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Sexual Dimorphism of Pelvic Scarring: A New Method of Adult Biological Sex Estimation

ABSTRACT

Estimating biological sex is a crucial aspect of forensic anthropology, and is pivotal in forensic
investigations. Presently, the most frequently adopted osteological sex estimation methods focus on
the anterior pelvis, which is easily susceptible to postmortem damage, revealing a need for additional
accurate methods. This study introduces a novel method for estimating adult sex through metric pelvic
scar analysis, using a known skeletal sample (169 females; 51 males). Relationships between sex and
scar dimensions were subjected to Kendall’s tau-B testing, and the strongest associated
measurements were further analyzed using binary logistic regression to determine their predictive
capacity. The final estimation method was tested on an additional known-sex sample of 43 males and

43 females from the Spitalfields skeletal collection.

All associations between biological sex and scar measurements were significant, with the preauricular
sulcus and newly defined inferior interosseous cavity presenting the strongest relationships (th 0.223
— 0.504). Individual regression models using the approximate volume of each feature predicted sex
with over 80% accuracy, but when combined in a single regression model, the accuracy increased to
animpressive 97.1%. When then applied to the validation sample, the final estimation model achieved
an accuracy of 90.7%. These results highlight the high estimation accuracy achieved by simultaneously
utilizing the approximate volume of the sulcus and the inferior cavity. This is not only highly accurate
but also utilizes the sturdier posterior pelvis, making it a promising tool for forensic investigations and

the wider field of osteology.
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interosseous cavity
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HIGHLIGHTS

- Pelvic scar severity is associated with biological sex.

- Females present with more severe scarring at all sites except for the pubic tubercle.

- Posterior scarring is the most dimorphic, indicating higher sacroiliac tension in females.

- Analysis of scarring around the auricular surface can estimate sex with over 97% accuracy.
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INTRODUCTION

Biological sex estimation is a central process in identifying unknown individuals in forensic cases, and
thus, the ability to confidently estimate sex is vital. The most widely adopted estimation methods
focus on the pelvis, which is known to provide highly accurate results [1-3]. Such methods typically
involve the analysis of the shape of pelvic features known to respond to the pubertal changes
associated with the reproductive role of mature females. In Buikstra & Ubelaker’s publication on the
standards for osteological data collection [4], well-known pelvic techniques for estimating sex are
highlighted [4-6]. However, Klales [7] reports that methods involving the categorical and
morphological analysis of dry-bone pubic features are the most frequently used today, despite a
modern trend in the increased use of computational tools. The most popular examples of such
methods include that from Phenice [5] and the more recent adaptation from Klales [8], both of which
have been extensively validated [7]. However, as Walker [6] and Dar & Hershkovitz [9] explain, in
focusing on the anterior pelvis, which is more likely to suffer postmortem damage, such methods are

not always appropriate.

Moving away from methods that use key structural features of the pelvis for biological sex assessment,
some researchers have investigated the dimorphic significance of more specific pelvic scar features.
This allows for a focus on smaller pelvic details, including potential scarring around the auricular
surface that may be more likely to escape postmortem damage. As scar sites are small, it also
facilitates the easy transition towards metric methodology often expressed as favourable in more

recent research [7].

Pelvic Scarring and Biological Sex

Pelvic scarring occurs at localized sites of soft tissue attachment, including ligamentous attachments
at the anterior and posterior pelvis, and tendinous attachments on the pubis. Historically, scarring is
believed to be associated with hormonal changes or physical stress caused by obstetric events [10] -

attributed to the widespread skeletal laxity, increased pressure upon the musculoskeletal pelvis and
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abdominal muscles, and significant expansion of the pelvic structures associated with gravidity
(pregnancy) and parity (birth) [11-15]. However, many researchers suggest reservations about linking

scarring with obstetric events [16-22].

As a result, many studies have considered the theory that pelvic scarring at varying sites is evidence
of osteological dimorphism [19-20, 22, 23-31]. The modern female pelvis is believed to have evolved
to compensate for the difficulty in birthing introduced by bipedal adaptations [15, 32], resulting in the
development of a significantly broader, more gynecoid pelvis [32] - potentially increasing connective
tissue tension and resulting in bony alterations. This theory is partially supported by studies that found
an association between broader pelves and preauricular sulcus development [31, 33], with one also
noting a similar relationship with dorsal pubic pitting [33]. Maxwell [34] also discovered that relaxation
of pelvic connective tissues and subsequent articular diastasis occurs during cyclical periods of
heightened estrogen, while Micussi et al. [35] found that pelvic floor muscle tone increases during the
follicular and luteal phases of the menstrual cycle. Thus, it is possible that scarring could also arise, or

at least be exacerbated by, regular periods of simultaneous muscle tension and pelvic flexibility.

Considering the presence of preauricular scarring on the ilium, most studies agree that the mere
binary assessment of sulcus presentation cannot confidently determine biological sex [23, 19-20, 25-
26, 30-31]. However, upon consideration of the variable nature of sulcus presentation, dimorphism
has been widely reported in both morphological studies [23, 25, 30-31] and metric studies [19, 22, 27]
- associating female sex with increased preauricular sulcus severity. In a rare dispute, Spring et al. [20]
recorded significant preauricular cavitation in few cases, suggesting a reduction in the dimorphic

significance.

A similar general trend can be observed in the dimorphic presentation of pitting on the dorsal pubis
[19, 22, 27-28]. Andersen [19] was the first to thoroughly investigate dorsal pitting, highlighting that
feature absence is likely in biological males while the presence is common in over half of all females.

Further studies have since supported Andersen’s findings [27-28] while Praxmarer et al. [22] observed
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a higher female incidence of pitting. Furthermore, Andersen [19] and Praxmarer [22] also metrically
assessed scar severity at the dorsal pubis, both noting that pitting was consistently larger in biological

females.

This interosseous groove develops at the site of interosseous ligament insertion, starting at the dorsal
aspect of the superior demi face of the auricular surface and extending along the inferior dorsal border
— but always terminating before the posterior inferior iliac spine [24]. Iscan & Derrick [24] were some
of the first to note that the interosseous groove was observed in almost all females but only a small
percentage of males, suggesting that the presence of such is highly indicative of being biologically
female and vice versa - a theory supported later studies [19, 29]. Regarding scar severity at this site,
research suggests that females are also more likely to present with increased interosseous scarring
[27, 29]. In contrast, Gohil et al. [26] found only a weak association between biological sex and
interosseous groove presence. However, as discussed by Andersen [19] and Houghton [23],
discrepancies in conclusions may be influenced by the challenge of identifying this feature, given the

rugged nature of the retroauricular surface.

Further studies have also considered scarring in the form of iliac tuberosity or pubic tubercle extension
[19, 22, 24, 26-27]. Iscan & Derrick [24] first highlighted that sexual dimorphism was less pronounced
when analyzing the iliac tuberosity compared to other scar features. Similarly, Gohil et al. [26] found
a significant but weak association between this feature and biological sex, while others found no
significant relationship [19, 27]. Praxmarer et al. [22] and Mass & Friedling [27] also metrically
investigated the possibility of an association between the extension of the pubic tubercle and sex.
Interestingly, opposing the trend observed through the analysis of other significant scar features,

these studies found a positive association between tubercle extension and being biologically male.

Summary and Study Aims
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A review of relevant literature highlights the potential for further investigation into the sexual
dimorphic presentation of common scar sites — particularly the preauricular sulcus, interosseous area,
dorsal pubis, and pubic tubercle, which previous studies largely agree have some association with
biological sex. Despite some promising results, few studies have applied a uniform metric analysis
method across multiple sites. Therefore, exploration into the predictive power of pelvic scarring has
been limited, and no frequently adopted sex estimation method using pelvic scar analysis has been

developed to date.

This study aims to metrically assess these scar sites to investigate the aetiology of pelvic scarring from
a biological sex perspective, and develop the most accurate possible sex estimation method based on
those scars identified as having the highest predictive potential. This process involves the examination
of a skeletal collection of known sex while enhancing the solely categorical grading methodology of
many previous studies. In doing so, scar features were assessed individually and in combination where
appropriate, while maintaining awareness of the issues associated with existing multi-feature

methods.
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MATERIALS AND METHODS

Skeletal Samples

A sample of 169 females and 51 males from The Texas State Donated Skeletal Collection (TXSTDSC)
were examined, facilitating the analysis of a large modern American population with known personal
data, including confirmed biological sex. Only adult donors were selected for this study to ensure the
most explicit osteological expression of sexually dimorphic features, with samples excluded in
instances where bilateral pubic symphyseal or sacroiliac fusion or skeletal trauma made it impossible
to observe all pelvic scar sites. As a result, the age range of the full sample was 21 - 103 years old,
with a mean age of 68.2. The age range for the female sample only was also 21 - 103, but with a mean
of 67 years. For males, the range was reduced to 29 - 97, with a mean age of 69.2. However, the exact
age at death of six males was unknown, but they had been confirmed to be adults at the time of
donation. Unfortunately, 90% of the individuals in the sample were white, representative of the

ancestry bias of the skeletal collection.

To later validate the sex estimation method developed as part of this research, an additional skeletal
sample from the Christ Church Spitalfields Collection, comprised of individuals interred across the 18th
and 19th centuries, was used. This sample included 43 males and 43 females, aged between 21 and
89 at the time of death, as established based on the coffin plate associated with each individual.
Among the male validation sample, ages spanned from 21 to 81, with a mean age of 53.1. In contrast,
the female sample age ranged from 23 to 89, with an average age of 56.3. Those selected were well-
preserved and conformed to the exclusion criteria established with the initial sample. The ancestry

information for this sample was not known.

Data Collection Process
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During the original data collection process, and the later validation study, measurements were taken
from all scar sites on the left side of the pelvis where possible (See Figure 1). Where scar features on
the left side were too damaged to analyze or the associated pelvic elements were missing entirely,
scarring on the right side was assessed. Measurements were conducted blindly to avoid unintentional
bias as a result of knowing the sex of each individual during the data collection process, thereby
maximizing result validity. In collecting the data, existing metric methods from Snodgrass & Galloway
[21], Maass [36], and Waltenberger et al. [10, 37] were used as a guide, with some adaptations.
However, the technique used in this study to analyze pelvic scarring resulting from dorsal sacroiliac
ligament interaction is novel. Here we focused solely on cavitation confined to the dorsal borders of

the auricular surface, rather than considering changes across the retroauricular surface.

Intra-observer testing of the first 20 cases in the original sample was carried out before continuing
data collection for the remaining 200 to ensure no significant differences amongst repeated measures.
There was a one-week delay between initial and secondary measurements, and the latter results were
recorded blind to those obtained during the first assessment. Where there was a difference between
the two measurements, the mean value was calculated and used as the final variable result in each

case.

Dorsal Pubic Pitting

Maximum pitting measurements on the dorsal surface of the pubis were recorded following a similar
process to that outlined by Waltenberger et al. [10, 37]. Pit width was recorded as the measurement
perpendicular to the symphyseal surface, and depth as the maximum distance from the dorsal pubic
surface to the base of the deepest pit using the calliper depth rod. Pitting length was measured as the
full measurement of the pit parallel to the surface of the symphysis (see Figure 2) (note that ‘length’
was used instead of ‘height’, as seen in some studies, to maintain terminology consistency throughout
this research). Where there were multiple independent pits, length measurements were taken across

all of them, with an additional length measurement taken across the longest pit separately.
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Preauricular Sulcus

Sulcus width and depth measurements were taken for all individuals following the methodology
outlined by Maass [36]. The maximum width was measured at the widest point perpendicular to the
anterior edge of the auricular surface, and maximum depth was recorded as the deepest point of the
sulcus floor from the unaffected surface level. In this research, an additional measurement of
maximum length was also taken, which was observed as the measurement of the depression as it runs
parallel to the auricular surface (see Figure 3). Note that in most cases, this depression should be
clearly visible - but where it is exceptionally shallow, the edges of the sulcus should still be palpable
and traceable to facilitate measurement. This is the first known study to utilize all three measurements

from the preauricular sulcus.

Pubic Tubercle Extension

When measuring pubic tubercle extension, the methodology developed by Snodgrass & Galloway [21]
was followed with minimal deviations. Measurement was taken from the line of the natural pubis
curve to the centre of the tubercle extension apex (see Figure 4). However, unlike previous studies,

this research preserves metric readings and does not place results into general descriptive categories.

Interosseous Cavitation

Traditionally, the study of interosseous scarring involves width and depth assessment across the full
attachment site of the interosseous ligament [10, 23-24, 36-37]. Given that scarring on the
retroauricular surface can be challenging to identify and analyze, this research focuses solely on the
cavity formed by auricular surface lipping at the dorsal edge(s) first discussed by Houghton [23]

(hereon referred to as interosseous cavitation) (see Figure 5). When analyzing interosseous cavitation,
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maximum length measurement was comparable to that of Maass’ [36] interosseous analysis method
in accounting for the entire length of the inferior ramus cavity. Specific to this research, a second
measurement was also taken along the superior dorsal edge in cases where a cavity was present. This
was not the case in all donors, but where it was, it acted as a continuation of the inferior cavity
following a small, although variable, hiatus. Auricular lipping determined depth and width
measurements for each cavity. Even in minor cases, lipping facilitates a maximum width measurement
between it and the retroauricular floor over which it extends. Meanwhile, the maximum depth was
defined as the measurement from the edge of the auricular lip to the deepest point of the cavity,
where measurement is not impeded by iliac tuberosity thickening. In cases where cavitation is
especially shallow or narrow, there may be small pauses in cavitation along the separate inferior or
superior lengths, but for the purpose of simplifying maximum length measurements, these were

disregarded.

Statistical Analysis

All statistical analyses were conducted using IBM SPSS Statistics version 28, with results considered
significant at the standard threshold of p <0.05. Following data collection for the first 20 cases,
measurements were retaken, and initial intraobserver checks were carried out using Cronbach’s Alpha
internal consistency test [39] — with Phi interpreted based on the criteria established by Rea and
Parker [40]. The categories are as follows: negligible (<0.099), weak (0.1 - 0.199), moderate (0.2 —
0.399), moderately strong (0.4 — 0.599), strong (0.6 — 0.799), and very strong (>0.8). Meanwthile,
Kendall’s Tau-b (th) testing was used to gain insight into relationships between sex and scar
measurement variables, where significant correlations are classified as strong at 0.3 or higher [41].

The data met all required assumptions for each analysis.

In preparation for further analyses, measurements indicating a strong association with sex were
checked for potential multicollinearity. This was done by assessing inter-variable correlations and

consultation with collinearity diagnostics as guided by Field [42]. As appropriate, variables were then
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utilized in the production of logistic regression models to determine their predictive potential —

adhering to a standardised residual limit of £2.5 recommended by Filler & DiGabriele [43], to reduce

oNOTULT DA WN =

outlier influence but not overly restrict the effect of natural biological variation. Independent variable-
10 logit linearity was also confirmed for final regression model predictor variables using the Box-Tidwell

12 [44] procedure with Bonferroni correction [45].
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RESULTS

Intra-observer Error

Repeat measure testing for all scar variables across all 20 cases produced a high Cronbach’s Alpha of
0.999, reflecting excellent consistency between test pairs and high measurement precision [38]. This
is further evident in Table S1, which presents the intra-observer results as mean values for each scar

measurement variable.

Descriptive Statistics and Metric Correlations

Table S2 presents the descriptive statistics for all individual scar measurements for both male and
female groups separately, including maximum, mean, and standard deviation values. The percentage
of males and females for which each feature was absent has been presented in place of the minimum
value, as this was zero in all cases. This table shows that there is almost no dimorphic variation in pubic
tubercle extension absence. All remaining features are absent in a higher percentage of males than
females, with a minimum percentage of 66.9% superior cavity and 75.7% dorsal pubic pitting absence
across both sex groups. Absence occurrence was significantly reduced for the inferior cavity, with a
maximum value of 19.6%, as evident in the male sample. The preauricular sulcus results were the most
dimorphic, with absence observed in 45.1% of males and 6.5% of females. Meanwhile, the maximum,
mean, and standard deviation values were consistently higher across all measurement variables for
females compared to males. The only exception was pubic tubercle mean, which was higher in the

biological male group.

All tau-b correlations between variable measurements and biological sex were significant, (see Table

S3). The most prominent feature was the preauricular sulcus, which presented a strong correlation (th
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>0.3) with biological sex across all three measurements. This was followed by the inferior interosseous
cavity, where width and depth displayed strong correlations (tb = 0.448 and 0.444), while the length
was moderately correlated (th = 0.223). Consequently, these scar features were selected as the focus

of further analysis.

Ahead of logistic regression analysis, the key measurements were checked for multicollinearity. Upon
consultation with standard regression collinearity diagnostics, no significant findings were noted, but
the strongest variable pairs for both the sulcus and inferior cavity were strongly intercorrelated at r =
.781 and r = .721, respectively. Therefore, to avoid potential cases of discreet multicollinearity while
allowing for the use of all measurements for both key variables, their dimension measurements were
cubed to create an approximate volume variable for use in regression analysis. Correlation statistics
for these two new variables can also be found in Table S3 (highlighted in bold) - for which further

descriptive statistics, including absence percentage, have been presented in Table 1.

Single-variable Logistic Regression Models

Echoing the information revealed in Table S2, Table 1 reveals that the preauricular sulcus is absent in
over 45% of males but only 6.5% of females, meanwhile the inferior interosseous cavity is absent in a
reduced 19.6% of males and 2.4% of females. Furthermore, it shows that biological females had
significantly higher maximum, mean, and standard deviation values for these two key approximate
volume variables.

Data regarding the single-variable logistic regression models generated using these variables can be
found in Tables 2 and 3 (data not in bold). Both single-variable models were statistically significant (p
=<.001). The approximate volume of the preauricular sulcus alone can explain a substantial proportion
of the variation in biological sex (67.9%). In identifying an increase of 1mm in sulcus volume associated
with a 4.7% increase in the odds of an individual being biologically female, this model accurately
classified 86.5% of cases, with a higher sensitivity than specificity. A lower odds ratio was observed in

the inferior interosseous cavity model, with a 3.9% increase in the odds of being biologically female
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per lmm measurement increment. Separately, inferior interosseous cavity volume explained a slightly
lower 52.2% biological sex variation than the sulcus volume model. In this case, specificity was reduced
to just over 56% - and as a result, the overall accuracy of the inferior cavity model was decreased to
80.2%.

Multi-variable Logistic Regression Model

A final regression model was developed using both key features in combination, conforming to the
same biological sex threshold as the single-variable models. The information in bold in Tables 2 and 3
provide the final regression model statistics, and Figure 6 offers the prediction graph corresponding

with the multivariable equation statistics in bold in Table 3.

First expanding upon the absence percentages detailed in Table 1, further analysis reveals that only 3
males did not present with either of the final key scar features, equating to only 5.9% of the male
sample. Meanwhile, just 1 female had neither scar feature (0.6% of the female sample). Combining
these variables produced the most robust prediction model, again highly statistically significant (p =
<.001). When both approximate volume measurements were utilized simultaneously, the data
analysis identified that for every 1mm increase in sulcus volume, there was a 9.5% increase in the odds
of the individual being biologically female, while the same measurement increase in inferior cavity
volume was linked to a 10% increase in the odds of being biologically female. This model produced a
final accuracy of 97.1%, significantly reducing the disparity between sensitivity and specificity

percentages — both of which were over 91%.

Method Validation — Application of the Final Predictive Model

Table 4 presents the results of the final sex estimation method as applied to the validation sample.
These results have been categorised based on the likelihood of each individual being female given
their approximate preauricular sulcus and inferior interosseous cavity measurements. Individuals
identified as ‘very likely’ male fell within the less than 10% probability range for being female, while

‘likely’ males were classified as just 10-25% likely to be female. Conversely, ‘likely’ females were
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identified based on a 75-90% predicted likelihood of being female, while an over 90% likelihood

indicated that an individual is ‘very likely’ female. Around the 50% separation line, individuals over

oNOTULT DA WN =

25% but less than 50% likely to be female were categorised as ‘most likely’ male, versus those

10 categorised as ‘most likely’ female at between 50% and 75% likely to be female.

13 This table reveals a final estimation accuracy of 90.7% across the sample - with a higher accuracy rate
15 for males than females, at 97.67% and 83.73%, respectively. This equates to the incorrect biological
sex estimation of just one male and seven females around the 50% predicted probability line assigned
20 by the method. Focusing on the male sample only, over 86% of all biological males, and 88.1% of those
22 correctly estimated, were categorised as very likely male. Meanwhile, 76.74% of the total number of

24 biological females, or 91.7% of all of those correctly estimated, fell into the very likely female category.
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DISCUSSION

Data Analysis and Method Development

Initial analyses revealed that caution should be taken in associating scar occurrence with biological
sex, with a maximum difference between male and female absence percentages for any one scar
feature of 38.6. This means that in cases where feature absence is high in males, the presence of the
same feature is also high. Similarly, when feature absence is very low in females, the same feature is
absent in a maximum of 45.1% of males. Therefore, scar presence or absence cannot confidently
indicate sex either way, as indicated by previous studies [19-20, 22-23, 25-28, 30-31]. However, all
individual scar measurements were significantly correlated with biological sex. Most of these were
positive, enabling us to deduce that larger values are associated with being biologically female. The
only exception was pubic tubercle extension, where a larger measurement was more likely to be
observed in biological males. These findings concur with those of previous studies [19, 22-23, 25, 27,
29-31]. The preauricular sulcus and inferior interosseous cavity presented the strongest relationship
with biological sex, indicating that pelvic scar presentation is most sexually dimorphic at the sacroiliac

joint of the pelvic girdle in agreement with Houghton [23].

The approximate volumes of the preauricular sulcus and the inferior interosseous cavity each proved
effective in predicting biological sex, with overall accuracies of 86.5% and 80.2%, respectively. These
results are comparable to the Walker [6] method of sex estimation using the sciatic notch, which has
been found to produce an overall accuracy of between 80% and 89% [6, 46-47]. When comparing the
models, the decrease in accuracy of the inferior cavity model can be primarily attributed to the
prediction accuracy for males (model specificity). While the sex of biological females was predicted

with 85-87.7% accuracy, male group accuracy reduced from 73.9% using sulcus volume, to just 56.3%
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when using inferior cavity volume. Therefore, if analyzing only one of these scar features to estimate
biological sex, it would be advisable to concentrate on the sulcus volume, which, with an accuracy rate
of 86.5%, surpasses the average accuracy reported for existing sulcus-based methods of 81.4% [25,

30, 48].

Estimation accuracy was increased further when both approximate volume variables were integrated
into the ultimate regression model. This model significantly improved prediction percentages, with a
final accuracy of 97.1% - correctly identifying 98.8% of biological females and 91.7% of biological
males. This accuracy exceeds that of the Phenice [5] method, which initially achieved a 96% accuracy
in development, but later method validations have produced accuracies ranging from 59% to 88.4%

[1,9, 49].

The final model incorrectly classified just six individuals in total, and no causal link was discovered
upon analysis of associated personal data — suggesting standard idiosyncratic variation as a cause of
outliers. The significant increase in specificity noted in this model also indicates that the majority of
incorrectly predicted male cases in the earlier models were not shared across the two. This
demonstrates that many of the volume measurement values responsible for incorrectly predicting sex
in either of the single-variable models appear to have been offset by the other volume measurement
in the final model. It is also crucial to note that no additional male outliers were excluded in
comparison to the earlier models, thereby supporting the conclusion of cross-variable inaccuracy
offset as opposed to the potential for accuracy increase via case removal. Furthermore, with only 5.9%
of the male sample absent of both final method variables, we can be confident that there was a

minimal effect of male scar feature absence on method accuracy.

Method Validation
The application of the final estimation method to the validation sample saw a reduction in overall
estimation accuracy to 90.7%, although this remains slightly higher than many validative studies for

frequently used morphological sex estimation methods, proving the method to be robust.
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Interestingly, our validation study found a higher degree of accuracy for males (97.67%) compared to
females (83.73%) — which contrasts with the findings of the initial method development sample.

However, there was a higher degree of confidence within the correctly estimated female sample.

It was anticipated that the accuracy of the method might decrease when tested on an archaeological
population, having been developed using a modern one, with changes in population lifestyle and
health over time, which may be evident throughout the skeleton. However, one female in the sample
displayed particularly strong male features according to the Phenice [5] and Walker [6] methods, as
well as the method proposed in this study. Furthermore, five of seven incorrectly estimated females
presented with no preauricular sulcus at all, despite this feature being highly likely in females to some
degree [19, 23, 30]. Thus, we could consider the possibility that interment or exhumation errors could
have occurred - with biological sex determined based on the coffin plate associated with each
individual, potentially resulting in false negatives during osteological analysis. However, this may

simply be a result of idiosyncratic variation outside of the standard phenotypic female presentation.

Study Limitations

In terms of the original skeletal samples used, there is a clear sex bias, with a larger female sample.
This was a result of data collection required for supplementary research within a broader study
framework, as well as the time constraints related to the international travel required. This was
partially compensated for by ensuring that the validation sample was comprised of an equal number
of males and females. In doing so, it was concluded that the sex bias of the original sample did not
have a significant impact on the sex estimation method developed, as the method was able to
correctly estimate the biological sex of the validation sample while maintaining a high degree of

accuracy.

As previously stated, the validation sample was temporally older than that used to develop the

method, which may present issues in terms of a potential variation in sexually dimorphic skeletal
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expression over time. However, the Christ Church Spitalfields Collection was selected as it is one of
very few large skeletal collections that are both well-preserved and have associated known biological
data for researcher reference. Therefore, given these qualities and the availability at the time when
methodological validation was possible, it was deemed the most suitable option despite temporal

incongruity.

Regrettably, due to the time and logistical restraints associated with the primary data collection, an
inter-observer study was not conducted as part of this research, although intra-observer testing was
diligently carried out. While it has been acknowledged that a lack of inter-observer testing can
promote validity and replicability concerns, the outcome of intra-observer study reveals a high level
of consistency. The methodology has also been written in a way that is hoped to facilitate further

validative testing.

Conclusion

This research has identified that the preauricular sulcus and the inferior interosseous cavity are
particularly significant in biological sex estimation, and results are impressive when using the
approximate volume of both scar features in combination. In the method development stage, the
proposed method was shown to be the most accurate to date, and the validation process presented
a slightly reduced, although still high, degree of accuracy. These findings therefore support the theory
that pelvic scarring — especially that around the auricular surface — is likely a simple example of
dimorphic presentation on the skeleton, with more extensive presentation indicating that an
individual is biologically female. This would suggest a relationship between a broader female pelvis,
the increased natural flexibility linked to reproductive processes, and subsequent increased

musculoskeletal strain associated with these scar sites.

This method focuses on a specific and often well-preserved area of the pelvis, thus avoiding issues

associated with multi-site methods and fragmented remains, making it applicable in more cases than

Journal of Forensic Sciences



oNOTULT D WN =

Journal of Forensic Sciences

traditional macroscopic methods. We have also presented an estimation graph to facilitate easy
simultaneous interpretation of the approximate cubic values without the need for calculations.
However, the logistic regression equation would be recommended where final estimations lie close to

the central prediction line, which requires reference to Table 3, and the use of the following equation:

Probability = P = 1

1+ e (BO+BIX1+B2X2)

In this equation, the constant coefficient (B0) is -8.739 and the approximate volume variable
coefficients (B1 and B2) are 0.091 for the preauricular sulcus and 0.095 for the inferior interosseous

cavity. X1 and X2 refer to the corresponding input measurements for each case.

Going forward, further testing of this method using additional modern known-sex samples is
suggested to further validate the findings of this research, and supplementary biological factors should
be considered to identify any that might be influential. It would be of particular interest to investigate
whether the more extensive scarring in females is further enhanced by obstetric events or simply
serves as evidence of gravid potential due to a naturally broader and more flexible pelvic architecture.
Similarly, it is important to consider additional biological factors that may result in a more typically

female scar expression in biological males.
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FIGURE LEGENDS
FIG. 1. Diagrams of the left os coxa indicating all four scar sites investigated in this study.
FIG. 2. Diagram of the left dorsal pubic surface featuring a large single pit. The white line represents

the maximum length measurement, and the yellow line indicates the maximum width.

FIG. 3. Diagram of the left auricular area with preauricular sulcus. Once again, the white line represents

the maximum length measurement, and the yellow line indicates the maximum width.

FIG. 4. Diagram of the anterior view of the left pubis with a large pubic tubercle. The black dashed line
indicates the natural pubis curve across the base of the tubercle, from which the white line presents

the measurement of the maximum extension to the centre of the extension apex.

FIG. 5. Diagrams of the medial view (left illustration) and inferior view (right illustration) of the left
auricular surface indicating cavitation. The illustration on the left shows maximum length
measurements for both the superior and inferior cavities, represented by white lines. The adjacent
illustration presents the inferoposterior view of the inferior cavity, from the base of the auricular
demiface apex. This image indicates the maximum cavity width (yellow line) and depth (blue line)

measurements for the inferior cavity specifically.

FIG. 6. Graphical presentation of biological sex prediction based on interactions between the
approximate volume of the inferior interosseous cavity and the approximate volume of the
preauricular sulcus with axis measurements limited to 150mm to aid prediction boundary
interpretation. Circled cases indicate those that were incorrectly estimated by the model.
*Note: 50% sex prediction threshold (<50% = male; >50% = female). 25% - 75% and 10% - 90% ranges
represent the probabilities of being female, but each range can be reversed to represent the

probability of being male.
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FIG. 1. Diagrams of the left os coxa indicating all four scar sites investigated in this study.
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39 FIG. 2. Diagram of the left dorsal pubic surface featuring a large single pit. The white line represents the
40 maximum length measurement, and the yellow line indicates the maximum width.
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FIG. 3. Diagram of the left auricular area with preauricular sulcus. Once again, the white line represents the
maximum length measurement, and the yellow line indicates the maximum width.
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39 FIG. 4. Diagram of the anterior view of the left pubis with a large pubic tubercle. The black dashed line
indicates the natural pubis curve across the base of the tubercle, from which the white line presents the
measurement of the maximum extension to the center of the extension apex.
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FIG. 5. Diagrams of the medial view (left illustration) and inferior view (right illustration) of the left auricular
surface indicating cavitation. The illustration on the left shows maximum length measurements for both the
superior and inferior cavities, represented by white lines. The adjacent illustration presents the
inferoposterior view of the inferior cavity, from the base of the auricular demiface apex. This image indicates
the maximum cavity width (yellow line) and depth (blue line) measurements for the inferior cavity

specifically.
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26 FIG. 6. Graphical presentation of biological sex prediction based on interactions between the approximate

27 volume of the inferior interosseous cavity and the approximate volume of the preauricular sulcus with axis

28 measurements limited to 150mm to aid prediction boundary interpretation. Circled cases indicate those that
29 were incorrectly estimated by the model.

*Note: 50% sex prediction threshold (<50% = male; >50% = female). 25% - 75% and 10% - 90% ranges
represent the probabilities of being female, but each range can be reversed to represent the probability of
32 being male.
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Table S1. Intra-observer average results for all basic scar feature measurements.

Page 36 of 37

Measurement variable Measure 1 (mm) Measure 2 (mm) Relative difference (%)
Pit length — Single pit 0.94 0.92 0.02
Pitting length — Multi pits 1.84 1.83 0.01
Pitting width 0.63 0.71 0.13
Pitting depth 0.27 0.26 0.04
Sulcus length 2.91 291 0
Sulcus width 17.12 17.70 0.03
Sulcus depth 4.84 4.98 0.03
Superior cavity length 1.45 1.33 0.08
Superior cavity width 19.26 19.43 0.01
Superior cavity depth 2.74 2.61 0.05
Inferior cavity length 2.76 2.85 0.03
Inferior cavity width 3.54 3.57 0.01
Inferior cavity depth 0.70 0.69 0.01
Pubic tubercle extension 0.67 0.67 0
Table S2. Basic scar measurement statistics for all males (M) and females (F) separately.
Scar feature absent (%) Maximum value (mm) Mean value (mm) Std. Deviation
Measurement variable M F M F M F M F
Pit length — Single pit 9.45 18.78 0.44 1.53 1.878 3.725
Pitting length — Multi pits 94.1 257 9.45 26.36 0.55 2 2.211 4.794
Pitting width 2.43 6.47 0.11 0.76 0.462 1.574
Pitting depth 1.34 4.54 0.07 0.4 0.267 0.834
Sulcus length 26.23 54.06 8.23 24.04 8.462 10.409
Sulcus width 45.1 6.5 5.26 18.75 1.52 6.38 1.594 3.074
Sulcus depth 3.54 4.76 0.55 1.54 0.695 0.992
Superior cavity length 11.27 29.24 0.99 4.02 2.605 6.583
Superior cavity width 84.3 66.9 1.90 4.61 0.2 0.59 0.505 0.992
Superior cavity depth 2.41 4.37 0.18 0.49 0.477 0.926
Inferior cavity length 32.18 36.62 14.18 20.66 9.959 7.817
Inferior cavity width 19.6 2.4 2.40 7.51 1.16 2.68 0.7152 1.247
Inferior cavity depth 2.86 8.94 0.84 2.87 0.773 1.69
Pubic tubercle extension 0 1.8 7.52 9.18 4 3.16 1.392 1.739

J

ournal of Forensic Sciences
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Table S3. Kendall’s tau-b correlation results for all individual scar feature measurements.

Variable measurements (mm) Correlation (tb) sig. (p)

Maximum pitting length — Single pit 0.179 0.005
Maximum pitting length — Multiple pits 0.179 0.005
9 Maximum pitting width 0.189 0.003
Maximum pitting depth 0.188 0.004
12 Maximum sulcus length 0.457 <.001
13 Maximum sulcus width 0.504 <.001
14 Maximum sulcus depth 0.39 <.001
Maximum superior cavity length 0.177 0.005

oNOTULT D WN =

17 Maximum superior cavity width 0.163 0.01

18 Maximum superior cavity depth 0.154 0.014

19 Maximum inferior cavity length 0.223 <.001
20 Maximum inferior cavity width 0.448 <.001
Maximum inferior cavity depth 0.444 <.001

23 Maximum pubic tubercle extension -0.202 <.001

24 Sulcus approximate volume 0.505 <.001

Inferior cavity approximate volume 0.445 <.001
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