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Abstract

Background: Partial or total disruption of body integrity may occur in cases such as war, natural disasters
and accidents. In such cases, the importance of the calcaneus bone, which has a hard and minimal structure,
increases for identification. With this hypothesis, the aim of this study is to estimate gender from the calca-
neus by utilising the current approach of machine learning (ML) algorithm.

Materials and Methods: The study was performed on X-Ray images of 200 female and 200 male subjects
aged 18-65 years. Maximum length, facies articularis cuboidea height, maximum width, body width, mini-
mum length, anteroposterior length of the calcaneus, posterior facet angle, anterior angle of the cuboid
facet of the calcaneus, facet height, posterior facet length, anterior proces length, calcaneus inclination
angle, talocalcaneal angle, Bohler angle, Gissane angle and calcaneus tuber angle were measured. Then the
obtained data were used in the input of ML algorithms.

Results: As a result, a highly accurate and reliable sex prediction rate between 0.86-0.91 was obtained with
ML algorithms. In addition, it was found that the maximum width of the calcaneus parameter made the
highest contribution to sex prediction among the parameters with SHapley Additive exPlanations.
Conclusions: As a result of our study, it was found that calcaneus with minimal and rigid structure provided
high accuracy in terms of gender prediction using ML algorithms. In this respect, we think that this study
will be a reference for forensic and morphometric studies.
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0Oz

Amag: Savas, dogal afetler ve kazalar gibi durumlarda viicut buttnlGginin kismen veya tamamen bozulmasi
s6z konusu olabilir. Bu gibi durumlarda sert ve minimal bir yapiya sahip olan kalkaneus kemiginin kimlik
tespiti igin 6nemi artmaktadir. Bu hipotezle, bu ¢alismanin amaci makine 6grenmesi (ML) algoritmasinin
giincel yaklagimini kullanarak calcaneus’tan cinsiyet tahmini yapmaktir.

Materyal ve Metod: Calisma 18-65 yas arasi 200 kadin ve 200 erkek bireyin X-Ray gortntileri Gzerinde
gercgeklestirildi. Maksimum uzunluk, facies articularis cuboidea yiksekligi, maksimum genislik, gévde
genisligi, minimum uzunluk, calcaneus’un 6n-arka uzunlugu, arka faset agisi, calcaneus’un kiiboid fasetinin
on agisl, faset yiiksekligi, arka faset uzunlugu, 6n proces uzunlugu, calcaneus inklinasyon agisi, talokalkaneal
acl, Bohler agisi, Gissane agisi ve kalkaneus tuber agisi 6lglildi. Daha sonra elde edilen veriler ML algoritma-
larinin girisinde kullanildi.

Bulgular: Sonug olarak, ML algoritmalariile 0,86-0,91 arasinda oldukga dogru ve glivenilir bir cinsiyet tahmin
orani elde edilmistir. Ayrica SHapley Additive exPlanations ile parametreler arasinda cinsiyet tahminine en
yuksek katkiyr calcaneus’un maksimum genisligi parametresinin yaptigi tespit edildi.

Sonug: Galismamiz sonucunda minimal ve rijit yapiya sahip calcaneus’un ML algoritmalari kullanilarak cinsi-
yet tahmini agisindan yiiksek dogruluk sagladigi tespit edilmistir. Bu agidan bu ¢alismanin adli ve morfomet-
rik calismalar igin referans olacagini diislinmekteyiz.

Anahtar Kelimeler: Calcaneus, X-Ray, Makine 6grenmesi algoritmalari, Cinsiyet tahmini
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Introduction

Identity is a term that refers to the totality of personal
knowledge and characteristics that allow an individual to
distinguish themselves from other individuals. It defines a
person's uniqueness, social status, cultural context and
self-expression. At the same time, it reflects the relation-
ships and ties of an individual with the groups and commu-
nities to which he/she belongs. In forensic anthropology
case studies, gender estimation is one of the basic parame-
ters and should be given priority in the examination of skel-
etal remains (1).

Forensic anthropologists frequently use morphological and
metric methods for sex estimation of skeletal remains. It
has been demonstrated that measurements taken directly
from bones show higher reliability and reproducibility, and
therefore sex estimation in this way is more reliable than
other methods. The determination of sex using skeletal re-
mains poses a major challenge for forensic experts, espe-
cially when a human body part is present. In forensic cases
where decomposed corpses and human remains are
brought for examination by forensic investigation authori-
ties, identification is of great importance. The examination
of bones and their anatomical measurements not only pro-
vides information on their origin, but also on ancestry, sex,
height and age at death. It therefore helps to establish the
identity of an individual (1-3).

In the literature, sex prediction studies have been per-
formed using many bones and different methods. Although
long bones, pelvis and cranium are the most frequently
used bones in sex prediction, sexual dimorphism studies
have also been performed on well-preserved bones such as
calcaneus because bone integrity is deformed too much

Figure 1. Demonstration of parameters
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and good results have been obtained. When we look at the
literature studies, calcaneus is seen as an important bone
used in sex prediction (4-9).

Deoxyribonucleic acid (DNA) technologies, which are con-
sidered to be the most reliable method today, have many
disadvantages due to accessibility and cost. For this reason,
osteometry, which has a lower cost and easy access, is pre-
ferred for sex prediction. Machine learning (ML) is a spe-
cialised data analysis method that automates model build-
ing with machines that learn to use specific algorithms. In
order to create a gender prediction model, classification is
required and ML algorithms are one of the most commonly
used methods for this classification. ML helps forensic ex-
perts, anatomists and anthropologists in many areas (10-
14).

The aim of our study is to predict gender with high accuracy
using ML algorithms with parameters obtained from calca-
neus.

Materials and Methods

Population and Ethical Approvals

The study was performed with the decision of izmir
Bakircay University Non-Interventional Local Ethics Com-
mittee dated 31.05.2023 and numbered 1064. Images were
obtained randomly and retrospectively from the archive
system of the Department of Radiology, izmir Bakirgay Uni-
versity Cili Training and Research Hospital. The study was
performed on direct radiographs (X-Rays) of 200 female
and 200 male individuals aged 18-65 years. Verbal or writ-
ten constant was not obtained from the patiens to use the
X-Ray. Exclusion criteria were pathology and/or surgical in-
tervention in the calcaneus.
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Measurement and Analysis Methodology

Images in Digital Imaging and Communications in Medicine
(DICOM) format were transferred to Radiant DICOM
Wiewer (64-bit version) and 16 parameters were measured
using the measurement console of the programme. Param-
eters;

1) Maximum width (MAXGN),

2) Body length (GU),

3) Minimum calcaneus length (MINU),

4) Maximum calcaneus length (MAXU),

5) Calcaneus anterior facet height (CAFY),

6) Talocalcaneal angle (TCA),

7) Bohler angle (BA),

8) Gissane angle (GA),

9) Posterior facet angle (PFA),

10) Anteroposterior length of the calcaneus (CAPU),

11) Anterior angle of the cuboid facet of the calcaneus
(CCA),

12) Facet height (FH),

13) Posterior facet length (PFU),

14) Processus anterior length (AL),

15) Calcaneus inclination angle (CIA),

16) Talo-tuber angle (TJA) (Figure 1) (7, 9, 15-17).

The obtained numerical data were analysed using ML algo-
rithms. ML algorithms were performed using a personal
computer with Monster Abra i5 operating system. Python
3.9 programming language and scikit-learn 1.1.1 frame-
work were used for modelling. Modelling was performed
with 20% of the data as test and 80% as training. Logistic
regression (LR), linear discriminant analysis (LDA), quad-
ratic discriminant analysis (QDA), decision tree (DT), ran-
dom forest (RF), extra tree classifier (ETC), Gaussian Naive
Bayes (GaussianNB), k-nearest neighbours (k-NN) algo-
rithms were used as ML models. Accuracy (Acc), Specificity
(Spe), Sensitivity (Sen), F1 score (F1) values were used for
the performance of the models. In addition, the contribu-
tion of the parameters to the overall result was revealed
with the SHapley Additive exPlanations (SHAP) analyser of
the RF algorithm.

Gender Estimation with Parameters Obtained from Calcaneus

oo TP
“TTPYFN+FP+TN
con TP
"TTPIFN
oo TN
P = TN T FP
Precision X Recall
Fl=2

Precision + Recall

Equation 1. Performance Criteria (TP; True positive, TN;
True negative, FP; False positive, FN; False negative).

Statistical Analysis

Statistical analysis of the data was performed using Minitab
17 and SPSS 21 package programs and p<0.05 was consid-
ered statistically significant. Anderson Darling test was
used as normality test. Meantstandard deviation was used
for descriptive statistics of normally distributed data and
median (min-max) values were used for non-normally dis-
tributed data. For comparison in terms of gender, Two Sam-
ple T test was used for normally distributed data and Mann
Whitney-U test was used for non-normally distributed data.
The relationship between the parameters and the degree
of relationship were determined by Pearson correlation
test for normally distributed data and Spearman rho corre-
lation test for non-normally distributed data. Basic statisti-
cal analyses and ROC analysis were used to evaluate the
contribution of parameters in terms of gender.

Results

In this study performed on foot X-Ray images of 200 female
and 200 male subjects, it was found that all parameters ex-
cept MAXGN, CAFY, PFA, TJA and age were not normally
distributed. Descriptive statistics and gender comparisons
of the normally distributed parameters are shown in Table
1. All parameters had higher values in males than females.
Two Simple T test showed that MAXGN and CAFY parame-
ters were significant in terms of gender (p<.005).

Table 1. Statistical analysis of normally distributed parameters by Two Simple T test

Parameters Gender Meanztstandard deviation p*
MAXGN Male 83.9415.00 000
Female 74.58+4.51 )
+
CAEY Male 26.90+2.06 1000
Female 24.16+2.04
PEA Male 47.5063.961 256
Female 47.011+4.707 )
+
TIA Male 39.34243.354 064
Female 38.699+3.570

(MAXGN: Maximum width, CAFY: Calcaneus anterior facet height, PFA: Posterior facet angle, TIA: Talo-tuber angle)

Descriptive statistics of non-normally distributed parame-
ters are shown in Table 2. Mann Whitney U test showed
that all non-normally distributed parameters except the CIA
parameter were significant in terms of gender (p<.005).

According to Pearson correlation analysis, a moderate cor-
relation was found between MAXGN and CAFY parameter
(p<.005) (Table 3).
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According to Spearman rho correlation analysis, a high cor-  and GU parameters (p<.005) (Table 4).
relation was found between MAXU and MINU and CAPU

Table 2. Statistical analysis of non-normally distributed data by Mann Whitney U test

Parameters Gender Median (minimum-maximum) p**

GU Male 79.35 (68.10-93.60) 000
Female 70.50 (60.00-85.40) :

MiNU Male 41.25 (32.10-49.40) 000
Female 36.00 (29.80-44.70)
Male 48.25 (39.00-60.00)

MAXU .000
Female 42.70 (33.80-52.10)

TCA Male 38.660 (26.000-50.200) 028
Female 37.850 (29.000-51.600)

BA Male 35.300 (25.000-47.700) 000
Female 39.300 (26.000-45.199)
Male 119.000 (109.500-132.400)

GA .030
Female 118.050 (105.300-136.900)
Male 63.80 (50.70-78.40)

CAPU .000
Female 58.30 (45.20-75.90)

CCA Male 100.000 (87.800-107.200) 000
Female 98.300 (86.200-114.200) )

EH Male 28.30(22.10-33.80) 000
Female 25.05 (20.70-31.40)

PEU Male 25.30(18.10-32.20) 000
Female 22.70(17.30-29.10) :
Mal 19.40 (14.80-26.30

AL ale ( ) .000
Female 17.85 (14.20-22.50)
Male 45.043 (19.700-45.198)

CIA .184
Female 45.044 (22.000-45.198)

(GU: Body length, MINU: Minimum calcaneus length, MAXU: Maximum calcaneus length, TCA: Talocalcaneal angle, BA: Béhler angle, GA: Gissane
angle, CAPU: Calcaneus anteroposterior length, CCA: Anterior angle of the cuboid facet of the calcaneus, FH: Facet height, PFU: Posterior facet length,
AL: Proccesus anterior length, CIA: Calcaneus inclination angle)
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Figure 2. ROC curve (a: MAXGN, b: GU, c: MINU, d: MAXU, e: CAFY, f: TCA, g: BA, h: GA, k: PFA, |: CAPU, m: CCA, n: FH,
0: PFU, p: AL, r: CIA, s: TIA)
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Table 3. Pearson correlation test

Gender Estimation with Parameters Obtained from Calcaneus

Parameters MAXGN CAFY PFA
0000

0% i

oo oo

(CAFY: Calcaneus anterior facet height, PFA: Posterior facet angle, TJA: Talo-tuber angle, MAXGN: Maximum width)

The effect of the parameters on the overall outcome was
evaluated by ROC analysis and it was found that the
MAXGN parameter made the highest contribution in terms
of gender prediction (Figure 2, Table 5).

As a result of ML algorithms, the highest accuracy rate was
0.91 with QDA and GaussianNB algorithm (Table 6).

As a result of the ML algorithms, the highest accuracy rate
was obtained in the QDA algorithm, which correctly

Tue label

Predicted label

Tue |abel

prdicted all 44 male individuals and 29 of 36 female individ-
uals in the test set, and in the GaussianNB algorithm, which
correctly predicted 39 of 44 male individuals and 34 of 36
female individuals (Figure 3).

We evaluated the contribution of the parameters for gen-
der prediction with the SHAP solver of the RF algorithm and
found that the MAXGN parameter provided the highest
contribution (Figure 4).

r15

10

IS

Predicted label

Figure 3. Confusion matrix table of the algorithms with the highest performance (a: QDA, b: GaussianNB)
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Table 4. Spearman rho correlation analysis

Gender Estimation with Parameters Obtained from Calcaneus

%
Q
E
o) > 2
© =z >
= = < < o < )
g . s s S 3 3 S S z £ 2
o)
2 0.662
s 0.000
2 0.677  0.869
g 0.000  0.000
- 0.021 0.087 0.097
S 0.676 0.083 0.052
-0.176 -0.194 -0.176 -0.003
< 0.000 0.000 0.000 0.953
0.137 0.129 0.085 0.033 -0.031
g 0.006 0.010 0.091 0.514 0.532
> 0.774 0.457 0.436 -0.015 -0.094 0.067
S 0.000 0.000 0.000 0.766 0.061 0.181
- 0.051 0.154 0.156 0.026 -0.071 0.080 0.058
S 0.310 0.002 0.002 0599 0.158 0.110 0.246
0.616 0.642 0.626 0.126 -0.202 0.084 0.478 0.155
T 0.000 0.000 0.000 0.012 0.000 0.093 0.000 0.002
5 0.457 0.446 0.434 0.028 -0.094 0.017 0429 0.155 0.507
e 0.000 0.000 0.000 0.573 0.060 0.729 0.000 0.021 0.000
0.481 0.336 0.367 0.065 -0.120 0.024 0.439 0.176 0.324 0.254
2 0.000 0.000 0.000 0.198 0.017 0.631 0.000 0.000 0.000 0.000
-0.029 -0.006 -0.008 -0.048 0.015 0.008 0.007 -0.002 -0.025 -0.063 -0.021
g 0.559 0.907 0.869 0.336 0.770 0.871 0.893 0.970 0.616 0.210 0.681

(MINU: Minimum calcaneus length, MAXU: Maximum calcaneus length, TCA: Talocalcaneal angle, BA: Béhler angle, GA: Gissane angle, CAPU: An-
teroposterior length of calcaneus, CCA: Anterior angle of the cuboid facet of the calcaneus, FH: Facet height, PFU: Posterior facet length, AL: Processus

anterior length, CIA: Calcaneus inclination angle, GU: Body length)
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Figure 4. SHAP decoder of the RF algorithm

(Feature 0: MAXGN: Maximum width, 1: GU: Body length, 2: MINU: Min-
imum calcaneus length, 3: MAXU: Maximum calcaneus length, 4: CAFY:
Calcaneus anterior facet height, 5: TCA: Talocalcaneal angle, 6: BA: Béh-
ler angle, 7: GA: Gissane angle, 8: PFA: Posterior facet angle, 9: CAPU:
Anteroposterior length of the calcaneus, 10: CCA: Anterior angle of the
cuboid facet of the calcaneus, 11: FH: Facet height, 12: PFU: Posterior
facet length, 13: AL: Processus anterior length, 14: CIA: Calcaneus incli-
nation angle)
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Table 5. ROC analysis performance values
(MAXGN: Maximum body length, GU: Body length, MINU: Minimum calcaneus length, MAXU: Maximum calcaneus length, CAFY: Calcaneus ante-

Gender Estimation with Parameters Obtained from Calcaneus

Parameters AUC (95%) Cutt off p Sen Spe

MAXGN 0.927 (0.902- 7.895 0.000 85 85
0.952)

GU 0.910 (0.882- 7.465 0.000 81.5 81.5
0.938)

MiNU 0.893 (0.861- 3.805 0.000 83.5 84
0.924)

MAXU 0.870 (0.836- 4.535 0.000 78.5 79
0.904)

CAFY 0.832 (0.792- 2.555 0.000 76.5 77
0.871)

TCA 0.563 (0.507- 38.25 0.028 54.5 55
0.619)

BA 0.352 (0.296- 36.55 0.000 40 39.5
0.408)

GA 0.563 (0.507- 118.35 0.030 52.5 52.5
0.619)

PFA 0.522 (0.465- 47.45 0.441 49 48
0.579)

CAPU 0.801 (0.758- 6.095 0.000 72 72
0.844)

CCA 0.608 (0.553- 98.85 0.000 57 58
0.663)

FH 0.875 (0.841- 2.685 0.000 81 81.5
0.909)

PFU 0.780 (0.735- 2.395 0.000 70.5 70.5
0.824)

AL 0.728 (0.680- 1.865 0.000 64.5 67
0.777)

CIA 0.462 (0.405- 45.04 0.185 49 49
0.518)

TIA 0.570 (0.513- 38.95 0.016 58 57
0.626)

rior facet height, TCA: Talocalcaneal angle, BA: Béhler angle, GA: Gissane angle, PFA: Posterior facet angle, CAPU: Anteroposterior length of the
calcaneus, CCA: Anterior angle of the cuboid facet of the calcaneus, FH: Facet height, PFU: Posterior facet length, AL: Processus anterior length, CIA:
Calcaneus inclination angle, TJIA: Talo-tuber angle, Sen: Sensitivity, Spe: Specificity)

Table 6. Performance results of machine learning algorithms

Algorithms Acc Spe Sen F1
QDA 91 93 90 91
GaussianNB 91 91 92 91
RF 90 90 90 90
ETC 90 90 90 90
DT 89 89 89 89
LR 89 89 89 89
k-NN (k=5) 86 86 86 86

(QDA: Quadratic discriminant analysis, GaussianNB: Gaussian Naive Bayes classification, RF: Random forest, ETC: Extra-tree classification, DT: Deci-

sion tree, LR: Logistic regression, k-NN: K-Nearest neighbors regression, Acc: Accuracy, Spe: Specificity, Sen: Sensitivity)

Harran Universitesi Tip Fakiiltesi Dergisi (Journal of Harran University Medical Faculty) 2025;22(2):212-220.

DOI: 10.35440/hutfd.1625105

218



Korkmaz et al.

Discussion

As a result of our study, an accuracy of up to 0.91 was
obtained in gender estimation from calcaneus with ML al-
gorithms, which is a current methodology. In addition,
the MAXGN parameter was found to have the highest
contribution to gender estimation.

When mass deaths occur in events such as accidents, nat-
ural disasters and war, identification is important for fo-
rensic medicine. In these cases, factors such as disruption
of body integrity and decomposition make identification
difficult. Another beneficial effect of identification in
mass deaths is the importance of returning them to their
families. The morphometry of bones provides infor-
mation about the origin of individuals, as well as the
cause of death, gender, height and age. In identification,
gender must first be determined. Establishing gender re-
duces the likelihood of biological elements of identity. Sex
estimation is vital in forensic anthropology applications to
obtain critical information such as identification, age and
ethnicity estimates (3, 18, 19).

To date, sexual dimorphism of the calcaneus has been
studied in various populations such as Italy, Greece, South
Africa and Colombia. In these studies, no sex difference
was observed between races (20-23). In the literature, it
was seen that there were studies conducted on X-Ray in
the Turkish population. Torun and Cay found that calca-
neal inclination angle was associated with foot morphol-
ogy in both sexes in their study (15). In another evaluation
in terms of gender, it was shown that there were signifi-
cant differences in medial arch angle, lateral arch angle
and foot length measurements in adults (16). As a result
of our study, we obtained the highest accuracy rate of
0.91 among ML algorithms in terms of gender prediction
from QDA and GaussianNB algorithms.

BA is an angle used as an important parameter in medi-
cine performed on the calcaneus. This angle plays an im-
portant role in the evaluation of calcaneus fractures. BA
was introduced by Dr. Lorenz Bohler in 1931 and he gave
its value between 30°-35° in his paper (24). Seyahi et al.
In their study for the Turkish population, they found BA
to be 20°-46° (p=0.198), but they did not find any differ-
ence between genders in BA (25). In our study, BA was
found between 25°-47° and was 3510 in males and 397
in females. We found that this parameter ranked 4th in
determining gender among the parameters we used.

GA is as important as BA in healing after surgical proce-
dure applied to calcaneus fractures (26). Seyahi et al.
2009, they did not find a significant result between gen-
ders (p=0.177) (25). In this study, it was found between
105°-136° in both male and female gender. This value was
118£13° in women and 119+10° in men. In the SHAP anal-
ysis, this parameter ranked 14th in determining gender.
When the studies conducted for sex prediction of the
MAXGN parameter were examined, it was observed that
this length was evaluated too much. Cekdemir et al. 2021,

Gender Estimation with Parameters Obtained from Calcaneus

which aimed to estimate gender from calcaneus, meas-
ured the MAXGN value as 85.65+5.16 mm in males and
76.74£4.21 mm in females. They found statistically signif-
icant differences between both sexes with these values
(p<0.001) (17). Riepert et al. In their 1995 study on sex
estimation from calcaneus in a Central European popula-
tion, they measured the MAXGN value and found no sig-
nificant difference between males and females (27). In
our study, a value of 74.58+4.51 mm was found in women
and 83.94+5 mm in men. The highest usefulness and ac-
curacy in terms of both ML and cross-gender algorithms
was achieved with the MAXGN measure. Cekdemir et al.
2021, in their study on gender estimation from calcaneus
of 489 individuals, found the CAFY parameter as
28.83%£2.13 mm in males and 25.45+1.99 mm in females
and reported a significant difference between genders
(p<0.001) (17). In our study, the results were 26.90+2.06
mm for males and 24.16+0.204 mm for females. In our
study, an accuracy of 86-91% was found according to the
ML algorithm, and this parameter ranks 12th in determin-
ing gender.

Riepert et al. reported the MINU parameter as 42.3+3.1
mm in men and 37.8£2.9 mm in women in their gender
study on radiography (27). These data are similar to our
data. Agoada conducted a study on X-Ray and cadaver in
2018 and measured the MAXU parameter as 50.50+5.68
mm on X-Ray and 49.75+4.31 mm on cadaver (28). This
parameter ranked 9th in determining gender in our study.
Kumar et al. found a value of 47.38+5.07 mm in men and
47.1545.54 mm in women in their study and the findings
were found to be insignificant similar to our study
(p=0.882) (29).

In this retrospective study, it can be considered as a limi-
tation that the body mass index of the patients, the type
of footwear used, the calcaneus was not evaluated in
three dimensions, and pediatric and octogenerian individ-
uals were not included in the study.

When the literature is examined, to our knowledge, there
is no study on gender estimation from calcaneus using ML
algorithms. In this respect, we believe that our study will
make great contributions to the literature.
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