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Abstract

Background: Sex estimation is a basic step of human identification in both legal cases
and archeological contexts. The highest accuracy for sex estimation is achieved when a
complete skeleton is available, though there are situations, such as cremated, dismembered,
and otherwise taphonomically altered skeletal remains, where a complete skeleton is not
available. The aim of the present preliminary study was to evaluate the usefulness of four
non-metric skull traits that are considered taphonomically resilient for sex estimation and
their potential application in forensic cases. Methods: Non-metric skull traits of 100 skulls
from the Bass Donated Skeletal Collection were analyzed. These traits included foramen
magnum shape, zygomatic arch extension with respect to the external auditory canal,
sigmoid notch, and gonial angle muscle attachment. A discriminant function analysis
model was used to develop specific formulae for sex estimation. Results: The foramen
magnum and sigmoid notch showed no significant differences between males and females.
The zygomatic arch extension (ZAE) and gonial angle morphology (GO) showed strong,
significant differences between the sexes. However, gonial angle morphology has shown to
be affected by edentulism. Based on the ZAE, the function obtained by the discriminant
function analysis was sex = 2.469*ZAE − 1.247, with a result of zero pointing to males
and result of one pointing to females, which correctly classified 79.8% of the original cases.
Conclusions: This study highlights the value of four different skull traits and their potential
use in forensic cases. Of all the evaluated traits, zygomatic arch extension was the best
indicator for sex estimation. This anatomical region corresponds to a highly resistant
skeletal structure.

Keywords: biological profile; human identification; sex estimation; skull traits

1. Introduction
Sex estimation is one of the essential building blocks of human identification in that

it serves both forensic inquiry and archeological reconstruction. The accurate estimation
of sex is one pivotal piece of evidence of the biological profile that drastically reduces
the number of possible identities. Qualitatively, sex estimation methodologies divide
into two general categories: non-metric and metric. Non-metric techniques consist of the
visual estimation of morphological characteristics displaying sexual dimorphism (shape
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or appearance difference by sex), foremost among them being the pelvis and cranium.
Though practical and convenient, these methodologies are by nature observer-dependent
and depend upon observer training, experience, and expertise [1]. Metric methodologies
employ skeletal landmark measures and tend to command greater objectivity (being less
observer-dependent), reproducibility, and statistical strength. They include discriminant
function analysis and other multivariate statistical models operating on the dimensions of
bones such as the pelvis, cranium, and long bones [2]. More recent developments refine
metric methodologies through integration with 3D imaging, geometric morphometrics, and
machine learning methodologies such that these methods enhance the dependability of sex
estimation in fragmented remains [2–4]. Despite these advances through technology, both
metric and non-metric indicators are frequently suggested for use in tandem to improve
precision, both in cases where reference standards are uncertain or population standardiza-
tion is questionable (e.g., in cases involving unclear or inappropriate reference standards
or where skeletal preservation is badly impaired). Additionally, population-varying stan-
dards will always feature because dimorphism expression differs by disparate background
ancestry. Consequently, though sex estimation remains fundamental, to that other essential
evidence component termed the biological profile, methodological refinements coupled
with advanced accumulation tools incrementally improve both forensic and archeological
efficiency. However, the utility of such landmark-based measurements is also limited
by the incompleteness of remains found in archeological and forensic contexts [5]. Both
cranial and postcranial skeletal elements have been tested for sex estimation. It has been
established that the pelvis is the most important contributor to sex diagnosis, followed by
the skull [6,7]. Even though the advances in machine learning and CT-based methods have
further enhanced the accuracy of skull-based sex estimations, the pelvis remains superior
in predictive performance [4,8–10].

Despite these dimorphic structures, the success of assessing sex in skeletal remains
depends on the completeness of the skeleton and the expression of that sexual dimorphism
in the recovered structures [11,12]. Still, there are situations, such as partially recovered,
cremated, and otherwise taphonomically altered remains, where a complete skeleton is not
available. Cases of fragmentary and altered remains often yield a limitation in estimating
sex, as no isolated characteristic of any particular bone can perfectly determine the sex
of a skeleton. Therefore, it becomes essential to develop new methods to assess sex in
fragmented and incomplete bone materials [13].

In these scenarios, only the most resilient parts of the skeleton are preserved for analy-
sis, so sex estimation is a challenging process, especially in those cases. In these situations,
the skull, unlike the pelvis or other postcranial elements, is less liable to damage and sur-
vives inhumation better than other postcranial structures [14]. Among cranial fragments,
vault pieces with suture lines and the petrous part of the temporal bone are especially likely
to survive due to their dense structure and protected anatomical location [15]. The petrous
bone, in particular, has gained increasing attention in recent years for its exceptional DNA
preservation properties, even under poor burial conditions [16]. The postcranial skeletal
elements that are most likely to be found are articular portions of the humerus and femur,
vertebrae, and certain hand and foot bones [17].

Walker (2008) [5] created discriminant functions for non-metric traits for sexing skulls
of different populations. The observed traits were the nuchal crest, mastoid process,
supraorbital margin, glabella, and mental eminence. The method consists of the visual and
physical evaluation of five skeletal traits against the provided descriptions and illustrations
to assign the trait an ordinal score between one (representing minimal trait expression,
which is associated with a more feminine appearance) and five (representing maximum
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trait expression and a more masculine appearance) [18]. An average of 90% of individuals
from the modern samples were classified correctly using the five traits [5].

These traits presented by Walker (2008) [5] have been validated for different popula-
tions [19,20], so they are considered universally dimorphic [20–22].

Subsequent studies have evaluated the performance of these five traits proposed by
Walker (2008) [5] based on their accuracy, interobserver reliability, and discriminatory
power. Among all of them, glabella showed the highest accuracy and low ambiguity in
classification [23,24]. On the contrary, mental eminence was the trait showing the lowest
accuracy and observer agreement [23].

In fragmented remain scenarios, the bones that seem to be more resistant to the
destruction process are dense and relatively heavy [25]. The most resilient parts of the
cranium that can be helpful in sex estimation seem to be the foramen magnum [26,27],
occipital condyles [25], and the petrous portion of the temporal bone [23]. These three
regions of the skeleton have been suggested to be sexually dimorphic. Towards this line of
research, different studies have indicated that the sagittal and transverse dimensions of the
foramen magnum are significantly greater in human males than in human female skulls in
both archeological and modern samples [26–28].

Regarding sex estimation using the zygomatic arch extension with respect to the
external auditory canal and sigmoid notch, very few previous studies were found [29,30].

This preliminary study looks at the usefulness of four non-metric skull traits that serve
as reliable indicators in sex estimation. It also explores how these traits could be applied
in forensic cases, especially when skeletal remains are fragmented or incomplete. The
non-metric traits include foramen magnum shape, zygomatic arch extension in relation to
the external auditory canal, sigmoid notch shape, and the gonial angle muscle attachment
area. These skeletal features are usually available during forensic recovery and tend to be
well preserved due to their strong anatomical positions and dense bone structure. These
traits are easy to evaluate through visual assessment and need minimal equipment, making
them practical for use in both field and lab environments. By concentrating on traits that
are typically preserved in forensic and archeological remains, this study helps improve
non-metric methods to build biological profiles when metric analysis is not possible or
skeletal preservation is lacking.

2. Material and Methods
The non-metric traits of 100 skulls were analyzed. All individuals were white adults

from the W. M. Bass Donated Skeletal Collection at the University of Tennessee. The sample
of 100 individuals consisted of 45 females and 55 males. Females were aged from 44 to
92 years old (mean age: 60.5 years) and males were aged from 34 to 90 years old (mean age:
59.5); 18 men were dentate, 16 men had significant teeth loss, and 21 men were edentulous,
and 14 women were dentate, 12 women had significant teeth loss, and 19 women were
edentulous. A Mann–Whitney U test was carried out, and no significant differences in age
distribution were found between males and females. Also, as described in this manuscript,
the average ages and age ranges were similar between males and females. In all cases, the
cranium and mandible were complete or fragmented, but all traits studied could be scored
in the specimens.

The following traits were used in this study, with assigned ranks to perform the
statistical analysis:

Foramen magnum shape: Foramen magnum shape was registered as angled (0) or
round (1) (Figure 1).
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Figure 1. Foramen magnum morphology is shown as angled (a) and round (b).

Zygomatic arch extension with respect to external auditory canal: zygomatic arch ex-
tension (ZAE) was registered with respect to the external auditory canal (EAC) according to
whether its end was at the point of EAC (0, extension) or distally to it (1, passing) (Figure 2).

 

Figure 2. Zygomatic arch extension was recorded with respect to the external auditory canal (EAC)
according to whether its end was anterior or at the point of EAC (a) or distally to it (b). The ending of
the zygomatic arch is indicated with the yellow arrow.

Sigmoid notch: Sigmoid notch morphological traits were registered as deep (1) or
shallow (0) and wide (1) or narrow (0) (Figure 3).

Figure 3. Sigmoid notch morphological traits were recorded as shallow ((a), blue arrow) or deep ((b),
blue arrow) as well as wide ((a), yellow arrow) or narrow ((b), yellow arrow).
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Gonial angle area muscle attachment: Gonial angle area (GO) was observed and regis-
tered as marked muscle attachment (1) or slightly marked muscle attachment (0) (Figure 4).

Figure 4. Gonial angle (indicated with the yellow circles): marked muscle attachment (a) and slightly
marked muscle attachment at the gonial angle (b).

Two postdoctoral forensic anthropologists scored the skull traits three times. Neither
of the observers were aware of the sex, age, or any other information about the individual’s
biological profile at the time of scoring the traits.

Statistical analysis was performed using Statistical Package for Social Science (SPSS)
version 15 (IBM, Inc., Armonk, NY, USA). Intra and interobserver errors were assessed by
applying a weighted kappa coefficient using linear weights. Comparisons between groups
were carried out by applying the Mann–Whitney U test. The Kruskal–Wallis test and
Kendall’s Tau were utilized to assess the impact of edentulism on sexual dimorphic traits.
Stepwise discriminant function analysis (DFA) leave-one-out modeling was performed to
develop specific formulas for sex estimation.

3. Results
The weighted kappa coefficients for intraobserver error for observer 1 were 0.958 with

a 95% confidence interval (0.902–1.014) for foramen magnum shape, zygomatic arch exten-
sion, and sigmoid notch depth and 0.979 with a 95% confidence interval (0.94–0.973) for
sigmoid notch wideness and gonial angle. For observer 2, the weighted kappa coefficients
were 0.949 with a 95% confidence interval (0.924–0.966) for foramen magnum shape; 0.948
with a 95% confidence interval (0.877–1.019) for sigmoid notch depth; and 0.979 with a
95% confidence interval (0.94–0.973) for zygomatic arch extension, sigmoid notch wideness,
and gonial angle. With respect to interobserver error, the weighted kappa coefficients were
0.958 with a 95% confidence interval (0.902–1.014) for foramen magnum shape, zygomatic
arch extension, and sigmoid notch depth and wideness; and 0.948 with a 95% confidence
interval (0.877–1.019) for gonial angle. A summary of the values per trait and individual
is depicted in Table 1. Table 2 shows the weighted kappa coefficients with confidence
intervals for intra and interobserver errors.

The average score of the two observers was used for the following comparison be-
tween males and females. Applying Mann–Whitney U tests, there were no significant
differences in foramen magnum shape (p = 0.111) and sigmoid notch depth (p = 0.176)
and wideness (p = 0.632) between the two groups (males and females). In contrast, strong
significant differences were found in zygomatic arch extension and gonial angle (p = 0.008
and p ≤ 0.001). Table 1 indicates that a slightly marked gonial angle and a zygomatic arch
extension anteriorly to the external auditory canal (EAC) are more frequent in females.
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Table 1. Number of individuals per characteristic trait and its presence (1) or absence (0)—please
refer to Section 2 Material and Methods Section. FM shape, foramen magnum shape; ZAE, zygomatic
arch extension; SN, sigmoid notch depth and wideness; GO, gonial angle.

FM Shape ZAE SN_Depth SN_Wideness GO

Females 1 35 19 18 33 17

0 10 26 26 11 25

Males 1 31 34 28 36 39

0 20 16 23 15 12

Table 2. Weighted kappa coefficients for intra and interobserver errors with confidence intervals.
FM shape, foramen magnum shape; ZAE, zygomatic arch extension; SN, sigmoid notch depth and
wideness; GO, gonial angle; CI, confidence interval.

Trait Intraobserver 1 CI Intraobserver 2 CI Interobserver CI

FM Shape 0.958 95%
(0.902–1.014) 0.949 95%

(0.924–0.966) 0.958 95%
(0.902–1.014)

SN Depth 0.958 95%
(0.902–1.014) 0.948 95%

(0.877–1.019) 0.958 95%
(0.902–1.014)

SN
Wideness 0.979 95%

(0.94–0.973) 0.979 95%
(0.94–0.973) 0.958 95%

(0.902–1.014)

ZAE 0.958 95%
(0.902–1.014) 0.979 95%

(0.94–0.973) 0.958 95%
(0.902–1.014)

GO 0.979 95%
(0.94–0.973) 0.979 95%

(0.94–0.973) 0.948 95%
(0.877–1.019)

Considering zygomatic arch extension after the EAC, sex diagnosis, based on discrim-
inant function analysis, was correct in 82.2% of the female individuals and 77.8% of the
male individuals when evaluating this trait alone. The formula for sex estimation using this
parameter is sex = 2.469*ZAE − 1.247, with a result of zero pointing to males and a result of
one pointing to females (Table 3). In contrast, the gonial angle alone discriminates 80% of
males and 55.6% females correctly. The formula for sex estimation is sex = 1.326*GO − 1.897,
with a result of zero pointing to males and a result of one pointing to females. Based on this
data, we assessed the potential influence of edentulism in these traits, and did not find any
significant relation with ZAE (Kruskal–Wallis’s test, p = 0.373 and Kendall’s Tau 0.112 with
p = 0.246). However, edentulism had a significant impact on GO (Kruskal–Wallis’s test,
p = 0.004 and Kendall’s Tau 0.287 with p = 0.003). Further studies, with a greater number
of individuals, should be performed to clearly elucidate the influence of edentulism on
this trait.

Table 3. Classification results based on discriminant function using ZAE.

Sex
Result

Total
Male Female

Sample

number
Male 42 12 54

Female 8 37 45

%
Male 77.8 22.2 100

Female 17.8 82.2 100

Total Success Rate (%) 79.8
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4. Discussion
Based on the results of this work, the shape of the foramen magnum is not an appro-

priate parameter to discriminate between males and females. In contrast to our findings,
different studies have established sexual dimorphism in the foramen magnum, although
these studies relied on metric data [23,31–33]. While some of these studies were based on
archeological or historical remains, their results must be applied in the reference population
where data were collected [31,33]. All these works concluded that the foramen magnum
area is larger in males than in females. Though one area of the foramen magnum alone is
not enough to estimate sex, it could be useful in combination with other sex indicators [26].

The same applies to the sigmoid notch characteristics, which did not present significant
differences between the two groups. The role of zygomatic arch extension for sex estimation
is in agreement with previous works [34,35], indicating this cranial trait to be a good sex
indicator, as well as gonial angle, for which our results are also consistent with other
previous studies [36,37]. According to the obtained results, when all these parameters are
analyzed through a discriminant function analysis, the best variables to differentiate males
from females are the zygomatic arch extension (ZAE) and the gonial angle morphology
(GO). However, the use of gonial angle morphology as a sex indicator was shown to be
affected by edentulism. Thus, it is not applicable in all cases, and further studies are needed
to clearly define the impact of edentulism in this trait for sex estimation.

The results of the present study agree with previous studies, since Krogman and
Isçan achieved 92% accuracy in visually assessing sex from the skull and 75% accuracy
in visually assessing the postcranial skeleton using the Todd Collection [17]. Konigsberg
and Hens (1998) achieved correct classification rates of 83% by evaluating non-metric
cranial traits via logistic regression [37,38]. More recently, Walker utilized the same non-
metric traits as Konigsberg and Hens (nuchal crest, mastoid process, supraorbital mar-
gin, glabella, and mental eminence), although using a quadratic discriminant function,
achieving 90% accuracy [5].

Traits that are sexually dimorphic in one population will be much less so in an-
other [5,39]. Hence there is a requirement for a reappraisal of the diagnostic value of
sexually dimorphic characters each time a new population is studied. This reassessment
ensures that the biological and morphological variation specific to that group is accurately
accounted for, reducing the risk of misclassification. Failing to consider population-specific
differences can compromise the reliability of sex estimation methods, especially when
applying standards derived from reference datasets that are not representative. Therefore,
incorporating population variation into methodological frameworks is crucial for enhancing
the accuracy and cross-population applicability of forensic and bioarchaeological analyses.

This study evaluated the usefulness of four non-metric skull traits for estimating sex,
obtaining a sexual dimorphism value of two in particular: zygomatic arch extension and
gonial angle shape. These parts of the skull are resilient areas of the facial skeleton. Their
ability to resist taphonomical damage makes them especially useful in forensic contexts and
archeological situations, where skeletal remains are often fragmentary or incomplete [39,40].
However, extending the applicability of the traits explored in this paper to archeological
remains would require validation on a reference archeological population sample to verify
that no secular changes have occurred.

Moreover, these traits are also easy to assess and can usually be evaluated through
visual assessment, which makes them practical for both field and laboratory work. The
zygomatic arch extension and gonial angle shape have shown noticeable differences in
males and females. This sexual dimorphism can be explained by due to differences in
muscle mass. However, the use of the gonial angle shape has been shown to be affected by
edentulism, so further research is required for its application.
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While any non-metric skull feature should not be used in isolation for sex estimation,
combining them into multi-trait sex estimation models can greatly improve accuracy,
especially when not all traits to be assessed are present. Recent studies have shown that
merging qualitative assessments of these traits with more numerical or semi-quantitative
scoring can help reduce observer bias and improve consistency [5,7,8]. According to this,
the next step of this project is to create a gradient scoring system of the zygomatic arch
extension and combine it with other cranial sex indicators.

Additional future directions involve using machine learning methods to improve
the accuracy and consistency of skeletal sex estimation. Traditional discriminant function
analyses and logistic regression models have established their worth but often depend on
linearity and may have difficulties with complex variation. Machine learning methods, on
the other hand, cope with the multivariate, non-linear associations of skeletal morphology
well. They may bring out patterns that are not recognized by established approaches.

In that sense, efforts will be focused on developing and testing supervised algorithms
with the extension of the zygomatic arch for the estimation of skeletal sex. The utilization of
such models in forensic anthropology has a variety of benefits. They can create automated
as well as reproducible tools that could be validated across populations.

Validation studies using larger samples and different populations would be necessary
to make these traits applicable to casework.
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