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Abstract

radiologists blinded to the study.

Background: Human identification is of a paramount forensic concern. It includes sex determination which becomes
extremely complex and tricky especially in fragmentary remains.

Purpose of the study: We aimed to evaluate the accuracy of ten dimensions of foramen magnum (FM) and occipital
condyles in determination of sex among 367 subjects (204 females and 163 males), their ages ranged between
18-75 years. Multislice Computed Tomography images of skulls of the studied patients were obtained from the
Radiology Department. Ten different anatomical variables of the FM were measured by two independent experienced

Results: FM dimensions are unique and show significant sexual dimorphism in the studied Egyptian population
especially with application of discriminant function analysis. These landmarks include foramen magnum length and
width (FML, FMW), FM index, FM area, length of the right and left occipital condyles (LROC, LLOC), width of the right
occipital condyle (WROC), maximum bicondylar distance (MBD) and minimum intercondylar distance (MnICD). LROC
and FMW are highly significant discriminating variables predicting sex.

Conclusions: It is concluded that all the studied FM parameters showed significant differences between males and
females except the left occipital condylar width with higher male values when compared to females. Additionally, the
right occipital condylar length and FM width are highly significant discriminating variables which are strongly beneficial
in prediction of sex. FM dimensions would provide a reliable additional tool for identification of sex among adult
population and could be specific for Egyptians in case of fragmentary remains or damaged skulls.
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Introduction

Sex determination is an essential biological trait of hu-
man identification process which becomes extremely
complex and tricky in case of dispersed and fragmentary
remains especially with minimum forensic evidence
(Tambawala et al.,, 2016). In forensic context, sexual de-
termination is directly related to the quantity and quality
of bone remains. The more bones available, the better
opportunity will be for reliable sex assessment results
(Gonzélez-Colmenares et al.,, 2019). With intact corpse,
sex can be determined based on the morphological char-
acteristics of the pelvis with about 95% accuracy,
followed by 92% for the cranium (Ekizoglu et al., 2016);
meanwhile, with fragmented corpse, sex estimation will
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be more challenging and based on different bony parts
(Toneva et al., 2018).

The most reliable sexually dimorphic bones of the human
skeleton are the innominate bones (Tambawala et al.,, 2016).
From a forensic point of view, the basicranium has a resistant
nature and is a commonly preserved part of human skeleton
in disastrous injuries or due to the effects of inhumation and
taphonomic processes compared to other craniofacial bones
owing to its distinguishable location in the base of the skull,
its thickness and the large volume of soft tissues covering it
(Chovalopoulou & Bertsatos, 2017). One of the important
landmarks of the basicranium is the Foramen Magnum (FM)
that attracted considerable interest and has various scientific
and legal applications especially in sexual dimorphism mainly
in the context of having significantly large number of frag-
mentary remains such as victims of mass disasters or with
decomposed skeletonized bodies (Toneva et al., 2018).
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Radiologically, the skull is one of the most useful
bones for accurate morphometric determination of sex.
The use of radiological methods such as X-ray, com-
puted tomography (CT) and magnetic resonance im-
aging, is striking and provides data that is consistent
with measurements derived through using calipers in es-
timation of dry skull diameters (Zheng et al., 2018).
Previous morphometric cranial analyses using CT im-
aging measuring the accuracy rates have been conducted
in different populations (Ekizoglu et al, 2016;
Chovalopoulou & Bertsatos, 2017; RaghavendraBabu
et al., 2012; Edwards et al, 2013; Abdel-Karim et al,
2015; Omer et al, 2015; Tellioglu et al., 2018; Vidisha
et al.,, 2019).

Despite its forensic potential in the identification of
skeletal remains, only a few morphometric studies of
the foramen magnum region have been published so
far in the Arab region (Madadin et al., 2017).To the
best of our knowledge, there is very scarce data re-
garding dimensions of foramen magnum in the Egyp-
tian population. Those studies included a small
unrepresentative sample size and did not investigate
the whole FM metric parameters. Thus, the aim of
this work is to assess the accuracy of foramen mag-
num dimensions to determine sexual dimorphism in a
sample of Egyptian population, and to build a reliable
discriminant function tool for sex estimation when
only a fragment of base of the skull is brought for
identification of adult population using CT radio-
logical scanning.

Material & methods:

Study population

The work is a retrospective study which comprised
the analysis of cranial CT images. They were enrolled
with patients records and were randomly collected
from the database registered at the Radiology depart-
ment during the period between January 2018 and
December 2018.

Inclusion criteria

a.  Normal scans of human skulls (18-75 years of both
sexes and matched ages) for those who had computed
tomography for various diagnostic medical or surgical
indications.

b. High quality reconstructed CT images.

Exclusion criteria

a. Low quality blurred images or those with artifacts
and those do not cover the entire extent of the
foramen magnum.
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b. Scans of subjects with history of trauma, surgery or,
any other pathological abnormalities either
congenital or with acquired focal brain lesions that
may be causing deformities in the skull base region.

Ethical consideration

The study was approved by the Institutional Review
Board of Mansoura University (R/18.03.107), Faculty of
Medicine.

Imaging procedure

Multislice Computed Tomography (MSCT) scans of
the skull (bone window) were retrieved from the data-
base of the Radiology department. All MSCT images
were prescribed by GE optima 16 slice,USA),and the
digital images were obtained at 120 kV, 300 mA, with
an exposure time of 12 s. The field of examination
wasl2 cm (0.5 per slice); using Optima CT 520 series
(14BW25.15_SP1-9-1KL_S_KLDOD16_G_HLT) soft-
ware. A bone preset was used to emphasize the bone
details in the image; the window width was automat-
ically set to 800.0 and the window center to
600.0.The occipital condyles and foramen magnum
were viewed in the axial plane at a level horizontal to
that of the image window. A slab thickness of 10.0
mm was applied to incorporate the series of CT im-
ages taken to the foramen magnum and to allow the
points of maximum distance along the length and
width of the feature to be established.

Methods

Cranial measurements of foramen magnum and occipital
condyles

The following descriptive and metric measurements
(as shown in Fig. 1) were taken (in cm.) according to
Uysal et al. (2005) and Chovalopoulou and Bertsatos
(2017).

1. Maximum internal length of the foramen
magnum (FML) measured in an anteroposterior
direction along the principal axis of the FM in
mid-sagittal plane (the basion—opisthion
distance).

2. Maximum internal width of the foramen
magnum (FMW) measured approximately
perpendicular to the FML and recorded at the
widest transverse diameter of the FM (the
greatest distance between the lateral borders of
the foramen magnum; perpendicular to the mid-
sagittal plane).

3. The measured length and width will be inserted
into two different reported formulae to estimate:
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Fig. 1 CT scan images of foramen magnum (FM) showing the studied parameters in axial cross sectional views: (A) bony window of the FM and
occipital condyles; (B) shows the length and width of occipital condyles on both sides; (C) shows the length and width of FM; (D) shows

maximum bicondylar distance and minimum intercondylar distance

e The foramen magnum index (FMI), it is the
quotient of the anteroposterior and transverse
diameters; FMI = WFM/LFM X 100.

e The foramen magnum area (FMA), according to
Routal et al. (1984): Area=% Xt X FML X FMW.

4. The maximum length of the right occipital condyle
(LROC): measured along the long axis from the
edges of the articular surface.

5. The maximum length of the left occipital condyle
(LLOC): measured along the long axis from the
edges of the articular surface.

6. The maximum width of the right occipital condyle
(WROC): measured from the articular edges along
a line perpendicular to the long axis.

7. The maximum width of the left occipital condyle
(WLOC): measured from the articular edges along a
line perpendicular to the long axis.

8. Maximum bicondylar distance (MBD): The distance
between the lateral edges of the articular surfaces of the
condyles.

9. Minimum intercondylar distance (MnICD): direct
distance from the most medial point on the margin
of the left occipital condyle to the most medial
point on the margin of the right occipital condyle.

Measurements of chosen variables:

The skull base was scanned using MSCT-GE optima
at 120 kV. The measurements were taken from axial
plane cuts (bone window) with high resolution
oblique MPR (multi-planar resolution) images using
Optima CT 520 series (14BW25.15_SP1-9-1KL_S_
KLDOD16_G_HLT) software. The measurements were
recorded by two independent experienced radiologists;
both were blinded to the details of age and sex of the
subjects.

Statistical analyses

Data were analyzed using the Statistical Package of
Social Science (SPSS) program for Windows (Standard
version 21). The normality of data was tested with one-



Abo El-Atta et al. Egyptian Journal of Forensic Sciences (2020) 10:1

sample Kolmogorov-Smirnov test. Continuous variables
were presented as mean + SD (standard deviation). The
two groups were compared with student-t test while
paired t-test was used to compare paired groups. Correl-
ation between all measured FM dimensions was ana-
lyzed by Pearson test.

Sensitivity and specificity at different cut off points
were tested by ROC curve. Significant variables on uni-
variate analysis were entered into Logistic regression
model or using enter technique test to predict the most
significant determinants and to control for possible in-
teractions and confounding effects. Fisher's linear and
canonical discriminate functions analysis were per-
formed to identify sex predictor variables. Coefficients
and constants were calculated to derive discriminate
function equation. We adopted this parameter for the
stepwise method as it was considered to be the most ef-
fective for distinguishing two groups. A sectioning point
was calculated by adding the two group centroids and
dividing by two to discriminate between the sexes. A
'leave-one-out' classification was performed to measure
the effectiveness of the functions. This classified each in-
dividual parameter by the functions derived from all
cases other than that case itself and thus cross validated
the accuracy of measurements to either male or female.
The results were considered significant when p-value is
< 0.05.
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Results

Computed tomography scans of a total number of 367
adult subjects were eligible for inclusion in the study.
They comprised 163 males and 204 females with their
ages ranged between 18-75 years. All data were nor-
mally distributed according to Shapiro-Wilk test. As
shown in Tables (1 and 2), significant differences were
found between male and females as regard all studied
foramen magnum parameters (p“0.05) except LOCW.
Paired t-test was conducted to ascertain whether any bi-
lateral asymmetry exists regarding the dimensions of the
occipital condyles for sex differentiation, ROCW, LOCW
showed significant differences in both males and females
while ROCL and LOCL were significantly different in fe-
males. Additionally, OCL showed insignificant differ-
ences in males.

Pearson's correlation was applied for all craniometric
measurements among both sexes. Tables (3 and 4)
showed the strongest and the weakest correlations be-
tween different craniometric parameters. In both sexes,
the strongest correlations were found between FMW/
FMA and FML/FMA (r= 0.842, 0.869 respectively in
males; r= 0.899, 0.903 respectively in females).

As illustrated in Fig. 2, receiver operating characteris-
tic curve was applied to examine the predictability of
each variable in estimation of sex. ROCL, FMW, FMA
demonstrated strong potential to predict sex (0.725,

Table 1 Sex differences of foramen magnum and occipital condyles dimensions among the studied Egyptian population (n=367)

Variables Male (n=163) Female (n=204) Student p-value
(cm) Mean + SD Min-Max Mean + SD Min-Max test

ROCW 1.16+0.13 0.84-148 1.11£0.14 0.80-1.49 339 0.001*
LOCW 1.12+0.13 0.77-1.41 1.13£0.12 0.73-143 0.691 0490
Paired t* =369 p=<0.001* t=2.02 p=0.045* - -

ROCL 2.08+0.24 1.53-2.88 1.89£0.25 1.25-3.07 743 <0.001*
LOCL 207+0.24 1.09-2.64 1.97+0.22 1.36-2.52 4.16 <0.001*
Paired t* t=0.450 p=0.653 t=5.12 p=<0.001* - -

MBD 2.89+0.59 1.34-5.35 2724049 1.82-4.77 301 0.003*
MnICD 1.54+0.90 0.76-9.11 1.37£0.31 0.70-2.23 262 0.009*
FMW 3.15+0.26 2.25-3.85 2.99+0.27 245-3.85 561 <0.001*
FML 3.68+0.33 2.55-5.19 3574033 2.82-4.69 3.12 0.002%
FMI 1174541035 92.43-158.9 119.85+9.38 86.59-163.99 2326 0.021*
FMA 9.12£1.34 4.50-15.69 843£142 5.82-13.18 4.761 <0.001*
Variables(mm)

FMW 315426 22.5-385 299427 24.5-385

FML 36.8£3.3 255-519 357433 28.2-46.9

FMI 85.60+10.35 88.24-74.18 83.75+£9.38 82.09-86.88

FMA 910.0+134.1 397.4-1569.0 838.0+142.1 5424-14174

SD: Standard deviation, cm: centimeter, Min: minimum, Max: maximum, ROCW: Right occipital condylar width, LOCW: Left occipital condylar width, ROCL: Right
occipital condylar length, LOCL: Left occipital condylar length,MBD: Maximum intercondylar distance,MnICD: Minimum intercondylar distance, FMW: Foramen
magnum width, FML: Foramen magnum length, FMI: Foramen magnum index, FMA: Foramen magnum area, * Paired-t comparing right to left, *significant p <0.05.
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Table 2 Mean differences of the craniometric parameters of
foramen magnum and occipital condyles between males and
females among the studied Egyptian population (n=367)

Variables ~ Male (n=163) Std. Female (n=204) Std.
95% Cl error 95% Cl error
Lower  Upper Lower Upper
ROCW 1.1385 1.1808  .01072 1.0905 1.1291 00981
ROCL 20414 21165 01901 1.8530 1.9226 01765
LOCW 1.0995 11395 01014 1.1115 1.1453 00856
LOCL 20325 21071 01887 1.9400 2.0004 01534
MnICD 14043 16847 07101 1.3225 1.4083 02176
MBD 28066 29913 04675 26552 27935 03507
FMW 31073 31872 02024 29512 3.0261 01899
FML 36340 37366  .02596  3.5259 3.6191 02363
FMI 11585 11905 81099 118552 121162 66005
FMA 89149 93316  .10551 82283 86238 .10029

Cl: confidence interval ,Std: standard, ROCW: right occipital condylar width,
ROCL: right occipital condylar length, LOCW: left occipital condylar width,
LOCL: left occipital condylar length,MnICD: minimum intercondylar distance,
MBD: maximum intercondylar distance, FMW: foramen magnum width, FML:
foramen magnum length, FMI: foramen magnum index, FMA: foramen
magnum area.
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0.682, 0.664 respectively); with accuracy up to 67%,
61.3% and 61.4% respectively.

Table 5 showed the regression analysis done to the
estimated parameters. First, univariate regression
analysis was applied and it was found that ROCL (OR=
26.2); ROCW (OR= 13.2); FMW (OR= 9.35) are the
most independent measurements for prediction of male
sex. On entering the significant variables into a step-
wise discriminant function analysis, multivariate regres-
sion analysis and controlling the confounding factors,
only ROCL (OR=20.6) and FMW (OR= 5.86) were se-
lected in the analysis as the most significant independ-
ent predictors. An equation is provided by the model to
calculate D score aiming to predict sex by substituting
the values of the specific measurements in the equation.
D-score was set as follows: D= (ROCL x 3.026) +
(FMW x 1.768) + -28.857.

Then, the canonical discriminant coefficients for vari-
ous variables were entered as illustrated in Table (6),
with the standardized coefficients indicating how a par-
ticular dimension contributed to the classification. The
sectioning point was calculated to be 0.055, and then sex
determination is determined by comparing the discrim-
inant score with the sectioning point. A value of calcu-
lated D greater than the sectioning point indicates male

Table 3 Correlations between all tested craniometric parameters independently in males group (n=163)

Variables ROCW ROCL LOCW LOCL MnICD MBD FMW FML FMI FMA
ROCW r - 0.348 0456 0.091 -0.065 0.176 0.178 0.056 -115 149
b . <0.001* <0.001* 0.248 0411 0.025* 0.023* 0478 142 058
ROCL r - 0.245 0486 -0.024 0.297 0.012 0.054 036 049
5 ) 0.002* <0.001* 0.764 <0.001* 0.875 0495 645 536
LOCW r - 0.396 -0.054 0.078 0.020 0.020 008 028
0 ) <0.001* 0495 0.321 0.795 0.804 921 725
LOCL r - 0.167 0.165 -0.057 0.008 068 -030
o . 0.033* 0.035* 0469 0.920 .389 705
MnICD r - 0.208 0014 0.001 -018 007
b } 0.008* 0.861 0.991 824 930
MBD r - 0.091 -0.002 -095 063
0 ) 0.248 0.982 230 A21
FMW r - 0473 -433 842
b ) <0.001* <.001* <.001*
FML r - 585 869
<.001* <.001*
P -
FMI r - an
160
P R
FMA r -
P -

ROCW: Right occipital condylar width, ROCL: Right occipital condylar length, LOCW: Left occipital condylar width, LOCL: Left occipital condylar length,MnICD:
Minimum intercondylar distance, MBD: Maximum intercondylar distance, FMW: Foramen magnum width, FML: Foramen magnum length, FMI: Foramen magnum

index, FMA: Foramen magnum area, *significant p <0.05.
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Table 4 Correlations between all tested craniometric parameters independently in females group (n=204)
Variables ROCW ROCL LOCW LOCL MnICD MBD FMW FML FMI FMA
ROCW r - 0417 0528 0.246 -0.015 0.191 0.356 0.038 -367 208

o ) <0.001* <0.001* <0.001* 0.835 0.006* <0.001* 0.589 <0.001* .003*
ROCL r - 0.062 0499 0.200 0.359 0.219 -0.031 -287 086

b ) 0.381 <0.001* 0.004* <0.001* 0.002* 0.664 <0.001* 223
LOCW r - 0.391 -0.144 -0.008 0.150 -0.051 -224 053

b . <0.001* 0.039* 0914 0.033* 0475 .001* 450
LOCL r - 0174 0.241 0.092 -0.134 -254 -033

B ) 0.013* 0.001* 0.195 0.058 <0.001* 637
MnICD r - 0.539 0.128 -0.010 =147 056

o . <0.001* 0.069 0.885 .037* 425
MBD r - 0.145 -0.069 -237 029

0 ) 0.039* 0.329 .001* 681
FMW r - 0.629 -378 899

o ) <0.001* <0.001* <0.001*
FML r - 480 903

o . <0.001* <0.001*
FMI r - 061

389

b }
FMA r -

p }

ROCW: Right occipital condylar width, ROCL: Right occipital condylar length, LOCW: Left occipital condylar width, LOCL: Left occipital condylar length, MnICD:
Minimum intercondylar distance, MBD: Maximum intercondylar distance, FMW: Foramen magnum width, FML: Foramen magnum length, FMI: Foramen magnum
index, FMA: Foramen magnum area, *significant p <0.05.

sex, while a value less than the sectioning point indicates
female sex. The more extreme the calculated D value
from the sectioning point, the higher the probability that
the predicted sex is correct. The percentages of correct
sex identification by original classification and cross val-
idation were 70.9% and 69% respectively.

Discussion

In medicolegal practice, sex determination is considered
the foremost step in identification process solving many
of its problems; hence paving the way to determine
other parameters such as age and race (Ramamoorthy
et al,, 2016). Challenges of sex identification may rise

~N

ROC Curve
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Source of the Curve
-+ ROCL
= LOCL
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0.8 = FMA
=== Reference Line
= 0.5
=
=
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1 - Specificity

Fig. 2 Receiver operating characteristic curve (ROC) for the significant variables (ROCL=0.725, LOCL=0.642, FMW=.682, FMA=.664) among all the
measured parameters of foramen magnum and occipital condyles in the studied Egyptian population (n=367). ROCL: right occipital condylar
length, LOCL: left occipital condylar length, FMW: foramen magnum width, FMA: foramen magnum area
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Table 5 Logistic regression function analysis of independent predictors for males among the studied Egyptian population (n=367)

Univariate regression analysis

Multivariate regression analysis

Independent predictors Constant 3 P - value OR (95%Cl) B P - value AOR (95%Cl)
ROCW -3.151 2580 0.001* 132 (2.9-61) -0.347 0721 0.71 (0.1-47
ROCL -6.681 3.268 <0.001* 26.2 (9.7-71) 3.026 <0.001* 206 (5.6-75)
LOCL -4.188 1.961 <0.001* 1(27-18) 0.182 0.755 1.2 (038-37)
MnICD -1.462 866 0.011* 238 (1.2-4.6) 0460 0.176 1.58 (0.81-3.1)
MBD -1.886 593 0.004* 181 (1.2-2.7) -0.072 0.785 0.93 (0.56-1.5)
FMW -7.064 2.236 <0.001* 9.35 (4-21.8) 1.768 0.002* 586 (1.9-17.9)
FML -3.817 994 0.002* 2.7 (14-5.1) 0.285 0.522 1.33 (0.5-3.2)
FMI 2.835 -026 0.022% 975 (0.95-0.99) -059 716 943 (0.69-1.29)
FMA -3399 364 <0.001* 4(1.2-1.7) -2.530 098 0.08 (0.004-1.59)

ROCW: Right occipital condylar width, ROCL: Right occipital condylar length, LOCL: Left occipital condylar length,MnICD: Minimum intercondylar distance, MBD:
Maximum intercondylar distance, FMW: Foramen magnum width, FMI: Foramen magnum index, FML: Foramen magnum length, FMA: Foramen magnum area,
Constant: -28.857, OR: Odds ratio, AOR: Adjusted odds ratio,Cl: Confidence interval, *significant p <0.05.

especially in high energy mass disasters where only small
pieces of human skeleton are the only clue for diagnosis
(Tellioglu et al., 2018). Skull morphometric models spe-
cifically the basicranium and the area around foramen
magnum were evaluated for their accuracies in sexing an
unknown skeleton owing to its nature of being com-
posed largely of indestructible hard tissue, the robusti-
city of the occipital bone and its protective anatomical
position (Vidisha et al, 2019; Seifert et al, 2017). It

provides a helpful tool for sex differentiation that could
be used prior to performing destructive forms of testing
studies like DNA analysis; or when such testing is not
possible due to degradation as in cases of extensive heat-
damage (Akay et al., 2017; Kanchan et al., 2013).

To the best of our knowledge, scarce studies were
conducted to evaluate dimorphic characteristics of
EM, with only a few parameters taken into consider-
ation. Thus, in the present study, a new set of

Table 6 Canonical discriminate coefficients, percentages of correct group membership and cross validation of craniometric

measurements of the studied Egyptian population (n=367)

Variables Coefficient

Fisher's linear DF  Fisher's linear DF  Group centroid Group centroid Corrected prediction

Corrected prediction
rates after cross —
validation (%)

rates (%)

Male Female Male Female Male Female Mean Male Female Mean
Univaraite analysis
ROCW constant 7265 -8222  61.173 -36.144 58586 -33.209 198 -158 540 647 599 540 647 599
ROCL constant  4.060 -8.004  34.255-36.293 31.085-30007 434 -347 632 69.1 665 632 69.1 66.5
LOCL constant 4401 -8867 40.100 -42.194 38.175 -38.304 243 -194 620 637 629 620 637 62.9
MnICD ¢ 1554 -2.246  3.728 -3.572 3.299 -2.948 154 =122 481 642 571 481 642 57.1
MBD constant ~ 1.845-5.169  9.862 -14.973 9279 -13.335 176 -140 528 647 594 528 647 594
FMW constant  3.778 -11.554 44.880 -71.271 42.647 -64.422 327 -264 60.7 678 647 607 678 64.7
FML constant 2995 -10.846 33.026 -61.500 32,040 -57.926 182 -147 571 614 595 571 614 59.5
Multivariate analysis
ROCW 141 9.232 8.218 .550 -441 593 802 709 580 777 69
ROCL 609 12.847 10404
LOCL 222 21.325 20.360
MnICD 194 1.762 1465
MBD -038 4.196 4.265
FMW 463 20.654 18921
FML 080 25405 25.167
Constant -11.393 -153.655 -142.099

DF: Discriminate function, ROCW: Right occipital condylar width, ROCL: Right occipital condylar length, LOCL: Left occipital condylar length, MnICD: Minimum
intercondylar distance, MBD: Maximum intercondylar distance, FMW: Foramen magnum width, FML: Foramen magnum length.
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discriminant measurements of FM and occipital con-
dyles that must be robust against partially broken
skulls, were assessed using CT scans of skulls of adult
population using discriminant function analysis to de-
termine the best dimorphic variables.

Since the characteristics of skeletal development in
childhood and adolescence state that the length of FM
attains its adult dimensions by the 5™ year of life,
whereas the growth in breadth continues until the end
of the first decade, with no statistically significant
changes in dimensions of skull throughout life (Toneva
et al.,, 2018), thus age categorization was considered nei-
ther necessary nor beneficial for the development of sex
determination models. In the present study, a sample of
367 adult subjects (204 females and 163 males) was in-
vestigated regarding ten FM and occipital condyles di-
mensions and age was not considered as a target in the
study design.

All the studied parameters showed significant differ-
ences between males and females (p<0.05) except
LOCW; as well, male values were higher than females
in all parameters. Comparing these results with those
recorded by Abdel-Karim et al. (2015), nearly similar
findings were observed as shown in Table 7 apart
from the measurements of occipital condyles length,
maximum distance and FM width and length which
were slightly higher than those recorded in our work.
These differences may be due to smaller sample size
and the different statistical methods used for the
analysis.

In accordance with the present results, it was previ-
ously declared that there were significant differences be-
tween males and females regarding FM dimensions with
higher male values compared to females (Vidisha et al.,
2019). In Table 8, the means of FM and occipital con-
dyles measurements obtained in our work are shown in
comparison with those published in other international
CT imaging studies. As seen, the measurements of the
studied population are not similar to their peers in other
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researches. The length of occipital condyles and MBD in
our sample are smaller than Sudanese, Saudi Arabian,
Indian populations in both males and females. Mean-
while, the width of occipital condyles in males and fe-
males are larger than Sudanese and smaller than
Indians. In addition, MnICD is larger than Sudanese and
Indian individuals. Concerning FM measurements, its
width in the studied sample is nearly equal to Turkish,
Sudanese and Saudi Arabians and larger than Iraqi and
Indian populations in males, while in females, it is larger
than Iraqi and Indians and smaller than Sudanese and
Saudi Arabians. For the length of FM in males, it is lar-
ger than Iraqi and Indian populations and smaller than
Turkish, Sudanese and Saudi Arabian people; and in fe-
males it is larger than Turkish, Iraqi and Indian and
smaller than Sudanese and Saudi Arabians. Such vari-
ation could be due to ethnic differences of the tested
populations; various methodological and statistical ana-
lytical tools used; differences between the anatomic and
radiographic techniques used, as well as sample size in
each study.

With respect to mean values of MBD and MnICD
in the present study, it was found that males have
higher MBD than those recorded by Abdel-Karim
et al. (2015) while females had lower values, mean-
while both measurements were significantly lower
when compared to those reported in other studies
(Table 8). Concerning the mean values of FMI, a sig-
nificant difference was observed between males and
females in the present work, a finding that differs
from Vidisha et al. (2019) who claimed the absence
of significant difference in FMI between males and
females among Indian population.

Interestingly, significant correlations were demon-
strated in our research between LOCL/ROCL, LOCW/
ROCW, MBD/MnICD, FML/EMW, EML/EMI, EML/
EMA, FMW/FMI and FMW/FMA among both sexes, as
well MBD/FMW in females, indicating a homogenous
growth of males and females in our population. The

Table 7 Comparative results between the present work and Abdel-Karim et al. study

Variables (cm.) Present study

Abdel-Karim et al. [2015]

Male (n=163) Female (n=204) Male (n=46) Female (n=24)

Mean = SD Min-Max Mean = SD Min-Max Mean = SD Min-Max Mean = SD Min-Max
Right occipital condylar width 1.16£0.13 0.84-1.48 1.11£0.14 0.80-1.49 1.2241.11 09-15 [RAEARN 10-13
Left occipital condylar width 1.12+0.13 0.77-1.41 1.13+0.12 0.73-143 1.2+121 0.9-15 1.08+.119 0.9-13
Right occipital condylar length 2.08+0.24 1.53-2.88 1.89+0.25 1.25-3.07 2.69+.2411 2.1-32 244133 2-3
Left occipital condylar length 2.07+0.24 1.09-2.64 1.97+£0.22 1.36-2.52 2714256 2.1-32 237+.144 2.1-2.7
Maximum intercondylar distance 2.89+0.59 1.34-5.35 2.724£0.49 1.82-4.77 3.16+.327 2.6-4.0 3.04+.210 26-35
Minimum intercondylar distance 1.54+0.90 0.76-9.11 1.37+0.31 0.70-2.23 722+.133 04-1.0 68+.087 0.5-0.8
Foramen magnum width 3.15£0.26 2.25-3.85 2.99+0.27 245-3.85 34+.343 2.5-44 3.14+.208 2.8-35
Foramen magnum length 3.68+0.33 2.55-5.19 3574033 2.82-4.69 4.22+.378 34-5.1 3.88+.352 3.3-45
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strongest correlations were noticed between FMW/FMA
and FML/FMA in both sexes. Meanwhile, the weakest
were those MnICD/MBD in males and MBD/FMW in
females. These findings go in accordance with the previ-
ous studies conducted by Murshed et al. (2003); Uthman
et al. (2012) and El- Barrany et al. (2016).

For more analysis of the studied parameters, we
apply ROC curve for ROCL, FMW and FMA which
are found to be the highest variables predicting sex in
the studied adult population (AUC=0.725, 0.682,
0.664 respectively). This finding differs from that
noted by previous studies. For instance, Raghavendra-
Babu et al. (2012) investigated 90 dry Indian skulls
and found that the anteroposterior diameter is the
most reliable variable for sex estimation followed by
the area of FM, while transverse diameter showed the
least predictability in sex determination. Meanwhile,
Toneva et al. (2018) found that FMW achieved the
highest prediction potential attaining 75% predictabil-
ity to diagnose sex in their study conducted on 140
Bulgarian adults using CT imaging. Indeed, different
ethnicity and varied sample sizes account for these
differences.

By performing logistic regression function analysis of
independent predictors among the studied population,
ROCL and FMW proved to be highly significant dis-
criminating variables to predict sex with OR = 20.6 and
5.86 respectively. That finding is in partial agreement
with Abdel-Karim et al. (2015), who stated that the two
significant measurements for sex determination in their
study were LLC and WFM using binary logistic regres-
sion (BLR).

On the other hand, these findings contradict previous
studies, for example, Uysal et al. (2005) and El-Barrany
et al. (2016) stated that LRC, MnID and WFM emerged
as the most significant parameters for the determination
of sex in Sudanese population. Additionally, Gobbur
et al. (2013) found that the left occipital condylar length
and the maximum medial intercondylar distance are the
best discriminators for sex. While, Edwards et al. (2013)
found that the FM length and width are the best predic-
tors of sex. Furthermore, Madadin et al. (2017) demon-
strated that LROC was found to be the best individual
parameter in discriminating sex with an accuracy up to
65.5% followed by LLOC and WFM (both having an ac-
curacy of 65%).

Tellioglu et al. (2018) observed that the AP diameter
was the most reliable variable using univariate discrimin-
ant function test (69% discriminating rate) and when a
multivariate discriminant function analysis was per-
formed, this variable was able to detect 64% of women
and 70% of men. Meanwhile, Toneva et al. (2018) re-
ported that multivariate functions achieved higher accur-
acy rates by adding all FM measurements to a
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discriminant model providing an overall accuracy of al-
most 82% in modern Iraq population, explaining that by
a high collinearity which is confirmed by the strong cor-
relations between the FM measurements.

Despite that most of the previous literatures denied
the ability of having a conclusion of sexing accuracy of
FM, meanwhile, other substantial studies contradict this
view (Kamath et al., 2015). This impresses to develop
population specific set of morphometric measures that
may help as aiding tool in sexual identification especially
in cases of mass disasters and having fragmentary pieces
of bones as the only clue to solve the forensic problems
of identification (Toneva et al., 2018).

In the present study, the accuracy of predicting the sex
of the studied population was 59.3% for males and 80.2
% for females with mean value of 70.9% for both. There
was a fall in the percentage of accuracy on applying the
cross validation method to the results of multivariate
analysis to be 58% for males and 77.7% for females, with
overall average of 69% for both, that yield the most reli-
able classification percentages owing to the distribution
cross-checks of subjects allocated to the groups to en-
sure their validity. Comparing the results of the present
work with those published by Abdel-Karim et al. (2015),
they declared that according to BLR, the probability of
the case to be a male or a female could be detected with
an overall accuracy of 90.0% (91.3% and 87.5% in males
and females respectively). This difference in the value of
accuracy rates may be due to their small sample size or
different analytical statistics used. Several studies dem-
onstrated variability of identification accuracy rates be-
tween different studied populations, as illustrated in
Table 8.

The strength points for the present study include the
following: (1) as declared by Ramamoorthy et al. (2016),
the more the number of variables used to determine sex
by discriminant function analysis, the more the percentage
of correct sex classification; we investigate the ten most
reliable sexually dimorphic parameters of FM and occipi-
tal condyles, (2) The relatively large sample size compared
to the previously conducted studies, (3) Since it is clear
that discriminatory functional and logistic regression ana-
lysis are known as objective techniques that select least
number of traits and maximum discriminatory effective-
ness (Ekizoglu et al., 2016), for estimation of sexual di-
morphism from skull morphometric measurements, this
study applied this technique to get a reliable outcome.
Despite that Seifert et al. (2017) mentioned that CT scan
has its own limitations as regards:(1) similarity of tissue
density of ligaments and bones in the region, (2) sample
orientation, (3) craniometric landmarks definition and (4)
various techniques used for image processing, the present
work showed a high degree of agreement when the inter
observer reliability was examined.
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Conclusion

The present work demonstrated that the following cranial
dimensions show significant sexual dimorphism in the
studied adult Egyptian population: maximum internal
length and width of the foramen magnum (FML, FMW),
FM index, FM area, maximum length of the right and left
occipital condyles (LROC, LLOC), maximum width of the
right occipital condyle (WROC), maximum bicondylar
distance (MBD) and minimum intercondylar distance
(MnICD). Logistic regression function analysis of inde-
pendent predictors showed that LROC and FMW are
highly significant discriminating variables to predict sex.
These findings would be interrogated as reliable indicators
in sex determination of unknown skulls. Data should be
only used as a corroborative finding in predicting sex in
case of fragmented cranial bases and not recommended as
sole indicators for sexing complete skulls. More research
on wider scale of adult population is warranted to validate
such specific discriminatory functions, estimate their clas-
sification accuracy and to update them periodically so as
to avoid human secular trends among populations.
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