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SUMMARY: The foramen magnum is an important topographic opening which connects cranial cavity and spinal canal. The
analysis of the bone material established that there are differences in the shape of the foramen magnum between inéiaiduaishish
study was to determine sex based on shape and size of foramen magnum using geometric morphometrics method. A studydvais performe
three-dimensional models (3D models) of 214 human skulls of known sex and known age (141 male skulls and 73 female skulls). The
are located at the museum of Medical Faculty, University of Sarajevo. Skulls belong to Bosnian population from the miueerentigt
All examined skulls were scanned with a laser scanner to obtain their 3D models. On 3D models of the examined skullsyaids land
were marked on foramen magnum. Analysis of sex determination was performed using the MorphoJ program. Results of thigdtudy sho
that there are sex differences in the shape and size of the foramen magnum. Sex determination based on the shapeediodestEnof th
magnum was showed 65.25 % accuracy for male and 63.01 % accuracy for female using geometric morphometrics method. Eikamination o
the effect of size of foramen magnum on sexual dimorphism of shape of foramen magnum showed a statistically significaex effect.
determination based just on the shape of foramen magnum using geometric morphometrics method was possible with 62.4¥d% accuracy
male and 58.90 % accuracy for female on examined sample. Sex differences on shape and size of foramen magnum were found using
geometric morphometrics method on three-dimensional models of the examined skulls. The percentage of accuracy was Hegher for ma
based on the shape and size of the foramen magnum than for female.
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INTRODUCTION

The foramen magnum is an important topographigvadadinet al, 2017). Foramen magnum is protected by
space that connects the cranial cavity with the spinal cansbft tissue, it is well preserved anatomical position (Gapert
Through the foramen magnum the intracranial part of thet al, 2009) in case of mass catastrophes, fire damage or
central nervous system continues to the extra cranial pertltiple bone fractures. Therefore, foramen magnum is
(Samaraet al, 2017). Topographically, near the foramenmportant for sex determination (Ajanovic & Sarac-
magnum is a part of the central nervous system that contaitadzihalilovic, 2019).
the reflex center for breathing and heart function, and inju-
ries in the area of the foramen magnum can be fatal to In the research of skeletal remains, it is necessary to
patients. Knowledge of the anatomy of the foramen magnutnow the existence of population differences. Population
includes interests to many fields of medicine. standards are determined that show the highest degree of

accurate for sex determination if applied to the population

Knowing the sex differences of the foramen magnuriiom which was tested sample (Sarac-Hadzihaliletial
is important for sex determination in forensic medicin@020).
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There are several methods used to sex determinatidifferent groups of the Indian population using discriminant
based on skeletal remains. Classical methods are qualitatwelysis. The authors measured sagittal diameter, transverse
methods or quantitative methods. Qualitative methods adeameter, surface area, FMI, and foramen magnum
subjective and descriptive methods. Quantitative methodscumference. The foramen magnum area was the best
are based on measuring linear diameters on skeletal remaliscriminant parameter used in this study to determine sex
or on CT scans, as well as radiographic images of skeletdth an overall accuracy of 90.9 %.
remains or part of skeletal remains. (Sarac-Hadzihalilovic
et al, 2021). The authors analysed the morphological differences

of the foramen magnum as well as the differences in size.

In literature we can find studies which used classicdlhne most common forms of foramen magnum in the study
methods for analysis of sex differences of skeletal remaingere round (22.6 % of cases), egg shape (18.9 % of cases),

tetragonal (18.9 % of cases), oval (15.1 % of cases) and

Vinutha & Shubha (2016) used classical methodgregular (15.1 %). The mean antero-posterior and transverse
for analysis of sexual differences of the foramen magnudiameter of the foramen magnum was determined as 31
on skulls from the Indian population. The authors concludéti4 mm and 25.2 2.4 mm, respectively. This study
that all measured diameters were significantly greater in maletermined the various shapes of foramen magnum and its
skulls than in female skulls, while the oval shape of the fonorphometry. The data obtained may be useful for
ramen magnum dominated in both sexes. The autharsurosurgeons in the analysis of the morphological anatomy
concluded that the data obtained may be useful to tbé craniovertebral junction, for anthropologists,
neurosurgeons (Vinutha & Shubh, 2016). morphologists and clinical anatomists (Chetbeal, 2012).

In the study provided by Burdahal (2012) founded Meral et al. (2020) conducted study of sexual
a significant positive correlation between length and widtlimorphism of foramen magnum on human skulls from
of the foramen magnum and length and width of the skullurkish population. They analysed 600 (300 males and 300
Significant correlations were observed between foramdemales) Computerized Tomography (CT) images of Turkish
magnum width and corresponding external cranial diametemslividuals between 21 and 50 years. They measured four
in women. Round shape, as well as longitudinal and horireasurements on CT images of foramen magnum. All
zontal oval types of foramen magnum shape were determinagéasurements were significantly greater in males than in
according to structure width/length index. All measurementemales, and they provided the higher sex determination
of the skull and foramen magnum were significantly greateiccuracy. The area of the foramen magnum calculated by
in individuals of the round type foramen magnum. SeRadinsky's formula was the best measurement for sex
differences were found between the examined individualdetermination in this study with a 75 % accuracy. Authors
It mainly referred to its linear diameters and area, not in tleencluded that the CT images of foramen magnum showed
shape of foramen magnum. Unlike men, female skulls hadexual dimorphism in Turkish population. They concluded
higher correlation between examined foramen magnuthat the use of population-specific data is the most
parameters and correct external measurements of the skayipropriate approach for sex assessment.
indicating more homogeneous growth in women.

Ulcayet al. (2022) analysed the coefficient between

Chovalopoulou & Bertsatos (2017) investigated thekull length and foramen magnum length, as well as the
sexual dimorphism of the foramen magnum and occipitabefficient between skull width and foramen magnum width
condyles in a sample from the Modern Greek populatiamn a sample of 60 adult skulls from the Turkish population.
using discriminant functional analysis. The study include@ihe average of the coefficients of cranial width to width of
154 adult skulls (77 male and 77 female) on which fbramen magnum ratio (4.620.35) and the average of the
parameters were examined (4 on foramen magnum and 3ocoefficients of cranial length to the length of foramen
occipital condyles). The result of research showed that theagnum ratio (4.62 0.50) were found and to be equal to
mean values of all parameters are higher in male skulls theach other. Authors suggested that foramen magnum width
in female skulls. The combination of occipital condyleand its length could be estimated by using the cranial length
parameters with discriminant functional analysis in this studynd cranial width measurements in the skull by accepting
enabled sex determination with 74 % accuracy in all casé¢ise mean of these coefficients (4.62) as the golden ratio.

Gargiet al (2018) in their study conducted on 110 New method for analysis of morphological
CBCT scans (55 men and 55 women, 20-80 years) examirtiflerences is geometric morphometrics method. Geometric
sexual dimorphism of foramen magnum between twmorphometrics method is a new method for analysis of
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morphological differences of the examined structures. It is The presence of morphological differences between
based on the use of landmarks that are distributed on surfage or more investigated groups was analysed using
of the examined structures in clearly defined space, on dlscriminant functional analysis (DFA). In our study, the
examined sample. These points are the shapes defineg@sence of differences in the shape and size of the foramen
aligned landmark configurations. The aims of geometrimagnum between male and female skulls was analysed using
morphometrics method is to reveal differences betwed@FA.
morphological objects by their shapes as such, the "size fac-
tor" being excluded (Pavlinoet al, 2001).
MATERIAL AND METHOD
Geometric morphometrics method was used in
studies for analysis of sexual dimorphism of skeletal system
or parts of the skeletal systems. There are numerous studies  Our study was based on three-dimensional models
which used geometric morphometrics method for analys8D) of 214 human skulls from Bosnian population (141
of sexual dimorphism of craniofacial region of human skullsiales, and 73 female skulls). Three-dimensional models
in different populations. of the examined skulls was obtained using a laser scanner
(hp Pro S2). On 3D of the examined skulls, we marked
Franklinet al (2006) in their study conducted on thdandmarks on foramen magnum for its size and shape
crania of indigenous southern Africans used geometranalysis. On each 3D model, we marked four landmarks
morphometrics method for analysis of sexual dimorphisn{Table 1), two non-paired, and one paired in the Landmark
editor program. Data about the position of landmarks we
Sarac-Hadzihalilovieet al (2021) used geometric export from landmark editor program as NTSys file and
morphometrics method for analysis of sex differences amport in the MorphoJ program. MorphoJ program
piriform aperture of human skulls. contained statistical tests for analysis of morphological
differences of foramen magnum.
The geometric morphometrics method is a technique
has been of great value in many biological studies, but dogsble I. List of landmarks marked on the foramen magnum.

not appear to have been used to examine sex based on foflzendmarks Position
men magnum of human skulls. Basion Point on anterior margin of foramen
magnum
The aims of this study was to determine sex basedpisthion Point on posterior margin of foramen
on foramen magnum using geometric morphometrics method maghum
on tested sample from Bosnian population. Foraminolaterale =~ Most lateral point on foramen magnum

Statistical analysis:Examination of the sexual dimorphismRESULTS
of the foramen magnum was performed using geometric
morphometrics on three-dimensional models of the examined
skulls contained in MorphoJ program (Klingenberg, 2014). Determination of morphological differences between
Geometric morphometry enables the analysis of differencesxes was investigated using geometric morphometrics
in the shape and size of the examined structures, as welbaslysis by statistical tests contained in MorphoJ program.
the examination of whether the observed differences aP€1 which describes the largest percentage of present
statistically significant. Procrustean superimposition with theariability described 40.398 % of variability. Total variability
processes of scaling, centering and rotation, all examingD0 %) was described by first three PC (Table II).
structures placed in the point of origin-“zero” point of the
coordinate system, which enables further analysis of Figure 1 showed a clear separation in the form of the
morphological differences. Principal component analysioramen magnum between males and females (Difference
(PCA) highlights statistically significant differences in shapbetween means: Procrustes distance: 0.03171698,
between the examined structures. The first principdahalanobis distance: 0.7329, T-square: 25.8384, P-value:
component (PC1) describes the largest percentage of prese@001 P-value).
variability.
Table 11l and Figure 2 showed results of DFA which

Multivariate regression analysis (RA) is used tanvestigated accuracy of sex estimation based on form of
analyse the influence of size on the shape of the examirfedamen magnum.
structures.
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Table Il. Eigenvalues and percentage from PCA of foramen Results of regression analysis which investigated
magnum form variability. effect of size of foramen magnum on its shape, was presented
PC Eigenvalues Percentage of  Cumulative in Figure 3. Effect of size was 3.2681 % and have statistical
variability % Pef,cegl,tl{‘ge ;f significance on sex dimorphism of the shape of foramen
vaniabifity 7o magnum (p= 0.0005).
L. 0.00325091 40.398 40.398
i' 8'88?3%5 ;gg;i 1707(')206090 Table IV and Figure 4 showed results of DFA which
i i i ’ investigated accuracy of sex estimation based on shape of
foramen magnum.
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Fig. 1. Scatter plots of the first two principal components (PC_ Centroid Size
and PC2) of the specimens separated by sexes (males is markelipy3. Regression analysis of the effect of foramen magnum size
blue color, females is marked by pink color). on sex dimorphism of its shape.

Table IIl. Sex estimation accuracy based on form of the foramemble IV. Sex estimation accuracy based on the shape of the fora-

magnum. men magnum.
Sex estimation Totd Sex estimation Total
Sex  Male 92 49 141 Sex Male 88 53 141
Female 27 46 73 Female 30 43 73
Total 119 95 214 Totd 118 96 214
> : :
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Fig. 2. Histograms of DFA of sex dimorphism of form of the foraFig_ 4. Histograms of DFA of sex dimorphism of foramen magnum

m?n magnum. Males is colored by blue color, females by pidhape. Males is colored by blue color, females by pink color.
color.
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DISCUSSION of foramen magnumon 100 dyry skulls know sex. The
univariate discriminant functions showed an accuracy between
56.0-62.0 %, and the multivariate analysis showed a percentage

In our study we analysed sexual dimorphism of forasf accuracy between 60.0-65.0 % in their study. The greatest
men magnum using geometric morphometrics method. Thecuracy was found combining the two linear diameters with
analysis of sex differences of foramen magnum was performét.7 % accuracy.

on three-dimensional models of 214 human skulls of known

sex and known age. The results of the study showed thatthere Jaitleyet al (2016) in their research analyzed sexual

are sex differences in the form of foramen magnum (shagenorphism of foramen magnum using cone beam computed

and size of the foramen magnum). Sex determination bagedography. Authors measured sagittal diameter, transverse
on the form of the foramen magnum was showed with 65.2bameter, calculated area and circumference of foramen

% accuracy for males and with 63.01 % accuracy for femalesagnum. Results of discriminant analysis showed that sex

using geometric morphometrics method. Examination of treetermination was possible with 72 % accuracy in their study.

effect of size of foramen magnum on sexual dimorphism of

its shape showed a statistically significant effect. Sex Pireset al (2016) in study conducted on dry skulls

determination based on the shape of the foramen magnémom Brasilian population used qualitative and quantitative

using geometric morphometric method on three-dimensionalethods for analysis of foramen magnum. They calculated
models of the examined skulls was possible with 62.41 #ean values of sagittal and transverse diameter od foramen
accuracy for males and 58.9 % accuracy for females. magnum and concluded that most common shape of foramen
magnum was oval.
We compared our results with results of other authors

that analysed sex differences of human foramen magnum. Raikaret al (2016) analyzed sexual dimorphism of

foramen magnum in the South Indian population using digital
Agarwal et al (2021) in their study analyzed sexsubmentovertex radiographs. Authors measured sagittal
differences of foramen magnum on 130 radiological imageBameter, transverse diameter, calculated area and

(65 males and 65 females) using two metric traits. Thegircumference of foramen magnum. They concluded that all

measured antero-posterior diameter and transverse diamgi@rameters were greater in males than in females. The most

of foramen magnum. They calculated area of the foramenmmon shape was an egg shape while hexagonal was the
magnum using these two metric traits. When used individuallgast common morphology. Accuracy for sex determination
transverse diameter had highest predictive value in their studygas 67.3 % what is similar with our results.

67.7 % accuracy, which is similar whith our results (Agarwal

et al, 2021). Samareet al (2017) in study conducted on computed
tomography images individuals from Jordanian population

Chandekart al (2017) in their study analyzed sexanalysed foramen magnum. They measured sagittal diameter,
differences of foramen magnum on dry skulls from Vidarbhaansverse diameter, as well as they calculated foramen

Region, India. They measured two linear diameters (antenmagnum index, and analysed shape of foramen magnum.

posterior and transverse diameter) on the foramen magniResults showed that the diameters were significantly different

and they concluded that mean values for both was lesselbigtween sexes, and most common shape of foramen magnum
female than in male. was irregular.

Karemet al (2019) provided study about sexual In their study Sharmat al. (2015) and Singlet al
dimorphism of foramen magnum on CT scans of patients fro(@019) analyzed morphometric characteristics and variation
Sulaimani population, Iraq. Sagittal diameter, transversa shape of the foramen magnum on dry skulls of unknown
diameter, calculated the area, index, and circumference of foemge and sex analysed. They concluded that knowledge of
men magnum were measured. Authors concluded that womexistence of different shape of foramen magnum is important
had a lower average value than men. Regarding sé¢ morphological anatomy of craniovertebral junction in
determination, the predictability of the dimensions in sexing theanscondylar approach for brain stem lesion.
crania for sagittal diameter, transverse diameter, and area of fo-
ramen was respectively 76.0 %, 66.0 %, and 74.0 % accuracy. Tellioglu et al (2018) analysed sexual differences of

foramen magnum on CT scans of 100 patients. Sex

Lopez-Cappet al (2018) analyzed sexual dimorphismdetermination in their study was possible with 64 % accuracy
of foramen magnum on sample from Brasilian populatiofor women, 70 % accuracy for men and 67 % accuracy for
using two metric traits and calculating area and circumferenbeth sexes what is similar with our results.
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