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Sex and Age Estimation Using Acetabulum
Digital Image Processing in a Thai Population
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SUMMARY: This study focuses on utilizing digital image analysis techniques for forensic sex and age determination through
analysis of the acetabulum’s morphology. The lunate surface served as a key indicator for sex estimation, while porosity in the
acetabular fossa was analyzed to estimate age. A total of 237 adult pelvic bones (122 males, 115 females) were obtaned from th
Osteology Research and Training Center (ORTC), Thailand. High-resolution photographs of the acetabulum were obtained with a
DSLR camera and ImageJ software was used for processing and quantitative evaluation of the images. Statistical analysis reveale
significant difference in lunate surface size between sexes (p < 0.001), with males showing larger dimensions. A loggtin regre
model developed for sex estimation achieved 87.3 % accuracy. For age estimation, the percentage of porosity variedssignificantl
across age groups, as confirmed by the Kruskal-Wallis test and Mann—Whitney U tests. Linear regression showed a mattenate correl
between estimated and actual age (r = 0.45), with a mean absolute error of approximately 14 years. These findings highlight the
potential of 2D digital image analysis in assessing acetabular features for forensic applications. The non-invasive hiature of t
method supports routine forensic documentation and reduces direct handling of skeletal remains, preserving them folygether ana
such as DNA testing. Given its high accuracy in sex estimation and moderate effectiveness in age assessment, this t@desique pro
a practical tool for constructingbiological profiles. Future studies should examine image quality differences between DSLR and
smartphone cameras to improve accessibility in various field settings.
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INTRODUCTION

Estimating sex and age is essential for developingTais joint plays a vital role in providing structural support,
biological profile in forensic anthropology. Thesemobility, and weight-bearing capacity for locomotion,
assessments can be made using various skeletal elemastabling functions such as standing, walking, and running
including the pelvis (Phenice, 1969), skull (Meindl &(Harty, 1984; Team, 2025). Males and females typically
Lovejoy, 1985; Ramsthalet al, 2007), vertebral (Garoufi experience different patterns of mechanical loading and
et al, 2020), which commonly display characteristicengage in distinct physical activities, which can influence
indicative of an individual's biological identity. the size and morphology of the hip bone. These variations

in biomechanical demands contribute to sexually dimorphic

The hip bone, or os coxae, serves as a key structuchhracteristics observable in pelvic bone structure (elara
element of the hip joint, which is a synovial ball-and-socketl., 2016). Moreover, the morphological characteristics of
joint created by the articulation between the rounded femotak hip joint are significantly associated with age, exhibiting
head and the acetabular fossa (cotyloid) of the hip borgradual anatomical and structural alterations that reflect the
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degenerative changes inherent to the ageing process (Miller-  To the best of our knowledge, this study aims to assess
Gerblet al, 1993; Hawellelet al, 2022). So, the hip bone sex estimation based on the size of the lunate surface and
is commonly used in age estimation and provides valualdge estimation using the percentage of porosity in the
indicators for sex determination. This bone is not onlgcetabular fossa.
crucial for forensic analysis but is also frequently recovered
during archaeological excavations involving skeletalATERIAL AND METHOD
remains (Singsuwaat al, 2019). The specific region of
the hip bone (i.e., pubic symphysis, auricular surface, ag&mple Collection and Ethical Approval All skeletal
acetabulum) is by far the most employed skeletal indicatesamples used in this study were obtained from the Osteology
for age estimation of adults. However, age estimation basedsearch and Training Center (ORTC), Faculty of Medicine,
on the pubic symphysis and auricular surface has notakleiang Mai University. The sample consisted of 237
limitations. In individuals over the age of 40, the anteriandividuals, including 122 males and 115 females, with ages
surface of the pubic symphysis undergoes significaat death ranging from 22 to 95 years. Inclusion criteria
morphological changes (Risseehal, 2006). Moreover, required that all specimens were of Thai and had a verified
individuals with a body mass index (BMI) of 30 or higheage at death. Acetabulum included in the study was
may show changes in the auricular surface of the iliumstructurally intact and free from fractures, pathological
which can further affect the precision of age estimatiorthanges, or disease-related bone alterations.
techniques relying on this anatomical area (Wescott & Drew,
2015). Ethical approval was granted by the Human Research
Ethics Committee, Faculty of Medicine, Chiang Mai
The acetabulum, a cup-shaped structure of the hijniversity (Exemption No. 0154/2025; Research Project
bone, undergoes structural changes that correlate with aGede: NONE-2568-0154).
Age-associated changes encompass modifications to the
acetabular margin, the development of osteophytes, ahdage Acquisition and Standardization This study
alterations in the lunate surface. Although the pubigtilized data collected from photographs of the acetabulum.
symphysis and auricular surface are considered reliabdotographs were acquired using a DSLR (digital single-
anatomical structures for age and sex estimation, thééns reflex) camera set to automatic 1SO, an aperture of f/
accuracy may be compromised by various external factoss(, and a shutter speed of 1/80 second. During photography,
such as pathological conditions, body weight, and inteeach pelvic bone was placed on a support box with the
observer variability. To minimize these confoundingosterior superior iliac spine (PSIS) facing downward and
influences and enhance the reliability of age estimatiothe acetabulum oriented upward. The superior margin of the
forensic anthropologists have increasingly turned to thgreater sciatic notch was aligned to extend beyond the top
acetabulum as an alternative and potentially more staldtthe box. The parallelism between the acetabulum and the
indicator (San-Millaret al, 2017). Moreover, other variablescamera lens was confirmed by placing a leveling ruler on
such as BMI, metabolic rate, obesity, and daily life activitiethe acetabular margin. Moreover, the digital camera was
were not statistically significant predictors of morphologicdixed on tripod levelled with a spirit level.
changes in the acetabulum. Furthermore, statistically
significant differences in acetabular characteristics wefgex estimationThe lunate area, horseshoe-shaped
observed across different age groups (Winburn, 2019). morphology along the peripheral region of the acetabulum,
TR was then delineated as the
region of interest (ROI) for
area calculation (Fig. 1A).
Image analysis was
performed using ImageJ
software (Fig. 1B).
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Photographic images
were imported into ImageJ.
A measurement scale was
then calibrated based on
known referene values
within each image.

Fig. 1. A. The selected area of the lunate surface for measurement. B. Calculated by ImageJ.
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Age estimation.The acetabular fossa was selected as a ROtatistical analysis

for further morphometric analysis using Image J (Fig. 2A).

A measurement scale was calibrated within each image to  The Kolmogorov—Smirnov test was employed to
ensure that one unit corresponded to 1 cm in actual lengéivaluate the normality of the complete dataset. Variations in
Each image was then converted to 8-bit grayscale formatltmate surface size were examined with the Mann—Whitney
facilitate porosity analysis. Subsequently, a threshold vallibtest. Alogistic regression model was developed to predict
was applied to distinguish porosity areas from the normaéx based on these differences. For age estimation based on
bone structure (Fig. 2B). Once thresholding was completeatie percentage of bone porosity, the Kruskal-Wallis test was
the percentage of porosity in the acetabular fossa was thist used to identify differences in % porosity among age
analyzed (% Area). The resulting data were then exportgtbups. Subsequently, pairwise comparisons among the three
to SPSS for statistical analysis. For age estimation, subjegteups were conducted using the Mann—Whitney U test.
were divided into three categories: under 40 years, 40 to Bhally, a linear regression model was developed to estimate
years, and over 60 years. age from % porosity.

Fig. 2. A. The selected area of the acetabular fossa for measurement. B. The porosity shown in ImageJ.

RESULTS

To test intra-observer reliability, 30 samples were The Mann-Whitney U test showed a highly
randomly selected for repeated analysis. The observer significant difference in lunate surface area between sexes,
identified the ROI for each sample after a two-week intervakith a p-value less than 0.001, with males exhibiting
The consistency between the first and second measuremenigsificantly larger surface areas than females. Female
was evaluated using Pearson’s correlation coefficient. Tepecimens had a mean lunate surface area of 132(SPm
results indicated a statistically significant positive correlation 0.17), with a median of 12.91 émin contrast, male
between the two sets of measurements (r=0.998), confirmisgecimens exhibited a larger mean area of 16.9Q®h=
high intra-observer reliability in the ROI selection proces€.18), a median of 16.76 ém

Sex estimation A logistic regression model was developed to predict
sex using lunate surface area as the sole predictor. The
To assess the distributional normality of the data, thesulting logistic regression equation for estimating the
Kolmogorov—Smirnov test was applied. Results indicated thatobability (P) is as follows:

the female sample group followed a normal distribution, with 1

a p-value greater than 0.05. In cor_wtra_st, the male sample group o (1.075xArea-16.046)

showed a p-value of 0.019, indicating a non-normal

distribution. Owing to intergroup differences in data A cut-off value of 0.50 was applied to classify sex. If

distribution, the Mann—Whitney U test, a non-parametrithe calculated P is less than 0.50, the individual is classified
method, was utilized to examine variations in lunate surfages female; if P is greater than or equal to 0.50, the individual
area by sex. is classified as male. “e” is Euler’'s number, approximately
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equal to 2.71828. The regression model demonstrated a  To compare porosity levels in the acetabular fossa
statistically significant ability to distinguish between sexesicross three age groups, the Kruskal-Wallis’s test was used
with a p-value of < 0.001. This indicates that lunate surfackie to the non-normal distribution of the data. The results
area is an effective and significant predictor of sex in thigvealed an increasing trend in mean rank values with age:
sample. individuals under 40 years had a mean rank of 56.29, the
40-60-year group had a mean rank of 96.00, and those over
As shown in Table I, the logistic regression modeb0 years had the highest mean rank of 154.19, respectively.
achieved a classification accuracy of 85.2 % for femal@hese results indicate a clear increase in porosity with age.
and 89.3 % for males, with an overall average accuracy Béirwise comparisons confirmed statistically significant
87.3 %. These results suggest that lunate surface area iifeierences in porosity across all age groups (<0.001),
highly effective variable for sex estimation in osteologicaduggesting that age strongly influences the degree of porosity

analysis. in the acetabular fossa (Table II).
Table I. Classification rate for sex . ) ) o
estimation based on lunate A linear regression analysis revealed a statistically
surface area. significant positive correlation between age and porosity (r
Sex Percentage @ect = 0.45, p < 0.001). The regression equation, y = 3.833x +
Female 85.2 48.102, suggests that porosity increases with age, indicating
Male 89.3 a gradual degeneration of the acetabular fossa bone structure
Overall 87.3 over time.

Age estimation DISCUSSION

Descriptive statistical analysis of porosity in the High-quality imaging plays a critical role in modern

acetabular fossa was performed by dividing the samples ifie@sensic identification, as photographs are increasingly relied
three age groups. In individuals aged below 40 years, thpon for documentation, comparison, and long-term data
mean porosity was 1.75 (SD = 0.29), with a range from 0.(4eservation. To ensure that essential anatomical details are
to 4.53. In the 40-60-year group, the mean porosity increasgeturately captured without loss or distortion, it is imperative
to 2.69 (SD = 0.13), ranging from 0.27 to 6.12. The highet use imaging tools that provide precision, clarity, and
mean porosity was observed in the group over 60 yearscantrol. One such forensic imaging tool is widely recognized
4.36 (SD = 0.19) (Fig. 3), with values ranging from 0.80 tby DSLR camera. The DSLR cameras offer superior image
12.23. This finding reflects age-related degenerative changesolution and allow precise control over lighting conditions
in the acetabular region. compared to smartphone cameras (Healy & Stephan, 2023).

Fig. 3. Porosity differences across age groups analyzed in ImageJ A. at 22 years old. B. at 54 years old. C. at 87 years old.

Table 1. Comparison of acetabular fossa porosity across age groups using the
Kruskal-Wallis test and Mann—Whitney U test between group.

Age group N Mean Rank  p-values Group  p-values
<40 21 56.29 1:2) 0.003
40-60 108 96.00 <0.001 2:3) <.001
>60 108 154.19 (2:3) <.001
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Adjustable settings, including aperture, shutter speed apdpulation samples, the results of the present study are
ISO sensitivity, enable operators to optimize image sharpnesmsistent with those of Macaluso (2011) who focused
and depth of field. These ensure that subtle anatomicglecifically on acetabular dimensions and employed logistic
features (i.e., morphology of the acetabular bone) aregression analysis, reporting classification accuracies
preserved for detailed and accurate analysis. In this studyaaging from 84 % to 89 %. Therefore, this highlights that
DSLR camera was selected as the primary imaging tool ttee lunate surface, a subcomponent of the acetabulum, holds
capture high-resolution photographs of the acetabulum. Thebstantial discriminative power for sex estimation.
intra-observer reliability results from this study confirmed
that images captured using the DSLR camera provided The acetabulum is commonly utilized in skeletal age
consistency, reproducibility, and the preservation of criticastimation, often in conjunction with the femoral head. Age
osteological details. These qualities are essential for batktimation commonly relies on factors such as bone porosity
gualitative and quantitative assessments in forensic contex@dad morphological variation (Muller-Gerlgtt al, 1993;
Whitmarshet al., 2019). Moreover, the acetabulum has
This study utilized ImageJ software to analyze theeceived increasing attention as a valuable region for age
size of lunate surface , a part of acetabulum, for developmestimation. Its structural durability and relative resistance to
of a predictive model for sex estimation. Results indicatezkternal factors, such as variations in physical activity levels
that the lunate surface tends to be larger in male individuals body weight throughout life, enhance its reliability.
compared to females. As previously, the hip bone exhibikdoreover, the acetabular area is less susceptible to
clear sexual dimorphism between males and females, whighstmortem taphonomy changes, making it particularly
may be attributed to functional demands such as physialitable for forensic identification, even under challenging
activity or load-bearing differences (Hatzal, 2016). These recovery conditions (Winburn, 2019). Our study focused on
factors contribute to size variations in specific regions gforosity in the acetabular fossa between age group. Notably,
the hip bone. This study is consistent with previous studiege-related morphological changes have been observed in this
reporting that size of lunate surface, a component of the higgion, including increased porosity and irregular bone
bone, also reflects sexual dimorphism. growth. These alterations are thought to result from the gradual
degeneration of intra-articular tissues, leading to diminished
The logistic regression model developed in this studyrotection of the acetabular fossa. Consequently, the bone
demonstrated high classification accuracy, ranging from &xperiences a loss of density and structural integrity with
% to 89 %, indicating that lunate surface dimensions arar&reasing age. Our finding demonstrated significant variation
reliable indicator for sex estimation. When compared tim % porosity across different age groups; however, using %
previous studiegTable Ill), the results of the present studyporosity alone as an indicator for age estimation still carries a
are consistent with those reported by Macaluso (2010), whobstantial degree of variability. Discrepancies between actual
examined pelvic bones from a French population bghronological age and estimated age based on % porosity were
measuring three acetabular parameters. Using discriminabtserved to reach as high £54 years. This suggests that
function analysis, they developed sex estimation equatiowhile age-related changes in bone porosity are evident, its
that yielded classification accuracies of approximately 8dpplication as a standalone criterion for precise age estimation
% to 85 %. Despite differences in anatomical focus amdmains limited due to its wide errof estimation.

Table 1ll. Comparison of sex estimation accuracy using different areas and methods.

The study Area Method Percentage of
estimation (%)
Present study Lunate surface Imagecgssing 85-89
Pheniceet al., 1969. Pelvis Momhology 90
Macaluso, 2010. getabulum Measurinditee pararaters 84-85
Macaluso, 2011. detabulum Measuring 84-89

Table IV. Comparison of age estimation accuracy using different areas and methods.

Study Area Method Age estimation Percentage of
error (years) estimation (%)
Present study éetabular fossa Image pocessing 14 N/A
Calce &Rogers, 2011 Acetabulum Momhology 10 83
Krudtong & Mahakkanukrauh, 2024  cAtabular fossa Image pocessing 16 N/A
Schmelinget al.,2007 Auricular arface Momhology 13-18 N/A
Belghithet al., 2021 Acetabular joint CBcanning 6-7 84-85

N/A = Not Available
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Compared to earlier studies (Table 1V), the results afcetabular characteristics in a Thai population. A clear
this research align with those reported by Calce & Rogedsstinction in lunate surface size found significant difference
(2011), who examined seven morphological variables of thetween males and females, with males showing larger
acetabulum and reported an average age estimation errodiofiensions, leading to an 87.3 % accuracy in sex prediction
approximately 10 years. Similarly, Khomkhatral (2017) using a probability-based model. Regarding age estimation,
in their study of a Thai population, also analyzed seveithough significant differences in acetabular fossa porosity
acetabular variables and found that only three variablegere observed across age groups, the correlation between
acetabular groove, acetabular margin porosity, and apestimated and actual age remained relatively weak (r = 0.45),
activity, showed strong correlations with age. These resultsth a mean error of approximately 14 years. Despite this
suggest that incorporating multiple morphological variabldgnitation, the acetabular region still holds value as an
can reduce the discrepancy between estimated and actndicator for age estimation. Overall, these findings suggest
chronological age (Bothat al., 2016). More recently, that image-based analysis of the acetabulum can serve as a
Krudtong & Mahakkanukrauh (2024) investigated th@ractical and non-invasive tool in forensic investigations,
percentage of porosity using histogram analysis and fousdpporting the development of biological profiles within a
no significant correlation between porosity and age ihhai population.
females, although a positive association was observed in
males. However, when regression models were applied ®CKNOWLEDGMENTS. The authors express their
age estimation, the correlation coefficients remained low @ratitude to the Faculty of Medicine and the Excellence in
=0.006-0.24), with the highest r values seen among mal&steology Research and Training Center (ORTC) at Chiang
These outcomes are consistent with findings by Sclemitt Mai University for their support of this project.
al. (Schmelinget al, 2007), who assessed age estimation

using auricular surface morphology and reported estimatiQ N yawONG, P.: MONUM, T.: SANGTHONG, P.:

errors ranging from 13 to 18 years. Together, these resyt® ASITWATTANASEREE, S.; NAVIC, P. vy
underscore the inherent variability and limited precision i AHAKKANUKRAUH, P. Estimacién del sexo y la edad
using a single morphological feature for age estimatiomediante el procesamiento digital de imagenes del acetabulo en
Despite the observed error margins in age estimation, thea poblacion tailandeskt. J. Morphol., 44(1)199-205, 2026.
method presented in this study remains a viable approach

for age estimation, particularly when used in conjunction RESUMEN: El estudio se centra en el uso de técnicas de
with other morphological indicators andlisis de imagenes digitales para la determinacién forense del

sexo y la edad mediante el analisis de la morfologia del acetabulo.
. . La superficie semilunar sirvi6 como indicador clave para la
Among the methods used for age estimation, Cdgtimacién del sexo, mientras que la porosidad de la fosa acetabular
scans yielded the lowest margin of error. For examplgg analiz6 para estimar la edad. Se obtuvieron 237 huesos pélvicos
Belghithet al (2021) utilized 3D imaging with CT scanningadultos (122 hombres y 115 mujeres) del Centro de Investigacién
to analyze three morphological variables. The resultingFormacién en Osteologia (ORTC) de Tailandia. Se obtuvieron
model achieved an error margin of only 6—7 years. Howevée{ografias de alta resolucion del acetabulo con una camara DSLR
in forensic science, photographic documentation remains thge utilizo el software ImageJ para su procesamiento y evaluacion

standard practice for recording evidence. Therefore Zblantitativa. El analisis estadistico revel6 una diferencia

image-based analysis continues to be essential in forend ificativa en el tamafio de la superficie semilunar entre sexos (p
<.0,001), siendo los hombres los que mostraron mayores

apphcauons. Thls approach also_m|n|m|zes ‘,j”eCt Cont%ﬁnensiones. Un modelo de regresion logistica desarrollado para
with the remains, thereby preserving the specimen for othgregiimacisn del sexo alcanzé una precision del 87,3 %. Para la
analyses such as DNA testing. Additionally, sex estimatiadfstimacion de la edad, el porcentaje de porosidad varié
based on these methods still demonstrates high accurayhificativamente entre los grupos de edad, como lo confirmaron
Further research may explore a comparison between imaggsspruebas de Kruskal-Wallis y la U de Mann-Whitney. La
captured using smartphone cameras and DSLR cameragegsesion lineal mostré una correlacion moderada entre la edad
evaluate differences in image quality. Furthermore, the§gtimada y la real (r = 0,45), con un error absoluto medio de
findings highlight the potential of digital imaging aproximadamente 14 afios. Estos hallazgos resaltan el potencial

technologies to significantly enhance the precision éjlel andlisis de |mage_nes_d|g|tales 2D para evaluar las caract_erlstlt_:as
- . acetabulares en aplicaciones forenses. La naturaleza no invasiva
forensic anthropological assessments.

de este método facilita la documentacion forense rutinaria y reduce
la manipulacion directa de restos 6seos, preservandolos para analisis
CONCLUSION posteriores, como las pruebas de ADN. Dada su alta precision en
la estimacion del sexo y su moderada eficacia en la determinacion
The present study highlights the effectiveness afe la edad, esta técnica constituye una herramienta practica para la
digital image processing for estimating sex and age fropanstruccion de perfiles biolégicos. Estudios futudeberian
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examinar las diferencias en la calidad de imagen entre Eas-Millan, M.; Rissech, C. & Turbon, D. Shape variability of the adult
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