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Introduction 
Globally, obesity is a major public health concern, with its 
prevalence rising in both developed and developing coun-
tries.[1] It is a condition linked to the development of 
numerous chronic and metabolic diseases, as well as mus-
culoskeletal disorders involving both inflammatory and 
mechanical components.[2] Musculoskeletal issues, partic-
ularly abdominal and lumbopelvic dysfunctions, are 
strongly associated with increased body mass index (BMI) 
and accumulation of adipose tissue, especially in the 
abdominal region.[3,4] Several studies have also reported a 
higher incidence of postural abnormalities in individuals 

with elevated BMI and obesity.[5] Furthermore, increased 
BMI has been associated with reduced trunk stability and 
decreased endurance of the trunk musculature.[6] Notably, 
obesity-related factors such as visceral adiposity, chronic 
systemic inflammation, increased adipokine production, 
vascular alterations, and elevated intra-abdominal pres-
sure may negatively impact the structural integrity of the 
abdominal wall.[7] 

Anatomically, the abdominal wall is composed of the 
skin, superficial fascia, muscles and their fascia, fascia 
transversalis, extraperitoneal fascia and peritoneum.[8] It 
performs multiple functions, including support for inter-
nal organs, facilitation of breathing, coughing, vomiting, 
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Abstract 

Objectives: Obesity can lead to structural alterations in the abdominal wall, which are important to assess for effective obe-
sity management. This study aimed to investigate the impact of obesity on abdominal wall morphology and the presence of 
diastasis recti abdominis (DRA) in women, as well as the correlation between body mass index (BMI) and abdominal wall 
parameters.  

Methods: Women were divided into two groups based on BMI: non-obese (BMI<30 kg/m², n=37) and obese (BMI≥30 kg/m², 
n=36). Using ultrasound, measurements were taken for umbilical subcutaneous adipose tissue (SCAT) thickness, abdominal mus-
cle thickness, linea alba (LA) distortion (using a distortion index formula) and width (using inter-rectus distance, IRD), and presence 
of DRA.  

Results: The obese group showed significantly greater umbilical SCAT thickness, distortion index scores, and IRD measured 
2 cm above the umbilicus compared to the non-obese group (p<0.05). No significant differences were observed in abdomi-
nal muscle thickness between the groups (p>0.05). The prevalence of DRA was higher in the obese group (33.3%) than in 
the non-obese group (10.8%) (p<0.05). Significant positive correlations were found between BMI and umbilical SCAT thick-
ness (p=0.610), distortion index scores (p=0.489), and IRD measured 2 cm above (p=0.359) and below the umbilicus 
(p=0.304) (p<0.05).  

Conclusion: Women with obesity exhibited increased umbilical SCAT thickness, greater linea alba distortion and width, and 
a higher prevalence of DRA compared to non-obese women. These findings suggest that elevated BMI may negatively influ-
ence abdominal wall morphology. Considering these morphological changes may be important in the clinical evaluation and 
management of obesity.  

Keywords: abdominal muscles; diastasis recti abdominis; obesity; ultrasonography  
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labor, micturition, and defecation, and contributes to 
trunk stability, mobility, and motor control of both trunk 
and extremities.[9] Age and gender related differences in 
the abdominal wall structure have also been document-
ed.[10] Morphological changes in the abdominal wall, 
reductions in muscle strength, and the presence of con-
ditions such as diastasis recti abdominis (DRA) can 
impair lumbopelvic stability, postural control, and 
abdominal organ support.[11] Optimal performance of 
these functions depends on the coordinated and func-
tional integrity of the abdominal muscles, fasciae, and 
the linea alba (LA).[9] 

Given the complexity of the abdominal wall, detailed 
examination of its structure is crucial.[12,13] Ultrasound 
imaging has gained popularity in both clinical assessment 
and rehabilitation of the abdominal muscles due to its abil-
ity to evaluate deep muscle morphology and DRA in a 
non-invasive manner.[14,15] It also offers valuable informa-
tion regarding the structure of the LA and the thickness of 
subcutaneous adipose tissue (SCAT), a key indicator of 
total body fat.[16,17] 

This study aimed to investigate the effects of obesity 
on abdominal wall morphology and the presence of DRA 
in women, as well as the correlation between BMI and 
abdominal wall structural parameters. The underlying 
hypothesis was that increasing BMI negatively affects the 
structural integrity of the abdominal wall in women.  

Materials and Methods 
A case-control study design was employed and all proce-
dures were conducted in accordance with the 
Declaration of Helsinki. The research was carried out in 
the Department of Radiology of Bilkent City Hospital. 
Written informed consent was obtained from all partici-
pants. 

Initially, 82 individuals were enrolled (non-obese 
group: n=42; obese group: n=40). In the non-obese group, 
five individuals were excluded due to unwillingness to par-
ticipate (n=2), neurological disorders (n=2), and spinal 
deformity (n=1), resulting in 37 participants (BMI=22.58 
[18.71–24.77] kg/m²). In the obese group, four participants 
were excluded (unwillingness to participate: n=2; abdomi-
nal surgery: n=2), resulting in 36 participants (BMI=30.70 
[30.00–38.67] kg/m²). Demographic data, surgical history, 
chronic conditions, and pain status were collected through 
face-to-face interviews. 

All measurements were performed in the morning, fol-
lowing a fasting period of at least 8 hours and avoidance of 
excessive fluid intake or physical activity. Height was mea-

sured using a portable stadiometer (in cm) while partici-
pants stood barefoot. Weight was measured using a digital 
scale (precision: 0.01 kg) with participants in light clothing 
and barefoot. BMI was calculated as weight divided by 
height squared (kg/m²). Participants were classified into 
two groups based on BMI: non-obese (BMI<30 kg/m², 
n=37) and obese (BMI≥30 kg/m², n=36).[18] 

Ultrasound assessments were performed using a Logiq 
S7 Expert device (General Electric, Canada) with a 9–11 
MHz linear transducer in B-mode by a radiologist experi-
enced in musculoskeletal imaging. All scans were conduct-
ed with participants in the supine hook-lying position, 
with pillows under their knees. 

SCAT was measured 5 cm above the umbilicus along 
the midline (Figure 1a). The transducer was positioned 
transversely, and the anteroposterior thickness from the 
skin to the LA was recorded.[17] 

Transverse images of the right and left rectus abdomi-
nis (RA) were obtained by placing the transducer lateral to 
the umbilicus until the RA was centered on the screen. 
Anteroposterior thickness was measured (Figure 1b). For 
the anterolateral abdominal muscles (external oblique 
[EO], internal oblique [IO], transversus abdominis [TrA]), 
the transducer was placed 10 cm lateral to the umbilicus 
and held perpendicular to the muscle layers (Figure 1c). 
Images were acquired at the end of quiet expiration to 
standardize measurements and minimize respiratory influ-
ence.[19] 

The measurement was performed at the midpoint 
between the umbilicus and the xiphoid process. The short-
est linear distance between the medial edges of the RA was 
calculated. The actual curved path of the LA was then 
traced, and the area between this path and the shortest dis-
tance was computed. The distortion index was calculated 
as the area divided by the shortest distance (distortion 
index=bounded area/shortest path).[16] 

Inter-rectus distance (IRD) measurements were evalu-
ated for the DRA. To standardize the measurement 
points, the skin marks were made on 2 cm above and 
below the umbilicus.[15,20] The transducer was placed trans-
versely on each mark. Images were taken 2 cm above and 
below the umbilicus at rest and during curl-up.[20] The 
resting IRD was recorded as the LA width. The occur-
rence of DRA was determined with a cut-off point of 
IRD>25 mm at 2 cm above or 2 cm below the umbilicus.[11] 

Sample size was calculated using G*Power (v3.0.10, 
Germany). Based on a pilot study of 10 participants, an 
effect size of 0.733 was determined from the SCAT mea-
surement. To achieve 80% statistical power at a=0.05, at 
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least 62 participants (31 per group) were required. 
Considering potential data loss (≥10%), a total sample size 
of at least 69 participants was targeted.  

Normality of distribution was assessed using visual and 
analytical methods. Data were presented as mean ± stan-
dard deviation (9± SD), median (min–max), and frequency 
(n, %) for normally distributed, non-normally distributed, 
and categorical variables, respectively. Between-group 
comparisons were performed using the t-test or Mann–
Whitney U test for numerical variables, and Chi-square 
test for categorical data. The Spearman correlation test 
was applied to evaluate relationships between BMI and 
abdominal wall parameters. Correlation strength was cat-
egorized as: very weak (<0.2), weak (0.3–0.5), moderate 
(0.6–0.7), strong (0.8–0.9), and very strong (=1).[21] 
Statistical analyses were conducted using IBM SPSS 
Statistics (v22.0, Armonk, NY, USA). A p-value <0.05 was 
considered statistically significant. 

Results 
The age distribution between the obese and non-obese 
groups was comparable, with no statistically significant 

difference observed (p>0.05), except for BMI (Table 1). 
As presented in Table 2, significant differences were 
observed in specific abdominal wall parameters between 
the groups. Umbilical SCAT thickness, distortion index 
scores, and IRD measured at 2 cm above the umbilicus 
were significantly higher in the obese group compared to 
the non-obese group (p<0.05). However, no significant 
differences were found between the groups regarding the 
thickness measurements of the RA, EO, IO, and TrA mus-
cles (p>0.05). The prevalence of DRA was also higher in 
the obese group. Specifically, DRA was observed in 33.3% 
(n=12) of women in the obese group and in 10.8% (n=4) of 
women in the non-obese group, representing a statistical-
ly significant difference in DRA occurrence between the 
two groups (p<0.05). 

Correlation analysis revealed a positive weak to moder-
ate association between BMI and several abdominal wall 
parameters. Specifically, BMI was positively correlated 
with umbilical SCAT thickness (rho=0.610, p<0.001), the 
distortion index scores (rho=0.489; p<0.001) and the IRD, 
measuring at 2 cm above (rho=0.359; p=0.002) and below 
the umbilicus (rho=0.304; p=0.009). No significant corre-
lations were found between BMI and the thickness values 

Figure 1. Ultrasound imaging showing measurements. (a) Umbilical SCAT measurement; (b) RA muscle thickness; (c) EO, IO and TrA muscle thick-
ness. EO: external oblique; IO: internal oblique; RA: rectus abdominis; SCAT: subcutaneous adipose tissue; TrA: transversus abdominis.

a b c

Table 1  
The features of the groups.

 Non-obese group Obese group 
Features (n=37) (n=36) p-value 

Age (years, X±SD) 35.11±9.22 38.81±10.76 0.122 

BMI (kg/m2, median (min-max)) 22.58 (18.71–24.77) 30.70 (30.00–38.67) <0.001* 

*p<0.05. SD: standard deviation; max: maximum; min: minimum; X: mean.



of the abdominal muscles, including RA (Right (R)= 0.399, 
Left (L)=0.264), EO (R=0.877, L=0.095), IO (R=0.506, 
L=0.110), and TrA muscles (R=0.178, L=0.260) was 
found. 

Discussion 

Obesity, which may alter the structural integrity of the 
abdominal wall, remains a major public health concern. 
In the current study, obese women demonstrated signif-
icantly greater umbilical SCAT, IRD, LA distortion and 
width, as well as a higher occurrence of DRA compared 
to non-obese women. These findings were further sup-
ported by weak-to-moderate positive correlations 
between body mass index (BMI) and umbilical SCAT 
thickness, LA distortion, and IRD measurements. In 
contrast, no significant differences or correlations were 
observed in the thickness of abdominal muscles between 
the groups. 

Abdominal fat comprises subcutaneous, pre-peri-
toneal, and visceral components, with visceral fat being 
particularly implicated in cardiometabolic risk.[22] 

Various techniques, such as skinfold calipers, computed 

tomography (CT), magnetic resonance imaging (MRI), 
and ultrasound, have been employed to quantify abdom-
inal fat.[17,23,24] Few studies, however, have examined 
umbilical SCAT thickness in relation to BMI. Kim et 
al.[25] using CT, reported a positive correlation between 
BMI and SCAT thickness, independent of age or surgi-
cal history. Similarly, Torun et al.[17] also found that 
there was a positive correlation between BMI and umbil-
ical SCAT thickness, measured with ultrasound. In our 
study, it was seen that women in the obese group had 
high umbilical SCAT and also there was a positive cor-
relation between BMI and umbilical SCAT thickness. 
Our findings are in agreement, suggesting that BMI can 
serve as a reliable proxy for umbilical SCAT thickness. 

Assessing abdominal muscle thickness provides 
insight into potential morphological adaptations of mus-
cle tissue.[26] However, previous studies have yielded 
inconsistent results regarding the relationship between 
BMI and abdominal muscle thickness. Tahan et al.[27] 
evaluated the correlation between BMI and abdominal 
muscle thicknesses in healthy individuals (age range of 
18–44 years) with ultrasound imaging. It was reported 
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Table 2  
The abdominal wall structure parameters of the groups.

Non-obese group Obese group 
X±SD X±SD 

Median (min-max) Median (min-max) 
n (%) n (%)  

Abdominal wall structures (n=37) (n=36) p-value 

Subcutaneous adipose tissue (mm)  

Umblical SCAT 15.20±5.28 20.02±5.21 <0.001* 

Abdominal muscle thickness (mm)  

RA_R 6.28±1.32 6.61±1.56 0.338 

RA_L 6.02±1.35 6.40±1.47 0.250 

EO_R 2.70 (1.30–6.40) 2.65 (1.70–8.50) 0.934 

EO_L 3.00 (1.10–4.50) 2.85 (1.90–5.60) 0.331 

IO_R 5.10 (3.50–9.30) 5.10 (3.20–8.50) 0.320 

IO_L 5.04±1.26 5.41±1.56 0.270 

TrA_R 2.60 (2.00–4.50) 2.80 (2.00–4.70) 0.158 

TrA_L 2.50 (1.50–4.30) 2.55 (2.00–4.10) 0.332 

Linea alba distortion and width (mm)  

Distortion index 0.053 (0.025–0.487) 0.077 (0.028–0.875) 0.005* 

IRD_2 cm above umbilicus 12.20 (3.70–34.20) 17.00 (3.20–47.40)  0.032* 

IRD_2 cm below umbilicus 4.60 (1.80–20.20) 5.10 (1.30–32.30) 0.200 

DRA  

Absent 33 (89.2) 24 (66.7)  
0.020*

 

Presence 4 (10.8) 12 (33.3) 

*p<0.05. DRA:diastasis recti abdominis; EO: external oblique; IRD: inter-rectus distance; IO: internal oblique; L: left, R: right; RA: rectus abdominis; SCAT: subcutaneous 
adipose tissue; TrA: transversus abdominis.



that although a positive correlation was found between 
the BMI and the thickness of EO and RA muscles, no 
correlation was seen between the BMI and the thickness 
of TrA and IO muscles. Springer et al.[10] similarly noted 
a positive correlation between the BMI and the thickness 
of lateral abdominal muscle, measured by ultrasound 
imaging, in healthy individuals (age range of 18–45 
years). Saranteas et al.[7] found reduced abdominal mus-
cle thickness in elderly obese individuals, compared to 
younger non-obese subjects (age=75 (70–83) years) was 
lower than that of young non-obese people (age=35 (28–
38) years). Our study revealed no significant differences 
or correlations in muscle thickness between groups, 
potentially attributable to variations in age distribution. 
Previous research by Khan et al.[28] suggested that 
abdominal muscle thickness may increase with obesity 
until the fourth decade of life, followed by a decline. 
Additionally, as in prior studies, we assessed raw muscle 
thickness values without normalizing for body mass, 
which may have confounded results. Future studies 
should consider allometric scaling[29] to better interpret 
muscle adaptations. 

The LA is formed by the aponeuroses of the EO, IO 
and TrA. The structural characteristic of LA ensures 
core stability under abdominal muscle tension and con-
tributes transmit loads between the sides of the abdomi-
nal wall.[8] LA dysfunction is associated with pathologies 
such as hernias, low back pain, and reduced quality of 
life.[30] The tension, width and thickness of LA may 
change with increased intra-abdominal pressure (obesity 
etc.), pregnancy or abdominal surgery. In addition, the 
LA structure is related to the abdominal muscles activa-
tion.[30] In the study of Fan et al.,[31] it was observed that 
the LA thickness did not change compared to nulli-
parous women in different birth types (vaginal and 
cesarean section) and the LA width is increased in 
women who had cesarean section compared to nulli-
parous women. Fredon et al.[32] found that there was a 
positive correlation between the LA width and the BMI 
in both men and women. Grossi et al.[33] investigated the 
amount of collagen in the LA of obese people and com-
paring with non-obese cadavers. It was seen that the 
amount of collagen in the LA above the umbilical region 
in the morbidly obese people was smaller than in the 
non-obese cadavers. According to the authors' knowl-
edge, no study was found examining the correlation 
between BMI and LA distortion related to tension or 
stiffness. In our study, it was also found that women in 

obese group had higher LA width and distortion than 
women in non-obese group. As a results of our study, it 
was seen that as the BMI increased, the LA width 
increased and the LA tension decreased. These findings 
may be due to increases in intra-abdominal pressure with 
obesity. In obesity rehabilitation, the LA width and dis-
tortion, important in the stability of the abdominal wall, 
should be evaluated and supported by different treat-
ment approaches such as exercises. 

DRA is prevalent among adult women and is influ-
enced by factors such as obesity, pregnancy, and 
metabolic disease. Wu et al.[34] and Doubkova et al.[35] 

both identified a significant association between higher 
BMI and increased DRA risk. Our findings align with 
these results, as a higher prevalence of DRA was 
observed among obese women. It is plausible that clini-
cal subtypes of obesity (e.g., sarcopenic obesity or viscer-
al adiposity) exacerbate LA separation by compromising 
muscular support or increasing intra-abdominal tension. 
Therefore, obesity prevention may serve as a means of 
reducing DRA prevalence, though further investigation 
into these obesity subtypes is warranted.However, more 
detailed studies are needed on these issues.  

This study has several limitations. First, obesity was 
defined solely by BMI, which may not reflect clinical 
subtypes such as sarcopenic or metabolically healthy 
obesity.[18] Second, subgroup analyses based on obesity 
severity were not performed, though such stratification 
may yield further insights into the structural changes 
observed. Third, only women were included to ensure a 
homogeneous sample; hence, the findings may not be 
generalizable to men. Lastly, as this was a single-center 
study, future multi-center investigations with broader 
demographics are recommended. 

Conclusion 

This study demonstrates that obese women exhibit sig-
nificantly greater umbilical SCAT thickness, LA distor-
tion, and DRA occurrence compared to non-obese 
women, while abdominal muscle thickness remains unaf-
fected. These findings suggest that elevated BMI may 
negatively impact the structural integrity of the abdomi-
nal wall. Therefore, comprehensive obesity management 
should incorporate not only weight reduction strategies 
but also physiotherapy interventions—such as exercise 
and taping—to improve LA function and reduce DRA 
risk. 
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Introduction 
The bicipital groove (BG), also referred to as the inter-
tubercular sulcus, is a depression that extends distally 
and is situated between the greater and lesser tubercles 
on the anterior surface of the proximal humerus.[1,2] The 
lesser and greater tubercles are connected by a wide 
transverse humeral ligament, which turns this groove 
into a tunnel.[3] The long head of biceps tendon (LHBT) 
passes through this groove before inserting to the supra-
glenoid tubercle, crossing the capsule of shoulder joint.[4] 
This tunnel also provides passage for the synovial sheath 
of the LHBT and the anterior circumflex humeral 
artery.[5] The medial and lateral lips of the BG serve as 
attachment points for the tendons of the teres major and 
pectoralis major muscles, respectively, while the floor of 
the BG provides attachment for the latissimus dorsi ten-
don. Also, the muscle fibers of pectoralis major, 

supraspinatus and subscapularis form the superior bor-
der of the BG. Along with the transverse humeral liga-
ment and surrounding muscle fibers, the BG helps stabi-
lize the LHBT, ensuring proper muscle function and 
preventing dislocation during arm movements.[6] 

Anterior shoulder pain is a common condition that 
affects a significant number of individuals, including the 
elderly population. Injuries involving the LHBT have 
been proposed as one of the most common reasons for 
shoulder disability and pain.[7] Shoulder pain associated 
with LHBT injuries is believed to be due to impinge-
ment, pre-rupture, inflammation, or tendon instability at 
the point of entry into the BG.[6] The morphometric 
characteristics of the BG may significantly affect the 
functionality of the adjacent structures in the shoulder 
joint[4] and some authors stated that injuries of LHBT 
caused by the significant anatomical variabilities of the 
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Abstract 

Objectives: The aim of this study is to evaluate the morphometry of the bicipital groove on dry humeri, which is closely asso-
ciated with the long head of the biceps tendon, a key component in shoulder biomechanics.   

Methods: This study involved 109 adult human dry humeri (56 right, 53 left). The humerus length (HL), bicipital groove length 
(BGL), bicipital groove width (BGW), bicipital groove depth (BGD), opening angle (OA) and medial wall angle (MWA) were meas-
ured.  

Results: The mean value of HL was measured 30.97±2.01 cm and the mean value of BGL was 89.70±8.09 mm. The mean 
value of BGW was 10.31±1.51 mm and BGD was 3.98±0.79 mm. The mean value of OA was 99.85±14.53° and MWA was 
42.31±8.25°. No significant differences were observed between the right and left sides in the measured parameters. Positive 
correlations were found between BGW and BGD, BGW and OA, MWA and BGD, and HL and BGL. Negative correlations were 
observed between BGL and BGD, OA and BGD, and MWA and BGW.  

Conclusion: We believe the detailed morphometric evaluation of the bicipital groove presented in this study provides valu-
able insights into the pathologies of the long head of the biceps tendon and its implications for shoulder arthroplasty.  

Keywords: anatomy, bicipital groove, long head of biceps, morphometry  
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BG, were the primary reasons for shoulder pain and dys-
function.[8] Bicipital groove width, depth and angulations 
are crucial parameters in the prevention of subluxation 
or impingement of the LHBT which can lead to shoul-
der pain.[4] Understanding the morphometry of BG is 
extremely beneficial for prosthetic design, sizing and 
placement and it is a crucial landmark for replacing the 
humeral head in proximal end fractures and for position-
ing the lateral fin of the prosthesis during shoulder 
arthroplasty.[9] 

The aim of this study was to evaluate the BG mor-
phometry on the dry humeri, which is important in 
shoulder biomechanics and has a significant relationship 
with LHBT.  

Materials and Methods 
This study involved 109 adult human dry humeri (56 
right, 53 left) which were obtained from the Department 
of Anatomy, Faculty of Medicine, Hacettepe University. 
The age and sex of the specimens were not identified.  
Humeri with cortical deformity and fracture were 
excluded. Ethical approval was obtained from Hacettepe 
University Health Sciences Research Ethics Committee 
(30.07.2024, decision number: 2024/13-01). 

The following parameters were assessed: 

1. The humerus length (HL): the distance from the 
most proximal point of head of humerus to the most 
distal point of trochlea of humerus (A–B) (Figure 1). 

2. The bicipital groove length (BGL): the distance 
from the point between the lesser and greater tuber-
cles to the end of the bicipital groove depression on 
the shaft (C–D) (Figure 2). 

3. The bicipital groove width (BGW): the distance 
between the top of the lesser tubercle and top of the 
greater tubercle (E–F) (Figure 3). 

4. The bicipital groove depth (BGD): the distance 
from the line connects the top of the lesser tubercle 
and top of the greater tubercle to the deepest point of 
bicipital groove (EF–G) (Figure 3). 

5. Opening angle (OA): the angle between the line 
connects the deepest point of bicipital groove and top 
of lesser tubercle and the line connects the deepest 
point of bicipital groove and top of greater tubercle 
(EG-FG) (Figure 4). 

6. Medial wall angle (MWA): the angle between the 
line passes from the deepest point of bicipital groove 
which is parallel to the line connects the top of lesser 

Figure 1. Demonstration of humerus length (HL) measurement. A: the 
most proximal point of head of humerus, B: the most distal point of 
trochlea of humerus.

Figure 2. Demonstration of bicipital groove length (BGL) measurement. 
C: the point between the lesser and greater tubercles, D: end of the bicip-
ital groove depression on the shaft.



tubercle and top of greater tubercle and the line con-
nects the deepest point of bicipital groove and top of 
lesser tubercle (Figure 5). 

The HL was measured with tape measure (150 cm). 
The BGL, BGW and BGD was measured with 0.01 mm 
accuracy digital Vernier caliper (150 mm). OA and 
MWA was measured by angle meter application. For 
minimizing intra observer error, measurements was per-
formed 3 times with a one-week interval and average val-
ues were calculated. 

Data analysis was conducted using the Statistical 
Package for the Social Sciences (SPSS), version 19 
(Chicago, IL, USA). The measurements were presented as 
mean values and standard deviations. The Kolmogorov-
Smirnov test was used to analyze the distribution of the 
data set. Pearson correlation test was used for normally 
distributed data and the Spearman correlation test for 
non-normally distributed data. The student’s t-test and 
Mann-Whitney U test were used for comparison of right 
and left side measurements. For correlation analysis, 
Pearson correlation test was used. A p-value less than 0.05 
was accepted as statistically significant. Sample size was 
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Figure 3. Demonstration of bicipital groove width (BGW) and bicipital 
groove depth (BGD) measurements. E: top of the greater tubercle, F: top 
of the lesser tubercle, G: deepest point of bicipital groove.

Figure 4. Demonstration of opening angle (OA) measurement. E: top of 
the greater tubercle, F: top of the lesser tubercle, G: deepest point of 
bicipital groove.

Figure 5. Demonstration of medial wall angle (MWA) measurement. 
F: top of the lesser tubercle, G: deepest point of bicipital groove.
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calculated using GPower 3.1 program. The study will find 
a statistical difference of medium effect size (d=0.50, 
Cohen, J) among the effect sizes recommended in the lit-
erature between the means of the two groups (right and 
left side) with 90% power at 95% confidence level, when 
samples with a size of at least 100 (50 right, 50 left) are 
selected from each group.  

Results 
A total of 109 human dry humeri (56 right, 53 left) from 
the bone collection of Hacettepe University were exam-
ined in this study. The mean value of HL was 30.81±1.72 
cm on the right side, 31.21±2.24 cm on the left side, and 
30.97±2.01 cm in total. The mean value of BGL was 
88.47±6.84 mm on the right side, 91.04±9.14 mm on the 
left side, and 89.70±8.09 mm in total. The mean value of 
BGW was 10.10±1.21 mm on the right side, 10.57±1.76 
mm on the left side, and 10.31±1.51 mm in total. The 
mean value of BGD was 3.93±0.69 mm on the right side, 
4.01±0.88 mm on the left side, and 3.98±0.79 mm in total. 
The mean value of OA was 101.70±14.14° on the right 
side, 98.20±14.86° on the left side, and 99.85±14.53° in 
total. The mean value of MWA was 41.43±7.90° on the 
right side, 42.97±8.46° on the left side, and 42.31±8.25° in 
total (Table 1).  

There were no statistically significant differences 
observed between the right and left sides in any of the 
measured parameters. Positive correlations were 
observed between BGW and BGD (r=0.232, p=0.15), 
BGW and OA (r=0.474, p<0.01), MWA and BGD 
(r=0.533, p<0.01), and HL and BGL (rs=0.598, r=0). The 
negative correlations were detected between the BGL 
and BGD (r=-0.260, p=0.006), OA and BGD (r=-0.682, 
p=0.0), MWA and BGW (r=-0.370, p=0.0). 

Discussion 

Anatomical variations in the BG that involve the LHBT 
were predisposing factors for common sources of shoul-
der pain, resulting in shoulder joint disability.[8] It is 
quite common for individuals with a shallow BG to expe-
rience subluxation of the long head of the biceps, espe-
cially in the medial region. Lateral dislocation or sublux-
ation is relatively uncommon. Besides subluxation and 
dislocation, a narrow and deep BG can often be the main 
reason for compressing the long head of the biceps ten-
don within it, resulting in impingement syndrome, a 
prevalent functional impairment of the shoulder joint.[4] 
BGW was measured 10.1 mm by Wafae et al.[1] in Brazil, 
8±2 mm by Rajani and Man[6] in India , 9.12±2.18 mm by 
Kumar et al.[4] in India, 6.79±0.53 mm on the right side 
and 7.56±1.05 mm on the left side by Karmali and 
Modi[3] in India, 8.53±1.56 mm on the right side and 
7.96±1.39 mm on the left side by Ashwini and 
Venkateshu[10] in India, 8.42±0.85 mm on the right side 
and 7.7±0.50 mm on the left side by Srimani et al.[5] in 
India, 8.99±1.51 mm by Venkatesan et al.[11] in India, 
10.3±2.5 mm by Cardoso et al.[12] in Portugal, 12.3±2.1 
mm by Tang et al.[13] in China, 11.8±1.7 mm in <55 years 
old group and 10.9±1.6 mm in >55 years old group by 
Song and Kim[14] in Korea. In our study BGW was 
10.31±1.51 mm, which was higher than majority of pre-
vious studies and lower than the studies of Tang et al. 
and Song and Kim.[1,3–6,10–14] BGD was measured 4.0 mm 
by Wafae et al.,[1] 6±1 mm by Rajani and Man,[6] 
5.49±1.56 mm by Kumar et al.,[4] 4.17±0.56 mm on the 
right side, 5.01±1.02 mm on the left side by Karmali and 
Modi,[3] 5.06±0.54 mm in males and 4.51±0.54 mm in 
females by Duran et al.,[15] 6.48± 1.13 mm on the right 
side and 6.14±1.04 mm on the left side by Ashwini and 

Table 1  
Morphometric properties of bicipital groove.

Measurement Right Left Total p-value 

HL (cm) 30.81±1.72 31.21±2.24 30.97±2.01 0.241 

BGL (mm) 88.47±6.84 91.04±9.14 89.70±8.09 0.092 

BGW (mm) 10.10±1.21 10.57±1.76 10.31±1.51 0.089 

BGD (mm) 3.93±0.69 4.01±0.88 3.98±0.79 0.673 

OA (°) 101.70±14.14 98.20±14.86 99.85±14.53 0.248 

MWA (°) 41.43±7.90 42.97±8.46 42.31±8.25 0.196 

BGD: bicipital groove depth; BGL: bicipital groove length; BGW: bicipital groove width; HL: humerus length; MWA: medial wall angle; OA: opening angle.
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Venkateshu,[10] 5.1 mm by Abboud et al.,[7] 4.63±0.38 mm 
on the right side and 4.45±0.30 mm on the left side by 
Srimani et al.,[5] 4.6±1.09 mm by Venkatesan et al.,[11] 
4.1±1.5 mm by Cardoso et al.,[12] 4.9±1.4 mm by Tang et 
al.,[13] 4.6±0.7 mm in <55 years old group and 4.6±0.8 
mm in >55 years old group by Song and Kim.[14] BGD 
was measured 3.98±0.79 mm in our study, which was 
lower than previous studies. Ulucakoy et al. evaluated 
200 magnetic resonance imagines and they measured 
BGD as 5.6 ± 0.8 mm in stable LHBT patients and 5.7 ± 
0.9 mm in unstable LHBT patients. No significant dif-
ference was detected between the stable and unstable 
LHBT patients for BGD measurement in their study.[16] 
Also, no correlation was detected between the BGW and 
BGD measurements and LHBT pathologies in the stud-
ies of Cardoso et al.[12] and Tang et al.[13] Song and Kim[14] 
compared the BGW and BGD values between the <55 
years old group and  >55 years old group and statistical-
ly significant difference was detected between these 
groups for BGW measurement. We measured HL and 
BGL as 30.97±2.01 cm and 89.70±8.09 mm, respective-
ly, which were consistent with previous studies. 
Measurement differences may result from geographical 
variations and differing measurement techniques, such as 
dry bone assessment versus magnetic resonance imaging, 
radiography and computed tomography imaginations. 
Radiological imaging techniques are developing and 
measurements can be done on radiological images in 3D, 
but we think that measurements done on dry bones are 
still the most valuable materials since measurements 
done by touching the hand. Moreover, it is known that 
morphometric values may differ between populations. 
We can conclude from Table 2 that the measurement 
differences in studies performed with dry bones may be 
due to the studies being performed in various geograph-
ical regions or the studies performed with various mea-
surement techniques. 

The LHBT is greatly influenced by the size and 
dimensions of the bicipital groove (BG). Multiple 
authors have documented a higher occurrence of dislo-
cation and subluxation of the LHBT when the BG is 
shallow. The LHBT instability could be caused by the 
dimension of MWA that vary based on the depth and 
width leading to a shallow bicipital groove.[10] While it is 
not known if there is a specific critical MWA value for 
LHBT instability, Ahovuo[17] demonstrated that 22% of 
patients with LHBT instability had a MWA below 30° 
and Hitchcock and Bechtol[8] found that a smaller than 

35° MWA was seen in 8% of patients with LHBT insta-
bility. In a study of Venkatesan, no bone had MWA 
lower than 30°.[11] Ashwini and Venkateshu[10]  detected 
humeri with MWA lower than 30° in 6 of 87 humeri 
which were left sided. In a study of Cardoso et al.[12] 
MWA lower than 30° was detected in 4 patients (9.1%) 
and similar to the study by Tang et al.,[13] they did not 
find a significant difference between MWA and LHTB 
pathologies. Also, Song and Kim detected no significant 
difference between the age groups (<55 years old group 
and >55 years old group) for MWA parameter.[14] In our 
study MWA was measured 42.31±8.25°, which was lower 
than majority of previous studies and 4 of 109 bones had 
MWA below 30° and 22 of 109 bones were between 30–
35°. This finding shows us that individuals in the 
Turkish population may be more prone to LHBT insta-
bility due to their lower MWA. Duran et al.[15] measured 
MWA as 50.01±5.55° in males and 47.91±5.70° in 
females and no significant difference was detected 
between sex for MWA measurement. Also, there was no 
significant difference between the stable LHBT 
(51.0±8.6°) and unstable LHBT (49.9±8.4°) patients for 
MWA measurement in a study of Ulucakoy et al.[16]  

Pfahler et al.[18] detected a noticeable increasing of 
damaged LHBT in the presence of a flat groove angle. 
Several authors have stated that dislocation and subluxa-
tion of the biceps tendon are more frequent when the 
BG is not deep enough. It is also indicated that a shallow 
BG can make the tendon more prone to chronic injury 
from being compressed by the coracoacromial arch, 
rotator cuff and acromion during shoulder move-
ments.[19] Smith[20] categorized different types of BG 
based on their mean OA being less than 66°, 94°, and 
118° into narrow, normal, and shallow classifications. In 
a study of Abboud et al.,[7] majority of BG had normal 
OA (38/75) and 20 of 75 were shallow and 17 of 75 were 
narrow. Cardoso et al.[12] detected majority of BG as nor-
mal OA 26 (59.1%). Unlike these studies we detected 
majority of BG as shallow OA (68 of 109), 1 of 109 was 
narrow and 40 of 109 were normal. Since individuals in 
Turkish population have a higher opening angle, they 
may be exposed to more pressure from the structures 
around the LHBT, which may cause chronic damage. 
No significant difference was detected between the 
LHBT pathologies and OA parameter in the studies of 
Cardoso et al. and Tang et al.[12,13] The comparison of 
morphometric properties of BG was summarized in 
Table 2. 
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In a study of Duran et al.,[15] they detected negative 
correlation between BGD and OA and positive correla-
tion between BGD and MWA which was accordance 
with our study. It means that, If BGD increases, OA 
decreases and MWA increases, this condition results in a 
deeper and narrower groove. Also, we found positive 
correlation between the HL and BGL and negative cor-
relation between BGL and BGD. Our findings suggest 

that individuals who are taller tend to have a groove that 
is longer and shallower, along with a larger OA, which 
could lead to a higher risk of subluxation and dislocation 
of the LHBT. 

Moreover, BG serves as a key landmark for guiding 
retroversion during shoulder prosthesis implantation. In 
cases of osteoarthritis, the proximal portion of the 
groove is utilized, while the distal portion is preferred for 

Table 2  
Comparison of the morphometric properties of the bicipital groove.

Study (year) Population N Method HL (cm) BGL (mm) BGW (mm) BGD (mm) OA (°) MWA (°) 

Wafae et al. Brazil 50 DB - 81 10.1 4.0 106 - 
(2010)[1] (25 R, 25 L) 

Rajani and India 101 DB - R: 85±0.9 8±2 6±1 82.20±20.62 48.91±10.31 
Man (2013)[6] (56 R, 45 L) L: 83±10.1 

Kumar et al. India 100 DB - 72.98±7.54 9.12±2.18 5.49±1.56 72.27±18.12 65.27±10.71 
(2021)[4] (57 R, 43 L) 

Karmali and India 86 DB 31.14±2.41 R: 83.93±5.68 R: 6.79±0.53 R: 4.17±0.56 - - 
Modi (2019)[3] (49 R, 37 L) L: 86.59±6.28 L: 7.56±1.05 L: 5.01±1.02  

Duran et al. Turkey 110 MRI - - - M: 5.06±0.54 M: 78.73±7.90 M: 50.01±5.55 
(2023)[15] (50 M, 60 F) F: 4.51±0.54 F: 80.53±8.71 F: 47.91±5.70 

Ulucakoy et al. Turkey 200 MRI - - - SLHBT: 5.6±0.8 SLHBT: 83.3±12.5 SLHBT: 51.0±8.6 
(2021)[16] ULHBT: 5.7±0.9 ULHBT: 82.3±12.6 ULHBT:49.9±8.4 

Ashwini and India 87 DB R: 32.49±1.83 R: 89.94±6.35 R: 8.53±1.56 R: 6.48± 1.13 - R: 66.15±13.20 
Venkateshu (39 R, 48 L) L: 31.72±2.03 L: 88.88±8.11 L: 7.96±1.39 L: 6.14±1.04 L: 64.37±18.81 
(2017)[10] 

Abboud et al. USA 75 MRI - - - 5.1 81 47 
(2010)[7] 

Srimani et al. India 107 DB R: 30.37±2.12 R: 71.59±3.78 R: 8.42±0.85 R: 4.63±0.38 R: 81.41±10.90 R: 50.22±5.35 
(2016)[5] (59 R, 48 L) L: 29.46±2.43 L: 70.78±5.04 L: 7.7±0.50 L: 4.45±0.30 L: 79.31±11.32 L: 53.83±6.80 

Venkatesan India 200 DB 29.74±2.19 81.8±9.77 8.99±1.51 4.6±1.09 - 56.46±4.32 
et al. (2017)[11] (106 R, 94 L) 

Cardoso et al. Portugal 60 RG - - 10.3±2.5 4.1±1.5 80±26 53±15 
(2023)[12] 

Tang et al.  China 126 CT - - 12.3±2.1 4.9±1.4 89.8±18.4 40.6±7.9 
(2023)[13] 

Song and Kim Korea 111 CT - - <55 years old: <55 years old: - <55 years old:  
(2024)[14] 11.8±1.7 4.6±0.7 58.9±11.3 

>55 years old: >55 years old: >55 years old: 
10.9±1.6 4.6±0.8 62.2±10.1 

This study Turkey 109 DB 30.97±2.01 89.70±8.09 10.31±1.51 3.98±0.79 99.85±14.53 42.31±8.25 
(2024) (56 R, 53 L) 

BGD: bicipital groove depth; BGL: bicipital groove length; BGW: bicipital groove width; CT: computed tomography; DB: dry bone; F: female; HL: humerus length; L: left; 
M: male; MRI: magnetic resonance image: MWA: medial wall angle, N: sample size, OA: opening angle; R: right; RG: radiography; SLHBT: stable long head of biceps ten-
don; ULHBT: unstable long head of biceps tendon.
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fractures. There is considerable variation in the orienta-
tion of the groove, so caution is advised regarding the 
reliance on the bicipital groove as a consistent reference 
in shoulder replacements for fractures.[21] Angular and 
morphometric properties of BG was evaluated in our 
study and we believe that findings of our study will be 
beneficial in shoulder prosthesis implications for under-
standing the morphometric properties of BG.  

There are certain limitations in this study. One of the 
primary limitations in this research is the lack of data on 
the sex and age of the humeri. Therefore, the effects of 
these parameters on the BG morphometry was not 
assessed. An additional limitation is that this study was 
conducted using 109 humeri. In further studies, it is 
important to analyze the morphometry of the BG on CT 
or MRI scans using larger sample sizes with patients of 
known sex and age. 

Conclusion 

Knowing the morphometric properties of BG is essential 
for pathologies of LHBT. In our study, we evaluated BG 
morphometry in detail. The positive correlations were 
detected between the BGW and BGD, BGW and OA, 
MWA and BGD, HL and BGL. The negative correla-
tions were detected between the BGL and BGD, OA and 
BGD, MWA and BGW. No significant differences were 
detected between the right and left side for measured 
parameters. We believe our findings are valuable for 
understanding LHBT pathologies and their relevance to 
shoulder arthroplasty. 
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Introduction 
Artificial intelligence (AI) refers to computational sys-
tems designed to mimic human intelligence and enhance 
their performance through data-driven learning process-
es.[1] These systems encompass a wide range of capabili-
ties, including behavioral simulation, numerical reason-
ing, motion analysis, logical deduction, and sound recog-
nition.[2] Subfields of AI, such as machine learning (ML) 

and deep learning (DL), form the technological back-
bone of numerous modern applications across various 
domains.[3] Among these domains, healthcare has 
emerged as one of the most impactful areas for AI inte-
gration.[4] The field is characterized by vast and complex 
datasets, including patient records, surgical procedures, 
clinical errors, diagnostic information, and rare disease 
registries.[5] Leveraging these data sources, AI-driven 
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Objectives: Artificial intelligence (AI) systems are capable of detecting human faces from two-dimensional images and gen-
erating highly realistic facial representations that do not correspond to any real individuals. This study aims to quantitatively 
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using the One-Sample t-test to assess deviations from known population means, and the Chi-square Goodness-of-Fit (χ²) test to 
evaluate distribution conformity. A significance level of p<0.05 was used for all analyses.  

Results: Several periorbital measurements of the AI-generated male virtual faces demonstrated greater similarity to anthro-
pometric data from East Asian populations. Additionally, morphologic face height and nasal height values in male virtual faces 
were most closely aligned with those reported for Thai, Azeri, and Bulgarian populations. In female virtual faces, the cir-
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generate virtual facial models based on existing datasets, from which reliable anthropometric measurements can be obtained. 
These virtual datasets can enhance diversity representation while minimizing racial bias and ethical concerns. Consequently, 
the anthropometric data derived from AI-generated faces may serve as a standardized reference across populations, sup-
porting applications in forensic science, aesthetic surgery, ergonomics, and facial recognition technologies.  
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systems support clinicians in decision-making processes 
related to diagnosis, treatment planning, drug discovery, 
and surgical precision.[6] Furthermore, the integration of 
AI technologies is projected to enhance the efficiency 
and cost-effectiveness of healthcare delivery, leading to 
significant systemic savings.[7] 

The human face is a complex anatomical region com-
posed of both hard and soft tissues, and it plays a critical 
role in individual recognition, emotional expression, and 
interaction with the external environment.[8,9] Facial 
morphology varies significantly among individuals based 
on factors such as sex, age, and ethnic background.  

Anthropometry is the scientific discipline concerned 
with the measurement and proportion of the human 
body.[10] In facial anthropometry, specific anatomical land-
marks are used to measure distances, angles, and propor-
tions that define facial structure.[11] To ensure consistency 
and reproducibility across studies and clinical applications, 
internationally recognized reference points and standard-
ized protocols have been established.[12–14] These standard-
ized facial measurements are widely used in clinical disci-
plines including plastic and reconstructive surgery, 
orthodontics, craniofacial surgery, and forensic science. 
They are also applied in the evaluation and treatment of 
conditions such as cleft lip and palate, and in artistic anato-
my.[12,15,16] In plastic surgery, especially aesthetic proce-
dures, knowledge of normal facial proportions is essential 
for restoring anatomical harmony and achieving desirable 
cosmetic outcomes. Surgeons frequently reference ethnic 
and racial characteristics when planning procedures, often 
using broad categories such as Caucasian, African, or 
Asian, even though these classifications are not anatomi-
cally exhaustive.[17] Facial anthropometric data can serve as 
a foundation for creating reference models or “average 
faces” for specific populations, thereby informing surgical 
planning, enhancing symmetry, and maintaining cultural 
sensitivity in aesthetic procedures. 

Facial morphology often exhibits notable differences 
across races and ethnicities; however, significant variation 
can also be observed within individuals of the same ethnic 
group residing in different geographical regions.[17,18] 
Understanding these variations is essential for fields such 
as plastic surgery, forensic science, and facial recognition 
technologies. This study presents a quantitative evaluation 
of anthropometric facial data obtained from virtual facial 
models generated by an AI-based web platform. Using 
standardized horizontal and vertical reference points from 
the anterior facial view, a dataset of anthropometric mea-
surements was created. These measurements were then 

systematically compared with published normative data 
representing various racial and ethnic groups. The prima-
ry aim of the study is to investigate whether the facial 
anthropometric parameters of AI-generated virtual faces 
resemble any specific racial group or present a composite 
that does not correspond to any one ethnicity. The central 
hypothesis posits that the facial metrics of AI-generated 
models do not fully align with the facial characteristics of 
any single racial or ethnic group. This approach may pro-
vide new insights into the potential of AI in generating 
representative or hybrid facial morphologies that tran-
scend traditional racial classifications.  

Materials and Methods 
The dataset required for this study was obtained from a 
web-based platform developed by NVIDIA researchers, 
known as “thispersondoesnotexist”.[19] This platform uti-
lizes a type of deep learning algorithm known as 
Generative Adversarial Networks (GANs) to generate 
high-resolution, photorealistic images of non-existent 
human faces. Specifically, the GAN model was trained 
using the CelebAMask-HQ dataset, which comprises 
30,000 high-quality facial images of celebrities. Following 
model training, the system can generate synthetic facial 
images at a resolution of 1024 × 1024 pixels with each iter-
ation. These AI-generated facial images are entirely virtu-
al and do not correspond to any real individual, thus pro-
viding an unbiased and ethically sound dataset for anthro-
pometric analysis. The use of GAN-generated facial 
imagery allows for the creation of large, standardized sam-
ple sets that are free from personal identification concerns 
and racial bias inherent in real-world data collection. 

A custom software tool was developed using the C# 
programming language within the Visual Studio 2019 
integrated development environment to perform precise 
anthropometric measurements on the AI-generated 
facial images. The application was designed to calculate 
the linear distance between any two manually selected 
reference points on the uploaded images. As illustrated 
in Figure 1, the measurement interface allows for user-
defined selection of anthropometric landmarks, after 
which the pixel-based distance is computed and record-
ed. Each virtual face image in the dataset was individual-
ly uploaded to the software, and measurements were 
taken consistently by the same observer to ensure 
methodological standardization and reduce inter-
observer variability. The resulting data from each mea-
surement session were automatically exported and stored 
in Microsoft Excel file format, allowing for structured 
data management and subsequent statistical analysis. 



The dataset in this study was composed of non-realis-
tic, artificially generated facial images obtained from the 
website “thispersondoesnotexist.com,” which uses a 
Generative Adversarial Network (GAN) trained on a 
large-scale real image dataset (CelebAMask-HQ) to pro-
duce highly realistic, novel facial images.[19] Since each 
image generated by this platform is unique and disappears 
upon refresh, the number of images used in the study was 
carefully determined. A total of 150 virtual faces (75 male 
and 75 female) were selected based on predefined inclu-
sion and exclusion criteria. The images selected did not 
represent any specific race or ethnic group, as the training 
data were drawn from a diverse population. Faces with 
overt emotional expressions (e.g., laughing, frowning, or 
grinning), those resembling children, or those with dark 
skin tones were excluded to maintain homogeneity in adult 
facial morphology and minimize potential measurement 
bias. As the images did not represent real individuals, eth-
ical approval or informed consent was not required. 

Each selected image was downloaded at full resolu-
tion and stored in a secure zip file archive. Since virtual 

faces have no medical background or variability due to 
physiological factors, they served as stable models for 
anthropometric analysis. The artificial intelligence sys-
tem generates facial proportions at a 1:1 scale, simulating 
realistic human dimensions. 

Standard anthropometric reference points were 
defined based on established literature (Table 1)[17–20] and 
12 linear and ratio-based measurements were conducted 
between these points (Table 2). The measurement pro-
cess was performed using custom-developed software, as 
previously described, which allowed researchers to mark 
two points on the image to calculate the real-world dis-
tance in millimeters. To reduce individual measurement 
bias, three independent researchers performed all mea-
surements, and the mean values of their recordings were 
used in the final dataset. The anthropometric landmarks 
were applied uniformly to each image (Figure 2), ensuring 
methodological consistency throughout the analysis. 

For each visual dataset, the average, minimum, and 
maximum values, as well as the standard deviation (SD), 
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Figure 1. A sample analysis from the measurement software.
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were calculated separately for male and female virtual 
faces. The average anthropometric values from various 
racial groups documented in the literature[17,22–24] were also 
recorded for comparison. To assess the differences 
between the virtual faces and these established racial aver-
ages, a one sample T-test was performed using IBM SPSS 
Statistics Version 21 (Chicago, IL, USA). A p-value 
greater than 0.05 indicated no significant difference, sug-
gesting that the anthropometric data of virtual faces were 
similar to those of the various racial groups. 

In addition to this, the male and female data were ana-
lyzed separately and grouped according to their standard 
deviation (SD) relative to the North American White 
Young (NAW) data. The first group consisted of individ-
uals whose measurements were within ±1 SD of the NAW 
mean, serving as the observed group. The second group 
included individuals with measurements greater than +1 
SD, while the third group contained those whose mea-
surements were smaller than -1 SD. These groups were 
considered the expected groups. A chi-square test was 
then conducted to compare the observed and expected 
group distributions. A p-value greater than 0.05 indicated 
no significant difference between the expected and 
observed groups, suggesting that the virtual faces did not 
significantly differ from the racial categories represented 
in the literature.  

Results 
The average data for anthropometric measurements of 
races was taken from a 2005 study by Farkas et al.[23] It 

has also been compared with anthropometric data from 
Evereklioğlu et al.,[24] Farkas et al.[23] and Yang et al.[25]  

The descriptive statistical values of 75 artificial male 
faces are given in Table 3. With data from Farkas et 
al.,[23] n-gn data on artificial male faces showed similari-
ties with NAW (p=0.45), Azeri (p=0.45), Bulgarian 
(p=0.15), Croatian (p=0.1), Greek (p=0.19), Hungarian 
(p=0.19), Vietnamese (p=0.55), Zulu (p=0.12) males. The 

Table 1  
Reference points of the face.[17-20]

Anthopometric point 

Trichion (tr) The point on the hairline in the midline of the 
forehead 

Nasion (n) The point in the midline of both the nasal root 
and the nasofrontal suture 

Gnathion (gn) The lowest median landmark on the lower border 
of the mandible 

Subnasale (sn) The midpoint of the columella base at the apex 
of the angle where the lower border of the nasal 
septum and the surface of the upper lip meet 

Endocanthion (en) The point at the inner commissure of the eye 
fissure. 

Exocanthion (ex) The point at the outer commissure of the eye 
fissure 

Alare (al) The most lateral point on each alar contour 

Cheilion (ch) The point located at each labial commissure

Table 2  
Measurment points.[17-21]

Abbreviation Description 

tr-n the extended forehead height 

tr-gn the physiognomical face height 

n-gn the morphologic face height 

sn-gn the lower face height 

en-en the intercanthal distance 

ex-en the palpebral fissure length 

ex-ex the biocular diameter 

n-sn the nose height 

al-al the nose width 

ch-ch the mouth width 

en-en*100/ex-ex canthal index 

en-en*100/al-al intercanthal–nasal width

Figure 2. Showing the measurement points of the virtual face.



Table 3  
Average, standard deviation, maximum and minimum values of male virtual faces.

Measurements (mm) Min/Max Mean±SD SR p-value 

tr-n 5.69/9.58 8.09±0.87 noSR <0.001 

tr-gn 18.19/22.33 20.16±1.1 noSR <0.001 

n-gn 11.07/12.90 12.08±0.54 NAW 0.45  

Azeri 0.45 

Bulgarian 0.15 

Croatian 0.1 

Greek 0.19 

Hungarian 0.19 

Vietnamese 0.55  

Zulu 0.12  

sn-gn 6.18/7.57 6.83±0.4 Azeri 0.16 

Bulgarian 0.16 

German 0.36 

Polish 0.62 

en-en 3.30/4.11 3.70±0.25 Thai 0.55 

Japanese 0.11 

Zulu 0.08 

ex-en 2.44/3.28 2.89±0.18 Czech 0.79 

Vietnamese 0.47 

ex-ex 8.81/9.81 9.23±0.23 Croatian 0.59 

Angola 0.2 

n-sn 4.49/5.98 5.13±0.32 German 0.09 

Russian 0.35 

Thai 0.68 

AfrAm 0.14 

al-al 3.58/4.50 4.12±0.25 Thai 0.15 

ch-ch 4.90/6.73 5.64±0.45 Zulu 0.27  

Hungarian 0.28 

canthal indeks 34.45/46.69 40.15±3.4 noSR <0.001 

intercanthal–nasal width 75.15/102.52 90.03±7.05 noSR <0.001 

AfrAm: African American; mm: millimeter; NAW: North American white young; noSR: no similar data on races; SD: standart deviation; SR: similar data with races.
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sn-gn data was similar in Azeri (p=0.16), Bulgarian 
(p=0.16), German (p=0.36), Polish (p=0.62) males. The 
en-en data is similar to Thai (p=0.55), Japanese (p=0.11) 
and Zulu (p=0.08) males. ex-en data; Czech (p=0.79) and 
Vietnamese (p=0.47), ex-ex data; Croatian (p=0.59) and 
Angola (p=0.2), n-sn data; show similarities with German 
(p=0.09), Russian (p=0.35), Thai (p=0.68) and African 
American (p=0.14) male. al-al data; Thai (p=0.15), ch-ch 
data are similar to Zulu (p=0.27), Hungarian (p=0.28) 
males (p>0.05). There was a significant difference 
between the generated groups with data of tr-n 
(p=0.000003) and n-GN (p= 0.0031) in the chi-square 

compatibility test. No significant differences were 
obtained between the other groups. 

The descriptive statistical values of 75 virtual female 
faces are given in Table 4. With the data of Farkas et 
al.,[23] the n-gn data on artificial female faces showed sim-
ilarities with Greek (p=0.07), Portuguese (p=0.18) and 
Turkish (p=0.07) female.[22] sn-gn data; NAW (p=0.03), 
Czech (p=0.92) and Iranian (p=0.77), ex-en data show 
similarities in Turkish (p=0.12) female. ex-ex data are 
similar to Portuguese (p=0.26), Turkish (p=0.21) and 
Japanese (p=0.36), n-sn data; German (p=0.33), Polish 
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(p=0.68), Singapore (p=0.076), and Vietnamese 
(p=0.076) female. al-al data Zulu (p=0.24), ch-ch data; 
similar to Angolan (p=0.46) and African American 
(p=0.72) female (p>0.05). There was no significant dif-
ference in the chi-square compatibility test among the 
groups created. 

Discussion 

People distinguish other people from their faces and 
eyes.[22] The 2-D pictures are invaluable for facial surg-
eries, anthropology, delinquency and recognition of the 
individual. It can also provide research ease for forensic 
reconstructions.[17] The data obtained from these pho-
tographs are logged a system and provide a diagnosis of 
different sex and ethnic groups based on their face size. 
Artificial intelligence models are able to generate new 
faces by processing human faces in their substructures 
using image processing. These faces are very similar to 

real human faces.[18] In his work in 2019, Yang et al.[17] 
suggested that the face reference anthropometric ratios 
of one ethnic group were unsuitable for other groups of 
different ethnicities Artificial intelligence can be re-
taught with a large number of 2D photographs of differ-
ent ethnicities or of the same ethnicity.  

In this study, 12 measurement data were obtained to 
calculate the anthropometric data of artificial faces. In 
the data obtained, some measurements of male and 
female showed similarities with races. It has been con-
cluded that virtual faces do not seem a particular race, 
with all features. This dissimilarity suggested that data 
from virtual faces could be used in surgeries without 
racial discrimination. 

Farkas et al.[23] investigated craniofacial similarities 
between different populations with anthropometric 
parameters of NAW male. They reported that certain 
ethnic groups exhibited significant anthropometric con-

Table 4  
Average, standard deviation, maximum and minimum values of female virtual faces.

Measurements (mm) Min/Max Mean±SD SR p-value 

tr-n 6.38/8.49 7.50±0.51 noSR <0.001 

tr-gn 19.08/20.60 19.28±0.41 noSR <0.001 

n-gn 10.72/12.70 11.74±0.49 Greek 0.07 

Portuguese 0.18 

Turkish  0.07 

sn-gn 5.51/7.59 6.60±0.46 NAW 0.03 

Czech 0.92 

Iranian  0.77 

en-en 3.23/4.29 3.83±0.19 

ex-en 2.62/3.47 2.94±0.2 Turkish 0.12 

ex-ex 8.76/9.96 9.35±0.25 Portuguese 0.26 

Turkish 0.21 

Japanese 0.36 

n-sn 4.36/5.66 5.10±0.31 German 0.33 

Polish 0.68 

Singapore 0.076 

Vietnamese 0.076 

al-al 3.35/4.37 3.83±0.28 Zulu 0.24 

ch-ch 4.17/6.71 5.33±0.55 Angolan and  0.46  

AfrAm 0.72 

canthal indeks 32.73/47.47 40.99±2.68 noSR <0.001 

intercanthal–nasal width 82.17/114.18 100.27±8.26 noSR <0.001 

AfrAm: African American; mm: millimeter; NAW: North American white young; noSR: no similar data on races; SD: standart deviation; SR: similar data with races.



22 Yıldız Z, Süzen AA, Ceylan O

Anatomy • Volume 19 / Issue 1 / April 2025

vergence with NAW: Indian, Vietnamese, Thai, and 
Turkish male with consistent en-en distances; Thai, 
Vietnamese, Angolan, and Tongan male with parallel ex-
ex distances; and Thai, Japanese, and African American 
male with parallel en-ex measurements. Farkas et al.[23] 
accepted values below p<0.001 representing the strictest 
threshold for anthropometric comparisons to determine 
statistical significance. We expected that the virtual data 
would not exactly match the data obtained from real 
human populations, as the virtual face generation site 
that formed the methodology of our study claimed that 
these faces were not real faces. Nevertheless, the similar-
ity with some races in some anthropometric distances 
was detected. We believe this is due to the limitations of 
the training datasets used to train the artificial intelli-
gence. The training data may have been limited because 
the dataset used was obtained from the faces of famous 
people who have general facial assumptions and are con-
sidered relatively beautiful. Evereklioğlu et al.[24] gave 
average distance values for en-en and en-ex data of 
Turks. When these data were compared with artificial 
intelligence face data, a significant difference was found 
between the averages. Yang et al.[17] gave canthal index 
and intercanthal-nasal mean data in Chinese. A signifi-
cant difference was found when artificial intelligence 
faces were compared with these data. This shows that 
Turkish and Chinese face data and artificial faces are not 
similar. This made us think that the website from which 
we obtained the data in our study did not include the 
facial data of Turkish and Chinese celebrities while 
obtaining the data.  

Although the virtual faces did not generally resemble 
the anthropometric facial data of a particular race, they 
showed some similarities. The measurements of the 
palpebral fissure length and the intercanthal distance 
around the eyes of our male virtual faces are more similar 
to those of the Far Eastern races. Measurements of nose 
height and width are more similar to those of Thais. The 
morphological face height and the lower face height are 
more similar to Azeri and Bulgarians. In female, the palpe-
bral fissure length and the intercanthal distance measure-
ments were similar to those of Turks. Although both sexes 
are similar to a particular race in the structure of the nose 
and eyes, artificial faces could not be completely likened to 
a race. The virtual faces did not represent the full profile 
of any race, suggesting that they were composed of partial 
characteristics of more than one group. 

The main limitations of this study include the under-
estimation of the effect of the virtual face age factor on 

anthropometric measurements. Furthermore, the imbal-
ance of ethnic representation in the training dataset of 
the artificial intelligence model (especially the lack of 
African and Middle Eastern populations) limited the 
morphological diversity. Another limitation is that only 
static facial parameters were analyzed in the study, and 
dynamic expressions and 3D morphometric variations 
were not included. 

Conclusion 

This study revealed that virtual faces generated with arti-
ficial intelligence exhibit similarities with the anthro-
pometry characteristics of some ethnic groups in certain 
facial parameters. For example, eye circumference mea-
surements (en-en, ex-ex) showed convergence with Asian 
populations, while nose height and facial proportions 
showed convergence with Eastern European and 
Western Asian groups. However, it was revealed that the 
virtual facial anthropometric data generated by artificial 
intelligence does not accurately reflect the profile of any 
race. AI algorithms were able to partially capture univer-
sal patterns in human facial anthropometry. It also sup-
ports the potential for modeling anthropometric rela-
tionships between races. AI-based virtual anthropometry 
data can provide an important basis for creating a race-
neutral dataset and using it in multidisciplinary applica-
tions (aesthetic surgery prosthesis design, forensic 
anthropology). Future studies should train AI models 
with comprehensive datasets encompassing diverse age 
groups, extensive ethnic diversity, and dynamic facial 
parameters to enhance the validity of virtual anthropom-
etry in clinical and anthropological applications.  
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Introduction 
Superior mesenteric artery syndrome (SMAS), a rare 
condition, is characterized by the obstruction of bowel 
transit due to the compression of the third portion of the 
duodenum. This compression occurs between the supe-
rior mesenteric artery, which lies anteriorly, and abdom-
inal aorta or vertebrae, which are situated posteriorly.[1,2] 
The classic symptoms associated with this condition are 
often nonspecific and may include nausea, vomiting, 

abdominal pain, loss of appetite, abdominal distension, 
and weight loss. Recognizing superior mesenteric artery 
syndrome is crucial, as it can potentially lead to severe 
complications such as dehydration, metabolic imbal-
ances, and in rare instances, even death.[3,4] 

The diagnosis of SMAS relies on clinical presentation 
and imaging findings, with upper gastrointestinal con-
trast studies and computed tomography (CT) being a 
commonly used diagnostic tool. The characteristic signs 
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Abstract 

Objectives: To evaluate the interobserver and intraobserver consistency of aortomesenteric angle (AMA) and aortomesen-
teric distance (AMD) measurements in diagnosing superior mesenteric artery syndrome (SMAS), and to assess their reliabili-
ty as diagnostic parameters.  

Methods: This retrospective study analyzed 200 abdominal CT scans of patients (124 females, 76 males; aged 17–42) with a pre-
liminary diagnosis of SMAS between May 2021 and March 2024. AMA and AMD were measured on sagittal and oblique-sagit-
tal images by three radiologists at two different times, independently and blinded to clinical data. Intraobserver and interobserv-
er variability was evaluated using nonparametric statistical tests, with p<0.05 considered significant. Diagnostic thresholds were 
set at 22° for AMA and 8 mm for AMD.  

Results: AMA measurements showed significant interobserver and intraobserver variability (p<0.05), while AMD measure-
ments were reproducible and consistent (p>0.05). Variability in AMA led to diagnostic discrepancies in 9.1–10.4% of cases, 
compared to only 0.5–1.2% for AMD. These results indicate that AMA is less reliable and prone to user-dependent errors, 
whereas AMD offers greater diagnostic accuracy.  

Conclusion: AMA measurements are influenced by factors such as patient positioning and respiratory phase, contributing 
to their inconsistency. AMD, in contrast, demonstrates low variability and high reliability, making it a more robust parameter 
in SMAS diagnosis. The study emphasizes the need to prioritize AMD over AMA in the diagnostic workflow for SMAS. AMD 
is a consistent and reliable parameter for SMAS diagnosis, while AMA demonstrates significant variability and potential for 
misdiagnosis.  
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drome  
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are the presence of an abrupt vertical or oblique com-
pression of the duodenum, and decreased aortomesen-
teric angle (AMA) and distance (AMD).[5] However, 
interpreting these findings can be subject to interobserv-
er variability. The lack of a standardized measurement 
technique due to variations especially in AMA and AMD 
measurements raises the question of how reliable these 
parameters are. 

This study aimed to make interobserver and intraob-
server comparisons of AMA and AMD measurements 
and thus demonstrate the reliability of these measure-
ment parameters.  

Materials and Methods 
A retrospective analysis was conducted on clinical data 
and abdominal CT scans of patients aged 17 to 42 years 
who were prediagnosed with superior mesenteric artery 
syndrome (SMAS) between May 2021 and March 2024. 
A total of 242 scans from different patients were 
reviewed. Thirty-five scans were excluded due to signif-
icant bowel motion or respiratory artifacts, and seven 
were excluded because the superior mesenteric artery 
and aortic walls could not be clearly visualized on the 
same axis. Ultimately, 200 scans from 200 unique 
patients were included in the study. The flowchart of the 
study is presented in Figure 1. 

All CT scans were acquired on a 128-slice CT (GE 
Revolution EVO, GE Medical Systems, Milwaukee, WI, 
USA) with the patient in the supine position during 
inspiration and without an intravenous contrast agent. 
Image acquisition parameters included a tube voltage of 
100 kV, a tube current of 180–300 mA, a spiral step fac-
tor of 0.98, a collimation thickness of 0.625 mm, a slice 
thickness of 1.3 mm and sharp kernel reconstruction 
with a 512¥512–pixel image matrix. For image clarity. 
Also sagittal, axial, or oblique-sagittal multiplanar recon-
struction (MPR) images were obtained to assess the 
branching configuration of SMA from abdominal aorta. 

All images were sent electronically to a workstation 
(GE Medical Systems, Milwaukee, WI, USA) for evalu-
ation. Images were evaluated blinded to patient informa-
tion and clinical data by two radiology specialists (BEÇ: 
10 years of abdominal radiology experience; EÇ: 7 years 
of general radiology experience) and one radiology resi-
dent (BE: 3 years of radiology residency). Radiologists 
performed the initial measurements on anonymized 
images independently and at different times, without 
knowledge of each other’s assessments. Similarly, the 
order of the anonymized images was shuffled and the 

same measurements were performed again approximate-
ly one month later by all radiologists at different times 
without each other’s knowledge.  

The distance between SMA and abdominal aorta was 
measured as the maximum distance between the anterior 
margin of abdominal aorta and the posterior aspect of the 
superior mesenteric artery at the level where the duode-
num crosses (Figure 2). The angle between these vessels 
was measured on reformatted sagittal or oblique sagittal 
images at the same level. To measure the angle, a line was 
drawn between the root of SMA and an imaginary point 

242 abdominal CT  
studies prediagnosed  

with superior mesenteric 
artery syndrome

First measurements of  
AMA and AMD by three  

different radiologists

- 35 studies; intensive bowel 
motion and respiratory 
artifact 

- 7 studies; SMA and aorta 
walls could not be clearly 
visualized on the same axis

Second measurements of  
AMA and AMD on same  

200 studies by same  
radiologists

Exclusion

One month later

Figure 1. The flowchart of the study.

Figure 2. Measurement of aortomesenteric distance (AMD).



on SMA where it begins to descend parallel to the abdom-
inal aorta (Figures 3a and b). Measurements were taken 
using electronic calipers, and angles were obtained 
through manual tracing with automatic degree calculation. 
Cutoff values for the radiological diagnosis of SMAS were 
accepted as 22 degrees for AMA and 8 mm for AMD.[6] 

Data were analyzed using SPSS version 26 (IBM 
Corp, Armonk, NY, USA). Descriptive statistics for con-
tinuous (quantitative) variables; were expressed as medi-
an, standard deviation, minimum, and maximum values, 
and categorical variables were expressed as numbers (n) 
and ratio (%). The normality of the variables was 
assessed using the Kolmogorov–Smirnov and Shapiro–
Wilk tests. Since the data did not follow a normal distri-
bution, nonparametric tests were applied. The Kruskal–
Wallis test was used for comparisons among three or 
more dependent groups, while the Wilcoxon test was 
employed for subgroup analyses. A p-value of ≤0.05 was 
considered statistically significant, and Bonferroni cor-
rection was applied for multiple comparisons. 

Results 
A total of 200 patients were included in the study, com-
prising 124 females and 76 males. The descriptive char-
acteristics of the study population are presented in 
Table 1.  

There was a significant difference between the first 
and second AMA measurements of all three radiologists 
(p<0.05), but no significant difference was found in the 
first and second AMD measurements (p>0.05) (Table 2). 
Similarly, an interobserver significant difference was 
found in the statistical analyses performed for AMA 
measurements, whereas no interobserver significant dif-
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Figure 3a,b. Measurement of aortomesenteric angle (AMA).

23.3°

18.6°

Table 1  
Descriptive data of the patients included in the study.

Age Mean (interval) 26.37 (17–42) 

Median 20 

Sex Female 124 (63.3%) 

Male 76  (36.7%) 

Table 2  
Intraobserver consistency assessment of AMA and AMD measurements 

made by radiologists at different times.

Asymp. Sig. Asymp. Sig.  
(2-tailed) AMA (2-tailed) AMD  

Radiologist 1 p<0.05 p=0.170 

Radiologist 2 p<0.05 p=0.200 

Radiologist 3 p=0.002 p=0.350 

AMA: aortomesenteric angle; AMD: aortomesenteric distance.

a b



ference was found in both measurements performed at 
different times for AMD measurements (Table 3). 

The proportion of patients whose AMA and AMD 
measurements crossed the diagnostic cut-off values (22° 
for AMA and 8 mm for AMD) between the first and sec-
ond assessments is presented in Table 4. While both 
intraobserver and interobserver variations in AMA mea-
surements showed statistically significant differences at 
the 22° threshold, no significant variation was observed 
for AMD at the 8 mm cut-off. These findings indicate 
that AMA measurements lack reliability for diagnostic 
use, whereas AMD demonstrates high reproducibility, 
consistency, and diagnostic reliability. 

Discussion 

SMAS is a rare but significant condition involving the 
compression of the third part of the duodenum between 
the superior mesenteric artery and the aorta, which leads 
to symptoms such as nausea, vomiting, and weight loss.[7,8] 
Diagnosis can be very challenging most of time.[3,4,9] Santer 
et al.[10] and Applegate et al.[11] pioneered the description of 
CT findings in SMAS and advocated dynamic thin-slice 
CT with sagittal reconstruction as an excellent imaging 
modality due to its safety, speed, and relatively non-inva-
sive nature. Reduced AMA and AMD measurements are 
key CT diagnostic criteria for SMAS.[12–14] However, the 
reliability of these measurements has long been ques-
tioned, particularly in relation to interobserver and 
intraobserver variability. Although ranges for AMA and 
AMD have been reported in the literature for both the 
normal population and patients with SMAS ,to the best of 
our knowledge, there is no study in the literature that eval-
uates intraobserver and interobserver consistency to deter-
mine the reliability of these measurements.[13,15,16] This 
study is unique in terms of demonstrating intra- and inter-
observer consistency of these measurements. 

The results of this study reveal critical insights into 
the variability of AMA and AMD measurements among 
experienced radiologists. AMA showed significant inter-
observer and intraobserver variability, suggesting it may 
not be a reliable diagnostic tool for SMAS. A major 
problem with the AMA is that the measurement varies 
depending on the patient’s position, the tortuous course 
of the SMA, variations of the angle of exit from the its 
origin, or changes in respiration. In addition, the need 
for precise and user-dependent line generation for AMA 
measurement, where both the aorta and the SMA wall 
must be parallel, may also contribute to this discrepancy. 
Studies have also highlighted the technical difficulties of 
measuring AMA consistently, as it is very difficult to 
show the origin of the SMA on the same axis as the aorta, 
even on multiplanar reformatted images, and this is dif-
ficult to identify as a technical difficulty in measuring 
AMA.[17,18] 

Conversely, AMD showed minimal variability, both 
between observers and within the same observer across 
different time points, making it a more consistent and 
reliable measure for diagnosing SMAS. The repro-
ducibility of AMD makes it a more reliable parameter for 
SMAS, particularly when compared to AMA, which has 
demonstrated significant inconsistencies. 

Another important result of our study is that in 
approximately %9.1–10.4 of the patients, measurement 
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Table 3  
Interobserver consistency assessment of AMA and AMD measurements 

made by radiologists at different times.

AMA AMD  

First measurement p<0.001 p=0.170 

Second measurement p=0.021 p=0.238 

AMA: aortomesenteric angle; AMD: aortomesenteric distance.

Table 4  
The percentage of patients in whom one radiologist found a different result according to the cut off value and the percentage of patients in whom 

the same radiologist found a different result in two measurements.

AMA first and AMA measurement AMD first and AMD measurement  
second measurement interobserver second measurement interobserver  

 different results different results different results different results 

Radiologist 1 9.1% 9.3% 1.1% 1.2% 

Radiologist 2 9.7% 8.8% 0.5% 1% 

Radiologist 3 10.4% 8.2% 0.9% 1.1% 

AMA: aortomesenteric angle; AMD: aortomesenteric distance.
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results were obtained on different sides of the cut-off 
value for radiological diagnosis of SMAS for two differ-
ent AMA measurements performed by the same radiolo-
gist at different times. Similarly, for approximately 
%8.2–9.3 of patients, one radiologist measures different 
results for AMA measurement from three different radi-
ologists, depending on the cut-off value. Beyond vari-
ability, this inconsistency shown by AMA may cause the 
patient to be misdiagnosed based on radiological evalua-
tions. For AMD, these rates are only between %0.5–1.2 
and are relatively acceptable. Therefore, this study 
underscores the need for more standardized imaging 
planes and radiological parameters for patients with pre-
diagnosed SMAS to minimize variability in radiological 
measurements and to contribute to correct diagnosis.  

The implications of these findings are significant for 
the clinical evaluation of patients suspected of having 
SMAS. Given the variability in AMA measurements, 
relying completely on this parameter may lead to unnec-
essary diagnostic errors, potentially affecting patient 
care. The consistency of AMD makes it a more robust 
radiological parameter. Clinicians must be careful to 
incorporate AMD as the primary measurement when 
evaluating potential SMAS cases, while remaining cau-
tious about the inherent limitations of AMA. 

This study has some limitations. The patients includ-
ed in the study were not patients with a preliminary diag-
nosis of SMAS, whose diagnosis of SMAS was surgically 
confirmed. In addition, the patients were compared 
without subcategorizing them according to their body 
mass index (BMI). In patients with low BMI, the mea-
surement consistency may be affected since the assess-
ment of AMA and AMD will be more challenging, which 
is more evident in the measurement of AMA. 

Conclusion 

In conclusion, while repeated AMD measurements 
demonstrate clear intra- and interobserver consistency, 
the reliability of AMA measurements remains question-
able. Future large-scale, multi-center studies incorporat-
ing both clinical and radiological correlations will be 
essential to standardize measurement techniques and 
establish robust diagnostic parameters for SMAS.  
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Introduction 
The tendinous cords (TC) or chordae tendineae are 
strong, filamentous collagenous cords connecting atri-
oventricular (AV) valve leaflets to papillary muscles (PM) 
of heart.[1,2] They transmit contraction of PM to AV 
valve, thereby preventing prolapse of leaflets into atria, 
during ventricular systole. Proper functioning of TC is 
vital for effective closure of AV valves.[3] In right ventri-
cle (RV), the anterior and posterior leaflets of tricuspid 
valve (TV) are attached to corresponding PM via TC. 
Whereas, septal leaflet often directly attaches to ventric-
ular wall via septal chordae.[4] In left ventricle (LV), both 
anterior and posterior mitral leaflets are attached to PM 
via TC. The AV valve receives TC with various branch-
ing patterns.[2] 

Histologically, chordae are composed of collagen and 
elastic fibers. They possess high degree of elasticity and 
endurance to perform efficiently.[3] Comparison of the 
ultrastructure and mechanical properties of human and 
porcine TC, provides possible replacement of chordal 
prosthetics by porcine chordae.[5–7] In both, TC configu-
ration is essentially the bundles of collagen fibers form-
ing the core structure. There are, however, differences in 
the arrangement of collagen tissue at TC and PM junc-
ture where bundles are more organized in human tissue 
than that in porcine.[6] The junction of chordae with 
valve may comprise diminished collagen content in its 
thin outline and the higher load of cardiac muscle con-
traction on the left side increases the risk of rupture of 
left ventricle TC. Rupture of TC leads to displacement 
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Abstract 

Objectives: The rupture of tendinous cords (TC), affects the proper functioning of the atrioventricular (AV) valves and 
requires replacement by the prosthetic chordae. The morphology and ultrastructure of TC are vital to design prosthesis and 
to prevent the treatment failure.  

Methods: The databases like PubMed, Google Scholar, Science direct and Scopus were searched till June 2024. The keywords 
used were TC, chordae, TC anatomy, TC morphology, TC morphometry, TC histology, TC ultrastructure, TC blood supply, TC devel-
opment, TC embryology, TC biomechanical properties, strut chordae, false chordae, basal TC, and subvalvular apparatus. Out of 
2545 articles collected, 43 were finally included.  

Results: Majority of human studies were on the hearts from formalin-embalmed cadavers. There were more number of stud-
ies (28 studies) examining TC of left ventricle, than that of the right (8 studies). The number of chordae from anterior papil-
lary muscle were greater in number than that from the posterior muscle in both the ventricles. In the left ventricle, anterior 
papillary muscle chordae were longer and broader. Maximum chordae inserted on the rough zone of mitral and tricuspid 
valves. Human chordae were structurally more rigid than the animal chordae. The arrangement of collagen bundles inside TC 
was orthogonal in human, but random and irregular in animal tissues.  

Conclusion: This review outlines the details on the morphology, ultrastructure, and biomechanical properties of TC which 
would aid formulate appropriate reparative procedures to prevent postoperative complications and recurrence.  

Keywords: chordae tendineae; heart ventricles; morphology; papillary muscle; review; tendinous cords  
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of AV valves, resulting in regurgitation of blood into 
atria, during ventricular systole.[2] Standard treatment for 
chordal rupture is substitution with expanded polyte-
trafluoroethylene (ePTFE) sutures. Here, ruptured 
chordae are replaced by synthetic ones. Bioprosthetic, 
which may replace mechanical valves, reduce throm-
boembolic occurrences. Recurrent mitral regurgitation 
in chordal replacement patients is reported in the litera-
ture. The possible causes of treatment failure are place-
ment of less sutures, increased length and inappropriate 
thickness of suture materials. Thus, understanding of 
normal measurements, mechanics and microstructure of 
TC is essential for improved success rate of chordal 
repair and replacement procedures.[8]  

Various authors have described the morphology of 
TC in human cadaveric and animal hearts. Cadaveric 
studies mainly focus on gross appearance of chordae 
which includes origin, insertion, and branching pat-
tern.[2,9–12] Studies providing morphometric data of TC 
such as their length and thickness, in both ventricles are 
restricted as only few have examined these parame-
ters.[3,10,13–16] Based on branching pattern and insertion of 
TC on to valvular leaflet, several classifications have 
been proposed, that are useful for academic purpose and 
their clinical applicability needs to be reviewed fur-
ther.[2,11,12,15,17,18] Existing literature also describes the his-
tology, biomechanical properties, and developmental 
aspects of TC.[3,6,13,19–22] Most available studies are on TC 
of LV than RV, as area where TC merge and fix to the 
valve tissue is thin and more likely to get disrupted on 
the left due to higher systolic load, thus maximum repar-
ative procedures are done on mitral valve (MV) appara-
tus. The data on morphology and morphometry of TC 
of RV are comparatively less in the literature.[2,9,10,12,17,23,24] 

Surgeons need comprehensive knowledge on TC 
morphology and morphometry, to repair AV valves and 
subvalvular apparatus. Awareness on variations in posi-
tion and structure of TC is vital to visualize them intra-
operatively and during echocardiography.[2] TC could 
pose difficulties with transcatheter MV prosthesis place-
ment, expansion, and fixation.[24] Data on length and 
thickness of TC are crucial for surgeons to decide on 
measurements of chordal prosthetic sutures.[25] Existing 
studies on histology and biomechanical properties of TC 
improve the understanding of their structure and func-
tion.[3] This review further outlines the morphology, 
ultrastructure, and biomechanical properties of TC 
which would aid in designing prosthesis and preventing 
treatment failure.  

Materials and Methods 
Literature search was carried out till June 2024. Search 
engine used was Google and databases were PubMed, 
Google Scholar, Science direct and Scopus. Plan for 
search was adapted according to abovementioned databas-
es. Search strategy was formulated as per PRISMA guide-
lines (Figure 1). Keywords used were tendinous cords, 
chordae tendineae, chordae, tendinous cords/chordae 
tendineae anatomy, tendinous cords/chordae tendineae 
morphology, tendinous cords/chordae tendineae mor-
phometry, tendinous cords/chordae tendineae histology, 
tendinous cords/chordae tendineae ultrastructure, tendi-
nous cords/chordae tendineae blood supply, tendinous 
cords/chordae tendineae development, tendinous 
cords/chordae tendineae embryology, biomechanical 
properties, strut chordae, false chordae, basal chordae, 
basal, and subvalvular apparatus. Initially 2545 articles 
were found. Articles without full text, unpublished data, 
case reports, pathological studies, imaging studies, and 
publications written in language other than English were 
not considered. We included studies involving only cadav-
eric and fresh autopsied hearts which comprised data on 
normal parameters of heart. Since case reports, patholog-
ical studies and imaging studies of heart dealt with abnor-
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Figure 1. PRISMA flowchart for search strategy.
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mal parameters we excluded them. Lastly, 43 studies were 
included. LV cords were examined in 28 studies, RV in 
eight studies, four studies examined TC in both ventricles 
and three did not specify sample source. Based on study 
material used, 25 studies were human and 14 were animal 
and four studies compared both. In 25 human studies, 16 
were carried out in formalin-embalmed hearts, seven in 
autopsied specimens and two studies compared both. TC 
of RV were studied in eight and LV in 17 of human stud-
ies. None of the studies observed TC of both ventricles in 
same sample. Number of studies on each parameter of TC 
are summarized in Table 1. Sample size of the studies 
included in the review ranged from 8 to 116 in number. A 
higher sample size is desirable as it is more likely to reflect 
the population variability, generates ample data for statis-
tical analysis and thus making it appropriate to apply the 
study outcomes to the general population, however, many 
factors like availability of specimens, feasibility may limit 
the sample size. Morphology of TC was systematically 
reviewed and their features in both ventricles were reex-
amined. Also, salient ultrastructure and biomechanical 
properties of TC in human and animals were outlined.  

Results 
Development 

TC are derived from endothelial cells of endocardial 
cushions.[26] Chordal development is a programmed cel-
lular and hemodynamic event which occurs between 6 to 
13 days of development. PM develop as primitive eleva-
tions from ventricular wall. These elevations later bifur-
cate into thin, web-like folds which are attached to AV 
valve leaflets. These folds are the primordial chordae. 
Alternate linear ridges and depressions develop on pri-
mordial chordal folds. The depressions later perforate to 
form individual chordae from linear ridges. Some inter-
chordal connecting tissues can persist.[21] Morphological 
variations of TC are a result of various aberrations 
occurring in delamination of ventricular musculature.[23] 
Muscular chordae are formed because of abnormal 
delamination of endocardium during development, 
which leads to persistence of myocardial fibers within 
the endocardium lined cords.[27] Muscular cords are 
prone to fibrosis and hence their presence become unde-
sirable.[28]  

Number of tendinous cords at origin 

TC arise either from PM or directly from ventricular 
wall and insert onto AV valve.[12] In RV, there are anteri-

or PM (APM), posterior PM (PPM) and septal PM 
(SPM). PM give origin to one or more cords which 
insert to TV.[1] Average number of chordae arising from 
APM is 3.88±0.45, PPM is 3.71±0.31 and SPM is 
3.15±0.7.[29] Maximum chordae arise from APM.[11,29] In 
RV, TC originate from SPM or when SPM are absent, 
they directly originate from RV septal wall. When only 
one prominent SPM exists (Lancisi’s muscle), its small 
head with single apex attaches to TC which head to sep-
tal and anterior TV leaflets.[30–32] The Lancisi’s muscle, 
other nearby SPM and isolated TC that directly origi-
nate from septal wall are together termed as medial pap-
illary complex.[31] 

LV comprises APM and PPM (Table 2). Each PM 
gives rise to TC which insert to the MV.[1] Average num-
ber of chordae present in LV are 17.31±3.28.[13] Number 
of cords originating from one PM is 9.09± 4.29 (range: 
2–18).[2,33] APM gives rise to more chordae than PPM.[12] 
Most chordae arise from lateral sides of PM belly 
(73.22%) and apex gives rise to 19.06%.[10] Chen et al.[13] 
discovered that more chordae originated from APM 
(11.23±2.24) than PPM (8.23±2.05). In MV replacement 
surgeries, preservation of PM and TC improves LV 
function post-operatively. Hence, clear knowledge about 
number of chordae at origin becomes important.[2] 
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Table 1  
Number of studies on various parameters of tendinous cords. 

Human and  Human   
Parameters studied animal studies studies  

A 16 12 

B 1 1 

C 6 1 

D 5 2 

A+B 5 5 

A+C 1 0 

C+D 1 0 

A+B+C 1 1 

A+B+D 1 0 

Development 2 0 

Blood supply 2 2 

Lymphatics 2 1 

Total 43 25 

A: morphology (includes origin, insertion, branching pattern); B: morphometry 
(includes length, thickness); C: histology (includes connective tissue, neurovascula-
ture); D: biomechanical properties.



Number of tendinous cords at insertion 

Each TC after emerging often divides into multiple thin 
secondary branches and attach to AV valve.[1,3] Each 
leaflet can receive chordae from one or more PM.[34] 
Chordae can also insert to adjacent PM or ventricular 
wall.[2,11] In RV, chordae either arise from PM belly or 
directly from ventricular septal wall and insert to TV. 
Average number of chordae inserting to TV are 19.25 
and most insert on its rough zone.[11,18] Number of 
marginal chordae is more in posterior, than anterior and 
septal leaflets. Anterior leaflet has TC from APM 
(86.19±11.66%) and PPM (13.09±1.74%). Posterior 
leaflet receives TC from PPM (85.67±11.48%) and SPM 
(14.33±1.83%). Septal cusp receives cords from SPM 
(19.0±2.55%) and APM (80.99±10.85%).[29] 

In MV, TC attach to anterior/aortic leaflet and pos-
terior/mural leaflet (Table 3). Each leaflet can receive 
chordae from APM and PPM.[34] From a surgeon’s per-
spective, chordae arising from APM insert to left halves 
of both MV leaflets and chordae arising from PPM 
insert to right halves.[35] Ozan et al.[33] noted that 9 to 60 
chordae inserted to corresponding half of MV. Leaflet 
coverage ratio of APM chordae (51.58±3.35) is signifi-

cantly greater than that of PPM chordae (48.42±3.35).[13] 
There is no gender difference in number of chordae at 
the valve.[15] In chordal repair procedures, ePTFE are 
used to construct artificial chordae.[25,36] A single suture 
material is successively passed from tip of PM to free 
margin of AV valve, to create multiple pairs of artificial 
cords.[25] Thus, a wide information about origin and 
insertion of TC to AV valve is mandatory.  

Branching pattern and types of tendinous cords 

Several branching patterns have been documented in lit-
erature so far (Figure 2). Most common branching pat-
tern of chordae is fan-shaped (100%) and spiral/dichoto-
mous (34.48%).[2,12] Fan-shaped chordae are frequently 
found at commissures. This fanning out of chordae at 
commissures is essential to open and close the leaflets 
during ventricular diastole and systole respectively.[15,23] 
Least common patterns are irregular/ web-shaped 
(15.51%) and unbranched chordae (19.82%).[2] There 
can be anastomosis between adjacent chordae (52%).[12]  

TC can originate from different sites on a PM such as 
its apex, base, or lateral margins.[10] Chordae which arise 
from apex of PM are termed as apical pillar chordae. Basal 
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Table 2  
Number of tendinous cords originating from left ventricular papillary muscle. 

Number of cords  Number of cords   
originating from anterior  originating from posterior   

Studies Sample size papillary muscle papillary muscle 

Victor et al.[23] 100 4–22 2–18 

Kavitha et al.[10] 50 7–16 (10.42) 6–17 (9.72) 

Mundra et al.[12] 98 12.45±3.16 9.67±3.85 

6–1 (12) 3–22 (10) 

Ozog et al.[17] 100 11.5±4 (1–14) 13.1±4.1 (2–13)

Table 3  
Number of tendinous cords inserting to mitral valve leaflets. 

Number of cords  Number of cords   
inserting to anterior   inserting to posterior    

Studies Sample size valve leaflet valve leaflet 

Victor et al.[23] 100 14–72 12–80 

Mundra et al.[12] 98 28–91 (50) 33–84 (56) 

Ozog et al.[17] 100 30.3±7.8 (14–55) 40.6±13 (6–40) 

Lam et al.[15] 50 9 14 
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pillar chordae arise from base of PM.[2] On AV valve, chor-
dae can attach to various regions on the leaflet. Ventricular 
surface of each leaflet has free margin, rough zone, clear 
zone, and basal zone.[12,17] Clear zone is present between 
rough and basal zones.[18] Based on their shape and site of 
insertion onto valve, chordae in RV are mostly divided 
into five types such as rough zone, fan shaped, free edge, 
deep and basal. Rough zone chordae are the most observed 
type and always found in anterior and septal leaflets of 
TV.[11,18] Fan shaped chordae are found in antero-posteri-
or and postero-septal commissures. Free edge chordae 
branch before inserting to leaflet margin and form a delta 
shaped expansion at insertion site.[11]  

Gunnal et al.[2] have classified TC of MV into various 
types based on their attachment to different parts of MV 
complex. True chordae or cusp-pillar chordae arise from 
PM and insert into cusp of MV. These are further clas-
sified based on their site of insertion onto mitral leaflet 
as cusp chordae, cleft chordae, and commissural chordae. 
Commissural chordae play an important role in approx-
imation of two adjacent cusps during ventricular con-
traction to bring about valve closure. Based on area of 
insertion and distribution of chordae on the cusps, TC 
are divided into different types. First order chordae are 
attached to free margins of valve leaflet and hence they 
are also called Marginal chordae or Free zone chordae or 
primary chordae Chordae inserted to free edges of AV 
valve, prevent marginal prolapse and align their zones of 
coaptation.[24] 

Secondary chordae include cords which insert to ven-
tricular surface of valve leaflet in general. These chordae 

are attached to rough zone of the valve and hence also 
termed as rough zone chordae.[2] Rough zone chordae 
are more common in posterior mitral leaflet (4–14), than 
anterior (3–10).[9] Among these rough zone chordae few 
are strong and tough and named as strut chordae, which 
often insert to cusp with broad aponeurosis.[2] Strut chor-
dae are responsible for normal and non-homogenous 
movement of anterior mitral leaflet, and their absence 
can predispose to mitral regurgitation due to abnormal 
motion of leaflet.[17] Also, strut cords inhibit ballooning 
and allow leaflet’s load to be distributed evenly and 
responsible for the tunnel-shaped configuration of 
MV.[15,17,24] Thus, primary or first order chordae are 
responsible for valve competence and secondary chordae 
are involved in maintenance of ventricular geometry and 
function.[37] Atypical rough zone chordae are those which 
have less than three chords. Lam et al.[15] examined 50 
human hearts and found that 17% of rough zone chor-
dae of anterior leaflet and 16% of those of posterior 
leaflet are atypical. In such regions of valve with atypical 
chords, adjacent chordae send branches to overcome 
chordal deficiency.  

The chordae which arise from ventricular wall and 
insert to basal zone of ventricular surface of valve leaflet 
close to hinge line are termed as basal or tertiary or third 
order chordae.[15,17] Degandt et al.[5] compared the num-
ber of basal chordae of LV in three different species. 
They found 24.6±4.21 basal chordae in porcine hearts, 
19.7±2.90 in ovine hearts, and 18.81±3.54 in human 
hearts. They also found that basal chordae always insert-
ed to leaflet close to mitral annulus, except in anterior 

Figure 2. Branching pattern of tendinous cords. AV: atrioventricular; PM: papillary muscle.
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mitral leaflet where it inserted between smooth and 
rough zones. Basal cords strengthen the ventricular com-
ponent of AV junction and aid in maintaining proper 
ventricular shape.[24] Based on the site of attachment of 
chordae to leaflet they can also be divided into main, 
paramedian and paracommissural chordae. Commissural 
chordae can be anterior or posterior commissural chor-
dae.[16] Nomenclature of cords often used clinically are 
marginal/primary, rough zone/secondary, basal/tertiary 
and strut chordae. The zones of AV valve and types of 
TC attached to them are shown in Figure 3. 

Based on the gross appearance, TC are termed as 
tendinous, muscular, and membranous chordae.[2,12] 
Majority chordae in a ventricle are tendinous (100%) 
and next common type is muscular (14.65%). 
Membranous chords are least common type (6.03%).[2] 
Mundra et al.[12] found muscular chordae or chordae 
muscularis in 6.1% of heart specimens. The possibility of 
conduction of cardiac impulses through muscular cords, 
predisposes the heart for arrhythmias. Muscular cords 
are also often encountered in cases of hypertrophic car-
diomyopathy and premature ventricular contraction.[27] 

False chordae 

TC which arises from PM or ventricular wall but not 
inserting to valve leaflet are termed as false chordae 
(Figure 3). False chordae may connect a PM to another 
PM, to ventricular wall or pass from one point to other 
on ventricular wall.[11,17,38] Sometimes a muscular band 
can connect two adjacent PM.[17] False chordae are clas-
sified as interpillar chordae (50%) and pillar wall chordae 

(6.03%). Interpillar chordae connect two PM and pillar 
wall chordae connect a PM to ventricular wall.[2] Ozog et 
al.[17] examined the LV and noted average number of 
false chordae arising from anterior PM as 3.5±2.2 and 
from posterior PM as 5.4±2.7. thus, a greater number of 
false chordae arose from posterior PM. Kosinski et al.[38] 
studied false chordae of RV and classified them into six 
groups, based on their pattern of attachment. Type I 
attach a PM to ventricular wall; type II chordae connect 
two individual segments of PM; type III connect a PM to 
interventricular septum; type IV connect various PM. 
False chordae attaching to ventricular wall around the 
apex are classified as type V. Type VI chordae connect 
the septomarginal trabeculae to other structures in RV.  

False cords protect the ventricles from over dilata-
tion. They are worth to note as they predispose to 
thromboembolic and arrhythmogenic events. Literature 
reports that they significantly influence the electrome-
chanical functions of heart.[38] They are also found in LV 
outflow tract and significantly impair the transcatheter 
procedures related to aortic valve. Usually, these false 
chords cannot be visualized using imaging techniques as 
they are too thin, but thick false cords may lead to diag-
nostic errors in echocardiography.[17,38] 

Morphometry of tendinous cords  

In valve replacement and chordal repair surgeries, length 
of TC plays a vital role in deciding effective postopera-
tive ventricular functioning and thus the outcome.[10] In 
LV, TC are 15–22 mm long and 0.45–0.66 mm broad on 
an average.[3,13] The average length of anterior PM chor-
dae is 12.77±4.03 mm and its average breadth is 

Figure 3. Zones of atrioventricular valve and types of tendinous cords attached. AV: atrioventricular; PM: papillary muscle.



0.28±0.20 mm. Whereas, on an average posterior PM 
chordae are 12.33±3.89 cm long and 0.25±0.14 mm 
broad. Thus, the length and breadth of anterior PM 
chordae is more than that of posterior PM chordae.[10] 
Rough zone chordae of anterior mitral leaflet are 
1.75±0.25 cm long and 0.84±0.28 mm thick on an aver-
age. Similarly, in posterior mitral leaflet, rough zone 
chordae measure about 1.40±0.08 cm in length and 
0.65±0.24 mm in thickness. Length of anterolateral and 
posteromedial commissural chordae is 1.2±0.31 cm and 
1.4±0.40 cm, respectively. Posteromedial commissural 
chordae are thicker (1.0±0.30 mm) than anterolateral 
commissural chordae (0.70±0.20 mm).[15] 

Kumar et al.[14] compared the length of TC in LV, in 
both cadaveric and autopsied heart specimens. Chordae 
attached to anterior mitral leaflet of both specimens were 
nearly same in length from 1.6 to 1.8 cm. In posterior 
and commissural mitral leaflets, a slight difference of 2–
3 mm was observed, where chordae were longer in 
autopsied hearts. TC are thinnest near their insertion to 
MV leaflets. Hence chordal ruptures are most encoun-
tered at that site.[24] 

Chordae attaching to anterior mitral cusp and MV 
commissures are lengthier in male, when compared to 
female but their average thickness is same (0.05 cm). 
Average length of chordae attaching to anterolateral and 
posteromedial commissures of MV in male are 1.4 cm 

and 1.7 cm respectively, whereas in female are 1 cm and 
1.3 cm respectively. The average length of TC arising 
from anterolateral and posteromedial PM to the apex of 
anterior mitral leaflet in male are 2.1 cm and 2.2 cm 
respectively, whereas in female are 1.6 cm and 1.8 cm 
respectively.[16] 

Annulo-papillary distance 

Annulo-papillary distance is measured between the tip of 
PM to the annulus of AV valve of corresponding ventri-
cle as shown in Figure 4.[14,39] In MV replacement and 
repair surgeries, annulo-papillary continuity is vital. 
Hence, a normal annulo-papillary distance should be 
maintained during repair for a proper resuspension. In 
LV, the distance from tip of anterior PM to left trigone 
(10-o’clock position) and to the point between anterior 
and middle scallops of mural leaflet (8-o’clock position) 
is 23.5±3.7 mm and 23.2±3.6 mm, respectively. Distance 
from the tip of posterior PM to right trigone (2-o’clock 
position) and to the point between middle and posterior 
scallops of mural leaflet (4-o’clock position) is 23.5±4.0 
mm and 23.5±3.9 mm, respectively. Annulo-papillary 
distances of mitral apparatus are alike in various loca-
tions such as 2-, 4-, 8- and 10-o’clock positions. Mitral 
annular diameter correlates with annulo-papillary dis-
tance.[39] Kumar et al.[14] observed that the annulo-papil-
lary distance in LV of both cadaveric and autopsied 
hearts was equal (2 cm). Kavitha et al.[40] examined 50 
human cadaveric hearts and found that the mean vertical 
annulo-papillary distance was 16.56 mm.  

Microstructure and histochemical properties 

The human chordae are made of collagen and elastic 
fibers.[3,10] Scanning electron microscopic and light 
microscopic examination of human TC shows undulated 
planar wavy pattern of collagen fibrils arranged in longi-
tudinal bundles along their entire circumference which 
forms the dense core.[3] These wavy crimp like collagen 
fibrils are intertwined with each other like a helix, which 
are heterogenous throughout the length of a chordae.[41] 
These collagen fibrils are of types I and III.[3,22] In human 
heart, the bundles of collagen fibrils are wavy when 
relaxed and become straight when stretched which helps 
in sustaining the peak stress developed during ventricu-
lar contractions.[20] Core connective tissue is loose in 
proximal parts of chordae, dense regular in middle parts 
and dense irregular in distal ends where they insert on 
AV valve.[42] The collagen fibril core is covered by endo-
cardium which is simple squamous epithelium which is 
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Figure 4. Schematic picture representing measurement of annulo-pap-
illary distance in the mitral valve. The 2-o’clock  and 10-o’clock  posi-
tions are placed at the valvular commissures, and 4-o’clock  and 8-
o’clock  positions are placed at the anterior margin of mitral annulus. 
For the papillary muscle with two heads, highest point is taken for the 
measurement. 



continuous with other regions of heart. A dense layer of 
elastic fibers is present underneath the endocardium. 
Immunofluorescence studies show presence of thin 
irregular and longitudinal tenascin fibers in inner fibrob-
last coat of elastic fiber layer. Collagen fibrils are wavy in 
younger population but becomes less wavy or straight in 
adults.[20] Tenascin concentration in the elastic matrix 
surrounding collagen core increases with aging.[22] Wavy 
collagen fibrils elongate and reduce in cross sectional 
area as age advances in human which can lead to stretch-
ing and eventual rupture of chordae.[3]  

Gupta et al. studied the histology of chordae in goat 
hearts and found that in a 32 days old goat embryo, the 
central core of TC was made up of myocardial cells with 
reticular fibers surrounded by single layer of endothelial 
cells. Chordae were mainly collagenous in mid and late 
prenatal periods. They also found few fibroblast, reticu-
lar and elastic fibers, and endothelial cells surrounding 
collagen core. Histochemical reaction exhibited the 
activity for existence of polysaccharides, lipids, DNA, 
and alkaline phosphatase in TC which increased with 
advancing age.[43] DNA and collagen content was more 
in anterior and posterior marginal chordae when com-
pared to other types of chordae. Thus, microstructure of 
TC varies based on their type.[44] 

The junctional area between PM and TC is histolog-
ically different in human and porcine hearts. In human 
hearts, collagen bundles are more organized forming a 
meshwork with fibers disposed in orthogonal angles 
whereas, in porcine hearts they are arranged randomly.[6] 
In avian hearts, papillary myotendinous junctions resem-
ble skeletal myotendinous junctions in their protein 
composition, but their ultrastructure more closely 
resembles sites of thin filament-membrane association in 
smooth muscle. They exhibit minimal folding of the 
junctional membrane, resembling smooth muscle more 
than the highly folded junctions in humans. Avian papil-
lary myotendinous junctions lack certain proteins found 
in human cardiac fasciae adherentes, such as alpha-
actinin and zeugmatin.[45] Various current therapies 
available for repair of chordal failure, face issues of 
recurrence of disease and poor therapy outcome.[8] Thus, 
extensive data on microstructure of TC is imperative.  

Microstructure and neurovascular components  

Discrepancies exist among studies on vascularity of 
human TC and the literature lacks clarity. TC are tradi-
tionally referred to as avascular structures.[1,3] Few 

reports have described presence of blood vessels in 
them.[44,46,47] Ritchie et al.[44] examined porcine chordae in 
LV by performing special staining and immunohisto-
chemistry. They observed that the blood vessels from 
PM, ascended longitudinally and in circumferential 
manner, encircling the chordae and supplied MV 
leaflets. Vascularization was observed more often in strut 
chordae of anterior mitral leaflet. Human fetuses and 
calves possess blood vessels in free margins of AV valve 
which anastomose with vessels in PM via chordae.[47] 
Blood vessels ranging from arterioles to capillaries are 
observed in human and porcine chordae.[46] In human 
chordae, lymphatic capillaries are also found within 
superficial layers of endocardial lining, especially near 
their origin from PM. There are no lymphatics in deep 
connective tissue layers of chordae.[48] Ichikawa et al.[49] 
examined TC in canine hearts and found the presence of 
lymphatic capillaries in junctional area between TC and 
PM, under electron microscope.  

AV valves contain plexuses of nerves which are 
acetylcholine esterase positive, and are denser at their 
free margins where TC attach. These dense nerve 
plexuses extend into PM via TC attached to them. Such 
extension of nerve fibers into chordae is detected in 
porcine and canine hearts. AV valve and TC of rodents 
like mice, lack acetylcholine esterase positive nerve 
fibers.[50] In human, only few chordae contain nerve 
plexuses in them which are adrenergic or cholinergic in 
nature. The pattern of distribution of nerve fibers in 
chordae is however similar among human and porcine 
hearts. Most nerve fibers are located around blood ves-
sels. Presence of nerve fibers in chordae suggests that AV 
valvular function is under neuronal control, through reg-
ulation of TC and PM.[46]  

Biomechanical properties 

In LV, posterior PM chordae are stiffer than anterior PM 
chordae due to increased collagen core ratio and dense 
collagen fibrils.[13] Thicker chordae are more extensible 
and less stiff when compared to thinner chordae. Thus, 
strut chordae are most extensible in nature. Marginal 
chordae are least extensible as they are the thinnest. Thin 
chordae have lower average fibril diameter, but greater 
average fibril density when compared to thicker chordae. 
Hence, they have a greater number of fibril-to-fibril inter-
actions, and therefore a greater modulus.[51] Smaller chor-
dae are less extensible and stiffer when compared with 
larger chordae. This inverse relationship between size and 
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stiffness of chordae maintains even surface of the valve 
leaflets during closure.[19] Chordae of younger population 
are more extensible when compared to adults, as collagen 
fibrils are wavier.[20] Human chordae are significantly 
stiffer than corresponding ovine chordae.[52] Paskaleva et 
al.[53] examined the porcine hearts and found that MV 
chordae were stiffer than TV chordae. They also noted 
that chordae attaching to septal leaflets were more exten-
sible. It is necessary to know about the biomechanical 
properties of chordae to formulate different modalities of 
therapy for chordal repair and to improve treatment out-
comes.[8] The features of human and animal TC are sum-
marized in Table 4. 

Conclusion 

Most true chordae originate from apex of PM and insert 
onto rough zone of AV valve leaflet. Fan-shaped chordae 
are often present in commissures of the AV valves. In 
LV, APM chordae are longer and thicker than PPM 
chordae. The males have longer chordae compared to 
the females but there is no difference in TC thickness 
between two genders. Histologically, human and porcine 
TC are similar but collagen bundles in human chordae 
are more regularly arranged leading to higher tensile 
strength. LV chordae are stiffer than chordae of RV in 
both human and porcine hearts.  

Compared to the related articles in literature, this 
review has provided the detailed overview of number, 
morphological types, neurovascular components, devel-
opment of TC and its biomechanical properties in 
human and other different species. However, imaging 
studies and studies involving pathological hearts or 
symptomatic patients were not included. Meta-analysis 
could not be done due to limited data about morpholo-
gy and morphometry of TC in both ventricles. 

In future, data on morphometry of chordae from a 
large sample would help to formulate appropriate repar-
ative procedures. Studies need to further explore the 
morphology of RV chordae and their insertion to TV, to 
compare the features of TC in RV and LV. It would aid 
in prevention of postoperative complications and recur-
rence. Understanding the ultrastructure and biomechan-
ical properties of human and animal chordae would be 
useful to produce biological prosthesis for chordal 
replacement procedures. 
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Introduction 
Preterm birth is widespread around the world. 
Approximately 15 million babies, which is 11% of all 
babies born alive, are born preterm (before the 37th 
week of the standard 40-week gestation period) each 
year. About 15% of these babies are born extremely 
preterm (before 32 weeks).[1] The survival rate of 
preterm babies has significantly increased in recent years 
due to the advancements in medical intervention.[2] 
Therefore, there is an urgent need to understand the 

long-term effects of preterm birth on individuals to min-
imize the potential negative impacts and develop effec-
tive rehabilitative strategies. 

A common consequence of preterm birth is brain 
damage, with its severity varying based on both the tim-
ing and underlying cause. Typically, the conditions that 
lead to preterm birth or complications during delivery 
contribute to brain damage. However, even if no visible 
brain damage occurs during preterm birth, brain devel-
opment can still be significantly disrupted due to the 
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Abstract 

Preterm birth is prevalent globally, with approximately 15 million babies born preterm annually. The number of surviving preterm 
babies has been increasing in recent years due to advancements in medical interventions. This highlights the urgent need to 
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ronmental stimuli that they are not ready to process, and often leads to brain damage. Two crucial stages of structural and func-
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impairments in visual abilities, especially in perceptual domain, are of particular interest, as these issues often go unnoticed and 
negatively impact academic performance. Notably, these effects can be observed even in the absence of significant brain dam-
age and frequently persist into adulthood. Therefore, this review aims to emphasize the urgent need to address this critical pub-
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underlying neural mechanisms. Two hypotheses have been proposed in the literature to explain the neural basis of visual deficits 
associated with preterm birth. The first posits that preterm birth mainly disrupts the functioning of the dorsal visual pathway, 
resulting in poorer performance on visuospatial tasks. The second hypothesis suggests that compensatory mechanisms may be 
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removal of the infant from an ideal environment for 
growth and protection, and premature exposure to envi-
ronmental stimuli and stressors they are not yet 
equipped to handle.[3,4] Such disruptions or damage dur-
ing this critical developmental period can lead to lasting 
cognitive and motor impairments. 

This review article explores the effects of preterm 
birth on brain structure and function. The first section 
examines how leaving the womb and exposure to envi-
ronmental stimuli before the brain is fully prepared can 
impact structural and functional brain development. The 
second section summarizes current knowledge on the 
motor and cognitive deficits associated with preterm 
birth. Following sections focus on the impact of preterm 
birth on perception, with a particular emphasis on visual 
perception and visual information processing in the 
brain. 

Impaired visuoperceptual abilities in individuals born 
preterm suggest that the effects of preterm birth extend 
beyond obvious motor or cognitive impairments. Even 
adults born preterm, without evident brain damage or 
complications, may face perceptual visual challenges. 
This issue warrants attention for two key reasons. First, 
it highlights that preterm birth is not solely associated 
with developmental delays but can have long-lasting per-
ceptual effects into adulthood. Second, in the absence of 
other noticeable complications, these perceptual difficul-
ties often go unrecognized, despite their significant 
impact on individuals’ abilities, particularly in academic 
performance. Therefore, understanding how preterm 
birth affects brain function is crucial for addressing these 
challenges and developing effective rehabilitative strate-
gies. With this motivation, this article emphasizes find-
ings from studies examining the impact of preterm birth 
on visuoperceptual abilities, focusing on complications 
in visual information processing rather than ocular 
issues. 

Two hypotheses have been proposed in the literature 
to explain the neural basis of visual deficits associated 
with preterm birth. One emphasizes the role of dorsal 
pathway dysfunction, while the other highlights com-
pensatory mechanisms. In the final section, inspired by 
research on early brain-based visual impairments, we 
propose an alternative hypothesis regarding the effect of 
preterm birth on visual information processing. 
Specifically, we suggest that preterm birth may be asso-
ciated with a global impairment in top-down visual 
information processing, rather than an isolated dysfunc-

tion of the dorsal pathway. To date, existing hypotheses 
lack strong behavioral and neural evidence. Additionally, 
no studies have yet explored the concept of global visual 
impairment in preterm individuals. Therefore, the 
behavioral and neural correlates of preterm birth on 
visual perception require further investigation.  

The Effect of Preterm Birth on Structural 
and Functional Brain Development  
Healthy fetal brain maturation is completed by several 
complex processes that unfold in overlapping times, such 
as proliferation, neuronal migration, and differentiation. 
Preterm birth may disrupt any one of these processes 
and cause damage at both structural and functional lev-
els, resulting in neurodevelopmental disorders.[5] 

Two crucial stages of brain development are thought 
to be significantly disrupted as a result of preterm birth. 
The first is myelination, a process in which the myelin 
membrane wraps around the axons of neurons, speeding 
up communication between neurons. Myelination 
begins around the 13th week of pregnancy and continues 
after birth into adulthood.[4,6] This process and the 
resulting changes in white matter are critical for numer-
ous brain functions, including information processing 
and learning. 

White matter damage is a common outcome in indi-
viduals born preterm and is often associated with disrup-
tions in the myelination process.[7] At 11 years old, 
preterm children show persistent white matter distur-
bances and smaller brain size.[8] More subtle forms of 
white matter damage, such as punctate white matter 
lesions and diffuse white matter abnormalities are 
observed more frequently in the preterm population 
compared to severe forms of brain injuries like periven-
tricular leukomalacia; and pose a neurodevelopmental 
threat to the infant.[9] Specifically, diffused white matter 
abnormalities are a predictor of poor motor develop-
ment and are associated with diminished brain network 
efficiency; while punctate white matter lesions are pre-
dictive of neurodevelopmental deficits such as motor and 
cognitive delays.[10–13] Abnormalities and reduction in 
white matter volume are observed even in low-risk 
preterm groups without a clinical white matter impair-
ment, and this reduction is correlated with poorer per-
formance in processing speed.[14] 

The second mechanism that might be affected by 
preterm birth is synaptic pruning, which begins in the 
second half of pregnancy and typically continues after 
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birth. During brain development, neurons form connec-
tions known as synapses, and this process is crucial for 
shaping functional neural circuits.  In the early stages of 
brain development, neurons make as many synaptic con-
nections as possible, but not all are necessary. Synaptic 
pruning is the process of removing extra, unused con-
nections, thereby organizing brain regions so that only 
essential synapses remain. The removal of unused con-
nections optimizes brain connectivity by reallocating 
resources to the more frequently used connections, mak-
ing them stronger and more stable. This process is 
essential for healthy brain development.[15,16]  

A recent study utilizing connectomic analysis found 
that preterm infants exhibit different brain network con-
nectivity compared to full-term infants. In particular, 
reduced connectivity strength, and impaired global effi-
ciency have been reported.[17]  Additionally, cortical thin-
ning with age, a process driven by synaptic pruning, has 
been found to be deficient in preterm children.[18]  The 
negative impact of preterm birth on myelination and 
synaptic pruning persists into adulthood. This suggests 
that preterm birth not only delays brain development but 
also causes permanent structural damage.[7,19–21] 

Consistently, preterm birth has been linked to lifelong 
neurodevelopmental disorders.[1] Moreover, a recent 
study exploring resting neural activity in the visual cor-
tex of healthy preterm infants revealed an accelerated 
functional maturation of the sensory visual cortex.[22] As 
the authors discussed, this finding may pose a risk to 
healthy cortical maturation. The earlier maturation of 
sensory areas, compared to executive functioning and 
association areas such as the frontal brain areas, could 
disrupt the typical sequence of functional maturation, 
potentially leading to life-long changes in brain function. 

Motor and Cognitive Deficits Associated 
with Preterm Birth  
In a study that monitored more than 4000 babies born 
between 22 and 24 weeks, 43% of surviving infants were 
reported to have a neurodevelopmental deficit.[2] 
Neurodevelopmental damage in preterm infants often 
affects the motor system. For example, preterm birth is 
the most common known cause of cerebral palsy.[1] Mild 
motor dysfunction and lack of coordination are also 
highly prevalent in this population. As these infants 
grow into childhood and adulthood, they often exhibit 
motor deficits characterized as developmental coordina-
tion disorders including problems with balance, coordi-

nation, gross and fine motor control, and visual-motor 
integration.[23] 

Previous studies have reported that preterm birth is 
also associated with cognitive difficulties.[24] Both 
preterm and extremely preterm children show lower 
performance in cognitive skills such as perception, atten-
tion, memory, and information processing speed com-
pared to their term peers.[18,25,26] Some studies have also 
reported lower IQ levels in preterm children compared 
to their term peers.[25,27] Additionally, children born 
preterm are more likely to have neurodevelopmental dis-
orders such as attention deficit hyperactivity disorder 
(ADHD), and autism than their peers born at term.[1,28,29] 
Moreover, as gestational age decreases, a linear decline 
is observed in IQ scores and the risk of ADHD increas-
es.[30,31] 

Consistent with the persistent structural changes 
mentioned earlier, studies with preterm adolescents and 
adults indicate that cognitive deficits and neurobehav-
ioral problems observed in childhood persist into adult-
hood as well, and lower gestational age is associated with 
poorer academic and cognitive performance.[32–35] 
However, these results primarily reflect the impact of 
extreme preterm birth on cognitive functions, as cogni-
tive outcomes for late preterm births (i.e., between 32 
and 37 weeks) are rarely studied. Limited research com-
paring individuals born extremely and late preterm sug-
gests that cognitive deficits associated with preterm birth 
persist into adulthood primarily in extremely preterm 
individuals or those with very low birth weight, while 
late preterm adults tend to catch up to their peers.[36] 
However, others argue that while the detrimental effects 
of preterm birth on cognitive tasks are less pronounced 
in late preterm individuals, they still perform significant-
ly worse compared to their term-born peers and are 
more likely to face academic challenges.[37–39] Despite 
these findings, late preterm infants typically do not 
receive specialized healthcare, as they are considered 
low-risk, resulting in very limited studies involving this 
group.[40] Given that late preterm births constitute a sub-
stantial portion of the preterm population, greater atten-
tion should be directed toward this group. 

Perceptual Deficits Associated with 
Preterm Birth 

Preterm birth is associated with various deficits in the 
perceptual domain, and preterm children are at higher 
risk for sensory processing disorder.[41] Deficits in the 



auditory domain include hearing disabilities, language 
and speech delays, and atypical speech sound discrimina-
tion patterns compared to full-term peers.[42–44] Also, 
unlike their term peers, preterm infants show no indica-
tion of maternal voice recognition.[44] Temporal audito-
ry processing is also affected, as preterm children 
demonstrate reduced performance in temporal ordering 
and resolution tasks, as well as atypical neural signaling 
during these activities.[45] Furthermore, while full-term 
infants exhibit significantly greater neural responses to 
forward speech compared to backward speech, preterm 
infants show no such difference, indicating a deficit in 
speech discrimination.[46] 

Preterm birth is also a risk factor for somatosensory 
deficits. Preterm infants show heightened tactile sensi-
tivity and a lower threshold for cutaneous withdrawal 
reflex, suggesting an immature inhibitory system.[47,48] 

Multisensory processing is affected by preterm birth 
as well. Sensory integration problems such as motor 
coordination and visual-motor integration difficulties 
are frequently observed in preterm children.[49–51] A neu-
roimaging study investigating the development of multi-
sensory process with auditory, somatosensory, and com-
bined auditory-somatosensory multisensory stimuli 
showed atypical patterns of event-related potential 
(ERP) topographies for multisensory and summed 
unisensory processes in preterm infants.[52] Another 
study, using a simple detection task with auditory, visual, 
and simultaneous auditory-visual stimuli, reported slow-
er and more variable responses in general regardless of 
the sensory modality, and altered multisensory processes 
in school-age preterm children compared to full-term 
peers. This result indicates the long-lasting effects of 
pre-term birth on various sensory and multisensory pro-
cesses.[53] 

Despite the limited studies in other sensory modali-
ties, vision and visual perception performance accompa-
nying preterm birth has been extensively studied. 
Challenges in visual perception have been reported to be 
among the most common neuropsychological deficits in 
this group.[54,55] Preterm infants are at a higher risk of 
developing various visual ocular impairments, such as 
retinopathy of prematurity (retinal damage), nearsight-
edness or farsightedness due to light refraction defects, 
strabismus, abnormal ocular motility, nystagmus,  
decreased contrast sensitivity, visual acuity and visual 
fields compared to full-term infants.[54,56,57] In addition to 
these ocular issues, they often perform poorly on visu-

ospatial tasks, suggesting brain-related complications.[58] 
Consistent with this, preterm birth is one of the most 
common causes of cerebral visual impairment,[59] a brain-
based perceptual impairment that primarily occurs due 
to perinatal neurological damage and significantly affects 
visual abilities.[60–65] However, even individuals born 
preterm without any neurodevelopmental deficit or 
brain damage have been reported to experience visual 
problems.[33] Therefore, in this review article, we aim to 
highlight difficulties in visual perception caused by 
brain-related issues, as opposed to ophthalmological 
problems associated with preterm birth because while 
ophthalmological problems are well-documented in the 
literature and relatively easier to detect (see Robitaille[59] 
for a comprehensive review of ophthalmological issues 
linked to preterm birth), brain-related perceptual diffi-
culties are often overlooked and go unrecognized. 

In a psychophysical experiment, MacKay et al.[66] 
measured motion coherence thresholds in preterm chil-
dren between the ages of 5 to 8 years old, to assess their 
local and global motion perception. In this experiment, 
participants were shown a group of dots, some moving in 
the same direction and some moving in different direc-
tions completely randomly, and were asked to report the 
direction in which the dots moved. This task measures 
the proportion of dots that need to move in the same 
direction for participants to perceive a global motion. 
This study showed that the preterm group had a higher 
motion coherence threshold, meaning that they needed 
more dots to move in the same direction to perceive 
global motion. According to the results, 41% of preterm 
children performed significantly worse on a local or 
global motion detection task compared to their term 
peers, and performance was particularly affected when 
global motion tasks were used. These results were sup-
ported by subsequent studies.[67,68] Similarly, Jakobson et 
al.[69] showed that 49% of preterm children failed the 
motion-defined form recognition test. Sensitivity to bio-
logical motion is also impaired in extremely preterm 
children.[68] In addition to poor performance in different 
types of motion perception, impairments in visuospatial 
working memory, depth perception, and visual attention 
have also been reported in this group.[69–73]  Even after 
controlling for the effect of low IQ and ocular impair-
ments, preterm children perform worse on visuospatial 
tasks than their term peers.[74] Additionally, studies have 
found that preterm infants demonstrated reduced abili-
ties in recognizing faces and did not show a preference 
for intact faces over distorted ones.[75,76]  
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Performance on a limited number of visual tasks has 
been reported to be comparable between preterm and 
term groups. For instance, behavioral studies with 
preterm infants have reported no impairment in shape 
perception, in contrast to motion perception,[77] or that 
the degree of impairment in shape perception is signifi-
cantly less severe than that in motion perception.[68] 
Similarly, preterm children performed poorly on motion 
and form coherence tests; however, the deficit in form 
perception disappeared after controlling for IQ and visu-
al acuity.[78] Furthermore, studies investigating visual dis-
crimination, visual closure, and visual working memory 
have reported similar performance between preterm and 
term groups.[50,79–80] 

It should also be noted that the literature presents 
mixed findings regarding performance on various visual 
tasks. For instance, one study found no significant differ-
ences in form constancy, visual closure, or figure-ground 
discrimination performance between 5-year-old preterm 
children and their term-born peers.[81] However, another 
study indicated that preterm children perform signifi-
cantly worse on figure-ground discrimination tasks, and 
lower birth weight is associated with poorer results in 
form constancy, visual closure, and figure-ground dis-
crimination.[82] Furthermore, contrary to numerous stud-
ies mentioned above, one study reported comparable 
results in ophthalmological and visual cognitive perfor-
mance including visual acuity, colour vision, stereopsis, 
stereoacuity, visual fields, ocular motility, motor fusion, 
visual-motor, and visual-spatial skills and pattern-rever-
sal visual evoked potentials between preterm children 
without major neuromotor impairment and their full-
term peers.[83] The discrepancy between the findings may 
be related to the heterogeneity of the preterm group in 
terms of the timing and cause, and accompanying motor 
and cognitive conditions.  

In addition to lifelong, permanent impairments in 
brain structure (as discussed in the section “the effect of 
preterm birth on brain development”), cognitive perfor-
mance, and motor functioning, adults born preterm have 
also been shown to perform worse on various visual 
tasks.[23,33,84] Importantly, structural brain damage is not 
always necessary for these perceptual impairments to 
manifest. Visual deficits are often observed in preterm 
individuals who display no obvious structural brain dam-
age detectable through standard brain imaging,[85,86] sug-
gesting the presence of lasting functional impairments in 
the brain. Therefore, to gain a deeper understanding of 

poor behavioral performance, it is crucial to investigate 
how preterm birth affects the brain’s information-pro-
cessing mechanisms.  

Effect of Preterm Birth on Visual 
Information Processing 

There is limited information on how preterm birth 
affects visual information processing. Two explanations 
have been proposed in the literature so far to account for 
how visual information processing might be affected by 
preterm birth. Some researchers suggest that preterm 
birth may exclusively impair information processing 
along the dorsal pathway. In the classical two-stream 
organization of visual information processing,[87,88] spa-
tial features of visual information such as location, direc-
tion, and motion are processed in the dorsal pathway, 
while stimulus-related features like color, shape, and size 
are processed in the ventral pathway. Previous studies 
have shown that the dorsal pathway is more vulnerable to 
damage than the ventral pathway due to physiological 
reasons during brain development.[89,90] As a result, it has 
been suggested that brain damage in the early stages of 
life more frequently affects the dorsal pathway. This 
view is supported by clinical reports indicating that tasks 
associated with the dorsal pathway are more commonly 
impaired in individuals with brain damage. Consistently, 
visual impairments in preterm individuals are also often 
linked to dysfunctions in the dorsal pathway, suggesting 
that preterm birth may lead to dorsal stream dysfunc-
tion. Furthermore, studies showing comparable shape 
and form perception,[68,77,78] in contrast to motion per-
ception, support the view that preterm birth leads to a 
specific deficit in the dorsal stream. Consistently, a meta-
analysis[50] has shown that while preterm individuals 
exhibit poorer visuospatial perceptual abilities, their per-
formance on visual closure tasks is comparable to that of 
term groups. However, despite behavioral evidence sup-
porting this hypothesis, neural evidence remains lacking. 

Another line of research suggests the existence of 
compensatory neural mechanisms, where activations in 
both visual and non-visual brain areas may compensate 
for impairments in visual processing regions in preterm 
individuals. In one of the few functional brain imaging 
studies on visual processing in preterm children, 
researchers first tested nonverbal skills at age five on 
preterm children without visual or other neurodevelop-
mental impairments using standard intelligence tests for 
preschool children. At age twelve, the same children’s 
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brain activity was assessed using functional magnetic res-
onance imaging (fMRI) during visual discrimination and 
visual closure tasks from the Motor-Free Visual 
Perception Test.[91] Five-year-old preterm children per-
formed significantly worse than their term peers on non-
verbal intelligence tests. However, while no differences 
in visual performance were observed between the two 
groups at age twelve (notably, visual functions were not 
assessed at age five), preterm children who outperformed 
their preterm peers at age five on nonverbal intelligence 
tests demonstrated stronger neural activation in various 
regions of the posterior cortex, a critical area for visual 
tasks and cognitive functions. Also, there was no such 
association in the control group.[79] The same research 
group found similar results in a study involving adoles-
cents on visual closure, deviating figure and figure-
ground discrimination tasks. Their results demonstrated 
an increased neural activity in brain regions not directly 
associated with visual tasks (e.g., frontal, anterior cingu-
late, temporal, and posterior medial parietal/cingulate 
cortices, as well as parts of the cerebellum, thalamus, and 
caudate nucleus) in the extremely preterm group.[80] In 
the first study, the visual tasks primarily required ventral 
stream processing, yet increased activity was observed in 
the dorsal stream areas.[79] In the second study, increased 
neural activity was mainly observed in non-visual 
areas.[80] Therefore, the researchers suggested that the 
similar perceptual performance between preterm and 
full-term groups, alongside increased neural activity in 
either non-critical visual areas for the executed visual 
task or non-visual regions, may indicate a compensatory 
mechanism in the preterm group.  

The compensation hypothesis has been explored by 
other studies. For example, Narberhaus et al.[92] found 
that while behavioral performance in a visuo-spatial 
memory task was similar, a distinct neural network 
emerged in the very preterm group during visuo-percep-
tual learning processing. Specifically, during encoding, 
increased fMRI signals were observed in the occipital 
and parietal cortex, along with certain subcortical 
regions, while the frontal cortex showed decreased sig-
nal. During recognition, very preterm adults exhibited 
increased signals in the right cerebellum and bilateral 
anterior cingulate gyrus. These findings were interpret-
ed as evidence of neural compensation. In support of 
these findings, other studies also demonstrated altered 
fMRI activity in multiple brain regions, including the 
frontal and parietal cortices, in very preterm groups 

compared to their term peers during visual memory or 
learning tasks involving encoding and recognition.[93,94] 
In another study on visuospatial working memory in very 
preterm and term children, researchers found that 
younger and low-performing preterm children exhibited 
an atypical working memory network, particularly with-
in the frontal brain areas. In contrast, older and high-
performing preterm children displayed a typical neural 
network, similar to that of controls, again, suggesting a 
compensatory mechanism.[95] 

A New Proposal  for the Effect of Preterm 
Birth on Visual Information Processing 

So far, two hypotheses have been proposed in the litera-
ture regarding the neural basis of visual problems associ-
ated with preterm birth. The first hypothesis suggests 
that preterm birth disrupts information processing in the 
dorsal pathway, leading to impaired behavioral perfor-
mance on tasks linked to this pathway. The second 
hypothesis posits that, in cases where visual performance 
is unaffected, regions of the brain not directly involved 
in visual information processing may take over during 
visual tasks, serving as a compensatory mechanism for 
the damage caused by preterm birth.  

A recent functional brain imaging study on patients 
with cerebral visual impairment suggested that increased 
activation in visual areas that are not directly related to 
task demands may be linked to difficulty in suppressing 
irrelevant visual information, rather than serving as a 
compensatory mechanism. This finding points to a more 
global impairment in the visual system, specifically in 
top-down information processing, through which limit-
ed neuronal resources are allocated based on task 
demands or the observer’s expectations and goals.[62] 
Furthermore, before this discovery, the prevailing view 
in the literature was that cerebral visual impairment was 
primarily associated with dorsal pathway dysfunction 
based on the behavioral results and clinical reports. 

Although the visual problems associated with preterm 
birth are not as severe as those seen in cerebral visual 
impairment, the underlying causes and consequences of 
both conditions are quite similar. In fact, for a consider-
able number of individuals with cerebral visual impair-
ment, preterm birth is the primary factor in the medical 
history related to impaired vision.[65] Therefore, underly-
ing neural mechanisms may be similar in both condi-
tions. If this is the case, increased neural activity in either 
visual areas that are not directly related to task demands 



or non-visual brain areas may not be directly related to 
compensatory neural mechanisms, and preterm birth 
may not cause only dorsal pathway dysfunction, but a 
global impairment in the top-down visual information 
processing as in the case of cerebral visual impairment. 
This impairment may hinder the system’s ability to 
effectively prioritize relevant visual information while 
suppressing the irrelevant information, due to an ineffi-
cient allocation of limited neural resources. Supporting 
this view, a recent behavioral study reported that 
preterm children had more difficulty than full-term chil-
dren in suppressing distractors in a visual search task 
especially when visual distractors were increased.[96] 
Additionally, Morcom and Henson[97] investigated com-
pensatory mechanisms through increased frontal activity 
in healthy aging. They suggested that the increased pre-
frontal activity is associated with reduced efficiency or 
specificity rather than compensation. Considering the 
altered neural networks, particularly in the frontal areas, 
observed in the very preterm group in the studies men-
tioned in the previous section,[93,94] the compensation 
hypothesis alone may not fully explain the changes in 
brain functioning in this group, and altered neural activ-
ity in frontal brain regions may be associated with 
impairments in top-down processing. 

Concluding Remarks 

Preterm birth is a neurodevelopmental risk factor with 
lasting negative effects into adulthood. Disruption of nor-
mal brain development due to preterm birth can result in 
varying degrees of brain damage.[7,19,20] Even without sig-
nificant brain damage, preterm birth is linked to a range 
of persistent developmental disorders. Behavioral studies 
have identified notable differences in motor, cognitive, 
and visual-perceptual functions, though the neural basis 
for these differences remains unclear. Beyond current 
hypotheses on potential neural mechanisms affecting 
visual perception, this review proposes that a global 
impairment in top-down information processing may 
underlie the visual processing deficits associated with 
preterm birth. Comprehensive behavioral and neu-
roimaging studies are needed to investigate these poten-
tial mechanisms. 

In this review, we aim to highlight the potential neu-
ral mechanisms affected by preterm birth, including the 
two already identified in the preterm literature, as well as 
recent findings on early brain-based visual impairments 
in cerebral visual impairment, to emphasize the need for 

further research. Understanding the visual perception 
deficits associated with preterm birth, along with their 
underlying neural mechanisms, is crucial, as these 
deficits are also linked to impaired academic perfor-
mance, including challenges in math and reading.[82] 
Identifying both the behavioral and neural effects of 
preterm birth could enable early intervention through 
targeted neuropsychological rehabilitation or occupa-
tional therapy for preterm children. As Lind et al.[79] 
pointed out that while programs exist to support the cog-
nitive and motor development of preterm infants, no 
programs specifically aim to improve their visual abili-
ties. To bridge this gap, it is critical to investigate 
preterm birth-related visual impairments and their neu-
ral underpinnings. In particular, long-term studies on 
healthy adults born preterm, without known neurodevel-
opmental disorders or brain pathology, are necessary. 
Focusing on this population would help distinguish the 
effects of preterm birth on information processing 
mechanisms from those caused by brain damage or other 
complications, providing a clearer understanding of the 
behavioral and neural challenges linked specifically to 
preterm birth. 
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What is World Anatomy Day? 
At the General Assembly of the 19th International 
Federation of Associations of Anatomists (IFAA) Congress 
held in London in 2019, a decision was made to declare 
October 15th of each year as World Anatomy Day 
(WAD). This proposal was initiated by the Turkish 
Society of Anatomy and Clinical Anatomy, with Prof. 
Erdogan Sendemir playing a pivotal role. As the president 
of the society at that time, Prof. Sendemir advocated for a 
global recognition day to highlight the importance of body 
donation, which ultimately led to the establishment of 
WAD.[1] Of particular note, the WAD logo, employed by 
the IFAA in all its publications and announcements, was 
created by Professor Ahmet Sınav, a Turkish anatomist 
and medical illustrator. 

Why October 15? 
Andreas Vesalius was a prominent scientist of the 16th cen-
tury. As a Renaissance physician who believed that the best 
way to understand human anatomy was through the dissec-
tion of human cadavers, Vesalius is renowned as the “father 
of modern anatomy” due to his groundbreaking work, “De 
humani corporis Fabrica”, published in 1543. Vesalius 
passed away on October 15, 1564, at 50.[2,3] Recognizing 

the significance of his contributions, the IFAA designated 
his death anniversary as World Anatomy Day, ensuring 
that the legacy of this foundational science continues to be 
celebrated worldwide through various events. 

What Actions Have Been Taken, and 
What Future Actions Are Possible? 
In a 2019 reminder statement, the IFAA outlined recom-
mendations for WAD events. These recommendations 
included enhancing public awareness of anatomy, pro-
moting the diversity of professions within the discipline, 
transforming public perception of anatomy, acknowledg-
ing donors, potentially addressing the current shortage of 
donors, and attracting young scientists to the field of 
anatomical sciences.[4] Despite being a relatively new ini-
tiative, World Anatomy Day is increasingly celebrated 
yearly through various events held at universities and 
institutions. National anatomy associations under the 
IFAA umbrella, anatomy departments, volunteer 
anatomists, physicians, medical students, and healthcare 
professionals promote their WAD activities through offi-
cial and private websites, local and national news outlets, 
and social media platforms. A case in point is the 
“Biomedical Visualization” webinar held in India on 
October 15, 2023, which over 700 participants attended.[5] 
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Media coverage of cadavers and body donation during 
WAD can significantly enhance public awareness of this 
critical issue. For instance, in Türkiye, during WAD and 
body donation awareness week, a “Corner of Respect for 
Silent Teachers of Medicine” was established. This initia-
tive involved gathering the opinions of medical students, 
academic staff, and administrative personnel regarding 
cadavers and body donation, answering their questions, 
conducting a survey, and introducing the body donation 
form.[6] In a parallel event at universities in China, medical 
students commenced their inaugural class with a tribute to 
their “silent teachers”. Adorned in white coats, they hon-
ored the memory of body donors by placing flowers on the 
memorial wall and observing a moment of silent reflec-
tion.[7] Additionally, during WAD and National Anatomy 
Week, a social media campaign organized jointly by a stu-
dent community and the anatomy department of a univer-
sity addressed questions related to the importance of 
cadavers in anatomy education, legal and religious aspects 
of body donation, and cadaver donation practices. An aca-
demic from the law faculty provided insights into the legal 
implications of body donation, while an academic from the 
theology faculty addressed religious perspectives. Medical 
students and faculty members from the anatomy depart-
ment also answered frequently asked questions about body 
donation.[8] 

A comprehensive overview of World Anatomy Day 
activities conducted in Malaysia was compiled into an 
article, with detailed explanations supported by figures. 
Notable events held in 2019 and 2021 included cross-
word puzzles, Kahoot! sessions, a “dream wheel” activi-
ty, model assembly, an “amazing race” competition, an 
anatomy clinic exhibition and museum tour, “anatomy 
fun” activities, and a “quiz let’s play dough” game. In 
China, on October 15, 2019, the oath ceremony for uni-
versity students and the official opening of the Anatomy 
course coincided with World Anatomy Day. To foster 
greater interest in anatomy, various events were orga-
nized, such as anatomy-related exhibitions, conferences, 
museum visits, and body donation ceremonies. These 
diverse activities can serve as valuable inspiration for 
individuals and organizations planning their own World 
Anatomy Day celebrations.[9,10] 

Efforts should be made to foster participation from 
both students and the general public. As an example, a 
museum successfully engaged visitors by providing medical 
information and organizing entertaining activities centered 
around anatomical models and skeletal remains.[11] As part 
of the World Anatomy Day celebrations in Germany in 
2021, opened an exhibition featuring a carefully curated 

collection of historical anatomical models and contempo-
rary specimens. This exhibition also included a rare first 
edition of Andreas Vesalius’s influential work, “Fabrica.”[12] 

To broaden the appeal of these events, organizers 
should consider incorporating sports and arts activities in 
outdoor settings. As an illustration, a poetry and prose 
writing competition focused on anatomy was organized, 
with prizes awarded to the winners.[13] A “Salute to Netter” 
drawing competition was organized in 2022 by several uni-
versities across China.[14] Additionally, an international 
anatomy arts and crafts competition was held during 
WAD.[15] Other initiatives included an anatomy quiz, an 
anatomy exhibition, and a donor appreciation event cen-
tered around the theme “Exploring the Human Body: A 
Journey Through Anatomy”.[16] Moreover, a university 
organized a celebration to recognize the achievements of 
senior anatomists.[17] 

By creating and distributing posters and brochures, 
various activities are organized to commemorate World 
Anatomy Day in both academic settings and public spaces. 
The primary goals of these activities are to raise awareness 
about anatomy, particularly regarding cadaver and body 
donation, and to share this information with a wider audi-
ence. Additionally, events are organized with the partici-
pation of families of donors who have donated their bod-
ies for anatomical study. WAD can serve as a platform for 
discussing various topics, including the history of anatomy, 
anatomical terminology, and advancements in anatomical 
research. A South African university organized a lecture 
series in 2019 to celebrate World Anatomy Day. The 
series included a presentation by an emeritus professor on 
the history of the School of Anatomical Sciences, and talks 
by junior faculty members exploring the future of anatomy 
education. In a conference held in Sri Lanka, a faculty 
member discussed the integration of innovative technolo-
gies into anatomy education while emphasizing the con-
tinued importance of cadaver dissection.[1] A virtual sym-
posium held in South Africa to mark World Anatomy Day 
included a special session focusing on “Women in 
Anatomy”. Female anatomists discussed the challenges 
and opportunities they have faced in their field.[7] 

A multidisciplinary approach to anatomical studies can 
be fostered by collaborating with other medical disciplines. 
As an example, a medical school in Pakistan hosted a 
World Anatomy Day event in 2024, which included pre-
sentations on “Innovations in Anatomy” and “Surgical 
Integrations in Anatomy”, organized by the Department 
of Anatomy and Histology.[18] For instance, athletes and 
their coaches from a sports university in a Chinese 
province participated in World Anatomy Day commemo-
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rations by visiting the Life Science Museum.[14] By provid-
ing information to school-aged children, anatomy can be 
introduced as a fundamental science underlying medicine. 
Addressing students’ questions about the human body, dis-
eases, and the medical profession can inspire them to con-
sider careers in healthcare. 

Conclusion 

Upholding certain traditions is imperative to ensure that 
future generations can appreciate the historical and con-
temporary significance of anatomy. Consequently, the 
organization and dissemination of WAD activities 
should be considered a fundamental responsibility of 
every anatomist. All events must be widely publicized, 
and announcements on the official websites of the host-
ing institutions are particularly effective. Furthermore, 
by aligning academic events such as scientific congresses, 
symposia, and panels with this date, we can maximize the 
reach and impact of these activities on a global scale. 
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Dear Editor, 
Through this letter, we try to clarify the long-contested 
function of the ligament of the ligamentum teres femoris 
(LTF); or the ligament of the head of femur (LHF), as it 
is known by anatomists. The LTF is an intra-articular 
ligament of the hip joint.[1] In adults, there is evidence 
that the ligament has a vascular and mechanical function 
at the hip joint.[2-4] It is often mentioned that the LTF 
aids joint lubrication by spreading synovial fluid over the 
head of femur.[5-10] These works refer back to Gray and 
Villar,[11] who are said to have hypothesized a ‘wind-
shield wiper’ action of the ligament that helped joint 
lubrication. However, this original reference[11] does not 
mention any specific wiper action in its text, and the con-
cept remains theoretical. Reviewing the literature on the 
LTF anatomy, and from our previous dissection find-
 ings, we propose that the anatomical features of the LTF 
in situ limit its intra-articular mechanics, and that it 
might not contribute to a wind-shield wiper action.[12] 

The only mention of the lubrication functions of the 
LTF identified in the historical literature is by 
Cheselden[13] and Welcker.[14] It is stated that the LTF 
could press the synovial tissue at the bottom of the 
acetabular fossa[13] and that the LTF could provide a 
‘brushing action’ to distribute the synovial fluid.[14] An 
absence of this brushing mechanism could render the 
articular surfaces dry during walking due to inadequate 
flow of synovial fluid.[14] However, from our current 
understanding of the LTF anatomy, this brushing action 
appears to be limited for the following reasons: the LTF 
always stays within the acetabular fossa and does not 
have contact with the weight bearing surfaces of the hip 
joint during any range of movement. This anatomical 
arrangement aids the ligament and the indwelling vessels 
to be protected throughout the joint range of motion. 

Our previous dissections have shown that the mean 
length of the LTF is 22.3±4 mm and does not exceed the 
dimensions of the acetabular fossa (26.1±7¥33.9±7 mm).[12] 
The shorter length, and its fixed proximal attachments at 
the inferior aspect of the fossa restricts the ligament from 
exiting the acetabular fossa during any movement; the 
LTF could travel over the head of femur but only a little 
more than a quarter of its surface area.[14,15] This extent of 
the LTF’s travel over the head of femur could be visu-
alised by exposing the medial aspect of the acetabulum and 
applying a contrast such as Indian ink around the ligament 
(Figure 1).  
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Figure 1. Left hip joint opened from the medial aspect showing the lig-
ament of head of femur (LHF) in situ (dotted outline). Indian ink was 
injected around the ligament and the joint was moved in its full range in 
all orthogonal planes. The extent of Indian ink distribution on the head of 
femur is marked in green.
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Our hypothesis also draws further evidence from 
clinical studies. Radiological investigations of the hip 
joint show that in neutral position, there is a distance of 
up to 26° from the superior foveal margin to the central 
acetabular margin.[16–18] (Figure 2). Even during full 
adduction, where the ligament might potentially 
tense,[12] the fovea capitis resides within the acetabular 
fossa.[15] Thus, the LTF could not reach the superior 
weight bearing surface of the hip where the need for 
joint lubrication would be higher. Any inadvertent con-
tact to the articular surface would either immediately 
injure the ligament or compress the blood vessels travel-
ing through it.[2,19,20] 

These observations suggest that the LTF at no point 
could contact the articular cartilage surface of the hip 
joint, could not travel throughout the articular surfaces, 
and it is evident that the LTF could not perform a brush-
ing or ‘wind-shield wiper’ action to aid joint lubrication. 
While our works did not explore the effect of negative 
pressure and potential capillary action of the synovial 
fluid within the hip joint in situ, any contribution from 
these factors would still fail to justify the brushing action 
of the LTF.  
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