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A B S T R A C T   

Objectives: Walker’s sex estimation method is based on five morphoscopic features of the human skull. This study 
aimed at testing the repeatability of one of the five traits, the mental eminence, visually on three-dimensional 
(3D) models, compared to the traditional, tactile scoring approach on bone. 
Materials and methods: The sample comprised 105 mandibles from the Pretoria Bone Collection and their 
respective virtual 3D models, obtained from micro-focus X-ray computed tomography (micro-XCT) scans. Four 
observers independently scored the bones first, followed by the virtual 3D modality. Intra- and interobserver 
errors (interOE and intraOE) were performed with Fleiss’ and Cohen’s Kappa, respectively. We calculated the 
intermodality agreement per observer with Wilcoxon Signed-Rank tests. 
Results: The intraOE was moderate on bone (κ=0.448) and substantial on 3D (κ=0.799), while the Fleiss’ Kappa 
test for the interOE resulted in slight agreement both on bone (κ=0.163) and 3D (κ=0.169) irrespective of level 
of experience. All Wilcoxon Signed-Rank test P-values were significant. 
Discussion and conclusion: The application of the morphoscopic sex estimation for the mental eminence to micro- 
XCTs could be a matter of personal affinity as the level of experience did not play a role in the results. The 
expression of the mental eminence trait being population-specific, the individual’s population affinity should be 
considered when sex is estimated in South African skeletons. It remains unclear whether the slight agreement 
between observers is due to the unreliability of the trait for sex estimation or whether the modalities are not 
easily interchangeable.   

Introduction 

Nonmetric sex estimation methods in forensic anthropology are 
widely used, despite the existence of more sophisticated methods 
involving molecular and DNA techniques, demanding skills and equip-
ment not readily available [1]. Broca [2] originally published a 
nonmetric sex estimation method based on five traits on the skull 
(glabella, mastoid process, supraorbital margin, nuchal crest and mental 
eminence). This method was modified by Acsádi and Nemeskéri [3], and 
further developed by Buikstra and Ubelaker [4], applying an ordinal 
scale from 0 (indeterminate sex), 1 (female), 2 (probably female), 3 
(ambiguous), 4 (probably male) to 5 (male). The subsequent publication 
by Walker [5] based on the same five traits on the skull included the 
application of various statistical tests and population-specific formulae 
while in principle, the scoring remained the same as in Buikstra and 

Ubelaker [4]. Walker [5] applied the method to European-American, 
African-American, English, and Native American populations and ob-
tained correct sex estimation in 88% of individuals, using logistic 
regression discriminant analysis. 

The adult human mandible has been described as being useful for 
population affinity and sex estimation [6–13], while the estimation of 
age beyond the eruption of the third molar is not reliable [11,14]. The 
mental eminence has been less often studied in isolation [11], compared 
to other parts of the mandible [7,10,11,15–18]. This could in part be due 
to the profound effects of progressive tooth loss on this part of the 
mandible [19] and the morphological interaction of sex and population 
affinity [11]. Moreover, the morphology of the mental eminence de-
pends on several features, such as the projection of the mental tubercles 
and the protuberance on the mental symphysis, thus rendering the 
repeatability of the scoring of the mental eminence more challenging 
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[20] than the other four traits associated with morphological sex esti-
mation of the skull [5]. If only the mandible is available for analysis, sex 
estimation accuracies based on the mental eminence have been reported 
to be limited, with interobserver agreements of 36% and Kappa values 
between 0.41 and 0.57 [21–23], while other studies appreciate the 
merits of the mental eminence as an indicator for an individual’s sex [5, 
24]. 

With the introduction of new imaging technologies, such as micro- 
focus X-ray computed tomography (micro-XCT), in this millennium, 
forensic anthropologists have been validating existing methods and 
searching for new techniques to improve the statistical accuracy of 
biological profiles [25]. Validating a nonmetric sex estimation method 
on the virtual modality requires a direct comparison with the ‘analo-
gous’ dry bone approach. Very little is known regarding this direct 
comparison as there is a paucity of research dealing with this topic [23, 
26]. While Walker referred to the method as ’visual’ [5], the scoring 
process is, at least in part, a tactile procedure; for three of the five 
described traits (nuchal crest, orbital margin, and mental eminence), the 
observer is asked to move a hand or finger across the skull region of 
interest to feel and subsequently score the expression of the trait [5]. 
Hence, the question is whether a tactile procedure on dry bone can be 
repeated visually on a virtual 3D model of the same bone. Should the 
mandible be present, and the cranium and postcranial skeletal elements 
not be available, for instance due to taphonomic processes, insight into 
the scoring errors of the mental eminence on dry bone versus 3D models 
could be of advantage. 

Due to their accurate depiction, micro-XCT images have become very 
useful, especially in dental research [27]. The high resolution and clarity 
of micro-XCT images were the central arguments for their use for the 
present study. 

The aims of this study were (a) to compare observations on the two 
modalities (tactilely on bone and visually on 3D models) per observer; 
(b) to analyze how observers perform compared with each other, 
considering the different levels of experience (junior vs. senior); and (c) 
to investigate the repeatability of the sex estimation method on 3D 
models within observer. 

Materials and methods 

Materials 

Mandibles from 105 adult, modern black and white South Africans of 
known sex and population affinity were selected from the Pretoria Bone 
Collection (PBC), housed at the Department of Anatomy, University of 
Pretoria [28]. The structure of the sample, comprising 42 females and 63 
males, is outlined in Table 1. The overall age at death ranged between 21 
and 98 years, with the sample mean at 52.6 years. Micro-XCT scans of 
the same 105 mandibles, obtained between 2015 and 2018 at the South 
African Nuclear Energy Corporation SOC Ltd (Necsa, Pelindaba, South 
Africa) [29] were collected. Acquisition and reconstruction parameters 
were as follows: 90-120 kV voltage, 70-220 µA current, angular incre-
ment of 1000 projections per 360◦, and final resolutions ranging be-
tween 0.066 and 0.100 mm. The datasets obtained were segmented 
using a global thresholding method of the Automatic Surface Determi-
nation module of VGStudio MAX 3.1 software (Volume Graphics GmbH, 
Germany). Three-dimensional surfaces were subsequently generated 

and extracted in polygon file format (.ply) to visualise them in any im-
aging software. 

Selection criteria included the availability of micro-XCT scans and 
the dental pattern. Only individuals with dental pattern up to B3 of the 
Eichner Index [30,31] were included, in order to avoid bias due to 
edentulism. Individuals with distorting conditions, asymmetrical 
mandibular features, or with fractures were not included. 

Methods 

For the scoring process of the mental eminence, the trait was 
examined on bone following the instructions given in Walker [5] 
(Fig. 1): “Hold the mandible between your thumbs and your index fingers 
with your thumbs on either side of the mental eminence. Move your thumbs 
medially so that they delimit the lateral borders of the mental eminence.” The 
minimal expression (score 1) of the mental eminence is described as 
“Area of the mental eminence is smooth. There is little or no projection of the 
mental eminence above the surrounding bone.”, whereas maximal expres-
sion (score 5) is described as “A massive mental eminence that occupies 
most of the anterior portion of the mandible” (Fig. 2). The 3D models 
created from the micro-XCT scans were visualized using Avizo 2019.3 
software (Thermo Fisher Scientific), in which the scans could be 
manipulated (rotation, zooming, lighting, and shadowing), following 
each observer’s requirements. The 3D models were scored visually. 

Intra- and interobserver agreement 

The intraobserver error (intraOE) consisted of the scoring of 25 
randomly selected specimens by the first author (SB). These 25 speci-
mens were scored twice in each modality (bone and 3D models), at an 
interval of two weeks and following the same procedure as the interOE. 

The blinded interobserver error (interOE) was assessed on all 105 
mandibles and the corresponding micro-XCT models. Four observers 
independently scored the bones and their associated micro-XCT models. 
Two of the observers are professors of forensic anthropology and anat-
omy, respectively, with more than ten years of experience; one observer 
had her PhD in forensic anthropology using 3D imaging methodologies 
and one observer was a postgraduate student of forensic anthropology 
with previous experience in morphoscopic sex estimation; the latter two 
observers had less than ten years of experience.Scores were entered into 
an Excel file and not shared among the observers until the scoring 
process was concluded. All observers were given Fig. 2 and the 
description of the mental eminence expression [5] for the scoring in both 
modalities. Each observer scored the dry bones first, followed by the 
corresponding micro-XCT models two weeks later. We did pairwise 
comparisons between the observers’ scores, followed by intermodality 
comparisons (bone vs. 3D surfaces) per observer. 

Statistical methods 

All statistical analyses were done with R software [32], particularly 
the RStudio environment using the packages psych [33], irr [34] and 
stats [32]. Statistical significance was assumed for a P-value smaller 
than 0.05. 

The interOE of all four observers combined were analyzed with 
Fleiss’ Kappa. For the intraOE and pairwise interOE tests, we used 
Cohen’s Kappa tests. Interpretation of κ-values (Fleiss’ and Cohen’s 
Kappa) followed Landis and Koch [35]. Wilcoxon Signed-Rank tests 
were applied to the ordinal data set [36,37] to carry out the inter-
modality tests per observer (bone and micro-XCT). 

Results 

Intra- and interobserver agreement 

The results of the intra- and interOE are displayed in Table 2. The 

Table 1 
Sample structure: population affinity, sex, age range and mean age.  

Sex Population 
affinity 

Abbreviation Age range in 
years 

Mean 
age 

N 

Female Black BF 24-80 47.2 34  
White WF 21-81 53.9 8 

Male Black BM 26-98 51.5 43  
White WM 31-80 63.8 20  

S. Braun et al.                                                                                                                                                                                                                                   
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only substantial κ-values were achieved for the intraOE on 3D models, 
and for the pairwise comparison of observers 1 and 4 on both modalities 
(bone and 3D models). 

Statistical methods 

When each observer’s scores on bone were compared to those on 3D 
surfaces with a Wilcoxon Signed-Rank test (Table 3), assessing differ-
ences in scoring on bone and 3D surfaces (intermodality tests), all P- 
values were significant (P < 0.05), regardless of the observer. 

Discussion 

Imaging technology has become an integral part of forensic anthro-
pology, and especially metric methods have been developed, allowing 
the mathematical quantification of shapes and volumes [25]. Computed 
tomography (CT) imaging represents a good alternative for the study of 
dry bones as new skeletal collections are scarce and ethical issues 
hamper the maceration process of human remains for research purposes 
[38]. Although some studies stress the potential of the CT modality [38, 
39], limiting factors of a universal use of new technologies among 
forensic anthropologists, however, are the access to scanning devices as 
well as costly software licences [25]. While virtual images and 3D 
models of bones have the clear merits of being easily shared among 
researchers, the lack of the tactile sensation may limit their use, espe-
cially concerning a trait that is felt rather than visually observed [5,23, 
40]. The aim of this study was not to ascertain the reliability of the 
mental eminence as an indicator of biological sex, but to assess the 
applicability of a tactile scoring procedure, developed for the study of 
dry bones, visually to virtual 3D models of bones [23]. 

Like any other morphoscopic trait on the human skeleton, the 
expression of the mental eminence represents a morphological contin-
uum [41] and is scored ordinally [36]. Owing to its intricate anatomy 
[20], the mental eminence has not been praised as the most reliable 
indicator of sex in several studies [21–23,40], even though Stevenson 
and colleagues [24] found the mental eminence, together with the 

Fig. 1. . Mental eminence in the mandible. Arrows indicate the approximate placement of the thumbs during sex estimation in bone (mandible from the PBC; 
isosurface generated after segmentation in Avizo) 

Fig. 2. . Standard of scoring for mental eminence according to Walker [2]. Permission granted by Wiley. Source: Am J Phys Anthropol 2008;136:39-50  

Table 2 
Fleiss’ and Cohen’s Kappa values.  

Comparison Modality Test κ-values Interpretation 

IntraOE Bone Cohen’s 0.448 moderate  
3D surface Cohen’s 0.799 substantial 

InterOE Bone Fleiss’ 0.163 slight  
3D surface Fleiss’ 0.169 slight 

Obs. 1 vs. 2 Bone Cohen’s 0.546 moderate  
3D surface Cohen’s 0.464 moderate 

Obs. 1 vs. 3 Bone Cohen’s 0.516 moderate  
3D surface Cohen’s 0.481 moderate 

Obs. 1 vs. 4 Bone Cohen’s 0.626 substantial  
3D surface Cohen’s 0.748 substantial 

Obs. 2 vs. 3 Bone Cohen’s 0.432 moderate  
3D surface Cohen’s 0.332 fair 

Obs. 2 vs. 4 Bone Cohen’s 0.488 moderate  
3D surface Cohen’s 0.462 moderate 

Obs. 3 vs. 4 Bone Cohen’s 0.517 moderate  
3D surface Cohen’s 0.447 moderate 

Bold figures highlight the highest/substantial Kappa values. 

Table 3 
Intermodality test results for each observer (obs.).   

Obs. 1 Obs. 2 Obs. 3 Obs. 4 

P-value <0.001 0.018 0.026 0.016  

S. Braun et al.                                                                                                                                                                                                                                   
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glabella and the mastoid process, the most informative of the five traits 
[5]. The often-reported challenges in connection with the mental 
eminence as an indicator for biological sex according to the Walker [5] 
method could, however, in part be due to the fact that the trait has never 
been clearly described; some observers focus on the width or the 
prominence of the mental tubercles, while others concentrate on the 
shape of the midline eminence [20]. The mental eminence is composed 
of the expression of the lateral tubercles and the width between them, as 
well as the features of the midline eminence on the mental symphysis 
[11,20]. As the Walker [5] method does not sufficiently reflect shape 
variation of the various components of the mental eminence, their 
distinction by different observers is challenging as observers may focus 
more on one, but not all of the components [20]. The intricate anatomy 
of the chin could partly be responsible for the slight scoring agreement 
among all four observers. However, the level of agreement is very 
similar between bone and 3D, thus implying that it is similarly chal-
lenging to score the mental eminence in both modalities, even if the 
agreement was slightly better on 3D. In addition, the assessment of a 
morphoscopic trait is observer subjective, which could have influenced 
the scoring of the mental eminence and been responsible for the low 
agreement among the observers. Further explanations for the slight 
agreement among the observers could be the relative sex bias of the 
sample and the enhanced morphological overlap in the sample due to 
population affinity. 

The scoring of 3D models might be a personal affinity which could 
explain why the intraobserver agreement was better and the comparison 
of both series of 3D observations showed better agreement than the two 
series of scores on bone. Furthermore, the level of experience in forensic 
anthropology might be less valuable in the instance of scoring 3D 
models, as one junior and one senior observer were in close proximity in 
the scoring process, while the other two observers’ (one junior, one 
senior) scores were more dispersed. We therefore deduct that the use-
fulness of imaging for forensic anthropologists for the purpose of 
applying a bone-based method [5] on the mental eminence to 3D sur-
faces is limited, irrespective of the observer’s level of experience in the 
assessment of dry bones. Hence, we support the suggested inclusion of 
radiological training into forensic anthropological curricula [42]. 

When applying the Walker [5] method to the mental eminence of 
South Africans for research or casework, forensic anthropologists should 
ideally be aware of the individual’s population affinity. Otherwise, the 
continuum of chin morphology could lead to misconceptions in the 
scoring process [43]. Observers in future studies might test their per-
sonal affinity for assessing 3D surfaces, the difficulty being the lack of 
tactile sensation on virtual images. 

The application of the Walker [5] method to dry bones and 3D sur-
faces of micro-XCT scans for sexing the mental eminence showed that 
the two modalities are not easily interchangeable. The regular and un-
inhibited use of virtual images of bone in forensic anthropology is not 
without pitfalls, and more studies testing the possible errors are neces-
sary [26,42]. Furthermore, uniform manuals for the use of virtual 3D 
images [25] would be desirable. Investigating the comparison of all five 
traits as described in Walker [5] between bone and virtual 3D models 
could be a worthwhile study opportunity, thus addressing a research gap 
[26]. Adding metrics to the morphoscopic assessment of all five traits 
could be a rewarding component to minimize the inherent subjectivity 
in this endeavor. Additionally, a more detailed description of the mental 
eminence might increase the reliability of this trait. 
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[19] A.C. Oettlé, ‘Effects of dental loss and senescence on aspects of adult mandibular 
morphology in South Africans.’, PhD Thesis, Pretoria, 2014. 

[20] C.J. Lewis, H.M. Garvin, Reliability of the walker cranial nonmetric method and 
implications for sex estimation, J. Forensic Sci. 61 (3) (2016) 743–751, https://doi. 
org/10.1111/1556-4029.13013. May. 
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