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Abstract

One of the scopes of practice of forensic anthropologists is the estimation of sex from skeletal remains. As a result, population-
specific discriminant function equations have been developed from measurements of various bones of the human skeletons.
Steyn, Patriquin (Forensic Sci Int 191 (1-3):113, 2009) noted that the lack of skeletal collections and data from most parts of the
world has made this process impractical. Previous attempts to develop global discriminant function equations from measure-
ments of the pelvis showed that population-specific equations are not necessary as equations derived from other populations
yielded high sex estimation scores when applied to a different population. However, information on the suitability and applica-
bility of generalised equations in sex estimation using long bones is still scarce. It is, therefore, the aim of this study to assess the
accuracies of population-specific discriminant function equations derived from measurements of long bones of the upper limb of
South African population groups. Data analysed in the current study were obtained from Mokoena, Billings, Bidmos,
Mazengenya (Forensic Sci Int 278:404, 2017) and Mokoena, Billings, Gibbon, Bidmos, Mazengenya (Science & Justice
6(59):660—666, 2019) in which a total sample of 988 bones (humeri, radii, and ulnae) of South Africans of African descent
(SAAD), South Africans of European descent (SAED) and Mixed Ancestry South Africans (MASA) were measured. Stepwise
and direct discriminant function analyses were performed on the pooled data. Each function was used to estimate the sex of cases
in each population group separately and average accuracies calculated. Thereafter, population-specific discriminant function
equations were formulated for each population group and then applied to other population groups. The average accuracies of
functions for pooled data ranged between 80.7 and 86.5%. The cross-validation average accuracies remained unchanged for most
functions, confirming the validity of derived functions. A drop in average accuracies (0.8-5.3%) was observed when the
functions were tested on a sample of SAAD while increased average accuracy was observed for the SAED and MASA (0.5—
6.9%). When population-specific functions for a particular population group were applied to other groups, a wide range of a drop
in average accuracies was observed (1.3 to 22.4%). This thereby confirms that population-specific equations should not be
applied to other population groups. However, discriminant function equations from the pooled data of South Africans are
accurate in the estimation of sex and efforts should be made towards the development and validation of such equations from
as many bones of the human skeleton.
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measurements of various bones of the human skeletons have
been subjected to a number of statistical analysis including the
use of discriminant function and logistic regression analyses
[7-13]. However, these equations have been shown to be
population-specific [14—16] which means that equations de-
rived for a population group when applied to other population
groups produce a lower classification rates. Consequently,
population-specific equations have been derived for measure-
ments of the skull [17, 18], clavicle [19, 20], long bones of
upper and lower extremities [7, 12, 13, 21, 22], sternum
[23-25], vertebrae [16], pelvis [6, 26], hand and foot bones
[11,27-33] and tooth dimensions [34] in different parts of the
world with acceptably high average accuracies.

In South Africa, a country with one of the highest rates of
murder cases in the world [35], similar efforts have been made
in the formulation of local standards for sex estimation from
the skull [10, 18, 36] and postcranial bones [8, 9, 11-13, 21,
37, 38]. The average accuracies in correct classification using
these equations ranged between 56 and 98% [7-9, 18, 32, 37,
39]. These equations have been derived using samples of
bones of South Africans of African descent (SAAD) and
South Africans of European descent (SAED). Recent attempts
at formulating similar equations for Mixed-Ancestry South
Africans (MASA), a self-identified social group also known
as Coloured, has been successful [7]. The need for population-
specific equations is based on the existence of osteometric
variations between population groups, and the degree of sex-
ual dimorphism exhibited by measurements on bones from
different population groups [6, 40, 41]. However, Steyn,
Patriquin [40] highlighted some major drawback in the devel-
opment and application of population specific discriminant
function equations. These include the lack of bone collections
or data for formulation of population specific equations in
most parts of the world and the need for prior knowledge of
the population group of the skeleton before the application of
appropriate discriminant function equations.

Thus, Steyn, Patriquin [40] developed global discriminant
function equations for sex estimation using measurements of
the pelvis and concluded that population-specific equations
are not required based on the data from pelvic bones.
Subsequently, other researchers have shown that global equa-
tions from pooled data of measurements produce a more pre-
cise estimate of stature [42] and sex [16, 43] with reasonably
high average accuracies which are comparable to and some-
times better than population-specific equations. It is therefore
the aim of this paper to (1) formulate global equations for sex
estimation using measurements around the nutrient foramen
of the long bones of arm of South Africans of African descent
(SAAD), South Africans of European descent (SAED) and
Mixed Ancestry South Africans (MASA) and (2) compare
the average accuracies obtained from the global equations
with those obtained from population-specific equations.
Dimensions around the nutrient foramen of the bone diaphysis
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offer an alternative to the midshaft measurements in forensic
investigations because the nutrient foramen is easy to identify
and dimensions around it are independent of the maximum
bone length [13, 44-46].

Materials and methods
Materials

Prior to the commencement of this study, ethical clearance waiv-
er (Certificate Number W-CJ-140604-1) was obtained from the
School of Anatomical Sciences, University of the
Witwatersrand, Johannesburg. The data analysed in the current
study were obtained from two previously published studies [7,
21] in which a total sample of 988 bones (humeri: 327, radii: 325
and ulnae: 336) from South Africans of African descent
(SAAD), Mixed Ancestry South Africans (MASA) and South
Afticans of European descent (SAED) of known sex and age-at-
death. These samples were obtained from Raymond A. Dart
Collection of Human Skeletons [47] housed in the School of
Anatomical Sciences of the University of the Witwatersrand,
Johannesburg and the UCT Human Skeletal Collection [48]
housed in the Department of Human Biology of the University
of Cape Town, South Africa. Skeletons from both collections
were mainly derived from cadavers that have been used for dis-
section as part of the training of medical, dental, physiotherapy
and occupational therapy students. The demographic information
about the cadavers including ancestry are documented in the
catalogue of information of these collections. The distribution
of the samples is shown in Table 1.

Methods
Measurements

Five measurements namely maximum length (tl), linear dis-
tance from the proximal end of the bone to the nutrient fora-
men (penf), circumference at nutrient foramen (circ),
anteroposterior diameter at nutrient foramen (apdiam) and
mediolateral diameter at nutrient foramen (mldiam) were tak-
en on each left bone. In the absence of the left bone, the right

Table 1 Skeletal sample distribution

Humeri Radii Ulnae

Females Males Females Males Females Males
Dart 134 160 129 153 129 154
uct 17 25 17 26 16 28
Total 151 185 146 179 145 182
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bone was used as there were no significant side differences.
The measurements are well described in the previous studies
[7, 21]. Data were described and analysed statistically using
SPSS version 23 software program.

Statistical analyses

Descriptive statistics including means and standard deviations
were calculated for males and females separately for com-
bined populations for the humerus, radius and ulna.
Thereafter, a one-way ANOVA test was performed to assess
differences between the mean measurements of both males
and females for each of the bones. In addition, multivariate
analysis of variance (MANOVA) test was performed in order
to assess the existence of statistically significant difference
between multiple dependent variables at the same time.
After establishing that significant differences exist between
male and female mean measurements, combined data for all
groups were subjected to stepwise and direct discriminant
function analyses following the description of Bidmos,
Asala [32]. The validity of the functions generated was
assessed using the “leave-one-out” classification procedure.
This procedure involves the classification of each case in the
sample by the function that is generated without the case been
tested. For each bone, the top three performing functions with
an average accuracy of more than 80% were selected. Each of
the nine functions selected was used to predict sex for each of
the cases in the three different population groups. The average
accuracy in correct sex classification for each of the functions
was calculated for each population group separately.

In addition, population-specific stepwise and direct discrimi-
nant function equations were formulated for each bone. The best
performing population-specific functions for each bone with av-
erage accuracies higher that 80% were selected. Each of the
population-specific functions for a population group (for exam-
ple SAAD) was applied on the data from the other two popula-
tion groups (i.e. MASA and SAED). The average accuracies in
correct sex classification was calculated separately for each pop-
ulation group been assessed in order to assess the performance of
each population-specific function on other population groups.

Results

The descriptive statistics of all measured variables for pooled
data are displayed in Table 2. Males consistently showed
higher mean measurements for all variables compared to fe-
males. Statistically significant differences were observed be-
tween male and female mean measurements at p <0.05 for all
measurements. Supplementary Table 1 also shows the de-
scriptive statistics of each of the variables for each population
group and for both sexes. The MANOV A test shows that there
is statistically significant interaction between sex and popula-
tion group for humeri and radii variables (Supplementary
Table 2). However, statistically significant interaction was
not observed for ulnae variables (Supplementary Table 2).
The five humeri, radii and ulnae measurements were analysed
using stepwise and direct discriminant functions (Table 3). The
unstandardised coefficients, constants, average accuracies, cross-
validation in correct sex classification and the sectioning points
are presented in Table 3. Functions 1, 4 and 7 were derived from

Table 2 Descriptive statistics of measurements around the nutrient foramina of the humerus, radius, and ulna from pooled data

Females Males
Variables No Mean SD No Mean SD F-statistics p value
Humerus tl 151 296.2 18.5 185 3219 19.0 156.31 <0.0001
penf 151 167.9 252 185 183.6 28.3 28.12 <0.0001
ap 151 18.6 1.9 185 20.6 1.9 98.81 <0.0001
ml 151 16.9 1.8 185 19.5 2.0 149.35 <0.0001
circ 151 56.9 4.8 185 63.8 5.0 168.52 <0.0001
Radius tl 146 221.6 14.3 179 247.7 18.3 197.18 <0.0001
penf 146 78.2 11.7 179 87.4 11.8 49.83 <0.0001
ap 146 10.2 1.3 179 11.7 1.1 112.76 <0.0001
ml 146 13.4 1.6 179 15.2 1.8 91.11 <0.0001
circ 146 38.7 4.0 179 43.6 3.6 135.54 <0.0001
Ulna tl 145 239.9 15.7 182 264.3 16.9 179.35 <0.0001
penf 145 92.3 15.2 182 99.2 16.0 15.874 <0.0001
ap 145 12.6 1.6 182 14.9 1.8 144.826 <0.0001
ml 145 13.5 1.5 182 15.7 1.6 163.151 <0.0001
cire 145 42.8 4.0 182 49.2 4.1 202415 <0.0001
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Table 3  Unstandardised coefficients, constants, and accuracies for multivariate discriminant function analysis for pooled data

Humerus Radius Ulna
Measurements 1 2 3 4 5 6 7 8 9
tl 0.029 0.031 0.034 0.043 0.039 0.046 0.031 0.031 0.033
penf
apdiam 0.338 0.390 0.264
mldiam 0.178 0.318 0.189 0.248 0.135
circ 0.080 0.130 0.134 0.121 0.156
Constant —17.196 —17.621 -16.392 —15.781 —15.699 -15.182 —15.179 —15.503 —15.681
Sectioning point” —0.090 —0.087 —0.086 —0.091 —0.095 —0.090 —0.108 —0.104 —0.103
Average accuracy (%) 82.4 81.8 80.7 86.5 852 852 83.5 83.5 82.6
Cross validation (%) 82.4 81.3 80.7 86.2 84.6 84.3 83.5 83.2 82.6

* P (Female): Values less than the sectioning point are females and vice versa

the stepwise analysis of measurements of the humeri, radii and
ulnae with average accuracies of 82.4%, 86.5% and 83.5% re-
spectively (Table 3). The other functions were formulated from a
combination of measurements using direct discriminant function
analysis of measurements of the humeri (Functions 2 and 3), radii
(Functions 5 and 6) and ulnae (Functions 8 and 9). The average
accuracies in correct sex classification ranged between 80.7%
(Function 3, Table 3) and 85.2% (Functions 5 and 6, Table 3).
The results of the cross-validation using the leave-one-out clas-
sification showed that the average accuracy in correct sex classi-
fication for most of the presented functions remained unchanged
(Table 3). Functions 2, 5 and 6 showed a minimal and insignif-
icant drop in classification rate of between 0.5 and 0.9% thereby
confirming the validity of the derived functions from the pooled
data. The pooled within-group covariance matrices by sex are
presented in Supplementary Table 3.

Table 4 shows the average accuracies following cross-
validation of Functions 1 to 9 (Table 3) presented above on
samples from each of the population groups. In the SAAD
group, a decrease in average accuracies following cross

validation was observed and this ranged between 0.8%
(Function 3) and 5.3% (Function 4). The other two groups
showed an increase in the classification rate. Most of the func-
tions in the MASA group showed an increase in the average
accuracies which ranged between 0.7% (Function 8) and 2.8%
(Function 4). However, a drop in average accuracy of 0.5%
was observed for Function 7 in this population group. All the
functions in the SAED population group showed an increase
in the average classification rate which ranged between 0.5%
(Function 4) and 6.9% (Function 7). The average of the ob-
served changes between the original classification rate and the
cross-validation rate were 3.5%, 1.3% and 2.7% for the
SAAD, MASA and SAED groups respectively.

The average accuracies and cross-validation accuracies are
presented for the top two functions for the humeri (Functions 1,
2,7, 8, 13 and 14), radii (Functions 3, 4, 9, 10, 15 and 16) and
ulnae (Functions 5, 6, 11, 12, 17 and 18) for each population
group (Table 5). The cross-validation of SAAD population-
specific functions on the same sample showed a slight drop of
average accuracies, which ranged between 0.8% (Function 6)

Table4  Average accuracies and cross-validation accuracies using pooled functions on samples of South Africans of African Descent (SAAD), Mixed
Ancestry South Africans (MASA) and South Africans of European Descent (SAED)

Functions from poled data Bone

Original classification (%) Cross-validation (SAAD) Cross-validation (MASA) Cross-validation (SAED)

Female Male Average Female Male Average Female Male Average

Function 1 Humerus 82.4 83.1
Function 2 81.8 83.1
Function 3 80.7 79.7
Function 4 Radius  86.5 76.9
Function 5 85.2 76.9
Function 6 85.2 73.1
Function 7 Ulna 83.5 63.6
Function 8 83.5 72.7
Function 9 82.6 72.7

754 79.3 97.7 672 825 77.1 94.6 825
754 79.3 1000 658 829 75.0 929 84.0
80.0 79.9 95.5 703 829 68.8 94.6 81.7
855 81.2 95.7 82.8 893 87.2 86.8 87.0
87.1 82.0 97.9 76.6 873 89.4 86.8 88.1
87.1 80.1 97.9 76.6 873 91.5 849 882
93.5 78.6 91.1 75.0 83.1 933 87.5 904
87.1 79.9 93.3 75.0 842 88.9 87.5 882
87.1 79.9 93.3 75.0 842 88.9 82.1 855
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Table5 Average accuracies and cross-validation accuracies using population-specific discriminant functions on samples of SAAD, MASA and SAED
Pop group  Functions Original Cross-validation (SAAD) Cross-validation (MASA) Cross-validation (SAED)
classification (%)
Female @ Male  Average Female  Male  Average Female Male  Average
SAAD Function 1 83.9 83.1 81.5 823 72.9 87.7 80.3 84.7 67.7 76.2
Function 2 80.6 81.4 80 80.6 67.8 90.8 79.3 78.0 78.5 78.3
Function 3 83.3 84.6 82.3 83.3 57.7 95.2 76.5 76.9 69.4 73.2
Function 4 84.2 84.6 80.6 82.5 59.6 91.9 75.8 75.0 66.1 70.6
Function 5 85.5 81.8 85.5 83.8 41.8 98.4 70.1 58.0 91.9 75.0
Function 6 84.6 83.6 83.9 83.8 49.1 93.5 71.3 54.5 87.1 70.8
MASA Function 7 85.2 86.7 71.9 79.3 86.4 82.8 84.3 93.3 56.3 74.8
Function 8 83.3 95.6 70.3 82.95 86.4 81.3 83.3 86.4 65.6 76.0
Function 9 89.2 95.7 60.9 78.3 89.4 87.5 88.3 97.9 64.1 81.0
Function 10 86.5 95.7 62.5 79.1 89.4 84.4 86.5 89.4 67.2 78.3
Function 11~ 83.5 95.6 59.4 77.5 82.2 84.4 83.5 80.0 75.0 77.5
Function 12 81.7 97.8 56.3 77.05 82.2 81.3 81.7 77.8 82.8 80.3
SAED Function 13 88.5 66.7 92.9 79.8 50.0 94.6 723 87.5 89.3 88.5
Function 14 86.5 64.6 94.6 79.6 354 92.9 64.2 87.5 83.9 85.6
Function 15 88.0 87.2 71.7 79.45 68.1 90.6 79.4 89.4 83.0 86.0
Function 16 ~ 88.0 83 79.2 81.1 66.0 92.5 79.3 91.5 83.0 87.0
Function 17 91.1 95.6 73.2 84.4 44.4 94.6 69.5 93.3 83.9 88.1
Function 18 85.1 84.4 85.7 85.05 75.6 94.6 85.1 84.4 85.7 85.1

and 1.7% (Functions 4 and 5). However, when SAAD
population-specific equations were applied on the MASA and
SAED population groups, the range of drop in average accura-
cies are 1.3—15.4% and 2.3—13.8% respectively. The average in
the drop of accuracies for SAAD population-specific functions
were 1.0%, 82% and 9.7% for SAAD, MASA and SAED
groups respectively. The average accuracies for most of the
MASA population-specific functions remained unchanged after
cross-validation (Table 5: Functions 8, 10, 11 and 12). However,
the other two functions showed a drop in average accuracies of
0.9% (Table 5). The application of MASA population-specific
functions on the SAAD and SAED population groups showed a
drop in average accuracies 0.4-10.9% and 1.4-10.4% respec-
tively (Table 5). The average accuracies remained unchanged
for two of the SAED population-specific functions, while the
others showed a drop in average accuracies that ranged between
0.9 and 3% (Table 5). The validity of these functions on a sample
of SAAD population group showed a drop in average accuracies
which ranged between 6.7 and 8.7% (Table 5). A larger drop in
average accuracies, which ranged between 8.7 and 22.4% was
obtained when SAED population-specific functions were tested
on a sample of MASA population group.

Discussion

Estimation of sex remains one of the most vital aspects of the
work of forensic anthropologists. Consequently, population-

specific equations for estimation of sex from measurements of
bones have been published for various bones of the human
skeleton [10, 17, 18, 25, 37, 49-51]. These population-
specific equations display higher average accuracies in correct
sex estimation when applied to samples from the population
from which they have been derived. It has therefore been sug-
gested and advised that these population-specific equations
should not be applied to other population groups as the degree
of sexual dimorphism varies greatly between populations [14,
52]. Nevertheless, the drawback of the application of
population-specific equations is that it requires a prior knowl-
edge of the population group of any skeletal material [40].

In the current study, measurements of the humeri, radii and
ulnae were shown to be sexually dimorphic which is consis-
tent with the results of other studies from different parts of the
world [19, 49, 53-56]. The range of average accuracies ob-
tained for pooled discriminant function equations (DFEs) is
comparable to those presented for previous studies in South
Africa [37] and for other geographical parts of the world [17].
The average accuracies for the humeri (81-82%), radii (84—
86%) and ulnae (83—84%) (Table 3) are consistently lower
than those obtained for population-specific DFEs for humeri
(81-89%), radii (83—89%) and ulnae (82-91%) (Table 5). Our
results also showed increased average accuracies for MASA
(0.1-2.8%) and SAED (0.1-6.9%) and a decreased average
accuracy for SAAD (0.8-5.3%) when pooled DFEs were
cross validated on samples from the respective population
groups (Table 4). These observed increases and decreases in
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the cross-validated average accuracies for samples of different
population groups are higher compared to that obtained for the
pooled group (0-0.9%) (Table 3). In addition, a drop in aver-
age accuracies was observed when population-specific DFEs
for SAAD (1.3 to 15.4%) were cross validated on samples of
MASA and SAED. Similar results were also observed when
population-specific DFEs for MASA (0.4-10.9%) and SAED
(0.0-22.4%) were applied on the other two groups (Table 5).

The results of the cross-validation of average accuracies of
both pooled DFEs and population-specific DFEs indicate that
population-specific DFEs provide a higher classification rate
compared to the pooled DFEs. This is in support of findings
from previous studies confirming population specificity of
DFEs [3, 7-11, 14, 17, 18, 32, 57]. However, it should be
noted that the average accuracies presented for DFEs from
the pooled data (Table 3) are reasonably high and are useful
in the estimation of sex. The advantage of application of these
functions in forensic cases is that they can be used without any
prior knowledge of the population group.

South Africa with a population of about 58 million people
consists of four major population groups that are spread over
nine provinces. These distinct socially identifiable population
groups are South African of African descent (blacks), South
African of European descent (whites), Mixed-ancestry South
Africans or Coloureds (MASA) and South Africans of Indian
extract (Indians) [9, 35, 37, 58] . Identification of human re-
mains poses a huge challenge in such a country with a diverse
population with regard to the application of population-
specific equations whether discriminant function equations
for estimation of sex or regression equations for estimation
of stature. While it is generally believed that population-
specific DFEs and regression equations are associated with
increased accuracy of estimation of sex and stature,
Albanese et al. [59] argued that the assignment of an unknown
to a population group is not only problematic but also some-
times impossible.

The possible reasons for this drawback include the lack of
biological significance of some traits used in the assignment
of population affinity and the difficulty in assigning an indi-
vidual into a particular group if the individual falls within the
boundaries of population groups [59]. Subsequently Albanese
et al. [59] presented universal regression equations for estima-
tion of stature from the femur and opined that this has both
methodological and theoretical benefits compared to the use
of population-specific regression equations. In an earlier
study, Steyn, Patriquin [40] proposed the same notion of ap-
plicability of universal DFEs for estimation of sex from the
pelvic bone.

Steyn, Patriquin [40] assessed the reliability of population
specificity of DFEs derived for measurements of pelvic bones
of South African whites, South African blacks and Greeks.
Their study reported that the average accuracies in correct
sex classification using all measured variables of the pelvic
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bone for the combined group, Greeks, SA whites and SA
blacks were 94.5%, 94.8%, 94.5% and 94.5% respectively
[40]. Similar results were also obtained in the direct analysis
using pubic and ischial length (89—90%) and acetabular diam-
eter (81.6-84.1%) and concluded that population-specific
DFEs did not provide a higher classification rate compared
to that obtained from pooled data [40]. In addition, the study
suggested that it was not necessary to use population-specific
DFE:s for the estimation of sex using pelvic bones [40].

Macaluso Jr. [43] tested the reliability of pooled data DFEs
presented by Steyn, Patriquin [40] on a sample of French pelvic
bones. Macaluso Jr. [43] observed that the average accuracies of
the pooled data remained unchanged when applied to a French
sample and concluded that population-specific equations are not
important when it comes to the estimation of sex using measure-
ments of the pelvic bone. One of the reasons given for the lack of
population specificity of DFEs from pelvic bone measurements
is that it is a highly sexually dimorphic bone and it is designed for
parturition, which is common in all population groups [40].
However, this may not be true for other bones of the skeleton
other than the pelvic bones [40].

Recently, Hora, Sladek [16] evaluated the concept of pop-
ulation specificity of DFEs derived from measurements of the
12th thoracic vertebra (T12) and the first lumbar vertebra (L1).
The study showed that while the two measurements of T12 i.e.
anteroposterior body diameter and mediolateral body diame-
ter, were found to be universally applicable in sex estimation,
most of the measured variables of the thoracic and lumbar
vertebrac showed population specificity in the assignment of
sex [16]. The results of the current study are in agreement with
the findings of Hora, Sladek [16] within the context of the
diversity of population groups within South Africa. The uni-
versal application of the presented pooled equations in this
study need to be tested in different geographical locations of
the world. It should be noted that there may be need for the
assessment of the applicability of population-specific DFEs
derived from measurements of long bones of the upper and
lower extremities due to the differences observed in the ro-
bustness of these bones in different population groups.
However, this does not preclude an attempt to derive such
equations which can be very useful especially during this era
of increased international migration. It will become increas-
ingly difficult to determine and choose equations to use during
estimation of sex for migrants in different parts of the world.

In conclusion, the current findings indicate that discrimi-
nant function equations generated from measurements of hu-
merus, radius and ulna of pooled population data of South
Africans present with reasonably high average accuracies.
Consequently, they are useful in the estimation of sex in cases
when the population affinity is either difficult or impossible to
ascertain and their applicability to populations of Southern
Africa will require validation studies in individual populations
from different countries in the region.
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