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Anatomical review of internal jugular vein 
cannulation
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The internal jugular veins (IJV) are the primary venous outflow channels of the 
head and neck. The IJV is of clinical interest since it is often used for central 
venous access. This literature aims at presenting an overview of the anatomical 
variations, morphometrics based on various imaging modalities, cadaveric and 
surgical findings, and the clinical anatomy of IJV cannulation. Additionally, the 
anatomical basis of complications, techniques to avoid complications, and can-
nulation in special instances are also included in the review.
The review was performed by a detailed literature search and review of relevant 
articles. A total of 141 articles were included and organized into anatomical var-
iations, morphometrics, and clinical anatomy of IJV cannulation. 
The IJV is next to important structures such as the arteries, nerve plexus, and 
pleura, which puts them at risk of injury during cannulation. Anatomical variations 
such as duplications, fenestrations, agenesis, tributaries, and valves, may lead to 
an increased failure rate and complications during the procedure, if unnoticed. 
The morphometrics of IJV, such as the cross-sectional area, diameter, and dis-
tance from the skin-to-cavo-atrial junction may assist in choosing the appropriate 
cannulation techniques and hence reduce the incidence of complications. Age, 
gender, and side-related differences explained variations in the IJV-common ca-
rotid artery relationship, cross-sectional area, and diameter. Accurate knowledge 
of anatomical variations in special considerations such as paediatrics and obesity 
may help prevent complications and facilitate successful cannulation. (Folia Mor-
phol 2024; 83, 1: 1–19)

Keywords: internal jugular vein, anatomical variations, morphometrics, 
cannulation, imaging, landmarks

INTRODUCTION 
The internal jugular vein (IJV) is the main venous 

drainage of the head and neck and is the continuation 
of the sigmoid sinus [92]. It travels down the neck 
through the carotid sheath, along with the common 
carotid artery (CCA), the internal carotid artery (ICA), 
the vagus nerve, and the deep cervical lymph nodes 

[82]. The IJV joins with the subclavian vein posterior to 
the sternal end of the clavicle and forms the brachio-
cephalic vein [83]. The IJV typically runs anterolaterally 
to the ICA and CCA before joining the subclavian vein 
[135]. Deviations from the normal anatomy due to 
embryological dysgenesis cause a variety of clinically 
significant anatomical variations. The IJV serves as  

https://orcid.org/0000-0001-9825-396X
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a major surgical landmark for structures such as the 
spinal accessory nerve (SAN), the carotid artery, and 
cervical lymph nodes [33]. Hence, the altered anatomy 
of the IJV is of significance as the landmark may be 
misinterpreted if not identified correctly.

Besides anatomical variations, dimensions of IJV 
are of significant clinical interest; hence, various im-
aging modalities are used to measure IJV dimensions. 
Colour Doppler ultrasonography (USG), magnetic 
resonance imaging (MRI), and computed tomography 
(CT) are the most common non-invasive techniques 
used to measure dimensions, identify variations, and 
diagnose pathologies [113, 141]. Variables such as 
head positioning and respiratory changes are known 
to alter the dimensions [117]. In addition, age, popu-
lation demographics, and external compression may 
account for the varying measurements reported in 
the literature [63, 117, 141]. Some of the common-
ly reported dimensions include cross-sectional area 
(CSA) and diameter of the IJV. The CSA is significant 
since a low CSA may indicate stenosis or an under-
lying pathology [63]. Variations in CSA at different 
cervical levels, head rotations, and positions provide 
options that are most favourable for successful IJV 
cannulation [19, 49, 66, 95]. 

The dimensions and anatomical relationships alter 
through the normal aging process, differ between 
genders, and are influenced by pathologies such as 
increased body mass index (BMI) [40, 44, 70, 74, 75, 
81, 99, 106, 123]. It is important to be aware of these 
possible changes in varying patient populations, espe-
cially in IJV cannulation. Traditionally, the anatomical 
landmark technique was utilized to perform cannu-
lation of the IJV [21, 67, 115]. However, considering 
the highly variable nature of the IJV, the USG-guided 
procedure has added benefits [17].

There are numerous cadaveric and clinical reports 
on anatomical variations, dimensions, relations, 
age-related differences, and the anatomical aspects 
of IJV cannulation and stenosis. Currently, there is not 
a comprehensive review of the IJV available. The aim 
of this study was to review the anatomic variations of 
the IJV with special reference to the clinical anatomy 
of IJV cannulation, including special considerations 
in paediatrics and obese patients.

MATERIALS AND METHODS 
The aim of this research was to perform a narrative 

review of the IJVs. The literature search was conduct-
ed using the databases, PubMed and Google Scholar. 

The Medical Subject Headings (MeSH) terms used 
were Jugular Veins/Abnormalities and Jugular Veins/ 
/Diagnostic Imaging. The keywords internal jugular 
vein, anatomical variations, morphometrics, cannu-
lation, imaging, and landmarks were used. Several 
cross-references were utilized and compared to iden-
tify the most up-to-date information. The references 
utilized for this review ranged from imaging studies, 
case reports, cadaveric studies, literature reviews, 
and textbooks. There were no exclusions based on 
publication date.

RESULTS
The electronic search yielded a total of 3237 re-

sults. The authors analysed the results and selected 
141 articles as relevant to this review. These references 
were grouped into categories of anatomic variations, 
morphometrics, differences in the IJV based on sex 
and age, and special considerations such as IJV can-
nulation in paediatric and obese patients. A summary 
of the resources used is outlined (Table 1). 

DISCUSSION
Cadaveric, surgical, and radiological findings 

helped understand the anatomy of IJVs. Due to their 
non-invasive approach, colour Doppler USG and MRI 
are commonly used [141]. The benefits of USG include 
its ability to provide real-time images of structure 
and display the haemodynamics, while drawbacks 

Table 1. Summary of search results 

Manuscript 
section

Sub-section Number  
of resources

Anatomical 
variations

Agenesis
Hypoplasia
Duplication

Valves 
Tributaries

Congenital fistulas
Arterio-venous relation

10
5
20
6
6
9
4

Morphometrics CSA
Diameter 

Variations in CSA and diameter
Distance between skin and atrio-

caval junction

21
5
13
5

IJV cannulation Clinical anatomy of IJV cannulation 
and cannulation techniques 

Complications

12

24

Special consid-
erations

Body mass index
Paediatrics

11
7

CSA — cross- sectional area; IJV — internal jugular vein (subsections are listed in the 
order they appear in the manuscript. Some references are included in more than one 
section listed in the table)
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are primarily due to the accuracy and reproducibility 
of USG being dependent on the skill of the operator 
[141]. A disadvantage of both USG and MRI is that 
they require the operator to apply external pressure 
to vessels with a probe or collar, which could lead to 
inaccurate measurements of IJV characteristics, such 
as shape, thickness, diameter, CSA, and flow [53, 
113, 117, 141]. Advantages of MRI and magnetic 
resonance venography (MRV) include the ability to 
view structural abnormalities, quantify venous blood 
flow compared to arterial flow, track progression of 
diseases over time, and provide images used by in-
terventionalists when planning for treatment [141]. 
A CT scan can be used to non-invasively assess IJV’s 
relation to surrounding structures, dimensions, and 
detect abnormalities not revealed by USG [70, 113]. 
There is no gold standard for the diagnosis of IJV 
pathologies, but a combination of various imaging 
modalities and criteria are commonly used to assess 
these conditions [141].

ANATOMICAL VARIATIONS
Embryologically, the IJV develops from the right 

and left cardinal veins at 8 weeks of gestation [83]. 
Developmental abnormalities may result in a variety 
of anatomical variations, which range from complete 
agenesis to duplication [120]. In a study of 1197 
patients, there were 40 total variations found, which 
included bifurcation (4), duplication (14), fenestration 
(16), trifurcation (1), and posterior tributary (5) [83]. 

Agenesis

Congenital agenesis or complete absence of the 
IJV is a rare condition, and only 8 cases have been re-
ported in the literature. It may result from abnormally 
formed channels lined by quiescent endothelium [59]. 
Four cases of agenesis of the right IJV were detected 
during attempted cannulations and all of them were 
cannulated into the left IJV or the axillary vein [4, 
61, 79, 96]. A 55-year-old patient showed right IJV 
agenesis, and a detailed study on venous anatomy 
revealed left IJV phlebectasia and collateral channel 
that drained the right IJV into the left IJV [43]. The 
venous return may also be taken over by the external 
jugular vein (EJV) [120]. A case of left IJV agenesis 
was incidentally found in a 62-year-old male during 
neck dissection for oral carcinoma, and the neck 
collaterals and EJV were enlarged [10]. Besides failed 
and complicated cannulation, there is a spectrum of 
symptoms with agenesis of the IJV [96]. In a case of 

right IJV agenesis, the left IJV wall was thickened as 
a compensatory mechanism that resulted in a rare 
complication of IJV thrombosis [59]. Due to inad-
equate drainage from the cranium into the neck, 
cerebral venous insufficiency has been implicated in 
patients with IJV agenesis [4]. The agenesis of IJV may 
be associated with malformations in the intracranial 
venous system [24]. A summary of the cases with IJV 
agenesis is listed (Table 2).

Hypoplasia

Hypoplasia of IJV indicates a narrowing of its 
lumen. Hypoplasia possibly occurs due to truncal 
venous malformations arising from developmental 
arrest in a late embryonic stage [65]. Typically, the IJV 
is double the size of the CCA, measuring 9.1–10.2 mm  
in diameter [71]. There is no standard dimension of 
IJV that indicates it to be hypoplastic; however, it 
was either difficult or impossible to cannulate when 
the IJV diameter was less than half its normal size 
[11]. In an USG-based study, 8.7% of the 104 uremic 
patients had an IJV diameter measuring under 5 mm 
[71]. In a study, 9.5% (47 of 493) patients were found 
to have IJV diameter less than 7 mm; 14.9% of them 
had failure of IJV cannulation while 8.5% had com-
plicated cannulation [77] In a cadaveric study, three 
out of 93 dissections showed a narrowing of the IJV 
with an increase in ipsilateral EJV magnitude [11].  
A paediatric study found the IJV to be hypoplastic in 
4% of individuals, and this group measured under  
5 mm and 3 mm in children and infants, respectively 
[5]. Due to considerable difficulty with cannulating  
a hypoplastic IJV, pre-cannulation imaging and can-
nulating a different vein may be beneficial.

Duplication 

Duplication and fenestration comprise the com-
monly reported variations and are found in 0.4% of 
cases [92]. The terms duplication, bifurcation, and 
fenestrations are often confused. A duplication is 
defined as a split in the IJV, with each branch having 
its own attachment to the subclavian vein [33, 132]. 
If the IJV splits at or superior to the omohyoid mus-
cle, that is considered a bifurcation [83]. However, if 
the IJV splits inferior to the omohyoid muscle, it is 
considered a duplication [83]. Fenestration is defined 
as a split in the IJV that reunites before merging with 
the subclavian vein [132]. There are three embryonic 
hypotheses considered for IJV duplication: the vascu-
lar hypothesis, the neuronal hypothesis, and the bony 
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hypothesis [92]. The vascular hypothesis argues that 
the persistence of two venous channels during the 
process of IJV development forms the duplication. The 
neuronal hypothesis argues that the SAN is trapped 
in the venous capillary plexuses during development, 
which can lead to an anterior and posterior portion of 
the IJV. The bony hypothesis contributes the embryo-
genesis of this variation to duplication of the jugular 
foramen [86]. The vascular theory of duplication is 
the most widely accepted of these hypotheses [48].  

A review of 22 cases from cadaveric, surgical, and 
radiological reports classified three morphological 
patterns of duplication: type A, type B, and type C 
[86]. Type A duplication, found in 15 of the 22 cases, 
had the IJV split superior to the lower border of the 
posterior belly of the digastric; the two veins then 
rejoined at the omohyoid central tendon, and the 
SAN ran in between them. This description has been 
referred to as a fenestration [33, 122], partial dupli-
cation [98], or incomplete duplication [110]. In 295 
patients, who underwent surgical neck dissections, 
only 2 cases were reported to have fenestration [33]. 
An incidental finding of a fenestrated IJV was noted 
in another patient admitted following a motor vehicle 
accident [12]. 

Type B duplication, found in 2 of the 22 cases, 
was the true or complete duplication in which the 

IJV split superior to the digastric and continued in-
feriorly to drain into the subclavian separately [86]. 
This type was associated with difficulty preserving the 
vein during neck dissections [86]. Type C duplication, 
found in 5 of the 22 cases, had the IJV split at a lower 
level around the hyoid bone, and the veins drained 
separately into the subclavian vein. In all 5 cases, the 
lateral of the two veins was partly outside the carotid 
sheath [86]. 

Type C duplications caused the most difficulty 
in surgery and imaging interpretation. A rare case 
of bilateral type C duplication was associated with 
a bulbous jugulo-vertebro-subclavian venous sinus 
[39]. A rare case of bilateral duplication had both 
vessels draining separately into the subclavian vein 
on the right, while they drained into the jugulo- 
-vertebro-subclavian sinus on the left [39]. 

The SAN is superficial to the IJV, divides the deep 
and superficial cervical lymph node, and needs to be 
considered in IJV duplications [35]. In a meta-analysis 
of 1491 hemi-necks dissection, the relationship be-
tween the SAN and an IJV duplication was classified 
into four types [35]. Type 1 (79.7%) had the SAN 
superficial to the duplicated IJV; type 2 (16.6%) had 
the SAN posterior to the split vein; type 3 (0.7%) 
had the SAN between the split veins; type 4, which 
was never reported, had the nerve pass around the 

Table 2. Agenesis of the internal jugular vein

Study Age and 
gender 

Side  
of agenesis

Mode of discovery Clinical scenario Salient features

Miller, 2011 
[79]

12 years; 
not reported

Right Ultrasound, Doppler imaging Recognized during pre-can-
nulation ultrasound

Left IJV was enlarged and was the of 
same diameter as the left CCA 

Kayiran et al., 
2015 [59]

17 years; 
female

Right CT, Doppler USG, and dynam-
ic MRI indicated absence of 

right IJV

Diagnosed when investi-
gated for painless left sided 

mass

Enlarged left IJV presented as a mass  
in the neck

Alagöz et al., 
2015 [4]

66 years; 
female

Right Ultrasound indicated the 
absence of the right IJV, con-
firmed with colour Doppler

Identified during attempted 
cannulation for acute res-

piratory failure

None reported

Tejada et al., 
2015 [114]

16 years; 
not reported

Right Ultrasound Identified during attempted 
cannulation for laparotomy

Enlarged collaterals (thyro-lingual-facial 
trunk and middle thyroid vein)

Rewari et al., 
2015 [96]

65 years; 
male

Right Ultrasound Failed right IJV cannulation None reported

Kong et al., 
2017 [61]

43 years; 
female

Right Ultrasound, Doppler imaging, 
CT

Recognized during pre- 
-cannulation ultrasound

None reported

Filograna et al., 
2019 [43]

52 years; 
male

Right Non-contrast CT Recognized during staging 
of colon carcinoma

Collateral venous circulation that drained 
from the right anterior IJV and right retro-

mandibular vein into the left IJV

Aroor et al., 
2020 [10]

62 years; 
male

Left CT, confirmed with histopa-
thology

Misdiagnosed as IJV 
thrombosis while investi-
gated for oral carcinoma

Enlarged neck collateral veins

CCA — common carotid artery; CT — computed tomography; IJV — internal jugular vein; USG — ultrasound; MRI — magnetic resonance imaging



5

Natalie Kosnik et al., Review of the internal jugular vein

branches of the vein [35]. Another study showed that 
in 2 of the 3 patients, SAN bisected the fenestration, 
while one SAN ran medial to the fenestration [33]. 
Surgeons must consider the variant relationship and 
determine the location of the SAN in relation to the 
variant IJV preoperatively by USG to avoid damage 
to the SAN during neck dissections [1, 3].

Duplication has not been reported to have phys-
iological implications, but there are certain clinical 
implications such as phlebectasias and aneurysms. An 
aneurysm is a vessel dilation that involves degenera-
tion of all layers of the venous wall, while phlebectasia 
involves thinning of tunica media [6, 15]. Duplications 
were found to be associated with phlebectasia in 46% 
of cases [86, 116]. IJV phlebectasia is a fusiform, soft, 
non-pulsating swelling of the vein which increases in 
size during the Valsalva manoeuvre [57]. Aneurysms 
were commonly reported at a vessel bifurcation, as 
there is a weakening at the proximal and distal end of 
the split [118]. There are two proposed hypotheses for 
these pathologies: turbulent flow at the bifurcation 
[118], or an incomplete formation of the tunica media 
[34]. The right jugular bulb is positioned superiorly 
to the left jugular bulb, which can be a predisposing 
factor to phlebectasia [56]. Phlebectasia could com-
plicate choosing an appropriate vein for free-flap 
reconstructions [86]. This can be avoided by a pre-
operative diagnosis using venography, arteriography, 
and USG [110]. 

Valves

The IJV has a single valve located near the infe-
rior jugular bulb, and it regulates the transmission 
of intrapleural pressure to the brain [52]. However, 
conflicting reports on the presence and competency 
of the IJV have been reported in the literature. Dis-
section and USG-based clinical studies on 75 cadavers 
and 75 adult patients found the valves bilaterally in 
84% and 60%, respectively [68] while an USG-based 
study on 120 children showed bilateral valves in 74% 
of cases [36]. Almost 80% of cases with unilateral 
valves were found to have valves on the right IJV [36, 
68]. Anatomical studies showed a higher incidence 
of valves than imaging since the thinness of valves 
allowed a better direct visualization due to the thin-
ness of valve leaflets [36]. Cadaveric findings showed 
bicuspid valves in 98.5% while USG-based studies 
reported only 42% [36, 68]. Another study using 
colour Doppler showed two-leaflet valves in 75%, 
single-leaflet in 14%, and three-leaflet in 11% of the 

462 IJVs examined [126]. Besides the valve thinness, 
difficulty in accessing the lower left IJV due to its 
position behind the clavicle probably caused these 
differential findings. 

The IJV valve was found at an average distance of 
28 mm and 9.2 mm from the jugulo-subclavian junc-
tion in adults and children, respectively [36]. However, 
an atypical location of the valve in the mid-neck far 
from the clavicle was found during an IJV cannulation 
[80]. The IJV valvular motion is likely a protective 
factor against cerebral venous engorgement; it was 
noted that 90% of the valves were incompetent and 
29 out of 41 competent valves were bicuspid, and 
the researchers proposed that incompetent valves 
seemed to be a normal phenomenon [126]. In con-
trast to this finding, a recent study that explored the 
valve competency using hydrostatic pressure tech-
nique and found them to be competent in all the 25 
living subjects and 93% of the 30 cadavers examined 
in the study [108]. Damage to the IJV valves at can-
nulation may destroy the leaflets and secondarily 
lead to an increased cerebrospinal pressure; hence 
it is important for clinicians to be aware of the val-
vular anatomical variants [52]. A real-time USG may 
be helpful in avoiding damage to a high positioned 
valve or a valve with abnormal cusps.

Tributaries

The typical tributaries of the IJV, the inferior pet-
rosal sinus, the facial, lingual, pharyngeal, and supe-
rior and middle thyroid veins enter the IJV anteriorly; 
hence, surgical approach is easier from posterior 
to anterior because the posterior triangle has no 
tributaries of the IJV [130]. However, rare instances 
of posterior tributaries have been reported. A case 
showed a posterior tributary that joined with the IJV 
from the medial aspect of the sternocleidomastoid 
(SCM) and in another case, the tributary arose from 
under the SCM and drained into the lower third of 
the IJV [83]. In another case, the EJV was found to 
drain into the IJV instead of the subclavian vein, hence 
grouped as a posterior tributary [8]. In two instanc-
es, posterior tributaries of IJV were found during 
surgical dissection, one of which coursed deep to 
the posterior belly of the digastric, and another that 
coursed above the inferior belly of omohyoid [37]. 
Although the author called it an additional tributary, 
the description mimics a duplicated IJV. A lateral 
tributary was reported during a neck dissection, and 
it was found to drain into the lower part of the right 
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IJV [78]. In a cadaveric case report, a vein, 4 mm in 
diameter, formed from the junction of the common 
facial vein and IJV ran parallel to the IJV for 3 cm and 
then rejoined with the IJV [85]. It is imperative that 
variant tributaries are considered while performing 
surgical and interventional radiology procedures in 
this region. 

Congenital arterio-venous fistulas

Congenital arterio-venous fistulas of IJV are vas-
cular malformations that involve abnormal commu-
nication between IJV and a carotid artery [20]. It may 
result due to arrested venous development and ab-
normal arterio-venous differentiation during embry-
ogenesis [41]. Acquired fistulas are usually traumatic 
in origin and often a complication of IJV cannulation 
[41]. Fistulas demonstrate progressive growth, which 
then may present clinically as localized swelling, bruit, 
or a pulsating mass or with neurological symptoms 
and often warrant treatment by embolization [20, 
50]. Reported cases of an external carotid artery (ECA) 
and IJV fistula included a 15-year-old-female and  
a 2-year-old male who presented with a pulsatile 
swelling in the neck [2, 20], and a 27-year-old-male 
with neurological manifestations besides a neck swell-
ing [50]. A fistula between the ICA and IJV was report-
ed in a 64-year-old female with a pulsating swelling 
and bruit [131]. Lagos also reported a fistula between 
the ICA/IJV in a 7-year-old patient who presented with 
status epilepticus [64]. Two cases of spontaneous 
IJV-CCA fistulas were reported and they were likely 
related to collagen vascular diseases [94, 103]. A case 
of fetal IJV-carotid fistula was diagnosed during 27 
weeks of gestation, in which case the fistula was ac-
companied by tricuspid regurgitation and pericardial 
effusion due to high flow through the fistula, but the 
report did not specify if it was IJV-ECA or ICA or CCA 
fistula [51]. An IJV fistula should be recognized before 
attempting IJV cannulation to avoid an arterial injury 
during the procedure. 

Arterio-venous relations

Several studies have found anatomical variations 
in the relationship between IJV and CCA in 9.4–29% of 
patients [93]. A study on 120 healthy adults showed 
that the IJV is mostly anterolateral to the CCA; it was 
lateral to the CCA in approximately 6% and anterior to 
the CCA in approximately 15% of sides [92]. Another 
study on 100 adults also found an anterolateral IJV 
as the most common positioning; while an anterior 

IJV was found in 15% on the right, the frequency was 
higher (28%) on the left side [88] a lateral IJV was less 
common than the earlier study (4% on the right and 
1% on the left). Another study found that the IJV was 
commonly located lateral to the CCA (85.2%) with 
anterior next (12.5%) [70]. This study did not include 
an anterolateral classification which explains why the 
findings were different from other studies. Anterior 
IJV is the most dangerous location since it puts the 
CCA at risk of injury and USG-guided cannulation may 
help prevent this complication.

Age-related differences

The relationship of the IJV to CCA was shown to 
vary with age. Two studies on neonates found the 
lateral IJV as the most common position [81, 124]. 
Two paediatric studies found the IJV to be antero-
lateral to the CCA when the head position was 30° 
contralateral rotation and neutral [40, 99]. Another 
study on paediatrics found the majority of IJV to 
be anterolateral or anterior to CCA, with position 
changing after insertion of a laryngeal mask airway 
[84]. A study including both neonates and paediatrics 
found that the IJV was lateral to CCA in 51.3% and 
anterolateral in 42.9% with a head rotation of 45° 
contralaterally [123]. Thus, neonates have a more 
lateral IJV in relationship to the CCA, which progresses 
to an anterolateral position in paediatrics. However, 
since these studies all have varying head rotations, 
it could also be argued that lesser degrees of head 
rotation (30° contralateral and less) favour an anter-
olateral IJV relationship to the CCA, whereas a larger 
rotation of 45° contralateral head rotation may push 
the IJV into a slightly more lateral position with re-
spect to the CCA. A study on age-related differences 
in the IJV-CCA relation showed that the subset with 
anterolateral IJV (87.9%), had a mean age of 41.6 
years while the lateral IJV (10.3%), had a mean age 
of 59.4 years [106]. Knowledge of relatively more 
common lateral IJV in older individuals is clinically 
useful information while attempting IJV cannulation.

MORPHOMETRICS
The dimensions of IJV are variable since it is  

a compliant structure, and its measurements can change 
with the positioning of the patient, respiration, and 
cardiac function [63, 117]. Since IJVs are the primary  
extracranial venous drainage pathways, variations or 
changes in dimensions will likely have an impact on the 
drainage of the cerebrospinal nervous system [141].
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Cross sectional area

The cross sectional area (CSA) is a commonly 
measured dimension of the IJV. A larger CSA is the 
target for the IJV cannulation [112]. Additionally, 
a significant change in IJV CSA could underlie an 
elevated BMI [63]. Due to venous structures having 
rapid responses to changes in blood pressure, an in-
crease in IJV CSA suggests an increase in venous blood 
pressure which corresponds to impaired venous flow 
and sometimes an increased intrathoracic pressure 
[74]. Hence, several studies have aimed at finding 
the normal ranges of IJV CSA in various populations 
and age groups.

The findings obtained from several studies that 
used radiological modalities to measure the IJV CSA 
are shown (Table 3). USG typically measured the CSA at  
the middle segment of the IJV at the level of the 
thyroid gland and facial vein [141]. This middle seg-
ment is commonly referred to as J2, as compared 
to the inferior (J1) and superior (J3) portions [141]. 
The table shows a wide difference between the CSA 
values provided by each imaging modality and is 
likely due to several reasons: IJV dimensions are high-
ly variable due to the individual’s cardiac function, 
heart rate, volume status, respiratory function, and 
posture [117]. Therefore, it is important to take into 
consideration the positioning of the patients while 
images were obtained. Aging, as described in further 
detail below, is associated with an increase in CSA. 
Notably, the studies that used MRI-imaged individu-
als of an older age group than those imaged in the 
CT studies. Other demographics, such as country 
of origin, play a role in dimensions, as well [63]. 
Most MRI analytical software, such as time-of-flight, 
differs from that of CT and likely contributed to the 
difference [63]. Both MRI and USG require external 
compression, thereby altering IJV dimensions [117, 
141]. The CSA tends to increase moving caudally, 
making the level of measurement another important 
aspect differentiating published results [18]. Given 
the variability of normal CSA values, a recent study 
used an interesting technique by using each IJV as its 
own internal control to measure the level of stenosis 
in the vessel with MRV [117].

Diameter

The diameter of the IJV is of similar significance 
as the CSA; interestingly, the IJV is not a perfect 
circle and hence has varying diameters in different 
planes. A summary of findings from several studies 

is shown (Table 3). The CT-based studies determined 
the maximal diameter while USG measured the an-
teroposterior, transverse, or lateral diameters [32, 
87, 113]. The average diameter obtained from USG 
showed a smaller average than CT, which was likely re-
lated to compression of the IJV during the procedure.  
A cadaveric study found a similar average diameter 
to those by USG [45]. Besides knowing the normal 
range of IJV diameter, this dimension has a clinically 
significant correlation to right atrial pressure (RAP). 
An USG-based study on 72 adults found that IJV an-
teroposterior diameter showed a significant positive 
correlation with RAP [125]. The mean maximum IJV 
diameter for RAP < 10 mmHg was 7 ± 3 mm, and for 
RAP ≥ 10 mmHg, it was 10 ± 2 mm [125]. Addition-
ally, a correlation between the RAP and respiratory 
variations in IJV diameter was noted; the variations 
of 14% and 40% were noted for RAP ≥ 10 mmHg 
and RAP < 10 mmHg, respectively [125]. This is  
a new area of correlation and needs further research. 

Variations in cross-sectional area and diameter

Side differences

The right and left IJVs are often asymmetrical due 
to asymmetries in the drainage of blood through the 
dural venous sinuses, favouring the right transverse 
sinus and IJV over the left [100]. Lim et al. [70] found 
that the mean right IJV diameter was 14.1 mm com-
pared to the mean left IJV diameter of 11.74 mm. 
Other studies that measured the IJV diameters found 
a similar difference [45, 70, 88, 113]. Beggs et al. [18] 
found a mean difference in CSA of 15.64 mm2 at the 
C2-C3 level and 26.31 mm2 at the C7-T1 levels, and 
the right IJV was larger than the left at both levels. 
Other studies on CSA concurred with these findings 
[63, 113, 137]. The overall larger size of the right IJV 
is likely why it is favoured to be used in cannulation 
over the left IJV. 

Differences in cervical levels

Differences in dimensions of IJV have been noted 
at various cervical levels. Magnano et al. [74] meas-
ured average CSA values larger at the lower cervical 
levels as compared to upper cervical levels. Higher 
CSA at lower cervical levels was likely due to increased 
flow into the lower portion of IJV [18, 63, 74]. There 
was also more variability noted in the CSA at lower 
cervical levels [63], which was postulated to be due to 
breathing artifacts. Research findings support the IJV 
having a conical structure with an increasing area at  
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a lower level [18, 46, 63, 74], and therefore recom-
mend cannulation to be attempted at lower levels of 
the IJV where there is a larger CSA to target. However, 

a recent study supported a rhomboid shape of the IJV 
and found that the middle IJV (level of cricoid) was 
larger than the upper and lower IJV and therefore rec-

Table 3. Dimensions of the internal jugular vein

Imaging 
modality

Study Average CSA 
[mm2]

Diameter [mm] Patient’s position Average age 
[years]

Population 
demographics

USG Clenaghan et al., 2005 [32] n/a R 13.5 (Lat) Su 22–57 (range) Ireland
10 M/10 FR 15.5 (Lat) 10° T 

R 15.5 (Lat) 15° T 

R 16.4 (Lat) 20° T 

R 16.7 (Lat) 25° T 

R 16.7 (Lat) 30° T 

Kim et al., 2008 [60] R 11.2 ± 0.8 n/a Su 27.6 ± 1.9 South Korea 
20 M/0 FR 16.6 ± 6.70 15° T

R 3.80 ± 2.30 15° RT

R 14.0 ± 6.40 50° PLR

Sayin et al., 2008 [102] R 2.9 ± 2.2 (0–1 y)
R 4.3 ± 1.8 (1–2 y)
R 5.4 ± 3.4 (2–6 y)
R 5 ± 2.6 (6–15 y)

R 5.2 (0–1 y)
R 6.6 (1–2 y)
R 7.5 (2–6 y)
R 7.2 (6–15 y)

Su, cricoid cartilage 
level

2.7 Turkey

n/a R 5.3 (0–1 y)
R 6.4 (1–2 y)
R 7.0 (2–6 y)
R 7.6 (6–15 y)

Su, sterno-clavicular 
junction level

R 2.5 ± 1.2 (0–1 y)
R 4.5 ± 2.2 (1–2)

R 5.9 ± 4.1 (2–6 y)
R 6.2 ± 3.7 (6–15 y)

n/a T, cricoid cartilage

Bellazzini et al., 2009 [19] R 9.0 ± 5.6 n/a Su, 20–30° CLR 37 ± 11 United States 
23 M/29 F R 12.6 ± 6.9 T, 20–30° CLR

R 15.8 ± 6.5 Su, V, 20–30° CLR

R 17.0 ± 7.9 T, V, 20–30° CLR

Ozbek et al., 2013 [87] R 10.8 ± 0.6 R 13.6 ± 0.4 (Tr) 
R 9.7 ± 0.3 (AP)

Su, 15–20° T, neutral 
head positioning

37.8 ± 13.3 Turkey  
25 M/14 F 

R 12.7 ± 0.7 R 14.4 ± 0.4 (Tr) 
R 10.9 ± 0.3 (AP)

Su, 15–20° T,  
< 30° CLR

R 14.2 ± 0.8 R 15.0 ± 0.4 (Tr)
R 10.9 ± 0.3 (AP) 

Su, 15–20° T,  
> 30° CLR

R 8.7 ± 0.6 R 12.9 ± 0.5 (Tr) 
R 7.9 ± 0.3 (AP) 

Su, 15–20° T,  
< 30° ILR

Parmar et al., 2013 [88] n/a R 13.23 ± 2.52 
L 10.25 ± 2.29 

15° T, 45° CLR 27.12 ± 4.41 India 
50 M/50 F 

Ciuti et al., 2013 [31] R 4.2 ± 4.0 n/a Su 27 Italy 
12 M/13 F R 0.70 ± 0.60 Si

Seong et al., 2016 [104] R 10.6 ± 3.60 n/a Su 28.15 ± 2.85 South Korea 
26 M/15 F R 13.4 ± 4.50 Su, V  

R 12.6 ± 4.10 Su, EDC

R 14.1 ± 4.70 Su, V, EDC

López Álvarez et al., 2017 [72] n/a 5.9 ± 2.3 (AP) Su, 10–15° CLR 5.5 ± 5.2 Spain
70 M/55F

→
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ommended cannulation near the level of the cricoid 
cartilage, which may also help to avoid unnecessary 
complications, such as pneumothorax [54]. However, 
this retrospective study did not account for variables 
such as patients’ physiological state or underlying 
diseases; hence further prospective research is needed 
to confirm the findings.

Age-related differences

Studies have shown differences in IJV dimensions 
with age. A significantly larger CSA (at mid-cervical 
levels) was associated with increasing age [54] and 
the difference was primarily observed in patients over 
40 years of age [74]. The difference was likely due 
to a lower velocity and lower outflow volume in the 
IJV and reduced atrial emptying [30]. Another study 
on 462 IJVs of patients in the 21–92 years age group 
reported a similar difference, but it was not statisti-

cally significant [126]. It is important to remember 
that while the larger CSA with increasing age may 
favour IJV cannulation, other cardiac factors such as 
lower blood flow and increased RAP may influence 
the procedure.  

Gender differences

A study using 2-dimensional MRV found the CSA 
of IJV in males to be larger than in females, with this 
difference being even more obvious on the right side 
and in older males [74]. The findings are consistent 
with other studies on IJV dimensions like any other 
blood vessel in the body [126]. On the other hand,  
a CT-based study showed a larger CSA in males com-
pared to females, which was not statistically signifi-
cant [54]. A possible explanation for this difference 
is due to the difference between the type of imaging 
used in these two studies.

MRI Laganà et al., 2016 [63] R 63.26 ± 31.51 
L 53.52 ± 25.58 

n/a Su 31.22 ± 9.29 Italy  
13 M/23 F 

Magnano et al., 2016 [74] R 68.7 ± 53.7
L 49.3 ± 37.5

n/a Su; C7/T1 level 43 ± 17.5 United States
63 M/130 F

R 55.4 ± 38.0
L 42.1 ± 30.6

Su; C5/C6 level

R 52.5 ± 28.2
L 38.8 ± 23.5

Su; C4 level

R 39.2 ± 24.1
L 27.5 ± 18.0

Su; C2/C3 level

Pelizzari et al., 2018 [90] R 46.6 (median)
L 24.4 (median)

n/a Su 30.9 ± 9.0 Finland  
1 M/8 F

CT Lim et al., 2006 [70] n/a R 14.1 
L 11.74 

Su Adults Australia

Tartière et al., 2009 [113] R 181 ± 111 
L 120 ± 81 

R 17 ± 5 
L 14 ± 5  

Su 60 ± 15  France  
132 M/58 F 

Yoon et al., 2013 [137] R 165 ± 81 
L 119 ± 57 

R 16.7 ± 3.8 (Tr) 
R 12.6 ± 3.7 (AP) 
L 13.7 ± 3.5 (Tr) 
L 11.1 ± 2.6 (AP) 

Su 48 ± 14  South Korea  
34 M/46 F 

Jeon et al., 2020 [54] R 124.3
L 89.1

R 14.3
L 12.0

Su; Upper (Hyoid) 65 (median) South Korea
160 M/153 F

R 190.8
L 127.0

R 17.6
L 14.4

Su; Middle (Cricoid)

R 183.1
L 94.5

R 16.5
L 11.8

Su; Lower (T1)

Autopsy 
dissection

Furukawa et al., 2010 [45] n/a R 13.4 
L 9.4 

n/a 54.4 Japan 
18 M/12 F

CSA — cross-sectional area; USG — ultrasonography; MRI — magnetic resonance imaging; CT — computed tomography; R — right IJV; L — left IJV; Lat — lateral; AP — anteroposte-
rior; Tr — transverse; Su — supine; Si — sitting; T — Trendelenburg; RT — reverse Trendelenburg; V — Valsalva; M — male; F — female; PLR — passive leg raising; CLR — contralate-
ral rotation; ILR — ipsilateral rotation; EDC — external digital compression; IJV — internal jugular vein; n/a — not available

Table 3. cont. Dimensions of the internal jugular vein

Imaging 
modality

Study Average CSA 
[mm2]

Diameter [mm] Patient’s position Average age 
[years]

Population 
demographics
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Distance between skin and atrio-caval junction

A study on 100 patients using USG-guided cath-
eterization revealed that the mean distance from 
the skin puncture (or access) sites to the superior 
vena cavo-atrial junction was 18.3 cm and 16 cm for 
the left and right IJV cannulation, respectively [7]. 
The mean distance was 1.7 cm higher in males than 
in females for the right IJV approach (p < 0.1) [7].  
A prospective study on 239 patients correlated cathe-
ter tip position and catheter length with the patients’ 
recorded heights and found that most catheters hav-
ing their tips in superior vena cava (SVC) had a length 
described by the following formula (where ‘H’ is pa-
tient height in centimetres): from the right IJV, (H/10) 
cm for right IJV cannulation [91]. However, Andrews 
et al. [7] found gender to be a better predictor of 
the access site to cavo-atrial junction distance rather 
than height.

The depth of IJV from the skin influences the cannu-
lation technique and dimensions of the catheter used 
for cannulation. The right IJV runs more superficially to 
the skin compared to the left IJV since the mean skin 
to IJV distance was found to be 17.4 mm on the right 
compared to 18.7 mm on the left [53]. Parmer et al. 
[88] concurred with this finding; however, the average 
thickness on the right side measured 9.75 mm, and 
the left measured 10.3 mm. Another study yielded the 
mean depths on the right and left as 14 and 14.5 mm 
when measured in the transverse plane from the skin 
[70]. The differences are possibly due to differences in 
study techniques and the population studied.

INTERNAL JUGULAR VEIN 
CANNULATION 

Cannulation of the IJV is performed for adminis-
tering medications, fluids, and monitoring pressures, 
and in cardiac surgery patients for haemodynamic 
monitoring and measuring cardiac filling pressures 
[27, 115]. The goal is to have a successful first attempt 
at cannulation because increased attempts increase 
the risk of complications [115]. It is important to re-
member the normal and variant anatomy of the IJV 
and surrounding structures to prevent complications 
such as arterial puncture or haemothorax [22].

Clinical anatomy of IJV cannulation

The IJV is preferred for central venous cannulation 
due to the easily accessible external landmarks such as 
the carotid artery, decreased risk of pneumothorax in 
comparison to subclavian vein access, easier manage-

ment of bleeding, relatively fewer chances of a mispo-
sitioned catheter, and higher chances of cannulation 
under USG-guidance [97]. Besides, the IJV is preferred 
during emergency venous access because cardiopul-
monary resuscitation can still be performed [97]. The 
right IJV is preferred because it has a larger CSA than 
the left and is in a straight line with the innominate 
veins and SVC, which allows for improved placement 
of the catheter [22, 42]. The right IJV is mostly chosen 
because of its accessibility and safety for right-handed 
anaesthesiologists [44]. Also, the right-sided approach 
avoids injury to the thoracic duct, which is a possibility 
with left IJV cannulation [22, 53]. 

Cannulation techniques

Internal jugular vein cannulation can be done by 
the landmark technique or the USG technique, but it 
is important to be comfortable utilizing the landmark 
technique in cases when USG is not available [115]. 

Currently, three techniques are used for IJV can-
nulation: central, anterior, and posterior (Fig. 1). The 
location of the carotid artery is felt by palpation in the 
space between the trachea and SCM, and then the IJV 
is found lateral to the carotid pulse [22]. The central/ 
/middle approach utilizes Sedillot’s triangle, which is 
a triangle formed by the sternal and clavicular heads 
of the SCM, and the needle is inserted at the apex of 
the triangle [97]. The puncture site is the same as the 
alternative technique described earlier. In the anterior 
approach, the needle is inserted along the medial 
border of SCM, 2–3 finger breadths superior to the 
clavicle. This approach accesses the IJV at a slightly 
higher level than the low approach described earlier; 
in the posterior approach, the needle is inserted along 
the lateral border of the SCM, halfway between the 
mastoid process and the clavicle [97]. Some authors 
used the terms anterior and central interchangeably 
[22, 23]. Two studies used the point where the EJV 
crosses over the SCM, at a point just lateral to the 
SCM, around one-third of the distance between the 
clavicle and mastoid process for the posterior ap-
proach [22, 76].  

A randomized study of 104 patients compared 
the central approach with the posterior approach 
and reported more complications such as interrup-
tion of blood flow with the posterior approach [76]. 
The central or middle approach was the preferred 
approach in other studies [16, 140]. The posterior 
approach was recommended for patients with sco-
liosis and pathologies of the lower neck when the 
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central approach could not be performed [29, 76]. 
On the contrary, Babu et al. [13] recommended the 
posterior approach due to fewer attempts required to 
successfully cannulate since 80% of the cannulations 
were successful on the first attempt compared to 
57% with the anterior approach. Since the posterior 
approach involved needle insertion higher up in the 
neck, allowing a longer vein length, the study report-
ed fewer cases of haemothorax, pneumothorax, and 
arterial puncture [13]. In obese, critically ill, or short-
necked patients, the posterior approach is preferred 
to prevent complications [29].

Complications

When performing IJV cannulation, it is important 
to be aware of the complications associated with the 
procedure as well as variations in each patient that 
may complicate the procedure. A study evaluated 
the structures near the IJV that are susceptible to 
transfixion during IJV cannulation [26]. When using 

USG-guided cannulation, it is possible to puncture 
the posterior wall of the vein because low-pressure 
veins can collapse [26]. When carotid artery puncture 
results in a haematoma, finding the IJV can be difficult 
because of the compression caused by arterial leakage 
and pseudo-aneurysms [9, 73]. Near the puncture 
site of the IJV, at the level of the cricoid cartilage, 
the upper trunk of the brachial plexus is posterior 
to the IJV, so utilizing the posterior approach for IJV 
cannulation may result in injury to the upper trunk 
of the brachial plexus [89]. 

The catheter tip may be positioned incorrectly, 
which is more common on the left IJV because the left 
brachiocephalic vein is longer and has more tributar-
ies [127, 133]. Abnormal positioning of the catheter 
tip may predispose to thrombosis, infection, vessel 
or cardiac perforation, and valvular injury [109]. An 
angle of a tip to vessel wall greater than 40° was 
found to be more likely to lead to SVC wall perfora-
tion, which was shown in a laboratory [111].

Figure 1. Approaches to the internal jugular vein; IJ — internal jugular; SCM — sternocleidomastoid [97]. (Reprinted from Roberts and Hedg-
es’ Clinical Procedures in Emergency Medicine and Acute Care, Seventh Edition, Salim R. Rezaie, E.C. Coffey, Christopher R. McNeil, Central 
Venous Catheterization and Central Venous Pressure Monitoring, 405–438.e3., 2019, with permission from Elsevier).



12

Folia Morphol., 2024, Vol. 83, No. 1

Techniques to reduce complications and increase 
success rate

An understanding of the normal anatomy of the 
IJV and its relations is essential to prevent injury to 
surrounding structures, and an experienced clinician 
can help aid successful cannulation. Recognition of 
anatomical variations such as agenesis and dupli-
cation may help minimise the complications due to 
multiple failed attempts. Anatomical variations of 
the size and positions of the IJVs should be assessed 
when using the landmark technique or USG to reduce 
complications [14, 97]. IJV cannulation using the land-
mark technique in a patient with an absent IJV may be 
related to a higher incidence of complications such as 
arterial puncture and pneumothorax [96]. Detecting 
variations before the procedure was recommended to 
allow a preoperative discussion between the patient 
and surgeon on alternative cannulation sites and 
monitoring strategies [61]. Although a meta-analysis 
reported that real-time USG-guided IJV placement 
was not beneficial, USG imaging prior to IJV insertion 
was found to lower cannulation failure and injury to 
the carotid artery [107].

To avoid mechanical complications and ensure ac-
curate monitoring of CVP, it is important to ensure that  

the tip of the catheter lies in the SVC (at its junction 
with the right atrium), in line with its long axis, right 
above the pericardial reflection, and the angle of the 
catheter to vessel wall should be less than 40 degrees 
[62]. As a surface marking, the atrio-caval junction 
corresponds to the level of sternal angle [16]. A study 
explored the radiological landmark to confirm the 
catheter tip position after cannulation since it should 
always lie above the pericardial reflection [111]. The 
upper limit of the pericardial reflection is below the 
carina, and the tip position varies based on left and 
right-sided cannulation [111]. Radiologically, zone A 
corresponds to the lower SVC, and upper right atri-
um, zone B, the area around the junction of the left 
and right innominate veins and the upper SVC, and 
zone C represents the left innominate vein proximal 
to the SVC (Fig. 2) [111]. The study concluded that 
right-sided central venous catheters should be sited 
above the carina and left-sided should be sited in 
the SVC with the tip at a shallow angle to the vessel 
wall [111]. 

Many studies have identified an increase in IJV 
CSA with contralateral head rotation, making this 
a useful manoeuvre during cannulation [19, 49, 87, 
97]. An USG-based study found that the right IJV 
CSA decreased from 14.2 mm2 to 8.7 mm2 when 
transitioning from a > 30° contralateral rotation to 
< 30° ipsilateral rotation [87]. Rotating the patient’s 
head also alters the location of the IJV’s relation to 
the carotid artery, yielding a 95% to 57.5% decrease in 
CCA overlap with this rotation [87]. While a decreased 
overlapping is preferred for cannulation, it was de-
termined that a greater CSA was more important in 
performing successful cannulation under optimum 
conditions [87]. An USG-guided simulation on vol-
unteers showed the risk of injury to CCA was lower 
with less than 45° contralateral head rotation [69].  

The Trendelenburg position or head-down tilt is 
recommended in central venous cannulation, as it in-
creases CSA due to greater central blood volume and 
venous return, causing distention of the vessel [134]. 
In this position, the patient’s supine body is placed at 
an angle to the horizontal with the lower extremities 
at an elevation compared to the head [55]. A 15° 
head-down tilt increased IJV CSA compared to neutral 
positioning, reverse Trendelenburg positioning, and 
passive leg elevation (Table 3) [60]. Increased tilt 
over 15° increases CSA further but has been shown 
to increase intracranial pressure [32]. Therefore, IJV 
cannulation is recommended to be performed at  

Figure 2. Stylized anatomical figure dividing the great veins and 
upper right atrium (RA) into three zones (A–C), representing differ-
ent areas of significance for placement of central venous catheter 
(CVCs); Zone A — upper RA and lower superior vena cava (SVC); 
Zone B — upper SVC and junction of left and right innominate 
veins; Zone C — left innominate vein [111]. (Reprinted from British 
Journal of Anaesthesia, Vol. 96, Stonelake PA, Bodenham AR. The 
carina as a radiological landmark for central venous catheter tip 
position, 335–340, 2006, with permission from Elsevier).
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a Trendelenburg position of 5° to 10° with 45° con-
tralateral head rotation, allowing a significant in-
crease in IJV CSA without a significant displacement 
of the IJV location [49]. 

Passive leg raising while maintaining the torso in 
a horizontal plane, has also been shown to increase 
IJV CSA. One study in mechanically ventilated patients 
showed that both Trendelenburg position and passive 
leg raising significantly increased right IJV CSA, 26% 
and 23%, respectively, as well as both vertical and 
transverse diameters of the IJV [47]. If Trendelenburg 
position is contraindicated or not possible, passive leg 
raising may be considered during cannulation [47, 60].

Special considerations 

IJV cannulation in obese patients

A BMI over 30 kg/m2 is considered true obesity, 
and these patients are often at risk of difficult cannu-
lation [105]. The thick subcutaneous layer is likely to 
hide surface landmarks and requires more pressure 
and acute angulation to insert the needle [38]. An 
MRV-based study on 193 individuals showed that 
elevated BMI correlated with an increased IJV CSA 
at lower cervical levels, especially at C7/T1, while no 
such correlation was observed at upper cervical levels 
[75]. The larger IJV CSA measurements seen with high 
BMI patients were likely due to these patients having 
an increased intrathoracic pressure leading to the IJV 
enlargement [74]. 

There is a higher incidence of successful cannu-
lation by the posterior approach (97%) in the high-
er weight group/obese patients compared to the 
anterior approach (75%), and there is a significant 
decrease in arterial puncture using the posterior ap-
proach (3.1%) in comparison to the anterior approach 
(16.6%) [29]. The study did not find a significant dif-
ference in procedure difficulty or complication rates 
between weight groups or approaches [29].

Although USG showed a greater incidence of CCA 
and IJV overlapping in obese patients compared to 
non-obese patients (which was especially significant 
at 30° or greater of head rotation), there was no 
statistically significant difference seen between the 
two groups regarding CCA puncture during the can-
nulation attempts under USG guidance [44, 69, 119]. 
USG guidance and head rotation less than 30° for 
central venous cannulation in obese patients may 
help avoid or quickly address any complications of 
the procedure and minimise overlapping of the IJV 
and CCA [25, 44, 69, 121, 137].

While the Trendelenburg position is helpful in 
non-obese patients, the outcome may be detrimental 
in obese patients. It is hypothesized that placing an 
obese patient in the Trendelenburg position exacer-
bates the risk of procedural complications due to an 
increase in pressure, compression, and stretch on the 
patient from weight [139]. Therefore, Trendelenburg 
positioning is not recommended in obese patients 
during cannulation.

IJV cannulation in paediatrics

Several studies in infants and children found 
that USG-guided cannulation was superior to the 
anatomical landmark method [28, 101, 128, 129]. 
The USG-guided cannulation was associated with 
increased success rates, fewer attempts at cannu-
lation, fewer arterial punctures [28, 128]. In infants 
and paediatric populations, USG-guided cannulation 
seems to be the most effective and efficient. 

Internal jugular vein cannulation is technically 
challenging in infants, especially when using the tra-
ditional landmarks technique [136]. In a new land-
mark technique, the carotid artery was marked at 
the level of the cricoid cartilage, as well as the apex 
of the triangle formed by the clavicle and two heads 
of the SCM then the needle was inserted between 
the marks, towards the ipsilateral nipple [136]. If 
the first attempt was not successful, the needle was 
inserted more laterally for the second attempt, and if 
that attempt was unsuccessful, then the needle was 
inserted more medially [136]. Results found the new 
landmark technique to reduce complications such as 
carotid artery puncture, the duration of the procedure 
was shorter, and this new technique had an overall 
higher success rate [136]. 

A clinically relevant correlation between a patient’s 
height and depth of catheter placement was found 
by researchers if the patient’s height was between 
40 and 140 cm [138]. This study used an anterior 
approach to insert the catheter in the right IJV and 
then confirmed placement with transoesophageal 
echocardiography [138]. The final equation that was 
produced is as follows: optimal depth (cm) = 1.7 + 
(0.7 × height) [138]. This finding is very clinically 
relevant and helps in planning catheter insertion in 
children. 

The vertebral artery (VA) was at risk of transfixa-
tion in paediatric patients based on the extent of over-
lap of VA with IJV; assessed by the width of VA, the 
distance between the VA and IJV/skin [58]. Thirteen 
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percent of patients were at high risk, and hence the 
VA should be found by USG before cannulation [58].

CONCLUSIONS
Anatomic variations in the IJV are to be looked for 

when utilizing the IJV for central venous access and 
can be assessed by imaging modalities to view the 
IJV. The CSA and diameter of the IJV are variable per 
patient and can be changed based on patient position 
and breathing patterns. The dimensions and position 
of the IJV in relation to the CCA change with aging, 
with neonates having a more lateral position and 
paediatrics and adults having a more anterolateral 
position. A detailed understanding of the neck anat-
omy surrounding the IJV, complications associated 
with IJV cannulation, and the best approach and 
imaging modality aid in successful cannulation. While 
cannulation can be done by the landmark technique 
or the USG-guided technique, it is important to be 
comfortable utilizing the landmark technique in cases 
when USG is not available. Special considerations 
such as high BMI and age must be assessed before 
cannulation to employ techniques to increase suc-
cessful cannulation rates and avoid complications.
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Bronchopulmonary segments are of increasing interest to clinicians because 
surgical procedures are emerging that maintain as much pulmonary function 
as possible. The conventional textbook borders between these segments, their 
many anatomical variations, and their numerous lymphatic or blood vessels, 
make them challenging for surgeons, especially thoracic surgeons. Fortunately, 
because imaging techniques such as three-dimensional-computed tomography 
are developing further, we can see the anatomical structure of the lungs in detail. 
Moreover, segmentectomy is now seen as an alternative to a more radical lobec-
tomy, especially for lung cancer. This review explores the connection between 
the anatomical structure of the lungs, especially their segments, and surgical 
procedures. Further research on minimally invasive surgical procedures is timely 
as we can diagnose lung cancer and other diseases ever earlier. In this article, 
we will look at the latest trends in thoracic surgery. Importantly, we propose  
a classification of lung segments in reference to surgery difficulties due to their 
anatomy. (Folia Morphol 2024; 83, 1: 20–34)

Keywords: bronchopulmonary segment, lungs, diagnosis, thoracic 
surgery, anatomy, systematic review, segmentectomy, cancer

INTRODUCTION 
In the structure of the lungs we can distinguish 

specific divisions into lobes, which in turn are divided 
into bronchopulmonary segments. The right lung 
has three lobes comprising 10 bronchopulmonary 
segments. The left lung is divided into two lobes, 
which also comprise 8–10 segments. Each segment 
has its own bronchus and is supplied by segmental 
branches of the pulmonary artery. Their main func-
tion is to deliver oxygen to the distal parts of the 
lungs [52].

Lung anatomy is highly variable, starting with the 
division into the bronchial tree, in which a cardiac 
bronchus or tracheal bronchus can be observed [21]. 
The pulmonary fissures and even the lobes also vary 
[1, 6]. Finally, the segments are variable; for instance, 
there can be an additional segment [48].

Pulmonary segments are important in the clinic, 
starting with computed tomography (CT) imaging 
showing changes in the lungs. Identifying segments 
on this basis can be difficult owing to the intersegmen-
tal planes of the lungs that divide the lobes into seg-
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ments [93], so they are marked in various ways such 
as by inflation-deflation or applying contrast. One of 
the most common procedures in thoracic surgery is 
segmentectomy, in which a specific segment is excised 
[85]. This is often performed to treat benign lesions or 
cancer [56]. It can be performed by videotoracoscopy 
or robot or by open access. Each of these methods 
has advantages and disadvantages [58].

The main purpose of the present review is to ex-
plain how lung anatomy and its variability, especially 
in the segments, affect surgical procedures such 
as segmentectomy. Due to the division of the lung 
segments in the literature based on the bronchus 
that supplies it, we will make another division of 
the bronchopulmonary segments. It will be based 
on intersegmental planes and may facilitate the as-
sessment of the difficulties of the surgery. As lung 
cancer is still a major challenge in oncology, particular 
emphasis is placed on minimally invasive procedures 
such as segmentectomy rather than the more radical 
lobectomy. This article will contain much information 
on the topic. We will also refer to one of the newer 
and less well known surgical procedures, subseg-
mentectomy.

CONTROVERSY ABOUT DIVISION 
It is worth noting how recently the nomenclature 

relating to segmentation of the lobes of the lungs was 
adopted. The current account of segmentation was 
introduced by Jackson and Huber in 1943 [30]. They 
did not fully agree with the terminology proposed 
by other researchers because the names of individual 
segments did not quite correspond to their anatom-
ical orientation in space. Additionally, they observed 
anatomical variations in the lung fissures, which will 
be discussed later. Therefore, they concluded that the 
lungs should be divided according to the bronchial 
distribution [30].

However, this did not end the discussion about 
division because, as Boyden [7] observed in 1953, 
there was still no consistency in marking segment 
numbers, particularly in relation to the bronchial 
tree (although he noted that some medical textbooks 
such as Gray had already adopted the terminology 
proposed by Jackson and Huber [30]). His objection 
concerned, inter alia, the nomenclature of the B7 and  
B8 bronchi, especially the omission of the B7 bron-
chus on the left side of the lung on the basis of 
comparative anatomy and the rarity of its lesions [7]. 
Boyden [7] also wished to adhere to the terminology 

adopted by Jackson and Huber [30] until the matter 
was discussed by an international committee [7].  
A year later, Kassay [34] commented on this discus-
sion, supporting Boyden’s suggestions, and men-
tioned the subsuperior bronchus, which we will also 
look at later in view of its clinical implications. 

ANATOMY
To begin with, a definition of “the bronchopul-

monary segment” is worthwhile. The bronchopul-
monary segment is a pyramid-shaped part of a lobe 
with its base facing towards the pleural surface and 
its apex facing the root of the lung [52, 77]. Each 
segment is named after the tertiary bronchus that 
supplies it, which originates from the secondary lobar 
bronchus [52]. 

The three lobes of the right lung are divided into 
10 bronchopulmonary segments. The two lobes of 
the left lung are also divided into 8–10 segments. 
Each segment is supplied by branches of the left and 
right pulmonary arteries, which supply the left and 
right segments, respectively [52]. These branches are 
further divided into smaller segmental and sub-seg-
mental vessels. The pulmonary artery divides below 
the aortic arch at the level of the tracheal spur [33].

The segmental and subsegmental pulmonary ar-
teries are generally parallel to the segmental and 
subsegmental bronchi and are named according to 
the bronchopulmonary segments they supply [33]. 
Thus, when a segment is marked as S4, we designate 
its artery as A4. The same convention is used for veins 
and bronchi.

At this point, a more precise description of the 
division into segments is needed [30, 33, 51, 52, 60, 
77]. There are three segments in the superior lobe of 
the right lung, apical (S1), posterior (S2) and anterior 
(S3), two in the middle lobe, lateral (S4) and medial 
(S5), and five in the inferior lobe, superior (S6), me-
dial-basal (S7), anterior-basal (S8), lateral-basal (S9) 
and posterior-basal (S10) [52, 77]. The superior and 
inferior lobes of the left lung are each divided into 
five segments. The following are distinguished in the 
superior lobe: apical (S1), posterior (S2), anterior (S3), 
superior lingula (S4) and inferior lingula (S5). In the 
inferior lobe we distinguish: superior (S6), medial 
basal (S7), anterior basal (S8), lateral basal (S9) and 
posterior basal (S10) (Figs. 1, 2) [52, 77].

The quoted number of left lung segments (8–10) 
varies [30, 52, 60] because the medial (S7) and ante-
rior basal (S8) segments are combined into an anter-



22

Folia Morphol., 2024, Vol. 83, No. 1

omedial segment (S7+S8), while the apical (S1) and 
posterior (S2) segments together give the apicopos-
terior segment (S1+S2) [51]. This occurs because the 
anterior and medial segments originate from a single 
branch of the lower lobe bronchus [77]. 

ANATOMICAL VARIATION 
The division of the bronchial tree is key to the 

division of the lungs into segments. Ghaye et al. 
[21] studied bronchial abnormalities in patients un-
dergoing imaging tests and found that an accessory 
cardiac bronchus occurred in 14 of 17,500 patients 
(0.08%). The accessory cardiac bronchus results from 
an abnormal evolution of the heart bud during the 
first week of embryo development [4]. Anatomically 
speaking, it arises from the inner wall of the right 
main or intermediate bronchus [79].

Another anatomical variant described by Ghaye et 
al. [21] is the tracheal bronchus, which occurred in 35 

patients out of the 17,500 tested (0.2%). Although 
the name suggests an origin from the trachea, the 
study showed that most tracheal bronchi originated 
from distal bronchi (68.6%) and only a few from the 
trachea (22.9%). The tracheal bronchus is the result 
of additional tracheal outgrowth early in develop-
ment [3]. Knowledge of the structure of the lung, 
in particular its vascularization and the anatomical 
variations of the fissures, lobes and hilum structures, 
has important clinical implications. For example, the 
apical segment can be supplied by two branches of 
the segmental artery of the lower right lobe [33]. 
Additional lobes or fissures can cause radiographs 
to be misinterpreted [63].

Martín-Ruiz et al. [49] studied anatomical var-
iations of the lungs by dissecting the lungs of 17 
cadavers and examining bronchoscopies of 50 hos-
pital patients. Only 37.31% of lung pairs showed 
no variability [49]. In this study, the right lower lobe 

Figure 1. Lateral view of lung segments.

Figure 2. Medial view of lung segments.
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showed the highest percentage variability; the middle 
and left lower lobes showed the lowest. A dissection 
study by Bostanci et al. [6] also revealed that 77% 
of lungs had anatomical variations in their fissures 
(though neither lung had accessory or absent lobes) 
[6]. Gonlugur et al. [23] conducted bronchoscopies 
on a large number of patients (1880 male and 670 
female) over 8 years to identify major variations of the 
tracheobronchial tree. The most common variation 
was a bifurcate pattern in the upper lobe of the right 
lung, and an additional bronchus after the lingular 
division in the left. However, these variants were not 
frequent; only 67 patients (2.6% of the population 
studied) showed major variations. 

The azygos lobe is interesting. It is not an addi-
tional lobe, but a part of the upper lobe of the right 
lung; it does not have its own bronchus and does 
not correspond to any specific bronchopulmonary 
segment [1]. It is made up of the arch of the azygos 
vein, which creates a depression that can be called 
a fissure in this lobe [50, 77]. Its frequency is low 
[6, 50, 77], so it can be perceived as a different 
anatomical structure with or within the lung on 
CT images, even by some medical residents [2]. 
Interestingly, as suggested in the extensive study 
by Yurasakpong et al. [91], it could be associated 
with genetic factors (such as Turner’s syndrome) 
and/or cardiopulmonary malformation. Because of 
this anomaly, the apical segment lies on the me-
dial or mediastinal side of the depression [6]. It is 
usually diagnosed by chance during a chest X-ray 
or CT [81]. It is also found in children, but has not 
been implicated in recurrent infections [81]. There 
are descriptions of the azygos lobe in the literature 
that also refer to surgery.

The first case we will describe was presented by 
Akhtar et al. [1]. A 55-year-old male presented with 
a complaint of dry cough and dyspnoea and chest 
X-ray and chest CT were performed. The azygos lobe 
was visible on radiograms thanks to the azygos fis-

sure [1, 50]. This lobe is important in surgery because 
the azygos vein and its mesenteriole can cover the 
sympathetic chain [43, 71]. 

The second case was presented by Gill et al. [22]. 
During a thoracoscopic sympathectomy, an azygos 
lobe was spotted in a patient with hyperhidrosis. 
Care was taken not to injure the azygos vein, oth-
erwise the surgery would have been converted to  
a thoracotomy [22]. 

There are also descriptions of a left azygos lobe in 
the literature, but it is extremely rare [41, 73]. 

Table 1 shows how many anatomical variants 
there can be of just one element, i.e. the pulmonary 
fissure [6, 19, 38, 84].

SURGICAL PROCEDURES 
Computed tomography is used to visualize the 

lung segments. However, as previously mentioned, 
the automatic formation of images of segments 
based on CT can be hampered by dissimilarities in 
pulmonary fissures or disease [63]. Using imaging 
methods such as CT, it is difficult to distinguish each 
lung segment by tracking the course of the interseg-
mental planes of the lungs [93], which divide the 
lobes into segments. Intersegmental veins also run 
through these planes [77]. 

In surgical procedures, inflation-deflation is used 
to distinguish a segment, using the difference in 
ventilation between the target and other segments 
[93]. In this method, the bronchus connected to the 
segment we want to excise is ligated, while the rest 
of the lung is inflated by forcing air into the bronchi 
[31]. This enables us to distinguish visually between 
the uninflated segment and the rest. Another meth-
od, the opposite of inflation-deflation, was presented 
by Kamiyoshihara et al. [31]. It involves introducing 
air through a butterfly needle into the selected seg-
mental bronchus, which expands the segment [32, 
45]; air is forced into the distal part of the bronchus 
while the proximal part is constricted [31]. 

Table 1. Comparison of the frequencies of complete, incomplete and absent fissures in lungs based on autopsies

Study Right lung, frequency % Left lung, frequency %

Oblique fissure Horizontal fissure Oblique fissure

Complete Incomplete Absent Complete Incomplete Absent Complete Incomplete Absent

West et al. (2021) [84] 64.2 35.8 – 22.2 66.7 11.1 81.5 16.0 2.5

Bostanci et al. (2020) [6] – 68.4 – – 84.5 4.3 – 63.0 –

Sudikshya et al. (2018) [38] 69.6 30.4 – 52.2 34.8 13.0 48.2 51.9 –

George et al. (2014) [19] – 3.1 – – 35.4 3.07 – 15.1 –
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The above-mentioned methods are limited, be-
cause if the intersegmental planes are separated by 
electrocoagulation, air can escape from the interseg-
mental space and the inflated lung collapses [66]. This 
of course complicates the procedure because the in-
flation and deflation line must then be reestablished. 
Another limitation is the difficulty of locating this 
plane in emphysema patients [11, 32]. Lung diseases 
such as emphysema and interstitial pneumonia [56] 
can lead to pre-indications for surgical procedures 
such as segmentectomy, which we will focus on later.

One of the newer methods for separating a bron-
chopulmonary segment is ligation of the target seg-
mental artery, as presented by Zhao et al. [93]. The 
segmental artery is ligated with a stapler block, and 
then unilateral ventilation is performed and this artery 
is cut. The visual changes are observed. The target seg-
ment darkens owing to ischaemia and therefore also 
hypoxia, while the rest of the lungs remain pink [93].

Gao and Liu [18] proposed the designation of 
arteriopulmonary segments instead of bronchial 
segments because in most cases studied (90%) the 
segmental bronchi were accompanied by segmen-
tal arteries visible on CT imaging (by administering 
contrast intravenously [18]). All this could be distin-
guished owing to the segmented arrangement of 
the arteries that formed arteriopulmonary segments 
with visible gaps between them. Moreover, these 
segments were visible from any viewpoint, anterior, 
lateral or posterior [18].

The abovementioned intersegmental plane is sig-
nificant for segmentectomy. If there is only one plane 
to identify, then segment resection is considered 
technically simple; however, if there are two or more, 
it is more challenging for the entire operating team, 
especially the thoracic surgeon [72]. Intersegmental 
veins serve as anatomical landmarks for preparing 
the middle part of the intersegmental plane [56]. In 
contrast, the demarcation line on the lung surface 
helps when the peripheral part of the intersegmen-
tal plane is prepared [16, 56]. The demarcation line 
is created on the basis of the previously mentioned 
difference between segment deflation and inflation, 
and it is marked by electrocoagulation so the activity 
does not have to be repeated [37]. For an upper lobe 
segmentectomy, the middle plane is identified first 
and then the peripheral one [70]. 

Anatomical variations of the bronchi are worth 
mentioning, specifically their influence on treatment. 
Deviations of bronchial divisions from the norm most 

often concern the lobes and segmental bronchi [21]. 
One example of bronchial variation is a displaced left 
apicoposterior bronchus (B1+2) described by Yanagi-
ya et al. [88]. Left lung segmentectomy (S1+S2) was 
performed on a male patient with a ground-glass 
nodule. Of course, chest CT with three-dimensional 
(3D) imaging was very helpful in this procedure. The 
bronchial abnormality arose at the back of the left 
main pulmonary artery, so the bronchus had to be 
accessed from the posterior side [88].

Maki et al. [48] observed an additional bronchi 
(B*) in 129 (24.0%) patients undergoing CT imaging. 
Martín-Ruiz et al. [49] (previously mentioned in the 
context of anatomical variations of the lungs) pro-
vided quantitative information about B*: it occurred 
in 19.4% of cases, mainly on the right side (most 
in the right lower lobe, then the right upper lobe). 
Similar results were obtained by Nagashima et al. [54] 
from 3D-CT images of patients with changes in the 
respiratory system or mediastinum before surgery.  
A subsuperior segmental bronchus was detected in 
55 (20.4%) cases [54]. 

Liu et al. [47] distinguished three types of sub-
superior segmental bronchus according to the di-
rection. The first is a posterior bronchus between B6 
and B10 (known as the narrow sense of a subsuperior 
segmental bronchus), observed in 10.5% of patients. 
The second is a lateral one between B6 and B9 (4.6%) 
and the third is anterior, between B6 and B8 (1.8%). 
This bronchus is also associated with a change in the 
intersegmental plane [47].

If there is a B*, how is it connected to the seg-
ment? An additional segment called the subsuperior 
segment (S*) can be distinguished between S6 and 
S8-S10, coexisting with the accessory bronchus and 
having its own vascularization [47, 54]. There is very 
little literature about S*. 

Shimizu et al. [69] described two patients who 
underwent segmentectomy. The first  had two nod-
ules in the S9 and S* segments of the right lung. By 
applying traction on B* they found an additional 
segmental artery (A*). The surgeon made a decision 
about S* segmentectomy with S9 wedge resection 
on the basis of CT images and tumour location. The 
second patient had a pulmonary hamartoma at the 
boundary of the S6 and S* segments. In this case, it 
was decided to perform a bisegmentectomy. In both 
cases, the presence of B* and A* had to be taken 
into account (although there was no additional vein 
to collect blood from this segment, nor were lymph 
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vessels mentioned). Sometimes, if the tumour is on 
the border between two segments, as in the second 
case, bisegmentectomy should be considered to en-
sure an appropriate surgical margin [69]. 

In another case report by Liu et al. [44], the patient 
had a nodule in S* of the left lower lung. There were 
anatomical similarities to the earlier case in that the 
segment had its own bronchus and artery. In this case, 
removing the nodule by wedge resection would have 
been difficult, so a segmentectomy was performed. 
The independent S* resection was intended to ensure 
more functional reserve. A uniportal VATS was used 
to minimise muscle and intercostal nerve injury. 

Both of these cases can be considered very impor-
tant for S* segmentectomy. Shimizu et al. [69] were 
the first to perform the procedure using four ports, 
while Liu et al. [44] were the first to perform it using 
a single port. Most importantly, as the authors [69] 
of the first case report noted, such operations are 
technically possible. On the other hand, Maki et al. 
[48] noted that single segmentectomy of S* using 
pulmonary veins to distinguish the intersegmental 
planes would be difficult because there are multi-
ple intersegmental veins and S* is a small segment. 
Interestingly, a subsuperior bronchus, especially in 
the right lung, had already been described by Kass-
ay [34], who added that it merits an update of the 
nomenclature.

Other variations concern the previously-men-
tioned lung fissures. These variations have clinical 
implications as patients with an incomplete fissure 
are more likely to experience postoperative air leakage 
following a lobectomy, which can necessitate a sleeve 
lobectomy [74]. Sleeve lobectomy is performed if  
a tumour arises at the origin of a lobar bronchus; it 
focuses on removing the lobe of the lung with part 
of the main bronchus [14]. It is not difficult to guess 
that this location makes resection of the part of the 
lung affected by the tumour the only possibility, if 
complete pneumonectomy is to be avoided [14]. 

We mentioned earlier that 3D-CT using intrave-
nous contrast is needed to visualise the course of the 
pulmonary vessels. However, the surgeon cannot rely 
on radiographic images alone; they have a margin of 
error. Therefore, it is also important to determine the 
intersegmental plane in the target lung in a different 
form or as a supplement to inflation-deflation. To 
determine the segment, indocyanine green (ICG) is 
administered; it binds to lipoprotein α1 in the blood 
[17] and fluoresces. 

There are different ways to implement this. One is 
transbronchial administration with an ultrathin bron-
choscope [17, 80], followed by airflow to accelerate 
diffusion. Before the ICG is administered, the target 
segmental blood vessels and bronchi are separated 
[90], so the target segment has no blood supply and 
is therefore non-fluorescent. Another way is to admin-
ister the ICG intravenously [53]. An infrared camera 
is used to observe the coloured segments, which 
assume a light green colour [80]. The diode emits at 
760–805 nm wavelength [17, 53], which is captured 
by ICG bound to the plasma protein; reflected light 
with a similar wavelength (830 nm) is then captured 
by the camera [53]. This method of ICG fluorescence 
imaging is widely used, not only in segmentectomy, 
because it has side effects and is simple [17]. The 
intersegmental planes can be identified quickly in 
the vast majority (88–95.6%) of cases; the contrast 
fluorescence is maximum after 20–30 s [53, 64, 90]. 
In most cases the intersegmental plane disappears 
within 2 min [64, 90], which should be enough time 
for the surgeon to mark it by electrocoagulation [37].

It is important not to give too much ICG. As noted 
by Wada et al. [80], if a nontarget segment has an 
excess of the solution, dots appear on the referred 
segment, precluding separation of the intersegmental 
plane [80]. Another limitation on this method is the 
variable thickness of the pleura [80], or diseases such 
as pulmonary emphysema [64].

Zhang et al. [92] reported a new method, evaluat-
ed by both in vivo research and surgery, for determin-
ing interstitial planes by administering methylene blue 
into the target segmental bronchus using a syringe 
with an intravenous needle, causing that segment to 
turn blue [92]. This is an interesting discovery but it 
has limitations. In the in vivo study the blue colour 
lasted at least 30 min, but the authors [92] did not 
specify how long it remained during the operation; 
they only mentioned that the mean was 3 min [92].

SEGMENTECTOMY 
One of the most common procedures in thorac-

ic surgery is segmentectomy, involving resection of  
a given lung segment [85]. The essence of this proce-
dure is to isolate and divide the segmental bronchus, 
and then excise it along with the peripheral lung 
parenchyma [89]. Not only the segmental bronchi are 
excised, but also arteries and intrasegmental veins, 
with possible preservation of intersegmental veins 
[85]. In most cases, the surgery begins with ligation of 
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the segmental pulmonary vein, and then, depending 
on the segment, ligation of the bronchus or artery 
[89]. Segmental bronchi are separated by surgical 
staplers [11] or ligated with a silk thread [36]. There 
are several indications for this treatment. It is per-
formed for metastases or benign lesions, and it is an 
option for early-stage lung cancers such as non-small 
cell lung cancer, or for patients who are not typed 
for standard lobectomy [40, 56]. Another indication, 
although definitely less common, is lung infection 
[5]. Along with wedge resections, it is one of the 
most frequently used methods for sublobar resection 
[36]. Among the most frequently excised segments 
are those in the superior lobe of the right lung [24, 
40]. Table 2 summarizes the histological diagnoses 

in patients who underwent segmentectomy, [8, 29, 
72, 87] and Table 3 gives the statistics of the types 
of segmentectomy [24, 29, 61, 64, 87].

For segmentectomy, a chest CT scan is necessary 
to visualise the veins and arteries [11, 36, 66]. The 
patient receives intravenous contrast, which shows 
the courses of blood vessels, making it possible 
to reconstruct those courses on the images [70]. 
Three-dimensional tomography has the advantage 
over two-dimensional because the surgeon can view 
the image from all sides and freely zoom in and 
out. This is essential for locating structures, including 
pathological ones such as a nodule deep in the lung 
parenchyma on the border between two segments 
[85]. In such cases, 3D-CT angiography can help to 

Table 2. Comparison of histological diagnoses in patients undergoing segmentectomy 

Suzuki et al. [72] Yamashita et al. [87] Hwang et al. [29] Cao et al. [8]

N 552 90 100 809

Squamous cell carcinoma 38 (6.9%) 11 (12%) 15 (15%) 182 (22.5%)

Adenocarcinoma 483 (87.5%) 74 (82%) 80 (80%) 529 (65.4%)

Large cell carcinoma 1 (0.2%) – – –

Non-small carcinoma 30 (5.4%) – – –

Others – 5 (6%) 5 (5%) 98 (12.1%)

Note: In Yamashita et al. [87], adenocarcinoma in situ and minimally invasive adenocarcinoma were also included with adenocarcinoma.

Table 3. Types of segmentectomy

Pischik and Kovalenko,  
2018 [64]

Gossot et al.,  
2016 [24]

Hwang et al.,  
2015 [29]

Yamashita el al.,  
2012 [87]

Ojanguren et al.,  
2016 [61]

Right lung 40% 41.7% 43.0% 51.1% 47.3%

S1 5.6% 0.4% – 6.7% –

S2 8.9% 0.4% 5.0% 6.7% –

S3 2.2% 1.7% 5.0% 7.8% 0.6%

S6 10% 9.8% 17.0% 10% 10.3%

S7 – – 1.0% – –

S8 1.1% 0.4% 3.0% 2.2% 0.6%

S1+S2 6.7% 17.4% – 1.1% 23.0%

S9+S10 1.1% 0.9% – 2.2% 0.6%

Left lung 60% 58.3% 57.0% 48.9% 52.7%

S2 1.1% 0.4% – – 0.6%

S3 2.2% – – 2.2% –

S4 – – – 1.1% –

S6 7.8% 14.5% 9.0% 7.8% 13.9%

S8 – 0.9% – 3.3% –

S10 1.1% – 1.0% – –

S1+S2 15.6% 7.7% – 3.3% 7.8%

S9+S10 – 2.1% – 1.1% 3.6%
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determine the vascularization of the lung very accu-
rately, along with the tiny arteries around the tumour 
[55]. It can also assist with imaging during surgery 
with the C-arm [11]. 

The C-arm is a great convenience for the surgeon 
since the lung volume can change because of inflation 
or collapse. It also allows the location of the tumour 
to be monitored continuously and its distance as-
sessed. This shows the importance of cooperation 
between radiologists and surgeons, because radio-
graphic images facilitate the ligation and dissection 
of segmental vessels and reveal changes [11, 55]. 

The technical aspects of the procedure should also 
be discussed, focusing not only on lung cancers or 
anatomical variations. Segmentectomy is performed 
under general anaesthesia with double-lumen en-
dotracheal tube intubation [24, 29]. There are several 
methods of surgical access to the lung segment. 
Video-assisted thoracic surgery (VATS) can be used, 
during which the patient lies in the lateral decubitus 
position, and the working port is performed 4–7 cm 
in the fourth or fifth intercostal space [24, 32]. The 
number of access ports is usually 1–4 [56]. Thus, 
additional ports of smaller diameter can be made, 
for example in the seventh intercostal space in the 
anterior axillary line, or the eighth/ninth intercostal 
space in the posterior axillary line [13, 32]. During the 
operation with a single-port system, additional ports 
can be made if the surgeon encounters problems such 
as difficult access to nodules or pleural adhesions 
[45]. An endoscope is inserted through one port, 
which acts as an extension of the surgeon’s eye and 
is necessary throughout the operation. It allows the 
operation to be previewed on the screen [87]. Before 
the surgeon starts working on the segment, a pre-
liminary examination is needed to exclude conditions 
that preclude surgery such as pleural cancer [13].

A more automated variation of VATS is a robotic 
operation [83] in which the surgeon controls the ro-
botic arms with the surgical instruments using foot 
pedals and a console [78]. Robot arms mimic the 
movements of human shoulders and wrists, but have 
the obvious advantage of filtering out physiological 
tremor [62]. Although studies show that this is the 
most expensive treatment option because of the cost 
of robotic-specific supplies, the hospitalization cost is 
reduced because the median length of stay is shorter 
than with VATS and open approaches [15, 58]. 

Another method is segmentectomy with an open 
approach [67]. As the name suggests, axillary thora-

cotomy or posterolateral thoracotomy is performed 
in this case, with possible muscle sparing [9, 15]. The 
duration of surgery is shorter than with VATS or the 
robotic technique, but the median hospital stay is 
the longest [15, 58]. 

Since the procedures are aimed at minimising 
invasiveness, we ask whether, in relation to anaes-
thesia, new methods are also tested for the benefit 
of the patient or the medical staff. The literature 
throws some light on this. Liu et al. [45] recently 
reported on the possibility of using nonintubated 
uniportal thoracoscopic segmentectomy instead of 
intubation for patients with early lung cancer, which 
could reduce the number of surgical complications 
resulting from endotracheal intubation. However, as 
they point out, it is a newly-developed method with  
risks, such as hypoxia or hypercapnia in patients  
with impaired respiratory function. These methods 
without intubation had been proposed earlier; in 
2014, a similar method was presented by Hung et al. 
[28], also using intravenous fentanyl as premedica-
tion. The difference lay in the surgical access; a meth-
od with three ports was used. Both studies mention 
the possibility of reflex cough during manipulations 
around the hilum of the lungs, which can be prevent-
ed by a vagal nerve block. The nonintubated method 
was also described by Liu et al. [46], who noted the 
importance of studies on the long-term prognosis for 
patients undergoing such surgery.

It is important to remember lymph drainage in the 
lungs, including drainage through the intersegmental 
veins. If these are associated with the tumour their 
removal should be considered because tumour cells 
could migrate through the lymphatic vessels [66]. 
There can be lymph nodes at the beginning of a seg-
mental bronchus, so they must be cleared of lymph 
and evaluated by a surgeon [24]. 

Topol and Masłoń [75] observed that a small per-
centage (5.2%) of lymphatic vessels in their cadaveric 
study crossed the borders of bronchopulmonary seg-
ments. A small proportion of these vessels (7.4%) also 
run to lymph nodes in another region, so adjacent 
segments should be carefully observed because of 
the possibility of metastasis. Watanabe et al. [82] 
found that patients with non-small cell lung cancer 
with mediastinal lymph node metastasis (pN2) were 
more likely to develop upper mediastinal metastases 
in upper segment lesions than the basal segment. 
They were also more likely to develop metastases 
to the pericardium if there was metastasis to the 
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superior mediastinum [82]. Lin et al. [42] conducted 
similar studies on adenocarcinoma. They showed that 
patients with basal segment tumours had a lower 
probability of freedom from recurrence than those 
with upper segment tumours [42]. 

It was mentioned earlier that segmentectomy is an 
option for patients who do not qualify for lobectomy, 
which is undoubtedly more extensive surgery. The two 
methods should be compared to see the potential 
advantages and disadvantages of segmentecotmy. 
Compared to lobectomy, performed routinely in lung 
cancer patients [5], segmentectomy entails slightly 
more blood loss during surgery, as well as air leakage. 
However, this difference is not large; the median was 
44.5 vs. 50 mL [72] in a study by Suzuki et al. [72] 
on comparable groups of patients who underwent 
lobectomy (n = 554) and segmentectomy (n = 552). 
Another study also reported low intraoperative blood 
loss in segmentectomy, the median being 60 mL [24]. 
Segmentectomy also had a shorter mean operation 
time than lobectomy for stage I of the TNM (tumour, 
node and metastasis) classification in non-small cell 
lung cancer, which had a significant impact on the 
older patients who underwent surgery [40]. There 
were greater decreases in forced vital capacity, forced 
expiratory volume in 1 s and maximum voluntary 
ventilation in patients undergoing lobectomy than 
segmentectomy (1 year after surgery), although, as 
in lobectomy, there was a significant decrease in 
diffusion capacity for carbon monoxide (DLCO) [39]. 
The risk of complications does not differ significant-
ly from that in lobectomy, the most common ones 
being bronchopneumonia, prolonged air leak, and 
atrial fibrillation [5]. Segmentectomy is also associ-
ated with low postoperative mortality [5, 24, 40, 72, 
87]. To prevent air leakage, continuous over-and-over 
suturing should be instituted; and to prevent later 
leakage, sealing materials such as polyglycolic acid 
felt can be used [32, 37].

Possible complications can also arise from variant 
anatomy: incorrect division of the intersegmental 
vein, or the accidental cutting of one of the veins 
supplying the bronchopulmonary segment, can cause 
postoperative haemoptysis [27, 85, 86]. Another ex-
ample is confusion of the variant lingular segmental 
artery with an anterior segmental artery during a left 
upper or anterior segmentectomy [85]. 

The abovementioned anatomical variations show 
how important anatomical knowledge is for perform-
ing a segmentectomy procedure. Cooperation by the 

patient is also important; he should return regularly 
for postoperative check-ups, having a chest X-ray 
and CT scan to ensure that the tumour has been 
completely resected and there is no recurrence [29]. 

Is segmentectomy similar for each segment, or 
are some segments easier or more difficult to access 
operatively; and if there are differences, where do 
they come from? The literature indicates that there 
is no simple answer. Suzuki et al. [72] and Oizumi et 
al. [59] defined a simple segmentectomy as one that 
takes place along one intersegmental plane, or has 
been described in the literature; it concerns the S6 
segment of the right lung and the S5-S6 segments of 
the left lung. More studies focusing on this division 
including both simple and difficult segmentectomies 
would be worthwhile because, as Oizumi et al. [59] 
noted, many factors are involved in the technical diffi-
culty including the angles of the preparation surface, 
the number of cases described, and the location of 
the bronchial pulmonary artery within the segment.  
A similar impression can be obtained from, for exam-
ple, Yotsukura et al. [90], who described simple seg-
mentectomy with reference to left S1+2 and S3, left 
S4+5, S6, or basilar segments. It is worth describing 
the technique of the operation with reference to the 
abovementioned superior segment. Yang et al. [89] 
describe the resection beginning with mobilization 
of the inferior pulmonary vein to identify a vein from 
the target segment, followed by division of a venous 
branch with a linear stapler. The artery is then ligated 
so that the lung parenchyma can be divided. 

There is no doubt that segmentectomy is one of 
the more demanding procedures because of the sizes 
of the structures involved, and their fleshiness and 
delicacy. The surgeon aims to minimise the impair-
ment of lung function, so the operation is performed 
with the use of a camera, which can also be a dis-
advantage if to the image cannot be seen physically 
but only by previewing it on screen. For a difficult 
segmentectomy, the criterion could be, for example, 
segment size. For instance, S9 and S10 are rather 
small segments, so creating an intersegmental plane 
for them can be technically difficult [48].

In a segmentectomy to treat cancer, the surgical 
margins should be extending at least 2 cm outside 
the lesion or should be 2 cm greater than the tu-
mour size [72, 85, 86]. For this to be possible, the 
size of the segment should be taken into account. 
Ueda et al. [76] showed that the right medial-basal 
(S7) is smallest and the left apicoposterior segment 
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(S1+S2) largest, which bears on the possibility of 
segmentectomy of any given segment. This report 
is very important for anticipating the success of  
a segmentectomy. However, it has disadvantages, 
considering that if there is a tumour in S1 or S2, only  
a S1+S2 bisegmentectomy should be performed. 
Ueda et al. [76] was cited by Kawakita et al. [37], who 
reported a successful S7 segmentectomy in a patient 
with a metastasis in this segment. They noticed that 
S7 segmentectomy is rare because this segment is 
so small. Sarsam et al. [65] estimated the volume of 
the S6 segment from vein, artery and bronchus areas 
based on CT image reconstruction; the vein gave the 
largest segmental volume, while the bronchus gave 
the smallest. This study shows that segment volume 
and intersegmental planes can differ depending on 
the reference point adopted [65].

HOW TO DIVIDE  
A BRONCHOPULMONARY SEGMENT 

FROM ANATOMY TO SURGERY?
Due to the different operational divisions of all 

segments into the simple and difficult ones in the 
above-mentioned literature, we propose division of 
the segments based on their anatomy. The criterion 
is the number of intersegmental planes surrounding 
the segment. It is related to the necessity to mark 
segments in the case of surgical procedures with the 
use of intersegmental planes. The segment that is 
easier to operate on is cut by 1 intersegmental plane, 
while the more difficult segment is cut by 2 or more. 
As to S2 in right lung, there are two intersegmental 
planes — one is a plane between S1 and S2, and the 
other is a plane between S2 and S3. We believe that 
this is an objective classification that can be used in 
operational practice (Table 4) [25, 59, 72].

The division is similar to that in Suzuki et al. [72]; 
however, they did not distinguish between the S4-S5 
split in the left lung, but wrote it as a lingular seg-
ment. With reference to their study [72] and Oizumi 

et al. [59] wonders why marking S4-S5 segments of 
the right lung as difficult. From an anatomical point of 
view, pulmonary vein anomalies such as right middle 
lobe pulmonary vein may be a challenge for right lung 
S4 and S5 segmentectomy [68]. The presence of the 
phrenic nerve near the hilum of the lung is also an 
important element [20]. But we have not found a clear 
answer in the literature why they are omitted. The 
example of how they are omitted is no data in Table 3  
for S4 and S5 segmentectomy in the right lung. This 
can be also explained by the small mean volume in 
the case of S4, but in the case of S5 it is similar to 
S6 [12]. The intersegmental planes, not the volume, 
may be the more important factor. This is shown by 
an example of a larger mean volume of S4 than S5 
in the left lung, yet it is S4 that is considered more 
difficult in surgery [57]. 

An interesting division was proposed by Handa 
et al. [25], who assigned the segmentectomy to the 
left upper division segment to this simple one. Also 
in their study, the S4-S5 division in the left lung was 
not distinguished. This division seems important to us 
because in the case of the S4 of the left lung, there 
are two intersegmental planes — between the S3 and 
S4 and between S4 and S5.

Based on the literature, we believe that separate 
S4 and S5 segmentectomies of the right lung should 
also be considered, which are technically possible, 
but more often performed as S4+S5 bisegmentec-
tomies [20].

SUBSEGMENTECTOMY 
An extended segmentectomy can be performed 

to secure the resection margins, based on incising 
the adjacent fragments in a non-anatomical way or 
cutting the adjacent subsegment [66]. This brings us 
to subsegmentectomy, much less commonly men-
tioned in the literature than segmentectomy, but 
meriting a separate section in this review. Since seg-
mental bronchi are divided into lobar bronchi, we 

Table 4. Division of the bronchopulmonary segments surgery procedures

Present study Suzuki et al., 2019 [72] Handa et al., 2019 [25] Oizumi et al., 2011 [59]

Right lung Left lung Right lung Left lung Right lung Left lung Right lung Left lung

Simple S4-S6 S5, S6 S6 S4-S6 S6 S1-S6 S6 S5, S6

Difficult S1-S3,  
S7-S10

S1-S4,  
S7-S10

S1-S5,  
S7-S10

S1-S3,  
S7-S10

S1-S5,  
S7-S10

S7-S10 S1-S5,  
S7-S10

S1-S4,  
S7-S10

Classification 
method

Intersegmental plane Intersegmental plane Intersegmental plane and 
surgical procedures

Intersegmental plane and 
literature reports
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can also add subsegments to them. For example, we 
can distinguish subsegments S6a, S6b, S6c in the S6 
segment of the left lung [35]. A subsegmentectomy 
is performed for small tumours or when, for exam-
ple, a tumour is near the pulmonary hilum [35]. The 
procedure is similar to segmentectomy. It begins 
with preoperative 3D lung reconstruction using CT 
after administration of iodinated contrast medium to 
visualise veins and arteries [26, 35]. The procedure is 
then performed under general anaesthesia. For lung 
access, the surgeon can for example perform a sin-
gle-port thoracoscopy with a 3.5–4.0 cm incision (or 
3–5 cm, depending on the operator’s decisions and 
accounts in the literature) at the midaxillary line over 
the fourth or fifth intercostal space [10, 26]. Anatom-
ically, it achieves the same function as dividing blood 
vessels and bronchi and then preparating them [26]. 

Chang et al. [10] compared single-port VATS seg-
mentectomy with single-port VATS subsegmentec-
tomy and showed that subsegmentectomy could 
have advantages over the former method in selected 
cases. The operation time was similar in both groups, 
though slightly shorter for subsegmentectomy (the 
authors stated that there was a larger proportion of 
infectious diseases in the segmentectomy group).  
A greater difference could be seen in another param-
eter: there was less intraoperative blood loss during 
subsegmentectomy (median 25.3 vs. 81.4 mL). This is 
in line with the results of Kato et al. [35], where the 
median was 19 mL for subsegmentectomy. In a more 
recent study by the same author [36], who compared 
segmentectomy and subsegmentectomy patients, 
there were two statistically significant differences. 
First, the median time of surgery for the first proce-
dure was longer by 11 min (178 vs. 167 min). Second, 
the median bleeding from segmentectomy was 40 mL  
greater (53 vs. 13 mL). These results encourage further 
development of minimally invasive surgical proce-
dures [10, 35, 36]. 

CONCLUSIONS 
To sum up, lung segments are anatomically varia-

ble, for example in the bronchial tree and vasculariza-
tion or lymph drainage. Despite this known variability, 
there are no current supplements to them in surgical 
procedures, as the example of the subsuperior seg-
ment shows. Medics must depend on future research 
focusing on bronchopulmonary segment surgery that 
will allow the duration of procedures to be reduced 
and preserve lung functionality. We tried to organize 

the collected data in the literature on the division of 
segmentectomy into simple and difficult. We have 
made an anatomical division which is also used in 
other clinical studies so we believe that it is possible 
to extend the surgery to other bronchopulmonary 
segments.

Ethical approval and consent to participate

The cadavers belonged to the Department of An-
atomical Dissection and Donation, Medical University 
of Lodz. 

Conflict of interest: None declared

REFERENCES
1. Akhtar J, Lal A, Martin KB, et al. Azygos lobe: A rare cause 

of right paratracheal opacity. Respir Med Case Rep. 2018; 
23: 136–137, doi: 10.1016/j.rmcr.2018.02.001, indexed in 
Pubmed: 29719800.

2. Al-Mnayyis A, Al-Alami Z, Altamimi N, et al. Azygos lobe: 
prevalence of an anatomical variant and its recognition 
among postgraduate physicians. Diagnostics (Basel). 
2020; 10(7), doi: 10.3390/diagnostics10070470, indexed 
in Pubmed: 32664403.

3. Barat M, Konrad HR. Tracheal bronchus. Am J Otolaryngol. 
1987; 8(2): 118–122, doi: 10.1016/s0196-0709(87)80034-
0, indexed in Pubmed: 3592078.

4. Barreiro TJ, Gemmel D. Accessory cardiac bronchus. Lung. 
2014; 192(5): 821–822, doi: 10.1007/s00408-014-9617-2, 
indexed in Pubmed: 25001980.

5. Bédat B, Abdelnour-Berchtold E, Perneger T, et al. Com-
parison of postoperative complications between seg-
mentectomy and lobectomy by video-assisted thoracic 
surgery: a multicenter study. J Cardiothorac Surg. 2019; 
14(1): 189, doi: 10.1186/s13019-019-1021-9, indexed in 
Pubmed: 31699121.

6. Bostanci K, Ozyurtkan MO, Polat MO, et al. Variations 
in pulmonary fissural anatomy: a medicolegal autopsy 
study of 256 cases. ANZ J Surg. 2020; 90(4): 608–611, 
doi: 10.1111/ans.15553, indexed in Pubmed: 31709740.

7. Boyden EA. A critique of the international nomenclature 
on bronchopulmonary segments. Dis Chest. 1953; 23(3): 
266–269, doi:  10.1378/chest.23.3.266, indexed in Pu-
bmed: 13033655.

8. Cao J, Yuan P, Wang Y, et al. Survival rates after lobectomy, 
segmentectomy, and wedge resection for non-small cell 
lung cancer. Ann Thorac Surg. 2018; 105(5): 1483–1491, 
doi:  10.1016/j.athoracsur.2018.01.032, indexed in Pu-
bmed: 29462591.

9. Carr SR, Schuchert MJ, Pennathur A, et al. Impact of tu-
mor size on outcomes after anatomic lung resection for 
stage 1A non-small cell lung cancer based on the current 
staging system. J Thorac Cardiovasc Surg. 2012; 143(2): 
390–397, doi:  10.1016/j.jtcvs.2011.10.023, indexed in 
Pubmed: 22169444.

10. Chang CC, Yen YT, Lin CY, et al. Single-port video-assisted 
thoracoscopic surgery subsegmentectomy: The learning 
curve and initial outcome. Asian J Surg. 2020; 43(5): 

http://dx.doi.org/10.1016/j.rmcr.2018.02.001
https://www.ncbi.nlm.nih.gov/pubmed/29719800
http://dx.doi.org/10.3390/diagnostics10070470
https://www.ncbi.nlm.nih.gov/pubmed/32664403
http://dx.doi.org/10.1016/s0196-0709(87)80034-0
http://dx.doi.org/10.1016/s0196-0709(87)80034-0
https://www.ncbi.nlm.nih.gov/pubmed/3592078
http://dx.doi.org/10.1007/s00408-014-9617-2
https://www.ncbi.nlm.nih.gov/pubmed/25001980
http://dx.doi.org/10.1186/s13019-019-1021-9
https://www.ncbi.nlm.nih.gov/pubmed/31699121
http://dx.doi.org/10.1111/ans.15553
https://www.ncbi.nlm.nih.gov/pubmed/31709740
http://dx.doi.org/10.1378/chest.23.3.266
https://www.ncbi.nlm.nih.gov/pubmed/13033655
http://dx.doi.org/10.1016/j.athoracsur.2018.01.032
https://www.ncbi.nlm.nih.gov/pubmed/29462591
http://dx.doi.org/10.1016/j.jtcvs.2011.10.023
https://www.ncbi.nlm.nih.gov/pubmed/22169444


31

Jakub Wąsik et al., Lung segments from anatomy to surgery

625–632, doi:  10.1016/j.asjsur.2019.09.009, indexed in 
Pubmed: 31672480.

11. Chang SS, Okamoto T, Tokunaga Y, et al. Intraoperative 
computed tomography navigation during thoracoscopic 
segmentectomy for small-sized lung tumors. Semin Thorac 
Cardiovasc Surg. 2018; 30(1): 96–101, doi:  10.1053/j.
semtcvs.2017.08.005, indexed in Pubmed: 28935510.

12. Daimon T, Fujimoto K, Tanaka K, et al. Volume of pul-
monary lobes and segments in chronic obstructive 
pulmonary diseases calculated using newly developed 
three-dimensional software. Jpn J Radiol. 2009; 27(3): 
115–122, doi:  10.1007/s11604-008-0307-y, indexed in 
Pubmed: 19412678.

13. D’Amico TA. Thoracoscopic segmentectomy: technical 
considerations and outcomes. Ann Thorac Surg. 2008; 
85(2): S716–S718, doi: 10.1016/j.athoracsur.2007.11.050, 
indexed in Pubmed: 18222203.

14. De Leyn P, Rots W, Deneffe G, et al. Sleeve lobectomy for 
non-small cell lung cancer. Acta Chir Belg. 2003; 103(6): 
570–576, doi:  10.1080/00015458.2003.11679493, in-
dexed in Pubmed: 14743560.

15. Deen SA, Wilson JL, Wilshire CL, et al. Defining the cost of 
care for lobectomy and segmentectomy: a comparison of 
open, video-assisted thoracoscopic, and robotic approaches. 
Ann Thorac Surg. 2014; 97(3): 1000–1007, doi: 10.1016/j.
athoracsur.2013.11.021, indexed in Pubmed: 24480259.

16. Endoh M, Oizumi H, Kato H, et al. How to demarcate 
intersegmental plane with resected-segments inflation 
method using the slip knot technique in thoraco-
scopic anatomic segmentectomy. J Vis Surg. 2017; 3: 
100, doi:  10.21037/jovs.2017.06.11, indexed in Pu-
bmed: 29078662.

17. Funai K, Kawase A, Shimizu K, et al. Fluorescence naviga-
tion with indocyanine green for identification of interseg-
mental planes using a photodynamic eye camera. J Thorac 
Dis. 2020; 12(9): 4817–4824, doi: 10.21037/jtd-20-1448, 
indexed in Pubmed: 33145054.

18. Gao H, Liu C. Demarcation of arteriopulmonary segments: 
a novel and effective method for the identification 
of pulmonary segments. J Int Med Res. 2021; 49(5): 
3000605211014383, doi: 10.1177/03000605211014383, 
indexed in Pubmed: 33990153.

19. George BM, Nayak SB, Marpalli S. Morphological varia-
tions of the lungs: a study conducted on Indian cadav-
ers. Anat Cell Biol. 2014; 47(4): 253–258, doi: 10.5115/
acb.2014.47.4.253, indexed in Pubmed: 25548723.

20. Gharagozloo F, Meyer M. The technique of robotic ana-
tomic pulmonary segmentectomy I: right sided segments. 
Mini-invasive Surgery. 2020; 2020, doi: 10.20517/2574-
1225.2020.53.

21. Ghaye B, Szapiro D, Fanchamps JM, et al. Congenital bron-
chial abnormalities revisited. Radiographics. 2001; 21(1): 
105–119, doi:  10.1148/radiographics.21.1.g01ja06105, 
indexed in Pubmed: 11158647.

22. Gill AJ, Cavanagh SP, Gough MJ. The azygos lobe: an 
anatomical variant encountered during thoracoscopic 
sympathectomy. Eur J Vasc Endovasc Surg. 2004; 28(2): 
223–224, doi:  10.1016/j.ejvs.2004.02.011, indexed in 
Pubmed: 15234706.

23. Gonlugur U, Efeoglu T, Kaptanoglu M, et al. Major ana-
tomical variations of the tracheobronchial tree: broncho-

scopic observation. Anat Sci Int. 2005; 80(2): 111–115, 
doi:  10.1111/j.1447-073x.2005.00104.x, indexed in 
Pubmed: 15960317.

24. Gossot D, Lutz J, Grigoroiu M, et al. Thoracoscopic ana-
tomic segmentectomies for lung cancer: technical aspects. 
J Vis Surg. 2016; 2: 171, doi: 10.21037/jovs.2016.10.04, 
indexed in Pubmed: 29078556.

25. Handa Y, Tsutani Y, Mimae T, et al. Surgical outcomes of 
complex versus simple segmentectomy for stage i non-
small cell lung cancer. Ann Thorac Surg. 2019; 107(4): 
1032–1039, doi:  10.1016/j.athoracsur.2018.11.018, 
indexed in Pubmed: 30550801.

26. Hong R, Chen C, Zheng W, et al. “Split” combined subseg-
mentectomy: A case series. Thorac Cancer. 2022; 13(3): 
423–429, doi:  10.1111/1759-7714.14275, indexed in 
Pubmed: 34907669.

27. Hu CG, Yang XT, Zhao M, et al. Three-Dimensional 
computed tomography bronchography and angiog-
raphy-guided thoracoscopic segmentectomy for pul-
monary nodules. Surg Innov. 2022; 29(3): 343–352, 
doi:  10.1177/15533506211044389, indexed in Pu-
bmed: 34559004.

28. Hung MH, Hsu HH, Chan KC, et al. Non-intubated thora-
coscopic surgery using internal intercostal nerve block, 
vagal block and targeted sedation. Eur J Cardiothorac 
Surg. 2014; 46(4): 620–625, doi: 10.1093/ejcts/ezu054, 
indexed in Pubmed: 24585550.

29. Hwang Y, Kang CH, Kim HS, et al. Comparison of thoraco-
scopic segmentectomy and thoracoscopic lobectomy on 
the patients with non-small cell lung cancer: a propensity 
score matching study. Eur J Cardiothorac Surg. 2015; 
48(2): 273–278, doi:  10.1093/ejcts/ezu422, indexed in 
Pubmed: 25406426.

30. Jackson C, Huber J. Correlated applied anatomy of the 
bronchial tree and lungs with a system of nomencla-
ture. Dis Chest. 1943; 9(4): 319–326, doi:  10.1378/
chest.9.4.319.

31. Kamiyoshihara M, Kakegawa S, Morishita Y. Convenient 
and improved method to distinguish the intersegmental 
plane in pulmonary segmentectomy using a butterfly 
needle. Ann Thorac Surg. 2007; 83(5): 1913–1914, 
doi:  10.1016/j.athoracsur.2006.06.052, indexed in Pu-
bmed: 17462440.

32. Kamiyoshihara M, Kakegawa S, Ibe T, et al. Butter-
fly-needle video-assisted thoracoscopic segmen-
tectomy: a retrospective review and technique in 
detail. Innovations (Phila). 2009; 4(6): 326–330, 
doi: 10.1097/IMI.0b013e3181c488bb, indexed in Pu-
bmed: 22437229.

33. Kandathil A, Chamarthy M. Pulmonary vascular anatomy 
& anatomical variants. Cardiovasc Diagn Ther. 2018; 
8(3): 201–207, doi:  10.21037/cdt.2018.01.04, indexed 
in Pubmed: 30057869.

34. Kassay D. Remarks on the international nomenclature 
of bronchopulmonary segments. Dis Chest. 1954; 26(5): 
610–611, doi: 10.1016/s0096-0217(15)32487-0, indexed 
in Pubmed: 13210171.

35. Kato H, Oizumi H, Inoue T, et al. Port-access thoracoscopic 
anatomical lung subsegmentectomy. Interact Cardiovasc 
Thorac Surg. 2013; 16(6): 824–829, doi: 10.1093/icvts/
ivt037, indexed in Pubmed: 23427315.

http://dx.doi.org/10.1016/j.asjsur.2019.09.009
https://www.ncbi.nlm.nih.gov/pubmed/31672480
http://dx.doi.org/10.1053/j.semtcvs.2017.08.005
http://dx.doi.org/10.1053/j.semtcvs.2017.08.005
https://www.ncbi.nlm.nih.gov/pubmed/28935510
http://dx.doi.org/10.1007/s11604-008-0307-y
https://www.ncbi.nlm.nih.gov/pubmed/19412678
http://dx.doi.org/10.1016/j.athoracsur.2007.11.050
https://www.ncbi.nlm.nih.gov/pubmed/18222203
http://dx.doi.org/10.1080/00015458.2003.11679493
https://www.ncbi.nlm.nih.gov/pubmed/14743560
http://dx.doi.org/10.1016/j.athoracsur.2013.11.021
http://dx.doi.org/10.1016/j.athoracsur.2013.11.021
https://www.ncbi.nlm.nih.gov/pubmed/24480259
http://dx.doi.org/10.21037/jovs.2017.06.11
https://www.ncbi.nlm.nih.gov/pubmed/29078662
http://dx.doi.org/10.21037/jtd-20-1448
https://www.ncbi.nlm.nih.gov/pubmed/33145054
http://dx.doi.org/10.1177/03000605211014383
https://www.ncbi.nlm.nih.gov/pubmed/33990153
http://dx.doi.org/10.5115/acb.2014.47.4.253
http://dx.doi.org/10.5115/acb.2014.47.4.253
https://www.ncbi.nlm.nih.gov/pubmed/25548723
http://dx.doi.org/10.20517/2574-1225.2020.53
http://dx.doi.org/10.20517/2574-1225.2020.53
http://dx.doi.org/10.1148/radiographics.21.1.g01ja06105
https://www.ncbi.nlm.nih.gov/pubmed/11158647
http://dx.doi.org/10.1016/j.ejvs.2004.02.011
https://www.ncbi.nlm.nih.gov/pubmed/15234706
http://dx.doi.org/10.1111/j.1447-073x.2005.00104.x
https://www.ncbi.nlm.nih.gov/pubmed/15960317
http://dx.doi.org/10.21037/jovs.2016.10.04
https://www.ncbi.nlm.nih.gov/pubmed/29078556
http://dx.doi.org/10.1016/j.athoracsur.2018.11.018
https://www.ncbi.nlm.nih.gov/pubmed/30550801
http://dx.doi.org/10.1111/1759-7714.14275
https://www.ncbi.nlm.nih.gov/pubmed/34907669
http://dx.doi.org/10.1177/15533506211044389
https://www.ncbi.nlm.nih.gov/pubmed/34559004
http://dx.doi.org/10.1093/ejcts/ezu054
https://www.ncbi.nlm.nih.gov/pubmed/24585550
http://dx.doi.org/10.1093/ejcts/ezu422
https://www.ncbi.nlm.nih.gov/pubmed/25406426
http://dx.doi.org/10.1378/chest.9.4.319
http://dx.doi.org/10.1378/chest.9.4.319
http://dx.doi.org/10.1016/j.athoracsur.2006.06.052
https://www.ncbi.nlm.nih.gov/pubmed/17462440
http://dx.doi.org/10.1097/IMI.0b013e3181c488bb
https://www.ncbi.nlm.nih.gov/pubmed/22437229
http://dx.doi.org/10.21037/cdt.2018.01.04
https://www.ncbi.nlm.nih.gov/pubmed/30057869
http://dx.doi.org/10.1016/s0096-0217(15)32487-0
https://www.ncbi.nlm.nih.gov/pubmed/13210171
http://dx.doi.org/10.1093/icvts/ivt037
http://dx.doi.org/10.1093/icvts/ivt037
https://www.ncbi.nlm.nih.gov/pubmed/23427315


32

Folia Morphol., 2024, Vol. 83, No. 1

36. Kato H, Oizumi H, Suzuki J, et al. Roles and outcomes 
of thoracoscopic anatomic lung subsegmentectomy 
for lung cancer. Interact Cardiovasc Thorac Surg. 2022; 
34(1): 81–90, doi: 10.1093/icvts/ivab221, indexed in Pu-
bmed: 34999803.

37. Kawakita N, Toba H, Sakiyama S, et al. A case of thoraco-
scopic medial basal segmentectomy. Int J Surg Case Rep. 
2019; 55: 15–17, doi: 10.1016/j.ijscr.2018.12.004, indexed 
in Pubmed: 30660053.

38. Kc S, Shrestha P, Shah AK, et al. Variations in human pul-
monary fissures and lobes: a study conducted in nepalese 
cadavers. Anat Cell Biol. 2018; 51(2): 85–92, doi: 10.5115/
acb.2018.51.2.85, indexed in Pubmed: 29984052.

39. Keenan RJ, Landreneau RJ, Maley RH, et al. Segmental 
resection spares pulmonary function in patients with stage 
I lung cancer. Ann Thorac Surg. 2004; 78(1): 228–233, 
doi:  10.1016/j.athoracsur.2004.01.024, indexed in Pu-
bmed: 15223434.

40. Kilic A, Schuchert MJ, Pettiford BL, et al. Anatomic segmen-
tectomy for stage I non-small cell lung cancer in the elderly. 
Ann Thorac Surg. 2009; 87(6): 1662–1667, doi: 10.1016/j.
athoracsur.2009.02.097, indexed in Pubmed: 19463574.

41. Lesser MB. Left azygos lobe. Report of a case. Dis Chest. 
1964; 46: 95–96, doi: 10.1378/chest.46.1.95, indexed in 
Pubmed: 14195416.

42. Lin YH, Hung JJ, Yeh YC, et al. Prognostic significance 
of basal versus superior segment in patients with com-
pletely resected lung adenocarcinoma in the lower lobe. 
Thorac Cancer. 2019; 10(2): 312–320, doi: 10.1111/1759-
7714.12957, indexed in Pubmed: 30601596.

43. Lindner HH, Saunders JB. Newer concepts of anatomy of 
the lungs; advantages to surgeons, internists, bronchos-
copist and radiologists. Calif Med. 1952; 76(2): 74–76, 
indexed in Pubmed: 14905286.

44. Liu G, Hu H, Dong P, et al. Modified left subsuperior 
segmentectomy via 2-cm uniportal video-assisted thora-
coscopic surgery. Surg Today. 2021; 51(1): 172–175, 
doi:  10.1007/s00595-020-02009-3, indexed in Pu-
bmed: 32328737.

45. Liu HY, Chiang XH, Hung MH, et al. Nonintubated uniportal 
thoracoscopic segmentectomy for lung cancer. J Formos 
Med Assoc. 2020; 119(9): 1396–1404, doi:  10.1016/j.
jfma.2020.03.021, indexed in Pubmed: 32303399.

46. Liu J, Cui F, Pompeo E, et al. The impact of non- 
-intubated versus intubated anaesthesia on early out-
comes of video-assisted thoracoscopic anatomical 
resection in non-small-cell lung cancer: a propensity 
score matching analysis. Eur J Cardiothorac Surg. 2016; 
50(5): 920–925, doi: 10.1093/ejcts/ezw160, indexed in 
Pubmed: 27165771.

47. Liu Y, Qiu B, Zhang S, et al. A simplified model for deter-
mining the cutting plane during thoracoscopic anatomical 
partial lobectomy of the right lower lobe. Transl Lung 
Cancer Res. 2021; 10(7): 3203–3212, doi: 10.21037/tlcr-
21-525, indexed in Pubmed: 34430358.

48. Maki R, Miyajima M, Ogura K, et al. Anatomy of the left 
subsuperior segment for segmentectomy. Surg Today. 
2022; 52(7): 1054–1062, doi:  10.1007/s00595-021-
02417-z, indexed in Pubmed: 34812942.

49. Martín-Ruiz S, Gutiérrez-Collar C, Forcén Vicente De Vera 
E, et al. The bronchial segmentation and its anatom-

ical variations. A clinical-anatomic and bronchoscopy 
study. Ann Anat. 2021; 235: 151677, doi:  10.1016/j.
aanat.2021.151677, indexed in Pubmed: 33515691.

50. Mata J, Cáceres J, Alegret X, et al. Imaging of the 
azygos lobe: normal anatomy and variations. AJR Am 
J Roentgenol. 1991; 156(5): 931–937, doi:  10.2214/
ajr.156.5.2017954, indexed in Pubmed: 2017954.

51. Mehran RJ. Fundamental and Practical Aspects of Airway 
Anatomy: From Glottis to Segmental Bronchus. Thorac 
Surg Clin. 2018; 28(2): 117–125, doi:  10.1016/j.thor-
surg.2018.02.003, indexed in Pubmed: 29627044.

52. Moore KL, Dalley AF, Agur A. Clinically oriented anatomy 
(8th ed.). Lippincott Williams and Wilkins. 2017.

53. Mun M, Okumura S, Nakao M, et al. Indocyanine green 
fluorescence-navigated thoracoscopic anatomical seg-
mentectomy. J Vis Surg. 2017; 3: 80, doi:  10.21037/
jovs.2017.05.06, indexed in Pubmed: 29078643.

54. Nagashima T, Shimizu K, Ohtaki Y, et al. Analysis of vari-
ation in bronchovascular pattern of the right middle and 
lower lobes of the lung using three-dimensional CT angi-
ography and bronchography. Gen Thorac Cardiovasc Surg. 
2017; 65(6): 343–349, doi: 10.1007/s11748-017-0754-4, 
indexed in Pubmed: 28197816.

55. Nakamoto K, Omori Ki, Nezu K, et al. Lung Cancer Project 
Group of West-Seto Inland Sea, Japan. Superselective seg-
mentectomy for deep and small pulmonary nodules under 
the guidance of three-dimensional reconstructed comput-
ed tomographic angiography. Ann Thorac Surg. 2010; 
89(3): 877–883, doi: 10.1016/j.athoracsur.2009.11.037, 
indexed in Pubmed: 20172147.

56. Nakazawa S, Shimizu K, Mogi A, et al. VATS segmentecto-
my: past, present, and future. Gen Thorac Cardiovasc Surg. 
2018; 66(2): 81–90, doi:  10.1007/s11748-017-0878-6, 
indexed in Pubmed: 29255967.

57. Nakazawa S, Yajima T, Numajiri K, et al. Superior lingular 
S segmentectomy. Ann Thorac Surg. 2022; 113(2): e141– 
–e144, doi: 10.1016/j.athoracsur.2021.04.050, indexed in 
Pubmed: 33945813.

58. Novellis P, Bottoni E, Voulaz E, et al. Robotic surgery, vid-
eo-assisted thoracic surgery, and open surgery for early stage 
lung cancer: comparison of costs and outcomes at a single 
institute. J Thorac Dis. 2018; 10(2): 790–798, doi: 10.21037/
jtd.2018.01.123, indexed in Pubmed: 29607150.

59. Oizumi H, Kanauchi N, Kato H, et al. Anatomic thoraco-
scopic pulmonary segmentectomy under 3-dimensional 
multidetector computed tomography simulation: a report 
of 52 consecutive cases. J Thorac Cardiovasc Surg. 2011; 
141(3): 678–682, doi:  10.1016/j.jtcvs.2010.08.027, in-
dexed in Pubmed: 20884021.

60. Oizumi H, Kato H, Endoh M, et al. Techniques to define 
segmental anatomy during segmentectomy. Ann Cardio-
thorac Surg. 2014; 3(2): 170–175, doi: 10.3978/j.issn.2225-
319X.2014.02.03, indexed in Pubmed: 24790841.

61. Ojanguren A, Gossot D, Seguin-Givelet A. Division of 
the intersegmental plane during thoracoscopic segmen-
tectomy: is stapling an issue? J Thorac Dis. 2016; 8(8): 
2158–2164, doi:  10.21037/jtd.2016.07.47, indexed in 
Pubmed: 27621872.

62. Pardolesi A, Park B, Petrella F, et al. Robotic anatomic 
segmentectomy of the lung: technical aspects and 
initial results. Ann Thorac Surg. 2012; 94(3): 929–934, 

http://dx.doi.org/10.1093/icvts/ivab221
https://www.ncbi.nlm.nih.gov/pubmed/34999803
http://dx.doi.org/10.1016/j.ijscr.2018.12.004
https://www.ncbi.nlm.nih.gov/pubmed/30660053
http://dx.doi.org/10.5115/acb.2018.51.2.85
http://dx.doi.org/10.5115/acb.2018.51.2.85
https://www.ncbi.nlm.nih.gov/pubmed/29984052
http://dx.doi.org/10.1016/j.athoracsur.2004.01.024
https://www.ncbi.nlm.nih.gov/pubmed/15223434
http://dx.doi.org/10.1016/j.athoracsur.2009.02.097
http://dx.doi.org/10.1016/j.athoracsur.2009.02.097
https://www.ncbi.nlm.nih.gov/pubmed/19463574
http://dx.doi.org/10.1378/chest.46.1.95
https://www.ncbi.nlm.nih.gov/pubmed/14195416
http://dx.doi.org/10.1111/1759-7714.12957
http://dx.doi.org/10.1111/1759-7714.12957
https://www.ncbi.nlm.nih.gov/pubmed/30601596
https://www.ncbi.nlm.nih.gov/pubmed/14905286
http://dx.doi.org/10.1007/s00595-020-02009-3
https://www.ncbi.nlm.nih.gov/pubmed/32328737
http://dx.doi.org/10.1016/j.jfma.2020.03.021
http://dx.doi.org/10.1016/j.jfma.2020.03.021
https://www.ncbi.nlm.nih.gov/pubmed/32303399
http://dx.doi.org/10.1093/ejcts/ezw160
https://www.ncbi.nlm.nih.gov/pubmed/27165771
http://dx.doi.org/10.21037/tlcr-21-525
http://dx.doi.org/10.21037/tlcr-21-525
https://www.ncbi.nlm.nih.gov/pubmed/34430358
http://dx.doi.org/10.1007/s00595-021-02417-z
http://dx.doi.org/10.1007/s00595-021-02417-z
https://www.ncbi.nlm.nih.gov/pubmed/34812942
http://dx.doi.org/10.1016/j.aanat.2021.151677
http://dx.doi.org/10.1016/j.aanat.2021.151677
https://www.ncbi.nlm.nih.gov/pubmed/33515691
http://dx.doi.org/10.2214/ajr.156.5.2017954
http://dx.doi.org/10.2214/ajr.156.5.2017954
https://www.ncbi.nlm.nih.gov/pubmed/2017954
http://dx.doi.org/10.1016/j.thorsurg.2018.02.003
http://dx.doi.org/10.1016/j.thorsurg.2018.02.003
https://www.ncbi.nlm.nih.gov/pubmed/29627044
http://dx.doi.org/10.21037/jovs.2017.05.06
http://dx.doi.org/10.21037/jovs.2017.05.06
https://www.ncbi.nlm.nih.gov/pubmed/29078643
http://dx.doi.org/10.1007/s11748-017-0754-4
https://www.ncbi.nlm.nih.gov/pubmed/28197816
http://dx.doi.org/10.1016/j.athoracsur.2009.11.037
https://www.ncbi.nlm.nih.gov/pubmed/20172147
http://dx.doi.org/10.1007/s11748-017-0878-6
https://www.ncbi.nlm.nih.gov/pubmed/29255967
http://dx.doi.org/10.1016/j.athoracsur.2021.04.050
https://www.ncbi.nlm.nih.gov/pubmed/33945813
http://dx.doi.org/10.21037/jtd.2018.01.123
http://dx.doi.org/10.21037/jtd.2018.01.123
https://www.ncbi.nlm.nih.gov/pubmed/29607150
http://dx.doi.org/10.1016/j.jtcvs.2010.08.027
https://www.ncbi.nlm.nih.gov/pubmed/20884021
http://dx.doi.org/10.3978/j.issn.2225-319X.2014.02.03
http://dx.doi.org/10.3978/j.issn.2225-319X.2014.02.03
https://www.ncbi.nlm.nih.gov/pubmed/24790841
http://dx.doi.org/10.21037/jtd.2016.07.47
https://www.ncbi.nlm.nih.gov/pubmed/27621872


33

Jakub Wąsik et al., Lung segments from anatomy to surgery

doi: 10.1016/j.athoracsur.2012.04.086, indexed in Pub-
med: 22748642.

63. Park J, Yun J, Kim N, et al. Fully automated lung lobe 
segmentation in volumetric chest CT with 3D U-Net: 
Validation with Intra- and extra-datasets. J Digit Imaging. 
2020; 33(1): 221–230, doi: 10.1007/s10278-019-00223-1, 
indexed in Pubmed: 31152273.

64. Pischik VG, Kovalenko A. The role of indocyanine green fluo-
rescence for intersegmental plane identification during vid-
eo-assisted thoracoscopic surgery segmentectomies. J Thorac 
Dis. 2018; 10(Suppl 31): S3704–S3711, doi:  10.21037/
jtd.2018.04.84, indexed in Pubmed: 30505555.

65. Sarsam M, Glorion M, de Wolf J, et al. The role of three-di-
mensional reconstructions in understanding the interseg-
mental plane: an anatomical study of segment 6. Eur  
J Cardiothorac Surg. 2020; 58(4): 763–767, doi: 10.1093/
ejcts/ezaa123, indexed in Pubmed: 32359060.

66. Sato M, Murayama T, Nakajima J. Concepts and tech-
niques: how to determine and identify the appropriate 
target segment in anatomical pulmonary segmentecto-
my? J Thorac Dis. 2019; 11(3): 972–986, doi: 10.21037/
jtd.2019.02.83, indexed in Pubmed: 31019788.

67. Schuchert MJ, Pettiford BL, Pennathur A, et al. Anatomic 
segmentectomy for stage I non-small-cell lung cancer: 
comparison of video-assisted thoracic surgery versus 
open approach. J Thorac Cardiovasc Surg. 2009; 138(6): 
1318–13125.e1, doi: 10.1016/j.jtcvs.2009.08.028, indexed 
in Pubmed: 19931665.

68. Shi Y, Mi S, Shi Y, et al. Evaluation of pulmonary vein anat-
omy using 256-slice computed tomography. Turk J Med 
Sci. 2017; 47(5): 1526–1534, doi: 10.3906/sag-1506-84, 
indexed in Pubmed: 29151328.

69. Shimizu K, Mogi A, Yajima T, et al. Thoracoscopic 
subsuperior segment segmentectomy. Ann Thorac 
Surg. 2017; 104(5): e407–e410, doi:  10.1016/j.
athoracsur.2017.07.007, indexed in Pubmed: 29054241.

70. Shimizu K, Nakazawa S, Nagashima T, et al. 3D-CT 
anatomy for VATS segmentectomy. J Vis Surg. 2017; 
3: 88, doi:  10.21037/jovs.2017.05.10, indexed in Pu-
bmed: 29078650.

71. Sieunarine K, May J, White GH, et al. Anomalous azygos 
vein: a potential danger during endoscopic thoracic 
sympathectomy. Aust N Z J Surg. 1997; 67(8): 578–579, 
doi:  10.1111/j.1445-2197.1997.tb02046.x, indexed in 
Pubmed: 9287933.

72. Suzuki K, Saji H, Aokage K, et al. West Japan Oncology 
Group, Japan Clinical Oncology Group. Comparison 
of pulmonary segmentectomy and lobectomy: Safety 
results of a randomized trial. J Thorac Cardiovasc Surg. 
2019; 158(3): 895–907, doi: 10.1016/j.jtcvs.2019.03.090, 
indexed in Pubmed: 31078312.

73. Takasugi JE, Godwin JD. Left azygos lobe. Radiology. 1989; 
171(1): 133–134, doi: 10.1148/radiology.171.1.2928516.

74. Taverne Y, Kleinrensink GJ, de Rooij P. Perioperative 
Identification of an Accessory Fissure of the Right 
Lung. Case Rep Pulmonol. 2015; 2015: 954769, 
doi: 10.1155/2015/954769, indexed in Pubmed: 26185701.

75. Topol M, Masłoń A. Some variations in lymphatic drain-
age of selected bronchopulmonary segments in human 
lungs. Ann Anat. 2009; 191(6): 568–574, doi: 10.1016/j.
aanat.2009.08.008, indexed in Pubmed: 19800774.

76. Ueda K, Tanaka T, Hayashi M, et al. What proportion 
of lung cancers can be operated by segmentectomy? 
A computed-tomography-based simulation. Eur J Car-
diothorac Surg. 2012; 41(2): 341–345, doi:  10.1016/j.
ejcts.2011.05.034, indexed in Pubmed: 21703862.

77. Ugalde P, Camargo Jd, Deslauriers J. Lobes, fissures, and 
bronchopulmonary segments. Thorac Surg Clin. 2007; 
17(4): 587–599, doi:  10.1016/j.thorsurg.2006.12.008, 
indexed in Pubmed: 18271171.

78. Veronesi G, Novellis P, Perroni G. Overview of the outcomes 
of robotic segmentectomy and lobectomy. J Thorac Dis. 
2021; 13(10): 6155–6162, doi:  10.21037/jtd-20-1752, 
indexed in Pubmed: 34795966.

79. Volpe A, Bozzetto S, Baraldi E, et al. Accessory-lobed ac-
cessory cardiac bronchus: Presentation and treatment in  
a pediatric patient. Pediatr Pulmonol. 2017; 52(10): E85–E87,  
doi: 10.1002/ppul.23776, indexed in Pubmed: 28834413.

80. Wada H, Yamamoto T, Morimoto J, et al. Near-Infra-
red-Guided pulmonary segmentectomy after endobron-
chial indocyanine green injection. Ann Thorac Surg. 2020; 
109(2): 396–403, doi: 10.1016/j.athoracsur.2019.08.083, 
indexed in Pubmed: 31586621.

81. Wang L, Zhao F, Liu H, et al. Clinical characteristics of 
50 children with azygos lobe: a retrospective study. Eur  
J Pediatr. 2021; 180(8): 2687–2691, doi: 10.1007/s00431-
021-04133-9, indexed in Pubmed: 34086104.

82. Watanabe Si, Suzuki K, Asamura H. Superior and basal 
segment lung cancers in the lower lobe have different 
lymph node metastatic pathways and prognosis. Ann 
Thorac Surg. 2008; 85(3): 1026–1031, doi:  10.1016/j.
athoracsur.2007.10.076, indexed in Pubmed: 18291191.

83. Wei B, Cerfolio RJ. Robotic lobectomy and segmentectomy: 
technical details and results. Surg Clin North Am. 2017; 
97(4): 771–782, doi: 10.1016/j.suc.2017.03.008, indexed 
in Pubmed: 28728715.

84. West CT, Slim N, Steele D, et al. Are textbook lungs really 
normal? A cadaveric study on the anatomical and clinical 
importance of variations in the major lung fissures, and 
the incomplete right horizontal fissure. Clin Anat. 2021; 
34(3): 387–396, doi: 10.1002/ca.23661, indexed in Pu-
bmed: 32713079.

85. Wu WB, Xu XF, Wen W, et al. Three-dimensional comput-
ed tomography bronchography and angiography in the 
preoperative evaluation of thoracoscopic segmentectomy 
and subsegmentectomy. J Thorac Dis. 2016; 8(Suppl 9): 
S710–S715, doi:  10.21037/jtd.2016.09.43, indexed in 
Pubmed: 28066674.

86. Wu YJ, Shi QT, Zhang Y, et al. Thoracoscopic segment-
ectomy and lobectomy assisted by three-dimensional 
computed-tomography bronchography and angiography 
for the treatment of primary lung cancer. World J Clin 
Cases. 2021; 9(34): 10494–10506, doi:  10.12998/wjcc.
v9.i34.10494, indexed in Pubmed: 35004981.

87. Yamashita Si, Tokuishi K, Anami K, et al. Thoracoscopic 
segmentectomy for T1 classification of non-small cell lung 
cancer: a single center experience. Eur J Cardiothorac Surg. 
2012; 42(1): 83–88, doi: 10.1093/ejcts/ezr254, indexed in 
Pubmed: 22228839.

88. Yanagiya M, Yamaguchi H, Hiyama N, et al. Left apicopos-
terior segmentectomy for lung cancer with displaced 
segmental bronchus: a case report. J Cardiothorac Surg. 

http://dx.doi.org/10.1016/j.athoracsur.2012.04.086
https://www.ncbi.nlm.nih.gov/pubmed/22748642
http://dx.doi.org/10.1007/s10278-019-00223-1
https://www.ncbi.nlm.nih.gov/pubmed/31152273
http://dx.doi.org/10.21037/jtd.2018.04.84
http://dx.doi.org/10.21037/jtd.2018.04.84
https://www.ncbi.nlm.nih.gov/pubmed/30505555
http://dx.doi.org/10.1093/ejcts/ezaa123
http://dx.doi.org/10.1093/ejcts/ezaa123
https://www.ncbi.nlm.nih.gov/pubmed/32359060
http://dx.doi.org/10.21037/jtd.2019.02.83
http://dx.doi.org/10.21037/jtd.2019.02.83
https://www.ncbi.nlm.nih.gov/pubmed/31019788
http://dx.doi.org/10.1016/j.jtcvs.2009.08.028
https://www.ncbi.nlm.nih.gov/pubmed/19931665
http://dx.doi.org/10.3906/sag-1506-84
https://www.ncbi.nlm.nih.gov/pubmed/29151328
http://dx.doi.org/10.1016/j.athoracsur.2017.07.007
http://dx.doi.org/10.1016/j.athoracsur.2017.07.007
https://www.ncbi.nlm.nih.gov/pubmed/29054241
http://dx.doi.org/10.21037/jovs.2017.05.10
https://www.ncbi.nlm.nih.gov/pubmed/29078650
http://dx.doi.org/10.1111/j.1445-2197.1997.tb02046.x
https://www.ncbi.nlm.nih.gov/pubmed/9287933
http://dx.doi.org/10.1016/j.jtcvs.2019.03.090
https://www.ncbi.nlm.nih.gov/pubmed/31078312
http://dx.doi.org/10.1148/radiology.171.1.2928516
http://dx.doi.org/10.1155/2015/954769
https://www.ncbi.nlm.nih.gov/pubmed/26185701
http://dx.doi.org/10.1016/j.aanat.2009.08.008
http://dx.doi.org/10.1016/j.aanat.2009.08.008
https://www.ncbi.nlm.nih.gov/pubmed/19800774
http://dx.doi.org/10.1016/j.ejcts.2011.05.034
http://dx.doi.org/10.1016/j.ejcts.2011.05.034
https://www.ncbi.nlm.nih.gov/pubmed/21703862
http://dx.doi.org/10.1016/j.thorsurg.2006.12.008
https://www.ncbi.nlm.nih.gov/pubmed/18271171
http://dx.doi.org/10.21037/jtd-20-1752
https://www.ncbi.nlm.nih.gov/pubmed/34795966
http://dx.doi.org/10.1002/ppul.23776
https://www.ncbi.nlm.nih.gov/pubmed/28834413
http://dx.doi.org/10.1016/j.athoracsur.2019.08.083
https://www.ncbi.nlm.nih.gov/pubmed/31586621
http://dx.doi.org/10.1007/s00431-021-04133-9
http://dx.doi.org/10.1007/s00431-021-04133-9
https://www.ncbi.nlm.nih.gov/pubmed/34086104
http://dx.doi.org/10.1016/j.athoracsur.2007.10.076
http://dx.doi.org/10.1016/j.athoracsur.2007.10.076
https://www.ncbi.nlm.nih.gov/pubmed/18291191
http://dx.doi.org/10.1016/j.suc.2017.03.008
https://www.ncbi.nlm.nih.gov/pubmed/28728715
http://dx.doi.org/10.1002/ca.23661
https://www.ncbi.nlm.nih.gov/pubmed/32713079
http://dx.doi.org/10.21037/jtd.2016.09.43
https://www.ncbi.nlm.nih.gov/pubmed/28066674
http://dx.doi.org/10.12998/wjcc.v9.i34.10494
http://dx.doi.org/10.12998/wjcc.v9.i34.10494
https://www.ncbi.nlm.nih.gov/pubmed/35004981
http://dx.doi.org/10.1093/ejcts/ezr254
https://www.ncbi.nlm.nih.gov/pubmed/22228839


34

Folia Morphol., 2024, Vol. 83, No. 1

2020; 15(1): 274, doi: 10.1186/s13019-020-01328-3, 
indexed in Pubmed: 32993707.

89. Yang CFJ, Fitch ZW, Balderson SS, et al. Anatomic thora-
coscopic segmentectomy for early-stage lung cancer.  
J Vis Surg. 2017; 3: 123, doi: 10.21037/jovs.2017.08.19, 
indexed in Pubmed: 29078683.

90. Yotsukura M, Okubo Yu, Yoshida Y, et al. Indocyanine green 
imaging for pulmonary segmentectomy. JTCVS Tech. 2021; 
6: 151–158, doi: 10.1016/j.xjtc.2020.12.005, indexed in 
Pubmed: 34318180.

91. Yurasakpong L, Yammine K, Limpanuparb T, et al. The prev-
alence of the azygos lobe: A meta-analysis of 1,033,083 

subjects. Clin Anat. 2021; 34(6): 872–883, doi: 10.1002/
ca.23737, indexed in Pubmed: 33908686.

92. Zhang Z, Liao Y, Ai Bo, et al. Methylene blue staining:  
a new technique for identifying intersegmental planes in 
anatomic segmentectomy. Ann Thorac Surg. 2015; 99(1): 
238–242, doi: 10.1016/j.athoracsur.2014.07.071, indexed 
in Pubmed: 25440279.

93. Zhao Y, Xuan Y, Song J, et al. A novel technique for identi-
fication of the segments based on pulmonary artery plane 
combined with oxygen diffusing discrepancy. J Thorac Dis. 
2019; 11(12): 5427–5432, doi: 10.21037/jtd.2019.11.42, 
indexed in Pubmed: 32030261.

http://dx.doi.org/10.1186/s13019-020-01328-3
https://www.ncbi.nlm.nih.gov/pubmed/32993707
http://dx.doi.org/10.21037/jovs.2017.08.19
https://www.ncbi.nlm.nih.gov/pubmed/29078683
http://dx.doi.org/10.1016/j.xjtc.2020.12.005
https://www.ncbi.nlm.nih.gov/pubmed/34318180
http://dx.doi.org/10.1002/ca.23737
http://dx.doi.org/10.1002/ca.23737
https://www.ncbi.nlm.nih.gov/pubmed/33908686
http://dx.doi.org/10.1016/j.athoracsur.2014.07.071
https://www.ncbi.nlm.nih.gov/pubmed/25440279
http://dx.doi.org/10.21037/jtd.2019.11.42
https://www.ncbi.nlm.nih.gov/pubmed/32030261


Folia Morphol.
Vol. 83, No. 1, pp. 35–43

DOI: 10.5603/FM.a2023.0020
Copyright © 2024 Via Medica

ISSN 0015–5659
eISSN 1644–3284

journals.viamedica.pl

O R I G I N A L    A R T I C L E

35

Address for correspondence: Dr. Karolina Barszcz, Department of Morphological Sciences, Institute of Veterinary Medicine, Warsaw University  
of Life Sciences — SGGW, ul. Nowoursynowska 159c, 02–776 Warszawa, Poland, e-mail: karolina_barszcz@sggw.edu.pl

This article is available in open access under Creative Common Attribution-Non-Commercial-No Derivatives 4.0 International (CC BY-NC-ND 4.0) license, allowing to download 
articles and share them with others as long as they credit the authors and the publisher, but without permission to change them in any way or use them commercially.
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Background: The coronary vessels have been described in various species of do-
mestic and wild ruminants. However, no studies on the detailed morphology and 
morphometry of heart orifices and coronary ostia in the Polish goat are available. 
Materials and methods: The study was carried out on 112 female, adult dairy 
goats belonging to Polish Fawn Improved and Polish White Improved breed, 
closely related to French Alpine and Saanen, respectively. 
Results: In all examined individuals, all heart orifices and heart valves were of nor-
mal structure. There was no significant difference between diameter of the aortic 
and pulmonary orifice. The right atrioventricular opening was significantly wider 
than the left atrioventricular opening. The dimension of the left coronary ostium 
ranged from 1.0 to 5.5 mm with the arithmetic mean (± standard deviation [SD]) 
of 4.3 ± 0.8 mm. The dimension of the right coronary ostium ranged from 0.5 to 
5.0 mm with the arithmetic mean (± SD) of 2.8 ± 0.7 mm. Both coronary artery 
ostia were located under the sinotubular junction. Out of 112 examined goats, 
39 (34.8%) had variations in the structure of the coronary ostia such as the lack 
of main trunk or the presence of additional coronary ostia. They were observed 
in one (in 34/39 goats) or both coronary arteries (5/39 goats). 
Conclusions: In goats, the dimensions of aortic and pulmonary orifices are similar 
while the right atrioventricular opening outsizes the left one. On the other hand, 
the left coronary ostium is wider than the right one. Morphological variations in 
the coronary ostia occur in approximately one third of goats, more often in the 
right than in the left ostium. (Folia Morphol 2024; 83, 1: 35–43)
Keywords: aortic orifice, pulmonary orifice, left atrioventricular ostium, 
right atrioventricular ostium, coronary ostia, heart, goat
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INTRODUCTION
Heart vascularization is a common topic of ana-

tomical studies both in human and veterinary med-
icine [5, 8, 19, 21, 35, 40–43, 50, 58]. A detailed 
analysis of the coronary vessels has been performed 
in domestic and wild ruminants including goats [10], 
sheep [12, 40], roe deer [20], and European bison [9, 
29]. Proper myocardial perfusion is, however, related 
not only to the architecture of the branches of the 
main vascular trunks but also to the topography, mor-
phology, and dimensions of the coronary ostia [28].

In human medicine, the assessment of the mor-
phology of heart valves and their anatomical ele-
ments, including coronary vessels, is an element of 
diagnostic process of various diseases and prepara-
tion for surgical procedures — coronary angiography, 
catheterization, and angioplasty [24, 32, 44, 52]. In 
veterinary medicine, it is performed mostly in animals 
species which serve as an experimental model for 
humans in biomedical research in the field of com-
parative anatomy of the cardiovascular system [6, 7, 
13, 16–18, 33, 46, 51, 53, 54]. One of such species is 
the goat [48, 59]. The available studies lack detailed 
morphological and morphometric descriptions of the 
heart valves and the coronary ostia in the domestic 
goat. 

The aim of this study was to determine the di-
mensions of the heart orifice and coronary ostia and 
assess their location in aortic sinuses in goats.

MATERIALS AND METHODS
The study was carried out on 112 female, adult 

dairy goats belonging to Polish Fawn Improved and 
Polish White Improved breed. These breeds are closely 
related to French Alpine and Saanen, respectively. 

The hearts were collected by the veterinarians 
(the authors of this manuscript) during diagnostic 
autopsies carried out immediately after euthanasia. 
The goats were euthanized due to severe and irre-
versible clinical signs of caprine arthritis-encephalitis, 
mainly carpal arthritis. According to Polish law, tests 
on tissues obtained post-mortem do not require the 
approval of the Ethics Committee (regulation of the 
Parliament of the Republic of Poland) [39]. The ter-
minology used in the manuscript was based on the 
prevailing veterinary nomenclature [36]. 

Morphologic and morphometric studies

The hearts were rinsed and placed in a hypertonic 
0.9% saline solution to remove blood. Next, the peri-

cardial sac was removed and the main vessels were 
cut out. The hearts were weighed on a laboratory 
scale (AXIS AD2000, Poland) and examined for signs 
of hypertrophy of the walls and interventricular sep-
tum, possible thickening or fibrosis of the mitral or 
pulmonary valves, endocardium and myocardium.

In the first stage, morphometry of aortic orifice, 
pulmonary trunk orifice, left atrioventricular opening, 
and right atrioventricular opening was performed using 
Hegar dilators (SPE-MED, Poland) and valve sizers (Trifec-
ta™ Valve Series Sizer Set, Abbott, Abbott Park, IL, USA). 
Measurements were taken with the precision of 1 mm.

The ascending aorta was cut above the aortic valve 
commissures. Afterwards, a longitudinal section was 
made between the aortic valve leaflets to visualize the 
left coronary ostium and the right coronary ostium. 
The sinotubular junction was used to determine the 
location of the ostia in the respective aortic sinuses 
of the semilunar leaflets (Fig. 1). Then, morphometry 
of the left coronary artery ostium and right coronary 
artery ostium was performed with the use of Hegar 
dilators (SPE-MED, Leszno, Poland). Measurements 
were taken with the precision of 0.5 mm.

Coronary ostia were visually inspected for the fol-
lowing morphological variations: additional coronary 
ostium or ostia in the area of the coronary ostium or 
outside the area of the coronary artery.

Statistical analysis

Categorical variables were expressed as counts 
and percentages. The 95% confidence intervals (CI 
95%) for proportions were calculated using Wilson’s 
score method and the difference in proportions 
along with CI 95% was calculated using Newcombe’s 
method [2]. Numerical variables were presented as 
the arithmetic mean, standard deviation (SD), and 
range. The dimensions of the ostia were compared 
using the paired-sample t-test (contralateral ostia) 
or the unpaired-sample t-test (unpaired groups). 
The homogeneity of variances was confirmed by an 
insignificant Brown-Forsythe test. The magnitude 
of the differences was expressed with the mean 
difference with CI 95%. The correlation between the 
diameters of the ostia and the heart’s weight was 
investigated using the Pearson’s linear correlation 
coefficient (r) with CI 95% calculated according to 
Altman et al. [2]. Strength of correlation was classi-
fied as follows: r = 0.00 to 0.19 — very weak, 0.20 
to 0.49 — weak, 0.50 to 0.69 — moderate, 0.70 to 
0.89 — strong, and 0.90 to 1.00 — very strong [1]. 
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All statistical tests were two-sided and a significance 
level (α) was set at 0.05. Statistical analysis was 
performed in TIBCO Statistica 13.3 (TIBCO Software 
Inc., Palo Alto, CA, USA).

RESULTS
The heart weight ranged from 43 to 450 g with 

the arithmetic mean (± SD) of 230.5 ± 60.0 g. In all 
studied goats, the aortic valve consisted of the three 
semilunar leaflets: left, right, and septal, that respec-
tively delimited the left coronary, right coronary, and 
the non-coronary aortic sinuses. The diameter of the 
aortic orifice ranged from 10 to 23 mm with the arith-
metic mean (± SD) of 16.4 ± 2.1 mm (Fig. 2A). On 
the wall of the aorta, the right and left coronary ostia 
were observed in the respective aortic sinus. In all 
examined individuals, the coronary ostia were located 
under the sinotubular junction (Fig. 1). Variations in 
the structure of the coronary ostia were observed 
in 39/112 goats (34.8%, CI 95%: 26.6%–44.0%). In 
34/39 goats (87.2%) morphological variations were 
observed in only one coronary artery — in 11 goats in 
the left and in 23 goats in the right. In the remaining 
5 goats morphological variations were present in both 
coronary arteries. They were related to the structure 
of the left and right coronary ostia, or the presence 
of additional coronary ostia.

Morphological variations of the left coronary ar-
tery were found in 16/112 goats (14.3%, CI 95%: 
9.0%–22.0%) and were as follows:

 — In 11/16 goats (68.8%), two well-defined open-
ings (paraconal interventricular branch and the 
left circumflex branch) were noted in the area of 
the left coronary ostium. The close proximity of 
these structures indicated that these individuals 
lacked the main left trunk (Fig. 3).

 — In 5/16 goats (31.2%), an additional coronary 
ostium was found outside the area of the left 
coronary artery. It was located in the aortic sinus 
of the left semilunar leaflet on the side of the 
intermediary aortic valve commissure or the left 
aortic valve commissure (Fig. 4).
Morphometric studies of the left coronary ostium 

were carried out in 101/112 goats (90.2%) in which 
the common left trunk was present. The dimension of 
the left coronary ostium ranged from 1.0 to 5.5 mm 
with the arithmetic mean (± SD) of 4.3 ± 0.8 mm  
(Fig. 2B).

The following morphological variations in the 
right coronary artery were observed in 28/112 goats 
(25.0%; CI 95%: 17.9%–33.8%):

 — in 20/28 goats (71.4%), an additional coronary 
ostium was noted outside the area of the right 
coronary artery. It was located in the aortic sinus 

Figure 1. Location of the coronary ostia. The sinotubular junction (dotted lines); 1 — the left semilunar leaflet; 2 — the right semilunar leaflet; 
3 — the septal semilunar leaflet; 4 — the left aortic valve commissure; 5 — the intermediary aortic valve commissure; 6 — the right aortic 
valve commissure; 7 — the left coronary ostium; 8 — the right coronary ostium. Scale bar: 2 mm.
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of the right semilunar leaflet on the side of the 
intermediary aortic valve commissure (Fig. 5B);

 — in 8/28 goats (28.6%), two additional coronary 
ostia were found outside the outline of the right 
coronary ostium. They were located in the aortic 
sinus of the right semilunar leaflet on the side of 
the intermediary aortic valve commissure (Fig. 5A).
The dimension of the right coronary ostium 

ranged from 0.5 to 5.0 mm with the arithmetic mean 
(± SD) of 2.8 ± 0.7 mm (Fig. 2B). The morphological 
variations were significantly more common in the 

right than the left coronary ostium (difference in 
proportion of 10.7%, CI 95%: 0.4%–20.8%). 

The pulmonary valve consisted of the three sem-
ilunar leaflets: left, right, and intermediate. The di-
mension of the pulmonary orifice ranged from 11 to 
27 mm with the arithmetic mean (± SD) of 16.7 ± 
2.9 mm (Fig. 2A).

The bicuspid valve was composed of the parietal 
and septal cusp. The dimension of the left atrioven-
tricular opening ranged from 14 to 35 mm with the 
arithmetic mean (± SD) of 25.9 ± 3.0 mm (Fig. 2A).
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Figure 2. Measurements: A. Of heart orifice; B. Of coronary ostia.

Figure 3. Overview of the aortic valve; 1 — the septal semilunar leaflet; 2 — the left semilunar leaflet; 3 — the right semilunar leaflet; 4 — the 
right aortic valve commissure; 5 — the left aortic valve commissure; 6 — the intermediary aortic valve commissure; 7 — lack of the main trunk 
of the left coronary artery; 8 — the right coronary ostium. Scale bar: 3 mm.
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The tricuspid valve consisted of three cusps: pari-
etal, septal, and angular. The dimension of the right 
atrioventricular opening ranged from 15 to 39 mm 
with the arithmetic mean (± SD) of 29.7 ± 3.5 mm 
(Fig. 2A).

There was no significant difference in the di-
mension between the aortic and pulmonary orifice 
(the mean difference of –0.2 mm, CI 95%: –0.7 to  
0.2 mm; p = 0.303). The right atrioventricular open-
ing was significantly wider than the left atrioven-
tricular opening (the mean difference of 3.8 mm, CI 
95%: 3.3–4.3 mm; p < 0.001) (Fig. 2A) and the left 
coronary ostium was significantly wider than the right 
coronary ostium (the mean difference of 1.5 mm, CI 
95%: 1.3–1.6 mm; p < 0.001) (Fig. 2B).

All the heart dimensions were significantly posi-
tively correlated with the heart weight (p < 0.001). 
The correlation was moderate in the case of the left 
atrioventricular opening (r = 0.60, CI 95%: 0.47–0.71) 
and the right atrioventricular opening (r = 0.57, CI 
95%: 0.43–0.68) and weak in the case of the pul-
monary orifice (r = 0.48, CI 95%: 0.32–0.61), aortic 
orifice (r = 0.38, CI 95%: 0.21–0.53) as well as the 
left (r = 0.41, CI 95%: 0.23–0.56), and right coronary 
ostium (r = 0.31, CI 95%: 0.13–0.47).

There was no significant difference between the 
dimension of the right coronary ostium in goat in 
which the right additional ostium was absent (n = 84;  
2.8 ± 0.7 mm, range 0.5–5.0 mm) or present (n = 28;  
2.9 ± 0.6 mm, range 2.0–4.5 mm; p = 0.469).  

Figure 4. Overview of the aortic valve. A, B. The additional coronary ostia in the left aortic sinus; 1 — the left semilunar leaflet; 2 — the right 
semilunar leaflet; 3 — the septal semilunar leaflet; 4 — left aortic valve commissure; 5 — the intermediary aortic valve commissure; 6 — right 
aortic valve commissure; 7 — the right coronary ostium; 8 — the left coronary ostium; 9 — the additional coronary ostium. Scale bar: 3 mm.

Figure 5. Overview of the aortic valve. A, B. The additional coronary ostia in the right aortic sinus; 1 — the septal semilunar leaflet; 2 — the right 
semilunar leaflet; 3 — the left semilunar leaflet; 4 — left aortic valve commissure; 5 — the intermediary aortic valve commissure; 6 — right 
aortic valve commissure; 7 — the right coronary ostium; 8 — the additional coronary ostium. Scale bar: 3 mm.
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Neither was there any significant difference between 
the dimension of the left coronary ostium in goat in 
which the left accessory ostium was present (n = 5; 
4.0 ± 0.4 mm, range 3.5–4.5 mm) or absent (n = 96;  
4.3 ± 0.8 mm, range 1.0–5.5 mm; p = 0.145).

Ethics approval and consent to participate

Parliament of the Republic of Poland: Ustawa  
z dnia 15 stycznia 2015 r. o ochronie zwierząt wyko-
rzystywanych do celów naukowych lub edukacyjnych. 
Dz.U. 2015 r. poz. 266. www.dziennikustaw.gov.pl/
du/2015/266/D2015000026601.pdf.

DISCUSSION
Publications in the field of human medicine pres-

ent detailed results of morphometry of the heart 
orifices, leaflets of the heart valves, and the diame-
ter of the ostia and trunks of the coronary arteries. 
Based on these studies, surgeries are performed to 
replace entire valves or their parts, as well as diag-
nostic and repair procedures on the coronary arteries 
[4, 14, 15, 26, 30–32, 37, 45, 49, 56]. A substantial 
development in veterinary cardiology has taken place 
in recent years. However, only a few morphometric 
studies on animal hearts have been published. These 
include European bison [9], cat [6, 7], cattle [22, 23], 
chicken [11], hamster [13, 17, 18], donkey [38], and 
dog [3]. This is particularly important in the case of 
species that are used as biomedical models [55]. The 
similarity in the size of organs between goats and 
humans has caused an increase in the usage of these 
animals; instead of dogs, as a model in cardiological 
studies. Moreover, societal expectations, emotional 
connections, and growing costs, have contributed 
to this [27, 57]. 

In all examined goats, the coronary arteries were 
located in the area of the aortic sinus of the semilu-
nar leaflet, left and right, respectively, just below the 
sinotubular junction. A similar situation was noted in 
the European bison [9]. For both ruminant species, 
the sinotubular junction is a well-defined structure. 
It protrudes towards the lumen of the aorta, which 
determines the location of the coronary ostia [9]. 
Therefore, the method proposed by Loukas et al. 
[30] was used.

To determine the location of the coronary ostia, 
the authors also use the intercommissural line, which 
allows for the specification of three types of location 
— on the intercommissural line, below the intercom-
missural line, and above the intercommissural line. 

The method proposed by Cavalcanti et al. [15] is 
widely used in human and veterinary medicine [6, 15, 
40, 41]. According to this method, it was frequently 
found that in humans, both coronary ostia were 
below the intercommissural lines (42% for the left 
coronary artery, 60% for the right coronary artery). 
The location of the ostia on the intercommissural 
lines was observed the least frequently: 18% for the 
left coronary artery and 12% for the right coronary 
artery [15].

Observations by Islam et al. [22] also showed 
differences in the location of the coronary ostia. The 
authors emphasized that the right coronary ostium 
in the bovine heart was located above the intercom-
missural line.

Studies on the location of the coronary ostia were 
also carried out in domestic cats. Most often, both 
coronary ostia were located on the intercommissural 
line — in the case of the left coronary artery in 42 
(65%) cats, and the case of the right coronary artery 
in 43 (66%) cats. Least often, coronary ostia were 
located above the intercommissural lines — in 6 (9%) 
subjects for the left coronary artery and 9 (14%) for 
the right coronary artery [6]. 

In various animal species, the authors conducted 
morphological observations regarding the symmetry 
of the location of the coronary ostia. Pereira et al. 
[40, 41] described the symmetrical position of the 
coronary ostia in 45 out of 70 horses, 42 out of 
58 sheep, and 16 out of 60 pigs. In the case of the 
domestic cat, a similar situation was described in 50 
out of 65 cats studied [6].

Morphometric observations of the coronary ostia 
were carried out in subjects with no variations in the 
structure of the main ostium. In all examined goats, 
the left coronary artery ostium was larger — the arith-
metic mean (± SD) of 4.3 ± 0.8 mm than the right 
one — the arithmetic mean (± SD) of 2.8 ± 0.7 mm.  
Similar morphometric ratios were obtained in Europe-
an bison, in which the left coronary ostium was signif-
icantly larger than the right coronary ostium. It was 
longer by 4.5 mm, and wider by 1.6 mm. Its area was 
on average 31.6 mm2 larger than the right coronary 
ostium [9]. In the case of the Bactrian camel, the mean 
diameter of the left coronary artery was 16.98 mm  
and the right one was 11.08 mm [58]. Research by 
Ozgel et al. [38] in donkeys also showed that the 
diameter of the left coronary artery (0.9–1.0 mm) 
was larger than the diameter of the right coronary 
artery (0.1–0.3 mm).
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In the crab-eating macaque the diameters of the 
left and right coronary artery were 1.2–2.5 mm (mean 
1.8 mm) and 0.7–1.2 mm (mean 0.9 mm), respec-
tively [54]. Similar results were obtained in the green 
monkey and crab-eating macaque by Nikolic et al. 
[34] — the average diameter of the left coronary 
artery was 1.65 ± 0.39, and that of the right one 
0.94 ± 0.15 mm.

In the case of the domestic cat, the surface area of the 
main coronary ostia was measured. In all subjects, the 
surface area of the left coronary artery (0.54–2.64 mm2)  
was greater than the area of the right coronary artery 
(0.12–1.37 mm2) [7].

Similar morphometric relationships have been 
described in human medicine for the coronary ostia. 
In most of the examined hearts, the ostium of the 
left coronary artery was larger than the ostium of the 
right one. This is confirmed by the results obtained 
by Cavalcanti et al. [15], Kaur et al. [25], Sirikonda 
and Sreelatha [47].

One third of goats examined in our study had 
variations related to the structure of the left or right 
coronary ostia or the presence of additional coronary 
ostia. Variations were usually observed in only one 
coronary artery. In veterinary medicine, few publica-
tions have described the occurrence of variants of the 
coronary ostia and additional ones. In the research 
conducted on the European bison, the morphologi-
cal varieties of the coronary ostia or the presence of 
additional coronary ostia were described in 18 out of 
27 examined bison (67%). Both in goats and European 
bison, they more often affected the right coronary 
artery [9]. In the case of the right coronary artery, 
similarly to the European bison, the presence of an 
additional coronary ostia close to the intermediary 
aortic valve commissure was most often observed. 
Observations by Pereira et al. [40, 41] showed the 
presence of additional coronary ostia in 8.6% of 
horses, 18.6% of sheep [40], and 10% of swine [41]. 
Studies were also carried out on carnivores. Of the 
65 domestic cats examined, 13 (20%) had variations 
related to the morphology of the coronary ostia or 
the presence of additional coronary ostia. They were 
observed both in the left and right coronary arteries 
[6]. The presence of additional coronary ostia was 
also found in more than 5% of Syrian hamsters tested 
[13, 17, 18]. Studies conducted on the vasculariza-
tion of the heart of green monkeys and crab-eating 
macaques showed the presence of the third coronary 
artery [34].

In 10% examined goats, two independent ostia 
(left circumflex branch and paraconal interventricular  
branch) were observed instead of the main trunk of 
the left coronary artery. A similar variation was noted 
in 5 out of 27 European bison examined (19%) [9]. It 
was much less frequently reported in carnivores — in 
1 out of 20 examined dogs (5%) [35] and 2 out of 
65 cats (3%) [6].

It is noteworthy that diseases associated with 
disorders of the heart’s vessels in animals have not 
been studied in detail. In many cases, it is difficult 
to assess whether the varied number of coronary 
vessels can be treated as the independence of larger 
branches of the main arteries. It should be assumed 
that their effect on the vascularization of the heart 
depends on the depth of the variety, i.e. whether 
it involves the ostium itself or the further course of 
the vessel.

The analysis of anatomical variations can contrib-
ute to obtaining an actual image of the inside of the 
human and animal body, which is crucial in everyday 
clinical practice. Deviations from the most common 
arrangement of specific anatomical structures are 
common and constitute the actual norm [60].

CONCLUSIONS
The dimensions of aortic and pulmonary orifices 

are similar while the right atrioventricular opening 
outsizes the left one. On the other hand, the left 
coronary ostium is wider than the right one. Mor-
phological variations in the coronary ostia in goats 
are common and occur in approximately one third of 
goats, more often in the right than in the left ostium. 
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Background: The retro-oesophageal right subclavian artery (RRSA) is a congenital 
anomalous branching of the arch of the aorta. Because its incidence is very low, 
it has not been fully understood how the RRSA develops during embryogenesis, 
and thus accumulation of observed findings in newly found cases is important to 
elucidate the aetiology of the RRSA. 
Materials and methods: We encountered a case of the RRSA during the course 
of gross anatomy dissection for medical students. 
Results: The main findings in the present observations are that (a) the RRSA 
arose from the right side wall of the arch of the aorta as its last branch; (b) the 
detected RRSA was directed to the right and upward between the oesophagus 
and vertebral column; (c) the right vertebral artery branched from the RRSA and 
entered the sixth cervical foramen transversarium; (d) the suprema intercostal 
artery branched from the costocervical trunk on both sides and its distal branches 
were distributed to the first and second intercostal spaces; and (e) both sides of 
bronchial arteries originated from the thoracic aorta. 
Conclusions: The present study gives further information about the morphological 
details of the RRSA leading to better understanding of its developmental process. 
(Folia Morphol 2024; 83, 1: 44–52)

Key words: gross anatomy, arteria lusoria, bronchial artery, dorsal aorta, 
non-recurrent laryngeal nerve

INTRODUCTION 
Aberrant right subclavian artery (ARSA), also 

named the arteria lusoria, is an embryologically de-
rived rare variations of aortic arch branching that 
arises directly from the aortic arch as fourth branch. 
The reported incidence of ARSA ranges from 0.2% to 
1.6% in Japanese [2, 9, 10, 13, 14, 23, 26] and 0.2% to 
4.4% of population in other countries [1, 3–5, 7, 11, 
12, 15, 19–22, 24, 25, 27, 28]. The retro-oesophageal 

right subclavian artery (RRSA) is one of the variations 
of ARSA. RRSA, is an embryological variation that can 
be detected as the terminal branch of the arch of the 
aorta passing dorsal to the oesophagus and taking  
a course toward the right axilla as the usual subclavian 
artery. The RRSA has been thought to be part of the 
right dorsal aorta that is normally eliminated by birth. 
It has been reported that ~80% of ARSA crosses be-
hind the oesophagus [3, 12] as RRSA. Here we report 
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a case of RRSA encountered in student dissection at 
Kumamoto University School of Medicine during the 
period from 2018 to 2022. According to previous 
studies, the general idea about the origin of RRSA is 
that it develops from the regression of the embryotic 
fourth aortic arch and a portion of the right dorsal 
aorta cranial to the seventh intersegmental artery, 
accompanied with the persistence of the normally 
regressed segment of the right dorsal aorta caudal 
to the seventh intersegmental artery. However, the 
pattern of elimination and persistence of the com-
ponents of the aortic arch complex is not always the 
same, showing some inconformity with the influential 
idea [13]. Thus, the traditional view of the process 
of RRSA development should be reconsidered based 
upon detailed observations and analysis of the re-
gional anatomy including branches of RRSA and sur-
rounding structures. Because the incidence of RRSA 
is very low, it is worth examining how morphological 
details of the newly found case in the present study 
can be related to findings in previous observations. 
Moreover, close observations of this anomaly can give 
useful knowledge for certain clinical applications such 
as possible defect of the right recurrent nerve that 
often accompanies the RRSA and thus requires careful 
manipulations of cervical structures during surgery. 

MATERIALS AND METHODS 
The RRSA was found in a donated cadaver of 

a 62-year-old Japanese male, who had died from 
kidney cancer, during routine medical student gross 
anatomy dissection at Kumamoto University School 
of Medicine. The incidence was 0.7% (1/141 bodies 
studied from 2018 to 2022). The cadaver was injected 
with 10% formalin solution from the radial artery 
by gravity flow and preserved in 30% alcohol. This 
anomalous case was observed carefully and sketched 
in detail, and three-dimensional photographs were 
taken. The protocol for this study did not include 
any specific issue needed to be approved by Ethics 
Committee of Kumamoto University Graduate School 
of Medical Sciences, and the study conformed to the 
provisions of the Declaration of Helsinki in 1995 (as 
revised in Fortaleza 2013).

RESULTS
The origin of the RRSA

The RRSA arose from the right side of the most 
distal part of the arch of the aorta as its fourth branch, 
following bifurcations of the right common carotid, 

left common carotid, and left subclavian artery (Figs. 
1–6). The RRSA emerged from the arch of the aorta at 
the level of the third thoracic vertebra. The diameter 
of the RRSA in its proximal part and that of the left 
subclavian artery were 2 cm and 1 cm, respectively 
(Figs. 3, 4). The RRSA was initially directed to the right 
and upward, passing through the space between the 
oesophagus and the vertebral column of the level from 
the second to the third thoracic vertebrae. Thereafter, 
the RRSA extended to the right side of the oesophagus 
(Figs. 5, 6). There was no Kommerell diverticulum that 
was previously described in the proximal part of RRSA 
[10, 29]. We considered this case as Adachi’s G-type [2].

Branches of the RRSA

The right vertebral artery and the right costocer-
vical trunk were branches of the RRSA in the present 
case. The right vertebral artery entered the cervical 
foramen transversarium of the sixth cervical vertebra, 
whereas the left vertebral artery arising from the left 
subclavian artery entered the fifth cervical foramen 
transversarium (Figs. 3, 4). Both of the thyrocervical 
trunk and the internal thoracic artery branched off 
from the RRSA just before it passed through the 
scalene space (Fig. 4). The right dorsal scapular artery 
branched from the RRSA at the position deep to the 
scalenus anterior muscle. The artery then passed 
under the C7 nerve root, became located dorsal to 
the C5–C6 nerve root (superior trunk of the brachi-
al plexus), and reached the position medial to the 
border of the levator scapulae and serratus anterior 
muscles before entering the deep muscle layer (Figs. 
2, 4). The suprascapular artery branched from the 
RRSA in the so-called third part of the subclavian 
artery at the inferior edge of the first costa (Fig. 2).  
This artery passed anterior to the C5–C6 nerve root 
and posterior to a thin branch accompanying the 
superior trunk, then it entered the suprascapular 
notch. The RRSA followed the expected path as  
a right axillary artery.

The highest posterior intercostal artery arising 
from the thoracic aorta

The suprema intercostal artery branched from 
the costocervical trunk on both sides and bifur-
cated into the first and second intercostal arteries. 
The third and fourth posterior intercostal arteries 
arose from the thoracic aorta as a common trunk 
of the highest posterior intercostal artery on both 
sides (Figs. 3, 4). 
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The right bronchial artery arising  
from the thoracic aorta

The bronchial arteries branched from the right 
anterior part of the thoracic aorta, located distal to 
the RRSA branching point, at the level of the fourth 
thoracic vertebra. It then extended toward the anterior 
hilum of the lung, along with the right main bronchus. 
Another bronchial artery that was also directed to the 
hilum of the right lung originated from the caudal 
common trunk that arose from the anterior surface 
of the thoracic aorta at the position 3.5 cm distal to 
the bifurcation of the first bronchial artery. Then, this 
caudal common trunk bifurcated into two branches 
(rostral and caudal). The rostral branch further divided 
into two distal branches, which were directed toward 
to the hilum of the left lung, taking the course along 
the ventral and dorsal walls of the left main bronchus. 

The caudal branch of the common trunk also bifur-
cated into two distal branches. The rostral bronchial 
artery that above mentioned extended to the right 
direction, passing between the left main bronchus and  
the oesophagus and further along the dorsal wall of the  
right main bronchus. It finally reached the hilum of 
the right lung. The other branch descended anteriorly 
and passed through the oesophageal hiatus. Finally, 
it connected with a branch of the left gastric artery.

The thoracic duct

The thoracic duct ascended between the thoracic 
aorta and the azygos vein, passed dorsal to the RRSA 
and ventral to the left vertebral artery/vein (Figs. 3, 
4). Finally, it reached the left venous angle by passing 
through the usual route between the left common 
carotid artery and the left subclavian artery.

Figure 1. Cross-vision stereophotographs of a case of retro-oesophageal right subclavian artery; A. Right anterior view of cervix and medi-
astinum with retro-oesophageal right subclavian artery (asterisk); B. The superior vena cava is pulled above, and the right vagus nerve is held 
by tweezer; AA — arch of aorta; Az — azygos vein; Es — oesophagus; PN — phrenic nerve; RCC — right common carotid artery; SVC — 
superior vena cava; Tr — trachea.

B

A
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Non-recurrent laryngeal nerve

The recurrent laryngeal nerve is a branch of the 
vagus nerve. The right recurrent laryngeal nerve loops 
under the subclavian artery and supplies to larynx. 
Non-recurrent laryngeal inferior nerve (NRLN) is  
a very rare anatomic variation that originates from the 
vagus nerve and directly provides the branch to the 
larynx. It has been reported that the NRLN is related 
to vascular anomalies of the branches of the arch 

of aorta. The right vagus nerve descended with the 
right common carotid artery and branched directly 
into the larynx without recurrence (NRLN) in RRSA [8, 
17, 18, 30]. In the normal developmental process, 
the persistence of right fourth aortic arch leads to 
the recurrence of the laryngeal nerve of this level. 
In contrast, the laryngeal branch of the vagus nerve 
becomes directly connected to the larynx when the  
right fourth aortic arch disappears in RRSA [8, 17, 18, 

Figure 2. A schematic drawing of the retro-oesophageal right subclavian artery (asterisk) and branches of the arch of the aorta after removal 
of lungs and heart; AA — arch of aorta; Az — azygos vein; CN — cervical nerve; Co — costa; DS — dorsal scapular artery; Es — oesopha-
gus; LBc — left brachiocephalic vein; NRLN — non-recurrent laryngeal nerve; PN — phrenic nerve; RBc — right brachiocephalic vein; RCC —  
right common carotid artery; SL — superior laryngeal nerve; Ss — suprascapular artery; ST — sympathetic trunk; Tc — thyrocervical trunk; 
TG — thyroid gland; Tr — trachea; Ve — vertebral artery; X — vagus nerve.



48

Folia Morphol., 2024, Vol. 83, No. 1

Figure 3. Cross-vision stereophotograph showing the overview of the retro-oesophageal right subclavian artery (RRSA) (asterisk). The arch 
of the aorta is pulled to the left for observation of the whole RRSA. Lungs, oesophagus, heart, and trachea were removed; Az — azygos vein; 
TA — thoracic aorta; TD — thoracic duct.

Figure 4. A schematic drawing of the whole retro-oesophageal right subclavian artery (asterisk) arising from the arch of the aorta as its last 
branch. Lungs, oesophagus, heart, and trachea were removed for demonstration; Az — azygos vein; CN — cervical nerve; Co — costa; CV 
— cervical vertebra; DS — dorsal scapular artery; IT — internal thoracic artery; LSc — left subclavian artery; SA — scalenus anterior; ST — 
sympathetic trunk; TA — thoracic aorta; TD — thoracic duct; TN — thoracic nerve; TV — thoracic vertebra; Ve — vertebral artery.
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30]. In this case, the right vagus nerve branched into 
the NRLN at the level of the sixth cervical vertebra 
(Figs. 1, 7). On the left side of the present material, 
a typical recurrent laryngeal nerve was observed. Our 
observations are consistent to previous finding and 
support the hypothesis.

DISCUSSION
This study describes the morphology of the RRSA 

and its associated structures. Because RRSA is a rare 
anomaly, accumulation of findings in newly found 
cases will lead to better understanding of the process 
of forming RRSA. Previous studies have suggested 
that the proximal part of the RRSA is the persistent 
of the distal part of the right dorsal aorta, whereas 
the fourth aortic arch of the right side, which usually 
remains in the proximal part of the right subclavian 
artery, is eliminated during the genesis of the RRSA. 
However, the fourth right aortic arch persists in some 
RRSA cases [13]. This variability is associated with the 
morphological variation of the right vertebral artery in 
two ways: one is the position of branching from the 
parent artery and the other is the level of the cervical 
foramen transversarium to which the right vertebral 
artery is introduced. In the present case, the right 
vertebral artery arose from the right subclavian artery 
and entered the foramen at the sixth cervical vertebra 
as in usual cases. In the previous study focusing this 
issue [13], three out of five RRSA cases also showed 
the same pattern (Case No. 2, 3, 4). In these three 
cases, both the fourth aortic arch and part of right 
dorsal aorta cranial to the seventh intersegmental 
artery are thought to be eliminated during the de-
velopmental process, and this is in conformity with 

the traditional view of the process of RRSA genesis. 
However, in Case No. 1 and 5 of the same study, the 
right vertebral artery arose from not RRSA but the 
right common carotid artery [13]. Moreover, the right 
vertebral artery entered the foramen at the fourth cer-
vical vertebra in both cases; the foramen of the fifth 
vertebra was also targeted in Case No. 5. The patterns 
in these two cases can be interpreted as the result of 
the persistence of the fourth aortic arch and some cra-
nial portion of the right dorsal aorta, which violates 
the traditional view. The vasculature morphology in 
the present case corresponds to the pattern in Case 
No. 2, 3, 4 mentioned above. The observation in an-
other study also revealed a similar pattern regarding 
the right vertebral artery arising from the RRSA [23]. 
Because the number of the bodies analysed is rather 
small, it is uncertain whether disappearance of the 
fourth aortic arch, as suggested by the present case, 
is the dominant form of the RRSA. Judging from the 
previous observations of multiple cases in which the 
fourth aortic arch persists, it can at least be said that 
the theory regarding the mechanism of generating 
the RRSA needs to be modified to explain heteroge-
neous vasculature patterns in a consistent manner, 
which might also give perspective to understand the 
morphogenesis of aortic arches and related arteries 
in both normal and variant cases.

Because information about the morphology of 
bronchial arteries in RRSA is limited in previous studies 
of RRSA, we concentrated on them in this report. It 
has been reported that 97% of left bronchial arteries 
originate from the thoracic aorta, whereas the right 
posterior intercostal artery supplies 89% of the right 
bronchial artery [6, 16]. In the study of the RRSA, 

Figure 5. Cross-vision stereophotograph of left and right bronchial arteries (dot) arising from the thoracic aorta in the present case having the 
retro-oesophageal right subclavian artery. Three lines drawn to the white dot represents bronchial arteries; AA — arch of aorta; Es — oe-
sophagus; SVC — superior vena cava; TG — thyroid gland; Tr — trachea; X — vagus nerve.
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the right posterior intercostal artery was the origin 
of the right bronchial artery in four out of five cases, 
whereas the RRSA was the origin of the right bronchi-
al artery in the remaining one case [13]. It was pos-
tulated there that branching of the bronchial artery, 
which can be the visceral branch of the aorta, from 
the RRSA is compatible with the traditional view that 
the most proximal part of the RRSA is derived from 
the dorsal aorta of the right side. It should be noted 
here that the origin of the right bronchial artery in 
the present case was neither the posterior intercostal 

artery nor the RRSA: the right bronchus was targeted 
by two branches of the thoracic aorta. 

CONCLUSIONS
Our report suggests that there is a variability re-

garding the vascular pattern in structures surrounding 
the RRSA that can become the origin of the right 
bronchial artery. This also suggests the necessity of 
further study to reconsider the mechanism of RRSA 
development by accumulating findings in this anom-
aly in future studies.

Figure 6. A schematic drawing of right and left bronchial arteries (dots), cervical structure and mediastinum in this retro-oesophageal right 
subclavian artery (asterisk) case. One of the two right bronchial arteries branches from the thoracic aorta. Another right bronchial artery is 
bifurcated from a trunk that is branched from the thoracic aorta and gives rise to two left bronchial arteries. Arrow represents the branch that 
is anastomosed with the branches of the left gastric artery; AA — arch of aorta; Co — costa; Es — oesophagus; LCC — left common carotid 
artery; RCC — right common carotid artery; SA — scalenus anterior; ST — sympathetic trunk; SVC — superior vena cava; TG — thyroid 
gland; Tr — trachea; X — vagus nerve.
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Background: The inferior gluteal artery (IGA) is a large terminal branch of the 
anterior division of the internal iliac artery (ADIIA). There is a significant lack of 
data regarding the variable anatomy of the IGA.
Materials and methods: A retrospective study was conducted to establish 
anatomical variations, their prevalence and morphometrical data on IGA and its 
branches. The results of 75 consecutive patients who underwent pelvic computed 
tomography angiography were analysed.
Results: The origin variation of each IGA was deeply analysed. Four origin var-
iations have been observed. The most common type O1 occurred in 86 of the 
studied cases (62.3%). The median IGA length was set to be 68.50 mm (lower 
quartile [LQ]: 54.29; higher quartile [HQ]: 86.06). The median distance from the 
origin of the ADIIA to the origin of the IGA was set to be 38.22 mm (LQ: 20.22; 
HQ: 55.97). The median origin diameter of the IGA was established at 4.69 mm 
(LQ: 4.13; HQ: 5.45).
Conclusions: The present study thoroughly analysed the complete anatomy 
of the IGA and the branches of the ADIIA. A novel classification system for the 
origin of the IGA was created, where the most prevalent origin was from the 
ADIIA (type 1; 62.3%). Furthermore, the morphometric properties (such as the 
diameter and length) of the branches of the ADIIA were analysed. This data may 
be incredibly useful for physicians performing operations in the pelvis, such as 
interventional intraarterial procedures or various gynaecological surgeries. (Folia 
Morphol 2024; 83, 1: 53–65)

Keywords: inferior gluteal artery, plastic surgery, uterine artery, 
anatomy, surgery
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INTRODUCTION
The inferior gluteal artery (IGA) (Fig. 1) is a large 

terminal branch of the anterior division of the internal 
iliac artery (ADIIA). It courses posteriorly between 
the sacral nerves (typically S2 and S3) and exits the 
pelvis through the inferior section of the greater 
sciatic foramen, below the piriformis muscle. The 
IGA supplies the skin and muscles of the buttocks 
(through muscular branches to the piriformis, obtu-
rator internus, and gluteus maximus muscles), as well 
as the posterior surface of the thigh. Furthermore, it 
gives off a companion branch to the sciatic nerve, as 
well as contributing branches to the trochanteric and 
cruciate anastomoses [15]. 

There is a significant lack of data regarding the 
variable anatomy of the IGA. The arterial anatomy of 
the pelvis is known for being highly variable, making 
it a difficult area to operate in [12, 16, 26, 27]. The 
origin of the IGA has not been sufficiently studied in 
the past, even though its highly relevant in emboliza-
tion procedures for pseudoaneurysms [13]. Therefore, 
in the present study, a novel classification system of 
the different origin types of the IGA was created. 

The other branches of the ADIIA are also subjects 
for embolization procedures, especially the uterine 
artery. Uterine artery embolization can be performed 
to prevent or treat bleeding associated with various 
obstetric conditions, such as postpartum haemor-
rhage or ectopic pregnancy [9]. Furthermore, uterine 
fibroids, the most common pelvic tumours in women, 
acquire their blood supply almost exclusively from the 
uterine artery [17, 24, 25]. Embolization of uterine 
arteries reduces the blood supply to the uterus and, 
with that, reduces the size of fibroids, resulting in 
decreased pain and dysmenorrhea [14]. Therefore, the 
morphometric properties of the IGA and the branches 
of the ADIIA were also analysed. 

It is hoped that the results of the present study may 
give new insights into the complex anatomy of the IGA 
and the ADIIA, which can ultimately lead to a greater 
understanding of the vascular anatomy of the pelvis. 

MATERIALS AND METHODS
Bioethical Committee 

The research protocol was submitted for eval-
uation and approved by the Bioethical Commit-

Figure 1. Inferior gluteal artery and its close anatomical area; 1 — inferior gluteal artery; 2 — inferior gluteal vein; 3 — inferior gluteal nerve; 
4 — superior gluteal artery; 5 — sacrotuberous ligament; 6 — ischial tuberosity; 7 — gluteus maximus muscle; 8 — piriformis muscle; 9 — 
gluteus medius muscle.
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tee of Jagiellonian University, Krakow, Poland 
(1072.6120.254.2022). Further stages of the study 
were carried out in accordance with the approved 
guidelines. 

Study group 

A retrospective study was conducted to establish 
anatomical variations, their prevalence and morpho-
metrical data on IGA and its branches. The results 
of 75 consecutive patients who underwent pelvic 
computed tomography angiography (CTA) were an-
alysed. The CTAs were performed in the Department 
of Radiology of the Jagiellonian University Medical 
College, Cracow, Poland, between 2017 and 2022. 
The results of each patient were analysed bilaterally 
at the Department of Anatomy of the Jagiellonian 
University Medical College, Krakow, Poland, in August 
2022. A total of 150 IGAs were initially evaluated. 
Exclusion criteria were set as follows: (1) pelvic or 
abdominal trauma affecting the course of the IGA 
and/or its initial branches, (2) significant artifacts 
that prevented accurate and precise imaging and/or 
measurement of the IGA and/or its initial branches, 
(3) low quality and illegible images and (4) significant 
lack of filling the whole arterial system with contrast. 
Defects, which met the exclusion criteria but included 
only one side of the CTA, without interference with 
the contralateral side, did not disqualify the whole 
CTA but only the affected side. Therefore, of the initial 
150, a total of 12 IGAs were excluded due to signifi-
cant artifacts (n = 5) or a lack of contrast filling (n = 7)  
in order to minimise possible bias. Finally, 138 IGA of 
69 patients met the required criteria.

Acquisition of results 

All pelvic CTA were performed on a 128-slice 
scanner CT (Philips Ingenuity CT, Philips Healthcare). 
The main CTA imaging parameters were as follows: 
collimation/increment: 0.625/0.3 mm; tube current: 
120 mAs; field of view: 210 mm; matrix size: 512 
× 512. All of  the patients received intravenous ad-
ministration of contrast material at a dose of 1 mL/ 
/kg (standard dose). A non-ionic contrast medium 
(CM) containing 350 mg of iodine per mL was used 
(Jowersol 741 mg/mL, Optiray®, Guerbet, France). 
CT data acquisition was triggered using a real-time 
bolus-tracking technique (Philips Healthcare) with the 
region of interest placed in the ascending aorta. The 
CM was intravenously injected using a power injector 

at a flow rate of 5 mL/s. This was immediately fol-
lowed by the injection of 40 mL of saline solution at 
the same flow rate. Following injection of CM and sa-
line, image acquisition was automatically started with  
a 2 s delay when the attenuation trigger value reached 
a threshold of 120 Hounsfield units (HU). Scanning 
was performed in the caudocranial direction. 

The CTAs were analysed on a dedicated worksta-
tion at the Anatomical Department of Jagiellonian 
University Medical College, Krakow, Poland. To ensure 
the highest possible quality of the visualizations and 
measurements and minimize potential bias, Mate-
rialise Mimics Medical version 21.0 software (Ma-
terialise NV, Leuven, Belgium) software was used. 
Three-dimensional (3D) reconstructions of each scan 
were developed, employing a set of settings, severally 
adjusted to each scan. A volume rendering opacity 
range oscillated from 25 to 80 HU for the lower lim-
it and up to 3070 HU for a higher limit. The range 
was individually adjusted to each TT after a visual 
investigation. 

Evaluation and measurements 

At the beginning of each evaluation, the authors 
ensured that each IGA, its branches, and its close 
anatomical area were fully visualized. Subsequently, 
each branch of the IGA was identified by following 
its course. The origin of the IGA and a set of its 
branches was evaluated with their arrangement 
and were descriptively noted. Subsequently, a set of 
measurements was conducted on each IGA and its 
close anatomical area by two independent research-
ers, and a mean was established taking into account 
both results. All measurements were rounded to two 
decimal places. The following measurements were 
taken: (1) IGA length [mm]; (2) distance from the 
origin of the ADIIA to the origin of the IGA [mm]; 
(3) Distance from the origin of the IIA to the origin 
of the IGA [mm]; (4) Distance from the origin of the 
superior gluteal artery (SGA) to the origin of the IGA 
[mm]; (5) Distance from the origin of the posterior 
division of the internal iliac artery (PDIIA) to the or-
igin of the IGA [mm]; (6) IGA origin diameter [mm]; 
(7) IGA origin area [mm2]; (8) IGA origin angle; (9) 
Obturator artery origin diameter [mm]; (10) Obtura-
tor artery origin area [mm2]; (11) Umbilical artery or-
igin diameter [mm]; (12) Umbilical artery origin area 
[mm2]; (13) Uterine artery origin diameter [mm]; (14) 
Uterine artery origin area [mm2]; (15) Vaginal artery 
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origin diameter [mm]; (16) Vaginal artery origin area 
[mm2]; (17) Middle anorectal artery origin diameter 
[mm]. (18) Middle anorectal artery origin area [mm2]; 
(19) Internal pudendal artery origin diameter [mm]; 
(20) Internal pudendal l artery origin area [mm2]; (21) 
Inferior vesical origin diameter [mm]; (22) Inferior 
vesical origin area [mm2]; (23) Distance between 
the origin of the obturator artery and the origin of 
the IGA [mm]; (24) Distance between the origin of 
the umbilical artery and the origin of the IGA [mm]; 
(25) Distance between the origin of the uterine ar-
tery and the origin of the IGA [mm]; (26) Distance 
between the origin of the vaginal artery and the 
origin of the IGA [mm]; (27) Distance between the 
origin of the middle anorectal artery and the origin 
of the IGA [mm]; (28) Distance between the origin 
of the internal pudendal artery and the origin of the 
IGA [mm]; (29) Distance between the origin of the 
inferior vesical artery and the origin of the IGA [mm]. 
In addition, a set of individual patient parameters 
such as age and sex were observed. 

Statistical analysis 

Statistical analysis was performed with SATISTICA 
v13.1 (StatSoft Inc., Tulsa, OK, USA). The frequencies 
and percentages presented qualitative features. The 
Shapiro-Wilk test was used to assess the normal distri-
bution. Quantitative characteristics were presented by 
medians and higher and lower quartiles (HQ, LQ), as 
well as means and standard deviation (SD), depending 

on the verified normality of the data. Statistical sig-
nificance was defined as p < 0.05. U Mann-Whitney 
and Wilcoxon signed-rank tests were used to establish 
potential differences between groups. Spearman’s 
rank correlation coefficient was used to determine 
possible correlations between the parameters.

RESULTS
Qualitative results 

All subsequent results are presented in relation 
to the number of IGA instead of number of patients.  
A total of 138 IGA were analysed. Of these, 78 (56.5%) 
were from women and 60 (43.5%) were from men. 
The origin variation of each IGA was deeply analysed. 
Four origin variations have been observed. Therefore, 
in response to the literature lacks, a classification 
method of the IGA origin was set and consists of 
four main types. Those four main types were set as 
follows: (1) Type O1 — IGA branches off directly from 
the ADIIA; (2) Type O2 — IGA branches off directly 
from the IIA; (3) Type O3 — IGA branches off direct-
ly from the SGA; (4) Type O4 — IGA branches off 
directly from the PDIIA. The most common Type O1 
occurred in 86 (62.3%) of the studied cases. All the 
statistics mentioned above, and more detailed ones 
can be found in Table 1. Origin types are illustrated 
on Figure 2. 

Measurements analysis 

The median IGA length was set to be 68.50 mm 
(LQ: 54.29; HQ: 86.06). The median distance from the 
origin of the ADIIA to the origin of the IGA was set to 
be 38.22 mm (LQ: 20.22; HQ: 55.97). The median or-
igin diameter of the IGA was established at 4.69 mm  
(LQ: 4.13; HQ: 5.45). The median origin area of the 
IGA was found to be 15.16 mm (LQ: 11.00; HQ: 
18.84). The detailed results of each category can be 
found in Table 2. 

Sexual dimorphism 

Separate statistical analysis has been performed, 
with respect to the sex of the patient. The results 
statistically significantly (p < 0.05) differed between 
sexes in four categories. Those results are gathered 
in Table 3. 

Correlations 

Potential associations between each category and 
patient’s age was demonstrated. Three categories sta-
tistically significantly correlate with patient’s age. The 

Table 1. Qualitative results of the data analysis

Category N Percentage

Patients’ sex

Females 78 56.5%

Males 60 43.5%

Patients’ side

Left 71 51.4%

Right 67 48.6%

Origin type

Type O1 (ADIIA) 86 62.3%

Type O2 (IIA) 33 23.9%

Type O3 (SGA) 10 7.2%

Type O4 (PDIIA) 9 6.5%

IGA — inferior gluteal artery; ADIIA — anterior division of the internal iliac artery; IIA — 
internal iliac artery; SGA — superior gluteal artery; PDIIA — posterior division of the in-
ternal iliac artery. The four types of origin are established as follows: (1) Type O1 — IGA 
branches off directly from the ADIIA; (2) Type O2 — IGA branches off directly from the 
IIA; (3) Type O3 — IGA branches off directly from the SGA; (4) Type O4 — IGA branches 
off directly from the PDIIA
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R values obtained in the correlation analysis between 
the groups can be found in Table 4. Highlighted in 
red are those in which the p-value was less than 0.05.

Side differences

Subsequently, potential differences in the meas-
ured parameters, occurrence of origin types and 
cooccurrence of types with respect to the patient’s 
side have been analysed. The detailed results can be 
found in Table 5.

DISCUSSION
The present study is the first to thoroughly an-

alyse the anatomy of the IGA using CTA. With the 
data gathered from the acquired imaging studies,  
a novel classification system of the origin of the said 
artery was created. Our classification system consists 
of four different types: type 1 represents the most 
frequent origin pattern, namely, the IGA originating 
directly from the ADIIA (O1: 62.3%). Next, type 2 

presents the IGA originating directly from the IIA 
before it bifurcates into its anterior and posterior 
trunks (O2: 23.9%). Type 3 represents the IGA arising 
from the superior gluteal artery (O3: 7.2%). Lastly, 
type 4 describes the IGA as originating from the 
PDIIA (O4: 6.5%). This is the most in-depth analysis 
performed concerning the origin of the IGA in the 
available literature. Our data shows that the IGA 
originates most frequently from the ADIIA, fitting 
the description provided by the major anatomical 
textbooks [15]. However, our results show also that 
the IGA is subject to a relatively high degree of 
variability. 

Although rare, aneurysms of IGA may occur. 
Kuzuya et al. [13] presented a case report about  
a 78-year-old patient presenting with painful swelling 
in the right buttock. There was no history of trau-
ma or infection, and the patient was undergoing 
antiplatelet therapy. Arteriography demonstrated  
a pseudoaneurysm arising from the right IGA. The 

Figure 2. Origin types of the inferior gluteal artery (IGA); IIA — internal iliac artery; PDIIA — posterior division of the internal iliac artery; ADI-
IA — anterior division of the internal iliac artery; ILA — iliolumbar artery; SG — superior gluteal artery; LSA — lateral sacral arteries; UA — 
umbilical artery; OA — obturator artery; IVA — inferior vesicular artery; VA — vaginal artery; UTA — uterine artery; IPA — internal pudendal 
artery.
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treatment consisted of a transluminal coil emboli-
zation by ultrasound-guided direct puncture of the 
IGA. The catheter was successfully advanced to the 
proximal side of the pseudoaneurysm and occluded 
with two coils. This proves the importance of having 
adequate knowledge about the anatomy of the IGA. 

The IGA perforator flap has been used in both 
reconstructions of the gluteal region, but also breast 

reconstructive procedures [1, 11]. Because of the clin-
ical significance of this vessel, its anatomy has been 
extensively researched in the past. Georgantopoulou 
et al. [4] analysed the microvascular anatomy of the 
SGA and IGA perforator flaps. In the study, it was 
stated that the location of the IGA perforators was 
less definite and varied considerably. Interestingly, 
Vigato et al. [23] stated that the gluteal region was 

Table 2. Results of the measurements

Category Median LQ HQ Minimum Maximum Mean SD

IGA length [mm] 68.50 54.29 86.06 4.26 149.31 71.53 27.43

Distance from the origin of the ADIIA to the origin of the IGA [mm] 38.22 20.22 55.97 6.91 92.48 39.77 23.06

Distance from the origin of the IIA to the origin of the IGA [mm] 63.67 46.74 74.20 13.19 90.10 59.37 18.76

Distance from the origin of the SGA to the origin of the IGA [mm] 37.94 36.17 41.99 14.65 53.30 38.04 10.48

Distance from the origin of the PDIIA to the origin of the IGA [mm] 37.49 19.17 44.55 14.78 53.79 33.87 14.56

IGA origin diameter [mm] 4.69 4.13 5.45 1.83 11.41 4.80 1.08

IGA origin area [mm2] 15.16 11.00 18.84 2.41 36.17 15.59 5.77

IGA origin angle 123.29 86.12 142.27 14.46 178.01 112.78 39.66

Obturator artery origin diameter [mm] 3.13 2.65 3.76 1.42 5.89 3.23 0.87

Obturator artery origin area [mm2] 7.00 4.66 8.64 1.18 15.44 7.00 3.16

Umbilical artery origin diameter [mm] 2.84 2.49 3.52 1.40 5.30 2.94 0.78

Umbilical artery origin area [mm2] 5.66 3.85 9.08 1.21 15.02 6.23 3.10

Uterine artery origin diameter [mm] 3.18 2.45 3.89 1.87 4.70 3.19 0.88

Uterine artery origin area [mm2] 6.30 4.07 8.37 2.10 16.87 6.84 3.57

Vaginal artery origin diameter [mm] 2.67 2.63 3.33 1.90 3.64 2.79 0.56

Vaginal artery origin area [mm2] 4.95 4.66 6.83 2.59 9.85 5.66 2.32

Middle anorectal artery origin diameter [mm] 3.05 2.63 3.43 1.76 4.60 3.05 0.69

Middle anorectal artery origin area [mm2] 5.93 4.69 7.95 1.51 15.32 6.73 3.18

Internal pudendal artery origin diameter [mm] 3.20 2.70 3.85 1.60 6.35 3.28 0.86

Internal pudendal l artery origin area [mm2] 6.74 4.67 9.13 1.30 30.95 7.15 3.64

Inferior vesical origin diameter [mm] 1.84 1.75 2.31 1.14 3.37 2.08 0.83

Inferior vesical origin area [mm2] 2.92 1.86 6.18 1.67 8.56 4.02 3.17

Distance between the origin of the obturator artery and the origin  
of the IGA [mm]

21.34 9.25 41.88 0.00 77.00 26.53 20.19

Distance between the origin of the umbilical artery and the origin  
of the IGA [mm]

24.42 11.36 39.85 0.00 74.54 28.18 19.99

Distance between the origin of the uterine artery and the origin  
of the IGA [mm]

28.09 21.34 31.38 8.29 49.52 26.79 10.85

Distance between the origin of the vaginal artery and the origin  
of the IGA [mm]

38.21 29.89 40.67 3.06 56.52 33.67 19.64

Distance between the origin of the middle anorectal artery  
and the origin of the IGA [mm]

59.96 32.25 73.90 0.00 103.62 51.35 27.05

Distance between the origin of the internal pudendal artery  
and the origin of the IGA [mm]

0.00 0.00 12.99 0.00 44.69 7.80 12.91

Distance between the origin of the inferior vesical artery and the origin 
of the IGA [mm]

54.16 54.01 54.30 54.01 54.30 54.16 0.21

LQ — lower quartile; HQ — higher quartile; SD — standard deviation; IGA — inferior gluteal artery; ADIIA — anterior division of the internal iliac artery; IIA — internal iliac artery; SGA — 
superior gluteal artery; PDIIA — posterior division of the internal iliac artery
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Table 3. Results of the measurements concerning the sex

Category Sex Median LQ HQ Minimum Maximum Mean SD P

IGA length [mm] Female 73.13 57.10 88.88 14.35 149.31 73.12 28.29 0.38

Male 67.67 51.42 81.27 4.26 145.60 69.49 26.38

Distance from the origin of the ADIIA to the origin  
of the IGA [mm]

Female 41.37 25.42 55.97 6.91 92.48 42.74 22.18 0.12

Male 24.29 15.31 59.48 8.51 85.70 35.31 23.96

Distance from the origin of the IIA to the origin  
of the IGA [mm]

Female 56.29 44.37 68.99 13.19 87.94 56.69 19.53 0.46

Male 64.83 47.65 76.53 21.06 90.10 62.05 18.19

Distance from the origin of the SGA to the origin  
of the IGA [mm]

Female 37.40 31.17 41.63 14.65 49.28 35.25 11.75 0.34

Male 39.62 36.81 47.65 36.36 53.30 42.23 7.79

Distance from the origin of the PDIIA to the origin  
of the IGA [mm]

Female 23.34 14.78 37.48 14.78 37.48 25.20 11.46 0.14

Male 44.01 37.50 45.08 14.99 53.79 39.07 14.66

IGA origin diameter [mm] Female 4.48 3.92 5.26 1.83 6.73 4.61 0.93 0.01

Male 4.94 4.37 5.59 3.20 11.41 5.07 1.22

IGA origin area [mm2] Female 14.57 10.60 18.04 2.41 30.50 15.18 5.83 0.25

Male 15.32 11.95 18.99 6.46 36.17 16.15 5.68

IGA origin angle Female 106.74 68.48 134.06 14.46 178.01 105.15 41.98 0.03

Male 132.26 119.63 146.18 40.40 166.62 127.64 30.48

Obturator artery origin diameter [mm] Female 3.01 2.56 3.50 1.42 5.89 3.07 0.87 0.00

Male 3.58 3.11 4.17 1.50 5.18 3.50 0.80

Obturator artery origin area [mm2] Female 6.32 4.50 7.74 1.18 15.44 6.44 3.06 0.01

Male 8.28 5.85 9.23 1.50 15.37 7.98 3.14

Umbilical artery origin diameter [mm] Female 2.85 2.49 3.60 1.40 5.30 3.00 0.82 0.52

Male 2.82 2.25 3.00 1.61 3.95 2.75 0.64

Umbilical artery origin area [mm2] Female 5.85 3.96 9.48 1.21 15.02 6.53 3.31 0.46

Male 5.47 3.74 6.57 1.38 9.87 5.33 2.23

Uterine artery origin diameter [mm] Female 3.18 2.45 3.89 1.87 4.70 3.19 0.88 –

Male – – – – – – –

Uterine artery origin area [mm2] Female 6.30 4.07 8.37 2.10 16.87 6.84 3.57 –

Male – – – – – – –

Vaginal artery origin diameter [mm] Female 2.67 2.63 3.33 1.90 3.64 2.79 0.56 –

Male – – – – – – –

Vaginal artery origin area [mm2] Female 4.95 4.66 6.83 2.59 9.85 5.66 2.32 –

Male – – – – – – –

Middle anorectal artery origin diameter [mm] Female 3.05 2.63 3.46 1.76 4.60 3.06 0.76 0.93

Male 3.06 2.61 3.32 2.44 3.69 3.01 0.44

Middle anorectal artery origin area [mm2] Female 5.93 4.69 8.27 1.51 15.32 6.78 3.45 0.92

Male 6.47 5.05 7.94 3.05 10.45 6.55 2.29

Internal pudendal artery origin diameter [mm] Female 3.02 2.48 3.80 1.60 5.42 3.21 0.95 0.15

Male 3.36 2.95 3.85 2.02 6.35 3.38 0.73

Internal pudendal l artery origin area [mm2] Female 6.30 4.18 9.04 1.30 14.34 6.72 3.29 0.11

Male 7.11 5.70 9.13 2.83 30.95 7.78 4.05

Inferior vesical origin diameter [mm] Female – – – – – – –  –

Male 2.08 1.80 2.84 1.75 3.37 2.32 0.74

Inferior vesical origin area [mm2] Female – – – – – – – –

Male 2.92 1.86 6.18 1.67 8.56 4.02 3.17

→
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vascularized by perforators of multiple source arter-
ies, not only from the IGA and SGA. Furthermore, in 
another anatomical and radiological study conducted 
by Song et al. [20] on the anatomy of the IGA and 
SGA, the IGA was found to be absent in 13.5% of 
cases. We did not note this happening in our analysis. 

Surgeons should always be aware of detailed an-
atomical knowledge about the IGA and its close area 
should when performing augmentation gluteoplasty 
with a dermal fat flap [8, 21]. The key to performing 
gluteal augmentation safely and minimising risk and 
complications is to truly know the anatomy of the 
gluteal area [8].

The relation and course of the IGA to the sciatic 
nerve and the sacrospinous ligament have also been 
extensively discussed in the literature. Gabrielli et 
al. [3] stated that the IGA was found medial to the 
sciatic nerve in the majority of the cases (77.5%), and 
in the rest of the cases (22.5%), the main trunk of 
the artery or one of its branches perforated the said 
nerve. The anatomy of the pelvic arteries adjacent to 
the sacrospinous ligament was discussed in a study 
conducted by Thompson et al. [22]. In the study, 
the IGA was found behind the sciatic nerve and the 
sacrospinous ligament when originating from either 
the ADIIA or PDIIA. When it was leaving the pelvis, 
the artery passed posterior to the upper edge of the 
said ligament and followed the inferior portion of 
the sciatic nerve out of the greater sciatic foramen. 

Knowledge about this region is particularly important 
when putting sutures through the sacrospinous lig-
ament during various obstetric and gynaecological 
surgeries in the pelvis. 

The IGA contributes to the blood supply of the 
hip through the anastomosis with the medial fem-
oral circumflex artery. This phenomenon has been 
extensively described by Grose et al. [5] in a cadaveric 
study consisting of eight fresh-frozen cadaver pelvis 
specimens. They concluded that the medial circumflex 
artery receives a direct blood supply from the IGA 
immediately before passing beneath the hip capsule. 
A precise understanding of the vascular anatomy of 
this region may help to clarify the development of 
avascular necrosis after hip trauma.

Having extensive knowledge regarding the arterial 
anatomy of the pelvis may be of immense importance 
during numerous pelvic operations, especially inter-
ventional intraarterial procedures [10]. Embolization 
of the uterine artery can be performed to prevent 
or treat haemorrhage associated with numerous 
obstetric conditions, such as postpartum bleeding 
or ectopic pregnancy [9]. Postpartum haemorrhage 
accounts for up to 25% of maternal deaths world-
wide [19], and the main treatment option is said 
to be embolization of the uterine artery. However, 
embolization of the said vessel may be challenging 
due to its variable anatomy. Therefore, Ostrowski et 
al. [16] analysed the complete anatomy of this artery 

Table 3. cont. Results of the measurements concerning the sex

Category Sex Median LQ HQ Minimum Maximum Mean SD P

Distance between the origin of the obturator artery  
and the origin of the IGA [mm]

Female 24.07 9.25 42.32 0.00 77.00 27.83 20.65 0.57

Male 16.87 9.22 41.88 0.00 58.89 23.87 19.37

Distance between the origin of the umbilical artery  
and the origin of the IGA [mm]

Female 26.00 11.51 39.85 5.44 74.54 28.79 19.06 0.59

Male 19.71 8.17 43.91 0.00 71.94 26.44 23.23

Distance between the origin of the uterine artery  
and the origin of the IGA [mm]

Female 28.09 21.34 31.38 8.29 49.52 26.79 10.85 –

Male – – – – – – –

Distance between the origin of the vaginal artery  
and the origin of the IGA [mm]

Female 38.21 29.89 40.67 3.06 56.52 33.67 19.64 –

Male – – – – – – –

Distance between the origin of the middle Anorectal artery 
and the origin of the IGA [mm]

Female 60.54 35.91 73.90 6.78 90.28 52.99 23.47 0.64

Male 46.11 14.11 74.62 0.00 103.62 46.66 37.02

Distance between the origin of the internal pudendal artery 
and the origin of the IGA [mm]

Female 0.00 0.00 6.89 0.00 44.69 6.15 11.79 0.19

Male 0.00 0.00 20.54 0.00 43.29 10.63 14.42

Distance between the origin of the inferior vesical artery 
and the origin of the IGA [mm]

Female – – – – – – – –

Male 54.16 54.01 54.30 54.01 54.30 54.16 0.21

LQ — lower quartile; HQ — higher quartile; SD — standard deviation; IGA — inferior gluteal artery; ADIIA — anterior division of the internal iliac artery; IIA — internal iliac artery; SGA — 
superior gluteal artery; PDIIA — posterior division of the internal iliac artery
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in a meta-analysis consisting of over 2000 subjects. 
In the study, it was stated that the knowledge about 
the morphometric values of the uterine artery (UTA) 
specifically its diameter is of great importance when 
choosing an appropriately-sized catheter for emboli-
zation procedures. The meta-analysis showed that the 
mean diameter of the uterine artery was 2.74 mm. 
Our study presents a slightly higher median diameter 
of 3.18 mm. Another branch of the ADIIA, the middle 
anorectal artery, is also highly variable. The said artery 
is also important to interventional radiologists who 
might embolize this vessel as a treatment for rectal 
bleeding [6]. Pichon et al. [18] presented two success-
ful cases of this technique, where the aetiology of the 
bleeding was trauma to the rectum. We found the 

external diameter of the middle anorectal artery to 
be 3.05 mm, which is considerably higher than what 
was reported in other studies in the literature [2, 7].

Limitations of the study

The present study undoubtedly has some limita-
tions. Although the size of the study group used in 
the current paper is the largest among imaging stud-
ies regarding IGA, larger population-based research 
is still warranted to discern the true prevalence of 
its variants. Furthermore, radiological imaging only 
allows one to evaluate haemodynamically efficient 
arteries. Therefore, this can be a relatively large source 
of bias when assessing anatomical variations of the 
IGA and other arterial entities. The particular branches 

Table 4. Correlations between the measured parameters of the inferior gluteal artery (IGA) and patient’s age

Category Age IGA length [mm]

IGA length [mm] –0.08 1.00

Distance from the origin of the ADIIA to the origin of the IGA [mm] 0.32 –0.37

Distance from the origin of the IIA to the origin of the IGA [mm] 0.09 –0.01

Distance from the origin of the SGA to the origin of the IGA [mm] 0.46 –0.30

Distance from the origin of the PDIIA to the origin of the IGA [mm] 0.34 –0.33

IGA origin diameter [mm] 0.02 –0.04

IGA origin area [mm2] 0.04 0.07

IGA origin angle –0.06 –0.27

Obturator artery origin diameter [mm] –0.08 –0.36

Obturator artery origin area [mm2] –0.07 –0.31

Umbilical artery origin diameter [mm] 0.02 –0.19

Umbilical artery origin area [mm2] 0.02 –0.15

Uterine artery origin diameter [mm] –0.32 0.08

Uterine artery origin area [mm2] –0.29 0.16

Vaginal artery origin diameter [mm] –0.32 0.00

Vaginal artery origin area [mm2] –0.29 –0.05

Middle anorectal artery origin diameter [mm] –0.22 –0.05

Middle anorectal artery origin area [mm2] –0.09 0.03

Internal pudendal artery origin diameter [mm] –0.08 –0.15

Internal pudendal l artery origin area [mm2] –0.05 –0.06

Inferior vesical origin diameter [mm] 0.67 0.70

Inferior vesical origin area [mm2] 0.95 0.80

Distance between the origin of the obturator artery and the origin of the IGA [mm] 0.28 –0.33

Distance between the origin of the umbilical artery and the origin of the IGA [mm] 0.21 –0.45

Distance between the origin of the uterine artery and the origin of the IGA [mm] 0.25 0.44

Distance between the origin of the vaginal artery and the origin of the IGA [mm] 0.97 –0.10

Distance between the origin of the middle anorectal artery and the origin of the IGA [mm] 0.13 0.70

Distance between the origin of the internal pudendal artery and the origin of the IGA [mm] –0.01 0.04

Highlighted in red are those in which the p-value was less than 0.05. IGA — inferior gluteal artery; ADIIA — anterior division of the internal iliac artery; IIA — internal iliac artery; SGA — 
superior gluteal artery; PDIIA — posterior division of the internal iliac artery. R — Spearman’s rank correlation coefficient 
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of the IGA and their anastomosis with surrounding 
vascular structures should be further investigated in 
the future due to their potential clinical significance 
in endovascular and orthopaedic procedures.

CONCLUSIONS
The present study thoroughly analysed the com-

plete anatomy of the IGA and the branches of the 
ADIIA. A novel classification system for the origin of 
the IGA was created, where the most prevalent origin 
was from the ADIIA (type 1; 62.3%). Furthermore, the 
morphometric properties (such as the diameter and 
length) of the branches of the ADIIA were analysed. 
This data may be incredibly useful for physicians 
performing operations in the pelvis, such as inter-
ventional intraarterial procedures or various gynae-
cological surgeries.

REFERENCES
1. Boustred AM, Nahai F. Inferior gluteal free flap breast 

reconstruction. Clin Plast Surg. 1998; 25(2): 275–282, 
indexed in Pubmed: 9627785.

2. DiDio LJ, Diaz-Franco C, Schemainda R, et al. Morpholo-
gy of the middle rectal arteries. A study of 30 cadaveric 
dissections. Surg Radiol Anat. 1986; 8(4): 229–236, 
doi: 10.1007/BF02425072, indexed in Pubmed: 3107146.

3. Gabrielli C, Olave E, Sarmento A, et al. Abnormal extrapel-
vic course of the inferior gluteal artery. Surg Radiol Anat. 
1997; 19(3): 139–142, doi: 10.1007/BF01627962, indexed 
in Pubmed: 9381313.

4. Georgantopoulou A, Papadodima S, Vlachodimitropou-
los D, et al. The microvascular anatomy of superior and 
inferior gluteal artery perforator (SGAP and IGAP) flaps:  
a fresh cadaveric study and clinical implications. Aesthetic 
Plast Surg. 2014; 38(6): 1156–1163, doi: 10.1007/s00266-
014-0398-z, indexed in Pubmed: 25209531.

5. Grose AW, Gardner MJ, Sussmann PS, et al. The surgical 
anatomy of the blood supply to the femoral head: de-

Table 5. Comparison between patient’s side 

Occurrence of IGA origin type with respect to the patient’s side

Category Left side Right side

Type O1 (ADIIA) 42 (59.2%) 44 (65.7%)

Type O2 (IIA) 22 (31.0%) 11 (16.4%)

Type O3 (SGA) 3 (4.2%) 7 (10.4%)

Type O4 (PDIIA) 4 (5.6%) 5 (7.5%)

Cooccurrence of SGA origin types

Cooccurrence Origin type on the right side

Type O1 (ADIIA) Type O2 (IIA) Type O3 (SGA) Type O4 (PDIIA)

Origin type on the left side Type O1 (ADIIA) 31 (46.3%) 2 (3.0%) 5 (7.5%) 3 (4.5%)

Type O2 (IIA) 11 (16.4%) 9 (13.4%) 0 (0.0%) 1 (1.5%)

Type O3 (SGA) 1 (1.5%) 0 (0.0%) 2 (3.0%) 0 (0.0%)

Type O4 (PDIIA) 1 (1.5%) 0 (0.00%) 0 (0.0%) 1 (1.5%)

Comparison of selected parameters with respect to the patient’s side

Category Side Median LQ HQ Minimum Maximum Mean SD P 

IGA length [mm] Left 71.53 57.10 81.66 14.35 149.31 72.47 26.08 0.75

Right 66.52 52.37 88.57 4.26 145.60 70.55 28.94

Distance from the origin of the ADIIA to the origin  
of the IGA [mm]

Left 30.57 18.63 55.66 6.91 92.48 38.07 23.35 0.50

Right 39.69 22.41 60.38 8.44 85.70 41.35 22.94

Distance from the origin of the IIA to the origin  
of the IGA [mm]

Left 65.74 49.35 73.18 21.06 90.10 61.54 17.39 0.48

Right 59.10 39.58 77.84 13.19 81.81 55.22 21.39

Distance from the origin of the SGA to the origin  
of the IGA [mm]

Left 39.08 36.17 41.99 36.17 41.99 39.08 4.12 0.90

Right 37.94 33.77 45.46 14.65 53.30 37.78 11.77

Distance from the origin of the PDIIA to the origin  
of the IGA [mm]

Left 44.55 29.40 49.44 14.78 53.79 39.42 17.00 0.31

Right 30.41 19.17 37.49 14.99 37.50 28.33 11.12

LQ — lower quartile; HQ — higher quartile; SD — standard deviation; IGA — inferior gluteal artery; PDIIA — posterior division of the internal iliac artery; ADIIA — anterior division of the 
internal iliac artery; IIA — internal iliac artery; SGA — superior gluteal artery

https://www.ncbi.nlm.nih.gov/pubmed/9627785
http://dx.doi.org/10.1007/BF02425072
https://www.ncbi.nlm.nih.gov/pubmed/3107146
http://dx.doi.org/10.1007/BF01627962
https://www.ncbi.nlm.nih.gov/pubmed/9381313
http://dx.doi.org/10.1007/s00266-014-0398-z
http://dx.doi.org/10.1007/s00266-014-0398-z
https://www.ncbi.nlm.nih.gov/pubmed/25209531


63

Kamil Gabryszuk et al., The inferior gluteal artery anatomy

scription of the anastomosis between the medial femoral 
circumflex and inferior gluteal arteries at the hip. J Bone 
Joint Surg Br. 2008; 90(10): 1298–1303, doi: 10.1302/0
301-620X.90B10.20983, indexed in Pubmed: 18827238.

6. Heinze T, Fletcher J, Miskovic D, et al. The middle rectal 
artery: revisited anatomy and surgical implications of  
a neglected blood vessel. Dis Colon Rectum. 2023; 66(3): 
477–485, doi: 10.1097/DCR.0000000000002531, indexed 
in Pubmed: 36630321.

7. Jones OM, Smeulders N, Wiseman O, et al. Lateral liga-
ments of the rectum: an anatomical study. Br J Surg. 1999; 
86(4): 487–489, doi: 10.1046/j.1365-2168.1999.01080.x, 
indexed in Pubmed: 10215819.

8. Kalaaji A, Dreyer S, Vadseth L, et al. Gluteal augmentation 
with fat: retrospective safety study and literature review. 
Aesthet Surg J. 2019; 39(3): 292–305, doi: 10.1093/asj/
sjy153, indexed in Pubmed: 29931270.

9. Katz MD, Sugay SB, Walker DK, et al. Beyond hemostasis: 
spectrum of gynecologic and obstetric indications for 
transcatheter embolization. Radiographics. 2012; 32(6): 
1713–1731, doi: 10.1148/rg.326125524, indexed in Pu-
bmed: 23065166.

10. Kędzia A, Dudek K, Ziajkiewicz M, et al. The morphomet-
rical and topographical evaluation of the superior gluteal 
nerve in the prenatal period. PLoS One. 2022; 17(8): 
e0273397, doi: 10.1371/journal.pone.0273397, indexed 
in Pubmed: 36018841.

11. Koshima I, Moriguchi T, Soeda S, et al. The gluteal 
perforator-based flap for repair of sacral pressure 
sores. Plast Reconstr Surg. 1993; 91(4): 678–683, 
doi:  10.1097/00006534-199304000-00017, indexed in 
Pubmed: 8446721.

12. Kozioł T, Chaba W, Janda P, et al. A three-headed piriformis 
muscle: an anatomical case study and narrative review of lit-
erature. Folia Morphol. 2023; 82(4): 969–974, doi: 10.5603/
FM.a2022.0108, indexed in Pubmed: 36573364.

13. Kuzuya A, Fujimoto K, Iyomasa S, et al. Transluminal coil 
embolization of an inferior gluteal artery aneurysm by ul-
trasound-guided direct puncture of the target vessel. Eur J 
Vasc Endovasc Surg. 2005; 30(2): 130–132, doi: 10.1016/j.
ejvs.2005.03.006, indexed in Pubmed: 15890542.

14. Liapis K, Tasis N, Tsouknidas I, et al. Anatomic variations 
of the uterine artery. Review of the literature and their 
clinical significance. Turk J Obstet Gynecol. 2020; 17(1): 
58–62, doi:  10.4274/tjod.galenos.2020.33427, indexed 
in Pubmed: 32341832.

15. Moore KL, Dalley AF, Agur A. Clinically oriented anatomy 
(8th ed). Lippincott Williams and Wilkins 2017.

16. Ostrowski P, Bonczar M, Michalczak M, et al. The anatomy 
of the uterine artery: A meta-analysis with implications for 
gynecological procedures. Clin Anat. 2023; 36(3): 457–464, 
doi: 10.1002/ca.23983, indexed in Pubmed: 36448185.

17. Pelage JP, Jacob D, Fazel A, et al. Midterm results of 
uterine artery embolization for symptomatic adeno-
myosis: initial experience. Radiology. 2005; 234(3): 
948–953, doi:  10.1148/radiol.2343031697, indexed in 
Pubmed: 15681687.

18. Pichon N, François B, Pichon-Lefièvre F, et al. Emboli-
zation of rectal arteries: an alternative treatment for 
hemorrhagic shock induced by traumatic intrarectal 
hemorrhage. Cardiovasc Intervent Radiol. 2005; 28(4): 
515–517, doi:  10.1007/s00270-004-0168-4, indexed in 
Pubmed: 16010510.

19. Rand T, Patel R, Magerle W, et al. CIRSE standards of 
practice on gynaecological and obstetric haemorrhage. 
CVIR Endovasc. 2020; 3(1): 85, doi: 10.1186/s42155-020-
00174-7, indexed in Pubmed: 33245432.

20. Song WC, Bae SM, Han SH, et al. Anatomical and radio-
logical study of the superior and inferior gluteal arteries 
in the gluteus maximus muscle for musculocutaneous flap 
in Koreans. J Plast Reconstr Aesthet Surg. 2006; 59(9): 
935–941, doi:  10.1016/j.bjps.2005.11.028, indexed in 
Pubmed: 16920585.

21. Sozer SO, Agullo FJ, Palladino H. Autologous augmen-
tation gluteoplasty with a dermal fat flap. Aesthet Surg 
J. 2008; 28(1): 70–76, doi:  10.1016/j.asj.2007.10.003, 
indexed in Pubmed: 19083509.

22. Thompson JR, Gibb JS, Genadry R, et al. Anatomy of pelvic 
arteries adjacent to the sacrospinous ligament: importance 
of the coccygeal branch of the inferior gluteal artery. 
Obstet Gynecol. 1999; 94(6): 973–977, doi:  10.1016/
s0029-7844(99)00418-4, indexed in Pubmed: 10576185.

23. Vigato E, De Antoni E, Tiengo C, et al. Radiological anat-
omy of the perforators of the gluteal region: The “radio-
some” based anatomy. Microsurgery. 2018; 38(1): 76–84, 
doi: 10.1002/micr.30214, indexed in Pubmed: 28767166.

24. Walocha JA, Litwin JA, Bereza T, et al. Vascular architecture 
of human uterine cervix visualized by corrosion casting 
and scanning electron microscopy. Hum Reprod. 2012; 
27(3): 727–732, doi:  10.1093/humrep/der458, indexed 
in Pubmed: 22252085.

25. Walocha JA, Miodoński AJ, Szczepański W, et al. Two 
types of vascularisation of intramural uterine leiomyomata 
revealed by corrosion casting and immunohistochemical 
study. Folia Morphol. 2004; 63(1): 37–41, indexed in 
Pubmed: 15039897.

26. Zarzecki MP, Ostrowski P, Wałęga P, et al. The middle ano-
rectal artery: A systematic review and meta-analysis of 880 
patients/1905 pelvic sides. Clin Anat. 2022; 35(7): 934–945, 
doi: 10.1002/ca.23898, indexed in Pubmed: 35474241.

27. Żytkowski A, Tubbs R, Iwanaga J, et al. Anatomical nor-
mality and variability: Historical perspective and methodo-
logical considerations. Transl Res Anat. 2021; 23: 100105, 
doi: 10.1016/j.tria.2020.100105.

http://dx.doi.org/10.1302/0301-620X.90B10.20983
http://dx.doi.org/10.1302/0301-620X.90B10.20983
https://www.ncbi.nlm.nih.gov/pubmed/18827238
http://dx.doi.org/10.1097/DCR.0000000000002531
https://www.ncbi.nlm.nih.gov/pubmed/36630321
http://dx.doi.org/10.1046/j.1365-2168.1999.01080.x
https://www.ncbi.nlm.nih.gov/pubmed/10215819
http://dx.doi.org/10.1093/asj/sjy153
http://dx.doi.org/10.1093/asj/sjy153
https://www.ncbi.nlm.nih.gov/pubmed/29931270
http://dx.doi.org/10.1148/rg.326125524
https://www.ncbi.nlm.nih.gov/pubmed/23065166
http://dx.doi.org/10.1371/journal.pone.0273397
https://www.ncbi.nlm.nih.gov/pubmed/36018841
http://dx.doi.org/10.1097/00006534-199304000-00017
https://www.ncbi.nlm.nih.gov/pubmed/8446721
http://dx.doi.org/10.5603/FM.a2022.0108
http://dx.doi.org/10.5603/FM.a2022.0108
https://www.ncbi.nlm.nih.gov/pubmed/36573364
http://dx.doi.org/10.1016/j.ejvs.2005.03.006
http://dx.doi.org/10.1016/j.ejvs.2005.03.006
https://www.ncbi.nlm.nih.gov/pubmed/15890542
http://dx.doi.org/10.4274/tjod.galenos.2020.33427
https://www.ncbi.nlm.nih.gov/pubmed/32341832
http://dx.doi.org/10.1002/ca.23983
https://www.ncbi.nlm.nih.gov/pubmed/36448185
http://dx.doi.org/10.1148/radiol.2343031697
https://www.ncbi.nlm.nih.gov/pubmed/15681687
http://dx.doi.org/10.1007/s00270-004-0168-4
https://www.ncbi.nlm.nih.gov/pubmed/16010510
http://dx.doi.org/10.1186/s42155-020-00174-7
http://dx.doi.org/10.1186/s42155-020-00174-7
https://www.ncbi.nlm.nih.gov/pubmed/33245432
http://dx.doi.org/10.1016/j.bjps.2005.11.028
https://www.ncbi.nlm.nih.gov/pubmed/16920585
http://dx.doi.org/10.1016/j.asj.2007.10.003
https://www.ncbi.nlm.nih.gov/pubmed/19083509
http://dx.doi.org/10.1016/s0029-7844(99)00418-4
http://dx.doi.org/10.1016/s0029-7844(99)00418-4
https://www.ncbi.nlm.nih.gov/pubmed/10576185
http://dx.doi.org/10.1002/micr.30214
https://www.ncbi.nlm.nih.gov/pubmed/28767166
http://dx.doi.org/10.1093/humrep/der458
https://www.ncbi.nlm.nih.gov/pubmed/22252085
https://www.ncbi.nlm.nih.gov/pubmed/15039897
http://dx.doi.org/10.1002/ca.23898
https://www.ncbi.nlm.nih.gov/pubmed/35474241
http://dx.doi.org/10.1016/j.tria.2020.100105


64

Folia Morphol., 2024, Vol. 83, No. 1

Figure 3. Anterior view of the analysed computer tomography angiography. Some of the arteries were shortened and/or excluded in order to 
provide clearest possible view; CIA — common iliac artery; IIA — internal iliac artery; EIA — external iliac artery; OA — obturator artery; UA 
— umbilical artery; IGA — inferior gluteal artery; MRA — middle rectal artery; IVA — inferior vesical artery.
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Figure 4. Posterior view of the analysed computer tomography angiography. Some of the arteries were shortened and/or excluded in order to 
provide clearest possible view; IGA — inferior gluteal artery; SGA — superior gluteal artery; OA — obturator artery; IVA — inferior vesical 
artery.
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Background: The interaction between the auriculotemporal nerve and the middle 
meningeal artery within the infratemporal fossa is vital in the spread of perineural 
tumours. Knowledge of their morphological and morphometric variations is critical 
to surgeons approaching the infratemporal fossa. There is a paucity of literature on 
the relationship between the auriculotemporal nerve and middle meningeal artery 
in a South African population. Hence, the aim of this study was to document the 
morphology and morphometry of the auriculotemporal nerve and its relationship 
to the middle meningeal artery within a South African cohort. 
Materials and methods: The infratemporal fossae of 32 cadaveric specimens 
were dissected and the auriculotemporal nerves and middle meningeal arteries 
were analysed, together with their variations. 
Results: Nine out of 32 specimens displayed one-root, 14/32 two-root, 7/32 
three-root, and 2/32 four-root auriculotemporal nerves. Eighteen auriculotempo-
ral nerves originated from the mandibular nerve, while the rest had at least one 
communication to the inferior alveolar nerve. The mean distance between the 
first and second roots of the auriculotemporal nerve was 4.69 mm. There were 
V-shaped formations found in 23 auriculotemporal nerves. However, the middle 
meningeal artery only passed through 13/23 V-shapes. The maxillary artery was of 
a deep course in relation to the lateral pterygoid muscle in 19/32 and superficial in 
13/32 of the sample. There were 15 accessory middle meningeal arteries present 
in 14/32 specimens. The accessory middle meningeal arteries often arose from 
the middle meningeal artery (46.67%). 
Conclusions: The results of this study show a high possibility of variations of 
the auriculotemporal nerve and middle meningeal artery in the South African 
population. The variations and interactions should be considered during surgical 
procedures. (Folia Morphol 2024; 83, 1: 66–71)

Keywords: infratemporal fossa, mandibular nerve, maxillary artery, 
meningeal arteries, neoplasms
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INTRODUCTION
The auriculotemporal nerve (ATN) may be involved 

in parotid gland cancers and the resultant perineural 
tumour spread along the nerve may extend cranially 
to the foramen ovale, through which the mandibular 
branch of the trigeminal nerve passes [5, 19]. The pro-
gression of a tumour along the ATN can compromise 
tissues in the infratemporal fossa, cause trigeminal 
nerve palsy, and displace or obliterate vascular struc-
tures [17, 21]. The interaction between nerves and 
vessels is critical in the spread of perineural tumours, 
and the close association between the ATN and the 
middle meningeal artery [22] may cause additional 
complications [17]. As a result, medical practitioners 
must understand the morphology of the ATN and its 
relationship to the middle meningeal artery (MMA), 
as well as the anatomy of the infratemporal fossa, 
to appropriately identify the neurovasculature and 
limit the risk of complications during procedures to 
the infratemporal fossa. However, the relationship 
between the ATN and MMA has not been investigated 
in a South African population. 

The auriculotemporal, inferior alveolar, and lingual 
nerves are the cutaneous branches of the posterior 
division of the mandibular nerve [8, 18]. The ATN 
has been reported to arise as two roots within the 
infratemporal fossa, forming a buttonhole to encircle 
the MMA before re-joining to form its main trunk [8, 
18]. Some aural structures, the temporomandibular 
joint, the posterior portion of the temple, and the 
parotid gland, are innervated by the ATN [8, 10, 18].

The MMA is the maxillary artery’s largest branch, 
and originates within the infratemporal fossa as the 
third branch from the first segment of the maxillary 
artery [11, 18]. The MMA coursed cranially through 
the buttonhole of the ATN and entered the cranium 
via foramen spinosum, supplying the dura mater 
[11, 18]. The infratemporal fossa may contain an 
accessory MMA, which arises from either the MMA 
or the maxillary artery, depending on the anatomical 
relationship between the maxillary artery and the 
lateral pterygoid muscle [1, 4, 11, 18]. 

While standard anatomical text stipulates the 
usual morphology of the ATN and its relationship to 
the MMA, many authors have discovered variations 
in this regard [3, 5, 7, 9, 13, 20]. Hence, the present 
study aimed to document the morphological and 
morphometrical anatomy of the ATN, the relation-
ship between the MMA and the ATN, as well as their 
variations (if any) in a South African sample.

MATERIALS AND METHODS
The study used 16 formalin-fixed South African 

cadavers dissected bilaterally (n = 32) at the De-
partment of Clinical Anatomy, University of KwaZu-
lu-Natal. The Biomedical Research Ethics Committee 
at the University of KwaZulu-Natal granted ethical 
permission for this study (BREC/00002919/2021). The 
dissection procedures followed those of Dias et al. [7], 
Komarnitki et al. [13], and Loukas et al. [14]. 

This study used all available adult cadavers with no 
visible injury to the mandibular ramus or contents of 
the infratemporal fossa. The cadavers were placed in  
a supine position and dissected to expose the in-
fratemporal fossa and its contents. The skin and su-
perficial tissue overlying the zygomatic arch, parotid 
gland and duct, and mandibular ramus was removed. 
Thereafter, the zygomatic arch and mandibular ramus 
was cleaned and dissected using a bone saw to ex-
pose the contents of the infratemporal fossa [13]. The 
lateral and medial pterygoid muscles were dissected 
to reveal the deep contents of the infratemporal fos-
sa, viz. the mandibular nerve and the MMA. Tracing 
the inferior alveolar nerve superiorly to the foramen 
ovale assisted in identifying the trunk of the mandibu-
lar nerve [14]. The roots of the ATN were cleaned and 
traced from the most inferior root to facilitate proper 
identification of the ATN’s variations. The MMA was 
also cleaned and traced from its origin to the foramen 
ovale. The maxillary artery was identified, and the 
part from which the MMA originated was recorded. 
Variations in the ATN’s roots and its relationship with 
the MMA were documented, as well as the presence 
of the accessory middle meningeal artery (aMMA). 
The distance between the roots of the ATN was meas-
ured three times for accuracy using a digital vernier 
calliper. The descriptions and data were entered on  
a Microsoft Excel 2016 spreadsheet for analysis.

The data were statistically analysed using the R 
Project for Statistical Computing software (version 
3.6.3 of the R Core Team). Data were analysed using 
descriptive statistics, and parameters were found to 
be statistically significant with p-values less than 0.05.

RESULTS
The results of this study is shown in Table 1.

Demographics

The specimens used in the study were of South 
African White (87.50%) and Black (12.50%) descent. 
The cadavers were of an older cohort (72.4 ± 11.9 
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years) and there was equal distribution regarding the 
sex of the specimens.

Morphology of the ATN

One-root ATN. Eight of the nine one-root ATN 
specimens originated from the mandibular nerve, 
while the remaining one originated from the inferior 
alveolar nerve. 

Two-root ATN. Seven of the 14 two-root speci-
mens displayed both roots originating from the man-
dibular nerve. The remaining specimens showed the 
first root originating from the mandibular nerve and 
the second from the inferior alveolar nerve. All spec-
imens with a two-root ATN had a V-shape formation, 
but the MMA was only found to pass through eight 
(Fig. 1).

Three-root ATN. Seven specimens had three-root 
ATN (Table 1). However, only three specimens were 
discovered with all roots originating from mandibular 
nerve. The first root of the remaining four specimens 
originated from the mandibular nerve and the two 

inferior roots from the inferior alveolar nerve. All 
specimens had a V-shape formation; however, the 
MMA only passed through four. 

Four-root ATN. Only two specimens displayed 
four-root ATN with their first root from the man-
dibular nerve, and their third and fourth roots orig-
inating from the inferior alveolar nerve. However, in 
one specimen, the second root originated from the 
mandibular nerve, while another originated from 
the inferior alveolar nerve. Both specimens exhibited 
V-shaped formations, but only one had the MMA 
passing through.

Morphometry of the ATN

The mean distances measured between the roots 
of the ATN are shown in Table 2. The mean distance 
between the first and second roots of the ATN was 
found to be the largest, while the distances between 
the third and fourth roots were the smallest.

Relationship between the ATN’s roots  
and the MMA or maxillary artery

The observations of the relationship between the 
ATN and MMA are depicted in Table 3. However, it is 
noted that particular specimens were also related to 
the maxillary artery.

In a two-root specimen, the second root of the 
ATN was superficial to both the MMA and maxillary 
artery. Two specimens had their second roots deep 
to the maxillary artery and were, therefore, unrelated 
to the MMA. The second root of another specimen, 
which originated from the mandibular nerve, split 
into a buttonhole but did not contain any vasculature.

The second root in a three-root specimen was 
superficial to the maxillary artery and anterior to the 
MMA. Furthermore, the second root of the ATN in 
two specimens was closely related to the maxillary 
artery — one was deep to the maxillary artery, and 
another was inferior. The third roots of four specimens 
were also closely related to the maxillary artery — two 
were superficial, one was deep, and one inferior to 
the maxillary artery.

Table 1. Quantity and description of ATN, MMA, and aMMA discovered in the bilateral dissection of infratemporal fossae in a South 
African population (n = 32)

One-root 
ATN (%)

Two-root 
ATN (%)

Three-root 
ATN (%)

Four-root 
ATN (%)

Buttonhole  
formations (%)

V-shape  
formations (%)

aMMA 
present (%)

Maxillary artery 
deep to LPM 

(%)

Maxillary artery 
superficial to 

LPM (%)

9 (28.13%) 14 (43.75%) 7 (21.88%) 2 (6.25%) 1 (3.13%) 22 (68.75%) 14 (43.75%) 19 (59.38%) 13 (40.63%)

aMMA — accessory middle meningeal artery; ATN — auriculotemporal nerve; LPM — lateral pterygoid muscle

Figure 1. A two-root auriculotemporal nerve (ATN) and middle me-
ningeal artery (MMA) within the infratemporal fossa. The first root 
of the nerve joins with the second root, forming a V shape (black 
dashed line). The MMA coursed through the V shape; 1 — first 
root of ATN, 2 — second root of ATN; CNV3 — mandibular nerve; 
LN — lingual nerve; IAN — inferior alveolar nerve.
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Course of the maxillary artery

The maxillary artery often coursed deep to the lat-
eral pterygoid muscle in the studied sample (Table 1).  
Of the 19 deep course specimens, the maxillary ar-
teries coursed through a loop formed in the inferior 
alveolar nerve in six specimens. 

Presence of the aMMA

The aMMA was present in 14 (43.75%) specimens 
(Table 1). A double aMMA was found in one specimen, 
which coursed superiorly, superficial to the ATN, and 

trifurcated (Fig. 2). Hence, 15 aMMA was encountered 
in this study.

DISCUSSION
The ATN has been described to originate as two 

roots from the mandibular nerve, forming a button-
hole to enclose the MMA [8, 18]. However, many 
studies have discovered that the ATN can arise from 
as few as one to as many as five roots [12, 16]. The 
two-root ATN is the most prevalent in the Ameri-
can, Turkish, Polish, New Zealand, Indian, and Thai 
populations [2, 6, 7, 9, 12, 16]. This correlated with 
the present study, as a prevalence of 43.75% was 
documented. Furthermore, the ATN can originate 
from the inferior alveolar and mandibular nerves [6, 
7, 12], which was shown to be true in the present 
study. This study demonstrated that the first root of 
the ATN originated from the mandibular nerve and 
the inferior roots from the inferior alveolar nerve. 
This corroborated with Komarnitki et al. [12], Dias et 
al. [7], and Chanasong et al. [6] who found that the 
inferior alveolar nerve contributes to the main trunk 
of the ATN. Although, Quadros et al. [16] discovered 
that the inferior alveolar nerve was a point of origin 
of all the ATN in their population. The inferior alve-
olar nerve’s contribution to the ATN could explain 
unexpected ATN neuralgia resulting from an inferior 
alveolar nerve block [15]. 

The morphometric distance measured between 
the roots of the auriculotemporal nerve suggested 
that the distance between the inferior roots is smaller 
than that of the superior roots. The mean distance 
between all the roots of the ATN was 4.42 mm in the 
present study, while Baumel et al. [2] and Gulekon 
et al. [9] found that the distance between the roots 
of the auriculotemporal nerve was 3.92 mm and 
4.12, respectively. The difference in measurements 
amongst the various populations may suggest that 
morphometric distances may be affected by ethnicity.

Table 3. Relationship between roots of the one-, two-, three-, 
and four-root auriculotemporal nerve and the middle meningeal 
artery in dissected infratemporal fossae

Measurement [mm]
Mean ± SD

Distance between the first and second roots 4.69 ± 5.24

Distance between the second and third roots 3.63 ± 3.89

Distance between the third and fourth roots 2.67 ± 2.06

SD — standard deviation

Figure 2. Schematic representation of the three-root auriculotem-
poral nerve (ATN) variant. The second root bifurcated — upper part 
joined first root and lower part joined third root. Middle meningeal 
artery (MMA) passed through V-shape created between the first 
and second roots; MA — maxillary artery; aMMA — accessory 
middle meningeal artery; CNV3 — mandibular nerve; IAN — inferi-
or alveolar nerve; LN — lingual nerve.

Table 2. Mean distances measured between the first and second, second and third, and third and fourth roots of the auriculotemporal 
nerve (ATN) [mm]

One-root ATN Two-root ATN Three-root ATN Four-root ATN Total

First root First 
root

Second 
root

First 
root

Second 
root

Third 
root

First 
root

Second 
root

Third 
root

Fourth 
root

Superficial to MMA 9 13 1 6 2 – 2 – – – 33

Deep to MMA – 1 10 – 1 3 – 2 2 1 20

Anterior to MMA – – 1 1 1 1 – – – 1 5

MMA — middle meningeal artery
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Previous research has described the relationship 
between the roots of the ATN and the MMA as either 
superficial or deep to the artery [2, 7, 9, 16]. The 
present study further included a description of the 
roots being anterior to the artery. However, this study 
also demonstrated that the superior roots are usually 
superficial to the MMA, whereas the inferior roots are 
deep. These results corroborated with Baumel et al. 
[2] and Gulekon et al. [9]. Furthermore, the anatom-
ical relationship of the three-root ATN to the MMA 
in a South African population is similar to that of the 
American population — the superior two roots are 
superficial to the MMA, and the inferior root is deep 
[2]. Contrarily, the first root in the Turkish population 
was superficial to the MMA, while the lower two 
were deep [9], while the Indian population showed 
one root being deep and two superficial to the MMA 
[16]. As a result, there is a great deal of variation in 
the relationship between the ATN roots and the MMA. 

In agreement with previous literary reports, the 
typical buttonhole formation was not discovered in 
the present South African population [2, 7, 12]. The 
most common interval formed by the roots of the 
ATN in this study was a V-shape, as found in previous 
studies [2, 7, 12]. Although the V-shape was found 
in 22/32 of the selected sample, the MMA was only 
enclosed in 14 (63.64%). Dias et al. [7] and Chanasong 
et al. [6] found the MMA enclosed in 52.00% and 
69.86% of their specimens, respectively. The findings 
of this study support previous research stating that 
the buttonhole is seldom present and that the MMA 
does not always pass through the ATN [2, 7, 12]. 

Although Baumel and Beard [1] concluded that 
the aMMA is commonly present, it was only found in 
43.75% in the present study. Similarly, Chanasong et 
al. [6] discovered an aMMA in 21.91% of their sample. 
The aMMA may also arise in equal parts from the MMA 
and the maxillary artery [1]. However, Chanasong et al. 
[6] discovered that the aMMA arose more frequently 
from the MMA (75.00%). This study also found the 
aMMA frequently originating from the MMA (53.33%) 
in the South African population. Baumel and Beard 
[1] suggested that the course of the maxillary artery 
in relation to the lateral pterygoid muscle determined 
the origin of the aMMA. When the maxillary artery was 
superficial to the lateral pterygoid muscle, the aMMA 
arose from the MMA. However, the aMMA arose from 
the maxillary artery when the maxillary artery coursed 
deep to the lateral pterygoid muscle [1]. This relation-
ship was also demonstrated in the current study.

CONCLUSIONS
This study examined the relationship between 

the MMA and the ATN in a South African population 
and added pivotal information on the contents of 
the infratemporal fossa in a South African population 
which may be beneficial to anatomists and surgeons. 
The findings of this study indicated several variations 
in the morphology of the ATN and its relationship to 
the MMA, which are similar to those found in pop-
ulation groups previously studied. The results of this 
study further highlighted that the variations of the 
ATN and the MMA are not concisely documented in 
standard anatomical literature. 

Limitations and recommendations

Due to the limited sample size, no significant 
differences could be found between the individuals’ 
sexes, sides, and ethnicities. However, the findings 
of this study may aid future research in discovering 
ethnic differences. Hence, the recommendation made 
for future studies is to utilise a bigger sample size 
to determine if there are significant differences in 
laterality, age, sex, and population groups. Due to 
the paucity of literature on the ATN and MMA, ethnic 
differences have not been previously established. This 
study, therefore, adds to the existing literature by 
discovering the morphology of the ATN and MMA 
in a South African population which may be useful 
for future studies examining population differences.
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Background: Human umbilical cord (hUC) is encompassed by a mucoid connective 
tissue called Wharton’s jelly (WJ), made of hyaluronic acid, collagen, and stromal 
cells to support the blood vessels of hUC. This study was aimed to determine the 
in vitro neuronal differentiation of WJ-derived mesenchymal stem cells (WJMSCs), 
and in vivo axonal regeneration potential of nanofiber coated human Wharton’s 
jelly as a neuronal graft after sciatic nerve injury in immunosuppressed albino 
Wistar rats. 
Materials and methods: Wharton’s jelly-derived mesenchymal stem cells could 
be differentiated to neuron-like cells by inducing with neuronic supplementing 
media. The test animal’s axotomized nerves were implanted with trimmed human 
umbilical cord devoid of vascularity and nanocoated with electro-spun poly-l-lac-
tic acid nanofibers. The control animals were bridged with native sciatic nerve 
reversed and sutured. Post-surgical functional recovery was studied by walking 
track, pinprick, muscle weight, and sweating quantification. At the end of the 4th 
week, the animals were euthanized, and magnetoneurography was performed. 
The explanted grafts were quantified by immunohistochemistry for immuno-re-
jection, neural scarring, neural adhesion axon regeneration, fibre diameter, myelin 
thickness, and G-ratio. The sciatic function index values were similar by walking 
track analysis for both the test and control groups.
Results: The animals had functional and sensation recovery by the end of  
2 weeks. No mortality, signs of inflammation, and acute immune rejection were 
observed post-surgery. 
Conclusions: The hUCWJ devoid of vascular elements can be a perfect peripheral 
nerve graft, and we hypothesis that the cryopreserved hUC could be an ideal re-
source for axonal regeneration in the future. (Folia Morphol 2024; 83, 1: 72–82)

Keywords: umbilical cord, Wharton’s jelly, mesenchymal stem cells, 
nanofiber, sciatic nerve, axonal regeneration
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INTRODUCTION
Traumatic peripheral nerve injury is a global prob-

lem and can cause devastating functional disabilities 
[11]. Several hundred thousand cases of peripheral 
nerve injury occur each year, results from stretch-re-
lated injuries, lacerations, or compressive trauma. The 
affected limb displays painful neuropathy symptoms, 
such as hyperalgesia, pain-related gait, and swelling. 
Ascending spinal pathways subsequently distribute 
nociceptive pain to multiple cortical, limbic structures 
and hypothalamus [15]. Current treatment modalities 
for peripheral nerve injuries involve end-to-end sutur-
ing of uninjured nerve ends for minor injuries and the 
use of autologous nerve grafts and neural prosthe-
sis for significant damages. The application of nerve 
grafts for peripheral nerve repair is associated with 
donor site morbidity, the need for multiple surgeries, 
limited tissue availability, and inadequate functional 
reinnervation [28]. Allografts and cell suspension from 
the fetal central nervous system as the most effective 
neuro graft and have been substantially studied for 
their ability to develop and integrate within the host 
organism. However, ethical, social, and political issues 
act as a barrier to the application of fetal tissues [3, 13].

The unique morphologic properties of the human 
umbilical cord make them productive and the alternate 
source for mesenchymal stem cells (UC-MSCs), primar-
ily as compared with umbilical cord blood [4, 16]. The 
UC-MSCs secretes different cytokines, chemokines, 
and growth factors known neurogenic cytokines, such 
as neurotrophin 3, endothelial growth factor, and 
midkine, may be a potential MSC source for neural 
stem cell therapies. The extracellular matrix of human 
umbilical cords (hUC) is rich in collagen IV and V, hy-
aluronan, and sulfated glycosaminoglycans [14, 21].

In the present basic research, we investigated 
the in vitro differentiation of human umbilical cord 
mesenchymal stem cells (hUC-MSCs) to neuron-like 
cells. The differentiated cells were verified for pos-
itive expression of neuronal markers by a reverse 
transcriptase-polymerase chain reaction and immu-
nocytochemistry. Furthermore, an attempt was made 
to use human umbilical cord devoid of blood vessels 
as a neural graft to replace axotomized sciatic nerve 
in albino Wistar rats to restore impaired motor or 
sensory functions.

MATERIALS AND METHODS
The study was conducted after proper approval 

from various committees, including the Animal ethical 

committee and the stem cell ethics committee (IC-
SCR). All the animals involved in this research were 
treated humanely, and experiments were conducted 
as per the guidelines of the Committees for the pur-
pose of Control and Supervision of Experiments on 
Animals (CPCSEA). 

The animals were purchased from Tamil Nadu 
Veterinary and Animal Science University. The exper-
imental grafts were recovered from animals after eu-
thanasia was done by certified veterinary technician. 
The euthanasia was done by using a pre-euthanasia 
anaesthetic (Telazol or PreMix 0.5 mL/10 pounds) to 
render the animal unconscious before injecting the 
euthanasian drug (Sodium Pentobarbital 117 mg/ 
/pound). The control animals involved in the research 
were maintained till natural death in the small animal 
facility in Frontier Mediville. There were no criteria 
needed for euthanizing animals prior to the planned 
end of the experiment.

For the collection of the amniotic membrane and 
cord blood, a written informed consent was admin-
istered to the patients or their parents. The patients 
were prescreened for HBsAg, HIV I and II, HCV, CMV, 
and venereal diseases. The study was conducted after 
a proper approval from various committees, which 
includes animal ethical committee and stem cell ethics 
committee (IC-SCR).

In vitro studies: neuronic differentiation  
of Wharton’s jelly-derived mesenchymal stem cells  
(WJMSCS)

Derivation of poly-l-lactic acid (PLLA) nanofib-
ers. PLLA nanofibers were derived by dissolving PLLA 
pellets in 1,1,1,3,3,3 hexafluoroisopropanol (HFIP, 
Sigma Aldrich 105228) and electrospun at a flow rate 
of 12–14 μL/min, with an applied voltage of 10–18 kV  
and 15 cm from a 4.5% (w/v) polymer solution [26]. 
The nanofibers can be directly coated on cell culture 
plates for in vitro experience and hUCs prior to in 
vivo experiments.

The hUCs were collected in Hanks balanced salt 
solution (HBSS, Himedia-TS1003) with antibiotic 
solution (Himedia A002A) from C-section delivery 
and transported to the laboratory with chilled packs 
within 6 hours. The hUCs were washed well with nor-
mal saline (0.9% W/V) and antibiotics to remove the 
residual blood from the veins and artery. Further, the 
hUCs were dissected free from vascularity. The dissect-
ed tissues, approximately 50 mg were minced using 
sterile method into small fragments 1–2 mm. The 
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minced tissue was also digested with 0.5 mg/mL colla-
genase (Sigma, C9722) and 0.2 mg/mL hyaluronidase 
(Sigma H3506) for 2 hours at 37oC. After enzymatic 
digestion, cold Dulbecco’s phosphate buffered sa-
line (DPBS, Himedia-TS1006) was added to cease the 
enzymatic activity. Further, the digested Wharton’s 
jelly was washed by centrifuging twice with DPBS at 
1500 rpm. The pellet along tissue debris was plated 
in the PLLA nanofiber coated plates with Dulbecco’s 
modified eagle’s media (DMEM with 4500 mg/mL 
glucose) and 2 mM l-glutamine (GIBCO-119950), 
supplemented with 10% fetal bovine serum (FBS, 
GIBCO-26140079). After 48 hours, the floating cells 
and debris were removed. The 2/3 confluent flask with 
adherent fibroblast cells was passaged using TrypLE 
Select (GIBCO). The Passage 2 cells were characterized 
using immunocytochemistry and flow cytometry [24].

Characterisation of Wharton’s jelly cells

Immunocytochemistry. The cells were fixed 
with 4% paraformaldehyde in phosphate-buffered 
saline pH 7.4 for 15 min at room temperature, fol-
lowed by permeabilization with 0.25% Triton X and 
were incubated for 1 hour with primary antibod-
ies: anti CD73 (Abcam ab54217), anti CD90 (Abcam 
ab23894), anti-CD (Abcam ab44967), anti CD44 
(Abcam ab9124), anti CD34 (Abcam ab8536), anti 
CD45 (Abcam ab40763). The primary monoclonal 
antibodies were added to the six-well culture plates 
as 1/100 dilution in 5% bovine serum albumin (BSA, 
Himedia, TC 194). After that, the cells were washed 
with DPBS and incubated with fluorescein isothio-
cyanate (FITC, Abcam ab5765) or phycoerythrin (PE, 
Abcam ab97024) conjugated secondary antibody 
at room temperature for 1 hour. The nucleus was 
stained using 4’,6-diamidino-2-phenylindole 300 nm 
in Distilled water as per manufactures protocol (DAPI, 
Sigma D9542). The immune-stained cells were ob-
served under fluorescent microscope (Olympus), and 
images were captured.

Flow cytometry. The cultured WJMSCs were de-
tached with 0.25% trypsin and 0.2% EDTA, further 
blocked with 1% BSA in DPBS and incubated with 
Abcam primary antibody (20 μg/mL in 1% BSA) at 4oC 
overnight. Cells were washed twice with DPBS and in-
cubated with the fluorophore (FITC or PE) conjugated 
secondary antibody at room temperature for 30 min. 
The cells were fixed with 2% paraformaldehyde and 
approximately 106 cells were subjected to flow cy-
tometry by FACS Calibur (Becton-Dickinson) [24, 25].

Induction of WJMSCS to neuronic differentiation

The WJMSCs at cell culture passage five were 
used for differentiation experiments. Briefly, WJMSCs 
were induced to neuronic lineage differentiation by 
serum-free neurocult media (stem cell technologies). 
Control cultures were maintained in DMEM media 
supplemented with 10% FBS. The cells were replen-
ished with new medium every alternate day and cul-
tured for 3 weeks in the medium. The cultures were 
maintained in triplicates, and significant change in cell 
morphology was noted. At the end of the 3rd week, 
the cells were fixed for immunocytochemistry [7].

In vivo small animal experiment

Surgical procedure. Sciatic nerve injury and graft 
implantation of biological nerve graft were conduct-
ed as described earlier methods [27, 34]. Albino Wis-
tar rats 12 Nos male (6 Nos for umbilical grafts + 6 
Nos for control autografts) approximately weighing 
200 ± 20 g were used for axonal regeneration stud-
ies. Wistar rats were anesthetized intraperitoneally by 
using ketamine (75 mg/kg) and xylazine (20 mg/kg). 
The left hind limb sciatic nerve was exposed through 
a gluteal muscle incision, and about 1 cm sciatic 
nerve was transected at the mid-thigh level. The 
umbilical cord graft was trimmed with stereomicro-
scope following sterile protocols to remove the blood 
vessels and to match the size (length and width) of 
rat sciatic nerves. The test group rat axotomized 
nerve was bridged by suturing with human umbilical 
cord. These animals were administered with hydro-
cortisone (50 mg/kg) to prevent immune rejection as 
human umbilical cords were transplanted in rats. The 
control group axotomized sciatic nerve was reversed 
and sutured. Behaviour analysis was performed every 
week post-surgery to study the functional recovery 
of test and control rats by walking track analysis, 
pin-prick test, muscle weight, and sweating quan-
tification. At the end of the 4th week, the animals 
were euthanized, and magnetoneurography (MNG) 
was performed in the umbilical cord grafted sciatic 
nerve, autografted sciatic nerve, and control native 
sciatic nerve from right hind limb. The explanted 
grafts were quantified by immunohistochemistry for 
immune-rejection, neural scarring, neural adhesion, 
axon regeneration, fibre diameter, myelin thickness, 
and G-ratio [8].

Functional tests were performed before the inju-
ry, immediately after transplantation, and after that 
weekly for 12 weeks after transplantation. Locomotor 



75

Balasundari Ramesh et al., Nerve scaffold for sciatic nerve regeneration

activity was evaluated to assess the animal’s loco-
motor function using the walking track analysis as 
described below.

Walking track analysis

The most commonly used method of evaluation 
of the function of target organs after nerve injury 
in the rat is walking track analysis [2, 10]. The sci-
atic function index (SFI), is calculated using three 
measures of hind leg footprints acquired by walk-
ing track analysis: the 1–5 toe spread (TS), the 2–4 
intermediate toe spread (ITS) and the print length 
(PL). The SFI was measured at a weekly interval 
between the 1st and 8th postoperative weeks. Triple 
measures were performed for each print and repre-
sented statistically. SFI = 0 was considered normal, 
whereas SFI = 100 was considered to indicate full 
damage. N is the values for normal rat, and E is for 
experimental rat.

SFI = –38.3×                    +109.5×                    +13.3×                     –8.8
EIT – NIT

NIT
EPL – NPL

NPL
ETS – NTS

NTS

Pin-prick test

The pin-prick test (PP) was used for sensitivity re-
pair recovery. The test consisted of the pin-prick with a 
forceps of the animal-operated hind limb to evaluate 
the sensory recovery. The animal was pin-pricked 
from the toes to the knee until limb withdrawal was 
observed. Sensory recovery was graded on a scale 
from 0 to 3. Where grade 0 — represent the lack of 
response to pain stimulus, grade 1 — represents the 
limb withdrawal on stimuli above the ankle, grade II  
— withdrawal below the ankle, in the heel region, 
and grade III — limb withdrawal after the application 
of stimuli in the metatarsal region. 

Toe spread test

Toe spread test was used for motor recovery eval-
uation. It is because the non-operated, normal rat 
extends and spreads the toes when it is hung by 
the tail. As in sensory recovery, motor recovery was 
graded on a scale from 0 to 3, where grade 0 — dig-
ital movement absence, grade I — any movement, 
grade II — toe spread, and grade III — toe extension 
and abduction.

Sweating quantification

The sweating of paws reflects autonomic nerve 
activity. Reinnervation of albino Wistar rat’s hind 
paws sweats glands after peripheral nerve injury can 

be quantified by counting active sweat glands after 
induction by pilocarpine.

The albino Wistar rats were anesthetized with 
ketamine and xylazine as above. The implanted left 
hind paw was cleaned with distilled water and dried 
using nitrogen gas, and pilocarpine (80 mg/kg) was 
administered through intra peritoneum (i.p.) route. 
The sweat droplets were collected for 2–3 min after 
injection. After collection, micropipettes were centri-
fuged for oil and sweat separation, and the aqueous 
layer was quantified to measure the sweat volume.

Magento neurography

Magento neurography endpoint measurements 
were carried out 4, 8, and 12 weeks following the 
ex vivo MNG technique following the protocol de-
scribed by Cudlip et al. (2002) [9]. The animals were 
anesthetized with urethane i.p. 12.5% (1 mL/100 g).  
The sciatic nerve was exposed from its origin in the 
lumbar spine to distal to the trifurcation at knee 
level to acquire a segment of maximum length. To 
prevent axon leakage, the proximal part and the three 
branches of the sciatic nerve were ligated with a 6-0 
suture and were transected proximally and distally 
to the knots, respectively. The MNG recording cham-
ber was filled with ringers lactate buffer containing 
glucose, 1 g/L, at 21 ± 0.1ºC. The sciatic nerve was 
guided through the recording sensor coils and the 
stimulation cuff and stretched to in vivo length by 
clamping the two sutures in the recording chamber. 
The distal nerve end was stimulated with a biphasic 
constant current pulse of 50 μs delivered by two 
separate stimulus units (Digitimer DS3), connected in 
parallel. To guarantee supramaximal stimulation, the 
stimulator was finally set to 1.4 times the strength of 
the lowest current that produced a maximal signal. 
Every time the stimulation cuff changed position; this 
stimulus strength was redetermined. Both the right 
(control — normal nerve) and left (Test 6 Nos for 
Umbilical cord and 6 for native nerve graft surgery) 
sciatic nerve were measured. In the recording setting 
of the right nerve, the stimulation cuff cathode was 
positioned 10 mm distal to the suture line. Sensor 1 
and sensor 2 were placed 4 mm and 14 mm proximal 
to the suture line, respectively. Only axons with fibres 
regenerating across the lesion were stimulated and 
recorded by applying distal stimulation and proximal 
recording. For the contralateral (unoperated) nerve, 
similar recording settings were used, and an imag-
inary suture line was created at the same distance 
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from the distal nerve end as present in the repaired 
nerve. [29].

Muscle weight

After explanting the sciatic nerves for MNG meas-
urement, the gastrocnemius muscles were simulta-
neously dissected and detached from their origin, 
insertion and weighed immediately. Muscle weight 
was expressed as the ratio of the left (operated) over 
the right (control) muscle weight.

Histological and immunohistochemical studies

At sacrifice 4 weeks later, the nerves were histo-
logically evaluated for traumatic neuroma formation, 
Wallerian degeneration, perineural scar formation, 
and morphometric analysis. The distal sections were 
analysed for the differences in total fascicular area, 
myelinated fibres per nerve, fibre density, myelin area 
per nerve, myelinated fibre diameter, axon diameter, 
myelin thickness, or G-ratio.

The nerve impulse conduction speed was calcu-
lated using G ratio, a value representing the division 
of the axon’s diameter by the nerve fibre diameter. 
According to Torch et al. (1989) [31], G ratio between 
0.6 and 0.79 was considered normal in nerve conduc-
tion. G ratio below 0.6 implies dense myelinization, 
while the values above 0.79 evinces poor myelin-
ization and conduction abnormality quantification 
of Nissl-stained sensory neurons was performed ac-
cording to the empirical method of Coggeshall et al. 

(1984) [8]. Briefly, nucleolar profiles (clearly visible 
nucleus with one or more nucleoli) were counted at 
400× in every 10 sections starting with a randomly 
chosen part I. The calculations were multiplied by 
10 and a correction factor to convert the nucleolar 
counts into neuronal numbers. This factor consisted 
of the nucleolar profile per 100 neurons after com-
parison of a randomly chosen section and the section 
adjacent to it. To study the dynamics of the lesion 
process, chromatolytic, eccentric, and pyknotic cells 
were quantified.

Statistical comparison

The Shapiro-Wilk was used for normality assess-
ment. ANOVA was used for normally distributed data 
and SFI data. Friedman’s test was used for intragroup 
comparison, and the Kruskal-Wallis test was used for 
intergroup comparison. The significance level was 
set at 5%.

RESULTS
Wharton’s jelly (WJ) is one of the sources of immu-

no-privileged stem cells and derived from extraembry-
onic mesoderm as neuro system. Hence, we attempt-
ed to study WJ as neural graft for regeneration of 
peripheral nerve injury. We approve that the human 
WJ cells correspond phenotypically and functionally 
to MSCs. Accordingly, the cells were plastic adherent 
with fibroblastic morphology (Fig. 1). Using flow 
cytometry analysis and immune-cytochemistry, we 

Figure 1. Expansion and differentiation of umbilical cord derived stem cells, A. Primary culture of collagenase digested umbilical cord stem 
cells; B. Passaged mesenchymal stem cells (×40); C. P4 umbilical cord mesenchymal stem cells control undifferentiated cells (×400);  
D. Umbilical cord mesenchymal stem cells differentiated to neuron like cells (×400).

A

C

B

D
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found that mesenchymal stem cells (MSC) isolated 
from WJ revealed the high cell surface expression of 
MSC markers CD105, CD90, CD73, CD44, and absence 
for haematopoietic cells (Fig. 2).

The in vivo animal experiments were successfully 
carried out (Fig. 3). The SFI values were standard by 
walking track analysis for both the test and control 
groups (Fig. 4). The test and control animals were 

Figure 2. Immunohistochemistry and flowcytometry; immunocytochemistry and flowcytometry analysis of stem cells isolated from Wharton’s  
jelly; red colour — tetramethyl rhodamine; green colour — fluorescein isothiocyanate; blue colour — 4’6-diamidino phenylindole stain for nucleus.

Figure 3. Sciatic nerve animal experiments, in vivo animal exper-
iments; A. Cross section view of human umbilical cord showing 
one umbilical vein (red colour arrow) and two arteries (green  
arrows); B. Dissection of umbilical portion devoid of vascular  
elements; C. Exposure of left sciatic nerve; D. Separation of left 
sciatic nerve; E. Trimming the umbilical cord to the size of nerve;  
F. Suturing the umbilical cord portion to the cut end of the nerve.

A

C

E

B

D

F

Figure 4. Walking track analysis; Walking track analysis image,  
A, B, C. Control mice before autografting, 2 week post grafting,  
4 week post grafting; D, E, F. Test rat before Wharton jelly grafting, 
2 week post grafting, 4 weeks post grafting; IT — intermediate toe 
spread; TS — toe spread; PL — print length.

E F

A CB

D
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able to recover their sensation on the grafted legs 
by the end of 2 weeks. No mortality, signs of inflam-
mations, and graft rejection were observed in Wistar 
rats during the surgical experiment and post-surgery 
(Fig. 5). There was no evidence of fibrosis and neural 
scarring in both groups. Walking track analysis gen-

Figure 5. Explanted nerves; formaldehyde fixed explanted nerves after 2 months of implantation, A. Control sciatic nerve; B. Autografted con-
trol nerve; C. Umbilical cord grafted portion.

A CB

Figure 6. Histopathological Trichome staining for explanted nerves; A. Control umbilical cord prior to implantation; B. One month explanted 
rejected tissue; C. Two months old explanted umbilical cord tissue; D. Control sciatic nerve; E. Autografted sciatic nerve showing the axonal 
growth cone at site of axotomy (green arrow); F. Two months old autografted nerve at the site of axotomy.

A CB

D E F

erated a significant value (p = 0.523), which implied 
similar healing and regeneration between the positive 
control and treated group (Fig. 6). The immuno-his-
tochemistry for T antigen CD25 (Fig. 7) in explanted 
grafts indicates that WJ grafts are less immunogenic, 
although there was minimal infiltration of CD25 cells. 

Figure 7. Immunohistochemistry for infiltration of CD25 activated T cells; A. Control umbilical cord — negative for CD25; B. Explanted umbil-
ical cord positive for CD25; C. Control native sciatic nerve — negative for CD25; D. Immunostained sciatic nerve explanted control — nega-
tive for CD25.

A

C

B

D
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The infiltration could be due to cross-species (human 
to rats) transplantation of graft. Moreover, no sta-
tistical difference in G-ratio was found between the 
autograft and WJ grafted group.

The functional nerve recovery was assessed by the 
rats walking track analysis. As the walking footprints 
are shown in Figure 4, the sciatic nerve injury treated 
group showed recovery. The SFI value varies from 100 
to 0. The value 0 indicates normal function, and 100 
means complete loss of function. The SFI value of 
treated group suggests functional recovery. Further, 
no significant difference exists between the autograft 
and test animal group. The interpersonal correlation 
in measurement was high after the 3rd week. Inade-
quate definition of footprints was noted in the first 
2 weeks. The functional recovery results by pin-prick 
test, toe spread test, and sweating quantifications 
indicate that by the end of the 4th week, the test rats 
transplanted with umbilical cord have grade II recov-
ery. In contrast, the autografted controls had better 
sensitivity (Table 1). MNG values were recorded for 
the first 4 weeks, and the values were noted (Table 2). 
The initial and final nerve action potentials were sig-
nificant and showed gradual improvements from 1st 
week to 4th week. There was no significant difference 
in muscle weight between control and test animals. 
Trichome staining and microscopic analysis revealed 

that cross-section of an intra-muscular nerve bundle 
and blood vessel formation are seen in treated sciatic 
nerve when compared to cross-section of normal 
sciatic nerve. In the case of a longitudinal section 
of treated sciatic nerve, demarcation was observed 
between native sutured nerve and WJ (Fig. 6).

DISCUSSION
Clinical literature reports that less than 25% of 

nerve repair patients recover complete voluntary mo-
tor function and less than 3% recover full normal 
sensation [29]. The clinical results of these procedures 
have served as the impetus to continue the search 
for alternative methods of repairing peripheral nerve 
injuries. One such alternative is the use of various 
“nerve conduits” which may replace the need for 
nerve grafting. This is a novel attempt of using hu-
man umbilical cord Wharton’s jelly (hUC-WJ), which 
is discarded as medical waste as a biological nerve 
graft for peripheral nerve injury. This experiment is 
to validate the efficacy of using the human cord as  
a nerve graft, as it is the natural reservoir of immune 
privileged stem cells in WJ. The immunomodulatory 
effects of hUC-MSCs are mediated by multiple fac-
tors. The hUC-MSCs could reduce or block MHC class 
II expressions on vascular endothelial cell surface in 
cardiac allografts and decrease proinflammatory cy-

Table 1. Functional evaluation for control and test animals

S.No. Functional 
evaluation

1st week 2nd week 3rd week 4th week

Control rats Test rats Control rats Test rats Control rats Test rats Control rats Test rats

1 Pin-prick test Grade I Grade 0 Grade I Grade 0 Grade II Grade I Grade III Grade II

1 Toe spread test Grade 0 Grade 0 Grade I Grade 0 Grade I Grade I Grade II Grade II

3 Sweating quanti-
fication [µL]

9.75 ± 1.7 7 ± 1.4 11 ± 1.8 8.25 ± 1.2 14.25 ± 0.9 11 ± 1.8 16 ± 1.4 12.25 ± 2.0

Table 2. Action potential of sciatic nerve evaluation using a magnetoneurography system (MNG)

MNG 1st week 2nd week 3rd week 4th week

Control rats Test rats Control rats Test rats Control rats Test rats Control rats Test rats

LATN1 [ms] 0.12 ± 0.09 0.8 ± 0.18 0.17 ± 0.16 0.11 ± 0.12 0.22 ± 0.08 0.15 ± 0.14 0.28 ± 0.15 0.23 ± 0.12

LATN2 [ms] 0.18 ± 0.06 0.9 ± 0.10 0.26 ± 0.12 0.18 ± 0.15 0.30 ± 0.16 0.23 ± 0.14 0.36 ± 0.10 0.43 ± 0.12

CVN1 [m/s] 62 ± 26.75 55 ± 28.05 65 ± 32.1 58 ± 25.3 70.25 ± 28.13 63 ± 18.2 85 ± 23.3 69 ± 35.8

CVN2 [m/s] 46 ± 24.3 33 ± 16.8 54.31 ± 23.5 39.64 ± 28.5 66.32 ± 22.06 43.28 ± 26.71 79.24 ± 17.8 52.21 ± 22.7

AMPN1 [mV] 1.12 ± 0.32 0.83 ± 0.46 1.38 ± 0.26 0.9 ± 0.54 1.57 ± 0.48 1.39 ± 0.36 1.8 ± 0.43 1.43 ± 0.34

AMPN2 [mV] 0.52 ± 0.28 0.31 ± 0.35 0.68 ± 0.33 0.43 ± 0.26 0.74 ± 0.49 0.61 ± 0.47 0.86 ± 0.34 0.77 ± 0.29

AMPN1 — initial nerve action potentials amplitudes; AMPN2 — final nerve action potential amplitudes; LATN1 — initial nerve action potentials latencies; LATN2 — final nerve action 
potential latencies; CVN1 — initial nerve action potential conduction velocities; CVN2 — final nerve action potentials conduction velocities; ms — millisecond; m/s — meters per second; 
mV — millivolt
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tokines interleukin 2 and interferon gamma, enhance 
anti-inflammatory cytokines, such as interleukin 10 
and transforming growth factor betta1 expression in 
vivo. The soluble factors secreted by hUC-MSC have 
immunoregulatory effects as well [22]. For more than 
a decade there are several attempts exploring the use 
of umbilical cord as a graft for clinical application. In 
1995, Angelo et al. [1] had conducted a large animal 
experiment using lamb autologous umbilical cord 
veins and arteries for femoral artery reconstructive 
surgeries. The preliminary results suggest that um-
bilical vessels could be used as vascular autograft 
provided with the immediate care of vasoactive graft 
during the perioperative period. Chen et al. (2012) [6] 
hypothesize that the hUC may be an adequate novel 
substitute for the reconstruction of the extrahepatic 
bile duct.

Wharton’s jelly tissue is the combination of stro-
mal microenvironment and hUC-MSCs, which could 
be appropriate for treating traumatic brain injury 
than hUC-MSCs cell suspension. Transplanting the 
human WJ tissue on the surface of the injured brain of 
Sprague Dawley rats developed significant protection 
with improved histologic and functional outcomes 
after traumatic brain injury [5]. Decellularized human 
umbilical arteries seeded with human umbilical vein 
endothelial cells preserved the extracellular matrix 
and retained function in vivo for up to 8 weeks in 
nude rats. These properties suggest the potential use 
of decellularized umbilical arteries as small-diameter 
vascular grafts [12]. Recent research with decellular-
ized WJ as three-dimensional (3D) tissue engineered 
graft that can be used as osteogenic or chondrogenic 
grafts. The decellularized WJ graft experiments in 
murine calvarial defect model with green fluores-
cent protein labelled osteocytes indicates that this 
matrix can be used as a 3D porous, bioactive, and 
biocompatible scaffold for tissue engineering and re-
generative medicine applications [17, 18]. Moreover, 
recent surgical advances make use of cryopreserved 
autologous umbilical cords as shunt conduits in ne-
onatal cardiac surgery clinical trial (ClinicalTrials.gov; 
Identifier: NCT02766998).

In our experiment, WJ sutured to the sciatic nerve 
transection showed functional recovery of rat model 
at the site of nerve injury. Axonal regeneration was 
observed during the explant after 4 weeks of sur-
gery. Functional recovery was evidenced by walking 
track analysis and histopathological studies. Walking 
track analysis is a quantitative method of analysing 

functional recovery of peripheral nerve in the rats. 
The performance of hind limbs after nerve injuries 
are analysed by examining footprints, known as the 
SFI [32]. In our studies the performance and analysis 
infers the explanted tissue analysis shows similar 
healing between auto grafted and treated group. 
To add on histopathology evaluation had sections of 
developing axons and neoangiogenic vessels. Axonal 
regeneration may be aided due to the presence of 
MSCs in WJ. The WJ-derived MSCs avoid ethical issues 
involved in embryonic stem cell research and being 
immune-privileged, which makes them an advanta-
geous cell type for allogeneic transplantation [23, 30]. 
The in vitro culture studies proved that these MSCs 
are plastic adherent cells positive for markers CD105, 
CD90, CD73, CD44 and could be differentiated to 
neuron-like cells. WJ-MSCs have the ability to differ-
entiate into WJ-Schwann cells like cells (WJ-SCLCs) 
that effectively enhance the outgrowth of neurites 
in vitro. In addition, implantation of WJ-SCLCs-laden 
acellular nerve grafts isolated and decellularized from 
male Sprague–Dawley rats were superior to acellular 
nerve grafts alone in inducing functional recovery 
after sciatic nerve injury [7]. A novel method using 
lyophilization and enzymes to prepare acellular nerve 
scaffold was effective in removal of cells, myelin and 
maintain the integrity and mechanical properties of 
nerve fibre than the traditional methods. The com-
bination of hUC-MSCs with acellular nerve scaffold 
promotes repair and regeneration of the sciatic nerve 
Sprague–Dawley animal model [20, 22]. In another 
similar studies tonsils derived mesenchymal stem cells 
(T-MSCs) were differentiated to Schwann cells (SC) in 
vitro. T-MSCs were able to express SC-specific mark-
ers, support of neurite outgrowth, and formation of 
myelin sheaths. Moreover, T-MSC-SC transplantation 
produced functional improvements in a mouse model 
of sciatic nerve mild injury [19].

Wharton’s jelly-MSCs may serve as a valuable 
source of SCs for use in transplantation, and hu-
man WJ-SCLCs may be effective for promoting the 
regeneration of peripheral nerves. Topical admin-
istration of human WJ-MSC bound to a delivery 
agent such as hydrogel may even provide sustained 
therapeutic effects with localized delivery of cells 
to the affected area [33]. For proper development 
of therapeutic approaches, it is essential to eluci-
date the possible mechanism by which stem cells 
play a pivotal role in aiding in functional recovery 
after peripheral nerve injury. We hypothesis that the 
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therapeutic benefits such as angiogenesis, neuro-
genesis, synaptogenesis, cell fusion, and reduction 
of apoptosis could be achieved in the zone of the 
injury by implanting human umbilical cord. The ele-
vation of neuronal-specific genes and varying levels 
of neural and astrocyte-specific proteins could be 
confirmed by immunolabelling after explantation 
of the graft. We envisage further elucidation of 
these ongoing investigations in the hope of using 
hUC WJ as nerve graft that will meet the complete 
clinical requirements.

Limitation of the study

It was challenging to suture the nanocoated um-
bilical cord with native rat sciatic nerve as it was very 
tiny. We should have used gelatine glue instead of 
suturing. However, the outcome of this experiment 
was excellent. All the experimental rats resumed the 
functional recovery, no immunorejection was ob-
served. 

CONCLUSIONS
In conclusion, we emphasize that the in vivo an-

imal experimentation of the human umbilical cord 
WJ devoid of vascular elements, allantoic duct, and 
amniotic epithelium can be a perfect neuro graft for 
peripheral nerve injuries. WJ is a natural reservoir of 
immune-privileged stem cells, which share properties 
of adult and embryonic stem cells should be a boon 
in nerve remodelling. Moreover, the presence of hy-
aluronic acid, collagen and growth factors guide the 
neurogenesis. The nerve repair and reconstruction 
data from animal experiments can be translated to 
clinical practice followed by clinical trials. However, 
some factors such as cognitive capacity and coping, 
which are known to influence outcome following 
nerve repair, are challenging to study in animal mod-
els. Furthermore, the molecular and cellular mecha-
nism of neurogenesis needs to be analysed using an 
immune deficient animal model. Future concurrent 
research is necessary to elucidate the use of cryopre-
served umbilical cords as neural grafts as it has been 
a recent practice to bank umbilical cords along with 
cord blood.
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Background: Thiel-fixed body donors are highly valued for surgical training 
courses. The pronounced flexibility of Thiel-fixed tissue has been postulated to 
be caused by histologically visible fragmentation of striated muscle. The aim of 
this study was to analyse whether a specific ingredient, pH, decay, or autolysis 
could cause this fragmentation in order to modulate the Thiel solution to adapt 
specimen flexibility specifically to the needs of different courses.
Materials and methods: Striated muscle of the mouse was fixed for different 
time periods in formalin, Thiel solution, and its individual ingredients, and analysed 
by light microscopy. Further, pH-values of Thiel solution and its ingredients were 
measured. In addition, unfixed muscle tissue was histologically analysed including 
Gram staining to investigate a relationship between autolysis, decomposition, 
and fragmentation. 
Results: Muscle fixed with Thiel solution for 3 months was slightly more frag-
mentated than muscle fixed for 1 day. Fragmentation was more pronounced after  
1 year of immersion. Three individual salt ingredients showed slight fragmentation. 
Decay and autolysis had no effect on fragmentation, which occurred regardless 
of the pH of all solutions. 
Conclusions: Fragmentation of Thiel-fixed muscle is dependent on fixation time 
and most likely occurs due to salts present in the Thiel solution. Adjustment of 
the salt composition in the Thiel solution with verification of the influence on the 
fixation effect, fragmentation and flexibility of the cadavers could be performed 
in further studies. (Folia Morphol 2024; 83, 1: 83–91)

Keywords: tissue fixation, skeletal muscle, light microscopy, 
fragmentation, saturated salt solution, formalin, boric acid, pH

INTRODUCTION
Walter Thiel’s stated intention was to develop  

a fixation method where cadavers tissues should have 
the smallest possible alteration with respect to colour, 
consistency, shape and volume and therefore facilitate 
anatomy teaching [37]. Since then, many studies 

investigated the advantages of soft embalmed Thi-
el-fixed cadavers, such as joint pliability, tissue supple-
ness and appearance with realistic colour [2, 9, 13, 16, 
23, 31, 46]. These characteristics are favourable for 
surgical training [5, 9, 14, 18, 20, 30, 32, 33, 40, 43, 
44]. However, some less favourable aspects regarding 
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dissection, appearance or recognition of tissue, as 
compared to formalin-fixed cadavers, are reported 
[24, 42], particularly muscular disorganization and 
noticeable histological alterations [19, 32]. Although 
Thiel fixation has been in use for 30 years, and several 
studies have investigated the histological effects of 
Thiel fixation, there is still no sufficient explanation 
why cadavers retain such a high pliability. Benkhadra et 
al. [5] and McDougall et al. [27] specifically addressed 
this question in a histological investigation: Benkhadra 
et al. [5] studied Thiel-fixed muscle tissue from human 
body donors and demonstrated a “cut-up and minced” 
appearance of the striated muscle fibres (MF), while 
nuclei were not visible. They hypothesized boric acid 
to be the cause of this observed fragmentation, due to 
corrosive properties of acids on muscle tissue and its 
proteins [5]. Similarly, McDougall et al. [27] described 
“loss of nuclear staining, loss of definitive striation, 
cell structure integrity and considerable muscle fibre 
fragmentation”. Interestingly, these findings were also 
detected in muscle tissue fixed in a modified Thiel solu-
tion without boric acid so that they proposed that, in 
addition to boric acid, salts in the Thiel solution might 
be responsible for fragmentation [27]. Other studies 
also described histological alterations of Thiel-fixed 
muscle tissue, but without focusing on potential rea-
sons. In a study using human skeletal muscle fixed with 
a modified Thiel solution (i.e. no intrathecal, rectal, 
tracheal and gastral injection and minimum immer-
sion time shortened from 3 to 2 months), washed-out 
appearance of the muscle, absence of cell membranes 
and nuclei were observed [16]. However, the MF were 
mainly cut transversely, and fragmentation was neither 
described nor visible. In another study in rats perfused 
immediately postmortem with Thiel solution, muscle 
tissue showed a blurred image, impaired integrity and 
poorly demarcated nuclei after immersion in Thiel solu-
tion for 2 months [4]. Images from this study can be 
interpreted to reveal muscle tissue that had been pulled 
apart, some showing fragmentation (described as an 
impairment of integrity) and missing nuclei. Notably, 
on images of saturated salt solution (SSS) prepara-
tions, individual fragmentations of striated MF were 
visible as well. A study on formalin-fixed bovine striated 
muscle [38] revealed impaired tissue after subsequent 
7-month fixation in boric acid, but fragmentation in 
tissue stored in 0.9% NaCl. More recently, only few 
fragmentations were seen in Thiel-fixed rabbit muscle 
tissue, but more pronounced fragmentation in SSS- 
-fixed tissue after 2 days [34]. So far, the effects of the 

individual ingredients of the Thiel solution have not 
been investigated but could contribute to the under-
standing of the detailed morphological effect of Thiel 
solution on muscle tissues. This could open the possi-
bility of adjusting the composition of the Thiel solution 
according to properties of individual ingredients to re-
tain the advantages of Thiel fixation while reducing the 
disadvantages (consistency, dissection, hyperlaxity). 
Anatomical institutes might adapt the tissue pliability 
according to its use, either in dissection courses or for 
clinical courses depending on the surgical discipline, 
approach, or a specific technique. By identifying an 
ingredient responsible for fragmentation and pliability, 
cadavers could be used more purposefully. The suita-
bility of Thiel muscle tissue for biomechanical studies 
is controversial [4, 10–12, 15, 17, 21, 25, 26, 28, 35, 
39, 41, 43, 45, 47]. If the biomechanical properties 
could be normalized by adaptation of the ingredients, 
it would open new possibilities for scientists working 
biomechanically with Thiel muscle tissue. The aim of 
this study was to investigate the effect of the whole 
Thiel solution, as well as its individual ingredients, on 
skeletal muscle and to find a possible explanation for 
the histologically visible fragmentation. Since rodents 
are widely used for research on muscle morphology, 
striated muscle of the mouse was selected for this 
purpose [27]. We analysed the effect of Thiel solution 
and its individual components, i.e., formaldehyde, 
boric acid, ethylene glycol, p-chlorocresol, and the 
salts ammonium nitrate, potassium nitrate and sodium 
sulphite and the influence of pH as well as the time of 
autolysis and decay. 

MATERIALS AND METHODS
Tissue sampling and muscle preparation 

Muscles from 4 mice that were originally part of 
another experiment approved by the Canton of Bern 
(number: BE 61/18) were collected. In the original 
experiment, the mice were euthanized by intraperi-
toneal injection of pentobarbital (100 mg/kg). Once 
death was confirmed and tissues were collected for 
the original experiment, we immediately harvested 
muscles from the limbs and back for subsequent 
experiments (Fig. 1).

Fixation with formalin, Thiel solution 
and Thiel ingredients

Muscle tissue was immersed in the respective fixa-
tive, either Thiel’s immersion solution (Supplementary 
material 1 — see journal website), 4% buffered for-
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malin solution, or a solution of the individual ingre-
dients A-F of the Thiel immersion solution (Table 1).  
Tissue:liquid ratio was at least 1:10 (weight/volume). 
The Thiel solution and the solutions containing the 
ingredients (all purchased from Sigma-Aldrich, Buchs, 
Switzerland) were prepared in-house. Muscle tis-
sue was fixed for 1 day or, according to the original 
protocol by Thiel [37], 3 months in Thiel immersion 
solution, or as a control in 4% formalin, at 8°C. To 
study long-term effects, we also used muscle tissue 
from Thiel-fixed body donors from our own Institute 
stored at least 1 year in Thiel immersion solution or 
Thiel soaked cloths. Since immersion of muscle in the 
solutions of the single Thiel ingredients A–F (Table 1)  
must be considered as insufficient fixation, these 
samples were stored for 20 hours at 4°C to prevent 
bacterial growth but ensure sufficient diffusion into 
the muscle to avoid manifestations of autolysis and 
cytoplasmic vacuolization [7, 36]. Thereafter, the 
muscles and solutions were stored at room temper-
ature for another 4 hours to warm up and allow the 
ingredients to chemically interact with the tissue as 
recommended [3]. 

pH measurement

To study the effects of pH on the muscle pieces, 
we measured the pH of the Thiel solution, and of 
its ingredients, with an IKA KMO 2 basic (IKA Werke 
GmbH, Staufen, Germany).

Testing of autolysis and natural decay effects

In order to investigate decay and autolysis as  
a possible cause of fragmentation, some muscles were 
left unfixed in phosphate-buffered saline (PBS)-soaked 
cloths at room temperature. After 8, 16, 24 and 48 
hours, respectively, the muscle was immersed in Thiel 
solution for 14 days and prepared for light microscopy 
following the same protocol. To objectify the presence 
of decay with bacterial growth, an additional Gram 
staining was performed with these sections. 

Tissue embedding, haematoxylin-eosin and Gram 
staining and light microscopy analysis

All muscles were dissected, and pieces of 5 × 
2 mm cut in longitudinal MF direction, rinsed, and 
dehydrated using a Tissue Processor Histokinette 
(Shandon Citadel 1000, Thermo Fisher Scientific, Ba-
sel, Switzerland). After 17 hours, the pieces were 
manually embedded in paraffin (Dr. Grogg Chemie 
AG, Stettlen-Deisswil, Switzerland). The paraffin 
blocks were cut with a microtome (Microm HM 355 S,  
Thermo Fisher Scientific) at a section thickness  
of 5 μm. Subsequently, sections were stained with 
haematoxylin-eosin. Gram staining was performed 
on sections of all autolysis time points. A positive 
control was used to verify the obtained results. Slides 
were analysed with a Zeiss Axio Imager M2 micro-
scope (Carl Zeiss AG, Feldbach, Switzerland) equipped 
with an Olympus UC50 camera (Olympus, Wallisellen, 
Switzerland) by the following criteria: Cell integrity 
and appearance, presence and appearance of nuclei, 
skeletal muscle striation, recognition of surrounding 
tissue, alignment and fragmentation of MF, whereby 
fragmentation was defined as transverse interruption 
of a longitudinally cut MF bundle, with sharp edges, 
which did not correspond to a cutting artifact. For 
the Gram-stained slices, the presence and quantity 
of bacteria was assessed and documented.

RESULTS
Fixation solutions and individual Thiel ingredients

The muscle fixed in formalin for 1 day represented 
a control tissue with intact MF integrity and align-

Table 1. Aqueous solutions of the Thiel-fixation ingredients

Solution A = Ammonium nitrate (10%)

Solution B = Boric acid (3%)

Solution C = Chlorocresol (0.18%)

Solution D = Ethylene glycol (10%)

Solution E = Potassium nitrate (5%)

Solution F = Sodium sulfite (7%)

Note: The concentrations are in line with the final concentration in the immersion solution.

Figure 1. Flowchart of investigations using formalin solution, Thiel 
solution and its ingredients A–F (compare Table 1).

Ingredients of
Thiel-solution ThielSolution A-F

pH of Thiel-
-ingredients

Formalin1 day

Effect of
immersion time

Thiel3 months

Effect of autolysis
and decay

Formalin
0–48 h without

xation
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ment, correct staining, visible striations, intact nu-
clei, and demarcated and identifiable surrounding 
tissue (Fig. 2A). The muscle fixed in Thiel solution 
for 1 day showed few fragmentations, but with  
a well-preserved striation of MF (Fig. 2B). In general, 
the MF appeared slightly pale, loose and only mod-
erately pulled apart. The architecture of the tissue 
appeared slightly disturbed and disintegrated. No 
indentations, which may be interpreted as beginning 
fragmentations, were visible. The nuclei appeared 
ballooned and pale. The surrounding tissue was gen-
erally well demarcated and intact, but with a slightly 
dissolved endomysium. In general, all MF bundles 
fixed in solutions of the Thiel ingredients A–F were 

slightly pulled apart compared to the MF bundles 
of formalin-fixed muscle (Fig. 2C–H). In detail, the 
muscle fixed in solution A (ammonium nitrate, Fig. 
2C) showed some perpendicular tears, the striation 
was preserved. Mainly at the sides of the MF bundle, 
there were small indentations at the level of the  
I zone, which were sporadically continuous through-
out the MF bundle. The nuclei were ballooned and 
pale. The surrounding tissue was recognizable. Muscle  
from solution B (boric acid, Fig. 2D) showed a pre-
served striation. Dominant were longitudinal tears 
along the MF. The nuclei were present and regularly 
stained. The surrounding tissue was intact. Muscle 
fixed in solution C (chlorocresol, Fig. 2E) revealed 
slightly pulled apart MF with curly borders, intense 
staining, few tears, and a visible striation in some ar-
eas. Dominant were short and elongated tears along 
the MF, which appeared like long vacuoles, but no frag-
mentation. The MF appeared more pulled apart than 
in muscle from solution B. There was a normal shape 
and staining of the nuclei. Muscle from solution D  
(ethylene glycol, Fig. 2F) also showed a preserved 
striation. Dominant were elongated tears along the 
MF, but more pronounced than in muscle of solution B  
(Fig. 2D). There were fuzzy borders but only few 
transverse tears. The muscle showed normal nuclei. 
The surrounding tissue appeared partly amorphous. 
In muscle of solution E (potassium nitrate, Fig. 2G), 
striation was almost invisible with some blurred MF. 
The muscle showed tears, partially looking like shred-
ded and partially like classic fragmentations. In some 
areas, the MF also possessed a lot of vacuoles so that 
the muscle structure was unrecognizable. Nuclei were 
mostly absent or ballooned and pale. The surrounding 
tissue was partly. In the muscle of solution F (sodium  
sulfite, Fig. 2H), the MF bundles were arranged more 
densely together. Striation was visible, and the bor-
ders appeared blurry. Some classical fragmentation 
was seen here (open arrowhead) with otherwise in-
tact muscle. Unlike in the muscle from solution A, 
incipient indentations were rarely seen. Nuclei were 
present, but appeared slightly pale and ballooned, the 
surrounding tissue was mostly amorphous.

Duration of fixation 

Muscle pieces immersed in formalin for 3 months 
(Fig. 3A) showed no notable difference to those 
stored for 1 day in formalin solution (Fig. 2A). Some 
areas appeared less dense with MF slightly pulled 
apart in the longitudinal direction, but for the most 

Figure 2. Histological analysis of muscle tissue fixed for 1 day 
stained with haematoxylin-eosin. A. formalin fixation; B. Thiel fixa-
tion. Arrow shows a fragmentation; C. Ammonium nitrate.  
Arrows show some indentations; D. Boric acid. Arrow shows  
a longitudinal tear; E. Chlorocresol solution. Arrows show the 
longitudinal and vacuole like alterations; F. Ethylene glycol. Arrows 
show longitudinal tears; G. Potassium nitrate. Open arrowhead 
points to shredded tears while the filled arrowhead shows a vacu-
olated muscle bundle. The double arrowhead points to amorphous 
surrounding tissue; H. Sodium sulfite. Open arrowhead shows  
a fragmentation, filled arrowhead shows amorphous surrounding 
tissue. Scale bar: 100 µm. 
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part revealed intact tissue with single transverse tears, 
intact nuclei and visible striations, and intact sur-
rounding tissue. On the contrary, the MF preserved 
in the Thiel solution for 3 months, were pulled apart 
and not dense with clear and classical fragmentations 
of the tissue (Fig. 3B). There were also indentations 
present (Fig. 3B, C). Striation was visible as well as the 
nuclei, which, however, were ballooned and pale. The 
surrounding tissue was moderately dissolved. Thiel 
tissues from body donors of our institute (Fig. 3F) 
fixed for more than 1 year showed a further increase 
in fragmentation and disintegration of the MF, looked 
like perforated, pale, and nuclei where missing. 

pH-value 

Table 2 summarizes the pH values of all solutions 
used. The pH value of the Thiel solution was 7.7 and 
therefore slightly within the basic range. While the 
pH of potassium nitrate, ethylene glycol and chloro-
cresol was slightly within the basic range, the pH of 
ammonium nitrate and boric acid was within the 

acidic range. The boric acid solution (pH 4.7) was 
the solution with the lowest pH. The pH value of the 
formalin solution was 7.2. 

Autolysis and natural decay effects

In general, there were no differences regarding 
fragmentation and nuclei between muscle pieces 
placed immediately in Thiel solution (Fig. 2B) and 
those stored up to 48 hours more before fixation (Fig. 
3D), but there were differences in autolysis, condition 
of the surrounding tissue and bacterial growth. At all 
tested time points, unfixed tissue showed only few 
and diffusely formed tears, rather than fragmenta-
tions with the classic shape. The nuclei were present, 
but paleness and ballooning increased with the time 
before fixation. After remaining unfixed for 8 hours, 
signs of autolysis like vacuolization and disintegra-
tion, especially of the connective tissue around the 
muscle, were already visible (Fig. D). Signs of autol-
ysis and disintegration increased with the duration 
the tissue remained unfixed. After 48 hours, the MF 
bundles appeared partly amorphous and with loss of 
striation, no classic fragmentations occurred. After 
8 hours left unfixed, bacterial growth increased as 
compared to immediately fixed tissue. Bacteria ap-
peared in clusters and were often present within the 
amorphous surrounding tissue (Fig. 3E). Progression 
of autolysis varied locally and over time, with the dif-
ference between 0–8 hours postmortem being greater 
than between 8–48 hours. Thus, fragmentation was 
not dependent on autolysis and decay. 

Discussion and Conclusions

In this study, we investigated the influence of 
the Thiel solution and its individual ingredients on 
striated muscle fibres in the mouse. We used light 
microscopy to identify an ingredient responsible for 

Figure 3. Histological analysis of muscle tissue stained with hae-
matoxylin-eosin (A–D, F) and Gram stain (E); A. Formalin fixed,  
3 months; B. Thiel fixed, 3 months. Arrow shows a fragmentation;  
C. Thiel fixed, 3 months. Arrow points to indentation (also visible in pan-
el B); D. Muscle unfixed for 48 hours with signs of autolysis. The open 
arrowheads show vacuolization and the filled arrowhead amorphous 
tissue; E. Same muscle treated as in panel D, after Gram staining. The 
arrows point to gram-positive cocci; F. Muscle fixed for more than  
1 year in Thiel-solution. In addition to fragmentation, the structure in 
the muscle fibres is considerably dissolved and the striation almost 
no longer recognizable. Scale bar: 100 µm.

Table 2. pH of Thiel and formalin solution and the solutions A–F

Solution pH

Thiel solution 7.7

Formalin 4% 7.2

Ammonium nitrate 10% (A) 6.36

Boric acid 3% (B) 4.7

Chlorocresol 0.18% (C) 7.93

Ethylene glycol 10% (D) 7.87

Potassium nitrate 5% (E) 8.58

Sodium sulfite 7% (F) 8.73
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fragmentation and consequently the pliability of Thiel 
cadavers. For that purpose, we also ruled out autolysis 
and natural decay as a possible confounding factor.  

While muscle fixed in formalin served as 1-day 
and 3-months control, and showed regular histolo-
gy, muscle fixed in Thiel solution for one day already 
showed disintegrated and less dense MF with few 
fragmentations and some indentations, which we 
interpreted as beginning fragmentations. In muscles 
fixed according to Thiel [37], an increase in fragmen-
tation and disintegration was visible after 3 months. 
In muscle tissue after Thiel fixation for more than  
1 year, there was a further increase in fragmentation 
and strong disintegration, which looked like perfo-
rated muscle. This suggests both potentiation of the 
ingredients in the complete solution and progression 
of the effects over time. So far, Thiel-fixed muscle has 
been demonstrated to show a similar impairment of 
muscle tissue compared with other studies; however, 
in our study, the nuclei were still present, but paler 
than after formalin fixation [4, 16, 34, 38]. 

This time dependent effect on muscle histology, 
which presumably influences the cadaver pliability 
could be considered and adapted depending on the 
use of the cadavers by the institutes. 

To specify the effect of each ingredient of the 
Thiel solution, we immersed muscle pieces in the 
single ingredients for 24 hours. Since this procedure 
corresponds to an incomplete fixation, we proceeded 
similar to the method of Cocariu et al. [7] and Baur 
et al. [3]. Striated muscle tissue was stored at 4°C for 
only 20 hours of immersion, in order to omit signs of 
decay and autolysis. Then the tissue was thawed until 
room temperature for another 4 hours to allow the 
chemicals to react. The histological effects were com-
pared to those of muscle pieces fixed in 4% formalin 
and Thiel solution for 24 hours, respectively. Several 
ingredients of the Thiel solution could be identified 
to cause fragmentations in the muscle, predomi-
nantly sodium sulphite and potassium nitrate, and 
to a lesser extent ammonium nitrate, all belonging 
to the group of salts. This supports the hypothesis 
of McDougall et al. [27], that salts may play a role 
in tissue alteration. They had found fragmentation 
of tissue fixed in a modified Thiel solution without 
boric acid, which is supported by our finding that 
boric acid as a single component did not cause any 
fragmentation. In another study, boric acid exerted 
a slightly corrosive effect on striated muscle tissue at 
high concentration, but no classic fragmentation was 

visible [38]. While low pH with its corrosive effect has 
been suggested as a possible cause of fragmentation 
[5], muscle pieces immersed in boric acid solution did 
not show any significant fragmentation, so that we 
do not consider boric acid or low pH to be the cause of 
fragmentation. Further, while our pH measurements 
showed that boric acid solution possessed the lowest 
pH of all ingredients, Liao postulated boric acid to be 
almost neutralized in Thiel solution [26].  

Usually, fixation of body donors is not performed 
immediately, but 1 to 2 days postmortem after their 
arrival at an anatomical institute. As some studies 
used human muscle tissue from body donors, we 
also investigated the role of autolysis and decay on 
muscle histology and observed time-dependent mor-
phological changes, which did not resemble fragmen-
tations. Notably, these alterations were present from 
the beginning and did not increase after 48 hours, 
in contrast to bacterial growth and signs of decay 
and autolysis. This makes the influence of autolysis 
and decay on fragmentations unlikely. Therefore, 
we conclude that the fragmentations observed in 
Thiel-fixed muscle tissue can be attributed to the 
fixative itself, particularly the group of salts, i.e. so-
dium sulfite, potassium nitrate and to a lesser extent 
ammonium nitrate. While fragmentation was defined 
as disruption of the MF, it must be mentioned that 
in all individual ingredients, as well as in the Thiel 
tissue, the MF were also less dense, less contiguous 
and appeared pulled apart. There exist several his-
tological studies, which have fixed muscle pieces in 
either sodium chloride or SSS [1, 4, 34, 38] and they 
showed similar tissue that was neither dense, nor 
contiguous and fragmented. In agreement with our 
findings, these studies showed a similar effect when 
muscle was fixed in solutions containing salts, as  
a possible reason for fragmentation [27]. We suggest 
a physiochemical process, which may underlie the 
principle of solvatization of salts. Anions and cations 
are enclosed in a hydration shell of water splitting 
them apart. The dissolved anions and cations, in our 
case mostly sodium and potassium, move around or 
into the myofibrils, due to the surrounding osmotic 
pressure or by directly binding the charged groups of 
the myofibrils. The bound and charged molecules lead 
to electrostatic repulsion, thus degrading the myofi-
brils and disturbing the spatial myofibrillar structure 
due to entropically driven forces. 

Both physiochemical processes enable further 
water to enter in, as well as around the myofibrillar 
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structures, as a result of lattice changes [8, 22, 29]. 
These processes might well be the cause of indenta-
tions or, if increasing, fragmentation with less dense 
MF. Degradation and enhanced water retention pulls 
the MF apart, both longitudinally and perpendicularly 
as visible in light microscopy. 

Another issue that leads to fragile tissue, and 
therefore presumably contributes to fragmentation, 
is the fact that, in Thiel solution, formalin concen-
tration is significantly reduced. Methylene bridges 
crosslinking adjacent proteins, amines and related 
nucleophiles are missing [6, 16, 26]. We histologically 
noticed this fragility when the paraffin blocks were 
rotated during the cutting process on the microtome. 
Cutting the MF vertically instead of horizontally re-
sulted in a significant increase of small tissue cracks 
and deformation in MF (data not shown). The lower 
formalin content and the effect of the salts might be 
a cumulative process. Adjusting the amount of salts 
in the Thiel solution, could be a possibility to decrease 
the amount of salt and water entering and binding to 
the MF, therefore reducing the lattice rearrangement. 
We assume that the reduced amount of formalin and 
the myofibrillar degradation due to salts could be the 
origin of the fragmentations in muscle tissue. This, 
in turn, reduces the muscle resistance while moving 
joints, described as pliability.

Limitations of the study

However, there are some limitations of the study. 
We tested the ingredients of the Thiel solution and 
their effects separately. Due to decay and autolysis, 
the long-term effect of the individual ingredients 
could not be investigated. Also, Thiel solution and 
potential effects due to altered properties of the 
solution were not analysed after 1 year. In addition, 
ingredients belonging to the same chemical group 
may have an amplifying effect. 

Although this was not investigated, we consider 
the chemical effects to be similar to the effects of the 
complete Thiel solution. The chemical effect on mus-
cle of mice and humans could be different. However, 
since they have basically the same histological struc-
ture, we assume that the effect of the chemicals is the 
same. In addition, similar images have been published 
in literature with fragmentations of human striated 
muscle. Nevertheless, further studies are needed to 
confirm our findings as well as the suitability of an ad-
justed solution as a fixative. The anticipated improved 
properties could then be evaluated for their potential 

applications to improve biomechanical properties for 
research and surgical training.

CONCLUSIONS
To conclude, we investigated the effects of Thiel 

solution on striated muscle to find an explanation 
for the observed fragmentation visible of Thiel-fixed 
tissue, which is proposed as reason of the cadaver 
joint pliability. The pH as well as autolysis and decay 
could be excluded. Fragmentations occurred after 
Thiel fixation and were time dependent. Ingredients 
belonging to the group of salts showed to cause 
fragmentations, disturbed myofibrillar lattice, likely 
by repulsion of actin and myosin as well as enhanced 
water binding. Adjustments of salt concentrations 
and altered tissue pliability might be advantageous 
for work with Thiel-cadavers. 
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Background: The complex process of atherosclerosis is thought to begin with 
endothelial cell dysfunction, and advanced atherosclerosis is the underlying cause 
of coronary artery disease (CAD). Uncovering the underlying mechanisms of 
CAD-related endothelial cell injury may contribute to the treatment. 
Materials and methods: Cardiac microvascular endothelial cells (CMVECs) were 
treated with oxidised low-density lipoprotein (ox-LDL) to mimic an injury model. 
The involvement of Talin-1 (TLN1) and integrin alpha 5 (ITGA5) in the proliferation, 
apoptosis, angiogenesis, inflammatory response, and oxidative stress in CMVECs 
were assessed. 
Results: TLN1 overexpression assisted CMVECs in resistance to ox-LDL stimulation, 
with alleviated cell proliferation and angiogenesis, reduced apoptosis, inflam-
matory response, and oxidative stress. TLN1 overexpression triggered increased 
ITGA5, and ITGA5 knockdown reversed the effects of TLN1 overexpression on the 
abovementioned aspects. Together, TLN1 synergized with ITGA5 to ameliorate 
the dysfunction in CMVECs. 
Conclusions: This finding suggests their probable involvement in CAD, and increas-
ing their levels is beneficial to disease relief. (Folia Morphol 2024; 83, 1: 92–101)

Key words: Talin-1, integrin, coronary artery disease, cardiac 
microvascular endothelial cells, atherosclerosis

INTRODUCTION
Coronary artery disease (CAD), a common cardi-

ovascular disease, is one of the primary threats to 
human health worldwide [15]. Advanced atheroscle-
rosis is the underlying cause of CAD and heritability 
estimates for CAD vary from 40% to 70%, indicating 
a strong contribution of genes to disease pathology 
[13]. Genome-wide association studies have revealed 

that approximately one-third of CAD-related loci are 
associated with traditional risk factors, such as lipids, 
blood pressure, body mass index, diabetes, and smok-
ing behaviour. Genes at the remaining loci have been 
implicated in vascular wall-related risk mechanisms 
[1]. Cardiac microvascular endothelial cells (CMVECs), 
the most abundant cells in the myocardium [22], or-
chestrate cardiogenesis during development, regulate 
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adult cardiac function, and modulate the pathological 
processes in heart failure [31, 32, 36]. CAD is always 
accompanied by endothelial cell damage [21], and 
uncovering the underlying mechanisms of CAD-re-
lated endothelial cell injury may contribute to the 
treatment of the disease.

The protein encoded by the Talin-1 (TLN1) gene,  
a major component of the extracellular matrix (ECM), 
mediates the adhesion of integrins to the ECM [3, 18], 
and both bioinformatics and experimental analyses 
identified downregulated expression of TLN1 in CAD 
samples [9]. Overexpressed TLN1 may cooperate with 
β-oestradiol to stimulate endometrial stromal cell 
proliferation and neovascularisation in adenomyosis, 
synergistically promoting the growth and survival of 
ectopic lesions [24]. TLN1 expression was significant-
ly downregulated in aortic dissection samples, and 
downregulation of TLN1 expression was associated 
with increased proliferation and migration of vascular 
smooth muscle cells in aortic dissection [26]. How-
ever, the specific role and regulatory mechanism of 
TLN1 in CAD have not been reported yet. According 
to the String website [19], TLN1 was found to have 
a potential interaction with integrin alpha 5 (ITGA5), 
and ITGA5 is involved in promoting endocardial dif-
ferentiation and cardiac morphogenesis [17].

This study utilised oxidised low-density lipoprotein 
(ox-LDL) to induce CMVECs to mimic an injury model 
[29], with the intention of defining the association 
existing between TLN1 and ITGA5, and exploring 
their roles in CMVECs. Exploring the mechanism of 
endothelial cell injury is beneficial to the development 
of CAD treatment.

MATERIALS AND METHODS
Cell culture and treatment

Cardiac microvascular endothelial cells (Procell, 
Wuhan, China) were cultured in Dulbecco’s modified 
eagle’s medium (DMEM, Gibco) along with 10% fe-
tal bovine serum (Gibco), 30 μg/mL endothelial cell 
growth supplement (ScienCell), 1 U/mL heparin, and 
penicillin-streptomycin mixture (Gibco) [4]. CMVECs 
were maintained at 37oC in a 5% CO2 atmosphere. 
CMVECs were stimulated with ox-LDL (100 μg/mL, 
Yeasen, Shanghai, China) for 24 h to mimic CAD [29].

Cell transfection

Cells underwent transfection to promote TLN1 
overexpression or ITGA5 knockdown. X-tremeGENE 
transfection reagent (Roche, Shanghai, China) mixed 

with plasmids or short hairpin RNAs (HanBio, Shang-
hai, China) were added to the CMVECs [23] and incu-
bated at 37°C for 6 h before replacing with fresh me-
dium. After 48 h, transfection efficacy was assessed.

Reverse transcription quantitative polymerase 
chain reaction (RT-qPCR)

Cardiac microvascular endothelial cells were 
added with TRIzol® Reagent (Invitrogen), followed 
by chloroform, and the lysate was centrifuged at 
10,000×g for 15 min at 4°C. Isopropanol precipitated 
the RNA in the upper aqueous phase and then RNA 
was reverse transcribed to generate cDNA using Evo 
M-MLV RT Kit (Accurate, Changsha, China). Quant-
iTect SYBR Green PCR Kit (Qiagen, Shanghai, China) 
was used to perform quantitative polymerase chain 
reaction (qPCR) according to the instructions. Relative 
mRNA levels were measured using the ΔΔCt method 
after normalization to actin [37].

Western blotting

Proteins were isolated from CMVECs after treat-
ment with RIPA lysis buffer (Solarbio, Beijing, China) 
and quantified using a Nano 3000 protein detector 
(YPH-Bio, Beijing, China). Proteins were then sep-
arated using SDS-polyacrylamide gel electropho-
resis and transferred to PVDF membranes (Roche) 
[6]. Membranes were incubated sequentially with 
skimmed milk, primary antibodies, and HRP-conjugat-
ed secondary antibody. The antibodies involved in the 
study were all from Invitrogen or Abcam. Blots were 
visualised after ECL reagent (Millipore) treatment and 
semi-quantified using ImageJ software.

Cell counting Kit-8 (CCK8)

Transfected CMVECs were seeded in 96-well plates 
and treated with ox-LDL for 24 h. The incubation was 
continued for 2 h after CCK8 solution (Beyotime, 
Shanghai, China) was supplemented into each well 
[11]. Optical density was recorded at 450 nm using  
a microplate reader (Thermo Fisher Scientific).

5-ethynyl-2’-deoxyuridine (EdU) assay

Following the transfected CMVECs were treat-
ed with ox-LDL for 24 h, they were incubated with 
100 μL EdU reagent (Ribobio, Guangzhou, China) 
for 4 h [12]. Then CMVECs were washed twice with 
phosphate buffered saline (PBS), fixed with 4% par-
aformaldehyde (Chemegen, Shanghai, China) for  
15 min, and stained with DAPI (Beyotime) for 10 min. 
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Stained CMVECs were visualized and imaged under a 
fluorescent microscope (Olympus, Japan).

Flow cytometry

Cardiac microvascular endothelial cells were 
washed twice with cold PBS and suspended in bind-
ing buffer. 100 μL of cell suspension was transferred 
to culture tubes and incubated with Annexin V FITC 
and propidium iodide (Elabscience, Wuhan, China) for  
15 min at room temperature in the dark [25]. Apopto-
sis was analysed using flow cytometry (BD FACSCanto, 
USA) and FlowJo software.

Angiogenesis assay

Matrigel (BD Biosciences) was diluted 1:1 with 
cold endothelial cell growth medium, starved CMVECs 
were seeded on Matrigel and incubated at 37°C for 

6 h [35]. The structure of the capillary was observed 
using a microscope (Olympus).

ELISA
Secreted levels of tumour necrosis factor alpha 

(TNF-α), interleukin (IL)-6, and IL-1β [10] were de-
termined in CMVECs using corresponding ELISA kits 
(Elabscience) according to the manufacturer’s instruc-
tions. Optical density was recorded at 450 nm using 
a microplate reader.

Co-immunoprecipitation (Co-IP)

Cardiac microvascular endothelial cells were ly-
sed on ice for 10 min, centrifuged at 13,000×g for 
10 min at 4oC, and the supernatant was collected. 
2.5 μg of TLN1 or ITGA5 antibody (Invitrogen) was 
added to the lysate (500 μg/IP) along with 10 μL of 

Figure 1. Talin-1 (TLN1) level in cardiac microvascular endothelial cells (CMVECs) (A) CMVECs were treated with oxidised low-density lipo-
protein (ox-LDL) and the expression level of TLN1 was determined using reverse transcription quantitative polymerase chain reaction (RT-qPCR)  
and (B) western blotting; TLN1 overexpression in CMVECs by transfection was confirmed using RT-qPCR (C) and western blotting (D);  
Following ox-LDL treatment, TLN1 in the transfected CMVECs was confirmed using RT-qPCR (E) and western blotting (F); **p < 0.01,  
***p < 0.001; oe — overexpression; NC — negative control.
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protein A+G magnetic beads (Beyotime), followed 
by gentle rotation for 2 h at room temperature. The 
supernatant was removed magnetically and the beads 
together with SDS sample buffer were boiled at 95oC 
for 5 min prior to routine western blot analysis [37].

Statistical analysis

Statistical analysis was performed using SPSS 19.0. 
Data are presented as mean ± standard deviation, 
and statistical differences between groups were ana-
lysed using two tailed, unpaired Student’s t-test (two 
groups), and one-way ANOVA followed by Tukey’s 
post hoc test (multiple groups) [14]. P < 0.05 was 
considered a significant difference.

RESULTS
TLN1 in apoptosis and angiogenesis

In CMVECs, TLN1 mRNA and protein levels de-
clined in response to the ox-LDL treatment (Fig. 1A, 
B). To discover the specific roles of TLN1, the overex-
pression of TLN1 in CMVECs was confirmed (Fig. 1C, 
D). Following ox-LDL treatment, TLN1 in the ox-LDL 
+ oe-TLN1 group elevated compared with the ox-LDL 
+ oe-NC group (Fig. 1E, F). Cell viability (Fig. 2A) and 
proliferation (Fig. 2B) were decreased upon ox-LDL 
treatment and TLN1 overexpression reversed these 
decline. Ox-LDL treatment increased the proportion 
of apoptotic cells, accompanied by a decline in Bcl-2 
and an increase in Bax. Nevertheless, TLN1 overex-

Figure 2. Talin-1 (TLN1) in apoptosis and angiogenesis. The viability and proliferation in each group was determined using cell counting Kit-8 
(CCK8) (A) and 5-ethynyl-2’-deoxyuridine (EdU) assays (B). Cell apoptosis was determined using flow cytometry (C) and western blotting (D); 
E. The matrigel-based angiogenesis assay was used to detect the angiogenic capacity; *p < 0.05, **p < 0.01, ***p < 0.001; ox-LDL —  
oxidised low-density lipoprotein; oe — overexpression; NC — negative control.
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Figure 3. Talin-1 (TLN1) in inflammation and oxidative stress; A. ELISA kits were used to measure cellular inflammatory factor levels; B. Oxi-
dative stress was evaluated based on the levels of malondialdehyde (MDA), reactive oxygen species (ROS), superoxide dismutase (SOD), and 
catalase (CAT); C. Western blotting was used to detect the enrichment of proteins associated with inflammation and oxidative stress;  
**p < 0.01; ***p < 0.001; ox-LDL — oxidised low-density lipoprotein; oe — overexpression; NC — negative control.
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pression reduced ox-LDL-induced apoptosis (Fig. 2C, 
D). Moreover, ox-LDL treatment attenuated the angi-
ogenic capacity of cells, whereas TLN1 overexpression 
alleviated this impact (Fig. 2E).

TLN1 in inflammation and oxidative stress

TNF-α, IL-1β, and IL-6 levels in CMVECs were in-
creased upon ox-LDL treatment, and TLN1 overex-
pression reduced the impacts of ox-LDL on these 
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Figure 4. The interaction between talin-1 (TLN1) and integrin alpha 5 (ITGA5). Following oxidised low-density lipoprotein (ox-LDL) treatment, 
ITGA5 level in cardiac microvascular endothelial cells (CMVECs) was confirmed using reverse transcription quantitative polymerase chain 
reaction (RT-qPCR) (A) and western blotting (B). C. Co-immunoprecipitation (Co-IP) assay was used to verify the interaction between TLN1 
and ITGA5; D. The level of ITGA5 upon TLN1 overexpression was determined using western blotting; ***p < 0.001; oe — overexpression; 
NC — negative control.
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factors (Fig. 3A). In terms of oxidative stress, ox-LDL 
treatment triggered the increase in malondialdehyde 
(MDA) and reactive oxygen species (ROS), accompa-
nied by the decrease in superoxide dismutase (SOD) 
and catalase (CAT). TLN1 overexpression likewise re-
duced the alterations in these indicators resulted 
from ox-LDL treatment (Fig. 3B). The enrichments 
of proteins associated with inflammation (Cox2 and 
iNOS) and oxidative stress (Nox2 and Nox4) were all 
elevated after ox-LDL treatment, and partially fell back 
due to TLN1 overexpression (Fig. 3C).

The interaction between TLN1 and ITGA5

The expression level of ITGA5 was found to be de-
clined in response to the ox-LDL treatment (Fig. 4A, B). 
According to Co-IP results, ITGA5 protein enrichment 
could be detected in TLN1 antibody-bead complexes, 
vice versa (Fig. 4C). Moreover, TLN1 overexpression 
increased the level of ITGA5 (Fig. 4D).

Modulation of ITGA5

Following ITGA5 was identified to be knocked 
down (Fig. 5A, B), additional ITGA5 knockdown was 
found to reduce cell viability and proliferation, partly 
reversing the effects of TLN1 overexpression (Fig. 5C, 
D). ITGA5 knockdown likewise promoted the apopto-
sis of CMVECs, along with dropped Bcl-2 and elevated 
Bax protein expression (Fig. 5E, G). The angiogenesis 
of CMVECs was weakened by the influence of ITGA5 
knockdown (Fig. 5H). In addition, ITGA5 knockdown 
enhanced the secretion of inflammatory factors and 
promoted oxidative stress (Fig. 6A–C).

DISCUSSION
Atherosclerotic plaque builds up in the blood ves-

sels that supply the heart with oxygen and nutrients 
[20, 33]. The complex process of atherosclerosis be-
gins early and is thought to begin with dysfunction 
of coronary endothelial cells [2]. To prevent CAD, 
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Figure 5. Modulation of integrin alpha 5 (ITGA5) in apoptosis. ITGA5 knockdown in CMVECs by transfection was confirmed using reverse 
transcription quantitative polymerase chain reaction (RT-qPCR) (A) and western blotting (B); The impacts of ITGA5 knockdown on the viability 
and proliferation of cardiac microvascular endothelial cells (CMVECs) was assessed using cell counting Kit-8 (CCK8) (C) and 5-ethynyl-2’- 
-deoxyuridine (EdU) assays (D); The impact of ITGA5 knockdown on the apoptosis was determined using flow cytometry (E, F) and western 
blotting (G); H. The impact of ITGA5 knockdown on the angiogenesis was detected. **p < 0.01; ***p < 0.001; ox-LDL — oxidized low-den-
sity lipoprotein; sh — short hairpin RNA; oe — overexpression; NC — negative control.
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the population is encouraged to adhere to a healthy 
lifestyle, such as not smoking, avoiding obesity, eating 
a healthy diet, and exercising regularly [13]. High-
risk groups benefit from drugs to lower LDL, blood 
pressure, or prevent blood clots [8, 28]. As with most 
complex diseases, an individual’s risk for developing 
CAD is modulated by the interplay between genetic 
and lifestyle factors [15]. In this study, TLN1 was 
found to positively cooperate with ITGA5 to suppress 
ox-LDL-induced inflammation, oxidative stress, and 
enhance angiogenesis in CMVECs. The involvement 
of TLN1 in CAD has been revealed for the first time.

The integrin family to which ITGA5 belongs is 
closely related to the occurrence and development of 
atherosclerosis [5, 16]. Alterations in integrin signal-
ling affect multiple aspects of atherosclerosis, from 
the earliest induction of inflammation to the develop-

ment of advanced fibrotic plaques [7]. In a previous 
study, the expression of miR-92a was upregulated in 
neointimal hyperplastic lesions after vein transplan-
tation, and TGF-β1 induced a significant increase of 
microRNA-92a in human umbilical vein endothelial 
cells and induced endothelial-mesenchymal transi-
tion. ITGA5 is a potential target gene involved in 
the development of neointima formation in these 
vein grafts [34]. MicroRNA-92a was also elevated in 
LPS-induced pulmonary microvascular endothelial 
cells, and inhibition of miR-92a negatively regulated 
ITGA5 to improve LPS-induced (LPS, lipopolysaccha-
ride) endothelial barrier dysfunction [27]. In view 
of the penetration of ITGA5 in the development of 
atherosclerosis [30], it is suggested that regulating 
ITGA5 can eradicate the occurrence of CAD from the 
early stage.
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Figure 6. Modulation of integrin alpha 5 (ITGA5) in inflammation and oxidative stress; A. ELISA kits were used to measure cellular inflam-
matory factor levels; B. The impact of ITGA5 knockdown on oxidative stress was evaluated; C. The impact of ITGA5 knockdown on the 
enrichment of proteins associated with inflammation and oxidative stress were assessed using western blotting; **p < 0.01; ***p < 0.001; 
TLN1 — talin-1; ox-LDL — oxidised low-density lipoprotein; MDA — malondialdehyde; ROS — reactive oxygen species; SOD — superoxide 
dismutase; CAT — catalase; sh — short hairpin RNA; oe — overexpression; NC — negative control.
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CONCLUSIONS
In summary, this study reveals for the first time that 

TLN1 and ITGA5 are involved in alleviating CMVECs 
injury, and suggests their probable involvement in 
CAD, and increasing their levels is beneficial to disease 
relief. It is hoped that the findings of the present study 
will provide a theoretical basis for further research.
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Background: Intervertebral disc degenerative diseases is one the main causes of 
lumbago, and its main pathological mechanism is intervertebral disc degeneration 
(IDD). As shown in previous reports, mesenchymal stem cell (MSC)-exosomes 
can slow down or even reverse degenerated nucleus pulposus (NP) cells in IDD. 
Thus, we attempted to clarify the specific role of MSC-exosomes underlying IDD 
progression.
Materials and methods: In the present study, the harvested particles were 
identified as MSC-exosomes. MSC-exosomes facilitated activation of autophagy 
pathway in AGE-treated NP cells. MSC-exosomes repressed inflammatory response 
in AGE-treated NP cells. Autophagy pathway activation enhanced inflammatory 
response in AGE-stimulated NP cells. 
Results: Mesenchymal stem cell-exosomes facilitated autophagy pathway ac-
tivation and repressed inflammation in IDD rats. Autophagy inhibition exerted  
a protective role against inflammatory response in IDD rats. 
Conclusions: In conclusion, MSC-exosomes represses inflammation via activating 
autophagy pathway, which provides a potential novel insight for seeking thera-
peutic plans of IDD. (Folia Morphol 2024; 83, 1: 102–112)

Keywords: intervertebral disc degeneration, mesenchymal stem cell, 
exosomes, autophagy, inflammation

INTRODUCTION
Lumbago is the most common spinal surgery 

symptom with high morbidity and disability rate, 
seriously affecting human health and quality of life 
and also bringing a heavy burden to individuals, 
families and the whole society [2]. One of the main 
causes of lumbago is intervertebral disc degener-

ative diseases, of which main pathological mech-
anism is intervertebral disc degeneration (IDD). 
Since most patients with early IDD have no obvious 
symptoms, they also miss the opportunity for early 
intervention and therapy [21, 34]. Currently, treat-
ment methods for diseases caused by IDD include 
conservative therapy and surgery. Both of them can 
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relieve clinical symptoms to a certain extent, but 
the long-term effect is often unfavourable [33]. 
Thus, it is of great clinical significance to figure out 
molecular biology to prevent or even reverse IDD 
with less damage to patients.

The intervertebral disc (IVD) is the largest avascu-
lar structure in the human body [9]. The changes in 
the structure of IVD are caused by a combination of 
factors such as cellular aging, nutritional disorders, 
stress factors, inflammatory mediators, reduction 
of nucleus pulposus cells, abnormal metabolism of 
extracellular matrix (ECM), etc. [10]. To address IDD 
and related degenerative diseases, multiple stud-
ies have focused on maintaining the amount of 
nucleus pulposus (NP) cells [11, 25]. Thus, bone 
marrow mesenchymal stem cells (BMSCs), which 
have the advantages of easy access, multi-directional 
differentiation, low immunogenicity, and mature 
acquisition and identification, have been widely 
researched [14]. The inflammatory response me-
diated by pro-inflammatory cytokines can directly 
cause the loss of water in IVD and exacerbate IDD 
process [31]; mesenchymal stem cells (MSCs) are 
capable of migrating to damaged tissues and releas-
ing cytokines, inflammatory regulators, extracellular 
matrix components, and antimicrobial proteins in 
this area to create a suitable microenvironment for 
tissue repair [23]. With the deepening of research, 
it has been demonstrated that biological informa-
tion can be transmitted between non-contact cells 
through paracrine or in the form of exosomes [35]. 
MSC-exosomes can upregulate autophagy marker 
proteins LC3 and Beclin-1 and facilitate autophago-
some formation [40]. Rat MSCs can produce positive 
trophic effects on degenerated NP cells by secreting 
exosomes, and NP degeneration degree can still be 
improved after non-contact co-culture of BMSCs and 
NP cells [28]. Moreover, MSC-exosomes are capable 
of attenuating NP cell apoptosis induced by proin-
flammatory cytokines [17]. These reports indicate 
that MSC-exosomes can slow down or even reverse 
degenerated NP cells in IDD.

Thus, we hypothesized that MSC-exosomes de-
layed or even reversed IDD via autophagy activation 
and inflammation inhibition. Herein, we clarified 
potential role of MSC-exosomes in IDD by estab-
lishing animal models and AGE-treated cell models, 
which may provide a novel insight for targeted 
therapy of IDD.

MATERIALS AND METHODS
Isolation and identification of MSCs

Human bone marrow specimens were collected 
from healthy donors. The institutional review board 
of our hospital approved this research with informed 
consent signed by patients. MSCs from bone marrow 
were separated using density gradient centrifugation 
and adherence to tissue culture plastic. MSCs ampli-
fication was performed in Dulbecco’s modified Eagle 
medium (DMEM) supplemented with 15% fetal bo-
vine serum (FBS; Gibco) and 1% penicillin-streptomy-
cin (Invitrogen). MSCs were photographed through 
microscopy (Olympus, USA). For detecting cell surface 
markers, MSCs were characterized by CD73, CD90 and 
CD105 positive expression as well as CD34 and HLA-
DR negative expression through flow cytometry (BD 
Biosciences, USA) under manufacturer’s guidance. 
The surface antigens were provided by BD Biosciences.

Isolation and identification of exosomes

Mesenchymal stem cells were cultured in DMEM 
deprived of FBS for 2 days. Then the collected culture 
media were centrifuged at 500 g for 10 min, then 
2000 g for 30 min to eliminate dead cells and debris, 
and finally 10000 g for 1 h to eliminate large vesicles. 
The supernatant containing cell-free culture media 
was transferred to a new tube without disturbing 
the pellet and the Total Exosome Isolation reagent 
(Invitrogen) was added, according to manufacturer’s 
guidelines. After collection, morphology of isolated 
exosomes was observed through transmission elec-
tron microscopy (TEM) (Philips, NLD). The particles 
were characterized by exosomal markers including 
CD63, TSG101 and Alix via western blotting.

A cellular model of IDD

Human NP cells (cat no. CP-H097) provided by 
Procell (Wuhan, China) were cultured in DMEM con-
taining 15% FBS and 1% penicillin-streptomycin. The 
culture medium was replaced twice every week and 
NP cells in the second or third passage were harvest-
ed for further use. NP cells under AGEs (200 μg/mL) 
stimulation were co-cultured with MSC-exosomes 
(cat no. CP-H166) at 10, 50, or 100 μg/mL for 24 h.  
The untreated NP cells were taken as negative con-
trols. For rescue assays, AGE-stimulated NP cells 
co-cultured with MSC-exosomes were treated with 
5 mM of 3-MA (Sigma-Aldrich), a specific autophagy 
inhibitor, for 24 h.
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An animal model of IDD

The Animal Experimentation Committee of our 
hospital approved the animal experiments. A total 
of 24 three-month-old Sprague-Dawley rats were 
utilized in our research. After all rats were anaes-
thetized with 2% (w/v) pentobarbital (40 mg/kg), 
three IVDs (Co7/8, Co8/9 and Co9/10) in each rat 
were located by palpation on coccygeal vertebrae 
and validated using trial radiography. Moreover, 
three IVDs (Co7/8, Co8/9 and Co9/10) respective-
ly received intradiscal injection of 2 μL of phos-
phate buffer saline (PBS), AGEs (200 μg/mL) or  
a mixture of AGEs (200 μg/mL) and exosomes  
(100 μg/mL) through a 33-gauge needle (Hamilton), 
termed Sham, Model or Model+exosomes group, 
with 6 rats in each group. The injections were per-
formed every 2 weeks for 2 months. For rescue assays, 
IVDs in Model+exosomes group received intraperi-
toneal injection of 3-MA at 1.5 mg/100 g for 24 h.

MRI examination

Magnetic resonance imaging (MRI) was performed 
on all rats using a 7.0 T animal specific MRI system 
(Bruker Pharmascan, Germany). Pfirrmann classifica-
tion was used to assess the degree of IVD degenera-
tion [26]. The average score of punctured IVDs were 
calculated as degeneration grading of rats.

Histological analysis

After MRI examination, all rats were sacrificed 
through intraperitoneal administration with overdose 
pentobarbital sodium. The specimens were decalcified 
and fixed in formaldehyde, followed by dehydration, 
and were finally embedded in paraffin. The slides of 
each disc were stained with haematoxylin-eosin and 
observed through microscopy.

Immunofluorescence

Nucleus pulposus cells or tissues attached to 
slides were fixed with 4% paraformaldehyde and 
permeabilized with 0.2% Triton X-100 in PBS. Af-
ter washed using PBS, slides were blocked with 
2% bovine serum albumin (BSA) in PBS at 37°C for  
2 h, followed by incubation with primary antibody 
against LC3B (ab48394, Abcam, Shanghai, China). 
After washed twice, slides underwent subsequent 
treatment with secondary goat anti-rabbit antibody 
at 37°C for 2 h. Nuclei were co-stained by DAPI  
(Beyotime) at 0.1 g/mL for 5 min. Images were ob-
tained through microscopy.

Western blot

Total proteins were isolated from NP cells or 
mouse tissues through a protein extraction kit (Be-
yotime) according to manufacturer’s guidelines. The 
primary antibodies including CD63, TSG101, Alix, 
LC3B, Beclin-1, ATG5, interleukin (IL)-6, IL-1β, tumour 
necrosis factor alpha (TNF-α) and β-actin as well as 
horseradish peroxidase (HRP)-conjugated second-
ary antibodies were obtained from Abcam. Protein 
bands visualization and detection through enhanced 
chemiluminescence.

Enzyme linked immunosorbent assay (ELISA)

The concentrations of proinflammatory cytokines 
were tested with corresponding ELISA kits (IL-6, IL-1β  
and TNF-α; ThermoFisher) under manufacturer’s guid-
ance.

Ethics approval and consent to participate

Animal procedures were approved by the First 
Affiliated Hospital of Hebei North University and this 
study was approved by the Ethics Committee of the 
First Affiliated Hospital of Hebei North University.

Statistical analysis

Data were expressed as the mean ± standard devi-
ation of three independent assays. Statistical analysis 
was conducted using GraphPad Prism 7 software. 
Comparisons between two groups were assessed with 
Student’s t-test and comparisons among multiple 
groups were assessed with one-way ANOVA followed 
by Tukey’s post hoc test. A statistical significance was 
presented upon p < 0.05.

RESULTS
Identification of MSC and its derived exosomes

Mesenchymal stem cells, which have the advan-
tages of easy access, multi-directional differentiation, 
low immunogenicity, and mature acquisition and 
identification, have been widely used in IDD-related 
reports [14]. Herein, human MSCs were harvested 
from bone marrow aspirates of donors. We ob-
served characteristics of MSCs through microscopy. 
As a result, it appeared like a spindle with a 60–70% 
confluence (Fig. 1A). Flow cytometry demonstrated 
CD90, CD73 and CD105 positive expression as well as 
HLA-DR and CD34 negative expression in MSCs (Fig. 
1B). Then, MSC-exosomes were isolated and purified 
from MSC culture medium and particle morphology 
was confirmed under TEM (Fig. 1C). Additionally, 
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western blotting depicted that the level of exosomal 
marker proteins (CD63, TSG101 and Alix) presented 
a remarkable elevation in exosomes relative to MSCs 
(Fig. 1D). Collectively, these harvested particles were 
identified as MSC-exosomes.

MSC-exosomes facilitate autophagy  
in AGE-stimulated NP cells

Previously, AGEs accumulation exerted a patho-
genic role in IDD [22]. Thus, we mimicked IDD charac-
teristics in vitro through establishing a cellular model 
in NP cells under AGE treatment, termed AGEs group, 
and non-treated NP cells were taken as Control group. 
To clarify MSC-exosomes role in AGE-stimulated NP 
cells, AGEs group received additional exosomes 
treatment at different doses, termed Model+ex-
osomes-10/50/100 group. Previously, MSC-exosomes 

upregulated autophagy marker proteins LC3 and Be-
clin-1 and facilitated autophagosome formation [40]. 
We attempted to clarify impact of MSC-exosomes on 
autophagy pathway in NP cells. Detecting autopha-
gosomal marker LC3 through immunofluorescence 
is a reliable means of monitoring autophagy [32]. 
Thus, we measured fluorescent intensity of LC3 using 
immunofluorescence. As a result, LC3-labeled NP 
cells presented depletion in AGEs group and showed  
a dose-dependent elevation under co-treatment with 
MSC-exosomes (Fig. 2A). Additionally, western blot-
ting demonstrated the downregulation of LC3B-II, 
Beclin-1 and ATG5 in AGEs group and this effect was 
reversed by MSC-exosomes along with increase of 
concentration of MSC-exosomes (Fig. 2B). Collective-
ly, MSC-exosomes facilitate activation of autophagy 
pathway in AGE-treated NP cells.

Figure 1. Characterization of mesenchymal stem cell (MSC) and its derived exosomes were identified; A. Characteristics of MSCs through 
microscopy; B. Characteristics of MSCs through flow cytometry; C. Characteristics of MSC-exosomes through transmission electron micros-
copy; D. Characteristics of MSC-exosomes through western blot; ***p < 0.001.
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MSC-exosomes suppress inflammation  
in AGE-stimulated NP cells

Mesenchymal stem cell-exosomes are capable 
of attenuating NP cell apoptosis induced by proin-
flammatory cytokines [17]. Thus, we attempted to 
clarify influence of MSC-exosomes on inflammato-
ry response in NP cells. ELISA demonstrated that 
contents of proinflammatory cytokines (IL-6, IL-1β 
and TNF-α) presented elevation in AGEs group and 
showed a dose-dependent depletion under co-treat-
ment with MSC-exosomes (Fig. 3A). Similarly, west-
ern blotting demonstrated the upregulation of IL-6, 
IL-1β and TNF-α in AGEs group and this effect was 
reversed by MSC-exosomes along with increase of 
concentration of MSC-exosomes (Fig. 3B). Collective-
ly, MSC-exosomes repress inflammatory response in 
AGE-treated NP cells.

Inhibiting autophagy enhances inflammation  
in AGE-stimulated NP cells

We aimed to clarify whether autophagy pathway 
exerted a role in inflammatory response in NP cells. 
Thus, we performed rescue assays using 3-MA, a spe-
cific autophagy inhibitor [30], in cellular models under 
AGEs treatment. Immunofluorescence illustrated that 
LC3 fluorescence in AG-stimulated NP cells presented 
elevation under treatment with MSC-exosomes and 
showed depletion under co-treatment with 3-MA (Fig. 
4A). Moreover, ELISA depicted that contents of IL-6, IL-1β 
and TNF-α in AG-stimulated NP cells presented depletion 
under treatment with MSC-exosomes and showed ele-
vation under co-treatment with 3-MA (Fig. 4B). Western 
blotting showed a similar trend to ELISA results (Fig. 4C). 
Collectively, autophagy pathway activation enhances 
inflammatory response in AGE-stimulated NP cells.

Figure 2. Mesenchymal stem cell-exosomes facilitated autophagy in AGE-stimulated nucleus pulposus (NP) cells; A. Immunofluorescence 
detected LC3 fluorescence in NP cells in Control/AGEs/Model+exos-10/Model+exos-50/Model+exos-100 group; B. Western blot detected 
levels of autophagy-related proteins in NP cells under different conditions; ***p < 0.001; ###p < 0.001.
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MSC-exosomes induce autophagy and repress 
inflammation in a rat model of IDD

We attempted to further elucidate role of MSC-ex-
osomes underlying IDD progression. Thus, we mim-
icked IDD characteristics in vivo through establish-
ing IDD rat models. All rats were divided into Sham, 
Model or Model+exosomes group in a random man-
ner. Three independent discs of each rat received 
intradiscal injection with PBS, AGEs, or AGEs+MSC- 
-exosomes, respectively. We evaluated IDD degree 
through Pfirrmann MRI grading system [12]. As  
a result, Pfirrmann scores presented elevation in Model 
group and showed depletion under co-treatment with 
MSC-exosomes (Fig. 5A). Histology by haematoxy-
lin-eosin staining indicated that MSC-exosomes re-
versed AGE-triggered IVD degradation during IDD (Fig. 
5B). Moreover, immunofluorescence demonstrated 
that AGE-triggered depletion in LC3 fluorescence was 
rescued by MSC-exosomes (Fig. 5C). Western blotting 
also depicted that AGE-triggered depletion in LC3B-II, 
Beclin-1 and ATG5 protein abundances was rescued by 
MSC-exosomes (Fig. 5D), suggesting that autophagy 

pathway is suppressed in IDD rats while activated by 
MSC-exosomes. Furthermore, AGE-triggered increase 
in IL-6, IL-1β and TNF-α concentrations was reversed 
by MSC-exosomes (Fig. 5E). Western blotting showed 
a similar trend to ELISA results (Fig. 5F). Collectively, 
MSC-exosomes facilitates autophagy pathway activa-
tion and repress inflammation in IDD rats.

Autophagy inhibition exerts a protective role 
against inflammation in a rat model of IDD

We aimed to clarify whether autophagy pathway 
exerted a role in inflammatory response in IDD pro-
gression. Thus, we performed rescue assays using 
3-MA in IDD rat models. MSC-exosomes-triggered 
depletion in Pfirrmann scores in IDD rats was rescued 
by 3-MA treatment (Fig. 6A). Histology by haematox-
ylin-eosin staining indicated that 3-MA countervailed 
the inhibitory impact of MSC-exosomes on IVD degra-
dation during IDD (Fig. 6B). Moreover, immunofluo-
rescence demonstrated that MSC-exosomes-triggered 
elevation in LC3 fluorescence was rescued by 3-MA 
(Fig. 6C). Furthermore, MSC-exosomes-triggered de-

Figure 3. Mesenchymal stem cell-exosomes suppressed inflammation in AGE-stimulated nucleus pulposus (NP) cells; A. ELISA detected 
levels of proinflammatory cytokines in NP cells in Control/AGEs/Model+exos-10/Model+exos-50/Model+exos-100 group; B. Western blot 
detected levels of inflammation-related proteins in NP cells under different conditions; IL — interleukin; TNF-α — tumour necrosis factor  
alpha; ***p < 0.001; ###p < 0.001; ##p < 0.05.
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crease in IL-6, IL-1β and TNF-α concentrations was 
reversed by MSC-exosomes (Fig. 6D). Western blotting 
showed a similar trend to ELISA results (Fig. 6E). Col-
lectively, autophagy inhibition exerts a protective role 
against inflammatory response in IDD rats.

DISCUSSION
At the cellular level, IDD presents pathological 

characterization by decrease in NP cell amount and 
a metabolic imbalance of major products of the ECM 
(proteoglycan and collagen type II) [1, 3, 36]. Thus, 
finding a source of cells that can replenish degener-
ated NP cells can effectively improve IDD and simul-
taneously can achieve the purpose of early prevention 
and avoid further aggravation of IDD and serious 
consequences.

Autophagy is a crucial mechanism for cells to 
self-digest and recycle damaged components, espe-

cially under stressful conditions, and is a vital sur-
vival mechanism for cells under nutrient deprivation  
[8, 13]. Autophagy exerts a protective role in IVD cells 
[24]. Oxidative stress, pH, stress load, inflammatory 
cytokine stimulation, and hyperglycaemic hypertonic 
environment in IVD microenvironment can activate 
the autophagy activity of NP cells, while various extra-
cellular environment stimuli, such as oxidative stress, 
can reduce ability of cells to proliferate [29, 37, 38]. 
Our research also validated that IDD degree can be 
remarkably improved through modulating autophagy 
level in NP cells. Biological information can be trans-
mitted between cells that are not in contact with 
each other in the form of paracrine or exosomes, and 
MSCs can also treat IDD through secreting exosomes 
[41, 42]. MSC exosomes can alleviate endoplasmic 
reticulum stress-induced apoptosis by activating AKT 
and ERK signalling [19]. Herein, exosomes secreted 

Figure 4. Inhibiting autophagy enhanced inflammation in AGE-stimulated nucleus pulposus (NP) cells; A. Immunofluorescence detected LC3 
fluorescence in NP cells in AGEs/AGEs+exos/AGEs+exos+3-MA group; B. ELISA detected levels of proinflammatory cytokines in NP cells 
in NP cells under different conditions; C. Western blot detected levels of inflammation-related proteins in NP cells under different conditions; 
IL — interleukin; TNF-α — tumour necrosis factor alpha; ***p < 0.001; **p < 0.05; ###p < 0.001; ##p < 0.05.

R
el

at
iv

e 
gr

ey
 d

en
si

ty

0.5

1.0

2.0

1.5

0.0 

***

######

###

***
***

AGEs

AGEs+exos

AGEs+exos+3-MA

LC3B-II Beclin-1 ATG5

AGEs
M

er
ge

LC
3

D
A

P
I

AGEs+exos AGEs+exos+3-MAA

C
on

ce
nt

ra
tio

ns
 [

pg
/m

L]

100

200

300

400

0

***

###

##

###

**

***

AGEs

AGEs+exos

AGEs+exos+3-MA

IL-6 IL-1b TNF-a

B

AGEs

AGEs
+

ex
os

AGEs
+

ex
os

+
3-

M
A

C

IL-6

IL-1b

TNF-a

b-actin



109

Baicheng Yang, Xinming Yang, Mesenchymal stem cell-exosomes in intervertebral disc degeneration

by MSCs were successfully detected through TEM 
and immunoblot. By establishing a co-culture mod-
el, we discovered that in NP cellular model under 
AGEs stimulation, autophagy-related proteins in 
AGE-stimulated NP cells presented downregulation, 
while autophagy-related proteins in AGE-stimulat-
ed NP cells with MSC-exosome co-culture presented 
upregulation along with elevation of MSC-exosomes 
concentration, fully suggesting that MSCs enhances 
autophagy level in AGE-stimulated NP cells through 
MSC-secreted exosomes. Additionally, we established 
an IDD rat model and obtained similar results to  
a cellular model.

Inflammatory response mediated by pro-inflam-
matory cytokines can directly cause loss of water in 
IVD and exacerbate IDD process [20]. The enhanced 
“pro-inflammatory” role and insufficient “anti-in-
flammatory” role, that is, the imbalance of “inflam-
matory arm”, may be a vital reason for aggravat-
ed inflammatory response in IDD [39]. Previously, 
pro-inflammatory cytokine IL-1 presented upregu-
lation and its inhibitor IL-1a presented depletion in 
IDD [4]. Kritschil et al. [15] illustrated that insulin-like 
growth factor-1, which exerted an anti-inflammatory 
role, presented downregulation in IDD. Herein, in 
AGE-treated NP cellular model, pro-inflammatory 

Figure 5. Mesenchymal stem cell-exosomes induced autophagy and repressed inflammation in a rat model of intervertebral disc degeneration;  
A. Pfirrmann magnetic resonance imaging grading system evaluated pathological changes in discs in Sham/Model/Model+exosomes group; 
B. Haematoxylin-eosin staining evaluated pathological changes in discs in each group; C. Immunofluorescence detected LC3 fluorescence in 
discs in each group; D. Western blot detected levels of autophagy-related proteins in discs in each group; E. ELISA detected levels of proin-
flammatory cytokines in discs in each group; F. Western blot detected levels of inflammation-related proteins in discs in each group;  
***p < 0.001; **p < 0.05; ###p < 0.001.
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cytokines in AGEs-treated NP cells presented upreg-
ulation, while pro-inflammatory cytokines present-
ed downregulation along with elevation of MSC-ex-
osomes concentration, fully suggesting that MSCs 
repress inflammatory response of NP cells through 
MSC-secreted exosomes. Additionally, we established 
an IDD rat model and obtained similar results to  
a cellular model.

Autophagy is a widespread self-protection mech-
anism in eukaryotic cells [18]. Recent research has 
revealed that there is a close connection between 
autophagy and inflammation [7, 16]. Though inflam-
matory responses innately protect the body from 
infection or tissue damage, persistent or excessive 
inflammatory responses can result in irreversible dam-
age to the body [5]. It has been demonstrated that 

Figure 6. Autophagy inhibition exerted a protective role against inflammation in a rat model of intervertebral disc degeneration; A. Pfirrmann  
magnetic resonance imaging grading system evaluated pathological changes in discs in Exosomes/Exosomes+3-MA group; B. Haematoxylin- 
-eosin staining evaluated pathological changes in discs in each group; C. Immunofluorescence detected LC3 fluorescence in discs in each 
group; D. ELISA detected levels of proinflammatory cytokines in discs in each group; E. Western blot detected levels of inflammation-related 
proteins in discs in each group; ***p < 0.001.
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autophagy suppresses the inflammatory response 
possibly through directly repressing inflammatory 
complexes and indirectly through removing inflam-
matory stimuli such as damaged organelles or path-
ogenic microorganisms, thereby protecting cells from 
excessively persistent inflammation [6, 27]. Herein, in 
AGE-stimulated NP cellular model co-cultured with 
MSC-exosomes, 3-MA, an autophagy inhibitor, coun-
teracted promoting influence of MSC exosomes on 
autophagy activation and reversed inhibitory impact 
of MSC-exosomes on inflammation, fully suggest-
ing that MSC-exosomes suppresses AGE-induced NP 
cell inflammation via activating autophagy pathway. 
These results were also validated in animal models.

CONCLUSIONS
In conclusion, MSC-exosomes can improve degen-

eration of IDD via activating autophagy pathway to 
suppress inflammation, providing a potential novel 
insight for seeking therapeutic plans of IDD. However, 
due to complex and diverse components in exosomes, 
it remains elusive which component or cytokine in ex-
osomes and which pathway exerts the main role, which 
will be addressed one by one in our future research.
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Background: Spinal cord injury (SCI) is a serious trauma to the central nervous 
system. M1/M2 microglial polarization as well as the following neuroinflammatory 
response are crucial factors in SCI. Autophagy plays an important role in SCI, but 
its neuroprotective or neurodegenerative role remains controversial. 
Materials and methods: Here, we majorly examined the properties of autophagy 
in SCI and uncovered the regulatory relationship between autophagy and micro-
glial polarization in SCI.
Results: In our study, the Basso-Beattie-Bresnahan (BBB) score was declined in SCI. 
The cervical contusion SCI stimulated a sustaining neuropathic pain-linked pheno-
type characterized by thermal hyperalgesia as well as mechanical allodynia. It was 
revealed the structural damage to the spinal cord in SCI. Besides, the expression of 
microglia markers as well as inflammatory factor were promoted in SCI. Cervical 
contusion SCI induced autophagy inhibition and nuclear factor kappa-B (NF-κB) 
activation in mice. More importantly, enhanced autophagy induced by rapamycin 
suppressed the NF-κB pathway and alleviated cervical contusion SCI-induced neu-
rological function damage in mice. Additionally, rapamycin promoted microglia 
M2 polarization and improved microglia-mediated inflammatory response. 
Conclusions: In conclusion, our study demonstrated that autophagy played  
a protective role in cervical SCI by promoting microglia polarization toward M2  
through the NF-κB pathway. Our study may provide a novel sight for SCI treat-
ment. (Folia Morphol 2024; 83, 1: 113–124)

Keywords: spinal cord injury, microglia activation, NF-κB, autophagy

INTRODUCTION
Spinal cord injury (SCI) belongs to a serious disease 

resulting in specific neurological symptoms depend-
ing on the degree of injury, with high morbidity and 
mortality [4]. About 60% of SCI involves the cervical 
spinal cord, resulting in complete or incomplete quad-
riplegia, and the mortality rate is higher than that 

of thoracolumbar injuries [10]. Primary injury of the 
spinal cord is linked to the destruction of axons along 
with neurons, whereas secondary injury is resulted by 
neuroinflammation and can result in morphologic 
oedema, cavitation, as well as reactive gliosis [17]. 
Up to now, long-term treatment mainly targets the 
symptoms of secondary complications containing 
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severe neuroinflammation as well as poor adaptive 
plasticity after secondary injury [27]. Nevertheless, 
due to the existence of blood-brain barrier, few thera-
peutic drugs or other interventions have been proven 
to suppress the development of secondary injury after 
SCI and effectively facilitate functional recovery [34].

To the best of our knowledge, SCI induces inflam-
matory responses that include the release of cytokines 
and the activation of microglia [7]. Microglia belongs 
to a main resident cell in the central nervous system, 
and activates and modulates neuroinflammation after 
SCI [39]. Microglia are activated into two polarization 
states: the pro-inflammatory phenotype (M1) as well 
as the anti-inflammatory phenotype (M2) [25]. Micro-
glia plays dual roles in neuroinflammation together 
with neurogenesis, which depends on its polarization: 
the classic M1 phenotype secrets proinflammatory 
cytokines that are detrimental to neurogenesis. The 
alternative type M2 secretes anti-inflammatory cy-
tokines and is beneficial to neurogenesis [26]. There-
fore, in the treatment of SCI, efforts should be made 
to explore therapeutic methods to convert microglia 
from M1 to M2 type and to inhibit harmful excessive 
neuroinflammation. 

The neuroinflammatory responses stimulated by 
activation of microglia through the nuclear factor 
kappa-B (NF-κB) pathway is a key factor in SCI [2]. 
After necrotic or damaged cells are injured, the NF-κB  
signalling pathway is released, which activates mi-
croglia to secrete inflammatory cytokines [8]. NF-κB  
activation is started by IκB kinase, degrading IκB 
protein in the cytoplasm and causing release and 
nuclear translocation of NF-κB [29].

Autophagy, a catabolic process that protects cells 
from various stresses by degrading dysfunctional 
organelles and proteins, has been reported to be 
involved in SCI recovery [36]. Increasing evidence 
has suggested that autophagy exerts neuroprotec-
tion in SCI [30]. According to the location as well 
as severity of SCI, autophagic flow may increase or 
decrease. Thus, it remains unclear whether autophagy 
is beneficial or detrimental after injury [28]. However, 
restoring and increasing autophagic flow can improve 
functional recovery after injury by enhancing cell 
survival, which mirrored that autophagy is a possible 
therapeutic target for SCI treatment [44].

In this research, a mouse model of cervical spinal 
cord injury was established to explore the role of 
autophagy in cervical spinal cord injury and the rela-
tionship between autophagy and microglia activation.

MATERIALS AND METHODS
Establishment of the mouse model of cervical SCI

Animal procedures were approved by The First 
Affiliated Hospital of Hebei North University and this 
study was approved by the Ethics Committee of The 
First Affiliated Hospital of Hebei North University. To 
probe the property of autophagy in SCI and uncover 
the regulatory relationship between autophagy and 
microglial polarization in SCI, 10 male C57BL/6 mice 
(26–30 g) frequently used in the construction of SCI 
models [11, 14, 21] were anesthetized with 1% iso-
flurane. As described before, contusion SCI was per-
formed (n = 5) [35]. C5/C6 right spinal cord contusion 
was generated using an Infinite Horizons impactor 
with 0.7 mm impactor tip, 40 nephron force, and 
2-second dwell time. The sham group (n = 5), which 
underwent laminectomy only, underwent the same 
procedure but did not develop contusion. To explore 
the regulatory mechanism between autophagy and the 
polarization of microglia in SCI, 10 male C57BL/6 mice 
(26–30 g) were subjected to either rapamycin (RAP) 
administration, mice were intraperitoneally injected 
with RAP (1.5 mg/kg every day) after injury (SCI+RAP, 
n = 5) or sham surgery (sham+RAP, n = 5) [24]. All the 
mice were administrated by RAP for 6 weeks.

Behavioural testing

The recovery of general motor function was as-
sessed by the Basso-Beattie-Bresnahan (BBB) scale, in 
accordance with the previous reports [40]. BBB scores 
ranged from 0 to 21. A total score of 0 suggested  
a serious neurological deficit and a total score of  
21 represented normal function.

Assessment of mechanical allodynia

The von Frey filament test was implemented to 
measure mechanical allodynia [3]. Mice were kept 
in transparent boxes on a raised platform of barbed 
wire. The tactile stimulation device with a thin wire 
was placed below the midplantar surface of the left 
hind paw. With an automatic increase in force, the 
filaments are lifted to the plantar surface. Maximal 
force at which the animal retracted its paw was re-
corded. The 5 g dominant force within 20 s was used 
as the cut-off point.

Assessment of thermal hyperalgesia

The Hargreaves test (Ugo Basile, Italy) was imple-
mented to measure thermal hyperalgesia [38]. Mice 
were permitted to acclimate in a transparent box 
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placed on a raised glass platform. A mobile infrared 
heat source was placed below the midsurface of the 
left hind foot of the mice. The time for mice to retract 
the paw against the heat source was recorded. The 
cutoff point was set to 20 s.

Tissue processing and haematoxylin and eosin 
staining

Six weeks after SCI, mice were sacrificed by given 
an overdose of ketamine (100 mg/kg) together with 
xylazine (5 mg/kg). 0.9% saline was then transcardially 
perfused, followed by 4% paraformaldehyde. The spinal 
cord was dissected to a thickness of 30 μm. Tissue was 
fixed and dehydration, and then embedded in paraffin 
wax. Finally, slices were cut to obtain paraffin sections 
(thickness: 4 μm). The paraffin sections were stained 
with haematoxylin (Solarbio, Beijing, China) solution 
for 5 min, and then dyed with Eosin (Solarbio, Beijing, 
China) for another 2 min. An optical microscope was 
utilized to observe the changes at the injury epicentre.

RT-qPCR

To evaluate the expression levels of pro-inflam-
matory cytokines including tumour necrosis factor 
alpha (TNF-α), interleukin (IL)-1β, and IL-6 and micro-
glia markers including Iba-1, CD16 (M1 markers) and 
CD206 (M2 marker) in the SCI, total RNA from tissues 
was extracted with TRIzol reagent (Ambion, USA), 
Then, total RNA was implemented for reverse tran-
scription to synthesize cDNA (Promega, USA), followed 
by reverse transcription quantitative polymerase chain 
reaction (RT-qPCR) using SYBR Green (Promega, USA). 
Gene expression was normalized to β-actin. Each sam-
ple was measured in triplicate using the 2−ΔΔCt method. 
The following primers were used as follows: 

 — Iba-1: forward, 5’-ATGAGCCAGAGCAAGGATT-3’ 
and reverse, 5’-GCATTCGCTTCAAGGACA-3’;

 — CD16: forward, 5’-CCACGGATGACCTGTGCTC-3’ 
and reverse, 5’-TTTATGGTCCTTCCAGTCTCTTG-3’;

 — CD206: forward, 5’-CCACGGATGACCTGTGCTC-3’ 
and reverse, 5’-CCACGGATGACCTGTGCTC-3’;

 — TNF-α: forward, 5’-ATGAGCCAGAGCAAGGATT-3’ 
and reverse, 5’-GCATTCGCTTCAAGGACA-3’;

 — IL-6: forward, 5’-TGCCTTCTTGGGACTGAT-3’ and 
reverse, 5’-TTGCCATTGCACAACTCT-3’;

 — IL-1β: forward, 5’-TGTGATGTTCCCATTAGAC-3’ and 
reverse, 5’-AATACCACTTGTTGGCTTA-3’;

 — β-actin: forward, 5’-GTGACGTTGACATCCG-
TAAAGA-3’ and reverse, 5’-GCCGGACTCATCG-
TACTCC-3’.

Western blot

Proteins were extracted from spinal cords tissues 
using the lysis buffer (Beyotime, Shanghai). The sam-
ples were separated using 10% SDS-PAGE and trans-
ferred onto nitrocellulose membranes (Life sciences, 
USA). The membranes were incubated with different 
primary antibodies for overnight at 4°C after blocking 
in 5% skim milk. Primary antibodies included Iba-1 
(ab178846, 1/500), CD16 (ab246222, 1/1000), CD206 
(ab252921, 1/1000), TNF-α (ab183218, 1/1000), IL-6 
(ab233706, 1/1000), IL-1β (ab254360, 1/1000), LC3 
(ab192890, 1/2000), Beclin-1 (ab207612, 1/2000), p62  
(ab109012, 1/10000), p65 (ab32536, 1/1000), IKB-α 
(ab32518, 1/1000), p50 (ab32360, 1/1000), and  
β-actin (ab8227, 1/1000) were provided by Abcam. Af-
ter washing, the blots were then treated with the sec-
ondary antibodies (Abcam, ab6728, 1/2000), followed 
by detection using the ECL detection kit (Bio-Rad, USA).

Immunofluorescence staining

Embedded sections (4-μm-thick) were depa-
raffinized with xylene and rehydrated in a graded 
series of alcohol before antigen repair. The sections 
were then hatched overnight at 4°C with primary 
antibody anti-LC3B (Abcam, ab63817, 1 μg/mL), fol-
lowed by treating with secondary antibodies (Abcam, 
ab150077, 1:200) after washing. Next, the sections 
were labelled with Alexa Red fluorescent dye for 1 h,  
and then dyed with a fluorescent dye of DAPI to ev-
idence the nucleus, followed by visualization under 
a fluorescence microscope.

NF-κκB DNA-binding activity assay

NF-κB p65 DNA-binding activity was tested by  
a transcription factor binding assay colorimetric ELISA  
kit (Cayman Chemical, USA). The absorbance at  
450 nm was determined by a microplate reader.

Ethics approval and consent to participate

Animal procedures were approved by the First 
Affiliated Hospital of Hebei North University and this 
study was approved by the Ethics Committee of the 
First Affiliated Hospital of Hebei North University.

Statistical analysis

The data was analysed with SPSS 19.0 software 
(SPSS Inc., Chicago, IL, USA). Data are expressed as 
the mean ± standard deviation. Comparisons were 
assessed by the unpaired Student’s t test or one-way 
ANOVA. P < 0.05 was statistically significant.
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RESULTS
Successful establishment of the mouse model  
of cervical SCI

For the quantitative histological analysis carried 
out in the cervical spinal cord, the tissue sections 
caudal to the epicentre of the C5/C6 contusion were 
adopted. This area for histological assessment was 
accordance with the C6/C7 spinal cord, which was 
the site of the central projections of primary afferent 
sensory neurons innervating the plantar surface of the 
forepaw (Fig. 1A). The BBB score was implemented to 

evaluate the recovery of general motor function after 
SCI. The mice in the sham obtained the maximum BBB 
score (21 points). However, the BBB score was declined 
in SCI groups, indicating the neurological function 
of mice was severely impaired immediately after the 
SCI (Fig. 1B). Through Hargreaves test and von Frey 
filament test to assess thermal sensitivity and mechan-
ical sensitivity in the plantar surface of each forepaw, 
respectively, we discovered that cervical contusion SCI 
at the C5/C6 spinal cord level stimulated a sustaining 
neuropathic pain-linked phenotype characterized by 

Figure 1. Successful establishment of the mouse model of cervical spinal cord injury (SCI); A. A cross-sectional view of the spinal cord in the 
region of analysis; B. Basso-Beattie-Bresnahan (BBB) score of mice in the sham group and SCI group, respectively; C, D. Thermal hyperalge-
sia and mechanical allodynia in the plantar surface of each forepaw in the sham group and SCI group were measured by Hargreaves test and 
von Frey filament test, respectively; E. Haematoxylin and eosin staining detected the histological changes at the injury epicentre in the sham 
and SCI groups; ***p < 0.001.
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thermal hyperalgesia (Fig. 1C) and mechanical al-
lodynia (Fig. 1D). Haematoxylin and eosin staining 
demonstrated histological changes at the injury epi-
centre. The spinal cord was intact in the sham group. 
The SCI group showed the structural damage to the 
spinal cord, including neuronal nuclear fragmentation, 
pyknosis, neurocilia destruction, extracellular matrix 
degradation, interstitial oedema, cytoplasm reduction, 
as well as cavity formation (Fig. 1E).

Microglia activation and inflammatory response 
in spinal cord of mice with cervical contusion SCI

Based on qRT-PCR and western blot analysis, we 
observed that relative to the sham group, the mRNA 
and protein levels of microglia markers (Iba-1, CD16 
and CD206), as well as inflammatory factor (TNF-α, IL-6 
and IL-1β) were increased in the SCI group (Fig. 2A–D).

Cervical contusion SCI induces autophagy 
inhibition and NF-κB activation in mice

Consistently, in our study, the immunofluores-
cence staining results for LC3 expression showed 

that the number of LC3 puncta was deceased in the 
SCI group compared with the sham group (Fig. 3A). 
Besides, western blot analysis revealed that LC3 II and 
Beclin-1 protein levels were declined, whereas p62 
protein level was elevated in the SCI group relative 
to the sham group (Fig. 3B). Herein, we found that 
the activity of NF-κB p65 DNA-binding was enhanced 
in the SCI group relative to the sham group (Fig. 3C). 
At the same time, western blot analysis revealed that 
p65, IKB-α and p50 protein levels were significantly 
elevated in the SCI group relative to the sham group 
(Fig. 3D), suggesting that cervical contusion SCI could 
activate the NF-κB pathway.

Enhanced autophagy suppresses the NF-κB 
pathway in mice with cervical contusion SCI

Based on above results, we concluded that cervi-
cal contusion SCI induced autophagy inhibition and  
NF-κB activation in mice. Thus, a hypothesis that au-
tophagy activation could regulate the NF-κB pathway 
in mice with cervical contusion SCI of our study was 
made. To verify our hypothesis, rapamycin (RAP) was 

Figure 2. Microglia activation and inflammatory response in spinal cord of mice with cervical contusion spinal cord injury (SCI); A, B. Ex-
pression of Iba-1, CD16 and CD206 in the sham and SCI groups was detected by reverse transcription quantitative polymerase chain reaction 
(RT-qPCR) and western blot; C, D. Expression of tumour necrosis factor alpha (TNF-α), interleukin (IL)-6 and IL-1β in the sham and SCI groups 
was detected by RT-qPCR and western blot; ***p < 0.001.
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firstly used to intraperitoneally inject into mice for  
6 weeks after SCI. The outcomes displayed that RAP 
could obviously enhance the number of LC3 puncta 
in both sham and SCI groups, and the number of LC3 
puncta in the SCI+RAP group was less than that in 
the sham+RAP group (Fig. 4A). Then, we detected 
the impacts of RAP on the transcriptional activity of 
NF-κB. We observed that the enhanced activity of 
NF-κB p65 DNA-binding caused by SCI was abolished 
after RAP treatment (Fig. 4B). Similarly, the elevated 
protein levels of p65, IKB-α and p50 in the SCI group 
were lessened after injection of RAP (Fig. 4C), which 
implied that activated autophagy could suppress the 
NF-κB pathway in mice with cervical contusion SCI. 

RAP alleviates cervical contusion SCI-induced 
neurological function damage in mice

The effects of autophagy on cervical contusion 
SCI-induced neurological function damage in mice 
were further investigated. As shown in Figure 5A, 
the reduced BBB score in the SCI group was partly 
enhanced after RAP treatment. Besides, we found that 
SCI-caused the obvious decrease in both mechanical 
withdrawal thresholds as well as thermal withdraw-
al latencies of paw was partially reversed after RAP 
induction (Fig. 5B, C). Moreover, haematoxylin and 
eosin staining results demonstrated the structural 
damage to the spinal cord in the SCI group was partly 
improved after RAP treatment (Fig. 5D).

Figure 3. Cervical contusion spinal cord injury (SCI) induces autophagy inhibition and nuclear factor kappa-B (NF-κB) activation in mice;  
A. Immunofluorescence staining results for LC3 expression in the sham and SCI groups; B. Protein levels of LC3, Beclin-1 and p62 in the sham 
and SCI groups were examined by western blot; C. A transcription factor binding assay colorimetric ELISA kit was used to detect NF-κB p65 
DNA-binding activity in the sham and SCI groups; D. Protein levels of p65, IKB-α and p50 in the sham and SCI groups were tested by western 
blot; ***p < 0.001.
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Figure 4. Enhanced autophagy suppresses the nuclear factor kappa-B (NF-κB) pathway in mice with cervical contusion spinal cord injury 
(SCI); A. Immunofluorescence staining results for LC3 expression in the sham, sham+rapamycin (RAP), SCI and SCI+RAP groups; B. A tran-
scription factor binding assay colorimetric ELISA kit was used to detect NF-κB p65 DNA-binding activity in the sham, sham+RAP, SCI and 
SCI+RAP groups; C. Protein levels of p65, IKB-α and p50 in the sham, sham+RAP, SCI and SCI+RAP groups were tested by western blot; 
***p < 0.001.
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RAP facilitates microglia M2 polarization and 
improves microglia-mediated inflammatory 
reaction

Here, the role of autophagy in microglia polarization 
and inflammatory response was assessed. Based on 
western blot analysis, we discovered that the elevated 
protein levels of M1 markers (Iba-1 and CD16) caused 
by SCI were offset after RAP treatment. However, the 
increased protein level of M2 marker (CD206) caused by 
SCI was further elevated after RAP treatment (Fig. 6A), 
indicating that RAP promoted microglia polarization to-
ward M2. Accordantly, we discovered that the increased 
protein levels of TNF-α, IL-6 as well as IL-1β in the SCI 
group were counteracted after RAP treatment (Fig. 6B).

DISCUSSION
Spinal cord injury is a global problem and a heavy 

burden for society and families. In addition, the treat-

ment of SCI has always been a challenge [1]. Many bi-
ochemical events happen after SCI-mediated secondary 
injury, and microglia infiltration plays an important role 
in this process. The proinflammatory and anti-inflam-
matory potentials of microglia play a key role through-
out the process of secondary injury [19]. Kwiecien et 
al. [16] elucidated a number of fundamental mech-
anisms in pathogenesis of SCI, and they confirmed 
the increased levels of TNF-α, IL-1β, interferon-gamma 
and other proinflammatory cytokines, chemokines and 
proteases decrease and anti-inflammatory cytokines 
increase in the late stage of SCI. Therefore, our study 
established the mouse model of cervical SCI and ex-
plored the influences of SCI on microglia activation as 
well as inflammatory factors. The results demonstrated 
the activated microglia and increased inflammatory 
response in spinal cord of mice with cervical contusion 
SCI, which was consistent with previous literatures [20]. 

Figure 5. Rapamycin (RAP) alleviates cervical contusion spinal cord injury (SCI)-induced neurological function damage in mice; A. Basso- 
-Beattie-Bresnahan (BBB) score of mice in the sham, sham+RAP, SCI and SCI+RAP groups, respectively; B, C. Thermal hyperalgesia and  
mechanical allodynia in the plantar surface of each forepaw in the sham, sham+RAP, SCI and SCI+RAP groups were measured by Hargreaves  
test and von Frey filament test, respectively; D. Haematoxylin and eosin staining detected the histological changes at the injury epicentre in 
the sham, sham+RAP, SCI and SCI+RAP groups; ***p < 0.001. 
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Autophagy is a lysosomal-dependent degradation 
pathway of intracellular proteins, which has a crucial 
part in human diseases [18]. Pathological situations 
or cellular stress can stimulate autophagy to be an 
adaptive as well as protective mechanism [15]. Reports 
have proved autophagy can mitigate cell damage in rat 
models of traumatic brain injury [41]. Furthermore, au-
tophagy has been suggested to have a protective role 
in traumatic SCI [43]. Autophagy is a conserved activity 
controlling protein degradation and the clearance of 
damaged organelles. Regarding the autophagy-relat-
ed signalling, LC3 is the marker for the formation of 
autophagosome, and the level of p62 protein reflects 
the activity of autophagic flux [13]. Beclin-1 is also 
a critical molecular participating in autophagy [42]. 
In our study, we discovered that the number of LC3 
puncta was deceased in SCI. Moreover, western blot 
analysis demonstrated the protein levels of LC3 II and 
Beclin-1 were declined, whereas p62 protein level was 

elevated in SCI. All these findings in our study support-
ed the protective role of autophagy in SCI, which was 
in accordance with previous reports [32].

NF-κB is a core transcription factor of inflamma-
tory response, and exerts a crucial potential in micro-
glial activation [22]. Additionally, NF-κB signalling is 
implicated in the inflammatory response during SCI 
[23]. Former studies have also verified a modulatory 
cross-talk between autophagy and NF-κB signalling  
pathway in SCI, which demonstrates that activation of 
autophagy can hinder the NF-κB signalling pathway [9].  
The most abundant form of NF-κB is a heterodimer of 
p50 and p65 subunits [31]. Consistent with the above 
studies, our research showed that the activity of NF-κB 
p65 DNA-binding was enhanced in SCI. Meanwhile, 
western blot analysis showed the protein levels of p65, 
IKB-α (NF-κB inhibitor alpha) and p50 were elevated 
in SCI, suggesting that cervical contusion SCI could 
activate the NF-κB pathway. More importantly, our 
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Figure 6. Rapamycin (RAP) promotes microglia polarization toward M2 and alleviates microglia-mediated inflammatory response; A. Ex-
pression of Iba-1, CD16 and CD206 in the sham, sham+RAP, spinal cord injury (SCI) and SCI+RAP groups was detected by western blot; 
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study proved that activated autophagy by RAP, a well-
known autophagy activator [6], could repress the NF-κB 
signalling and alleviate cervical contusion SCI-induced 
neurological function damage in mice, which implied 
that autophagy is conductive to the context of SCI.

Increasing evidence has manifested that microglial 
activation in the central nervous system can be cate-
gorized into M1 phenotype and M2 phenotype [37]. 
Microglia M2 polarization is conducive to local an-
ti-inflammatory response after SCI [5]. Besides, recent 
researches have shown that autophagy modulates 
microglia polarization to affect neurological diseases 
[12]. As mentioned by Shi et al. [33], granule protein 
precursor has an anti-inflammatory role by enhancing 
autophagy and inducing M2 microglial polarization, 
which relieves neurological function after acute SCI. 
In line with these evidences, our study indicated that 
activated autophagy by RAP promoted microglia M2 
polarization toward and mitigated microglia-medi-
ated inflammatory response. However, there are still 
some limitations in the current research. For example, 
we should conduct sufficient clinical observations to 
further consolidate the clinical significance of the 
article. In addition, the number of mice constructing 
SCI models is relatively small, and there are fewer 
independent duplicate data. In future research, we 
will further address these issues, making the data 
more sufficient and the results more reliable.

CONCLUSIONS
In conclusion, our study demonstrated that au-

tophagy played a protective role in cervical SCI by 
promoting microglia M2 polarization through the 
NF-κB pathway. Our study may be provided a novel 
sight for SCI treatment.

Funding

This work was supported by Cervical Spinal Cord 
Injury Fund Projects: Hebei Provincial Science and 
Technology Plan — Science and Technology Winter 
Olympics Special (20477707D); 2023 Zhangjiakou 
Science and Technology Plan Project (2322032D);2024 
Hebei Province Medical Applicable Technology track-
ing item (GZ2024093).

Conflict of interest: None declared

REFERENCES
1. Anjum A, Yazid MD, Fauzi Daud M, et al. Spinal cord injury: 

pathophysiology, multimolecular interactions, and under-

lying recovery mechanisms. Int J Mol Sci. 2020; 21(20), doi: 
10.3390/ijms21207533, indexed in Pubmed: 33066029.

2. Chen S, Ye J, Chen X, et al. Valproic acid attenuates traumat-
ic spinal cord injury-induced inflammation via STAT1 and 
NF-κB pathway dependent of HDAC3. J Neuroinflamma-
tion. 2018; 15(1): 150, doi: 10.1186/s12974-018-1193-6,  
indexed in Pubmed: 29776446.

3. Ding HL, Chen JL, Su S, et al. BDNF promotes activation 
of astrocytes and microglia contributing to neuroinflam-
mation and mechanical allodynia in cyclophosphamide-in-
duced cystitis. J Neuroinflammation. 2020; 17(19): e1166, 
doi: 10.1016/s2666-1683(20)33365-6.

4. Eli I, Lerner DP, Ghogawala Z. Acute traumatic spinal cord 
injury. Neurol Clin. 2021; 39(2): 471–488, doi: 10.1016/j.
ncl.2021.02.004, indexed in Pubmed: 33896529.

5. Fan L, Liu C, Chen X, et al. Exosomes-Loaded electrocon-
ductive hydrogel synergistically promotes tissue repair 
after spinal cord injury via immunoregulation and en-
hancement of myelinated axon growth. Adv Sci (Weinh). 
2022; 9(13): e2105586, doi: 10.1002/advs.202105586, 
indexed in Pubmed: 35253394.

6. Gao G, Chen W, Yan M, et al. Rapamycin regulates the 
balance between cardiomyocyte apoptosis and autophagy 
in chronic heart failure by inhibiting mTOR signaling. 
Int J Mol Med. 2020; 45(1): 195–209, doi: 10.3892/
ijmm.2019.4407, indexed in Pubmed: 31746373.

7. Gao J, Sun Z, Xiao Z, et al. Dexmedetomidine modulates 
neuroinflammation and improves outcome via alpha2-adr-
energic receptor signaling after rat spinal cord injury. 
Br J Anaesth. 2019; 123(6): 827–838, doi: 10.1016/j.
bja.2019.08.026, indexed in Pubmed: 31623841.

8. Gaojian T, Dingfei Q, Linwei Li, et al. Parthenolide promotes 
the repair of spinal cord injury by modulating M1/M2 po-
larization via the NF-κB and STAT 1/3 signaling pathway. 
Cell Death Discov. 2020; 6(1): 97, doi: 10.1038/s41420-
020-00333-8, indexed in Pubmed: 33083018.

9. Gholaminejhad M, Jameie SB, Abdi M, et al. All-trans 
retinoic acid-preconditioned mesenchymal stem cells 
improve motor function and alleviate tissue damage after 
spinal cord injury by inhibition of Hmgb1/Nf-Κb/Nlrp3 
pathway through autophagy activation. J Mol Neurosci. 
2022; 72(5): 947–962, doi: 10.1007/s12031-022-01977-0, 
indexed in Pubmed: 35147911.

10. Gonzalez-Rothi EJ, Lee KZ. Intermittent hypoxia and res-
piratory recovery in pre-clinical rodent models of incom-
plete cervical spinal cord injury. Exp Neurol. 2021; 342: 
113751, doi: 10.1016/j.expneurol.2021.113751, indexed 
in Pubmed: 33974878.

11. Hou Y, Luan J, Deng T, et al. Tauroursodeoxycholic acid 
alleviates secondary injury in spinal cord injury mice 
through reducing oxidative stress, apoptosis, and inflam-
matory response. J Neuroinflammation. 2021; 18: 216, 
doi: 10.21203/rs.3.rs-361252/v1.

12. Ji J, Xue TF, Guo XD, et al. Antagonizing peroxisome pro-
liferator-activated receptor γ facilitates M1-to-M2 shift of 
microglia by enhancing autophagy via the LKB1-AMPK 
signaling pathway. Aging Cell. 2018; 17: e12774, doi: 
10.1111/acel.12774, indexed in Pubmed: 29740932.

13. Jiang P, Mizushima N. LC3- and p62-based biochemical 
methods for the analysis of autophagy progression 
in mammalian cells. Methods. 2015; 75: 13–18, doi: 

http://dx.doi.org/10.3390/ijms21207533
https://www.ncbi.nlm.nih.gov/pubmed/33066029
http://dx.doi.org/10.1186/s12974-018-1193-6
https://www.ncbi.nlm.nih.gov/pubmed/29776446
http://dx.doi.org/10.1016/s2666-1683(20)33365-6
http://dx.doi.org/10.1016/j.ncl.2021.02.004
http://dx.doi.org/10.1016/j.ncl.2021.02.004
https://www.ncbi.nlm.nih.gov/pubmed/33896529
http://dx.doi.org/10.1002/advs.202105586
https://www.ncbi.nlm.nih.gov/pubmed/35253394
http://dx.doi.org/10.3892/ijmm.2019.4407
http://dx.doi.org/10.3892/ijmm.2019.4407
https://www.ncbi.nlm.nih.gov/pubmed/31746373
http://dx.doi.org/10.1016/j.bja.2019.08.026
http://dx.doi.org/10.1016/j.bja.2019.08.026
https://www.ncbi.nlm.nih.gov/pubmed/31623841
http://dx.doi.org/10.1038/s41420-020-00333-8
http://dx.doi.org/10.1038/s41420-020-00333-8
https://www.ncbi.nlm.nih.gov/pubmed/33083018
http://dx.doi.org/10.1007/s12031-022-01977-0
https://www.ncbi.nlm.nih.gov/pubmed/35147911
http://dx.doi.org/10.1016/j.expneurol.2021.113751
https://www.ncbi.nlm.nih.gov/pubmed/33974878
http://dx.doi.org/10.21203/rs.3.rs-361252/v1
http://dx.doi.org/10.1111/acel.12774
https://www.ncbi.nlm.nih.gov/pubmed/29740932


123

Baicheng Yang, Xinming Yang, Autophagy in cervical spinal cord injury

10.1016/j.ymeth.2014.11.021, indexed in Pubmed: 
25484342.

14. Khan NZ, Cao T, He J, et al. Spinal cord injury alters 
microRNA and CD81+ exosome levels in plasma extra-
cellular nanoparticles with neuroinflammatory potential. 
Brain Behav Immun. 2021; 92: 165–183, doi: 10.1016/j.
bbi.2020.12.007, indexed in Pubmed: 33307173.

15. Klionsky D, Petroni G, Amaravadi R, et al. Autophagy 
in major human diseases. EMBO J. 2021; 40(19), doi: 
10.15252/embj.2021108863.

16. Kwiecien JM, Dabrowski W, Dąbrowska-Bouta B, et al. 
Prolonged inflammation leads to ongoing damage after 
spinal cord injury. PLoS One. 2020; 15(3): e0226584, doi: 
10.1371/journal.pone.0226584, indexed in Pubmed: 
32191733.

17. Lee SY, Schmit BD, Kurpad SN, et al. Acute magnetic 
resonance imaging predictors of chronic motor function 
and tissue sparing in rat cervical spinal cord injury. J Neu-
rotrauma. 2022; 39(23-24): 1727–1740, doi: 10.1089/
neu.2022.0034, indexed in Pubmed: 35708112.

18. Levine B, Kroemer G. Biological functions of autophagy 
genes: a disease perspective. Cell. 2019; 176(1-2): 11–42, 
doi: 10.1016/j.cell.2018.09.048.

19. Li Yi, He X, Kawaguchi R, et al. Microglia-organized scar-
free spinal cord repair in neonatal mice. Nature. 2020; 
587(7835): 613–618, doi: 10.1038/s41586-020-2795-6, 
indexed in Pubmed: 33029008.

20. Li Y, Lei Z, Ritzel RM, et al. Impairment of autophagy 
after spinal cord injury potentiates neuroinflammation 
and motor function deficit in mice. Theranostics. 2022; 
12(12): 5364–5388, doi: 10.7150/thno.72713, indexed in 
Pubmed: 35910787.

21. Li Y, Ritzel RM, Khan N, et al. Delayed microglial depletion 
after spinal cord injury reduces chronic inflammation and 
neurodegeneration in the brain and improves neurolog-
ical recovery in male mice. Theranostics. 2020; 10(25): 
11376–11403, doi: 10.7150/thno.49199, indexed in 
Pubmed: 33052221.

22. Liu G, Fan G, Guo G, et al. FK506 attenuates the inflamma-
tion in rat spinal cord injury by inhibiting the activation of 
NF-κB in microglia cells. Cell Mol Neurobiol. 2017; 37(5): 
843–855, doi: 10.1007/s10571-016-0422-8, indexed in 
Pubmed: 27572744.

23. Liu H, Zhang J, Xu X, et al. SARM1 promotes neuroin-
flammation and inhibits neural regeneration after spinal 
cord injury through NF-κB signaling. Theranostics. 2021; 
11(9): 4187–4206, doi: 10.7150/thno.49054, indexed in 
Pubmed: 33754056.

24. Liu J, Li R, Huang Z, et al. Rapamycin preserves neural tis-
sue, promotes schwann cell myelination and reduces glial 
scar formation after hemi-contusion spinal cord injury in 
mice. Front Mol Neurosci. 2020; 13: 574041, doi: 10.3389/
fnmol.2020.574041, indexed in Pubmed: 33551740.

25. Liu LR, Liu JC, Bao JS, et al. Interaction of microglia and 
astrocytes in the neurovascular unit. Front Immunol. 2020; 
11: 1024, doi: 10.3389/fimmu.2020.01024, indexed in 
Pubmed: 32733433.

26. Liu W, Rong Y, Wang J, et al. Exosome-shuttled miR-216a-5p  
from hypoxic preconditioned mesenchymal stem cells 
repair traumatic spinal cord injury by shifting microglial 
M1/M2 polarization. J Neuroinflammation. 2020; 17(1): 

47, doi: 10.1186/s12974-020-1726-7, indexed in Pubmed: 
32019561.

27. Liu Z, Yao X, Jiang W, et al. Advanced oxidation protein 
products induce microglia-mediated neuroinflammation 
via MAPKs-NF-κB signaling pathway and pyroptosis after 
secondary spinal cord injury. J Neuroinflammation. 2020; 
17(1): 90, doi: 10.1186/s12974-020-01751-2, indexed in 
Pubmed: 32192500.

28. Luo C, Tao L. The function and mechanisms of autophagy 
in spinal cord injury. Adv Exp Med Biol. 2020; 1207: 
649–654, doi: 10.1007/978-981-15-4272-5_47, indexed 
in Pubmed: 32671782.

29. Mulero MC, Huxford T, Ghosh G. NF-κB, IκB, and IKK: in-
tegral components of immune system signaling. Adv Exp 
Med Biol. 2019; 1172: 207–226, doi: 10.1007/978-981-
13-9367-9_10, indexed in Pubmed: 31628658.

30. Ray SK. Modulation of autophagy for neuroprotection and 
functional recovery in traumatic spinal cord injury. Neural 
Regen Res. 2020; 15(9): 1601–1612, doi: 10.4103/1673-
5374.276322, indexed in Pubmed: 32209759.

31. Ren C, Han X, Lu C, et al. Ubiquitination of NF-κB p65 by 
FBXW2 suppresses breast cancer stemness, tumorigenesis, 
and paclitaxel resistance. Cell Death Differ. 2022; 29(2): 
381–392, doi: 10.1038/s41418-021-00862-4, indexed in 
Pubmed: 34465889.

32. Rong Y, Liu W, Wang J, et al. Neural stem cell-derived small 
extracellular vesicles attenuate apoptosis and neuroinflam-
mation after traumatic spinal cord injury by activating 
autophagy. Cell Death Dis. 2019; 10(5): 340, doi: 10.1038/
s41419-019-1571-8, indexed in Pubmed: 31000697.

33. Shi Q, Wu Y, Zhang B, et al. Progranulin promotes function-
al recovery in rats with acute spinal cord injury via auto-
phagy-induced anti-inflammatory microglial polarization. 
Mol Neurobiol. 2022; 59(7): 4304–4314, doi: 10.1007/
s12035-022-02836-0, indexed in Pubmed: 35505051.

34. Sweeney MD, Zhao Z, Montagne A, et al. Blood-brain 
barrier: from physiology to disease and back. Physiol Rev. 
2019; 99(1): 21–78, doi: 10.1152/physrev.00050.2017, 
indexed in Pubmed: 30280653.

35. Watson JL, Hala TJ, Putatunda R, et al. Persistent at-level 
thermal hyperalgesia and tactile allodynia accompany 
chronic neuronal and astrocyte activation in superficial 
dorsal horn following mouse cervical contusion spinal 
cord injury. PLoS One. 2014; 9(9): e109099, doi: 10.1371/
journal.pone.0109099, indexed in Pubmed: 25268642.

36. Wu C, Chen H, Zhuang R, et al. Betulinic acid inhibits py-
roptosis in spinal cord injury by augmenting autophagy 
via the AMPK-mTOR-TFEB signaling pathway. Int J Biol Sci. 
2021; 17(4): 1138–1152, doi: 10.7150/ijbs.57825, indexed 
in Pubmed: 33867836.

37. Wu H, Zheng J, Xu S, et al. Mer regulates microglial M1/M2 
polarization and alleviates neuroinflammation following 
traumatic brain injury. J Neuroinflammation. 2021; 18: 2, 
doi: 10.21203/rs.3.rs-29587/v1.

38. Xu Bo, Zhang Ws, Yang Jl, et al. Dexmedetomidine blocks 
thermal hyperalgesia and spinal glial activation in rat 
model of monoarthritis. Acta Pharmacol Sin. 2010; 31(5): 
523–530, doi: 10.1038/aps.2010.32, indexed in Pubmed: 
20364156.

39. Xu S, Shao M, Ma X, et al. CD73 alleviates GSDMD-me-
diated pyroptosis in spinal cord injury through PI3K/AKT/ 

http://dx.doi.org/10.1016/j.ymeth.2014.11.021
https://www.ncbi.nlm.nih.gov/pubmed/25484342
http://dx.doi.org/10.1016/j.bbi.2020.12.007
http://dx.doi.org/10.1016/j.bbi.2020.12.007
https://www.ncbi.nlm.nih.gov/pubmed/33307173
http://dx.doi.org/10.15252/embj.2021108863
http://dx.doi.org/10.1371/journal.pone.0226584
https://www.ncbi.nlm.nih.gov/pubmed/32191733
http://dx.doi.org/10.1089/neu.2022.0034
http://dx.doi.org/10.1089/neu.2022.0034
https://www.ncbi.nlm.nih.gov/pubmed/35708112
http://dx.doi.org/10.1016/j.cell.2018.09.048
http://dx.doi.org/10.1038/s41586-020-2795-6
https://www.ncbi.nlm.nih.gov/pubmed/33029008
http://dx.doi.org/10.7150/thno.72713
https://www.ncbi.nlm.nih.gov/pubmed/35910787
http://dx.doi.org/10.7150/thno.49199
https://www.ncbi.nlm.nih.gov/pubmed/33052221
http://dx.doi.org/10.1007/s10571-016-0422-8
https://www.ncbi.nlm.nih.gov/pubmed/27572744
http://dx.doi.org/10.7150/thno.49054
https://www.ncbi.nlm.nih.gov/pubmed/33754056
http://dx.doi.org/10.3389/fnmol.2020.574041
http://dx.doi.org/10.3389/fnmol.2020.574041
https://www.ncbi.nlm.nih.gov/pubmed/33551740
http://dx.doi.org/10.3389/fimmu.2020.01024
https://www.ncbi.nlm.nih.gov/pubmed/32733433
http://dx.doi.org/10.1186/s12974-020-1726-7
https://www.ncbi.nlm.nih.gov/pubmed/32019561
http://dx.doi.org/10.1186/s12974-020-01751-2
https://www.ncbi.nlm.nih.gov/pubmed/32192500
http://dx.doi.org/10.1007/978-981-15-4272-5_47
https://www.ncbi.nlm.nih.gov/pubmed/32671782
http://dx.doi.org/10.1007/978-981-13-9367-9_10
http://dx.doi.org/10.1007/978-981-13-9367-9_10
https://www.ncbi.nlm.nih.gov/pubmed/31628658
http://dx.doi.org/10.4103/1673-5374.276322
http://dx.doi.org/10.4103/1673-5374.276322
https://www.ncbi.nlm.nih.gov/pubmed/32209759
http://dx.doi.org/10.1038/s41418-021-00862-4
https://www.ncbi.nlm.nih.gov/pubmed/34465889
http://dx.doi.org/10.1038/s41419-019-1571-8
http://dx.doi.org/10.1038/s41419-019-1571-8
https://www.ncbi.nlm.nih.gov/pubmed/31000697
http://dx.doi.org/10.1007/s12035-022-02836-0
http://dx.doi.org/10.1007/s12035-022-02836-0
https://www.ncbi.nlm.nih.gov/pubmed/35505051
http://dx.doi.org/10.1152/physrev.00050.2017
https://www.ncbi.nlm.nih.gov/pubmed/30280653
http://dx.doi.org/10.1371/journal.pone.0109099
http://dx.doi.org/10.1371/journal.pone.0109099
https://www.ncbi.nlm.nih.gov/pubmed/25268642
http://dx.doi.org/10.7150/ijbs.57825
https://www.ncbi.nlm.nih.gov/pubmed/33867836
http://dx.doi.org/10.21203/rs.3.rs-29587/v1
http://dx.doi.org/10.1038/aps.2010.32
https://www.ncbi.nlm.nih.gov/pubmed/20364156


124

Folia Morphol., 2024, Vol. 83, No. 1

/Foxo1 signaling. Clin Transl Med. 2021; 11: e269, doi: 
10.21203/rs.2.18409/v1.

40. Zeng H, Liu N, Yang YY, et al. Lentivirus-mediated down-
regulation of α-synuclein reduces neuroinflammation and 
promotes functional recovery in rats with spinal cord inju-
ry. J Neuroinflammation. 2019; 16(1): 283, doi: 10.1186/
s12974-019-1658-2, indexed in Pubmed: 31888724.

41. Zeng Z, Zhang Y, Jiang W, et al. Modulation of autophagy 
in traumatic brain injury. J Cell Physiol. 2020; 235(3): 
1973–1985, doi: 10.1002/jcp.29173, indexed in Pubmed: 
31512236.

42. Zhang Y, Liu D, Hu H, et al. HIF-1α/BNIP3 signaling path-
way-induced-autophagy plays protective role during myo-

cardial ischemia-reperfusion injury. Biomed Pharmacother. 
2019; 120: 109464, doi: 10.1016/j.biopha.2019.109464, 
indexed in Pubmed: 31590128.

43. Zhao H, Chen S, Gao K, et al. Resveratrol protects against 
spinal cord injury by activating autophagy and inhibiting 
apoptosis mediated by the SIRT1/AMPK signaling pathway. 
Neuroscience. 2017; 348: 241–251, doi: 10.1016/j.neu-
roscience.2017.02.027, indexed in Pubmed: 28238848.

44. Zhou K, Zheng Z, Li Y, et al. TFE3, a potential therapeutic 
target for spinal cord injury via augmenting autophagy 
flux and alleviating ER stress. Theranostics. 2020; 10(20): 
9280–9302, doi: 10.7150/thno.46566, indexed in Pubmed: 
32802192.

http://dx.doi.org/10.21203/rs.2.18409/v1
http://dx.doi.org/10.1186/s12974-019-1658-2
http://dx.doi.org/10.1186/s12974-019-1658-2
https://www.ncbi.nlm.nih.gov/pubmed/31888724
http://dx.doi.org/10.1002/jcp.29173
https://www.ncbi.nlm.nih.gov/pubmed/31512236
http://dx.doi.org/10.1016/j.biopha.2019.109464
https://www.ncbi.nlm.nih.gov/pubmed/31590128
http://dx.doi.org/10.1016/j.neuroscience.2017.02.027
http://dx.doi.org/10.1016/j.neuroscience.2017.02.027
https://www.ncbi.nlm.nih.gov/pubmed/28238848
http://dx.doi.org/10.7150/thno.46566
https://www.ncbi.nlm.nih.gov/pubmed/32802192


Folia Morphol.
Vol. 83, No. 1, pp. 125–138

DOI: 10.5603/FM.a2023.0002
Copyright © 2024 Via Medica

ISSN 0015–5659
eISSN 1644–3284

journals.viamedica.pl

O R I G I N A L    A R T I C L E

125

Address for correspondence: Dr. Hongyu Tan, Department of Internal Medicine, The First Affiliated Hospital of Xiamen University,  
55 Zhenhai Road, Siming District, Xiamen, Fujian, 361003, China, e-mail: tanhongyu02@163.com

This article is available in open access under Creative Common Attribution-Non-Commercial-No Derivatives 4.0 International (CC BY-NC-ND 4.0) license, allowing to download 
articles and share them with others as long as they credit the authors and the publisher, but without permission to change them in any way or use them commercially.

FOXO6 transcription inhibition of CTRP3 
promotes OGD/R-triggered cardiac microvascular 
endothelial barrier disruption via SIRT1/Nrf2 
signalling
Sanfu Zheng1, Yu Wang2, Weixi Guo3, Hongyu Tan4

1Department of Cardiology, The First Affiliated Hospital of Xiamen University, Xiamen, Fujian, China
2Department of Ultrasound, The First Affiliated Hospital of Xiamen University, Xiamen, Fujian, China
3Department of Thoracic Surgery, The First Affiliated Hospital of Xiamen University, Xiamen, Fujian, China
4Department of Internal Medicine, The First Affiliated Hospital of Xiamen University, Xiamen, Fujian, China

[Received: 31 October 2022; Accepted: 21 December 2022; Early publication date: 17 January 2023]

Background: C1q/TNF-related protein 3 (CTRP3) has been clarified to display its 
protective roles in cardiac function. The current study is concentrated on exploring 
the impacts of CTRP3 on myocardial ischaemia. 
Materials and methods: Oxygen and glucose hypoxia/reoxygenation (OGD/R) 
model was constructed in human cardiac microvascular endothelial cells (HCMECs). 
Reverse transcription-quantitative polymerase chain reaction and western blot 
analysis of CTRP3 expression were conducted. CCK-8 assay was to estimate cell 
activity and lactate dehydrogenase (LDH) assay kit was to test LDH release. TUNEL 
assay and western blot were to judge apoptosis. Endothelial barrier function was 
detected by in vitro vascular permeability assay kit. Zonula occludens-1 (ZO-1) 
expression was evaluated by immunofluorescence assay. The interaction between 
CTRP3 promoter and Forkhead Box O6 (FOXO6) was predicted by JASPAR database 
and verified by chromatin immunoprecipitation and luciferase reporter assays. 
After OGD/R-induced HCMECs were co-transfected with CTRP3 overexpression 
and FOXO6 overexpression plasmids, the above functional experiments above were 
conducted again. Lastly, the expression of sirtuin 1 (SIRT1)/nuclear factor erythroid 
2-related factor 2 (Nrf2) signalling-related proteins was examined by western blot. 
Results: CTRP3 was down-regulated in OGD/R-induced HCMECs. CTRP3 enhanced 
the viability and barrier integrity while reduced the apoptosis and permeability of 
OGD/R-insulted HCMECs. This process may be regulated by FOXO6 transcription. 
Also, FOXO6 inhibition-mediated CTRP3 up-regulation activated the SIRT1/Nrf2 
signalling. 
Conclusions: FOXO6 transcription inhibition of CTRP3 promotes OGD/R-triggered 
cardiac microvascular endothelial barrier disruption via SIRT1/Nrf2 signalling. (Folia 
Morphol 2024; 83, 1: 125–138)

Keywords: myocardial ischaemia, cardiac microvascular endothelial cells, 
barrier disruption, CTRP3, FOXO6, SIRT1/Nrf2 signalling
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INTRODUCTION
Cardiovascular disease (CVD) is recognized as  

a prevalent and threatening worldwide health prob-
lem accompanied with increasing morbidity and 
mortality [32]. Notably, myocardial ischaemia is  
a dominant contributor responsible for the high death 
rate of CVD patients and the incidence of myocardial 
ischaemia is increasingly elevated nowadays [25]. 
Myocardial ischaemia is referred to as a pathological 
condition of myocardial anoxia, metabolic changes, 
cardiac dysfunction as well as damaged myocardial 
structure due to reduced blood perfusion to the heart 
[1]. Moreover, cardiac microvascular endothelial cells 
(CMECs) injury represents an earlier and severer phe-
nomenon during the process of myocardial ischaemia. 
Therefore, the protection for CMECs is indispensable 
for reducing the risk of myocardial ischaemia. 

C1q/TNF-related protein (CTRP) family, which con-
tains a group of adiponectin paralogous proteins, can 
regulate the proliferation, apoptosis and metabolism 
in malignant tumours as well as other human dis-
eases [15]. CTRP3, a well-studied member of CTRP 
family, was initially identified as a secretory protein 
expressed in the cartilage and kidney of adult mice 
[23]. Notably, CTRP3 has been discovered to display 
abnormal expression in CVD [9]. It has reported that 
CTRP3 protects mesenchymal stem cells from hypoxia 
and serum deprivation induced apoptosis through 
PI3K/Akt pathway [11]. Moreover, CTRP3 alleviates 
ox-LDL-induced inflammatory response and endothe-
lial dysfunction in mouse aortic endothelial cells by 
activating PI3K/Akt/eNOS pathway, thus improving 
atherosclerosis [2]. However, the study of CTRP3 on 
cardiac microvascular endothelial cells in myocardial 
ischaemia has not been reported so far.

JASPAR database predicts the binding of the tran-
scription factor FOXO6 to the CTRP3 promoter. FOXO6 
belongs to the Forkhead box O (FOXO) family of tran-
scription factors that are implicated in multiple cellular 
pathways via posttranslational modifications [20, 24]. 
Previous study showed that FOXO6 is up-regulated in 
hypoxia-exposed cardiomyocytes and its silencing mit-
igates apoptosis and oxidative stress through elevat-
ing silent information regulator 2 homolog 6 (SIRT6) 
expression and activating nuclear factor E2-related 
factor (Nrf2) [14]. Nonetheless, whether FOXO6 exerts 
influence on CMECs remains obscure. 

Silent information regulator 2 homolog 1 (SIRIT1), 
a histone deacetylase dependent on nicotinamide 

adenosine dinucleotide (NAD), has been supported 
to be related to a variety of cell metabolisms, such as 
inflammation, carcinogenesis, oxidative stress and so 
on [42]. The activation of SIRT1 signalling participates 
in endothelial barrier function [34]. Besides, elevation 
of SIRT1 reduces endothelial tight junction permea-
bility to alleviate LPS-stimulated lung injury [7]. The 
regulation of SIRT1 signalling pathway can promote 
angiogenesis of rat brain microvascular endothelial 
cells after oxygen and glucose hypoxia/reoxygenation 
(OGD/R) injury [29].

Transcription factor Nrf2 is regarded as a decisive 
downstream target of SIRT1 signalling [37]. Intrigu-
ingly, it is also well documented that Nrf2 is involved 
in endothelial barrier function through mediating 
oxidative stress [19]. And activation of SIRT1/Nrf2 
signalling pathway can inhibit oxidative stress and 
inflammatory response, and reduce OGD/R injury of 
human umbilical vein endothelial cells [18]. Moreo-
ver, CTRP3 can protect against doxorubicin-induced 
cardiac dysfunction, inflammation and cell death via 
activation of SIRT1 [40]. So we made a hypothesis 
that CTRP3 is regulated by FOXO6 transcription to 
affect the SIRT1/Nrf2 pathway, thus affecting the 
function of OGD/R-induced cardiac microvascular 
endothelial cells. 

Herein, this paper is aimed at exploring the im-
pacts of CTRP3 on OGD/R-treated CMECs and probing 
into the interaction among CTRP3, FOXO6 as well as 
SIRT1/Nrf2 signalling. Our study provides a theoretical 
basis for the pathogenesis and clinical treatment of 
myocardial ischaemia. 

MATERIALS AND METHODS
Cell culture

The culture medium for human cardiac micro-
vascular endothelial cells (HCMECs) purchased from 
ScienCell was endothelial cell medium (ECM; Scien-
Cell). The medium was supplemented 10% fetal bo-
vine serum (FBS; Atlanta Biologicals; Bio-Techne Cor-
poration) and placed in a humid atmosphere at 37°C 
with 5% CO2. To mimic cardiac ischaemia/reperfusion 
(I/R) injury in vitro, HCMECs were grown in serum/ 
/glucose-free ECM under the condition of 95% N2 and 
5% CO2 at 37°C for 4 h. After that, the cells were sub-
jected to re-oxygenation in the normoxic incubator 
(5% CO2 at 37°C) for 24 h. Untreated HCMECs that 
cultured under normoxic conditions for 4 days were 
referred to the control group.
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Reverse transcription-quantitative polymerase 
chain reaction (RT-qPCR)

With the aid of Omega Bio-tek E.Z.N.A. Total 
RNA kit (Doraville, GA, USA), total RNA was pre-
pared from HCMECs and then subjected to re-
verse transcription using RevertAid First Strand 
cDNA Synthesis Kit (Fermentas, Shanghai, China). 
SYBR® Green PCR master mix (Bio-Rad Laborato-
ries, Inc.) was adopted to perform PCR reactions 
on the MX3000p PCR system (Agilent, Santa Clara, 
CA). The calculation of relative gene expression 
was achieved by 2-ΔΔCt method [30]. Glyceraldehyde 
3-phosphate dehydrogenase (GAPDH) was adopted 
for normalization. Primer sequences were as fol-
lows: CTRP3 forward: 5’-ATGCTTTGGAGGCAGCT-
CAT-3’, reverse: 5’-TCACCTTTGTCGCCCTTCTC-3’;  
FOXO6 forward: 5’-TCTACGACTGGATGGTCCGT-3’, 
reverse: 5’-GGGTCTTCCCTGTCTTTCCG-3’; GAPDH  
forward: 5’-AATGGGCAGCCGTTAGGAAA-3’, reverse: 
5’-GCGCCCAATACGACCAAATC-3’.

Western blot

Total proteins that extracted from HCMECs utiliz-
ing RIPA buffer (JRDUN Biotechnology) were ascer-
tained with the application of BCA protein assay kit 
(CoWin, Beijing, China). Following, PVDF membranes 
were to shift protein samples that resolved by 10% 
SDS-PAGE. Non-specific interaction was ensured af-
ter the membranes were incubated with 5% non-fat 
milk. Afterwards, primary antibodies as well as goat 
anti-rabbit HRP antibody (cat. no. ab205718; 1/2000; 
Abcam) were respectively probed with the mem-
branes overnight at 4°C and for 1 h. The blots were 
visualized by the ECL western blotting system (Am-
ersham; Cytiva) and analysed by Image Quant LAS 
500 (GE Healthcare) [36]. CTRP3 (cat. no. GTX85505; 
1:1000; GeneTex), B cell lymphoma-2 (Bcl-2; cat. no. 
ab32124; 1/1000; Abcam), BCL-2-associated X (Bax; 
cat. no. ab32503; 1/1000; Abcam), cleaved caspase 
3 (cat. no. ab2302; 1/1000; Abcam), cytochrome c 
(cyto-C; cat. no. ab133504; 1/5000; Abcam), zonula 
occludens-1 (ZO-1; cat. no. ab216880; 1/5000; Ab-
cam), Occludin (cat. no. ab216327; 1/1000; Abcam), 
VE-cadherin (cat. no. ab33168; 1/1000; Abcam), 
Claudin-5 (cat. no. ab131259; 1/1000; Abcam), 
FOXO6 (cat. no. 19122-1-AP; 1/500; Proteintech), 
SIRT1 (cat. no. ab189494; 1/1000; Abcam), Nrf2 
(cat. no. ab62352; 1/1000; Abcam), GAPDH (cat. 
no. ab9485; 1/2500; Abcam) antibodies were uti-
lized here.

Plasmid transfection

PcDNA3.1 expression vector containing full-length 
human CTRP3 (pcDNA3.1-CTRP3) as well as correspond-
ing negative control (pcDNA3.1-NC), pcDNA3.1(+) 
FOXO6 overexpression vector (Ov-FOXO6) and Ov-NC 
were all provided by GenePharma (Shanghai, China). 
OGD/R-induced cells overexpressing CTRP3 were divid-
ed into control, OGD/R, OGD/R+pcDNA3.1 and OGD/ 
/R+pcDNA3.1-CTRP3 groups. After both CTRP3 and 
FOXO6 were overexpressed, the cells were grouped 
into control, OGD/R, OGD/R+pcDNA3.1, OGD/R+p-
cDNA3.1-CTRP3, OGD/R+pcDNA3.1-CTRP3+OV-NC 
and OGD/R+pcDNA3.1-CTRP3+OV-FOXO6 groups. 
Above plasmids were transduced into cells employing 
Lipofectamine™ 3000 (Takara, Kusatsu, Japan). Cells 
were obtained for ensue assays 48 h later.

CCK-8 assay

Human cardiac microvascular endothelial cells 
were inoculated into 96-well plates at a density of 
3,000 cells/well and then cultivated overnight at 37°C. 
A total of 10 μL cell counting Kit-8 (CCK-8) solution 
(Beijing TransGen Biotech Co., Ltd.) was added into 
each well and the cells were cultivated at 37°C for 
another 2 h. The measurement of the absorbance at 
450 nm was implemented with a microplate reader 
(Beckman Coulter, Inc.) [33].

Detection of LDH release

Briefly, lactate dehydrogenase (LDH) concentration 
in HCMECs was ascertained by means of LDH assay 
kit (cat. no. BC0685; Solarbio) in the light of the 
manufacturer’s guidance. Before incubating with su-
pernatant (60 μL) and LDH substrate solution (30 μL)  
for another 30 min, cell supernatant was obtained 
after centrifugation at 300 × g for 10 min. With the 
application of a microplate reader (Beckman Coulter, 
Inc.), at a wavelength of 440 nm, LDH activity was 
calculated [38].

TUNEL
Cell apoptosis was appraised applying a termi-

nal-deoxynucleoitidyl transferase mediated nick end 
labelling (TUNEL) Apoptosis kit (cat. no. BA27A; Nan-
jing Biobox Biotech Co., Ltd.) in the light of the man-
ufacturer’s guidance. In short, 4% paraformaldehyde 
was added to HCMECs for immobilization, following 
which was the permeabilization with 0.1% Triton 
X-100. Subsequently, the cells were cultivated with 
TUNEL reaction reagent for 1 h and the nuclei were 
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labelled with 10 mg/mL DAPI for 10 min. Finally, the 
images were acquired under a fluorescence micro-
scope (UltraVIEW VoX; PerkinElmer, Inc.) [12].

Detection of HCMECs permeability

The permeability of HCMECs was detected using 
a commercial in vitro permeability assay kit (Milli-
pore, Billerica, MA, USA). In brief, a tight monolayer 
was formed after 1×103 HCMECs that plated onto 
collagen-coated inserts were incubated for 3 days. 
After indicated treatment, each receiver plate well 
was supplemented with 500 μL glucose-free ECM. 
To permeate the monolayers, 2.5% FITC (fluorescein 
isothiocyanate)-dextran (40 kDa) solution was added 
for 20 min. The medium in the receiver wells was then 
thoroughly mixed. The intensity of FITC fluorescence 
was captured under a fluorescence spectrometer 
(MV06744, MoleCular Devices, Shanghai, China). The 
excitation wavelength was 482 nm and the detection 
wavelength was 525 nm [16].

Immunofluorescence staining

Following OGD/R treatment, HCMECs were sub-
jected to immobilization and then probed with 0.2% 
Triton X-100 for 20 min. 1% BSA was used for blocking 
after cells were rinsed in PBS. Then ZO-1 (Abcam, 
1:100, cat. no. ab221547) antibody was supplement-
ed overnight at 4°C, after which was the cultivation 
with goat anti-rabbit IgG/Alexa Fluor 555 (Beijing 
Biosynthesis Biotechnology Co., Ltd., 1:100, cat. no. 
bs-0295G-A555) was used. Nuclear staining with DAPI 
(OriGene Technologies, Inc.) was performed. A fluo-
rescence microscope (UltraVIEW VoX; PerkinElmer, 
Inc.) was to monitor the images [3].

Chromatin immunoprecipitation

With the adoption of the Imprint chromatin 
immunoprecipitation (ChIP) kit (cat. no. CHP1; Sig-
ma-Aldrich; Merck KGaA), ChIP assay was executed 
in with the light of the manufacturer’s guidelines. 
For the purpose of crosslinking the protein and DNA, 
HCMECs were firstly treated by 1% formaldehyde. The 
chromatin fragments that acquired after sonicating 
of cell lysates were precipitated with FOXO6 antibody 
(Proteintech, cat. no. 19122-1-AP) or IgG antibody 
(Abcam, ab6715) overnight. The purified DNA frag-
ments were subjected to PCR analysis [5].

Luciferase reporter assay

PGL3 vectors (Huada Genomics, Shenzheng, Chi-
na) containing wild type (WT) binding sequences 
between FOXO6 and CTRP3 promoter and the cor-
responding mutant type named as CTRP3-MUT were 
co-transfected with Ov-FOXO6 and Ov-NC into cells 
employing Lipofectamine™ 3000 (Takara, Kusatsu, 
Japan). After 48 h, with the aid of the Dual-Glo® Lucif-
erase Reagent (Promega Corporation), the luciferase 
activity was evaluated.

Statistical analyses

Statistical analyses were executed employing SPSS 
22.0 (IBM, Armonk, NY, USA). All data that collected  
3 parallel repeat experiments were denoted as the 
mean ± standard deviation. Statistical significances 
were measured using Student’s t-test or one-way 
ANOVA along with Tukey’s post hoc test. The signif-
icance level was p < 0.05.

Bioinformatics tools

The potential binding sites between FOXO6 and 
CTRP3 promoter were predicted by JASPAR database 
(https://jaspar.genereg.net/) [6].

RESULTS
Elevation of CTRP3 potentiates the viability  
of OGD/R-insulted HCMECs

To determine the role of CTRP3 in OGD/R-treated 
HCMECs, CTRP3 expression was examined. It was 
noted from RT-qPCR and western blot that CTRP3 
expression was declined in HCMECs following OGD/R 
treatment (Fig. 1A, B). Before assessing the impacts of 
CTRP3 on the behaviours of OGD/R-treated HCMECs, 
the overexpression efficiency of CTRP3 was tested. 
As Figures 1C and D illuminated, CTRP3 expression 
was remarkably increased after the transfection with 
pcDNA3.1-CTRP3. Through CCK-8 assay, it was ob-
served that the viability of HCMECs was prominently 
reduced under OGD/R conditions. When CTRP3 was 
up-regulated, the viability of OGD/R-insulted HCMECs 
was obviously enhanced relative to the OGD/R+pcD-
NA3.1 group (Fig. 1E). Similarly, LDH production was 
monitored to evaluate cell cytotoxicity. LDH release 
was found to be stimulated in OGD/R-treated HC-
MECs, which was then suppressed after CTRP3 was 
overexpressed (Fig. 1F). 
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CTRP3 elevation attenuates OGD/R-elicited 
HCMECs apoptosis

On the contrary, the experimental results of TUNEL 
assay uncovered that OGD/R treatment-stimulated 
apoptosis of HCMECs was significantly suppressed by 
up-regulation of CTRP3 (Fig. 2A). In addition, western 
blot was to analyse the expression of apoptosis-asso-
ciated factors. As expected, OGD/R treatment result-
ed in decreased Bcl-2 expression and increased Bax, 
cleaved caspase 3 and cyto-C expression, whereas 
these effects were offset by enhancive CTRP3 (Fig. 2B). 

Up-regulation of CTRP3 reduces permeability and 
stabilizes tight junction in HCMECs following 
OGD/R treatment

Further, cell permeability was detected by in vitro 
permeability assay kit and the results indicated that 
the raised permeability of OGD/R-induced HCMECs 
was greatly decreased after the transfection with 
pcDNA3.1-CTRP3 (Fig. 3A). Besides, as analysed by 
immunofluorescence assay, the down-regulated ex-
pression of ZO-1 in OGD/R-insulted HCMECs was 
elevated again after CTRP3 was overexpressed (Fig. 
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Figure 1. Elevation of C1q/TNF-related protein 3 (CTRP3) potentiates the viability of oxygen and glucose hypoxia/reoxygenation (OGD/R)-in-
sulted human cardiac microvascular endothelial cells (HCMECs). Reverse transcription-quantitative polymerase chain reaction (RT-qPCR)  
(A) and western blot (B) ascertained CTRP3 expression in HCMECs with the absence or presence of OGD/R treatment; **p < 0.01,  
***p < 0.001 vs. control; RT-qPCR (C) and western blot (D) analysis of the overexpression efficacy of pcDNA3.1-CTRP3 plasmid;  
***p < 0.001 vs. pcDNA3.1. OGD/R-exposed HCMECs activity was judged via CCK-8 assay (E). Lactate dehydrogenase (LDH) production 
was examined with LDH assay kit (F); ***p < 0.001 vs. control; &&p < 0.01, &&&p < 0.001 vs. OGD/R+pc DNA3.1.
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3B). Western blot also analysed that the expressions 
of tight junctions including ZO-1, Occludin, VE-cad-
herin, Claudin-5 were cut down by OGD/R treatment 
in HCMECs, which were then increased by CTRP3 
up-regulation (Fig. 3C). 

FOXO6 is a transcription inactivator of CTRP3

Interestingly, JASPAR database predicted that 
CTRP3 promoter had a potential binding with FOXO6 

(Fig. 4A). Moreover, FOXO6 was discovered to display 
high expression in OGD/R-exposed HCMECs (Fig. 4B, 
C). After FOXO6 was overexpressed by transfection 
with Ov-FOXO6 (Fig. 4D, E), the experimental results 
from luciferase reporter assay elaborated that eleva-
tion of FOXO6 distinctly lessened the luciferase activ-
ity of CTRP3-WT instead of that of CTRP3-MUT (Fig. 
4F). Further, ChIP assay testified the high enrichment 
of CTRP3 promoter in FOXO6 antibody (Fig. 4G). Also, 

Figure 2. C1q/TNF-related protein 3 (CTRP3) elevation attenuates oxygen and glucose hypoxia/reoxygenation (OGD/R)-triggered human cardi-
ac microvascular endothelial cells (HCMECs) apoptosis. The apoptotic ability of OGD/R-insulted HCMECs was evaluated by TUNEL assay (A); 
Western blot analysed the expression of apoptosis-associated factors (B); ***p < 0.001 vs. control; &&p < 0.01, &&&p < 0.001 vs. OGD/ 
/R+pc DNA3.1; Bcl-2 — B-cell lymphoma 2; Bax — BCL-2 associated X; Cyto-c — cytochrome c.
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RT-qPCR and western blot analysis indicated that the 
up-regulated CTRP3 expression in OGD/R-insulted HC-
MECs transfected with pcDNA3.1-CTRP3 was declined 
again when FOXO6 was up-regulated (Fig. 4H, I). In 
all, CTRP3 was transcriptionally suppressed by FOXO6. 

FOXO6 overexpression reverses the protective role 
of CTRP3 in OGD/R-evoked HCMECs injury

To validate the mechanism mediated by FOXO6 
and CTRP3 in OGD/R-induced cardiac microvascular 
endothelial barrier disruption, Ov-FOXO6 plasmid was 

Figure 3. Up-regulation of C1q/TNF-related protein 3 (CTRP3) reduces permeability and stabilizes tight junction in human cardiac microvas-
cular endothelial cells (HCMECs) following oxygen and glucose hypoxia/reoxygenation (OGD/R) treatment; A. In vitro permeability assay kit 
was to estimate the permeability of OGD/R-insulted HCMECs; B. Immunofluorescence (IF) assay was to examine zonula occludens-1 (ZO-1) 
expression; C. Western blot tested ZO-1, Occludin, VE-cadherin and Claudin-5 expression; ***p < 0.001 vs. control; &p < 0.05, &&p < 0.01, 
&&&p < 0.001 vs. OGD/R+pc DNA3.1.
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Figure 4. Forkhead Box O6 (FOXO6) is a transcription inactivator of C1q/TNF-related protein 3 (CTRP3); A. The potential binding sites be-
tween CTRP3 promoter and FOXO6 were predicted by JASPAR database; Reverse transcription-quantitative polymerase chain reaction 
(RT-qPCR) (B) and western blot (C) ascertained FOXO6 expression in human cardiac microvascular endothelial cells (HCMECs) with the ab-
sence or presence of oxygen and glucose hypoxia/reoxygenation (OGD/R) treatment; **p < 0.01, ***p < 0.001 vs. control. RT-qPCR (D) and 
western blot (E) analysis of the overexpression efficacy of Ov-FOXO6 plasmid; ***p < 0.001 vs. Ov-NC. Luciferase reporter assay verified the 
luciferase activity of CTRP3-WT and CTRP3-MUT (F); ***p < 0.001 vs. CTRP3+Ov-NC; Chromatin immunoprecipitation (ChIP) assay iden-
tified the abundance of CTRP3 promoter in FOXO6 antibody (G); ***p < 0.001 vs. IgG. RT-qPCR (H) and western blot (I) ascertained CTRP3 
expression in OGD/R-induced HCMECs co-transfected with pcDNA3.1-CTRP3 and Ov-FOXO6 plasmids; ***p < 0.001 vs. control; &&p < 0.01, 
&&&p < 0.001 vs. OGD/R + pcDNA3.1; #p < 0.05, ##p < 0.01 vs OGD/R + pcDNA3.1-CTRP3 + Ov-NC.
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Figure 5. Forkhead Box O6 (FOXO6) overexpression reverses the impacts of C1q/TNF-related protein 3 (CTRP3) on oxygen and glucose hy-
poxia/reoxygenation (OGD/R)-evoked human cardiac microvascular endothelial cells (HCMECs) proliferation and apoptosis. OGD/R-exposed 
HCMECs activity was judged via CCK-8 assay (A). Lactate dehydrogenase (LDH) production was examined with LDH assay kit (B). The apop-
totic ability of OGD/R-insulted HCMECs was evaluated by TUNEL assay (C, D). Western blot analysed the expression of apoptosis-associated 
factors (E); ***p < 0.001 vs. control; &&p < 0.01, &&&p < 0.001 vs. OGD/R+pcDNA3.1; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. OGD/ 
/R+pcDNA3.1-CTRP3+Ov-NC; Bcl-2 — B-cell lymphoma 2; Bax — BCL-2 associated X; Cyto-c — cytochrome c.
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transfected into CTRP3-overexpressed HCMECs with 
OGD/R induction and then functional experiments 
were conducted again. The results of CCK-8 assay re-
vealed that the stimulated viability of OGD/R-insulted 
HCMECs caused by CTRP3 was abrogated after FOXO6 
was overexpressed (Fig. 5A). Also, the impeded LDH 
release caused by CTRP3 elevation was abated again 
when FOXO6 was up-regulated (Fig. 5B). Conversely, 
as Figures 5C and D depicted, FOXO6 strengthened 
the weakened apoptotic capacity of OGD/R-exposed 
HCMECs caused by CTRP3. Besides, the enhanced Bcl-2 
protein level as well as declined Bax, cleaved caspase 3 
and cyto-C protein levels caused by CTRP3 were also re-
stored after upregulating FOXO6 (Fig. 5E). Additionally, 
CTRP3 led to decreased permeability of OGD/R-treated 

HCMECs, whereas this effect was reversed by Ov-FOXO6  
(Fig. 6A). Compared with OGD/R+pcDNA3.1 group, 
the higher expression of ZO-1 in OGD/R-exposed 
HCMECs transfected with pcDNA3.1-CTRP3 was di-
minished again after FOXO6 was overexpressed (Fig. 
6B). In the same way, FOXO6 up-regulation cut down 
CTRP3-stimulated protein levels of ZO-1, Occludin, 
VE-cadherin and Claudin-5 (Fig. 6C). Taken together, 
the suppressive role of CTRP3 in OGD/R-induced injury 
in HCMECs was counteracted by FOXO6. 

CTRP3 negatively regulated by FOXO6 
transcription factor activates SIRT1/Nrf2 signalling

Notably, western blot analysed that overexpres-
sion of CTRP3 increased the protein levels of SIRT1 

Con
tro

l

Con
tro

l

Con
tro

l

OGD/R

OGD/R

OGD/R

–

–

–

CTR
P3

CTR
P3

CTR
P3

CTRP3

CTRP3

CTRP3

OGD/R+pcDNA3.1

OGD/R+pcDNA3.1

OGD/R+pcDNA3.1

Ov-
NC

Ov-
NC

Ov-
NC

Ov-
FO

XO
6

Ov-
FO

XO
6

Ov-
FO

XO
6

A B

C

R
el

at
iv

e 
u

or
os

ce
nc

e 
in

te
ns

ity

R
el

at
iv

e 
ZO

-1
 

pr
ot

ei
n 

ex
pr

es
si

on
R

el
at

iv
e 

V
E-

ca
dh

er
in

 
pr

ot
ei

n 
ex

pr
es

si
on

0

0.

0.0

5

0.5

0.5

10

1.0

1.0

15

1.5

1.5

***

***

***

&&&

&&&

&&&

###

#

#

Con
tro

l

OGD/R –

CTR
P3

CTRP3

OGD/R+pcDNA3.1

Ov-
NC

Ov-
FO

XO
6

R
el

at
iv

e 
O

cc
lu

di
n 

pr
ot

ei
n 

ex
pr

es
si

on

0.0

0.5

1.0

1.5

***

&&&

#

Con
tro

l

OGD/R –

CTR
P3

CTRP3

OGD/R+pcDNA3.1

Ov-
NC

Ov-
FO

XO
6

R
el

at
iv

e 
C

la
ud

in
-5

pr
ot

ei
n 

ex
pr

es
si

on

0.0

0.5

1.0

1.5

***

&&&

#

M
er

ge
d

D
A

P
I

IF

Control OGD/R OGD/R+pcDNA3.1
OGD/R+pcDNA3.1

-CTRP3
OGD/R+pcDNA3.1

-CTRP3+Ov-NC
OGD/R+pcDNA3.1
-CTRP3+Ov-FOXO6

–

CTR
P3

CTRP3

OGD/R+pcDNA3.1

Con
tro

l

Ov-
NC

Ov-
FO

XO
6

OGD/R

VE-cadherin

Occludin

GAPDH

Claudin-5

ZO-1

Figure 6. Forkhead Box O6 (FOXO6) overexpression reverses the protective role of C1q/TNF-related protein 3 (CTRP3) in glucose hypoxia/ 
/reoxygenation (OGD/R)-evoked cardiac microvascular endothelial barrier dysfunction; A. In vitro permeability assay kit was to estimate the 
permeability of oxygen and OGD/R-insulted human cardiac microvascular endothelial cells (HCMECs); B. Immunofluorescence (IF) assay was 
to examine zonula occludens-1 (ZO-1) expression; C. Western blot tested ZO-1, Occludin, VE-cadherin and Claudin-5 expression;  
***p < 0.001 vs. control; &&&p < 0.001 vs. OGD/R+pcDNA3.1; #p < 0.05, ###p < 0.001 vs. OGD/R+pcDNA3.1-CTRP3+Ov-NC. 



135

Sanfu Zheng et al., Role of FOXO6 and CTRP3 in myocardial ischaemia

and nuclear Nrf2 but decreased the protein level of 
cytoplasmic Nrf2. However, the consequence was 
reversed when FOXO6 was up-regulated. Collectively, 
CTRP3 that mediated by FOXO6 silencing served as  
a transcription activator of SIRT1/Nrf2 signalling. 

DISCUSSION
Cardiac microvascular endothelial cells, an ele-

ment of coronary circulation microvessels, are some 
of the predominant cells prone to immediately suf-
fer damage after myocardial ischaemia injury [28]. 
Disruption of epithelial barriers that mediated by 
CMECs injury is considered as an initiating factor of 
CVD [17], even heart failure [4]. During the process 
of myocardial ischaemia injury, endothelial barrier 
injury is commonly characterized by autoregulatory 
dysfunction, eventually bringing about increased en-
dothelial permeability[27]. Hence, OGD/R was utilized 
in the present study to induce endothelial barrier 
breakdown model, aiming to explore the prolifera-
tion, apoptosis and permeability of HCMECs. 

In recent years, the impact of CTRP3 on car-
diac events has attracted much attention. CTRP3 
alleviates pressure overload induced cardiac hyper-
trophy by inhibiting the P38/CREB pathway and 
endoplasmic reticulum stress induced by P38 [41]. 
CTRP3 also relieves inflammation and endothelial 
dysfunction in atherosclerosis [2]. Melatonin alle-
viates obesity-induced myocardial oxidative stress 
and apoptosis by promoting the secretion of CTRP3 
in adipose tissue, while the loss of CTRP3 largely 
eliminates melatonin-mediated cardiac protection 
[22]. However, the effect of CTRP3 on HCMECs in 
myocardial ischaemia has not been reported so far. 

In our experiment, it was found that the expression 
of CTRP3 in OGD/R-induced HCMECs decreased sig-
nificantly, and the overexpression of CTRP3 could 
significantly improve the activity of OGD/R-induced 
HCMECs and inhibit cell apoptosis. The knockdown 
of endothelial barrier can be attributed to the al-
tered cell junction protein levels; meanwhile, the 
unique property of tight junction in HCMECs is of 
great significance in controlling permeability [10]. As 
important mediators of endothelial adherence junc-
tion, the expressions of ZO-1, Occludin, VE-cadherin 
and Claudin-5 were also examined here. It was ob-
served that OGD/R exposure led to decreased ZO-1,  
Occludin, VE-cadherin and Claudin-5 expressions, 
which were subsequently raised by overexpression 
of CTRP3. 

JASPAR database and mechanism assays in this 
study predicted and verified the binding of FOXO6 
to CTRP3 promoter. FOXO family transcription factors 
can affect microvascular endothelial cells, induce 
oxidative stress response pathways, and thus par-
ticipate in cell injury and apoptosis [26]. FOXO6 is  
a member of the FOXO family. Previous study showed 
that FOXO6 contributes to hypoxia-exposed cardio-
myocyte apoptosis and oxidative stress [14]. There-
fore, we have reason to guess that FOXO6 can tran-
scriptionally regulate CTRP3 and thus regulate the 
function of HCMECs. Our data suggested that FOXO6 
was up-regulated in OGD/R-treated HCMECs. More-
over, the elevation of CTRP3 in CTRP3-overexpressed 
HCMECs following OGD/R injury was cut down after 
overexpressing FOXO6, implying that CTRP3 was tran-
scriptionally inhibited by FOXO6. Further, functional 
experiments corroborated that the impacts of CTRP3 

Figure 7. C1q/TNF-related protein 3 (CTRP3) negatively regulated by Forkhead Box O6 (FOXO6) transcription factor activates silent informa-
tion regulator 2 homolog 1/nuclear factor E2-related factor (SIRT1/Nrf2) signalling. Western blot tested cytoplasmic Nrf2, nuclear Nrf2 and 
SIRT1 expression; ***p < 0.001 vs. control; &&p < 0.01, &&&p < 0.001 vs. OGD/R+pcDNA3.1; #p < 0.05, ###p < 0.001 vs. OGD/R+pcD-
NA3.1-CTRP3+Ov-NC.
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on the viability, apoptosis, permeability and tight 
junction of HCMECs upon exposure to OGD/R treat-
ment were all reversed by overexpression of FOXO6.

Increasing previous studies have supported that 
the activation of SIRT1/Nrf2 signalling protects against 
myocardial ischaemia injury mainly through the reg-
ulation of apoptosis, inflammation, oxidative stress 
and endoplasmic reticulum stress [21, 35]. SIRT1/Nrf2 
signalling mitigates intestinal barrier injury [39]. And 
targeting SIRT1 can inhibit apoptosis of rat retinal 
vascular endothelial cells and improve blood retinal 
vascular barrier permeability [13]. Moreover, FOXO6 
contributes to hypoxia-exposed cardiomyocyte apop-
tosis and oxidative stress via inactivating Nrf2 [14]. 
CTRP3 inhibits OGD/R-induced hippocampal neuron 
injury through SIRT1 signalling pathway [8]. CTRP3 
can protect against doxorubicin-induced cardiac dys-
function, inflammation and cell death via activation 
of SIRT1 [40]. However, in HCMECs of myocardial 
ischaemia, the regulation of FOXO6 transcription-
al regulation of CTRP3 on SIRT1/Nrf2 has not been 
reported. Our study proved that OGD/R exposure 
down-regulated SIRT1 and nuclear Nrf2 protein lev-
els but up-regulated cytoplasmic Nrf2 protein level. 
Meanwhile, in OGD/R-treated HCMECs, the stimulated 
SIRT1 expression and Nrf2 nuclear translocation im-
posed by CTRP3 were restored by FOXO6.

Limitations of the study

This article also has some limitations. The response 
of HCMECs to inflammatory response has not been 
covered and in vivo models of myocardial ischaemia 
induced by coronary ligation in mice also require 
further study. The research on the role of SIRT1/Nrf2 
pathway in downstream pathway of CTRP3 is not in-
depth enough. In future experiments, we will further 
explore the mechanism by adding SIRT1/Nrf2 pathway 
inhibitors or pathway activators. 

CONCLUSIONS
In conclusion, CTRP3 was inhibited by FOXO6 tran-

scription factor at posttranscriptional level. CTRP3 re-
lieved OGD/R-evoked cardiac microvascular endothe-
lial barrier disruption through activating SIRT1/Nrf2 
signalling. This finding might provide a theoretical 
basis for the pathogenesis of myocardial ischaemia 
and provide substantial evidence for the efficacy of 
novel targeted therapy based on CTRP3-mediated 
molecular mechanism. At the same time, accumulat-
ing evidence has elucidated that endothelial barrier 

dysfunction is associated with inflammatory response 
and clinical outcomes [31].
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Background: A wealth of research suggests that taller individuals are healthier 
and live longer than their shorter counterparts, although conflicting results have 
been reported. This study aims to investigate whether taller individuals in Poland 
exhibit greater longevity compared to their shorter counterparts.
Materials and methods: Data on declared height were collected from 848,860 
adults who died in the years 2004–2008 in Poland. To eliminate the cohort effects, 
Z-values were computed. Pearson’s correlation coefficients were calculated inde-
pendently for males and females. Subsequently, one way ANOVA was performed.
Results: The correlation between adult height and longevity was negative and 
statistically significant in both men and women. After eliminating the effects of 
secular trends in height, the correlation was very weak (r = –0.0044 in men and 
r = –0.0038 in women) but significant (p = 0.023 and p = 0.022, respectively). 
Conclusions: Despite the significant correlation observed between the two 
variables, it should be noted that the relationship between height and longevity 
is very weak and tenuous. Overall, these results do not support the hypothesis 
that taller individuals have a longevity advantage. Further research is warranted 
to identify the underlying biological mechanisms driving this phenomenon as 
well as to explore additional variables affecting human longevity. (Folia Morphol 
2024; 83, 1: 139–145)

Keywords: adult height, body height, lifespan, longevity, stature, 
survival

INTRODUCTION
Human body height is a polygenic trait that is 

controlled by several genomic loci [35]. Stature is 
also one of the most conspicuous morphological 
traits that has important ecological and social conse-
quences [17]. Historically, taller individuals were more 
privileged as they were the richest people who had 
significantly more resources to address own demands 

and who were able to lead a healthy lifestyle [12]. An 
abundance of studies have reported that body height 
correlates positively with educational attainment, 
socioeconomic status (SES), income, wealth, repro-
ductive success, overall health and survival [4, 19, 
25–27]. However, these links are often complex and 
may be obscured by various interactions. For exam-
ple, women prefer taller men but men prefer shorter 
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women [25, 30, 31]. In general, body height and 
cardiovascular disease (CVD) mortality are inversely 
correlated [11]. Nonetheless, not all researchers agree 
that shorter people are more susceptible to CVD as 
individuals of similar body proportions, body mass 
index (BMI), educational attainment and SES should 
be compared with each other [29]. 

Several studies have revealed that taller people 
are healthier and have a longevity advantage over 
their shorter counterparts [11, 12, 15, 24, 26]. It is 
generally accepted that taller stature reflects better 
childhood nutrition and better environment and as 
such can be used as a genuine indicator of the health 
status and disease exposure in historical populations 
[11]. Furthermore, the hypothesis that taller individu-
als are healthier and live longer is widespread among 
physicians and anthropologists. This is because these 
early studies have long been interpreted as indicat-
ing that taller individuals have lower mortality rates 
and live longer. Nevertheless, the relationship be-
tween adult stature and longevity, which has recent-
ly been studied more intensively, remains unclear. 
For instance, compelling data from animal studies 
show that greater body size correlates with shorter 
lifespan within, but not between, mammalian species 
[1, 2, 6, 21]. Interestingly, recent findings indicate 
that greater body size, but especially body weight 
and BMI, is costly in terms of longevity, and smaller 
individuals outlive those that are larger. Moreover,  
a similar relationship has been shown in studies of 
various human populations [1, 2, 9, 13, 28, 29]. The 
aim of the current study is to explore the relationship 
between adult height and longevity in adults who 
died between 2004 and 2008 in Poland.

MATERIAL AND METHODS
For the purpose of the study, we collected data 

on all adult deaths in the years 2004–2008 in Poland 
from the national archives at the Ministry of the Inte-
rior and Administration in Warsaw. In total, records 
from 848,860 individuals, including 483,512 (57%) 
men and 365,348 (43%) women, were available. 
These data derive from two sources: (1) signalments 
in the census obtained from identity card offices 
(body height declared on the identity card) and (2) 
the Universal Electronic System for Registration of 
the Population ‘PESEL’ (sex and dates of birth and 
death). 

The collected data have a number of advantages. 
Firstly, the sample is very large and representative for 

the whole population. It is generally agreed that the 
collection of large samples is a sine qua non prereq-
uisite. Secondly, the study sample involves typical 
causes of death. Numerous studies were confined 
to the data that were derived from small geographic 
areas, e.g. a given city or district, obtained in a short  
period of time or from individuals who died of  
a specific disease, e.g. CVD or cancer. Although this 
approach is justified for practical reasons, this can 
be precarious. Our data are based on reliable docu-
ments, i.e. death certificates, which were issued by 
the authorities. Although it is true that respondents 
often overestimate their height, these effects are 
significant when people advertise for dating, and not 
when they provide information on their stature for 
legal or official purposes [16, 23]. Thus, it should be 
emphasised that the use of declared height instead 
of measured height is acceptable. 

The normality of distribution was tested with the 
goodness-of-fit test χ2 as well as coefficients of asym-
metry (As) and kurtosis (K). Student’s t-test and one-
way analysis of variance (ANOVA) were performed. 
In this study, we use a statistical approach that takes 
into account the effects of secular changes in height. 
In order to control the cohort effect, the Z-value, i.e. 
standard deviation (SD)-normalized difference from 
the arithmetic mean of each individual, was calculat-
ed for the body height of each individual, according to 
the formula: Z = (actual height – mean height) ∕ SD. 
Subsequently, Pearson’s r coefficients of correlation 
were calculated separately for both sexes. 

RESULTS
The distributions for height and lifespan in men 

and women did not differ from the normal distribu-
tion. Men were taller than women (arithmetic mean ± 
SD, 171.6 ± 6.6 cm and 159.6 ± 6.2 cm, respectively, 
t-test, p < 0.001) and they had a lower age at death 
(67.9 ± 13.8 years and 75.0 ± 12.7 years, respectively, 
t-test, p < 0.001). For individuals who died at the age 
of 50 years and above, these results were as follows: 
171.1 ± 6.4 cm and 71.1 ± 10.8 years for men and 
159.4 ± 6.1 cm and 76.5 ± 10.8 years for women, all 
differences were statistically significant (p < 0.001).

The analysis revealed that taller individuals had 
shorter lifespans compared with their shorter peers 
(Table 1). In individuals who lived for at least 50 years, 
longevity was inversely correlated with adult height in 
men (r = –0.27, p < 0.001) and women (r = –0.25, 
p < 0.001). For both sexes, the longest lifespan was 
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found for individuals born in December, and the 
shortest for those born in May. The amplitude of 
lifespan resulting from the month of birth effect was 
16 months in men and 14 months in women. In the 
oldest old, i.e. people aged 85 years and above, there 
was an inverse relationship between body height and 
longevity (Figs. 1, 2).

When body height was plotted against lifespan, 
it turned out that smaller individuals, in general, had 
a longevity advantage. However, all of these effects 
waned after the calculation of the Z-values (Figs. 3, 4),  
when the influences of secular changes in body 
height were eliminated in the whole study sample. 
The coefficients of correlation were extremely low, i.e.  
r = –0.0044 for men and r = –0.0038 for women, 
but statistically significant (p = 0.023 and p = 0.022, 
respectively). 

Table 1. Body height (arithmetic mean ± standard deviation 
[SD], in cm) in adults who died at a given age in the years 
2004–2008 in Poland

Age at death Men Women 

N Mean SD N Mean SD

50 12305 174.3 6.5 4312 162.1 5.7

55 171622 173.4 6.3 7373 161.7 5.8

60 19335 172.5 6.1 9181 161.6 5.5

65 18301 171.6 6.1 9447 161.0 5.7

70 25826 171.0 6.0 14903 160.3 5.6

75 30493 170.5 6.1 22658 159.8 5.9

80 27263 170.0 6.3 29103 159.1 6.0

85 17186 169.5 6.6 25836 158.5 6.1

90 5443 168.7 6.8 10983 157.3 6.2

95 2266 167.5 6.9 6009 156.5 6.4

100 261 167.0 6.9 820 155.3 6.3
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Figure 1. The relationship between actual height and longevity in men aged 85 and above (N = 39,191).

Figure 2. The relationship between actual height and longevity in women aged 85 and above (N = 75,405).
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DISCUSSION
This research has revealed an inverse relationship 

between adult height and lifespan in both sexes, 
which is in agreement with several studies [9, 13, 
28, 29, 32, 33]. Given that taller people have bet-
ter nutrition and higher SES, including income and 
wealth [4, 19, 25–27], these findings convincingly 
demonstrate that taller stature is not associated 
with enhanced longevity in the studied population. 
Contrary to the popular belief that tallness is linked 
to better health and survival, these results strongly 
suggest that shorter people can outlive their taller 
counterparts. There are, however, both theoretical 
and empirical reasons for doubting that the observed 
relationship between stature and longevity is direct 
or causal. Probably, stature is just not a good pre-
dictor of longevity, and there are many other factors 
and processes at play.  

It has been established that adult height repre-
sents the interactive effects of many processes [3], 
including the influences of genetic, epigenetic, nutri-
tional, psychological, ecological and lifestyle-related 
factors such as pathogens, parasites, stress level, 
amount of sleep, diseases or disorders (Fig. 5). It 
should be remembered that not only environmental 
and lifestyle-related factors, such as an unhealthy diet 
and malnutrition, but also genetic disorders, such 
as Down syndrome, Russel-Silver syndrome, Noonan 
syndrome, Turner syndrome, Prader-Willi syndrome, 
dwarfism due to achondroplasia and other causes, as 
well as metabolic and developmental problems, such 
as diabetes, Cushing’s syndrome, growth hormone 
deficiencies, renal dysfunctions, heart failure etc., can 
result in short stature.

Beard and Blaser [3] argued that infectious diseas-
es in childhood can negatively affect adult stature. 

Figure 4. The relationship between normalised height and longevity in women (N = 365,348).
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Figure 3. The relationship between normalised height and longevity in men (N = 483,512).
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Indeed, numerous studies have shown that children 
who suffered from diarrhoea and dehydration were 
significantly shorter as adults than those children who 
did not have these problems. For example, a study 
by Martorell and associates [20] demonstrated that 
in Guatemala children relatively free from diarrhoea 
during the first seven years of life would be around 
4 cm taller than children more frequently ill with 
diarrhoea. Interestingly, it has been estimated that 
each episode of diarrhoea in childhood is associated 
with a decrease in adult height by roughly 0.6 cm 
[5]. Furthermore, several other studies confirm the 
hypothesis that infectious diseases in the first years 
of life are important factors affecting adult stature. 
Clinical observations suggest that other medical prob-
lems and conditions, such as chronic granulomatous 
disease, can also result in diminished final height.

Interestingly, taller stature might be associated with 
increased risk of cancer at different anatomic sites [14, 
22, 28, 32, 34], even though it is unclear why taller 
and stouter people are more likely to develop cancer. 
However, tentative explanations can be offered. For ex-
ample, taller and stockier individuals have significantly 
more cells in the body as opposed to their smaller and 
slimmer counterparts. It has recently been suggested 
that the sheer number of cells in the body can predict 
the relation between body size and cancer with no 
need to suggest additional factors [22]. Although cells 
are constantly repairing and maintaining themselves 
via the intake of energy from food, individuals within 
the same species that have a considerable amount of 
extra cells are more prone to DNA damage and cancer. 
This is because more cells in the body increase the risk 
factor for DNA damage and somatic mutations. Fur-
thermore, an organism that accumulates extra senes-
cent cells, a situation that can occur in those organisms 
that produce more cells and need more new cells to 

replace older ones, is more likely to reach higher levels 
of chronic low-grade systemic inflammation, which is 
detrimental to health and survival [8, 10]. It should be 
remembered that biological factors related to greater 
height, such as hormonal and genetic influences, can 
directly stimulate cancer development and progression. 
It is well known that growth is physiologically costly, 
and smaller individuals within mammalian species tend 
to have lower mortality rates. For example, dogs, cows, 
horses and mice have been studied for years, and small-
er individuals live longer [1, 2, 6, 21]. The data showing 
that smaller individuals outlive their larger counter-
parts suggest a role of biological factors (Table 2).  
Interestingly, animal studies indicate that caloric re-
striction reduces body size and extends lifespan. Ad-
ditionally, several studies have demonstrated that tall 
people are less likely to reach advanced ages [7, 9, 13, 
28, 29, 32–34].

However, several confounders, such as BMI, soma-
totypes, SES, educational attainment, smoking, health 
care etc., may influence the relationship between 
body height and longevity. Furthermore, it can be 
argued that adjusting for risk factors is a crude and 
inexact process. In addition, poor medical care can 
also affect results. Another confounder is that in up-
per economic classes, those who have spent their lives 
in the upper class are taller and have lower mortality 
rates than upper class individuals who were born in 
lower classes and worked up to the upper class. For 
example, a number of insurance studies have reported 
that taller men had lower mortality rates than their 
shorter counterparts. According to Samaras [29], 
body height is an index for greater body weight and 
thus BMI. Although taller and slimmer individuals 
can live longer than shorter and overweight people, 
greater body weight and BMI are related to increased 
mortality and morbidity.

Figure 5. A constellation of factors that affect growth and development and are crucial for adult stature in humans.
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Limitations of the study

This study has limitations that should be acknowl-
edged. Firstly, only declared body height was used. 
Secondly, the analysis did not consider potentially 
significant confounding factors, such as BMI, SES, 
educational attainment etc., as these data were not 
available. However, the relationship between adult 
height and longevity can be established based on 
the study sample used for the analysis. It should be 
stressed that shorter individuals score worse in terms 
of SES, income and wealth, and since taller individ-
uals score better, the finding that taller individuals 
do not live longer than their shorter counterparts is 
even more intriguing.

CONCLUSIONS
On balance, these results do not confirm the view 

that taller people live longer. The inverse relationship 
between height and longevity was reported for both 
sexes. After allowing for secular trends in stature, 
these effects waned but remained statistically sig-
nificant, thereby suggesting that longevity favours 
smaller individuals in the studied population. 
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Background: A debate exists on whether the size of temporal bone pneumatiza-
tion is a cause or consequence of otitis media (a global disease burden). However, 
a normal middle-ear mucosa is a prerequisite for normal temporal bone pneuma-
tization. This study investigated the size of temporal bone pneumatization with 
age and the normal distribution of air cell volume in different stages of human 
growth postnatally. 
Materials and methods: A three-dimensional computer-based volumetric-render-
ing technique was performed bilaterally on 248 head/brain and internal acoustic 
meatus computed tomography images of slice thickness ≤ 0.6 mm consisting of 
133 males and 115 females with age range 0–35 years. 
Results: The average volume of infant (0–2 years) pneumatization was 1920 mm3 
with an expected rapid increase to about 4510 mm3 in childhood (6–9 years).  
The result also showed a significant increase (p < 0.001) in the volume of air cells 
up to the young adult stage I (19–25 years), followed by a significant decline in 
young adult stage II (26–35 years). However, the females were observed to expe-
rience an earlier increase than males. Also, population differences were observed 
as the Black South African population group showed a higher increase in volume 
with age than the White and Indian South African population groups, though 
the volumes of the latter increased up to young adult stage II. 
Conclusions: This study concludes that the pneumatization of a healthy tempo-
ral bone is expected to continue a linear increase up until at least adult stage I. 
Termination of temporal bone pneumatization in an individual before this stage 
could signify pathologic involvement of the middle ear during childhood. (Folia 
Morphol 2024; 83, 1: 146–156)
Keywords: pneumatization, temporal bone, air cells, three-dimensional
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INTRODUCTION
Since the interest of science in the temporal bone 

and ear dating back to ‘Hippocrates’ (460 B.C.), stud-
ies regarding the development of temporal bone 
pneumatization or the size of air cells with age remain 
minimal [1, 15, 45]. Embryologically, the temporal 
bone pneumatization or air cell system begins be-
tween the 22nd and 24th week of intrauterine life, as 
the mastoid antrum (the only visible cell) begins to 
develop during this period [15, 45]. During late foetal 
life or at birth, the mastoid antrum (the large central 
air cell) is fully developed, either pneumatized or 
filled with embryonic connective tissue [8, 15]. After 
birth, temporal bone air cells become readily visible as 
hollowed-out spaces lined by flattened, non-ciliated 
squamous epithelium [27, 38, 40]. As postnatal devel-
opment and growth continue, these air cells exhibit 
variability in size and extent, communicating with 
the middle ear via the mastoid antrum and the adi-
tus ad antrum and extending variably to the petrous 
apex and around the inner ear [24, 39, 45]. However,  
a gradual reduction in air cells is expected throughout 
life as the individual continues growing older [48].

Although the prevalence of minimal pneumatiza-
tion of temporal bones in connection with chronic 
inflammatory middle-ear disease is well known, con-
troversy about the relationship between temporal 
bone pneumatization and chronic middle-ear disease 
still exists [12, 25, 42]. A common infection to the 
middle ear is otitis media (OM) which still exists as one 
of the global burdens of diseases and a predisposing 
factor to hearing loss with increasing prevalence in 
sub-Saharan Africa with South Africa inclusive [11, 
31, 41, 46]. More so, studies in South Africa revealed 
an 8.2% prevalence rate of OM among children [9, 
13, 32]. Recent studies have shown an increased inci-
dence rate of OM among younger and older children, 
with 31.4% and 16.7% prevalence, respectively [6, 
34]. It was also recorded as the major significant risk 
factor for the high prevalence of hearing loss (up to 
19.88%) [20, 28].

Much as genetically determined hypo-cellularity 
predisposes to acute and chronic otitis, the concrete 
fact remains that a normal middle-ear mucosa is  
a prerequisite for normal pneumatization, which may 
be hampered throughout childhood by inflammation, 
infection, and poor tubal function [12, 25, 42]. An-
other substantiated fact is that the onset of middle- 
-ear infection such as OM has been linked to the 
development of the temporal bone pneumatization 

and air cell system, which in turn tends to affect the 
size of the air cells with age [3, 25]. Evidence has 
demonstrated that a temporal bone pneumatization 
with larger air cells tends to improve functional results 
after surgery (e.g. mastoidectomy) than one with 
smaller air cells [25, 30]. Among major theories, the 
hereditary theory explains the factors determining an 
individual pneumatization. However, the normal size 
of air cells and growth rate within a population should 
not be disregarded since there is an established link 
between OM and the size of pneumatization. On this 
account, there is a paucity of information on the nor-
mal size of the air cells and growth rate concerning  
a particular population, especially in sub-Saharan 
Africa and South Africa.

Several reports have utilized different techniques 
to measure the size of the temporal bone or mas-
toid pneumatization quantitatively. These techniques 
include the water-weight, acoustic and pressurized 
transducer [2, 30]. Following the development of 
radiological tools, more accurate and easier methods 
have been developed and mostly employed in meas-
uring the size of temporal bone pneumatization in 
area or volume.

Various studies have been identified to utilize 
different radiological tools in evaluating the size of 
temporal bone pneumatization with age [4, 7, 12, 
15, 18, 21, 27, 35, 37]. These studies, however, have 
revealed changes in the size of air cells with age 
and discrepancies in growth rates. These reported 
discrepancies may be due to different methods or 
techniques used and the differences in age, sex, and 
population groups of the study populations, with the 
highest growth rate reported to be around the third 
decade of life among the Korean population [27] 
and age-related changes (beginning from infants; 
0–2 years) in the bony organization of pneumatized 
spaces in various regions of the temporal bone re-
ported in Missouri, Columbia [15].

Although both areas (2D sizes) and volumes (3D 
sizes) were used to measure the size of air cells in 
these studies, volumetric analysis, which likely gives 
the foremost comprehensive insight to appreciate 
the air cells estimate, was limited to 3 studies [15, 
18, 27]. In addition, the slice thickness of computed 
tomography (CT) images used in those studies ranges 
between 1 mm to 2.5 mm. Precision in quantifying 
air cells requires very thin slices of about 0.6 mm 
and below, which brings about the limitations of 
these studies.



148

Folia Morphol., 2024, Vol. 83, No. 1

The present study focuses on the CT images of slice 
thickness ≤ 0.6 mm for precision in volumetric quanti-
fication of air cells utilizing a 3D computer-based vol-
ume rendering technique arriving at a more accurate 
volume as possible to achieve a normal distribution 
of air cells with age as well as the growth rate in 
other to ascertain the development of temporal bone 
pneumatization from early childhood to adulthood. 
In addition, this study also considered sex, laterality, 
and population groupings.

MATERIALS AND METHODS
Study design and population

Following ethical approval obtained from 
the University of KwaZulu-Natal Biomedical Re-
search Ethics Committee (Protocol Ref. No.: 
BREC/00002263/2020) and ethical clearance ob-
tained from the National Health Research Com-
mittee of the Kwazulu-Natal Department of Health 
(NHRD Ref.: KZ_202102_026), 248 head and neck/ 
/brain and internal acoustic meatus (IAM) CT images 
of South African patients (133 males, 115 females) 
from the radiology departments of public hospitals 
in Durban and Pietermaritzburg, Kwazulu-Natal, 
South Africa were retrospectively retrieved, re-
viewed and analysed bilaterally (giving a total of 
496) from January 2011 to August 2021. These CT 
scans were selected because they meet the inclusion 
criteria, which are as follows; a) scans of patients be-
tween the age range 0–35 years; b) high-resolution 
multidetector CT images acquired with ≤ 0.6 mm  
collimation; c) images without observable signs of 
abnormal pathological processes in the temporal 
bone or compatible with chronic otitis and/or mas-
toiditis on CT; d) images of patients with no history 
of middle ear infection such as OM and any other 

pathology (by reviewing patients’ medical history), 
and e) absence of bony destruction, fluid, or mass 
in any of the temporal bone air spaces.

The age range of 0 to 35 years was further con-
veniently subdivided into seven levels: 0–2 (infant); 
3–5 (young child); 6–9 (middle child); 10–14 (ear-
ly adolescent); 15–18 (middle adolescent); 19–25 
(young adult stage I); 26–35 (young adult stage II). 
Age categorization was similar to that reported by 
Hill [15]: according to age-related changes in the 
bony organization of pneumatized spaces in various 
regions of the temporal bone. The distribution of 
patients in the age categorization used for this study 
is presented in Table 1.

The South African population groups included in 
this study were as follows; Black South African (202; 
81.4%), Indian South African (28; 11.3%), and White 
South Africans (18; 7.3%) (Table 1). (Note: Generally, 
of the South African population, Black South Africans 
make up about 79.8%, White South Africans make 
up about 8.7%, while Asian/Indians make up about 
2.5%) [22, 26].

Imaging protocol

The head and neck, and IAM CT images were 
taken using a multi-detector row computed tomog-
raphy (MDCT) scanner (GE Revolution Evo 64 slice, 
128 configuration, Milwaukee, Wisconsin, USA). The 
axial view was reconstructed parallel to the orbi-
to-meatal line using a slice thickness of 0.625 mm, 
detector coverage of 20 mm, and a PITCH of 0.5. The 
scan was performed using 140 kV and modulated 
mAs ranging between 280–400 mA with 30% dose 
reduction and ASIR-V application in a bony algorithm 
with a window width of > 3000 hU and a window 
centre of 500 hU.

Table 1. Distribution of patients according to age groupings, sex and population groups

Age 
group-
ings
[years]

Overall
(n = 248)

Black South African
(n = 202)

Indian South African
(n = 28)

White South African
(n = 18)

Male Female Total Male Female Total Male Female Total Male Female Total

0–2 12 10 22 10 8 18 1 1 2 1 1 2

3–5 11 13 24 8 12 20 2 0 2 1 1 2

6–9 22 15 37 18 12 30 1 3 4 2 1 3

10–14 39 14 53 34 12 46 3 1 4 2 1 3

15–18 10 16 26 9 13 22 1 1 2 0 2 2

19–25 14 22 36 11 19 30 1 2 3 2 1 3

26–35 25 25 50 16 20 36 7 4 11 2 1 3
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Calculation of 3D volume of air cells 
of the temporal bone

Continuous non-overlapping temporal bone CT 
scans with acquisition parameters of ≤ 0.6 mm slice 
thickness, 140 kV, and modulated mAs ranging be-
tween 280–400 mA were used for this study. The 
DICOM images stored in the PACS of these hospitals 
were transferred to a Workstation running Intelli-
Space Portal (ISP) Version 11.1 (Philips Image and 
Information Management software, Nederland).

With a surface rendering algorithm of lowest limit 
window level of –1,024 hU and uppermost limit win-
dow level of –318 hU, the clip and 3D segmentation 
process were used to achieve 3D reconstruction and 
the volume of air cells of each temporal bone. The ax-
ial image was double-clicked in other to be enlarged. 
Next, 3D models were created using a smart segmen-
tation process. The IntelliSpace Portal (ISP) Version 
11.1 then provided a calculator that automatically 
calculates the volume of each 3D reconstructed tem-
poral bone pneumatization from the mastoid process 
to the petrous apex, including the middle ear (Fig. 1).

Inter-observer reliability testing

The accuracy and repeatability of the volume cal-
culation were determined by using 50 randomly se-
lected temporal bone CT scans independently by two 
authors, and a third observer (Specialist Radiologist) 
verified the volumetric calculation for inter-observer 
reliability.

Statistical analysis

The statistical data analysis was conducted in R 
Statistical computing software of the R Core Team, 
2020, version 3.6.3, and presented in the form of 
descriptive and inferential statistics. The continuous 
variables were non-normal and were presented in 
median (interquartile ranges). The median differences 
were assessed using Wilcoxon for two groups. The 
median differences across at least three categorical 
variable levels (in the case of population group) were 
assessed with the aid of Kruskal-Wallis. In the case 
of significant median difference, post-hoc tests were 
conducted using the Dunn test. All the inferential 
statistical analysis tests were conducted at 5% sig-
nificance levels.

RESULTS
Data from 496 HRCT temporal bones (right and 

left side) of 248 patients’ scans were presented as the 

median and interquartile range (IQR). The intraclass 
correlation was 89% for volumetric calculation for 
inter-observer reliability testing.

Average volume (mm3) of temporal bone 
pneumatization according to laterality, sex, 
and population group

The average volume of temporal bone pneuma-
tization in this study population was 8300 mm3 (in-
terquartile range of 4100–12200 mm3). The result 
presented in Table 2 showed no significant difference 
in the average volume of temporal bone pneumatiza-
tion as regards laterality (p = 0.719), sex (p = 0.363), 
and population group (p = 0.416) using Ranksum 
and Kruskal-Wallis tests.

The volume of temporal bone pneumatization 
with age

From early childhood to adulthood, the average 
volumes of temporal bone pneumatization of infants 
(0–2 years), children (3–9 years), adolescents (10–18 
years), and adults (19–35 years) were 1920 mm3, 6005 
mm3, 11750 mm3, and 11550 mm3, respectively. In 
general, the Kruskal-Wallis test showed a significant 
difference (p < 0.001) in the volume of temporal bone 
pneumatization between age groups (Table 3), with  
a linear and rapid increase at an average of 2400 mm3 
between age groups up to 19–25 years followed by 
a decrease (Fig. 2). However, the volume of temporal 
bone pneumatization was higher on the right side, 
as shown in Figure 2.

The volume of temporal bone pneumatization 
with age concerning sex

The Kruskal-Wallis test showed a significant dif-
ference (p < 0.001) in the volume of temporal bone 
pneumatization with age groups in males and fe-
males. In the distribution of the volume of air cells 
with age, a decrease in pneumatization was also 
observed after the age group 19–25 years, but the 
females showed a more rapid increase in pneumati-
zation of the temporal bone earlier (6–9 years) than 
males (Table 4). However, pneumatization in males 
was observed to follow a rapid linear growth between 
the age groups 10–14 years and 19–25 years (Fig. 3).

The volume of temporal bone pneumatization 
with age concerning population groups 

The Kruskal-Wallis test showed a significant dif-
ference (p < 0.001) in the volume of temporal bone 
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Figure 1. Three-dimensional using computer-based volume rendering reconstruction technique. Pneumatization of the right temporal bone com-
posing the middle ear, petrous, and mastoid air cells with a volume of 8.7 cc (cubic centimetre) (Conversion to cubic millimetres = 8700 mm3).
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pneumatization with age groups among the Black 
South African population. Still, it showed no sig-
nificant difference in the volume of temporal bone 
pneumatization with age groups among the Indians 
and Whites with p = 0.053 and p = 0.058, respec-
tively (Table 5). In the distribution of the volume of 
air cells with age, a rapid linear increase in the vol-
ume of air cells was observed among South African 
Blacks from 0–2 years up to 19–25 years, afterward 

a decline. However, a slow increase in air cell volume 
was observed in the Indian and White population 
from 3–5 years, continuing up to 26–35 years (Fig. 4).

DISCUSSION
The interest in the size of temporal bone pneuma-

tization and its importance arose from the association 
between mastoid air cells and OM either as a cause 
or a consequence. Concerning human development 

Table 2. Average volume (mm3) of temporal bone pneumatization according to laterality, sex, and population group 

Laterality Sex Population group

Left
Median (IQR)

Right
Median (IQR)

L vs. R Male
Median (IQR)

Female
Median (IQR)

M vs. F SA Black
Median (IQR)

Indian
Median (IQR)

White
Median (IQR)

B vs. I 
vs. W

7830 mm3

(3860–12200)
8500 mm3

(4210–12200)
P = 
0.719

8510 mm3

(4340–12100)
8900 mm3

(4550–12700)
P = 
0.363

7580 mm3

(4010–12200)
9400 mm3

(4400–10800)
9900 mm3

(3060–10900)
P = 
0.416

L — left; R — right; M — male; F— female; SA — South African; B — black; I — Indian; W — white; IQR — interquartile range
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Figure 2. Distribution of volumes of temporal bone pneumatization of left and right sides according to human stages of development. 

Table 3. Median volumes (mm3) and interquartile range of temporal bone pneumatization according to age groups of human stages of 
development (overall and laterality)

Laterality Age groups [years] P-value

0–2
(n = 22)

3–5
(n = 24)

6–9
(n = 37)

10–14
(n = 53)

15–18
(n = 26)

19–25
(n = 36)

26–35
(n = 50)

Left [mm3]
Median (IQR) 

1680
(1510–2910)

4880
(4990–9190)

6750
(4990–9190)

10300
(7000–11800)

13000
(9360–18600)

14100 
(8230–14500)

9840
(3810–14500)

< 0.001*

Right [mm3]
Median (IQR) 

1950 
(1450–2400)

4330
(3910–5450)

7600
(5300–8790)

10700
(7090–12400)

12800
(8120–15000)

15300
(11100– 
–18900)

8800
(4750–12400)

< 0.001*

Both sides [mm3]
(average)
Median (IQR) 

1920
(1450–2450)

4510
(4010–5450)

7500
(5080–8840)

10500
(6950–12100)

13000
(9420–18900)

14000
(7970–15000)

9100
(4240– 

–113900)

< 0.001*

IQR — interquartile range
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and growth, Virapongse et al. [45] described changes 
in the size of temporal bone pneumatization to occur 
in three stages: “the infantile stage — occurring from 

birth to two years of age (air cells begin to appear 
and are readily visible by two years); transitional stage 
— from two to five years (squamomastoid/mastoid 
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Figure 3. Distribution of volumes of temporal bone pneumatization of males and females according to human stages of development.

Table 4. Median volume (mm3) and interquartile range of temporal bone pneumatization of males and females according to age groups 
of human stages of development

Male

Age range 
[years]

0–2
(n = 12)

3–5
(n = 11)

6–9
(n = 22)

10–14
(n = 39)

15–18
(n = 10)

19–25
(n = 14)

26–35
(n = 25)

P-value

Volume [mm3]
Median (IQR) 

1940 
(1410–2480)

4320
(3550–4880)

5570
(3920–8300)

10600
(6930–12000)

13600
(10800–14100)

16700
(8830–20800)

9700
(5800–16100)

< 0.001*

Female

Age range 
[years]

0–2
(n = 10)

3–5
(n = 13)

(6–9
(n = 15)

10–14
(n = 14)

15–18
(n = 16)

19–25
(n = 22)

26–35
(n = 25)

P-value

Volume [mm3]
Median (IQR) 

1920
(1510–2450)

5230
(4170–5800)

8100
(6650–9880)

11500
(7300–12500)

13000
(10900–17100)

15000
(7900–15100)

9100
(3880–12300)

< 0.001*

Figure 4. Distribution of volumes of temporal bone pneumatization of Black South Africans, South African Indians, and White South Africans 
according to human stages of growth.
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undergoes gradual enlargement with the migration 
of air cells toward the periphery); and adult stage 
— age 6 and above (attainment of this stage result 
in cessation of pneumatization)”. Cinamon [10] also 
supported this description and further identified that 
air cells continue to increase in size until puberty, 
while Aladeyelu et al. [1] identified a continuous 
increase in the size of air cells beyond puberty.

Two theories on pneumatization have been hy-
pothesized: the first is that the size of air cells in tem-
poral bone pneumatization is genetically determined 
[12]; while the second is that the size of air cells in 
temporal bone pneumatization is determined by the 
degree of pathologic involvement of the middle ear 
during childhood [14, 33, 44]. The second hypothe-
sis validated this study as the degree of pathologic 
involvement during life may influence the size of 
mastoid pneumatization with age. Although consid-
ering the first theory, there may be a few limitations 
resulting from interindividual variation. However, 
to overcome these limitations, a longitudinal study 
needs to be employed, which would be a dilemma 
and seem impossible in practice as it would involve 
tracking all subjects daily for scanning and meas-
urement and could take an entire career of these 
subjects to measure the size of their air cells. Hence, 
the second hypothesis appears to be widely used and 
generally accepted [4, 7, 15, 18, 21, 27, 35, 37, 43].

This study utilized a 3D computer-based volu-
metric-rendering technique on head/brain and inner 
ear CT images of slice thicknesses of ≤ 0.6 mm. The 
average volumes of infants, children, adolescents, and 

adults’ temporal bone pneumatization obtained in 
this study were quite higher than the previous reports 
[15, 17–19, 23, 25, 27, 29]. This discrepancy may be 
due to technical characteristics (e.g. 0.6 mm slice 
thickness which gives more detailed volumetric infor-
mation) or population differences. It may also be due 
to the cranial size and shape of the study population. 
Hence, the average air cell volumetric size of temporal 
bone pneumatization in a South African population is 
higher than in other age-related studies reported in 
Japanese, Korean, and Colombian populations [15, 18, 
27]. The temporal bone pneumatization with average 
volumes of 1920 mm3 in paediatrics and 4510 mm3  
in young children indicates that pneumatization 
of the temporal bone is expected to follow a rapid 
growth during childhood development. This finding 
agrees with previous studies, which reported that air 
cells are readily visible after birth and immediately 
begin to increase in size and extent [24, 40].

In this study, various developmental stages were 
subdivided into the infant, young child, middle child, 
early adolescents, middle adolescents, young adult 
stage I, and young adult stage II to reflect human 
postnatal growth stages and understand the possible 
age when pneumatization ceases. An evident increase 
in the volume of temporal bone pneumatization rel-
ative with age until young adult stage I and reduc-
tion in the volume of air cells as well as cessation in 
pneumatization in young adult stage II observed in 
this study concurs with the previous study that linked 
aging-related changes to reduction in air cells [48]. In 
contrast, this finding contradicts the previous reports 

Table 5. Population group distribution median volume (mm3) and interquartile range of temporal bone pneumatization according to age 
groups of human stages of growth

Black South African

Age range 
[years]

0–2
(n = 18)

3–5
(n = 20)

6–9
(n = 30)

10–14
(n = 46)

15–18
(n = 22)

19–25
(n = 30)

26–35
(n = 36)

P-value

Volume [mm3]
Median (IQR) 

1920
(1450–2450)

4470
(4010–5450)

7500
(5140–8790)

10500
(7010–15000)

14000
(7970–15000)

17100
(9200–19300)

9100
(4130–13700)

< 0.001*

Indian South African

Age range 
[years]

0–2
(n = 2)

3–5
(n = 2)

6–9
(n = 4)

10–14
(n = 4)

15–18
(n = 2)

19–25
(n = 3)

26–35
(n = 11)

P-value

Volume [mm3]
Median (IQR) 

1920
(1510–2450)

4210
(3100–4400)

5510
(5510–5510)

7270
(5860–9360)

8600
(7100–10200)

9900
(7680–10400)

10500
(8900–11800)

0.053

White South African

Age range 
[years]

0–2
(n = 2)

3–5
(n = 2)

6–9
(n = 3)

10–14
(n = 3)

15–18
(n = 2)

19–25
(n = 3)

26–35
(n = 3)

P-value

Volume [mm3]
Median (IQR) 

1950
(1510–2480)

4300
(3500–4850)

5700
(4250–5900)

7900
(5910–9600)

9200
(7200–10900)

11000
(7550–11500)

11500
(7840–11500)

0.053
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about pneumatization terminating at puberty though 
these reports utilized planimetric measurements and 
were only to give information on the area of air cells, 
not volume [4, 12, 35].

Notably, a significant increase in pneumatization 
volumes in different age groups in relation to sex 
was observed in this study. But the females showed  
a much earlier rapid increase in the volume of tempo-
ral bone pneumatization before the onset of puberty 
(6–9 years) which is similar to the report of Diamant 
[12] that utilized surface area and Hill [15] that uti-
lized both 2D and 3D methods. This may, however, 
be linked to early puberty in females [10]. However, 
the males were observed to have a larger pneumati-
zation at late puberty up to the young adult stage I, 
which is similar to the previous study by Chatterjee 
et al. [7] that utilized 2D planimetric measurements 
of temporal bone pneumatization. This implies that 
the development of temporal bone pneumatization 
tends to be more rapid in adolescent females, with 
the females first attaining adult size before adoles-
cent males.

Furthermore, differences were also observed 
among population groups within the study popula-
tion. The present study considered three groups: Black 
South Africans (indigenous African origin or Native 
group), White South Africans (European descent), 
and Indians (Asian descent). Although the paediatric 
volume was about the same size with a rapid increase 
in volume during childhood development, the volume 
of temporal bone pneumatization was observed to 
increase significantly with age showing a rapid linear 
growth up to the young adult stage I among the Black 
South Africans. The significant increase in the volume 
of pneumatization observed from the young child 
to young adult stage I conforms with the increase in 
the volume of paranasal air sinus in the same stages 
of postnatal growth in a South African population 
as reported by Rennie et al. [36]. Kim et al. [23] also 
identified a correlation between pneumatization of 
mastoid air cells and paranasal air sinus.

However, among the South African White and 
Indians, the volume of temporal bone pneumatization 
follows a rapid increase from infant up to the young 
child (3–5 years), followed by a slow increase up to 
the young adult stage I; thereafter, a plateau with no 
significant difference. This could be attributed to the 
small skull sizes, especially among Indians, because 
the skull size influences the pneumatization of the 
temporal bone [5, 7, 16]. In addition, the early study 

of Arora et al. [4] also identified this attribute while 
working with the population in the Northern part of 
the Indian subcontinent and found the size of the 
temporal bone air cell system to have a value much 
less than that of the Swedish population in the study 
of Diamant [12] and assumed that it could be due to 
the smaller sized cranial bones of Indians. Although, 
there were no significant differences in the volume 
of temporal bone pneumatization within age groups 
among Indians and White. However, the continuous 
increase in the pneumatization among these two pop-
ulation groups up to young adult stage II conforms 
with the previous study among the Korean population 
of Asian descent [27].

Although the two hypothesized theories of 
pneumatization (genetic and environmental) have 
described the relationship between temporal bone 
pneumatization and middle-ear diseases to be  
“a chicken and egg” tale [14, 44], a small pneuma-
tization of the temporal bone could possibly permit 
normal ventilation of the ear. However, a small mas-
toid system predisposes to acute and chronic OM. 
Consequently, the degree of pathologic involvement 
of the middle ear during childhood, such as acute and 
chronic OM, is well known to be a determinant factor 
in temporal bone pneumatization. The present study 
has been able to analyse healthy temporal bones in 
order to know the expected size of normal tempo-
ral bone pneumatization at every stage of human 
growth, ascertaining its growth rate and completion 
stage in adult life. This study also utilized a method 
with high accuracy and hope that it will contribute 
to establishing general references of what is expected 
to be the size of temporal bone volume and size as 
regards to age and development, which could help 
give an understanding of the history of the middle-ear 
of any patient, most especially during childhood.

CONCLUSIONS
This study investigated the size of temporal bone 

pneumatization from early childhood to adulthood 
utilizing a 3D computer-based volumetric rendering 
technique of normal CT images of slice thickness of 
≤ 0.6 mm. A rapid increase in the size of pneumati-
zation was observed during childhood development, 
with females showing a more rapid increase. In addi-
tion, the volume of air cells was observed to increase 
at an average of 2400 mm3 at every stage of human 
postnatal growth, with a higher volume of the right 
temporal bone up to the young adult stage I before 
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experiencing a decline. Population group differences 
were also observed in the distribution of air cells as 
the volume of temporal bone pneumatization of other 
population groups aside from Black South Africans 
increased up to adult stage II. The study concludes 
that the pneumatization of a healthy temporal bone 
is expected to continue linear increase up until at 
least adult stage I (19–25 years). This study hopes that 
its findings will contribute significantly to achieving  
a unanimous age landmark expected for the temporal 
bone pneumatization to be complete among otolar-
yngologists. Furthermore, it could also be useful in 
anatomical and forensic sciences for predicting age 
by evaluating the volume of temporal bone air cells 
of skulls.
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Background: Early diagnosis and treatment of periodontitis, which can cause loss 
of bone support of the teeth, is of great importance. The use of fractal analysis 
method is being investigated in order to differentiate periodontal disease radi-
ographically. Fractal analysis presents the degree of complexity in the structure 
of fractal objects as a numerical data, and has been used to measure changes 
in trabecular bone. The aim of this study was to compare the trabecular bone 
fractal dimension (FD) values of patients with periodontitis and gingivitis using 
panoramic radiographs, and to evaluate the possible relationship between age 
and gender with fractal dimension.
Materials and methods: Panoramic radiographs of 64 patients with gingivitis and 
64 patients with periodontitis were evaluated retrospectively in the study. Using 
the radiographs of the patients, FD values measured from the trabecular bone 
were calculated with the box-counting method in the Image J programme. The 
FD values of both groups were compared. In addition, the relationship between 
age and gender parameters and FD values was evaluated within the groups.
Results: According to the results of the study, the calculated average FD value 
of the patients in the gingivitis group was 1.195, while the calculated average 
FD value of the patients in the periodontitis group was 1.196. No statistically 
significant difference was observed between the FD values of the gingivitis group 
and the periodontitis group (p > 0.05). No statistically significant correlation was 
observed between FD values and age and gender (p > 0.05).
Conclusions: No statistically significant results were obtained for the calculated 
mean FD values of the patients in the gingivitis and periodontitis groups. (Folia 
Morphol 2024; 83, 1: 157–167)

Keywords: fractal analysis, periodontitis, gingivitis, panoramic 
radiography

INTRODUCTION
Periodontitis is a disease of the periodontium and 

therefore of many structures including the gums. It 
concerns the tissues lying around the periodontium. 

And the periodontium also includes the cementum 
of the tooth root and, therefore, the tooth tissue. 
Periodontal diseases, which are inflammatory lesions 
of the tissues surrounding the teeth, are among the 
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most common oral diseases in adults [39]. Gingivitis 
is a disease of the gums characterized by hyperaemia, 
oedema, and bleeding symptoms. It is also charac-
terized by loss of attachment and alveolar bone loss 
[33]. Plaque tartar, periodontal pocket, inflammation, 
and reduced bone level are the findings that can 
be seen at this level. However, periodontal pocket 
depth differs between clinically healthy patients and 
patients with gingival disease. This depth detection 
with a periodontal probe is also important in deter-
mining the staging of periodontitis (Fig. 1) [8]. The 
stages of gingival disorders can start as gingivitis 
and progress to advanced periodontitis (Fig. 2) [4, 
25, 35]. Periodontitis and osteoporosis are known 
to be common inflammation-related skeletal system 
disorders. Aging, accumulation of oxidative stress 
and cellular aging, vitamin D deficiency, smoking 
have been reported to be factors affecting the pro-
gression of osteoporosis and the formation of perio-

dontitis [51]. Particularly, the increasing relationship 
between aging and periodontist has been included 
in the studies. Diep et al. [10] reported that there is 
an important need for dental care associated with 
endodontic conditions in the future elderly.

Alveolar bones of the upper and lower jaws con-
sist of cortical (compact) and cancellous (trabecular) 
bone parts. Trabecular bone is surrounded by cortical 
bone like an outer sheath. Cortical bone in our skele-
tal system is protected against external factors, and 
trabecular bone has undertaken the task of actively 
maintaining metabolic functions [6].

Radiographs are essential tools for the diagnosis 
and follow-up of periodontal diseases. It has been 
stated that the destruction in the bone can only 
be detected with conventional radiographs when it 
reaches 30–50% [32]. This may cause the initial stage 
of periodontitis to be overlooked. Nowadays, technol-
ogy and artificial intelligence applications have been 
developed, and a non-invasive diagnostic method 
containing objective and quantitative data is tried 
to be developed in the radiographic analysis [38]).

Mandelbrot described the shapes of objects that 
can be found outside of the geometric shapes known 
in nature, different from the typical geometries taught 
in schools and complex, with the term ‘fractal’. Frac-
tal analysis has been used in the measurement of 
many objects existing in nature. The complexity of 
fractals comes from the endless repetition of details 
within details. Two features that characterize fractal 
geometry are the self-similarity property of each part 
of the figure viewed from separate scales, that is, 
the resemblance to the whole object, and the vari-

Figure 1. Morphological differences between healthy and diseased 
teeth and their appearance in terms of depth detection with a peri-
odontal probe staging of periodontitis.

Figure 2. Stages of gum disease; 1— healthy gums and tooth; 2 — gingivitis; 3 — periodontitis; 4 — advanced periodontitis.
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ation of a defined scale. That is when the examined 
area is enlarged or reduced by scale change; there is  
a similarity to the whole shape in each scale dimen-
sion [30]. An increase in the fractal dimension (FD) 
value is observed when the patterns have a more 
complex structure, while lower values indicate a sim-
pler structure. 

A special computer algorithm developed by White 
and Rudolph generates a number that gives the FD 
value representing the morphological features of 
the architecture, and this value gives us information 
about the complexity of the structure [49]. In addition 
to this programme called Image J, other software 
types that calculate fractal size such as NRecon, Scion 
Image CTAn, and TAS Plus have been produced.

When the trabecular structure of the cancellous 
bone was examined, it was observed that it showed frac-
tal characteristics [15, 34, 50]. As a result of the studies, 
it was concluded that the fractal size of the bone and 
its biomechanical properties are related to predictors of 
the Young’s modulus of equine cancellous bone [14]. 
It was found that the loss of minerals in the bone and 
the decrease in density decreased the FD value; likewise,  
a high FD has been shown to indicate fewer cavities in 
the more complex bone architecture [49]. 

It was investigated how the fractal dimensions 
of trabecular bone of the periapical bone showed  
a prospective morphological change after two dif-
ferent apexification treatments in teeth with apical 
periodontitis. The lesion area of the case was evaluat-
ed with the fractal analysis method on the periapical 
radiographs obtained before the treatment and 1 year 
after the treatment with the Image-J programme [17]. 
In addition, Tosun et al. [45] calculated the fractal size 
of abnormal tissue areas around the root apex on peri-
apical radiographs taken before and after treatment 
in a retrospective study of 50 patients. And they men-
tioned a statistically significant difference in FD in the 
comparison of treated and untreated patient groups 
[45]. In another study, using the fractal analysis meth-
od, it was investigated whether it could distinguish 
the trabecular bone in this region between healthy 
peri-implant mucosa and individuals with peri-implant 
disease on periapical radiographs. They reported that 
the method used did not have any distinguishing fea-
tures in terms of FD, but it could be useful in terms of 
probing depth, the presence or absence of bleeding 
on probing, and clinical attachment level [26].

The invisible details in the structure of the tra-
becular bone, which has been proven to have fractal 

properties, can be evaluated by the fractal analysis 
method [36]. Studies are reporting that the trabecular 
morphology of the alveolar bone and changes in the 
trabeculae in case of disease can be detected by this 
method [21]. There are limited studies in the literature 
investigating the use of fractal analysis to support 
the radiographic diagnosis of periodontal disease.

We aimed to evaluate the fractal size of patients 
with periodontitis and gingivitis using panoramic ra-
diographs, and to evaluate the possible contribution 
of fractal analysis method to radiographic diagnosis, 
as well as to evaluate the possible relationship of 
fractal size with gender and age.

MATERIALS AND METHODS
Patient selection

Our study was carried out retrospectively using 
the records of Dicle University Faculty of Dentistry, 
Department of Periodontology. This study, which was 
approved by Dicle University Clinical Research Ethics 
Committee on 24.02.2021 with protocol number 
2021-15, was conducted by the ethical principles of 
the World Medical Association Declaration of Helsinki. 
The records of 562 patients who had periodontal 
treatments in the Dicle University Periodontology 
Department between 01.10.2017 and 31.12.2018 
were scanned and the patients were selected by the 
inclusion criteria. Among the patients whose existing 
periodontal index records and radiographic records 
were evaluated together, a total of 128 patients, 64 
patients with gingivitis and 64 patients with perio-
dontitis, were included in the study.

Inclusion criteria

The inclusion criteria were as follows having been 
diagnosed with gingivitis or periodontitis according 
to the records of the Department of Periodontology 
and to have a panoramic radiograph that is registered 
in the system and has diagnostic value.

Exclusion criteria

The exclusion criteria were as follows: presence of 
any systemic disease affecting bone metabolism, use 
of drugs that affect bone metabolism, the number of 
existing teeth is less than 20, presence of overflow 
filling, root canal treatment, cyst, tumour, lesion in 
the relevant area, presence of bone fracture in the 
relevant region, extraction of tooth numbers 5, 6 or 7 
in the relevant region, to have had periodontal treat-
ment in the last 6 months, patients with panoramic 
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radiographs of no diagnostic value due to various 
artifacts or positioning errors. 

Radiological evaluation

All the panoramic radiographs were taken with 
the Planmeca ProMax 2D panoramic X-ray device at 
Dicle University Faculty of Dentistry, Department of 
Oral and Maxillofacial Radiology, and the irradiation 
parameters were determined as 64 kVp, 7mA.

Radiographic images included in the study were 
opened and analysed in Meta Soft Pacs imaging sys-
tem and saved in Digital Imaging and Communica-
tions in Medicine (DICOM) format, which has high 
image quality.

Fractal analysis

The panoramic image was opened in the Image J 
programme and the area to be examined, called region 
of interest (ROI), was selected (Fig. 3). The relevant 
area was selected to include first the mesial and then 
the distal of tooth 36, and two separate FDs were 
calculated and the average of the two measurements 
was taken. If tooth 36 was out of consideration, tooth 
46 was used in the calculation. The ROI was chosen in  
a rectangular shape with a size of 23 × 51 pixels. Nar-
row interproximal areas that do not allow ROI selection 
at this site are adjusted to be in the closest pixel to it.

The image was rotated in the desired direction 
with the ‘rotate’ option and the relevant region was 
enlarged with the ‘magnifying’ feature so that the ROI 
selected in the posterior of the mandible can be select-
ed in a rectangular shape and at the specified pixel.

 — The ROI selected to include the interdental tra-
becular bone was clipped with the ‘crop’ feature.

 — The cropped ROI was copied with the ‘duplicate’ 
feature.

 — A ‘Gaussian filter’ set to 35 pixels was used to 
remove the density differences created by the 
soft tissue in the image and to make sharper 
differences more evident.

 — The image filtered by the ‘Subtraction’ feature has 
been extracted from the original.

 — It was set to 128 values with the ‘add’ property to 
reveal the density differences in the image.

 — With the ‘Binary’ feature, the image was made black 
and white. Thus, the trabeculae became evident.

 — The ‘erode’ and then ‘dilate’ features were used 
to eliminate noise and highlight the main lines.

 — With the ‘invert’ feature, the image was inverted, 
and the desired features are brought into view.

 — Using the ‘skeletonized’ feature, the trabecular struc-
ture in the bone was transformed into complex lines.
With the ‘Box-counting’ feature, the image was 

divided into squares of 2, 3, 4, 6, 8, 12, 16, 32, and 64 
pixels (Fig. 4). Squares containing these complex lines 
representing trabeculae were counted. This calcula-
tion was done separately for each pixel size and the 
total number of frames was calculated. The number 
of counted plates was plotted against the total num-
ber of plates on a logarithmic scale. A line is drawn 
through the data points in the graph. The slope of 
the drawn line gives the FD value, which expresses 
the complexity of the analysed image (Fig. 3).  

Statistical analysis

In this study, Shapiro Wilk’s and/or Kolmogor-
ov-Smirnov tests were used due to the number of 
units while investigating the normal distribution of 
the variables. While evaluating the results, 0.05 was 
used as the significance level. Chi-square analysis was 
applied while examining the relationships between 
groups of nominal variables. 

Figure 3. Region of interest selection in the Image J programme.
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Spearman’s correlation coefficient was used while 
examining the relationships between variables that 
did not come from the normal distribution. While 
examining the differences between groups, if the 
variables did not come from a normal distribution, 
the Mann-Whitney U test was used for comparisons 
between groups.

RESULTS
Demographic findings

There was no statistically significant relationship 
between the groups in terms of gender (p > 0.05); 
51.6% of the periodontitis group and 50% of the gin-

Figure 4. Fractal analysis steps; a — cropped view of the relevant area; b — duplicated image; c — applying a Gaussian filter; d — image 
extracted from the original; e — grayscale adjustment; f — binarization; g — eroding; h — dilatation; i — reversal; j — skeletonization.

givitis group were women. Table 1 shows the gender 
distribution and statistical relationship in the groups.

There was no statistically significant difference 
between the groups in terms of age (p > 0.05). The 
mean age of the periodontitis group was higher than 
the mean age of the gingivitis group, but the differ-
ence was not statistically significant. Table 2 shows 
the age and statistical relationship of the groups. 

FD measurements

There was no statistically significant differ-
ence between the groups in terms of FD values  
(p > 0.05). Table 3 shows the FD values of the gin-

Table 1. Relationship between groups in terms of gender

Gender Groups

Periodontitis Gingivitis Total

N % N % N % Chi-square P-value

Male 31 48.44 32 50 63 49.22

0.031 0.86Female 33 51.56 32 50 65 50.78

Total 64 100 64 100 128 100

Table 2. Differences between groups in terms of age

Groups Age

N Mean Median Minimum Maximum Standard deviation Mean rank z P-value

Periodontitis 64 34.05 33 18 54 9.91 65.09

–0.181 0.856Gingivitis 64 33.91 32 22 65 9.32 63.91

Total 128 33.98 32.5 18 65 9.58  

Table 3. Differences between groups in terms of fractal dimension values

Groups Fractal dimension value

N Mean Median Minimum Maximum Standard deviation Mean rank z P-value

Periodontitis 64 1.196 1.214 0.813 1.395 0.141 67.23

–0.832 0.406Gingivitis 64 1.195 1.185 0.957 1.429 0.121 61.77

Total 128 1.195 1.206 0.813 1.429 0.131  
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givitis and periodontitis groups and their statistical 
relationship.

Although there was no statistically significant 
difference between the genders in terms of FD val-
ues measured from the radiographs of the patients 
in the periodontitis and gingivitis groups, the FD 
value measured from the radiographs of the men 
was higher (p > 0.05). Table 4 shows the relationship 
between FD and gender. 

Although there was no statistically significant dif-
ference between the genders in terms of FD values 
measured from the radiographs of the individuals re-
gardless of the group, the FD value calculated from the 
radiographs of the men was higher (p > 0.05; Table 4).

Although there was no statistically significant 
relationship between the FD values measured from 
the radiographs of the patients both gingivitis and 
periodontitis groups and the age values, the FD value 
increased as the age increased (p > 0.05). Table 5 
shows the relationship between FD and age.

Regardless of the group, there was no statistically 
significant relationship between the FD values meas-
ured from the radiographs of the individuals and the 
age values, but the FD value increased as the age 
increased (p > 0.05; Table 5).

DISCUSSION
The clinical significance of the relationship be-

tween periodontitis and genetic factors is known. 
Based on recent research data, it has been reported 
that genetic and ethnic factors are considered the 
leading susceptibility or severity factors for devas-
tating periodontitis. A family history of early-onset 
aggressive periodontitis has been known for a long 
time. Hereditary syndromes have often been asso-
ciated with severe periodontitis. They reported that 
periodontal disease associated with systemic inherit-
ed syndromes mainly indicates Mendelian inheritance 
[12]. Shungin et al. [41] presented as a meta-analysis  
a genome-wide association study by identifying clini-
cal findings, self-reported dental disease proxies with 
similar underlying genetic contributions, and then 
identifying 47 novel and conditionally independent 
risk loci for dental caries. Similarly, they reviewed 
the literature for gene polymorphisms associated 
with periodontitis and peri-implantitis susceptibility 
in the Iranian population[20]. In a study investigating 
epigenetic factors in periodontitis, these epigenetic 
changes have been reported to be associated with 
excess inflammatory cytokines, chemokines and ma-
trix-degrading enzymes that can be suppressed by 
certain histone deacetylases (small molecule inhibitors 
of certain histone deacetylases) or by small molecule 
inhibitors of DNA methyltransferases. They noted the 
importance of providing critical information about 

Table 5. The relationship between fractal dimension values and 
age

  Age

Periodontitis Fractal dimension r 0.055

p 0.665

n 64

Gingivitis Fractal dimension r 0.089

p 0.483

n 64

Total Fractal dimension r 0.08

p 0.367

n 128

Table 4. Differences between genders in terms of fractal dimension values

Fractal dimension value

N Mean Median Minimum Maximum Standard deviation Mean rank z P-value

Periodontitis Male 31 1.201 1.199 0.885 1.395 0.109 30.68 –0.759 0.448

Female 33 1.191 1.227 0.813 1.39 0.168 34.21

Total 64 1.196 1.214 0.813 1.395 0.141

Gingivitis Male 32 1.208 1.18 1.026 1.429 0.132 34.38 –0.806 0.42

Female 32 1.181 1.193 0.957 1.367 0.108 30.63

Total 64 1.195 1.185 0.957 1.429 0.121

Total Male 63 1.204 1.192 0.885 1.429 0.12 65.16 –0.198 0.843

Female 65 1.186 1.213 0.813 1.39 0.141 63.86

Total 128 1.195 1.206 0.813 1.429 0.131
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the therapeutic and diagnostic potential of epigenet-
ics in periodontal disease [19]. For all that, they stated 
that periodontitis may be an individual risk factor 
for the development of oral cancer. They suggested 
that individuals with periodontal problems, espe-
cially those with severe periodontitis and coexisting 
lifestyle risk factors, should be followed closely. They 
concluded that maintaining periodontal health in 
at-risk patients can minimise their cancer risk [22]. In  
a genetic microbiological study, they reported that the 
correlation of mir155 with periodontal parameters 
and periodontal pathogens further strengthens the 
evidence for periodontal inflammation as a risk of 
preeclampsia in pregnant women, especially when 
associated with chronic periodontitis. They suggested 
that mir155 can be considered as one of the genetic 
biomarkers and is an important criterion for the early 
diagnosis of periodontitis [29].

The fractal analysis method, which is thought 
to contribute to the radiographic examination by 
examining the invisible details in the bone structure, 
has been used to understand objects in many fields 
such as astrophysics, genetic, economy, agriculture, 
medicine, and dentistry [11, 16, 27, 31]. 

It has been reported that the FD value calculated 
by the studies is not affected by variables such as irra-
diation time (mAs), kilovolt peak acceleration voltage 
(kVp), and projection angle, therefore fractal analysis 
can be performed with non-standardized radiographs 
during the filming of [7, 18, 46].

Considering this information, our study aimed to 
use fractal analysis to evaluate the trabecular bone 
morphology of patients with periodontitis and gingi-
vitis, as well as to evaluate the possible relationship 
between fractal dimension, age, and gender.

There are a limited number of studies in the liter-
ature regarding the use of fractal analysis to support 
the radiographic diagnosis of periodontitis. Current 
studies used cone beam computed tomography 
(CBCT) and periapical radiography technique [1, 9, 
37, 38, 40, 48]. Although there are many studies 
on FD calculation using panoramic radiographs in 
different fields in dentistry [15, 21, 42], no study has 
yet been conducted using panoramic radiographs in 
the evaluation of periodontal disease.

Periapical and bite-wing radiographs are imaging 
modalities with better resolution than panoramic 
radiographs. However, the disadvantages are that the 
number of films to be taken is higher when the whole 
mouth is evaluated and the radiation dose that the 

patient will receive is higher than the dose that will 
be taken with panoramic radiographs [43]. 

The fact that panoramic radiographs are in wide-
spread use with increasing frequency, the advanta-
geous situation in their application and patient toler-
ance, and the fact that they allow imaging of larger 
areas with a lower radiation dose have prompted us 
to use panoramic radiography in this study.

It has been reported that the box-counting meth-
od is widely used and is currently in fractal analysis 
[21]. In this method, the process steps suggested by 
White and Rudolph are applied. For this purpose, the 
Image J image analysis programme was developed. 

In our study, ROI was chosen within the borders of 
trabecular bone, not including cortical bone, tooth, 
or periodontal space. Like other studies [1, 38], In 
our study, two separate ROIs were selected from the 
mesial and distal interdental region of the mandible 
number 6 tooth, which is frequently affected by per-
iodontitis, FD was calculated from these regions, and 
the average of the two values was taken.

In our study in which trabecular bone FD measure-
ments of 64 gingivitis and 64 periodontitis patients 
were compared, it was observed that there was no 
statistically significant difference between the cal-
culated FD values of the patients in the two groups.

In the study of Shrout et al. in 1998 [40], the FD 
values calculated from the periapical radiographs of 
the group with periodontitis and the healthy or an-
other patient group with gingivitis were compared. 
As a result of this study, it was found that the FD 
value of the group with periodontitis was significantly 
lower [5]. In our study, digital panoramic radiographs 
were recorded and used in DICOM format with high 
image quality. We believe that this situation may have 
caused the difference between the results.

In the study of Şener et al. [38], in which they 
measured FD using the periapical radiographs of 
healthy and moderately severe periodontitis patients, 
a significant difference was found between the FD 
values of both groups. In the study of Bollen et al.[5], 
in which they compared periapical and panoramic 
radiographs, it was reported that FD values measured 
from periapical radiographs of the same patients were 
higher. This situation causes us to consider the possi-
bility of different details and resolutions in imaging 
methods to change the results in diseases that cause 
local bone loss such as periodontitis.

Coşgunarslan et al. [9] calculated FD from CBCT 
images of healthy and periodontitis patients and re-
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ported that there was no statistically significant differ-
ence between FD measurements of the two groups, 
like our study. They reported that the inconsistency 
of this result with some studies in the literature may 
be due to the difference in imaging methods [9]. In 
addition, Magat et al. suggested that CBCT has low 
image resolution for fractal analysis of trabecular 
bone [28]. Based on this, it can be thought that the 
results may vary when FD measurement is performed 
using periapical, panoramic, or CBCT imaging.

In the study of Updike and Nowzari [48], the 
FD values of healthy, moderate/severe, and severe 
periodontitis patients were compared. As a result 
of the study, there was a significant difference be-
tween the FD values of the periodontitis groups and 
the healthy group, but no significant difference was 
found between the FD values of the moderate/severe 
periodontitis and severe periodontitis groups [48]. 
We believe that the fact that the result of our study 
is not fully compatible with this study may be due to 
the difference in ROI position.

Region of interest selection is done manually. 
This leads to practitioner error and the inability to 
standardize the ROI position [28]. It is impossible to 
select an ROI from the same area in every patient, 
which may lead to differences in measurements. In 
the study by Shrout et al. [40], which compared the 
FD values of the periodontitis and healthy/gingivitis 
group, ROIs were determined in different sizes accord-
ing to the shape and size of the interproximal bone. 
As a result of the study, it was reported that there was 
a significant difference between the FD values of the 
two groups. We think that the non-parallelism of our 
results may be due to the variation in the selected ROI 
sizes. For our study results to be of optimum accuracy, 
the gender and age distribution of the groups were 
determined to be homogeneous.

Studies have reported that there was no signif-
icant relationship between gender and FD [1, 47, 
48]. The results of these studies support the findings 
of our study. Researchers reported that there was  
a significant difference between FD values in their 
studies [1, 48]. We think that the inconsistency of these 
results with our study may be due to the difference 
in age values between groups. Age distribution was 
determined to be homogeneous in the periodontitis 
and gingivitis groups so that our study results were 
not affected by age-related variability. Amer et al. [2]  

reported that fractal size of trabecular bone was not 
associated with age.  

Geraets and van der Stelt [13] mentioned that the 
conflicting results may be due to the anatomical differ-
ences of the examined region and the methods used 
to obtain the image. When utilizing the fractal analysis 
to study bone, it should be noted that all the steps 
in the analytical chain have an impact on the results.

It has been suggested that retrospective evalu-
ation of the bone microstructure surrounding un-
erupted/impacted canines can provide analytical 
information on treatment prognosis and anchorage 
considerations. Bone surface area and bone marrow 
surface area can be measured by FD analysis of CBCT 
images, and bone density has been reported to be 
reliably estimated [3]. In addition, Köse et al. [23] 
observed a negative relationship between FDs in 
the mandibular mental region and total orthodontic 
treatment time. FD analysis has drawn attention to 
its importance for understanding the physiological 
properties of alveolar bone and predicting ortho-
dontic tooth movement [23]. In a study of fractal 
analysis of periapical bone, it was stated that high 
resolution showed the least variation in FD values at 
all compression levels, making it the most reliable 
and consistent resolution for measuring FD values 
[44]. In a study in which implant evaluation was 
evaluated in terms of FD, they found that FD values 
of trabecular bone around the implants were signif-
icantly lower than the initial values 6 months after 
prosthetic loading. However, they reported that no 
significant decrease or increase was observed at 12 
months, with results comparable to peri-implant 
alveolar bone at 6 months [52]. On the other hand, 
it has been suggested that fractal size of alveolar 
bone measured from intraoral digital radiographs 
alone may be an insufficient parameter to determine 
initial implant stability [24].

Many factors are likely to have an impact on the 
results, from patient selection in the study to imag-
ing methods, the quality of these methods, sample 
size, gender and especially age distributions between 
groups, changes in ROI location and size, personal 
variations in ROI selection, and patients’ anatomical 
variations. To standardize these variables as much as 
possible, the limitations of the method need to be 
developed and more studies with a larger sample 
size are needed.
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CONCLUSIONS
In this study, trabecular bone fractal dimension 

values were compared using panoramic radiographs 
of patients with periodontitis and gingivitis, and the 
following results were obtained:

 — there was no statistically significant difference 
between the groups in terms of FD values of tra-
becular bone calculated using panoramic radio-
graphs of the patients in the periodontitis and 
gingivitis groups;

 — in the periodontitis and gingivitis groups, there 
was no statistically significant difference between 
FD values, gender, and age values, according to 
the comparisons in the FD values of the trabecular 
bone, which were made within the group and 
without any group discrimination.
We believe that the inability to obtain a significant 

result is due to the wide age range of the population 
in this study. It is obvious that there is a need for pro-
spective fractal analyses and follow-ups to be made 
between different age groups due to the degener-
ation of the anatomical structure in the trabecular 
structure with aging.
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Background: Dynamic advances in dentistry, especially in implantology has 
inspired researchers to carry out many studies investigating the topography of 
the mandibular canal and its ethnic differences. The aim of the study was a com-
parative analysis of variations in the position and topography of the mandibular 
canal based on radiographic images of human mandibles originating from modern 
and medieval skulls.
Materials and methods: Morphometric examination of 126 radiographs of skulls 
(92 modern and 34 medieval skulls) was included. The age and sex of individuals 
were determined based on the morphology of the skull, the obliteration of cranial 
sutures, and the degree of tooth wear. To define the topography of the mandibular 
canal on X-ray images, we took 8 anthropometric measurements.
Results: We observed significant differences in several parameters. The distance 
between the base of the mandible and the bottom of the mandibular canal, the 
distance between the top of the mandibular canal and the crest of the alveolar arch, 
and the height of the mandibular body. Significant asymmetry was found for two 
parameters of mandibles from modern skulls: the distance between the top of the 
mandibular canal and the crest of the alveolar arch at the level of the second molar 
(p < 0.05), and the distance between the mandibular foramen and the margin of 
the anterior mandibular ramus (p < 0.007). There were no significant differences 
between measurements taken on the right and left sides of the medieval skulls.
Conclusions: Our study revealed differences in the position of the mandibular 
canal between modern and medieval skulls, confirming the presence of geograph-
ical and chronological differences between populations. Knowledge of variability 
in the position of the mandibular canal between different local populations is 
fundamental for the correct interpretation of findings from diagnostic radiological 
studies used in dental practice and in forensic odontology or analysis of archae-
ological bone materials. (Folia Morphol 2024; 83, 1: 168–175)

Keywords: mandibular canal, palaeoanthropology, anatomy, mental 
foramen, asymmetry
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INTRODUCTION
The mandibular canal, nowadays referred to as the 

inferior alveolar (nerve) canal [29, 36, 63], is located in 
the spongy bone of the mandible and is available for 
diagnosis only by imaging techniques using X-rays [1, 
3, 8, 20–22, 29, 32, 66]. Panoramic images acquired 
with classical and digital techniques, or increasingly 
popular computed tomography are clinically relevant 
[3, 8, 43, 67]. Panoramic radiography is part of the 
standard dental diagnostics procedure performed be-
fore planning treatment. Acquired radiograms allow 
for the evaluation of dentition in terms of periapical in-
flammatory lesions, periodontitis, root position before 
tooth extraction, and the position of impacted teeth 
[3, 12, 57, 58, 64, 65]. They are also useful for the di-
agnosis of pathologies within the temporomandibular 
joint [48] or maxillary sinuses [16, 23, 25]. Radiographic 
evaluation is also necessary before treatment involving 
implant placement. It allows for the assessment of 
the volume and quality of the preserved bone of the 
maxillary alveolar process, the mandibular corpus, and 
the alveolar part of the mandible [32]. It visualises the 
position of important anatomical structures such as the 
bottom of the nasal cavity or maxillary sinus, and the 
topography of the mandibular canal with the position 
of the mental foramen [16, 17, 36, 43, 52, 57, 59, 
64, 65]. Dynamic advances in dental implantology as 
well as prosthetics have inspired researchers to carry 
out many studies investigating the topography of the 
mandibular canal in terms of its position in relation to 
the base of the mandible and the apical parts of tooth 
roots [43, 57, 67]. Other studies have analysed the 
position of the mental foramen and the presence of 
the loop of the mental nerve [33, 50, 51, 57, 58], and 
the presence of the incisive canal [30] or bifid accessory 
canals [17, 41, 63, 62]. Studies in this area provide clin-
ically relevant information which is extremely valuable 
for planning and performing treatments.

In the evolution leading to the emergence of Homo 
sapiens, the size and massiveness of the hominin fa-
cial skeleton has reduced, and its position in relation 
to the brain case has changed from the protruding 
face to retracted in the anterior region of the skull 
base [27, 38]. Archaeological studies have revealed 
certain trends that can be observed in the structure of 
the Homo sapiens skull, such as brachycephalization 
and gracilization combined with a reduction in the 
size of the facial skeleton attributed to the change 
in the life model of ancient human populations that 
shifted from hunting and gathering to a more sed-

entary lifestyle due to the development of agriculture 
[19, 31, 46, 47, 62].

The shape and size of the teeth over thousands of 
years of the existence of the human species did not 
change much, although the above-mentioned trends 
were accompanied by a slight reduction in the size 
of molars [5]. The formation of dentition in humans 
is generally regarded as very strongly determined 
by genetic factors, in contrast to the facial skeleton, 
which is characterized by high plasticity [34, 56]. This 
means that changing environmental conditions have 
a much stronger impact on the developing facial skel-
eton than on teeth formation [34, 56]. The aforemen-
tioned differences between the teeth and the facial 
skeleton in response to environmental factors can 
be interpreted as the main cause of tooth crowding, 
which is increasingly frequent in modern populations 
[62]. Thus, the reduction in the size of the maxilla and 
the mandible can lead to crowding of the teeth [66], 
especially in the anterior region. Another observed 
trend is the reduction in the number of teeth in the 
dental arch and impaction of teeth which mainly con-
cerns third molars, also called wisdom teeth, within 
the alveolar process [24, 42], which is also important 
when planning dental treatment. 

One reason for this is the development of civiliza-
tion, which leads to changes in diet and the texture 
of ingested food. An increasing number of food prod-
ucts are processed and disintegrated, which influ-
ences the formation of the mandible [7, 26, 40, 68]. 
Studies carried out on the mandibles from different 
historical periods as well as modern ones have identi-
fied variability in the position of the mental foramen 
in different ethnic groups, which may be related to 
the differences in the topography of the mandibular 
canal [1, 4, 5, 15, 20, 22, 27, 31, 34, 37]. Information 
on the detailed anatomy and topography of the man-
dibular structures may be important not only in dental 
practice, but also for the analysis of archaeological 
material or in forensic medicine.

The aim of the study was to comparative analy-
sis of variations in the position and topography of 
the mandibular canal based on radiographic images 
of human mandibles originating from modern and 
medieval skulls.

MATERIALS AND METHODS
Study material

 — 92 modern human skulls dated to the beginning 
of the 20th century, kept in the museum collections 
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of the Department of Anatomy of the Pomeranian 
Medical University in Szczecin, acquired during 
archaeological excavations in the cemetery near 
the church of St. Joseph in Szczecin in 1969–1970;

 — 34 skulls from individuals living in the Middle 
Ages constituting a part of the collection kept 
at the Department of Human Biology, the Uni-
versity of Wroclaw, acquired during archaeolog-
ical excavations carried out in 1959–1989 at the 
cemetery in Sypniewo (necropolis dated to the 
11–13th centuries). 
All skulls were from male individuals classified as 

adultus (age at death 30–35 years) or maturus (50–55 
years) and represented European populations. 

The age and sex of individuals were determined 
based on the morphology of the skull [9, 10, 18], the 
obliteration of cranial sutures [9, 10] and the degree 
of tooth wear according to the scoring system by 
Brothwell [9].

The criteria for inclusion in the study were as fol-
lows: adult age, male sex, good preservation of the 
bone material (i.e. standing teeth in the mandible); 
if the teeth were lost post-mortem and there was no 
alveolar atrophy related to the loss of dentition, the 
study also included the mandibles without the third 
molar erupted if the analysis of the bone material 
indicated its adult age. 

The exclusion criteria were as follows: damage to 
the bone material preventing all measurements, and 
developmental anomalies of the mandible.

Radiograms of the analysed mandibles were ac-
quired using X-ray machine Multa 320 type X-18 
made by FARUM manufacturer with the following 

parameters: the focal distance was 100 cm, expo-
sure conditions: voltage 85 kV, current 125 mA, ex-
posure time 0.8 s at the Department of Anatomy 
Pomeranian Medical University in Szczecin. Relevant 
measurements were taken on the radiograms using 
an electronic callipers (with accuracy to the nearest 
0.01 mm) three times by one experienced observer. 
Measurement error was estimated.

To define the topography of the mandibular canal 
on X-ray images, we took the following anthropo-
metric measurements (Fig. 1), also used by other 
researchers [8, 30, 43, 45, 50, 51, 52, 57, 61, 63, 67]: 

 — 5a. Distance between the base of the mandible 
and the inferior margin of the mental foramen — 
Bas.Ma.-For.Me.;

 — 5b. Distance between the base of the mandible 
and the bottom of the mandibular canal at the 
level of the first molar — Bas.Ma-Ca.Ma. I;

 — 5c. Distance between the top of the mandibular 
canal and the crest of the alveolar arch at the level 
of the first molar — Ca.Ma.-Arc.Alv. I;

 — 5d. Distance between the base of the mandible 
and the bottom of the mandibular canal at the 
level of the second molar — Bas.Ma-Ca.Ma. II;

 — 5e. Distance between the top of the mandibular 
canal and the crest of the alveolar arch at the level 
of the second molar — Ca.Ma.-Arc.Alv. II;

 — 5f. The height of the mandibular body measured 
at the level of the second molar — He.Ma.Bo.II;

 — 5g. Distance between the base of the mandible 
near the gonial angle and the inferior margin 
of the mental foramen (in the projection of the 
lowest point of the base of the uvula) — Bas.
Ma.-For.Ma.;

 — 5h. Distance between the mandibular foramen 
and the anterior margin of the mandibular ramus 
— For.Ma.-Mar.Ant.

Statistical analysis

Collected data were analysed with statistical meth-
ods using Statistica 7.1 software. The normality of 
distribution was verified with the Shapiro-Wilk test for 
two datasets (separately for the measurements taken 
on the left and right sides of the mandible). Metric 
features of modern mandibles from the beginning 
of the 20th century and those dated for the Middle 
Ages were compared using Student’s t-test or its 
non-parametric equivalent, the Mann-Whitney U test 
(only in justified cases when the distribution of data 
was non-normal). Measurements taken on the left 

Figure 1. Selected anthropometric parameters describing the 
topography of the mandibular canal in a radiogram; 5a, 5b, 5c, 5d, 
5e, 5f, 5g — abbreviation — see text. 
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and right sides of the mandible were compared us-
ing Student’s t-test for paired samples or, in justified 
cases, its non-parametric counterpart, the Wilcoxon 
matched-pairs test [54].

The probability of type 1 error (level of statistical 
significance) was adopted at p = 0.05.

RESULTS
The basic statistics of the analysed anthropometric 

features of mandibles from two series of skulls (mod-
ern and medieval) as well as the results of statistical 
analyses carried out to identify significant differences 
between the compared features of mandibles are 
presented in Table 1. 

The comparison of modern and medieval skulls 
for the topography of the mandibular canal revealed 
significant differences in several parameters (Table 1). 
The distance between the base of the mandible and 
the bottom of the mandibular canal at the level of the 
first and second molars on the right side in modern 
skulls was longer than in medieval skulls (p < 0.05). In 
medieval skulls, the distance between the top of the 
mandibular canal and the crest of the alveolar arch 
was longer on the right and left sides, p < 0.005. The 
height of the mandibular body on the left side was 
greater in the medieval skulls.

Statistics describing the symmetry in the mandib-
ular anatomy for both analysed samples of skulls are 
presented in Table 2. 

Significant differences were found for two param-
eters of mandibles from modern skulls: the distance 
between the top of the mandibular canal and the 
crest of the alveolar arch at the level of the second 
molar (p < 0.05), and the distance between the 
mandibular foramen and the margin of the anterior 
mandibular ramus (p < 0.007; Table 2). There were 
no significant differences between measurements 
taken on the right and left sides of the medieval skulls.

DISCUSSION
Knowledge of the topography of the mandibular 

canal and its foramina is necessary for every dentist 
or dental surgeon dealing with implantology, tooth 
extractions, surgical repair of mandibular fractures 
[3, 11, 13, 52, 64], or the transposition of the infe-
rior alveolar nerve [60]. Today, it is difficult to im-
agine preoperative diagnostic procedures without 
performing an X-ray study, be it classical radiography 
or more advanced computed tomography [3, 64, 
67]. The reason for this are known differences in the 
position and topography of the mandibular canal 
and, in some cases, the presence of accessory canals 

Table 1. Basic statistics of the analysed anthropometric features and results of comparative analyses for the two series of mandibles

Parameter Modern skulls (n = 92) Medieval skulls (n = 34)

Mean ± SD Median Mini-
mum

Maxi-
mum

Mean ± SD Median Mini-
mum

Maxi-
mum

Student’s 
t test

Mann-Whitney 
U test

Bas.Ma-For.Me. R 12.36 ± 1.85 12.35 8.64 18.05 11.65 ± 1.72 11.71 7.26 14.39 > 0.51 > 0.10

Bas.Ma-For.Me. L 12.05 ± 1.84 12.18 7.61 16.47 11.56 ± 1.67 11.30 7.94 15.08 > 0.17 > 0.15

Bas.Ma-Ca.Ma. I R 7.57 ± 1.52 7.38 3.75 12.33 6.93 ± 1.44 6.93 3.77 9.96 < 0.04 > 0.11

Bas.Ma-Ca.Ma. I L 7.44 ± 1.52 7.20 4.06 11.53 7.11 ± 1.58 7.17 3.22 10.85 > 0.38 > 0.54

Ca.Ma.-Arc.Alv. I R 13.98 ± 2.92 14.99 8.91 21.72 16.10 ± 3.97 16.25 4.45 21.98 > 0.08 > 0.06

Ca.Ma.-Arc.Alv. I L 15.19 ± 3.04 15.61 7.87 21.92 16.25 ± 3.63 15.87 6.69 23.58 > 0.10 > 0.09

Bas.Ma-Ca.Ma. II R 7.75 ± 1.83 7.66 2.95 13.90 7.05 ±1.70 7.05 3.90 10.94 < 0.05 > 0.10

Bas.Ma-Ca.Ma. II L 7.72 ± 2.15 7.44 3.90 17.83 7.27 ± 1.51 7.04 4.16 11.27 > 0.19 > 0.2

Ca.Ma.-Arc.Alv. II R 13.06 ± 2.58 13.09 6.50 19.52 14.96 ± 3.56 15.51 5.21 21.54 < 0.008 < 0.002

Ca.Ma.-Arc.Alv. II L 13.53 ± 3.18 13.37 6.41 28.79 15.22 ± 3.74 15.82 4.90 23.13 < 0.02 < 0.006

He. Ma. Bo.II R 23.86 ± 3.15 23.63 16.35 31.38 24.79 ± 3.73 24.75 15.54 31.01 > 0.16 > 0.10

He. Ma. Bo.II L 23.98 ± 3.27 23.93 16.17 31.98 24.45 ± 4.14 25.98 13.92 32.26 < 0.04 < 0.03

Bas.Ma-For.Ma. R 34.09 ± 3.47 33.95 24.84 41.04 33.90 ± 3.34 34.41 25.32 39.92 > 0.77 > 0.83

Bas.Ma-For.Ma. L 34.17 ± 3.48 34.01 24.85 42.76 34.56 ± 3.64 34.93 27.38 42.76 > 0.57 > 0.54

For.Ma-B.P. R 12.33 ± 1.95 12.44 7.15 17.00 11.61 ± 2.37 11.72 7.76 17.42 > 0.08 > 0.058

For.Ma-B.P. L 11.97 ± 2.12 12.04 7.39 16.71 11.24 ± 1.62 11.15 7.91 15.08 > 0.07 > 0.06

All measurements in millimetres, SD — standard deviation; L — left; R — right; rest abbreviations — see text
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[41, 61]. Certain ethnic differences in the location 
of the mandibular canal and mental foramen have 
also been reported [1, 4, 5, 14, 15, 22, 39], and they 
are extremely important in anthropometric analyses 
performed during archaeological research or in foren-
sic medicine [5, 15, 19, 37]. Our study investigating 
modern and medieval skulls revealed differences in 
the position of the mental foramen between the 
level of the first and second molars. The mandibular 
canal at the level of the second molar was ascending, 
while the position of the mandibular canal in relation 
to the base of the mandible was lowest under the 
alveolar arch of the first molar. These observations 
are consistent with reports by Kilic et al. [32] and 
Wychowański et al. [66], although values presented 
by these researchers were slightly lower. Wical and 
Swoope [65] reported that in skulls with complete 
dentition preserved, the mental foramen, which is 
the exit point of the mandibular canal, is most often 
located below the apex of the premolars’ roots, i.e. 
in the lower third of the mandibular height. The ob-
served trend is consistent with our findings. This rule 
was also confirmed in studies by Phillips et al. [45] and 
Al-Khateeb et al. [1]. Apinhasmit et al. [4] observed 
that the mental foramen was usually located in the 
middle of the mandible’s height. Measurements of 
the bone height above the canal to the top of the 
alveolar arch of the mandible strongly depend on the 
presence of dentition or the time that elapsed since 
its loss. This distance depends on the degree of bone 
atrophy, which does not affect the distance between 
the base of the mandible and the mandibular canal 
[11, 13, 44, 52, 65]. Soikkonen et al. [52] and Wical 
et al. [65] argued that the distance between the base 
of the mandible and the mandibular canal and the 
mental foramen is reduced in edentulous mandibles 

with severe alveolar atrophy. The position of the 
mandibular foramen on radiograms was measured in 
relation to the base of the mandible and the margin 
of the anterior mandibular ramus. Values measured 
in our study were consistent with those reported by 
Wychowański et al. [66]. The location of the mandibu-
lar foramen does not depend on the alveolar atrophy 
or potential loss of dentition. In medieval mandibles, 
the mean values of measurements describing the 
position of the mental foramen and the topography 
of the mandibular canal in relation to the base of 
the mandible were lower than in modern mandi-
bles. It should be noted, however, that significant 
differences were found only between the features 
describing the position of the mandibular canal in 
relation to the base of the mandible on the right side 
of the analysed mandibles. Thus, the position of the 
mandibular canal in medieval skulls is lower than in 
modern skulls. No accessory mandibular canals were 
observed, which also highlights ethnic homogeneity 
of analysed bone material. Al.-Siveedi et al. [2] re-
ported a higher incidence of accessory mandibular 
canals among Malaysians compared to Chinese or 
Indian populations.

Analysis of face and skull asymmetry is extremely 
important due to the need for extensive diagnostics 
in orthodontic treatment [6, 12, 25, 28, 49] in paedi-
atric surgery before the repair of cleft lip and palate 
[26, 35] and in forensic medicine and anthropology 
[6, 7, 20, 55]. In maxillofacial surgery, the analysis 
is performed before the surgical treatment of con-
genital asymmetrical distortions, such as hemifacial 
microsomia or plagiocephaly, surgeries of craniofacial 
tumours, facial clefts, severe craniofacial fractures 
or treatment of condylar hypoplasia [3, 11, 28, 53]. 
Our research revealed significant differences in the 

Table 2. Comparison of measurements taken on the right and left sides in modern and medieval skulls

Modern skulls (n = 92) Medieval skulls (n = 34)

Student’ Wilcoxon matched-pairs test Student’ Wilcoxon matched-pairs test

Bas.Ma-For.Me. > 0.11 > 0.17 > 0.78 > 0.77

Bas.Ma-Ca.Ma. I > 0.26 > 0.33 > 0.34 > 0.37

Ca.Ma.-Arc.Alv. I > 0.43 > 0.21 > 0.79 > 0.62 

Bas.Ma-Ca.Ma. II > 0.90 > 0.62 > 0.43 > 0.31

Ca.Ma.-Arc.Alv. II < 0.05 > 0.14 > 0.61 > 0.58

He. Ma. Bo.II > 0.60 > 0.75 > 0.13 > 0.11

Bas.Ma-For.Ma.  > 0.78 > 0.58 > 0.08 > 0,07

For.Ma-B.P. < 0.007 < 0.006 > 0.16 > 0.13
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symmetry of the mandible only in modern skulls. We 
found differences in the distance between the top of 
the mandibular canal and the crest of the alveolar 
arch at the level of the second molar, and the distance 
between the mandibular foramen and the margin 
of the anterior mandibular ramus. No statistically 
significant differences were found in medieval skulls. 

CONCLUSIONS
Our study revealed differences in the position of 

the mandibular canal between modern and medieval 
skulls, but also findings reported in the literature, 
which confirms the presence of both geographical 
and chronological differences between populations.

Knowledge of variability in the position of the 
mandibular canal between different local popula-
tions is fundamental for the correct interpretation of 
findings from diagnostic radiological studies used in 
dental practice and for the planning and preparation 
of effective anaesthesia and implant placement, as 
well as in forensic odontology or analysis of archae-
ological bone materials.
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Background: Various ligaments present in the skull base are of clinical and surgi-
cal importance. One among them, is the petrosphenoid ligament (PSL). PSL may 
ossify either in a partial or complete form and forms the roof of Dorello’s canal 
underneath which the abducens nerve passes. Studies argued both protective 
and adverse effects of the ossified PSL. Hence, the incidence of PSL ossification 
has become a relevant subject in clinical practice to radiologists, neurologists and 
neurosurgeons for understanding its potential role in abducens nerve compression. 
Materials and methods: We have undertaken this study to investigate the 
incidence of PSL ossification from multidetector computed tomography (MDCT) 
images of the patients who had been referred to the Medical Imaging Department 
of Mubarak Al-Kabeer Hospital in Kuwait. We retrospectively assessed a total of 
200 patients’ head CT scans (400 petroclival regions) between January 2021 and 
June 2022 in which 59% were males (n = 118) and 41% were females (n = 82) 
aged between 18 and 91 years. 
Results: A total of 37 patients (26 male, 11 female) aged between 18–84 years 
were presented with ossification of PSL. Among these 37 patients, 28 patients 
were presented with unilateral ossified PSL, and 9 patients were presented with 
bilateral ossified PSL, amounting to the total of 46 ossified PSL from 400 CT images 
of the petroclival regions (11.5%). The genderwise and sidewise occurrence of 
the PSL ossification seen in different age groups were not statistically significant 
(p > 0.05). Among all the ossified cases, there was no patient presented with 
abducens nerve palsy. 
Conclusions: We believe our results provide baseline data in the region for un-
derstanding PSL ossification and its impact on the abducens nerve palsy. (Folia 
Morphol 2024; 83, 1: 176–181)

Keywords: petrosphenoid ligament, ossification, multidetector 
computed tomography, abducens nerve palsy
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INTRODUCTION
Various ligaments present in the skull base are of 

clinical and surgical importance. One among them is 
the petrosphenoid ligament (PSL). As early as in the 
year 1859; Gruber [10] first described this ligament 
as a sphenopetrosal ligament that extends between 
the petrous apex and the accessory clinoid process of 
the sphenoid bone. Subsequently, in further studies, 
it is often referred to as the ligament of Gruber [18, 
27]. Later on, Dorello [7] explored this region and 
found that the ligament constitutes the roof of the 
sphenopetrosal passageway to the abducens nerve 
as well as to the inferior petrosal sinus. This passage 
is named after Dorello as, Dorello’s canal [7]. Several 
studies followed, reported that the abducens nerve 
usually [6, 8], but not in all the cases [21, 30], passes 
below the PSL, which is located between the petrous 
apex and the posterior clinoid process (Fig. 1) [12]. 
The available morphometric data on PSL length sug-
gests that the average length may vary from 8–14 mm 
and its average width measured at the midsection 
ranges from 1–2 mm. The Dorello’s canal, which is 
situated below the PSL, near the tip of petrous bone 
is as narrow as 5–6 mm in width with 1–2 mm height, 
respectively [12, 21, 25].

In some cases, the PSL may ossify either in a partial 
or complete form and form a bony bridge connecting 
the apex of the petrous bone with the sphenoid bone. 
Such bony bridge forms an osseous foramen, which 
is a normal feature seen in nonhuman primates, but 

not in human beings. Up to date, the incidence of PSL 
ossification has been found to be in a range of 1–25% 
from the studies reported from various populations 
[12, 14, 16, 20, 28]. Studies argued both protective 
and adverse effects of the ossified PSL. A few stud-
ies have proposed that the ossified PSL might pose 
an increased risk of injury to the abducens nerve in 
the petroclival region causing abducens nerve palsy 
[21, 25, 28]. Contrary to these findings, a study also 
proposed the protective effects of PSL in guarding 
the abducens nerve [20]. Hence, the incidence of PSL 
ossification has become a relevant subject in clinical 
practice to radiologists, neurologists and neurosur-
geons for understanding its potential role in abducens 
nerve compression. Although few anatomical studies 
determined the characteristic features of ossified PSL, 
radiological studies evaluating the incidence of PSL 
ossification are scarce in the available literature. To 
the best of our knowledge, no computed tomography 
(CT) imaging study has been performed in Kuwait 
region to assess the ossification of PSL. Therefore, 
we have undertaken this study to investigate the 
incidence of PSL ossification from the multidetector 
computed tomography (MDCT) images.

MATERIALS AND METHODS
Subjects

In this study, we retrospectively assessed a to-
tal of 200 patients’ head CT scans (400 petroclival 
regions), who were referred to the Medical Imag-
ing Department of Mubarak Al-Kabeer Hospital in 
Kuwait. Patients’ CT scan data were reviewed using 
the “Centricity Universal Viewer” system at Mubar-
ak Al-Kabeer Hospital from January 2021 till June 
2022. The age of patients evaluated was in the 
range of 18–91 years. The mean age of the patient 
was 54.8 ± 18.3. CT images presenting artefacts 
and images with history of tumour and fractures 
of the petroclival region were excluded. This study 
was approved by the Ministry of Health, Kuwait (No: 
1794/2021) as well as the Institutional Research and 
Ethics Committee, College of Medicine and Medical 
Sciences, Arabian Gulf University (Project number: 
E01-PI-10-21).

Assessment of PSL ossification from MDCT images

Scans were obtained using 64-row CT Scanner (GE 
Healthcare, Chicago, IL, USA). The image parameters 
were: rotation time = 1.0 s, slice thickness = 0.65 
mm, effective mAs [Milli-Ampere seconds] = 150–300 

Figure 1. Schematic diagram showing the extent of petrosphenoid 
ligament (PSL); PF — pituitary fossa; PCP — posterior clinoid pro-
cess; PA — petrous apex. Arrows showing the abducens nerve. 
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and 140 kV dose. The images were observed and 
assessed carefully on high-resolution monitors at 
bone window settings (W: 3077, C: 570). Axial slices 
of the skull base above the uppermost portion of the 
petroclival region were assessed in a craniocaudal 
direction to look for an ossification of the PSL. If 
PSL ossification was observed as an uninterrupted 
hyperdense extension from the petrous apex to pos-
terior clinoid process, we defined it as a complete 
ossification. Any hyperdense, incomplete bony ridge 
in the course of PSL was noted, we defined it as  
a partial ossification. Age related demographics of the 
patients were recorded for detailed evaluation to see 

whether there is any association between the age and 
frequency of the ossification. The medical records of 
patients with PSL ossification were also assessed to 
investigate whether the cases of PSL ossified cases 
are associated with abducens nerve palsy.

Statistical analysis

Data were analysed using IBM SPSS v.24 (IBM Corp.,  
Armonk, NY, USA). Descriptive statistics were used to 
analyze the prevalence of PSL among age groups and 
sex. Data were presented as percentages. Chi-square 
test was performed to see whether any significant 
influence of sex and side on occurrence of the ossifi-
cation of PSL and the significant association between 
the age and occurrence of the ossification of PSL. The 
level of significance was set at p < 0.05.

RESULTS
In our study of 200 patients, 59% were males 

(n = 118) and 41% were females (n = 82). Patients 
were divided into groups according to age with each 
group spanning 20 years. A total of 400 CT images 
of petroclival regions were assessed to analyze the 
extent of PSL ossification.

A total of 37 patients (26 male, 11 female) aged 
between 18–84 years were presented with ossification 
of the PSL. The overall prevalence of PSL ossification 
was 18.5% and it was seen in all age groups.  

Among these 37 patients, 28 patients were pre-
sented with unilateral ossified PSL, and 9 patients 
were presented with bilateral ossified PSL, amounting 
to the total of 46 ossified PSL from 400 CT images 
of the petroclival regions assessed (11.5%) (Table 1). 
The genderwise, sidewise, and partial to complete 
occurrence of the PSL ossification were shown in 
Table 2. The age distribution of all subjects with occur-
rence of PSL ossification were presented in Figure 2.  
With regards to the extent of ossification, we found 
completely ossified PSL in 2 male patients (1 on the 
right side and 1 bilaterally) (Tables 1, 2; Fig. 3A). Of 
35 partially ossified cases (24 male, 11 female), 15 
were on the right side, 12 were on the left side and 
8 were bilateral (Tables 1, 2; Fig. 3B). Figure 4A, B 
show the unilateral ossification of PSL on the right 
and left sides. Figure 5A, B are the volume rendered 
three-dimensional CT images showing bilateral partial 
and unilateral partial ossification of the PSL. There 
was no statistically significant association between 
gender, side, age groups and occurrence of the PSL 
(p > 0.05). 

Table 1. Genderwise distribution of petrosphenoid ligament 
ossification 

Gender Extent Total

Partial Complete

Male 24 2 26

Female 11 0 11

Total 35 2 37

Table 2. Sidewise distribution of petrosphenoid ligament ossi-
fication

Side  
of ossification

Gender

Male Female

Partial Left 9 3

Right 8 7

Bilateral 7 1

Complete Left 0 0

Right 1 0

Bilateral 1 0

18–37 38–57 58–77 78–97
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Figure 2. Age distribution of petrosphenoid ligament (PSL).
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Based on the data reviewed, there was no patient 
registered with abducens nerve palsy among all the 
ossified cases. 

DISCUSSION
To the best of our knowledge, this is the first 

study to report the prevalence of PSL ossification 
from CT scans of the skull bases in Kuwait region. 

Our study found 46 ossified PSL from 400 CT images 
of the petroclival regions assessed (11.5%). The inci-
dence of ossified PSL was found to range from 1 to 
12% in different radiological and anatomical studies. 
However, in one study [14], results are different in 
which ossified PSL was found to be 25% (5 out of 20 
specimens). A recent radiological study conducted on 
240 CT images found 26 ossified PSL (19 unilateral,  
7 bilateral) and identified that in bilateral cases, 
14.3% were completely ossified and 85.7% were 
partially ossified. In unilateral cases, 26.3% were com-
pletely ossified and 73.7% were partially ossified [26].  
A study by Tsitsopulos et al. [27] confirmed that PSL was 
ossified in 10% of cases. Ozgur and Esen [20] in their 
study from 523 CT images (1046 petroclival regions) 
found 61 ossified PSL (31 unilateral, 15 bilateral) of  
which 6.5% were on the right side and 5.1% were on 
the left side. They identified that 38 (3.6%) ligaments 
were partially ossified, whereas 23 (2.2%) ligaments 
were completely ossified. In addition to these radi-
ological findings, very few gross anatomical studies 
are existing in the literature. A gross anatomical study 
conducted on 134 skulls observed 7 ossified PSL [1]. 
Peker et al. [22] in a sample of 80 subjects, reported 
these ossifications occurring at the incidence of 7.6% 
on the right side and 10.1% on the left side, respec-
tively. A few anatomical studies have also reported 
a completely ossified bilateral PSL [1, 13, 19, 22, 29] 
and to a lesser extent, partially ossified unilateral 
PSL from their sample [24]. In addition to these, few 
reports have also discussed the atypical attachments 
of PSL to the posterior genu of the cavernous internal 
carotid artery in a male cadaver [31], and to the dor-
sum sellae in a fetal skull [5]. Ossification of the skull 
base ligaments could be attributed to factors, such 
as genetics, metabolic abnormalities and mechanical 
stress [26]. It is clear from our study results that the 
ossification of PSL is a common finding in all the age 
groups and the incidence of ossification is found to 
be increasing in all the age groups from 18–77 years.  

Apart from ossification, partial to complete calci-
fication of PSL is also described in the literature. Inal 
et al. [13] conducted a CT study on 130 skull bases 
and reported that the partial calcifications of the PSL 
were found to be 9.8% on both right and left sides 
and complete calcifications at the incidence of 2.3% 
on right and 2.9% on left sides, respectively. There 
were no statistically significant differences seen be-
tween PSL calcification in males and females on the 
right and left sides, respectively. In addition to these 

Figure 3. Bilateral ossification of petrosphenoid ligament (PSL); 
A. Axial computed tomography image showing bilateral complete 
ossification of PSL (white arrows) in a 52-year-old male; B. Axial 
computed tomography image showing partially ossified PSL on the 
right side (thin yellow arrow) and completely ossified PSL on the 
left side (thick white arrow) in a 68-year-old male. 

Figure 4. Unilateral partial ossification of petrosphenoid ligament 
(PSL); A. Axial computed tomography image showing unilateral 
ossification of PSL on the right side (white arrow) in a 26-year-old 
female; B. Axial computed tomography image showing unilateral 
ossification of PSL on the left side in a 59-year-old male (white 
arrow).

Figure 5. Volume rendered three-dimensional computed tomog-
raphy images of ossified petrosphenoid ligament (PSL); A. Poste-
ro-superior view of the skull base showing bilateral partial ossifica-
tion of PSL (black arrows) in a 68-year-old male. Dotted red arrow 
showing the petrous apex; B. Postero-superior view of the skull 
base showing partially ossified PSL on the right side (black arrow) 
in a 26-year-old female.
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radiological findings, a few anatomical studies were 
also conducted to assess the calcification of PSL. Icke 
et al. [12] have noted a small number of calcified 
PSL at the incidence of 5% in 2 of 40 cases studied, 
followed by Destrieux et al. [6] examined 16 human 
cadaver heads and found only 1 calcified PSL (6.25%).

The anatomical relationship of PSL with Dorello’s 
canal has become an important aspect in clinical prac-
tice, particularly in skull base surgeries [8, 9], dealing 
with the pathologies of petroclival region [15]. The 
association of ossified PSL with hypoplasia of the 
Dorello´s canal [3, 4], has explained the mechanism 
of abducens nerve palsy in several pathological condi-
tions caused by the infection and inflammation of the 
petrous apex [2]. Contrary to these adverse findings, 
studies also claimed that the ossified PSL may act 
as an important anatomical landmark, shielding the 
abducens nerve by limiting the petrous drilling in skull 
base surgeries [11] and may protect the structures 
passing through Dorello’s canal as commonly seen in 
nonhuman primates [17, 23]. A study by Ozgur and 
Esen [20] supported this hypothesis and revealed that 
the complete or partial ossification of PSL was not 
associated with abducens nerve palsy as in our study. 

Our results also suggest that the abducens nerve 
palsy may be mostly related to the hypoplastic Dorel-
lo’s canal and the position of nerve within Dorello’s 
canal, rather than the ossification of PSL alone. Studies 
confirmed that the passage of abducens nerve through 
Dorello’s canal is not constant. It may travel in the later-
al 1/3rd, middle 1/3rd or, rarely, medial 1/3rd of the canal 
[4, 20, 25]. In any of these cases, the abducens nerve 
can be entrapped when the narrow segment of the 
canal corresponds to the course of the abducens nerve.

CONCLUSIONS
In conclusion, our study confirms the efficiency of 

MDCT in identifying the ossification of PSL. We believe 
that these results provide baseline data in the region 
for understanding PSL ossification and its impact on 
the abducens nerve palsy. Our study has some limita-
tions, are that: this study contained smaller samples 
and the complete clinical data on the radiological 
imaging and surgical correlation was not available. 
Although CT provides information about the ossified 
PSL, magnetic resonance imaging may be useful in 
future to determine the precise relationship between 
the ossified PSL and abducens nerve.   

Conflict of interest: None declared
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Background: This study aimed to evaluate the congenital anomalies of ribs in 
the Turkish population using multi-detector computed tomography (CT) and to 
reveal the prevalence and distribution of these anomalies according to sexes and 
body sides.
Materials and methods: This study included 1120 individuals (592 male, 528 
female) over 18 who presented to our hospital with a suspicion of COVID-19 
and who had thoracic CT. Anomalies such as a bifid rib, cervical rib, fused rib, 
Srb anomaly, foramen rib, hypoplastic rib, absent rib, supernumerary rib, pectus 
carinatum, and pectus excavatum, which were previously defined in the literature, 
were examined. Descriptive statistics were performed with the distribution of 
anomalies. Comparisons were made between the sexes and body sides.
Results: A prevalence of 18.57% rib variation was observed. Females had 1.3 
times more variation than males. Although there was a significant difference in the 
distribution of anomalies by sex (p = 0.000), there was no difference in terms of 
body side of anomaly (p > 0.05). The most common anomaly was the hypoplastic 
rib, followed by the absence of a rib. While the incidence of the hypoplastic rib 
was similar in females and males, 79.07% of the absent ribs was seen in females 
(p < 0.05). The study also includes a rare case of bilateral first rib foramen. At 
the same time, this study includes a rare case of rib spurs extending from the left 
11th rib to the 11th intercostal space. 
Conclusions: This study demonstrates detailed information about congenital rib 
anomalies in the Turkish population, which may vary between people. Knowing 
these anomalies is essential for anatomy, radiology, anthropology, and forensic 
sciences. (Folia Morphol 2024; 83, 1: 182–191)
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INTRODUCTION
There are 12 pairs of ribs, and they consist of bone 

and cartilage. The ribs articulate with the sternum 
anteriorly and the thoracic vertebrae posteriorly to 
form the rib cage. The head, neck, and tubercle form 
the proximal part of the rib, while the shaft comprises 
the distal portion. The 11 pairs of intercostal spaces 
between the ribs have intercostal muscles, nerves, 
and veins [8]. Ribs are mobile and flexible structures 
that allow for inspiration and expiration to ensure gas 
exchange in the lungs, and they protect the heart, 
lungs, and great vessels in the chest cavity [18].

Congenital rib anomalies are significantly associat-
ed with rib development during embryogenesis [24]. 
The ribs consist of somites located on the dorsal side 
of the embryo and related to the level of the spine 
where it is located. One rib follows a pattern that 
includes the caudal and rostral halves of two adjacent 
somites. Each somite identity is determined under 
the control of the Hox gene family, leading to the 
formation of specific structures associated with its 
location [21, 24]. The segmentation process forms the 
somites, where the embryo starts from the cranial end 
and separates from the presomitic mesoderm towards 
the caudal end. The somites’ segmental boundary is 
defined under mesoderm posterior protein 2 (MESP2 
gene) [3]. 

Congenital anomalies of the ribs can be classi-
fied as numerical or structural anomalies. Numerical 
anomalies are classified as supernumerary if more 
than 12 pairs of ribs are present and absent ribs if 
less than 12. Structural anomalies include bifid, bi-
furcated, fused, bridging, and hypoplastic ribs [22]. 
Additional ribs, such as cervical ribs, are of interest 
to surgeons because of their clinical implications, 
such as thoracic outlet syndrome [16]. As a structural 
anomaly, the bifid rib is usually asymptomatic [4]. 
It may be an isolated anomaly or associated with 
pathological malformations [29, 31, 33].

Chest radiographs are commonly used as the ini-
tial diagnostic method to evaluate pathologies in this 
region, such as rib fractures. At the same time, they 
are known to have a lower sensitivity than computed 
tomography (CT) [12, 26, 32]. Therefore, the need 
for more sensitive imaging techniques has led to 
multi-detector computed tomography (MDCT) use 
for thoracic imaging [2]. MDCT provides a unique 
perspective on thoracic anatomy and the disease with 
shorter acquisition times, more extensive coverage, 
and superior image resolution [8, 20]. To avoid misdi-

agnosis, radiologists and surgeons should be familiar 
with normal rib anatomy, normal rib variants, and the 
radiological appearance of ribs. In addition, this issue 
is essential for the correct analysis and identification 
of the bones found in terms of anthropologists and 
forensic medicine. Based on this, the present study 
was planned to evaluate congenital anomalies of ribs 
in the Turkish population using MDCT.

MATERIALS AND METHOD
This study was approved by 09.02.2022 dat-

ed 502 protocol numbered permission of (İzmir 
Bakırçay) University non-interventional ethics board. 
In this retrospective study, 1120 cases (592 male, 
528 female) aged 18–94 who were referred to our 
hospital with a suspicion of COVID-19 and had tho-
racic CT between October 2021 and February 2022 
were evaluated. Cases in which the images of all 
vertebrae between C6 and L1 and all existing ribs 
could be taken were included. The study did not in-
clude images of individuals with a history of surgery 
and trauma in the thorax and with artifacts on CT 
images. The presence of comorbid clinical findings 
was not examined.

Multi-detector computed tomography protocol

All MDCT applications were performed with  
a routine thoracic CT protocol using a 128-detector 
spiral CT scanner (GE Optimal CT660, USA). With  
a tube voltage of 130 kV and 20–300 mA smart 
dosing technology, images were obtained from axial 
slices of 5 mm thickness with 1.25 mm axial and 3 mm  
coronal-sagittal reconstructions. 

Image analysis

All CT images transferred to the workstation 
(Horos, Version 3.3, USA) were evaluated by a spe-
cialist radiologist and two anatomists with consensus. 
All images were scanned from start to finish across 
the entire image series of axial, coronal, and sagittal 
planes at a standard bone dose (W/C: 500/2000). 
Previously defined bifid rib, cervical rib, fused rib, the 
fusion of the two uppermost ribs (Srb anomaly), fo-
ramen rib, hypoplastic rib, absent rib, supernumerary 
rib, pectus carinatum, and pectus excavatum anoma-
lies were examined. Information about the age, sex, 
type, and location of the anomaly was recorded in 
patients with rib anomaly. The lengths (cm) of the 
12th ribs, which were evaluated as hypoplastic, were 
measured.
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Statistical analysis

The data were analysed by using SPSS 22.0 pack-
age programme. In defining the data, number and 
percentage were used for congenital rib anomalies, 
while mean ± standard deviation was used for hy-
poplastic 12th rib length. Descriptive statistics were 
performed, and distribution values were given as 
percentages. Differences between sexes and body 
sides were analysed with the Pearson chi-square test. 
A p-value less than 0.05 was considered statistically 
significant.

RESULTS
Rib anomaly was detected in 208 (18.57%) cases 

in 1120 thorax CT images. The mean age of subjects 
with variation was 53.68 (18–94). Thirteen cases were 
found to have more than one rib variation. The to-
tal number of variations was 221, 96 (43.44%) in 
males and 125 (56.56%) in females. Body side of rib 
anomalies by sex is shown in Table 1 and Figure 1. 
The most frequent anomaly was hypoplastic rib with 
52.04%, followed by absent rib with 9.46%. There 
was statistical significance between sexes according 
to the distribution of anomalies (p = 0.000). In males, 
17 (17.7%) of all anomalies were seen on the right, 
12 (12.5%) on the left, and 67 (69.8%) bilateral. In 
females, these numbers were 15 (12%), 15 (12%), 
and 95 (76%), respectively. There was no statistically 
significant difference between the sexes on the side 
of the body for all anomalies (p > 0.05; Table 2). 

Bifid rib prevalence was found as 1.34%. Fifteen 
(6.79%) cases were found to have bifid rib variation, 
and the mean age of these patients was 60.2. Seven 
of these cases were male, while 8 were female. The 
bifid rib was found unilateral in all cases, on the right 
side in 13 cases and on the left side in 2 cases. All 
bifid ribs were on ribs 3rd–5th (Fig. 2). The results of 
bifid rib variation did not differ between the sexes 
(p > 0.05; Table 3).

The fused rib prevalence was 0.45%. Nine fused ribs 
were found in 5 (2.26%) cases, and the mean age was 51.  
Five fusions were found in 1 of the cases (Fig. 3).  

Table 1. Distribution of anomalies by gender

Type of anomaly Gender Total (%)

Male Female

Bifid rib 7 (3.17%) 8 (3.62%) 15 (6.79%)

Cervical rib 3 (1.36%) 13 (5.88%) 16 (7.24%)

Fused rib 4 (1.80%) 1 (0.45%) 5 (2.26%)

SRB anomaly 3 (1.36%) – 3 (1.36%)

Foramen rib – 1 (0.45%) 1 (0.45%)

Hypoplastic rib 53 (23.98%) 62 (28.05%) 115 (52.04%)

Absent rib 9 (4.07%) 34 (15.38%) 43 (19.46%)

Supernumerary rib 12 (5.43%) 3 (1.36%) 15 (6.79%)

Pectus carinatum 4 (1.80%) 1 (0.45%) 5 (2.26%)

Pectus excavatum – 2 (0.90%) 2 (0.90%)

Rib spurs 1 (0.45%) – 1 (0.45%)

Total 96 (43.44%) 125 (56.56%) 221 (100%)

Pearson chi-square test results: Value: 34.342a, df: 10, p = 0.000 (a. 12 cells [54.5%] 
have expected count less than 5. The minimum expected count is 0.43).

Figure 1. Distribution graph of all costal anomalies by gender.
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Fused rib was observed in 4 males and 1 female. 

While 4 of the 9 fused ribs were on the right side,  

5 were on the left. There was no difference between 

the sexes regarding fused rib variation (p > 0.05). 

Fusions were found between the 5th and 6th, 6th and 

7th, and 7th and 8th ribs (Table 4). 

Srb anomaly prevalence was found as 0.27%. 

Three (1.36%) cases had SRB anomaly, and the mean 

age 50.33. All the cases were male. All SRB anomalies 

Table 2. Body side distribution of all anomalies by sex

Gender Side Total

Right Left Bilateral

Male Count 17 12 67 96

Expected count 13.9 11.7 70.4 96.0

% within sex 17.7% 12.5% 69.8% 100.0%

% within side 53.1% 44.4% 41.4% 43.4%

% of total 7.7% 5.4% 30.3% 43.4%

Female Count 15 15 95 125

Expected count 18.1 15.3 91.6 125.0

% within sex 12.0% 12.0% 76.0% 100.0%

% within side 46.9% 55.6% 58.6% 56.6%

% of total 6.8% 6.8% 43.0% 56.6%

Total Count 32 27 162 221

Expected count 32.0 27.0 162.0 221.0

% within sex 14.5% 12.2% 73.3% 100.0%

% within side 100.0% 100.0% 100.0% 100.0%

% of total 14.5% 12.2% 73.3% 100.0%

Pearson chi-square test results: Value: 1.519a, df: 2, p = 0.468 (a. 0 cells [0.0%] have expected count less than 5. The minimum expected count is 11.73).

Figure 2. Bifid appearance on the right fifth rib on the coronal computer tomography image (A) and three-dimensional image (B).

Table 3. Results regarding the bifid rib variation

Gender Anomaly location Total

Right side Left side

3rd rib 4th rib 5th rib 3rd rib

Male 3 (20%) 4 (26.7%) – – 7 (46.7%)

Female 2 (13.3%) 3 20%) 1 (6.7%) 2 (13.3%) 8 (53.3%)

Total 5 (33.3%) 7 (46.7%) 1 (6.7%) 2 (13.3%) 15 (100.0%)

Pearson chi-square test results: Value: 3.291a, df: 3, p = 0.349 (a. 8 cells [100.0%] have 
expected count less than 5. The minimum expected count is 0.47).

A B
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were unilateral; 1 was on the right side, while 2 were 
on the left (Fig. 4).

Foramen rib prevalence was found as 0.09%. The 
only case (0.45%) with a foramen rib variation was 
a 26-year-old female. The foramen was located sym-
metrically on the first ribs (Fig. 5).

Cervical rib prevalence was found as 1.43%. There 
was cervical rib variation in 16 (7.24%) cases, and 
their mean age was 47.71 years. Thirteen of these 
cases were female, while 3 were male. Ten cases had 
bilateral cervical ribs. It was bilateral in all male cases. 
One of the unilateral cervical ribs was on the right 
side, while 5 were on the left (Table 5, Fig. 6).

Supernumerary rib prevalence was found as 
1.34%. Fifteen (6.79%) cases had supernumerary 
ribs, and their mean age was 55.33. Three of the 
cases were female, while 12 were male. Bilateral 13 
ribs were seen in 10 cases and unilateral in 5 (3 on 
the right, 2 on the left) cases (Table 5).

Hypoplastic rib prevalence was found as 10.27%. 
There were hypoplastic ribs in 115 (52.04%) cases, 
and their mean age was 52.67. In 2 cases, the first 
rib was hypoplastic; both were male and on the left 

side. In 113 cases (51 male, 62 female), the 12th ribs 
were hypoplastic. Ninety-eight cases had bilateral 
hypoplastic 12th rib, while 15 (7 on the right, 8 on 
the left) had unilateral (Table 5). The mean length of 
all hypoplastic 12th ribs was found to be 3.98 ± 1.58 
cm on the left side and 4.00 ± 1.35 cm on the right 
(p > 0.05; Fig. 7).

Absent rib prevalence was found as 3.84%. There 
were missing ribs in 43 (19.46%) cases (9 male, 34 
female), and their mean age was 54.9. Eleven ribs 
were observed bilaterally in 36 cases and unilaterally 
in 7 (3 on the right, 4 on the left). The absent rib in 
all males was bilateral (Table 5).

Pectus carinatum prevalence was found as 0.45%, 
while pectus excavatum was found as 0.18%. There 
were 5 (2.26%) cases (4 male, 1 female) with pectus 
carinatum, and their mean age was 56.6. There were 
2 (0.90%) cases (0 male, 2 female) with pectus exca-
vatum, and their mean age was 48. 

Rib spurs extending from the left 11th rib to the 
11th intercostal space were observed in 1 (0.45%) case. 
The case was a 61-year-old male (Fig. 7). The same 
subject had a comorbidity of fusion anomaly between 
the 5th and 6th ribs and between the 7th and 8th ribs. 

DISCUSSION
In this study, which was conducted to discover 

congenital rib anomalies in the Turkish population 
using MDCT, 18.57% rib variation was observed in 
1120 subjects. Although there was a significant dif-
ference in the distribution of anomalies by sex, there 
was no difference in terms of body side of anomaly. 
Females were found to have more variations (1.3x) 
than males. The most frequent anomaly was hypo-
plastic rib, followed by absent rib anomaly. While the 

Figure 3. Right side (A) and left side (B) thoracic computer tomography images of 5 fusion centres in the same case.

Table 4. Results regarding fused rib variation

Sex Anomaly location Total

5th and 6th 
rib

6th and 7th 
rib

7th and 8th 
rib

Right 
side

Male 2 – 2 4

Female – – – –

Left 
side

Male 1 2 1 4

Female 1 – – 1

Pearson chi-square test results: Value: 3.938a, df: 4, p = 0.415 (a. 10 cells [100.0%] 
have expected count less than 5. The minimum expected count is 0.11).

A B
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Table 5. Results regarding cases with cervical rib, supernumerary rib, hypoplastic 12th rib, and absent rib

Anomaly type Anomaly location

Gender Bilateral Right side Left side

Cervical rib Male (19%) 3 (19%) – –

Female (81%) 7 (44%) 1 (6%) 5 (31%)

Total (100%) 10 (63%) 1 (6%) 5 (31%)

Supernumerary rib Male (80%) 8 (53%) 2 (13%) 2 (13%)

Female (20%) 2 (13%) 1 (7%) –

Total (100%) 10 (67%) 3 (20%) 2 (13%)

Hypoplastic 12th rib Male (45%) 43 (38%) 3 (3%) 5 (4%)

Female (55%) 55 (49%) 4 (3%) 3 (3%)

Total (100%) 98 (87%) 7 (6%) 8 (7%)

Absent rib Male (21%) 9 (21%) – –

Female (79%) 27 (63%) 3 (7%) 4 (9%)

Total (100%) 36 (84%) 3 (7%) 4 (9%)

Pearson chi-square test results: Value: 25.316a, df: 11, p = 0.008 (a. 18 cells [75.0%] have expected count less than 5. The minimum expected count is 0.40).

Figure 5. Presence of a single foramen on the first rib on both sides on the coronal computed tomography image (A) and three-dimensional 
image (B).

Figure 4. Cases with the right (A) and left (B) Srb anomaly.

A B

A B
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prevalence of hypoplastic rib was similar in females 
and males, absent rib anomaly was seen about four 
times more in females. 

In a study conducted by Davran et al. [8], congen-
ital rib anomalies were investigated in 650 individuals 
(231 female, 419 male) with MDCT, and 54 bifid rib 
anomaly was found in 44 (6.76%). 82% of bifid ribs 
were in males, and in unilateral ones, both sides were 
equal [8]. In the present study we conducted with  
a higher number of cases in the same population,  
a lower rate of bifid rib variation (1.34%) was found. 
Unlike the previous study, more bifid rib was found 
in females and on the right side (6.5x). The most 
common location of bifid rib variation was 3–5th ribs, 
similar to previous studies [8, 9, 11, 27]. 

The cervical rib is a congenital anomaly clinical-
ly associated with thoracic outlet syndrome (TOS).  
A meta-analysis showed that 30% of patients with 
TOS consist of individuals with cervical ribs [20]. In 
vascular TOS, compression of the cervical rib to the 
subclavian artery and vein may cause stenosis or aneu-
rism [21]. As a result of neurological TOS, paraesthesia 
in the upper extremity or atrophy in intrinsic muscles 
of the hand may occur. For this reason, resection of 
the cervical rib, which has been found to cause TOS, 
is frequently used in treatment [20]. 

Gülekon et al. [13] found 200 (3%) cervical rib 
anomalies in the Turkish population on 6630 X-ray im-
ages. In a study Brewin et al. [6] conducted to find out 
the incidence of cervical rib in the London population, 

Figure 6. Left cervical rib on the coronal computed tomography 
image.

Figure 7. Bilateral hypoplastic 12th rib.

Figure 8. Spurs on the left 11th rib on the coronal computed tomography image (A) and three-dimensional image (B).

A B
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the anomaly was found in 10 (0.74%) individuals in 
1352 X-ray images and reported that variations were 
more common in females. In 5 of the 10 cases with 
cervical rib, variation was on the left side, on the right 
side in 3 cases, and it was bilateral in 2 cases [6]. Ac-
cording to a study conducted by Bokhari et al. [5] with 
1000 chest X-rays, cervical rib rate was found as 3.4%, 
and two times higher variation rate was reported in 
females. In the same study, bilateral cervical rib was 
reported as 41%, 32.3% on the right, and 26.7% on 
the left [5]. Unlike these studies in literature, in the 
present study, we conducted with MDCT images of 
1120 individuals, the rate of cervical rib variation was 
found as 1.4%. 63% of these variations were bilateral, 
6% on the right, and 31% on the left. In addition, in 
our study, the cervical rib was 4.3 times more com-
mon in females and only bilaterally in males. Similar 
to other studies, more cervical ribs in females can be 
used to predict sex in bones with unknown identities. 
Population-based differences can be seen regarding 
the rate and side of the anomaly. The high number of 
cases and sample selection can explain the difference 
in the results of studies conducted on similar popula-
tions. However, this study stands out because some 
anomalies are difficult to detect by radiography due 
to the superposition disadvantage.

Rib fusion is a rare condition with a rate of 0.3% 
in society. It refers to the partial or complete fusion 
of ribs seen in the anterior or posterior ribs. It is most 
commonly seen between the first and second ribs. 
It is thought to be associated with a developmental 
segmentation defect since vertebral segmentation 
anomalies can also accompany it [14]. Similarly, fused 
rib prevalence was found as 0.45% in our study, and 
it was four times higher in males. However, in our 
study, the fused rib was seen on ribs 5, 6, 7, and 8, 
unlike the general appearance. 

Srb anomaly is the formation of a solid bone layer 
with the incomplete fusion of the first and second 
rib due to one or both of the first ribs being short. 
The intercostal space between the first and second 
rib is not seen radiologically [34]. In our study, SRB 
anomaly was observed with a rate of 0.27%, which 
was unilaterally similar to other studies. 

Foramen rib development is a very rare condition 
and has been reported to be clinically insignificant 
[34]. Our literature review found no incidence data 
or images about this anomaly. The bilateral first rib 
foramen we found in a female case in our study will 
contribute to the literature as a scarce variation. The 

foramen rib should be kept in mind in the differential 
diagnosis of bone lesions. In addition, the rib spurs we 
found on the left 11th rib of a male case is a different 
variation not reported before. This appearance may 
be related to incomplete rib fusion.

One of the anomalies with the higher prevalence 
in the society reported in the literature is hypoplastic 
12th rib anomalies [19]. A rudimentary 12th rib and 
asymmetry in the size of this rib are often seen in the 
lower part of the rib cage. However, this is not clini-
cally significant. Davran et al. [8] found a rudimentary 
12th rib with a rate of 9.62%. Our study found the 
hypoplastic rib rate as 10.27%, similar to the litera-
ture. Unlike other studies, hypoplasia was found on 
the left side first rib in two of the cases. 

The supernumerary rib is a rare condition that 
most commonly presents as a cervical rib originating 
from C7 or a lumbar rib originating from L1. Super-
numerary rib can be a normal variation or seen in 
some syndromes (Turner syndrome, trisomy 8) [11]. 
In line with the literature, supernumerary rib was seen 
in a small number, and its prevalence was 1.34%. 
In addition, this variation was four times greater in 
males. The prevalence of absent rib (11 pairs of ribs) 
in various populations has been reported as between 
5% and 8% [11, 34]. In our study, the prevalence of 
absence of rib was found as 3.84%, and it was 3.8 
times higher in females.

Pectus carinatum is a convex forward protrusion 
of the sternum and costochondral joints, resulting in 
a pigeon-like appearance. This anomaly is the most 
common second deformity of the chest wall. This 
anomaly, seen at a rate of 0.1%, is more common 
in males [7, 17, 23]. In our study, pectus carinatum 
prevalence was 0.45%. Pectus excavatum is character-
ized by varying degrees of depression in the sternum 
and lower rib cartilage. It is the most common chest 
wall deformity. According to the literature, it is an 
anomaly with a rate of 0.4%, and it is more common 
in males [7, 10, 17, 30]. In our study, the prevalence 
of pectus excavatum was 0.18%. This difference can 
be interpreted as environmental or genetic reasons.

Aignătoaei et al. [1] classified the congenital 
anomalies of ribs according to defects in the peri-
od of embryological development. There are three 
main classes in this classification: results of homeotic 
transformation, segmentation errors, and anomalies 
of resegmentation. 

The result of homeotic transformation is a condi-
tion in which the abnormal state of the homeobox 
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(Hox) genes causes an increase or decrease in the 
number of ribs due to the formation of false ribs, 
especially in the passages in the cervicothoracic and 
thoracolumbar borders [24]. It has been noted that 
the abnormal state of the Hoxa-4 and Hoxa-5 genes 
causes the formation of the cervical rib, while the 
abnormal state of the Hoxa-10 genes causes the 
formation of the lumbar rib [21, 33]. In this study 
we conducted in the Turkish population, cervical rib, 
supernumerary rib, absent rib, and hypoplastic 12th 
rib anomalies are included in this group, and results 
of homeotic transformation anomalies constitute the 
cause of 88.3% of all anomalies.

The segmentation errors are a class of rib anom-
alies thought to occur during somitogenesis [1]. It is 
thought to result from an abnormal condition in the 
Mesp2 transcription factor [25]. This class has been 
referred to as costal fusion and costal bridges [1]. 
Since the SRB anomaly is also a fusion in the first and 
second ribs, this anomaly should also be specified 
in this developmental error class. In addition, we 
thought that the rib spur anomaly in our study could 
be an incomplete costal bridge and included it in this 
group. According to the current study, 4.2% of the 
rib variations are due to segmentation errors.

Anomalies of resegmentation are bifid ribs that 
result from abnormalities in the union of two adjacent 
somites whose class will form the same condition [1]. 
We consider the foramen rib in our study should also 
be in this class. According to this information, 7.5% of 
the anomalies in our study are caused by anomalies 
of resegmentation.

Although our study, which had a sufficient sam-
ple size, was conducted on a specific population, 
the results may not be generalized since the data 
belong to a single hospital. This can explain why 
studies conducted with similar populations have dif-
ferent results in the literature. In addition, since the 
study was planned retrospectively, the presence of 
comorbid clinical findings was not examined. The 
fact that the findings of the study are based on CT 
images rather than radiograph can be considered as 
an advantage as it provides more detailed data. More 
comprehensive and multi-centre studies are needed 
to eliminate these conditions, which constitute the 
limitations of our study. 

In addition to our study’s mentioned limitations, 
we think it will be interesting for anatomy, radiology, 
anthropology, forensics, and some clinical scienc-
es. According to the study’s results, some variations 

showing significant sex differences may be helpful for 
identity analysis in bones found. Rib spurs observed 
in the left 11th rib in one patient and foramen rib 
anomalies in the bilateral first rib observed in another 
patient will be the first cases of these anomalies in 
the literature. The foramen rib, which can be found 
in individuals as a congenital anomaly, should not be 
confused with other bone lesions or injuries. Also, 
such anomalies can help identify unidentified indi-
viduals if previous radiographs are available.

CONCLUSIONS
In conclusion, recognizing rib variations with  

a wide variational range, which may be symptomatic 
in some cases, such as the cervical rib, will strengthen 
the clinician’s hand. Numerical anomalies of the ribs, 
the most common variations in our study, should be 
considered because they may cause errors in deter-
mining vertebral levels in radiological imaging. 
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Background: The temporomandibular joint is one of the most complex anatomic 
structures. It takes a great role in masticatory system and helps to make possible 
some functions such as speaking, chewing and swallowing. Clinicians should 
have sufficient anatomical knowledge to assess relationships of the hard and soft 
tissues, including the mandibular condyle, glenoid fossa, articular eminence of 
the temporal bone, the articular disc and its attachments. The aim of this study 
was to evaluate the frequency of different types of mandibular condyles and its 
distribution according to the age and gender. It was also evaluated whether the 
condyle types were bilaterally symmetrical or not. 
Materials and methods: A total of 1315 digital panoramic images which obtained 
from the patients suffering from the dental problems were assessed. Demograph-
ic data, condylar morphology were noted. All obtained data were analysed by 
using descriptive statistics. Morphology of mandibular condyles were classified 
into four shapes as identified in other studies, namely: type I — oval shape, type 
II — diamond shape, type III — bird beak shape, type IV — crooked finger shape. 
Two independent examiners, who have 19 and 7 years of experience in oral and 
dentomaxillofacial radiology, made a consensus and evaluated all images.
Results: A total of 1315 digital panoramic images were assessed. Seven hundred 
sixty-seven [58.3%] the patients were female and 548 [41.6%] were male. The 
age range of patients was from 18 to 84 years. Right-left condyle types were 
found to be symmetrical in the range of 67% of the subpopulation examined in 
the study. For the consensus, ‘oval’ condyle was common on both the right and 
left, while ‘crooked finger’ condyle was the rarest. 
Conclusions: The temporomandibular joint is the most important structure for 
all jaw functions such as speech, swallowing. In order for all these functions 
to continue in a healthy way, the anatomical structure should be known very 
well down to the finest detail. Identification of anatomical structures and their 
variations can play an important role in implant dentistry. Clinicians commonly 
prefer conventional radiologic methods to evaluate dentomaxillofacial region. 
Although the most of the variations are asymptomatic and require no treatment,
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INTRODUCTION
The temporomandibular joint (TMJ) is one of the 

most complex anatomic structures. It takes a great 
role in masticatory system and helps to make possi-
ble some functions such as speaking, chewing and 
swallowing [29]. Although TMJ has some common 
features with other joints, it has some differences 
such as anatomic complexity and close anatomical re-
lationships make it specific among others in the body. 
TMJ has bony articular surfaces, articular capsule, 
synovial membrane, ligaments and also an articular 
disc [25]. Clinicians should have sufficient anatomical 
knowledge to assess relationships of the hard and soft 
tissues, including the mandibular condyle, glenoid 
fossa, articular eminence of the temporal bone, the 
articular disc and its attachments [11, 18, 20].

Improving the knowledge of dentomaxillofacial 
anatomy and the features of imaging modalities will 
lead practitioners to avoid misinterpretations and mis-
diagnosis. In this context, radiographic examination is 
necessary to evaluate TMJ structures, abnormalities, 
growth and bony changes. Choosing the most appro-
priate imaging technique is precious. Over the years, 
radiologists have used different oblique projections 
to overcome the limitations of standard conventional 
radiographic techniques. Recently, there are several 
imaging modalities available including conventional 
radiographic techniques, computerized tomography 
(CT) scanning, cone-beam CT (CBCT), arthrography, 
magnetic resonance imaging (MRI), computerized 
axiography, and ultrasonography [20].

Considering the advantages of the panoramic 
imaging technique, it is often used for dental reasons 
in the evaluation of the dentomaxillofacial area. Al-
though panoramic imaging is one of the most com-
mon imaging techniques in dental practice, there are 
some limitations. These limitations including; mag-
nifications, distortions and superimpositions make 
difficult to interpret the anatomical structures such as 
TMJ [21]. Despite these limitations some anatomical 
structures can be evaluated. One of these is condyle 
shape. A number of studies which were made in 
different populations by using panoramic imaging 

technique are available in literature about the shape 
of the mandibular condyle. Some differences between 
several populations were found in prevalence [2, 5, 
10, 26, 27, 31]. 

Condyle is a special part of TMJ, because it stim-
ulates the growth of the mandible. Shape of man-
dibular condyle can differ among some individuals. 
Simple developmental variability, remodelling to ac-
commodate developmental variations, malocclusion, 
trauma and other developmental abnormalities can 
cause morphological changes on the mandibular 
condyle [3, 8]. Additionally, the form and function 
can be considered closely linked. Due to this situation, 
morphology of TMJ may be related to functional 
forces [12]. Full understanding of the anatomy and 
the morphology of the TMJ is crucial to detect the 
normal and the abnormal condition [8]. Normal con-
dylar head is assumed to have convex structure and to 
be of the same shape bilaterally in the same person 
[23]. Morphological changes of mandibular condyle 
are most commonly observed in elderly people due 
to the degeneration of TMJ [17]. Based on all these, 
the detection of changes in the condyle is important 
for the diagnosis of TMJ diseases and reduces mis-
interpretation [3]. 

The aim of this study was to examine the mor-
phologies of the mandibular condyle and evaluate the 
frequency of different types of mandibular condyles 
and their distribution according to age and gender 
in a Turkish subpopulation. It is also revealed the 
frequency of the difference of bilateral occurrence 
if available.

Therefore the current study’s hypothesis was that 
the right and left mandibular condyles in a person 
mostly would be in different types and age and gen-
der does not affect condyle types. 

MATERIALS AND METHODS
Study design

This study was authorized by the Local Research 
Ethics Committee (Protocol: 2021/278). The retro-
spective cross-sectional study was performed on dig-
ital panoramic images of 10287 patients who were 

correct identification of these findings will reduce unnecessary further diagnostic 
assessments and will provide more appropriate treatment plans. (Folia Morphol 
2024; 83, 1: 192–199)

Keywords: mandibular condyle, anatomy, radiographic interpretation
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referred to the Department of Dentomaxillofacial 
Radiology at Gulhane Dentistry Faculty, University 
of Health Sciences, Ankara, Turkey, between 2021 
and 2022. The panoramic images were performed 
using a Planmeca Promax digital panoramic system at  
66 kVp, 8 mA and 15.8 s exposure settings (Planmeca, 
Helsinki, Finland). 

All images were made with the same radiographic 
equipment (Planmeca, Helsinki, Finland) with the 
maximum KVP of 66, mA = 8. All radiography were 
carried out by the same technician. All of the images 
were evaluated on the same monitor (HP Compaq 
LE1711 LCD Monitor, Palo Alto, CA, USA).

The panoramic images which were obtained for 
dentomaxillofacial problems such as impacted teeth, 
pathological lesions, orthognathic problems, den-
tal implant procedures, endodontic lesions, etc were 
evaluated in this study. Inclusion criterion consist-
ed of individuals over 18 years of age undergoing  
a panoramic radiographic examination with adequate 
diagnostic quality. The images of patients who were 
under the age of 18 or had a history of surgery, trau-
ma, or developmental deficiencies in the dentomax-
illofacial region and that were with low quality were 
excluded from the study. The images were evaluated 
to have adequate diagnostic quality, with all exam-
ined anatomical structures being visualized correct-
ly, without any artifacts such as blurring, streaking, 
or ghosting, and with suitable contrast and density.  
A total of 1315 images were evaluated, 767 (58.3%) of 
the patients were female and 548 (41.6%) were male. 

Image evaluation

The images were evaluated by consensus by two 
radiologists who have experience over 10 years, 

with ClearCanvas DICOM Viewer, version 1.0.0.0v4 
(ClearCanvas Inc., Toronto, Ontario, Canada) on  
a standard computer with calibrated monitor (HP 
Compaq LE1711 LCD Monitor, Palo Alto, CA, USA). 
The contrast and brightness level of the images and 
zooming were left to the examiner’s choices.

Morphology of mandibular condyles were classi-
fied into four shapes as identified in other studies [2, 
26]: type I — oval shape, type II — diamond shape, 
type III — bird beak shape, type IV — crooked finger 
shape shown in Figure 1. 

Statistical analysis

Obtained data were analysed by descriptive sta-
tistics. The frequency of the condylar morphology 
types were calculated. All categorical variables were 
shown as number (%). The Pearson’s chi-square test 
was used to compare categorical variables. All sta-
tistical analyses were carried out using IBM SPSS 
Statistics 21.0 (IBM Corp., Armonk, NY, USA) and 
MS Excel 2007.

RESULTS
Total of 2630 condyles from 1315 panoramic ra-

diographs were evaluated; 767 of panoramic radio-
graphs were female’s and 548 of them were male’s. 
In the study, there were 784 patients over the age of 
40 and 531 patients under the age of 40. The average 
age of the included individuals was 43.93 years, with 
an age range between 15 and 89 years.

According to the consensus, the condyles were 
highly symmetrical (Table 1). Oval condyles were de-
tected at a rate of 66% of the patients whose condyle 
type was symmetrical in the panoramic images (Fig. 2).  
However, crooked finger condyles were in symmetry 

Type-IV; Crooked-fingerType-III; BirdbeakType-II; DiamondType-I; Oval

Figure 1. Four types of condyle shapes.

Table 1. Comparing the symmetry status of right and left condyles between both genders

Symmetrical condyle types Asymmetrical condyle types Total Does symmetricity differ subject to gender? (no)

Female 526 (40%) 241 (18%) 767 (58%) P = 0.789

Male 537 (28%) 176 (14%) 548 (42%)
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with the lowest level at a rate of approximately 10%. 
Most of the patients who exhibited asymmetry had 
a right condyle type 3 (diamond)-left condyle type 1 
(oval) form (Fig. 3). The rarest combination of asym-
metry was found to be either a right condyle type 3 
(diamond)-left condyle type 4 (crooked finger), or  
a right condylar type 4 (crooked finger)-left condylar 
type 3 (diamond) (Fig. 4). 

At first, symmetrical or asymmetrical status of 
condyles were evaluated. In the study conducted on 
panoramic images, the probabilistic value was 0.789 
(Table 1). Therefore Pearson chi-square test results 
concluded that symmetry/asymmetry appearance was 
independent of gender for the consensus in 5% con-
fidence interval. Similar to gender results, age group 
indicator had no impact on symmetry/asymmetry 
appearance with p-value of consensus 0.677 (Table 2).  
Although there was no significant relationship, the 

study divided the data into two age groups: under 
and over 40 years of age. In study groups symmetry 
was observed in 68% of individuals over the age of 
40 and 69% of individuals under the age of 40.

Type of condyles were studied with age groups 
and gender. The distribution of condyles with respect 
to age groups was interpreted. For the consensus, 
oval type of condyle was seen as the most common 
type and the crooked finger as the rarest one in both 
right and left condyles.

According to the results, a strongly significant 
relationship was found between the type of condyles 
and the age group (p = 0.05; Table 3). Moreover,  
a strongly significant relationship was found between 
gender and condyle types (p = 0.00; Table 4). For 
the consensus at right condyles, 54% of women had 
oval condyle, while the lowest proportion (13%) of 
women had crooked finger condyles, whereas in male 

Table 2. Comparing the symmetry status of right and left condyles between age groups

Symmetrical condyle types Asymmetrical condyle types Total Does symmetricity differ subject to age? (no)

Under the age of 40 361 (28%) 170 (13%) 531 (41%) P = 0.677

Over the age of 40 372 (40%) 247 (19%) 784 (59%)

Figure 2. A panoramic radiograph which shows symmetry on right and left condyles as oval (type 1)-oval (type 1).

Figure 3. The most common asymmetrical combination seen in the study was bird-beak (type 3)-oval (type 1) for the right and left condyle.

Figure 4. The rarest asymmetrical combination seen in the study was bird-beak (type 3)-crooked finger (type 4) for the right and left condyle.
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patients, 62% of the patients had oval condyle and 
7% had crooked finger condyle. In both genders, oval 
condyle was observed with a significant frequency 
on the right and crooked finger condyle was the 
rarest. Left condyles were similar to the right side; 
oval condyles were seen in 57% of women and 61% 
of men and crooked finger condyles were observed 
most rarely in both genders.

According to consensus, oval condyle was ob-
served at the highest rate among all types when both 
sides were evaluated separately within themselves: 
57% oval on right side, 59% oval on left side and 
when both sides were evaluated together, oval type 
was found at a rate of 58%. Type of crooked finger 
was found at a rate of ten percentage on both sides 
as the rarest.

DISCUSSION
The study was performed on percentages and 

quantitative data of mandibular condyle shapes ac-
cording to gender or age like the similar ones. This 
is useful because it provides to compare different 
populations or subgroups within a population.

The morphological view of the mandibular con-
dyle may vary significantly between different age 
groups and different individuals [9, 26, 30]. Con-
dyle findings in panoramic radiographs need to be 
interpreted with extreme caution. It is necessary to 
know the limitations of panoramic radiography when 
describing condyle morphology [19].

Research on condyle shape goes back to the 
1960’s. Yale et al. [31–33] performed the first research 
on this subject within the scope of 4 basic shapes of 
condyle head. In the present study the condyle clas-

sification is based on the studies of Anussizuman et 
al. [2] and Shaikh et al. [26].

This research aimed to reveal the rate of condyle 
types in a Turkish subpopulation. Condyle types and 
their rate were assessed in relation to age and gender. 
The study findings about the most common condyle 
type were oval type (in the range of 57%) on both the 
right and the left side. Besides, condyle types differed 
significantly according to gender. Proportionally, the 
oval type was detected as more intense in males 
(61%). The most common combination of symmetry 
was seen as oval-oval.

The null hypothesis that the right and left man-
dibular condyles in a person mostly would be asym-
metrical was rejected. The rate of asymmetry was 
found as 32%. This outcome may be due to the group 
of patients studied or the number of patients who 
didn’t use the right and left sides of the jaw equally 
was less than expected.  

Honda et al. [9] performed a study and reported 
that the panoramic radiography technique is beneficial 
on assessment of TMJ pathologies. It’s an evidence 
that about 20 years ago the panoramic radiograph’s 
competence about TMJ pathologies was proved.

In a similar study it was conducted in a different 
population, type of oval was the most common con-
dyle type, while crooked finger was the least common 
like the current study. This prevalence was seen in all 
age groups and in both genders. In the same study 
it was found 74.2% of condyles as symmetrical with 
oval-oval type and it was the most commonly occur-
ring among the other combinations. All the results 
of our study were consistent with the results of the 
study of Al-Saedi et al. [1].  

Table 3. Distribution of condyle types according to age

Condyle 
type 1

Condyle 
type 2

Condyle 
type 3

Condyle 
type 4

Total Does condyle type differ 
subject to age group? (no)

Under age of 40 609 (23.2%) 164 (6.2%) 155 (5.9%) 134 (5.1%) 1062 (40.4%) P = 0.05

Over age of 40 915 (34.7%) 260 (9.9%) 256 (9.8%) 137 (5.2%) 1568 (59.6%)

Total 1524 (57.9%) 424 (16.1%) 411 (15.6%) 271 (10.3%) 2630 (100%)

Table 4. Distribution of condyle types according to gender

Condyle 
type 1

Condyle 
type 2

Condyle 
type 3

Condyle 
type 4

Total Does condyle type differ 
subject to gender? (no)

Female 848 (32.2%) 288 (10.9%) 202 (7.7%) 196 (7.5%) 1534 (58.3%) P = 0.00

Male 676 (25.7%) 136 (5.2%) 209 (8%) 75 (2.8%) 1096 (41.7%)

Total 1524 (57.9%) 424 (16.1%) 411 (15.6%) 271 (10.3%) 2630 (100%)
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Similar to present study, another one was carried 
out by Sonal et al. [28]; the highest proportion in  
a population at 60% was the oval type condyle and 
crooked finger type was the least common at 2%. In a 
study conducted in Bangladesh population the ‘oval’ 
was the most common type with 68%, and the ‘crook-
ed finger’ was the rarest type. The most common 
combination both in male and female was ‘oval-oval’, 
the less common one was ‘crooked finger-crooked 
finger’ [2]. Consistent with literature, Shaikh et al. [26] 
found that oval type condyle was the most common. 
In the current study, the oval condyle type was the 
most common and the crooked finger type was the 
rarest. It was seen that despite different populations 
and countries, it turns out that usually the common 
condyle type is the oval type. Shaikh et al. [26], Choud-
hary et al. [6] and Ribeiro et al. [22], in their studies 
in different country populations, each showed that 
round-round combination was the most common in 
both genders. They used a different classification as 
‘flat’, ‘pointed’, ‘angled’ and ‘round’ condyle types. 
‘Round’ type express the same type as the oval type 
in the classification used in the present study. 

In Ashwinirani’s study [4], the most common con-
dyle type was ‘round’ in female, but ‘angled’ in male, 
different results were observed in male and female. 
Ashwinirani [4] used a different classification. In an-
other study round type of condyle was again found 
to be the most common [24]. Similarly Maqbool et al. 
[13], Al Saedi et al. [1] and Gindha et al. [7] revealed 
highly significant difference in condylar type between 
right and left sides in females and males.

Similar to this one, a significant relation was found 
between gender and condyle types in the current 
study. Thus the second hypothesis that there would 
be no correlation between condyle types and age and 
gender was also rejected. According to the consensus, 
for both sides (right and left) condyle type of oval was 
the most common in both genders. The rarest type 
was the crooked finger in both genders and sides.

Al Saedi et al. [1], Nagaraj et al. [15], and Ash-
winirani et al. [1] found no significant difference 
between age groups and condyle types. Contrary to 
these studies, in the present study it was observed 
that there was a significant relationship between 
age groups and condyle types. The study was per-
formed by Nalla et al. [16] revealed that toughness 
of bones decreases by approximately 40% from 40 
to 100 years. Another study reported that mor-
phological change of condyle is commonly seen 

in patients over the age of 40 (90%) compared to 
under the age of 40 (64%) [14]. Based on present 
results, in this study, the patients were classified 
into two age groups: over the age of 40 and under 
the age of 40. According to the consensus, the 
most common oval condyle and the rarest crooked 
finger condyle were found both on the right and 
the left in examined patients. Similarly, Shaikh 
et al. [26] found a significant relation between 
condyle morphology and age; they revealed that 
diamond shape was more frequent in the 56 and 
older age group.  

Al Saedi et al. [1] reported 64.8% of radiographs 
had bilateral occurrence of same type and most com-
mon combination was oval-oval (46%). Similar to 
Al-Saedi et al. [1], in another study, approximately 
two-thirds of the panoramic radiographs had the 
same type of condyles bilaterally [19]. In the current 
study, in line with the results of previous studies, most 
of the patients had a symmetrical condylar shape with 
most common oval-oval combination. 

However in Oliveira-Santos’s et al. [19] study,  
a more equal distribution between types is observed 
in older individuals, while a clear predominance of 
the ‘round’ type is observed among younger individ-
uals. In the present study, condyle type of oval was 
seen distinctly more often in both age groups and 
the other types were seen approximately at the same 
rates in both age groups.

During the study, no evaluation was made ac-
cording to the dentition and edentulous status. The 
fact that the edentulous state was not included in 
the study evaluation can be seen as a limitation of 
the study.

CONCLUSIONS
This study has demonstrated that evaluation of 

mandibular condyle shapes can be achieved through 
panoramic radiography.

According to the findings of this research, it has 
been concluded that there was no significant differ-
ence between bilateral occurrence of the same con-
dyle shape depending on  gender and age. However, 
it has also been found that age and gender do affect 
the types of condyles.

The oval shape of the condyle was most common 
for both genders and both age groups. The most com-
mon combination of symmetry was seen as oval-oval. 

In future studies regarding this topic, clinical and 
radiological findings should be combined. By increas-
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ing the study sample and including clinical parameters 
such as dentition or edentulism status of patients, 
how long this condition has been going on in the 
study, more reliable information about populations 
will be provided. 
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Several branching patterns of the axillary artery (AA) have been described. Unusu-
ally, the brachial artery (BA) follows a course in front of the median nerve (MN), the 
so-called superficial brachial artery (SBA). The SBA may result in MN entrapment. 
The current cadaveric report highlights a high AA bifurcation, its continuation as 
SBA and the coexistence of muscular, neural, and vascular asymmetric aberra-
tions. At the right side, the coracobrachialis muscle (CB) had a single head, and 
the ipsilateral musculocutaneous nerve (MCN) followed a medial course. The AA 
was highly divided into superficial and deep stems (SAS and DAS), at the 2nd rib 
lower border. Between two stems, the brachial plexus (BP) lateral and medial cords 
were identified. The MN originated from the BP lateral cord. The SAS, continued 
as SBA with a tortuous course. The DAS coursed posterior to the BP medial and 
lateral cords and gave off the subscapular artery. A bilateral 3rd head of the biceps 
brachii was identified. The MN atypically originated from the BP lateral cord. At 
the left side, the two-headed CB was typically penetrated by the MCN. A common 
trunk of the circumflex humeral arteries was identified in coexistence with an 
interconnection of the BP lateral cord with the MN medial root. The rare coex-
istence of muscular, neural, and arterial variants in axillary and brachial region is 
emphasized, taking into consideration the AA high division and related branching 
pattern. Documentation of such rare vascular variants is important in aneurysm 
and trauma surgery, and angiography, where all therapeutic manipulations must 
be accurately performed due to the possibility of complications. (Folia Morphol 
2024; 83, 1: 200–206)

Keywords: superficial brachial artery, high origin, variation, accessory 
head, axilla, brachial plexus, entrapment

mailto:gtsakotos@gmail.com
https://orcid.org/0000-0001-8559-8969
https://orcid.org/0000-0002-4831-8005


201

George Tsakotos et al., Superficial brachial artery of axillary origin

INTRODUCTION 
The axillary artery (AA), the subclavian artery’s 

continuation at the 1st rib lower border, gives rise 
to the brachial artery (BA) at the teres major muscle 
lower border. The AA typically is divided by the pec-
toralis minor into three parts, giving off the superior 
thoracic artery (STA) (1st part), the thoracoacromial 
and lateral thoracic artery (TAA and LTA, 2nd part) and 
the subscapular artery (SBSA, 3rd part) [1]. Several 
AA branching variants have been described, some 
of them rarely be identified (concerning the branch-
es’ origin and course) [13]. Unusually (3.6–9.6%) 
[31], the BA could follow a course in front of the 
median nerve (MN) [31]. Adachi [1] defined this 
type of artery as superficial brachial artery (SBA). 
When present, the SBA may completely replace the 
BA or may be accompanied by a BA trunk running 
posterior to the MN. This altered course may result 
in MN entrapment [25]. AA and BA variability is of 
paramount importance for surgeons and interven-
tionists [23]. The current cadaveric report highlights 
a high AA bifurcation and its continuation as SBA 
and coexistence of asymmetric muscular, neural, and 
vascular aberrations.  

MATERIALS AND METHODS 
An 81-year-old donated male cadaver was bi-

laterally dissected at the axillary and brachial area. 
The body was donated before death, after a written 
informed consent.

RESULTS 
At the right side, the coracobrachialis muscle (CB) 

had a single head, and the ipsilateral musculocuta-
neous nerve (MCN) didn’t penetrate it but followed 
a medial course. An AA of anterior course in rela-
tion to the ansa pectoralis was identified. The vessel 
was highly divided into superficial and deep stems 
(SAS and DAS), at the 2nd rib lower border. Between 
two stems, the brachial plexus (BP) lateral and me-
dial cords were identified (Fig. 1). The AA before 
bifurcation, gave off an aberrant suprascapular ar-
tery (coursing between the anterior and posterior 
branch of the C7 root, posterior to the BP upper trunk)  
(Fig. 2), the STA, the 1st LTA, and the TAA, 1.1 cm 
distally. The MN originated from the BP lateral cord  
(Fig. 3). The SAS, anterior to the BP lateral and medial 
cords gave off the 2nd LTA (Fig. 1) and continued as 
SBA with a tortuous course, anterior to the MN. The 

SBA was accompanied by two brachial veins that 
anastomosed with the basilic vein and drained into 
the axillary vein. At the bicipital tendon insertion, 
the SBA divided into radial and ulnar arteries, that 
were slightly tortuous in the distal forearm. The DAS 
coursed posterior to the BP medial and lateral cords 
and 5 cm distally gave off the upper subscapular 
artery and the SBSA that divided into a lateral and  
a medial trunk. The lateral trunk gave off the anteri-
or and posterior circumflex humeral arteries (ACHA 
and PCHA), the profunda brachii artery (PBA) and 
a muscular branch for the teres minor upper part 
and the latissimus dorsi muscles. The medial trunk 
divided into the circumflex scapular artery, a mus-
cular branch for the latissimus dorsi muscle and the 
thoracodorsal artery (Fig. 4). A 3rd head of the biceps 
brachii (BB) was bilaterally identified, originating from 
the CB insertion, and inserting at the radial tuber-
osity, after joining the bicipital tendon (Figs. 3B, 5).  
The MN atypically originated from the BP lateral 
cord and the MCN had a medial course related to 
the CB and innervated the BB and brachialis muscle. 
CB innervated by the MCN neural filaments. The BP 
posterior cord was located posterior to the DAS. At 
the level of the posterior cord formation, the upper 

Figure 1. High bifurcation of the right-sided (R) axillary artery (AA) 
into superficial and deep axillary stems (SAS and DAS); STA — 
superior thoracic artery; LTA1 — 1st lateral thoracic artery; TAA 
— thoracoacromial artery; LTA2 — 2nd lateral thoracic artery bifur-
cation (1, 2); UN — ulnar nerve; Pm — pectoralis minor retracted 
tendon; ICBN — intercostobrachial nerve; LC — lateral cord of the 
brachial plexus; MC — medial cord of the brachial plexus.
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Figure 2. A. B. Ectopic origin of the right-sided suprascapular artery (SSA) from the 1st part of the axillary artery (AA); SSN —suprascapular 
nerve; TCA — transverse cervical artery; SAS — superficial axillary stem; DAS — deep axillary stem; MCN — musculocutaneous nerve;  
*** accessory MCN; ACHA — anterior circumflex humeral artery; ICBN — intercostobrachial nerve.

Figure 3. A, B. Right side views — variant biceps brachii with a 3rd (accessory) head, short head (BBsh), long head (BBLH) and accessory 
head (BBah) joining the bicipital tendon (BT) and inserting into the radial tuberosity. A. Brachial artery (BA) of tortuous course; B. Musculocu-
taneous nerve (MCN) of medial course and its division, median nerve (MN) of atypical origin exclusively from the lateral cord; CB — coraco-
brachialis muscle; AA — axillary artery; RA — radial artery; PM — pectoralis minor.
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subscapular nerve originated, followed by the lower 
subscapular nerve, 5.4 cm distally to the lower border 
of the 1st rib, the thoracodorsal nerve, and muscular 
branches for the teres major and minor muscles, and 

the axillary, and the radial nerve. At the left side, the 
two-headed CB was typically penetrated by the MCN. 
The AA gave off the superior thoracic artery and the 
1st LTA. The TAA originated 0.5cm distally to the 1st 

Figure 4. A. Right side — the branching pattern of the deep axillary stem into the subscapular artery (SBSA); SBA — superficial brachial 
artery; MT — medial trunk divided into the circumflex scapular artery (CSA) and the thoracodorsal artery (TDA); RN — radial nerve; AN — 
axillary nerve; MN — median nerve; B. Right side — PBA* [posterior brachii artery (the missing vessel)]. The lateral trunk giving off the PBA, 
the anterior circumflex humeral artery (ACHA) and the posterior circumflex humeral artery (PCHA); **muscular branches for the latissimus 
dorsi and teres major muscles.

Figure 5. The left-sided variant biceps brachii muscle with a short (BBsh), a long head (BBlh) and a 3rd head (BBah) joining the bicipital ten-
don (BT), the typical coracobrachialis muscle (CB), the musculocutaneous nerve (MCN), the axillary artery (AA), the brachial artery (BA), and 
the median nerve (MN).
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LTA origin, at the same level with a muscular branch 
for the subscapularis muscle upper part. The 2nd LTA 
originated 1.8 cm distally to the TAA origin, and 5 cm 
distally, originated the SBSA originated that further 
divided into a branch for the upper part of the latis-
simus dorsi, the circumflex scapular artery, muscular 
branches for the teres minor and major, branch for 
the subscapularis lower part and the thoracodorsal 
artery. A common trunk of ACHA-PCHA was identi-
fied, 1.3 cm distally and laterally to the SBSA origin. 
The AA continued its course as BA, with an evident 
tortuosity, and 3.4 cm distally to the lateral humeral 
epicondyle, bifurcated into radial and ulnar artery. An 
interconnection of the BP lateral cord with the MN 
medial root was identified (Fig. 6). 

DISCUSSION
The current report highlights an AA high bifur-

cation similarly to other reports [4, 19, 23, 40]. The 
AA high bifurcation is more commonly identified in 
African Americans (13.4%) than in Caucasians (4.6%) 
[6]. In the current case, the AA highly bifurcated into 

a SAS and a DAS, at the AA 2nd part. Many authors 
described a lower bifurcation (AA 3rd part) [4, 7, 14, 
28, 37], while the extreme high origin (AA 1st part) 
is quite rare [13]. The current report highlights the 
rarity of the AA variants’ coexistence compared to the 
wide variability of the isolated AA branching pattern 
variants [39]. In the current case, the bilateral coexist-
ence of a 3rd head of the BB was identified. The pres-
ence of such an accessory head has a wide variability  
(0.18–21.5%) among populations [9, 16], with the 
Africans having the higher prevalence (9–21.5%)  
[9, 24]. Other reports [35] described the coexistence 
of an SBA of axillary origin with the absence of the 
BP lateral cord and the cephalic vein. The coexistence 
of anomalies in BP arrangement with the axillary 
and brachial arteries’ variability was emphasized [30] 
and additionally the coexistence of SBA of axillary 
origin with an atypical MN formed by three roots 
was underlined. Caroll et al. [3] described the co-
existence of a unilateral SBA with a contralateral 
single-corded BP posterolateral to the AA. No MN 
roots were identified, similarly to the current case. In 
the current report, the high bifurcated AA, continued 
partially as SBA. The SBA was identified from 0.12% 
to 19.7% among several studies [17]. The current 
case highlighted the SBA unilateral presence, that 
was identified in 5–12.2% [14, 29, 39], while Jurjus 
et al. [13] and Yang et al. [39] referred to the SBA 
occasional bilateral existence. The SBA presence is 
more commonly in males at the right side [31], as 
in our case. In cases in which the SBA did not gave 
branches, the PBA supplied the upper limb [4, 37]. 
In the current case, similarly to Natsis et al. [23], the 
SBA divided into radial and ulnar artery, while in 
other studies it terminated as superficial radial [4, 
15, 21, 31] or superficial ulnar artery [15, 22, 31]. 
Jayakumari et al. [12] described the SBA bifurcation  
into radial and common interosseous artery. In the 
current study, similarly to Natsis et al. [23], the DAS 
terminated as PBA, while previously divided into the 
SBSA branching pattern. The SBA and the level of its 
axillary origin has clinical significance [23]. BA varia-
tions in the branching pattern may cause difficulties 
in conducting flap harvesting during reconstructive 
surgeries and in arteriography [10]. The BA tortuosity 
(presence of curves, angulations, or loops) may affect 
the trans-radial coronary angiography time, leading 
to perforation [34]. Degradation of elastin in the 
vessel wall results in aneurysm and vessel’s elonga-
tion leading to tortuosity [8]. Entrapment of the MN 

Figure 6. Left-side — the double lateral root (LR1, LR2) of the 
median nerve (MN); MR — medial root; MCN — musculocu-
taneous nerve penetration to coracobrachialis muscle (CB); UN 
— ulnar nerve.
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between SBA and AA could explain the idiopathic MN 
neuropathy. Nicomozepis et al. [25] presented three 
cases of unilateral presence of the SBA. 

Many theories have been developed concerning 
the complexity of the embryological development of 
the upper limb arteries. Rodríguez-Niedenführ et al. 
[31] after a systematic study on fetuses’ upper limbs, 
they concluded that the upper limb arterial system is 
developed after the selective enlargement or regres-
sion of a capillary plexus and not after the vessels’ 
multiplication around a main arterial trunk that is 
closely connected with the bones’ development. The 
arterial variants are an aberration from the typical 
vascularization’s pattern [18, 33]. Specifically, the 
SBA presence is derived after the persistence of one 
or more intersegmental cervical arteries, that they 
enlarged [13]. Miller [20] explained the BP arrange-
ment and relationship with the AA as a combination 
of embryological and evolutionary processes.

As various interventional procedures are per-
formed in the upper limb, knowledge of the region-
al arterial variants is of paramount importance to 
avoid injury. Although the AA superficial course and 
its continuation as SBA facilitates the vascular graft 
reception and the vessels’ catheterization, the AA 
high bifurcation may confuse interventionist during 
angiography, leading to misinterpretation. The SBA 
and its atypical origin increase the risk of iatrogenic 
injury due to its incorrect consideration as a vein, 
resulting in severe bleeding [13] or in a pseudoaneu-
rysm formation [38]. Intraarterial injection can cause 
severe thrombosis, ischaemia, and upper extremity 
necrosis [5, 27]. Inappropriate cannulation due to the 
aberrant location and course of the arteries’ branches 
may result in gangrene, and in limb loss [36]. Especial-
ly in axillary approaches, for the shoulder instability 
treatment, the performance of transverse incision can 
lead to injury the AA atypical branches. Thus, it is of 
the utmost necessity, the preoperative imaging of 
the area with ultrasound or computed tomography 
angiography, especially in urgent cases where thoracic 
wall reconstruction is required, such as in Poland syn-
drome [32] or in breast surgery and in axillary lymph 
node dissection, where surgeons should identify and 
protect the axillary vessels [13]. Vessels’ branching 
pattern variants of the upper arm usually coexist 
with BP variations, resulting in an incomplete block 
[14]. Furthermore, BA pattern variants may implicate 
planning and conducting flap harvesting during re-
constructive surgeries and arteriography [15]. 

CONCLUSIONS
The current interesting, rare report emphasizes 

on the coexistence of muscular, neural, and arterial 
variants of the axillary and brachial region providing 
detailed information of the AA branching pattern 
and distribution in the case of its high division. Doc-
umentation of such rare vascular variants in the axilla 
is important in aneurysm and trauma surgery, and 
angiography, where all therapeutic manipulations 
must be accurately performed due to the possibility 
of complications. 
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artery
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During a routine cadaveric dissection of a 93-year-old male donor, unique arterial 
variations were observed in the right upper extremity. This rare arterial branching 
pattern began at the third part of the axillary artery (AA), where it gave off a large 
superficial brachial artery (SBA) before bifurcating into the subscapular artery and 
a common stem. The common stem then gave off a division for the anterior and 
posterior circumflex humeral arteries, before continuing as a small brachial artery 
(BA). The BA terminated as a muscular branch to the brachialis muscle. The SBA 
bifurcated into a large radial artery (RA) and small ulnar artery (UA) in the cubital 
fossa. The UA branching pattern was atypical, giving off only muscular branches 
in the forearm and a deep UA before contributing to the superficial palmar arch 
(SPA). The RA provided the radial recurrent artery and a common trunk (CT) 
proximally before continuing its course to the hand. The CT from the RA gave 
off a branch that divided into anterior and posterior ulnar recurrent arteries, as 
well as muscular branches, before it bifurcated into the persistent median artery 
(PMA) and the common interosseous artery. The PMA anastomosed with the UA 
before entering the carpal tunnel and contributed to the SPA. This case presents 
a unique combination of arterial variations in the upper extremity and is clinically 
and pathologically relevant. (Folia Morphol 2024; 83, 1: 207–214)

Keywords: persistent median artery, superficial brachial artery, brachial 
arterial variation

INTRODUCTION
Typically, post-gestational anatomy displays the 

radial and ulnar arteries stemming from the brachi-
al artery (BA), a continuation of the axillary artery 
(AA) at the lower border of the teres major muscle. 
The AA is the primary source of vascularization to 
the arm and forearm as described in anatomical 

texts. In some cases, the AA divides into two major 
branches (a superficial brachial artery [SBA] and  
a BA) to supply the upper limb. This variation of 
the SBA arising from the AA was found in 12.2%  
of cadaveric arms in a study of Korean cadavers. 
The SBA often continues distally and divides into 
the ulnar and brachial arteries [38].
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In most cases, the median artery (MA) of the 
forearm, a branch of the ulnar artery (UA), regress-
es during the 8th week of gestation. The MA serves 
as the primary source of blood to the hand during 
intrauterine growth. In rare cases, the MA remains 
as an embryological remnant called the persistent 
median artery (PMA) with a prevalence ranging from 
4.2% to 6.6% [13, 31, 36].

The most common forms of the PMA are either 
the antebrachial type, in which the artery provides 
blood supply to the median nerve but does not reach 
the hand, or palmar type, in which the PMA passes 
through the carpal tunnel and is involved in the for-
mation of the superficial palmar arch (SPA) [16, 19, 
28]. The palmar type is the direct remnant of the 
embryonic form and contributes to the arterial supply 
of the hand, whereas the antebrachial type is due to 
a partial regression [13, 16, 28]. The prevalence of 
each type is variable and inconsistent in literature. 
Some reports show the palmar type has a prevalence 
of 0.9–50% and the antebrachial type is reported 
to have a prevalence of 70–76% in individuals with 
PMAs [15, 18, 19, 34]. Most cases present with the 
PMA arising from the UA as an accessory branch while 
others report the PMA coming from the common 
interosseous artery [13, 16, 25, 36]. Both variations 
travel through the forearm as a main source of blood 
supply to the median nerve before either stopping at 
the wrist or crossing it to contribute to the SPA [11].

The presence of a PMA can have a variety of clinical 
implications that primarily impact surgical cases in 
the wrist region, especially with carpal tunnel release 
procedures [30]. The PMA can be associated with 
compression of the median nerve resulting in carpal 
tunnel syndrome type signs and symptoms [21]. Other 
clinical manifestations include calcification, thrombo-
ses, atherosclerosis and anterior interosseous nerve 
compression [5, 11, 12, 22, 23, 37]. 

Although the PMA itself is not a novel discovery, 
the origin and relationship with other vasculature in 
this case created a unique presentation that has not 
been described in the literature. This case presents 
an entirely unique branching pattern from the AA to 
arterial termination in the hand with the most notable 
variation being the PMA arising from a common trunk 
(CT) from the radial artery (RA).

CASE REPORT
The donor was received through the Saint Louis 

University Gift of Body Programme of the Center for 

Anatomical Science and Education (CASE) with signed 
informed consent from the donor. The CASE gift body 
program abides by the rules set forth by the Uniform 
Anatomical Gift Act. 

During a routine anatomy laboratory dissection, 
an unusual vasculature pattern was identified in the 
right upper limb of a 93-year-old male cadaver. The 
initial variation was observed as an SBA branching 
from the third part of the AA. After giving off a large 
SBA, the AA bifurcated into the subscapular artery 
and a common stem. The common stem travelled 
deep to the lateral cord’s contribution to the median 
nerve, before it gave off the anterior and posterior 
circumflex humeral arteries and continued as a small-
er BA (Figs. 1, 2).

The BA, which was 24.6 cm in length and had  
a diameter of approximately 3.8 mm, continued into 
the arm giving off numerous muscular branches as 
well as the deep BA, which travelled with the radial 
nerve to the posterior compartment of the arm in 
the typical fashion (Fig. 2). The BA continued distally, 
giving off the superior and inferior ulnar collateral ar-
teries before terminating as a muscular branch to the 
brachialis muscle in the cubital fossa deep and lateral 
to both the median nerve and the SBA (Figs. 3, 4). 

The SBA crossed over the medial cord’s contri-
butions to the median nerve and ran laterally to the 
nerve (Fig. 2). It was 25.8 cm in length, had a diameter 
of approximately 5.4 mm, and bifurcated 1.08 cm 
proximal to the base of the cubital fossa as a small 
UA and a large RA (Fig. 4). 

The UA had an atypical branching pattern. It did 
not give off the anterior and posterior ulnar recurrent 
arteries or the common interosseous as normally seen. 
Rather, the UA provided only muscular branches along 
its course to contribute to the SPA after giving off the 
deep ulnar branch as it entered the hand. (Figs. 4, 5). 

The RA also presented an atypical branching pat-
tern. The RA travelled deep to the pronator teres 
muscle after first giving off the radial recurrent artery 
which anastomosed with the radial collateral artery as 
expected. While between the two heads of the prona-
tor teres it then gave off a CT that gave a branch for 
a common trunk for the anterior and posterior ulnar 
recurrent arteries, anastomosing with typical ulnar 
collateral arteries (Figs. 4, 6). The CT then provided 
muscular branching before bifurcating into the PMA 
medially and the common interosseous artery laterally. 
The common interosseous artery gave rise to the an-
terior and posterior interosseous arteries as expected 
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while the PMA initially travelled lateral to the median 
nerve before crossing it anteriorly and coursed medi-
ally to the nerve, giving off many muscular branches 
in the forearm. The diameter of the PMA was 2.8 mm. 
The PMA anastomosed with the UA just before enter-
ing the carpal tunnel (Fig. 5). In the hand, together 
with RA, the PMA contributed to the SPA. 

The subscapular artery and the humeral circumflex 
arteries travelled in a typical fashion after branching 
from the AA and common stem, respectively.

DISCUSSION
The MA of the forearm is an embryological struc-

ture that delivers blood to the fetal hands during the 

Figure 1. Medial view of the axillary region. The third part of the axillary artery (pink) gave off the superficial brachial artery (green), subscap-
ular artery (purple) and a common stem for one of the branches, the brachial artery (purple). The superficial brachial artery with muscular 
branches visible, traveling superficially to the lateral contribution of the median nerve and running lateral to the median nerve.

Figure 2. Axillary regions with additional views of the common stem off the axillary artery. The third of the axillary artery (pink) giving off the 
superficial brachial artery (green) with muscular branches in the biceps brachii. The common stem off the axillary (purple) gives off a division 
for the anterior and posterior humeral circumflex arteries, the subscapular artery traveling deep to the median nerve, and the brachial artery 
and deep brachial arteries.
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Figure 4. Overview of unique vascularization of the case. The axillary artery (pink) gives off the superficial brachial artery (aqua) traveling 
superficially to the brachial plexus before bifurcating into the radial artery (green) and ulnar artery (yellow). The common stem with branching 
(purple) becomes the brachial artery, giving off branches of the superior and inferior ulnar collateral arteries, radial collateral artery and mus-
cular branches. It terminates in the brachialis muscle.

Figure 5. View of the superficial palmar arch containing the contributions of the ulnar artery (yellow) and radial artery (green). The persistent 
median artery (purple) is shown, anastomosing with the ulnar artery and entering the wrist.

Figure 3. View of the arm proximally to the elbow joint. The superficial brachial artery (green) travels superficially to the neurovasculature of 
the arm, giving off muscular branches. The brachial artery (purple) travels distally with superior and inferior ulnar collateral arteries branches.
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first trimester of gestation. One hypothesis states that 
the MA arises from a plexus of capillaries that supply 
blood to the upper limb very early during gestation 
[35]. These capillaries progressively differentiate and 
mature from the proximal to distal parts of the up-
per limb over time, forming the MA as well as other 
arteries. The MA typically undergoes regression and 
becomes an unnamed small artery that travels with 
the median nerve in the carpal tunnel, often supplying 
the nerve [35]. Thus, the blood supply of the hand is 
typically replaced by the ulnar and radial arteries, as 
seen in children and adults. However, there is some 
debate about the exact timing of regression. Some 
sources claim the MA regresses at 8 weeks of gesta-
tion, while others argue that it regresses during the 
28th to 52nd days (4 to 7 weeks) of gestation when 
the embryo is approximately 23 mm long. Yet, other 
sources claim that the MA regresses during the per-
inatal stage and early infancy [24, 34]. Regardless, 
if the MA fails to regress altogether, it remains as 
the PMA. 

It has recently been noted that the prevalence 
of PMA is approximately 4%, though it is more 
commonly reported in individuals of South African 
descent, where the frequency was 27.1% [17]. When 
discussing the presentation of PMAs in the gener-
al population, there is no difference in prevalence 
when comparing sexes or unilaterality/bilaterality 
[1, 13, 17].

The PMA is often an important source of blood 
supply for the hand not only during gestation, but 
also during childhood and adulthood in populations 

with a PMA and a partial or complete absence of an 
SPA [31]. Thus, it is important to note the presence 
and location of the PMA via ultrasound before per-
forming wrist surgery on these patients to avoid injury 
to this important blood source.

The presence of a PMA is generally asymptomatic 
if the diameter is between 1 and 1.5 mm, but, more 
often, it can be a source of pain and paraesthesia 
when a thrombus or aneurysm increases the diameter 
to greater than 2 mm [3, 9, 20, 23]. Altered median 
nerve function through thrombosis, aneurysm, rup-
turing, or physical impingement by the PMA can cause 
sudden onset of carpal tunnel symptoms. Sometimes, 
identifying the PMA as the cause of carpal tunnel can 
be difficult, especially if symptoms mimic tenosyno-
vitis [14]. This highlights the importance of utilizing 
ultrasound imaging during diagnosis.

In a Polish study involving open carpal tunnel 
release surgery, a PMA was found in 2.8% of cas-
es intraoperatively. Three of these PMAs contained 
thromboses, and all three required surgical resections 
[30]. Thus, there are a variety of suitable approaches 
to treating a PMA thrombus.

The presence of a PMA has been implicated in 
various entrapment neuropathies. For example, prox-
imal median nerve neuropathies have been described 
in cases where the PMA pierces or splits the median 
nerve [21]. Additionally, the presence of a PMA can 
contribute to pronator teres syndrome or anterior 
interosseous syndrome. Pronator teres syndrome 
may be caused by a PMA that perforates the median 
nerve and gives rise to anomalous vascular leash and 

Figure 6. View of the unique branching of the radial artery (green). The common trunk arises from the radial artery, giving a branch for  
a common trunk for the anterior and posterior ulnar recurrent arteries. It continues to give the common interosseous artery and the persistent 
median artery (purple).



212

Folia Morphol., 2024, Vol. 83, No. 1

fibrous bands to the flexor muscles, which compress-
es the nerve [10, 33]. Although compression of the 
anterior interosseous nerve occurs most frequently 
by the head of the pronator teres muscle, anterior 
interosseous syndrome was noted in a patient whose 
PMA pierced the anterior interosseous nerve below 
the elbow [33]. 

The PMA could be considered as an alternate 
source of graft tissue for coronary artery bypass 
grafts (CABG) [2, 6]. Use of the RA may result in 
symptoms such as paraesthesia, pain, and occasion-
ally hypoperfusion at harvest sites [4]. The UA can be 
ligated when harvesting the RA for CABG, but this 
can result in severe ischaemia, especially when both 
the UA and RA contribute to the SPA [32]. The ab-
sence of the UA was responsible for hand ischaemia 
after RA graft for CABG in a recently reported clinical 
case [29]. When there are multiple contributions to 
the SPA, the PMA may serve as a potential graft for 
a CABG without jeopardizing blood supply to the 
hand and may serve to minimise adverse postoper-
ative symptoms. 

The SBA is important in fetuses to support or re-
place the BA [7]. The current case presents a unique 
variation in the branching pattern of the SBA. This 
is a relatively rare variation of the SBA, found in 
0.1–12.2% of patients [7]. In the early embryo, the 
superficial and deep brachial arteries anastomose at 
various levels of the arm, including a more proximal 
level and a more distal level [35, 39]. Normally, these 
anastomoses will regress along with the SBA, while 
the deep BA will persist. However, if these anastomo-
ses persist, the SBA will also persist, and its course of 
direction will depend on which anastomosis persists. 
For example, if the proximal anastomosis persists, 
the SBA will persist and course medial to the ulnar 
nerve. If the distal anastomosis persists, the SBA will 
persist and course lateral to the ulnar nerve; this is 
consistent with the variation found in the present 
case [35]. 

This SBA variation may or may not present with 
any pathology [7]. For unknown reasons, the SBA is 
more prone to injury and severe bleeding than the BA 
[8, 27]. Awareness of this variant is especially impor-
tant during orthopaedic procedures such as repair of 
a fractured or dislocated humerus; as such, imaging 
before beginning a procedure would be prudent. The 
SBA in this case is found more superficially, making 
it more prone to injury.

CONCLUSIONS
The current case presents a novel set of vascular 

variations in the upper limb that includes an SBA and 
a PMA with a unique branching pattern that had not 
been previously reported in the literature. Awareness 
of such variations is important for healthcare provid-
ers due to the complications and pathology related 
to persistence of embryological arterial structures.
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A 77-year-old female cadaver was observed to have a rare branching pattern 
of the right axillary artery (AA). The first part of the AA typically gives off only  
a superior thoracic artery (STA) but was observed to give off three branches in 
the case: a lateral thoracic artery (LTA), a thoracoacromial trunk, and a large 
common trunk (CT). The LTA travelled to provide a variant STA to the 1st and 2nd 
intercostal spaces. The CT provided an accessory LTA and accessory thoracodorsal 
artery before bifurcating into a subscapular artery (SA) and posterior humeral 
circumflex artery. As expected, the SA further divided into the circumflex scap-
ular artery and thoracodorsal artery. A pectoral artery and the anterior humeral 
circumflex artery originated directly from the second and third parts of the AA, 
respectively. Knowledge of AA branching variations is of great clinical significance 
to anatomists, radiologists, and surgeons due to the high rate of injury to this 
artery. (Folia Morphol 2024; 83, 1: 215–220)

Keywords: artery, upper limb vasculature, axillary artery, variation

INTRODUCTION
The subclavian artery continues lateral to the first 

rib as the axillary artery (AA) where it is divided into 
three distinct parts as it relates to the pectoralis minor 
muscle. The first part of the AA is proximal to the pec-
toralis minor and typically gives off only one branch, 
the superior thoracic artery (STA). As the AA travels 
in its second part, posterior to the pectoralis minor, it 
normally provides two branches: the thoracoacromial 
trunk (TAT) and the lateral thoracic artery (LTA). Finally, 
distal to the pectoralis minor muscle, the third part 
of the AA typically gives three branches: the anterior 
humeral circumflex artery (AHCA), posterior humeral 
circumflex artery (PHCA), and subscapular artery (SA). 
The SA then typically quickly bifurcates into the cir-

cumflex scapular artery (CSA) and the thoracodorsal 
artery (TDA). As the AA passes the inferior border of 
teres major its name changes to brachial artery which 
continues in the arm.

While the muscles of the shoulder girdle can re-
ceive collateral circulation from numerous sources, 
the study of arterial branching remains important be-
cause these major arteries maintain close anatomical 
relationships with the brachial plexus. The cords of the 
brachial plexus are named based on their relationship 
to the second part of the AA; their close proximity 
suggests that arterial variation in this region can pose 
a risk for neuropathy as seen by previous anatomical 
and clinical case studies [16, 22]. An understanding of 

mailto:daniel.daly@health.slu.edu
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possible anatomical variations can help guide surgical 
and therapeutic procedures.

While AA variations are not uncommon, the 
current case discusses a rare variation in which the 
first part of the right AA provides a novel common 
trunk (CT). This aberrant CT gave origin to the fol-
lowing branches: an accessory LTA (aLTA), an acces-
sory (aTDA), the SA and the PHCA (Table 1) [1–3, 14, 
18–20, 22]. The aim of this case study is to provide  
a detailed case presentation of this unique branching 
pattern of the AA while outlining possible clinical 
implications of this variant.

CASE REPORT
The body of a 77-year-old female was received by 

the Saint Louis University Gift Body Programme of the 
Center for Anatomical Science and Education (CASE) 
with the informed consent of the donor. The death 
certificate listed hepatic carcinoma as the cause of 
death. No other pathologies were noted.

Dissection of the right axilla was completed ac-
cording to instructions outlined in Grant’s dissec-
tor, 16th Edition [7]. After the right axillary vein was 
cleaned and studied, it was removed to better study 
the AA branching pattern. One unique variation 
observed in the right AA included the absence of  
a traditional STA originating from the first part of the 
AA. Instead, from proximal to distal, the first part of 
the AA gave three branches: the LTA, the TAT, and  
a large CT. After providing these three branches, the 
AA continued distally, deep to the pectoralis minor 

and surrounded by the lateral, posterior, and medi-
al cords of the brachial plexus. Proximally, the LTA 
provided the STA to the first and second intercostal 
spaces before continuing with the long thoracic nerve 
to supply the serratus anterior muscle (Fig. 1).

The large CT branched into an aLTA to the serratus 
anterior muscle and a large aTDA to the latissimus 
dorsi muscle. These named branches were identified 
based on the muscles they supply but are described 
as accessories because they originate from an atypical 
source. The CT then bifurcated into the PHCA and the 
SA. The PHCA travelled with the axillary nerve, while 
the SA bifurcated into a CSA and a small TDA (Fig. 2).

The second part of the AA provided one pectoral 
artery to the pectoralis minor. The third part of the 
AA supplied the AHCA artery before continuing as 
the brachial artery (Fig. 3). Normally, the AA is closely 
approximated by the three cords of the brachial plexus. 
However, in this unique case, the AA and CT surrounded 
the medial cord and the medial antebrachial cutaneous 
nerve (Fig. 3). The branching pattern of this variant AA 
is summarized in a sketch depicting the branches from 
each part of the AA (Fig. 4). The left AA and upper 
extremity venous drainage were anatomically typical.

DISCUSSION 
Previously documented AA variations 

A wide variety of AA variations have been docu-
mented in the literature, including the presence of 
common arterial trunks which give rise to branches 
that normally originate directly from the AA [5, 6]. 

Table 1. Summary of axillary artery (AA) variations that differ from the current case, with brief descriptions of the AA variations iden-
tified in other individual case studies. This table compares other AA variations similar to the current case while highlighting differen-
ces based on reports in the literature. For comparison, note also the branches that typically arise from each part of the AA

AA parts Typical branching 
pattern

Current variation 
branching pattern

Reported variants branching patterns

First STA LTA
TAT

CT: aLTA, aTDA, PHCA, SA

TAT and SA (described in the Discussion) [14] 

Second TAT
LTA

Pectoral artery SA gave the LTA and PHCA [20] 

CT for the SA and LTA [18] 

Third SA: CSA and TDA
PHCA
AHCA

AHCA Common subscapular trunk was the origin for the SA, AHCA and PHCA [22] 

CT bifurcated into the PHCA and S [19] 

A common subscapular trunk provided the CSA, TDA, PHCA, LTA, TAT [3] 

A CT divided into the deep brachial artery, AHCA, PHCA, SA [1] 

A CT divided into the SA and a common stem for the AHCA, PHCA  
and the deep brachial artery [2] 

AHCA — anterior humeral circumflex artery; aLTA — accessory lateral thoracic artery; aTDA — accessory thoracodorsal artery; CSA — circumflex scapular artery; CT — common trunk; 
LTA — lateral thoracic artery; PHCA — posterior humeral circumflex artery; SA —subscapular artery; STA — superior thoracic artery; TDA — thoracodorsal artery
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In addition to the typical origin of the SA and PHCA 
from the third part of the AA, these two vessels have 
been observed arising from a CT from either the first 

or second part of the AA [11]. The current case adds 
another distinct finding to this description with the 
higher origin of a CT from the first part of the AA.

Figure 1. Arterial branching from the first part of the axillary artery (AA). The pectoralis minor muscle has been detached from its origin along 
the anterior aspect of the upper ribs and the arm has been abducted and extended to best show the three branches originating from the first 
part of the AA. The lateral thoracic artery (LTA) branches first, followed by the thoracoacromial trunk (TAT) and common trunk (CT). Both the 
CT and the AA continue deep to the pectoralis minor. 

Figure 2. Common trunk from the first part of the axillary artery (AA). The common trunk (CT) provides the accessory lateral thoracic artery 
(aLTA) and accessory thoracodorsal artery (aTDA) before terminating as the subscapular artery (which bifurcates into the circumflex scapular 
artery [CSA] and thoracodorsal artery [TDA]) and the posterior humeral circumflex artery (PHCA) artery. The TDA travels with the thoracodor-
sal nerve (TDN) and the PHCA travels with the axillary nerve. The AA was observed continuing as the brachial artery distal to the teres major 
muscle; SSA — subscapular artery.
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A study of 166 axillae described the branching 
pattern of the LTA, SA, and PHCA finding that the 

LTA gave rise to both the TDA and the SA in about 
10% of the cases while the PHCA was observed to 

Figure 4. Representation of the axillary artery (AA) branching variation in the current case. This sketch (not drawn to scale) summarizes the 
AA branching in the current case. The branches are coloured based on the part of the AA from which they originate (orange — first part, pink 
— second part, green — third part). Notice that he lateral thoracic artery (LTA), the thoracoacromial trunk (TAT), and the common trunk (CT) 
all have a high origin from the AA. The CT continues distally and provides two accessory branches before bifurcating as the posterior humeral 
circumflex artery (PHCA) and subscapular artery (SA). The AA second part continues posterior to the pectoralis minor and gives an isolated 
pectoral artery before providing its final branch, the anterior humeral circumflex artery (AHCA), from the third part of the AA. The AA then 
continues as the brachial artery (black); aLTA — accessory lateral thoracic artery; aTDA — accessory thoracodorsal artery; CSA — circum-
flex scapular artery; STA — superior thoracic artery; TDA — thoracodorsal artery.

Figure 3. Unique neurovascular relationship between brachial plexus and axillary artery (AA). The pectoral artery and anterior humeral cir-
cumflex artery (AHCA) can be observed branching from the second and third parts of the AA, respectively. Arterial structures have been shad-
ed in red to emphasize the unique anatomical relationship of the AA and the common trunk (CT) with two neural structures, the medial cord 
and the medial antebrachial cutaneous nerve, that are shaded yellow. The two branches from the second and third parts of the AA are also in 
red. This image also allows one to appreciate the lateral thoracic artery (LTA) supplying the superior thoracic artery (STA); aLTA —  accessory 
lateral thoracic artery; aTDA — accessory thoracodorsal artery); PHCA — posterior humeral circumflex artery; TAT — thoracoacromial trunk.
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variably originate from either the SA or the deep 
brachial artery in about 20% of the cases [15]. The 
current case adds to the description of the possible 
origins of the SA and PHCA as arising from a CT from 
the first part of the AA. Another case study describes 
two branches, the TAT and SA, arising from the first 
part of the AA, with the SA providing the LTA before 
terminating as the TDA and PHCA [14]. However, the 
current case has three branches originating from the 
first part of the AA. The CT in our report provided 
both an aLTA and an aTDA before bifurcating into 
the SA and PHCA artery. 

Furthermore, the current case includes an LTA that 
quickly provides the STA, a branching pattern which is 
rarely seen. The current literature regarding reported 
anomalous STA origins and trajectories includes one 
case study in which the STA originates from the first 
part of the AA but travels between components of the 
brachial plexus to reach the lateral thoracic wall [1]. A 
second case report includes two cadaveric dissections 
where the LTA originated cephalad to the STA along 
the first part of the AA [25].

The presence of a large CT from the first part of 
the AA that supplies an aLTA and an aTDA, before 
bifurcating into the PHCA and SA, has not been re-
ported in the literature. Table 1 [1–3, 14, 18–20, 22] 
outlines descriptions of documented AA branching 
patterns as they compare to the current case.  

Clinical significance 

It has been reported that the AA has the highest 
rate of arterial injury after the popliteal artery, so it 
is of great clinical significance for radiologists and 
surgeons to be aware of its possible variations [1, 3, 
13, 15, 17–20, 22, 24]. Carotid-axillary bypass is an 
alternative to carotid-subclavian bypass due to the 
significant lymphatic risks that can occur in the latter 
procedure, but variations in the AA branching pattern 
can introduce new risks [4]. Furthermore, the current 
case reveals the PHCA artery originating from a CT 
rather than from the most distal portion of the AA. 
Both the AHCA and PHCA (as well as the deep brachial 
artery) are significant when repairing rotator cuff and 
proximal humeral injuries as the arteries anastomose 
around the surgical neck of the humerus [8, 9, 21]. 

Brachial plexus injuries account for 35% of surgical 
complications in the axillary region and have the most 
significant long-term morbidity and mortality [10]. 
In the present case, the medial cord of the brachial 
plexus and the medial antebrachial cutaneous nerve 

travelled between the AA and the CT. This atypical 
relationship of the medial cord with an arterial var-
iation may complicate peripheral nerve blocks or, in 
general, increase the risk of nerve damage during any 
procedure within the axilla [12].

The right axillary vein was not anatomically unique 
in this case, but the course of the venous tributaries 
may be altered in such arterial variation and can com-
plicate procedures like central venous line placements, 
arteriovenous fistulas, or impede venous flow and 
cause swelling [23]. Aside from venous procedures, 
AA variations such as the one presented in this case 
may also complicate axillary lymph node dissection, 
breast augmentation, reconstructive surgery and tu-
mour resections [23]. 

CONCLUSIONS
While AA variations are common, it is unreported 

in the literature to see a CT originating from the first 
segment of the AA. This CT is unique as it provided 
accessory arteries to the serratus anterior and latis-
simus dorsi muscles before terminating as the PHCA 
and SA. The first part of the AA also atypically pro-
vided the LTA and TAT. Knowledge of unique arterial 
variations can impact a wide range of procedures 
performed by radiologists as well as orthopaedic, 
vascular, oncology, and plastic surgeons.
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The hypothenar muscle with the greatest frequency of variations is the abductor 
digiti minimi manus. Except for morphological variations of this muscle, have 
also been reported cases of an extra wrist muscle, the accessory abductor digiti 
minimi manus muscle. This case report presents a rare case of an accessory ab-
ductor digiti minimi muscle characterized by an unusual origin from the tendons 
of the flexor digitorum superficialis. This anatomical variation was identified on 
a formalin — fixed male cadaver of Greek origin during routine dissection. This 
anatomical variation, which may result in Guyon’s canal syndrome or complicate 
common wrist and hand surgical procedures such as the carpal tunnel release, 
should be known to orthopaedic surgeons and hand surgeons in particular. (Folia  
Morphol 2024; 83, 1: 221–225)

Keywords: wrist muscles, hypothenar muscles variations, abductor digiti 
minimi

INTRODUCTION
The hypothenar eminence is formed by four 

muscles; the abductor digiti minimi muscle, the 
flexor digiti minimi brevis muscle, the opponens 
digiti minimi muscle, and the palmaris brevis muscle 
[10]. Many researchers have described abnormal-
ities of the hypothenar muscles focusing mainly 
on their morphology and topography [1, 4, 6, 13, 
17, 22]. The hypothenar muscle with the greatest 
frequency of variations appears to be the abductor 
digiti minimi manus and the second more variable 
muscle is the flexor digiti minimi manus [6]. Contra-
rywise, the opponens digiti minimi muscle mostly 
lacks anatomical variations [6]. To the best of our 
knowledge, the first description of an accessory 
abductor digiti minimi manus (AADM) was done 
by Wood in 1868 [23]. 

This small aberrant muscle usually originates ei-
ther from the tendon of palmaris longus muscle [2, 
7, 20, 21] or the tendon of flexor carpi radialis [1]. 
In addition, AADM origins may extend to the flexor 
retinaculum [3]. As for its insertion, the most common 
point is the proximal phalanx of the 5th finger [12]. 

The aim of this article is to present a rare case of 
an AADM muscle with an unusual origin, and further 
highlight the potential clinical implications regarding 
ulnar nerve and artery compression. 

CASE REPORT
The reported case was identified during the dis-

section of the right wrist and hand of a male forma-
lin-fixed (10% v/v solution) cadaver. The dissection 
was held for both educational and research purposes 
at the Dissection’s Hall of our Anatomy Department. 
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The cadaver was of Greek origin and derived from 
body donation with the written and informed consent 
of the donor, according to the relevant legislation 
[16]. The specimen was properly cleaned and photo-
graphed. A WürthTM digital Vernier calliper (0.01 mm,  
accuracy) was used for the measurements of the 
distances and nerves’ diameters. 

The case described refers to the existence of an 
AADM muscle identified in the right wrist of a male 
adult. The muscle originated from the tendons of 
the flexor digitorum superficialis and after following 
a course under the pisohamate ligament (Fig. 1) its 
tendon inserted with the tendon of AADM into the 
base of the 5th proximal phalanx beneath the flexor 
digiti minimi muscle (Fig. 2). The ulnar artery and 
ulnar nerve passed beneath the AADM.

The length (L) of the AADM was 53.54 mm. The 
width of the muscle was 7.98 mm at its origin (w1), 
2.14 mm at its insertion (w2) and its belly was of 
maximum thickness 0.96 mm (Fig. 3). The muscle was 
innervated by minor motor branches arising from the 
ulnar nerve. This was a unilateral finding.

DISCUSSION
Supernumerary hypothenar muscles mostly in-

volve the abductor and flexor digiti minimi muscles 
[6]. The existence of an AADM muscle has been pre-

viously described and May [15] recently proposed 
the use of term “long abductor digiti minimi” for this 
category of aberrant muscles. However, we describe 
a unique case of an AADM that originates from the 
tendons of the flexor digitorum superficialis and insert 
to the head of the 5th metacarpal.

Embryology

The development of the hand muscles has been 
thoroughly studied by Cihák back in 1970’s [5]. Ac-
cording to his study, there are six embryonic origins 
for these muscles. The surface layer differentiates first, 
resulting in the formation of three blastemas. The 
radial, middle, and ulnar blastemas are responsible 
for the development of the abductor pollicis brevis, 
flexor digitorum superficialis, and abductor digiti 
minimi muscles (in that order) [5]. Thus, the flexor 
digitorum superficialis originates in the carpal area, 
but its blastema migrates proximally [9], and the 
abductor digiti minimi and abductor pollicis brevis 
originate from where their blastema started [15].

Frequency

The existence of an AADM muscle is considered 
among the most common variations of the hypothe-
nar muscles. Its frequency varies between 22% and 
35%. [18].  

Figure 1. The accessory abductor digiti minimi manus (AADM) as first identified during the wrist dissection. It originates from the tendons of 
the flexor digitorum superficialis (FDS) and seems to stop under the pisohamate ligament (*); TCL — transverse carpal ligament; FDM — flexor 
digiti minimi; FCR — flexor carpi radialis; FCU — flexor carpi ulnaris.
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Figure 2. The length (L) of the accessory abductor digiti minimi (AADM) was 53.54 mm. The width of the muscle was 7.98 mm at its origin 
(w1) and 2.14 mm at its insertion (w2). Beneath the aberrant muscle passed the ulnar artery (UA — red) and the ulnar nerve; TCL — trans-
verse carpal ligament; FDM — flexor digiti minimi; FCR — flexor carpi radialis; FCU — flexor carpi ulnaris; FDS — flexor digitorum superficia-
lis; MN — median nerve.

Clinical considerations

Generally, the existence of an AADM muscle has 
been implicated with ulnar nerve compression at 
the wrist [6, 15]. Dimitriou and Natsis (2007) [8] 
reported a case of intraoperative identification of an 
AADM that was covering Guyon’s canal and creating 
apparent undue pressure on the ulnar nerve proximal 
to its bifurcation. In that case the neurological symp-
toms were relieved by the resection of the AADM. 
Moreover, AADM’s course via Guyon’s canal may 
induce compression of the deep branch of the ulnar 
nerve and the ulnar vessels, which consists a major 
structural cause of Guyon’s canal syndrome [14, 17]. 
Therefore, hand surgeons and orthopaedic surgeons 
in general, should consider the potential existence 
of an AADM muscle when diagnosing Guyon’s canal 
syndrome. Worth mentioning is that, when passing 
through the Guyon’s canal or in cases like the one 
we described, the AADM may compress not only the 
ulnar nerve but also the ulnar artery. In addition, the 

presence of an AADM muscle may complicate other 
common surgical procedures in hand, for instance 
during a surgical decompression of the carpal tunnel 
[19]. 

CONCLUSIONS
It is described a case of an aberrant AADM muscle 

found during routine dissection in the right hand 
of a male cadaver. This muscle took its origin from 
the tendons of the flexor digitorum superficialis and 
inserted into the head of the 5th metacarpal. Ortho-
paedic surgeons and especially hand surgeons should 
be aware of this anatomical variation that may cause 
Guyon’s canal syndrome or complicate common wrist 
and hand surgical procedures, for instance the carpal 
tunnel release. 
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The shoulder and arm region has numerous morphological variations. The deltoid 
muscle usually consists of three parts: anterior, middle and posterior. This case 
report describes a very rare deltoid muscle variant, an addition to the spinal part 
that is attached proximally at the infraspinatus fascia and the spine of the scapula. 
The distal attachment transforms directly into the brachialis muscle. Additional 
parts can affect the biomechanics and function of the joints significantly. (Folia 
Morphol 2024; 83, 1: 226–230)

Keywords: deltoid muscle, deltoid tendon, anatomical variation, 
shoulder

INTRODUCTION
The deltoid region of the shoulder is important 

functionally because of its powerful abductor mech-
anism. It has a triangular shape due to the outline 
of the deltoid muscle (DM). The DM arises from an 
extensive V-shaped attachment from the anterior 
margin of the lateral third of the clavicle (clavicular 
or anterior part), the lateral border of the acromion 
(acromial or middle part) and from almost the whole 
of the spine of the scapula (spinal or posterior part). 
All fibres of the DM converge to insert into the deltoid 
tuberosity of the lateral surface of the shaft of the 
humerus [17]. The DM is innervated by the axillary 
nerve [17]. 

It continues and maintains the abduction of the 
humerus initiated by the supraspinatus muscle. At 

complete abduction, the arm is raised to an angle 
about 180 degrees, the first 15 degrees of which are 
affected by the supraspinatus muscle and the next 75 
by the DM. The clavicular part comprises the flexors 
and mesial rotators of the arm. The posterior fibres 
have the opposite action.

The DM demonstrates variations with regard to 
the number of its segments and parts, its proximal at-
tachment, distal attachment, fusion with surrounding 
muscles and innervation [2, 12, 14, 27, 31]. 

The different variants of the deltoid muscle are 
not only interesting from an anatomical point of 
view, but also from a clinical one, especially for or-
thopaedic surgeons. These variations could impede 
approaches to the proximal humerus, and allow the 
use of the deltoid in treating irreparable rotator cuffs, 
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with or without acromioplasty or acromionectomy, or 
facilitate posterior deltoid-to-triceps tendon transfer 
[6, 15, 26].

This case report focuses on a very rare variant of 
the DM with an accessory segment (accessory spinal 
part), and the distal part passes directly into the 
brachialis muscle (BM) (fusion).

CASE REPORT
A male cadaver, 79 years old at death, was subject-

ed to routine anatomical dissection for research and 
teaching purposes at the Department of Anatomical 
Dissection and Donation, Medical University of Lodz, 

Poland. The right upper limb underwent traditional 
anatomical dissection and a morphological variant 
of the DM was found [25, 34]. This structure was 
subjected to a detailed assessment. The DM consisted 
of four parts (clavicular, acromial, spinal and acces-
sory spinal; Figs. 1, 2). The clavicular part originated 
from the lateral third of the clavicle; the acromial part 
originated from the lateral border of the acromion; 
the spinal part originated from part of the spine of 
the scapula. The accessory spinal part originated from 
the other part of the spine and from the infraspinatus 
fascia (Figs. 1, 2). The measurements of the individual 
parts are shown in Table 1.

Table 1. Morphometric measurements of parts of the deltoid muscle [mm]

Clavicular part Acromial part Spinal part Accessory part

Proximal attachment — width 26.96 50.32 70.40 69.14

Proximal attachment — thickness 5.91 6.23 7.84 4.67

The belly length up to the point where all parts connect and pass into the tendon 164.29 139.35 107.94 121.46

Figure 1. Anterior view of the deltoid muscle; CP — clavicular 
part; AP — acromial part; SP — spinal part; AAP — accessory 
spinal part; IFF — infraspinatus fascia; BM — brachialis muscle; 
turquoise circle show fusion between deltoid muscle and brachialis 
muscle.

Figure 2. Posterior view of the deltoid muscle; CP — clavicular 
part; AP — acromial part; SP — spinal part; AAP — accessory 
spinal part; IFF — infraspinatus fascia; BM — brachialis muscle; 
AN — axillary nerve; turquoise circle show fusion between deltoid 
muscle and brachialis muscle.
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All the parts then interconnect to form a com-
mon muscle mass 48.54 mm wide and 13.45 mm 
thick. The length of this common muscle mass to the 
myotendinous junction point is 38.98 mm. The width 
of the myotendinous junction is 24.56 mm and its 
thickness is 4.16 mm.

The tendon is 18.97 mm long; it is attached to 
the deltoid tuberosity and provides an origin for the 
BM. At the site of transition of the tendon into the 
muscular part of the brachialis, it is 23.73 mm wide 
and 4.19 mm thick (Figs. 1, 2).

In the other upper limb, the DM comprised three 
segments (anterior, middle and posterior) and the 
BM demonstrated standard proximal and distal at-
tachments.

DISCUSSION
The area of the shoulder girdle and the arm has 

numerous morphological variations. Older publica-
tions show only the numerous morphological vari-
ants within the biceps or triceps brachii [28], while 
newer scientific studies also show many variants in 
the shoulder area [13, 22, 23, 32–34].

In order to understand such morphological varia-
tions, one needs to know their embryological basis. 
The DM, teres minor, infraspinatus and supraspinatus 
muscles arise from a common premuscle mass con-
tinuous with the pectoral mass and the common arm 
sheath. In an 11 mm embryo the DM has partially 
split off from this mass towards its origin from the 
acromion and clavicula. In 14 to 16 mm embryos it 
has much of the adult form, with usually a distinct slip 
arising from the fascia over the infraspinatus muscle. 
In a 20 mm embryo, it has practically the adult form 
and attachments. 

Many articles have examined the morphological 
variability of the musculoskeletal system in recent 
years [19–21, 24]. Previously, vascular variations 
seemed to be the most widespread, although mus-
cle and tendon variations are also relatively common.

The DM has been classically divided into clavicu-
lar, acromial and spinal parts [17]. It also has mor-
phological variants, which have been the focus of 
many studies over the years. Familiarity with them is  
a challenge for both scientists and clinicians. MacAl-
ister [16] noted that the acromial part of the DM can 
be absent, and that its spinal part can be separated 
from both the acromial and clavicular parts. Mori 
[18] also described the possibility of separating the 
individual parts and analysed the types of separation. 

For the acromial part of the DM, complete separation 
was observed in 24% of tested shoulders, incomplete 
separation in 38%, and no separation in 38% [18]. For 
the clavicular part, there was complete separation in 
4%, incomplete separation in 4%, and no separation 
in 92% [18].

Fusion between the clavicular part of the DM and 
the pectoralis major (clavicular part) has often been 
reported [7, 8, 16, 28, 31]. Other possible fusions are 
between the DM and the trapezius, infraspinatus and 
teres minor or latissimus dorsi muscles [5, 16]. Calori 
[7] described another head, the ‘costodeltoideus’, 
which can originate from the lateral edge of the 
scapula between the teres minor and infraspinatus, 
or between the teres major and minor. Gruber [9] 
described an ‘acromioclavicularis lateralis’, which 
originates from the acromion and inserts into the 
clavicular head of the deltoideus.

Calori [7] report the presence of accessory slips of 
the DM originating from the spine of the scapula or 
the infraspinatus fascia and inserting into the humer-
us between the deltoid and triceps or into the fascia 
of the arm, while MacAlister [16] found a small muscle 
arising from the infraspinatus fascia near the inferior 
angle of the scapula, forming a small second head. 
The present case report differs in that a complete 
independent part, herein labelled the accessory spinal 
part, originates from the other part of the spine and 
from the infraspinatus fascia. This accessory part was 
completely separated from the second spinal part. 
Interestingly, each part was also separately innervated 
by branches of the axillary nerve. 

Improved understanding of the origin and parts 
of the DM can help to optimise procedures and min-
imize functional deltoid comorbidity. The scapular 
spinal fibres of the DM act with the latissimus dorsi 
to generate extension of the arm during ambula-
tion. These fibres also assist in external (or lateral) 
rotation of the humerus [1]. This is functionally 
important because strengthening the posterior fi-
bres of the DM can help to offset the tendency of 
the shoulder to become internally rotated owing 
to poor posture [1].

Hence, having an accessory spinal part can result 
in better prevention of poor posture. Biomechanical 
research will be needed to confirm this thesis. Further-
more, the reported accessory spinal part could also 
impede posterior deltoid transfer to allow restoration 
of elbow extension in patients with tetraplegia and 
posterior approach to the shoulder [6]. In addition, 
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a portion of the BM can become interposed between 
the fragments, thus causing nonunion in fracture 
of the shaft of the humerus; this would represent 
another variation in the distal part of the deltoid.

Another variation observed herein involved a 
connection between the DM and the BM (proximal 
attachment of the BM) after all the parts had joined 
to became a tendon. Although this has been previ-
ously noted by MacAlister [16] on one male limb, 
it has not been identified in any other study [8, 18, 
28–30]; only fusion of the acromial portion with the 
brachioradialis has been reported [5]. This type of 
fusion could seriously affect function because the BM 
is the ‘workhorse’ of the elbow. It is a major flexor of 
the forearm at the elbow joint, flexing the elbow in all 
positions. It is the only pure flexor of the elbow joint, 
producing most of the force during flexion. As such, 
it is unclear whether this type of fusion increases or 
decreases the bending strength of the elbow joint.

Such variation in anatomical spaces or the refer-
ence points for incisions is an important consideration 
in surgical interventions as it can be a source of com-
plications [19, 24] . For example, neurovascular struc-
tures are particularly vulnerable to iatrogenic injury. 

Therefore, correct diagnosis and surgical treatment of 
the shoulder requires an accurate understanding of 
its anatomy in situ, and the presence of anatomical 
variations can hinder surgery.

CONCLUSIONS
The deltoid muscle is characterized by complex 

morphological variations. Additional parts of the DM 
can have a significant effect on the biomechanics, 
function of the joints and surgery.
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Two-headed extensor digitorum longus with 
coexisting additional tendinous slips 
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The extensor digitorum longus is a source of much anatomic variation, mostly 
related with extra tendinous slips or their unusual insertions. This report describes  
a new configuration of the extensor digitorum longus with two heads and two main 
tendons which bifurcate into five slips. These slips undergo further divisions and 
establish connections between the each other. Our findings provide a greater insight 
into the intricacies of human morphology. (Folia Morphol 2024; 83, 1: 231–234)

Keywords: extensor digitorum longus, double-head, variation, variant, 
tendinous slip, additional tendon, muscle belly

INTRODUCTION
Together with the extensor hallucis longus (EHL), 

tibialis anterior and fibularis tertius muscles, the ex-
tensor digitorum longus (EDL) is a muscle that con-
stitutes the anterior compartment of the leg. It takes 
its origins at the inferior surface of the tibial lateral 
condyle and the proximomedial part of the fibula and 
three membranes: the anterior interosseous mem-
brane, the deep fascia of the leg and the anterior 
intermuscular septum. The course of the EDL to the 
distal part of the lower limb takes it under the superior 
extensor then inside the inferior extensor retinaculum 
alongside the fibularis tertius. As it passes under the 
superior extensor retinaculum, the EDL typically splits 
into the two tendons, both of which subsequently 
divide into two final slips which reach the second and 
the third phalanges of the second, third, fourth and 
fifth toes. The tendons to the third, fourth and fifth 
toes fuse on their lateral side with the slips from the 
extensor digitorum brevis [7].

The EDL is supplied by the anterior tibial artery, 
and its distal part by branches deriving from the 
fibular artery. The innervation is provided by the 
deep fibular nerve. The main functions of the mus-

cle are to extend the toes and allow dorsiflexion 
of the foot. 

The present case illustrates a constellation of dif-
ferent morphological variants of the EDL, in which 
the presence of an atypical muscle belly is accompa-
nied by fusions between the EDL tendons after their 
bifurcation.

CASE REPORT
A female body donor was admitted to the De-

partment of Anatomical Dissection and Donation, 
Medical University of Lodz, Poland for scientific and 
didactic purposes. A routine anatomical dissection 
of the right lower limb was performed. It revealed 
a two-headed variant of the EDL with the tendinous 
connections in its distal part. The further steps of 
the case assessment include detailed measurements, 
characterization and photography. 

The EDL originated in a typical manner from the 
anterolateral aspect of the proximal tibia and consist-
ed of upper and lower bellies. The length of the upper 
belly was 127.59 mm. The width of its myotendinous 
junction was 6.85 mm and the thickness 1.3 mm. 
The length of the tendon from the point of junction 
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to its bifurcation was 232.94 mm. After bifurcation, 
the tendons reached the second and the third digits 
with respective lengths of 74.95 mm and 69.92 mm.  

The length of the lower belly was 140.90 mm. Its 
myotendinous junction was 4.97 mm wide and 1.91 mm  
thick. The tendon was found to be 153.86 mm long 
at its division, which split it into the three parts. The 
first slip was the most medial part. It was 35.62 mm 
in length. It divided into its two terminal parts, i.e. 
medial and lateral, which both fused with the tendi-
nous slip to the third digit of the upper head’s tendon. 
The medial part was 32.65 mm long and the lateral 
part 66.66 mm long. The length of the common part 
after the fusion of the three tendons was 40.31 mm, 
and it reached the third digit. 

The second slip from the lower head’s tendon 
reached the fourth digit and was 124.62 mm in 
length. Similarly, the third and the most lateral slip 
was 100.74 mm long and inserted the fifth digit 
(Figs. 1–3).

Ethical approval and consent to participate

The study protocol was accepted by the Bioethics 
Committee of the Medical University of Lodz. The 
cadavers were the property of the Department of 
Anatomical Dissection and Donation, Medical Univer-
sity of Lodz. Informed consent was obtained from all 
participants before they died.

DISCUSSION
The typical anatomical variations related to the 

EDL are present in its slips, which demonstrate vari-
able numbers, points of insertion and fusions within 
the EDL or with the surrounding structures. The dupli-
cated slip may reach the corresponding toe, creating 
a bifid tendon, or contribute to the adjacent toe. In 
some cases, it was found to insert to nearby muscles, 
such as the EHL, the fibularis tertius or the extensor 
digitorum brevis [9]. 

The tendinous division of the EDL may extend 
sufficiently proximally to divide it into the smaller, 
separate muscles. In the most pronounced form, the 
toes from the second to the fifth are all supplied by 
individual small muscles instead of a large, singular 
extensor [2].

The EDL has been reported to receive a contribu-
tion from the other muscles but also to give off its 
own accessory slips. Węgiel et al. [10] describe an 
accessory, tendinous band of the EDL which orig-
inated from its proximal part and fused with the 
distal part of the EHL; this was accompanied by 
the presence of an additional tendon deriving from 
the EHL and inserting the dorsal surface of the first 
proximal phalanx. 

Tezer and Cicekcibasi [8] reported a case of an ex-
tensor digiti secundus muscle which originated from 
the EHL and bifurcated into two slips. The smaller, 

Figure 1. The lower limb before the distal dissection; TA — tibialis anterior; EHL — extensor hallucis longus; UH — upper head of the exten-
sor digitorum longus; LH — lower head of the extensor digitorum longus.
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medial slip fused with the tendon of the EHL, while 
the lateral slip merged with the second toe tendon 
of the EDL. 

Typically, the EDL reaches the phalanges from the 
second to the fifth toe. However, it is possible that 
one of the tendons may be absent [6], in which case, 

the role of the toe extensor can be performed singu-
larly by the extensor digitorum brevis. If the absence 
refers only to the fifth digit, the missing tendon can 
be replaced by the accessory muscle, the peroneus 
quinti digiti, which arises with the fibularis tertius 
from the common muscle belly [9]. 

Figure 2. The proximal part of the lower limb; T — tibial shaft; PA — proximal attachment of the extensor digitorum longus; UH — upper 
head of the extensor digitorum longus; LH — lower head of the extensor digitorum longus.

Figure 3. The distal part of the lower limb; UT — upper tendon of the extensor digitorum longus; EHL — extensor hallucis longus; MSL — 
medial slip of the lower tendon; LSL — lateral slip of the lower tendon; MSU — medial slip of the upper tendon; LSU — lateral slip of the 
upper tendon; LT — lower tendon of the extensor digitorum longus; FS — first slip; SS — second slip; TS — third slip.
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The presence of an additional muscle belly is an 
unusual finding among the muscles of the anterior 
compartment of the leg; however, it is not limited only 
to the EDL. Ruzik et al. [5] present an EHL muscle with 
two heads (upper and lower), each of which with its 
own innervating branch: the tendon from the main 
belly inserted the distal phalanx of the hallux while the 
accessory tendon was located medially and reached 
the proximal phalanx of the same toe.

The muscles of the anterior compartment can be 
sometimes accompanied by supernumerary accessory 
muscles. Plochocki and Bodeen [4] reported the pres-
ence of an accessory fibularis tertius which originated 
from the shaft of fibula and inserted to the fibular 
diaphysis and the anterior interosseous membrane. 
This muscle is also known as the fibularis (peroneus) 
quartus. Its occurrence varies from 3% up to 21.7% 
of specimens [1]. 

Typically, the fibularis tertius takes its origin at the 
distal half of the fibula and the intermuscular septum, 
or at their distal third. However, in some cases, the 
muscular fibres of the fibularis tertius merge with the 

EDL belly, and it arises directly from the tendon of 
the EDL as an independent tendon with no separate 
muscle belly. This variant was found in 11% of the 
lower limbs and can be classified as type 3 according 
to Olewnik [3]. 

CONCLUSIONS
Despite the many years of refinement of anatom-

ical classifications, the results of dissection still have 
the potential to surprise. The presented variant is  
a rare finding which expands our knowledge about 
the structure of the lower limb and is an important 
example of a complex pattern of the tendons and 
their connections within the same muscle. 

Conflict of interest: None declared 
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Table 1. The measurements of the presented case
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http://dx.doi.org/10.7547/87507315-86-11-532
http://dx.doi.org/10.7547/87507315-86-11-532
https://www.ncbi.nlm.nih.gov/pubmed/8961655
http://dx.doi.org/10.1002/ca.23449
https://www.ncbi.nlm.nih.gov/pubmed/31408221
http://dx.doi.org/10.1002/ca.20802
https://www.ncbi.nlm.nih.gov/pubmed/19418447
http://dx.doi.org/10.5603/FM.a2022.0018
https://www.ncbi.nlm.nih.gov/pubmed/35187631
http://dx.doi.org/10.1111/j.1447-073x.2004.00082.x
https://www.ncbi.nlm.nih.gov/pubmed/15633462
http://dx.doi.org/10.1007/s12565-011-0108-8
http://dx.doi.org/10.1007/s12565-011-0108-8
https://www.ncbi.nlm.nih.gov/pubmed/21559883
http://dx.doi.org/10.1007/s00276-022-02966-z
http://dx.doi.org/10.1007/s00276-022-02966-z
https://www.ncbi.nlm.nih.gov/pubmed/35729436


Folia Morphol.
Vol. 83, No. 1, pp. 235–238

DOI: 10.5603/FM.a2023.0012
Copyright © 2024 Via Medica

ISSN 0015–5659
eISSN 1644–3284

journals.viamedica.pl

C A S E    R E P O R T

235

Address for correspondence: Łukasz Olewnik, DPT, PhD, Ass. Prof., Department of Anatomical Dissection and Donation, Medical University  
of Lodz, ul. Żeligowskiego 7/9, 90–136 Łódź, Poland, e-mail: lukasz.olewnik@umed.lodz.pl

This article is available in open access under Creative Common Attribution-Non-Commercial-No Derivatives 4.0 International (CC BY-NC-ND 4.0) license, allowing to download 
articles and share them with others as long as they credit the authors and the publisher, but without permission to change them in any way or use them commercially.

Two variant muscles in the gluteal region
Nicol Zielinska1, Richard Shane Tubbs2–7, Piotr Łabętowicz1, Łukasz Olewnik1

1Department of Anatomical Dissection and Donation, Medical University of Lodz, Poland
2Department of Anatomical Sciences, St. George’s University, Grenada, West Indies
3Department of Neurosurgery, Tulane University School of Medicine, New Orleans, Louisiana, United States
4Department of Neurology, Tulane University School of Medicine, New Orleans, Louisiana, United States
5Department of Structural and Cellular Biology, Tulane University School of Medicine, New Orleans, Louisiana, United 
States
6Department of Surgery, Tulane University School of Medicine, New Orleans, Louisiana, United States
7Department of Neurosurgery, Ochsner Medical Centre, New Orleans, Louisiana, United States

[Received: 19 August 2022; Accepted: 9 November 2022; Early publication date: 16 February 2023]

The short lateral rotators of the thigh found in the gluteal region can have 
morphological variations. During anatomical dissection of a right lower limb, 
two variant structures were found in this region. The first of these accessory 
muscles originated from the external surface of the ramus of the ischium. 
Distally, it was fused with the gemellus inferior muscle. The second structure 
comprised tendinous and muscular parts. The proximal part originated from the 
external part of the ischiopubic ramus. It inserted on the trochanteric fossa. 
Both structures were innervated by small branches of the obturator nerve. The 
blood supply was via branches of the inferior gluteal artery. There was also  
a connection between the quadratus femoris and the superior part of the 
adductor magnus. These morphological variants could be clinically important. 
(Folia Morphol 2024; 83, 1: 235–238)

Keywords: pelvic region, morphological variations, gluteus inferior, 
gluteus superior, quadratus femoris, sciatic nerve, adductor minimus, 
adductor magnus

INTRODUCTION
The lateral rotator muscles of the thigh include the 

piriformis (PM), gemellus superior (GS) and inferior 
(GI), obturator externus (OE) and internus (OI), and 
quadratus femoris (QF) muscles [17]. These muscles 
can be morphologically variable. For example, the 
GS or GI can be absent (very rarely, both the GS and 
GI are lacking) [2, 8, 16]. These muscles can be also 
doubled [15]. Cases have been reported in which the 
GS is fused with the PM or gluteus minimus, or the 
GI is fused with the QF [12]. The OI is not as variable, 
though it can be divided into two distinct parts [9]. 

The PM, in contrast, is morphologically highly varia-
ble. For example, it can be fused with the GS, or OI, 
or gluteus medius [3]. 

Morphological variations in this region can 
have clinical implications. For example, addition-
al structures such as an accessory head of the PM 
can compress nearby nerves or arteries. In cases of  
a three-headed PM, with the common fibular nerve 
passing between the first and second heads and the 
tibial nerves passing between the second and the 
third, there can be paraesthesia, loss of sensation, 
or lack or weakened function of the muscles [13]. 
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Here, we report an unusual muscle found in the 
gluteal region during dissection and discuss the po-
tential clinical ramifications. 

CASE REPORT
An 84-year-old at death female cadaver donated 

to science was subjected to routine anatomical dis-
section for research and teaching purposes at the 
Department of Anatomical Dissection and Donation 
Medical University of Lodz, Poland. The left lower limb 
and its gluteal region were dissected traditionally and 
two interesting structures were found. 

The next stage of the investigation involved de-
tailed assessment of these variant muscles. The first 
muscle had only a muscular part, originating from the 
external surface of the ramus of the ischium (near the 
ischiopubic ramus). At the proximal attachment it was 
7.46 mm wide and 2.17 mm thick. It was 79.90 mm  
long. Distally, this accessory muscle was fused with 
the GI, attached to the trochanteric fossa. At the 
point of fusion the width was 3.97 mm and the  
thickness 1.11 mm.

The second structure comprised tendinous and 
muscular parts. The proximal part originated from 
the external part of the ischiopubic ramus. At this 
point was 3.36 mm wide and 1.08 mm thick. The 
muscular part was 89.00 mm long, after which 
it passed into the tendinous part. The width at 
the myotendinous junction was 2.97 mm and the 
thickness was 1.64 mm. The tendon of this variant 
structure was 25.91 mm long, and it inserted on 
the trochanteric fossa. At this point it was 2.62 mm  
wide and 1.18 mm thick. Both structures were in-
nervated by small branches of the obturator nerve. 
Blood was supplied by branches of the inferior 
gluteal artery (Fig. 1).

An electronic calliper (Mitutoyo Corporation, Ka-
wasaki-shi, Kanagawa, Japan) was used for these 
measurements. Each measurement was repeated 
twice with an accuracy of up to 0.1 mm. No other 
morphological variants were found during dissection 
of the lower limb. Table 1 shows the morphometric 
measurements of the present case.

DISCUSSION
Muscles of pelvic region are morphologically vari-

able. Sometimes there is no GS, or no GI, and in rare 
cases, both are lacking [2, 8, 16]. The QF can also be 
absent, and in most such cases there is an associated 
increase in the volume of the GI [16].

Some fusions have also been described in this 
region. For example, the GI can be fused with the 
QF. Leal et al. [12] also described fusion between the 
GS and the gluteus minimus. Charpy and Nicolas [5] 
found a muscular connection between the QF and the 
GI, and between the QF and the adductor magnus [5].

Macalister [10] reported that the QF can have two 
or three distinct parts. It is not known whether this 
was a divided muscle belly or duplication [13], though 
there are more detailed descriptions in the literature. 
For example, Natsis et al. [14] found two-headed PMs 
in 12 (4.1%) cases. Curiously, these two heads showed 
different arrangements. In five cases the first belly was 
not located superiorly to the second (as it is in most 
cases); it was positioned superficially and the other 
one more deeply [14]. Cassidy et al. [4] found cases 
in which the superior belly was partially superposed 

Table 1. Morphometric measurements of the present case.

1st 2nd

LENGTH 79.90 mm 114.91 mm (89.00 mm — muscular part 
25.91 mm — tendinous part)

WIDTH

PP 7.46 mm 3.36 mm

MJ – 2.97 mm

PK 3.97 mm 2.62 mm

THICKNESS

PP 2.17 mm 1.08 mm

MJ – 1.34 mm

PK 1.11 mm 1.18 mm

MJ — myotendinosus junction; PP — proximal attachment; PK — distal attachment.

Figure 1. Anatomical variations of pelvic girdle; 1 — external part 
of the ischiopubic ramus; 2 — external surface of the ramus of the 
ischium; 3 — superior gemellus muscle (SGM); OI — obturator 
internus; IGM — inferior gemellus muscle; IT — ischial tuberosity; 
AM — adductor magnus; *first accessory muscle; **second ac-
cessory muscle.
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on the inferior belly [4]. Such arrangements of two 
bellies can also occur in morphological variants of 
other pelvic muscles.

Tanyeli et al. [15] described an interesting case 
with a double PM, double GS, double GI, and dou-
ble QF. The superior part of the PM originated from 
the anterior surface of the sacrum and the inferior 
part from the sacrotuberous ligament. Their common 
distal attachment was on the greater trochanter. The 
upper head of the GS was proximally attached on the 
body of the ischium and the lower head was attached 
to the ischial spine. The first head of the GI was prox-
imally attached to the ischiadic spine and the second 
head to the ischial tuberosity. These four structures 
were inserted on to the greater trochanter. The final 
variation was the double QF, both parts originating 
from the ischial tuberosity and attaching distally on 
the intertrochanteric crest [15].

Analysing the attachments described above, we 
excluded the possibility that the present case involved 
an additional head of the PM or GS. However, a dou-
ble GI and double QF seemed possible. We found two 
accessory structures. The first (superior) was fused 
with the GI, so it could either be an additional head 
of the GI or something never previously described in 
the literature. However, the second structure (inferi-
or) was not connected to either the superior variant 
structure or the QF, so we cannot call it an accessory 
head of the QF or GI. 

Interestingly, the volume of the QF was smaller 
than normal. In most cases, when the QF is absent, 
the volume of the GI is increased [16]. We can there-
fore infer that the additional structures described 
herein could be associated with incomplete devel-
opment of the QF. 

Moreover, the QF can be fused with the adductor 
magnus or adductor minimus, as it was in the pres-
ent case. It is hard to say with which muscle it was 
fused because the adductor minimus is controversial 
in the literature. Some authors describe it as only  
a part of the adductor magnus [6], some as partially 
separate from the adductor magnus [14], and some 
as a completely separate accessory muscle. In our 
opinion, there was fusion between the superior part 
of the adductor magnus and the QF [7].

To assess the clinical significance of these variant 
structures, we should consider their position and 
morphological features. Usually, accessory structures 
are connected with some kind of neurovascular com-
pression. For example, Arifoglu et al. [1] described 

a case with double GS and double PF. The sciatic 
nerve passed between the two heads of the PF. In 
such variants there is a risk of piriformis syndrome, 
represented by chronic pain in the buttocks and hip 
with sporadic referred pain along the sciatic nerve 
distribution, external tenderness over the greater 
sciatic notch, aggravation of the pain through sitting, 
augmentation of it with manoeuvres that increase PM 
tension, and sometimes dyspareunia [10]. 

However, in the present case, the PM was ana-
tomically normal and the sciatic nerve passed under 
it. Because the sciatic nerve was located under the 
described structures, the risk of PM syndrome was 
not high. 

Taking everything into consideration, it is hard to 
say whether we should describe the superior variant 
muscle as an additional head of the GI or as some-
thing not previously described. In view of its course 
and morphological characteristics, the other variant 
muscle does not look like an accessory head of any 
pelvic muscle; it looks like a separate structure that 
is not a feature of normal anatomy. 

CONCLUSIONS
The pelvic region shows several morphological 

variations. Accessory muscles can be associated with 
compression of nerves or vessels, and knowledge of 
them can therefore be important for clinicians, espe-
cially orthopaedists, neurologists, and physiothera-
pists. However, neurovascular compression depends 
on the arrangement and morphological characteris-
tics of the variant muscles.
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The pes anserinus superficialis is composed of the semitendinosus, gracilis and 
sartorius tendons. Normally, they all insert to the medial side of the tibial tuber-
osity, and the first two are attached superiorly and medially to the tendon of the 
sartorius muscle. During anatomical dissection, a new pattern of arrangement 
of tendons creating the pes anserinus was found. The pes anserinus comprised 
three tendons; the semitendinosus tendon was located superiorly to the gracilis 
tendon, and they both had distal attachments on the medial side of the tibial 
tuberosity. This seemed like the normal type, but the tendon of the sartorius 
muscle created an additional superficial layer, its proximal part lying just below 
the gracilis tendon and covering the semitendinosus tendon and a small part of 
the gracilis tendon. After crossing the semitendinosus tendon it is attached to 
the crural fascia significantly below the tibial tuberosity. Good knowledge of the 
morphological variations of the pes anserinus superficialis is necessary during 
surgical procedures in the knee region, especially anterior ligament reconstruction. 
(Folia Morphol 2024; 83, 1: 239–243)

Keywords: pes anserinus, superficialis, semitendinosus, gracilis, 
sartorius, autograft, anterior cruciate ligament reconstruction, 
hamstring tendon graft, patellar tendon graft

INTRODUCTION
The pes anserinus comprises two parts, the pes 

anserinus superficialis (PAS) and the pes anserinus 
profundus. The PAS is created by tendons of the 
sartorius (ST), gracilis (GT), and semitendinosus (STT) 
muscles. Normally, the STT and GT are located in-
feriorly and medially to the ST, but they all have 

distal attachments on the medial side of the tibial 
tuberosity [12].

The main function of the muscles constitut-
ing the PAS is flexion and external rotation of the 
knee joint. Moreover, this structure is responsible 
for stabilizing the knee, especially during rotatory 
movements [10]. 
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The PAS shows several morphological variations. 
The literature contains descriptions of PASs with one 
or two accessory bands from the STT, or one accessory 
band from the GT, or one accessory band from the ST, 
in different combinations. The shape and location of 
insertion of the PAS can also vary [12]. 

The PAS can be used as a graft during reconstruc-
tion of the anterior cruciate ligament (ACL) [3]. Good 
knowledge of its morphological characteristics and 
variability is therefore useful during this procedure 
[12]. The tibial tuberosity helps to locate the PAS 
clearly [11]. However, the accessory tendons seem to 
be a major problem during operations [11]. 

During anatomical dissection a new pattern of 
arrangement of tendons constituting the PAS was 
found. This PAS comprised three tendons; the GT 
was located superiorly to the STT and the distal at-
tachments of both were located on the medial side 
of the tibial tuberosity. This seemed like the normal 
arrangement, but the sartorius muscle tendon created 

an additional superficial layer in its proximal part, just 
below the GT and covering the STT and small part 
of the GT. After crossing the STT, the ST was distally 
attached to the crural fascia significantly below the 
tibial tuberosity.

CASE REPORT
An 83-year-old female cadaver was dissected 

routinely for research and teaching purposes at the 
Department of Anatomical Dissection and Donation, 
Medical University of Lodz, Poland. The right lower 
limb was subjected to traditional anatomical dissec-
tion [11, 12] and a morphological variant of the PAS 
was found. The proximal course of the sartorius, 
semitendinosus, and gracilis muscles was normal. 
The sartorius originated from the anterior superior 
iliac spine, the gracilis from the pubis and ischium, 
and the semitendinosus from the ischial tuberosity. 
The interesting morphological variation was in their 
distal attachment (pes anserinus).

The ST created a superficial layer of which the 
proximal part was located just below the GT and 
covering the STT and a small part of the GT. The 
myotendinous junction of the sartorius was 5.32 mm 
wide and 0.43 mm thick. The ST was 79.92 mm long. 
After crossing the STT, the ST was distally attached to 
the crural fascia significantly below tibial tuberosity. 
At the point of the insertion it was 3.47 mm wide 
and 0.23 mm thick. 

The GT was attached, as normal, to the medial 
part of the tibial tuberosity. At this point the tendon 
was 6.13 mm wide and 0.52 mm thick. The STT was 
attached to the same location, but just below the 
insertion of the GT, and it was covered by the ST. In 
its distal attachment the STT was 9.12 mm wide and 
0.81 mm thick (Fig. 1).

An electronic calliper (Mitutoyo Corporation, Ka-
wasaki-shi, Kanagawa, Japan) was used for these 
measurements. Each measurement was repeated 
twice with an accuracy of up to 0.1 mm. 

No other morphological variabilities were found 
during dissection of the lower limb. Table 1 shows 
the morphometric measurements.

DISCUSSION
The PAS shows several morphological variations. 

Normally, it is composed of three tendons: the ST 
(which is located laterally and superiorly to the rest), 
the GT (inserting medially to the ST and superiorly to 
the STT), and the STT (the element of the PAS located 

Figure 1. A very rare case of the sartorius muscle; ST — sartorius 
tendon; GT — gracilis tendon; STT — semitendinous tendon; CF 
— crural fascia (deep fascia of the leg). The purple circle indicate 
connection between the ST and CF.
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most inferiorly). However, this arrangement can vary 
among the population [12]. 

Olewnik et al. [12] distinguished six types of PAS 
on the basis of the distribution of tendons. The first 
type showed the standard arrangement and occurred 
in 52.9%. In the second type the ST and GT were 
normal and one additional tendon arose from the 
STT. The frequency of this type was 31.4%. The third 
type (8.8%) had normal ST and GT with two accesso-
ry tendons from the STT. There was also a PAS with 
normal ST, one additional tendon from the GT and 
two from the STT, but this variation was the rarest 
(1% of the studied population). Another type (2% 
of studied population) had normal ST and GT, but 
one additional tendon from the STT. The final type, 
with frequency 3.9%, had one additional tendinous 
structure arising from both the GT and the ST, and 
two accessory tendons from the STT [12].

Olewnik et al. [12] also analysed the shape and 
insertion of the PAS and distinguished three types. 
In the first, the PAS had a short tendinous extension 
of the elongated muscle belly. In the second, called 
‘band-shaped’, there was a distal attachment less 
than twice as wide as the tendon above. The last 
type, ‘fan-shaped’, had an insertion at least twice as 
wide as the tendon above [12].

There are alternative accounts of PAS variations. 
For example, there was an interesting case [11] with 
a normal PAS inserted to the tibia but an accessory 
slip arising from the STT. This structure was divided 
into two small tendons, the first attached to the tibia 
and the second to the fascia of the soleus muscle 
[2]. Rivizi et al. [13] found a case with an additional 
attachment of the STT and GT to the crural fascia. La 
Prade et al. [8] found a PAS divided into two layers; 
the ST was located superficially to the deep layer 
created by both the GT and the STT. A similar type 
was described by Lee et al. [9].

Snoeck et al. [14] carried out a study about GT 
and STT paratenons and other surrounding fascial 
connections. What is interesting GT and STT expan-
sions were connected with the crural fascia in 100% 

of studied lower limbs. Moreover, these expansions 
were the edges of the paratenon tunnel. GT and STT 
paratenons were attached to the sartorius fascia, to 
the semimembranosus and the fascia lata. GT and STT 
are surrounded by a fascial structure whose edges 
diverge from the direction of the tendon to overlap. 
After that they are attached to the crural fascia [14].

The present case describes the new PAS variant. 
Although there were no additional tendons, the struc-
tures were arranged totally differently from those 
described earlier. The distal attachment of the ST 
had long tendon, the proximal part of the first layer 
being located just below the GT and covering the STT 
and a small part of the GT. After crossing the STT it 
inserted to the crural fascia, significantly below the 
GT and STT insertion. Normally, the ST attaches to the 
tibia, superiorly and medially to the other structures 
constituting the PAS.

Good knowledge of such morphological variations 
can be useful during surgery in the knee region, 
especially when the PAS is used for autografts [12]. 
The ST and GT are commonly grafted not only for 
the reconstructing the ACL, but also for the pos-
terior cruciate, medial patellofemoral, and fibular 
collateral ligaments [12], medial knee reinforcement, 
and reconstruction of the patellar retinaculum (after 
patellar subluxation) [1]. Moreover, if the patellar 
tendon ruptures, these two tendons can also be used 
to repair the injury. 

Patients after such a procedure report decreased 
anterior knee pain and better stabilization [4]. Re-
covery after a hamstring tendon graft (using STT and 
GT) is faster than after a bone-patellar tendon-bone 
graft [2]. However, the method seems more difficult 
because accessory tendons of the SM, the GT, or the 
STT, and morphological variations of their arrange-
ment, are all common [12]. 

The present case, which has not been described 
previously, exemplifies this point. Even the latest 
classification created by Olewnik et al. [12] did not 
include a similar type of PAS. An interesting course of 
the ST (superficial layer with distal attachment to the 

Table 1. Morphometric measurements

Sartorius tendon Gracilis tendon Semitendinosus tendon

INSERTION
WIDTH (DA)
THICKNESS (DA)

Crural fascia
3.47 mm
0.23 mm

Medial part of the TT
6.13 mm
0.52 mm

Medial part of the TT
9.12 mm
0.81 mm

DA — distal attachment; TT — tibial tuberosity
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crural fascia) could cause confusion among surgeons 
or orthopedists during operations, increasing the 
operation time and making side effects more likely. 

When there are such variants, most of the ST 
should be removed before the GT harvest. Only then is 
it possible to use GT and STT grafts during, for exam-
ple, ACL reconstruction. There is also another option, 
which seems easier and could facilitate this proce-
dure. In the present case, only the ST (rather than the 
GT) and STT should be used for reconstructing some 
knee ligaments. This method avoids the additional 
step or removing the ST, potentially shortening the 
duration of surgery. 

Interestingly, the PAS regenerates after harvest-
ing, though with altered anatomical and histological 
features that are not normally clinically visible [3]. 
Although the PAS is regenerated and normalized on 
magnetic resonance imaging images, histological 
examination reveals an irregular course of collagen 
fibres, increased angiogenesis, and proliferation of 
fibroblasts. This could explain why the PAS is more 
susceptible to injury after it is used for ACL reconstruc-
tion [3]. However, it is important to remember that 
the PAS will not regenerate in some cases; this is one 
of the disadvantages or risks of such a procedure [7]. 

CONCLUSIONS
The PAS is morphologically variable, and vari-

ous types have already been classified. However, the 
present case shows a totally new and undescribed 
type of the PAS arrangement. Good knowledge of 
the morphological variations of this structure is use-
ful during surgical procedures, not only in ACL re-
construction, but also during reconstruction of the 
posterior cruciate, medial patellofemoral, or fibular 
collateral ligament.
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The sartorius muscle belongs to the anterior compartment of the thigh. Morpho-
logical variations of this muscle are very rare, few cases being described in the 
literature. An 88-year-old female cadaver was dissected routinely for research and 
teaching purposes. However, an interesting variation was found during anatomical 
dissection. The proximal part of the sartorius muscle had the normal course, but the 
distal part bifurcated into two muscle bellies. The additional head passed medially 
to the standard head; thereafter, there was a muscular connection between them. 
This connection then passed into the tendinous distal attachment. It created a pes 
anserinus superficialis, which was located superficially to the distal attachments 
of the semitendinosus and gracilis muscles. This superficial layer was very wide 
and attached to the medial part of the tibial tuberosity and to the crural fascia. 
Importantly, two cutaneous branches of the saphenous nerve passed between 
the two heads. The two heads were innervated by separate muscular branches 
of the femoral nerve. Such morphological variability could be clinically important. 
(Folia Morphol 2024; 83, 1: 244–249)

Keywords: sartorius muscle, accessory head, morphological variation, 
case report, saphenous nerve entrapment syndrome, compression

INTRODUCTION
The sartorius muscle (SM) belongs to the anterior 

compartment of the thigh. It is proximally attached 
to the anterior superior iliac spine (ASIS) and distally 
attached on the medial side of the proximal part 
of the tibia at the pes anserine. Its blood supply is 
provided by muscular branches of the femoral artery. 
It is innervated by the femoral neve (L2–L4) [15]. Be-
cause of its specific attachment points, this muscle is 

responsible for movements in both the hip and knee 
joints: hip flexion, abduction, and external rotation, 
and knee flexion [15].

Morphological variations of the SM are very rare, 
and few instances have been described in the lit-
erature. However, absence of this muscle has been 
reported [12]. There are also descriptions of a doubled 
SM. When there is an additional head in the proximal 
attachment it can originate from the pectineal line, 
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the iliopectineal eminence, the femoral sheath, the 
inguinal ligament, or the pubic symphysis [2, 3]. 
The distal part of the SM can also bifurcate [10]. Its 
insertion can be located, for example, on the medial 
aspect of the patella [10].

Accessory structures can be associated with some 
kind of neurovascular compression [24]. If the ad-
ditional head of the SM is located over the femoral 
nerve, then femoral nerve compression is a strong 
possibility [8]. For example, lateral femoral cutane-
ous entrapment could occur, also called meralgia 
paraesthetica, which can result in pain, paraesthesia, 
and sensory loss within the distribution of the lateral 
cutaneous nerve of the thigh [7].

During anatomical dissection, an interesting var-
iant of the SM was found. Proximally, there was one 
short tendon attached to the ASIS. It then passed 
into the muscle belly, the distal part of which bifur-
cated into two muscular parts. The first had a normal 
course, the additional one passing medially to it; 
after that there was a muscular connection between 
the two, which passed into the tendinous distal at-
tachment. This created a pes anserinus superficialis, 
located superficially to the distal attachment of the 
semitendinosus and gracilis muscles. This superfi-
cial layer was very wide and attached to the medial 
part of the tibial tuberosity and to the crural fascia. 
Importantly, cutaneous branches of the saphenous 
nerve passed between the two heads, which were 
innervated by separate muscular branches of the 
femoral nerve.

CASE REPORT
An 88-year-old female cadaver was dissected 

routinely for research and teaching purposes at the 
Department of Anatomical Dissection and Donation, 
Medical University of Lodz, Poland. The left lower limb 
was subjected to traditional anatomical dissection 
[17–20] and the skin, subcutaneous tissue, and deep 
fascia were dissected. Each muscle was then carefully 
examined and an anomalous SM was found. 

Proximally, there was one short tendon attached to 
the ASIS. At the origin it was 15.86 mm wide and 3.41 
mm thick. It then passed into the muscle belly. Distally, 
it bifurcated into two muscular parts. The distance 
from the origin to the bifurcation was 355.70 mm.  
The first part had normal course and was 83.68 mm 
long, and the additional muscle belly (92.36 mm 
long) passed medially to it. After that there was  
a muscular connection between these two structures, 
which was 67.03 mm long. 

This connection passed into the tendinous dis-
tal attachment. At the myotendinous junction the 
width was 68.45 mm and the thickness 0.34 mm. 
It created a pes anserinus superficialis, which was 
located superficially to the distal attachment of 
the semitendinosus and gracilis muscles. This su-
perficial layer was very wide and attached to the 
medial part of the tibial tuberosity and to the crural 
fascia. Its insertion was 36.16 wide and 0.41 mm 
thick (Fig. 1).

Importantly, two cutaneous branches of the sa-
phenous nerve passed between the two heads. The 

Figure 1. A very rare case of accessory part of the sartorius muscle; SM — sartorius muscle; ASM — accessory sartorius muscle; MJ — 
myotendinous junction; *cutaneous branches of the saphenous nerve.
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diameter of the first was 1.90 mm and that of the 
second was 2.19 mm (Figs. 2, 3).

An electronic calliper (Mitutoyo Corporation, Ka-
wasaki-shi, Kanagawa, Japan) was used for the meas-
urements. Each measurement was repeated twice 
with an accuracy of up to 0.1 mm. No other mor-
phological variabilities were found during dissection 
of the lower limb. Table 1 shows the morphometric 
measurements.

DISCUSSION
There are some descriptions of morphological 

variations of the SM in the literature but these are 
very rare. One variation of the lower limb is absence 
of the SM [1]. The SM can also be doubled, with 
complete longitudinal division into two elements [1].

The proximal attachment of this muscle can have 
additional heads. Kumar et al. [11] found two heads 
of the SM, one following a normal course while the 
second (the accessory head) originated from the  

Table 1. Morphometric measurements of the present case 

ORIGIN
Width
Thickness 
LENGTH 
To the bifurcation
To the connection

To the MJ
MJ
Width
Thickness 
INSERTION

Width
Thickness 

ASIS
15.81 mm
3.41 mm

355.70 mm
The SM (normal): 83.68 mm;  

The accessory head: 92.36 mm
67.03 mm

68.45 mm
0.34 mm

To the medial part of the tibial tuberosity and to the 
crural fascia
36.16 mm
0.41 mm

ASIS — anterior superior iliac spine; MJ — myotendinous junction; SM — sartorius 
muscle

Figure 2. A very rare case of accessory part of the sartorius mus-
cle and loop for the cutaneous branches of the saphenous nerve; 
SM — sartorius muscle; ASM — accessory sartorius muscle; 
*cutaneous branches of the saphenous nerve.

Figure 3. Excised sartorius muscle and loop for the cutaneous 
branches of the saphenous nerve; SM — sartorius muscle; ASM 
— accessory sartorius muscle; *cutaneous branches of the saphe-
nous nerve.
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inguinal ligament. This additional muscle belly was 
connected to the main SM between the upper one-
third and lower two-thirds of the thigh. Importantly, 
the femoral nerve was located under the accessory 
head [11]. 

However, the inguinal ligament is not the only 
structure from which an accessory head of the SM 
can originate. Brock et al. [3] reported that it can also 
be attached to the pectineal line, or the iliopectineal 
eminence [3]. There are also cases in which an ad-
ditional head originated from the ASIS, the femoral 
sheath, or the pubic symphysis [1].

The SM can also vary in its distal attachment. The 
tendinous attachment can bifurcate and insert to 
the anteromedial aspect of the patella, the medial 
condyle of the femur, the capsule of the knee joint, 
or the fascia of the leg [1]. However, this bifurcation 
can be more proximal and the muscular structure 
then ends in a tendon. Sometimes, a variation of 
this kind is called a musculus sartorius bicaudatus. 
Mailing and Zweymiillerb [11] found only one case 
of this variation in their study population (1.14%); 
this structure was attached to the medial meniscus 
anteromedially [18].

An interesting case was found by Kim and Lee [10]. 
The proximal attachment of the SM was normal, but 
in the proximal one third of this muscle there was a 
bifurcation into medial and lateral parts. The lateral 
part was distally attached by a tendon on to the 
medial aspect of the patella. We found the course 
of the medial part more interesting because it gave 
off a small muscular structure to the vastus medialis, 
and below this it connected with an accessory SM. 
This additional muscle was proximally attached to 
the inguinal ligament. The common junction insert-
ed on the medial aspect of the proximal tibia (pes 
anserinus) [10].

Another anomalous presentation of the SM was 
described by el-Badawi [6]. The SM was distally divid-
ed into two parts. The first one located laterally had 
an insertion into the medial epicondyle of the femur. 
The medial part was distally attached to the medial 
surface of the tibia [6]. Mailing and Zweymiillerb [14] 
also found a distal division of the SM. The larger part 
(posteromedial) presented normal course. The smaller 
part (anterolateral) was attached to the medial me-
niscus and was pushing the synovial membrane into 
the joint [14].

Dziedzic et al. [5] carried out a study about anat-
omy of this muscle. It turned out that in most cases 

the initial part of the SM was represented by the 
shortest width. In turn, the widest part was variable 
— in 10% it was the proximal part of the belly, in 
30% it was the middle one, and in 50% the distal 
part. There was also a situation in which middle and 
distal parts were bigger than the proximal part, and 
its frequency was 10% [5].

Dudek et al. [4] carried out a study on human 
fetuses. It turned out that there was a statistically 
significant sexual dimorphism of thigh length and 
the SM’s length — smaller sizes were observed in 
male fetuses. In turn, there were no significant dif-
ferences in crown-rump length and total length. The 
SM’s length rate was constant and amounted to 1.2 
mm per week. They also distinguished two types of 
the SM — the rectangular and cone-shaped. Other 
observed morphological variations were: an accessory 
tendon, the start of muscle duplication in the form 
of a hollow, partial duplication of the distal part of 
the SM and discontinuous muscle [4].

In the present case, the normal proximal part 
originated from the ASIS by a short tendon, which 
passed into the muscular part. The additional mus-
cular structure arising from the muscle belly of the 
SM was then observed. The first muscle belly had  
a normal course and the additional muscle belly 
passed medially to it. After that there was a muscu-
lar connection between these two structures, which 
passed into the tendinous distal attachment. This 
created a pes anserinus superficialis, which was lo-
cated superficially to the distal attachment of the 
semitendinosus and gracilis muscles. This superficial 
layer was very wide and was attached to the medial 
part of the tibial tuberosity and to the crural fascia.

Analysing this course, we thought it could an 
example of the musculus sartorius bicaudatus, but 
in the present case there was an additional connec-
tion between the muscle bellies. However, the most 
interesting feature of our case was the specific course 
of saphenous nerve branches. Two cutaneous neural 
branches passed between the normal and additional 
bellies. Next to these there were small arteries arising 
from the femoral artery.

Additional structures are usually associated with 
some kind of neurovascular compression [25]. In the 
present case, the cutaneous branches of the saphen-
ous nerve could have been trapped between the two 
heads of the SM and saphenous nerve entrapment 
syndrome could have resulted [21]. Patients with 
this pathology usually complain of pain along the 
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saphenous nerve. The pain can be located at the 
knee joint level, radiating superiorly to the medial 
aspect of thigh and inferiorly to the medial part of 
the foot. Symptoms can be aggravated when the 
knee is extended [15].

Sometimes, neuropathy in the foot can result from 
such a syndrome. Because of the pain, the knee is 
usually kept in a protective position (slight flexion). 
This results in shortening of the limb and there can be 
compensatory hypertrophy of the phalangeal muscles 
in the foot region, resulting in compression or nerve 
irritation. 

Unrecognized saphenous neuritis can confuse the 
patient’s clinical picture. For example, permanent 
pain in the knee region, without warming and red-
dening, can give a suspicion of rheumatoid arthritis, 
a long-term autoimmune disorder [23]. It can also be 
confused with injury or osteoarthritis of the knee. Per-
manent pain in one area should also draw attention 
to the possibility of bone metastases [13].

After diagnosis of saphenous nerve entrapment 
syndrome, appropriate treatment should be insti-
tuted. Treatment can be surgical or non-surgical. 
Non-surgical treatment involves different physiother-
apy techniques and corticosteroid injections. If this 
does not succeed, invasive methods could help [22]. 
These depend on debridement of any fibrous tissue 
surrounding the compressed part of the nerve; so in 
the present case, removing part or all of the additional 
head of the SM could have been the best solution. 

Good knowledge of morphological variations in 
various regions of the human body can help during 
diagnosis, especially when there is permanent paraes-
thesia or pain in one region with no apparent reason. 

CONCLUSIONS
Morphological variations of the SM are very rare. 

An additional muscular band can be associated with 
some kind of neurovascular compression. Knowledge 
of the possibility of such variants can be important for 
clinicians, especially for orthopaedists, neurologists 
and rheumatologists, when entrapment syndrome 
and its symptoms need to be differentiated from 
other diseases.
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Before assessing a novel muscle in the hand, 
please be very careful
Georgi P. Georgiev
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Medical University of Sofia, Bulgaria
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I read with interest the article of Antonopoulos et 
al. [1] on the study of a variant hypothenar muscle: 
“Aberrant accessory abductor digiti minimi manus 
muscle: a rare anatomical variation”, which the au-
thors accept as unique.

However, I want to apply my modest comments to 
this article. 1) In the abstract, the authors state that 
except for morphological variations of the accessory 
abductor digiti minimi manus (AADM), have been 
described other cases of an extra wrist muscle, as 
the accessory ADMM. Such an opinion at the start 
of the manuscript could mislead the readers; in the 
discussion most of the text is directed to the accessory 
ADMM, as hypothenar muscle variation, and its role 
in compression syndromes at the wrist. Moreover, 
all of the reported examples are different variants 
of the ADMM, not a cases of extra wrist muscles.  
2) Antonopoulos et al. [1] reported that the presented 
accessory ADMM originated from the tendons of the 
flexor digitorum superficialis (FDS). Firstly, I would 
like to point out not so representative dissection and 
fixation of the upper extremity. Secondly, it is clearly 
visible that the origin of the presented muscle is from 
the antebrachial fascia, which is widely known [2].  
3) In the case report section the authors report an 
origin from the tendons of the FDS and insertion to 
the base of the fifth proximal phalanx. However, at 
the start of the discussion they present the described 
case as unique with origin from FDS and insertion to 
the head of the fifth metacarpal. Moreover, the same 
description is also included in the conclusion. Thus, it 
could be not clearly understood the correct attachment 
of unique accessory ADMM. This raised my forth com-
ment. 4) About quality and clearness of the figures;  

no clear insertion of the accessory muscle to the head 
of the fifth metacarpal bone or to the base of the fifth 
proximal phalanx is presented. I would like to point out 
that when the authors pretend to describe something 
unique nowadays, they need to present it in clear and 
informative dissection, excellent photographs and no 
misdescriptions in the text. 5) In the discussion the 
authors state that the existence of an accessory AADM 
muscle has been previously described [4]. According 
to this consideration and to the description in the 
case report section, Antonopoulos et al. [1] accept the 
described unique muscle as a hypothenar variation; 
this is in contrast to their previous assessment for an 
extra wrist muscle in the abstract. However, if they 
accepted an insertion to the fifth metacarpal, as they 
present in the start of discussion and conclusion, thus 
an extra wrist muscle which might involve the wrist 
function should be accepted. 6) In the discussion, at 
the start of section Clinical considerations, the authors 
report that generally, the existence of an accessory 
ADMM has been involved in ulnar nerve compres-
sion. However, the cited articles to this statement are 
cadaver cases, not some surgical ones. Therefore, to 
my opinion, presented in that way this statement is 
very speculative. It should be noted that the existing 
anatomical variation near the nerve generally does not 
mean entrapment [3]. To accept nerve compression 
by the variant muscle, hypertrophy of the muscle 
should exist, and thus narrowing the canal through 
which the nerve passes. Muscle variation should be 
considered as a predisposing factor that could provoke 
nerve compression [2, 3]. Moreover, in the presented 
cadaver case, no medical history was proven. To my 
opinion, the authors need to point out the medical 

mailto:georgievgp@yahoo.com
https://orcid.org/0000-0001-8343-0337


251

Georgi P. Georgiev, Before assessing a novel muscle in the hand, please be very careful

history of the anatomical specimen if existed or report 

that such an information is missed, especially in cases 

of possible neurovascular entrapment.
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To the article: Paratenon of the cruciate ligaments of the knee: a macroscopic and histological study 
of human fetuses

To the Editor,
I am writing this mail with the error in our published article. 
In the article by Kim JH, Sugai N, Suzuki D, Murakami G, Abe H, Rodríguez-Vázquez JF, Yamamoto M. Pa-

ratenon of the cruciate ligaments of the knee: a macroscopic and histological study of human fetuses. Folia 
Morphol 2022;81(1):134–143 (DOI: 10.5603/FM.a2021.0003), the following errors should be corrected: in the 
legends and figure letterings to figures 1–6 should be added and changed because of a misinterpretation of 
figures. Throughout the legends and figures letterings of Fig. 1A–D, Fig. 2B, C, Fig. 3, Fig. 4A, B, D–F, Fig. 5C–E 
and Fig. 6, the ACL (anterior cruciate ligament) and PCL (posterior cruciate ligament) for identification of the 
cruciate ligaments should be reversed. And, in the figure legend and figure lettering of Fig. 1E, lateral condyle 
should change to medial condyle. 

However, these errors are not relevant to the major contents of this paper. The authors apologize for the 
errors and inconveniences. 

After our communication with the Editors, we have reanalyzed the data and have published Erratum (Folia 
Morphol 2024; DOI: 10.5603/fm.99214).

Article available online:

https://journals.viamedica.pl/folia_morphologica/article/view/72197 is correct.
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