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Abstract

Background/Objectives: Estimating the sex from unknown individuals is a critical step when
constructing their biological profile. The distal humerus is a useful sex discriminator as
shown through metric, morphoscopic, and geometric morphometric approaches. A recently
developed web application using geometric morphometric techniques has provided an
accessible tool for estimating sex from the shape of the olecranon fossa. The aims of this
study were to examine the accuracy of the Ammer—Coelho web application on Scottish
individuals, as well as test its repeatability and reproducibility among seven different
observers. Methods: The right humerus was obtained from 52 Scottish individuals, and the
Ammer—Coelho web application was used to estimate sex. Total accuracy rates and sex-
specific rates were calculated, and an analysis of Cohen’s and Fleiss” kappa was performed.
Results: The results demonstrate an overall accuracy of 69.23% with a sex bias of —5.33%,
with 55.56% of the sample being accurately estimated with probabilities equal to or higher
than 0.95. Substantial agreement was reported for intra-observer error, and an overall low
agreement was reported for inter-observer error Conclusions: This is the first study that
evaluates the Ammer—Coelho web application. A tendency to perceive more triangular
shapes (male appearance) rather than oval shapes (female appearance) resulted in a high
level of observer errors, with only 6% of females correctly estimated across the seven
observers. The low accuracy rates obtained could also indicate inter-population variation,
as shown by other studies. Due to the results obtained, research considering different levels
of observers’ experience and diverse population samples is needed to confirm our findings.

Keywords: distal humerus; olecranon fossa; elderly Scottish; sex estimation; validation
study; observer error; reproducibility; web application

1. Introduction

Forensic anthropologists are often tasked with developing the biological profile of
unknown human remains. This process entails estimating population affinity, sex, age-
at-death, and stature from unknown skeletal remains, as well as assessing any signs of
pathology, trauma, and other potential identifying traits [1-3]. As further developments oc-
cur in the field aiming to improve the means for human identification, scholars are creating
new methods, such as software applications, for estimating the biological profile [4-7].
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Biological sex is a crucial piece of information that excludes half of the population
if accurately estimated, and sex estimation methods have been developed based on the
principles of sexual dimorphism in humans [8-12]. Two main approaches are traditionally
available for estimating sex: metric and morphological techniques [3,13]. Additionally,
there is a third and relatively more advanced methodology called geometric morphometrics
(GMM) [3,14]. GM methods have been extensively used in biology for the assessment of
morphological differences by using landmarks quantified as Cartesian coordinates that
represent the shape of biological organisms [15-17], with studies also exploring human
variation, e.g., [18,19]. Morphological and metric methods can present limitations due to
population variation in relation to size; additionally, size can also affect the perception of
shape and form [15,20]. The use of GMM might mitigate these issues due to its ability
to assemble the shape of an object independently of size [3]. It has been demonstrated,
however, that GMM can produce both similar and less accurate results than traditional
metric methods when using certain skeletal elements such as the GMM analysis of cranial
outlines for sex estimation [21].

In addition to the pelvis and skull [9,22-24], a variety of bones and approaches have
been explored for sex estimation, e.g., [1,25-27]. Among those, the distal end of the humerus
has been investigated for sex estimation on the basis that it develops differently due to
sexually dimorphic characteristics and because it is commonly preserved [28], with recent
studies also highlighting the importance of correlation and robust statistical approaches [29].
Regarding the distal humerus, the carrying angle refers to the forearm’s lateral deviation
from the axis of the humerus in natomical position, with the forearm deviating from the
humeral axis by approximately 20 to 25 degrees in females, as opposed to a deviation
of 10 to 15 degrees in males [28,30]. Differential body proportion in relation to pelvis
and shoulder size between males and females will potentially affect the forearm position
while walking, with shorter forearms possibly leading to greater carrying angles [28,30,31].
Accordingly, sex estimation methods have used different aspects of the distal humerus,
including features such as the olecranon fossa. The first developed technique consisting
of a morphological sex estimation method for the distal humerus was developed from
a European sample with accuracies for combined traits ranging from 70% to 92% [31].
Subsequent research aimed to explore other reference population samples further utilizing
the principles of GMM to capture the olecranon fossa shape, with classification accuracies
ranging from 57 to 93% for males and 61-95% in females being reported [32-34].

Following the emergence of web-based online applications for anthropological analy-
sis, e.g., [35,36], Ammer et al. [34] released a computational tool applying GM approaches
for sex estimation using the olecranon fossa of the distal humerus on a contemporary
Portuguese sample (n = 151; 71 males, 80 females; ages unspecified; from the 21st Century
Identified Skeletal Collection at the University of Coimbra (CEI/XXI)). The authors tested
11 different principal components (PCs), with the optimal model including two PCs (PC3
and PC5) and an overall accuracy of 88.10%. As a web-based application, it has the benefit
of reducing the reliance on the user’s previous experience by eliminating the difficulty of
choosing between scores and phases commonly used in traditional morphoscopic methods,
e.g., [37,38]. Additionally, the technique is potentially applicable to use on different target
samples, as GM shape analysis is unaffected by size [34]. Thus, the aim of the present
study is to test the feasibility and accuracy of the Ammer—Coelho sex estimation web
application, exploring both the correct classification power of the method on an unrelated
reference sample of elderly Scottish individuals, as well as testing the repeatability and
reproducibility of the technique by assessing intra- and inter-observer error rates.
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2. Materials and Methods

The materials used for this study were collected from Thiel embalmed bodies at the
Centre for Anatomy and Human Identification (CAHID, School of Science and Engineering,
University of Dundee). Ethical permission for the use of this skeletal material for research
is covered by the Anatomy Act (1984) and the Human Tissue (Scotland) Act 2006 [39], with
the research project being further approved by the CAHID Thiel Advisory Team [40]. The
right humeri from 52 Scottish individuals (27 male and 25 female) were included in this
study; the selection of the right side and the slightly uneven sex distribution were due
to the limited availability of eligible donors, and issues with bilateral asymmetry were
not considered. The sample has a mean age for males and females of 84.37 and 85.64,
respectively (Table 1). Each bone was dissected, with any remaining soft tissue being gently
cleaned using tools such as a periosteal elevator, dressing tweezers, and Adson tweezers to
reveal the shape of the olecranon fossa. The selection criteria consisted of humeri with no
obvious pathologies or trauma that would compromise the posterior-distal end of the bone.

Table 1. Demographics of the Scottish sample under study.

Iljl gf;?ji;fs Age Range Mean Age SD

Males 27 70-98 84.37 6.68

Females 25 77-95 85.64 5.69
Total 52 70-98 84.98 6.19

SD = Standard deviation.

The morphology of the olecranon fossa of each humerus was assessed using the
web application, Ammer—Coelho (https:/ /osteomics.com/Ammer-Coelho/ (accessed on
15 April 2025)). Ammer—Coelho’s method provides a simple model consisting of two
PCs obtained by the GM analysis. The user is allowed to select right or left humerus
depending on the side available for analysis. Regarding the sexually dimorphic expression
of the olecranon fossa shape, PC3 corresponds to triangularity and roundness, while PC5
relates to convexity and concavity [34]. For each humerus, PC3 and PCS5 are represented
by an adjustable scale that can be manipulated. The software provides a sex estimation
based on the combined values selected by both PCs, being supported by metrics such as
Mabhalanobis distance, probabilistic results for males and females, and a linear discriminant
score (LDS). The probabilistic results represent the probability of the individual belonging
to the allocated group, and the LDSs are calculated based on the analysis performed for
the specific individual, with an overall reported accuracy of 88.1%. The output always
allocates a sex classification, even when probabilities are close to 0.50 [34]. Observers were
tasked with adjusting the PC3 and PC5 sliders in the Ammer—Coelho interface until the
simulated olecranon fossa shape best represented the specific shape of the specimen under
examination. Once satisfied, they reported the PC values provided by the software, along
with the associated probabilities and LDS values.

Statistical Analysis

Statistical tests were run on SPSS (v.28.0) and Microsoft Excel. To test the repeatability
and reproducibility of the web application, 10 humeri were randomly selected to assess
observer error (5 male and 5 female). Intra-observer error was assessed by one of the
authors (MST) after two weeks of data collection. Inter-observer error was assessed by
the participation of seven observers. All observers were blind to the sex distribution or
the sex of the specimens. The inter-observer pool consisted of postgraduate students and
staff within CAHID, with all participants having either completed or nearly completed
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an MSc or holding a BSc in the field of anatomy, forensic, or biological anthropology.
Participants were familiar with the traditional sex estimation method on the distal end
of the humerus [31] but not necessarily with the Ammer—Coehlo web application. Sex
was estimated by the observers based on the ten humeri using the Ammer—Coelho web
application, and a printed copy of Ammer et al’s [34] publication was provided to the
participants for consultation. Intra- and inter-observer errors were assessed using Cohen’s
and Fleiss” kappa (k) coefficients, respectively, with 95% confidence interval (CI) calcu-
lations, and the levels of agreement were determined as slight (<0.20), fair (0.20-0.40),
moderate (0.41-0.60), substantial (0.61-0.80), and almost perfect agreement (>0.80) [41,42].
In the case of inter-observer error, Cohen'’s kappa coefficient was used to compare each
observer’s data against the main observer’s estimation, while Fleiss” kappa coefficient was
used to provide an overall level of agreement (kappa score) among the seven observers
and the main observer [43]. Moreover, overall accuracy rates, as well as male and female
classification errors and sex bias (male classification—female classification), were recorded
for intra- and inter-observer errors.

In terms of the reliability of Ammer—Coelho’s method to estimate sex on the elderly
Scottish sample, different values were calculated. The positive predictive value (PPV) is the
likelihood that correct estimations are, in fact, correct. The negative predictive value (NPV)
is thus the likelihood that incorrect estimations are incorrect. Sensitivity represents the
method’s ability to detect a true positive, and specificity is its ability to detect a true nega-
tive [44]. Overall accuracy rates (total number of correctly estimated individuals divided
by total number of individuals multiplied by 100) were calculated. The probabilistic results
for males and females provided by the Ammer—-Coelho web application were recorded and
used to assess the reliability of the estimation, with probability thresholds being considered
as equal or over 0.50, 0.80, and 0.95, representing different levels of confidence in the sex
assigned by the method and following recommendations from previous studies [45-49].
Moreover, each recorded LDS was plotted against the obtained probability for each indi-
vidual to graphically represent the level of confidence of the estimated sex. Finally, PC3
and PC5 values collected were organized in a morphospace scatter plot similar to the plot
shown on the Ammer—Coelho web application for the Portuguese reference sample [34].
The PCs obtained for each Scottish individual were plotted to show the variability of the
current dataset, producing shape simulator scatter dots representing the estimated sex and
the known sex, separately.

3. Results
3.1. Observer Error

The intra-observer agreement, as indicated by Cohen’s kappa Coefficient, suggested
an overall substantial agreement with 95% CI indicating moderate-to-perfect agreement
(k =0.80 (95% CI, 0.45-1), p = 0.01). The correct classification accuracy rate obtained for
both males and females was 60%, resulting in no sex bias, with an overall intra-observer
sex estimation accuracy rate of 60%.

Inter-observer error results are reported in Table 2. The overall accuracy rates of
individual observers ranged from 20% to 60%, with an average correct classification of 40%.
Inter-observer accuracy rates were higher for male individuals and provided a wider range
(40-100%), while female individuals showed lower accuracy rates and a smaller percentage
range (0-20%). The average observer accuracy rate was 74% for male individuals and 6% for
female individuals, resulting in a sex bias of 68%. The results were heavily skewed towards
observers estimating the individuals as male. The reproducibility of the method between
the author and each observer was assessed with Cohen’s kappa, displaying coefficients
ranging from —0.190 to 0.348 and p-values over 0.05, with five observers obtaining fair
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agreement overall and the remaining two obtaining poor agreement with values lower
than 0.20 (Table 2). The negative kappa coefficient indicated that for one observer, there
was less agreement than if the judgment had been random. The 95% CI suggested that
agreement ranged from moderate to perfect for three observers, from slight to substantial
for two observers, and from slight to moderate for one of the observers.

Table 2. Accuracy rates for inter-observer error and Cohen'’s kappa coefficient for agreement between
participants and main observer.

Observer Male Female Overall Sex Cohen’s Kappa Coefficient and
Accuracy% Accuracy% Accuracy% Bias% Confidence Intervals (CI)

A 40 0 20 40 0.348 (95% CI, 0.24 to 0.94), p = 0.26

B 100 0 50 100 0.00

C 100 20 60 80 0.286 (95% (I, 0.18-0.76), p = 0.19

D 60 20 40 40 0.348 (95% CI, 0.24 to 0.94), p = 0.26

E 80 0 40 80 —0.190 (95% CI, —0.51 to 0.139), p = 0.38

F 60 0 30 60 0.348 (95% CI, 0.24 to 0.94), p = 0.26

G 80 0 40 80 0.286 (95% (I, 0.18 to 0.76), p = 0.19
Average 74 6 40 68.57

To gauge the overall agreement between all observers involved in the study, agreement
was assessed with Fleiss” kappa coefficient, indicating an overall slight agreement and a
95% CI with the lower and upper bounds ranging from slight-to-fair agreement (x = 0.174,
95% CI = 0.06-0.29, p-value = 0.004).

3.2. Ammer—Coelho Performance on the Scottish Sample

The Ammer—Coelho web application, when applied to the 52 Scottish individuals,
produced an overall accuracy of 69.23%, resulting in a sex bias of —5.33%. Using males as a
positive result for sex diagnosis, a PPV of 72% and NPV of 66.67% were calculated, with
sensitivity and specificity for male individuals being 66.67% and 72%, respectively. These
values indicated the application’s slightly increased ability to correctly identify female
individuals over males.

Regarding the estimations as indicated by the probabilistic values, 83.33% and 55.56%
of the individuals that were accurately estimated reported probabilities greater than or
equal to 0.80 and 0.95, respectively (Table 3).

Table 3. Accuracy rates considering different probability thresholds for the Ammer—Coelho web
application on the sample under study.

Probability Threshold
>0.50 >0.80 >0.95
Male (n/%) 18/100 15/83.33 11/61.11
Female (n/%) 18/100 15/83.33 9/50

Overall (N /%) 36/100 30/83.33 20/55.56
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To extract more information from the sex estimation performance provided by the
Ammer-Coelho web application, the Scottish sample’s LDSs were plotted against the ob-
tained probabilities, including both the correctly and incorrectly sex estimated individuals
(Figure 1). The LDSs and probabilities obtained for the Scottish sample suggested that the
minimum LDS required for the highest probability of 95% was found at approximately
—1.07 for females, while the minimum LDS for this probability threshold was found at
approximately 1.32 for males.

0.90
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< Males predicted as female
Females predicts as male

o Females predicted as female

-4
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Figure 1. Probability plot demonstrating the relationship between the linear discriminant scores and
probability (above 0.50) results for estimated sex on the Scottish sample.

Moreover, the PC3 and PC5 values obtained for the Scottish individuals through the
shape simulator were plotted to replicate the morphospace found on the Ammer-Coelho
PCA playground webpage, representing the estimated sexes and the known sex, separately.
As seen in Figure 2A, which represents known sex according to the entered PCs values,
all four quadrants of the morphospace seemed to be occupied by the data points, with
many individuals falling on either negative or positive PC values. When the data points
were categorized by the sex estimated by the Ammer—Coelho Shape Simulator software
(Figure 2B), there was a clear line of discrimination with no overlap between the clusters,
with individuals estimated as male primarily located in the negative regions of both PCs,
while those estimated as female falling primarily in the positive regions of both PCs. A
well-functioning application would produce two similar plots rather than the differing
examples seen in this study. The observed discrepancy between Figure 2A,B demonstrates
the limitations of the program’s discriminative power when applied to the Scottish sample.
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Figure 2. Morphospace scatter plots of PC3 and PC5 values of the olecranon fossae obtained for the
Scottish sample representing known sex (A) and estimated sex (B), separately. The lines represent
approximate boundaries of the morphospace area for females (red) and males (blue).

4. Discussion

The development of skeletal methods for forensic identification has been increasing
recently, with research being performed using different skeletal elements and diverse popu-
lations, as well as traditional and more advanced statistical approaches and technological
aids [35,48,50,51]. Among the information required to construct the biological profile,
accurate biological sex estimation is crucial for identification purposes as it excludes half
of the population and could be needed for subsequent assessment if applying sex-specific
methods [3,11,52,53]. As novel sex estimation methods are being developed, testing their
reliability and accuracy is essential to avoid jeopardizing investigations [54,55]. Thus,
the aim of the present study is two-fold. Firstly, it focuses on evaluating the accuracy
of a recently developed software-based technique [34] that uses GMM properties on the
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olecranon fossa to estimate sex in a Scottish elderly sample. Moreover, the repeatability
and reproducibility of the online tool were tested through intra- and inter-observer errors
to assess the performance of different observers with similar levels of experience. The
overall accuracy rates obtained for the Scottish sample in comparison to the original method
classification rates and the level of inter-observer agreement could be related to issues
regarding observers’ experience, software application technicalities, or inter-population
differences, among others. Limitations in relation to the sample size and the specific nature
of the sample population (elderly individuals) should be taken into consideration when
interpreting our findings. Moreover, reduced reproducibility raises concerns about court-
room admissibility and reliability [56,57], as a method that cannot be consistently replicated
across observers might require refinement before use in forensic contexts [58].

4.1. Intra- and Inter-Observer Error

Macroscopic observation of traits is traditionally used as a quick and easy method-
ological approach for sex estimation using skeletal elements like the pelvis or the skull [59].
However, subjectivity has been reported as playing an impact on the techniques’ perfor-
mances with problems arising from, for example, difficulty in assessing specific features,
inherent technical and methodological issues, and the observer’s experience [47,60,61].
In the present study, inter-observer average accuracy rates for sex estimation were high,
with errors being 29.23% below the analysis performed by the main observer. The poor
inter-observer agreement observed here might suggest that adjusting PC3 and PC5 sliders
could require more standardized training, with this subjectivity potentially making the
method less appropriate for legal settings [56,62]. Macroscopic traits for population affinity
estimation, accounting for similar morphological approaches as the one required for the
olecranon fossa, reported variable inter-observer errors, with disagreement between experi-
enced and inexperienced observers having an impact on the method’s reliability [63,64].
Moreover, inter-observer differences in scoring cranial non-metric traits compromised sex
classification accuracies, as shown in another study [60]. In this study, all observers have
similar background knowledge, and thus, their previous experience in the field and its
impact on their performance were mitigated [60]. The difference in the observations and
accuracy rates reported between the main observer and the other participants could be
explained by the fact that the former was exposed to and engaged with a larger sample
for a longer time. This could have contributed to a better understanding of the morpho-
logical inter-individual variation in the sample under study, explaining also the lower
intra-observer error reported. Familiarity with the traits under observation has been high-
lighted as a factor having an impact on the performance of observers applying methods for
sex estimation, and improved traits descriptions have been suggested as a solution [65].
Perhaps adding more detailed written explanations about the specific characteristics to be
assessed could further guide the observers into constructing the appropriate shape on the
simulator as seen on the specimen under consideration.

Web applications for morphological and metric skeletal assessment have been pro-
duced for sex and population affinity estimations, e.g., [66—68]. Issues associated with
the observation of specific traits using software-based data collection protocols have been
noted, with virtual learning initiatives aiming to support the observation of the structures in
a three-dimensional (3D) plane [61,69]. Methodologically speaking, the use of the Ammer—
Coelho web application translates the olecranon fossa into a 2D structure representing
shape through when represented in GM analysis [34]. Additionally, it provides a GM
simulator that assists the user with matching the olecranon fossa’s outline shape of the
target specimen to the online reference data, as opposed to the traditional approach that
compares the unknown individual with the images provided [31]. In the present study,
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the poor agreement reported for inter-observer error, along with the high sex bias (68.0%),
might suggest a tendency of the observers to consistently observe traits associated with
male morphology, perceiving triangularity and convexity to a greater degree than round-
ness and concavity. The original method developed by Rogers (1999) [31] and followed
by Ammer et al. (2019) [34] proposed guidelines for the assessment of the olecranon fossa
shape, with males having a roughly triangular outline shape and uniformly shallow fossa.
The female olecranon fossa description presents two key features, a deep oval shape and
a shallow proximal extension, with the latter only seen in some females. The proximal
extension of the female olecranon fossa was also noted by other authors when revising
Rogers’ (1999) [31] methods [70,71]. Revisiting inter-observer error, it is possible that the
observers in this study interpreted the proximal extension as the border of the olecranon
fossa, thus explaining the high levels of triangularity reported for known female individu-
als and decreasing the overall accuracy rates. The difficulties of assessing specific traits for
sex estimation methods have been reported previously, e.g., [60]. Overlapping between the
sexes” morphologies for the olecranon fossa might indicate low sexual dimorphism for the
traits observed [32] but could be related to the observers not having a full understanding of
the features being assessed. As mentioned, more detailed descriptions may help observers
grasp not only the traits, but also the potentially diverse range of morphological variation
presented on the current population. The incorporation of a training interface within the
online tool showing the user the different settings and examples of the olecranon fossa
morphology of male, female, and ambiguous individuals could reduce the impact that the
traits and the web application might potentially have on the performance of the observers,
as well as reducing sex bias.

In the future, the possibility of introducing the assessment of the olecranon fossa in
the web application through 3D visualization might help the user to better understand
the features under study [72], especially when dealing with characteristics related to the
perception of depth, such as concavity and convexity. The combination of the level of
experience of the observers in relation to the method, along with both the methodological
approach and the online tool being used could have potentially resulted in the discrepancies
and bias reported by the inter-observer error analysis.

4.2. Ammer—Coelho for Sex Estimation on the Scottish Sample

Regarding the reliability of the Ammer—Coelho web application, this validation
study provided an overall accuracy of 69.23%, which is lower than the original method
(88.10%) [34]. Our results indicate slightly higher correct classification rates for female
individuals, resulting in a sex bias of —5.33%, with similar bias trends observed by the
original method when using 11 PCs [34]. Sex bias greater than 5% is considered large and
having an impact on the reliability of the methods [26,65], and thus, our findings suggest
a positive outcome for the method under scrutiny. However, it is important to consider
that other morphological studies on sex estimation on the distal humerus have reported
higher sex bias, showing a lower discriminatory power of the selected features and a larger
overlap between males and females [28].

The use of probabilities can assist the expert on decision making [48,73]. In the Scottish
sample, more than 80% and 63% of the individuals were estimated with probabilities
equal to or greater than 0.80 and 0.95 thresholds, respectively. Considering that sex esti-
mation traditionally accounts for a binary outcome, a cut-off value of more than 0.50 for
classification into one of the two groups could be applied. Nonetheless, caution must be
taken when classifying close to the zone of uncertainty, with reliable classification being
considered those with a posterior probability of at least 0.95 [74,75]. The probabilistic
results for the Ammer—Coelho web application provide a sex estimation following the
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0.50 threshold. In the current study, a higher percentage of accurately estimated males
and females obtained posterior probabilities of at least 0.80 compared to inaccurate male
and female estimates. However, some cases were misclassified with high probabilities, as
seen in Figure 1. As noted elsewhere, prioritizing high probabilities might minimize the
error, but the trade-off will be a decrease in the overall accuracy of the method [76]. Further
validation studies with diverse users and different samples will corroborate the accuracy
and performance of the Ammer—Coelho web application, as our findings are limited to
the observers and the sample size and demographic characteristics of the Scottish elderly
sample under investigation.

Sex estimation studies performed on the olecranon fossa shape on different popu-
lations have reported variable accuracy rates ranging from 37% to 100% [28,31,32,71,77].
Discrepancies in the classification rates might be due to inter-population differences, as
demonstrated by the lower accuracies obtained by Tallman and Blanton (2020) [28] on
a target sample from Thailand proving that statistical approaches such as binary regres-
sion performed the best with accuracies from 74 to 100%. A South African sample was
tested by Vance et al. (2011) [33], who incorporated a scoring method and reported overall
accuracies of 77%, indicating lower discriminating power than other papers [34] but demon-
strating a degree of sexual dimorphism in the individuals under study. Thus, potential
inter-population variability related to differing degrees of expression and morphology
patterns of the olecranon fossa between the Scottish target sample and the Portuguese
reference sample should be further considered when discussing the performance of the
online tool, as the reference database may differ in age and sex distribution in relation to
our sample [13,78]. Perhaps adding new samples to the web application will allow for the
possibility of refining the algorithm to adjust to different populations, as well as conducting
cross-validation studies with independent datasets. Furthermore, although age has been
proven not to affect the sex traits associated with the olecranon fossa and other skeletal
areas [28,31,79,80], the accumulation of biomechanical loads, age-related pathologies, and
physiological adjustments such as hormonal changes can alter bone mass and skeletal
structures, thus affecting the feasibility and accuracy of the methods [81,82]. Therefore,
the elderly nature of the Scottish sample could have had an impact on our findings, and a
wider age range should be included in future research.

4.3. Limitations of the Study

This is the first piece of research that addresses the accuracy and reliability of the
Ammer-Coelho web application [34] on a not-related target sample. Although some trends
were reported in this validation study, further research is required to confirm our findings.
This study focused on the Ammer-Coelho web application [34] which applied GM analysis
on a dataset of Portuguese individuals, providing a tool for online users to estimate sex. To
draw further conclusions, it will be necessary to run an independent GM analysis using the
target sample to fully assess morphological changes for discriminating between the sexes in
the Scottish individuals, through data visualization as well as the optimal PCs that represent
the current sample. The reliance on right humeri only prevented assessment of bilateral
asymmetry, and the elderly nature of the sample may have obscured sexually dimorphic
features. The relatively small sample size further reduces statistical power and may affect
sex bias, with all confounding factors limiting the conclusion’s generalizability [83].

5. Conclusions

The potential of the distal humerus morphology for sex estimation, along with its
high likelihood to survive damage, imply that this is a promising area for investigation.
The present study aimed to test the performance and feasibility of the recently developed
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Ammer—Coelho sex estimation method on an elderly Scottish sample and explore the
impact of intra- and inter-observer errors on the web application.

Lower accuracy rates than those of the original method are reported, suggesting that
other factors, such as inter-population variation and statistical differences, could have
an impact on the performance of the method on an unrelated sample. While the size of
our sample was adequate for the purpose of this study, a larger sample would cover a
wider range of feature expression variability which would be beneficial to confirm our
findings. The possibility of including the left and right side for comparing potential
bilateral asymmetry could also be investigated. Furthermore, incorporating individuals
representing other age ranges and other population origins will be useful to explore the
potential impact of age on the sexual dimorphic features under consideration, as well as
the impact of interpopulation variability.

In terms of the observer errors reported, repeatability is confirmed, but reproducibility
will need further investigation. Several factors such as the observers’ level of experience,
exposure to the material, and methodological issues in relation to the presentation of the
olecranon fossa outline, as well as technical matters related to the use of the online tool,
could all be considered confounding factors contributing to the low accuracy rates and to
the low agreement obtained by the observers.

While the Ammer—Coelho web application performed less effectively on the elderly
Scottish sample than on the Portuguese individuals, it offers clear advantages by being
an accessible, free web-based application with a standardized interface broadening the
applicability of GM in forensic anthropology. Further research is required to confirm the
reliability and reproducibility of the online tool, and future practical steps could include
algorithm refinement and integration of larger datasets along with the development of a
GM population-specific model for the Scottish sample.
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