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A B S T R A C T

Sex estimation is the keystone for positive identification when an unidentified human body is recovered in
forensic contexts. However, in complex death scenes such as mass disasters, the remains are often fleshed,
mutilated, burned, and/or commingled. In situations such as these where it is not possible to analyze pelvis and/
or cranium data, traditional metric and qualitative morphological methods on postcranial bones can yield un-
satisfactory results. In such cases, geometric morphometric techniques offer an alternative to the analysis of both
shape and size components of morphological variation that can be of great utility for sex estimation in forensic
investigations. The study population consisted of 72 well-preserved adult humeri (40 males and 32 females;
mean age of 62 years) that were photographed in standardized positions with landmarks located in four two-
dimensional views of the humerus (anterior surface of the proximal epiphysis, and anterior, posterior and in-
ferior surface of distal epiphysis). Principal components analysis, canonical variates analysis and discriminant
analysis were applied. The data indicated that males and females were classified with low levels of accuracy
(54.95–77.92% for males; 56.87–71.78% for females) based on shape variables. However, when the shape
variable was combined with the centroid size, the levels of accuracy increased (81.86–94.92% for males;
84.08–94.88% for females). To obtain larger differences between males and females, it is necessary the com-
bination of centroid size with shape variables; the shape of the humerus is insufficient to discriminate sex with
accuracy.

1. Introduction

Sex estimation is the keystone of establishing a biological profile of
a human skeleton during physical and forensic anthropological ana-
lyses. The pelvis is considered the most accurate bone for sex estimation
[1–3]. The sexual dimorphism of the pelvis results from selective con-
straints on males and females forced by locomotion and childbearing
[1] and is non-specific to populations, unlike other regions of the ske-
leton [3,4]. However, postmortem damage and taphonomic changes
may prevent the collection and ulterior analysis of this anatomical re-
gion for sex estimation [5]. In absence of a pelvis, the skull has been
traditionally considered the second-best indicator for sex assessment
[6–9] despite several studies based on postcranial skeleton evidence to
the contrary [10]. Postcranial elements such as the scapula [11], ver-
tebrae [12], ribs [13], carpal bones [14], the internal auditory canal
located on the temporal bone [15], and the hyoid bone [16] show

statistically significant sexual dimorphism. Nevertheless, excluding the
pelvis, long bones are the postcranial elements that have demonstrated
the most effective sex assessment discrimination (e.g. [10,17–19]).

Due to its structure and size, the humerus is considered one of the
strongest long bones of the skeleton. Even in a fragmented state of
preservation, it is possible to recover it in forensic cases [20–22]. Sexual
dimorphism of the humerus has been studied intensively in the last
decades mainly following metric and qualitative morphological
methods. Most of the studies focused on size differences [10,23–28,29]
with good results and producing accuracies of correct assessment of sex
ranging from 76.8% to 100%. Qualitative morphological differences
have also been analyzed, but to a lesser extent (e.g. [31–34]), providing
accuracies ranging from 71.8% to 92%. Although metric methods of sex
estimation have very high rates of accuracy and are fairly easy to
execute, they have certain disadvantages. Generally, they are popula-
tion-specific based on sexual dimorphism and varying size patterns that
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exist across populations [24,35]. Therefore, a method that was created
for one specific population may not be wholly accurate when applied to
a population of different chronological/geographical origin, resulting in
skewed or erroneous sex classifications [36]. Metric methods are also
limited because they do not consider the shape of the bone [37]. On the
other hand, some subjectivity is involved in qualitative morphological
methods because it is very difficult to consistently assign a score to a
specific feature; therefore, these methods lend themselves to a high
probability of intra- and inter-rater error [38]. However, the applica-
tion of geometric morphometric techniques can solve these difficulties
[37,39].

Geometric morphometrics is a technique that allows the quantifi-
cation of morphological characteristics and the analysis of both shape
and size differences in a two- or three-dimensional (2D or 3D) co-
ordinate system [40–42]. It has strong potential in the field of physical
anthropology to quantify sexual dimorphism of skeletal elements be-
cause it considers the shape of the elements and the locations of the 2D
or 3D landmarks relative to each other. This technique has been used to
study sexual dimorphism in, for example, the pelvis [43–46], skull
[47–49], mandible [39,50], and teeth [51–53]. Some studies, such as
Kranioti et al. [21], Vance and Steyn [54], Maass and Friedling [55]
and Ammer [56] investigated sexual dimorphism of the humerus using
geometric morphometric techniques, yielding forensically acceptable
accuracies in classifying the sex of an individual based on the humerus
only. However, the scientific community agrees a population-specific
study is required for identification purposes in medico-legal death in-
vestigations in order to obtain accurate results in sexing skeletal re-
mains for a given population [36,57].

The aim of this work is to predict sex from the humerus for iden-
tification purposes in forensic investigations by using geometric mor-
phometric techniques on two-dimensional photographic images.

2. Material and methods

2.1. Sample

The study sample consisted of 72 adult individuals from the
Granada Municipal Cemetery of San José (Spain). Antemortem data
were obtained from the records of the San José Municipal Cemetery, the
Granada Registry Office, and the Granada Institute of Legal Medicine.
Sex, age, and cause of death, among others, were included. The skeletal
collection is housed in the Laboratory of Anthropology of the University
of Granada, Spain. The age of the individuals ranged from 22 to
85 years. The mean age for males was 52.98 ± 12.13 (N = 40) and for
females 71.69 ± 15.24 (N = 32). The great majority of births took
place during the five decades between 1901 and 1949 (54.2% of the
births) and their deaths occurred during the four decades from 1973 to
2002 (62.5% of the deaths). Exclusion criteria that impeded the col-
lection of humeri from these selected individuals were size and mor-
phological alterations, such as healed antemortem trauma, postmortem
fractures, and taphonomic changes or pathological conditions, as these
conditions may be a factor of bias.

2.2. Sample photography and locating landmarks and semi-landmarks

Images were taken with a digital camera Canon EOS 1000D (Canon
Inc., Japan) and a lens Canon 50 mm f1.8 (Canon Inc., Japan). The
humerus was placed in the center of the lens to avoid distortion. The
scale was positioned parallel to the humerus and at the same distance
from the lens. The left humerus was selected for the study; in case of
absence or exclusion, the right humerus was photographed and digitally
mirrored. Each humerus was positioned in a standardized manner ac-
cording to the view, and a photograph was taken with the camera lens
at a perpendicular angle to the bone surface.

Landmarks were located in four two-dimensional views of the hu-
merus for geometric morphometric analyses (Fig. 1 and Table 1). The

first view corresponded to the anterior surface of the proximal epi-
physis, and five landmarks were selected as defined by Kranioti et al.
[21]. The second view corresponded to the anterior surface of the distal
epiphysis, and eight landmarks were selected (two landmarks defined
by Vance and Steyn [54] and six new landmarks defined and used in the
current study). For both first and second views, the orientation of the
humerus was achieved by letting the humerus balance on the horizontal
plane with the anterior surface facing the camera. The third view cor-
responded to the posterior surface of the distal epiphysis which docu-
ments the shape of the olecranon fossa and the trochlear extension.
Twelve landmarks were selected (eight landmarks according to the
definitions of Vance and Steyn [54] and four new landmarks defined
and used in the current study). The orientation of the humerus was
achieved by letting the humerus balance on the horizontal plane with
the posterior surface facing the camera. The fourth view corresponded
to the inferior surface of the distal epiphysis, which documents the
angle of the medial epicondyle and the inferior view of the trochlea.
The humerus was placed with the anterior surface facing upwards.
Eleven landmarks were placed (ten landmarks according to the defi-
nitions of Vance and Steyn [54] and one new landmark defined and
used in the current study). All landmarks were digitalized using
TPSdig2 software [58].

2.3. Intra- and inter-rater error analysis

Intra- and inter-rater error agreement in locating landmarks was
performed by re-digitization of 10 randomly selected humeri by the
principal observer and of 10 humeri by the secondary observer. During
5 consecutive days, landmarks were located in 10 images of five hu-
meri. The process was repeated twice with two days between them.
Coordinates for intra-rater error were taken by the principal observer.
Coordinates for inter-rater error were taken by two observers. To in-
crease observation reliability, the average of the two periods was used.
The coordinates were located using TPSdig2 [58]. To quantify ob-
servation reliability, the intraclass correlation coefficient (ICC) was
calculated, which estimates the mean of correlations between all pos-
sible pairs of observations. The ICC range (0–1) was classified according
to the criteria proposed by Fleiss [59]: below 0.4 represents poor re-
liability, between 0.4 and 0.75 represents fair to good reliability, and
above 0.75 represents excellent reliability. To determine which land-
marks were less repeatable and/or concordant, ICC values were cal-
culated separately for each one.

2.4. Geometric morphometrics and statistical analysis

A Generalized Procrustes Analysis was applied to remove position,
orientation, and scale effects. Centroid size was used to scale a con-
figuration of landmarks, and the thin-plate spline (TPS) functions were
employed to represent the visualization changes between configuration
landmarks.

Principal components analysis (PCA) and canonical variable ana-
lysis (CVA) were used to analyze landmark coordinates. PCA is an or-
dination method for simplifying descriptions of variations among in-
dividuals and CVA for simplifying descriptions between groups [42].
The PCA and CVA were performed with PCAGen and CVAGen, re-
spectively [60].

The multivariate normal distribution of the data was verified by the
Kolmogorov-Smirnov test and the homogeneity of the variance and
covariance was verified by the Box's M. Multivariate analysis of var-
iance (MANOVA) was performed, and Wilks' Lambda was used to re-
flect the number of significant variables. Discriminant analysis was
applied, including the shape variables and shape and size variables
combined. Besides, differences in centroid size between sex were ana-
lyzed through t-test. Centroid size is the most common size estimator
used in geometric morphometrics. These analyses were performed
using IBM® SPSS® v.22 software.
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3. Results

3.1. Intra- and inter-rater error analysis

In the intra-rater error analysis (Table 2), the ICC values for the raw
coordinates for the four views of the humerus ranged from 0.976 to
1.000, indicating excellent reliability. Regarding the inter-rater error
analysis, the ICC values for the raw coordinates ranged from 0.876 to
1.000, indicating excellent reliability. Thus, these ICC values showed

that raw coordinates for landmark locations were concordant and re-
producible within and between raters.

3.2. Shape and size analysis of proximal epiphysis

3.2.1. Anterior surface
The PCA included five principal components (PC) that explained

97.94% of the shape variability in the anterior surface of the proximal
epiphysis (Table 3). The first two PC of this analysis are plotted in

Fig. 1. Location of the defined landmarks points on the humerus in (A) anterior surface of the proximal epiphysis, (B) anterior surface of the distal epiphysis, (C)
posterior surface of the distal epiphysis, and (D) inferior surface of the distal epiphysis. Pr, proximal; D, distal; M, medial; L, lateral; A, anterior; P, posterior.
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Fig. 2. PC1 (horizontal axis) accounted for 50.36% of the shape varia-
bility while PC2 (vertical axis) explained 20.52% of the variability.
Male and female individuals were found to be homogenously dis-
tributed along both axes of the PCA dispersion plot. The plot of de-
formation allowed an easier visualization of the shape variations among
landmarks on the PC1 and PC2 axes, illustrating the difference between

the consensus shape and the shape change between sexes. Along the x-
axis, the positive values of the PC1 described a clear distance between
the upper facet of the greater tubercle and its lateral margin, while in
the negative values, an approach is observed. PC2 showed a con-
vergence of the midpoint of the humeral head outline and the projec-
tion of the superior border of the anatomical neck along the y-axis.

Table 1
Definition of the landmarks used to represent the shape of humerus on the different views.

Landmark Definition References

Anterior surface of the proximal epiphysis
LM1 The projection of the superior part of the anatomical neck Kranioti et al. [16]
LM2 The maximum curvature point of the greater tubercle Kranioti et al. [16]
LM3 The most lateral point of the greater tubercle Kranioti et al. [16]
LM4 The projection of the medial and inferior part of the head Kranioti et al. [16]
LM5 The sectioning point on the humeral head outline, of the ortogonal projection of the middle point between landmarks 1 and 4 Kranioti et al. [16]

Anterior surface of the distal epiphysis
LM1 The superior point of the medial edge of the trochlea This study
LM2 The superior point of the lateral edge of the capitulum This study
LM3 The most lateral edge of the lateral epicondyle Vance and Steyn [16]
LM4 The inferior edge of the capitulum, at the point of the bone where the curved edge becomes a distinct ridge This study
LM5 The most constricted point of the posterior trochlear “spool” This study
LM6 The inferior point of the medial edge of trochlea This study
LM7 The intersection point between the edge of trochlea and the medial epicondyle. This study
LM8 The most medial point on the medial epicondyle Vance and Steyn [54]

Posterior surface of the distal epiphysis
LM1 The most lateral point of the olecranon fossa seen on the posterior surface. This landmark was not placed within the fossa itself, but on the

lateral edge of the fossa
Vance and Steyn [54]

LM2 The most medial point of the olecranon fossa seen on the posterior surface. This landmark was not placed within the fossa itself, but on the
medial edge of the fossa

Vance and Steyn [54]

LM3 The most superior point of the olecranon fossa Vance and Steyn [54]
LM4 The inferior edge of the olecranon fossa, in the point of maximum curvature within the fossa itself This study
LM5 The superior point of the lateral edge of the capitulum This study
LM6 The superior point of the medial edge of the trochlea This study
LM7 The most lateral edge of the lateral epicondyle Vance and Steyn [54]
LM8 The inferior edge of the capitulum, at the point of the bone where the curved edge becomes a distinct ridge Vance and Steyn [54]
LM9 The most constricted point of the posterior trochlear “spool” Vance and Steyn [54]
LM10 The inferior edge of the trochlea, at the junction where the straight ridge becomes curved Vance and Steyn [54]
LM11 The most constricted point in the union between the trochlea and the medial epicondyle This study
LM12 The most medial point on the medial epicondyle Vance and Steyn [54]

Inferior surface of the distal epiphysis
LM1 The superior edge of the trochlea. This landmark was placed where the straight vertical edge of the trochlea becomes curved again Vance and Steyn [54]
LM2 The most constricted point on the anterior trochlear “spool” Vance and Steyn [54]
LM3 The most superior point on the anterior trochlear “spool” This study
LM4 The most constricted point on the anterior capitulum “spool” Vance and Steyn [54]
LM5 The most lateral margin of the capitulum. This landmark was placed on the point where the curved edge becomes a distinct ridge Vance and Steyn [54]
LM6 The most lateral point of the lateral epicondyle Vance and Steyn [54]
LM7 The medial margin of the lateral epicondyle on the inferior ridge of bone that constitutes the posterior surface of the capitulum Vance and Steyn [54]
LM8 The most constricted point of the trochlear “spool”, which constituted the inferior margin of the olecranon fossa Vance and Steyn [54]
LM9 The most inferior point of the medial margin/ridge of the posterior trochlea Vance and Steyn [54]
LM10 The most medial point on the medial epicondyle Vance and Steyn [54]
LM11 The superior “root” of the medial epicondyle, where the superior edge of the medial epicondyle meets the vertical ridge of the trochlea Vance and Steyn [54]

Table 2
Values of ICC for the intra- and inter-rater error analysis for the raw coordinates.

LM1 LM2 LM3 LM4 LM5 LM6 LM7 LM8 LM9 LM10 LM11 LM12

Anterior surface of the proximal epiphysis
Intra-rater 0.999 0.987 0.977 0.976 0.998 N/A N/A N/A N/A N/A N/A N/A
Inter-rater 1.000 0.998 0.876 1.000 0.964 N/A N/A N/A N/A N/A N/A N/A

Anterior surface of the distal epiphysis
Intra-rater 0.999 0.999 1.000 0.999 1.000 1.000 1.000 1.000 N/A N/A N/A N/A
Inter-rater 0.998 0.996 0.999 0.995 1.000 1.000 1.000 1.000 N/A N/A N/A N/A

Posterior surface of the distal epiphysis
Intra-rater 1.000 1.000 0.999 1.000 0.999 0.999 0.998 1.000 1.000 1.000 1.000 1.000
Inter-rater 0.991 0.973 0.952 0.992 0.962 0.960 0.916 1.000 1.000 1.000 0.995 0.992

Inferior surface of the distal epiphysis
Intra-rater 0.997 0.995 0.994 0.991 0.993 0.992 0.994 0.995 0.995 0.996 0.996 N/A
Inter-rater 0.996 0.996 0.992 0.994 0.994 0.996 0.996 0.993 0.997 0.995 0.926 N/A

ICC, intraclass correlation coefficient; LM, landmark; N/A, not applicable.
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The scatter plot of the CVA placed the majority of female individuals
in the negative values describing a displacement of the maximum
curvature point of the greater tubercle towards distal with respect to
the projection of the superior border of the anatomical neck (which
moved in the opposite direction). Males were allocated along the cen-
tral and positive values of the canonical variable (Fig. 4).

Discriminant differences (p ≤ 0.05) between variables for both
shape and shape + size analyses were shown by Wilks' Lambda test
(Table 4). Discriminant analysis according to the leave-one-out cross
validation showed a percentage of correct classification of 54.95% and
56.87% in males and females, respectively. However, these values
changed to 94.92% [+39.27 pp, an increase of 39.27 percentage
points] and 89.55% [+32.68 pp], respectively, after the centroid size
variable was added. Significant differences in centroid size were de-
tected between sexes (p ≤ 0.05; Table 5).

3.3. Shape and size analysis of distal epiphysis

3.3.1. Anterior surface
The PCA included nine principal components that explained 95.82%

of the shape variability in the anterior surface of the distal epiphysis
(Table 3). The first two PC of this analysis are plotted in Fig. 2. PC1
accounted for 36.86% of the shape variability while PC2 explained
18.50% of the variability. Male individuals were homogenously dis-
tributed along both axes of the PCA dispersion plot, while females
showed a majority concentration in the lower right quadrant of the plot.
In comparison with male individuals, female individuals tended to a
greater distance between the lateral epicondyle and the lateral edge of
the capitulum along the x-axis. Similarly, female individuals showed a
greater prominence of the medial epicondyle explained by PC2.

The scatter plot of the CVA placed the majority of male individuals
in the center of the plot and in the positive direction, relating their
morphology with a displacement of the inferior point of the medial
edge of the trochlea towards proximo-lateral direction. The female in-
dividuals, located in the center of the plot and in the negative values of
the canonical variable, moved in the opposite direction (Fig. 4).

Discriminant differences (p ≤ 0.05) between variables for both
shape and shape + size analyses were shown by Wilks' Lambda test
(Table 4). Discriminant analysis according to the leave-one-out cross
validation showed percentage of correct classification of 63.66% and
63.03% in males and females respectively. However, these values
changed (to 86.65% [+22.99 pp; i.e. an increase of 19.12 percentage
points] and 84.30% [+21.27 pp], respectively) after the centroid size
variable was added. Significant differences in centroid size was de-
tected between sexes (p ≤ 0.05; Table 5).

3.3.2. Posterior surface
The PCA included 15 principal components that explained 95.53%

of the shape variability in the posterior surface of the distal epiphysis
(Table 3). The first two PC of this analysis are plotted in Fig. 3. PC1
accounted for 18.78% of the shape variability while PC2 explained
11.97% of the variability. Male and female individuals were found to be
homogenously distributed along both axes of the PCA dispersion plot.
Along the x-axis, the negative values of PC1 described a slight broad-
ening of the epiphysis (i.e. medial and lateral epicondyle moved away
from each other), together with a decrease in the longitudinal axis of
the superior point of the olecranon fossa; the effect was reversed for the
positive values of PC1.

The scatter plot of the CVA showed a clear separation according to
sex, with male individuals located in the positive values and females in
the negative values (Fig. 4). The shape change between the sexes was
explained by the displacement of the inferior edge of the olecranon
fossa towards proximo-lateral direction for males, and towards disto-
medial for females.

Discriminant differences (p ≤ 0.05) between variables for both
shape and shape + size analyses were shown by Wilks' Lambda test
(Table 4). Discriminant analysis according to the leave-one-out cross
validation showed a percentage of correct classification of 77.92% and
71.78% in males and females, respectively. However, these values
changed to 90.77% [+12.85 pp] and 94.88% [+23.10 pp], respec-
tively, after the centroid size variable was added. Significant differences
in centroid size were detected between sexes (p ≤ 0.05; Table 5).

3.3.3. Inferior surface
The PCA included 13 principal components that explained 96.10%

of the shape variability in the inferior surface of the proximal epiphysis
(Table 3). The first two PC of this analysis are plotted in Fig. 3. PC1
accounted for 30.03% of the shape variability while PC2 explained
13.36% of the variability. Male individuals were homogeneously dis-
tributed throughout both axes of the PCA dispersion plot. Along the x-
axis, the positive values of the PC1 for female individuals described the
convergence of the medial and lateral epicondyle to the posterior plane.
Along the y-axis, PC2 for female individuals showed the displacement
of the inferior margin of the olecranon fossa, with its curvature being
more marked in the negative values than in the positive ones.

The scatter plot of the CVA showed a tendency to locate female
individuals in the positive values and male individuals in the negative
ones (Fig. 4). The most obvious shape change was located in the medial
region and was explained by a broader and more rounded superior edge
(U-shape type) of the trochlea for the male individuals and a more acute
(V-shape type) for the females.

Table 3
Principal components with more of 95% of the total variance explained.

PC Anterior surface of the proximal epiphysis Anterior surface of the distal epiphysis Posterior surface of the distal epiphysis Inferior surface of the distal epiphysis

SV % EV % CuV SV % EV % CuV SV % EV % CuV SV % EV % CuV

1 2.33E-03 50.04 52.04 1.89E-03 36.86 36.86 1.32E-03 18.78 18.78 1.40E-03 30.03 30.03
2 8.50E-04 18.96 70.00 9.46E-04 18.50 55.37 8.39E-04 11.97 30.74 6.24E-04 13.36 43.39
3 6.28E-04 13.99 85.00 5.02E-04 9.81 65.18 7.79E-04 11.12 41.86 4.34E-04 9.30 52.69
4 4.11E-04 9.16 94.16 4.58E-04 8.96 74.13 7.10E-04 10.13 51.99 3.96E-04 8.47 61.16
5 1.70E-04 3.80 97.96 3.51E-04 6.87 81.01 5.64E-04 8.05 60.04 3.43E-04 7.34 68.50
6 – – – 2.58E-04 5.04 86.04 4.77E-04 6.80 66.85 2.83E-04 6.06 74.55
7 – – – 2.27E-04 4.43 90.47 3.86E-04 5.51 72.36 2.36E-04 5.04 79.60
8 – – – 1.48E-04 2.89 93.36 3.20E-04 4.57 76.92 2.15E-04 4.60 84.20
9 – – – 1.26E-04 2.45 95.82 2.84E-04 4.05 80.97 1.70E-04 3.64 87.84
10 – – – – – – 2.39E-04 3.42 84.39 1.20E-04 2.58 90.42
11 – – – – – – 1.97E-04 2.81 87.19 1.12E-04 2.39 92.81
12 – – – – – – 1.83E-04 2.61 89.80 8.15E-05 1.74 94.56
13 – – – – – – 1.46E-04 2.09 91.89 7.23E-05 1.55 96.10
14 – – – – – – 1.36E-04 1.93 93.82 – – –
15 – – – – – – 1.20E-04 1.71 95.53 – – –

PC, principal component; SV, Singular value; % EV, percentage of explained variance; % CuV, percentage of cumulative variance.
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Fig. 2. Principal component analysis scatterplot obtained for the (A) anterior surface of the proximal epiphysis, (B) anterior surface of the distal epiphysis. Thin-plate
spline deformations grids and landmark displacement vectors showing shape variation along principal component 1 (PC1) and principal component 2 (PC2) in
positive and negative directions. Pr, proximal; D, distal; M, medial; L, lateral; A, anterior; P, posterior.
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Fig. 3. Principal component analysis scatterplot obtained for the (A) posterior surface of the distal epiphysis, and (B) inferior surface of the distal epiphysis of the
humerus shape variables. Thin-plate spline deformations grids and landmark displacement vectors showing shape variation along principal component 1 (PC1) and
principal component 2 (PC2) in positive and negative directions. Pr, proximal; D, distal; M, medial; L, lateral; A, anterior; P, posterior.
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Fig. 4. Canonical variate analysis scatterplot obtained for the (A) anterior surface of the proximal epiphysis, (B) anterior surface of the distal epiphysis, (C) posterior
surface of the distal epiphysis, and (D) inferior surface of the distal epiphysis of the humerus shape variables. Thin-plate spline deformations grids and landmark
displacement vectors showing shape variation along canonical variate 1 (CV1) in positive and negative directions. Pr, proximal; D, distal; M, medial; L, lateral; A,
anterior; P, posterior.
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Discriminant differences (p ≤ 0.05) between variables for both
shape and shape + size analyses were shown by Wilks' Lambda test
(Table 4). Discriminant analysis according to the leave-one-out cross
validation showed a percentage of correct classification of 68.90% and
69.08% in males and females, respectively. However, these values
changed to 81.86% [+12.96 pp] and 84.08% [+15.00 pp], respec-
tively, after the centroid size variable was added. Significant differences
in centroid size were detected between sexes (p ≤ 0.05; Table 5).

4. Discussion

Several publications provide evidence that sex estimation using long
bones has more discriminatory power than the cranium (considered the
second-best indicator of sex after the pelvis). Thus, long bones are to be
preferred to the cranium for estimating sex when the pelvis is un-
available for examination due to the poor state of preservation in burial
environments [10,28].

The shape of the humerus is considered a strong morphological
indicator of sex because of its relationship to the carrying angle of the
arm, which is different in males and females based on morphological
differences in their shoulders and hips. While females have wider hips
and narrower shoulders, the opposite is true in males [31,61]. In this
study, the shape of the humerus showed a statistically significant sexual
dimorphism. On the proximal epiphysis, male individuals showed a
projected greater tubercle with a pronounced superior border of the
anatomical neck than females, who had a smoother greater tubercle
with its superior border less pronounced. These results are in agreement
with those of Kranioti et al. [21] and Carretero et al. [62], arguing that
this configuration may be due to the differences in robusticity between
the sexes, with a greater strain on supraspinatus muscle attachment site
and articulation surface in males compared to females. On the distal
epiphysis, the shape change between the sexes reflected the olecranon
fossa shape and the trochlear extension. The more oval/rhomboid
shape of the olecranon fossa in females was illustrated in the downward

Table 4
Original canonical variable and cross-validation discriminant analysis based on shape and shape + size variables.

Classification accuracy by sex
Lambdás Wilks N Estimated sex %
λ P ♂ ♀ ♂ ♀

Anterior surface of the proximal humeral epiphysis
Shape OR ♂ 26 10 65.47 69.03

♀ 8 13
0.707 0.006*

LOOCV ♂ 23 13 54.95 56.87
♀ 11 10

Shape + size OR ♂ 33 3 95.06 91.95
♀ 1 20

0.303 0.000*
LOOCV ♂ 32 4 94.92 89.55

♀ 1 20
Anterior surface of the distal humeral epiphysis

Shape OR ♂ 26 11 70.76 70.48
♀ 9 22

0.680 0.026*
LOOCV ♂ 23 14 63.66 63.03

♀ 11 20
Shape + size OR ♂ 34 3 87.69 91.48

♀ 4 27
0.331 0.000*

LOOCV ♂ 31 6 86.65 84.30
♀ 4 27

Posterior surface of the distal humeral epiphysis
Shape OR ♂ 36 5 90.07 88.10

♀ 3 28
0.411 0.000*

LOOCV ♂ 28 13 77.92 71.78
♀ 6 25

Shape + size OR ♂ 41 0 96.88 100.00
♀ 1 30

0.164 0.000*
LOOCV ♂ 39 2 90.77 94.88

♀ 3 28

Inferior surface of the distal humeral epiphysis
Shape OR ♂ 33 6 84.41 84.58

♀ 5 27
0.574 0.015*

LOOCV ♂ 27 12 68.90 69.08
♀ 10 22

Shape + size OR ♂ 34 5 100.00 88.89
♀ 0 32

0.338 0.000*
LOOCV ♂ 33 6 81.86 84.08

♀ 6 26

a The percentage indicates the number of individuals correctly classified relative to the total of individuals that presents a particular trait; the classification is
weighted by sex.
b The percentage indicates the number of individuals correctly classified relative to the total of individuals that presents a particular trait; the classification is
weighted with sexes pooled.
N, number of individuals; OR, original variables; LOOCV, leave-one-out cross-validation. The asterisk (*) indicates values statistically significant at p ≤ 0.05.
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displacement of the inferior edge, acquiring a more triangular shape in
males with an upward displacement of the inferior edge of the ole-
cranon fossa. Our results are in agreement with previous studies
[31,54,56]. Regarding the trochlear extension, the female trochlea was
more asymmetrical, depicted by the extension of the medial trochlea far
past its lateral edge; in addition, in inferior view, the superior edge of
the trochlea was of a sharper V-shape type. In contrast, males showed a
more symmetrical trochlea with a broader and more rounded superior
edge (U-shape type). The results obtained in this study about trochlear
extension are opposite to those provided by Vance and Steyn [54] using
techniques of geometric morphometrics. They found that males showed
the inferior margin of the trochlea positioned farther downward (in-
feriorly) to that of females. The results of Vance and Steyn [54] are in
agreement with the qualitative morphologic studies of Rogers [31]. She
observed that this trait is asymmetrical in males (with greater extension
of the medial trochlea) and more symmetrical in females, and sub-
sequent studies have validated this observation with different popula-
tions [30,32–34]. Ammer et al. [56], instead, it does not find differ-
ences between sex in the shape of the constriction of the trochlea. The
contradiction of our results could be explained by a reverse dimorphism
phenomenon. According to Plavcan [63], the term “reverse di-
morphism” is used to indicate that females are larger than males. Di-
morphism is usually expressed quantitatively (metric data) as a ratio of
the larger sex to the smaller; however, in our study using qualitative
(morphological) data, we could define reverse dimorphism to indicate
that the opposite relation that is most observed in the general popula-
tion is true. This situation of reverse dimorphism could be influenced by
genetic and environmental factors, resulting in large variations in the
degree of sexual dimorphism (including reduced dimorphism) across
diverse populations. Frayer and Wolpoff [64] attributed the reduction
in sexual dimorphism to a “convergence in the requirements of male
and female roles”. In this way, dimorphic tendencies have increasingly
become monomorphic; therefore, sexual variations are continuous
variables rather than discrete, an overlap between the sexes is expected,
and the reduced sexual dimorphism and consequent male/female
overlap has extended to include reverse sexual dimorphism [65]. Given
our results, it is necessary to perform additional analyses in this po-
pulation (with a larger sample) and other populations to confirm the
presence of reverse dimorphism in trochlear extension.

Regarding size, in the four two-dimensional views (anterior surface
of the proximal epiphysis; and anterior, posterior, and inferior surface
of distal epiphysis), the humerus of male individuals had larger mean
centroid sizes than those of females. This is in agreement with the re-
sults of traditional metric analyses [10,23,25–28] and geometric mor-
phometric studies [21,54–56,61,66] of different population groups. The

larger size of male humeri are likely a reflection of body size di-
morphism due to genetic constitution and differential patterns of sec-
ondary sexual development, as well as to changes in environmental
factors that affect bone growth such as lifestyle, nutrition, and extreme
division of labor [64,67,68].

The analyses performed in this study showed that males and females
were classified with low levels of accuracy (54.95–77.92% for males;
56.87–71.78% for females) based on shape variables of the proximal
and distal humeral epiphysis. However, the levels of accuracy increased
when the shape variable was combined with the centroid size
(81.86–94.92% for males; 84.08–94.88% for females). These results
reflect that the shape of the proximal and distal humeral epiphysis is
insufficient to discriminate between sexes, and that the inclusion of size
is necessary to obtain larger differences between males and females
and, therefore, higher discrimination reliability. Anterior surface of the
proximal epiphysis had similar classification rates to the posterior
surface of the distal epiphysis (anterior surface of proximal epiphysis:
94.92% for males and 89.55% for females; posterior surface of the distal
epiphysis: 90.77% for males and 94.88% for females), while the other
views of the distal epiphysis showed lower classification rates (anterior
surface of distal epiphysis: 86.65% for males and 84.30% for females;
inferior surface of distal epiphysis: 81.86% for males and 84.08% for
females). Given these results, it is not possible to conclude which epi-
physis is better for sex estimation.

In medico-legal settings, forensic anthropologists must perform
theoretical and empirical validation. The established principles and
methods may be reliable in certain populations but require an adjust-
ment in others [69]. Variation in sexual dimorphism between popula-
tions requires specific standards in forensic contexts [70], and this va-
lidation can be also necessary when using historical osteological
collections. Several studies have been conducted with identified ske-
letal collections, since they are recognized as a valuable asset for re-
search [71]. Nevertheless, because of the secular change, the applic-
ability of methods developed in historical samples has been questioned
when applied to contemporary populations [72]. In spite of several
studies showing the impact of secular trends in forensic anthropology
[73–75], the utility of the methods should not be denied [72]. For these
reasons, the results of this study require validation using contemporary
samples to assure their reliability and validity when applied to current
forensic cases.

5. Conclusion

The first and most crucial biological characteristic is to have a
correct estimate of sex, as this designation will narrow down by half the
number of possible matches in the population. For this purpose, easy
and rapid techniques for biological profiling are necessary when frag-
mentary skeletal remains are recovered in forensic contexts. Using
geometric morphometric techniques, differences between humeri of
males and females could be observed when proximal and distal epi-
physis were analyzed, yielding high levels of classification accuracy.
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