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Abstract One of the most fundamental issues in forensic
anthropology is the determination of sex and population
affinity based on various skeletal elements. Therefore, we
compared the sexual dimorphism of the upper facial skel-
eton from a recent Czech population (twenty-first century)
with that of a population from Early Modern Age
Bohemia (sixteenth to eighteenth centuries). Methods of
geometric morphometrics were applied. According to the
results, sexual dimorphism in terms of size, shape, and
form was statistically significant in both populations.
The best results of sex estimation originated from analy-
ses of form. Thus, both size and shape differences should
be taken into account for determination of the sex. The
accuracy of prediction achieved 91.1% for individuals in
the recent population and 87.5% for individuals from the
early modern population. Only minor differences were
found between sexual dimorphism in the studied popula-
tions. We conclude that sexual dimorphism of the upper
facial skeleton is stable during the relatively short time
period.
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Introduction

The diagnosis of sex and population affinity of various skeletal
elements is a crucial subject in forensic anthropology. Forensic
anthropologists need to develop methods for estimating sex
that are applicable to different skeletal elements in either com-
plete or fragmentary states. A visual analysis of the pelvis is
typically the preferred indicator of sex [1-3]. However, not all
forensic cases provide a complete skeleton. If an individual is
left exposed in an outdoor setting, taphonomic processes can
impede the recovery of all elements [4]. Pubic preservation, for
instance, rarely exceeds 30% in archeological samples [5].
Furthermore, the accuracy level obtained from pelvic analyses
can vary among populations. For example, the accuracy level
of the method of Phenice [2] ranges from 59% [6] to 96% [7].
In cases where the pelvis is unavailable, the skull is the second
most used part of the human skeleton for sex estimation [8, 9],
because it is generally better preserved compared with other
parts of the skeleton [10].

Sex estimation by visual assessment of nonmetric traits is
usually based on scoring each feature of the skull and then
sorting these scores into categories previously defined based
on shape and size differences [ 11—15]. This approach has been
criticized for being highly subjective [11, 16]. Linear measure-
ments can be used to separate sexes with a satisfying degree of
accuracy [17, 18]. However, classic linear morphometry is not
able to represent the shape differences of some complex struc-
tures, such as orbit shape [19]. Given these difficulties,
methods of geometric morphometrics have begun to be used.
They offer an alternative for identifying the sex of unknown
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skeletal remains [20, 21] because they allow the evaluation of
size and shape differences between the sexes with a low rate of
subjectivity [22-25].

Traits that distinguish sex in one population might not nec-
essarily be sexually dimorphic in other populations. Sexual
dimorphism can vary across different geographical regions
as well as within populations from different historical periods
[26-31]. Given population variability, there are disadvantages
to using visual methods [15, 16, 29, 32] and methods of tra-
ditional linear morphometry of sex estimation [33-35], be-
cause these methods generally use skeletal material from a
past population of known sex. Therefore, they are not suitable
for forensic applications used to investigate the sexual dimor-
phism of recent populations [36], especially because of chang-
es caused by secular trends [37-39].

The 3D methods of geometric morphometrics are as accurate
and reliable as traditional noncomputed methods using whole
skulls [40—43]. Previous research using multivariate cranial
shape data yielded a degree of classification accuracy of approx-
imately 80% (e.g., Portuguese, 77.86% [19]; American Afro-
Caribbeans and Caucasians, 89.65 and 86.65%, respectively
[20]; and a South African population, 87% [18]).

Results of the study by Bigoni et al. [44] on a Czech pop-
ulation from the first half of the twentieth century demonstrat-
ed that it is better to analyze apportionable parts of the cranium
rather than the cranium as a whole. The greatest accuracy in
determining sex was found in the region of the upper face
(100% of study subjects correctly classified) [44]. However,
these authors used discriminant analysis without cross-valida-
tion. Cross-validation (i.e., leave-one-out) reduces the high
dimensionality bias from discrimination results, and is an ap-
proach with lower, but more realistic, success rates. A cross-
validated success rate that is lower than the original result of a
discriminant analysis suggests that the discriminant functions
from those samples are “too good to be true,” and unlikely to
be valid for accurate predictions of the group affiliation of
unknown samples [45].

Changes in the morphology of the skull caused by the
secular trend during the Modern Age are one of the topics
most discussed by anthropologists [28, 46, 47]. This secular
trend was associated with the industrial revolution, beginning
during the eighteenth century and continuing to the present
day. Populations respond to new genetic and environmental
factors to which they are exposed [46, 48]. Interpopulation
differences exist in the manifestation of secular trends on
skulls [37, 49]. The development of secular changes signifi-
cantly depends on, for example, the degree of industrialization
in a country (or in a part of a country). There could also be
differences among inhabitants of the same country, but who
live under different socioeconomic conditions [49].

Sexual dimorphism is more pronounced when individuals
live in more favorable living conditions and with better med-
ical care [50]. The craniofacial skeleton is a part of the body
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that is affected by malnutrition, and the accuracy of sex esti-
mation decreases mainly in malnourished males [51]. This
could be because of the effect of malnutrition on the male
pubertal growth spurt [52]. The development of the facial
skeleton in males during this pubertal growth spurt is more
influenced by the effect of exogenous factors than in females
[52, 53]. Therefore, males are more sensitive to changes in the
living environment than are females and diet could greatly
impact the degree of size sexual dimorphism [51, 52].

The aim of this study was to create accurate and robust sex
estimations based on the morphology of the upper facial skel-
eton using geometric morphometric methods. Sexual dimor-
phism of the size, shape, and form of this part of the skull was
studied in two Czech populations, the current Czech popula-
tion and the early modern population (sixteenth to eighteenth
centuries). We evaluated whether sexual dimorphism of this
part of the skull is influenced by secular trend. It was hypoth-
esized that there would be a lower degree of sexual dimor-
phism within early modern populations compared with con-
temporary population, because of less favorable living condi-
tions during the Early Modern Age. These results could be
beneficial for forensic purposes, specifically for sex estima-
tion of individuals from different regions of the world living
under different socioeconomic conditions.

Materials and methods
Materials

The study was based on cranial computed tomography (CT)
images of 154 adult individuals from central Europe
(Czech Republic) from two time periods, a current Czech
population and a population from the Early Modern Age,
which is dated to the interval from the sixteenth century to
the eighteenth century. The numbers of individuals in each
group are shown in Table 1. The individuals were aged from
20 to 60 years, without older individuals (over 60 years). The
criteria for selecting individuals were a lack of skeletal pathol-
ogies or atrophy of the upper face in the case of both popula-
tions and a good state of preservation of the upper face in the
skeletal remains from the Early Modern Age.

The current sample comprised the upper faces of 90 living
Czech individuals without pathologies that would influence
morphology of the skull who had been treated at the
Department of Radiology in Na Homolce Hospital, Prague,
from 2010 to 2011. These individuals gave informed consent
for their CT images and data to be used in this study. Their
data were anonymized.

The comparative sample from the Early Modern Age com-
prised 64 skeletons of the upper face of individuals from one
burial area in Opava (Czech Silesia, sixteenth to eighteenth
centuries). The site was the burial ground for the urban
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Table 1  The samples used in this study
Population Specimens Specimens with Extrapolated
extrapolated landmarks (%)
Total Males Females landmarks (%)
Early Modern Age (EM)* 64 35 29 75.0 14.5
Recent population (RE) 90 47 43 0.0 0.0

#Sex estimated using Bruzek’s [3] method

population of Opava, as well for individuals from villages near
Opava. Based on the type of cemetery and its location in the
suburbs of the historical center of Opava, it was assumed that
these individuals came from middle and lower social classes
[54-56]. Sexual classification of each sample was estimated
using Bruzek’s visual method [3], which is known to yield an
accuracy rate close to 98% when the whole hip bone is used [3].

Methods

We used geometric morphometry (GMM) on extracted 3D
landmark data to analyze the materials because this type of
data provides better visualization of changes in cranial mor-
phology compared with morphometry based on linear dimen-
sions [46]. First, we extracted 3D surface models from the
volumetric CT images using Avizo (version 6.1) software
from the Visualization Sciences Group (Burlington, USA;
Merignac, France) and vPACS DS (version 6.0) software with
a custom-made extension from Audioscan (Prague,
Czech Republic).

Second, 32 landmarks were placed on the models of the
skeleton of the upper face. Two landmarks were located on the
midsagittal plane, whereas the remaining 15 pairs of homolo-
gous points were located on the left and right sides of the
plane. The landmarks were selected to represent the overall
shape of the eye sockets, nasal aperture, and cheekbones
(Table 2 and Fig. 1).

Measurement error [57] was evaluated on five specimens
of the sample individuals. These specimens were digitized ten
times to assess the accuracy and reproducibility with respect to
the software used and the visualization and input methods.
The average landmark measurement error in all five cases
was below 1.2 mm, which is less than 1% relative to the
dimensions.

Finally, the extracted landmarks were processed by GMM
methods. Some landmarks were impossible to place because
of minor damage to the material from the Early Modern Age
population. A novel method for extrapolating missing land-
marks from trends observed in a subset with complete land-
mark information was used to recover the shape of damaged
specimens. This method is based on the construction of a
linear model from a subset of complete specimens using prin-
cipal component analysis (PCA) and subsequently fitting the

model that approximates landmark coordinates in specimens
with incomplete configuration in a least squares sense. The
model was constructed on a pooled sample of complete males
and females because of the limited sample size. In most cases
(80.4%), we only had to compute no more than 4 landmarks
out of 32 (Table 1). Complete landmark information was im-
portant for the statistical procedures that followed. This ex-
trapolation was conducted using a custom-built script in
Python (version 2.7) and Octave (version 3.2.4).

As a preliminary step for a particular GMM analysis, we
aligned all the specimens in the analysis using a generalized
Procrustes analysis (GPA). GPA removes shape-unrelated var-
iations arising from the positions, sizes, and rotations of the
specimens [58]. Given the presence of bilateral symmetry in
the skull, shape variation can be broken down into symmetric
and asymmetric components. Failure to account for the sym-
metric nature of the crania can cause statistical problems,
resulting in ill-conditioned covariance matrices. By explicitly
accounting for symmetry using the methods outlined by
Klingenberg et al. [59], this issue can be addressed. Using
only the symmetric component, statistical problems were
avoided and interindividual variations were separated from
intraindividual asymmetric variations. In this study, we were
interested in interindividual variations; therefore, only the
symmetric component of shape variation was considered
[31, 46, 59, 60].

Shape variables should be treated to remove the effects of
allometry. To focus on the relationship of sexual dimorphism
with shape only, the allometric effect was removed using re-
siduals of the linear regression between centroid size and
shape variables. These residuals represent actual deviations
in the shape from the expected average specimen of arbitrary
size [61].

To determine the degree of sexual dimorphism, we
attempted sex classification based on shape (form) variables.
For this, we used support vector machines (SVMs) [62].
Optimal parameters for the classifier (kernel type, -, cost,
and variable count) were determined with a grid search to
maximize the leave-one-out cross-validation (CV) success
rate. We used this CV accuracy to express the level of sexual
dimorphism present in a particular sample.

The distances between mean shapes of both sexes were
evaluated pairwise using the Procrustes distance measure.
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Table 2  Definitions of landmarks used in the study

No.* Landmark Description

1 Nasion The middle of the sut. Nasofrontalis in the midsagittal plane

2 Nasospinale The point at which a horizontal line tangential to inferior margins of the nasal
aperture is intersected by the medial plane

3and 4 Apertion The most lateral point of the nasal aperture

Sand 6 Frontotemporale The point located generally forward and inward on the superior temporal line
directly above the zygomatic process of the frontal bone

7 and 8 Jugale The point corresponding to the angle between the vertical border and the margin
of the zygomatic process of the malar bone

9 and 10 Zygotemporale superior The most superior point on the sut. Zygomaticotemporalis

11 and 12 Zygotemporale inferior The most inferior point on the sut. Zygomaticotemporalis

13 and 14 Zygion The most laterally positioned point on the zygomatic arches

15 and 16 Zygomaxillare The most inferior point on the zygomaxillary suture

17 and 18 Frontomalare orbitale Intersection of the sut. Frontozygomatica and the lateral margin of the orbit

19 and 20 Frontomalare temporale The most posterior/lateral point on the sut. Frontozygomatica

21 and 22 Maxillonasofiontale The point at the intersection of the sutures between the frontal, nasal, and
maxillary bones

23 and 24 Maxillofrontale The point at the intersection of the anterior lacrimal crest (on the frontal process
of the maxilla) and the frontomaxillary suture

25 and 26 Ectoconchion The intersection of the most anterior surface of the lateral border of the orbit
and a line bisecting the orbit along its long axis

27 and 28 Supraconchion Intersection of the superior margin of the orbit and the normal to the line
between maxillofrontale and ectoconchion

29 and 30 Subconchion Intersection of the inferior margin of the orbit and the normal to the line
between maxillofrontale and ectoconchion

31 and 32 Infraorbitale The most lateral point on the margin of the foramen infraorbitale

# Landmarks with two numbers were landmarked right and left sides

Procrustes distances were obtained separately for shape and  distances provided a summary of the population in which
form, using mean shapes normalized to unity CS or mean  males and females were closer to each other and in which
shapes with CS left intact, respectively. The measured  population the sexes were further apart. The significance of

Fig. 1 Landmarks defined on the
original 3D model of the upper
face. The numbers of the
landmarks are the same as in

Table 2
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the measured differences was also tested using a nonparamet-
ric test with 10,000 permutations.

Local information about groupwise shape differences was
expressed as the magnitude of the difference between group
means and was visualized as projections with arrows instead
of landmarks, the size of arrows reflecting the magnitude of
the differences. The direction of local shape differences, spe-
cifically the landmark shift from one group mean to the other,
was demonstrated by the direction of the arrows (Fig. 2).

Differences in form and shape sexual dimorphism between
the populations were tested as interaction between the factors
sex and population in a multivariate analysis of variance
(MANOVA).

Size differences between males and females were assessed
by measuring the centroid size [58]. First, normality was test-
ed using the Shapiro-Wilk normality test and was confirmed
in all samples. The statistical significance of differences be-
tween male and female centroid sizes was tested with an un-
paired two-sample 7 test. Differences in size sexual dimor-
phism between the populations were tested as interaction be-
tween the factors sex and population in a two-way analysis of
variance (ANOVA).

All statistical processing and visualization, except land-
mark extrapolation, were performed in R (version 2.13.1)
and PAST (version 2.17c).

Results
Sexual dimorphism of form

We analyzed the sexual dimorphism of facial form by measur-
ing a combination of the size and shape variables of the upper

facial skeleton. Permutation tests for Procrustes distances in
upper face form between males and females showed statisti-
cally significant pairwise differences in the population from
the Early Modern Age and contemporary population. SVM
with CV in upper face forms showed that the contemporary
population had a higher degree of sexual dimorphism. SVM
with CV correctly classified the sex of 91.1% of the individ-
uals. There was a success rate of 87.5%, also after CV, for the
population from the Early Modern Age (Table 3). Interaction
between sex and population, in terms of form, was tested
using the MANOVA and it was not significant (P = 0.7878).

Sexual dimorphism of shape

Second, we investigated the differences between males and fe-
males in terms of the shape of the upper face. Permutation tests
for Procrustes distances of shape differences between males and
females showed statistically significant pairwise differences in
both populations. SVMs of shape sexual dimorphism again
showed that the population from the Early Modermn Age had a
lower degree of sexual dimorphism. The proportion of individ-
uals with correctly classified sex after CV was 70.3%, reaching
83.3% in the contemporary population (Table 4).

Figure 2, which gives the degree of sexual dimorphism in
the shape of particular parts of the upper face, shows several
signs that were specific to males or females in both popula-
tions. Eye sockets were placed deeper and more medially in
males compared with females. Male orbits were relatively
shorter than female orbits. The medial edge of the eye sockets
(i.e., the location of the inner corner of the eye) was placed
more superiorly and posteriorly in males than in females. The
female orbits were relatively larger compared with the male
orbits.

£ s 4]
I e M,

Fig. 2 Shape differences in particular samples with respect to sexual
dimorphism. Anterior, superior, and lateral views of the mean shape of
the female upper face. The arrows show the landmarks with the highest
degree of sexual dimorphism and the morphological changes from the

mean female upper face towards the mean male upper face. The length of

the arrows shows the degree of sexual dimorphism. The arrows are six
times greater than the dimorphism value to highlight the degree of
dimorphism. EM early modern population, RE recent population; other
abbreviations as in Table 1
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Table 3 Results of sex

classification of the upper face Population Correctly classified Procrustes distance P value®

form using support vector specimens (%) between m and f

machine learning with leave-one-

out cross-validation EM 87.5 16.5 <0.0001*
RE 91.1 182 <0.0001*

Abbreviations as in Table 1

*Statistically significant at the 0.001 level

# P- values for permutation tests for Procrustes distances

Shape sexual dimorphism in the areas apart from the orbits
was different in the early modern and recent populations. The
main differences occurred in the area of the zygomatic arches.
The upper face of contemporary males compared with females
was markedly wider in this area (Fig. 2). However, the
MANOVA showed no statistically significant interaction be-
tween sex and population in the shape component (P = 0.8335).

Sexual dimorphism of size

Finally, we focused on size differences between males and
females. Using two-sample ¢ tests, we found highly statistical-
ly significant differences in the centroid size of the upper face
between males and females in both populations (P < 0.0001).
Male upper faces were, on average, larger than female upper
faces. The contemporary population exhibited a greater differ-
ence between males and females (6.4%) than the Early
Modern Age population (5.9%) (Table 5 and Fig. 3).
However, the two-way ANOVA showed no statistically sig-
nificant interaction between sex and population, in terms of
centroid size (P = 0.4011).

Discussion

In this study, we evaluated the suitability of the morphology of
the upper face recorded by landmark data for sex estimation
using geometric morphometrics. Our results suggest that the
upper face is undoubtedly a dimorphic skeletal element. SVM
was able to classify the sexes with a reasonable degree of ac-
curacy and was at least as accurate as noncomputed methods
[41]. The accuracy of our sex estimation was lower compared
with a study by Bigoni et al. [44], who achieved 100%

accuracy in sex estimation using the upper face. Nevertheless,
CV was not used by Bigoni et al. [44]. The absence of CV leads
to an increase in the number of variables and classification
accuracy. Therefore, statistical models without CV are biased
and the high success rate of classification is misleading [45, 63,
64]. Other recent studies using geometric morphometry
focused on the sex estimation of the whole skull. The
accuracy of these studies ranged from 72.2% [19] to 90.0%
[20] using the discriminant analysis of form with CV. Our
results showed slightly better accuracy of sex estimation for
the recent population (91.1%) and only slightly lower
accuracy (87.5%) for the early modern population using the
form of the upper face and the SVM method. Therefore, it is
not necessary to analyze the whole skull to attain a high
accuracy of sex estimation. Thus, skeletons of the upper face
combined with SVM and CV would be suitable for sex
estimation in forensic anthropology, for example, when
skeletal remains are fragmentary.

Furthermore, SVM using the form of upper face signifi-
cantly improved the discrimination between males and fe-
males compared with SVM of the upper facial shape. This
confirms the result found by analyzing the whole skull (e.g.,
in studies by Green and Curnoe [65], Gonzalez et al. [19], and
Kimmerle et al. [20]).

In both populations in our study, the shape sexual dimor-
phism of the upper face was statistically significant, although
only 70.3 and 83.3% of individuals in the older population and
current population, respectively, were correctly classified.
Similar shape sexual dimorphism occurred in the area around
the eye sockets in both investigated populations. Orbits show
significant sexual dimorphism in the skull, and this occurs
across populations [66, 67]. In our study, male orbits were
relatively smaller and placed deeper and more medially

Table 4 Results of sex

classification of the upper face Population Correctly classified Procrustes distance P value®

shape using support vector specimens (%) between m and f

machine learning with leave-one-

out cross-validation EM 70.3 0.01974 0.0010%*
RE 83.3 0.02571 <0.0001*

Abbreviations as in Table 1

*Statistically significant at the 0.001 level

2 P values for permutation tests for Procrustes distances
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Table 5  Average centroid size (avg. CS) by sex and population, and
their relative differences

EM RE
Female avg. CS 273.5(7.3) 274.9 (10.1)
Male avg. CS 289.7 (9.1) 292.4(9.4)
Relative difference (%) 5.9 6.4

Standard deviations are given in parentheses. Abbreviations as in Table 1

compared with females. Deeper eye sockets in males are
caused by, among other factors, the presence of more promi-
nent superciliary arches. Similar results were described in pre-
vious studies, such as that by Gonzalez et al. al. [19], where
the area of greatest sexual dimorphism was located in the
supraorbital region. Slightly different results were reported
by Bigoni et al. [44], in that female orbits were more rounded
and male orbits were relatively wider and lower. These differ-
ences in sexual dimorphism occur when different populations
are compared and show that sexual dimorphism of the skull is
population specific [30, 31].

Centroid size was used to compare the size sexual dimor-
phism of the skeleton of the upper face, and we confirmed the
results of significant size sexual dimorphism published in
studies based on classic morphometry [17, 68, 69] and in
studies that used methods of geometric morphometrics and
centroid size to investigate size sexual dimorphism [19, 20].
The study by Bejdova et al. [70], which investigated sexual
dimorphism of the mandible in the same populations as in this
study (from Early Modern Age and present), also showed
significant size sexual dimorphism. The size difference be-
tween males and females in terms of the upper face (around
6%) falls within the interval of size differences of the mandi-
ble between the sexes (5-8%) [70].

When we compared sexual dimorphism of the whole mor-
phology of the upper face (form, shape, size) in the early

—| O Females (f)
o -
e | O Males(m) ___ :
5] : '
N I
_ ' .
—_ —_
o | '
o — I '
g « ' !
) , j '
° i ' i
= I
s o ! .
= N —
o~ l
o - ° X
I . !
1
S — !
~

T T I T
EMf EMm REf REm

Sex and population

Fig. 3 Box plots of the centroid sizes of males and females from each
population. EM early modern population, f female, m male, RE recent
population; other abbreviations as in Table 1

modern population and the current population, significant dif-
ferences between the populations were not found. The same
pattern of the shape sexual dimorphism was mainly localized
to the area of the orbits. Sexual dimorphism of the upper face
is stable across these populations, and the same methods of
sex estimation could be used for both populations in general.
Significantly different sexual dimorphism is known mainly
among geographically or historically more distant populations
[29, 71]. Our study compared changes of sexual dimorphism
within populations living in the same region of central Europe
during this relatively short time period.

When we focus on the finer population variability in sexual
dimorphism, SVM classification showed a different success
rate. The current Czech population showed greater form,
shape, and size sexual dimorphism compared with the early
modern population. Similar results were reported by Proenca
et al. [36], who compared the craniofacial morphology of
Portuguese populations from the eighteenth century with
those of the present day. In that study, the most statistically
significant difference in means between sexes was observed in
the twenty-first century population. Furthermore, we found a
population-specific pattern of the shape sexual dimorphism
mainly localized in the area of the zygomatic arches. It shows
that methods of geometric morphometrics are suitable for the
evaluation of interpopulation differences of sexual dimor-
phism. They make it possible to easily locate areas with the
greatest degree of sexual dimorphism and show the specific
pattern of that dimorphism [46].

To understand the observed differences better, we need to
highlight that the degree and pattern of sexual dimorphism is
influenced by diverse factors ranging from environmental in-
fluences to temporal changes in diet and, thus, differ for each
population [67, 72, 73]. Our findings are related to substantial
changes in living conditions that occurred across all popula-
tions in Europe after the industrial revolution [74-76].
Populations react to new environmental factors [46, 48] that
result in various secular trend changes in human morphology,
including the changes in sexual dimorphism reported here and
elsewhere [37]. The degree of sexual dimorphism reflects the
favorability of the external environment and the quantity and
quality of food [50, 51]. The recent Czech population is un-
likely to be malnourished compared with the early modern
population, and are also likely to live in more favorable socio-
economic conditions with higher living standards [46, 48, 77].
Quality and sufficiency of food is also linked to climate, which
is also more favorable now than during the Early Modern Age
[76, 78-80]. These facts could lead to slightly greater sexual
dimorphism of the contemporary population compared with
the early modern population. The evolution of population-
specific sexual dimorphism could also affect sexual selection,
which could significantly affect shape variability and sexual
dimorphism and could reflect cultural influences on the per-
ception of attractiveness of the face [81-83]. Different
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preferences in sexual selection can lead to differences in the
gene pool of a particular population [84].

A limitation of the present study is the unknown sex of
individuals from the early modern population. We used hip
bones and Bruzek’s visual method to determine the sex. [3].
This method has a high accuracy rate close to 98% [3]. The
reliability of this method was tested on modern Americans. For
all analyses, individuals scored as “indeterminate” were classi-
fied as “incorrect” for sex classification. This method correctly
classified sex in 90-92% of the total sample and 89% of the
random sample [85]. In our study, only individuals with typical
male or female morphology of hip bones were used, so as to
minimize the influence of sex estimation on the results.

Conclusions

This study confirmed the high accuracy of sex estimation of
the upper face based on landmark data using geometric mor-
phometric methods. The highest success rate achieved
(91.1%) correctly classified individuals from the recent period
using form analysis. In the shape analysis, 83.3% accuracy
was achieved in the same population. Analysis of the form
significantly improved the discrimination between males and
females compared with the analysis of the shape. Comparison
of the sexual dimorphism of the recent population and the
early modern population showed no significant differences.
Similar-shaped sexual dimorphism occurred only in the area
around the eye sockets. Male orbits were relatively smaller
and placed more deeply and more medially compared with
those of females in both investigated populations. The degree
of shape, size, and form sexual dimorphism was lightly greater
in the recent population. Our study showed that geometric
morphometrics is suitable for the evaluation of interpopulation
differences of sexual dimorphism, and sexual dimorphism of
the upper face is relatively stable during the Modern Age in
the area of central Europe.
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