.6 64.8
17 2.1 131.0 1.7
18 2.2 73.0 0.2
19 7.1 3.2 0.01

a 9 loci of AmpFlSTR Profiler Plus.
b 6 loci: D3S1358, vWA, D8S1179, D21S11, D5S818, D13S317.
c 3 loci: D3S1358, D8S1179, D5S818.



The specificity of tests for both six and nine loci were
high. However, the sensitivity varied depending on the
certainty threshold. The higher the certainty threshold, the
less sensitive the test. A high value for sensitivity is ob-
tained when the number of false negatives is low, while a
high value for specificity is obtained when the number of
false positives is low. The thresholds of sensitivity and
specificity a laboratory decides to adopt may depend on
whether they are evaluating a criminal case or making an
identification and in the case of an identification, whether
circumstantial evidence is also available. In this study ac-
curacy is a reflection of the number of true siblings de-
tected plus the number of non-siblings detected divided
by the total number of possible sibling pairs. Accuracy
values ranged from 97.4% to 68.4% at the lowest cer-
tainty threshold to 71.0%–47.4% at the highest level.

Conclusions

This study, which represents initial findings of a small
sample size, illustrates that results based on sibship calcu-
lations should be interpreted with caution. Comparison of
the results for nine loci, six loci and three loci give some
indication of the recommended number of loci to include
when determining sibship. As expected, the poor sensitiv-
ity and specificity of the triplex for sibship determination
does not warrant its use in forensic casework. Due to the
lack of obligatory alleles, one cannot determine with ab-
solute certainty whether or not two individuals are sib-
lings. The more loci used, however, the stronger the sta-
tistical argument. As the sensitivity and specificity results
indicate, sibship analysis is better used as an inclusion of
sibship than an exclusion. Even the use of nine loci can
result in false negatives or SI values that are only slightly
in favour of kinship (i.e. Families 9, 17, 18 and 19 in
Table 2). Testing of kits that utilise more discretionary
loci would further this study by denoting loci that would
be more advantageous for sibship analysis.
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Table 4 Validity of sibship
indices using 6 loci Evidence strength Sensitivity (%) Specificity (%) PPV NPV Accuracy

(95% C.I.) (95% C.I.) (%) (%) (%)

> 1 (weak) 84.2 (62.8–95.8) 89.5 (69.4– 98.2) 88.9 85.0 86.8
> 33 (fair) 57.9 (35.3–78.2) 100.0 (85.4–100.0) 100.0 70.4 79.0
> 100 (good) 42.1 (21.8–64.6) 100.0 (85.4–100.0) 100.0 63.3 71.1
> 330 (strong) 15.8 (4.2–37.2) 100.0 (85.4–100.0) 100.0 54.3 57.9
> 1000 (very strong) 10.5 (1.8–30.6) 100.0 (85.4–100.0) 100.0 52.8 55.3

Table 5 Validity of sibship
indices using 3 loci Evidence strength Sensitivity (%) Specificity (%) PPV NPV Accuracy

(95% C.I.) (95% C.I.) (%) (%) (%)

> 1 (weak) 66.7 (43.1–85.3) 73.7 (50.9– 89.7) 71.7 68.9 68.4
> 33 (fair) 21.1 (7.1–43.3) 100.0 (85.4–100.0) 100.0 55.9 60.5
> 100 (good) 5.3 (0.3–23.3) 100.0 (85.4–100.0) 100.0 51.4 47.4
> 330 (strong) 5.3 (0.3–23.3) 100.0 (85.4–100.0) 100.0 51.4 47.4
> 1000 (very strong) 5.3 (0.3–23.3) 100.0 (85.4–100.0) 100.0 51.4 47.4


