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Abstract It is widely accepted that the estimation of biological
attributes in the human skeleton is more accurate when
population-specific standards are applied. With the shortage
of such data for contemporary North African populations, it is
duly required to establish population-specific standards. We
present here the first craniometric standards for sex determina-
tion of a contemporary Tunisian population. The aim of this
study was to analyze the correlation between sex and metric
parameters of the skull in this population using CT scan anal-
ysis and to generate proper reliable standards for sex determi-
nation of a complete or fragmented skull. The study sample
comprised cranial multislice computed tomography scans of
510 individuals equally distributed by sex. ASIRTM software
in a General ElectricTM workstation was used to position 37
landmarks along the volume-rendered images and the
multiplanar slices, defining 27 inter-landmark distances.
Frontal and parietal bone thickness was also measured for each
case. The data were analyzed using basic descriptive statistics

and logistic regression with cross-validation of classification
results. All of the measurements were sexually dimorphic with
male values being higher than female values. A nine-variable
model achieved the maximum classification accuracy of 90%
with −2.9% sex bias and a six-variable model yielded 85.9%
sexing accuracy with −0.97% sex bias. We conclude that the
skull is highly dimorphic and represents a reliable bone for sex
determination in contemporary Tunisian individuals.
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Introduction

Successfully determining the sex of the individual is an essen-
tial component in the process of identification, as it helps to
narrow down the list of potential identifications (e.g., elimi-
nates members of the opposite sex) and increases the accuracy
of subsequent methods for estimating other biological attributes
(e.g., sex-specific age and stature estimation standards) [1–3].

The pelvis is regarded as the best indicator of sex [4], but
the often poor state of pelvic preservation makes the use of the
skull, which tends to resist taphonomic phenomena better,
more important [5, 6]. Besides, the skull is not only reported
to be a good indicator for sex determination [4] but also offers
the possibility for facial reconstruction of the subject [7], pro-
viding clues of utmost importance in the goal of identification.

Metric methods for sex determination from the skull were
introduced in the middle of the twentieth century [8], and their
main advantage is that more objective results can be obtained
compared with the non-metric methods.

However, anthropometric methods remain most accurate
when population-specific data are applied [9–13]. Many fac-
tors may influence skeletal morphology, such as genetics,
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environmental factors, migration flows, and secular trends
[14–16]. Consequently, population-specific standards should
be generated and regularly updated.

In the absence of documented archeological collections, med-
ical imaging archives offer a suitable source of population-
specific contemporary data, from which skeletal standards can
be developed. It has been proven that imaging techniques, espe-
cially the multislice computed tomography (MSCT), are reliable
for use in anthropometric studies [17–21]. Discriminant func-
tions developed from 3D CT scans of the skull could also be
calculated with an accuracy reaching 90% [9].

In Tunisia and in North Africa, there are no contemporary
population-specific skeletal standards for the estimation of sex, a
fact that may be an issue in forensic practice considering that the
North African genetic pool is an admixture of the original in-
habitants (Berbers) with those of neighboring and distant popu-
lations [22, 23]. Besides, the high (legal and illegal) migration
flow led to a rise in the number of unknown skeletons and
putrefying corpses with proper identification challenges. This
highlights the need to establish a set of accurate and reliable,
population-specific, discriminant functions that allow sex esti-
mation from 3D MSCT of bones of North African individuals.

The objective of the current study was to analyze the cor-
relation between sex and metric parameters of the skull in a
contemporary Tunisian population using CT scan analysis.

Methods

Study sample

In this study, we analyzed craniometric parameters acquired in
multislice computed tomography (MSCT) of 510 adult individ-
uals. The sample was collected from the cranialMSCTof living
Tunisian patients who presented at the imaging department of
Charles Nicolle’s Hospital, Tunis, Tunisia, for a medical inves-
tigation from January 2013 to June 2015. The inclusion criteria
were: age ≥ 18 years, known sex, and CTscans without contrast
enhancement.

We excluded CT scans showing skull malformation, infec-
tious or neoplastic pathology, Paget’s disease of the bone, or
signs of recent or ancient trauma. We randomly selected 510
scans equally distributed by sex (255 males, 255 females),
with age ranging from 18 to 100 years (mean = 56 years,
SD = 18 years). The scans were then anonymized. Only infor-
mation about sex and age were recorded and then blinded.

Imaging technique

The scans were performed on a General Electric 16-channel
Multidetector tomographer, Healthcare Brightspeed™,
VDTEXTe model with a tube voltage of 120 kVand effective
mAs of 160 (GE Healthcare, Milwaukee, Wisconsin, USA).

The CT scans were selected to ensure that the space be-
tween slices was less than the slice thickness (insuring visual-
ization of all anatomical structures). Axial slices thickness
ranged from 0.9 to 1.3 mm. MSCT Multiplanar (axial, coro-
nal, and sagittal) images were post-processed to create a vol-
umetric tridimensional reconstruction using ASIR™ software
in a General Electric™ workstation (Advantage Workstation,
GEHealthcare,Milwaukee,Wisconsin, USA). A preset image
filter displaying the bonewith a wide opacity rampwas set at a
window/level operation (W/L) of 2000/500. The workstation
software has a measurement tool allowing the linear distance
between two points to be automatically calculated.

Craniometric parameters

A total of 37 landmarks (14 bilateral and 9 midline located
landmarks) were identified (detailed definitions of the
landmarks are given in Online Resources 1 and 2), defining
27 linear inter-landmark distances (Table 1).

For the orbital breadth measurement, the maxillofrontale
was employed as an internal limit instead of the dacryon
(point on the medial border of the orbit that marks the junction
of the sutures between the frontal, maxillary, and lachrymal
bones [27]) for two main reasons: Firstly, previous studies
reported difficulties in identifying the dacryon in CT sections
[7, 17, 21, 28], and secondly, the maxillofrontale landmark
is—as suggested by Piquet [25]—more suitable for the mea-
surement of the orbital breadth and was reported to be easier to
identify [7]. In association with traditional inter-landmark
craniometric measurements, bone thickness was measured at
two locations, as described by May et al. [29].

– Frontal bone thickness (FBT): measured 1 cm anterior to
the bregma on the midsagittal plane, perpendicular to the
endocranial table surface.

– Parietal bone thickness (PBT):measured 3 cm anterior to the
lambda, perpendicular to the endocranial table surface.

Data acquisition

Anatomical landmarks were manually identified along the vol-
ume rendered (VR) images and verified on themultiplanar slices.
Inter-landmark measurements and bone thickness were then cal-
culated using the workstation software measurement tool
(examples in Figs. 1, 2, and 3). Rotation, translation, zoom,
and transparency tools were used to allow the precise identifica-
tion of landmarks.

As the geometrically defined landmarks (i.e., type III)
may be difficult to position directly on the 3D surfaces
with accuracy, the Frankfurt Horizontal plane was con-
structed to guide the process. Two axes provided by the
original software were placed on the CT slices so that the
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first one matched the right and left porion, and the sec-
ond matched the left porion (po) and left Inferior orbital
margin (oi) representing the Frankfurt plane, as defined
by Martin [30]. A third axis, perpendicular to the
established horizontal plane, was shifted to extremities
in order to obtain a tangent to a bone structure; their
meeting point was identified as the landmark.

In some cases, only the neurocranium was considered
of interest during the imaging process (depending on the
clinical problem that motivated the CT scan), and the
lower parts of the skull (facial skeleton and the mastoid
processes) were partially scanned; therefore, measure-
ments involving landmarks located on these structures
could not be collected.

Statistical analyses

Descriptive and univariate analyses

The statistical analyses were performed with Microsoft Excel®
and R® v 3.1.1 for windows (R: A language and environment
for statistical computing. R Foundation for Statistical
Computing, Vienna, Austria. URL https://www.R-project.org/.).

A descriptive analysis was performed for each variable.
Sample sizes, sample means, standard deviations, and maximum
and minimum values were calculated for each variable in both
sex groups. The normal distribution of the data was tested using
the Shapiro-Wilk’s test and the equality of variances using
Fisher’s test.

Table 1 Inter-landmark measurements definitions

Measurement Landmarks Definition

Minimum frontal breadth (MFB) frontotemporale - frontotemporale Direct distance between the two frontotemporale [24]

Bizygomatic breadth (ZYB) zygion - zygion Direct distance between most lateral points on the zygomatic
arches [24]

Upper facial height (UFH) nasion - prosthion Direct distance between nasion and prosthion [24]

Nasal height (NLH) nasion – nasosppinale Direct distance from nasion to the midpoint of a line connecting
the lowest points of the inferior margin of the nasal notches (ns)
[24]

Orbital height (OHL) superior orbital margin - inferior orbital
margin

The height between the upper and lower borders of the orbit [24]

Orbital breadth(OBL) maxillofronatle- ectoconchion The breadth of the orbit approximating the longitudinal axis that
bisects the orbit into equal upper and lower parts [25]

Bijugal breadth (JUB) jugalia – jugalia The breadth across the face between the jugalia [26]

Bimaxillary breadth (ZMB) zygomaxillare – zygomaxillare The breadth across the maxilla between the zygomaxillare [26]

Bifrontal breadth (FFB) frontozygomaticorbiatle –
frontizygomaticorbitale

The breadth across the face between frontozygomaticorbitale on
each side [9]

Nasal breadth (NLB) alare – alare Maximum breadth of the nasal aperture [24]

Palate breadth (MAB) ectomolare –ectomolare Maximum breadth across the alveolar borders of the maxilla
measured on the location of the second maxillary molars [24]

Mastoïdal height (MHL) porion –mastoidale The length of the mastoid process below and perpendicular to the
eye-ear plane, in the vertical plane [24]

Maximum cranial length (MCL) glabella - opisthocranion Distance between glabella and opisthocranion in the midsagittal
plane, measured in a straight line [24]

Basion-bregma height (BBH) basion – bregma Direct distance from basion to bregma [24]

Cranial base length (CBL) basion – nasion Direct distance from basion to nasion [24]

Frontal chord (FRC) nasion – bregma Direct distance from nasion to bregma taken in the midsagittal
plane [24]

Nasio-occipital length (NOL) nasion – opisthocranion Distance between nasion and opisthocranion in the midsagittal
plane, measured in a straight line [26]

Basion-prosthion length (BPL) basion – prosthion Direct length from basion to prosthion [26]

Foramen magnum length (FOL) basion – opisthion Direct distance from basion to opisthion [24]

Foramen magnum breadth (FOB) foramen magnum lateral – foramen
magnum lateral

Distance between the lateral margins of foramen magnum at the
points of greatest lateral curvature [24]

Basion-nasospinale length
(BNSL)

basion – nasosppinale Direct distance from basion to nasospinale [26]

Bimastoïdale (BMS) mastoidale – mastoidale Direct distance between the two mastoïdale [26]

Glabelle-lambda length (GLL) glabella - lambda Direct distance from glabella to lambda [26]

Parietal chord (PC) bregma – lambda Direct distance from bregma to lambda [24]
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Sexual dimorphism was investigated by comparing the
male and female mean values for each craniometric parameter
using parametric (Student’s t test)/non-parametric (Mann-
Whitney U and Aspin Welsh) statistical tests and taking the
p value <0.05 as significant. Two sexual dimorphism ratios
were computed for each variable:

- The Lovich-Gibbons (LG) ratio = Male mean/Female
mean [31].

- The logarithmic ratio = Ln (Male mean/Female
mean) [32].

Precision study

We randomly selected 28 CT scans. They were assessed twice
by the main operator, at 1 week interval (to evaluate the intra-

observer error), and three times by a second operator, with the
same time lapse (to evaluate the inter-observer error). The
second operator had an introduction to the method, had the
landmark definitions, and tested different measurements on 20
CT scans before the evaluation.

For each craniometric parameter and for each operator, we
computed the technical error of measurement (TEM) [17, 33,
34], the relative technical error of measurement (rTEM) [17,
33–35], and the reliability coefficient (R) [34, 36]. The relative
TEM (rTEM) is calculated to compensate for the positive asso-
ciation between TEM and measurement size. The R coefficient
allows an estimation of the proportion of total measurement var-
iance that is unrelated to measurement error, with values ranging
between 0 (not reliable) and 1 (completely reliable). A value of
0.9 indicates that 90% of the total variability is Btrue^ biological

Fig. 2 Bimastoidale (BMS)
measurement

Fig. 1 Frontal chord (FRC)
measurement
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variation, and that the remaining 10% is due to measurement
error (imprecision and unreliability).

Multivariate analyses

A multiple logistic regression using backward stepwise selec-
tion was applied to determine sex based on the average data of
craniometric parameters. The variables that were included in
the logistic model fitting process were those with a p value
<0.2 in the mean comparison tests, rTEM ≤5% and R ≥ 0.9.

An outcome from the logistic regression of P > 0.5 would
be classified as male while an outcome of P < 0.5 would be
considered female (an outcome of 0.5 indicates indeterminate
sex). Multiple other models were generated by direct logistic
regression on single variables and by combining the most
sexually dimorphic parameter according to the sexual dimor-
phism ratios. Three models were specifically designed for the
cranial vault, the cranial base, and the facial skeleton; these
models can be potentially helpful for sex estimation in case of
fragmented skulls.

In order to validate the generated models, we calculated the
posterior probabilities (PP) and sex bias and performed a
leave-one-out cross-validation (LOOCV). The sex bias was
calculated by subtracting the male correct prediction percent-
age from the female correct prediction percentage.

Results

Precision study

All of the measurements fell within the acceptable range of
intra-observer and inter-observer technical error of

measurement (rTEM ≤5%), and 26 out of 29 measurements
exhibited an acceptable reliability coefficient (R ≥ 0.9). The R
value was low for the right orbital breadth (total
TEM = 1.15 mm, SD = 1.84 mm, R = 0.61) and the left orbital
breadth (total TEM = 1.47 mm, SD = 2.09 mm, R = 0.5). The
R value of the right mastoidal height was 0.88 (total
TEM = 0.97, SD = 2.75), while the left mastoidal height had
a value of 0.91 (total TEM = 0.89, SD = 3) (detailed results of
the precision study are provided in Online Resource 3).

Univariate analyses

The males’ mean values for the 27 inter-landmark distances
and the two bone thickness measurements were significantly
higher (p < 0.05) than the corresponding female values
(Table 2), indicating the presence of sexual dimorphism in
the skulls of the study sample.

The mastoid processes measurements (MHLleft,
MHLright, and BMS), the left orbital breadth (OBLleft), and
the bizygomatic breadth (ZYB) had the highest sexual dimor-
phism ratios (Table 2).

Logistic regression

Direct single variable

Direct logistic regression performed separately on each vari-
able enabled single-variable discriminant models to be
established. The most accurate single predictors were ZYB,
cranial base length (CBL), glabelle-lambda length (GLL),
maximum cranial length (MCL), left mastoidal height (MHL
left), bimastoidale (BMS), and nasio-occipital length (NOL),

Fig. 3 Bizygomatic breadth
(ZYB) measurement
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with sexing accuracy ranging from 79.41% for ZYB to 70%
for NOL (Table 3).

Stepwise and direct multiple variable

Two main models were calculated, yielding the highest rates
of classification accuracy. The first model (model1) had the
highest cross-validated accuracy at 90.04% (Table 4).

Model 1: Z = (0.28408 x ZYB) – (0.13913 x JUB) +
(0.11511 x CBL) – (0.04838 x FFB) + (0.77845 x MCL) –
(1.06662 x NOL) + (0.34175 x GLL) + (0.10356 x BMS) +
(0.2181 x MHLleft) - 55.58661.

However, the second model was considered the most
Bpractical^ with fewer measurements needed (parsimony princi-
ple), and achieving 85.9% cross-validated accuracy (Table 4).

Model 2: Z = (0.15659 x ZYB) – (0.9574 x MCL) +
(0.20961 x GLL) + (0.15035 x BMS) + (0.26275 x
MHLleft) - 63.41141.

Furthermore, to handle cases with partial fragmentation of
the skull, other models were generated using variables mea-
sured at the cranial vault alone (model 3), the cranial base
(model 4), or the facial skeleton (model 5):

Model 3: Z = (−0.07097 x MFB) + (0.18826 x
FFB) + (0.97636 x MCL) – (1.16835 x NOL) + (0.39094 x
GLL) – (0.09968 x PC) - 36.85134;

Model 4: Z = (0.1422 x FOB) + (0.1357 xCBL) + (0.1883
x BMS) + (0.3443 x MHLleft) - 48.1572;

Model 5: Z = 0.3221 x ZYB - 41.2822.
These models had accuracy rates ranging from 79.41 to

83% (Table 4).

Table 2 The basic statistics of the skull measurements

Variables Number Man values (mm) Mean’s comparison
tests

Sexual dimorphism ratios

M F Males Females (p value) LG ratioa Ln ratiob

MFB 255 255 99.19 96.20 <0.001 1.0311 0.0306

ZYB 255 255 132.03 124.22 <0.001 1.0629 0.0610

FRC 255 255 114.69 110.26 <0.001 1.0402 0.0394

CBL 255 255 106.47 101.26 <0.001 1.0515 0.0502

FOL 255 255 36.23 34.77 <0.001 1.0420 0.0411

FOB 255 255 31.08 29.43 <0.001 1.0561 0.0545

BBH 255 255 138.71 133.43 <0.001 1.0396 0.0388

FFB 255 255 99.08 95.19 <0.001 1.0409 0.0401

MCL 255 255 188.27 179.66 <0.001 1.0479 0.0468

NOL 255 255 185.41 178.45 <0.001 1.0390 0.0383

GLL 255 255 183.36 175.15 <0.001 1.0469 0.0458

PC 255 255 117.79 113.77 <0.001 1.0353 0.0347

FBT 255 255 7.82 7.50 <0.01 1.0427 0.0418

PBT 255 255 8.21 7.73 <0.01 1.0621 0.0602

JUB 255 255 114.43 109.50 <0.001 1.0450 0.0440

OBLright 255 255 42.25 40.53 <0.001 1.0424 0.0416

OBLleft 255 255 44.29 40.67 <0.001 1.0890 0.0853

OHLleft 253 245 34.20 33.32 <0.001 1.0264 0.0261

OHLright 252 248 35.11 33.94 <0.001 1.0345 0.0339

NLB 221 158 25.89 24.96 <0.001 1.0373 0.0366

MHLleft 220 229 32.86 28.97 <0.001 1.1343 0.1260

ZMB 218 151 93.75 90.70 <0.001 1.0336 0.0331

MHLright 217 214 32.86 29.38 <0.001 1.1184 0.1119

BMS 206 207 105.06 98.31 <0.001 1.0687 0.0664

NLH 172 86 50.93 49.03 <0.001 1.0388 0.0380

BNSL 172 86 93.24 90.35 <0.001 1.0320 0.0315

MAB 124 63 62.23 59.56 <0.001 1.0448 0.0439

UFH 107 42 66.76 64.50 0.0134 1.0350 0.0344

BPL 107 42 98.79 94.80 <0.001 1.0421 0.0412

a Lovich-Gibbons ratio
b Logarithmic ratio
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Discussion

The purpose of the current study was to analyze the relation-
ship between male and female crania and the differences in
cranial measurements as they relate to sexual dimorphism.
The univariate analyses revealed a significant difference be-
tween sex groups for all of the investigated craniometric pa-
rameters, with males displaying larger average values than
females. These measurements were then used to generate for-
mulas to determine the sex of an individual within the
Tunisian sample, with precision reaching 90%.

Since the implementation of the Daubert ruling, forensic sci-
entists are required to substantiate their assertions with testable,
reliable, replicable, and scientifically valid methods [11, 37–39].

In anthropometric studies, an R value greater than 0.95
should be Bsought where possible^ [34]. Franklin et al. sug-
gested that any measurement with an R value below 0.9 and
rTEM above 5% should be treated with caution [17].

Usually, type II and III landmarks present with lower pre-
cision compared to type I landmarks [40, 41]; therefore, mea-
surements inclusive of type II and III landmarks were expect-
ed to result in lower repeatability.

The coefficient of reliability was at its lowest for right and left
orbital breadths (respectively 0.61 and 0.5), defined by land-
marks of type I (maxillofrontale) and type III (ectoconchion).
Even if the intra- and inter-observer rTEM were at acceptable
rates (possibly related to the use of themaxillofrontale instead of
the dacryon), the absolute measurement error rates of the orbital
breadths were offset by low standard deviations, thus resulting in
low coefficients of reliability.

The right mastoid height (MHLright) had a coefficient of
reliability of 0.88, indicating that 12% of the variance of this
variable may be due to measurement error. Although the ab-
solute error for both right and left mastoid heights were small
(0.97 and 0.89 mm of the total TEM, respectively), the differ-
ence in variances (2.75 mm for MHLright and 3 mm for

Table 3 Single-variable
discriminant models Intercept Coeffa PPb (%) Sex bias LOOCVc

F M Overall

ZYB −41.2822 0.3221 80.78 81.17 80.9 −0.39 79.41

GLL −37.2700 0.2079 74.11 72.15 73.13 −1.96 72.94

MCL −34.8108 0.1892 72.94 72.54 72.74 −0.4 72.54

MHLleft −12.0319 0.3887 74.67 71.81 73.27 −2.86 73.27

CBL −28.0587 0.2703 74.5 74.11 74.31 −0.39 74.11

BMS −27.7769 0.2726 71.01 78.64 74.81 7.63 74.33

NOL −29.7376 0.1634 69.01 70.98 70 1.97 70

a Coefficient
b Posterior probabilities
c Leave-one-out cross-validation

Table 4 Multivariable model’s
accuracy Models Posterior probabilities Sex bias (%) LOOCVb(%)

Na Classified as % Overall (%)

F M

Model 1 F 205 189 16 92.2 90.75 −2.9 90.04
M 206 22 184 89.3

Model 2 F 206 178 28 86.4 86.9 −0.97 85.92
M 206 26 180 87.4

Model 3 F 255 206 49 80.7 80.9 −0.4 80.39
M 255 48 207 81.1

Model 4 F 206 171 35 83 83.2 −0.5 83
M 206 34 172 83.5

Model 5 F 255 206 49 80.8 80.9 −0.39 79.41
M 255 48 207 81.2

a Only observations having all the variables included in the fitting process were selected for validation
b Leave-one-out cross-validation
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MHLleft) may explain the lower R coefficient observed for
the right mastoid height. The remaining variables had an R
coefficient, TEM and rTEM in line with published research
[17, 21, 42].

While using the Frankfurt plane method, a limited amount
of intra and inter-observer error rate was noticed in this study.
The reliability of the measurement protocol was insured by the
verification of the exact location of landmarks within the
multiplanar images along with the volume rendered
reconstructions.

The 27 inter-landmark distances and the bone thickness of the
two locations exhibited a strong sexual dimorphism, with male
values being significantly higher than those of females. Previous
craniometric studies had similar results with an obvious Bsize^
sexual dimorphism in the skull [8–10, 28, 43–50].

MCL, ZYB, mastoid height (MHL), and bimastoidale
(BMS) included in the first and second models were frequent-
ly encountered within sex prediction formulas in a variety of
diverse populations [8–10, 28, 43, 51, 52]. The GLL and
bijugal breadth (JUB) retrieved in the first model had been
previously reported as strong predictors of sex when included
in a multivariate model [53].

The ZYB is well established as being among the most
dimorphic in the human skull in several populations (e.g.,
Australian [9], South African Black and White [46, 51],
Turkish [28], Northern Indian [54], Japanese [10], and
Cretan [43]). Also in our study, this craniometric distance
was highly accurate within a single variable discriminant
model with a 79.4% level of accuracy and sex bias of less than
1%. Previous research reported similar accuracies (78 to
85.5%) [9, 43, 46, 51, 54].

The accuracy reported in several previous studies ranged
from 73.2 to 90% for functions constructed with three vari-
ables [9, 52, 54], from 80.8 to 91.1% for functions constructed
with four variables [10, 55, 56], and from to 85.9 to 87.1% for
formulas constructed with five to six variables [28, 43].

The multivariable models generated by stepwise and direct
logistic regression in the current study achieved high classifi-
cation accuracies ranging from 85.9% (model 2) to 90%
(model 1) and low sex bias (respectively −0.97 and −2.9%).
These results are comparable to published accuracies in other
populations (85.5 to 90%) [8–10, 28, 43, 54, 57].

Models generated for partially fragmented crania can be
useful in skulls with vital trauma or postmortem damage.
Although the 3rd, 4th, and 5th functions were less accurate,
they provided an opportunity to correctly determine the sex of
a damaged skull with a classification accuracy ranging from
79.4% (model 5) to 83% (model 4).

Since concerns exist regarding the accuracy of CT images in
reflecting an object’s true dimensions, several papers dealt with
the extent to which CT scan craniometrics can be used in fo-
rensic anthropology. An acceptable concordance had been
demonstrated between measurements taken directly from a

dry skull (using a digitizer or a caliper) and those taken from
the volume rendered CT image of the same dry element
[17–20, 58]. When comparing the accuracy of cranial measure-
ments collected using three different means: CT scan VR im-
ages including soft tissues, CTscanVR images after soft tissues
removal, and direct measurements in the dry skulls, Stull et al.
[21] considered the between-methods differences as an accept-
able amount of error in forensic anthropology, and that these
differences are more a consequence of measurement repeatabil-
ity than related to imaging artifacts. Furthermore, Stull et al.
[21] stated that BCT scans inclusive of soft tissues are recom-
mended for metric data collection if the goal is to create an
applicable anthropological technique^. Thereby, regarding the
high resolution of the CT scans in the present study and the
small error rate of the measurements composing the proposed
models, it can be presumed that the models developed in the
present study can be useable on dry bone findings.

The relation between human cranial thickness and param-
eters of the biological profile is the subject of continuing dis-
cussion. Several studies have shown conflicting or inconclu-
sive results concerning the relationship between cranial thick-
ness and sex, age, and other biological parameters such as
body build and ancestry [59, 60].

Countless factors account for the variation in research find-
ings, such as sampling bias (e.g., small sample populations), the
confounding effects of pathology, variations in data collection
methodologies, and ways in which data were analyzed [61, 62].

Most researchers noticed that, when it comes to cranial
thickness, females have usually higher mean values than
males [59, 60, 63].

A correlation with aging could be observed for cranial
thickness in some studies, with an increase in cranial thickness
for ages over 50 years, especially for females [60, 64]. This
patternwas attributed to the incidence of hyperostosis frontalis
interna (HFI), and according to Ross et al. [60], cranial thick-
ness is sexually dimorphic by the onset of HFI.

The current study reported a significant difference in both
frontal and parietal bone thickness between males and fe-
males. Regarding the mean values, males had significantly
thicker bones than females; these findings differ from the re-
ported results of previous studies. Numerous hypotheses
could be stated at this point:

– This could be a particular trend in the Tunisian popula-
tion, in a population-specific manner.

– Possible non-investigated confusion factors could bias
the interpretation, considering that significant correlations
between bone thickness and other biological parameters,
like body built or age, had been reported in previous
studies [60, 63, 64].

It is important to state that a comparison with other
studies remains difficult regarding the frequently
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different sites of measure, even for the same bone, and
the different analysis methods.

This study is part of an ongoing research project aiming to
create a specific and representative anthropological database
that would improve the proficiency of Tunisian forensic prac-
titioners when dealing with identification issues. As docu-
mented skeletal collections are not available in Tunisia, med-
ical scans represent an appropriate source of data for
collecting contemporary skeletal standards and, eventually,
updating existing data. MSCTof living individuals performed
for a diagnostic purpose offer an opportunity for obtaining
virtual skeletons with a high resolution, avoiding any unnec-
essary radiation exposure, and providing data which are con-
sistent with those obtained by traditional anthropological
methods.

Conclusion

In conclusion, our study demonstrated that the skull was high-
ly dimorphic and represented a reliable bone for sex determi-
nation in contemporary Tunisian individuals. Based on a CT
scan study of 27 studied inter-landmark distances, we were
able to identify a nine-variable model achieving a classifica-
tion accuracy of 90% with −2.9% sex bias and a six-variable
model yielding 85.9% sexing accuracy with −0.97 sex bias.
Also, three supplementary models were generated allowing
for sex determination of incomplete skulls.
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