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Implications of medial circumflex femoral 
artery positioning for surgical risk: a retro-

spective MRI study
Nuriye Oz1, Suat Morkuzu1, Ege Alkan1, Kamil Karaali2, Cihan Yazar3, Lutfiye B. Suzen1,4
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3 Department of Orthopedics and Traumatology, Faculty of Medicine, Dicle University, Diyarbakir, Turkey
4 Department of Anatomy, Faculty of Dentistry, Antalya Bilim University, Antalya, Turkey

SUMMARY
Hip pain, including Ischiofemoral impinge-

ment, often requires surgery. This study aimed to 
evaluate the shortest distance between the less-
er trochanter and the medial circumflex femoral 
artery (MCFA). A total of 40 patients (18 males 
and 22 females) were included. MR images were 
retrospectively examined. Measurements of the 
shortest distance between the lesser trochanter 
and the MCFA before its branches were taken. The 
average age of the 40 patients was 49.65±13.89 
years, ranging from 29 to 78 years old. Of the 40 
patients, 18 (45%) were men and 22 (55%) were 
women. The shortest distance between the left-
side MCFA and the lesser trochanter was found to 
be 25.10±6.80 mm in men and 24.84±8.73 mm in 
women. The shortest distance between the right-
side MCFA and the lesser trochanter was found to 
be 28.62±8.91 mm in men and 26.26±6.41 mm 
in women. In all patients, the shortest distance 
between the MCFA and the lesser trochanter was 
24.98±7.63 mm on the left side and 27.31±7.61 

mm on the right side. No significant sex differ-
ences were found for either the right (p=0.349) or 
left (p=0.916) sides. However, there was a signif-
icant difference between the right and left sides 
(p=0.005). 

This study identified a significant asymmetry in 
the positioning of the MCFA relative to the lesser 
trochanter, with no notable differences between 
sexes. These findings enhance our understanding 
of the course and morphology of the MCFA, which 
may be beneficial for comprehending and im-
proving surgical interventions for Ischiofemoral 
impingement.

Key words: Medial circumflex femoral artery – 
Lesser trochanter – Ischiofemoral impingement – 
MCFA – Lesser trochanter osteoplasty 

INTRODUCTION
Hip pain, a common condition associated with 

notable functional impairment, impacts approxi-
mately 30 to 40 percent of individuals engaged in 
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sporting activities and 12 to 15 percent of adults 
aged over 60 (Thorborg et al.,, 2017; Christmas et 
al.,, 2002). While both extraarticular and intraar-
ticular hip issues can contribute to pain (Ahuja et 
al.,, 2020), its manifestation is typically observed 
in anterior, lateral, or posterior regions. However, 
diagnosing posterior hip pain poses a challenge 
due to its diverse underlying causes, with muscu-
loskeletal conditions like Ischiofemoral impinge-
ment being among the differential diagnoses 
(Chamberlain, 2021).

The etiology of Ischiofemoral impingement is 
complex, involving anatomical variations in the 
proximal femur or pelvis, and other pathological 
conditions (Hernando et al., 2016). Ischiofemoral 
impingement occurs due to aberrant interaction 
between the lesser trochanter of the femur and 
the ischium, manifesting as atypical discomfort in 
the groin and/or posterior buttock region (Stafford 
and Villar, 2011). Surgical intervention, notably 
lesser trochanter osteoplasty, is often necessary 
to alleviate symptoms and restore hip function 
but can increase the risk of complications, partic-
ularly concerning the medial circumflex femoral 
artery (MCFA) (Nakano et al., 2020; Goodwin et 
al., 2017; Siebenrock et al., 2019).

The MCFA, a vital vessel supplying blood to 
the femoral head and surrounding tissues, is in 
close proximity to the lesser trochanter, making 
it vulnerable to injury during surgical procedures 
(Siebenrock et al., 2019). In the majority of cases 
(78.3%), the MCFA had its origin in the deep fem-
oral artery. In a smaller number of cases (11.7%), 
the MCFA had its origin in the common femoral 
artery, and in a still smaller number of cases (5%), 
the MCFA had its origin in the superficial femoral 
artery. One case showed a common trunk with the 
deep femoral artery (Vuksanović-Božarić et al., 
2018). It runs between the pectineus and iliopsoas 
tendon, then posteriorly between the quadratus 
femoris and inferior gemellus muscles. Branches 
include those to the trochanteric area and inferior 
retinacular vessels, providing terminal branches 
to the femoral head by piercing the hip capsule 
near the superior gemellus tendon. Anastomoses 
are centrally located anterior to the lesser tro-
chanter and peripherally situated laterally or pos-
teriorly (Siebenrock et al., 2019; Zlotorowicz et al., 

2018; Tzouma et al., 2020). 

While existing studies have described the gener-
al anatomy of the MCFA (Siebenrock et al., 2019), 
they have not provided detailed measurements 
of the artery’s proximity to the lesser trochan-
ter, particularly using MRI. This lack of detailed 
anatomical data creates a gap in surgical risk 
assessment and planning. This study aims to fill 
this gap by offering precise measurements of the 
shortest distance between the MCFA and the less-
er trochanter, based on MRI scans from a diverse 
patient cohort. By identifying potential “safe” and 
“danger” zones, the research seeks to enhance 
preoperative planning and minimize the risk of 
MCFA injury during lesser trochanter osteoplasty, 
contributing to a more precise and safer surgical 
strategy.

MATERIALS AND METHODS
This study was approved by the Clinical Re-

search Ethics Committee of Akdeniz University, 
per the Declaration of Helsinki (KAEK-581).

Our study included 40 patients (18 males and 
22 females) aged between 29 and 78 years, (mean 
age: 49.65±13.89 years). We retrospectively 
scanned the MR images of patients in the Hospital 
Management Information System. In this study, 
inclusion criteria were: (1) 18 years and older; (2) 
Available MRI of lower extremity. Exclusion cri-
teria were: (1) Patients who had undergone hip 
surgery or trauma; (2) Patients diagnosed with 
vascular diseases affecting the lower extremity. 
Patients meeting the inclusion criteria were in-
cluded in the study for evaluation. 

MR images of the lower extremity were exam-
ined retrospectively using the PACS (Picture Ar-
chiving and Communication System) system. 
The measurements were performed jointly by 
an experienced anatomist and radiologist. The 
measurements were later repeated by the same 
anatomist. The two measurements were averaged 
and then statistically analyzed. We evaluated the 
origin of MCFA and found that it originated from 
the deep femoral artery in all subjects. After that, 
we measured the shortest distance between the 
lesser trochanter and the MCFA before its branch-
ing point (Fig. 1). The tools included in the PACS 
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system were used for measurements.

Statistical analysis

In this context, the IBM SPSS 23.0 (IBM Corp., 
Armonk, NY) package program was used in order 
to evaluate the data of the study group. The Shap-
iro-Wilk test was used in order to check whether 
the data conformed to normal distribution. Stu-
dent-t test was used in order to evaluate the sex 
differences. A value of p<0.05 was considered sta-
tistically significant. The paired-t test was used in 
order to detect a difference between the right and 
left sides.

RESULTS
The mean, standard deviation, minimum and 

maximum distances are presented in Table 1. For-
ty patients were included in this study. Of the 40 
patients, 18 (45%) were men and 22 (55%) were 
women. The shortest distance between the left-
side MCFA and the lesser trochanter was found to 
be 25.10 ± 6.80mm in men and 24.84 ± 8.73mm 
in women. The shortest distance between the 
right side MCFA and the lesser trochanter was 
found to be 26.26 ± 6.41mm in women and 28.62 
± 8.91mm in men. In all patients, the shortest dis-
tance between the MCFA and the lesser trochan-
ter was 24.98 ± 7.63mm on the left side and 27.31 
± 7.61mm on the right side. No sex differences 
were found for either the right (p=0.349) or left 
(p=0.916) sides. There was a significant differ-
ence between the right and left sides for all sub-
jects (p=0.005) and males (p=0.014). No statisti-
cally significant difference was found between the 
right and left sides for the female group (p=0.169).

Fig. 1.- Shortest distance between MFCA and lesser trochanter (yellow line). LT: Lesser trochanter. MFCA: Medial femoral 
circumflex artery and its course (red dashed line). AL: Adductor longus muscle. AB: Adductor brevis muscle. AM: Adductor 
magnus muscle. t-IP: Tendon of iliopsoas muscle. OE: Obturatorius externus muscle. t-IC: Tendons of ischiocrural muscles. 
GM: Gluteus maximus muscle.

Table 1. Comparison of right and left side mean distances (mm) of the MFCA to the lesser trochanter

Mean Sd Median Minimum Maximum p

All Subjects
(N=40)

Right 27.31 7.61 26.99 15.94 42.19
0.005

Left 24.98 7.63 24.49 13.28 40.64

Male
(N=18)

Right 28.62 8.91 27.82 15.95 42.19
0.014

Left 24.84 8.74 23.11 13.40 40.64

Female
(N=22)

Right 26.26 6.42 26.03 16.80 40.24
0.169

Left 25.10 6.81 25.24 13.28 38.89
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DISCUSSION
The precise measurement of the shortest dis-

tance between the MCFA and the lesser trochan-
ter using MRI scans revealed the asymmetry in 
the positioning of the MCFA relative to the lesser 
trochanter, with a statistically significant differ-
ence between the right and left sides. This study 
found no significant sex differences in the short-
est distance between the MCFA and the lesser tro-
chanter on either side.

The absence of significant sex differences in 
the shortest distance between the MCFA and the 
lesser trochanter on both the right and left sides 
suggests that the observed asymmetry is not in-
fluenced by sex, which may indicate that these 
measurements are broadly applicable across dif-
ferent patient populations. This finding is crucial 
for surgeons, as it indicates that surgical risk re-
lated to MCFA injury is comparable between male 
and female patients, allowing for standardized 
surgical approaches without sex-specific adjust-
ments.

Several anatomical studies have investigat-
ed the course of the MCFA in relation to the hip 
joint and surrounding structures (Zlotorowicz et 
al., 2018; Tzouma et al., 2020; Sussmann et al., 
2007). In our study, the shortest distance between 
the MCFA and the lesser trochanter was 24.98 ± 
7.63mm on the left side and 27.31 ± 7.61mm on 
the right side. The MCFA’s proximity to the lesser 
trochanter has been documented in previous an-
atomical studies, through direct measurements 
and their clinical implications. For example, stud-
ies by Hapa et al. (2018) reported the mean dis-
tance of the lesser trochanter to the MCFA was 
22 mm. Lazaro et al. (2015) have reported that 
at the inferomedial aspect a consistent branch 
originates from the transverse MFCA 4.1 cm (3.0 
to 5.8 cm) from the lesser trochanter. The transi-
tion from the transverse to the ascending MFCA 
on the quadratus femoris’s anterior surface is 2.2 
cm (2.0 to 2.3 cm) proximal and 1.2 cm (0.5 to 1.9 
cm) medial to the lesser trochanter. These studies 
emphasized the importance of recognizing ana-
tomical variations in order to avoid vascular inju-
ry during surgical procedures involving the hip.

The significant difference in the distances be-

tween the right and left sides has important clin-
ical implications. The shorter distance on the left 
side may suggest a higher risk of MCFA injury 
during surgical procedures targeting the lesser 
trochanter. Surgeons should be particularly cau-
tious when operating on the left hip, ensuring me-
ticulous planning and precise surgical techniques 
to avoid accidental damage to the MCFA. The 
identification of ”safe” and “dangerous” zones 
around the lesser trochanter can aid surgeons in 
planning their approach. Based on the measure-
ments obtained in this study, the left side appears 
to be more critical due to the closer proximity of 
the MCFA. These findings align with the literature, 
which also noted the importance of side-specific 
considerations in hip surgeries (Deak and Vara-
callo, 2024). The average distances serve as a ref-
erence point for preoperative planning, allowing 
surgeons to anticipate areas where the MCFA is in 
close proximity to the lesser trochanter. 

Given the variability in distances among pa-
tients, surgeons should consider preoperative im-
aging to assess the specific anatomical relation-
ship in each case. Personalized surgical strategies 
based on detailed anatomical assessments can 
improve patient outcomes by reducing the risk of 
MCFA injury (Guttler et al., 2007).

This study has limitations, variability in MRI 
slice thickness and arterial filling phases may im-
pact the accuracy of distance measurements.

In conclusion, this study enhances our under-
standing of the anatomical relationship between 
the MCFA and the lesser trochanter, providing 
critical data for improving the safety and efficacy 
of lesser trochanter surgery. The significant asym-
metry observed between the right and left sides, 
along with the lack of sex differences, underscore 
the need for careful pre- and intraoperative surgi-
cal planning and individualized approaches.
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SUMMARY
The palmaris longus (PL) muscle is a superficial 

flexor muscle that exhibits a notable anatomical 
variability and is frequently used in reconstructive 
surgery. Its absence or morphological differences 
may influence surgical planning. This study aims 
to determine the prevalence and morphological 
variation of PL in the Jordanian population, and 
assess its relationship with sex, hand dominance 
and parental origin. A cross-sectional study of 403 
University of Jordan students was conducted. PL 
presence was assessed bilaterally using multiple 
tests (Schaeffer’s, Thompson’s, Mishra’s test I and 
II, and Pushpakumar’s tests). Photographs of the 
forearm were taken and independently reviewed 
to classify the PL morphology into normal, bifur-
cated, radial deviation, ulnar deviation, reversed, 
or absent. 

PL was present bilaterally in 228 participants 
(56.5%), absent bilaterally in 92 (22.8%), and uni-
laterally absent in 83 (20.6%). Unilateral absence 
was more frequent in the left (12.9%) than the 

right (7.7%). Sex was significantly associated with 
PL presence, while parental origin (mother’s or-
igin), (father’s origin) and hand dominance were 
not. Most Jordanians in this study had bilaterally 
present PL, with notable morphological diversity. 
Females were more likely to have an absent PL 
than males, whereas hand dominance and paren-
tal origin did not influence its presence. The novel 
classification of PL variations proposed here may 
assist surgeons in preoperative evaluation for 
tendon grafting. 

Key words: Palmaris longus types – Forearm 
anatomy – Graft surgery – Muscle tendon – Pal-
maris longus classification – Jordanian 

INTRODUCTION
Palmaris longus (PL) is one of the superficial 

flexor muscles in the anterior forearm (Ioannis 
et al., 2015). It originates from the medial epicon-
dyle of the humerus and inserts into the palmar 
aponeurosis and flexor retinaculum (Qa’oud et al., 
2019). It is innervated by the median nerve (C7, 
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C8) and supplied by the anterior ulnar recurrent 
artery and median artery (Anderson and Bordo-
ni, 2025). Anatomically, PL shows a wide range of 
variations, including reversed, duplicated, bifid, 
or hypertrophied PL muscles (Park et al., 2010). 
PL can be absent in parts of the population, either 
in one or both forearms. For instance, it can be 
unilaterally absent in 16% of the Caucasian pop-
ulation, while bilaterally absent in 9% (Soltani et 
al., 2012).

Although the absence of this muscle does not 
impair wrist or hand function significantly (Sater 
et al., 2010; Thejodhar et al., 2008), some sourc-
es suggest that the presence of the PL tendon 
increases the risk of carpal tunnel syndrome 
(Boltuch et al., 2020); others praise its benefits for 
being a landmark for the median nerve in surgical 
procedures (Hou et al., 2023).

Palmaris longus is commonly used as a tendon 
graft in reconstructive surgeries for multiple ten-
don ruptures (Chu et al., 2008) and provides a 
reliable option for soft-tissue upper-lip augmen-
tation (Trussler et al., 2008). The palmaris longus 
tendon (PLT) sling appears to be a safe and effec-
tive treatment for children with congenital ptosis 
requiring frontalis sling operation due to its ex-
pendable nature in order to achieve a good func-
tional and structural outcome (Wong et al., 2005).

Palmaris longus is also found in vertebrates, 
more specifically in mammals only, and is best 
developed in those that use their forelimbs for 
ambulation. For example, palmaris longus is al-
ways present in orangutans; however, its pres-
ence varies in other higher ape species such as 
chimpanzees and gorillas (Capdarest-Arest et al., 
2014; Iqbal et al., 2015).

It is also theorized that palmaris longus absence 
is associated with a type of hereditary trait. A 
study showed that the inheritance mode of pal-
maris longus is aligned with an autosomal dom-
inant transmissional model (Vučinić et al., 2025). 
Based on these findings, this study hypothesizes 
that people whose ancestors depend on heavy 
manual labor (referred in this study as parental 
origin) have more possibilities to express pal-
maris longus; consequently, other factors such 
as hand dominance and sex may influence its ex-

pression.

While the presence of the palmaris longus (PL) 
in Jordanians has been briefly noted, existing 
studies are few and lack detailed morphological 
analysis. Crucially, there is an absence of data ap-
plying a modern, nuanced classification system 
to this population. This gap prevents meaningful 
comparison of PL variant prevalence with other 
global populations, and limits the muscle’s clini-
cal applicability. 

This study, therefore, intends to establish the 
prevalence and variability of the PL muscle among 
Jordanians in order to provide information to 
clinical practitioners useful in gross examination 
of the forearm, and to add to the PL inheritance.

MATERIALS AND METHODS

Study design, place, and participants

An analytical cross-sectional study was con-
ducted at the University of Jordan in Amman to 
determine the prevalence of the palmaris longus 
muscle among students and the relationship of its 
presence to other factors.

Ethical considerations

The ethical approval for this study was obtained 
from the institutional review boards (IRB) of the 
University of Jordan on the 1st of July 2024 (De-
cision No. 240/2024). Participants were fully in-
formed of the purpose of this study, and verbal 
informed consent was obtained before participa-
tion, which was documented through a required 
confirmation checkbox at the beginning of the 
online questionnaire. As no identifiable data were 
collected, responses were confidentially recorded 
and securely stored to maintain data integrity.

Data collection procedure

Data for this study were collected through 
face-to-face interviews with random students at 
the University of Jordan from July 2024 to Octo-
ber 2024. Participants were excluded based on 
whether they had a history of surgery involving 
the palmaris longus tendon or whether they were 
not Jordanians. After obtaining their consent, in-
terviewers asked participants questions about 
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their age, nationality, home province (north re-
gion [Irbid, Ajloun, Jerash and Mafraq], middle re-
gion [Amman, Madaba, Al-Balqa and Zarqa], and 
south region [Ma’an, Karak, Tafileh and Aqaba]), 
parental origin (categorized as Bedouin, farmer, 
or urban), and dominant hand. 

Interviewers checked the presence of the pal-
maris longus muscle by performing a series of 
tests in the following order to determine on which 
hand the palmaris longus muscle was prominent: 
Schaeffer’s test, Thompson’s test, Mishra’s test I, 
Pushpakumar’s test, and Mishra’s test II (Fig. 1). 
The tests used in this research were validated by 
Mishra (2001) and Sebastin and Lim (2006). 

If none of the tests revealed the muscle in the 
forearm, it was considered absent. After conclud-
ing the interview, a photograph of the partici-
pants’ forearms was taken for further confirma-
tion and reliability checking. 

After completion of the data collection, two 
trained investigators independently used the 
photo dataset to identify and exclude duplicate 
entries and participants who met the exclusion 
criteria; any conflict was resolved by discussion. 
The photographs were also reviewed to classify 
the palmaris longus muscle according to its inser-
tion into one of six categories: normal, bifurcat-
ed, radial deviation, ulnar deviation, reversed, or 
absent. We used the Palmaris Longus (PL) tendon 
as the anatomical guide for classification. Inser-
tion on the ulnar side of the hand was classified 
as ulnar deviation; insertion on the radial side as 
radial deviation; and central insertion into the 
mid-palm as normal. Other variants included a 
bifurcated tendon (split prior to insertion) and a 
reversed muscle (distal muscle belly) (Fig. 2).

In cases of disagreement, the photographs were 
reexamined jointly, and consensus was reached 
through discussion. If consensus was not reached 
a senior anatomist was consulted to provide the 
final judgment. To ensure standardization, all 
photographs were taken by the same team of two 
trained investigators using a single camera. Each 
participants’ arm was positioned in a standard-
ized posture designed to clearly demonstrate the 
PL tendon during each specific test.

Description of the tests used

In Schaeffer’s test, each participant is asked to 
oppose their thumb to their little finger and flex 
their wrist slightly, which will show a tendon that 
is medial to the flexor carpi radialis; this is a posi-
tive sign of palmaris longus presence (Fig. 1A).

In Thompson’s test, each participant is asked to 
make a fist, flex the wrist against resistance, and 
the thumb is flexed over the fingers, which will 
show a tendon that is between the flexor carpi 
radialis and flexor carpi ulnaris; this is a positive 
sign of palmaris longus presence (Fig. 1B).

In Pushpakumar’s “Two-Finger Sign” test, each 
participant is asked to fully extend the index and 
middle fingers while the wrist and other fingers 
remain flexed, which shows a tendon between the 
flexor tendons; this is a positive sign of palmaris 
longus presence (Fig. 1C).

In Mishra’s Test I, the examiner hyperextends 
the metacarpophalangeal joints of all fingers 
while the participant flexes the wrist; the appear-
ance of a tendon in the wrist region indicates the 
presence of a PL muscle (Fig. 1D).

In Mishra’s Test II, each participant is asked to 

Fig. 1.- Pictures of various clinical tests for testing the presence of the palmaris longus. (A) Schaeffer’s test. (B) Thompson’s 
test. (C) Pushpakumar’s “two-finger sign”. (D) Mishra’s test I. (E) Mishra’s test II.
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abduct the thumb against resistance while the 
wrist is partially flexed, which will show the ten-
don in the medial wrist during this movement 
(Fig. 1E). 

Data analysis

The statistical software JASP (version 0.19.0.0) 
was used for data processing and analysis. De-
scriptive statistics, including frequency and per-
centage, were calculated for categorical variables, 
while mean and standard deviation were reported 
for continuous variables. The chi-square (x²) test 
was used in order to assess the significance of as-
sociations between two or more categorical vari-
ables. A p-value of less than 0.05 was considered 
statistically significant.

RESULTS

Participants characteristics

This study included 403 students from the Uni-
versity of Jordan aged between 18 and 56 years 
old. The mean age of the participants was 21.5 
years with a standard deviation of 3.68. The sam-
ple was composed of 220 males (54.6%), 183 

females (45.4%). Table 1 shows the sociodemo-
graphic characteristics of the participants.

Prevalence of Palmaris longus and its types

228 participants showed the presence of the PL 
muscle in both forearms (56.6%), while 92 did not 
show any presence of the muscle (22.8%). 83 par-
ticipants showed unilateral presence of PL, 52 of 
them having the PL present on the right forearm 
(12.9%) and 31 on the left forearm (7.7%) (Fig. 3). 
Regarding the type of the PL muscle, among the 
311 participants with a PL muscle (either unilater-
ally or bilaterally), 110 had a normal PL insertion 
in both forearms. Additionally, 45 participants 
had a normal PL insertion in the left forearm only, 
while 83 participants had it only in the right fore-
arm.

Regarding bifurcation, 11 had both PL muscles 
bifurcated, 34 had a right bifurcated PL, and 27 
had a left bifurcated PL. Twenty-five were found to 
have radially deviated PL in both forearms, 49 in 
the right forearm, and 72 in the left forearm. 

On ulnar deviation, only one case had an ulnar 
deviation in both PLs, two had the deviation on the 

Fig. 2.- These pictures demonstrate types of PL found during the interviews, with (A) representing normal insertion (both 
forearms), (B) bifurcated insertion (both forearms), (C) radial deviation of insertion (right forearm), (D) ulnar deviation of 
insertion (left forearm), (E) reversed muscle (right forearm), and (F) bilateral absence. RT: right, LT: left
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left forearm, and three on the right forearm. Al-
though none of the participants showed reversed 
PL in both hands, one student had a reversed PL 

on the right forearm, and two students had their 
left PL reversed. Among the 228 participants with 
bilateral palmaris longus (PL) muscles, only 81 

Table 1. Sociodemographics

Demographics Frequency Percentage

Age 21.54 ± 1.99

Sex

  Male 220 54.6

  Female 183 45.4

Home province

  North Region 32 7.9

  Middle region 353 87.6

  South Region 18 4.5

Fathers' origin

  Farmer 159 39.5

  Urban 148 36.7

  Bedouin 96 23.8

Mothers' origin

  Farmer 165 40.9

  Urban 158 39.2

  Bedouin 80 19.9

Hand dominance

  Right-handed 370 91.8

  Left-handed 33 8.2
Mean ± SD, frequency (%)

Fig. 3.- The following bar chart presents the distribution of PL muscle presence patterns on forearms, with regard to sex.
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(20.1%) exhibited morphologically distinct PL 
insertion types between their left and right fore-
arms. The prevalence and variations of PL inser-
tions across all participants are detailed in Table 
2.

Bivariate analysis

The study found a statistically significant as-
sociation between the presence of PL and sex, in 
which males were more likely to have PL present 
in both forearm than females (p = 0.037), and no 
significant association was found regarding moth-
ers’ origin, p = 0.719, fathers’ origin (p = 0.656) 
nor hand dominance (p = 0.372). Table 3 shows 
the results of the analysis.

DISCUSSION
This study found that the majority of the partic-

ipants had a PL muscle, mostly bilaterally, with 
considerable anatomical variation regarding in-
sertion, bifurcation, and deviation, while the mus-
cle was completely absent in almost one quarter 
of them. Unilateral PL presented right-sided pre-
dominance, and asymmetrical morphology be-
tween forearms was demonstrated in one-fifth of 
the individuals with bilateral PL. PL presence was 
highly associated with sex, as males were more 
likely to present bilateral PL, whereas no asso-
ciation was found regarding parental origin and 
hand dominance.

Table 2. Prevalence of PL

Palmaris longus presence Frequency Percentage

Palmaris longus presence

Present in both 228 56.6

Left absence 52 12.9

Right absence 31 7.7

Bilateral absence 92 22.8

Types of Palmaris Longus in both forearm

Both are Normal 110 27.3

Both are bifurcated 11 2.7

Both have a radial deviation 25 6.2

Both have an ulnar deviation 1 0.3

Asymmetric 81 20.1

Unilateral absence 83 20.6

Bilateral absence 92 22.8

Type of Palmaris Longus in the right forearm

Normal 193 47.9

Bifurcated 34 8.4

Radial deviation 49 12.2

Ulnar deviation 3 0.7

Reversed 1 0.3

Absent 123 30.5

Type of Palmaris Longus in the left forearm

Normal 156 38.7

Bifurcated 27 6.7

Radial deviation 72 17.9

Ulnar deviation 2 0.5

Reversed 2 0.5

Absent 144 35.7
* The total sample size of the types of PL in both forearms is 228 due to the exclusion of unilateral and bilateral absence.



Mohammad Al-Shalalfeh et al.

315

The study was conducted at the University of 
Jordan as a way to represent the Jordanian pop-
ulation. The sample contained students from 
different governorates. Since PL presence is de-
termined genetically (Morais, 2013; Thompson et 
al., 1921; Vučinić et al., 2018) and not influenced 
by age, the student population at the University of 
Jordan serves as a suitable representation of the 
broader Jordanian population.

In this study, 56.6% of participants had PL pres-
ent in both hands. Comparing these results with 
other studies that tried to investigate the preva-
lence of the absence of the palmaris longus (PL) 
muscle in various populations yielded interesting 
results. The highest prevalence of PL in both fore-
arms was seen in the Yoruba ethnic population of 
Nigeria (93.3%) (Mbaka and Ejiwunmi, 2009), and 
the lowest was seen in Turkey (36.1%) (Ceyhan 
and Mavt, 1997). The Egyptian population showed 
a prevalence of 65.7% (Qa’oud et al., 2019), which 
is close to the Bahraini (63.2%) (Sater et al., 2010) 
and Jordanian population (61.4%) (Freih and 
Samir, 2008). The Palestinian population exhib-
ited a prevalence of 58% (Sabouba et al., 2021), 
whereas the Malaysian population (Malay ethnic 
group) had a significantly higher prevalence of 
88.3% (Yong et al., 2017) (Table 4).

In this sample, bifurcated PL insertion was ob-
served in 15.1% of participants unilaterally (8.4% 

on the right and 6.7% on the left), while bilater-
al bifurcated PL was present in 2.7% of partici-
pants.. In comparison, the Bahraini study (Sater 
et al. 2010) reported a bilateral bifurcation rate of 
2.1% and a unilateral rate of 5%, which are lower 
than this study’s unilateral and bilateral rates.

This study’s findings corroborate the estab-
lished relationship between sex and PL muscle 
presence observed in previous literature. The 
majority of studies—including those conducted in 
Bahrain (Sater et al., 2010), Malaysia (Yong et al., 
2017), and Palestine (Sabouba et al., 2021)—re-
ported higher PL absence rates in females. How-
ever, Erić et al. (2011) documented an opposing 
trend, with males showing greater bilateral ab-
sence. Meanwhile, several studies found no statis-
tically significant sex-based differences (Kapoor 
et al., 2008; Mbaka and Ejiwunmi, 2009; Qa’oud 
et al., 2019). These inconsistent findings across 
populations suggest potential geographic or eth-
nic variations in PL morphology (Table 4).

As demonstrated by previous studies, PL follows 
an autosomal dominant inheritance pattern with 
variable expression (Vučinić et al., 2025). Incom-
plete penetrance is affected by multiple Factors, 
including modifier genes, environmental factors, 
epigenetic regulation, age-related penetrance, 
and sex. Among these, sex influences best explain 
the study’s findings (Yong et al., 2017).

Table 3. Bivariate analysis

Variable Present in both Left absence Right absence Bilateral absence p-value

Sex 0.037*

  Males 138 23 17 42

  Females 90 29 14 50

Fathers' origin 0.656

  Urban 85 17 15 31

  Farmer 89 21 8 41

  Bedouin 54 14 8 20

Mothers' origin 0.719

  Urban 93 20 14 31

  Farmer 94 21 9 41

  Bedouin 41 11 8 20

Hand dominance 0.372

  Right 211 45 30 84

  Left 17 7 1 8
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While some studies suggest that the palmaris 
longus (PL) muscle is better developed in mam-
mals relying on forelimbs for locomotion (Cap-
darest-Arest et al., 2014; Iqbal et al., 2015), the 
study found no association between participants’ 
ancestral origins (including lineages with histor-
ically strenuous occupations like farming) and 
PL presence. These results challenge the study’s 
initial hypothesis that genetic selection related to 
occupational demands influenced PL expression. 
Furthermore, the study observed no correlation 
between PL absence (unilateral or bilateral) and 
hand dominance, a finding consistent with sever-
al previous studies (Erić et al., 2011; Qa’oud et al., 
2019; Yong et al., 2017).

Overall, PL presence appears to be affected by 
ethnicity, sex, and body side, with a higher prev-
alence in Africa and Southeast Asia compared to 

the Middle East region.

This study highlights useful information about 
anatomical variations of the palmaris longus, 
mainly for clinical practitioners during their phys-
ical examination and surgical planning. These 
findings enhance the understanding of PL multi-
ple patterns and contribute to the understanding 
of the theory behind its inheritance and existence 
by other factors. This study lays the ground for 
future research that aims to understand the vari-
ants’ morphology for the palmaris longus. The 
findings of this study have direct implications for 
clinical practice, potentially in surgical planning 
for tendon grafting procedures. Knowledge of the 
PL presence and its morphological variation allow 
surgeons to anticipate potential anatomical chal-
lenges and to select suitable tendons, minimizing 
intraoperative complications. The classification 

Table 4. Comparison between different studies that investigated the prevalence of the palmaris longus

Study Population Overall 
absence

Unilateral  
absence

Bilateral 
absence Sex differences Side differences

This study’s 
findings Jordan 43.4 20.6 22.8 Higher bilateral 

absence in females
Left-sided absence 

higher

Erić et al. (2010) Vojvodina, Serbia 37.5 21.6 15.9

Bilateral absence 
is higher in males 

(18.5% vs 13.3% in 
females)

Left-sided absence 
is higher in females 
(17.3% vs 8.8% in 

males); right-sided 
absence is higher in 
males (12.3% vs 5% 

in females)

Qa’oud et al. 
(2019) Egypt 34.3 19.1 15.2 No significant sex 

relationship
Right-sided absence 

is higher

Sater et al. 
(2010) Bahrain 36.8 Not  

specified
Not  

specified
Higher absence in 

females
Left-sided absence 

higher

Sabouba et al. 
(2021) Palestine 32 Not 

 specified
Not

 specified
Higher absence in 

females
Left-sided absence 

higher

Yong et al. 
(2017) Malay population 11.7 8.0 3.7 Higher absence in 

females
Left-sided absence 

higher

Ceyhan and 
Mavt (1997) Gaziantep, Turkey 63.9 Not 

 specified
Not  

specified Not specified Not specified

Freih and Samir 
(2008) Jordan 38.6 Not  

specified
Not 

 specified Not specified Not specified

Thompson et al. 
(2001) Northern Ireland Not  

specified
Not  

specified
Not  

specified
Higher absence in 

males Not specified

Kapoor et al. 
(2008) India Not 

 specified
Not 

 specified
Not 

 specified

Higher absence 
in males, but not 

significant
Not specified

Mbaka et al. 
(2008) Nigeria Not  

specified
Not  

specified
Not 

 specified
Higher bilateral 

absence in males Not specified

Mbaka and Eji-
wunmi (2009) Yoruba, Nigeria 6.7 5.4 (males) /  

6.0 (females)
Not  

specified
No significant sex 

association Not specified

The numbers above are written as percentages
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proposed here offers enhanced granularity com-
pared to previous systems by including radial and 
ulnar deviations, bifurcation, reversed muscles, 
and asymmetry between left and right forearms, 
providing a more comprehensive framework for 
identifying PL variants.

Limitations

This work is based on a visual evaluation of the 
palmaris longus tendon by clinical tests and pho-
tographs only, without dissection or imaging con-
firmation. Whilst the sensitivity and reproducibil-
ity of clinical assays are well established, small 
differences may remain un-noticed. The study 
population are University of Jordan students and 
may not serve as an accurate representation of 
the general Jordanian population. Prospective 
imaging or cadaveric dissection studies are re-
quired to confirm the classification and evaluate 
its generalizability.

While the classification is based on validated 
clinical tests and photographic assessment, fu-
ture studies should incorporate ultrasound, MRI, 
or cadaveric dissection to confirm these observa-
tions and further validate the classification’s re-
producibility. Additionally, expanding the study 
population beyond university students to include 
a broader age range and diverse geographical re-
gions in Jordan could improve generalizability. 
Clinicians are encouraged to apply this classifica-
tion in preoperative evaluations and anatomical 
education, and researchers should consider inte-
grating imaging or dissection studies to refine the 
understanding of PL morphology and its clinical 
relevance.

CONCLUSION
In conclusion, this study investigated the prev-

alence of PL in Jordan and found that sex was 
associated with its presence, whereas hand dom-
inance and parental origin were not. This find-
ing does not support the initial hypothesis of the 
potential influence of occupational type on PL 
gene expression. Moreover, this study provided 
new data on anatomical variation of PL that are 
observable during routine clinical examination, 
along with the relative frequency of each type. 
These findings may assist the surgeons in preop-

erative evaluation when considering the PL ten-
don for grafting procedures. Further research is 
warranted to explore the underlying cause of the 
observed sex differences and to expand further 
knowledge on PL morphology.
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deformed and non-deformed skulls:  
a comparative craniometric analysis across 

successive life stages
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SUMMARY
The human skull is a biologically dynamic 

structure that undergoes continuous morpholog-
ical modification throughout the lifespan. These 
changes reflect intrinsic developmental pro-
cesses, as well as extrinsic influences, including 
culturally mediated practices such as artificial 
cranial deformation. Comparative craniomet-
ric research provides an effective framework for 
assessing how age-related skeletal remodeling 
interacts with deformation-induced constraints, 
thereby contributing to broader understandings 
of craniofacial plasticity, skeletal adaptation, 
and population variability. This study aimed to 
conduct a comparative craniometric analysis of 
age-related morphological changes in artificial-
ly deformed and non-deformed skulls, focusing 
on cranial indices, skull shape distributions, and 
proportional relationships across successive life 
stages. A total of 254 adult and subadult skulls 
from the osteological collection of Azerbaijan 
Medical University were examined, including 200 
non-deformed and 54 artificially deformed spec-

imens. Age classification followed an established 
anthropological age-periodization system. Stan-
dard craniometric measurements were obtained, 
including cranial length, breadth, height, and fa-
cial dimensions, from which key cranial and fa-
cial indices were calculated. Statistical analysis 
was performed using IBM SPSS Statistics (v.26.0), 
with Pearson’s Chi-square test applied to assess 
associations between age, deformation status, 
and cranial morphology. In non-deformed skulls, 
brachycranic forms predominated in younger 
individuals, with a gradual shift toward mesoc-
ranic and dolichocranic configurations in later 
age groups. Elderly individuals exhibited a higher 
prevalence of euryprosopic facial morphology. In 
contrast, artificially deformed skulls demonstrat-
ed a consistently high frequency of metriocrania 
across all age categories, indicating relative stabi-
lization of cranial proportions. Younger deformed 
skulls were characterized by broad and moderate-
ly high cranial vaults with predominantly meso-
prosopic facial forms. Adult age groups displayed 
increased variability in cranial indices, particu-
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larly in length–breadth relationships. Statistical-
ly significant differences were observed between 
deformed and non-deformed skulls in the tra-
jectory of age-related cranial index changes (p 
≤ 0.05). Age-related cranial remodeling follows 
distinct morphological trajectories in artificial-
ly deformed and non-deformed skulls. Artificial 
cranial deformation appears to constrain natural 
age-dependent variability, resulting in more sta-
ble proportional patterns throughout the lifespan. 
These findings contribute to anthropological, an-
atomical, and clinical perspectives on craniofa-
cial growth, cultural body-modification practices, 
and skeletal adaptation.

Key words: Craniometrics – Artificial cranial 
deformation – Age-related changes – Skull mor-
phology – Cephalic index 

INTRODUCTION
The cranial base represents one of the ear-

liest-forming and structurally most complex 
regions of the human skeleton. Located at the 
superior aspect of the axial skeleton, it devel-
ops through tightly regulated processes of endo-
chondral and intramembranous ossification, and 
serves as a structural foundation for the cranial 
vault and facial skeleton (Enlow and Hans, 1996). 
Functionally, the cranial base protects the central 
nervous system (CNS), supports sensory organs, 
and provides passageways for major neurovascu-
lar structures, including cranial nerves and arte-
rial vessels (Moore et al., 2018).

Cranial development is closely synchronized 
with CNS growth, and disturbances in cranial 
base morphogenesis may lead to significant neu-
rological consequences. Congenital anomalies 
such as basilar invagination, basilar impression, 
and platybasia are well-recognized contributors 
to craniovertebral junction disorders, including 
Chiari malformation and syringomyelia (Tubbs 
et al., 2011). Despite advances in imaging and de-
velopmental biology, the etiological mechanisms 
underlying many cranial base anomalies remain 
incompletely understood, underscoring the im-
portance of morphometric and anthropological 
approaches (Standring, 2021).

Cranial anomalies are typically defined as per-

sistent deviations from normative skeletal de-
velopment originating during embryonic or fetal 
life. These deviations may be diagnosed at birth 
or identified later in childhood or adulthood. Eti-
ological factors are multifactorial and include en-
dogenous influences such as genetic mutations, 
advanced or very young parental age, and endo-
crine disorders, as well as exogenous agents such 
as ionizing radiation, teratogenic drugs, environ-
mental toxins, and prenatal infections (Sadler, 
2019). Genetic mutations, particularly monogenic 
disorders, account for a significant proportion of 
congenital craniofacial anomalies.

Clinically, abnormalities of the craniovertebral 
junction may remain asymptomatic for extended 
periods or present during adolescence or early 
adulthood, most commonly between 20 and 40 
years of age (Milhorat et al., 2010). Disorders of 
cranial morphogenesis also represent a substan-
tial cause of perinatal and infant morbidity and 
mortality, highlighting their clinical and public 
health significance (Moore et al., 2018).

Beyond pathological variation, the cranial vault 
undergoes continuous remodeling throughout 
life. Age-related changes influence cranial di-
mensions, vault thickness, facial proportions, 
and cranial indices, reflecting both mechanical 
and biological adaptation (White et al., 2012). Im-
portantly, some morphological variations coexist 
with normal neurological function, whereas oth-
ers are associated with CNS abnormalities (Lieb-
erman, 2011).

Artificial cranial deformation, practised histor-
ically by numerous populations worldwide, offers 
a unique anthropological model for examining 
the interaction between cultural modification and 
biological growth. By mechanically altering crani-
al shape during early development, artificial de-
formation modifies growth trajectories and long-
term cranial proportions (Anton, 1989; Dingwall, 
1931).

The present study aimed to analyze age-related 
cephalometric changes in artificially deformed 
and non-deformed skulls from the osteological 
collection of Azerbaijan Medical University, fo-
cusing on patterns of cranial adaptation across 
successive life stages.
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MATERIALS AND METHODS

Sample Composition

The study analyzed 254 human skulls curat-
ed in the craniological collection of Azerbaijan 
Medical University. The sample included 200 
non-deformed skulls and 54 skulls exhibiting 
clear morphological evidence of artificial cranial 
deformation. Sex determination was performed 
using standard morphological criteria of the cra-
nial vault and base (White et al., 2012).

The non-deformed series consisted of 86 male 
and 114 female skulls, while the deformed series 
included 22 male and 32 female specimens.

Age Classification

Age estimation and grouping followed the clas-
sification system adopted at the VII All-Union 
Conference on Age Morphology, Physiology, and 
Biochemistry (1965). Skulls were categorized into 
the following age groups:

• Youth

• Early adulthood (Period I)

• Middle adulthood (Period II)

• Elderly

The age distribution comprised 20 skulls from 
the youth group, 68 from early adulthood, 72 from 
middle adulthood, and 40 from the elderly group.

Craniometric measurements

Craniometric measurements were obtained ac-
cording to internationally accepted anthropolog-
ical standards (Martin and Saller, 1957). The fol-
lowing indices were calculated:

• Cranial (cephalic) index (maximum breadth × 
100 / maximum length)

• Length–height cranial index

• Height–breadth cranial index

• Upper facial index

Measurements were performed using calibrat-
ed spreading and sliding calipers to ensure preci-
sion and reproducibility.

Statistical analysis

Statistical analysis was conducted using IBM 
SPSS Statistics (Version 26.0). Descriptive statis-
tics were calculated for all variables. Associations 
between age group, deformation status, and cra-
nial morphology were evaluated using Pearson’s 
Chi-square test. A significance level of p ≤ 0.05 
was considered statistically significant.

RESULTS

Craniometric classification criteria

In accordance with classical craniometric meth-
odology (Martin and Saller, 1956–1962; Buikstra 
and Ubelaker, 1994), skull morphology was clas-
sified using four principal indices:

• Width–length (cephalic) index: dolichocrani-
al (long), mesocranial (medium), brachycranial 
(broad);

• Height–length index: chamaecranial (low), or-
thocranic (medium), hypsicranial (high);

• Height–breadth index: tapeinocranic (low), 
metriocranic (intermediate), acrocranial (high);

• Upper facial index: wide (euryprosopic), me-
dium (mesoprosopic), and long (leptoprosopic) 
facial types.

These indices provide a standardized frame-
work for evaluating age-related changes in cranial 
proportions and facial morphology.

Craniometric characteristics of undeformed 
skulls

Analysis of undeformed skulls revealed pro-
nounced age-related variation across all ma-
jor cranial indices (Table 1). With respect to the 
width–length index, dolichocranial skulls were 
least frequent in youth (5.0%) and reached their 
highest representation during early adulthood 
(23.5%), followed by a gradual decline in later age 
groups. Mesocranial forms similarly peaked in 
early adulthood (30.9%), and declined markedly 
in the elderly (10.0%). In contrast, brachycrani-
al skulls showed a clear age-associated increase, 
reaching their highest prevalence in elderly in-
dividuals (72.5%), indicating progressive cranial 
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broadening with age.

Height–length index analysis demonstrated a 
strong predominance of hypsicranial morphology 
in youth (80.0%). Although hypsicrania remained 
the dominant type across all age categories, its rel-
ative frequency decreased modestly with advanc-
ing age, accompanied by incremental increases in 
orthocranic and chamaecranial forms. This trend 
suggests gradual vertical remodeling of the crani-
al vault during adulthood and senescence.

Assessment of the height–breadth index re-
vealed a gradual shift toward tapeinocranic mor-
phology with age, whereas metriocranic forms re-
mained relatively stable across adulthood before 
declining slightly in the elderly. Acrocranial forms 
exhibited no consistent age-dependent trend.

Facial index analysis demonstrated a pro-
nounced age-related transformation. Wide-faced 
(euryprosopic) morphology increased progres-
sively from youth (35.0%) to old age (62.5%), 
while medium and long facial types declined 
correspondingly. This finding reflects age-de-
pendent remodeling of the maxillofacial skeleton 
and corroborates previous osteological studies 
documenting facial widening in older popula-
tions (Brown and Armelagos, 2020; Flament et al., 
2022).

Collectively, these results confirm that unde-
formed skulls undergo dynamic, age-dependent 
remodeling characterized by increasing cranial 

breadth, reduced longitudinal dominance, and 
progressive facial widening.

Craniometric characteristics of artificially de-
formed skulls

In contrast with the undeformed series, artifi-
cially deformed skulls exhibited a markedly dif-
ferent pattern of cephalometric variation (Table 
2). Across nearly all age categories, cranial pro-
portions remained relatively stable, indicating 
long-term structural constraint imposed by ear-
ly-life deformation practices.

With respect to the width–length index, brachy-
cranial morphology predominated in all age 
groups, ranging from 54.8% to 68.0%, while dol-
ichocranial forms were rare or absent, particu-
larly in youth. Mesocranial skulls constituted a 
secondary but consistent proportion across age 
categories, suggesting limited post-deformational 
variability.

Height–length index analysis showed a strong 
and persistent predominance of hypsicranial 
morphology, especially in youth (87.5%) and the 
elderly (80.0%). Unlike undeformed skulls, no 
clear age-related decline in cranial height was 
observed. Similarly, the height–breadth index 
demonstrated sustained dominance of metriocra-
nia, reinforcing the stabilizing effect of artificial 
deformation on cranial vault proportions.

Facial morphology in deformed skulls displayed 

Table 1. Age-related distribution of craniometric characteristics in undeformed skulls (N, %)

Index Skull type Youth Early adulthood Late adulthood Elderly

Width–length index Dolichocranial 1 (5.0) 16 (23.5) 10 (13.9) 7 (17.5)

Mesocranial 6 (30.0) 21 (30.9) 17 (23.6) 4 (10.0)

Brachycranial 13 (65.0) 31 (45.6) 45 (62.5) 29 (72.5)

Height–length index Chamaecranial 1 (5.0) 9 (13.2) 10 (13.9) 5 (12.5)

Orthocranic 3 (15.0) 22 (32.4) 22 (30.6) 9 (22.5)

Hypsicranial 16 (80.0) 37 (54.4) 40 (55.6) 26 (65.0)

Height–breadth index Tapeinocranic 5 (25.0) 22 (32.4) 27 (37.5) 17 (42.5)

Metriocranic 12 (60.0) 30 (44.1) 32 (44.4) 17 (42.5)

Acrocranial 3 (15.0) 16 (23.5) 13 (18.1) 6 (15.0)

Upper facial index Wide face (Euryprosopic) 7 (35.0) 27 (39.7) 38 (52.8) 25 (62.5)

Medium face (Mesoprosopic) 10 (50.0) 24 (35.3) 19 (26.4) 7 (17.5)

Long face (Leptoprosopic) 3 (15.0) 17 (25.0) 15 (20.8) 8 (20.0)
Values are presented as absolute number (percentage). Percentages are calculated within each age group.
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greater heterogeneity than in undeformed speci-
mens. Although wide faces were common, medi-
um and long facial types persisted across all age 
groups. Notably, the proportion of long faces in-
creased in the elderly (28.0%), suggesting selec-
tive remodeling of the facial skeleton despite con-
strained cranial vault dimensions.

Overall, artificially deformed skulls demonstrat-
ed limited age-related morphological change, 
with early-life mechanical constraints exerting a 
lasting influence on cranial proportions.

Comparative analysis

Comparative evaluation of undeformed and de-
formed skulls revealed fundamental differences 
in age-related cranial remodeling trajectories. 
Undeformed skulls exhibited substantial mor-
phological variability across age categories, with a 
clear progression from dolichocranic and mesoc-
ranic forms in youth and early adulthood toward 
brachycranial dominance in old age. In contrast, 
deformed skulls maintained relatively stable cra-
nial indices throughout life, with persistent dom-
inance of metriocranic and brachycranial config-
urations.

Facial index comparison further highlighted 
this divergence. Undeformed skulls demonstrated 
a strong and consistent trend toward euryproso-
pia with advancing age, whereas deformed skulls 
showed a more heterogeneous facial pattern, with 
wide, medium, and long faces coexisting across 
age groups. These findings indicate that artificial 

cranial deformation modifies the natural age-re-
lated trajectory of craniofacial remodeling by 
constraining growth patterns during early ontog-
eny and stabilizing cranial proportions thereafter 
(Anton and Weinstein, 2021; Torres-Rouff and 
Yablonsky, 2019).

DISCUSSION
The present findings confirm and extend clas-

sical anthropological observations regarding 
age-related transformations of cranial morpholo-
gy. In undeformed skulls, the gradual shift from 
dolichocrania to brachycrania across the lifespan 
reflects cumulative remodeling processes influ-
enced by biomechanical loading, cranial suture 
dynamics, and senescent skeletal adaptation (Li-
eberman, 2011; Kohn and Leigh, 2022). The in-
creasing prevalence of euryprosopic facial mor-
phology in older individuals is consistent with 
documented age-related changes in the maxillo-
facial complex and may reflect both genetic pre-
disposition and lifelong functional adaptation.

Artificial cranial deformation, by contrast, ex-
erts a dominant and enduring influence on cra-
nial development. The persistence of stabilized 
cranial indices across all age categories indicates 
that deformation practices imposed during infan-
cy and early childhood effectively override natural 
growth trajectories. This observation aligns with 
prior studies demonstrating the long-term struc-
tural stability of artificially modified skulls across 
diverse cultural contexts (Cocilovo and Rothham-

Table 2. Age-related distribution of craniometric characteristics in artificially deformed skulls (N, %)

Index Skull type Youth Early adulthood Late adulthood Elderly

Width–length index Dolichocranial 0 (0.0) 2 (6.3) 3 (9.7) 2 (8.0)

Mesocranial 3 (37.5) 9 (28.1) 11 (35.5) 6 (24.0)

Brachycranial 5 (62.5) 21 (65.6) 17 (54.8) 17 (68.0)

Height–length index Chamaecranial 0 (0.0) 3 (9.4) 2 (6.5) 1 (4.0)

Orthocranic 1 (12.5) 7 (21.9) 8 (25.8) 4 (16.0)

Hypsicranial 7 (87.5) 22 (68.8) 21 (67.7) 20 (80.0)

Height–breadth index Tapeinocranic 2 (25.0) 7 (21.9) 9 (29.0) 6 (24.0)

Metriocranic 5 (62.5) 19 (59.4) 17 (54.8) 13 (52.0)

Acrocranial 1 (12.5) 6 (18.8) 5 (16.1) 6 (24.0)

Upper facial index Wide face (Euryprosopic) 4 (50.0) 12 (37.5) 14 (45.2) 10 (40.0)

Medium face (Mesoprosopic) 3 (37.5) 14 (43.8) 10 (32.3) 8 (32.0)

Long face (Leptoprosopic) 1 (12.5) 6 (18.8) 7 (22.6) 7 (28.0)
Note. Values are presented as absolute number (percentage). Percentages are calculated within each age group.
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mer, 2018; Krenn and Urban, 2019).

From a clinical perspective, these results under-
score the importance of distinguishing culturally 
induced cranial modifications from pathological 
anomalies when interpreting craniofacial mor-
phology. Understanding the stabilizing effects of 
early mechanical constraints also provides valu-
able insight into cranial bone plasticity and the 
limits of post-developmental remodeling. From 
an anthropological standpoint, the findings con-
tribute to reconstructing population history, cul-
tural practices, and biological adaptation.

In summary, age-related cephalometric chang-
es follow divergent pathways in undeformed and 
artificially deformed skulls. While undeformed 
skulls exhibit progressive remodeling character-
ized by cranial broadening and facial widening, 
deformed skulls maintain constrained and rela-
tively stable morphological parameters through-
out life. These results highlight the complex in-
teraction between biological aging processes and 
cultural modification practices, and emphasize 
the necessity of integrating both dimensions in 
craniometric and bioarchaeological research.

Age-related variability in artificially deformed 
skulls

Analysis of artificially deformed skulls revealed 
limited age-dependent variability across most 
cephalometric indices, reflecting the long-term 
stabilizing effects of early mechanical modifica-
tion. According to the height–length index, cha-
maecranial (low-vault) morphology was present 
in several age groups; however, its distribution 
did not follow a consistent age-related trend. This 
irregular pattern suggests that vertical cranial 
dimensions in deformed skulls are largely con-
strained by early deformation rather than mod-
ified progressively with aging (Anton and Wein-
stein, 2021).

Evaluation of the height–breadth index demon-
strated that acrocranial (high-vault) forms 
reached their highest frequency during the sec-
ond phase of adulthood (28.0%), while the low-
est prevalence was recorded in early adulthood 
(15.8%). In contrast, metriocrania (intermediate 
vault proportions) predominated in the youth and 

elderly groups, with a relative reduction observed 
in early adulthood. This pattern indicates minor 
fluctuations in cranial vault proportions across 
the lifespan, although without evidence of a sys-
tematic remodeling trajectory (Krenn and Urban, 
2019; Torres-Rouff and Yablonsky, 2019).

The upper facial index exhibited more pro-
nounced age-related differentiation. Wide-faced 
(euryprosopic) morphology was most frequent-
ly observed among elderly individuals with de-
formed skulls, whereas it was nearly absent in 
youth. Conversely, long-faced (leptoprosopic) 
morphology predominated during early and late 
adulthood and reached its highest frequency in 
the elderly group (83.3%). Notably, leptoprosopia 
was not observed in young individuals with crani-
al deformation, suggesting that facial proportions 
may retain some capacity for age-related modifi-
cation even when cranial vault growth is mechan-
ically constrained (Brown and Armelagos, 2020; 
Kohn and Leigh, 2022).

Overall, these findings indicate that, while ar-
tificial cranial deformation substantially limits 
age-related variability in cranial vault indices, se-
lective remodeling of the facial skeleton may con-
tinue throughout adulthood and senescence.

Statistical interpretation of age–index relation-
ships in deformed skulls

The relationship between age and cranial mor-
phology in deformed skulls was further evaluat-
ed using the Pearson Chi-square (X²) test (Table 
4). Statistical analysis demonstrated a marginal 
association between age and the width–length 
(cephalic) index (X² = 12.200, df = 6, p = 0.058), 
approaching but not reaching the conventional 
threshold for statistical significance (p < 0.05). 
This borderline result suggests that longitudinal–
transverse cranial proportions may exhibit limit-
ed age-related variability even in the presence of 
early deformation.

In contrast, no statistically significant asso-
ciations were identified between age and the 
height–length index (X² = 4.995, p = 0.544), 
height–breadth index (X² = 9.545, p = 0.145), or 
upper facial index (X² = 9.387, p = 0.153). These 
findings indicate that vertical cranial proportions 
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and overall facial indices remain largely stable 
across the lifespan once artificial deformation is 
imposed during early ontogeny.

From a biomechanical and developmental per-
spective, the absence of significant age-related 
correlations supports the hypothesis that artifi-
cial cranial deformation exerts a dominant and 
lasting influence on cranial growth patterns, ef-
fectively constraining subsequent remodeling 
processes (Cocilovo and Rothhammer, 2018; Li-
eberman, 2011). Minor fluctuations observed in 
facial morphology may reflect adaptive remodel-
ing of the viscerocranium rather than fundamen-
tal changes in cranial vault architecture.

In summary, statistical analysis confirms that 
artificial cranial deformation significantly reduc-
es age-related variability in most cephalometric 
indices, with only limited evidence of age-depen-
dent change in width–length proportions. These 
results reinforce the importance of considering 
early cultural modification practices when inter-
preting cranial variation in anthropological, fo-
rensic, and clinical contexts.

CONCLUSION
The findings of the present craniometric study 

demonstrate that age-related cranial remodeling 
follows markedly different morphological trajec-
tories in non-deformed and artificially deformed 
skulls. In the non-deformed series, brachycranic 
skull forms were predominant during youth; how-
ever, with advancing age, a gradual transition 
toward mesocranic and dolichocranic configura-
tions was observed. This pattern reflects the nat-
ural processes of cranial growth, biomechanical 
adaptation, and senescent remodeling that char-
acterize the human skull across the lifespan. In 
parallel, a statistically significant increase in the 
prevalence of euryprosopic (broad facial) mor-
phology was identified among older individuals, 
corroborating previous anthropological investi-
gations conducted on European and Asian pop-
ulations, which have consistently reported facial 
widening as a characteristic feature of advanced 
age (Brown and Armelagos, 2020; Flament et al., 
2022).

In contrast, artificially deformed skulls exhib-

ited a notably higher degree of morphological 
stability across successive age categories. Me-
triocrania remained the dominant cranial type in 
nearly all age groups, indicating that mechanical 
constraints imposed during early ontogeny sub-
stantially limit the scope of subsequent age-relat-
ed cranial remodeling. Deformed skulls in youth 
were characterized by exceptionally broad and 
moderately high cranial vaults combined with 
predominantly mesoprosopic facial forms. In in-
termediate age groups, only minor variability in 
cranial length and width was detected, suggesting 
constrained adaptive potential. Among elderly in-
dividuals with deformed skulls, wide and elongat-
ed facial morphologies were frequently observed, 
with long-faced forms reaching exceptionally 
high frequencies.

Comparative analysis clearly indicates that 
both the percentage distribution of cranial types 
and the correlation between cranial indices and 
aging differ significantly between deformed and 
non-deformed skulls. Whereas non-deformed 
skulls undergo progressive age-dependent re-
modeling manifested by cranial shape transitions 
and facial widening, artificially deformed skulls 
maintain relatively stabilized morphological pa-
rameters throughout life.

From an anthropological perspective, these re-
sults provide compelling evidence of the interac-
tion between biological aging processes and cul-
turally mediated cranial modification practices, 
emphasizing how early-life mechanical interven-
tions permanently reshape cranial growth trajec-
tories. From a clinical and forensic standpoint, 
the findings enhance the interpretation of cranio-
facial variation, facilitate differentiation between 
pathological anomalies and culturally induced 
modifications, and improve the diagnostic appli-
cability of cranial indices in osteological analysis.

Overall, this study confirms that artificial cra-
nial deformation significantly alters the natu-
ral course of age-related cranial morphological 
change, underscoring the necessity of integrating 
both biological and cultural determinants in cra-
niometric and bioarchaeological research.
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SUMMARY
This retrospective study evaluates the effective-

ness of the Rigo-Chêneau brace, one of the most 
widely used three-dimensional orthoses in Eu-
rope, in the management of adolescent idiopathic 
scoliosis. Although the literature on brace effec-
tiveness remains limited and clinical protocols 
vary, our objective was to provide a recent anal-
ysis of retrospective results obtained in routine 
clinical practice. Data from a total of 35 patients 
seen in rehabilitation services between 2011 and 
April 2023 were analyzed; all met the Scoliosis 
Research Society (2005) standardization crite-
ria: age ≥ 10 years, Risser index 0–2, and a curve 
magnitude of 25° to 40°. The variables studied 
included Cobb angle magnitude, vertebral ro-
tation according to the Nash and Moe scale, and 
the need for surgery. The results indicate that the 
Rigo-Chêneau brace is effective in controlling the 
magnitude of the curve. Specifically, 80% of pa-
tients maintained or improved their curve angu-
lation at the end of treatment. A significant finding 
was the improvement or maintenance of verte-

bral rotation in 100% of patients, demonstrating 
its corrective action in the transverse plane. Effec-
tiveness in preventing surgery was 100% in this 
cohort of selected patients. Consistent brace wear 
(adherence greater than 18 hours per day) is also 
associated with significantly lower curve progres-
sion. The Rigo-Chêneau brace showed high effec-
tiveness for musculoskeletal immature patients 
with moderate adolescent idiopathic scoliosis.

Key words: Brace Rigo-Chêneau – Adolescent 
idiopathic scoliosis – Orthotic treatment – Cobb 
angle – Musculoskeletal immaturity 

INTRODUCTION
Adolescent Idiopathic Scoliosis (AIS) is the most 

common spinal deformity in otherwise healthy 
adolescents, with an approximate prevalence of 
2% to 4%. It is characterized by a three-dimen-
sional torsion of the spine (Kleinberg, 1922; Ne-
grini et al., 2018a). Early diagnosis and interven-
tion are essential to prevent progression and the 
potential need for surgical correction. Conserva-
tive treatment with brace use remains the main 
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strategy to halt progression, avoid surgical fusion, 
and optimize spinal alignment.

The radiological diagnosis requires a complete 
spine standing image. The superior frontal plane 
of one affected vertebra together with the inferior 
border of the vertebra below show the highest rel-
ative until the so-called Cobb´s angle. A Cobb´s 
angle greater than 10º with a component of ver-
tebral rotation provides the diagnosis of scoliosis 
(Goldberg et al., 1988; Zmurko et al., 2003). The 
scoliotic curve can increase its angulation during 
periods of rapid body growth, mainly during pu-
berty (Grivas et al., 2006a, b). It is well established 
in the consensus guides that treatment is indicat-
ed once it exceeds 20º if progression is observed, 
or 25º without progression Cheung et al., 2019). 
The angle progression tends to decrease clearly 
after the final vertebral growth and ossification, 
except in >50º severe scoliosis (Weinstein et al., 
2013). The Cobb´s angle tend to increase signifi-
cantly beyond 30º (Zmurko et al., 2003). These 
conditions are usually associated with pain, re-
spiratory and cardiac alterations, and impaired 
functional capacity of the spine.

The Rigo-Chêneau brace (RCB) is one of the 
most widely used three-dimensional orthoses 
in Europe. Its design is based on principles of 
three-dimensional correction and the applica-
tion of asymmetric forces, seeking correction in 
both the frontal and transverse planes (Rigo et 
al., 2003: Rigo and Weiss, 2008). This represents 
an evolution compared to traditional Boston-type 
braces (Rigo and Jelacic, 2017).

Despite its widespread use, the existing litera-
ture on the actual effectiveness of braces is often 
limited and inconclusive, with significant varia-
tions in clinical protocols between different treat-
ment clinical units. Gradual discontinuation of 
the brace is recommended, with a very low level 
of evidence and without a standardized process 
(Rigo et al., 2003). The variability in current med-
ical indications in clinical practice ranges from a 
25% reduction in the number of hours of daily use 
to removal according to the patient’s own conve-
nience (Aulisa et al., 2009). Therefore, the present 
study aimed to assess the clinical effectiveness of 
the RCB through a retrospective analysis of out-
comes in clinical practice. We focused on a com-

prehensive set of variables, which are essential 
for accurately evaluating the true clinical efficien-
cy of the RCB.

There is no absolute consensus on this issue, 
nor scientific literature that supports one model 
over another, beyond the subjective experience 
and assessment of rehabilitation physicians. Our 
objective is to determine clinical parameters of 
improvement that allow early discontinuation, 
facilitating return to sports and recreational ac-
tivities, and reducing the emotional burden and 
impact of brace use. It is important to reduce 
side effects so that they do not negatively affect 
posture, cause skin injuries, or cause back pain. 
Analyzing the effects in a cohort of patients treat-
ed with RCB, based on clinical parameters of im-
provement and quantification of the effectiveness 
of RCB use, will allow greater increase in its effica-
cy while minimizing the personal and iatrogenic 
medical effects of this treatment.

MATERIALS AND METHODS

Study design and patient selection

The study design was a retrospective analy-
sis. Patient selection was carried out through a 
search in the Diraya System (integrated health 
information management system of the Andalu-
sian Health Service) in the Rehabilitation Depart-
ments of the Puerta del Mar and the Puerto Real 
Universities Hospitals of the Andalusian Health 
Service (SAS), covering the period from 2011 to 
April 2023.

Initially, 142 patients treated with the RCB were 
identified (111 females, 31 males). The inclusion 
criteria were based on the 2005 standardization 
of the Scoliosis Research Society (SRS) and includ-
ed: age equal to or greater than 10 years; Risser 
index 0 to 2, premenarche or less than one year 
since menarche; curve magnitude 25° to 40° be-
fore starting bracing; and no previous treatment 
(Negrini et al., 2018a; Shi et al., 2016).

After applying the criteria, 107 patients were ex-
cluded, resulting in a main analytical cohort of 35 
patients with a diagnosis of AIS and a treatment 
plan with the RCB. An analysis of a related cohort, 
composed of 45 adolescents (37 females and 8 
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males), revealed a mean age of 158,4 months at 
the beginning of treatment.

Variables and measurements

The study variables included sex, age, duration 
of treatment, Risser stage (at the beginning and at 
the end), magnitude of the main and compensato-
ry curves (at the beginning and at the end), verte-
bral rotation, and whether surgery was necessary.

The variables were defined and measured as 
follows. The gender, as the biological sex of the 
patient, was reegistered as either male or female. 
The age at treatment initiation was the patient’s 
chronological age, measured in months, defined 
at the time the Cheneau brace treatment was pre-
scribed and initiated. Finally, the treatment dura-
tion was defined as the total length of time, typi-
cally calculated in months, from the initial brace 
fitting to the formal conclusion of the bracing 
treatment.

The Risser sign is a critical indicator of skeletal 
maturity. It is assessed from anteroposterior pel-
vic radiographs, graded on a scale from 0 (no os-
sification) to 5 (complete fusion of the iliac apoph-
ysis). The two distinct time measurement points 
were the baseline Risser —as the grade at the initi-
ation of brace treatment— and the final Risser —as 
the grade at the final treatment discontinuation.

Cobb Angle was used to quantify the severity of 
scoliosis, measured in degrees on standing pos-
teroanterior spinal radiographs. The main curve 
(the largest structural one) and the compensatory 
(secondary) curve were recorded. This angle is es-
sential to understand the maintenance of sagittal 
and coronal balance. Both curve magnitudes were 
recorded at the start of treatment (baseline) and 
at the brace-weaning.

The anatomical reference to vertebral rotation 
(as Nash and Moe Scale) was assessed as the axi-
al rotation of the vertebra at the apex of the main 
curve. This rotation was graded (from 0 to 4), 
based on the position of the pedicle shadow rel-
ative to the vertebral body on the anteroposterior 
radiograph.

RESULTS
35 patients were included in the study (30 fe-

males (85.7%) and 5 males (14.3%)). Previous-
ly, seventy-five percent of patients in this series 
were excluded based on SRS criteria, with 40% 
excluded for advanced maturity indicators. The 
mean age at the start of brace treatment was 147 
months. The average treatment duration was 
37.12 months.

The Risser sign values for skeletal maturity were 
25 patients at stage 0 (71.4%), 2 at stage 1 (5.7%), 
8 at stage 2 (22.8%) at baseline. Adherence was a 
key factor, since patients with more than 18 hours 
of daily compliance showed significantly less pro-
gression of the curve. When examining the angu-
lar outcomes in the main cohort of 35 patients, 
80% of the patients maintained or improved the 
curve angulation at the end of treatment. The RCB 
appeared effective at containing curve magni-
tude, as shown by mean Cobb angles before and 
after treatment. The effect on curve magnitude 
and rotation was Cobb angle of the main curve of 
30.03° (mean ±SD) at the initial stage, and 28.86° 
(mean ±SD) after treatment (Fig. 1).

Regarding the three-dimensional results, the 
effectiveness of the RCB was remarkable in con-
trolling vertebral torsion. The vertebral rotation 
was maintained or improved in 100% of patients, 
with 91.4% showing stabilization of the rotation 
and 8.6% achieving an improvement (Fig. 2).

About the compensatory curve, 75% of the pa-
tients showed no significant changes. Finally, the 
effectiveness in preventing surgery was 100% 
within the study’s selection parameters (curves 
of 25-40 degrees). However, it was identified that 
four patients, who were outside the main cohort 
and presented with Risser 0 and curves greater 
than 45 degrees, could not avoid surgery despite 
the use of the brace.

DISCUSSION
The primary and most fundamental compo-

nent in the initial management of scoliosis is rig-
id bracing. The Rigo-Chêneau brace (RCB) is the 
most frequently utilized orthosis, even within the 
Spanish public health system. Its widespread use 
is attributable to the force vectors generated by its 
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specific design, which effectively counteract the 
vertebral rotational component of the deformity 
(Rowe et al., 1997; Rigo and Jelacic, 2017). The 
objective of brace therapy is to halt or mitigate 
the progression of the scoliotic curve to prevent 
it from exceeding 50° prior to the attainment of 
skeletal maturity (Negrini et al., 2018b).

Brace treatment has been associated with sub-
stantial psychological and emotional sequelae 
(Ovadia et al., 2012; Clayson and Levine, 1976), as 
evidenced by numerous studies reporting nega-

tive alterations in body image, diminished self-es-
teem (Fällstrom et al., 1986), exposure to bullying, 
and withdrawal from routine activities, includ-
ing sports participation and social interactions 
(Saabye et al., 1986). These psychosocial impacts 
frequently lead to attempts to conceal the ortho-
sis or to premature discontinuation of the treat-
ment. In a 2002 publication, Andersen proposed 
that earlier cessation of brace use may mitigate 
the psychological burden experienced by patients 
undergoing orthotic management (Andersen et 

Fig. 1.- Represents the modifications in the main vertebral angle after treatment. The results show the distribution between 
male, female and total of patients. The X axis represents the number of improved cases (green bar), stabilized cases (orange 
bar) and progressed to increase angle (red bar); the Y axis represents the number of cases.

Fig. 2.- Represents the vertebral rotation after treatment. The results show the distribution between male, female and total 
of patients. The X axis represents the number of improved cases (green bar) and stabilized cases (orange bar); the Y axis 
represents the number of cases.
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al., 2002).

Once prescribed, brace-wearing protocols may 
include nocturnal use, part-time use, or full-time 
use (Katz et al., 2010). Nevertheless, the superiori-
ty of full-time bracing (23 hours per day) has been 
extensively documented in the literature (Shi et 
al., 2016; Piantoni et al., 2018). Consequently, 
the current clinical recommendation is to initiate 
treatment with a full-time bracing regimen.

Discontinuation of the brace was recommend-
ed to be gradual, although the evidence was poor 
and the process was not standardized (Isçi et al., 
2025). The variability of the medical indications 
currently applied in clinical practice ranges from 
a 25% reduction in the number of hours of daily 
use to withdrawal according to the patient’s own 
convenience (Maruyama et al., 2003; Negrini et 
al., 2018b). There was no absolute consensus on 
this issue, nor scientific literature supporting one 
or another (Canavese and Kaelin, 2011). The ob-
jective data were provided by the experience and 
assessment of rehabilitation physicians them-
selves.

The findings of this study support the notion 
that RCB is an effective conservative treatment 
for AIS. The RCB offers similar or superior results 
compared to Boston-type braces, especially with 
three-dimensional spinal realignment. Complete 
control of vertebral rotation (100% maintained or 
improved) is a finding that supports the superi-
ority of the RCB’s 3D approach for correcting the 
torsional component of the scoliotic deformity 
(Fig. 2). Clinical effectiveness is closely linked to 
compliance; high daily wear times (16-23 hours/
day) have been consistently associated with better 
outcomes. The principle of selecting patients with 
moderate curves (25-40°) (Fig. 1) and skeletally 
immature patients was a critical factor for success, 
as demonstrated by the 100% surgery-avoidance 
rate in the main cohort.

Nevertheless, certain limitations must be ac-
knowledged. The retrospective design restricts 
the ability to establish a direct causal relationship 
and to control for all confounders. Furthermore, 
the study cohort, although well defined by the SRS 
criteria, resulted in a limited sample size, which 
could affect the generalizability of the results. 

Finally, reliance on self-reported compliance 
measures to assess brace adherence introduces 
potential recall and social desirability bias, un-
derscoring the need to use objective monitoring 
methods in future research. Prospective studies 
with objective wear time monitoring are recom-
mended to consolidate the evidence.

The Rigo-Chêneau brace demonstrates clin-
ically significant efficacy in limiting scoliotic 
curve progression in adolescents with idiopath-
ic scoliosis, particularly when prescribed early 
and worn consistently in skeletally immature 
patients. These findings underscore the clinical 
relevance of timely orthotic intervention and em-
phasize the necessity of continuous patient and 
family education to promote optimal treatment 
adherence. Future investigations should aim to 
refine brace design through biomechanical and 
materials research and to develop individualized, 
evidence-based treatment protocols integrating 
patient-specific factors such as curve pattern, 
growth potential, and adherence profiles.

As final considerations, we support a long-term 
series of results that summarize the improvement 
of brace treatment in AIS. These results partially 
coincided with the literature, although we need to 
increase patient recruitment to prove the impor-
tance of different retirement protocols. As men-
tioned, there is not an absolute consensus around 
the best brace withdrawal procedure, and we 
consider that this might be a central point to be 
discussed to the best patient integration to social, 
sport and psychological environment. We need to 
involve other rehabilitation units in order to ob-
serve the vertebral correction up until the RCB, 
nevertheless once was proved to be to the best 
of our results the best treatment AIS. Our main 
limitation was related to the recruitment of other 
treatment unit results, which use to employ dif-
ferent withdrawal procedures.
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SUMMARY
The unavoidable and intangible human expo-

sure to zinc oxide nanoparticles (ZnONPs) car-
ries a great risk of toxicities to different organs. 
Nanoparticles (NPs) are widely applied in many 
foods, water, medicine, cosmetics, agricultural, 
and industrial fields. The current study aimed to 
evaluate ZnONPs-induced histopathological and 
biochemical changes on the prostate of rats and 
investigate the possible prophylaxis by combined 
Rutin and vitamin C against these changes. Four 
equal groups of total forty adult male albino rats 
were randomly assigned (control, vehicle control, 
ZnONPs, and ZnONPs + Rutin C groups). Histolog-
ical examination was done using hematoxylin and 
eosin and Masson’s trichrome stains. Proliferat-
ing cell nuclear antigen (PCNA) and prostatic spe-
cific antigen (PSA) were used in an immunohisto-
chemical analysis. Measurements of serum PSA, 
oxidation marker malondialdehyde (MDA) and 
reduced glutathione (GSH) were also performed.

ZnONPs group revealed distorted prostatic aci-
ni with thickened inter-acinar stroma exhibiting 

congested blood vessels and inflammatory cells, 
in addition to disturbed oxidative-antioxidative 
balance with elevated serum PSA. ZnONPs and 
Rutin C group showed marked improvement of 
the prostatic architecture with restoration of the 
oxidative-antioxidative balance and serum PSA. 
Our study concluded that the administration of 
ZnONPs to rats injured their prostates both histo-
logically and biochemically. Rutin C has a protec-
tive role against the toxic effect of ZnONPs.

Key words: Zinc oxide nanoparticle – Prostate 
gland – Rutin C – Rat – Histological 

INTRODUCTION
The prostate plays an essential role in reproduc-

tion via its vital secretions carrying and feeding 
sperms. Prostatic inflammation will inevitably 
impair male fertility and reproductive ability (Mo-
trich et al., 2018).

Nanoparticles (NPs) are widely applied in many 
foods, water, medicine, cosmetic, agricultur-
al, and industrial fields (Pinho et al., 2020). The 
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unavoidable and intangible human exposure to 
NPs carries a great risk of toxicities to different 
organs (Mabrouk et al., 2021). NPs’ toxicity was 
documented to be more invasive compared to 
large-sized materials’ toxicity, as they can readily 
access the circulation and bypass different bio-
logical barriers to enter the cells and cause vari-
able toxic effects (Xie et al., 2022).

Zinc oxide nanoparticles (ZnONPs) are among 
different types of NPs that are widely employed 
in nanotechnology, and have gained considerable 
attention recently. Several studies reported that 
the administration of ZnONPs to experimental 
animals induced a remarkable oxidative stress 
and significant histopathological changes, and led 
finally to cell death (Rehman et al., 2024).

Rutin (RT), an important flavonoid used in phar-
maceutical industry, prevented tissue damage by 
directly scavenging free radicals, activating anti-
oxidant enzymes and preventing lipid peroxida-
tion (Yong et al., 2020).

Vitamin C (VC) also played an integral part in 
the cellular antioxidative defenses. RT was doc-
umented to enhance the reducing power of VC 
against reactive oxygen species (ROS) (He et al., 
2021). Thus, combining RT with VC has a syner-
gistic effect on the cytoprotective ability of both 
compounds through the inhibition of inflamma-
tory processes (Omar et al., 2022).

Our work was designed to clarify the ZnONPs-in-
duced histopathological and biochemical changes 
on the rats’ prostate, and to investigate the likely 
prophylactic outcome of RT and VC against these 
changes.

MATERIALS AND METHODS

Experimental animals

Forty adult male Wistar rats weighing 180-200g 
were acquired from the animal house of the Fac-
ulty of Medicine, Cairo University, and acclimat-
ed in the lab for 15 days before the experiment. 
Each five rats were placed in a metal cage in ac-
cordance with the Institutional Animal Care and 
Use Committee’s (IACUC) normal operating pro-
cedures and following Institutional Review Board 
approval (approval number: CU-III-F-85-23). Rats 

were given unlimited access to normal food and 
water.

Chemicals

Zinc oxide nanoparticles: obtained from Plant 
Physiology Department, Faculty of Agriculture 
Cairo University. ZnONPs appeared as a grey na-
no-powder with a molecular weight of 65.39g/
mol. Its Chemical Abstract Service Registration 
Number (CAS No) is 7440-66-6, and the product 
number is 578002.

Characterization of ZnONPs is done to study their 
size and shape. The water emulsion of ZnONPs 
was dropped into an air-dried carbon-coated cop-
per grid at room temperature (Ghosh et al., 2016), 
and examined by Transmission Electron Micro-
scope (JEOL JEM-2100, Jeol Ltd, Tokyo, Japan) at 
the National Research Center, Cairo, Egypt (Fig. 1). 
ZnONPs was dissolved in distilled water and rats 
were given a dose of 100 mg/kg body weight by 
oral gavage (Hashem and Amin, 2022).

Rutin C: purchased as Rutin C capsules (PHAR-
CO Pharmaceuticals Company, Egypt). Each cap-
sule contained 50 mg Rutin and 100 mg Vitamin 
C. Rutin C was dissolved in distilled water.

Experimental design

The weight of each rat was checked weekly to 
adjust the doses accordingly. All chemicals were 
given via oral gavage and rats of all groups were 
sacrificed 4 weeks after the beginning of the ex-
periment. The forty rats were divided into ten rats 
groups as follows:

Group I (normal control): its rats received noth-
ing.

Group II (vehicle control): its rats were given 
1ml/kg distilled water, the solvent for ZnONPs and 
Rutin C.

Group III (ZnONPs group): its rats were giv-
en ZnONPs in a dose of 100 mg/kg body weight 
(Hashem and Amin, 2022).

Group V (ZnONPs and Rutin C group): its rats 
were given the same dose of ZnONPs as group III 
with concomitant administration of Rutin and Vi-
tamin C at a dose of 50 mg/kg and 100 mg/kg body 
weight respectively (Alsaif, 2009).
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Sampling

At the end of the fourth week from beginning of 
the experiment and after overnight fasting and 
anesthesia by ether inhalation, blood sampling 
from the tail vein of each rat was done. Sacrifice 
of the rats was then carried out by intra-peritone-
al injection of lethal dose of 100 mg/kg of pheno-
barbitone sodium (Shin et al., 2012). The abdo-
men and pelvis of each rat was incised in order 
to excise the prostate, which was then processed 
for further assessments. Previous studies have 
demonstrated that zinc oxide nanoparticles ad-
ministered at a dose of 100 mg/kg induce diffuse 
histopathological alterations affecting all lobes of 
the rat’s prostate; therefore, separate selection or 
comparison of individual prostatic lobes was con-
sidered unnecessary. Moreover, nanoparticle size 
and surface area have been shown to marked-
ly influence reactive oxygen species generation, 
resulting in cellular toxicity across all prostatic 
lobes. The relatively greater susceptibility ob-
served in the ventral lobe is attributable to inher-
ent lobe-specific characteristics, including differ-
ences in vascularization, metabolic activity, and 
secretory function, rather than to a differential 
effect of the administered compound (Mesallam 
et al., 2019; Pinho et al., 2020; Vassal et al, 2021; 
Hashem and Amin, 2022).

Tissue preparation of the prostate gland (Ban-
croft and Gamble, 2008)

Prostate specimens were immediately fixed in 
10% buffered formalin. Dehydration was done 
in ascending grades of ethyl alcohol (50%, 70%, 
90 %, absolute alcohol), then cleared in xylol for 
one day to remove the alcohol. Embedding in liq-
uid paraffin wax was performed overnight in an 
oven at 50 0C, then cooled in order to prepare par-
affin blocks. Prostate sections (5 μm thick) were 
obtained by a steel knife on a microtome, then 
mounted on glass slides, and used for both histo-
logical and Immunohistochemical studies.

Histological studies

Hematoxylin and eosin stain (Salman et al., 
2017).

Masson’s trichrome stain (Sheida et al., 2021): to 

detect collagen deposition.

Immunohistochemical examination

- Proliferating Cell Nuclear Antigen (PCNA) 
staining was used as a marker for cell prolifera-
tion (Morcos and Afifi, 2011). The primary anti-
body was anti-PCNA, which is a rat monoclonal 
antibody (PC10 antibody ab29, 1:200). The anti-
body was provided as a vial of 0.1 ml at a concen-
tration of 200 μg/ml to be used at 1 μg/ml dilution. 
PCNA immunopositivity staining appeared as nu-
clear brown.

- Prostatic specific antigen (PSA) staining (Wang 
et al., 2024). The mouse monoclonal PSA anti-
body (Dianova DIA-PSA, clone HAM18) was ap-
plied. Slides were deparaffinized and exposed 
to heat-induced antigen retrieval solution for 15 
minutes (Agilent, Santa Clara, CA, USA). Protocol 
steps include 5 min peroxidase blocking (Agilent 
REAL), 20 min of primary antibody incubation at 
room temperature, and visualization of the bound 
antibody using the EnVision Flex Kit (Agilent), 
according to the manufacturer’s directions. PSA 
immunopositivity staining appeared as brown cy-
toplasmic granular stain of the lining epithelium 
of the Acini (Bonk et al., 2019).

Morphometric study

Quantitative data was gathered using the Leica 
Qwin 500 Image Analyzer software system (Na-
tional Institute of Mental Health, Bethesda, Mary-
land, USA). We looked at distant standard frames 
of a known area of 11,694 µm2. We used the X40 
and X20 objective lens (200 and 400x magnifi-
cation) to examine five sections of 5 randomly 
chosen rats per group. The following parameters 
were examined to finally extract quantitative data 
from the images:

The average area % of collagen fibers in Mas-
son’s trichrome stained sections.

The quantity of cells that are PCNA positive.

The area percentage of sections stained with 
PSA.

Serological examination

The serum separates after spontaneous coag-
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Fig. 1.- Transmission electron micrograph of ZnONPs suspension showing that most of the nanoparticles are spherical with 
an average size of 13.34± 1.6 nm. (TEM, x100,000).

Fig. 2.- H&E-stained sections of prostates of different groups. Group I (a, b, c): regular prostatic acini (A) with papillary pro-
jection (black arrows), filled with abundant homogenous eosinophilic secretion (green asterisks), intervened by stroma (S) 
showing blood capillaries (curved arrow). The acinar lining epithelium is arranged into two layers: basal layer of low cuboidal 
(yellow arrows) and luminal layer of tall columnar cells (blue arrows). Some nuclei of the lining epithelium are vesicular with 
prominent nucleoli (thick arrows) and eosinophilic cytoplasm. Group III (d, e, f): irregular distorted prostatic acini (A) with 
thin epithelial lining and area of hyperplasia (arrowhead), diminished prostatic secretion (green asterisks) with some de-
generated cell inside the lumens (blue arrow), thickened stroma (S) with congested blood vessels (green arrows) and inflam-
matory cell infiltration (purple arrow). Nuclear pyknosis is observed in some lining epithelial cells (yellow arrows). Group IV 
(g, h, i): prostatic acini (A) variable in size and shape, areas of hyperplastic lining epithelium (arrowhead) showing moderate 
prostatic secretions (green asterisks). The inter-acinar stroma looks apparently normal (S) with minimal inflammatory cell 
infiltration (purple arrow). Most of nuclei are pale basophilic (thick arrows) with eosinophilic cytoplasm.
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ulation of blood samples. It is then centrifuged 
for 15 minutes and kept at -80°C for applying the 
next biochemical studies.

The serum level of Malondialdehyde (MDA) 
(Hassan et al., 2021) was measured by a standard 
kit (Biodiagnostic, Giza, Egypt), following the pro-
cedure of Ruiz-Larrea et al. (1994).

The serum level of Reduced glutathione (GSH) 
was measured by a standard kit (Biodiagnostic, 
Giza, Egypt), following the procedure of Moat-
amed et al., (2019).

Serum prostatic specific antigen (PSA) (Shahin 
and Mohamed, 2017) was measured using an ELI-
SA kit from CUSABIO BIOTECH (Wuhan, China), 
following the manufacturer’s procedure.

Statistical analysis

The Statistical Package for Social Sciences ver-
sion 16 (SPSS Inc., Chicago, USA) was used in or-
der to evaluate the mean and standard deviation 
(SD) for each of the variables under study. Analysis 
of variance (ANOVA) was used to compare groups, 
and Tukey’s Post Hoc test was performed for mul-
tiple comparisons between each pair of groups. 
P-values < 0.05 were deemed statistically signif-
icant, whereas P-values < 0.001 were deemed ex-
tremely statistically significant.

RESULTS
Groups I & II (normal & vehicle controls respec-

tively) showed nearly similar histological, immu-
nohistochemical, and serological results.

Histological results of H & E-stained sections 
(Fig. 2)

Groups I & II revealed the normal prostate ar-
chitecture, consisting of regular prostatic acini 
with papillary projection. The acini contained ho-
mogenous pale eosinophilic secretion and were 
separated by fibromuscular stroma containing 
blood capillaries. The lining epithelium of acini 
showed two layers of cells: a basal layer that ap-
peared low cuboidal, and a luminal layer that ap-
peared tall columnar. Some of the lining epitheli-
al nuclei were vesicular, with prominent nucleoli 
and eosinophilic cytoplasm.

Group III revealed irregular distorted prostatic 
acini with thin epithelial lining and some areas of 
hyperplasia and contained diminished prostatic 
secretion in their lumen. The inter-acinar stroma 
was thickened with congested vasculature and in-
flammatory cell infiltration. Some lining epitheli-
um showed pyknotic nuclei, and the lumen of aci-
ni contained degenerated cells.

Rats of group IV exhibited considerable im-
provement of the histological architecture of the 
prostate, consisting of prostatic acini of variable 
size and shape with few areas of epithelial hyper-
plasia. The prostatic acini contained moderate 
amounts of homogenous secretions. The inter-ac-
inar stroma appeared thin with few inflammatory 
cell infiltrations. Most of the epithelial nuclei are 
pale basophilic with eosinophilic cytoplasm.

Histological results of Masson’s trichrome sec-
tions (Fig. 3)

Groups I & II showed minimum collagen depo-
sition in the fibromuscular stroma. Group III 
showed abundant collagen deposition in the fi-
bromuscular stroma. Group IV showed slight col-
lagen deposition in the fibromuscular stroma.

Immunohistochemical results of PCNA-stained 
sections (Fig. 3)

In Groups I & II, only few acinar cells showed 
dark brown nuclei expressing minimal positive 
PCNA immunoreaction. In Group III, multiple ac-
inar cells showed dark brown nuclei expressing 
marked positive PCNA immunoreaction. In Group 
IV, moderate number of acinar cells showed 
brown nuclei expressing moderate positive PCNA 
immunoreaction.

Immunohistochemical results of PSA-stained 
sections (Fig. 3)

Groups I & II revealed strong immunoreactivity. 
Group III revealed weak immunoreactivity. Group 
IV revealed strong immunoreactivity.

Histomorphometric results (Table 1, Fig. 4)

Area percentage of collagen fibers in Masson’s 
trichrome stained sections: Group III showed 
significantly larger area percentage of collagen 
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deposition than groups I & II. However, this area 
percentage was smaller in group IV than group III.

Number of positive nuclei in PCNA-stained 
sections: Group III exhibited significantly larger 
number of PCNA positive nuclei than group I & II. 
However, this number was significantly smaller in 
Group IV than Group III.

Area percentage of PSA-stained sections in 
different groups: Group III showed significantly 
larger area percent of PSA reaction than groups I 
& II. However, this area percent was significantly 
smaller in Group IV than Group III.

Serological results (Table 2, Fig. 5)

Prostatic Specific Antigen level (PSA): Serum 
level of PSA of group III was noticeably great-
er than that of Groups I and II. But compared to 
Group III, this level was much lower in group IV.

Malondialdehyde level (MDA): Serum MDA level 
of Group III was noticeably higher than in Groups 
I and II. But compared to Group III, this level was 
noticeably lower in Group IV.

Decreased Glutathione Level (GSH): Compared 
to groups I and II, serum GSH was noticeably low-
er in group III. But compared to Group III, this lev-
el was noticeably higher in Group IV.

DISCUSSION
Nowadays, ZnONPs are widely used in several 

aspects of life, but they are suspected to induce 
cytotoxic effects on the prostate gland that impair 
male fertility. The daily intangible human expo-
sure to ZnONPs evokes a great challenge to human 
health and safety. The present study investigates 
ZnONPs-induced prostate toxicity in rats and as-
sesses the potential prophylactic role of Rutin C.

Fig. 3.- a, b, c: Masson’s trichrome prostatic sections of different groups. Group I: minimum collagen deposition in the fibro-
muscular stroma (arrows). Group III: abundant collagen deposition in the fibromuscular stroma (arrows). Group IV: slight 
collagen deposition in the fibromuscular stroma (arrows).  d, e, f: PCNA prostatic sections of different groups. Group I: ex-
press mild positive PCNA immunoreaction having few acinar cells with dark brown nuclei (arrows). Group III: expresses 
marked positive PCNA immunoreaction having multiple acinar cells with dark brown nuclei (arrows). Group IV: expresses 
moderate positive PCNA immunoreaction having moderate number of acinar cells with dark brown nuclei (arrows). g, h, i: 
PSA prostatic sections of different groups. Group I: Show deep staining of the cytoplasm with PSA (arrows). Group III: Shows 
light staining of the cytoplasm with PSA (arrows). Group IV: Show deep staining of the cytoplasm with PSA (arrows).
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In our study, histological examination of group 
III (ZnONPs treated group) showed irregular dis-
torted prostatic acini with thin epithelial lining 

and diminished prostatic secretion in their lu-
men. The acini were separated by thick fibromus-
cular stroma containing congested blood vessels 

Fig. 4.- Mean area percent of collagen fibers, number of PCNA positive immuno-stained cells and area percent of PSA-stained 
sections in all groups.

Table 1. The area percent of collagen fibers, the number of PCNA positive cells and the area percent of PSA-stained sections in all 
groups.

Group Area percentage of collagen 
fibers (Mean)

Area percentage of 
collagen fibers (SD) Compared to group p-value

I 3.32 1.07 --- ----

II 3.14 0.53 I 0.98

III 13.91 1.85
I 0.001**

II 0.001**

IV 6.18 0.81 III 0.001**

Group Number of PCNA positive 
cells (Mean)

Number of PCNA posi-
tive cells (SD) Compared to group p-value

I 15.7 4.85 ---- -----

II 17.5 3.24 I 0.79

III 32.9 5.36
I 0.001**

II 0.001**

IV 18.8 3.58 III 0.001**

Group Area percentage of PSA 
immuno-stained (Mean)

Area percentage of PSA 
immuno-stained (SD) Compared to group p-value

I 2.87 0.56 ---- -----

II 2.9 0.47 I 1.000

III 0.81 0.06
I 0.001**

II 0.001**

IV 3.47 0.78 III 0.001**
* Significant p-value ≤ 0.05.  ** Extremely statistically significant < 0.001.
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and inflammatory cells. These findings agreed 
with Hashem and Amin (2022).

A study of Kim et al. (2014) documented similar 
findings, but at a lower dose of ZnONPs (31.5mg/
kg) compared to the present study. Tolba et al. 
(2018) rationalized the vascular congestion of 
prostatic stroma to the cellular attempts to restore 
a normal oxygen ratio through production of ad-
enosine, which causes the arteries to dilate and 
congest.

In our study, Group III showed shrunken py-
knotic nuclei of the prostatic epithelium. This 
was in accordance with Saliani et al. (2016) who 
attributed this to the ability of nanoparticles to 
diffuse through the nuclear pores leading to nu-
clear damage. Pinho et al. (2020) added that ROS 
pushed the endoplasmic reticulum to produce 
unfolded or misfolded proteins in its lumen, lead-
ing to cell apoptosis and cell destruction.

In the current study, Group III showed epithe-
lial detachment and patchy areas of hyperplasia. 
These findings agreed with Tolba et al. (2018), 
who attributed these findings to the oxidative in-
jury to the lining epithelium causing its prolifer-
ations and differentiation through mitosis, which 
results in the development of new spots of hyper-
plastic epithelium in some areas and epithelial 
detachments.

In the present study, Group III showed thick-
ening of the inter-acinar prostatic stroma with 
inflammatory cellular infiltration. These results 
were consistent with Cao et al. (2019), who ex-
plained that the increased ROS damaged the 
endothelial cells of the capillaries, resulting in 
increased microvascular permeability and ex-
travasation of fluid.

In our study, Group IV (ZnONPs and Rutin C 
treated group) revealed an improvement of pros-
tatic architecture compared to Group III. These 
findings concurred with Blaszczak et al. (2019) 
and Hashem and Amin (2022), who confirmed 
the antioxidant efficiency of Rutin and vitamin C 
against free radicals.

In the present study, histological and histomor-
phometric examination of the collagen fibers in 
Group III was significantly higher when compared 
to control groups. Tolba et al. (2018) attributed the 
increased collagen synthesis to ROS-induced in-
crease in nuclear transcription factor kappa (NF-
ĸB), which is associated with fibrotic and inflam-
matory processes. Genah et al. (2021) showed 
that increased production of cytokines resulted in 
increased fibroblast activation, with subsequent 
increased collagen synthesis.

In the current research, Group IV showed a sig-
nificant decrease in the area percent of collagen 

Fig 5.- Mean serum levels of MDA, GSH, and PSA in all groups.
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when compared to Group III. This agreed with Gul 
et al. (2018), who reported a significant downreg-
ulation in NF-ĸB expression, which encountered 
excessive collagen production caused by ZnONPs 
administration.

In the current study, immunohistochemical and 
histomorphometric analysis of Group III revealed 
a markedly higher number of PCNA-positive nu-
clei in comparison to the control group. However, 
compared to Group III, Group IV showed a marked 
decline in PCNA-positive nuclei. This was consis-
tent with Hashem and Amin’s (2022) findings that 
ZnONPs caused cellular proliferation and glandu-
lar hyperplasia, which in turn led to an increase in 
PCNA-positive nuclei. They also mention that the 
elevation of PCNA expression brought on by ROS 
generation was decreased by rutin’s antioxidant 
function.

In the current work, immunohistochemical 
and histomorphometric examination of Group III 
revealed a significant decrease in the area per-
cent of PSA when compared to the control group. 
While Group IV revealed a significant increase 
in the area percentage of PSA when compared 

to Group III. This agreed with Satari et al. (2021), 
who explained these findings by the breakdown 
of the basement membrane of the prostatic acini 
in ZnONPs-treated group, leading to PSA leakage 
into the serum, while in the ZnONPs- and-Ru-
tin-treated group there was a restoration of the 
integrity of the basement membrane preventing 
the leakage of PSA.

In the current work, serological examination of 
Group III showed a significant increase in the se-
rum PSA when compared to control group. This 
agreed with Shahin and Mohamed (2017), who 
rationalized that to the breakdown of the cellular 
basement membrane of the prostatic acini and 
ducts, allowing PSA to leak into the prostatic pa-
renchyma and ultimately into serum. Group IV in 
our study revealed a significant decrease in PSA 
compared to Group III. This was in agreement 
with Hashem and Amin (2022), who attributed 
that reduction of PSA to the restoration of the in-
tegrity of the basement membrane, which keeps 
PSA from passing into the serum.

According to Weir et al. (2000), the various PSA 
complexes detected in the serum might or might 

Table 2. Mean ± SD of the serum level of MDA, GSH and PSA levels in all groups

Group MDA (nmol/ml) Mean MDA (nmol/ml) SD Compared to group p-value

I 42.60 4.32 --- ---

II 42.65 4.06 I 1.000

III 124.05 7.37
I <0.001**

II <0.001**

IV 55.75 13.79 III <0.001**

Group GSH (mmol/ml) Mean GSH (mmol/ml) SD Compared to group p-value

I 227.1 18.06 ---- ----

II 223.1 17.05 I 1.000

III 104.95 4.38
I <0.001**

II <0.001**

IV 216.2 10.79 III <0.001**

Group PSA (g/ml) PSA (g/ml) Compared to group p-value

I Mean SD ---- ----

II 2.35 0.31 I 0.98

III 2.3 0.19
I <0.001**

II <0.001**

IV 3 0.15 III <0.001**
* Significant p-value ≤ 0.05.  ** Extremely statistically significant < 0.001
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not be present in the tissue, and if they are, they 
might not be responsive to anti-PSA antibodies. 
Since there was no link between tissue PSA and 
serum PSA, the authors showed a difference be-
tween the immuno-expression of tissue PSA and 
the serum PSA level in the ZnONPs group.

In the current study, serological examination of 
Group III showed a significant increase in MDA 
and a decrease in GSH when compared to control 
group. Such changes could be attributed to oxida-
tive stress and production of ROS that led to DNA 
damage, lipid peroxidation, inflammatory reac-
tions and organelle dysfunction as mentioned by 
Hosseini et al. (2020) and Mesallam et al. (2019), 
who added that ZnONPs’ toxicity was inversely 
correlated with their size, so that the nanoparti-
cles’ surface area and size had an impact on their 
capacity to generate ROS and, in turn, their cellu-
lar toxicity.

In the present work, serological examination of 
Group IV showed a significant decrease in MDA 
and increase in GSH as compared to Group III. 
This was in accordance with Khan et al. (2017), 
who stated that Rutin acted as a scavenger of ROS 
through giving hydrogen atoms to peroxy radicals, 
superoxide anions, and hydroxyl radicals. Ziama-
jidi et al. (2023) confirmed the role of vitamin C in 
elimination of free radicals.

Our results showed that vitamin C and Rutin 
have potent antioxidant qualities against oxida-
tive stress in the rats given ZnONPs. According 
to previous studies, nutritional molecules can in-
teract with nanoparticles and influence their tox-
icity; however, this varies depending on the kind 
of nanoparticle and nutrient molecule. Further-
more, food molecules may modify Zn ion release, 
which impacts ZnONPs toxicity (Ekhlasian et al., 
2023).

Attia et al. (2018) suggested that nanoparti-
cles-induced ROS production hinders the produc-
tion of antioxidant enzymes, such as superoxide 
dismutase, catalase, peroxidases, reductase and 
transferases. Therefore, cells try to stimulate 
nuclear transcription factor kappa B, which par-
ticipates in the mRNA transcription of these an-
tioxidant enzymes, but cells are still unable to re-
establish the usual balance when soluble NPs are 

present, which causes cytotoxicity and ultimately 
cell death. Sewelam and Shehata (2021) showed 
that the genes that encode cytokines, chemokines, 
and other inflammatory mediators like IL-1, IL-6, 
IL-8, and tumor necrosis factor-α were up-regu-
lated as a result of the increased oxygen free rad-
icals brought on by ZnONPs. The polymorph nu-
clear leukocytes (PMNLs), which generate more 
ROS, are then activated, and invaded as a result of 
these chemicals.

In contrast to the results of our work, Salman 
(2017) claimed that only a high dose of ZnONPs 
(350 mg/kg/day) had toxic effects on the pros-
tate and testis, while lower dose (150 mg/kg/day) 
caused only delirious effect on seminal vesicles. 
Such a difference might be related to shortening 
the duration of ZnONPs administration to fifteen 
days only.

Our study concluded that administration of zinc 
oxide nanoparticles had deleterious effects on the 
biochemical and histological architecture of the 
prostate. Rutin C has protective effects against the 
toxic effect of ZnONPs.

Our study recommended to consume Rutin-
C-rich food and supplements. Further studies 
are required to study the long-time exposure to 
ZnONPs, to know the impact of NPs on fertility in 
males.
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SUMMARY
The prostate gland is known for its potential 

implications, particularly prostate cancer and be-
nign prostatic hyperplasia. It is supplied by the 
prostatic artery, which shows considerable ana-
tomical variation, directly implicating prostatic 
artery embolization, an emerging minimally in-
vasive therapy for benign prostatic hyperplasia. 
Identifying prostatic artery origin variation is 
essential in order to optimize embolization and 
improve clinical outcomes. The objective was to 
investigate the anatomical variation of the pros-
tatic artery using cadaveric dissection and an-
giographic evaluation, and to assess the impact 
of this variation on clinical outcomes following 
prostatic artery embolization. A bilateral cadav-
eric dissection was conducted on five male pelvis 
specimens to identify prostatic artery origin. The 
radiological arm included 54 symptomatic benign 
prostatic hyperplasia patients undergoing pros-
tatic artery embolization, with prostatic artery 
origin variation and symmetry documented. IPSS 
recorded pre-procedure and at 3 and 6 months 
post-embolization, and statistical analysis was 

performed.

Cadaveric analysis showed that the prostatic ar-
tery most commonly originated from vesical ar-
teries (60%), followed by the obturator (20%) and 
internal pudendal arteries (20%). Radiologically, 
vesical origin was also the most frequent (41.7%), 
followed by obturator (23.1%), internal pudendal 
(21.3%), and internal iliac artery (13.9%). Sym-
metrical prostatic artery origin was observed in 
83.3% of patients. Prostatic artery embolization 
produced a significant reduction in mean IPSS, 
from 24.53 pre-procedure to 16.31 and 11.56 af-
ter 3 and 6 months respectively (p<0.001). Nei-
ther patient age nor prostatic artery origin im-
pacted clinical improvement. The prostatic artery 
shows marked anatomical variability, with vesical 
arteries representing the most frequent origin. 
Prostatic artery embolization is an effective treat-
ment for benign prostatic hyperplasia, producing 
significant improvement regardless of prostatic 
artery origin or patient age.
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INTRODUCTION
The human prostate is a pyramidal gland locat-

ed below the bladder, comprising distinct anatom-
ical, histological, and pathological regions. His-
torically, Lowsley (1912) led the initial anatomical 
division of the prostate gland into five lobes: the 
middle (median), anterior, posterior and two lat-
eral lobes, with the lateral lobes containing most 
glandular tissue. Histologically, the gland consists 
of compound tubuloalveolar glands embedded 
in a dense fibromuscular stroma, with a two-lay-
ered epithelium and occasional corpora amylacea 
within the lumina (De Marzo et al., 2007). His-
torically, the posterior lobe was considered the 
primary site of prostate cancer and the median 
lobe of benign prostatic hyperplasia. However, the 
widely accepted zonal classification by McNeal 
(1988) describes peripheral, central, and transi-
tional zones. The peripheral zone contains about 
70% of glandular tissue, and is the most frequent 
site of cancer; the transitional zone surrounds 
the urethra and enlarges in older men with BPH; 
and the central zone, surrounding the ejaculatory 
ducts, is rarely affected primarily, but may be sec-
ondarily involved in malignancy (Ittmann, 2018).

The pelvic region is primarily supplied by the 
internal iliac artery, which exhibits considerable 
variability in its branching pattern, with recog-
nized differences related to sex. Awareness of 
these anatomical variations is of particular im-
portance in pelvic and urological surgeries. Early 
attempts to classify the branching pattern of the 
internal iliac artery relied on a simplified division 
into anterior and posterior trunks from which the 
smaller branches arise (Carter, 1867; Sharpey 
et al., 1867; Wilson, 1868). A more detailed and 
widely adopted classification was later proposed 
by Adachi (1928), who described five types based 
on the origin of the gluteal and internal puden-
dal arteries, whether arising independently or 
from common trunks. This classification did not 
consider variations in the origin of the obturator 
artery previously described by Lipshutz (1918), 
and was subsequently refined by Ashley and An-
son (1941), who incorporated the umbilical artery 
into the classification scheme. According to Ya-
maki et al. (1998), the most frequent branching 
pattern (60–80%) consists of the internal iliac 

artery branching into the superior gluteal artery, 
and a common trunk giving rise to both the infe-
rior gluteal and internal pudendal arteries. Less 
commonly, a common trunk for the superior and 
inferior gluteal arteries or for the superior gluteal 
and internal pudendal arteries may be observed, 
while in some cases all three arteries originate in-
dependently.

Lipshutz (1918) reported that the prostatic ar-
tery most frequently originated from the anterior 
division of the internal iliac artery (30%), followed 
by the obturator artery (15%), the middle rectal 
artery (10%), the ischiopudendal trunk (10%), 
and the inferior gluteal artery (5%). In a later 
anatomical study, Clegg (1955) examined the or-
igin of the prostatovesical artery, and found that 
52.9% arose from the common trunk of the infe-
rior gluteal and internal pudendal arteries, 11.8% 
originated from the umbilical artery or its origin, 
11.8% from a common trunk with the vesicodef-
erential artery, 5.9% from the internal pudendal 
artery, and 5.9% from the obturator artery. Rob-
erts and Krishinger (1967) similarly reported the 
ischiopudendal trunk as the most frequent site of 
origin (37.7%), followed by the obturator artery 
(23.3%), superior vesical artery (13.3%), inferior 
vesical artery (13.3%), internal pudendal artery 
(10%), and, less commonly, the dorsal artery of 
the penis (3.3%).

The prostatic vascular system is a crucial factor 
in the growth and function of the prostate; affec-
tion of the blood flow to the prostate gland may 
be involved in the BPH development and control 
(Carnevale et al., 2013). The prostate receives 
its arterial blood supply from prostatic branch-
es of variable anatomical origins. According to 
Teichgraber et al. (2018), superior and inferior 
vesical arteries typically arise from the internal 
iliac artery. The inferior vesical artery runs cau-
dally to reach the base of the bladder, supplying 
the seminal vesicles and the prostate as well. In 
some cases, the inferior vesical artery shares a 
common trunk with either superior vesical artery 
or middle rectal artery, from which the prostatic 
artery (PA) may arise. The superior vesical artery 
supplying the superior surface of the bladder may 
also contribute to prostatic supply. Additionally, 
prostatic branches may arise from the common 
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gluteal–pudendal trunk or directly from the inter-
nal pudendal artery (Bilhim et al., 2011).

Moya et al. (2017) reported six possible origins 
for the PA: internal pudendal artery (29.3%), glu-
teal-pudendal trunk (27.5%), inferior vesical ar-
tery (20.7%), middle rectal artery (15.5%), obtura-
tor artery (5.2%), and other less common sources. 
On the other hand, angiographic classification 
simplifies the PA origin into four main types: a 
common vesical trunk dividing into superior and 
inferior vesical arteries; inferior vesical artery 
arising separately from the internal iliac artery; 
obturator artery; and internal pudendal artery. 
Less common origins include the accessory pu-
dendal artery, anterior division trifurcation of the 
internal iliac artery, posterior division of the in-
ternal iliac artery, and inferior epigastric artery 
(De Assis et al., 2015).

A number of studies reported that the prostate 
may, in some cases, receive dual arterial supply, 
with a cranial anterolateral pedicle mainly sup-
plying the transition zone and a caudal postero-
lateral pedicle supplying the apex and peripheral 
zone. The anterolateral pedicle often supplies the 
central gland and BPH nodules, typically arising 
from the vesical arteries and commonly targeted 
in embolization procedures. The posterolateral 
pedicle supplies the peripheral and caudal pros-
tate and may communicate with rectal branches. 
Anastomoses with surrounding arteries are com-
mon and should be considered during emboli-
zation (Bilhim et al., 2012; De Assis et al., 2015; 
Wang et al., 2017).

Prostate tissue remodelling and degeneration 
are part of the normal aging process, leading to 
alterations in smooth muscle function, prostate 
size, enlargement, and fibrosis, which ultimately 
disturb prostatic function (Liu et al., 2019). BPH is 
one of the commonest diseases affecting men af-
ter the age of forty, with the risk of onset and pro-
gression increasing with advancing age. Genetics, 
diet, and lifestyle also influence the prevalence of 
the disease (Lim, 2017).

Benign prostate syndrome (BPS) refers to low-
er urinary tract symptoms and bladder outlet ob-
struction secondary to BPH (Liu et al., 2019). BPH 
is regarded as a nodular disease, typically affect-

ing the transition zone rather than the whole pros-
tate. Bladder outlet obstruction does not correlate 
solely with prostate size but is largely influenced 
by the location of the adenoma, particularly if sit-
uated near the bladder neck or urethra (Nickel et 
al., 2016). Thus, prostate size and symptom se-
verity are not necessarily correlated. Even small 
prostates may cause significant symptoms if the 
adenoma is strategically positioned. Symptoms 
of BPS typically include delayed initiation of mic-
turition, prolonged voiding time, weak urinary 
stream, a sensation of incomplete bladder empty-
ing, increased nocturia, frequency, urgency, and 
dysuria — all of which significantly impact the 
quality of life in older men (Carnevale et al., 2013).

Treatment decisions for BPS are primarily guid-
ed by the impact of symptoms on patients’ quality 
of life. First-line management typically involves 
pharmacological therapy. Drug therapies for BPH 
can improve urine flow, but they do not reduce the 
size of the prostate and can contribute to sexual 
dysfunction or hypotension as side effects (Bilhim 
et al., 2012). If medical management fails, surgi-
cal intervention may be required. Transurethral 
resection of the prostate has been for decades the 
gold-standard surgical treatment for symptomat-
ic BPH, although it carries a morbidity rate of up 
to 20% (Capdevila et al., 2021).

Prostatic artery embolization has emerged since 
2000 as a minimally invasive alternative tech-
nique for symptomatic patients, offering compa-
rable clinical outcomes with faster recovery and 
fewer complications (De Assis et al., 2015). Ad-
vantages of PAE include avoiding hospitalization, 
general anesthesia, and surgery, and reducing 
the risk of sexual side-effects such as retrograde 
ejaculation or erectile dysfunction (Franco et al., 
2023). PA embolization involves selective embo-
lization of intraprostatic vessels and precapillary 
arterioles, resulting in irreversible ischemia and 
an inflammatory response that leads to complete 
tissue anoxia. Subsequent gland shrinkage occurs 
following edema resorption and scar formation. 
Accurate identification of PA vasculature and its 
origins during embolization is essential to avoid 
nontarget embolization and to recognize small 
anastomoses between intraprostatic branches or 
adjacent arteries (Zhang et al., 2015; Teichgra-
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ber et al., 2018). Misinterpretation of the vascular 
anatomy of the PA and its variations could result 
in nontarget embolization of periprostatic organs 
and other structures such as the bladder, rectum, 
and penis (Pilan et al., 2022).

The International Prostate Symptom Score 
(IPSS) is a validated and widely used tool for as-
sessing lower urinary tract symptoms related to 
benign prostatic hyperplasia (BPH). The ques-
tionnaire comprises seven questions, each scored 
from 0 to 5 according to symptom severity. These 
items assess key urinary symptoms including in-
complete emptying, frequency, intermittency, ur-
gency, weak stream, straining, and nocturia, the 
maximum total score is 35 (Barry et al., 2017). It is 
designed to assess the severity of symptoms, iden-
tify patients who may benefit from intervention, 
and monitor response to treatment over time. 
With scores interpreted as follows: 0–7 indicating 
mild symptoms, 8–19 moderate symptoms, and 
≥20 severe symptoms (Naidu et al., 2021). This 
simple tool remains a core component of both 
clinical assessment and research in BPH (Zhu et 
al., 2024).

The aim of the work was to study the anatom-
ical variations of the prostatic artery (PA) using 
both cadaveric dissection and angiography, and 

to evaluate the impact of these variations, as well 
as embolization outcomes on IPSS, through the 
angiography.

MATERIALS AND METHODS

Cadaveric study

This cadaveric study was conducted in accor-
dance with applicable ethical standards and insti-
tutional regulations. Cadaveric specimens were 
obtained through recognized body donation pro-
grams. Specimens were prepared and preserved 
in 10% formalin solution according to institu-
tional protocols, ensuring proper fixation, ethical 
compliance, and suitability for anatomical study.

The study was conducted in accordance with 
the guidelines of the Declaration of Helsinki and 
approved by the Ethics Committee of October 6 
University (protocol code O6U-ERC-0055).

The authors sincerely thank those who donat-
ed their bodies to science so that anatomical re-
search and teaching could be performed. Results 
from such research can potentially increase sci-
entific knowledge and can improve patient care. 
Therefore, these donors and their families de-
serve our highest respect.

Fig. 1.- Cadaveric dissection of a right pelvic side showing the PA originating from the vesical artery. 1: Internal iliac artery; 2: 
Anterior division; 3: Superior vesical artery; 4: Obturator artery; 5: Inferior vesical artery; 6: Prostatic artery; 7: anastomotic 
branch; 8: Middle rectal artery; 9: Internal pudendal artery; 10: Posterior division; 11: Iliolumbar artery; 12: Lateral sacral 
artery; 13: Gluteal branches. EIA: External iliac artery; UB: Urinary bladder; SP: Symphysis pubis; P: Prostate.
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The cadaveric study was performed bilaterally 
on five adult male pelvis specimens. Dissection 
started with the identification, delineation, and 
separation of both common iliac arteries and 
their bifurcation into the external and internal ili-
ac arteries. All branches of the internal iliac artery 
were carefully dissected, with particular attention 
paid to the origin and course of the PA.

Radiological study (Patients)

The radiological study included 54 patients 
clinically diagnosed with BPH, aged over 50 years, 
with an IPSS greater than 19. All patients pro-
vided written informed consent to participate in 
the study. Exclusion criteria included suspicion 
of prostate cancer, active urinary tract infection, 
abnormal coagulation profile, or known allergy 
to contrast media. These criteria were previously 
applied by Basiouny et al. (2022).

Prostatic artery embolization procedure

Prostatic artery embolization was performed 
according to standard techniques under intrave-
nous sedation, targeting the PA. All procedures 
were performed by the second author using a Sie-
mens Monoplane angiography machine (Siemens 
Inc., Germany). Right femoral artery puncture was 
performed under local anesthesia, and a catheter 
was advanced through the femoral artery to the 
internal iliac artery and its anterior division, us-
ing digital subtraction angiography (DSA). Selec-
tive catheterization of the PA was performed us-
ing a microcatheter. Selective PA angiography was 
done to assess the arterial course, related anas-
tomoses, and to avoid non-target embolization. 
Embolic material was introduced into the PA in 
order to achieve stasis of blood flow and complete 
occlusion of the prostatic parenchymal supply 
(Basiouny et al., 2022; Bilhim, 2023). Technical 
success is identified as successful embolization of 
all angiographically and/or cone-beam-comput-
ed-tomography visible arterial supply to the pros-
tate and stasis in the PA with no contrast uptake in 
images taken in intraoperative imaging.

It is worth noting that the radiological classifi-
cation of the PA, as described by Carnevale et al. 
(2017), shows a slight variation from the tradi-
tional anatomical descriptions. Radiologists, for 

instance, often refer to a common vesical trunk as 
type I, whereas anatomists usually differentiate 
between the superior and inferior vesical arteries 
as separate branches. According to the radiologi-
cal classification, the PA can arise from the vesi-
cal artery (type I), directly from the internal iliac 
artery (type II), the obturator artery (type III), the 
internal pudendal artery (type IV), or from less 
common origins (type V). In this study, we use the 
term vesical origin more broadly, to refer to any 
origin involving vesical arteries, allowing for a 
practical alignment between both anatomical and 
radiological viewpoints.

Outcome measures

Changes in IPSS were recorded before the pro-
cedure, at 3 months and 6 months postoperative-
ly.

Statistical analysis

SPSS version 22.0 software was used for data 
analysis. Continuous data were presented as mean 
± standard deviation, and categorical data were 
presented as percentages. The t-test was used for 
pairwise comparisons of continuous variables 
between groups, and analysis of variance (ANO-
VA) was applied for comparisons among multi-
ple groups. A p-value < 0.05 was considered sta-
tistically significant, and < 0.001 was considered 
highly significant.

RESULTS

Cadaveric results

In all cadaveric pelvic sides (No = 10), the inter-
nal iliac artery exhibited anterior and posterior 
divisions, but with variable branching patterns. 
The PA, being the specifically examined vessel, 
was identified as a direct branch from the vesical 
artery in six pelvic sides as it passed to supply the 
urinary bladder (Fig. 1). In two specimens, the PA 
originated from the obturator artery, and in an-
other two, it originated from the internal puden-
dal artery. No cases demonstrated a direct origin 
from the internal iliac artery or other branches. 
There was no difference in PA origin between both 
sides in any of the examined specimens (Table 1).
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Radiological results

Anatomical variations of the origin of PA were 
observed during angiography of all the cases 
treated with PA embolization included in the cur-
rent study.

The PA originated from the vesical artery in 45 
sides (18 bilateral, 4 from the right side, and 5 
from the left). It arose from the obturator artery 
in 25 sides (11 bilateral, one from the right side 
only, and two from the left). The PA was found to 
originate from the internal pudendal artery in 
23 sides (bilaterally in 10 cases, from the right in 
2, and from the left in 1 case). It originated from 
the internal iliac artery in 15 sides (bilaterally in 
6 cases, from the right in 2, and from the left in 
1). Out of the 54 cases, 45 (83.3%) demonstrated 
symmetrical PA origin on both sides, while 9 cas-
es showed an asymmetrical origin (Table 2 and 
Fig. 2).

All patients were followed for IPSS measure-
ment before procedure, and at 3 and 6 months af-
ter the procedure. A progressive improvement in 
IPSS was observed at both time points. The mean 
pre-procedure IPSS score of 24.53 dropped to 
16.31 after 3 months and to 11.56 after 6 months. 
This improvement was statistically analyzed and 
showed highly significant differences between the 
three measurements (Tables 3-4 and Fig. 3).  

The impact of the origin of PA (after excluding 
patients with asymmetrical origin) as well as pa-
tient age, on the IPSS was also tested and no sta-
tistically significant differences were detected 

(Tables 5-6).

It is to be noted that all specimens included in 
the study contributed to the statistical analysis. 
However, only representative images from ca-
daveric dissections and radiological studies were 
selected to illustrate key anatomical findings. Im-
ages of lower quality or preservation status were 
excluded from publication to maintain clarity and 
scientific rigor.

DISCUSSION
In the present study, the main origin of the PA 

was found to be from the vesical arteries. There is 
an obvious variation in the description of the ves-
ical artery origin. The classical anatomical classi-
fication points to distinct origins of both superi-
or vesical artery and inferior vesical artery, both 
originating from the anterior division of the inter-
nal iliac artery. The superior vesical represents 
the post foetal fate of the umbilical artery, with its 
terminal part obliterated forming the medial um-
bilical ligament. While the inferior vesical artery 
—also referred to as the vaginal artery in females— 
descends caudally to supply the pelvic genital 
organs. However, different studies have shown 
variable origins of the vesical arteries including a 
common trunk, multiple superior vesical arteries 
or a shared origin of inferior vesical artery with 
other pelvic branches such as middle rectal or ob-
turator arteries (Bilhim et al., 2011; Mamatha et 
al., 2015; De Treigny et al., 2017). That is why we 
adopted the term “vesical origin” in the present 
work, to bypass the origin dilemma.

Table 1. Distribution of PA origins observed in cadaveric specimens

PA origin Number of specimens Percentage

Vesical artery 6 60%

Obturator artery 2 20%

Internal pudendal artery 2 20%

Table 2. Distribution of PA origins observed in patients

Origin Symmetrical origin Right side Left side Total Percentage

Vesical 18 cases (36 sides) 4 sides 5 sides 45 sides 41.7 %

Obturator 11 cases (22 sides) 1 side 2 sides 25 sides 23.1%

Internal pudendal 10 cases (20 sides) 2 sides 1 sides 23 sides 21.3%

Internal iliac 6 cases (12 sides) 2 sides 1 sides 15 sides 13.9%

Total 45 cases (90 sides) 9 cases (18 sides) 54 cases (108 sides) 100%
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The PA originated from the vesical artery in 
60% of the cadaveric arm of the study and in 41.7 
% of the radiological arm. These cadaveric results 
strongly correspond to those of Garcia-Monaco et 
al. (2014) who reported the vesical artery as the 
most common origin of the PA in 56.5% of cases. 
The similarity between the results along with the 
rarity of cadaveric studies highlights the import-
ant implication of the study.

On the other hand, the radiological findings 
strongly support our previous results (Basiouny 
et al., 2022). They also correspond to the findings 
of Carnevale et al. (2017), Du Pisanie et al. (2019), 
Enderlein et al. (2020) and Moschouris et al. 
(2023), who reported the superior vesical artery 
as the most common origin of the PA in 33.9%, 
34.3%, 27.5% and 31% of cases respectively. The 
cumulative consideration of the vesical origin in 

Fig. 2.- Digital subtraction angiography images demonstrating different origins of right prostatic arteries before and after 
embolization. In all images Black arrow points to the internal iliac artery or the microcatheter inside it. Yellow arrow points 
to the vesical artery, Green artery points to the obturator artery. Blue artery points to the internal pudendal artery. Red arrow 
points to the prostatic artery. a) Pre-embolization blush (*) of prostatic artery. b) The same patient following embolization. c) 
Pre-embolization prostatic artery originating from vesical trunk. d) The same patient following embolization. e) Pre-emboli-
zation prostatic artery originating from internal iliac artery. f) The same patient following embolization.
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the present work may contribute to the higher lev-
els observed. Conversely, variability in reported 
prevalence has been described in other reviews. 
Some studies have reported a higher frequency 
of origins from the internal pudendal artery or 
from a common trunk with superior vesical artery 
(Xuan et al., 2019; Șerbanoiu et al., 2023). These 
discrepancies are likely related to differences in 
study design, imaging technique and classifica-
tion criteria, rather than true inconsistencies. Im-
portantly, such studies primarily address overall 
clinical efficacy of prostate artery embolization, 
and do not specifically analyze the impact of arte-
rial origin variability on clinical outcomes.

The present study was conducted on 54 pa-
tients, all over 50 years old, diagnosed with BPH 
and presenting with an IPSS score of 19 or high-
er. All the patients demonstrated improvement in 
IPSS score 3 and 6 months following the proce-
dure. The mean IPSS score of the patients dropped 
from 24.53 before the procedure to 16.31 at three 
months and 11.56 six months after the procedure. 
The study revealed a highly significant difference 
as regards the IPSS progress, indicating a high 
treatment efficacy. These findings confidently 
confirm the suitability of this procedure for the 
treatment of BPH.

Table 3. Showing the mean and standard deviation (SD) of IPSS before the procedure and 3 and 6 months post-embolization in all 
patients (N = 54)

IPSS Before IPSS after 3 months IPSS after 6 months
ANOVA P value

Mean SD Mean SD Mean SD

24.53 2.91 16.31 2.57 11.56 2.83 252.03 0.0001

Table 4. Multiple comparison between IPSS before the procedure, 3 months, and 6 months post-procedure in all patients (N = 54)

Groups P value Lower bound of 95% CI Upper bound of 95% CI

IPSS Before IPSS after 3 months 0.0001 7.0653 9.3792

IPSS Before IPSS after 6 months 0.0001 11.8208 14.1347

IPSS after 3 months IPSS after 6 months 0.0001 3.5986 5.9125

Table 5. Mean and standard deviation of IPSS scores before, and at 3 and 6 months after the procedure, according to the origin of 
the PA (symmetrical bilateral cases only, N = 45)

IPSS
Vesical A 

(N = 18 = 40%)
Obturator A 

(N = 11 = 24.5%)
IPA

(N = 10 = 22.2%)
IIA 

(N = 6 = 13.3%) ANOVA P value
Mean SD Mean SD Mean SD Mean SD

Before 24.389 3.16 24.818 2.44 23.700 3.09 25.833 2.79 0.707 0.553

after 3 months 16.500 2.90 16.182 2.14 15.400 2.80 17.500 1.64 0.885 0.457

after 6 months 11.944 3.06 11.182 2.52 10.400 2.59 13.000 2.83 1.275 0.296
No statistically significant difference between the groups

Table 6. Mean and standard deviation (SD) of IPSS scores before, and at 3 and 6 months after the procedure, according to the age 
groups (N = 54)

IPSS
50-60

(N = 16 = 29.6%)
60-70

(N = 26 = 48.2%)
Above 70

(N = 12 = 22.2 %) ANOVA P value
Mean SD Mean SD Mean SD

Before 24.29 3.07 25.40 2.62 23.27 2.94 2.062 0.140

after 3 months 15.71 2.73 17.35 2.01 16.18 2.75 3.424 0.132

after 6 months 11.07 3.27 12.45 2.61 10.55 2.34 1.986 0.150
No statistically significant difference between the groups
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Recent meta-analyses and large clinical series 
have demonstrated that prostate artery emboli-
zation (PAE) results in significant improvement in 
IPSS and quality of life in patients with BPH, sup-
porting its role as an effective, minimally invasive 
treatment option (Wang et al., 2018). Although 
comparative analyses have shown that certain 
functional outcomes, such as maximum urinary 
flow rate and prostate volume reduction, may be 
more pronounced following transurethral resec-
tion of the prostate (Xu et al., 2021), these studies 
primarily evaluate overall clinical efficacy and do 
not address the potential influence of anatomical 
variations in the origin of the prostatic artery. In 
this context, the present study adds specific an-
atomical insight by demonstrating that clinical 
improvement, as reflected by IPSS reduction, is 
achieved irrespective of the arterial origin pat-
tern. 

Neither the patient’s age nor the origin of his PA 
affected the outcomes of the study. There was no 
statistically significant difference between patient 
groups when stratified by age. Although some 
studies have reported an inverse relationship be-
tween age and the success of the procedure (Bil-
him et al., 2016), this was attributed later by the 
same author to arterial sclerosis and impaired 
bladder physiology (Bilhim, 2023). Enderlein et 
al. (2020) found that arterial tortuosity increases 
with age, resulting in longer procedure times and 
technical difficulties.  The findings of the present 

work are consistent with this explanation. On the 
other hand, Loffroy et al. (2024) and Zorzi et al. 
(2025) denied the effect of the age as an influenc-
ing factor of IPSS improvement. Overall, it seems 
that age may influence the technical aspects of the 
procedure rather than its results.

In the present work, we examined both cadav-
eric and clinical findings as concerning the PA 
origin; we also monitored IPSS scores in order to 
establish a robust conclusion regarding the effica-
cy of PA embolization as a therapeutic procedure. 
However, the modest sample size —particularly in 
the cadaveric arm, where ethical considerations 
limited its use— and the single center design were 
obstacles that should be addressed in future work.

CONCLUSION
We conclude that the PA exhibits variable origins 

among the population, with the vesical arteries 
being the most common source. We also conclude 
that PA embolization is an effective therapeutic 
management of BPH, regardless of the patient’s 
age or PA origin.
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Relationship between dorsal digit ratio and 
hand grip strength in young adult Nigerian 

population 
Smart I. Mbagwu, Chidiebere A. Nnajieze, Kelechi E. Ichie

Department of Anatomy, Faculty of Basic Medical Sciences, Nnamdi Azikiwe University, PMB 5025, Awka, Anambra State, Nige-
ria 

SUMMARY
Digital ratio, particularly the second-to-fourth 

digit ratio (2D:4D), has been explored as a non-in-
vasive marker of prenatal hormone exposure 
and a potential predictor of Hand Grip Strength 
(HGS). While previous studies have linked low-
er 2D:4D ratios to enhanced physical strength, 
evidence from African populations remains lim-
ited. This study investigated the relationship be-
tween dorsal digit ratios (2D:4D and 3D:5D) and  
handgrip strength (HGS) in a sample of young 
adult Nigerians aged between 18 and 30 years. 
A total of 249 participants (124 males and 125 
females) were randomly selected. Dorsal dig-
it lengths were measured using a digital vernier 
caliper, and HGS was assessed using a modified 
sphygmomanometer.

Results showed clear sexual dimorphism in 
both digit ratios and hand grip strength. Females  
had significantly higher right-hand 2D:4D ratios 
than males, while males exhibited significantly 
greater HGS and longer digits across all measured 
fingers. Notably, the 2D:4D ratio was a significant 
predictor of left-hand grip strength across sexes. 
In males, the right-hand 2D:4D ratio did not cor-

relate with grip strength, whereas the 3D:5D ratio 
proved a better predictor. Among females, both 
2D:4D and 3D:5D ratios showed significant asso-
ciations with grip strength in both hands.

These findings suggest that dorsal digit ratios, 
particularly 2D:4D and 3D:5D, may serve as use-
ful indicators of grip strength, with hand-specif-
ic and sex-specific variations in predictive value. 
This pattern reinforces the relevance of digit ra-
tio variation as a potential anatomical marker of 
functional performance.

Key words: Digit ratio – Humans – Nigeria – 
Hand strength – Sex factors 

INTRODUCTION
The 2D:4D digit ratio, defined as the ratio be-

tween the lengths of the second (index) and fourth 
(ring) digits, has emerged as a non-invasive bio-
marker of prenatal sex hormone exposure, partic-
ularly the balance between fetal testosterone and 
estrogen levels (Lutchmaya et al., 2004; Manning 
et al., 1998; Zheng and Cohn, 2011). This sexu-
ally dimorphic trait is established early in devel-
opment and remains relatively stable across the 
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lifespan (Manning and Fink, 2023). Typically, 
lower 2D:4D ratios, where the ring finger is longer 
than the index finger, indicate higher exposure 
to prenatal testosterone and are more common 
in males, while higher ratios are associated with 
greater prenatal estrogen exposure and are more 
frequently observed in females (Manning et al., 
2007; Zhao et al., 2013). Though most commonly 
measured on the ventral surface, the dorsal digit 
ratio has gained traction as a more anatomical-
ly reliable indicator, due to reduced interference 
from fingertip fat and flexion creases (Kumar et 
al., 2017).

Beyond its developmental implications, digit 
ratio has been associated with a range of behav-
ioral, cognitive, and physiological traits. Prenatal 
androgen exposure is known to influence the de-
velopment of systems essential for physical fit-
ness, such as the musculoskeletal, cardiovascular, 
and central nervous systems (Zheng and Cohn, 
2011), which could confer performance-related 
advantages to individuals with lower 2D:4D ratios 
(Klimek et al., 2014). As such, digit ratio has been 
associated with a range of physical and behavioral 
traits, including facial morphology (Meindl et al., 
2012), athletic performance (Honekopp and Wat-
son, 2010; Kim and Kim, 2016), sexual orientation 
(Grimbos et al., 2010), and personality features 
(Bailey and Hurd, 2005; Bağci Uzun and İnceoğlu, 
2024). Likewise, higher ratios have been associat-
ed with anxiety and emotional vulnerability, par-
ticularly in females (Manning et al., 2014; Rinella 
et al., 2022). From a physiological standpoint, the 
digit ratio has been correlated with measures of 
physical strength and muscle development, sug-
gesting that prenatal androgen exposure may 
influence long-term musculoskeletal outcomes 
(Pasanen et al., 2022).

Hand grip strength (HGS) is a widely accepted, 
practical, and non-invasive measure of muscular 
fitness and overall physical function. It serves as 
a reliable indicator of general health and strength 
capacity across diverse populations. (Vaishya 
et al., 2024). Given testosterone’s role in muscle 
development, a link between prenatal hormone 
exposure (reflected by 2D:4D) and adult HGS is 
biologically plausible. Supporting this, studies 
have shown that men with lower digit ratios ex-

hibit higher HGS while women exhibited an in-
consistent pattern (Longman et al., 2011; Zhao et 
al., 2013; Nanda and Samanta, 2017). This rela-
tionship appears consistent across various eth-
nic populations, including European, East Asian, 
and Indian groups (Fink et al., 2006; Zhao et al., 
2012; Nanda and Samanta, 2017). In addition, 
it has been shown to predict a variety of health 
outcomes, including bone mineral density, frail-
ty, cardiovascular disease, and mortality risk 
(Vaishya et al., 2024).

Given the ethnic variation in 2D:4D ratios, and 
the evidence linking lower digit ratios to en-
hanced physical strength in males, it is important 
to investigate this association in diverse popula-
tions, especially the African population, which is 
understudied. Cultural, genetic, and environmen-
tal variations may influence both digit ratio and 
physical strength outcomes (Isen et al., 2014), 
underscoring the need for population-specific in-
vestigations. Furthermore, while most prior stud-
ies have examined ventral digit ratios, few have 
evaluated the dorsal measurement (Kumar et al., 
2017; Voracek, 2009)—despite its proposed ana-
tomical advantages. 

Given these gaps, this study investigated the 
relationship between dorsal digit ratio and hand 
grip strength in a sample of young adult Nigeri-
ans. By exploring these associations, the study 
aimed at contributing to a growing body of litera-
ture on the predictive value of digit ratio as a bio-
marker of physiological capacity and to providing 
baseline data relevant to health screening, athlet-
ic profiling, and developmental research in West 
African populations.

MATERIALS AND METHODS

Participants

This study was conducted at the College of 
Health Sciences, Nnamdi Azikiwe University, 
Nnewi Campus, Anambra State, Nigeria. A total 
of 249 healthy Nigerian young adults, comprising 
124 males and 125 females, participated in the 
study. All participants were between 18 and 30 
years of age and of Nigerian parentage, with both 
parents being of Nigerian descent. Participants 
were randomly selected from the student popula-
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tion of the College of Health Sciences to ensure a 
representative sample.

Eligibility criteria included individuals aged 18 
to 30 years with no visible or non-visible muscu-
loskeletal disorders, hand deformities, or long fin-
gernails that could interfere with measurement 
accuracy. Individuals outside the specified age 
range or with any condition affecting the fingers 
or upper limbs were excluded from participation.

The sample size was determined using the stan-
dard formula for population-based sample esti-
mation, with a population size of 425, a 99% con-
fidence level (z = 2.582), a margin of error of 0.05, 
and an estimated proportion of 0.5. The calculat-
ed sample size was 259.39, and 249 participants 
were ultimately recruited for the study.

Procedure

Participants were invited to individual assess-
ment sessions during which demographic data, 
including age and sex, were recorded. All mea-
surements were conducted with participants 
seated in a standardized position to ensure con-
sistency. Digit lengths were measured using a dig-
ital vernier caliper and recorded in centimeters 
(cm), with the hand placed flat on a table and fin-
gers extended at a 90-degree angle to the palm. 
Measurements were taken from the tip of each 
finger to the dorsal base of the proximal phalanx 
for the second (2D), third (3D), fourth (4D), and 
fifth (5D) digits of both hands.

Hand grip strength was assessed using a modi-
fied sphygmomanometer. Participants were seat-
ed with their shoulder adducted, elbow flexed at 
90 degrees, and both forearm and wrist in a neu-
tral position. The sphygmomanometer cuff was 
rolled into a cylindrical shape and inflated to 20 
mmHg. Participants were instructed to grip the 
cuff maximally, and grip strength was recorded 
for both hands. The average of the two measure-
ments was taken as the final hand grip strength. 
Prior to data collection, participants were famil-
iarized with the procedure to ensure accurate and 
consistent performance.

All assessments were conducted in accordance 
with standardized protocols. Health conditions or 
pain that could compromise strength measure-

ment were monitored and used as exclusion cri-
teria during the session.

Materials

Digit lengths were measured using a 6-inch 
(150 mm) digital vernier caliper with an accuracy 
of 0.02 mm and a resolution of 0.01 mm. The cal-
iper was a stainless-steel precision instrument, 
calibrated to ensure reliable data collection. Hand 
grip strength was measured using a modified 
sphygmomanometer calibrated in millimeters of 
mercury (mmHg), which has been validated as a 
reliable tool for assessing maximal voluntary grip 
force.

The parameters measured in this study includ-
ed age, sex, dorsal digit lengths (2D, 3D, 4D, 5D), 
and hand grip strength. Two digit ratios were cal-
culated for each participant: the second-to-fourth 
digit ratio (2D:4D), defined as the length of the in-
dex finger divided by the length of the ring finger, 
and the third-to-fifth digit ratio (3D:5D), defined 
as the length of the middle finger divided by the 
length of the little finger.

Statistical Analysis

Statistical analyses were performed using SPSS® 
version 29.0 (IBM Corporation, Armonk, NY, USA). 
Descriptive statistics were computed for all vari-
ables. Independent t-tests were used to assess sex 
differences in digit lengths, digit ratios, and hand 
grip strength. Pearson correlation coefficients 
were calculated to examine associations between 
digit ratios and grip strength. Partial correlation 
analyses were conducted to control potential con-
founding variables such as age and sex. Statistical 
significance was defined at p ≤ 0.05.

Ethical Considerations and Informed Consent

This study was conducted in accordance with 
the ethical principles outlined in the Declaration 
of Helsinki for research involving human partic-
ipants (World Medical Association, 2013). Ethical 
approval for the study was obtained from the Re-
search Ethics Committee of the Faculty of Basic 
Medical Sciences, Nnamdi Azikiwe University, 
Nnewi Campus, Anambra State, Nigeria with ap-
proval number NAU/REC/FBMS/03569.
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All participants were adequately informed about 
the purpose, procedures, benefits, and potential 
risks of the study before enrollment. Participation 
was entirely voluntary, and written informed con-
sent was obtained from each participant prior to 
data collection. Participants were assured of their 
right to decline participation or withdraw from 
the study at any point without penalty or loss of 
benefits.

Confidentiality and anonymity were strictly 
maintained throughout the study. Personal iden-
tifiers were not recorded, and all data were cod-
ed and stored securely, accessible only to the 
researchers. Standardized procedures were em-
ployed to ensure participant safety and comfort 
during digit measurement and hand grip strength 
assessment.

No financial incentives were provided, and the 
study did not involve any form of coercion.

RESULTS

Dorsal Digit Ratio

Descriptive statistics presented in Table 1 show 
that males had longer dorsal digit lengths than fe-
males across all measured fingers (2D, 3D, 4D, and 
5D) on both the right and left hands. Standard de-
viations were notably higher for the female right 
hand 4D and left hand 5D measurements, indi-
cating greater anatomical variability within these 
digits.

Males showed tightly clustered 2D:4D ratios 
(≈0.90–0.91) and consistent 3D:5D ratios around 

1.28 across both hands (Table 2). Female partic-
ipants showed greater variability in dorsaldigit 
lengths, particularly in the 4D and 5D measure-
ments, which corresponded with higher 2D:4D 
ratios (0.92–0.97) and slightly elevated left hand 
3D:5D ratios (1.34 ± 0.33) (Table 2).

Hand Grip Strength (HGS)

Descriptive statistics for handgrip strength are 
presented in Table 3. Across both hands, males 
demonstrated significantly higher grip strength 
than females. For the right hand, males recorded 
a mean value of 364.89 ± 21.83 mmHg compared 
with 261.78 ± 25.75 mmHg in females. A simi-
lar pattern was observed in the left hand, where 
males averaged 359.50 ± 30.99 mmHg and fe-
males 249.44 ± 32.70 mmHg. In both sexes, right 
hand grip strength was slightly higher than left 
hand values.

Association between Dorsal Digit Ratios and 
Hand Grip Strength 

Males

Among male participants, the correlation be-
tween the right hand 2D:4D ratio and right hand 
grip strength was weak and not statistically sig-
nificant (p = 0.298), indicating no meaningful as-
sociation. In contrast, the righthand 3D:5D ratio 
showed a significant negative correlation with 
grip strength (rh = −0.27, p = 0.002), suggest-
ing that lower 3D:5D ratios were associated with 
greater right hand grip strength (Table 4).

For the left hand, the 2D:4D ratio showed a pos-

Table 1. Descriptive statistics (Mean ± SD) for right and left dorsal digit lengths (2D–5D) in male and female young adult Nigeri-
ans, with commutative values for the total sample

Hand Dorsal digit
Mean ± SD (cm) Commutative Mean ± SD

(n = 249)Male (n = 124) Female (n = 125)

Right

2D 10.3 ± 0.48 9.8 ± 0.56 10.1 ± 0.57

3D 11.8 ± 0 .76 11.1 ± 0.60 11.5 ± 0.76

4D 11.4 ± 0.64 10.1 ± 1.91 10.9 ± 0.78

5D 9.2 ± 0.49 8.7 ± 0.56 9.0 ± 0.58

Left

2D 10.3 ± 0.49 9.7 ± 0.45 10.1 ± 0.56

3D 11.8 ± 0.79 11.0 ± 0.61 11.5 ± 0.78

4D 11.3 ± 0 .70 10.5 ± 0.52 10.9 ± 0.78

5D 9.2 ± 0.52 8.2 ± 1.98 8.7 ± 1.54
Note: 2D = index finger; 3D = middle finger; 4D = ring finger; 5D = little finger.
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itive but non-significant association with grip 
strength (p = 0.059), falling just above the con-
ventional threshold for statistical significance. In 
contrast, the left hand 3D:5D ratio demonstrated 
a strong and statistically significant negative cor-
relation with grip strength (rh = −0.54, p < 0.001), 
indicating a robust inverse relationship between 
this digit ratio and left hand muscular strength.

Female

Among the females, the right-hand 2D:4D ratio 
was positively and significantly correlated with 
right-hand grip strength (rh = 0.267, p = 0.0026), 
indicating that higher digit ratios were associated 
with stronger grip performance. Conversely, the 
right-hand 3D:5D ratio showed no significant as-
sociation with grip strength (p = 0.719), suggest-
ing limited predictive value (Table 4).

For the left hand, the 2D:4D ratio demonstrated 
a statistically significant negative correlation with 

grip strength (rh = −0.274, p = 0.002), while the 
3D:5D ratio showed a statistically significant pos-
itive correlation (rh = 0.243, p = 0.0062). These re-
sults indicate that both digit ratios are associated 
with grip strength in the left hand, but in opposite 
directions (Table 4).

General population

The association between dorsal digit ratios and 
handgrip strength in the general population of 
young adult Nigerians is summarized in Table 5. 
For the right hand, neither digit ratio demonstrat-
ed a statistically significant relationship with grip 
strength. The 2D:4D ratio showed a weak nega-
tive correlation (r = −0.05, p = 0.437), while the 
3D:5D ratio exhibited a weak positive correlation 
(r = 0.07, p = 0.281), indicating minimal predic-
tive value for righthand strength.

FFor the left hand, a statistically significant neg-
ative correlation was observed between the 2D:4D 

Table 2. Digit Ratios of young adults of the Nigerian population in this study

Sex Hand 2D:4D (±SD) 3D:5D (±SD)

Male (n = 124)
Right 0.90 ± 0.06 1.28 ± 0.10

Left 0.91 ± 0.07 1.28 ± 0.11

Female (n = 125)
Right 0.97 ± 0.19 1.28 ± 0.10

Left 0.92 ± 0.13 1.34 ± 0.26
 Note: Ratios were computed as 2D/4D and 3D/5D respectively.

Table 3. Descriptive statistics (Mean ± SD) for Right and Left Hand Grip Strength in male and female young adult Nigerians

Hand
Grip strength (mmHg) Mean ± SD

Male (n = 124) Female (n = 125)

Right 364.89 ± 21.83 261.78 ± 25.75

Left 359.50 ± 30.99 249.44 ± 32.70

Table 4. Association between the dorsal digit ratio and hand grip strength (HGS) of male and female population in the study

Sex Hand Variables Correlation coefficient (rh) p-value

Male
(n = 124)

Right
2D:4D -0.09 0.298

3D:5D -0.27 0.002*

Left
2D:4D 0.17 0.059

3D:5D -0.54 <0.001*

Female
(n = 125)

Right
2D:4D 0.267 0.003*

3D:5D -0.03 0.719

Left
2D:4D -0.27 0.002*

3D:5D 0.24 0.006*
*; statistically significant, p-value ≤ 0.05*
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ratio and grip strength (r = −0.27, p < 0.001), indi-
cating that lower digit ratios were associated with 
greater left hand strength. In contrast, the left 
hand 3D:5D ratio showed a weak and non signif-
icant negative correlation (r = −0.04, p = 0.456), 
suggesting minimal predictive value for this ratio. 

Sexual dimorphism on digit ratios and its effect 
on grip strength

Table 6 presents the comparative analysis of 
hand grip strength between male and female par-
ticipants, highlighting the presence of sexual di-
morphism. The results show that males exhibited 
significantly higher grip strength than females in 
both hands.

For the right hand, males recorded a mean grip 
strength of 364.89 ± 21.83 mmHg, while females 
averaged 261.78 ± 25.75 mmHg. The difference 
was statistically significant (t = −34.05, p < 0.001). 
Similarly, for the left hand, males had a mean grip 
strength of 359.50 ± 30.99 mmHg compared to 
249.44 ± 32.70 mmHg in females, with the dif-
ference also reaching statistical significance (t = 
−27.26, p < 0.001).

DISCUSSION
This study examined the associations be-

tween the 2D:4D ratio, 3D:5D ratios and handgrip 
strength in a young adult Nigerian population. Our 
study revealed consistent and statistically signifi-
cant sexual dimorphism was observed in dorsal  
finger lengths, with males exhibiting longer dig-

its (2D, 3D, 4D, and 5D) on both hands compared 
with females. These findings align with previous 
research (Hone and McCullough, 2012; Kumar et 
al., 2017), reinforcing the view that finger-length 
patterns are shaped by sex-linked developmental 
influences, particularly prenatal androgen expo-
sure. Similarly, males in this study displayed low-
er 2D:4D ratios than females, a pattern widely re-
ported in the literature and often associated with 
enhanced athletic performance, greater physical 
strength, and higher aggression levels (Perciaval-
le et al., 2013; Zamani Sani et al., 2022).

Sexual dimorphism was also evident in hand-
grip strength, with males demonstrating signifi-
cantly higher values in both hands. This finding 
is consistent with prior studies attributing male 
strength advantages to prenatal androgen effects, 
sex specific differences in muscle mass and endo-
crine profiles (Hone & McCullough, 2012; Kuderer 
et al., 2025), and evolutionary pressures such as 
male–male competition (Misiak et al., 2020). To-
gether, these patterns underscore the biological 
relevance of digit ratios as potential markers for 
understanding sex linked variation in physical ca-
pability.

Our analysis revealed a distinct hand-specific 
pattern in the relationship between dorsal digit 
ratios and grip strength. While no significant as-
sociations were identified for the right hand, the 
left-hand 2D:4D ratio emerged as a moderate pre-
dictor of grip strength in the general population. 
This laterality effect suggests that the left hand 

Table 5. Summary of associations between Dorsal Digit Ratios and Hand Grip Strength in the general population of young adult 
Nigerians

Hand Digit Ratio Correlation coefficient (rh) p-value

Right (n = 249)
2D:4D −0.05 0.437

3D:5D 0.07 0.281

Left (n = 249)
2D:4D −0.27 <0.001*

3D:5D −0.04 0.456
*; statistically significant, p-value ≤ 0.05*

Table 6. Comparison of Hand Grip Strength between male and female participants

Variable
Grip Strength (mmHg)

(Mean ± SD) t-value p-value
Male (n = 124) Female (n = 125)

Right 364.89 ± 21.83 261.78 ± 25.75 -34.05 <0.001*

Left 359.50 ± 30.99 249.44 ± 32.70 -27.26 <0.001*
*; statistically significant, p-value ≤ 0.05*
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may be more sensitive to developmental or ana-
tomical factors reflected in digit ratio variation, 
a pattern consistent with reports that digit ratio 
asymmetry can influence functional outcomes.

The absence of significant righthand correla-
tions aligns with previous studies reporting in-
consistent findings across populations. Although 
some authors have attributed such variability to 
factors like hand dominance, our study did not as-
sess dominance and therefore cannot conclude in 
this regard. Nonetheless, Gallup et al. (2010) and 
van Anders (2007) similarly reported no mean-
ingful associations, suggesting that methodolog-
ical and demographic differences may contrib-
ute to inconsistent outcomes. In contrast, Xu and 
Zheng (2015) observed more pronounced sex 
differences in right hand digit ratios, highlighting 
laterality as an important consideration in digit 
ratio research. 

These inconsistencies may stem from method-
ological differences, including the use of ventral 
versus dorsal digit measurements, as well as ge-
netic and environmental factors that vary across 
populations. Future studies should aim to stan-
dardize measurement techniques and explore the 
role of cultural and developmental influences.

This study further examined the sex-specific 
patterns in the relationship between dorsal digit 
ratios (2D:4D and 3D:5D) and hand grip strength. 
In males, the 3D:5D ratio exhibited a significant 
inverse correlation with grip strength in both 
hands, indicating that lower 3D:5D ratios are 
associated with greater muscular strength. Al-
though the present study did not identify a statis-
tically significant correlation between the 2D:4D 
ratio and handgrip strength (HGS), the broader 
literature on this relationship remains equivocal. 

Several studies have reported significant nega-
tive associations between 2D:4D and HGS in male 
samples (Hone & McCullough, 2012; Açar et al., 
2021), suggesting that a lower 2D:4D ratio, reflec-
tive of greater prenatal androgen exposure, may 
confer a muscular strength advantage. In con-
trast, others have reported positive correlations 
(Nanda & Samanta, 2017), highlighting the influ-
ence of population-specific and methodological 
factors on observed outcomes. Notably, Fink et al. 

(2006) demonstrated a significant negative rela-
tionship between 2D:4D and grip strength across 
both Caucasian and Mizo male populations, lend-
ing cross-cultural support to the androgenic 

hypothesis. The discrepancy between the pres-
ent findings and portions of the existing literature 
may reflect variability in sample demographics, 
measurement protocols, or the relatively modest 
statistical power of individual studies.

In females, a significant positive correlation was 
observed between the right-hand 2D:4D ratio and 
grip strength, whereas the left-hand 2D:4D ratio 
demonstrated a significant negative correlation. 
These lateralized and directionally opposing as-
sociations warrant careful interpretation, as they 
suggest that the relationship between digit ratios 
and muscular strength in females is neither linear 
nor uniform across hands. Such findings are par-
tially concordant with prior investigations (Açar et 
al., 2021; Bäck et al., 2023), which similarly iden-
tified negative associations between the 2D:4D 
ratio and grip strength in female cohorts, though 
the presence of a concurrent positive association 
in the contralateral hand introduces an addition-
al layer of complexity that has been insufficiently 
addressed in the existing literature.

With respect to the 3D:5D ratio, a statistically 
significant positive correlation was identified ex-
clusively in the left hand among female partici-
pants, a pattern that stands in contrast to the find-
ings of Nanda and Samanta (2017), who reported 
no significant association between this ratio and 
grip strength. This discrepancy may reflect genu-
ine population-level differences in digit ratio dis-
tribution, or alternatively, may be attributable to 
methodological heterogeneity across studies, in-
cluding variation in sample size, participant age 
range, and grip strength assessment protocols.

The opposing directionality of digit ratio cor-
relations between the right and left hands in fe-
males, coupled with the sex-differentiated pat-
terns observed throughout this study, suggests 
that the predictive utility of digit ratios for mus-
cular strength is modulated by both biological 
sex and upper limb laterality. These observations 
are consistent with a growing body of evidence 
indicating that the hormonal and developmen-
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tal determinants of digit ratio morphology, most 
notably the prenatal testosterone-to-estrogen 
milieu interact differentially with the physiologi-
cal substrates of grip strength depending on sex 
(Manning, 2002; Hönekopp & Watson, 2010). The 
asymmetric and at times paradoxical nature of 
these correlations further underscores the inher-
ent complexity of digit ratio physiology and cau-
tions against overly deterministic interpretations 
of digit ratio-strength associations in mixed-sex 
samples.

CONCLUSION
Digit ratios demonstrated sex-specific and lat-

eralized predictive associations with handgrip 
strength, with the 3D:5D ratio emerging as a more 
robust predictor in males, while both the 2D:4D 
and 3D:5D ratios showed significant associations 
among females, reflecting sex-specific androgen-
ic programming with implications for musculo-
skeletal performance. These findings further con-
firm significant sexual dimorphism in handgrip 
strength, with males demonstrating superior grip 
performance and greater absolute digit lengths 
across all measured digits. Collectively, the pres-
ent study supports the utility of digit ratios as 
non-invasive anthropometric markers of mus-
cular strength, with their predictive value modu-
lated by biological sex and hand laterality. Future 
studies employing larger, ethnically diverse sam-
ples and harmonized methodological frameworks 
will be essential in consolidating these associa-
tions and establishing their clinical relevance.

Limitations

Several limitations of the present study warrant 
acknowledgment. First, the cross-sectional de-
sign precludes any causal inference between digit 
ratios and handgrip strength. Second, hand dom-
inance was not assessed, limiting the interpreta-
tion of observed lateralized associations. Third, 
although the study sample was ethnically mixed, 
ethnic background was not formally recorded or 
analyzed, which may have introduced unexam-
ined variability given known population-level dif-
ferences in digit ratio morphology. Fourth, poten-
tial confounding variables — including physical 
activity level, nutritional status, and occupational 

hand use — were not controlled , which may have 
influenced grip strength measurements. Future 
studies incorporating longitudinal designs, larg-
er samples with documented ethnic composition, 
and comprehensive covariate assessment are en-
couraged to address these limitations.
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SUMMARY
Hydatidiform mole, the most common form of 

gestational trophoblastic disease, presents as 
complete or partial form. Complete hydatidiform 
mole (CHM) usually presents with prominent his-
tological criteria, whereas partial hydatidiform 
mole (PHM) shows a wide spectrum of presen-
tations depending on gestational age. Molecular 
markers enhance the understanding of the vari-
ation and heterogeneous presentation of molar 
pregnancies, as well as their biological potential 
and behavior. This retrospective study includ-
ed 50 CHM and 50 PHM specimens, terminated 
in first trimester via suction curettage. A second 
histopathological review of slides stained with he-
matoxylin and eosin was conducted, as well as a 
selection of representative tissue slides for p53 
immunostaining. This study aimed to determine 
the precise correlation between specific morpho-
logical criteria and the patterns of p53 immuno-
expression. 

Semi-quantitative analysis of samples for both 

pathological criteria and p53 immunostaining 
was performed.  p53 positivity was defined as 
follow: the percentage of positive cells/nuclei: + 
(10-40%); ++ (40-70%); +++ (>70%); and staining 
intensity was scored as: 1 – weak, 2 – moderate, 
and 3 – strong intensity. P53 expression was es-
timated on at least 200 nuclei of cytotrophoblasts 
per slide. Significant difference in p53 expression 
exist between CHM and PHM in staining intensity. 
CHM shows significant correlation of p53 positiv-
ity with hydrops, central cisterns and atypia. In 
PHM trophoblast pseudoinclusions demonstrate 
strong significant correlation with p53 positivity. 
The irregular pseudoinclusions demonstrate low-
er expression compared with round or oval, being 
consistent with benign behavior of PHM. Prom-
inent morphological criteria strongly correlate 
with p53 immunoexpression for both CHM and 
PHM. 

Key words: Hydatidiform mole – p53 expres-
sion – Trophoblast – Pseudoinclusions 
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INTRODUCTION
Gestational trophoblastic disease (GTD) rep-

resents a rare spectrum of conditions arising from 
trophoblastic tissue. Hydatidiform mole (HM) is 
the most common form of GTD, presenting as ei-
ther complete (CHM) or partial (PHM) molar preg-
nancies. Typically, HM is a unique event during 
a woman’s reproductive period, developing as a 
result of disturbed conception characterized by 
extreme aneuploidy and an imbalance of mater-
nal and paternal genes. Although uncommon, re-
currence of HM suggests a potential genetic pre-
disposition (Altieri et al., 2003; Ngan et al., 2018; 
Smith, 2003). Despite differences in cytogenetics, 
pathology, and clinical presentation, the manage-
ment of CHM and PHM is similar (Soper, 2021).

Prominent histological criteria are sufficient for 
distinguishing molar pregnancies from non-mo-
lar specimens, as well as for differentiating CHM 
from PHM. Diffuse stromal edema and general-
ized trophoblast proliferation characterize the 
majority of complete moles. In contrast, the par-
tial form demonstrates variable, focal edema of 
the villi, with scalloped edges, trophoblastic in-
clusions, and pseudoinclusions. Trophoblastic 
proliferation is less pronounced and more focal 
compared to complete moles (Ngan et al., 2018). 
Routine histological examination is fundamen-
tal for the diagnosis and differentiation of molar 
entities. Molar specimens evacuated during early 
and very early pregnancy often exhibit poorly de-
veloped histological features. This is particularly 
relevant for PHM, leading to potential misdiag-
nosis and significant intra- and inter-observer 
variability, with a wide spectrum of presentations 
depending on gestational age (Seckl et al., 2013). 
Histological characteristics similar to PHM can 
also be observed in case of single or combined 
trisomies (Sebire et al., 2016; Wilson et al., 2016). 
The well-known aberrant genomic composition of 
HM is recognized as the foundation for precise di-
agnosis, supported by several effective and pow-
erful ancillary techniques that enable prognostic 
stratification of molar gestations (Hui et al., 2017; 
Buza, 2022).

Immunohistochemistry (IHC) is useful for con-
firming the diagnosis and predicting the biolog-
ical potential of molar specimens. Studies have 

provided data on molecular markers using the 
IHC method, enhancing the understanding of the 
variation and heterogeneous presentation of  HM, 
as well as their biological potential and behavior 
(Fukunaga, 2002; McConnell et al., 2009; Sebire 
& Seckl, 2008). p53 is a tumor suppressor gene 
that plays a critical role in maintaining genomic 
stability and serves as a marker of proliferative 
activity. It ensures that cells repair DNA damage 
before undergoing cell division by inducing cell 
cycle arrest, thereby allowing time for DNA repair. 
If the damage is irreparable, p53 can trigger apop-
tosis to prevent the propagation of defective cells. 
Due to its central role in cellular integrity, p53 is 
the most frequently disrupted gene in neoplastic 
processes (Levine, 2020; Levine & Oren, 2009). 

However, the analysis of p53 immunohisto-
chemical staining can be challenging due to vary-
ing methodologies, such as differences in cut-off 
values, staining intensity, and the use of scoring 
systems like the H-score. These inconsistencies 
can sometimes make the results less clear and 
more difficult to interpret.

p53 has consistently been found to exhibit in-
creased expression in CHM compared to PHM. In-
vasive nature of hydatidiform moles is elucidated 
with overexpression of p53 in villous cytotropho-
blasts and dysregulation of its modulators  (Ali et 
al., 2017; Erol et al., 2016; Bahutair et al., 2024). 
This study aimed to determine the precise cor-
relation between specific morphological criteria 
and the patterns of p53 immunoexpression. 

MATERIAL AND METHODS
This retrospective study included 50 CHM spec-

imens and 50 PHM specimens, all of which were 
obtained during the first trimester via suction cu-
rettage. To ensure diagnostic accuracy, a second 
histopathological review of hematoxylin-and-eo-
sin- (H&E)-stained slides was conducted by a sin-
gle, experienced pathologist. 

The study was approved by the Medical Ethics 
Committee University Clinical Center Tuzla (Ref. 
No: 279/15; date: December 23, 2014, and Ref. No 
04-912-74/15; date: October, 8,2015). The writ-
ten consent was provided before inclusion in the 
study. The study adhered to the principles of the 
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Declaration of Helsinki, 2013.

Patohistological analysis 

Semi-quantitative analysis of samples was per-
formed in order to estimate: hydrops of villi (focal 
or generalized) trophoblast proliferation (focal or 
diffuse), trophoblast pseudoinclusions (absent, 
round, irregular), and nuclear atypia in villous cy-
totrophoblast (absent, mild, moderate, strong).

Immunostaining

Following semiquantitative analysis, represen-
tative tissue blocks/slides were selected for p53 
immunostaining. The immunohistochemistry 
staining procedure was performed on forma-
lin-fixed, paraffin-embedded tissue samples cut 
at 4µm, using monoclonal mouse antihuman an-
tibody (DAKO, monoclonal mouse antihuman p53 
protein, Clone DO-7) with a 1:400 dilution. Prior 
to staining, 1mM citric buffer (pH 8.0 at 100°C, 
10-minute duration) was used for antigen re-
trieval. The Immunostaining Center, Shandon Se-
quenza, was used for all incubation stages. After 
30 minutes of incubation with the primary anti-
body, samples were treated with the secondary 
antibody (biotin, streptavidin, and peroxidases). 
The sections were counterstained with Mayer’s 
hematoxylin, and Canada balsam was used for 
mounting the slides. Breast cancer tissue was ap-
plied to every slide, which were treated with the 
same procedure that served as external positive 
control. A Nikon ECLIPSE E400 microscope, with 
magnifications of 20x and 40x, was used for the 
analysis of p53 expression.

p53 positivity was defined as the presence of 
brown color immunoexpression of the villous cy-
totrophoblasts nuclei, and described as negative 
with less than 10% positive nuclei. Semi-quanti-
tative analysis was used in order to estimate the 
percentage of positive cells/nuclei: + (10-40%); ++ 

(40-70%); +++ (>70%), and staining intensity was 
scored as follows: 1 – weak, 2 – moderate, and 3 – 
strong intensity. p53 expression was estimated on 
at least 200 nuclei of cytotrophoblasts per slide.   

Statistical analysis 

One-factor multivariate analysis of variance 
(MANOVA) was used for statistical analysis and 
performed using the IBM SPSS software version 
25. P values ≤ 0.05 were considered statistically 
significant. 

RESULTS
The results of the semi-quantitative analysis of 

morphological criteria for both CHM and PHM are 
summarized in Table 1. Mean gestational age was 
estimated at 8 and 9,2 gestational weeks for CHM 
and PHM, respectively. 

The reaction of IHH staining on the p53 protein 
was analyzed at the nuclear level of the villous 
cytotrophoblasts. The reaction appeared as vary-
ing shades of brownish color, ranging from ochre 
to dark brown. Although cytoplasmic reaction in 
the form of yellow staining was observed in most 
samples, it was not analyzed. In addition to the 
reaction at the cytotrophoblast level, a similar re-
action in terms of shade was observed in the nu-
clei of extravillous trophoblast (internal positive 
control). The most common staining pattern was 
moderate nuclear staining (39% of all samples). 
The staining results for CHM and PHM are pre-
sented in Figs. 1 and 2.

Out of the total number, there were 94% positive 
complete and 66% positive partial molar speci-
men (Chi: 12,25, p<0,0005). The results of distri-
bution of p53 expression in CHM and PHM (Table 
2 and Table 3.) reveals insignificant differences in 
percentage of positive cells (Chi: 0.057, p>0,05), 
as it is recorded in staining intensity (chi:8,44; 
p<0,01). 

Table 1. Morphological criteria in CHM and PHM

H TP TPI TA

F*/** D F D A R I A W M S

CHM (%) 6 94 2 98 74 2 24 6 28 36 30

PHM (%) 62/33* 5 100 - 42 10 48 82 16 2 0
Abbreviations:  H - hydrops; TP - trophoblast proliferation; TPI - trophoblast pseudoinclusions; TA - trophoblast atypia; focal* - F* 
- focal hydrops with central cisterns; F ** - focal hydrops without central cisterns; F - focal; D - diffuse; A - absent; R - round; I - 
irregular; W - weak; M - moderate; S - strong.
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Correlation of each diagnostic criteria on p53 
percentage positive cells and expression intensity 
are presented in Table 4 to Table 8. Correlation of 
single diagnostic criteria and percentage of p53 
positive cells in CHM. In complete moles, signif-
icant correlation of percentage of positive cells 
demonstrated hydrops with central cisterns (pos-
itive correlation, p=0.028) and atypia (negative 
correlation, p=0.012) (Table 4). In partial moles, 
trophoblast pseudoinclusions demonstrates 
strong significant positive correlation with per-
centage of positive cells (p=0.003) (Table 5). 

In complete moles, significant correlation of 
p53 staining intensity demonstrated hydrops with 
central cisterns (positive correlation, p=0.042) 

and atypia (negative correlation, p=0.010) (Table 
6). In partial moles, trophoblast pseudoinclusions 
demonstrates strong significant positive correla-
tion with p53 staining intensity (p=0.037) (Table 
7). In partial moles, significant differences in p53 
staining pattern are observed between round 
and irregular pseudoinclusions: irregular ones 
demonstrate lower p53 expression (Table 8). 

DISCUSSION
Molar pregnancies develop as a result of an ex-

treme genetic composition, which can lead to sev-
eral clinical complications, such as persistence 
of trophoblast and progression to gestational 
trophoblast neoplasia. Poorly developed mor-

Fig. 1.- p53 expression in CHM (>70%). Magnification: x40.

Fig. 2.- p53 expression in PHM. Magnification: x20.
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Table 2. Distribution of p53 positivity in CHM and PHM

% of positive ctb nuclei CHM (n) PHM (n) Sig.

10-40% 36 26

p>0,0540-70% 8 5

>70% 3 2

Total 47 33
Abbreviations:  ctb - cytotrophoblast

Table 3. Distribution of p53 intensity of expression in analyzed specimen

Staining intensity CHM (n) PHM (n)

Mild 14 14

Moderate 20 19

Intense 13 0

Total 47 33

Table 4. Correlation of single diagnostic criteria and percentage of p53 positive cells in CHM

Variables %PC HCC TP PI AT

%PC 1.000 0.271* . 0.069 -0.319*

HCC 0.271* 1.000 . 0.247* -0.226

TP . . 1.000 . .

PI 0.069 0.247* . 1.000 -0.028
Abbreviations: %PS - percentage of positive cells; HCC - hydrops with central cisterns; TP - trophoblast proliferation; PI - pseudo-
inclusions; AT - atypia; Values are Pearson correlation coefficients; * - statistical significance (p<0.05).

Table 5. Correlation of individual diagnostic criteria and p53 positive cells in PHM

Variables %PC HCC TP PI AT

%PS 1.000 0.087 0.049 0.383** -0.031

HCC 0.087 1.000 -0.036 0.148 -0.028

TP 0.049 -0.036 1.000 0.084 0.302*

PI 0.383** 0.148 0.084 1.000 0.221

AT -0.031 -0.028 0.302* 0.221 1.000
Abbreviations: %PS - percentage of positive cells; HCC - hydrops with central cisterns; TP - trophoblast proliferation; PI - pseudo-
inclusions; AT - atypia; Values are Pearson correlation coefficients; * - statistical significance (p<0.05); ** - statistical significance 
(p<0.01).

Table 6. Correlation of single diagnostic criteria and p53 staining intensity in CHM

Variables IE HCC TP PI AT

IE 1.000 0.250* - -0.027 -0.332*

HCC 0.250* 1.000 - 0.237 -0.222

TP - - 1.000 - -

PI -0.027 0.237* - 1.000 -0.020

AT -0.332* -0.222 - -0.020 1.000
Abbreviations: IE - intensity of expression; HCC - hydrops with central cisterns; TP - trophoblast proliferation; PI - pseudoinclu-
sions; AT - atypia; Values are Pearson correlation coefficients; * - statistical significance (p<0.05)
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phological criteria underlie misdiagnosis or, in 
case of partial mole, more often, overdiagnosis of 
molar pregnancies (Buza and Hui, 2013; Nagy et 
al., 2024). The molecular ground of molar preg-
nancies exposes a wide and complex genetic and 
epigenetic interaction, resulting from a spectrum 
of expression patterns of several genes and their 
products that influence final diagnosis. as well as 
understanding the disease progression and clini-
cal outcome (Fisher and Maher, 2021; Xing et al., 
2022; Bahutair et al., 2024). 

This study was performed in order to identi-
fy the relationship of diagnostic criteria and p53 
staining pattern. Our findings disclose that the 
leading criteria are sufficient for the diagnosis 
and distinction of both complete and partial mo-
lar specimen in the first trimester, even with CHM 
samples evacuated in average one week earlier 
than partial ones. Immunostaining results for p53 
revealed significant differences between CHM 
and PHM. Differences in correlation of single di-
agnostic criteria were observed as well. We found 
that, in complete moles, p53 expression strongly 
positively correlates with hydrops with central 
cisterns. Furthermore, negative correlation is ob-
served with nuclear atypia of proliferated tropho-
blast for both criteria. In partial moles, only tro-
phoblast pseudoinclusions significant correlates 
with p53 immunoexpression. The irregular form 
of pseudoinclusions disclose lower p53 expres-
sion compared with the round/regular ones. 

Analyzing morphological criteria to distinguish 
PHM from nonmolar trisomic gestation, Wilson 
et al. (2016) found that the presence of two of the 
following three criteria (cisterns, multifocal tro-
phoblastic proliferation, and large trophoblastic 
inclusions) lead to an accurate diagnosis of PHM 
in 93% of cases. Irregular trophoblastic pseudoin-
clusions seen in PHM are presentation of villi with 
irregular, fjord-like indentations of proliferating 
trophoblast into stroma, most likely due to slower 
rate of change from normal to hydatidiform pla-
cental morphology (Joyce et al., 2022).

Similar to our results, immunoexpression of 
p53 is detected in both molar forms, and stud-
ies disclosed significant higher p53 expression 
in CHM compared to PHM, suggesting its poten-
tial usefulness in distinguishing CHM from PHM 
(Chen et al., 2011; Kheradmand et al., 2017; Mis-
saoui et al., 2019), and rare opposite results are 
reported (Khooei et al., 2019).

The majority of complete moles arise from to-
tal androgenetic conception with lack of maternal 
genes. One of the observations in this study ren-
ders a broad spectrum of immunostaining results, 
from p53 negative to strongly positive CMH sam-
ples, with more than 70% of intensively stained 
cytotrophoblast nuclei, leading to the conclusion 
that moles’ complex genetic composition may un-
derlie complete molar specimen. In our previous 
study, with p57 expression we confirmed the diag-

Table 7. Correlation of single diagnostic criteria and p53 staining intensity in PHM

Variables IE HCC TP PI AT

IE 1.000 0.056 0.141 0.255* 0.008

HCC 0.056 1.000 -0.036 0.148 -0.028

TP 0.141 -0.036 1.000 0.084 0.302*

PI 0.255* 0.148 0.084 1.000 0.221

AT 0.008 -0.028 0.302* 0.221 1.000
Abbreviations: IE - intensity of expression; HCC - hydrops with central cisterns; TP - trophoblast proliferation; PI - pseudoinclu-
sions; AT - atypia; Values are Pearson correlation coefficients; * - statistical significance (p<0.05)

Table 8. Correlation of trophoblast pseudoinclusions and p53 expression

MD SE p 95% CI - LB 95% CI - UP

Absent vs. Present Round 0.67 0.298 0.071 -0.04 1.38

Absent vs. Present Irregular -0.19 0.147 0.388 -0.55 0.16

Present Round vs. Present Irregular -0.86 0.306 0.017* -1.59 -0.13
Abbreviations: PI - pseudoinclusions; MD - mean difference; SE - standard error; 95% CI - confidence interval; LB - lower bound; 
UP - upper bound; *- statistically significant (p<0.05)
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nosis of CHM for all satisfactory immunostaining 
result (Lelic et al., 2017). Wide spectrum of p53 
immunoexpression is described in previous stud-
ies, form overexpression of wild type to non-imu-
noreactive p53 in nonsense mutations, leading to 
confounding results in prognostic significance of 
p53 results (Lax et al., 2000). Therefore, observed 
staining intensity in CHM is more likely to be due 
with the significant p53 disturbance.

In correlation with nuclear atypia studies re-
vealed that mutant p53 shows strong positive cor-
relation with nuclear grade of atypic cells (Tang et 
al., 2021). 

Observed negative correlation of p53 expression 
with nuclear atypia and trophoblast proliferation 
leads to the conclusion that despite significant ge-
netic disturbance, trophoblast in moles still have 
well-defined limitation of their invasive growth. 

Wild-type p53 protein can repair damaged cells 
and maintain the stability of genomes, but its half-
life is short, its content in cells is low, and it is not 
generally expressed, while mutant p53 protein 
loses the ability to repair cells and promotes the 
development of tumors. p53 mutations found to 
be involved in progression of numerous prolifer-
ative tumours/conditions. Week positive staining 
contributes to the p53 wild type, while forming of 
nontruncated protein may result with the com-
plete lack of staining (Li et al., 2023; Yemelyanova 
et al., 2011). 

Trophoblast pseudoinclusions were recognized 
as a significant feature of partial moles (Buza and 
Hui, 2013). However, there are no data consider-
ing the significance of their presentation either 
round or irregular, and our results actualize the 
significance in p53 immunexpression.

It has been reported that p53 gene mutation is 
rare in complete hydatidiform mole and tropho-
blastic tumors (Halperin et al., 2000; Chen et al., 
1994). Cheung et al. reported a positive correla-
tion between p53 and Ki-67 proliferation index 
in trophoblastic tissues of hydatidiform moles 
(Cheung et al., 1994). Hence, p53 overexpression 
may be a reflection of the higher proliferation ca-
pacity of the trophoblastic cells in molar tissues. 
A possible role of expression of the p53 protein in 
proliferative trophoblastic tissues is an attempt 

to modulate the excessive proliferative activity in 
trophoblastic cells (Li et al., 2002). On the other 
hand, Halperin et al. evaluated the expression of 
the p53 and apoptosis in GTD and normal placen-
ta and showed that the percentage of apoptotic 
cells demonstrated a significant increase in HMs 
compared with normal placenta and also signif-
icant overexpression of p53 in HMs compared 
with normal placenta, they concluded that p53 
overexpression in hydatidiform moles could be 
the result of upregulation of apoptosis (Halperin 
et al., 2000). Study limitations: unicentric study, 
small sample size, and incomplete clinical data. 
Further research would be desirable to monitor 
complications of molar pregnancy.

CONCLUSION
The p53 immunostaining pattern in molar 

specimens is a reliable method for distinguishing 
between CHM and PHM. The leading diagnostic 
criteria for both CHM and PHM show a strong, sta-
tistically significant correlation with p53 staining 
intensity and the percentage of positive cells.
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SUMMARY
Variations of the anterior belly of the digastric 

muscle are frequently reported in adult popula-
tions; however, the developmental timing of their 
appearance remains insufficiently understood. 
This study aimed to describe the morphology 
and prevalence of anterior digastric belly varia-
tions and to contextualize these findings through 
a meta-analysis of published anatomical studies. 
Twenty-six formalin-fixed human fetuses (13 
male, 13 female) were dissected and analyzed 
morphologically. Variations were classified ac-
cording to De-Ary-Pires, Ary-Pires and Pires-Ne-
to. A systematic review and meta-analysis of ob-
servational studies reporting the prevalence of 
anterior belly variations was conducted following 
PRISMA guidelines. The mean gestational age was 
29.4 ± 3.58 weeks. Variations were observed in 
six fetuses (23.1%), all classified as type II, with 
no association with sex or gestational age. The 
meta-analysis of 16 studies (n = 787) yielded a 
pooled prevalence of 25.1% (95% CI: 15.5–35.9;  

I² = 90.6%), with variation across geographical re-
gions and sexes. Variations of the anterior belly of 
the digastric muscle are established during fetal 
development and occur at frequencies compa-
rable to those reported in postnatal populations. 
These findings support a developmental origin 
for this anatomical variability and provide a mor-
phological framework for future embryological 
and anatomical investigations of the suprahyoid 
region.

Key words: Anatomic variation – Fetal devel-
opment – Meta-analysis – Neck muscles – Prev-
alence 

INTRODUCTION
The digastric muscle is a suprahyoid muscle 

characterized by two muscular bellies, anteri-
or and posterior, connected by an intermediate 
tendon. The posterior belly originates from the 
mastoid notch of the temporal bone and runs an-
teroinferiorly, whereas the anterior belly arises 
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from the digastric fossa of the mandible, near the 
symphysis, and extends posteroinferiorly. The in-
termediate tendon passes through the stylohyoid 
muscle and attaches to the body and greater horn 
of the hyoid bone via a fibrous loop (Standring, 
2008). This anatomical configuration contributes 
to several functions, including mandibular de-
pression, elevation of the hyoid bone, and stabili-
zation of the larynx during swallowing and speech 
(Kim and Loukas, 2019).

Several anatomical studies have reported the 
presence of accessory bellies of the digastric mus-
cle, consisting of additional muscular bundles 
that may follow ipsilateral, contralateral, or even 
midline-crossing trajectories (Mangalagiri et al., 
2009). De-Ary-Pires et al. (2003) proposed a clas-
sification system comprising five types, ranging 
from a single belly (type I) to multiple accessory 
bellies or the presence of an independent men-
tohyoid muscle (type V). Singular cases include 
trapezoid-shaped accessory bellies connecting 
both sides or multiple heads with atypical inser-
tions (Aragão et al., 2022).

Although variations of the anterior belly of the 
digastric muscle generally have no direct patho-
logical significance, they represent a source of an-
atomical diversity that may complicate anatomi-
cal interpretation, particularly in imaging-based 
or surgical contexts when unrecognized (Kim and 
Loukas, 2019). Most available evidence describing 
these variations is anatomical in nature, and their 
developmental origin remains incompletely un-
derstood (Gross et al., 2023). Therefore, the study 
of the digastric muscle and its variations, espe-
cially of the anterior belly, is essential not only to 
expand classical anatomical knowledge but also 
to improve clinical and surgical practice through 
more accurate interpretation of imaging and safer 
approaches to the cervical region.

Despite extensive documentation of anterior di-
gastric belly variations in adults, limited data ex-
ist regarding the timing of their emergence during 
human development. Whether these variants 
represent congenital anatomical patterns estab-
lished during early myogenesis or postnatal mod-
ifications remains unclear. Examination of fetal 
specimens offers a unique opportunity to clarify 
this issue by directly assessing the presence and 

morphology of these variants during gestation.

Accordingly, the present study combines a fetal 
anatomical investigation with a meta-analysis of 
published prevalence data in order to test the hy-
pothesis that variations of the anterior belly of the 
digastric muscle are established early in develop-
ment and persist throughout life.

MATERIAL AND METHODS 

Anatomical study

The study included 26 human fetuses (13 male 
and 13 female) fixed in formalin, without mac-
roscopic deformities, belonging to the Human 
Anatomy Laboratory of the Federal University of 
Sergipe (Brazil). All specimens were obtained in 
accordance with Brazilian Law No. 8.501/1992, 
which regulates the use of unclaimed cadav-
ers for teaching and research purposes. The au-
thors hereby confirm that every effort was made 
to comply with all local and international ethical 
guidelines and laws concerning the use of human 
cadaveric donors in anatomical research. Gesta-
tional age (GA) was estimated using the equation 
GA = 8.2982 + (0.38764 × F), where F represents 
the heel-to-great-toe length (Goldstein, Reece and 
Hobbins, 1988). Measurements were performed 
with a digital caliper accurate to 0.01 mm.

Morphological and morphometric analysis

The components of the digastric muscle were 
analyzed through careful dissection under natu-
ral light. Measurements were taken using a 0.01 
mm precision digital caliper. The morphology of 
the anterior belly was classified according to De-
Ary-Pires, Ary-Pires and Pires-Neto (2003), as fol-
lows:

Type I: Single belly originating from the inferior 
border of the mandible near the symphysis.

Type II: Two bellies, with additional bundles 
connected to the mandible or mylohyoid muscle, 
either ipsilaterally or contralaterally.

Type III: Three bellies, with additional bundles 
connected to the mandible or mylohyoid muscle, 
either ipsilaterally or contralaterally.

Type IV: Four bellies, with additional bundles 
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connected to the mandible or mylohyoid muscle, 
either ipsilaterally or contralaterally.

Type V: Often described as an independent 
muscle, a rare variation known as the mentohyoid 
(Macalister’s) muscle.

The length of the anterior belly was measured 
from its insertion on the mandible (anterior point) 
to its connection with the intermediate tendon on 
the hyoid bone (posterior point). The length of the 
posterior belly was measured from its insertion 
on the temporal bone (posterior point) to its con-
nection with the intermediate tendon (anterior 
point). The width of these bellies was measured 
at their respective points according to the men-
tioned insertion.

Statistical analysis

Data normality was assessed using the Shap-
iro-Wilk test to determine the use of parametric 
or non-parametric tests (Royston, 1992). Associ-
ations between quantitative variables were an-
alyzed using Pearson’s correlation for normally 
distributed data and Spearman’s correlation for 
non-normal data, with correlation strength classi-
fied as weak (0–0.4), moderate (0.4–0.7), or strong 
(0.7–1).

Comparisons between sides were performed us-
ing a paired t-test for normal data or the Wilcoxon 
test for non-normal data (Rosner, Glynn and Lee, 
2006). Comparisons between sexes used an inde-
pendent-sample t-test when normality was met or 
the Mann-Whitney test otherwise. Statistical anal-
yses were performed using JAMOVI 2.6.26, adopt-
ing a significance level of 5% (p < 0.05).

Meta-analysis

Registration and Guidelines

The present study followed the Preferred Report-
ing Items for Systematic Reviews and Meta-Analy-
ses (PRISMA) guidelines (Moher et al., 2009). The 
review protocol was registered in the Interna-
tional Prospective Register of Systematic Reviews 
(PROSPERO) under the code CRD420251151451.

Search Strategy

Systematic search was conducted in PubMed, 

Scopus, and Web of Science databases in order to 
identify studies reporting variations of the ante-
rior belly of the digastric muscle. The following 
search strategy was applied:

(“Digastric Muscle” OR “anterior belly of digas-
tric” OR “anterior digastric” OR “anterior belly” 
OR “digastricus anterior”) AND (“anatomic varia-
tion” OR “anatomical variation” OR “muscle vari-
ation” OR “morphological variation” OR “variant” 
OR “accessory muscle” OR “duplicated muscle” 
OR “muscle anomaly” OR “asymmetry”).

Eligibility Criteria

Inclusion criteria comprised observational 
studies with primary human data that investigat-
ed the anterior belly of the digastric muscle and 
reported quantitative data on the prevalence or 
frequency of variations. Exclusion criteria includ-
ed animal studies, computational simulations, 
review articles, and primary studies lacking suf-
ficient quantitative data.

Data Extraction

Records retrieved from databases were im-
ported into Zotero software for organization and 
screening. Two authors independently performed 
data extraction, removing duplicates and assess-
ing eligibility based on titles and abstracts. The 
following information was collected: first author’s 
name, year of publication, sample size, sex distri-
bution, age, geographic origin, and prevalence of 
variations.

Meta-analytical procedures

Effect sizes were calculated for prevalence esti-
mates. Confidence intervals (95% CI) were com-
puted using the Freeman-Tukey double arcsine 
transformation. Cochran’s Q test and the I² statis-
tic were used to assess heterogeneity; values of p 
< 0.05 and I² > 25% were considered indicative of 
significant heterogeneity. All statistical analyses 
were performed using OpenMeta[Analyst] soft-
ware.

RESULTS

Anatomical study

The mean gestational age of the fetuses was 
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29.4 (±3.58) weeks. Among the 26 dissected spec-
imens, six fetuses (three male and three female) 
exhibited variations in the anterior belly of the di-
gastric muscle. All accessory bellies were classi-
fied as type II, with one bilateral and five unilater-
al occurrences (Fig. 1). Morphometric data of the 
accessory bellies are presented in Table 1.

No association was found between gestational 
age, sex, or morphometric parameters of the ac-
cessory bellies.

Study identification

A total of 441 records were retrieved from the 
three databases. After the removal of 202 dupli-
cates, the remaining records were screened by 
title and abstract to determine relevance. Thir-
ty-one studies were selected for full-text assess-
ment, of which 16 met the inclusion criteria and 
were included in the present review (Fig. 2).

Characteristics of the included studies

The review comprised 787 individuals, with 
14 cadaveric dissection studies and two imag-
ing-based studies. Of these, five were conducted 
in Brazil, four in Turkey, three in the United States, 
one in Kenya, one in Taiwan, one in Thailand, one 
in China, and one in India (Table 2).

Prevalence of variation in the anterior belly of 
the digastric muscle

The variations in the anterior belly of the di-
gastric muscle, across the sample of studies, pre-
sented an overall prevalence of 25.1% (95% CI: 

15.5 – 35.9; I² = 90.6%; p < 0.001; Fig. 3). In sub-
group analysis by geographical regions, Turkey 
showed a prevalence of 22.9% (95% CI: 1.4 – 57.3; 
I² = 96.56%; p < 0.001; Fig. 4A), followed by Brazil 
with 25.2% (95% CI: 13 – 39.4; I² =

77.14%; p < 0.001; Fig. 4B) and the United States 
with 16.9% (95% CI: 1.6 – 41.7; I² = 89.33%; p < 
0.001; Fig. 4C).

The analysis of laterality among the digastric 
muscles of the sample revealed that the right side 
presented 6.8% (95% CI: 3.4 – 11.2; I² = 70.51%; 
p < 0.001; Fig. 5A) of variations, while the left side 
presented 8.6% (95% CI: 4.1 – 14.5; I² = 80.7%; p 
< 0.001; Fig. 5B).

For sex subgroups, variations were present in 
26% (95% CI: 13.1 – 41.3; I² = 79.93%; p < 0.001; 
Fig. 6A) of the male sample and 15.4% (95% CI: 
5.4 – 27.9; I² = 36.13%; p = 0.201; Fig. 6B) of the 
female sample.

DISCUSSION
This study aimed to investigate the character-

istics of variations in the anterior belly of the di-
gastric muscle by integrating two distinct inves-
tigative approaches: ontogenetic validation in a 
fetal sample and a global quantitative synthesis 
through meta-analysis. The relevance of this dual 
approach lies in its ability not only to quantify 
the prevalence of these variations across differ-
ent populations, but also to anchor their origin 
in early embryonic developmental events. The 
results revealed the following findings regard-
ing the digastric muscle: (1) no relationship was 

Fig. 1.- Classification of the anterior belly of the digastric muscle in human fetuses. A) Type I anterior bellies. B) Type II right 
anterior belly; Yellow arrow indicating the accessory belly.
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found between fetal age or sex and the character-
istics of the accessory anterior belly; (2) the over-
all prevalence was 25.1% (95% CI: 15.5–35.9); (3) 
prevalence varied among different geographic 
subgroups; and (4) a higher occurrence was ob-
served on the left side and in the male population. 
In the present study, conducted with human fe-
tuses of mean gestational age 29.4 (3.58) weeks, 
most specimens presented a type I morphology 
of the anterior belly, while six fetuses exhibited a 
type II accessory belly, with similar mean lengths 
to the main bellies but smaller mean widths 
(Prado et al., 2025). This morphometric pattern 
is consistent with findings in adult populations 
describing accessory bellies as thinner bundles 
than the main belly. The smaller width of the ac-
cessory belly suggests that it does not represent a 
complete duplication of the main belly, but rath-
er a secondary or partial muscular condensation 
(Gross et al., 2023). De-Ary-Pires et al. (2003) re-
ported a similar mean length between type I and 
type II anterior bellies in both sexes, but smaller 
mean widths for type II in males.

In the present fetal sample, no relationship was 
found between gestational age or sex and the oc-
currence of variations, but age was shown to in-
fluence the morphometry of the main bellies. 

The anterior and posterior bellies of the digastric 
muscle derive embryologically from the first and 
second pharyngeal arches, respectively (Kim and 
Loukas, 2019; Tranchito and Bordoni, 2025). Con-
sequently, variations in this muscle arise from the 
complex development of these arches, and since 
other muscles originate from the same embryon-
ic structures, their anomalies are often found to-
gether (Sargon and Çelik, 1994).

The identification of anterior belly variations 
in fetuses demonstrates that these anatomical 
patterns arise during early stages of muscle dif-
ferentiation, rather than representing postnatal 
adaptations. The consistent presence of type II 
configurations before the third trimester suggests 
that such variations are the result of deterministic 
embryological processes involving the first pha-
ryngeal arch. From an anatomical perspective, 
recognizing that these variants are congenital and 
stable contributes to a more accurate understand-
ing of normal muscular diversity in the suprahy-
oid region. This knowledge may indirectly sup-
port anatomical interpretation in clinical settings; 
however, the present findings should primarily be 
interpreted within the context of developmental 
and descriptive anatomy.

In the literature, several reports describe varia-

Table 1. Morphological characteristics

Gestacional 
 Age (weeks)

RAAB 
(mm)

LAAB 
(mm)

AT RAAB 
(mm)

MT RAAB 
(mm)

PT RAAB 
(mm)

AT LAAB 
(mm)

MT LAAB 
(mm)

PT LAAB 
(mm)

N 6 4 3 4 4 4 3 3 3

Mean 29.1 12.8 16.3 2.13 2.59 2.95 1.33 1.92 2.54

Median 28.8 13.0 17.0 2.50 2.53 2.71 1.12 1.86 2.56

Standard  
Deviation 2.83 3.64 1.38 0.977 0.991 1.31 0.703 0.393 0.226

Minimum 25.9 8.22 14.7 0.680 1.44 1.74 0.750 1.56 2.30

Maximum 33.9 17.0 17.1 2.83 3.86 4.62 2.11 2.34 2.75

Shapiro-Wilk 
W test 0.942 0.988 0.790 0.781 0.951 0.930 0.935 0.983 0.992

Shapiro-Wilk 
P-value 0.676 0.947 0.090 0.072 0.721 0.594 0.508 0.747 0.829

25th percentile 27.3 11.3 15.8 2.00 2.23 2.00 0.935 1.71 2.43

50th percentile 28.8 13.0 17.0 2.50 2.53 2.71 1.12 1.86 2.56

75th percentile 30.1 14.5 17.1 2.62 2.88 3.66 1.61 2.10 2.66
RAAB – Right accessory anterior belly; LAAB – Left accessory anterior belly; AT RAAB- Anterior third of Right accessory anterior 
belly; MT RAAB- Middle third of Right accessory anterior belly; PT RAAB- Posterior third of Right accessory anterior belly; AT 
LAAB- Anterior third of Left accessory anterior belly; MT LAAB- Middle third of Left accessory anterior belly; PT LAAB- Posterior 
third of Left accessory anterior belly.
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tions in the anterior belly of the digastric muscle, 
including accessory bellies with ipsilateral origin 
and insertion relative to the main belly, contralat-
eral insertion into the intermediate tendon, ori-
gin or insertion into the mylohyoid raphe, cross-
ing between accessory bellies, and the presence 
of multiple accessory bellies (Kim and Loukas, 
2019). In the present dissections, the accessory 
bellies were found ipsilateral to the main bellies, 
and thus the De-Ary-Pires et al. (2003) classifica-
tion was applied, with type II bellies predominat-
ing.

The meta-analysis, which included 16 observa-
tional studies totaling 787 individuals, revealed 

an overall combined prevalence of 25.1% (95% 
CI: 15.5–35.9) for variations in the anterior bel-
ly of the digastric muscle. This finding robustly 
establishes that approximately one in every four 
individuals may present some form of variation. 
Tranchito and Bordoni (2025) reported a prev-
alence of 65.8%, while Kim and Loukas (2019) 
observed digastric muscle variations in 33.4% of 
cadaveric populations.

The subgroup analysis by geographic region 
showed prevalence rates of 22.9% in Turkey, 
25.2% in Brazil, and 16.9% in the United States. 
Although these subgroups exhibited high hetero-
geneity, the prevalence range (16.9-25.2%) re-

Table 2. Characteristics of the included studies

Study (Year) Country Study Design Sample Size (n) Population Age Range (Years) Sex (M/F)

Larsson & Lufkin 
(1987) USA

Imaging (CT/
MR) observa-

tional
75 (40 CT, 35 MR)

Mixed 
 clinical 
cohort

NR 37M / 38F

Unur et al. (1999) Turkey Cadaveric 
cross-sectional 50 cadavers Turkish 

adults NR NR

De-Ary-Pires et al. 
(2003) Brazil Cadaveric 

cross-sectional
74 cadavers 
 (146 sides)

Brazilian 
adults 20–86 37M / 37F

Liquidato et al.(2007) Brazil Cadaveric 
cross-sectional 10 cadavers Brazilian 

male adults NR 10M / 0F

Ozgur et al. (2007) Turkey Cadaveric ob-
servational

30 cadavers  
(60 sides)

Anatolian 
adult males 43–75 30M / 0F

Mangalgiri et al. 
(2009)

India/Saudi 
Arabia

Cadaveric 
cross-sectional 15 cadavers Indian/Sau-

di adults 63–81 15M / 

Zdilla et al.(2018) USA Cadaveric 
cross-sectional 19 cadavers White  

Americans
F: 76.1 ±17.2, M: 

81.6 ±11.2* 11M / 8F

Ortug et al.(2020) Turkey Cadaveric 
cross-sectional 40 cadavers Turkish 

adults 65.27 ± 6.82* 22M / 18F

Hsiao & Chang (2019) Taiwan Cadaveric ob-
servational 15 cadavers Taiwanese 

adults 45–56 11M / 4F

Anderson &  
Tucker (2021) USA Cadaveric ob-

servational 48 cadavers
Ethnically 

diverse  
(California)

75* 23M / 25F

Arayapisti et 
al.(2022) Thailand Cadaveric 

cross-sectional 91 cadavers Thai adults 47–96 55M / 36F

Sarna et al. (2023) Kenya Cadaveric 
cross-sectional

41 cadavers  
(82 sides)

Kenyan 
adults 20–35 33M / 8F

Alves et al. (2023) Brazil Cadaveric 
cross-sectional

50 digastric  
muscles

Brazilian 
adults NR NR

Gross et al. (2022) Brazil Cadaveric ob-
servational 31 cadavers Brazilian 

adults 18–80 29M / 2F

Ünsal et al. (2024) Cyprus/ 
Turkey

Ultraso-
nographic 

cross-sectional
151 patients Mixed  

population 19–60 81M / 70F

Shen et al. (2025) China Cadaveric ob-
servational

72 cadavers  
(144 sides)

Chinese 
adults 38–97 48M / 24F

NR - not reported; M – male; F- female; *These papers did not reported age range, but mean age.
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mained relatively homogeneous, reflecting pop-
ulations that are mostly of European or mixed 
ancestry. Similarly, Kim and Loukas (2019) re-
ported that digastric variations were present in 
51.7% of Asian populations, and when excluding 
Asian samples from their overall analysis, they 
found lower prevalence rates, suggesting that 
these variations may be more frequent among 
Asians. This observation implies that the occur-
rence of digastric muscle variations may be influ-
enced by genetic or ethnic factors, emphasizing 

the importance of further studies to identify such 
underlying determinants.

The combined data revealed no major discrep-
ancies in variation incidence between sides, but 
a higher prevalence in males. Kim and Loukas 
(2019) reached similar conclusions. The male 
predominance may be interpreted from two per-
spectives: (a) it could reflect a sampling bias in-
herent in anatomical literature, as many cadaveric 
studies included predominantly male specimens; 
or (b) it could indicate a biological difference, pos-

Fig. 2.- Study selection process.
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Fig 3.- Overall prevalence.

Fig. 4A.- Prevalence in the population of Turkiye. 4B.- Prevalence in the population of Brazil. 4C.- Prevalence in the population 
of USA.
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sibly linked to subtle genetic factors or hormonal influences affecting extracellular matrix organi-

Fig. 5A.- Prevalence on the right side. 5B.- Prevalence on the left side.

Fig. 6A.- Prevalence in the male population. 6B.- Prevalence in the female population.
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zation or differential muscle growth during de-
velopment. The absence of laterality differences 
reinforces the symmetrical embryonic develop-
ment of the pharyngeal arches.

Evaluating the characteristics of the digastric 
muscle and its variations can be helpful, because 
this muscle is involved in various clinical and sur-
gical procedures. The presence of an accessory 
belly alters the expected anatomical map. In pro-
cedures such as neck dissection (used in head and 
neck cancer staging) or floor-of-mouth approach-
es, surgeons rely on correct identification of mus-
cular boundaries to ensure safety and preserve 
adjacent neurovascular structures (Alagöz et al., 
2004; Buffoli et al., 2016). An unexpected varia-
tion may lead to disorientation and, consequently, 
increase the risk of iatrogenic injury (Kikuta et al., 
2019). Therefore, recognizing digastric variations 
is essential for accurate differential diagnosis in 
imaging examinations and for surgical interven-
tions involving the cervical region (Larsson and 
Lufkin, 1987).

The meta-analysis was not intended to redefine 
prevalence estimates, but rather to determine 
whether the frequency of variations observed 
in fetuses aligns with the range reported across 
postnatal populations, thereby supporting the hy-
pothesis of developmental continuity. Among the 
limitations of this study were the high number of 
case reports found during the search and the het-
erogeneity of data, since the included studies dif-
fered in origin, age, and ethnicity of their samples, 
requiring subgroup analyses for more precise es-
timates. Additionally, some studies lacked suffi-
cient data for analysis, necessitating the exclusion 
of certain comparisons or isolated interpretation. 
Future multicenter investigations, incorporating 
genetic analyses and standardized imaging meth-
odologies, may help clarify the influence of ethnic 
factors and contribute to the development of a 
universal morphological classification.

CONCLUSION
The present study demonstrates that variations 

of the anterior belly of the digastric muscle are es-
tablished during fetal development and occur at 
frequencies comparable to those reported in post-

natal populations. These findings support a con-
genital and developmentally stable origin of this 
anatomical variability. By integrating fetal mor-
phological data with a comprehensive synthesis 
of existing literature, this study contributes to the 
understanding of normal developmental diversity 
of the suprahyoid musculature. The meta-analy-
sis revealed different prevalence rates according 
to geographic and sex subgroups, although with-
out disproportionate differences between sexes.
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Innovative museum techniques in enhanc-
ing Medical Education: a study on interactive 

and experiential learning for medical stu-
dents

Priya G, Mahima Sophia M
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dia

SUMMARY
The anatomy museums that provide students 

with access to cadaveric specimens and bones for 
their learning purpose are essential in the field 
of medical education. It is now mandatory for 
every medical college to have an anatomy muse-
um. Therefore, for every medical student it will 
be useful to know about the museum techniques. 
The purpose of this study was to acquaint medical 
students with museum technique. To achieve this 
objective, thord-year medical students of Panima-
lar medical college hospital and research institute 
Chennai who came to department of Anatomy for 
their elective courses were selected for the study. 
All aspects of museum techniques, starting from 
specimen preparation using dissected cadavers, 
and later preservation techniques, preparing jars 
using acrylic sheet, labelling, mounting of both 
dry and wet specimens, were taught to the elec-
tive students. The students were divided into four 
groups with five students in each group. The stipu-
lated time used for the study was 15 days. The mu-
seum work was divided and given to each group 
accordingly, and asked the groups to show innova-
tion in mounting specimens. The students learnt 

all the museum techniques within the stipulated 
time. They mounted the museum specimens and 
showed their innovative skills and knowledge. All 
the steps followed in making museum specimens 
and jars were photographed, and the procedures 
were recorded in the log book. The enthusias-
tic work of the students creates innovation with 
respect to traditional method of education. The 
medical students visiting anatomy museums 
during their first year of the course gives them an 
idea about human body. Museums are important 
educational resources, and are considered a sup-
plemental approach in providing medical educa-
tion. This study has facilitated their independent 
training in museum techniques, which will help 
in better comprehension and knowledge enrich-
ment about museum preparation among medical 
students. 

Key words: Anatomy museum – Acrylic sheets 
– Formalin – Chloroform – Table saw and scale 

INTRODUCTION
A museum by definition is “An institution that 

houses and cares for a collection of artefacts and 
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other objects of scientific, artistic or historical 
importance and makes them available for public 
viewing through exhibits that may be permanent 
or temporary”. The early museums predominant-
ly comprised paintings and models. This was 
because the preservative formalin was not dis-
covered until 1859. In 1859, Alexander Mikhai-
lovich Butlerov discovered formaldehyde, which 
was then isolated in 1868 by August Wilhelm Von 
Hoffmann as formalin. These have been used as 
preservatives for the specimens (Kamath et al., 
2016).

The museums in a medical institution are the 
primary resource for teaching Anatomy. The stu-
dents, by viewing the mounted anatomical speci-
mens, both wet (gross specimens) and dry (bones) 
models, are provided with a visualized image re-
garding the human body’s structure and organi-
zation, which may be difficult to understand from 
textbooks and lectures. Apart from that, nowa-
days the museums are important learning tools 
in medical education, as they help students in 
self-directed learning; they also develop better 
communication skills. 

The medical students have visited museum but 
they have not been trained in museum techniques. 
This study involved the students in preparing 
jars, mounting specimens, preparing mounting 
solution and labelling by themselves in order to 
create an interest in museum-,making among the 
student community. It aimed to promote the inno-
vation skills or talents of the medical students in 
museum techniques.

MATERIALS AND METHODS
The study was conducted in Panimalar medi-

cal college hospital and research institute for the 
third-year medical students who came to the de-
partment of anatomy for elective course. A total 
number of 20 medical students opted to study 
museum techniques. The students were divided 
into 4 groups (five students in each group).

Group I – Specimen preparation. The specimens 
were dissected from the embalmed cadavers.

Group II – Preservation technique and prepar-
ing mounting solution.

Group III – Mounting technique and labelling.

Group IV – Preparing Museum jars with acrylic 
sheet.

Specimen preparation

The first step done in the preparation of speci-
mens was selection of the cadavers. The cadavers 
were collected from the Anatomy dissection hall. 
Already dissected cadavers by the first-year un-
dergraduate medical students were preferred for 
the study. The specimens were dissected accord-
ingly for preparation of dry and wet specimens. 
For making dry specimens, the hyoid bone was 
dissected out using a scalpel and the bone was re-
moved from the midline of the neck. The dissec-
tion steps were followed in accordance with Cun-
ningham’s dissection manual, vol. 3, Head & Neck 
(Romanes, 2001). The procured bone was put in a 
tray, filled with water and kept for about two days. 
After two days, the bone was taken and the soft tis-
sue attached to the bone was scraped out using a 
blunt scalpel, forceps and scissors. The bone was 
washed well in running water, and with a brush 
it was cleaned clearly and placed in 5% hydrogen 
peroxide. Then the bone was kept under the sun-
light for two days to get dried. This method was 
a little time-consuming, but the advantage is that 
all the features of the bones will be preserved. For 
making wet specimens, the dissected-out speci-
mens were placed in a bucket filled with 10% for-
malin.

Preservation technique and preparing mount-
ing solution

The following steps were followed: 

1. Fixation: for preserving the specimens, 10% 
formalin was used as fixative. 

2. Restoration of specimen: it is a method that 
required restoring the natural color of the speci-
mens, as they lose it on fixation. The Kaiserling II 
method was followed (Pulvertaft, 1950). The neat-
ly dissected specimens were washed in running 
water and transferred to 95% alcohol for a time 
from 10 minutes to 1 hour, depending on the size 
of the specimen. A change of color of the speci-
men was observed after leaving the specimen in 
the solution for 1-2 hrs. 
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3. Preservation of specimen:

Kaiserling III solution: Glycerin – 4 liters, Dis-
tilled water – 10 liters, Potassium acetate – 14 
grams. The prepared solution was left to stand for 
2-3 days to ensure proper mixing of the chemicals 
(Proger, 1958; Culling et al., 1985). 

Mounting technique and labelling

The specimens were mounted on to a center 
plate made of acrylic sheet measuring about 3mm 
in thickness. The specimen was stitched on the 
center plate using nylon threads. Points for stitch-
es were marked using a marker pen on the center 
plate, and holes of 1/16 inch diameter were made 
using a drill (Fig. 1 A, B).

In case of dry specimens, labelling was done in-
side the jar. A coat of amyl acetate and quick fix 
was applied to the labels. Labelling was also done 
using acrylic sheets of 1/16 inch in thickness. The 
labelling was written on these sheets. The sheets 
were then cemented to the bottom of the center 
plate or to the bottom of the outer aspect of the jar 
(Natarajan et al., 2012).

Preparing museum jars with acrylic sheet

Step 1: Measurement of each specimen was tak-
en.

Step 2: Sheets were cut according to the mea-
surement.

Acrylic sheets were cut with a table-saw. A 
48-tooth carbide-tipped blade 10 inches in diam-
eter was used for cutting the sheets. The cut edge 
of the acrylic sheet should be smooth, straight, 
square to the faces and sharp on the edges, be-
cause along this area the glue is applied in order 
to stick the sheets (Latha V. Prabhu et al., 2015). 
The edges were trimmed with a router (Fig. 1C). 

Step 3: Pasting of sheets using chloroform.

The Chloroform was used as a solvent to bind 
the cut pieces of acrylic sheets. Methods for using 
chloroform to bind acrylic sheets:

a) Firstly, the students were asked to follow safe-
ty precautions while using chloroform, due to its 
toxicity. They worked in a well-ventilated area, 
wearing gloves and eye protection to prevent skin 
and eye contact.

b) The measured and trimmed acrylic sheets 
which had to be joined were taken. Its surfaces 
were cleaned for dust.

Fig.1.- A. Making hole in the center sheet with a driller. B. Nylon thread for tying the specimens. C. Table saw.
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c) The chloroform-acrylic solution was pre-
pared: the scraps of acrylic (small pieces of acryl-
ic sheets) which were obtained during the cutting 
of the sheets with a saw were dissolved in chloro-
form. They were mixed well until a syrupy consis-
tency is achieved. The ratio of acrylic to chloro-
form was used in a 1:10 ratio (scraps of acrylic to 
chloroform).

d) The prepared solution was applied to one of 
the surfaces to be joined, ensured even coverage 
of the solvent (Harris et al., 1977; Brune, 1987). 
The edges of the acrylic pieces were aligned cor-
rectly and joined together (Fig. 2).

Step 4: Drying the jars for sticking of sheets with 
each other:

After pasting, the jars were allowed to dry. The 
weights (stone) were kept on the pasted jars to se-
cure the pieces in place. The jars were kept in this 
position for at least two days to allow the adhesive 
to dry completely (Fig. 3). 

Step 5: Checking for leakage of jars.

Before mounting, the jars were checked for 
leakage. The leakage was checked using adhesive 
application method. The chloroform was used 

as an adhesive to seal the gaps at the joints. To 
achieve this, the students were asked to hold the 
jar slantly; a little chloroform was poured along 
the edges of the jars, and the jars were rotated as 
the fluid touched the joints of the jar (Azubuike 
and Onwusi, 2018; Jain et al., 2013; Nim, 2012; 
Winkelmann, 2007; Domanski et al., 2023). 

RESULTS
It was observed that each of the four groups 

mounted the specimens accordingly as described 
below:

Group I mounted the spinal cord (wet specimen) 
and ear ossicles (dry specimen) (Fig. 4).

Group II mounted the hyoid bone and the carti-
lages of the larynx (dry specimen) (Fig. 5).

Group III mounted the malleus bone (dry spec-
imen with a model depicts the bone) (Fig. 6A, B).

Group IV mounted the incus bone (dry spec-
imen with a model drawing of other bones) (Fig. 
6C).

Models form the most important part in the 
anatomy museum and bring reality to the stu-

Fig. 2.- A. Acrylic scraps. B. Mixing chloroform with acrylic scraps using glass needle. C. Pouring the solvent (adhesive) along 
the trimmed edges of acrylic sheets. D. Joining/pasting the sheets.
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dents’ imagination of human organs. With the 
help of the models, the three-dimencional and 
two-dimensional views of the organs can be 
demonstrated to the medical students in the mu-
seum itself. In the present study, the models are 
made with the help of Plaster of Paris, wood and 
thermacol. The students presented the models in 
an innovative method (Fig.6). 

DISCUSSION
The anatomy museum is considered a science 

museum, because it is not only used by medical 
students but also by the science students as they 
display various anatomical structures of the hu-
man body. Indirectly or directly, the museum plays 
an important role in understanding the structure 
of an organ by visualizing the specimens mount-

Fig. 3.- A. Weight (stone) kept on the pasted jars. B. After 2-3 days the adhesive got dried and the jar is ready (sticked properly).

Fig. 4.- A. Spinal cord. B. Ear ossicles.
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ed. Nowadays, the students’ learning skills have 
been changed: they are fascinated towards what 
they see and learn. When they perform all the 
techniques by themselves, this creates an interest 
to the medical students and while studying, they 
get an opportunity to show their innovative ideas. 
Thereby, the present study may be the first study 
to incorporate the undergraduate medical stu-
dents in performing the museum techniques and 
exploring their innovative technique in mounting 
the specimens. 

Recent CBME curriculum has emphasized the 
role of anatomy museums, as they contribute to 
the field of research and education from time im-
memorial, by understanding the various aspects 
of human Anatomy (Maraldi et al., 2000). There-
fore, the anatomy museum plays a crucial role in 
the life of the first-year medical students. They get 
totally exposed to a different world, where their 

imagination of the human organs is seen really in 
the museums (Sachin and Darshana, 2020).

Kagan HJ et al. designed a study to explore how 
an integrative art-museum-based program might 
benefit 3rd and 4th year medical students. Their 
results suggest that participants perceive visual 
arts-based methods as useful for teaching many 
core competencies in medicine in a novel way 
compared to traditional scientific-based medical 
pedagogy (Kagan et al., 2022).

There has been an increasing effort to incor-
porate fine art education into medical training, 
primarily to enhance visual perception skills and 
empathy. Fine art curricula incorporating pattern 
recognition skills could help enhance diagnostic 
acumen and efficiency. Deep seeing involves the 
ability to perceive textures and colors that may 
not be immediately distinguishable. This can 

Fig. 5.- A, B. Innovation in mounting cartilages of larynx. C. Hyoid bone.
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translate clinically to observing details beyond 
the most prominent colors and textures. More-
over, with the increasing use of telemedicine, it 
is important for residents to be able to “see” the 
textures in the absence of a full physical exam-
ination. Interpretation of facial expressions of a 
painting’s subject(s) often helps identify the art-
ist’s intention or message. In medicine, similar-
ly, accurate interpretation of facial expressions 
is likely to enhance empathy and quality of care. 
The framework of VTS (visual thinking strategies) 
seems to be effective, and the evidence suggests 
that instructors comprise both clinicians and art 
curators. Future efforts would benefit from a stan-
dardized curriculum and assessment guidelines 
(Dalia et al., 2020).

A study was conducted to evaluate whether 
students’ exposure to VTS (visual thinking strat-

egies) would improve their physical observation 
skills, increase tolerance for ambiguity, and in-
crease interest in learning communication skills. 
There are about 32 students that attended three 
90-minute sessions, at which they observed and 
commented on three pieces of art in small groups 
led by museum educators. 

Pre- and post-test evaluations included Geller 
and colleagues’ version of Budner’s Tolerance of 
Ambiguity Scale, the Communication Skills Atti-
tudes Scale, and free responses to art and patient 
images. Students significantly increased their tol-
erance for ambiguity (P = .033), as well as positive 
views toward health care professional communi-
cation skills (P = .001) (Klugman et al., 2011).

Similarly, another study which conducted a 
student survey at Leiden University has indicat-
ed that all students (100%) found audio-guided 

Fig. 6.- A, B. Anterior and posterior view of Malleus bone (dry specimen). Model made of Plaster of Paris shows the markings 
of the bone. The real bone was pointed in the upper part of the jar by a bug. C. Students’ innovation in mounting ear ossicles. 
The incus bone was focused by a lens.
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museum tours to be useful for learning, and the 
majority of them found guided tours to be clinical-
ly relevant (87%). However, 69% of students felt 
that museum visits should be optional rather than 
compulsory within the medical training curricu-
lum (Marreez et al., 2010). 

By heeding the importance of VTS and skill-
based study introduced by the NMC (national 
medical commission) in the CBME curriculum 
in India, the present study was conducted to the 
medical students in order to initiate their inno-
vative talents, learning skill and communication 
skill. The students were very much interested, in-
teractive and intellectual during the study. They 
showed their innovative talents, which will be 
useful during their further course of the study.

CONCLUSION
The Competency-based Medical Curriculum 

adopted by the National Medical Commission in 
India emphasizes on Self Directed Learning (SDL). 
Thereby the author believes that creating innova-
tive museums will encourage the students in the 
learning process in this regard.
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SUMMARY
The anatomy Museum is an important educa-

tional resource for medical students, offering pre-
served specimens, models, and charts. However, 
its utilization varies, and its educational value 
remains unclear. This study examined utiliza-
tion patterns of anatomy museums among Indian 
medical graduates (IMGs) and explored whether 
frequent academic visits enhance anatomy com-
prehension and exam preparation. A cross-sec-
tional, questionnaire-based survey was conduct-
ed from July 2024 to February 2025 among IMGs 
who had completed Phase 1 of MBBS. Participants 
were categorized as non-visitors or museum at-
tendees. Attendees were further classified by 
purpose (academic, non-academic, or both) and 
frequency (regular: ≥10 visits/year; infrequent 
<10 visits/year). Data were analyzed using de-
scriptive statistics and chi-square tests. Of 1270 
respondents, 81.3% (n = 1032) visited the mu-
seum during Phase 1, while 18.7% (n = 238) had 
never visited. Among attendees, 72.6% (n = 749) 
engaged in structured learning, and 26.6% (n = 
274) visited casually. Within structured learning, 

50.3% (n = 377) were regular visitors and 49.7% 
(n = 372) infrequent visitors. Regular visitors re-
ported greater benefits than infrequent visitors in 
exam preparation (93.9% vs. 76.6%, x² = 44.656, 
p < 0.001) and anatomy understanding (98.7% 
vs. 94.6%, x² = 9.520, p = 0.002). Barriers includ-
ed academic workload and restricted access. 
Participants recommended unrestricted entry, 
structured faculty-led sessions, and upgraded in-
frastructure. Frequent academic visits were per-
ceived to significantly enhance anatomy compre-
hension and exam preparedness, highlighting the 
need to integrate structured museum learning 
into the curriculum.

Key words: Anatomy museums – Medical edu-
cation – Structured learning – Museum utilization 
– Perceived educational value 

INTRODUCTION
Anatomy is fundamental to medical education 

and surgical practice, but remains challenging 
due to its vast content and structural complexity 
(Drake, 2009; Turney, 2007). Cadaveric dissection, 
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though considered the gold standard (Sugand, 
2010; Aziz et al., 2002), is primarily useful for 
learning gross anatomy. It offers limited scope 
for embryology, radiological anatomy, and osteol-
ogy; and even within gross anatomy exposure is 
often restricted and unequal, particularly in large 
classes. Since repeated learning opportunities are 
essential, supplementary resources are required. 
Anatomy museums help bridge this gap by pro-
viding preserved specimens, bones, embryology 
models, skeletons, charts, and radiological imag-
es that reinforce understanding and clinical rele-
vance (Cornwall and Stringer, 2009).

Historically, anatomy museums evolved from 
Renaissance collections of drawings, wax models, 
and preserved specimens into organized centers 
for medical education. Developed primarily in Eu-
rope during the 17th to 19th centuries, these mu-
seums enabled the study of human morphology 
when cadaveric dissection was limited. Over time, 
they expanded to include plastinated specimens, 
skeletal models, and interactive displays, foster-
ing both professional learning and public engage-
ment (Kamath et al., 2013). In modern medical 
education, particularly in India, anatomy muse-
ums continue to complement dissection-based 
teaching by providing repeated, visual, and inte-
grative learning experiences.

Globally, medical museums are increasingly 
adopting digital tools such as photogrammetry, 
three-dimensional modeling, and virtual collec-
tions to enhance accessibility and preservation. 
By contrast, Indian anatomy museums remain 
largely traditional, with digitalization still rare 
and limited to a few institutions. Their use in 
teaching is not mandatory, and student engage-
ment often depends on faculty initiative or indi-
vidual interest. Access policies, resources, and 
teaching methods vary widely across institutions, 
reflecting a lack of standardization.

Given this context, it becomes essential to as-
sess how medical students utilize anatomy muse-
ums and perceive their educational value. Under-
standing usage patterns, barriers, and learning 
outcomes can help clarify the museum’s continu-
ing role in anatomy education and inform strate-
gies for its better integration into modern curric-
ula.

MATERIALS AND METHODS

Study design and setting

This cross-sectional, questionnaire-based sur-
vey was conducted between July 2024 and Feb-
ruary 2025 among medical students and pro-
fessionals across India. A convenience sampling 
approach was employed, supplemented by a 
snowball sampling strategy, wherein participants 
were encouraged to share the survey within their 
professional networks.

Questionnaire development and data collection

The survey questionnaire was developed specif-
ically for the purpose of this study. It was initial-
ly developed on the basis of personal interviews 
with medical students and doctors from various 
government and private medical colleges. Exter-
nal validation was conducted through an expert 
panel review comprising eight anatomists, where-
as internal reliability was assessed via Cronbach’s 
alpha, which was 0.7, indicating acceptable reli-
ability. The final version of the questionnaire used 
in the study is provided in Annex 1.

Sample size calculation

The required sample size was determined via 
the single population proportion formula:

n = (Zα/2) 2 p (1- p)/d2

where p was set at 68.3% on the basis of the pilot 
study, with a margin of error of 4% and a confi-
dence interval of 98% (z score = 2.33). On the basis 
of this calculation, the required sample size was 
738.3, which was rounded to 800 participants.

The study included Indian medical graduates 
(IMGs) who had completed Phase 1 of the MBBS 
program (i.e., currently in Phase 2 or beyond), 
and medical professionals who had completed the 
MBBS from any medical college in India.

Foreign medical graduates (FMGs), IMGs who 
did not provide consent and participants with in-
complete survey responses were excluded from 
the study.

Survey instrument and data collection

The questionnaire was distributed via Google 
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Forms, with the survey link circulated through 
WhatsApp groups (state-level and national-level 
anatomy community groups, student groups, and 
medical professional groups) and official institu-
tional emails.

The questionnaire consisted of three sections 
to facilitate comprehensive data collection. Sec-
tion 1 included an online-informed consent form, 
and only participants who successfully submitted 
their consent were directed to the next section. 
Section 2 collected information on the country 
where participants completed or were currently 
pursuing their MBBS. Only the IMGs were direct-
ed to section 3. Section 3 presents demographic 
details, such as the year of MBBS study and the 
type of medical college (government or private). 
This was followed by a structured questionnaire 
assessing the perceived educational value of mu-
seum visits and the factors influencing museum 
utilization. The questionnaire explored aspects 
such as the frequency and purpose of visits, rea-
sons for non-visitation or infrequent visitation, 
the impact of museum visits on anatomy learning 
and examinations, and recommendations for im-
proving museum utilization.

Statistical analysis

The data were analyzed via SPSS version 20.0. 
Descriptive statistics were used to summarize 
categorical variables, while the chi-square test 
was applied to assess associations between visit 
frequency and perceived educational benefits. A 
“p” value <0.05 was considered to indicate statis-
tical significance, and a 95% confidence interval 
was used to interpret the results.

Ethical approval

This study was conducted in accordance with 
the ethical principles outlined in the Declara-
tion of Helsinki. Ethical approval was obtained 
from the Institutional Ethical Committee of Sri 
Venkateswara Medical College (SVMC), Tirupa-
ti, Andhra Pradesh, India (Approval No: 309/
SRC/2024). Participation was voluntary, and only 
those who provided online consent were allowed 
to proceed with the survey.

RESULTS
A total of 1319 participants responded to the 

survey. After applying the exclusion criteria (for-
eign medical graduates: n = 28, incomplete data: 
n = 21), 1270 responses were included in the fi-
nal analysis. Of these, 65.5% (n = 832) were from 
government medical colleges, whereas 34.5% (n = 
438) were from private medical colleges in India.

Museum utilization patterns

The participants were categorized into non-vis-
itors (n = 238, 18.7%) and museum attendees (n = 
1032, 81.3%). Among non-visitors, 73.1% (n: 174) 
reported various reasons for not visiting the anat-
omy museum during their first year of MBBS. Sim-
ilarly, among museum attendees, 52.6% (n=543) 
provided reasons for their infrequent visits. The 
most commonly reported barrier across both 
groups was a busy academic schedule due to the-
ory and practical classes in Anatomy, Physiology 
and Biochemistry and the need for permission 
from the head of the department/faculty to access 
the museum. Additional reasons are detailed in 
Table 1.

Perceived benefits of museum visits

Among the 1032 museum attendees, 54.9% 
(n = 567) were academic users utilizing the mu-
seum for structured learning activities such as 
group discussions, faculty-led sessions and exam 
preparation. A total of 26.6% (n = 274) were non-
academic users, visiting primarily for casual 
viewing or engaging with the museum during fac-
ulty-related events, including university exams, 
Continuing Medical Education programs, or de-
partmental conferences. A total of 17.6% (n = 182) 
were mixed-purpose visitors who participated in 
both academic and nonacademic visits.

Overall, 72.6% (n = 749) of museum attendees 
participated in structured learning (academic us-
ers + mixed-purpose visitors). Within this group, 
50.3% (n = 377) were classified as regular visitors 
(≥10 visits per academic year), and 49.7% (n = 
372) were infrequent visitors (<10 visits per ac-
ademic year). A total of 93.9% of regular visitors 
and 76.6% of infrequent visitors felt that muse-
um visits were beneficial for final examinations 
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(both theoretical and practical). A statistically 
significant association was observed between the 
frequency of museum visits and their perceived 
usefulness for examination preparation (x²(1) 
= 44.656, p < 0.001). Similarly, 98.7% of regular 
visitors and 94.6% of infrequent visitors reported 
that museum visits enhanced their understand-
ing of anatomy. This association between visit fre-
quency and improved anatomy comprehension 
was also statistically significant (x²(1) = 9.520, p 
= 0.002).

Recommendations by non-visitors and muse-
um attendees

Both non-visitors and museum attendees pro-
vided recommendations to improve museum 
utilization, which were categorized into three key 
areas:

1. Accessibility: i.e. granting students unre-
stricted access to the museum without requiring 
mandatory permission from the head of the de-
partment/faculty.

2. Curriculum Integration: i.e. incorporating 
structured museum visits into the regular teach-
ing schedule (e.g., weekly guided sessions led by 
faculty).

3. Museum upgrading: enhancing museum re-
sources through the introduction of 3D models, 
well-prepared region-specific specimens, self-ex-
planatory catalogs, and digitalization.

Recommendations for enhancing museum uti-
lization were provided by 32 non-visitors and 95 
museum attendees, the details of which are pre-
sented in the bar diagram (Fig. 1).

DISCUSSION
The primary objective of this study was to assess 

the perceived educational benefits of academic 
visits to the anatomy museum during Phase 1 of 
the MBBS, particularly in relation to final exam 
preparation and comprehension of anatomy. Our 
findings suggest that regular museum visitors re-
ported greater perceived benefits than infrequent 
visitors did. A significantly greater proportion of 
regular visitors (93.9%) perceived that museum 
visits improved their exam readiness in high-

er degrees than did infrequent visitors (76.6%). 
Similarly, 98.7% of the regular visitors felt that 
museum exposure enhanced their understanding 
of anatomy, whereas 94.6% of the infrequent vis-
itors did. These results highlight the potential of 
museums as effective supplements to traditional 
anatomy teaching by providing a three-dimen-
sional view that reinforces theoretical knowledge 
and spatial understanding.

Anatomy museums have historically been inte-
gral to medical education, evolving from passive 
displays to interactive spaces that blend art, sci-
ence, and medicine (Kamath et al., 2013). Digital 
technologies like 3D scanning, Virtual Reality, and 
Augmented Reality have enhanced accessibility 
and engagement with anatomical content (Teplá 
et al., 2022; Rajaram et al., 2023). In India, howev-
er, most museums remain traditional, with limit-
ed digital integration, except for a few, such as the 
Manipal Museum of Anatomy and Pathology.

Since museum visits are neither mandatory nor 
formally integrated into the medical curriculum 
in India, establishing a direct correlation between 
museum usage and academic performance, such 
as examination scores, is not feasible. Unlike 
structured lectures or practical sessions, the fre-
quency and purpose of museum visits vary across 
students and institutions, with no standardized 
learning hours or guidelines. Additionally, medi-
cal students utilize multiple resources, including 
textbooks, online materials and peer discussions, 
all of which contribute to academic performance. 
Given these confounding factors, attributing ex-
amination scores solely to museum visits would be 
misleading. Therefore, this study focused on the 
students’ perceived educational value of museum 
visits rather than objective academic outcomes. 
However, future explorations are warranted to 
assess the potential impact of museum-based 
preparation on objective measures such as exam 
performance. Given the number of confounding 
factors, this assessment would require controlled 
exposure to the museum to ensure standardized 
conditions for comparison.

The finding that 81.3% of the participants vis-
ited the anatomy museum during Phase 1 of the 
MBBS underscores its relevance as a learning 
resource, which is consistent with global trends 
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where anatomy museums supplement traditional 
teaching methods such as dissection and lectures 
(Sugand et al., 2010). However, 18.7% of non-vis-
itations and 49.7% of infrequent visits among 
attendees highlighted barriers to optimal utiliza-
tion.

The predominant reasons for non-visitation as 
well as infrequent visitations were busy academ-
ic schedules (35.6% non-visitors, 49.4% attend-
ees) and the requirement of permission to access 
museums (30.5% non-visitors, 20.8% attend-
ees). These findings align with those of a study by 
Pradeepkumar et al. (2010), who noted that time 
constraints and free accessibility to museums are 
barriers to supplementary learning in medical ed-
ucation. The influence of the COVID-19 pandemic 
further highlights these results, as online classes 
likely reduced physical access to museums, which 
is in accordance with the reports of Singal et al. 
(2021) and Ali (2020).

Recommendations from both non-visitors and 
museum attendees highlight key areas for improv-
ing museum utilization. Non-visitors prioritized 
ease in accessibility (53.1%), whereas attendees 
emphasized curriculum integration (52.6%) and 
museum upgrading (41.1%), indicating a desire 
for structured and modernized learning experi-
ences. Suggestions such as 3D models, digitali-

zation and faculty-led museum sessions into the 
curriculum align with global shifts toward tech-
nology-enhanced anatomy education (Trelease, 
2016; Kamath et al., 2016; Karim et al., 2022), 
whereas curriculum integration echoes call for 
active learning in India’s medical reforms. These 
findings suggest that addressing accessibility and 
incorporating museum visits into teaching sched-
ules could increase museum utilization.

The strengths of this study include its large, di-
verse sample size and statistical rigor, as well as 
its ability to draw reliable conclusions. However, 
limitations exist. Retrospective data from Phase 2 
students and professionals may introduce recall 
bias, potentially inflating perceived benefits. Ad-
ditionally, the low response rate for recommenda-
tions (13.4% non-visitors, 9.2% attendees) limits 
their generalizability, possibly owing to the op-
tional nature of this question.

CONCLUSION
This study highlights the perceived education-

al benefits of anatomy museums, with frequent 
academic visits linked to improved self-reported 
exam preparedness and anatomical understand-
ing. However, restricted access, faculty super-
vision requirements, and time constraints limit 
optimal utilization. Enhancing accessibility, inte-

Fig. 1.- Bar diagram showing recommendations for enhancing museum. 
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grating structured museum visits into the curric-
ulum, and upgrading infrastructure with interac-
tive models and digital exhibits could maximize 
their impact. While this study focused on per-
ceived benefits, future research should explore 
controlled comparisons and longitudinal assess-
ments to evaluate the direct influence of museum 
utilization on academic performance.
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Role of spatial cognition ability in teaching 
and learning human embryology:  

traditional versus 3D atlas
Rakhshinda Iram, Zilli Huma, Najma Baseer, Shah Khalid

Institute of Basic Medical Sciences, Khyber Medical University, Peshawar, Pakistan 

SUMMARY
This study aimed to evaluate and compare the 

cognitive and spatial learning outcomes of two in-
structional modalities, traditional 2D atlas-based 
learning and 3D atlas-based visualization, in the 
teaching of human embryology. Conducted as a 
cross-over experimental study at Khyber Medical 
University, the research involved thirty-four post-
graduate students equally divided into Group A 
and Group B. In Phase 1, Group A received 2D in-
struction while Group B received 3D instruction. 
Each participant completed a pretest, a two-hour 
instructional session on heart development, a 
post-test immediately after, and a delayed post-
test two weeks later. Cognitive understanding was 
assessed using a structured questionnaire, while 
spatial ability was evaluated using the Visual-
ization of Rotation (ROT) test. After Phase 1, the 
instructional methods were flipped between the 
groups, and the assessments were repeated.

Before flipping, a significant difference was ob-
served in pretest cognitive scores between the 
groups (F = 5.405, p = 0.026), with the Group B (3D 
in Phase 1) scoring higher; however, this differ-
ence did not persist in post-test or delayed post-
test results. Spatial scores also showed a clear 
advantage for the Group B before the flip, with sig-
nificantly higher post-test (F = 27.781, p < 0.05) 

and delayed post-test scores (F = 55.07, p < 0.05). 
After flipping, the group receiving 3D instruction 
achieved higher spatial scores at both the post-
test and delayed post-test stages confirming the 
consistent advantage of 3D visualization across 
both phases. Within-group analysis revealed 
modest improvements after instruction for both 
groups, followed by a normal decline at delayed 
testing.

Overall, the findings suggest that 3D atlas-based 
learning enhances spatial reasoning and visu-
alization skills, while traditional 2D learning re-
mains effective for factual content mastery. The 
cross-over design minimized the influence of 
baseline differences and allowed direct compar-
ison of both modalities within the same partici-
pants. These results support an integrated ped-
agogical approach where 3D visualization tools 
are introduced early to build spatial frameworks, 
followed by 2D resources to reinforce conceptual 
understanding and retention.

Key words: Spatial ability – ROT (visualization 
of Rotation) – Cognition – Embryology – 3D learn-
ing

INTRODUCTION
Embryology is a fundamental component of 

Corresponding author: 
Prof. Zilli Huma. Anatomy, Institute of Basic Medical Sciences, Khy-
ber Medical University, Peshawar, Pakistan. Phone: +923209894379. 
E-mail: zillihuma.ibms@kmu.edu.pk

Submitted: September 19, 2025 Accepted: January 22, 2026

https://doi.org/10.52083/QPTY1069

https://doi.org/10.52083/QPTY1069 


Role of spatial cognition ability in teaching and learning human embryology: traditional versus 3D atlas

402

medical education, providing essential knowl-
edge for the understanding of the complex-organ 
spatial connectivity and identifying the roots of 
congenital birth defects (Chekrouni et al., 2020). 
Traditional education systems deliver embryo-
logical information to students through textbooks 
alongside didactic lectures as they serve as base-
line learning materials in medical programs. Un-
derstanding embryonic development demands 
more than simple textual information, because 
the process remains complicated in nature. The 
understanding of spatial relationships needs 
visualization to strengthen anatomical connec-
tions, and this proves difficult when using stan-
dard teaching methods independently (Alharbi et 
al., 2020).

Anatomical instruction has developed through 
time by leaving behind traditional paper meth-
ods to adopt modern interactive technological 
methodologies (McBride and Drake, 2018). The 
COVID-19 pandemic highlighted a permanent 
transition by using digital platforms to replace 
traditional classrooms so that anatomical educa-
tion progressed through virtual platforms. These 
technological advances have shown successful 
achievements in anatomy teaching, but research-
ers need to study how they affect long-term edu-
cational outcomes (Losco et al., 2017).

Medical students require memorization with 
comprehension and visualization techniques to 
build a thorough grasp of anatomy according to 
recent studies. The ability of students to remem-
ber and recall how anatomical parts relate spa-
tially helps them create mental photographs and 
spatial awareness, which proves critical for med-
ical practice (Pradhan et al., 2024). Research pos-
es the pivotal question whether spatial cognitive 
competency by nature increases anatomy learn-
ing skills or medical education courses enhance 
spatial capabilities (Langlois et al., 2017).

Research established that three-dimensional 
(3D) visualization tools lead students to obtain 
better factual as well as spatial knowledge about 
anatomical representations than traditional 
two-dimensional (2D) approaches (Vorstenbosch 
et al., 2013; Triepels et al., 2020). The enhance-
ment of spatial abilities occurs following repeated 
exposure and training, according to multiple re-

search papers which show that visualization and 
anatomy learning work in tandem (Langlois et al., 
2020; Gonzales et al., 2020). Two studies focused 
on the comparative analysis between two-dimen-
sional and three-dimensional learning methods 
showed that virtual and augmented-reality tech-
nology offers better spatial anatomical compre-
hension and presents itself as a suitable choice for 
teaching replacement (Birbara et al., 2020; Dha-
ramsi et al., 2022).

Arguments that produce better educational re-
sults increase, since students increasingly use 
online education while having restricted access to 
physical cadaver dissection spaces and anatom-
ical model collections. The research investigates 
cognitive and spatial performance scores in de-
velopmental embryology education between two 
student groups to evaluate spatial cognition im-
pact on anatomy learning through emerging digi-
tal educational tools in medical curricula.

MATERIALS AND METHODS
The experimental pre-test and post-test study 

were performed at the Institute of Basic Medical 
Sciences within Khyber Medical University in Pe-
shawar. The study was conducted in accordance 
with the Institutional Review Board through NO: 
KMU/IBMS/IRBE/meeting/2022/8071. All partici-
pants involved in this study had approved to join 
the research through informed consent. Moreover, 
the participants in this study were postgraduate 
medical students currently pursuing M.Phil. de-
grees in Anatomy at the Institute of Basic Medical 
Sciences, Khyber Medical University. All of them 
had already completed their bachelors in allied 
health sciences, so they entered the program with 
a similar baseline understanding of embryology. 
Because of this shared academic background, 
it was anticipated that the group was uniform in 
their foundation knowledge before the education-
al intervention. To avoid confusion between in-
structional modalities before and after the cross-
over, the two groups were referred to Group A and 
Group B throughout the study. At the start of the 
study, participants were randomly assigned to 
these two groups. In Phase 1, Group A received 
traditional 2D atlas instruction and Group B re-
ceived 3D digital atlas instruction. In Phase 2 (af-
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ter flipping), the modalities were flipped: Group 
A received 3D instruction, and Group B received 
2D instruction. This consistent naming style pre-
vents ambiguity in interpreting results before and 
after the instructional flip.

The pre-test consisted of two main components:

1. The structured questionnaire determined the 
results of cognitive assessment.

2. The Visualization of Rotation (ROT) test was 
used to assess spatial ability during the study 
(Yoon, 2011).

Both groups participated in a two-hour in-
structional session on heart development. The 
instructional duration, learning objectives, and 
assessment timelines were kept the same for both 
modalities to avoid procedural bias. Netter’s Atlas 
of Human Embryology and Langman’s Human 
Embryology were used as reference materials 
for traditional learning group (Group A in Phase 
1) used Netter’s Atlas of Human Embryology and 
Langman’s Human Embryology as reference ma-
terials, while the 3D learning group (Group B in 
Phase 1) viewed the interactive digital platform 
available at http://www.3datlasofhumanembryol-
ogy.com.

The post-test assessment occurred promptly 
following instructions and then the delayed post-
test took place two weeks after using an identi-
cally structured pre-test questionnaire. In the 
two weeks before the delayed post-test, students 
were asked not to review or search for any extra 
material on the topic. When they came in for the 
delayed test, this reminder was given again. The 
assessment was held in a supervised classroom 
environment to make sure that instructions were 
followed. This approach was used so that the 
delayed test would reflect what students had re-
tained from the original lesson.

Following completion of phase 1, the study em-
ployed a cross-over arrangement. Group A shift-
ed from 2D instruction to 3D instruction, while 
Group B shifted from 3D to 2D. The duration of in-
struction and the sequence of assessments were 
kept consistent across both phases. Although 
the anatomical topic remained the same, paral-
lel (rather than identical) test items were used to 

limit direct recall of previous responses. This ap-
proach allowed both groups to engage with both 
instructional modalities while minimizing learn-
ing carryover effects. The cognitive questionnaire 
and the ROT spatial test were administered in the 
same order during each phase.

Descriptive and inferential statistical analyses 
were performed to examine cognitive and spatial 
learning outcomes. All information was processed 
by Microsoft Excel and Statistical Package for the 
Social Sciences (SPSS), version 24. The test in-
cluded descriptive statistics, which presented the 
mean (M) and standard deviation (SD). A Shap-
iro-Wilk test was conducted to check the distribu-
tional normality of measured variables. The anal-
ysis of score differences between groups included 
a one-way ANOVA test for the three tests’ scores. 
The evaluation of differences among participants 
used a repeated measures ANOVA design. The re-
lationship between cognitive scores and spatial 
ability was evaluated through Pearson’s correla-
tion coefficient test. To avoid misinterpretation 
of group effects, all between-group comparisons 
were interpreted in relation to the instruction-
al modality delivered in each phase rather than 
group identity. Although Group A and Group B la-
bels remained constant throughout the study, the 
instructional modality (2D or 3D) varied by phase. 
Accordingly, any observed between-group differ-
ences at post-test or delayed post-test were at-
tributed to the modality of instruction rather than 
inherent differences between groups.

RESULTS
A total of 34 participants were included in the 

study with 50% allocated to each group. Most of 
the participants were females (76%), and their 
ages ranged from 27 to 35 years.

Phase 1 (Before Flipping)

Cognition Scores: Table 1 presents the cogni-
tion scores for Group A (2D instruction) and Group 
B (3D instruction) before the cross-over. A statis-
tically significant difference was observed at the 
pre-test stage (F = 5.405, p = 0.026), with Group 
B scoring higher than Group A. However, no sig-
nificant differences were observed at the post-test 
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(F = 0.956, p = 0.335) or delayed post-test stages 
(F = 0.814, p = 0.373). Within-group comparisons 
showed statistically non-significant changes over 
time for both Group A (F = 2.901, p = 0.080) and 
Group B (F = 2.540, p = 0.106). These results in-
dicate that although Group B began with a higher 
baseline cognitive score, Group A improved suffi-
ciently to close the gap after instruction.

Spatial Scores: As shown in Table 2, there was no 
significant difference in spatial scores at the pre-
test stage (F = 1.704, p = 0.201). However, Group B 
scored significantly higher at both the post-test (F 
= 27.781, p < 0.001) and delayed post-test stages 
(F = 55.078, p < 0.001). Within-group analysis also 
demonstrated significant improvement across 
time in both groups (Group A: F = 7.019, p = 0.007; 
Group B: F = 11.200, p = 0.001). This confirms that 
3D visualization produced greater spatial skill en-
hancement compared to 2D instruction.

Phase 2 (After Flipping)

Cognition Score: Table 3 summarizes the cog-
nition results after the instructional cross-over. At 
the Phase 2 pre-test, Group B scored significantly 
higher than Group A (F = 6.847, p = 0.013), reflect-
ing a persistent baseline difference rather than 
an instructional effect. Following instructions, 
no significant differences were found at the post-
test (F = 0.672, p = 0.418) or delayed post-test (F = 
0.087, p = 0.770). Both groups showed modest im-
provement after instruction followed by a decline 

at the delayed post-test.

Spatial Scores: Table 4 shows the spatial score 
comparisons after the cross-over. At the Phase 2 
pre-test, there was no significant difference be-
tween groups (F = 1.218, p = 0.278). However, 
Group B scored significantly higher than Group A 
at both the post-test (F = 25.995, p < 0.001) and 
delayed post-test (F = 40.523, p < 0.001). With-
in-group changes remained significant for both 
Group A (F = 9.138, p = 0.004) and Group B (F = 
10.174, p = 0.002). These results again support 
the consistent advantage of 3D visualization in 
improving spatial reasoning.

Correlational Analysis: Pearson correlation 
analysis showed a weak, non-significant relation-
ship between cognition and spatial scores across 
all assessment points (r = 0.325, p = 0.061), indi-
cating that changes in one domain did not strong-
ly predict changes in the other.

DISCUSSION
This study compared cognitive and spatial 

learning outcomes between two instructional 
modalities, traditional 2D atlas-based learning 
and 3D atlas-based visualization, in the context of 
teaching embryological heart development. The 
results demonstrated that the two approaches 
supported learning in different ways, highlighting 
the importance of matching instructional tools to 
the learning objectives.

Fig. 1.- Sample question from the ROT Test with instructions (Yoon, 2011).
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Before the instructional methods were flipped, 
Group B, which received 3D instruction in Phase 
1, achieved significantly higher spatial scores at 
both the post-test and delayed post-test assess-
ments. This finding supports the established view 
that dynamic, manipulable 3D visualizations fa-
cilitate mental rotation and spatial integration, 
particularly in anatomy and embryology, where 
structures evolve in complex three-dimension-
al planes. This is consistent with earlier reports 
that 3D models and virtual reality tools promote 
spatial understanding more effectively than tra-

ditional images alone (Yoon, 2011; Wang et al., 
2020). The significant within-group improvement 
observed in both Group A and Group B also sug-
gests that spatial ability is trainable, aligning with 
research demonstrating that repeated exposure 
to visual–spatial challenges enhance mental rota-
tion skills over time (Langlois et al., 2020; Gonza-
les et al., 2020).

In contrast, the cognitive (factual recall) out-
comes showed no consistent advantage for either 
group across testing points before flipping. While 
Group B scored higher at baseline in the first 

Table 1. Cognition scores before instructional flipping (Phase 1)

Variable Assessment stage Group A (2D instruction)  
Mean ± SD

Group B (3D instruction) 
 Mean ± SD F p

Cognition 
 test (0-10)

Pre-test 3.76 ± 1.3 5.35 ± 2.4 5.405 0.026*

Post-test 4.94 ± 2.6 5.82 ± 2.6 0.956 0.335

Delayed post-test 3.82 ± 2.0 4.29 ± 0.77 0.814 0.373
In Phase 1, Group A received traditional 2D atlas instruction and Group B received 3D digital atlas instruction. Statistically signif-
icant (p < 0.05).

Table 2. Spatial scores before instructional flipping (Phase 1)

Variable Assessment stage Group A (2D instruction)  
Mean ± SD

Group B (3D instruction) 
 Mean ± SD F p

Spatial Cognition  
test (0-10)

Pre-test 3.35 ± 2.1 4.29 ± 2.0 1.704 0.201

Post-test 4.00 ± 1.6 6.29 ± 0.6 27.781 <0.001*

Delayed post-test 1.70 ± 1.4 4.82 ± 0.9 55.078 <0.001*
In Phase 1, Group A received traditional 2D atlas instruction and Group B received 3D digital atlas instruction. Statistically signif-
icant (p < 0.05)

Table 3.  Cognition scores after instructional flipping (Phase 2)

Variable Assessment stage Group A (2D instruction)  
Mean ± SD

Group B (3D instruction) 
 Mean ± SD F p

Spatial Cognition  
test (0-10)

Pre-test 4.52 ± 1.5 5.94 ± 1.6 6.847 0.013*

Post-test 5.64 ± 2.4 6.29 ± 2.0 0.672 0.418

Delayed post-test 4.23 ± 2.3 4.41 ± 0.8 0.087 0.770
In Phase 2, Group A received 3D digital atlas instruction and Group B received traditional 2D atlas instruction. Statistically signif-
icant (p < 0.05).

Table 4. Spatial scores after instructional flipping (Phase 2)

Variable Assessment stage Group A (2D instruction)  
Mean ± SD

Group B (3D instruction) 
 Mean ± SD F p

Spatial Cognition  
test (0-10)

Pre-test 3.82 ± 1.9 4.58 ± 2.0 1.218 0.278

Post-test 4.52 ± 1.4 6.58 ± 0.7 25.995 <0.001*

Delayed post-test 2.00 ± 1.5 4.88 ± 1.0 40.523 <0.001*
In Phase 2, Group A received 3D digital atlas instruction and Group B received traditional 2D atlas instruction. Statistically signif-
icant (p < 0.05).
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phase, both groups performed similarly at the 
post-test and delayed post-test stages. This aligns 
with previous studies suggesting that 3D visual-
ization supports how structures relate rather than 
what structures are, whereas textbook-based 
study may still be equally effective for content 
recall (Pagels et al., 2024; Codd and Choudhury, 
2011). Accordingly, spatial learning and cognitive 
recall appear to develop independently, which 
is further supported by the weak correlation ob-
served between the two domains in our study.

Although a baseline difference in cognitive 
scores was observed prior to instruction in both 
phases, and consistently favored the same group, 
this pattern likely reflects natural variation in 
prior knowledge rather than an instructional ef-
fect. The cross-over design allowed each group to 
receive both modalities, enabling within-group 
comparisons and thereby reducing the influence 
of initial differences and reducing the potential 
for baseline bias to affect outcome interpretation.

After flipping, the group exposed to 3D in-
struction demonstrated higher spatial scores 
compared to the before flipping, confirming that 
the advantage was modality-driven rather than 
group-specific. Furthermore, the group that ex-
perienced 3D instruction first showed continued 

strength in spatial tasks even after switching to 2D 
materials in the next phase, suggesting a lasting 
benefit of early exposure to 3D visualization. This 
learning-transfer pattern has been described as 
a scaffolding effect, in which once spatial frame-
works are constructed, students can mentally re-
construct 3D form without needing continued 3D 
support (Hoyek et al., 2014). This emphasizes the 
importance of instructional sequencing and re-
visitation of complex spatial topics.

The decline in delayed post-test scores across 
both groups is also noteworthy. This pattern likely 
reflects normal retention decay, consistent with 
evidence that spatially integrated anatomical 
knowledge requires repeated engagement to be 
maintained over time. Importantly, the similar 
decline observed in both groups further suggests 
that neither modality artificially inflates long-
term retention; rather, both require revisitation of 
content to sustain gains.

Overall, the findings of this study suggest that 3D 
atlas tools are particularly beneficial for enhanc-
ing spatial reasoning, while traditional resources 
remain effective for cognitive content mastery. 
Rather than positioning one method as superior 
to the other, this research supports a complemen-
tary instructional model in which 3D visualiza-

Fig. 2.- Pre-Test Assessment given to the participants.
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tion is introduced initially to build foundational 
spatial understanding, followed by targeted rein-
forcement using traditional 2D resources to con-
solidate cognitive content.

CONCLUSION
This study demonstrated that 3D atlas-based 

visualization consistently enhanced students’ 
spatial reasoning across both phases of the 
cross-over design, regardless of whether learn-
ers encountered it first or after traditional 2D in-
struction. In contrast, cognitive (factual) learning 
outcomes were comparable between modalities 
after instruction, indicating that conceptual un-
derstanding can be effectively supported by both 
2D and 3D resources. The repeated observation 
that the group receiving 3D instruction, wheth-
er in Phase 1 or Phase 2, achieved higher spatial 
scores highlights the modality-specific advantag-
es of interactive visualization for understanding 
complex embryological structures.

The cross-over structure further revealed that 
once spatial understanding is established, its ben-
efits persist even when learners transition to 2D 
materials, suggesting a durable learning-trans-
fer effect. These results support a sequenced 
pedagogical approach in which 3D visualization 
is introduced early to build foundational spa-
tial frameworks, followed by reinforcement and 
consolidation using traditional 2D atlases for 
long-term conceptual learning. Future research 
should employ larger and more diverse samples 
and explore the integration of virtual or augment-
ed reality technologies to further enhance spatial 
reasoning and improve long-term retention of 
embryological concepts.
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