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Proposed Method for Predicting Pair Matching
of Skeletal Elements Allows Too Many False

Rejections

ABSTRACT: Byrd proposes a method for predicting pair matches in commingled remains to reduce visual comparison. The method com-
pares differences between left and right postcranial element measurements in commingled samples with differences in known pairs from a refer-
ence sample using a r-score approach. We duplicated his protocol using six elements from two samples of known paired elements (n = 854 to
1063) and calculated the number of pairs correctly predicted. Time commitment was estimated by mathematically attempting matches with all
left and right elements in these samples. Although the results show an 86% reduction in the number of potential pairs requiring visual match-
ing, we do not recommend the method because (i) the normality assumption for use of a r-score approach is violated, (ii) no account is made
for bilateral asymmetry, and (iii) the high rate of false rejections (up to 22%) undermines its ability to show true incompatibilities for potential

pair matches.
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bilateral asymmetry

When human remains are commingled, in such situations as
mass graves and natural disasters, separating elements into indi-
viduals is a time-consuming and delicate process. However, this
is a process that must be completed to evaluate the remains for
cause and manner of death, complete biological profiles (1), and
return remains to descendants. The earliest detailed method for
analyzing commingled remains was created by Charles Snow (2)
and has continued as the primary protocol followed by physical
and forensic anthropologists (1,3). Additional methods to sort
commingled remains involve the process of elimination, and
entail sorting the elements based on human skeletal variation
(sex, chronological age, ancestry, pathology, and size), and taph-
onomic changes (3—10).

Anthroposcopics and anthropometrics are the usual and cus-
tomary methods used to identify and separate individuals from a
commingled situation. Application of anthropological field-
accepted visual and metric methods, detailed by Buikstra and
Ubelaker (6) in Standards for Data Collection from Human Skel-
etal Remains, are time intensive. Visual analysis of skeletal
remains relies solely on the experience and expertise of the
forensic anthropologist (7,11-13). The process of visual pair
matching compares morphologic similarities between right and
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left sides of an element to verify an individual (14,15). Visual
pair matching can be accurately performed by experienced phys-
ical anthropologists and osteologists if preservation of elements
is adequate (14).

Although statistical models have been used for sex estimation,
ancestry, and other characteristics for decades (16—19), models
created to facilitate pair matching of commingled human remains
are relatively recent (1,20). Using a statistical framework pro-
vides replicability, reliability, and removes the subjectivity inher-
ent in analyses that are dependent on the examiner’s capability
to correctly identify human skeletal remains (20). The most com-
prehensive statistical study of commingled remains was com-
pleted by Byrd (1). This study led to an osteometric sorting
method for pair matching of long bones using element measure-
ments. The method starts with sums of a suite of 2—6 measure-
ments on each of six long bones, taken from a reference sample
of known pairs and also from the unknown, commingled sample
elements. The measurement sums from each potential pair in the
commingled sample are compared to provide a measurement dif-
ference D. This difference is then compared with the expected
mean difference between sides of this element based upon the
reference sample. If the commingled sample difference is signifi-
cantly larger than the mean difference of the reference sample,
the potential commingled pair match is rejected. These two spec-
imens are then eliminated from the pool of possible matches that
must be evaluated using visual methods in the second stage of
pair matching, thereby saving time in analysis.

Byrd’s (1) reference sample used in the method was a compi-
lation of measurements from seven different collections totaling
376 individuals mostly of European, African, and Asian ances-
try. The reference sample included individuals from the Central

© 2014 American Academy of Forensic Sciences
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Identification Laboratory, Hamann-Todd collection, Terry collec-
tion, Bass collection, Forensic Data Bank, International Commis-
sion on Missing Persons, and Peabody Museum. This sample
intentionally included individuals of multiple ancestries and both
sexes because many commingled collections have specimens of
unknown ancestry and sex. Future users of the method were cau-
tioned to ensure that reference samples are “representative of the
same population as the case specimens in question” (1, p. 201).

Byrd (1, p. 203) states “this method has performed well in all
test applications but could benefit from a larger sample.” Tests
of the method have yet to be published. The purpose of this
paper is to determine the effectiveness of the osteometric sorting
method, as recommended by its author, using two reference sam-
ples of individuals with known biological profiles.

Materials and Methods

Data used in this study were derived from osteological mea-
surements reported from two datasets of postcranial remains, the
Forensic Anthropology Data Bank (FDB) as of June 10, 2011,
and the Goldman Osteological Data Set (GDS) as of October 29,
2012. Measurements in the FDB (21) were taken from remains
in the Terry Collection at the Smithsonian’s National Museum
of Natural History, Hamann-Todd Collection at the Cleveland
Museum of Natural History, as well as multiple smaller collec-
tions throughout the United States (1,22). The FDB dataset
includes male and female remains from individuals in the United
States of European, African, and Asian descent who died
between 1892 and 1987 and is available by request from Dr.
Richard Jantz (21). Measurements in the GDS (23,24) were
taken from internationally curated collections housing remains of
African, Asian, Australian, European, Native American, and
Pacific Islander descent. The GDS dataset is mostly preindustri-
al, including male and female remains from individuals world-
wide who died between 5500 years ago and 1900. It is available
from Dr. Benjamin Auerbach online (24). Measurements in the
FDB were recorded to the nearest mm and measurements in the
GDS were recorded to the 0.5 mm (e.g., humerus maximum
length) or 0.01 mm (e.g., humerus head diameter). Each element
in both datasets has been identified to a known individual; there-
fore, this test does not include any unidentified remains that may
skew the results. Additionally, all specimens in both datasets are
fused adult elements free of any pathology that would affect
measurements used in this test (R. Jantz personal communica-
tion; 2011; B. Auerbach personal communication; 2012). Mea-
surements used here (Table 1, Fig. 1) are from the standards
used by the FDB (22) and are the same as used in Byrd’s
method.

Byrd’s protocol was replicated identically in this test, except
that the same sample was used for both the reference data set
and the unknown set. The rationale for using the same data for
both the reference and the unknown was to minimize the oppor-
tunity for the protocol to perform poorly due to variation
between chosen datasets. Using the same dataset as both the
unknown and the reference should permit Byrd’s method to per-
form optimally. The measurements in Table 1 were summed for
each element in each sample. The difference (D) between the
sums of the measurements for each element pair was calculated,
subtracting each left side sum from its corresponding right side
sum (D = R;—L;). Next, the standard deviation of D for each ele-
ment was calculated (Table 2). Then, following Byrd, the differ-
ence between measurement sums for each potential element pair
was calculated and tested against the null hypothesis of no

TABLE 1—Measurements Taken for Each Element.

Measurement (Forensic Anthropology Data Bank

Element measurement number)

Humerus Maximum length (40), epicondylar breadth (41), maximum
vertical diameter of the head (42)*

Radius Maximum length (45), sagittal diameter at the midshaft (46)*,

transverse diameter at the midshaft (47)*

Ulna Maximum length (48), dorsovolar diameter (49), transverse
diameter (50)

Maximum length (60), epicondylar breadth (62), maximum
diameter of the head (63), anterior/posterior subtrochanteric
diameter (64)", transverse subtrochanteric diameter (65)

Tibia Condylo-malleolar length (69)7, maximum breadth at the
proximal epiphysis (70), maximum breadth at the distal
epiphysis (71)

Maximum length (75), maximum diameter at midshaft (76)

Femur

Fibula

*These three measurements are given slightly different names by the
FDB and GDS but are the same measurements.

"These three measurements are given slightly different names by Byrd
(1,4) and the FDB but are the same measurements.

difference (0) using a two-tailed ¢-distribution in the form
t = (D;—0/s,r) where D; is the observed measurement sum dif-
ference for a potential element pair and s, is the standard devia-
tion for the same element in the reference sample. As
recommended by Byrd, a 0.10 significance level was used, so
all element comparisons in which p < 0.10 resulted in rejection
of the null hypothesis, meaning the measurements were too dif-
ferent to accept as an anatomical pair.

Results

Table 3 shows percentages of FDB known pairs that were
accepted or rejected as possible matches using the FDB sample
as the reference set. The method falsely rejects 7-17% of known
pairs in the sample. Table 4 shows the results for GDS known
pairs using the GDS sample as the reference set; the method fal-
sely rejects 14-22% for these two elements. For both of these
tests, if each standard deviation was generated from the absolute
value of sum difference (D = |Ri—Li|) as implied by Byrd’s
example (1, Table 10.2), the method would perform more
poorly, with false rejection rates of 19-31% for the FDB sample
and 27-36% for the GDS sample.

The error rates for some of the FDB samples and both of the
GDS samples are higher than expected, given that a 0.10 signifi-
cance level was used. If the measurement sum difference were
normally distributed and if the mean measurement sum differ-
ence were 0, a 0.10 significance level should have excluded no
more than 10% of the valid pairs. In fact, neither condition is
supported by the data. First, the distributions are not normal
when evaluated with the Shapiro-Wilk test, probably due to both
kurtosis and especially skewness (Table 5). The skewness indi-
cates asymmetry in the data. There is statistically significant
asymmetry (p < 0.05) in seven of the eight samples (all but the
FDB fibula sample, for which p = 0.25). Such pronounced, sta-
tistically significant skewness is not unexpected due to the fact
that humans are known to commonly exhibit bilateral asymmetry
in long bone dimensions (23,25,26). As the data from both of
these large samples are not normally distributed, it is likely that
this problem will exist for other data sets. Second, given the
expected asymmetry in long bones, the implicit assumption in
Byrd’s formula of no difference (i.e., the zero in the numerator,
D;—0) in the measurement sums between left and right element
pairs is unrealistic. As shown in Table 5, the mean measurement
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FIG. 1—Long bone measurements employed in this study (after 6,22). The numbers refer to standardized Forensic Anthropology Data Bank measurements

provided in Table 1.

TABLE 2—Byrd, Forensic Anthropology Data Bank (FDB), and Goldman
Osteological Data Set (GDS) Sample Sizes and Standard Deviations.

Byrd FDB GDS
Element Pairs* Byrd s* Pairs FDB s Pairs GDS s
Humerus 113 5.28 1063 4.59 1058 5.28
Radius 100 3.56 981 3.40 1004 3.58
Ulna 93 3.60 934 3.48 NA NA
Femur 67 3.99 1001 4.42 NA NA
Tibia 87 3.68 933 4.67 NA NA
Fibula 71 2.99 855 3.67 NA NA

*Pairs and standard deviation as provided by Byrd (1, p. 203).

TABLE 3—Evaluation of Byrd’s Method with Forensic Anthropology Data
Bank Sample.

Humerus Radius Ulna Femur Tibia Fibula
Sample Pairs 1063 981 934 1001 933 855
Predicted Paired 970 868 775 917 857 793
Correct, % 91 88 83 92 92 93
Predicted Not Paired 93 113 159 84 76 62
Incorrect, % 9 12 17 8 8 7

TABLE 4—Evaluation of Byrd’s Method with Goldman Osteological Data

Set Sample.
Humerus Radius
Sample Pairs 1058 1004
Predicted Paired 827 864
Correct, % 78 86
Predicted Not Paired 231 140
Incorrect, % 22 14

sum difference for most elements was positive and in some cases
(e.g., GDS humerus) markedly so.

An alternative to Byrd’s method still employing his measure-
ment approach is simply to use the range of the absolute value

of sum differences from a large, known reference source like the
FDB or GDS sample (Table 6). If the difference between the
measurement sums of a possible pair of commingled elements
lies within the range of differences from the large reference sam-
ple, the pair can be considered a possible match. If not within
the range, the pair is rejected as a possible match. Using the
range is an uncomplicated mathematical process that employs
osteometric measurements already gathered when completing a
biological profile and should significantly reduce the number of
false rejections. Naturally, a test of the FDB or GDS sample
using the difference range generated from itself would result in
perfect performance. However, a test of the GDS sample as an
unknown using the smaller FDB ranges also shows a near-per-
fect performance (Table 7).

Although the range method provides a very low false-negative
error rate, this is at the expense of time savings. To model time
commitment, we used the FDB ranges with the GDS sample as
if it were commingled, comparing every left with every right ele-
ment to see how many possible pairs would be eliminated and
how many would need to be checked visually. This exercise pro-
vides 1058 x 1058 (1,119,364) possible humerus pairs and
1004 x 1004 (1,008,016) possible radius pairs. The range
method would eliminate the need to visually check 32.6% of
these possible humerus matches and 31.5% of these possible
radius matches. For comparison, Byrd’s method (using the FDB
standard deviations) would eliminate the need to visually check
85.9% of possible humerus matches and 85.5% of possible
radius matches.

Discussion and Conclusions

No analytical technique is perfect. All potentially produce
some number of false-positive or false-negative results. The best
methods are those that provide a reasonable number of false
results in light of the research goals. For pair matching of com-
mingled remains, a compromise must be reached between the
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TABLE 5—Descriptive Statistics and Normality Tests for Difference Scores.

FDB Sample GDS Sample

Element Humerus Radius Ulna Femur Tibia Fibula Humerus Radius
Pairs (n) 1063 981 934 1001 933 855 1058 1004
Mean (mm) 1.56 1.84 2.06 —0.16 0.50 0.36 4.95 2.50
Kurtosis 8.22 8.82 4.52 1.19 7.43 0.99 6.93 541
Skewness —0.27 —0.73 —0.73 —0.30 0.16 —0.10 —0.49 0.41
Shapiro-Wilk score (w) 0.9163 0.9232 0.9575 0.9850 0.9401 0.9866 0.9439 0.9600
Probability (p) <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

TABLE 6—Measurement Difference Ranges in Forensic Anthropology Data
Bank (FDB) and Goldman Osteological Data Set (GDS) Samples.

|[FDB Range| (mm) |GDS Range| (mm)

Humerus 0-31 0.01-41.70
Radius 0-23 0.01-30.56
Ulna 0-25 NA
Femur 0-24 NA
Tibia 0-36 NA
Fibula 0-17 NA

TABLE 7—Evaluation of Forensic Anthropology Data Bank Ranges used on
Goldman Osteological Data Set Sample.

Humerus Radius
Sample Pairs 1058 1004
Predicted Paired 1056 1003
Correct, % 99.7 99.9
Predicted Not Paired 2 1
Incorrect, % 0.2 0.1

time-saving advantages of methods that reduce the number of
possible matches to be examined and the accuracy needs for the
goal of the analysis.

Any method used in forensic anthropology should be judged
in light of current best practices in the field and the Daubert cri-
teria. The Scientific Working Group for Forensic Anthropology
(SWGANTH) provides best practice recommendations for
resolving commingled remains, emphasizing the greater confi-
dence gained by approaches that show incompatibilities (exclu-
sions) over consistencies that do “not mean with certainty that
they originated from the same person” (10, p. 3). The former
allow segregation with confidence, whereas the latter are “not
sufficient evidence for association” (10, p. 6). For the use of
forensic data in court cases, the Daubert criteria hold that only
testable, replicable, reliable, and scientifically valid methods are
to be used to justify an expert’s opinion (20,27).

The purpose of this study was to test Byrd’s (1) proposed
method on two samples of known individuals to determine
whether this simple and replicable technique provided a reliable
and time-efficient method to reduce the number of possible
matches of elements that needed to be checked visually. In light
of the SWGANTH best practices and Daubert criteria, there are
three concerns about the method. First, the use of the #-score
approach in the method is unwarranted since the right versus left
long bone measurement distribution is not likely to be normal
for case samples. This non-normal distribution is indicated in all
of our test samples and is likely for other human populations
given the prevalence of bilateral asymmetry in the limbs
(23,25,26). Second, the method makes an unwarranted
assumption that the expected difference between right and left

measurement sums is zero, when in fact this is unlikely due to
the same bilateral asymmetry. Third, the method permits the
false rejection of up to 22% of true pairs, which undermines its
ability to show true incompatibilities. The goal of the proposed
method is to save time by reducing the number of possible
matches that need to be checked visually, but if one cannot have
a high degree of confidence in the rejections, then it is not help-
ful, as these would all need to be verified visually. If false rejec-
tions are taken as correct with no additional visual analysis, it
might well result in an inability to re-associate individuals that
could be critical to a case.

Use of an alternative like the measurement sum range would
provide far fewer false negatives and thereby provide results in
which analysts can have more confidence. However, this alterna-
tive also rejects fewer possible matches and so does not result in
the same time savings as the originally proposed method. Addi-
tionally, the method is still sensitive to possible differences in
ancestral population, and users should ensure they use a suffi-
ciently diverse reference sample for their case specimens, as
noted by Byrd (1) for the original method. Nonetheless, the
alternative reduces the number of possible pairs that would need
to be checked, while maintaining a higher degree a confidence
than the original method. Visual analysis is not replaced but is
still reduced with the range method.
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