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Abstract: The issue of the influence of biological relatedness on frontal sinus patterns is still the subject of
discussion. Research possibilities worldwide are however limited by the lack of genealogically documented
skeletal remains. This study presents the results of analyses of seven identified 19th-20th century skulls from
two families, discovered in the collections of the Hrdlicka Museum of Man. Anteroposterior X-rays were
created and the morphology of the frontal sinuses was evaluated using two approaches: A) a simple visual
assessment indicating shared or similar features; and B) calculation of the degree of similarity based on
a scoring system. With both approaches, the results of family relationship assessments were best reflected
in the first family, between individuals with the smallest degree of biological distance. In the second family,
which had more distant relationships compared to the first, the positive relationship between biological
distance and degree of similarity was not clearly apparent. Although this is a small sample with a small
number of generations, our findings support the conclusions of previous studies, i.e. that the degree of
similarity between individuals decreases with their increasing biological distance.
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Introduction

Osteological samples with known family relationships, which allow study of the possible in-
fluence of genetic factors on morphological and metric features of the human skeleton, are
very rare worldwide (Gavrus-lon et al. 2017). They are, however, of irreplaceable signifi-
cance, because the conclusions of studies based on such material can be applied to anony-
mous, (pre)historic burial grounds with individuals whose relationships are unknown or
are indicated by archaeological findings (Adachi et al. 2006, Meyer et al. 2012, Brown 2015,
Veleminsky et Cvrcek 2020). One of the features that helps reveal possible biological rela-
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tionships between individuals is the frontal sinus, its morphology and dimensions being dis-
played using both radiographs and CT scans (e.g. Szilvassy 1986, Cvrcek et al. 2020).

Morphological similarities of the frontal sinus between closely related individuals were
observed in the first half of the 20th century (Leicher 1928, Schwarz 1928, Turpin et al.
1942). Although the formation of the frontal sinus is unique in each individual, like finger-
prints, and there is no absolute agreement even between monozygotic twins (Asherson 1963,
Christensen et Hatch 2018), it is possible to identify the biological affinity of individuals; at
the same time, however, frontal sinuses cannot be used to identify their exact relationship
(Cameriere et al. 2008). The evaluation of morphological features can, though, be considered
subjective (Asherson 1963). Therefore, the degree of similarity of individuals is also deter-
mined from the dimensions of the frontal sinuses (e.g. Slavec 2005), and in particular a sig-
nificant relationship between their maximum height and the biological distance of individu-
als has been demonstrated (Kjaer et al. 2012, Cvrcek et al. 2020). Sex differences in frontal
sinus size between biologically related individuals have not been found (Cvrcek et al. 2020).

Nevertheless, it has been shown that the evaluation of dimensions can be negatively
affected by even a slight change in the setting of the skull during the taking of an X-ray image
(Nikolova et al. 2018), and that therefore a morphological evaluation might ultimately be
“more objective”, especially if a scoring system is used (Besana et Rogers 2010). This appro-
ach has already proven useful for this purpose (Cameriere et al. 2008), a significant relati-
onship between the degree of morphological similarity and the degree of biological distance
between individuals having been found (Cvréek et al. 2020), i.e. the smaller the biological
distance, the greater the degree of similarity. It turned out, however, that a simple visual as-
sessment of the morphology of the frontal sinus (Szilvassy 1986) was irreplaceable, because
statistical methods do not allow the capture of specific shared features, especially if the os-
teological material is incompletely preserved, or the number of individuals is very small or
even just a pair, where a comparison of the values of the degree of morphological similarity
cannot be used (Cvrcek et al. 2020).

The authors were given the opportunity to examine two small samples of genealogically
documented skulls from the collections of the Hrdlicka Museum of Man in the Faculty of
Sciences of Charles University in Prague. The aim of this contribution is 1) to answer the
question as to what extent the morphological similarity of the frontal sinuses corresponds to
documented family relationships; and 2) assess whether there are shared individual features
between individuals that support these relationships.

Material and methods

Material

The material consists of seven skulls from two generations of biologically unrelated families
(families A and B) dating to the 19% and 20" centuries (Fig. 1); all the familial relationships
and other biographical data were known. For ethical reasons, only their initials and years of
birth and death are given here:

Family A
No.1: MaleJ. R (1835-1892), Prague goldsmith. Died of exhaustion.
No.2: Female E. R (1831-1887), biologically unrelated wife of J. R. Died of kidney
inflammation.
No.3: Male E. R (1867-1889), son of ]. R. and E. R. Died of pulmonary tuberculosis and
spewing blood.

Family B
No.1: Male J. R (1816-1894), one of most important businessmen in the Austro-
Hungarian Empire. He died of marasmus senilis.
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No.2: Female M. A. R. (1819-1855), the first cousin and also first wife of ]. R. (their fa-
thers being brothers). She died of paralysis of the lungs due to typhus.

No.3: FemaleJ. C. R. (1836-1920), the second and biologically unrelated wife of ]. R. She
died of pneumonia.

No.4: Female C. R. (1857-1930), wife of one of the inbred sons of first cousins J. R. and
M. A. R, and at the same his first cousin again (her mother was both sister of his
mother and first cousin of his father). She had three sons and one daughter with
her husband, but according to available archive documents all remained chil-
dless, and this branch of the family became extinct. She died of tuberculosis and
atherosclerosis.
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Fig. 1. Graphical expression of family relationships of evaluated individuals from families A and B.

Biographical data were verified by genealogical research in the Prague City Archives, and
the State District Archives in Most (a branch of the State Regional Archives in Litométice,
Czech Republic). The skulls are part of the collections of the Hrdlicka Museum of Man. The
tombs of both families were looted in the second half of the 20" century, and the material
was probably obtained for the museum by its director, the anthropologist prof. Vojtéch Fetter
(1905-1971). Although the skulls were saved and their identification preserved, archival
sources indicate that the postcranial parts of the associated skeletons, and even the whole
bodies of other family members, were cremated or lost, e.g. the remains of the sons of indi-
viduals Nos. 1 and 2 from family B. Only the mummified forearm and hand of female No. 4
from family B were preserved. Incidentally, the skulls of all the members of family B were also
more or less covered with remnants of mummified soft tissues and hair, so analysis of cranial
non-metric traits (e.g. Cvrcek et al. 2018) could not be included in this study, while analysis
of dental non-metric traits was made impossible by the intra-vital loss of most teeth in all
individuals from both families.

Methods

An anteroposterior radiograph of the skull oriented in the Frankfurt Plain was taken
for each individual. Radiographs were performed using computed radiography (CR) at the
Department of Anthropology, National Museum, Prague. A Bucky grid was used, the standard
distance between the focal point and the CR cassette was 1.2 m, with tube voltages ranging
between 80-85 kw and beam intensity between 3.5-5 mAs. The skulls were stabilized with
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Category Classification Class number

Total size Small (0-6)
Middle (6-12)
Large (12-18)
Very large (> 18)

Bilateral asymmetry Symmetry (100-80)

Slight asymmetry (80-60)
Moderate asymmetry (60-40)
Strong asymmetry (40-20)
Extreme asymmetry (< 20)

Superiority Absent

Left equal to right
Left greater than right
Right greater than left

Outline of upper border for left side | Absent

and right side separately Smooth

Scalloped with 2 arcades
Scalloped with 3 arcades
Scalloped with 4 arcades
Scalloped with above 5 arcades

Partial septa Absent

Present in the left side
Present in the right side
Present in the both sides

Supraorbital cells Absent

Present in the left side
Present in the right side
Present in the both sides

Shape for left side and right side | Bean shape
separately Leaf shape

Fan shape
Pyramid shape

Lateral range for left side and right | Absent

side separately (own category) < 1/3 border of orbit

< 1/2 border of orbit
>1/2 border of orbit

> lateral border of orbit

B W N =R O BN w N = o wnN = o U W= O w N = o Ul o B W N =

Tab. 1. Visual features and their classifications for expression of frontal sinus morphology by Szilvassy
(1986), Yoshino et al. (1987), and Reichs (1993).

a standard pad; the distance from the face of the skull to the detector surface was about 3 cm,
so partially geometric magnification was taken into account by the enclosed scale.

The skulls were completely preserved, without autopsy cuts or significant post-mortem
destruction, so all of the displayed frontal sinuses could be cut along a plane that passes
through the upper orbital margins and is parallel to the Frankfurt plane. This limit defined
the supraorbital line (SOL; Nikolova et al. 2018). A portion superior to this plane was further
examined (Fig. 2). 2D images (silhouettes) of the obtained sinuses of individuals were crea-
ted in Inkscape 0.91.

Using a simple visual assessment (Szilvassy et al. 1987), morphologically identical or
analogous structures were observed, which were then graphically highlighted. The frontal
sinus morphological patterns of all the individuals were expressed using eight categories
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Fig. 2. Anteroposterior radiograph of the skull with “supraorbital line” (SOL, red line),
family A, individual No. 1.

after Szilvassy (1986), Yoshino et al. (1987), and Reichs (1993) (Tab. 1). Most of these have
been shown to be independent (Cameriere et al. 2005), and the previous use of this set of va-
riables (Cvrcek et al. 2020) demonstrated their applicability for this purpose. The degree of
the morphological similarity (“MS”) of individuals based on class numbers of the categories
above (patterns) was calculated using cosine similarity (Singhal 2000, Cvrcek et al. 2020).
This method measures the cosine of the angle between two n-dimensional vectors of an inner
product space. The vectors are individuals within a family. In space, vectors are determined
using the values of individual morphological features (Tab. 1). The similarity between indivi-
duals is calculated using cosine and can be converted to a distance.
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Results

Family A

Based on simple visual assessment, a gre-
ater similarity is visible between father
No. 1 and son No.3, with a greater num-
ber of shared features between them than
between mother No. 2 and son No. 3 (Fig.
3). The most characteristic feature that is
shared by father and son, and which clear-
ly supports their documented relation-
ship, is a small separated lobe above the
right orbit (Fig. 3, blue arrow).

The degree of the morphological si-
milarity calculated using cosine similarity
confirmed the finding based on the simple
visual assessment. The greatest value is
between father No. 1 and son No. 3, simila-
rity is also apparent between mother No.
2 and son No. 3, and the least similarity is
between unrelated spouses Nos. 1 and 2
(Tab. 2).

Family B

A simple visual assessment shows no vi-
sible similarity between biologically rela-
ted individuals in this family, such as first
cousins and spouses Nos. 1 and 2, or these
individuals and their niece/daughter-in-
-law No. 4 (Fig. 4). Female No. 4, unlike the
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Fig. 4. Anteroposterior views of frontal sinuses
above their SOL from X-rays of distantly related
individuals Nos. 1-4 from family B. without
visible shared morphological similarities.
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Fig. 3. Anteroposterior views of frontal sinuses
above their SOL, from X-rays of closely related
individuals Nos. 1-3 from family A. Examples of
various shared morphological similarities (arrows)
are marked with the same colors.
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Tab. 2. The degree of similarity of individuals Nos.
1-3 from family A by frontal sinus morphology,
calculated based on cosine similarity. The higher
value, the darker color.

1 2 3 4
- 0.82 0.84 0.76

- 0.52

W IN [ =

Tab. 3. The degree of similarity of individuals Nos.
1-4 from family B by frontal sinus morphology,
calculated based on cosine similarity. The higher
value, the darker color.

other individuals, shows hypoplasia of the ri-
ght frontal sinus, and her left sinus is greatly
reduced.

In this case too, the calculated similarity

corresponds to the simple visual assessment. There is no positive relationship between the
degree of similarity and the degree of biological distance between individuals. Although the-
re is a relatively higher value between first cousins Nos. 1 and 2, the highest value occurs
between biologically unrelated individuals Nos. 2 and 3, and Nos. 1 and 3. (Tab. 3).
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Discussion

The results of visual assessment showed several identical or similar features between biolo-
gically related individuals in family A, unlike the biologically related individuals in family B,
among whom no clear similarities were found. This is most likely due to the fact that there
are smaller biological distances in family A, i.e. a greater degree of relatedness, than between
the members of family B. This relates to a father and son or mother and son (coefficient of re-
lationship r = 0.5) on the one hand, and an aunt/niece (r = 0.25), first cousins (r = 0.125), and
cousin of mother/daughter of cousin (r = 0.0625) on the other. This finding was confirmed
by the calculated degree of similarity between individuals, in family A the values correspond
more to documented family relationships than in family B. In family B, there is even greater
similarity between biologically unrelated individuals Nos. 1 and 3, or Nos. 2 and 3, than be-
tween individuals with biological relationships, such as individuals Nos. 1 and 4, or 2 and
4. This may be the result of chance, such cases have already been described (Cvrcek et al.,
2020). Although significant similarities were found in some cases even between first cousins
in previous studies, both on the basis of the evaluation of features and according to calcula-
tions of similarity, nevertheless the most obvious similarities were primarily between closer
relatives, such as parents and children, siblings, and grandparents and grandchildren (Cvrcek
et al. 2020). This also applies, for example, to osteological non-metric traits (Veleminsky et
Dobisikova 2005, Cvrcek et al. 2018). The results of this study therefore confirm these earlier
conclusions. A graphical expression of the relationship between similarity and relatedness
(Cvrcek et al. 2018, 2020) is impossible in these families, due to the small number of indivi-
duals and the small number of generations.

From a methodological point of view, this study confirms that a simple visual assess-
ment of similarity may not be so burdened with subjectivity as assumed (Asherson 1963),
even with respect to a scoring system (Besana et Rogers 2010), because similar results were
arrived at on the basis of both approaches (Cvrcek et al. 2020). Furthermore, a simple vi-
sual assessment (Szilvassy 1986), unlike scoring systems (e.g. Cameriere et al. 2005, 2008;
Besana et Rogers 2010), allows the assessment of incompletely preserved skeletal remains,
for which the missing parts cannot be exactly reconstructed (Kuzelka 2018, Drtikolova
Kaupova et al. 2020). At the same time, the situation may arise where the same frontal sinus
pattern exists in two individuals based on the scoring system, but they differ visually (Cvrcek
et al. 2020). Although efforts have recently been made towards exact research of the frontal
sinuses using computer tomography (CT) and/or focussing on their dimensions (Chaiyasate
et al. 2007, Kjaer et al. 2012), X-ray examination with a focus on morphology appears to
be sufficient, even with regard to preservation limits. The main advantage of morphological
evaluation over dimensional assessments remains the variability of frontal sinus patterns.
This is so great that although it is possible to detect the biological affinity between individu-
als (Cameriere et al. 2008), sinus formation is unique to each individual, similar to a finger-
print (Christensen et Hatch 2018).

Even though there are two proven consanguineous marriages in family B, their possible
consequences on the morphology of the frontal sinuses cannot be studied in this case. For
this knowledge, it would be necessary to have the skulls of the children of the parents and at
the same time the first cousins Nos. 1 and 2, or the children of their son and related daughter-
in-law No. 4; unfortunately these have not been preserved. It has however previously been
found that inbreeding can affect some parameters of the frontal sinus, reducing their vari-
ability, albeit not always statistically significantly (Cvrcek et al. 2020).

Although the studied samples include a small number of individuals from only two gen-
erations, this study significantly contributes to knowledge of the possible influence of family
relationships on frontal sinus pattern inheritance, because this topic is still under discussion
(Latiff et al. 2009, Ito et al. 2015).
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