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Abstract

The most significant sexual differences in the human skull are located in the upper third of the face (the frontal bone), which
is a useful research object, mainly in combination with virtual anthropology methods. However, the influence of biological
relatedness on sexual dimorphism and frontal bone variability remains unknown. This study was directed at sexual difference
description and sex classification using the form and shape of the external surface of the frontal bones from a genealogi-
cally documented Central European osteological sample (nineteenth to twentieth centuries). The study sample consisted of
47 cranial CT images of the adult members of several branches of one family group over 4 generations. Three-dimensional
virtual models of the frontal bones were analyzed using geometric morphometrics and multidimensional statistics. Almost
the entire external frontal surface was significantly different between males and females, especially in form. Significant
differences were also found between this related sample and an unrelated one. Sex estimation of the biologically related
individuals was performed using the classification models developed on a sample of unrelated individuals from the recent
Czech population (Cechovi et al. in Int J Legal Med 133: 1285 1294, 2019), with a result of 74.46% and 63.83% in form and
shape, respectively. Failure of this classifier was caused by the existence of typical traits found in the biologically related
sample different from the usual manifestation of sexual dimorphism. This can be explained as due to the increased degree
of similarity and the reduction of variability in biologically related individuals. The results show the importance of testing
previously published methods on genealogical data.
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Introduction

The human skull has the great potential for the study of
sexual dimorphism in forensic anthropology and bioarcheol-
ogy. Compared to the pelvis, the skull has a lower level of
sexual dimorphism expression that is, moreover, population-
specific [1, 2]. In this regard, one of the most important
areas is the frontal bone [3-5], a very interesting research
object that is often used to classify sex [6—8]. In addition to
the frontal bone, the mandible, the processus mastoideus,
foramen magnum and condili occipitales are also important
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parts of the skull from the point of view of sexual dimor-
phism [9-14].

The human skull is influenced to different degrees by var-
ious endogenous and exogenous factors [15]. Cranial mor-
phology reflects a combination of genetic and environmen-
tal influences [16, 17]; other factors include socioeconomic
status, diet, geographical location, time period, or age. A
combination of a large number of genes with a moderate
effect is responsible for skull formation [18, 19]. The linear
dimensions of the skull have been shown to reflect genetic
relationships among human populations; closely related pop-
ulations tend to be more similar in overall cranial form [18,
20-22]. Differences between populations or between groups
of individuals can also be caused by differences in socio-
economic status or diet [23, 24]. Significant differences in
upper face morphology have been found between individuals
with or without luxury grave goods [25]. Traditional cranio-
metric studies have yielded a wealth of results that demon-
strate correlations among aspects of cranial morphology and
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climate; these correlations with the environment imply that
the dimensions of overall cranial morphology are subject to
regionally diversifying natural selection, driving different
populations toward different local optima [26-28]. Selective
pressures acting on the skulls of certain human populations
can have an impact on the cranial morphology of popula-
tions living in regions with extreme temperatures, such as
Siberia [22].

An important factor that greatly affects the sexual dimor-
phism of the skull is population specificity [29-31]. Numer-
ous recent studies focusing on sexual dimorphism confirm
that the manifestation of sexual dimorphism can be dissimi-
lar in the same part of the skull in different geographical
areas and point to the need to test all methods before apply-
ing them to another population [8, 32, 33]. Phylogenetic and
fossil evidence suggests that the degree of size dimorphism
in hominins and humans has reduced over time [34].

Age is a factor that cannot be forgotten. Changes in crani-
ofacial morphology occur not only from birth to adulthood
[35, 36] but also throughout adulthood [37, 38] as a result
of slow and continuous appositional growth [39], resorption
and remodelation [40]. Sexual dimorphism of the frontal,
occipital and zygomatic regions tends to diminish in the
elderly. The most notable aging changes are the widening of
the neurocranium and the retrusion of the face, including the
forehead, especially after the age of 60 in both sexes. Cranial
senescence degrades the accuracy of sex classification in
the range of 2-3% [41]. Some studies have indicated that
cranial changes in adulthood are quite different by sex: with
increasing age, the size of a male forehead reduces until no
significant differences to a female forehead are present in old
age [42]. Secular changes must also be taken into account;
these are observed in the size of individual bones between
generations, particularly those of the skull, which are most
likely driven by changes in nutrition and health [43—46].

There have been numerous studies dealing with sexual
dimorphism and sex estimation using the skull or the frontal
bone separately, with varying levels of success. However, there
is no definite standard or recommendation for setting a thresh-
old for sex estimation. A minimum threshold of posterior prob-
ability of 95% may be required [47, 48]. Although such an
approach limits practical applicability, because some individu-
als remain unclassified, it allows a high classification accuracy
to be maintained at the individual level [48]. By contrast, a
lower threshold can lead to a conclusion at a lower confidence
level of only “possible” or “probable”. Some studies report
an 85% accuracy as the threshold considered the minimum
standard for adult sex estimation [49, 50]. Many sex estima-
tion methods using the frontal bone are based on the visual
and scoring methods of frontal traits or their morphometric
evaluation [3, 51-54]. Several of these studies have examined
the form (including size) or shape (with size elimination) of
the entire external surface of the frontal bone [7, 8, 55, 56]:
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the whole external frontal surface was significantly different
between males and females both in form and shape. In the
contemporary Czech population, the external surface of the
frontal bone offered the greatest cross-validation success rate
of 86.41% in form analysis and 2.92% lower accuracy in shape
analysis [55].

However, the influence of biological relatedness on skull
morphology is one of the potentially very significant factors
of variability that are still neglected. Unfortunately, there are
only a few studies dealing with this topic for forensic purposes.
As one of the possible consequences, a high degree of similar-
ity between biologically related individuals could cause a false
positive identification [57]. Another consequence might be the
failure of sex classification [58]; in frontal sinus dimensions,
for example, there were no significant sex differences between
males and females due to their similarity within families [58].
Furthermore, several other studies have confirmed that there
is significant skeletal similarity between biologically related
individuals. Sternal shape analyses have shown that there is
a greater degree of shape similarity in biologically related
individuals than in unrelated individuals and that variability
decreases with an increasing degree of relatedness [59]. A
statistically significant relationship between morphological
similarity and the biological distance between individuals has
also been found in skeletal non-metric traits and skeletal devel-
opmental anomalies. The greatest similarity has been found
among close relatives such as parents and children, siblings, or
grandparents and grandchildren [60, 61]; in some cases, signifi-
cant similarity was also detected between first cousins [62, 63].

The frontal bone is one of the most important carriers of
sexual dimorphism manifestation [3, 4]. However, the effects
of biological relatedness on frontal bone variability and sex
classification remain unknown. In the past, on the other hand,
research on the earliest members of the Pfemyslid dynasty
highlighted that there can be considerable similarity in frontal
bone morphology between closely related individuals [64].
To date, however, this assumption has not been precisely veri-
fied, primarily due to the worldwide scarcity of genealogically
documented material. In this study, we therefore focused on (1)
the variability and sexual dimorphism of the external surface
of the frontal bones of a genealogically documented osteologi-
cal sample; and (2) testing classification models developed on
a sample of biologically unrelated individuals from the recent
Czech population [55] in a genealogically documented sample.

Materials and methods
Materials
The study was based on cranial computed tomography (CT)

images of 47 adult individuals (30 males and 17 females,
aged 20-91 years, under Nos. 1-57) from a modern
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genealogically documented osteological collection held at
the Department of Anthropology, National Museum, Prague
[58, 63]. They are members of several branches of one fam-
ily over 4 generations from the nineteenth to twentieth cen-
turies (generations Nos. 4-7, Fig. 1), including three cases of
consanguineous marriages. The first case of this is spouses
Nos. 7 and 8 (first cousins and second cousins, generation
No. 4), whose five children (generation No. 5) are also in
the sample: sons Nos. 9, 11 and 13 and daughters Nos. 14
and 17; the next two generations Nos. 6 and 7 (male Nos.
19, 20 and 21) from daughter No. 17 were also evaluated.
Female No. 12 from this group could not be included in the
study due to poor preservation of her skull. The second case
is spouses Nos. 13 and 37 (generation No. 5/6, the mother
of female No. 37 was doubly biologically related to male
No. 13). Finally, the last third group of inbred individuals
is represented by male No. 41 and his son, No. 42: the son’s
mother is the father’s second cousin (generation Nos. 5-6),
but her remains were not available. Their second son, No.
43, was a neonate; therefore, he was not included in this
study.

The skeletal remains of individuals were made available
by repairs to their family tombs and coffins, and the research
was supported by their descendants based on written permis-
sions. The genealogical and biographical data were verified
using written documents and vital records from the family
archives, parish records, regional registry offices, hospitals,
and regional state archives [58, 63]. The degree of biologi-
cal kinship of individuals is quantified using the coefficient
of relationship (r), where the values 1-0.5 correspond to the
first degree of kinship (parents and children, siblings), 0.25
applies to the second degree of kinship (e.g. grandparents and
grandchildren, uncles/aunts and nephews/nieces), 0.125 is the
third degree of consanguinity (first cousins), etc. [65, 66].

The CT scans of the skulls were undertaken at the Depart-
ment of Radiology at the Na Homolce Hospital in Prague.
The imaging was performed using a Somatom Definition
Flash 2 x 128 Siemens 2010. Data were processed based on
axial scans with a symmetric matrix of 512x 512 points.
Acquisition parameters were optimally set with a voxel
size of 0.49 mm, a slice thickness of 0.6 mm, and a slice

increment of 0.3 mm. All the frontal bones used were with-
out pathologies or deformities.

Methods

The CT scans were converted to surface data using the tools
of Morphome3cs (www.morphome3cs.com) [67, 68]. The
digital models of the skulls were then exported to MeshLab
software (Visual Computing Lab, Italian National Research
Council), in which we simplified them. The external surface
of the frontal bone was cut along the commissures: sutura
frontonasalis, sutura frontomaxilaris, sutura frontozygo-
matica, sutura sphenofrontalis and sutura coronalis. The
interior surface, sinuses and any segmentation artefacts were
removed. The remaining exterior surface was simplified to
approximately 10,000 vertices. A set of six landmarks was
placed on the frontal bone: bregma, nasion, frontotemporale
dx et sin, frontomalare dx et sin. Landmarks were placed by
a trained anthropologist in Morphome3cs.

Sex differences and the evaluation of variability

The external surface of the frontal bone was analyzed in
Morphome3cs using the methods of geometric morphomet-
rics, which allow the description of surfaces using triangular
meshes. Before statistical processing, vertex homology had
to be ensured. CPD-DCA [69] was used to produce homol-
ogous representations of the surfaces under study. This
method uses an automatic non-rigid registration algorithm
to fit each shape onto a template which is arbitrarily chosen
from the sample. Next, the closest point search is used to
transfer the topology of the registered template to all other
surfaces. This results in the original surfaces being repre-
sented in a consistent way i.e. vertices with the same index
have the same semantic significance on the surfaces and can
essentially be treated as landmarks. After this treatment, 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
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Fig. 1 Family tree (black marks) of 47 evaluated individuals under Nos. 1-57
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«Fig.2 Visualized sexual differences between males and females in
the form and shape of the genealogically documented sample. Form:
a the scale describes size differences in mm, red represents the most
prominent areas that are larger in males in comparison to females; b
the scale evaluates p-values, a darker colour means a lower p-value
and a higher significance. Shape: ¢ the scale describes relative differ-
ences, red represents the most prominent areas in males in compari-
son to females; d the scale evaluates p-values, a darker colour means
a lower p-value and a higher significance

shapes (or forms, respectively) of the male and female fron-
tal bones were calculated by computing mean landmark
(surface vertex) configurations of the respective surfaces
after GPA. Colour maps visualizing differences in mean con-
figurations were constructed by colour-coding the distances
of the vertices from the mean male and female surfaces.
Significance maps were constructed by running unpaired
two-sample Hotelling’s T2 tests on the coordinates of the
corresponding vertices, treating males and females as sepa-
rate samples. The p-values from these per-vertex Hotelling
tests were colour-mapped onto the mean surface. These visu-
alizations were produced using the tools of Morphome3cs.

The variability of the frontal bones, its distribution within
the dataset and the influence of its individual components
on form and shape was evaluated using principal component
analysis (PCA). This is a multivariate analysis that serves
to obtain the most important information about a dataset,
for the study of variability, and to simplify interrelated fea-
tures. The principal components represent quantities that
describe the overall variability of the observed features; the
first principal component explains the largest percentage of
variability, each subsequent one capturing a smaller part of
the variability that was not described by the previous com-
ponents [70-72].

Sex classification

We performed sex classification by form and shape of the
exterior frontal bone surfaces. Because the number of verti-
ces of the frontal surfaces was very high, dimension reduc-
tion was performed using PCA on these coordinates in order
to reduce their dimensions and retain most of the form (or
shape, respectively) variability. Sex classification was per-
formed by fitting support vector machines (SVM) onto the
combinations of these variables:

(a) the best classification model based on form developed in
an unrelated sample published in Cechovi et al., 2019:

(b) the best classification model based on shape developed
in an unrelated sample published in Cechovi et al.,
2019;

(c) principal component scores of frontal bone external
surfaces from a genealogically documented sample
(form);

(d) principal component scores of frontal bone external
surfaces from a genealogically documented sample
(shape).

In the cases of (c) and (d), optimal counts of PC score
variables were chosen in order to maximize the cross-vali-
dation success rate, and leave-one-out cross-validation was
performed to detect overfitting. In the cases of (a) and (b),
the best classification models developed in an unrelated
sample [55] were applied to the genealogically documented
sample to verify those models. This step was performed in
Morphome3cs.

Results
Sex differences and the evaluation of variability

Differences between the sexes in the form and shape of the
external surface of the frontal bone were visualized using
colour maps (Fig. 2a, ¢) and maps of significance (Fig. 2b,
d): dark red indicates extreme male form variants and dark
blue indicates female ones. However, these excessive mani-
festations were found by the form analysis only in males
(Fig. 2a). In maps of significance (Fig. 2b), shades of blue
represent statistically significant local sexual dimorphic
areas. Prominence of the male bone over the female was
found in almost the entire external surface of the frontal
bone. The lower region of the frontal bone—the glabella and
superciliary arches—showed a strong prominence. Upward
to the squama frontalis, male eminence decreased slightly,
but males were also moderately prominent in the middle of
the squama around the tubera frontalia. The parts located
above the middle section turned again to greater male mani-
festation values, which are marked on the maps in tones from
orange to dark red, and show the gradually increasing emi-
nence of the frontal bone in males. The form of the surface
of the frontal bone, except for its part in the frontal tubers,
differed significantly between the sexes, with a significance
level of less than 0.001 (Fig. 2b).

Sexual dimorphism was also visualized for shape
alone after size normalization. Here again, dark red indi-
cates extreme male shape variants and dark blue indicates
female. However, these excessive manifestations were not
found in the shape analysis, although their milder expres-
sions were still present (Fig. 2¢). The lower part of the fore-
head, glabella and medial part of superciliary arches were
more prominent in males in shape too. In the area around
the tubera frontalia, there was a relatively large part of the
squama in which males and females overlapped. The lat-
eral sides posteriorly behind the linea temporalis were more
prominent in females. Contrariwise, increasing the sharp-
ness of the upper part of the squama frontalis was typical for
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«Fig. 3 Visualized differences between related and unrelated males in
form and shape. Form: a the scale describes size differences in mm,
red represents the most prominent areas that are larger in related
males in comparison to unrelated males; b the scale evaluates p-val-
ues, a darker colour means a lower p-value and a higher significance.
Shape: c¢ the scale describes relative differences, red represents the
most prominent areas in related males in comparison to unrelated
males; d the scale evaluates p-values, a darker colour means a lower
p-value and a higher significance

males. The glabella, medial parts of superciliary arches, and
a narrow strip in the upper part of the squama were highly
significant. The remaining parts of the frontal bone did not
differ significantly in shape between the two sexes (Fig. 2d).
A direct comparison of the external surfaces of the frontal
bones of our recent genealogically documented osteologi-
cal collection with a data set of unrelated individuals from
the recent Czech population [55] showed the most statisti-
cally significant differences in the glabella and superciliary
arches. In these regions, the frontal bone of the genealogi-
cally documented sample was less prominent than that of
the unrelated sample. When comparing separated males—
related and unrelated (Fig. 3)—the glabella, superciliary
arches and lower part of the lateral areas of the frontal bone
of the genealogically documented males were significantly
less prominent than those of the unrelated males. By con-
trast, greater eminence of the mean frontal bone of males
from our studied family was found around the frontal tubers,
but these sexual differences are only partially significant. In
the case of females (Fig. 4), the glabella, the medial part of
superciliary arches and midline section upward between the
frontal tubers were less pronounced in those from the genea-
logical sample in the form. The rest of the external surface of
the frontal bones in related and unrelated females overlaps.
Differences in shape of the female frontal bone had a very
similar character to those in form. Moreover, in shape, there
were also significant parts along the sutura coronalis, sutura
sphenofrontalis and lateral area behind the linea temporalis
that were by contrast more prominent in related females.
The scatter plot (Fig. 5) shows the distribution of the
examined individuals based on principal component analysis
of the frontal bone form, in order to display the proximity
of specific individuals with respect to their known kinship
relationships. The first main component (PC1) explains
size-related variability and the second (PC2) the width of
the frontal bone. In the scatter plot, there is some overlap
between males and females. The closeness of first- to third-
degree biologically related individuals is demonstrated (first
degree of consanguinity = parents and children, siblings;
second degree = grandparents and grandchildren, uncles/
aunts and nephews/nieces; third degree = first cousins,
great-grandparents, grand uncles/aunts and grandnephews/
grandnieces). Apparently, the pairs of Nos. 46 and 48 and
48 and 51 (father and son) stand out, and further, the group

of closely related individuals 18, 19, 20, 21, 23 and 24 (par-
ents and children, siblings, first cousins) is clearly defined in
the upper part of the graph. In the central part of the graph,
there are closely related individuals from different parts of
the family tree, such as Nos. 1 and 3 (father and son), Nos.
35 and 36 (father and son), Nos. 32 and 36 (grandfather and
grandson), or first cousins Nos. 1, 7 and 39. Finally, the larg-
est contiguous group is found in the lower right part of the
graph where the doubly biologically related parents of Nos
7 and 8 are on opposite sides, with their children Nos. 9, 11,
13, 14 and 17 between them. The first cousins Nos. 8 and 31,
sisters Nos. 28 and 31, mother No. 31 and daughter No. 34,
and aunt No. 28 and niece No. 34 are also close. The biologi-
cally completely unrelated male No. 15 stands apart from
the other individuals; he has a large and relatively wider
frontal bone. When it comes to females, the most aloof is
the completely biologically unrelated female No. 16, wife of
No. 15, whose frontal bone is small with an average width.

A similar scatter plot was created for the frontal bone
shape (Fig. 6). The first main component (PC1) is related to
the fullness and roundness of the frontal bone. The second
main component (PC2) expresses the height and elongation
of the forehead. Males and females overlap more than in the
case of form, and the proximity of individuals is generally
denser. However, specific groups (or families) of biologi-
cally related individuals are not as clearly seen as they are
with form. Nevertheless, one can see the close proximity of
fathers and sons (Nos. 1 and 3,3 and 5, 7 and 9, 7 and 11,
35 and 36, 48 and 51), brothers (Nos. 9 and 11, 20 and 21,
55 and 56), grandparents and grandchildren (Nos. 1 and 5, 8
and 19), or first cousins (Nos. 8 and 31, 30 and 33). On the
sidelines again stand the unrelated spouses Nos. 15 and 16.
The male No. 15 has a very full and rounded frontal bone.
The forehead of female No. 16 is not very prominent in the
area of frontal tubers and is lower.

In this case, in addition, male No. 20 stands outside the
group of males. Also, his brother No. 21, who is close to
him, is more separated from the larger males.

Sex classification

The first sex determination of this dataset was performed
using the classification algorithm developed on a sample
of unrelated individuals from the recent Czech population
[55]. The best classification by form was achieved using the
16 first principal components. The success rate of the sex
classification was 74.46%, with 15 female frontal bones clas-
sified as female and 2 as male, while 20 male frontal bones
were classified as male and 10 as female. The classifier for
sex prediction was used for shape too. The best results were
achieved with 13 principal components. The total success
rate was 63.83%: 16 female frontal bones were classified
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«Fig. 4 Visualized differences between related and unrelated females
in form and shape. Form: a the scale describes size differences in
mm, red represents the most prominent areas that are larger in related
females in comparison to unrelated females; b the scale evaluates
p-values, a darker colour means a lower p-value and a higher signifi-
cance. Shape: ¢ the scale describes relative differences, red represents
the most prominent areas in related females in comparison to unre-
lated females; d the scale evaluates p-values, a darker colour means a
lower p-value and a higher significance

as female and 1 as male, while 14 male frontal bones were
classified as male and 16 as female.

Because the classifier developed on the sample of unre-
lated individuals failed, we subsequently tested the classifi-
cation algorithm learned on the genealogically documented
osteological collection, using the scores of the principal
components of the form and shape of the external surface
of the frontal bone. The optimum number of components
used was selected on the basis of the cross-validation suc-
cess rate. The best classification by form was achieved using
the 3 first principal components. The greatest total success
rate of this sex classification was 78.72%, being greater for
males (100%) than for females (41.18%), and 72.34% after
cross-validation (Fig. 7a). The classifier for sex prediction
was used for shape too. The best results were achieved with
20 principal components. The total success rate was 91.49%,
being greater for males (100%) than for females (76.47%).
After cross-validation, the highest success rate based on
shape decreased to 65.96% (Fig. 7b), which is lower than
in the case of form.

Discussion

This study focussed on the sexual dimorphism and sex
classification of a genealogically documented osteological
sample using the external morphology of the frontal bone
by applying advanced methods of geometric morphomet-
rics. Methodologically, it builds on the research of Cechova
et al. (2019), who analyzed the external frontal surfaces of
unrelated Czech individuals. Their results indicated that the
frontal bone is a very useful, sexually dimorphic cranial
region both in form and shape. According to their results,
sexual differences are statistically significant especially in
the glabella, superciliary arches and the upper parts located
along the sutura coronalis. All these regions, which were
evaluated as significant, are more distinctive and prominent
in males. In shape, a significant difference was observed
also in the middle part of the bone including the frontal
tubers, which indicates females [55]. These conclusions
have been supported by other studies [4, 6, 7, 73-76]. The
method of analyzing the roundness of the Czech frontal bone
compared to the curvature of a software-shaped sphere also
confirmed a greater deviation of the frontal bone from the

sphere’s surface in the glabella, superciliary arches and the
end part of the squama frontalis at the bregma in males, and
greater deviation of the middle part of the squama frontalis
in females [8]. This is similar to the Turkish population [7].
The frontal bones of females are full, rounded and with a
more vertical forehead, in contrast to males, whose fore-
heads are more inclined [51, 55, 76, 77].

In the form of our genealogical sample, prominence of the
male bone was found in almost the entire external surface of
the frontal bone when compared to females. Males were also
prominent in the middle of the squama around the tubera
frontalia. Although small areas in the place of the frontal
tubers were not significant, nevertheless, this fact is very
interesting and shows that the frontal bones of males from
the genealogically documented sample are fuller and more
rounded than females from the same sample. However, these
results are inconsistent with the conclusions stated above in
unrelated individuals. In the shape of the studied genealogi-
cal sample, greater prominence in the glabella, the medial
part of superciliary arches and the upper part of the squama
frontalis was more typical for males than for females. This is
very similar to the reference Czech data. In the area around
the tubera frontalia, there was a relatively large part of the
squama in which males and females overlapped. This fact
differs from the reference Czech sample but also from gen-
eral knowledge about sexual dimorphism: prominent fron-
tal tubers are typical for females and, on the contrary, less
pronounced and receding in males [7, 8, 33, 55, 74]. The
lateral sides posteriorly behind the linea temporalis were
significantly more prominent in females. In biologically
unrelated Czech individuals, these areas predominantly
overlap in males and females [55]. However, a study of the
shape of the entire skull surface of French individuals shows
the pronounced lateral sides of the frontal bone [33] as in our
studied family individuals.

Principal components analysis (PCA) showed that in the
cases of both form and shape of the frontal bone outer sur-
face, males and females partially overlap, more so in shape.
Also, the proximity of individuals is denser in shape than
in form. This suggests that the shape of the outer surface
of the frontal bone is more influenced by genetic factors
than its form and that the variability between individuals in
bone shape is less than that in form. In the case of form, on
the other hand, a tendency to cluster individuals into spe-
cific families was found, which indicates that form is more
specific than shape. Finally, PCA of the form and shape
of the external surface of the frontal bone confirmed that
the conclusions of previous studies about the relationship
between the degree of biological relatedness of individuals
and the degree of their similarity generally hold [59, 63].
The greatest proximity was revealed between parents and
children (mainly between fathers and sons) or siblings. Nev-
ertheless, even in this study, we noted cases of a high degree
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of similarity between grandparents and grandchildren, or
between first cousins. Why this phenomenon occurs across
human skeletal features such as non-traits, skeletal develop-
mental anomalies or frontal bone shape remains unanswered
[60, 63].

In the next part of our study, sex classification models
developed on a recent Czech population of biologically unre-
lated individuals [55] were verified on the genealogically
documented sample. It can be stated that the classification
algorithm used failed to some extent in the genealogically
documented sample. The total success rate is 74.46% in form
and 63.83% in shape, which are significantly lower values
than in the original study, in which the total success rate of
sex estimation based on form was 93.2% and based on shape
was 91.26% [55]. The number of correctly classified individ-
uals shows the biggest problems for the male category: of 30
males, the classifier identified 20 as male and 10 as female
in form, while in shape, 14 male frontal bones were classi-
fied as male and 16 as female. This is certainly related to

@ Springer

is shown on the X-axis and PC2 on the Y-axis. PC1 explains size-
related variability (with a negative value, the size increases), and
PC2 contributes to the width of the frontal bone (with a negative
value, it widens)

the feminized appearance of the genealogically documented
males’ frontal tubers, while they simultaneously have less
prominent glabella and superciliary arches than the Czech
males from the reference sample. These results are evidence
that the previously published methods must be tested before
being used on genealogical data because if the family has a
certain typical trait different from the usual population, the
classifier cannot work properly.

As the above classification model failed, the sex classifica-
tion was also tested using the form and shape of the external
frontal surface of the genealogically documented osteological
collection. The greatest success rate was 72.34% in form analy-
sis after leave-one-out cross-validation. After cross-validation,
we achieved a success rate of 65.96% in the shape analysis.
The success rate values of the recent related sample achieved
worse results compared to the unrelated sample of Czech
recent individuals, reaching 86.41% and 83.49% in form and
shape, respectively, after cross-validation [55]. On the other
hand, the results of sex classification based on this related
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Fig.6 Distribution of the
examined individuals based on
principal component analysis
of the frontal bone shape. The
closeness of first- to third-
degree biologically related
individuals is demonstrated.
F=female; M =male; [=first
degree of consanguinity; N
II=second degree of consan-
guinity; /Il =third degree of
consanguinity. PC1 is shown
on the X-axis and PC2 on the
Y-axis. PC1 is related to the
fullness and roundness of the
frontal bone (with a positive
value, it is fuller and rounder),
and PC2 expresses the height
and elongation of the forehead
(with a positive value, it is
higher and more elongated)
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Fig. 7 a Graphical expres- a
sion of two first variables data

of form by sex of individuals o
(F =females, M =males), b

first variables data of shape by
sex of individuals (F = females,
M =males). PC1 is shown on
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tion thresholds if all other vari-
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sample are at a similar level to the results of sex classification
using differences between the surface of the frontal bone and a
software-generated sphere in the recent Czech sample—72.8%
[8]. Nevertheless, the disproportion of correctly classified
males (100%) and females (41.18% in form, 76.47% in shape)
shows that the classification in the genealogical sample is
problematic and overall cannot be perceived as too success-
ful. This is probably due to the fact that the variability of males
largely overlaps the variability of females in our dataset. This
means that the classifier cannot correctly distinguish a female
frontal bone from a male one. However, it is important to men-
tion that this study is so far the first in this field of forensic

200 400 -2 0 2 4

research, and the results obtained refer to the specific family
group that was used. The conclusions cannot yet be general-
ized to all samples of genealogically related individuals.

Conclusions

Although significant differences were found between related
males and females, especially in form, the manifestation of
sexual dimorphism differs from the generally accepted one.
Prominence of the male bone was found in almost the entire
external surface of the frontal bone, including the middle of
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the squama around the tubera frontalia, which is typically
prominent in females. Principal component analysis showed
that males and females overlap, more so in the shape of the
outer surface of the frontal bone. This suggests that genetic
factors affect shape more than form. At the same time, the
form appears to be more specific in particular family groups.
Last but not least, it was confirmed that although the greatest
degree of similarity is found in closely related individuals,
such as parents and children or siblings, there are cases where
there is a significant degree of similarity between grandparents
and grandchildren or between cousins. Sex estimation of the
biologically related individuals was performed using a classi-
fication model developed on a sample of unrelated individuals
from the recent Czech population. This model failed in the
genealogically documented sample: it misclassified more than
half of the males using frontal shape. The failure of the classi-
fier is caused by the reduction of variability between biologi-
cally related individuals due to the influence of genetic factors
in this case, specifically because the biologically related males
have less prominent glabella and superciliary arches and have
a more pronounced frontal tuber area compared to the unre-
lated Czech males. It would be interesting to verify whether
the similarity found in this genealogical dataset is generally
valid across the entire skull.
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