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ABSTRACT
Objective: This study investigates the sexual dimorphism in the patellae to develop sex estimation equations and 
determine the accuracy using machine learning (ML) and deep learning (DL) classification models. 
Materials and Methods: The sample of 250 pairs of patellae from the Siriraj Anatomical and Anthropological Bone 
Research Center (Si-AABRC) were measured for eight parameters. The data were statistically analysed using logistic 
regression model alongside, ML and DL were used to predict the best classifiers in sex classification. Rather than 
traditional radiographic images, this paper tries a novel integration of photographic images. 
Results: The average values for each parameter were significantly larger in males than females (p < 0.05), suggesting 
the presence of sexual dimorphism within the patellae between each sex. The most dimorphic parameter was 
Transverse Diameter of Articular Facet (TDAF). The parameters in females showed no significant difference between 
left and right except for Breadth of the Medial Articular Facet (BMAF). However, in males a significant difference 
was observed for Maximum Height (MAXH), Transverse Diameter of Articular Facet (TDAF) and Breadth of 
the Lateral Articular Facet (BLAF). The logistic regression equation generated included the following parameters: 
MAXH (R), BLAF (L), and TDAF (L). The overall accuracy obtained for different sex estimation models ranged 
from 80%, 80% to 86% and 49.7% to 79.2% using logistic regression, ML and DL, respectively. 
Conclusion: The patellae can be utilized by forensic anthropologists in determining the sex of an unknown individual. 

Keywords: Patellae; sexual dimorphism; logistic regression; machine learning; deep learning; Thai population 
(Siriraj Med J 2025; 77: 829-846)

INTRODUCTION 
	 Determining the identity of an unknown deceased 
is critical during a medicolegal investigation.1 A medical 
examiner and a forensic anthropologist work within 
the legal system to provide evidence and facilitate the 
identification of the deceased. This process ensures that 
justice is served to the individual and their family by 
resolving ambiguous questions, providing closure, and 
supplying accurate information for litigation purposes.2 

	 In many instances, especially cold cases, the 
remains discovered are skeletonized. Hence, forensic 
anthropologists analyze the skeletal remains to establish a 
biological profile. The profile comprises sex, age, stature, 
and ancestry.3 Sex estimation is the initial step in the 
biological identification of the unknown as sex influences 
the other three parameters.4 Moreover, determining the 
sex minimizes the pool of candidates significantly by 
50%.5 
	 The human skeletal system is composed of several 
types of bones that can be categorized into long bones, 
flat bones, short bones, irregular bones and sesamoid 
bones. However, of all the bones in the human body, the 
bone that serve as the primary choice for anthropological 
sex estimation are a combination of irregular and flat 
bones; the pelvic (innominate) bone and the skull. The 
pelvic bone is primarily chosen for sex estimation as 
distinct morphological features can be witnessed between 
the sexes.6,7 Furthermore, the pelvis has been known to 
exhibit an accuracy of up to 95% in determining the 

sex.8 Nonetheless, in the absence of the pelvic bone, the 
skull serves as the secondary choice in sex identification. 
This is because the accuracy has been observed to be 
approximately 92%.9 However, when unknown sets of 
remain are discovered, it is not always that a full set of 
skeletons is available. The incomplete nature of remains 
can be attributed to reasons such as animal scavenging, 
trauma, and the efficiency in retrieving and recovering the 
remains. Thus, in the context of forensic anthropology, 
different skeletal parts and bones are required to develop 
different methodologies in assessing the sex. One such 
bone is the patella. 
	 The patella is the biggest sesamoid bone that is 
triangular in shape and possesses three borders – superior, 
medial and lateral, two surfaces – anterior and posterior, 
a base, and an apex.10 The patella is located within the 
patellofemoral groove of a femur and is embedded and 
attached to the quadricep femoris tendon and the patellar 
ligament.11 The posterior surface of the patella articulates 
with the femur forming an anterior articular surface 
of the knee joint that functions in protecting against 
trauma.2 Furthermore, the patella is also involved in the 
extensor mechanism of the quadricep muscle by acting 
as a fulcrum to increase the efficiency in the extension 
and flexion of the knee joint.12 Therefore, due to its 
morphology, location and function, the patella has been 
regarded as highly unsusceptible to post-mortem or 
taphonomy changes.13 

Honghimaphan et al.



Volume 77, No.12: 2025 Siriraj Medical Journalhttps://he02.tci-thaijo.org/index.php/sirirajmedj/index 831

Original Article SMJ
	 In the past, patellae have been used in forensic cases 
to help identify unknown individuals. For example, 
in a 2008 case from Goias, Brazil,14 an unidentifiable 
decomposed body was discovered in a forest. Due to the 
severe state of decomposition, a fingerprint comparison 
was impossible. Alternatively, a positive identification was 
possible by comparing the patellae retrieved post-mortem 
to a radiographic image taken antemortem during knee 
surgery. The patella proved to be useful as the prior left 
knee surgery involving metallic surgical wires provided 
the evidence in the form of two channels in the patella 
that had exact dimensions to the surgical wires.14 Hence, 
this case showed that when a body is recovered, the 
conditions are not always favourable for identification. 
Several different parts of the skeleton should be used 
to determine the sex. In this instance, the patella has a 
location and position that allows it to resist post-mortem 
changes and is a useful tool in identifying the unknown. 
Thus, illustrates the importance of utilizing images to 
aid in distinguishing sex and identifying the individual
	 Previously, numerous studies have assessed the 
sexual dimorphism of the patella. However, parameters 
regarded as the best predictors in sex estimation for both 
cranial and post cranial elements vary across populations, 
highlighting the importance of sexual dimorphism for 
each bone in specific population groups. While some 
studies have focused on morphometric measurments, 
others have incorporated machine learning for sex 
estimation.7,12 Nonetheless, many of these studies are 
limited by unequal15,16 or small sample sizes17,18, focus 
only on one side of the patella17 or restrict their method 
by primarily relying on discriminant function analysis 
for sex estimation.19 More recently, Cavlak et al20, have 
applied the framework of convolutional neural network 
to the MRI slices of patella, demonstrating the use of 
deep learning in sex estimation. As a result, building 
on these knowledge and foundation, this study aims 
to investigate sexual dimorphism using two different 
approaches; morphometric measurement inspected 
through logistic regression and machine learning, and 
photographic images evaluated through deep learning. 
In addition to addressing the comparative analysis, 
this studies aims to address limitation by using equal 
sample size and incorporating additional parameters. 
The contribution of this research is also in extending the 
image based analysis using photographs for a specific 
population. Therefore, it allows for a robust research by 
comparing traditional and advanced classification tools. 
This is vital for forensic anthropologists to determine 
the best method for estimating sex from the patella. 

MATERIALS AND METHODS
Sample selection
	 This study analysed a total of 250 pairs of patellae 
in the Siriraj Anatomical and Anthropological Research 
Center’s (Si-AABRC) bone collection within the Department 
of Anatomy, Faculty of Medicine at Siriraj Hospital, 
Mahidol University. The sample consisted of an equal 
number of pairs of each sex, with an average age of 
51 years. As both the left and right sides of the patella 
were used for the analysis, any remains without both 
patellae were excluded. Furthermore, patellae presented 
with fracture, erosion, trauma and extreme osteophytic 
formation were also excluded.

Parametric measurement
	 In this study, eight parameters in the patella were 
measured using a digital vernier calliper. The parameters 
were developed and adapted from the study conducted 
by Dayal & Bidmos19,21 assessing the sexual dimorphism 
of the patella in the South African population as well 
as the study assessing the sexual dimorphism of the 
patella in the Southern Part of Andhra Pradesh.17 The 
parameters shown in Fig 1. include maximum height 
(MAXH), maximum breadth (MAXB), maximum thickness 
(MAXT), height of the median ridge of the articular facet 
(HMRAF), breadth of lateral articular facet (BLAF), 
breadth of medial articular facet (BMAF), transverse 
diameter of articular facet (TDAF), and vertical diameter 
of the articular facet (VDAF). Detailed descriptions of 
the parameters are presented in Table 1. A patellar index 
(PI) was calculated to obtain a ratio between the MAXH 
and MAXL using the formula described below.

Statistical analysis
	 The statistical analysis for the osteometric assessment 
of sexual dimorphism was conducted using Jamovi Version 
2.5 - Sydney, Australia.22 The level of significance for 
each test was α = 0.05. Descriptive statistics comprising 
mean and standard deviation for all the parameters 
were calculated. The sample data were subjected to a 
Shapiro-Wilk normality test. If the data did not violate 
the assumption of normality, the difference between 
the left and right side of the patellae within each sex 
was assessed using independent t-test to determine the 
sexual dimorphism. However, if the data violated the 
aforementioned assumption, Welch’s t-test and Mann–
Whitney U test were used, respectively. The percentage 
of sexual dimorphism was calculated using the formula 

MAXH
MAXB  

×100
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Fig 1. a) Patella measurements for the eight parameters. MAXH - Maximum Height, MAXB - Maximum Breadth, b) MAXT - Maximum 
Thickness, c) HMRAF - Height of median ridge of the articular facet, BLAF - Breadth of lateral articular facet, BMAF - Breadth of medial 
articular facet, d) VDAF - Vertical diameter of the articular facet, TDAF - Transverse diameter of the articular facet.

obtained from a study on sexual dimorphism of the root 
lengths in Tamil population.23 

   male -    female
        male                

× 100
x x

x

	 To assess the difference between the left and the 
right side of the patellae within each sex, the Wilcoxon 
Signed Rank (for data violating the normality) and paired 
t-test (for data following normal distribution) were used. 
Moreover, the mean difference was also calculated. With 
the presence of multiple parameters being analyzed, 
a Bonferroni and Benjamini–Hochberg test was also 
conducted and reported.

Reliability analysis by interobserver and intraobserver
	 In determining the reliability of the parameters, 
20% of the samples (25 pairs of males and 25 pairs 

of females) were randomly selected for interobserver 
and intraobserver evaluations. The intraobserver and 
interobserver measurements were collected two weeks 
apart. The Intraclass Correlation Coefficient (ICC) was 
calculated to discover the degree of correlation and 
reliability between two observers.24 
	 Following the guidelines by Koo and Yi (2016)25 

and Shrout and Fleiss (1979)26, intraobserver reliability 
was assessed using ICC(3,1), a two-way mixed-effects 
model and interobserver reliability was analyzed using 
(ICC(2,k), a two-way random-effects model. Both the 
upper and lower confidence intervals was reported. 
The ICC score were interpreted as follows: ICC < 0.50 
is considered poor, 0.50 – 0.75 is moderate, 0.75 – 0.90 
is good and >0.90 is considered excellent. 

Logistic regression analysis
	 In the next step, a logistic regression equation was 

Honghimaphan et al.
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TABLE 1. Description of the parameters measured on the patellae.

           Variable	 Acronym	                                 Description

Maximum Height	 MAXH	 The maximum linear distance between the superior point 	
		  of the apex to the inferior point at the base of the patellae

Maximum Breadth	 MAXB	 The maximum linear distance between the medial border to 	
		  the lateral border of the patellae

Maximum Thickness	 MAXT	 The maximum linear distance between the anterior surface
		  and the posterior surface of the patellae. 

Height of the Median Ridge of the	 HMRAF	 Distance between the superior point of the median ridge to 
Articular Facet 		  the inferior point of the median ridge on the posterior surface 	
		  of the patella 

Breadth of Medial Articular Facet	 BMAF	 Distance between the median ridge and the medial border 	
		  of the articular facet on the posterior aspect of the patella. 

Breadth of Lateral Articular Facet	 BLAF	 Distance between the median ridge and the lateral border of 	
		  the articular facet on the posterior aspect of the patella. 

Transverse Diameter of Articular Facet	 TDAF	 Maximum linear distance between the medial border of the  
		  articular facet and lateral border of the articular facet on the 	
		  posterior aspect of the patella

Vertical Diameter of Articular Facet	 VDAF	 Maximum linear distance between the most superior point of 	
		  the articular facet and the most inferior point of the articular 	
		  facet on the posterior aspect of the patella

formulated using R Studio (Version 2024.4.2.764.1).27 The 
model was developed using the generalized linear model 
function – glm(). The output of this function represents 
a constant (a), a coefficient (b) and the measurement 
value of the predicting parameter (x) in the form of  
a + b × x.28 This model is then evaluated for the log 
of odd ratio (logit) and a probability of classification 
equation (P).

a Hosmer–Lemeshow χ² alongside p-value and a Brier 
score was calculated. The model was then tested using 
a blind test where 100 additional pairs of the patellae 
were measured and the values were put in the model to 
determine the accuracy. 

Machine learning
	 Machine Learning analyses were performed using 
MATLAB version 9.14 - 2023a30 and Waikato Environment 
for Knowledge Analysis software (WEKA 3.8.6).31 To 
prevent the subject-level leakage, each row in the dataset 
represented one subject containing the measurement of 
both left and right patella.
	 For analysis in WEKA, 250 subject pairs were 
randomly assigned to 10 groups, as the models were 
evaluated using 10-fold cross validation.  During the 
training phase, the models were cross-validated using a 
separate test dataset selected through the ‘Supplied Test 
Set’ option. In each fold models were trained on 90% 
of the dataset and validated on the 10% of the dataset. 
The mean and standard deviation of the performance 
metrics were calculated across 10 folds. 
	 For analysis in MATLAB, the response variable 
was set at “Sex”. The model training was then conducted 

	 The equation for the probability of classification 
predicts the outcome to be either male or female, where 
P > 0.5 classifies the measurement to be male and P ≤ 0.5 
classifies the measurement to be female.29 A logit equation 
for each parameter and each side was developed. However, 
as there are multiple predictors, a stepwise model selection 
function was performed to obtain the parameter that 
provides the best efficacy for sex estimation based on 
an AIC, which is a computational value that depicts the 
efficacy of the model.28 The model that presented with the 
lowest AIC and highest Area Under the Curve (AUC) was 
selected. A ROC Curve as well as a Calibration plot was 
generated. For the model that provides the best efficacy, 

               1               
            1+e-(a+b1.x1+b2.x2.....)
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using the Classification Learner application with 10 
fold cross validation. The mean and standard deviation 
of the performance metrics were reported for models 
exhibiting more than 80% of accuracy.

Deep learning
	 For the deep learning approach, 1000 images [left, 
right, anterior and posterior] were photographed using an 
iPhone 15 Pro at 3x magnification placed on an instrument 
(Fig 2) at a height of 24 cm. Each patella was secured 
with a clay to ensure a levelled orientation allowing the 
anterior surface and the posterior surface of the patella to 
be photographed (Fig 3). The deep learning assessment 
was done to only classify using anterior surface and only 
classify using posterior surface
	 Images in the dataset of the left and right patella 

from the same subject were assigned exclusively to either 
training set (“Training → Male/Female”) or the validation 
test (“Test → Male/Female”) for both anterior images 
and posterior images, ensuring a subject-level split. 
Pretrained models like Visual Geometry Group (VGG19), 
MobileNet V2 and Deep Residual Learning (ResNet18) 
was utilized. The input images were resized to 224 pixels 
x 224 pixels with single precision and processed to 3 
channel RGB. An augmentation was applied including 
random rotation (±10°), translation (±10 pixels), and 
scaling (0.9–1.1) in both axes.
	 Following this a 5-fold cross validation was utilized 
on the training dataset where each were set for 20 epochs, 
initial learning rate = 1 × 10-⁴ and batch size of 32. The 
sample was evaluated on a test set. Performance metrics 
was evaluated; accuracy, sensitivity and specificity. 

Fig 2. a) A detailed schematic created using the 
Canva software showcasing the instrument used 
in taking images of the patellae. b) Images 
showcasing the set-up used for photographing 
the patella.

a)

b)

Honghimaphan et al.
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a) b)

Fig 3. a) Representative image of the anterior view of the patella. b) Representative image of the posterior view of the patella

RESULTS
Sexual dimorphism assessment and descriptive statistics
	 Descriptive statistics consisting of mean and standard 
deviation (SD) were determined for all eight parameters 
for both sexes and sides. Comparing each parameter 
between males and females using parametric and non-
parametric test, a p < 0.001 which is less than α = 0.05 
was obtained. Seen in Table 2, the percentage of sexual 
dimorphism for each parameter is positive. The highest 
percentage and lowest percentage of sexual dimorphism 
were observed in TDAF (Left) at 12.15% and HMRAF 
(Right) at 6.72% respectively. Furthermore, the average 
PI on the left side of male was 95.97 and female was 
95.82. The average patellar PI on the right side of both 
male and female were slightly smaller at 95.23 and 95.42 
respectively. This is concurrent with the Bonferroni and 
Benjamini–Hochberg test where all parameters were 
significant. (q = 0.002) (Table 3). 

Difference in patellae side assessment
	 Seen in Table 3, the results assessing the difference 
in the patellar side for each parameter for both males 
and females are summarized. All the parameters in 
females only the BMAF had a significant difference  
(p < 0.001), whereas in males MAXH (p < 0.001), TDAF 
(p = 0.041), and BLAF (p = 0.012) had a significant 
difference. However, from performing the Bonferroni 
and Benjamini–Hochberg only MAXH (q = 0.002) and 
BLAF (q = 0.020) showed significant difference within 
males and for females only BMAF (q = 0.002) (Table 3).

Reliability analysis by interobserver and intraobserver
	 The ICC values for intraobserver and interobserver 
measurements on 50 randomly selected samples are 
summarized in Table 4. The intraobserver values ranged 
from 0.842 to 0.997 and the interobserver values ranged 
from 0.502 to 0.995. 
	 Regarding the both the reliability analysis, it was 
found that the highest ICC value belonged to the MAXB 
in both males and females. For the intraobserver value, 
the highest ICC was 0.995 for male on the left side and 
0.997 for female on the right side. For the interobserver 
value, the highest ICC was 0.995 for male on the right 
side and 0.994 for both sides in female. 
	 However, the parameter that proved to show the 
lowest reliability in interobserver measurement was the 
VDAF for both male and female as well as for both sides 
with values ranging from 0.502 to 0.706. The parameters 
that showcased the highest reliability for both male and 
female include MAXH, MAXB, and MAXT. 

Logistic regression
	 The logistic regression analysis as seen in Table 5 
indicates TDAF–transverse diameter of the articular 
facet on the left side as the most effective parameter in 
sex determination. This is because the model for TDAF 
produced the lowest AIC score of 212.20 and the highest 
AUC of 0.8941 (Table 5). Additionally, the ROC curve 
presented in Fig 5 visually demonstrates differences 
between the parameters, highlighting TDAF on the left 
side taking precedence in sex estimation. 
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TABLE 2. Descriptive statistics and percentage of sexual dimorphism of each parameter for both the sexes and 
both the sides for the patellae.

	               Male		              Female			    	                Benjamini	                  Bonferroni
Parameters	              (n=125) 	                (n=125)		  % Sexual 	 P	                Hochberg		
  and Side	 Mean	 SD	 Mean	 SD	 Dimorphism	 Value	 P	 P	 P	 P
							       (All)	 (Within)	 (All)	 (Within)

MAXH (L)a	 42.2	 3.41	 37.3	 2.67	 11.61%	 <0.001	 0.00178	 0.001	 0.032	 0.008

MAXH (R)a	 41.7	 3.27	 37.2	 2.61	 10.79%	 <0.001	 0.00178	 0.001	 0.032	 0.008

MAXB (L)	 44.0	 3.18	 39.0	 3.01	 11.36%	 <0.001	 0.00178	 0.001	 0.032	 0.008

MAXB (R)	 43.9	 3.20	 39.1	 3.09	 10.93%	 <0.001	 0.00178	 0.001	 0.032	 0.008

MAXT (L)b	 20.8	 1.80	 18.7	 1.49	 10.10%	 <0.001	 0.00178	 0.001	 0.032	 0.008

MAXT (R)b	 20.7	 1.80	 18.6	 1.49	 10.14%	 <0.001	 0.00178	 0.001	 0.032	 0.008

HMRAF (L)	 26.7	 2.91	 24.8	 2.37	 7.12%	 <0.001	 0.00178	 0.001	 0.032	 0.008

HMRAF (R)	 26.8	 2.79	 25.0	 2.41	 6.72%	 <0.001	 0.00178	 0.001	 0.032	 0.008

BMAF (L)b	 20.4	 2.15	 18.1	 1.85	 11.27%	 <0.001	 0.00178	 0.001	 0.032	 0.008

BMAF (R)	 20.6	 1.89	 18.6	 1.88	 9.71%	 <0.001	 0.00178	 0.001	 0.032	 0.008

BLAF (L)	 27.0	 2.04	 23.9	 1.90	 11.48%	 <0.001	 0.00178	 0.001	 0.032	 0.008

BLAF (R)b	 26.7	 2.17	 23.8	 1.96	 10.86%	 <0.001	 0.00178	 0.001	 0.032	 0.008

TDAF (L)	 42.8	 3.09	 37.6	 2.97	 12.15%	 <0.001	 0.00178	 0.001	 0.032	 0.008

TDAF (R)	 42.5	 3.14	 37.6	 2.97	 11.53%	 <0.001	 0.00178	 0.001	 0.032	 0.008

VDAF (L)b	 31.6	 2.74	 29.1	 2.46	 7.91%	 <0.001	 0.00178	 0.001	 0.032	 0.008

VDAF (R)	 31.5	 2.35	 29.0	 2.27	 7.94%	 <0.001	 0.00178	 0.001	 0.032	 0.008

n = Sample size (pair of patellae)
a = Levene’s test (Homogeneity of variance test): violation of the assumption of equal variances. Welch’s t-test.
b = Shapiro Wilk (Normality Test): violation of the assumption of normality. Mann-Whitney U t-test.
Abbreviations: MAXH = Maximum Height, MAXB = Maximum Breadth, MAXT = Maximum Thickness, HMRAF = Height of the Median 
Ridge of the Articular Facet, BMAF = Breadth of Medial Articular Facet, BLAF = Breadth of Lateral Articular Facet, TDAF = Transverse 
Diameter of Articular Facet, VDAF = Vertical Diameter of Articular Facet.

TABLE 3. Comparison between the left and right sides for each parameter, separately for males and females.

			   Male (n=125)						      Female (n=125)
Parameters	 Mean	 P	            Benjamini	          Bonferroni	 Mean	 P	           Benjamini	             Bonferroni
	 Difference	 Value	         Hochberg			   Difference	 Value	        Hochberg	
			   P	 P	 P	 P			   P	 P	 P	 P
			   (All)	 (Within)	 (All)	 (Within)			   (All)	 (Within)	 (All)	 (Within)

MAXH (L&R)	 0.5100a	 <0.001a	 0.002	 0.008	 0.032	 0.008	 0.1128	 0.207	 0.276	 0.552	 1.000	 1.000
MAXB (L&R)	 0.1329	 0.24	 0.307	 0.320	 1.000	 1.000	 -0.07	 0.862	 0.890	 0.862	 1.000	 1.000
MAXT (L&R)	 0.0400a	 0.400a	 0.457	 0.457	 1.000	 1.000	 0.01	 0.591	 0.652	 0.788	 1.000	 1.000
HMRAF(L&R)	 -0.2000a	 0.064a	 0.098	 0.128	 1.000	 0.512	 -0.1400a	 0.113a	 0.157	 0.452	 1.000	 0.904
BMAF (L&R)	 -0.1700a	 0.098a	 0.143	 0.157	 1.000	 0.784	 -0.4501a	 <0.001a	 0.002	 0.008	 0.032	 0.008
BLAF (L&R)	 0.2650a	 0.012a	 0.020	 0.048	 0.384	 0.096	 0.0549a	 0.388a	 0.457	 0.621	 1.000	 1.000
TDAF (L&R)	 0.2600a	 0.041a	 0.066	 0.109	 1.000	 0.328	 -0.0450a	 0.824a	 0.879	 0.862	 1.000	 1.000
VDAF (L&R)	 0.0150a	 0.890a	 0.890	 0.890	 1.000	 1.000	 0.0500a	 0.333a	 0.410	 0.621	 1.000	 1.000

L = Left and R = Right.
n = Sample size (pair of patellae)
a = Shapiro Wilk (Normality Test): violation of the assumption of normality. Wilcoxon signed-rank test
Abbreviations: MAXH = Maximum Height, MAXB = Maximum Breadth, MAXT = Maximum Thickness, HMRAF = Height of the Median 
Ridge of the Articular Facet, BMAF = Breadth of Medial Articular Facet, BLAF = Breadth of Lateral Articular Facet, TDAF = Transverse 
Diameter of Articular Facet, VDAF = Vertical Diameter of Articular Facet.
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TABLE 4. Intraclass Correlation Coefficient (ICC) and descriptive analysis for the Intraobserver and Interobserver 
measurement.

Intraobserver (n=25) ICC(3,1) [95% CI]

Parameters	 Side			   Male					     Female
		  Mean	 SD	 ICCa	 Lower CI	 Upper CI	 Mean	 SD	 ICCa	 Lower CI	 Upper CI

MAXH
	 L	 42.5	 4.31	 0.981	 0.962	 0.990	 37.1	 2.17	 0.994	 0.989	 0.997

	 R	 42.1	 4.41	 0.984	 0.969	 0.992	 37.3	 2.13	 0.993	 0.986	 0.996

MAXB	 L	 43.8	 3.92	 0.995	 0.990	 0.998	 39.0	 2.89	 0.996	 0.993	 0.998

	 R	 43.9	 3.97	 0.993	 0.987	 0.997	 39.3	 2.73	 0.997	 0.994	 0.998

MAXT	 L	 20.3	 1.93	 0.986	 0.973	 0.993	 18.5	 1.30	 0.982	 0.965	 0.991

	 R	 20.1	 1.77	 0.992	 0.984	 0.996	 18.6	 1.28	 0.957	 0.917	 0.978

HMRAF	 L	 26.6	 3.22	 0.916	 0.840	 0.957	 24.8	 2.24	 0.873	 0.766	 0.933

	 R	 27.2	 2.94	 0.951	 0.906	 0.975	 24.7	 2.42	 0.903	 0.819	 0.949

BMAF	 L	 20.8	 1.77	 0.861	 0.741	 0.927	 18.3	 1.78	 0.894	 0.802	 0.944

	 R	 20.9	 1.83	 0.906	 0.821	 0.951	 19.1	 1.58	 0.852	 0.729	 0.921

BLAF	 L	 26.5	 2.26	 0.927	 0.859	 0.962	 23.9	 1.77	 0.863	 0.749	 0.928

	 R	 26.4	 2.78	 0.960	 0.922	 0.979	 23.8	 1.79	 0.842	 0.713	 0.916

TDAF	 L	 42.7	 3.74	 0.982	 0.965	 0.991	 37.6	 2.62	 0.973	 0.948	 0.986

	 R	 42.5	 3.69	 0.980	 0.961	 0.990	 37.7	 2.36	 0.938	 0.881	 0.968

VDAF	 L	 31.0	 2.65	 0.967	 0.935	 0.983	 29.2	 1.89	 0.965	 0.933	 0.982

	 R	 31.7	 2.58	 0.969	 0.940	 0.984	 29.1	 1.98	 0.967	 0.937	 0.983

Interobserver (n=25) ICC(2,k) [95% CI]

MAXH	 L	 42.0	 4.36	 0.984	 0.967	 0.992	 36.4	 2.16	 0.948	 0.605	 0.983

	 R	 41.3	 4.63	 0.984	 0.955	 0.993	 36.4	 2.22	 0.926	 0.391	 0.976

MAXB	 L	 43.5	 3.76	 0.992	 0.977	 0.996	 38.8	 2.85	 0.994	 0.981	 0.997

	 R	 43.7	 3.90	 0.995	 0.988	 0.998	 39.1	 2.60	 0.994	 0.973	 0.998

MAXT	 L	 19.9	 1.91	 0.973	 0.830	 0.991	 18.3	 1.31	 0.980	 0.895	 0.992

	 R	 19.8	 1.81	 0.970	 0.890	 0.988	 18.4	 1.38	 0.956	 0.786	 0.983

HMRAF	 L	 25.3	 3.46	 0.867	 0.462	 0.949	 23.6	 2.05	 0.781	 0.128	 0.917

	 R	 25.4	 3.26	 0.876	 0.036	 0.963	 23.6	 2.29	 0.786	 0.220	 0.915

BMAF	 L	 19.6	 1.91	 0.874	 0.499	 0.951	 17.4	 1.75	 0.898	 0.406	 0.964

	 R	 19.5	 1.71	 0.791	 0.158	 0.921	 18.2	 1.57	 0.820	 0.383	 0.927

BLAF	 L	 25.9	 2.54	 0.911	 0.588	 0.967	 23.6	 1.92	 0.889	 0.472	 0.959

	 R	 25.8	 2.73	 0.949	 0.563	 0.984	 23.6	 1.91	 0.911	 0.819	 0.955

TDAF	 L	 41.4	 3.70	 0.951	 0.571	 0.984	 36.5	 2.57	 0.910	 0.110	 0.973

	 R	 41.0	 3.49	 0.923	 0.262	 0.976	 37.1	 2.69	 0.931	 0.411	 0.978

VDAF	 L	 28.5	 2.35	 0.706	 -0.112	 0.898	 26.6	 1.90	 0.502	 -0.142	 0.791

	 R	 28.8	 2.23	 0.665	 -0.125	 0.879	 26.6	 2.0	 0.586	 -0.140	 0.839

a = Intraclass Correlation Coefficient for the comparison between the intraobserver measurement and original as well as, interobserver 
measurement and original
Abbreviations: MAXH = Maximum Height, MAXB = Maximum Breadth, MAXT = Maximum Thickness, HMRAF = Height of the Median 
Ridge of the Articular Facet, BMAF = Breadth of Medial Articular Facet, BLAF = Breadth of Lateral Articular Facet, TDAF = Transverse 
Diameter of Articular Facet, VDAF = Vertical Diameter of Articular Facet.
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TABLE 5. Logistics Regression Model for single and combination of parameters for sex estimation. 

Single Logistic Regression

Parameters	 Side	 Logit	 AIC	 Odds Ratio (95% CI)	 AUC

	 MAXH	 L	 -19.993 + 0.505 ×MAXHL	 230.67	 1.66 (1.48 – 1.89)	 0.8652

		  R	 -20.120 + 0.512×MAXHR	 236.92	 1.67 (1.48 – 1.91)	 0.8607

	 MAXB	 L	 -21.415 + 0.516×MAXBL	 227.33	 1.68 (1.49 – 1.92)	 0.8786

		  R	 -19.701 + 0.475×MAXBR	 237.55	 1.61 (1.44 – 1.83)	 0.8634

	 MAXT	 L	 -15.894 + 0.809×MAXTL	 263.66	 2.25 (1.83 – 2.83)	 0.8210

		  R	 -15.497 + 0.791×MAXTR	 267.27	 2.21 (1.80 – 2.77)	 0.8190

	 HMRAF	 L	 -7.190 + 0.280×HMRAFL	 319.27	 1.32 (1.19 – 1.48)	 0.6977

		  R	 -7.030 + 0.272×HMRAFR	 321.28	 1.31 (1.18 – 1.47)	 0.6921

	 BMAF	 L	 -11.445 + 0.594×BMAFL	 276.02	 1.81 (1.55 – 2.16)	 0.8062

		  R	 -11.089 + 0.566×BMAFR	 286.98	 1.76 (1.51 – 2.09)	 0.7835

	 BLAF	 L	 -20.209 + 0.795×BLAFL	 232.64	 2.22 (1.84 – 2.74)	 0.8709

		  R	 -17.549 + 0.697×BLAFR	 250.69	 2.01 (1.70 – 2.43)	 0.8458

	 TDAF	 L	 -22.917 + 0.571×TDAFL	 212.20	 1.77 (1.56 – 2.05)	 0.8941

		  R	 -20.223 + 0.505×TDAFR	 229.50	 1.66 (1.48 – 1.89)	 0.8767

	 VDAF	 L	 -12.600 + 0.416×VDAFL	 296.40	 1.52 (1.34 – 1.74)	 0.7694

		  R	 -13.677 + 0.453×VDAFR	 288.44	 1.57 (1.39 – 1.81)	 0.7784

Threshold Metrics of the Best Logistic Regression Model

	 Sensitivity	 Specificity	 Precision (PPV)	 NPV	 Accuracy (95% CI)

	 0.864	 0.808	 0.818	 0.856	 0.836

					     (0.7842 - 0.8797)

Blind Test (n=100) on the Best Logistic Regression Model

	 0.76	 0.84	 0.79	 0.81	 0.80

Best Logistic Regression Model

	 Predictor	 Coefficient	 Std. Error	 P-value	 Odds Ratio (95% CI)	 AIC	 AUC

	 Intercept	 -26.87	 3.30	 <0.001	 2.14 x 10-12

					     (1.92 x 1015 – 8.50 x 1010)		  0.907

	 MAXH.R	 0.219	 0082	 0.007	 1.245 (1.065 – 1.469)	 205	 (95% CI:

	 BLAF.L	 0.281	 0.149	 0.059	 1.325 (0.993 – 1.783)		  0.8685-0.945)

	 TDAF.L	 0.277	 0.110	 0.012	 1.319 (1.070 – 1.652)		
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Fig 4. A confusion matrix representing the performance evaluation of the best model obtained through logistic regression analysis.

Fig 5. Receiver operating characteristic curve (ROC curves) for the all the univariable measured on the patella.

	 Moreover through stepwise logistic regression, the 
most notable model for sex estimation incorporated the 
parameters MAXH(R), BLAF(L), TDAF(L), formulating 
the equation: -26.87+(TDAF.L×0.277)+(MAXH.
R×0.219)+(BLAF.L×0.281) (Table 5). However, within 
these three the parameter that contributes most to the 
prediction is MAXH(R) and TDAF(L) as their p values 
are statistically significant at 0.007 and 0.012 respectively. 
The analysis resulted in an AIC score of 205 and an AUC 
of 0.907 (95% CI: 0.8685 - 0.945) (Fig 6). The performance 
metrics revealed a sensitivity of 0.864, specificity of 0.808, 

a precision of 0.818, NPV of 0.856 and accuracy of 0.836 
(95% CI: 0.7842 - 0.8797) (Table 5). A Hosmer–Lemeshow 
test revealed X2 of 8.2406 with a p-value of 0.4103 – an 
appropriate goodness of fit. In addition, the Brier score 
revealed a low prediction error with a value of 0.12. 

Machine learning and deep learning
	 Different models were obtained from using WEKA 
software and MATLAB software that exhibited the accuracy 
of 80% or more (Table 6). The models in MATLAB that 
produced the highest were Coarse Tree and Coarse 
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Fig 6. a) Receiver operating characteristic curve (ROC curves) for the equation that best determines sex in patella b) Receiver operating 
characteristic curve (ROC curves) with confidence band. c) Calibration plot for the equation that best determines sex in patella: TDAF.L + 
MAXH.R + BLAF.L.

a)

b)

c)
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TABLE 6. Comparing the top ten different machine learning models from WEKA and MATLAB to determine the 
model with the highest accuracy in sex estimation.

WEKA

			   TP Rate
	 Model	 Accuracy (%)	 Recall	 FP Rate	 Precision	 F-measure	 Specificity
			   Sensitivity		  PPV	

	 Bayes Net	 83.60±0.06	 0.85±0.06	 0.17±0.11	 0.84±0.10	 0.84 ±0.06	 0.83±0.11
	 Naives Bayes	 83.2±0.07	 0.83±0.09	 0.17±0.10	 0.84±0.09	 0.83±0.07	 0.83±0.10
	 Logistic	 81.2±0.08	 0.82±0.10	 0.19±0.12	 0.82±0.11	 0.81±0.08	 0.81±0.12
	 SGD	 82±0.07	 0.82±0.09	 0.18±0.12	 0.83±0.11	 0.82±0.07	 0.82±0.12
	 Simple Logistic	 82.4±0.09	 0.85±0.07	 0.2±0.14	 0.82±0.12	 0.83±0.08	 0.8±0.14
	 SMO	 84.4±0.05	 0.84±0.07	 0.15±0.10	 0.86±0.09	 0.84±0.04	 0.85±0.10
	 LWL	 84.4±0.08	 0.8±0.10	 0.11±0.09	 0.88±0.09	 0.84±0.09	 0.89±0.09
	 Decision Tree	 82.8±0.08	 0.83±0.10	 0.17±0.09	 0.83±0.08	 0.83±0.08	 0.83±0.09
	 JRip	 86±0.09	 0.85±0.10	 0.13±0.12	 0.88±0.11	 0.86±0.09	 0.87±0.12
	 OneR	 86±0.08	 0.87±0.11	 0.15±0.12	 0.86±0.08	 0.86±0.07	 0.85±0.12
	 PART	 82.4±0.08	 0.78±0.07	 0.13±0.12	 0.87±0.11	 0.82±0.08	 0.87±0.12
	 Decision Stump	 84.4±0.08	 0.8±0.10	 0.11±0.09	 0.88±0.09	 0.84±0.09	 0.89±0.09
	 Hoeffding Tree	 83.2±0.07	 0.82±0.09	 0.16±0.10	 0.84±0.09	 0.83±0.07	 0.84±0.10
	 LMT	 82.8±0.08	 0.83±0.09	 0.18±0.11	 0.83±0.10	 0.83±0.08	 0.83±0.11
	 Random Forest	 82±0.07	 0.8±0.08	 0.16±0.11	 0.84±0.10	 0.82±0.07	 0.84±0.11
	 REP Tree	 83.2±0.08	 0.82±0.09	 0.16±0.12	 0.85±0.10	 0.83±0.07	 0.84±0.12
	 AdaBoostM1	 84±0.08	 0.81±0.09	 0.13±0.08	 0.86±0.08	 0.83±0.08	 0.87±0.08
	Attribute Selected Classifier	 83.6±0.06	 0.79±0.06	 0.12±0.10	 0.87±0.10	 0.83±0.07	 0.88±0.10
	 Bagging	 84.4±0.05	 0.83±0.06	 0.14±0.07	 0.86±0.07	 0.84±0.05	 0.86±0.07
Classification via Regression	 84.4±0.08	 0.8±0.09	 0.11±0.09	 0.88±0.09	 0.84±0.08	 0.89±0.09
	 Filtered Classifier	 82.4±0.06	 0.8±0.06	 0.15±0.08	 0.84±0.08	 0.82±0.06	 0.85±0.08
Iterative Classifier Optimizer	 82.8±0.06	 0.79±0.08	 0.13±0.09	 0.86±0.09	 0.82±0.07	 0.87±0.09
	 Logit Boost	 82.8±0.06	 0.79±0.08	 0.14±0.07	 0.86±0.07	 0.82±0.07	 0.86±0.07
	 Random Subpace	 82.8±0.08	 0.82±0.08	 0.16±0.13	 0.85±0.12	 0.83±0.08	 0.84±0.13

MATLAB

	 Coarse Tree	 83.7±0.02	 0.81±0.01	 0.13±0.02	 0.86±0.02	 0.83±0.02	 0.87±0.02
	 Linear Discriminant	 81.7±0.01	 0.81±0.02	 0.18±0.01	 0.82	 0.82±0.0	 0.82±0.01
	 Binary GLM LR	 80.9	 0.81±0.01	 0.19±0.01	 0.81±0.01	 0.81±0.	 0.81±0.01
	 Efficient LR	 81.2±0.01	 0.82±0.01	 0.19	 0.81	 0.81±0.01	 0.81
	 Gaussian Naive Bayes	 83.2±0.01	 0.82±0.01	 0.16	 0.84±0.01	 0.83±0.01	 0.84±0.01
	 Kernel Naive Bayes	 83.3±0.01	 0.83	 0.16±0.01	 0.84±0.01	 0.83±0.01	 0.84±0.01
	 Linear SVM	 82.7±0.01	 0.83±0.01	 0.18±0.01	 0.82±0.01	 0.83±0.01	 0.82±0.01
	Medium Gaussian SVM	 81.9±0.01	 0.80	 0.16±0.01	 0.83±0.01	 0.81±0.01	 0.84±0.01
	 Coarse Gaussian SVM	 83.7	 0.84±0.01	 0.17±0.01	 0.83±0.01	 0.84±0.01	 0.83±0.01
	 Medium KNN	 80.7±0.01	 0.78±0.01	 0.17±0.01	 0.82±0.01	 0.80±0.01	 0.83±0.01
	 Coarse KNN	 82.4±0.01	 0.80±0.01	 0.15±0.01	 0.84±0.01	 0.82±0.01	 0.85±0.01
	 Cosine KNN	 82.8	 0.82	 0.17±0.01	 0.83	 0.83	 0.83±0.01
	 Cubic KNN	 80.9±0.01	 0.79	 0.17±0.01	 0.82±0.01	 0.80±0.01	 0.83±0.01
	 Weighted KNN	 80.4±0.01	 0.82±0.01	 0.21±0.03	 0.80±0.02	 0.81±0.02	 0.79±0.03
	 Bagged Tree	 82.5±0.01	 0.79±0.02	 0.14±0.01	 0.85±0.01	 0.82±0.02	 0.86±0.01
	 Subspace Discriminant	 83.3±0.01	 0.83±0.02	 0.17±0.01	 0.83±0.01	 0.83±0.01	 0.83±0.01
	 Subspace KNN	 80.7±0.01	 0.79±0.01	 0.18±0.02	 0.82±0.02	 0.80±0.01	 0.82±0.02
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Gaussian SVM at 83.7% while the lowest was Weighted 
KNN at 80.4%. On the other hand, in WEKA the model 
with the highest validation accuracy is Jrip and OneR 
with 86.0% and the lowest accuracy is Logistic (81.2%). 
Hence, both WEKA and MATLAB provide models with 
similar ranging validation accuracy.
	 In addition, from the three models that were trained 
and tested in classification of images generated the best 
results with the accuracy of 79% for the ResNet18. Whereas 
the lowest accuracy obtained was for VGG19 with an 
accuracy of 49.7%. 

DISCUSSION
	 The aim of this investigation was to conduct a 
comparative analysis of several sex estimation modalites 
and evaluate the efficacy of deep learning model to machine 
learning and logistic regression for sex estimation using 
the dry patellae. By combining morphometric and image-
based analysis, this paper extends traditional statistical 
models and discriminant functions. The results obtained 
help reinforce that patella showcases apparent sexual 
dimorphism and can provide accuracy in the absence 
of the primary skeleton choice (pelvis and skull). 
	 Furthermore, the advantage of using patella can be 
attributed to both the external factors and internal factors 
like hormones, genes and biomechanics that influence 
the osseous robustivity within each sex.32 Therefore, 
other bones such as the patella can be of an alternative. 
The anatomical position, dense33 composition and the 
articular cartilage of the patellae is composed of copious 
amounts of collagen and glycosaminoglycan34, making it 
resilient to taphonomic changes. As a result it increases 
the probability of recovery during excavation. 

Sexual dimorphism assessment and descriptive statistics
	 In this study, the morphometric examination 
confirmed that there is a significant difference between 
all eight parameters between males and females, which 
is consistent with several previous studies on the sexual 
dimorphism of this bone. Furthermore, the dimensions of 

the patella were larger in males than female, attributing to 
the hormonal factor like oestrogen which has a stimulatory 
effect to the increase in the periosteal growth in males 
but contrary in females, acts as inhibitory effect on the 
periosteal growth.35 These results are in accordance with 
the findings of several previous researches conducted on 
different populations such as South African Whites19, 
South African of European ancestry18, Central Thai 
population10, Northern Thai population15, Spanish 
population13, Southern Part of Andhra Pradesh, India17  
and Southern Italian population.36 
	 Comparing the average between sexes within regional 
boundaries, the patella in this study exhibited a larger 
value for the HMRAF and BMAF in comparison to the 
Northern Thai region15 and Central Thai region.10 The 
hypothesis for this could be variation within a biology 
of a subgroup of a population but also it could be the 
indefinite landmark on the posterior aspect of the patella. 
Furthermore, comparing the mean values of this study 
to the findings from Southern Chinese population37  

and Korean population (total knee arthroplasty)38 can 
infer that Asian population may have smaller patellar 
dimensions compared to Westerners, although there has 
also been a study on the Asian population with healthy 
knees that revealed no difference between Asians and 
Westerners.39 The discrepancy in the measurement can 
be attributed to to the different genetic makeup, lifestyle 
and environment.15 
	 In the forensic context, the differences in these 
datahighlight the importance of using population specific 
reference. Furthermore, with the presence of apparent 
sexual dimorphism, the patella could be used for sex 
estimation in the field of forensic anthropology. In the 
area where remains are found, if the primary bones are 
not available, patella can be the supplementary element 
to help determine the sex.

Difference in patellae side assessment
	 Furthermore, most of the findings in our study were 
consistent to both sides of the patella, indicating that any 

Honghimaphan et al.

TABLE 7. Deep Learning Models classifying male and female patellae. 

	 Model		  Cross Validation			   Test

	 	 Accuracy (%)	 Sensitivity	 Specificity	 Accuracy (%)	 Sensitivity	 Specificity

	 VGG19	 50.6±0.13	 0.30±0.27	 0.2±0.27	 49.7	 0	 1

	 ResNet18	 79.2±0.04	 0.64±0.12	 0.94±0.03	 79.0	 0.65	 0.94

	 MobileV2	 65.2±0.05	 0.55±0.24	 0.76±0.32	 53.8	 0.335	 0.74
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side can be used in sex estimation. However, minor side 
specific difference was observed in BMAF for females 
and MAXH and BLAF in males. While these finding 
contradicts the information from previous research 
on Portuguese population16 and Spanish population13 

reporting no significant difference, one plausible reason 
could be the existence of bilateral variation. Nevertheless, 
the differences in skeletal measurements may be limited 
or inconsistent across different parameters, suggesting 
a minimal impact. In addition, the variation of these 
significant differences between left and right side lacks 
comparative studies on the bilateral factor of patella, 
suggesting a need for further research. 
 
Reliability analysis by interobserver and intraobserver
	 The ICC values for the interobserver and intraobserver 
measurement ranged from 0.502 to 0.995 and 0.842 to 
0.997 respectively. The parameters that showcased the 
highest reliability for both male and female include MAXH, 
MAXB, and MAXT because these parameters have definite 
landmarks with methodology being repeated by many 
authors. In addition, research on the Thai population 
by Srinak and Sukvitchai10 reported similar results. This 
reinforces the repeatability of the methodology being 
used. However, the lowest interobserver measurement can 
be attributed to the idea that even though the observers 
were using the same description, the inconsistency and 
subjectivity of the landmarks can cause the discrepancies. 
The VDAF parameter had the lowest value and this 
could be due to the posterior side of the patella having 
a smooth surface. Therefore, the margins are not as 
defined compared to the other parameters. Moreover, 
this also further suggest that parameters such as VDAF 
should probably be omitted when estimation sex of an 
unidentified individual. 

Logistic regression
	 In the field of forensic science, two of the most 
common methods that are used in formulating a sex 
estimation equation are logistic regression and discriminant 
function analysis (DFA).41 Thus, unlike most of the 
previous studies on sexual dimorphism on the patella 
that uses DFA, this study performed a logistic regression 
analysis to evaluate the parameters that estimate sex. 
The reason for this is that the data obtained in this 
study have parameters with measurements that are not 
normally distributed. Hence, logistic regression is more 
suitable because it can provide robust estimations even 
when assumptions are violated.41 Additionally, logistic 
regression offers greater flexibility compared to DFA 
because the generated equation can be directly utilized 

to compute the probabilities of categorizing the sexes, 
thereby quantifying uncertainties. In contrast, DFA solely 
provides the equation and cut-off point, resulting in the 
absence of prior probabilities. This absence diminishes 
the confidence in classifying the sexes, potentially leading 
to misclassification.42 
	 Many previous studies have reported that the 
measurement that exhibited the highest sexual dimorphism 
varied among populations as it included MAXH (South 
African White, Portuguese, Spanish)13,16,19 MAXB 
(Portuguese)16, MAXT (Italian and Spanish)13,36, BLAF 
(Central Thai and Northern Thai).10,15 However, in this 
study, TDAF was most sexually dimorphic with 12.15% on 
the left side and 11.53% on the right side. This is further 
iterated by the logistic regression analysis, producing the 
highest AUC but the lowest AIC value. TDAF is not a 
common parameter measured in previous studies but 
rather divided into the breadth of medial facet (BMAF) 
and breadth of lateral facet (BLAF). Furthermore, a 
stepwise regression analysis revealed the parameters 
identified as the most notable for sex estimation were 
MAXH.R, BLAF.L, and TDAF.L. The performance metrics 
for this LR model revealed a strong predictability model. 
With high sensitivity and specificity value as well as 
precision and negative predictive value, the model is 
very effective in accurately distinguishing between the 
sexes. A blind test of 100 samples revealed an accuracy 
80.0%. Thus, these results are comparable with other 
populations such as the 73% - 89%.10,13,15,19,21 The value 
obtained in this study is in the similar range of previous 
studies, but the methodologies used to obtain them were 
different, as all of these studies generated discriminant 
function equations. Nonetheless, as each population has 
different genetic composition, physical activities and 
biomechanics, it is important to obtain equations for 
each population. However, this study also possess some 
limitations like the lack of external validation. Having 
another collection for testing would help reinforce the 
accuracy. This would be a possible next step for future 
projects. 
	 Studies conducted for sex estimation using the most 
ideal equation in each population were applied to different 
populations by different authors13,19, revealed a lower 
accuracy in classifying the sexes.16 Therefore, from the 
LR analysis, it can be suggested that patella provides an 
important significance in determining sex. It also signifies 
the importance of population specific determinator. This 
also provides the forensic anthropologist an alternative 
approach when profiling an unknown remain. 
	 While, the logistic regression yielded a strong  
predictive value of 80%, the performance is lower compared 
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to pelvis and skull at approximately 92% to 95%. Thus, this 
suggest that patella while it can fulfill the role of being a 
supplementary bone for sex estimation, it cannot replace the 
primary models. Locally and internationally, the findings 
from studies conducted on patella has expressed it to 
be a viable bone in aiding the sex estimation procedure 
but only when the primary alternatives are missing, 
fragmented or unsuccessfully preserved. 

Machine learning and deep learning
	 Logistic regression and discriminant function analysis 
are the prevailing methods in sex estimation but as 
times have been changing and there is an integration 
of artificial intelligence into every aspect of our daily 
lives. Hence, there has also been a growing tendency to 
use artificial learning models such as ML and DL in the 
field of forensic science.12 
	 Previously, there have been two studies that utilized a 
ML approach predicting the best model for sex estimation: 
Knecht and colleagues12 for an Italian population and 
Bidmos and colleagues18 for a South African population 
with mixed European and African descent. 
	 Comparing this current research with the work 
of Bidmos and colleagues7, they achieved an overall 
accuracy of 89.61% using Random Forest, 89.23% using 
AdaBoost classifier and 90.77% using the Stacking model. 
The approach to the training model was different as 
a 5-fold cross validation training was used whereas 
this study used 10-fold cross validation. Using 5-fold 
cross validation reduced the overall accuracy for each 
classifier. Comparing this with the Italian population12, 
their overall accuracy for their ML classifiers ranged from 
85% to 91% for training data and 71% to 95% for their 
validation sample. The best classifier for their study was 
the Sequential minimal optimization (SMO) which is a 
type of support vector machine (SVM). Furthermore, 
their research only utilizes three parameters in classifying 
sex whereas, this one uses 8 parameters, broadening 
the horizon of computing differences. Nonetheless, the 
overall accuracies are in similar ranges showcasing the 
agreement of using ML as a means for classifying sex. 
Not only this, it further strengthens the applicability of 
using patella in sex estimation. 
	 Furthermore, depending on the population, various 
classifiers would provide a different overall accuracy. 
This suggests that to study the Thai population, an ML 
model such as Coarse tree or SVM can be used. 
	 Extending a step further, utilizing the images of the 
patella for sex estimation provides a flexible alternative 
to the primary choice of pelvis or the skull. ResNet 18 
likely gained the highest accuracy because it is composed 

of residual network that help in training at deeper layer 
and this allows for information to skip layers allowing 
the model to learn more reliably.43 However, VGG19 
obtained the lowest accuracy because this is model is 
dense with large parameters and layers that could highly 
lead to overfitting on small dataset like 1,000 images.44  

Finally, the MobileNetV2 is a lightweight model which 
could reduce flexibility in trying to read complex images.45   
	 However, looking at the results from a different 
perspective, the lower accuracy value can be ascribed 
to the type of image used in training and testing. The 
anterior and posterior images used in this study as seen 
in Fig 3 can be described to have a cluttered or noisy 
background. Prior studies have reported that training 
and testing a convolutional network with images with 
cluttered background can slower the training procedure 
and cause models to underperform.43 Thus, this can act as 
a limitation not only for this study but a cautious point for 
future researches. The lower accuracy for our study can 
possibly be explained by a small dataset of 1000 images 
because in recent research using convolutional neural 
network to estimate sex from MRI images of patella, they 
utilized approximately 6,000 images.20 Hence, a small 
dataset increases the risk of overfitting and weakens 
the generalizability factor. An MRI image is also more 
homogenous with a reduced background cluttering. 
Thus, these differences could also explain discrepancies 
and lower result yeilded. 
	 The selection of models like the VGG19, ResNet18 
and MobileNetV2 was to study a range of model. Not 
specifically for forensic anthropology but these models 
have been used to study age and sex estimation from 
dental radiograph in young adults, achieving an accuracy 
of approximately 80%.44   
	 Computational forensics is a current developmental 
content that utilizes AI to identify human remains. Deep 
learning analysis usually employs radiographic datasets. 
Studies that have utilized CT scans37 and MRI45 in measuring 
the patella size to determine sexual dimorphism have 
been able to achieve high accuracy. Furthermore, another 
relevant study on using DL to classify sex in relation to 
the patella is the radiographs of tibiofemoral joints, that 
obtained 90.3%.46 However, this study demonstrated a 
more flexible approach by using photographic imagery 
which is an easier, practical and much more cost-effective 
manner. However, with the limited sample size of 1,000 
images the training and model can be developed to achieve 
higher accuracy. It is very important to always note the 
sample size, population and the methodologies utilized 
in each study before performing any comparison. 
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CONCLUSION
	 In conclusion, this study of sexual dimorphism of 
the patella within the Thai population using 250 paired 
patellae revealed sexual dimorphism exists in the patella 
as all measured parameters showed significant differences. 
Overall, comparing the traditional approach of logistic 
regression to advanced computational models such as 
ML and DL, it is evident that all these methods achieve an 
accuracy of 80% and above. These findings suggest that 
while logistic regression can be the basis of generating a 
robust sex estimation equation, ML and DL models can 
work to enhance the classification process. This suggests 
that even in the absence of the primary skeletal choice 
for sex determination (pelvis and skull), the patella can 
be used.
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ABSTRACT
Objective: Recent evidence has emphasized cognitive dysfunction in psychiatric disorders. This study explores 
bioinformatics analysis aimed at investigating gene targets and pathways related to antipsychotic drug effects 
on cognitive function in schizophrenia. The main purpose of conventional antipsychotics is to treat the positive 
symptoms, but they have limited evidence for the involvement of these drugs in cognitive function. Therefore, 
this study aimed to explore the pathway for the antipsychotic signaling in the cognitive function of schizophrenia. 
Materials and Methods: Nine frequently used antipsychotics were included from the literature review. The GeneCards 
database was utilized to identify the drug target genes associated with cognitive function in schizophrenia. The 
gene lists were analyzed with two different tools, WebGestalt and STRING. The overlapping genes that result from 
the two previous steps may play an essential role in cognitive function. These genes were analyzed to find out the 
related pathway using the KEGG database.  
Results: The potential gene list consists of CHRM1, HRH3, DRD2, GRM5, HTR2A, and SLC6A1. The functional 
enrichment in KEGG reveals six target proteins involved in several pathways, which play an essential role in cognitive 
function, including the neuroactive ligand-receptor interaction, the gap junction, the calcium signaling pathway, 
and the cAMP signaling pathway.
Conclusion: The results reveal that G-protein-coupled receptors (GPCRs) are the main target site of potential 
mechanisms or processes related to antipsychotics and cognitive function. Therefore, GPCRs might be a promising 
candidate for future research on potential therapeutic targets for intervention in neurological dysfunction-associated 
cognitive deficits in schizophrenia. 

Keywords: In silico study; functional network analysis; antipsychotic drugs; cognitive function; schizophrenia 
(Siriraj Med J 2025; 77: 847-857)

INTRODUCTION 
	 Schizophrenia is a psychiatric illness characterized 
by psychotic symptoms, including positive symptoms and 
negative symptoms.1,2 Cognitive deficit is a neurological 
dysfunction that occurs in schizophrenia.3-6 The cognitive 
domains that show differential impairment in schizophrenia 
include attention, executive function, language skills, 
working memory, and cognitive flexibility.7,8 These 
determine the functional impairment characteristic of 
schizophrenia, which disturbs their daily life activity and 
quality of life.9 Therefore, the most concerning clinical 
target in the treatment of schizophrenia is not only to 
reduce the psychotic symptoms but also to improve 
cognitive function.10 
	 Cognitive impairment may develop from the pathology 
of the disease itself in some schizophrenia patients.11 It 
has been implicated that conventional antipsychotics are 
effective in treating psychological symptoms; however, 
they cannot improve cognitive function.12 The effects 
of antipsychotics on cognition are complex, which 
might depend on the stage of illness and the doses of 
antipsychotics. It has been reported that a dose reduction 
in a patient who is clinically in an advanced phase of 
remission, causing cognitive decline associated with 
antipsychotic drugs. On the other hand, dose reduction 
or discontinuation after reaching stable remission might 

improve cognitive function.13 Several lines of evidence 
revealed that the usage of antipsychotics in high doses 
impairs cognitive function in schizophrenia patients.14,15 

On the contrary, a low dose of conventional medications 
such as haloperidol improves cognitive functions.16 
	 According to the heterogeneity of antipsychotics 
in their pharmacologic properties, they have differential 
profiles of cognitive efficacy in patients with schizophrenia. 
Therefore, understanding the molecular mechanisms and 
mode of action of each antipsychotic related to cognitive 
processes is needed to address the gap in knowledge. 
Computational network analysis is a potential tool that 
may answer these knowledge gaps by providing a biological 
explanation for antipsychotic targets and insights for 
the putative molecular mechanism of antipsychotic 
agents, focusing on cognitive function. Therefore, this 
study aimed to explore the interaction of the target 
protein, which is related to the action of antipsychotic 
drugs and cognitive functions related to schizophrenia. 
The results of this study could be explored to discover 
more effective novel target treatment of neurological 
dysfunction involving neuropsychological-associated 
cognitive deficit.

MATERIALS AND METHODS 
	 The conceptual framework was designed to gain 
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insight into the pathway of the potential protein involved 
in antipsychotics and cognitive function in schizophrenia. 
The framework starts to identify the commonly used 
antipsychotics for schizophrenia using a literature review 
and then using bioinformatics tools to identify gene 
targets for selected antipsychotics and genes associated 
with cognitive function in schizophrenia. Next step, the 
gene associated with antipsychotics and cognitive function 
in schizophrenia was identified. Then, protein-protein 
interaction network analysis and network clustering 
were performed, followed by the identification of a 
common gene that is associated with antipsychotics and 
cognitive function in schizophrenia from two different 
methods. Finally, the pathway that contains potential 
protein involves antipsychotics and cognitive function 
in schizophrenia was identified (Fig 1).

Identification of commonly used antipsychotics
	 In silico study of network analysis focusing on 
antipsychotic drugs and cognitive function in people 
with schizophrenia was started to identify commonly 
used antipsychotics for schizophrenia (step 1 of Fig 1) 
by reviewing published articles and textbooks.17-20 

Fig 1. Conceptual framework 
of experimental design.

Identification of gene targets for selected antipsychotics
	 GeneCards (https://genecards.org) and a database 
for searching genes of interest (step 2 of Fig 1) were used 
to identify gene targets for selected antipsychotics. Target 
genes of selected antipsychotics were identified using the 
names of 9 antipsychotics as a keyword. The keyword for 
searching in this step is “[compounds] (Aripiprazole) 
OR [compounds]  (Chlorpromazine) OR [compounds] 
(Fluphenazine) OR [compounds] (Haloperidol) OR 
[compounds] (Olanzapine) OR [compounds] (Quetiapine) 
OR [compounds] (Risperidone) OR [compounds] 
(Thiothixene) OR [compounds] (Ziprasidone)”.

Identification of genes associated with cognitive function 
in schizophrenia by GeneCards Database
	 The GeneCards database21 was used to identify genes 
associated with cognitive function in schizophrenia (step 3 
of Fig 1). [publications] (schizophrenia) AND [disorders] 
(Schizophrenia AND [publications] (cognitive) AND 
[disorders] (cognitive) OR [functions] (cognitive) OR 
[pathways] (cognitive) is the keyword for searching in 
this step.
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Identification of genes associated with cognitive function 
in schizophrenia by WebGestalt Database
	 The gene associated with cognitive function in 
schizophrenia was identified by the WebGestalt Database 
(http://www.webgestalt.org/) (step 4 of Fig 1), which 
stands for WEB-based GEne SeT AnaLysis Toolkit.22 

Over-representation analysis (ORA) is a method used 
in this study. The upload gene list is collected from the 
previous step (step 2 of Fig 1), which is the identification 
of gene targets for antipsychotics.

Identification of genes associated with antipsychotics 
and cognitive function in schizophrenia
	 This step is a consequence of step 2 (identification 
of gene targets for selected antipsychotics) and step 3 
(identification of genes associated with cognitive function 
in schizophrenia by GeneCards Database). Gene findings 
from the previous step were condition formatting, then 
filtered by matching in both terms of antipsychotics and 
cognitive function in schizophrenia. The step-by-step 
data condition formatting and filtering data in Microsoft 
Excel is used to find common genes between two gene 
lists. The gene identification starts by selecting the data 
column > Conditional formatting in the Home ribbon > 
Highlight cell rule > Duplicate Values, and then pressing 
OK. Then, select the data column > Sort & Filter in the 
home ribbon > Filter to apply the filter dropdown icon 
to selected columns.

Protein-protein interactions network analysis
	 The gene list from the previous step (step 5 of 
Fig 1) was further analyzed to identify protein-protein 
interactions and construct a protein-protein interactions 
network using the STRING database. The step to identify 
protein-protein interactions of the gene of interest starts 
with inputting the name of the gene of interest into the 
multiple proteins search box and then selecting auto-detect 
organism and search. The input of the Gene list might 
appear in several organisms. The Homo sapiens organism 
was selected from the list. Many proteins in Homo sapiens 
might similar to the input data. The matching protein 
was selected. A protein-protein interactions network 
was generated and visualized only connected nodes 
in interaction evidence mode, using three interaction 
sources: experiment, database and co-expression. The 
default setting was applied for the minimum required 
interaction score and the maximum number of interactions 
to show in the network display mode.

Network clustering
	 The network was clustered using the Markov Clustering 

method (MCL), with three inflation parameters to establish 
the most interconnected cluster of the protein-protein 
interaction (PPI) network.23 

Identification of a common gene associated with 
antipsychotics and cognitive function in schizophrenia 
from deference two methods
	 Gene findings from the WebGestalt and network 
clustering were condition formatting, then filtered by 
matching genes from the two lists. The condition formatting 
and filtering data settings in Microsoft Excel were used 
to find common genes between two gene lists.

Identification pathway of potential proteins involved in 
antipsychotics and cognitive function in schizophrenia
	 The results from the previous step of deference 
two methods, which involved the identification of a 
common gene associated with antipsychotics and cognitive 
function in schizophrenia, were used to identify the 
related pathway by the STRING database. The results of 
the related pathway were shown in functional enrichment 
in the analysis section.24 
	 Comprehensive graphical user interface snapshots, 
input datasets, parameter configurations, filtering criteria, 
threshold values, and detailed procedural steps for each 
analysis are provided in the Supplemental Data.

RESULTS
	 The nine commonly used antipsychotics were chosen, 
including Aripiprazole, Chlorpromazine, Fluphenazine, 
Haloperidol, Olanzapine, Quetiapine, Risperidone, 
Thiothixene, and Ziprasidone.17-20,24 
	 The results of gene targets for antipsychotics showed 
a total of 223 target genes (Fig 2). The results obtained 
from the GeneCards Database showed that 122 genes 
were associated with cognitive function in schizophrenia  
(Fig 2). The results from WebGestalt database analysis 
showed that 223 gene targets for nine selected antipsychotics 
were characterized into three main categories, including 
biological process, cellular component, and molecular 
function. Apart from 223 genes, the results showed that 
31 genes were found to be associated with cognitive 
function in schizophrenia (Fig 2). 
	 The 28 candidate genes associated with antipsychotics 
and cognitive function in schizophrenia were constructed 
into protein-protein interaction networks analysis using 
the STRING database. The results showed 28 Nodes of 
protein and 33 Edges, representing interactions between 
pairs of proteins. The protein-protein interaction was 
identified based on experimental, database, or coexpression 
evidence. Moreover, nine proteins, including CHAT, 
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Fig 2. Flow diagram illustrating the summary of results.

APOE, GAD1, PLA2G6, SLC18A2, IL10, MTHFR, COMT, 
and TH, have no interaction with any protein (Fig 3A).    
	 The network clustering of 28 candidate genes 
associated with antipsychotics and cognitive function 
in schizophrenia was constructed using the STRING 
database. The results exhibited four network clusters, 
and the largest cluster comprises 12 proteins. The 7 
more proteins were clustered in one cluster of 3 proteins 
and two clusters of 2 proteins, respectively. The nine 
disconnected nodes were hidden from the network 
clustering (Fig 3B). The 12 proteins of the large clustering 
were selected for analysis in the next experiment.    
	 The target gene associated with antipsychotics and 
cognitive function in schizophrenia, collected from 31 

genes of the WebGestalt database analysis and 12 genes 
of network clustering, was taken into consideration 
using deference two methods. The six common genes 
associated with antipsychotics and cognitive function 
in schizophrenia were obtained from deference two 
methods, which include CHRM1, HRH3, DRD2, GRM5, 
HTR2A and SLC6A1. The gene symbol, description and 
antipsychotics interact with the 6 candidate genes are 
shown in Table 1.
	 The six common genes associated with antipsychotics 
and cognitive function in schizophrenia were further 
analyzed using KEGG (Kyoto Encyclopedia of Genes 
and Genomes) analysis. The KEGG analysis results 
in 4 pathways, including neuroactive ligand-receptor 



Volume 77, No.12: 2025 Siriraj Medical Journal https://he02.tci-thaijo.org/index.php/sirirajmedj/index852

Fig 3. (A) Protein-protein interactions (PPI) network of proteins associated with antipsychotics and cognitive function in schizophrenia. 
The protein-protein interaction is characterized by three different types of evidence, including experimental, database, or coexpression. 
Each evidence of protein-protein interaction is shown in a different color of the connecting line. The experimental, database or coexpression 
evidence is indicated in purple, blue and black lines, respectively. (B) Protein-protein interactions network of proteins associated with 
antipsychotics and cognitive function in schizophrenia after network clustering and hiding disconnected nodes. The network clustering is 
indicated in color.
(A larger version of this figure is available in the Supplemental Data file.)   

A B

TABLE 1. Gene symbol, description, and list of antipsychotics interact with the common gene associated with 
antipsychotics and cognitive function in schizophrenia from deference two methods.

No.	 Gene Symbol	 Description	 Antipsychotics interact with the gene

1	 CHRM1	 cholinergic receptor muscarinic 1	 Aripiprazole, Chlorpromazine, Olanzapine,

	 	 	 Quetiapine, Ziprasidone

2	 HRH3	 histamine receptor H3	 Aripiprazole, Risperidone

3	 DRD2	 dopamine receptor D2	 Aripiprazole, Chlorpromazine, Fluphenazine, 

	 	 	 Haloperidol, Olanzapine,

	 	 	 Quetiapine, Risperidone, Thiothixene, 

	 	 	 Ziprasidone

4	 GRM5	 Glutamate metabotropic receptor 5	 Haloperidol

5	 HTR2A	 5-hydroxytryptamine receptor 2A	 Aripiprazole, Chlorpromazine, Fluphenazine, 

	 	 	 Haloperidol, Olanzapine,

	 	 	 Quetiapine, Risperidone, Thiothixene,

	 	 	 Ziprasidone

6	 SLC6A1	 solute carrier family 6 member 1	 Haloperidol
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interaction, gap junction, calcium signaling pathway, 
and cAMP signaling pathway (Table 2). The observed 
gene count, background gene count, false discovery rate 
and matching proteins in the network of each pathway 
are shown in Table 2. 

DISCUSSION
	 Recently, several lines of evidence emphasized the 
functional role of antipsychotic drugs in the cognitive function 
of psychiatric disorders, including schizophrenia.25-30,61-63 
However, the mode of action and molecular mechanisms 
of antipsychotic drug-related cognitive function are 
not clearly understood. Bioinformatics is one of the 
tools that reduces the costs and time to study drugs and 
target-specific drugs.28,29 Moreover, network analysis is 
a bioinformatics approach that is employed to gain a 
broad and in-depth picture of protein-protein interaction 
(PPI) networks and signaling pathways.30 
	 In the present study, nine frequently used antipsychotics 
were selected from the literature review. The GeneCards 
database was used to identify the drug target gene and gene 
of interest involved in cognitive function in schizophrenia. 
The next step was to analyze the gene lists with two different 
tools: WebGestalt Database, a functional enrichment 
analysis web tool, and STRING database, a web tool for 
studying protein-protein interactions. The overlapping six 
genes from the two previous steps may play an essential 
role in cognitive function. The potential gene list consists 
of 6 genes including CHRM1 (cholinergic receptor 
muscarinic 1), HRH3 (histamine receptor H3), DRD2 
(dopamine receptor D2), GRM5 (glutamate metabotropic 
receptor 5), HTR2A (5-hydroxytryptamine receptor 2A) 
and SLC6A1 (solute carrier family 6 member 1). These 
genes were analyzed to find the related pathway using 
the KEGG database. Functional enrichment in KEGG 

TABLE 2. List of pathways that contain potential proteins involved in antipsychotics and cognitive function in 
schizophrenia

No.	 #Term ID	 Term description	 Observed	 Background	 False discovery	 Matching proteins 

			   gene count	 gene count	 rate	  in the pathway

1	 hsa04080	 Neuroactive ligand-receptor	 5	 272	 0.000000065	 CHRM1, DRD2, GRM5,  

	 	 interaction	 	 	 	 HRH3, HTR2A

2	 hsa04540	 Gap junction	 3	 87	 0.0000186	 DRD2, GRM5, HTR2A

3	 hsa04020	 Calcium signaling pathway	 3	 179	 0.0001	 CHRM1, GRM5, 	 	

						      HTR2A

4	 hsa04024	 cAMP signaling pathway	 2	 195	 0.0074	 CHRM1, DRD2

reveals 6 target proteins involved in several pathways, 
which play an important role in cognitive function, 
including neuroactive ligand-receptor interaction31-36, 
gap junction37, calcium signaling pathway38-40, and the 
cAMP signaling pathway.41 
	 CHRM1 (Cholinergic Receptor Muscarinic 1) is a 
G protein-coupled receptor involved in acetylcholine 
binding and is implicated in cognitive function. Reduced 
cortical CHRM1 levels have been linked to cognitive 
decline and executive dysfunction in schizophrenia.42-45 
HRH3 (Histamine Receptor H3) modulates histamine 
signaling in the CNS and regulates neurotransmitter 
release; H3 receptor antagonists show potential in 
treating cognitive impairment in schizophrenia without 
extrapyramidal side effects.42,46,47 DRD2 (Dopamine 
Receptor D2) participates in locomotion, reward, memory, 
and learning; mutations and polymorphisms in DRD2 
are associated with schizophrenia risk and cognitive 
deficits.42,48,49 GRM5 (Glutamate Metabotropic Receptor 
5), a glutamate receptor modulating synaptic plasticity, 
is linked to cognitive impairments in schizophrenia and 
may be a promising target to reverse these deficits.42,50,51 

HTR2A (5-Hydroxytryptamine Receptor 2A) regulates 
neural activity and cognition; serotonergic modulation 
via 5-HT receptors contributes to cognitive and motor 
function improvements in schizophrenia treatment.42,52,53 

SLC6A1 (Solute Carrier Family 6 Member 1) encodes 
a GABA transporter affecting synaptic inhibition, with 
impairments contributing to working memory deficits 
in schizophrenia.42,54 
	 Nine antipsychotics bind to their protein target 
with different action mechanisms, and most of them 
are receptor antagonists. It has been noted that the 
large group of proteins involves antipsychotics and 
cognitive function in schizophrenia are receptors of the 
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neuroactive ligand-receptor interaction pathway, including 
CHRM1 (Cholinergic Receptor Muscarinic 1), DRD2 
(Dopamine Receptor D2), GRM5 (Glutamate Metabotropic 
Receptor 5), HRH3 (Histamine Receptor H3), and HTR2A 
(5-Hydroxytryptamine Receptor 2A). These receptors 
are G-protein-coupled receptors (GPCRs).55,56 (Fig 4) 
The downstream cascade of DRD2, HRH3, and CHRM1 
is adenylate cyclase (AD), which activates Cyclic AMP 
(cAMP) and protein kinase A (PKA) in a cAMP signaling 
pathway.57,58 PKA-mediated molecule that connects the 
cAMP signaling pathway and the gap junction. PKA might 
act on a gap junction as an inhibitor.59 Gap junctions hold 
intercellular channels that allow direct communication 
and direct transfer of small molecules between the 
cytosolic of neighboring cells. The communication of 
these channels is essential for many biological processes, 
such as apoptosis and differentiation. Taken together, a 
cAMP-PKA signaling pathway is a crucial mediator of 
long-term memory formation.41 The finding of new targets 
of antipsychotics in the present study is consistent with 
the recent evidence that glutamate metabotropic receptor 
modulators and serotonin agonists have the potential 
to improve cognitive impairments in schizophrenia.60  
	 The involvement of GPCRs and their associated 
signaling pathways, such as neuroactive ligand-receptor 
interaction, calcium signaling, and cAMP signaling, in 
cognitive processes and antipsychotic drug action is 
well-established in schizophrenia research.64 This study 

confirms these known mechanisms; however, the scientific 
contribution lies in the integrative identification of six 
overlapping target genes (CHRM1, HRH3, DRD2, GRM5, 
HTR2A, and SLC6A1) through dual bioinformatics 
approaches, refining specific drug-gene interaction 
candidates relevant to cognitive dysfunction.
	 Distinctly, the analysis highlights potential unique 
drug-gene interactions by mapping commonly prescribed 
antipsychotics to specific gene targets, some of which 
have been underexplored in population-specific contexts. 
For example, the inclusion of HRH3 and SLC6A1 as 
candidate genes suggests avenues beyond the classical 
dopaminergic and serotonergic targets, aligning with 
emerging therapeutic efforts to modulate histaminergic 
and GABAergic systems in schizophrenia cognition.65 

	 Regarding the broad nature of the enriched 
pathways identified, this study advances understanding by 
contextualizing the role of these pathways specifically in 
cognitive impairment among schizophrenia patients. For 
instance, the cAMP-PKA signaling cascade identified here 
is crucial for synaptic plasticity and long-term memory 
formation, directly linking molecular targets to known 
cognitive deficits in schizophrenia.66 Furthermore, the 
neuroactive ligand-receptor pathway’s multiple GPCR targets 
illustrate how antipsychotics modulate neurotransmission 
collectively affecting cognitive domains.
	 Comparatively, prior bioinformatics and network 
pharmacology studies in schizophrenia have predominantly 

Fig 4. Schematic representation of antipsychotics’ action on receptors and signal transduction pathways.
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focused on genetic susceptibility or broad molecular 
networks without integration of specific antipsychotic 
drug targets.67 This study contributes by bridging drug 
pharmacology and cognitive genomics, utilizing a 
combinatorial approach of gene target overlap, protein 
interaction networks, and pathway enrichment. Therefore, 
it provides a more targeted framework for identifying 
therapeutic candidates that could be further investigated 
in population-specific and pharmacogenetic contexts.64 
	 Current evidence mostly reveals the role of antipsychotic 
action on psychotic symptoms and cognitive functions 
in schizophrenia patients.63,68,69 However, the mechanism 
of action of antipsychotic drugs on GPCRs related to the 
neurological processes of cognitive function is limited. 
The results of this study highlight the interaction of 
the molecular mechanisms of antipsychotic drugs on 
the neurological processes associated with psychosis 
and cognitive function. Therefore, this crucial evidence 
might suggest the conceptual framework for further 
study on pharmacological and clinical applications of 
novel antipsychotic drugs with dual effects on psychotic 
symptoms and cognitive functions in schizophrenia.         

CONCLUSION
	 The findings of this study support existing evidence 
that G-protein-coupled receptors (GPCRs) are critical 
targets through which antipsychotics exert their effects on 
cognitive function in schizophrenia. While the identification 
of enriched pathways such as neuroactive ligand-receptor 
interaction, calcium signaling, and cAMP signaling aligns 
with well-established biological mechanisms, this study 
refines these pathways by linking specific gene targets 
implicated in cognitive dysfunction in schizophrenia. 
Such integrative bioinformatics analyses enhance 
understanding of molecular interactions underlying 
cognitive deficits and provide a more precise molecular 
framework that connects antipsychotic pharmacodynamics 
with cognition-related genetic factors. This may facilitate 
the identification of candidate targets for future research 
aiming at developing therapies to address cognitive 
impairments in schizophrenia.
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INTRODUCTION
	 In forensic anthropology, constructing a biological 
profile for unidentified human remains is crucial for 
identification, including sex, age, stature, and ancestry 
estimations. These parameters are essential for matching 
ante-mortem records and other data. Notably, a swift and 
organized skeletal analysis for sex determination is vital 
for refining subsequent biological profile estimations.1 

	 Skeletal sex estimation is a critical step that requires 
both expertise and precise decision-making due to its 
foundational role in the identification process. Sexual 
dimorphism in skeletal elements results from genetic and 
hormonal influences, which contribute to distinct traits 
differentiating male and female skeletons. To enhance 
accuracy and minimize subjectivity, sex assessments should 
be conducted and documented meticulously, thereby 
strengthening the identification process. The distinct 
skeletal traits influenced by genetic and hormonal factors 
differentiate males and females, underscoring the need 
for reliable and less subjective assessment techniques.2 

	 In forensic investigations, accurate sex assessment 
from skeletal remains is essential for human identification. 
The pelvis and cranium are preferred for analysis due to 
their pronounced sexual dimorphism, enabling precise 
sex estimation. The os coxae is particularly favored for 
its marked dimorphism and high accuracy. However, 
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anthropological applications. 
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when these elements are absent or severely fragmented, 
alternative bones must be considered. Human long bones, 
or postcranial elements, serve as a secondary option due to 
their sexual dimorphism, though morphometric methods 
using long bones are limited, especially in databases 
focusing on Asian genetic and ethnic backgrounds.3,4 
	 The pelvis and skull are traditionally considered the 
most reliable skeletal components for sex determination 
due to well-defined dimorphism.5 Accurate assessment 
requires complete or intact structures, often compromised 
in forensic settings due to taphonomic degradation 
or recovery limitations. In such cases, long bones are 
valuable substitutes due to their sexually dimorphic 
features influenced by musculoskeletal development 
and hormonal regulation. However, they lack specific 
morphological traits indicative of sex, limiting their 
reliability for sex estimation.6 
	 Numerous studies have examined the use of the 
human skull and long bones of the extremities for sex 
estimation. However, a critical limitation of many such 
investigations is the lack of intra- and inter-observer 
error assessments, which impedes a thorough evaluation 
of the reliability of the methodology being studied or 
the methodologies being compared.7 Cranial visual 
assessment of or for sexually dimorphic traits offers a 
rapid and practical method for sex estimation, but this 
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technique is highly subjective and less reproducible. 
This approach, particularly when evaluating the skull, 
involves analyzing varying morphological characteristics 
to distinguish between sexes, focusing on features such 
as the mastoid process, nuchal crest, and orbital traits.8 

	 In addition to pelvic morphology, features in long 
bones, such as femoral head diameter, can indicate 
biological sex and are suitable for morphometric analysis. 
This method is effective with complete or nearly complete 
skeletal elements, but its reliability diminishes with 
fragmented remains due to taphonomic damage. Thus, 
exploring alternative methodologies, like digital imaging 
techniques to analyze long bone characteristics, becomes 
necessary.9,10 
	 While gross morphological analysis of the skull 
offers acceptable accuracy for sex estimation, it also has 
some associated limitations as follows. This technique is 
susceptible to intra- and inter-observer variability, leading 
to inconsistent assessments. The reliance on subjective 
judgment complicates its utility, particularly in skeletal 
specimens with ambiguous features. To enhance precision 
and reliability, direct pelvic morphometric measurements 
are proposed as a more refined and reliable approach.11,12 
	 Metric analysis of the skull provides greater precision 
in sex determination, often surpassing 90% accuracy, 
compared to visual morphological assessments. However, 
this method requires an intact or nearly complete skull 
to accurately assess landmarks. The mastoid process, 
in particular, demonstrates high reliability, with a sex 
determination success rate of 96.5%, supported by studies 
reporting approximately 90% accuracy from measurements 
in this region.13 
	 Both non-metric and metric cranial analyses depend 
on identifiable skeletal features, which necessitate well-
preserved bones. Current methodologies primarily derive 
from skeletal collections of specific populations, such as 
Black and White Americans, with limited data for Asian 
and other groups.14 Researchers underscore the critical 
need for population-specific databases to improve sex 
estimation accuracy in diverse populations.15 
	 Asymmetry between the bones on the left and 
right sides is attributed to handedness. Approximately 
90% of the population is right-handed. Handedness 
influences bone morphology, with the dominant limb 
generally exhibiting larger bones. Forensic studies also 
show that the right side, including hand bones, tends 
to be larger, particularly in right-handed individuals.16 
Larger bones in the right hand are more common in 
right-handed individuals, with this difference being more 
pronounced in males. However, similar correlations are 
less consistent for left-handed individuals.17 

	 This study evaluates sexual dimorphism in cranial 
and post-cranial elements for forensic sex estimation, 
assessing inter-observer reliability and error rates using 
gross morphological and metric approaches. Conducted 
in contemporary Thai population with dry skulls and 
extremity long bones, this study explores the method’s 
applicability in forensic contexts. Additionally, morphometric 
analysis of the bilateral long bones examines the impact of 
asymmetry on sex estimation, considering the influence 
of sexual dimorphism.

MATERIALS AND METHODS
	 The study utilized human bone samples from the 
Siriraj Anatomical and Anthropological Bone Centre 
(Si-AABRC), of the Department of Anatomy, Faculty of 
Medicine Siriraj Hospital, Mahidol University, Bangkok, 
Thailand. The protocol for this study was exempted from 
Siriraj Institutional Review Board (SIRB) approval.

Cranial sexual dimorphism and morphometric 
measurements
	 Gross morphological assessment was conducted for 
each bone, focusing on traits such as the mastoid process, 
nuchal crest, and cranial contour, to estimate sex. Each 
cranium underwent detailed visual evaluation of specific 
dimensions and landmarks, including the supraorbital 
ridges, opisthocranion, and mastoid process. A sex 
classification was made if at least three traits indicated 
a particular sex. The supraorbital ridges were assessed 
for size and prominence, the opisthocranion for its most 
posterior point, and the mastoid process for size and 
robustness. All skulls were sequentially numbered and 
segregated to ensure unbiased subsequent craniometric 
analysis.
	 Following morphological assessment, cranial 
morphometric measurements were performed, as detailed 
in Table 1. An independent re-evaluation by two blinded 
investigators was conducted to enhance accuracy and reduce 
inter-observer variability. The craniometric parameters 
assessed are illustrated in Fig 1, with both observers 
unaware of prior measurements and the biological sex 
of each evaluated skull.

Post-cranial morphometric measurements
	 The upper extremity long bones included the humerus, 
radius, and ulna, on both sides, and the lower extremity 
bones included the femur and tibia, on both sides. Bones 
with deformities, fractures, osteophytes, or prosthetic 
modifications were excluded. Measurements were made 
using an osteometric board and digital vernier calliper. 
Post-cranial measurements are summarized in Table 2.

Sangchay et al.



Volume 77, No.12: 2025 Siriraj Medical Journalhttps://he02.tci-thaijo.org/index.php/sirirajmedj/index 861

Original Article SMJ

TABLE 1. Description of cranial landmarks and morphometric measurements.

Fig 1. Cranial parameters used in cranial measurement method. All measurements were performed using the same digital vernier calliper 
and the same spreading calliper. 

Statistical analyses
Cranial skeletal elements:
	 Prior to parameter measurements and analysis, two 
independent observers measured over 200 dry crania, 
yielding 204 viable samples. The study compared cranial 
measurements between sexes and evaluated classification 
accuracy via visual assessments measurement reliability. 
Statistical comparisons used either the independent t-test 
or Mann-Whitney U test, depending on data normality, 

to identify significant sexual dimorphism. The primary 
goal was to identify cranial features with pronounced 
sexual dimorphism. 
	 A contingency table assessed classification accuracy, 
comparing predicted sex with actual sex. Metrics such 
as sensitivity, specificity, precision, and overall accuracy 
evaluated the sex determination method. Measurement 
reliability was assessed with Cronbach’s alpha, and intraclass 
correlation coefficients (ICC) were calculated for normally 

          Measurement of Cranium	  	 Description

Cranial Length (Front to Back)	 Measurement of distance from glabella to opisthocranion

Cranial Width		  Measurement of distance from left eurion to right eurion

Cranial Index		  (Cranial Width/Cranial Length) x 100

Cranial Base Length		  Measurement of distance from nasion to opisthocranion

Mastoid Height		  Measurement of porion to end of mastoid process

Inter-orbital Foramen Length	 Measurement of supraorbital foramen or notch to infraorbital foramen

Inter-supraorbital Foramen Distance	 Measurement of left supraorbital foramen or notch to right

Inter-infraorbital Foramen Distance	 Measurement of left infraorbital foramen to right
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TABLE 2. Description of post-cranial long bone landmarks and morphometric measurements.

Sangchay et al.

Measurement of Humerus	 Abbreviation	 Description

Maximum Anatomical Length	 H-MAL	 Distance between the proximal end of humerus head to the  
		  distal end of trochlea
Humeral Head diameter	 HHD	 Distance between superior part of humerus head to the inferior 
		  humerus head
Anatomical Neck Diameter	 AND	 Maximum diameter of anatomical neck
Surgical Neck Diameter	 SND	 Maximum diameter of surgical neck
Humerus Midshaft Diameter	 H-MD	 Maximum diameter of midshaft
Epicondylar Breadth	 EB	 Distance between medial epicondyle to lateral epicondyle
Capitular Diameter	 CD	 Distance between superior to inferior of capitulum
Olecranon Fossa Diameter	 OFD	 Distance of the maximum diameter of olecranon fossa

Measurement of Radius	 Abbreviation	 Description

Maximum Anatomical Length	 R-MAL	 Distance between the proximal end of the head to the distal end 	
		  of radius
Radial Head Diameter	 RHD	 Maximum diameter of head
Radial Neck Diameter	 RND	 Maximum diameter of surgical neck
Radial Midshaft Diameter	 R-MD	 Maximum diameter of midshaft
Distal Radial Breadth	 DRB	 Distance between styloid process to ulnar notch
Distal Radial Width	 DRW	 Distance between superior of distal breadth to inferior of distal breath

Measurement of Ulna	 Abbreviation	 Description

Maximum Anatomical Length	 U-MAL	 Distance between the proximal end of olecranon process to distal 	
		  end of styloid process
Ulna Midshaft Diameter	 U-MD	 Maximum diameter of midshaft
Maximum Olecranon Process Width	 MOPW	 Distance between maximum of olecranon process from medial to  
		  lateral side
Maximum Coronoid Process Width	 MCPW	 Distance between maximum of coronoid process from medial to  
		  lateral

Measurement of Femur	 Abbreviation	 Description

Maximum bone length	 Fe-MBL 	 Maximum length of femur measured from the most superior part 	
		  of the head of femur to the most inferior part of the furthest condyle
Maximum anatomical length	 Fe-MAL 	 Maximum length of femur measured from the most superior part of 	
		  the head of femur to the bicondylar contact point
Femoral midshaft diameter	 Fe-MD 	 Maximum transverse diameter of femoral shaft measured at 50%  
		  length of Fe-MAL
Femoral head diameter	 Fe-HD 	 Maximum diameter of the head of femur measured from the most  
		  superior to the most inferior points
Femoral neck diameter	 Fe-ND 	 Maximum diameter of the neck of femur measured at the narrowest  
		  part from the most superior to the most inferior points
Bicondylar breadth	 Fe-BB 	 Maximum length that crosses both femoral condyles, measured  
		  from the medialmost to the lateralmost points
Medial condylar width	 Fe-MCW 	 Maximum width of medial condyle measured in vertical line from  
		  the most superior to the most inferior part of articular surface
Lateral condylar width	 Fe-LCW 	 Maximum width of lateral condyle measured in vertical line from  
		  the most superior to the most inferior part of articular surface
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TABLE 2. Description of post-cranial long bone landmarks and morphometric measurements. (Continue)

distributed variables. ICC estimates the proportion of 
variance due to true differences, with reliability ranges, 
ensuring measurement consistency for valid comparisons. 

Post-cranial skeletal elements:
	 The independent t-test compared two groups, with 
statistical significance set at p<0.001 (α=0.05). Paired 
t-tests evaluated intra-individual differences between 
the left and right sides. Discriminant function analysis 
assessed sex prediction accuracy, selecting functions with 
the highest classification performance and significant 
variables. 

Observation error and reliability analysis
	 Inter-observer measurement error was evaluated. 
Two observers independently measured the skeletal 
samples: the primary investigator and a faculty member of 
the Department of Anatomy with 10 years of experience. 
Each observer assessed all parameters blinded to the 
demographic data. The goal was to quantify measurement 
error and repeatability, as analyzed by SPSS Statistics 
software (SPSS, Inc., Chicago, IL. USA). Repeatability was 
evaluated using technical error of measurement (TEM), 
relative TEM (rTEM), and coefficient of reliability (R). 
An R-value approaching 1 indicates high agreement.18 

RESULTS
	 Descriptive statistics for all measurements are 
summarized in Tables 3-5, including means and standard 
deviations. All measurements showed significant differences 
between males and females (all p<0.05).

Cranial skeletal elements
	 Table 3 provides descriptive statistics for cranial 
variables by sex. The independent t-test revealed that 
males have significantly larger cranial length, width, 
cranial index (Fig 2-A&B), cranial base length (Fig 2C), 
mastoid length (Fig 2D), inter-orbital foramen distance 
(Fig 2E), and inter-infraorbital foramen distance (Fig 
2G). The Mann-Whitney U test additionally showed 
that the inter-supraorbital foramen distance (Fig 2F) 
was significantly larger in males (p=0.005), indicating 
strong sexual dimorphism suitable for sex estimation.

Diagnostic accuracy of visual assessment
	 Table 4 summarizes classification results: 75 male 
skulls correctly identified, 17 female skulls misclassified as 
male, 30 male skulls misclassified as female, and 82 female 
skulls correctly classified. The method’s sensitivity was 
71.43% (95% confidence interval [95% CI]: 61.79–79.82), 
and specificity was 82.83% (95% CI: 73.94–89.67), with a 

Measurement of Tibia	 Abbreviation	 Description

Maximum bone length	 T-MBL	 Maximum length of tibia measured from the most superior point of  
		  the furthest intercondylar tubercle on the tibial eminence to the  
		  most inferior point of the medial malleolus
Maximum anatomical length	 T-MAL	 Maximum length of tibia measured from the tibial bicondylar 
		  contact point to the most inferior point of the medial malleolus 
Tibial midshaft diameter	 T-MD 	 Maximum transverse diameter of tibial shaft measured at 50%  
		  length of T-MAL
Tibial plateau breadth	 TPB	 Maximum width of tibial plateau measured from the medialmost 	
		  part of medial condyle to the lateralmost of lateral condyle 
Tibial plateau medial width	 TPMW 	 Maximum width of medial condyle measured from the most 
		  posterior to the most anterior part
Tibial plateau lateral width	 TPLW	 Maximum width of lateral condyle measured from the most 
		  posterior to the most anterior part
Distal tibial breadth	 DTB	 Maximum distance measured from the medialmost point of the  
	 	 medial malleolus to the medialmost point of the fibular notch 
Distal tibial width	 DTW	 Maximum distance between the most anterior part to the most  
	 	 posterior part of inferior articular facet of distal tibia, measured at  
		  the middle of the inferior articular surface
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TABLE 3. Descriptive statistics of cranial landmarks and morphometric variables (a Independent t-test, b Mann-
Whitney U test).

Fig 2. Comparative analysis of 
craniometric parameters. The figure 
displays a box and whisker plot 
comparing the means of craniometric 
parameters compared between male 
(n=105) and female (n=99) crania, 
namely: (A) Cranial length and width. 
(B) Cranial Index. (C) Cranial base 
length. (D) Mastoid length. (E) Inter-
orbital foramen length. (F) Inter-
supraorbital foramen distance. (G) 
Inter-infraorbital foramen distance. 
Significance levels (p<0.01) are 
indicated for each parameter.

Sangchay et al.

Descriptive statistics: Measurements of cranial landmarks					   

	         Male (n=105)	      Female (n=99)	

Morphometric parameters	 Mean	 Std Dev	 Mean	 Std Dev	 p-value

Cranial Length 	 17.15	 0.73	 16.24	 0.61	 < 0.001a 

Cranial Width	 14.02	 0.61	 13.59	 0.65	 < 0.001a 

Cranial Index	 81.83	 4.34	 83.74	 4.36	 < 0.01a 

Cranial Base Length	 17.02	 0.77	 16.18	 0.75	 < 0.001a 

Mastoid Height	 34.63	 3.19	 31.31	 3.32	 < 0.001a 

Inter-orbital Foramen Length	 44.26	 2.75	 43.53	 2.72	 0.056a 

Inter-supraorbital Foramen Distance	 113.8	 4.56	 90.52	 5.12	 0.005b 

Inter-infraorbital Foramen Distance	 59.77	 4.23	  57.03	 4.07	 < 0.001a 

a Independent t-test, b Mann-Whitney U test
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TABLE 4. Contingency table of sex classification and diagnostic accuracy by visual assessment and reliability of 
cranial morphometric assessment.

                                  Contingency table of sex classification by visual assessment

	 Actual Male 	 Actual Female 

Predicted Male 	 75	 17

Predicted Female 	  30	 82

				  

                                Diagnostic accuracy test of sex classification by visual assessment

Statistic 	 Value	 95% C.I. 

Sensitivity 	 71.43%	 61.79%–79.82%

Specificity 	 82.83%	 73.94%–89.67%

Positive Likelihood Ratio 	 4.16	 2.65–6.52

Negative Likelihood Ratio 	 0.34	 0.25–0.47

Positive Predictive Value 	 81.52%	 44.39%–58.51%

Negative Predictive Value 	 73.21%	 66.60%–78.93%

Accuracy 	  76.96%	 70.57%–82.55%

				  

                                   Reliability of craniometric parameters with Cronbach’s alpha

Parameter	 Cronbach’s alpha 	 Interpretation 

Cranial Length (cm) 	 0.97	 Excellent

Cranial Width (cm) 	 0.87	 Good

Cranial Index 	 0.86	 Good

Cranial Base Length (cm) 	 0.89	 Good

Mastoid Length (mm) 	 0.83	 Good

Inter-orbital Foramen Distance (mm)	 0.92	 Excellent

Inter-supraorbital Foramen Distance (mm) 	 0.87	 Good

Inter-infraorbital Foramen Distance (mm) 	  0.91	 Excellent
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TABLE 5. Descriptive statistics of post-cranial landmarks and morphometric variables.

Sangchay et al.

	 Humerus
	 Right	  				    Left
	 Male (n=106)	 Female (n=94)		  Male (n=106)	 Female (n=94)	
Morphometric parameters	 Mean	 Std Dev	 Mean	 Std Dev	 p-value	 Mean	 Std Dev	 Mean	 Std Dev	 p-value
HMAL	 30.66	 1.38	 28.52	 1.91	 < 0.001	 30.66	 1.38	 28.52	 1.91	 < 0.001
HHD	 45.08	 3.22	 40.16	 2.37	 < 0.001	 44.79	 3.31	 39.59	 4.11	 < 0.001
AND	 45.68	 2.70	 40.54	 2.44	 < 0.001	 45.37	 2.76	 40.23	 2.73	 < 0.001
SND	 33.73	 2.36	 29.96	 2.37	 < 0.001	 32.74	 2.45	 29.22	 2.49	 < 0.001
HMD	 21.79	 2.03	 19.35	 1.97	 < 0.001	 21.51	 2.04	 18.84	 1.83	 < 0.001
EB	 60.59	 5.46	 54.53	 3.49	 < 0.001	 59.94	 5.14	 53.81	 3.32	 < 0.001
CD	 21.15	 4.29	 18.41	 1.24	 < 0.001	 20.69	 1.54	 18.43	 1.41	 < 0.001
OFD	 21.71	 2.36	 19.94	 2.03	 < 0.001	 22.15	 2.04	 20.56	 1.72	 < 0.001

	 Radius
	 Right	  				    Left
	 Male (n=106)	 Female (n=94)		  Male (n=106)	 Female (n=94)	
Morphometric parameters	 Mean	 Std Dev	 Mean	 Std Dev	 p-value	 Mean	 Std Dev	 Mean	 Std Dev	 p-value
RMAL	 24.35	 1.27	 22.49	 1.65	 < 0.001	 24.25	 1.26	 22.26	 1.30	 < 0.001
RHD	 22.31	 1.94	 19.59	 1.39	 < 0.001	 22.1	 1.45	 19.48	 2.77	 < 0.001
RND	 15	 1.47	 13.13	 2.47	 < 0.001	 15.42	 2.11	 13.32	 1.59	 < 0.001
RMD	 15.02	 1.38	 13.83	 2.39	 < 0.001	 14.5	 1.29	 13.23	 1.69	 < 0.001
DRB	 27.3	 2.14	 24.82	 2.68	 < 0.001	 26.81	 2.17	 24.18	 1.63	 < 0.001
DRW	 20.19	 1.97	 17.41	 1.55	 < 0.001	 18.87	 2.08	 16.69	 1.71	 < 0.001

	 Ulna
	 Right	  				    Left
	 Male (n=106)	 Female (n=94)		  Male (n=106)	 Female (n=94)	
Morphometric parameters	 Mean	 Std Dev	 Mean	 Std Dev	 p-value	 Mean	 Std Dev	 Mean	 Std Dev	 p-value
MOPW	 24.68	 2.40	 20.86	 1.79	 < 0.001	 24.25	 2.19	 20.55	 1.87	 < 0.001
MCPW	 23.32	 2.18	 20.32	 1.75	 < 0.001	 23.05	 2.16	 20.09	 1.65	 < 0.001
UMD	 16.08	 1.44	 14.31	 1.67	 < 0.001	 15.77	 1.40	 13.87	 1.69	 < 0.001

	 Femur
	 Right	  				    Left
	 Male (n=106)	 Female (n=94)		  Male (n=106)	 Female (n=94)	
Morphometric parameters	 Mean	 Std Dev	 Mean	 Std Dev	 p-value	 Mean	 Std Dev	 Mean	 Std Dev	 p-value
Fe-MAL (cm)	 42.9	 2	 40.1	 1.8	 < 0.001	 43.1	 2.1	 40.3	 1.8	 < 0.001
Fe-MD (mm)	 26.91	 2.08	 24.62	 1.85	 < 0.001	 26.94	 2.15	 24.6	 1.84	 < 0.001
Fe-HD (mm)	 45.41	 2.52	 40.09	 2.01	 < 0.001	 45.15	 2.45	 39.89	 1.96	 < 0.001
Fe-ND (mm)	 31.25	 2.22	 27.09	 2.04	 < 0.001	 30.74	 2.43	 26.79	 2.09	 < 0.001
Fe-BB (mm)	 78.91	 4.98	 70.6	 3.78	 < 0.001	 78.45	 4.89	 69.92	 3.64	 < 0.001
Fe-MCW (mm)	 35.39	 3.41	 31.54	 2.47	 < 0.001	 36.27	 3.19	 32.85	 2.31	 < 0.001
Fe-LCW (mm)	 32.87	 2.86	 29.09	 1.94	 < 0.001	 34.57	 2.84	 30.82	 2.27	 < 0.001

	 Tibia
	 Right	  				    Left
	 Male (n=106)	 Female (n=94)		  Male (n=106)	 Female (n=94)	
Morphometric parameters	 Mean	 Std Dev	 Mean	 Std Dev	 p-value	 Mean	 Std Dev	 Mean	 Std Dev	 p-value
T-MAL (cm)	 35.8	 1.9	 33.6	 1.7	 < 0.001	 36	 1.9	 33.6	 1.7	 < 0.001
T-MD (mm)	 25.21	 2.65	 22.05	 2.18	 < 0.001	 23.93	 2.49	 21.36	 1.97	 < 0.001
TPB (mm)	 74.2	 4.5	 66.99	 3.95	 < 0.001	 74.19	 4.36	 67.05	 3.88	 < 0.001
TPMW (mm)	 48.9	 3.49	 44.15	 2.72	 < 0.001	 48.35	 3.37	 43.68	 2.95	 < 0.001
TPLW (mm)	 43.47	 3.07	 39.05	 2.72	 < 0.001	 42.92	 2.88	 38.61	 2.69	 < 0.001
DTB (mm)	 44.24	 2.85	 39.65	 2.41	 < 0.001	 44.06	 2.75	 39.59	 2.32	 < 0.001
DTW (mm)	 36.51	 2.54	 32.65	 1.85	 < 0.001	 36.49	 2.39	 32.58	 1.94	 < 0.001
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positive likelihood ratio of 4.16 and a negative likelihood 
ratio of 0.34. The positive predictive value (PPV) was 
81.52%, negative predictive value (NPV) was 73.21%, 
and overall accuracy was 76.96%.

Extremity long bones
	 Descriptive statistics (Table 5) and boxplots (Fig 3) 
show significant sex differences (p<0.001) across all 
humeral, radial, and ulnar parameters. Table 5 displays 
descriptive statistics for femoral and tibial measurements. 
Independent t-tests (Fig 5) confirmed significant sex 
differences for all parameters (p<0.001).

Bilateral comparisons
	 Table 5 presents bilateral measurements. Paired 
t-tests (Fig 4) showed significant symmetry, except for 
HuSND, HuHMD, HuEB, HuOFD, RaDRW and UlMAL 
in females; and, HuHMAL, HuSND, RaRMD, RaDRB, 
RaDRW and UlUMAL in males. 
	 Paired t-tests (Fig 6) showed significant asymmetry, 
except for Fe-MD (p=0.847 in females, and p=0.817 in 
males). In tibiae, males demonstrated greater variability, 
with females showing differences in T-MD (p<0.001), 
T-PMW (p=0.008), T-PLW (p=0.022), while males differed 
significantly in five parameters, all p<0.01, as illustrated 
in Fig 6.

Reliability analysis: Technical error of measurement
	 The coefficient of reliability (R) for both cranial and 
post-cranial measurements is shown in Tables 4 and 6, 
respectively.

Reliability of craniometric measurements
	 Table 4 reports inter-observer reliability. Cronbach’s 
alpha indicated high internal consistency, with parameters 
such as cranial length, inter-orbital distance, and inter-
infraorbital distances all exceeding 0.90. Other metrics, 
including cranial width, cranial index, cranial base length, 
mastoid length, and supraorbital distances, showed 
good reliability (α 0.75-0.90), confirming measurement 
consistency.

Reliability of osteometric measurements of the extremity 
long bones 
	 Table 6 illustrates the R-values for this interobserver 
reliability analysis. Most upper and lower extremity 
long bone morphometrics show a reliability above the 
cut-off point, (high to very high). However, two tibial 
morphometrics exhibit a reliability below the cut-off 
point, including TPLW (r=0.64) and DTW (r=0.64).

DISCUSSION
	 Sex estimation from skeletal remains can be achieved 
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Fig 3. Boxplot comparing the results of the independent t-test between males and females. (A) Right side of humerus. (B) Left side of 
humerus. (C) Right side of radius. (D) Left side of radius. (E) Right side of ulna. (F) Left side of ulna.
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Fig 4. Boxplot comparing the results of the paired samples t-test between the left and right sides. (A) Humerus in males. (B) Humerus in 
females. (C) Radius in males. (D) Radius in females. (E) Ulna in males. (F) Ulna in females. (Red box indicates p<0.001).
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Fig 5. Boxplot comparing the results of the independent t-test between males and females. (A) Right side of femur. (B) Left side of femur. 
(C) Right side of tibia. (D) Left side of tibia. (***p<0.001).

Sangchay et al.
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Fig 6. Boxplot comparing the results of the paired samples t-test between the left and right sides. (A) Femur in males. (B) Femur in females. 
(C) Tibia in males. (D) Tibia in females. (*p<0.05, **p<0.01, and ***p<0.001).

through the visual assessment of morphological variations 
stemming from sexual dimorphism. Key indicators 
include skeletal size and robustness, which are influenced 
by extrinsic factors such as biomechanical loads, as well 
as intrinsic factors like genetic makeup and hormonal 
influences. Both cranial and postcranial skeletal elements 
exhibit distinguishable sexual dimorphism in adult 
individuals. Among the available methodologies, combined 
non-metric and metric analysis of skull morphology 
is considered the second most reliable approach for 
sex determination in adult skeletal remains, following 
pelvic morphology assessment.19 Within the cranium, 
features of the mastoid region are regarded as particularly 
informative. Morphological characteristics of the nuchal 
crest and mental eminence form the basis of cranial 
morphological sex estimation techniques, which are 
recognized for their high accuracy. Subsequent validation 
studies have reinforced and refined the reliability of skull 
morphological traits, leading to enhanced predictive 
accuracy and decreased classification errors.20,21 
	 The findings of this study demonstrate that cranial 
measurements obtained by multiple observers, following 
anthropometric standards, exhibit high levels of reliability. 
Cronbach’s alpha coefficients ranged from 0.832 to 

0.971, indicating strong to excellent internal consistency 
between/among observers’ measurements. These results 
are consistent with prior research, which recommended 
a reliability threshold of R>0.95 to ensure measurement 
dependability and accuracy. Notably, cranial length, inter-
orbital foramen distance, and inter-infraorbital foramen 
distance showed the highest reliability coefficients at 0.971, 
0.920, and 0.908, respectively. The elevated reliability 
scores of these parameters suggest that they are among 
the most sexually dimorphic features in the cranium. 
Furthermore, these results support the premise that 
craniometric measurements, when conducted following 
standardized protocols and independent assessments, 
can be both consistent and reproducible across different 
observers, thereby serving as robust tools for forensic sex 
determination. Overall, the results endorse the reliability 
and reproducibility of craniometric methods in forensic 
contexts.
	 The statistical analyses, employing independent 
t-tests and Mann-Whitney U tests, revealed statistically 
significant differences in various cranial measurements 
between males and females. Consistent with existing 
literature on the Thai population, male crania demonstrated 
larger mean measurements than females.22,23 The high 
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TABLE 6. Assessment of the coefficients of reliability for post-cranial extremity long bones measurements.

Sangchay et al.

Bone	 Morphometric variables	 Coefficient of reliability	 Interpretation 

	 	 (r-value)

Humerus	 HMAL	 0.98	 Very High	

	 HHD	 0.96	 Very High	

	 AND	 0.94	 Very High	

	 SND	 0.85	 High	

	 HMD	 0.91	 Very High	

	 EB	 0.92	 Very High	

	 CD	 0.9	 Very High	

	 OFD	 0.85	 High	

Radius	 RMAL	 0.98	 Very High	

	 RHD	 0.91	 Very High	

	 RND	 0.82	 High	

	 RMD	 0.87	 High	

	 DRB	 0.86	 High	

	 DRW	 0.99	 Very High	

Ulna	 UMAL	 0.88	 High	

	 MOPW	 0.89	 High	

	 MCPW	 0.82	 High	

	 UMD	 0.88	 High	

Femur	 Fe-MAL 	 0.91	 Very High	

	 Fe-MD	 0.92	 Very High	

	 Fe-HD 	 0.96	 Very High	

	 Fe-ND 	 0.94	 Very High	

	 Fe-BB 	 0.94	 Very High	

	 Fe-MCW 	 0.73	 High	

	 Fe-LCW 	 0.79	 High	

Tibia	 T-MBL 	 0.99	 Very High	

	 T-MAL 	 0.92	 Very High	

	 T-MD 	 0.68	 Moderate	

	 TPB 	 0.84	 High	

	 TPMW 	 0.78	 High	

	 TPLW 	 0.64	 Moderate	

	 DTB 	 0.92	 Very High	

 	 DTW 	  0.64	 Moderate	  
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reliability scores further reinforce the statistical validity 
of these findings. This concordance with prior studies 
underscores the efficacy of craniometric techniques in 
accurately sexing skulls and supports their application in 
forensic investigations. Although visual assessment yielded 
an accuracy of approximately 77%, with sensitivity and 
specificity of 71.43% and 82.83%, respectively, it remains 
inherently subjective and susceptible to inter-observer 
variability. This aligns with earlier research highlighting 
the potential for inaccuracies and examiner dependence 
associated with visual methods. In contrast, craniometric 
techniques offer objective, quantifiable data, reducing the 
likelihood of subjective bias. While direct comparison 
of the accuracy between these methods was limited by 
differing evaluation criteria, the superior reliability of 
craniometric measurement underscores its potential 
as an efficient and objective approach for forensic sex 
estimation.24,25 
	 The morphologies of the mastoid process, orbital region, 
and nuchal crest are key indicators of sexual dimorphism. 
Additionally, other cranial features have been identified 
as potential sex determinants. These anatomical areas are 
notably resilient, often withstanding destructive forces. 
Employing morphometric measurements combined with 
stepwise discriminant functions generally achieves more 
accurate sex classification than visual assessments alone. 
However, this study found that morphometric analysis 
can be less accurate in sex differentiation compared to 
direct observational methods.

Sexual dimorphism and morphometric analysis of 
extremity long bone 
	 Sexual dimorphism in the femur and tibia is strongly 
influenced by both sex hormones and biomechanical 
factors, leading to generally larger skeletal dimensions 
in males compared to females. This study revealed 
statistically significant differences between sexes across 
all measured femoral and tibial parameters (p<0.001), 
with males exhibiting greater mean values. The observed 
dimorphism is largely attributed to the influence of 
androgens and estrogens, particularly testosterone, 
which promote bone growth and increased bone mass 
in males, especially during puberty. This hormonal effect 
contributes to the development of more pronounced 
skeletal features, including key landmarks on the femur 
and tibia. Specifically, the femoral measurements in this 
study support findings from previous research in Thai 
population, showing similar values for midshaft diameter 
(Fe-MD), head diameter (Fe-HD), and neck diameter 
(Fe-ND).26,27 However, the current study found that the 
maximum bone length of the femur (Fe-MBL) is notably 

greater, suggesting potential population-specific growth 
trends or methodological differences.
	 When comparing femoral bone lengths, including 
the maximum length (Fe-MBL) and anatomical length 
(Fe-MAL), the values observed in this study are smaller 
than those reported in Sri Lankan and Indian populations, 
yet larger than those found in Japanese population.28 In 
comparison with an Ancient Anatolian population, the 
measurements for females are closely aligned, whereas 
male measurements are noticeably smaller. For midshaft 
diameter (Fe-MD), this study’s results are slightly greater 
than those reported in Indian population and generally 
consistent with Sri Lankan data, although the Sri Lankan 
female values are slightly smaller.29 Notably, in Sri Lankan 
population, male and female midshaft diameters are 
nearly identical, highlighting minimal dimorphism in 
that metric. Compared to ancient Anatolian population, 
midshaft diameters in this study are again closely aligned 
in females, but marginally smaller in males, suggesting 
possible population-specific variation or environmental 
influences on skeletal development.
	 On the distal femur (Fe-MCW and Fe-LCW), the 
measurements of this study were found to be slightly 
smaller in size compared to Korean population.30,31 

Importantly, it must be noted there is no comparative 
analysis of Fe-BB due to a difference in measurement 
methods since other studies used epicondylar breadth 
– the maximum length between medialmost to lateral 
most points on the epicondyle of the femur – instead 
of the definition used in this study. 
	 Similarly, the tibial measurements in this study 
demonstrate marked sexual dimorphism, aligning 
with findings from previous research. When compared 
to earlier data from Thai population, the maximum 
tibial length (T-MBL) and distal tibia breadth (DTB) 
in this study are slightly smaller, while the proximal 
tibial measurements—specifically the medial and lateral 
condylar widths (TPMW and TPLW)—are slightly larger. 
The tibial plateau breadth (TPB), however, remains 
comparable between studies. In comparison with Sri 
Lankan population, this study reports a notably smaller 
anatomical length (T-MAL), while TPB measurements 
are larger.32 Additionally, TPMW and TPLW values 
are slightly greater than those observed in Japanese and 
Brazilian populations, suggesting region-specific variation 
in proximal tibial morphology.33 Compared to ancient 
Anatolian population, T-MBL values are marginally 
larger in females and slightly smaller in males, further 
highlighting population and sex-related differences in 
tibial dimensions.34 
	 The midshaft diameter (T-MD) of the tibia in the 
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present study was found to be notably larger than that 
reported in the Indian population. When compared with 
ancient Anatolian population, female measurements 
were distinctly larger, while overall values were generally 
comparable. It is important to acknowledge, however, that 
methodological variations exist across studies, particularly 
in the anatomical landmarks used for measurement—
many researchers take the diameter at the level of the 
nutrient foramen, which may influence reported values. 
Regarding the distal tibia, the breadth of the inferior 
articular surface (TPB) closely aligns with data from 
Sri Lankan population but is significantly larger than 
values recorded in Japanese population.35-37 Similarly, 
the width of the inferior articular surface (DTW) in 
this study was found to be markedly greater than that 
of Kenyan population, highlighting inter-population 
variability in distal tibial morphology.38 
	 From all of the aforementioned points, the femur 
and tibia can both be regarded as effective and reliable 
indicators for sex determination, and the measurement 
methods used for both the femur and tibia can be used 
in the process of sex determination.  

TEM and reliability 
	 It is well-recognized that observer error arising from 
visual or metric variables can result in inconsistencies 
in evaluating sexual dimorphism and determining 
sex. Recent studies indicate that visual assessment is 
prone to substantial inter-observer error due to vague 
variable definitions, heavy reliance on the observer’s prior 
experience, and the seriation process used to categorize 
individuals. This error analysis demonstrates that geometric 
morphometrics achieves high levels of intra- and inter-
observer agreement.
	 The results of the technical error of measurement 
(TEM) analysis, which is used to assess inter-assessor 
reliability, indicate variable levels of agreement across 
different skeletal parameters. For the humerus, six out 
of eight parameters—namely HMAL, HHD, AND, 
HMD, EB, and CD—demonstrated very high reliability, 
whereas SND and OFD exhibited only high reliability 
scores. In the case of the radius, half of the parameters, 
including RMAL, RHD, and DRW, showed very high 
interpretative consistency, whereas RND, RMD, and DRB 
were characterized as having only high reliability. For 
the ulna, all parameters—UMAL, MOPW, MCPW, and 
UMD—exhibited high reliability. This variation can be 
attributed to differences in the anatomical aspects of each 
bone, such as the specific landmarks used for measurement, 
including SND and OFD in the humerus, RND, RMD, 
and RBD in the radius, and UMAL, MOPW, MCPW, 

and UMD in the ulna. The instances where parameters 
yielded only high rather than very high reliability may 
stem from variability in landmark identification, often 
influenced by factors such as the absence of precise 
measurement landmarks—particularly in regions like 
the surgical neck of the humerus, where measurement 
relies heavily on the assessor’s judgment.
	 Values reflect measurement consistency for both 
femoral and tibial parameters, except for the maximum 
bone length measurements of the femur (Fe-MBL) and 
tibia (T-MBL), due to the absence of comparable data. 
Using an R-value threshold of ≥0.90, most femoral 
measurements exceeded this cutoff, indicating high 
interobserver reproducibility, except for Fe-MCW and 
Fe-LCW. In contrast, most tibial measurements did 
not reach this threshold with only two parameters—T-
MAL and DTB—demonstrating high reliability. These 
results suggest that femoral morphometric measurements 
generally exhibit greater interobserver consistency, whereas 
tibial measurements show variable reliability, with only 
selected parameters achieving robust repeatability.
	 Diagrams were used to clarify the definitions of 
each parameter during measurements; however, despite 
standardization, measurement errors remained possible 
due to limitations in observer interpretation. A key source 
of error is the variation in observer experience. In this 
study, one observer had no prior experience in skeletal 
measurement, whereas the other was an expert in forensic 
anthropology, which likely contributed to discrepancies, 
particularly in the identification of anatomical landmarks. 
Variations in understanding and interpreting the diagrams 
may have further contributed to minor differences in 
landmark annotation. Additionally, the morphology 
of the landmarks themselves influences measurement 
reliability. Many tibial measurements, along with two 
femoral parameters (Fe-MCW and Fe-LCW), involve 
landmarks with curved or rounded contours, which can 
be ambiguous and challenging to delineate precisely, 
thereby reducing measurement accuracy.
	 Cranial morphologies can often be consistently 
distinguished even by observers without prior experience. 
However, morphologies that are not clearly defined 
present significant challenges for consistent determination. 
Our findings indicate that even experienced observers 
analyzing skulls for sexual dimorphism may inconsistently 
interpret coordinate landmarks for sex assessment. 
While the robustness of the mastoid process and the 
pronounced nuchal crest are strong indicators of male 
sex, morphological trait evaluation still leads to varying 
levels of prediction accuracy between/among observers. 
This suggests that anatomical landmarks on cranial 

Sangchay et al.
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bones may be misinterpreted. The description of these 
landmarks varies across the literature. It is crucial to describe 
quantitative methodologies that utilize cranial features 
exhibiting sexual dimorphism since they are pertinent to 
forensic practitioners. Additionally, understanding the 
impact of cranial sexual dimorphism on classification 
accuracy in sex estimation is essential.39-41 
	 The results of the reliability analysis of craniometric 
measurements taken by two inter-observers (the intraclass 
correlation coefficient [ICC], specifically Cronbach’s 
alpha), was used to assess the internal consistency and 
reliability of the measurements across various cranial 
parameters. That analysis revealed that the craniometric 
measurements exhibit high internal consistency, with all 
parameters showing good to excellent reliability. When 
interpreted according to the ranges established by Koo 
and Li, the Cronbach’s alpha values for cranial length, 
inter-orbital foramen distance, and inter-infraorbital 
foramen distance indicate excellent reliability (α>0.90).42 

Other parameters, including the cranial width, cranial 
index, cranial base length, mastoid length, and inter-
supraorbital foramen distance showed good reliability 
(0.75 ≤ α ≤ 0.90). These high reliability scores suggest 
that the measurements are consistent and repeatable 
across different observers.43,44 
	 Furthermore, the definition of specific landmarks 
measured on the cranium and long bones of the extremities, 
such as the tibia, presents a recurring challenge in certain 
regions. To ensure measurement accuracy, all assessments 
must be both reproducible and independent. Consequently, 
future research should include evaluations of interobserver 
error in these measurements to minimize the risk of sex 
misclassification.

Effects of skeletal asymmetry and siding comparison
	 The paired samples t-test results of the upper 
extremity long bones indicate that two of the eight 
parameters—HMAL and SND—exhibit statistically 
significant differences between the left and right sides 
in males, with p-values less than 0.001. Additionally, 
analysis of the radius bones revealed three parameters—
RMD, DRB, and DRW—that demonstrate significant 
bilateral differences at p-values below 0.001. Conversely, 
examination of the ulna shows that only UMAL exhibits 
significant asymmetry with a p-value under 0.001. The 
variation in the degree of bilateral differences, ranging 
from high to very high significance, is likely influenced 
by factors, such as handedness, which predominantly 
affects bone size disparity between sides. Supporting 
this, Walters et al. (1998) reported that right-handed 
individuals tend to have larger bones in their dominant 

hand, highlighting the functional role of dominance in 
skeletal asymmetry.45-47 
	 Humans, as bipeds, typically distribute body weight 
evenly across the lower limbs during upright stance. Minimal 
bilateral differences in femoral and tibial morphometrics 
are, therefore, generally expected, so many previous 
studies have therefore analyzed only one limb for sex 
estimation. However, our findings revealed significant 
asymmetry between sides for both femoral and tibial 
measurements, which can be attributed to factors such 
as differential biomechanical loading, environmental 
influences, habitual limb preferences, and localized 
mechanical stress - all of which can induce side-specific 
bone remodeling. Degenerative joint conditions, notably 
osteoarthritis affecting the hip and knee, may further 
contribute to asymmetries, with parameters, such as femoral 
head diameter, bicondylar breadth, and proximal tibial 
measurements, showing consistent side differences. In the 
femur, almost all parameters demonstrated significant 
asymmetry with p-values below 0.05, which is consistent 
with prior studies that reported greater measurements 
on the left side, particularly in the lower limbs.48,49 
	 Similarly, most femoral measurements in our study 
were larger on the left side in both sexes. Carvallo and 
Retamal (2020) studied a Chilean population and found 
bilateral symmetry predominantly in proximal femoral 
parameters, but they did not explore the underlying 
causes.50 In the tibia, asymmetry was also present, but 
less pronounced, with males showing greater asymmetry 
than females. These findings align with van der Gaast, 
et al. (2022), who identified asymmetry in the tibial 
plateau potentially related to previous injuries, while the 
distal tibia exhibited high symmetry, consistent with the 
findings of Verbakel, et al. (2024). Nonetheless, caution 
in interpretation is warranted due to the relatively limited 
sample size.51,52 
	 Given the observed inherent asymmetry, measurements 
should be taken bilaterally to ensure accuracy - especially 
for the femur. Despite the tibia generally demonstrating 
greater symmetry than the femur, bilateral assessment 
of the tibia remains advisable. Due to the possibility of 
unpredictable laterality in fragmentary remains at scene 
investigations, it is prudent to prioritize measurements 
of parameters known for bilateral symmetry when only 
partial femoral or tibial fragments are available.
	 Although most adult skeletons display characteristic 
sexual dimorphism, the accuracy of sex estimation is 
influenced by several factors, including population variability, 
age, and pathological or taphonomic changes. The degree 
and expression of sexual dimorphism can vary significantly 
both within and across different populations. Therefore, 
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it is crucial to employ population-specific data when 
applying these techniques in forensic contexts. The extent 
of sexual dimorphism and the differences between sexes 
differ across populations, and both morphological and 
metric methods are used for sex estimation. Morphological 
attributes—such as shape, specific traits, and relative size 
differences—are key indicators. Techniques focusing on 
pelvic shape, measurements, and the presence or absence 
of distinctive pelvic features are generally preferred since 
these tend to demonstrate greater sexual dimorphism 
and higher accuracy. Other morphological traits may 
also suggest sex, but they are often less reliable than 
those with pronounced dimorphic features. Employing 
appropriate instrumentation, standardized protocols, 
advanced analytical software, and integrating multiple 
measurements through multivariate approaches can 
improve the reliability of sex assessments, although 
individual measurements can still yield reasonably accurate 
results.
	 Sample size is a crucial consideration since the validation 
of classification functions necessitates cross-population 
studies to assess their robustness and generalizability. 
The use of approximately 400 individuals in this study 
may affect prediction accuracy and elevate the risk of 
technical errors. Expanding the sample size could mitigate 
these issues and enhance the overall effectiveness of the 
method.
	 Lastly, understanding the factors that influence 
prediction accuracy and classification errors—particularly 
in cranial and post-cranial sex estimation—is vital, given 
that the cranium is primarily governed by hormonal 
rather than mechanical factors - unlike the extremity long 
bones. This makes it especially useful in cases where the 
population of origin from which an unidentified skeleton 
originates from is unknown. Future research should 
focus on collecting and analyzing cooperative datasets 
from diverse populations, both for pelvic parameters and 
other skeletal features that display sexual dimorphism, 
to refine and validate forensic sex estimation methods 
across different population groups.

Limitations and suggestions 
	 Future research should include measurements of 
additional osteometric landmarks, such as cranial landmark 
distances of cranium and fibular morphometrics of post-
cranial bones and assess both intra- and interobserver 
reliability across all measurement methods.
	 Larger regionally diverse, and ethnically varied 
samples are recommended to evaluate the reliability, 
repeatability, and accuracy of sex estimation methods. 
The resulting data may facilitate the development of 

discriminant functions and help to estimate other biological 
profiles, such as stature.
	 The fact that our sample size of 204 crania is slightly 
lower than Yamane’s suggested 214 likely exerted minimal 
impact on the results of our study. However, variation in 
observer expertise significantly influenced measurement 
accuracy in our study. The author’s limited experience 
may have affected the accuracy of visual assessment, 
and despite efforts to reduce variability, differences 
in examiner skill and physical and mental condition 
contribute to inter-observer variability. Standardized 
training and calibration are, therefore, necessary to 
enhance consistency.
	 Outliers in descriptive statistics, particularly for 
the inter-supraorbital foramen distance (p=0.056), can 
be attributed to population-specific variations, such as 
the presence of multiple foramina or notches. These 
variations may have affected measurement accuracy, 
highlighting the need for further research to account 
for such differences in diverse populations.

CONCLUSION
	 Determining sex from skeletal remains is a 
fundamental component of human identification in 
forensic investigations. Although the skull is regarded 
as the second most preferable skeletal element for sex 
estimation, it is essential to account for measurement errors, 
which can impact the accuracy of sex determination. The 
adoption of alternative morphometric approaches, such 
as direct measurement of long bones of the extremities, 
may offer a viable alternative with superior accuracy—
particularly when the pelvis or skull are not available. It 
is crucial to identify and understand the instrumental 
and methodological factors that influence accurate sex 
prediction. The selection of an appropriate analytical 
approach is paramount since it significantly influences 
the overall process of forensic human identification and 
helps reduce the likelihood of misclassification.
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ABSTRACT
Objective: The present study assesses the effectiveness of the minimum width of the ischiopubic ramus as a single 
measurement for sex estimation.
Materials and Methods: Visual and metrical examination of 135 known-identity male and female os coxae was 
investigated by measuring the minimum mediolateral width of the ischiopubic ramus, a novel and simple measurement 
of the narrowest part of the ischiopubic ramus. 
Results: The results revealed females typically have a narrow (“pinched”) ischiopubic ramus in comparison to males, 
with a statistically significant difference in the minimum mediolateral width of the ischiopubic ramus between 
sexes. Logistic regression, which delivered the best sex estimation model among traditional statistical analysis and 
machine learning approaches, provided an accuracy of 77.8%, a sensitivity of 83.33% and a specificity of 73.33% 
with a demarking point of 11.977 mm.
Conclusion: Although the method yields moderate accuracy, the minimum width of the ischiopubic ramus provides a 
straightforward and practical approach that may assist in sex estimation when only a fragment of the ischiopubic ramus 
is available. Further validation using larger and more diverse samples is recommended to confirm its applicability.

Keywords: Ischiopubic ramus; sex estimation; fragmented bones; machine learning (Siriraj Med J 2025; 77: 877-885)

INTRODUCTION
	 Estimating the biological sex of an individual through 
visual and metrical examination of the human skeleton 
is one of the four components of the biological profile, 
consisting of age at death, sex, ancestry, and stature. 
Establishing the biological profile of skeletal remains is 
important to medicolegal authorities as it provides them 
with information that may help narrow the possibilities 
or lead to the identification of a decedent. Reported 
accuracies in estimating sex of a complete skeleton range 
from 64 to 100%1, with the most reliable visual features 
being present in the pelvis, followed by the cranium.2 

The pelvis, due to its sexually dimorphic size and shape 
features that are related to child birthing, can be used to 
reliably estimate sex in about 99% of individuals compared 
to 91% using the cranium.  Constant re-examination of 
existing metrical and visual methods and technologies, 
and the development of new methods for estimating sex 
through examination of the human skeleton, continue to 
provide medicolegal analysts with higher accuracy rates3 
for establishing sex in both complete and incomplete 
human skeletal remains.
	 In forensic investigations, complete skeletal remains 
are not always recovered, requiring the use of skeletal 
analysis methods tailored to fragmented bones. The pelvis, 
being one of the skeletal structures most susceptible 
to fractures4, is often involved in these cases. Most sex 
estimation methods—whether traditional morphoscopic 
and morphometric techniques or shape analysis using 
geometric morphometrics—typically focus on the 
entire innominate bone or require a complete pubic 

or ischiopubic complex.4 However, in archaeological 
contexts for example, the preservation of the pubic 
region rarely exceeds 30%.5 Additionally, the upper half 
of the ischiopubic ramus is more commonly preserved 
compared to the lower half. Therefore, the present study 
aims to assess the effectiveness of the minimum width 
of the ischiopubic ramus as a single measurement for 
sex estimation.

MATERIALS AND METHODS
	 This research protocol has been certified as exempt 
by the Research Ethics Committee of the Faculty of 
Medicine, Chiang Mai University (Exemption 0525/2025). 
All procedures were conducted in accordance with 
the ethical standards of the committee and with the 
Declaration of Helsinki. A total of 135 adult male and 
female left os coxae (innominate or hip bones) in the 
Mann-Labrash Osteology Collection at the John A. 
Burns School of Medicine University of Hawaii, Siriraj 
Anatomical and Anthropological Bone Research Centre 
at the Department of Anatomy at Siriraj Hospital School 
of Medicine, Mahidol University, and Osteology Research 
and Training Center in the Department of Anatomy at 
Chiang Mai University School of Medicine, Thailand were 
randomly selected and examined. The sample consisted 
of 73 adult males and 62 adult females of known age, sex, 
and identity donors in the Willed Body Program at the 
three universities. The Mann-Labrash Osteology Collection 
consists of known-identity individuals representing the 
population diversity of Hawaii who died between 1974 
and 2020, including individuals of Japanese, Chinese, 
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Korean, Vietnamese, Hawaiian, African American, and 
European ancestry.6 The osteological collection curated at 
the Osteology Research and Training Center at Chiang Mai 
University School of Medicine consists of Thais, primarily 
from Northern Thailand, and who died between 2003 
and 2014.6 The Siriraj Anatomical and Anthropological 
Bone Research Centre is composed of modern Thai and 
Chinese-descent individuals who donated their bodies 
for medical research between 1933 and 2020.7 Author 
RM measured the Hawaii sample, and SR measured the 
Northern Thai samples. PR and NS compiled data for 
the Siriraj samples. An additional holdout sample of 24 
cases (12 males and 12 females) was selected to validate 
the efficiency of the obtained equation or model and its 
demarcation point.
	 The minimum mediolateral width of the ischiopubic 
ramus (minIPR) was obtained using a Mitutoyo SC-
6”C sliding caliper by visually and metrically locating 
the narrowest mediolateral portion of the ramus, 
approximately 3 cm lateral to the most inferior part 
of the pubic symphysis. The narrowest mediolateral 
part of the IPR in many individuals was visible as a 
“pinched”, concave or biconcave area formed by the 
inferior margin of the IPR and the inferior margin of 
the obturator foramen in the area where the ischium 
and pubic bones join. The measurement was obtained 
while avoiding any bony projections, osteophytes, or 
evidence of trauma such as a fracture or healing callus. 
The minIPR was, however, rarely affected or altered by 

localized or systemic bone disease such as cancer or 
osteoporosis. To obtain the minimum width of the IPR 
the blade-like portion of the arms of the caliper was held 
perpendicular to the long axis and ventral surface of the 
IPR (Fig 1) and moved slightly in all directions to obtain 
the narrowest mediolateral width. The measurement was 
rounded to the nearest millimeter. Each minIPR was 
measured without knowing the sex of an individual.

Data analysis
	 Statistical analyses were conducted using R software 
(version 4.5.1).8 Inter-observer error analysis was performed 
to evaluate their reliability and repeatability. Twenty cases, 
10 males and 10 females, were randomly selected and 
remeasured by the third author (PR). All measurements 
recorded by the second author (SR), acting as the first 
observer, and the third author (PR), acting as the second 
observer, were compared using the mean absolute difference 
between repeated measurements, the mean difference 
expressed as a percentage of average bone size, as well 
as the technical error of measurement (TEM) and the 
coefficient of reliability (R).9-11 Descriptive statistics 
were computed to summarize the data. An independent 
samples t-test was performed to compare the minIPR 
variable between males and females, with statistical 
significance set at p < 0.05.
	 Numerous machine learning approaches have been 
applied in forensic anthropology and related disciplines. 
For this study, we selected the most commonly used 

Fig 1a-b. Position of the sliding caliper when measuring the left ischiopubic ramus in an elderly female. (a) Note that the caliper is held 
perpendicular to the ventral surface of the ischiopubic ramus at its narrowest point to obtain the smallest measurement. It’s easier to take 
this measurement when holding the calipers upside down as in this image. (b) Slightly different angle showing the position of the caliper 
arms against the ischiopubic ramus.



Volume 77, No.12: 2025 Siriraj Medical Journal https://he02.tci-thaijo.org/index.php/sirirajmedj/index880

predictive models, including seven classifiers: XGBoost 
(XGB), Support Vector Machine (SVM), Random Forest 
(RF), Logistic Regression (LR), Artificial Neural Network 
(ANN), Linear Discriminant Analysis (LDA), and 
Decision Tree (DT). The performance of both classical 
statistical methods and machine learning classifiers was 
then evaluated.
	 The dataset was partitioned into a training set (80%) 
for model construction and a test set (20%) for evaluating 
classification accuracy.

Model evaluation
	 The models’ performance was evaluated using 
accuracy, precision, recall, and F1-score metrics. Accuracy 
measures the overall agreement between the actual 
and predicted sex by dividing the number of correctly 
predicted instances by the total number of instances. In 
medical literature, precision—also known as predictive 
value—indicates the probability that a sex estimation 
is accurate based on the algorithm’s prediction. Recall, 
a group-specific performance metric, also known as 
sensitivity, represents the probability that the algorithm 
correctly estimates sex. Lastly, F1-score is a metric used 
to evaluate the performance of a classification model, 
especially in scenarios where the data is imbalanced. It 
is the harmonic mean of precision and recall, offering 
a balance between the two.

RESULTS
	 Table 1 presents the median and mean absolute 
differences, as well as the mean differences expressed as 
a percentage of the mean bone size, for the interobserver 
error analysis. Technical Error of Measurement (TEM) 
and the correlation coefficient (R) were also calculated 
to assess measurement repeatability. The obtained R 
value of 0.90 indicates an acceptable level of reliability 
for the minIPR measurement.11 Although the mean 
percentage difference was moderately high (9.59%), 
it was comparable to the TEM value (0.73 mm) when 
evaluated against the grand mean bone size, and notably 
lower than the mean difference in minIPR observed 
between males and females (2.7 mm).
	 Table 2 contains descriptive statistics including means 
and standard deviations for minIPR measurements of 
males and females. Independent t-test revealed the average 
measurements in males are statistically significantly wider 
than those in females (p < 0.05) with a mean difference of 
2.7 mm, highlighting the presence of sexual dimorphism.
	 The classification accuracy of all models ranged 
from 63.0% to 77.8%, with the Random Forest (RF) 
model showing the lowest accuracy, while Logistic 
Regression (LR) and Linear Discriminant Analysis (LDA) 
achieved the highest accuracy. Notably, LR and LDA 
also demonstrated superior performance in precision 
(71.4%), recall (83.3%), and F1 score (76.9%). In contrast, 

TABLE 1. Interobserver error statistics for the minimum mediolateral width of the ischiopubic ramus.

TABLE 2. Descriptive statistics for the minimum mediolateral width of the ischiopubic ramus.

Measure	 n	 Median abs diff (mm)	 Mean abs diff (mm)	 TEM (mm)	 R	 %Mean diff

minIPR	 40	 0.81	 1.04	 0.73	 0.90	 9.59

Note: Median abs diff refers to Median absolute difference; Mean abs diff refers to Mean absolute difference; TEM refers to Technical error 
of measurement; %Mean diff refers to Mean difference as percentage of mean size.

		  n	 Mean	 Median	 SD	 Min	 Max

Male	 73	 13.7	 13.9	 2.84	 7.3	 19.4

Female	 62	 11.0	 10.5	 2.51	 4.9	 18.3

Mann et al.
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RF recorded the lowest values across these metrics. 
Regarding recall, the k-Nearest Neighbors (KNN) and 
Decision Tree (DT) models matched the highest values 
achieved by LR and LDA (Fig 2).
	 The Shapiro-Wilk test was used to assess normality, 
and the p-values were not statistically significant (p > 0.05), 
indicating that the data followed a normal distribution. 
The total correct classification accuracy obtained from 
both sexes was 77.8%. Logistic regression model fitting 
is tabulated in Table 3. The model using minIPR as a 
predictor variable is described by the following equation 
(females classified with negative values, whereas males 
are classified with positive values): 

	 Sex = -4.236 + (0.354 × minIPR)

	 The model accurately classified the sex of 77.8% 
of individuals, achieving a sensitivity of 83.33% and a 
specificity of 73.33% with a demarking point of 11.977 

Fig 2. Comparison of classification model performance for sex estimation using the minimum ischiopubic ramus width. Seven statistical 
and machine learning classifiers—XGBoost, Support Vector Machine, Random Forest, Logistic Regression, Linear Discriminant Analysis, 
K-Nearest Neighbors, and Decision Tree—were evaluated based on Accuracy, Precision, Recall, and F1 Score.

mm. This demonstrates a strong discriminative ability, 
with an area under the curve (AUC) obtained from ROC 
curve of 0.85 and a Kappa value of 0.557. In the logistic 
regression model, a demarking point was established, 
indicating that a minIPR value of less than 11.977 mm 
suggests a female, while a value greater than this threshold 
suggests a male. Additionally, twenty-four holdout samples 
were randomly selected to evaluate the logistic regression 
model and its demarking point. The model demonstrated 
moderate performance, similar to that obtained from the 
LR model developed from the training set, achieving an 
accuracy of 75%.

DISCUSSION
	 The interobserver error statistics for the minIPR 
show relatively moderate to high error; however, in 
terms of millimeters, this error appears to be smaller 
than the sexual dimorphism observed in the minIPR 

TABLE 3. Coefficient obtained from logistic regression.

	 Estimate std.	 Std. error	 Z value	 p-value

Intercept	 -4.23587	 1.06625	 -3.973	 7.11e-05

minIPR	 0.35367	 0.08506	 4.158	 3.21e-05

Hosmer and Lemeshow goodness of fit (GOF) test
X-squared = 13.069, df = 8, p-value = 0.1095
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measurements between males and females. Therefore, the 
potential measurement error is likely to have a minimal 
impact on sex estimation when using this measurement. 
Additionally, strictly adhering to the definition and carefully 
obtaining the absolute minimum IPR measurements by 
repeatedly measuring the areas visually assessed as the 
‘narrowest’ could help reduce the potential for error.
	 The Phenice method has proven to be an accurate 
and reliable method for estimating sex in adult skeletons 
since it was developed. All three features of the Phenice 
method have been shown to yield high accuracy rates, 
particularly the ventral arc (96%)12-14, making the anterior 
pelvis the most reliable area in the skeleton for estimating 
sex. 
	 A few studies have investigated sexual dimorphism 
using the minimum mediolateral width of the ischiopubic 
ramus15,16, which is in the anterior pelvic region. Dixit 
et al. reported high significance in Wilk’s lambda and 
F-ratio tests, consistent with Luo’s findings15, which 
achieved higher accuracy (81.7%) than the present study. 
The terminology and definition of the ischiopubic ramus 
employed in these studies closely matched that proposed 
in the present study. Dixit et al.16 refined Luo’s vague 
definition of “the minimum thickness of the ischiopubic 
ramus” by providing clearer measurement criteria, though 
neither study addressed interobserver measurement 
reliability.15 The definition described in Dixit’s study 
was “the least straight distance between the ischiopubic 
ramus and nearest obturator foramen margin”. Although 
both Luo and Dixit’s studies proposed a relatively similar 
definition of ischiopubic ramus width as compared to 
the present study, they did not report the classification 
accuracy for this measurement alone. All the high 
classification accuracies derived from their studies still 
required a combination of measurements. For instance, 
Luo’s study required four measurements, including 
“the minimum thickness of ischiopubic ramus” as they 
defined it, to obtain 81.7% accuracy. Similarly, Blake 
et al.17 included the ischiopubic ramus measurement 
among pubic measurement combinations analyzed using 
linear discriminant function analysis, achieving a cross-
validated classification accuracy of 87.1%. However, like 
Luo and Dixit’s studies, the study did not specify the 
classification accuracy when using IPR alone. Ischiopubic 
ramus thickness (IPR), the term used in Blake et al.17, is 
a pubic measurement similar to minIPR. As mentioned 
in Blake et al17, the IPR was defined as “a distance 
between the inferior-most point of medial obturator 
foramen to the narrowest point inferior to the pubic 
symphysis” while the minIPR, used in the present study, 
is the minimum mediolateral width of the ischiopubic 

ramus locating the narrowest mediolateral portion of the 
ramus, approximately 3 cm lateral to the most inferior 
part of the pubic symphysis. Although Luo, Dixit, and 
Blake’s studies reported higher classification accuracies 
(>80%) using similar definitions of ischiopubic ramus 
width, their methods relied on multiple measurements, 
whereas the present study demonstrates the utility of 
a single minimum ischiopubic ramus width (77.8%). 
Patriquin et al.18 proposed an LDA equation based on 
pubic measurements, including pubic bone width, with 
an accuracy of 69–79% for White and Black populations. 
However, this equation required measuring pubic bone 
height, and its definition of pubic bone width differed 
from the minIPR used in the present study.
	 Apart from traditional morphometric measurements, 
geometric morphometric analysis of the ischiopubic region 
has been explored.4,19,20 Black analyzed landmarks and 
semi-landmarks along the ischiopubic ramus, however, 
they did not clearly define or apply the narrowest area 
of the ischiopubic ramus measured mediolaterally as 
defined in the present study.4 Although Gonzalez and 
colleagues investigated the sexual dimorphism efficiency 
of the ischiopubic complex and achieved a high prediction 
accuracy of 93.4%, they used landmarks along the borders 
of the ischiopubic region.20 Bytheway and Ross19 also 
examined various os coxal shapes, including the ischiopubic 
ramus, which they defined as the narrowest point inferior 
to the pubic symphysis, using a geometric morphometric 
approach. However, their study did not report the sex 
estimation accuracy derived from the ischiopubic ramus 
shape alone.
	 Numerous studies have proposed multivariate and 
univariate equations using pelvic measurements for sex 
estimation, achieving high classification accuracy (> 80%).21,22 
However, most of these methods still require an almost 
intact pelvis. Similar to the ischiopubic ramus index, a 
promising proportion requiring only two measurements 
has been proposed for sex estimation from fragmented 
pelves.23,24 However, this index also necessitates an almost 
complete ischiopubic region. Additionally, the uncertainty 
in defining the acetabular point increases the potential 
for observer error with this index.23 Therefore, a single-
metric approach, as proposed in the present study, offers 
an alternative for sex estimation from fragmented or 
incomplete pelves, despite its moderate classification 
accuracy (77.8%).
	 Table 4 presents a comparison of sex classification 
accuracies using a single measurement of the ischiopubic 
region across different studies. The classification accuracy 
of 77.8% achieved in the present study falls within the 
medium to high range compared to other studies. This 
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TABLE 4. A comparison of sex classification accuracies using a single measurement of the ischiopubic region 
across different studies.

Measurement	 References	 Accuracy (%)

Minimum thickness of the ischiopubic ramus	 Luo et al.15	 81.7

Minimum ischiopubic ramus width	 Present study	 77.8

Acetabular diameter and width	 Steyn and İşcan25, Patriquin et al.18, 	 77.0-89.0

	 Mahakkanukrauh22	

Ischial length	 Patriquin et al.18, Franklin et al.26, 	 79.4-81.2

	 Mahakkanukrauh22	

Pubic length	 Mahakkanukrauh22	 70.0

Subpubic angle	 Franklin et al.26, Torimisu et al.21	 93.2, 98.1

Angle of greater sciatic notch	 Franklin et al.26, Torimisu et al.21	 85.2, 83.7

Maximum ischio-pubic length	 Arun et al.27	 68.0

accuracy is approaching 80%, which is an acceptable rate 
for sex estimation in forensic anthropology. Furthermore, 
it is nearly identical to the accuracy obtained from the 
maximum diameter of the femoral head, a widely used 
single measurement for sex estimation.25

	 In forensic investigations, complete skeletal remains 
are not always recovered, necessitating skeletal analysis 
methods for fragmented or incomplete bones. The pelvis 
is among the skeletal structures that are particularly 
prone to fractures.4 Most sex estimation methods focus 
on the entire innominate or require a complete pubic or 
ischiopubic complex.4,22,23,28 The pubic rami are among the 
most fractured structures in cases of moderate to severe 
trauma.29,30 Isolated fractures of a single ramus, particularly 
the ischial ramus, are also observed, with these fractures 
being more frequent in the elderly.31 Furthermore, the 
superior rami are more often fractured than the inferior 
rami. As a result, the minimum mediolateral width of 
the ischiopubic ramus, typically located in the upper 
part of the ischiopubic ramus about three centimeters 
below the inferior border of the pubic symphysis, shows 
promise as a useful measurement for sex estimation in 
fragmentary pelves. Future studies should empirically 
evaluate the reliability of the minIPR on experimentally 
fragmented or taphonomically altered os coxae. Such 
validation would provide critical evidence of the method’s 
robustness and practical applicability in forensic contexts 
where pelvic completeness is often compromised.
	 While this method can be used in addition to the 
Phenice method, its strength as an indicator of sex is when 

dealing with highly fragmented or incomplete skeletal 
remains. Essentially, if a 2-to-3-centimeter portion of the 
ischiopubic ramus is present for examination, an accurate 
sex assessment using this feature alone can be achieved 
77.8%. When dealing with burned remains, however, 
the morphology of the IPR may be reflective of sex, but 
the size of the IPR will almost certainly be reduced in 
size, rendering unusually small measurements that more 
likely fall within the female range. Using this method for 
badly burned pelves, therefore, is not recommended.     
	 The shape of the IPR is a feature and morphology 
that is visualized during examination of the pelvis, is 
reflective of and part of the size and shape of the obturator 
foramen, and formation of the subpubic concavity. This 
part of the IPR is represented variously by a parallel, 
biconcave, or convex IPR and its narrowest width is 
often along the inferior ramus of the pubic bone but 
sometimes occurs at or near the junction (synchondrosis) 
of the ischiopubic bones. This study revealed that the 
narrowest width of the IPR varies from the pubic bone 
near the anterior portion of the obturator foramen to 
more inferior-posteriorly near the intersection of the 
two ischium and pubic bones. The authors found a few 
methods or mention of any use of the width of the IPR, 
visually or metrically, used to establish sex.15,16,25,31

	  While the width and depth of the IPR are incorporated 
into the size and shape morphology of the obturator 
foramen, this feature appears to have escaped mention as 
it relates to estimating sex of the pelvis. The morphology 
of the ischiopubic ramus is, however, an integral part 
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of the size and shape of the obturator foramen that is 
based, in part, on whether the IPR is convex, parallel, 
concave, or biconcave.     
	 Several limitations should be noted. First, the 
interobserver technical error of measurement (9.6%) 
indicates moderate variability between observers, which 
may result from subtle differences in landmark placement 
and identification along the irregular contour of the 
ischiopubic ramus. Second, the validation set was relatively 
small (n = 24), which limits the generalizability of the 
present findings and warrants replication in larger and 
more diverse samples. Third, only left os coxae were 
analyzed; therefore, potential bilateral variation in the 
minimum ischiopubic ramus width remains untested. 
Future research incorporating both coxae and larger 
population samples would strengthen the reliability and 
applicability of this method.
	 Although machine learning models, including XGB, 
SVM, RF, ANN, and DT, were evaluated alongside 
traditional classifiers such as LDA and LR, the relatively 
small sample size of this study likely limited the ability 
of ML models to capture more complex patterns. The 
comparable accuracy observed among these methods 
indicates that classical statistical approaches remain 
reliable and efficient for sex estimation in small forensic 
datasets. Nevertheless, the inclusion of machine learning 
algorithms provides a comparative baseline and highlights 
their potential for future research using larger and more 
heterogeneous samples, where their capacity for non-
linear modeling and feature interaction analysis could 
offer additional benefits.

CONCLUSIONS
	 This measurement provides an additional, 
straightforward tool that can be applied in addition to 
established sex estimation methods—such as the Phenice 
method, cranial and postcranial indicators—and may 
be particularly useful in cases involving fragmented or 
incomplete skeletal remains.
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INTRODUCTION
	 The calcaneus is irregularly cuboidal and the 
largest among the tarsals. It is located inferiorly to the 
talus, and therefore susceptible to fractures from high 
instant loads of force.1,2 Three articular facets of the 
calcaneus are described in anatomical nomenclature 
as: anterior, medial, and posterior articular facets.3 As 
part of the subtalar joint, these three facets aid in the 
maintenance of the foot’s longitudinal arch, alongside 
the talus, to prevent flatfoot abnormality.4-6 The talus is 
shaped similar to a saddle and is second to the largest 
of the tarsals. It articulates with the calcaneus, essential 
to joint movement.7 Just as the calcaneus noticeably has 
variations of its articular surfaces to the talus, so does 
the talus to the calcaneus— but with only two facets, 
namely the medial and posterior.8 
	 Population-specific and cultural behaviors influence 
the occurrence of different facet types of the calcaneus and 
talus, such as squatting in Asia and Africa.9,10 Although 
the revelation is not new, the different shapes of facets 
could cause interference when studying parameters as 
the measurements of each calcaneal talar type do not 
have a comprehensive outline.11,12 Yang et al. (2019)12 
quotes a study by Lawrence et al. (1989)13  that details 
how facet classification will be advantageous, especially 
in the fields of surgery and diagnosis. Nonetheless, there 
are studies that focus on the morphological features of the 
calcaneal facets that can link to sexual dimorphism.14-16 

ABSTRACT
Objective: The calcaneus and talus have been studied in anatomy and pathology, but research is limited compared 
to its forensic use. This study examines the prevalence of three types of variants (calcaneal talar facet types, Stieda’s 
process, and calcaneus secundarius) to find correlations with sex and siding of the calcaneus and talus in a Thai 
population.
Materials and Methods: A total of 250 specimens from the bone collection of Siriraj Anatomical and Anthropological 
Bone Research Centre (Si-AABRC), Thailand, were used. The calcaneus was classified into three types based on 
its articular talar facets, and the talus was categorized based on the presence of Stieda’s process and four types 
of posterolateral tubercles. Presence of a calcaneus secundarius was checked for a crescent-shaped notch and an 
accessory ossicle.
Results: Pattern I, the most common facet type, accounted for 60.23% of calcanei, with a 45.2% average of “full-
shaped” facets. Pattern III was the least common, averaging 4.4%. The flat posterior processes of the talus were the 
most frequent trait (41.4%), while the hook type was the least common (2.4%). Calcaneus secundarius (CS) and 
Stieda’s process (SP) were the rarest traits.
Conclusion: The aforementioned calcaneal and talar traits can aid in investigating sides, as left or right, but not 
as a specific sex characteristic. The calcaneus secundarius has no correlation to either sex or siding due to limited 
samples. The outcomes of prevalence align with prior studies. 

Keywords: Calcaneus; talus; facet; prevalence; anatomy; morphology (Siriraj Med J 2025; 77: 886-900)

	 Foot pathologies are studied to understand their 
association with facet diversity.16-18 Syndromes of the 
foot can be linked to accessory bones, which may later 
fuse to bones as osteophytes. Skeletal foot variation 
supports trauma interpretation and population affinity 
estimations in anthropology15,19, leading to anatomical 
and morphological study categories applicable to various 
research fields. 
	 In the calcaneus, the articular facets are extensively 
studied to investigate incidence and functional 
implications.5,10,12,20,21 Standard anatomy textbooks, like 
Gray’s Anatomy and Netter Atlas of Human Anatomy, 
and morphometric research analyze the superior portion 
of the calcaneus into patterns. However, three variants are 
generally recognized: fusion of the anterior and middle 
facets, separation of the anterior and middle articular 
facets, and absence of the anterior articular facet, as 
per the talus and calcaneonavicular joint.3,21-24 A trait 
called ‘calcaneus secundarius’ refers to the notch in the 
anterior articular facet filled by an accessory bone. In 
foot radiography, the trait is evident through diagnosis 
as the medial border of the anterior articular facet 
is “chipped off,” presenting an ossicle. In dry bones, 
the porosity and shape of the notch are considered, 
with or without the presence of the accessory bone.25,26  
In metric studies, such as Ouamthong et al.27 and Scott 
et al.28, the measurements of length, breadth, and height 
of calcanei were conducted to determine applicability in 
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determining sex or population reference in forensic cases. 
This study pertains to only measure the articular facets.
	 In the talus, the diversities of the posterior process 
are subjected to more frequent research as opposed to the 
calcaneus secundarius.26 An elongated ossification from 
bone spur formation of the posterior lateral tubercle, 
is known as ‘Stieda’s process’. Named by German 
anatomist Ludwig Stieda in 1869, several studies have 
been conducted to learn more of the process’s influence 
on foot pathology and prevalence in sex and population. 
Through radiography, Stieda’s process is defined as 
having a lateral tubercle at least 5 mm in length.29 Other 
variants of the posterior process describe the shapes of the 
tubercle, including sharp, round, flat, and hook.30,31 The 
length of the posterior lateral tubercle will be considered 
for Stedia’s process and other variants, not solely based 
on visual observation.    
	 This study aims to examine the prevalence of three 
calcaneal talar facet types, Stieda’s process, and calcaneus 
secundarius in the Thai population. It also investigates 
the correlation between limb dominance and sex to 
understand calcaneal and talar sexual dimorphism. 

MATERIALS AND METHODS
Materials
	 A total of 250 specimens were used for this study, 
consisting of 250 pairs of dry calcanei and 250 pairs dry 
tali, each for male and female. The age at death of the 
samples ranged from 16 to 95 years in males and 16 to 
99 years in females. The mean age in males and females 
is 69 and 68, respectively. The samples were chosen to 
exclude those with structural damage that could hinder 
parameter measurement, such as osteoporosis, severe spur, 
and postmortem damage. An incomplete set of bones, 
where either side of the calcaneus or talus is missing, is 
also part of the exclusion criteria. The bones were obtained 
from the bone collection of the Siriraj Anatomical and 
Anthropological Bone Research Centre (Si-AABRC), 
Department of Anatomy, Faculty of Medicine Siriraj 
Hospital, Bangkok, Thailand.

Methodology
	 From the third edition of Human Osteology22, three 
patterns of calcaneal talar facets are considered and used 
in this study for classification: 
	 (1)  Pattern I— anterior and middle articular facets  
			    are fused together without constriction as a single  
			    facet, but with a separated posterior facet, consisting  
			    of two subtypes; (Fig 1a-1b)
	 (2) Pattern II— anterior, middle, and posterior  
			    articular facets are separated and consist of  
			    three subtypes, determined by the distance between  
			    the anterior and middle articular facets; (Fig 1(2))
	 (3) Pattern III—anterior articular facet is absent  
			     or too minimal in size to be considered a facet,  
			    while the middle articular facet and posterior  
			    articular facet stand independently. (Fig 1(3))
	 In Pattern I, fusion of the anterior and middle 
facets meets the criterion of no gap between the two 
landmarks, and can sometimes be seen with a smooth 
“ivory-like, shiny patch” that can often be associated as 
eburnation.22 There are two subtypes that can visibly 
categorize Pattern I, “full-shaped” (FS) to characterize 
the fusion as one union with a continuous surface, and 
“waist-shaped/hourglass” (WH) to characterize the fusion 
of both the anterior and middle articular facets but a 
slight boundary or faintly “raised rims” can be seen to 
indicate the formerly two facets and is directly named 
by its shape (Fig 2).3,22,32 
	 To expand on Pattern II, the distances between 
the anterior and middle articular facets are categorized 
into subtypes derived from identical assessments done 
by Agarwal et al.31, Boyan et al.9 and Koshy, Vettivel, 
& Selvaraj30: Pattern IIa has a distance less than 2 mm; 
Pattern IIb has a distance between 2-5 mm; and Pattern 
IIc has a distance more than 5 mm— the distance is 
measured from the most posterior point of the anterior 
facet to the most anterior point of the middle facet  
(Fig 3). 
	 In Pattern III, an anterior articular facet of the calcaneus 
would articulate at the head of the talus (subtalar joint), 

Fig 1. Illustration of the patterns of calcaneal articular talar facets (right side): (1a) Full-shaped (FS) subtype of Pattern I; (1b) Waist-shaped/
hourglass (WS) subtype of Pattern I; (2) Pattern II with three subtypes determined by distance between anterior and middle articular facets; 
(3) Pattern III as the absence of an anterior articular facet.

Wongla et al.
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Fig 2. Pattern I calcaneal talar facet subtypes of the right calcaneus. 
See (1a) and (1b) in Fig 1 for illustration.

Fig 3. Pattern II calcaneal talar facet subtypes 
of the right calcaneus depicting the least distance 
between anterior and middle articular facets to 
the most distant (left to right). See (2) in Fig 1 
for illustration.

not its neck (talocalcaneal neck articulation). Therefore, 
the absence of an anterior articular facet (AbAAF) is the 
most prominent feature of Pattern III (Fig 4). 
	 Stieda’s process (SP) refers to the extended ossification 
of the posterior lateral tubercle of the talus.33 When 
evaluating whether the SP is present, the talus is placed 
on a flat surface then viewed superiorly (Fig 5). If the 
posterolateral tubercle is enlarged or prominent in length, 
it is then marked present. For samples marked with the 
presence of SP, the lowest tip of the talar trochlea to the 
most posterior tip of the lateral talus process is measured 
to determine the average length (Fig 7). Absence of SP 
is preceded by noting down the anatomical variants 
derived from the criteria by Yang et al.34 and Kalbouneh 
et al.33 Four types are observed as follows: 
	 (1)	 Sharp: lateral tubercle is a small, pointed projection;
	 (2) Round: lateral tubercle has a blunt, rounded  
			    end but short in size to not be mistaken as SP,  
			    with a groove for the flexor hallucis longus  
			    tendon;
	 (3) Flat: lateral tubercle and medial tubercle are  
			    faintly seen with the groove for flexor hallucis  
			    longus tendon shallow in appearance;
	 (4)  Hook: lateral tubercle is wide and has a “neck”  
			    or the corner of the tubercle is chipped and  
			    curved towards or away from the groove for  
			    flexor hallucis longus tendon.

Fig 4. Pattern III calcaneal talar facet type of the right calcaneus. See 
(3) in Fig 1 for illustration.

	 Calcaneus secundarius (CS) is evaluated by the 
crescent-shaped notch at the medial border of the anterior 
articular facet alongside an accessory ossicle.32 In the 
case that the ossicle is not found, the criteria to note 
down the presence of CS are the smooth roundedness/
triangulation of the notch’s shape and porosity at the 
notch.26,32,35 (Fig 6).

Morphometric Measurement
	 To determine the trait by sex estimation, the calcaneus 
and talus are subjected to measurement using a vernier 
caliper (mm). In Pattern I, the anterior articular facet 
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Fig 6. Illustration and photographs of the calcaneus secundarius (CS) of the left and right calcaneus. Red asterisk indicates presence of CS.

Fig 5. Illustration and photographs of Stieda process (SP) and the patterns of posterior lateral tubercle of the talus (right side): (1) Sharp 
type; (2) Round type; (3) Flat type; (4) Hook type.

(AAF) and middle articular facet (MAF) are fused together, 
therefore the conjoined facets (AMAF) are then measured 
from the most anterior point to the most posterior point 
(AMAFL), and the most medial point to the most lateral 
point of the fused facets (AMAFW). In Pattern II, AAF 
is measured by the length of the anterior articular facet 
(AAFL) and the width of the anterior articular facet 
(AAFW), applicable to MAF by measuring the length 
(MAFL) and width (MAFW) from its anterior border 
to posterior border of the facet. Since Pattern III has an 
absent anterior articular facet (AbAAF), only MAFW 
and MAFL were measured. For samples marked with 
the presence of SP, the lowest tip of the talar trochlea 
to the most posterior tip of the lateral talus process is 
measured to determine the average length (Fig 7).

	 Statistical analyses
	 Data is collected and submitted into Jamovi Version 
2.5 (2024)36, an open statistical software, to analyze 

Fig 7. Parameters of calcaneal articular talar facet measurements 
and SP measurement.
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descriptive values of the calcaneus and talus including 
mean and standard deviation (SD). The data of the 
calcaneus and talus is assessed for normal distribution 
by the Shapiro-Wilk normality test. The formula to 
calculate the degree of sexual dimorphism (DoSD) was 
originated from Ricklan & Tobias (1986), which was 
used in former bone studies, namely the skull, scapula 
and clavicle.37,38 

	 To determine sex differences, the data is subjected 
to independent t-test, but if assumption of distribution is 
violated, then the Mann–Whitney U test is implemented. 
Siding (left and right side) of the calcaneus and talus to 
sex is assessed by paired t-test for normal distribution 
and Wilcoxon Signed Rank for violation of normal 
distribution. Chi-square test is applied for frequency 
data to determine the significance of prevalence. The 
value p < 0.05 determines statistical significance in this 
study.

	 Logistic regression analysis
	 A logistic regression equation was formulated using 
Posit Cloud39, formerly known as R Studio (Version 
2025.5.1.513.3). The equation is developed by generalized 
linear model function – glm(). This model is then evaluated 
for the log of odd ratio (logit) and odds ratio (OR), 
where a logit equation for each side of a parameter was 
developed. The ROC curve was created where the model 
that presented with the lowest AIC (Akaike Information 
Criterion) and highest Area Under the Curve (AUC) was 
selected, by using pROC package.40 For each calcaneal 
pattern, the best parameters developed an equation 
where accuracy, AIC, and AUC were input into tables 
to determine the parameters with the most efficacy.
	 In the case of small sample number, the logistic 
regression models were computed to prevent overfitting 
by applying R package logistf by Heinze & Ploner (2024)41 

into Firth’s bias-reduction method.42 

RESULTS
	 The prevalence of calcaneal talar facet types is 
presented in Table 2. Pattern I was the most prevalent, 
accounting for 58.4% of samples. Within this pattern, 
42.8% of specimens exhibited a full-shaped (FS) facet while 
15.6% demonstrated an hourglass or waist-shaped (WS) 
facet, both subtypes with similar representation between 
males and females. Pattern II represented the second most 
common type, observed in 37.2% of cases. Among these, 

× 100=degree of sexual dimorphism (%)
Xmale - Xfemale

Xmale  ( )

7.2% displayed an average distance between facets at 1.66 
mm, with an equal distribution between sexes; 19.6% 
showed a mean distance of 3.96 mm, occurring more 
frequently in females than males; and 10.4% exhibited a 
mean distance of 5.97 mm, equally comprised in males 
and females. Pattern III was the least frequent, observed 
in only 4.4% of samples characterized by the absence of 
an anterior articular facet, with higher occurrence in 
males than in females. In the odds ratio column, males 
are more likely to feature Patterns I and II than females. 
However, the frequency of types indicates no significance 
as p-value >0.05.
	 In Table 3, the order of prevalence is similar to 
Table 2. Pattern I exhibits the highest prevalence of 
calcaneal talar types, accounted in 62.4% of samples. FS is 
found in 47.6% of samples with the frequency of females 
higher than males. WS is identified at 14.8% of samples, 
the number higher in females than males. Pattern II is 
in 33.2% samples. The first subtype exhibits in 4.8% of 
samples, an average distance between articular facets at 
1.52 mm with 3 found in males and 9 in females; 20% 
of the samples have the second subtype with an average 
distance of 4.20 mm, 30 in males and 20 in females; the 
third subtype represents 8.4% of samples with an average 
at 7.06 mm between articular facets, comprising 13 in 
males and 8 in females. Pattern III is deemed the least 
varied, with a prevalence of 4.4% in samples found with 6 
in males and 5 in females. By gathering the mean values 
of male and female parameters, Pattern II has the highest 
degree of sexual dimorphism at 8.38%. The odds ratio 
and significance of type frequency imply similar results 
to Table 2.
	 Sexual dimorphism statistics are summarized in  
Table 4. With the left and right sides of the calcaneus, eight 
out of sixteen variables have significant differences with 
p-value <0.05, which are: AMAFL (L&R) and AMAFW (L) 
of Pattern I, AAFW (L), MAFL (L&R), and MAFW (L&R) 
of Pattern II, and MAFW (L) of Pattern III. Together with 
Table 2 and Table 3, the average of sexual dimorphism 
degrees of the calcaneus are: Pattern I with 2.32%, Pattern 
II with 7.41%, and Pattern III with 6.68%. 
	 In Table 5, the siding to sex prevalence of posterolateral 
tubercles showcases the flat variant to be the highest 
in prevalence at 41.4% or 207 tali which is followed 
closely by the round variant at 38.6% or 193 tali. The 
hook variant, or neck-like variant, is the least prevalent 
of types at 2.4% (12 tali) with the sharp variant higher 
at 7.4% (37 tali). SP is identified to be present in 10.2% 
of the talus samples (51 tali), which is the third highest 
prevalence of traits identified. The highest degree of 
sexual dimorphism found is the sharp posterior process 
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TABLE 1. List of abbreviations and descriptions. 

Abbreviations   	 Description 

Anterior articular facet (AAF) 	 The anterior articular facet situated on the lateral surface of the calcaneus, 		

	 positioned medially.

Middle articular facet (MAF) 	 The middle articular facet situated on the lateral surface of the calcaneus, 		

	 positioned medially. 

Anterior and middle articular facet	 A grouped abbreviation for Pattern I, FS and WS. 

(AMAF)

Anterior articular facet length (AAFL) 	 The distance from the anterior border to the posterior border of the anterior 	

	 articular facet

Anterior articular facet width (AAFW)	 The distance from the medial border to the lateral border of the anterior 

	 articular facet

Middle articular facet length (MAFL) 	 The distance from the anterior border to the posterior border of the middle 		

	 articular facet

Middle articular facet width (MAFW)	 The distance from the medial border to the lateral border of the middle articular 	

	 facet

Anterior and middle articular facet	 The distance from the anterior border of the anterior articular facet to the 

length (AMAFL)	 posterior border of the posterior articular facet

Anterior and middle articular facet	 The distance from the medial border to the lateral border of the fused anterior 

width (AMAFW) 	 and middle articular facet, also known as the “width of constriction” according 	

	 to Mcshane43

Full-shaped facet (FS)	 Fusion of the AAF and MAF of the calcaneus into one continuous surface.

Waist-shaped facet (WS)	 Fusion of the AAF and MAF of the calcaneus into one surface, either 

	 continuous or shows signs of individual articular facets. The gap between AAF 	

	 and MAF is filled but is minimal in size, presenting the articular facet to be 	 	

	 shaped like an hourglass.   

Absent anterior articular facet (AbAAF)	 The anterior articular facet is absent or too minimal in size to be considered an 	

	 AAF based on articulation to the head of the talus.  

Stieda’s process (SP)	 An elongated projection of the posterior process of the talus, specifically the 	

	 lateral tubercle

Calcaneus secundarius (CS)	 An accessory bone (ossicle) located near the anterior process of the 

	 calcaneus with the ossicle fitting into the notch of AAF 

Wongla et al.
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TABLE 2. Contingency Tables for Calcaneal Articular Talar Facet Types and Prevalence of the Left Calcaneus.

TABLE 3. Contingency Tables for Calcaneal Articular Talar Facet Types and Prevalence of the Right Calcaneus.

Facet Type 	       Sex (L)	 Total 	 Prevalence 	 Significance 	 Odds	 Average distance

	 Male	 Female		  (%)	 of prevalence	 ratio	 between articular 	

							       facets (mm) 

Pattern Ia (FS)	 54	 53	 107	 42.8	 0.701	 1.10	 -

Pattern Ib (WS)	 19	 20	 39	 15.6	 0.593	 0.826	 -

Pattern IIa	 9	 9	 18	 7.2	 0.892	 0.892	 1.66

Pattern IIb	 23	 26	 49	 19.6	 0.873	 0.950	 3.96

Pattern IIc	 13	 13	 26	 10.4	 0.541	 0.779	 5.97

Pattern III (AbAAF)	 7	 4	 11	 4.4	 0.355	 0.557	 -

Total 	 125	 125	 250	 100	 -	 -	 -

Abbreviations: FS = Full-shaped facet; WS = Waist-shaped facet; AbAAF = Absent anterior articular facet

Facet Type 	       Sex (R)	 Total	 Prevalence	 Significance	 Odds	 Average distance 

	 Male	 Female		  (%)	 of prevalence	 ratio	 between articular 	

							       facets (mm)

Pattern Ia (FS)	 57	 62	 119	 47.6	 0.704	 0.908	 -

Pattern Ib (WS)	 17	 20	 37	 14.8	 0.597	 1.21	 -

Pattern IIa	 3	 9	 12	 4.8	 0.150	 2.35	 1.52

Pattern IIb	 30	 20	 50	 20	 0.527	 0.818	 4.20

Pattern IIc	 13	 8	 21	 8.4	 0.512	 0.749	 7.06

Pattern III (AbAAF)	 6	 5	 11	 4.4	 0.758	 0.826	 -

Total 	 125	 125	 250	 100	 -	 -	 -

Abbreviations: FS = Full-shaped facet; WS = Waist-shaped facet; AbAAF = Absent anterior articular facet
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TABLE 4. Descriptive statistics, Shapiro-Wilk normality test of each parameter for both sexes and both sides of 
the calcaneus.

			   Male		  Female 		  Mean	 P	 DoSD	 Cohen’s
Parameters		  Side	 (n = 250)	  	 (n = 250)		  difference	 value	 (%)	 D
			   Mean	 SD	 Mean	 SD		  		

Pattern I	 AMAFL	 L	 32.48	 2.72	 32.81	 3.01	 2.780	 <.001	 1.01	 -0.875

		  R	 29.58	 3.79	 30.51	 3.38	 2.455	 <.001	 3.14	 -0.818

	 AMAFW	 L	 9.60	 2.17	 9.12	 2.28	 0.734	 0.043	 5.00	 0.359

		  R*	 8.83	 2.12	 8.82	 2.27	 0.897	 0.082	 0.11	 0.281

Pattern II	 AAFL	 L	 12.43	 2.10	 11.81	 1.81	 0.140	 0.183	 4.99	 0.274

		  R	 12.40	 2.23	 11.92	 3.15	 0.665	 0.170	 3.87	 0.153

	 AAFW	 L*	 9.38	 1.75	 8.38	 1.77	 0.006	 0.006	 10.66	 0.569

		  R*	 9.01	 2.04	 9.29	 4.88	 0.360	 0.577	 3.11	 -0.079

	 MAFL	 L*	 20.14	 3.05	 17.93	 2.78	 0.444	 <.001	 10.97	 0.780

		  R	 20.56	 2.85	 18.02	 2.27	 2.538	 <.001	 12.35	 0.997

	 MAFW	 L*	 12.07	 2.46	 11.40	 1.34	 0.671	 0.037	 5.55	 0.780

		  R	 12.09	 1.46	 11.15	 1.18	 0.937	 <.001	 7.78	 0.698

Pattern III	 MAFL	 L	 21.5	 0.79	 21.3	 1.66	 0.220	 0.841	 0.93	 0.645

(AbAAF)		  R	 20.5	 1.12	 20.9	 1.87	 0.815	 0.552	 3.69	 -0.193

	 MAFW	 L	 11.9	 0.82	 10.4	 0.79	 2.150	 0.003	 16.8	 1.442

		  R	 11.5	 1.26	 10.7	 1.58	 0.618	 0.614	 5.31	 0.585

n = Sample size (pair of calcaneus); * = Shapiro Wilk (Normality Test): violation of normality assumption proceeds with Wilcoxon Signed 
Rank test. Bold text indicates significant difference.

TABLE 5. Prevalence and degree of sexual dimorphism of the posterolateral tubercle types to sex.

Posterolateral 		  Left 	 Right	 Total	 Prevalence	 DoSD (%)	 Significance of	 Odds 

tubercle types		  (n = 250)	 (n = 250)		  (%)		  prevalence	 ratio

Sharp	 M	 8	 9	
37	 7.4	 15.0

	 0.599	 0.835

	 F	 10	 10				    0.599	 0.835

Round	 M	 50	 43	
193	 38.6	 7.53

	 0.389	 0.854

	 F	 52	 48				    0.389	 0.854

Flat	 M	 55	 49	
207	 41.4	 0.96

	 0.885	 0.974

	 F	 51	 52				    0.885	 0.974

Hook	 M	 0	 4	
12	 2.4	 1.0

	 0.240	 2.040

	 F	 3	 5				    0.240	 2.040

Stieda’s process 	 M	 12	 20	
51	 10.2	 4.11

	 0.057	 0.563

(SP)*	 F	 9	 10				    0.057	 0.563

*The length of Stieda’s process in this study ranges from 5.11 - 6.92 mm
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of the talus at 15% and the least to be the hook posterior 
process. The presence is seen to be higher in males than 
females. However, all the four types of posterolateral 
tubercle types and SP do not have significant statistical 
difference nor significance in prevalence as all p-value 
exceeds 0.05. 
	 Table 6 portrays the bilateralism and siding impact 
of the posterolateral tubercle types to the left and right 
sides of the talus. All traits have no significance to siding 
since the p-value exceeds 0.05. 
	 The logistic regression analysis in Table 7 is conducted 
by standard logistic regression, and indicates the lowest 
AIC value and highest AUC value to be the most effective 
parameter to identify sex of the calcaneus by articular facet. 
In Pattern I, AMAFL has the strongest discrimination 
value, favoring the left side (AUC = 0.796). MAFL of 
Pattern II has the highest AUC values, with the left 
dominating over the right (AUC = 0.759). 
	 Given the small sample size (n = 11), all analyses of 
Pattern III is considered exploratory until future research 
strengthens evidence of morphological differences between 
sexes in a bigger dataset. Firth’s logistic regression is 
computed to reduce bias as Pattern III has an insufficient 
amount of data. In single logistic regression, MAFW.L 
demonstrated the strongest relationship with sex (AUC 
= 0.792), indicating a possible trend where greater width 
may increase the likelihood of being male while other 
variables showcased weaker associations (AUC ≤ 0.667). 

DISCUSSION
	 There are considerable variations of anterior and 
middle articular facet patterns in different cohorts 
of people. Previous studies have also yielded results 
indicating a higher proportion of female samples to be 
more diverse compared to male samples, although the 
disparity may not be significant.44 Pattern I resulted 
with the highest incidence found amongst the samples, 
which is consistent with numerous studies conducted 
within Asian populations.4,6,11,14,31,45 In contrast, other 
populations exhibit Pattern II by the highest incidence, 
such as a Bulgarian population5, Anatolian population9, 
Turkish population44, and South Africans of European 
descent.15 European female samples have Pattern I as 
a majority whereas Indian and African female sample 
groups have a higher ratio of Pattern II.44 Pattern III is the 
least prevalent type of calcaneal talar facet, in agreement 
with a study dating back to 197411,45 and McShane’s 
(2021) comprehensive literature review in demographic 
studies, where the siding evaluation shows an average 
prevalence of 4%.43 
	 Ancestral differences of the articular facets of the 
calcaneus have been acknowledged because of repeated 
impressions in different populations, but no consensus 
has been formally established.17,46 A plausible explanation 
of how the lengths of each parameter have significance 
could be from how the fusion to a continuous facet 
is formed into two types, FS and WS. FS and WS are 

TABLE 6. Bilateralism and siding significance of the posterolateral tubercle types of the talus.

Posterolateral		  Total	 Side			   P-value	 Odds ratio
tubercle types			   Unilateral (L)	 Unilateral (R)	 Bilateral		

Sharp	 L	 18	 1	 2	 16	 0.864	 0.943

	 R	 19				    0.864	 0.943

Round	 L	 102	 17	 4	 92	 0.856	 1.030

	 R	 91				    0.856	 1.030

Flat	 L	 106	 11	 7	 94	 0.716	 0.936

	 R	 101				    0.716	 0.936

Hook	 L	 3	 3	 10	 1	 0.080	 3.070

	 R	 9				    0.080	 3.070

Stieda’s process*	 L	 21	 2	 11	 12	 0.184	 1.490

	 R	 30				    0.184	 1.490

Bold text indicates significant difference.
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TABLE 7. Logistic Regression Model of calcaneus parameters for sex estimation.

Single Logistic Regression

Parameters		  Side	 Logit	 OR (95% CI)	 AIC	 AUC

Pattern I	 AMAFL	 L	 -9.981 + 0.318 x AMAFL.L	 1.375 (1.21-1.59)	 173.90	 0.769

		  R	 -8.437+0.266 x AMAFL.R	 1.306 (1.16-1.49)	 180.28	 0.744

	 AMAFW	 L	 -1.619+0.168 x AMAFW.L	 1.183 (1.01-1.39)	 197.49	 0.598

		  R	 -0.911+0.095 x AMAFW.R	 1.099 (0.95-1.28)	 200.47	 0.558

Pattern II	 AAFL	 L	 -2.084+0.176 x AAFL.L	 1.191 (0.96-1.50)	 119.33	 0.601

		  R	 -0.690+0.059 x AAFL.R	 1.060 (0.90-1.26)	 121.30	 0.587

	 AAFW	 L	 -2.979+0.341 x AAFW.L	 1.407 (1.09-1.87)	 114.65	 0.674

		  R	 0.222+(-0.021)  x AAFW.R	 0.978 (0.85-1.10)	 121.69	 0.535

	 MAFL	 L	 -5.507+0.293 x MAFL.L	 1.341 (1.13-1.63)	 109.48	 0.711

		  R	 -7.768+0.405 x MAFL.R	 1.500 (1.23-1.89)	 102.38	 0.759

	 MAFW	 L	 -1.764+0.153 x MAFW.L	 1.165 (0.94-1.50)	 119.96	 0.608

		  R	 -6.296+0.544 x MAFW.R	 1.723 (1.22-2.56)	 111.80	 0.681

*Pattern III	 MAFL	 L	 5.254+(-2.039) x MAFL.L	 0.787 (0.36-1.38)	 13.645	 0.417

		  R	 1.839+(-0.073)  x MAFL.R	 0.930 (0.48-1.65)	 14.299	 0.500

	 MAFW	 L	 -10.330+ 0.959 x MAFW.L	 2.609 (0.89-17.4)	 12.264	 0.792

		  R	 -4.022+0.396 x MAFW.R	 1.485 (0.59-4.94)	 14.646	 0.667

Multiple Logistic Regression

Parameters 		  Logit	 Accuracy	 AIC	 AUC

Pattern I	 AMAFL.L + AMAFL.R	 -14.993	 67.06	 165.10	 0.822

		  + 0.267 x AMAFL.L 

		  + 0.210 x AMAFL.R	

Pattern II	 MAFL.L + MAFL.R	 -13.377	 74.13 	 94.99	 0.793

		  + 0.298 x MAFL.L 

		  + 0.406 x MAFL.R	

*Pattern III	 MAFL.L + MAFW.L	 -3.893	 80	 10.39	 0.917

		  + (-0.471)  x MAFL.L 

		  + 1.24 x MAFW.L	

*Firth’s penalized logistic regression
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distinct in shape, especially with the slimmer constriction 
width of WS. The ossification of the two articular facets 
is part of the talocalcaneal joint, suggested to stem from 
genetic determination from a study conducted on fetal 
calcanei47,48, but lifestyle and posture can also influence 
the development of surfaces.3,12,23,24 A study by Iamsaard  
et al.49 states Pattern I as the most common in Northeastern 
Thai population, possibly linking to the region of abundant 
rural activity where most of society practices agriculture.28 
Further supported by Harper et al. (2022)50, Pattern I is 
wider as a consequence to higher load on the calcaneus 
from non-sedentary lifestyle of the population. Thus, 
the attribution of similarities may possibly be from 
geographical proximity51, but with current data conducted 
in a few Asian groups such as Indian, Thai, and Chinese, 
the correlation is yet to considered as definitive evidence. 
	 Conversely, the contrast of occurrence in different 
nations supports a theory about subtalar joint stability. Shweta  
et al.46  discusses the hypothesis of the Indian population to 
be more susceptible to subtalar arthritis, as their findings 
contribute to an earlier study by Drayer-Verhagen in 1993 
stating Pattern I is the most prevalent type.52,53 The smooth, 
continuous surface of the facet enhances the mobility of 
the calcaneus and talas articulation, with the exception of 
overexerting the surrounding ligaments and muscles and 
thus, initiates the early stages of osteoarthritis and trauma.52 
In relation to clinical relevance, the knowledge of variants 
to treatment development is essential to the dynamics of 
the joint.12,17,31,51 In a Bangledeshi population51, Pattern I is 
believed to be a mechanical influence of the talocalcaneal 
coalition as it causes instability of movement and painful 
flatfoot.54 Flatfoot is not suited for weightbearing and 
disadvantageous as opposed to having an arched-foot, as 
an arch restricts overpronation.55 For Pattern I, AMAF 
narrows or diminishes the presence of the sinus tarsi 
and tarsal canal, deforming to flatfoot.54 Additionally, 
the “easy gliding” in Pattern I chronically stresses a 
chance for subtalar arthritis.55 Calcanei and osteonomy 
are discussed in CT images by Koh et al. (2024)56, in 
Southeast Asian population. Surgical correlation is 
pertinent as Pattern II forms a well-supported base, or 
an “architeturally structured tripod,” for tali orientation, 
effectively preventing the progression of osteoarthritis.18,57 
	 However, our study lacks age analysis, occupational 
records of the donated bodies, and further confirmation. 
Future studies could explore the possibility of calcaneal 
variants as diagnostic criteria, similar to the Indian 
study.46,52,58 Future research should use a larger sample 
size to evaluate risk factors for subtalar joint stability, 
especially the development of subtalar arthritis, and 
subsistence studies in anthropology by regional affiliation 
and sex.3,59 

	 Sexual dimorphism of bone variants has been a recurring 
topic of study, especially in the establishment of patterns 
in anatomical literature of the articular surfaces.16,18,20 
Logistic regression is conducted as it is one of the methods 
to estimate sex in the field of forensics. The AUC values 
from multivariate equations are higher than univariate 
equations, suggesting that individual calcaneal variables 
should be considered for sex estimation when taphonomic 
change limits the use of multivariate equations.28 However, 
this research showcased all parameters of the calcaneal 
articular facets to have moderate to low discriminatory 
power for clinical relevance as AUC values are under 
0.860, possibly due to varied amount of samples in each 
pattern. To derive forensic significance, variants can 
be incorporated as supplementary indicators rather 
than replace conventional biological profile estimation 
parameters. Ideally, a larger sample size for each parameter 
of facet type would enhance the accuracy of developing 
sex estimation based on morphometry. 
	 A literature review covering a large database by Ogut 
in 202261 encompasses the incidence of SP found in the 
talus range from 12 - 36%. The development of SP stems 
from a secondary ossification center at varied ages. The 
length of SP increases the likelihood of fracture, pain, and 
hinders range of motion (plantar flexion) when strenuous 
activities are part of daily life, such as the lifestyle of 
dancers and athletes.61,62 In a radiography case report, the 
SP is labelled in a patient when the length is measured to 
be approximately 5.0 mm but there is no standard to the 
level of elongation to be considered SP despite clinical 
relevance.29,63 The insignificance of SP presence to sex 
and siding is closely consistent to preceding studies. 
However, in relation to posteolateral tubercles of the 
talus, most were comparative studies with patients with 
ankle impingement and CT scans. Closely in line by ratio 
is a study in the Chinese population34, describing the 
flat variant to be second highest in incidence at 36.29% 
and the round variant at 38.39%, with the sharp and 
hook variants following respectively. Over 1,000 ankles, 
Kalbouneh et al. (2021)33 discovered the flat variant to 
be most frequent (46.1%), followed by SP (26.1%) in CT 
scans of Jordanian population. In a Netherland sample 
group64, about 1,200 ankles with “SP-like morphology” 
occurred in 34.9% of the collection. 16.7 % of SP prevalence 
was found in a Turkish population.29 Within Asia, data 
from Yang et al. (2022)34 proposes how the occurrence 
of prevailing types of the talus’s posterolateral aspect 
has biomechanical differences and effect in surgery. The 
different types may lead to contrasting types of fracture 
and treatment; such as how ankle arthroscopy should be 
performed on a displaced hook variant. The hook variant 
is hypothesized to be highly vulnerable to fracture and 
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cracks based on a stress distribution program because 
irregularly shaped bone growth, to minimize risk of 
debris.34 
	 CS, an uncommonly documented ossicle of the foot, 
is infrequent and unprioritized in foot diagnosis compared 
to other ossicles.59 Due to its rarity, the incidence of 
calcaneus secundarius in this collection is deemed low. 
In this study, 5 confirmed CS out of 500 calcanei are 
found with the traits as based on the evaluation method 
from Mann (1990)65, 3 found on the left calcaneus and 
2 found on the right calcaneus. In a previous study 
conducted on the Northeastern population of Thailand47, 
morphometric measurements and the presence of the 
CS were recorded. 2 specimens out of 300 samples were 
found to have a positive identification of CS, which is a 
lower incidence of 0.66% as opposed to this study’s 1% 
of CS found. The low incidence may be due to the higher 
percentage of CS found in cadavers, as dry bone collections 
are prone to missing bones and mistaken discardment, 
and bigger sample size increasing chances of variation 
found in collection. Limited CS prevents determining 
significance and correlation to sex, corresponding to 
past papers.26,32 Nonetheless, Candan et al.66 reiterates 
CS for differential diagnosis as a handful of case reports 
mistake the ossicle as an anterior process fracture of the 
calcaneus, hindering suitable care for persisting foot 
pain. A case study reconstructing a patient’s foot to 
confirm a case of CS indicates how accessory ossicles 
can be detrimental if not properly diagnosed. Given the 
patient’s recurrent history of foot pain and unsuccessful 
attempts at physiotherapy, the excision of CS eliminated 
the tenderness of direct palpation of the anterior aspect 
of the sinus tarsi.67 

CONCLUSION
	 Over the years, the anatomical variety of the calcaneus 
and talus has been a topic of study. The frequency of 
calcaneal and talar morphological variations were 
compared between sex (male vs. female) and sides (right 
vs. left) in a sample of Thai dry bones. Nine out of sixteen 
variables of the three calcaneal talar facet types show 
sexual dimorphism, which are: AMAFL (L&R) and 
AMAFW (L) of Pattern I, AAFW (L), MAFL (L&R), 
and MAFW (L&R) of Pattern II, and MAFW (L) of 
Pattern III. Pattern I calcaneal articular facet has the 
highest frequency of prevalence whereas Pattern III 
has the lowest. The flat posterior processes of the talus 
is the most frequent trait and the hook type to be the 
least frequent trait. The four variants of the posterolateral 
tubercle of the talus do not show sex dimorphism, neither 
do CS nor SP. The utilization of the calcaneal and talar 

traits can assist in determining siding, but not much as a 
characteristic of a specific sex. Logistic regression results 
are considered exploratory as sample size is limited. CS 
still holds to its reputation of rarity, and no relationship 
is found due to limited samples found in the study. 
However, the outcomes of this research are consistent 
with prior studies. The recognition of morphology and 
their frequency can influence in the study of various 
disciplines, such as diagnosis for specific population-
appropriate treatment and anthropology for subsistence 
affiliation. Therefore, tailored techniques based on the 
anatomy of the population are essential for providing 
appropriate care and estimating biological profile.  
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INTRODUCTION
Anatomical science has shaped medical education 

for over two millennia. In the 5th century BC, Hippocrates 
laid the foundation of medical practice through the 
Hippocratic Oath and formulated principles for disease 
treatment.1,2 In the 3rd century BC, Herophilus emphasized 
the importance of learning through dissections.3,4  However, 
for over 1,700 years, the practice remained largely absent 
until the Renaissance, when Andreas Vesalius revived it 
with the publication of De Humani Corporis Fabrica. This 
landmark work, based on cadaveric dissection, marked the 
recognition of dissection as a fundamental tool in medical 
education.5 In contrast, over the past two decades, the 
necessity of cadaveric dissection and the time allocated 
to anatomy instruction have been increasingly debated.6 

This narrative review will investigate these changes by 
addressing the following guiding questions: 1. What 
are the key changes in cadaver-based learning, applied 
clinical anatomy, medical education, and technologies 
that intersect with anatomy education? 2. What theoretical 
and technological foundations drive these changes?  
3. What is currently known about the pedagogical value and 
implementation challenges of these emerging modalities? 
This review adheres to narrative review conventions and 
follows the Scale for the Assessment of Narrative Review 
Articles (SANRA) criteria to ensure clarity, coherence,
and critical engagement with the literature.7

ABSTRACT
Cadaveric dissection has traditionally been the cornerstone of anatomy education. However, in recent decades, 

its role has come under increasing scrutiny. Comprehensive historical analyses explaining this shift remain limited. 
This chronologically structured review traces the evolution of anatomy teaching from its origins with Herophilus 
in the 3rd century BC to the advent of contemporary digital and artificial intelligence (AI)-enhanced approaches. 
Key milestones include the 1910 Flexner Report, which emphasized integrated biomedical sciences, widespread 
curricular reforms, increased reliance on prosection, the rise of minimally invasive surgery, and the incorporation 
of cadaveric simulation in postgraduate training. Advances in imaging technologies such as computed tomography 
(CT) and magnetic resonance imaging (MRI), alongside innovations in three-dimensional (3D) printing, digital 
dissection platforms, and virtual or augmented reality (VR/AR), have significantly reshaped anatomy instruction. 
Internet-based learning and mobile technologies have further transformed self-directed study through accessible, 
interactive resources. Most recently, AI has introduced capabilities such as personalized tutoring, performance 
prediction, automated assessment, and intraoperative anatomical guidance. This review highlights the value of a 
blended approach that integrates cadaveric experience with technological innovations. Future curricula should 
prioritize optimizing the sequence and combination of these modalities while ensuring equitable access and preparing 
students for real-world clinical challenges.

Keywords: Anatomy education; cadaveric dissection; clinical anatomy; medical curriculum reform; problem-based 
learning (PBL); Artificial intelligence; ChatGPT (Siriraj Med J 2025; 77: 901-913)

Literature search strategy
Relevant literature was identified through systematic 

searches of PubMed and Scopus, supplemented by targeted 
searches in Google Scholar and Google. Citation tracking of 
included studies was also performed to identify additional 
sources. Searches were conducted from 1 April to 30 
November 2023 and updated on 2 July 2025. A flow diagram 
of the search process is provided in the supplementary 
material. The search covered publications from 1 January 
1990 to 2 July 2025. Keywords included “anatomy”, “anatomy 
education”, “medical student”, “cadaveric dissection”, 
“prosection”, “ultrasound”, “computed tomography”, 
“magnetic resonance imaging,” “3D-printing,” “virtual 
reality”, “augmented reality”, “Problem-based learning”, 
“ChatGPT”, and “artificial intelligence”. As a narrative 
review, inclusion was guided by thematic relevance to the 
evolution of anatomy education.7,8  Eligible publications 
met at least one of the following criteria: early seminal 
works or highly cited studies, reports of notable educational 
outcomes, or credible grey literature offering conceptual 
or contextual value. Only English-language sources were 
considered. Studies were excluded if they duplicated 
content without providing new insights.

Changes in Cadaver-based Learning
Cadaveric Dissection
The shift towards hands-on study emerged during 
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the Renaissance period. Before this, students primarily 
observed dissections, as evidenced by a 13th-century 
painting.9,10 Hands-on cadaveric dissection became 
standard practice following William Hunter’s adoption 
of the Paris method in the 18th century, which involved 
providing each pupil with an entire body for dissection 
and periodically inspecting their work.11  This paradigm 
began to change after the publication of the Flexner 
Report in 1910, which emphasized the integration of 
basic sciences into medical education.12  Several factors 
have contributed to the gradual shift away from cadaveric 
dissection in modern pedagogy. These factors include 
the development of alternative teaching methods and 
supplementary learning tools, which are discussed later in 
this review, and the adoption of systems-based curricula 
with increased emphasis on clinical applications.13,14  

Additional challenges include a shortage of trained 
anatomy educators15, the considerable costs associated 
with cadaver management15,16, heightened ethical concerns 
regarding body donation, such as the requirement for 
informed consent from the donor and the recommended 
practice of obtaining co-signature from the next of kin17,18, 
cadaver shortage in some countries19,20, and health risks 
related to formaldehyde exposure.21,22 A 2019 survey 
of anatomy education in the United Kingdom and the 
Republic of Ireland reported an average teaching time of 
85 ± 6 hours dedicated for gross anatomy, with only one 
out of 39 medical schools using dissection as the primary 
teaching method.23 In contrast, the use of cadavers in 
residency training has increased in parallel with the 
rise of minimally invasive surgery, a trend that began 
with the first laparoscopic cholecystectomy in the 1980s 
and continues to shape modern surgical practice.24-26 
Minimally invasive surgery presents a unique anatomical 
perspective compared to open surgery, employing modern 
surgical tools such as microscopes and endoscopes. 
Since the 1990s, cadaver-based procedural training has 
expanded beyond core techniques to advanced surgeries.27-29 
Training with cadavers has been shown to enhance 
competency and confidence among future surgeons.30-32 
Globally, institutions have integrated cadaver labs into 
their residency curricula.33-35 

	 Prosection
	 Prosection, the use of pre-dissected cadaveric 
specimens, serves as an alternative to student-performed 
dissection.36 A renowned prosection collection from the 
Enlightenment era was developed by William Hunter in 
the 18th century and has been preserved to the present 
day.37,38 By the 19th century, the British General Medical 

Council had removed the requirement for whole-body 
dissection, prompting evaluations of prosection’s efficacy 
as an alternative.39 A search of MEDLINE, Embase, Scopus, 
and Google Scholar identified only two randomized 
controlled trials (RCT) comparing the effectiveness of 
prosection and dissection. The search strategy focused 
on the core concept of prosection, dissection, RCT, and 
comparative effectiveness. The first RCT comparing 
cadaveric dissection and prosection in teaching applied 
surgical anatomy assessed instruction in truncal anatomy 
through 6 clinically relevant procedures: inguinal hernia 
repair, cholecystectomy, laparotomy, right hemicolectomy, 
and Hartmann’s procedure. The dissection group achieved 
significantly higher post-course test scores (69.8% ± 10.8%) 
than the prosection group (62.3% ± 10.6%; p < 0.05), as 
well as higher one-year retention scores (59.8% ± 10.4% 
vs. 49.8% ± 10.1%; p < 0.05). However, after adjusting 
for the time spent in sessions, these differences were no 
longer statistically significant.40 Another study reported 
higher practical and multiple-choice question (MCQ) 
scores in the dissection group (169 ± 1.99) compared 
to the prosection group (142 ± 1.78), though it lacked a 
pre-intervention assessment and used only 2 cadavers 
for 50 students.41 A meta-analysis comparing anatomy 
laboratory pedagogies found no significant difference in 
outcomes between traditional cadaveric dissection and 
prosection across 4 studies, with a pooled standardized 
mean difference (SMD) of –0.33 (95% confidence interval 
[CI], –0.76 to 0.11, p = 0.15). However, the included 
studies varied widely in focus, ranging from human limb 
anatomy to canine thoracic limb dissection, and included 
comparisons involving computer-assisted instruction 
versus traditional methods.42 These findings suggest 
that it remains inconclusive whether prosection is more 
effective than dissection for learning human anatomy, 
underscoring the need for more rigorous research.

Changes in Applied Clinical Anatomy: Surface 
Anatomy, Physical Examination, Ultrasound, and 
Imaging Modalities
	 Surface anatomy 
	 The observation of living humans is one of the 
simplest methods for learning clinical anatomy. Leonardo 
da Vinci documented surface anatomy through detailed 
sketches during the 15th century.43,44 Evidence of anatomy 
instruction using live subjects is also depicted in 18th-century 
paintings.45 These methods have been reintroduced in 
the 21st century through methods such as body painting 
and peer physical examination in clinically integrated 
anatomy courses.46,47 
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	 Ultrasound
	 Ultrasound enhances anatomy education by 
illustrating the relationship between surface anatomy 
and underlying structures and by demonstrating 
real-time physiology and organ function. In 1990, 
Hannover Medical School became the first institution 
to implement ultrasound into anatomy education, with 
48.7% of first-year medical students reporting improved 
topographical knowledge of abdominopelvic organs.48 
Subsequent studies have consistently reported positive 
student feedback on ultrasound-based learning.49,50 A 
randomized study comparing prosection and ultrasound 
found both methods to be equally effective in improving 
cardiac anatomy test scores.51 At Mayo Medical School, 
an outcome-based ultrasound course trained students 
in echocardiography using handheld devices. Over 
the course of 3 weeks, students’ accuracy in labeling 
ultrasound anatomy improved from 3.7% to 91.0%, 
while satisfactory image quality increased from 57.1% to 
78.6%, p=0.04.52  A 2023 non-randomized study reported 
that students who participated in additional point-of-
care ultrasound (POCUS) sessions scored significantly 
higher on cardiovascular anatomy exams compared to 
those in the standard curriculum (92.1 vs. 88.5, p < 0.05). 
However, no significant differences were observed for 
gastrointestinal anatomy exams or in USMLE Step 1 
and clinical examination scores.53 Recent publications 
have explored the use of ultrasound in teaching head 
and neck, musculoskeletal, and limb anatomy.54 Despite 
its expanding applications, the role of ultrasound as a 
supplement to or substitute for cadaver-based learning 
remains unclear in much of the existing literature. One 
RCT addressed this question by comparing cardiac 
anatomy instruction using ultrasound versus cadaveric 
prosection in first-year medical students who had not 
received prior training in cardiac anatomy. Post-test 
scores showed no significant difference between the 
groups (cadaveric 85% ± 15.7, ultrasound 85.1% ± 13.5,  
p = 0.95).51 Despite its demonstrated benefits, gaps remain 
in understanding the optimal integration of ultrasound 
into anatomy curricula and its long-term impact on 
knowledge retention and clinical performance.

	 Imaging modalities in anatomy teaching
	 Wilhelm Röntgen discovered X-rays in 1895 and 
published the first radiograph, an image of his wife’s 
hand, in 1896.55,56 During World War I, Marie Curie 
developed the Radiological Ambulance to offer surgical 
guidance on the battlefield, laying the groundwork for 
portable X-ray machines.57 In 1971, inspired by the idea 
of visualizing the contents of a closed box, Sir Godfrey  

Hounsfield invented the computed tomography (CT) 
scanner, which enabled detailed cross-sectional imaging 
of internal body structures.58 Around the same time, 
magnetic resonance imaging  (MRI) was being developed.59 
	 The use of imaging to enhance anatomical understanding 
was first introduced at McMaster University in 1969 as 
part of its Problem-based learning (PBL) curriculum.60 

A 1990 study evaluating the integration of diagnostic 
imaging into dissection laboratories reported an 
improvement in student performance, with correct 
responses increasing from 16.7% (pre-test) to 88.1% 
(post-test), and a retention rate of  73.5% retention 
after 14–17 weeks.61,62 Subsequent studies investigating 
the incorporation of imaging modalities into anatomy 
education support these findings. In a five-year study, 
Chew et al. reported higher anatomy MCQ scores during 
the two academic years in which radiology was integrated 
into small-group sessions. These sessions included brief 
radiologic anatomy lectures and rotating quiz stations 
focused on clinically relevant pathology aligned with 
weekly anatomical content. Student performance improved 
considerably, with mean anatomy scores rising to 68.97% 
in 2017 and 73.77% in 2018, compared to 65.85% in 2015 
and 62.23% in 2019, when no radiology instruction was 
provided.63 Similarly, Larsen and Engle examined the 
impact of integrating radiologic content into anatomy 
education through lectures, laboratory sessions, and 
assessments. Students were evaluated using a 12-question 
anatomy test incorporating imaging modalities such as 
X-ray, CT, and MRI. Across the 2016 and 2017 cohorts, 
mean pre-test scores increased from 12.05% to 41.3% 
following the intervention.64  Integrating imaging-based 
anatomy early in medical education, particularly alongside 
cadaveric dissection, has shown promise in enhancing the 
clinical applicability of anatomical knowledge. However, 
further research is needed to evaluate student-perceived 
confidence in diagnosis and the long-term educational 
outcomes associated with this approach

Changes in Medical Education 
	 In 1870, Christopher Columbus Langdell, Dean of 
Harvard Law School, pioneered a new learning approach 
by encouraging students to analyze and discuss cases to 
understand underlying principles.65,66 This initiative laid 
the foundation for the Harvard Business School’s Case 
Method, introduced in 1921, which emphasized real-life 
scenario analysis to develop problem-solving skills beyond 
textbook knowledge and conventional ideas.65,67,68 A 
similar shift occurred in medical education when, in 1900, 
a Harvard Medical School student criticized reliance on 
didactic lectures and advocated for a Case System involving 
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real patient data and analytical discussions.69 By 1906, 
the Case System had been implemented in the United 
States medical education.70 A major transformation came 
in 1969 when Howard Barrows at McMaster University 
introduced PBL, which encouraged students to analyze 
clinical scenarios and develop solutions independently, 
with instructors serving as facilitators to support self-
directed learning.60,71 A 1990 publication described an 
educational reform at Harvard Medical School that 
replaced formal lectures with problem-oriented, case-
based tutorials and small group activities, aiming to 
integrate basic and clinical sciences by eliminating their 
temporal separation.72 

Despite its widespread adoption, studies evaluating 
its effectiveness have reported mixed outcomes. A 2005 
meta-analysis reported no significant benefit for acquiring 
basic factual knowledge, with a weighted effect size (ES) 
of –0.04. In contrast, PBL showed a strong positive effect 
on understanding underlying principles (ES= +0.75), and 
a moderate, though not statistically significant, benefit 
in applying knowledge to real-world problems (ES = 
+0.34).73  A 2010 systematic review of 30 studies, conducted 
primarily in North America and Western Europe over
22 years, found that 73.3% of included studies reported
no significant difference in examination performance
between PBL and traditional teaching methods.74 In
contrast, a 2022 scoping review that included studies
from a broader international context reported that 69% of 
publications found PBL to be superior to Lecture-based 
learning in terms of learning outcomes and knowledge
acquisition.75

In the context of anatomy education, findings have 
been similarly mixed. One study compared anatomy test 
scores between two institutions with different teaching 
approaches. Institution A employed a traditional model, 
including lectures, guided dissections, and weekly small-
group discussions. Institution B implemented a PBL 
approach with unguided dissections and a single weekly 
integrated preclinical-clinical session without lectures. 
Students in the traditional curriculum scored significantly 
higher (mean 37.5, range 25–46) than those in the PBL 
curriculum (mean 32.35, range 18–45, p < 0.001).76 A 
2014 systematic review focusing on anatomy education 
included studies from Western countries and the Middle 
East and evaluated active learning strategies such as PBL 
and Team-based learning (TBL). Among these, 40% of 
the studies reported improved examination performance, 
while 50% found no significant difference when compared 
with traditional teaching.77 Taken together, these findings 
indicate that conclusions about the effectiveness of PBL 
remain inconclusive, which may be due in part to differences 

in the geographical representation of the studies included. 
In the context of anatomy education, there remains a need 
for further analysis focusing specifically on the isolated 
impact of PBL. At present, it is difficult to conclude that 
PBL is superior to conventional methods for teaching 
anatomy. However, existing evidence indicates that active 
learning approaches are more effective than traditional 
Lecture-based instruction.77 

Beyond method-level evaluations, broader curricular 
trends raise additional concerns for the future of anatomy 
education. An analysis of Association for Medical Education 
in Europe (AMEE) guides published between 1992 and 
2025 revealed that only one guide directly addresses 
anatomy education.78 Additionally, AMEE’s movement 
toward Lecture-free curricula and the growing shift 
toward online learning may further deprioritize hands-on 
anatomical training,79,80 which itself constitutes a form 
of active learning. These changes raise critical questions. 
Is the current trajectory of anatomy education optimal? 
Can PBL or online methods fully replace hands-on skills 
gained through dissection? How should effectiveness 
be measured, and what defines sufficient anatomical 
knowledge for medical students? Most importantly, how 
can educators ensure that students are well-prepared to 
meet real-world clinical demands?

Changes in technology: digital anatomy, 3D-printing, 
the internet era to mobile technology, and artificial 
intelligence
 In the 1930s, Alan Turing laid the foundation for 
modern computing by developing the theoretical principles 
of digital computation.81,82 He later proposed the concept 
of AI, envisioning machines capable of autonomous 
thought.83,84 By the 1970s, technological advances had 
produced smaller and more affordable computers, making 
them accessible to household user85,86 and driving rapid 
changes across multiple fields.

Digital anatomy 
A pivotal development in digital anatomy was the 

launch of the Visible Human Project (VHP) in 1988. The 
initiative aimed to address the limitations of traditional 
dissection, which restricts learners to a single perspective 
and does not allow for review of the dissection process.87  
Utilizing CT, MRI, and 3D rendering technologies, the 
VHP produced a detailed digital cadaver dataset that can be 
viewed from multiple angles, virtually dissected, and used 
to simulate clinical procedures such as colonoscopy.88,89 

Modern 3D models now incorporate virtual reality (VR), 
augmented reality (AR), and mixed reality (MR), further 
enhancing immersive learning. A 2025 systematic review 
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reported that VR improved anatomical knowledge in 50% 
of studies assessing learning outcomes and outperformed 
traditional methods, including lectures, prosections, 
two-dimensional models (2D), 3D-printing, cadaver 
dissection, and AR, in 75% of comparative studies.90 A 
2024 meta-analysis found that, compared with traditional 
methods overall, VR and AR showed a significant benefit 
(SMD = 0.40, p < 0.001), with the greatest effect when 
used as complementary tools (SMD = 0.52, p < 0.001). 
Cybersickness, resulting from sensory conflict between 
visual and vestibular systems, was reported in 25% of 
studies but was generally mild and transient.91 However, 
a 2021 meta-analysis reported no significant difference in 
anatomical test scores between AR and control groups. 
Student motivation and engagement outcomes also 
remained inconclusive due to variability in the assessment 
tool.92 Based on current evidence, VR and AR appear 
most effective when used to complement rather than 
replace traditional teaching methods. Importantly, none 
of the reviewed studies were conducted in low-income 
countries, suggesting limited access to these technologies 
in resource-constrained educational settings.93 

	 3D-printed
	 The origins of 3D-printing date back to 1980, when 
Hideo Kodama proposed using ultraviolet light to form 3D 
objects from photosensitive resin, laying the foundation for 
stereolithography (SLA). In 1984, Charles Hull developed 
the first functional SLA printer.94 Shortly thereafter, Scott 
Crump invented fused deposition modeling,95 a technique 
in which heated filament is extruded layer by layer.  
Since the 1990s, 3D-printed models have been used in 
surgical planning.96 In anatomical education, a 2016 RCT 
comparing painted cadaveric skulls, 3D-printed models, 
and 2D atlases found that students using 3D-printed 
models achieved the highest median post-test scores 
(31.5 vs. 29.5 and 27.75, p = 0.04).97 Another RCT at 
Monash University reported significantly higher scores 
in the 3D-printed cardiac model group compared to 
those using prosected specimens or combined materials 
(60.83% vs. 44.81% and 44.62%, adjusted p = 0.01).98  
In functional simulation, a study in Singapore found 
that students using a 3D-printed knee joint simulator 
achieved higher spatial understanding scores compared 
to those using text and skeletal models (85.03% vs. 
70.71%, p < 0.05).99 A 2020 systematic review found 
that 3D-printed models improved learning outcomes in 
neuroanatomy, cardiac, and abdominal domains, with 
SMD of 0.69 compared to cadavers and 1.05 compared 
to 2D resources (p < 0.05).100 With ongoing advances 
and falling production costs, 3D-printing continues to 

show promise in anatomy education. Reported learning 
gains fall within the medium to large effect size range, 
supporting its educational value. These developments 
also parallel broader clinical applications, including 
surgical simulation models, patient-specific prostheses, 
and emerging work in bioprinting.101-103 

	 Internet and mobile technology 
	 The internet’s foundation was the Advanced Research 
Projects Agency Network (ARPANET), developed in 
the 1960s to enable connectivity among universities.104 
Following expanded public access in the 1980s, internet 
service providers began offering individual users connectivity 
via modems in the 1990s. In 1997, the University of 
Washington developed a web-based atlas featuring 2D 
images, 3D animations, and interactive quizzes, which 
became a globally recognized resource.105  
	 The 2000s marked the advancement of smartphones, 
which integrated mobile phone functionality with computing 
capabilities such as user-friendly web browsing, email, 
and multimedia applications.106 The launch of the iPhone, 
the introduction of Android smartphones, and the debut 
of mobile application platforms, including the App Store 
and Android Market in the late 2000s, along with the 
release of the iPad in 2010, accelerated the integration 
of mobile computing into daily life and educational 
practice.106-108 Evidence from the early 2010s indicates 
that pre-clinical students most often preferred self-
directed learning tools, with study notes as the most 
frequently used resource, followed by textbooks, atlases, 
websites, videos, and educational software.109 A decade 
later, a shift in preference was reported toward anatomy 
websites, followed by interactive sessions, lecture notes, 
textbooks, and computer-assisted tools.110 Social media 
has also contributed to interactive learning environments, 
with platforms such as Facebook, YouTube, Twitter, 
and Instagram used to share anatomy-related content 
and encourage student engagement through content 
creation.111-114 
	 The COVID-19 pandemic highlighted the critical 
role of online learning, as lockdowns necessitated a rapid 
shift from traditional classrooms to digital platforms 
globally.115-117  By 2024, improvements in infrastructure 
and affordability had enabled  66% of the global population 
to access the internet.118 In the post-pandemic era, a 
2024 study found that 51% of students identified the 
Visible Body application, an interactive 3D anatomy 
and physiology platform available on the web and tablet, 
as the most beneficial self-study tool. Other frequently 
used resources included Kenhub, Noted Anatomist, and 
AnatomyZone.119  
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Fig 1. Timeline of the Evolution of Anatomy Education: From Cadaveric Dissection to Artificial Intelligence. The illustrations featured in 
this timeline were created using Canva’s AI-powered image generator, Magic Media. (https://www.canva.com/apps/generate_image/magic-
media).
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	 Artificial intelligence 
	 In the 1940s, Turing proposed the idea that machines 
could learn like children and gradually develop independent 
thinking83,84, which was later termed AI.120 To assess 
whether a machine possessed such intelligence, Turing 
introduced the “imitation game”, suggesting that a machine 
could be considered intelligent if its responses were 
indistinguishable from those of a human.83 
	 Since the 1990s, AI has shown transformative 
potential in medicine, initially through tasks such as 
interpreting electrocardiograms and detecting breast 
cancer via imaging.121 By the 2010s, AI matched or 
exceeded physician-level performance in diagnosing 
conditions including skin cancer, diabetic retinopathy, 
colonic polyps, and various radiologic pathologies.122  It 
has also been assessed for surgical decision-making and 
intraoperative anatomical guidance.123,124  By the 2020s, 
AI had been integrated across the continuum of care, 
from triage to outpatient follow-up.125-127  
	 AI applications in anatomy and medical education 
have grown rapidly, with momentum accelerating after 
ChatGPT’s public release in November 2022, driving 
widespread engagement with large language model (LLMs) 
technologies.128,129 In 2021, Li et al. developed the Artificial 
Intelligence Support System (AISS), a chatbot trained on 
syllabi from the UK Anatomical Society and the Chinese 
University of Hong Kong. Designed to enhance anatomy 
learning and student–teacher communication, AISS could 
answer questions, generate quizzes, and provide instant 
feedback. Although accuracy metrics were not reported, 
students who used the system during a one-hour session 
on upper limb anatomy reported increased confidence, 
with self-assessment scores rising from 2.10 to 3.84 on a 
5-point Likert scale.130  In 2023, Fries et al. demonstrated 
AI’s ability to monitor learning and predict academic 
performance by analyzing student interactions with a 
virtual microscope. Their model accurately predicted 
practical exam outcomes in first-year medical and dental 
students by identifying key learning behaviors, including 
time spent on specific regions, study sequence, and 
session duration.131 At McMaster University, researchers 
explored AI’s potential to automate grading in anatomy 
practical examinations, achieving an average accuracy of 
94.49% across 54 questions.132  Another study applied AI 
to analyze students’ reflective writing about themselves 
and body donors, using sentiment and emotional tone 
analysis to better understand student attitudes toward 
human anatomy.133 These findings highlight the growing 
role of AI in medical education as a study companion, a 
tool for performance monitoring, a mechanism for early 
identification of students needing support, and a means 

of personalized learning. AI also offers the potential for 
reducing educator workload and generating new insights 
from large-scale data.
	 Recent advancements in 2025 LLMs, such as Google’s 
Gemini, ChatGPT, and Perplexity, allow them to generate 
outputs ranging from simple explanations to full research 
papers.134-136 However, several concerns about using AI 
have been reported since its wide adoption. A study 
conducted between 2022 and 2023 evaluating medical 
references generated by various LLMs identified fabricated 
or erroneous citations across multiple providers.137  A 2023 
case report showed that LLMs can fabricate healthcare-
related content, highlighting hallucination risks with 
potential implications for scholarly integrity and clinical 
decision-making.138 Accordingly, AI ethical guidelines 
emphasize the importance of maintaining a “human-
in-the-loop” approach, whereby the user is responsible 
for monitoring and evaluating the results generated 
by AI.139,140 Bias in AI-generated outputs has also been 
pointed out, reflecting the nature of its training data and 
algorithms.139,140 Moreover, the World Health Organization 
(WHO)  has raised concerns about AI’s unpredictable 
behavior and the unclear processes behind its outputs, 
highlighting the importance of robust data protection 
and security.139,141 Despite these concerns, AI has also 
been recognized as a valuable tool for idea generation, 
content refinement, literature synthesis, data analysis, 
and manuscript preparation.142 Transparent disclosure 
of AI use in academic work is recommended to promote 
accountability.142 In conclusion, the rapid adoption of 
AI in academia is unavoidable, making it essential to be 
aware of both its transformative potential and inherent 
risks.

CONCLUSION
	 Cadaveric dissection has been the cornerstone 
of anatomy teaching for nearly seven centuries, yet 
the three decades since the early 1990s have brought 
unprecedented and rapid transformation. Advances 
in medical imaging technologies, the development of 
cadaveric 3D models and AR/VR/MR, and affordable 
3D printing have coincided with the rise of minimally 
invasive surgery, PBL curricula, financial constraints 
in maintaining cadaver-based systems, and evolving 
ethical considerations around body donation as well 
as safety standards in anatomy laboratories. Together, 
these factors have shifted many programs away from a 
dissection-only paradigm. Current evidence suggests 
that cadavers remain the gold standard for surgical 
simulation, spatial understanding, whereas prosection 
allows more time-efficient coverage but has not shown 



Volume 77, No.12: 2025 Siriraj Medical Journalhttps://he02.tci-thaijo.org/index.php/sirirajmedj/index 909

Review Article SMJ
equivalence across all body regions. Early integration of 
diagnostic imaging with gross anatomy enhances short-
term clinical reasoning, though its long-term impact on 
practice remains unclear. Similarly, PBL and TBL foster 
self-directed inquiry, but whether these approaches can 
fully replicate the psychomotor and affective gains of 
dissection remains unresolved, particularly in an era where 
AI delivers information rapidly yet cannot replace hands-on 
skills. Immersive VR and AR, together with increasingly 
affordable 3D prints, show promise as complementary 
tools within blended learning environments. AI tutors 
offer potential for personalized and scalable feedback, 
supporting instructors by automating repetitive, non-
instructive tasks, though risks of hallucinations, bias, and 
data governance challenges require careful oversight. To 
conclude, 5 key gaps warrant attention in the coming 
years. 1. Determining which anatomical regions and 
competencies require cadaveric dissection versus those that 
can be taught effectively through alternative pedagogies. 
2. Identifying clinically applied imaging modalities that, 
when integrated early, reinforce anatomical knowledge, 
support long-term retention, and enhance diagnostic 
reasoning and procedural skills. 3. Developing cost-
effective, globally accessible solutions to democratize 
advanced anatomy education. 4. Exploring, monitoring, 
and keeping pace with rapid AI advancements 5. Defining 
learning outcomes aligned with healthcare system needs 
for future undergraduate medical graduates and identifying 
pedagogical strategies to achieve them in an era where 
AI rapidly generates and delivers knowledge. Addressing 
these priorities will help shape anatomy curricula that 
preserve the enduring value of cadaveric heritage while 
embracing 21st-century innovation, ensuring graduates 
are clinically proficient, ethically grounded, and globally 
prepared.
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