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Fetal anatomy of the abductor pollicis brevis
and its clinical importance

Saliha Seda Adanir! > flhan Bahsi' (),
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, Simge Korkmaz’
, Mustafa Orhan'

, Orhan Beger'

'Department of Anatomy, Faculty of Medicine, Gaziantep University, Gaziantep, Tiirkiye
*Faculty of Medicine, Gaziantep University, Gaziantep, Tiirkiye

Abstract

Objectives: The abductor pollicis brevis exhibits a variant course in newborns with radial polydactyly or syndactyly; howev-
er, its morphology in human fetuses has not been previously studied. This study aims to document the dimensions and
attachment points of abductor pollicis brevis in human fetuses.

Methods: The study consisted of 27 (15 females and 12 males) fetuses with a mean gestational age of 24.08+4.18 weeks. The
attachment points (its insertion and origin) of abductor pollicis brevis were determined. The width, length and area of the muscle
were measured with ImageJ software. The insertion and origin points were classified according to the literature.

Results: The mean width, length and area of abductor pollicis brevis were 3.52+1.33 mm, 9.19+2.73 mm and 30.84+20.39
mm?2, respectively. The muscle most commonly originated from the flexor retinaculum and the tubercle of the scaphoid bone
(Type 1) and inserted at the lateral side of the first metacarpophalangeal joint (Type A).

Conclusion: This study is the first to classify the origin and insertion of the abductor pollicis brevis in human fetuses. These
findings could be valuable for hand surgeons performing surgical interventions in this region in newborns. Additionally, the
growth patterns identified in our study may be used to estimate the size of the abductor pollicis brevis in fetuses.

Keywords: abductor pollicis brevis; fetus; thenar region; thumb
Anatomy 2024;18(3):73-82 ©2024 Turkish Society of Anatomy and Clinical Anatomy (TSACA)

Introduction and radial polydactyly—conditions that are sensitive in

The thenar region muscles play a crucial role in thumb pediatric surgery both aesthetically and functionally—

strength and movement, and they are closely associated
with anomalies and surgical procedures in this area. One of
the thenar muscles, the abductor pollicis brevis (APB), is a
slender muscle located at the proximal and lateral part of
the thenar eminence. The muscle primarily originates
from the flexor retinaculum, with additional fibers arising
from the tendon of the abductor pollicis longus and the
scaphoid tubercle. It attaches to the base of the proximal
phalanx.!!” Variations related to the APB, such as the
absence of the muscle, double-headed muscle, fusion with
the abductor pollicis longus, or attachment to other thenar
muscles, have been documented in the literature.”

Thenar muscle agenesis can occur in cases of thumb

hypoplasia.’! During thumb anomalies like syndactyly

the APB may deviate from its normal course in new-
borns. Atrophy or hypoplasia of this muscle, whether
occurring before or after syndactyly and polydactyly
surgery, underscores the importance of understanding
the normal developmental and morphometric character-
istics of the muscle.*® However, a fetal study on the
anatomical features of the APB has not been reported in
the literature. Furthermore, no previous classification
exists regarding the origin and insertion of the APB. In
this context, this study aims to establish new classifica-
tions based on the origin and insertion of the APB and to
examine its morphometric features in human fetuses to
inform early childhood surgeries.

This study was presented as an oral presentation at the 20th IFAA Congress beld from August 5-7, 2022.

deomed.
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Materials and Methods

This study was conducted in accordance with the ethical
standards outlined in the 1964 Declaration of Helsinki
and its subsequent amendments. The thenar regions of
27 fetuses (12 males, 15 females) with a mean gestation-
al age of 24.08+4.18 (range: 18-35) weeks which had
been fixed in 10% formalin, were dissected bilaterally.
Fetal age was determined based on foot length, as
detailed in Table 1. Fetuses with deformities such as
polydactyly, syndactyly, or cleft lip were excluded from
the study.

The dissections were carried out in the university’s
anatomy department. Fetal samples were placed in the
supine position with their hands open. Using a surgical
microscope (Leica S4E; Leica Microsystems GmbH,
Wetzlar, Germany) the skin and fasciae were carefully dis-
sected. These structures were then retracted laterally
and/or medially to expose the APB muscle.

The thumbs were photographed in standard position
using a 64 MP camera (Apple iPhone 13 mobile device,
running the iOS 14.2.1 operating system) with x10 digital
magnification. Measurements were taken three times by
two independent observers from the photographs using a
digital image analysis program (Image]; US National
Institutes of Health, Bethesda, USA). The following
parameters were measured (Figure 1):

* APB-L (mm): the length of APB (the distance between
the origin and insertion of the muscle) (Figure 1a)

* APB-W (mm): the width of APB (the width at the
widest part of the muscle) (Figure 1b)

* APB-A (mm?): the area of APB (the area measured by
drawing the boundaries of the muscle) (Figure 1c)

Previous studies related to variations of the origin of
APB were searched in PubMed and Google Scholar
databases, and a classification was developed to encompass
all identified variations. Articles lacking detailed informa-
tion on these variations were excluded based on the fol-
lowing criteria: absence of data about sides, non-English
language articles, and articles with only an abstract. The
literature search was conducted using the following key-
words: “abductor pollicis brevis,” “abductor pollicis brevis
and origin,” and “abductor pollicis brevis and variation.”
As a result of this search, 178 studies were included in our
classification, leading to the division of the origin of the
APB into seven types (Table 2).

Similarly, studies related to variations in the insertion
of the APB were searched in the PubMed and Google
Scholar databases. Articles without detailed information
on variations were excluded using the same criteria:
absence of data about sides, non-English language arti-
cles, and articles with only an abstract. The keywords
used for this literature review were: “abductor pollicis
brevis”, “abductor pollicis brevis and insertion”, and
“abductor pollicis brevis and variation.” Following this
search, 178 studies were included in our classification,
and the insertion of the APB was categorized into four

types (Table 3).

Table 1
Demographic data of fetuses.

Month Gestational week N Length of right foot (mm) Males (n) Females (n)
\ 18 1 27.12 0 1
19 2 29.34+0.50 1 1
Vi 21 3 33.16+1.38 2 1
22 3 37.01+1.54 1 2
23 2 40.40+0.55 0 2
24 2 42.12+1.85 0 2
VIl 25 2 44.19+0.57 2 0
26 1 45.25 0 1
27 3 49.66+1.03 1 2
28 2 51.97+0.04 1 1
Vil 29 1 54.75 1 0
32 1 59.08 1 0
IX 35 1 62.86 0 1
Total 24.08+4.18 27 41.38+9.83 12 15

N, n: number of fetuses.
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Figure 1. Measurements of length (a), width (b) and area (c) of abductor pollicis brevis.

Intra-observer and inter-observer evaluations were
conducted to test the reliability of the measurements. Two
researchers independently measured the parameters three
times in total. The first observer (SSA) performed the
measurements twice, while the second observer (SK) con-
ducted the measurements once. The mean values were cal-
culated by averaging these three measurements. A paired

samples t-test was used to compare the two measurements
made by SSA, and the intraclass correlation coefficient
(ICC) was calculated to compare the measurements taken
by SSA (first measurement) and SK.

Changes in the measured parameters according to ges-

tational weeks and months were analyzed using one-way
ANOVA followed by a post-hoc Bonferroni test. An inde-

Table 2
Description of types related to the origin of APB in the literature.

Type Descriptions of types (attachment sites) n (%)
1 Tubercle of scaphoid bone, flexor retinaculum 44 (84.62)
2 Flexor retinaculum 6 (11.54)
3 Tendon of abductor pollicis longus 2 (3.84)
4 Scaphoid bone 0
5 Flexor retinaculum and distal part of the fibrous sheath of the flexor carpi radialis tendon 0
6 Tendon of the palmaris longus 0
7 Absence of APB 0
Table 3

Description of types related to the insertion of APB in the literature.
Type Descriptions of types (attachment sites) n (%)
A Lateral side of first metacarpophalangeal joint 40 (76.92)
B Distal and lateral side of first metacarpal bone 9(17.31)
C Lateral side of first proximal phalanx 3(5.77)
D Absence of APB 0

Anatomy e Volume 18 / Issue 3 / December 2024
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Table 4
Comparison of the measured parameters in terms of sex and side.

Sex Side
Parameters Male (20 sides/40%) Female (30 sides/60%) p-value Right Left p-value
APB-L (mm) 9.89+3.10 8.82+2.48 0.191 9.56+2.64 8.84+2.79 0.359
APB-W (mm) 3.83+1.53 3.35+1.20 0.228 3.51+1.19 3.51+1.47 0.991
APB-A (mm?2) 37.46+24.77 27.43+£17.14 0.100 30.59+18.48 31.07+22.36 0.934

APB-A: area of abductor pollicis; APB-L: length of abductor pollicis brevis; APB-W: width of abductor pollicis brevis.

pendent samples t-test was used to compare male and
female measurements, while a paired samples t-test was
employed for right-left comparisons. The Pearson correla-
tion coefficient was used to assess the relationships between
the measured parameters. Simple linear regression analysis
was applied to derive regression formulas for the measured
parameters. Statistical analysis was performed using the
SPSS for Windows, version 22.0 (IBM, Armonk, NY,
USA), and a p-value of <0.05 was considered statistically
significant.

Results

No statistically significant differences were observed in the
measurements performed by the same investigator.

Additionally, the intraclass correlation coefficient (ICC)
score (ICC= 90%-98.6%) indicated that the reliability of
the measurements was excellent. Measurements could
not be clearly performed on four hands; therefore, the
analysis was completed on 50 hands. The origin and
insertion of the muscle could not be clearly defined on
two hands, so these aspects were defined on only 52
sides. Side and sex comparisons of the measured param-
eters are presented in Table 4, which shows that the
parameters did not differ based on side or sex. Growth
patterns of the parameters relative to gestational weeks
and months are provided in Tables 5 and 6, indicating
that the parameters increased significantly with fetal age.
Additionally, the parameters exhibited a significant pos-
itive correlation with each other (p<0.05).

Table 5
Growth patterns of the parameters according to gestational weeks.

APB-L (mm)

APB-W (mm) APB-A (mm2)

Gestational week

Mean=SD (min-max)

Mean=SD (min-max)

Mean=SD (min-max)

18 7.31£2.85 (5.29-9.32) 2.60+0.51 (2.24-2.96) 16.44+7.47 (11.16-21.72)
19 7.25+0.85 (6.44-8.13) 2.42+0.77 (1.76-3.27) 15.79+6.38 (11.79-23.15)
20 6.57+1.09 (5.12-8.14) 2.19+0.17 (2.05-2.51) 13.00+1.94 (10.10-15.28)
21 7.71+1.40 (6.21-9.40) 2.60+0.20 (2.26-2.80) 19.24+1.67 (17.54-20.99)
22 7.70+0.96 (5.99-8.88) 3.62+0.53 (3.11-4.31) 24.97+4.60 (19.40-31.86)
23 7.91£0.57 (7.44-8.63) 2.90+0.39 (2.33-3.15) 19.47+1.57 (17.95-21.64)
24 11.72+4.15 (7.78-16.13) 4.10+1.14 (3.37-5.79) 48.11+33.46 (21.23-95.19)
25 9.46+1.50 (8.05-11.03) 3.46+0.55 (2.85-3.93) 28.48+8.40 (19.61-36.32)
26 7.84+1.51 (6.77-8.91) 2.01+0.76 (1.47-2.54) 12.77+8.00 (7.11-18.43)

27 10.59+1.63 (8.94-13.14) 3.92+0.82 (3.37-5.29) 36.38+9.54 (26.14-47.01)
28 11.36+1.15 (10.26-12.63) 4.32+0.42 (3.84-4.81) 44.20+6.40 (38.93-53.53)
29 12.02+1.22 (11.16-12.88) 5.64+0.25 (5.46-5.82) 68.75+8.29 (62.88-74.61)
32 15.81+0.03 (15.79-15.83) 6.19+0.49 (5.84-6.54) 80.92+0.57 (80.52-81.32)
35 11.15+0.82 (10.57-11.73) 6.30+2.21 (4.73-7.86) 49.30+16.24 (37.81-60.78)
Total 9.19+2.73 (5.12-16.13) 3.52+1.33 (1.47-7.86) 30.84+20.39 (7.11-95.19)
p-value 0.001 0.001 0.001

APB-A: area of abductor pollicis; APB-L: length of abductor pollicis brevis; APB-W: width of abductor pollicis brevis.
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Table 6
Growth patterns of the parameters according to gestational months.

APB-L (mm) APB-W (mm) APB-A (mm?)

Month Mean=SD (min-max) Mean£SD (min-max) Mean=SD (min-max)
5th 6.89+1.30 (5.12-9.32) 2.33+0.43 (1.76-3.27) 14.39+4.26 (10.10-23.15)
6th 8.59+2.53 (5.99-16.13) 3.30+0.82 (2.26-5.79) 27.17+17.98 (17.54-95.19)
7th 10.17+1.76 (6.77-13.14) 3.66+0.96 (1.47-5.29) 33.55+12.79 (7.11-53.53)
8th 13.92+2.30 (11.16-15.83) 5.92+0.45 (5.46-6.54) 74.83+8.51 (62.88-81.32)
9th 11.15+0.82 (10.57-11.73) 6.30+2.21 (4.73-7.86) 49.30+16.24 (37.81-60.78)
p-value 0.001 0.001 0.001

APB-A: area of abductor pollicis; APB-L: length of abductor pollicis brevis; APB-W: width of abductor pollicis brevis.

Based on our literature review and dissections, the ori-
gin of the APB was classified into seven types (Table 7). In
this study, we identified three different types related to the
origin of the APB (Figure 2). Type 1 was the most com-
mon, observed in 44 sides (84.62%) (right: 23, left: 21;
male: 17, female: 27). Type 2 was detected in six sides
(11.54%) (right: 2, left: 4; male: 2, female: 4). Type 3 was
the least common, found in two sides (3.84%) (right: 1,
left: 1; male: 1, female: 0).

Based on our literature review and dissections the
insertion of APB was classified into four types (Table 8).
In this study, we identified three different types related to
the insertion of the APB (Figure 3). Type A was the most
common, observed in 40 sides (76.92%) (right: 20, left: 20,
male: 17, female: 23). Type B was detected in nine sides
(17.31%) (right: 4, left: 5, male: 4, female: 5). Type C was
the least common, found in in three sides (5.77%) (right:
2, left: 1, male: 1, female: 2).

"The linear function for APB length (APB-L) was calcu-
lated as y=-1.738+0.454 x weeks (p<0.001), for APB width
(APB-W) as y=-2.449+0.248 x weeks (p<0.001), and for

APB area (APB-A) as y=-51.342+3.413 x weeks (p<0.001)
(Figure 4).

Discussion

Previous studies showed that developmental anomalies
in the hand or forearm occur in approximately one in
600 newborns'"! and congenital muscle diseases have an
estimated prevalence of 4.7 per 100,000 newborns.!"”
The most crucial period for the development of hand
anomalies is between 12 and 16 weeks of gestation.!"
During early human development, limb formation
begins with the establishment of the limb’s foundation
within the somatopleure of the lateral plate mesoderm.
This foundation typically forms around the 24th day
after conception, with the initial emergence of upper
limb projections occurring in the lower cervical area.
Following the formation of the limb foundation, three
interconnected signaling hubs regulate the spatial
arrangement of the limb in three dimensions. The pri-
mary signaling hub controls the expansion of the limb
from the shoulder to the hand. The second hub, known

Table 7
Description of types related to the origin of APB in the literature .

Type Descriptions of types (attachment sites) n (%)

1 Tubercle of scaphoid bone, flexor retinaculum 44 (84.62)
2 Flexor retinaculum 6(11.54)
3 Tendon of abductor pollicis longus 2 (3.84)

4 Scaphoid bone 0

5 Flexor retinaculum and distal part of the fibrous sheath of the flexor carpi radialis tendon 0

6 Tendon of the palmaris longus 0

7 Absence of APB 0
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/¢ Scaphoid tubercle

Type 1

Type 2

Figure 2. The types related to the origin of abductor pollicis brevis.

as the anteroposterior signaling center, governs growth
from the index finger to the pinky finger. Disruptions in
this axis can lead to digit anomalies, with polydactyly
being an example of such a disruption. The third signal-

Flexor
retinaculum

Tendon of abductor
pollicis longus

Type 3

ing hub, known as the dorsoventral center, directs
growth from the upper side of the hand down to the
palm. Interference with this signaling mechanism can
result in the absence of certain fingers.”] Anomalies in

Table 8
Description of types related to the insertion of APB in the literature.

Type Descriptions of types (attachment sites) n (%)
A Lateral side of first metacarpophalangeal joint 40 (76.92)
B Distal and lateral side of first metacarpal bone 9(17.31)
C Lateral side of first proximal phalanx 3(5.77)
D Absence of APB 0
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Lateral side of the
MCP joint

Lateral side of
the MCP joint

Type A

Figure 3. The types related to the insertion of abductor pollicis brevis.

the course of the APB have been reported in develop-
mental thumb anomalies such as polydactyly and syn-
dactyly.B

Several variations of the APB have been documented
in the literature. These variations include absence of the
muscle, double-headed muscle, triple-headed muscle
with one head originating from the opponens pollicis,
presence of the accessory slips (which may arise from the
styloid process of the radius, scaphoid bone, abductor
pollicis longus, extensor pollicis brevis, extensor pollicis
longus, adductor pollicis, flexor pollicis brevis, opponens
pollicis, accessory extensor carpi radialis, extensor carpi
radialis longus, or palmaris longus) and fusion with the
abductor pollicis longus.>'"™ In a 3D reconstruction
study performed on an 8-week-old embryo, it was found
that the opponens pollicis, flexor pollicis brevis and
abductor pollicis brevis develop from a common muscle
belly."" Additionally, in some cases, APB may insert to

Distal and lateral side of the
metacarpal bone

Type B

Lateral side of the
proximal phalanx

Distal and lateral
side of the
metacarpal bone

\ Lateral side of
the proximal
phalanx

Type C

the radial sesamoid of the metacarpophalangeal joint and
the dorsal extensor tendon hood.""”! This specific inser-
tion of the APB is particularly significant in tendon
transfer procedures, which are used to restore thumb
opposition in cases of loss.!"’!

Knowing the incidence of these variations in human
fetuses is important for surgeries performed around thenar
.47 For

Carpenter et al."” successfully excised an extra finger in a

region, especially in newborn instance,
9-day-old newborn with polydactyly. Saito et al.®) report-
ed a strong correlation between the insertion level of APB
and the bifurcation level of the radial thumb in individuals
with polydactyly. Additionally, some authors have noted
that variant attachments of the APB in subjects with poly-
dactyly.*

To better understand its potential attachment points,
we developed two classification systems encompassing dif-
ferent configurations related to the origin and insertion of
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Figure 4. The linear function and scatter plots for the width, length and area of abductor pollicis brevis according to gestational weeks.

the muscle. Based on literature data, the origin and inser-
tion of the APB were classified into seven and four types,
respectively. These broad classification systems include all
variations reported in previous studies. We then conduct-
ed a study on fetal subjects to determine the incidence of
these types. In our findings, three different types related to
the origin (Type 1 in 84.62% of sides, Type 2 in 11.54%,
and Type 3 in 3.84%) and insertion (T'ype A in 76.92% of
sides, Type B in 17.31%, and Type C in 5.77%) of the
APB were observed. To the best of our knowledge, this
study is the first to classify the origin and insertion of the
APB in the literature. The classification we established for
the origin of the APB may be particularly useful in surgical
approaches, such as tendon transfer procedures for car-
pometacarpal joint osteoarthritis. In these procedures,

Anatomy e Volume 18 / Issue 3 / December 2024

which aim to stabilize the base of the first metacarpal bone,
it is crucial to accurately determine the course and origin
of the APB."*"") Qur classification may provide valuable
guidance in these types of surgeries.

In this study, the average APB area (APB-A), length
(APB-L), and width (APB-W) were determined as 30.72
mm?, 9.16 mm, and 3.53 mm, respectively. The mor-
phometric characteristics of the muscle may be impor-
tant for surgeons during procedures such as tendon
transfer and muscle grafting.”'"**"! For example, some
authors have noted that underdeveloped thenar muscles
can contribute to zigzag deformity of the thumb, and
hypoplasia of the APB may lead to joint deformities.”
In this study, the linear functions for APB-A, APB-L,
and APB-W were calculated as follows: = -51.342+3.413
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x weeks (p<0.001), y = -1.738+0.454 x weeks (p<0.001),
and y = -2.449+0.248 x weeks (p<0.001), respectively.
Considering the mean values and standard deviations
from this study, these formulas may be particularly use-
ful for estimating the size of the APB in fetuses.

"This study does have some limitations. The number
of fetal subjects was relatively small, so future studies
with larger sample sizes could provide more comprehen-
sive insights into the dimensions and variations of the
APB, which may be beneficial for early childhood surg-
eries. Additionally, the anatomical features of the APB
during the first trimester are important for understand-
ing its embryonic development. In this study, the APB
was observed to be distinguishable from the 15th week
onward. However, the number of fetal samples in the
first and third trimesters, particularly near term, was lim-
ited. Therefore, future studies should include anatomical
examinations of fetal APB beyond 32 weeks to better
inform early childhood surgeries. Further research in
larger populations may provide more detailed informa-
tion about the size and developmental patterns of the
muscle.

Conclusion

The morphometric and morphological features of the
APB are crucial for clinicians when performing surgical
interventions around the thumb. To the best of our
knowledge, this study is the first to classify the origin and
insertion of the APB in human fetuses. Our classification
systems may serve as a valuable guide for future studies,
particularly those focused on thumb anomalies such as
polydactyly and syndactyly in newborns, especially when
conducted with larger sample sizes.
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Abstract

Objectives: The ratio of the length of the 2nd digit to the 4th digit of the hand, known as the digit ratio (2D:4D), has been
widely studied in health, behavioral, and sports sciences as a potential indicator of prenatal testosterone exposure. This study
aimed to compare the 2D:4D ratios of male individuals who are athletically and academically successful and to evaluate
whether 2D:4D can serve as a marker for occupational selection, talent identification, and the impact of individual charac-
teristics on job performance.

Methods: This study included 32 male professional volleyball players and 39 male medical students. The lengths of the 2nd and
4th digits of both hands were measured using a digital caliper, and the 2D:4D ratio was calculated. The dominant hands of the
participants were also recorded for analysis.

Results: Intra-group comparisons of the right-hand and left-hand 2D:4D ratios within both the student and volleyball play-
er groups showed no statistically significant differences (p=0.225; p=0.922). Inter-group comparisons of the 2D:4D ratios for
the right hand and left hand were also statistically similar (p=0.388; p=0.939). Additionally, the difference between the right-
hand and left-hand 2D:4D ratios (Dr-I) did not differ significantly between the groups (p=0.525). Comparisons based on dom-
inant hand preferences revealed no statistically significant findings.

Conclusion: This study highlights the need for larger, multicenter studies with more participants to further explore the poten-
tial relationship between 2D:4D ratios and occupational or performance traits. We hope this research serves as a foundation

for future investigations and provides valuable insights for researchers in this field.

Keywords: digit ratio; medical students; performance; 2D:4D; volleyball players
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Introduction

One of the most frequently asked questions today is
which profession young individuals are more likely to
pursue or should pursue. Although various psychological
and biological tests and methods have been utilized
throughout history, providing a definitive answer to this
question remains challenging. However, comparative,
easily applicable, and low-cost tests may offer insights.
Measurements related to an individual’s physical struc-
ture, for instance, can provide clues about their person-
ality traits, which could potentially simplify career selec-

tion. Digit ratios are one such commonly used measure-
ment tool in physical assessments."

The digit ratio, denoted as 2D:4D, refers to the ratio
of the length of the 2nd digit (index finger = 2D) to the
length of the 4th digit (ring finger = 4D).”! These mea-
surements are obtained by measuring from the midpoint
of the basal creases on the ventral surface of the hand,
where the digits meet the hand, to the tip of the digit
(Figure 1).

There is evidence suggesting that the 2D:4D ratio
negatively correlates with prenatal testosterone exposure

This study was an oral presentation at 24th National Anatomy Congress, 19th-21st September, 2024, Istanbul, Tiirkiye
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and positively correlates with estrogen levels.*

Specifically, a low 2D:4D ratio is associated with higher
prenatal testosterone and lower estrogen levels, while a
high 2D:4D ratio correlates with lower testosterone and
higher estrogen levels during fetal development.*”

The 2D:4D ratio has been widely recognized as a
potential marker of prenatal testosterone exposure across
various fields, including health, behavioral sciences, and
sports sciences. Research suggests that prenatal andro-
gens influence brain development, enhancing its sensi-
tivity to testosterone later in life. These hormones are
thought to regulate brain structure and function, with
2D:4D often considered a reliable indicator of athletic
potential.l"® A low 2D:4D ratio has been linked to suc-
cess in financial endeavors, admission to medical schools,
and strong performance in sports such as basketball, ski-
ing, and football.”"*! Elevated levels of fetal androgens
are believed to contribute to the development of the car-
diovascular system, improve visual-spatial skills, enhance
physical stamina and speed, and increase tendencies
toward aggressive behavior—traits that may provide
competitive advantages in sports.*"’]

The relationship between 2D:4D and academic per-
formance has also been explored,"*'™ with some studies
showing a negative correlation between 2D:4D and aca-
demic success.'*!'¥! However, there is limited research
comparing individuals excelling in both physical and
cognitive domains. Therefore, this study aims to com-
pare the 2D:4D ratios of male individuals who are suc-
cessful in sports with those who excel in academic fields.
By doing so, we seek to investigate whether 2D:4D can
serve as an indicator for career selection, talent identifi-
cation, and assessing the impact of individual character-
istics on job performance.

Materials and Methods

Power analysis for two independent groups determined
that the minimum required sample size was 68, with at
least 32 participants in one group and 36 in the other.
Under these conditions, the test power was estimated to
be approximately 81.03%. In this study, we compared
two groups: 32 male professional volleyball players com-
peting in the top league (Efeler League) under the
Turkish Volleyball Federation, and 39 male students
from the Faculty of Medicine at Izmir Kitip Celebi
University. The lengths of the 2nd and 4th digits of both
hands were measured using a digital caliper (Rohs Norm
2002/95/EC) after obtaining informed consent from all
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2D:4D

Figure 1. Measurement of digit lengths, left hand. 2D: 2nd digit length;
4D: 4th digit length.

participants. The 2D:4D ratio was calculated, and the
dominant hands of the participants were recorded
(Figure 1).

The exclusion criteria for this study included individu-
als with systemic diseases, finger anomalies or pathologies
in any extremity, those under 18 years of age, and female
participants to eliminate gender-related differences.
Additionally, among the university student participants,
individuals who engaged in any form of sports, even at an
amateur level, were excluded.

Data analysis was conducted using IBM SPSS
Statistics, version 26.0 (IBM Corp., Armonk, NY, USA).
Summary statistics were presented as frequencies (n), per-
centages (%), mean + standard deviation (X sd), median
(M), minimum (min), and maximum (max) values. The
Shapiro-Wilk test was used to assess the normality of
numerical data, while the Levene test evaluated the homo-
geneity of variances. For comparisons between two
groups, the “Independent two-sample t-test” was applied
when parametric assumptions were met; otherwise, the
“Mann-Whitney U test” was used. Intra-group and inter-
group comparisons of right and left hand measurements
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Table 1
Participant characteristics.

Right-handed Left-handedn Total
Participant n (%) (%) (n)
Volleyball players 29 (90.62%) 3(9.38%) 32
University students 35 (89.74%) 4 (10.26%) 39
Total 64 (90.14%) 7 (9.86%) 71

n: number of participants.

were analyzed using “Mixed Order ANOVA.” Statistical
significance was defined as p<0.05.

Results

"The number of participants and their hand dominance are
presented in Table 1. The 32 volleyball players had an
average age of 26.96 years, an average height of 193.40 cm,
and an average weight of 83.75 kg (Table 2). The 39 uni-
versity students had an average age of 20.74 years, an aver-
age height of 178.64 cm, and an average weight of 75.16 kg
(Table 3).

Intra-group comparisons of the right-hand and left-
hand 2D:4D ratios within the student and volleyball play-
er groups showed no statistically significant differences
(Table 4). Similarly, inter-group comparisons of the right-
hand and left-hand 2D:4D ratios were statistically similar
(Table 4). The inter-group comparison of the difference
between the right-hand and left-hand 2D:4D ratios (Dr-I)
also showed no significant differences (Table 5).

When participants were grouped by hand dominance,
the right-hand 2D:4D, left-hand 2D:4D, and Dr-l values
were statistically similar for both right-handed (Table 6)
and left-handed dominant participants (Table 7). Of the
total participants, 64 were right-handed dominant and 7

Table 2
Demographic characteristics of volleyball players.

Variables n Min-Max Mean+SD

Age (years) 32 18-49 26.96+8.33
Height (cm) 32 180-210 193.40+7.19
Weight (kg) 32 68-112 83.75+9.68

Max: maximum; Min: minimum; n: number of participants; SD: standard deviation.

Table 3
Demographic characteristics of university students..

Variables n Min-Max Mean+SD

Age (years) 39 19-26 20.74+1.48
Height (cm) 39 160-191 178.64+7.47
Weight (kg) 39 54-111 75.16+£12.91

Max: maximum; Min: minimum; n: number of participants; SD: standard deviation.

were left-handed dominant. Analysis of right-hand 2D:4D,
left-hand 2D:4D, and Dr-l values, grouped by dominant

hand, did not yield any statistically significant results
(Table 8).

Table 4
Comparison of 2D:4D values within and between groups.

Groups Test statistics*
Student Player F p-value n?2
2D:4D value Right 0.9863+0.0408 0.9932+0.0212 0.754 0.388 0.011
Left 0.9921+0.0429 0.9927+0.0247 0.006 0.939 0.001
Test statisticst F=1.498 F=0.010
p=0.225 p=0.922
12=0.021 12=0.001

F: mixed design ANOVA; n2: effect size; *comparison between groups: fcomparison within groups. Descriptive statistics are given as meanzstandard deviation. The sta-

tistical significance level is p<0.05.
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Table 5
Comparison of Dr-I (right hand) in groups (2D:4D minus left hand 2D:4D difference).

Dr-l ¥asd -0.0058+0.0338 0.0005+0.0229

0.636 0.525
M (min-max) -0.0021 (-0.10-0.07) -0.0002 (-0.06-0.06)

%: mean; sd: standard deviation; M: median; z: Mann-Whitney U test.

Table 6
Comparison by group in right dominant hands (Dr-l:Right hand 2D:4D minus left hand 2D:4D difference).

2D:4D right Xetsd 0.9874+0.0412 0.9938+0.0226
z=0.636 0.525
M (min-max) 0.9939 (0.9008-1.1092) 0.9942 (0.9509-1.0356
2D:4D left ¥asd 0.9921+0.0433 0.9927+0.0264
7=0.298 0.766
M (min-max) 0.9854 (0.9031-1.1041) 0.9893 (0.9550-1.0669)
Dr-| Yesd -0.0047+0.0350 0.0011+0.0243
t=0.753 0.454
M (min-max) 0(-0.10-0.07) 0.0006 (-0.06-0.06)

%: mean; sd: standard deviation; M: median; t: independent two-sample t test; z: Mann-Whitney U test.

Table 7
Comparison by group in left dominant hands (Dr-I: Right hand 2D:4D minus left hand 2D:4D difference).

2D:4D right Xasd 0.9733+0.0416 0.9893+0.0072
0.775 0.474
M (min-max) 0.9850 (0.9270-1.0079) 0.9910 (0.9769-0.9955)
2D:4D left Xetsd 0.9915+0.0475 0.9930+0.0047
0.063 0.952
M (min-max) 1.0131 (0.9370-1.0244) 0.9918 (0.9891-0.9991)
Dr-l ¥asd -0.0182+0.0091 -0.0037+0.0081
0.221 0.078
M (min-max) -0.016 (-0.03-0.01) -0.025 (-0.01-0.0)

%: mean; sd: standard deviation; M: median; t: independent two-sample t test.

Table 8
Comparison according to the dominant hand (Dr-I: Right hand 2D:4D minus left hand 2D:4D difference).

2D:4D right Xesd 0.9902+0.0342 0.9824+0.0260
0.775 0.474
M (min-max) 0.9940 (0.9008-1.1092) 0.9877 (0.9270-1.0079)
2D:4D left ¥asd 0.9924+0.0366 0.9923+0.0276
0.501 0.616
M (min-max) 0.9877 (0.9031-1.1041) 0.9944 (0.9370-1.0244)
Dr-l Xasd -0.0022+0.0307 -0.0099+0.0110
0.215 0.210
M (min-max) 0.0006 (-0.10-0.07) -0.0100 (-0.03-0.0)

%: mean; sd: standard deviation; M: median; z: Mann-Whitney U test.
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Discussion

Prenatal testosterone levels may play a pivotal role in
excelling at certain sports activities. Traits influenced by
testosterone, such as muscle fiber growth, enhanced
strength, reduced fat mass, and elevated hematocrit levels,
are likely contributors to athletic success."” The 2D:4D
ratio has been shown to correlate with performance in var-
ious individual and team sports, including basketball, ski-
ing, volleyball, fencing, and football.l'>*2-?

In a study comparing athletes in judo, wrestling, and
kickboxing with a control group of non-athletes, the
2D:4D ratio was found to be significantly lower in the
athlete group.”” This finding aligns with research sug-
gesting that a low 2D:4D ratio is associated with elevat-
ed testosterone levels and tendencies toward aggression,
traits often beneficial in combat sports.***% Additionally,
athletes participating in contact sports have been report-
ed to have significantly lower 2D:4D ratios compared to
those in non-contact sports.”! Reed and Meggs"”! found
that athletes in contact sports exhibited both lower
2D:4D ratios and higher physical aggression compared
to their non-contact counterparts.

The population of study included the male athletes
belonged to a professional volleyball team, representing
a non-contact sport. The lack of a statistically significant
difference in the 2D:4D ratio among professional ath-
letes in our study may be attributed to their involvement
in a non-contact sport.

Manning et al.”® found that the right-hand 2D:4D
ratio is more sensitive to prenatal sex steroids than the
left-hand 2D:4D. Similarly, Hénekopp and Watson,”
in their 2010 meta-analysis, reported higher prenatal
androgenization in the right-hand 2D:4D compared to
the left-hand 2D:4D. Research on 2D:4D generally
examines both right- and left-hand ratios, while also
considering the difference between them (Dr-l) as an
additional marker. This difference, calculated as the
right-hand 2D:4D minus the left-hand 2D:4D, has been
proposed as a negative marker for prenatal testosterone
exposure and a positive marker for prenatal estrogen
exposure.”® Dr-1 is sexually dimorphic, with males con-
sistently exhibiting lower values than females. This dis-
tinction emphasizes its potential as a marker for prenatal
hormone exposure. Hill et al. identified a negative cor-
relation between lower Dr-l values and VO2 max."”
VO2 max, the maximum rate of oxygen consumption
during exercise, reflects cardiovascular capacity and
determines the upper limit of performance in endurance

sports.” The regulatory effects of prenatal testosterone
on the developing cardiovascular system may influence
aerobic performance levels later in life.

Kim et al.”” also reported that the right hand tends
to exhibit stronger sex differences and is more sensitive
to prenatal androgens compared to the left hand. For
instance, in a study conducted on female Olympic ath-
letes, only the right-hand 2D:4D showed a significant
difference compared to the control group, while in
another study on gymnast girls, the left-hand 2D:4D did
not show a significant difference from the control
group.’®*! Although the digit ratio of the right and left
hands was not found to be associated with hand prefer-
ence, the Dr-l (difference between right-hand and left-
hand 2D:4D) was shown to be linked to hand preference.
Studies have found that left-handed individuals exhibit
significantly lower Dr-1 values compared to right-hand-
ed individuals.?>*! This suggests that considering hand
dominance in future research may help in interpreting
the results more accurately. The results of our study
showed no significant relationship between Dr-1 and
hand dominance in the statistical analyses. However, this
result may be attributed to the relatively small sample
size, which could have limited the statistical power to
detect significant differences. It is suggested that future
studies with larger sample sizes be conducted to clarify
this relationship.

It is recognized that 2D:4D ratios vary among indi-
viduals from different ethnic groups, regardless of sport.
In a study, average 2D:4D values were reported to differ
between ethnic groups, irrespective of gender.’¥
Therefore, ethnic differences should be considered in
future research, as the current study was conducted on a
Turkish population. In a study conducted in India, vol-
leyball players were compared with a control group, and
the 2D:4D ratios of both hands were found to be signif-
icantly lower in volleyball players. However, no statisti-
cally significant difference in Dr-1 was observed between
the volleyball players and the controls.?! In the present
study, male university students with no prior involve-
ment in sports were compared with professional male
volleyball players, but no significant differences were
detected in the statistical analysis.

In a study examining the association between 2D:4D
and performance in both practical and theoretical exams
among dental students in Brazil, a significant negative
correlation was found between 2D:4D and exam scores
in male students."” Similarly, Coco et al.'¥ reported a
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notable relationship between 2D:4D and success in med-
ical school entrance exams in Italy. Additionally, a mul-
ticenter study conducted across Russia and the
Philippines identified a non-linear, quadratic correlation
between 2D:4D and academic success.!"”!

It has been proposed that prenatal testosterone influ-
ences cognitive abilities, such as intelligence and learn-
ing, by affecting key developmental processes, including
neuronal proliferation, migration, differentiation, and
apoptosis. This influence is thought to enhance the den-
sity of neural networks in specific brain regions.?’!
Prenatal exposure to testosterone may directly affect
intelligence by altering neuronal migration, leading to
greater development of the right hemisphere and
improved coordination within and between hemi-
spheres.’ This process promotes the development and
organization of dense neuronal networks in areas associ-
ated with cognition, learning, and memory, potentially
through reduced apoptosis or increased neuronal migra-
tion to these regions during development.'“** Androgens
have also been shown to have an organizational effect on
brain development, suggesting that prenatal testosterone
may act as a programming mechanism that influences
behavior later in life.®”} Supporting this, a study found
that individuals presenting with “boxer’s fracture” had
significantly lower 2D:4D ratios compared to the gener-
al population, linking 2D:4D to physical and behavioral
traits associated with testosterone exposure.”®

It has been reported in several studies that no signif-
icant correlation exists between 2D:4D and physical per-
formance. It has also been suggested that claims regard-
ing a relationship may be somewhat overstated. Based on
these findings, it is indicated that 2D:4D is unlikely to
serve as a reliable predictive marker for athletes’ physical
performance and abilities.?”*! In the present study, the
absence of statistically significant differences in the
results may be attributed to the limited sample size and
the lack of additional measurement parameters.

Conclusion

Studies have shown that digit ratios can reflect perfor-
mance across various domains. In our study, compar-
isons were made between volleyball players who had
achieved a high level of physical performance and medi-
cal students who demonstrated their abilities through
academic success. No significant differences were found
between the measurement results of the two groups. It is
suggested that the lack of differences observed in our
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study may stem from the fact that both groups excelled
in their respective fields. This indicates that 2D:4D may
be more closely associated with behavioral characteris-
tics rather than being limited to specific activities or pro-
fessions.

Future studies should consider larger sample sizes
and include a broader range of populations. It would also
be valuable to examine the relationship between digit
ratios and specific psychological or personality traits
using validated tests. However, it is essential to approach
such associations cautiously, taking into account the
potential influence of cultural differences on the validity
and reliability of these tests.

We believe that our study can serve as a foundation
for more detailed analyses to be conducted in multicen-
ter studies with larger participant groups. It also provides
a valuable perspective for researchers interested in
exploring this area further.
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Undernutrition in the last period of lactation
may have adverse effects on skeletal
development

Hakan Ay (), Ferruh Yiicel
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Abstract

Objectives: Malnutrition in childhood causes permanent damage. Studies report that there are different developmental
mechanisms at different stages of breastfeeding. Our study aims to observe the effects of undernutrition in the first and last
weeks of lactation on body weight and skeletal development after rehabilitation until puberty, and ultimately to reveal which
period of lactation is more critical.

Methods: Lactating rats were undernourished by receiving half the diet consumed by control mothers during the first (0-7th day,
U1 group) or third (14-21st day, U2 group) week of lactation. Rats were weighed each week and radiographs were taken on the
21st and 49th days. All measurements were taken directly on the radiographs.

Results: On day 49, the body weight and body length of the two undernourished groups were lower than those of the con-
trols. U2 was behind in all measurements except head, pelvic, iliac, and ischial lengths. U2 also lagged behind U1 in body,
tail, spine, upper limb, and tibia lengths. While U1 did not differ from controls in many measurements, femur length, bi-iliac,
bi-acetabular, and ischial width were less than controls.

Conclusion: Undernutrition in the last week of lactation affected body weight and skeletal development more than malnu-
trition in the first postnatal week.

Keywords: lactation; radiograph; rat; skeletal development; undernutrition
Anatomy 2024;18(3):91-100 ©2024 Turkish Society of Anatomy and Clinical Anatomy (TSACA)

(NCDs) on the rise and at epidemic levels — around 40%
of all adults and 20% of all children are now overweight
or obese.”’ Policy interventions to date are failing to
reverse these trends, while conflict around the world and
the impacts of climate change, which are key drivers of
increases in malnutrition, continue unabated.®

Introduction

The growing world population brings with it the prob-
lem of malnutrition. The global nutrition crisis we faced
even before Covid-19"" has become far worse, with wor-
rying trends across every form of malnutrition, from
hunger to obesity. People affected by hunger leaped by
150 million since the Covid-19 outbreak, from 618 mil-
lion in 2019 to 768 million in 2021, while those unable
to afford a healthy diet” rose by 112 million to 3.1 bil-
lion in 2020 alone.’’ Almost a third (29.3%) of the
world’s population, 2.3 billion people, were moderately

Many studies have investigated the effects of malnutri-
tion on body weight of rats at different ages. Most of these
studies found that undernutrition of rats before weaning
can lead to permanent defects in body weight.”~!?
However, body weight alone is not a sufficient parameter
to indicate growth; additional indicators are needed, such
as body length and skeletal growth. Using skeletal growth
to monitor the effects of nutritional intervention provides
a more reliable method of measuring growth retarda-

or severely food insecure® in 2021, up from 25.4%
before the pandemic.”! At the same time, what we eat
across the world continues to fall short of the minimum

standards for healthy and sustainable diets' with result-
ing obesity and diet-related non-communicable diseases

tion."” Several studies have examined the effects of mal-
nutrition on skeletal development. Some of these studies
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examined the effects of undernutrition on skeletal devel-
opment after weaning and others before weaning.
However, some studies include both periods.*' Studies
have shown that growth and development occur through
different mechanisms at different stages of lactation.!'”'"l

Previous studies do not provide detailed comparative
information on the effects of undernutrition during the
first and last weeks of lactation on skeletal development
and body weight in rats. In this study, we aimed to
observe skeletal development and body weight of rats
exposed to undernutrition during the first and last week
of lactation and rehabilitation until puberty, and finally
to find out which period of lactation is more critical for
skeletal development.

Materials and Methods

Eight female Wistar albino rats weighing approximately
210 g were used for this study. The animals were kept
under standard conditions (21°C, 12h light/dark cycle) and
had ad libitum access to food and water. After overnight
mating with male rats, females were classified as pregnant
with sperm in the vaginal smear. Pregnant females gave
birth to pups approximately 21 days after mating. Pups
born on the same day were divided according to sex, and
male pups were distributed in groups of 8 to three different
mothers. Birth weights (P0) were weighed using a precision
balance (310M, Precisa, Dietikon, Switzerland). This pro-
cedure was repeated every week until day 49 (P49).

The experimental groups were undernourished at
different time points during the 21-day breastfeeding
period. The first group (Ul) was undernourished
between PO and P7, and the second group was under-
nourished between P14 and P21. The undernutrition
protocol was implemented by giving the experimental
groups half of the food that the control group (C) ate on
the same days (Oguzlar Tarim Urunleri Sanayi ve
Ticaret A.S. Eskisehir-Tiirkiye, for the content of the
food, see Table 1). According to this, the Ul mother
was undernourished with 10 g of food at PO to P3 and 15
g at P4 to P7. In contrast, the U2 mother received 20 g
of feed at P14 and 25 g at P15 to P21. On the other days
of lactation, the mothers had access to food ad libitum.

At the end of day 21, all pups were separated from
their mothers and anesthetized with an intramuscular
injection of 50 mg/kg ketamine (Ketalar, Zentiva,
Luleburgaz, Tiirkiye). Rats were placed ventrally on an
X-ray cassette according to the study by Hughes and
Tanner (1970) (Figure 1).'” Radiographs were taken
with a Philips Diagnostic PCS 2000 X-Ray machine
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Table 1
Composition of the rat chow.

Essential Nutrients Included (%)

Dry matter 88 min.
Protein 16 min.
Cellulose 14 min.

Ash 9 max.
Calcium 0.8-1.5 min.-max.
Phosphorus 0.5 min.
Sodium 0.2-0.4 min.-max.
NacCl 1.00 max.
Energy (Kcal/kg) 2400 min.
Vitamins (1U/kg)

Vitamin A 5000 min.
Vitamin D3 1000 min.
Vitamin E 30 min.

Figure 1. Measurements made on radiographs. The radiograph was
taken on 21st day (P21). BAW: bi-acetabular width; BIW: bi-iliac
width; BL: body length; C8: length of the 8th caudal vertebra; CL: tail
length; FL: length of the left femur; HW: head width; HAL: head
length; HL: length of the right humerus; ILL: iliac length; ISL: ischial
length; IW: ischial width; PL: pelvic length; RL: (length of the left
Radius), T13: length of the 13th thoracic vertebra; TL: length of the
left tibia; UL: length of the left ulna.
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from a distance of 120 cm with a dose of 41 kV-2 mA.
On day 49, second radiographs were taken in the same
manner.

All measurements were made by the same observer
directly on radiographs using a caliper with an accuracy
of 0.05 mm (Izeltas, Izmir, Tirkiye). Body and tail
length were measured with a thread shaped according to
the shape of the structures. All measurements were taken
three times and the average of these measurements was
taken into account. The dimensions of the skeleton were
measured in previous studies and certain relevant land-
marks were considered in all measurements.!"*!***

Data sets were analyzed for normality using the
Kolmogorov-Smirnov test and compared with ANOVA
(Tukey posthoc tests) using JAMOVI 2.3.28 software.

Results
Body weights

There was no significant difference between the birth
weights of the groups at P0. At P7, it was observed that

the body weight of Ul was lower than that of the nor-
mally fed groups. Although all groups were fed normal-
ly between P7 and P14, the body weight of nutritionally
damaged Ul remained lower than that of the other
groups. At P21, the body weight of undernourished U2
was lower than that of the other two groups; meanwhile,
the body weight of U1 had risen above that of C. At P28,
the body weight of U2 was still lower than that of the
other two groups. At P35, C’s body weight was higher
than that of the experimental groups, while U2’s body
weight was also lower than that of Ul on that day. At
P42, the body weight of the experimental groups
remained lower than that of C, but the body weight of
Ul remained higher than that of U2. The final weights
measured at P49 showed that the body weights of the
experimental groups were still lower than that of C, but
the difference between the experimental groups disap-
peared (Figure 2).

In terms of growth rates, it can be seen that the
growth rate of Ul between P0-7 was 78% of C and the
growth rate of U2 was 98%. The growth rates of the
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Figure 2. Body weights weighed from day 0 (PO) to day 49 (P49) (xstandard deviation), n=8. C: control group; U1: the first group that was under-
nourished between day 0 (P0) and day 7 (P7); U2: the second group that was undernourished between day 14 (P14) and day 21 (P21); sig: sig-
nificancy; *: comparison of C with U1; +: comparison of C with U2; #: comparison of U1 with U2. One symbol means p<0.05; two means

p<0.01; three means p<0.001.
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groups between P7-14 were similar (98%). Between
P14-21, the growth rate of malnourished U2 was very
low (31%), while the growth rate of U2 increased dra-
matically (167%). As the growth rate of C also increased
between P21 and P28, the growth rates of the malnour-
ished groups lagged behind those of this group. While
the growth rate of Ul was 57% to 60% of C between
P35-49, the growth rate of U2 was higher than that of
Ul, being 71% and 87% of C (Figure 3).

Measurements made on P21

Rats that were malnourished between postnatal day 0
and 7 showed significantly higher values in body length,
head length, 8th caudal vertebra length, left femur
length, left tibia length, and ischium length compared to
control rats at postnatal day 21. However, rats that were
malnourished between postnatal day 14 and 21 showed
significantly lower values in body length, left femur
length, pelvic length, ischial length, bi-iliac width and bi-
acetabular width compared to control rats. On the other
hand, right humerus length and ischial width at postna-
tal day 21 showed no significance between all groups.

When comparing the two experimental groups, all skele-
tal measures except right humeral length and ischial
width were significantly lower in the rats malnourished
in the last week of lactation than in the other group
(Table 2).

Measurements made on P49

At the end of the 49th day, only body length, length of
the left femur, bi-iliac width, bi-acetabular width, and
ischial width in rats undernourished between 0-7th post-
natal days showed significant deficits compared to con-
trol rats. However, rats undernourished between 14-21st
postnatal days showed significant deficits in the value of
body length, tail length, head width, 13th thoracic verte-
bra length, 8th caudal vertebra length, right humerus
length, left radius length, left ulna length, left femur
length, left tibia length, bi-iliac width, bi-acetabular
width and ischial width compared to control rats. On the
other hand, body length, tail length, 13th thoracic verte-
bra length, 8th caudal vertebra length, right humerus
length, left radius length, left ulna length, left tibia
length of rats undernourished between 14-21st postnatal
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Figure 3. Calculated growth rates (g/day) of the groups from day 0 (P0O) to day 49 (P49), n=8. The percentages of the groups relative to the con-
trols are given. C: control group; U1: the first group that was undernourished between day 0 (PO) and day 7 (P7); U2: the second group was that

undernourished between day 14 (P14) and day 21 (P21).
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Table 2
Measurements made from X-rays on 21st day (P21) (xstandard deviation), n=8.

Measurements on P21 (cm) C U1 u2 Sig.
Body length 5.77+0.09 6.30+0.21 5.53+0.18 R4, HiHE
Tail length 7.39+0.43 7.67+0.15 7.23+0.17 #
Head length 2.31+0.05 2.57+0.13 2.23+0.07 rRx
Head width 1.57+0.04 1.63+0.04 1.52+0.09 #it
Length of the 13. th. vertebra 0.20+0.01 0.21+0.02 0.19+0.02 #
Length of the 8. caud. vertebra 0.24+0.03 0.27+0.01 0.23+0.01 *x
Length of the right humerus 1.37+0.07 1.34+0.03 1.32+0.06 ns.
Length of the left radius 1.22+0.05 1.25+0.02 1.20+0.01 #
Length of the left ulna 1.39+0.07 1.43+£0.02 1.37+0.02 #
Length of the left femur 1.36+0.01 1.41+0.04 1.32+0.01 *xk 4 B
Length of the left tibia 1.53+0.02 1.59+0.04 1.51+0.04 kB
Pelvic length 1.56+0.07 1.63+0.05 1.37+0.14 ++, #iH
lliac length 0.91+0.03 0.94+0.03 0.85+0.08 ##
Ischial length 0.61+0.02 0.72+0.06 0.52+0.07 X4 #HH
Bi-iliac width 0.92+0.03 0.92+0.03 0.83+0.03 4+, H#HH
Bi-acetabular width 0.71+0.04 0.74+0.04 0.64+0.03 +++, H#iH#
Ischial width 0.81+0.04 0.83+0.07 0.79+0.03 n.s.

C: control group; U1: the first group that was undernourished between day 0 (P0) and day 7 (P7); U2: the second group that was undernourished between day 14 (P14)
and day 21 (P21); sig: significancy; *: comparison of C with U1; +: comparison of C with U2; #: comparison of U1 with U2. One symbol means p<0.05; two means

p<0.01; three means p<0.001; n.s.: not significant.

days were shorter than pups undernourished in the first
week of lactation. Finally, no significant difference was
observed between the groups in terms of head length,
pelvic length, iliac length, and ischial length measure-
ments (Table 3).

Discussion

In the present study, it was observed that on the 21st
postnatal day, the body weight of the pups undernour-
ished in the last week of lactation was lower than that of
the control animals, but the body weight of the pups
undernourished in the first week of lactation was higher
than that of the control animals due to catch-up growth.
However, at the final measurements on postnatal day 49,
the offspring of both undernourished groups were found
to be lighter than the control animals.

Studies have shown that undernutrition in the first
postnatal week reduces the body weight of infants. Winick
et al.*¥ undernourished their animals from PO to P9, while
Williams and Hughes'”* malnourished their rat pups from
PO to P8. Both studies reported that the body weight of
these offspring was statistically lower than that of their

control animals, and the statistical difference between
them disappeared before the end of lactation (PO-
P21).22¥ Recent literature highlights also the significant
impact of maternal undernutrition during the first week of
lactation on the body weight and overall development of
offspring in rat models. This critical period is essential for
growth, and any nutritional deficits can lead to long-last-
ing effects on the progeny. Studies indicate that undernu-
trition during lactation can lead to stunted growth in pups.
For instance, research shows that pups from mothers expe-
riencing protein and energy restrictions during lactation
exhibit minimal weight gain, contrasting sharply with
those from well-nourished mothers who demonstrate
rapid growth during this same period.”* Specifically,
one study noted that pups subjected to maternal malnutri-
tion maintained consistent body weight during the initial
week of lactation, while control groups showed significant
weight increases. This discrepancy suggests that nutrition-
al status directly influences growth trajectories in young
rats.”7*®! The undernutrition period of Ul is consistent
with previous studies, and the body weight of this group
lagged behind that of the other groups at P7. However,
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Table 3
Measurements made from X-rays on 49th day (P49) (standard deviation), n=8.

Measurements on P49 (cm) C U1 u2 Sig.
Body length 9.22+0.10 9.05+0.09 8.65+0.09 R b, #Hit#
Tail length 14.30+0.11 14.33+0.08 13.96+0.17 +++, #iHE
Head length 2.80+0.09 2.86+0.10 2.92+0.14 n.s.
Head width 1.87+0.07 1.83+0.03 1.76+0.06 +
Length of the 13th vertebra 0.30+0.01 0.29+0.02 0.26+0.01 4+, #
Length of the 8th caudal vertebra 0.63+0.02 0.66+0.06 0.54+0.04 ++, #it#
Length of the right humerus 1.77+£0.03 1.77+0.04 1.62+0.07 +++, HH
Length of the left radius 1.60+0.07 1.58+0.04 1.44+0.05 -+, #iH
Length of the left ulna 1.98+0.06 1.93+0.02 1.78+0.04 +++, ##HH#
Length of the left femur 2.28+0.13 2.03+0.06 2.02+0.09 rkE
Length of the left tibia 2.49+0.14 2.41+0.05 2.23+0.07 +++, ##
Pelvic length 2.40+0.28 2.49+0.12 2.36+0.12 n.s.
lliac length 1.47+0.18 1.46+0.07 1.42+0.07 n.s.
Ischial length 0.93+£0.13 1.03+£0.07 0.94+0.09 ns.
Bi-iliac width 1.48+0.10 1.34+0.03 1.28+0.04 rkE
Bi-acetabular width 1.03+0.06 0.92+0.04 0.91+0.03 FEE ppt
Ischial width 1.15+0.09 1.05+0.04 0.98+0.03 *,

C: control group; U1: the first group that was undernourished between day 0 (P0) and day 7 (P7); U2: the second group that was undernourished between day 14 (P14)
and day 21 (P21); sig: significancy; *: comparison of C with U1; +: comparison of C with U2; #: comparison of U1 with U2. One symbol means p<0.05; two means

p<0.01; three means p<0.001; n.s.: not significant.

unlike the above studies, U1 did not catch up between P7
and P14. Instead, U1l showed this period of accelerated
growth between P14 and P21, exceeding the growth rate
of C by 67%. This late catch-up period may be due to
insufficient maternal milk production immediately after
malnutrition. However, strain differences could also be a
factor in the occurrence of differences in this recovery
phase. Also, the composition of maternal milk is crucial for
pup development. Research indicates that malnourished
mothers may produce milk with lower macronutrient lev-
els, which could further exacerbate growth issues in their
offspring.”*** Although some studies did not find signifi-
cant differences in protein or fat content between milk
from malnourished and control dams, there is evidence
suggesting that bioactive factors in milk may play a role in
modulating growth outcomes.” The catch-up growth
period observed in other studies peaked at P21%7!*% and
it can be seen that the growth rate of U1 slowed down after
seven days, so that the body weight of U1 at P28 is no
longer different from that of C.

In our study, the U2 pups did not show a steep catch-
up process like the pups from Ul. But after P28, a steady
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accelerated growth was observed compared to Ul. There
are no studies that we can directly compare to the period
of undernutrition of U2. In contrast to our observations
some Studies indicate that pups from mothers experienc-
ing undernutrition during the third week of lactation
exhibit accelerated weight gain compared to control
groups. This catch-up growth is observed as pups begin
consuming solid food in addition to suckling maternal
milk.”* But a study on early weaning could lead to sim-
ilar results. Pietrobon et al.*¥ pharmacologically or physi-
cally inhibited offspring milk intake during the last three
days of breastfeeding. Body weight of malnourished males
still lagged behind that of the control group at P45
(although there was no statistical difference). However, at
P150, the body weight of the experimental groups exceed-
ed that of the control group. The authors concluded that
early weaning caused metabolic changes in the experimen-
tal groups.* While the data from this study up to P45 are
consistent with our study, we do not know if the results at
P150 are the same for us. However, the argument made by
the authors for the cause of growth retardation in the sub-
jects could also apply to our subjects.
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The body weights and growth rates of our experi-
mental groups decreased from P28 to P35. This suggests
that the offspring in the experimental groups have not
completed their development and therefore cannot feed
sufficiently independently. Ferraz-Perreira et al.’”! sug-
gested that malnutrition reduces masticatory efficiency
by slowing, weakening and delaying the maturation of
masticatory muscles. However, in another study, perina-
tal undernutrition was observed to reduce the number of
taste buds in rats.’ Both arguments could explain why
undernourished rats develop less than control subjects
immediately after weaning.

The final body weights measured at puberty showed
that the weights of the experimental groups were still
lower than those of the control group, but the difference
between the experimental groups was closed. Williams et
al.B? reported that the weight losses of malnourished rats
continued after P120.%? However, it was observed that
although the malnourished rats consumed 30% more
food than their control counterparts after the nutrition-
al insult. These animals ate more irregularly and less
food than the control animals in the following days.””
Williams and Hughes”! found in their study that the
effects of malnutrition were greater in the late stages of
lactation. However, the animals in this study were
undernourished in three different groups from birth to
P8, P14 and P21. The offspring that were malnourished
from PO to P8 reached the control group at P22. In con-
trast, the other two groups already had lower body
weights at P120.) The body weights of the undernour-
ished pups during lactation were lower at P21 and
remained lower at P150.P”) Recent studies indicate that
maternal undernutrition can alter hormonal profiles and
neuropeptide expressions related to appetite regulation
in offspring. This alteration may lead to increased caloric
intake but decreased fat storage efficiency, resulting in
abnormal growth patterns as seen in various studies.***"
Despite the nutritional restoration through adequate
calories later in life, the capacity for catch-up growth is
diminished in pups subjected to maternal undernutrition
during the third week of lactation. This suggests that
early-life nutritional deficits can have lasting effects on
growth trajectories.”™ Since the results of our study
showed that the body weight of U1 was higher than that
of U2 at P28, P35 and P42, this suggests that the 3rd
week of lactation is a more critical postnatal develop-
mental period.

Our measurements immediately after weaning
showed that although the measurements of Ul were

higher than those of the other groups due to catch-up
growth, the size of the thoracic vertebrae was not affect-
ed. However, measurements at P49 showed that both the
thoracic and caudal vertebrae of U2 were less developed
than the other two groups, suggesting that malnutrition
in the last week of lactation affects vertebral size in the
long term. This suggestion is also supported by the
shorter tail length of U2. Research supports our obser-
vations and states that undernutrition during lactation
can lead to significant reductions in vertebral size and
integrity. Studies have shown that malnutrition during
lactation can lead to a significant reduction in the size
and integrity of the spine. Puppies from malnourished
mothers have smaller vertebrae compared to those from
well-nourished mothers, probably due to insufficient cal-
cium and protein intake.’”’ A more recent study confirms
this opinion by finding that puppies from malnourished
mothers have smaller vertebrae than those from well-
nourished mothers. And that this reduction is often due
to inadequate calcium and protein intake, which are
essential for bone growth and density.*” Based on our
observations on U2, we can assume that the last week of
lactation is a critical period for vertebral development.
Several studies indicate that pups from mothers experi-
encing undernutrition during lactation exhibit reduced
body length compared to control groups. This effect is
observed throughout the lactation period and into adult-
hood.®*! Despite the nutritional restoration through
adequate calories after weaning, the capacity for catch-
up growth in body length is often diminished in pups
subjected to maternal undernutrition during lactation.
Even when body weight normalizes, linear growth
deficits may persist.*"! In a study of protein restriction
during pregnancy, short spines were reported in protein-
restricted rats.””) In a more recent study, Nemoto and
Kakinuma'™! fed dams a calorie-restricted diet during
pregnancy and reported that the pups failed to catch up
and resulted in short body length.*

Dahinten and Pucciarelli™ observed in their study of
rats that prenatal malnutrition affects many cranial param-
eters. However, this study concludes that postnatal mal-
nutrition has a greater negative effect on these parame-
ters.*! This may be attributed to the fact that 85% of cor-
tex neurogenesis in the rat occurs after birth.*! Although
U1 had a rapid growth curve before P21, the cranial width
of Ul was not different from that of C at P49. On post-
natal day 21, the skull length of pups malnourished
between 0-7 days of the lactation period was greater than
that of the control group; however, this difference disap-
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peared on postnatal day 49. In contrast to the Ul pups, the
U2 pups had a smaller head width at postnatal day 49. In
a previous study, the deficit in this parameter persisted
until 200 days of age in rats that were malnourished from
gestation day 18 to 100 days of age.”” Recent studies are
in line with our observations. They indicate that pups
from mothers experiencing undernutrition during lacta-
tion exhibit reduced skull size compared to control
groups. This effect is observed in various cranial measure-
ments, including skull length, width, and height.*** Tt is
also emphasized that maternal undernutrition during lac-
tation can lead to changes in the shape of the skull. One
study found that the skulls of pups from undernourished
mothers were smaller and thinner than those of the con-

trol group in several parameters.*

At 21 days of age, the body length, the length of the
8th caudal vertebra, the length of the left femur, the
length of the left tibia, and the length of ischial bones
were longer in Ul than in the control animals, while the
pups of the U2 group had smaller skeletons than the
control animals. At 49 days of age, the significant differ-
ences in some features of the skeleton between Ul and
control rats disappeared except for femur length.
However, some features of the pelvic bones of the Ul
rats differed from those of the control animals. In con-
trast to the Ul rats, the U2 rats had smaller skeletal mea-
surements than the control rats at 49 days of age, except
for pelvic bone lengths and head length.

Research has demonstrated that undernutrition dur-
ing lactation leads to significant reductions in pelvic size
and dimensions in offspring. For instance, pups from
undernourished mothers exhibit smaller pelvic widths
and lengths compared to those from well-nourished con-
trols. This reduction can have implications for reproduc-
tive health and overall mobility in adulthood.***
found that the rat pelvis develops rapidly from PO to

I Tt was

P80, that ossification of the acetabular complex begins at
P70, and that synostosis of the three pelvic components
begins at P100.°" Therefore, the effects of nutrition can
be observed directly on the rat pelvis because the pelvic
components are not fully developed on the days of the
measurements. Studies of malnutrition have shown that
pelvic dimensions do not recover despite a prolonged
period of rehabilitation.””**") Although the measure-
ments we performed on P49 confirm this study, they
emphasize that undernutrition even in only a part of lac-
tation affects the measurements of pelvic widths of pups
and may cause permanent damage.
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Our study shows that undernutrition in either the
first or last week of the lactation period affects long bone
development. In particular, U2 measurements are simi-
lar to limb measurements of offspring malnourished pre-
natally or throughout the lactation period. This observa-
tion suggests that especially the last week of lactation is a
critical period for long bone development.

Nakamoto and Miller™” have reported that long bones
are more prone to malnutrition.” According to Kimura et
al.,’’! prenatal malnutrition impairs postnatal growth of
the tibia.””! Tt was observed that postnatally malnourished
rats showed catch-up growth after weaning, but their tib-
ial length remained shorter than that of the control group
even at week 15.°Y Numerous studies have reported that
undernutrition during lactation results in significantly
reduced length and density of long bones, such as the
femur and tibia. For example, research by Babinski et al."®
demonstrated that pups from mothers on low-protein
diets exhibited stunted growth in femoral length and
altered bone density compared to those from well-nour-
ished mothers. This reduction is attributed to inadequate
intake of essential nutrients, particularly protein and calci-
um, which are vital for bone development.”® The timing
and rate of bone growth are also affected by maternal
nutrition. A study by Ortiz-Valladares et al.*” indicated
that while long bone measurements may not show imme-
diate deficits, the growth trajectories are altered, resulting
in delayed skeletal maturation in pups subjected to under-
nutrition. This delayed growth can have long-term impli-
cations, as it may affect the overall structural integrity of
the bones as the rats reach adulthood.™ The effects of
maternal undernutrition during lactation can persist into
adulthood, with previously undernourished rats exhibiting
altered long bone morphology. Studies indicate that even
after nutritional rehabilitation post-weaning, these rats
may continue to show reduced bone length and density,
potentially increasing their risk for fractures and other
skeletal issues later in life.**!

Conclusion

The results of our study showed that undernutrition in
the first or last week of lactation can cause long-term
damage to body weight and pelvic measurements of rats.
However, most skeletal measurements of rats exposed to
undernutrition in the last week of lactation were lower
than those of the control group and the group exposed to
undernutrition in the first week of lactation. These
results suggest that the last week of lactation is more crit-
ical for skeletal development.
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Abstract

Objectives: This study aimed to analyze the angular measurements and morphological characteristics of the scapula, pro-
viding insights to enhance surgical interventions and clinical research requiring detailed anatomical knowledge, such as total
shoulder arthroplasty, fracture fixation via screw placement, and scapular arthroscopic procedures.

Methods: Twenty dry scapula (13 right, 7 left) of unknown age and sex, obtained from the bone archive of the Anatomy
Department at Bolu Abant izzet Baysal University Faculty of Medicine, were analyzed. Angular measurements were con-
ducted using a digital angle gauge. Due to the limited sample size, normality testing was not performed. Statistical compar-
isons between the right and left scapula were made using the Mann-Whitney U test, with a significance level set at p<0.05.

Results: Among the six angular parameters measured, only the lateral angle demonstrated a statistically significant differ-
ence between the right and left sides (p=0.033).

Conclusion: The findings indicate that, except for the lateral angle, the scapula’s angular measurements are predominantly
symmetrical between the right and left sides. The glenoid profile angle (GPA) may serve as a valuable marker for assessing
fracture risk in the glenoid fossa, aiding orthopedic surgeons in clinical decision-making. A detailed understanding of scapu-

lar morphology is expected to advance both surgical practices and anatomical research.

Keywords: angular assesment; forensic anthropology; scapula morphometry; Turkish population
Anatomy 2024;18(3):101-105 ©2024 Turkish Society of Anatomy and Clinical Anatomy (TSACA)

Introduction

The scapula, a critical component of the pectoral girdle,
features a distinct irregular, flat triangular shape with
two primary surfaces: the costal (anterior) surface and
the dorsal (posterior) surface. The dorsal surface is char-
acterized by the scapular spine, which divides it into the
supraspinous fossa and infraspinous fossa. This spine
originates medially and extends laterally to culminate at
the acromion. The scapula also includes three borders—
superior, medial (vertebral), and lateral (axillary)—and
three angles formed at the junctions of these borders: the
superior, inferior, and lateral angles. The superior angle,
situated at the intersection of the superior and medial
borders, aligns with the second rib and serves as the
attachment site for the levator scapula muscle. The infe-
rior angle, where the medial and lateral borders con-
verge, is located at the level of the seventh rib or seventh
intercostal space and provides an attachment point for

the serratus anterior muscle. The lateral angle, the thick-
est portion of the scapula, houses the glenoid fossa, the
articulation site for the humeral head. These anatomical
landmarks significantly influence the musculature associ-
ated with the scapula, underscoring its pivotal role in

shoulder girdle movement and its clinical relevance.”

Scapular fractures, although rare, account for 3-5%
of shoulder girdle injuries and less than 1% of all frac-
tures.”’ Among these, the glenopolar angle (GPA) is of
particular clinical importance in scapular neck fractures.
The GPA, which quantifies the glenoid’s inclination rel-
ative to the scapular body on an anteroposterior plane,
typically ranges between 36° and 43° in healthy individ-
uals. Values outside this range, such as a GPA of 20°-
22°, often indicate a need for surgical intervention to
prevent long-term complications, including pain, weak-
ness, and impaired daily activities.*”
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Bestard et al.® were the first to establish the standard
GPA range of 30°-45°, identifying deviations as indica-
tors of scapular neck fracture dysplasia. Furthermore,
Labler et al.”’ recommended surgical treatment when
the GPA falls below 3°, as this suggests potential liga-
ment rupture Kim et al."” emphasized the GPA’s role in
both the planning and postoperative evaluation of float-
ing shoulder treatments.

The objective of this study is to analyze the angular
measurements and morphological characteristics of the
scapula, contributing to the anatomical knowledge
required for surgical procedures and clinical research,
including scapular arthroscopic interventions.

Materials and Methods

Measurements were obtained using a digital angle gauge

from 20 dry scapula (13 right, 7 left) of unknown sex and

age, sourced from the bone archive of the Anatomy

Department at Bolu Abant Izzet Baysal University School

of Medicine. The specific morphometric measurements

performed on the scapula are as follows and are illustrated

in Figure 1:

¢ Inferior Angle (AI): The angle formed between the
medial and lateral borders of the scapula.

* Superior Angle (AS): The angle formed between
the medial and superior borders of the scapula.

* Lateral Angle (AL): The angle formed between the
lateral and superior borders of the scapula.

* MSU: The angle between the portion of the medial
border above the scapular spine and the spine itself.

® MSA: The angle between the portion of the medial
border below the scapular spine and the spine itself.

* Glenopolar Angle (GPA): The angle between the
axis passing through the supraglenoid and infra-
glenoid tubercules, and the axis drawn from the apex
of the supraglenoid tubercle to the most caudal point
of the scapular body.

Descriptive statistics for the collected data included
meanzstandard deviation, median, quartiles, minimum, and
maximum values for numerical measurements. Categorical
variables were analyzed as percentages (%). Due to the lim-
ited sample size, normality testing was not conducted, and
comparisons between right and left scapula were performed
using the Mann-Whitney U test. Statistical analysis was
conducted using SPSS for Windows, version 29.0 (IBM,
Armonk, NY, USA). A significance level of p<0.05 was con-
sidered statistically significant.

Results

The results of the comparison between the measurements
of the right and left scapula are summarized in Table 1.
And Table 2 presents the descriptive statistics of angular
measurements for all 20 scapula combined, without differ-
entiating between the right and left sides. The results sug-
gested that the lateral angle (AL) is significantly greater on

Figure 1. lllustration of scapular measurements on dry scapula. Al: The angle formed between the medial and lateral borders; AS: the angle
formed between the extended lines of the medial and superior borders; AL: the angle formed between the lateral and superior borders; MSA:
the angle between the portion of the medial border below the scapular spine and the spine itself; MSU: the angle between the portion of the
medial border above the scapular spine and the spine itself; GPA: the angle between the axis passing through the supraglenoid and infraglenoid
tubercules, and the axis drawn from the apex of the supraglenoid tubercle to the most caudal point of the scapular body.
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Table 1
Comparison of angular measurements between right and left scapula.

95% confidence interval for mean

n MeanzSD Lower bound Upper bound Min Max p-value

Al Left 7 68.57+13.30 56.27 80.87 48 87 0.393
Right 13 63.46+6.42 59.58 67.34 50 72

AS Left 7 78.29+6.73 72.07 84.51 68 85 0.485
Right 13 76.38+5.72 72.93 79.84 69 88

AL Left 7 81.43+3.50 78.19 84.67 76 87 0.046
Right 13 76.38+5.12 73.29 79.48 69 85

MSuU Left 7 67.86+8.97 59.56 76.15 57 82 0.211
Right 13 62.54+8.48 57.41 67.66 53 84

MSA Left 7 107.86+6.84 101.53 114.18 97 117 0.643
Right 13 106.77£7.79 102.06 111.48 94 125

GPA Left 7 38.00+3.65 34.62 41.38 32 43 0.097
Right 13 34.23+4.95 31.24 37.22 27 44

Al: The angle formed between the medial and lateral borders; AS: the angle formed between the extended lines of the medial and superior borders; AL: the angle formed
between the lateral and superior borders; max: maximum; min: minimum; MSA: the angle between the portion of the medial border below the scapular spine and the
spine itself; MSU: the angle between the portion of the medial border above the scapular spine and the spine itself; GPA: the angle between the axis passing through
the supraglenoid and infraglenoid tubercules, and the axis drawn from the apex of the supraglenoid tubercle to the most caudal point of the scapular body.

the left side (p<0.05). However, no significant differences
were observed between the right and left sides for the
remaining five angular parameters, indicating a high
degree of symmetry in these measurements.

Discussion

The scapula, a key structure of the pectoral girdle, is char-
acterized by its triangular shape, three borders, and three
angles formed by the intersection of these borders.! The
spine of the scapula divides the dorsal surface into the

supraspinous and infraspinous fossae, which serve as
attachment sites for several muscles. Functionally, the
scapula articulates with the clavicle and humerus, facilitat-
ing shoulder girdle movements, and is therefore of critical
clinical importance.” In this study, six angular parameters
of the scapula were measured, and their symmetry
between the right and left sides was evaluated. Among
these parameters, only the AL exhibited a statistically sig-
nificant difference between the two sides (p=0.033). The
mean values for the parameters were as follows: AS:

Table 2
Summary of average angular measurements for right and left scapula.

95% confidence interval for mean

n Mean+SD Lower bound Upper bound Min Max
General Al 20 65.25+9.39 60.85 69.65 48 87
AS 20 77.05+£5.99 74.25 79.85 68 88
AL 20 78.15+£5.15 75.74 80.56 69 87
MSU 20 64.40+8.81 60.28 68.52 53 84
MSA 20 107.15+7.31 103.73 110.57 94 125
GPA 20 35.55+4.81 33.30 37.80 27 44

Al: The angle formed between the medial and lateral borders; AS: the angle formed between the extended lines of the medial and superior borders; AL: the angle formed
between the lateral and superior borders; max: maximum; min: minimum; MSA: the angle between the portion of the medial border below the scapular spine and the
spine itself; MSU: the angle between the portion of the medial border above the scapular spine and the spine itself, GPA: the angle between the axis passing through

the supraglenoid and infraglenoid tubercules, and the axis drawn from the apex of the supraglenoid tubercle to the most caudal point of the scapular body.
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77.05°6, Al: 65.25°+9.4, AL: 78.15°£5.15, MSU: 64.4°+
8.81, MSA: 107.15°+7.31, and GPA: 35.55°+4.81. These
findings provide insights into scapular morphology and its
implications for clinical and surgical applications.

Measurements of the superior angle have been studied
in various populations, highlighting notable differences.
Piyawinijwong et al.,l'""! in their research on the Thai pop-
ulation, reported a mean value of 84.29°£9.43. Similarly,
Sangal'?! determined the superior angle to be 89.57°+10.47
in the Indian population, while Zhang et al."*! calculated
an average value of 88.72° in their analysis of three superi-
or angle types within the Chinese population. In a study of
the Turkish population, Boyan et al.'¥ identified a mean
value of 95.5°, categorizing the scapula into six types based
on the structure of the suprascapular notch. Notably, the
value measured in our study (77.05°%6) is considerably
lower than these findings.

Regarding the inferior angle, our study measured a
mean value of 65.25°£9.4, which closely aligns with the
findings of Boyan et al.'¥ However, lower values were
observed in other studies, with Piyawinijwong et al.l'
reporting 40.88°+5.29 and Sanga'' noting 44.85°+8.14.
The lateral angle in our study showed a statistically signif-
icant difference between the right and left sides (left:
81.43°+3.505, right: 76.38°+5.12). This is notably higher
compared to the findings of Sanga,"” who reported a lat-
eral angle of 62.38°£10.05. The GPA a critical parameter
for evaluating the glenoid slope relative to the scapular
body, typically ranges between 36° and 43° in healthy indi-
viduals."” Tt is clinically significant, with values between
20° and 22° often indicating the need for surgical inter-
vention to prevent long-term complications such as pain,
weakness, and impaired daily function.~”!

Bestard et al.” first established the standard glenopolar
angle (GPA) as ranging from 30° to 45°, highlighting val-
ues outside this range as critical indicators of dysplasia in
scapular neck fractures Pazarci et al."”! compared GPA val-
ues between patients with anterior shoulder dislocation
(Group 1) and a control group (Group 2), found averages
of 32.34°£1.96 and 34.50°+2.32, respectively, noting a sta-
tistically significant difference but no gender-based varia-
tion. Similarly, Cini et al.'" calculated a GPA of 38.6°+4.54
and proposed a regression formula for its estimation
Sangal" reported a GPA of 38.65°+5.66° in dry scapula.

Kumari et al.'"”! conducted a morphological analysis of
GPA in the Indian population and found an average GPA
of 42.6° for all scapula, with no significant differences
between sides. They also demonstrated variance among
measurement techniques: 42.6° from dry scapula, 39.8°
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from AP radiological images, and 42.3° from Neer I view
radiographs. Pace et al."¥ found a GPA of 39° (ranging
from 26° to 50°) in AP radiographs of 9 patients. Tucek et
al.'" further demonstrated method-dependent variation in
GPA values: 42.3°£1.6 in 100 dry scapula, 37.1°+4.9 in 50
AP chest radiographs, 35.9° in 50 AP shoulder radio-
graphs, and 43.0°1.4 in 3D CT reconstructions. In our
study, the mean GPA was 35.55°+4.81, aligning with
lower values reported in studies involving radiological
imaging. The discrepancies between measurements
obtained from radiological images and dry bones empha-
size the impact of measurement techniques on GPA out-
comes.”'*!%11 Additionally, variations in GPA may be
influenced by anatomical structures like the supraglenoid
and infraglenoid tubercles, which serve as attachment
points for the biceps brachii and triceps brachii muscles."*"!

Our findings provide valuable data on scapular mor-
phometry in the Turkish population. The results suggest
that angular characteristics of the scapula are generally
symmetrical between the right and left sides, except for the
lateral angle, which showed a statistically significant differ-
ence. These findings underscore the importance of further
research, particularly on lateral angle variation. Limitations
of our study include a small sample size and the absence of
gender-specific data, which restrict the generalizability of
our results. Future studies with larger, demographically
diverse samples and comparisons across measurement tech-
niques, including radiological imaging and 3D modeling,
are anticipated to significantly enrich the literature.

Conclusion

This study offers valuable insights into the morphometric
characteristics of the scapula in the Turkish population.
While the scapula generally exhibits a symmetrical struc-
ture between the right and left sides, the observed differ-
ences in the lateral angle underscore the need for further
research in this area. The GPA measurements, in particu-
lar, demonstrate clinical utility for applications such as
fracture management and assessing dysplasia. However,
the study’s limitations—including a small sample size and
the absence of gender-specific analysis—restrict the
broader applicability of the findings. Future research
involving larger and more demographically balanced sam-
ple groups is essential to enhance the robustness of the
results. Additionally, comparing different measurement
techniques, such as radiological imaging and 3D model-
ing, is anticipated to yield significant contributions to the
literature, providing a more comprehensive understanding
of scapular anatomy and its clinical implications.
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Abstract

The locus coeruleus (LC), a prominent neuromelanin-containing nucleus, plays a critical role in the central nervous system by
serving as the main source of norepinephrine. First described by Félix Vicq d’Azyr in the 18th century and later identified as
a noradrenaline-rich region through fluorescence histochemistry in the 1960s, the LC influences various brain functions,
including attention, learning, stress responses, pain modulation, memory, and sleep. This review explores the anatomy, mor-
phology, and neurochemistry of LC neurons, emphasizing their projections and interactions with multiple brain regions such
as the cortex, hippocampus, and thalamus. Additionally, we examine the involvement of the LC in the pathophysiology of
age-related neurodegenerative diseases, including Alzheimer’s and Parkinson’s diseases, where significant neuronal loss in
the LC correlates with cognitive decline and other clinical symptoms. Understanding the anatomical and functional hetero-
geneity of LC neurons provides insights into their crucial role in neuromodulation and highlights potential therapeutic tar-

gets for neurodegenerative disorders.

Introduction

The locus coeruleus (LC) (Figure 1), often referred to as
the “blue spot” due to its neuromelanin content, is a dis-
tinct structure visible to the naked eye because of its size
and pigmentation. Initially described by the French
anatomist Félix Vicq d’Azyr in the late 18th century, the
LC’s primary composition of monoaminergic neurons
was not identified until the development of fluorescence
histochemistry in the 1960s.") The LC, designated as A6
in the classification by Dahlstrom and Fuxe, is part of the
noradrenergic cell groups extending rostrocaudally from
the lateral pons to the caudal ventrolateral medulla, as
described by these researchers in 1964.”) As the principal
source of norepinephrine in the central nervous system,
the LC projects to numerous brain regions, including the
cortex, hippocampus, and thalamus, thereby influencing a
wide array of functions such as attention, learning, auto-
nomic and behavioral stress responses, pain modulation,
memory, and sleep.’* This review focuses on the LC’s
anatomy, neuronal morphology and neurochemistry, and

deomed.
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its significance in neurodegenerative diseases like
Alzheimer’s and Parkinson’s.

Morphology and Neurochemistry

Mature LC neurons are predominantly medium-sized
cells with fusiform and multipolar morphologies and
sparse branching. The axons of these neurons, especially
those extending to the forebrain, exhibit bifurcations
that allow them to innervate multiple regions along the
neuroaxis of a single neuron. In humans, LC neurons can
be classified into four types based on size and dendritic
branching: large multipolar neurons, large elliptical
“bipolar” neurons, small multipolar neurons, and small
ovoid “bipolar” neurons. Large multipolar neurons have
round or multiangular somata with numerous thinly
branching dendrites that extend in various directions,
enabling them to travel long distances and reach differ-
ent levels. Large bipolar neurons, similar in size to large
multipolar neurons, have dendrites emerging as relative-
ly thicker roots from the soma. Small multipolar neurons
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Figure 1. Locus coeruleus localization in the mid-level human pons.
4V: 4th ventricle; ctg: central tegmental tract; DR: dorsal raphe nucle-
us; LBP: lateral parabrachial nucleus; LC: locus coeruleus; LDTg: lat-
erodorsal tegmental nucleus; Me5: mesencephalic trigeminal nucleus;
ml: medial lemniscus; mlf: medial longitudinal fasciculus; MnR: medi-
an raphe nucleus; MPB: medial parabrachial nucleus; PAG: periaque-
ductal gray; Pn: pontine nuclei; scp: superior cerebellar peduncle; tfp:
transverse fibers of the pons (Unpublished data).

possess round and multiangular somata with dendritic
branches arising from all over, but these branches are
generally shorter than those of larger neurons. Small
bipolar neurons have oval and spindle-shaped somata

with dendrites primarily arising from two poles.’™!

Besides containing norepinephrine, LC neurons
exhibit additional properties that contribute to their
diversity. Consistent with their noradrenergic pheno-
type, LC neurons include the enzymes tyrosine hydrox-
ylase and dopamine beta-hydroxylase involved in nore-
pinephrine production, the norepinephrine trans-
porter,® the catabolic enzyme monoamine oxidase,” and
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the a2-adrenoreceptor, which likely functions as an
autoreceptor.'”’ Furthermore, LC neurons secrete vari-
ous neuropeptides, including neuropeptide Y,
galanin,? cholecystokinin, dynorphin A, angiotensin
IL™) and somatostatin.!”

Anatomy and Projections

The locus coeruleus is situated in the dorsal part of the
rostral pons, located in the lateral floor of the fourth ven-
tricle."” In a healthy human brain, this nucleus measures
about 12 to 17 mm in length and approximately 2.5 mm
in width.'" It is estimated that the bilateral LC neurons
in an adult human brain comprise around 45,000 to
50,000 cells.!"”!

Understanding the properties of the afferent inputs
to the locus coeruleus (LC) is crucial for comprehending
the effects of the noradrenergic system on the brain and
behavior."® The LC is extensively innervated by various
nuclei, including the insular cortex, central nucleus of
the amygdala, spinal cord dorsal horn and lamina X ven-
tral tegmental area (VTA), and nucleus of the solitary
tract (NST), bed nucleus of the stria terminalis, preoptic
region, periaqueductal gray, midbrain pontine reticular
formation including the dorsal raphe nucleus, peduncu-
lopontine tegmental nucleus, and cerebellum. LC also
receives inputs from area C1 of the ventrolateral medul-
1a" and is connected to the dorsal raphe nucleus.
Connections to the ventromedial pericoerulear region
reported may provide a local circuit interface to LC neu-
rons.*2 Forebrain afferents include glutamatergic
inputs from the prefrontal and anterior cingulate cor-
tices” as well as the paragigantocellular nucleus, and
perifascicular area of the prepositus hypoglossal nucle-
us.?"* LC neurons receive several afferent inputs and
express a wide range of neurotransmitter receptors, indi-
cating multiple levels of cellular regulation. Key neu-
ropeptides include corticotropin-releasing factor, orexin,
endogenous opioids, substance P, melanin-concentrat-
ing hormone, neuropeptide Y, and somatostatin.”**’!
These neuropeptides regulate LC activity and nora-
drenaline release, thereby affecting arousal states and
related behaviors.”” Social stress activates specific affer-
ents like CRF from the central amygdalar nucleus and
enkephalin from the paragigantocellular nucleus,
depending on the individual’s coping strategy, with dis-
tinct afferents being engaged during short-latency (SL)
and long-latency (LL) defeat responses.”? The LC also
receives cholinergic inputs from the basal forebrain, par-
ticularly the medial septum, which modulate long-term
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potentiation (L'TP) in the dentate gyrus via noradrenergic
pathways, emphasizing a functional loop involving cholin-
ergic and noradrenergic interactions.”” Additionally, the
LC plays a pivotal role in pain modulation and stress-
related disorders, influencing pain perception and emo-
tional responses through its connections with the spinal
cord, prefrontal cortex, and amygdala.”’*® These various
afferents to the LC underscore its central role in integrat-
ing physiological and emotional signals to regulate
arousal, stress responses, and cognitive functions.

Sensory signal-processing regions of the brain receive
dense innervation from LC.”” Although LC neurons have
sparse dendritic branches, their axons exhibit wide bifurca-
tions, enabling stimulation of many cortical areas.*” The
efferent innervation from the LC includes the cortex,
cerebellum, hippocampus, hypothalamus, and spinal
cord.®" This innervation is particularly concentrated in
the thalamus, affecting midline, intralaminar, and
mediodorsal thalamic nuclei, as well as the lateral posteri-
or complex, periventricular, anteroventral, ventral pos-
terolateral, and reticular nuclei.?**! Additionally, the par-
aventricular and supraoptic nuclei of the hypothalamus are
significant targets for LC innervation.”* Stimulation of
LC increases the pupil diameter, indicating LC projec-
tions to the parasympathetic Edinger-Westphal nucle-
us.’? The LC also projects to the amygdala and medial
prefrontal cortex (mPFC), influencing learning and mem-
ory functions.””! Specifically, amygdala-projecting cells are
recruited during emotional associative learning, while
mPFC-projecting cells are engaged in unexpected situa-
tions or when behavioral flexibility is required.
Understanding the anatomical and functional heterogene-
ity of LC neurons is crucial for appreciating their role in
the neuromodulatory system.

Involvement in the Pathophysiology of
Age-related Neurodegenerative Diseases

The number of neurons in the locus coeruleus (LC)
decreases by approximately 30-50% during aging.*%*7
This neuronal loss, particularly in those projecting to the
forebrain, is linked to functions in arousal, attention, and
memory. Several neurodegenerative diseases are associ-
ated with age-related LC neuronal loss, including
Alzheimer’s disease (AD), Down syndrome, Parkinson’s
disease (PD), dementia with Lewy bodies, progressive
supranuclear palsy, corticobasal degeneration, and
dementia pugilistica.”**" In AD and PD, there can be up
to an 80% loss of noradrenergic cells, a reduction greater
than the loss of cholinergic neurons in the basal nucleus
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in AD and dopaminergic neurons in the substantia nigra
in PD.™! Stereological evaluations indicate that in AD,
neuronal decline follows a rostrocaudal and dorsoventral
pattern, whereas in PD, the loss is concentrated in the
more ventral and caudal parts of the LC."! Thus, in AD,
the LC neuronal loss primarily affects forebrain projec-
tions, whereas in PD, the loss impacts spinal cord, brain-
stem, and cerebellar projections. The reduction in LC
neurons is more closely related to the onset and progres-
sion of AD than the degeneration of cholinergic neurons
in the basal nucleus.®™*! Recent studies highlight the
significance of LC degeneration in the early stages of
AD, suggesting that therapies targeting the LC-nore-
pinephrine pathway could be promising for prognosis
and treatment, potentially delaying or preventing AD-
related pathology.

Conclusion

The LC, a small nucleus with extensive subcortical and
cortical projections, is the primary source of nore-
pinephrine innervation in the central nervous system.
Due to its broad interaction with various brain regions,
the LC significantly influences attention and memory
functions in both human and non-human primate brains.
In the context of aging and neurodegenerative diseases,
the loss of LC neurons can disrupt the integration of
sensory, attentional, and cognitive information, leading
to age-related memory decline and contributing to the
clinical symptoms of various neurodegenerative condi-
tions. Advances in imaging techniques that can visualize
the distribution of LC neurons hold promise for future
research on the effects of aging and neurodegenerative
diseases.
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Unilateral separation of the hypoglossal nerve
from the cranial cavity through two hypoglossal
foramina: case report

Yusuf Secgin (), Nesibe Yilmaz

Department of Anatomy, Faculty of Medicine, Karabiik University, Karabiik, Tiirkiye

Abstract

The twelfth cranial nerve, known as the hypoglossal nerve, is a somatomotor nerve. Functionally, it innervates the intrinsic
muscles of the tongue and all extrinsic tongue muscles except the palatoglossus. Anatomically, the hypoglossal nerve exits
the cranium via the hypoglossal canal. This case report describes a variation identified during routine dissection of two adult
cadavers in the dissection laboratory of the Karabtk University Faculty of Medicine, Department of Anatomy. During the stan-
dard dissection procedure, the cranial cavity was first exposed, and the brain tissue was removed. Subsequent examination
revealed that, in one cadaver, the hypoglossal nerve on the left side exited the cranium through two separate small forami-
na instead of the typical hypoglossal canal. A review of the literature indicated that reports on this anatomical variation are
scarce. This case report aims to contribute valuable insights to the field of anatomy and provide critical information for clini-
cians performing surgical procedures in this region.

Keywords: anatomical variation; cranial cavity; hypoglossal nerve
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Introduction

The hypoglossal nerve, also known as the twelfth cranial
nerve, is composed exclusively of motor fibers. It inner-
vates all intrinsic and extrinsic muscles of the tongue, with
the exception of the palatoglossus muscle. The palatoglos-
sus muscle is innervated by the cranial part of the accesso-
ry nerve. The nucleus of the hypoglossal nerve is located
in the medulla oblongata (bulb) and is referred to as the
hypoglossal nucleus. The nerve exits from the medulla
through the hypoglossal canal. It then descends, traversing
the carotid and digastric triangles, ultimately reaching and
innervating the muscles of the tongue.!'"

The morphology of the cranium, along with the
structure of its foramina and canals, provides critical
insights into human evolution. The hypoglossal canal,
situated on the occipital condyle and anterolateral to the
foramen magnum, is a significant anatomical feature."

Case Report

This case was identified during routine cranial dissection

of cadavers in the dissection hall of the Karabiik University

Faculty of Medicine, Department of Anatomy. The dis-
section process involved preparing the cadavers and dis-
section materials, followed by removing the scalp using a
scalpel. The calvaria was then opened with a bone saw,
bone-cutting spiral, and osteotome, and the dura mater
was carefully dissected. Subsequently, the brain tissue was
mobilized and removed to expose the skull base. During
the examination of the cranial nerves, it was observed that
the hypoglossal nerve on the left side of one cadaver
emerged from the anterolateral sulcus as a single root but
exited the cranium through two small foramina instead of
the typical hypoglossal canal (Figure 1). Further dissec-
tion of these foramina revealed that they each extended
into distinct bony canals (Figure 2).

Discussion

The variation anatomy is a crucial branch of anatomical
science, focusing on differences that deviate from the
typical structure of the human body. This field is built
upon extensive anatomical knowledge and the experi-
ences of clinicians performing interventional procedures.
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While most anatomical variations do not adversely affect
the human body, some can lead to functional impair-
ments or issues involving surrounding tissues. Among
anatomical structures, blood vessels exhibit the greatest
variability. Regarding nerves, peripheral nerves are the
most prone to variation. Variations in the nervous sys-
tem are significant as they can influence both the nerve’s
course and its function.!”

Variations of the hypoglossal nerve most commonly
occur in its course after exiting the cranium, with intracra-
nial variations being relatively rare.!"! For instance, Islam et
al.”! reported a case of a 50-year-old male undergoing sur-
gery for facial paralysis, where the hypoglossal nerve was
found to give an aberrant branch in the carotid triangle
before entering the tongue Bergman et al.®! described a
case where the hypoglossal nerve arose unusually from the
posterior aspect of the medulla oblongata.

The hypoglossal canal, an anatomically narrow struc-
ture located anterolateral to the foramen magnum, accom-
modates the hypoglossal nerve, the meningeal branch of
the ascending pharyngeal artery, and small vascular
plexuses. Its clinical significance stems from its proximity
to the occipital lobe and its role in skull base surgeries."”
Bhuller et al." studied 32 cadavers and reported that the

hypoglossal canal was bisected by a small bony fragment in

Figure 2. Two separate bony
hypoglossal foramina (dissect-
ed).
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28.12% of cases. Similarly, Wysocki et al.'" in their study
of 100 human skulls and various mammalian skulls, iden-
tified double hypoglossal canals in 43% of human skulls.
Carolineberry and Bery!"”! documented a variation rate of
7-27.4% for the hypoglossal canal in their study on cranial
variations. Nikumbh et al.” analyzing 100 adult dry skulls,
found unilateral hypoglossal canals in 25% of cases and
bilateral canals in 3% Zaidi et al. observed double
hypoglossal canals in 5 of the 40 dry skulls they studied."”
Francisco et al."¥ examined 492 human skulls and identi-
fied double hypoglossal canals in 97 specimens
Muthukumar et al."" in a study of 50 dry skulls, noted that
the hypoglossal canal was divided into two by a bony sep-
tum in 30% of the cases.

In the present case, it was observed that the hypoglos-
sal nerve exited the cranium via two unilateral small foram-
ina instead of the typical hypoglossal canal. It is believed
that this finding provides valuable insights for future stud-
ies on anatomical variations in cadavers and offers critical
guidance for surgeons operating in this region.
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