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Abstract Requisite to routine casework involving unidenti-
fied skeletal remains is the formulation of an accurate biolog-
ical profile, including sex estimation. Choice of method(s) is
invariably related to preservation and by association, available
bones. It is vital that the method applied affords statistical
quantification of accuracy rates and predictive confidence so
that evidentiary requirements for legal submission are satis-
fied. Achieving the latter necessitates the application of con-
temporary population-specific standards. This study examines
skeletal pelvic dimorphism in contemporary Western
Australian individuals to quantify the accuracy of using pelvic
measurements to estimate sex and to formulate a series of
morphometric standards. The sample comprises pelvic multi-
slice computer tomography (MSCT) scans from 200 male and
200 female adults. Following 3D rendering, the 3D coordi-
nates of 24 landmarks are acquired using OsiriX® (v.4.1.1)
with 12 inter-landmark linear measurements and two angles
acquired using MorphDb. Measurements are analysed using
basic descriptive statistics and discriminant functions analyses
employing jackknife validation of classification results. All
except two linear measurements are dimorphic with sex dif-
ferences explaining up to 65 % of sample variance. Transverse
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pelvic outlet and subpubic angle contribute most significantly
to sex discrimination with accuracy rates between 100 %
(complete pelvis—10 variables) and 81.2 % (ischial length).
This study represents the initial forensic research into pelvic
sexual dimorphism in a Western Australian population. Given
these methods, we conclude that this highly dimorphic bone
can be used to classify sex with a high degree of expected
accuracy.

Keywords Sex discrimination - Forensic anthropology -
Pelvic measurements - Computed tomography - Population
standards - Sexual dimorphism

Introduction

In routine and nontraditional investigations, a forensic anthro-
pologist draws upon an intimate and specialized knowledge of
human anatomy and osteology complemented by established
morphoscopic (visual—observational) and morphometric
(linear—measurement) standards. Those standards are used
to identify biological attributes in the skeleton, such as (but not
limited to) basic differences between sex and age-related
landmarks. In satisfying requirements for legal admissibility,
morphometric approaches have a robust statistical foundation
readily accepted when appropriate contemporary population-
specific standards are applied. Geographically and genetically
isolated human groups, however, display population-specific
skeletal characteristics, many of which are evident in the
relative expression and magnitude of sexually dimorphic fea-
tures [1, 2].

For the forensic practitioner, the latter is an important
consideration in selecting appropriate anthropological stan-
dards, especially as it is well established that the application
of non-population-specific standards (e.g. for estimating sex)
results in a reduction in classification accuracy [3—5]. Another
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important consideration concerns the representativeness of
available anthropological standards. Repositories of docu-
mented human skeletons have traditionally provided the nec-
essary biological data for the development of population-
specific standards. Those repositories, however, represent a
chronological ‘snapshot’ of a given population at an earlier
time. Populations are not ‘stagnant’, and skeletal morpholog-
ical variations continually arise due to secular trends and
increasing ethnic admixture due to global migration [4, 6].

For forensic practice in Western Australia and Australia, in
general, there is a paucity of contemporary population-
specific morphometric skeletal standards, largely due to the
unavailability of the required sources of biological data for
their development, e.g. contemporary documented skeletal
collections. Recent research has established that the virtual
analysis of medical imaging modalities offer an appropriate,
reliable and arguably more representative source of contem-
porary population-specific data from which skeletal standards
can be developed [7-10]. This latter approach is essential in
countries that do not have access to, or a capacity to build,
contemporary skeletal collections representative of their mod-
ern population.

A variety of diverse methodological approaches have been
developed and employed to quantify pelvic sexual dimor-
phism. Amongst the most readily applied are those based on
the morphoscopic assessment of features known to be sexu-
ally dimorphic, such as the os pubis region following the
method of Phenice [11], or the shape of the greater sciatic
notch [12]. Other established methods employ the measure-
ment and statistical analysis of distances and angles (morpho-
metric—e.g. [13—15]) or 3D configurations of landmark co-
ordinates (geometric morphometric—e.g. [16-21]). In a fo-
rensic context, the method(s) selected must by necessity be
expedient and easy to apply, reliable (minimal subjectivism)
but still yielding an acceptable accuracy rate with a small
associated sex bias and a probabilistic estimate of the confi-
dence in the prediction. Morphoscopic methods tend to be
more subjective and less amenable to the quantification of
accuracy rates and predictive confidence, albeit there is a
burgeoning research interest in statistically facilitating the
latter (e.g. [22, 23]). Less subjective morphometric ap-
proaches are, therefore, traditionally favoured when quantifi-
able accuracy and statistical confidence in the final estimation
is required.

The present study joins an ongoing long-term research
programme attempting to fortify forensic capabilities in con-
temporary Australia through the development and implemen-
tation of statistically sound methods for human identification
based on novel analyses of 3D digital images. The latter has
thus far involved both method validation studies [7, 8] and the
formulation of anthropological standards [e.g. 24, 25]. This
current research examines pelvic sexual dimorphism of con-
temporary adult Western Australians with the specific aim to
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quantify the reliability and accuracy of using measurements to
estimate sex and to formulate a series of morphometric stan-
dards suitable for application in both complete and fragmen-
tary pelves.

Materials and methods
Materials

The pelvic measurements analysed in the present study were
acquired from 3D volume-rendered multi-detector computed
tomography (MDCT) scans of 400 individuals (200 males,
200 females) who presented to various Western Australian
(Perth region) hospitals for pelvic clinical evaluation of symp-
toms most frequently relating to trauma, tumours and/or can-
cer and vascular disease. The MDCT scans are of patients
admitted from 2005 to 2012, with 91 % of the study sample
presenting for evaluation in 2011 to 2012 alone. The mean
male age is 44.9 years (SD, 12.9) with a range of 18—64 and
the mean female age is 45.3 years (SD, 11.5) with a range of
18-64 years. In Australia, research involving accessing pa-
tient data of living individuals must be in accordance with the
National Statement on Ethical Conduct in Human Research
(2007—updated 2009) [26]. This requires all scans to be de-
identified prior to receipt by the chief investigator (DF), with
only sex and age data retained.

Patient ethnicity is not recorded at any time during clinical
evaluation as such data is deemed not medically relevant. The
ethnic composition of the sample overall is taken as being
representative of the Western Australian population as a
whole, which according to the latest census data is predomi-
nantly Caucasian in origin [27]. Scans presenting obvious
congenital or acquired pelvic pathology (e.g. serious fractures)
were excluded if normal morphology and/or our ability to
acquire reliable measurements were compromised. Research
ethics approval was granted by the Human Research Ethics
Committee of the University of Western Australia (RA/4/1/
4362).

Methods
Computed tomography data and pelvic measurements

Pelvic patient CT imaging was performed using MDCT on a
Phillips Brilliance 64 scanner (Philips Healthcare, North
Ryde, Australia) with an average beam width of 1.02 mm
(range, 0.625-2.50 mm) and images reconstructed to the same
slice thickness. Following 3D volume rendering, the 3D co-
ordinates of 24 anatomical landmarks were acquired (by AF)
using OsiriX® (version 3.9-64 bit); a total of 12 linear inter-
landmark measurements and two angles are then calculated
using MorphDb (an in-house developed database application).
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Landmarks are accordingly defined and illustrated in Table 1
and Fig. 1, respectively, with measurement definitions provid-
ed in Table 2.

Statistical analyses

Measurement precision was evaluated prior to primary data
collection using four randomly selected pelves measured (by
AF) on four occasions with a minimum of 1 day between
repeat measurements. Intra-observer error was quantified
using the relative technical error of measurement (rTEM)
and coefficient of reliability (R)}—see Ward et al. [28] and
Weinberg et al. [29] for specific method. Quantification of
bilateral measurement variation was performed in
PERMANOVA using a hierarchical ANOVA to assess wheth-
er individual variation (i.e. the average of the two sides of each
individual), even when the effect of sex is held constant, is
significantly larger than residual variation (i.e. the differences
between sides of each individual).

Normal descriptive statistics were calculated (i.e. mean,
standard deviation, range), following which sexual dimor-
phism in the pelvis is assessed and quantified using one-way
ANOVA. The sex prediction accuracy of the pelvic linear
measurements and angles was explored through a series of
cross-validated discriminant analysis employing direct (single
and multiple variables) and stepwise approaches. The statisti-
cal robustness of the cross-validated discriminant analyses
was further evaluated through the calculation of average and
percentile (95 %) posterior probabilities for correctly classi-
fied individuals. Predictive accuracy of the morphometric
variables was also compared using a receiver operator curve
(ROC) and the corresponding area under curve (AUC); the
95 % confidence interval (CI) for AUC is also estimated [30].
For the most dimorphic traits, univariate measurement
demarking points are calculated corresponding to the mid-
point between mean female and male values, together with
observed measurement values with posterior probabilities
closest to 0.8, 0.9 and 0.95. Those readers seeking further
detailed explanation of the latter statistical approaches can
consult Franklin et al. [7, 8, 24] for specific methods.

Results
Precision of measurement and bilateral variation

The rTEM and R values calculated from the repeat measure-
ments of four pelves are presented in Table 3. The rTEM
values range between 0.41 % (transverse pelvic inlet) and
2.80 % (angle of the greater sciatic notch). With the exception
of pubic and iliac lengths, all measurements have an R value
>0.92. In all tests, averaged individual variation (with sex
differences controlled for) is highly significantly larger

Table 1 Definition of the landmarks used in the present study including
reference to source(s) (see Fig. 1 for illustration)

Landmark Definition

Pelvic inlet (pi)* The most lateral point on the interior of the
pelvic brim (superior-inferior aspect)®

Pelvic outlet (po)* The most medio-lateral point of the ischial
tuberosity corresponding to the maximum
width of the pelvic outlet (inferior-superior
aspect)°

Superior iliac crest (sic) The most superior point on the iliac crest®

Ischial tuberosity (it) ~ The most inferior point on the ischial

tuberosity in the median sagittal plane

Anterior superior iliac  Point at the anterior superior iliac spine”
spine (asic)

Posterior superior iliac Point at the posterior superior iliac spine®

spine (psis)
Superior acetabular The most superior point on the margin of the
border (sab) acetabulum taken directly superior to the
acetabulum junction (traditional point of
division of the os coxae bones)b’c
Superior pubic Most anterior superior point on the symphyseal
symphysis (sps) surface
Inferior pubic Most anterior inferior point on the symphyseal
symphysis (ips) surface
Inferior acetabular Point on the acetabular border opposite and
border (iab) inferior to the superior acetabular border;

bisects the acetabulum vertically

Medial acetabular
border (mab)

Point on the medial border that, together with
the lateral border of the acetabulum, is
perpendicular to the superior-inferior line and
bisects the acetabulum horizontally

Lateral acetabular
border (lab)

Using the mab landmark as a reference point,
this landmark is positioned directly opposite
on the lateral border in a plane that bisects
the acetabulum horizontally

Sacro-lumbar articular Most lateral point on the superior articular
surface (sls) surface between the sacrum and lumbar

vertebrae®

Sacral width (sw)? The most lateral and anterior point of the

sacrum at the level of the auricular surface®

Sacral promontory
(scp)

The most superior and anterior point in the
median sagittal plane (at the level of the
pelvic inlet)®

Sacral-coccyx border  The most inferior and anterior point of the

(scb) sacrum (at the sacral-coccyx border)
Ischiopubic ramus The most inferior point on the ischiopubic
(ipr)* ramus®
Posterior inferior iliac  The point on the most inferior spine on
spine (piis) the ilium where the smooth arc of the

greater sciatic notch ends medially®
Ischial spine (is) The point on the ischial spine (base of greater
sciatic notch) where the smooth arc of the

greater sciatic notch ends posteriorly®

Greater sciatic notch ~ The deepest point in the greater sciatic notch®

(gsn)

“ Bilateral point
® Definition following and/or adapted from Decker et al. [39]
¢ Definition following and/or adapted from Buikstra and Ubelaker [12]
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Fig. 1 Landmarks used in the present study (see Table 1 for landmark key)

(P<0.001) than residual asymmetric variation (Table 4) and
remains significant even after an over-conservative
Bonferroni correction for eight tests (significance level alpha
=0.006). On the basis of these analyses, the measurement data
for the left and right sides are accordingly averaged. It is
important to note that all analyses involving combined linear
measurements and angles are also evaluated using standard-
ized variables (z scores) with results equivalent to those based
on raw (non-standardized) data. Only the latter, which are
more readily interpretable, are presented (Table 4).

Univariate comparisons

The mean, standard deviation and range of the 14 pelvic and
sacral measurements are presented in Table 5. For the mea-
surements taken in the complete pelvis (transverse pelvic inlet
and outlet), it is apparent that the mean female values are
significantly larger than those of the male individuals.
Similarly, both pelvic angle measurements (subpubic angle

and angle of the greater sciatic notch) are significantly larger
in females. The mean values of the remaining measurements
(with the exception of pubic length and sacral breadth) are
statistically significantly larger in male individuals (Table 5).
Sex differences explain up to 65.0 % of sample variance, and
based on F-statistic values, the measurements expressing the
greatest dimorphism are subpubic angle and transverse pelvic
outlet (Table 5).

Cross-validated discriminant analyses
a. Direct single variable

A series of single-variable DFAs are performed to evaluate
the sex classification accuracy of the most sexually dimorphic
individual measurements. Thus, only those measurements
with an expected cross-validated accuracy of correct assign-
ment by sex of >80 % and an associated sex bias of <5 % are
presented. A total of five measurements met the required

Table 2 Definition of the measurements used in the present study (see Table 1 for landmark definition)

Measurement Definition

Landmarks

Transverse pelvic inlet (TPI)
point of the pubic symphysis*

Widest medio-lateral points on the plane created by the sacral promontory and the most superior  pi-pi

Transverse pelvic outlet (TPO) Widest medio-lateral points on the plane created by the coccyx, ischial tuberosity and inferior point ~ po-po
of the pubic symphysis®

Innominate height (TH) Distance from the most superior point on the iliac crest to the most inferior central point on the sic-it
ischial tuberosity®

Iliac breadth (IB) Distance from the anterior to the posterior superior iliac spine® asic-psis

Ischial length (IL) Distance from the superior acetabular border to the most inferior central point on the ischial sab-it
tuberosity

Pubic length (PL) Distance from the superior acetabular border to the most anterior superior point on the pubic sab-sps
symphysis

Pubic symphysis length (PSL) Distance between the most superior and inferior points of the pubic symphysis® Sps-ips

Acetabular height (AH) Distance between the superior and inferior borders of the acetabulum sab-iab

Acetabular width (AW) Distance between the medial and lateral borders of the acetabulum mab-lab

Transverse diameter of sacral segment  Distance between the two most lateral points of the first sacral segment® sls-sls

1 (TDSS)

Anterior breadth of the sacrum (ABS) Maximum transverse points of the sacrum at the anterior projection of the auricular surface® SW-SW

Anterior height of sacrum (AHS) Distance between the sacral promontory and sacral/coccyx border® scp-scb

Subpubic angle (SPA) Angle formed by the inferior pubic symphysis and the ischiopubic ramus on either side ipripstipr

Angle of greater sciatic notch (AGN)

Angle formed by the iliac spine, the deepest portion of the greater sciatic notch and the ischial spine  piis”gsn”is

“ Definition following and/or adapted from Decker et al. [39]
® Definition following and/or adapted from Buikstra and Ubelaker [12]
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Table 3 Precision of the pelvic measurements used in the present study

Measurement® Coefficient of Relative technical error
reliability (R) of measurement (rTEM)
TPI 1.00 0.41
TPO 0.98 1.35
H 0.99 0.59
1B 0.92 0.71
IL 0.85 1.75
PL 0.78 0.97
PSL 0.94 2.12
AH 0.95 1.13
AW 0.94 1.14
TDSS 0.92 1.85
ABS 0.93 1.53
AHS 0.99 0.78
SPA 0.97 1.35
AGN 0.98 2.80

#Key to measurements in Table 2

inclusion criteria (functions 1-5—Table 6), which thereafter
are used to formulate demarking points (see “Demarking
points” below). Subpubic angle has the highest sex classifica-
tion rate (accuracy, 93.2 %; sex bias, —2.5 %); the accuracy of
the remaining measurements range between 92.5 % (trans-
verse pelvic outlet) and 81.2 % (iliac length) (Table 6).

b. Direct and stepwise multiple variable

A series of direct multiple measurement (i.e. non-stepwise)
discriminant standards, designed specifically for application
in pelves of varying preservation, were formulated (functions
6-9). Expected classification accuracies range between 96.5
and 84.5 %, with associated sex biases of 0 to —3.0 %
(Table 6). In the stepwise analysis, a total of 10 variables are
selected, which correctly referred 100 % of individuals to their

respective sex (Table 6). Discriminant equations, group cen-
troids and sectioning point values for functions 610 are
presented in Table 7.

c. Classification accuracy and sex bias

The accuracy of the discriminant functions was further
evaluated by plotting the average percentage of correctly
classified individuals (Fig. 2a—solid black line). The sex bias
is represented in the profile plot as a loss of accuracy by
subtracting it from the classification accuracy (dashed grey
line). Variables are rank ordered from highest to lowest accu-
racy for sex estimation. The highest accuracy achieved was
100 % for the stepwise analysis (function no. 10—10 vari-
ables selected), and the next most accurate predictors with an
expected accuracy of 96.5 % (sex bias, —2.0 %) were the
combined pelvic angles (subpubic angle and angle of the
greater sciatic notch—function no. 8), followed by the innom-
inate bone and subpubic angle (both with accuracies >90 %
even when ‘corrected’ for the sex bias).

Posterior probabilities

The predictors that showed the highest classification accuracy
also had the highest mean posterior probabilities (e.g. func-
tions 10, 8 and 9—all have average values above 0.95), and
the mean posterior probabilities for the remaining functions
are all larger than 0.85 (Table 6; Fig. 2b). The 95 % range of
variation in posterior probabilities is relatively wide for all
functions, although the lower boundary for the stepwise pre-
dictors is considerably higher at 0.981 (Table 6; Fig. 2b).

ROC/AUC and random chance baseline

The results of the AUC analysis are consistent with the clas-
sification accuracy and posterior probability data outlined

Table 4 Tests for significance of interindividual versus bilateral variation: nested ANOVAs with 10,000 permutations of raw data

Variables® Sex Individual Residual

df SS MS F P (perm) P(MC) df SS MS F P(perm) P(MC) df SS MS
All7 1 12,5252.5 125,252.5 182.970 0.001 0.001 398 272,452.1 684.6 14.089 0.001 0.001 400 19,4353 48.6
AGN 1 40,067.3  40,067.3 411.013 0.001 0.001 398 38,798.8 97.5 6.475 0.001 0.001 400 16,0219 15.1
AH 1 5,474.3 54743 322431 0.001 0.001 398 6,757.3 17.0 11.257 0.001 0.001 400 6033 1.5
AW 1 6,593.7 6,593.7 357.524 0.001 0.001 398 7,340.2 184 8.806 0.001 0.001 400 837.7 2.1
1B 1 1,606.5 1,606.5 9.514 0.001 0.002 398  67,200.6 168.8 41.442 0.001 0.001 400 1,629.7 4.1
IH 1 51,838.1  51,838.1 238.331 0.001 0.001 398  86,566.9 217.5 19.495 0.001 0.001 400 4,4629 112
IL 1 19,656.6  19,656.6 363.320 0.001 0.001 398 21,5329 541  8.710 0.001 0.001 400 24847 6.2
PL 1 16.0 16.0 0.144 0.713 0.705 398 44,2554 111.2 13.100 0.001 0.001 400 3,3952 85

*Key to measurements in Table 2
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Table 5 Descriptive statistics and comparisons of mean pelvic measurements (in mm or degrees for angles)

Male Female
Measurement® Mean SD Range Mean SD Range F R square P value
Complete pelvis
TPI 124.8 8.22 102.8-146.4 133.7 8.46 100.2-160.9 113.49 0.222 HxE
TPO 97.9 7.92 75.7-115.1 121.3 9.24 90.9-148.8 738.83 0.650 HoxK
Innominate
H 200.7 11.52 165.9-228.8 184.6 9.21 148.2-207.6 238.33 0.375 Hoxk
1B 159.5 9.54 136.8-184.8 156.7 8.82 131.8-177.2 9.51 0.023 *x
IL 101.3 5.58 88.7-119.2 91.4 4.80 77.4-104.6 363.32 0.477 Hoxk
PL 102.3 8.09 79.4-123.5 102.0 6.76 80.1-118.6 0.14 0.000 NS
PSL 35.7 4.65 24.0-47.6 31.56 3.57 21.0-41.9 100.30 0.201 HoHk
AH 57.1 3.06 50.1-64.6 51.8 275 44.8-60.0 32243 0.448 Hork
AW 57.6 3.23 48.2-67.8 51.9 2.82 43.4-60.7 357.52 0.473 ork
Sacrum
TDSS 46.9 5.92 35.9-63.5 432 5.09 32.4-58.4 4592 0.103 HHE
ABS 101.9 7.34 79.6-121.5 105.3 7.46 79.0-126.5 20.73 0.050 HoxE
AHS 108.1 10.72 78.7-132.5 106.2 11.29 80.0-133.1 3.09 0.008 NS
Pelvic angles
SPA 69.0 7.32 51.6-89.8 89.4 7.26 65.3-106.4 778.55 0.662 HoxE
AGN 69.9 7.22 43.6-88.3 84.0 6.73 64.1-102.5 411.01 0.508 HoxK

**%P<0.001; **P<0.01; *P<0.05 (significant)
NS not significant

#Key to measurements in Table 2

above. The most accurate predictors and their relative order
are identical with the stepwise predictors having the highest
AUC value, followed by functions 8 and 9, respectively
(Table 6; Fig. 2¢). The overall difference between the highest
and lowest AUC values is small (1.000-0.914), and when the
predictors with the closest AUC values are compared, it is
evident that, with the exception of the stepwise function, there
is a degree of overlap in the estimated confidence intervals
(Table 6; Fig. 2c). In all discriminant analyses, the average
cross-validated classification accuracy is larger than both the
empirical average random chance baseline (i.e. the probability
of correctly classifying an individual by mere chance) and its
95th upper percentile, 50.0 and 55.0 %, respectively [see 31,
32].

Demarking points

Demarking points (midpoints and points with posterior prob-
abilities >0.8) are presented in Table 8 for the best performing
single measurements and visually summarized in Fig. 3 using
a spider web plot, as in Franklin et al. [24]. Demarking points
represent the respective threshold values for each measure-
ment above or below male or female classification. If posterior
probability values >0.80 are used as classification thresholds

@ Springer

(instead of the ‘standard’ 0.50 value), average cross-validated
predictive accuracy for individuals falling within those ranges
is (depending on the measurement used) between 61.8 %
(>0.95) and 81.0 % (>0.80) for the most accurate predictors
(transverse pelvic outlet, subpubic angle) and between 27.8 %
(>0.95) and 61.8 % (>0.80) for the least accurate variables
(ischial length, acetabular width, angle of the greater sciatic
notch).

Discussion

Diagnostic radiology is deeply entrenched in the forensic
sciences, with recent significant advances including the
Virtopsy Project [33], which clearly advocated the forensic
potential of advanced imaging technologies. In modern prac-
tice, whole body postmortem imaging prior to autopsy is now
largely recognized as a standard practice in most forensic
institutes [34]. The rapid growth of forensic radiological and
imaging techniques have, however, not only found wide-
spread application in general forensic medicine, but also in
other related disciplines, such as forensic anthropology. In
considering applications in the latter discipline, MDCT scan-
ning (both clinical and forensic) affords the opportunity to not
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Table 6 Performance of the direct, multiple and stepwise cross-validated discriminant analyses

Posterior probabilities®

ROC/AUC analysis

Function and predictor(s)" Accuracy (%) Sex bias (%) Mean 95 % Range AUC SE 95 % Range (CI)
(percentiles)
Lower Upper Lower  Upper
Direct (single variable)
1. TPO 92.5 3.0 0927 0.593 1.000 0972 0.007 0.959  0.986
2.1L 81.2 —4.5 0.853 0.528 0.997 0914 0.013 0.888  0.940
3. AW 82.5 -1.0 0.851 0.539 0.997 0910 0.014 0.883  0.938
4. SPA 93.2 -2.5 0.927 0.600 1.000 0.975 0.007 0962  0.988
5. AGN 85.2 —4.5 0.860 0.536 0.998 0.927 0.012 0903 0.952
Multiple variable
Acetabulum
6. AH, AW 84.5 0.0 0.854 0.536 0998 0921 0.013 0.896  0.946
Ischium and pubis
7.1L, PL 88.5 0.0 0.898 0.588 1.000 0.957 0.009 0.940 0974
Pelvic angles
8. SPA, AGN 96.5 -2.0 0973 0.742 1.000 0.995 0.002 0.991  0.999
Innominate
9. AH, AW, IH, IL, IB, PL, PSL 94.0 -3.0 0953 0.678 1.000 0.986 0.005 0.977  0.995
Stepwise (all datasets)
10. AH, IB, IH, IL, PL, PSL, SPA, AGN, TPL, TPO 100 0.0 0.997 0.981 1.000 1.000 0.000 1.000  1.000

# Posterior probabilities of correctly classified individuals

°Key to measurements in Table 2

only assess pathology and/or trauma in the human skeleton
but to also acquire contemporary population-specific data that
can be used to formulate standards for the estimation of
routinely assessed biological attributes in the skeleton, includ-
ing age [35-37], sex [8, 10, 24, 38, 39], and stature [39, 40].

The accurate estimation of sex in decomposed or skeletal
remains is clearly an important consideration towards facili-
tating the identity of an unknown individual, especially since
other elements of the biological profile are generally estimated
using sex-specific standards (e.g. age and stature). The likeli-
hood of an incorrect estimation is further compounded when
non-population-specific standards are applied. With respect to
the latter, the importance of developing contemporary stan-
dards utilizing biological data from medical imaging modali-
ties (e.g. MDCT) cannot be understated. The results of this
study clearly and expectedly establish that the pelvis is highly
sexually dimorphic in a contemporary Western Australian
population and that it is possible to estimate sex (whether
intact or fragmented os coxae) with a high level of expected
accuracy.

In considering the level of intra-observer measurement
error, it was evident that 7/14 measurements had R values of
>0.95 and 12/14 measurements were >0.90 (Table 3). There is
little guidance in the published literature as what constitutes an
‘acceptable’ level of measurement error; however, in an

analysis of linear data acquired in MDCT cranial scans, we
previously asserted that any measurements with an R value
below 0.90 should be treated cautiously, especially if the
associated rTEM is above 5 % [7]. In the present study, there
were only two measurements below that threshold (IL and
PL), albeit both had low rTEM values (1.75 and 0.97 %),
respectively (Table 3). It is known that measurements made in
actual bone specimens tend to be more precise than their
MDCT counterparts, although differences due to data acqui-
sition techniques (including operator differences) may be
negligible in relation to the population variance (e.g. [7]).
Furthermore, by virtue of the specific anatomy of the adult
pelvis, most landmarks are either defined by maxima of cur-
vature (type II) or are extremal points (type III) [41]. Taken in
combination, the latter imply that the precision of pelvic
measurements will likely be lower than that expected of other
regions, such as the skull, comprising a larger proportion of
type I landmarks that are defined by discrete juxtapositions of
tissues [7, 41]. Overall, this study demonstrates acceptably
high precision in the acquisition of pelvic measurements from
three-dimensionally reconstructed multi-slice computer to-
mography (MSCT) scans with a range of R and rTEM values
(%, 0.94/1.32; min., 0.78/0.41; max., 1.0/2.80) very similar to
that of a previous study on cranial data (x, 0.94/1.00; min.,
0.75/0.41; max, 1.00/2.54 [7]).
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Table 7 Discriminant equations, group centroids and correct assignment by sex for functions 610 (from Table 5)

Equation: unstandardized coefficients and constant® Group centroids and Correctly Sex bias (%)
sectioning point assigned
Function 6. Acetabulum
(AHX%0.152)+(AW x0.206)+(—19.594) 34 0.991 3 169/200; @ 169/200 0.0
0.000 [84.5 %]
@ —0.991
Function 7. Ischium and pubic
(ILx0.241)+(PL*x—-0.100)+(—13.071) 41182 3 177/200; Q 177/200 0.0
0.000 [88.5 %]
Q-1.182
Function 8. Pelvic angles
(SPA%0.122)+(AGN x0.088)+(—15.650) 4 -1.764 4 191/200; @ 195/200 -2.0
0.000° [96.5 %]
Q@ 1.764
Function 9. Innominate
(AH%0.204)+(AW x0.093)+(IH* 0.058)+(ILx0.072)+ 4 1.548 J 185/200; @ 191/200 =3.0
(IBx—0.088)+(PL x—0.090)+(PSLx0.030)+(—12.149) 0.000 [94.0 %]
Q —1.548
Function 10. Stepwise (all datasets)
(AH%—0.114)+(IB*0.039)+(IH*—0.061)+(PL*0.039)+ 4 —2.602 d 200/200; @ 200/200 0.0
(PSLx—0.043)+(SPA x0.058)+(AGNx0.063)+(TPIx0.050)+ 0.000° [100 %]
(TPO%0.031)+(—6.852) Q@ 2.602

#Key to measurements in Table 2

®Values smaller than the sectioning point are classified as male

The present study confirms that, of the bones thus far
studied, the pelvis is the single most accurate element for the
estimation of skeletal sex in a contemporary Western
Australian population, as the highest classification accuracy
achieved using cranial [24] and sternal [25] variables was 90.0
and 84.5 %, respectively. The high level of dimorphism in the
pelvis is not unexpected given the morphology of this region
is the result of a long-term adaptation to facilitate bipedal
locomotion and parturition through the maternal birth canal
[42]. One of the most dimorphic measurements (transverse
pelvic outlet—Table 5) is part of the true pelvis, through
which an infant must pass in the birthing process [43, 44].
The subpubic angle is also highly dimorphic (Table 5), with
the wide angle observed in female individuals known to be (in
part) related to the pronounced lateral growth of the ischia—
another example of a morphological configuration inferential-
ly related to obstetrics [45]. The mean subpubic angle values
for the Western Australian population (&, 69.0° and @, 89.4°)
are comparable to previously published values in other popu-
lations (e.g. White South African: &, 70.7° and @, 93.9° [46];
White American: &, 63.7° and @, 88.4° [47]), which is
consistent with both expectations in samples whose ancestry
is mainly Caucasian, and the observation that the bias in
MDCT data is small and has a negligible effect on accuracy.

The remaining measurements, with the exception of pubic
length and the anterior height of the sacrum, demonstrate
significant sexual dimorphism (Table 5). Nonsignificant
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sexual dimorphism in the measurement of pubic length ap-
pears to be common to other populations, including Black and
White South Africans [2] and modern Italians [15]. In com-
parison to one recent study [1], mean anterior height of the
sacrum for Western Australian males is similar to values
reported for a modern Greek sample (e.g. 108.1 and
108.8 mm, respectively); however, the females of the former
population presented comparatively larger mean values (106.2
and 101.7 mm, respectively) and are thus more similar in size
to males from their population (hence, the lack of dimor-
phism). Irrespective, however, in this study, discriminant anal-
ysis of the sacral variables yielded poor sex classification
accuracy (highest was 68.8 %), which is why no functions
are presented for this bone. Zech et al. [48] report sex classi-
fication accuracy rates consistently below 80 % in their anal-
ysis of sacral CT scans, which similarly confirms compara-
tively lower levels of dimorphism in this bone.

In critically evaluating the accuracy of the various discrim-
inant analyses performed, it is clearly evident that the highest
expected accuracy and greatest confidence are achieved when
the complete pelvis is available for analysis (e.g. functions 1
and 10—Table 6 and Fig. 2a). Regardless of robust statistical
quantification in a large sample with validated results, how-
ever, it is pertinent to recommend due caution in expecting a
faultless classification to hold true outside of the original study
sample. With the addition of a larger study sample and by
increased variability, it is possible that classification rates may
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Table 8 Single variable demarking points (to nearest 1/10 mm) for
females and males corresponding to posterior probabilities of 0.95,
0.90, 0.80 and 0.50. Values in parentheses are the cross-validated

A

classification accuracy rates corresponding to individuals with posterior
probabilities equivalent to, or higher than, the demarking point

Measurement  Female Male

0.95 0.90 0.80 0.50 0.80 0.90 0.95
TPO 118.9 (63.5 %) 116.5(70.0 %)  114.0 (78.0 %)  109.6 (92.5 %) 1052 (84.0 %)  102.6 (70.5 %)  100.3 (60.0 %)
IL 88.3(260%)  90.3(41.5%)  92.6(58.0 %) 963(81.2%)  100.1(50.0 %) 102.3 (40.5 %)  104.4 (34.0 %)
AW 50.0 (260 %)  S1.3(42.0%)  52.6(59.5%) 54.8(82.5 %) 57.0(56.0 %) 583 (450 %)  59.5(29.5 %)
SPA 86.9(67.0 %)  85.0(70.0 %)  82.9(79.0 %)  79.2(93.2 %) 756 (80.5%)  73.5(720 %)  71.5(65.0 %)
AGN 87.1 (320 %)  84.6(46.0 %)  S1.8(625%) 77.0(85.2 %) 722610 %) 69.4(46.0 %)  66.8 (34.0 %)

*Key to measurements in Table 2
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Fig. 3 Spider web plot of single
demarking points (in degrees or
mm) of male (blue) and female
(pink) measurement values
against corresponding posterior
probabilities of 0.5 (black line
indicates midpoint between the
two groups), 0.8, 0.9 and 0.95

posterior probabilities for
demarking points (degrees
for AGN, SPA; mm all others)
for PP of male or female (~ %) 2

3 e
90
0
50

80
20

Q&

be reduced. Justification of the latter supposition is beyond
the scope of this research but it does offer an appropriate
avenue for further investigation. In fact, to what extent our
results are generalizable within or even outside Australia
(e.g. other populations predominantly Caucasian in com-
position) is an appropriate avenue for further investigation
by the wider anthropological community and offers an
interesting possibility to explore the robustness (or weak-
ness) of findings from one geographic region when applied
elsewhere.

It is well supported in the literature that pelvic measure-
ments can be used to estimate sex with expected classification
rates above 90 % [e.g. 13—15, 49]. Previous similar studies in
other populations demonstrate that using innominate measure-
ments only (e.g. no pelvic angles or measurements of the true
pelvis) it is possible to achieve classification accuracies of
93.5 % (modern Greek population [1]) to 94-95.5 % (South
African populations [2]); both the combination of measure-
ments used in those analyses and the level of accuracy
achieved are comparable to function no. 9 of the present study
(94.0 %—see Table 6 and Fig. 2a).

The various single-variable demarking points presented
here contribute to provide simple measurements for a first
numerical evaluation of sex and help to increase the applica-
bility of our standards to damaged and/or fragmentary re-
mains. These may be encountered where the mechanism of
death involves explosive trauma, high velocity impacts, dis-
memberment or there has been deleterious postmortem influ-
ences, such as animal scavenging. Further, the spider web plot
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SPA AW

shown in Fig. 3 represents a relatively novel and intuitive
visual tool for a rapid preliminary estimation of sex that offers
statistical confidence in the degree of error and uncertainty in
the final estimation.

Conclusion

This project has further contributed to the growing repository
of contemporary morphometric anthropological standards for
the Western Australian milicu, confirmed that a multivariate
approach to numerical classification is most effective and also
showed that even a single measurement, such as the subpubic
angle, can predict sex in adults with more than 93 % cross-
validated accuracy and an average posterior probability (i.e.
predictive confidence) larger than 90 %. Although not yet
tested on individuals outside of Western Australia, it is not
unreasonable to theorize that these standards would have
forensic utility in other Australian judiciaries. The statistically
quantified and robust standards presented here are likely to be
more representative of the Australian population as a whole
compared to existing morphometric standards available in the
published literature that are based on the analysis of geograph-
ically and/or temporally removed populations. Empirical test-
ing of the latter assertions offers an interesting potential ave-
nue of future research.
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