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Abstract

Sex estimation is a task of utmost importance in forensic anthropology and bioarcheology. Along with the pelvic bone, the skull is
the most important source of sexual dimorphism. On the human skull, the upper third of the face (i.e., the frontal bone) is one of
the most significant sexually dimorphic structures useful in anthropological research, especially when studied by methods of
virtual anthropology. This study was focused on sex estimation using the form and shape of the external surface of the frontal
bone with or without the inclusion of its sinuses. The study sample consisted of 103 cranial CT images from a contemporary
Czech population. Three-dimensional virtual models of the frontal bones and sinuses were analyzed using geometric morpho-
metrics and multidimensional statistics: coherent point drift-dense correspondence analysis (CPD-DCA), principal component
analysis (PCA), and support vector machine (SVM). The whole external frontal surface was significantly different between males
and females both in form and shape. The greatest total success rate of sex estimation based on form was 93.2%, which decreased
to 86.41% after crossvalidation, and this model identified females and males with the same accuracy. The best estimation based
on shape reached a success rate of 91.26%, with slightly greater accuracy for females. After crossvalidation, however, the success
rate decreased to 83.49%. The differences between sexes were significant also in the volume and surface of the frontal sinuses,
but the sex estimation had only 64.07% accuracy after crossvalidation. Simultaneous use of the shape of the frontal surface and
the frontal sinuses improved the total success rate to 98.05%, which decreased to 84.46% after crossvalidation.

Keywords Frontal bone - Frontal sinuses - Forensic anthropology - Geometric morphometrics - Sex estimation - Sexual
dimorphism

Introduction differences on the human skeleton are found on the pelvic
bone. They provide reliable sex estimation thanks to the
Assessing the biological profiles of individuals is a necessary =~ marked manifestation of sexually dimorphic traits and low
challenge in forensic anthropology, paleoanthropology,  population specificity [4-6]. However, the skull, too, bears
paleodemography, and bioarcheology. Sex estimation is one  sexually dimorphic skeletal elements. Compared with the pel-
of the first and important steps in analyses of forensic or  vis, the skull exhibits a lower level of sexual dimorphism
archeological contexts [1-3]. The most significant intersexual ~ whose expressions are population-specific. On the other hand,
the skull is more resistant to damage and better maintained by
the body [2, 7-9]. Some authors regard the skull as the second
>4 Markéta Cechova best bone structure for sex estimation [10-12].
cechova market @email.cz The sex of an individual can be estimated using visual and
morphometric methods. Visual methods are based on the ob-
Department of Anthropology and Human Genetics, Faculty of servation and scoring of sexually dimorphic areas [13, 14] and
Science, Charles University, VinicnA 7, 128 44 Prague have been criticized for their high subjectivity [15]. In one of
2, Czech Republic . . .
the best known systems for estimating sex, five traits (on the
Department of Software and Computer Science, Faculty of -~ g)ape]la orbital margins, mastoid process, nuchal crest, and
Mathematics and Physics, Charles University, Malostranské namésti . . . .
25, 118 00 Prague 1, Czech Republic mental eminence) are evaluated in accordance with published
) ) standards [14, 16-19]. Morphometric techniques facilitate the
Department of Radiology, Hospital Na Homolce, Roentgenova 2, . . . . .
150 30 Prague 5, Czech Republic evaluation of differences in the size of structures and provide

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00414-019-02063-8&domain=pdf
http://orcid.org/0000-0003-4036-2236
mailto:cechova.market@email.cz

1286

Int J Legal Med (2019) 133:1285-1294

greater objectivity [5, 20]. An important turn for quantitative
methods came with progress in statistical analysis and the
development of new methods based on discriminant functions
[21-23]. In the last few years, the use of geometric morpho-
metrics and three-dimensional quantitative tools has been on
the increase. Sexual diagnosis may be performed using mea-
surements [24], a set of landmarks [25, 26], curves [27], the
external surface [28], or roundness [29]. The exocranial sur-
face exhibits highly significant intersexual differences and sex
estimation based on it has achieved high success rates. In the
French population, the application of this method has resulted
in 90.3% of correctly estimated individuals after
crossvalidation [28]. The results of sex estimation based on
the skull were improved further by the inclusion of both the
exocranial and the endocranial surface [30].

One of the cranial regions with great potential for the study
of sexual dimorphism is the frontal bone [14, 24, 31]. It carries
a large number of sexually dimorphic areas. Besides the gla-
bella, which is the most dimorphic and reliable part of the
human skull [13, 19], there are also other sexually specific
traits that are important for sexual diagnosis. Sex estimation
based on certain frontal features can be done by scoring and
then sorting these scores into categories previously defined
based on shape and size differences [14, 17, 32].
Morphometric studies have especially dealt with the expan-
sion of the supraorbital structure [14, 24, 33, 34]. Three-
dimensional quantification of supraorbital structure allowed
the successful estimation of 80% of individuals [33] and one
shape study of lateral X-ray images was successful in 84% of
cases [26]. Relatively few studies have dealt with the overall
shape of the frontal bone or the curvature of the forehead [27,
29]. Forehead inclination and superciliary areas have been
assessed using curves with greater success in females (88%)
than in males (70%) [27]. A landmark-free method comparing
the roundness of the frontal bone towards the surface of the
sphere correctly estimated 77.5% of individuals [29]. The
morphology of the frontal bone varies depending on the origin
of the individual [10].

Inside the frontal bone, there is a pneumatized cavity. It is
part of the paranasal sinuses of the head. The paranasal sinuses
are air-filled spaces within the bones of the skull. They are
formed by the lateral nasal wall and lined with a ciliated
pseudostratified columnar respiratory epithelium that is the
same as in the lower airways. The paranasal sinuses consist
of the maxillary, frontal, sphenoid, and ethmoid sinuses. They
have various functions such as lightening the weight of the
head, heating and humidifying inhaled air, and increasing the
resonance of speech [35-37]. The frontal sinuses are paired
and irregularly shaped. They extend from the pars nasalis
upward and laterally into the squama frontalis [38, 39]. The
right and left part develop independently of each other [40].
Human frontal sinuses are characterized by great variability
and asymmetry and are unique to every individual. Their
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shape, size, and location are influenced, among other factors,
by population specificity. A study of the Turkish population
found hyperplastic sinuses to be the most common type [41].
Nevertheless, another study identified intermediate or hypo-
plastic sinuses as the most common. The different variants in
the appearance of the sinuses are related also to the closure of
the sutura metopica or its persistence. Individuals with sutura
metopica were found to have significantly more sinuses with
aplasia or hypoplasia [42]. High variability is evident between
monozygotic twins [43]. In forensic anthropology, frontal si-
nuses, because of their specificity, are primarily used for per-
sonal identification [44—46]. With regard to the influence of
sex on the appearance of the structure, some studies have also
focused on the study of sexual dimorphism and sex estimation
using the frontal sinuses [47-50]. One advantage of this struc-
ture for the identification of individuals and the estimation of
their sex lies in its very strong resistance to trauma and high
probability of staying intact during mass catastrophes and ac-
cidents [51]. Previous works have found significant intersex-
ual differences in the volume or dimensions of the frontal
sinuses. However, the accuracy of these methods is relatively
low. It ranges from about 63 to 77% [49, 50, 52-55]. Some
studies have revealed that age has a relevant influence on sex
estimation [52, 53]. Nevertheless, age has not been found to
influence sex estimation using the volume of the frontal si-
nuses [54].

Our study uses the external surface of the skull, which has
proved itself as a highly successful sexual classifier of the
whole human skull [28]. The aims of this study were (1) to
determine the sexual dimorphism of the external and internal
surfaces of the frontal bone and (2) to utilize these results in
the assessment of their separate and combined accuracy when
incorporated into a sex estimation method.

Materials and methods
Materials

The study was based on cranial computed tomography (CT)
images of 103 adult individuals. The sample consisted of a
contemporary Czech population of 45 females and 58 males.
Characteristics of the Czech sample by age and sex are pre-
sented in Table 1. The CT scans of patients aged 21 to 84 years
were captured at the Department of Radiology at the Na
Homolce Hospital in Prague for medical reasons that had

Table 1  Characteristics of Czech sample by age and sex

Sex Total 2040 41-60 61 years and over
Male 58 24 20 14

Female 45 9 24 12
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not influenced the morphology of the skull and the frontal
bones included in the study had no skeletal pathology. The
imaging was performed using a CT Somatom Definition Flash
2x128 machine (Siemens, Erlangen Germany) with the fol-
lowing parameters: cut distance 0.6 mm; 0.4 mm kernel bone
tissue H60 (reconstructive computational algorithm for bone
tissue). The data used were collected and anonymized by an
experienced radiologist with the approval of the ethics com-
mittee of the Na Homolce Hospital. Every technical question
and problem was consulted with him. All individuals gave
their informed consent with the CT imaging and the use of
their data for research purposes.

Methods

The first step was the preparation of the material (Fig. 1). The
whole set of skull CT images was checked with the assistance
of an experienced radiologist. All the frontal bones were with-
out deformities and pathologies, so all were included in the
study. The CT scans were converted to surface data using the
tools of Morphome3cs (www.morphome3cs.com) [56, 57].
The obtained digital skull models were exported into the
MeshLab software (Visual Computing Lab, Italian National
Research Council) for simplification and the removal of parts
of the skull which were not used in the analysis. The external
surface of the frontal bone was cut along the commissures:
sutura frontonasalis, sutura frontomaxilaris, sutura
frontozygomatica, sutura sphenofrontalis, and sutura
coronalis. In each specimen, two surfaces were prepared for
further analysis: (a) the exterior surface of the frontal bone and
(b) the frontal sinuses.

The frontal bone surface was manually trimmed by a
trained anthropologist. The interior surface, sinuses, and any
segmentation artifacts were removed. The remaining exterior
surface was simplified to approx. 10,000 vertices. A set of six
landmarks was placed on the frontal bone: bregma, nasion,
frontotemporale dx et sin, frontomalare dx et sin.

The sinuses were extracted by manually removing the inner
and outer surface of the frontal bone. Segmentation artifacts
caused by noise were removed using automatic tools. Hole
filling was utilized to produce closed surfaces, which are nec-
essary for calculating volume.

Surface processing was performed in MeshLab and
RapidForm XOS 2006 (INUS Technology Inc.). Landmarks
were placed by a trained anthropologist in Morphome3cs.

The external surface of the frontal bone was analyzed in
Morphome3cs using methods of geometrics morphometrics,
which allow to describe surfaces using triangular meshes.
Before statistical processing, vertex homology had to be en-
sured. CPD-DCA [58] was used to produce homologous rep-
resentations of the surfaces under study. This method uses an
automatic non-rigid registration algorithm to fit each shape on
to a template which is arbitrarily chosen from the sample.
Next, closest point search is used to transfer the topology of
the registered template to all other surfaces. After this treat-
ment, the surfaces can be processed using well-established
methods of geometric morphometrics. Generalized
Procrustes analysis (GPA) was used to normalize the shapes
in terms of their location, orientation, and size. Forms were
created the same way as shapes, except that size was not
normalized. Mean shapes (forms) of male and female frontal
bones were calculated by computing mean landmark (surface
vertex) configurations of respective surfaces after GPA. Color
maps visualizing differences in mean configurations were
constructed by color-coding the distances of the vertices from
the mean male and female surfaces. Significance maps were
constructed by running unpaired two-sample Hotelling’s 7*
tests on the coordinates of corresponding vertices, treating
males and females as separate samples. The p values from
these per-vertex Hotelling tests were color-mapped on to the
mean surface. These visualizations were produced using the
tools of Morphome3cs.

In surfaces capturing the frontal sinuses, volume and sur-
face were calculated in MeshLab. These quantities were

Fig. 1 Process of the segmentation of the frontal bone and the frontal sinus from a CT scan
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compared for both samples (males and females) using the two-
sample 7 test or Mann-Whitney’s U test, depending on whether
violation of normality was detected. Normality was checked
using the Shapiro—Wilk test. These statistics were calculated
in PAST. Significance was decided at the level of = 0.05.

Finally, sex estimation based on the shape or form of the
exterior frontal bone surfaces and the surface area and volume
of the frontal sinuses was performed. Because the number of
vertices of the frontal surfaces was very high, dimension re-
duction was performed using principal component analysis
(PCA). Sex estimation was performed by fitting support vec-
tor machines (SVM) on to the combinations of the following
variables:

(a) Principal component scores of frontal bone external sur-
faces (shape)

(b) Principal component scores of frontal bone external sur-
faces (form)

(c) Surface area and volume of the frontal sinuses

In the cases of (a) and (b), an optimal count of PC score
variables was chosen in order to maximize the crossvalidation
success rate and leave-one-out crossvalidation was performed
to detect overfitting. This step was performed in
Morphome3cs.

Results

Differences between the sexes in the form and shape of the
external surface of the frontal bone were visualized using col-
or maps (Fig. 2a, ¢) and maps of significance (Fig. 2b, d). In
the form analysis (Fig. 2a), red represents areas which were
larger and more prominent in males whereas larger and more
prominent morphological features in females are depicted in
blue. In maps of significance (Fig. 2b), shades of blue repre-
sent statistically significant local sexual dimorphic areas.
Sexual dimorphism indicating males was found in the lower
region of the frontal bone—the glabella and superciliary
arches. Upwards towards the squama frontalis, male emi-
nence decreased slightly in comparison with the female bone.
In the middle of the squama around the tubera frontalia, there
was an opposite prominence pattern in females. The parts
located above this middle section turned again to positive
values, which are marked in the maps in tones of yellow,
orange, to dark red, indicating the gradually increasing emi-
nence of the frontal bone in males, with a peak along the
sutura coronalis, which exhibits distinct prominence in con-
trast to females. The form of the surface of the frontal bone,
except for its middle part, differed significantly between the
sexes. This area was highly significant, with a significance
level of less than 0.001 (Fig. 2b).
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Sexual dimorphism was visualized also for shape alone
after size normalization. Dark red indicates extreme male
shape variants and dark blue indicates female ones.
However, these exceeding manifestations were not found in
the shape analysis, but their milder expressions were still pres-
ent (Fig. 2c). The lower part of the forehead, glabella and
superciliary arches was more prominent in males also in
shape. In the area around the fubera frontalia, there was a
relatively large part of the squama which was more pro-
nounced in females. The lateral sides posteriorly behind the
linea temporalis were moderately concave in females.
Contrariwise, increasing sharpness of the end part of the squa-
ma frontalis at the bregma was typical for males. The glabella,
superciliary arches, the tubera frontalia region, and a narrow
strip along the sutura coronalis were highly significant. The
remaining parts of the frontal bone did not differ significantly
in shape between the two sexes (Fig. 2d).

Sex estimation was carried out using the form and shape of
the external surface of the frontal bone with or without the
inclusion of its sinuses. Estimation using the external surface
of the frontal bone was carried out with the help of scores of
principal components. The optimum number of components
used was selected on the basis of the crossvalidation success
rate. The resulting accuracies, both posterior and
crossvalidation, are presented in Figs. 3 and 4. The best esti-
mation by form was achieved using the first 20 principal com-
ponents. The greatest total success rate of sex estimation was
93.2% and 86.41% before and after crossvalidation, respec-
tively (Fig. 3). This model was applicable to females and
males with the same rate of success because individuals of
both sexes were estimated with almost the same accuracy
(Table 3).

As in the case of form, the classifier for sex prediction was
used for shape, too. The best results were achieved with 19
principal components. The total success rate was 91.26%,
being slightly greater for females (93.33%) than for males
(89.65%). After crossvalidation, the highest success rate based
on shape decreased to 83.49% (Fig. 4), which was lower than
in the case of form.

The frontal sinuses were evaluated using two
markers—volume and surface. The testing of differences
between the two sexes was performed based on the results
of a Shapiro—Wilk normality test, which showed that vol-
ume did not have a normal distribution in the population.
A Mann-Whitney U test was therefore employed. By con-
trast, surface had a normal distribution, and for this reason
a two-sample ¢ test was carried out. In the cases of both
quantities, the frontal sinuses differed significantly be-
tween males and females (p=0.001 for volume, p =
0.001 for surface). Table 2 presents the results of volume
and surface measurements of the frontal sinuses according
to sex. Minimum and maximum volume and surface
values showed greater variability in males (range of
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a

Fig. 2 Visualized sexual differences between males and females in form
and shape. Form: a the scale describes size differences in millimeters, red
represents the most prominent areas that are larger in males in comparison
to females; b the scale evaluates p values, darker colors indicate lower

volume from 457.84 to 45,134.04 mm’ and surface from
408.08 to 14,212.96 mm?) than in females (range of vol-
ume from 742.83 to 22,079.82 mm> and surface from
1104.81 to 8566.19 mm?).

0.05

p values and higher significance. Shape: ¢ the scale describes relative
differences, red represents the most prominent areas in males in
comparison to females; d the scale evaluates p values, darker colors
indicate the lower p values and higher significance

Sex estimation was carried out also based on the frontal
sinuses (Table 3). Using their volume and surface, the highest
total success rate reached 65.05%. The sex estimation
achieved better results during the diagnosis of females. The
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Fig. 3 Posterior and crossvalidation accuracies plotted against the
number of principal components of form used

less successful estimation of males could be explained by
greater variability in the volume and surface of the frontal
sinuses, as can be seen in Table 2. After crossvalidation, the
accuracy was 64.07%.

The success of sex estimation was tested through the si-
multaneous use of the external surface of the frontal bone and
the volume and surface of the frontal sinuses (Table 3). First,
the estimation was carried out using both markers of the fron-
tal sinuses together with the scores of principal components of
the form of the external surface of the frontal bone. The total
success rate reached 96.12%, which was an almost 3% better
result than using only the form of the external surface of the
frontal bone. However, after crossvalidation, this success rate
decreased to 85.4%, which was not an improvement over the
estimation using solely the frontal bone.

The total success rate of sex estimation using the volume
and surface of the frontal sinuses together with the principal
components of the shape of the frontal bone reached 98.05%,
with the incorrect estimation of two males, though
crossvalidation reduced its accuracy to 84.46%. Despite this
marked decline, this is an almost 1% better result compared
with the estimation based on the surface of the frontal bone
after crossvalidation.

Discussion
This study was focused on the sex estimation of individuals

using the external morphology of the frontal bone and the
frontal sinuses by applying advanced methods of geometric
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morphometrics. Sex estimation using the external surface of
the frontal bone methodologically builds on the research of
Musilova et al. [28], who used the external surface of the
whole human skull. Their results indicated that the frontal
bone is one of the most sexually dimorphic cranial regions
both in form and shape. According to their results pertaining
to cranial form, the most significant is the lower region of the
frontal bone—the glabella and superciliary arches. This con-
clusion is also supported by another study using the entire
surface of the skull [30]. In shape, a significant difference
was observed in the upper part of the bone, particularly be-
tween the frontal tubers [28]. These conclusions were con-
firmed by our significance testing, which verified the differ-
ences between male and female frontal bone surfaces. The
form analysis showed that the most significant is the area of
the glabella and superciliary arches, but also the lateral sides
of the frontal bone and parts located along the sutura
coronalis. All these regions, which were evaluated as statisti-
cally significant, are more distinctive and prominent in males
[24, 33]. As concerns the shape of the frontal bone, our study
demonstrates the significance of the middle part of the squama
frontalis, including the frontal tubers, which indicate females,
and the significance of the superciliary arches, glabella [26,
27, 31], superior margin of orbits [25], and the superior part of
the frontal bone, which indicate males. We came to a consen-
sus with the conclusions that skulls of females are full, round-
ed, and with a more vertical forehead, in contrast to males,
whose foreheads are more inclined [10, 32, 59].

In the next part of our study, the sex estimation was tested
using the form and shape of the external frontal surface. The
greatest success rate of our method was 86.41% in form
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Fig. 4 Posterior and crossvalidation accuracies plotted against the
number of principal components of shape used
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Table2 Minimum, maximum, mean, and SD of frontal sinus volumes
and surfaces according to sex

Females Males
N=45 N=58
Frontal sinus volumes* Minimum (mm®)  742.83 457.84
Maximum (mm®)  22,079.82  45,134.04
Mean (mm®) 7952.39 13,578.56
Median (mm?®) 72,222.85 11,918.37
SD 4969.75 8413.80
Frontal sinuses surfaces*  Minimum (mm?)  1104.81 408.08
Maximum (mm?)  8566.19 14,212.96
Mean (mm?) 3883.12 5485.25
Median (mm?) 3676.60 5493.01
SD 1784.32 2624.03

*In this quantity, the frontal sinuses differed significantly between males
and females (p =0.001)

analysis, after leave-one-out crossvalidation. After
crossvalidation, we achieved a success rate of 83.49% in the
shape analysis. Our results indicate that the inclusion of size
significantly increased the sex estimation accuracy, as con-
firmed by other studies dealing with form and shape [28,
30]. Compared with other studies evaluating the sexual dimor-
phism of the frontal bone, our estimation using the entire
external surface of the frontal bone achieved slightly better
results. The quantification of superciliary arches allowed cor-
rect estimation in 80% of cases after crossvalidation [33]. Sex
estimation based on curves describing the curvature of the
frontal bone, medially through the glabella and laterally
through the most prominent point of the superciliary arches,
yielded a success rate of 79%, which was considerably more
successful at estimating females [27]. Contrariwise, our form-
based method was an opportune tool for identifying the two
sexes with the same precision, and in shape analysis females
were estimated only slightly more successfully than males.
Compared with the non-landmark method of evaluating the
shape of the frontal bone against the curvature of a sphere
[29], our estimation model achieved an almost 6% greater

success rate. Our results are consistent with the conclusion
of a previous study that assessed by geometric morphometrics
the shape of the frontal bone from lateral X-rays of skulls,
which reached a success rate of 84% [26].

By comparing the results of sex estimation of this study
with others that estimated sex using a dataset of Czech indi-
viduals, we found our estimation model based on form to be
slightly less successful. The most successful model based on
upper face form achieved 91.1% of correctly classified indi-
viduals from the recent period, which is greater than our ac-
curacy of 86.41%. However, our result is comparable with
estimation using upper face form of individuals from the early
modern Czech population which achieved a success rate of
87.5%. As concerns shape analysis, there is no marked differ-
ence between the estimation using the external surface of the
frontal bone (83.49%) and the estimation using the shape of
the upper face (83.3%). Nevertheless, the model based on the
shape of the upper face of early modern individuals achieved
only 70.3% of correctly classified individuals [60]. Sex esti-
mation using the shape of mandibles of the contemporary
Czech population achieved a success rate of 77.6% in males
and 83.7% in females [61] which is lower than the prediction
based on the external surface of the frontal bone.

Our estimation system will likely prove useful to other
anthropologists, provided that their data are prepared in the
same way. The preparation process, which can take about a
day, included CT imaging, segmentation of the frontal bone
from CT scans, surface analysis, and sex estimation. For an-
thropologists having computed tomography at their disposal,
the application of this method will not be too complicated. CT
images have recently been widely used in virtual anthropolo-
gy. Surface models generated from volumetric CT data de-
scribe details (e.g., holes, cavities, or depressions) much more
accurately than surface models acquired using a laser scanner.
They correspond better to the real surface of the frontal bone
[62].

Of course, the success rate of sex estimation is influenced
by variability within the population [60, 61], but also by var-
iability between populations. It is necessary to keep in mind
that features on the skull are population-specific. The extent of

Table 3 Results of the most
successful classification models
based on the individual variables

Posterior
success rate (%)

Crossvalidation
success rate (%)

Female posterior
success (%)

Male posterior
success (%)

presented in the work

Form of frontal bone 93.20
external surface

Shape of frontal bone 91.26
external surface

Frontal sinuses (volume 65.05
+ surface)

Form of frontal bone and  96.12
frontal sinuses

Shape of frontal bone and ~ 98.05

frontal sinuses

93.33 93.10 86.41
93.33 89.65 83.49
66.66 63.79 64.07
95.55 96.55 85.43
100.00 96.55 84.46
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this population specificity can be ascertained by applying our
estimation system to other populations, be it temporally or
geographically. The system should preferably be applied to
geographically close populations from the same time period.
For this reason, we plan to test our estimation model on other
populations and to publish a sex classifier that any anthropol-
ogist will be able to use for sex estimation using a three-
dimensional model of the frontal bone.

The main advantage of this approach is that the described
method focuses only on the frontal bone, which is highly
sexually dimorphic. Comparison of the discrimination utility
of the frontal bone with that of other skull structures shows
that the frontal bone is one of the most sexually dimorphic
areas of the skull, along with the mandible [63, 64]. Areas of
the processus mastoideus, foramen magnum, or condili
occipitales provide sexual diagnostic tools with accuracy in
the range of 65-76% [8, 21, 65, 66]. Importantly, the method
deals with the entire external surface and not only with land-
marks or dimensions. These two facts lend it high utility in
estimating the sex of bone remains. This virtual technique
enables the evaluation of all sexually dimorphic areas of the
frontal bone in one step, which should improve the success
rate of estimation compared with studying the individual parts
separately. Nevertheless, compared with more traditional
methods, sex estimation based on visual evaluation of the
glabella resulted in an 82.6% success rate [14], which is not
much different from our results. On the other hand, software
processing and thus greater objectivity contributes to high-
quality results. As far as practical matters are concerned, every
method is time-consuming and requires sedulity and preci-
sion, and this approach is no exception. The question is how
will the method be limited by the need for CT imaging and
data processing, for example during mass deaths. One obvious
disadvantage, which would be significant in cases of mass
death, is the higher price of CT images.

Sex estimation in our study was carried out also using the
volume and surface of the sinus frontalis. Significant differ-
ences between the two sexes were found in the volume and
surface of the frontal sinuses, but the success rate of sex pre-
diction using these criteria only reached 64.07% after
crossvalidation. Similar decreases of discrimination success
rates after crossvalidation are also reported in other works
[55]. The low estimation accuracy was a consequence of high
variability within the dataset. Our method estimated correctly
66.66% of females and 63.79% of males. The lower accuracy
of estimation in males than females can be explained by the
greater variability in volume and surface of the frontal sinuses
of Czech males. Compared with other methods using the fron-
tal sinuses for sex estimation, our result accomplished a sim-
ilar level of success. Using the frontal sinus index, it was
possible to distinguish the sexes from lateral X-ray scans with
67.5% accuracy [49] and from 3D models based on CT im-
ages with success in the range of 63-77% [50]. Sex
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discriminatory power of models based on volume was also
verified in relation to age. This study demonstrated the possi-
bility to discriminate between the sexes with a success rate of
72.5% without the negative impact of aging [54]. Besides
volume, we also used the surface of the frontal sinuses to test
the effect of adding another parameter. However, despite the
use of the two markers, we achieved a lower level of accuracy.
This can be explained by both high variability within the pop-
ulation and by population specificity because the original vol-
ume study was accomplished using a different population.

Finally, the simultaneous use of the external surface of the
frontal bone and the volume and surface of the frontal sinuses
was tested because the combination of these two parts had
never been used for sex estimation. Estimation based on the
form of the external frontal surface and the volume and sur-
face of the frontal sinuses reached a total success rate of
96.12%, meaning that the total success rate for the frontal
bone surface alone was improved by less than 3%. However,
after crossvalidation, it dropped to 85.43% and did not im-
prove the estimation based solely on the frontal bone.
Associating the shape of the external surface of the frontal
bone and the volume and surface of the frontal sinuses
allowed the prediction of sex with 98.05% accuracy.
Because of substantial interindividual variability, this high
success rate decreased after crossvalidation. It might be inter-
esting to apply this approach to a more extensive sample and
to evaluate how sample size affects the accuracy of the esti-
mation. Despite the drop in the success rate to 84.46% after
crossvalidation, it is a better result by almost 1% than that
achieved by the estimation model based solely on the shape
of the frontal bone.

Conclusions

The described approach is an example of the successful use of
geometric morphometrics and multidimensional statistics for
analyzing sexual dimorphism in external morphology of the
frontal bone and frontal sinuses in virtual anthropology and
bioarcheology. In the contemporary Czech population, the
external surface of the frontal bone offered the greatest success
rate of 86.41% in form analysis and 2.92% lower accuracy in
shape analysis. Using the shape of the external frontal surface
together with the volume and surface of the frontal sinuses
increased the success rate by about 0.97% compared with only
using the shape of the external surface of the frontal bone.
Studying the form of the external frontal surface, including
analysis of the frontal sinuses, did not improve the success
rate of the estimation.
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