Anthropological Review * Vol. 87(2), 63-84 (2024)

ANTHROPOLOGICAL REVIEW \

Available online at: https://doi.org/10.18778/1898-6773.87.2.03

POLSKIE TOWARZYSTWO
ANTROPOLOGICZNE

Morphology and morphometry of frontal sinuses
as a tool in sex determination based on
17%-18% century skulls from Poland

Kamil Mrozek'?®, Justyna Marchewka® ®, Beata Borowska* @,
Alicja Budnik® ®, Bartosz Leszczynski® ®, Andrzej Wrobel® @,
Iwona Wronka?

! Nature Education Centre, Jagiellonian University, Krakow, Poland
2 Laboratory of Anthropology, Institute of Zoology and Biomedical Research,
Faculty of Biology, Jagiellonian University, Krakow, Poland
3 Department of Human Biology, Institute of Biological Sciences, Cardinal Stefan Wyszynski
University, Warsaw, Poland
* Department of Anthropology, Faculty of Biology and Environmental Protection,

University of Lodz, Poland

5 Department of Medical Physics, Marian Smoluchowski Institute of Physics,

Jagiellonian University, Krakow, Poland

AssTraCT: Morphological analysis of the frontal sinuses (FS) is one of the methods used to assess the sex
of human remains. Depending on the methods, the results indicate the effectiveness of using the FS in the
assessment of sex at the level of 60-85.9%. Our goal was to determine whether the morphological and mor-
phometric methods of sex assessment based on the FS can be used for examining historical populations in
anthropological studies. We assessed FS both morphologically and morphometrically on a sample of 76 dry
skulls (41 females and 35 males) from 17%-18% century form Poland to evaluate the potential of applying
this method for sex estimation in human remains. A total of 76 X-rays were taken in both frontal and lat-
eral views. The morphology and morphometry of the FS were assessed with Image] software. There were no
significant differences between the sexes in assessing the outline of the upper border of the FS, as well as the
number of partial septa. There was a statistically significant difference between the sexes in the width of the
right FS, the height of the right and left FS, and the right and left area of the FS. The lateral view indicated
a statistically significant difference between the sexes regarding the depth and area of the FS. The accuracy
rate in classifying males and females using FS morphometry ranged from 59.09% to 69.57%. The FS in the
lateral view (69.57%) and the height of the left FS in the frontal view (68.18%) are the most appropriate
regressors for sex determination. Statistically significant differences in some FS measurements between the
sexes do not appear to be a sufficient indicator of sex. Morphological and morphometrical characteristics of
the FS should not be used as a guideline for sex assessment in the historical Polish population.

Key worps: frontal sinuses, sex dimorphism, morphology, morphometry.

Original article
© by the author, licensee Polish Anthropological Association and University of Lodz, Poland
creative This article is an open access article distributed under the terms and conditions of the
@commons Creative Commons Attribution license CC-BY-NC-ND 4.0
(https://creativecommons.org/licenses/by-nc-nd/4.0/)
Received: 23.01.2024; Revised: 14.04.2024; Accepted: 22.04.2024



https://doi.org/10.18778/1898-6773.87.2.03
https://orcid.org/0000-0002-6000-6274
https://orcid.org/0000-0003-1816-556X
https://orcid.org/0000-0001-6449-6955
https://orcid.org/0000-0002-9916-9775
https://orcid.org/0000-0003-0537-627X
https://orcid.org/0000-0003-2785-7058
https://orcid.org/0000-0002-8740-7991
https://creativecommons.org/licenses/by-nc-nd/4.0/

64 Kamil Mrozek, Justyna Marchewka, Beata Borowska, Alicja Budnik et al.

Introduction

Frontal sinuses (FS) are paired struc-
tures situated within the anterior cranial
vault, posteriorly to the superciliary arch-
es (Yoshino et al. 1987; Moideen et al.
2017). These sinuses are pneumatic
cavities lined with mucosa, located be-
tween the internal and external laminae
of the frontal bone. FSs are almost always
asymmetric and separated by a septum.
Each sinus extends superiorly to the me-
dial end of the eyebrow ridge and back
into the orbital portion of the frontal
bone (Falguera et al. 2012). Their inferior
margin represents the superior margin of
the orbital rim and their medial margin
is shared with the contralateral sinuses
(Yoshino et al. 1987).

At birth, FS are small, closed pouches
(Patil et al. 2012). FS pneumatization be-
gins about two years of age, becomes sig-
nificant in early adolescence, and is com-
pleted in the late teens (Hopkins 2016).
The two FSs develop independently from
the anterosuperior pneumatization of the
frontal recess into the frontal bone and
show considerable anatomical variation
in size and shape. There are four basic
morphological types of FS in terms of
size: aplasia, hypoplasia, medium size,
and hyperplasia (Guerram et al. 2014).
One or both FS may be hypoplastic or
absent, although bilateral aplasia is rare
(McLaughlin et al. 2001). FS can also
be unilateral or bilateral. The prevalent
asymmetry of FS can be attributable to
the fact that they develop from two inde-
pendent structures (Hopkins 2016).

Research on the uniqueness of FS
structures began in the early twentieth
century. Schuller (1921), who examined
the frontal sinuses for the first time in
1921, provided information about their
unique shape, complexity, and individ-

uality, with relevance for human identi-
fication in post-mortem cases. The spe-
cial characteristics of frontal sinuses in
terms of their size, shape, and position
made them unique personal identifica-
tion tools, especially due to their irreg-
ular shape and inter-individual unique-
ness (Camargo et al. 2007; Cox et al.
2009; Tang et al. 2009; Uthman et al.
2010; Xavier et al. 2015). Most studies
indicate that FS can potentially be used
in sex differentiation during anatomical
and anthropological studies, as differ-
ences in size and configuration have been
observed in males and females (Patil and
Mody 2005; Uthman et al. 2010; Kim
et al. 2013; Hamed et al. 2014, Sai Kiran
et al. 2014; Michel et al. 2015; Thottun-
gal et al. 2024).

However, the biological significance
of the frontal sinuses is not yet clear al-
though it has been hypothesized to have
olfactory, respiratory, phonetic, static,
thermal, and/or mechanical functions
(Patil et al. 2012; Nikolova et al. 2017;
Godinho and O’Higgins 2018). Accord-
ing to the prevalent theory, its presence
decreases skull weight and mechanically
fixes the bones of the splanchnocrani-
um (McLaughlin et al. 2001; Teul et al.
2005; Guerram et al. 2014; Nikolova
etal. 2017).

Estimation of the sex is a funda-
mental step in performing anthropolog-
ical examinations of skeletal material
(Phenice 1969; Lovell 1989; Bruce and
MacLaughlin 1990; Buikstra and Ube-
laker 1994; Hsiao et al. 1996; Ubelak-
er and Volk 2002; Spradley and Jantz
2011; Inskip et al. 2018). As the skull
is one of the best-preserved body parts
after death, it is considered a good ma-
terial for assessing sex (Rogers 2005).
The frontal bone is one of the most sex-
ually dimorphic elements of the human
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skull, due to features such as glabellar
prominence, frontal eminences, and the
massiveness of the supraorbital ridges
(Williams and Rogers 2006). However,
these features may not be applicable for
sex identification when skulls are frac-
tured and deformed. Material from ar-
chaeological sites or ossuaries is often
fragmentary and thus sex assessment
is often performed based on single bone
fragments, which requires extracting as
much information as possible from such
material (Ubelaker and Wu 2020). Frag-
mentation of the skull prevents the use
of most conventional markers for sex
estimation. When bone fragmentation
does not allow the use of standard meth-
ods of sex assessment, anthropologists
may consider alternative methods, such
as X-ray, CBCT, or histological analysis.

The present study aimed to evaluate
the morphological structure of FS using
posteroanterior and lateral radiographs of
crania of the 17-18% century crania from
Poland and to compare the findings for
males and females. Metric analysis was
performed and the morphological diver-
sity was estimated in terms of FS type,
the number of scallops, and septa. We
estimated the height and width range for
medium-sized (normal) and hyperplastic
FS types for the entire sample and both
sexes separately.

This study also aimed to evaluate the
accuracy rate of sex identification based
on frontal sinus index and area measure-
ments and determine the dimorphic po-
tential of the frontal sinuses. In addition,
we aimed to assess the accuracy of sex
estimates based on a logistic regression
model, and to test a hypothesis regarding
the usefulness of frontal sinus morpholo-
gy as a tool for anthropologists when de-
termining the sex of skeletal material in
historical samples.

Materials and methods

The research material consisted of a se-
ries of skulls from Krakow cemeteries
used by people of different socio-eco-
nomic status, dating back to the 17® and
18th centuries: 1. The cemetery next
to St. Mary’s Basilica used by wealthy
burghers (Bieniarzéwna and Malecki
1984; Zukow-Karczewski 1989); 2. The
cemetery next to St. Mark’s Church,
where a group of Krakow craftsmen of
relatively low social status were buried
(Zaremska 1974; Myszka 1996); 3. The
cemetery next to St. Peter the Little in
the hamlet of Garbary, which was lo-
cated outside the city walls, on the out-
skirts of what was then Krakow. This
cemetery used to be a burial place of the
poorest Krakow residents and the in-
habitants of nearby villages (Pieradzka
1931; Kracik 1989; Wyzga 2014). Figure
1 illustrates the location of all of these
sites in Poland.

Il Krakow, St. Mary’s Basilica (17-18" century)
[l Krakow, St. Mark’s Church (17-18" century)
A Garbary settlement, St. Piotr Maty Church (17-18" century)

Figure 1. Map of Poland showing the geographic
locations of the sites included in this research
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A total of 76 skeletons that exhibited
a complete epiphyseal fusion were ana-
lyzed (35 males and 41 females). The
skeletons included in this study met two
primary criteria. The first criterion was
the completeness of the material allow-
ing the estimation of sex and age at death,
which were estimated using anthropo-
logical methods. All individuals were
analyzed using the long bones, cranium,
and pelvis (Phenice 1969; Lovell 1989;
Bruce and MacLaughlin 1990; Buikstra
and Ubelaker 1994; Ubelaker and Volk
2002; Spradley and Jantz 2011; Inskip
et al. 2018). An overall sex estimate was
made for each skeleton based on all the
traits assessed. When general skull and
pelvic estimates provided conflicting re-
sults, more weight was placed on pelvic
traits which have been shown to be more
reliable in sex identification compared to
solely using skull features (Inskip et al.
2018). Skeletons that were ambiguous
in estimating sex or those whose pres-
ervation state made it impossible to
determine sex were excluded from the
analysis. The estimation of age at death
included evaluations of pubic symphysis
(Meindl et al. 1985; Brooks and Suchey
1990), which has been shown to provide
reasonable age estimates for individuals
<40 years of age (Hens et al. 2008), and
the eight-phase Lovejoy auricular sur-
face method (Lovejoy et al. 1985), which
provides reasonable estimates for indi-
viduals >40 years of age because the au-
ricular surface more frequently survives
taphonomic insult and its morphologi-
cal changes continue well into the sixth
decade of life (Hens et al. 2008). The low-
er limit of the age range was set at 25, as
it exhibits a complete epiphyseal closure
of the sternal end of the clavicle (Scheuer
and Black, 2000). The second inclusion
criterion was good condition of the skele-

ton, and especially a well-preserved facial
part of the skull with the frontal bone.
All X-ray images were acquired by
a radiologist at the Department of De-
scriptive Anatomy, Pomeranian Medical
University to eliminate technical bias.
The skulls were placed on a special plat-
form that allowed repeatable radiograph-
ic positioning. To visualize the frontal
view of the sinuses, we used the PA Axial
Caldwell Method, which is a caudally an-
gled radiograph, with its postero-anterior
projection. In the Caldwell position, the
FS outlines are the clearest, minimizing
the risk of interpretation errors. According
to Caldwell’s method, the skull forehead
was placed against the image detector so
that the orbitomeatal line was running
perpendicular to the detector. The petrous
ridge was below orbits. The skulls angled
caudally at 15° the orbitomeatal line was
parallel to the floor so that the central
ray exited the nasion. The mid-sagittal
plane was perpendicular to the midline
of the image receptor. For the lateral view,
we used a common routine method. The
skull lay flat, raised on a thin radiolucent
foam rubber pad. The infraorbitomeatal
line from the inferior orbital margin to the
upper border of the external auditory mea-
tus was set perpendicularly to the table.
Only images with visible FS margins
were selected for analysis. X-ray images
were acquired according to the common-
ly accepted methodology at a focus dis-
tance of 1 m, an exposure time of 1 s,
a voltage of 90-95 kV, and a current of
125 mA. The applied linear image en-
largement was estimated at 1.13. In the
calibration measurements, photographic
film was scanned, calibrated, and saved
in .jpg format. The morphological types
of FS were estimated according to Guer-
ram et al. (2014) (see Fig. 2), where apla-
sia indicates the absence of frontal pneu-
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matization, hypoplasia indicates that FS  dorbital line, while hyperplasia indicates
is limited to the area under the supraor- that FS extends in the area lateral to the
bital line, medium size indicates that FS  midorbital line. Some variations of FS
is limited to the area medial to the mi- pneumatization are shown in Figure 3.
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Figure 2. Morphological types of the frontal sinuses after Guerram et al. (2014): a) aplasia, b) hypoplasia,
¢) medium, d) hyperplasia. Where: MOL — midorbital line; SOL — supraorbital line; MSL — midsagittal
line; mol — medial orbital line (vertical line passing through the most medial orbital point); lol - lateral
orbital line (vertical line passing through the most lateral orbital point)

Figure 3. Variations of the frontal sinus pneumatization: A — bilateral aplasia; B — bilateral hypoplasia;
C - bilateral hyperplasia; d - visible asymmetry in FS size
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Based on Caldwell’s diagrams (Fig. 4),
the following measurements of the fron-
tal sinuses were taken: right height, left
height, right width, left width, left area,
right area, and total area obtained only for
the portion of the FS projected above the
baseline (A). The separation between the
left and right sides of the sinus was based
on the frontal sinus septum to ensure
that only one width was measured on
each side. The highest height of each side
(measurements B and C) was estimated
from the maximum distance between the
base and upper lines of the FS, while the
largest width (measurements F and G)
was estimated from the maximum dis-
tance between the medial and lateral lines
of the right and left sides of the FS. The
linear measurements obtained from each

radiograph were expressed in millimeters
(mm), while the areas were expressed
in square millimeters (mm?). Figure 5
shows a diagram of the FS measurement
on lateral cephalograms. The highest (H)
and lowest (L) points were observed. The
maximum height (A) of the FS was ob-
tained by connecting these points. The
maximum depth (B) was measured by
drawing a perpendicular line to A con-
necting the anterior wall of the frontal si-
nus in its deepest part. All measurements
were obtained using the program Image]
for Windows, and the obtained values are
the arithmetic mean of three subsequent
measurements. Next, the range of meas-
urement variability was estimated sep-
arately for the normal and hyperplastic
types of the FS.

Figure 4. Diagram of Caldwell with the demarcation of the borders of the frontal sinus and identification
of the measurements collected with the aid of a reference baseline: A — supraorbital line corresponding
to the superior margin of the orbits; B — the height of the right FS; C - the height of the left FS; D and
E - lateral lines of the FS right and left side; F — width of the right FS; G — width of the left FS

Figure 5. Frontal sinus measurements on the lateral cephalogram. H - the highest point of the FS; L — the
lowest point of the FS; A — maximum height, B — maximum depth of the FS



Frontal sinuses as a tool in sex determination 69

The frontal cephalograms were divided
into two main parts. The first step of the
analysis involved the evaluation of the FS
morphological type of FS, the variability
of the upper border of FS and the classi-
fication of the number of partial septa.
The second step consisted of estimating
the range of variability, mean value, and
standard deviation for the sinus measure-
ments analyzed, as well as estimating the
significance of sex differences. That step
also included analysis of the estimated
values of asymmetry indices (Al), which
were calculated according to Szilvassy
(1974, 1982) and Tang et al. (2009):

The value of the smaller frontal sinus

measurement
Al =

The value of a larger frontal sinus measurement

If both frontal sinuses are of the same
size, the index in this case is 100 (no
asymmetry). The closer the index is to
100, the smaller the asymmetry. Then,
based on the features that differentiated
male and female skulls, a simple logistic
regression model was built.

The analysis of the lateral cephalograms
included estimation of the descriptive sta-
tistics and assessment of the significance
of the differences between male and female
skulls. Similar to the frontal cephalograms,
a logistic regression model was constructed
for features that show differentiation.

Sex differences in the sinuses were also
evaluated in terms of the number of scal-
lops on the superior border (right, left and
total), the number of partial septa (right,
left and total), and the unilateral/bilateral
presence or absence of partial septa. If the
outline of the anterior margin was scal-
loped or lobulated, these structures were
counted. A similar procedure was fol-
lowed for number of partial septa. Figure
6 shows the applied method for evaluat-

ing the number of scallops and septa (after
Yoshino et al. 1987), while Figure 7 shows
an example of FS with scallops and septa.
The outline of the upper border of the FS
on each side was divided into the follow-
ing categories: absent; smooth/scalloped
with 1 arcade; scalloped with 2 arcades;
scalloped with 3 arcades; scalloped with
4 arcades; scalloped with 5 arcades; and
scalloped with 6 arcades.

RIGHT
NEE)

Figure 6. The upper FS border is scalloped with 3
arcades on the left and smooth on the right
side. One partial septum (marked by black ar-
row) is present in the left sinus

To assess the inter-rater reliability
study, a subset of 30 cephalometric radi-
ographs (15 males and 15 females) were
randomly chosen to be reviewed by the dif-
ferent observers. Observers independently
drew measuring lines and made the same
measurements. The intraclass correlation
coefficient (ICC) was then determined in
SPSS statistical package version 23 (SPSS
Inc, Chicago, IL). We used ICC2 (accord-
ing to McGraw and Wong's (1996) termi-
nology) or ICC (2,k) (in Shrout and Fleiss's
(1979) convention), which is a Multi-
ple-Rating, Absolute-Agreement, 2-Way
Random-Effects Model. ICC estimates
indicate good reliability: ICC = 0.793 for
male samples, with 95% confidence inter-
val = 0.750- 0.836, and ICC = 0.821 for
female samples, with 95% confidence in-
terval = 0.759 and 0.854.
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2 " o L

Figure 7. The upper FS border is scalloped with a few arcades (black arrows), both on the left and right sides.
Red arrows indicate the septa, respectively a partial septa on the left and a complete septum on the right

Results

First, the frequency of the various FS
morphological types was calculated
(Tab. 1). A comparison of their estimated
frequency in males and females using the
Chi-squared test showed no significant
differences (p = 0.3954 for the right side
and p = 0.3122 for the left). In two cases,
bilateral aplasia of the FS was observed.
Both of those cases were male skulls with
a metopic suture.

Second, the morphology of the superi-
or border of the FS was observed and the
number of scallops was noted (Tab. 2 and
Tab. 3). Skulls with bilateral sinus aplasia
were not included in the analysis. How-
ever, skulls with unilateral sinus aplasia
were included, denoted by the column
named “Absent” (Tab. 2). Data were ana-
lyzed using the Chi-squared test for com-
parison of the frequency of morphological
type for the two sexes. No statistically
significant differences between skull sides
and sexes were observed (p > 0.05).

Table 1. Distribution of frontal sinus types in the analyzed skulls

Frontal sinus type

Sex Side Aplasia Hypoplasia Medium size Hyperplasia
n (%) n (%) n (%) n (%)

Female Right 0 (0.00} 6(14.63) 33 (80.49) 2 (4.88)
N =41 Left 0 (0.00) 5(12.20) 31 (75.61) 5(12.20)

Male Right 2 (5.71) 4 (11.43) 26 (74.29) 3(8.57)
N =35 Left 2 (5.71) 3(8.57) 23 (65.71) 7 (20.00)

Total Right 2 (2.63) 10 (13.16) 59 (77.63) 5 (6.58)
N =76 Left 2 (2.63) 8(10.53) 54 (71.05) 12 (15.79)
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Table 2. The classification of the outline of the upper border of the frontal sinus
Outline of upper border
Smooth /
Scalloped Scalloped  Scalloped  Scalloped  Scalloped  Scalloped
Sex  Side Absent S OPCCieh o with 3 with 4 with 5 with 6
with 1
arcades arcades arcades arcades arcades
arcade
n (%) n (%) n (%) n (%) n (%) n (%) n (%)

Right 3(7.90) 12(31.58) 13(34.21) 7(18.42) 2(526)  0(0.00)  1(2.63)

If]efa;g Left 2(5.26) 12(31.58) 11(28.95) 7(18.42) 5(13.16) 1(2.63)  0(0.00]
Chi-squared test R vs L p =0.6326

Right 2(6.46) 6(19.35) 9(29.04) 6(19.35) 5(16.13) 2(6.45)  1(3.22)

NNflgl Left  1(3.22) 5(16.13) 11(35.49) 4(12.91) 6(19.35) 3(9.68)  1(3.22)
Chi-squared test R vs L p = 0.9664

Right 5(7.25) 18(26.09) 22(31.88) 13(18.84] 7(10.14) 2(2.90)  2(2.90)

NT‘:aéQ Left  3(4.35) 17(24.64) 22(31.88) 11(15.94) 11(15.94) 4(5.80) 1 (1.45)
Chi-squared test R vs L p = 0.7499
Chi-squared test — sex differences p =0.1877

Table 3. The classification of the number of the partial septa

Number of partial septa

Sex Side N Absent 1 partial septum 2 partial septa 3 partial septa
n (%) n (%) n (%) n (%)

Right 35 28 (80.00) 4(11.43) 3(8.57) 0 (0.00)

Female Left 36 29 (80.55) 6(16.67) 1(2.78) 0(0.00)

N=36 pl 71 57 (80.28) 10 (14.09) 4 (5.63) 0 (0.00)
Chi-squared test R vs L p = 0.4957

Right 30 23 (76.67) 5(16.67) 1(3.33) 1(3.33)

Male  Left 31 20 (64.52) 7 (22.58) 2 (6.45) 2 (6.45)

N=3l Tl 61 43 (70.49) 12 (19.67) 3(4.92) 3(4.92)
Chi-squared test R vs L p = 0.7567

Right 65 51 (78.46) 9 (13.85) 4(6.15) 1(1.54)

Total  Left 67 49 (73.13) 13 (19.40) 3 (4.48) 2 (2.99)

N=67 ol 132 100 (75.76) 22 (16.67) 7 (5.30) 3(2.27)
Chi-squared test R vs L p = 0.8408
Chi-squared test — sex differences p = 0.2333
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The lack of significant sex differences
suggests that the morphological features
of the frontal sinuses are not a good pre-
dictor of sex assessment, at least in the
Polish historical population.

Table 4 summarizes the descriptive
statistics for sinus measurements and
p-values for Student’s t-tests, which was
used to compare the significance of differ-

ences between the sides and sexes. Prior
to the test, the normality of distribution
was established. The results indicate the
absence of any statistically significant dif-
ferences between the body sides in terms
of height, width, and area. In turn, statisti-
cally significant differences were observed
between sexes, among all measurements
except for the width of the left FS.

Table 4. Range of variability and mean values of the FS frontal view for females, males, and both sexes

combined
Student’s
Sex t-test — sex
differences
Measurements Female Male Total
Mean Mean Mean
n  Range (SD) n  Range (SD) n Range (SD)
6.64- 2113 5.67-  26.94 5.67- 2386
WES Rimm] 35 555 (763) 2 4131 (7.52) ©* 4131 (303 P 0004
5.84—  23.15 8.87- 2657 5.84- 2471 ~
WES Lmm] 36,576 (gas) 30 5118 (1036) % 5118 (045 P =014
Student’s t-test
S e p = 0.3385 p=08751 p = 0.5849
0.87- 1145 143~ 14.87 0.87- 1300
HES R[mm] 35 oo (581) 2 3015 (549) °* 3015 (588 P =0:019
21— 1241 294~ 1615 212- 1411 -
HFS Limm| 36 5155 (492) 30 3506 (773) ©° 3526 (657) P = 0020
Student’s t-test _ _ _
S p=023133 p = 0.4688 p=023138
0.70-  19.95 0.59-  30.28 059- 2472
2 =
AFS R[mm?] 35 5., (1376) 2% 6684 (1490) °* 6684 (1510 P =0005
0.86-  23.29 195~ 34.76 0.86- 2841
2 —
AFS Limm?] 36 ;oae (1a01) 30 oa10 (2344) ©0 oa10 (1951 P =0017
Student’s t-test p = 0.4559 p =0.3833 p =0.2298

- AFSRvsL

WES_R - width of the right frontal sinus; WFS_L — width of the left frontal sinus; HFS R - height of the
right frontal sinus; HFS L - height of the left frontal sinus; AFS R - area of the right frontal sinus;
AFS L - the area of the left frontal sinus; WFS — width of the frontal sinus; HFS - the height of the
frontal sinus; AFS — the area of the left frontal sinus
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The asymmetry index (AI) was calcu-
lated according to Szilvassy (1974, 1982)
and Tang et al. (2009). Descriptive statis-
tics and the evaluation of differences in
the mean AI value between the sexes are
summarized in Table 5. The average values
of height-width indices are very similar for
both sexes and indicate the lack of asym-
metry in both the female sample (72.19
WES AI and 37.01 HFS.AI) and the male
sample (77.33 WES Al and 69.33 HFS Al).
Slightly lower average values were obtained
for the area index (60.13 AFS Al in women
and 58.68 AFS Al in men). No statistically
significant differences between males and
females were found in mean Al values for
all the measurements analyzed.

Table 6 summarizes the descriptive
statistics for sinus measurements along
with p—values for Student’s t-tests, which
was used to determine whether there
were significant sex differences. Prior to
the test, the normality of distribution
and the ratio of FS height and depth
(Frontal Sinus Index — FSI) was calculat-

Table 5. Asymmetry index (AI)

ed. The results indicated no significant
sex differences in FS height and frontal
sinus index (FSI). In contrast, significant
differences were found for FS depth (DFS)
and FS area (AFS) measurements.

In the next part of the study, a sim-
ple logistic regression model was built
based on different variables presented in
Table 7. In the case of osteological ma-
terials, damage to the squamous part of
a frontal bone is often observed, which
may result in the inability to perform all
required measurements. When consid-
ering the potential fragmentation of the
frontal bone in the supraorbital region,
we decided to present the results for sin-
gle variables, which may be more useful
in the daily work of anthropologists.

The accuracy rate for classifying fe-
males and males ranged from 59.09% to
69.57%. The model shows that the fron-
tal sinus area in the lateral view (69.57%)
and the height of the left frontal sinus in
the frontal view (68.18%) are the most
suitable regressors for sex determination.

Sex
IN Female Male Total
n Range Mean n Range Mean n Range Mean
8 (SD) & (sD) 8 (SD)
24.06-  72.19 25.15-  77.33 24.06-  74.55
WES AL 33 9505 (18.63) 2% 9903 (1806 °' 9903  (18.40)
Student’s t-test — _
WES Al p=0534
7.84-  73.01 18.03-  69.33 7.84-  71.32
HES Al 33 9904 (2554) 28 9931 (1925 ' 9931 (2276
Student’s t-test — _
HEFS Al p=0.280
310 60.13 4.68-  58.68 310 59.47
AFS AL 33 9967 (2781) 28 9297  (2344) ' 9967  (2570)
Student’s t-test — b= 0829

AFS Al

WES Al - asymmetry index of the frontal sinus width; HFS AI — asymmetry index of the frontal sinus
height; AFS Al — asymmetry index of the frontal sinus area



74

Kamil Mrozek, Justyna Marchewka, Beata Borowska, Alicja Budnik et al.

Table 6. Range of variability and mean values of the FS lateral view for females, males, and both sexes

combined
Sex
Measurements Female Male Total
Mean Mean Mean
n Range (SD) n Range (SD) n Range (SD

3.26— 7.39 3.35- 9.04 3.26— 8.15
DFS 37 1270 po3) 3 1683 (335 0 1683  (2.83)
Student’s t-test WES — _
sex differences p=0015

9.86— 23.21 4.09- 26.00 4.09- 24.51
HES 37 3579 (645 ¥ 4825 (865 0 4825  (7.62)
Student’s t-test HFS — _
sex differences p=0.131

2.33— 14.65 1.92— 19.61 1.92— 16.95
AFS 37 3065 (643) 32 4828 (1175 0 4828  (9.54)
Student’s t-test AFS —
sex differences p=10.030

1.29- 3.29 0.73- 3.05 0.73- 3.18
FSI 37 658 (109) 32 581 (106) 0 658  (1.08)
Student’s t-test FSI — p = 0367

sex differences

DFS - depth of the frontal sinus; HFS — height of the frontal sinus; AFS — area of the frontal sinus; FSI —
Frontal Sinus Index — the ratio of height and depth of the frontal sinus

Table 7. Simple logistic regression analysis of sex by different variables

Coeffi- -2 Log x for :ﬁ Zf);)rveirt-
Variables cient SE Wald valljue likeli- model vall)ue ed classifi-
hood fit cation
Frontal view
HFS R 1.1202 0.5028 4.9052 0.0267 41.2021  5.7552 0.0164 67.19
Constant -1.6601  0.7197 5.3202 0.0211
HES L 0.9658 0.4376 4.8701 0.0273  41.6604  5.6283 0.0177 68.18
Constant -1.5524  0.6723 5.3322 0.0209
WES R 1.0242 0.3879 6.9703 0.0082  39.8270  8.5055 0.0035 65.63
Constant -2.6713  0.9929 7.2387 0.0071
WES L 0.3984 0.2750 2.0987 0.1474 443781 2.1930 0.1386 59.09
Constant -1.1717  0.7301 2.5752  0.1085
AFS R 0.5124 0.1954 6.8715 0.0088  40.8203  8.0836 0.0045 63.08
Constant -1.4294  0.5537 6.6638 0.0098
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Coeffi- -2 Log . for :ﬁ Zf);)r‘c]sirt-
Variables cient SE Wald value l}ilkeli- model Va}ljue ed classifi-
ood fic cation
AFS L 0.3319 0.1470 5.0991 0.0239  41.7589  5.8361 0.0157 67.69
Constant -1.1634  0.4909 5.6176 0.0178
Total area 0.4091 0.1386 8.7157 0.0032  41.3680 10.5980 0.0011 67.65
Constant -2.2191  0.7300 9.2397 0.0024
Sinus Index -0.2117  0.2333 0.8233 0.3642 47.2218 0.8481 0.3571 59.42
Constant 0.5258 0.7750 0.4603 0.4975
Lateral view
HES 0.5069 0.3391 2.2341 0.1350 46.4587  2.3742 0.1234 63.77
Constant -1.3920  0.8721 2.5477 0.1105
DES 2.2836 0.9939 5.2790 0.0216  44.5877 6.1163 0.0134 65.22
Constant -2.0051  0.8416 5.6760 0.0172
AFS 0.5986 0.2889 4.3010 0.0381 45.2047  4.8823 0.0214 69.57
Constant -1.1572  0.5428 4.5456 0.0330

HFS R - height of the right frontal sinus; HFS L — height of the left frontal sinus; WFS_R — width of the
right frontal sinus; WES_L — width of the left frontal sinus; AFS R - area of the right frontal sinus;
AFS L - the area of the left frontal sinus; HFS - the height of the frontal sinus; DFS - depth of the
frontal sinus; AFS - the area of the left frontal sinus; SE — standard error of the mean

After applying a multivariate logistic
regression model for all measurements
of the frontal projection (including meas-
urements from both sides), the mean
correctness of the sex evaluation was
73.77% (y2 for model fit was 21.0510 at
p = 0.00703). Regarding measurements
performed in the lateral view, the mean
correctness of the sex evaluation was
68.11% (32 for model fit was 6.1494 at
p = 0.1046).

Therefore, including all measure-
ments in the frontal sinus morphom-
etry-based sex assessment regression
model generally increases its reliability
by slightly more than 5.5% to less than
15%. However, the use of all possible
measurements in the model does not
allow us to conclude whether the relia-
bility of the method itself increases sig-
nificantly.

Contrary to expectations and despite
obtaining statistically significant results,
the morphometry of the frontal sinuses
does not constitute a reliable sex discri-
minant in the skeletal series we exam-
ined.

Discussion

Numerous attempts have been made to
assess the usefulness of the upper border
morphology of the FS. In order to deter-
mine the dimorphic potential of the FS,
many researchers have evaluated the
accuracy rate of the frontal sinus index
(FSI) and area measurements in sex es-
timation (Yoshino et al. 1987; Riepert
et al. 2001; Christensem 2005; Camargo
et al. 2007; Goyal et al. 2013; Sai Kiran
et al. 2014; Luo et al. 2018; Almeida Pra-
do et al. 2021; Thottungal et al. 2024).



76 Kamil Mrozek, Justyna Marchewka, Beata Borowska, Alicja Budnik et al.

In this study, we aimed to compare the
morphology of the sinuses in males and fe-
males and to determine whether morpho-
metric differences can be used as an addi-
tional anthropological tool in determining
the skeletal sex of historical populations.

The frontal sinus may be absent or
even extend beyond the frontal region. In
the skeletal series analyzed, we observed
two male skulls with bilateral FS aplasia.
The typical configuration of FS features
two sinus cavities separated by a bony
septum, but variations in the number of
sinus cavities have been reported.

The typical FS configuration features
two sinus cavities separated by a bony
septum, but variations have been report-
ed regarding the number of sinus cavities
present. The FS may be absent or even
extend beyond the frontal region. The
presence of three or more sinus lobes
is considered to be quite rare (Phrabha-
karan et al. 1999), while some studies
suggest that double and triple (Schaeffer
1916; Agar et al. 2020), or even quadru-
ple and quintuple cavities (Cryer 1907)
are quite common.

In the present study, FSs were classi-
fied into four types of pneumatization.
The medium-sized FS type was the most
prevalent on both sides, both in males
and females (77.63% and 71.05% on the
right and left sides, respectively), which
is consistent with the results reported
by Guerram et al. (2014). In turn, Yazu-
ci (2019) reported that hyperplasia was
the most widespread type of FS in males,
while aplasia and hypoplasia were pre-
dominant in females. The predominance
of hyperplastic FS in males may be due to
their overall relative size.

In the analyzed skeletal series, we
observed two male skulls with bilateral
aplasia of the FS (2.63%). Studies indi-
cate that complete absence of FS oc-

curs in approximately 0-15% of adults
(Yoshino et al. 1987; Cakur et al. 2011;
Guerram et al. 2014; Belaldavar et al.
2014; Yuksel Aslier et al. 2016; Duzer
et al. 2017; Pajic et al. 2017; Luo et al.
2018; Butaric et al. 2020) and the rate
may vary between different geographic
groups, climate, extent of supraorbital
ridges, ancestry, cranial indices, or pres-
ence of a metopic suture (see, e.g., Ikeda
1980; Gulisano et al. 1987; Harris et al.
1987; Donald et al. 1994; Christensen
and Hatch 2018). An interesting case of
high percentages of aplasia was observed
in the Alaskan Inuit population: 36% of
females and 25% of males (Duzer et al.
2017) and the Canadian Inuit popula-
tion: 40% of females and 43% of males
(Hanson and Owsley 1980).

In the present study, the upper bor-
der of the frontal sinuses scalloped with
two arcades was the most frequent type
of morphology, both in females and males
(31.88% total), while Yoshino et al. (1987)
reported FS smooth or scalloped FS with
one arcade as the most frequent in the
Japanese population. In turn, in Tang
et al. (2009) the most frequently record-
ed FS type was scalloped with two arcades
on the left side (26.7%) and scalloped with
three arcades on the right side (27.3%).
These discrepancies are probably due to
population or geographical differences.

The study by Yoshino et al. (1987)
and Luo et al. (2018) and our findings
suggest the absence of a partial septum as
the most common morphological feature
in the populations studied or skeletal se-
ries. The authors also obtained similar
values for the FSI for women and men in
the lateral view.

Some researchers have attempted to
use morphometric diversity of the fron-
tal sinuses and frontal sinus indices to
assess sex (Goyal et al. 2013; Belaldavar
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et al. 2014; Sai Kiran et al. 2014; Michel
et al. 2015; Luo et al. 2018). Some stud-
ies showed a strong indication of a dif-
ference between groups of men and
women for most of the variables studied
(Belaldavar et al. 2014, our data). Some
studies indicated that single indicators,
such as width of frontal sine (Sai Kiran
et al. 2014), height and depth of frontal
sine (Hamed et al. 2014; Shamlou and
Tallman 2022), or total FS volume/area,
are the most discriminant (Michel et al.
2015). However, in most cases, the fron-
tal sinus index revealed statistically sig-
nificant sexual dimorphism (p > 0.05)
and was thought to be a comparatively
better indicator of sex determination.
According to Grummons et al. (1987),
ratios are more reliable compared to indi-
vidual absolute measurements because of
the inherent shortcomings of cephalome-
try, such as magnification.

According to a study by Tang et al.
(2009), the height and width asymme-
try index of bilateral frontal sinuses in
the Chinese Han population was slight-
ly higher (both height and width were in
the range of 80-100) compared to those
reported in this study (average 71.32 for
height and 74.55 for width). In our study
the height and width ratio was not sta-
tistically significant compared to individ-
ual measurements. This might be due
to variation between skeletal series, and
differences in the literature data in this
respect could be linked to the variability
of sexual dimorphism in different popula-
tions. However, some researchers argued
that although the FSI method was superi-
or to others, it had little potential because
it consistently produced a low percentage
of correct classifications, only slightly bet-
ter than individual measurements (Buck-
land-Wright 1970; Cameriere et al. 2005;
Goyal et al. 2013; Belaldavar et al. 2014).

All skulls in the present study had
asymmetric FS, which is attributable to
independent pneumatization process-
es of the right and left FS. According to
the literature, 85.7% of individuals ex-
hibit asymmetry of FS height and width:
50.1% have left-sided dominance and
35.6% have right-sided dominance while
the remaining 14.3% reveal symmetric
sinuses (Basic et al. 2004; Kanat et al.
2015). Larger left FSs in both sexes were
also recorded by Spaeth et al. (1997) and
Pondé et al. (2003) and was observed in
the present study for all three types of
pneumatization separately and for all
types combined.

Previous studies reported variation in
FS size depending on the individual’s sex
(Ruiz et al. 2004). Our results indicate
that all absolute means measurements
were higher/wider for male skulls, includ-
ing the FS area (both in frontal and lateral
view), but not all reached statistical signif-
icance. Buckland-Wright (1970) was one of
the first authors to report sex differences,
stating that the FSs in males were approx-
imately twice as large as in females. The
morphological differences in the crani-
um between the two sexes are considered
to be mainly caused by genetic factors,
more so than by nutritional, hormonal,
or muscular factors (Quatrehomme et al.
1996; Patil and Mody 2005), which can
explain why the FSs of men are on average
larger compared to those observed in
women (Szilvassy 1981).

In our study, statistically significant
differences were obtained for most mea-
surements in the frontal view (except for
the width of the left side) and for the depth
and the area of the frontal sine in the lat-
eral view. Similarly significant differences
between men and women in a variety of
metric (e.g., total volume, width, height,
depth, angle) and non-metric traits
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(bilateral asymmetry, sinus shape) were
obtained in several other studies (Kim
et al. 2013; Hamed et al. 2014; Michel
et al. 2015; Wanzeler et al. (2019).

In contrast, Yoshino et al. (1987) and
Cox et al. (2009), who also evaluated an-
teroposterior radiographs, found no sig-
nificant sexual dimorphism. Both studies
indicated a sceptical view regarding the
value of FS in sex assessment, suggesting
too high interindividual variability of the
sinuses.

Our results of the correct discrimi-
nation rate are within the range report-
ed by other researchers, i.e., 60.0-85.9%
(Camargo et al. 2007; Uthman et al.
2010; Goyal et al. 2013; Belaldavar et al.
2014; Hamed et al. 2014; Sai Kiran et al.
2014; Michel et al. 2015; Luo et al. 2018;
Almeida Prado et al. 2021).

Discriminant analysis reported by
Uthman et al. (2010) indicated the high-
est empirical values. The authors cor-
rectly predicted sex from FS in 76.9% of
the cases (in conjunction with skull mea-
surements, the overall accuracy rate was
85.9%). In the model reported by Uthman
et al. (2010), the height of the left sinus
was the best discriminating variable, fol-
lowed by the width of the right sinus.

It should be emphasized that the lower
average correct discrimination rate was ob-
tained based on morphological characteris-
tics such as the number of scallops on the
superior border of the sinuses, the number
of partial septa, and the unilateral/bilater-
al presence or absence of partial septa or
supraorbital cells. Higher values were ob-
tained based on metric measurements of
the height, width, and area of the FS.

In summary, FS provides an average
accuracy for estimating sex across dif-
ferent populations. This may be due to
their substantial morphological varia-
bility. Some researchers have suggested

that different populations express sexual
dimorphism by different patterns and to
different degrees, depending on variation
among proximate and ultimate mecha-
nisms, such as sexual selection, mating
patterns, variation in body size, eco-
nomic patterns, and non-economic role
patterns (Bastir et al. 2011). Populations
may show greater or lesser sexual dimor-
phism, translating into average male and
female morphology (Walker 2008). Thus,
some groups may reveal significant dif-
ferences, while in others those differenc-
es may not reach statistical significance.

A significant limitation of the present
study is the small sample size that might
be not enough to capture the complete
range of variation, as well as the fact that
the exact anatomy of the frontal sinus
may not be captured on radiographs due
to shot angle and distance, thus reducing
the reliability of research results using
cephalograms (Cameriere et al. 2005). In
general, the use of FSs for anthropological
purposes requires a certain degree of cau-
tion. Certain environmental factors, such
as hyperpneumatization caused by sport
activities, disease, trauma, post-mortem
changes, and differences in techniques
and radiographs such as distance, angle,
and orientation of the skull, can modify
the image of the frontal sinus, distorting
its anatomical features and morphomet-
ric analysis (Quatrehomme et al. 1996;
Cameriere et al. 2005).

Biological anthropology distinguish-
es between estimating sex by visually
examining skeletal features (nonmetric
methods) and using equations based on
skeletal dimensions (metric methods).
Growing concerns about the subjectivity
of nonmetric sex assessments have led
to the implementation of ordinal scor-
ing systems, statistical methods, and
the quantification of discrete trait mor-
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phology with geometric morphometric
techniques that examine shape differ-
ences (Ajanovié¢ et al. 2023). Metric sex
estimation is preferred due to the objec-
tivity associated with osteometric data,
but it is only possible if equations from
geographically and temporally appropri-
ate reference samples are available and if
the material is not fragmentary (Chova-
lopoulou et al. 2018).

Despite statistically significant differ-
ences in linear measurements and areas
of the FS between the sexes, our results
do not support the hypothesis of the use-
fulness of the frontal sinuses in assess-
ing the sex of historical skeletal mate-
rials. The accuracy rate obtained (from
59.09% to 69.57%) is insufficient. The
results of this paper suggest that frontal
sinuses may have limited application as
predictors of sex. The obtained values of
the correctness of the assessment are not
high, which allows us to conclude that,
when we have mixed bones (e.g., ossuar-
ies), the assessment is unreliable, in con-
trast to the promising results of work in
the field of forensic medicine.

In summary, the method of sex as-
sessment based on frontal sinus morpho-
metry, which has garnered great interest
in forensic medicine and forensic anthro-
pology, is not necessarily applicable to
the study of prehistoric populations.
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