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Coronary artery disease (CAD) is one of the major causes of death worldwide. CAD
is narrowing of coronary arteries that prevents adequate blood supply to the heart
muscle and results in acute coronary syndrome which includes unstable angina and
myocardial infarction. The only remedy for it is to restore the perfusion through
percutaneous intervention and grafting which may sometime cause reperfusion
injury and other complications. Coronary collaterals are small inter-arterial connections that act as natural bypass which provide blood flow to the vascular territory,
when the artery supplying to it gets obstructed. Acute collateral recruitment can
occurs as a remedy for these adverse cardiac events. Various methods of therapies
considered for the promotion and sustenance of functional coronary collaterals.
The determinants of human coronary collaterals give clear evidence for prognosis
in CAD and a new insight for further therapeutic promotion of coronary collaterals.
This review mainly focuses on various studies done on coronary collaterals and the
effect of various demographic, morphological and cardiovascular risk factors on
the formation of coronary collaterals during obstructive CAD. Many studies have
proven that various independent variables such as morphology of coronary artery,
location of the lesion, duration of the occlusion, coronary dominance, biochemical
factors, and cardiac risk factors, such as diabetes, hypertension, also affect collateral
formation. The current update review gives a holistic view on coronary collaterals
and findings of various authors on the effect of these independent variables on
collateral formation. (Folia Morphol 2022; 81, 4: 815–824)
Key words: angiogenesis, arteriogenesis, percutaneous intervention,
collateralisation, vascular endothelial growth factors, shear stress,
oestrogen receptors

INTRODUCTION

2013 [8]. Reperfusion is the only method of restoration
of blood flow to the area at risk, but it can cause damage
to the tissue — a phenomenon called “reperfusion injury” — and also cause additional episodes of myocardial
infarction, stroke and even death in elderly patients [27].

Heart diseases are a major cause of death in India.
One fifth of heart disease cases are caused by complete
or partial obstruction of the coronary arteries. Cardiovascular disease was a major cause of death worldwide in
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Coronary collaterals serve as alternative conduits
of blood flow during obstructive coronary heart disease [3]. The existence of coronary collaterals during
coronary artery disease (CAD) was first documented
in 2003 [62]. Coronary collateral circulation is an
adaptive mechanism of the heart against ischaemia
which aids in maintaining tissue perfusion. Collaterals
are inter-arterial connections that maintain the blood
flow so that the organ which is supplied by the artery
is protected from ischaemia [74].
Based on studies done by Baroldi et al. [7] on angiograms and post mortem specimens it was found
that coronary arteries are not end arteries but are interconnected with an arteriolar network that expands
during coronary occlusion. Zoll et al. [79] showed in
his studies on post mortem specimens that the grades
of anastomosis between the coronary arterioles depends on the severity of coronary stenosis and it was
found to be 9% in normal heart and 95% in complete
stenosis. Habib et al. [25] showed in his studies that
in humans the process of coronary collateralisation
reduced the severity of myocardial infarction as well
as helped maintain the ventricular function. Elsman
et al. [19] suggested that there was much difference
in the survival rate of the patients with and without
collaterals and found that the survival rate is lower
in patients without collaterals when compared with
subject with well-developed coronary collaterals. Evidence from various studies supported the idea that the
presence of coronary collaterals act as a great prognostic indicator during coronary heart disease [63]. It
was found that the presence of functional collaterals
promotes mortality reduction and reduces myocardial
infarct size, which in turn reduces the risk of rupture
of papillary muscle and interventricular septum [45].
In normal individuals even if the coronary collaterals
are present, it cannot be visualised in angiogram due
to its small size. Normal coronary collaterals are microvasculature and act as an alternative source of blood
circulation during coronary occlusion when drastic
functional and structural changes occur [14]. Fulton
[24] explained that the size of normal collaterals in the
absence of CAD ranges from 10–200 um and during
CAD its diameter increases to 100–800 um. The development of stenosis in the epicardial artery causes
ischaemia, which in turn produces pressure gradient
between the donor and recipient artery and causes
formation of collaterals by two processes: angiogenesis
and arteriogenesis [60]. Natural coronary collaterals
upon stimulation undergo remodelling to large arteri-

oles with a calibre increment of 5–10 folds and exhibit
tortuosity which distinguish it from other vessels. The
expansion of natural collaterals into functional collaterals is known as arteriogenesis, while angiogenesis is
the formation of new capillaries from already existing
capillaries. Shear stress is the main factor leading to
angiogenesis while arteriogenesis occurs without shear
stress and factors affecting it are cytokines, monocytes,
growth factors and stem cells [13]. Presence of collaterals maintains the viability of myocardium for longer
period by extending the time buffer for successful
reperfusion until the reperfusion of the occluded artery
takes place by the process of thrombolysis or primary
percutaneous interventions [10]. Stimulation of these
coronary collaterals is the only procedure that can be
done in patients having contra-indication to percutaneous intervention and bypass grafting.

CLASSIFICATION OF COLLATERALS
The collaterals include microvascular collaterals
and native collaterals. Micro-vascular collaterals are
arteriole-arteriole anastomoses between systemic arteries. Native collaterals are those present in healthy
tissues that are free from arterial obstruction and
function in normal physiological condition [79]. Anastomoses between left and right coronary arteries
through native collaterals are seen abundantly during
foetal life but their number decreases during the first
year [16]. These channels which appear in adults
range from 40–200 um in diameter and reach up the
diameter of 800 um during coronary artery occlusion.
The length of these coronary collaterals ranges from
1–2 cm to 4–5 cm [7]. Coronary collaterals are frequently formed in the following areas: the anterior
aspect of the right ventricle, the apex of the heart,
the posterior aspect of the left ventricle, and the crux
of interatrial and interventricular groove [59]. Native
collaterals provide an alternate source of blood during
coronary occlusion and undergo drastic changes at
the time of occlusion [14].
Wustmann et al. [74] classified the collateral anastomoses into homocollaterals anastomoses and intercoronary anastomoses. Homocoronary anastomoses
occur everywhere except in the subepicardial layer of
the heart and intercoronary anastomoses are more in
subepicardial layer. Homocoronary collaterals are anastomoses between the parts of the same coronary artery
and intercoronary collaterals are anastomoses between
right and left coronary arteries. In his study collaterals
were also classified into good and bad collaterals.
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Table 1. Presence and extent of collateral supplying the
occluded vessels from the homo coronary and hetero coronary
collaterals are graded under a four-point scale under the Rentrop
classification
Grades of collaterals

Classification

Grade 0

No filling of collateral vessels

Grade 1

Filling of collateral vessels without any
epicardial filling of target artery

Grade 2

Partial epicardial filling by collateral
vessel of target artery

Grade 3

Complete filling of main epicardial recipient
artery by collateral vessels of target artery
Figure 1. Coronary angiogram — complete filling of distally oc
cluded circumflex artery via homo collateral channels (red arrows
— grade 2 collateral); LAD — left anterior descending artery;
LMCA — left main coronary artery; LCx — left circumflex artery.

Good collaterals are considered as the collaterals that
can maintain the left ventricular function and bad were
related with impaired ventricular function. The good
collaterals with more than 100 um in diameter have
protective role in maintaining the ventricular function. And these functional collaterals are formed from
pre-existing arterioles by the process of arteriogenesis

METHODS OF EVALUATION OF
COLLATERALS
There are various methods for assessment of coronary collateral function, which includes both invasive
and non-invasive technique. The various methods of
grading collaterals through invasive techniques are:
1. Grading of coronary collaterals was first described
by Rentrop et al. [57] and was done by balloon
occlusion of contralateral coronary artery. Collaterals were graded into grade 0, grade 1, grade 2,
and grade 3 (Table 1). Collateral graded under
a four-point scale under the Rentrop classification
(Figs. 1, 2) [57].
This method has limitations as it mainly depends
on the pressure and flow of contrast during injection angiography. Rentrop et al. [58] documented
the relation between the severity of stenosis and
development of collaterals and found that collaterals increased in patients having beyond 70%
occlusion. The shortfalls of the angiographic study
were pointed out by Helfant et al. [26]. In their
study on patients with 75% of stenosis, those
with collaterals and without collaterals were compared in terms of their ventricular function. And
the conclusion was made that the patients with
more collaterals showed ventricular contraction
abnormalities. The difference between the results
of this and the previous studies was attributed to
two reasons: the population selected by the earlier

Figure 2. Coronary angiogram with injection of radiographic contrast into left main coronary artery (LMCA) (red arrow — grade 1
collaterals); LAD — left anterior descending artery; LCx — left
circumflex artery.

Table 2. Collateral score evaluated according to the presence
of connection between donor and recipient artery
Collateral grades

Classification

CC0

No continuous connection between the
recipient and the donor artery

CC1

Continuous thread-like connection

CC2

Continuous side-branch-like size throughout
the course of collateral

CC — collateral connection

study had 90% of the occlusion and the samples
selected were not homogenous in all respects.
2. The more recently described angiographic classification, collateral connection (CC) grades, is based
on the size of the collaterals (Table 2) [73].
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3. Measuring collateral flow index (CFI). There are
two methods available, one is Doppler velocity
measurement and the other is pressure measurement. The use of Doppler wire to access the effect
of occlusion was demonstrated first by Morton
Kern’s lab. But while assigning the phasic flow of
collaterals it showed higher magnitude in systole
which differed from diastole [55].
4. Measuring the collateral function using intracoronary electrocardiogram (ECG) lead where coronary
pressure guide wire is used as ECG lead and ST
segment elevation > 0.1 mV is used as threshold
level to detect the ischaemia [44].

the haemodynamic characteristics of the artery [4].
Various morphological changes have been noticed in
studies conducted on coronary arteries. The common
trunk of left coronary artery is described as 15 mm
in length. Long common trunk is present in 11.5%
to 18% of cases and the short trunk, which is less
than 5 cm, is considered as important risk factor for
coronary artery sclerosis. Banchi [6] in 1904 found
in his studies that the common trunk trifurcates in
25% of cases. Frescura et al. [22] in 1946 found in
his studies that the presence of third coronary artery
varies between 33% and 51% of cases. Absence of
LMCA is common anomaly that can be detected in
0.4–8% of the population [69]. The difference in the
diameter and branching pattern of the artery influences the amount of blood flow, which in turn affects
the collateralisation.

VARIABILITY IN FORMATION OF
COLLATERALS
Great variability exists in the formation of collaterals in patient with similar severity of coronary heart
disease. This variability depends mainly on the various
factors and has individual differences [39]. Studies
show that various independent variables affect the
collateralisation. This includes factors like morphology
of coronary artery, location of the lesion, coronary
dominance, various biochemical factors, age, sex,
and duration of the occlusion [42]. Collateral vessel
formation is also seen impaired in metabolic syndromes such as diabetes mellitus, hyperlipidaemia
and hypertension [1].

EFFECT OF MYOCARDIAL BRIDGES ON
COLLATERAL FORMATION
Myocardial bridges are myocardial fibres that
spread over a segment or branch of a coronary
artery. The presence of myocardial bridges causes
a typical angina if it is long and deep [34]. Myocardial
bridges occur in 60% of normal hearts. The length
of the bridges ranges from 9.69 mm to 50 mm. The
myocardial bridge usually occurs around the right
marginal branch and posterior interventricular branch
of RCA. It is very important when present in the proximal part of the artery. It causes compression during
systole and the severity ranges from tachyarrhythmia
and myocardial infarction [18].
It is now accepted that coronary obstruction is an
important stimulus that promotes the development
of coronary collateral network. Proximal location of
the lesion is found to be an independent variable determining the collateral development other than the
severity of the angina pectoris [23]. The percentage
of diameter and coronary artery narrowing is also an
independent predictor of collateral channel.

EFFECT OF THE MORPHOLOGY
OF CORONARY ARTERY ON THE
FORMATION OF COLLATERALS
The concept of collateral development is based
on careful anatomical studies done by Jamies [33]
and Baroldi et al. [7]. There are two main coronary
arteries that supply oxygenated blood to the myocardium. These are left main coronary artery (LMCA)
and right coronary artery (RCA). LMCA originates from
the left sinus of Valsalva while the RCA originates
from the right sinus of Vasalva [47]. The difference
in the diameter of the ostia and their location in
the sinus of Vasalva affect the amount of coronary
blood flow. Usually LMCA bifurcates to left anterior
descending artery and left circumflex artery. Left anterior descending artery gives septal branch and 1–3
obtuse marginal branches while RCA gives only one
large acute marginal branch [65]. Studies shows that
anatomic variation in orifice, courses, branching pattern and abnormalities of coronary artery, presence
of myocardial bridges and coronary fistula affects

CORONARY DOMINANCE
Identification of coronary dominance has been
found to be important in the interpretation of myocardial ischaemia. Angiographic records of 2029 consecutive patients by Ajayi et al. [3] showed that right
dominance influences much excellent collateralisation
between the coronary arteries. Hence, coronary dominance can be considered as an important factor determining the collateral formation in CAD. In patients
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Neutrophil-lymphocyte ratio

with left coronary dominance, the RCA will be smaller,
which have a disastrous consequence, as the potential
for rapid development and reopening of collateral
vessel is likely diminished. Left dominance seems to
be associated with higher mortality due to acute infarction and higher incidence of atherosclerosis [11].

MECHANICAL AND CHEMICAL FACTORS
AFFECTING COLLATERAL FORMATION

Neutrophil-lymphocyte ratio was considered as
a marker of inflammatory cardiovascular diseases
[29]. Neutrophils are involved in inflammatory responses and lymphocytes play an important role in
immune responses and there exist a relation between
immune responses and infarction aggravation. A decrease in the lymphocyte count is associated with
a poor outcome in acute coronary syndrome [51].

Shear stress
Increase in shear stress affects the collateral

Monocytes

The arterial remodelling was induced by the circulating mononuclear cells, monocytes. The monocytes
secrete metalloproteinases which help in arterial remodelling. Hence, it was noticed that factors such
as monocyte chemoattractant protein-1 (MCP-1) and
platelet-derived growth factors can induce the level
of collateralisation [28]. Monocyte adhesion is associated with arteriogenesis. Shear stress caused by the
change in the blood flow in the occluded and feeding
artery causes activation of the endothelial cells, which
increases the adhesion of monocytes. This process
is supported by vascular endothelial growth factor
(VEGF-A); it acts on the endothelial cells which cause an
increase in the adhesion of monocytes by activation of
cellular adhesion molecule [15]. Thus, VEGF-A has been
shown as an inducer of collateralisation. The differences in the genetic makeup in forming monocytes also
depend on formation of collaterals during CAD [40].

growth. The difference in pressure gradient during
occlusion between the occluded artery and the
feeding artery of the collaterals acts as a driving
force to produce shear stress. The endothelial cells
sense the change in this shear stress through the
mechanoreceptors present in the endothelial glycocalyx. Cell adhesion is regulated by certain molecules
such as cell adhesion molecule and vascular cell
adhesion molecule which facilitates the adhesion
of mononuclear cells in the circulatory system and
mononuclear cells which induce angiogenesis [32].
Angiogenesis is the process of formation of capillaries as a result of fluid shear stress which can only
partly contribute to tissue perfusion; the conversion of these capillaries into functional collateral is
termed as arteriogenesis [2].
Patel et al. [52] suggested those collaterals can be
formed without shear stress and ischaemia can cause
collateral growth which is mainly mediated by stem
cells, chemical and genetic factors.

Eosinophils

Exercise was found to have a positive impact on
collateral growth. Nickolay et al. [49] in his studies
found that exercise increases the myocardial demand,
which increases coronary flow and acts as a driving
force for arteriogenesis, which helps in formation
of collaterals in patients with stable CAD. However,
exercise would also exacerbate ischaemia during coronary stenosis; hence, shear stress was found to have
minimal effect on collateralisation [45].

According to studies of Toor et al. [67] eosinophils
are new biomarkers for risk stratification in patients
with CAD. Eosinophil count > 0.12 × 100 can predict
abundant coronary collateral circulation with 72.5%
probability and 58.4% specificity. According to Verdoia et al. [68] the number of collaterals is higher in
patients with high level of eosinophils. Wang et al.
[72] investigated the relation between the eosinophil
count and collateral development and found that the
number of eosinophils is high in people with high
level of collateral development.

GRANULOCYTE MACROPHAGE COLONY
STIMULATING FACTOR

EFFECT OF VEGF ON THE PROCESS OF
ARTERIOGENESIS

Granulocyte macrophage colony stimulating
factor was introduced in a randomised placebo-controlled trial to improve collateralisation and
it was noticed that it in turn caused rupture of the
plaque [50].

Studies show that by increasing the level of
VEGF-A by recombinant gene coding for VEGF-A,
a great improvement in the formation of collaterals
is observed [41]. The growth factors released during angiogenesis are induced by VEGF mRNA [17].

Effect of exercise on shear stress
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Impaired VEGF-A in diabetes mellitus causes low
collateralisation [70]. VEGF-A induces monocyte migration, which is disturbed in diabetes mellitus [71].
Kranz et al. [38] studied on the level of VEGF-A in the
blood serum during acute myocardial infarction with
the help of immuno-radiometric assay. The level of
VEGF-A in the serum was measured in healthy individuals and in patients with unstable angina pectoris.
This was also compared with the level of VEGF-A
in the blood of sub-coronary sinus in patient with
sub-acute myocardial infarction. The level of VEGF-A
in healthy controls was 98 (75–137) pg/mL and in
patients with unstable angina ii was 116 (57–140)
pg/mL. The level of VEGF-A taken from the coronary
sinus was noted as 61 (43–83) pg/mL, which shows
that the main source of VEGF in the serum is not the
infracted myocardium. Hung et al. [30] assessed the
diagnostic value of serum VEGF-A for distinguishing
acute coronary syndrome from stable angina in 248
CAD patients and 48 healthy subjects. They concluded
that the level of VEGF-A was higher in CAD patients
compared to those with stable angina pectoris.

gen mediates its cardio protective actions by increasing angiogenesis and vasodilation and decreasing
reactive oxygen species, oxidative stress, and fibrosis.
Through these mechanisms, oestradiol limits cardiac
remodelling and attenuates heart hypertrophy [31].
Smoking and alcohol

Koerselman et al. [36] conducted a cross-sectional
study on the effect of smoking and alcohol on the coronary collaterals and found association between the
lifestyle behaviours and the level of collateralisation.

EFFECT OF METABOLIC SYNDROMES
SUCH AS DIABETES MELLITUS
AND HYPERTENSION ON
COLLATERALISATION
Patients with metabolic syndrome had increased
risk of cardiovascular mortality and morbidity. The
metabolic syndrome which is accepted as a cardiovascular risk factor includes impaired glucose metabolism, elevated blood pressure, dyslipidaemia and
central obesity. The metabolic syndrome is highly
prevalent in patients with vascular diseases [20].

IMPAIRED COLLATERALS AND
CARDIAC RISK FACTORS

Hypertension

Gender and age
Aging reduces the arterial remodelling, which in

Koreselman et al. [35] found in his studies that
high blood pressure with coronary obstruction causes
impaired collateral formation. Studies showed that
diastolic prolongation is also associated with improved collateral growth. Patel et al. [53] found that
patients with heart rate of 50 beats develop more
collaterals compared to patients with 60 beats per
minutes. Pressure increases fluid shear stress on the
endothelial cells, which in turn increases the level of
collateralisation or remodelling pressure [66].

turn decreases collateral-depended flow that acts as
a recovery for acute obstruction in coronary arteries
[21]. Aging compromises mobilisation and homing
of stem cells and inflammatory cells, which induces
collateral remodelling. Aging reduces the stem cell
capacity to secrete cytokines which help in remodelling of collaterals [75].
Studies shows that gender is not related to the
collateralisation, but still some studies shows that
collateralisation is more in females with multi-vessel
disease. Chigogidze et al. [12] conducted a review
of all articles of the last 10 years and found that
no research was on gender differences in collateral
formation and circulation. About 96% of the female
affected by coronary heart disease are above the
age of 50 and post-menopausal, which may lead to
the inference that oestrogen directly modulates angiogenesis by its effect on the endothelial cells [48].
The protection against cardiovascular disease in
women during reproductive age is believed to be related at least in part to oestrogen, since endogenous
levels of oestrogen and the expression of oestrogen
receptors differ considerably between sexes. Oestro-

Diabetes mellitus

The mortality in CAD is found to be higher in diabetic patients and the adverse effect of diabetes mellitus
on prognosis of coronary artery is well known [9].
Great difference in recruitment of coronary collaterals
in diabetic and non-diabetic patients have been shown
in angiographic studies. The influence of diabetes
mellitus on CAD is in controversy. It is mainly based on
angiographic study, as angiographic method is considered as semiquantitative method for assessing the
collateral formation in diabetes mellitus [62]. Diabetes
mellitus causes endothelial dysfunction and structural
changes in microcirculation, which negatively influence
the development of collaterals [61]. The difference in
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the collateral development in the diabetic patients is
due to the impaired endothelial function in diabetes
[70]. Microvascular resistance is higher in diabetic patients and this resistance determines the bloods flow
distal to the occluded vessels, which results in impaired
collateral recruitment [54]. Kornowski [37] showed
that collateral grade is associated with hyperlipidaemia
and is negatively associated with diabetes mellitus.
Studies based on CFI show that collateral formation is
independent of diabetic mellitus and the degree of collaterals depends on the coronary artery stenosis. It was
found that collateral score is similar in patients with
duration of stenosis less than 5 years. And the difference is showed only in patients with duration between
5 and 10 and more than 10 years. Hyperinsulinaemia
brings both functional and structural changes in blood
vessels. Functional changes are through nitric oxide
by receptor-mediated resistance, which maintains the
vasodilation, and structural changes occur by proatherogenic responses mediated by MAP kinase pathway,
causing significant changes over a period of time [64].
Earlier studies suggested that diabetic patients had
poor collateral formation [43], but recent studies have
shown that it is independent of diabetes mellitus and
the degree of collateral formation is only depended on
the degree of coronary artery stenosis [46]. Zbinden
et al. [77] studied 200 patients of which 100 were diabetic and 100 non-diabetic, of this 174 had stenosis
and 26 were angiographically normal. Doppler guide
wire was used to calculate the coronary flow velocity.
The patients were homogenous in all respects and this
study found no difference in the coronary flow index
between the diabetic and non-diabetic patients.
Pohl et al. [56] conducted a study in 450 patients
who underwent angioplasty and collateral flow was
measured using Rentrop classification. Also, CFI was
measured using sensor-tipped percutaneous transluminal coronary angioplasty guide wire. Multivariate
analysis of factors such as gender, age and various
cardiovascular risk factors was performed and found
that myocardial ischaemia and coronary lesion severity are the only factors that determine the collateral
flow. Ansari Anvil et al. [5] studied on the clinical
determinants of collateral formation. Medical history
was correlated with the angiographic evidence of
collateral blood flow and there was no relation between the grades of collateral formation and the risk
factors. Still, there are few studies that reported the
set of variables such as age, gender, smoking status,
history of type 2 diabetes mellitus, hypertension,

hyperlipidaemia, alcohol conceptions as predictors
of collateral circulation.

THERAPEUTIC PROMOTION OF
COLLATERALS
Stem cells therapy
Stem cells therapy with vascular progenitor for

vascular endothelial cells stimulates collateral in rat
models. When these stem cells are engrafted into
the blood vessels it was found better than pluripotent stem cells and mesenchymal cells in preclinical
studies [76]. If the preclinical model mimics all the
risk factors that inhibit the growth of collaterals, it
would make an effective therapeutic strategy. If we
consider these factors, the young healthy animals are
not any way similar to the aged human with lots of
risk factors. Thus, the administration of vascular endothelial factors given directly into the cardiac tissue
doesn’t cause any useful clinical impact. It has been
found that arteriogenic therapies by growth factors
showed subsequent development of collaterals in
patients with stable angina, but in some patients it
progressed to unstable angina [78].

CONCLUSIONS
Collateral formation and its remodelling depends
on multiple factors, which leads to variability in the
quality and function of collaterals during CAD. The
effect of various demographic, morphological and
cardiac risk factors on formation of coronary collaterals remains as an inconclusive issue. Therapeutic
promotion of these collaterals is essential as these
are alternative sources of blood flow, which results in
long term mortality reduction. Further studies should
be conducted on various factors affecting the collateral formation in obstructive coronary diseases to open
new strategies for therapeutic promotion of collateralisation. Aiding and promoting collateralisation
can help overcome the severe limitation of therapies
available in cardiovascular diseases treatments and
also can open new horizons in the treatment of CAD.
A complete knowledge about various factors causing
variability in the formation of these collaterals give
way for more effective methods of understanding
and employing therapeutic strategies.
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The etching stage of the corrosive preparation is a crucial element of creating
a high quality anatomical specimen, which can be a source of scientific knowledge and support the teaching process. Nowadays, thermal techniques such as
microwave cooking, enzymatic corrosion, and chemical corrosion are used. Living
organisms can also be used for tissue maceration. Interactions between the corrosive substance and the filler carry a risk of failure; thus, choosing the correct
method is key to the success of this technique. In this paper, we have reviewed
the latest literature in order to present the strengths and weaknesses of currently
used corrosion techniques. We proposed a definition of an ideal corrosive medium
and compared the available techniques of etching corrosive preparations with
a hypothetical perfect medium. (Folia Morphol 2022; 81, 4: 825–833)
Key words: corrosive cast specimen, maceration, corrosion, etching

INTRODUCTION

vessels [33], genitourinary, or biliary tract [1, 4, 14,
32]. It is sometimes adopted for the assessment of
the respiratory system (Fig. 2) and the omental bursa
in the abdominal cavity [10].
The first attempts of using this technique are connected with the beginning of anatomy as a modern
science. Despite the passage of time, the assumptions
of the corrosion technique remain the same [36, 54],
but the ways of solving its basic problems are changing, including the effective filling of the structure
which is a point of interest for the researcher and
full removal of unnecessary tissues surrounding the
casting [59]. The precursors of anatomy used natural
substances of animal origin as commonly available
vascular fillers. Liquid metal infusions were a kind of
primary corrosion technique allowing the assessment
of 3D structures invisible during traditional anatomical section. However, all such works required the subsequent removal of the residual tissues surrounding

Corrosion technique is one of the most remarkable techniques enabling three-dimensional (3D)
visualisation of particular anatomical structures. Its
usefulness has been demonstrated in many scientific
papers on human and animal anatomy [8, 12, 19, 21,
55]. This method is usually used to accurately assess
the architecture of vessels. In this case, its particular
usefulness is related to the possibility to evaluate an
organ in vitro (Fig. 1), particularly when there are contraindications for in vivo evaluation [9]. On the other
hand, there are many works that use this technique
to create micro-specimens that will then be evaluated
in electron microscopy. In the case of microanatomy,
for example, the corrosion technique enables precise
evaluation of vascular architecture [3].
However, the use of corrosion cast studies extends
far beyond the vascular system. It is an excellent tool
to visualize different types of ducts such as lymphatic
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Figure 1. The corrosion cast specimen of human placenta (alkaline
maceration).

Figure 3. The corrosion cast specimen of human kidney pelvises
(acid maceration); arrow — 1 cm.

These classic techniques, however, have one major
disadvantage — they do not usually lead to an effective cleaning of the specimen from tissues. On the
other hand, mechanical processing of a fine casting
carries the risk of damage to the cast itself [6]. Both
factors can potentially affect the final value of the corrosive cast specimen (Figs. 1–3). Therefore, the use of
an appropriate corrosive medium is essential for the
creation of a good-quality product that will remove
undesirable tissues surrounding the previously-made
casting in the most efficient way.
The ideal corrosive medium should be a universally
applicable substance that will fully remove tissues
considered undesirable while preserving even the
smallest filled anatomical structures, regardless of
the injection media that are used. The medium should
be relatively cheap, with a high performance rate (so
that many preparations can be made in a short time),
easy to prepare, characterised by high tissue penetration, controllable (to adjust its activity during the
maceration/corrosion process), easy to inactivate or
biodegradable so that its use does not involve a high
ecological risk (Table 1). The search for the optimal
medium has been conducted since the beginning of
anatomy as a science. As a result of these efforts,
a variety of methods for removing unnecessary tissues
during the preparation of a corrosive specimen have
been developed. The aim of this article is therefore
to compare the usefulness of available tissue maceration techniques during the preparation of anatomical
corrosive specimens, as well as an attempt to indicate
the best medium for dissolving discarded tissues from
the perspective of performing gross — anatomical
corrosive specimens.

Figure 2. The corrosion cast specimen of human lungs (enzyme
maceration); arrow — 1 cm.

the casting. Mechanical peeling of the preparation
was most often used, although at times natural mechanisms of body decomposition were used. Thermal
agents were also used (multi-hour cooking) as well
as other organisms for tissue purification such as fly
larvae or ants [38, 42].
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Table 1. Ideal corrosive medium — comparison of available corrosion techniques with a perfect hypothetical pattern
Feature

Ideal

Cooking

Enzymes

Chemical

High tissue penetration

Yes

No

Yes

Versatility

Yes

No

No

De

Yes

Yes

No

Yes

Yes
(depending on the concentration)

Easy to prepare

Yes

Yes

No

Moderate

No

Moderate

Price

Low

Low

High

Low

High

Low

Operational speed

Yes

No

Moderate

No

Moderate

Yes
(depending on the concentration)

Ease of disposal/
/environmental safety

Yes

Yes

Yes

No

Yes

Moderate (acids)
Pretty difficult (alkalis)

Activity predictability

Complete

Partial

Partial

Low

DE

Partial

Controllable dynamics
of the process

Existing

No

No

No

Yes

In a very limited way (acids)
No (alkalis)

Safety for employees

Complete

Yes

Yes

Yes

Yes

Moderate
(additional protection required)

Low

High

High

Moderate

Moderate (with
proper facilities)

Moderate
Low/moderate

Workload

Microwave cooking Invertebrate

DE — difficult to evaluate, versatility (cooperation with various filling substances)

REVIEW OF CORROSIVE TECHNIQUES

able literature has demonstrated that cooking, as an
independent way of removing excessive tissues from
the corrosive cast specimen, is of limited usefulness.
Long-term cooking is associated with unpredictable
tissue damage. The cooking process itself is time-consuming and relatively dynamic, and may damage the
delicate elements of the corrosive specimen, which
will reduce its scientific usefulness. Yet, this is only
a hypothesis, as the literature has not shown any scien
tific studies assessing the impact of cooking on the
condition of corrosive specimens. It should be added
that after boiling the preparation, the remaining tissues
should be manually removed, which renders this technique unsuitable for the evaluation of small structures.

The primary purpose of maceration, when preparing a corrosive specimen, is to remove unwanted
material, which is usually the soft tissue surrounding
the casting [57]. Depending on the strength of each
used agent and/or its time of application, the procedure may result in partial or total removal of retained
tissues. Unfortunately, the agent may also damage
the cast and/or lead to damage to bone tissue, which
in some cases is a frame for the corrosive specimen
[7, 23]. The maceration techniques vary considerably
depending on the requirements to which they are
applied. It is most often used in forensic medicine
to quickly obtain tissues for microscopic examination and for genetic diagnosis [51]. In the case of
morphological sciences, the goal is to preserve the
injected casting, which means that some techniques
with proven effectiveness in forensic medicine may
not succeed in morphological sciences.

Cooking with microwave radiation

This technique is an extension of the previous method. Its aim is to achieve the same effect in a shorter
time, while preserving undamaged DNA from non-macerated tissue, especially bone tissue. Unlike classical
cooking, microwave cooking is carried out without
the use of water, which reduces uncontrolled damage
to the injected structures [25, 49]. However, the final
stage of maceration is also mechanical cleaning of the
cooked tissues. This stage greatly limits the usefulness
of microwave cooking in morphological sciences.

Cooking

Cooking is a technique whose assumptions date
back to the 15th–16th century. It consists of placing
the specimen of interest in water at a temperature of
100°C. Nowadays, this method is used properly only
when it is necessary to remove soft tissues adhering
to the bone. It has been appreciated in anthropology
[26]. In anatomy, it can be used for maceration of
large structures such as the trachea or bronchi with
dedicated resins or silicone [5]. Analysis of the avail-

Maceration with invertebrates

Currently, the most commonly used living organism for tissue removal in pathology, anthropology,
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and anatomy are Dermestid beetles. Their effectiveness in maceration of soft and mummified tissues has
been proven in the literature [17, 58]. Despite this, the
use of these animals to purify corrosive preparations
seems to be highly risky. Their massive destructive
capability has been demonstrated, which together
with the lack of predictability makes this technique
difficult to accept from the perspective of performing
precise corrosive specimens. Invertebrate germs are
an effective tool for maceration of corpses, but the
delicate structures of vascular castings will not be
sufficient to resist the influence of these living organisms. This technique, according to the study authors,
should not be used in morphological sciences but is
an interesting alternative to thermal and enzymatic
methods in anthropology and forensic medicine [49].

scientific literature; therefore, with the current state
of knowledge, it is not possible to recommend any
of these techniques as being superior to other techniques listed in this article.
Chemical methods

Chemical maceration is currently the most commonly used method to eliminate the unwanted tissues surrounding the injected material/casting [6, 35].
Usually strong caustic aqueous solutions of acids or
alkali are used for corrosion. Their use is intended to
cause the rapid denaturation of unwanted tissues and
facilitate their complete removal. The primary purpose
of the use of highly corrosive substances is to avoid
the necessity for mechanical removal of remaining
tissues after maceration. Heavily corrosive solutions
cause so much damage that, after the corrosion process, only water or neutralising solution is required
to rinse the specimen [31]. If we compare the effect
of both types of corrosive substances on tissues on
our account of just few clinical data, we can conclude
that a strong base should be a better corrosive agent.
Acid usually causes rapid superficial denaturation of
tissues, which prevents it from penetrating deeper
structures, while alkaline causes rapid development of
liquefactive necrosis, making penetration into deeper
structures easier [16, 40].

Enzymatic methods

This technique involves using enzymes that digest proteins, fats, and sugars at a temperature of
about 37°C. Theoretically, such a method should be
an effective way of precise purification of tissues that
surround a material injected and filled with dedicated
agents. In the literature, the following enzymes are
used: trypsin, pepsin, and pancreatin [23]. Unfortunately, the number of available works based on this
technique is limited. Most of the currently accessible
analyses concern the enzymatic maceration of soft tissues in order to purify skeletal material [13, 46]. Their
authors emphasize that the technique causes fast
and effective maceration [52, 60]. This variability of
the dynamics of action of enzymatic corrosion lies at
the basis of combining the enzymatic technique with
the chemical technique [20]. Some authors suggest
that the enzymatic maceration technique is perfectly
suited for the development of a corrosive specimen
[6], whose purpose is to assess the topographical
relations between the examined structures and bones.
Enzymatic maceration, although more difficult to
perform than chemical one, guarantees preservation
of bone tissue and enables such observations [15].
Corrosion with enzymatic methods, therefore, has the
potential to selectively destruct tissues while leaving
others intact. The unique feature of this medium
significantly increases the attractiveness of enzymatic maceration as a desirable technique for precise
soft tissue cleaning. In addition, it will prospectively
enable the creation of “semi-erosion” specimens.
Regrettably, there is a lack of reliable comparisons
between chemical and enzymatic techniques in the

Acid corrosive agents

In the case of tissue dissolution carried out using acids, studies which use either hydrochloric or
sulphuric acid dominate the literature. Due to the
use of different body parts undergoing corrosion,
the authors use different but relatively high concentrations of both acids, which vary from 30% HCL [2,
53] or 30% sulphuric acid [48] to as much as 50%
HCL [29, 41]. Both compounds are characterised
by good water solubility and very strong activity.
Despite the fact that the specimens were kept in acid
solutions for several days, the necessity of mechanical cleaning of the casting after the procedure was
observed [30, 41] which is a significant limitation for
this technique. This is due to the rapid denaturing
of proteins by acids described earlier, and is shown
in several clinical studies. This, in our opinion, has
a significant impact on the usefulness of the obtained
casting. The retention of undissolved or strongly
associated with the casting denatured tissues may
complicate further scientific analysis of the obtained
specimen.
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Table 2. Comparison of the latest works using potassium hydroxide as a medium for dissolving tissues
Author

Corrosion area

KOH

Corrosion time

Operating
temperature

Postprocessing
procedures

Filler

Domagała et al., 2020

Vessels of the
placenta, human

50%

24 h

RT

H2O flushing

BIODUR 20

Ilić et al., 2018

Upper extremity
vessels, human

40%

7 days

RT

H2O flushing

Methyl methacrylate

Polguj et al., 2019

Bovine testes

40%

24 h

40oC

H2O flushing
+ detergent and then
H2O flushing for 24 h

Batson no. 17

Scala, 2014

Neopallium,
human

30%

1–2 weeks

RT

Distilled
H2O flushing

Methyl methacrylate
(Polysciences)

Various organs,
porcine

15%

2–3 days

40oC

H2O flushing

BIODUR E20 plus

Heart — coronary
sinus, human

10–15%

3 weeks

RT

3% trichloric acid

Duracryl plus (Spofa,
Dental, Czechy)

Mazensky and Flesarova,
2017

Renal arteries,
Guinea pig

2–4%

48 h

60–70oC

H2O flushing

Batson no. 17

Kresakova et al., 2019

Liver vessels,
Guinea pig

2–4%

3–6 days

60–70oC

H2O flushing with
fungicide

Methyl methacrylate
(MERCOX-SPI supplies)

Coronary arteries,
porcine heart

7.5%

3 days up to 7 days,
depends on the size
of the specimen*

40oC

Distilled water and then
submerged for 5–15 min
in 5% formic acid

Mercox-Cl-2B; Ladd
Research, Burlington,
VA

Eberlova et al., 2017
Mazur et al., 2015

Patzelt et al., 2019

*Personal communication with dr. Vladimir Musil; RT — room temperature

Corrosion with alkaline solutions

specimen, which would then be used in scientific
analysis. Potassium hydroxide is a very strong alkaline, with strong hygroscopic characteristics, and is
perfectly soluble in water, which enables a relatively
easy preparation of a working solution of the expected concentration. The usefulness of KOH solutions in
corrosion has been proven in many scientific studies
[11, 21, 24, 27, 37, 43]. Different concentrations of
KOH solutions were used, ranging from 60% [6, 18]
through 50–40% [9, 39] or 20–10% [28] to a few
per cent solutions [24, 56]. A comparison of the
most recent scientific works using KOH to perform
corrosive cast specimens is presented in Table 2. The
corrosion time was influenced by the concentration of
the solution, its temperature and size of the dissolved
object. In extreme cases, at low KOH concentrations,
this process could take up to 4 weeks.
Sodium hydroxide is an equally popular compound used in chemical maceration. It is a compound with very similar chemical characteristics to
potassium hydroxide, characterised by slightly lower
hygroscopicity and slightly slower solubility in water.
Scientific experiences in using different concentrations of NaOH for corrosive preparations are lower
compared to KOH [14, 19, 30, 34, 45, 55]. A review
of recent works presenting the usefulness of different

In the case of alkaline compounds, sodium hypochlorite, sodium hydroxide, and potassium hydroxide are most often used for tissue maceration.
According to King and Birch (2015) [23], sodium
hypochlorite is the most popular chemical compound
used by anthropologists and pathologists for tissue
maceration to cleanse bones of unwanted soft tissues.
This is due to its easy availability, low price, intensity
of action, and its milder effect on bones than KOH
or NaOH. Moreover, many studies have shown that
the use of 10% NAOCL water solution is effective in
cleaning bones without damaging them [50]. However, it should be emphasized that this agent softens
tissues rather than dissolves them, so the final stage
of maceration must be mechanical removal of the
remaining tissues. In the case of fragile bones, foetal
material, and specimens that have undergone prior
fixation with formalin, the use of sodium hypochlorite
may lead to irreversible damage to the examined material. In these circumstances, Ca(ClO)2 or a mixture of
Ca(ClO)2 and Na2CO3 is an alternative with proven
safety to such tissues [47]. The majority of morphological studies are conducted on soft tissues. In this
case, potassium hydroxide is the most popular corrosive agent in order to prepare a good quality corrosive
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Table 3. The overview of recent scientific works using NaOH in chemical maceration
Author

Organ

Concentration

Etching time

Temperature

Postprocessing

Filling material

Liver vessels

6.66%*

7 days (1–15)*

RT

Washing in water

JET acrylic methyl methacrylate dental resin

Esteban et al., 2017

Various porcine
organs

No data

From hours to
month

RT

Weak acid

Polyurethane foam,
acrylic resin

Huling et al., 2019

Kidney, rat

20%

48 h

RT

Deionised water

10% polycaprolactone

Shanthini and Suma, 2019

Heart, human

10%

72 h

RT

Triton-X100 48 h

Polyurethane foam

Miyake et al., 1996

Maxillofacial
area, human

10%

Few weeks

RT

Distilled water

Methyl methacrylate resin
(Mercox)

Heart, dog

No data

72 h

RT

Tap water

Lower-viscosity
acrylic resin (LVAR)

Vasconcelos-Filho et al.,
2018

Noestelthaller et al., 2007

®

*Personal communication with prof. J. Vasconcelos-Filho; text in italics. Corrosion of NaOH was partially ineffective, mechanical removal of denatured tissues was necessary. Significant
saponification of the fat tissue surrounding the heart was observed; RT — room temperature

procedure defined in the article is typically described
in the literature as corrosion, maceration, or dissolution of tissues. It is, in our opinion, worthwhile to
use appropriate keywords in the case of preparing
a paper that includes corrosive techniques in order to
facilitate later evaluation of the text by subsequent
generations of scientists.
A critical analysis of the available literature shows
a clear advantage of techniques based on chemical
maceration (Table 1). Here, it appears that the most
effective technique is corrosion using strong alkaline. The attractiveness of this technique results from
the low price of chemical substances, relatively high
speed of action, unnecessary mechanical removal of
remaining tissues, the availability of scientific works
describing the maceration technique, and lastly, the
high biological safety of the obtained casting. On
the other hand, the disadvantages of this technique
include the lack of unambiguous standardisation, the
risk of bone damage, health risk for the contractor of
the corrosion process, and disposal of the remaining
solution after the corrosion process. However, it is
worth emphasizing the high value of enzymatic corrosion, which, according to our experience, appears
to be excellent tool to carry out a more selective corrosion than in the case of the most popular corrosion
carried out with strong alkalis.
At present, knowledge about the creation of corrosive preparations is the result of self-experience of
a particular team. Each of them uses original ways to
obtain the best possible specimens. As each scientist
has individual preferences about what technique
should be used, it is near impossible to recommend
the “best” solution in a clear and easy way. Therefore,
in our opinion, it is advisable to conduct research

concentrations of NAOH solutions for dissolution of
tissues is summarised in Table 3.
The greatest challenges associated with the use of
strong alkalis are the need to prepare KOH and NaOH
solutions very carefully due to the exothermic process
of their dissolution in water. The second potentially
dangerous stage is to neutralize the liquid remaining
after the corrosion process. The advantage of corrosion with the KOH/NaOH technique is the speed of the
method and sterility of the obtained castings. KOH
also has the advantage of a large number of valuable
scientific publications.
It is worth emphasizing that the use of alkaline
solutions with concentration exceeding 40% in corrosion may promote saponification, which will worsen
the quality of the obtained casting, as there will be
remains of saponified tissues on the external surface
of the prepared material [6, 18, 44]. Such problems
were observed when using 50% KOH solution when
performing the corrosion preparations of the placenta [9]. Therefore, based on our own experience, we
recommend using lower than 40% concentrations of
solutions based on potassium hydroxide, even if this
will require an extended duration of the procedure
itself.

SUMMARY
Despite the large number of works available that
use corrosion techniques for scientific analysis, there
is a lack of well-planned, reliable research comparing the effectiveness of various maceration/corrosion
techniques for tissues surrounding the casting that is
of interest to the researcher. Certainly, the problem
of nomenclature is an additional difficulty in conducting a valuable and quick literature review. The
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comparing the effectiveness of individual methods
of tissue maceration at the same time, and in the
case of the most popular technique based on the
use of strong alkalis, it is advisable to scientifically
determine the recommended range of concentrations
of solutions used to make castings from different
organs and tissues.

4.

5.

6.

Ethical statement

The authors declare that the study was performed
in accordance with the provisions of the World Medical Association Declaration of Helsinki 1964 (with
later revisions) and Good Clinical Practice.

7.

Acknowledgements

8.

According to the new recommendations [22] all
authors sincerely thank those who donated their
bodies to the science so that anatomical research
could be performed. Results from such research can
potentially increase mankind’s overall knowledge that
can then improve patient care. Therefore these donors
and their families deserve our highest gratitude.

9.

10.

Funding

This publication was created as a result of the
project entitled “Medical University of Wroclaw as
a Regional Centre of Excellence in the field of medical
sciences and health sciences” implemented within the funds of the Ministry of Science and Higher
Education in the Programme “Regional Initiative of
Excellence” in the years 2019–2022, project number
016/RID/2018/19, amount of 11 998 121.30 PLN —
RID.Z501.20.001.

11.

12.

13.

Conflict of interest: None declared

REFERENCES

14.

1. Aharinejad S, MacDonald IC, MacKay CE, et al. New aspects
of microvascular corrosion casting: a scanning, transmission electron, and high-resolution intravital video microscopic study. Microsc Res Tech. 1993; 26(6): 473–488, doi:
10.1002/jemt.1070260602, indexed in Pubmed: 8305725.
2. An P, Wang Yu, Xing Lm, et al. Fetal complex congenital heart disease diagnosed using prenatal ultrasound
and corrosion casting for large vessels: a report for
authentic teaching by true representation. Balkan Med J.
2019; 36(5): 296–297, doi: 10.4274/balkanmedj.galenos.2019.2019.6.13, indexed in Pubmed: 31286753.
3. Bereza T, Tomaszewski KA, Bałajewicz-Nowak M, et al.
The vascular architecture of the supravaginal and vaginal
parts of the human uterine cervix: a study using corrosion
casting and scanning electron microscopy. J Anat. 2012;

15.

16.

17.

831

221(4): 352–357, doi: 10.1111/j.1469-7580.2012.01550.x,
indexed in Pubmed: 22844876.
Castenholz A. Corrosion cast technique applied in lymphatic pathways. Scan Electron Microsc. 1986(Pt 2):
599–605, indexed in Pubmed: 3797998.
Cope LA. Tracheobronchial cast production and use in
an undergraduate human anatomy course. Anat Sci
Educ. 2008; 1(1): 23–26, doi: 10.1002/ase.7, indexed in
Pubmed: 19177375.
Cornillie P, Casteleyn C, von Horst C, et al. Corrosion
casting in anatomy: Visualizing the architecture of hollow structures and surface details. Anat Histol Embryol.
2019; 48(6): 591–604, doi: 10.1111/ahe.12450, indexed
in Pubmed: 31120632.
Crouzet C, Fournier H, Papon X, et al. Anatomy of the
arterial vascularization of the lips. Surg Radiol Anat. 1998;
20(4): 273–278, doi: 10.1007/BF01628490, indexed in
Pubmed: 9787395.
Debbaut C, Segers P, Cornillie P, et al. Analyzing the human
liver vascular architecture by combining vascular corrosion
casting and micro-CT scanning: a feasibility study. J Anat.
2014; 224(4): 509–517, doi: 10.1111/joa.12156, indexed
in Pubmed: 24433401.
Domagała Z, Domański J, Zimmer A, et al. Methodology of
preparation of corrosive specimens from human placenta:
A technical note. Ann Anat. 2020; 228: 151436, doi:
10.1016/j.aanat.2019.151436, indexed in Pubmed:
31704147.
Doom M, de Rooster H, van Bergen T, et al. Morphology
of the canine omentum. Part 2: the omental bursa and
its compartments materialized and explored by a novel
technique. Anat Histol Embryol. 2016; 45(1): 28–36, doi:
10.1111/ahe.12167, indexed in Pubmed: 25487433.
Eberlova L, Liska V, Mirka H, et al. Porcine liver vascular
bed in Biodur E20 corrosion casts. Folia Morphol. 2016;
75(2): 154–161, doi: 10.5603/FM.a2015.0094, indexed in
Pubmed: 26542961.
Eberlova L, Liska V, Mirka H, et al. The use of porcine
corrosion casts for teaching human anatomy. Ann Anat.
2017; 213: 69–77, doi: 10.1016/j.aanat.2017.05.005,
indexed in Pubmed: 28578926.
Eriksen AM, Simonsen KP, Rasmussen AR. Conservation
of mitochondrial DNA in fast enzyme-macerated skeletal
material. Int J Conserv Sci. 2013; 4(2): 127–132.
Esteban RJR, McCormick JSL, Prieto DRM, et al. Inyección
corrosión, una técnica conocida para el estudio y enseñanza de ductos y estructuras vasculares en anatomía. Int
J Morphol. 2017; 35(3): 1147–1153, doi: 10.4067/S071795022017000300053.
Frąckowiak H, Dębiński D, Komosa M, et al. The arterial
circle of the brain, its branches and connections in selected representatives of the Antilopinae. J Morphol. 2015;
276(7): 766–771, doi: 10.1002/jmor.20377, indexed in
Pubmed: 25694115.
Hall AH, Jacquemin D, Henny D, et al. Corrosive substances
ingestion: a review. Crit Rev Toxicol. 2019; 49(8): 637–669,
doi: 10.1080/10408444.2019.1707773, indexed in Pubmed: 32009535.
Hall ER, Russell WC. Dermestid beetles as an aid in cleaning
bones. J Mammal. 1933; 14(4): 372–374, doi: 10.1093/
jmammal/14.4.372.

Folia Morphol., 2022, Vol. 81, No. 4

18. Hodde KC, Steeber DA, Albrecht RM. Advances in corrosion
casting methods. Scanning Microsc. 1990; 4(3): 693–704,
indexed in Pubmed: 2080432.
19. Huling J, Min SI, Kim DS, et al. Kidney regeneration with
biomimetic vascular scaffolds based on vascular corrosion
casts. Acta Biomater. 2019; 95: 328–336, doi: 10.1016/j.
actbio.2019.04.001, indexed in Pubmed: 30953799.
20. Ibba Manneschi L, Zecchi Orlandini S, Faussone Pellegrini
MS. The myenteric plexus of the rat colon: a methodological approach for scanning electron microscopical
study. Ital J Anat Embryol. 1992; 97(1): 13–22, indexed
in Pubmed: 1288444.
21. Ilić M, Milisavljević M, Maliković A, et al. The superficial
palmar branch of the radial artery: a corrosion cast study.
Folia Morphol. 2018; 77(4): 649–655, doi: 10.5603/
FM.a2018.0033, indexed in Pubmed: 29611162.
22. Iwanaga J, Singh V, Ohtsuka A, et al. Acknowledging
the use of human cadaveric tissues in research papers:
Recommendations from anatomical journal editors. Clin
Anat. 2021; 34(1): 2–4, doi: 10.1002/ca.23671, indexed
in Pubmed: 32808702.
23. King C, Birch W. Assessment of maceration techniques
used to remove soft tissue from bone in cut mark analysis.
J Forensic Sci. 2015; 60(1): 124–135, doi: 10.1111/15564029.12582, indexed in Pubmed: 25585666.
24. Kresakova L, Danko J, Andrejcakova Z, et al. 3D reconstruction and evaluation of accessory hepatic veins in
right hemilivers in laboratory animals by metrotomography: implications for surgery. Med Sci Monit. 2019;
25: 920–927, doi: 10.12659/MSM.911726, indexed in
Pubmed: 30707686.
25. Lee EJ, Luedtke JG, Allison JL, et al. The effects of different
maceration techniques on nuclear DNA amplification using
human bone. J Forensic Sci. 2010; 55(4): 1032–1038, doi:
10.1111/j.1556-4029.2010.01387.x, indexed in Pubmed:
20384918.
26. Mann RW, Berryman HE. A method for defleshing human
remains using household bleach. J Forensic Sci. 2012;
57(2): 440–442, doi: 10.1111/j.1556-4029.2011.01987.x,
indexed in Pubmed: 22150429.
27. Mazensky D, Flesarova S. Arrangement of renal arteries in
Guinea pig. Anat Rec (Hoboken). 2017; 300(3): 556–559,
doi: 10.1002/ar.23496, indexed in Pubmed: 27737510.
28. Mazur M, Walocha K, Kuniewicz M, et al. Application of
Duracryl plus for preparation of corrosion casts of venous
coronary tree of human heart. Folia Med Cracov. 2015;
55(3): 69–75, indexed in Pubmed: 26774809.
29. Mishra S, Sethi M. A reformed corrosion cast technique
using commercially available polyvinyl chloride solution.
MAMC J Med Sci. 2015; 1(1): 28, doi: 10.4103/23947438.150058.
30. Miyake M, Ito M, Nagahata S, et al. Morphological study of
the human maxillofacial venous vasculature: examination
of venous valves using the corrosion resin cast technique.
Anat Rec. 1996; 244(1): 126–132, doi: 10.1002/(SICI)10970185(199601)244:1<126::AID-AR13>3.0.CO;2-R, indexed in Pubmed: 8838431.
31. Mulisch M, Ulrich W. Romeis — Mikroskopische Technik.
2015, doi: 10.1007/978-3-642-55190-1. https://link.
springer.com/content/pdf/bfm:978-3-642-55190-1/1.pdf.

32. Muñoz ME, Batlouni SR, Vicentini IB, et al. Testicular
structure and description of the seminal pathway in Leporinus macrocephalus (Anostomidae, Teleostei). Micron.
2011; 42(8): 892–897, doi: 10.1016/j.micron.2011.06.008,
indexed in Pubmed: 21763151.
33. Musiał A, Zarzecki M, Gryglewski R, et al. Ludwik Karol
Teichmann (1823-1895). Folia Medica Cracov. 2017; 57(4),
doi: 10.24425/118114.
34. Noestelthaller A, Probst A, König HE. Branching patterns
of the left main coronary artery in the dog demonstrated
by the use of corrosion casting technique. Anat Histol
Embryol. 2007; 36(1): 33–37, doi: 10.1111/j.14390264.2006.00711.x, indexed in Pubmed: 17266665.
35. Pálek R, Liška V, Eberlová L, et al. [Experimental processing
of corrosion casts of large animal organs]. Rozhl Chir.
2018; 97(5): 222–228, indexed in Pubmed: 29792720.
36. Paluzzi A, Belli A, Bain P, et al. Brain ‘imaging’ in the
Renaissance. J R Soc Med. 2007; 100(12): 540–543, doi:
10.1177/014107680710001209, indexed in Pubmed:
18065703.
37. Patzelt M, Kachlik D, Stingl J, et al. Morphology of the vasa
vasorum in coronary arteries of the porcine heart: A new
insight. Ann Anat. 2019; 223: 119–126, doi: 10.1016/j.
aanat.2019.02.006, indexed in Pubmed: 30876878.
38. Pevsner J. Leonardo da Vinci’s contributions to neuroscience. Trends Neurosci. 2002; 25(4): 217–220, doi:
10.1016/s0166-2236(00)02121-4.
39. Polguj M, Wysiadecki G, Podgórski M, et al. Morphological
variations of intra-testicular arterial vasculature in bovine
testis: a corrosion casting study. BMC Vet Res. 2015;
11: 263, doi: 10.1186/s12917-015-0580-9, indexed in
Pubmed: 26472660.
40. Ramasamy K, Gumaste VV. Corrosive ingestion in
adults. J Clin Gastroenterol. 2003; 37(2): 119–124, doi:
10.1097/00004836-200308000-00005, indexed in Pubmed: 12869880.
41. Rani N, Singh S, Dhar P, et al. Surgical importance of arterial segments of human kidneys: an angiography and
corrosion cast study. J Clin Diagn Res. 2014; 8(3): 1–3,
doi: 10.7860/JCDR/2014/7396.4086, indexed in Pubmed:
24783063.
42. Riva A, Conti G, Solinas P, et al. The evolution of anatomical
illustration and wax modelling in Italy from the 16th to
early 19th centuries. J Anat. 2010; 216(2): 209–222, doi:
10.1111/j.1469-7580.2009.01157.x, indexed in Pubmed:
19900181.
43. Scala G. Microvasculature of the cerebral cortex: a vascular
corrosion cast and immunocytochemical study. Microsc
Res Tech. 2014; 77(4): 257–263, doi: 10.1002/jemt.22337,
indexed in Pubmed: 24458766.
44. Schatten H. Scanning electron microscopy for the life
sciences. Cambridge University Press 2013: doi: 10.1017/
CBO9781139018173.
45. Shanthini S, Suma HY. An innovative method in venous
coronary cast technique. Anat Cell Biol. 2019; 52(2):
191–195, doi: 10.5115/acb.2019.52.2.191, indexed in
Pubmed: 31338236.
46. Simonsen KP, Rasmussen AR, Mathisen P, et al. A fast
preparation of skeletal materials using enzyme maceration. J Forensic Sci. 2011; 56(2): 480–484, doi:

832

Z. Domagała et al., Corrosion cast specimen

47.

48.

49.

50.

51.

52.

53.

10.1111/j.1556-4029.2010.01668.x, indexed in Pubmed:
21342190.
Snyder RG, Burdi A, Gaul G. A rapid technique for
preparation of human fetal and adult skeletal material.
J Forensic Sci. 1975; 20(3): 576–580, indexed in Pubmed:
239090.
De Sordi N, Bombardi C, Chiocchetti R, et al. A new method
of producing casts for anatomical studies. Anat Sci Int.
2014; 89(4): 255–265, doi: 10.1007/s12565-014-0240-3,
indexed in Pubmed: 24788383.
Steadman DW, DiAntonio LL, Wilson JJ, et al. The effects
of chemical and heat maceration techniques on the
recovery of nuclear and mitochondrial DNA from bone.
J Forensic Sci. 2006; 51(1): 11–17, doi: 10.1111/j.15564029.2005.00001.x, indexed in Pubmed: 16423217.
Stephens BG. A simple method for preparing human
sketetal material for forensic examination. J Forensic Sci.
1979; 24(3): 660–662, indexed in Pubmed: 541632.
Töro K, Kiss M, Szarvas V, et al. Post mortem introduction
of corrosion cast method after coronary stent implantation.
Forensic Sci Int. 2007; 171(2-3): 208–211, doi: 10.1016/j.
forsciint.2007.02.017, indexed in Pubmed: 17368994.
Uhre ML, Eriksen AM, Simonsen KP, et al. Enzymatic maceration of bone: a gentler technique than boiling. Med Sci Law.
2015; 55(2): 90–96, doi: 10.1177/0025802414532246,
indexed in Pubmed: 24812061.
Uršič M, Vrecl M, Fazarinc G. Corrosion cast study of
the canine hepatic veins. Folia Morphol. 2014; 73(4):
475–481, doi: 10.5603/FM.2014.0071, indexed in Pubmed: 25448906.

54. Van Hee R, Wells FC, Ballestriero R, et al. The art of human
anatomy: Renaissance to 21st century. Vesalius. 2014;
20(1): 25–29, indexed in Pubmed: 25181778.
55. Vasconcelos-Filho JOM, Pereira AH, Pitta GBB, et al. Measurements between the hepatic veins and portal venous
system, in human cirrhotic liver: a cast study. Surg Radiol
Anat. 2018; 40(4): 395–400, doi: 10.1007/s00276-0171909-9, indexed in Pubmed: 28889187.
56. Walocha JA, Litwin JA, Miodoński AJ. Vascular system of
intramural leiomyomata revealed by corrosion casting
and scanning electron microscopy. Hum Reprod. 2003;
18(5): 1088–1093, doi: 10.1093/humrep/deg213, indexed
in Pubmed: 12721189.
57. Walocha JA, Miodoński AJ, Nowogrodzka-Zagórska M,
et al. Application of a mixture of glycol polyethylenes for
the preparation of microcorrosion casts: an observation.
Folia Morphol. 2002; 61(4): 313–316, indexed in Pubmed:
12725503.
58. Williams SL, Rogers SP. Effects of initial preparation
methods on dermestid cleaning of osteological material.
Collection Forum. 1989; 5(1): 11–16.
59. Yin G, Chen M, Li J, et al. Vascular corrosion casting of
normal and pre-eclamptic placentas. Exp Ther Med. 2017;
14(6): 5535–5539, doi: 10.3892/etm.2017.5207, indexed
in Pubmed: 29285088.
60. Yin L, Venkatesan S, Kalyanasundaram S, et al. Influence
of enzymatic maceration on the microstructure and microhardness of compact bone. Biomed Mater. 2010; 5(1):
15006, doi: 10.1088/1748-6041/5/1/015006, indexed in
Pubmed: 20071762.

833

REVIEW

ARTICLE

Folia Morphol.
Vol. 81, No. 4, pp. 834–842
DOI: 10.5603/FM.a2021.0111
Copyright © 2022 Via Medica
ISSN 0015–5659
eISSN 1644–3284
journals.viamedica.pl

Anatomical variations of the vascular supply
of the cutaneous component of the serratus
anterior myocutaneous flap: a systematic review
C. Gakis1, D. Chrysikos1, A. Samolis1, V. Protogerou1, G. Tsourouflis2, T. Troupis1
Department of Anatomy, School of Medicine, National and Kapodistrian University of Athens, Greece
Second Department of Propaedeutic Surgery, Medical School, National and Kapodistrian University of Athens, Greece

1
2

[Received: 6 September 2021; Accepted: 13 October 2021; Early publication date: 26 October 2021]

Although appealing from a reconstructive standpoint, the incorporation of the
overlying skin in a serratus anterior muscle flap has not yet seen widespread use,
due to considerations with its blood supply. In the present study, a systematic
review of the literature has been performed, evaluating studies that investigated
the vascular anatomy and variations of serratus anterior myocutaneous flap. The
anatomy of the cutaneous blood supply, the size of the cutaneous territory, the
design of the skin paddle and the reconstructive goals were analysed. The results
showed that the main blood supply originates from the intramuscular anastomoses between intercostal artery perforators and the serratus artery branch in the
form of choke vessels. Complementary perfusion from true intramuscular vessel
anastomoses or from direct serratus artery cutaneous perforators could contribute
to the skin blood supply but only in 25% of the cases. The design of the flap is
elliptical with its long axis over the harvested muscle slips and maximum width is
6–8 cm. A myocutaneous serratus anterior flap could be applied in a variety of
reconstructive fields, most commonly for head and neck defects. A delay procedure would considerably enhance the perfusion of the cutaneous component and
improve the overall viability of the flap. (Folia Morphol 2022; 81, 4: 834–842)
Key words: serratus anterior, flap skin, cutaneous component, blood supply

INTRODUCTION

very reliable in body areas where muscles and overlying skin are firmly connected, such as latissimus
dorsi muscle, but becomes questionable when skin
and muscle are loosely attached together, such as
serratus anterior [4].

Myocutaneous flaps, flaps consisting of muscle
and their overlying skin, are frequently used in reconstructive surgery, especially when large tissue
bulk is required. When a skin island is transposed,
attached to the underlying muscle, the subdermal
vascular plexus is discontinued. Cutaneous blood
supply then stems from perforator vessels, arteries
and accompanying veins that arise from the muscle
surface [2]. This kind of cutaneous blood supply is

Embryology

Serratus anterior muscle belongs to the superficial thoracic muscles. Its origin and development is
different from those of limb muscles. It is believed
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that it is formed from myotomes but its exact origin is
not certain, and it is not clarified how myotome cells
attach to the scapula to create this muscle. At first,
in the 9 mm embryo it resembles a premuscle mass
with any attachments neither to the scapula nor to
the ribs. It becomes more defined and attaches with
digitations to the ribs in the 11 mm embryo. Finally
it develops to its adult form with insertion into the
scapula in the 14 mm embryo [11, 19, 26].

was agreed by all co-authors. The search strategy
included the following keywords: (“serratus anterior
flap” OR “skin” OR “cutaneous” OR “myocutanous”
OR “musculocutaneous” AND [‘anatomical variants’
OR ‘anomalies’]). Language restrictions were applied
(only articles in English, French, and German were
considered eligible). Two investigators (C.G. and D.C.),
working independently, searched the literature and
extracted data from each eligible study. Reviews were
not eligible, while all prospective and retrospective
studies, as well as case reports, were eligible for this
systematic review. Manuscripts that did not state the
names of the authors were excluded. Case reports of
a serratus anterior flap with a cutaneous component
without an anatomic investigation of the skin blood
supply were also excluded. In addition, we checked all
the references of relevant reviews and eligible articles
that our search retrieved, so as to identify potentially eligible conference abstracts. Titles of interest were further
reviewed by abstract. Finally, reference lists of eligible
studies were manually assessed in order to detect any
potential relevant article (“snowball” procedure).
The literature review resulted in 10 relevant anatomical studies. Data was collected and analysed
based on the anatomic basis of the cutaneous blood
supply, the cutaneous island dimensions (theoretical
in cadavers and applied in patients), the suggested
design of a myocutaneous flap and the defect area
where each one of them was applied on.

Surgical anatomy

Serratus anterior muscle is a fan shaped muscle,
originating from the upper 8 to 9 ribs at the lateral
chest wall, which inserts into the superior angle, the
medial border and the inferior angle of the scapula.
Its blood supply stems from the superior thoracic artery, the lateral thoracic artery and the serratus artery
branch of the thoracodorsal artery. The latter perfuses
the inferior part of the muscle which is commonly
used as a free or pedicled flap [11].
A serratus anterior myocutaneous flap, although
first reported in 1982 [21], has not yet seen widespread use due to considerations with the viability
of the cutaneous component. It was even considered
unacceptable to include the overlying skin, because
until then a direct communication of the cutaneous
perforators with the serratus arterial network had yet
not been identified [12].
An anatomic investigation of the cutaneous blood
supply over the muscle and its relation with the arterial axis of the serratus anterior flap, the definition
of the shape and size of the flap and the possible
technical pitfalls, would delineate the likelihood of
harvesting a myocutaneous flap, which would be
a useful option in the armamentarium of a reconstructive surgeon.

RESULTS
The flow chart of the study depicts that the investigated subject is not an intensively reviewed field
(Fig. 1).
Four studies proved the reliance of the blood supply of the cutaneous surface on the serratus branch
by a cause and effect experiment (intra-arterial dye
injection caused skin staining). Additionally, these
studies calculated the mean cutaneous island surface
stained. Typically the procedure included the catheterisation of the thoracodorsal artery and the injection
of variable volumes of a dye (methylene blue or black
ink). Perrot in his study used a mixture of a dye and
a radiopaque substance for radiologic co-evaluation
[17]. All but one studies [9] stated that the arterial
branch to latissimus dorsi muscle was ligated prior
to the injection of the dye.
The calculation of the stained surface was accomplished following a computer assisted planimetric
method [13], using a photo-processing software [9]

MATERIALS AND METHODS
Search strategy
This systematic review was performed in accordance with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines.

The protocol of this systematic review has been
submitted to the Institutional Review Board of Department of Anatomy, National and Kapodistrian,
University of Athens, Greece, and is available upon
request. Eligible articles were identified by a search
of the Medline, the Cochrane Library and the Google Scholar bibliographical databases for the period
from April 1982 up to May 2019. The study protocol
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Screening

Identication
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329 Records identied from
Databases
305 Medline
23 Google Scholar
1 Cochrane Library

4 Duplicate
records removed

325 Records screened

314 Records
excluded

11 Reports sought for retrieval

1 Report not
retrieved

Innoue et al. [7] noticed intraoperatively multiple
short muscular branches arising from the muscle fascia, during the harvest of pedicled myocutaneous serratus anterior flaps. They speculated that the surface
fascia of serratus anterior muscle receives its blood
supply from the thoracodorsal artery and perfuses
the overlying skin through these short perforators [7].
Pittet et al. [18] in their cadaver study injected a mixture of a dye, gelatin and barium for radiologic co-evaluation. They recognized intercostal artery perforators
reaching the skin, as well as giving branches to serratus
anterior during their intramuscular course. However,
they did not observe any anastomosis between these
muscular branches and the serratus artery branch [18].
In fact, it was Godat et al.’s study [3] that uncovered an intramuscular arterial anastomosis. Following
a large number of cadaver dissections, a detailed
description of the vascular anatomy of the serratus
anterior muscle was achieved. Contributions to the
blood supply from the intercostal artery perforators
were found through an intramuscular anastomosis;
however, these were inconstant [3].
Hamdi et al. [5] as part of their cadaver dissection
study, made a detailed mapping of the intercostal
perforators in the lateral thoracic wall (number of
intercostal perforators and their mean distance from
the anterior border of latissimus dorsi muscle) trying
to delineate the anatomy of a lateral intercostal perforator fasciocutaneous flap. In 21% of the cases,
a vascular anastomosis between serratus anterior

Included

10 Reports assessed for eligibility

10 Studies included in review

Figure 1. Flow chart.

or with a simple estimation based on length and
width [21]. Estimated width ranged between 5.5 and
21 cm, length between 6 and 20.5 cm and surface
between 38.4 and 223.6 cm2. The boundaries of the
stained skin in relation to anatomic landmarks were
also taken into consideration (Table 1).
Apart from the cutaneous staining experiment,
Perrot et al. [17] performed a cadaver dissection and
recognized multiple cutaneous perforators arising
from the muscle fascia, but did not proceed with
a further investigation of their intramuscular course.

Table 1. Surface of cutaneous staining after dye injection in cadavers
Author

Dye and injected
volume

Width (mean)
[cm]

Bruck (12 hemithoraces)

10 mL of methylene blue

Range 5.5–7

12–15

No data

Laterally: anterior axillary line
Medially: not specified
Superiorly: 5th rib
Inferiorly: 7th rib

Perrot (26 hemithoraces)

2 mL of methylene blue
mixed with 30 mL
iodinated contrast

10.75
(range 9–12)

11.75
(range 10–14)

125
(range 110–140)

Laterally: anterior axillary line
Medially: nipple
Superiorly: 5th rib
Inferiorly: 7th rib

Mijatovic (50 hemithoraces)

40 mL of black ink

No data

No data

143.79
(range 131.8–211.4)

Not specified

Janik (20 hemithoraces)*

40 to 60 mL
of methylene blue

15.5
(range 10–21)

Length (mean) Territory (mean)
[cm]
[cm2]

10.9
85.6
(range 6–20.5) (range 38.4–223.6)

*Janik injects thoracodorsal artery without ligating latissimus dorsi branch
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Relation to
anatomic landmarks

Laterally: posterior axillary line
Medially: nipple
Superiorly: 29.3% of hemithorax
Inferiorly: 51.7% of hemithorax
(in craniocaudal direction
calculated from axilla)
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DISCUSSION

muscle arteries and intercostal artery perforators was
found. The most frequent positions were in the 6th
(30%) and 7th (38%) intercostal spaces. Based on this
finding they suggested that in the presence of that
anastomosis, a serratus anterior perforator (fasciocutaneous) flap could be raised [5].
Park et al. [16] found in their study (cadaver dissection and angiography) a similar frequency of intramuscular anastomosis of the serratus anterior artery
branch and intercostal perforators (25%), although
the sample in question was small. The perforators
arose from the 6th and 7th intercostal spaces in one
case and from the 4th intercostal space in another [16].
Tamburino et al. [22] in their cadaver dissection study discovered a direct cutaneous perforator
branching from the serratus artery branch in 25% of
the cases. They emphasized that these perforators
had no intramuscular course and lay superficial to
the muscle. This perforator was found arising more
frequently from the 6th (33%) and 7th (41.6%) intercostal spaces. In their radiologic study, occurrence
was reported less frequently (18%). The authors attributed this to the radiological protocol used, since
the samples had been derived from computed tomography chest angiographies of patients suspected
for pneumonic embolism. They believe that a special
radiological protocol would have probably revealed
more perforators (Table 2) [22].
The suggested design of the flap typically centres
the axis of the flap over the selected muscle slips.
Lateral border varies from 2 to 3 cm over the latissimus dorsi muscle to the anterior axillary line. Medial
border most commonly reaches the midclavicular line
but a medial extension of 2 cm is also described. The
superior border extends to the 5th or the 6th rib and
the inferior border to the 8th or the 9th rib. Maximum
width is kept to 6–8 cm to facilitate direct closure.
A different description was given by Janik et al. [9]
who defined the vertical anatomic borders of the
flap in relation to the height of the hemithorax. In
Park et al.’s [16] study the suggested orientation of
the flap is parallel to the anterior border of latissimus dorsi muscle and not to the serratus anterior
(Table 3, Fig. 2).
The studies included in our review, reported
54 successful flaps with a cutaneous component.
The flaps were either pedicled or free and were
aimed to reconstruct defects in various anatomic
areas, most commonly head and neck defects
(Table 4) [1, 7–9, 18, 21].

Serratus anterior muscle flap is a useful alternative
option for the reconstruction of various anatomical
areas. The muscle is quite thin which makes it superior
compared to other workhorse muscle flaps such as
latissimus dorsi and rectus abdominis, in cases where
a large muscle bulk is not desired. In cases where only
the lower slips are harvested, the resulting functional
deficit is negligible [27]. It is worth mentioning that
the overlying skin is generally delicate and pliable.
Additionally the intervening subcutaneous fat in individuals with normal body mass index is thin. The
incorporation of the skin in a myocutaneous serratus
anterior flap adds cosmetic superiority and durability
while it allows for a shorter healing period in comparison with skin graft coverage. Flap monitoring is
another convenience that a skin paddle offers. Clinical
examination of a muscle flap, is not as simple as of
a myocutaneous flap, and is even harder if the muscle
is covered with a skin graft. Capillary refill test and
flap colour estimation are easily done on a cutaneous
paddle and reflect the viability of the whole flap.
Monitoring of the skin island permits an early recognition of a microvascular compromise and a timely
surgical reexploration. This has been shown to lead
to higher salvage rates [20].
These advantages have, for the most part, encouraged the research on the cutaneous blood supply
anatomy.
The skin staining observed after the injection of
a dye in the thoracodorsal artery has proven that
a myocutaneous flap could be perfused by this
vascular axis. On the other hand, the estimation of
skin surface size using this method is considered
inefficient. Several small cutaneous perforators
arise along the course of the thoracodorsal artery,
around the anterior border of the latissimus dorsi
muscle [14]. In addition a direct dominant perforator branches off the thoracodorsal artery in
55–60%, with three branching patterns being reported, arising from the thoracodorsal artery (50%),
the latissimus dorsi branch (30%) and the serratus
branch (20%) [6, 25]. When placing the catheter
proximal to the origin of the thoracodorsal artery,
these perforators are also perfused. Moreover, in the
study with the biggest stained skin territory, it was
not clarified whether the branch to the latissimus
dorsi was ligated [12]. Through this branch the
perforators arising from the latissimus dorsi muscle
surface would also perfuse their overlying surface
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Table 2. Summary of anatomic studies
Author

Type of anatomic study

Number of
hemithoraces

Observations

Bruck (1990)

Fresh cadaver: dye
injection in TDA
(LD branch ligated)

12

Overlying skin of SAM as well as periosteum of 5, 6, 7 ribs were stained

Inoue (1991)

Intraoperative observations
during myocutaneous
serratus anterior
flap harvest
Cadaver, latex + dye
injection, anatomic
dissection of the muscle
and its arterial network
Fresh cadaver: dye
injection in TDA
(LD branch ligated)
Fresh cadaver: dye
+ iodized product injection
in TDA (LD branch ligated),
macroscopic and
radiographic evaluation
Fresh cadaver: blue dye
+ barium + gelatin
injection in TDA, anatomic
dissection + radiographic
evaluation

11

Godat (2004)

Mijatovic (2006)
Perrot (2006)

Pittet (2006)

Hamdi (2008)

Park (2016)

Tamburino (2017)

Janik (2018)

Fresh formalin
preserved cadavers,
anatomic dissection

50

Conclusions

There is a connection between serratus
anterior branch and intercostal perforators (though not visualised) since both
skin and periosteum were stained
Multiple short muscular branches arisThe carrier of the blood supply is coning from muscle fascia were observed sidered to be the surface fascia of SAM
in continuity to the serratus branch of
the thoracodorsal artery
There were variable intramuscular connections between serratus branch,
intercostal perforators and lateral thoracic artery

50

Overlying skin of SAM was stained

25

Overlying skin of SAM was stained.
Multiple cutaneous perforators arising
from the surface fascia of the SAM
were observed

The cutaneous perforators rely on the
blood supply of the serratus branch of
the thoracodorsal artery

Not mentioned

The study confirmed the presence of:
(i) perforator vessels from intercostals
reaching the skin;
(ii) intercostal perforators giving
muscular branches

47

A vascular connection between intercostal perforators and serratus branch
was found in 21% overall, 38% in
7th intercostal space, 30% in 6th intercostal space. Dominant intercostal
perforators were found approximately
3.5 cm medial to LD
A connection between intercostal
perforators and serratus branch via an
intramuscular branch was observed
in 25%
In 25% of cadaver dissections a cutaneous perforator was found arising directly
from the serratus branch
(no intramuscular course)
The ’direct’ cutaneous perforator was
found in 18% (always bilaterally)
of the cases
Cutaneous staining measurement,
definition of anatomical landmarks

Skin blood supply is derived from
perforator branches from intercostals,
which also give muscular branches.
This intramuscular connection with
the thoracodorsal system
could not be visualised
There is only a 21% overall incidence of
vascular connection between serratus
branch and intercostal perforators
permitting the harvesting of overlying
skin based on TDA

Fresh cadaver, angiography 8 (4 angiography,
+ dissection
4 dissection)
Fresh cadaver, latex
injection in TDA
+ dissection

8

Computed tomography
chest angiographies
(for suspected PE)
Fresh cadaver, dye
injection (LD branch
not ligated)

33
20

A serratus anterior perforator flap
feasible in 25% of patients
A serratus anterior perforator
flap is possible with suitable
preoperative perforator mapping

Suggested design: superior border
= 29.3% of hemithorax, inferior
border = 51.7% of hemithorax (in
craniocaudal direction calculated
from axilla), posterior border not
passing LD, anterior border
= anterior axillary line

LD — latissimus dorsi; PE — pulmonary embolism; SAM — serratus anterior muscle; TDA — thoracodorsal artery

as well as adjacent territories. Considering the close
relationship of latissimus dorsi and serratus muscles,
this could lead to an overestimation of the possible
cutaneous territory. Incising the perimetry of the

flap to the level of the muscle fascia first, and then
injecting the dye, would preclude the perfusion of
the skin from perforators that do not arise from the
serratus anterior muscle.
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Table 3. Suggested design
Author

anatomic studies confirmed that several intercostal
artery perforators pierce the serratus anterior muscle
reaching the overlying skin. Further dissection has led
to recognition of intramuscular anastomoses between
intercostal artery perforators and the serratus artery
branch in 20–25% [3, 5, 16]. These anastomoses were
most frequently found in the 6th and 7th intercostal
spaces (typically the 6, 7, 8 serratus muscle slips
overlying the 6th and 7th intercostal spaces are raised
when harvesting a serratus anterior muscle flap).
Interestingly in one study, a cutaneous perforator
arising directly from the serratus artery branch, and
not from the intercostal artery, was found in 25%
[22]. The low consistency of these anastomoses does
not however correspond to the high success rates of
Pittet et al. [18] and Inoue et al. [7] (almost 90% of
complete flap survival).
A reasonable theory was reported by Pittet et al.
[18]. In a cadaveric study it was recognised that intercostal artery perforators give cutaneous and muscular
branches. Although an intramuscular connection between intercostal artery perforators and the serratus
anterior muscle arterial network was not directly
visualised in their cadaveric study, they hypothesized
the existence of this connection through choke vessels. As the angiosome theory suggests, three dimensional blocks of tissue (angiosomes) are perfused by
a source artery. Neighbouring angiosomes are linked
with true vascular anastomosis (same vessel calibre) or
with choke vessels (vessels of smaller size) [24]. Choke
vessels distend to the calibre of true anastomosis in
cases of blood supply insufficiency, such as when
a flap is delayed, with a peak effect after 2 to 3 days
[23]. A clinical indication of the existence of these
choke vessels in the case series of Pittet et al. [18]
was that immediately postoperatively, no cutaneous
perforators of the myocutaneous flaps were traceable
with a Doppler examination. They became progressively audible, suggesting the opening of the choke
vessels. It is likely that the reviewed anatomic studies
have not recognised these choke vessels because of
their minor diameter.
In cases where a preoperative recognition of
a direct cutaneous perforator is not feasible, as suggested by Tamburino et al. [22], a reasonable approach would be to delay the flap in order to enhance
its vascularity. Flap delay is a preliminary procedure of
incompletely raising a flap, thus partially obscuring its
blood supply. During the delay period, choke vessels
are allowed to dilate and as a result the flap becomes

Suggested design

Bruck (1990) Superiorly: above the 5th rib
Inferiorly: below the 7th rib
Laterally: anterior axillary line
Medially: not specified
Flap is centred over the 6th rib
5th, 6th slips and ribs are harvested
Skin island is approximately 6 by 12 cm
Inoue (1991) Laterally: mid-axillary line
Medially: hypochondrium (medial extent is the end of
the 7, 8 slips)
Centred over 7th, 8th ribs
Pittet (2006) Superiorly: inframammary crease
Inferiorly: 9th rib
Laterally: anterior border of latissimus dorsi
Medially: 2 cm medially to midclavicular line
Skin paddle can be extended 2–3 cm over latissimus
dorsi and harvested with underlying fascia. Usually
2 slips of serratus harvested but no more than 3
Park (2015) Long axis of flap near the anterior axillary line,
anterior to ant border of LD. Flap centred over 5–7 rib.
Width 6–8 cm to permit direct closure. Length extended
in fusiform fashion to facilitate closure. Distal part not
adequately perfused, discarded before flap inset. Caudal
5–6 muscle slips incorporated
Janik (2018) Superiorly: within 1/3–2/3 of hemithorax
Inferiorly: on superior half of hemithorax
Laterally: posterior axillary line
Medially: midclavicular line

Bruck
Inoue
Pittet
Park
Janik
Anterior axillary line
5
Midaxillary line

6
7
8

Posterior axillary line

9

Midclavicular line

Figure 2. Suggested design.

The lateral thoracic wall has been recognized as
a well perfused area receiving blood from the intercostal artery perforators [15]. Multiple reviewed
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Table 4. Summary of successful flaps
No

Author

Composition

Slips

Takayanagi
Bruck
Inoue
Inoue
Inoue
Inoue
Inoue
Inoue
Inoue
Inoue
Inoue
Inoue
Pittet
Pittet
Pittet
Pittet
Pittet
Pittet
Pittet
Pittet

Free (F)/
/Pedicled (P)
F
F
P
P
P
P
P
P
P
P
P
P
F
F
F
F
F
F
F
F

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

Myocutaneous
Osteomyocutaneous
Myocutaneous
Myocutaneous
Myocutaneous
Myocutaneous
Myocutaneous
Myocutaneous
Myocutaneous
Myocutaneous
Myocutaneous
Myocutaneous
Myocutaneous
Myocutaneous
Myocutaneous
Myocutaneous
Osteomyocutaneous
Myocutaneous
Osteomyocutaneous
Myocutaneous

5, 6, 7, 8
5, 6
6, 7, 8
7, 8
6, 7, 8
8
6, 7, 8
6, 7, 8
6, 7, 8
6, 7, 8
6, 7, 8
6, 7, 8
6, 7, 8
7, 8, 9
6, 7, 8, 9
7, 8, 9
7, 8
7, 8, 9
7, 8
7, 8, 9

21
22
23
24
25

Pittet
Pittet
Pittet
Pittet
Pittet

F
F
F
F
F

Myocutaneous
Osteomyocutaneous
Myocutaneous
Myocutaneous
Osteomyocutaneous

7, 8, 9
6, 7, 8
6, 7, 8
7, 8
7, 8, 9

26
27
28
29
30
31
32
33

Pittet
Pittet
Pittet
Pittet
Pittet
Pittet
Pittet
Pittet

F
F
F
F
F
F
F
F

Myocutaneous
Myocutaneous
Myocutaneous
Myocutaneous
Myocutaneous
Myocutaneous
Myocutaneous
Myocutaneous

7, 8
7, 8, 9
7, 8
7, 8, 9
7, 8
7, 8, 9, 10
7, 8
7, 8

Pittet
Pittet
Pittet
Perrot
Perrot
Perrot
Perrot
Perrot
Perrot
Perrot
Perrot
Janik
Janik
Janik
Janik
(series of 7 flaps)

F
F
F
F
F
F
F
F
F
F
F
F
F
F
F

Myocutaneous
Myocutaneous
Myocutaneous
Osteomyocutaneous
Osteomyocutaneous
Osteomyocutaneous
Osteomyocutaneous
Osteomyocutaneous
Myocutaneous
Myocutaneous
Myocutaneous
Myocutaneous
Myocutaneous
Myocutaneous
Myocutaneous

7, 8
7, 8, 9
7, 8
10×8 (muscle)
14×10 (muscle)
13×10 (muscle)
18×11 (muscle)
18×6 (muscle)
13×9 (muscle)
14×10 (muscle)
13×9 (muscle)
No data
No data
No data
No data

34
35
36
37
38
39
40
41
42
43
44
45
46
47
48–54

Length Width
11
12
14
20
14
14
14
15
15
12
15
22
12
12
5
9
8
15
12
12

Reconstruction site/purpose

7
7
7
10
7
7
7
7
7
6
7
10
5
6.5
8
4.5
6
6
6
5

Foot
Foot
Oral cavity
Cervical oesophagus
Tempo-auricular skin
Cheek soft tissue
Oral cavity
Cervical oesophagus
Cervical oesophagus
Oral cavity
Oral cavity
Cervical oesophagus
Noma, cheek, oral lining
Noma, cheek, upper lip, inferior eyelid
Noma, cheek, oral lining
Noma, cheek, oral lining
Noma, cheek, mandible, oral lining
Noma, cheek, upper lip, oral lining
Noma, maxilla, upper lip, cheek, oral lining
Noma, cheek, oral lining,
upper lip, nose
11
5
Trauma, cheek, inferior lid
10
5.5
Noma, maxilla, upper lip
9
5
Noma, cheek, nose, inferior eyelid
12
6
Noma, cheek, oral lining
9
7
Neoplasm, lower cheek,
pharynx, mandible
12
8
Noma, lower lip, chin
8
4.5
Noma, cheek, oral lining
12
5.5
Noma, cheek, oral lining
9
7
Noma, cheek
11
6.5
Noma, cheek, oral lining
14
7
Noma, cheek, upper lip, oral lining
11
6.5
Noma, cheek, oral lining
7
5
Noma, cheek, upper lip,
commissure, oral lining
7.5
6.5
Noma, chin, lower lip, oral lining
8
5
Noma, cheek, nasal lining
6.5
6
Noma, upper lip, commissure, maxilla
4
4
Inferior 1/3 tibia
6
4
Inferior 1/3 tibia
5
3
Inferior 1/3 tibia
5
4
Inferior 1/3 tibia
6
3
Inferior 1/3 tibia
5
3
Inner surface of foot
5
3
Inner surface of knee
5
4
Anterior carpal surface
10
9
Laryngopharyngectomy
Laryngopharyngectomy
7
7
9
9
Laryngopharyngectomy
8.7
6.7
Reconstruction after
(mean) (mean)
salvage glossectomy

Only flaps with complete survival were included. Perrot (Muscle dimensions are mentioned but not which slips are taken. Cutaneous island was harvested intentionally small just for flap
monitoring).
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more tolerant to relevant ischaemia. That process is
extremely beneficial to the surgical outcome [10].
Serratus anterior is a thin muscle. For that reason,
the point of bifurcation of the intercostal artery perforator to a muscular and a cutaneous branch would
not be far from its undersurface. This bifurcation
would be susceptible to thermal injury from heat
dissipation, if a cautery was uncontrollably used.
In that case, blood would not be allowed to run in
a retrograde fashion, (serratus artery branch-choke
vessels-muscular branch of intercostal perforator-cutaneous branch of intercostal perforator) resulting in
flap failure. From a clinical standpoint, it should be
noted that Pittet et al. [18] in their surgical technique
description highlighted that they paid attention not
to damage the intercostal artery perforators with the
cautery [18]. Most likely their meticulous harvesting
technique preserves greater number of intercostal
artery perforators, therefore achieving high success
rates. Consequently it would be advisable to avoid
using a monopolar cautery in the undersurface of
the serratus anterior muscle. Instead bipolar cautery
or ligaclips should be used to isolate the perforators.
When the proposed flap designs were compared,
homogeneity was observed. The flaps are commonly
oriented over the muscle slips to be used with slight
differences in their medial and lateral extent. On the
contrary, Park et al. [16] position the long axis of
the flap almost vertically against the serratus anterior muscle. Five to six muscle slips are incorporated
compared to authors who only harvest two or three
[16]. Although not mentioned in this study, harvesting more muscle slips could have possibly impaired
function in a greater degree. That would be a concern
when dealing with reconstruction in young, active
individuals.

tal artery perforators, are considered important for
a successful outcome.
Conflict of interest: None declared
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The pathophysiology of migraines and headaches has been a point of interest in
research as they affect a large subset of the population, and the exact mechanism
is still unclear. There is evidence implicating the dura mater and its innervation as
contributing factors, especially at the posterior cranial fossa. Many modes of innervation have been identified, including the dorsal root ganglion, superior cervical
ganglion, vagus nerve, trigeminal nerve, hypoglossal nerve, and glossopharyngeal
nerve. While the exact method of innervation is still under investigation, there is
strong evidence suggesting that different types of headaches (migraine vs. occipital
vs. cervicogenic) are due to specific nerves and inflammatory mediators that contribute to the dura mater in some way. By understanding how these innervation
patterns manifest clinically, the course of treatment can be tailored based on the
physiological aetiology. Here, we present a comprehensive literature review of
the current research regarding the innervation of the dura mater of the posterior
cranial fossa and its clinical implications. (Folia Morphol 2022; 81, 4: 843–850)
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INTRODUCTION

munication with the dura mater of the spinal cord at
the foramen magnum and forms the falx cerebri, falx
cerebelli, tentorium cerebelli, and diaphragma sella
[1, 33]. The dural venous sinuses can be identified
along with various positions of dura mater reflection
between the two layers [1, 23, 50, 61]. The innervation of the dura mater has been a point of interest in
research due to its clinical implications with various
types of headaches [5, 10, 34, 43, 48, 52, 55, 60,
84]. This article reviews the literature regarding the

The dura mater is the most superficial constituent
of the cranial meninges and acts as a protective covering for the brain [1, 33]. It is composed of an inner
meningeal and an outer endosteal layer [1, 33]. The
outer endosteal layer is occupied by nerves and blood
vessels and forms the skull’s periosteum, which can
be further divided into an outer fibrous layer and an
inner layer with osteoblastic potential [1, 17, 33]. The
cranial dura mater’s inner meningeal layer has com-
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innervation of the dura mater of the posterior cranial
fossa, and its associated clinical relevance.

THE POSTERIOR CRANIAL FOSSA
The posterior cranial fossa is the largest and deepest fossa within the skull [6, 26, 76]. It serves as
a conduit for several cranial nerves and contains important structures such as the brain stem, cerebellum,
and foramen magnum [6, 26, 76]. Abnormalities
(e.g., hypoplasia) of the posterior cranial fossa are
often seen in patients with Chiari and other cerebellar
malformations [76].
Figure 1. Schematic drawing of the skull base and illustrating
entrance sites of meningeal nerves supplying the posterior cranial
fossa such as the hypoglossal canal, foramen magnum and jugular
foramen. Also, note the innervation of the tentorium cerebelli from
primarily the tentorial nerve derived from V1 of the trigeminal
nerve.

Dorsal root ganglia and superior cervical ganglia

In a study of 54 Sprague-Dawley rats, Noseda et
al. [51] utilised a green fluorescent protein labelled
adeno-associated viral vector to map the innervation
of the dura mater of the posterior cranial fossa. The
results demonstrated that the dura mater of the
posterior cranial fossa receives innervation from axons of sensory neurons in the C2 and C3 dorsal root
ganglion (DRG) [51]. The axons were observed to gain
entry into the cranium through various routes including the foramen magnum, the jugular foramen, and
various bony canals (occipital-periotic, emissary, and
hypoglossal) within the occipital bone (Fig. 1) [51].
Furthermore, it was noted that the C2–C4 segments
of the spinal cord contain the dorsal horn neurons
responsible for transmitting nociceptive information
from the posterior/occipital dura mater [51].
Keller et al. [32] utilised horseradish peroxidase
labelling to examine the innervation of the dura mater of the posterior cranial fossa in cats [33]. After
completing nerve resections, they observed a bilateral distribution of labelled cells in both the superior
cervical ganglion and C1–C3 of the DRG [32, 33].
Therefore, they concluded that these provided the
majority of the innervation to the posterior cranial
fossa [32, 33]. Additionally, they noted the presence
of some labelled cells within the trigeminal ganglion
and the superior ganglion of the vagus nerve, leading
them to suspect some innervation involvement from
the trigeminal and vagus nerves (Fig. 2) [32, 33].
In an examination of 22 human foetuses, Kimmel
et al. [36] observed that the innervation of the dura
mater of the posterior cranial fossa was provided
by the superior cervical ganglion and C1–C3 of the
DRG [33]. They noted that the meningeal branches
of C1–C3 of the DRG utilise the foramen magnum
to enter the cranium and provide innervation to the

Figure 2. Schematic drawing of the skull base noting the tentorial
nerve (yellow arrow) arising from the V1 part of the trigeminal
nerve. Regionally, also note the nervus spinosus branch (black
arrow) of V3 entering the foramen ovale with the middle meningeal
artery (unlabelled); TG — trigeminal ganglion.

anterior portion of the posterior cranial fossa [33,
36]. In contrast, the superior cervical ganglion and
C1–C2 of the DRG utilise the hypoglossal canal and
the jugular foramen to access and innervate the lateral and posterior portions of the posterior cranial
fossa [33, 36]. These nerves may also use the vagus
and hypoglossal nerves for access to the posterior
cranial fossa [33, 36].
Likewise, studies by Bogduk et al. [9] have reported that the C3 cervical sinuvertebral nerve (SVN)
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innervates the dura mater of the posterior cranial
fossa and follows a prolonged course through the
posterior cranial fossa and the vertebral canal. Based
on these results, Rennie et al. [68] were able to trace
the intraspinal courses of all three SVNs. They found
that smaller branches off the ascending and descending branches provide innervation to the dura mater,
adjacent joints, surrounding ligaments, and soft tissues [68]. They observed that the SVNs were initially
formed within the intervertebral foramen, then gave
off branches that ran anterior to the DRG within the
epidural space [68]. In concurrence with Kimmel at al.
[36], they reported that the C1–C2 and C2–C3 levels
had long ascending branches that supplied innervation to structures within the vertebral canal and the
posterior cranial fossa [68]. Additionally, communication was found between the ascending branch of
the C2 SVN and the hypoglossal nerve, confirming
the presence of sensory interaction between cervical
and cranial nerves [68]. This was further supported through foetal studies that identified a similar
communication loop between the C2–C3 ascending
branches and an extradural nerve that emerges from
the hypoglossal canal [33, 36, 68].

Occipital headaches
Occipital headaches have been reported to play

a role in both migraine and non-migraine headaches
[51]. While the debate regarding its aetiology is ongoing, evidence suggests that occipital headaches are
caused by compression and irritation of the C2 DRG
[13, 30, 34]. This idea is further supported in studies
where the administration of anaesthetic blockade
to the occipital nerve and its branches alleviated
occipital pain and headaches [19, 51, 58, 60]. As
mentioned earlier, Noseda et al. [51] mapped the
innervation of the dura mater of the posterior cranial
fossa to the C2–C3 level of the DRG. They found that
approximately 50% of the neurons involved contained calcitonin gene-related peptide (CGRP) and
transient receptor potential cation channel subfamily
V member 1 (TRPV1) [51]. They also observed that the
C2–C4 division of the spinal cord contains the dorsal
horn neurons responsible for transmitting nociceptive
information from the posterior/occipital dura mater
[51]. These neurons contain receptive fields that extend from the ears and occipital skin to the superficial
and deep muscles of the neck, and the skin overlying
the upper neck [51]. Upon administering pro-inflammatory mediators to the dura mater of the posterior
cranial fossa, a correlation was identified between
the neuronal responsiveness and stimulation of the
occipital skin and neck muscles [51]. These findings
demonstrate a direct connection between occipital
headaches and the innervation of the dura mater
overlying the posterior cranial fossa.

Cranial nerves

Penfield and McNaughton observed innervation
contributions from the hypoglossal nerve and the vagus nerve’s recurrent branches traveling alongside
the posterior meningeal artery [62]. The vagus nerve’s
recurrent branches were identified coursing to the falx
cerebelli and the inferior wall of the transverse sinus
[62]. Additionally, Levy and Strassman [40] noted the
presence of unmyelinated C- and thinly myelinated
Aδ-fibres from the trigeminal nerve within the dura mater. Both of these are consistent with the suspicions of
Keller et al. [32] who predicted some vagus and trigeminal nerve involvement with the innervation of the dura
mater of the posterior cranial fossa and Schueler et al.
[73] who identified meningeal nerve fibres within the
dura mater stemming from the trigeminal ganglion.
Kimmel et al. [36] identified branches of the hypoglossal nerve traveling superiorly from the hypoglossal canal to supply the dura mater of the posterior
cranial fossa [33]. Kemp et al. [33] has also reported
that branches of the facial and glossopharyngeal
nerves contribute innervation to the dura mater of
the posterior cranial fossa. These studies suggest that
there is some cranial nerve innervation component to
the dura mater overlying the posterior cranial fossa.

Migraines

Migraine headaches are the most common neurological disability worldwide and are ranked as the
second leading cause of disability [5, 22]. Additionally, women are 2–3 times more likely to suffer from
migraines than men [5, 22]. The cranial meninges
and nociceptive signalling from the dura mater have
long been considered as the site of origin for the
pain attributed to migraines [5, 41, 48, 55, 79, 83,
84]. While the exact pathophysiology of this disease
and its sexual dimorphism remains unknown, there
is evidence suggesting a correlation between the peripheral release of neuropeptides such as CGRP, substance P, neurokinin A, and prostaglandin E2 (PGE2)
within the dura mater and the onset of a migraine
attack [4, 5, 11, 12, 14, 15, 18, 20, 31, 35, 38, 52,
54, 57, 77, 83, 84].
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The research on substance P, PGE2, and neurokinin A is less extensive than CGRP; however, there
is a correlation between elevated levels of all three
mediators and the onset of migraine attacks; in fact,
elevated levels of PGE2 have been measured in the
saliva of migraine patients [14, 15, 18, 52, 57]. The
role of neurokinin A is still unclear; however, there is
an established relationship between histamine release
from dural mast cells following elevated PGE2 and
substance P [14, 15, 18, 52, 57]. There is also evidence
trigeminal axons’ excitation stimulates the release of
the dural mast cells, further demonstrating the role
of the trigeminal nerve with the innervation of the
dura mater [15, 32, 54, 73].
Studies have found that when the dura mater is
exposed to CGRP, a dilatory effect can be seen within
the vasculature, which induces migraine symptoms at
that location [4, 5]. Similar dilation events have been
reported along with the dura mater on the head’s
side, experiencing spontaneous migraine attacks
[5, 35]. Furthermore, elevated levels of CGRP have
been found in the venous blood, saliva, and cerebrospinal fluid of patients undergoing a migraine attack
[5, 20]. There is also evidence that intravenous administration of CGRP can elicit an attack [5, 38], whereas
CGRP inhibitors have been successful in the treatment
of migraines [5, 77]. Additionally, administrations
of nitric oxide to the dura mater have been shown
to elicit migraine attacks in both humans and rats
[5, 54–56], as nitric oxide has been found to increase
CGRP release [5, 11].
Even though the exact mechanism of peripheral
CGRP signalling in migraine headaches is still under
investigation, there is evidence implicating extracellular adenosine triphosphate (ATP) as a contributory
factor [83]. Through the utilization of rat models,
Yegutkin et al. [83] discovered that upon exposure
to CGRP, ATP and adenosine diphosphate levels increased in both the meninges and trigeminal cells,
whereas adenosine levels decreased in the trigeminal
cells. The ATP signalling subsequently resulted in
a substantial buildup of intracellular Ca2+ within
neurons and glial cells [83]. Additionally, high levels
of ATP were correlated to nociceptive spikes within
the meningeal trigeminal nerve fibres, and ATP was
found to have the most prominent and lasting effects when compared to other metabolites, due to
ATP activation of ionotropic (P2X) and metabotropic
(P2Y) purinergic receptors within these neurons [12,
83]. These findings are corroborated by previous

studies that also noted significant ATP releases during migraine attacks, as a result of opened pannexin
channels [31, 83].
Avona et al. [5] successfully applied a rat model to understand better the sexual dimorphism of
migraine attacks related to CGRP signalling within
the dura mater. They observed that only female rats
produced a cutaneous periorbital hypersensitivity
following the administration of CGRP (0.1 pg – 3.8 ug)
to the dura mater. In contrast, the males were only
responsive if the dura mater was initially primed with
interleukin-6 or brain-derived neurotrophic factor [5].
Additionally, only female rats displayed priming
to a subthreshold administration of dural CGRP
(0.1 pg) [5]. These findings give us an insight into the
sexual dimorphism of the disease and demonstrate
the connection between CGRP signalling in the dura
mater and migraine headaches.
Cervicogenic headaches

Cervicogenic headaches are defined as pain in
the head originating from a location other than the
head — typically the cervical spine [10, 59]. These
are among the most common types of headaches affecting weightlifting athletes and are associated with
patients who have sustained a whiplash injury [59, 75,
78]. Studies by both Bogduk et al. [9, 10] and Biondi
et al. [8] observed that the source of pain originates
from the cervical spine and is mediated through the
upper cervical nerves [69]. They found that the upper
cervical nerves supply the dura mater of the posterior
cranial fossa and the ligaments of the craniovertebral
junction [8–10, 69]. Additionally, it was noted that
these nerves share the same root as the dorsal rami
responsible for transmitting nociceptive information
from the posterior head and neck region [10]. This
provides us with a better understanding of how the
upper three cervical nerves mediate pain from the
ligaments, dura mater, and soft tissues of the posterior cranial fossa and upper cervical column and how
symptoms may manifest clinically [8–10, 69].
Botulinum toxin

Botulinum neurotoxin (BoNT) has become a popular treatment option for several headache disorders,
especially migraines, due to its anti-nociceptive properties [42]. Several different serotypes are produced
by Clostridium Botulinum, however, only serotypes
A and B have been approved for clinical use [7, 21].
It exerts its effects by enzymatically cleaving the

846

D. Hage et al., Posterior cranial fossa’s dura mater innervation

25 kDA synaptosomal-associated protein (SNAP-25),
thus inhibiting the ability for neurotransmitter-containing vesicles to fuse with the cell membrane
[21, 44, 70]. Through this mechanism, studies have
demonstrated the inhibitory effect of BoNT on the
release of neurotransmitters — substance P and CGRP
— involved in the transmission of pain, neurogenic
inflammation, and peripheral and central sensitization [16, 21, 28, 42, 66, 81]. Additionally, there is
some evidence that administration of BoNT reduces
the inflammatory response [28, 42, 64].

arterectomy, depending on the anatomical location
and underlying pathophysiology with success rates
ranging between 68% and 95% in pain improvement
[37, 39, 49, 71].
Many anatomical studies have shown that nerves
can be compressed by different surrounding tissues
such as vessels, bone, muscle, fascia, and fascial bands
[29]. However, only some of these tissues have been
investigated. Guyuron et al. [25] evaluated nerves
removed during migraine surgery by electron microscopy with proteomics and reported deregulation of
the myelination process and axonal abnormality in
patients with migraine headaches versus controls.
Additionally, Perry et al. [63] evaluated calvarial periosteum as a source of chronic migraine,
demonstrating decreased expression of genes that
suppress inflammation and increased expression of
proinflammatory markers. The authors concluded
that the trigeminovascular nociceptors that reach the
periosteum are activated through intracranial meningeal nociceptors and/or extracranial nerves [63]. Such
findings have been supported by human and animal
data showing that pain and sensory nerve fibres
cross the calvarial periosteum via cranial sutures and
connect extracranial and intracranial axons [72, 73].
Weiner and Reed [82] introduced occipital nerve
stimulation (ONS) in 1999, a promising treatment
for patients with medically intractable and highly
disabling chronic headache disorders [82]. The exact
mechanisms by which ONS modulate pain are poorly
understood; however, multiple sites of action within
the central and peripheral nervous systems have been
proposed, including the upper spinal segmental level,
supraspinal levels, and peripheral nerve levels [27].
Direct effects of neurostimulation on peripheral
nerve fibre excitability include an increase in electrical
threshold, slowing of conduction velocity, and decrease in response probability have all been reported
[46]. Additionally, a widely held theory of neurostimulation is the gate-control theory of pain have been
described [46, 80]. Regarding ONS efficacy, Popeney
and Alo [65] used C1–C3 peripheral nerve stimulation for migraine headaches, with showed 85% of
patients reported at least 50% reduction in headache
frequency or severity after the ONS implantation. Oh
et al. [53] used ONS in migraine headaches with 90%
of the patients reporting more than 90% pain relief,
and 10% of the patients reporting 75–90% pain relief
at 1 month after implantation. ONS provided a better
life for some patients, gave hope to many more, and

SURGICAL RELEVANCE
Operative treatment of occipital and migraine
headache has existed for centuries with an early focus employed on blood vessels by Al-Zahrawi (936
to 1013 AD) e.g., using caustic skull cauterisation
to alleviate headache [2], vessel ligation (French
barber-surgeon Ambroise Pare; 1510 to 1590) [3],
arteriotomies, bloodletting (application of temples
leeches by Thomas Willis (1621 to 1675) and Robert
Whytt (1714 to 1766) and arterial compression by
Mollendorff in 1867 [47]. Many of these concepts/
treatments were used and carried into the middle
ages in Europe.
These concepts of vessel involvement in occipital
and migraine headaches have also been revisited in
modern times in 1976 by Greek neurosurgeon Alexander D. Rapidis [67], and more recently by Dr. Elliot
Shevel [74] who is an oral and maxillofacial surgeon.
Between 1904 and 1955, Alexander Rapidis [67] described sectioning of the trigeminal pathways for
permanent facial analgesia and injection of alcohol
into the Gasserian ganglion with successful results.
In 1964, Bruce C. Martin and Phillip J. Fagan [45]
published the first report on the surgical management
of occipital neuralgia with satisfactory results by excising segments of the greater occipital nerve, lesser
occipital nerve, third occipital nerve, and posterior
auricular nerve with injection of alcohol into the area
that was excised. Since then, the operative management of headache continues to evolve with theories
on the extracranial course and nerve origin. Recently,
Bahman Guyuron [24], in 2000, introduced the current concept of nerve irritation and compression at
specific points across the skull and by adjacent structures. He further described the surgical treatment
of trigger sites, which evolved since then to include
open, endoscopic, and minimally invasive techniques
for decompression, neurectomy, arterial ligation, and
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suggested that different types of headaches are likely
due to specific nerve involvement.

12.

CONCLUSIONS
Although various modes of innervation have been
identified, there is extensive evidence supporting the
involvement of the dura mater and its innervation
with the onset of many headaches. These findings
are essential to consider when determining the best
approaches for treating headaches, as the aetiology
and innervation patterns may vary.
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Carpal tunnel syndrome is the most common peripheral nerve entrapment
encountered worldwide. The aetiology can be related to repetitive exposure to
vibrations or forceful angular motions, genetic predisposition, injury and specific conditions, such as diabetes, pregnancy and morbid obesity. This entity is
observed with increased frequency in females and the elderly. The diagnosis is
largely clinical and suspected when patients present with typical symptoms such
as numbness, tingling, nocturnal paraesthesia and/or neuritic “pins-and-needles”
pain in the radial 3.5 digits. Certain provocative manoeuvres can be employed to
evoke the symptoms of the disease to guide the diagnosis. Further testing such as
electrodiagnostic studies, ultrasound or magnetic resonance imaging is required
in the case of diagnostic uncertainty or if there is a need for objective evaluation
whether or not more invasive surgical intervention is required. If the presenting
symptoms are mild and discontinuous, non-surgical measures are indicated.
However, if the symptoms are moderate to severe, further testing modalities such
as nerve conduction studies or needle electromyography are used to determine
whether carpal tunnel syndrome is acute or chronic. If significant evidence of
axonal injury is identified, surgical treatment may be indicated. Surgical release
of the carpal tunnel has evolved over time to become the most common hand
surgery procedure. (Folia Morphol 2022; 81, 4: 851–862)
Key words: carpal tunnel syndrome, entrapment neuropathy, median
nerve, open carpal tunnel release

INTRODUCTION

also seen with increased frequency in females and the
elderly population [80]. The diagnosis of CTS is largely
clinical and is suspected when patients present with
typical symptoms such as numbness, tingling, nocturnal paraesthesiae and/or neuritic “pins-and-needles”
pain in the radial 3.5 digits [8]. Further testing is
required when there is uncertainty in the diagnosis
or an objective measure is required to gauge the
need for more invasive interventions such as surgery.
Examples of these tests include the electrodiagnostic
studies (EDX) such as nerve conduction studies (NCS)

Carpal tunnel syndrome (CTS) is the most frequently occurring entrapment neuropathy encountered by
plastic, hand and upper extremity surgeons [57]. The
aetiology of CTS can be related to work, lifestyle,
injury, or genetic predisposition. Repetitive exposure
to vibrations or forceful angular motions are thought
to be the most common causes of CTS and specific
diseases, such as diabetes, pregnancy and morbid
obesity may also be associated with an increased risk
for the development of CTS [25, 28]. However, it is
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and electromyography (EMG) [32]. Moreover, certain
manoeuvres can be employed to provoke the symptoms of CTS to guide the diagnosis [48]. The first step
in the management of CTS is to ascertain whether
surgical or non-surgical, more conservative treatment
is required. If the presenting symptoms are mild and
discontinuous, non-surgical measures are indicated.
However, if the symptoms are moderate-to-severe
further testing, such as NCS or needle EMG are used
to determine whether CTS is acute or chronic and if
there is significant evidence of axonal injury. Surgical
decompression of the carpal tunnel and its contents
was first described by Galloway in 1924 [3] and was
later made more popular by Phalen. Over time carpal
tunnel decompression has evolved to become the
most common hand surgery procedure.

Figure 1. Anatomy of the carpal tunnel.

nating as three common palmar nerves to the digits,
which subsequently divide further into the proper
palmar digital cutaneous nerves innervating the volar
surface of the index finger, middle finger, and one-half
of the ring finger [30]. The palm of the hand receives
sensory innervation by the palmar cutaneous branch
of the median nerve (PCBMN). PCBMN branches off
the median nerve approximately 6 cm proximal to the
TCL, then passes superficially to the ligament which
means this branch is independent of any pressure
fluctuations within the carpal tunnel. When dividing the transverse carpal ligament to approach the
deep structures in the carpal tunnel, the median
nerve and its branches deserve special attention. The
motor branch of the median nerve usually becomes
recurrent at the distal margin of the transverse carpal
ligament before entering the thenar musculature, i.e.
regular recurrent thenar branch (extraligamentous).
Anatomical variations involving the take-off of the
median nerve motor branch (recurrent motor branch
[RMB]) were first described by Lanz in 1977 [41] on
246 hands during a variety of surgical interventions.
These anatomical variations can be categorized as
follows (Fig. 2):
— Standard branching of the median nerve (extraligamentous);
— Thenar branch leaving the median nerve within
the carpal tunnel (subligamentous);
— Transligamentous course of RMB;
— RMB leaving median nerve at its ulnar aspect;
— RMB crosses over the top of the transverse carpal
ligament;
— Doubled RMB;
— High division of the median nerve with a persistent
median artery (PMA) between the two parts;

ANATOMY OF THE CARPAL TUNNEL
Carpal tunnel is a restricted, rigid passage located on the palmar surface of the wrist. It is formed
anteriorly by the flexor retinaculum with its central
segment measuring 2–4 mm in thickness that is often
referred to as the transverse carpal ligament (TCL).
The posterior aspect is limited by the volar surface of
the carpus, which is concave and forms the so called
carpal sulcus. The lateral border of the carpal sulcus is
formed by the radio-carpal eminence which consists
of the tubercles of the scaphoid and trapezium bones
and the medial border is formed by the tubercles of
the pisiform and hook of the hamate bones; the socalled ulnar carpal eminence. The most proximal part
of the carpal tunnel begins on the volar surface of the
wrist crease and then runs distally extending from the
lateral border of the thumb in abduction to the level
of the hook of the hamate; a landmark that is often
referred to as Kaplan’s cardinal line [71]. The carpal
tunnel protects the median nerve and 9 tendons that
act to flex the fingers: 1 tendon of flexor pollicis longus (FPL), 4 tendons of flexor digitorum profundus
(FDP) and 4 tendons of flexor digitorum superficialis (FDS) muscles. The nerve is the most superficial
structure and overlies the FDS and FDP tendons to
the index finger (Fig. 1). The median nerve enters the
volar surface of the hand through the carpal tunnel
which runs under the flexor retinaculum. In the palm
of the hand, the median nerve branches off into muscular branches which supply the thenar muscles (the
abductor pollicis brevis muscle, the opponens pollicis
muscle and superficial head of the flexor pollicis brevis
muscle) and the two lateral lumbricals, finally termi-
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Figure 2. Anatomical variations of the median nerve in carpal tunnel. Redrawn from Lanz [41].

— High division of the median nerve with a thinner
ulnar part;
— High division of the median nerve with a thicker
ulnar part.
Poisel described three subtypes of RMB: 46% of
cases were extraligamentous, 31% were subligamentous, and 23% were transligamentous [61]. Dangerous varieties of the RMB occur very rarely in the
population, but does not reduce from the fact that
in each case special attention must be given [85].
Elsaftawy et al. [20] conclude that, at the minimally
open carpal tunnel release procedure, the TCL should

be released rather from the line of radial border of
the 4th finger to minimise the risk of injury to the
recurrent motor branch of median nerve.
The presence of a PMA is another important consideration for plastic and orthopaedic surgeons who
frequently perform open carpal tunnel release; mostly
due to mechanical compression of the median nerve.
Osiak et al. [54] identified PMA in 36 out of 1285
(2.8%) operated hands. The observed PMAs were
identified in 15 (2.0%) cases out of 750 right upper
limbs and in 21 (3.9%) cases out of the 535 left upper limbs. Osiak et al. [54] along with Dickinson and
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Kleinert [17] unanimously recommend resection of
a PMA if the perfusion of the hand remains normal
after clamping the median artery and releasing the
tourniquet.

EPIDEMIOLOGY AND RISK FACTORS
OF CTS
Sir James Paget [59] first described compression
of the median nerve at the wrist following a distal radius fracture in 1854. CTS is today the most common
peripheral nerve entrapment syndrome worldwide
[53, 57]. It is defined as a compression of the median
nerve at the level of the wrist joint associated with
decreased function of the nerve at that level [80]. CTS
is a largely idiopathic condition and affects 7–16% of
the adult population [21]. It accounts for about 90%
of all nerve compression syndromes. CTS is generally
reported to be more common in females and increases with age with higher prevalence between 45 and
64 years of age. Occupational risk factors include
forceful gripping, repetitive flexion and extension at
the wrist and vibration exposure [43]. There is also
a plethora of extrinsic and intrinsic factors that evoke
secondary CTS. Of these factors; pregnancy, menopause, obesity, renal failure, hypothyroidism, the use
of oral contraceptives, and congestive heart failure
can contribute to CTS through increasing the volume
of the synovial sheath within the tunnel [19]. CTS is
among one of the most common musculoskeletal clinical presentations of mucopolysaccharidosis, reported
in mucopolysaccharidosis types I, II, IV, and VI [60].
Direct fractures of the distal radius, posttraumatic
arthritis and tumours, ganglion cysts or a persistent
median artery can also alter the contour of the tunnel.
Neuropathic factors, such as diabetes, alcoholism,
vitamin toxicity or deficiency and exposure to toxins
may elicit symptoms of CTS. This is due to the fact
that these factors directly injure the median nerve
without necessarily causing any spikes in the pressure
within the carpal tunnel. The other causative factors
include the morphological and mechanical changes
(i.e. hypertrophy and stiffening) of the TCL which
may lead to a significant reduction of carpal tunnel
space and compliance. B-mode ultrasound imaging
has proven to be a reliable method of measuring
the thickness of the TCL at the distal portion of the
carpal tunnel, noting increased ligament bowing or
curvature, as well as pathological variations of TCL
thickness [50, 67]. Acoustic radiation force impulse
imaging is a sonoelastographic another method of

Figure 3. The area of sensory symptoms in the carpal tunnel syndrome.

objectively measuring changes in the TCL by mechanically exciting the tissues with a localized impulsive
radiation force that results in measurable shear wave
propagation, in terms of shear wave velocity (SWV).
SWV has been correlated with tissue stiffness and is
used to quantify the localized stiffness of the TCL as
it rises in individuals with CTS [51].
Carpal tunnel syndrome is an early red-flag symptom of amyloidosis and is present in 10.2% of men
aged 50 years and older and women aged 60 years old
and older undergoing surgery for idiopathic CTS [18].
Carpal tunnel syndrome classically presents bilaterally,
years before cardiac and multisystem involvement.
Early diagnosis is paramount and consists of a simple
biopsy of the tenosynovium, TCL, or fascia during
carpal tunnel release surgery.

PATHOPHYSIOLOGY
Carpal tunnel syndrome occurs due to an increased
interstitial pressure within the carpal tunnel ultimately
resulting in compression and injury of the median
nerve. The pathophysiology is not fully explained. However, it is hypothesized that due to the mechanical
compression of the median nerve, ischaemia develops
locally resulting in demyelination of both the small and
large fibres of the median nerve; evoking characteristic symptoms (Fig. 3). Normal pressure in the carpal
tunnel is recorded to vary between 2 and 10 mmHg.
Repetitive motions of the wrist may result in significant
fluctuations of the pressures within the carpal tunnel.
Furthermore, extension at the wrist results in a ten-fold
increase in the pressure, whilst wrist flexion is estimated to cause an eight-fold increase [79]. Subsequently,
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due to local compression, demyelination of the nerve
develops and spreads to the internodal segment where
the axons are left intact. With continuous compression, blood flow to the endoneurial capillary system is
compromised, causing alterations in the blood-nerve
barrier and the development of endoneurial oedema. Rapid symptom reversal is often noted following
surgical decompression; supporting the theory that
mechanical compression causes reversible, local ischaemia [56]. Sensory fibres are usually affected first
before the motor fibres. This rise in pressure within
the carpal tunnel results in a compartment syndrome
that causes dramatic drop in epineurial perfusion and
ischaemia. Moreover, this leads to swelling of the neural tissue and this further exacerbates the delays in
nerve conduction already caused by the demyelination
of the nerve fibres as discussed above. The possibility
of damage reversal is dependent on the duration of
ischaemia; a shorter duration of compression is readily
reversible whereas longer periods increase the risk of irreversible neural damage [27]. The intraoperative view
shows a thinned nerve in the region of compression
and subsequent swelling of the nerve just proximal to
the entrapment. It is hypothesized that this oedema
is largely due to the build-up of axoplasm and chronic
inflammatory fibrotic processes in the neural tissue.
Inflammation often occurs due to increased release
of prostaglandin E2 and other pro-angiogenic factors
such as vascular endothelial growth factor [63]. The
ultimate result is axonal degeneration and neuritis of
the median nerve that causes slow nerve conduction
and increased latency [19].
Zyluk [84] reviewed the role of genetic factors in
CTS aetiology. Genetic predisposition to the development of CTS is based on some potential pathomechanisms that involve the synthesis and breakdown of
collagen compounds as well as certain proteins which
may protect against oxidative stress. Many different
groups of genes (COL1A1, COL5A1 and COL11A1
genes) have been identified and are seen to play a role
in the predisposition to CTS. These collagen-related
genes govern the production of minor collagen compounds. Another family of genes was identified called
the matrix metalloproteinases (MMPs). Subtypes of
these MMP genes encode enzymes that function to
remodel collagen whereas other subtypes are responsible for the production of glutathione S-transferase
(GST) synthesis; a very well-established family of detoxification enzymes which work to defend against
the toxic effects of oxidative stress. Therefore, lack

of the products of these genes may result in some
individuals being predisposed to the development of
CTS due to their genetic makeup.
Li et al. [45] also revealed the critical roles of
ECM proteins in the cellular stress response in the
pathogenesis of CTS with identification of two causative mutations in cartilage oligomeric matrix protein
(COMP). The genetic predisposition to CTS development is suspected with: early onset of CTS in young
individuals, repeated disease occurrence in the same
family as well as an increased incidence of CTS in
relatives than in the general population. Genetic predisposition to the condition is also suspected where
bilateral symptoms of CTS occur [62].

SYMPTOMS
The clinical presentation typically reveals irregularly
occurring nocturnal paraesthesias that become more
frequent when the patient is awake. Furthermore,
there is loss of sensation in the thumb, index, middle,
and radial side of the ring finger which coexists with
weakness and ultimately atrophy of the thenar muscle
as the disease progresses due to widespread axonal
damage. The thenar area has normal sensation as
the palmar cutaneous sensory branch innervates it,
which does not pass through the carpal tunnel. This
sequence of symptoms is quite typical and rather
unique to CTS [57]. Patients’ symptoms tend to worsen
at night or during the hand’s repetitive movements,
especially those requiring prolonged wrist flexion [63].
Three stages of CTS can be distinguished based on
the clinical symptoms. In the earliest stage, the patient’s
sleep is disturbed due to an overwhelming feeling of
hand numbness and a swelling-like sensation although
no swelling can be observed grossly. The patient may
experience brachialgia paraesthetica nocturna; pain
from the wrist radiating to the shoulder accompanied
by tingling in the hand and digits. Oftentimes, patients
observe that repetitive shaking of the hand may serve to
alleviate the pain, the so called flick sign. In the second
stage of clinical symptoms, patients may experience
symptoms during the day and may also complain of
frequent clumsiness when grasping an object with their
hands. The third stage ensues when there is hypotrophy
or atrophy of the thenar eminence. Sensory symptoms
sometimes diminish in this third stage [82].
Another issue is the so called acute carpal tunnel
syndrome (ACTS). It is well established that ACTS is
a common sequela of trauma to the hand and/or wrist
such as fractures of the distal radius. However, ACTS is
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CTS by detecting impaired median nerve conduction
across the carpal tunnel, the so called median neuropathy at the wrist (MNW) with normal conduction
elsewhere [55, 70]. Every patient with suspected CTS
should undergo NCS before invasive treatment to
confirm the diagnosis. The NCS are valid and reliable in confirming the clinical impression of CTS with
a sensitivity of > 85% and a specificity of 95% [2]. EMG
assesses pathologic changes in the muscles innervated
by the median nerve, typically the abductor pollicis
brevis muscle. In cases with longstanding and severe
compression, there is evidence of denervation on EMG
needle sampling of the abductor pollicis brevis muscle.
The minimum requirements for the EDX evaluation of
CTS outlined in the AANEM Practice Parameters and
in Clinical Quality Measures published by the Carpal
Tunnel Quality Group are testing of median sensory latency, testing of median distal motor latency, another
sensory and motor nerve study in the same extremity,
and, if these results are normal, followed by comparison short segment studies [33, 64, 83]. EDX study
can augment the clinical diagnosis of CTS, assess its
severity, determine its pathophysiology (demyelination
vs. axon loss) and rule in/out coexistent conditions
such as: cervical radiculopathy (especially C6-C7), coincidental ulnar nerve disease or polyneuropathy. It can
also lead to identification of an alternative diagnosis:
brachial plexopathy (especially of the upper trunk),
neuropathy of the proximal median nerve (particularly
at the level of the pronator teres muscle), thoracic
outlet syndrome and a myriad of CNS disorders such
as stroke or multiple sclerosis. Moreover, preoperative
EDX ensures the acquisition of an objective baseline
for comparison in cases of postoperative persistence
or recurrence of symptoms [23, 24].

also seen in many cases that do not involve trauma to
this region. Patients generally lose two-point discrimination and may have elevated compartment pressure
on measurement. Complete TCL release is indicated
emergently in ACTS and any concomitant fractures
should also be attended to appropriately [27].

CLINICAL EXAMINATION
In the diagnosis of CTS, the history (including type
and characteristics of the symptoms, their distribution
in the hand, and the presence or absence of other
concurrent arm symptoms) is of utmost importance;
however, it should be confirmed by electrophysiological testing and/or imaging evaluation, including
magnetic resonance imaging and ultrasonography.
Furthermore, provocative tests are often employed
in which different mechanical manoeuvres are used
in attempt to reproduce the symptoms of CTS experienced by the patients. Among these, Tinel and Phalen
tests are most commonly used in the clinical setting.
Tinel sign is positive when repetitive tapping along
the carpal tunnel produces symptoms in same distribution of the median nerve. In the Phalen manoeuvre,
a patient is asked to flex their wrist to 90 degrees.
A positive Phalen test is recorded when this manoeuvre
produces symptoms in the median nerve distribution.
Sensitivity ranges from 0.28 to 0.73 for the Tinel
test and from 0.46 to 0.80 for the Phalen test; specificity ranges from 0.44 to 0.95 and from 0.51 to
0.91, respectively [16]. The scratch collapse test is
a novel test originally developed by Susan Mackinnon,
it is performed by applying a stimulus over an area of
nerve compression while the patient is exerting bilateral external shoulder rotation [13, 35]. A positive test
is noted if there is transient loss of muscle resistance
resulting in the arm collapsing [29].

ULTRASOUND

BOSTON CARPAL TUNNEL SYNDROME
QUESTIONNAIRE

The use of ultrasound has been implicated in the diagnosis of CTS because thickening of the median nerve,
flattening of the nerve within the tunnel and bowing
of the flexor retinaculum are all features diagnostic of
CTS. Ultrasound may reveal an increased cross-sectional
area (CSA) of the nerve, measured at the level of the
pisiform, just before it is flattened at the site of compression. A meta-analysis found that a cross-sectional
area of 9 mm2 or more is 87.3% sensitive and 83.3%
specific for CTS [73]. CSA of the median nerve is a highly
reproducible parameter and has demonstrated acceptable reliability indicative of carpal tunnel syndrome.
According to Fowler et al. [24] this technique has sen-

Validated patient-centred measures (e.g. the Boston Carpal Tunnel Syndrome Questionnaire [BCTQ])
are able to quantify symptoms and disability [58]. Level of disability is correlated with both clinical findings
and nerve conduction findings. The BCTQ is widely
used for assessment of patients with CTS and has
been translated into many different languages [75].

ELECTRODIAGNOSTIC TESTING
Electrodiagnostic studies (EDX) include nerve conduction studies and electromyography. NCS confirm
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sitivity and specificity 77.6% and 86.8% respectively
regarding CTS diagnosis. Thus, ultrasound adds value
to EDX diagnosis and can be used as a complementary diagnostic modality that also allows screening for
structural abnormalities at the wrist.

The conservative approach may be effective during
the initial phase of the disease and delay the surgical
intervention [11].

SURGICAL TREATMENT
Strong scientific evidence supports the operative treatment of CTS [4, 26, 31, 34, 46, 47]. Simple
decompression of the median nerve by longitudinal
division of TCL is the treatment of choice. This can be
done either with an open approach or endoscopically.
In terms of long-term functional outcome, there is no
significant difference between open and endoscopic
release [12, 42, 52, 66, 72].
Open carpal tunnel release (OCTR) is generally
accepted method, and reported high success rates
with minimal complications, although in the worst
case scenario, some wound related symptoms may
persist for 2 years postoperatively [36]. This surgery
is indicated and feasible for CTS with any type of
pathology, such as CTS due to any space occupying lesion, deformity or even in revision surgeries.
Endoscopic release is more expensive and is associated with higher rates of transient nerve damage
[68]. Appropriate patient selection is important for
successful outcomes. Patients with known anatomic
anomalies, fracture history, previous CTS surgery, or
inflammatory tenosynovitis are probably best served
with an open or mini-open approach (limited open
release with direct vision and tunnelling technique)
which may or may not be followed by a longitudinal
epineurotomy.

MAGNETIC RESONANCE IMAGING
Magnetic resonance reliably images the flexor retinaculum and carpal bones and thus defines the borders
of the carpal tunnel. The median nerve is seen as an
ovoid structure of moderate signal intensity and is easily
distinguished from the flexor tendons of the hands
running in the carpal tunnel. Magnetic resonance imaging serves as an extremely useful tool for evaluation
of primary nerve pathologies and for the assessment
of space-occupying lesions leading to its compression
such as haemangioma, ganglion or bony deformity
that may alter the range of surgical intervention [39].

NON-SURGICAL TREATMENT
Initial treatment for mild and moderate CTS is nonsurgical and includes wrist splinting, local corticosteroid injections, and oral medications. Non-surgical
management should be also considered if symptoms
can reverse spontaneously (e.g. during pregnancy).
The rationale for wrist splinting is based on observations that CTS symptoms improve with rest and aggravate with activity [78]. The use of a rigid neutral splint
immobilising the wrist, usually during night-time, for
6 weeks results in better clinical improvements in patients with untreated mild and mild to moderate CTS.
There is no additional benefit in extending splinting
for additional 6 weeks [7].
Local corticosteroid injections into carpal tunnel decrease pressure within the tunnel by reducing inflammation and oedema of the tenosynovium passing through it [56]. This management for
severe CTS provides symptomatic advantage at
1 month as compared to placebo; however, in mild
and moderate cases the advantage beyond 1 month
remains uncertain [5]. The main adverse effect of
local corticosteroids injection is suppression of collagen and proetoglycan synthesis in tenocytes evoking
a decrease in the mechanical strength of the tendon
and its further degeneration. The use of oral steroids,
i.e. prednisone, has shown some benefit only in the
short-term treatment of CTS.
Non-steroidal anti-inflammatory drugs (NSAIDs)
and diuretics have proved no clear benefit and are not
recommended in the treatment of CTS [56].

AUTHORS’ PREFERRED SURGICAL
TECHNIQUE
Open carpal tunnel release remains the authors’
preferred surgical method for treatment. Patient is
positioned supine with the operative arm extended
onto a hand table. A nonsterile tourniquet on the
upper arm is applied to those undergoing regional
anaesthesia, whereas no tourniquet is applied in the
wide-awake local anaesthesia group. The patient
undergoes preparation and draping. A standard open
(extensile) Tanzer’s skin incision is performed 2–3 mm
ulnar to the thenar crease in line with the third
web space from just distal to Kaplan’s oblique line
(a line drawn from the apex of the interdigital fold
between the thumb and index finger to the ulnar side
of the hand, running parallel to the proximal palmar
crease) to the distal wrist crease (Fig. 4). The incision
is then extended 0.5 cm proximal to the ulnar side
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Figure 4. Tanzer’s skin incision for open carpal tunnel release,
crossing Kaplan’s cardinal line, which runs parallel with the middle
crease of the hand.
Figure 5. Longitudinal division of transverse carpal ligament.

at a 45° angle. Thus, PCBMN can be protected but if
severed care should be taken that its proximal end
does not become incorporated into the scar, since
this may result in bothersome postoperative dysthesias. The superficial palmar fascia is cut in line with
the skin incision. The transverse carpal ligament is
identified and released longitudinally until complete
decompression of the median nerve is confirmed
(Fig. 5). Our experience confirms the necessity for
approaching the median nerve from the ulnar side
when opening the carpal tunnel in order to avoid
lacerations of variant branches. Following section of
the ligament, scissors may be used to spread beneath
the subcutaneous tissues, and the forearm fascia is
split proximally for a distance of about one inch. The
nerve is usually inflamed and it may be constricted
beneath the mid-portion of the ligament (Fig. 6).
Surgical release of the tunnel reduces pressure, allows for restoration of the intraneuronal blood flow
and physiological function. The open-field approach
allows for manipulations that could additionally improve the outcomes. Long-lasting nerve compression
may result in fibrotic changes generating further
mechanical pressure and narrowing of the nerve. In

Figure 6. Median nerve exposed in the carpal tunnel after transverse carpal ligament division.

such cases, longitudinal epineurotomy of the nerve
as described by Foulkes et al. [22] and Leinberry et
al. [44] has been suggested as an option that could
convey a greater pressure release, a more prominent
nerve volume recovery and better outcomes [15]. If
a thickened epineurium is present, it should be incised.
Usually the flexor synovialis is inflamed, oedematous
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and of greater bulk than the usual filmy synovial covering. As much as possible of this abnormal synovium
should be removed. The floor of the canal should
be completely inspected since other lesions such as
carpal ganglia may encroach upon the contents of
the canal. Before closure the tourniquet is released,
and when this is done it is interesting to note the
segmental hyperaemia which is present in the portion
of the median nerve lying beneath the ligament. The
drain is placed and the skin incisions are closed with
4-0 nylon horizontal mattress sutures followed by
application of soft sterile compression dressing. The
cast immobilisation with wrist in dorsiflexion (5 to
10 degrees) is applied for 10 days. Finger and thumb
motion is emphasized to the patient in the postoperative period. After removal of the immobilisation and
sutures, all patients undergo the same rehabilitation
protocol (cryotherapy, exercises of hand mobility, grip
strength and limb circulation).

Pain elicited with this test is considered pillar pain.
Burning discomfort, pillar pain, scar tenderness, and
even Tinel’s sign can be expected in a small number
of patients after OCTR surgery, even after follow-up
of almost 2 years. Although rarely causing dissatisfaction, it is important to inform the patient regarding
the potential complications related to OCTR.
The failure rate of surgical treatment for CTS ranges from 3% to 20%, regardless the surgical technique
used. Wulle defined recurrent CTS [81] as the reappearance, after a symptom-free period of at least
3 months, of the initial symptoms after surgical release. There are several contributing factors such as
secondary causes, scar adhesions and perineural fibrosis, along with incomplete opening of the TCL anterior
to the carpus, especially in its distal portion. Surgical
revision may be required for persistent, recurrent,
or new symptoms [77]. In those with persistent or
recurrent symptoms, scarring of the median nerve to
the flexor retinaculum and incomplete release were
the most common findings. In those with new symptoms, nerve injuries were a common finding [76]. The
vascularised coverage for the median nerve is often
recommended. Coverage methods include Strickland’s
hypothenar fat flap, an abductor digiti minimi flap or
a radial artery perforator fascial flap [6, 14, 49].
Krzesniak et al. [37] proposed the use of autologous fat transfer during secondary carpal tunnel
revision. The benefits of fat grafting have been previously observed with other applications for skin quality improvement, tissue regeneration and scarring
inhibition [37]. Fat tissue deposited in the carpal
tunnel directly around the nerve forms a pad for
regeneration, and the multipotent stem cells from
the fat may influence and even stimulate nerve fibre
regeneration. A small amount of fat can be easily harvested from the abdomen or thighs and transferred
into carpal tunnel tissues. The procedure is minimally
invasive and may easily replace other proposed methods. Simultaneous nerve release with adipose-derived
stromal/stem cells support is also a promising method
in patients who need secondary nerve release after
nerve reconstruction. This method can constitute an
alternative procedure in patients experiencing recovery failure and allow improvement in cases of limited
nerve regeneration [38].

COMPLICATIONS
Carpal tunnel decompression appears to be a safe
operation in most patients, with an overall serious
complication rate (requiring admission to hospital
or further surgery) of less than 0.1% [40]. Serious
complications include surgical site infection or dehiscence, or neurovascular or tendon injury. Fortunately,
injury to major neurovascular structures during carpal
tunnel release is exceedingly low. Permanent nerve
injury more commonly occurs to the branches of the
median nerve, including the PCBMN (0.03%), the RMB
(0.01%), or the common digital nerves (0.12%), compared with injury to the median nerve itself (0.06%)
[65]. Injuries to adjacent structures, including flexor
tendons (0.1%), superficial palmar arch (0.1%), and
the ulnar nerve (0.03%) have been also described
[9, 69]. Endoscopic techniques may result in a slightly
higher rate of subsequent nerve repair (0.13–0.3%) vs.
open techniques (0.10–0.2%) [74]. Frequent postoperative problems include persistent weakness, pillar
pain (deep-seated ache or pain over the thenar or
hypothenar region, or both), and scar tenderness,
which contribute greatly to patient dissatisfaction
and time lost from work [10]. Preserving PCBMN
during open surgery may overcome these complications in some patients [1]. Evaluation of pillar pain
can be evoked with the “table test” in which the
patient stands approximately 40 cm from the foot of
the table, then with elbows straight, leans over and
places both hands on the edge of the exam table.

CONCLUSIONS
Carpal tunnel syndrome remains one of the most
well-known and frequent forms of median nerve
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entrapment, and accounts for 90% of all entrapment neuropathies. Strenuous use of the hand is
a risk factor. Comorbidities associated with the development of CTS include diabetes and obesity. Initial
management is non-operative, with the evidence to
support the efficacy of neutral wrist splints. Strong
evidence supports operative treatment, regardless of
technique, as superior to non-operative management.
Complications are infrequent and most are minor
and transient.
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Background: Autism spectrum disorder (ASD) is a developmental disorder associated with in utero exposure to the antiepileptic valproic acid (VPA) in humans,
and similar exposure serves as a validated animal model. Animals exposed to VPA
in utero have a number of structural, function and behavioural deficits associated
with ASD. Furthermore, VPA-exposed animals have shorter body lengths, lower
body and brain weights. This difference in body weight may result from impaired
caloric intake due to impaired oropharyngeal function.
Materials and methods: Specifically, it is hypothesized that in utero VPA exposure
results in fewer lower motor neurons associated with feeding behaviours, that
surviving neurons will exhibit dysmorphology and altered balance of excitatory
and inhibitory inputs. Further, it is hypothesized that VPA exposure will result in
altered oropharyngeal musculature that will impact skull morphology.
Results: These hypotheses were investigated using quantitative morphometrics
and immunofluorescence.
Conclusions: Results support dysmorphology and excitatory/inhibitory imbalance and these alterations may contribute to dysphagia and poor weight gain in
VPA-exposed animals. (Folia Morphol 2022; 81, 4: 863–873)
Key words: trigeminal, vagus, swallowing

INTRODUCTION

cause of elevated risk of an ASD diagnosis in offspring [10, 26, 39]. VPA exposure in humans and
animal models is known to have widespread impact on the offspring with reported changes in the
nervous, cardiovascular and skeletal systems [8, 28].
Specifically, in utero VPA exposure is associated with
neural tube defects, facial deformities, delayed skeletal ossification and ASD. Consistent with this effect
on the nervous system in humans, in utero VPA exposure is a validated animal model of ASD [5, 7]. In
fact, VPA-exposed animals have fewer neurons in
their auditory brainstem, hyperactive responses to

Autism spectrum disorder (ASD) is a neurodevelopmental condition characterised by impairment in communicative, behavioural, and social domains [1, 3].
ASD is diagnosed at a rate of 1 in 5 children in the
United States and 1 in 160 children globally [4, 6, 9,
38]. Furthermore, there is a strong predilection for
males as ASD affects approximately 4 males for every
1 female [14, 37].
Valproic acid (VPA) is an antiepileptic drug prescribed for seizures, migraines and bipolar disorder,
but its use is advised against during pregnancy be-

Address for correspondence: R.J. Kulesza Jr., PhD, Department of Anatomy, Lake Erie College of Osteopathic Medicine, 1858 West Grandview
Blvd, Erie, PA 16504, 814-866-8423, United States, e-mail: rkulesza@lecom.edu
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.

863

Folia Morphol., 2022, Vol. 81, No. 4

pure tone stimuli and reduced axonal projections to
the midbrain and thalamus [12, 22, 24, 25, 41, 42].
VPA-exposed animals have evidence of dysfunction within the auditory cortex [2, 13, 17]; they are
ataxic and have reduced expression of the calcium
binding protein calbindin throughout the brainstem
and cerebellum [23, 25, 41]. Consistent with use as
a model of ASD, VPA-exposed animals demonstrate
a number of ASD-related behavioural disturbances
[27, 36]. Furthermore, VPA-exposed animals demonstrate abnormal body size and weight. Specifically,
before weaning, VPA-exposed rats weigh the same
as control animals. However, at weaning (postnatal
day 21), VPA-exposed animals weigh significantly
less, and this difference persists until at least P50
[23, 25]. At P50, VPA-exposed animals have smaller
brain weights [25]. Based on these observations, it is
hypothesized that changes in body and brain weight
after VPA exposure are attributable to alterations in
central control of oropharyngeal musculature. This
hypothesis is consistent with previous observations
of loss of brainstem lower motor neurons controlling
oropharyngeal musculature [30]. This hypothesis was
investigated by studying the number and morphology of brainstem lower motor neurons (LMNs) in the
trigeminal motor nucleus (TMN), the facial nucleus
(FN), the nucleus ambiguous (NA) and the hypoglossal
nucleus (HGN). Immunofluorescence was utilised to
study the balance of excitatory and inhibitory input to
these neurons and osteological measurements were
obtained from skull and jaw preparations to study
bony features and landmarks.

group were fed 3.1 g of peanut butter mixed with
800 mg/kg VPA. After the animal finished the meal,
they were placed back in their home cage with chow.
This dosage and exposure paradigm for VPA was chosen to more closely model oral-administration in humans (cf. intraperitoneal injection [30]). This exposure
results in consistent litter sizes (10–14 pups; 4–6 male
pups) with only occasional litter resorption [22–25,
41, 42]. VPA-exposed and control damns were permitted to deliver pups without interference. There was
no notable difference in the size of the litters or the
male/female ratio between control and VPA-exposed
damns (litters ranged between 10 and 14 pups with
3–5 males). One litter from a VPA-exposed mother
appeared to be resorbed at some point after the E12
exposure. On P21 animal were weaned and only male
pups were included in the study as gender-specific
effects of VPA have been reported [32]. Previous work
has established that VPA-exposed animals have poor
weight gain after P21, lower body and brain weights
at P28 and P50 [23, 25, 41]. Food and water ingestion
was not recorded for the mothers or their offspring.
Perfusions and brainstem dissection
and sectioning

On P28, male rats were over-dosed with isoflurane
(4% in O2 at 1.2 L/min) and perfused through the
ascending aorta with normal saline followed by 4%
paraformaldehyde in 0.1 M phosphate buffer (pH
7.2; PFA-PB). The brain was dissected from the skull,
trimmed to a block including the brainstem; the right
side was marked with a register pin and postfixed in
4% PFA-PB. Brainstems were sectioned on a freezing
stage microtome at a thickness of 50 µm. Sections
were collected in 3 wells. Sections in the first well
were used for Giemsa staining (below). Sections in
the second well were saved for immunolabelling.
Sections from the third well were archived in fixative.

MATERIALS AND METHODS
Animals
All animal handling procedures were reviewed

and approved by the Lake Erie College of Osteopathic Medicine Institutional Animal Care and Use
Committee (protocol 18-04). Sprague-Dawley rats
were bred in a controlled laboratory environment,
with free access to food and water under a 12-hour
light/dark cycle. Animals underwent timed breeding
and recovery of a vaginal plug was designated as
embryonic day 0 (E0). On the morning of E6, the
pregnant females were placed in an exposure cage for
20 minutes to acclimate to the new environment. On
the evenings of E6 to E11, chow was removed from
the animal’s home cage. On the mornings (08:00) of
E7–12 animals were fed a meal of 3.1 g of peanut
butter. On E10 and E12, animals in the VPA exposure

Giemsa staining and morphology

Sections from well one were collected in rostro-caudal order and mounted on slides from alcohol gelatin on glass slides. Sections were air-dried
overnight, and then stained for Nissl substance using
Giemsa and sealed under coverslips with Permount
(Thermo Fisher Scientific). Giemsa-stained sections
were examined using a light microscope under low
magnification to locate the TMN, FN, NA, and HGN,
and determine their caudal to rostral boundaries on
both right and left sides of the brainstem. Cell bodies
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Statistical analysis

were traced using a 60× objective and analysed using
FIJI [31]. Cell body shape was classified using objective
morphological criteria. Estimates of neuronal number were performed in 8 control and 8 VPA-exposed
animals as previously described [25, 41, 42].

All statistical tested were done using GraphPad
Prism 8. Data sets were tested against the normal
distribution using the D’Agostino and Pearson
normality test. If the normal distribution was met,
a one-sided unpaired t-test with Welch’s correction
was used to assess the differences between the means
of VPA-exposed and control rats. A nonparametric
Mann-Whitney U test was used under non-normally
distributed data conditions. The c2 test was used to
assess difference of the distribution in the frequency
of stellate, round, and fusiform neuron cell body
shapes between the VPA-exposed and control animals. The difference in VGLUT2 and VGAT terminal
densities were assessed between the VPA-exposed
and control animals using the 2-tailed unpaired
t-test with Welch’s correction. Under the condition
of non-normally distributed data, the nonparametric
2-tailed Mann-Whitney U test was used. All means
were presented as means ± standard deviation, and
p < 0.05 indicated statistical significance.

Immunohistochemistry

Free-floating sections from well two were collected from 4 control and 4 VPA-exposed animals and
washed in PB three times then blocked in a solution
of PB, 5% Triton X and normal horse serum (NHS).
The sections were then transferred to the primary solution composed of PB and NHS, along with
rabbit anti-SLC32A1 (VGAT) and mouse anti-VGLUT
antibodies that target VGAT and VGLUT, respectively,
and incubated on a haler at room temperature overnight. The sections were washed in PB 3 times then
transferred to the secondary solution containing goat
anti-rabbit 594 and Biotin horse anti-mouse antibodies for 12 hours, followed by streptavidin 488 in PB
overnight. The sections were washed three times in
PB, incubated for 20 minutes in a 1:100 solution of
Neurotrace Blue (NTB) 435 in PB, rinsed in PB, mounted on glass slides and sealed under coverslips with
Entellan (Sigma-Aldrich). Images of the nuclei were
collected from a Leica TCS SP5 confocal microscope.
At each region of interest, 3 images were collected:
1 of VGLUT labelling, 1 of VGAT and 1 of NTB. These
images were pseudocoloured and overlaid in FIJI. In
these composite images the number of perisomatic
VGAT and VGLUT immunoreactive (IR) puncta were
counted.

RESULTS
This study focused on four motor nuclei in the
brainstem, the TMN, FN, NA and HGN. All four of
these nuclei were identifiable in control and VPA-exposed animals and presented no macroscopic structural abnormalities (Fig. 1). There were no differences
in the total number of neurons between control and
VPA-exposed animals, overall or between right and
left sides of the brain (Table 1).
For the TMN, VPA-exposed animals had significantly smaller mean cell body areas compared to
controls in the TMN (Figs. 2A, B; 3A; Table 2). When
stratified by cell shape, the stellate and round neurons
also showed significantly lower mean cell body areas
in VPA-exposed animals. There was no significant
difference of the cell type distribution in the TMN.
For the FN, VPA animals had significantly smaller mean cell body areas compared to controls
(Figs. 2C, D; 3B; Table 2). When stratified by shape, stellate neurons were significantly smaller in VPA-exposed
animals (Figs. 2C, D, 3B; Table 2). However, there was
no difference for round or fusiform neurons. There
was a significant difference in the distribution of these
morphologies. In control animals, 80% of FN neurons
were stellate and 20% round, but in VPA-exposed animals 83% were stellate, 15% round and 2% fusiform.
This difference in proportions was significant.

Skull dissection

For study of skull specimens, P28 rats were anesthetised using isoflurane as described above and
euthanized by decapitation. Soft tissue was carefully
dissected away from the skull and the skull was placed
in boiling water until thoroughly cleaned of tissue.
The skull and both sides of the mandible were distinctly marked with matching identifiers. The cranium and
mandible weights and dimensions were measured
and recorded using a pair of digital callipers and set
criteria [11] in 3 control and 3 VPA-exposed animals.
A total of 18 cranial dimensions were measured in
three different parameters, with measurements 1 to
7 quantifying the rostral to caudal lengths, 11 to 17
the lateral dimensions, and 8 to 10 in addition to 18
quantifying the oral cavity dimensions (Figs. 7F, G).
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Figure 1. Giemsa-stained sections through the brainstem from control (A, C, E, G) and valproic acid (VPA) (B, D, F, H) animals reveal no change
in neuronal number. Images show the trigeminal motor nucleus (TMN) (A, B), facial nucleus (FN) (C, D), nucleus ambiguous (NA) (E, F), and
hypoglossal nucleus (HGN) (G, H). The black dashed line indicates the boundaries of each nucleus; D — dorsal; L — lateral. The scale bar equals 500 µm.

Table 1. Number of neurons
Control
Valproic acid

TMN

FN

NA

HGN

3380 ± 632.5

6726 ± 690.3

668.0 ± 171.1

3530 ± 389.4

3551 ± 856.7 (NS)

6667 ± 1034 (NS)

616.6 ± 108.8 (NS)

3832 ± 720.4 (NS)

Data are shown as mean ± standard deviation; FN — facial nucleus; HGN — hypoglossal nucleus; NA — nucleus ambiguous; NS — not significant; TMN — trigeminal motor nucleus
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Figure 2. Giemsa-stained sections show lower motor neurons (LMNs) from control (A, C, E, G) and valproic acid (VPA) (B, D, F, H) animals.
LMNs are shown from the trigeminal motor nucleus (TMN) (A, B), facial nucleus (FN) (C, D), nucleus ambiguous (NA) (E, F), and hypoglossal
nucleus (HGN) (G, H). The red-dashed lines indicate the boundaries of select LMNs. The scale bar represents 20 µm.

round or fusiform neurons. There was no difference in
the distribution of neuronal morphologies in the NA.
In the HGN, VPA-exposed animals had significantly smaller neurons (Figs. 2G, H; 3D; Table 2). This

In the NA, VPA-exposed animals had significantly
smaller neuronal cell bodies (Figs. 2E, F; 3C; Table 2).
This change in cell body size was limited to the stellate neurons; there was no difference in size between
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Figure 3. Valproic acid (VPA) exposure resulted in smaller cell bodies. A. Trigeminal motor nucleus; B. Facial nucleus; C. Nucleus ambiguous;
D. Hypoglossal nucleus; for each box plot the whiskers represent the maximum and minimum values, the box represents the first and third
quartile, and the centre line represents the median; ****p < 0.0001.

Table 2. Soma size
Control [µm ] (%)

VPA [µm ] (%)

P

1925 ± 636.6
1960 ± 655.6 (79%)
1821 ± 512.1 (20%)
1273 ± 787.6 (1%)
1449 ± 546.1
1458 ± 546.5 (80%)
1427 ± 541.5 (20%)
980.0 ± 524.1 (1%)
981.2 ± 368.3
1024 ± 407.7 (53%)
939.4 ± 301.7 (46%)
801.3 ± 516.9 (2%)
1074 ± 477.6
1064 ± 511.2 (69%)
1138 ± 335.5 (26%)
909.0 ± 553.4 (6%)

1612 ± 771.2
1650 ± 781.5 (75%)
1485 ± 738.0 (22%)
1592 ± 666.6 (3%)
1234 ± 655.9
1212 ± 634.3 (83%)
1389 ± 758.4 (15%)
986.2 ± 518.4 (2%)
828.6 ± 399.2
780.9 ± 421.2 (57%)
903.7 ± 360.2 (40%)
749.5 ± 321.8 (3%)
991.9 ± 571.2
949.1 ± 561.8 (65%)
1114 ± 584.0 (31%)
745.2 ± 439.0 (4%)

< 0.0001
< 0.0001
< 0.0001
NS
< 0.0001
< 0.0001
NS
NS
< 0.0001
< 0.0001
NS
NS
< 0.0001
< 0.0001
NS
NS

2

TMN:
Stellate
Round
Fusiform
FN:
Stellate
Round
Fusiform
NA:
Stellate
Round
Fusiform
HGN:
Stellate
Round
Fusiform

2

In the TMN, there was no difference in the density
of VGAT-IR puncta. However, there were significantly
fewer VGLUT-IR puncta (Figs. 4A; 5A, B; Table 3). In
the NA, there were significantly fewer VGAT-IR puncta
(Fig. 4C; 6A, B), but there was no difference in the
number of VGLUT-IR puncta. In the HGN, there were
significantly fewer VGAT-IR puncta (Fig. 6C, D) but
significantly more VGLUT-IR puncta (Figs. 4D; 5C, D;
Table 3).
Skull morphology

The skulls and mandibles from VPA-exposed animals, on average, weighed more than control animals. However, the differences were not significant
(Fig. 7). Measurements of the osteological landmarks
shown in Figure 7F–H revealed heavier skulls and mandibles in VPA-exposed animals. VPA-exposed animals
had longer rostro-caudal skull and mandible lengths
on average (Figs. 7D, measurement 1; 7E, measurement 1). However, none of these differences reached
statistical significance.

Data are shown as mean ± standard deviation; FN — facial nucleus; HGN — hypoglossal
nucleus; NA — nucleus ambiguous; NS — not significant; TMN — trigeminal motor
nucleus; VPA — valproic acid

DISCUSSION

difference in cell body size was restricted to stellate
neurons. In control animals, the HGN was composed
of 67% stellate, 26% round and 7% fusiform. In
VPA-exposed animals the HGN was composed of
65% stellate, 31% round and 4% fusiform and this
difference was significant.

In utero exposure to VPA results in significantly
lower body and brain weights after P14 and this
might be attributable to oropharyngeal dysfunction.
Herein evidence is provided for dysmorphology of
oropharyngeal LMNs, excitatory/inhibitory (E/I) imbalance, and possible cranial dysmorphology in animals exposed to VPA. Together, these results support
oropharyngeal dysfunction in VPA-exposed animals.
Valproic acid-induced loss of neurons has been
found at multiple levels of the auditory brainstem

VGAT and VGLUT puncta

In the FN, there was no difference in the density
of VGLUT or VGAT-immunoreactive puncta between
control and VPA-exposed animals (Fig. 4B; Table 3).
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Figure 4. Valproic acid (VPA) exposure led to a significant decrease in VGLUT puncta in the trigeminal motor nucleus (TMN) (A), no change in
the facial nucleus (FN) (B), decreased VGAT in the nucleus ambiguous (NA) (C), and significantly fewer VGAT puncta but more VGLUT puncta
in the hypoglossal nucleus (HGN) (D). For each box plot the whiskers represent the maximum and minimum values, the box represents the
first and third quartile, and the centre line represents the median; *p < 0.05.

Table 3. VGAT and VGLUT puncta
Control
[puncta/cell]

VPA
[puncta/cell]

P

TMN

17.21 ± 8.508

18.13 ± 10.65

NS

FN

21.99 ± 10.46

20.08 ± 7.840

NS

NA

14.53 ± 9.690

9.143 ± 2.535

< 0.05

HGN

18.72 ± 5.233

19.81 ± 13.29

< 0.05

TMN

16.39 ± 7.274

13.21 ± 4.329

< 0.05

FN

17.17 ± 5.001

19.95 ± 9.694

NS

NA

12.82 ± 6.277

13.25 ± 3.173

NS

HGN

17.63 ± 4.533

20.56 ± 9.136

< 0.05

ined in this study. It should be noted that the neuronal
estimates provided in this study are consistent with
previous reports [15]. The reason VPA exposure does
not impact the number of oropharyngeal LMNs is
unclear, but it appears that LMNs exhibit some degree
of developmental protection. In fact, LMNs are able
to reinnervate targets after neonatal injury [18, 33].
Together, these studies provide evidence that brainstem LMNs are less susceptible or able to overcome
in utero injury.
Across all oropharyngeal LMNs examined in this
study, there were significantly smaller neurons and
stellate neurons were most severely affected. In the
FN and HGN, there were significant changes in the
proportions of the different neuronal morphologies.
These changes in cell body size and shape are most
likely attributable to smaller, less complex dendritic
arbours and/or shorter, less extensive axonal projections. Such changes in the dendritic branching could
result in significantly reduced inputs to LMNs. Howev-

VGAT

VGLUT

Data are shown as mean ± standard deviation; FN — facial nucleus; HGN — hypoglossal
nucleus; NA — nucleus ambiguous; NS — not significant; TMN — trigeminal motor
nucleus; VPA — valproic acid

and thalamus [22, 24, 25, 41]. However, there was
difference in the number of brainstem LMNs exam-
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Figure 5. Sections show VGLUT (yellow)
and NTR (magenta) labelling and perisomatic VGLUT puncta are indicated by
white arrows. Shown in panels A and B
are sections through the trigeminal motor
nucleus (TMN) (control and valproic acid
[VPA], respectively). Shown in panels
C and D are hypoglossal nucleus (HGN)
neurons (control and VPA, respectively);
NT — neurotrace.

Figure 6. Sections show VGAT (blue)
and NTR (magenta) labelling. Perisomatic
puncta are indicated by white arrows.
Shown in panels A and B are sections
through the nucleus ambiguous (NA) (control and valproic acid [VPA], respectively).
Shown in panels C and D are hypoglossal
nucleus (HGN) neurons (control and VPA,
respectively); NT — neurotrace.
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the central horizontal line represents the median; VPA — valproic acid.

er, the size and complexity of LMN dendritic arbours
were not examined in the current study.
The number of perisomatic VGLUT and VGAT
puncta on oropharyngeal LMNs was also examined
as a measure of glutamatergic and GABAergic inputs.
The results demonstrate significantly different patterns of E/I inputs to the TMN, NA and HGN. In the
TMN, there were fewer VGLUT terminals, consistent

with reduced glutamatergic input. The major excitatory input to TMNs is from the mesencephalic nucleus
[29]. In the NA, there was reduced VGAT puncta. The
majority of inputs to the NA arise from brainstem
swallowing centres [19]. In the HGN, there was fewer
VGAT puncta but more VGLUT puncta. This finding
suggests E/I balance may lead to a hyperexcitable
environment in the HGN. The sources of these excit-
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atory inputs are the mesencephalic nucleus [40] and
reticular formation [34]. The GABAergic projections
are also mainly from the reticular formation [34].
A possible limitation of this is that VGLUT and VGAT
are surrogates for excitatory and inhibitory synapses and they are not necessarily linked to synapses.
Nonetheless, these markers are used to quantify the
balance of excitatory and inhibitory inputs.
The impact of VPA on E/I balance on oropharyngeal LMNs does not appear to be uniform across nuclei
or systems. In the auditory brainstem, in utero VPA
exposure significantly reduces GABAergic neurons
and their ascending projections and results in hyperactivity in the midbrain [24, 25, 42]. Regardless,
our results support E/I imbalance to brainstem LMNs
controlling chewing and swallowing behaviours. How
in utero VPA exposure impacts the number of glutamatergic and/or GABAergic synapses at P28 is unclear.
However, such lasting effects of VPA on E/I imbalance
are most likely due to its role as a histone deacetylase
inhibitor (HDAC) [20, 21]. The changes in E/I balance
in the NA and HGN are consistent with increased
excitatory input to these neurons. This imbalance
might lead to increased muscle tone or spasticity
of tongue, pharyngeal, laryngeal and oesophageal
muscles and impaired swallowing, reduced caloric
intake and poor weight gain. Furthermore, elevated
glutamate may result in an excitotoxic environment
further impacting LMN function [15]. HDAC inhibition
is known to impact proliferation and differentiation
of brainstem neurons [16]. Through this mechanism,
VPA could impact growth and development of LMN
dendritic trees and axonal arbours. In comparing
the macroscopic structural differences of the mandibles and cranium of the ASD-rat models to their
control counterparts, we saw that the VPA-exposed
rats trended towards longer rostro-caudal lengths.
However, these differences were not significant. This
is counter to the hypothesis that VPA-exposed rats
have smaller skulls than the controls. However, examination of muscle bulk, size and innervation may provide further information on control of oropharyngeal
function in VPA-exposed animals. Additionally, study
of behavioural metrics such as eating and swallowing
behaviours may provide further clarification on how
these circuits are impacted.

cial innervation which leads to possible weaker oropharyngeal musculature, and consequently may elicit
oropharyngeal dysfunctions in terms of mastication
and dysphagia. The E/I imbalance may also impede
the ability to feed through overexcitation leading to
spasticity of the muscles, or excitotoxicity in the LMNs
leading to oropharyngeal muscle weakness. Characterisation of oropharyngeal dysfunction in animal
models will permit a better understanding of feeding
disorders in human subjects with ASD and this will
lead to development of interventions and therapies
to improve quality of life [35].
Conflict of interest: None declared
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Background: Cerebral white matter consists mainly of axons surrounded by myelin sheaths, which are grouped to form association, commissural, and projection
fasciculi. The aim of our work was to quantify and compare under the microscope
the axons of the white matter association fasciculi in the cerebral hemispheres of
cow (Bos taurus), pig (Sus scrofa domesticus) and rabbit (Oryctolagus cuniculus)
indirectly by identification of their myelin sheaths.
Materials and methods: The samples were taken from 30 cerebral hemispheres:
10 cow, 10 pig and 10 rabbit (15 right and 15 left). They were obtained following
a protocol based on the Talairach-Tournoux coordinate system for human and
primate brains. The slides were stained with Luxol Fast Blue, observed by optical
microscopy, and photographed at 600×. Samples were also prepared for observation in scanning transmission electron microscopy with osmium tetroxide. The
myelin sheaths/axons were counted with the ImageJ software.
Results: Statistically significant differences in the number of myelin sheaths per
410 µm2 were found in the inferior and superior longitudinal fasciculi between the
left and right hemispheres of cows, with predominance of the right hemisphere;
and in the inferior occipitofrontal fasciculus of the rabbit with predominance of
the left hemisphere.
Conclusions: The use of animal models for experiments in the cerebral fasciculi,
especially pig, could give us a greater understanding of the behaviour of demyelinating and neurodegenerative diseases in humans. (Folia Morphol 2022; 81,
4: 874–883)
Key words: axons, cerebral fasciculi, histological analysis, myelin
sheaths, white matter
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INTRODUCTION

Alzheimer’s disease, multiple sclerosis, and others
[17]. Knowledge of adult neural stem cells both in
vitro and in vivo proves to be directly pertinent to
understand the capacity of the brain for self-repair,
as well as yielding novel insights into brain disease
research and treatment [1].
In these circumstances it is necessary to use animal
models to obtain deeper, more detailed knowledge
of their brains, and develop the skills to work on
different segments of the brain. This will allow protocols to be established which can subsequently be
applied successfully in human beings [10, 13]. The
object of this work was to quantify and compare
under the microscope the axons of the white matter
association fasciculi in the cerebral hemispheres of
cow (Bos taurus), pig (Sus scrofa domesticus) and
rabbit (Oryctolagus cuniculus) models indirectly by
identification of their myelin sheaths.

Oligodendrocytes (OL) are one type of glial cells
that provide support to the central nervous system (CNS), mainly by the formation of the myelin
sheath. They extend into high numbers of branches
and sub-branches expanding into sheets of myelin
membranes that wrap around multiple neural axons.
This myelin sheath facilitates the rapid saltatory conduction and insulation of the nerve cells [14]. It also
promotes neuronal and axonal survival by secreting
different types of neurotrophic factors [2, 15, 21].
Association fasciculi relate areas of the same
hemisphere; the most representative are U-fasciculi,
between neighbouring gyri; superior longitudinal fasciculi (SLF), inferior longitudinal fasciculi (ILF), inferior
occipitofrontal fasciculi (IOFF), and uncinate fasciculi
(UF), on the dorsolateral face; and cingulate fasciculi
(CF) on the medial face. Commissural fasciculi relate
the two hemispheres; the most important is the corpus callosum. Projection fasciculi relate the cerebral
cortex with the basal ganglia; they include the internal
capsule, corona radiata and optic radiations [18].
These fasciculi can be studied in vivo by functional magnetic resonance imaging, by measuring
the anisotropy of the diffusion of water molecules
through the axons (diffusion tension imaging [DTI])
in the fasciculi or cerebral tracts (tractography) [19].
In recent years, tractography using DTI has renewed interest in further study of white matter, as it
provides a great opportunity to study its architecture.
Nevertheless, this imaging technique presents two
difficulties: the first is that prediction of the diffusion
of water molecules follows a Gaussian distribution,
when this is not really the case; the second is that the
mathematical model cannot explain or adequately
represent the crossing of two or more groups of
fibres, interpreting them as low anisotropy. These
factors reduce the reliability of the observation [5, 8].
Another way of studying the cerebral fasciculi is
in post-mortem samples by dissection of tracts after
preparation by Klingler’s method [11, 24, 28, 31].
Microscopic studies can be carried out in samples
of this type, in which the number of axons per fibre
can be quantified; and ultramicroscopic studies to
analyse axonal ultrastructure. The protocols for the
conservation of samples for studies of this type allow immunohistochemical and stereological research
to evaluate degenerative neuropathological mechanisms in which the axons and fasciculi are involved,
such as cognitive deterioration, Parkinson’s disease,

MATERIALS AND METHODS
The samples used in the present work were taken
from 30 cerebral hemispheres: 10 cow, 10 pig and
10 rabbit (15 right and 15 left). The complete heads
of the cow and pig specimens were acquired directly
from slaughterhouses, while the rabbit heads were
obtained from the Animal Care and Facilitics of Universidad de La Frontera, Temuco, Chile. The approximate age of the specimens at death was 18 to 24
months for the cows, 5 to 6 months for the pigs and
2 to 3 months for rabbits. The study was approved by
the Ethics Committee of Universidad de La Frontera,
Temuco, Chile. The brains were extracted, and the cuts
fixed following the protocol described in Figure 1.
The cuts of the samples were standardised following a protocol based on the Talairach and Tournoux
[30] coordinate system for human and primate brains,
adapted for cow, pig, and rabbit brains (Fig. 2).
In each cut prepared, the area of interest was
selected according to the fasciculus; three-dimensional (3D) location used the coronal, sagittal and
horizontal planes of the coordinate system (Fig. 3).
The cuts were placed in paraffin (Sigma-Aldrich Co.,
St. Louis, MO, USA) following the protocol specified
in Figure 4.
Five slides were obtained by microtomy from each
sample block, each 8 µm thick, at 20 µm intervals. The
samples were cut using a rotatory microtome (Leica
RM2255). The slides were stained with Luxol Fast Blue
(Merck, Darmstadt, Germany), following the protocol
detailed in Figure 5.
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1
Injection of pure formaldehyde
into the skull through the foramen
magnum and superior orbital fissure
of the specimen

2
Immersion of the specimen head in
containers containing pure formaldehyde for 24 h

3
Cutting and removal of the cranial
vault from the occipital condyles to
the frontal orbital rim

4
Incision of the cranial dura mater
following the marginal (superior)
border of the cerebral hemisphere

8
Removal of vessels and pia mater
from the brain surface

7
Preservation of brains in buffered
10% formaldehyde (phosphate)
for 24 h

6
Removal of the brain from
the skull base

5
Immersion of the specimen head
in pure formaldehyde, without the
cranial vault, for 24 h

9
Cutting of cerebral hemispheres in
3 to 5 mm blocks in the coronal
plane

10
Immersion of the cerebral
hemisphere blocks in 10% buffered
formaldehyde (phosphate),
for 15 days

Figure 1. Protocol used to fix the cerebral hemispheres of cow, pig (1–6), and preparation of the sample for histological analysis (7–10).

A

B

C

Figure 2. Talairach and Tournoux [30] standardised coordinate system for humans and primates, modified for the histological study of the association fasciculi of cow (A), pig (B) and rabbit (C) brains. The AC point (Rostral Commissure) is located on the lower border of the commissure. The PC point (Caudal Commissure) is located on the upper edge of the commissure. When these points join, the AC-PC line is formed;
perpendicular to it, the vertical lines VAC and VPC are drawn and between them is the space E (coronal sections) which has been divided into
three thirds. The parallel vertical lines are the cut lines for histological samples of the association fasciculi. Block E3 corresponds to the area
of histological interest of the cingulate fasciculus, the superior longitudinal fasciculus, and the inferior longitudinal fasciculus; block E2 corresponds to the area of histological interest of the inferior occipitofrontal fasciculus and block E1 corresponds to the area of histological interest
of the uncinate fasciculus.

The slides were examined in an Olympus BX53F
microscope (Olympus, Tokyo, Japan); photographs
of the area of interest were taken at 600× magnification with the built-in DP21 camera (Olympus,
Tokyo, Japan).
Samples were also prepared of the right and left
inferior occipitofrontal fasciculi of a pig’s brain, using
glutaraldehyde 2.5% in phosphate buffer as the primary fixer for 2 weeks (Merck, Darmstadt, Germany),
and post-fixing with osmium tetroxide buffered at
2% (Merck, Darmstadt, Germany), dehydrated with
acetone (Merck, Darmstadt, Germany) in increasing
concentrations from 30% to 100%, interspersed with
staining by uranyl acetate (Merck, Darmstadt, Ger-

many). The samples were set in araldite resin (Merck,
Darmstadt, Germany), also in increasing concentrations from 50% mixture with acetone to 100% and
polymerised in an oven at 60oC for 2 days. Cuts of
150 nm were prepared, using 300 mesh copper grids.
The images were processed by scanning transmission
electron microscopy (STEM) with a high vacuum Hitachi SU3500 electron microscope set for detection
(Hitachi, Tokyo, Japan), with a working length of
5.7 mm × 7.00 k.
The myelin sheaths/axons of the different fasciculi
were counted using the ImageJ software (National
Institute of Health), with the photographs calibrated
in µm. A field was selected from the most central part
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of the fasciculus from each of the five slides per fasciculus; a 5 × 4 cell grid (20 cells in total) was placed
over the field and five randomly selected cells were
counted. The total number of fibres per fasciculus
field was calculated from the known total area (field),
the mean number of myelin sheaths/axons counted
and the area of each cell.
These data were entered in an excel matrix and
processed statistically using the SPSS 22® statistics
software (IBM SPSS Statistics, IBM Corp., Armonk,
NY, USA). The means, standard deviation, variance,
minimum and maximum values of the data were
obtained, and the p-value of the Shapiro-Wilk test
was calculated to demonstrate the normality of data
distribution. Statistical analysis was carried out using
Student’s t-test to demonstrate the difference in the
number of fibres in the fasciculi between brain hemispheres of each species studied. Error bar graphs
were created to show the mean with 95% confidence
interval. P < 0.05 was defined as the alpha error.

A

a

RESULTS
In the histological cuts observed through a light
microscope with objective lens of 60× and ocular
lens of 10×, the intense blue myelin sheaths can
be seen surrounding the pale blue axons (Fig. 6A).
Meanwhile, with the STEM, the black myelin sheaths
can be observed in more detail, surrounding the grey
axons (Fig. 6B).
The histological cuts of the fasciculi of the dorsolateral and medial faces of the hemispheres of the
cow brain presented slight variations in the distribution of the fibres in each hemisphere. While there are
no significant differences between the pig’s left and
right hemispheres fasciculi; differences between the
inferior occipitofrontal fasciculus of the rabbit’s left
and right hemispheres was found (p = 0.020) (Fig. 7).
In addition, the 95% confidence intervals of the
cerebral fasciculi between hemispheres of the three
species are shown (Fig. 8). The descriptive statistics
values and the p values of the fasciculi in the cow
brain hemispheres are shown in Table 1. Student’s
t-test showed that there is a statistically significant
difference between the inferior longitudinal fasciculus of the cow’s left and right hemispheres (p =
= 0.003): the mean number of myelin sheaths found
in the horizontal cut of the right hemisphere was
larger than the number found in the left hemisphere.
A statistically significant difference was also found
in the superior longitudinal fasciculus between the

b

B

c

Figure 3. A. The principal planes of Talairach and Tournoux [30]
can be divided by nine coronal planes (A–I), by four sagittal planes
(a–d) and by twelve horizontal planes (1–12). Regardless of the
individual hemispherical sizes, each hemisphere will consist of
a total of 9×12×4 = 432 voxels. The relative voxel sizes of A–D,
F–I, a–d and 1–12 are made at your convenience, respecting the
proportions: ¼ rostral and caudal to E in the coronal plane; 1/4 medially a–d in the sagittal plane; 1/8 towards the dorsal of the AC-PC
line in the horizontal plane; 1/4 ventrally of the AC-PC line in the
horizontal plane; B. According to the Talairach and Tournoux [30]
standardised coordinate system for the brain, the area of histological interest, for the sections of the association fasciculi, for
this study would be found at the following coordinates: Light blue:
Cingulate fasciculus: in the coronal E3 plane; in the sagittal plane
5–6; horizontally a. Red: Inferior occipitofrontal fasciculus: in the
coronal plane E3; in the sagittal plane 6–7; in horizontal plane b–c.
Green: Inferior longitudinal fasciculus: in the E3 coronal plane; in
the sagittal plane 9–10; in horizontal plane b–c. Yellow: Superior
longitudinal fasciculus: in the E2 coronal plane; in the sagittal plane
8–9; horizontal plane a–b. Blue: Uncinate fasciculus: in the E1
coronal plane; in the sagittal plane 9–10; in horizontal plane b–c;
cc — corpus callosum; gp — gyrus parahippocampalis; gc —
cingulum; st — septum telencephalic; f — fornix; t — thalamus;
nc — nucleus caudatus; ci — internal capsule; ce — outer capsule;
nl — nucleus lentiformis; vl — ventriculus lateralis.
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1
Placing the fixed sample blocks
in buffered formaldehyde,
refrigerated for 24 h

2
Immersion of the sample
blocks in 75% ethanol for 1 h

3
Immersion of the sample
blocks in 80% ethanol for 12 h

4
Immersion of the sample
blocks in 95% ethanol for 12 h

8
Preparation of paraffin blocks

7
Immersion of the sample
blocks in 3 changes with liquid
paraffin at 60°C, for 8 h each

6
Immersion of the sample
blocks in 3 xylol changes for
12 h each

5
Immersion of the sample
blocks in 3 changes of 100%
ethanol, 4 h each

Figure 4. Paraffinisation protocol for brain section samples.

Deparaffinisation and rehydration

Staining and dehydration

1
Removal of excess paraffin from the histological section of the
slides, in the paraffin oven, for 20 min

5
Staining of histological sections overnight (18 h) in Luxol Fast Blue
solution in an oven at 56°C

2
Immersion of the slides in two changes of Neoclear
for 10 min each

6
Rinse with 95% ethanol to remove excess dye for 1 min and then
rinse with distilled water for 1 min

3
Immersion of the slides in two changes of 100% ethanol
for 5 min each

7
Initiation of differentiation of histological sections with immersion
in 0.05% lithium carbonate solution for 60 s

4
Immersion of the slides in 95% ethanol for 2 min

8
Continue differentiation with 2 changes from ethanol to market
70% until white matter can be distinguished from gray matter
9
Differentiation is stopped by washing histological sections with
distilled water and monitoring myelin stating under a microscope
10
Dehydrate with 2 changes in 95% ethanol and 2 changes in 100%
ethanol for 2 min each
11
Rinsed with two xylene changes for 2 min each and then mounted
with resinous medium

Figure 5. Protocol for deparaffinisation, staining and hydration of the histological sections. Luxol Fast Blue technique was used for staining.

B

A

Figure 6. A. Photomicrograph of a histological section at 600× (objective lens 60×) of the area of interest of the pig’s z cingulate fasciculus
where axons (light blue colour) can be seen cut transversely with their myelin sheaths (dark blue colour) forming small circles your surroundings. Staining: Luxol Fast Blue; B. Ultramicrophotography of a histological section processed in scanning transmission electron microscopy
(7k), of the area of interest of the pig’s cingulate fasciculus where the transversely cut myelin sheaths with black coloration (black arrowhead)
can be seen forming circles around the fibre nervous (grey colour). Staining: Osmium Tetroxide.
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A

A

A

B

B

B

C

C

C

D

D

D

E

E

E

Figure 7. Cow. Microphotographs of histological sections at 600× (60× objective lens) of cow cerebral hemispheres where the myelin
sheaths (of an intense blue colour) can be seen surrounding the myelinated axons (of light blue colour) of the fasciculi. 410 µm2 area of interest; A. Cingulate fasciculus; B. Inferior occipitofrontal fasciculus; C. Inferior longitudinal fasciculus; D. Superior longitudinal fasciculus;
E. Uncinate fasciculus. Staining: Luxol Fast Blue. Pig. Microphotographs of histological sections at 600× (60× objective lens) of the cerebral
hemispheres of pigs, where the myelin sheaths (of an intense blue colour) can be seen surrounding the myelinated axons (of light blue colour)
of the fasciculi. 410 µm2 area of interest; A. Cingulate fasciculus; B. Inferior occipitofrontal fasciculus; C. Inferior longitudinal fasciculus;
D. Superior longitudinal fasciculus; E. Uncinate fasciculus. Staining: Luxol Fast Blue. Rabbit. Microphotographs of histological sections at
600× (60× objective lens) of rabbit cerebral hemispheres where the myelin sheaths (of an intense blue colour) can be seen surrounding the
myelinated axons (of light blue colour) of the fasciculi. 410 µm2 area of interest; A. Cingulate fasciculus; B. Inferior occipitofrontal fasciculus;
C. Inferior longitudinal fasciculus; D. Superior longitudinal fasciculus; E. Uncinate fasciculus. Staining: Luxol Fast Blue.

hemispheres (p = 0.008): the mean number of myelin sheaths found in the horizontal cut of the right
hemisphere was larger than found in the left hemisphere (Tables 2 and 3).

established from which the location and size could be
standardised. Various standardized procedures with
stable reference points were found in the scientific
literature to facilitate access to brain structures in
both animals and humans, e.g., stereo-encephalotomy [29], the first stereotaxic atlas of the human brain;
radiological, nuclear magnetic resonance, digital and
3D atlases; and the Co-Planar Stereotaxic Atlas of the
Human Brain by Talairach and Tournoux [30].
Atlases of the brains of animal models were also
reviewed, e.g., rat [23], rabbit [20, 26], pig [3, 9, 22].
A common element in most of stereotaxic atlases is
the selection of two reference points which are very
stable in any mammal brain, whether gyrencephalic
or lissencephaly; these are known as the anterior and
posterior commissures in humans, or the rostral and
caudal commissures in animals. They are joined by
a referential line, called the intercommissural line,
and this line is crossed by perpendicular lines which

DISCUSSION
The present study started from the premises that
it is possible to identify, isolate and relate the white
matter fasciculi of the dorsolateral and medial faces
of the brain hemispheres in the experimental animals
used, namely: CF, IOFF, ILF, SLF, UF, using tract preparation and dissection techniques to recognize their
form, distribution, size, and width [4, 22, 24, 27].
One of the problems that had to be solved to
obtain standardised histological samples of optimum
quality and representativeness was finding the right
site to make the cuts of each fasciculus, considering
its distribution and its inter-relation and crossover
with other fasciculi; reference points were therefore
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Figure 8. Comparison of the mean and 95% confidence interval of cingulate fasciculi (CF) (A), inferior occipitofrontal fasciculi (IOFF) (B), inferior longitudinal fasciculi (ILF) (C), superior longitudinal fasciculi (SLF) (D) and uncinate fasciculi (UF) (E), between the cerebral hemispheres
of cow, pig, and rabbit. Statistically significant differences can be seen in the mean values of ILF and SLF myelin sheaths in cattle; and the
mean values of the rabbit IOFF myelin sheaths.

Table 1. Statistical values of the number of myelin sheaths per 410 µm2 field in cross sections of the association brain fasciculi of the
cow
Fasciculus

Right hemisphere (n = 5)

Left hemisphere (n = 5)

Mean ± SD

S

Min

Max

S-W

CF

704 ± 18.3

334.0

690

733

0.152

685 ± 6.8

IOFF

613 ± 24.5

602.0

592

640

0.052

657 ± 53.9

ILF

621 ± 12.5

155.3

611

642

0.081

585 ± 13.5

SLF

874 ± 24.9

621.3

837

899

0.568

809 ± 33.4

UF

467 ± 51.0

2602.2

425

547

0.279

465 ± 17.2

295.7

2

Mean ± SD

S

P

Min

Max

S-W

46.5

674

692

0.403

0.061

2902.3

602

741

0.575

0.132

183.3

567

598

0.404

0.003

1113.2

774

855

0.617

0.008

445

484

0.506

0.923

2

SD — standard deviations; Min — minimum; Max — maximum; S2 — variance; S-W — Shapiro-Wilks’s test; P — probability value of the comparison of means between the cerebral hemispheres; CF — cingulate fasciculus; IOFF — inferior occipitofrontal fasciculus; ILF — inferior longitudinal fasciculus; SLF — superior longitudinal fasciculus; UF — uncinate fasciculus

Table 2. Statistical values of the number of myelin sheaths per 410 µm2 field in cross sections of the association brain fasciculi of the
pig
Fasciculus
CF

Right hemisphere (n = 5)

Left hemisphere (n = 5)

Mean ± SD

S

Min

Max

S-W

Mean ± SD

S

823 ± 73.0

5331.8

698

872

0.041

782 ± 62

3844.2

2

2

P

Min

Max

S-W

693

862

0.95

0.173

IOFF

630 ± 54.4

2961.3

551

698

0.965

586 ± 50.8

2585.3

531

652

0.656

0.223

ILF

551 ± 65.0

4221.2

496

655

0.291

568 ± 58.3

3399.3

490

631

0.748

0.664

SLF

698 ± 87.0

7568.0

600

790

0.346

668 ± 78.3

6136.5

584

751

0.260

0.582

UF

565 ± 38.3

1463.7

521

611

0.380

609 ± 32.0

1023.3

560

638

0.384

0.088

SD — standard deviations; Min — minimum; Max — maximum; S — variance; S-W — Shapiro-Wilks’s test; P — probability value of the comparison of means between the cerebral hemispheres; CF — cingulate fasciculus; IOFF — inferior occipitofrontal fasciculus; ILF — inferior longitudinal fasciculus; SLF — superior longitudinal fasciculus; UF — uncinate fasciculus
2
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Table 3. Statistical values of the number of myelin sheaths per 410 µm2 field in cross sections of the association brain fasciculi of the
rabbit
Fasciculus

Right hemisphere (n = 5)
Mean ± SD

S2

Min

Left hemisphere (n = 5)

P

Max

S-W

Mean ± SD

S2

Min

Max

S-W

CF

763 ± 76.8

5905.5

688

883

0.441

720 ± 35.9

1286.0

678

768

0.922

0.290

IOFF

630 ± 15.7

247.0

603

643

0.096

662 ± 19.1

364.2

642

684

0.326

0.020

ILF

567 ± 70.1

4920.7

492

661

0.733

546 ± 52.0

2698.8

486

621

0.743

0.595

SLF

735 ± 52.8

2789.3

684

795

0.149

667 ± 67.6

4574.7

610

752

0.114

0.112

UF

579 ± 10.6

113.3

569

596

0.273

576 ± 16.9

284.2

558

594

0.258

0.795

SD — standard deviations; Min — minimum; Max — maximum; S2 — variance; S-W — Shapiro-Wilks’s test; P — probability value of the comparison of means between the cerebral hemispheres; CF — cingulate fasciculus; IOFF — inferior occipitofrontal fasciculus; ILF — inferior longitudinal fasciculus; SLF — superior longitudinal fasciculus; UF — uncinate fasciculus

also cross the commissures, known as vertical lines.
These elements were basic for the construction of
the Co-Planar Stereotaxic Atlas of the Human Brain
of Talairach and Tournoux [30], which was the main
reference used for obtaining the samples in this histological study.
Various protocols were tested for the dehydration
and subsequent paraffinisation of the cuts, considering that the sample blocks were fixed in buffered formalin for 15 days and not frozen. Several techniques
have been developed to view the myelinated axons
which abound in the CNS, depending on the nature
of the study. Techniques exist which use the colloidal
or Gallyas plate but produce variable results depending on the post-mortem handling of the tissue, the
ambient temperature during physical development,
the quality of the reagents used and the competence
of the experimenter carrying out the technique [25].
There is also the osmium tetroxide technique; this is
more frequently used for electron microscopy, since
in a light microscope the myelin sheaths appear black,
obscuring many cytoarchitectural characteristics of
the axons. Histochemical methods for hydrophilic
phospholipids are better used with frozen brain sections and are more useful for confirming the presence
of products of myelin degeneration [7].
Staining with Luxol Fast Blue was selected because
of the lipoprotein compounds contained in the myelin, which are resistant to organic solvents; associated
with phospholipids they transfer the hydrophobic
properties contained in the anionic heads of the polar lipids. These are retained in the myelin, which is
more hydrophilic than fat but more hydrophobic
than cytoplasm or collagen, producing a better view
of the myelin sheaths surrounding the axons for the
purposes of linear morphometry. This allows the cerebral fasciculi to be distinguished and their limits to
be seen more clearly [7, 16].

No works were found in the literature which
describe histological analysis of the number of axons in the cerebral fasciculi; however, works were
found using DTI which used probabilistic calculation
of the anisotropy of water to find the direction and
number of axonal fibres contained. The problem
that arises here is that because it is a probability,
the numbers are not exact — the more so when
the fibres change direction or cross other fasciculi
[6, 8, 11].
The staining method used in the present study
allowed us to count the myelin sheaths/axons in each
fasciculus. It was found that in general the number
of myelin sheaths/axons is symmetrical between the
fasciculi of the left and right hemispheres of each
species, except in the superior and inferior longitudinal fasciculi of the cow, where there was a clear
predominance of the right hemisphere. This is consistent with a previous study by the authors, where
a statistically significant difference was also found
in the width of these fasciculi [12]. These findings
would in theory corroborate the dominance of one
hemisphere, in the areas of motor-auditive-visual
coordination related with the superior longitudinal
fasciculus; and olfactory-visual coordination related
with the inferior longitudinal fasciculus.
Another aspect which merits special attention
in future investigations, especially in the use of
animal models for neuroscientific exploration, is
that the number of myelin fibres per field explored
in the cerebral fasciculi of the pig was greater than
in the other animal models used. This reconfirms
that the brain of this animal model bears more
similarity to the human brain, which is why it has
frequently been used for physio-pathological studies of Parkinson’s disease, psychostimulant drugs,
neurotransmitters, and anatomic-radiological correlation studies [3].
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Limitations of the study

As this was a histological study, the main limitation is the fact that the structures studied were
subjected to fixing substances which could alter the
architecture of the brain structures studied. No calculations were applied to compensate any such alterations since all the structures were subjected to the
same laboratory conditions.

8.

9.

10.

CONCLUSIONS
The protocols proposed here, from the fixing of
brain tissue to mounting and staining, the standardisation of coordinates for sample extraction, and the
procedure for counting myelin sheaths/axons, will
allow these elements to be identified and compared
between the different species studied. Reliable results
can be obtained due to the rigor of the methods used,
which may be beneficial for adapting the protocols of
these morphometric studies to post-mortem studies
of human brains in pursuit of better understanding
of the processes of degenerative diseases of the CNS
like senile dementia, Alzheimer’s disease, Parkinson’s
disease, multiple sclerosis, between others.
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Does the phenotypic morphology of the
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development of concomitant regulation in
thoracolumbar spines and nerves?
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Background: Experimental evidence identified that thoracolumbar mutants
caused by Hox genes 7–10 mutants also involve a craniocaudal shift and/or the
addition or reduction of segments of the limb plexus roots. This study investigated
whether the theoretical concomitant shift of the brachial plexus roots in human
different thoracolumbar counts is shared as confirmed in those of the human
lumbosacral plexus.
Materials and methods: The phenotypic morphology of the brachial plexus and
its arterial interaction on 20 sides of 10 atypical human thoracolumbar counts
out of the 354 sides of the 177 cadavers, were compared with those of 52 sides
of 26 cases in a typical human vertebral formula (7C_12T_5L_5S).
Results: Regardless of the course and branching patterns of the axillary artery, our
results showed that the main brachial plexus roots were composed of only five
segments of the 5th–9th spinal nerves, with small contributions from the 4th and/or
10th nerves. This root composition is identical to a typical human thoracolumbar
formula, and therefore, neither a craniocaudal shift nor additional/reduced main
roots occurred in our thoracolumbar variants.
Conclusions: Unlike the concomitant shift of the lumbosacral plexus roots, our
present cases suggest that the phenotypic morphology of the human brachial
plexus may be less likely to show theoretical craniocaudal shifts, further data
on the root changes in different vertebral formulae are needed for its accurate
validation. (Folia Morphol 2022; 81, 4: 884–899)
Key words: thoracolumbar mutant, brachial plexus, human
development, anatomy, phenotypic morphology, vertebral formula

INTRODUCTION

formations with vertebral shifts in the axial skeleton
[31]. They also regulate the vertebral junctions: HOX-6
genes are known to have expression boundaries
around the neck/thorax junction; HOX-10 genes are
expressed at the boundary between the thoracic and
lumbar junctions, and HOX-11 genes are expressed

Experimental embryology has identified the vertebral count and formula regulated by Hox genes:
HOXA-7, HOXC-8, and HOXC-9 intensely regulate
the upper, middle, and lower thoracic vertebrae respectively, and their mutants exhibit homeotic trans-
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between the lumbar and sacral junctions [13, 45].
However, their regulation domains overlap with adjacent Hox genes: Hox genes 5–7 regulate domains that
overlap in the vertebral segments in the middle cervical to the upper thoracic vertebrae, and HOX 9–11
have domains that overlap in the vertebral segments
from the lower lumbar to the sacral vertebrae [14, 45].
In other words, each Hox gene is crucial for identifying
the vertebral count, formula, and boundaries; however, they co-regulate a wide range of overlapping
domains. In atypical thoracolumbar counts in adult
cadavers, it is difficult to retrospectively determine
causative Hox mutants.
Moreover, Hox genes regulate concomitant development of the vertebrae and spinal nerves [13–15],
and the same Hox genes are expressed in the same
domains in mice, chicks, and humans [14, 27, 30].
A previous study reported a caudal shift of the lumbar
plexus roots in HOXA-9 and -10 mutant mice, which
resulted in changes to the thoracic vertebra with additional ribs from the first lumbar vertebra [17, 40].
On the other hand, several anatomical studies on
the spinal segment transformations of the lumbar
plexus root have been performed in one additional
or reduced human thoracolumbar count [5, 34, 37].
However, the craniocaudal shift changes were unclear
due to the range of variation shown in a typical human
lumbar plexus roots, where one additional or reduced
thoracolumbar count was considered a typical variation. This issue on anatomical normality and variability
have been deeply debated in the long history of anatomy [49]. One additional or reduced thoracolumbar
count is often observed within the normal range, so
each anatomical normality and variability may not
be easy to identify among their overlapping variation based on this concept. We recently performed
a postmortem anatomical study on the phenotypic
changes of the human lumbar plexus roots that are
associated with changes in thoracolumbar vertebral
counts and trade-offs, that is, a change from thoracic
to lumbar vertebrae with no change in the overall
thoracolumbar count [23]. Our previous study showed
that 1) the concomitant changes in the lumbar nerves
and vertebrae were unclear in the typical human (17)
or variant (16) thoracolumbar vertebrae, and 2) only
a single-segment caudal shift of the lumbar plexus
roots tended to be observed in respect to vertebral
changes in two segments, with changes ranging from
a reduced thoracolumbar count of 16 to an increased
count of 18. Fewer and shorter lumbar vertebrae

and more complicated lumbar plexuses in humans
are considered some of the causes of the discrepancies seen in experimental embryology. Therefore, we
modified the theoretical developmental evidence on
the concomitant changes of the lumbosacral plexus
roots in experimental animals, whereas those of the
human brachial plexus remain unclear.
To date, previous reports in experimental rodents
have shown that HOXA-7 regulates the anterior (upper) limit of the brachial plexus and HOXA-9 regulates
the posterior (lower) limit [45]. In HOXC-8 mutant
mice, the muscle arrangement of the forelimb is
normal, but the innervation is perturbed [42]. These
experimental evidences suggest that the thoracolumbar mutants also involve not only craniocaudal shifts
of the lumbosacral plexus roots, but also brachial
plexus shifts. In thoracolumbar mutants that emerge
as a result of HOXA-7, -8, and -9 mutations, which
intensely regulate the upper, middle, and lower thoracic vertebrae, the brachial plexuses in these mutants
may exhibit additional or reduced main components.
Recently, a meta-analysis study of the human brachial plexus anatomy has revealed many morphological characteristics [6, 7]. In this analysis, ultimately
rare variations in the partial contribution from the
third spinal nerve (C3) or almost all contribution
from the fourth (C4) or tenth (T2) spinal nerve to
the human brachial plexus reported in past studies
remain lost information on their vertebral formula.
Unfortunately, these past reports generally do not
provide information on vertebral formula and therefore cannot verify the phenotypic morphology of
the vertebrae and spinal nerves, which should show
concomitant changes theoretically. Based on the developmental evidences of the concomitant regulation
of thoracolumbar vertebrae and limb plexuses, we
hypothesized that many rare cases of additional/
reduced segments of the brachial plexus may include
many thoracolumbar mutants.
On the other hand, the cranial and caudal limits
of the human brachial plexus are typically very small
contributions, and so it is also a fact that it is difficult to accurately evaluate the craniocaudal shift
of the brachial plexus roots. The relative position
of the axillary artery itself and its branches to the
brachial plexus has alternatively examined to obtain
a developmental perspective of the human brachial
plexus, axillary artery, and their interactions [11, 20,
21, 26, 29]. These conventional anatomical studies
expected a stable relationship between the brachial
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plexus and arterial branches in the presence of positional information. Here, we also evaluated the origin,
course, and relative position of the axillary artery and
its arterial branches relative to the brachial plexus in
order to comprehensively evaluate the changes in
the brachial plexus.
The main aim of the present study was 1) to clarify
whether concomitant developmental changes in human thoracolumbar vertebrae and brachial plexuses
are present, 2) to provide data whether the axillary
artery penetration point and its branches relative to
the brachial plexus are a suitable estimation for the
craniocaudal shift of the human brachial plexus, and
3) to determine the phenotypic changes in human
brachial plexus roots that are associated with changes
in thoracolumbar counts and trade-offs.

of the spine, 98 recent cadavers were subjected to
postmortem CT imaging analyses using a Somatom Emotion 16 scanner (Siemens Healthcare GmbH,
Erlangen, Germany). We selected the following CT
protocols that represent routine protocols for autopsy imaging in our department: a tube voltage
of 110 or 130 KV, a current of 80–140 mA, a slice
width of 0.75 mm, and a reconstruction width of
0.6 mm. Axial DICOM images were reconstructed
using commercial software (ZioCube ver. 1.0.0.4;
Ziosoft Inc., Tokyo, Japan).
Dissection

After checking the vertebral count, a detailed
physical dissection of the brachial plexus was performed on cases with different thoracolumbar counts,
including in cases where changes in thoracolumbar
count and trade-offs were highly possible and unconfirmed on CT. We focused on the anatomy of the
origin, course, and distribution of the brachial plexus
itself, and its relationship with the axially artery and
its branches. The findings were recorded with detailed
anatomical sketches and/or a digital camera (IXY
digital 620F; Canon, Tokyo, Japan). All procedures
were also confirmed with the provisions of the 1995
Declaration of Helsinki (revised in Edinburgh in 2000).

MATERIALS AND METHODS
Examined samples
The 177 human donated cadavers were first

examined to confirm their vertebral formulae and
counts. All donors and their families provided consent
to donate the bodies to the Toho University School
of Medicine for anatomical education and research
purposes. The procedure and research protocol for
this study was reviewed and approved by the ethics
committee at the Toho University Faculty of Medicine (reference number: A20001_A18015_A17033_
A17005_25113_23011). All cadavers were fixed by
arterial perfusion with a 7% formalin solution via the
radial or femoral artery and preserved in 10% alcohol
for more than 4 months.
For 79 cadavers, the vertebral formulae were estimated at the time of thoracotomy and laparotomy,
and the exact vertebral counts of the cases with a high
possibility of vertebral mutations were determined.
The other 98 cadavers were subjected to computed
tomography (CT) imaging before dissection and then
their vertebral formulae were determined.
In this observation, the brachial plexuses in 52
sides of 26 randomly selected cadavers exhibited
a typical human vertebral formula (seven cervical, 7C;
twelve thoracic, 12T; five lumbar, 5L; five sacral, 5S)
were compared with those in 20 sides of 10 thoracolumbar mutants out of the 354 sides of the 177
human cadavers.

Definitions of vertebra and spinal nerves

The criteria for each vertebral identification were
based on previous studies [4, 23, 25]. The brief criterion was as follows: the cervical spines were vertebrae located between the occipital bone and the first
vertebra with large bilateral ribs, and they typically
have a pair of costal facet on the transverse process
in humans. Articulated ribs or rib fossa on both the
vertebral body and transverse process of the thoracic
vertebrae differentiates these from lumbar vertebrae.
The sacral vertebra was defined as the vertebra below
the sacroiliac joint and its count was based on its shape
and intervertebral line number. The coccygeal vertebrae
were excluded from our criteria for normal or abnormal vertebral formulae due to unclear calcification
conditions, which make accurate assessments difficult.
The composition of the brachial plexus was mainly
composed of segments in which almost all of the
nerve components participated in the brachial plexus
roots. Those with a small branch were defined as
sub-components. In the distal axillary region, the
intercostobrachial nerves derived from the second
and third thoracic nerves always communicate with

CT imaging protocols and analysis

In order to easily confirm the vertebral formulae
and to establish the three-dimensional topography
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the medial cutaneous antebrachial (Cabm) and/or
brachial (Cbm) nerve, but their peripheral communication did not include the compositional segments of
the brachial plexus root. Based on its definition, when
the brachial plexus is composed of almost all of the
components from the fifth cervical nerves to the first
thoracic nerves, the segment is described as C(4)5–T1.
In terms of spinal nerve counts, referring to the
“cervical” and “thoracic” nerves can lead to confusion
when considering vertebral trade-offs or mutation
cases. For this reason, the serial vertebral number
was used for the first spinal nerve from the first
cervical nerve.

in the brachial plexus only in a small amount such as
4th (Fig. 2A) and 10th (Fig. 2B) spinal nerves were
shown in parentheses. Furthermore, the peripheral
communication between the intercostobrachal nerves
and the medial cutaneous brachial/antebrachial nerve
was excluded from the components of the brachial
plexus roots (Fig. 2C, D). Consequently, the brachial
plexus roots were found in four types, even in typical
human vertebral formula (Figs. 2E–H).
Regarding the brachial plexus course, components
of the lateral and medial cords were also recognized
in three types (Figs. 3A–C). Additionally, multiple communications between the lateral and medial cords
(median ansa) (Fig. 3D) and excessive communication
between the musculocutaneous and median nerves
(Fig. 3E) were also observed.
The relationship between the axillary artery and
brachial plexus was shown in Figure 4. A superficial
brachial artery running superficially to the ventral
division of the brachial plexus was observed in two
sides of 52 sides (3.8%, Fig. 4C, D), but otherwise the
axillary artery passed/penetrated between the lateral
and medial cords and coursed between the ventral
and dorsal divisions of the brachial plexus (Fig. 4A, B).
This penetrating point/root segments of the axillary
artery to the brachial plexus corresponded to the
root segments of the lateral and medial cords of the
brachial plexus. We also investigated the interaction
between the axially artery branches and the brachial
plexus. The typical branching pattern as seen in anatomical textbooks, which the axially artery issues
the superior thoracic, thoracoacromial, and lateral
thoracic arteries superficially before the penetration
of the brachial plexus whereas the it issues the subscapular artery composing of the thoracodorsal and
circumflex scapular arteries and anterior and posterior
circumflex arteries deeply after the penetration, was
found in 24 of 52 cases (46.2%, Fig. 4A, B). Other
branching patterns were observed mainly focusing on
the branching site of the lateral thoracic artery relative
to the brachial plexus (Fig. 4E, Table 2).

RESULTS
Vertebral formulae and counts
In the 177 cadavers examined, the cervical and

sacral vertebrae were consistently composed of
7 (177/177 sides, 100%) and 5 vertebrae (173/177,
97.7%), respectively. Four (2.3%) cadavers had six
sacral vertebrae, which were likely a result of sacralisation from the fifth lumbar to the first sacral vertebra
(7C_12T_ 4 L _6S).
In the 173 cadavers that consistently had seven
cervical and five sacral vertebrae (173/177, 97.7%),
different thoracolumbar counts were observed, with
5 cadavers having a thoracolumbar count of 16 (5/173,
2.9%, Fig. 1A), 166 with the typical 17 (166/173,
96.0%, Fig. 1B), and 2 with 18 (2/173, 1.2%; Fig. 1C).
Furthermore, in those with a typical thoracolumbar count of 17, a thoracolumbar trade-off with the
vertebral formula “7C_11T_6L_5S” was found in three
cadavers (3/173, 1.7%; Fig. 1D).
For those with a mutant thoracolumbar count,
four cadavers had a reduced thoracolumbar vertebra
count of 16, which included the formula “11T_5 L” on
six sides and “12T_4 L” on two sides, whereas both
cadavers with the mutant thoracolumbar vertebrae
count of 18 had a “13T_5 L” formula.
Morphology of the brachial plexus and its artery
in a typical human vertebral formula

Morphology of the brachial plexus roots and its
axillary artery courses in different thoracolumbar
counts and trade-offs

For comparison with thoracolumbar mutants,
the brachial plexus and its arterial interactions were
investigated in randomly selected 52 sides of 26
cases exhibited a typical human vertebral formula
(7C_12T_5L_5S) and summarized in Table 1. Because
of the importance to distinguish whether almost all
or a small communication of nerve root participate
in the brachial plexus, the segments that contribute

The individual findings on the vertebral formulae,
brachial plexus roots, penetrating points of the axial
artery to the brachial plexus, and arterial branches in
thoracolumbar mutants are shown in Table 2. The representative brachial plexus and axillary artery diagram-
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Figure 1. Various human thoracolumbar counts (A–C) and trade-offs (D–E); A. A reduced thoracolumbar count of 16 (7C_16TL_5S);
B. A typical thoracolumbar count of 17 (7C_17TL_5S); C. An additional thoracolumbar count of 18 (7C_18TL_5S). The lower panel shows
a thoracolumbar trade-off with 17 vertebrae, i.e., a change in vertebrae from thoracic to lumbar with no change in the overall thoracolumbar count; D. Lumbarisation, a thoracic to lumbar trade-off (7C_11T_6L_5S); E. Thoracicalisation, a lumbar to thoracic vertebra trade-off
(7C_12T_5L_5S); ACH — anterior circumflex artery; AxN — axillary nerve; BB — branch to biceps brachii muscle; Br — branch to brachialis
muscle; BRA — brachioradial artery; Cabm — medial cutaneous antebrachial nerve; CB — branch to the coracobrachialis; Cbm — medial
cutaneous brachial nerve; CS — circumflex scapular artery; DSN — dorsal scapular nerve; I-T — inferior trunk; LC — lateral cord; LT — lateral thoracic artery; LTN — long thoracic nerve; MC — medial cord; MCN — musculocutaneous nerve; MN — median nerve; M-T — middle
trunk; PCH — posterior circumflex artery; Ph — phrenic nerve; Pi — inferior pectoral artery; PN — pectoral nerve; Rcl-10 and11 — lateral
cutaneous branch of intercostal nerve of tenth–eleventh spinal nerves; RN — radial nerve; SBA — superficial brachial artery; SCN — subclavian nerve; StG — stellate (cervicothoracic) ganglion; SSN — suprascapular nerve; ST — superior thoracic artery; SuA — subscapular
artery; SuCl — supraclavicular nerve; SuN — subscapular nerve; S-T — superior trunk; TA — thoracoacromial artery; TD — thoracodorsal
artery; TDN — thoracodorsal nerve; UN — ulnar nerve; 3-11SN — third–eleventh spinal nerves; 2-3TG — second–third thoracic ganglion.

matic findings are presented in Figures 5–7, consisting
of 17 thoracolumbar trade-offs (7C_11T_6L_5S, Fig. 5),
16 thoracolumbar counts (7C_11T_5L_5S, Fig. 6), and
18 thoracolumbar counts (7C_13T_5L_5S, Fig. 7).
Our results showed that changes in the brachial plexus roots and the axillary artery courses were not
specifically associated with changes in thoracolumbar
counts and trade-offs (Table 2, Fig. 8).

As overall characteristics on the brachial plexus
in different thoracolumbar counts and trade-offs, all
of the main components of the brachial plexus roots
were composed of five segments and almost all of the
components of the 5th–9th spinal nerves (20/20 sides,
100.0%). An additional small contribution was also
found in the 4th spinal nerves (17/20 sides, 85.0%)
and in the 10th spinal nerves (5/20 sides, 25.0%).
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Table 1. Variations of the brachial plexus and their arterial system in a typical human vertebral formula (7C_12T_5L_5S)

a single ventral cord (so called Adachi’s C type) with
an absent median ansa (1/20 sides, 5.0%; Fig. 7B, C).
Both penetrating point anomalies were found on the
left side of those with the 18-thoracolumbar counts.

Brachial plexus roots
(4)5–9th spinal nerves (Fig. 2E)
(4)5–9(10) spinal nerves (Fig. 2F)
th

5–9th spinal nerves (Fig. 2G)
5–9(10) spinal nerves (Fig. 2H)
th

26/52 sides (50.0%)
4/52 sides (7.7%)

Topographical arterial branching patterns of the
axillary artery with the brachial plexus in different
thoracolumbar counts and trade-offs

18/52 (34.6%)
4/52 sides (7.7%)

Brachial plexus course and communications:
lateral and medial cords
LC <(4)5–6SN> & MC <7–9(10)SN> (Fig. 3A)

Various arterial branching patterns of the axillary
artery were also found and differed from the descriptive arterial branching pattern typically shown in
textbooks (Fig. 4A, B); the superior thoracic artery (ST)
visible in the first part, the thoracoacromial (TA) and
lateral thoracic artery (LT) can be seen in the second
part, and the subscapular artery (SuA), composed
of the thoracodorsal (TD) and circumflex scapular
(CS), anterior circumflex humeral (ACH), and posterior circumflex humeral (PCH), can be seen in the
third part. However, this separated arterial branching
pattern was observed on only three sides (15.0%, as
shown in Fig. 4E4). The adjacent arterial branches
often formed a common trunk with the ST and TA on
two sides, and the TA and LT on three sides (Fig. 5A).
In particular, there were many variations related to the
branching position of the LT with respect to the two
roots of the median nerve (median ansa) as shown
in Figures 6, 8. These types were shown as a series of
gradual changes from superficial to deeper branching
patterns as shown in Figure 8 and completely same
variation pattern in normal 17 thoracolumbar vertebra shown in Figure 4E.

2/52 sides (3.8%)

LC <(4)5–7SN> & MC <(8–9(10)SN> (Fig. 3B) 48/52 sides (92.3%)
LC <(4)5–8SN> & MC <8–9(10)SN> (Fig. 3C)

2/52 sides (3.8%)

Multiple median ansa (Fig. 3D)

7/52 sides (13.5%)

MCN–MN communication (Fig. 3E)

4/52 sides (7.7%)

Axillary artery penetration to the brachial plexus
Non, superficial brachial artery (Fig. 4C, D)

2/52 sides (3.8%)

Between 6–7th spinal nerves (Fig. 3A)

2/52 sides (3.8%)

Between 7–8th spinal nerves (Fig. 3B)

46/52 sides (88.5%)

Between 8–8th spinal nerves (Fig. 3C)

2/52 sides (3.8%)

Axillary branches
Branching pattern in superficial brachial artery
(Fig. 4E–1)
Superficial subscapular artery (Fig. 4E–2)
Superficial common trunk of LT and TD
with a deep single CS (Fig. 4E–3)

2/52 sides (3.8%)
11/52 sides (21.2%)
1/52 side (1.9%)

Textbook type: superficial LT and deep SuA
composing of TD and CS (Fig. 4E–4)

24/52 sides (46.2%)

Superficial and deep LTs (Fig. 4E–5)

12/52 sides (23.1%)

Deep common trunk of LT and SuA (Fig. 4E–6)

2/52 sides (3.8%)

CS — circumflex scapular artery; LC — lateral cord; LT — lateral thoracic artery; MC —
medial cord; MCN — musculocutaneous nerve; MN — median nerve; SuA — subscapular artery; TD — thoracodorsal artery; 4–10SN — 4th–10th spinal nerves

DISCUSSION
The axillary artery and its arterial branches
as positional information for brachial plexus
classification

Therefore, these results showed neither a shift of the
brachial plexus nor a change in the count of the brachial plexus roots, such as an additional six segments
or four fewer segments.
In 18 of the 20 different thoracolumbar counts
and trade-offs (90.0%), the main trunk of the axillary artery penetrated between the 7th and 8th spinal
nerves (C7–8) at the two roots of the median nerve
(median ansa), and then coursed between the ventral (anterior) and dorsal (posterior) divisions of the
brachial plexus (Figs. 5, 6). The remaining two sides
showed different penetrating points of the brachial
plexus: one penetrated at C8–T1 due to different components of the medial cord, and was composed of
only T1 (1/20 sides, 5.0%; Fig. 7A). The other coursed
outside of the brachial plexus due to the presence of

Hox genes are known to regulate thoracolumbar
counts and formulae; however, other environmental
effects such as positional information may also need to
be considered [40, 44]. Cells having information about
their relative position within a cell population and
changing their position based on this also suggests
a vertebrate body plan. In order to assess subtle changes in cranio-caudal shifts of the human brachial plexus,
or to analyse arterial variations in the axillary artery
around the brachial plexus, the positional relationship
between the axillary artery itself, its arterial branches,
and the brachial plexus has been investigated in detail
[1, 2, 11, 20, 21, 26, 28, 29, 38, 47, 48]. In general, the
main trunk of the human axillary artery passes through
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Figure 2. The brachial plexus roots and its variation in a typical human vertebral formula (7C_12T_5L_5S); A. The communicating branches
from the fourth spinal nerve to the fifth spinal nerve via the phrenic nerve indicated by a single asterisk (A) and from the 10th to 9th spinal
nerves indicated by a double asterisk (B). The photograph (C) and diagram (D) showing the peripheral communicating branch from the intercostobrachial nerve derived from 10th spinal nerve to the medial cutaneous brachial nerve as showing in arrows; E–H. Variation of the human
brachial plexus roots. A closed square shows the main components of the brachial plexus. Abbreviations — see Figure 1.

courses between the ventral (lateral and medial cords)
and dorsal divisions (posterior cord). Therefore, the
penetration position of the brachial plexus has been
conventionally described as C7–8. Kodama (2000) [28]

two roots of the median nerve (median ansa), which
is composed of the ventral division of 5th–7th spinal
nerves (C5–7) and the medial cords composed of the
ventral division of the 8th–9th spinal nerves (C8–T1), and
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B

A

C

D

E

Figure 3. Variation of brachial plexus cords components in course and the interaction with the axillary artery in a typical human vertebral
formula (7C_12T_5L_5S); A. The narrow lateral cord <(4)5–6th spinal nerves> and wide medial cord <7–9 (10)th spinal nerves> segments.
The axillary artery penetrates between 6–7th spinal nerves; B. The standard components of the brachial plexus cords and its arterial courses.
The lateral and medial cords compose of the (4)5–7th and 8–9(10)th spinal nerve, respectively. The axillary artery also penetrates between
7–8th spinal nerves; C. The broader lateral and narrower medial cords; D, E. Other variations in the axillary part; D. The multiple medial ansa;
E. The musculocutaneous and median nerve communication. Abbreviations — see Figure 1.

these differences are that the axial artery penetrated
at C8–T1 in the first case (Fig. 5A), and penetrated
at the distal portion of a single ventral cord without
making the lateral and medial cords and radial nerve
in the second case (Fig. 5B). Due to the small number
of occurrences in 18 thoracolumbar spines, it cannot be easily concluded that the frequency is higher
than the typical thoracolumbar count of 17. Rather
than thinking that the brachial plexus itself is shift-

investigated the penetration point of the axially artery
into normal C7–8 (260/307, 84.7%), C6–7 (1/307,
0.3%), C7–7 (11/307, 3.6%), C8–8 (12/307, 3.9%),
C8–T1 (3/307, 1.0%), T1–1 (4/307, 1.3%), ulnar nerve–
–Cbm (9/307, 2.9%), and T1–2 (6/307, 2.0%) regions.
Based on these anatomical data, the left sides from
18 thoracolumbar spines were determined to have
a lower penetration of the axial artery, or to have
a cranial shift of the brachial plexus. The reasons for
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A

C

B

D

E

Figure 4. Variation of the axillary artery and its branches in a typical human vertebral formula (7C_12T_5L_5S); A, B. A typical axillary artery
course and its branching pattern as seen in anatomical descriptions. The axillary artery penetrates at two roots of the median nerve (median
ansa), which composes the lateral and medial cords of the brachial plexus, and then courses between the ventral and dorsal divisions. The ventral and dorsal divisions of the brachial plexus were coloured in yellow and green, respectively. A part of the second and third thoracic nerves
communicate with the brachial plexus branches as the intercostobrachial nerves as shown in arrows, but these communications outside of the
segmental roots were excluded from the main component of the brachial plexus. The superior thoracic (ST), thoracoacromial (TA), and lateral
thoracic (LT) arteries tend to branch separately from the superficial part of the axial artery before penetrating two roots of the median nerve
(median ansa), whereas the subscapular (SuA), anterior (ACH), and posterior circumflex (PCH) arteries branch deeper after penetrating two
roots of the median nerve (median ansa); C, D. The aberrant superficial brachial artery running superficially to the ventral division of the brachial
plexus without the brachial plexus penetration; E. Variation of the arterial branches from the axillary artery. Abbreviations — see Figure 1.

ing cranio-caudally, it these changes may be due to
a variation of the axial artery, or an anomalous course
of the brachial plexus composition itself.
Variability in the branches of the axially artery has
also been reported. The main trunk of the artery that
supplies the branches is divided into three parts. In
the general anatomical description, the first part of
the axial artery issues only the ST; the second part
issues the TA and LT at the superficial portion be-

fore penetration, and the third part issues the SuA,
CHA, and CHP at the deep portion after penetration,
respectively [16, 33, 41]. However, it is well reported that adjacent arterial branches make a common
trunk according to their morphological significance,
obtaining a clue for the respective superficial brachial
artery. When the SuA branches from the LT artery
and before it penetrates into two roots of the median nerve (median ansa), it is named the superficial
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Table 2. Individual finding on the brachial plexus and axillary artery branches in human thoracolumbar mutants
ID

Sex

Side

Vertebral formula

Brachial plexus roots

Axillary artery penetration

Arterial branches

Remark

17 thoracolumbar trade-off, 6 sides
17-1
17-2

F
F

17-3

R

7C_11T_6L_5S

(4)5–9(10)th spinal nerves

Between 7–8th spinal nerves

TA + LT

L

7C_11T_6L_5S

(4)5–9 spinal nerves

Between 7–8 spinal nerves

TA + LT

Fig. 5A

R

7C_11T_6L_5S

(4)5–9 spinal nerves

Between 7–8 spinal nerves (BRA)

Deep LT + SuA

Fig. 5B

L

7C_11T_6L_5S

(4)5–9th spinal nerves

Between 7–8th spinal nerves

Deep LT + SuA

R

7C_11T_6L_5S

5–9th spinal nerves

Between 7–8th spinal nerves

ST + TA, superficial and
deep TAs

L

7C_11T_6L_5S

(4)5–9th spinal nerves

Between 7–8th spinal nerves

Superficial SuA

th
th

th

th

16 thoracolumbar vertebrae, 10 sides
16-1
16-2
16-3
16-4
16-5

F
F
F
F
F

R

7C_11T_5L_5S

(4)5–9th spinal nerves

Between 7–8th spinal nerves

ST + TA

th

L

7C_11T_5L_5S

(4)5–9 spinal nerves

Between 7–8 spinal nerves

Superficial and deep LTs

R

7C_11T_5L_5S

(4)5–9th spinal nerves

Between 7–8th spinal nerves

TA + LT

L

7C_11T_5L_5S

(4)5–9th spinal nerves

Between 7–8th spinal nerves

Superficial SuA

R

7C_12T_4L_5S

(4)5–9 spinal nerves

th

Between 7–8 spinal nerves

Superficial SuA

L

7C_12T_4L_5S

(4)5–9th spinal nerves

Between 7–8th spinal nerves

Superficial SuA

R

7C_11T_5L_5S

(4)5–9 spinal nerves

th

Between 7–8 spinal nerves

Typical separated a.

th

th

th

th

L

7C_11T_5L_5S

(4)5–9 spinal nerves

Between 7–8 spinal nerves

Deep LT + SuA

R

7C_11T_5L_5S

(4)5–(9)10th spinal nerves

Between 7–8th spinal nerves

Superficial SuA

L

7C_11T_5L_5S

5–9(10)th spinal nerves

Between 7–8th spinal nerves

Superficial SuA,
single CS

th

Fig. 6C

Fig. 6A
Fig. 6D
Fig. 6B

18 thoracolumbar vertebrae, 4 sides
18-1
18-2

Total
20 sides

F
M

R

7C_13T_5L_5S

(4)5–9th spinal nerves

Between 7–8th spinal nerves

Superficial SuA

L

7C_13T_5L_5S

(4)5–9 spinal nerves

Between 8–9th spinal nerves

Deep LT + SuA

R

7C_13T_5L_5S

5–9(10) spinal nerves

th

Between 7–8 spinal nerves

Typical separated a.

L

7C_13T_5L_5S

(4)5–9(10)th spinal nerves

Between ventral and dorsal
divisions

Typical separated a.

4th spinal nerves, 17/20

7–8th spinal nerves, 18/20

ST + TA, 2/20

5–9 spinal nerves, 20/20

8–9 spinal nerves, 1/20

TA + LT, 3/20

10th spinal nerves, 5/20

Ventral and dorsal divisions, 1/20

Typical separated a.,
3/20

th

th

th

th

Fig. 7A
Fig. 7C

Type 1: Superficial SuA,
7/20
Type 2: Superficial SuA,
single CS, 1/20
Type 3: Superficial and
deep LTs, 2/20
Type 4: Deep LT + SuA,
3/20
a — artery; BRA — brachioradial artery; CS — circumflex scapular artery; F — female; L — left; LT — lateral thoracic artery; M — male; R — right; ST — superior thoracic artery;
SuA — subscapular artery; TA — thoracoacromial artery

SuA [47]. Based on these common arterial trunk
morphologies and variations, it has been suggested
that the superficial brachial artery is from which all
of the distal branches from the superficial SuA form
a common trunk with the LT. In addition to the LT, it
has been proposed that an arterial branch, namely

the inferior pectoral artery, which runs along the
lower edge of the pectoralis major and is distributed
to the mammary gland, acts as a trigger artery for the
superficial brachial artery [29]. Our past research also
reported various common trunks formed from the
arterial branches of the axial artery, as well as their
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A

B

Figure 5. The brachial plexus and variations in the arterial branches of the axial artery in a human thoracolumbar trade-off (17 count);
A. A common trunk of one of the thoracoacromial (TA) and lateral thoracic (LT) arteries indicated by an asterisk; B. The higher axillary
origin of the brachioradial artery is indicated by a star. Abbreviations — see Figure 1.

topographical relationship with the brachial plexus
in the typical human vertebral formulae 7C–17TL–5S
[26]. In a Granada report involving 420 sides that focused on the LT, the most common types of branching
were where the LT arises from the TA (67.62%), from
the axillary artery as a single branch as described as
standard in textbooks (17.02%), from the TD (3.93%),
and the existence of accessory LT (3.09%) [32]. On
the other hand, Xhakaza and Satyapal (2014) [46]
found that LT had a common trunk with the SuA in
33.7% of 100 sides of Black South Africans, although
it is unclear whether they were superficial or deep
to two roots of the median nerve (median ansa).
These results clearly show a considerable population difference. In the present study, we observed
four superficial subscapular arteries (Fig. 6A) in 16
thoracolumbar counts; we also visualised the gradual
origins of the arterial branches of the axillary artery,
from the superficial to the deep part of the main
trunk, as shown in the thoracolumbar mutations with
only 16 vertebrae (Fig. 6). We did not find a positive
relationship between the changes in the brachial
plexus and the arterial system in the thoracolumbar
mutants. The present data cannot support the conventional anatomical idea that craniocaudal shifts of
the nerve roots can be assessed based on variable
arterial correlations, including the penetrating point
of the axillary artery into the brachial plexus and the

stratigraphic relationship of the arterial branches
with the brachial plexus.
Phenotypic changes of the brachial plexus roots
in variant thoracolumbar counts

Unlike variable thoracolumbar counts and formulae, the cervical segment of the vertebral column is strictly fixed as seven vertebrae in almost all
mammals, except in sloths and manatees [4, 8, 12,
25, 35]. Furthermore, four of the five main roots of
the human brachial plexus are the cervical nerves.
Therefore, past studies on the human brachial plexus
have naturally neglected to check the relationship
between thoracolumbar counts and formulae. On
the other hand, detailed anatomical findings on nerve
compressions and entrapments of the brachial plexus
components have been reported with its association
with congenital malformations of their axial skeletons
[3, 39]. These clinical demands and its developmental
interactions require more precise anatomical knowledge of the concomitant changes in the axial skeleton
and spinal nerves.
In anatomical studies on human brachial plexuses
itself, single-corded brachial plexuses (C-type brachial
plexus) [19] and their relationship with the superficial
brachial artery have been studied [9–11]; however,
in these sample series, it is unknown whether they
have normal or aberrant thoracolumbar counts and
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B

A

C

D

Figure 6. The brachial plexus and the various branching patterns of the axial artery in a thoracolumbar mutant with a count of 16; A. Superficial subscapular artery (Yamada, 1967); B. A common trunk of the lateral thoracic artery (LT) and thoracodorsal artery (TD) branched from the
axillary artery before penetrating two roots of the median nerve, but only the circumflex scapular artery (CS) branched after penetrating two
roots; C. Multiple LTs coexisted in both the branches before and after penetrating two roots of the median nerve; D. The LT made a common
trunk with the subscapular artery and branched from the axillary artery at the deep part or at a third part of the artery. From type 1 to 4, the
branching portion of the lateral thoracic artery emerges from the distal and deep parts of the axillary artery. Abbreviations — see Figure 1.

formulae. Regardless of the thoracolumbar counts in
our material series, all main root components of the
brachial plexus involved only the 5–9th spinal nerves,
with a small contribution by the 4th (17/20, 85.0%)
and 10th nerves (4/20, 20.0%). In studies using larger
samples with uncertain vertebral formulae, the main
human brachial plexus roots are also composed of the
5–9th spinal nerves (C5–T1) [9, 10, 26]. Hirasawa (1931)
[19] also identified a small contribution from C3 (1.0%),
C4 (30.0%), and T2 (16.5%) to the brachial plexus on
200 sides. This result was similar to ours in terms of the
contribution by T2, but the aforementioned study had
less C4 involvement. The phrenic nerve mostly sends

a very thin branch to the upper trunk at a point passing through the superficial aspect of the upper trunk;
therefore, the fine C4 branch actually participates in the
brachial plexus more frequently (Fig. 1B). On the other
hand, cases of C3 contribution to the human brachial
plexus are quite rare and rarely reported [6, 7, 19], and
we have never observed it in our 322 previously studied
sides [26], nor in the present 354 sides.
Regarding the structural variation observed in
the ramification of the brachial plexus, weak inferior trunks and medial cords composed of only T1
were reported in 12 out of 716 (1.7%) sides [10, 11].
This result is similar to the results seen in our first
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A

C

B

Figure 7. Anomalies of the brachial plexus and axillary artery in a mutant with a thoracolumbar count of 18; A. A weak inferior trunk and
medial cord composed of only the 9th spinal nerve (T1), so that the axillary artery penetrates between the 8th and 9th spinal nerves (C8–T1).
The photograph (B) and its diagram (C) show the single ventral cord with the absence of two roots of the median nerve (median ansa).
Abbreviations — see Figure 1.

thoracolumbar case with 18 vertebrae (Fig. 5A). The
aforementioned studies also observed simple-cord
brachial plexuses in 26 sides (3.6%), including a single
bundle (C-type brachial plexus). A unique brachial
plexus composing of two trunks and one ventral cord
was also reported [36], which is similar to our second
18-thoracolumbar-vertebrae case (Fig. 7B, C). The few
brachial plexus anomalies seen in previous reports
include anomalies in thoracolumbar anomalies, and
further examination is needed to determine whether
thoracolumbar mutants show a higher percentage
of brachial plexus anomalies. In our cases, the main
roots of the 5th–9th nerves were completely stable,
and this was the case for both normal and mutant
thoracolumbar trade-offs and counts.
These results are different from the lumbosacral
plexus, which shows concomitant changes in the
thoracolumbar mutations [5, 22, 23, 35, 37]. The
phenotypic morphology of the human brachial plexus
is less likely to result in theoretical craniocaudal shifts
and thoracolumbar mutations.

Craniocaudal shifts of the cervical and thoracic
boundaries were determined to be regulated by HOX6
in sloths and manatees, with exceptionally different
cervical counts seen among mammals and birds with
extremely large cervical counts [18, 43]. HOX6 mutants may also show changes in the cranial roots of
the brachial plexus. On the other hand, HOX7, which
regulates the anterior (cranial) limit of the brachial
plexus and the upper thoracic segment of the vertebral column, may have mutants that exhibit additional
or reduced components of the brachial plexus roots,
such as component contributions involving T2 and
T3 almost exclusively, or reduced contributions of
T1 roots to the brachial plexus. However, no case
with a caudal expansion or cranial reduction of the
brachial plexus roots was observed in our atypical
thoracolumbar counts. In other words, these findings
of neither changes in counts nor craniocaudal shifts
of the brachial plexus roots lead us to consider that
the current thoracolumbar mutations involve only
caudal Hox genes such as HOX10, and not HOX7.
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A

B

C

Figure 8. Comparison data on anatomical variability of the human brachial plexus roots and its axillary artery in a typical vertebral formula and
different thoracolumbar counts and trade-offs; A. The brachial plexus roots. The communicating branches from the fourth spinal nerve to the
fifth spinal nerve via the phrenic nerve indicated by a single asterisk and from the 10th to 9th spinal nerves indicated by a double asterisk.
A closed square shows the main components of the brachial plexus; B. The axillary artery penetration point to the brachial plexus. Red circles
show the penetration point of the axillary artery; C. The axillary artery branches. Abbreviations — see Figure 1.

CONCLUSIONS

HOX10 in the anterior limit of the lumbosacral plexus. Therefore, different thoracolumbar counts may
involve craniocaudal shifts and/or anomalous root
counts in segments of the brachial plexus.
In all of our cases of changes in thoracolumbar
trade-off and counts, the main components of the

Hox genes 7–10, which typically regulate the
thoracolumbar segment of the vertebral column,
have been shown to also involve HOX7 in the anterior limit of the brachial plexus, express HOX9 in the
posterior limit of the brachial plexus, and express
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brachial plexus roots were composed of the 5th–9th spinal nerves (C5–T1), which are the same components
as those seen in normal thoracolumbar vertebrae,
and this finding was independent of its surrounding
arterial patterns. Our present findings suggest that
the phenotypic morphology of the human brachial
plexus may be less likely to exhibit theoretical concomitant changes in thoracolumbar compositions,
and further data is needed for its accuracy.
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Background: The X-rays and the visible light are the main source of ultraviolet
radiation (UVR). About 90% of ultraviolet B (UVB) is absorbed by the cornea which
may promote corneal inflammation, oedema and damage of its epithelial layer.
Bone marrow mesenchymal stem cells (BM-MSCs) have been demonstrated to
ameliorate the injured corneal tissue and accelerate its wound healing. This study
aimed to compare the healing effect of intravenous (IV) versus subconjunctival
(SC) BM-MSCs on the rats’ corneas subjected to UVB-irradiation.
Materials and methods: Ten rats were used as donors for BM-MSCs and the
other 40 were allocated into four equal groups: group I (control group), group II
(ultraviolet-irradiated group), group III (ultraviolet-irradiated + IV BM-MSCs-treated
group) and group IV (ultraviolet-irradiated +SC BM-MSCs-treated group). Rats of all
groups were euthanized after 3 weeks and the corneal specimens were processed
for histopathological, immunohistochemical and electron microscopy assessment.
Results: Ultraviolet-irradiated group showed remarkable thinning of epithelial
thickness, wide partial epithelial separation, and desquamation. Neovascularisation
of the disorganised stroma and disrupted Descemet’s membrane were observed.
The superficial and basal epithelial cells appeared irregular and separated by wide
intercellular spaces and inflammatory cells. Immunohistochemical examination
showed a significant decrease in proliferating cell nuclear antigen immunoreaction.
In contrast, minimal changes were observed in rats treated with BM-MSCs with
more improvement associated with the subconjunctival administration compared
to IV route.
Conclusions: Local SC injection of BM-MSCs has an amazing regenerative efficacy
on the corneal injury compared to the systemic IV route. (Folia Morphol 2022;
81, 4: 900–916)
Key words: ultraviolet radiation, corneal injury, mesenchymal stem cells,
rats
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INTRODUCTION

mise inflammation and reconstruct the transparency
of the cornea after its damage [16, 44, 61]. Bone
marrow mesenchymal stem cells (BM-MSCs) greatly
ameliorate the injured corneal surface and accelerate
its wound healing after alkali burn [42, 62].
The aim of this study was to compare the potential healing efficacy of two methods of injection of
intravenous (IV) versus subconjunctival (SC) BM-MSCs
on UVB-irradiated corneas in adult male albino rats.

Annually, more than 1.5 million recent patients are
presented with corneal blindness [28]. Because of the
high cost and lack of the donors, corneal transplantations used as the treatment of only less than 5%
of cases [18]. Scarring of the cornea and thinning of
its stroma are the expected fate of corneal injuries,
which may result in visual impairment [40].
Ultraviolet radiation (UVR) is a type of the electromagnetic radiation that found in X-rays and visible
light. Generally, UVR is divided into ultraviolet A (UVA)
accounts for 90% to 95% with a wavelength 320–
–400 nm, and ultraviolet B (UVB) accounts for 5% to
10% with a wavelength 290–320 nm. UVB is likely
more harmful than UVA as it possesses an extra energy and more capacity to destroy tissue [14, 24].
Cornea and anterior segment of the eye absorb
most of UVB radiation, so the inner eye segments are
preserved from the damage of radiation. Nearly 90%
of UVB radiation is absorbed by the cornea which has
greater sensitivity to UVB injury [33]. Exposure to toxic
dose of UVB radiation may induce corneal epithelial
injury, oedema, photophthalmia and photokeratitis
[3, 15]. Corneal epithelial injury is composed of diminished viability of cells with degeneration of mitochondria and nuclei with a large number of apoptotic
cells [63]. The cellular mechanism of injury may be
due to antioxidant/prooxidant imbalance leading to
oxidative stress [10]. Inadequately cleaved reactive
oxygen species may lead to enhanced secretion of
the proteolytic enzymes with significant activation
of proinflammatory cytokines, causing creation of
exaggerated inflammation, neovascularisation and
apoptosis of the cornea in addition to alterations in
the optics of the cornea [8]. Furthermore, injury of
the endothelium of the cornea is the consequence of
exposition to toxic doses of UVB resulting in blurring
of vision [9]. Many causes are related photokeratitis
such as welder’s arc burns, snow blindness, lamps of
metal halide, sunlamps and laboratory or germicidal
ultraviolet lamps [17].
Mesenchymal stem cells (MSCs) are pluripotent
undifferentiated cells that can proliferate and differentiate into various mature cells adipocytes, osteocytes and chondrocytes [57]. MSCs induce cellular differentiation leading to promotion of wound
healing [51]. Furthermore, MSCs has an attractive
powerful ability for self-renewal as well as restricted
immunogenicity [46, 58], which encourage many
researchers to study of the efficacy of MSCs to mini-

MATERIALS AND METHODS
Animals
All experimental procedures and animal maintenance were conducted in accordance with the roles

and the guidelines of the Research Ethics Committee,
Menoufia University, Faculty of Medicine with the ethical approval number (ANAT-8/2020-1). A total of 50
Sprague-Dawley male albino rats were utilised during
this study (aged 3–4 weeks and weighing 230–260 g).
They were purchased from the animal house of Faculty of Medicine, Ain Shams University, Cairo, Egypt
and housed in the laboratory animal house unit of
Kasr Al-Ainy, Faculty of Medicine, Cairo University,
Cairo, Egypt. Two weeks before the experiment the
rats were left for acclimation, kept in a monitored
climate and exposed to a 12-hour light/dark cycle,
with free access to food and tap water. Ten of the rats
were used as donors for BM-MSCs and the other 40
were used for the experimental procedures.
Experimental design

The animals were allocated into four equal groups
(n =10 per group):
— Group I (control group): which was equally
divided into; subgroup A: the rats received IV
injection of 0.1 mL phosphate-buffered saline
(PBS); subgroup B: the rats received SC injection
of 0.1 mL PBS;
— Group II (ultraviolet-irradiated group): the left
eyeballs of the rats were exposed to a narrow
beam of UVR-B for 5 consecutive days;
— Group III (ultraviolet-irradiated + IV BM-MSCs-treated group): 1 week after the last session of
ultraviolet exposure, the rats received IV injection
of 0.1 mL PBS containing 1 × 106 MSCs in the
lateral tail vein using a 25-gauge needle slowly
over 1 min [41];
— Group IV (ultraviolet-irradiated + SC BM-MSCs-treated group): the rats received local anaesthesia by anaesthetic eye drops and injection of
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10% chloral hydrate (4 mL/kg) then under an
ophthalmic microscope, they received a single SC
injection of 0.1 mL PBS containing 1 × 106 BM-MSCs 1 week after the last session of ultraviolet
irradiation [19].
The rats of all groups were euthanized 26 days
from the start of the experiment and half the eyeballs
were enucleated then were submersed in 10% neutral
buffered formalin solution and the other half were
put in 2.5% glutaraldehyde for 24 hours. Thereafter
the corneas were carefully dissected and processed
for light microscopic and electron microscopic study.

CM then distributed into 2–3 Petri dishes after counting
the number of cells by the haemocytometer. Subculture
of BM-MSCs repeated till reaching the 3rd passage.
Viability testing

Trypan blue exclusion assay was performed to test
the cell survival in the culture before transplantation.
The viable cells appeared with transparent clear cytoplasm while the dead cells had blue cytoplasm. The
viability was estimated to be greater 95% through
the different passages was excellent [56].
Stem cell characterisation and differentiation in
vitro

Induction of corneal injury by ultraviolet exposure

Mesenchymal stem cells were demonstrated and
examined by the inverted microscope (Leica, Wetzlar, Germany) which revealed their characteristic
shape (fusiform/spindle-shaped fibroblast-like cells),
adherence capacity and the ability for multipotent differentiation into osteocytes, adipocytes and
chondrocytes. Differentiation to osteocytes was
recognised by using osteocytes StemPro ® osteogenesis differentiation kit (Gibco, Grand Island,
NY, USA) and stained with Alizarin Red S stain (Sigma-Aldrich). The adipocytes differentiation was recognized by using adipocytes StemPro® adipogenesis
differentiation kit (Gibco, Grand Island, NY, USA)
and stained with Oil Red O stain (Sigma-Aldrich, St.
Louis, MO, USA). The chondrocytes differentiation
was recognised by using chondrocytes StemPro®
chondrogenesis differentiation kit (Gibco, Grand
Island, NY, USA) and stained with Alcian Blue stain
(Sigma-Aldrich) [7].

The rats were anesthetised 10 min before the
procedure by intraperitoneal injection of a mix of 2%
Xylazine (10 mg/kg/body weight) and 10% Ketamine
(60 mg/kg/body weight). LS-1 tungsten halogen lamp
with a spectral range 290–400 nm (supplying a 6.5 W
output power) was provided as a pump for the source
for a narrow beam of UVR-B which applied to the left
cornea for 15 min per session [22].
Isolation of BM-MSCs

The donors’ rats were sacrificed by cervical dislocation and their femoral and tibial bones were
harvested under sterilised condition. BM-MSCs were
isolated based on the following protocols [55]. In
brief, the marrow cavity was flushed with PBS (Lonza,
Belgium) in a 1-mL syringe with an 18-gauge needle. After collection of the cells by centrifugation at
400 × g for 10 min, the BM-MSCs were resuspended
at a density of 107 cells/mL in α-MEM Hank’s medium. The cell pellet was suspended and plated into
25 cm2 culture plates (3 mL/plate) (Sigma-Aldrich,
St. Louis, MO, USA). Isolated BM-MSCs were cultured
with adding 10% foetal bovine serum (FBS), 0.5%
penicillin/streptomycin and incubated at 37°C and
5% CO2. The medium was changed on the day 3 and
the non-adherent cells were discarded. The medium
was changed every 48 hours.

Flow cytometric analysis

For studying the phenotypic characters of BM-MSCs, the cells of the 3rd passage were detached by
adding 0.25% trypsin. Thereafter, PBS was applied
for washing of cells. MSC markers CD 90 and CD
105 and the haematopoietic stem cell marker CD 45
were detected in the surface the cultured cells. This
was carried out by using Fluorescence-Activated Cell
Sorting (FACS) (BD Biosciences, Franklin Lanes, NJ,
USA) in which the cells were incubated at 4°C in the
dark for 20 min with 2 μL fluorescein isothiocyanate
(FITC)-conjugated rat monoclonal antibody against
mouse CD 90 and CD 105 (BD Biosciences) and 5 μL
phycoerythrin (PE)-conjugated rat monoclonal antibody against mouse CD 45 (BD Biosciences). The
samples were centrifuged at room temperature for

Passaging of BM-MSCs

The primary cultured cells were kept in culture until
reaching 80–90% confluence. Afterwards, the cells
were trypsinised at 37°C by adding trypsin-EDTA (Gibco, South America) for 10 min. Thereafter, the action
of trypsin-EDTA was stopped by addition of 5 mL of
complete medium (CM). Furthermore, each cell pellet
suspension was centrifugated and resuspended in fresh
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5 min at 300 × g, resuspended in 500 μL PBS then
analysed by the flow cytometry [7].

0.1 mol/L for 1 hour at 4°C to fix the specimens. After
that, specimens were dehydrated in ascending serial
dilution of ethanol (50, 70, 90, 95 and 4 times 100%,
each for 30 min) then dehydrated by acetone for 30
min. Finally, the fixed specimens were embedded in
epoxy resin (Epoxy Embedding Medium Kit; Sigma).
Semi- and ultra-thin sections were cut on ultramicrotome (RMC PT-XL PowerTome Ultramicrotome).
Semithin (1 μm) thick sections were prepared and
stained with 1% toluidine blue and examined by using
an Olympus BX61 light microscope. Ultrathin sections
(70–90 nm) were cut by ultramicrotome then stained
with 2% uranyl acetate as a principal stain and lead
citrate as counter stain to be examined by using JEM-1400 Plus (JEOL, Japan) transmission electron microscope at the Electron Microscope Unit, Faculty of
Science, Alexandria University, Alexandria, Egypt [30].

Immunofluorescence cell labelling

According to the manufacturer’s protocol, BM-MSCs at the 2nd passage were labelled with the red
fluorescent dye PKH26 (Sigma-Aldrich). In summary,
serum-free medium was utilised to wash BM-MSCs
then the cells were resuspended in 1 mL of dilution
buffer. An equal mixture volume of BM-MSCs suspension and the labelling solution containing 1 × 106
PKH26 were incubated at room temperature for 5 min.
The activity of the mixture was blocked by addition
of 2 mL FBS and, finally, Dulbecco’s modified Eagle’s
medium (DMEM)/F12 cells was applied 3 times for
multiple cells washing. Then the cells were injected
intravenously into rat tail vein. The corneas were examined with a fluorescence microscopy to detect and
trace the transplanted cells stained with PKH26 [38].

Morphometric analysis

All morphometric measurements were performed
at a magnification of ×400 by the ImageJ® (1.50e,
USA) software using at least 5 sections per animal,
and from each section 5 non overlapping fields were
examined at Anatomy Department, Faculty of Medicine, Menoufia University by (Olympus BX40, Ships to
USA). All measurements were carried out by the same
investigator to avoid inter-observer errors.
The H&E-stained sections were used to measure
and estimate the corneal epithelial thickness then the
results were recorded. The PAS-stained sections were
utilized to investigate and measure the thickness of
the Descemet’s membrane and the colour intensity of
PAS positive reaction then the means were calculated
and reported.
Furthermore, the mean area per cent of PCNA
was measured in the immune-stained sections in all
studied groups.

Histopathological study

The corneas were immersed in 10% neutral formalin (Sigma-Aldrich St. Louis, MO, USA) and processed
for paraffin sections. 5 μm thick sections were prepared
and stained with haematoxylin and eosin (H&E) stains,
other sections were stained with Periodic Acid Schiff
(PAS) stain for examination of the Descemet’s membrane [4]. All sections were examined under an Olympus DP70 light microscope (Olympus, Tokyo, Japan).
Immunohistochemistry

Paraffin sections were deparaffinised in xylene
and hydrated. Sections were incubated with primary
antibodies after stopping the reaction of peroxidase
by adding 10% hydrogen peroxide. Proliferating cell
nuclear antigen (PCNA) antibody is a mouse monoclonal antibody at 1:400 dilution (Sigma-Aldrich, St.
Louis, Missouri, USA). Antigen retrieval was applied for
30 min by steam heating the slides in a 1-mmol/L solution of EDTA (pH 8.0). After stopping of endogenous biotin reaction, staining was carried out by an automated
immunostainer then by applying a streptavidin-biotin
detection system (Dako, Glostrup, Denmark). Sections
were counterstained with haematoxylin. Primary antibody (as a negative control) was changed by PBS [29].

Statistical analysis

The analysis of data was conducted with Statistical
Package for the Social Science (SPSS) 18.0. One-way
Analysis of Variance (ANOVA) followed by Tukey’s
post-hoc test was performed to compare among the
studied groups. P-values < 0.05 were regarded as
a statistically significant.

RESULTS

Transmission electron microscopy (TEM)

Morphology of isolated BM-MSCs
On day 0 post-seeding, the cultured cells appeared rounded with different size while some of

Small corneal specimens were immersed for 2 hours
in 2.5% buffered glutaraldehyde in 0.1 PBS at pH 7.4
and 4°C, then replaced by 1% osmium tetroxide in
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A

B
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Figure 1. Mesenchymal stem cells (MSCs) are characterised in culture; A. On day 0 of MSCs isolation: cultured cells appear rounded with
different size (arrow) while some of them are aggregated into small groups and floated (double arrow) (40×); B. On day 7, MSCs are long,
spindle-shaped (arrow) with colony forming units (double arrows) (40×); C. On day 10, the number of cells are greatly increased and they
acquire fusiform shape (arrow) (100×); D. On day 14, the cell population appear confluent fibroblast like cells (arrow) (200×).

A

B

C

Figure 2. A. Mesenchymal stem cells (MSCs) are differentiated in culture into osteocytes and stained with Alizarin Red S stain; B. MSCs are
differentiated in culture into adipocytes and stained with Oil Red O stain; C. MSCs are differentiated in culture into chondrocytes and stained
with Alcian Blue stain.

them were aggregated into small groups and floated
(Fig. 1A). One week after plating, MSCs were long,
spindle-shaped and colony-forming units (Fig. 1B).
On day 10, the number of cells was greatly increased
and they acquired fusiform shape (Fig. 1C). Fourteen
days after plating, the cell population appeared fibroblast-like, and became confluent (Fig. 1D).

differentiated to adipocytes stained with Oil Red O
stain (Fig. 2B) and to chondrocytes stained with Alcian
Blue stain (Fig. 2C).
Phenotypic analysis of isolated BM-MSCs

The surface markers of the isolated cells of the 3rd
passage were analysed by flow cytometry. Most of
the cells expressed the MSC markers CD 90 (99.9%)
and CD 105 (90.38%) while very few cells expressed
the haematopoietic stem cell marker CD 45 (0.04%)
(Fig. 3). This proved that the isolated MSCs were
purified BM-MSCs.

Stem cell characterisation and differentiation in
vitro

Mesenchymal stem cells were differentiated to
osteocytes stained with Alizarin Red S stain (Fig. 2A),
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Immunofluorescence cell labelling

By using Carl Zeiss LSM 710 Duo Confocal microscope, PKH26-labelled cells were traced after 1 week
of their IV injection of the group III. Many labelled
cells were seen scattered in the corneal tissue (Fig. 4).
Histopathological findings
Figure 3. A chart of the flow cytometric analysis of the surface
antigens of mesenchymal stem cells: they are positive for CD 90
(99.9%), CD 105 (90.38%) and negative for CD 45 (0.04%); FITC —
fluorescein isothiocyanate; PE — phycoerythrin.

Regarding H&E stain, the control subgroups
showed a normal structure of the cornea. The stratified squamous non-keratinised epithelium was organized into 5 to 7 cell layers resting on a uniform
basement Bowman’s membrane. Bowman’s membrane was a thin acidophilic membrane which separated the corneal epithelium from the underlying
corneal stroma. The layer of corneal stroma forming
the main bulk of corneal thickness and consisted of
avascular regularly well-organized bundles of parallel
collagen fibres with scattered spindle-shaped fibroblast (keratocytes). Descemet’s membrane appeared
as a homogenous and acidophilic thin layer below the
stroma and was covered by a single layer of simple
squamous Descemet’s endothelium (Fig. 5). On the
other hand, the ultraviolet-irradiated group showed
remarkable histological alterations. The epithelium
was mostly affected by wide partial separation and
desquamation from the underlying stroma. Some
epithelial cells showed pale vacuolated cytoplasm and
deeply stained nucleus (Fig. 6A–C). Moreover, remarkable thinning of the corneal epithelial thickness was
observed in this group compared to the control one.
The collagen bundles of the stroma appeared thin and
extensively disorganized with wide spaces among their
fibres (Fig. 6B, C). Furthermore, neovascularisation and
mononuclear cellular infiltration were also observed
in the stroma (Fig. 6B). Descemet’s membrane and its
endothelial cells covering appeared highly disorganized and widely separated from the overlying stroma
(Fig. 6C). Whereas, in the IV BM-MSCs-treated group,
revealed moderate improvement of the corneal tissue
in the form of restoration of organization and most
of the thickness of the corneal epithelium. Vacuolated
cytoplasm is still observed in some of the epithelial
cells. Collagen bundles in the stroma are separated
by many wide spaces. The Descemet’s membrane and
endothelium restored most of their normal features
(Fig. 7A). The SC BM-MSCs-treated group showed
marked improvement and restoration of many of
the normal corneal tissue characteristics. The corneal
epithelium was nearly similar to that of the control

Figure 4. Immunofluorescence micrograph of the cornea of intravenous bone marrow mesenchymal stem cells-treated group showing
the presence of numerous PKH26 labelled cells in the corneal tissue
(arrows). Scale bar = 50 μm.

Figure 5. A photomicrograph of a section of the cornea of the
control group showing normal corneal tissue consists of a nonkeratinised stratified squamous epithelium (E) which organized into
multiple layers overlying Bowman’s membrane (arrow). The stroma
(S) constitutes most of the thickness of the cornea and consists
of avascular well-organized collagen bundles with scattered spindle-shaped keratocytes (arrowhead). Descemet’s membrane and
single squamous Descemet’s endothelial layer (D) are seen below
the stroma. Haematoxylin and eosin ×400; scale bar = 20 μm.
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A

B

C
Figure 6. Photomicrographs of sections of the cornea of the ultraviolet-irradiated group; A. Wide partial separation and desquamation of most
of the epithelial layer of the cornea from the underlying stroma (curved arrow). Some epithelial cells showing vacuolated cytoplasm (arrows);
B. Thinning of the corneal epithelial thickness (E). Some epithelial cells showing vacuolated cytoplasm (arrowhead). The collagen bundles of
the stroma appear thin and extensively disorganized with wide spaces between its fibres (asterisks). Neovascularisation (V) and mononuclear
cellular infiltration (curved arrow) are also observed in the stroma; C. Many epithelial cells are distorted with deeply stained nuclei and vacuolated cytoplasm (arrow heads). The stroma showing thin dispersed irregular collagen fibres with wide spaces (asterisks). The Descemet’s
membrane and its covering endothelial cells appearing highly disorganized and widely separated from the overlying stroma (arrows). Haematoxylin and eosin ×400; scale bar = 20 μm.

B

A

Figure 7. Photomicrographs of sections of the cornea of intravenous bone marrow mesenchymal stem cells (BM-MSCs)-treated group showing restoration of organization and most of the thickness of the corneal epithelium (E) (A).Vacuolated cytoplasm is still observed in some of
the epithelial cells (arrow heads). Collagen bundles in the stroma are separated by many wide spaces (asterisks). The Descemet’s membrane
and endothelium restored most of their normal features (arrow). B. Subconjunctival BM-MSCs-treated group showing uniform organization
and normal thickness of the corneal epithelium (E). The stroma showing regular organized collagen bundles (S) and spindle-shaped keratocytes (arrowhead). The Descemet’s membrane appears acidophilic with intact covering Descemet’s endothelium (D). Haematoxylin and eosin
×400; scale bar = 20 μm.

group with uniform normal thickness, rested on intact
basement membrane with absence of epithelial separation or desquamation from the underlying stroma.
The stroma showed regular organized collagen bundles and spindle-shaped keratocytes. The Descemet’s

membrane appeared acidophilic with intact covering
Descemet’s endothelium (Fig. 7B).
Regarding PAS stain, the control subgroups
showed a regular Descemet’s membrane with
a strong positive PAS reaction (Fig. 8A). On con-
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Electron microscopic findings

A

C

Ultrathin sections of the cornea of the control subgroups exhibited squamous cells in the superficial layer
of the epithelial cells. Their nuclei appeared flattened
and euchromatic. Intact desmosomes connected the
adjacent cells together (Fig. 10A). The cells of intermediate layer showed normal nuclei with regular outline, mitochondria and rough endoplasmic reticulum
(RER) appeared normal. Junctional complex was intact
(Fig. 10B). The basal layer consisted of tall columnar
cells with regular euchromatic nuclei and mitochondria
inside their cytoplasm. These basal cells were resting
on an intact continuous basement membrane and
connected to each other by many intact regular electron-dense desmosomes (Fig. 10C). The stroma showed
the presence of a well-organized collagen fibres. Spindle-shaped keratocytes with a euchromatic nucleus
and little cytoplasm were observed in-between the
collagen fibrils (Fig. 10D). A thick homogenous noncellular Descemet’s membrane was clearly demonstrated
underneath the stroma and lined by endothelial cell
layer. The endothelial cells possessed electron-dense
flattened euchromatic nucleus and scanty cytoplasm
with multiple small pinocytotic vesicles (Fig. 10E).
Ultraviolet-irradiated group showed that the nucleus of squamous cells in the superficial layer of the
epithelial cells appeared irregular and swollen. The
cells were separated by wide intercellular spaces.
Multiple inflammatory cells were observed infiltrating
the intercellular tissue (Fig. 11A). Cells of intermediate
layer appeared with indented and irregular nucleus.
Loss of junctional complex represented as wide intercellular spaces were clearly seen. Mitochondria
showed complete lysis of their cristae. (Fig. 11B). The
cells of the basal layer were disturbed, disorganized
and irregular in shape. Some of these cells had an
irregular nucleus while others possessed a shrunken
heterochromatic pyknotic nucleus. The cells were separated by wide intercellular spaces and inflammatory
cells. The basement membrane was seen irregular
and interrupted (Fig. 11C). The stroma composed of
irregular disturbed collagen fibrils. The keratocytes
appeared irregular in shape with heterochromatic nucleus and vacuolated cytoplasm. The stroma displayed
a very wide area devoid of collagen fibrils (Fig. 11D).
The Descemet’s membrane appeared nonhomogeneous and distorted. The endothelial cells had an irregular nucleus with many variable sized vacuolations in
the cytoplasm. The endothelial cells showed partial
separation from the Descemet’s membrane (Fig. 11E).

B

D

Figure 8. Photomicrographs of sections of the cornea of the
studied groups; A. Control group showing a regular Descemet’s
membrane with a strong positive Periodic Acid Schiff (PAS)
reaction (thin arrow); B. Ultraviolet-irradiated group showing
a wavy, irregular Descemet’s membrane with marked decrease
in its thickness and weak PAS positive reaction (thick arrow);
C. Intravenous bone marrow mesenchymal stem cells (BM-MSCs)-treated group showing a Descemet’s membrane with a moderate
positive PAS reaction (arrowhead); D. Subconjunctival BM-MSCs-treated group showing a regular thick Descemet’s membrane
with a strong PAS positive reaction (double arrow). PAS ×400;
scale bar = 20 μm.

trast, the ultraviolet-irradiated group exhibited
a thin irregular and wavy Descemet’s membrane
with a weak PAS positive reaction (Fig. 8B). In IV
BM-MSCs-treated group the Descemet’s membrane
showed partial restoration of normal appearance
with a moderate positive PAS reaction (Fig. 8C). The
SC BM-MSCs-treated group demonstrated a regular
thick Descemet’s membrane with a strong PAS-positive reaction (Fig. 8D).
Immunohistochemical results

Proliferating cell nuclear antigen nuclear immunoexpression was applied to estimate corneal epithelial proliferation after MSCs injection. PCNA nuclear expression was mild in control group (Fig. 9A)
and minimal in the ultraviolet-irradiated group
(Fig. 9B). On the other hand, IV BM-MSCs-treated
group exhibited a moderate PCNA nuclear expression (Fig. 9C) and SC BM-MSCs-treated group displayed a strong PCNA nuclear expression (Fig. 9D).
PCNA was expressed in the basal epithelial layer in control and ultraviolet-irradiated groups, on
contrast; the expression extended to the central
and peripheral layers of the regenerated corneal
epithelium in both IV BM-MSCs- and SC BM-MSCs-treated groups.
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Figure 9. Photomicrographs of immunostaining sections of the cornea of the studied groups; A. Control group showing a mild nuclear immunoreactivity of the corneal epithelial cells; B. Ultraviolet-irradiated group exhibiting a minimal nuclear immunoreactivity of the corneal epithelial cells; C. Intravenous bone marrow mesenchymal stem cells (BM-MSCs)-treated group demonstrating a moderate nuclear immunoreactivity
of the corneal epithelial cells; D. Subconjunctival BM-MSCs-treated group showing a strong nuclear immunoreactivity of the corneal epithelial
cells. Proliferating cell nuclear antigen immunostaining; ×400; scale bar = 25 μm.
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Figure 10. Electron micrographs of the cornea of the control group; A. Squamous cells are seen in the superficial layer of the epithelial cells.
The nuclei of these cells appear flattened and euchromatic (N). Intact desmosomes connecting the adjacent cells together (arrows); B. Cells
of intermediate layer of corneal epithelium. Nuclei appear normal with regular outline (N); mitochondria (m) and rough endoplasmic reticulum (arrowhead) are normal. Intact junctional complex (arrow); C. Columnar cells in the basal layer of the epithelial cells with euchromatic
nuclei (N). The cells resting on an intact continuous basement membrane (arrow) and connected to each other by many intact regular electron-dense desmosomes (arrowhead). The mitochondria are seen inside its cytoplasm (m). Note: regular collagen bundles (C) surrounding
a keratocyte (K) in the stroma; D. The stroma showing the presence of an organized arrangement of the collagen fibres (C). A spindle-shaped
keratocyte (K) with a euchromatic nucleus (N) and little cytoplasm; E. Thick homogenous noncellular Descemet’s membrane (D) is lined by
endothelial cell (E) with electron-dense flattened euchromatic nucleus (N) and scanty cytoplasm containing multiple small pinocytotic vesicles
(arrow). Transmission electron microscopy A, C, D, E: ×17500; scale bar = 1 μm; B: ×8000; scale bar = 4 μm.
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Figure 11. Electron micrographs of the cornea of the ultraviolet-irradiated group; A. Squamous cells of the superficial layer of the epithelial
cells. The nucleus (N) appears irregular and swollen. The cells are separated by wide intercellular spaces (arrows). Multiple inflammatory
cells (I) are observed infiltrating the intercellular tissue; B. Cells of intermediate layer with indented (arrowhead) and irregular nucleus (N), loss
of junctional complex appears as wide intercellular spaces (arrows). Note, mitochondria (m) can be observed with complete lysis of their cristae; C. Disturbed disorganized irregular shaped cells are noticed in the basal layer. Some of these cells have irregular nucleus (N) while others
possess a shrunken heterochromatic pyknotic nucleus (p). The cells are separated by wide intercellular spaces (arrows) and inflammatory
cells (I). The basement membrane is seen irregular and interrupted (arrow heads). Note: An inflammatory cell (i) is observed in the region of
stroma (S); D. The stroma (S) containing irregular disturbed collagen fibrils. A keratocyte (K) appears irregular in shape with heterochromatic
nucleus (N) and vacuolated cytoplasm (v). The stroma exhibiting a very wide area devoid of collagen fibrils (asterisk); E. Descemet’s membrane (D) appears nonhomogeneous and distorted. The endothelial cell (E) has an irregular nucleus (N) with many variable sized vacuolations
in the cytoplasm (v). The endothelial cell shows partial separation from the Descemet’s membrane. Note: The stroma showing distorted irregular collagen fibrils (asterisk). Transmission electron microscopy A–C: ×8000; scale bar = 4 μm; D, E: ×17500; scale bar = 1 μm.

On the other hand, the IV BM-MSCs-treated
group showed moderate improvement in all layers
of the cornea. The squamous cells of superficial
epithelial layer had an elongated euchromatic nucleus. Cells were connected together with intact
continuous desmosomes; however, some cells were
still separated by intercellular spaces (Fig. 12A). Cells
of intermediate layer showed irregular nucleus. Mitochondria were observed with partial lysis of their
cristae. Desmosomes appeared intact. There was
a slight widening in the intercellular spaces (Fig.
12B). Some cells of the basal layer had an irregular euchromatic nuclei with multiple mitochondria
while others had a pyknotic nucleus. The cells were
resting on a slightly irregular basement membrane.
Desmosomes appeared connecting the cells with
each other (Fig. 12C). The stroma showed well-organized regular collagen fibrils. Some keratocytes
were irregular in shape with distorted nuclei and
surrounded by a large space devoid of collagen fibrils (Fig. 12D). The Descemet’s membrane appeared
thick, homogenous with a regular contour. The

endothelial cells were distorted with many vacuolations in their cytoplasm (Fig. 12E).
The SC BM-MSCs-treated group revealed marked
improvement and restoration of the normal features
in all layers of the cornea. The squamous cells in the
superficial epithelial layer had a flattened elongated
euchromatic nucleus. The cells were attached together by desmosomes. Narrow intercellular spaces were
still seen among the cells (Fig. 13A). Cells of intermediate showed nearly normal nuclei appear with
regular outline. Mitochondria and RER were normal.
The junctional complex showed focal areas of slightly
widening in the intercellular space while the desmosomes were intact (Fig. 13B). The cells of basal layer
possessed normal contour with an euchromatic mild
indented nuclei with many mitochondria resting on
a regular intact continuous basement membrane. Intact
desmosomes connected the epithelial cells to each
other (Fig. 13C). The stroma showed well-organized
regular collagen fibrils. A spindle-shaped keratocytes
with a euchromatic nucleus appeared in-between the
collagen fibrils (Fig. 13D). The Descemet’s membrane
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Figure 12. Electron micrographs of the cornea of intravenous bone marrow mesenchymal stem cells (BM-MSCs)-treated group; A. Squamous cells of superficial epithelial layer has an elongated euchromatic nucleus (N). The cells are connected together with intact continuous
desmosomes (curved arrows); however, some cells are still separated by medium sized intercellular spaces (arrows); B. Cells of intermediate
layer with irregular nucleus (N), mitochondria (m) with partial lysis of their cristae, intact normal desmosomes can be observed (arrow),
slightly widening in intercellular spaces (circle); C. Some basal layer cells have irregular euchromatic nucleus (N) with multiple mitochondria
(m) while others have pyknotic nucleus (p). The cells are observed resting on a slightly irregular basement membrane (arrow). Desmosomes
(curved arrows) could be seen connecting the cells with each other. The stroma shows a regular arrangement of the collagen fibrils (S);
D. The stroma reveals well-organized regular collagen fibrils (C). A keratocyte (K) is observed with an irregular shape, distorted nucleus and
surrounded by a large space devoid of collagen fibrils (asterisk); E. The Descemet’s membrane (D) appears thick, regular and homogenous in
contour. Endothelial cell (E) is distorted with many vacuolations in its cytoplasm (V). Transmission electron microscopy A–C, E: ×8000; scale
bar = 4 μm; D: ×17500; scale bar = 1 μm.

B

A

C

D

E

Figure 13. Electron micrographs of the cornea of subconjunctival bone marrow mesenchymal stem cells (BM-MSCs)-treated group (IV) showing marked improvement in all of its layers; A. Squamous cells in the superficial epithelial layer have a flattened elongated euchromatic nucleus (N). The cells are attached together by desmosomes (curved arrows). Narrow intercellular spaces are still seen among the cells (arrows);
B. Cells of intermediate layer with nuclei appear nearly normal with regular outline (N). Mitochondria (m) and rough endoplasmic reticulum
(arrowhead) are normal. The junctional complex shows focal area of slightly widening in the intercellular space (circle) while the desmosomes
are intact (arrow); C. The cells of basal layer possess a normal contour and an euchromatic mild indented nuclei (N) with many mitochondria
(m) resting on a regular intact continuous basement membrane (arrow). Intact desmosomes connecting the epithelial cells to each other
(curved arrows); D. The stroma is seen with well-organized regular collagen fibrils (C). A spindle-shaped keratocyte (K) is observed with an
euchromatic nucleus (N); E. Homogenous noncellular Descemet’s membrane (D). The lining endothelial cell (E) has an elongated euchromatic
nucleus (N). Note: the regular organization of collagen fibrils in the stroma (C). Transmission electron microscopy A, B, D, E: ×8000; scale
bar = 4 μm; C: ×17500; scale bar = 1 μm.
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Table 1. Corneal epithelial thickness of the study groups

appeared homogenous and noncellular similar to the
control one and its lining endothelial cells had an
elongated euchromatic nucleus (Fig. 13E).

Group

Morphometric assessment

The mean thickness of the corneal epithelium
showed a highly significant decrease in the ultraviolet-irradiated group compared to the control one.
Moreover, IV and SC injections in the BM-MSCs groups
showed a non-significant decrease compared to the
control group, On the contrary showed a significant
increase compared to the ultraviolet-irradiated one
(Table 1).
The mean colour intensity of PAS positive reaction
and the mean thickness of the Descemet’s membrane revealed a highly significant decrease in the
ultraviolet-irradiated group compared to the control
one. SC BM-MSCs group showed a highly significant
increase compared to the ultraviolet-irradiated and IV
BM-MSCs groups while a non-significant difference
was recorded between SC BM-MSCs and control one
(Table 2).
The mean area per cent of PCNA for all groups was
represented in Table 3. There was a highly significant
decrease in mean area per cent of PCNA immunoexpression in the ultraviolet-irradiated group compared
to the control group. On the other hand, there was
a significant increase in SC BM-MSCs group when
compared to the other three groups.

Corneal epithelial thickness

Control group (group I)

41.8 ± 0.45

Ultraviolet-irradiated group (group II)

24.6 ± 0.54a

IV BM-MSCs group (group III)

40.2 ± 0.44b

SC BM-MSCs group (group IV)

40.8 ± 0.44b

Values are mean ± standard deviation; ap < 0.05 vs. group I and bp < 0.05 vs. group II.
Statistical analysis was performed by ANOVA, followed by Tukey’s post-hoc test. BM-MSCs
— bone marrow mesenchymal stem cells; IV — intravenous; SC — subconjunctival

Table 2. Thickness of Descemet’s membrane and colour intensity of Periodic Acid Schiff (PAS)-positive reaction of the study
groups
Thickness of
Descemet’s
membrane
[µm]

Colour
intensity of
PAS-positive
reaction

Control group (group I)

7.16 ± 0.18

21.36 ± 0.60

Ultraviolet-irradiated group (group II)

a

4.11 ± 0.43

11.49 ± 0.92a

IV BM-MSCs group (group III)

5.94 ± 0.46a,b

17.95 ± 0.53a,b

SC BM-MSCs group (group IV)

7.07 ± 0.34b,c

21.00 ± 0.84b,c

Group

Values are mean ± standard deviation; ap < 0.05 vs. group I, bp < 0.05 vs. group II
and cp < 0.05 vs. group III. Statistical analysis was performed by ANOVA, followed
by Tukey’s post-hoc test; BM-MSCs — bone marrow mesenchymal stem cells;
IV — intravenous; SC — subconjunctival

Table 3. Proliferating cell nuclear antigen (PCNA) immunoexpression of the study groups
Group

DISCUSSION
The current study exhibited that BM-MSCs have
a regenerative, anti-apoptotic and anti-inflammatory
effects on the cornea exposed to ultraviolet radiation.
This was assessed by histopathological, immunohistochemical and TEM evaluation. Local SC administration
of BM-MSCs showed a better amelioration more than
systemic IV administration on the corneal damage
induced by UVB.
The cornea is avascular transparent structure,
which permits the passage of light to the profound
parts of the eyeball and is permanently at a high risk
of exposure to a broad spectrum of radiation involving
UV type [6]. Previous studies mentioned that the extent
of injury resulted from UV radiation exposure is based
on numerous factors, such as the time of exposure
and the wavelength of radiation. Wavelengths under
290 nm are totally absorbed by the epithelial layer of
the cornea then pass to the deep located structures,
whereas those in the range between 300–320 nm

PCNA immunoexpression

Control group (group I)

135.0 ± 3.6

Ultraviolet-irradiated group (group II)

113.8 ± 3.1 a

IV BM-MSCs group (group III)

158.2 ± 2.8 a,b

SC BM-MSCs group (group IV)

176.0 ± 2.6 a,b,c

Values are mean ± standard deviation; ap < 0.05 vs. group I, bp < 0.05 vs. group II
and cp < 0.05 vs. group III. Statistical analysis was performed by ANOVA, followed
by Tukey’s post-hoc test; BM-MSCs — bone marrow mesenchymal stem cells;
IV — intravenous; SC — subconjunctival

are absorbed by the cornea and crystalline stroma,
resulting in injury to several structures [50].
In this study, repeated application of UV radiation
in the wavelength range between 290–400 nm for
successive 5 days leads to epithelial desquamation
of the cornea. Some epithelial cells revealed deeply
stained nucleus and pale vacuolated cytoplasm. Furthermore, the thickness of corneal epithelium was
markedly decreased in some focal areas. The stroma
shower disturbed collagen fibres separated by wide
spaces, neovascularisation and inflammatory infiltration. The Descemet’s membrane seemed to be disorganized; some endothelial cells were disturbed with
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pale vacuolated cytoplasm. Current results were in
accordance with Golu et al. [22], who concluded that
repeated exposure to UV radiation with 290–400 nm
wavelength resulted in necrosis of the membrane of
the basal epithelium that may extend deeper to erode
the Bowman’s membrane. The Bowman’s membrane
was seen detached from the epithelium with fluid
accumulation and damage of the junction in-between
them. The Bowman’s membrane was seen thickened,
wavy and interrupted, permitting lymphocytes and
macrophages migration in the anterior epithelium.
Similar findings have been reported by Chen et
al. [12], who conducted a study on the mice which
were subjected to UVB light (0.72 J/cm2/daily), and
Mahmoud et al. [43], who applied a single UVB irradiation at a dose of 1.2 J/cm2 on the cornea of
the rats. The corneal epithelial thickness after UVB
exposure appeared extremely thinner relative to the
control group. The nuclei of the epithelial cells appeared more condensed, indicating cell death. UVB
group showed considerable exfoliation of the corneal
epithelium. Discontinuation or may be absence of the
Bowman’s membrane was clearly seen. Furthermore,
the stroma revealed disarranged collagen fibres which
were separated by wide spaces, keratocytes were
degenerated and infiltrated by polymorphonuclear
leukocytes, multiple lymphocytes, macrophages and
haemorrhage [22, 43].
The current work revealed degenerated superficial epithelial cells with irregular basal cells, wide
separation of corneal stroma and interruption of
Descemet’s membrane by electron microscopic examination. These findings were consistent with the
ultrastructural study conducted by Mahmoud et al.
[43] who showed irregular nuclear membrane, condensation of chromatin, absent rough endoplasmic
reticulum and mitochondrial dissolution of the epithelial cells of the cornea.
Previous studies have reported many alterations of
the corneal structure were induced by UV radiation by
provocation of reactive oxygen species. Exposure of
the cornea once to UVB radiation was enough to terminate endothelial cell proliferation. Marked decrease
in the epithelial thickness was associated with higher
doses of UVB [10]. Exposure to UV is associated with
reduction of the oxygen removal rate from the cornea
and blockage of glucose transmission system inside
the cornea [34, 35]. Injury of the anterior corneal
epithelium and endothelium is associated with UV
exposure [48]. These results are matching with data

of the present study which declare the presence of
detachment in the layers of anterior epithelium and
the endothelium after UV radiation exposure.
In the recent years, the cellular and molecular
events inducing photokeratitis have been greatly
investigated [2, 32]. A variety of proinflammatory
molecules including cytokines, nuclear factor-kappaB
(NF-κB), interleukins and matrix metalloproteinases
(MMPs) are involved in the disease progression [21,
37, 49, 59]. NF-κB activation was generally reported
to be provoked by UVB. The transcription of several
down-stream genes such as inducible nitric oxide
synthase (iNOS) and cyclooxygenase-2 (COX-2) is induced by NF-κB. Both factors are the main activators
of the induction of inflammatory cells [12, 23, 27, 39].
In the current work, the stroma was infiltrated
by inflammatory cells. Wang et al. [60] reported that
the damaged epithelial cells release interleukin 1beta
(IL1β) which is responsible for inflammatory cellular
reaction in the stroma. IL1β is an active cytokine that
is implicated in immediate inflammatory reaction
resulting in activation and infiltration by neutrophils
and macrophages.
In the present study, neovascularisation of the
corneal stroma was detected in the irradiated group.
This was in accordance with Golu et al. [22] and
Mureşan et al. [45] who reported the appearance
of stromal neovascularisation of corneal stroma of
the rat following prolonged ultraviolet exposure.
Excess of pro-angiogenic agents, such as vascular
endothelial growth factor (VEGF), MMPs and fibroblast growth factor (bFGF) and lack of antiangiogenic
agents such as endostatin, angiostatin and pigment
epithelium-derived factor resulted in imbalance between angiogenic and antiangiogenic factors which
stimulate the avascular cornea to be vascularised [11].
VEGF were released from the basal layer epithelial
cells, endothelial cells and fibroblasts of the cornea
[49]. On the other hand, Clements and Dana [13]
reported that the neovascularisation may occur due
to inflammation.
In current study, BM-MSCs groups showed improvement in all parameters. These findings are in
agreement with Harkin et al. [25] who emphasized
that the healing of epithelium was improved by BMMSCs. There are different mechanisms by which the
MSCs repaired the corneal damages such as growth
factors and cytokines excretions that controlled cell
proliferation and signalling after corneal alkali burn.
Other study found that BM-MSCs-treated damaged
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corneas exhibited a marked amelioration and closure of the defects in the epithelium resulting in
normal well-organized layers of epithelium with no
intercellular gaps relative to the untreated corneas.
Furthermore, the organized stromal structure is preserved by important factors such as keratan-sulfate
proteoglycans which is released by the regenerated
keratocytes. They are crucial and essentially needed
for the transparency of the cornea by production and
maintenance of normal collagen interfibrillar spacing
and the fibril width [26].
The present results are in matching with Giacomini
et al. [20] and Lazarus et al. [36] who demonstrated
that BM-MSCs protected and accelerated healing of
the corneal epithelium and endothelium resulting
from free oxygen radicals and their oxidative stress via
its immunomodulatory function through inhibition
of leukocytes chemotaxis and phagocytosis of macrophages and suppression of release of free radicals.
Previous researches conducted by Ma et al. [42] and
Oh et al. [47] stated that promoted wound healing
and ameliorated regeneration of the corneal surface
were improved by MSCs therapy through its anti-inflammatory properties. Ma et al. [42] hypothesized
that suppression of CD 45, interleukin 2 (IL-2) and
MMP2 expression was produced due to the anti-inflammatory efficacy of MSCs. On the other hand, Oh
et al. [47] reported that the anti-inflammatory properties of MSCs was achieved by blocking the adaptive
CD4+ T cells invasion and also through suppression of
CD4+ T cell-related cytokines and MMP2 expression
potentially by releasing soluble agents.
In the current work, a highly significant decrease
in PAS positive reaction in ultraviolet-treated group
compared to the control was recorded, while statistically significant increase was recorded between
MSCs-treated groups compared to ultraviolet-treated
group. These findings are consistent with Sharaf Eldin
et al. [52] who registered that after exposure to alkali
burn, the Descemet’s membrane of the cornea of the
rat showed a mild positive reaction to PAS stain. On
contrast, Ahmed et al. [1] recorded that after exposure to alkali burn the Descemet’s membrane of the
rabbit’s cornea exhibited a significant increase in
the thickness of the PAS positive reaction relative to
control group. They concluded that the reduction in
efficiency of the barrier in addition to a drop in the
pump function resulting from variation in pH of the
endothelium of the cornea is the main cause of the
increase in the thickness of Descemet’s membrane.

In this study, PCNA was highly expressed in basal
epithelium and extended to the central and peripheral
layers of the regenerated corneal epithelium in both
IV and SC BM-MSCs-treated groups. In agreement
with these finding, Ye et al. [62] mentioned that
during the healing of corneal alkali burn, the efficacy
of stem cell and the proliferation of cell kinetics were
achieved by using stable cell cycle-regulated protein
(PCNA). Expression of PCNA reaction is an indicator
that MSCs promote the proliferation of limbal stem
cells. This data suggested that the MSCs moved to
the damaged cornea and induced native corneal cell
proliferation. The probable interpretation of this suggestion is that many limbal stem cells were promoted
by the transplanted MSCs in cornea; these stimulated
stem cells react to the local specific medium produced
by inflammatory reaction by secreting cytokines from
MSCs, acquiring the ability to proliferate and differentiate. Thus, healing of the wound could be promoted
by the transplanted MSCs through activating and
synchronizing with native cells.
The corneas of IV BM-MSCs-treated group are still
suffered from some residual histological alterations
while SC BM-MSCs-treated group displayed corneas
with nearly normal features. These findings are consistent with Shukla et al. [53] who assessed the effect of
various routes of MSCs administration in amelioration
of reconstruction and maintaining the transparency
of cornea after inducing corneal damage in a murine
model. They reported that SC and IV injections of MSCs
after corneal damage are successful in dramatically
reducing the inflammation and opacification in addition to repair and re-epithelialisation of the corneal
tissue; however, there was slightly more improvement
associated with the SC administration compared to IV
route. The only interpretation is that SC route evades
the MSCs aggregation of ‘first-pass’ in the lungs and
decreases the possibility for residing outside the target
and immunomodulatory impacts [54]. As the IV MSCs
were retained in the lungs, huge numbers of cells are
required to achieve the needed therapeutic effect,
a consideration that decreases the possibility of using
MSCs as a therapy in the clinical purposes [5, 31, 64].
On the other hand, administration of SC MSCs allowed
the whole transplanted cells to reach the target with
bypass of the first-pass action in the lung.

CONCLUSIONS
In summary, the current study exhibited that the
local SC injection of BM-MSCs has a marvellous re-
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generative efficacy on the corneal tissue compared
to the systemic IV injection of BM-MSCs. This occurs
through inhibition of neovascularisation and suppression of the inflammatory reaction and degenerative
changes of the epithelial cells induced by chronic
ultraviolet irradiation exposure. Therefore, the usage
of SC injection of BM-MSCs is recommended as
a better therapeutic agent more than the IV injection
in the chronic corneal injury.
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Background: Sentinel node biopsy in vulvar cancer is associated with much less
morbidity than inguinofemoral node dissection. Our study focused on describing
the morphology of superficial lymphatic drainage of the vulva and its relationship
to regional nodes, which may facilitate orientation during surgery.
Materials and methods: In 24 female cadavers, injections of patent blue (at
various localisations medially, unilaterally and bilaterally) were used to visualise the
lymphatic drainage of the vulva. After dissection of lymphatic vessels and nodes,
their course was documented by photograph and then analysed. Subsequently,
a map of vulvar superficial lymphatics was created.
Results: The cutaneous and subcutaneous tissue of the vulva primarily drained
to superficial inguinal nodes. There was no evidence of a solitary lymph node
that drained the unilateral vulva. Each area of the vulva drained to its own lymph
node, which was variably localised in the subcutaneous groin around the great
saphenous vein. Anastomoses between individual inguinal superficial lymph
nodes are likely. Right-left symmetry in the course of lymphatic collectors was not
detected. Natural drainage of the medial and paramedial areas to contralateral
inguinal nodes was also not detected. The drainage pattern to ipsilateral inguinal
nodes was consistent in cadavers without evidence of vulvar disease and may be
applicable in the early stages of vulvar cancer.
Conclusions: There was no evidence of a solitary node that drained the unilateral vulva. Each part of the vulva may drain to a corresponding lymph node in
a different localisation of the groin. The surgeon should take this variability into
account. (Folia Morphol 2022; 81, 4: 917–922)
Key words: vulva, cancer, sentinel node, lymphatic mapping, anatomy

INTRODUCTION

marily metastasizes via the lymphatics, and primary
treatment in the initial stages is surgical. Due to the
age of those primarily affected, patients with vulvar
cancer are characterised by polymorbidity and a sig-

Vulvar cancer represents 3–5% of all gynaecological tumours, but primarily affects women in the
7th and 8th decades of life [10]. Vulvar cancer pri-
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nificantly higher risk of postoperative complications
(lymphedema, wound disruption). Therefore, there is
an effort to reduce the radicality of surgery and thus
the occurrence of serious complications while preserving similar outcomes. Since the turn of the century,
wide tumour excision and biopsy of the sentinel node
has replaced radical vulvectomy in the early stages
of vulvar cancer [15]. Sentinel lymph node biopsy is
indicated for vulvar cancer up to 4 cm in size [14, 15].
The present study primarily focused on describing
the topography of the superficial lymphatic drainage
of the vulva and its relationship to regional nodes,
which may facilitate orientation during surgery.

through the small pubic nodes to the deep inguinal
nodes. Poirer and Cuneo [17] described three lymphatic drainage pathways of the clitoris. From the preputium clitoris, lymph is drained by lymphatic vessels to
the superficial inguinal nodes. From the body of the
clitoris, lymph is drained by lymphatic vessels to the
inguinal canal and to the pelvic nodes. And finally they
described lymphatic vessels from the clitoris that run
to the deep inguinal nodes and continue through the
lacuna vasorum to the Clocquet node and the pelvic
nodes. Reifenstuhl [21] provided the most detailed
description of the lymphatic drainage of the clitoris.
He also found three lymphatic drainage pathways;
however, they differed from those described by Poirer
and Cuneo [17]. Part of the lymphatic vessels of the
clitoris and the distal part of the urethra run to the
superficial inguinal nodes. The second part of the lymphatic vessels of the clitoris runs in the deep adipose
tissue anterior to the mons pubis, and inferior to the
inferior edge of the pubic symphysis they enter the
interiliac and obturator lymph nodes. The third part of
the lymphatic vessels from the deep part of the clitoris
and urethra run to the anterior side of the symphysis,
then cranially to the attachment site of rectus abdominis. The collector passes through the medial part of
the rectus abdominis muscle and runs bilaterally along
the superior edge of the pubic ramus laterally to the
node located at the beginning of the pelvis at the
femoral anulus (to the medial lacunar node).
Lymphatic drainage of the middle part of the vulva
and clitoris is important in the surgical treatment of
vulvar cancer. According to National Comprehensive
Cancer Network (NCCN) guidelines, bilateral inguinal
surgery is recommended for tumours located 2 cm
or less from the midline.
The aim of the present study was to map the
superficial lymphatic drainage of the vulva, including potential accessory lymphatic pathways and localisation of the sentinel lymph node, which is not
influenced by the presence of malignant tumour and
which determines potential metastasis sites, in order
to facilitate orientation during surgery. Special attention was paid to the lymphatic drainage of the midline
and clitoris in order to show possible connections to
the contralateral side.

Lymphatics of the vulva

Anatomical descriptions of the lymphatic vessels
of the external genital organs in women were predominantly made at the end of the 19th century and
in the first half of the 20th century. The findings of
these pioneering works showed that both the labia
minora and labia majora share common lymphatic
drainage [3, 4, 23, 24]. This drainage consists of
a network of lymphatic vessels in the internal and external superficial area of the labia minora and majora,
which runs to the lymphatic collectors, continuing to
the mons pubis and further towards the superficial
inguinal nodes. Lymphatic collectors typically terminate in the superomedial node group, rarely in the
inferomedial group [4] or in the lateral node group
[21] of the superficial inguinal nodes.
The superficial inguinal lymph nodes are anatomically divided into four groups: superomedial, inferomedial, superolateral and inferolateral; determined
by the localisation of the great saphenous vein and
its passage through the saphenous opening in the
cribriform fascia. Some anatomists include a small
group of 2–3 nodes around the saphenous opening
[11]. This group has several names, most commonly
referred to as the central group. Each node in these
superficial groups may be a sentinel node. The superficial inguinal lymph nodes are connected to the deep
inguinal lymph nodes by efferent lymphatic vessels.
Lymphatics of the medial part of the vulva

Lymphatic drainage of the clitoris is described differently by individual authors. In 1909, Bartels divided
the lymphatic vessels of the clitoris into superficial and
deep vessels. Superficial lymphatics run to superomedial superficial inguinal nodes, deep lymphatics go
through the lymphatic plexus pubicus and eventually

MATERIALS AND METHODS
The present study was performed on a total of 24
female cadavers with a mean age of 68 years (range
62–86 years; up to 12 hours after death from internal
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disease with a negative history of malignancy). After
gradually warming the pubic and inguinal regions
with warm water to 37o Celsius, patent blue (Patent
Blue V Sodium 2.5%; Guebert, Villepinte, France)
2 mL was gradually applied subdermally:
— to 6 cadavers paramedially at a distance of
2 cm to the right of the midline of the body
from the mons pubis to the level of the posterior
commissure;
— to 6 cadavers as above but on the left side of
the body;
— to 6 cadavers along the circumference of the
labia minora bilaterally simultaneously;
— to 6 cadavers circularly periclitorally (up to
a distance of 1 cm from the clitoris).
After imaging and gentle dissection of lymphatic
vessels and nodes, their course was documented by
photograph and then analysed. Subsequently, a map
of the superficial lymphatics of the vulva was created.
The study was approved by the Ethics Committee and
Institutional Review Board.

Figure 1. Superficial lymphatic collectors of the vulva; LCR —
lymphatic collectors on the right side; LCL — lymphatic collectors
on the left side; LMi — labia minora; C — clitoris; SN — sentinel
node.

Ethical statement

Approval was obtained from the ethics committee
of the 1st Medical Faculty of Charles University and
General Hospital in Prague, No GACR 304/00/1157.
The procedures used in this study adhere to the tenets
of the Declaration of Helsinki.

RESULTS
After subcutaneous application of patent blue along
the circumference of the labia minora bilaterally,
simultaneously, a variable number (2–5) of lymphatic
collectors were visible, which were partially vertical and
then arcuate in orientation in the area of the mons
pubis, and then gradually deviated laterally and toward
the inguinal nodes (Figs. 1–3). The dorsal parts of the
vulva drained into inferomedial inguinal nodes, and the
paraclitoral parts of the vulva drained into superomedial
inguinal nodes. Irregular anastomoses were seen in
the distal part of the collectors, and the course of the
collectors did not exceed the inguinofemoral groove.
Right-left symmetry of node localisation and the course
of lymphatic collectors were not detected.
After unilateral application of contrast paramedially at a distance of 2 cm from the mid-sagittal plane, in only 1 case, a smaller collector began
to appear, which conducted contrast towards the
contralateral groin. However, the contrast did not
progress further than 2 cm from the midline. On

Figure 2. Superficial dissected groin on the left side; C — clitoris;
SNs — sentinel nodes on the left side; M — musculus gracilis;
VSm — vena saphena magna.

Figure 3. Dissected superficial lymphatic vessels of the vulva;
C — clitoris; SNs — sentinel nodes on the left side; VSm — vena
saphena magna.
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difficulties (numerous varicose plexuses, inaccessible
dissection area). The resulting lymphatic drainage
model is shown in Figure 4.

DISCUSSION
Inguinal node topography and localisation of the
sentinel node are essential issues in surgical treatment
of vulvar cancer. The exact distribution and topography of superficial inguinal nodes is almost impossible
to determine during surgery. The only structure for
anatomical orientation in the subcutaneous groin is
the great saphenous vein. Other superficial veins in
the groin exhibit broad anatomical variability. All of
our observations showed that the dorsal parts of the
vulva drain into inferomedial inguinal nodes, and the
paraclitoral parts of the vulva drain into superomedial
inguinal nodes. We are not aware of any up-to-date
studies that have employed similar methodology in
evaluating the topography and principles of vulvar
drainage to the superficial inguinal lymph nodes ex
vivo. Thus, other reports are from clinical observations
of sentinel localisation during surgery for early-stage
vulvar cancer [9], and their disadvantage is that they
do not describe the course of lymphatics between
the application site and the groin. In most cases they
also do not identify the site of tracer application on
the vulva (presumably at the site of the tumour).
Sentinel node detection in vulvar cancer surgery is
performed by a variety of methods, including preoperative lymphoscintigraphy, intraoperative use of
a gamma probe combined with blue dye, or blue dye
alone [2, 12, 18]. Affected sentinel nodes in vulvar
cancer are more frequently present ipsilateral to the
tumour, but may also be found bilaterally [6, 8, 13].
The location of the sentinel node is also determined
by the localisation of the vulvar tumour. For a vulvar
tumour positioned in the midline, the likelihood of
bilateral metastasis is higher than for a tumour positioned laterally [20]. Midline or paramedial cancers of
the vulva metastasize bilaterally in 30% of cases [1].
In the present study, a contralaterally-oriented collector was partially shown in 1 case, but after a short
course the contrast did not spread further. Drainage
to contralateral nodes in our work was not demonstrated, which is in line with current NCCN guidelines
for the surgical treatment of vulvar cancer. This may
be due to the fact that in cases of carcinoma of the
vulva, due to metastatic involvement of the ipsilateral
lymphatics, the lymphatic drainage is subsequently
redirected to the contralateral groin.

Figure 4. Schematic of superficial lymphatics of the vulva; dark
grey — superficial lymphatics of the vulva; thin black arrow — thin
connections between nodes.

the contralateral side, this collector was significantly
thinner and less conspicuous compared to ipsilateral
collectors. Thus, drainage into the contralateral inguinal nodes was not demonstrated. The pattern of
contrast dispersion after unilateral application was
identical to that after bilateral application, including
imaging and localisation of nodes.
In contrast, periclitoral application showed both
bilateral collectors and inguinal superomedial nodes.
Lymphatic nodes were visualised inconsistently
along the distal course of the collectors and their
localization was dependent on the site of patent blue
application. We did not detect a single node that
drained the unilateral vulva. Each area of the vulva
drained into its own node (Figs. 2, 3). In 2 cases, fine
collectors were also displayed that connected several
superficial nodes together.
Right-left symmetry in the course and shape of
the lymphatic collectors was not detected in any
of the seven cadavers after bilateral application of
contrast, nor did we demonstrate right-left symmetry
in the localisation of sentinel nodes. Assessment of
other accessory pathways of lymphatic drainage by
targeted dissection of the distal part of the vagina and
perineum towards the anus failed due to technical
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CONCLUSIONS

Rough topographical localisation of the sentinel
node in vulvar cancer was described by Rob et al. [22],
who divided the superficial inguinal nodes into superomedial and central-intermediate groups. In addition
to the above-mentioned authors, Parry-Jones [16]
also described the lymphatic drainage of the vulva,
and performed intraoperative mapping with Evans
Blue in patients prior to radical vulvectomy using an
en bloc technique. They also focused on direct deep
lymphatic drainage of the vulva, which they failed to
elucidate, and did not describe sentinel nodes.
In the present ex vivo study, precise tissue dissection was used, not only with respect to the course of
the collectors but also for more accurate visualisation
of superficial inguinal lymphatic morphology, which
surprisingly showed the course of the collectors very
well. The collectors did not run from the application
site directly to the lymph nodes, but rather arcuate
and fan-shaped courses were seen. The results of the
present study were discussed with two experienced
oncogynaecological surgeons, who were surprised
by such a markedly arcuate course of lymphatic collectors. In Figure 4, it is shown that the vulva may
drain into several sentinel nodes depending on the
site of Patent Blue injection. Superficial lymph nodes
are connected together by fine lymphatic collectors. It remains to be determined if larger tumours
(3–4 cm) can be drained by two collectors into two
differently-localised sentinel nodes.

Our results suggest that the cutaneous and subcutaneous tissues of the vulva are drained primarily
to superficial inguinal nodes. There was no evidence
of a solitary node that drained the unilateral vulva.
Each area of the vulva drained into its own single
node, which was variably localised in the subcutaneous inguinal region around the great saphenous
vein, primarily along its medial aspect. Anastomoses
between individual superficial inguinal lymph nodes
are likely. Right-left symmetry of sentinel node localisation and the course of lymphatic collectors were
not detected. Drainage into the contralateral inguinal
nodes was also not demonstrated.
These observations do not exclude other lymphatic
drainage pathways, which are likely to be secondary
when lymphatic flow is restricted in the primary lymphatic pathway (tumour size and localisation, greater
metastatic involvement of the lymph nodes).
Our results show that lymphatic drainage from
the vulva is complex and that there is no uniform
pattern or 100% certainty as to where and to how
many lymph nodes the tumour will metastasize. Our
observations focused on possible anatomical variations in the course of superficial lymphatic vessels
of the vulva, and do not comprehensively address
the conditions and causes of the diverse spread of
vulvar cancer.
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indocyanine green lymphography) [25].
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Background: Irisin, a polypeptide hormone that is released from skeletal muscle
in response to exercise, has been found to improve endothelial functions, protect
against endothelial injuries and change blood pressure, which also affected blood
vessels. The aim of this study was to assess the histological changes of the rat
thoracic aorta in response to irisin injection.
Materials and methods: Twenty-four rats were used. They were divided into two
groups: the control group without irisin injection and the irisin-injected group
subdivided into three subgroups treated with different irisin concentrations
(20, 40 and 160 nM, respectively) twice a week for 4 weeks. The control group
and irisin-treated subgroups consisted of 6 rats each. After 4 weeks all rats
were sacrificed, and the descending thoracic aorta was treated for histological
evaluation. Sections were stained with haematoxylin and eosin and orcein stains.
Morphometric measurement included: intima-media thickness, number of elastic
lamellae and number of smooth muscle cells’ nuclei.
Results: Histological study showed that intraperitoneal injection of different concentrations of irisin (20, 40 and 160 nM) in rats increased intima-media thickness,
the number of smooth muscle cell’s nuclei and the number of elastic lamellae in
media layer of the thoracic aorta in a dose-dependent manner.
Conclusions: Irisin significantly affected the morphology of the wall of the rat
thoracic aorta indicating a role of irisin in influencing the growth factors of the
thoracic aorta walls and activating smooth muscle cells in the thoracic aorta layers.
(Folia Morphol 2022; 81, 4: 923–930)
Key words: irisin, hypertension, blood vessels, thoracic aorta,
haematoxylin and eosin, orcein stain, morphometric measurement

INTRODUCTION

adventitial layer. Each layer is separated from the
other layer by an elastic lamina; the internal elastic
lamina separates the tunica intima and media while
the external elastic lamina separates the tunica media
and adventitia [21]. The middle and thickest tunica
media is composed mainly of smooth muscle cells
(SMCs) and extracellular matrix (elastic fibres and col-

The aorta is the largest artery in the body and
carries blood from the heart to the major vessels. It
is an elastic artery with a high proportion of elastic
fibres in their tunics, especially in tunica media. Like
all other arteries, aorta is composed of 3 distinct layers: inner intimal layer, thick middle layer and outer
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lagen). The vascular smooth muscle cells (VSMCs) are
responsible of contraction, production and secretion
of collagen and elastic fibres [16]. The elastic fibres
in tunica media are arranged in a concentric lamella,
these fibres are responsible for distension, recoiling
and normalising blood pressure in the aortic wall
during pumping [27–29].
It is known that the thickness and numbers of elastic lamellae depend on blood pressure and age. Age
increases the arterial diameter, the thickness of intima
and media layers, the number of sub-endothelial cells,
and the medial calcifications in elastic lamellae [13].
However, it has also been shown that with age there
is a decrease in SMCs in tunica media, an increase in
the distance between elastic lamellae, elastic fibres’
fragmentation and an extreme deposition of collagen [6, 9, 13, 31]. Another age-related change has
also been reported in tunica intima and adventitia
including thickening of these layers due to fibrosis [1].
The second factor affecting the aorta is blood
pressure. It has been noted that there is an increase in
the number and thickness of lamellae in hypertensive
patients and rats [17, 29]. Under normal conditions,
VSMCs are highly differentiated, have poor activity and
exhibit low growth levels. On the other hand, under
stress and pathological conditions (i.e. hypertension),
VSMCs exhibit uncontrolled proliferation which leads to
dedifferentiation and accumulation of SMCs in blood
vessels’ walls causing media thickening and vascular
stiffness [25]. Stiffness occurs as a result of aortic elastin
fibres fatigue and fragmentation [3]. Thus, hypertension
seems to induce ultrastructural changes in the aorta.
These changes include increase in the aortic wall, media
thickness, elastic lamellae number and thickness [17].
Proliferation of adventitial vasa vasorum was also found
to occur due to hypertension [18].
Irisin, a recently discovered myokine, which is released as a result of proteolytic activity of FNDC5 from
skeletal muscles to the blood stream in response to
exercise [4], has been found to have beneficial effects on
regulation of the cardiovascular functions [32], enhance
endothelial repair [33], protect against endothelial injury
and improve atherosclerosis [15]. Moreover, irisin has
been found to relax rat and mouse mesenteric arteries
through endothelium dependent and endothelium-independent mechanisms [10, 14, 30, 32].
In this study, we hypothesized that irisin has structural effects on the thoracic aorta. Therefore, we
aimed to study the histological changes of the wall of
the thoracic aorta in rats in response to irisin injection.

Figure 1. A picture showing the place from where the thoracic aorta has been taken for staining (bold square, cut area)

MATERIALS AND METHODS
Materials
Recombinant irisin (human, rat, mouse, canine) was

obtained from Phoenix Pharmaceuticals, CA, USA (purity
≥ 95%, molecular weight ~13 KDa). Irisin was dissolved in
dimenthyl sulfoxide (DMSO) (the final DMSO concentration in the diluted working solution was 0.05%). Orcein
and haematoxylin and eosin (H&E) were obtained from
SIGMA-ALDRICH, USA.
Animals

Twenty-four albino rats (120–230 g) were obtained from Jordan University of Science and Technology animal’s house. All experiments have been
performed on 5–7-week-old rats. All rats were
maintained in a standard condition (temperature
of 20°C) on a 12:12-h light–dark cycle and fed
a standard chow diet with a free access to water at
the University of Jordan animal house. All experiments were approved by the university ethics committee for animal studies. Animals were randomly
divided into two main groups: control group (n = 6)
and experimental or irisin-injected group which was
further subdivided into three subgroups (n = 18,
6 in each group) according to the concentration of
irisin injected into each rat — 20, 40 and 160 nM, respectively or 1.3 mg/kg, 2.6 mg/kg, and 10.2 mg/kg,
respectively. Rats were injected with irisin twice
a week intraperitoneally for 4 weeks. After 4 weeks,
all rats were sacrificed by cervical dislocation, and
the descending thoracic aorta was excised (Fig. 1)
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Table 1. Number of sections for haematoxylin and eosin and
orcein stains per group
Groups

Ring section

Longitudinal section

Control

12

12

20 nM

12

12

40 nM

12

12

160 nm

12

12

For the IMT measurements, the whole intima and
media layer thicknesses were included in the H&E and
orcein staining. The thickness was taken by drawing
a line from the intimal layer (marked by luminal surface of intima) to the end of medial layer (marked
by the external elastic lamina). Two lines were drawn
from the luminal surface of intima to the external
elastic lamina. The IMT was measured by taking the
average of the two lines (in both ring and longitudinal sections) for each rat in each group and then the
average of IMT of all rats was calculated and taken
as final measurement. The measurements were calculated in scale bar = 50 µm. The number of elastic
lamellae was measured manually by counting the
elastic lamellae layers in the orcein stained segments.
The total number of elastic lamellae was measured
by taking the average of all elastic lamellae numbers
from all segments of the same group. The number of
SMCs nuclei was measured by using ImageJ software
where the section picture was opened and adjusted
in a suitable threshold to be analysed and counted.

and immersed in fixative (formaldehyde 10%) for
histological evaluation. In a separate experiment,
to eliminate the placebo effect, rats (n = 4) were
injected with DMSO (0.05%). Then the thoracic aorta
was taken for histological study. The results showed
no histological changes in the rat thoracic aortic
sections. Note: food consumption and rats’ weight
were measured prior and after every week of injection
using a digital balance.
Light microscopy

Rats’ thoracic aortae were immersed in 10% neutral-buffered formalin solution, and kept 48 hours
in the fixative solution at room temperature. The
samples were routinely processed for paraffin sections. Sections of 5 µm thickness were mounted on
glass slides and stained with H&E for general tissue
morphology and orcein stain for elastic fibres detection. From each rat multiple sections of thoracic
aorta were obtained (two ring and two longitudinal
sections), refer to Table 1. The staining procedure for
H&E was done according to leicabiosystems/staining
overview guide [12]. The sections were stained with
newly prepared orcein stain (where 1 g orcein was
dissolved in 100 mL 70% ethanol and 1 mL 25% HCl
was added) according to Unna [26] and as described
by Romeis (1989) [20].
The prepared sections were examined and photographed using LEICA EC3 inverted light microscope
equipped with LEICA CH, 9435, Switzerland camera
connected to computer with LEICA Application Suite
E2 version 1.8.0 software (LAS EZ).

Statistical analysis

Statistical analyses were performed using GraphPad Prism version 5 for Windows (GraphPad Software,
CA, USA). Statistical comparisons were obtained by
one-way analysis of variance (ANOVA) followed by
Dunnett’s multiple comparison test and Student
paired t test. Values of p < 0.05 were considered
statistically significant. The quantitative data were
examined by LEICA Application Suite E2 version 1.8.0
software (LAS EZ) and ImageJ software.

RESULTS
General microscopic structure of rat thoracic
aorta in control and experimental groups,
as shown by using H&E staining

Haematoxylin and eosin sections of the rat thoracic
aorta of the control group showed normal histological
features for all layers. Tunica intima appeared as a continuous layer of endothelial cells with darkly stained
nuclei. This layer was lying on an internal elastic lamina
which appeared as a continuous lamina. Tunica media
showed normal, wavy multiple elastic lamellae which
were concentrically arranged and normal spindle shaped
SMCs were seen between the concentric elastic lamellae.
An external elastic lamina was also observed close to
tunica adventitia as normal continuous lamina. Typical
normal adventitial layer containing fibroblast, collagen
and vasa vasorum was also clearly seen (Fig. 2A).

Morphometric measurements

The stained sections with H&E and orcein were examined using LEICA Application Suite E2 version 1.8.0
software (LAS EZ) and ImageJ software. Twenty four
preparations in each stain were subjective to quantitative studies: intima–media thickness (IMT), number
of elastic lamellae and number of SMCs’ nuclei.
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A

B

C

D

Figure 2. Histological sections of rat thoracic aorta wall stained with haematoxylin and eosin (×400); A. Endothelial cells (EC, arrowhead)
line the tunica intima (I), tunica media (M), and tunica adventitia (A) of the control group; B. An increase in the intima–media thickness (IMT),
lamellae of elastic fibres and smooth muscle cell nuclei in irisin-injected group 1; C. An increase in the IMT, lamellae of elastic fibres and hyperplasia of the smooth muscle cell nuclei in irisin-injected group 2 (a longitudinal section); D. An increase in the IMT, lamellae of elastic fibres
and hyperplasia of the smooth muscle cell nuclei in irisin-injected group 3. Collagen (C), fibroblast cells (F, arrows) and blood vessels called
vasa vasorum (V). The internal elastic lamina (IEL) separates the tunica intima and media, and the external elastic lamina (EEL) separates the
tunica media and adventitia, small muscle cell nucleus (SMCN).
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Figure 3. Aortic media components in different groups; A. The changes in intima–media thickness (IMT) between the control group and
different treatment groups of irisin; B. The number of smooth muscle cell (SMC) nuclei in the control group and different treatment groups of
irisin; C. The number of elastic lamellae in the control group and different treatment groups of irisin. Each bar represents the mean ± standard
error of mean; **p < 0.005 vs. control, ***p < 0.0001 vs. control (one-way ANOVA followed by Dunnett’s multiple comparison test, each
group n = 6). Groups 1, 2, and 3 received 20 nM (1.3 μg/kg), 40 nM (2.6 μg/kg), and 60 nM (10.2 μg/kg), respectively.

dose-dependent increase in the IMT compared to
that of the control group (from 78.3 µm in the

Sections of the rat thoracic aorta in all irisin-injected groups (20, 40 and 160 nM) showed
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Table 2. Measurement of the aortic media components in different groups
Control group

Irisin-injected group 1
(1.3 µg/kg)

Irisin-injected group 2
(2.6 µg/kg)

Irisin-injected group 3
(10 μg/kg)

Intima-media thickness [µm]

78.3 ± 1.6

100.5 ± 6.3**

103.2 ± 5.3**

115.4 ± 3.9***

Number of elastic lamellae

8.6 ± 0.55

9 ± 0.25

9.1 ± 0.47

10.5 ± 0.95

Number of smooth muscle cell nuclei

102 ± 11

119 ± 11.5

136 ± 13.4

144 ± 20.2

Significant at **p < 0.005 vs. control; ***p < 0.0001 vs. control (one-way ANOVA followed by Dunnett’s multiple comparison test), each group (n = 6).

A

B

C

D

Figure 4. Histological sections of rat thoracic aorta wall stained with orcein stain (×400). Lamellae of elastic fibres (E) are shown for the
control group (A), irisin-injected group 1 (B), irisin-injected group 2 (C), and irisin-injected group 3 (D). Note the number of elastic lamellae
in the experimental groups in comparison to control group; I — tunica intima; M — tunica media; A — tunica adventitia; C — collagen;
F — fibroblast; IEL — internal elastic lamina; EEL — external elastic lamina.

Histological structure of rat thoracic aorta in
control and experimental groups, as shown
by orcein staining

control group, to 100.5, 103.2 and 115.4 µm, in
irisin-injected rats, respectively); the increase in
IMT was most evident in group 3 (160 nM). The
increase was in the number of both elastic lamellae and SMCs. An increase in the number of SMCs
nuclei also was noticed (from 102 ± 20 in the control group to 119 ± 33, 136 ± 34 and 144 ± 20
in irisin-injected rats, respectively) and it was more
evident in group 3 (160 nM), but it was not significant (Figs. 2B–D; 3; Table 2).

The orcein stained sections of the rat thoracic aorta
of the control group showed normal histological features
for all layers. Tunica media showed normal multiple elastic
lamellae (Fig. 4A). The orcein stained sections showed
dose-dependent increase in the elastic lamellae in irisin-injected groups (20, 40 and 160 nM) compared to
that of the control group (8.6 layers in control rats). The
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B 260

Control group
160 nM (2000 ng/mL)
40 nM (500 ng/mL)
20 nM (250 ng/mL)

20

15

10

220

200

5

0

Control group
160 nM (2000 ng/mL)
40 nM (500 ng/mL)
20 nM (250 ng/mL)

240
Body weight [g]

Body weight change [% from initial]

A 25

0

2

6
4
Number of injections given

8

10

180

1

2

3

Weeks

4

5

6

Figure 5. Body weight changes in control and experimental groups; A. A line graph showing body weights change (% from initial) in rats injected with irisin and without injection (control); B. A line graph showing changes in body weight (g) for 6 animals in each group. The change
in rats’ weight is significant. One-way ANOVA followed by Dunnett’s multiple comparison test, each group n = 6.

increase in elastic lamellae was more evident in group 3
(dose 160 nM) with 10.5 layers. The increase was in the
number of elastic lamellae (Figs. 3; 4B–D; Table 2).

vessels, which makes them more vulnerable to develop
cardiovascular diseases [13]. Elastin fibres of the aorta
in hypertension become fatigued and fragmented,
which results in stiff aorta [3]. Thus, hypertension
seems to induce ultrastructural changes in the aorta.
These changes include increase in the aortic wall, media thickness, elastic lamellae number and thickness
[17]. Proliferation of adventitial vasa vasorum has also
been found to occur due to hypertension [18]. All the
previously mentioned changes in response to increase
in blood pressure make the heart work harder which
may lead to cardiac hypertrophy [1].
Recently, irisin, an exercise-mediated polypeptide has attracted considerable attention due to its
involvement in the treatment of cardiovascular and
metabolic diseases [5] and its effect in lowering blood
pressure [7].
A recent study has found that irisin lowered blood
pressure in spontaneously hypertensive rats [7] indicating the possible involvement of irisin in the regulation
of blood pressure. It is known that blood pressure
can significantly modulate the structure of the blood
vessels where an increase in the number and thickness
of elastic lamellae in hypertensive patients and rats has
been reported [17, 29]. The present study showed, by
using light microscope and two different stains (H&E
and orcein for elastic tissue), the changes in the wall of
thoracic aorta in response to irisin injection. The results
showed a statistically significant dose dependent increase in IMT in irisin injected groups. Also an increase

Body weight change and food intake results

Irisin injection did not affect food consumption
in the rats. Body weights decreased in irisin-injected
groups and this change in rats’ body weights were
statistically significant (Fig. 5). Significance has been
shown in the 160 nM injected groups vs. control
(p < 0.05) and in 30 nM and 40 nM injected groups
vs. control (p < 0.001).

DISCUSSION
The present study investigated the possible histological changes of the wall of the thoracic aorta
in rats injected with irisin intraperitoneally (in vivo).
The results of this study have demonstrated for the
first time an increase in the IMT and in the number
of both SMCs nuclei and elastic laminae in the wall
of rat thoracic aorta injected with irisin compared to
non-injected (control) group under light microscope
using H&E and orcein dyes.
Blood vessels are responsive to two major factors
that can affect their development in healthy and pathological conditions; these factors are age and blood
pressure. Age for example, increases the arterial wall
diameter due to an increase in the thickness of the
intima, media, and the elastic lamellae [13]. While high
blood pressure causes changes in the walls of blood
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in the number of elastic fibres and lamellar layers and
hyperplasia of SMCs nuclei and condensation to their
nuclei were also noticed in the rat thoracic aorta, where
it was more prominent in rats who received the highest
irisin dose 160 nM.
The increase in IMT in irisin-injected groups can
be explained by the fact that irisin may have stimulated the endothelial cells of the rat thoracic aorta
to produce growth factors which in turn have stimulated the growth of VSMCs and hence increased the
production of elastic fibres [22, 23]. It is well known
that VSMCs are responsible for the secretion and
production of collagen and elastic fibres in blood
vessels [24]. Therefore, any changes in the number
of elastic fibres should be attributed to the VSMCs.
It has been reported that endothelial cells have been
involved in the regulation of VSMCs through their
secretion of growth factors such as PDGF-B [2, 11].
It is worth mentioning that the morphological
changes induced by irisin in the present study were
not due to an increase of rat’s age. The whole experiment lasted for a month which is not a lengthy
period relative to the rat’s lifespan which is estimated
to be approximately 3 years [19]. In addition, there
were no morphological changes in the control group
indicating that the morphological changes in the wall
of the rat thoracic aorta were most likely attributed
to irisin.
It is also important to note that after irisin injection, rats did not show any notable changes in food
or water intake. On the other hand, rats injected with
irisin showed decreased body weights, which could
be explained by the fact that irisin plays an important
role in fat metabolism [8], which may be crucial for
the treatment of obesity in the future.
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Background: Adipose tissue-derived mesenchymal stem cells (AD-MSCs) were
proved to differentiate into insulin-producing cells (IPCs), but the amount of
insulin secreted was relatively low compared to the insulin secreted by mature
pancreatic islets. Enrichment of MSCs culture with melatonin (MT) was found
to promote cartilage matrix synthesis, osteogenic and neuronal differentiation.
Therefore, the present study was conducted to evaluate the potential role of MT
pre-treated AD-MSCs in enhancing the treatment and regeneration of the islet
cells of Langerhans in rats with diabetes induced by streptozotocin (STZ).
Materials and methods: Forty adult male Sprague Dawley albino rats were divided equally into groups; group I (control group), group II (STZ group), group III
(STZ + AD-MSCs) and group IV (STZ+MT pre-treated AD-MSCs). Biochemical
studies were implemented including measurements of the body weight, fasting
blood glucose and serum insulin levels, Interleukin 17 (IL-17) and IL-10. Samples
of the pancreas were taken and prepared for light, fluorescent microscopic examination, proliferating cell nuclear antigen and caspase-3 immunohistochemical
studies and histomorphometric analysis.
Results: The present study confirmed the regenerative and therapeutic effects
of AD-MSCs on the pancreatic cells. Concomitant supply of MT to the culture of
AD-MSCs, in group IV, was shown to retain the normal architecture of the islet
cells of Langerhans. They appeared well-defined and lightly stained, surrounded by
classical pancreatic acini and contained a large number of islet cells with vesicular
nuclei and prominent nucleoli. Improvement of all the biochemical parameters, in
the same group, was demonstrated by increased body weight and serum insulin
levels with a decrease in the fasting blood glucose levels. Significant decrease in the
pro-inflammatory cytokine; IL-17 and increase in the anti-inflammatory cytokine;
IL-10, compared to the STZ group, were also discovered. Significant increase in
the proliferating cell nuclear antigen proliferation index, decrease in caspase-3
and increase in PKH26 labelled MSCs area per cent was recorded in the group
of AD-MSCs enriched with MT compared to the group of AD-MSCs without MT.
Conclusions: The present study confirmed the potential therapeutic and protective
role of MT pre-treated AD-MSCs against the STZ-induced pancreatic islet cells’
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damage. Further studies are recommended to investigate the efficacy of MT and
AD-MSCs over longer experimental durations. (Folia Morphol 2022; 81, 4: 931–941)
Key words: melatonin, adipose tissue-derived mesenchymal stem cells,
islets of Langerhans, diabetes; interleukin 17, interleukin 10

INTRODUCTION

markers, such as paired box protein (Pax6), pancreatic
duodenal homeobox-1 (PDX-1), insulin gene enhancer-1 (ISL-1) and insulin promoter factor-1 (Ipf-1). The
resultant IPCs were injected into the portal circulation
resulting in significant improvement in the plasma
glucose and glycated haemoglobin (HbA1c) levels,
augmented C-peptide levels and decreased exogenous insulin requirement.
Melatonin (MT) or N-acetyl-5-methoxytryptamine
is the prime hormone secreted by the pineal gland
[19]. Enrichment of MSCs culture with MT was found
to enhance cartilage matrix synthesis as well as the
expression of chondrogenic differentiation markers of
human mesenchymal stem cells (hMSCs) [17]. It also
improved the osteogenic differentiation of hMSCs,
shown by an increase in the expression of alkaline
phosphatases, osteocalcin, osteopontin and bone sialoprotein in hMSCs cultures [12]. MT also promoted
neuronal differentiation of MSCs and stimulated neural
stem cells to differentiate into dopaminergic neurons
in rats [10]. On the other hand, MT was reported to
inhibit adipogenesis and adipogenic differentiation of
MSCs [2]. Hu and Li [9] demonstrated that the excessive
reactive oxygen species (ROS) in MSCs cultures in vitro
and the injured microenvironment in vivo significantly
reduce the therapeutic effects of MSCs. They added
that MT downregulated the expression of ROS generating genes, reduced the release of inflammatory
cytokines, enhanced the proliferation capacity of MSCs
and significantly reduced the apoptosis of MSCs in vitro
and in vivo. Therefore, the aim of the present study
was to determine the potential role of MT pre-treated
AD-MSCs in promoting the regeneration of islets of
Langerhans in diabetic rats induced by STZ.

Remarkable advancement has been achieved
concerning the generation of functional pancreatic β-cells from the mesenchymal stem cells (MSCs).
Recently, marked efforts have been accomplished to
generate single hormone-positive β-cells capable of
glucose-stimulated insulin secretion (GSIS). These
achievements were focused on generating fully functional β and islet cells that could soon replace the
human islets as a source of insulin-producing cells
(IPCs) [18]. Obtaining MSCs faces practical limitations, concerning the difficulty and invasiveness of
the process. The difficulty of isolating the samples and
the potential adverse effects of harvesting the cells
from the donor must be considered. Isolating them
from bone marrow, for instance, can result in pain,
bleeding or infection, thus making harvesting MSCs
from this source more problematic than harvesting
them from peripheral blood or surgical remnants such
as adipose tissue [3].
Moshtagh et al. [14] used adipose tissue-derived
mesenchymal stem cells (AD-MSCs) to produce IPCs.
The resultant cells stained positive for dithizone and
produced insulin when transplanted into streptozotocin (STZ)-induced diabetic mice, but the amount of
insulin secreted was relatively low compared to the
insulin secreted by mature pancreatic islets. Karaoz
et al. [11] demonstrated that AD-MSCs differentiated
into IPCs after 38 days’ co-culture with islet cells.
Insulin and C-peptide production were confirmed by
enzyme-linked immunosorbent assay (ELISA) and immunostaining. After co-transplantation of IPCs and islet cells under the kidney capsule, the hyperglycaemic
state was normalised in diabetic rats. Moreover, it was
revealed that the combination of differentiated ADMSCs and islet cells resulted in better recovery from
diabetes compared to islets transplanted alone or
co-transplantation of islets with differentiated bone
marrow (BM)-MSCs [8]. Thakkar et al. [21] showed
that AD-MSCs displayed the ability to lessen the hyperglycaemia in diabetic patients. Human AD-MSCs
were proved to differentiate into IPCs, confirmed
by the expression of immunofluorescent pancreatic

MATERIALS AND METHODS
Isolation, propagation and identification of MSCs
Abdominal adipose tissue was taken from

Sprague Dawley albino rats after sacrificing. Extracellular matrix was digested with 0.075% type
I collagenase (37°C and 5% CO2 for 30 min) and
centrifuged at 500 g for 5 min; then the pellet was
cultured in high glucose Dulbecco’s modified Eagle’s
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Figure 1. Flow cytometry for adipose tissue stem cells showing culture of differentiation (CD). CD 90 and CD 105 were positive and CD 34
and CD 45 were negative.

Experimental animals

medium (DMEM, GIBCO) containing 10% foetal bovine serum (FBS, GIBCO), 2 mM L-glutamine, penicillin, and streptomycin (all from Invitrogen) as MSCs
culture media and incubated at 37oC in 5% CO2.
After 48 hours, non-adherent cells were removed
and fresh media were added. When adherent cells
were confluent, they were trypsinized, harvested,
and expanded. All the experiments were performed
using AD-MSCs at passage 3. Cells were identified
by their morphology, adherence, and the surface
markers of MSCs. They were positive for CD 34, 45,
90 and 105 and could differentiate into osteocytes
and chondrocytes (Fig. 1).

A total of 40 adult male Sprague Dawley albino
rats, weighing 150–200 g, were used in the current
work. Rats were obtained from the animal house of
faculty of medicine, Cairo University and maintained
according to the standard guidelines of the Institutional Animal Care and Use Committee and after the
Institutional Review Board approval. The experiment
proposal was approved by the Ethics Committee, Faculty of Medicine, Cairo University. Rats were allowed
to acclimatize for 2 weeks before the experiment.
They were housed in cages under normal light/dark
periods and fed a standard food and water ad libitum.
Experimental design

Labelling of MSCs with PKH26 and pre-treatment
with MT

The experimental rats were divided into the following groups:
— Group I (Control, n = 10): the rats received
a single intraperitoneal injection of 1 mL of Na-Citrate solution and a single intravenous injection
of 0.5 mL PBS into the tail vein;
— Group II (STZ group, n = 10): rats were fasted
for 4 hours. A single dose of 1 mL STZ-Na-Citrate
solution, equivalent to 50 mg/kg bodyweight STZ
(Sigma-Aldrich Chemical Company, St. Louis, Missouri, USA) was injected intraperitoneally. Three
days after the injection, the rats were tested for
hyperglycaemia. They were diagnosed diabetic

Undifferentiated MSCs were labelled with PKH26,
a red fluorochrome, according to the manufacturer’s
recommendations (Sigma, Saint Louis, Missouri, USA).
MT was obtained as vial from (Sigma-Aldrich Chemical
Company, St. Louis, MO, USA). One mL of MT was
added to 40 mL of ethyl alcohol; the mixture was
shaken for 3 min then 960 mL of saline were added.
AD-MSCs were subjected to a 24-hours pre-treatment
with 5 μL of MT which is equivalent to 1 mL of the
mixture, then washed three times with phosphate
buffer saline (PBS) (Sigma, USA) for complete removal
of the hormone from the cell suspension.
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when random blood glucose level was higher
than 220 mg/dL;
— Group III (STZ + AD-MSCs, n = 10): induction
of diabetes was performed as in group II. The
rats then received a single intravenous injection
of AD-MSCs (1×106) diluted in 0.5 mL of PBS into
the tail vein;
— Group IV (STZ + MT pre-treated AD-MSCs,
n = 10): induction of diabetes was performed
as in group II. The rats then received a single
intravenous injection of MT pre-treated AD-MSCs
(1 × 106) diluted in 0.5 mL of PBS into the tail vein.
The health status of the stem cells treated rats was
stable. On the other hand, diabetic rats were worsening overtime but there was no mortality among
all groups, especially untreated diabetic rats and this
was probably due to the shortness of the time of the
study. Blood samples were collected by retro-orbital
plexus technique using capillary glass tubes. Random
blood glucose levels were detected using a glucometer (ACON Laboratories, Inc., USA). Blood glucose
was measured 3 days following STZ injection and at
the end of the study on the 28th day. Enzyme-Linked
Immunosorbent Assay (ELISA) study was implemented to detect the levels of the following:
— Fasting serum insulin level: it was determined
using the Ultra-Sensitive Mouse Insulin ELISA Kit
(Crystal Chem);
— Interleukin 17 (IL-17): it is a pro-inflammatory
(promoting inflammation) cytokine produced by
T-helper 17 lymphocytes. It was detected using
ELISA kit (Rat IL-17A Platinum ELISA; eBioscience,
Inc.) following the manufacturer’s protocols. Detection limit was 1 pg/mL;
— Interleukin 10 (IL-10): it is a cytokine with potent
anti-inflammatory properties produced primarily
by monocytes and to lesser extent by lymphocytes. IL-10 plays a central role in limiting the
host immune response to injury. It was detected
using Mouse IL-10 ELIZA Kit (Catalogue M1000,
R&D Systems, Minneapolis, MN), according to
the manufacturer’s instructions. Detection limit
was 4 pg/mL.
At the 28th day, the animals were weighted and
sacrificed by overdose of pentobarbital; 40 mg/kg
body weight intraperitoneally. Dissection and excision
of the pancreas were done. Half of each pancreatic
specimen of each rat was fixed in 10% formaldehyde
in PBS at 4°C and was processed for paraffin blocks.

Paraffin sections of 5 microns were stained with haematoxylin and eosin stain for routine histological
examination.
Immunohistochemical study

Paraffin sections were blocked with 1.5% normal
rat serum in PBS. Then the sections were incubated
for 45 min. at room temperature and then incubated
with the following primary antibodies for 30 minutes:
— proliferating cell nuclear antigen (PCNA): a cofactor of DNA polymerase-δ needed for DNA replication, DNA repair and chromatin remodelling.
Positive reactions, indicating nuclear regeneration,
were detected by rabbit polyclonal IgG (SC-7907,
200 μg/mL, dilution 1:50, Santa Cruz Biotechnology, USA);
— caspase-3 antibody: caspase-3 is a fundamental
mediator of apoptosis; programmed cell death.
It was detected using anti-caspase-3 mouse monoclonal primary antibody (Dako Company, Cairo, Egypt. Catalogue No. IMG-144A at a dilution
1/200). The slides were rinsed in PBS (3 times,
2 min each), incubated with two drops of biotinylated secondary antibody for each section,
for 20 min, then rinsed with PBS. Two drops of
substrate chromogen (DAB) mixture was applied
for 5 min then rinsed with distilled water. Slides
were counterstained with haematoxylin, then dehydrated and mounted.
Fluorescent microscopic study

Pancreatic sections were dipped in xylol solution to
be examined unstained using Olympus IX81 Fluorescence Motorized Phase Contrast Microscope Unit8 to
detect the PKH26-labelled AD-MSCs. They appeared
as orange to red spots in the pancreatic tissue.
Histomorphometric study

The slides prepared for immunohistochemical studies (caspase-3 and PCNA) were assessed
quantitatively. Ten non-overlapping microscopic fields were picked randomly from each slide at
a magnification power of ×400 and examined
using “Leica Qwin 500 C” image analyser computer Ltd. (Cambridge England) within the standard measuring frame of a known area equal to
11694 μm2. The area per cent of caspase-3 reactions,
in the cytoplasm of the cells of islets of Langerhans,
was measured. PCNA proliferation index was calcu-
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Table 1. Mean ± standard deviation of the body weight, fasting blood glucose, fasting serum insulin among the studied groups
Group I (Control)

Group II (STZ)

Group III (STZ + AD-MSCs)

Group IV (STZ + MT + AD-MSCs)

210.01 ± 11

84 ± 10

ab

134.5 ± 18.7

176.0 ± 14.2abc

Fasting blood glucose [mg/dL]

100 ± 7.7

294 ± 20a

170.4 ± 4.56ab

135.9 ± 2.29abc

Fasting serum insulin [μIU/mL]

2.93 ± 0.23

1.06 ± 0.10

ab

1.70 ± 0.10

2.59 ± 0.09abc

IL-17 [pg/mL]

23.3 ± 1.71

162.2 ± 7.54a

93.4 ± 5.96ab

50.9 ± 8.26abc

IL-10 [pg/mL]

130.6 ± 2.34

46.3 ± 2.25

88.2 ± 5.88

111.7 ± 9.29abc

Body weight [g]

a

a

a

ab

a
significant to group I; bsignificant to group II; csignificant to group III (p < 0.05); IL — interleukin; STZ — streptozotocin; AD-MSCs — adipose tissue-derived mesenchymal stem cells;
MT — melatonin

lated as the percentage of PCNA positively labelled
nuclei to the total number of nuclei per field in the
islets of Langerhans cells and the area per cent of
PKH26 labelled AD-MSCs and MT pre-treated AD-MSCs were measured in groups III and IV.

(STZ + MT + AD-MSCs) more than group III (STZ +
AD-MSCs) (p < 0.05) (Table 1).
Regarding the IL-17, groups II (STZ), III, (STZ +
AD-MSCs) and IV (STZ + MT + AD-MSCs) showed
a significant statistical increase compared to group I
(Control). There was a significant statistical decrease
in groups III (STZ + AD-MSCs) and IV (STZ + MT +
AD-MSCs) compared to group II (STZ) which also
was significantly decreased in group IV (STZ + MT
+ AD-MSCs) more than group III (STZ + AD-MSCs).
IL-10 cytokine was found significantly decreased in
groups II (STZ), III (STZ + AD-MSCs) and IV (STZ + MT
+ AD-MSCs) compared to group I (Control). There
was a significant statistical increase in groups III (STZ
+ AD-MSCs) and IV (STZ + MT + AD-MSCs) compared to group II (STZ) which also was significantly
increased in group IV (STZ + MT + AD-MSCs) more
than group III (STZ + AD-MSCs) (p < 0.05) (Table 1).

Statistical study

The data of the present study were tabulated and
statistically analysed using an IBM personal computer
with Statistical Package of Social Science (SPSS) version 22 (SPSS, Inc., Chicago, Illinois, USA). Quantitative data were presented in the form of mean (x) and
standard deviation (SD). ANOVA test of significance
was used for comparison between groups having
quantitative variables. P value of < 0.05 was considered statistically significant.

RESULTS
Biochemical results
Group II (STZ) showed significant statistical decrease

Haematoxylin and eosin study

in the mean body weight and fasting serum insulin compared to group I (Control) at the 28th day. A significant
statistical decrease in both parameters in groups III
(STZ + AD-MSCs) and IV (STZ + MT + AD-MSCs)
compared to group I (Control) was detected with
a significant statistical increase in both groups
(III and IV) compared to group II (STZ). In addition,
a significant statistical increase was found in the
body weight and fasting serum insulin in group IV
(STZ + MT + AD-MSCs) compared to group III (STZ +
AD-MSCs) (p < 0.05) (Table 1). Concerning the mean
fasting blood glucose level, a significant statistical
increase was shown in groups II (STZ), III (STZ+AD-MSCs) and IV (STZ + MT + AD-MSCs) compared
to group I (Control). While a significant statistical
decrease was revealed in groups III (STZ + AD-MSCs)
and IV (STZ + MT + AD-MSCs) compared to group II
(STZ) which was significantly decreased in group IV

The pancreatic specimens of the rats of group I
(Control group) revealed normal pancreatic histological architecture. Well-defined and lightly stained
islets of Langerhans were surrounded by classical
pancreatic acini. Islets of Langerhans contained
a large number of islet cells with vesicular nuclei and
prominent nucleoli (Fig. 2A, B). The specimens of
the experimental rats of group II (STZ treated group)
showed ill-defined shrunken islets of Langerhans
containing fewer islet cells with intracytoplasmic
vacuolations and surrounded by distorted acini and
interacinar dilated blood capillaries. Empty spaces
appeared in the islets denoting necrosis and complete
cellular loss (Fig. 2C, D).
The pancreatic specimens of the rats of group III
(STZ + AD-MSCs treated group) showed some improvement in the islets of Langerhans with a larger
number of islet cells. The islets were surrounded by
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Figure 2. Photomicrographs of the pancreatic specimens of the rats; A, B. Group I (Control) showing well-defined lightly stained islets of
Langerhans (I) with regular outline containing a large number of islet cells with vesicular nuclei and prominent nucleoli (arrows). The islets are
surrounded by many pancreatic acini (A) having regular outline; C, D. Group II (STZ) showing ill-defined and shrunken islets of Langerhans (I)
containing a fewer islet cells and surrounded by distorted acini (A). Some islet cells show intracytoplasmic vacuolations (v). Some interacinar
blood capillaries (C) appear dilated. Some islet cells appear normal (arrows), some others show necrosis (N). The islets show many empty
spaces (asterisk); haematoxylin and eosin, A, C ×400; B, D ×1000).

Fluorescent microscopic study

many regular pancreatic acini. Few islet cells revealed
pyknotic nuclei and multiple empty spaces (Fig. 3A, B).
Group IV (STZ + MT treated AD-MSCs group) showed
well-defined lightly stained islets of Langerhans, with
a larger number of islet cells compared to group II
(STZ treated group). The islets were surrounded by
regular pancreatic acini (Fig. 3C, D).

Homing and proliferation of the PKH26 labelled
masses of AD-MSCs appeared in the pancreatic specimens of the rats of group III (STZ + AD-MSCs) and
group IV (STZ + MT treated AD-MSCs) (Fig. 6A, B).
Histomorphometric study

The area per cent of caspase-3 immuno-expression was significantly increased in groups II (STZ)
and III (STZ+AD-MSCs) compared to the control
group, but was non-significant in group IV (STZ +
MT + AD-MSCs) compared to the control group.
While, a significant statistical decrease in the area
percent in groups III and IV was detected, compared
to group II (STZ) with a more significant decrease
in group IV (STZ + MT + AD-MSCs) than group III
(STZ + AD-MSCs) (p < 0.05) (Table 2). Group II
(STZ) showed a significant statistical decrease in
the PCNA proliferation index compared to group I
(Control). However, a significant statistical increase
in the index in groups III and IV; (STZ + AD-MSCs)
and (STZ + MT + AD-MSCs) was detected compared
to the control group (group I) and group II (STZ)
with a more significant increase in group IV (STZ

Immunohistochemical study

Positive PCNA immune reaction, in the form of
brown nuclei, appeared in the islet cells of group I;
the control group. However, very few islet cells of
group II (STZ) exhibited PCNA reaction. Group III
(STZ + AD-MSCs) revealed a moderate number of
islet cells with positive PCNA reaction. Group IV
(STZ + MT treated AD-MSCs) showed a larger number
of brown nuclei (Fig. 4A–D). A negative caspase-3
reaction was found in the control group. Marked
positive caspase-3 reaction in the form of brown
discoloration of the cellular cytoplasm was detected
in the islet cells of group II (STZ). A moderate positive reaction appeared in group III (STZ + AD-MSCs)
and few positive reactions were found in group IV
(STZ + MT treated AD-MSCs) (Fig. 5A–D).
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A

B

C

D

Figure 3. Photomicrographs of the pancreatic specimens of the rats; A, B. Group III (STZ + AD-MSCs) showing islets of Langerhans (I)
containing a larger number of islets cells (arrows). The islet is surrounded by many pancreatic acini (A) showing regular outline. Few islets
cells show pyknotic nuclei (P). The islet shows multiple empty spaces (asterisk); C, D. Group IV (STZ + MT treated AD-MSCs) showing
well-defined and lightly stained islets of Langerhans (I) containing a huge number of islets cells (arrows). The islets are surrounded by many
pancreatic acini (A) showing regular outline. A pancreatic duct (D) shows regular outline with regular epithelial lining; haematoxylin and eosin,
A, C ×400; B, D ×1000.

B

A

D

C

Figure 4. Photomicrographs of the islets of Langerhans (I); A. Group I (Control) showing the islet cells having brown nuclei with positive proliferating cell nuclear antigen (PCNA) reaction (arrows); B. Group II (STZ) showing very few islet cells exhibiting PCNA reaction; C. Group III
(STZ + AD-MSCs) showing moderate number of islet cells having brown nuclei (arrows); D. Group IV (STZ + MT treated AD-MSCs) showing
larger number of brown nuclei (arrows); PCNA ×400.
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A

B

C

D

Figure 5. Photomicrographs of the islet of Langerhans (I); A. Group I (Control) showing the islet cells with negative caspase-3 reaction in
their cytoplasm; B. Group II (STZ) showing the islet cells with marked positive caspase-3 reaction in the form of brown discolouration of their
cytoplasm; C. Group III (STZ + AD-MSCs) showing the islet cells with moderate positive caspase-3 reaction; D. Group IV (STZ + MT treated
AD-MSCs) showing few positive caspase-3 reaction the islet cells; caspase-3 ×400.

B

A

Figure 6. Photomicrographs of the pancreatic specimens of the rats; A. Group III (STZ+AD-MSCs); B. Group IV (STZ + MT treated AD-MSCs)
that show homing and proliferation of the PKH26-labelled masses of AD-MSCs inside the pancreatic lobules and interlobular regions;
PKH26 ×100.

Table 2. Mean ± standard deviation of the area per cent of caspase-3 immuno-expression, PKH26 labelled adipose tissue-derived
mesenchymal stem cells (AD-MSCs) and proliferating cell nuclear antigen (PCNA) proliferation index among the studied groups
Group I (Control)

Group II (STZ)

Group III (STZ + AD-MSCs)

Group IV (STZ + MT + AD-MSCs)

Caspase-3

0.02 ± 0.02

55.24 ± 12

ab

16.5 ± 1.47

1.04 ± 0.97bc

PCNA index

10 ± 1.65

0.02 ± 0.01a

41.4 ± 2.59ab

78.1 ± 3.25abc

—

—

26.6 ± 9.02

73.1 ± 7.28c

PKH26

a

significant to group I; bsignificant to group II; csignificant to group III (p < 0.05); MT — melatonin; STZ — streptozotocin

a
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+ MT + AD-MSCs) compared to group III (STZ +
AD-MSCs) (p < 0.05) (Table 2). Group IV (STZ +
MT + AD-MSCs) revealed a significant statistical
increase in the area per cent of PKH26 labelled
MSCs compared to group III (STZ + AD-MSCs)
(p < 0.05) (Table 2).

the production of a variety of cytokines and growth
factors. Zang et al. [25] reported that MSCs create
a microenvironment that allows endogenous islets
cells to proliferate and regain their normal function. They suggested a number of factors, such as
the vascular endothelial growth factor (VEGF)-alpha,
insulin-like growth factor (IGF)-1, platelet-derived
growth factor (PDGF) and angiopoietin-1, to play an
essential role in the process of islet cells regeneration.
In the present work, the significant increase of PCNA
proliferation index in the islet cells together with the
significant increase of the anti-inflammatory marker;
IL-10 could support the mechanism of the regenerative effect of AD-MSCs on STZ injured islet cells. These
findings are in agreement with Zhang et al. [26] and
Omar and Aboulkhair [16] who reported that AD-MSCs secrete trophic and angiogenic factors. Another mechanism of MSCs in improving STZ induced DM
is the protection of endogenous pancreatic islet cells
against inflammation and apoptosis through their
immunoregulatory abilities as suggested by Bloom
et al. [4] who supposed that MSCs have immunosuppressive abilities and could suppress the proliferation
of T lymphocytes, the main effectors in autoimmune
diseases like type one DM, and inhibit dendritic cell
differentiation [27]. Moreover, MSCs inhibit the
proliferation, maturation and antibody secretion of
B lymphocytes [24]. Zang et al. [25] also found that
MSCs reduced apoptosis among islets cells and increased their viability following the co-culture of both
cells for 48 hours. Cho et al. [6] reported that the
cytokine analysis of MSCs derived islets cells revealed
increased expression of anti-inflammatory cytokines
like TGF-β and TNF-α, lower levels of pro-inflammatory
cytokines, reduced levels of reactive oxygen species,
downregulated caspase-3 and caspase-8 confirming
the MSCs’ anti-apoptotic properties. This assumption
was supported by the findings of the current study
where AD-MSCs treated groups showed a significant
decrease in the area per cent of caspase-3 immuno-expression, significant decrease in IL-17 compared
to STZ group denoting decreased inflammation and
protection of islet cells against apoptosis, especially
group IV (STZ + MT treated AD-MSCs).
Mortezaee et al. [13] reported that MSCs highly
expressed MT1 and MT2 receptors on their surface
and that MT produced its effects on MSCs via receptor-dependent and receptor-independent mechanisms by which the antioxidant enzymes such as
catalase and superoxide dismutase-1 were overex-

DISCUSSION
Mesenchymal stem cells represent a promising
tool in the treatment of diabetes mellitus (DM) and
they were applied successfully for this purpose. The
present work was carried out to throw more light on
the effects of AD-MSCs on the islets of Langerhans
in STZ-induced diabetic rats as well as the possible
enhancing role of adding MT. In the current work,
AD-MSCs-treated groups revealed improvement of
STZ-induced damage of the pancreas indicating a potential regenerative role of MSCs. These findings are
consistent with previous studies that demonstrated
low blood glucose levels, increased serum insulin and
resuming the rats’ body weight [1]. Several studies
have demonstrated the mechanisms by which MSCs
could improve STZ-induced islet cells damage. According to Ullah et al. [22], the initial step in MSCs strategy
is the “homing” phenomenon. They found that the
systemically administered MSCs migrated to the site
of injury, attributing it to the chemo-attraction mediated by cell surface receptors such as the chemokine
receptors. The role of the cytoskeleton receptors, such
as integrin and selectin has been also suggested by
Nawaz et al. [15] to mediate MSCs and endothelial
interaction, facilitating the MSCs entry to the site
of injury. Teo et al. [20] added that the vascular cell
adhesion molecule-1 (VCAM-1) and G-protein-coupled receptor signalling contributed to the process
of homing. The homing phenomenon of MSCs was
demonstrated in the present work by the significant
increase in the area percent of PKH-labelled MSCs
in the pancreatic lobules and interlobular regions,
especially in group IV (STZ + MT pretreated AD-MSCs). Another suggested mechanism of the MSCs
promising role is their differentiation into β-cells of
islets of Langerhans [16]. Chandra et al. [5], reported
that AD-MSCs could differentiate into IPCs in STZ-induced diabetes enhancing their treatment. Volarevic
et al. [23] suggested another mechanism of MSCs in
improving STZ induced diabetes which is the ability of
MSCs to promote the regeneration and proliferation
of endogenous injured pancreatic cells even if they
did not home in the islets of Langerhans through
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pressed, therefore increasing the MSCs resistance
to hydrogen peroxide dependent apoptosis and increasing their therapeutic values [28]. These findings
support the results of the current work that revealed
improvement in all biochemical and histopathological parameters in the group of AD-MSCs enriched
with MT, which confirm the enhancing role of MT
on the proliferative and regenerative activities of
AD-MSCs on the islet cells. Although, in the present
work, the AD-MSCs treated groups showed significant improvement, but still not reaching the control
level. Omar and Aboulkhair [16] attributed that to
the arrival of a limited small number of MSCs into
the pancreas after their transplantation. Hence the
attraction of the stem cells to the site of injury is mediated by stem cells’ chemokines, the injured tissue
ligands might be not enough to attract a sufficient
amount of MSCs to the site of the lesion to restore
normal conditions. El-Said et al. [7] also reported
that although MSCs lowered blood glucose levels
as compared to diabetic non-treated rats, after six
weeks of transplantation, serum glucose levels were
still higher compared to the control. They reported
that treatment of diabetic rats with MSCs may be
more effective in repeated doses and longer periods.
Moreover, Hu and Li [9] deduced that high MT concentrations might harm the epigenetic and genetic
stability of MSCs.
Clinically, this work confirms the novelty of stem
cells therapy in DM with promising chances for the
use of such so natural remedy for application in human. AD-MSCs could ameliorate the diabetic status
of rats by improving STZ-induced disturbances in the
islets of Langerhans with amelioration of hyperglycaemia and improving serum insulin level. Therefore,
further investigations are recommended to determine
the optimal concentration and administration time
to produce the efficient regeneration and protection
capabilities of MT enriched AD-MSCs for the islet cells
in the near future.

The cell line and the age of the obtained stem
cells for treatment of diabetic rats is a major concern
determining their clinical benefits. Cells might not
have reached the target organ in sufficient amounts
due to any vascular obstruction in the way or may me
rejected due to some immunological issues.

CONCLUSIONS
From the results of the current work, it could be
concluded that pretreatment of AD-MSCs with MT
enhances their power of treatment and protection
of the cells of the pancreatic islets of Langerhans.
Further studies are needed to explore the stability
of the therapeutic effects of AD-MSCs in DM as well
as the possible side effects over longer experimental
durations.
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Background: Men over the age of 40 are more likely to develop benign prostatic
hyperplasia (BPH). BPH is characterised by proliferation of the prostatic epithelium
and stroma. Selenium in the form of nanoparticles is an essential metalloid mineral
and antioxidant. In this study, selenium nanoparticles (SeNPs) were tested for their
potential protective and curative impacts on BPH in rats.
Materials and methods: Fifty male Sprague-Dawley rats were randomly divided
into five groups: Group I (Control group); Group II (Orchiectomised group): bilateral orchiectomy was conducted on rats; Group III (BPH group): testosterone
(TE) enanthate injection was used to induce BPH; Group IV (Protective group):
rats were given SeNPs before subjecting rats to BPH; Group V (Curative group):
rats were succumbed to BPH, followed by administration of SeNPs. Measurement
of prostate specific antigen (PSA) and TE in serum was performed and prostates
were weighed and prepared for histological, immunohistochemical and ultrastructural examination.
Results: In the BPH group, serum TE and PSA levels, as well as prostate weight,
increased significantly and significant decreases were observed in the protective
and curative groups. Reduced acinar lumen, expansion of stroma and epithelial
hyperplasia were noticed in the BPH group, which were ameliorated significantly
in both the protective and curative groups. There was an increase in proliferating
cell nuclear antigen immunoreaction in the BPH group and a decrease in both
the protective and curative groups. On transmission electron microscopy of BPH
group, the nuclei appeared irregular with dilated endoplasmic reticulum, loss of
cell boundaries and apical microvilli. The protective group showed more improvement than the curative group.
Conclusions: The effects of SeNPs on BPH induced by TE in rats, were both
protective and curative, although the protective effects were more pronounced.
(Folia Morphol 2022; 81, 4: 942–955)
Key words: selenium nanoparticles, testosterone, benign prostatic
hyperplasia, rat
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INTRODUCTION

a strong association between selenium deficiency and
many physiological disorders, such as higher cancer
risks. Due to their low therapeutic index, different
selenium supplements fail to restore selenium levels.
In this regard, it would be advantageous to have
a form of selenium that is less toxic with potential
anti-cancer properties [53].
Considering the high health concerns associated
with benign prostatic hyperplasia, the aim of this
work was to illustrate, for the first time to our knowledge, the possible ameliorative effects of selenium nanoparticles on benign prostatic hyperplasia induced
by TE and to elucidate the underlying mechanisms
through which selenium nanoparticles act based on
biochemical, histological, immunohistochemical and
ultrastructural studies.

Benign prostatic hyperplasia (BPH) is characterised
by proliferation of the prostatic epithelium and the
stroma, distinguished by an unregulated growth of
the prostate [59]. The condition is common among
men over 40 and 68% of males over the age of 50
have symptoms associated with the disease [18]. In
more than 50% of males over the age of 60, classical
BPH symptoms will manifest when stromal and epithelial cells proliferate in the transitional zone, which
compresses the urethra [15, 16].
Benign prostatic hyperplasia is distinguished by an
increase in volume of prostate caused by hyperplasia
of stromal and epithelial cells impairing urine flow.
Ultimately, this leads to polyuria, urinary retention,
nocturia, urinary hesitancy, and increased risks for
urinary tract infections [20]. While the pathogenesis
of BPH remains an enigma, several lines of evidence
have suggested that hormonal and vascular changes
trigger prostatic cell proliferation and accelerate BPH
development [13].
With age, the normal decline of androgen accompanied by a constant rise in oestradiol results in an
increase of the ratio of oestradiol to testosterone (TE)
[33]. This androgen-oestrogen disparity, as well as the
shift toward oestrogen dominance, may be linked
to growth of prostate. Furthermore, it is assumed
that elevated androgen levels are essential for the
development of BPH [49].
The 5-alpha-reductase enzyme in the prostate
converts TE to its active metabolite, dihydrotestosterone (DHT), which is a key mediator for growth of the
prostate [45]. The pathophysiology of BPH has been
linked to differentiation, apoptosis, and epithelial/
/stromal interaction. Transforming growth factor
(TNF)-beta1 is an imperative pro-inflammatory cytokine that regulates cellular proliferation and apoptosis [19]. An increased expression of the angiogenic
factor vascular endothelial growth factor was also
observed in patients with BPH [50].
The field of nanotechnology presents a host of
potential applications in biology and biomedicine.
Because of nanomaterials’ unique properties, such as
they are smaller, biocompatible, and able to penetrate
cellular membranes to carry drugs, they are used in
many biomedical applications [58].
Among the most important micronutrients for our
health are selenium nanoparticles (SeNPs), an essential metalloid mineral and antioxidant. Selenium also
has cancer chemo-preventive properties [4]. There is

MATERIALS AND METHODS
Chemicals
Induction of benign prostatic hyperplasia. To

induce BPH in rats, TE enanthate intramuscular injections (Cidoteston 250 mg ampoule, CID Company,
Giza, Egypt) were used once weekly, for 5 consecutive
weeks, at a dose of 25 mg/rat [29]. To dilute the dose
of TE, 100 μL of olive oil were used as the vehicle [12].
Selenium nanoparticles (Nano Se, SeNPs).
SeNPs were purchased from the Nano Tech Egypt
for Photo-Electronics Communication Centre, City
of 6 October, Al-Giza, Egypt, in the form of orange
suspension (concentration 7.8 ppm and average size
20 ± 25 nm) [37]. A daily dose of 0.1 mg/kg of SeNPs
was administered orally by gavage for 14 days [2].
Animals

Through the entire study, 50 three-month-old
male Sprague–Dawley rats weighing 200–250 g were
utilised. Rats were bought from Animal House of Faculty of Medicine, Ain Shams University, Cairo, Egypt.
They were acclimatised for two weeks in stainless
steel cages prior to starting the experiment. They were
kept in a climate-controlled room where they had
12 hours of light/dark cycles. The rats received access
to tap water and rodent pellets as needed.
Experimental design

All experimental procedures and animal handling
were carried out according to accepted animal care
standards and approved by Ain Shams University’s ethical committee. Following acclimatisation, we divided
the rats randomly into five groups (10 rats/group):
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— Group I (Control group): subdivided into group
IA (negative control subgroup), where 100 μL of
olive oil were administered each week for successive 5 weeks as a vehicle [29] and group IB (sham
control subgroup), where incision, manipulation
and stitching of the scrotum were done without
resecting the testes [63];
— Group II (Orchiectomised group): bilateral orchiectomy was performed on rats [35]. In order to
prevent the influence of intrinsic TE, the operation
took place seven days before BPH induction [29];
— Group III (BPH group): in which TE enanthate
was injected intramuscularly 3 days after orchiectomy once a week for 5 successive weeks to
induce BPH [29];
— Group IV (Protective group): in which rats were
given SeNPs (0.1 mg/kg) daily by oral gavage for
14 days [2] before subjecting rats to benign prostatic hyperplasia through injection of TE enanthate
intramuscularly for successive 5 weeks;
— Group V (Curative group): in which BPH was
induced by injection of TE enanthate intramuscularly for successive 5 weeks followed by SeNP
treatment (0.1 mg/kg) by oral gavage for 14 days.
Rats were sacrificed at the end of the experiment
and their prostates were instantly extracted, weighed
and processed for histological, immunohistochemical
and ultrastructural examination.

USA) and DHT ELISA kit (Abnova, USA) were used to
measure TE and prostate specific antigen (PSA) in
serum using an enzyme-linked immunosorbent assay
(ELISA) [34, 46].
Prostate weight index

Prostate glands were carefully removed after sacrification and weighed. Calculation of prostate weight
(PW) index was done using this formula: PW index =
= (PW/body weight) × 100 [56].
Evaluation of markers of prostate oxidative stress

To homogenize prostate tissues, ice-cold phosphate-buffered saline (PBS; 50 mM potassium phosphate, pH 7.5) was used. The level of reduced glutathione (GSH) in tissues homogenates was measured
using a commercially available kit (Biodiagnostic,
Cairo, Egypt) [54]. Furthermore, a commercial kit
(Biodiagnostic, Cairo, Egypt) was used to determine
the catalase (CAT) and superoxide dismutase (SOD)
activities. Lipid peroxidation has been measured spectrophotometrically by measuring malondialdehyde
(MDA) level using thiobarbituric acid reactive substance (TBARS) method, following the description of
Mihara and Uchiyama [41].
Histological study

Tissue samples from the prostate’s ventral lobes
were preserved for at least 24 hours in a 10% neutral
buffered formalin solution prior to the fabrication of
the paraffin blocks, the paraffin sections were then
made at a thickness of 4 cm. A final step was to mount
sections on glass slides and stained by haematoxylin
and eosin (H&E) [9] and Masson’s trichrome [7].

Orchiectomy procedures

Ketamine (90 mg/kg) and Xylazine (12 mg/kg)
were intraperitoneally injected to induce anaesthesia
[52]. After confirming complete anaesthesia, the testis and epididymal fat were gently removed through
a ventral 1.5 cm incision on the scrotum, followed
by ligation and cutting of the spermatic cord and
testicular vessels. Incisions have been sutured using
4-0 silk sutures after both testes were removed [35].
An intraperitoneal dose of Ampicillin (4000 IU/kg) was
given for 3 days as a prophylactic measure, and local
application of Coloplast paste (Humlebaek, Denmark)
was also administered.

Immunohistochemistry

The paraffin sections on poly-L-lysin coated slides
were deparaffinised and rehydrated. In order to inhibit endogenous peroxidase, the sections were immersed in 3% hydrogen peroxide (H2O2). Microwave
antigen retrieval procedure was used. The sections
were incubated with primary anti-proliferating cell
nuclear antigen (PCNA) antibody, cellular regeneration marker (Sigma-Aldrich, St. Louis, Missouri, USA).
Afterwards, the biotinylated polyvalent secondary antibody was applied. Next the sections were incubated
in preformed streptavidin peroxidase. In the end, the
DAB substrate chromogen (3,3’-diaminobenzidine
tetrahydrochloride) was applied and the slides were
counterstained with haematoxylin [8].

Biochemical analysis

After the 5 weeks of the experiment, the rats were
fasted overnight and then overdosed with Ketamine
and Xylazine before they were sacrificed. To obtain
the serum, we took blood samples directly from the
abdominal aorta and centrifuged them for 15 minutes at 3000 g. A testosterone ELISA kit (Biocheck,
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Table 1. Testosterone (TE) and prostate-specific antigen (PSA)
serum levels changes

Morphometric study

A histomorphometric analysis was conducted for
measurement of the epithelial height, the acinar luminal area, and the stromal area. To determine epithelial height, 30 lines per field were drawn through
the acinar epithelium. To estimate the luminal area
of an acinus, a line was drawn around its perimeter
and then calculating the acinar area. In addition, the
stromal area was calculated through subtraction of
the acinar luminal area from the total area of the
field. Luminal and stromal areas were measured using
100× magnification, whereas epithelium height was
measured using 400× magnification [28].
Using a magnification of ×400, the mean area percentage of PCNA was measured. To reduce inter-observer bias, a single blinded examiner conducted all
histomorphometric analyses using Image J software.
Each parameter was explored in ten non-overlapping
fields for five different rats/experimental group.

Group

TE [ng/mL]

PSA [ng/mL]

Control group

4.04 ± 0.5c

4.65 ± 0.24c

Orchiectomised group

0.05 ± 0.02d

3.29 ± 0.15d

BPH group

12.67 ± 0.7a

10.25 ± 0.40a

Protective group

c

4.74 ± 1.44

4.97 ± 0.25c

Curative group

8.15 ± 1.06b

5.65 ± 0.54b

Values are mean ± standard deviation. Statistical analysis was performed by analysis
of variance (ANOVA), followed by Tukey’s post-hoc test; a, b, c, d: There is significant
difference (p > 0.05) between any two groups, within the same column not having the
same superscript letter; BPH — benign prostatic hyperplasia

RESULTS
Clinical observations
No mortality or behavioural changes were observed during the treatment period in any group.

Also, no differences were observed in the general
health status of the control and treated groups.

Transmission electron microscopy (TEM)
Biochemical analysis

Small prostate specimens were immersed in 2.5%
buffered glutaraldehyde in 0.1 PBS at pH 7.4 and 4°C
for 2 hours, then replaced with 1% osmium tetroxide in
0.1 mol/L for 1 hour at 4°C to fix the specimens. Thereafter,
specimens were dehydrated in ascending serial dilutions
of ethanol (50, 70, 90, 95 and four times 100%, each
for 30 minutes) followed by acetone dehydration for
30 minutes. Lastly, the fixed specimens were embedded
in epoxy resin (Epoxy Embedding Medium Kit; Sigma).
Using an ultramicrotome (RMC PT-XL PowerTome Ultramicrotome), semi- and ultra-thin sections were cut. Toluidine blue staining of semithin slices (1 μm thick) was performed and the sections were examined using an Olympus BX61 light microscope. Ultrathin sections (70–90 nm)
were cut by ultramicrotome then stained by 2% uranyl
acetate as a principal stain and lead citrate as counter
stain to be examined using JEM-1400 Plus (JEOL, Japan)
transmission electron microscope at the Electron Microscope Unit, Faculty of Science, Alexandria University,
Alexandria, Egypt [60].

The orchiectomised group showed a statistically
significant decrease in TE and PSA serum levels in
comparison with the control group. In comparison
with the control and orchiectomised groups, the BPH
group showed a statistically significant increase. The
protective and curative groups showed significant
decrease in TE and PSA levels, compared to the BPH
group. Furthermore, the protective group revealed
a significant decrease in TE and PSA levels when
compared with the curative group (Table 1).
Body and prostate weight changes

The difference in body weight gain between
the groups was not statistically significant. The BPH
group showed statistically significant increases in
PW and PW index when compared to the control
group. In both protective and curative groups, SeNP
administration significantly reduced the PW and PW
index compared with the BPH group. Furthermore,
a statistically significant decrease in the PW and the
PW index was observed in the orchiectomised group
when compared with all other groups (Table 2).

Statistical analysis

Statistical analysis was performed using the Statistical Package for the Social Sciences (SPSS) software
(16.0; SPSS, Inc., Chicago, IL, USA). The data were
expressed as mean ± standard deviation (SD). One-way analysis of variance (ANOVA), followed by the
Tukey’s post-hoc test was used to analyse the data.
P values ≤ 0.05 were significant.

Oxidative stress markers

In the BPH group, TE treatment increased MDA
levels significantly compared to the control group.
SeNPs administration, either in a protective or curative
group, significantly alleviated testosterone’s effect
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Table 2. Body weight, prostate weight (PW) and PW index changes
Group

Initial body weight [g] Final body weight [g]

Body weight gain [g]

PW [mg]

PW index

510 ± 30.5

0.175 ± 0.011d

Control group

207.22 ± 2.8

290.53 ± 4.71

82.7 ± 5.48

Orchiectomised group

218.22 ± 3.85

306.35 ± 7.65

88.10 ± 7.43a

100 ± 19.6e

BPH group

230.89 ± 15.3

312.00 ± 4.12

82.0 ± 18.14

1365 ± 215.4

0.439 ± 0.067a

Protective group

225.54 ± 10.55

315.47 ± 2.83

90 ± 12.02a

690 ± 64.9c

0.219 ± 0.021c

Curative group

235.22 ± 6.91

321.5 ± 13.34

86.30 ± 7.54

840 ± 28.9

0.261 ± 0.077b

a

d

a

a

0.326 ± 0.006e
a

b

Values are mean ± standard deviation. Statistical analysis was performed by analysis of variance (ANOVA), followed by Tukey’s post-hoc test; a, b, c, d, e: There is significant difference
(p > 0.05) between any two groups, within the same column not having the same superscript letter; BPH — benign prostatic hyperplasia

Table 3. Markers of oxidative stress in the prostate
Group

Malondialdehyde
[nmol/mg protein]

Glutathione
[mmol/mg protein]

Superoxide dismutase
[U/mg protein]

Catalase
[U/mg protein]

Control group

0.235 ± 0.063d

0.135 ± 0.010b

40.5 ± 2.45a

0.56 ± 0.045a

Orchiectomised group

0.252 ± 0.075d

0.152 ± 0.008a

41.6 ± 1.76a,b

0.58 ± 0.020a

BPH group

1.423 ± 0.146

0.058 ± 0.007

d

27.4 ± 2.43

0.40 ± 0.022c

Protective group

0.352 ± 0.043c

0.103 ± 0.012c

38.7 ± 1.33b

0.50 ± 0.035b

Curative group

0.783 ± 0.112

0.08 ± 0.002

33.8 ± 1.56

0.49 ± 0.051b

a

d

b

e

c

Values are mean ± standard deviation. Statistical analysis was performed by analysis of variance (ANOVA), followed by Tukey’s post-hoc test; a, b, c, d, e: There is significant difference
(p > 0.05) between any two groups, within the same column not having the same superscript letter; BPH — benign prostatic hyperplasia
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D

E

F

G

H

I

J

Figure 1. Photomicrographs of sections of prostate; A, F. Control group showing normal prostatic tissue, formed of numerous acini (A) lined
with a single layer of low columnar epithelium (E) and sparse stroma (s) in between; B, G. Orchiectomised group showing expanded stroma (s),
with inflammatory infiltrate (I) and flattened (F) or loss (arrow) of epithelial cells in some acini; C, H. Benign prostatic hyperplasia group
showing that epithelial hyperplasia markedly narrowing the acinar lumens (L) and produce large involutions (arrows), cell loss in some
epithelial areas (L), congested blood vessels (B), other epithelial cells display vacuolations (v), with plentiful stroma in between the acini (s);
D, I. Protective group showing that the acini (A) lined with single layer of low columnar epithelium (E) with no involutions and reduced stromal
thickness (s); E, J. Curative group showing no involutions, some acini are lined by flat epithelium (F), others have multiple layers of epithelium
(thick arrows), and moderate amount of stroma (s). H&E, A, B, C, D, E ×100, scale bar = 50 μm; F, G, H, I, J ×400, scale bar = 25 μm.

Histopathological results

on lipid peroxidation. Furthermore, the BPH group
had significant decrease in GSH, SOD and CAT levels
compared with the control group. Nonetheless, both
protective and curative groups that received nano-selenium had significant increases in GSH, SOD and CAT
levels in comparison with the BPH group (Table 3).

Sections of the control group stained with H&E and
Masson’s trichrome revealed normal prostate tissue,
formed of numerous acini that appeared lined with
a single layer of low columnar epithelium, and sparse
stroma (Fig. 1A, F). In between the acini, fine collagen
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C

B

E

D

Figure 2. Photomicrographs of sections of prostate; A. Control group showing fine collagen fibres (C) dispersed in the stroma between the
acini; B. Orchiectomised group showing expanded stroma, with plentiful collagen fibre deposits (C); C. Benign prostatic hyperplasia group
showing abundance of collagen fibres (C) in the stroma; D. Protective group showing minimal increase in the amount of collagen in the
stroma (C); E. Curative group showing moderate collagen deposits (C). Masson trichrome ×400, scale bar = 25 μm.

Immunohistochemical results

fibres were visible dispersed in the stroma (Fig. 2A).
The orchiectomised group exhibited an inflammatory
infiltrate and expansion of stroma. In some acini, the
epithelial cells were flattened or lost (Fig. 1B, G). Plentiful collagen fibre deposits could be seen in the stroma
(Fig. 2B). The BPH group showed striking histological
changes. Epithelial hyperplasia markedly narrowed the
acinar lumens and produced large involutions. There
was cell loss in some epithelial areas and other epithelial cells displayed vacuolations. Congested blood
vessels were noticed in the stroma between acini as
well (Fig. 1C, H). There was an abundance of collagen
fibres in the stroma (Fig. 2C). Both protective and
curative groups displayed obvious improvement and
restored many normal characteristics of the prostate.
In the protective group, the acini appeared lined by low
columnar epithelium with no involutions and reduced
stromal thickness (Fig. 1D, I). There were also no involutions in the curative group, though some acini were
lined by flat epithelium and others had multiple layers
of epithelium accompanied by moderate amount of
stroma (Fig. 1E, J). Minimal amount of collagen was
found in the stroma of the protective group (Fig. 2D),
while the curative group showed moderate levels of
collagen fibres (Fig. 2E). Accordingly, the protective
group showed more improvement in histological characteristics than the curative group.

As a proliferation marker, immunohistochemical
staining of PCNA in control tissue demonstrated minimal immunoexpression (Fig. 3A). Moreover, PCNA
expression in epithelial cells of the orchiectomised
group was minimal (Fig. 3B). In contrast, the BPH
group showed pronounced increase in nuclear PCNA
immunoexpression in epithelial cells (Fig. 3C). Both
protective and curative groups displayed minimal
and moderate nuclear PCNA immunoexpression in
the epithelial cells respectively (Fig. 3D, E).
Morphometric results

A statistically significant reduction in epithelial
height was seen in the orchiectomised group compared to the control group. In contrast, in the BPH
group, there was a significant increase when compared to the control group along with the orchiectomised group. Conversely, when compared to the
BPH group, treatment of SeNPs in the protective and
curative groups led to a statistically significant decrease in epithelial height. Despite this, the epithelial
height was clearly lower in the protective group, in
comparison with the curative one, and was nearer
the control values (Table 4).
A statistically significant reduction in luminal area
was observed in both orchiectomised and BPH groups
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Figure 3. Photomicrographs of sections of prostate; A. Control group showing minimal nuclear immunoexpression (arrows); B. Orchiectomised group showing minimal nuclear immunoexpression in the epithelial cells (arrow); C. Benign prostatic hyperplasia group showing
pronounced increase in nuclear immunoexpression in the epithelial cells (arrows); D. Protective group showing minimal nuclear immuno
expression in the epithelial cells (arrows); E. Curative group showing moderate nuclear immunoexpression in the epithelial cells (arrows).
PCNA ×400, scale bar = 25 μm.

Table 4. Epithelial height, acinar luminal area, stromal area and proliferating cell nuclear antigen (PCNA) percentage changes
Group

Epithelial height
[µm]

Acinar luminal area
[µm2] × 103

Stromal area
[µm2] × 103

PCNA
[%]

Control group

15.55 ± 1.34c

441.89 ± 1.90a

267.40 ± 1.65c

1.25 ± 0.11d

Orchiectomised group

6.23 ± 0.99

120.00 ± 1.56

589.74 ± 2.09

2.28 ± 0.31d

BPH group

23.74 ± 2.96a

330.38 ± 1.63b

380.49 ± 3.90b

32.51 ± 1.70a

Protective group

15.60 ± 1.94c

442.05 ± 1.00a

268.92 ± 3.39c

5.01 ± 1.14c

Curative group

19.51 ± 1.25

331.11 ± 1.68

379.28 ± 2.29

16.17 ± 0.92b

d

b

c

b

a

b

Values are mean ± standard deviation. Statistical analysis was performed by analysis of variance (ANOVA), followed by Tukey’s post-hoc test. a, b, c, d: There is significant difference
(p > 0.05) between any two groups, within the same column not having the same superscript letter; BPH — benign prostatic hyperplasia

compared to the control group. Protective and curative groups showed significant increases in luminal
area. This increase was not statistically significant in
the curative group, but it was statistically significant
in the protective group when compared to the BPH
one (Table 4).
The stromal area of the orchiectomised as well
as the BPH groups was significantly increased when
compared with the control group. The stromal area
was statistically decreased when SeNPs were added
to both the protective and curative groups. However, when compared to BPH, this decrease in stromal
area was only significant in the protective group and
non-significant in the curative group (Table 4).

In comparison with the control group, a significant increase in PCNA expression in the BPH group
was found. On contrast, PCNA percentages decreased
significantly in protective and curative groups, compared to the BPH group. However, in the protective
group, PCNA percentage decreased significantly less
than that in the curative group (Table 4).
Transmission electron microscope results

In the control group, ultrathin sections of the
ventral lobe of the prostate revealed normal epithelial
cells with oval euchromatic nuclei and prominent nucleoli. A parallel flat endoplasmic reticulum (ER) and
dense intracellular secretory vesicles can be seen in
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A

B

Figure 4. Electron micrographs of the ventral lobe of prostate gland of control group showing; A. Normal secretory epithelial cells with oval
euchromatic nuclei (N), prominent nucleoli (n), parallel flat endoplasmic reticulum (ER), distinctive cell membranes (arrow) and numerous cytoplasmic electron dense secretory vesicles (S); B. Well-developed apical microvilli (m) and the apical region contains many dense secretory
vesicles (S). TEM, A ×3000, scale bar = 2 μm; B ×6000, scale bar = 1 μm.

A

B

Figure 5. Electron micrographs of ventral lobe of prostate gland of orchiectomised group showing: A. Secretory cells’ nuclei (N) with irregular
nuclear envelopes (thick arrows) and hypodense chromatin (arrowhead). The cytoplasm is rarefied (R). Most of secretory vesicles are absent.
Cells’ boundaries are clearly defined (arrows); B. Most of apical microvilli are lost (thick arrows) and few hypodense apical secretory vesicles
(S) are noticed. TEM ×3000, scale bar = 2 μm.

the cell cytoplasm. The acinar cells were separated by
obvious cell membranes. As well as dense secretory
vesicles, there were well-developed apical microvilli
in the apical region of the cells (Fig. 4).
Secretory cells of the orchiectomised group are
characterised by nuclei with irregular nuclear envelopes and hypodense chromatin. Rarified cytoplasm
could be noticed. The boundaries of the cells were
clearly defined. There was an absence of most secre-

tory vesicles, but a few were hypodense and located
at the apex of the cell. Most of the apical microvilli
have been lost (Fig. 5).
In the BPH group, multiple layers of secretory
cells were seen. The nuclear envelopes of these cells
were folded, with their ER was extremely dilated.
Most of the cell boundaries were lost. Several variable sized intracellular vacuoles could be seen in
the secretory cells. Secretory vesicles were rarely
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Figure 6. Electron micrographs of ventral lobe of prostate gland of benign prostatic hyperplasia group showing: A. Several secretory cells can
be seen in multiple layers; B. The nuclear envelopes (N) of these cells are highly folded and most of the cell boundaries are lost; C. The endoplasmic reticulum (ER) is extremely dilated with absence of most secretory vesicles; D. Variable sized intracellular vacuoles can be seen
in the secretory cells (V); E. Most of the apical microvilli are lost (arrows). TEM, A ×1000, scale bar = 5 μm; B, C, E ×3000, scale bar = 2 μm;
D ×6000, scale bar = 1 μm.

observed. Most of the apical microvilli were missing
(Fig. 6).
The protective group revealed secretory cells arranged in one layer with normal nuclei, but their
nuclear envelopes had slight invagination. The cytoplasm contained secretory vesicles and had slightly
dilated ER. Moreover, the cells had distinct cell boundaries. Microvilli were largely restored to normal and
secretory vesicles were also increased apically (Fig. 7).
In the curative group, secretory cells’ nuclei appeared irregular, having condensed chromatin and
invaginations on their nuclear envelopes. Though,
ER cisterns were somewhat dilated. Additionally, the
cells’ boundaries were still indistinct. There were some
losses in the apical microvilli and some short microvilli.
Apical secretory vesicles were also evident in some
cells (Fig. 8).

Benign prostatic hyperplasia’s aetiology is very
arguing [61]. The pathogenesis of BPH is still unclear,
but numerous factors, such as hormones, inflammation, growth factors, and metabolism disorders,
appear to contribute to its progress [57].
According to our best knowledge, this is the first
work to demonstrate protective and curative effects
of selenium nanoparticles on BPH induced by TE in
rats using biochemical, histological, immunohistochemical, morphometric and transmission electron
microscopic analysis.
In the current work, prostate glands of orchiectomised group revealed atrophy of the epithelium
associated with an increase in the stromal mass.
Furthermore, following 5 weeks of TE injections, orchiectomised rats developed histopathological signs
of BPH, taking the form of massive epithelial hyperplasia, acinar lumens reduction and stromal expansion,
as well as marked deposition of collagen, that were
more ameliorated in the protective group than in
the curative one. In agreement with these findings,
Nasr El-Din and Abdel Fattah [44] reported that castration in rats resulted in a decrease in thickness of
the epithelium. In addition, Jang et al. [29] reported
that 5 weeks of intramuscular TE injection resulted
in hyperplasia of epithelial cells and excessive development of prostate tissue.

DISCUSSION
Benign prostatic hyperplasia is the most common benign tumour in men, which increases with
aging [22]. BPH presents with symptoms of urinary
retention and voiding difficulties, which negatively
affect patients’ quality of life. Furthermore, there are
several dangerous complications associated with BPH,
including urinary tract infections, gross haematuria,
acute urinary retention, along with renal failure [36].
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A

B

C

Figure 7. Electron micrographs of ventral lobe of prostate gland of protective group showing: A. Secretory cells appear arranged in one layer;
B. Nuclei (N) are normal, but their nuclear envelopes have slight invagination (arrow). The cytoplasm contains secretory vesicles (S) and has
slightly dilated endoplasmic reticulum (ER). The cells have distinct boundaries (arrowheads); C. Microvilli (m) are largely restored to normal
and secretory vesicles (S) are also increased apically. TEM, A, B ×3000, scale bar = 2 μm; C ×6000, scale bar = 1 μm.

A

B

Figure 8. Electron micrographs of ventral lobe of prostate gland of curative group showing: A. Nuclei (N) of the secretory cells appear irregular, with condensed chromatin (arrowhead) and invaginations on their nuclear envelopes (arrows). The endoplasmic reticulum (ER) has some
what dilated cisterns. The cells’ boundaries were still indistinct; B. There are some losses in the apical microvilli and some short microvilli (m).
Apical secretory vesicles (S) were also evident in some cells. TEM ×3000, scale bar = 2 μm.
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Moreover, Minutoli et al. [42] showed that TE propionate injection completely deranged the prostate
tissue and caused severe hyperplasia compared with
control animals. Most of these pathological features
improved with selenium treatment coinciding with TE
injection. They added that selenium (Se) and lycopene
combining with serenoa repens reduces prostate hyperplasia most effectively. In addition, Lindshield et
al. [38] reported that selenium decreased prostate
adenocarcinoma growth in male rats. Also, lentinan-functionalised selenium nanoparticles combined
with zoledronic acid have a good antitumor effect
on prostate cancer, according to An and Zhao [3].
Furthermore, Barbanente et al. [10] showed that
platinum-loaded, selenium-doped hydroxyapatite nanoparticles selectively reduce proliferation of prostate
and breast cancer cells without reducing proliferation
of bone marrow stem cells.
Nanominerals are minerals that have been made
into nanoparticles using nanotechnology. A few studies have been done to check the effectiveness of nanominerals [1]. It is demonstrated that nanoparticles
have unique properties including large surface areas,
high surface activity, many surface-active centres,
high catalytic efficiency, low toxicity, and high absorbed ability [62]. Due to their high biological efficacy, elemental Se nanoparticles (NSe) have recently
drawn considerable interest. When compared to routine Se, its efficacy is primarily attributed to its high
bioavailability, high surface activity, and low toxicity
[24]. NSe has been used as a nutritional supplement
and for medical therapy because of its high stability
and nano-defined size in the redox state of zero [26].
In comparison to inorganic or organic Se, NSe would
be more effective as a dietary supplement [1].
In the current study, the MDA levels were higher in
rats treated with TE while the levels of SOD, catalase
and GSH were lower in comparison with the control
group. These results are in harmony with Kim et al.
[31] who found significant increase of MDA and
significant decrease of SOD, catalase and GSH levels
in the prostate of rats administered TE. The authors
attributed these findings to oxidative damage within
the tissue of prostate induced by TE administration.
In the present study, nano-selenium treatment of
rats before and after TE exposure appeared to restore prostate antioxidant activity by reverting the
GSH, MDA concentration, catalase and SOD activities to nearly normal levels. The same findings were
reported by Dkhil et al. [21] who found that SeNPs

restored antioxidant enzyme activity and reduced
lipid peroxidation and nitric oxide levels in the testis
of streptozotocin-induced diabetic rats.
Proliferating cell nuclear antigen is a cell proliferation marker, as well as a cofactor of DNA polymerase
delta, which is involved in replicating, excising, and
repairing DNA [30]. Oxidative stress is believed to be
mediated by the mechanisms that are involved in prostate proliferation [6]. By regulating transcription of
target genes, eukaryotic nuclear factor kappa B (NF-κB)
encourages cell proliferation [51]. In accordance with
our results, Nasr El-Din and Abdel Fattah [44] showed
that PCNA-positive cells were significantly increased
in prostate tissue following TE. Additionally, in the
current work, selenium nanoparticles decreased the
percentage of PCNA-positive cells. However, selenium
nanoparticles were more effective in decreasing PCNA
expression in the protective group than in the curative
group. Our results were harmonic with Dkhil et al. [21]
who found that streptozotocin-induced diabetic rats
treated with SeNPs showed abundant PCNA-positive
cells in their testes, indicating strong PCNA expression.
Regarding the morphometric measurements, the
present study revealed decreased acinar luminal area,
but increased prostate epithelial height and stromal
area in BPH group. Similarly, Bharali and Chetry [11]
demonstrated that 21 days of subcutaneous TE injections significantly increased epithelial height compared to control group. Likewise, Gonzales et al. [28]
reported that TE administration increased the stromal
area in mice, which agrees with our results. On the
contrary, Gonzales et al. [28] showed that epithelium
height did not change significantly after treatment
with TE and significantly increased the acinar area
compared to control group which was opposing to
our findings.
In the present work, ultrathin examination of
prostate specimens exhibited dilatation of ER, irregular nuclei, loss of cell boundaries, loss of apical
microvilli, and mostly absent secretory vesicles after
5 weeks of TE injection after bilateral orchiectomy.
Similar findings have been reported by Nasr El-Din
and Abdel Fattah [44] who examined epithelial prostatic hyperplasia ultrastructure induced by TE. They
reported that the nuclear envelopes of the secretory
cells were infolded and the ER was dilated. Multiple
intracellular vacuolations of various sizes appeared
in the secretory cell. Most apical microvilli were lost.
An important contributor to BPH is prostate inflammation [27]. High-grade prostatic inflammation
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work. Treatment with SeNPs to the protective group
gave better results than to the curative group, likely
due to the fact that early treatment inhibited NF-κB
pathway activation.

is significantly associated with larger prostate volumes and worse symptom scores in BPH patients
[47]. In many experimental studies, TE-induced BPH
was shown to be mediated by inflammation, and
protective agents have been found to reduce inflammation [48]. In prostatic tissue, DHT accumulation is
adequate to cause imbalance between proliferation
and apoptosis as it increases expression of androgen-dependent growth factors, along with, by genomic and nongenomic stimulation of the NF-κB/p65
signalling pathways, producing inflammatory cytokines expression [32, 39]. The family of NF-κB transcription factors controls gene expression in inflammatory and immune responses, also in the development and growth of cells [5, 39].
Several signalling intermediates participate in the
transduction of downstream signals by interleukin
(IL)-17 as it binds to its receptor. Activation of Act1
and TNF receptor-associated factor 6 (TRAF6), E3
ubiquitin ligases, is an early event. As a result, they
can stimulate degradation of the IκB inhibitor and
also promote nuclear translocation of the transcription factor NF-κB [17]. Studies have shown that IL-17
is not expressed in healthy prostates but is found in
BPH [32]. Androgens have been shown to reduce
inflammation of the prostate. Anti-androgens result
in inflammatory reactions of the prostate; mouse
experiments have demonstrated this as well [14]. Possibly, this may explain why inflammatory responses
in prostate tissue in the orchiectomised group were
caused by decreased TE serum levels.
In fact, both IL-6 and IL-8 have been shown to
promote proliferation of stromal BPH cells through
trans differentiation of fibroblasts to myofibroblasts
as well as motivation of basic fibroblast growth factor secretion indirectly that can stimulate prostatic
growth effectively [23]. Furthermore, TNF-alpha plays
a serious role in inflammation, cellular differentiation,
proliferation and death [40].
Selenium nanoparticles have been shown to inhibit MAP kinase, NF-κB and decrease TNF-alpha levels [43]. According to another study, SeNPs showed
anti-inflammatory effects in multiple animal models
[25]. According to Vunta et al. [55], Se increases
an endogenous inhibitor of IKK, which resulted in
inhibition of NF-κB. Selenium may also inhibit NF-κB
activation through increasing the expression of GPx
genes and inhibiting NF-κB phosphorylation through
the redox pathway [55]. This could explain SeNPs’
beneficial effects on BPH induced by TE in the existing

Limitations and clinical implications

Other studies of longer duration and multiple
dosages of selenium nanoparticles are needed to
uncover its potential therapeutic benefits for benign
prostatic hyperplasia. Clinical trials on humans should
also be undertaken.

CONCLUSIONS
It was shown in the present study that SeNPs had
both curative and protective actions on BPH in rats
induced by TE, though it was more apparent that
the protective effect outweighed the curative effect.
Conflict of interest: None declared
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Background: The current study was designed to perform a transmission electron
microscopic investigation focusing on the dark and light pancreatic acinar β-cells
of young domesticated pig (Sus Suidae).
Materials and methods: This study depended on the fresh pancreatic specimens
from 5 healthy young (2-month-old) pigs that were collected immediately after
they were slaughtered at the abattoir of Abdelkader Alexandria, Egypt.
Results and Conclusions: In our findings, the acinar pancreas was formed of
pyramidal pancreatic acinar cells with large spherical nuclei of condensed heterochromatin at the periphery and prominent eccentric nucleoli. Zymogen granules
were observed at the apical region of the acinar cells, and they appear as electron
dense bodies. Numerous mitochondria and Golgi complexes observed in the acinar
cell cytoplasm. The electron dense acinar cells were joined by junctional complexes. The rough endoplasmic reticulum was more prominent in the electron-dense
acinar cells than did electron-lucent acinar cells. There was no connective tissue
capsule separate the acinar portion of pancreas from the pancreatic islets. The
pancreatic islets mainly formed of β-cells. The irregular α-cells possess numerous
small granules. The cytoplasmic β-cells granules were surrounded by hallow area
and enclosed by a limiting membrane. Delta cells were generally polygonal in
shape and found in clumps throughout the islet and they were also identified in
between β-cells. Their granules were of moderate electron density and were generally smaller than β-cells’ granules. The limiting membrane was tightly enclosed
the delta cells granules and the hallow area around the granule were found similar
to the granules of β-cells. (Folia Morphol 2022; 81, 4: 956–962)
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pancreatic islets, pancreatic cells
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INTRODUCTION

the light and electron microscopic structure of the
exocrine and endocrine pancreas of the newborn
domesticated pig (Sus Suidae). Finally, our findings
presented in this study, together with those presented
in the previous study, provide a comprehensive report
of the microscopic and ultrastructural structure of the
pancreas of newly born pig.

The omnivorous domesticated pig (Sus Suidae,
Erxleben 1777) species belong to order Artiodactyla,
family Suidae, and genus Sus. These omnivorous
domesticated pigs are bred mostly for meat consumption and they feed on plants and sometimes
on insects and fish [24].
Pancreas is described anatomically as an accessory
portion of the digestive system and from a clinical
perspective; it is the starting point for two important diseases, diabetes and pancreatic cancer. It is
to be trusted that a superior comprehension of the
morphology and histology of this organ will in the
long run add to the improvement of novel treatments
for either or both of the above conditions [32]. The
pancreas is a composite organ comprising exocrine
and endocrine parts. The exocrine part consists of
acini that discharge digestive enzymes into the pancreatic duct. The endocrine part, the pancreatic islets
of Langerhans, is composed of masses of endocrine
cells inserted inside the exocrine pancreas. Islet cells
secrete pancreatic hormones, such as insulin, glucagon, somatostatin, and pancreatic polypeptide (PP),
which circulate throughout the body by means of
blood vessels [9].
The pancreas consists of exocrine acini that produce digestive enzymes and endocrine islets that
produce hormones. The exocrine acini of the pancreas
consist mainly of tubuloacinar glands [10]. The digestive enzymes of the secretory acini are delivered to
the intestine through a branched network of ducts.
Cells in the endocrine islets produce hormones that
regulate the body metabolism via the blood circulation [16]. The endocrine portion of the pancreas
is composed of cellular aggregations that are scattered among the pancreatic acini known as islets of
Langerhans [12]. The endocrine part of the pancreas
represents 1% or 2% of the pancreatic mass [19]. The
mammalian endocrine pancreas is composed of alpha
cells (α-cells or glucagon-producing cells), beta cells
(β-cells, insulin-producing cells), delta cells (Δ-cells,
somatostatin-producing cells), and F-cells (PP-cells,
pancreatic polypeptide-producing cells) as described
by Gartner [12].
The available data on the structure of the pancreas generally focus on the histological features of
the pancreas in the adult stage. In addition, there is
a lack of available data on the structure of the pancreas in newborn animals, especially on the domesticated pig. Therefore, the current work describes

MATERIALS AND METHODS
Sample’s collection
Fresh specimens of pancreases from 5 apparently healthy 2-month-old domesticated pigs (Sus

Suidae) were collected immediately after they were
slaughtered at the abattoir of Abdelkader Alexandria,
Egypt. The young, domesticated pigs (Sus Suidae)
were slaughtered for human food, and consequently
had been examined prior to slaughter by the slaughterhouse veterinarian to obtain approval for consumption by human. The present investigation was
prepared according to the guidelines for the use and
care of laboratory animals and followed animal ethics
and welfare in the Faculty of Veterinary Medicine,
Alexandria University and according to the Egyptian
laws.
Transmission electron microscopy (TEM)
description

Fresh pancreatic tissue samples of 1 mm thickness
were obtained, fixed at 4°C in a solution of 2.5%
glutaraldehyde for 24 h, rinsed in 0.1 M cacodylate
buffer at pH 7.4, then post-fixed for 1 h at room
temperature with 1% osmium tetroxide. Then, these
samples were put at 4ºC in washing solution formed
from 0.1 M sodium cacodylate containing 5% sucrose,
processed by the tannic acid. Samples were dehydrated with ethyl alcohol in a graded sequence and
eventually embedded in epoxy resin [17]. For tissue
examination, semithin sections were cut and stained
with toluidine blue. Ultrathin sections (50–60 μm)
were cut and stained with uranyl acetate dihydrate
and lead citrate saturated solution [20]. Finally, the
sections were photographed by JEOL JEM-2100 TEM
at Faculty of Science, Alexandria University, Egypt.

RESULTS
The acinar pancreas was formed from pyramidal pancreatic acinar cells which had relatively large
spherical nuclei with condensed heterochromatin at
the periphery and prominent nucleoli that were found
eccentric to the nucleus (Fig. 1). The cytoplasm con-
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Figure 1. A–D. Transmission electron micrographs of young-domesticated pig’s (Sus Suidae) pancreas showing light (LβC) and dark β-cells
(DβC) with slightly oval nuclei, abundant zymogen secretory granules of variable sizes (white arrowheads), numerous mitochondria (MT),
rough endoplasmic reticulum (rER), and few vacuoles (V); A: ×2500; B: ×4000; C, D: ×6000.

tained cisternae of the rough endoplasmic reticulum
(Fig. 1/rER). Zymogen granules were found at the
apical region of the acinar cells, and they appeared
as electron dense bodies (Fig. 1/white arrowheads).
Numerous mitochondria and Golgi complexes were
found in the cytoplasm of each acinar cell. The acinar
lumen was continuous with the intercalated duct
(Fig. 1B/MT). There were two types of acinar cells; the
first cellular type was the electron lucent acinar cells
characterised by few zymogen granules, and the second cellular type was the electron dense acinar cells
characterised by the presence of numerous zymogen
granules and electron dense nucleus (Fig. 2/DβC, LβC).
The electron dense acinar cells were joined by junctional complexes (Fig. 2/star). The centro-acinar cells
had centrally located nucleus (Fig. 2/DβC and LβC).
The rough endoplasmic reticulum was more prominent in the electron-dense acinar cells than in electron-lucent acinar cells (Fig. 2B–D/rER). There was
no connective tissue capsule separating the acinar
portion of pancreas from the pancreatic islets. The
distribution of pancreatic islets was not uniform,

but they were scattered and had different electron
density of granules. The pancreatic islets were mainly
composed of β-cells (Fig. 1/LβC, DβC). The α-cells were
characterised by an irregular outline and possessed
numerous small granules that were characterised by
a moderate to high density and were surrounded
by a membrane. The nuclei of the cells were ovoid.
Cytoplasmic vacuoles were found and the rough endoplasmic reticulum that consisted of narrow tubules
(Figs. 1, 2/rER). The Golgi apparatus appeared as
small irregular lamina and their cytoplasmic granules
were spherical and were larger than those of α-cells.
The cytoplasmic β-cell granules were surrounded by
hallow area and enclosed by a limiting membrane
(Fig. 2). Delta cells were generally polygonal in shape
and found in clumps throughout the islet and they
were also identified in between β-cells (Fig. 2). Their
granules were of moderate electron density and were
generally smaller than β-cells’ granules. The limiting
membrane tightly enclosed the Δ-cells granules and
the hallow areas around the granules were found
similar to those of the granules of β-cells.
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Figure 2. A–D. Transmission electron micrographs of pancreatic acinar gland cells of young-domesticated pig (Sus Suidae) showing the
junction between the light (LβC) and dark β-cells (DβC) at the microvillus surface (red arrow). Note the presence of zymogen granules (white
arrowheads), numerous mitochondria (MT), rough endoplasmic reticulum (rER), and cytoplasmic vacuoles (V) in the cytoplasm of both light
and dark β-cells; ×2000.

B

A

C

Figure 3. Transmission electron micrograph of pancreatic acinar β-cells of young domesticated pig’s (Sus Suidae) pancreas; light (LβC) and
dark β-cells (DβC). Note the abundant mitochondria (MT), rough endoplasmic reticulum (rER), a well-developed Golgi apparatus (GA), zymogen granules (white arrowheads), and several variable sized vesicles (zigzag arrows).

DISCUSSION

ferent histological and ultrastructural techniques in
numerous animal species such as camel [3, 15, 21],
bovine [2, 14], feline [31], monkey [35], rabbit [34],
rodent, canines and Guinea pig [11], mice [1], and
rat [6, 13, 23]. The endocrine pancreas has likewise
been studied in-non mammalian species such as some

The small clusters of pancreatic endocrine cells
were first depicted by Paul Langerhans in 1869, after
whom they were named as “Islets of Langerhans”.
From that point forward, numerous morphological
examinations have been completed utilising the dif-
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avian species [28, 29], teleost fish [22], lizard [7],
and frog [8].
The acinar pancreas is formed of pancreatic acinar cells which have relatively large spherical nuclei
with condensed heterochromatin at the periphery
and prominent nucleoli located eccentrically within
the nucleus. The shape of the acinar cells has some
variation as to which the current work reported the
pyramidal cells, similar to that reported by Iniyah et
al. [18] in large white Yorkshire pigs (Sus Scrofa) and
Conklin [5] in Egyptian one-humped camel Camelus
dromedarius, while Gupta et al. [14] described some
variation of acinar cell shape from columnar to pyramidal in buffalo.
The current ultrastructural observations reported that the zymogen granules appeared as electron
dense bodies, similar to that reported by Goldsmith
et al. [13]. Zymogen granules were reported also by
Gupta et al. [14] in buffalo, Hafez and Zaghloul [15]
in Egyptian one-humped camel Camelus dromedarius
and Conclin [5] in human pancreas of foetus and by
Laitio et al. [26] in foetus at 12 weeks. Moreover, the
current work reported that numerous mitochondria
and Golgi complexes were found in the cytoplasm
of each acinar cell. In addition, acinar lumen was
continuous with the intercalated duct, similar to that
described by Caro and Palade [4], Gupta et al. [14],
Hafez and Zaghloul [15].
There are minor variations about the position of
the zymogen granules in acinar cells. The current
observations reported that the Zymogen granules
were found at the apical region of the acinar cells,
similar to that reported by Iniyah et al. [18] in large
white Yorkshire pigs (Sus Scrofa) and Hafez and Zaghloul [15] in Egyptian one-humped camel Camelus
dromedarius and confirmed in the different animal
species by Eurell and Frappier [9] in a text book,
while Gupta et al. [14] reported that the zymogenic
granules were observed in the supranuclear cellular
part of the cell in buffalo.
The current ultrastructural observations reported that there were two types of acinar cells; the
first cellular type was the electron lucent acinar cells
characterised by few zymogen granules, and the
second cellular type was the electron dense acinar
cells characterised by the presence of numerous zymogen granules and electron dense nucleus. The
current ultrastructural observations reported that the
electron dense acinar cells were joined by junctional
complexes, in addition to the centro-acinar cells have

centrally located nucleus, similar to that reported by
Hafez and Zaghloul [15] in Egyptian one-humped
camel Camelus dromedarius and Bonner-Weir and
Like [2] in Holstein cattle pancreas.
Our ultrastructural study showed the rough endoplasmic reticulum was more prominent in the electron-dense acinar cells than in electron-lucent acinar
cells; similar findings were reported by Hafez and
Zaghloul [15] in Egyptian one-humped camel Camelus
dromedarius. We found no connective tissue capsule
separating the acinar portion of the pancreas from
the pancreatic islets. The distribution of pancreatic
islets was not uniform, but they were scattered and
had different electron density of granules.
There are three significant cell types in the islets
of Langerhans: α-cell producing glucagon, β-cell producing insulin, and δ-cell producing somatostatin; an
arrangement dependent on the pioneer works of Lacy
[25] and Munger et al. [30]. Other cell types (C, E, F, V,
and X or PP) that secrete pancreatic polypeptides
were seldom seen in a couple of animal species such
as camel [15], canine, Guinea pig, rabbit [32] and
mice [1]. The current work described the presence
of mainly three well-defined cells in the pancreatic
islets and the islets mainly consisted of β-cells; similar observations were made by Bsoul et al. [3] and
Khatim et al. [21] in a single hump camel (Camelus
dromedarius). The cytoplasmic β-cells granules
were surrounded by hallow area and enclosed by
a limiting membrane, similar to that reported by
Hafez and Zaghloul [15] in Egyptian one-humped
camel Camelus dromedarius.
The current ultrastructural observations reported
that the α-cells were characterised by an irregular
outline and possessed numerous small granules of
a moderate to high density surrounded by a membrane. The nuclei of the cells were ovoid. Cytoplasmic
vacuoles were found and the rough endoplasmic
reticulum that consisted of narrow tubules. The Golgi
apparatus appeared as small irregular lamina and
their cytoplasmic granules were spherical and were
larger than those of α-cells. These findings were similar to that reported by Hafez and Zaghloul [15] in
Egyptian one-humped camel Camelus dromedarius.
Also, Bsoul et al. [3] confirmed these findings in
a single hump camel (Camelus dromedarius) but there
was a difference consisting in that presence of the
spherical nuclei of the polyhedral shaped cells.
Delta cells were generally polygonal in shape and
found in clumps throughout the islet and they were

960

M. Elghoul et al., Pancreas of young domesticated pig

also identified in between β-cells. Their secretory
granules were of moderate electron density and were
generally smaller than β-cells’ granules. The limiting
membrane tightly enclosed the Δ-cells granules and
the hallow areas around the granules were found
similar to those of the granules of β-cells, which was
consisted with the observations reported by Bsoul et
al. [3] in a single hump camel (Camelus dromedarius).
These findings were similar to that reported by Hafez
and Zaghloul [15] in Egyptian one-humped camel
Camelus dromedarius but different in that there was
no hallow area around the granules. The presence of
the Δ-cells was also described in the endocrine part
of the pancreas of numerous animal species such as
cats [27], rats [6, 13, 23], and camels [14, 15, 21].

3.

4.

5.

6.

7.

8.

CONCLUSIONS
The acinar pancreas was formed of pyramidal
pancreatic acinar cells with large spherical nuclei.
Electron dense zymogen granules were observed at
the apical region of the acinar cells. There was no
connective tissue capsule separate the acinar portion
of pancreas from the pancreatic islets. The pancreatic
islets mainly formed of β-cells. The irregular α-cells
possess numerous small granules. The cytoplasmic
β-cells granules were surrounded by hallow area and
enclosed by a limiting membrane. Delta cells were
generally polygonal in shape and found in clumps
throughout the islet and they were also identified
in between β-cells. Their granules were of moderate
electron density and were generally smaller than
β-cells’ granules. The limiting membrane was tightly enclosed the delta cells granules and the hallow
area around the granule were found similar to the
granules of β-cells.
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Background: Mucosal immunoglobulin comprises mainly secretory immunoglobulin A (SIgA) which mainly participates in the intestinal mucosal pathogenspecific
immune response. Immunoglobulin G (IgG) is another common immunoglobulin.
Bactrian camels’ gastrointestinal mucosal tissue has a special mucosal immune
system. However, the distribution characteristics of these two antibody-secreting
cells (ASCs) in Bactrian camel’s large intestine mucosal immunity system remain
largely unknown. This study was aimed to describe the distribution characteristics
and density of SIgA and IgG ASCs in the mucosal immunity tissues of Bactrian
camel large intestine.
Materials and methods: Tissue samples were collected from different parts of
the large intestines of 10 healthy adult Chinese Alashan Bactrian camels. Immunohistochemistry technology was used to determine the distribution of SIgA and
IgG ASCs in the large intestine samples and the image-Pro Plus 6.0 was employed
to calculate their densities.
Results: SIgA and IgG ASCs were distributed in lamina propria of the large intestine
mucosa with some ASCs aggregating around the intestinal glands. The SIgA density
increased from ileocecal orifice to the caecum and decreased from the colon to the
rectum. The largest number of SIgA ASCs was observed in the caecum, followed
by anterior colonic segments, ileocecal orifice, posterior colonic segments, and
rectum, and the number of SIgA ASCs in the caecum was significantly larger than
that in other four positions (p < 0.05). Similarly, the number of IgG ASCs was also
the largest in the caecum, which was significantly higher than that in ileocecal
orifice, anterior, posterior colonic segments, and rectum (p < 0.05).
Conclusions: Our findings suggest that SIgA and IgG ASCs are mainly distributed in
intestinal mucosal immunity effector sites. These distribution characteristics provide
evidence to support that SIgA and IgG supply effective protection and maintain
homeostasis in the large intestinal mucosa. (Folia Morphol 2022; 81, 4: 963–970)
Key words: Bactrian camel, large intestine, SIgA, IgG, antibody-secreting
cells
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INTRODUCTION

IgG is another important antibody in humoral immunity, and IgG participates in the mucosal immune
response via transepithelial barrier transport [28]. IgG
subclasses include IgG1, IgG2, and IgG3, accounting
for 75% of the total antibodies in circulation, and
IgG subclasses of camel family (Bactrian camel, onehumped camel, and American camel) naturally lack
light chains and the CH1 region [6, 11, 24, 26, 31].
The proportion of immune cells (antibody-secreting cells [ASCs]) is different in different mucosal
regions. For example, SIgA and IgG ASCs account
for 79% and 3% in the intestinal mucosa of normal
adult human, respectively, whereas their proportion
is 69% and 17% in the nasal mucosa and 76% and
13% in the stomach, respectively [2, 29]. However,
few reports on the distribution of SIgA and IgG ASCs
in the Bactrian camel large intestine are available.
Considering this, the present study was aimed to
investigate the distribution of SIgA and IgG ASCs in
the Bactrian camel large intestine. The results of this
study will provide a theoretical basis for the further
research of the immune mechanism in the large intestine of Bactrian camel, and provide reference for
the prevention from Bactrian camel disease and the
development of vaccine.

Bactrian camels are ruminants inhabiting desert
or semi desert regions, particularly in China. Due
to their special feeding habit, Bactrian camels’ gastrointestinal mucosal tissue has a special mucosal
immune system [5]. For example, the abomasum,
one of Bactrian camels’ two stomachs, possesses
a unique mucosa-associated lymphoid tissue structure
[25]. Importantly, the cystic Peyer’s patches (PPs) on
the surface of the large intestine mucosa are unique
to Bactrian camels, and are located mainly on the
mucosal surface of the whole ileocecal orifice, the
initial segment of the caecum, and the one third
segment of the colon. However, there are no PPs on
the surface of the rectum. Moreover, the Bactrian
camel’s ileocecal orifice is the main site of immune
induction of the large intestine mucosa. Meanwhile,
the PPs gradually degenerate with the age of the
camel [31]. Previous studies have shown that the
number of lymphatic follicles at the ileocecal orifice
of Bactrian camel is the largest (37.7/10 mm2), and
there are only a small number of lymphoid tissues in
the posterior colon and in the rectum. These findings
are different from those in human. In the ascending
colon of human large intestine, the isolated lymphoid
follicle density was 0.02 per mm of muscularis mucosae, but in the rectosigmoid it was increased to
0.06 per mm [19, 31].
The gastrointestinal tract contained a viscoelastic
mucus gel layer with a characteristic interaction between the mucin protein network and a large number
of antibodies (Ab) [4, 9, 27]. The immune system
secretes antigen-specific antibodies, including immunoglobulin G (IgG) and secretory immunoglobulin A (SIgA), which further strengthens this physical
barrier [29, 30]. Among all the antibodies secreted
by immune system, IgA has been reported to have
the largest production [15]. IgA has multiple polymerisation forms with its monomer called mIgA and
its external secretory form known as SIgA [17, 18,
22]. IgA enhances immune exclusion by inducing
food antigens and microorganisms in mucus and
downregulating proinflammatory factor expression
in symbiotic bacteria, thus maintaining appropriate
bacterial colonies in certain intestinal segments [7, 20,
27, 32]. In addition, SIgA blocks the contact between
microorganisms and the epithelium and regulate
the neutralisation between pathogens entering the
epithelium and their products, thereby promoting
the uptake of antigens by M cells [2, 8, 12, 16, 21].

MATERIALS AND METHODS
Experimental animals
The animal experiments were approved by the

Animal Ethical and Welfare Committee of College
Veterinary Medicine of Gansu Agricultural University(Approval No: GSAU-AEW-2020-0010). The large intestine samples of 10 healthy Alashan Bactrian camels
(5 male and 5 female, 6–8 years old) were obtained
from the Minqin Abattoir in Gansu Province, China.
All the camels were not starved prior to sacrifice,
and they were euthanized using 20 mg/kg sodium
pentobarbital and exsanguination until death. The
experiments were conducted in the Veterinary Pathology Laboratory of College of Veterinary Medicine,
Gansu Agricultural University.
Microsection preparation

The abdominal cavity was opened and the large
intestines were isolated. The ileocecal orifice, caecum, colon, and rectum were sampled for histological analyses. The samples were fixed in neutral
paraformaldehyde solution (4%) for more than 15
days. Routine methods were used to obtain paraffin
sections, which were subjected to streptavidin-biotin

964

X. Wang et al., SIgA and IgG antibody-secreting cells in intestines

complex (SABC) staining. The following antibodies
were used for SABC staining. Primary antibodies included rabbit polyclonal antibodies for recognising
Bactrian camel SIgA (1:400 working concentration)
and rabbit polyclonal antibodies for recognising Bactrian camel IgG (1:1200 working concentration). Both
primary antibodies were produced in our laboratory
(Veterinary Pathology Laboratory of College of Veterinary Medicine, Gansu Agricultural University, China).
The second antibody was contained in a SABC goat
anti-rabbit polyclonal immunohistochemical kit (Lot
No. 07H3OCJ, Boster, Wuhan, Hubei, China). SABC
staining was carried out following the manufacturers’
instructions.

sporadic in the area of lymph nodules and the domes
of diffuse lymphoid tissue. In the same regions, the
distribution IgG ASCs and SIgA ASCs were distributed
similarly. IgG ASCs also appeared scattered in the LP
with most of them aggregating around the intestinal
glands (Fig. 2). This distribution characteristics might
provide effective protection for the large intestine
mucosa of Bactrian camel.
SIgA and IgG ASC densities in large
intestines of Bactrian camels

Our data showed that the density of SIgA increased from the ileocecal orifice to the caecum and
decreased from the colon to the rectum. In the same
region, the distribution density of SIgA ASCs was
higher than that of the IgG ASCs (Figs. 3, 4). SIgA ASCs
showed the highest density in the caecum (11.33 ±
± 1.06) and the lowest one in the rectum (3.21 ± 0.83).
Their density was significantly higher in the caecum (11.33 ± 1.06) and anterior colonic segments
(10.14 ± 1.90) than in the ileocecal orifice (8.10 ±
± 1.11), posterior colon (6.64 ± 0.99), and rectum
(3.21 ± 0.83; p < 0.05; Table 1). IgG ASC density
was also the highest in the caecum (10.61 ± 2.10),
but it was lowest in the rectum (2.87 ± 0.79). IgG
ASC density was significantly higher in the caecum
(10.61 ± 2.10) than in ileocecal orifice (6.06 ± 1.52),
anterior colonic segments (6.07 ± 1.53), posterior
colonic segments (6.33 ± 0.90), and rectum (2.87 ±
± 0.79; p < 0.05; Table 1). These statistical results
showed that the caecum is the main effector site of
large intestine mucosal immunity in Bactrian camel.

Observation of ASC distribution under
light microscopy

Light microscopy was used to observe the local
characteristics and distribution of SIgA and IgG ASCs
in various parts of the large intestine. For each sample,
30 sections were observed and photographed under
an Olympus DP-71 microscopy system (Olympus, Tokyo, Japan).
Morphometric and statistical analysis

From each large intestinal segment, five sections
were selected randomly. Within each section, 10 microscopic fields were selected randomly, observed,
and photographed. We then counted the number of
SIgA and IgG ASCs in each microscopic field and calculated their respective densities by using Image-Pro
Plus 6.0 (Media Cybernetics, Rockville, MD, USA). The
one-way ANOVA with Duncan’s multiple range test
was performed to determine the statistically significant differences in the distribution densities in all
large intestinal segment sites between the SIgA and
IgG ASCs. Statistical analyses were performed using
IBM SPSS V.17.0 (IBM Corp, Armonk, NY, USA) and
graphs were drawn using Originpro 2018 (OriginLab
Corporation, Northampton, MA, USA). P < 0.05 was
considered as statistically significant.

DISCUSSION
The mucosal immune system of digestive tract
is mainly composed of two parts, namely, mucosal
immune induction region and effector region. Our
data showed that SIgA and IgG ASCs were distributed among the Bactrian camel large intestinal LP, and
most of them were aggregated around the intestinal
gland, and these distribution regions were the effector regions of mucosal immunity in Bactrian camel
large intestine. Our results indicated that immune
system might have shortened the distance which
ASCs travelled to deliver immunoglobulins to effector
sites so as to remove invaders in a very short time,
thus further increasing accuracy and sensitivity of immunosurveillance and immune exclusion. In mucosal
immunity system, SIgA can act as the protective layer
in the lumen through the transcytosis of pIgR [3].

RESULTS
SIgA and IgG ASCs distributions in
Bactrian camels’ large intestines

The distribution of SIgA ASCs was similar in the
ileocecal orifice, caecum, colon, and rectum. Some
SIgA ASCs were scattered in the lamina propria (LP),
and some SIgA ASCs aggregated around the intestinal glands (Fig. 1). However, their distribution was
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Figure 1. Immunohistochemical staining of SIgA antibody-secreting cells (ASCs) in the ileocecal orifice, caecum, anterior, posterior segments
of the colon, rectum of Bactrian camel; A. Distribution of SIgA ASCs in the ileocecal orifice lamina propria (LP); B. Distribution of SIgA ASCs
in the caecum LP; C. Distribution of SIgA ASCs in the anterior segments of the colon LP; D. Distribution of SIgA ASCs in the posterior segments of the colon LP; E. Distribution of SIgA ASCs in the rectum LP. SIgA ASCs were scattered in the large intestinal LP, and some of them
aggregated around the crypts. Red triangles indicate SIgA ASCs. The red square pictures (a–e) represent the four sublocations. The original
magnification of the images in A–E pictures is ×40, and that of images a–e is ×400.
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Figure 2. Immunohistochemical staining of IgG antibody-secreting cells (ASCs) in the ileocecal orifice, caecum, anterior, posterior segments
of the colon, rectum of Bactrian camel; A. Distribution of IgG ASCs in the ileocecal orifice lamina propria (LP); B. Distribution of IgG ASCs in
the caecum LP; C. Distribution of IgG ASCs in the anterior segments of the colon LP; D. Distribution of IgG ASCs in the posterior segments of
the colon LP; E. Distribution of IgG ASCs in the rectum LP. IgG ASCs were scattered in the large intestinal LP, and some of them aggregated
around the crypts. Red triangles indicate IgG ASCs. The red square pictures (a–e) represent the four sublocations. The original magnification
of the images in A–E pictures is ×40, and that of images a–e is ×400.
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the protective immunoglobulin barrier is damaged,
the intestine will become increasingly vulnerable to
intestinal pathogens.
In addition, our data showed that the distribution
pattern of SIgA and IgG ASC densities consistently
increased from the ileocecal orifice to the caecum,
and then decreased from the colon to rectum. The
SIgA and IgG ASC densities were highest in the caecum. Based on these results, we speculated that the
caecum of Bactrian camel might be the main effector site in mucosal immunity. It might be related to
the function of the digestive system of ruminants.
For ruminants, the contraction of their ileocecal
sphincter can prevent the chyme reflux in the ileum;
when chyme moves through the large intestine, its
retention time increases in the ileocecal orifice; the
bulk of the chyme enters the colon, and some of it
returns to the caecum through antiperistalsis of the
colon [5, 31], which support our results that SIgA
and IgG ASC densities were highest in the caecum.
This might explain why maintaining an appropriate
level of antibody protection in the caecum region is
conducive to capturing antigens by the host, thus
inducing mucosal immune response and immune
monitoring. Our results indicated that in the same
region, the distribution density of SIgA ASCs was
higher than that of IgG ASC, which is in line with the
previous observation in the intestines of humans, rats,
and mice [2]. When pathogenic bacteria invade, a large
number of SIgAs are secreted and transported to form
a first-line immune barrier, thus regulating immunity
and maintaining intestinal microecological homeostasis [15, 22]. If pathogenic bacteria destroy the first-line
immune barrier and go through the epithelial layer, IgG
will quickly recruit innate immune cells to form second
line of defence so as to remove pathogenic bacteria
[14]. Therefore, the distribution density of these two
types of ASCs provide evidence that SIgA and IgG can
form two lines of immune barriers in the large intestine
of Bactrian camel. The distribution pattern revealed
in this study might be associated with the Bactrian
camel’s gut microbiota and mucosal immunity.
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bc
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4

d

2
0

ILO

CEC

ANSC

PNSC

REC

ASCs density in lamina propria [/104 µm2]

Figure 3. Bar graph of the density of SIgA and IgG antibody-secreting cells (ASCs). The density of SIgA and IgG ASCs in each
segment of Bactrian camel large intestine (unit: /104 μm2); ILO —
ileocecal orifice; CEC — caecum; ANSC — anterior segments of
colon; PNSC — posterior segments of colon; REC — rectum.
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Figure 4. Line chart of the density of SIgA and IgG antibody-secreting cells (ASCs); ILO — ileocecal orifice; CEC — caecum; ANSC
— anterior segments of colon; PNSC — posterior segments of
colon; REC — rectum.

Meanwhile, FcRn is an IgG receptor, and it can be
combined and released in both directions between
lumen and mucosa [1]. The distribution characteristics
of SIgA and IgG ASCs suggest that they play an important role in forming the antibody protective barrier in
intestinal mucosal immunity system. However, once

Table 1. The distribution density of secretory immunoglobulin A (SIgA) antibody-secreting cells (ASCs) and immunoglobulin G (IgG)
ASCs in the large intestine of Bactrian camels (x ± SEM) unit: /104 μm2
Ileocecal orifice

Caecum

Anterior colonic segment

Posterior colonic segment

Rectum

8.10 ± 1.11

a

11.33 ± 1.06

10.14 ± 1.90

c

SIgA ASCs

6.64 ± 0.99

3.21 ± 0.83d

IgG ASCs

6.06 ± 1.52c

10.61 ± 2.10ab

6.07 ± 1.53c

6.33 ± 0.90c

2.87 ± 0.79d

bc

ab

Data in a row marked with different superscripted letter (a, b, c, d) differ significantly (p < 0.05).
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Complex microbial communities play an important
role in the host immune system [10]. The intestinal
microbiota and their metabolites not only provide
the nutrition required by the host, but also compete
with invading pathogens for the same colonisation
niche, thereby exerting a vital function in the regulating host adaptability [23]. Colonisation of microbial
communities at mucosal immune induction sites stimulates the host to initiate a series of mucosal immune
responses. Symbiotic microbiota play an important
role in mucosal immunity. For example, segmented
filamentous bacteria can stimulate the development
of Peyer’s patches (PPs) and promote the production
of IgA [13]. The abomasal lymph node area (ALNA), ileum PPs, and caecum PPs in Bactrian camel constitute
the immune induction site of digestive tract mucosa.
Colonisation of bacteria on different immune induction sites may stimulate different immune responses,
which results from mutual selection and adaptation.
Previous 16S rDNA-Illumina Miseq sequencing analysis has indicated that the microbiota characteristics
are very different between ALNA and ileum PPs in Bactrian camel [8]. PPs in the caecum of Bactrian camel
were a special type of cystic PPs, which may increase
the contact area with pathogens. This special cystic
structure of PPs may also be related to the diversity
of parasitic bacterial community, and it can stimulate
different immune responses [31].
Microbial diversity and intestinal microbial metabolomics related to mucosal immunity remain to
be further explored. Our results will lay a foundation
for further study of Bactrian camel large intestine microbial colonisation and mucosal immune pathways.
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Background: The peri-hilar branching pattern of renal arteries and variations such
as accessory renal artery and early branching of the renal artery are important
factors to be evaluated preoperatively to minimise potential complications during
renal transplantation and renal surgeries. The present study was done to assess
the peri hilar branching pattern of the renal artery and its variation among the
renal donors in India.
Materials and methods: One hundred ninety eight kidneys from 99 donors
were analysed using pre-operative computed tomography renal angiograms
prospectively, over 1 year 2 months.
Results: Based on the branching pattern of primary and secondary branches of
renal arteries, we identified 8 cardinal and 10 minor peri-hilar branching patterns.
Type I (duplicated fork) peri-hilar branching pattern was the most frequently found
(70.2%) among 198 kidneys, followed by type II (triplicated fork) (19.2%) and type III
(ladder) (10.6%). Duplicated fork pattern was common in both the right renal artery
(75.7%) and left renal artery (64.6%), respectively. The prevalence of accessory renal
artery was 39.4% with hilar artery at 21.2% and polar artery at 18.2%, and the
prevalence of early division of renal artery was 20.2%. No significant association was
found between gender and laterality in the prevalence of both early division and
accessory renal artery (p > 0.05). Early division of renal artery was more frequent in
females (28%) whilst accessory renal arteries were more common in males (40.7%).
Conclusions: The present study showed a consistent peri-hilar branching pattern
with high individual variability among Indian renal donors. The knowledge about
the peri-hilar branching pattern as well as renal artery variations conferred by
this study would greatly compliment urological surgeons during renal transplant
surgeries. (Folia Morphol 2022; 81, 4: 971–982)
Key words: peri-hilar, renal, artery, accessory, early, donors, computed
tomography
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INTRODUCTION

ing pattern of the renal artery are available while no
study has been done in the Indian population. Thus,
the present study was undertaken to analyse and
classify the peri-hilar branching pattern of the renal
artery and to assess the prevalence of accessory renal
artery and early division of renal artery among Indian
kidney donors.

India stands 2 , only behind the United States
of America, among the living kidney transplantation
programme globally. In India, approximately 7500
renal transplants are performed every year with 90%
from live donors and the remaining from deceased
donors [27]. Complete evaluation of renal vascular
anatomy preoperatively in live donors is essential to
predict and manage potential risks and to prevent
complications during renal surgeries. Knowledge of
renal vascular variation is important in the exploration
and treatment of renal trauma, renal transplantation,
renal vascular hypertension, and renal artery embolisation [12, 30]. It also enables segmental arterial
ligature which greatly reduces damage to renal parenchyma in case of segmental laparoscopic surgeries
[31]. Anatomical variations of renal vessels occur in
25% to 40% of kidneys. Variations in the renal vessels,
including accessory renal artery and early division of
renal artery, may be associated with atherosclerosis
and renovascular hypertension which are well-established causes of uro-surgical complications [24, 26].
The accessory renal artery is one of the most common
variations which needs attention clinically [3, 29].
Various terminologies have been used in the past
to describe the branching pattern of renal arteries
[31]. Graves (1954) [11] described the segmental
branching pattern of the renal artery which has been
followed to date. He described that each kidney has
five segments, and each renal segment is supplied by
an end artery named segmental artery, which arises
either from the anterior or posterior division of the
main renal artery. The peri-hilar branching pattern has
been neglected by Graves’s segmental classification
of renal arteries. Studying the peri-hilar branching
pattern of the renal artery is essential and is being
increasingly investigated with advancing radio diagnostic techniques. Studying the morphology and
branching pattern of the renal artery helps to avoid
potential complications during renal transplantation
and renal surgeries. It was also found that there
exist ethnic and racial variations in the renal artery
branches and branching pattern [14]. However, the
literature survey shows very limited studies focussing
on the peri-hilar branching pattern of the renal artery.
In India, very few studies have been done to determine the variations of the renal artery and renal artery
branching pattern using computed tomography (CT)
angiogram in live kidney donors [7, 17]. Globally, very
few studies [25, 31] regarding the perihilar branchnd

MATERIALS AND METHODS
Sample selection
It has been estimated that the total number of

renal transplantations done in live kidney donors in India per year is around 6750 (90% of 7500) [27]. Using
statcalc software, allowing a margin of error at 10%
and confidence interval at 95%, the minimal sample
size needed for this study was calculated to be 95.
This was a prospective observational study conducted
on renal donors who underwent preoperative renal
angiogram in a scan centre in Chennai, India. The
study spanned for 1 year 2 months which included
the CT renal angiogram of 99 renal donors (54 males
and 45 females). All patients included in the study
had normal renal functions. Only the angiograms
from adults (age > 18 years) without any renal disease, without pathological conditions likely to affect
renal vasculature, and with sufficient enhancement
of contrast media in the arterial phase (150 HU) were
collected and studied. The study was conducted as per
the declaration of Helsinki and ethical approval was
obtained from the institutional Human Ethical Committee at Saveetha Institute of Medical and Technical
Sciences, Chennai (001/09/2015/IEC/SU).
Multidetector CT and postprocessing

All donors underwent CT renal angiogram in GE
systems, 64-slice multidetector CT (MDCT) scanner.
The scanning parameters were 120 kV, 240 mAs, and
slice thickness of 0.625 mm. The scan area extended
from the diaphragm to the iliac crest and images were
acquired at a rotational speed of 0.7 s. Using a bolus
tracker placed in the abdominal aorta at the level of
renal arteries, and with a delay of about 6 to 8 s, CT
images were acquired in the arterial phase. About
90 mL non-ionic contrast (OmnipaqueTM) mixed with
20 mL saline was injected through the ante-cubital
vein using a pressure injector (5 mL/s).
The serial thin-section images thus obtained were
imported to a dedicated three-dimensional (3D) workstation where they were reconstructed using minimum intensity projection (MIP), multiplanar reforma-
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analysis was performed using SPSS version 21. P value
less than 0.05 was taken to be statistically significant.

tion (MPR), and 3D volume rendering (VR) techniques
for diagnostic purposes. These techniques allowed
for identifying the variant branching pattern of the
renal artery as well as for accurate measurement of
the renal arteries. All observations and measurements
were done by a single observer (radiologist — author
R.P.) and the details were recorded.

RESULTS
The renal artery showed immense variability in its
divisions and branching patterns between and within
the individuals studied.

Classification criteria of renal arterial morphology

Cardinal peri-hilar morphologies
of the main renal artery

The criteria for the classification of renal arterial
morphology used in this study was based on the earlier
study by Shoja et al. (2008) [25]. Morphologically, the
renal arterial branching patterns were of two types, viz.
fork-type and ladder-type. In fork-type, there was a single point of division of the branch which could either
be duplicated — type I (upper and lower branch) or
triplicated — type II (upper, middle, and lower branch).
In ladder-type — type III, there were sequential branching points. We employed a uniform terminology, where
the first division of the renal artery was termed as the
primary branch and the further divisions were termed
as secondary and tertiary branches.
The classification of the peri-hilar branching pattern of the renal artery was done based on both its
primary and secondary divisions and their branching
patterns. ‘Cardinal perihilar renal arterial morphology’
included those which had more than or equal to 5%
of the total observed types and the remaining types
(< 5%) were included in the ‘minor’ category (m).
The various subtypes under each of types I, II, and III
were arranged in descending order with subtype ‘a’
indicating the highest prevalence followed by the
other subtypes. When two subtypes had the same
rate of prevalence, naming was allotted randomly
between them following the sequential order.

A total of 8 cardinal patterns and 10 minor
branching patterns of renal arteries were noted in
the present study (Table 1, Fig. 1). In a total of 198
kidneys of renal donors who were evaluated, type I-a
(duplicated fork) was the most common pattern
(16.1%) and type I-e (duplicated fork with duplicated
lower and upper ladder branch) and I-f (duplicated
fork with the upper and lower branch ladder pattern) both with 5.5% was the least common cardinal
patterns. Type I-a pattern was also commonly noted
in the males on the left side and the females on the
right side. Regarding the minor patterns, type mI-a
(4%) was the most common, and type mI-e and
type mI-f (1%) was the least common pattern.
Type I peri-hilar branching pattern was the most
found (70.2%) among 198 kidneys, followed by type II
(19.2%) and type III (10.6%).
The peri-hilar branching pattern
of the right main renal artery

Fork pattern of branching in the primary branch
was observed in 88.9%. The fork was either duplicated (75.7%) or triplicated (14.1%). The ladder-type pattern was observed in 11.1%. In the fork-type primary
branches that are given off the main artery, a secondary division was found in 61.6% that was fork-type
in 36.3%, ladder-type in 15.2%, and both fork and
ladder in 10.1% of donors. No secondary branches
were noted in the kidneys with ladder-type primary
artery. In the majority of donors, the branches of
a ladder-type artery were terminal segmental arteries
to the renal parenchyma. Only 3.03% of fork-type
secondary divisions were triplicated. Tertiary branches
were found in 33 kidneys.

Variations in renal artery

Prevalence of early division of renal artery was
studied among the study population. When the renal
artery length was less than 1.5 cm, it was considered
as an early division [6]. The prevalence of accessory
renal artery was also studied. The accessory renal artery
was classified according to the entry into the kidney
as hilar (passes through hilum) and polar renal artery
(passes through the upper or lower pole of the kidney).
Statistical analysis

The peri-hilar branching pattern
of the left main renal artery

Descriptive statistics were performed for the obtained data. Chi-square test was used to compare prevalences between gender and laterality. All statistical

Fork pattern of branching in the primary branch
was observed in 88.8%. The fork was duplicated in
64.6% and triplicated in 24.2% of cases. The lad-
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Table 1. Peri-hilar branching pattern of the renal artery
Type

Pattern

N (%)
(Total 198 kidneys)

Right

Left

Male (54)

Female (45)

Male (54)

Female (45)

32 (16.1)

9 (16.6%)

8 (17.7%)

9 (16.6%)

6 (13.3%)

Cardinal branching pattern
Type I-a

Duplicated fork

Type I-b

Duplicated fork with duplicated upper branch

23 (11.6)

8 (14.8%)

8 (17.7%)

4 (7.4%)

3 (6.6%)

Type I-c

Duplicated Fork with upper (u) and lower (l)
branches

21 (10.6)

3 (5.5%)

8 (17.7%)

3 (5.5%)

7 (15.5%)

Type I-d

Duplicated fork with upper and lower branch
with the duplicated lower branch

14 (7)

3 (5.5%)

Nil

6 (11.1%)

5 (11.1%)

Type I-e

Duplicated fork with duplicated lower and upper
ladder branch

11 (5.5)

4 (7.4%)

1 (2.2%)

5 (9.2%)

1 (2.2%)

Type I-f

Duplicated fork with the upper and lower branch
ladder pattern

11 (5.5)

4 (7.4%)

2 (4.4%)

5 (9.2%)

Nil

Type II

Triplicated fork pattern

23 (11.6)

7 (12.9%)

3 (6.6%)

8 (14.8%)

5 (11.1%)

Type III

Single ladder type

21 (10.6)

5 (9.2%)

6 (13.3%)

6 (11.1%)

4 (8.8%)

Minor branching pattern
Type mI-a

Duplicated fork with triplication of upper branch

8 (4)

1 (1.8%)

2 (4.4%)

2 (3.7%)

3 (6.6%)

Type mI-b

Duplicated fork with duplicated upper and lower
ladder branch

6 (3)

1 (1.8%)

1 (2.2%)

Nil

4 (8.8%)

Type mI-c

Duplicated fork with upper ladder pattern

5 (2.5)

2 (3.7%)

3 (6.6%)

Nil

Nil

Type mI-d

Duplicated fork with lower ladder pattern

4 (2)

3 (5.5%)

1 (2.2%)

Nil

Nil

Type mI-e

Duplicated fork with triplicated upper and
duplicated lower branch

2 (1)

Nil

1 (1.8%)

Nil

1 (1.8%)

Type mI-f

Duplicated fork with upper ladder and lower
triplicated pattern

2 (1)

2 (3.7%)

Nil

Nil

Nil

Type mII-a

Triplicated fork with duplicated middle branch

5 (2.5)

Nil

2 (4.4%)

1 (1.8%)

2 (4.4%)

Type mII-b

Triplicated fork with duplication of upper and
middle branch

4 (2)

Nil

Nil

2 (3.7%)

2 (4.4%)

Type mII-c

Triplicated fork with duplication of lower branch

3 (1.5)

2 (3.7%)

Nil

1 (1.8%)

Nil

Type mII-d

Triplicated fork with ladder pattern in upper and
lower branch

3 (1.5)

Nil

Nil

3 (6.6%)

Nil

der-type pattern was observed in 10.1%. In the forktype primary branches that were given off the main
artery, a secondary division was found in 61.6% that
was fork-type in 44.4%, ladder-type in 7.0%, and both
fork and ladder in 10.2% of donors. No secondary
branches were noted in the kidneys with ladder-type
primary artery. In the majority of donors, the branches
of a ladder-type artery were terminal segmental arteries to the renal parenchyma. Only 5.05% of fork-type
secondary divisions were triplicated. Tertiary branches
were found in 35 kidneys.

prevalence was 20.2%. Statistical analysis revealed
no association between gender and laterality in the
prevalence of early division of renal arteries (p = 0.08;
Table 2). An angiographic image of the early division
of the renal artery is shown in Figure 2.
Accessory renal arteries

Of the total 99 donors, the occurrence of the
accessory renal artery was seen in 39 (39.4%) donors
(including the unilateral and bilateral presence of
accessory renal artery). Out of 39 observed accessory
renal arteries, 38 single accessory renal arteries and
a single case of multiple accessory renal arteries were
observed. Statistical analysis showed no association
between gender and laterality in the prevalence of
accessory renal arteries (p = 0.9; Table 3).

Early division of renal artery

The early division was noted among 7 males (out
of 54) and 13 (out of 45) females (including both
unilateral and bilateral early division). The overall
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Cardinal patterns

Type I-a. Angiogram shows a duplicated main renal artery (r)
on the right side and their upper (u) and lower (l) branches.

Type I-b. Angiogram shows a duplicated main renal artery(r) upper (u)
and lower (l) branch with the duplicated upper branch. Note the
anterior (a) and posterior (p) of the upper primary branch.

Type I-c. Angiogram shows a duplicated main renal artery (r) with
duplicated upper (u) and lower (l) branches. Note the anterior (a)
and posterior (p) divisions of each primary branch.

Type I-d. Angiogram shows a duplicated main renal artery(r), upper (u),
and lower (l) branches with the duplicated lower branch. Note the
anterior (a) and posterior (p) divisions of the lower primary branch.

Type I-e. Angiogram showing duplicated main renal artery (r) with
duplicated lower (l) and upper ladder (l) branch on the left side. Note
the anterior (a) and posterior (p) divisions of the lower primary branch.

Type I-f. Angiogram shows a duplicated main renal artery (r) with the
upper (u) and lower (l) branches showing ladder pattern with several
segmental arteries arising from each.

Type II. Angiogram shows triplicated main renal artery with upper (u),
middle (m), and lower (l) branches.

Type III. Angiogram shows a ladder-type main renal artery (r) and the
branches apical (a), upper(u), middle(m), posterior (p), and lower (l).

Æ
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Minor patterns

Type mI-a. Angiogram shows duplicated main renal artery (r) with
upper (u), lower branch, and upper branch further shows triplication:
upper-upper (uu), upper-middle (um), and upper-lower (ul).

Type mI-b. Angiogram showing duplicated main renal artery (r) with
duplicated upper (u) and lower ladder (l) type branching. Note the
anterior (a) and posterior (p) divisions of the upper primary branch.

Type mI-c. Angiogram shows duplicated main renal artery (r) with
lower (l) and upper (u) branches. The upper branch is ladder type
giving several segmental arteries.

Type mI-d. Angiogram shows duplicated main renal artery (r) with
lower (l) and upper (u) branches. The lower branch is ladder type
giving several segmental arteries.

Type mI-e. Angiogram shows duplicated main renal artery (r) with
duplicated lower (l) with lower anterior (la) and lower posterior (lp)
branches and triplicated upper with upper-upper (uu),
upper-middle (um), and upper-lower (ul) branches.

Type mII-a. Angiogram shows triplicated main renal artery (r) with
a duplicated middle branch.

Type mI-f. Angiogram shows duplicated main renal artery (r)
with the ladder-type upper branch (u) and triplicated lower
branch (l) with upper (lu), middle (lm), and lower (ll) branches.

Type mII-b. Angiogram shows triplicated main renal artery (r) with
a duplicated upper branch (u) and duplicated middle branch (m) on the
left side. Note: anterior (a) and posterior (p) divisions of the upper and
middle primary branches.

Æ

976

M. Kumaresan et al., Renal artery morphology and its variations among renal donors in India

Type mII-c. Angiogram shows triplicated main renal artery (r) with
upper (u), middle (m), and lower (l) branch (lower branch
shows duplication).

Type mII-d. Angiogram shows triplicated main renal artery (r)
i.e. upper (u), middle(m), and lower(l) branch with upper and
lower branches show ladder pattern.

Figure 1. Representative computed tomography-angiogram images with schematic diagrams of cardinal (> 5% prevalence) and minor (< 5%
prevalence) peri-hilar branching patterns noted in the present study; type I — duplicated fork, type II — triplicated fork, type III — ladder-type
were the main types of patterns. These patterns were divided into sub-patterns as indicated alphabetically. Note that minor patterns are indicated by ‘m’ as the prefix.

Table 2. Early division of renal artery
Early division of renal artery

Male (n = 54); 7/54 (13%)

Female (n = 45); 13/45 (28%)

Chi square test

Right (n = 99)

1 (1.8%)

7 (15.5%)

c2 = 2.937

Left (n = 99)

6 (11.1%)

6 (13.3%)

P = 0.087

of polar artery (n = 12) when compared to males
(n = 6). However, statistical tests revealed no association between gender and laterality in the prevalence
of polar renal arteries in the population (p = 0.218).

DISCUSSION
Routine preoperative evaluation of donors undergoing total or partial nephrectomy and renal transplant compels knowledge of the peri-hilar branching
pattern of the renal artery and other renal artery
variations like accessory renal artery and early division
of renal artery through various imaging techniques.
The present study, despite finding predictable morphology in the peri-hilar branching pattern of renal
artery, also noted high individual variability in the
same. Though the study was based on the classification criteria by Shoja et al. [25] there were major
differences between the results of the two studies.
Even though the number of cardinal (8 types) and
minor branching pattern (10 types) types were the
same, the patterns found in the present study did
not match with that of Shoja et al. [25]. Though
few studies have described the peri-hilar branching
pattern in renal artery morphology, most of them

Figure 2. Early division of renal artery on the right side (0.47 cm)
and left side (0.35 cm); 2D — two-dimensional measurements.

The accessory renal artery was further classified
as hilar and polar arteries. Donors with hilar and polar accessory renal arteries were 21 (21.2%) and 18
(18.2%), respectively. The occurrence of the polar renal artery is given in Table 4 and its images are shown
in Figures 3–6. Females had a higher prevalence
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Table 3. Occurrence of accessory renal artery
The occurrence
of accessory renal
artery (ARA)
Single ARA
Multiple ARA

Total (39) (39.4%)
Right; 13/99 (13.1%)

Left; 17/99 (17.2%)

Both sides; 9/99 (9.1%)

Chi-square
test

Male

Female

Male

Female

Male

Female

8 (14.8%)

5 (11.1%)

9 (16.6%)

8 (17.7%)

4 (7.4%)

4 (8.8%)

c2 = 0.009

Nil

Nil

Nil

Nil

1 (1.8%)

Nil

P = 0.925

Chi-square
test

Table 4. Occurrence of polar renal artery
Polar renal artery
Right:
Upper
Lower
Left:
Upper
Lower

Total (18)
(18.2%)

Male (n=54) 6/54
(11.1%)

Female (n=45) 12/45
(26.6% )

3
3

2 (3.7%)
1 (1.8%)

1 (2.2%)
2 (4.4%)

9
3

3 (5.5%)
0 (0%)

6 (13.3%)
3 (6.6%)

c2 = 1.528
P = 0.218

Figure 3. Right single lower polar renal artery.

Figure 4. Left single upper polar renal artery.

Figure 5. Single accessory on right side entering hilum.

Figure 6. Multiple bilateral accessory arteries; 1, 2, 3 — upper
accessory renal arteries; 4 and 6 — right and left renal arteries;
5 — lower accessory renal arteries.
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Table 5. Comparison of peri-hilar branching patterns from the present study with the only available earlier studies of Shoja et al.
(2008) [25] and Vahed et al. (2020) [31]. Note that the subtypes mentioned in the table are the nomenclature used in this study.
(Types I, II, III are cardinal patterns and type mI, mII are minor patterns.)
Study

Type
I-a
(%)

Type
I-b
(%)

Type
I-c
(%)

Type
I-d
(%)

Type
I-e
(%)

Type
I-f
(%)

Type
II
(%)

Type
III
(%)

Type
mI-a
(%)

Type
mI-b
(%)

Type
mI-c
(%)

Type
mI-d
(%)

Type
mI-e
(%)

Present study
(n = 198)

16.1

11.6

10.6

7

5.5

5.5

11.6

10.6

4

3

2.5

2

1

1

2.5

2

1.5

1.5

Shoja et al., 2008
(n = 81)

8.6

16.1

23.5

3.7

7.4

2.5

–

7.4

1.2

7.4

–

6.2

2.5

–

6.2

1.2

–

–

Vahed et al., 2020
(n = 255)

0.8

0.8

2

–

18.4

14

–

5

2.4

11.8

–

2.7

3.1

–

0.8

5.1

–

–

had confusing terms while plain and simple terminology to describe the branches remains to be in
scarcity (Table 5). According to Weld et al. [33], the
main branch from the renal artery was named as
pre-segmental artery and the subsequent branches
were named as segmental arteries which enter the
renal parenchyma. Their classification included three
main branching patterns viz. configurations without
a pre-segmental branch, with one pre-segmental
branch, and with two pre-segmental branches. The
classification by Graves (1954) [11] has been widely
accepted, where kidneys were divided into five vascular segments and segmental independent blood
supply with no collateral circulation. However, few
studies have suggested three to five segments [2, 23].
Fine and Keen [9] introduced the concept of three
primary renal arteries and based on the first arriving primary renal artery, there were four branching
patterns. They also introduced three branching patterns for posterior vessels viz. magistral, cruciate and
bifurcating. Most of the studies conducted in India
were cadaveric studies with a handful of studies
based on imaging techniques. In addition, all the
studies analysing the renal artery branching pattern
in the Indian population followed the nomination
by Graves (1954) [11] and Welt et al. [33], where
the main branches of the renal artery were named
anterior and posterior division and each division
further divide or forms pre-segmental or segmental arteries. Kumar and Prabha (2016) [16] studied
the pre-hilar branching pattern in human cadavers.
Their results were comparable with earlier studies by
Graves [11], Fine and Keen [9], Verma et al. [32], and
Kher et al. [15], in which, based on the branching of
anterior division, there were three types, and based
on that of posterior division there were two types.
A study conducted using MDCT angiography found

Type Type Type Type Type
mI-f mII- a mII- b mII-c mII-d
(%)
(%)
(%)
(%)
(%)

the posterior division continuing as segmental artery
and based on the branching of anterior division,
they were classified in to nine types [7]. In contrast
to these studies, the present study used the nomination of naming the first division of renal artery
as the primary branch and subsequent divisions as
secondary and tertiary branches and based on the
arterial branching pattern, there were two patterns
viz. the fork type and ladder type. To our knowledge,
the present study is the first of its kind to analyse
the peri-hilar branching pattern of the renal artery
and to develop a classification based on that in the
Indian population. Globally, only a handful of studies
have done the same. A couple of studies followed
the same nomination of branching pattern [25, 31]
while the remaining followed the one by Graves
[11] and Weld et al. [33]. Thus, studies analysing
peri-hilar branching patterns are in scarcity both in
India and globally. Variations in the renal vasculature
may occur within different populations and hence
must be taken into account during preoperative
surgical examination of kidneys. Thus, the results of
the present study would serve as important guideline
in urological surgical procedures.
In the present study, early division of the main
renal artery was found in 20.2% of the subjects with
8.1% on the right side and 12.1% on the left side.
The prevalence of early division of renal artery varies
drastically in different studies conducted across various populations. In a study conducted by Ozkan et
al. [20], in Turkey, early division of renal artery was
noted in 8% of cases. 21.6% of cases showed pre-hilar
branching of the renal artery in the Kenyan population
[19]. Another study observed early division in 33.3%
and 28.5% of cases in the right and left kidneys
respectively [4]. Dogra et al. [7] observed an early
division of renal artery among 25% of a total of 200
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Table 6. List of important previous literature on early division of renal artery
Study

Population

Method

Sample size

Early division of renal artery
Right side

Left side

Ozkan et al. (2006) [20]

Turkey

Angiography

855

32%

25%

Ogeng’o et al. (2010) [19]

Kenya

Cadaver

178

16.2%

26%

Budhiraja et al. (2013) [4]

India

Cadaver

42

33.3%

28.5%

Dogra et al. (2017) [7]

India

CTA

100

27%

23%

Famurewa et al. (2018) [8]

Nigeria

CTA

200

4%

0.5%

Ahmed et al. (2019) [1]

Egypt

CTA
and specimens

100 (CTA),
7 kidneys (specimens)

–

3%

Present study

India

CTA

198

8.1%

12.1%

CTA — computed tomography angiography

The significance of early division is important as expert
surgeons require at least 1 to 1.5 cm of the main renal
artery to clamp and properly anastomose the artery
in the recipient.
In the current study, 39.4% of donors had accessory renal arteries. We observed a single accessory
renal artery in 38 donors and more than two accessory
renal arteries were seen in one donor. Single accessory
renal artery on the right side was seen in 13.1% and
on the left in 17.2% and bilateral single accessory was
seen in 9.1% of individuals. A hilar artery was found
in 21.2% and a polar artery was found in 18.2% of
cases. There was no association between the prevalence of both accessory renal artery and polar artery
with laterality or gender (c2 = 0.009; p = 0.925,
c2 = 1.528; p = 0.218). In general, the prevalence of
accessory renal artery was comparatively higher in
males than females and higher on the left side than
on the right side though it was not statistically significant. This is contrary to the study done in western
India [13] which found a higher incidence of accessory
artery on the right side (27.35%) than on the left side
(22.36%) while being similar to studies by Gag and
du Plessis [10]. In the present study, polar arteries
were more common on the left side. Association
between gender and the prevalence of polar artery
was also not statistically significant, 12.1% of females
and 6.1% of males had polar artery, respectively. The
occurrence of the upper polar artery was found to
be higher than that of the lower polar artery. Similar
results were found in the studies by Jamkar et al. [13]
while Sykes [28] found lower polar arteries to be more
common. In our study, 12.1% was the prevalence of
the upper polar artery while Budhiraja et al. [5] found
it to be 10.7% and Sampaio and Passos [22] found
it to be 6.8%.

renal arteries. Natsis et al. [18] found early division
in 30.4% of cases. Most of these studies have not
clearly mentioned the specific distance to recognise
early division while some have considered 2 cm from
hilum as the reference point. However, the current
study followed the well-recognised interval of 1.5 cm
from the aorta as specified in the literature for identifying the early division of the renal artery [6]. Previous
studies analysing the early division of the renal artery
are given in Table 6.
We found no significant gender difference in the
occurrence of the early division of renal artery (female
28% and male 13%). Our results are contradictory to
the study by Cinar and Turkvatan [6] in Turkey and
Famurewa et al. [8] in Nigeria who found that renal
vascular variations including early division of renal
artery to be significantly higher in males than females.
Similar to our results, Palmieri et al. [21] found no
significant gender difference in the prevalence of early
division of renal artery in the Brazilian population. We
also did not find any significant difference between
the right and the left side in the prevalence of early
division of renal artery in the present study. To our
knowledge, studies assessing the association of early
renal artery division between gender and laterality
are less. It was found that early division to be more
common on the right side [8]. In a study done by
Budhiraja et al. [4], the early division was found in
61.8% of cases (33.3% on the right side and 28.5%
on the left side). In this study, early division of the
renal artery was higher on the left side albeit a lack
of statistical significance which is similar to a study
conducted in India that reported early division in 5%
on the right side and 7% on the left side [17]. The
difference in ethnicity and population could be the
possible reason for the results in the present study.
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The variations in renal artery vasculature can be
elucidated by the development of mesonephric arteries. These arteries supply the kidneys, suprarenal
glands, and gonads on either side of the aorta, from
the sixth cervical vertebra to the third lumbar vertebra. As the foetus develops most of these arteries
disappear, leaving one prominent mesonephric artery.
The existence of one or multiple accessory renal arteries is due to the non-obliteration of mesonephric
arteries. Such subjects with accessory renal arteries
are not ideal candidates for transplantation. Multiple
renal arteries have major clinical importance because
overlooking them during preoperative preparations
of patients for surgical procedure occurs especially
if laparoscopic methods are used. Transplantation of
kidneys with vascular variations is usually associated
with a higher rate of failure. In surgical terms, the
upper pole artery represents a major risk because it
is frequently located high up the kidney, that in most
cases the surgeons may mistake it for surrounding
connective tissue. In addition, transplantation of kidneys with polar vessels is deemed to have a higher
primary failure rate due to the development of the
complication of renal vascular thrombosis [5].

suggests that a thorough and in-depth understanding of anatomical variations of the renal artery and
peri-hilar branching pattern will be helpful in a precise
surgical approach to avoid any complications during
renal transplantation and other renal surgeries.
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Background: Os peroneum and os vesalianum are sesamoid bones that could
be found within fibularis longus and brevis tendons, respectively. They are rarely
a cause of lateral foot pain and are often identified as incidental radiographic
findings. However, in the context of trauma, these sesamoids may be radiographically misinterpreted as fractures. This study aimed to evaluate the prevalence and
normal morphological variants of os peroneum and os vesalianum.
Materials and methods: Standard oblique lateral and/or anteroposterior radiographic views of 624 feet of adolescent and adult patients were retrospectively
reviewed to determine the prevalence and anatomical variations of the os peroneum and os vesalianum in relation to age and gender using plain radiography.
Results: Os peroneum was found in 22% and os vesalianum was found in 1.6%.
Age was found to significantly correlate with the presence of os peroneum with
the highest prevalence (30%) detected in the elderly group. Among 137 feet
with os peroneum, 54.0% were between 4 and 8 mm, 67.2% were close to
the tubercle of cuboid, 32.8% were located at the level of calcaneocuboid joint,
81.8% were solitary, and 18.2% were bi-/multipartite. Among 10 feet with os
vesalianum, type I was identified in 40% and type II in 60%.
Conclusions: Different anatomical variants of the lateral sesamoid bones of the foot
have been described in this study. A thorough knowledge of normal anatomical
variants is essential for proper diagnosis and management and can enhance our
diagnostic skills in detecting these sesamoids. (Folia Morphol 2022; 81, 4: 983–990)
Key words: os peroneum, os vesalianum, prevalence, sesamoids,
variants, morphology

INTRODUCTION

reported in the literature due to the pain directly
related to them or the misinterpretation of them
as fractures [18, 21]. Sesamoid bones are located
within tendons as they pass over joints to protect

Sesamoid bones and accessory ossicles of the foot
are osseous structures that, despite being asymptomatic in most individuals, are increasingly being
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tendons against friction [8, 16]. Accessory ossicles are,
unlike sesamoids, structures of unknown function;
they originate from ossification centres that have
failed to fuse with the main bone [8, 16]. Although
different, sesamoid bones and accessory ossicles do
share similar imaging characteristics; both are small
structures that could be ovoid or nodular, unilateral
or bilateral, and may be present near a bone or a site
of articulation [21].
Os peroneum is a round or oval sesamoid bone
embedded within the fibularis (peroneus) longus
tendon. It is related to the plantar or lateral surface
of cuboid. There is controversy about the origin of os
peroneum. It has been postulated to be developed
as a result of mechanical stresses imposed on the
fibularis longus tendon at the point where the tendon turns medially [19]. Guimera et al. [13] however,
showed that os peroneum is already present during
embryonic development period. It was reported by
many authors that the fibularis longus tendon is interrupted by the presence of a fibrocartilagenous node
at the point of articulation with the tubercle of cuboid
[3, 4, 15, 20, 24]. Histologically, the fibrocartilage of
fibularis longus tendon showed different degrees of
osseous, cartilaginous and fibrous tissue, so it may
or may not display the presence of an os peroneum
[20]. The prevalence of the cartilaginous form of os
peroneum remains unclear [28]. However, its ossified
form is a relatively common anatomical variant; seen
in up to 32% of feet [9, 20]. Os peroneum is bipartite in approximately 30% of cases and bilateral in
approximately 60% [5].
Os vesalianum is located near the base of the fifth
metatarsal bone and is found within the fibularis
brevis tendon at its insertion [21]. Radiographically,
os vesalianum is separated from the fifth metatarsal
base by a thin, radiolucent line that may represent
a synchondrosis [7]. The radiographic prevalence has
been estimated from 0.1% and 5.9% [9, 10, 26].
Despite meeting the criteria of sesamoid bones,
os peroneum and os vesalianum have been consistently classified throughout the literature as accessory
ossicles [8, 21]. However, they were described in this
manuscript as sesamoid bones. Typically, sesamoid
bones are considered asymptomatic and are rarely associated with pathological findings such as fractures
or degenerative changes in response to overuse and
trauma. Although no further diagnostic workup is
required, it is essential to recognise these sesamoids
and the possibility of symptoms directly related to

their presence. A solid understanding of anatomy
is fundamental in understanding pathologies that
cause symptoms in the lateral aspect of the foot [17].
Both sesamoids and accessory ossicles are subjected
to significant morphological variations. There are
insufficient studies reported in the orthopaedic and
anatomic literature regarding the anatomic variations
and configuration of the lateral sesamoid bones of the
foot. The aim of this study was to evaluate the relative
frequency of occurrence of the lateral sesamoid bones
of the foot according to age and gender using plain
radiography and to assess the different anatomical
variants with their characteristic imaging findings.

MATERIALS AND METHODS
Standard oblique lateral and/or anteroposterior
radiographic views of the feet of adolescent and adult
subjects were retrospectively reviewed. The inclusion
criteria were patients aged 14 years and older. All
patients with prior foot surgeries and pathologies
including osteolysis, severe arthritis, and calcification were excluded. Midfoot fractures were also excluded. The Institutional Review Board of Jordanian
Royal Medical Services and the University of Jordan
approved the study and waived the requirement for
informed consent due to the retrospective nature of
this study.
Radiographic views of 624 patients (346 men and
278 women) with 302 left and 322 right feet were
included. The presence of lateral foot sesamoid bones
(os peroneum and os vesalianum) was evaluated
by three researchers independently. Two anatomical
variants for os vesalianum were distinguished (Fig. 1):
Type I: a small os vesalianum, 2 to 4 mm in size, and
adjacent to the tip of the well-developed tuberosity
of the fifth metatarsal bone and type II: a large os
vesalianum, 10 to 20 mm in size, and oblong in shape
with well-formed cortical margins and a clear separation from the base of the fifth metatarsal and cuboid
by a radiolucent line of uniform width.
Regarding os peroneum, different anatomical
variants were identified depending on size (from its
largest dimension on the radiograph), location relative to calcaneocuboid joint (assessed in the oblique
lateral radiographs), and radiographic appearance
(solitary, bipartite or multipartite). Three groups of os
peroneum were distinguished based on the maximum
measured diameter: smaller than 4 mm, between
4 and 8 mm, and larger than 8 mm. According to its
location assessed in the oblique lateral radiographs,
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and the lateral sesamoid bones (dichotomous variable). Inter-rater reliability was analysed using Cohen’s
kappa. The significance threshold was set at 0.05.

RESULTS
The average age was 36.2 (range: 14–82) years.
Of the subjects, 55.4% were males. The prevalence
of os peroneum and os vesalianum in number and
percentage according to gender and side is shown
in Table 1. Lateral sesamoid bones of the foot were
found in 23.6% (147/624). Os peroneum was identified in 22.0% (137/624) and os vesalianum was
identified in 1.6% (10/624). No significant differences
in the prevalence of lateral foot sesamoid bones were
found between genders and sides (p = 0.06 and 0.71,
respectively) (Table 1).
The prevalence of os peroneum and os vesalianum
in number and percentage in different age groups is
shown in Table 2. A statistically significant difference
was found in the prevalence of os peroneum between different age groups (p = 0.04). Os peroneum
was found in 14.6% (15/103) of adolescents, 20.4%
(60/294) of young adults, 25.6% (43/168) of middle-aged adults and in 32.2% (19/59) of the elderly
group (≥ 60 years). A statistically significant moderate
positive correlation was found between age and os
peroneum (rpb = 0.31, p < 0.001) (Fig. 2A).
No statistically significant difference was found in
the prevalence of os vesalianum between different
age groups (p = 0.96). Os vesalianum was found in
1.9% (2/103) of adolescents, 1.7% (5/294) of young
adults, 1.2% (2/168) of middle-aged adults, and in
1.6% (1/59) of the elderly group. A weak negative
correlation was found between age and os vesalianum (rpb = –0.04, p = 0.35) (Fig. 2B).
The different anatomical variants of the lateral
foot sesamoid bones were shown in Table 3. Among
137 feet with os peroneum, 29.2% (40/137) were

Figure 1. Schematic illustration of os vesalianum types according
to their radiographic appearance; A. Type I os vesalianum; B. Type II
os vesalianum.

two positions were distinguished: in close relationship
to the tubercle of cuboid distal to calcaneocuboid
joint or at the level of calcaneocuboid joint. Individual age and gender were reviewed from hospital
records. The subjects were divided into four separate
age groups: teenagers (14–19 years), young adults
(20–39 years), middle-aged (40–59 years) and elderly
(60 years and over).
Statistical analysis

GraphPad Prism version 6.04 for Windows (GraphPad Software, La Jolla, CA) was used. The prevalence
of os peroneum and os vesalianum was compared
between genders (male vs. female) and sides (right
vs. left) using Fisher’s exact test. Chi-squared test was
used for comparisons between different age groups.
The point-biserial correlation coefficient (rpb) was used
to measure the strength of association between age

Table 1. Prevalence of os peroneum and vesalianum according to gender and side
Lateral ossicles

All (n = 624)

Male (n = 346)

Female (n = 278)

Right (n = 322)

Left (n = 302)

147 (23.6%)

92 (26.6%)

55 (19.8%)

78 (24.2%)

69 (22.8%)

P
Os peroneum

137 (22.0%)

P
Os vesalianum

0.70

0.06

NS

NS

85 (24.6%)

52 (18.7%)

10 (1.6%)

P

72 (22.4%)

65 (21.5%)

0.85NS

0.08NS
7 (2.0%)

3 (1.1%)

6 (1.9%)
0.75NS

0.52NS

NS — not significant at p < 0.05. Fisher Exact Test
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Table 2. Prevalence of os peroneum and os vesalianum according to age
Age groups [years]
14–19

20–39

40–59

≥ 60

Overall (n = 624)

103 (16.5%)

294 (47.1%)

168 (26.9%)

59 (9.5%)

Os peroneum (n = 137)

15 (14.6%)

60 (20.4%)

43 (25.6%)

19 (32.2%)

2 (1.2%)

1 (1.6%)

Chi-squared

8.611

P value

0.04*

Os vesalianum (n = 10)

2 (1.9%)

5 (1.7%)

Chi-squared

0.277

P value

0.96NS

NS — not significant; *significant p < 0.05

B 90
80
70
60
50
40
30
20
10
0

rpb = –0.04
p = 0.3527NS

Age

rpb = 0.31
p £ 0.0001*

Age

A 90
80
70
60
50
40
30
20
10
0

Present

Os peroneum

Absent

Present

Os vesalianum

Absent

Figure 2. Box plots showing the correlation between age and presence of the lateral sesamoid bones; A. Correlation between age and os
peroneum (p < 0.0001); B. Correlation between age and os vesalianum (p > 0.05); rpb — point-biserial correlation coefficient; NS — not significant; *significant p < 0.05.

Table 3. The anatomical variations of the lateral foot sesamoid
bones
Characteristic

smaller than 4 mm, 54.0% (74/137) were between
4 and 8 mm, and 16.8% (23/137) were larger than
8 mm (Fig. 3).
Regarding the location of os peroneum on oblique
views, 32.8% (45/137) were located at the level of
the calcaneocuboid joint and 67.2% (92/137) were
close to the tubercle of cuboid (Fig. 3). About three
fourths of os peroneum (112/137) were solitary and
one fourth (25/137) were bi/multipartite (Fig. 4A, B).
Only one os peroneum appeared enlarged and sclerotic, which is suggestive of a stress fracture caused
by chronic overuse and repetitive activity (Fig. 4C).
Among ten feet with os vesalianum, type I was identified in four cases and type II in six cases (Fig. 5).

N (%)

Number of lateral sesamoid bones

147

Os peroneum

137

Longest diameter:
Smaller than 4 mm

40 (29.2%)

Between 4 and 8 mm

74 (54.0%)

Larger than 8 mm

23 (16.8%)

Radiographic appearance:
Solitary

112 (81.8%)

Bipartite/multipartite

25 (18.2%)

Position on oblique radiographs:
Close to the tubercle of the cuboid

92 (67.2%)

DISCUSSION

At the level of calcaneocuboid joint

45 (32.8%)

The prevalence of the ossified form of os peroneum varies considerably in different radiographic studies [9, 10, 18]. Os peroneum in its ossified form was
found in 22% of our study population. The presence
of the ossified form of os peroneum was found to

Os vesalianum

10

Type I

4 (40.0%)

Type II

6 (60.0%)
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A

A’

B

B’

C

C’

Figure 3. Radiographic anatomical variations of os peroneum according to its size and location on oblique radiographs (green arrows);
A–C. Located at the level of calcaneocuboid joint; A’–C’. Located close to the tubercle of cuboid (distal to calcaneocuboid joint).

in a study of 36 embalmed cadavers dissected bilaterally, os peroneum was found in all the tendons
examined [19].
Since sesamoid bones form by endochondral ossification of sesamoid cartilages, it is anticipated that os
peroneum may show varying degrees of ossification
according to factors like age, genetics, mechanical
loading and/or levels of physical activity [15, 20]. It
was proposed that the development of os peroneum
follows various stresses and strains to the tendon,
leading to its thickening and secondary ossification
[6, 19]. In our study, we were not able to include
information on the patients’ activity levels.

depend largely on age. In an anatomical cadaveric
study, 30% of fibularis longus tendons obtained from
a sample of 33 elderly cadavers (mean age 81 years),
displayed an os peroneum both radiographically
and histologically [20]. In our study, the prevalence
of os peroneum rises significantly with age, and the
highest prevalence was found in the elderly group
(30%). However, higher prevalence of os peroneum
was reported in some anatomical studies. An anatomical study of 40 cadavers (average age: 75 years)
demonstrated a 90% prevalence of os peroneum
and the age has not been shown to correlate with
the presence of an os peroneum [22]. Furthermore,
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A

B

C

Figure 4. A. Oblique foot radiograph showing bipartite os peroneum (green and red arrows); B. Sagittal computed tomography scan of the
same foot as in panel A demonstrates the bipartite os peroneum (green and red arrows); C. Oblique foot radiograph showing an enlarged and
sclerotic os peroneum (green arrow).

A

A’

B

B’

Figure 5. Radiographic anatomical variations of os vesalianum (green arrows); A, A’. Anteroposterior and oblique radiographs of type I;
B, B’. Anteroposterior and oblique radiographs of type II os vesalianum.
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Background: Due to its many variations, the scapula is among the most frequently
examined bones. Especially the acromion can be of different shapes and sizes.
Measurements of the morphometric structures in the shoulder joint make it easier
to explain the cause of the various shoulder problems. The objective of this study is
putting emphasis on the importance of acromion types, os acromiale presence and acromial morphometric measurements in the aetiology and diagnosis of shoulder pain.
Materials and methods: A retrospective study, based on 100 patients of both
genders who presented with the complaints of shoulder pain and underwent
magnetic resonance imaging, was conducted. Within this scope, types of acromion, slope of acromion, length of acromion, length of coracoid process, the
distance between acromion and coracoid process, lateral acromial angle (LAA),
critical shoulder angle (CSA), acromial index (AI) and acromiohumeral distance
were measured. The data were analysed considering the gender and acromion
types and the presence of os acromiale is investigated.
Results: The most common acromion was type II (curved) (frequency rate 62%)
while the rate of type I (flat) and type III (hooked) acromions were 21% and
17%, respectively. The length of acromion and coracoid process were found to
be significantly longer in males, while no significant difference between genders
in terms of the distance between acromion and coracoid process were observed.
Furthermore, while negative correlation between LAA and AI as well as LAA and
CSA were observed; positive correlation between AI and CSA was found. In
addition, there was negative correlation between slope of acromion and acromiohumeral distance. Besides, acromiohumeral distance was significantly higher in
males. Regarding the presence of os acromiale, it was observed in 3 women out of
59 and 2 men out of 41, which indicated no significant difference between genders.
Conclusions: It is evaluated that the morphometric measurement is of importance
in contributing clinically in distinguishing the problems that may occur according
to gender and acromion types. (Folia Morphol 2022; 81, 4: 991–997)
Key words: acromion, morphometric measurement, shoulder joint,
subacromial impingement syndrome
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INTRODUCTION

index (AI) along with the critical shoulder angle (CSA);
comparing subacromial distance and detecting the
presence of os acromiale can facilitate to explain the
reasons of SIS. In this respect, this study aims to put
emphasis on the importance of the acromion types,
the presence of os acromiale and the morphological
measurements of acromion.

Acromion types are classified with respect to their
shapes. Acromions is named “type I” (flat) if they
have straight line shape, “type II” (curved) if they
curve forward elliptically and “type III” (hooked) if
they have a sharp slope [1, 3, 4, 16, 17]. In addition
to these shapes, Gagey et al. [8] identified a fourth
shape, “type IV”, with a convex surface.
Shoulder pain is the second most frequent pain
in the society with the rate of 19–22% after low back
pain [19]. Subacromial impingement syndrome (SIS) is
the most common problem that causes shoulder pain
and it occurs when the supraspinatus muscle tendon,
bursa subacromialis and bicipital aponeurosis were
compressed between the humerus, coracoid process
and acromion [13].
Many studies on acromion morphology supported
that acromion causes differences in the subacromial
space according to its different types and these differences are parallel to the pathologies seen in the
shoulder [2, 7].
Determining the different acromion types according to their slopes and shapes and the frequency of
these types, comparison of the subacromial distances
and measurement of the morphometric structures in
the shoulder joint make it easier to explain the cause
of the SIS as well as various shoulder problems.
Acromial apophysis develops from 4 separate ossification centres. Basiacromion fuses with scapula at
the age of 12, while pre-acromion, meso-acromion
and meta-acromion fuse with each other at the age
between 15 and 18. Failure during this fusing process
leads to “os acromiale”. This kind of failure most
frequently occurs in meso-acromion [7]. The meta-acromion is the origin of the posterior deltoid muscle,
the middle fibres of the deltoid muscle begin from the
mesoacromion, and the preacromion is the attachment site of both the anterior deltoid fibres and the
coracoacromial ligament. Os acromiale usually does
not cause any symptoms, but in some cases, it may
cause impingement syndrome. It is usually detected
incidentally in radiology; however, os acromiale can
lead symptoms in some cases [12]. Both the diagnosis
and treatment of a painful os acromiale is difficult [9].
Determining the types of acromion; observing
the frequencies of acromion types; conducting the
morphometric measurements for the length and the
slope of the acromion, the length of the coracoid
process, the distance between acromion and coracoid
process, lateral acromial angle (LAA) and the acromial

MATERIALS AND METHODS
The study was conducted upon the approval of
Selcuk University, Faculty of Medicine, Non-Invasive
Clinical Research Ethics Committee dated 18.09.2019
and numbered 2019/220. The research was made
retrospectively, based on 100 patients of both genders visited to the Department of Orthopaedics and
Traumatology at Selcuk University Faculty of Medicine between 2010 and 2019 with the complaints
of shoulder pain and underwent magnetic resonance
imaging. A 1.5 T magnetic resonance imaging (MRI)
device (Siemens Area, Earlangen, Germany) serving in
the Radiology Department of Selcuk University Faculty
of Medicine was used.
In this study, acromion was examined in three
types including type I, type II, and type III (Fig. 1).
Slope of acromion, which was evaluated to cause
impingement syndromes, was measured. In order to
measure the slope, a line was drawn from the front
of the acromion towards the midpoint of the acromion. A second line was drawn from the back of the
acromion towards the midpoint of the acromion and
the angle between them was calculated as the slope
of the acromion (Fig. 2A).
The length of acromion was measured as the
distance between anterior end and posterior end of
acromion in sagittal section while the length of coracoid process was measured as the distance between
the anterior end and posterior end of the coracoid
process. In addition, the distance between acromion
and coracoid process was measured from acromion’s
endpoint to coracoid process’s endpoint (Fig. 2B).
Another parameter examined was the lateral acromial angle. LAA was measured as the angle between
the intersection of a line drawn tangentially from
the lower surface of the acromion and a line drawn
vertically in the most lateral of glenoid cavity from
the superior and inferior (Fig. 3A).
The first distance, the distance between a line drawn
vertically from the superior and the inferior in the most
lateral of the glenoid cavity and the line drawn from
the most lateral of the acromion was defined as ‘GA’.
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B
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Figure 1. Types of acromion; A. Type I (flat); B. Type II (curved); C. Type III (hooked).

A

Figure 2. A. Slope of acromion; B. Lengths of acromion (LA), lengths of coracoid process (LCP) and the distance between acromion and coracoid process (A-CP); C. Acromiohumeral distance.

A

B

C

Figure 3. Parameters of acromial morphology in magnetic resonance imaging; A. Lateral acromial angle (*); B. Acromial index (AI = GA / GH);
C. Critical shoulder angle (*).

The second distance was defined as ‘GH’ between a line
drawn vertically from the superior to the inferior in the
most lateral of the glenoid cavity and the line drawn
from the most lateral of the caput humeri. In addition,
the acromion index was calculated as the ratio of the
GA and GH distances (AI = GA / GH) (Fig. 3B).

The critical shoulder angle was measured as the
angle between a line drawn vertically from the superior to the inferior in the most lateral of the glenoid
cavity and the line drawn from the most lateral of the
acromion to the lowest point of the glenoid cavity
(Fig. 3C).
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RESULTS
The most common acromion was type II acromion
with 62% frequency rate. Type II acromion was the most
common among both females (39) and males (23).
The distribution of acromion types by gender is summarised in Table 1.
Slopes of acromions, lengths of acromions,
lengths of coracoid processes, the distances between
acromions and coracoid processes, lateral acromial
angles, critical acromion angles, acromial indexes
and acromiohumeral distances by acromion types
are given in Table 2.
While the mean slope of type I acromions was
statistically lower than that of type II and type III
acromions (p < 0.05), no significant difference was
found between the mean slopes of type II and type
III acromions (p > 0.05).
When the lengths were analysed according to
gender, the acromions and coracoid processes were
observed to be significantly longer in males than
females (p < 0.05). Moreover, acromiohumeral distance was found to be significantly longer in males
than females (p < 0.05). The comparisons based on
gender are given in Table 3.
Furthermore, negative correlation between LAA
and AI as well as LAA and CSA were observed. On the
other hand, positive correlation between AI and CSA
was found. In addition, there was negative correlation
between slope of acromion and acromiohumeral
distance.
Regarding the presence of os acromiale, it was
observed in 3 women out of 59 and 2 men out of 41,
which indicated no significant difference between
genders (p > 0.05).

Figure 4. Os acromiale (arrow).

Table 1. Types of acromions by gender
Types of acromions

Females

Males

Total

Type I

11 (18.6%)

10 (24.4%)

21 (21.0%)

Type II

39 (66.1%)

23 (56.1%)

62 (62.0%)

Type III

9 (15.3%)

8 (19.5%)

17 (17.0%)

59

41

100

Total
Data are shown as number (%).

Acromiohumeral distance was measured at the
closest distance between the top of the caput humeri
and the acromion tip in the sagittal section on MRI
(Fig. 2C).
Os acromiale, which is formed as a result of the
failure during the fusing of four separate ossification
centres in acromion, was observed in sagittal section
in MRI for both men and women (Fig. 4).

DISCUSSION
Shoulder pain is one of the major complaints of
the patients in orthopaedic clinics. Physical examination and radiological imaging are essential for evaluating patients. X-ray, computed tomography and MRI
are in use. Nowadays MRI is more popular because of
its high resolution and visualising soft tissues without
using radiation. In this study, all the measurements
were done using MRI; the clinical relation to shoulder
pain was evaluated with the anatomical variations.
One of the most common problems causing shoulder pain is SIS [10]. Structural changes occurring in
acromion can also increase impingement syndromes.
Also, various studies proposed that any of the degen-

Statistical analysis

SPSS 25 statistical software was used to analyse data within the scope of this study. During
the comparisons with respect to acromion types,
ANOVA was conducted if the data distribution
was normal. On the other hand, Kruskal-Wallis
test among non-parametric tests was used if the
data did not follow the normal distribution. During
the comparisons according to gender, t-test was
implemented in the case of normal distribution and
Mann-Whitney U test was used for non-normally
distributed data.

994

R. Koca et al., Morphometric evaluation of painful shoulders

Table 2. Acromial morphometric measurements by types
Total

Type I

Type II

Type III

P

Slope of acromion [º]

15.90 ± 7.02

5.58 ± 3.73

18.15 ± 4.71

20.41º ± 4.68

0.000

Length of acromion [mm]

36.21 ± 5.43

34.95 ± 5.18

36.56 ± 5.27

36.49 ± 6.38

0.397

The distance between acromion and coracoid process [mm]

30.48 ± 6.44

30.04 ± 8.14

30.64 ± 5.73

30.40 ± 6.94

0.933

Length of coracoid process [mm]

15.59 ± 3.08

15.87 ± 2.71

15.68 ± 3.44

14.89 ± 1.88

0.607

Lateral acromial angle [º]

78.77 ± 7.35

76.61 ± 8.10

79.17 ± 6.81

80.00 ± 8.22

0.296

Acromial index

0.67 ± 0.09

0.66 ± 0.10

0.67 ± 0.09

0.66 ± 0.09

0.683

Critical acromion angle [º]

34.51 ± 5.38

33.34 ± 6.69

35.17 ± 5.03

33.58 ± 4.73

0.301

Acromiohumeral distance [mm]

9.81 ± 1.96

10.49 ± 2.35

9.63 ± 1.90

9.59 ± 1.49

0.198

Data are shown as mean ± standard deviation.

Table 3. Morphometric measurements of acromion by gender
Slope of acromion [º]

Total

Females

Males

P

15.90 ± 7.02

16.46 ± 6.73

15.08 ± 7.42

0.336

Length of acromion [mm]

36.21 ± 5.43

34.15 ± 3.80

39.18 ± 6.07

0.000

The distance between acromion and coracoid process [mm]

30.48 ± 6.44

29.55 ± 6.15

31.80 ± 6.69

0.086

Length of coracoid process [mm]

15.59 ± 3.08

14.33 ± 2.25

17.40 ± 3.22

0.000

Lateral acromial angle [º]

78.77 ± 7.35

79.30 ± 7.79

78.01 ± 6.69

0.390

Acromial index

0.67 ± 0.09

0.67 ± 0.10

0.66 ± 0.09

0.676

Critical acromion angle [º]

34.51 ± 5.38

34.55 ± 5.69

34.46 ± 4.97

0.938

Acromiohumeral distance [mm]

9.81 ± 1.96

9.34 ± 1.69

10.48 ± 2.14

0.006

Data are shown as mean ± standard deviation.

erative, anatomical, traumatic, vascular, and mechanical causes can lead to SIS [15].
Many researchers interpreted types of acromion,
slope of acromion, length of acromion and their relationships to surrounding structures may be associated
with many pathologies such as SIS, rotator cuff injuries
and tendinitis [6]. Type of acromion is the most studied parameter within this context [1, 3, 4, 6, 8, 16, 17].
Acromion types are classified as type I, type II and
type III [1, 3, 4, 16, 17]. In Boyan et al.’s study (2018)
[4], the type of acromion according to tilt there were
15.2% type I and 84.8% type II and no type III acromion. El-Din and Ali (2015) [14] stated that degenerative changes were more common in individuals with
type III acromion and that many problems in the
shoulder were seen more frequently with increasing age. Within the scope of this study on painful
shoulders, the most common acromions were type
II acromions with 62% frequency rate while the rate
of type I and type III acromions were 21% and 17%,
respectively. So, this can be an important factor for
the decision on further imaging modality such as MRI.
The evaluation of subacromial impingement and the

status of soft tissues and their continuity and localizations are important for SIS. On the other hand, type
IV acromion was not encountered. It should be noted
that the average age of the patients was 53.35 ± 1.10
in this study. Accordingly, it could be interpreted that
there might be an increase in the frequency of type
III acromions if the average age was higher.
Balke et al. (2013) [3] observed an important relationship between types of acromion and the slopes
of acromions. Similarly, in this study, the difference
between the mean slopes of type I and type II acromions were found to be significant as well as the
difference between the mean slopes of type I and
type III acromions. On the other hand, the difference
between the mean slopes of type II and type III acromions were not statistically significant.
The averages obtained from the values of the
measures of the scapula were significantly higher
in the population of male individuals [5]. A lot of
studies given, the means of acromion lengths of
males are higher than the ones of females [1, 6, 18].
Similarly, the length of acromions and the
length of coracoid process of males were found
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to be significantly higher than the ones of females
in our study.
Most of the studies in the literature that measured LAA, AI and CSA were carried out to compare
certain pathologies [3, 11]. In this paper, these parameters were analysed according to acromion types
and gender and no statistically significant difference
were observed. Moreover, the presence of correlation between LAA, AI and CSA were analysed in
addition to the similar studies in the literature. In
this scope, negative correlations between LAA and
AI as well as LAA and CSA were observed. On the
other hand, positive correlation between AI and
CSA was found.
The decrease in acromiohumeral distance is one
of the factors that cause subacromial compression
[20]. The mean of acromiohumeral distance in subacromial impingement patients was shorter than
that in patients without subacromial impingement
[18]. Saupe et al. (2006) [20], stated that acromiohumeral distance less than 7 mm indicates that the
rotator cuff muscles may be torn. In this study, the
averages of acromiohumeral distance of type I, type II,
and type III were measured as 10.49 ± 2.35,
9.63 ± 1.90, and 9.59 ± 1.49, respectively. In addition,
it was determined that the mean acromiohumeral distance of females was significantly shorter than that
of men. The reason of this finding is assessed to be
due to conditions such as postmenopausal osteoporosis considering the age factor. Although there was
no significant difference in terms of acromiohumeral distance averages according to acromion types,
a negative correlation was found between acromion
slope and acromiohumeral distance in this study.
It is interpreted that the acromiohumeral distance
narrows and this causes more jams and complaints
of impingement syndromes as the slope increases.
The short distance of acromiohumeral distance can
also be suspected by measuring the acromial slope.
Edelson et al. (1993) [7] examined 270 scapulae
and found os acromiale in 8.2% of all. This rate was
8% in Hurst et al.’s study (2019) [9]. On the other
hand, frequency rate for os acromiale was 5% in this
study. It was observed in 3 women out of 59 and
2 men out of 41. According to the results having os
acromiale is not common in both genders. So, clinically, presence of os acromiale is not an important
factor of shoulder pain for both genders.
This study focuses on the shoulder problems in
general; however, expanding the analysis based on

the pathologies occurring in rotator cuff muscles
individually may provide more comprehensive information. Furthermore, the findings of this study do not
reflect healthy individuals, since analysed data was
based on measurements made on MRI of patients
with shoulder pain. Moreover, increasing the number
of patients may provide us more reliable results.
Determining the types of acromions, identifying
the relationship of acromions with surrounding structures, morphometric measurements of shoulder joint
and detection of the presence of os acromiale help
to determine the aetiology and diagnosis of diseases
such as SIS that cause shoulder problems. Besides,
the comparison of the morphometric measurements
of the shoulder joint according to acromion types
and gender is advantageous in terms of investigating
disease factors around the shoulder.

CONCLUSIONS
It is assessed that the morphometric measurements of the shoulder joint can contribute to the
existing literature in a clinical sense and will enable
the differentiation of the problems that may occur
according to gender and acromion types.
Conflict of interest: None declared
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Background: This study aimed to investigate the incidence, number, diameter,
and relative location of the parietal foramen (PF) as well as communication of
intracranial and extracranial orifices and their direction, and sagittal suture morphology and length.
Materials and methods: A total of 280 dry Chinese adult skull specimens from
the Department of Anatomy, Southern Medical University, were observed and
measured. The occurrence rate and quantity of the PF near the sagittal suture were
recorded. The aperture of the PF, the vertical distance between PF and sagittal
suture, and the linear distance between PF and lambda were measured using
a Vernier calliper. The length of the sagittal suture was measured by a flexible
ruler; the direction and communication of intracranial and extracranial orifices
were detected using a probe.
Results: The total incidence of the PF was 82.86%, slightly higher on the right
side than on the left side. The single-foramen type was the most prevalent. The
mean diameter of the PF on the left and right sides were 1.02 ± 0.72 mm and
1.07 ± 0.67 mm, respectively, and the diameter of the PF on the sagittal suture
was 1.77 ± 0.44 mm. The mean vertical distance between the PF and the sagittal
suture was 5.90 ± 2.78 mm and 5.85 ± 2.75 mm on the left and right sides,
respectively. The shape of the sagittal suture in the PF area was primarily dentate
shaped, with an average arc length of χ = 124.36 ± 7.76 mm, of which the
majority were completely healed type. The intracranial and extracranial communication was 39.97%, and the majority of the PF were anteromedial direction.
Conclusions: The current study provided an anatomical basis for imaging diagnosis
and neurosurgery by investigating the incidence, diameter, and relative location
of the PF and intracranial and extracranial communication and direction. (Folia
Morphol 2022; 81, 4: 998–1004)
Key words: anatomy, skull, parietal foramen, sagittal suture, lambda,
parietal emissary vein
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an accuracy of 0.01 mm (Wuxi Kaibaoding Tools Co.,
Ltd., China). The length of the sagittal suture (the arch
from the bregma [b] to the lambda [l]) was measured
using a flexible ruler. The direction and communication
of intracranial and extracranial orifices were detected
using a probe with a diameter of 0.5 mm.
All the above items were measured 3 times independently by 2 researchers. Both researchers had
more than 2 years of experience in anatomical measurements and were trained before the measurement
to reduce systematic errors. After the measurement,
the digital image acquisition (D610 camera, Nikon)
and image processing (Photoshop 2020, Illustrator
2020, Adobe) were performed.
All methods in the current study complied with the
Declaration of Helsinki. The study was approved by
the Chinese Ethics Committee of Registering Clinical
Trials (Reference No. ChiECRCT20210191).

The parietal foramen (PF) is a small inconsistent
diameter opening located at the border of the middle
1/3 and posterior 1/3 of the parietal bone near the
sagittal suture. It is usually considered an emissary
foramen [19]. The edge of the PF is clear, with meningeal branches of the occipital artery, venules and
nerves passing through [13]. PF has some important
functions, such as communicating intracranial and
extracranial transmitting blood vessels, nerves, and
regulating intracranial pressure and body temperature, while it remains unclear whether the PF has other
functions [5, 11]. The anatomical knowledge of the
PF is essential for neurosurgery because surgical manoeuvres may rupture the guiding vein and thus lead
to bleeding. Moreover, intracranial navigation through
the PF for vascular disease (e.g. dural arteriovenous
fistulas) is becoming mainstream research [18, 22].
The existing literature has shown that the incidence, number, diameter, shape, relative location of
the PF, and intracranial and extracranial communication and direction are not constant [19, 23]. There are
few studies investigating this topic on the Asian race
to date, especially Chinese. The current study aimed
to observe and provide a large number of anatomical
data related to the PF in Chinese adults, to review the
frequency and diameter of the PF in different ethnic
groups, and to provide an anatomical reference for
clinical, scientific research and teaching of modern
medicine.

IBM SPSS Statistics for Windows 26.0 was used
to analyse statistics. The values are expressed as an
mean ± standard deviation (χ ± s). The Kolmogorov-Smirnov test was used to assess the normality of the
data. The paired-sample t-test or Wilcoxon signed-rank test was used to assess bilateral asymmetry,
and an independent-sample t-test or Mann-Whitney
U test was used to assess gender dimorphism. For
all the analyses, p < 0.05 was considered to indicate
statistical significance.

MATERIALS AND METHODS

RESULTS

Materials and instruments
A total of 280 dry Chinese adult skull specimens

The incidence of the PF
Of the 280 skulls measured, 161 were males,

from the Department of Anatomy, Southern Medical University, were observed and measured after
excluding skull damage, lesions, malformations, and
intracranial foreign body filling. All the specimens
were treated by corrosion, cleaning and drying. The
structures were complete, and the external conditions of the skull, such as the PF and sagittal suture,
were clearly identified. The sex of the specimens was
known, but no age identification was made.

and 119 were females, with a male-to-female ratio
of 1.35:1. The overall incidence of PF was 82.86%
(232/280). Among the PFs, the incidence of the left
PF was 63.21% (177/280), the incidence of the right
PF was 66.07%, and the incidence of simultaneous
incidence was 48.93% (137/280). Additionally, the
incidence of the PF on the sagittal suture was 2.5%
(7/280) (Fig. 1). These incidences of the PF were
compared with findings of previous studies (Table 1)
[2, 3, 5, 7, 9, 14, 18, 31, 32].

Statistical analysis

Methods
The diameter of the PF

The incidence and number of the PF were observed
by visual inspection, and the diameter of the PF, the
vertical distance between the PF and the sagittal suture,
and the linear distance between the PF and the herringbone were measured using a digital Vernier calliper with

The diameters of the PF on the left and right
sides were 1.02 ± 0.72 mm and 1.07 ± 0.67 mm,
respectively, and the diameter of the PF on the sagittal suture was 1.77 ± 0.44 mm. The diameters of
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A

B
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D

E

F

G

H

Figure 1. Presence/absence of the parietal foramen (PF); A. Absent; B. Present unilaterally (arrow); C. Present bilateral (arrow);
D–F. Presence of multiple foramina (arrows); G. Internal view of the PF; H. Sagittal section in the PF.

Table 1. Incidence of the parietal foramen (from high to low
incidence)
No.
1

Author (s)

Year

de Souza Ferreira 2021
et al. [5]

Population

Table 2. Diameter of the parietal foramen [mm]
Bore
diameter

Sample Incidence
size (n)
(%)

Brazil

301

84.3

0

0

0

0

2.82

3.29

2.82

Chinese

280

82.86

Mean ± SD

3

Mann et al. [14]

2009

Japan

137

80.3

P

4

Gangmei [7]

2018

India

48

77.1

South
Indians

116

71.5

Keskil et al. [9]

2003

Turkey

200

63

7

Carolineberry
and Berry [3]

1967

North
America

50

62

Nigeria

56

59.2

Peru

53

53

India

53

50

Burma

51

50

Egypt

250

44.2

Palestine
(Lachish)

54

35.2

Palestine
(Modern)

18

22.2

8

Boyd [2]

1930

Scotland

1500

60

9

Wysocki et al.
[31]

2006

Poland

100

60

10

Yoshioka et al.
[32]

2006

USA

20

50

Females

3.29

2021

6

Males

Maximum

Present study

Murlimanju et al. 2015
[18]

Gender
Right

Minimum

2

5

Side
Left

1.02 ± 0.72 1.07 ± 0.67 1.05 ± 0.71 1.07 ± 0.69
> 0.05

> 0.05

SD — standard deviation

the PF in males and females were 1.05 ± 0.71 mm
and 1.07 ± 0.69 mm, respectively, and there was no
statistically significant difference in the diameter of
the PF in sides and sex (p > 0.05) (Table 2).
The relative location of the PF

The vertical distance between the PF and the
sagittal suture was 6.12 ± 2.62 mm and 5.96 ±
2.60 mm on the left and right sides, respectively.
The vertical distance between the PF and the sagittal
suture was not statistically different in sides and sex
(p > 0.05).
The linear distance between the PF and the lambda
was 35.33 ± 6.36 mm and 34.27 ± 5.84 mm on the
left and right sides, respectively; 34.90 ± 6.50 mm
and 34.40 ± 5.98 mm in males and females, respectively. The distance between the PF to the lambda was
not statistically different between sexes (p > 0.05)
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Table 3. The vertical distance between the parietal foramen (PF) and the sagittal suture and the linear distance between the PF and
the lambda [mm]
Distance

Sagittal suture
Side

Herringbone
Gender

Side

Gender

Left

Right

Males

Females

Left

Right

Males

Females

Minimum

0

0

0

0.81

12.22

17.79

12.22

20.08

Maximum

13.84

15.09

15.09

12.06

46.46

52.94

48.49

52.94

5.96 ± 2.60

6.18 ± 2.94

5.98 ± 2.33

35.33 ± 6.36

34.27 ± 5.84

34.90 ± 6.50

Mean ± SD

6.12 ± 2.62

P

> 0.05

> 0.05

< 0.001

34.40 ± 5.98

> 0.05

SD — standard deviation

A

B

C

D

E

F

Figure 2. The shape of the extracranial sagittal suture; A. Dentate suture; B. Corrugated suture; C. Straight suture; D. Healed suture;
E. Secondary corrugated suture; F. The secondary healed suture.

but was slightly longer on the left side than on the
right side (p < 0.001) (Table 3).

Table 4. Range and proportion of arc length of the sagittal suture (n = 280)
Range [mm]

The shape distribution, length and degree of
healing of the extracranial sagittal suture

Percentage

The configuration of the human cranial suture is
similar to a fingerprints, which differ from each other,
and the morphology of the cranial suture is complex
and highly specific [2]. The shape of the extracranial
sagittal suture in the interparietal foramen area could
be divided into six types: straight suture in 3 (1.04%)
cases; dentate suture in 222 (79.27%) cases; the corrugated suture in 44 (15.54%) cases; the secondary
corrugated suture in 4 (1.55%) cases; healed suture
in 4 (1.55%) cases; the secondary healed suture in
4 (1.55%) cases (Fig. 2). The arc length of the sagittal suture was between 100 mm and 141 mm (χ = 124.36 ±
± 7.76 mm) (Table 4). 66.22% of the extracranial sagittal sutures were completely healed, 31.08%

100–109 110–119 120–129 130–139 ≥ 140
2.78%

18.05%

51.39%

26.39%

1.39%

were partially healed, and 2.70% were completely
unhealed.
The intracranial and extracranial communication
of the PF

Of the 280 skulls measured, a total of 98 skulls
with 178 PF had intracranial and extracranial communication. Among these PF, the communication
rate of the PF on the left and right sides was 17.18%
(48 cases) and 22.09% (63 cases), respectively. The
incidence of the PF communication on both sides was
6.75% (20 cases), and the PF communication on the
sagittal suture was 2.45% (7 cases). The PF commu-
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nication was found in 19.64% (55 cases) in males
and 15.36% (43 cases) in females. Intracranial and
extracranial communication of the PF was not statistically different between sides and sexes (p > 0.05).
The 178 single-hole PF were classified according
to their directions [8]: 39.70% (46) antero-medial
direction, 17.65% (21) anterior direction, 13.24% (15)
antero-lateral direction, 13.24% (15) antero-superior direction, 11.76% (14) antero-inferior direction,
2.94% (3) medio-superior direction, and 1.47% (2)
medio-inferior direction.

DISCUSSION
The PF is usually located on both sides of the middle 1/3 and posterior 1/3 of the sagittal suture [19].
The frequency, number, diameter, shape, location of
the PF, intracranial and extracranial communication
and direction are not constant. Studying the PF is,
therefore, important not only for understanding the
complex regional neurovascular anatomy but also
for distinguishing between normal and potentially
abnormal structures [26].
The overall incidence of the PF measured in the
current study was 82.86%, which was different from
other populations (Table 1), which may be due to
ethnic differences, and this trend was also reported
by Makandar et al. [12]. With the development of
imaging technology, the diameter of the PF can be
scanned by magnetic resonance imaging and computed tomography to diagnose some diseases, so it
is of considerable significance for research on the
diameter of the PF. The diameter of the PF in Chinese
adults measured in this study was larger than that
in the study by Yoshioka et al. [32] but smaller than
that in the study by Carolineberry and Berry [3] and
Singh and Raibagkar [24], and the diameter was
not statistically different between sides and sexes
(p > 0.05). The distance between the PF and the sagittal suture can affect the complexity of the sagittal
suture, and the mean distance was 5.90 ± 2.78 mm
on the left side and 5.85 ± 2.75 mm on the right
side, which was smaller than 6.7 mm reported by
Murlimanju et al. [19]. Investigating the specificity
of cranial sutures, especially extracranial sagittal sutures, may provide a new way of identifying individual biological information for criminal investigation,
forensics and other fields.
The PF is a characteristic of humans, which is less frequent in lower animals and absent in some species [2].
Normal PF usually transmits venules connecting the

occipital vein and superior sagittal sinus, anastomosis
and nerves between the middle meningeal artery and
occipital artery [26]. Reis et al. [22] studied 40 parietal
regions in 20 adult bodies and observed that each foramen transmitted an anastomotic vessel between the
middle meningeal artery and the extracranial artery,
with the superficial temporal artery anastomosing
with the superficial occipital artery in 55% of cases
and the middle meningeal artery anastomosing with
the pericranial arteriole in the remaining cases (45%)
[22]. The emissary vein (EV) in the PF crosses the skull
with varying degrees of inclination, while presenting
a highly consistent course on the sagittal plane [26].
Other functions of the PF (except allowing vessels to pass through) remain unknown and under
ongoing investigation. In the study by Tsutsumi et
al. [26], it was found that 75% of the EVs passed
through the PF as a single channel. EV could function as a blood supply vessel under pathological
conditions; for example, EV could play a role in
supplying dural vessels in the case of maxillary sinus dural arteriovenous fistulas, and EV could be
found to play a role in supplying blood in magnetic
resonance imaging of patients with parasagittal
meningiomas [26]. The EVs drain intracranial and
extracranial blood flow. These veins are not valvular and play a key role in controlling intracranial pressure and body temperature, particularly
when the head position and Valsalva manoeuvre
changes during daily physical activity [16]. Boyd [2]
also proposed that the skull roof osteomyelitis,
meningitis, and brain abscess may be complications due to perforating vein infection between the
diploe, meninges, and meningeal veins, and then
concluded that scalp injury and disease would be
reduced by half without the EV [2]. Additionally,
Chapot et al. [4] reported firstly several cases of
dural fistula treated by transcranial puncture of the
PF and the mastoid foramen. The arterial anastomosis in the dural fistula was enlarged and supplied
to the vessels of the PF and mastoid foramen, and
the intracranial segment of the supply artery was
traversed along a straight line [4]. The PF or mastoid
foramen, therefore, could be directly punctured
and entered into the straight segment of the supply artery, and propylene glue could be injected to
embolise the fistula [4].
There are scarce studies on the role of nerves in
the PF to date. Lacković et al. [10] found that there
may be a direct bidirectional innervation between
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the trigeminal nerve in the parietal foramen and the
epidural system through the experiment of botulinum
toxin in the treatment of migraine in mice [10].
Enlarged parietal foramina (EPF) are rare defects in
parietal bone development resulting from intramembranous osteogenesis abnormalities, and they are not
homologous to normal PF and have a different development basis [1, 20, 28]. It was first described in 1707
but not appreciated by scholars until the 1940s [8].
During the development of a normal foetus, intramembranous osteogenesis occurs in the squamous portion
of the frontal, parietal, and temporal bones, which
are usually ossified during the 5th month of gestation.
When there is insufficient ossification around the parietal notch, they form giant permanent holes [8].
The diameter has been reported to be up to 2.0 cm
[25], and the incidence is not well understood. Tubbs
et al. [27] reported its incidence to be about 1 in
15,000 to 1 in 25,000, and transmission by autosomal dominant inheritance. The EPF is associated with
Saethre-Chotzen syndrome [25] and the deletion of
chromosome 11 [1]. The EPF is now thought to result from mutations in the homeobox genes ALX4
(located on chromosome 11) and MSX2 (located on
chromosome 5) [15, 29, 30]. Therefore, Durão et al. [6]
proposed that decreased identity information could
be clarified by forensic identification based on rare
anatomical variations of the PF. In addition, studies
have found that pathological processes of some diseases may change the diameter and shape of the skull
foramina, which may be associated with cranial malformation, cleft lip and palate, craniofacial dysplasia,
broad thumb syndrome, hypoplasia of the skull and
clavicle, and syndrome consisting of the hypoplastic
syndrome [17, 21], ocular inflammation, hyperglycaemia, obesity, mental retardation and epilepsy [27]. The
treatment of the EPF is usually conservative; traditional
Chinese medical massage and acupuncture can change
intracranial and extracranial, and diploic vascular blood
flow, but whether the treatment could change the diameter of the PF remains unclear. However, persistent
cranioschisis may require surgical closure [8]. In the
current study, the EPF was not observed.
Limitations and expectations

This study had some limitations, e.g. no geographical and age analysis and identification. Also, the
relevant data of the PF were measured and analysed
manually in this study, and advanced instruments
and equipment such as computer analysis were not

used. For future research, modern instruments and
equipment can be used to carry out more in-depth
and precise research on clinical anatomy to obtain
more anatomical information conducive to basic and
clinical medicine.

CONCLUSIONS
This study measured the incidence, diameter, and
location of the PF in Chinese adults, and found the
differences compared with other ethnic groups. These
findings also provided us with a scientific basis for imaging diagnosis and treatment associated with the PF.
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The use of crista galli morphology
and morphometry in sex determination:
a cone-beam computed tomography study
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Background: The morphology of crista galli (CG) varies from one individual to another and its structure may be pneumatized or compact bone. This study purposed
to investigate the morphometry of the CG on cone-beam computed tomography
(CBCT) scans, to apply morphological classification based on the characteristics
of the CG morphometry and to analyse the association of morphological and
morphometric features with sex.
Materials and methods: The width, length, and height of the CG were calculated
on the CBCT scans of 400 patients (233 females, 167 males). The CG was categorised into three morphological types and the presence of the CG pneumatization
and the Keros classification were examined.
Results: The average length of the CG was 12.93 ± 2.12 mm, the average width of
CG was 4.79 ± 1.54 mm, and the average height of CG was 16.21 ± 2.73. There
was no statistical difference between sexes in both height and length values. The
mean CG width of female patients was found to be statistically significantly higher
than that of male patients. No statistically significant difference was determined
between the morphological types of CG and sex. For width only, the area under the
receiver-operating characteristic curve was found to be significantly higher than 0.5
and the cutoff value for the width parameter was determined as 4 mm.
Conclusions: The morphologic and morphometric features of CG, presence of
pneumatization and relation of the anatomy of olfactory region to CG can be
analysed in detail using CBCT. The mean CG width of female patients was found
significantly higher than that of male patients. However, further studies with
different populations and modalities are needed to evaluate the relationship
between morphologic and morphometric features of CG and sex. (Folia Morphol
2022; 81, 4: 1005–1013)
Key words: cone-beam computed tomography, crista galli, olfactory
fossa, morphology, pneumatization, sex determination

INTRODUCTION
The crista galli (CG) is an anatomical landmark that
is located in the midline above the cribriform plate

of the ethmoid bone. It is a smooth, thick, triangular
bony process and appears as a ridge in the anterior
part of the anterior cranial fossa. The thin and long
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posterior margin of the CG serves for the attachment
of the falx cerebri. The thick and short anterior margin
articulates with the frontal bone. To complete the
foramen cecum, it has two small projecting alae,
which are received into corresponding depressions
in the frontal bone [3, 8, 20, 30]. In addition, CG is
an endoscopic surgical landmark in pituitary surgery
and frontal sinus approach [8]. In some individuals it
can also be pneumatized, although the CG is usually
a compact bony structure [32].
In forensic and archaeological examinations, sex
determination is an important parameter that helps
to establish the biological profile of the deceased [6].
Two types of helpful procedures for sex determination
are present: morphometric and morphological. Morphometric analysis includes statistical analysis and
comparison of measurements to develop a probabilistic estimation of sex, while morphological analysis
is subjective and includes the visual examination of
dimorphic traits [16, 33].
Sex assessment by examining the dimorphism of
the pelvic bone and skull has been reported to have
the highest accuracy and has been found to be extremely useful in forensic science [16, 33]. Knowledge
of the sex characteristics of small parts of the skeleton
is of great importance for sex determination in cases
where bone integrity is not preserved [2].
Various radiological imaging modalities especially
computed tomography (CT) are used to estimate sex
from the cranial parameters [23]. CT has become the
most preferred modality for sex estimation because it
can display complex bone structures in detail and thus
reliable morphometric measurements can be provided
[28]. Recently, cone-beam computed tomography
(CBCT) has become an alternative imaging modality
to CT for the examination of skull anatomy as it supplies higher resolution images with isometric voxel,
low radiation dose, and lower costs [9].
The morphology of CG varies from one individual
to another and its structure may be pneumatized or
compact bone. It was purposed to investigate the
morphometric characteristics of CG in CBCT scans
and to evaluate the association of morphological and
morphometric features of CG with sex in the Turkish
population.

consisted of the records of the patients in the CBCT
archive of Altınbaş University, Faculty of Dentistry, Department of Dentomaxillofacial Radiology, Istanbul,
Turkey. Before CBCT examinations, patients routinely
sign written consent forms.
Individuals with any history of surgery or trauma
affecting the CG structure and poor quality images
were excluded. Patients over 18 years and whose
images showed the medium and superior parts of
the face for the examination of the crista galli of the
ethmoid bone and the nasal fossa were included
in the study. The study sample consisted of CBCT
scans of 400 patients (233 females and 167 males)
between the ages of 18 and 87 years with a mean
age of 44.10 ± 16.90.
Cone-beam computed tomography images of
all patients were acquired with NewTom VGi EVO
(CeflaGroup, Verona, Italy). The device was set for
1–32 mA and 110 kV with a single 360 degree rotation created images with a voxel size of 0.3 mm.
NNT Viewer software (CeflaGroup, Verona, Italy)
was used for measurements and the images were in
a quiet, dark room on a 22” high image quality Barco
medical monitor (Barco, Kortrijk, Belgium) to provide
an effective evaluation for CBCT.
The width, height and length of the CG were
calculated and based on the morphometric features
of the CG, the morphological classification was performed. In addition, the presence of the CG pneumatization was evaluated on CBCT image and the Keros
classification [14, 16] was conducted.
Image analysis
Crista galli dimensions

The height of the CG on coronal view, the width
and length of the CG on axial view were measured.
On coronal view, the highest point between the cribriform plate and the CG was calculated as the height
of CG (Fig. 1). On axial view, the greatest transverse
measurement of the CG with reference of the outer
cortical borders of the CG was calculated as the width
CG (Fig. 2). On axial view, the greatest anteroposterior
diameter of the CG from the end of the inner cortex
of frontal bone was recorded as the length (Fig. 3).
Classification of morphology

MATERIALS AND METHODS
This retrospective study was approved by the Clinical Research Ethical Committee of Altınbaş University (approval number: 2022/114). The study group

The CG size measurements and the cavitary component presence were the main criteria for morphological classification. According to this classification
[16]:
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— type I (teardrop type): the width of CG greater
than one-third of its height, and containing
a wide cavitary component (Fig. 4A);
— type II (tubular type): the width of CG less than
one-third of its height and including a cavitary
component from the base to the apex (Fig. 4B);
— type III (ossified type): the width of CG less than
one-third of its height but did not contain a cavitary component (Fig. 4C).
Classification of Keros

Figure 1. Measurement of the height of the crista galli on coronal
cone-beam computed tomography image.

The depth of olfactory fossa was classified into
three categories according to the height of the lateral
lamella of the cribriform plate by Keros [14]. It is the
classical technique generally used in studies regarding
the olfactory region anatomy and the CG [16, 22].
The Keros classification divides the depth of olfactory fossa into three categories according to the
lateral lamellae of the ciribriform plate [14]. According
to this classification:
— type 1: height between 1 and 3 mm. The lateral
lamella is short and the ethmoid roof is approximately the same plane as the cribriform plate
(Fig. 5A);
— type 2: height between 4 and 7 mm. The lateral
lamella is longer (Fig. 5B);
— type 3: height between 8 and 16 mm. The ethmoid
roof is clearly above the cribriform plate (Fig. 5C).
Assessment of presence of CG pneumatization

Figure 2. Measurement of the width of the crista galli on axial
cone-beam computed tomography image.

The presence of CG pneumatization was evaluated
on the coronal view (Fig. 6).
Statistical analysis

For all statistical analyses, SPSS Statistics 22 (SPSS
IBM, Turkey) software program was used. To compare
the normally distributed parameters between two
groups, Student’s t test was used. To compare qualitative data, Yates Continuity Correction and Chi-square
test were used. The most appropriate cut-off points
were selected according to the receiver-operating
characteristic (ROC) analysis. P values < 0.05 were
considered as statistically significant.

RESULTS

Figure 3. Measurement of the length of the crista galli on axial
cone-beam computed tomography image.

This study was carried out on 400 cases, 167
(41.8%) male and 233 (58.1%) female between 18
and 87 years old and the mean age of all individuals
was 44.10 ± 16.90. The mean age of female patients
was 42.36 ± 16.51 years (18–87 years), while the
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A

B

C

Figure 4. Morphological classification of crista galli on coronal cone-beam computed tomography images; A. Teardrop type; B. Tubular type;
C. Ossified type.

A

B

C

Figure 5. Keros classification on coronal cone-beam computed tomography images; A. Keros type 1; B. Keros type 2; C. Keros type 3.

Figure 6. A pneumatized crista galli on coronal cone-beam computed tomography image.

mean age of male patients was 46.54 ± 17.18 years
(18–85 years).
The average length of the CG was 12.93 mm, the
average width of CG was 4.79 mm, and the average
height of CG was 16.21 mm (Table 1). There was no
statistical difference between sex and both height
and length values (p > 0.05). The mean CG width of
female patients was found significantly higher than
that of male patients (p = 0.013) (Fig. 7).
Among the cases, regarding the morphological
classification, 184 (46%) were classified as type I,
202 (50.5%) were type II, and 14 (3.5%) were type III
(Table 2). No statistically significant relationship was
determined between the morphological types of CG
and sex (p > 0.05).
Regarding the Keros classification, 78 (19.5%)
cases were classified as type I, 176 (44%) were type II,
and 146 (36.5%) were type III (Table 3). There was
a statistically significant difference between sexes in
respect of Keros classification (p < 0.05).

1008

Ö. Okumuş, Crista galli morphology and morphometry

Table 1. Morphometric measurements of the crista galli
Female

Male

Total

P

Min–Max

Mean ± SD

Min–Max

Mean ± SD

Min–Max

Mean ± SD

Height

10.3–25.2

16.35 ± 2.7

10.2–23.7

16.01 ± 2.78

10.2–25.2

16.21 ± 2.73

0.254

Length

5.1–21

12.97 ± 2.02

8.2–20.7

12.87 ± 2.27

5.1–21

12.93 ± 2.12

0.321

Width

2.1–14.8

4.97 ± 1.59

1.5–8.1

4.53 ± 1.43

1.5–14.8

4.79 ± 1.54

0.013*

Student t test,*p < 0.05; Min — minimum; Max — maximum; SD — standard deviation

A

30.00

Height

25.00

20.00

15.00

10.00
Female
B

Male

25.00

Lenght

20.00

15.00

DISCUSSION

10.00

5.00
Female

Male

Female

Male

C
14.00
12.00
10.00
Width

Pneumatization of CG was determined in 42
(10.5%) of the 400 patients, in 15 (9%) males and 27
(11.6%) females (Table 2). No statistically significant
difference was found between presence of pneumatization and sex (p > 0.05).
Receiver operating characteristic curves were
drawn for height, length and width measurements
for sex determination (Fig. 8). For width only, the area
under the ROC curve was found to be significantly
higher than 0.5 (p < 0.05). The evaluation of the CG
length, height, and width values in sex determination
are showed by the ROC analysis results (Table 3). For
the width parameter, the cut-off value was found as
4 mm, and this value demonstrated 73.4% specificity
for female sex differentiation and 41.9% sensitivity
for male sex differentiation. Since the areas under
the curve for height and length were not significantly
higher than 0.5, the cut-off point could not be calculated (p > 0.05).

8.00
6.00
4.00
2.00
0.00

Figure 7. Box plots for height (A), length (B), and width (C) measurements of crista galli regarding sex.

The CG is located in the midline above the cribriform plate and derives from the ethmoid bone.
Embryologically, during the second foetal month, it
is formed by mesethmoidal cartilage together with
the perpendicular plate of the ethmoid bone and
the central structures of the anterior skull base [20].
CG ossification usually starts at the second postnatal
month, steadily increases until the 14th month, afterwards slowly progresses the 24th month [15].
Sex determination is one of the most essential
procedures in forensic examination [23]. Studies have
shown that the cranium is the next best contributor
to sex assessment after the pelvis. Krogman and Iscan
[18] have reported that sex can be determined from
the pelvis with an accuracy of 95% and from the cranium with an accuracy of 92%. Cranium investigations
are based on morphometric analyses, and accuracy
rates have been investigated in different populations [17, 21, 26]. Osteometric measurements made
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Table 2. The distribution of the morphological and Keros classification and pneumatization status of the crista galli according to sex
Female, n (%)

Male, n (%)

Total, n (%)

Type I

108 (46.4%)

76 (45.5%)

184 (46%)

Type II

118 (50.6%)

84 (50.3%)

202 (50.5%)

Type III

7 (3%)

7 (4.2%)

14 (3.5%)

P

Morphological classification:

0.815

Keros classification:

0.017*

Type I

38 (16.3%)

40 (24%)

78 (19.5%)

Type II

116 (49.8%)

60 (35.9%)

176 (44%)

Type III

79 (33.9%)

67 (40.1%)

146 (36.5%)

Pneumatization status:
Present
Absent

0.501+
27 (11.6%)

15 (9%)

42 (10.5%)

206 (88.4%)

152 (91%)

358 (89.5%)

Chi-square test, Yates Continuity Correction, *p < 0.05
+

Table 3. Receiver operating characteristic analysis results in sex determination of crista galli width, height, and length values
AUC (95% CI)
P value

Height

Length

Width

0.533 (0.483–0.583)

0.529 (0.479–0.579)

0.572 (0.522–0.621)

0.257 (p > 0.05)

0.335 (p > 0.05)

0.014* (p < 0.05)

Cut-off value (for male)

–

–

≤4

Cut-off value (for female)

–

–

>4

Sensitivity (%) (male)

–

–

41.9

Specificity (%) (female)

–

–

73.4

AUC — area under curve; CI — confidence interval

using radiological methods have many advantages,
such as being non-bone-destructuring methods, not
requiring cleaning of the bones, and being more
practical and applicable than many other methods
[11]. Advanced radiological methods, such as CBCT,
multi-slice CT imaging are important for osteometric measurements. The CG can be easily examined
morphometrically and morphologically on CBCT images. In addition, during embryological process, the
differences in the ossification rate and termination
period of ossification of CG may be related to sex
features [16].
In the literature, there are a few studies examining the morphometry of CG. In a study conducted on CT images of 196 patients, the dimensions
of pneumatized CG were examined. There was no
statistically significant relationship between CG anteroposterior diameter and sex, the CG craniocaudal
diameter was slightly longer in males than females
and a significant relationship was found in the latero-lateral diameter of CG in males and females [19].

In another study, Mladina et al. [20] declared that the
pneumatized CG height was significantly higher in
females than in males on CBCT images of 102 skulls.
In another retrospective study with CBCT images of
300 subjects, performed by Uçar et al. [32], the average width and length dimensions of the CG were
reported to be 14.05 ± 2.98 and 3.69 ± 1.53 mm,
respectively, in males, and 14.02 ± 2.90 and 3.77 ±
± 1.43 mm in females. No significant difference was
found between the length and width dimensions
of CG and sex. In a recent study of the CT images of 533 patients, Komut and Golpinar [16] found
a statistically significant relationship between sex and
CG measurements and reported the length, height,
and width measurements of CG can be used in the
sex determination. In the current study, the average
CG height, length, and width values were 16.01 ±
± 2.78, 12.87 ± 2.27, and 4.53 ± 1.43 mm, respectively in males, and 16.35 ± 2.7, 12.97 ± 2.02, and
4.97 ± 1.59 mm, respectively, in females. There was
no statistical difference between sexes in height and
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1.0

Sensitivity

0.8

0.6

0.4

0.2

0.0
0.0
B

0.2

0.4
0.6
1-Specicity

0.8

1.0

0.8

1.0

0.8

1.0

ROC curve for lenght

1.0

Sensitivity

0.8

0.6

0.4

0.2

0.0
0.0
C

0.2

0.4
0.6
1-Specicity
ROC curve for width

1.0

Sensitivity

0.8

0.6

0.4

0.2

0.0
0.0

0.2

0.4
0.6
1-Specicity

Figure 8. Receiver operating characteristic (ROC) curves showing
the predictive power of height (A), length (B), and width (C) measurements of crista galli in sex discrimination.

length values but the mean CG width of females was
found significantly higher than that of males (Table 4).
Furthermore, Komut and Golpınar [16] examined
the classification of morphology with objective criteria
of radiology. They reported that there was a statistically
significant relationship between the new morphological types of CG and sex, and that this classification
could be used for sex determination. In contrast to
this study, in our study, 184 (46%) were classified as
teardrop type, 202 (50.5%) were tubular type, and 14
(3.5%) were ossified type. No statistically significant
difference was determined between the morphological
types of CG and sex.
The Keros classification divides the depth of olfactory fossa into three categories according to the lateral lamellae of the ciribriform plate [14]. It is the classical modality generally used in studies of CG and the
anatomy of olfactory region [22]. In a study evaluating CT images, 178 (81.6%) were classified as Keros I,
39 (17.9%) were Keros II, and 1 (0.5 %.) were Keros III
and there was a significant difference between males
and females [22]. In another CBCT study of 174 patients, the most common Keros classification was type II
(65.52%), followed by type III (20.69%) and type I
(13.79%) and no significant relation between sex
and Keros types was reported [9]. In another study,
Mladina et al. [20] declared that type I has been
found in 29 cases (42.64%), type II has been found
in 38 cases (55.88%), and type C in 1 case (1.47%)
on CBCT images of 102 skulls. In a study conducted
on CT images of 150 subjects, there was a significant
difference in respect of the distribution of Keros type II
between males and females [4]. In a recent study by
Komut and Golpınar [16], of the CT images of 533
patients, Keros type I was found to be 52% and 48%,
respectively in males and females; Keros type II was
found to be 51.7% and 48.3%; Keros type III was
found to be 40.9% and 59.1% and no statistically
significant difference was reported between sex and
Keros types. In the current study, the most prevalent
Keros classification was type II (44%) followed by type
III (36.5%) and type I (19.5%). There was a statistically
significant difference between sexes in respect of
Keros classification.
In the literature, the incidence of pneumatization
of CG was examined in the vast majority of the previous studies [1, 3, 5, 6, 8, 10, 13, 16, 19, 20, 24, 25,
29, 30–32]. The incidence of pneumatization of the
CG was in a wide range (2.3% to 66.6%) [16, 20]. In
this study, pneumatization of CG was determined in
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Table 4. The mean values of crista galli in previous studies
Previous studies

Population

Mean height [mm]

Mean length [mm]

Mean width [mm]

Method

Korea

17.98 ± 3.7

–

–

CT

Manea & Mladina [20]

Romania

5.0–14.8

4.7–12.7

3.0–6.8

CT

Mladina et al. [4]

Croatia

10.1 ± 3.0

7.1 ± 2 .5

3.0 ± 1.2

Skull-CBCT

Uçar et al. [5]

Turkey

–

14.03 ± 2.93

3.73 ± 1.48

CBCT

Komut & Gulpinar [7]

Turkey

14.22 ± 3.11

12.78 ± 2.50

3.57 ± 1.48

CT

Kim et al. [14]

CT — computed tomography; CBCT — cone-beam computed tomography

Table 5. The incidence of pneumatization of crista galli
in previous studies
Previous studies
Bašić et al. [26]
Som et al. [23]
Al-Qudah [25]
Hajiioannou et al. [28]
Kim et al. [14]
Cobzeanu et al. [3]
Poje et al. [29]
Manea & Mladina [20]
Tetiker et al. [2]
Çalışkan et al. [27]
Mladina et al. [4]
Şahan et al. [24]
Thai et al. [30]
Akiyama & Kondo [1]
Acar et al. [22]
Komut & Golpinar [7]
Uçar et al. [5]

Population

Incidence (%)

Method

Croatia.
USA
Jordan
UK
Korea
Romania
Croatia
Romania

2.4
13
28
14.1
12.2
22.92
37.5
30.1

CT
CT
CT
CT
CT
CT
CT
CT

Turkey
Turkey
Croatia
Turkey
USA
Japan

21
5
66.6
16
3.8
9.3

CT
CBCT
Skull/CBCT
CT
CBCT
CT

Turkey
Turkey

29.8
2.3

CT
CT

Turkey

17.67

CBCT

further studies with different populations and modalities with a greater number of subjects are needed to
evaluate the relationship between morphologic and
morphometric features of CG and sex and also age
to confirm the findings.

CONCLUSIONS
In conclusion, based on CBCT imaging results:
(i) No statistically significant difference was determined between the morphological types of CG and sex;
(ii) A statistically significant difference between sexes
in respect of Keros classification was found; (iii) No
statistically significant difference was found between
presence of pneumatization and sex; (iv) No statistical relationship between sex and height and length
values was determined, but the mean CG width of
females was found significantly higher than that
of males; (v) The morphologic and morphometric
features of CG, presence of pneumatization and relation of the anatomy of olfactory region to CG can
be analysed in detail using CBCT.

CT — computed tomography; CBCT — cone-beam computed tomography

42 (10.5%) of the 400 patients and no statistically
significant difference was found between presence of
pneumatization and sex. Consistent with the current
study, a few previous studies reported no relation between sex and pneumatization [1, 15, 16]. In contrast,
Çalışkan et al. [10] reported a relationship between
sex and pneumatization of CG (Table 5).
In the literature, there are several studies regarding sex determination using different anatomical
structures in the cranium [7, 12, 27]. Besides, there
is only one study regarding the association between
the morphological and morphometric features of CG
and sex [16]. In the current study, there was no statistical difference in height and length values between
sex, but the mean CG width of females was found
significantly higher than that of males. Therefore,

Conflict of interest: None declared
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Background: The sella turcica volume is widely measured by the Di Chiro-Nelson
method. The purpose is to compare the fidelity of a proposed volumetry method
vs. the Di Chiro-Nelson method, using computed tomography (CT) images.
Materials and methods: Morphometric examination of 173 CT scans were
included, of which 52.6% were female. The mean age was 53.2 ± 17.6 years.
Considering the Di Chiro-Nelson method, two measurements were added for each
axis in the CT evaluation: length (central, left, and right), width (central, anterior,
and posterior), and height (central, left, and right).
Results: The mean measurements were length: central 10.11 ± 1.44, left 7.45 ±
± 1.67, right 7.53 ± 1.59; width: central 12.27 ± 2.11, anterior 10.99 ± 1.92,
posterior 10.10 ± 1.74; height: central 7.68 ± 1.38, left 7.16 ± 1.35, right
7.40 ± 1.41. A statistically significant difference between sexes was found only
in the anterior width (p = 0.01). Using the proposed method, the volume was
342.2 ± 88.5 and 378. 6 ± 113.9 mm3, respectively for females and males
(p = 0.02) vs. 476.1 ± 132.4 and 523.8 ± 186.0 mm3 (p = 0.05) using the Di
Chiro-Nelson’s method.
Conclusions: Women had significantly smaller sella turcica volume than men. This
proposed method considers the sella turcica as a not strictly symmetrical structure
and indicates reduced variation between the maximum and minimum values,
compared to the Di Chiro-Nelson’s. Our findings may be useful for reassessment
the volume of the sella turcica as the measurements indicate a higher precision.
(Folia Morphol 2022; 81, 4: 1014–1021)
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Di Chiro-Nelson method
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INTRODUCTION
The sella turcica is a bony structure located in
the middle cranial fossa [7]. Its anatomy consists of
anterior and posterior clinoid processes and central
hypophyseal fossa. The latter is a space formed at
the upper surface of the body of the sphenoid bone
between the tuberculum sellae and the dorsum sellae
[18, 31]. The pituitary gland is a structure that has
an important endocrinological function as the central
regulator of the endocrine system, located in the
deepest point of the sella turcica [17].
There are pathologies and deviations in its development that increase or decrease the size of the pituitary
gland. Likewise, these pituitary gland alterations may
modify the size and morphometry of the sella turcica,
as their development is closely related [27, 35]. The sella
turcica abnormalities are caused by individual variations
in shape, and asymmetry in normal subjects, pituitary
adenomas, hypothyroidism, empty sella syndrome,
acromegaly, tumours, and Sheehan syndrome [2, 7, 13,
27]. It also plays a role in craniofacial abnormalities
and the decision making and application of surgical
interventions [1, 27, 32, 34], as anatomical knowledge
is essential during the procedure to avoid damage [35].
Determining the volume of the sella turcica by
imaging studies has been used to infer the pituitary
gland volume [8, 28] and helps to recognise the
normal and anomalous morphology [27]. One of the
most widely used volumetry methods is the Di Chiro-Nelson method, in which the length, height, and
width are multiplied together and divided in half [8].
However, they utilised radiograph images, and with
the improvement of imaging technology, the existing methods have been re-evaluated [21, 27, 35].
We provide a straightforward method, considering
the sella turcica as a not strictly three-dimensional
symmetrical structure. These measurements play an
advantage where magnetic resonance imaging (MRI)
is not readily available or contraindicated.
Our objective is to validate a proposed method
to determine the volume of the sella turcica and
compare it to the Di Chiro-Nelson method using computed tomography (CT) scans. Thus, standardizing
the sella turcica volume adds clinical suspicion of
pathologies that alter the pituitary gland’s size.

MATERIALS AND METHODS
Research design
An observational, retrospective and comparative study was performed. Images were obtained in

a case consecutive method from the database of the
Radiology and Imaging Department of the University
Hospital “José Eleuterio González” of the Universidad
Autónoma de Nuevo León. Studies were obtained
from adult patients without discrimination for age or
gender. Those with a history of fractures, tumours,
surgical interventions in the skull base, cancer, craniofacial syndromes, congenital structural abnormalities,
or conditions that could affect bone metabolism were
excluded. This study adheres to the STROBE guidelines
for the report of observational studies [30].
Study technique

All images were acquired using a 64-slice tomograph (General Electric CT99 Light Speed VCT) Software 2978195VCT, with a rotation of 0.4 s helical
acquisition, detector coverage of 20 mm, 400 mAs
at 120 kV; thickness of cut of 0.625 mm, pitch of
0.53: 1 mm/rot, field of view of 22 to 33 cm. The
data obtained were transferred and analysed in
a Work Station AW Volume Share2 workstation using
multiplanar reformatting with maximum projection
intensity and rendering volume. During the measurements, a window range of window width 4000
and window level 1000 was used in a standardised
manner in all subjects. The images and measurements
were assessed independently by two radiologists with
experience in neuroradiology.
The CT scans were measured with Di Chiro-Nelson
[0.5 × (length × width × depth)] and our proposed
method (Table 1). In our proposed method, we added two measurements parallel to each of the three
axes (length, height, and width) (Fig. 1). The volume,
according to our method, is obtained by the mean of
the three measurements of each axis [0.5 × [(mean
length distances) × (mean height distances) × (mean
width distances)]. All authors agreed on the bone
landmarks, as anatomical variations of the sella turcica shape have been determined.
Ethics approval

This study was previously reviewed and approved by the ethics and research committees of
Hospital Universitario “Dr. Jose Eleuterio Gonzalez”
of the Universidad Autónoma de Nuevo León under
the registration number AH17-00004, certifying
that it adheres to the guidelines of the General
Health Law on Health Research in Human Beings
of our country, as well as international guidelines
and the Declaration of Helsinki. Research and ethics
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Table 1. Comparison of the measurements
Di Chiro-Nelson method
Length

Height

Width

A

Description

Current study [2021] method

Central length
The distance on the antero
posterior axis of the sella turcica
from the back to the tuberculum Left and right length

The distance on the anteroposterior axis of the
sella turcica from the dorsum to the tubercle
The distance from each lateral end of the tubercle
to the lateral end of the posterior clinoid processes

The line perpendicular to the line Central height
that measures the length and
that coincides with the deepest Left and right height
portion of the sella turcica

The line perpendicular to the centre length of the
sella to the deepest point of the hypophyseal fossa
The perpendicular distance of the midpoint of the
left and right lengths, respectively to the deepest
point of the sella turcica

The lateral-lateral distance of the Central width
highest point of the tubercle of
the sella turcica
Anterior width and posterior width

B

C

Description

D

The lateral-lateral distance of the highest point of
the tubercle of the sella turcica
The width of the tubercle and the width of
the dorsum of the sella, respectively

E

Figure 1. Representation of the measurement variables in the proposed method. Measurements represent the variables described in Table 1.
Axial slice of computed tomography; A. Central (CL), right (RL), and left length (LL); B. Central (CW), anterior (AW), and posterior width (PW).
Sagittal slice of computed tomography; C. Central height (CH); D. Left height (LH); E. Right height (RH).

committees waived the need for further written
consent.

nificant. All the statistical analyses were performed
in IBM SPSS Statistics for Mac, version 25 (IBM Corp.,
Armonk, N.Y., USA).

Statistical analysis

The sample size calculation was made with a formula for estimating a mean in an infinite population
resulting in a sample size of 173 studies. Normality
tests were performed using the Kolmogorov-Smirnov
test. Central tendency and dispersion data were obtained, expressed as mean and standard deviation
for parametric data, and as median and minimum
and maximum in nonparametric data. The comparisons between the different groups for the categorical
variables were made by Pearson’s χ2 test and for the
numerical variables by the two-tailed Student’s t test
for the parametric data, and Mann-Whitney U test
for the non-parametric data. Parametric (Pearson’s)
and non-parametric (Spearman’s) correlations were
performed to evaluate the linear relationship between
the numerical variables. A p-value of < 0.05 was
considered statistically significant. Furthermore, for
categorical observations, the inter-observer agreement was assessed by the Cohen’s Kappa statistic.
A p value of < 0.05 was considered statistically sig-

RESULTS
A total of 173 CT scans were included, and 52.6%
of the participants were female. The mean age was
53.22 ± 17.62 years (p = 0.73). All sets of inter-observer reliability analyses resulted in substantial reliability (ICC > 0.85 and k > 0.85). The measurements
and volume of the sella turcica as means and stratified
by sex are shown in Table 2.
Statistically significant differences between sexes
were found only in the anterior width (p = 0.01). The
comparison of mean volume between sexes was not
statistically different using the Di Chiro-Nelson method (p = 0.05) but it was when using the proposed
method (p = 0.02) (Table 2). We then compared the
mean measurements of both methods and we found
a significant difference (p < 0.001).
The differences in standard deviations of the volume were also higher in the Di Chiro-Nelson method
(132.41 mm3 in females and 186 mm3 in males) versus
the proposed method (88.53 mm3 and 113.89 mm3).
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Table 2. Measurements for both sexes and comparison by methods
Measurement

Mean ± SD

Median (minimum–maximum)

Females (mean ± SD)

Males (mean ± SD)

P

Length

Width

Height

Central

10.11 ± 1.44

10.30 (4.3–14.2)

10.11 ± 1.36

10.11 ± 1.54

0.99

Right

7.53 ± 1.59

7.70 (2.9–11.8)

7.32 ± 1.62

7.68 ± 1.53

0.06

Left

7.45 ± 1.67

7.40 (2.8–12.2)

7.35 ± 1.77

7.56 ± 1.55

0.42

Central

12.27 ± 2.11

12.30 (7.4–17.5)

12.02 ± 2.12

12.55 ± 2.07

0.09

Anterior

10.99 ± 1.92

11.00 (5.8–16.2)

10.66 ± 1.87

11.36 ± 1.92

0.01*

Posterior

10.10 ± 1.74

9.90 (6.0–14.8)

9.95 ± 1.77

10.27 ± 1.70

0.22

Central

7.68 ± 1.38

7.50 (3.4–11.9)

7.50 ± 1.23

7.77 ± 1.51

0.19

Right

7.40 ± 1.41

7.30 (3.4–11.1)

7.36 ± 1.29

7.44 ± 1.54

0.71

Left
Volume

7.16 ± 1.35

7.10 (3.0–10.6)

7.12 ± 1.34

7.19 ± 1.38

0.72

Di Chiro’s

498.7 ± 161.4

499.6 (90.3–1254.7)

476.1 ± 132.4

523.8 ± 186.0

0.05

Proposed

359.4 ± 102.7

348.5 (85.6–776.2)

342.2 ± 88.5

378.6 ± 113.9

0.02*

All measurements in millimetres. Volume in cubic millimetres, *statistical difference between sexes; SD — standard deviation

mined the volume considering it as an asymmetrical
structure, in an adult population without pituitary pathology. Our three-dimensional assessment method
demonstrates greater consistency and statistically significant differences between sexes. It reports higher
fidelity measurements and lower standard deviations
than by the Di Chiro-Nelson method, with two-dimensional radiographs (at the publication time, radiographs were one of the standard techniques for
pituitary diseases [5]).
Comparison with previous anatomical studies

Figure 2. Box plot demonstrating the values obtained by the
Di Chiro-Nelson and the proposed method. The proposed method
shows a decrease in the range of the distribution indicating
a higher precision of the measurements.

Likewise, the box plot diagram indicates a greater
consistency by reducing the variation between the
maximum and minimum values, as well as a decrease
in the range of the distribution (Fig. 2).
The subjects were stratified according to the age
in younger and older than 25 years. A statistically significant correlation is seen between age and the proposed method (r = 0.195) p = 0.01, but not between
the Di Chiro-Nelson method (r = 0.130) p = 0.08,
in both groups separated by age.

DISCUSSION
Main findings
This study is not the first to use CT to determine

the volumetry of the sella turcica. However, we deter-

Other authors have proposed modifications to the
Di Chiro-Nelson method (Table 3). Hasan et al. (2016) [9]
described the morphology and measurements of the
sella turcica in CT images stratified by sex, age, and
with global data. No significant differences were
found for all linear and area measurements of sella
turcica between sexes; however, a gradual increase
in the size of sella turcica was observed as age advances [10].
Venieratos et al. (2005) [31] utilised dry skulls and
focused on the hypophyseal fossa with a geometrical
method as they determined the dimensions of the
fossa are smaller than those of the sella, and direct
measurement of its volume and depth could lead to
errors. However, they measured the total volume of
the sella with the Di Chiro-Nelson method, obtaining
a range between 460 and 1570 mm3. Hlaing et al.
(2012) [11] examined adult crania to observe the bony
landmarks and to determine the location of a fossa
that may occur in the sellar floor. They described four
variations and reported a smooth surface in eight
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Table 3. Comparison with previous studies
Author, year, country

Sample

Mean age [years]

Method

Mean volume [mm3]

570 controls
26 primary hypothyroid patients
34 thyrotoxic patients

Controls: 1–60

Di Chiro-Nelson

Age 1: 206 ± 19
Age 1–25: 530 ± 23
Age > 25: 554 ± 8
Hypothyroid: 1,334.4 ± 101.0
Thyrotoxic: 558.3 ± 24.7

Parks et al., 1978,
USA [20]

Patients with
hypopituitarism: 3

Case 1: 18.6
Case 2: 10.4
Case 3: 6.7

Di Chiro-Nelson

1560
1008
840

Sherif et al., 1989,
Libya [26]

Control: 17
Sheehan’s: 57

41 ± 8

Statistics volume software and
resistor matrix

922 ± 155
565 ± 292

Bakiri et al., 1991,
Algeria [4]

Control: 12
Sheehan’s: 54

38.3 ± 3.6
40.21 ± 1.22

Height and length on
their greatest axis

796 ± 5.6
55.7 ± 2.7

Venieratos et al., 2005,
Greece [31]

Dry skulls: 20

NR

Di Chiro-Nelson

835

Pittayapat et al., 2015,
Belgium [21]

32 CBCT scans

26.0 ± 21.6

Maxilim® software

NR

Hasan et al., 2016,
Iraq [10]

71 CT images

33.9

Di Chiro Nelson and three different heights of the sella turcica

65.3

Yasa et al., 2017,
Turkey [35]

177 CBCT scans

11–73

NR

NR

Taner et al., 2019,
Turkey [27]

80

F: 26.6 ± 8.6
M: 27.5 ± 9.0

Di Chiro-Nelson

951.3 ± 278.5
1102.0 ± 285.3

Ugurlu et al., 2020,
Turkey [29]

Control: 15
Patients with maxillary
impacted canines: 73

20.01 ± 6.53

Own method
(19 measurements)

NR

Current study, 2021,
Mexico

Control: 173 CT scans

F: 52.8 ± 18.3
M: 53.6 ± 17.0

Proposed method
(9 measurements)

F: 342.2 ± 88.5
M: 378.6 ± 113.9

Yamada et al., 1976,
Japan [33]

M — male; F — female; NR — not reported; CBCT — cone-beam computed tomography; CT — computed tomography

of the 205 crania. A single posterior fossa was the
most common feature, which they described for the
first time. We consider these findings to support the
reason to measure depth in three different points to
have a closer real volume of the sella turcica by taken
the anatomical variations into consideration.
Yasa et al. (2017) [35] established the mean distances of length, depth, diameter, and the interclinoid
distance of the sella turcica in 177 subjects. No statistically significant difference was found between sexes,
but there were statistically significant differences
between ages. Our proposed method also identified
similar central measurements and a statistically significant correlation between age groups.
Taner et al. (2019) [27] assessed the volume of
sella turcica by cone-beam CT in healthy adults.
They did not find statistically significant differences
between sexes for any Di Chiro-Nelson’s method
measurements; however, a significant difference
was established in volume (p = 0.003), which was

higher in men. Our proposed method showed statistically significant differences between sexes in
the anterior width (p = 0.01) and in the volume
(p = 0.02).
Pittayapat et al. (2015) [21] developed a high precision system for the sella turcica identification using
Maxilim® software in 32 subjects. They also focused
on orthodontics as the sella point is a reference for the
evaluation of the longitudinal growth of patients and
their treatment [21]. Our method does not include
high precision technology, yet an advantage is that
it could be easily replicated with CT images.
Comparison with previous clinical studies

Ugurlu et al. (2019) [29] performed a three-dimensional morphometric analysis of the pituitary fossa
with cone-beam CT studies with 19 measurements
in subjects with maxillary impacted canines and controls. Only the right sella length differed among the
three groups (p < 0.05) [29].
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Studies have also determined the volume of the
sella turcica in endocrinological diseases. Yamada et
al. (1976) [33] compared the size of the sella turcica
in normal subjects and patients with primary hypothyroidism and hyperthyroidism. They determined
the volume increased with age, and after 25 years
of age, remained constant [33].
A small sella turcica size is one predisposing factor
that restricts the pituitary blood supply, contributing
to Sheehan syndrome [12]. There are studies that
compared the volume between patients and controls
[4, 26], reporting significantly smaller measurements
(p < 0.001) in the patients than in the control subjects
[4]. Therefore, it is worthy to establish mean volumes
(Table 3), to clinically orient with pituitary disease.
A systematic review by Roomaney and Chetty
(2020) [21] determined that the craniofacial morphometry affected by genetic syndromes is likely to
be associated with abnormal variations of the sella
turcica. Clinicians should be aware of the abnormalities and considering the underlying signs and symptoms for medical referral. They also conclude more
high-quality studies are needed, with standardised
and objective methods to determine the morphology
of the sella turcica.
Di Chiro-Nelson’s method was the first used to
evaluate pituitary pathology indirectly. Undoubtedly,
we can now assess it with MRI and laboratory tests.
However, in pathologies where there is a change in
the pituitary gland’s volume, it is relevant to have
a reference for the volume of the sella turcica. Our
work could be used to establish a relationship between measurements by CT images and the ones
obtained by MRI to standardise an index that supports
these diseases’ diagnosis.
Limitations of the study

Our method may present inherent imprecision as it
has not been validated by other studies or compared
to segmentation software methods. Besides, this
model attempts to standardize a structure, representing a simplification, given the intrinsic anatomical
variability [36]. Further studies are needed to confirm these as there are variations of normal subjects
[1, 27], and other abnormal sellar variants, altering
sellar volume, such as sellar bridging [9], and variations and morphological types in genetic syndromes
(e.g. Williams syndrome) [3]. Also, subjects with dental anomalies and either complete or partial calcifica-

tion of interclinoid ligament are highly suggestive of
a genetic condition [14, 15]. Although there is evidence the sella turcica linear measurements can be
used to estimate the pituitary gland size [25], we cannot translate our method. The differences between
our morphometric results and those obtained in other
studies may be due to the demographic characteristics and imaging methods. We did not perform
intraobserver measurements. MRI grants a better
understanding of the patient’s anatomy and endocrinological diseases [22]. However, it is not always
easy to distinguish tumours from haemorrhage and
fat packing [16]. CT is less expensive, has a broader
distribution, better bone assessment, and it is useful
in patients where MRI is contraindicated [24].
Relevance for the clinical practice

The diseases that alter the size of the pituitary are
not uncommon [22]. Our results indicate smaller volumes compared to the Di Chiro-Nelson method, and
they should be taken cautiously, as a small sella turcica
may show upward bulging of the sellar content (one
adenomas’ indirect sign), leading to potential misinterpretation [19], as well as other normal and abnormal
variants that may modify the volume [1, 9, 27].
This study has established a new volume assessment regarding the sella turcica as a variable shape
structure enclosing anatomical landmarks. The success in diagnosis and treatment depends on a multicentre management with the integration of internal
medicine experts [6]. Nonetheless, the assessment
with an anatomical approach provides the clinicians
a thorough analysis and better understanding of the
related diseases’ physiopathology. This is why it is
essential to renew the previous methods and consider
the sella turcica as a not strictly symmetrical structure.
Our findings may be useful to identify the volume
of the sella turcica as a component of the integral
management of pituitary diseases.

CONCLUSIONS
We determined a volumetric method with greater consistency among measurements and a narrow
standard deviation. The Di Chiro-Nelson method has
been used for several years. With the new technologies, it was possible to obtain a three-dimensional
view of anatomical structures. This is why it is essential to renew the previous methods and consider the
sella turcica as a not strictly symmetrical structure.
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Our findings may be useful to identify the volume
of the sella turcica as a component of the integral
management of pituitary diseases.
Conflict of interest: None declared
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Background: Tricipital aponeurosis (TA) has gained attraction as a constant and
reliable landmark to identify the location of radial nerve in the setting of fracture
distal humeri. The aponeurosis itself shows variant anatomical patterns. In this
study, we intend to provide a comprehensive description and functional classification of observed anatomical variations with possible clinical implications.
Materials and methods: Sixty arms belonging to 30 adult cadavers were studied.
TA was examined grossly to document variations in its shape and classified accordingly. Subsequently, length and breadth of TA were measured. The distance
of the radial nerve (RN) from the point of confluence and from the lateral border
of TA was also measured (tricepso-radial distance [TRD]). These distances were
correlated with the different patterns of TA obtained.
Results: Based on the shape of the proximal apex of TA or point of confluence
and frequency of their occurrence, we propose a new classification of 4 patterns
for the TA anatomy. Pattern I: classically seen as the triangular proximal apex
(76.67%); pattern II: tongue shaped or blunt proximal apex (18.33%); pattern III:
bifurcated or dual proximal apex (3.33%); pattern IV: as the absence of TA (1.67%).
The mean of length and breadth of TA was 16.58 ± 2.05 cm and 3.61 ± 0.61 cm,
respectively. The mean distance of RN from point of confluence and lateral border
of TA was 3.57 ± 0.19 cm and 2.04 ± 0.56 cm, respectively. The length, breadth
of TA and TRD differs amongst the different patterns of TA.
Conclusions: Anatomical variations in the shape and size of TA are frequently
encountered. The proposed, hitherto undescribed, classification may make operating surgeon aware of these morphological variations and help prevent iatrogenic
injury to RN. Such classification is simple and unique; however, its success relies
upon universal acceptance. (Folia Morphol 2022; 81, 4: 1022–1030)
Key words: triceps brachii, aponeurosis, classification, humerus, fracture,
landmark
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INTRODUCTION
Fracture of the humeral shaft constitutes 1–3%
of all the fractures [27]. Fractures involving the distal
third of the humerus require surgical intervention to
achieve skeletal stability [17, 20, 26]. Several surgical
approaches have been described, such as anterior,
anterolateral, lateral, medial, and posterior triceps
splitting approaches [16]. Amongst them, the posterior approach (triceps splitting) offers excellent exposure of humeral diaphysis and distal metaphysis
[31]. However, such intervention may injure the radial
nerve (RN). The long tortuous course and proximity
with the periosteum make the RN very prone to injury. RN palsies are mainly two types, primary and
secondary. Primary palsies are those mostly due to
fracture humeral shaft and include 11.8% of all cases
reported [26]. Secondary or iatrogenic palsies can
occur during any kind of operative interventions for
unstable humeral fractures, such as open reduction
and internal fixation with plating or intramedullary
nailing [4, 6, 8, 10, 11]. These iatrogenic palsies are
not uncommon in routine practices and are of major
concern for the protection of the radial nerve [29]. The
radial nerve must be identified and mobilised from the
operative field throughout the procedure [11]. Identification of the nerve is critical, some studies have
established the anatomic relationship of the RN with
various bony landmarks, such as medial epicondyle,
lateral epicondyle of humerus and tip of the acromion
[4, 6, 8, 10, 11]. Previously orthopaedic surgeons
used to depend on these landmarks to identify the RN
during surgical exploration of the humerus but the
wide range of these proposed anatomic relationships
may pose trouble in localising the RN during surgery.
Moreover, such relationships with bony landmarks
may not hold true in clinical settings, especially with
fractures of the distal third of the humerus [6]. The
‘proximal apex’ or ‘the point confluence’ of tricipital
aponeurosis appear to be more consistent and reliable
anatomic landmarks to locate the RN more precisely
during the ‘triceps splitting’ approach to the humerus
[8, 27]. On the other hand, the location of the nerve
immediately adjoining the lateral border of aponeurosis (< 1.00 cm) can be considered “safe” for soft
tissue dissection while surgically approaching distal
humeral fractures through lateral approach [20, 24].
However, the anatomical variations in the shape and
dimensions of the tricipital aponeurosis (TA) have
not been described in detail despite these details are
imperative for an orthopaedic surgeon to know [19].

Such variations are pivotal in its universal acceptance
as a reliable surgical landmark. With such context, our
primary aim was to document various shapes, sizes of
TA, and measure the distance of RN from pre-determined landmarks of TA (proximal apex or confluence
of TA, lateral border of TA). The secondary aim was
to propose a new classification for the TA anatomy
based on variant patterns attained and correlate them
with the measured variables.

MATERIALS AND METHODS
Sixty upper limbs belonging to 30 formalin embalmed cadavers (23 male, 7 female) aged between
45 to 60 years with a mean age of 55.84 ± 7.74
years were examined in this study. We have used 10%
formalin solution for body preservation as it may be
considered as a standardized method of fixation with
minimal tissue hardening and volume shrinkage effect. Arms having any gross malformation/deformity
or signs of the previous injury were excluded from
the study. The specimens were prepared through
scapula-thoracic disarticulation and midclavicular amputation. Each cadaveric upper extremity was placed
at 90-degree flexion at the elbow joint as this is
the most common position used intraoperatively.
A posterior midline skin incision starting from the tip
of the acromion up to the tip of the subcutaneous
olecranon was given. Subcutaneous tissue and deep
fascia were also incised in the same line exposing the
triceps muscle. The shiny TA was immediately visible
on the posterior arm inserted into the posterior rough
area of the subcutaneous olecranon. The TA represents the convergence of the long and lateral heads of
the triceps muscle bellies, forming a shiny layer lying
between the deep fascia superficially and periosteum of the distal humeral dia-metaphyseal segment
underneath. It can be readily identified by its shiny
pearl white colour. Proximally, the TA runs obliquely
upwards over the posterior aspect of the arm, creating two apices, one proximal (main), the other distal
or lateral. The proximal apex is also known as the
point of confluence (the meeting point of two heads
of triceps with the proximal end of the TA). Wide
variations were noted in the shape of the proximal
apex of the TA. Based on the observations and their
frequency of occurrence, we propose a new classification of 4 patterns for the TA anatomy. The pattern
I: classical variant with the triangular proximal apex
coincides with the point of confluence; pattern II:
tongue-shaped or blunt proximal apex coincides with

1023

Folia Morphol., 2022, Vol. 81, No. 4

Figure 1. Measurement of tricepso-radial distance posterior
approach; straight distance between point of confluence and
radial nerve (RN) (dotted line).

Figure 2. Measurement of tricepso-radial distance in lateral approach; distances between the lateral border of tricipital aponeurosis and radial nerve measured at four equidistant points (red
marked line) along lateral its border and mean were taken.

the point of confluence; pattern III: bifurcated or double triangular proximal apex does not coincide with
the point of confluence; pattern IV: as the absence of
TA. After noting the various shapes, we have measured the length and breadth of TA by the methods
described ahead. The straight distance between the
point of confluence of TA (A) to the tip of the olecranon was measured and recorded as length. We have
marked the proximal or medial apex as point ‘A’ (in the
majority of cases ‘point of confluence’ coincides with
proximal apex) and distal or lateral apex as point ‘B’.
The breadth of TA was not uniform throughout its
whole length. So, we have measured the breadth at
3 equidistant points splitting the length of TA into
4 equal segments. Proximally, the first point was at the
level of the distal apex (B), followed by 2 more equidistant points along the length. The mean of these

3 distances was taken as the average breadth of TA.
Subsequently, the distance of the RN from the point
of confluence and lateral border of TA was also measured (tricepso-radial distance [TRD]) (Figs. 1, 2). All
the measurements were taken by the same individual,
using digital vernier callipers (Mitutoyo, Japan) with
the least count of 0.01 mm. The measurements were
repeated 2 times, and the mean was taken as final
for further analysis. Results were expressed as mean
± standard deviation. Correlation analysis was done
between the distances measured (length, breadth
of TA and TRD) and various patterns of TA obtained.
Statistical analysis

Subsequent statistical analysis through paired,
2-tailed Student t-test was performed (Microsoft Excel
2007; Microsoft, Redmond, WA, USA).

1024

A. Patra et al., The morphological and morphometric analysis of the variant patterns of the tricipital aponeurosis

Figure 3. Classical variant of tricipital aponeurosis (TA) with the triangular proximal apex (A). Proximal apex coincides with confluence of TA.
Medial border is straight while lateral border is oblique or curved. Dotted line showing the location of radial nerve (RN) after separation of the
two heads of triceps. (Schematic drawing is the mirror images of the actual photograph); B — distal apex.

Figure 4. Tongue shaped or blunt proximal apex (A) coincides with point of confluence. Both the medial and lateral border are oblique or
curved. (Schematic drawing is the mirror image of the actual photograph); RN — radial nerve; TA — tricipital aponeurosis.

RESULTS
Based on the observations and the frequency of
occurrence of anatomical variations in the shape
and size of the proximal apex of TA, we observed
4 different patterns: pattern I: classical variant with
the triangular proximal apex coincides with the point
of confluence; pattern II: tongue-shaped or blunt
proximal apex coincides with the point of confluence;
pattern III: bifurcated or double triangular proximal

apex does not coincide with the point of confluence;
pattern IV: as the absence of TA.
The classical variant or pattern I was observed
most commonly (76.67%; Fig. 3), followed by pattern
II (18.33%; Fig. 4) and pattern III (3.33%; Fig. 5). Pattern IV was found in only 1 specimen (1.67%; Fig. 6).
In this solitary specimen, the 2 heads of the triceps
were inserted into the fibrous intramuscular septum
which carried the insertion downward up to the tip
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Figure 5. Bifurcated or double triangular proximal apex. A1 denotes the medial proximal apex; A2 denotes the lateral proximal apex coincides
with confluence of aponeurosis. Medial border is straight while lateral border is oblique or curved. (Schematic drawing is the mirror image of
the actual photograph); B — distal apex; RN — radial nerve; TA — tricipital aponeurosis.

Figure 6. Tricipital aponeurosis was absent, the two heads of the triceps inserted into the fibrous intramuscular septum. No proximal apex,
the meeting point of two heads of triceps with fibrous septa forms the point of confluence (A). (Schematic drawing is the mirror image of the
actual photograph); RN — radial nerve.

of the olecranon. The percentage distribution of TA
pattern did not show any gender difference (Table 1).
The mean length and breadth of TA was 5.22 ± 0.60 cm,
and 4.17 ± 0.45 cm, respectively. The mean distance

of the RN from the point of confluence of TA (TRD, at
point of confluence) and the lateral border of triceps
aponeurosis (TRD, along the lateral border of TA) was
3.57 ± 0.19 cm and 2.04 ± 0.56 cm, respectively.

1026

A. Patra et al., The morphological and morphometric analysis of the variant patterns of the tricipital aponeurosis

Table 1. The percentage distribution of TA shape among female and male
Pattern

Male (N = 23 × 2 = 46)

Female (N = 7 × 2 = 14)

Number

Percentage

Number

Percentage

I

34

73.91%

12

85.71%

II

9

19.56%

2

14.28%

III

2

4.34%

Nil

IV

1

2.17%

Nil

Table 2. The morphometric measurements of tricipital aponeurosis for male and female
Morphometric variable

Sex
Male

Female

Mean

Range

Mean

Range

TA length

16.35

12.80–20.30

16.96

15.30–20.00

TA breadth

3.55

2.50–4.50

3.60

2.80–4.30

TRD (at point of confluence)

3.58

3.00–4.00

3.54

3.00–3.80

TRD (along the lateral border of TA)

1.98

1.00–3.00

2.23

1.50–2.80

TA — tricipital aponeurosis; TRD — tricepso-radial distance

3.0
TRD (lateral border of TA)

TRD (conuence of TA)

4.00
3.75
3.50

3.25

3.00

2.5
2.0
1.25
1.0

I

II

Pattern

III

IV

I

II

Pattern

III

IV

Figure 7. Boxplot depicting data set of the variables and their
correlation. X axis: Patterns of tricipital aponeurosis (TA);
Y axis: tricepso-radial distance at the point of confluence;
TRD — tricepso-radial distance.

Figure 8. Boxplot depicting data set of the variables and their
correlation. X axis: Patterns of tricipital aponeurosis (TA);
Y axis: tricepso-radial distance along the lateral border of TA;
TRD — tricepso-radial distance.

None of the measured variables showed any existing
gender difference (Table 2).
Based on the morphological classification of TA,
the morphometric variables (length and breadth of
TA, TRDs) were examined.
The mean of TA length was 16.3 cm (range: 12.70–
–20.30 cm), 16.1 cm (range: 13.00–20.00 cm),
17.6 cm (range: 16.80–18.30 cm) for patterns I, II,
and III, respectively.

Similarly, the mean of TA width was 4.17 cm
(range: 2.50–4.30 cm), 3.68 cm (range: 2.70–4.40 cm),
and 3.70 cm (range: 3.10–4.30 cm) for patterns I, II,
and III, respectively.
The mean distance of the RN from point of confluence (TRD at the point of confluence) was 3.56 cm
(range: 3.00–4.00 cm), 3.60 cm (range: 3.50–4.00 cm),
3.65 cm (range: 3.60–3.70 cm), and 3.70 cm for
patterns I, II, III, and IV, respectively.
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Similarly, the mean distance of the RN from the lateral border of TA (TRD along the lateral border of TA)
was 2.09 cm (range: 1.00–3.00 cm), 1.77 cm (range:
1.00–2.70 cm), 2.10 cm (range: 1.80–2.40 cm), and
2.60 cm for patterns I, II, III, and IV, respectively.
A significant correlation was found between the
anatomical pattern of TA and safe distance of radial
nerve, i.e. TRD at point of confluence (Fig. 7) and TRD
along the lateral border of TA (Fig. 8).

DISCUSSION
The radial nerve lies in close approximation with
the periosteum while running through the spiral
groove in the posterior compartment of the arm.
Fracture of the distal humerus may either injure the
RN or derange its usual course. So, identification and
localisation of the RN is a prerequisite for surgical
repair of the fractured humerus. Various authors have
studied the location of RN in relation to the bony
landmarks (lateral epicondyle, tip of acromion, tip of
olecranon, and radial groove) [6, 9, 13, 14, 25, 28].
Most of these studies did not have any correlative
value, with wide inter-observer variability, and are difficult for surgeons to access intraoperatively [2, 15].
Based on cadaveric dissections, these studies show
that the distance of the RN within the spiral groove
from the tip of the lateral epicondyle of the humerus
ranges from 10 cm to 18 cm. Whereas the distance
of the RN from the tip of the acromion ranges from
14 cm to 17 cm. Considering the wide range of these
proposed anatomic relationships, it may be cumbersome to localize the RN during the posterior approach
to the humerus.
Moreover, in the setting of the fractured humerus
with dislocation of the distal fragment, such anatomic relationships may not hold true [18] and it may
be imprudent for a surgeon to rely on these bony
landmarks to localise RN during operative fixation of
fractures [1]. Therefore, in case of comminuted fracture of the humerus, a non-osseous superficial soft
tissue landmark may guide the orthopaedic surgeon
to identify the RN and prevent potential iatrogenic
injury. Few studies are describing the relationship of
the RN to superficial soft tissue landmarks like the
apex of the TA, triceps tendon, the point of confluence of TA and lateral border of TA [1, 11, 13, 25].
Among these, the ‘point of confluence’ or ‘proximal
apex’ of TA is an easily distinguishable and constantly
available superficial soft tissue structure that may be
considered as a useful landmark for surgical explora-

tion of RN during posterior triceps splitting approach.
In such an approach, a longitudinal incision is given
along the length of the TA directed below upwards.
The upward extension of the triceps split depends
upon the distance between the RN and the ‘point
of confluence’. Various authors have measured this
distance and depending on the results obtained, they
have advocated a ‘safe zone’ for RN dissection [1, 3,
23, 25]. The apex of TA is especially helpful in localisation of radial nerve in the setting of the distal third
humerus shaft fracture as this soft tissue landmark is
formed by the long head and lateral head of triceps
and their attachments are well proximal to the level
of injury, thus, not likely to change with trauma [1].
Patra et al [22] named this distance as tricepso-radial distance (TRD at the point of confluence) and
reported this as the most consistent one for RN
localisation.
Few authors [7, 20, 21, 23] have reported the lateral border of the TA as a useful and reliable guide to
locating the RN on the lateral aspect of the humerus
in a range of positions during lateral approach. Depending upon the closest distance of the nerve from
the lateral border of TA, they have also proposed
a ‘safe zone’ for soft tissue dissection during the application of pre-contoured anatomic plates in the lateral
column. So, it’s a proven fact that TA is potentially
a stable and reliable superficial soft tissue landmark
to locate and protect the RN intraoperatively.
Reviewing literature leaves us with much uncertainty as the so-called ‘safe zone’ for RN varies widely
among different studies. This can be due to the differences in measuring techniques, inter-observer error,
sample size, ethnicity and most importantly variant
patterns of the TA under study.
Variations in the morphology and morphometry
of TA are not uncommon phenomenon. Most of the
previous studies have focused on the relationship
between RN and TA but none of them have addressed
the issue of the variant anatomy of TA. In the present
work, we have studied the variations in the shape of
the TA and reported four variant patterns. The pattern
I was reported to be the most common. Most of the
previous authors, although have not spoken much
about the morphological variations of TA but have
described pattern I as the classical variant [24]. Any
deviation in the shape of the TA, especially the shape
of its ‘proximal apex’ or ‘confluence’ can literally alter
the length of the triceps split and so-called ‘safe zone’
for RN dissection in the posterior approach.
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Study results of the current work showed variations in the mean distance of RN from point of confluence. It was highest in pattern IV, gradually decreased
and became lowest in the pattern I. Although, no
significant correlation was reported between TRD
(at point of confluence) and TA patterns. Similarly,
the mean distance between the lateral border of TA
and RN also varies among different patterned TA but
a significant correlation could not be established. The
mean distance of the RN from the lateral border of
TA was highest in pattern IV and lowest in pattern II.
So, depending upon the values of TRD, pattern IV
may be considered the safest one for RNs. In such
a pattern, surgeons have more freedom of soft tissue
mobilisation without injuring the nerve.
The morphometric variables of the TA (length and
breadth), although varies among different patterned
TA, does not seem to impact TRD or ‘safe distance’
directly. These values are more crucial when orthopaedic surgeons using TA as a graft for olecranon
osteotomy or the TATA approach.
The intraarticular distal humerus fractures are
notorious for its complication in form of stiff elbows.
Such conditions can be managed through various
approaches, such as Campbell’s triceps aponeurosis tongue approach (TATA approach), olecranon
osteotomy, and triceps reflecting anconeus pedicle
approach, with each one having its share of merits
and demerits [5, 27, 30]. TATA approach has shown
good to excellent results. It gives stable, pain-free
elbows with a good range of movement and without
stiffness [12]. In this procedure, a rectangular flap of
a portion of muscle along with aponeurosis is elevated from proximally to distally up to olecranon leaving
a rim of aponeurosis behind for future reattachment.
Underneath the triceps muscle is split and retracted
medially as well as laterally. The elbow is gently flexed,
while the olecranon is pulled through the aponeurotic
tongue. After suturing both limbs of triceps muscles,
TA was reattached to the rim of the aponeurosis.
A better understanding of the length and breadth
of TA is desirable for the successful placement of the
implant in the TATA approach. Pattern IV although
rarest, such re-constructive surgeries are not desirable
in such instances.
Limitations of the study

The smaller number of female cadavers (7) than
that of the males (23) did not allow us to compare
our findings between sexes. Moreover, due to the

non-availability of literature on this topic, we could
not compare our findings with others. The interindividual variations inbuilt, body fat and body mass
index can effectively influence the value of the measured variables.

CONCLUSIONS
Tricipital aponeurosis may act as a reliable and
readily identifiable landmark to protect RN during
surgical intervention. However, variant anatomy of
TA may hinder the purpose, as the so-called ‘safe
zone’ for radial nerve varies pattern-wise. We propose
a new classification of TA anatomy. Such classification
is a simpler and better way to describe TA anatomy;
however, its success relies upon universal acceptance
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Background: Diabetes, among multiple systemic harmful health issues, also
may deteriorate normal regenerative and reparative functions of periodontium.
The aim of this research was to study the role of periodontal ligament in tissue
remodelling under the orthodontic appliance stimulation in two rat experimental models (healthy Wistar rats and Goto-Kakizaki, rodent model of non-obese
type 2 diabetes).
Materials and methods: Four groups of rats were defined: Wistar (WI; n = 8)
and Goto-Kakizaki (GK; n = 8) control groups without orthodontic appliances, and
Wistar (n = 16) and Goto-Kakizaki (n = 16) appliance groups with orthodontic
appliances. After 42 days, rats were sacrificed and histopathology descriptive
analysis about periodontal ligament and adjacent structures was performed as
well as cellularity of periodontal ligament and Kappa curvature of tooth roots
were measured.
Results: Goto-Kakizaki control rats showed statistically significantly higher cellularity in comparison with Wistar control rats (p < 0.001). Both applied groups
(WI 44.63 ± 6.68; GK 79.58 ± 10.06) also showed statistically significantly
higher cellularity (p < 0.001) in comparison with control groups (WI 34.48 ±
± 6.92; GK 45.31 ± 11.18). Applied groups (WI 0.197 ± 0.2; GK 0.126 ± 0.083)
had statistically significant higher values of Kappa curvature in comparison with
control groups (WI 0.023 ± 0.011; GK 0.037 ± 0.011) (WI appliance vs. WI
control: p < 0.001; GK appliance vs. GK control: p < 0.05). Agitated periodontal
ligament caused different degrees of cementoclasia and additionally dentinoclasia,
altering the natural root curvature.
Conclusions: Although not significantly different (WI and GK appliance groups)
according to degree of molar roots odontoclasia, higher cellularity of agitated
GK periodontal ligament could be influencing factor for, as previously reported,
elevated osteoclast mobilization and possible prolonged periodontium reconstitution. (Folia Morphol 2022; 81, 4: 1031–1041)
Key words: periodontal ligament, fibroblast, orthodontic appliance,
tooth root, remodelling, periodontium
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INTRODUCTION
Orthodontic tooth movement (OTM) is a consequence of biological tissue responses to applying
a force on the tooth. The biological response of different tissues (dental and paradental tissues, periodontal
ligament, alveolar bone, gingiva) depends on many
factors as a force magnitude, direction and duration
of the force, local and systemic factors as individual
differences, application of drugs, presence of systemic
diseases etc.
Periodontal ligament (PDL) is the mechanosensory structure, which responds on applied force
by remodeling itself also influencing on other
structures of periodontium to self-reconstruction, which is finally manifest as directed translation of teeth through the bone. The PDL is
a dense fibrous connective tissue structure that consists of collagenous fibre bundles, cells, neural and
vascular components and tissue fluids. Its primary
function is to support the teeth in their sockets while
allowing teeth to withstand considerable chewing
forces. These force-induced strains alter the PDL’s
vascularity and blood flow, resulting in local synthesis
and release of various key molecules, such as neurotransmitters, cytokines, growth factors, colony-stimulating factors, and arachidonic acid metabolites.
These molecules can evoke many cellular responses
by various cell types in and around teeth, providing
a favourable microenvironment for tissue deposition
or resorption [7, 15].
In response to the deformation, fibroblasts and
osteoblasts in the PDL as well as osteocytes in the
bone are activated. A combination of PDL remodelling, and the localised apposition and resorption of
alveolar bone enables the tooth to move [13].
It has been shown that fibroblast may be involved
in the differentiation of osteoclasts and also play an
important role in bone modelling due to mechanical
loading. When there is application of the force the
production of osteoclastogenesis stimulating molecules as receptor activator of nuclear factor kB ligand
(RANKL) are increased probably leading to increased
osteoclast formation [21]. It was also found RANKL
deletion in periodontal ligament cells significantly
decreased the amount of OTM and reduced number
of osteoclasts formed on the compression side after
subjecting the teeth to orthodontic force [28].
Biological mechanisms of OTM could be influenced by different local and systemic factors, among
them also metabolic disorders, such as diabetes melli-

tus (DM) characterised by chronic hyperglycaemia. In
our previous study [18] we showed that the amount
of OTM in rats with type 2 DM was not compromised
after 42 days of experiment. The slight increase in
bone resorption, diminished bone formation and
decreased alveolar bone volume were observed. However, some other studies suggest that DM induces
a decrease in osteoclast numbers and also diminishes
differentiation of osteoblasts leading to reduced bone
remodelling [25]. The duration of orthodontic force
in this experiment lasted for 48 hours which is not
long enough to study the linear phase of OTM where
bone and PDL remodelling take place and reach the
maximum capacity [17].
Diabetes induces changes in PDL fibroblasts gene
expression that can enhance neutrophil recruitment
and bone resorption which could be explained by
high glucose induced nuclear factor kappa B (NF-kB)
activation, which play very important role in the
mechanism of OTM [29].
It is widely known that root resorption (RR) is one
of the unwanted side effects of OTM. Its mechanism
is not exactly known. RR is associated with the bone
modelling around the tooth. Patients’ factors such
as genetics and external factors including trauma
are also thought to be associated with increased RR
[1, 12, 16].
Increased incidence and severity of RR was found
in patients undergoing comprehensive orthodontic
therapy. It was also shown that heavy force application produced more RR than light force application
[27]. There is not a lot of knowledge of the influence
of diabetes on the amount of RR after OTM. Arita et
al. [2] showed less amount of root resorption and
less OTM after 2 weeks of experiment.
The aim of this research was to determine the
extent of the morphologic transformation of periodontal ligament under the orthodontic appliance
stimulation in two rat experimental models (healthy
Wistar rats and Goto-Kakizaki rats, rodent model of
non-obese type 2 DM), and to discuss influences of
agitated periodontal ligament fibroblasts (PDLFs) on
other structures of remodelling periodontium.

MATERIALS AND METHODS
This study was performed on 24 male Wistar rats
(WI) (314 ± 10 g, 13–14 weeks old), representing
healthy controls, and 24 male Goto-Kakizaki rats (GK)
(320 ± 9 g, 13–14 weeks old), which were used as
the type 2 DM animal model. After overnight fasting,
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glucose levels were measured in blood samples taken
from the tail vein. The inclusion criterion for the GK
rats was a blood glucose level of > 150 mg/dL.
Four groups of animals were defined. In the WI
(n = 8) and GK (n = 8) control groups, no orthodontic
appliances were placed. The animals in the WI (n = 16)
and GK (n = 16) appliance groups were fitted with orthodontic appliances. The orthodontic appliance consisted of a superelastic closed-coil spring (25 cN, 0.15-mm wire diameter; Dentsply GAC International, York,
Pa). The coil spring was placed with a stainless steel
ligature between the maxillary left first and second
molars and the incisors [22]. The orthodontic appliance
was placed in and replaced (every 7 days) on animal
under general anaesthesia — mixture of ketamine
(50 mg/kg of body weight; Bioketan; VetoquinolBiowet, Gorzow Wielkopolski, Poland) and medetomidin
hydrochloride (67 mg/kg of body weight; Domitorp;
Pfizer, Brooklyn, NY, USA) injected intraperitoneally. On
day 42, all animals in all groups were sacrificed. The
dissected maxillary bone specimens with 3 molars were
fixed with phosphate-buffered 4% paraformaldehyde
(pH, 7.2–7.4) for 24 hours and decalcified in an ethylene diamine tetraacetic acid (EDTA)-water solution for
12 days. The samples were than routinely processed
to paraffin blocks, with cutting plane orientated perpendicular to the occlusal plane of the molars. Paraffin
sections 7 mm thick were deparaffinized and stained
with haematoxylin and eosin.
For histomorphometry, microphotographs of the
microscopic slides were captured on light microscope
Olympus BX50 (Olympus, Japan) equipped with digital camera Leica DFC 295 (Leica Microsystems, Germany) under the total magnification of ×100. Morphometric analysis of digitalised microphotographs
was done in image analysis software, ImageJ (v1.53c,
Fiji, Wayne Rasband, NIH, USA).
Quantification of periodontal ligament cell number was done on roots’ outer and inner aspects,
using the point-counting method (ImageJ plugin
CellCounter), where in selected region of interest
of previously measured area, all fibroblastoid cells
of periodontal ligament, transectioned through
nucleus, were selected (tagged and counted), and
peripherally positioned cementoblasts, osteoblasts
and osteoclasts were excluded. The final periodontal
ligament cellularity was calculated per equivalent
area of 10,000 micrometers square (µm2). Obtained
values were relativised, and expressed as number of
nuclei per 10,000 µm2.

Aiming to evidence deformities of root surfaces
toward periodontal ligament, resulted from possibly
present cementoclasia and dentinoclasia, curvature
analysis of outer and inner molar root contours was
done by plugin Kappa v2.0.0 of ImageJ 1.53c (Rasband, W.S., ImageJ, U. S. National Institutes of Health,
Bethesda, Maryland, US). Initial curves of the contours
were traced in B-Spline input (open type), passed
through Data Fitting Algorithm (Point Distance Minimisation), and the resulting values of Average Curvature (µm–1) were used for further statistical analysis.
Ethical considerations

All animal procedures and the study protocol were
approved by the Veterinary Administration of the
Republic of Slovenia (number 34401-62/2008/9) and
were in accordance with the Guide for the Care and
Use of Laboratory Animals.
Statistical analysis

Statistical analysis was performed in IBM Corp.
Released 2011. IBM SPSS Statistics for Windows, Version 20.0 (Armonk, NY: IBM Corp.), and comparison
between measured locations was done using one-way
ANOVA, Student’s t-test or Mann-Whitney U test
(depends on normality of values in groups) with the
level of significance at p < 0.05. The Shapiro-Wilk
test was a test of normality. As a post-hoc test during
one-way ANOVA, Tukey test was used.

RESULTS
The periodontal ligaments of non-appliance
groups (WI and GK), as expected, were composed
of regular fibrous connective tissue, characterised
by regularly distributed filamentous components of
extracellular matrix, and among them, fibroblastic
cells noticeable by their uniformly ovoid nuclei. There
was a visual impression of higher cellularity in PDLs
of GK rats. The curvatures and contours of outer and
inner (interradicular) aspects of teeth root were anatomically smooth, and occasionally discontinued by
section of accessory root foramina (Fig. 1). Figure 1
shows the histological preparation of the tooth root
in the control groups. A higher cellularity of PDL was
observed on in GK rats (Fig. 1B) compared to WI rats
(Fig. 1A). The difference in cellularity between the
outer and inner side of the tooth root existed and
varied from discrete to more noticeable, and was in
the domain of individual characteristics. On some
preparations there was a higher cellularity of PDL on
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A

A

B
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Figure 2. Presentation of cementoclasia and dentinoclasia in
tooth roots in Wistar rats (A) and Goto-Kakizaki rats (B) appliance
groups; haematoxylin and eosin ×100; I — inner side of the root;
O — outer side of the root; C — cementoclasia; D — dentinoclasia.
Figure 1. Presentation of tooth roots and periodontal ligament
from Wistar rats (A) and Goto-Kakizaki rats (B) control groups
(accessory root foramen on its inner aspect); haematoxylin and
eosin ×100; I — inner side of the root; O — outer side of the root.

the inner and on some on the outer side of the tooth
root. These differences can also be seen in Figure 7,
but the statistical analysis did not reveal a statistically
significant difference in these values.
Histologic evaluation of the appliance groups (WI
and GK) revealed that the volume of alveolar bone
was diminished compared to controls, PDL region was
widened, extending borderless into the broadened
vascular channels of neighbouring alveolar bone, and
different degrees of cementoclasia and additionally
dentinoclasia were noticed, altering the natural root
curvature, appearing as cavities in mineralised tissues
of root, filled with mesenchyme like transformed PDL
tissue (Fig. 2). Figure 2 shows the process of penetration of agitated PDL through cementum and then
through dentine in the appliance group. In the example of WI rats (Fig. 2A), a thinning of the cementum
and the dentine on the inner side of the tooth root

is observable in few areas. In the example of GK rats
(Fig. 2B), severe cementoclasia and dentinoclasia can
be seen in some cases, which drastically thin the root
of the tooth from the inside. The picture shows the
absence of inflammatory cells, which indicates that this
process of destruction of tooth tissue is not mediated
by a local inflammatory reaction.
In addition to damage to the lateral sides of the
tooth root, damage of the apex of the tooth root was
also observed in some animals in the appliance group.
Figure 3 shows the different degrees of damage of
the root apex. Figure 3A shows cementoclasia of the
lateral part of the apex in GK rat (arrow). Figure 3B
shows root apex damage to a greater extent in GK
rat. In this example, a large part of the solid tissue
of the tooth root is missing at the level of the apex,
on the inner side (Fig. 3B, arrow). The same picture
shows sporadic cementoclasia at the level of the
lower third of the tooth root on the inner side (Fig.
3B, asterisk). The last figure (Fig. 3C) shows almost
completely destroyed apical solid tooth tissue in WI
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A

B

C

Figure 3. Presentation of apical root damage in rats in the appliance group — Goto-Kakizaki rats (A, B) and Wistar rats (C); cementoclasia of
the lateral part of the root apex (arrow) (A); focal cementoclasia (asterisk), and focal odontoclasia of root apex (arrow) (B); advanced odontoclasia of root apex (arrows) (C); haematoxylin and eosin ×100.

A

B

C

Figure 4. Presentation of major root damage (arrows, A, B) and widening of vascularized tissue between trabeculae of the alveolar bone
(arrow, C) in the Wistar rats appliance group; haematoxylin and eosin ×100.

appliance group rats (Fig. 3C, arrows). In this case,
there was a complete destruction of the cementum,
as well as a significant thinning of the dentine at
the apical level. At the level of the destroyed solid
tissue, an altered PDL can be seen, which migrated
and multiplied at this place.
The extent of this lytic morphology in some molars
reached two thirds of root wall thickness, or even
significant resorption of root apical region. Except

in one case of severe odontoclasia, morphology of
dental pulp was unaltered (Figs. 2, 3, 4).
In addition to the partial destruction of cementum
and dentine by activated PDL, larger defects were observed on some histopathology preparations. Figure 4
shows the dental preparations of the WI appliance
group. Figure 4A shows the complete destruction of
the solid tissue of the tooth root in the lower third
and on the inner side. In this part, the PDL invades the
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A

B

Figure 5. Periodontal ligament transformation — early transformation of periodontal ligament (PDL) (A) in agitated PDL of Goto-Kakizaki
appliance group (interradicular side, arrow): haematoxylin and eosin ×200 (A); the same appliance group, mesenchyme like transformation of
PDL morphology with cementoclasia (arrow, B): haematoxylin and eosin ×400.

pulp tissue, i.e. opens the tooth canal from the lateral
side. Above this part, in the middle third, only such
a layer of dentine separates the pulp from the PDL. The
cementum tissue is completely absent (Fig. 4A, arrows).
In the case shown in Figure 4B, the continuity of the
thinned solid tissue of the tooth root is maintained
from the inside. In addition to thinness, the changes
are presented in this part as a pronounced deformation
of both the inner and outer contours of this side of the
root (Fig. 4B, arrow). Cases like these were extreme.
The physiological response of the surrounding tissue
to the changes in the level of the tooth root after the
placement of the apparatus was also noticed on the
preparations. Alveolar bone follows root remodelling by
regeneration, which is clearly seen based on the increase
in the number of blood vessels within the alveolar bone.
This phenomenon is illustrated in Figure 4C (arrow).
The presence of acute or chronic inflammatory cells infiltrates, as well as hyalinisation of PDL
were not detected/were absent. The PDL of appliance
groups only partially retained morphology similar
to controls (mostly in part with horizontal fibres);
however, with variable extent, focally or in extent to
one third to half root length side(s), had altered morphology transforming itself into the mesenchyme-like
morphology (“agitated periodontal ligament”). The
cells of agitated PDL were randomly distributed in
myxoid appearance of the connective tissue extracellular matrix, varying in sizes, appeared mostly as
stellate, and polygonal elongated, mesenchymal cells,
having angulated nuclei, and unlike mesenchymal
cells, with acidophilic cytoplasm (Fig. 5). In early transformation of the PDL, fibroblastic cells elongate and
their cytoplasm becomes more acidophilic (Fig. 5A,
arrow). Figure 5B shows mesenchyme-like transfor-

mation of PDL morphology — loose, myxoid appearance of the connective tissue extracellular matrix and
random distribution of cells in varying in sizes, which
appeared mostly as stellate, and polygonal elongated, mesenchyme-like cells, having angulated nuclei,
however with acidophilic cytoplasm. Cementoclasia
and partial dentinoclasia are apparent (Fig. 5B, arrow)
adjacent to partially preserved cementum (above).
Cementoclasts and dentinoclasts are not observable
adjacent to resorbed root surface. Osteoclasts are at
the border of alveolar bone tissue.
The resorptive cavities of root tissue, show absence of cementoblasts and are mostly filled with
mesenchyme-like tissue of agitated PDL. Occasionally, by the edge of these resorptive cavities, appear
larger mononuclear polygonal cells with acidophilic
cytoplasm, and only sporadically, the presence of
multinuclear cementoclasts and dentinoclasts is detectable (Fig. 6). In appliance groups, other type of
multinuclear, resorptive type of macrophagal cells,
osteoclasts, are more often seen at the surfaces of
alveolar bone tissue (Fig. 5).
By histomorphometric measurement of the cellularity of PDL, the average number of fibroblasts in PDL was
determined at 10,000 µm2 on both sides of the tooth
root. By comparing these values, it was found that there
is no statistically significant difference in the cellularity
of PDL in any of the examined groups (Table 1).
By comparing the values of PDL cellularity among
the examined groups, the existence of statistically
significant differences was determined. In the WI appliance group, statistically significantly higher PDL
cellularity was recorded compared to the WI control
group (p < 0.001). With the same statistical significance, a higher cellularity of PDL was found in the GK
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Table 1. Average cellularity with standard deviation (average ±
standard deviation [A ± SD]) on the inner and outer side of the
tooth root in the experimental groups (nuclei per 10,000 µm2)
Animal group

Root side

WI control group
WI appliance group
GK control group
GK appliance group
Figure 6. Partial resorption of Wistar rat molar root apex: in region
of this odontoclastic cavity, the cementum is completely resorbed,
and dentinoclasts are apparent in agitated periodontal ligament
tissue at the border with partially resorbed dentine; haematoxylin
and eosin ×200.

A ± SD

P

Inner

35.16 ± 8.35

1

Outer

33.81 ± 5.42

Inner

45.19 ± 8.15

Outer

44.07 ± 5.04

Inner

43.35 ± 10.09

Outer

47.27 ±.12.81

Inner

76.9 ± 9.02

Outer

82.27 ± 10.7

1
0.993
0.775

WI — Wistar rats; GK — Goto-Kakizaki rats

appliance group compared to the GK control group.
In addition, an equally high statistically significant
difference was found in the comparison of control
groups and in comparison of appliance groups. The
GK control group had a statistically significantly higher
cellularity compared to the WI control group, and GK
appliance group had a statistically significantly higher
cellularity compared to the WI appliance group (Fig. 7).
By measuring the Kappa curvature from the inside
and outside of the tooth root in the examined groups,
lower values were observed in the control compared
to the appliance groups. Analysis of Kappa curvature
on the inner and outer side of the roots showed that
there was no statistically significant difference for
the control groups of animals. WI and GK control
groups had a normal value distribution, so the Student’s t-test was used for this analysis. The WI and GK
appliance groups did not have a normal distribution
of values, so the Mann-Whitney U test was used to
compare their Kappa curvature values. It was found
that in the appliance group there was a higher value
of Kappa curvature on the inner side of the root, but
this difference was statistically significant (p < 0.05)
only in GK rats (Table 2).
The difference in average values of Kappa curvature among the experimental groups, regardless of
the root side is shown on the Figure 8. Differences
in Kappa curvature values between control groups,
but also differences between appliance groups
were not statistically significant. In contrast, the
mean values of Kappa curvature were statistical-

PDL cellularity (nuclei/10,000 µm2)

120

***

110
100

***

***

90

***

80
70
60
50
40
30
20
WI control
group

WI appliance
group

GK control
group

GK appliance
group

Figure 7. Difference in periodontal ligament (PDL) cellularity (nuclei
per 10,000 µm2) among the experimental groups; ***p < 0.001
(one-way ANOVA; standard error and mean and standard deviation
were showed); WI — Wistar rats; GK — Goto-Kakizaki rats.

Table 2. Average values of Kappa curvature with standard
deviation (A Kappa Curvature ± SD) on the inner and outer
side of the tooth root in the experimental groups
Animal group

Root side

WI control group
WI appliance group
GK control group
GK appliance group

A Kappa Curvature
± SD

P

Inner

0.026 ± 0.013

1

Outer

0.02 ± 0.009

Inner

0.256 ± 0.249

Outer

0.137 ± 0.177

Inner

0.042 ± 0.009

Outer

0.032 ± 0.116

Inner

0.173 ± 0.07

Outer

0.08 ± 0.07

WI — Wistar rats; GK — Goto-Kakizaki rats; SD — standard deviation
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1.200

*

1.000
Kappa curvature

NS

NS

0.800
0.600

***

*

0.400
0.200
0.000
WI control
group

WI appliance
group

GK control
group

GK appliance
group

Figure 8. Difference in average values of Kappa curvature among
the experimental groups; *p < 0.05, ***p < 0.001, NS — non
significant (Wistar rats control group vs. Goto-Kakizaki rats control
group — one-way ANOVA; the rest of analyses — Mann-Whitney
U test; standard error and mean and standard deviation were
showed); WI — Wistar rats; GK — Goto-Kakizaki rats.

ly significantly higher in the WI appliance group
compared to the WI control group for p < 0.001.
Similarly, the mean values of Kappa curvature were
higher in the GK appliance group compared to the
GK control group, but with lower statistical significance (p < 0.05).

DISCUSSION
Mechanically induced remodelling of periodontal
ligament by application of orthodontic apparatuses,
after 42 days, and in given forces, microscopically
could be evidenced by its widespread cellular and
tissue transformation of periodontium. Changes are
evidenced in 1) resorption of root mineralized tissues
of examined molars, 2) transformation of associated
PDL tissue as well as 3) changes in morphology of
alveolar bone tissue. Mechanically stimulated PDL
tissue have lost regularity of dense fibrous tissue,
and transformed into low vascularised mesenchyme
like connective tissue. Dominant cellular population
of PDL regular fibrous tissue, fibroblasts, are transformed in connective tissue cells capable for extracellular matrix (ECM) degradation [9, 23], which are
elsewhere nominated as fibroclasts [3, 8]. The synthetic and phagocytic duality of PDL is present even
in physiological circumstances, when this cells are
involved in renewal of PDL ECM [24].
The remodelling of PDL is based on transformation
of periodontal ligament fibrous tissue fibroblasts in
resorptive cellular phenotype which is known as fibro-

clasts, which latter could be reverted into previous phenotype. Fibroclast is the cell phenotype which originates
from periodontal ligament fibroblast/fibrocyte, and
which expresses lytic activities toward ECM, and which
reverts into fibroblast phenotype, at the late phase of
ligament remodelling. The closest cellular phenotype
could be myofibroblast (connective tissue cell of inflammatory/reparatory processes) [3]. Fibroclasts take
part in intercellular substance resorption and contain
numerous lysosomes. These cells have tremendous
potential to resorb tissue components, which is of the
greatest significance during orthodontic procedures,
taking the measures for reduction of possibility of tooth
root resorption, and even root amputation. Actually,
each fibroclast show a duality of both synthesis and
ECM existing as a functional and possibly transient or
reversible state in the fibroblast cycle [8].
This duality of PDL is based also on their mechanosensory properties [14], which as adaptation on
different of mechanical forces stimulation, can modulate, and even partially abort synthesis and secretion
of different ECM components.
Periodontal ligament fibroblasts are involved in
the normal maintenance of ECM, regeneration, and
repair of both the ligament and adjacent hard tissues. These cells respond proportionally to different
degrees of mechanical stimulation, by which they
have a central role in mediating the alveolar bone
remodelling that underlies physiological and OTM.
Cultivated human PDLFs react to tensional stress altering the biosynthesis of ECM proteins. Lower forces of
biaxial deformation (5% biaxial deformation [strain]
at a frequency of 30 times/min for 24 h) induce significant increase of collagen I and fibronectin synthesis,
and a decrease in tropoelastin production relative
to unstretched controls. However, cells exposed to
higher (10%) strain exhibited similar responses for fibronectin and tropoelastin while the amount of type I
collagen synthesis remained at control levels. These
results indicate that mechanical stimulation of PDLFs
alters type I collagen, tropoelastin and fibronectin
production and that these cells are differentially responsive to varying levels of mechanical stress. The
ability of these cells to alter ECM protein synthesis in
response to specific magnitudes of tensional stress
may in part explain how PDLFs regulate ligament and
hard tissue remodelling [14].
Median values of rat molar outer and inner root
contour Kappa curvatures mostly differ between
compared groups. In the appliance groups of exper-
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imental animals (WI and GK), it is apparent presence
of numerous deformities of outer and inner contour
of root tissue (cementoclasia or even, focally, dentinoclasia) which is documented by higher values of
Kappa curvatures. Namely, appliance groups (WI and
GK) have about fivefold higher values than molar
roots of untreated animals, which is manifestation
of PDL agitation, and probably recruiting short-living
multinuclear macrophages, odontoclasts (respectively
cementoclasts, and dentinoclasts), and less likely by
action of fibroclasts — PDLFs differentiation into the
resorptive cellular phenotype.
Similarly like in PDL cell number quantification,
there is a finesse of statistically significant difference in median values of Kappa curvature between
animals of control groups (WI and GK), which may
suggest that GK rats have constitutionally different
characteristics of PDL compared to Wistar species.
The explanation to this notion is that PDL of GK rats
may have higher constitutional cellularity, and relatively uneven rate of cementum apposition, or even
a possibly inclination toward resorption of a delicate
balanced remodelling (secretion and resorption) of
periodontal tissues. The similar median values of
Kappa curvatures of the root molar contours in the
animals of two appliance groups (WI and GK), suggest
that the resorptive processes which are performed by
PDL fibroclasts aimed toward root tissues (cementum
and dentine), and provoked by the orthodontic forces, also may have control mechanisms by which the
further tissue damage is restricted and controlled.
The article by Plut et al. [18] demonstrated an
evidence about constitutional differences between
GK and WI strains of rats (control groups). Namely,
GK animals may have a lower rate of osteogenesis/
bone-regenerating processes/turnover (and remodelling also) compared to WI animals, which may be
supported by the fact about lesser alveolar bone
volume, lower presence (given as surfaces ratios, presence given in per cents) of osteoblasts and osteoclasts
in GK animals compared to WI animals. Similarly, in
the current research, statistically significantly higher
number of PDL cells is present in animals of GK control group compared to WI control. So, the starting
positions, associated with capacities for osteogenesis/
osteolysis are quite lesser for GK animals; however,
PDL constitution is opposite, being more cellular.
Upon effects of mechanical stimulation caused
by orthodontic apparatuses, animals of appliance
groups have reduction of alveolar bone volume, as

well as rise of histometric values of osteoblast and
osteoclast presence. The raise of osteoblast number
in appliance groups is not enough high to become
statistically different from appropriate control group;
however, the increase in osteoblast number in WI
group clearly dominates over the elevated number
osteoblasts in GK group, indicating the much lesser
osteogenic potential in GK rats stimulated by orthodontic forces. The rise of osteoclast number upon
orthodontic stimulation is almost the same for WI
and GK appliance groups, and osteoclast number
increased 2.2 fold in WI appliance group and 5.5 fold
in GK appliance group compared to each/their corresponding/respective control. It may be further discussed, that upon constant mechanical orthodontic
stimulation, at the 42nd day, bone production lags,
and osteolytic processes are more active in GK compared to WI rats.
It seems that the remodelling of alveolar bone tissue is not relying only on bone ECM osteoclast resorption but also on gradual transformation of bone tissue
adjacent to PDL, which is evident in stepwise changes
of bone vascular channels content, proportionally related to the distance from the border with PDL.
Both turnover and remodelling are characterised by the coordinated breakdown and synthesis
of ECM components. In contrast to remodelling,
turnover describes a process in which the structural
organization of the tissue remains unchanged. During remodelling the three-dimensional organization
of the fibre meshwork is adapted to accommodate
for positional changes of the tooth in its socket or
changes in functional state. In order to adapt to
positional changes of teeth, the fibre systems in the
PDL must be broken down. Because the collagen in
the PDL appears to form a complex meshwork, not
unlike a stretched fishing net, breakdown processes
can occur at different sites without compromising
tissue integrity. Thus, there is flexibility in the system
to permit adaptive changes by breaking down short
stretches of collagen fibre bundles or single fibrils
while leaving others intact [4].
Periodontal ligament fibroblasts are highly sensitive to mechanical stress and are responsible for the
rapid turnover of their extracellular compartment,
collagen, which allows a rapid adaptation of the tissue to changing loads, such as in OTM [26]. In molar
teeth of rats, PDL is normally constituted by 35%
of fibroblastic cells and 51% in dry weight of their
secretion product, the collagen fibres [11].
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Garant and Cho [10] have studied extensively the
process of collagen remodelling by PDLFs. They administered 3H-proline into mice and rats to determine
the pattern of collagen synthesis by PDL fibroblasts by
using both light microscopy and transmission electron
microscopy. They described PDLFs as being elongated,
polarized cells, with the nucleus positioned at one end
and the cytoplasmic and secretory part at the other
pole. Fibroblasts were found to be distributed evenly
throughout the rodent PDL, and to migrate between
the fibres, interacting during motion with adjacent
matrix and cells. This motion appears to be facilitated
by cellular microfilaments (actin and myosin), and by
attachment to the matrix with glycoproteins (mostly
fibronectin). Cho and Garant [6] concluded that in
tooth movement, PDLFs in tension sites express the phenotype of actively migrating and matrix-secreting cells.
Normal, intact PDL, under the physiological ranges
of mechanical load, appears as robust, highly organized, and morphologically constant structure.
However, even in physiological ranges, PDL is a metabolically highly active structure, and its ECM components are under intense process of turnover. Namely,
the autoradiographic analyses of tritiated proline
metabolized in rats revealed that collagen turnover
time in younger animals (6 weeks) varied from 2.45
to 6.42 days, and in older (6 months) ones from 7.08
to 10.87 days [19, 20].
In the previous article of our research team [18] it
was shown that the higher values of relative parameter
RANKL/OPG in appliance group of GK animals is based
on retardation of OPG gene expression. It is emphasized
that this phenomenon could be associated with lower
alveolar bone volume, and high number of osteoclasts,
and lesser production of OPG, which is indicative of
lesser potential of bone tissue in GK appliance group animals to control, “brake”/slow down osteolytic process.
At the same time, this is in contrast with relations present in appliance group of WI rats, where high level of
RANK, as a promoter of osteoclastogenesis, is followed
by high values of OPG, which antagonise stimulation of
RANK, inhibitory binding to its ligand.
Translated from general model of the physiological
regeneration of bone, in alveolar bone remodelling
in orthodontic processes, as central regulator of osteoclastogenesis, the significance of osteoblasts is
much often highlighted. However, in much complex
relationship of teeth and jaw bones, and during regional remodelling induced by orthodontic agitation,
the significance of many other structures, primarily

of PDL cells (primarily, fibroblasts) have to be taken
in consideration, as starters and modulators of specialised populations of multinucleated macrophages
[5, 21, 28]. Similarly to osteoblast, periodontal fibroblasts also dictate the homing of precursor cells
(from monocyte-macrophage cell lines) of further
multinuclear macrophages such as osteoclasts, and
additionally, could promote their differentiation into
the odontoclasts (cementoclasts and dentinoclasts).
The mechanism of mentioned processes is the same
for osteoblasts and PDLFs and relies on intercellular
communication based on secretion of homing cytokines, and regulated by RANKL and OPG. Presence
of cementoclasia and dentinoclasia on appliance
group’s rat root molars is indication of previous activity of odontoclasts (which are not prominent by numbers, probably because are short-lived), precursors of
which are most probably invited in cementum-PDL
border, and there influenced (by agitated PDLFs) to
differentiate into odontoclasts (cementoclasts and
dentinoclasts), which in turn resorb the mineralised
tissues of molar roots (up to extremes). It is highly
probable, that excess of produced RANKL by agitated PDLFs is responsible for production of additional
macrophagal cells (here odontoclasts), which in turn
have harmful effect on molar roots.

CONCLUSIONS
The results of this study confirm the role of the
PDL in the remodelling process during OTM. By its
transformation, the PDL initiates and modulates the
processes of periodontium remodelling. Diabetes,
as a cause of metabolically specific substrate, also
causes constitutional hypercellularity of the PDL. Although not significantly different (WI and GK appliance groups) according to degree of molar roots
odontoclasia, higher cellularity of agitated GK periodontal ligament could be influencing factor for, as
previously reported, elevated osteoclast mobilization
and possible prolonged periodontium reconstitution.
This indicates a reduced ability of the PDL to control
its response to mechanical stimulus in diabetic rats.
In future the application of the lesser mechanical
forces during the orthodontic procedures in diabetic
organisms, should be further discussed.
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Background: The foramen tympanicum is located on the anteroinferior region of
the external acoustic meatus and posteromedial to the temporomandibular joint
in children between the 1st and the 5th year of life. It is considered an anatomical
variation when it persists in adults. The aim of this study was to verify the prevalence as well as to characterise the foramen tympanicum in computed tomography
(CT) scans of the population from southeastern part of Brazil.
Materials and methods: A total of 78 CT scans of dry human skulls (20 female
and 58 male) were used, which were selected randomly regarding the ages,
ranged from 15 to 100 years. The foramen tympanicum was identified in the
images of the axial plane and confirmed in the images of the coronal and sagittal
planes. The largest diameter (in mm) was obtained. The descriptive statistics (in %),
Fisher’s test and χ2 test were performed to compare the prevalence of foramen
tympanicum between sexes and sides. The probability value ≤ 0.05 was defined
as a level of significance. Descriptive statistics were performed to verify the mean
diameter of the foramen on the right and left sides of the skulls.
Results: The prevalence of foramen tympanicum was higher in females (p =
= 0.0070), bilaterally, as the absolute values of females were lower in relation
to males. Fisher’s exact test showed that the prevalence of foramen tympanicum
was significantly higher in females (45%) than in males (15.52%). On the right
side, the mean axial diameter was 2.23 mm (range 0.93–3.75 mm). On the left
side, the mean axial diameter was 2.22 mm (range 0.9–3.61 mm).
Conclusions: The knowledge of anatomical variations is extremely valuable for an
accurate diagnosis, treatment plan and prognosis and a thorough preoperative
assessment. (Folia Morphol 2022; 81, 4: 1042–1046)
Key words: temporomandibular joint, computed tomography, anatomy,
foramen tympanicum, Huschke’s foramen, tridimensional morphometry
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INTRODUCTION
The foramen tympanicum (FT), also known as
foramen of Huschke, is the bone communication
between the external acoustic meatus and the temporomandibular joint (TMJ) found during the development of the tympanic part of the temporal [1, 14].
The FT is located on the anteroinferior region of the
external acoustic meatus and posteromedial to the
TMJ in children between the 1st and the 5th year of
life. This is considered an anatomical variation when
it persists in adults [8]. Topsakal et al. [14] defined
the FT as being a variable deficiency in the floor of
the bony part.
The formation of FT occurs after birth, when the
tympanic ring becomes the tympanic bone and has
the shape of a broken ring at its upper extremity.
During its development, which occurs in a circular and
superior direction through its ossification centres, the
tympanic bone will merge with the petrous portion
of the temporal bone forming the external wall of the
tympanic cavity [12]. The next stage of development
is the appearance of two tubers or prominences that
grow against each other, until they come together
in the first year of life. The tympanic bone presents,
because of the fusion of these two tubercles, an
opening called the FT [13].
In adults, the presence of FT is associated with the
spread of infections originating in the external acoustic meatus, which affect surrounding regions such as
the TMJ and the parotid gland; tumours originating in
the mandibular fossa of the temporal bone, which uncommonly reach the external acoustic meatus; cases
of spontaneous salivary fistula in the external acoustic
meatus; and complications in TMJ arthroscopy [8–10].
Finally, the study of FT morphology and prevalence
in dry skulls and computed tomography (CT) scans
indicated a difference between the sexes [13].
The aim of this study was to verify the prevalence
as well as to characterise the foramen tympanicum in
CT scans of the population from southeastern Brazil.

MATERIALS AND METHODS
The research was analysed and approved by the
Committee of Research Ethics of the University of
Campinas (protocol number CEP-FOP-UNICAMP-CAAE
38866220.3.0000.5418).
Sample

A total of 78 CT images of human skull selected
at random, ranging in age from 15 to 100 years,

20 female and 58 male, and acquired by the Aisteion
Multislice 4 CT System (Toshiba Medical Systems
Corporation, Japan), for the protocol of the skull:
100 MA, 120 KV, with cuts of 1 mm.
The CT scans were obtained from skulls belonging
to the Bone Collection housed at Piracicaba Dental
School from the University of Campinas (UNICAMP).
The skeletons belong to a contemporary Southeast
Brazilian population, are of the actual population and
surroundings, are in a good state of preservation, and
were identified by death certificates.
The research considered CTs of the skulls that
presented the anatomical structures of the temporal bone preserved and intact, without macroscopic
deformities. CT scans of individuals with any signs
of bone remodelling in the temporal region were
excluded, as well as individuals with implants, plates
and screws or any other metallic artefact in the referred region.
Foramen tympanicum evaluation using
3D reconstruction

The Mimics software v. 18.0 (Materialise, NV, Belgium) was used to produce the segmentation of the
images on each CT scan. The FT was identified in the
images of the axial plane and confirmed in the images
of the coronal and sagittal planes. Then, in this same
software, three-dimensional (3D) reconstruction was
performed to visualise and to confirm the presence
of the FT (Fig. 1).
After locating the structure (Fig. 1), the Mimics
software v. 18.0 (Materialise, NV, Belgium) was used
to measure the largest diameter (in mm). Each FT was
evaluated by a single evaluator previously calibrated.
The evaluator was trained to determine the presence
of the FT, which was evaluated according to its anatomical characteristics observed on CT scans. After
training, the measurement was performed using the
distance measurement tool, marking the outermost
voxel of both ends of the FT, in the axial plane of the
computed tomography (Fig. 2).
Statistical analysis

The data were tabulated in the Office Excel
(© Microsoft 2021). The descriptive statistics (in %),
Fisher’s test and χ2 test were performed to compare
the prevalence of FT between sexes and sides. The
probability value ≤ 0.05 was defined as a level of
significance. Descriptive statistics were performed
to verify the mean diameter of the FT on the right
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55 years (range: 19–100 years) for females and
54.41 years (range: 15–87 years) for males.
The χ2 test showed a relationship between sex and
FT (p < 0.05). The χ2 test showed that the prevalence
of FT was higher in females (p = 0.0070), bilaterally,
as the absolute values of females were lower in relation to males. Fisher’s exact test showed that the
prevalence of FT was significantly higher in females
(45%) than in males (15.52%) (Fig. 3).
The FT was bilateral in 14 (17.95%) skulls, 7 in
males and 7 in females. On the right side, the mean
axial diameter was 2.23 mm (range: 0.93–3.75 mm).
On the left side, the mean axial diameter was 2.22 mm
(range: 0.9–3.61 mm). Regarding the unilateral evaluation, we found skulls presenting the FT only on the
left side (2 female and 2 male skulls).
No correlation between location or sex and diameter of FT was found by unilateral analysis of variance
(p > 0.05).

Figure 1. A. Three-dimensional reconstruction of the computed
tomography scan of the skull in the Mimics software v. 18.0
(Materialise, NV, Belgium) in a lateroanterior view; B. The black
arrow indicates the presence of the foramen tympanicum in
a lateral view of the skull.

DISCUSSION
Figure 2. Computed tomography image of the axial plane of the
skull, presence of foramen tympanicum indicated by the white arrow. The measurement was obtained using the Mimics software
v. 18.0 (Materialise, NV, Belgium).

60

Presence

Prevalence of FT

Absence
40

20

0

Male

Female
Sex

Figure 3. Prevalence of foramen tympanicum (FT) according to the
sex.

and left sides of the skulls. All data were analysed
using the GraphPAD Prism v.8 software (San Diego,
CA, USA).

RESULTS
In this study, 58 (74.36%) male and 20 (25.64%)
female skulls were observed. FT was determined
in 18 (23.1%) of 78 skulls (they had FT on at least
one side of the head). The sample’s mean age was

Studies in CTs scans indicated this is an extremely
important exam for visualising anatomical structures,
such as FT [3, 13]. According to Çetin et al. [2], radiological studies, mainly using CT scans, bring contributions to demographic data and dimensions of an
anatomical bony feature from a determined population. In a recent study, Topsakal et al. [14] highlighted
the importance of visualisation and of the anatomical
knowledge of certain anatomical structures, such as
the FT, to perform the endoscopic ear surgery. They
related that the minimal invasive technological developments such as robot-assisted or image-guided ear
surgery claim to be less invasive or more anatomical
structure preserving.
Hashimoto et al. [6] believe that there is a difference in prevalence of FT between males and females.
From these results, we were interested in investigating if the visualisation of FT in CT scans of dry skulls
would be feasible and its prevalence in a sample of
Brazilian nationality.
In agreement with Akbulut et al. [1], the present
study showed the prevalence of FT of 23.1%. In other studies, the prevalence was approximately 12%
[3, 6, 13]. In a recent study, Deniz et al. [3] examined
200 cone-beam CT images (400 ears) in a Turkish
sub-population. The authors noted size and location
(unilateral and bilateral) of the present FT and found
that the prevalence of the FT was significantly higher
in females (8%) than in males (3.5%) as well as in the
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present study in a Brazilian sub-population that the
persistent FT was significantly higher in females (45%)
than in males (15.52%). The literature explained that
the female predominance of FT might have been
based on growth and development differences of
temporal bone between sexes [5].
In relation to the results about side prevalence,
Deniz et al. [2] determined FT on the right side in 4%
of patients and FT on the left side in 7.5% of patients
(p < 0.05). This was bilateral in 2.5% of patients. In
the present study, FT was bilateral in 14 (17.95%)
skulls, 7 in males and 7 in females. For the unilateral,
the results showed the FT on the left side, unilaterally,
in 2 female skulls and 2 male skulls. Deniz et al. [2]
explained that the relationship between the side and
FT can be responsible for mastication habits and genetic factors of study populations. And it is possible
to suggest the existence of the corporeal principle of
laterality, with one side being more prevalent than
the other.
The clinical implications related to the persistence
of FT are widely discussed in the literature and the
most current are otitis, infectious arthritis, herniation of the disc and fistulas in the external acoustic
meatus. TMJ arthroscopy is an exam for diagnosing
pathologies in the region, which is performed by
a rigid optical fibre with a diameter varying between
1.7 and 2.7 mm [5, 6, 9]. These studies also showed
that severe ear complications can develop during TMJ
arthroscopy, due to the lack of preoperative detection
of the presence of FT. This could happen because of
the similarity between the mean diameter commonly
found in FT and the diameter of the optical fibre used
during the examination.
Our findings showed that the mean axial diameter
for the right side is 2.23 mm and for the left side
is 2.22 mm, corroborating with the literature. In
addition, Ertugrul and Keskin [4] concluded that the
dimensions of the FT were generally larger in females
than in males.
Although CT is an expensive method, high-resolution imaging tests have proved to be a better
technique for identifying the presence of FT when
compared to conventional radiographs [9]. For instance, in a population with a prevalence of FT of
14.9%, the prevalence was higher in studies on cadavers (21.2%) than on radiographs (8.8%) [2]. Hence,
the use of software with the capacity for 3D reconstruction, improved the visualisation of the structure
of interest in our study (i.e., the FT). On the oth-

er hand, it is important to consider that FT with
a diameter of less than 1 mm may not be visualised
in a computed tomography with a slice of 1 mm
thickness [11].

CONCLUSIONS
In conclusion, the prevalence of FT in CT scans of
dry skulls in a Brazilian population sample was 23.1%.
Additionally, persistent FT was significantly higher in
female (45.0%) than in male (15.5%) sex. Further, this
study showed that the mean axial diameter for both
sides were approximately 2.2 mm. The knowledge
of anatomical variations is extremely valuable for an
accurate diagnosis, treatment plan and prognosis and
a thorough preoperative assessment.
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Background: Frontal sinuses within the frontal bone can be a potential obstacle
in neurosurgical approach in this region. Their unintended opening during craniotomy is not beneficial due to the risk of brain infections by bacteria inhabiting the
sinus mucosa. Therefore, such opening should be avoided whenever the surgical
procedure does not involve the sinus itself. The aim of the study was the morphometric analysis of the frontal sinuses based on computed tomography imaging.
Materials and methods: The width, height, projection surface area and location
of the highest and most lateral points of the sinuses were determined.
Results: The vertical diameter of the sinuses was found to be greater in men
compared with women. The most lateral point of the sinuses was located higher
in men, and in men was located higher on the left side. The results obtained may
indicate that the frontal sinuses tend to be larger in men and that air cells in men
extend further in the upper-lateral direction on the left side of the frontal bone.
Conclusions: This may cause an increased risk of unintentional opening of the
left frontal sinus during frontal craniotomy or pterional craniotomy with frontal
extension. (Folia Morphol 2022; 81, 4: 1047–1053)
Key words: frontal sinuses, craniotomy, neurosurgical approach

INTRODUCTION
The frontal sinuses are air cavities within the frontal bone. They are lined with mucosa and joined with
the nasal cavity [10]. They are characterised by large
variations in size: from aplastic to highly developed
and multi-chamber [8]. Infections located in the frontal sinuses may be complicated by brain infection [3].
In neurosurgical procedures not directed at the frontal
sinuses, opening of the latter should be avoided [1],

given the risk of potential infectious complications.
Among the intracranial pathologies in which neurosurgical access does not require opening the frontal sinuses are most frontal lobe tumours (Fig. 1),
aneurysms of the anterior cerebral artery and the anterior communicating artery, operated using a frontal
interhemispheric approach [5]. When performing
frontal craniotomy, it is important to know how far
upward and laterally the sinuses in the frontal bone
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Figure 1. Magnetic resonance imaging showing a high-grade glioma located posteriorly of the frontal sinus.

extend, and it was our aim in this study to determine
these diameters.

MATERIALS AND METHODS
The study consisted of a retrospective analysis
of computed tomography (CT) scans from 120 people (60 men, 60 women). The analysed scans were
obtained from patients of the Department of Neurosurgery, Collegium Medicum, Nicolaus Copernicus
University. The patients were treated due to various
conditions constituting indications for a CT examination: brain tumours, intracranial haemorrhages,
hydrocephalus, brain injuries. The analysis did not
include CT images of patients with skull fractures and
following neurosurgical or laryngology procedures
which involved the frontal sinuses and, therefore,
could lead to changes in the patients’ anatomical
conditions. The patients were treated in 2018–2019,
and the retrospective analysis was conducted in 2020.

The study received approval from the Bioethics Committee of the Ludwik Rydygier Collegium Medicum
in Bydgoszcz, the Nicolaus Copernicus University in
Torun (document no. KB 35/2020). The analysed CT
scans were acquired from 60 women aged 18–78
years (mean age: 56.43) and 60 men aged 18–80
years (mean age: 54.35), using the Discovery CT 750
HD GE scanner in the Digital Imaging and Communications in Medicine (DICOM) format. The scans were
performed at a step of 0.4 mm. Bone scans were used
for measurements.
The frontal sinuses (right and left) were measured
based on transverse and frontal scans as shown in
Figure 2.
The measurements included:
— the greatest transverse diameter (width) measured
in the transverse plane between the midline and
the most lateral point of the sinus on each side
(Fig. 2A, measurement 1);
— the greatest vertical diameter (height) measured in
the frontal plane between the line defined by the
supraorbital margins and the highest point of the
frontal sinus on each side (Fig. 2B, measurement 2);
— the distance between the highest point of the
sinus and the midline, measured in the frontal
plane on each side (Fig. 2B, measurement 3);
— the distance between the most lateral point of
the sinus and a line defined by the supraorbital
margins, measured in the frontal plane on each
side (height of the most lateral point) (Fig. 2B,
measurement 4);
— sinus projection surface area, calculated based
on the contour of the sinus using Osirix 3.9 MD.

Figure 2. Sample computed tomography scan for frontal sinus measurements; A. Transverse; B. Frontal.
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Table 1. Values of the frontal sinus parameters measured in each sex on the right and left side
Parameter studied

Men

Women

Right

Left

Right

Left

Greatest transverse diameter [mm]

25.10 ± 2.18

25.30 ± 2.34

24.40 ± 2.27

24.30 ± 2.46

Greatest vertical diameter [mm]

24.70 ± 2.43

24.50 ± 2.21

23.70 ± 2.42

23.80 ± 2.40

Diameter: midline – highest point [mm]

3.20 ± 0.11

2.40 ± 0.09

2.20 ± 0.09

2.30 ± 0.10

Height of the most lateral point [mm]

13.10 ± 0.12

13.50 ± 0.11

12.70 ± 0.10

12.80 ± 0.09

Projection surface area [cm2]

6.27 ± 1.43

6.25 ± 1.21

6.17 ± 1.42

6.18 ± 1.40

The projection surface area was determined in
the frontal projection (Fig. 2B, measurement 5).
The above measurements aligned with the study
aim to determine how far upward and laterally the
frontal sinuses extend, which is important for a neurosurgeon conducting frontal craniotomy. In this study,
no measurements of the parameters examined were
performed in the sagittal plane because no benefits
of this projection for a neurosurgeon could be found
in planning operative approach in order to avoid
unintended opening of the sinus.
The results of the investigation were statistically
analysed. Distribution of variables was checked using the Shapiro–Wilk (W) test. The homogeneity of
variance was checked using Fisher’s test. The results
were expressed as arithmetic means with standard
deviations (SD). To compare the means, Student’s
t-test for independent variables and one-way analysis
of variance were used. Tukey’s test was used for post
hoc analysis. If no similarity of variance occurred,
the non-parametric Kruskal–Wallis test was used.
The characterisation of developmental dynamics of
the analysed parameters was based on linear and
curvilinear regression analysis. The match between
the numerical data and computed regression curves
was evaluated based on the coefficient of determination (R2). Correlations between the variables were
also determined using Pearson’s linear correlation
coefficient (r).
The parameters studied were compared by sex (female vs. male), and the possible laterality differences
(right vs. left) were assessed for each sex separately.
Ethics approval and consent to participate

The experiment was approved by the Bioethics
Committee of the Ludwik Rydygier Collegium Medicum in Bydgoszcz (KB 35/2020). Written informed
consent was obtained from the patients for publication of this case report and any accompanying

Table 2. Intra-class correlation coefficients (ICC) values for
inter-observer recurrence
Parameter studied

ICC

Greatest transverse diameter

0.996*

Greatest vertical diameter

0.995*

Diameter: midline – highest point

0.997*

Height of the most lateral

0.998*

Projection surface area

0.998*

*Intra-class correlation coefficients marked with asterisk are statistically significant at
p < 0.0001

images. A copy of the written consent is available for
review by the Editor of this journal.

RESULTS
The results obtained for the five parameters measured are summarised in Table 1.
In an attempt to minimise measurement and observer bias, all measurements were completed by one
experienced researcher (Z.S.) specialising in image interpretation. Each measurement was reiterated three
times under the same conditions but at different
times, and then averaged. As shown in Table 2, the
intra-class correlation coefficients calculated on the
basis of an observer were statistically significant and
of excellent reproducibility.
The greatest transverse diameter of the sinuses
was 25.1 ± 2.18 mm on the right side and 25.3 ±
± 2.34 mm on the left side in men, and 24.4 ±
± 2.27 mm on the right side and 24.3 ± 2.46 mm on
the left side in women. For the transverse diameter of
the sinus assessed in plane, neither sex nor laterality
differences were found.
The greatest vertical diameter of the sinuses was
24.7 ± 2.43 mm on the right side and 24.5 ± 2.21 mm
on the left side. In women, the greatest vertical diameter was 23.7 ± 2.42 mm on the right side and
23.8 ± 2.40 mm on the left side. The vertical diam-
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Figure 3. Diagram of measurements; A. Transverse projection; 1 — transverse diameter of the sinus; B. Frontal view; 2 — vertical diameter
of the sinus; 3 — distance between the highest point and the midline; 4 — height of the most lateral point of the sinus; 5 — projection surface area.

eter of the sinuses was greater (p < 0.05) in men
compared with women (Fig. 2), and no laterality
differences were found in either sex.
The distance between the highest point of the sinus
and the midline in men was 3.2 ± 0.11 mm on the right
side and 2.4 ± 0.09 mm on the left side. In women,
that distance was 2.2 ± 0.09 mm on the right side
and 2.3 ± 0.10 mm on the left side. The distance between the highest points of the frontal sinuses and the
midline did not show any sex or laterality differences.
The most lateral points of the frontal sinus in men
were 13.1 ± 0.12 mm and 13.5 ± 0.11 mm above
the supraorbital margin on the right and left side,
respectively. In women, these points were 12.7 ±
± 0.10 mm and 12.8 ± 0.09 mm above the supraorbital margin on the right and left side, respectively.
The height of the most lateral points of the frontal
sinuses in relation to the supraorbital margins was
greater in men, and of the two points in men, that
on the left side was located higher than that on the
right side (Fig. 3). There were no laterality differences
in women.
Projection surface area in men was 6.27 ± 1.43 cm2
on the right side and 6.25 ± 1.21 cm2 on the left
side. In women, projection surface area was 6.17 ±
± 1.42 cm2 on the right side and 6.18 ± 1.40 cm2
on the left side.
Statistically significant results in reference to sex
and side are presented in Table 3.

DISCUSSION
From a neurosurgeon’s point of view, it is important to know how far upward and laterally the frontal
sinuses extend. It is because these diameters indicate
the likelihood of opening the sinus during neurosurgical procedure. We reviewed the literature on the

Table 3. Statistically significant (p < 0.05) difference between
parameters measured
Parameters measured

Differences
between sexes

Laterality
differences

Greatest vertical diameter

Male > Female

–

Height of the most lateral point

Male > Female

Left > Right
(in men)

morphometry of the frontal sinuses. Six references
from 2002 to 2019 assessing the morphometry of
the frontal sinuses and the diagnostic suitability of
CT, and describing clinical implications pertaining to
surgical procedures, were found. These references are
discussed below in chronological order (Figs. 4, 5).
Kew et al. (2002) [7] analysed the frontal sinuses
based on sagittal, frontal and three-dimensional CT
scans. Their study methodology partly resembled our
study, but they considered the morphology of the
frontal sinus in relation to laryngology procedures,
not neurosurgery. In general, Kew et al. [7] demonstrated the benefits of assessing sagittal scans in
establishing surgical access. The sagittal projection
was much better than frontal scans in identifying
and assessing the size of the frontal sinus opening.
According to Kew et al. [7], the surgical procedure
plan was changed based on additional information
obtained from sagittal scans in 55% of cases. However, they did not show any significant difference
between the morphology of the frontoethmoidal cells
shown in the sagittal and frontal projections [7]. Still,
the results obtained by Kew et al. [7] demonstrate
the importance of sagittal scans in surgical planning.
Fatu et al. (2006) [4] studied the development of
the frontal sinus and its variability throughout human
life. It assessed the morphology of the frontal sinus

1050

Z. Siedlecki et al., Frontal sinuses in the aspect of craniotomy

25.4
25.2
25.0
24.8
24.6
24.4
24.2
24.0
23.8
23.6
23.4
23.2
23.0

Vertical diameter of the frontal sinus
p < 0.05

Male
right

Male
left

Female Female
right
left

Figure 4. Box plot showing statistically significant differences in
sinus height; Male > Female.
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Figure 5. Box plot showing statistically significant differences in
the height of the most lateral point of the sinus; Male > Female,
Left > Right in men.

using 60 frontal X-ray images of patients of different
ages and both sexes [4]. The authors measured the
frontal sinus projection surface area in the frontal
plane. They used professional software called Bersoft Image 4.02 [4] to measure the surface area of
the right and left frontal sinuses in X-ray images.
Therefore, the approach in the study by Fatu et al. [4]
was similar to our methodology, except for the use
of X-ray images instead of frontal CT used in our
study. Fatu et al. [4] estimated that the frontal sinus
was already visible in 4-year-old children. In 5% of
cases, one-sided or complete absence of the sinus
was determined [4]. According to Fatu et al. [4], the
frontal sinus projection surface area in the frontal
plane increases up to the age of 19 years in synchrony

with the overall growth of the splanchnocranium. The
authors also pointed out that individual differences in
the size and shape of the sinuses in adults depended
on environmental factors [4]. In terms of surgical
procedures (which was common with the idea behind
our study), Fatu et al. [4] noted that bone resorption
leading to enlargement of the frontal sinus could
potentially complicate surgical procedures conducted
in this region in older patients.
Tatlisumak et al. (2008) [11] assessed the diameters
of the frontal sinuses in relation to surgical procedures,
as in our work. They found that the diameters of the
left frontal sinus were usually greater than those of the
right frontal sinus, and the sinuses were larger in men
than in women. Tatlisumak et al. [11] demonstrated
a significant difference in the anterior–posterior diameter between the left and right side in both sexes and
showed differences in the height of the left and right
sinuses in men and in the width of the right and left
sinuses in women. In every case, the diameters on the
left side were greater [11]. In both sexes, the highest
values of measurements were usually observed in the
age group of 31–40 years, and there was a tendency
to decrease with age [11]. The authors pointed out
that the larger diameter of the left frontal sinus may
put it at a greater risk of opening during a surgical
intervention [11], which supports the conclusions of
our study. In both our study and that by Tatlisumak
et al. [11], it was shown that some of the parameters
measured were greater in men, while the most lateral
point of the sinus in men was located higher on the
left side. This suggests that a greater extension of the
sinus air cells should be expected on the left side, which
may have significant implications for a neurosurgeon
performing craniotomy.
Lee et al. (2010) [9] conducted morphometric
measurements of the frontal sinuses based on CT
in 150 people. CT scans in this study focused on the
maxillofacial region, as opposed to craniocerebral CT
used in our study owing to the availability of neurosurgical documentation. Lee et al. [9] conducted
morphometric measurements in the midline and at
a distance of 10, 20 and 30 mm laterally from the
midline on both sides. The authors used sagittal,
frontal and transverse scans which, except for the
sagittal images, is in line with the methodology in our
study. They analysed the obtained data for significant
differences between measurements taken at selected
points of the frontal sinus, focusing on variability
depending on the side (left vs. right) and sex. The
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height of the frontal sinus was the greatest in the
midline (mean 24.5 mm) and gradually decreased
toward the sides [9]. The mean width at the level of
the supraorbital process was 52.2 mm [9]. No significant variability between left and right was observed
in any measurement. As regards sex differences, Lee
et al. [9] stated that men have greater diameters in
most of the frontal sinus measurements, but these
differences were significant only in or near the midline, and no differences were noted on the sides. In
our work, the height of the sinus was the greatest
perimedially, only a few millimetres away from the
midline. In contrast to Lee et al. [9], however, we did
not demonstrate that the height was the greatest in
the midline. This was due to the presence of bone
septa in the midline.
Guerram et al. (2014) [6] classified the frontal
sinuses into four categories: (1) aplastic, (2) hypoplastic, (3) of average size, (4) hyperplastic [6]. This classification is based on a simple quantitative morphological assessment of the sinus size. It has been used by
other researchers and has become clinically relevant
in assessing the risk of sinus injury (Buller et al., 2019
[2]). Guerram et al. [6] referred the size of the frontal
sinuses to the presence of persistent frontal suture.
They examined 143 dry human skulls of adult individuals, including 80 skulls with a complete frontal
bone fusion and absent frontal suture, as well as 63
skulls with persistent frontal suture [6]. The authors
found a statistically significant difference in the size of
the frontal sinuses between the two groups of skulls
[6]. Aplastic and hypoplastic sinuses were much more
frequent in skulls with persistent frontal suture compared with those completely fused (57.9% vs. 11.9%),
with hypoplastic sinuses being much more frequent
(50.8% vs. 9.4%) and aplastic sinuses only slightly
more frequent (7.1% vs. 2.5%) between the two skull
groups [6]. Although in our study we did not consider the presence of persistent frontal suture in the
frontal bone, the classification by Guerram et al. [6]
may be useful in assessing the size of the frontal sinus
in relation to neurosurgical approach.
Buller et al. (2019) [2] determined the size of the
frontal sinuses in patients with concave fractures of
the sinus anterior wall due to trauma. Their study is
related to our analysis, because frontal injuries are
a subject of interest of neurosurgery, while unintended penetration of the sinuses during craniotomy can
be compared to a trauma. Buller et al. [2] conducted
a retrospective study in a group of patients with

Table 4. Review of the literature on the size of the frontal
sinuses considering laterality and sex differences
Study

Laterality
differences

Differences
between sexes

Tatlisumak et al., 2008 [11]

Left > Right

Male > Female

Lee et al., 2010 [9]

Not statistically
significant

Male > Female

Siedlecki et al., 2021
(current study)

Left > Right*

Male > Female**

*In men, the most lateral point of the sinus was located higher on the left side, which
may indicate that the left side of the frontal squama tends to fill more extensively with
air cells
**For the vertical diameter and the height of the most lateral point

displaced fractures of the anterior part of the frontal
sinus. The control group was randomly selected from
patients with blunt frontal injuries without fractures.
The authors used the Guerram et al. [6] classification
of the sinus size into four groups as determined by
CT. Buller et al. [2] studied 47 sinuses in patients with
fractures and 93 controls. Hyperplasia in the group of
patients had an odds ratio of 46:1 (p < 0.001) compared with the control group [2]. The mean width of
the sinus was 73 mm vs. 46 mm (p < 0.001), while the
mean height was 30 mm vs. 15 mm (p < 0.001) [2].
In general, the frontal sinuses were larger in the patient group compared with the control group. The authors showed that post-traumatic concave fractures
of the anterior wall of the frontal sinus were specific
to patients with enlarged sinuses and that increased
sinus size predisposed them to such an injury [2]. The
idea and methodology of the Buller et al. [2] study
was related to our study. If unintended opening of
the frontal sinus during neurosurgical approach is
treated as a surgical trauma, it is facilitated by the
size of the sinus, which was the assumption and basis
for our analysis.
Of the literature items presented, two (Tatlisumak et al., 2008 [11]; Lee et al., 2010 [9]) identified
differences between the left and right sides and sex
differences, similarly to our study. The results are
reported collectively in Table 4.

CONCLUSIONS
Of the five parameters examined, two of them:
vertical diameter and the height of the most lateral
point were greater in men compared with women.
Moreover, in men, the most lateral point of the sinus
was located higher on the left compared with the
right. This suggests a trend toward larger frontal
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sinuses and a greater extension of air cells in the
upper-lateral direction on the left side of the frontal
bone in men. Therefore, it may be of help for clinicians
to consider that, particularly in men, left-side craniotomy poses a greater risk of opening the frontal sinus
compared with that on the right side if the procedure
is extended in the frontal direction.
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The sympathetic chain serves to distribute visceral efferents and afferents over
the entire body. The sympathetic chain courses from the base of the skull to the
coccyx and sends branches to distribute along spinal nerves and a number of visceral nerves that distribute to cardiac muscle, smooth muscle and glands. During
dissection of the posterior abdominal wall, we identified a rare variation of the
sympathetic chain. In this subject, the sympathetic chain failed to send grey rami
to the L2–4 spinal nerves and terminated by joining the S1 anterior ramus. Such
a variation has only been reported once in the literature in 1895. We provide
both schematic and photographic documentation of this variation and propose
a number of possible circuits whereby visceral axons can reach their target despite
these anatomical barriers. (Folia Morphol 2022; 81, 4: 1054–1057)
Key words: anatomy, neuroscience, neuroanatomy, human body

INTRODUCTION
The sympathetic component of the autonomic
nervous system includes an efferent chain of two
neurons and axons of primary afferent neurons. The
first of the two efferent neurons, the preganglionic
or presynaptic neurons, have cell bodies in the interomediolateral cell column (IML CC) in the spinal
cord [3]. The IML CC extends from the first thoracic
segment to the 2nd or 3rd lumbar segment [3]. The
second of these two neurons, the postganglionic or
postsynaptic neuron, has a cell body in a peripheral
ganglion, either the sympathetic chain or ganglia
situated anterior to the aorta in the abdominopelvic
cavity [3]. Coursing with these efferent axons are
afferent axons derived from neurons in the posterior
root ganglia from the same levels (T1–L2) [12].
The sympathetic chain serves as a superhighway for
distribution of both efferent and afferent axons concerned with innervation of glands, smooth and cardiac muscle literally everywhere in the entire body [12].

The sympathetic chain extends from the base of the
skull [3], although there are reports of a ganglion
cells across anterior communicating artery (ganglion
of Ribes) [13], to the tip of the coccyx at the ganglion
impar (coccygeal ganglion of Luschka). The sympathetic chain receives white rami from the T1–L2 spinal nerves (Fig. 1). Some resources state white rami
are found at C8–L3 spinal nerves [15]. These white
rami transmit preganglionic sympathetic efferent
axons from cell bodies in the IML CC and afferent
axons from pseudounipolar neurons in posterior root
ganglia at spinal levels T1–L2 [12]. Through additional rami the sympathetic chain innervates portions of
the vertebral column and associated ligaments [7].
A number of visceromotor ganglia are situated along
the course of the sympathetic chain (Fig. 1). In the
cervical region there are only 3 to 4 ganglia, but in
the thoracic, lumbar and sacral regions there are
typically chain ganglia at every spinal level [3]. Some
reports state there may be only 3–4 lumbar ganglia
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primary afferents to preaortic ganglia and plexi in
the abdominopelvic cavities (Fig. 1) [12].
While there are numerous reported variations of
the cervical and thoracic sympathetic trunk, reports
on variation of the lumbar or sacral aspects of the
sympathetic chain, including abnormal termination
are extremely rare [2, 9, 13, 14]. There is a report of
lumbar splanchnic nerves intermingling with gonadal
vessels [11]. Webber reports possibilities of accessory
sympathetic ganglia that may or may not connect to
the sympathetic chain [5]. Another report details an
accessory hypogastric nerve and an additional pelvic
splanchnic nerve originating from the S1 sacral root [1].
There is a single report of a sympathetic chain terminating prematurely by joining one of the sacral
anterior rami [4]. In this report, the right sympathetic
chain terminated by entering the anterior aspect of
the S2 anterior ramus directly anterior to the S2 sacral
foramen. Only one sacral ganglion was present and
this was found anterior to the S1 anterior ramus.
However, this report included only a brief description
and unfortunately no images of the variation.

Figure 1. Branching from the subdiaphragmatic sympathetic chain.
Shown on the subject’s right side (R) is the normal pattern of
branching from the sympathetic chain (yellow). This includes white
and grey rami to the T12–L2 and grey rami to the remaining ventral
rami (blue arrowheads), lumbar splanchnic (white arrowheads) and
sacral splanchnic nerves. Preaortic ganglia are found at the roots of
the coeliac, superior mesenteric (SMA) and inferior mesenteric arteries (IMA). The superior hypogastric plexus (SHP) distributes sympathetics to pelvic organs via hypogastric nerves (HN) and the inferior hypogastric plexus (IHP). Note the sympathetic chain continues
all the way to the coccyx. The left side (L) shows the pattern found
in this case study. Specifically, note the sympathetic chain fails to
send branches to the ventral rami L2–4 and terminates by joining
the S1 ventral ramus (yellow arrowhead). Pelvic splanchnic nerves
are indicated by green arrowheads; A — aorta; EI — external iliac.

CASE REPORT

with that of the L5 level being the most consistent
[5, 15].
The sympathetic chain forms numerous branches
to distribute efferent and afferent axons. Specifically,
the sympathetic chain sends grey rami carrying postganglionic efferents and primary afferent axons into
each spinal nerve (Fig. 1) [12]. For the lower extremity,
preganglionic cell bodies are located in the IML CC
at T10–L2 and the efferents are situated in posterior
root ganglia at the same spinal levels [12].
A number of branches distribute postganglionic
efferents and primary afferents including the internal
carotid nerve, the external carotid nerve, and numerous branches distributing to the pharynx, larynx, and
thoracic organs. Additionally, there are numerous
splanchnic nerves (greater, lesser, least, lumbar and
sacral) that distribute preganglionic efferents and

The specimen used in this case report was obtained through the Humanity Gifts Registry of Pennsylvania (USA) and was used in accordance with its
educational mission.
Dissection of the posterior abdominal wall of
a 60-year-old male (cause of death: natural death, failure to thrive, severe general debility, severe generalised
atherosclerosis, and coronary artery disease) in the
Anatomy Lab at the Lake Erie College of Osteopathic
Medicine revealed a peculiarity of the sympathetic
chain. Specifically, on the left side of the body, the
sympathetic chain was found to form a number of
lumbar splanchnic nerves (Figs. 1, 2, white arrowheads)
that ran anterior, inferior and medial to join the superior hypogastric plexus (Fig. 2). The sympathetic chain
continued along the posterior abdominal wall and ran
posterior to the common iliac artery and vein. The
chain contributed a large grey ramus (Fig. 2, red arrowhead) to the L5 anterior ramus and then terminated
by joining the anterior aspect of the S1 anterior ramus
(Fig. 1, yellow arrowhead; Fig. 2, yellow wire). No grey
rami were found to join the ventral rami of L2–4.

DISCUSSION AND CONCLUSIONS
Formation of the sympathetic chain begins around
embryonic days 30–36 from neural crest cells along the
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Figure 2. Branches and distribution of the left sympathetic chain. A colourised view of the sympathetic chain and plexus is shown in panel A;
an uncoloured version is shown in panel B. The aorta (A; red) is lifted and rotated to the right to show the branches from the sympathetic
chain (arrowheads). All of the sympathetic branches are coloured in yellow. A number of lumbar splanchnic nerves (white arrowheads) are
seen to join the superior hypogastric plexus (SHP). A grey ramus (red arrowhead) joins the L5 anterior ramus. In panels A and B, the sympathetic chain joins the anterior ramus of S1 (yellow wire). The union of the sympathetic chain and S1 is shown enlarged in panel C; CE — cauda equina; EI — external iliac; F — femoral nerve; II — internal iliac; IMA — inferior mesenteric artery; LCI — left common iliac; LH — left
hypogastric nerve; LST — lumbosacral trunk; O — obturator nerve; R — renal artery; RH — right hypogastric nerve; RCI — right common
iliac.

dorsolateral aspect of the developing spinal cord; these
cells differentiate into catecholaminergic ganglionic neurons destined for the sympathetic chain [10, 17]. By embryonic days 37–39, the sympathetic chain expands and
forms connections with preganglionic sympathetic nerve
fibres [10]. By embryonic day 44, the ganglionic cells begin
to condense and form ganglia at each segmental or spinal
level [10]. The ganglia and chain continue to grow and
mature throughout gestation to distribute sympathetic
axons throughout the body [16]. The variation found in
this case report constitutes an abnormal connection of
the sympathetic chain that most likely arose during early
embryonic development. While this finding appears to
be extremely rare, it nonetheless results in an abnormal
pattern of innervation from the lumbar sympathetic chain
and could contribute to surgical complications during
approaches to the lumbar spine [6, 7, 18].

Sympathetics distribute everywhere in the entire
body through three basic circuits. Sympathetics distribute to the body wall via the sympathetic chain and
grey rami that join the spinal nerves and/or ventral
rami and distribute along peripheral nerves to smooth
muscles and glands [12]. Distribution to organs in the
head, neck and thoracic cavities involve postganglionic branches from the sympathetic chain [12]. Finally,
sympathetics distribute to abdominopelvic organs via
splanchnic nerves, preaortic ganglia and the hypogastric plexus [12]. The subject of this case study had no
sympathetic chain below S1 on the left and as such,
no sacral splanchnic nerves on the left side (Fig. 1).
Our interpretation of this anatomical variation is
based on two assumptions. First, that sympathetics
go everywhere and second, that the body is always
right. Therefore, we believe that despite this anatom-
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ical variation, the body finds routes or connections to
distribute sympathetics to all the organs, vessels and
skin and that the novel pathways in this subject were
functional. Accordingly, sympathetic innervation to
the abdominopelvic viscera was likely achieved by the
lumbar splanchnic nerves and the hypogastric plexus.
More complicated though, this subject also had
no grey rami from L2–4 and below S1 (Figs. 1, 2).
The grey rami joining L5 and S1 on the right side
were large. We suspect these grey rami distributed
postganglionic sympathetic axons and visceral afferents across all sacral and coccygeal dermatomes. We
propose three possible routes for this to occur. First,
that axons from the grey rami joining the L5 and S1
rami distributed into the sacral plexus and coursed
retrograde into S3 through coccygeal levels and then
followed these nerves to the body wall. Alternatively,
axons from these grey rami may follow branches
from the sacral plexus (to S2) and then overstep their
dermatome boundaries in the skin to supply skin in
S3, S4, S5 and coccygeal dermatomes. Finally, it is
possible that axons from the lumbar splanchnic nerves
on the right side course through the mesenteric and
hypogastric plexi, hypogastric nerves and inferior hypogastric plexus and then course retrograde through
pelvic splanchnic nerves (Fig. 1, green arrowheads)
to join the ventral rami of S2–4. Regardless of the
pathway employed in this subject, we believe all of
the smooth muscle and glands in the sacral and coccygeal dermatomes receive sympathetic innervation.
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A unique example of two fenestrations of the pre-communicating (A1) segment
of the right anterior cerebral artery (ACA) in a 78-year-old woman was a special
case among 388 cadaveric specimens. It was found by a retrospective review of
the personal data obtained during graduate and undergraduate studies at the
Faculty of Medicine.
Two unequal fenestrations of the right A1 segment were associated with the
presence of a pseudo anterior communicating artery, hypoplasia of the right
posterior communicating artery and the left superior cerebellar artery, absence
of the right anterior inferior cerebellar artery, and ectasia of the basilar artery;
however, the cerebral arteries were without aneurysm(s) or other pathology. The
reason could be the almost equal ACA diameter on both sides. (Folia Morphol
2022; 81, 4: 1058–1061)
Key words: anterior cerebral artery, fenestration, brain base, associated
arterial variations

INTRODUCTION
The anterior cerebral artery (ACA), as one of the
two terminal branches of the cerebral part of the
corresponding internal carotid artery (ICA), courses through pre- (A1) and post-communicating (A2)
segments. It runs anteromedially and anastomoses
with the opposite ACA via the anterior communicating artery (ACoA), and continues to pass between
the cerebral hemispheres over the genu towards the
splenium of the corpus callosum; it branches into
(sub)cortical arteries as well as branches for basal
nuclei [3].

There were a wide range of ACA variations, such
as hypoplasia [4, 18], variable origin and/or course
[9, 13], variable branching [6, 14], and/or abnormalities, such as a simplification of the paired ACAs into an
azygos trunk [4, 11, 14], aplasia [8], and persistence
of the primitive (plexiform) shape of the A1 subpart
[12], along the whole A1 part [1], or as a button-hole
defect or a fenestration of the artery [4, 7, 8, 14].
Fenestrations of single cerebral arteries of the
carotid (CS) and vertebrobasilar (VBS) systems (ICA,
ACA, middle/posterior cerebral arteries, anterior/
/posterior communicating arteries, vertebral arteries,
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Figure 1. Case of double unilateral fenestration of the anterior cerebral artery (ACA); A. View of the cerebral angioarchitecture on the brain
base; B. Focus on the right A1 part and anterior communicating artery (ACoA). Two arrows indicated two fenestrations on the right A1 part;
two stars limited the origin and length of so-called pseudo ACoA; C. Values of the outer diameter (mm) of some main arteries on the brain
base; the length of larger fenestration in the right A1 part is marked by green colour; A2 — post-communicating part of ACA; A1 — pre-communicating part of ACA; M1 — sphenoidal part of the middle cerebral artery; C4 — cerebral part of the internal carotid artery (ICA); AChA —
anterior choroidal artery; PCoA — posterior communicating artery (broken line indicated the left PCoA to the ICA origin); P1 — pre-communicating part of the posterior cerebral artery (PCA); P2 — post-communicating part of PCA; SCA — superior cerebellar artery; BA — basilar
artery; AICA — anterior inferior cerebellar artery; VA — vertebral artery.

basilar artery, and posterior inferior cerebellar arteries) in single or multiple appearances [2, 4, 14], or
associated with each other [15] have been described.
The theories about the origin and pathoanatomical significance of the cerebral artery fenestration
cited in Scranton et al. [15] are still controversial. We
will present two fenestrations of the right A1 segment
without aneurysm(s) or other pathology in a cadaver
in the eighth decade of age.

CASE REPORT
A unique case of double fenestration of the unilateral A1 segment was found in a retrospective review
of the data of 388 adult cadavers of various ages,
genders and causes of death autopsied at the Department of Forensic Medicine in Niš.
The double fenestration in the right A1 segment
on the brain base was found in a 78-year-old female
cadaver, autopsied due to an incidental polytrauma
on the street.
The cerebral angioarchitecture of the brain base
was recorded on film and schematised in a workbook. At first, the cerebral arteries were observed

macroscopically and with a magnifying glass, and
the outer diameter (OD) of each artery was calculated
from the digital images, using the ImageJ processing
programme (http://rsb.info.nih.gov/ij/index.html).
The vessel’s OD of ≤ 1.0 mm in the CS, as cited
in Vasović et al. [18], was the threshold for the
explanation of its size as a hypoplasia, while data
from another article [17] were used for the explanation of the eventual (dolicho)ectasia of an artery
in the VBS.
Figure 1A, C shows the cerebral angioarchitecture of the brain base as follows: the cerebral arterial
circle (CAC) was of a nonagon shape, and it was
formed by the subparts of the cerebral segment (C4)
of paired ICAs; paired A1 segments connected by the
ACoA; as vascular components of the anterior CAC
segment, paired posterior communicating arteries
(PCoAs) and pre-communicating (P1) segments of
the posterior cerebral arteries (PCAs); and as vascular components of the posterior CAC segment.
The ODs of all the CAC vascular components were
in the normal range, except the right PCoA, which
was hypoplastic.

1059

Folia Morphol., 2022, Vol. 81, No. 4

Two fenestrations of the right A1 segment causing
a bifenestrated A1 segment were visible; one was
located in the middle third of the A1 segment, of an
ellipsoid shape (2.84 mm in length; see Fig. 1A–C),
and the second was of a semilunar form (1.1 mm in
length) and was positioned at the A1 end (immediately before its junction with the ACoA).
The OD of the ACoA was 1.83 mm; a caudally
positioned threadlike vessel transversely oriented, as
a “pseudo ACoA”, connected the two A1 parts below
and laterally from the level of the ACA-ACoA junction
(stars in Fig. 1B). This was a vascular source of two
suprahiasmatic branches.
The right PCoA was hypoplastic (OD = 0.77 mm);
the left PCoA was of a normal OD (1.16 mm), but it
was artificially ruptured.
The basilar artery (BA) was ectatic (4.89 mm); however, its branches — the left superior cerebellar (SCA)
and the anterior inferior cerebellar (AICA) arteries
were hypoplastic, while the right SCA was of a normal
OD, and the right AICA was absent. Both vertebral
arteries (VAs) had normal ODs (3.84 mm on the right;
3.31 mm on the left); their convergent junction had
a slight dislocation on the left (immediately above the
left pyramid on the ventral side of the myelencephalon).
Insular atheromatous plaques were present in the
main arteries of the CS and VBS.
Ethical considerations

The protocol was approved by the Council on
Graduate Study and Research Ethics Committee (No.
01-9068-4) of our Faculty of Medicine. There were no
financial or commercial gains and the authors declare
that they have no conflicts of interest.

DISCUSSION
In general, arterial “fenestration” is described if
the (cerebral) artery is doubled in one part of its
trunk into two independent channels with their own
tunica intima and tunica media and, sometimes with
a tunica adventitia, and after the appropriate course
these channels reform the original artery [2, 4, 15].
The first available description of the A1 fenestration
was found in an article by Fawcett and Blachford [5],
giving an incidence of 0.14%. Since then there have
been many articles including this vascular abnormality, such as case reports [1, 7, 8], or review [14] or
retrospective [2, 4, 10] studies.
Fenestration of the A1 segment may occur, as cited
in Iwabuchi et al. [7], due to the absence of the fu-

sion of the primitive plexiform anastomosis between
the ACA and the primitive olfactory artery, normally
presented at the 18–43 mm embryonic stage. Consequently, developmental failure of the ACA may increase blood flow in one of the A1 segments because
of possible A1 hypoplasia [7] or A1 aplasia [8, 19] on
the opposite side, and results in increased haemodynamic stress and defects in the tunica media of the
ipsilateral A1 bifurcation or fenestration, and finally
in the formation of an aneurysm [4].
Our case was similar to a case published by Yoshida et al. [19]; however, although the previous authors
noted a “tandem” of A1 and ACoA fenestrations in
a 50-year-old man, associated with an A1 aneurysm
and contralateral A1 aplasia, we are of the opinion
that the ACoA could not have existed, due to the
opposite ACA aplasia.
The association of vascular variations, such as the
presence of a pseudo ACoA, hypoplasia of the right
PCoA and left SCA, the absence of the right AICA,
and BA ectasia with (two) fenestrations of the right
A1 segment in the presented case, is a unique case in
available literature. Badagabettu et al. [1] described
a hypoplastic plexiform right A1 segment followed
by an absence of the ACoA which was replaced by
an azygos trunk. Kachhara et al. [8] described an
opposite A1 aplasia, while Kobayashi et al. [11] and
Uchino et al. [16] presented a contralateral A1 hypoplasia and azygos trunk.
Some findings of ACA fenestrations in the literature indicated controversies about their pathophysiological and clinical significance. They are as
follows: 1) Kim et al. [10] performed a retrospective review of 843 conventional cerebral angiograms
and 1,787 cranial magnetic resonance angiograms
(MRAs) in South Korea, and found 14 cases of A1
fenestrations, with 3 of the 14 cases being associated
with aneurysms; simultaneously, an ACA aneurysm
was evidenced in only 1 case; 2) Uchino et al. [16]
found 9/891 cases of A1 fenestrations without any
pathological signs in the MRAs of patients in Japan;
3) A proof of the relationships between ACA fenestrations and aneurysms can be found in a paper published by Cooke et al. [2]; they discovered cerebral
arterial fenestrations in 228/10,927 patients (2.1%) in
the United States using 20-year-old digital subtraction
angiograms from their clinical archives; at the same
time, they found ACA fenestrations in 43 cases (43/228
or 18.9%), and of them 26 cases (26/43 or 61.9%)
were associated with aneurysms; 4) Although there
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have been case reports about different aneurysm locations independent of a finding of ACA fenestration
[11, 12], Yoshida et al. [19] noted that up to the year
2012 a total of 21 cases (including their own case) of
aneurysms arising from the A1 fenestration had been
recorded; and 5) Clinically, a small fenestration of ACA,
such as the second one in the presented case, could
be mistaken for an ACoA aneurysm on an MRA [14].

CONCLUSIONS
Although it is very well known that the ACoA and
the BA, as unpaired arteries on the median line of the
brain base, characterise the appearance of multiple
fenestrations, the presented case of a double unilateral ACA fenestration is proof of the possibility of
a break in the vessel’s continuity out of the median
line during its simplification caused by persistent
arterial precursors, such as the ACA in this case.
Fenestrations of the cerebral arteries of the CS can
be associated with vascular variations of the same
and the VB systems.
Fenestration(s) of the A1 segment are not “weak
points” for aneurysm development, especially if the
ACAs’ calibre does not vary on different sides.
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Background: Venous anomalies of the lower extremity are a challenge when
found as rare variations. Physicians should be aware of morphological variations
in this region for correct diagnosis and management of diseases such as deep
vein thrombosis.
Materials and methods: During the routine dissection of the lower extremities
of a Caucasian male cadaver, a case of persistent sciatic vein was found.
Results: A persistent sciatic vein originating from the saphenopopliteal junction
coursed proximally and laterally to enter into the adductor magnus muscle, at
the right side. Running through the fibres of the adductor magnus anteriorly, the
variant vein drained into the deep femoral vein just medial to the vastus medialis
muscle.
Conclusions: As being a rare congenital vascular anomaly, the persistent sciatic
vein should be correctly diagnosed and defined during the radiologic assessments,
surgical interventions and blockades for better outcomes and lesser complications.
(Folia Morphol 2022; 81, 4: 1062–1065)
Key words: sciatic vein, popliteal vein, variation, cadaver, deep femoral
vein, Klippel-Trénaunay-Weber syndrome

INTRODUCTION
During the 9 to 15 weeks of embryonic development of foetus, the large primitive axial vein
drains the lower extremity. When the femoral vein
grows into the main trunk of the thigh, the greater
axial vein turns into a lesser arcade along the sciatic
nerve. Persistence of this axial vein, which normally
should regress, is defined as the persistent sciatic
vein (PSV) [15]
Persistent sciatic vein, first described by Servelle in
1978, is a rare congenital vascular anomaly characterised by varicose veins, cutaneous haemangiomas, and
soft/hard tissue hypertrophy and it is often associated
with Klippel-Trenaunay syndrome (KTS). The main
venous outflow may be provided by a PSV when the
femoral vein is occluded [3].
th

th

Classical textbooks define the popliteal vein (PV)
to be formed by the junction of the anterior and
posterior tibial veins at the lower border of the popliteus muscle. Crossing the popliteal fossa vertically,
at its superior border, the vein passes through the
adductor hiatus to become the femoral vein. Within
the popliteal fossa, from superficial to deep, first the
tibial nerve then the PV is encountered. The popliteal
artery is located deep to the PV and it is in contact
with the femur and the joint capsule. The PV and
popliteal artery are in the same fibrous sheath. At the
distal border of the popliteus the PV is posteromedial
to the popliteal artery and superiorly it lies posterior
to the artery [7, 12].
Both the anatomy and surgery books lack adequate descriptions of PV formation and its possible
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Figure 1. A. Posterior aspect of the right thigh: After removal of skin and superficial fascia biceps femoris retracted (with hand and scissor) to
display the popliteal sciatic vein and adductor magnus; SN — sciatic nerve; AM — adductor magnus; ST — semitendinosus; BF — biceps
femoris; PSV — popliteal sciatic vein; SM — semimembranosus; PV — popliteal vein; SPJ — saphenopopliteal junction; B. Posterior aspect
of the right thigh with popliteal sciatic vein retracted: The photograph reveals the neurovascular structures of the right popliteal fossa and the
penetration of the popliteal vein through the adductor hiatus. The retractor indicates the medial aspect of the thigh; AM — adductor magnus;
BF — biceps femoris; SN — sciatic nerve; ST — semitendinosus; PSV — popliteal sciatic vein; AH — adductor hiatus; PV — popliteal vein;
SM — semimembranosus; SPJ — saphenopopliteal junction; C. Anterior aspect of the right thigh: The photograph displays the drainage of
the popliteal sciatic vein into the deep femoral vein on the anterior aspect of the right thigh. Deep femoral vein is located lateral to femoral
vein. The top scissor indicates the lateral aspect of the thigh; FV — femoral vein; FA — femoral artery; DFV — deep femoral vein; PSV —
popliteal sciatic vein.

variational patterns and also the multiple variational
tributaries. Therefore, any case or research study
might add to the comprehensive understanding of
the nature of these vessels (Fig. 1A–C).

CASE REPORT
During the routine dissection of the lower extremities of a Caucasian male cadaver, a case of PSV was
encountered at the right popliteal fossa. The variant
vein originated from the saphenopopliteal junction
(SPJ). While the PV was ascending anteriorly and
medially to enter into the adductor canal, the variant
vein was ascending laterally and penetrated the fibres
of the adductor magnus muscle. The length of the
variant vein, from the SPJ until its penetration into
the adductor magnus muscle, was 15.17 cm. The diameter of the vein at the emerging site was 8.58 mm
and 8.61 mm. The PV was 9.28 mm at the SPJ and
9.60 mm at the inferior hiatus of the adductor canal.
A vein considerable in diameter (3.85 mm) draining
the adductor magnus muscle opening into the PSV
was observed. When the dissection was proceeded
at the anterior surface of the thigh, the PSV was
seen draining into the deep femoral vein just medial
to the vastus medialis muscle. Small saphenous vein

opened into the SPJ at its posterior aspect and the
gastrocnemius vein at its medial aspect.

DISCUSSION AND CONCLUSIONS
Persistent sciatic vein may act as the main venous
outflow tract in case femoral vein is occluded, though
it may persist in the presence of patent superficial
and deep femoral veins [1, 3]. The PSV in the present
case with a diameter of 8 mm was observed together
with a PV of a considerable size, which is 9 mm in
diameter; that means the drainage of the leg was
shared by these two veins.
Klippel-Trénaunay-Weber syndrome (KTWS) displays hypoplasia or aplasia of the femoral vein as
a major finding together with the persistent sciatic
vein, since the PSV serves as a compensatory venous
pathway [6]. Peirce and Funaki reported the greater
saphenous vein, deep femoral veins, and distal superficial femoral vein to be absent in a case of PSV
in a patient with KTWS [9]. All of these veins were
morphologically normal in our case. According to
Servelle, the pathophysiology of KTWS is associated
with the malformation of the PV. In this condition the
venous drainage is maintained around the knee by the
development of collaterals. One of these collaterals is
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PSV. However, the PV was evaluated and there was not
a sign of occlusion or contraction in the present case.
PSV is not unique to KTS; Cherry et al. [3] found only
20 patients with PSV in 279 patients with KTWS [11].
Several reports are found implicating the popliteal
venous ligation as a contributing factor to the lower extremity amputations due to the fractures, gun
wounds, blunt and/or penetrating trauma of the lower extremity [4]. Though the existence of variational
veins such as PSV can be considered as an advantage
in such conditions, because ligation of PV or PSV can
be compensated by other vein, consequently it is important for the surgeons to consider the variational
anatomy of the region very well before surgery.
This embryonic vascular remnant may be found
in three morphological forms. The PSV is considered
to be “complete” if courses along the thigh and
buttock. A complete PSV arises from the PV, ascends
to traverse the sciatic notch, and terminates draining
into the internal iliac vein. An “upper” PSV arises
from the minor tributaries of the upper thigh and
passes through the sciatic notch ending in the pelvis.
A “lower” PSV is limited to the distal and middle thigh
opening into the deep femoral veins. Lower PSVs may
also drain into an embryonic subcutaneous venous
plexus [3]. Considering these patterns, the PSV in
our case was a typical “lower” one draining into the
deep femoral vein.
Cross et al. [4] investigated the vessels in the popliteal fossa of 52 lower extremities and 63 venograms
and categorised the PVs in nine groups, but they
did not mention PVS in any way. They described the
origin of the PV occurring as the junction of medial
and lateral veins. Out of nine groups, one group fits
our case, whose prevalence they estimated at 1.9%.
According to the drawings of them, medial vein was
the continuation of the posterior tibial vein and lateral vein was the continuation of the fibular vein,
but the terminations of these two branches were
not detailed [4].
Koç et al. [5] reported a bilateral PSV case in which
both PVs were hypoplastic, contrary to our case.
They reported the diameter of PV at the right side
to be 5.21 mm, while we measured the diameter of
PV as 9.3 mm in our case. In their case, the origin of
the PSV was anterior tibial vein at the right side and
junction of the anterior and posterior veins at the
left side. In our case PSV originated from the SPJ.
Koç et al. [5] reported the diameters of the PSVs at
the origin and termination to be 7.08 mm and 8.53

mm, respectively at the right side while 7.78 mm and
7.43 mm at the left side. Ours were 8.6 and 9.6 mm,
respectively. The PSVs in both case reports drained
into the deep femoral vein [5]. In our case, there
was not an accompanying artery at the back of the
thigh and the variant vein had no communication
with the inferior gluteal vein or perforating veins
along its course.
A solid knowledge of the variational venous anatomy of the lower extremities is crucial for the accurately
assessment of the computed tomography scans and
ultrasound examinations. Being aware of the diverse
femoral and PV variations may be helpful to comprehensively interpret the suspected deep vein thrombosis and plan the interventional management [8].
Trigaux et al. [13] determined the presence of the
sciatic venous axis and the possible incompetency
of the deep venous system, stressing the clinical
consequences such as the rejection of the saphenectomy. Such variant veins are regarded as a risk of
complication during popliteal sciatic nerve blockade
[5]. To avoid this kind of complications ultrasound
visualisation of the region can help or, more classically, an aspiration may prevent an intravascular
injection.
During the sciatic nerve decompression, the transgluteal approach is the conventional route through
which the piriformis is reached and transected. Tubbs
et al. [14] defined a new method for this procedure
reaching the piriformis via the obturator canal in
prone position. A potential presence of the PSV is very
important, as in our case, since this new procedure is
performed through adductor muscles. On the other
hand, a complete PSV might be an obstacle during
the transgluteal approach [14].
When a literature search on the PSV is performed,
a few studies or case reports conducted by ultrasound
and venography, poorly defining the origin, course,
and termination of this congenital angiodysplasia,
are found. An incidence of 0.7% to 9% appears as
a result of overall review [8, 13]. Cardoso et al. [2],
after analysing 32 lower limbs of cadavers, reported
the incidence of PSV as 6.25%. Park et al. [8] detected
3 cases of PSV out of 445 patients in a retrospective
computed tomography venography research. In their
research conducted on 41 cadavers and 169 phlebographies, Pompeo et al. [10] reported the incidence as
3.33%. Trigaux et al. [13] reported 7 patients with sciatic drainage pathway in more than 1200 ascending
phlebographies in which no incidence is implicated.
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On the other hand, there stands a question if the
incidences claimed in the aforementioned studies are
reliable since magnetic resonance angiography is the
most suitable imaging technique to make a certain diagnosis [1] and solely the cadaveric dissections could
reveal the exact emergence, course and termination
of the variant vessels.
Conflict of interest: None declared
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Abnormal systemic vein development produces anomalous veins, which — in the
case of persistent left superior vena cava and/or left brachiocephalic vein — exhibit considerable topographic and morphometric differences in comparison with
their usual anatomy. The nature and extent of those developmental anomalies —
detected during intravenous procedures, such as cardiac implantable electronic
device (CIED) lead insertion or central venous catheter placement — may hinder
the procedure itself and/or adversely affect its outcome, both at the stage of
cardiac lead advancement through an abnormally shaped vessel and lead positioning within the heart. This may lead to problems in achieving optimal sensing
and pacing parameters and in ensuring that the patient cannot feel the pacing
impulses. These events accompanied a de novo CIED implantation procedure in the
patient with a double superior vena cava and left brachiocephalic vein agenesis,
who ultimately required reoperation. (Folia Morphol 2022; 81, 4: 1066–1071)
Key words: persistent left superior vena cava, brachiocephalic vein,
venous anomalies, venography, transthoracic echocardiogram, cardiac
implantable electronic device (CIED), central venous catheter (CVC)

INTRODUCTION
The increasing use of minimally invasive transvenous procedures — such as cardiac implantable
electronic device (CIED) implantation — facilitates
detection of interindividual venous variations. Abnormal systemic vein development produces anomalous
veins, which — in the case of persistent left superior
vena cava (PLSVC) and/or left brachiocephalic vein
(BCV) — exhibit considerable topographic and mor-

phometric differences in comparison with the typical
vein anatomy [1–3, 8, 16]. Discovered incidentally
during a CIED implantation or central venous catheter
(CVC) placement procedure, such anatomical variations may hinder the procedure itself and possibly
adversely affect the recovery period.
One rare mediastinal systemic vein anomaly is
a developmental variation in the form of a double
superior vena cava (SVC) with concomitant agenesis
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Figure 1. A–D. Cardiac DDD mode pacemaker implantation on the left side in a 73-year-old woman (February 2021); A. Contrast agent administration via left subclavian vein puncture visualised a persistent left superior vena cava (SVC) (arrows) but not the site of its potential junction
with the left brachiocephalic vein (asterisk); B. A computed tomography scan showing three-dimensional topography of the encountered
venous anomaly (arrows) with respect to the following arterial vessels: the aortic arch (AA), brachiocephalic trunk (BCT), and left common
carotid artery (LCCA); C, D. X-ray film showing the course of both cardiac leads within the left SVC (arrows) and the location of their tips
within the right heart chambers (C. PA view, D. Lateral view).

of the left BCV [5, 6, 9, 15]. Azizova et al. [1] comprehensively discussed left BCV variations and their
clinical aspects. In this paper we focused on one of
such variations (encountered during a CIED implantation procedure) along with its ramifications.

CASE REPORT
A 73-year-old woman with hypertrophic obstructive cardiomyopathy and tachycardia-bradycardia
syndrome (with sinus bradycardia and paroxysmal
atrial fibrillation) was admitted to our ward to undergo an elective implantation procedure of a dual
chamber pacemaker (DDD mode).
The patient received an atrioventricular cardiac
pacing system with both leads introduced via left
subclavian vein (SV) puncture. The administration
of the contrast agent directly into the SV visualised
a congenital mediastinal systemic vein anomaly in
the form of a PLSVC, which determined the route of
cardiac lead advancement into the heart (Fig. 1A–C).
The recorded intraoperative cardiac pacing parameters, pacing thresholds, and sensing amplitudes from
the site of lead tip placement in the right atrium (RA)
and right ventricle (RV) were acceptable.
A few days after the procedure, the patient developed pacing-associated nonspecific stabbing pain at
the right costal margin, sternum, and epigastrium.
Pacemaker lead parameters recorded on the fourth
postoperative day were found to be unchanged,
apart from a slightly increased pacing threshold in
the atrial lead. Nonetheless, due to the persistent
intense discomfort reported by the patient and the
suboptimal intracardiac position of the leads, which

was apparently causing this discomfort, the CIED
was removed.
One month later (March 2021), the patient was
readmitted into the ward to have a CIED implanted
on the right side. Venography images obtained with
contrast administration into the veins of the right cubital fossa showed a cephalic vein (CV) morphometry
conducive to lead insertion and a normal right SVC
(Fig. 2A). CV cut-down technique was used to insert
both leads into the venous system, and their tips were
placed at different locations within the right heart
than previously (Fig. 2B, D). The pacing parameter
and sensing amplitude values recorded at the new
lead locations were normal. Test pacing provoked
no negative sensations in the patient. This status
remained constant both during the procedure and
during further in-hospital and outpatient follow-up
(July 2021).
Computed tomography (CT) scans illustrated the
nature of the encountered developmental anomaly
and the vein’s topography in the mediastinum in
coronal (Fig. 3A) and transverse (Fig. 3B) planes. This
documented a definitive lack of the left BCV (in its
expected location, i.e. anterior to the aortic branches;
Fig. 3C).
A CT scan ultimately elucidated the nature of the
developmental anomaly, and showed: the mediastinal
topography and morphometry of the left SVC (Fig. 3A),
the spatial relation of the two superior venae cavae
with respect to the adjacent arterial vessels (Fig. 3B),
unequivocally showed a lack of the left BCV in the
area where it might be expected, that is in front of
the main arteries branching off the aortic arch (i.e.
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Figure 2. A–D. A cardiac implantable electronic device (CIED) (DDD pacemaker) implantation on the right side (March 2021); A. Contrast administration via the peripheral veins of the left forearm showed normal venous return to the right atrium through the right superior vena cava
(SVC) (arrows); contrast administration did not visualise any left brachiocephalic vein outlets into the right SVC (asterisk); B. The course of
cardiac leads within the right SVC (arrows) and the position of lead tips within the right atrium and right ventricle (follow-up X-ray, PA view);
C. A three-dimensional computed tomography scan illustrating the course of the cardiac leads (arrows) within the right SVC with respect to
the aorta (A); D. The course of the cardiac leads (follow-up X-ray, lateral view); BCT — brachiocephalic trunk; LSA — left superior artery.
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C

Figure 3. A–C. Computed tomography scans; A. Coronal scan showing the left superior vena cava (SVC) coursing vertically, anterior to the
aortic arch (AA), until it joins the coronary sinus. The site (ring) where a normally developed left brachiocephalic vein (BCV) would join the left
SVC (LSVC); B. Transverse scan showing the likely course of the absent left BCV (line of arrowheads) between the left SVC and the right SVC
(RSVC), illustrating its relationship to the brachiocephalic trunk (BCT) and left common carotid artery (LCCA); C. Spatial relations of both superior venae cavae to the aortic arch (AA) and its main branches (left subclavian artery [LSA]). The site (oval) where the normally developed left
and right BCVs would be connected. The right BCV and its continuation, the right SVC, are marked by the cardiac leads within (long arrows).

the left brachiocephalic trunk, left common carotid
artery, and left subclavian artery) (Fig. 3B, C).
Contrast echocardiography confirmed left BCV
agenesis and the consequent formation of two independent vessels returning blood from the upper
part of the body to the RA (with the blood from the
right side returning through the right SVC and from
the left side through the left SVC and coronary sinus
[CS]). The arrow marked with one asterisk (*) points
to the CS, which is filled with a contrast agent. The
arrow marked with two asterisks (**) points to the RV,
with no contrast agent, while the arrow marked with
three asterisks (***) points to the RV, which is filled
with contrast. Figure 4 shows evidence of the pres-

ence of a PLSVC draining blood from the left arm to
the CS and then, through the right atrium, to the RV.
Subsequent outpatient follow-up showed normal
atrioventricular pacing, which was not accompanied by any unpleasant sensations induced by right
ventricular stimulation, which had been felt by the
patient after the previous procedure.

DISCUSSION
Abnormal embryological development of the systemic mediastinal veins may result in one of three anatomical variations of PLSVC, namely two variations of
double left SVC that differ by the presence or absence
of the bridging left BCV and a form of single left SVC
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Figure 4. A–D. Persistent left superior vena cava (PLSVC). Dilated coronary sinus (CS) in a modified four chamber apical view (A) and parasternal long axis view (B). The CS is dilated because the blood from the left arm drains via the PLSVC to the CS and then flows to the right
atrium. After intravenous administration of the contrast agent into the left cephalic vein, the dilated CS (*) (C) is filled first, while there is no
contrast visible in the right ventricle (RV) (**). A few seconds later (D), the contrast agent is still present in the CS (*), but now the RV is
filled with contrast (***) as well (D). This is evidence of a connection between the left cephalic vein and the RV through the CS and the right
atrium; LV — left ventricle.

with right superior SVC agenesis. The prevalence of
the PLSVC is 0.3–0.5%, with the anomaly typically detected incidentally during postmortem examination;
invasive cardiac, anaesthesiologic, or cardiothoracic
procedures; echocardiography, CT, etc. [9, 10, 14, 18].
During physiological development of human embryos, the initially symmetrical venous system has the
form of two pairs of cardinal veins (anterior cardinal
veins and posterior cardinal veins, which drain the
cranial and caudal regions of the embryo, respectively). These paired veins combine to form the right and
left common cardinal veins.
In its mature form, the terminal segment of the
right anterior cardinal vein forms the right SVC. By
week 20 of gestation, the left vessel undergoes involution, with the blood flow redistributed to the
right side. The PLSVC is a result of the lack of this

physiological involution of the left anterior cardinal
vein. The PLSVC drains venous blood to the CS or
directly to the RA, rarely to the left atrium (90% vs.
10%). In the absence of any other congenital vascular
anomalies, the fact that the PLSVC drains into the
RA typically produces no symptoms. However, such
haemodynamic conditions increase the risk of supraventricular arrhythmias associated with CS volume
overload [1, 7, 17].
The PLSVC more commonly accompanies congenital heart defects (3–10%), including ventricular
or atrial septal defect, pulmonary stenosis, complete
atrioventricular canal defect, dextrocardia, and triatrial heart. The rate of PLSVC detection, like that of other congenital anomalies, depends on the employed
diagnostic method and the stage of development
(children vs. adults) [11–13]. In the case presented
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here, echocardiography had not shown any evidence
of a heart defect.
Approximately 85% of adults with a newly detected PLSVC have both functional routes of venous
drainage. The failure of a bridging vessel to form
between the two anterior cardinal veins leads in the
lack of left BCV (approximately 65%). In 10–20% of
cases the right cardinal vein fails to develop, which
in consequence leads to right SVC agenesis. This
variation has marked haemodynamic consequences,
since all the venous blood returning from the upper
part of the body to the RA flows exclusively through
the single left SVC, which drains into the CS.
On week 8 of normal human gestation, the BCVs
form as a result of anastomoses between the right
and left anterior cardinal veins. The left BCV is typically located above the aortic arch and in front of the
arterial branches (brachiocephalic trunk, left common
carotid artery, and left subclavian artery). After crossing over to the right side of the upper mediastinum,
the left BCV joins the right BCV thus forming the
right SVC (Fig. 4C) [19]. Approximately 1% of left
BCV anomalies accompany congenital heart defects,
such as tetralogy of Fallot, patent foramen ovale,
or ventricular septal defect. The prevalence of this
congenital venous anomaly in populations without
heart defects has been estimated at less than 0.4%.
Left BCV anomalies may be isolated, accompany
a PLSVC, or be a result of vessel agenesis (as in the
case presented here). This type of developmental systemic vein anomalies affects 0.3–0.5% of the general
population.
Due to its topographic and morphometric parameters, a PLSVC may hinder both the transvenous
advancement of cardiac leads and their positioning
in the right heart. This is particularly true during the
stage of cardiac lead advancement towards the RV,
which requires negotiating the acute angle between
the CS outlet and the tricuspid valve. Sometimes,
positioning the lead in the shape of the letter L or
the Greek letter alpha (α) may facilitate this manoeuvre (Fig. 1C). However, this may lead to problems in
achieving optimal pacing parameters, ensuring that
hart stimulation is not felt by the patient.

CONCLUSIONS
The presence of anatomical variations in the veins
used during medical procedures, such as CIED implantation or CVC placement, may significantly affect the
course of these procedures, just as in the presented

case of a congenital mediastinal systemic vein anomaly [2–4, 16, 19].
Conflict of interest: None declared

REFERENCES
1. Azizova A, Onder O, Arslan S, et al. Persistent left superior
vena cava: clinical importance and differential diagnoses.
Insights Imaging. 2020; 11(1): 110, doi: 10.1186/s13244020-00906-2, indexed in Pubmed: 33057803.
2. Biffi M, Boriani G, Frabetti L, et al. Left superior vena
cava persistence in patients undergoing pacemaker or
cardioverter-defibrillator implantation: a 10-year experience. Chest. 2001; 120(1): 139–144, doi: 10.1378/
chest.120.1.139, indexed in Pubmed: 11451829.
3. Chen SJ, Liu KL, Chen HY, et al. Anomalous brachiocephalic vein: CT, embryology, and clinical implications. Am
J Roentgenol. 2005; 184(4): 1235–1240, doi: 10.2214/
ajr.184.4.01841235, indexed in Pubmed: 15788602.
4. Ghadiali N, Teo LM, Sheah K. Bedside confirmation of
a persistent left superior vena cava based on aberrantly
positioned central venous catheter on chest radiograph.
Br J Anaesth. 2006; 96(1): 53–56, doi: 10.1093/bja/aei272,
indexed in Pubmed: 16311276.
5. Gibelli G, Biasi S. Persistent left superior vena cava and
absent right superior vena cava: not only an anatomic variant. J Cardiovasc Echogr. 2013; 23(1): 42–44,
doi: 10.4103/2211-4122.117985, indexed in Pubmed:
28465883.
6. Heye T, Wengenroth M, Schipp A, et al. Persistent left
superior vena cava with absent right superior vena cava:
morphological CT features and clinical implications.
Int J Cardiol. 2007; 116(3): e103–e105, doi: 10.1016/j.
ijcard.2006.08.067, indexed in Pubmed: 17101181.
7. Hsu LF, Jaïs P, Keane D, et al. Atrial fibrillation originating
from persistent left superior vena cava. Circulation. 2004;
109(7): 828–832, doi: 10.1161/01.CIR.0000116753.56467.
BC, indexed in Pubmed: 14757689.
8. Kahkouee S, Sadr M, Pedarzadeh E, et al. Anomalous
left brachiocephalic vein: important vascular anomaly
concomitant with congenital anomalies and heart diseases. Folia Morphol. 2017; 76(1): 51–57, doi: 10.5603/
FM.a2016.0031, indexed in Pubmed: 27830886.
9. Kobayashi M, Ichikawa T, Koizumi J, et al. Aberrant left brachiocephalic vein versus persistent left superior vena cava
without bridging vein in adults: evaluation on computed
tomography. Ann Vasc Dis. 2018; 11(4): 535–541, doi:
10.3400/avd.oa.18-00098, indexed in Pubmed: 30637011.
10. Kurtoglu E, Cakin O, Akcay S, et al. Persistent left superior
vena cava draining into the coronary sinus: a case report.
Cardiol Res. 2011; 2(5): 249–252, doi: 10.4021/cr85w,
indexed in Pubmed: 28357015.
11. Nagasawa H, Kuwabara N, Goto H, et al. Incidence of
persistent left superior vena cava in the normal population
and in patients with congenital heart diseases detected
using echocardiography. Pediatr Cardiol. 2017; 39(3):
484–490, doi: 10.1007/s00246-017-1778-3, indexed in
Pubmed: 29181797.
12. Perles Z, Nir A, Gavri S, et al. Prevalence of persistent
superior vena cava and association with congenital heart

1070

R. Steckiewicz et al., DSVC without LBCV detected on CIED

anomalies. Am J Cardiol. 2013; 112(8): 1214–1218, doi:
10.1016/j.amjcard.2013.05.079, indexed in Pubmed:
23890574.
13. Postema PG, Rammeloo LAJ, van Litsenburg R, et al. Left
superior vena cava in pediatric cardiology associated
with extra-cardiac anomalies. Int J Cardiol. 2008; 123(3):
302–306, doi: 10.1016/j.ijcard.2006.12.020, indexed in
Pubmed: 17391785.
14. Rigatelli G. Congenitally persistent left superior vena cava:
a possible unpleasant problem during invasive procedures.
J Cardiovasc Med (Hagerstown). 2007; 8(7): 483–487,
doi: 10.2459/01.JCM.0000278448.89365.55, indexed in
Pubmed: 17568279.
15. Sheikh AS, Mazhar S. Persistent left superior vena cava
with absent right superior vena cava: review of the literature and clinical implications. Echocardiography. 2014;
31(5): 674–679, doi: 10.1111/echo.12514, indexed in
Pubmed: 24460570.

16. Steckiewicz R, Kosior DA, Rosiak M, et al. The prevalence
of superior vena cava anomalies as detected in cardiac
implantable electronic device recipients at a tertiary cardiology centre over a 12-year period. Hellenic J Cardiol.
2016; 57(2): 101–106, doi: 10.1016/j.hjc.2016.03.003,
indexed in Pubmed: 27445024.
17. Turagam MK, Atoui M, Atkins D, et al. Persistent left
superior vena cava as an arrhythmogenic source in atrial
fibrillation: results from a multicenter experience. J Interv
Card Electrophysiol. 2019; 54(2): 93–100, doi: 10.1007/
s10840-018-0444-x, indexed in Pubmed: 30259306.
18. Tyrak KW, Holda J, Holda MK, et al. Persistent left superior vena cava. Cardiovasc J Afr. 2017; 28(3): e1–e4, doi:
10.5830/CVJA-2016-084, indexed in Pubmed: 28759082.
19. Vertemati M, Rizzetto F, Cassin S, et al. Clinical relevance of
the left brachiocephalic vein anatomy for vascular access
in dialysis patients. Clin Anat. 2020; 33(8): 1120–1129,
doi: 10.1002/ca.23549, indexed in Pubmed: 31891199.

1071

CASE

REPORT

Folia Morphol.
Vol. 81, No. 4, pp. 1072–1078
DOI: 10.5603/FM.a2021.0099
Copyright © 2022 Via Medica
ISSN 0015–5659
eISSN 1644–3284
journals.viamedica.pl

A unique case of extrarenal calyces and
associated vascular variations in an adult
female cadaver
S. Ahuja, N. Maglasang, Y. Tan , D.T. Daly
Department of Surgery, Centre for Anatomical Science and Education, Saint Louis University School of Medicine,
Saint Louis, MO, United States
[Received: 18 August 2021; Accepted: 24 September 2021; Early publication date: 7 October 2021]

The following urogenital and vascular anomalies were observed in the left kidney of an 81-year-old female cadaver during routine dissection: three extrarenal
calyces; an accessory renal artery originating directly from the abdominal aorta;
and a circumaortic renal vein.
The typical renal anatomical structures were identified, from anterior to posterior,
as the renal vein, renal artery, and ureter appearing near the hilum of the left
kidney. After closer examination, three extrarenal calyces were observed exiting
from the hilum of the left kidney to form the pelvis, then narrowed and became
the ureter which descended 21.5 cm to empty into the bladder. The accessory
renal artery originated from the lateral aspect of the abdominal aorta 7.3 cm below the aortic origin of the left renal artery. A corresponding accessary renal vein,
identified as a circumaortic vein, left the hilum 4.5 cm below the left renal vein
and travelled posterior to the abdominal aorta to drain into the inferior vena cava.
Extrarenal calyces are rare among urogenital tract variations. They can be associated with embryological abnormalities such as renal ectopia, horseshoe kidney
or malrotation as well as clinical manifestations such as pelviureteric junction
obstruction and hydronephrosis. Compression of the accessory renal artery can
cause decreased blood flow to the inferior pole of the left kidney, thereby causing
fibrosis, atrophy, or renal failure. The retro-aortic path of the circumaortic renal vein
has been associated with posterior nutcracker phenomenon, haematuria, left renal
vein thrombus formation, and renal vein hypertension. This unique combination
of a collecting system anomaly and extrarenal vessel variations could have significant implications in abdominal surgery. (Folia Morphol 2022; 81, 4: 1072–1078)
Key words: renal vein, renal artery, kidney, extrarenal calyces, congenital
abnormalities of the kidney and urinary tract

INTRODUCTION
Congenital abnormalities of the kidney and urinary
tract (CAKUT) encompass variations of the kidney,
ureter, bladder, and urethra and can range in clini-

cal manifestation from asymptomatic to severe [40].
Normally, blood passes through the nephron, the
functional unit of the kidney, and undergoes filtration,
reabsorption, and secretion to produce urine [10]. The
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urine then drains into a collecting duct which empties
into a minor calyx; two to three minor calyces empty
into one major calyx which collectively drains into the
intrasinusal renal pelvis, the broadest and uppermost
portion of the ureter [10]. A normal ureter then travels
approximately 25 cm to empty into the posterolateral
aspect of the bladder [10]. An extrarenal calyx (ERC),
described as rare among CAKUT variations, occurs
when the major calyces are located outside of the
renal parenchyma [36]. The number and length of the
ERC can vary, and the prevalence is not well described
in the literature [19, 29, 36]. Plain radiography and
ultrasonography are reported to be unhelpful ERC diagnostic tools, though the use of contrast in excretory
urography can provide relevant information regarding
the kidneys, ureters, and bladder [31]. Retrograde
pyelography can detect the ERC being unsupported
by the renal parenchyma, but that may be incorrectly diagnosed as hydronephrosis [19]. Similarly,
abdominal computed tomography imaging can lead
to an incorrect diagnosis of lymphadenopathy [45].
The limitations of imaging techniques, coupled with
the rarity of an extrarenal pelvicalyceal collecting system, often precludes a pre-operative ERC diagnosis,
meaning that it is usually an incidental finding [19].
Increased awareness of ERC can lead to an increase
in correct pre-operative diagnoses, thereby lessening
the chance of damaging the pelvicalyceal system and
surrounding vasculature during surgery.
Inconsistent nomenclature describing additional
renal arteries is pervasive in the literature with use of
terms including aberrant, accessory, anomalous, multiple, supernumerary, supplementary, and polar arteries
[1, 18]. This report utilizes the definition of additional
renal arteries as established by Holden et al. [23] which
categorizes the additional artery as an accessory renal
artery, which acts as a branch of the renal artery and
supplies blood to a renal segment [11, 23]. Accessory
renal arteries typically arise from the abdominal aorta,
have a reported frequency of 24% and are bilateral in
roughly 10% of the population [20, 44]. The incidence
decreases with each additional accessory artery, such
that the presence of three accessory renal arteries has
only been identified in 0.2–2.0% of specimens [26].
Possible clinical manifestations depend on the arterial
relationship to surrounding structures, such as the
ureter and gonadal vessels [42].
The importance of renal venous drainage is underscored by two meta-analyses which investigate
the most prevalent variations of this system [24, 41].

Right-sided renal vein abnormalities are reported
more commonly than left-sided, perhaps because the
inferior vena cava (IVC) is predominantly formed by
right-sided embryological structures [24]. However,
there is abundant variation attributed to the left
renal vein, likely due to its complex embryological
origin [34, 41]. These left sided variations include
a retroaortic vein, wherein a single renal vein travels
posterior to the abdominal aorta, and an additional
renal vein that travels anterior to the abdominal aorta
to independently drains into the IVC [41]. The renal
vein variation observed in the current case study is
a circumaortic vein in which a kidney is drained by
two renal veins that empty into the IVC; one vein that
follows the normal anatomical course anterior to the
abdominal aorta and another travelling posterior to
the abdominal aorta [4, 41]. Similar to the arterial
variations, the effects of left renal vein variations
depend on relationships to neighbouring structures,
such as the abdominal aorta, left gonadal vein, left
suprarenal vein, and left inferior phrenic vein.

CASE REPORT
An 81-year-old female body was received through
the Saint Louis University Gift of Body Programme
of the Centre 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.
As perirenal fat was cleared in routine dissection,
the anticipated hilar structures were observed in the
left kidney, from anterior to posterior, as the renal
vein, renal artery, and the continuation of the urinary
collecting system which, in this case, were the ERC
(Figs. 1, 2). The lengths of the three ERC, measured
from the apex of the medullary pyramids to the renal
pelvis, were 3 cm, 1 cm, and 2 cm, from superior to inferior. Once the ERC united, the left ureter descended
21.5 cm over the left psoas major muscle and the left
common iliac artery to empty into the posterolateral
aspect of the bladder (Fig. 1).
Further dissection of the hilum revealed two vascular variations: an accessory renal artery and a circumaortic vein. After travelling 2.6 cm from the aorta,
the renal artery displayed a prehilar branching pattern
to supply four of the five renal segments including
the apical, anterior superior, anterior inferior, and the
posterior segments (Fig. 2). The accessary renal artery
emerged from the lateral aspect of the abdominal
aorta 7.3 cm below the renal artery and travelled
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A

B

Figure 1. Anterior view of the kidney and associated structures; A. The important anatomical structures of this case study. The three extrarenal calyces (ERC) (yellow) united to form the renal pelvis and ureter, which descended anterior to the circumaortic vein (green), accessory
renal artery (orange), psoas major (PM) muscle and the left common iliac artery (LCI) to drain into the bladder. The left renal artery (red) travelled parallel and superior to the left renal vein (LRV), giving off the inferior suprarenal artery to the left suprarenal gland (LSRG), then branching into segmental arteries to supply the left kidney (LK). The LRV received three tributaries (blue): the left suprarenal and left inferior phrenic
veins which formed a common trunk before draining into the LRV, and the left ovarian vein (cut) which travelled superiorly to drain into the
LRV. There were no veins observed joining with the circumaortic vein as it travelled from the renal hilum to the inferior vena cava (IVC);
B. Anatomical relationships between the anatomical variants and surrounding structures. The following structures were observed in the left
hilum from anterior to posterior: renal vein, renal artery, and ERC. Two structures were observed, from superior to inferior, at the lower aspect
of the left hilum: the circumaortic vein, which travelled posterior to the abdominal aorta (AA) draining into the IVC, and the accessory renal
artery. Both the circumaortic vein and accessory renal artery travelled posterior to the ureter.

A

B

Figure 2. Anterior view of the renal hilum; A. The important anatomical structures of this case study. The left renal artery (LRA) (red) originated from the abdominal aorta (AA) and underwent prehilar branching to supply the three superiormost anterior renal segments (labelled
as 1, 2, 3), the second of which received two segmental branches. The renal artery also sent a branch (pink) to the posterior renal segment.
The accessory renal artery (orange) also originated from the AA and entered the left renal hilum to supply the inferior renal segment (4) of the
anterior aspect of the left kidney; B. Anatomical relationships between the anatomical variants and surrounding structures. The circumaortic
vein and accessory renal artery traveled posterior to the ureter. The arterial branch to the posterior renal segment traveled posterior to the
renal vein and extrarenal calyx (ERC); LRV — left renal vein; LU — left ureter; PM — psoas major; LCV — left circumaortic vein.
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posterior to the ureter to enter the inferior aspect
of the hilum and supply the inferior renal segment
(Figs. 1, 2).
The circumaortic vein, described as the retro-aortic
left accessary renal vein, was observed leaving the
renal hilum 4.5 cm below the left renal vein and was
parallel and superior to the accessory renal artery
before draining into the IVC (Figs. 1, 2). No venous
tributaries entered the circumaortic vein, though the
typical arrangement of venous drainage was observed
as the left ovarian vein, the left inferior phrenic vein,
and the left suprarenal vein draining into the left
renal vein (Fig. 2).
Although multiple variations were present in the
left pelvicalyceal collecting system that could lead to
various pathologies, none of the indicated pathologies were noted possibly due to limitations in the
provided medical history. There were no vascular or
urogenital variations observed in the right kidney.

DISCUSSION
Extrarenal calyces of the left kidney
The embryological cause of ERC is currently unclear, but it is likely due to an error during the development of the metanephros [5, 31]. Formation of

the urinary tract begins as the urogenital ridge gives
rise to the nephrogenic cord [37]. The nephrogenic
cord differentiates into the pronephros, comprised of
pronephric ducts and intermediate mesoderm, which
has been traditionally described as the non-functional
kidney in humans [37]. It should be noted that a 2019
study by de Bakker et al. [8] demonstrates that humans
may not experience a pronephros proper stage, which
is defined as a time when the renal corpuscle is separate from the tubular system within a nephron [8].
Regardless, the pronephric ducts become the mesonephric duct which, along with intermediate mesoderm,
forms the mesonephric system [37]. The mesonephros
is the functioning renal unit of the embryo; as development continues, many of its parts degenerate
while the distal end of the mesonephric duct persists
to form the ureteric bud [37]. The ureteric bud and
the metanephric blastema, formed from the intermediate mesoderm, reciprocally induce one another
to differentiate and form the metanephros, or the
adult urinary system [27]. Specifically, the ureteric bud
forms the collecting ducts, minor and major calyces,
and the ureter, so a disruption in its differentiation
signalling cascade could lead to extra-renal development of the pelvicalyceal system [5, 31].

Instances of ERC are likely underreported as there
are limited diagnostic tools available to accurately
identify this CAKUT variation, thereby often incorrectly diagnosing the ERC or making it an incidental
finding during autopsy or operation. An accurate
diagnosis of ERC and other urogenital malformations
is imperative as CAKUT variations are the most frequent congenital birth defect and cause about 7% of
adult end-stage renal disease globally [5]. Extrarenal
calyces are also associated with calculus formation
and surgical complications [13].
Left accessory renal artery

The embryological origin of additional renal arteries is currently unclear, though the debate appears
to be centred on whether the embryological aorta is capable of branching after extra mesonephric
arteries obliterate. The current hypothesis related
to this embryological development is Felix’s ladder
theory, in which two of the nine lateral mesonephric
arteries persist to become the renal and gonadal
arteries; however, recent research suggests that the
mesonephric ladder is actually obliterated prior to
the metanephric system’s ascension and the aorta
provides new segmental yet asymmetrical branches
to supply the metanephros [22, 25].
Additional renal arteries can be further described
as aberrant or accessory, two terms which have been
defined in previous literature as to originate from an
aortic ostium separate from that of the renal artery,
though the aberrant type enters the renal parenchyma
outside of the renal hilum and the accessory type enters at the hilum [23, 33]. The additional renal artery
in this case study was observed originating from the
abdominal aorta and entering the renal hilum, hence
its categorisation as an accessory renal artery [17, 35].
The presence of this artery can cause congenital
hydronephrosis and ureteral obstructions and can
also pose a significant risk factor during endoscopic
surgery and retroperitoneal surgery. Furthermore,
compression of this artery can be associated with
ischaemia of the lower renal pole which could subsequently damage a renal calyx and cause urine extravasation [21, 35, 39]. It has also been postulated
that accessory renal arteries increase the risk of hypertension [2, 16].
Left circumaortic renal vein

The circumaortic renal vein is one of numerous
possible anomalies of the renal collar, an embryolog-
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ical structure which persists to form part of the renal
IVC and the left renal vein [14]. An embryo consists
of three venous systems: the vitelline veins that drain
the gut; the umbilical veins that drain the placenta;
and the cardinal system that drains the remaining
embryonic tissue [14]. The cardinal system is divided
into anterior cardinal, posterior cardinal, supracardinal and subcardinal veins [9]. The posterior cardinal,
supracardinal and subcardinal veins form anastomoses with one another, thereby creating a renal collar
which spans the length between the developing left
kidney and IVC and surrounds the abdominal aorta
[3, 9, 14]. The collar has two limbs, ventral and dorsal;
the ventral limb persists to become part of the IVC
and the left renal vein, while the dorsal limb should
regress [30]. Persistence of both the ventral and dorsal
limbs of the renal collar results in one renal vein which
is anterior to the aorta and a second, circumaortic
vein that is posterior to the aorta [30]. The collar does
not have to be present at a single vertebral level, so
it is possible for the circumaortic vein to be inferior
to the hilar vein as is seen in the current case [30].
Previous studies show the prevalence of circumaortic veins ranging between 0.3% and 30%, but these
studies have not documented the prevalence of
whether the gonadal vein drains into the circumaortic or renal vein [7, 41]. In the current case, the left
gonadal, left inferior phrenic, and left suprarenal veins
drain into the left renal vein and the circumaortic vein
did not receive any tributaries, though there have
been reports of the left gonadal vein draining into
the circumaortic vein [30]. Both of these drainage
pathways are possible likely because the embryological subcardinal veins, which contribute to the
dorsal and ventral limbs of the renal collar, are also
the source of the gonadal vein [9]. Regardless of
where the left gonadal vein drains, both scenarios
include the circumaortic vein traveling posterior to
the aorta to drain into the IVC. Potential implications
of the retro-aortic path of this vein include difficulties
during renal transplant as well as compression between the vertebral column and the aorta leading to
a posterior nutcracker phenomenon or, if the patient
is displaying symptoms such as renal vein hypertension, haematuria and low back pain, posterior
nutcracker syndrome [6, 12, 15, 28, 32, 34, 38, 43].

CONCLUSIONS
Post-mortem urogenital and vascular anomalies
were observed on the left kidney of an 81-year-old

female cadaver: three ERC, an accessory renal artery,
and a circumaortic renal vein. A review of previous
literature suggests that the CAKUT variation of ERC
is more prevalent than previously believed; while
ERC may not be the most obvious diagnosis using
current imaging techniques, it should be considered
by clinicians when investigating pathologies like hydronephrosis and performing renal transplantation
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The nerve to mylohyoid muscle supplies the mylohyoid and the anterior belly of
the digastric muscles, with terminal sensory branches that might innervate the
submental skin and mandibular teeth. The nerve to mylohyoid muscle typically
originates from the posterior surface of the inferior alveolar nerve right before
entering the mandibular foramen. In rare cases, the nerve to mylohyoid muscle
arises from the lingual nerve. The variations of the nerve to mylohyoid muscle might
have led to failure of an inferior alveolar nerve blockade. During the routine dissection of a cadaveric head, a rare case was identified where the nerve to mylohyoid
muscle had origins from both the inferior alveolar and lingual nerves. This case is
reviewed and salient literature reviewed. (Folia Morphol 2022; 81, 4: 1079–1081)
Key words: nerve to mylohyoid muscle, lingual nerve, inferior alveolar
nerve, cadaver, anatomy

INTRODUCTION
Typically, the lingual nerve (LN) branches off the
mandibular division of the trigeminal nerve and supplies sensory fibres to the mucosa of the anterior
two-thirds of the tongue, the floor of the mouth,
and the lingual gingiva of the mandible. It descends
medially and anteriorly to the inferior alveolar nerve
(IAN) in the pterygomandibular space [1, 3]. The
nerve to mylohyoid (NM) originates from the pos-

terior surface of the IAN just above the mandibular
foramen. The NM is generally considered a motor
nerve that supplies the mylohyoid muscle (MHM)
and the anterior belly of the digastric muscle. As
a variation, the nerve can have terminal sensory
branches that might innervate the submental skin
or mandibular teeth [6].
Variations of the NM include the following: originating inside the mandibular canal, originating and
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Figure 1. The variant nerve to the mylohyoid muscle (arrow) originating from the lingual nerve.

Figure 3. Harvested tissue consists of nerve fibres (Masson-trichrome staining). Scale bar: 50 μm.

Herein, we report a rare case where the MHM was
innervated by both the IAN and LN.

CASE REPORT

Figure 2. The normal nerve to the mylohyoid muscle (arrow) originating from the inferior alveolar nerve.

running parallel to the LN, running through bony
grooves on the mandible, the presence of communication between the NM and LN near the submandibular ganglion and third molar tooth, and communication with the hypoglossal nerve to dually
innervate the MHM [6, 7]. As a response to numerous
of variations of the NM, an analysis of the anatomical characteristics of the NM, such as location of
the starting point of the nerve, the distance from
the nerve on the inferior border of the mandible
to the menton and gonion, and the distribution of
terminal branches have been made [6]. Due to the
numerous variations of the NM, it is not surprising
that IAN blockades can fail at providing full dental
anaesthesia in mandibular surgeries [2]. In order to
reduce such failure, it is important for dentists and
oral surgeons to be aware of variations of the NM.

During the routine dissection of an 82-year-old
at death female cadaver, a variant innervation of the
left MHM was found. A small branch (0.5 mm in diameter) arose from the lateral surface of the lingual
nerve approximately 10 mm distal to the submandibular ganglion and terminated in the MHM (Fig. 1).
The nerve ended at approximately 2 cm anterior
to the posterior border of the MHM and did not
pierce the muscle belly. Simultaneously, the muscle
was also innervated by the normal NM that arose
from the posterior surface of the inferior alveolar
nerve and innervated the inferior (lateral) aspect of
the muscle (Fig. 2). Histological observation (Masson-trichrome staining) revealed that the harvested
tissue was nerve (Fig. 3). No variation was found in
the same area on the right side. No surgical scars
or other anatomical variations were found in the
dissected area.

DISCUSSION
It has been reported that the richest nerve arborisation of the NM was in the middle one-third of the
MHM. Terminal branches of the NM have also been
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reported to travel on the surface of the MHM and
penetrate its surface [6]. Embryologically, the nerve
of the first pharyngeal arch (trigeminal nerve) innervates the muscles of mastication, tensor tympani,
tensor veli palatini, and MHM and anterior belly of
the digastric. The MHM is one of the first pharyngeal
arch muscles to differentiate. It initially attaches to
the ventral border of Meckel’s cartilage and later
migrates, attaching to the foetal mandible [9].
Along with the several variations in the origin
and branching patterns of the NM there have been
cases reported on the connections between the LN
and NM. In 1 case it was observed that there was an
unusual dual innervation of the submandibular gland
from both the LN and the NM [7]. The NM was found
medial and slightly inferior to the submental artery
and was found in the submandibular gland without
piercing it. In this case, there was also a posterior
branch to the submandibular gland from the LN,
which had no communicating branch to the NM. This
suggested that the submandibular gland might have
been innervated by both sensory fibres from the LN
and postganglionic parasympathetic fibres from the
NM [7]. In another report, a rare occurrence where
the NM originated from the LN near the submandibular duct and pierced the MHM to innervate the
anterior belly of digastric and MHM was found [3].
The variant NM in the case reported herein might
have resulted from nerve fibres from the mandibular
nerve “hitchhiking” along the LN in the infratemporal
fossa instead of joining the IAN.
Studies have shown that in 43–50% of the population, the NM innervates the mandibular incisors
and related gingivae. In rare cases, the NM and LN
were observed to have communication in the submandibular triangles, and proximal to the lower third
molar tooth [8]. Other reports have shown the NM
originating from the glossopharyngeal nerve or the LN
and communicating with the IAN. Also, the NM may
travel through other foramina in the mandible, which
may be another reason for failed IAN blocks since the
NM does not consistently originate from the IAN [10].
Since the origin of the NM varies, successfully finding
its location has proved difficult in various procedures.
An IAN block will only be effective in mandibular
surgical procedures when it is delivered correctly and
the NM arises from the IAN. Therefore, variation of the
location of the NM and its complex origin may contribute to the failure of IAN blocks. Although the regular course of the NM has been well documented [4, 6],

further research on variant pathways of the NM is
important because it allows dentists and oral surgeons to better assess procedural risks and better
understand complications.

CONCLUSIONS
A rare case of MHM innervation is reported. Such
cases are important for dentists and oral surgeons
to consider, especially during mandibular surgeries.
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Background: We present a case report of quadriceps femoris (QF) with co-existing
bilaminar tensor of the vastus intermedius (TVI) muscle and new type of sixth head.
Materials and methods: Cadaveric dissection of left thigh of a 72-year-old man
was performed for research and teaching purposes at the Department of Anatomical Dissection and Donation, Medical University of Lodz. The left lower limb was
dissected using standard techniques according to a strictly specified protocol. Each
head of the muscle was photographed and subjected to further measurement.
Results: During dissection, an unusual type of TVI muscle was observed. It consisted of two surfaces, superficial and deep. In addition, sixth head of QF muscle
grew out from the vastus medialis muscle.
Conclusions: The knowledge of the existence and possible variations of additional heads of QF muscle is necessary during diagnostic process of muscle strains.
Moreover, according to course of tendons that heads may take part in patella
stabilisation. (Folia Morphol 2022; 81, 4: 1082–1086)
Key words: quadriceps femoris, tensor vastus intermedius, anatomical
variations, knee joint

INTRODUCTION
The anatomy of the thigh area and knee joint is
highly variable in respect of the ligaments, muscles
and vessels around the knee. Interestingly, recent

anatomical studies have shed light on the variability
of muscles that have long seemed to have constant
anatomical structures [1, 18–20, 22].
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The quadriceps femoris (QF) and patellar ligament
(PL) are parts of the knee extensor mechanism; the
QF is also a patella and knee joint stabilizer [6, 27]. It
is the largest muscle in the body by muscle mass and
is traditionally described as consisting of four heads:
rectus femoris (RF), vastus medialis (VM), vastus lateralis
(VL), and vastus intermedius (VI) [6, 7]. They all form
a common tendon attaching to the base of the patella
[11]. Most studies of the anatomical variability of the
QF concern duplication of the VM or VL muscle [17].
Golland and Mahon [8] and Holyoke [13] were among
the first to report an additional head of the QF. Current
anatomical research labels the fifth head of the QF as
the “tensor of the vastus intermedius” (TVI) [9]. The incidence of the TVI ranges from 29% to 100% [3, 9, 28].
Grob et al. [9–11] described the TVI muscle with
constant origin between the intertrochanteric line and
greater trochanter and based their classification on
the ability to separate the TVI tendon from the VM
and VI muscles. Similar classification was proposed
by Veeramani and Gnanasekaran [26] in South Indian
population. Olewnik et al. [21] proposed a classification determined by the variability within the proximal
attachment and listed three types: TVI independent;
TVI grows out from other muscles; and multiple supplementary heads. Both groups also reported the
possibility of more additional heads; however, there
is no description of the bilaminar variability of the
TVI muscle.
This paper describes an extremely rare variant
of the TVI, which consists of two layers, superficial
and deep. The rare case described can be used to
supplement the currently prevailing classification by
Olewnik et al. [21].

CASE REPORT
A 72-year-old male cadaver was subjected to routine anatomical dissection at the Department of Anatomical Dissection and Donation, Medical University
of Lodz, Poland. The purpose of the dissection was
research and the education of medical students. The
left lower limb (hip joint, thigh and knee joint) was
dissected using standard techniques according to
a specified protocol. The lower limb was positioned
in supine position on the dissection table. Dissection
began with hip joint capsule resection. Following this,
all femoral nerve branches and quadriceps femoris
vessels were dissected. The next step was to remove
the quadriceps femoris with additional heads, which
was the objective of our study. Each head of the vas-

Figure 1. Dissected quadriceps femoris (QF) with additional heads.
Black arrow — superficial portion of tensor of the vastus intermedius (TVI) muscle, white arrow — deep portion of TVI muscle,
yellow arrow — sixth head of QF.

ti, rectus femoris, tensor of vastus intermedius and
sixth muscle belly was separately vascularised from
transverse branches of the lateral circumflex femoral
artery and innervated with branches originating from
the femoral nerve. Finally, the tendons were dissected
to identify potential additional tendon bands.
Each head of the muscle was photographed and
subjected to further measurement using an electronic
calliper (Mitutoyo Corporation, Kawasaki-shi, Kanagawa, Japan), each measurement being performed
twice by two researchers with accuracy up to 0.1 mm.
During dissection, an unusual type of TVI muscle
was observed. It consisted of two surfaces, superficial
and deep. An additional sixth head was visualised,
which has no equivalent in either of the classifications
of additional QF muscle bellies. This additional head
grew out from the VM muscle (Figs. 1, 2). This type
of insertion constitutes an extension of type 2 in the
Olewnik et al. [21] classification. Measurements of
the muscles are given in Table 1.
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Table 1. Measurements of the tensor of the vastus intermedius
(TVI) muscle and sixth head of quadriceps femoris (QF)
Deep
Superficial
portion of portion of
TVI muscle TVI muscle
Length of the muscle belly

105.57 mm

84.52 mm

129.38 mm

Width at the origin

22.92 mm

13.42 mm

26.17 mm

Thickness at the origin

3.04 mm

2.02 mm

1.27 mm

Width upon passing
the muscle belly

14.07 mm

12.20 mm

5.68 mm

Thickness upon passing
the muscle belly

1.75 mm

1.70 mm

1.78 mm

8.55 mm,
then formed
a common
tendon with
deep portion

212.02 mm,
common
tendon

147.15 mm

Length of the tendon

Figure 2. Additional heads of quadriceps femoris (QF) muscle.
Black arrow — superficial portion of tensor of the vastus intermedius (TVI) muscle, white arrow — deep portion of TVI muscle,
yellow arrow — sixth head of QF.

DISCUSSION
The muscles of the lower limb derive embryologically from the condensed mesenchyme of the
pre-muscle sheath. By the end of fourth week of
embryo development there are three regions: thigh,
leg, and foot. The QF nucleus expands as a single
mass overlying the anterolateral aspect of the middle of the femur’s shaft [16]. Afterwards, the mass
is apportioned into RF, VL, VM and VI. Division is
completed when the embryo is 20 mm long. The
additional head of the QF presumably forms as an
extra division of the mesenchyme when the embryo
is 11–19 mm long. However, an embryological study
is needed to confirm this [2].
The QF was long considered to have a constant
four-headed architecture [6]. The only variations reported concerned duplication of the VM or VL muscle
[17]. Some authors have proposed segmental classification of the VM and VL architecture. The VL muscle
has three components, superficial, intermediate, and

Sixth
head of
QF

Width at the insertion

8.18 mm

9.07 mm

Thickness at the insertion

0.77 mm

0.82 mm

deep, while the VM muscle consists of longus and
obliquus partitions [4, 25].
Golland and Mahon [8] were the first to report
an additional head of the QF between the VL and
VI muscles. Holyoke [13] described that structure as
deviating from normal anatomy. Willan et al. [28]
were the next researchers to study an extra muscle
belly. However, this additional QF belly long remained
without proper nomenclature and classification. Grob
et al. [9–11] named the QF head the TVI and created
the first fivefold classification based on the course
of the tendon. They also reported another additional head that formed a common tendon with the
TVI muscle [11]. Veeramani and Gnanasekaran [26]
proposed classification based on origin, middle, and
distal course of TVI muscle on South Indian population. Olewnik et al. [21] suggested a different anatomical classification based on 106 lower limbs. They
proposed three types of TVI muscle with subtypes
distinguished by the origin of the additional head.
Ruzik et al. [24] were the first to observe additional
heads that formed two independent tendons with
insertion into the base of the patella. However, it is
still unclear whether the TVI muscle is an anatomical
variant or a constant component of the QF muscle.
In cadaveric studies, the frequency of the additional
head ranges from 29% to 100% [3, 9, 28].
The TVI muscle and additional heads as parts of
the QF cause extension of the knee joint. The whole
muscle has a key role in human locomotion [6, 27].
The QF also assists in patella stabilisation. Patella
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instability is common problem, especially among
young active patients; it results from failure of the
medial stabilizers of the patellofemoral joint [15].
The medial patella stabilisation complex is composed
of the medial patellofemoral ligament (MPFL), medial patellotibial ligament (MPTL) and medial patellomeniscal ligament (MPML) [12]. Although the QF is
a secondary stabilizer, the MPFL is connected to the
aponeurosis of the vastus medialis obliquus fibres,
creating a dynamic system that stabilizes the patella
in the trochlear groove during active flexion. The TVI
tendon and the tendon of the additional head insert
into the medial part of the patellar base. Owing to
the course of that tendon, the additional heads could
possibly prevent patella dislocation [11]. It is highly
feasible that the bilaminar structure and connection of the sixth head to the VM muscle affects the
medialisation of the patella more than other types
previously described [9, 21]. Proper knowledge of
the anterolateral thigh anatomy is also necessary in
reconstruction surgery. Anterolateral thigh flaps are
widely used for reconstruction skin, fascia and muscle
of the neck head and after breast mastectomy [7].
Restoring the strength and function of the QF
is a key point of rehabilitation after many surgical
procedures such as anterior cruciate ligament reconstruction. It should be performed before surgery
because it improves the chances of returning to sport.
The presence of a TVI or additional head improves
the strength of knee extension, especially when it
comprises two layers. In addition, the oblique course
of the tendon and the connection between the sixth
head and the VM muscle decreases the difference of
strength between the medial and lateral components
of the QF muscle, which can be useful during a rehabilitation protocol.
The RF muscle is the most frequently injured part
of the QF [5]. Injury is usually connected to eccentric
contraction of the QF muscle. Interestingly, there can
be an eccentric contraction in the TVI muscle or other
additional head. Owing to the similarity of the courses of the RF and TVI, awareness of the TVI or other
additional heads could lead to missdiagnosis. A patient suffering from TVI or additional tendon rupture
can present with indefinite knee pain. Nevertheless,
there is only one case report of isolated TVI rupture
identified by magnetic resonance imaging [10]. Ultrasonography and magnetic resonance imaging of the
lower part of the thigh can reveal a tendon rupture.
According to Rajasekaran and Hall [23], the transverse

plane in a sonographic evaluation can feasibly lead
to identifying a TVI rupture.

CONCLUSIONS
We have reported another anatomical variability
of the QF muscle, which should be included in classification. Knowledge of the true anatomy of a QF is
essential during diagnosis and treatment of patients
with symptoms in this region of the lower limb.
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