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Metric analysis of the lumbar region
of human vertebral column
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Detailed measurement of lumbar spine, despite the many years of study, still provides new information, especially due to low back pain, which is increasing and
unresolved worldwide health problem. This review includes historical background
and evolution of measurement methods. The paper also focused on searching
optimal animal model of lumbar spine and summarizes current knowledge and
essential tips. In addition, practical application of lumbar metric analysis was presented. This summary is a starting point for further consideration. (Folia Morphol
2020; 79, 4: 655–661)
Key words: anatomy, anthropology, morphometry, lumbar spine, low
back pain, animal models, comparative anatomy

INTRODUCTION AND APPLICATION
OF THE STUDY

people around the world at various stages of their
lives; therefore, it becomes one of the key modern
era health problems, causing an increasing economic burden within the society. Therefore, a detailed
lumbar spine examination seems to be particularly
important and may contribute to improving many
aspects of people’s lives [9, 10, 18].

For centuries, the human spine anatomy has been
the subject of research in diverse fields of science. In
anthropology, this knowledge is the basis for inferring the body structure, style and living conditions
of contemporary populations. In clinical practice it
means a better understanding of the structure and
function of the spine, allowing for more precise clinical diagnosis and surgical treatment of spinal column
dysfunctions. Spine-stabilising system design as well
as implants improving surgical procedures are both
based on measurements of vertebrae structure. In
ergonomics and biomechanics, the most up-to-date
results are key in the construction process of cutting-edge mathematical digital models of human
spine. Aforementioned areas of science exemplify
the importance of detailed vertebrae analysis. Interestingly, the lumbar area of the spinal column seems
to be particularly important due to the increasing
occurrence of disorders in this region.
Low back pain is the leading cause limiting physical activity and notably affecting more and more

METHODS OF OBSERVATIONS
Many studies dealing with lumbar spine are based
on the analysis of human cadaver. Such a material
enables very detailed measurements of most anatomical vertebrae structures and allows observation of
mutual dependencies. However, this type of material
is difficult to obtain, especially from the younger population. In addition, any reasoning process related to
the lumbar region based on such material is obviously
incomplete: one must point out the necessity of using
non-invasive systems enabling intravital analysis of
this area. Historically, the initial measurements were
made using X-ray imaging; however, they were often
subject to an error related to the accuracy of calculations based on magnification distance.

Address for correspondence: Dr. A. Kosiński, Department of Clinical Anatomy, Medical University of Gdansk, ul. Dębinki 1, 80–211 Gdańsk,
Poland, tel: +48 58 349 14 20, e-mail: akosinski@gumed.edu.pl
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The introduction of computed tomography (CT)
scans made it possible to properly assess the dimensions of vertebral bodies in patients; however, the use
of this imaging method is justified only in the case
of symptomatic disease while it is not recommended
as part of prophylaxis. Studies of healthy population
should be based on the analysis of magnetic resonance images (MRI), which is a less invasive study,
but also less precise in defining the borders of bone
structures [20, 25]. The most important factor that
defines the value of obtained data is the precision
of the measurements, which is why the appropriate
and possibly cutting-edge methodology should be
key when choosing an analytical tool.

angle axis. It aimed to improve surgical technique by
determining the appropriate size of transpedicular
screws and insertion axis. Results are important in
preventing screw cutout and failure of fixation or
neurological injury. In addition, the authors did not
observe significant differences between the measurements taken on the basis of CT and X-ray images. The
first comprehensive study of the three-dimensional
(3D) anatomical structure of lumbar vertebrae was
carried out by Panjabi et al. [19] who used X-ray
method to document a 3D anatomy of human lumbar vertebrae analysing 60 vertebrae derived from
12 complete spinal columns. The authors noted that
the lumbar spine can be naturally subdivided into
three areas: thoraco-lumbar transition zone, lumbar-sacral transition zone and the central region.
Vertebrae L1 and L2 exhibited features similar to the
thoracic segment, which was expressed most notably
in size of spinal canal, the width to depth ratios increased from L1 to L3. In addition, the height of the
pedicle decreased from L1 to L3, thus continuing the
tendency occurring in the lower thoracic segment.
Segment L3 was characterised by a relatively narrow
spinal canal and the largest area of the vertebral
body, as well as the longest spinous process, probably related to the physiological lordosis peak in this
segment. Vertebrae L4 and L5 had features similar
to those of the sacral spine, mostly expressed as
a significant increase in them spinal canal area from
L3 to L5 and a sharp increase in the size of the pedicles, due to the increasing load of the lower lumbar
region. Such information is fundamental for development of innovative mathematical model of lumbar
spine, also allows to better understanding of spine
and more exact clinical diagnosis. The methodology
used in this study was relatively simple and cost-effective, in contrast to expensive techniques such as
CT and despite low cost allowed to achieve a high
degree of measurement accuracy. The small number
of samples examined in the study should be considered its main flaw. Also, due to the aforementioned
difficulty in obtaining this type of material, only
12 cadaveric specimens were analysed.
The broad study published by Zhou et al. [25] provided extensive data which enabled introduction of
an accurate database characterising the lumbar spine
of patients reporting the ailments of this area. The
analysis involved measurements of 378 lumbar vertebrae, gathered from 126 CT scans. It revealed that
the depth and width of the vertebrae body increases

THE HISTORICAL BASIS
Research devoted to the structure of the spine has
a long and rich history and a lot of information is to
be found in 19th-century anatomy textbooks. One
of such examples, by Henle [8], published in 1855,
already contains detailed information about the vertebral body height anterior (VBHa), which, according
to the book, tends to increase from 14 mm — C3 to
29 mm — L5. Thirty years on, Anderson [1] published
a study where he found that the VBHa of the L4 equals
its vertebral body height posterior (VBHp), while the
VBHa of L5 is greater than its VBHp. In addition, the
authors documented an increase in the depth of vertebral bodies from L1 to L3 followed by a decrease
to the L5 level. However, linear measurements in the
context of complex lumbar vertebrae construction,
for many authors did not suffice. As a result we may
cite Davis’ research [5], which confirmed the earlier
results of other researchers that the cross-sectional
area (CSA) of vertebrae body of L4 was equal to or
larger than that on L5. In addition, the following relationship was observed: the relatively small area of
L5 body is accompanied by increasing dimensions of
the pedicles of spinal arches and transverse processes,
which may explain the mechanism of transferring
forces from the lumbar region to the pelvic girth.
Detailed knowledge of the aforementioned lumbar
vertebrae structures was the basis for both theoretical
and practical considerations.
A wide-ranging study by Zindrick et al. [26] included analysis of up to 2905 vertebrae, including
lumbar vertebrae; although the measurements were
restricted to such parameters as height, width, sagittal and transverse angle of the pedicles, as well as
the distance to the anterior cortex through pedicle
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from L3 to L5; the width of the relevant pedicles alike.
In addition, the VBHa remained unchanged within the
same region, while VBHp decreased from L3 to L5.
The study also determined the average height of the
intervertebral discs at each level, with the decreasing
tendency in the caudal direction (from L3–L4 to L5–S1).
Using the data and its analysis, a lumbar spine model
was created, allowing a better understanding of the
structure and function of the spine and practical use
of these findings in treating patients with lumbar
dysfunctions by providing parameters necessary to
conservative treatment and also to improve surgical techniques. Measurements performed within the
lumbar region tend to provide a good foundation
for the development and subsequent production of
medical devices, implants as well as in biomechanics
and ergonomics. With the development of technology
based on such data, digital anatomical models have
been created, facilitating spatial reconstruction of the
human body. Using the data from up to 590 measurements gathered in previously published studies
by various authors, Magee et al. [16] have developed
a very accurate, digital model of the axial skeleton.
This model was developed for an average age of 27.9
years and an average height of 1758.2 mm; it allowed
an average range of mobility to be determined. Due
to the growing popularity of such digital human
body models in the context of structure and process
simulation, it becomes a major challenge to standardise measurements within the skeleton, so that its
geometric reconstruction reflects the reality the most.

increased while its width decreased. It seems plausible
that these changes may be associated with an overall
change in body height. In the old days, the average
body height was 171 cm for men and 158.2 cm for
women whereas today these values equal to 182.7 cm
and 165.5 cm, respectively. The overall vertebral robusticity decreased significantly over time, very likely
affecting dimension of vertebral body as well. There is
no single explanation for this phenomenon, because
the endurance of vertebrae seems to be influenced
by both genetic and environmental factors. Probably in the Middle Ages, the quantity and quality of
physical loads that the skeleton had to endure was
much higher than today. Several studies point out the
relationship between individual physical activity level,
bone dimension and density. Based on these results,
Junno et al. [12] hypothesised that the reduction in
vertebral dimensions may be a reflection of changes
in the level of physical activity. Therefore the scientists
examined the relationship between physical activity
in the late adolescence period and strength of the
spine expressed in such parameter as vertebral CSA
[13]. Surprisingly, in both studies they found that the
level of physical activity had no effect on the strength
of the lumbar spine, thus the role of other factors
such as nutrition or genotype should be taken into
account. Knowledge about the factors contributing
to vertebral strength could be essential for prevention
of vertebral fractures e.g. in osteoporosis.

VERTEBRAL CANAL
Such analysis would not be complete without
the spinal canal evaluation, which is performed with
multiple accurate measurements within individual
vertebral foramen. These readouts are particularly
interesting in the context of spinal canal pathology
treatment and can be potentially widely used in the
fields of neurology and neurosurgery. For centuries,
scientists have been analysing the morphological
structure of the spinal canal in the healthy population using a variety of measurement techniques.
Unfortunately, also in this case, the comparison of
various studies is extremely difficult due to the different methods of measurement as well as anatomical
reference points. Notwithstanding, Frostell et al. [6]
attempted to estimate the width and depth of the
spinal canal within the population, based on previously published works. The dimensions of these parameters are highly dependent on individual features,
including body height or torso length. In order to

THE HISTORICAL
AND POPULATIONAL CONTEXT
Structural details of the spine of modern humans
allow for comparison of populations in different historical periods. It is a common knowledge that the
overall skeletal strength has decreased over the centuries, especially with the recent rapid increase in
technological development. Improved health care as
well as change in nutrition habits and physical activity,
has had a significant impact on the appearance of the
modern phenotype, which regardless of reasons differs from the medieval one in terms of biomechanics
and function. This particular issue was addressed by
Junno et al. [11] the fourth lumbar vertebrae was the
subject of analysis based on 91 MRI images of contemporary human vertebrae and 92 skeletons from
the Middle Ages (IX–XIII c.). The authors found that
over the centuries the height of the vertebral body
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standardise the results, the authors created a model
where the relative length of the spinal cord and the
height of the spine were taken into account and the
percentage values of individual spinal segments and
vertebrae were determined. For example, the height
of the L5 vertebra constitutes 5.5% of the entire spine.
Estimates of such parameters in particular population
are extremely important in clinical practice; they are
a reference point for the diagnosis and treatment of
patients with dysfunctions in this area, for example,
suffering from multiple sclerosis have decreased CSA
in comparison with healthy controls.
A similar issue was raised by Griffith et al. [7].
The authors developed a reference range for the developmental lumbar spinal canal dimensions — with
measurements taken at each lumbar level and at each
sex. In addition, it was found that at the L3 level the
developmental spinal CSA and depth are smallest,
while these parameters increase in the cranial and
caudal direction. In taller people, the dimensions
of lumbar spinal canal were larger; however, there
were no changes observed in its dimensions related
to age, weight and body mass index. Such findings
are crucial for the studies aiming to determine the
developmental spinal stenosis and assess the narrowing of this structure.
Tekin Orha et al. [23] found that degeneration of
intervertebral discs and reduction of vertebral body
height progressed with age. The comparative observations of spinal canal allowed the conclusion that
the depth of the spinal canal may be an important
diagnostic parameter of the spinal canal stenosis
and an increased antero-posterior dimension of the
intervertebral disc seems to be the reason for aggravated pain. Knowledge about the factors related to
disc hernitation may be essential to assess the stage
of disease progression and choose appropriate treatment method.
The sex-related dimorphism of the spine seems to
be an unresolved issue. When comparing the average
values for male and female vertebrae, Piontek and
Budzyńska [21] concluded that particular differences
occur in width and depth of vertebral bodies and the
lengths of spinous process and the width of transverse processes. Smaller differences were observed
between male and female vertebrae height. In other
study sexual dimorphism was evident in the spinal
canal CSA — larger in men, although in relation to
the vertebral body CSA it was found to be greater in
women [6, 7].

It should be assumed that the sexual dimorphism
of lumbar spine results from the more massive structure of male vertebrae as compared with female
counterpart, where it may be associated with the
menopause, post-menopausal period as well as age.
Nevertheless, these determinants of vertebral sexual
dimorphism cannot constitute unambiguous diagnostic elements in determining the sex of the examined
subject. Therefore, further research would be most
welcome in order to determine obvious differences
in age and sex-related spine morphology [21, 23].
Observations of age-related bone changes in bone
structure and reduction of bone mineral density, especially in women, led researchers to the hypothesis
that the higher risk of vertebral body fractures in older
women may be the result of the inability to remodel
and adapt to the phenomenon of bone mineral density
reduction. To address this question Junno et al. [14]
used 181 skeletons from the beginning of the
20th century and 497 MRI images of the current population. The authors took measurements of L4 vertebrae
due to its specificity to withstand greater load. They
found a moderate relationship between age and vertebral body area growth which was similar in both sexes,
therefore no clear, sex-specific mechanism to compensate for the loss of bone mineral density was established.
On this basis, the observed more frequent spine fractures in older women cannot be fully explained.

COMPARATIVE ANATOMY
Implementation of cutting-edge surgical procedures and the development of vertebral implants
are preceded by extensive preclinical phase research
on human cadavers. Availability of such material is
very limited, especially the cadavers of young people, therefore an alternative animal model is still
being sought after, especially as an equivalent of
desired age groups. Various species were taken into
account when looking for the optimal animal model
of human vertebral column. The easy access and appropriate dimensions made sheep, deer, calves, pigs,
goats and dogs the most commonly studies species.
Various differences are evident when comparing the
human spine and those of individual animal species.
In the lumbar region, the width and depth of human vertebral body as well as the spinal canal are
larger than the animal ones. In addition, the mean
pedicle angle of the human is lower than in any
of the studied animal species. However, there are
also convergent features. Like in humans, the sheep
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lumbar spine vertebrae are characterised by a larger
width than the depth, creating a typical oval shape
within the transverse dimension [24]. On the other
hand, the dimensions of lumbar pedicles exhibit the
pronounced similarity between the deer and man. In
addition, bone mineral density is comparable in both
species and this fact may be used in biomechanics,
for example when studying the pull out strengths of
spinal implants [15]. However, in McLain et al. [17]
observed that out of 5 animal species, it is the spine
of the miniature pig that most closely reflects the
structure of the human spine in terms of its total
vertebral height, vertebral body width and spinal
canal dimensions. Immature pigs are the best model
of such human parameters as the length of transverse
processes, depth of vertebral body, pedicle diameters,
shape and angle, and also interfacet distance and
facet outline. Another alternative to the human model
is the calf spine, exhibiting similar characteristics to
that of immature pigs. However, both calves and
pigs grow very quickly during the first 18 months of
life. Individuals included in the experiment at 7–10
months of age, often triple their body weight during the following year, which should be taken into
account when planning in vivo studies [3, 17, 22].
Worth mentioning is the study by Busscher et al. [2],
where 6 human and 6 porcine spinal columns were
subjected to CT and then 16 anatomical measurements were made on each vertebra. Similarities were
observed in the vertebral body height, the shape of
their end-plates, the shape of the spinal canal and the
size of pedicles. In addition, all individual features and
dimensions were comparable except the spinal canal
depth and the angle of spinous processes. Moreover
the authors described similarities in the spinal canal
size, the transverse processes length and size of the
pedicles. The greatest differences were observed in
the dimensions of the intervertebral discs, therefore
the porcine spine should not be considered a representative model for testing implants and surgical
techniques of this structure. Given the difference
in scaling, it is plausible that the porcine spine may
be the anatomical equivalent of the human spine
in targeted research [2, 4]. The ideal animal model
of the human spine does not exist. Understanding
their differences and similarities is the foundation
to interpret the research results using such models
and may be helpful when selecting an appropriate
animal model for in vivo as well as in vitro studies
of the spine.

As mentioned before, an important aspect of
lumbar spine research is the measurement quality
of the structures of this area. Analysis of existing
literature indicates significant differences especially between measurement protocols, imaging and
image enlargement. The frequent limitations which
might have led to flawed results include the study
group size as well as the number of samples tested.
Magee et al. [16] described this problem in detail in
the work devoted to the development of a standardised digital 3D model of the human spine. In addition, further literature analysis reveals a number
of inconsistencies and the lack of standardisation of
measurements and data recording; moreover, using
the same terms to describe different parameters or
different terms referring to the same anatomical
structure introduces chaos in the interpretation
of results. Another issue relates to the geometric
reference points used during measurements — very
few researchers provide them, which makes it difficult to digitally reconstruct their way of thinking.
Standards of human body measurement methods
have been developed by the British Standards Institute; among others for the clothing industry,
automotive design and computer models used in
ergonomics. Intriguingly, such standards have not
been established for measurement methods related
to human anatomy.
The recommendations presented by Magee et
al. [16] were based on the integration of industrial
design standards and engineering methodology. Anatomical terminology requires standardisation and
consistency in the context of specific measurements
of different areas. Unification of nomenclature would
prevent problems with data interpretation (Table 1).
Determining the recommended scaling parameter,
e.g. growth, would allow comparative analysis.
In addition, the measurement report should contain information on the reference points and spatial
position of the examined objects. It is suggested that
the centre line of the body is the main reference point
in the frontal plane. Anatomy is not characterised by
the absolute symmetry, therefore the measurements
of the lateral points in relation to the median line
should be quantified in both positive and negative
values, according to current standards (spinal flexion
[+], extension [–], lateral bending to the right [+]
and left [–]). Again the Magee group [16] indicated
literature examples of the good practice. Moreover,
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Table 1. Vertebrae measurement descriptions
1

VBHa

Vertebral body height anterior

2

VBHp

Vertebral body height posterior

3

VBHc

Vertebral body height central

4

EPDs

Endplate depth superior

5

EPDi

Endplate depth inferior

6

EPDc

Endplate depth central

8

EPWs

Endplate width superior

9

EPWi

Endplate width inferior

10

EPWc

Endplate width central

7

PDH

Pedicle diameter — high

11

PDW

Pedicle diameter — width

12

TPW

Transverse process width

13

SPL

Spinous process length

14

FDD

Foramen diameter — depth

15

FDW

Foramen diameter — width
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Background: Diabetic neuropathy is a common chronic complication in diabetes
mellitus. Such neuropathy associates with chronic inflammation and immune system activation. Microglia, a type of neuroglia, are involved in the immune system
and are found in grey and white matter of the central nervous system, such as
the brain and spinal cord. The spinal cord connects the peripheral nervous system
and the higher brain centre. Hyperglycaemia during diabetes mellitus has been
found to activate and increase number of microglia in the dorsal grey horn or
column of the lumbar segments in spinal cord, which release several cytokines in
the development of hypersensitivity in diabetic neuropathic pain.
Materials and methods: Therefore, in this study, anatomical alterations of rat
spinal microglia in all areas (dorsal, intermediate and ventral columns of grey matter
and dorsal, lateral and ventral funiculi of white matter) in cervical enlargement,
thoracic level and lumbosacral enlargement were observed in early stage of diabetic
conditions by using light and transmission electron microscopies.
Results: The numbers of microglia in all parts of grey and white matter of all
spinal levels significantly increased in the diabetic group. The structures and ultrastructures of microglia in grey and white matter at cervical enlargement, thoracic
level and lumbosacral enlargement similarly changed in diabetes. In diabetic rats,
microglia became hypertrophied with a pale nucleus. Moreover, short fragments of
rough endoplasmic reticulum, elevated numbers of lysosomes and numerous actin
filaments in the cytoplasm were examined. Microglial phagocytosis of myelin and
axonal debris were also observed. In this investigation, the morphology of spinal
microglia during short-term diabetes became activated during hyperglycaemia.
Conclusions: It is suggested that these changes may be involved in the development of diabetic neuropathic pain in the spinal cord. (Folia Morphol 2020;
79, 4: 662–671)
Key words: diabetes mellitus, microglia, spinal cord, rat

INTRODUCTION

pathy [10]. The current hypothesis suggests that neuro-immune interactions actively contribute to pain
in diabetes of both peripheral and central nervous
systems (CNS) [30]. The cells, which relate with the
immune system in the CNS, are microglia, which are
the macrophage-like cells of both white and grey

Diabetes mellitus (DM) is a chronic metabolic disorder of global concern [11]. Chronic inflammation
and activation of the immune system are involved
in the pathogenesis of diabetes and associated with
diabetic complications, particularly diabetic neuro
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matter [17]. The microglia can be classified into two
different forms with varying functional roles: resting
in the normal condition and active microglia in neural
damage, ischaemia and infection [4]. Furthermore,
the high concentration of glucose during short-term
diabetic rats can activate and increase in number of
microglia, which is observed in dorsal horn or column
of grey matter in spinal lumbar segments [24]. The
activation of microglia is implicated in stimulation
of intracellular signalling molecules and release of
pro-inflammatory cytokines, which are involved in
pain hypersensitivity in diabetic neuropathy [3, 5, 14,
23]. Most previous studies have focused on biochemical alterations of microglia. However, little is known
regarding the beginning of phenotypic changes of
microglia in all areas and levels of spinal cord, which
receive and modulate the sensory input from peripheral nerves to the higher centre and also output
to peripheral organs [7]. Thus, this study aimed to
investigate the numbers and activated morphological changes of early diabetic spinal microglia in all
parts at the cervical enlargement, thoracic level and
lumbosacral enlargement by using light (LM) and
transmission electron microscopies (TEM), compared
to untreated control rats.

of the Bouin’s solution was followed. Next, 6 spinal
cords (control: n = 3, DM: n = 3) were dissected into
cervical enlargement, thoracic level and lumbosacral
enlargement, cut at 6–7 µm thick and processed for
conventional histological investigation with haematoxylin (H) and eosin (E) staining.
In the TEM, 0.1 M phosphate buffered saline (PBS)
was perfused into ascending aorta and then injected
with 2.5% glutaraldehyde in 0.1 M PBS, orderly. Nine
rat spinal cords (control: n = 3, DM: n = 6) were
dissected and separated into cervical enlargement,
thoracic level and lumbosacral enlargement. Next,
each level of spinal cord was cut into 1 mm cube, according to dorsal, lateral and ventral funiculi of white
matter and dorsal, intermediate and ventral columns
of grey matter. Then, each area of each spinal level
was processed for the conventional TEM [19, 22].
Microglia counting

In all areas of grey and white matter in all spinal
levels (dorsal, intermediate and ventral columns of
grey matter, dorsal, lateral and ventral funiculi of
white matter in cervical enlargement, thoracic level
and lumbosacral enlargement in both control and
diabetic groups), the numbers of microglia were
counted under the LM with 400 magnification. The
amounts of microglia per area (200 × 300 µm2)
in each area, spinal level and group were totally
counted in 30 serial sections with 3 section interval in each counted section; therefore the same
microglia was not repeatedly summed. Amounts
of microglia in the same area of each level and
group were calculated as an average and a standard
deviation (SD).

MATERIALS AND METHODS
Experimental animals, LM and TEM
Fifteen healthy male Sprague-Dawley rats, 5–8

weeks of age, initially weighting 200–270 g, were received from the National Laboratory Animal Centre,
Mahidol University, Thailand. The animal protocol was
followed by Mahidol University Council’s Guidelines for
Care and Use of Laboratory Animals, Thailand. After
arriving, the rats were acclimatised for a week. Then, all
rats were fasted at least 6 h to measure blood glucose
of tail vein and urine glucose. Both levels were in the
normal ranges. Then, the animals were randomly divided into two groups: a type 1-induced DM (n = 9) with
an intraperitoneal injection of 60 mg/kg body weight
of streptozotocin (STZ) in citrate buffer and a control
(n = 6), injected with the buffer [27]. After fasting for
10–12 h, urine glucose levels and body weights of each
animal were measured daily for 4 weeks. The whole
blood glucose levels were detected at 48 h, 72 h after
the STZ or the buffer injection and before sacrifice.
Each animal was sacrificed by an overdose of halothane
inhalation at 4 weeks after induction.
In the LM, after 500 mL of 0.9% sodium chloride
was injected through the ascending aorta, 300 mL

Statistical analysis

The quantitative analyses in body weights and
numbers of microglia in each area, level and group
were expressed as means ± SD. The Mann-Whitney
U test was used to compare body weights of control
and diabetic groups. Comparisons in amounts of microglia between control and diabetic groups in each
area and level were performed using unpaired t-test
(SPSS 19.0 software). Differences were considered
significant at p-values < 0.05.

RESULTS
At 48 h and 72 h after the STZ induction and before sacrifice, the average whole blood glucose level
of diabetic rats was higher than 300 mg/dL, and the
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Table 1. Comparisons of parameters between early stage
of diabetic rats, compared to age-matched control rats
(mean ± standard deviation)
Parameters

basophilic staining, whereas an astrocyte contained
a large oval nucleus with pale staining. Moreover,
an oligodendrocyte consisted of a smaller and dense
round nucleus, compared to the astrocyte (Figs. 2, 3).
In the diabetes, microglia became slight hypertrophied with a pale-stained nucleus in all areas (dorsal,
intermediate and ventral columns of grey matter and
dorsal, lateral and ventral funiculi of white matter)
in all levels (cervical enlargement, thoracic level and
lumbosacral enlargement) of spinal cords (Figs. 2, 3).
Interestingly, the disorganised pattern of nerve fibres
in white matter was detected in diabetes (Fig. 3).
Moreover, the numbers of diabetic microglial cells
significantly increased compared to the age-matched
control group in all parts of all spinal levels (Figs. 2–4).

Control (n = 6) Diabetes (n = 9)

Whole blood glucose levels
[mg/dL]:
Before experiment
Before sacrifice

86.50 ± 3.37

85.00 ± 1.00

130.50 ± 20.26 446.00 ± 23.24a

Urine glucose levels [mg/dL]:
Before experiment

0

0

Before sacrifice

0

> 500b

Before experiment

253.67 ± 66.18

252.38 ± 38.51

Before sacrifice

331.50 ± 24.56

206.00 ± 5.56*

Body weights [g]:

a
If the average whole blood glucose level was more than 300 mg/dL, it was indicated as
diabetes in rat; bIf the average urine glucose level was greater than 500 mg/dL, it was
a characteristic of diabetic rat; *p-value < 0.05 compared to the age-matched control rats

Ultrastructural changes in early stage
of diabetic microglia

Under TEM, the rod-shaped nuclei of control
microglial cells were dark with clumped chromatin
beneath the nuclear envelope. The contours of cell
bodies were irregular and extended thin cytoplasmic processes into the surrounding neuropil (Fig.
5A, B). The cells in the control contained a nucleus
and numerous organelles, including long cisternae
of rough endoplasmic reticulum (rER) and oval or
elongated mitochondria (Fig. 6A–C). In addition,
a few fine fibrillar actin filaments arranged in parallel
arrays in the cytoplasm were observed (Fig. 6B). In
short-term diabetes, the altered microglial cell had
an oval shape nucleus with dense thick patches of
heterochromatin along the periphery with extension
of microglial processes in comparison to the control
(Fig. 5C–H). Moreover, a broad cytoplasmic area was
found with several changes of cytoplasmic organelles.
Short segments of rER and spherical lysosomes partly
filled with hydrolytic enzymes were widely dispersed
in the diabetic microglial cytoplasm (Fig. 6D–F). An
abundance of actin filaments was also observed near
the nucleus of diabetic microglia (Figs. 5D, G; 6E).
Furthermore, the degenerated myelin and axonal
debris were found in the cytoplasm, which suggested
phagocytic activity during diabetes (Fig. 6F).

mean urine glucose level of diabetic rats was more
than 500 mg/dL, which indicated that these rats became diabetes. Moreover, the diabetic rats showed
other symptoms of DM, including polyphagia, polydipsia, and polyuria. Moreover, there was a significant
decrease in body weight of early stage in diabetes,
compared to the control (Table 1).
Altered histological appearances
and numbers of microglia in early diabetes

At low magnification, the cross sections of spinal cords in cervical enlargement, thoracic level and
lumbosacral enlargement consisted of inner butterfly
shaped grey and outer surrounding white matter. The
grey matter was divided into dorsal, intermediate and
ventral columns. The white matter was classified into
dorsal, lateral and ventral funiculi. In the diabetes,
the spinal cords were slightly paler than those in
the control group (Fig. 1). Microglial appearances of
each group (control and diabetes) in all white and
grey matter of cervical enlargement, thoracic level
and lumbosacral enlargement in spinal cord were
similar in both histological and ultrastructural examinations. Under LM observation, microglia in grey
matter dispersed among neurons, other neuroglial
cells and blood vessels (Fig. 2), whereas they were
situated around nerve fibres and other neuroglia in
white matter (Fig. 3). To identify glial cells (microglia,
astrocytes and oligodendrocytes) of both grey and
white matter with the H&E staining, a microglia had
a smaller and more elongated nucleus with dense

DISCUSSION
In early stage of diabetes, increased numbers
of microglia were found in this investigation of all
parts of spinal grey and white matter (dorsal, intermediate and ventral columns of grey matter and
dorsal, lateral and ventral funiculi of white matter)
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Figure 1. Representative light microscope of cross sections in cervical enlargement (A, B), thoracic level (C, D) and lumbosacral enlargement
(E, F) of spinal cord, short-term control (A, C, E) and diabetes (B, D, F). Dorsal (dc), intermediate (ic) and ventral columns (vc) of grey matter,
dorsal (df), lateral (lf) and ventral funiculi (vf) of white matter.

the tyrosine phosphatase, which causes increased
tyrosine phosphorylation and prolongation of mitogenic signalling [9]. Consequently, haematopoietic
cell kinase activation occurs to induce phosphatidylinositol-3 kinase (PI3K)/protein kinase B (Akt) and
mitogen-activated protein kinases (MAPK)/extracellular signal-regulated kinase pathways [20]. As
a result, cyclin D1 and cyclin-dependent kinase (CDK) 4
increase to progress G0 to G1 phases, whereas raised
levels of cyclin E and CDK2 cause G1 to S phases of

in cervical enlargement, thoracic level and lumbosacral enlargement, which was similar result as that in
dorsal horn or column of spinal lumbar segments
in the short-term DM [24]. Hyperglycaemia during
DM leads to non-enzymatic glycation to produce
advanced glycation end products (AGEs). Then, AGEs
activate oxidative stress via activation of nicotinamide adenine dinucleotide phosphate oxidase [28],
which produces hydrogen peroxide (H2O2) in the
microglia. H2O2 then stimulates sulfhydryl groups in
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Figure 2. Light microscope of spinal glial cell types in typical grey matter of cervical enlargement (A, B), thoracic level (C, D) and lumbosacral enlargement (E, F) in control (A, C, E) and early stage of DM (B, D, F). M — microglia; A — astrocyte; O — oligodendrocyte; N — neuron; C — capillary.

the cell cycle. Moreover, decreased CDK inhibitor,
p27Kip1, prevents the cell cycle from moving to the G0
phase [21]. Finally, proliferation and differentiation
of diabetic microglia caused significantly increased
numbers in all areas of both grey and white matter

in all levels (cervical enlargement, thoracic level and
lumbosacral enlargement) of the spinal cords.
In our experiments, microglia in the early stage of
diabetes became hypertrophied in all areas of grey
and white matter in cervical enlargement, thoracic
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Figure 3. Light microscope of microglia and other cells in white matter of cervical enlargement (A, B), thoracic level (C, D), and lumbosacral
enlargement (E, F) in control (A, C, E) and diabetic (B, D, F) groups. M — microglia; A — astrocyte; O — oligodendrocyte; NF — nerve fibre;
C — capillary.

level and lumbosacral enlargement, which were same
appearances as those of the microglia in dorsal horn
or column of spinal lumbar segment in short-term

diabetes [24]. There were also elevated lysosomes and
numerous actin filaments in the diabetic microglia,
which are involved in phagocytosis. As described,
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Figure 4. A. A typical cross section of spinal cord; B–D. Comparisons in numbers of microglia per 200 × 300 µm2 of cervical enlargement
(B), thoracic level (C) and lumbosacral enlargement (D). Dorsal (dc), intermediate (ic) and ventral columns (vc) of grey matter, dorsal (df),
lateral (lf) and ventral funiculi (vf) of white matter; *p-value < 0.05 compared to the age-matched control rats.

increased H2O2 in the microglia activates PI3K/Akt and
p38 MAPK pathways [25]. Next, mammalian target
of rapamycin is stimulated to increase global protein synthesis and ribosomal gene transcription [1],
which directly phosphorylates transcription factor EB to bind and encode the V-ATPase lysosomal
gene. Then, rER becomes hyperfunction to produce
lysosomal membrane and hydrolytic enzymes [18].
Therefore, the number of lysosomes in the diabetic
microglia increased. In addition, high glucose levels lead to damaged nervous tissues and endothelium [13], which release vascular endothelial growth
factor (VEGF) [26, 29] and monocyte chemoattractant protein-1 (MCP-1) to microglia. The VEGF activates myocardin-related transcription and serum
response factors in that order. Increased G-actin is
found [15]. Furthermore, MCP-1 binds to G-couple
receptor on the plasma membrane of microglia to
stimulate guanosine triphosphate-binding protein
[12]. Then, profilin, an actin-binding protein, un-

dergoes phosphorylation, while cofilin, involved
in depolymerisation of actin filaments, becomes
down-regulated in the microglia. Increased numbers of G-actin and profilin, but decreased cofilin,
cause elevated production of actin filaments [16].
Abundant actin filaments were found in the microglia of diabetes. During hyperglycaemia, neurons in
the spinal cord are damaged and become apoptotic
cells, releasing uridine 5’‑diphosphate. This substance
binds to its receptor on the microglia to produce
phospholipase C in the PI3K pathway. The inositol
1, 4, 5-trisphosphate (InsP3) is relased to cause calcium (Ca2+) efflux through InsP3 receptor on the ER [8].
Intracellular Ca2+ induces calcium release-activated
channels on the plasma membrane of microglia. Then,
Ca2+ flows into the cell [16]. The high level of Ca2+
regulates remodelling of increased actin filaments
to form a phagocytic cup around apoptotic debris.
Next, the actin filaments surrounding the phagosome
dissociate, and lysosomes bind to the phagosome
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Figure 5. Transmission electron microscope of microglia in representative grey (A) and white matter (B) of control group; grey (C, E, G) and
white matter (D, F, H) of short-term diabetes mellitus; cervical enlargement (C, D), thoracic level (E, F) and lumbosacral enlargement (G, H);
Nu — nucleus of microglia; black asterisks — microglial process; black arrows — actin filaments; N — neuron; As — astrocyte.
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Figure 6. Ultrastructural images of microglial cells in the control (A–C) and streptozotocin diabetic (D–F) groups. Nu — nucleus of microglia;
m — mitochondria, rER — flatten cisternae rough endoplasmic reticulum; black arrows — actin filaments; r — ribosome; Ly — lysosome;
black asterisks — axonal debris; V — a vacuole; Ax — axon.

to digest the debris in the Ca2+ dependency [2, 6].
Then, phagocytosis of the damaged cells is proceeded by microglia, as seen in the axonal debris in the
cytoplasm.
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Background: Manganese (Mn) is widely used for industrial purposes and exposure to high levels of Mn may cause an irreversible brain disease. Propolis is
a natural plant product; it acts as a powerful reactive oxygen species scavenger
and improves the neurodegeneration process.
Materials and methods: In this study 40 adult male albino rats were divided randomly into four groups 10 rats each: group I (control group), group II manganese
chloride (MnCl2) received 10 mg/kg/day/orally for 4 weeks by intra-gastric tube,
group III (propolis group) received 50 mg/kg/day/orally for 4 weeks by intra-gastric
tube, and group IV (MnCl2 + propolis group) received the same doses with the
same duration and route as in groups II and III. Rats were sacrificed after 24 h
of last dose. The olfactory bulbs removed, the right bulb cut to be processed
for haematoxylin and eosin, immunohistochemical staining and the left cut for
electron microscopic studies.
Results: Results revealed that rat olfactory bulb from MnCl2 group showed darkly
stained mitral cells with dark pyknotic nuclei, some show pericellular spaces and
vacuolation, dark apoptotic cells in granular cells, neuropil vacuolation and pyknotic astrocyte. Electron microscopic examination showed abnormal granular cell
with irregular damaged nuclear membrane, rupture of myelin fibre. Mitral nerve
cell with destructed nucleus, many cytoplasmic vacuoles, swollen rough endoplasmic reticulum, vacuolated mitochondria and neuropil were observed. Manganese
chloride + propolis group showed improvement compared to MnCl2 group.
Conclusions: It was concluded that propolis can ameliorate the toxic changes of
manganese chloride on rat olfactory bulb. (Folia Morphol 2020; 79, 4: 672–680)
Key words: olfactory bulb, manganese chloride, propolis, rat

INTRODUCTION

roendocrine regulation. In many species, olfaction
plays a very important role in animals’ functions than
in humans [16].
Manganese (Mn) is widely used for manufacture
purposes, including the production of steel, iron,
fertilizers, ceramics, batteries, insecticides, paints,
and soaps [7]. Metal and mine workers are frequently

Odour impairment is associated with preclinical
dementia in humans, so it is essential to develop
experimental models to evaluate the effects of neuropathology on behaviour. The sense of olfaction is
critically important for food consumption, maternal
reproductive functions, emotional responses and neu-
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exposed to Mn [24]. It is an essential metal for humans, which disturbs the controlled balance of neurotransmitters release and metabolism. Therefore Mn
haemostasis is necessary for all brain function [10]. It
acts as an activator or cofactor for many metalloenzymes, as mitochondrial superoxide-dismutase that
is an avital enzyme in the suppression of oxidative
stress [39]. Manganese passed the blood-brain barrier
and carried to various brain parts through an axonal
transport system [42]. It was stated that exposure to
Mn high levels leads to permanent brain disease [45].
Propolis is a resinous substance produced by honeybees from plants. It is composed of resin (50%),
wax (30%), pollen (5%) and aromatic oils (10%),
flavonoids (quercetin, chrysin, pinocembrin, kaempferol, apigenin, etc.), polyphenolics, beta-steroids,
terpenes, vitamins, and minerals. It has relevant
therapeutic properties that have been used since
ancient times [6]. Its flavonoid component, caffeic
acid phenethyl ester, possesses several important
biological and pharmacological properties including
immunomodulatory, antioxidant, anti-inflammatory,
anticarcinogenic, antiviral, antimicrobial, neuroprotective effect and anti-diabetic activities [38].
Propolis acts as a potent reactive oxygen species
(ROS) scavenger. It improves the neurodegeneration
process after sciatic nerve injury [37]. Also, it greatly
improved the level of acetylcholinesterase activity,
oxidative stress, and mitochondrial dysfunction in
lead-induced neurotoxicity [15].
Earlier identification of neurodegenerative diseases is a major objective. In preclinical studies testing
new neuroprotective approaches in rodent models
of neurodegenerative disease, olfactory assessment
could be very useful in determining therapeutic potential of compounds and transfer into clinic [27].
So, this study aims to evaluate the protective effect
of propolis against manganese chloride (MnCl2) neurotoxicity on the olfactory bulb of adult albino rate.

samples were mixed with distilled water, heated and
filtered through filter paper. It was freshly prepared
to be sure that it contains all its active components
given orally by intragastric tube daily at a dose of
50 mg/kg/day for 4 weeks [15]. Oral administration
of propolis is safe up to 5000 mg/kg/day [32].
Animals

Forty adult male Sprague Dawley albino rats
weighing between 150 and 200 g purchased from
Faculty Veterinary Medicine, Suez Canal University.
They kept in a ventilated room in stainless-steel cages
at Human Anatomy and Embryology Department,
Faculty of Medicine, Suez Canal University. They were
left 2 weeks to accommodate, received food and
water ad libitum. The animals were weighted daily
and observed for behavioural changes.
Experimental design

Forty adult male albino rats randomly divided into
four groups ten rats each:
—— group I (control group) divided into two subgroups: negative control: no treatment was received, and positive control received 0.5 mL distilled water daily by intra-gastric tube for 4 weeks;
—— group II (MnCl2): rats received 10 mg/kg/day/orally
for 4 weeks, which dissolved in 1 mL of sterile
saline by intra-gastric tube [35];
—— group III (propolis group): rats received 50 mg/kg/
/day/orally for 4 weeks by intra-gastric tube [15];
—— group IV (MnCl2 + propolis group): rats received
the same doses, duration, and route as groups II
and III.
Rats sacrificed 24 h after the last dose, the olfactory bulbs were collected immediately, the right bulb
cut to be processed for haematoxylin and eosin (H&E),
immunohistochemical staining and the left one cut
for electron microscopic studies.
Buried food test

MATERIALS AND METHODS

The test is used to confirm ability to smell volatile
odour and measures how rapidly an overnight-fasted
animal can find familiar food, such as hiding cookies
underneath a layer of 3 cm clean bedding in a clean
cage. Stopwatch and timer were used for each cage,
rat with normal olfaction find the cookies within
1 min. Stop the stopwatch when the rat picks up the
cookies. Rat fails to find the cookies after 15 min we
record 900 s as its latency score [43].

Chemicals
Manganese chloride 97% (tetrahydrate) was purchased from ALPHA CHEMIKA, India.
Preparation of aqueous propolis extract

Propolis was obtained from honeybee colonies
at the apiary of the Faculty of Agriculture at Suez
Canal University, Egypt. Propolis freeze until usage,

673

Folia Morphol., 2020, Vol. 79, No. 4

Light microscopic study

Duration [s]

Right olfactory bulb was cut and fixed in 10%
neutral buffered formalin and processed for light
microscopic study. Paraffin sections of 5-µm thickness
were stained with H&E and immunohistochemically
staining with glial fibrillary acidic protein (GFAP) of
glial cells (purchased from Lab vision, USA) [33]. Area
per cent of GFAP immunoreaction were measured
using ImageJ soft [1, 36].

900
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400
300
200
100
0

Control

Propolis

MnCI2

MnCI2 + propolis

Figure 1. Mean ± standard deviation duration in seconds of Buried
food test; p > 0.05; MnCl2 — manganese chloride.

Electron microscopic study

The specimens of the left bulbs were divided into
small pieces, immersed for 2 h in 2.5% phosphate-buffered glutaraldehyde solution (pH 7.4) at 4oC, washing
with phosphate buffer then post-fixed for 1 h in 1%
buffered osmium tetroxide solution. Ultrathin sections
were cut using MT 600-XL RMC ultra-tome, stained
with uranyl acetate and lead citrate and examined with
JOEL-1010 (Japan) transmission electron microscope
at the centre of Mycology and Biotechnology Transmitting Electron unit, Al-Azhar University, Cairo, Egypt.

Table 1. The mean values of area percentage of glial fibrillary
acidic protein (GFAP) immunoreaction (mean ± standard
deviation) in different groups (p > 0.05)
Area percentage of GFAP immunoreaction

Ethical consideration

Control group

5.949 ± 0.66

MnCl2 group

11.297 ± 0.71*#

MnCl2 + propolis group

6.243 ± 0.87

Propolis group

5.899 ± 0.64

*Significant compared to control and propolis group; #Significant compared to MnCl2
+ propolis group; MnCl2 — manganese chloride

All procedures performed in this study involving
animals were done accordance the ethical standards
of the Institutional Animals Ethics Committee of Suez
Canal University.

Histopathological study

Control and propolis groups. Olfactory bulb
sections of control and propolis groups stained by
H&E presented similar heterogeneous architecture
and cellular basis, 6 layers appeared from external to
internal: olfactory nerve layer contained unmyelinated
axons and accumulation of a few organised supporting cells. Glomerular layer showed glomeruli with
different size, juxtaglomerular neurons surrounded by
typical glomeruli. External plexiform layer consisted
of nerve fibres and glial cells. Mitral cell layer showed
widely spaced and broken cell bodies of mitral cells
arranged in a single row, they had euchromatic nuclei,
prominent nucleoli, and Nissl substance in their cell
bodies. Internal plexiform layer and granular cell layer.
Granular cell layer contains many small granule cells,
and Golgi type II cells also noticed (Figs. 2A1, A2; 3A).
Immunohistochemically stained sections of GFAP
showed a few positive cells (Fig. 4A, Table 1).
Electron microscopic examination showed normal
rounded granule nerve cells with scanty cytoplasm
and dark nuclei, mitral nerve cell with euchromatic
nuclei and prominent nucleoli. Abundant cytoplasm
containing normal rough endoplasmic reticulum

Statistical analysis

The morphometric data of each group was statistically analysed; ANOVA and post-hoc Tukey’s HSD were
used to compare the four studied groups: P < 0.05
was considered significant.

RESULTS
No mortality was observed throughout the study. The
MnCl2 group showed less active than the other groups.
No marked changes in behaviour were observed.
Buried food test

Manganese chloride group showed a statistically
significant increase in time compared to control and
propolis groups. MnCl2 + propolis group showed
statistically significant reduction in time compared
to MnCl2 group (Fig. 1).
The area percentage of GFAP immuno-stained

The area percentage of the GFAP-stained cells in
MnCl2 group was statistically significant increase
compared with other studied groups (Table 1).
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A1

A2

B

Figure 2. A1. A photomicrograph of rat
olfactory bulb section control group showing olfactory nerve layer (ONL), glomerular
layer (GL), external plexiform layer (EPL),
mitral cell layer (MCL), internal plexiform
layer (IPL) and granular cell layer (GCL);
A2. Mitral cells (arrow) with abundant
cytoplasm, euchromatic nuclei, prominent
nucleoli and granular cells; B. Manganese
chloride (MnCl2) group showing darkly
stained mitral cells (arrow), dark pyknotic
nuclei, congested blood vessel (Bv) and
dark apoptotic cells in granular cells (GC);
C. MnCl2 + propolis group showing
granular cells and mitral cells (arrow)
with abundant cytoplasm.

C

A

B

Figure 3. A. A photomicrograph of rat
olfactory bulb section control group showing mitral cells (MC) reside in a single
row, with abundant cytoplasm contain
Nissl substance, euchromatic nuclei and
prominent nucleoli, granular nerve cells
(GC) with scanty cytoplasm and normal
nuclei; Golgi type II cells (Go); B. Manganese chloride (MnCl2) group showing
darkly stained mitral cells (arrows) with
pyknotic nuclei, pericellular spaces and
vacuolation. Pyknotic astrocyte (arrowhead), granular cell (Gc) and Golgi type II
cell (Go); C. MnCl2 + propolis group
showing normal granular cells and mitral
cells with abundant cytoplasm, deeply
stained nucleus and normal neuropil.

C

(RER), mitochondria with normal crista, dense matrix and electron-dense particles most probably free
ribosomes were seen (Figs. 5A; 6A1, A2).
Manganese chloride group. Olfactory bulb of
MnCl2 group revealed darkly stained mitral cells
with dark pyknotic nuclei; some showed pericellular spaces, vacuolation, congested blood vessels
and dark apoptotic cells in granular cells. Neuropil
vacuolation, many pyknotic astrocytes, and Golgi
type II cells were also present (Figs. 2B; 3B). Immunohistochemically stained sections for GFAP showed

a positive reaction in all layers of the olfactory bulb
(Fig. 4B, Table 1).
Electron microscopic examination showed abnormal
granular cell with irregular damaged nuclear membrane, rupture of myelin fibre. Mitral nerve cell with
a destructed nucleus, many cytoplasmic vacuoles, swollen RER, vacuolated mitochondria, neuropil vacuolation
and irregular nuclear membrane (Figs. 5B, 6B1, B2).
Manganese chloride + propolis treated group.
Normal granular cells arranged in a cluster. Mitral
cells appeared with abundant cytoplasm containing
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A

B

C

Figure 4. A. A photomicrograph of rat
olfactory bulb section control group
showing a few positive immunoreaction
cells; B. Manganese chloride (MnCl2)
group showing glial fibrillary acidic protein
(GFAP) positive reaction; C. MnCl2
+ propolis group showing GFAP positive
immuno-reaction.

A

B

C

Figure 5. A. An electron micrograph of
rat olfactory bulb control group showing
normal granular nerve cells with clumped
heterochromatin and scanty cytoplasm;
B. Manganese chloride (MnCl2) group
showing abnormal granular cell with irregular damaged nuclear membrane (arrowhead), rupture of myelin fibre (arrow) and
neuropil vacuolation; C. MnCl2 + propolis
group showing cluster of granular cells
and vacuolation in neuropil.

Nissl substance in the cell body and deeply stained
nucleus. Some cells showed vacuolated cytoplasm and vacuolation of neuropil is still present
(Figs. 2C, 3C).

Immunohistochemically stained sections showed
GFAP + ve reaction (Fig. 4C, Table 1).
Electron microscopic examination showed a normal cluster of granular cells, vacuolation in neuropil
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A1

A2

B1

B2

C1

Figure 6. A1. An electron micrograph of
rat olfactory bulb control group showing
mitral nerve cell with euchromatic nuclei (N) and prominent nucleoli (arrow).
Abundant cytoplasm, rough endoplasmic
reticulum (RER) and mitochondria. Normal
granule cells (GC); A2. Mitochondria (M)
with normal crista and dense matrix;
B1. Manganese chloride (MnCl2) group
showing mitral cell with destructed
nucleus, irregular and damaged nuclear
membrane, many cytoplasmic vacuoles,
swollen RER and vacuolated mitochondria; B2. Irregular nuclear membrane and
neuropil vacuolation with destructed
mitochondria; C1. MnCl2 + propolis group
showing mitral cell with euchromatic
nuclei, prominent nucleoli and cytoplasm
containing RER, some swollen mitochondria and normal neuropil; C2. Cytoplasm
with some slight swollen mitochondria
and loss of its cristae.

C2

was still present in some areas. Mitral nerve cells appeared with euchromatic nuclei, prominent nucleoli,
cytoplasm containing rough endoplasmic reticulum,
some swollen mitochondria with loss of its cristae
were still noticed (Figs. 5C; 6C1, C2).

brain neurotransmitter. Mn is one of the most used
metal worldwide [41]. Pure Mn is used in the manufacture of dry batteries, glass, and steel industry
[20]. Manganese deficiencies infrequently occur in
humans; otherwise, its high levels are very destructive
to human, independent from exposure route [45].
The current study observed that mitral cells were
the most affected cells after exposure to MnCl2, they
showed dark pyknotic nuclei, pericellular vacuolated
destructed nucleus, many cytoplasmic vacuoles. Also
swollen RER, vacuolated mitochondria, irregular nu-

DISCUSSION
Manganese is a vital nutritional component which
plays an appropriate function of numerous biological processes such as blood clotting, bone growth,
metabolism, free-radical defence, and production of
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clear membrane, congested blood vessels and dark
apoptotic cells in the granular cell layer.
Many studies revealed that Mn toxicity is manifesting in central nervous system [11]. High levels of
Mn in the brain lead to a neurotoxic disease (manganism), which resembles idiopathic Parkinson disease
(iPD) [23]. Olfaction has been given a lot of value,
clinically. Researchers have indicated that olfactory
dysfunction in Alzheimer’s disease (AD) may precede
the clinical emergence of cognitive impairment, and
it may be an early sign of brain alteration. Those with
olfactory impairment were more likely to develop AD
than others [12].
Manganese compound with transferrin will attach
to receptors of transferrin in the capillaries of cerebral
hemispheres for endocytosis to capillary endothelial
cells [18]. Then it is released from systemic transferrin to complex with brain synthesized transferrin
to reach the brain tissue. A few amounts of Mn are
bound to citrate, then cross the blood-brain barrier
through monocarboxylate transporter [4]. Manganese carriage to brain cells was confirmed to pass
through neurons of the olfactory system; its solubility
seems to play a major role in transport, with soluble
MnCl2 and MnSO4 concentration, inhalation of Mn
concentrates mainly in the olfactory bulb [13]. Re-localisation mechanism of Mn after it reaches the brain
had not been fully understood [26]. Mitochondria
are the primary target organelles for Mn accumulation, when its concentrations are elevated, Mn2+ is
oxidised to Mn3+, which leads to the production of
reactive oxygen species ROS [9]. However, Mn3+ is
a potent inhibitor of complex I in the electron transfer
chain of mitochondria, which decreases ATP release
and increases the outflow of electrons and oxygen
radical formation [46]. Mn toxicity may be due to accumulation in mitochondria, causing oxidative stress
and dopaminergic neurotoxicity [3]. This finding is
consistent with the current study, which showed
destruction and vacuolation of mitochondria with
absent of its crista.
The beginning of Mn toxicity was characterised
by anxiety, schizophrenia, movement disorders and
impaired memory [8]. These findings agreed with the
present results as rat in Mn group failed in Buried
food test in comparing to other groups.
The current study showed many pyknotic astrocytes in Mn group which is in agreement with other
studies that revealed increased accumulation of Mn
in astrocytes. Disorder occurred when extra Mn load

on glial cells and astrocytes interrupts their capability
of controlling the environment of a neuron. This leads
to an increase neurons susceptibility to ROS, excitotoxicity, and toxic product handled by astrocytes [5].
Astrocytes offer neurons with glycine, precursors,
and cysteine essential in neuronal glutathione production [14]. Dysfunction of astrocyte delays normal
function of the neuron; so, it is reasonable to consider
astrocytes as a target of Mn neurotoxicity. Neuronal
death is eventually caused by Mn toxicity, which is
initiated directly, or via neuronal/astrocyte disorder.
Many hypotheses demonstrate how Mn toxicity leads
to neurodegeneration. ROS generation and change
in energy metabolism are usually supposed to be
reputed mechanisms [21].
Antioxidants are elements that prevent and interrupt oxidation of substrate whereas finding in tiny
quantity. Nutritional antioxidants act through different mechanisms as free radical scavengers, decrease
peroxide concentrations, repair oxide membranes
and reduce ROS release [19]. Th has been shown
that antioxidants control the expression of many
genes and signal regulatory pathways, and prevent
cell death [44].
The present work showed histological improvement in MnCl2 + propolis treated group.
Propolis is the most antioxidant studied in the
research; it has proven to have cardioprotective and
neuroprotective effects, and has been suggested as
a protective element against AD’s [31] and PD’s [25].
The basic molecular mechanisms of propolis act as
a treatment for cognitive brain function. It significantly
inhibits the H2O2 lead to mitochondria ROS generation
and nuclear DNA damage, which induce dysfunction
of synaptic efficiency in neuronal cells [31].
Pinocembrin, a flavonoid abundant in propolis,
has powerful neuroprotective effects by improving
mitochondrial function, inhibiting inflammatory responses, reducing oxidative damage and neuronal
apoptosis [28]. Many studies described that, there
was a link between oxidative damage, impaired mitochondrial function and increases activities of mitochondrial respiratory complexes II and IV without
affecting mitochondrial membrane potential [30].
Recently found that propolis protects against the hypoxia-induced microglia-mediated neuroinflammation
[29]. The concomitant administration of propolis with
paclitaxel reduced the neurodegenerative changes
induced by paclitaxel supported by previous reports
where propolis stimulates the neural stem cells differ-
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entiation into neurons and enhances the transcription
of the pro-neural genes thus it has an anti-apoptotic
effect [2]. Besides, propolis attenuates caspase-3 activities, strengthening the anti-apoptotic effect [40].
Propolis attenuates the diazinon induced nephrotoxicity which confirms its effectiveness as antioxidant and
anti-inflammatory [34]. Propolis showed protective
effects in spinal cord injury in rabbits exposed to spinal
ischemia-reperfusion injury [22]. Propolis protective
actions are through a reduction in expression of several
inflammatory cytokines in the nucleus and inhibition
of oxidative damage to proteins, DNA/RNA, lipids,
carbohydrates, and influencing immune responses.
So, it is considered a potent neuroprotective agent due
to its biological activities based on its flavonoids and
infrequent side effects [17]. The possible toxicological
effects of propolis extracts were investigated. The results showed that it was quiet safe, no mortalities or
signs of toxicity in mice when administered orally at
doses up to 5000 mg/kg body weight [32]. Currently,
herbal remedies such as propolis becoming popular
because of their beneficial effects with fewer side effects compared to synthetic and semi-synthetic drugs.
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CONCLUSIONS
Manganese chloride lead to toxic effects on rat
olfactory bulb, especially of mitral cells which showed
destructed nucleus, many cytoplasmic vacuoles, swollen RER and vacuolated mitochondria. MnCl2 + propolis treated group showed improvement compared
to MnCl2 group. So, it was concluded that propolis
can ameliorate the toxic changes of MnCl2 on rat
olfactory bulb.
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Background: The localisation of sciatic nerve (SN) is essential for the achievement
of several procedures performed in the gluteal region. This study proposed to
investigate the location of SN regarding its relationship to the piriformis (PM) by
the line joining the posterior superior iliac spine (PSIS), ischial tuberosity (IT) and
greater trochanter (GT).
Materials and methods: SN-PM relationship was examined in 204 specimens from
102 embalmed cadavers (55 males, 47 females). Distances between PSIS, IT and GT
were measured. Midpoints of SN at the lower edge of PM (S1) and IT-GT line (S2)
were marked. Perpendicular line from S1 to PSIS-GT (S1-R) and to PSIS-IT (S1-Q), were
created and measured. Distances of PSIS-R, PSIS-Q (S1) and IT-S2 were measured
and calculated into percentage of PSIS-GT, PSIS-IT and IT-GT lengths, respectively.
Results: Regarding the classification of Beaton and Anson, three types of SN-PM
relationship (a, b and c) were obtained. The percentage of type a, b and c was 74.02,
22.55 and 3.43, respectively. Symmetrical SN-PM relationship was found in 75.49%.
The mean length of PSIS-IT, PSIS-GT and IT-GT in all types was 129.63 ± 11.89 mm,
151.34 ± 14.78 mm and 73.02 ± 10.20 mm, respectively. A statistically significant
difference was found between types a and b (p = 0.013) in PSIS-IT length, whereas mean length of IT-GT and PSIS-GT showed no statistically significant difference
between SN-PM types. PSIS-IT line passed SN at the lower edge of PM (S1) in 112
specimens (54.90%). In these cases, S1 and Q were the same point. A statistically
significant difference was also found between types a and b (p = 0.023) in PSIS-Q
(S1) length. The mean lengths of PSIS-Q (S1), PSIS-R and IT-S2 in term of percentage of
PSIS-IT, PSIS-GT and IT-GT line in all types were 60.06 ± 5.90%, 54.19 ± 6.10%, and
37.87 ± 8.27%, respectively. The mean lengths of S1-R and S1-Q were 30.07 ±
± 8.30 mm and 6.54 ± 7.99 mm. Therefore, SN at S1 could be located at the point of
54.19 ± 6.10% of PSIS-GT length (R) with a distance of 30.07 ± 8.30 mm perpendicular to PSIS-GT line (S1-R). Since the PSIS-IT line did not pass SN at S1 in every case,
it might not be suitable for localizing SN at S1. SN at S2 could be located at the point
of 37.87 ± 8.27% of IT-GT line. No significant difference was found between types.
Conclusions: Sciatic nerve can be localised by PSIS-GT and IT-GT lines without
statistically significant difference between types (a, b, and c) of SN-PM relationship.
(Folia Morphol 2020; 79, 4: 681–689)
Key words: greater trochanter, ischial tuberosity, localisation, piriformis
muscle, posterior superior iliac spine, sciatic nerve
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INTRODUCTION

the landmarks in CT scan to locate SN [9]. However,
there is no report concerning SN surface location in
each type of SN-PM relationship. This study aimed to
explore the relationship of SN-PM and provided the
surface location of SN by the lines joining PSIS, IT and
GT in each type of SN-PM relationship.

The sciatic nerve (SN) is the largest peripheral nerve
in the body. Normally, it exits from the pelvis through
the greater sciatic foramen and passes under the piriformis muscle (PM). PM is a triangular shaped muscle
which is located on the ventral surface of sacrum and
sacrotuberous ligament and runs diagonally downwards to insert on the greater trochanter (GT) [3].
After the SN passes under PM, it travels between GT
and ischial tuberosity (IT) toward the back of thigh.
The SN bifurcates into tibial nerve (TN) and common
fibular nerve (CFN) usually at the apex of the popliteal fossa. SN serves an important role in controlling
muscles of the back of the thigh, leg and foot. It also
receives sensation from the skin of entire lower leg,
as well as the foot. Furthermore, it provides articular
branches to the joints of lower limb [8, 20].
The most common relationship between the SN
and the PM is an undivided SN passing under the
triangular shape of PM [8]. In 1937, Beaton and
Anson [3] conducted a study in 120 cadavers and
categorised the form of relationship between SN
and PM into six types (Fig. 1). Tomaszewski et al. [32]
reported a meta-analysis from 45 studies and 7068
limbs to evaluate the type of SN-PM relationship. They
depicted 85.2% of type a, 9.8% of type b, and 1.9%
of type c. Type d, f, and g were found in less than
1% [32]. Previous studies revealed that, the deviation
from normal anatomical relationship might increase
the risk of tension injury, direct injury to nerve during
operation, and sciatic nerve palsy [22, 29, 32]. Moreover, a previous study revealed that 16.2% of piriformis syndrome patients were associated with anatomical variation of SN-PM relationship [27].
Accurate data of the SN’s location is essential for
achievement of medical procedures performed in the
gluteal region, including sciatic nerve block, gluteal
intramuscular injection and percutaneous transgluteal drainage for pelvic abscess treatment [9, 27]. Furthermore, these data also help to reduce the chance
of iatrogenic injury. Injury to SN can produce a wide
range of problems from minor to complete sensory
and motor impairments [11, 30]. Therefore, previous
studies paid attention to use several landmarks to
locate the position of SN including sacrotuberous
ligament and GT [34], IT, ischial spine and GT [12]
and acetabulum [10]. In 2015, Haładaj et al. [13] also
provided information about the distance from the
medial edge of SN and apex of IT and the distance
from the lateral edge of SN to GT. In addition, posterior superior iliac spine (PSIS), GT and IT were used as

MATERIALS AND METHODS
This study was performed in 204 formalin-fixed
specimens of gluteal region and posterior thigh from
102 Thai cadavers (55 male and 47 female) supported
by the Department of Anatomy, Faculty of Medicine,
Chulalongkorn University. The average age of the
cadavers was 74.94 ± 11.94 years (range 41–99). All
cadavers did not have lesions and had no history of
operation at the gluteal region and posterior thigh.
Subcutaneous fatty tissue and the gluteus maximus
muscle were removed to expose PM and SN. The
anatomical relationship between SN and PM were
evaluated and classified according to Beaton and
Anson [3] into type a, b, c, d, f, and g (Fig. 1).
To determine the location of SN, the most prominent point of PSIS, the lowest point of IT, and the
outermost point of GT were identified and marked.
Then, the lines joining these bony landmarks were
created as PSIS-IT, PSIS-GT and IT-GT lines (Fig. 2).
The midpoint of SN at the lower edge of PM and
where it crossed the IT-GT line was marked as S1
and S2, respectively. In atypical cases (type b, c, d, f,
and g) S1 was marked at the midpoint between the
divisions of SN. The perpendicular lines from S1 to
PSIS-GT (S1-R) and PSIS-IT lines (S1-Q) were created
(Fig. 2). The lengths of PSIS-IT, PSIS-GT, IT-GT, S1-R,
S1-Q lines, the distances of PSIS-Q (S1), PSIS-R and
IT-S2, were measured by standardised digital Vernier
calliper (Mitutoyo 150 mm, range 0–150, resolution
0.01 mm). Each parameter was measured three times.
The same digital Vernier calliper was used to assure
the measurement consistency. All measurements were
done by the same investigator.
Statistical analysis

Statistical analysis was performed by using IBM
SPSS software version 22.0. Mean and standard deviation (SD) of each parameter was obtained. The data
were analysed with regard to type of SN-PM relationship. Shapiro-Wilk test was used to determine the
distribution of the data. The statistical difference between types was analysed by using one-way ANOVA
in normally distributed data. In case of non-normally
distributed data, Kruskal-Wallis test was applied.
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Figure 1. Schematic diagram of six types of the anatomical relationship between the SN and the PM according to Beaton and Anson [3];
A. Undivided nerve passes below the muscle; B. Divisions of nerve pass between and below muscle; C. Divisions of nerve pass above and
below the muscle; D. Undivided nerve passes between the divided heads of the muscle; F. Divisions of nerve pass between and above the
divided muscle; G. Undivided nerve passes above the muscle.

Ethical consideration

This cadaveric study has been approved by the
Institutional Review Board (IRB) of the Faculty of
Medicine, Chulalongkorn University (IRB NO. 593/59).

RESULTS
Anatomical relation between the SN and the PM
According to the classification of Beaton and Anson [3],
three types of the relationship between SN-PM were

observed in 204 specimens including type a, b and c
(Fig. 1). The prevalence of each type is shown in Table 1.
The typical course of SN or type a, in which the undivided SN passed below the undivided PM (Fig. 3A),
was observed in 151 (74.02%) specimens. Type b, in
which the CFN emerged between the separated parts
of PM and the TN came out from the lower edge of PM
(Fig. 3B), was found in 46 (22.55%) specimens. Type c,
in which CFN passed through the upper edge and the
TN passed through the lower edge of the undivided
PM (Fig. 3C), was found in 7 (3.43%) specimens. In
addition, special characteristic of CFN formation was
observed in 2 cases of type c. In the first case, CFN was

Figure 2. Schematic diagram illustrating the lines joining the three
bony landmarks, the perpendicular lines from the midpoint of the
SN (S1) to PSIS-GT line (S1-R), PSIS-IT line (S1-Q) and surface localisation of SN; GT — greater trochanter; IT — ischial tuberosity;
PSIS — posterior superior iliac spine; SN — sciatic nerve.
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Table 1. Prevalence of type a, b, and c of SN-PM relationship
Type

Male

Female

Total

Left

Right

Total

Left

Right

Total

a

41 (20.10%)

41 (20.10%)

82 (40.20%)

34 (16.67%)

35 (17.16%)

69 (33.83%)

151 (74.02%)

b

11 (5.39%)

13 (6.37%)

24 (11.76%)

13 (6.37%)

9 (4.41%)

22 (10.78%)

46 (22.55%)

c
Total

3 (1.47%)

1 (0.49%)

4 (1.96%)

0(0.00%)

3 (1.47%)

3 (1.47%)

7 (3.43%)

55 (29.96%)

55 (29.96%)

110 (53.92%)

47 (23.04%)

47 (23.04%)

94 (46.08%)

204 (100.00%)

SN — sciatic nerve; PM — piriformis muscle

A

B

C

Figure 3. Specimens of left gluteal region showing three types of SN-PM relationship; A. Type a: undivided SN passed under PM; B. Type b: CFN
pierced PM; C. Type c: CFN emerged from the upper edge of PM and TN emerged from the lower edge of PM; CFN — common fibular nerve;
GMe — gluteus medius muscle; GT — greater trochanter; IT — ischial tuberosity; PM — piriformis muscle, PSIS — posterior superior iliac
spine; SN — sciatic nerve; TN — tibial nerve.
A

B

Figure 4. Specimen of right (A) and left (B) gluteal regions showing type c SN-PM relationship with special formation of the CFN; A. CFN
formed by the joining of one branch passing the upper edge of PM and the other passing the lower edge of PM (black arrows); B. CFN formed
by two branches passing through the upper edge of PM and one branch passing through the lower edge of PM (black arrows); CFN — common fibular nerve; GMe — gluteus medius muscle; GT — greater trochanter; IT — ischial tuberosity; PM — piriformis muscle; PSIS — posterior superior iliac spine; SN — sciatic nerve; TN — tibial nerve.
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Table 2. Prevalence of symmetrical SN-PM relationship
Types

Male

Female

Total

Symmetry
a
b
c
Total

35 (34.32%)
5 (4.90%)
1 (0.98%)
41 (40.20%)

30 (29.41%)
6 (5.88%)
0 (0.00%)
36 (35.29%)

65 (63.73%)
11 (10.78%)
1 (0.98%)
77 (75.49%)

Asymmetry
a and b
a and c
b and c
Total

12 (11.76%)
0 (0.00%)
2 (1.96%)
14 (13.72%)

8 (7.84%)
1 (0.98%)
2 (1.96%)
11 (10.79%)

20 (19.61%)
1 (0.98%)
4 (3.92%)
25 (24.51%)

55
(53.92%)

47
(46.08%)

102
(100.00%)

Total

PSIS-R and IT-S2 are illustrated in terms of mean
± standard deviation in Table 3. The mean length
of PSIS-IT in types a, b and c was 128.01 ± 11.22,
133.64 ± 13.24 and 138.12 ± 6.58 mm, respectively.
A statistically significant difference was found between types a and b (p = 0.013) in PSIS-IT length,
whereas mean length of IT-GT and PSIS-GT showed
no statistically significant difference between SN-PM
types. PSIS-IT line passed SN at the lower edge of PM
in 112 specimens (54.90%) (Fig. 5A, Table 4). In these
cases, Q and S1 were the same point.
The results of the SN location related to the bony
landmarks are provided in Table 3. The mean lengths
of S1-R and S1-Q were 30.07 ± 8.30 mm and 6.54 ±
± 7.99 mm. A statistically significant difference was
found in PSIS-Q (S1) between type a and b (p = 0.023).
The mean length of PSIS-Q (S1), PSIS-R and IT-S2 was
calculated into percentage of PSIS-IT, PSIS-GT, IT-GT
length, respectively. The mean percentage of these
parameters in all types was 60.06 ± 5.90, 54.19 ±
± 6.10, and 37.87 ± 8.27, respectively (Table 5). Surface
localisation of SN at S1 and S2 is illustrated in Figure 2.
S1 was located at the point of 54.19 ± 6.10% of
PSIS-GT line (R) with a distance of 30.07 ± 8.30 mm
perpendicular to PSIS-GT line (S1-R). S1 could also
be located by PSIS-IT line. It was located at the point
of 60.06 ± 5.90% PSIS-IT line (Q or S1) with a distance of 6.54 ± 7.99 mm (S1-Q) perpendicular to
PSIS-IT line. S2 was located at the point of 37.87 ±

SN — sciatic nerve; PM — piriformis muscle

formed by the joining of one branch passing the upper
edge of PM and the other passing the lower edge of
PM (Fig. 4A). In the second case, CFN was formed by
two branches passing through the upper edge of PM
and one branch passing through the lower edge of PM
(Fig. 4B). Symmetrical SN-PM relationship was found
in 75.49% of cases. Details of prevalence in each type
are shown in Table 2.
The length of PSIS-IT, PSIS-GT, IT-GT, S1–R, S1-Q
lines, the distances of PSISQ (S1), PSIS-R and IT-S2

The results and analysis of the lengths of PSIS-IT,
PSIS-GT, IT-GT, S1-R, S1-Q lines, the distances of PSIS-Q,

Table 3. Lengths of PSIS-IT, PSIS-GT, IT-GT, S1-R, S1-Q lines, and the distances of PSIS-Q (S1), PSIS-R and IT-S2
Parameters [mm]
PSIS-IT
PSIS-GT

IT-GT
PSIS-Q (S1)
PSIS-R
IT-S2
S1-R
S1-Q

Type a

Type b

Type c

All types

128.01 ± 11.22
(102.86–157.20)
150.77 ± 15.09
(111.72–189.34)
73.20 ± 10.58
(48.83–106.55)

133.64 ± 13.24
(95.88–163.94)
153.15 ± 14.2
(114.06–188.11)
72.08 ± 8.65
(51.37–87.74)

138.12 ± 6.58
(129.36–148.67)
151.46 ± 12.35
(139.38–172.51)
75.36 ± 11.96
(56.07–89.45)

129.63 ± 11.89
(95.88–163.94)
151.34 ± 14.78
(111.72–189.34)
73.02 ± 10.20
(48.83–106.55)

76.60 ± 9.97
(54.43–110.26)
82.12 ± 12.97
(54.80–116.10)
27.86 ± 6.69
(15.46–54.54)

81.40 ± 12.74
(55.65–113.59)
83.25 ± 13.86
(57.35–109.45)
25.73 ± 5.06
(14.61–38.14)

81.97 ± 6.81
(72.48–92.56)
75.13 ± 6.70
(67.10–84.05)
30.10 ± 5.60
(21.60–37.49)

77.86 ± 10.74
(54.43–113.59)
82.11 ± 13.04
(54.80–116.10)
27.45 ± 6.39
(14.61–54.54)

29.53 ± 8.07
(11.67–56.55)
6.11 ± 8.04
(0.00–30.95)

31.47 ± 8.53
(13.83–60.87)
7.87 ± 7.99
(0.00–27.12)

32.73 ± 11.08
(20.51–49.77)
6.96 ± 6.60
(0.00–13.50)

30.07 ± 8.30
(11.67–60.87)
6.54 ± 7.99
(0.00–30.95)

Data are shown as mean± standard deviation (range). Abbreviations — see text
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A

B

Figure 5. Specimens of right (A) and left (B) gluteal regions showing the relation of PSIS-IT line and SN; A. PSIS-IT line passed SN; B. PSIS-IT
line did not pass SN; GT — greater trochanter; IT — ischial tuberosity; PM — piriformis muscle; PSIS — posterior superior iliac spine; SN —
sciatic nerve.

Table 4. Prevalence of PSIS-IT line passing SN at S1 in each type of SN-PM relationship
PSIS-IT line

Type a

Type b

Type c

All types

Pass SN at S1

89 (43.63%)

20 (9.80%)

3 (1.47%)

112 (54.90%)

Not pass SN at S1

62 (30.39%)

26 (12.75%)

4 (1.96%)

92 (45.10%)

Data are shown as number (%). Abbreviations — see text

Table 5. Position of Q (S1), S2 and R in terms of percentage of the mean length of PSIS-Q(S1), IT-S2 and PSIS-R to the length of PSIS-IT,
IT-GT and PSIS-GT, respectively
Parameters [%]

Type a

Type b

Type c

All types

Q (S1) on PSIS-IT

59.87 ± 5.92
(43.17–77.00)
38.37 ± 8.81
(18.76–69.89)
54.39 ± 6.02
(39.39–73.40)

60.80 ± 6.14
(49.76–76.67)
35.90 ± 6.45
(19.51–53.01)
54.20 ± 6.25
(37.29–65.48)

59.32 ± 3.51
(53.96–65.67)
39.94 ± 4.83
(33.73–47.36)
49.90 ± 6.17
(41.96–58.62)

60.06 ± 5.90
(43.17–77.00)
37.87 ± 8.27
(18.76–69.89)
54.19 ± 6.10
(37.29–73.40)

S2 on IT-GT
R on PSIS-GT

Data are shown as mean± standard deviation (range). Abbreviations — see text

± 8.27% of IT-GT line. No significant difference was
found between types.

previous study in Thai population [29]. Highly variable
prevalence of 1.5% to 35.8% of atypical relationship
was reported in different races [7, 31]. In the current
study, it was interesting that type b and c were found
in more than one-fourth of the samples and was
more common in male. A meta-analysis according to
geography showed that type b had higher prevalence
in Asian population than Caucasian, and African [32].
Prevalence of type of SN-PM relationship in different

DISCUSSION
The classification by Beaton and Anson [3] was
used to identify the anatomical relationship between
the SN and the PM in this study. 74% of cases had
the typical type (type a). The atypical relationships
were found in 26%. This was in agreement with one
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Table 6. Comparison of the prevalence of SN-PM relationships in different ethnics and this study
Researchers

Number
of limbs

Race
a

b

c

d

f

g

Other

Total atypical
limbs n (%)

Parsons and Keith, 1896 [24]

138

English

118

17

0

3

0

0

–

20 (14.5%)

Bardeen, 1901 [2]

246

US

220

25

1

0

0

0

–

26 (10.6%)

Beaton and Anson, 1937 [3]

120

US

101

14

4

1

0

0

–

64 (15.8%)

Ming-Tzu, 1941 [18]

140

Chinese

92

46

0

2

0

0

–

48 (34.3%)

Type (n)

Misra, 1954 [19]

300

Indian

262

18

12

8

0

0

–

38 (12.7%)

Nizankowski et al.,1972 [23]

200

Polish

181

8

3

5

3

0

–

19 (9.5%)

Lee and Tsai, 1974 [16]

168

Taiwanese

118

33

7

3

2

5

–

50 (29.8%)

Pecina, 1979 [25]

130

Yugoslav

102

27

1

0

0

0

–

28 (21.5%)

Puranindu, 1983 [28]

434

Thai

325

101

8

0

0

0

–

109 (25.1%)

Chiba, 1992 [7]

511

Japanese

328

173

10

0

0

0

–

183 (35.8%)

Pokorny et al., 1998 [26]

102

Czech

82

14

4

2

0

0

–

20 (19.6%)

Benzon et al., 2003 [4]

66

US

65

1

0

0

0

0

–

1 (1.5%)

Ugrenovic et al., 2005 [33]

200

Serbian

192

5

3

0

0

0

–

8 (4.0%)

Pokorny et al., 2006 [27]

182

Czech

144

0

0

26

4

8

–

38 (20.9%)

Guvencer et al., 2009 [12]

50

Turkish

38

8

4

0

0

0

–

12 (24.0%)

Natsis et al., 2013 [21]

294

Caucasian (Greek)

275

12

1

1

0

1

4

19 (6.4%)

Anbumani et al., 2015 [1]

50

Indian

45

2

2

0

0

0

1

5 (10%)

Budhiraja et al, 2016 [6]

60

Indian

41

8

11

0

0

0

–

19 (31.66%)

This study, 2019

204

Thai

151

46

7

0

0

0

–

53 (25.98%)

SN — sciatic nerve; PM — piriformis muscle

after surgery, especially in the posterior approach.
It might be due to the external rotator of the hip
including the PM being cut, which would lead to SN
injuries [22, 27]. Moreover, in the case of SN block,
anaesthetic could affect only one branch of the SN
in the atypical case [32]. Furthermore, symmetrical
SM-PM relationship was found in a high prevalence
(75.49% of cases). Awareness of symmetrical patterns
should be emphasized. Although, type d, f, and g
were not found in this study, the possibility of these
relationships should be considered during operative
procedure to avoid SN injury.
Although there were many reports about the location of the SN, they did not take the difference of the
location of the SN in each type of SN-PM relationship
into account [3, 15, 17, 22, 32]. In this study, the location of SN was specified by referring to surrounding
bony landmarks which could be easily palpated from
the skin of the gluteal region including PSIS, IT, and GT.
Mean length of the line joining between bony landmarks according to clinical practice, including PSIS-IT,
IT-GT, and PSIS-GT, was reported in this study. The

ethnics including the result of this study is shown
in Table 6 [1–4, 6, 7, 12, 16, 18, 19, 21, 23–28, 33].
This issue is clinically important because type b and c
might be the cause of primary piriformis syndrome
due to the nerves that pass through the muscle fibres
or tendon which could compress the nerve [5, 14].
These types of relationship could increase the risk of
direct trauma on CFN since it has a close relationship
to the muscles around the hip joint and because the
position of CFN is more superficial [32]. Two cases
of special characteristic of CFN formation reported
in this study might also be at risk of compression.
In addition, type b and c are more likely susceptible
to tension injury from traction and manipulation.
Furthermore, these variations could be the cause of
SN palsy after hip surgery [15]. In some cases of hip
replacement surgery, tenotomy of muscle’ tendons
around the pelvis inserted at the trochanter was necessary to perform. This procedure could be the cause
of muscle contraction and compression of the SN or
its branch [28]. Navarro et al. [22] proposed that anatomical variations were the primary cause of SN palsy
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PSIS-IT length in typical type (a) was significantly
shorter than type b. This was in agreement with
a previous report in the Polish population [13].The
midpoint of SN was selected in order to avoid the
problem of unequal size of SN between specimens.
Statistical analyses indicated no significant difference
of the measured parameters between three types of
SN-PM relationship except PSIS-IT and PSIS-Q (S1)
between types a and b (p < 0.05). This might be due
to the occurrence of bifurcation of SN in type b. When
comparing our results to those of Currin et al. [9]
(computed tomography study), which used the same
landmarks, there were some inconsistencies. In this
study, the PSIS-IT line passed SN in only 54.90% of cases whereas in the CT study, all PSIS-IT line passed SN.
The dissimilarity might be due to the differences in
study method and the selected view for measurement. In addition, the studies in different races might
yield different results.
For the accuracy and easy application in clinical
practice, the position of SN is calculated into the
percentage of the length of the line joining the PSIS,
IT and GT. The percentage of these lines did not have
statistically significant differences between three
types of SN-PM relationship. Regarding parasacral
approach or Mansour technique of SN block, PSIS-IT
was used as the reference line. Sixty millimetres from
PSIS is the point of needle insertion [17]. Nevertheless, the result of this study suggested the different
value. The position of SN was located at 60% of
PSIS-IT or about 80 mm from PSIS. Moreover, the
result from this study showed that PSIS-IT line might
either pass or not pass the SN. Therefore, PSIS-IT line
may not be appropriate as a reference line. The other
technique of SN block is the posterior approach or
Labat, in which 50 mm of perpendicular line was
drawn to the middle point on PSIS-GT to determine
the needle insertion point [17]. In this study, R was
perpendicular to the midpoint of SN on PSIS-GT line.
The result of this study indicated that R point was
approximately located at the midpoint of PSIS-GT
line. It confirmed the landmark that has been used in
current clinical setting [17]. However, the S-R length
in this study, which was equal to the length of perpendicular line, differed. The mean length of S-R was
about 30 mm which was less than current clinical
value (50 mm). Moreover, subgluteal approach is another technique of sciatic nerve block. The position
of SN is determined by GT-IT line. Four centimetre
perpendicular to the midpoint of this path is used

as the needle insertion point [17]. The result of this
study was dissimilar to the current clinical value. The
position of SN was approximately located on 40%
of GT-IT length from IT. The localisation of SN could
be applied in all types of SN-PM relationships. The
difference of position of the SN from other studies
or the normal value used in clinical setting might be
due to the differences in method of measurement
and ethnicities [9, 13, 17, 30]. These morphometric
data will be useful while performing any procedures
in the gluteal region to avoid SN injury in Asian
population.

CONCLUSIONS
The anatomical relationship between the SN and
the PM and the location of SN were identified in this
study. Three types of the relationship, type a, b and c,
were found. The most prevalent was type a followed
by type b and c, respectively. Most of the parameters
had no statistically significant different between types
of SN-PM relationship. Knowledge of the anatomical
variation of the SN-PM relationship and location of
the SN may reduce the number of SN injuries and
optimize the efficacy of medical procedures.
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Effect of high-fructose diet-induced metabolic
syndrome on the pituitary-gonadal axis from
adolescence through adulthood in male albino
rats and the possible protective role of ginger
extract. A biochemical, histological and
immunohistochemical study
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Background: This work was designed to clarify, for the first time up to our
knowledge, the effects of high-fructose diet (HFrD)-induced metabolic syndrome
(MetS) on the pituitary-gonadal axis of adolescent male rats continuing through
adulthood period and to evaluate the possible role of ginger extract in ameliorating these effects.
Materials and methods: Forty 4-week-old male albino rats, treated for 8 weeks,
were randomly divided into four equal groups; control (fed standard diet), ginger
extract-treated (500 mg/kg once daily orally by gavage), HFrD-induced MetS (fed
a diet containing 60% fructose), HFrD and ginger groups. The assessment methods
included biochemical, histological and immunohistochemical studies.
Results: High-fructose diet-fed rats exhibited a picture similar to MetS in the
form of increased body weight and serum levels of glucose and insulin with an
elevated HOMA-IR reflecting insulin resistance as well as dyslipidaemia. Lipid peroxidation (increased malondialdehyde) and oxidative stress (decreased superoxide
dismutase) were implicated in this syndrome. This group exhibited a significant
decrease in testicular weight and the levels of reproductive hormones (LH, FSH
and testosterone). The pituitary gonadotrophs showed electron dense nuclei,
large cytoplasmic vacuoles, destructed organelles in addition to decreased number of secretory granules. Furthermore, testicular specimens presented marked
alterations. There were disorganised shrunken tubules with irregular basement
membranes, reduced germinal epithelial thickness, vacuolations and degenerated
mitochondria in the spermatogenic cells. Beclin 1 and proliferating cell nuclear
antigen immunoexpressions were significantly downregulated with HFrD-induced
MetS. Ginger extract supplementation proved to be a potent protective agent
against these harmful effects through its antioxidant, hypoglycaemic, insulinotropic, androgenic and hypolipidaemic effects in addition to its ability to induce
testicular autophagy.
Conclusions: Consumption of HFrD induced MetS and proved to have harmful
effects on the pituitary-testicular axis. Moreover, this work provided a new insight
into the possible use of ginger extract to alleviate the main features of MetS and
protect the pituitary-gonadal axis from the damaging effects of HFrD-induced
MetS. (Folia Morphol 2020; 79, 4: 690–708)
Key words: high fructose, metabolic syndrome, ginger, pituitary, testis,
oxidative stress, histopathology, immunohistochemistry
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INTRODUCTION

flavonoid compounds on testicular androgenesis and
spermatogenesis.
With these facts in mind, this work was designed
to investigate, for the first time up to our knowledge, the impact of high-fructose diet (HFrD)-induced
MetS, starting at the adolescent period extending
throughout adolescence and into adulthood, on the
pituitary-testicular axis of rats and the possible ameliorating effect of ginger extract on these changes.

Fructose is a simple carbohydrate present in fruits
and honey. Nowadays it is extensively added to processed food and beverages because of its sweetness,
palatability and taste enhancement. The consumption
of high-fructose corn syrup in fruit juices, canned
jams, soft drinks, breakfast cereals and candies, has
increased by at least 25% during the past 30 years
[76]. Unfortunately, the highest consumers of fructose are adolescents with a quarter of them consuming at least 15% of their daily caloric intake from
fructose alone [83].
The administration of foods enriched with fructose is considered as one of the main factors responsible for progression to metabolic syndrome (MetS)
through the induction of oxidative stress leading to
hypertriglyceridaemia, insulin resistance and obesity
[79]. MetS affects all biological systems including the
reproductive organs [15]. Moreover, it is suggested
to be related to hypogonadism and testicular dysfunction [22].
In mammals, the functional maturation of male
reproductive organs is under strict regulation by hormones of the pituitary-gonadal axis. Accordingly, it
is quite logical that any affection to this axis brings
about a constitutional delay in the spermatogenic
process [40].
Considering the magnitude of the problem, treatment of MetS is challenging. However, its management is not an easy issue as there is no established
drug treatment to prevent or improve the syndrome
as a whole [10]. Herbal medicines have proven therapeutic effects on regulating blood glucose, lipid profile, and blood pressure. This means herbal medicines
have the potential to be alternative or complementary
medicines for MetS [34].
Ginger (Zingiber officinale), one of the most commonly used spices and medicinal plants around the
world, has been found to have beneficial pharmacological activities such as antioxidant, hypoglycaemic,
insulinotropic, androgenic and hypolipidaemic effects
[36, 70]. The bioactive compounds of ginger include
volatile oils and pungent phenol compounds such
as shogaols, zingerone and gingerols in addition to
vitamins such as A, B, C and E as well as flavonoids
and glutathione [68].
There is growing evidence indicating that ginger
exerts beneficial effects against obesity and related
metabolic changes [28]. Moreover, Abarikwu et al. [1]
recorded the protective role of phenolic acids and

MATERIALS AND METHODS
Animals
Forty male Sprague-Dawley rats aged 4 weeks at

an average weight of 60–70 g were used in this study.
They were obtained from the National Centre of Researches (Cairo, Egypt) and maintained in the animal
house of the Faculty of Medicine, Cairo University,
Egypt. Animals were maintained at room temperature
of 25–27°C under 12 h light/dark cycles and allowed
free access to chow and water. All procedures were
accepted by the Animal Care and Use Committee, Faculty of Medicine, Menoufia University, Egypt. This was
in strict accordance with the requirement of National
Research Council 2011 (Guide for the Care and Use
of Laboratory Animals: Eighth Edition. Washington,
DC: The National Academies Press).
Experimental substances

Diet formulation. The control diet consisted of:
60% corn starch, 20% casein, 0.7% methionine, 5%
groundnut oil, 10.6% wheat bran, 3.5% salt mixture
and 0.2% vitamin mixture. The HFrD contained 60%
of fructose (Safety Misr, Specialized Food Industry
Co., Cairo, Egypt) instead of corn starch with the
remaining composition being the same as that of
the control diet [21]. Both diets were prepared at
the National Research Centre, El-Doki, Cairo, Egypt.
Ginger was available as tablets (400 mg ginger
extract/tablet) stored at a temperature not exceeding
30°C. The tablets were crushed and dissolved in distilled water. The form used in this study was a product
of Arab Co. for Pharmaceuticals and Medicinal Plants
“MEPACO-MEDIFOOD”, Egypt.
Experimental design

The rats were acclimatised for 1 week and were
provided with the standard diet and water before
the dietary intervention. Rats were randomly divided
into four groups (10 rats each) and treated as follows
(for 8 weeks):
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—— Group I (control): rats were provided with control
diet;
—— Group II (ginger treated): rats were provided with
control diet with once daily administration of ginger extract (500 mg/kg) orally by gavage;
—— Group III (HFrD-induced MetS): rats were provided
with HFrD ad libitum;
—— Group IV (HFrD + ginger): rats were fed with HFrD
with once daily administration of ginger extract
(500 mg/kg) orally by gavage.

10000 g for 15 min. The supernatant was used for the
measurement of tissue superoxide dismutase (SOD)
and malondialdehyde (MDA).
Estimation of reproductive indices. The circulatory levels of the pituitary and testicular hormones
(follicular stimulating hormone [FSH], luteinizing
hormone [LH] and testosterone) were assayed using available commercial enzymes immunoassay kits
specific for rats according to the instructions of the
manufacturer.

Specimen collection

Histological examination

At the end of the experimental period, the rats
were weighed, fasted overnight and blood samples
were obtained from the retro-orbital venous plexus,
collected in dry sterile tubes and allowed to clot
for 60 min. Sera were obtained by centrifugation at
3000 g for 15 min and stored at –70°C until the time
of analysis. Rats were sacrificed under light ether
anaesthesia. The pituitary glands and testes were
quickly excised. The testes were weighed. The tissues
were processed for biochemical and/or histological
and immunohistochemical analyses. The right testes
were processed for biochemical study and the left for
histopathological study.

Light microscopic study. Pituitary glands and testicular specimens were immediately fixed in Bouin’s
solution for 24 h, dehydrated in ascending grades of
alcohol, cleared and embedded in paraffin. Sections
of 5 microns thick were cut by microtome and subjected to haematoxylin and eosin (H&E) staining for
routine histological assessment.
Transmission electron microscopic (TEM) study.
Small pieces of testes and pituitary glands were fixed
in 3% glutaraldehyde for electron microscopic examination. After fixation, they were postfixed in 1%
osmium tetraoxide and dehydrated. After embedding
in epoxy resin, ultrathin sections (50–80 nm thick)
were cut with ultramicrotome, collected on copper
grids and stained with lead citrate and uranyl acetate. The grids were examined and photographed by
transmission electron microscope.

Evaluation methods
Total body and testicular weight assessment

At the end of the experiment, total body weight,
absolute and relative [testis weight (g)/body weight
(g) × 100] testicular weight were assessed.

Immunohistochemical staining

The deparaffinised and rehydrated 5-µm sections
were rinsed with phosphate buffer solution (PBS),
blocked in 3% H2O2 as an inhibitor of endogenous
peroxidase activity. After rinsing in PBS, The microwave antigen retrieval procedure was performed. The
sections were then incubated with the primary antibody: proliferating cell nuclear antigen (PCNA) (1:100,
mouse monoclonal, Abcam), and beclin 1 (1:200,
rabbit polyclonal, Abcam) at room temperature for
an hour. Sections were rinsed with PBS, followed by
20 min of incubation at room temperature with secondary biotinylated antibody. After rinsing the sections in PBS, enzyme conjugate “Streptavidin-Horseradish peroxidase” solution was applied to the sections for 10 min. Secondary antibody binding was
visualised using 3,3-diaminobenzoic acid (DAB). Finally, sections were PBS rinsed and counterstaining
of slides was done using two drops of haematoxylin.

Biochemical assessment

Estimation of serum parameters and insulin
resistance. Serum levels of glucose, insulin, high-density lipoprotein (HDL), low density lipoprotein (LDL)
and triglycerides (TG) were tested using the commercially available kits and according to the manufacturer’s instructions.
The homeostasis model assessment for insulin
resistance (HOMA-IR) was used to estimate insulin
sensitivity. The formula used to calculate HOMA-IR
is: HOMA-IR = [fasting insulin (µU/mL)] × [fasting
glucose (mg/dL)/405].
Assessment of lipid peroxidation and tissue
antioxidant status. The right testes of rats were
immediately frozen at –70oC. Frozen tissue was homo
genised in ice-cold phosphate buffer (KCl 140 mmol/L,
phosphate 20 mmol/L, pH 7.4) and centrifuged at
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Table 1. Weight (body and testicular) and biochemical parameters of the different groups (mean ± standard deviation)
Parameter
Weight [g]

Lipid profile [md/dL]

Body

Control

HFrD

HFrD + Ginger

204.34 ± 2.93

241.01 ±2.47*

220.34 ± 2.62#

Absolute (TW)

2.08 ± 0.07

1.01 ± 0.03

1.52 ± 0.05*

Relative (TW)

0.65 ± 0.02*

1.88 ± 0.05#

0.87 ± 0.03#

TG

65.15 ± 2.70

127.73±3.62*

81.82 ± 1.91#

LDL

46.63 ± 1.11

75.33±1.81*

58.15 ± 2.02#

HDL

43.98 ± 1.01

22.55±1.37*

34.55 ± 1.28#

Plasma
Glucose-Insulin

Glucose [mg/dL]

81.99 ± 1.79

118.80 ± 2.49*

96.07 ± 2.27#

Insulin [µU/mL]

16.45 ± 1.08

31.84 ± 1.29*

20.38±0.99#

HOMA-IR

3.33 ± 0.24

9.34 ± 0.56*

4.83 ± 0.32#

Reproductive hormones

Testosterone [ng/dL]

4.23 ± 0.29

1.94 ± 0.04*

3.02 ± 0.06#

Tissue oxidative markers

FSH [mIU/mL]

3.18 ± 0.16

1.76 ± 0.22*

2.60 ± 0.16#

LH [mIU/mL]

2.49 ± 0.27

1.08 ± 0.06*

2.08 ± 0.06#

MDA [nmol/mg]

2.05 ± 0.13

5.30 ± 0.27*

3.51 ± 0.42#

SOD [U/mg

35.63 ± 1.10

11.54 ± 1.40*

28.08 ± 1.02#

*P < 0.001 comparing HFrD to the control group; #p < 0.001 comparing HFrD + ginger to the HFrD group; TW — testicular weight; other abbreviation — see text

RESULTS

Quantitative assessment

As there was no significant difference detected,
regarding the all examined parameters, between the
control and ginger-treated groups, the two groups
were pooled into one group “control group”.

Using Image J software, version K 1.45, the following parameters were measured:
—— the perimeter of seminiferous tubules and the
height of their lining epithelium: the mean perimeter was obtained for each animal from the
measurement of 30 cross sections of circular, as
possible, seminiferous tubules. The height of epithelium was measured, as the distance from the
basement membrane to the tubular lumen, in the
same tubules at four sites at right angles;
—— the percentage of PCNA immunopositive cells
and area % of Beclin 1 immunoreaction: for each
parameter, ten non-overlapping fields (40×) for
every specimen, randomly taken using a Leica
DML B2/11888111 microscope equipped with
a Leica DFC450 camera, from five different rats/
/experimental group were examined.

Body weight and testicular weight

High-fructose diet-fed rats exhibited a significant
increase (p < 0.001) in the body weight when compared to controls. Absolute and relative testicular
weights were significantly reduced (p < 0.001) in
HFrD group compared to the control group. Ginger
administration significantly decreased the total body
weight and increased the testicular weight compared
to HFrD untreated group (p < 0.001) (Table 1).
Biochemical results

Serum parameters and insulin resistance. Increased serum levels of glucose and insulin with
a subsequent elevation of HOMA-IR (p < 0.001) were
detected in the HFrD group compared to the control
group. Also, increased levels of serum TG, LDL, and
decreased levels of HDL (p < 0.001) were detected.
HFrD rats treated with ginger, on the other hand,
showed a significant restoration (p < 0.001) of these
serum parameters compared to their untreated counterparts (Table 1).

Statistical analysis

The collected data were presented as mean
± standard deviation. Data analysis was performed
using SPSS (statistical package for social science) version 23.0. The obtained data were analysed using
one-way ANOVA and the differences among groups
were determined by Bonferroni test as post hoc.
A p value of < 0.05 was considered statistically significant.
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Lipid peroxidation and tissue antioxidant status.
HFrD fed rats showed a significant decrease
(p < 0.001) in the testicular tissue levels of antioxidant marker SOD, and increase (p < 0.001) in the
MDA concentration compared to the control rats.
Ginger administration to HFrD rats resulted in a significant rise in SOD, and decrease in the MDA levels
(p < 0.001) in comparison with the HFrD group (Table 1).
Reproductive indices. HFrD feeding resulted in
a significant decrease (p < 0.001) in FSH, LH and
testosterone hormones, when compared to the control group. Ginger supplementation produced a significant increase (p < 0.001) in the levels of these
hormones compared to HFrD group (Table 1).

packed regularly organized seminiferous tubules separated by a narrow interstitium containing clusters
of interstitial Leydig cells. The tubules were lined by
stratified germinal epithelium formed of germ cells
of various stages of differentiation; spermatogonia,
primary spermatocytes, spermatids in addition to the
supporting Sertoli cells. Spermatozoa were seen in
the lumina of the tubules (Fig. 2A).
Examination of sections of the HFrD-induced MetS
group showed disorganised shrunken seminiferous
tubules with a significant reduction (p < 0.001) of
their average perimeter comparable to controls. Also,
the lining germinal epithelium showed focal separation from the basement membrane, significant
reduction in thickness when compared to the control
(p < 0.001), and many cells with vacuolated cytoplasm and wide intercellular spaces. The lumina of
the tubules contained acidophilic hyalinised material
and a few spermatozoa. The interstitium appeared
widened with vacuolated cytoplasm, congested blood
vessels and deposition of homogenous acidophilic
material (Figs. 2B–E; 3).
Whereas, HFrD-induced MetS group treated with
ginger extract showed obvious improvement of the
testicular histoarchitecture and morphometric examined parameters approaching that of control except for
slight vacuolation within the interstitium (Figs. 2F; 3).
Transmission electron microscopic examination.
The testes of the control group showed seminiferous
tubules ensheathed by regular basement membranes
and flat myogenic cells. Sertoli cells appeared resting on the basement membrane and had oval folded euchromatic nuclei with prominent nucleoli and
well developed organelles. Spermatogonia were
closely related to basement membrane and had
rounded nuclei. Spermatocytes were distinguished
by their large rounded nuclei. The spermatid’s nucleus
was rounded, euchromatic and contained a small
rounded clump of heterochromatin. The cytoplasm
exhibited small peripherally located mitochondria.
Spermatids with distinct nuclear acrosomal caps
were also observed. The interstitial Leydig cells had
indented euchromatic nuclei with peripheral heterochromatin clumps. The cytoplasm had multiple processes and contained well-developed mitochondria
and numerous sER. Cross sections in the mid piece
of the sperm’s tail showed a central axoneme surrounded by nine electron dense bundles of fibrous
sheath, mitochondrial sheath and cell membrane
(Fig. 4A–F).

Histological results
Pituitary gland

Light microscopic examination. H&E-stained
sections from the control group revealed normal
histological architecture of the pituitary gland. It was
formed of cellular cords and clusters separated by
blood sinusoids. Three types of cells could be identified; acidophils (red-coloured cytoplasm and rounded
nuclei), basophils (basophilic cytoplasm and dark
oval nuclei) and chromophobes (rounded cells with
centrally located nuclei). Sections from HFrD-induced
MetS group exhibited distorted architecture, cellular
vacuolations and increased intercellular spaces. Ginger administration resulted in significant restoration
of the normal histological picture (Fig. 1A–C).
Transmission electron microscopic examination.
The pituitary gonadotrophs of the control rats had
oval or rounded euchromatic nuclei. The cytoplasm
contained secretory granules of variable size and electron density. Moreover, the cytoplasm showed well
developed Golgi bodies, rough endoplasmic reticulum
(rER) and mitochondria. In HFrD-induced MetS group,
gonadotrophs showed electron dense nuclei with
clumps of heterochromatin. The cytoplasm showed
numerous large vacuoles, destructed mitochondria,
dilated rER in addition to decreased number of secretory granules. Ginger supplementation produced
obvious improvement of gonadotrophs to become
more or less similar to those of the control group
except for slight decrease in its secretory granules
(Fig. 1D–F).
Testis

Light microscopic examination. H&E-stained
testicular sections of the control group showed closely
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Figure 1. A–C. Representative micrographs of haematoxylin and eosin (H&E)-stained sections of the anterior pituitary of the different studied
groups; A. Control group showing normal pituitary endocrine cells (E) arranged in groups and surrounded by blood sinusoids (arrows). Note:
acidophil (A), basophil (B) and chromophobes (C) cells; B. High-fructose diet (HFrD) group showing disrupted architecture with appearance
of many vacuoles (V) and widening of intercellular spaces (double arrows); C. Most of pituitary cells in the rats receiving HFrD + ginger
revealing more or less restoration of normal architecture (H&E 40×, scale bar = 20 µm); D–F. Representative electron micrographs of the
gonadotroph of the different studied groups; D. A gonadotroph cell of the control group showing an euchromatic nucleus (N), well developed
mitochondria (M), Golgi body (G) and rough endoplasmic reticulum (rER) (R) as well as numerous secretory granules (S) of variable size and
density; E. A gonadotroph cell of HFrD group exhibiting a nucleus with chromatin condensation (N), rarified cytoplasm with many large vacuoles (V), degenerated mitochondria with destructed cistern (M) and dilated rER (R). Note apparent decrease in the number of the secretory
granules (S); F. A gonadotroph of the rats receiving HFrD + ginger revealing normal nucleus (N) and well developed organelles as mitochondria (M). Note: apparent slight decrease in the number of its secretory granules (s). (TEM ×17500, scale bar = 1 µm).

many large cytoplasmic vacuolations. Primary spermatocytes showed nuclear lysis and disintegrated
nuclear membrane. Some spermatids appeared low
in position being close to the basement membrane.
The intercellular spaces between germ cells as well
as the interstitium appeared widened. The interstitial
Leydig cells exhibited destructed mitochondria and

Sections of the HFrD-induced MetS group
showed irregularities of the basement membranes
surrounding most of the seminiferous tubules. Sertoli cells showed large lipid droplets, vacuolations
and degenerated mitochondria within their cytoplasm. Spermatogonia had shrunken heterochromatic nuclei with irregular nuclear envelopes and
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Figure 2. Representative micrographs of haematoxylin and eosin (H&E)-stained testicular sections of the different studied groups; A. Control
group showing seminiferous tubules (T) surrounded by basement membrane (arrow) and lined with normally arranged different spermatogenic
cells; spermatogonia (Sg), primary spermatocytes (Sc) and spermatids (Sd). Sertoli cell (S) is seen resting on the basement membrane and
the tubular lumen is filled with spermatozoa (Z). The interstitium (I) contains a group of Leydig cells (L); B–E. High-fructose diet group showing an area of marked separation (*) between the seminiferous tubules as well as disorganisation, disruption and even loss (double arrows)
of most of spermatogenic cells, separation of the spermatogenic cells from the basement membrane (bent arrows), vacuolated cytoplasm (v)
with extravasation (Ex) and deposition of acidophilic hyalinized material (arrow) within the tubules. Entire loss of most of spermatozoa (star)
is also noted. The interstisium is observed exhibiting many vacuoles (vs), deposition of acidophilic hyalinized material (H) and dilated congested
blood vessels (BV); F. High-fructose diet with ginger extract displaying more or less well organised spermatogenic cells. Some vacuoles (vs)
within the interstitium are still present (H&E 20×, scale bar = 50 µm; inserts 40×).

cytoplasmic vacuoles. Cross sections in the middle
pieces of sperms showed severely destructed mitochondrial sheath and excess retained vacuolated
cytoplasm (Figs. 5, 6).
Ginger administration to HFrD-induced MetS
group showed observable improvement of testicular tissue. However, irregular basement membrane
and some separation between the germ cells were
occasionally encountered. Moreover, some cells with
cytoplasmic vacuolations and destructed mitochon-

dria as well as retained cytoplasm surrounding normal
axoneme were observed (Fig. 7).
Immunohistochemical results

Immunohistochemical analysis revealed that
testicular sections from HFrD-induced MetS group
showed a significant decrease (p < 0.001) in PCNA
and Beclin 1 immunoreactivity as compared to control. These decreases were significantly increased
(p < 0.001) by ginger supplementation (Fig. 8).
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Parameter
Epithelial height [mm]
Seminiferous tubule perimeter [mm]

Control

HFrD

HFrD + Ginger

39.01 ± 0.84

20.11 ± 1.30*

33.23 ± 0.75#

581.88 ± 11.22

450.76 ± 6.51*

537.07 ± 2.82#

Epithelial height
Seminiferous tubule perimeter

600.00

#
500.00
*

Mean [mm]

400.00

300.00

200.00

100.00
#

*
0.00
Control

HFrD

HFrD + Ginger

Different studied groups

Figure 3. A histogram showing the mean epithelial height and seminiferous tubular perimeter of the different studied group; *p < 0.001
comparing the high-fructose diet (HFrD) with the control; #p < 0.001 comparing the HFrD + Ginger with the HFrD. Note: the table demonstrates the mean and standard deviation (SD) of the different groups.

DISCUSSION

The adolescent age was chosen for this study as the
adolescents are the top consumers of high-fructose
corn syrup sweetened beverages with increasing incidence in its metabolic consequences as postulated by
Alten et al. [11]. Moreover, Al-Hamad and Raman [8]
stated that the prevalence of MetS in adolescents is
increasing in parallel with the increasing trends of
obesity rates. Harrell et al. [31] added that rats fed
the HFrD during adolescent development appeared
uniquely susceptible to metabolic abnormalities relative to rats fed the diet during adulthood only.
As the adolescent period is considered as a critical
period of development, the hormonal changes that
occur during adolescence including the increase in adrenal hormones, and the pubertal increase in gonadal hormones may be somewhat responsible for the
vulnerability of this period [73].The pituitary-gonadal
axis regulates the different stages of reproductive
activities, such as sexual behaviour, spermatogenesis,
and fertility [51]. Accordingly, we hypothesized that
the adverse effects of HFrD-induced MetS on male
reproductive functions might be mediated through
alterations in the pituitary-gonadal axis.

The wide spread of MetS is becoming a crucial
health problem and hence the need to develop new
treatments against this syndrome and its consequences is increasing fast [54]. The worldwide prevalence
of MetS emerged not only as a predictor of cardiovascular disease but also as a potential contributing
factor to male infertility [82].
In this study, administration of HFrD at 60% fructose concentration was found to cause significant
increase in body weight, plasma glucose, insulin, TG
and LDL as well as decrease in HDL. Also, HOMA-IR,
an indicator of insulin resistance, was significantly
increased. Our findings, thus, proved that fructose
administration at this concentration and period produces an experimental model similar to MetS. This
was in accordance with Johnson et al. [35], Aydin et
al. [15], Mamikutty et al. [50], and Guzmán-Gerónimo
et al. [30] who demonstrated a relation between high
fructose intake and MetS both in human and animal
studies. Aydin et al. [15] and Mamikutty et al. [50]
confirmed that rats fed with an HFrD (10–60%) can be
used as an adequate animal model for human MetS.
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Figure 4. Representative electron micrographs of the testis of the control group; A. Showing a part of a seminiferous tubules with its lining
cells; Sertoli cell (S) with nuclear indentation (arrow), spermatogonia (Sg) and the largest one is the primary spermatocyte (Sc) with a rounded
nucleus (N) containing fine chromatin; B. Revealing the Sertoli cell (S) with an oval euchromatic nucleus (N) and prominent nucleolus (n).
Its cytoplasm contains numerous mitochondria (M) and smooth endoplasmic reticulum (circle). The Sertoli cell lies on a regular basement
membrane (BM) that ensheathed by the myoid cell (My); C. A spermatogonium (Sg) exhibits a rounded euchromatic nucleus (N) with coarse
clumps of heterochromatin (Hc), numerous smooth endoplasmic reticulum (circle) and mitochondria (M); D. A spermatid (Sd) at the stage
of acrosomal cap formation displays rounded nucleus (N) covered by acrosomal cap (arrow) with presence of peripherally located well-developed mitochondria (M) in its cytoplasm; E. The middle piece of the sperm’s tail with central axoneme (A) that is surrounded by nine outer
dense fibres (1–9), mitochondrial sheath (arrow) and cell membrane (double arrows); F. A Leydig cell (L) has an elongated indented nucleus
(N) with a rim of peripheral heterochromatin. Its cytoplasm shows cytoplasmic processes (arrow) and contains well-developed mitochondria
(M) and numerous smooth endoplasmic reticulums (circle). (A, B, D, E: TEM, scale bar = 1 µm, ×17500; C, F: scale bar = 4 µm, ×8000).

The increase in body weight detected with HFrD
consumption in this work could be explained by the
fact that the extra HFrD increased total caloric intake,
as previously reported by Aguilera-Mendez et al. [4].
Moreover, Crescenzo et al. [23] showed increased

white adipose tissue in rats fed HFrD despite no difference in body weight gain. On the other hand, ginger
extract administration to HFrD group was found to
significantly decrease body weight when compared
to rats fed HFrD alone. A recent report by Wang et
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Figure 5. Representative electron micrographs of the rat testis of high-fructose diet (HFrD) group; A–C. Showing marked separation (*) between the cells. Sertoli cells (S) are based on thick irregular (arrow) basement membrane (BM). They have large vacuoles (V), degenerated
mitochondria (M) and large fat droplets (F); D. Showing a spermatogonium (Sg) with shrunken condensed nucleus (N), irregular nuclear membrane (double arrows) and multiple cytoplasmic vacuoles (V). (A: TEM, scale bar = 4 µm, ×8000; B–D: scale bar = 1 µm, ×17500).

al. [84] demonstrated that dietary ginger prevented
obesity by inducing browning of white adipose tissue,
thus enhancing energy expenditure, and remodelling
of whole-body energy metabolism.
The characteristic features of MetS induced by
HFrD, as confirmed in this study, were supported and
explained previously. Dyslipidaemia, a characteristic
component of MetS, was proved in this study by the
significant increase in serum TG and LDL and decrease
in HDL. This reproduced the results of previous studies
[52, 72]. Basaranoglu et al. [17] declared that chronic
fructose ingestion favours hepatic lipogenesis by pro-

viding large amounts of hepatic triosephosphate as
precursors for fatty acid synthesis, thus increasing lipid
accumulation in the liver as well as its secretion and an
increase in blood content. This can explain accumulation of lipid droplets in the cytoplasm of Sertoli cells in
the present study as clarified by Meydanli et al. [52].
Hyperglycaemia, hyperinsulinaemia and insulin
resistance were recorded with chronic consumption
of HFrD in this study, and in conjunction with others
[21]. Increased plasma concentrations of glucose may
be due to decreased glucose disposal in tissues [21].
Moreover, this was explained by Prabhakar et al. [60]
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Figure 6. Representative electron micrographs of the rat testis of high-fructose diet (HFrD) group; A. Primary spermatocytes (Sc) exhibit
nuclear chromatolysis (N) with partial loss of the nuclear membrane (double arrows) and degenerated mitochondria (M); B. Showing disorg
anisation of different spermatogenic cells in the form of resting low position of the spermatid (Sd) close to the basement membrane (BM);
C. Revealing markedly degenerated axoneme (arrow) with lost/degenerated mitochondrial sheath. The insert shows the axoneme surrounded
by retained excess vacuolated (V) cytoplasm (C); D. Leydig cells (L) have many vacuoles (V) and degenerated mitochondria (M). (A, B, D:
TEM, scale bar = 4 µm, ×8000; C: scale bar = 1 µm, ×17500).

who revealed that fructose stimulates gluconeogenesis in male rats. Further, fructose feeding decreases
the efficacy of insulin extraction by the liver, which
retards insulin clearance from the circulation as declared by Suga et al. [74]. Indeed, Tappy and Lê [78]
postulated that dyslipidaemia, in response to HFrD,
can lead to insulin resistance by reducing the insulin
signalling pathway.

Carrier [19] clarified that there was a great link
between oxidative stress and MetS pathophysiology.
This was confirmed in this study by the significant
increase in MDA, a sensitive biomarker of lipid peroxidation, with significant decrease in the antioxidant
enzyme SOD in testicular homogenates of HFrD rats,
clearly indicating oxidative stress and impaired lipid
metabolism. Similar results were recorded in the liv-
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Figure 7. Representative electron micrographs of the rat testis receiving high-fructose diet (HFrD) + ginger extract; A. Showing more or less
normal spermatogenic organisation resting on the basement membrane (BM). Slight separation (asterisk) between the cells is still noted;
B. Showing a normal Sertoli cell (S) with well-developed mitochondria (M) based on a slightly irregular (double arrows) basement membrane;
C. Showing a well-developed spermatogonium (Sg) with normal mitochondria (M); D. Revealing more or less normal spermatid (Sd) with
acrosomal cap (arrow). A few degenerated mitochondria (M) and slight vacuolations (V) are observed within its cytoplasm; E. Showing
normal appearance of the midpieces of sperms with central axoneme (A). However, some exhibit retained cytoplasm (C); F. Dilated rough
endoplasmic reticula (arrow head) are noted within more or less well organised Leydig cell (L). (A, C, F: TEM, scale bar = 4 µm, ×8000;
B, D, E: scale bar = 1 µm, ×17500).

er [72], the kidney [81], the heart and aorta [61] of
HFrD fed rats. This was attributed to altered cellular
metabolism with overproduction of reactive oxygen
species (ROS) and simultaneous decline of antioxidant
defence mechanisms as explained by Chandramohan
and Pari [21]. Sharma and Agarwal [71] clarified that
spermatozoa are characterised by the high content
of polyunsaturated fatty acids within their plasma
membrane thus being highly susceptible to damage
by excessive concentrations of ROS. They added that

lipid peroxidation destroys the lipid matrix in the membranes of spermatozoa, and this is associated with
loss of motility and impairment of spermatogenesis.
Moreover, there were significantly decreased circulating levels of pituitary hormones FSH and LH, in this
work, following HFrD consumption. These results reflect impaired pituitary function which goes in accordance with the histopathological alterations observed in
the pituitaries of the HFrD-induced MetS group. Many
gonadotrophs showed destructed mitochondria and
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Control

HFrD

HFrD + Ginger

PCNA immunopositive cells (%)

Parameter

82.48 ± 0.71

33.12 ± 2.19*

74.60 ± 1.51#

Beclin 1 immunoreaction (area %)

55.48 ± 1.61

20.31 ± 1.28*

52.44 ± 1.25#

G

PCNA immunopositive cells (%)

100.00

Beclin 1 immunoreaction (area %)
*

Mean

80.00

#

60.00

*

40.00

#
20.00

0.00
HFrD

Control

HFrD + Ginger

Figure 8. A–F. Representative immunostaining micrographs of rats’ testicular sections of the different studied groups showing decreased
proliferating cell nuclear antigen (PCNA) (A–C) and beclin 1 (D–F) immunoreaction of high-fructose diet (HFrD) group compared to the control.
However ginger administration restored the immunoreaction approaching the control (immunostaining 40×, scale bar = 20 µm). The inserts
indicate positive immunoreaction; G. A histogram revealing the mean per cent of PCNA positive cells and area per cent of beclin 1 immunoreaction in the different groups; *p < 0.001) comparing the HFrD with the control; #p < 0.001 comparing the HFrD + Ginger with the HFrD.
Note: the table demonstrates the mean and standard deviation (SD) of the different groups.
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dilated rough endoplasmic reticulum with decrease
in secretory granules. Baccetti et al. [16] declared that
hyperglycaemia reduces the pituitary sensitivity to
gonadotropin releasing hormone stimulation which
subsequently affects the synthesis and release of FSH
and LH. Further, Darbandi et al. [24] demonstrated that
excessive production of ROS beyond that of cellular
antioxidant capacity negatively affects male reproductive functions and may induce infertility via affecting
the hypothalamus-pituitary-gonadal axis and hence
affection of reproductive hormonal assay.
In this study, the hormonal assay also revealed
a significant decrease in the testosterone hormone
reflecting disrupted steroidogenesis by Leydig cells.
This could be attributed to disruption in the pituitary
function as clarified by Li et al. [44] who postulated
the pivotal role of FSH in testicular development and
LH in stimulating the biosynthesis of testosterone via
its binding to Leydig cell. Moreover, de Lamirande et
al. [25] clarified that free radical generation interrupts
spermatogenesis and steroidogenesis directly and
indirectly causing Leydig cell degeneration leading
ultimately to a decline in testosterone secretion. This
matches the structural changes observed in Leydig
cells in this study.
Baccetti et al. [16] reported that all these hormonal changes affect spermatogenesis and sexual
function. This may also explain degenerative changes
of spermatogenetic cells, detected in this study, as
clarified by Maneesh et al. [51]. Intraepithelial vacuolisation may be considered as a manifestation of
testicular tubules’ atrophy [87]. Sakr et al. [66] attributed the vacuolated cytoplasm of spermatogenic
cells to lipid peroxidation causing damage to the cell
membrane and membranes of the cell organelles with
subsequent increase in their permeability.
Our results showed manifest histopathological
changes in testicular specimens of HFrD-induced MetS
group as compared to the control. The seminiferous
tubules were shrunken, as confirmed morphometrically by the significant decrease in seminiferous tubule
perimeter, and distorted with irregular outlines. This
was consistent with the basement membrane irregularities detected by electron microscope and with
the widened interstitial spaces. Similar results were
reported by Meydanli et al. [52].
The presence of homogenous acidophilic material in the interstitial spaces, observed in this study,
may be due to the lowered testosterone level thus
increasing capillary filtration and interstitial fluid as

postulated by Maddocks and Setchell [48]. Salama
et al. [67], Ravikumar and Srikumar [63] attributed
the presence of this material to the accumulation of
free radicals and ROS resulting in increased vascular
permeability as well as oozing of excess lymphatic
exudates from degenerated lymphatic vessels. Lirdi
et al. [46] concluded that alterations in the volume or
composition of the interstitial fluid could significantly
affect the testicular function. The decreased testosterone level may also explain blood vessel congestion,
observed in this work, as testosterone plays a vital
role in the regulation of testicular blood flow [89].
In the current work, ultrastructural findings further confirmed the damaging effect of HFrD-induced
MetS on the testicular structure. Sertoli cells with
damaged mitochondria, cytoplasmic vacuolation and
increased lipid accumulation were frequently encountered. Anan et al. [13] reported that increased testicular oxidative stress was concomitant with impairment
of Sertoli cells. Robeva et al. [64] have also reported,
through clinical trials, that Sertoli cell function is suppressed in MetS. As Sertoli cells support and provide
nutrition for the developing germ cells and are absolutely necessary for proper germ cell development
and viability [55], Sertoli cell dysfunction reduces
supportive capacity and impairs spermatogenesis and
fertility [85]. Sertoli cell changes may also explain the
abnormal presence of spermatids near the basement
membrane as reported by Russell et al. [65] who
suggested spermatids’ phagocytosis by Sertoli cells
and, then, failure of release.
In this study, widening of intercellular spaces
among the germ cells as well as their separation
from the basement membrane was noticed in most
of the tubules. Mohamed et al. [53] suggested that
exposure to ROS leads to disruption of tight junctions
of blood-testis barrier with subsequent entry of excess
water and toxic agents between the spermatogenic
cells. Another explanation was given by Sugandhy et
al. [75] who attributed the marked intercellular spacing to the sloughing and exfoliation of the spermatogenic cells into the lumen of the seminiferous tubules
as a result of destruction of the cellular processes of
Sertoli cells that fill the spaces between the germ cells.
This corresponds with the significant reduction of
germinal epithelium thickness observed in this study.
Haubitz [32] declared that this thinning of the epithelium leads to defect in sperm production reflected,
in this work, as marked affection of cross sections in
the mid pieces of spermatozoal tails. Moreover, the
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middle pieces exhibited an excess retained cytoplasm,
which can be attributed to the spermiogenesis arrest
with subsequent interruption of cytoplasmic extrusion. Such spermatozoa are considered as immature
and functionally defective spermatozoa as clarified
by Malekinejad et al. [49].
Proliferating cell nuclear antigen, a nuclear protein
required for DNA synthesis, is considered previously as
a proliferation marker [41]. Since spermatogenesis is
a complex cell cycle of rapidly proliferating cells ending with liberation of sperms, PCNA was previously
used to quantitatively analyse spermatogenesis [2].
Decreased percentage of PCNA-positive immunostained cells was observed in testicular specimens of
HFrD rats in this study. Xue et al. [86] related this to
decreased DNA synthesis in the damaged testes. This
is mostly attributed to ROS-induced DNA breakdown
of spermatozoa which is commonly seen in infertile
men as postulated by Bennetts and Aitken [18].
Autophagy is a master cellular process that helps
cell survival from death stimuli through the removal
of damaged organelles or proteins [38]. Additionally,
autophagy decreases triglyceride and cholesterol accumulation, improves insulin signalling and prevents
cellular injury from oxidative stress as reported by Liu
et al. [47]. However, Zhang et al. [91] suggested that
autophagy, when it occurs excessively or it is impaired,
it may be deleterious and lead to activation of apoptosis-mediated cellular death. The autophagy process
is regulated by a large group of autophagy-related
proteins [26]. Beclin 1 is a 60-kDa protein that can
intervene at every major step in autophagic pathways
through the activation of specific beclin 1-binding
proteins [38].
High-fructose diet was previously reported to
downregulate autophagy in liver tissue [90]. Moreover, Cha et al. [20] reported similar results in rat
testis following doxorubicin treatment. These results
match the results of our study where HFrD was found
to downregulate beclin 1 immunostaining. This significant downregulation of beclin 1 in HFrD-induced
MetS group could be linked to the affection of testicular functions as postulated by Tang and Wang
[77] who stated that autophagy is considered as an
important regulatory mechanism in spermatogenesis
and steroid production in testis. This was in line with
Gao et al. [27] who revealed that autophagy has
been reported to be extremely active under normal
conditions to promote cholesterol uptake into Leydig
cells and hence testosterone production, suggesting

that dysfunction of autophagy might be causal in
the loss of testosterone production in some patients.
The current study provides evidence on the ability
of ginger extract, at a dose of 500 mg/kg/day for
8 weeks, to alleviate HFrD-induced MetS adverse effects on the pituitary-gonadal axis of male rats. The
results of this study revealed that ginger was able to
restore testicular MDA and SOD activity. Moreover,
exhibited glycaemic control and improved insulin
sensitivity as indicated by the marked reduction of
HOMA-IR index. It also corrected the dyslipidaemia
through significantly decreasing the TG, LDL and
increasing the HDL levels indicating its crucial role
in controlling MetS. These improvements were accompanied by obvious attenuation of pituitary and
testicular structural damage with significant increase
in the testicular weight and the levels of reproductive
hormones.
Consistent with our results, previous reports have
indicated beneficial effects of ginger against HFrD
accompanied unfavourable effects [28, 56]. However,
to the best of our knowledge, this is the first study
to elucidate the effect of ginger on pituitary-gonadal
axis changes resulting from HFrD-induced MetS.
The ameliorating effect of ginger can be attributed
to its antioxidant properties through maintaining the
activities of the antioxidant enzymes and scavenging
the excessive ROS [5]. The antioxidant activity of
ginger may be due to its high content of polyphenolic flavonoids (gingerols) which have also proven
effectiveness against hyperlipidaemia [39, 88]. In line
with this, previous researchers demonstrated that
ginger positively modulated the antioxidant status
of testis [12].
Narayanan and Jesudoss [57] considered ginger
as one of the natural alternatives for the prevention of hyperlipidaemia. A possible explanation for
its antihypertriglyceridaemic effect was provided by
Platel and Srinivasan [59] who recorded that ginger,
when added to animal diet, produces a considerable
increase in pancreatic and intestinal lipase that plays
a vital role in fat digestion. Al-Noory et al. [9] referred
the increased HDL to the ginger content of niacin that
reduces the catabolic rate of HDL.
The anti-hyperglycaemic effect of ginger, observed
in this study, was previously reported in other studies
[3, 7]. Khandouzi et al. [37] explained that ginger
increases glucose uptake, glycogen synthesis and
phosphorylation of the insulin receptor. Li et al. [43]
added that ginger extract encouraged glucose uptake
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in cultured rat skeletal muscle cells. Ramakrishna et al.
[62] reported that decreased blood glucose levels could
be due to the free radical scavenging effect of ginger.
In match to our results, Arikawe et al. [14] stated
that chronic fructose consumption caused structural
alterations in pancreatic b cells and hyperinsulinaemia
and that this effect was reversed by ginger. This further confirms that ginger is a potent insulin sensitizer
[80] and augments b cell function [29].
In this work, ginger was demonstrated to restore
the normal levels of reproductive hormones (LH, FSH
and testosterone) that were downregulated by MetS.
This can be explained by ginger’s androgenic and
antioxidant properties [36, 58] that were confirmed,
in this work, by the significant improvement of the
histomorphological features of the pituitary glands
and testes. Similarly, Shalaby and Hamowieh [69]
reported that ginger extract increased serum testosterone level and ameliorated histopathological lesions
in the testes of diabetic rats.
The upregulating effect of ginger on PCNA expression, reported in this study, was consistent with
previous reports which demonstrated a protective
influence of 6-gingerol on DNA damage which is
mostly mediated by (_OH) radical scavenging [45].
Moreover, ginger was indicated to significantly
upregulate autophagy in the testes of rats of HFrD-induced MetS in this study. In line with our results, some
recent reports have indicated that 6-shogaol, a phytochemical of dietary ginger, might induce autophagic
cell death in human non-small cell lung cancer A549
cells [33], hepatoma, breast and pancreatic cancer cell
lines [6] and in human colon adenocarcinoma (HT-29)
cells [42]. Li and Chiang [42] explained that 6-shogaol
induced autophagic cell death through the formation
of acidic vesicular organelles and autolysosomes.

are needed to further contribute to the literature on
the protective and therapeutic effects of ginger on the
other metabolic syndrome associated derangements.
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Background: The link between autophagy, inflammatory bowel disease, ischaemic injury and cancer had been established. Reasonable evidence is available
for cadmium to be related to certain cancers. Sildenafil had been investigated
to modulate oxidative stress mechanisms. The aim of this study is to investigate
cadmium-induced adrenal cortical autophagy and to declare possible modulation
by sildenafil.
Materials and methods: Twenty four Wistar rats weighing 150–200 g were randomly and equally assigned into: control group, sildenafil (20 mg/kg/day orally)
exposed group, cadmium group (cadmium chloride 1 mg/kg/day SC), cadmium
+ sildenafil group (rats received cadmium concomitant with sildenafil). Euthanasia was done 4 weeks from the beginning of experiment; adrenal glands were
subjected to biochemical, histological, ultrastructural and immunnohistochemical
assessment.
Results: Control and sildenafil exposed groups exhibited nearly similar results. Cadmium had produced adrenal cortical apoptosis and ultrastructural derangement
of cell organelles. Cadmium-induced autophagy was detected by ultrastructural
abundance of enlarged lysosomes and significant (p < 0.05) increase in the
optical density of lysosomal associated membrane protein 2 immunoexpression.
Sildenafil taken with cadmium had decreased adrenal cortical autophagy, significantly modulated the adrenal gland superoxide dismutase and malondialdehyde
compared to cadmium group. Also, the optical density of nuclear factor kappa B
(NF-kB) and caspase-3 immunoexpression was significantly decreased in cadmium
+ sildenafil compared to cadmium group.
Conclusions: Cadmium might induce adrenal cortical autophagy in rats and
sildenafil might show an ameliorating effect probably through enhancement of
antioxidant defence mechanism and modulation of NF-kB. (Folia Morphol 2020;
79, 4: 709–719)
Key words: autophagy, cadmium, adrenal, sildenafil rats

INTRODUCTION

been suggested to mediate cadmium-induced cellular
toxicity [22].
In ischaemic injury and some types of myopathies,
extensive autophagy was noticed. Also, in inflammatory bowel disease, polymorphisms in a gene involved
in autophagy have been associated. Furthermore, the

Cadmium is found in solders, used in batteries and
as alloy in metal platings and coatings. Reasonable
evidence is available for cadmium to be associated
with prostatic cancer [15]. Oxidative stress-mediated
cell death and oxygen free radicals production had
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Experimental design

link between autophagy and cancer had been established [16]. Autophagy, a shuttling of senescent organelles and large protein complexes into lysosomes, is
a survival mechanism in times of nutrient deprivation,
by which the starved cell can live by digesting its
own contents and recycling these contents to provide nutrients and energy [13, 16]. Autophagy might
progress to cell death if the stimulus is more severe
despite being a mean of avoiding cell death, or the
cell metabolic pathways may switch to apoptosis [4].
Sildenafil is a competitive reversible inhibitor of
phosphodiesterase 5 (PDE5) that prevents the catabolism of cyclic guanosine monophosphate (cGMP),
prolonging its actions and promoting vasodilation
increasing the blood flow to the penis, leading to an
erection. Sildenafil is the only agent of PDE5 inhibitors
currently approved for the treatment of pulmonary
hypertension [27]. In rat models of stroke, sildenafil
had been reported to increase brain levels of cGMP.
Furthermore, it enhanced the cerebral blood flow level
in the hypoperfused region, increased angiogenesis
and neurogenesis which can rapidly enhance functional recovery [17, 30]. High dose of sildenafil had been
proved to protect against carbon tetrachloride-induced
adverse renal changes by modulation of redox homeostasis in rats [1]. The current study was carried out
to investigate cadmium-induced adrenal cortical autophagy and to declare possible modulation by sildenafil.

The rats were randomly assigned into four equal
groups (6 rats each) as follows: control group (received oral saline), sildenafil exposed group (received oral sildenafil), cadmium group (received
cadmium), cadmium + sildenafil group (received
cadmium concomitant with sildenafil).
All animals were weighed just before sacrification.
They were euthanized after 4 weeks from the beginning of the experiment by Pentobarbital 150 mg/kg IP.
After euthanasia of animals, the two adrenal glands
of each animal were immediately removed, weighed,
half of one adrenal was used for biochemical assessment, the other half underwent paraffin blocking for
histological evaluation. The other adrenal gland had
undergone electron microscopy processing.
Biochemical analysis

Adrenal gland homogenates were centrifuged at
4000 r.p.m. for 20 min and refrigerated at 4°C. The
supernatant was used for estimation of the quantitative activities of and malondialdehyde (MDA) and
superoxide dismutase (SOD) as described in Adeyanju
et al. 2018 [1].
Histological and immunohistochemical study

Adrenal gland sections of 5 µm thickness were
haematoxylin and eosin (H&E) stained. Immunohistochemical study [25], utilising Dako automated technique, was done to deparaffinised sections
for staining with lysosomal associated membrane
protein 2 (LAMP2), nuclear factor kappa B (NF-kB),
and caspase-3. Primary antibodies used were LAMP2
(Rabbit polyclonal, Genetex, USA), NF-kB p65 (Rabbit
polyclonal, ThermoFisher, USA), caspase-3 (Rabbit
polyclonal, Santa Cruz, USA). Dako EnVision Flex/HRP
was utilised as secondary antibody and Leica ICC50
microscope was used for photographing all histological and immunosistochemical sections.
For ultrastructural study [12], adrenal glands were
fixed for 2 hours in 2.5% glutaraldehyde buffered
with 0.1 M cacodylate at pH 7.2, 1% osmium tetroxide postfixed, alcohol dehydrated, embedded
in epoxy resin mixture after immersion in propylene
oxide. Semi-thin sections of about 1 µm thickness
1% toluidine blue stained, and then photographed
with Leica ICC50 light microscope. Ultrathin sections (80–90 nm) were obtained using an LKB ultratome, and stained by uranyl acetate and lead citrate.
The ultrastructural photographing was done using

MATERIALS AND METHODS
Animals
The current work followed all ethics of animal

research and was approved by the Institutional
Animal Care and Use Committee of Cairo University (CU-IACUC) No CU/III/F/39/19. The present study
was carried out on 24 male Wistar rats weighing
150–200 g, housed in the Animal House, Faculty of
Medicine, Cairo University under standard laboratory and environmental conditions with free access
to food and water at a temperature of (20 ± 2ºC)
with a natural 12-h light/dark cycle.
Chemicals

Cadmium. Cadmiun chloride salt was purchased
from Sigma Chemical Co. (St. Luis, Missouri, USA).
After dissolving in saline, it was offered every day by
SC injection (1 mg/kg/day) [2].
Sildenafil. Sildenafil tablets (Viagra 50 mg, Pfizer,
Egypt) were dissolved in 10 mL saline and given at
a dose of (20 mg/kg) offered every day by oral gavage [1].
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Table 1. Comparison of the mean body and adrenal gland weight among the different groups
Groups

Mean body weight [g]
(No of animals in each group = 6)

Mean adrenal gland weight [g]
(No of animals in each group = 6)

Control

200.5 ± 11.4

0.028 ± 0.004

Sildenafil

200.8 ± 16.0

0.027 ± 0.004

Cadmium

000177.0 ± 12.4*, #

0.026 ± 0.006

191.7 ± 13.9

0.027 ± 0.005

Cadmium + sildenafil

*, # — statistically significant compared to control, sildenafil exposed, cadmium groups respectively

Histological results

a transmission electron microscope (Joel Jem 1400,
Germany), Faculty of Agriculture, Cairo University,
Egypt.

By H&E (Figs. 2, 3) staining, control and sildenafil
groups exhibited regular cells in all zones with dilated sinusoids in Zona Reticularis (ZR) of sildenafil
group. Cadmium group showed disturbed architecture, wide inercellular spaces, cytoplasmic vaculations
and frequent apoptosis as well karyolysis. Cadmium
+ sildenafil group showed slight vaculation in Zona
Glomerulosa (ZG), minimal apoptosis in Zona Fasciculata (ZF) and lipofuscin pigments in ZR. Toluidine
blue staining (Fig. 4) of the adrenal cortex of the
control and sildenafil groups was similar. Cadmium
group ZG and ZF sowed many large lipid droplets
compressing neighbouring nuclei while cadmium ZR
revealed cytoplasmic rarefaction with marked nuclear
pleomorphism. Cadmium + sildenafil group exhibited
slight nuclear degeneration in ZF.

Histomorphometric study

The software Leica Quin 500, Germany was utilised to assess the optical density of LAMP2, NF-kB and
caspase-3 immuno-reaction in a standard measuring
frame using a magnification × 400. Values were presented as a mean and standard deviation (SD) and
statistically analysed.
Statistical analysis

Morphometric, biochemical and histomorphometric data were statistically analysed utilising SPSS
version 25.0 (IBM Corporation, Somers, NY, USA) statistical software. They were expressed as means ± SD.
One-way analysis of variance (ANOVA) had been
performed, then post-hoc Tukey test was utilised to
compare between groups.

Electron microscopy results

Control and sildenafil groups exhibited similar
findings. Cadmium group ZG cells appeared with
dilated smooth endoplasmic reticulum while cadmium ZF spongiocytes and ZR cells exhibited shrunken
nuclei, dilatation of smooth endoplasmic reticulum,
loss of mitochondrial cristae and perinuclar swelling
as well as abundant enlarged lysosomes containing many digested organelles. Cadmium + sildenafil
group revealed cells with intact mitochondria, many
lipid droplets and few lysosomes in ZF (Figs. 5, 6).

RESULTS
Clinical data, body and adrenal gland weight
No mortality had been reported among rats. The

body weight of cadmium group was significantly decreased compared to the control group. No significant
difference (p > 0.05) among the groups was noticed
in adrenal gland weight (Table 1).
Biochemical results

Immunohistochemical results

Malondialdehyde of cadmium group was significantly higher (238%) than that of control group. MDA
of cadmium + sildenafil was non-significantly higher
(61%) than that of control group, but was significantly lower (52%) than that of cadmium group. SOD of
cadmium group was significantly lower (66%) than
that of control group. SOD of cadmium + sildenafil
was significantly lower (33%) than that of control
group, but significantly higher (33%) than that of
cadmium group (Fig. 1).

By LAMP2 immunostaining (Fig. 7), control and
sildenafil groups exhibited similar results with mild
reaction in all zones of the cortex. Cadmium group
showed markedly increased LAMP2 while cadmium
+ sildenafil group showed mild to moderate reaction.
By NF-kB immunostaining (Fig. 8), control and
sildenafil groups exhibited similar results with mild
reaction in all zones of the cortex. Cadmium group
showed strong NF-kB immunoexpression in all zones
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Figure 1. Charts of the mean of adrenal gland malondialdehyde (MDA; A) and superoxide dismutase (SOD; B) as well as the optical density of
lysosomal associated membrane protein 2 (LAMP2; E), nuclear factor kappa B (NF-kB; C) and caspase-3 immunoreaction (D) among different
groups (no of each group = 6); *, #, @ — statistically significant compared to control, sildenafil exposed, cadmium groups, respectively.
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Figure 2. Control and sildenafil groups are showing regular cells in all zones with dilated sinusoids sinusoids (S) in Zona Reticularis of sildenafil
group (H&E ×400).

Figure 3. Cadmium group is showing frequent apoptosis (arrows), frequent karyolysis (arrow heads), disturbed architecture, wide inercellular
spaces and numerous cytoplasmic vaculations (V). Cadmium + sildenafil group is showing slight vaculation in Zona Glomerulosa, minimal
apoptosis in Zona Fasciculata and lipofuscin (curved arrows) pigments in Zona Reticularis (H&E ×400).
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Figure 4. Cadmium group Zona Glomerulosa and Zona Fasciculata (ZF) are exhibiting many large lipid droplets (L) compressing neighbouring
nuclei (arrow head) while cadmium Zona Reticularis is exhibiting cytoplasmic rarefaction with marked nuclear (arrow heads) pleomorphism.
Cadmium + sildenafil group is showing slight nuclear degeneration in ZF (Toluidine blue ×1000).

Figure 5. Cadmium group Zona Glomerulosa cells is appearing with dilated smooth endoplasmic reticulum while cadmium Zona Fasciculata
(ZF) and Zona Reticularis cells are exhibiting shrunken nuclei with dilatation of smooth endoplasmic reticulum, loss of mitochondrial (M) cristae as well as abundant enlarged lysosomes (LY) containing digested organelles. Cadmium + sildenafil group appear with many lipid droplets
(L) and few lysosomes in ZF (Electron microscopy).
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Figure 6. A–C. Cadmium group Zona Glomerulosa, Zona Fasciculata (ZF) and Zona Reticularis, respectively, are showing large lipid droplets
(L) compressing the nucleus, dilatation of smooth endoplasmic reticulum (SER), abundant lysosomes (LY), perinuclar swelling (arrow heads)
and mitochondrial (M) degeneration. D. Cadmium + sildenafil group ZF appears with abundant mitochondria and lipid droplets (Electron microscopy).

Figure 7. Cadmium group is showing strong lysosomal associated membrane protein 2 (LAMP2) (arrows) immunoexpression while cadmium
+ sildenafil group is showing mild to moderate reaction (LAMP2 ×400).
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Figure 8. Cadmium group is showing strong nuclear factor kappa B (NF-kB) (arrows) immunoexpression while cadmium + sildenafil group is
showing moderate reaction (NF-kB ×400).

Figure 9. Cadmium group is showing increased caspase-3 (arrow) immunoexpression especially in Zona Fasciculata while cadmium + sildenafil group is showing decreased reaction (caspase-3 ×400).
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while cadmium + sildenafil group showed moderate
reaction.
By caspase-3 immunostaining (Fig. 9), control and
sildenafil groups exhibited similar results with mild
reaction in all zones of the cortex. Cadmium group
exhibited increased caspase-3 immunoexpression
especially in ZF while cadmium + sildenafil group
showed decreased reaction.

in the ischaemic myocardium [7]. The mechanism by
which sildenafil mitigates apoptosis has been suggested by some authors. Up-regulation of vascular
endothelial growth factor expression [6] and promoting angiogenesis in the peri-infarct region after stroke
[9, 17] had been proposed as mechanism of action.
Opening of mitochondrial ATP-sensitive potassium
(mito-KATP) channels had been suggested to mediate
the cardioprotective effects of sildenafil [7]. Also,
activation of protein kinase C and cGMP-dependent
protein kinases [8] had been early proposed. However,
the exact method by which sildenafil exerts as antiapoptotic is intriguing and warrants further researches.
In the present study, cadmium group showed
increased vacuolation of the ZG and ZF cells in H&E
sections together with fatty degeneration in semithin
sections. Fatty change, which may be reversible in
moderate degrees, is accumulation of lipid droplets
due to disruption of ribosomal function and uncoupling of lipid from protein metabolism [4]. Lipofuscin
was detected in the current work in ZR of cadmium
+ sildenafil group. It is present normally in ZR of adrenal
gland and is considered as an aging or atrophy insoluble brownish-yellow granular “wear-and-tear pigment”
that accumulates in a variety of tissues representing
complexes of lipid and protein that are produced by
the free radical-catalysed peroxidation of polyunsaturated lipids of subcellular membranes [16, 19].
Adverse ultrastructural changes in the adrenals
of cadmium group of this work were partially improved by sildenafil. Disruption of the mitochondrial
cristae could be explained by accumulation of lipid
granules caused by impaired steroidogenesis. The
enzymes 11-hydroxylase (CYP11) in mitochondria
and 17- and 21-hydroxylases (CYP 17 and 21) in the
smooth endoplasmic reticulum had been suggested
to be commonly disrupted by toxic chemicals [24].
The increased number of enlarged lysosomes containing degraded organelles in cadmium group and
the significant increase in LAMP2 immunoexpression
might indicate cadmium-induced autophagy in the
adrenocortical cells. Although not measured in the
present work, transmission electron microscopy morphometry for quantification of autophagy has been
reported to be rather controversial, and unreliable
procedures still continue to be used [14]. The relation
between autophagy and cancer had been established.
Cadmium-induced autophagy in the current work
might suggest a clue to the link between cadmium
and prostatic cancer [23] and further researches are

Histomorphometric results

The optical density of LAMP2, NF-kB and caspase-3
immunoexpression was significantly higher in cadmium group (80%, 75%, and 136%, respectively) than
control group. It was significantly lower (31%, 32%,
and 35%) in cadmium + sildenafil group than cadmium group. The optical density of LAMP2 and NF-kB
immunoexpression was non-significantly higher
(19%, 18%, respectively) in cadmium + sildenafil group
than the control. The optical density of caspase-3
immunoexpression was significantly higher (51%) in
cadmium + sildenafil group than the control (Fig. 1).

DISCUSSION
Cadmium had induced adrenal cortical autophagy
in the current work. Concomitant administration of
sildenafil with cadmium had modulated this autophagy and other ultrastructural deleterious effects.
The results of this study presented that exposure
to cadmium had induced body weight loss in cd
group despite no significant change in adrenal gland
weight had been detected. Concordantly, Mutsuga
et al. (2017) [21] had reported similar finding upon
exposure to aminoglutathimide. The latter authors
attributed this slight relative increase in the adrenal
weight to lipid droplets accumulation. Adrenal gland
MDA and SOD had been modulated by sildenafil as
compared to cadmium received rats in the current
work. This might indicate the antioxidative stress
role of sildenafil. Supporting these findings, it was
reported that sildenafil has significantly decreased
the elevated MDA level in gentamicin-nephrotoxicity
[20]. In addition, it was demonstrated that sildenafil
had decreased renal MDA upon exposure to caecal
ligation and puncture-induced sepsis in rats [5].
Frequent apoptotic cells were seen in cadmium
group, while few apoptotic cells were found in cadmium + sildenafil group. This was confirmed by significant reduction in caspase-3 immunoexpression in
cadmium + sildenafil group. Supporting these results,
sildenafil had been proved to ameliorate apoptosis
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still deserved. Whether autophagy might be good or
bad from the vantage point of the tumour, however,
stay a matter of debate and active investigation [16].
Modulation of LAMP2 immunoexpression by sildenafil in this work is concordant with its ultrastructural
regression in the number of enlarged lysosomes induced by cadmium. LAMP2-positive granules had
been reported by Mutsuga et al. (2017) [21] to be
increased in the fasciculata cells of aminoglutethimide (antitumour agent in breast and prostate cancer)
reflecting its-induced intracellular mitophagy and
lipophagy, which are protein degradation processes
for damaged mitochondria and excessively accumulated lipid droplets, respectively [26, 28].
NF-kB immunoexpression had been significantly
increased in cadmium receiving rats. Sildenafil had
modulated this expression. NF-kB had been considered as an important transcription factor, participates
in growth, differentiation, organogenesis, apoptosis,
inflammation and immune response [18]. The link
between NF-kB and autophagy in the current work
might have been established in cadmium group.
Concordantly, quinazolinediamine which is an NF-kB
inhibitor had been proved to ameliorate both autophagy and apoptosis induced by brefeldin [31].
Agreeing with the results of this work regarding the
relation between sildenafil and NF-kB, it had been
proved that roflumilast, a phosphodiesterase-4 inhibitor, might mitigate cadmium-induced renal toxicity
via modulation of NF-kB activation and induction of
NQO1 in rats [3, 29].
The crosstalk between apoptosis and autophagy
in cadmium-induced adrenal cortical injury had been
demonstrated in the current work. This crosstalk
might be mediated through caspase-3 activation,
impairment of antioxidant defence and NF-kB activation as proved from immunohistochemical and
biochemical results of the present work. The latter
hypothesis was supported by an earlier work that suggested that this crosstalk was mediated via caspase
cleavage of beclin 1 [10]. Contradictory to our hypothesis, autophagy had been proven to possess
a pivotal role in neuronal antioxidant pathway [11].
Further mechanistic studies are still warranted to
investigate this crosstalk.
Clinically implicated from the current work, cadmium might induce adrenal cortical autophagy and
apoptosis. Sildenafil might be valuable in preventing
such adverse changes. However, the link between
cadmium-induced autophagy, risk of cancer and an-

tioxidant defence system is intriguing and further
researches are deserved.

CONCLUSIONS
Cadmium might induce adrenal cortical autophagy in rats and sildenafil might show an ameliorating effect probably through enhancement of antioxidant defence mechanism and modulation of NF-kB.
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Background: The aim of the study was to investigate the ability of a combination
of bone marrow mesenchymal stem cells (BM-MSCs) with and without demineralised freeze-dried bone allografts (DFDBAs) to induce bone regeneration in
calvarial defects in ovariectomised rats.
Materials and methods: Critical size defects were filled with a combination of
DFDBAs and BM-MSCs or BM-MSCs alone. Eight weeks after calvarial surgery,
the rats were sacrificed. The samples were analysed histologically and immunohistochemically.
Results: No difference was observed in vascularisation between groups C1 (animals
with cranial defect only, control group) and O1 (animals with cranial defect only,
ovariectomy group). Intramembranous ossification was observed at a limited level
in groups C2 (animals with cranial defect with MSCs, control group) and O2 (animals with cranial defect with MSCs, ovariectomy group) compared to C1 and O1.
In group C3 (animals with DFDBAs with MSCs, control group), the fibrous structures of the matrix became compact as a result of a bone graft having been placed
in the cavity, but in group O3 (animals with DFDBAs with MSCs, ovariectomy
group), the fibrous tissue was poorly distributed between the bone grafts for
the most parts.
Conclusions: We conclude that the insertion of BM-MSCs enhances bone healing;
however, the DFDBA/BM-MSC combination has little effect on overcoming impaired
bone formation in ovariectomised rats. (Folia Morphol 2020; 79, 4: 720–735)
Key words: bone healing, bone marrow mesenchymal stem cells
(BM-MSCs), demineralised freeze-dried bone allografts (DFDBAs),
ovariectomy, calvarial defect
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INTRODUCTION

bone defects in animals with or without scaffolds
[8, 34]. Currently, different methods for efficient tissue regeneration are being developed with various
combinations of stem cells and scaffolds [4, 33].
In light of this information, we hypothesised that
treatment with bone marrow (BM)-MSCs combined
with bone grafts would facilitate bone repair in osteoporotic bone damage conditions. There is little
information available about the healing capacity of
BM-MSCs used in combination with demineralised
freeze-dried bone allografts (DFDBAs) for the treatment of calvarial bone defects. For this reason, we
aimed to evaluate the effects of BM-MSCs and allografts on bone healing in ovariectomised rats via the
expression of immunohistochemical markers.

Oestrogen deficiency is an important cause of
postmenopausal bone loss. It leads to an imbalance
in osteoblast and osteoclast number. The effect
of oestrogen on bone metabolism is mediated by
proinflammatory cytokines. In oestrogen deficiency
conditions, monocytes and macrophages produce
large amounts of the cytokines interleukin (IL)-1, IL-6,
tumour necrosis factor-α, granulocyte-macrophage
colony-stimulating factor, macrophage colony-stimulating factor, and prostaglandin-E2 that stimulate
mature osteoclasts, and consequently induce bone
resorption [25].
Several studies have suggested that there is
a relationship between systemic low bone density and
the onset of periodontitis, which is characterised by
the loss of connective tissue and alveolar bone, and
risk factors, such as genetics, environmental factors,
hormone levels, smoking and diabetes, associated
with osteoporosis. Authors have also remarked that
osteoporosis may have an effect on the progression
of periodontitis via the loss of bone mineral density in the maxilla and mandible in postmenopausal
women [12, 24].
Diminished bone density enhances the destruction
of alveolar bone, which complicates bone regenerative procedures [19].
Thus, immune cells directly contribute to bone
remodelling, and the bone healing process is known
to be negatively affected by oestrogen deficiency in
elderly women, as oestrogen promotes osteoclastic
activity. Many experimental studies have also shown
delayed wound healing (impaired bone healing) in
ovariectomised rats [9, 22, 31, 37].
The treatment of bone defects is particularly controversial in the case of osteoporosis. The bone grafting procedure is thought to be the most widely used
method to enhance bone regeneration and repair
bone defects, but it has certain drawbacks, including risks during collection, haemorrhage, infection,
chronic pain, sterilisation, storage, especially foreign
body reactions, and disease transmission [10, 26].
Therefore, a more effective treatment is needed to
improve bony defects in osteoporosis. Mesenchymal
stem cells (MSCs) have the ability to differentiate into
osteoblasts and are available from a wide variety of
sources. Tissue regeneration using autologous stem
cells to form a suitable scaffold is an alternative to
using autografts and allografts [17]. The bone-regeneration potential of MSCs has been evaluated in

MATERIALS AND METHODS
Animals
A total of 48 female Wistar rats (250–300 g) provided by Scientific Application and Research Centre of

Dicle University (Protocol No: 12-DH-53) were used. All
of the procedures involved in the experimental protocols were approved by the Animal Ethics Committee
of Dicle University (Protocol No. 2011/15). The study
was performed in accordance with the Helsinki Declaration and with the permission of the Governmental
Animal Protection Committee. Because 6 animals died,
the study was conducted with 42 rats. Whole animals
were provided with commercial rat chow and water
ad libitum and were maintained on a 12 h light/12 h
dark cycle at a temperature of 22 ± 1°C.
The animals were anaesthetised by the intraperitoneal administration of xylazine and ketamine and then
subjected to ovariectomy. Ovariectomy was preceded
by a 3 cm long midline dorsal skin incision, approximately halfway between the middle of the back
and the base of the tail, according to the method
described by Pires-Oliveira et al. [23]. The animals
were monitored for infection.
Thirty days following ovariectomy, all animals
were anaesthetised for the introduction of calvarial bone defects. After the head hair was shaved,
a longitudinal midsagittal skin incision was made to
expose the parietal bones, and flaps were retracted
in a subperiosteal plane, exposing the parietal bones.
A 4-mm-diameter full-thickness round-sized cranial
defect was made unilaterally in the parietal bone
using trephine dental drills with saline water irrigation. Care was taken to avoid injury to the dura in
all animals [3].
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The animals were randomised. The two groups
were separated into three subgroups (n = 7). Group 1
(control group) was divided into C1 — animals with
cranial defect only, C2 — animals with cranial defect
with MSCs, and C3 — animals with DFDBAs with
MSCs. Group 2 (ovariectomy group) was divided into
O1 — animals with cranial defect only, O2 — animals
with cranial defect with MSCs, and O3 — animals
with DFDBAs with MSCs. Eight weeks after the calvarial surgery, all of the rats were euthanised with an
intraperitoneal overdose of ketamine hydrochloride
for histological evaluation.

for the antigens CD29, CD45, CD54, CD90, CD106,
MHC class-I and MHC class-II (BD Biosciences).
In vitro differentiation of rBM-MSCs

Adipogenic and osteogenic differentiation was performed in vitro according to a published protocol [2].
Adipogenic differentiation was performed by incubating rBM-MSCs with L-DMEM supplemented with
0.5 mM isobutyl-methylxanthine, 10–6 M dexamethasone, 10 μg/mL insulin and 200 μM indomethacin for
2 weeks. The medium was refreshed every 3–4 days.
The formation of intracellular lipid droplets, which indicates adipogenic differentiation, was confirmed by
staining with 0.5% oil red O (Sigma-Aldrich, St. Louis,
MO). For osteogenic differentiation, the cells were
cultured with L-DMEM supplemented with 100 nM
dexamethasone, 0.05 μM ascorbate-2-phosphate,
and 10 mM β-glycerophosphate for 4 weeks. After
4 weeks, osteogenic differentiation was assessed via
staining with 2% alizarin red S (pH 4.1–4.3; Fluka,
Buchs, Switzerland).

Isolation and culture of rBM-MSCs

The isolation and culturing of rat bone marrow
mesenchymal stem cells (rBM-MSCs) were performed
in vitro according to a published protocol [14]. MSCs
were isolated from the bone marrow of rats. Under
sterile conditions, femurs and tibias were excised from
each rat, bone marrow cells were isolated by flushing the bone marrow cavity with complete medium
(L-DMEM supplemented with 10% foetal bovine serum [FBS, Gibco/Life Technologies] and 1% penicillin/
/streptomycin) delivered through a 21 gauge needle.
After washing, the isolated bone marrow cells were
cultured in complete medium at 37°C in a humidified
atmosphere of 5% CO2 for 3 days. The unattached
cells were removed, and the adhered cells were continually cultured until reaching 70–80% confluence.
The cells were trypsinised and passaged at a ratio of
1:2 or 1:3. The third-passage rBM-MSCs were pooled
and used for characterisation and treatment.

Green fluorescent protein (GFP) labelling
of rBM-MSCs

Mesenchymal stem cells were transfected with
pGFP-N (Clontech, Palo Alto, CA) by electroporation
(Neon Transfection System, Invitrogen, Carlsbad, CA)
following the instructions provided by the manufacturer. After transfection, the cells were cultured
with L-DMEM (supplemented with 10% FBS), and the
transformed cells were selected with G418 (Gibco/Life
Sciences; 200 μg/mL) under standard culture conditions for 48 h. GFP-positive cells were maintained in the
same medium supplemented with G418 (200 μg/mL)
for three passages. The number of GFP + cells was
monitored by flow cytometry; > 90% of the cells used
in the treatment were GFP positive.

Characterisation of rBM-MSCs

Undifferentiated rBM-MSCs were subjected to
flow cytometry analysis (FACS Calibur [BD Biosciences, San Jose, CA]). The cell suspension was spun at
1000 RPM for 5 min and the supernatant was decanted. The pellet was resuspended in 1X phosphate
buffered saline (PBS). The cells were counted with
a haemocytometer. The desired total number of cells
was added to a flow tube (0.5-1 × 106 per sample).
The cells were washed by adding ~1 mL 1X PBS to
the flow tube. The cell suspension was spun at 1000
RPM for 5 min and the supernatant was decanted.
The tube was gently tapped to loosen the cell pellet.
An appropriate amount of staining buffer (50 µL per
1 × 106 cells) was added and 1 × 106 cells (50 µL)
were added to the desired number of flow tubes.
Finally, immunophenotyping analysis was performed

Immunohistochemical analysis of
GFP + rBM-MSCs in the tissue

Consecutive sections, each 4 µm thick, were taken
from each paraffin-embedded tissue. To detect GFP
+ rBM-MSCs, an immunofluorescence staining protocol was performed. Slides were deparaffinised with
xylene for 5 min twice and rehydrated in a series of
graded alcohol solutions (70% to 100%). Endogenous
peroxidases were inhibited by incubation with 3%
H2O2 in PBS buffer. For antigen retrieval, the samples
were heated to 98–99°C in antigen retrieval buffer
(10 mM sodium citrate, 0.05% Tween 20, pH 6.0) and
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Table 1. Details of antibodies used
Antibody

Clone, isotype

Host

Osteopontin/OPN (human)

AKm2A1, monoclonal IgG

Mouse

Cytoplasmic

1:200

Santa Cruz (sc-21742)

Osteonectin/Sparc (human)

H-90, polyclonal IgG

Rabbit

Cytoplasmic

1:200

Santa Cruz (sc-25574)

FL-100, polyclonal IgG

Rabbit

Cytoplasmic

1:200

Santa Cruz (sc-30044)

Osteocalcin (human)

Cellular localisation

Dilution

Supplier (Catalogue no.)

Calvarial tissues were removed and fixed in 10%
neutral buffered formaldehyde solution for 48 h and
then decalcified in 10% ethylene diaminetetraacetic
acid (EDTA) prepared in 0.1 M Tris-HCl buffer (pH
7.4) for 14 days. The tissues were subsequently dehydrated, cleared and embedded in paraffin blocks.
Five-micrometre-thick sections were cut from these
blocks and stained using Gomori’s method to determine ossification.

20 min at room temperature and washed in PBS.
Subsequently, the preparations were incubated in
streptavidin peroxidase conjugate for 20 min at room
temperature and were then washed with PBS. To
visualise the reaction, the sections were treated with
3’3-diaminobenzidine (DAB) for 5–15 min. After the
reaction developed, the sections were counterstained
with Gill’s haematoxylin, dehydrated through an alcohol series, cleared in xylene, and finally mounted
in entellan. Negative controls were used for the confirmation of the staining. As a negative control, the
primary antibodies used for staining were replaced
with PBS. Osteopontin (OPN), osteocalcin (OC) and
osteonectin (ON) expression in bone tissue was examined microscopically at ×200 magnification. Immunohistochemical staining results were evaluated semi
quantitatively. The intensity of positive staining was
defined as + weak, ++ medium, +++ strong, +/++
weak to moderate, and ++/+++ moderate to strong.
The slides were examined and photographed using
a Nikon Eclipse E400 (Nikon, Tokyo, Japan) microscope
equipped with a digital camera (Nikon Coolpix-4500).

Immunohistochemical staining

Statistical analysis

Immunohistochemical investigations were performed on tissue preparations embedded in paraffin
and by using a Zymed Histostain Plus Bulk kit (code:
85-9043, Histostain Plus Bulk Kit, Zymed, South San
Francisco, CA, USA) and streptavidin-peroxidase [2].
Briefly, sections were deparaffinised, rehydrated and
incubated for 15 min in 3% H2O2 in methanol. After
the sections were washed in PBS, antigen retrieval was
performed by boiling in 0.01 M citric buffer pH 6.0
for 30 min at 95oC using a water bath and by cooling
for 20 min prior to immunostaining. Sections were
then washed in PBS and incubated in protein blocking
solution (Ultra V Block) for 10 min at room temperature to prevent nonspecific binding. Subsequently, the
preparations were incubated with primary antibodies
for 20 h at +4ºC (Table 1).
After being washed in PBS, the sections were incubated with biotinylated secondary antibodies for

Kruskal-Wallis and Mann-Whitney U tests were
used as nonparametric statistical analyses. Values
of p < 0.05 were considered statistically significant.

incubated for 30 min in a pressurised vessel. Nonspecific staining was blocked with a mixture of 1.5%
serum in PBS for 30 min at room temperature, and the
sections were incubated with a mouse monoclonal
anti-GFP antibody (SC-9996) at a 1:50 dilution for 1 h
at room temperature. After incubation with appropriate fluorophore-conjugated secondary antibodies,
the sections were covered with mounting medium
containing DAPI (Santa Cruz, Heidelberg, Germany).
The cells were investigated under a fluorescence microscope (Leica DMI 4000B, Wetzlar, Germany).
Light microscopy

RESULTS
Histological findings in calvarial bone tissue

In C1 group (animals with cranial defect only,
control group), structures (bone spicules) characterised by intramembranous ossification were observed
along the border of the cavity. Furthermore, fibrous
tissue was abundant in the cavity and vascularisation
(angiogenesis) had occurred in some areas. In O1
group (animals with cranial defect only, ovariectomy
group), intramembranous ossification was observed
neither in the cavity nor along the border of the cavity, and fibrous tissue was not diffusely distributed,
but cellular structures were markedly abundant. No
significant revascularisation was observed between
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control (animals with cranial defect only) and ovariectomy group rats (animals with cranial defect only).
Group O1 (animals with cranial defect only, ovariectomy group), intramembranous ossification and
osteogenesis had occurred locally, and fibrous tissue
was diffuse and regularly distributed. Furthermore,
vascularisation was significantly increased. In group O2
(animals with cranial defect with MSCs, ovariectomy
group), intramembranous ossification was observed
at a limited level and was localised to the border of
the cavity. Furthermore, fibrous tissue was irregularly
distributed in only some parts of the cavity. The vascularisation in groups C2 (animals with cranial defect
with MSCs, control group) and O2 (animals with cranial
defect with MSCs, ovariectomy group) did not differ.
When compared to those in the other control
groups, the fibrous structures of the matrix in group C3
(animals with DFDBAs with MSCs, control group) displayed a compact structure as a result of a bone graft
having been placed in the cavity, and these structures
were also tightly adhered to the border of the cavity.
Intramembranous ossification was observed between
the portions of the bone graft. In group O3 (animals
with DFDBAs with MSCs, ovariectomy group), ossification was not observed. The fibrous tissue showed
a weak distribution between the bone grafts and
along the border of the cavity, in a strip-like formation
along the latter. Furthermore, in contrast to those in
the other groups, the stem cells had differentiated
into adipose cells along the border of the cavity and
were present in the form of infiltrating cells (Fig. 1).

not show OPN immunoreactivity. Although the osteoblasts in the cavity presented weak OPN staining,
OPN expression in the blood vessels was increased
(Fig. 2-C2). In group O2 (animals with cranial defect
with MSCs, ovariectomy group), staining for OPN was
observed neither in the osteoprogenitor cells along
the border of the cavity nor in the osteoblasts in the
cavity, but the ECM and blood vessels were positive
for OPN (Fig. 2-O2).
In group C3 (animals with DFDBAs with MSCs,
control group), the osteoprogenitor cells along the
border of the cavity and the newly formed osteoblasts
and ECM in the periphery of the bone graft demonstrated moderate OPN immunoreactivity, whereas the
blood vessels showed strong OPN immunoreactivity
(Fig. 2-C3). In group O3 (animals with DFDBAs with
MSCs, ovariectomy group), the newly formed osteoblasts in the periphery of the bone graft presented
moderate immunoreactivity for OPN, whereas the
staining of the blood vessels was found to be similar
to that observed in group C3 (Fig. 2-O3).
Immunohistochemistry for osteocalcin

In C1 group (animals with cranial defect only,
control group), the osteoprogenitor cells along the
border of the cavity did not show immunoreactivity
for OC, but the osteoblasts presented weak OC immunoreactivity. The ECM in the border of the cavity
showed moderate staining, and the blood vessels
stained positively for OC (Fig. 3-C1). In O1 group
(animals with cranial defect only, ovariectomy group),
the osteoprogenitor cells also showed OC immunoreactivity, and when compared to that of group C1,
the OC immunoreactivity of the osteoblasts and ECM
was weaker (Fig. 3-O1).
Compared with that in the control group, the OC
immunoreactivity of the osteoprogenitor cells along
the border of the cavity in group C2 (animals with
cranial defect with MSCs, control group) was found
to be negative, but the staining of ECM and the blood
vessels localised to the border of the cavity and the
cavity was more intense. Furthermore, the osteoblasts
in the cavity displayed weak immunoreactivity for OC
(Fig. 3-C2). In group O2 (animals with cranial defect
with MSCs, ovariectomy group), the osteoprogenitor
cells did not show any OC immunoreactivity, and the
osteoblasts displayed weak OC immunoreactivity. The
ECM of the border of the cavity stained strongly for
OC and the staining in the cavity was observed to be

Immunohistochemistry for osteopontin

In C1 group (animals with cranial defect only,
control group), the osteoprogenitor cells along the
border of the cavity were not immunoreactive for osteopontin. However, while the osteoblasts and extracellular matrix (ECM) in the areas of intramembranous
ossification along the border of the cavity showed
weak OPN immunoreactivity, the newly formed blood
vessels in the cavity were positively stained for OPN
(Fig. 2-C1). In O1 group (animals with cranial defect
only, ovariectomy group), the normal bone tissue
showed positive immunoreactivity for OPN, but OPN
immunoreactivity was limited to the blood vessels
in the newly formed tissue in the cavity (Fig. 2-O1).
In group C2 (animals with cranial defect with
MSCs, control group), similar to group C1, the osteoprogenitor cells along the border of the cavity did
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Figure 1. Histological analysis of the defect areas in the rat calvaria bone in the control (C1, C2, C3) and ovariectomy (O1, O2, O3) groups.
The defect was animals with cranial defect only, as shown in panels C1 and O1, and the defect areas were treated with stem cells (C2, O2)
and stem cells + bone grafts (C3, O3); hb — host bone, fc — fibrous connective tissue, bg — bone graft, asterisk — interface between host
bone and defect; arrow — ossification areas; black arrowhead — bone spicule; blue arrowhead — adipocytes. Gomori’s staining method.
Scale bars: 100 μm (C1, C2 and O1, O2) and 250 μm (C3, O3).

weak. The OC immunoreactivity of the blood vessels
was also determined to be strong (Fig. 3-O2).
In group C3 (animals with DFDBAs with MSCs,
control group), the newly formed osteoblasts

in the periphery of the bone graft displayed OC
immunoreactivity ranging from moderate to
strong, whereas the osteocytes in the ossified
areas displayed weak OC immunoreactivity. The
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Figure 2. Osteopontin expression in the rat calvaria bone defect areas in the control (C1, C2, C3) and ovariectomy (O1, O2, O3) groups. The
formation of the groups is shown in Figure 1; hb — host bone; fc — fibrous connective tissue; bv — blood vessel; bg — bone graft; asterisk
— interface between host bone and defect; arrow — osteoprogenitor cell; arrowhead — osteoblast. Scale bars: 25 μm (C1), 50 μm (C2, C3,
O3), and 100 μm (O1, O2).

OC immunoreactivity of the ECM was more homogenous than that in the other groups. Blood
vessels also stained positively for OC (Fig. 3-C3).
In group O3 (animals with DFDBAs with MSCs, ova-

riectomy group), the osteoprogenitor cells displayed
negative staining and the osteoblasts and ECM were
stained moderately. However, the blood vessels displayed strong immunoreactivity for OC (Fig. 3-O3).
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Figure 3. Osteocalcin expression in the rat calvaria bone defect areas in the control (C1, C2, C3) and ovariectomy (O1, O2, O3) groups. The
formation of the groups is shown in Figure 1; hb — host bone; fc — fibrous connective tissue; bv — blood vessel; bg — bone graft; asterisk
— interface between host bone and defect; arrow — osteoprogenitor cell; black arrowhead — osteoblast; blue arrowhead — osteocyte.
Scale bars: 50 μm (C1, C2, O2), and 100 μm (C3, O1, O3).

Immunohistochemistry for osteonectin

immunoreactivity, and the blood vessels showed moderate immunoreactivity for ON (Fig. 4-C1). Group O1
(animals with cranial defect only, ovariectomy group)
showed staining results similar to those of group C1,
but the ECM stained weakly (Fig. 4-O1).

In C1 group (animals with cranial defect only, control group), while the osteoprogenitor cells along the
border of the cavity and the osteoblasts in the cavity
stained negatively for ON, the ECM showed weak
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Figure 4. Osteonectin expression in the rat calvaria defect areas in the control (C1, C2, C3) and ovariectomy (O1, O2, O3) groups. The formation of the groups is shown in Figure 1; hb — host bone; fc — fibrous connective tissue; bv — blood vessel; bg — bone graft; asterisk —
interface between host bone and defect; arrowhead — osteoblast. Scale bars: 50 μm (C1, C2, O2) and 100 μm (C3, O1. O3).

In group C2 (animals with cranial defect with
MSCs, control group), the osteoprogenitor cells along
the border of the cavity were stained negatively,
and the osteoblasts in the cavity showed weak ON
expression. In contrast, the ECM and blood vessels

were strongly stained (Fig. 4-C2). In group O2 (animals with cranial defect with MSCs, ovariectomy
group), the osteoprogenitor cells along the border of
the cavity did not stain, the osteoblasts in the cavity
showed weak immunoreactivity for ON. The ECM and

728

E.T. Kadiroğlu et al., Healing of calvarial bone defects with stem cells

Figure 5. Green fluorescent protein (GFP) fluorescence after immunostaining of the tissue sections from the control group; C1. Animals with
cranial defect only; C2. Animals with cranial defect with mesenchymal stem cells (MSCs); C3. Animals with demineralized freeze-dried bone
allografts with MSCs. Immune reaction (white arrows) was observed in GFP and cells belonging to C2 and C3 groups. MSCs transplanted in
C3 with the graft showed new bone tissue formation. Scale bars: 100 µm.

blood vessel findings were similar to those of group
C2 (Fig. 4-O2).
In group C3 (animals with DFDBAs with MSCs,
control group), the osteoprogenitor cells along the
border of the cavity did not express ON, but the newly formed osteoblasts in the periphery of the bone
graft displayed moderate staining. In contrast, the
ECM and blood vessels displayed strong ON expression (Fig. 4-C3). In group O3 (animals with DFDBAs
with MSCs, ovariectomy group), the osteoprogenitor
cells showed no staining and the osteoblasts in the
periphery of the bone graft displayed moderate ON
expression. It was observed that adipose cells had
formed in the cavity, yet these cells displayed no immunoreactivity. However, the ECM and blood vessels
showed strong ON immunoreactivity (Fig. 4-O3).

without MSCs, whereas GFP and cells (arrows) were
observed in C2 (animals with cranial defect with
MSCs, control group) and C3 (animals with DFDBAs
with MSCs, control group). Animals with DFDBAs in
the control group, the MSCs transplanted with the
graft show the new tissue formation (Fig. 5). In the
ovariectomy group, no immune reaction was observed for GFP in the non-MSCs group (O1), whereas
GFP and cells (arrows) were observed in O2 (animals
with cranial defect with MSCs, ovariectomy group)
and O3 (animals with DFDBAs with MSCs, ovariectomy group). MSCs transplanted with the graft in O3
were involved in new tissue formation (Fig. 6).
In addition, the cell expression of each marker is
given in Figure 7 for fluorescence intensity.
Statistical findings

Findings of GFP labelling of RBM-MSCs

When osteopregenitor cells were evaluated between control (animals with DFDBAs) and ovariectomy groups (animals with DFDBAs), a significant

In the control group, no immune reaction was
observed for GFP in animals with cranial defect only,
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Figure 6. Green fluorescent protein (GFP) fluorescence after immunostaining of the tissue sections from the ovariectomy group; O1. Animals
with cranial defect only, O2. Animals with cranial defect with mesenchymal stem cells (MSCs); O3. Animals with demineralized freeze-dried
bone allografts with MSCs. Immune reactions (white arrows) were observed in GFP and cells belonging to O2 and O3 groups. Graft transplanted MSCs in O3 appeared to participate in new bone tissue formation. Scale bars: 100 µm.

Figure 7. Fluorescence intensity. Numbers in panels represent mean fluorescent intensity of the cells expressing each marker.
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Table 2. Comparisons of the parameters within the groups
Groups

P

Parameter

(1) C1

0.0001

1

N

Average rank

Different (p < 0.05) from factor no.

7

7.50

(3)

(2) C2

7

7.50

(3)

(3) C3

7

18.00

(1)(2)

(1) C1

0.0109

2

7

7.36

(3)

7

9.71

(3)

7

15.93

(1)(2)

3

11.00

NS

7

11.00

7

11.00

7

4.86

(2)(3)

(2) C2

7

16.57

(1)(3)

(3) C3

7

11.57

(1)(2)

7

11.00

NS

(2) O2

7

11.00

(3) O3

7

11.00

7

7.50

(2) C2
(3) C3
(1) C1

NS

7

(2) C2
(3) C3
(1) C1

(1) O1

(1) O1

0.0007

4

NS

1

0.001

2

(3)

(2) O2

7

7.50

(3)

(3) O3

7

18.00

(1)(2)
NS

7

11.00

(2) O2

(1) O1

7

11.00

(3) O3

7

11.00

(1) O1

NS

3

7

4.00

(2)(3)

(2) O2

0.0004

4

7

15.00

(1)

(3) O3

7

14.00

(1)

NS — non-significant; p > 0.05; 1 — osteopregenitor cells; 2 — osteoblasts; 3 — osteocytes; 4 — extracellular matrix

Table 3. Comparisons of the parameters between the control and test groups
Parameter
1

Groups

P

C1

NS

O1
2

C1
C1

0.007

C1

C2

NS

C2

0.002

C2

O1

P

C3

0.001

C2
O2

C3

NS

O3
NS

O2
0.002

Groups
O3

O2
NS

O1
4

P

O2

O1
3

Groups

C3

NS

O3
NS

C3

0.015

O3

NS — non-significant; p > 0.05; 1 — osteopregenitor cells; 2 — osteoblasts; 3 — osteocytes; 4 — extracellular matrix

statistical difference was found (Tables 2, 3). When
osteoblast cells were evaluated between control and
ovariectomy groups, the difference between C1 (animals with cranial defect only, control group)-O1 (animals with cranial defect only, ovariectomy group) and

C2 (animals with cranial defect with MSCs, control
group)-O2 (animals with cranial defect with MSCs,
ovariectomy group) groups was found to be statistically significant (Tables 2, 3). And, when the ECM
was evaluated, the difference between C1 (animals
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with cranial defect only, control group)-O1 (animals
with cranial defect only, ovariectomy group) and C3
(animals with DFDBAs with MSCs, control group)-O3
(animals with DFDBAs with MSCs, ovariectomy group)
groups was found to be statistically significant
(Tables 2, 3).

study [9]. Calciolari et al. [6] observed immature bone
formation both in ovariectomy and control calvarial
CSDs over a 30-day period [6]. Stockmann et al. [29]
also observed a similar result during the early stage
of bone healing on the 30th day. There were no differences between the test and control groups, but
at 60 days, new bone formation was achieved in the
MSC group; however, significant pig calvarial bone
regeneration was measured at day 90 [29]. In our
study, we observed intramembranous ossification in
animals with cranial defect only of the healthy control
rats, after 60 days. Consistent with other ovariectomy-induced osteoporosis rat model studies, we did
not observe intramembranous ossification either in
the cavity or along the border of the cavity of animals
with cranial defect only with ovariectomy group after
8 weeks. However, in cortical bones, such as the calvarial bone, the healing process is slower than that in
cancellous bone, with a poorer blood supply and less
bone marrow; thus, much more than 60 days might
be necessary for mature bone formation.
Recently, it has been stated that the advantages
and disadvantages of autogenous, allogeneic, xenogenic and alloplastic materials have gained meaning
in periodontal treatment [30]. Kurkalli et al. [16] concluded that the placement of the osteogenic composite in a large deficient area of the parietal bone
of the skull of rats resulted in a large demineralised
bone matrix particle structure, fully reconstituted
haematopoietic microenvironment within 30 days,
and a well-integrated normal smooth bone [16]. Intini
et al. [11] found that demineralised freeze-dried bone
was not effective enough to induce bone formation
in rat calvaria 8 weeks after surgery [11]. Caplanis et
al. [7] did not find any histological effects on bone
formation in canine defects treated with DFDBAs after
4 weeks [7]. Bertolai et al. [5] have successfully used
freeze-dried bone as a graft material in the treatment
of maxillary atrophy, as in our study [5].
In the meta-analysis, the authors concluded that
MSCs improved bone regeneration, and it is preferable to use MSCs with an appropriate scaffold. Koob
et al. [15] mentioned that MSCs enhance bone formation in calvarial defects. Moreover, in large animal
studies, autologous MSCs transplanted alone or in
combination with different bone substitutes were
found to significantly increase bone formation in
critical-sized defects [10]. Kandal et al. [13] suggested
that the combined use of demineralised bone matrix
with MSCs increases the osteoinductive responses

DISCUSSION
We aimed to investigate the healing capacity of
BM-MSCs used with DFDBAs for the treatment of calvarial bone defects, assuming that BM-MSC combined
with bone grafts would facilitate bone repair under
conditions of osteoporotic bone injury. Therefore, the
effects of BM-MSCs and allografts on bone healing
in ovariectomised rats were concluded by evaluating
immunohistochemical results.
Sethi et al. [28] evaluated and interpreted both
clinically and radiographically by studying the changes post 1 week, 1 month, 3 months, and 6 months,
respectively. It was stated that there was evidence
of trabecular formation and calcification. They concluded that platelet-rich plasma-enriched DFDBA was
a superior inoculant in terms of other available inoculants in patients [28]. In this experimental study, we
observed the successful results of DFDBAs. So called
“mesenchymal stem cell chondrocytes technique”
was used to reconstruct a 15 mm massive femoral
defect (approximately 50% of rat femur shaft length)
in an experimental study. According to their results,
considering the high repairability and the excellent
biomechanical forces of the repaired femora, they
concluded that the reconstruction of the large bone
defect may be possible [36].
In an experimental study in which 8 mm defect
was applied to one of the groups in which decalcified
freeze-dried bone allograft was applied, statistically
significant results were obtained when compared
with the other groups [20]. In an experimental study,
ovariectomy was performed methodologically as in
our study. It has been stated that limited proteins
are known to be involved in the subsequent stages
of bone formation and maturation in the proteomes
of animals [6].
As a result of these cellular changes, osteogenesis
becomes impaired and the bone formation period is
insufficient to repair the increased bone destruction
in oestrogen deficiency-related osteoporosis [18, 21].
He et al. [9] also found that the femurs of mice with
ovariectomy-induced osteoporosis showed impaired
angiogenesis, osteogenesis, and remodelling in their
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in the frontal bone of rats. They suggested that this
combination can provide enhanced craniofacial bone
reconstruction results at the end of 12 weeks [13]. In
another experimental study, the utilisation of MSCs
with platelet-rich plasma and synthetic bone substitutes was found to enhance new bone formation [1].
Semyari et al. [27] observed the overall recovery of
a bony defect treated with MSCs on different scaffolds with membranes after 8 weeks of calvarial surgery in rabbits.
Osteopontin has been implicated as being an important factor in bone remodelling. Research suggests
it plays a role in attaching osteoclasts to the mineral
matrix of bones and in the regulation of normal
mineralisation within the extracellular matrices of
bones and teeth. Osteocalcin and osteonectin are
not observed during initial crystal formation but are
seen in the later stages of bone formation [32]. Therefore, we chose these three bone markers to assess
the bone formation activity. We also observed the
effect of oestrogen deficiency on bone healing via the
expression of these bone markers, as there are few
studies on this issue. In our study, the osteoblasts
and ECM staining for these proteins was weak in
animals with cranial defect only in the control and
ovariectomy groups without MSCs. Histological
and immunohistochemical evaluation revealed that
the findings obtained for the ECM, ossification and
blood vessels were similar between groups O2 (animals with cranial defect with MSCs, ovariectomy
group) and C2 (animals with cranial defect with
MSCs, control group). Thus, oestrogen deficiency
may not influence the expression of bone markers,
which is consistent with the findings of Tera de
Mellod et al. [32]. According to the results of this
study, more new bone formation was observed in
defects treated with MSCs alone than was observed
in animals with cranial defect only. However, the
combination of DFDBA/MSCs in animals with DFDBAs of ovariectomy group was not as effective on
compact intramembranous ossification at the end
of the 8 weeks as expected.
Akita et al. [3] found that there were no significant
differences in 4 mm cranial rat defects among groups
treated with MSCs only or MSCs with FGF-BMP at
8 weeks after transplantation. Similar to our study,
Wang et al. [35] created bony defects in ovariectomised rabbits and treated the defects with MSCs/decalcified bone matrix. Three months later, the authors
concluded that the defect treatment was ineffective

for the osteoporotic state and that the bone formation was significantly worse than that of the control
group [35].
The properties of scaffolds are important for the
migration, proliferation and differentiation of living
cells during bone regeneration. In this study, the combination of human (DFDBAs) and animal (rBM-MSCs)
scaffolds may be biologically incompatible. However, the osteogenic potential of the DFDBA may
be diminished during the production process.
Additionally, bone healing may have been negatively
affected by the absence of a collagen membrane in
the scaffold.
Limitations of the study

There are some limitations to the current study.
It would be better to evaluate bone formation with
histomorphometric parameters than histochemical
staining. In addition, a collagen membrane may be
used with the scaffold for 12 weeks to achieve complete bone regeneration.

CONCLUSIONS
In conclusion, stem cell therapy could be an option
to manage impaired bone formation. However, to
achieve compact bone formation it is preferential to
use proper scaffolds loaded with BM-MSCs for the
appropriate healing time. Because there are limited
studies in this field, further studies are required to
investigate the proliferation and differentiation of
MSCs in different scaffolds for the enhancement of
impaired bone formation.
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Background: The foramen ovale, present in foetal interatrial septum, plays an
important role during foetal life. During delivery, foramen ovale closes and becomes fossa ovalis, starting the pulmonary circulation. The aim of our study was to
describe the growth of the interatrial wall and changes in location of the foramen
ovale, and fossa ovalis during the ontogenesis in the human hearts.
Materials and methods: The study was performed on post-mortem material
obtained from 92 human hearts from 22nd week of foetal life up to 1 year of age,
fixed in a 4% formalin solution.
Results: The interatrial wall size in the studied development period was greater
in the horizontal than in the vertical dimension. During ontogenesis up to 1 year
old, the anterior and inferior parts of the interatrial wall increased their shares
considerably by 8% and 6%, respectively. The percentage participation of foramen
ovale in the interatrial wall construction in the foetal period formed more than
50% of its size and fairly decreased reaching in infants about 39%.
Conclusions: Our study demonstrated that during ontogenesis, from the foetal
period to infancy, the parts of the interatrial wall increase their dimensions unevenly. The foramen ovale growth is smaller, compared to the rest of the interatrial
wall development. On the basis of our data we can assume that the foramen ovale
centre tends to be found in the postero-inferior quadrant of the interatrial wall
(foetuses) and in postero-superior quadrant of the interatrial wall — in infants.
(Folia Morphol 2020; 79, 4: 736–741)
Key words: interatrial wall, foramen ovale, fossa ovalis, right atrium

INTRODUCTION

culation. The process of atrial septation in the human
hearts is very sophisticated. At the end of embryonic
stage, the primary septum forms the bottom, or flap
valve of the fo, with the secondary foramen, recognisable as the FO. The true atrial septum is only the
fo and its antero-inferior rim [1]. In patients with
congenital heart malformations, most often with

The foramen ovale (FO), present in foetal atrial
septum, plays an important role during foetal life as
it allows blood to flow from the inferior vena cava
(IVC) directly to left atrium bypassing pulmonary
circulation. During delivery, foramen ovale closes and
becomes fossa ovalis (fo), starting the pulmonary cir-
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the transposition of great arteries, maintaining the
functional blood passage within the atrial septum is
a matter of life or death of the child. In this case, the
closure of foramen ovale may lead to disabled gas
exchange and the development of respiratory failure.
Then, atrial septostomy is a suggested life-saving
procedure in the majority of neonates with the transposition of great arteries [7, 9, 10].
The aim of our study was to describe the growth
of the interatrial wall and changes in location of the
FO and fo during the ontogenesis, in normal, human
hearts.

urements within the interatrial wall (IAW) viewed from
the right atrium according to the schematic diagram
showed in Figure 1D. Anterior limit of the IAW was
the line running along the right atrio-ventricular ring.
Posterior limit of the IAW was the line connecting
the dorsal parts of the orifices of the superior and
inferior caval veins. Inferior limit of the IAW was the
line running from the lower part of the septal cusp
of the tricuspid valve (SCTV) to the dorsal part of the
IVC orifice. Superior limit of the IAW was the line between the upper part of the SCTV and dorsal part of
SVC orifice. Dimension A was the distance from the
posterior limit of the IAW to posterior limbus of FO/fo;
dimension B — distance between the anterior and posterior limbus of FO/fo; dimension C — distance from
the anterior limbus of FO/fo to the anterior limit of the
IAW; dimension D — distance from the inferior limit of
the IAW to the inferior limbus of FO/fo; dimension E —
distance between upper and bottom limbus of FO/fo;
dimension F — distance from the superior limit of IAW
to the upper limbus of FO/fo. All measurements were
conducted by the use of the electronic calliper (Fig. 2).
Gathered results were subjected to statistical analysis
with the help of MatLab computer software. In order
to determine whether a given set of results is characterised by normal distribution, we used the Shapiro-Wilk
test as well as the Kolmogorov-Smirnov test. In case
the tested parameter did not meet the criteria of normal distribution, the Kruskal-Wallis test was used. We
assumed the statistical significance of p < 0.05.

MATERIALS AND METHODS
Our research project was approved by Independent
Research Bioethics Committee of Medical University of Gdansk (IRBC) and achieved permit number:
NKBBN/165/2018. Investigation has been conducted
according to the principles expressed in the Declaration
of Helsinki. The decision of IRBC repeals the need for
the consent of donors and their next of kin for the implementation of the research presented in the article.
IRBC specifically waived the need for written informed
consent from the donors/next of kin. The study was
performed on post-mortem material obtained from
92 human hearts from 22 week of foetal life up to
1 year of age, fixed in a 4% formalin solution. Only
those hearts were used for research, which macroscopically showed no developmental anomalies and
had no medical history of any chromosomal anomalies
or any diseases. Moreover, the hearts included to our
study were taken from mothers who had no medical
records of chronic diseases like hypertension, diabetes, or renal failure and the pregnancy period was
not disturbed, like for example by HELLP syndrome.
The available material was divided into three age
groups: the first group (1) consisted of 41 hearts between 22nd and 37th week of foetal life (Hbd), (Fig. 1A)
the second group (2) consisted of 30 hearts of neonates — from birth until the end of the 4th week
of life (Fig. 1B); the third group (3) accounted for
21 hearts of infants from 1 to 12 months old (Fig. 1C).
Due to the very similar dimensions of hearts in the
early stages of individual development (until the first
year of life), and quite a significant measurement error
(0.5 mm), the test was carried out without taking
into account gender. Classical anatomical studies were
applied. We opened the right atrium by an incision
extending from the orifice of the superior vena cava
(SVC) to the orifice of the IVC. We made some meas-

RESULTS
Average values of the individual fragments of the
IAW (according to the schematic diagram in Fig. 1D)
are presented in Table 1. The posterior part of the interatrial wall (dimension A) was 2 times smaller in the
foetus group than in infants. The same correlation was
observed in anterior part of the IAW (dimension C).
The inferior part of the IAW (dimension D) in the foetus group was about 2.5 times smaller than in infants.
In case of the superior part of the IAW (dimension F)
we observed the difference about 2.2 times.
The interatrial wall size in the studied development
period was greater in the horizontal than in the vertical dimension. From foetal period to infancy, the IAW
size increased twice, respectively: horizontally from
10 mm to 18 mm and vertically from 7 mm to 14 mm.
Analysis of gathered atrial measurements revealed,
that the main part of the atrial septum — foramen
ovale, and after birth — fossa ovalis, is slightly larger
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A

B

C

D
Figure 1. View from the right side of the interatrial wall; A. Human heart, 22 Hbd, male; B. Human heart, 3 weeks old, male; C. Human heart,
1 year old, female; D. The diagram of the interatrial wall. Horizontal dimensions (A, B, C), vertical dimensions (D, E, F); SVC — superior vena
cava; IVC — inferior vena cava; FO — foramen ovale; fo — fossa ovalis; SCTV — septal cusp of the tricuspid valve; CS — coronary sinus;
IAW — interatrial wall; A — dimension between posterior limit of the IAW and posterior limbus of FO/fo; B — distance between the anterior
and posterior limbus of FO/fo; C — distance from the anterior limbus of FO/fo to the anterior limit of the IAW; D — distance from the inferior
limit of the IAW to the inferior limbus of FO/fo; E — distance between upper and bottom limbus of FO/fo; F — distance from the superior limit
of IAW to the upper limbus of FO/fo.

when looking horizontally in comparison with the
vertical perspective (dimensions B and E). In the group
of infants the average size of the fossa ovalis from
the horizontal perspective was almost 7 mm, while
in foetuses and neonates, this value was comparable
and it measured about 5 mm. Horizontal dimension of
the FO/fo in all three age groups taken into account,
was increasing gradually and reached approximately
4 mm, 5 mm and almost 7 mm, respectively.
The percentage share of all fragments included in
the total horizontal (A+B+C) and vertical (D+E+F)
axis of the IAW are presented in Table 2. Posterior part
of the IAW, back to the FO/fo (dimension A), in all
age groups constituted about 25% of the horizontal
IAW dimension. Anterior part of the IAW, in front of
the FO/fo (dimension C) constituted less than 30% in
the group of foetuses and neonates, while in infant
group its percentage increased significantly reaching

35%. In the same age group the inferior portion of
the IAW (dimension D) also increased significantly
(from 20% to 26%), while the superior fragment of
the IAW (dimension F) remained relatively unchanged
during the individual development and accounted for
approximately 26%. Our data clearly demonstrated
that percentage share of the superior and posterior
fragments in the IAW construction, does not increase
during the individual development, while its anterior
and inferior parts increased their shares considerably
by 8% and 6%, respectively. In case of the FO/fo,
percentage participation in the IAW construction
(horizontal dimension) constituted 50% of its size
in the foetal period and decreased reaching 39% in
infants. In vertical dimension its size in foetuses and
infants constituted 55% and 47%, respectively.
Data describing the centre position of FO in relation to the interatrial wall are shown in Table 3. In the
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construction of the interatrial wall, however, almost all
data comes from research carried out on the hearts of
adults. With the development of new diagnostic and
treatment techniques, the number of interventions
performed on the heart, even during intrauterine life
or shortly after childbirth, steadily increases [3, 5].
Intracardiac procedures performed during foetal life
should be reinforced not only by clinical practice, but
also by the knowledge about the development and
anatomical structure of the heart. Our study demonstrated that during ontogenesis, from the foetal period
to infancy, the fragments of the IAW increases their
dimensions individually and unevenly. For example,
the part of IAW, posterior to the FO/fo, increased its
absolute dimensions almost twice but its percentage
share in the horizontal dimension of the IAW did not
increased — remained constant. In case of the anterior
part of IAW (in front of the FO/fo) we observed that
its absolute dimensions also became twice as large
as before but, in contrast to the posterior part of
the wall, its percentage share in the total horizontal
dimension of the IAW increased by about 8%. Similar
dependencies were observed in the vertical dimension
of the septal wall, where both, its superior and inferior
parts, increased its dimensions by two-fold. During this
ontogenesis, the share of the superior part of the septal wall within the total vertical dimension of the IAW
remained constant, while the proportion of the inferior
part of the septal wall increased by about 6%. Therefore, we can argue that in the early stages of life, from
the foetal period to the infancy, the largest increase
in the IAW construction was observed in its anterior
and inferior parts. Vigneswaran et al. [13] performed
the atrial septum and foramen ovale measurements
on 40 foetuses in the third trimester of foetal life by
performing prenatal echocardiography. They showed
that FO size in the vertical dimension was on average
8.8 mm and its ratio in relation to the entire length
of the IAW accounted for 54%. In our morphological
study, the absolute size of FO in the vertical dimension
was smaller, in foetuses amounted to mean 4.5 mm,
while the ratio of the vertical dimension size of FO to
the total IAW size was comparable and constituted
53.7%. The observed difference in the absolute size
of FO was most likely due to the fact that the material
we examined was fixed in formalin, which caused
a minor shrinkage of the cardiac tissue. However, similar percentual participation of FO in relation to the
vertical dimension of the IAW described in both studies, suggests that the above differences may be indeed

Figure 2. Method of taking measurements with electronic calliper;
SVC — superior vena cava; IVC — inferior vena cava; fo — fossa
ovalis.

group of foetuses as well as neonates and infants, the
centre of the FO did not coincide with the centre of
the IAW. These results suggest that the FO/fo centre is
positioned in the infero-posterior quadrant of the IAW
in foetuses group (closer to IVC) and changes toward
the supero-posterior quadrant in infants (toward the
SVC); however, in this case no significant statistical
difference was found.

DISCUSSION
For many years the atrial septum of the heart has
been the object of anatomical as well as cardiological
research. The development of the interatrial wall as
well as the true atrial septum during embryogenesis
is quite complicated [1, 6, 8, 12]. The available literature provides many interesting reports about the
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Table 1. The mean dimensions of the interatrial wall in particular age groups (1 — foetuses, 2 — neonates, 3 — infants)
Interatrial wall dimensions [mm]

1. Foetuses
(n = 41)

2. Neonates
(n = 30)

3. Infants
(n = 21)

P: Group 1–2

P: Group 1–3

P: Group 2–3

2.46

2.73

4.67

> 0.05

< 0.05

< 0.05

A
B

5.17

5.20

6.95

> 0.05

< 0.05

< 0.05

C

2.78

3.20

6.05

> 0.05

< 0.05

< 0.05

Horizontal dimension (A+B+C)

10.41

11.13

17.67

D

1.49

1.93

3.71

> 0.05

< 0.05

< 0.05

E

4.07

4.97

6.71

< 0.05

< 0.05

< 0.05

F

1.78

2.60

3.81

< 0.05

< 0.05

< 0.05

Vertical dimension (D+E+F)

7.34

9.5

14.23

E/B (%)

78.72

95.57

96.55

Vertical/Horizontal dimensions (%)

70.51

85.35

80.53

IAW — interatrial wall; FO — foramen ovale; fo — fossa ovalis; A — dimension between posterior limit of the IAW and posterior limbus of FO/fo; B — distance between the anterior and
posterior limbus of FO/fo; C — distance from the anterior limbus of FO/fo to the anterior limit of the IAW; D — distance from the inferior limit of the IAW to the inferior limbus of FO/fo;
E — distance between upper and bottom limbus of FO/fo; F — distance from the superior limit of IAW to the upper limbus of FO/fo

Table 2. Percentage share of individual parts included in the total size of the horizontal (A+B+C) and vertical dimension (D+E+F) of
the interatrial wall in individual age groups: (1 — foetuses, 2 — neonates, 3 — infants)
Percentage share of individual parts of IAW

Group 1
(n = 41)

Group 2
(n = 30)

Group 3
(n = 21)

P: Group 1–2

P: Group 1–3

P: Group 2–3

A/horizontal dimension of IAW

24%

24%

26%

> 0.05

> 0.05

> 0.05

B/horizontal dimension of IAW

50%

47%

39%

> 0.05

< 0.05

< 0.05

C/horizontal dimension of IAW

26%

29%

34%

> 0.05

< 0.05

> 0.05

D/vertical dimension of IAW

20%

21%

26%

> 0.05

< 0.05

< 0.05

E/vertical dimension of IAW

55%

53%

47%

> 0.05

< 0.05

< 0.05

F/vertical dimension of IAW

25%

26%

27%

> 0.05

> 0.05

> 0.05

IAW — interatrial wall; FO — foramen ovale; fo — fossa ovalis, A — dimension between posterior limit of the IAW and posterior limbus of FO/fo; B — distance between the anterior and
posterior limbus of FO/fo; C — distance from the anterior limbus of FO/fo to the anterior limit of the IAW; D — distance from the inferior limit of the IAW to the inferior limbus of FO/fo;
E — distance between upper and bottom limbus of FO/fo; F — distance from the superior limit of IAW to the upper limbus of FO/fo

Table 3. The position of the centre of the foramen ovale and
fossa ovalis within the interatrial wall in the vertical and horizontal dimension in particular age groups
Foetuses Neonates
(n = 41) (n = 30)

than in its vertical perspective. In the foetus group,
the average FO size in the horizontal dimension was
approximately 5 mm, while in infants, fo was 2 mm
larger. Vertical dimension of FO/fo in turn, increased
from about 4 to less than 7 mm within this timescale.
In the study of Kucybała et al. [4] we can find the
similar tendency, that horizontal dimension of the fo
is slightly bigger than vertical one. In their work the
mean antero-posterior and cranio-caudal diameters
of the fo were: 14.1 mm and 12.1 mm, respectively.
Interestingly, the study by Joshi et al. [2], where 50
adult hearts were taken into account, demonstrated
the same relation in fo dimensions: the horizontal
dimension was shown to be greater than vertical:
14.5 mm and 12.6 mm, respectively. In addition, Joshi
et al. [2] stated that in as many as 82% of the examined hearts, fo was of oval shape and the remaining
ones were round. Similar results regarding the shape

Infants
(n = 21)

Horizontal: (C+0.5B)/(A+B+C)

0.51

0.52

0.54

Vertical: (D+0.5E)/(A+B+C)

0.48

0.47

0.50

IAW — interatrial wall; FO — foramen ovale; fo — fossa ovalis; A — dimension between posterior limit of the IAW and posterior limbus of FO/fo; B — distance between
the anterior and posterior limbus of FO/fo; C — distance from the anterior limbus of FO/fo
to the anterior limit of the IAW; D — distance from the inferior limit of the IAW to the
inferior limbus of FO/fo; E — distance between upper and bottom limbus of FO/fo;
F — distance from the superior limit of IAW to the upper limbus of FO/fo

attributable to the properties of tissue-preserving fluid,
acting on the structure of the tested material.
Analysis of our results let us conclude that during
the individual development from the foetal period to
the infancy, the FO/fo is modestly larger horizontally
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CONCLUSIONS
Our study demonstrated that during ontogenesis, from the foetal period to infancy, the parts of
the IAW increase their dimensions unevenly. The FO
growth is smaller, compared to the rest of the IAW
development. Our analysis of FO development indicated that during foetal life it constituted the largest
part of the septum, while after birth, the fossa ovalis
share in the IAW construction gradually decreased.
Moreover, we can assume that the FO centre tends
to be found in the postero-inferior quadrant of the
IAW but fossa ovalis in postero-superior quadrant of
the IAW. It seems that understanding the processes
taking place in particular parts of IAW at various
stages of individual development, potentially earliest
possible, may facilitate making key decisions as to
the appropriate timing to introduce given medical
intervention and the manner of its implementation.
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Background: The interdigital glands of sheep perform various functions including
those pertaining to sexual behaviours. Morphological and histological structure
of the gland demonstrates differences among species. The aim of this study is to
examine the morphological and histological structure of Hasak and Hasmer sheep’s
interdigital glands and to determine the differences with other sheep breeds.
Materials and methods: For this research, we selected 7 Hasak and 7 Hasmer
female sheep. After scarification, the feet were obtained and used for anatomical
and histological examinations. For the histological examination, the interdigital
gland tissues were stained with Crossman modified triple, periodic acid Schiff
(PAS) and Alcian blue (AB) staining.
Results: The morphometric analysis results, mean values of weight, body length,
body diameter, flexura, ductus length, ductus diameter, were observed as 0.80 mm,
14.61 mm, 5.98 mm, 5.62 mm, 26.58 mm, and 3.25 mm, respectively in Hasak
and 0.8 mm, 15.46 mm, 6.37 mm, 5.70 mm, 24.52 mm, and 3.52 mm in Hasmer
sheep. The histochemical staining revealed that the apocrine secretion of this
gland was PAS positive and AB negative.
Conclusions: The weight, body length, body diameter, flexura, ductus length and
ductus diameter in the forefoot’s interdigital glands of both Hasak and Hasmer
sheep were higher in a statistically significant manner than those of the hindfeet’s
glands. (Folia Morphol 2020; 79, 4: 742–747)
Key words: Hasak, Hasmer, interdigital gland, morphometry

INTRODUCTION

females was 50.65 kg and the male was 66.30 kg [7].
One of them is the skin layer and the some structures
originating from the skin [2]. Interdigital gland is
specialised skin structures containing all layers of
the skin [21]. Skin glands such as glandula (gl) tarsalis, gl. interdigitalis and gl. infraorbitalis, associated
with reproduction in ruminants, are placed in various
locations of the body [13]. These specialised gland
structures’ secretions also contain reproductive pheromones and have a role for sexual communication

Hasak and Hasmer sheep species are obtained at
Konya Bahri Dagdas International Agricultural Research Institute by triple crossbreeding of the German
Blackheaded Mutton, Hampshire plus Akkaraman for
Hasak and Merinos for Hasmer [8, 12, 19]. After this
hybridisation to increase yield characteristics, some
morphological and functional alterations have formed
in the body. Some characteristic specialties of Hasak
and Hasmer were that mean of shearing bodyweight
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with the contents being secreted [15]. Chemical secretions of the gland reportedly play an important role
in the social and biological behaviours of sheep [3].
The interdigital gland is located in the cavity between the two fingers the forefeet and hindfeet in
the sheep (sinus interdigitalis) and formed by the
alteration of sebaceous and sweat glands with a canal
opening outwards [13]. In appearance, it looks like
a tobacco pipe [5]. The shape and size of the gland
may vary depending on the species [1]. Histologically,
the wall of this gland is formed by the epidermis, dermis and a capsule. The epidermis layer is composed
of keratinised stratified squamous epithelium, and
the dermis layer contains hair follicles, sebaceous
glands, sweat glands, muscle fibres and apocrine
glands [9]. Structural changes in these glands vary
according to animal breeds and may be important
for reproductive physiology.
Many publications [1, 5, 8, 9] regarding the morphology of gl. interdigitalis are in place, yet we haven’t found any studies on those of the Hasmer and
Hasak sheep breeds. In this study, we aim to carry
out a morphological and histological examination of
the interdigital glands in Hasmer and Hasak sheep.

tion were, after the washing process, subjected to
dehydration and alcohol series and embedded in
paraffin blocks. Then, cross-sections of 5–7 µ were
taken and Crossman-modified Mallory triple staining, periodic acid Schiff (PAS) and Alcian blue (AB)
staining were performed and histologically examined
under high-power light microscopy (Nikon Eclipse
i50, Tokyo, Japan).
Statistically analysis

All data are presented as mean ± standard deviation values. Differences between the groups were
analysed by the paired t-test. Statistical differences
were considered significant at p < 0.05.

RESULTS
Anatomical results
When the two nails were opened in the dissection, the phalanx media and the phalanx proximalis

border area contained the drainage channel hole of
the gland and the proximal portion of the drainage
channel. The body of the gland was found in the
area between the phalanx media (Fig. 1A, B). The
interdigital gland of the forefeet was larger than
the interdigital gland of the hindfeet in both breeds
studied (Fig. 1C, D).
The interdigital gland of both breeds in both forefeet and hindfeet looked like a tobacco pipe and consisted of two main parts: body and drainage channel.
The drainage channel was observed to be significantly
longer than the body and was found to be connected
to the body by a flexura (Fig. 1C, D). The drainage
channel was observed to open with a hole to the outside and the hole was located in the dorsocranial of
the foot, about 2–2.5 cm above the border of the nail
and hairs, levelling with the articulatio interphalangia
proximalis. The presence of thin dark hairs extending
through the hole was observed (Fig. 1C, D).

MATERIALS AND METHODS
Animal slaughter and tissue collecting
The animal experiments and procedures were performed in accordance with national guidelines for the

use and care of laboratory animals and approved by
the local animal care committee of Ataturk University.
Seven female sheep from each of Hasak and Hasmer
used in the study were procured from Konya Bahri
Dagdaş International Agriculture Institute. All sheep
were fed with standard ruminant nutrition for the
mating season [20]. Arteria carotis communis of the
anesthetised (utilising xylazine HCl [0.2 mg/kg IV]
and ketamine HCl [2.2 mg/kg IV]) sheep were cut in
the neck and their blood was drained. Then the interdigital glands of the materials were dissected and
removed through the nails and then morphometric
measurements and morphological examinations followed macroscopic photographing. Weights, body
widths, body lengths, flexures, drainage channel
widths and lengths of the morphometrically dissected interdigital gland of both species were measured.

Histological results

Histological examination of the interdigital gland
sections of the Hasak and Hasmer sheep revealed
that the wall of this tissue consisted of three layers
from the lumen on: epidermis, dermis and fibrous
capsule. Dermis was composed of various structures
such as sebaceous glands, hair follicles, musculus
arrector pili and sweat glands. Each hair follicle of
different size was surrounded by connective tissue
and the musculus arrector pili located close to the
hair follicles was easily visible. In the sebaceous glands

Histologic analysis

After morphological and morphometric examinations, tissues fixed in 10% formaldehyde solu-

743

Folia Morphol., 2020, Vol. 79, No. 4

A

B

C

D

Figure 1. Photograph of Hasmer ve Hasak sheep’s interdigital glands; A. Dorsal view of Hasmer sheep’ forefoot, a — phalanx distalis-capsula
ungula (medial), b — Phalanx distalis-capsula ungula (lateral), circle — orificium externa of interdigital gland; B. Medio-leteral view of Hasak
sheep’s forefoot, 1 — caput metacarpalis, 2 — phalanx proximalis (medial), 3 — phalanx proximalis (lateral), 4 — phalanx media (medial),
5 — phalanx media (lateral), 6 — phalanx distalis-capsula ungula (medial), 7 — phalanx distalis-capsula ungula (lateral), circle — interdigital
gland; C. Interdigital glands of forefoot and hindfoot of Hasmer sheep (the left one is forefoot’s interdigital gland, the right one is hindfoot’s
interdigital gland), 1 —ductus of interdigital glands, 2 — flexura, 3 — body of interdigital gland, arrow — ductus of interdigital gland; D. Interdigital glands of forefeet and hindfeet of Hasak sheep (the left one is forefoot’s interdigital gland, the right one is hindfoot’s interdigital gland),
1 — ductus length, 2 — diameter of ductus, 3 — flexura length, 4 — body diameter, 5 — body length, 6 — internal angle of flexura, 7 —
external angle of flexura, circle — ductus of interdigital gland.

both species; however, AB positive reaction was not
detected (Fig. 2).

arranged as clusters of acinus, it was determined that
the acinus was made of cells of different sizes. In the
lower parts of the dermis were identified apocrine
secreting glands, forming the parenchyma of the
sinus interdigitalis (Fig. 2).
It was observed that these apocrine glands were
more intense in the interdigital gland located in the
forefeet in both the Hasmer and Hasak breeds, whereas the interdigital gland in the hindfeet had more
sebaceous glands and collagen threads. PAS and AB
staining demonstrated PAS positive reaction in some
parts of the apocrine secreting glands’ lumens in

Statistical results

In the morphometric analysis, all values of forefeet
were compared with hindfeet as well as these values
of Hasmer and Hasak sheep were compared with each
other as seen in Table 1.
Statistical comparison of the morphometric findings revealed differences in the interdigital gland’s
weight, body length, body diameter and ductus
length parameters between the forefeet and hindfeet
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Figure 2. Histologic illustration of Hasmer and Hasak sheep’s interdigital glands; h — hair follicle, sg — sweat gland, m — musculus arrector
pili, a — apocrine gland, arrow head — apocrine secretion positive for periodic acid Schiff (PAS) staining, Crosman modified Mallory’s triple
staining and PAS staining.

DISCUSSION

of the Hasak sheep (p < 0.05). Flexura and ductus
diameter parameters were not statistically significant
(p > 0.05). In addition, no statistical difference was
found in the comparison of parameters of the interdigital gland of Hasmer and Hasak sheep (p > 0.05).
Further, when comparing the mean of these parameters between Hasmer and Hasak sheep, it was determined that the measurement values of body length,
body diameter, flexura, body length and body diameter were not statistically significant when compared
with each other (p > 0.05). All statistical evaluations
and comparisons are presented in Table 1.

In our study, it was found that interdigital gland
was localised between the fingers of the fore and hind
feet in sheep; it looked like a pipe in shape; it had
a drainage channel that opened out through a hole;
the gland body and drainage channel were between
the phalanx medias and the drainage channel hole
was at the same level with articulatio interphalangia
proximalis and inside was a small amount of dark
hair. These findings are similar to previous studies
[4, 5, 9, 21]. Unlike our findings, Karahan et al. [11]
reported that this gland was found in rudimentary
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Table 1. Morphometric analysis of Hasmer and Hasak sheep’s interdigital glands for gland weight, body length, body diameter,
flexura, ductus length and ductus diameter values
Race

Direction

HASAK

Forefeet (A)

1.04 ± 0.12a

Hindfeet (B)

b

0.56 ± 0.07

P (by direction)
Mean (A+B)
HASMER

Weight
[g]

Body diameter
[mm]

Flexura
[mm]

Ductus length
[mm]

Ductus diameter
[mm]

16.33 ± 0.92a

6.73 ± 0.41a

b

12.89 ± 0.66

b

5.85 ± 0.63a

29.65 ± 0.82a

3.60 ± 0.33a

a

5.40 ± 0.14

b

5.24 ± 0.45

23.51 ± 1.21

2.91 ± 0.11a

0.005

0.025

0.80 ± 0.32

14.61 ± 0.45

0.014

0.569

0.002

0.061

5.98 ± 0.55

5.62 ± 0.38

26.58 ± 0.81

3.25 ± 0.24

Forefeet (A)

1 ± 0.32a

17.25 ± 1.09a

7.15 ± 0.91a

6.37 ± 1.01a

26.39 ± 2.22a

3.77 ± 0.71a

Hindfeet (B)

0.60 ± 0.13b

13.67 ± 0.85b

5.59 ± 0.20b

5.02 ± 0.51a

22.64 ± 2.30b

3.27 ± 0.57a

P (by direction)

0.015

0.03

0.02

0.082

0.01

0.11

Mean (A+B)

0.8 ± 0.28

15.46 ± 0.89

6.37 ± 0.63

5.70 ± 0.45

24.52 ± 0.280

3.52 ± 0.88

P (by race)

Body length
[mm]

No statistical differences between Hasak and Hasmer sheep

The values were expressed as arithmetic means ± standard deviation. a, bletters shows the statistically significant difference (p < 0.05) between the forefeet and hindfeet groups

form in goats, while Janicki et al. [10] reported that
there was no interdigital gland in the forefeet of the
male deer.
In previous studies, histological and morphological structures of the interdigital glands of the
Lori’s [1], Yankasa [17], Tuj [3], Akkaraman [11], and
Karagouniko [16] sheep, in concurrence with our
study, determined that the histological structure of
the interdigital gland consisted of three layers, which
are epidermis, dermis and fibrous capsule. However,
Pourlis et al. [16] suggested that the ovine interdigital
sinus possesses a sweat glandular component that
features double secretor activity. Aslan et al. [3] similar
to our study, found out that the sebaceous, sweat,
and apocrine glands, muscle fibres, nerve plexus, and
hair follicles to be existing in the dermis layer of the
Tuj breed sheep. However unlike this study [16], it
was determined that interdigital gland of Hasak and
Hasmer sheep had no lymph node and that there were
more apocrine secreting glands in the forefeet than in
the hindfeet. It was found that the interdigital gland
in the hindfeet mostly contained sebaceous glands
and collagen threads.
Histochemical staining proved that the interdigital
gland’s apocrine secretory was in neutral glycoprotein
structure (PAS positive reaction) and the acidic glycoprotein structure was negative (AB negative). Awaad
et al. [5] and Parillo and Diverio [15] in their studies
with Baladi sheep and fallow deer (Dama dama) respectively determined that their secretory structures
were similar to those of Hasak and Hasmer sheep.
On the contrary, Abbasi et al. [1] reported that in
Lori sheep interdigital gland’s secretory acini were of

acidic glycoprotein (AB positive) structure and neutral
glycoprotein (PAS staining) was negative. We concluded that the secretions of the interdigital glands
may have different chemical structures according to
species and breeds.
Forefeet and hindfeet interdigital gland weight
was measured respectively as 1.05 g and 0.56 g in
Hasak and 1 g and 0.6 g in Hasmer sheep. However,
it was 0.84 g in the curly sheep according to Suzer et
al. [18] and 1.16 g (average weight of the forefeet and
hindfeet’s interdigital glands) in male and female
Iranian domestic sheep according to Abbasi et al. [1].
Similar with our findings, the size of interdigital
glands in forefeet are larger than in the hind feet
were found by Atoji et al. [6] in Japanese serow and
Abbasi et al. [1] in Lori’s sheep. On the other hand,
some studies were found no differences between
the size and shape of the interdigital sinus in forefeet and hindfeet of sheep [21]. The morphologic
differences of interdigital gland between forefeet
and hindfeet in Hasak and Hasmer sheep were related with hypothesis that it plays a role in sexual
communication.
In Hasak and Hasmer sheep, the lengths of the
glands were determined as 14.61 mm and 15.46 mm
and their diameters were 5.98 mm and 6.37 mm, respectively. Measurements for the Hemshin sheep were
9.29 mm and 20.90 mm in the forefeet and 7.48 mm
and 18.95 mm in the hindfeet. In Egyptian native
breeds of sheep the length was reported as 15 mm
and the diameter as 2 mm [5]. Abbasi et al. [1]
found such parameters as 26 mm and 49 mm
and Misk and Misk [14] determined the length
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of the gland to be 25 mm and the diameter as
6 mm. Ductus length was measured as 23.51 mm and
22.64 mm in Hasak and Hasmer sheep respectively in
our study, while this value was found to be 21.9 mm
in curly sheep [8], 26.06 mm in Iranian domestic sheep [1], 26.81 mm in Awassi sheep [22] and
30 mm in adult Saedi sheep [14]. The values of
Hemshin sheep [9] were measured as 19.92 mm.
The findings of the mentioned studies were similar
to our findings.

7. Canatan T, Kan M, Kırbaş M, et al. Adult live weight estimates of Hasmer and Hasak sheep with their some body
measurements. Conference Paper in Balkan Agriculture
Congress, 08-10 Sept. ; 2014: Edirne.
8. Demiraslan Y, Akbulut Y, Deprem T, et al. Morphological
and morphometrical characteristics of the interdigital
gland in Kivircik sheep. Turk J Vet Anim Sci. 2014; 38:
485–489, doi: 10.3906/vet-1403-21.
9. Gürbüz I, Demiraslan Y, Sarı EK, et al. Morphologic and
morphometric structure and arterial vascularization of
glandula interdigitalis in male hemshin sheep. Kafkas Univ
Vet Fak Derg. 2017; 23: 241–246.
10. Janicki Z, Hraste A, Slavica A, et al. Morphohistological
characteristics of the interdigital gland in the roebuck
(Capreolus capreolus L. Vet Arh. 2003; 73: 27–38.
11. Karahan S, Yildiz D, Bolat D. Scanning electron microscopic
features of the ovine interdigital sinus. Acta Vet Hung.
2007; 55(4): 417–424, doi: 10.1556/AVet.55.2007.4.1,
indexed in Pubmed: 18277701.
12. Kaymakçı M, Taşkın T, et al. Türkiye koyunculuğunda melezleme çalışmaları. Hayvansal üretim. 2008: 49.
13. König HE, Liebich HG. Veterinary anatomy of domestic
mammals: textbook and colour atlas, Schattauer Verlag
2013.
14. Misk T, Misk N. Surgical Excision of Interdigital Pouch and
Cyst in Sheep. Int J Veterinary Med Res Rep. 2013: 1–8,
doi: 10.5171/2013.187394.
15. Parillo F, Diverio S. Glycocomposition of the apocrine
interdigital gland secretions in the fallow deer (Dama
dama). Res Vet Sci. 2009; 86(2): 194–199, doi: 10.1016/j.
rvsc.2008.08.004, indexed in Pubmed: 18809187.
16. Pourlis AF. Functional morphological characteristics of the
interdigital sinus in the sheep. Folia Morphol. 2010; 69(2):
107–111, indexed in Pubmed: 20512761.
17. Sivachelvan MN, Yahaya A, Chibuzo GA. Developmental
changes in the interdigital pouch of Yankasa sheep. Small
Ruminant Res. 1992; 9(3): 303–312, doi: 10.1016/09214488(92)90159-2.
18. Süzer B, Akkoç CGÖ, Arican I, et al. Morphological
and immunohistochemical features of interdigital sinus
in Kivircik sheep. Kafkas Univ Vet Fak Derg. 2016; 22:
69–73.
19. Teke BE, Özüdoğru Z, Özdemir D, et al. Hasak koyunlarında
kalp kas köprüleri ve koroner arterler. Bahri Dağdaş Hayvancılık Araştırma Dergisi. 2017; 6: 1–12.
20. Tekin ME, Gürkan M, Karabulut O, et al. Performance testing studies and the selection of Hasmer, Hasak, Hasiv and
Linmer crossbreed sheep types: III. Fattening performance.
Turk J Vet Anim Sci. 2005; 29: 67–73.
21. Uğurlu S. Koyunlarda sinus interdigitalislerin ışık mikroskobik yapısı üzerine incelemeler. İstanbul Univ Vet Fak Derg.
1991; 17: 1–7.
22. Yilmaz B, Yilmaz R, Demircioğlu İ, et al. Morphological and
histological structure of the interdigital gland in Awassi
sheep (Ovis aries). Turk J Vet Anim Sci. 2017; 41: 380–386,
doi: 10.3906/vet-1605-8.

CONCLUSIONS
The morphometric and histological characteristics
of the interdigital gland of Hasak and Hasmer sheep
crossbreeding suggest that they are nearly similar to
those of other sheep breeds. It is supported by studies
that differences in some parameters vary depending
on the differences in life condition and nutrition
factors, but these morphometrical and histological
differences cannot cause a major change in the physiology of interdigital gland. The findings of this study
will form the basis of future sexual function studies
in Hasak and Hasmer sheep.
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Background: The objective of this study was to detect the expression and distribution characteristics of five proteins (the hypoxia-inducible factor 1alpha [HIF-1a],
HIF-2a, vascular endothelial growth factor [VEGF], VEGF-2 receptor [VEGFR-2] and
hypoxia-induced mitogenic factor [HIMF]) in kidney of Tibetan sheep, plain sheep
and goat. The results will provide the basic information for the comparative study
of sheep breeds living at different altitudes.
Materials and methods: The kidney tissues were collected from healthy adult
Tibetan sheep, plain sheep and goats and made into paraffin sections. Histological
characteristics were assessed by haematoxylin and eosin staining. Expressions of
HIF-1a, HIF-2a, VEGF, VEGFR-2 and HIMF proteins were measured by immunohistochemical staining.
Results: Immunohistochemistry results showed that the positive expression
signals of HIF-1a, HIF-2a, VEGF and VEGFR-2 were detected in epithelial cells of
renal tubules and collecting tubules, renal corpuscles in the kidneys of the three
sheep breeds. Positive expression signals of HIMF were detected in epithelial
cells of proximal tubules and distal tubules in Tibetan sheep and epithelial cells
of distal tubules in goat. Immunostaining intensity of HIF-1a, HIF-2a, VEGF and
VEGFR-2 proteins in Tibetan sheep was signiﬁcantly higher than that in both plain
sheep and goat (p < 0.05). Immunostaining intensity of HIMF in Tibetan sheep
was higher than goat (p < 0.05). Positive expression signals of HIMF were not
detected in plain sheep.
Conclusions: The expression and distribution characteristics of HIF-1a, HIF-2a,
VEGF, VEGFR-2 and HIMF in the studied kidney tissues suggested that these
proteins may be related to the physiological regulation of Tibetan sheep kidney
in hypoxia environment, and therefore might be important regulating proteins
for Tibetan sheep to adapt to high altitude hypoxia environment. (Folia Morphol
2020; 79, 4: 748–755)
Key words: HIF-1α, HIF-2α, VEGF, VEGFR-2, HIMF, Tibetan sheep, kidney,
immunohistochemistry
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INTRODUCTION

hypoxia [26]. The hypoxia-induced mitogenic factor
(HIMF) has been reported to enhance expression of
VEGF in mouse lung epithelial cells [20].
Hypoxia is a key factor affecting organisms inhabiting such environment and plays an important
role in organ diseases, such as renal injury and pulmonary hypertension [5, 7]. The ability of adaptation
for mammalian cells to high-altitude and hypoxic
conditions is an evolutionary modification and could
result in considerable physiological changes related
to animal viability, which have been demonstrated in
some indigenous species living in this region, including Tibetan antelopes, gazelles and yaks [15, 18, 30].
The Qinghai Tibet Plateau, the world’s highest
plateau, is famous for its hypoxia environment. Its
atmosphere oxygen pressure is only 53–62% to
sea level [10]. Tibetan sheep (Ovis aries) is a Chinese indigenous sheep breed and mainly distributed in the plateau and its adjacent areas. The
sheep have been domesticated for more than 4000
years and are well adapted to the hypoxic condition through natural selection [15], which makes it
a perfect model to study the hypoxic-related mechanism. The current study used immunohistochemistry
method to detect the expression and distribution
characteristics of HIF-1α, HIF-2α, VEGF, VEGFR-2 and
HIMF in kidney from three sheep breeds dwelling
in different altitudes (Tibetan sheep, plain sheep
and goat). The results will also provide the baseline
information to the understanding on mechanism
of the stress response to high-altitude hypoxia environment.

Hypoxia-inducible factor (HIF) pathway is a defence mechanism evolved to against hypoxia [5].
The HIFs are heterodimeric proteins that regulate the
adaptive response to reduced oxygen availability at
the cellular and organismal level [17]. HIFs consist of
an O2-sensitive alpha subunit (HIF-α) which is strongly
induced following exposure to hypoxic conditions,
and a constitutively expressed beta-subunit (HIF-β)
which remains largely unaffected by changes of O2
level [11]. Among the three HIF-α isoforms (HIF-1α,
HIF-2α and HIF-3α), HIF-1α and HIF-2α were frequently
studied [9]. Under normal oxygen conditions, HIF-1α
is highly unstable. Under hypoxia conditions, however, the half-life of HIF-1α can be extended, leading
to its accumulation and the formation of the HIF-1
complex. HIF-2α is regulated in a similar way and
shows high-level induction by hypoxia [23, 24]. The
two isoforms have similar functions in animals, such
as both involving in metabolism and the process of
angiogenesis and embryonic vascular development
[11]. It is also showed that the reduction of their
expression can decrease cell ability to survive [4]. For
instance, the reduction of HIF-1α can diminish cellular energy production, and the reduction of HIF-2α
can diminish hypoxia-induced pro-angiogenic factors
and enhance anti-angiogenic factors [4]. Moreover
Hahne et al. [4] indicated that HIF-1α and HIF-2α can
coordinate with each other to adapt to hypoxia. In
response to hypoxia, both HIF-1α and HIF-2α can regulate angiogenic genes such as vascular endothelial
growth factor (VEGF) [11].
Vascular endothelial growth factor, a downstream
target gene promoted by HIF activation, plays an
essential role in the cellular adaption to hypoxia [11].
Hypoxia can also enhance VEGF expression, which has
been found in many organs [11, 16]. Kidney is susceptible to hypoxia, for its ability of angiogenesis can
be affected under such condition [2]. VEGF enhances
vascular permeability, stimulates angiogenesis, and
promotes the delivery of blood to the hypoxic part,
therefore can alleviate the tissue damage caused by
hypoxia. VEGFR-2 is a receptor of VEGF and many of
the biological activities of VEGF are mediated through
VEGFR-2 in endothelial cells [14]. HIF-1α and HIF-2α
have been demonstrated to increase target gene
transcription (e.g. VEGF) in hypoxic cells. HIF-1α expression regulates the production of VEGF, and HIF-2α
can activate VEGF preferentially [3]. Notably, renal
tubular epithelial cells are also easy to be affected by

MATERIALS AND METHODS
Animal ethics

The study was approved by the State Forestry
Administration, and all procedures were performed
in compliance with guidelines for the care and use of
laboratory animals adopted by the Ministry of Science
and Technology of the People’s Republic of China.
Materials

Sheep individuals of 2-year-old male adults were collected in Hezuo City (with an altitude around 3,000 m,
Gansu Province, China) for Tibetan sheep (Euler Tibetan sheep, n = 5) and Lanzhou City (with an altitude
around 1,500 m, Gansu Province, China) for both
plain sheep (small-tailed sheep, n = 5) and goat (Boer
goat, n = 5) in September, 2019. Complied with local
regulations, animals were euthanised with pentobar-

749

Folia Morphol., 2020, Vol. 79, No. 4

Figure 1. Histological observation of Tibetan sheep, plain sheep and goat kidneys; A. Tibetan sheep kidney; B. Plain sheep kidney; C. Goat
kidney; RT — renal tubule; RC — renal corpuscle.

Statistical analysis

bital sodium (200 mg/kg, IV) at local slaughter houses.
Kidney samples were collected and preserved in 4%
paraformaldehyde for tissue fixation immediately
after euthanasia.

Images of the stained tissue sections were observed and captured by a light microscope (Olympus CX31, Tokyo, Japan). Image-Pro Plus (Version
6.0, Media Cybernetics, Inc., Bethesda, MD, USA)
was used to quantify the positive results of expression of HIF-1α, HIF-2α, VEGF, VEGFR-2 and
HIMF. The measurement parameters included sum
of the area and sum of the integrated optical density (IOD). SPSS software (Version 19.0, SPSS Inc.,
Chicago, USA) was used to analyse the statistical
signiﬁcance.

H&E staining detection

Fully fixed samples were embedded in paraffin and
the tissue blocks then were sliced into 5 µm sections
for subsequent processes. Haematoxylin and eosin
(H&E) staining was used to observe the histological
features of the samples.
Immunohistochemistry detection

RESULTS

Immunohistochemical staining was carried out
based on HistostainTM-Plus Kits (Bioss, China, SP-0023).
Briefly, tissue sections were deparaffinised in xylene
and rehydrated in different concentration gradient
of alcohol. After being rinsed in phosphate buffered
saline buffer (PBS), sections were autoclaved (15 min
in a microwave oven) in 0.01 M sodium citrate buffer
(pH 6.0) for antigen retrieval. The endogenous peroxidase was inactivated using 3% hydrogen peroxide
at 37°C for 10 min. The sections were then incubated with anti-HIF-1α polyclonal antibody, anti-HIF-2α
polyclonal antibody, anti-VEGF polyclonal antibody,
anti-VEGFR-2 polyclonal antibody (Bioss, China, 1:200
dilution, bs-20398R, bs-1447R, bs-1665R and bs-0565R) and anti-HIMF polyclonal antibody (abcam,
China, 1:200 dilution, ab39626) at 4°C overnight in
a humid chamber. Antibody binding was coloured
with DAB Substrate kit (Solarbio, China, DA1010)
and tissue sections were counterstained with haematoxylin. All washing steps in-between were done in
PBS. To assess the specificity of the immunolabelling,
negative control slides were created using the bovine
serum albumin as the primary antibody while all other
steps and conditions remained the same.

Histological observation
There was no significant difference observed in the

renal structure among Tibetan sheep, plain sheep and
goat (Fig. 1A–C). The uriniferous tubules of Tibetan
sheep, plain sheep and goat consisted of renal corpuscles, renal tubules and collecting tubules.
In renal corpuscles, the glomeruli consisted of
arterial capillaries which were coiled up into globular
shape. Cup shape structured renal capsules were surrounded by central glomeruli; the outer epithelial cells
of the renal capsules were surrounded by monolayer
flat epithelial cells.
Renal tubules including proximal tubules, thin
segments and distal tubules were surrounded by
monolayer epithelial cells. The diameter of proximal
tubules was relatively thick; its tube wall consisted
of monolayer pyramidal cell with small and irregular
diameter. The epithelial cells of distal tubules consisted of monolayer cubic cells with large and regular
lumen. Thin segments consisted of monolayer flat
cells with small diameter. The epithelial cells of collecting tubules were surrounded by monolayer cuboidal
epithelium with clear cell boundary and large lumen.
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Plain sheep

Goat

HIMF

VEGFR-2

VEGF

HIF-2α

HIF-1α

Tibetan sheep

Figure 2. Representative images of immunostaining of the five proteins; A, B, C. HIF-1α immunostaining for Tibetan sheep, plain sheep and
goat, respectively; D, E, F. HIF-2α immunostaining for Tibetan sheep, plain sheep and goat, respectively; G, H, I. VEGF immunostaining for
Tibetan sheep, plain sheep and goat, respectively; J, K, L. VEGFR-2 immunostaining for Tibetan sheep, plain sheep and goat, respectively;
M, N, O. HIMF immunostaining for Tibetan sheep, plain sheep and goat, respectively. Arrows were denoted as the distribution of studied
proteins in renal corpuscle (RC) and renal tubule (RT).

Immunohistochemical localisations

of renal tubule epithelial cells and collecting tubule
epithelial cells, renal corpuscles in Tibetan sheep.
The strong positive expression signals of HIF-1α,
HIF-2α and VEGF were found in the cytoplasm of
distal tubule epithelial cells, proximal tubule epithelial
cells and collecting tubule epithelial cells. The positive

The positive expressions of HIF-1α, HIF-2α, VEGF,
VEGFR-2 and HIMF were detected in Tibetan sheep in
the positive control groups (Fig. 2A, D, G, J, M). Immunohistochemistry showed that HIF-1α, HIF-2α, VEGF
and VEGFR-2 were mainly stained in the cytoplasm
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Table 1. Average integrated optical density values of HIF-1α, HIF-2α, VEGF, VEGFR-2 and HIMF in kidney of Tibetan sheep,
plain sheep and goat (mean ± standard deviation)
HIF-1α

HIF-2α

VEGF

VEGFR-2

HIMF

Tibetan sheep

0.0452 ± 0.00526

0.0393 ± 0.00391

0.0748 ± 0.00939

0.00882 ± 0.00106

0.000111 ± 0.00000438

Plain sheep

0.00934 ± 0.00152

0.0255 ± 0.00775

0.0313 ± 0.00651

0.000557 ± 0.000274

—

Goat

0.0160 ± 0.00313

0.0313 ± 0.0107

0.0356 ± 0.00526

0.000613 ± 0.000289

0.0000478 ± 0.0000161

Integrate optical density

0.06

0.04
*

0.02

0.00

D

*

B

*

Tibetan
sheep

Plain
sheep

E

0.010

*

0.005

Tibetan
sheep

Plain
sheep

Goat

0.10

0.03
0.02
0.01
Tibetan
sheep

Plain
sheep

Goat

*

*

0.08
0.06
0.04
0.02
0.00

Tibetan
sheep

Plain
sheep

Goat

0.00015
Integrate optical density

Integrate optical density

*

C

*

0.04

0.00

Goat

0.015

0.000

0.05

Integrate optical density

A

Integrate optical density

Species

*
0.00010

0.00005

0.00000

Tibetan
sheep

Goat

Plain
sheep

Figure 3. The comparison of integrated optical density (IOD) values of HIF-1α (A), HIF-2α (B), VEGF (C), VEGFR-2 (D), HIMF (E) among studied samples. Analysis of average IOD values of HIF-1α, HIF-2α, VEGF, VEGFR-2 was used one-way ANOVA, and the analysis of average IOD of
HIMF was used independent sample t-test. The values were showed as mean ± standard deviation; asterisk (*) was indicated as significant
difference (p < 0.05).

of renal tubule epithelial cells and collecting tubule
epithelial cells, renal corpuscles. And strong HIF-1α,
HIF-2α and VEGF positive signals were found in the
cytoplasm of distal tubule epithelial cells, proximal
tubule epithelial cells and collecting tubule epithelial
cells. HIMF immunoactivity showed in distal tubular
epithelial cells.

expression signals of HIMF were found in the cytoplasm of proximal and distal tubule epithelial cells.
For plain sheep, the positive expressions of HIF-1α,
HIF-2α, VEGF, VEGFR-2 were all detected in the positive control groups (Fig. 2B, E, H, K), while HIMF
showed no immunoactivity (Fig. 2N). Immunohistochemistry showed that HIF-1α, HIF-2α, VEGF and
VEGFR-2 were clearly present in the cytoplasm of renal
tubule epithelial cells, collecting tubule epithelial cells
and renal corpuscles. The strong HIF-1α, HIF-2α, VEGF
positive signals were found in the cytoplasm of distal
tubule epithelial cells, proximal tubule epithelial cells
and collecting tubule epithelial cells.
For samples of goat, the positive expressions of
HIF-1α, HIF-2α, VEGF, VEGFR-2 and HIMF were detected in the positive control groups (Fig. 2C, F, I, L, O).
Immunohistochemistry showed that HIF-1α, HIF-2α,
VEGF and VEGFR-2 were expressed in the cytoplasm

Optical density analysis

Results from the averaged IOD (Table 1) showed
that the immunostaining intensity of HIF-1α was the
highest in Tibetan sheep, followed by goat and plain
sheep (p < 0.05, Fig. 3A). Tibetan sheep also had the
highest immunostaining intensity of HIF-2α, VEGF,
VEGFR-2 and HIMF (Fig. 3B–E). The results of the four
proteins (HIF-1α, HIF-2α, VEGF, and VEGFR-2) for goat
were generally higher than those in plain sheep with
varied p values (Table 1, Fig. 3).
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DISCUSSION

ble for the hypoxia-induced transcription of hypoxic
response pathway, which is an important pathway
for the mammals to response to hypoxia [8]. Liu et
al. [10] reported that Tibetan antelope and Tibetan
sheep both had higher expressions of HIF-1α protein in the lung, cardiac muscle and skeletal muscle
compared with plain sheep. In our study, HIF-1α and
HIF-2α were highly expressed in Tibetan sheep kidney,
comparing to that in goat and plain sheep. The results
suggested that hypoxia environment may promote
the expression of HIF-1α and HIF-2α in the kidney of
Tibetan sheep. HIF-1α and HIF-2α can activate the
expression of HIF-induced genes (e.g. EPO gene), further increasing erythrocytes, enhancing the capacity
to delivery oxygen, promoting vascular regeneration
and reconstruction. EPO thus plays an important role
in adaption to hypoxia for plateau animals. Kidney is
one of the main producers of EPO. EPO also functions
on bone marrow stem cells whose increase promotes
the regeneration of renal tubular epithelial cells and
the kidney recovery from renal injury, alleviating renal
damage caused by hypoxia [11, 12]. Our kidney tissue
sections demonstrated that both HIF-1α and HIF-2α
were stained intensively in renal tubule epithelial cells
and collecting tubule epithelial cells. Expression of
HIF-1α and HIF-2α in Tibetan sheep was higher than
goat and plain sheep, indicating that HIF-1α and HIF-2α
were important proteins for its adaption to the
high-altitude hypoxia environment.
Vascular endothelial growth factor and its receptor
VEGFR-2 play a pivotal role in angiogenesis and cell
proliferation. VEGF can promote blood flow by promoting the formation of blood vessels in the hypoxic
area, thus reducing the tissue damage caused by hypoxia [5]. In endothelial cells, many of the biological
activities of VEGF are mediated through VEGFR-2 [14].
Endothelial cells can obtain oxygen directly from red
blood cells, but can also be affected by hypoxia [13].
Epithelial tubular cell is another type of cells that is
affected by hypoxia besides endothelial and vascular
cells [26]. In kidney tissue sections, we also observed
that VEGF and VEGFR-2 were mainly stained in the
renal corpuscles and epithelial cells in renal tubules
and collecting tubules. Positive signals of VEGF and
VEGFR-2 in Tibetan sheep kidney were stronger than
plain sheep and goat, suggesting that VEGF and
VEGFR-2 play an important role in reducing the effects
of high-altitude hypoxia environment on the kidney
of Tibetan sheep. It has been reported that VEGF is
mainly produced by podocytes and renal tubular epi-

Oxygen is a vital substrate for aerobic organisms
to maintain metabolism and physiological functions.
Vertebrates have thus evolved complex respiratory and cardiovascular systems to ensure optimal O2
delivery to each cell [11, 28]. Hypoxia, which is
a biological restriction factor for most mammals, can
cause various organ diseases such as renal injury and
pulmonary hypertension [5, 25]. However, organisms
can be exposed to hypoxia for various reasons, such as
hypoxic environment, hypoxaemia and ischaemia [5].
Therefore, adaptation to decreased oxygen tension
is vital for organisms. The ability of mammals living
in hypoxic environment such as the Qinghai-Tibetan
Plateau to maintain homeostasis depends critically on appropriate respiratory regulation and blood
pressure. In the meantime, low oxygen condition can
activate cellular sensing mechanism with emphasis
on restoring oxygen to hypoxia regions to maintain
cell viability [9]. Accordingly, organisms have evolved
a defence mechanism against hypoxia, the hypoxia-inducible factor pathway [5].
Hypoxia-inducible factor is a master gene switch
for a variety of adaptive responses to hypoxia [11].
HIF-1α and HIF-2α are two heterodimeric hypoxia-inducible proteins regulated under hypoxic conditions
[17]. They both can promote oxygen delivery and
cellular adaptation to hypoxia via stimulating various
cellular and tissue responses, including angiogenesis,
erythropoiesis, anaerobic glucose metabolism and iron
metabolism. Among these, angiogenesis, erythropoiesis, and anaerobic glucose metabolism are the most
critical hypoxia responses in kidney injury and repair
[19]. The three responses are regulated by VEGF, EPO
and glycolytic genes, respectively. VEGF is a downstream target gene promoted by HIF; HIMF is also
involved in the upregulation of VEGF expression for its
angiogenic effect. In addition, VEGF and its receptor
VEGFR-2 both play a key role in angiogenesis [14, 20].
Kidney, especially the renal medulla, is susceptible
to hypoxia [26]. Notably, tubular domains in the renal
outer medulla of kidney have the ability of glycolysis
to generate ATP in the absence of oxygen [13]. HIF-1α
participates in the cellular process of transition from
oxidative metabolism to glycolysis to induce the generation of ATP in an oxygen-independent manner
[11]. Under normal conditions, HIF-1 is constantly
expressed in the renal medulla but with a borderline
hypoxic level for its stabilisation [13]. HIF-2α is vital
for renal cell development. Renal HIF-2α is responsi-
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findings have been further confirmed by later researcher [22]. The protective effects (e.g. alleviating renal
injury) of HIF-1α, HIF-2α and hypoxia-induced VEGF
have been shown in chronic kidney disease [5].
In our study, HIMF was mainly expressed in distal
tubule epithelial cells and proximal tubule epithelial
cells for Tibetan sheep. HIMF was also expressed in
distal tubule epithelial cells in goat, but no HIMF immunoactivity showed in plain sheep. Taking account
of the findings from previous studies, along with the
results of positive signals of HIF-1α, HIF-2α, HIMF, VEGF
and VEGFR-2 showed in the kidney of Tibetan sheep,
our study suggested that HIF-1α, HIF-2α, HIMF, VEGF
and its receptor VEGFR-2 may be involved in the protection, structure maintenance and function regulation
of Tibetan sheep kidney under hypoxia environment.

thelial cells in the kidney, which is consistent with our
results. Podocytes are indispensable components to
ensure the integrity of glomerular filtration membrane
structure, while epithelial cells in renal tubules maintain the structure and function of capillary network
around renal tubules, resist interstitial fibrosis, and
participate in the formation of endothelial cells [1].
Villegas et al. [21] found that VEGF and VEGFR-2
expressed in proximal tubular epithelial cell line in
vitro, and confirmed that VEGF mainly functions by
binding with VEGFR-2. In addition, VEGF produced by
renal tubular epithelial cells can promote the proliferation of renal tubular cells by autocrine. These studies
indicate that VEGF and VEGFR-2 are involved in the
maintenance of renal structure and regulation of renal
function. The high expression of VEGF and VEGFR-2
in Tibetan sheep kidney discovered in our study may
be thus related to the adaptation of Tibetan sheep to
high altitude hypoxia environment.
Study showed that mutant endothelial cells isolated from mutant mice exhibited defective hypoxic
activation of VEGF and VEGFR-2 as well as impaired cell
proliferation and migration [11]. The authors therefore
suggested that HIF-1α promoted an autocrine VEGF/
/VEGFR-2 loop in endothelial cells, facilitating their
functions in tissue angiogenesis [11]. HIMF can also
directly stimulate the production of VEGF and promote
angiogenesis through VEGF/VEGFR2 pathway. HIMF
is a protein first found in pulmonary hypertension
induced by hypoxia mouse model. It was reported as
a lung-specific growth factor, involving in lung cell proliferation and regulation of compensatory lung growth
[27]. HIMF has functions of angiogenic and vasoconstrictive [29]. In lung epithelial cells of mouse, HIMF
enhances VEGF production in a PI-3K/Akt-NF-κB signalling pathway-dependent manner [20]. In addition,
VEGF mRNA synchronously changes with HIF-1α mRNA
during hypoxia, which shows that enhanced expression
of HIF-1 can activate VEGF gene transcription, increase
VEGF production, promote vascular construction, drive
blood to the hypoxic part of renal tubules, thus reduce
renal injury [6, 12]. Hoppeler and Vogt [6] reported that
HIF-1α mRNA was upregulated after 6 weeks of endurance training in hypoxia (equivalent to an altitude
of 3,850 m) in previously untrained subjects, and high
intensity training in hypoxia further resulted in an
increased expressions of VEGF mRNA, capillarity and
myoglobin mRNA. This upregulation was showed to
be independent of training intensity and not observed
in subjects under similar conditions in normoxia. These

CONCLUSIONS
Our results indicated that expression and distribution characteristics of HIF-1α, HIF-2α, VEGF, VEGFR-2
and HIMF in the kidney of Tibetan sheep may be related
to the physiological regulation of Tibetan sheep inhabiting hypoxic environment. They are thus considered
as important potential regulating proteins in Tibetan
sheep’s adaptation to hypoxia environment. However,
the underlying molecular mechanisms are not clear.
This study is a preliminary experiment and the mechanism of such regulation in Tibetan sheep needs to be
further explored. This study will also provide baseline
information for comparison studies between sheep
breed inhabiting arears with different altitude.
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Background: The efferent ducts are mainly involved in the reabsorption of the
seminiferous tubular fluid. Testosterone and oestrogens regulate efferent ducts
functions via their receptors.
Materials and methods: This paper presents an experimental investigation on the
location of the P450 aromatase, the 17-b oestradiol (E2), the androgen receptor
(AR), the oestrogen receptor 1 (ESR1), the oestrogen receptor 2 (ESR2) and the
G protein-coupled oestrogen receptor 1 (GPER1) in the efferent ducts using
Psammomys obesus as an animal model to highlight the effect of the season on
the histology and the distribution of these receptors.
Results: We observed a proliferation of the connective tissue, decreasing in the
height of the epithelium during the resting season compared to the breeding
season. Ciliated cells expressed P450 aromatase, AR, E2, ESR1, ESR2 and GPER1
during both seasons. Basal cells showed a positive staining for the ESR1 and the
GPER1 during both season, the AR and E2 during the breeding season and ESR2
during the resting season.
Conclusions: Our result shows that the expression of androgen receptor and
oestrogen receptors in the efferent ducts vary by season witch suggest that they
are largely involved in the regulation of the efferent ducts functions. (Folia Morphol 2020; 79, 4: 756–766)
Key words: G protein-coupled oestrogen receptor 1, oestrogen receptor,
androgen receptor, aromatase, efferent ducts, sand rat

INTRODUCTION

between 1 and 33 [46]. In most species, the epithelium of the efferent ducts is formed of ciliated cells
and nonciliated cells, while other species have basal
cells and intraepithelial lymphocytes or macrophages

In order to get into the epididymis spermatozoa
cross the efferent ducts, small convoluted tubules [28].
Depending on species, the number of ducts varies
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about whether the expression and the location of
the oestrogen receptors and androgen receptors as
well as the P450 aromatase vary during the season.

[2, 7, 10, 31, 68]. A conjunctive tissue and one to
three layers of smooth muscle cells surround the ducts
and help in sperm propulsion to the epididymis [10].
In addition to transporting sperm, the efferent
ducts play a role in the reabsorption of the seminiferous tubular fluid to concentrate sperm by the nonciliated cells. This function involves water transport, the
active transport of ions including solute transport,
endocytosis and secretion [9, 22, 24, 28]. The secretory
functions of the efferent ducts are not completely
known while spermiophagy function is documented
[28]. Androgen regulates efferent ducts functions; its
receptor (androgen receptor [AR]) was found in the
epithelium [21, 72]. But oestrogen seems being the
main regulator of the efferent ducts, considering that
oestrogen receptors are widely expressed in the epithelium compared with AR [11, 16, 21, 48, 50, 73, 79]. The
efferent ducts have two sources of androgens, either
the rete testis, seminal fluid or the circulating blood in
the vasculature [50]. Aromatase, the cytochrome P450
(CYP19A1) converts the androgen into the oestrogen,
was located in the epithelial cells of efferent ducts as
well as in the caput epididymis [33, 55, 59]. Oestrogen
exerts its effect through two nuclear receptors family
of transcription factors the oestrogen receptor 1 (ESR1)
and the oestrogen receptor 2 (ESR2) [23, 67]. ESR1
was largely described in the male reproductive system
including the efferent ducts [48, 63, 64], contrary to
the expression of the ESR2, which was ubiquitous, even
though it seems more predominant in epithelia than
stroma. The expression profile of ESR2 in mouse tract
is more like AR than it is to ESR1. Another oestrogen
receptor recently found, the G protein-coupled oestrogen receptor 1 (GPER1) that belongs to the family
of seven-transmembrane G-protein-coupled receptors
and triggers rapid non-genomic cellular responses [25,
57, 60]. The GPER1 expression was detected in various
sites of the testis [40, 44, 65, 66, 74, 77], as well as in
the epididymis of adult rats [25, 42, 54]. Meanwhile,
its expression in the efferent ducts is still unknown.
Because of the major role of oestrogen in the
male reproductive functions and fertility, the presence of 17-β oestradiol (E2) and its receptors need
to be explored. Therefore, we performed this study
to investigate the location of 17-β oestradiol with its
receptors (ESR1 and ESR2) alongside with the new
player in oestrogen response, the GPER1, as well as AR
and aromatase in the efferent ducts of Psammomys
obesus. All in comparative way between the breeding
season and the resting season, we dispatch a query

MATERIALS AND METHODS
Animals
Adult male fat sand rats (Psammomys obesus) of

average weight 145 g were trapped in the wild region
of Béni Abbès (30°07’N 2°10’W) during the breeding
season (n = 8) and during resting season (n = 8). They
were euthanised by decapitation using a specially
prepared laboratory guillotine in the morning, 48 h
after capture. The efferent ducts were quickly excised,
weighed, fixed in Bouin’s solution, dehydrated in
increasing concentrations of ethanol (70%, 95%, and
100%), cleaned in toluene, and embedded in paraffin.
Tissue preparation and histology

The samples were sectioned to 5 μm thick sections
using a Leitz Wetzlar 1212 microtome. Slices were
cut and mounted on histological slides or on “Super
Frost” glass slides for immunohistochemistry. After
hydration with decreasing concentrations of ethanol,
the sections were stained with Masson’s trichrome
and haematoxylin and eosin [17, 41].
Immunohistochemistry

Immunohistochemistry was performed to detect
the occurrence and cell distribution of aromatase,
17-β oestradiol, oestrogen receptors (ESR, ESR2 and
GPER1) and AR. Sections were deparaffined with
cyclohexane and rehydrated with decreasing concentrations of ethanol. The slides were then washed in
tap water for 10 min, then with phosphate buffered
saline (PBS).
For antigen retrieval, the slides were incubated at
95°C in a 10 mM sodium citrate solution (H-3300, pH
6.0) for 45 min (for ESR1, ESR2 and GPER1 analysis)
or 30 min (for AR). The slides were cooled down
during 20 min then washed in distilled water. Endogenous peroxidase was blocked by immersing the
slides in 3% peroxydase solution for 20 min followed
by two baths in distilled water then were encircled
using a DakoPen (Dako, USA). In order to block the
nonspecific antibody bindings, sections were incubated with a 10% normal goat serum (S-1000)
for 1 h at room temperature. Afterwards, the slides
were incubated overnight at 4°C with primary rabbit
polyclonal antibodies against human AR (ab74272,
Abcam plc, Cambridge, UK), oestradiol (AB924, Mill-
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ipore, CHEMICON), ESR1 (H-184:sc-7207, Santa Cruz
Biotechnology, USA), ESR2 (H-150:sc-8974, Santa
Cruz Biotechnology, USA), during 1 h for aromatase
(ab3504, Abcam plc, Cambridge, UK) and during 2 h
for GPER1 (ab39742, Abcam plc, Cambridge, UK) in
wet chamber. All sections were exposed for 1 h to
biotinylated secondary antibodies (Anti-Mouse IgG/
/Rabbit IgG; BA-1400, Vectastain Universal, Vector
Laboratories, Burlingame, CA, USA) for 1 h in a wet
chamber. After rinsing three times in PBS for 5 min,
the slides were incubated with a streptavidin-biotin-peroxidase complex for 1 h. Each tissue section
was washed in PBS and stained by the AEC (Amino-Ethyl-Carbazole; Vector Laboratories, SK-4200) for
aromatase and oestradiol or the DAB chromogen (3,3
diaminobenzidine, kit for peroxidase; Vector Laboratories) for 1 min. The reaction was stopped by rinsing
in PBS solution. Mayer haematoxylin (haematoxylin
QS, H-3404; Vector Laboratories) for 1 min was used
to counterstain the sections, then dehydrated and
preserved using VectaMount (AQ Aqueous Mounting
Medium, H-5501) for aromatase and oestradiol or dehydrated and preserved using the Permount mounting medium (Fisher Scientific, USA) for AR, ESR1, ESR2
and GPER1. The immunostaining was observed under
the Nikon Eclipse E 400 light microscope fitted with
the Nikon DXM 1200 digital camera.
The intensity of the immunostaining was scored
as null (−), weakly positive (+), moderately positive
(++) or strongly positive (+++) by two independent
observers blinded to the antigen type under analysis.

clear cytoplasm and basal or apical nucleus, nonciliated cells and basal cells (Fig. 1A). The apical cytoplasm
of the ciliated cells contains cilia projecting into the
lumen of the efferent ducts. The base of these cilia
is marked by the presence of a thick line.
The nonciliated cells, characterised by dark cytoplasm, have thick granules in the supranuclear zone
and/or in the apical cytoplasm. These granules are
probably secretory granules (Fig. 1B).
The basal cells of a small volume adhere to the
basement membrane but do not prolong to the lumen of the duct, interposed between the ciliated cells
and the nonciliated cells (Fig. 1A).
The epithelium of each section is surrounded with
two layers of smooth muscle cells; these cells are
arranged in concentric way around the epithelial
tubules. The lumen contains spermatozoa and shows
an irregular aspect due to the irregular cellular height.
During the resting season, an important proliferation of the connective tissue and a significant
decrease in the height of the epithelium was observed
(Fig. 1C). All cellular categories were observed, ciliated
cells and nonciliated cells were columnar giving the
epithelium the same appearance. We noticed the
absence of the granules observed during the breeding
season (Fig. 1D).

Ethical note

Aromatase

All experiments complied with the Algerian legislation (Law Number 95-322/1995) inherent to protection
of animals designed to experimental and other scientific purposes as well with the guidelines of the Algerian
Association of Experimental Animal Sciences (AASEA)
and were specifically approved by the latter (AASEA
authorisation number 45/DGLPAG/DVA/SDA/14).

During the breeding season, a strong immunoexpression of P450 aromatase was observed in the nuclei
of ciliated cells while some other nuclei were not stained,
the cytoplasm of the ciliated cells was moderately immunoreactive. However the nonciliated cells and the
extruded cells showed no immunohistological staining
(Fig. 2). Smooth muscle cells showed a weak immunoreaction. During the resting season, immunohistochemical
signal of P450 aromatase was mainly localised in the
cytoplasm of the ciliated cells and nonciliated cells, some
nuclei were negative. The smooth muscle cells and the
fibroblast remained negative.

Immunohistochemistry

All results of immunohistochemistry for aromatase, E2, AR, ESR1, ESR2 and GPER1 are summarised in Table 1.

RESULTS
Histology

During the breeding season, the efferent ducts
appear as a set of epithelial sections dispersed in
intertubular connective tissue. These tubules relate
the rete testis to the caput epididymis.
Each tubular section consists of pseudostratified
columnar epithelium with irregular height, formed of
three cellular categories: columnar ciliated cells, with

17-β oestradiol (E2)

During the breeding season, the immunohistological signal of the 17-β oestradiol was located in the
basal cells, some ciliated cell were moderately marked
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Figure 1. Histology of the efferent ducts of the sand rat Psammomys obesus; A, B. Breeding season; C, D. Resting season. Panels A and B
during the breeding season (haematoxylin and eosin stain). The epithelial sections consist of pseudostratified columnar epithelium with irregular height, formed of three cellular categories: ciliated cells (CC), nonciliated cells (NCC), basal cells (BC). The epithelium of each section is
surrounded with two layer of smooth muscle cells (SMC). The lumen contains spermatozoa (SPZ). Panels C and D during the resting season
(Masson’s trichrome). The connective tissue (CT) shows an important proliferation. A significant decrease in the height of the epithelium was
observed containing the ciliated cells and the nonciliated cells without the granules observed during the breeding season.

Table 1. Immunolocalisation of aromatase (Aro), 17-b oestradiol (E2), the androgen receptor (AR), the oestrogen receptor 1 (ESR1),
the oestrogen receptor 2 (ESR2) and the G protein-coupled oestrogen receptor 1 (GPER1) in efferent ducts of the sand rat (Psammomys
obesus) during the breeding season and the resting season
Breeding season
Aro
Ciliated cells

N +++/–

AR
++

C

++

Nonciliated
cells

N

–

C

–

–

Basal cells

N

ND

++

C

ND

++

Fibroblasts

N

ND

Smooth
muscle cells

N

+

Extruded cells

N

–

E2

ESR1

Resting season
ESR2

GPER1

++/– +++/– +++

++/–

–

AR

E2
+/–

ESR1

ESR2

GPER1

+/–

–/++

++/–

+++/–

–/+++

++

+++ ++/–

++/–

++/–

+++SN/–

–

+/–

+++

+/–

+++

++/–

+++/–

++SN ++/– +++/– +++ +++SN/–
–

Aro

–

++/–

–

–

++/–

+SN/–

++

+++

++

++

++

+++SN/–

+

++

–

++/+

ND

ND

ND

++

+++

++

+

++

–

++/+

ND

ND

ND

++

+++

++

ND

++

+/++

++

ND

–

+++ ++/–

+++

++/–

–/++

+

+

++/+

++

+

–

+++

+/–

+/++

+/–

+++

++

ND

ND

ND

+++

ND

++

+/–

ND

ND

ND

(−) null, (+) weakly positive, (++) moderately positive; (+++) strongly positive; N — nucleus; C — cytoplasm; ND — not determined; SN — supranuclear

some others were not stained. However, the nonciliated cells were unreactive while smooth muscle cells and
fibroblasts were positive (Fig. 2). During the resting

season, ciliated cells were weakly stained for the 17-β
oestradiol, but some of them presented either nonmarked cytoplasm or non-marked nuclei, while the

759

Folia Morphol., 2020, Vol. 79, No. 4

Figure 2. Immunohistochemistry of aromatase, androgen receptor (AR) and 17-β oestradiol (E2) in the efferent ducts of the sand rat Psammomys obesus; A, C, E. Breeding season; B, D, F. Resting season. Panels A and B illustrate immunohistochemistry of aromatase. During the
breeding season (A), the immunohistological staining was mainly located in ciliated cells (CC) and smooth muscle cells (SMC). During the
resting season (B) some ciliated cells and some nonciliated cells were marked while others were not, smooth muscle cells and fibroblast
were negative. Panels C and D illustrate immunohistochemistry of AR. During the breeding season (C), the signal was found in ciliated cells (CC),
basal cells (BC), smooth muscle cells and extruded cells (EC), but not in nonciliated cells (NCC). During the resting season (D) ciliated cells,
nonciliated cells, fibroblast and smooth muscle cells were stained, whereas some ciliated cells were not. Panels E and F illustrate immunohistochemistry of E2. During the breeding season (E) the immunohistological reaction was observed in ciliated cells, nonciliated cells, basal cells,
fibroblast and smooth muscle cells, some ciliated cells and nonciliated cells were negative. During the resting season (F) the immunohistological signal was detected in ciliated cells, some extruded cells, fibroblast and smooth muscle cells, the nonciliated cells were positive but
some of their nuclei were negative. Hollow arrows signify absence of staining; filled arrows signify presence of staining.

nonciliated cells had a moderately marked cytoplasm
and a few weakly stained nuclei. Some fibroblast,
smooth muscle cells and extruded cells were positive.

During the resting season, the AR was strongly expressed in the nonciliated cells, as well as the cytoplasm of the ciliated cells while some of their nuclei
were moderately reactive and others were negatively
reacted. However, the smooth muscle cells and the
fibroblast presented a strong staining.

Androgen receptor (AR)

During the breeding season, a moderate immunohistological staining was located in the nuclei and
the supranuclear zone of the ciliated cells as well as
the basal cells. Nonciliated cells were unreactive, while
the smooth muscle cells were weakly marked, and
the extruded cells were moderately marked (Fig. 2).

Oestrogen receptor 1 (ESR1)

During the breeding season, the immunohistological signal was detected in the nuclei and the cytoplasm
of the ciliated cells, the basal cells, smooth muscle cells
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Figure 3. Immunohistochemistry of the oestrogen receptor 1 (ESR1), the oestrogen receptor 2 (ESR2) and the G protein-coupled oestrogen
receptor 1 (GPER1) in the efferent ducts of the sand rat Psammomys obesus; A, C, E. Breeding season; B, D, F. Resting season. Panels A and B
illustrate immunohistochemistry of ESR1. During the breeding season (A), the immunohistological staining was mainly located in ciliated cells
(CC), basal cells (BC), fibroblast and smooth muscle cells (SMC); some nonciliated cells (NCC) were also marked. During the resting season
(B) nonciliated cells, basal cells and fibroblast are positive, some ciliated cells and smooth muscle cells are negative. Panels C and D illustrate
immunohistochemistry of ESR2. During the breeding season (C), the signal was found in ciliated cells, nonciliated cells, basal cells, fibroblast
and smooth muscle cells, but some ciliated cells and nonciliated cells were not marked. During the resting season (D), ciliated cells, nonciliated cells, basal cells, fibroblast and smooth muscle cells were immunoreactive, whereas others were not, basal cells were also stained. Panels
E and F illustrate immunohistochemistry of GPER1. During the breeding season (E) the immunohistological reaction was observed in ciliated
cells, nonciliated cells, basal cells, smooth muscle cells and extruded cells, some ciliated cells and nonciliated cells were negative. During the
resting season (F) the immunohistological signal was detected in nonciliated, basal cells, fibroblast and smooth muscle cells, the ciliated cells
were positive but some of their nuclei were negative. Hollow arrows signify absence of staining; filled arrows signify presence of staining.

and fibroblasts, signal was absent in the nonciliated
cells (Fig. 3). During the resting season, all type of
cells were marked while some ciliated cells were not.

During the resting season, we observed a strong signal
in the basal cells, ciliated cells and nonciliated cells
were moderately stained, others were not. Some fibroblast and smooth muscle cells were positive.

Oestrogen receptor 2 (ESR2)
G protein-coupled oestrogen receptor 1 (GPER1)

During the breeding season, ciliated cells were
strongly marked, while basal cells were not, fibroblasts,
smooth muscle cells as well some nuclei and cytoplasm
of nonciliated cells were moderately marked (Fig. 3).

During the breeding season, a supranuclear immunohistochimical reaction was present in ciliated cells
and nonciliated cells, some nuclei of ciliated cells were
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marked but the nuclei of the nonciliated cells were negative, basal cells were moderately marked, smooth muscle cells and extruded cells were also positive (Fig. 3).
During the resting season, some ciliated cells and nonciliated cells presented a strong nuclear and supranuclear immunohistological reaction while others were
not marked, basal cells and smooth muscle cells were
moderately stained, some fibroblasts were positive.

DISCUSSION
Considering that, Psammomys obesus has a seasonal reproduction cycle, several studies performed
to describe this cycle in both hormonal [34] and
cytophysiological terms [19, 20, 45]. While there are
few studies dealing with the effects of seasonal variation on the histology and the cytology of the efferent
ducts. Our results showed a structural reorganisation
of the tubular epithelium as well as in the connective
tissue, confirming data obtained by Oliveira et al. [52]
which showed a similar reorganisation in the efferent
ducts of the bat.
However, earlier studies carried out on the male
excurrent duct system highlighted an important structural reshuffle in the epithelium and the connective
tissue. In fact, studies of Gernigon-Spychalowicz [20]
and Menad et al. [43] revealed a remarkable epithelial
atrophy and a significant proliferation of the connective tissue in the epididymis.
In the sand rat, during the resting season we observed a proliferation of the connective tissue and
a blatant decrease in the epithelium height, Oliveira et
al. [52] obtained similar results. In the epididymis, such
observation was described in the sand rat [43] and the
Libyan jirds [5]. The same author reported an accumulation of collagen I and III in seminal vesicles in the jirds
[4], possibly due to the decrease levels of testosterone.
In fact, it has been proven that testosterone regulates
the quantity and the quality of the extracellular components via the matrix metalloproteinases and their
inhibitors TIMPS [3].
Even though, studies focused only on the seasonal
variation effects on the androgenic profile, oestrogen
from aromatisation of androgen plays a key role in
the regulation of the male reproductive functions.
The aim of this study is to reveal the localisation
of the P450 aromatase, E2, AR and oestrogen receptors (ESR1, ESR2, GPER1) in the efferent ducts of the
Psammomys obesus, during the breeding season and
the resting season, in order to define the effects of
the seasonal variation on their distribution (Fig. 4).

Figure 4. Schematic representation of the expression of P450
aromatase, 17-β oestradiol (E2), androgen receptor, the oestrogen
receptor 1 (ESR1), the oestrogen receptor 2 (ESR2) and the G protein-coupled oestrogen receptor 1 (GPER1) in the efferent ducts of
the Psammomys obesus during the breeding season and the resting
season.

Aromatase was located in the ciliated cells and
the smooth muscle cells, during the breeding season,
in the ciliated cells and the nonciliated cells during
the resting season in the sand rat, Oliveira et al. [52]
reported similar data in the big fruit-eating bat, which
support the idea that oestrogen is locally synthetised
in the efferent ducts. In the testis, there was a reduced
concentration of aromatase during the regression
season [6, 71, 76], the unchanged aromatase localisation in the ciliated cells at resting season possibly
because levels of oestrogen need to be maintained
in this tissue during this season.
Androgen receptor was present in the ciliated
cells, the basal cells and the smooth muscle cells
during the breeding season, and present in all cell
types during the resting season. This data corroborate with those obtained by Oliveira et al. [52].
Several studies showed that AR levels in the efferent
ducts are lower than in the epididymis [21, 62, 72].
Androgen regulates AR, so during the resting season, even if there is severe changes in testosterone
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levels, another AR ligand like dihydrotestosterone
or androstenedione may are responsible for controlling levels of AR. This may suggest that efferent
ducts functions depends on the androgen during
both seasons.
Oestrogen exert an important role in regulating
and maintaining the male reproduction, that’s why
E2 expression was detected in ciliated cells, fibroblasts
and smooth muscle cells during both seasons, while
it appeared in nonciliated cells during the resting
season. E2 expression was also described in the testis
[8, 27] as well as in the epididymis [43]. It is possible
that oestrogen regulates the functions of the efferent ducts, by maintaining the role of the ciliated
cells, fibroblast and smooth muscle cells during both
season, the role of the nonciliated cells during the
resting season.
ESR1 is largely expressed in the efferent ducts.
Our data showed the localisation of this receptor in
the ciliated cells, basal cells, fibroblasts and smooth
muscle cells. Oliveira et al. [52] and Joseph et al. [33]
stated a slightly positive or negative immunoreactivity
of the ESR1 during the breeding season and the resting season in the bat, mouse, hamster and monkey.
Studies showed the presence of ESR1 in rats [16, 29],
mice [63], roosters [35], dogs, cats [48], goats [21],
monkeys [75] and humans [13]. According to Hess
et al. [29] and Hess et al. [25], ESR1 dominates the
efferent ducts. The same author suggests that E2 is
not the one indispensable for the efferent duct morphology and function, but its receptor, ESR1.
ESR1 regulates fluid reabsorption in the efferent
ducts [29] by controlling ion transporters in the epithelium and altering the proteins involved in fluid
reabsorption [32, 36, 37, 70, 78], this regulation is
essential for male fertility [12, 26, 49, 51, 78]. In the
ESR1 knockout mice, a dramatic dilatation in the
epithelium of the rete testis [12], due to the inactivation of ESR1 in the efferent duct [29], a reduce of
the epithelium height, the absence of microvilli and
the endocytic apparatus, distension of the efferent
duct was reported [29]. The recent data provided
by Nanjappa et al. [47] indicated both nuclear and
membrane localisations of ESR1 are necessary for
normal morphology of the efferent duct.
The expression of ESR2 in the efferent duct was
found in the ciliated cells, nonciliated cells, fibroblast
and smooth muscle cells. Oliveira et al. [52] reported
similar observations in the bat. During the resting season ESR2 appeared in the basal cells possibly because

of its expression was inhibited by testosterone during
the breeding season. Oliveira et al. [52] have shown
no seasonal variation of the ESR2 in basal cells. The
functions of the basal cells in the efferent ducts are
not yet elucidated. However, these cells exert a crucial
paracrine role in the epididymal epithelium, indeed
basal cells regulate the functions of the principal cells,
which are responsible for the sperm maturation [38].
The immunohistological signal of the novel oestrogen receptor GPER1 was strong in the ciliated
cells, weak in the nonciliated cells and smooth muscle cells, average in the basal cells. While during the
resting season, the staining was ubiquitous in all the
epithelium. The supranuclear staining of the GPER1
may reflect its cellular localisation in the endoplasmic
reticulum or Golgi apparatus [1, 15, 39, 56, 61, 69].
In the sand rat, it seems like the immunoexpression of the ESR1, ESR2, GPER1 in the ciliated cells
and the smooth muscle cells are constitutive and are
not influenced by the season. An interesting observation that these receptors co-existed in ciliated cells
and smooth muscle cells, this supports the notion of
a crosstalk between the ESR1, ESR2 and GPER1, probably in a common signalosome, for oestrogenic signal
transduction [14, 30, 57]. In fact, the co-expression
of ESR1 and ESR2 with GPER in breast cancer cells
suggest a possible interaction between these receptors [14, 30, 57] as well as in uterine epithelial cells,
where the GPER1 functions as inhibitor of cell growth
mediated by E2 through the ESR1 [18].
The ERs could have regional distribution in the
efferent ducts. Indeed, an increase of immunohistolo
gical staining was described in the efferent duct of the
rooster [53]. All this data represent strong indicators
that oestrogen may have a role in the contraction of
the smooth muscle cells as well as in the remodelling
of the connective tissue in the efferent ducts.

CONCLUSIONS
Considering that the efferent ducts are an essential part of the male reproductive tract and that
their normal function is required for male fertility.
It is important to elucidate its different functional
mechanism as well as the molecules involved in the
regulation of those functions, knowing that oestrogen alongside with androgen interact to control the
male reproductive system.
Our study provided for the first time data about
the localisation of these main effectors that regulate the male reproductive tissue, establishing the
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expression profile of the aromatase, AR, E2, ERs and
GPER1. The present data give a preview on the impact of seasonal variation on the expression of these
molecules. Further studies are needed to examine the
effect of different treatment or inactivation of one
of these receptors on the efferent duct functioning.
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Background: Grape seed extract (GSE) is a powerful antioxidant containing high
levels of bioflavonoids, vitamin C and vitamin E. The aim of the work is to study
the possible protective and ameliorative effects of grape seed extract in an animal
model of cadmium (Cd)-induced testicular toxicity in rats.
Materials and methods: A thirty-day oral gavage study in adult male albino
rats was performed using 32 animals, randomly divided into four equal groups;
negative control, Cd (5 mg/k/day), GSE (100 mg/k/day), and Cd + GSE. Testicular
weights were measured. Haematoxylin and eosin (H&E) staining and proliferating
nuclear cell antigen (PCNA) immunohistochemistry, as a marker for proliferation
were done. Morphometric parameters were assessed and subjected to statistical
analysis.
Results: The H&E results showed atrophy and distortion of the seminiferous tubules (STs) with sloughing of the spermatogenic epithelium in cadmium group.
The interstitial spaces were widened and showed oedema and mononuclear cell
infiltrations. No remarkable changes were observed in the GSE-only group when
compared to the control group. In Cd + GSE group, maintaining of the STs and
their lining cells was evident. The immunohistochemical results showed marked
positive PCNA immunoreactivity in both control and GSE groups, while negative
immunoreaction was noticed in Cd group. Limited positive PCNA immunoreactivity
was ameliorated in Cd + GSE group.
Conclusions: Grape seed extract protected against cadmium-induced testicular
toxicity in rats, reducing induced histopathological changes, and maintaining
testicular histoarchitecture. (Folia Morphologica 2020; 79, 4: 767–776)
Key words: cadmium, grape seed extract, testis, seminiferous tubules,
proliferating nuclear cell antigen

INTRODUCTION

[36]. Cadmium (Cd) is a heavy metal, globally spread
environmental toxicant due to its varied industrial applications [17]. Apart from the occupational exposure
of workers; diet is generally recognised as being the

The burden of disease and death caused by environmental pollution is becoming a public health challenge worldwide, particularly in developing countries
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MATERIALS AND METHODS

main source of exposure to trace elements [15]. In
its latest report, World Health Organization established a provisional tolerable monthly intake for Cd of
25 µg/kg body weight. It reported variable Cd concentrations in food but generally the kidney and liver
of mammals and certain species of oysters, scallops,
mussels, and crustaceans are major sources of Cd.
However, lower concentrations of Cd are found in vegetables, cereals, and starchy roots [35]. Tobacco smoking is another important source for Cd exposure [7].
About 1–3 μg of Cd is absorbed by smoking one pack
of cigarettes per day and, consequently, heavy smokers have more than double of the Cd body burden,
compared to non-smokers [31].
Occupational exposure to Cd usually occurs during
metal smelting or purifying, making batteries, and
plastics. Atmospheric pollution with Cd could result
from volcano activities on earth, human activities
like melting and using fossil fuels, in addition to
industrial processes such as smelting and refining
of metals [24].
Cadmium toxicity is encountered in different body
systems resulting in damage to various organs, particularly the testis, in both humans and animals [4].
Rodent testis, in particular, is sensitive to the toxic effects of Cd leading to severe testicular degeneration,
seminiferous tubule damage and necrosis in rats [8].
Grape seed extract (GSE) is a natural product, recently identified to have an antioxidant property. GSE
is a powerful antioxidant, which contains high levels
of bioflavonoids, vitamin C and vitamin E [23]. The
protective effect of GSE is attributed to regulating cell
oxidative stress [18], reducing organ injury, improving
the balance between oxidants and antioxidants [30],
and reducing the release of inflammatory mediators
[33]. In addition, anticarcinogenic effects have been
reported [21].
Due to the toxic effects of Cd upon different body
systems and organs including testis, the present work
was designed to study the potential ameliorative and
protective effects of a natural product, grape seed extract, against the testicular histopathological changes
induced in an animal model of Cd intoxication. Most
of the latest studies evaluated the Cd induced testicular toxicity, in regards to the degenerative and
apoptotic changes seen in seminiferous tubules’
epithelium. Herein, we focused on the proliferative
capacity of spermatogenic cells, hence the efficiency
of spermatogenesis, during the Cd toxicity and the
effect of GSE on retaining such capacity.

Animals
Thirty-two adult male albino rats, weighing about

200–250 g were used in the present study. The animals were locally bred in the animal house of Kasr
El-Aini Faculty of Medicine, Cairo University, Egypt,
housed at an ambient temperature of 27 ± 1oC,
maintained under a natural daily light/dark cycle and
received free access to food and water ad libitum. For
acclimatisation, the rats were handled manually for
1 week prior to the experiment. All ethical issues regarding animal handling and experimental procedures
were followed and were compliant with the Guide for
Care and Use of Laboratory Animals published by the
United States National Institutes of Health [9]. Whenever possible, the procedures in the current study were
conducted to avoid or minimise suffering, distress, and
pain to animals.
Drugs

Cadmium, in the form of cadmium chloride (CdCl2,
96% pure), was purchased from Sigma-Aldrich Corporation of industrial chemistry and biotechnology
(St. Louis, Missouri, USA). Grape seed extract was
purchased from herbal and medicinal plant store,
Benha governorate, Egypt. The drugs were dissolved
in normal saline.
Experimental design

The rats were randomly divided into four groups,
8 rats each:
—— group 1: negative control group (normal saline
was given daily for 30 days by gastric gavage);
—— group 2: the animals were given GSE (100 mg/
/kg/d) dissolved in normal saline for 30 days by
gastric gavage [32]. An amount of 100 mg was
dissolved in 10 mL normal saline and shook to
obtain a solution concentration of 10 mg/mL;
—— group 3: the animals were given Cd (5 mg/kg/d)
dissolved in normal saline for 30 days by gastric
gavage [14]. An amount of 5 mg was dissolved
in 10 mL normal saline and shook to obtain
a solution concentration of 0.5 mg/mL;
—— group 4: the animals were given Cd (5 mg/kg/d)
+ GSE (100 mg/kg/d) for 30 days by gastric gavage.
In order to avoid possible drug interactions and
drug absorption, the drugs were given in the same
time of the day, in two different time intervals. Cadmium was given in the morning (10 AM) while, grape
seed extract was given in the afternoon (4 PM).
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Regarding cadmium, the determination of dose
and route of administration depended on previous
experiments [14], in order to produce target organ
toxicity via frequently repeated exposure without
induction of animal mortality. The LD50 of CdCl2, anhydrous, when given orally to rats, was reported to be
about 88 mg/kg body weight according to previous
work [25], so the dose of cadmium utilised in this
study is approximately 1/18 LD50.
The dose of grape seed extract in experimental
animals was 100–400 mg/kg/day according to the
previously published studies [2, 14, 32]. The selected
dose, in the current study was 100 mg/kg/d according
to the regimen of Sönmez and Tascioglu [32], which
was the least effective dose.
At the end of the experiment, animals were euthanized by decapitation under anaesthesia (ketamine
+ xylazine 75, 10 mg/kg, respectively, IP) and the
testes were immediately removed and weighed in
each group.

crometre units. It was used to measure the area per
cent (%) of PCNA immunoreactions, the diameter of
the seminiferous tubules (STs), and the number of
normal and abnormal STs. The normal and abnormal
STs were evaluated according to their appearance in
H&E-stained sections. The normal ones were rounded in transverse section, 150–250 µm in diameter,
lined by apparently normal stratified spermatogenic epithelium lying on a clear basement membrane
and surrounding a narrow lumen. Those that did
not show the previously mentioned features were
abnormal. For each group, ten measuring fields in
each specimen were randomly selected, using low
power magnification during the measurement of the
diameter of STs, number of the normal STs, and the
high power for the area % of PCNA immunoreaction.
Also, the testicular weight of the paired testes of the
experimental animals was measured and analysed.
Statistical analysis

The values obtained were expressed as mean
± standard deviation for each group. Statistical comparison among different groups was evaluated using
one-way analysis of variance (ANOVA) and post hoc
LSD test. Calculations were done with SPSS software
for windows, version 20. Statistical significance was
defined as p value less than 0.05.

Histological procedures

Testes were removed from the scrotum, dissected
from adherent tissues and weighed. They were fixed
in Bouin’s solution and processed for paraffin sections. Five-micrometre sections were cut and stained
with haematoxylin and eosin (H&E), based on previously stated protocols [5]. Immunohistochemical
staining was done for the detection of expression of
proliferating cell nuclear antigen (PCNA) Ab-1, mouse
monoclonal antibody (Labvision, Thermo Scientific,
USA). The sections were incubated with the primary antibody diluted to a concentration of 1:200 in
phosphate buffered saline (PBS) for 1 hour, followed
by a reaction with biotinylated secondary antibody.
After conjugation with streptavidin-biotin-peroxidase
complex, 3,3-diaminobenzidine (DAB) was used as
a chromogen, and haematoxylin solution was used
as a counterstain. The reaction was nuclear and the
positive control was small intestine as shown by Labvision corporation data sheet of PCNA Ab-1. The
PCNA immunohistochemistry procedures were done
according to the previous protocols [22].

RESULTS
Mortality and clinical observations
The dose of cadmium, administered in the current

study, caused no mortality among the animals of the
different studied groups. No behavioural changes
were noticed. Also, no remarkable signs of major
system affection were apparent, such as diarrhoea,
salivation, oliguria, etc.
Histomorphological results
H&E findings

Both negative control and GSE-only groups
showed a normal testicular architecture with crowded, closely packed STs. Each seminiferous tubule
showed apparently normal cellular associations, in the
form of stratified arrangement of spermatogenic cells
in different stage of developments (spermatogonia,
primary and secondary spermatocytes, and spermatids). The spermatogenic cells were seen lying upon
a basement membrane occupying most of the tubular
thickness. Active releasing spermatozoa were seen
within the tubular lumen. Leydig cells and blood cap-

Morphometric study

The data were obtained using the image analyser
computer system (Leica Qwin 500, Leica, England).
The image analyser was first calibrated automatically
to convert the measurement units (pixels) produced
by the image analyser programme into actual mi-
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The tunica albuginea was thickened and showed
subtunical congestion and oedema (Fig. 3A, B). Degenerated spermatogenic epithelium was seen lining
the sloughed STs with thickening of the underlying
basement membrane. Only few spermatogonia with
many intercellular vacuolations were seen lining the
atrophic STs (Fig. 4A–C). Other tubules were severely
affected with near-total depletion of their germ cells
(Fig. 3C). Pyknotic nuclei of the spermatogenic series
were observed (Fig. 3B, C). The interstitial spaces
were widened and showed congested blood vessels,
accumulation of eosinophilic vacuolated fluid (oedema)
and mononuclear cellular infiltrations. The Leydig cells
were atrophic, vacuolated or even depleted (Fig. 4A–C).
In Cd + GSE group, the testicular sections obtained from all animals showed relatively normal
histoarchitecture, where STs showed more or less
normal cellular associations and maintained spermatogenesis. The interstitial cells of Leydig were seen
seemingly normal (Fig. 5A, B).

Figure 1. A, B. Haematoxylin and eosin-stained testicular section
of a control rat showing crowded, closely packed seminiferous
tubules (STs) (double-headed arrows). STs are lined by stratified
spermatogenic epithelium (bracket) with releasing spermatozoa (Z)
seen within the lumen. The interstitial spaces show Leydig cells (L)
(A: ×40; B: ×400).

Immunohistochemical observations

In both negative control and GSE-only groups,
positive nuclear PCNA immunoreactivity was observed in the vast majority of the spermatogenic
cells of almost all seminiferous tubules (Fig. 6A, B). In
Cd group, widely distributed negative PCNA immunoreactivity was noticed in all specimens obtained
from all animals of this group (Fig. 6C). Similarly,
in Cd + GSE group, all the obtained specimens
showed an amelioration of the positive PCNA immunoreactivity which was limited to the basally
located spermatogonia in the vast majority of the
STs. However, few STs showed diffuse positive PCNA
immunoreaction (Fig. 6D).
Histomorphometric evaluation of the area
per cent of PCNA immunoreactivity

Figure 2. Haematoxylin and eosin-stained testicular section of
a rat in grape seed group (group 2) showing numerous packed
seminiferous tubules (double-headed arrows) lined by stratified
spermatogenic epithelium (bracket) resting on an underlying basement membrane. Interstitial cells of Leydig are seen (L). Tunica
albuginea (arrowhead) is seen (×40).

The statistical data, summarised in Table 1, revealed that the mean area % of PCNA immunostaining
in Cd group was significantly lower (p < 0.05) when
compared to control group and GSE-only group.
However, no significant difference was present in
GSE-only group compared to control group. In Cd
+ GSE group, the mean area % of PCNA immunostaining was significantly higher (p < 0.05) compared
to Cd group. Comparing to either the control or
GSE-only groups, the mean area % of PCNA immunoexpression was significantly lower (p < 0.05).

illaries were seen in the interstitial spaces, in-between
the STs (Figs. 1A, B; 2).
Regarding the administration of Cd in Cd-onlygroup, all specimens obtained from all animals of the
same group showed disorganisation and distortion of
the STs. Numerous STs were sloughed and atrophic.
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Figure 3. A, B, C. Haematoxylin and eosin-stained testicular section of a rat in the cadmium group (group 3) showing disorganised widely
spaced seminiferous tubules (STs). Numerous STs (double-headed arrows) are atrophic and sloughed with nearly totally depleted germ cells. The
spermatogenic cells show pyknotic nuclei (short arrows). The interstitial spaces show eosinophilic vacuolated fluid (oedema) (dollar sign) and
congestion (BV). Tunica albuginea (arrowhead) is thickened and show subtunical congestion (BV) and oedema (dollar sign) (A, B: ×40; C: ×200).

Histomorphometric evaluation of the diameter
of the STs

Histomorphometric evaluation of the per cent
of the normal STs

As shown in Table 1, the mean diameter of the STs
in Cd group was significantly lower when compared
to control rats. No significant difference was observed
in GSE-only group when compared to group 1. In
Cd + GSE group, the mean diameter of STs was significantly higher when compared to Cd group, but
no difference of statistical significance was present
when compared to control and GSE groups.

Similarly, the per cent of the normal STs was significantly lower in Cd group when compared to control rats. No significant difference was observed in
GSE-only group when compared to the control. In
Cd + GSE group, the per cent of the normal STs was
significantly higher when compared to Cd group, but
still significantly lower when compared to control
group (Table 1).
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Figure 5. A, B. Haematoxylin and eosin-stained testicular section
of a rat in cadmium + grape seed group (group 4) showing normal
shaped seminiferous tubules (double-headed arrow) with more
or less normal cellularity. The releasing spermatozoa (Z) are seen
within the lumen. The interstitial space is wide and shows accumulation of eosinophilic vacuolated fluid (dollar sign). Leydig cells
(L) are seen. The tunica albuginea (arrowhead) appears more or
less normal (A: ×40; B: ×200).

DISCUSSION

Figure 4. A, B, C. Haematoxylin and eosin-stained testicular section of a rat in the cadmium group (group 3) showing degenerated
spermatogenic epithelium (brackets) and loss of the releasing spermatozoa. The majority of seminiferous tubules show sloughing and
numerous intraepithelial empty spaces (vacuolations) and cellular
detachment. Pyknotic nuclei of the spermatogenic cell are seen
(short arrows). The peritubular basement membrane (thick arrows)
is thickened with numerous flat myoid cells. The interstitial space
is widened and shows accumulation of eosinophilic vacuolated
fluid accumulation (oedema) (dollar signs) and infiltration of mononuclear cells (stars). Leydig cells (L) are more or less small sized
and vacuolated (A, B, C: ×200).

Cadmium is a highly toxic heavy metal and has
spread widely in the environment in recent decades
due to its varied industrial applications [17]. The current study aimed at studying the Cd-induced testicular
histopathological alterations and its counteracting
and amelioration by GSE.
The present work showed that oral cadmium
(CdCl2) administration in rats (group 3) induced major structural alterations in the testis, which were
ameliorated by the administration of GSE in group 4.
CdCl2 toxicity produced significant structural changes
in the testis in the form of distortion of the STs, with
cellular disorganisation, oedema, and sloughing of
the seminiferous epithelium which was accumulated
in the centre of the STs in the form of degenerated tissue. Many STs showed widely spaced spermatogenic
cells and decreased sperm count. These results were
consistent with that of other investigators [26] who
reported a similar finding. Active spermatogenesis
was affected which was denoted by the absence or

Testicular weight

Table 1 showed that the mean weight of the
paired testes in Cd group was significantly lower
when compared to control rats and GSE-only group.
No significant difference was present in GSE-only
group compared to control group. In Cd + GSE group,
the mean testicular weight was significantly higher
when compared to Cd group but still significantly
lower than that of control and GSE groups.
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Figure 6. Proliferating nuclear cell antigen (PCNA) immunostained photomicrographs of testicular sections taken from control rats (A), group 2 (B),
group 3 (C) and group 4 (D). Marked positive PCNA immunostaining of nuclei (arrows) of all the spermatogenic series is evident in groups 1
and 2 while, limited to the basally located spermatogonia (arrows) in group 4. Negative nuclear PCNA immunoreactivity is observed in group 3
(PCNA immunostaining, A, D: ×100; B, C: ×200).

Table 1. Different histomorphometric parameters and testicular weight [g] of control, grape seed extract (GSE), cadmium (Cd),
Cd + GSE groups
Control group (G1)

GSE group (G2)

Cd group (G3)

Cd +GSE group (G4)

Area per cent of PCNA

21.21 ± 1.81

21.08 ± 1.79

0.69 ± 1.26

17.09 ± 1.26b

Diameter of STs [μm]

243.70 ± 9.18

243 ± 8.81

178.5 ± 12.02a

235.61 ± 9.30c

88 ± 5.75

87.7 ± 5.31

19.4 ± 2.88a

76.9 ± 4.12b

3.07 ± 0.18

3.05 ± 0.17

1.5 ± 0.12

2.43 ± 0.15b

Per cent of the normal STs
Testicular weight [g]

a

a

The data were expressed as mean ± standard deviation (n = 8). aSignificantly different when compared to G1 and G2; bSignificantly different when compared to G3 and G1 and G2;
c
Significantly different when compared to G3, using post hoc ANOVA (LSD), p value < 0.05; PCNA — proliferating nuclear cell antigen; STs — seminiferous tubules

decreasing of the releasing spermatozoa within the
STs lumen.
In agreement with the results of another study
[13], the present work showed widening of interstitial
spaces due to vascular congestion, diffuse infiltrations
of mononuclear cells, and accumulation of eosinophilic vacuolated fluid (oedema) in-between the STs.
Moreover, the results of the current study showed
pyknosis of the nuclei of the spermatogenic series in
Cd group (group 3) which was similar to the findings
of other authors [12] who studied the toxic effects of
Cd on different organ systems of rodents and revealed
pyknotic nuclear changes, particularly in the testis.
Furthermore, many STs showed marked atrophy
with degeneration and loss of the seminiferous epithelium, which was confirmed by the mean diameter

of STs and the per cent of the normal STs. The mean
tubular diameter and the per cent of the normal STs in
Cd group were significantly lower when compared to
that of the control rats. These results were in accordance with other authors [1] who reported atrophy
of the seminiferous epithelium and decrease in the
tubular lumen 36 h after intraperitoneal Cd injection
in rats. In Cd + GSE group, both the mean tubular
diameter and the per cent of the normal STs were
markedly high, which was significantly different when
compared to Cd group. No statistical significance was
present comparing to control or GSE-only rats, which
means complete maintaining of the tubular diameter
but still the number of the normal STs.
The atrophy and degeneration of the STs may be the
cause of weight loss of the testes of Cd intoxicated rats
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(group 3). The mean testicular weight of the animals
of group 3 was significantly lower when compared
with other groups. This finding was parallel to that of
another study [25] which revealed a marked decrease
in the testicular weight 28 days after oral Cd administration in rats. In Cd + GSE group, the mean testicular
weight was significantly higher when compared to Cd
group, but still significantly lower than those in control
and GSE groups. This means that the co-administration
of GSE with Cd, in group 4 attenuated the Cd-induced
histopathological changes in the testes and hence had
fewer effects on the testicular weight.
Cadmium toxicity has been encountered in several
organs such as kidney, brain, pancreas, blood, and
immune system [6]. Cd-induced testicular damage
was dose-dependent. Low dose Cd affects no organs
other than the testis [10]. The underlying mechanism
of testicular toxicity remains obscure. One explanation
supposed that Cd toxicity induced vascular damage,
mainly in the testis, which may result in the inability
to metabolise zinc, with its subsequent replacement
by Cd in the testicular blood circulation [3, 27]. The
dose utilised in this study was optimal to induce
testicular toxicity without lethal effects.
The previously mentioned structural alterations in
the testis could be explained by the accumulation of
cadmium in different organs, and hence the testis [16]
where it caused testicular damage. The accumulated
Cd stimulated the overproduction of reactive oxygen
species through depletion of the reduced glutathione
and reacting with the sulfhydryl groups of proteins.
Furthermore, Cd inhibited the activity of antioxidant
enzymes such as catalase and superoxide dismutase
[28]. Subsequently, the resulting oxidative stress induced DNA fragmentation and apoptotic changes as
reported by other authors [34].
In the Cd + GSE treated rats, marked improvement was noticed in the testes, in the form of good
organisation of the STs and more or less normal cellular associations of the seminiferous epithelium. This
protective effect of GSE might be attributed to not
only its potential effects against oxidative stress but
also the inhibition of the free radical production with
subsequent maintaining of the affected antioxidant
protection system. This explanation was in agreement
with that of other authors [11].
Regarding the immunohistochemical results,
PCNA is a nuclear protein, used as a marker for cell
proliferation [19]. So, the detection of any PCNA immunostained spermatogenic cell refers to the activity

and the efficiency of spermatogenesis. Administration
of Cd to the animals of the current study (in group 3)
revealed very few positive immunostained cells for
PCNA or even negative in most of the testicular sections, which was significant when compared to the
control group. These findings could refer to that
the oxidative damage induced in the testis by Cd is
associated with depletion of the active DNA contents
in the dividing spermatogenic cells. No significant
changes were detected in the rat group that received
grape seed extract alone. However, the co-administration of grape seed extract (in group 4) showed
a significantly higher number of PCNA immunoreactive
spermatogenic cells, but still significantly lower than
those in control and GSE groups. These results were
consistent with the finding of the other authors [2]
who reported similar results when they used Ki 67 as
a marker of proliferation.
The results of the current study were parallel to
that of Sönmez and Tascioglu [32] who reported an
increase in the number of immunostained apoptotic cells and hence, decrease in the number of the
proliferating cells in Cd intoxicated rats which were
protected against by GSE.
When correlating the results of the PCNA immunoreactivity and the mean testicular weight in
Cd + GSE group (group 4), both parameters were
significantly higher compared to Cd group, but still
significantly lower than those of control and GSE
groups. This means that the GSE could protect against
Cd-induced testicular alterations which had fewer
effects on testicular weight and on the proliferative
activity of spermatogenic cells, as confirmed by PCNA
immunohistochemistry.
In human studies, there was a wide safety margin
of the grape seed dosage. The adjustment of the
dose was effect-dependent. The dose was variable
according to the indicated usage i.e. antioxidant,
anti-inflammatory, blood capillary improving effect,
etc. [20]. In a safety assessment study [29] of 4-week
oral intake of GSE in healthy individuals, a dose up
to 2500 mg was reported to be safe.
Limitations and areas for future research

There are two major limitations in the current
study that could be addressed in future research.
First, the study focused mainly on the microscopic
structure of the testes of the experimental animals.
If more resources had been available; we would
have studied the correlation of the testicular struc-
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ture with other parameters like oxidative status and
the endocrine and exocrine functions of the testis.
However, this study was self-funded without any
external support.
Second, given the cross-sectional design that
we have used, the current study was not conclusive
regarding the therapeutic effects of grape seed extract on the testicular histopathological alterations
induced by Cd toxicity. Future research should aim
at a more comprehensive assessment of Cd toxicity
on the hormonal, reproductive, and oxidative status
of the testes. This assessment could be based on the
measurement of the hormonal profile e.g. serum testosterone, follicular stimulating hormone, and luteinizing hormone, evaluation of semen parameters via
epididymal semen analysis, and measurement of the
testicular level of oxidative enzymes like superoxide
dismutase. Needless to say that a more comprehensive study design is needed to assess the therapeutic
effects of grape seed extract.
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CONCLUSIONS
Finally, administration of grape seed extract
reduced the histopathological testicular changes
induced by cadmium chloride. This effect may be
related to the antioxidant property of grape seed
extracts as confirmed by maintaining the histological architecture of the testes and retaining of the
proliferative activity of the spermatogenic cells. The
potential antioxidant property of GSE recommends its
use in those men with known high risk of cadmium
exposure, such as workers in battery factories, to protect against the oxidative stress elicited in the testes
due to chronic asymptomatic occupational exposure.
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Background: The aim of the study was to evaluate coronary artery fistulas (CAFs)
in coronary computed tomography angiography (coronary CTA) and verify whether
there is correlation between the fistula’s morphology and other cardiac functional
findings and clinical data.
Materials and methods: A group of 14,308 patients who were diagnosed in
coronary CTA was retrospectively analysed. Achieved data were related to referrals.
Results: Coronary artery fistula frequency was 0.43% in the examined population.
The assessment of coronary artery disease was the most frequent indication for
the examination. In 2 out of 3 cases the diagnosis of CAFs was incidental. Fistulas to cardiac chambers were significantly shorter than those to other vascular
structures (19.9 vs. 61.8 mm, respectively, p = 0.001). Pulmonary trunk was most
often the drainage site. Fistulas with singular supply and drainage constituted the
majority. The new morphologic classification of CAFs was introduced with linear,
spiral, aneurysmal, grid-like and mixed types. Most numerous was the spiral type
group. Patients with aneurysmal fistulas had a tendency for wider diameter of
aorta and pulmonary trunk. Smallest left ventricle fraction was observed in gridlike fistulas (48.0%, comparing to 59.2% for all patients with fistulas, p = 0.001).
Concomitant abnormalities were found in 13.1% of CAFs patients.
Conclusions: Computed tomography angiography has proven to be a useful tool
in CAFs detection and morphological assessment. Proposed classification may
simplify the predictions whether fistula has a significant influence on cardiac function; however, further studies are needed. (Folia Morphol 2020; 79, 4: 777–785)
Key words: coronary, fistula, coronary computed tomography
angiography, angiography, classification

INTRODUCTION

described by Krause in 1865 [9] CAFs were found
throughout the years by means of coronary angiography, and recently in coronary computed tomography
angiographies (coronary CTAs), magnetic resonance
angiographies (MRAs) and exceptionally cardiac echocardiography.

Coronary artery fistulas (CAFs) are additional,
abnormal pathways of communication between
a coronary artery and other vascular structures (coronary arteriovenous fistulas [CAVFs]) or cardiac chambers (coronary cameral fistulas [CCFs]) [8, 22]. First
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The frequency of CAFs varies excessively. Lowest
frequency, reaching 0.002% was reported in the general population [14], whereas in patients undergoing invasive coronarography varies within the range
0.05–0.9% [11, 14, 17, 26, 28, 29]. General occurrence
is only insignificantly altered by sporadic acquired CAFs
as a result of cardiac surgery or trauma [6, 16].
Symptomatic CAFs in adults constituted about
40% of all [3]. Detection of this abnormality may be
crucial in symptomatic patients to provide successful
treatment [24]. Symptoms were reported to occur
especially in large left-to-right shunting fistulas [3].
The vessels leading the blood flow to right ventricle
and right atrium can possibly be the reason of local
micro-ischaemia. Individuals presenting these symptoms may experience continuous heart murmur, dyspnoea, chest pain, right-ventricular dysfunction-related
conditions in cases of large fistulas. Haemoptysis may
appear in coronary-to-bronchial artery fistulas [18].
Sudden cardiac death being one of the manifestations
highlights the importance of diagnosis [20]. Complications such as endocarditis, arrhythmia, myocardial
ischaemia, pulmonary hypertension, congestive heart
failure and local fistula conditions such as rupture or
thrombosis may occur.
High percentage of CAF detection, the possibility
of complex evaluation of the vessels together with
the concomitant heart abnormalities and lower radiation doses in modern computed tomography (CT)
scanners provide the CT with the chance to displace
coronary angiography as the gold standard for CAFs
diagnosis. The aim of the study is to give detailed
features of CAFs in coronary CTA and relate those
findings to cardiac function, clinical and previously
acquired data by means of angiography and former
CT-based studies.

scans by MDCT in 9727 cases by 64-row scanner
(LightSpeed VCT, General Electric Healthcare, Milwaukee Wisconsin, USA) and both retrospectively or
prospectively in 4581 cases by 256-row scanner (Revolution, General Electric Healthcare, Milwaukee Wisconsin, USA). The scan parameters were set as following: for 64 row scanner — collimation 64 × 0.6 mm
with a z-flying focal spot, pitch 0.16:1–0.25:1; gantry
rotation time 0.35 s; for 256 row scanner — tube
voltage of 120 kV; collimation 256 × 0.625 mm with
a cardiac axial spot, gantry rotation time 0.28 s. In
all examinations ECG-dependent tube current modulation was used. If a patient’s heart rate exceeded
65 beats/min, the heart rate was controlled with the
oral b1-receptor blocker metoprolol.
For coronary CTA, each patient was given an injection of 70–140 mL of iodine contrast agent (Ultravist
370, 370 mg I/mL, Bayer Schering Pharma; or Iomeron
400, 400 mg I/mL, Bracco) depending on weight, at
a flow rate of 4–5.5 mL/s followed by a 50-mL injection
of saline solution. Injection was performed through
an antecubital vein. Administration of the contrast
material was controlled by bolus tracking in the ascending aorta. The scan delay was chosen manually
in SmartPrep technique or test bolus technique. The
scan direction was craniocaudal and the range from
the level of the tracheal bifurcation to the level of the
inferior margin of the heart for routine coronary CTA
and from the level of the clavicle to the level of inferior
margin of the heart for patients who had undergone
coronary artery bypass grafts. The images were reconstructed in 10 series with 10% R-R interval (5–95%).
Image reconstruction. All the imaging data were
transferred to dedicated workstation (Advantage
Workstation version 4.3, 4.6 or 4.7, General Electric
Healthcare, Milwaukee Wisconsin USA), post-processed and carefully reviewed. The data from 14,308
consecutive patients were assessed by 2 cardiac radiologists. Apart from that further analysis of 61 patients with fistulas was performed, by 3 experienced
radiologists (with 16, 10 and 2 years of experience
in CT cardiac imaging).
The CAFs were evaluated with the original transverse images (Fig. 1A, B), multiplanar reconstructions
(MPR), maximum intensity projections (MIP, Fig. 1C),
volume-rendered images, as well as curve reconstructions (cMPR, Fig. 1D).
The CAFs characteristics included the vessels of
origin, the drainage vessels, the presence of aneurysms (defined as dilatation 1.5 times the diameter of

MATERIALS AND METHODS
A total group of consecutive 14,308 patients
(males: 6821, females: 7487, mean age: 58.2 ±
± 14.8 years; age range: 1–93) who underwent electrocardiogram (ECG)-gated multidetector CT (MDCT)
examination in First Department of Radiology, Medical University of Lublin between January 2006 and
January 2018, was retrospectively reviewed for CAF.
In over 70.0% of cases coronary artery disease (CAD)
or control after invasive treatment were the main
indications for coronary CTA.
Computed tomography protocol. CT data were
acquired with retrospective ECG-gated cardiac CT
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Figure 1. Methods of fistulas evaluation; A. A mixed type fistula with aneurysmal widening and visible contrast jet to the pulmonary trunk
(*pulmonary trunk; ¨ a mixed type fistula); B. A visible contrast intensity in the right ventricle tip, consistent with left coronary artery (LCA)
fistula to right ventricle (*right ventricle; Ø contrast extravasation from the LCA fistula); C. A linear type fistula originating from the right coronary artery (RCA) in maximum intensity projection (*left atrium; Ø RCA; Æ RCA fistula); D. Example of LCA fistula to right ventricle in curve
reconstruction (*right ventricle; Ø LCA fistula); E. Example of fistula’s shortest distance of connection measurement in longitudinal reconstruction (*right ventricle; Ø LCA fistula); F. Example of diameter measurement in a left coronary artery fistula (*pulmonary trunk;
Ø fistula vessel).

vessels), combined congenital or acquired anomalies,
and the relations with the adjacent structures.
Following morphological parameters of CAF were
measured: shortest distance of connection (SDC)
along the vessel in longitudinal reconstructions between the origin of the fistula and the drain location

(Fig. 1E), fistula range (FR) basing on oblique and
curved reconstructions, with supplementary use of
three-dimensional reconstructions to give the largest
extent of a fistula in one dimension, for fistulas consisting of one main vessel additionally diameter and
at the site of origin, diameter and area at the site of
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Figure 2. Coronary artery fistula types; A. Linear type fistula (≠); right coronary artery (RCA) (D supply); left atrium (# drainage); ascending
aorta (*); B. Spiral type fistula (¨); RCA supply (D); right ventricle (* drainage); C. Aneurysmal type fistula (Ø); left coronary artery (LCA)
(D supply); right ventricle (* drainage); left ventricle (#); D. Grid-like type fistula (Æ); LCA (D supply); left ventricle (* drainage); E. Mixed
type fistula. Aneurysmal part of the fistula (¨); spiral part of the fistula (Æ); LCA (D supply); pulmonary trunk (* drainage).

termination, diameter and area at the narrowest point
of CAF (Fig. 1F). Diameters of ascending aorta and
pulmonary trunk, ejection fraction of right and left
ventricles were also calculated. Furthermore, coronary
arteries were evaluated for CAD.
Single supply single drain fistulas were classified
as simple fistulas, in contrast to multiple fistulas with
more than one supplying vessel or more than one
drainage site.
For the aim of classifying fistulas to large and small
ones a threshold of 1.5 mm of minimal diameter in
simple fistulas and 1.5 mm of minimal diameter of
the broadest collateral in multiple fistulas was set to
distinguish large from small fistulas. The diameter
was chosen based on former studies, which predicted
haemodynamically significant flow and negligible CT
artefacts role during the assessment [25].
Based on CAF images in coronary CTA an attempt
of classifying fistulas was made. Fistulas leading directly to cardiac chamber or vessel were assigned to
linear type (Fig. 2A). Those having at least one 180

degree turn throughout their run were the spiral type
(Fig. 2B). When at least one local dilatation larger than
150% of the regular fistula diameter was observed fistula was classified as aneurysmal type (Fig. 2C). Gridlike type fistulas were characterised by multiple supplying vessels and/or multiple drainage sites (Fig. 2D).
When a fistula was combining at least 2 features of
spiral, aneurysmal and grid-like types was assigned
to mixed type (Fig. 2E).
Statistical analysis

Statistical analysis was performed with SPSS 16.0,
SPSS Inc, Chicago, IL. c2 test was used to compare
qualitative data, and the Mann-Whitney test for quantitative data. Correlation of linear measurements has
been assessed with Pearson coefficient. Values of
p ≤ 0.05 were considered to be significant.
Disclousures

This study have been performed in accordance
with the ethical standards as laid down in the 1964
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Table 1. Average shortest distances of coronary cameral fistula (CCF) connection depending on drainage site
Drainage
site

SDC [mm]
Range [mm]

Coronary artery fistula type
CCF

CAVF

RA
(n = 4)

RV
(n = 8)

LA
(n = 7)

LV
(n = 2)

PT
(n = 34)

BA
(n = 8)

Other CA
(n = 1)

Heart vein
(n = 3)

Aorta
(n = 1)

24.0

19.3

17.1

22.5

49.3

75.6

119.0

163.7

14.0

14.0–42.0

1.0–57.0

0.9–62.0

22.0-23.0

7.0–120.0

27.0–170.0

–

14.0–257.0

–

CAVF — coronary arteriovenous fistula; RA — right atrium; RV — right ventricle; LA — left atrium; LV — left ventricle; PT — pulmonary trunk; BA — bronchial artery; CA — coronary
artery; SDC — shortest distance of connection

Table 2. Number of fistulas originating from the right coronary
artery (RCA) and left coronary artery (LCA) leading to various
locations

Declaration of Helsinki and its later amendments
and was approved by the local ethical committee
of Medical University of Lublin (reference number
KE-0254/186/2015).
Informed consent was obtained from all individual
participants included in the study.

RESULTS
Coronary artery fistulas were found in 61 (0.43%)
of all 14,308 coronary CTAs performed in our department between 01.01.2006 and 31.01.2018. All
of them were classified as congenital. Mean age in
the group of patients with CAF was 58.2 ± 16.5, age
range 18–81 (33 females; 54.1%). CAD suspicion was
the most frequent clinical indication to coronary CTA
(n = 24; 39.3%), followed by previous CAF diagnosis or suspicion (n = 21; 34.4%) and other vascular
pathologies other than fistulas (n = 10; 16.4%). Least
numerous groups referred to coronary CTA consisted
of patients before pulmonary veins ablation and arrhythmia of unknown origin (both 3; 4.9%).
There were 44 simple fistulas and 17 multiple
ones. There were 10 fistulas classified as large.
In the examined group there were 68 drainage
sites. Not only coronary cameral fistulas were less
numerous than coronary arteriovenous fistulas (21;
30.9% vs. 47; 69.1%), but also were statistically
significantly shorter (average SDC 19.9 mm; range
1.0–62.0 mm, standard deviation [SD] 16.7 mm
vs. 61.8 mm; range 7.0–256.8 mm, SD 52.5 mm;
p = 0.001; Table 1). Fistula to pulmonary trunk (n = 34)
represented 55.7% of all fistulas, and was most often found CAF. Most often found coronary cameral
fistula was leading to right ventricle (n = 8, 13.1%
of all fistulas).
In the group there were 78 supplying vessels. Right
coronary artery (RCA) was the supply for fistulas leading to left atrium (n = 7), pulmonary trunk (n = 4),
right atrium (n = 3), right ventricle (n = 2), and
singular fistula to heart vein. Left coronary artery

RCA

LCA

PT

4

24

Left atrium

7

0

Right ventricle

2

6

Bronchial arteries

0

7

Right atrium

3

0

Heart vein

1

2

Aorta

0

1

Left ventricle

0

1

LAD-RCA (combined)

1 (2)

PT (combined)

6 (12)

Right atrium (combined)

1 (2)

Left ventricle (combined

1 (2)

Bronchial arteries (combined)

1 (2)

Total

78

PT — pulmonary trunk; LAD — left anterior descending branch

(LCA), regarding all branches, supplied fistulas to
pulmonary trunk (n = 24), bronchial arteries (n = 7),
right ventricle (n = 6), heart veins (n = 2) and singular
aortic and left ventricle fistulas. In one case LCA had
direct connection to RCA.
Both RCA and LCA supplied 6 fistulas to pulmonary trunk and singular fistulas to right atrium, left
ventricle and bronchial arteries (Table 2).
Fistulas originating from the RCA had the average
SDC of 46.2 mm (range 0.9–257.0 mm; SD 60.8 mm),
whereas from the LCA of 49.5 mm (range 1.0–
–220.0 mm; SD 44.0). Left circumflex artery gave most
of the longest fistulas (n = 10) with the mean length
of 103.4 mm (range 27.0–220.0 mm; SD 68.6 mm),
on the contrary it was the left anterior descending
branch (LAD) to have the shortest mean distance of
connection — 38.4 mm (range 1.0–119.0 mm; SD
23.8 mm).
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Table 3. Fistulas supply and drainage types

aneurysmal group (81.2 mm, SD 48.5 mm), whereas
it was the mixed type to have the largest mean FR
(50.0 mm, SD 19.6 mm) due to containing most complicated structure. Detailed data are given in Figure 3.
On average aneurysmal and mixed fistulas combining spiral features with aneurysmal dilatation were
wider than linear and spiral, regardless of the location
of measurement (Table 4).
Significant coronary artery stenosis was found in
13 individuals out of 61 with CAF (6 females, 7 males).
Patients with aneurysmal fistulas were less likely to
have significant changes in coronary arteries comparing to the whole investigated group (11.1% vs.
21.3%), although this correlation was not statistically
significant. Furthermore, aneurysmal group fistulas’
mean diameters of ascending aorta and pulmonary
trunk slightly exceeded the normal limits (35.2 mm;
SD 5.7 mm, and 29.2 mm; SD 5.9 mm, respectively),
whereas in other fistula types mean diameters were
within the normal values (33.3 mm; SD 5.3 mm and
28.1 mm; SD 4.9 mm, respectively for the whole
group).
In the examined group mean ejection fraction
for the left ventricle was 59.2% (range 30.7–82.1%,
SD 9.8%), for the right ventricle 45.8% (range 11.1–

Type of coronary artery fistula
1 supply,
1 drain

2 supplies,
1 drain

1 drain,
2 supplies

2 or more
supplies/drains

44 (71.1%)

4 (6.6%)

6 (9.8%)

7 (11.5%)

The majority of fistulas (71.1%) resulted to be single supply single drain type (Table 3). For this type the
mean diameter at origin was 2.2 mm with the range
0.6–17 mm, SD 3.0 mm, at ending the mean diameter was 2.1 with the range 0.7–5.0 mm, SD 1.8 mm.
The mean diameter at its narrowest point was 1.2 mm,
range 0.6–5.5 mm, SD 1.2 mm, mean narrowest
area was 2.2 mm2, SD 6.5 mm. A strong positive
correlation between the diameter at origin and shortest distance of connection was found in the single
supply single drain type (correlation coefficient 0.6,
p = 0.001). Detailed analysis for multiple fistulas was
abandoned due to limited number of examples and
negligible haemodynamic role.
Spiral type of fistula occurred most often (n = 18;
29.5%), followed by linear type (n = 15; 24.6%). The
former type had both mean SDC and FR greater than
the latter. Largest mean SDC was observed in the

90
80

SDC
FR

70

[mm]

60
50
40
30
20
10
0

Linear (n = 15)

Spiral (n = 18)

Aneurysmal (n = 9) Grid-like (n = 6) Mixed type (n = 13)

Figure 3. Characteristics of the fistula types; FR — fistula range; SDC — shortest distance of connection.

Table 4. Diameter and area of single supply single drain fistulas (n = 44)
Morphological type
of CAF/measurement

Diameter at the
site of origin
[mm]

Diameter at the
site of termination
[mm]

Diameter at the
narrowest point
[mm]

Area at the
site of origin
[mm2]

Area at the site Area at the
of termination narrowest point
[mm2]
[mm2]

Linear, N = 15 (range)

1.3 (0.8–2.3)

1.4 (0.8–2.4)

1 (0.6–2.1)

1.4 (0.5–4.2)

1.8 (0.5–4.5)

0.9 (0.3–3.5)

Spiral; N = 18 (range)

1.7 (1.1–2.3)

1.9 (0.7–4.5)

1 (0.4–1.6)

2.3 (0.9–4.2)

3.6 (0.4–15.9)

0.8 (0.1–2.0)

Aneurysmal; N = 9 (range)

3.5 (0.4–17.0)

2.4 (0.8–5.5)

1.4 (0.4–5.0)

27.9 (0.1–226.9)

6.8 (0.5–23.7)

2.9 (0.1–19.6)

Mixed; N = 2 (range)

7.8 (2.3–13.3)

6.7 (2.5–11.0)

4.1 (1.1–7.0)

71.6 (4.2–138.9)

50.0 (4.9–95.0) 19.7 (0.9–38.5)

CAF — coronary artery fistula
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–66.2%, SD 10.8%). Ejection fractions for both ventricles were the smallest in grid-like type fistulas,
with mean value of 48.0%, SD 11.9% for the left
ventricle, whereas in other types than grid-like type
types amounted to 60.4%, SD 9.8%.
The correlation for differences in ejection fraction
in grid-like type fistulas comparing to the entire population with fistulas has proven to be statistically significant (p = 0.001). Individuals with grid-like fistulas
were referred for the coronary CTA with CAF suspicion
or other vascular pathologies; none of them was referred for isolated further diagnosis of CAD. Patients
with grid-like fistulas were the youngest with mean
age 51.2. Five in 6 patients with the grid-like type
had a large fistula. All of the patients in grid-like type
fistula were having left-to-right shunting, whereas in
the whole group it was 80.3% (49 of 61 patients).
Concomitant abnormalities were: ventricular septal
defect (VSD) (n = 3), other coronary anomalies (n = 3),
bicuspid aortic valve (n = 3), atrial septal defect (ASD)
(n = 2), partial absence of pericardium (n = 1). Those
12 abnormalities were observed in 8 patients. In 53
(87%) patients RCA was the dominant artery.

of congenital variations of the coronary artery and
assigned to the group of major coronary anomalies.
Angelini [2] and Dodge-Khatami’s classification [7],
and Angelini [2] and Dodge-Khatami’s modified
classifications [7] are currently used for coronary
anatomy anomalies, both extracting CAFs [2, 7].
The Sakakibara et al. [19] classification, which is
based on angiography, divides fistulas depending
on dilatation of supplying vessel. The mentioned
and accessible classifications do not divide the fistulas based on their clinical or functional relevance.
Taking the advantage of CT, which enables the morphological assessment of a fistula and potential
additional findings, a novel system of classifying
the fistulas was proposed by the authors, with five
types: linear, spiral, aneurysmal, grid-like and mixed.
The presented morphological classification may be
used by radiologists to assess all CAFs, regardless
of the supplying vessel, fistula diameters and the
drainage site, being a useful tool for qualification
to intravascular or surgical corrections.
Linear type fistulas were the shortest with the shortest fistula range. Spiral type fistulas, found most often
(29.5%), were longer than linear due to their course.
Possibly relevant findings were observed in the aneurysmal type fistulas. Firstly, patients with aneurysmal fistulas had wider ascending aorta and pulmonary trunk in
comparison to other fistula types. This may correspond
to congenital tendency in cases of multiple aneurysms
in other locations. Secondly, fewer cases with relevant
CAD were found in the aneurysmal group.
Individuals with grid-like type were among the
youngest and with the lowest left ventricle fraction.
In the grid-like type fistulas there were 5 patients
with large fistula (83%), comparing to the general
occurrence of 8%. This difference has proven to be
statistically significant. All of the grid-like fistulas were
left-to-right shunting. Mentioned features, combined
with the fact that neither of them was referred for
the coronary CTA due to CAD, suggests these patients
had haemodynamically significant fistulas. Potentially
clinically relevant findings in aneurysmal and grid-like
fistula types need further researches due to limited
number of patients in mentioned groups.
Fistulas attached to aneurysmal and mixed types
were connected with aneurysms, in 18 out of 61
individuals (29.5%), which confirms the previously reported tendency of aneurysmal occurrence in fistulas
[19]. No typical concomitant anomalies were bound
with the new fistula types. No statistically significant

DISCUSSION
In the examined population the prevalence of
CAF was 0.43%, whereas in previous coronary CTA
researches it amounted to 0.2–0.9% [11, 28, 29],
similarly to angiography reports — 0.3–0.9% [26].
The majority of detected fistulas reported in previous
reports were described as congenital [6, 21]; our
study proved this findings — no fistula in our group
was classified as acquired. Out of the 61 patients CAF
was previously diagnosed or suspected in 21 (34%)
cases. The accessible literature lacks comparable data.
Pulmonary trunk was most often the drainage site
(55.7%), similarly to previous reports [1, 29], so was
the LAD the supplying vessel (54.1%). A large, recent,
coronarography study, which included 298,558 patients with 261 noted fistulas in Polish population,
gives alike most often found drainage site and supplying vessel [15].
Including multiple fistulas, CCFs accounted for
69.1% of all CAF cases. Even though fistulas originating from the LAD branch were the shortest
(38.4 mm), this fact does not determine they also
provided the highest blood flow, as shortest fistulas
had also the smallest diameter.
Since most CAFs are reported to be congenital
they were included in the Ogden classification [13]
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relationship was observed between coronary artery
domination and type of the fistula.
The proposed classification due to correlation with
clinical findings can possibly be helpful in improving
the communication between radiologists and clinicians. Blood flow through the CAF may be of a significant importance especially in patients with severe CAD
in which distal to the stenosis perfusion may be furtherly reduced due to the leakage through the fistula.
Eight (13%) patients had concomitant heart abnormalities. VSD were most often observed, as well
as other coronary anomalies and bicuspid aortic valve.
According to the previous reports CAFs occur with
concomitant congenital pathologies in 20–45% [12].
Tetralogy of Fallot, VSD aneurysm of the sinuses of
Valsalva, anomalous origin of the LAD, ASD patent
ductus arteriosus, tricuspid and pulmonary valve disorders were observed in previous studies [4, 5]. The
difference of concomitant abnormalities occurrence
may be due to the fact that all of examined patients
were adults.
Pre-operative planning based on CT multiplanar
and three-dimensional reconstructions gives surgeons
the chance to localise all sections of complex configurations, being probably more clinically relevant
than short and mostly narrow linear fistulas. Adequate clinical indications need to be fulfilled for the
examination as it uses ionizing radiation and possible
iodinated contrast side effects. In previous studies
coronary CTA has proven to be a compelling diagnostic tool before surgery [10, 23] and probably it may
reduce the chance of misdiagnosis, which was reported in the case of echocardiography imaging [27].

and cardiac function being a reliable non-invasive
diagnostic tool.
Coronary artery fistulas are rare, often asymptomatic findings. Coronary CTA is a useful tool for CAF
detection and morphological characterisation. New
morphological classification may be a helpful tool in
anticipating CAF influence on the cardiac function.
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Background: In this retrospective study, we aimed to determine the variations of
kidney arteries and veins in kidney donor patients who underwent preoperative,
computed tomography angiography (CTA).
Materials and methods: We analysed kidney CTA findings of 91 donor nephrectomy patients operated from July 2016 through December 2017. Demographics,
vascular diameters, abnormalities, numbers, branching variations, routing variations of arteries, and veins were assessed according to CTA images. We also
compared the radiological findings with perioperative findings. Two radiologists
evaluated CTA images, and the same surgical team performed all donor nephrectomies by laparoscopic approach.
Results: Ninety-one of the 96 patients involved to study. Forty-six (50.5%) patients
were female. Thirty-five (38.4%) of 91 cases had accessory arteries. Seven (7.6%)
right, 1 (1.1%) left and 8 (8.7%) bilateral double hilar artery was observed on CTA.
No statistically significant difference was observed in the evaluation of the side
of accessory/polar arteries (p > 0.05), and in the evaluation of the distribution of
arterial/venous variations according to perioperative findings (p > 0.05). However,
in the evaluation of CTA images, we found that the diameter of the kidney artery
and vein differed according to gender and side.
Conclusions: The knowledge of the vascular variations of the kidney is essential
for surgeons performing kidney transplantation. It is also essential for urologist
and vascular surgeons. Incompatible with the literature, the right kidney has more
vascular variations and, one kidney artery is found in the majority of Turkish kidney
donor patients. (Folia Morphol 2020; 79, 4: 786–792)
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nephrectomy, vascular, variation, radiology, kidney transplantation
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Donor nephrectomies (n = 100)
Exclusion criteria (n = 9)
• Preoperative CTA performed at another institution (n = 5)
• Deceased kidney donors (n = 4)
• Patients, who did not want to participate to the study protocol (n = 0)

Evaluation (n = 91)
• Demographics
• Preoperatvie CTA
• Perioperative ndings

Inclusion criteria (n = 91)
• Donor nephrectomies were performed at our institution
• Preoperative CTA performed at our institution

Figure 1. Scheme of the present study; CTA — computed tomography angiography.

INTRODUCTION
ary renal arteries in kidney donor patients according
to preoperative computed tomography angiography
(CTA) images and compare this results with perioperative findings.

Kidney transplantation is the gold standard treatment option for patients with end-stage kidney disease
[24], and vascular variations of this organ are the most
critical anatomical variations that should be entirely
known by kidney transplant surgeons [29]. According to
traditional anatomical knowledge, one single artery originating from the abdominal part of the aorta at the second lumbar vertebral plane and supplies each kidney [2].
However, the vascular net of the kidneys has many
variations which are divided into two main topics: early
division (prehilar branching) and extrarenal arteries.
Prehilar branching is branching of the main artery of
the kidney into segmental arteries before entering hilus
of the kidney. Extrarenal arteries are classified into two
groups: hilar arteries and polar arteries. Hilar artery
enters renal hilus with the main artery, whereas polar
arteries directly enter the kidney capsule outside the
hilus [20]. Accessory arteries of the kidney may falsely
be defined radiologically or perioperatively as polar
arteries constitute the most prevalent and clinically
significant arterial variation of kidneys [15]. The incidence of these accessory arteries varies according to sex
and race [15, 29]. Evaluating this complex vascular net
with preoperative radiological examinations protects
the surgeon from many perioperative difficulties and
prevents complications. Besides, the importance of
imaging methods for the identification of renal vascular
net has become more crucial to obtain more safety and
feasibility in the era of laparoscopic surgery. Regarding
the increase in the number of kidney transplantations,
knowledge of the vascular variations of this organ is
essential for transplantation surgeons.
In the present study, we aimed to analyse the variations of renal arteries and frequency of supernumer-

MATERIALS AND METHODS
Inclusion criteria
The patients who underwent living kidney donor

nephrectomy consequently from July 2016 through
December 2017 at Istanbul Okan University Hospital
and Research Centre were enrolled in this observational cohort study.
Exclusion criteria

The patients who had CTA at another institution,
who did not want to participate in the study protocol
and deceased kidney donors were excluded from the
study (Fig. 1).
Surgical procedure

The same two surgeons performed all surgical
procedures by using the video-assisted mini-incision
technique, which was described and standardised
by Choi et al. [3].
Radiologic evaluation of the individuals

Two different radiologists evaluated CTA images
of all individuals. In case of difference of opinion, CTA
images were assessed until a consensus was reached.
Vascular diameters, abnormalities, numbers, branching variations, routing variations of arteries, and veins
were assessed according to CTA images. Diameters of
renal arteries (primary or accessory) were measured
from the origin of the aorta (Figs. 2, 3), the diameter
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reviewed and approved by the ethics committee of
Istanbul Okan University, Istanbul (No: 104, Date:
March 13, 2019). All individuals gave written informed consent.
Statistical analysis

Statistical analyses were performed using the
Number Cruncher Statistical System 2007 (Kaysville,
Utah, USA). The study data were evaluated using
descriptive statistical methods (Frequency, Rate).
Qualitative data were compared using Pearson χ2
and Fisher–Freeman–Halton tests. P < 0.05 was considered to be significant.

Figure 2. Polar artery of the right kidney in computed tomography
angiography image (red arrow).

RESULTS
Study population
Ninety-five kidney transplants were performed over

17 months. Four kidney transplantations were cadaveric
transplantations, which were excluded from the study.
Demographics

Forty-six (50.5%) patients were Caucasian female,
and 45 (49.5%) were Caucasian male. The mean age
of the patients was 44.05 ± 13.76 in both genders,
47.8 ± 12.97 in females, 40.2 ± 13.64 in males
(Table 1).

Figure 3. Prehilar branching of left kidney artery in computed
tomography angiography image (red arrow).

of all renal veins (primary or accessory) was measured
from the connection of venae cavae.

Vascular findings according to CTA
Tomography technique

Seventy-one (78%) cases had a single right, 70
(69%) cases had single left renal arteries. Thirty-five
(38.4%) of 91 cases had accessory arteries, 14 (15.3%)
left, 15 (16.4%) right, 6 (6.6%) bilateral accessory
arteries were detected in CTA and, the origins of all accessory arteries began from the aorta. Three (3.29%)
right, 1 (1.09%) left, 1 (1.09%) bilateral polar arteries
which entered the parenchyma of the kidney directly
through the kidney capsule were identified. According
to gender, no statistically significant difference was
observed in terms of side of accessory and polar
arteries (p > 0.05, p > 0.05, respectively; Table 2).
Eighty-five (93.4%) cases had a single right,
8 (87.9%) cases had single left renal veins. Three
(3.3%) of 91 cases had double right veins, 1 (1.1%)
of 91 cases had triple right veins, and 1 (3.3%) double
left renal vein was detected in CTA. Also, 8 (8.7%) left
renal veins were a circumaortic route, and 6 (6.6%)
left renal veins routed retroaortic. According to gender, no statistically significant difference was observed
in terms of side of single or double veins (p > 0.05,
p > 0.05, respectively; Table 2).

Nonionic and water-soluble contrast medium
were injected intravenously (1 mL per kg) at the rate
of 4–5 mL/s with automatic pressure injector. CTA
was performed on a 64-slice computed tomography
(CT) scanner (Optima CT 660, General Electric Medical
Systems, Milwaukee, Wisconsin, USA). The scans were
obtained by tube current automodulation (80–450
mAs) with adaptive statistical iterative reconstruction,
tube voltage 120 kVp, gantry rotation time 0.6 s,
detector coverage 40 mm, slice thickness 1.25 m,
and pitch 1.375. Acquired contiguous axial 1.25 mm
slice CT images were reformatted in the coronal and
sagittal plane as well, and all images were transferred
to picture archiving communication systems for further analysis.
Ethical approval and informed consent

All procedures performed in studies involving
human participants were following the Helsinki
Declaration and its later amendments or comparable ethical standards. The study protocol was also
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Table 1. Patients’ characteristics

Table 3. The diameter of arteries and veins according to gender
and side (evaluated according to computed tomography angiography)

Age [year]
Min–Max (median)

20–71 (44)

Mean ± SD

Side

Female (n = 46)

Male (n = 45)

Pb

Right

5.37 ± 0.76

5.56 ± 0.89

0.048*

46 (50.5%)

Left

5.65 ± 0.64

5.81±0.76

0.317

45 (49.5%)

Pa

0.013*

0.462

Right

6.69 ± 1.2

6.98 ± 2.1

0.006**

18.6–40.23 (28.2)

Left

6.04 ± 1.26

6.36 ± 1.98

0.015*

28.30 ± 4.44

44.09 ± 13.54

Artery [mm]

Gender
Female
Male
BMI [kg/m2]

Vein [mm]

Min–Max (median)
Mean ± SD
Hospitalisation time (day)
Min–Max (median)

Accessory
artery [mm]

2–9 (3)

Mean ± SD

P

0.004**

0.022

Right

3.3 ± 0.92

3.6 ± 1.26

0.001**

Left

2.7 ± 0.81

2.97 ± 1.12

0.003**

P

0.120

0.004**

a

3.61 ± 1.39

a

BMI — body mass index; SD — standard deviation

a

Table 2. Distribution of arterial and venous variations according
to gender

Table 4. Distribution of arterial and venous variations according
to perioperative findings

Mann-Whitney U Test; *p < 0.05; **p < 0.01

Right

Left

P

Single artery

21 (100%)

61 (85.9%)

0.084a

0.101a

Single vein

20 (95.2%)

67 (94.3%)

0.91a

9 (20%)

0.076

Triple artery

1 (4.7%)

3 (4.2%)

0.43b

5 (10.8%)

9 (20%)

0.403b

Double artery

0 (0%)

8 (11.2%)

0.49b

Accessory left-right RA

2 (4.3%)

4 (8.9%)

0.567b

Double vein

0 (0%)

1 (1.4%)

0.19b

Polar right RA

1 (2.2%)

2 (4.4%)

0.119

Single left RV

46 (100%)

44 (97.7%)

0.192a

Single right RV

42 (91.3%)

43 (95.5%)

1.000a

Double right RV

2 (4.3%)

2 (4.4%)

1.000b

Female

Male

P

Single left RA

39 (84.8%)

32 (71.1%)

0.094

Single right RA

38 (82.6%)

32 (71.1%)

Accessory right RA

6 (13%)

Accessory left RA

a

b

b

a

Fisher’s Exact Test; bStudent t-test

Table 5. Kidney computed tomography (CT) angiography
— perioperative findings vascular discordance cases

Fisher’s Exact Test; bStudent t-test; RA — renal artery, RV — renal vein

a

Case

Different perioperative
findings

Operation
side

Preoperative
CT findings

1

Left

Double left arteries

Single left artery

2

Left

Single left artery

Double left arteries

3

Left

Single left artery

Double left vein

Perioperative vascular findings

4

Left

Single left artery

Double left vein

Twenty-one right, 70 left donor nephrectomies
performed laparoscopically during 1 year. Twenty-one
(100%) single right, 61 (87.14%) single left arteries
were found. Also, 8 (11.42%) double arteries and
1 (11.42%) triple artery were detected on the left
side. Twenty (95.2%) single right veins and 1 (4.8%)
double right vein were found on the right side. Also,
67 (95.7%) single, 3 (4.3%) double veins were located on the left side (Table 4). Perioperative vascular
findings of 5 (5.5%) patients were different from
preoperative performed CTA and shown in Table 5.

5

Left

Single left artery

Double left arteries

The diameter of arteries and veins according to
gender and side are shown in Table 3.

DISCUSSION
The variations of the kidney vascularisation make
the preoperative assessment of arterial and venous
anatomical conditions critical. The knowledge of
these vascular abnormalities, variations or origin diversities preoperatively preserves both patient and
surgeon against unexpected surgical complications.
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The mesonephric arteries which exist during embryological development create a vascular net named
as “rete arteriosum urogenitale” and feeds kidneys,
adrenal glands, and gonads. Over embryological development, all mesonephric arteries degenerate except
one which creates renal arteries and supplies arterial
circulation of the kidneys [8]. Alterations in this embryological development process cause the creation
of vascular variants or abnormalities of kidneys.
A single renal artery which takes origin from the
abdominal part of the aorta at the level of the second
dorsal vertebra on either side and one renal vein which
routes anterior to the renal artery is found in the majority of the cases [13]. The inferior positioning of right
kidney creates a longer course of the artery. The right
renal vein also has a shorter route which is 2–3 cm, and
it joins the lateral edge of inferior vena cava. The left
renal vein has a more extended course which is 6–10
cm and joins the medial side of inferior vena cava [20].
Many studies show a wide distribution in the
prevalence of supernumerary renal arteries (9–76%)
[1, 4, 11, 15, 18–20, 26, 28]. A recent study published
by Sośnik and Sośnik [31] revealed that renal arterial
variations were prevalent in the Polish population.
Staśkiewicz et al. [32] also observed that the incidence
of multiple renal arteries was 27%. Staśkiewicz et al.
[32] also found that the incidence of supernumerary
renal arteries is more common on the right kidney.
Another morphometric study of Satyapal et al. [28]
demonstrated that single renal arteries were more
common on the right kidney. In contradistinction to
Satyapal et al. [28] and Staśkiewicz et al. [32], Ozkan
et al. [20] and Dogra et al. [8] reported single renal
arteries were more common on the left kidney. Our
study is compatible with the study of Ozkan et al.
[20] and Dogra et al. [8]. The majority of the analysed
cases were African American and Indian in the study
of Satyapal et al. [28]. Unlike the Satyapal et al. [28],
all cases were the Caucasian race in our study. Also,
according to the study of Saldarriaga et al. [25], high
frequency of supernumerary renal arteries is reported
in Caucasian and African (30–40%), as opposed to
Indian population (13.5%). Similar to our results,
Saldarriaga et al. [25] and Staśkiewicz et al. [32] did
not observe gender differences in frequency of supernumerary arteries. There may be vascular variations
according to races, but further studies are needed
on this topic. In any event, preoperative identification of renal arteries is crucial for a safe and feasible

nephrectomy procedure. Nowadays, supernumerary
renal arteries are no longer contraindication for laparoscopic donor nephrectomy procedure. However,
awareness of supernumerary arteries may help to
obviate possible complications [12, 32].
Prehilar or double hilar branching is a standard
variant in which the main artery of the kidney subdivides into segmental arteries at a more proximal
level before entering the hilum of the kidney. Prehilar
branching is momentous for donor nephrectomy procedure because most surgeons need at least 1.0 cm
arterial length for anastomosis without stricture and
good blood supply of the transplanted kidney [26].
Double hilar branching was reported in many studies
and ranges between 10% and 25% [9, 19, 23, 27].
The present study observed double hilar branching
in 17.6% of cases.
The accessory arteries of the kidney mostly begin
from the abdominal part of the aorta and supply the
bloodstream of the inferior and superior pole of the
kidney [10]. In the study of Kumar and Prabha [17],
the incidence of these arteries reported as 19%, and
Weld et al. [34] observed the frequency as 24.7%.
In the presented study, 35 (38.4%) of 91 cases had
accessory arteries.
In comparison with the perioperative findings, we
found a precision rate of 94.5% with CTA describing
vascular anatomy of the transplanted kidney. Our
results are compatible with the previous literature,
which reports a concordance rate of 87–97% [5–7,
14, 21, 22, 30, 33]. Only 5 of our cases have different
vascular findings on CTA compared to perioperative
findings. Platt et al. [21] and Del Pizzo et al. [7] which
are the two most extensive series about this topic
reported the concordance rate of 95% and 93%, respectively. Although different perioperative findings
do not result in catastrophic outcomes to any of our
patients, we think that preoperative imaging of the
kidney donor can be improved. This improvement
could be accomplished by improved communication
between radiologist and surgeon.
Surgeons should be careful in dissecting the fat to
avoid accidental injury to these arteries; they supply
a particular segment of the kidney and do not anastomose with adjacent arteries. Accidental damage of
these arteries during fat dissection over the kidney
leads to necrosis of a kidney segment as these arteries
are end arteries and can increase the failure rate due
to renal vascular thrombosis [16].
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Pubmed: 28980056.
19. Merklin RJ, Michels NA. The variant renal and suprarenal
blood supply with data on the inferior phrenic, ureteral
and gonadal arteries: a statistical analysis based on 185
dissections and review of the literature. J Int Coll Surg.
1958; 29(1 Pt 1): 41–76, indexed in Pubmed: 13502578.
20. Ozkan U, Oğuzkurt L, Tercan F, et al. Renal artery origins
and variations: angiographic evaluation of 855 consecutive patients. Diagn Interv Radiol. 2006; 12(4): 183–186,
indexed in Pubmed: 17160802.
21. Platt JF, Ellis JH, Korobkin M, et al. Helical CT evaluation
of potential kidney donors: findings in 154 subjects. Am
J Roentgenol. 1997; 169(5): 1325–1330, doi: 10.2214/
ajr.169.5.9353451, indexed in Pubmed: 9353451.

Limitations of the study

The study limitations include its retrospective
nature, and the limited number of patients makes
it difficult to draw firm conclusions. Also, not to
evaluate small vessels that cannot be seen on CTA or
non-preserved arteries that are too small to be anastomosed by the surgeon is another critical limitation
of the present study.

CONCLUSIONS
The knowledge of the vascular variations of the
kidney is essential for surgeons performing kidney
transplantation. Incompatible with the literature, the
right kidney has more vascular variations and, one
renal artery is found in the majority of Turkish kidney
transplant patients. Each artery should be preserved
to prevent segmental ischaemia. Due to technical
simplicity, left donor nephrectomy is preferred. According to this study, vascular variations are more
common on the right side. So, evaluation of these
vascular variations in transplant surgery is essential for
preoperative surgical planning. CTA provides useful
information about vascular variations of the kidney.
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Background: Left renal vein (LRV) variations occur in 0.8–10.2% of the population. The most common LRV variations are retroaortic left renal vein (RLRV) and
circumaortic left renal vein (CLRV). The purpose of this study is to determine the
frequency of LRV variations in a large series on computed tomography (CT) and
to investigate the association between LRV and malignancy development.
Materials and methods: Between January 2015 and January 2017, an abdominal CT examination of 12,341 (5505 female, 6836 male) patients was evaluated
retrospectively in this study. Patients’ clinical and demographic data were recorded
using the Hospital Information System.
Results: Left renal vein variations were detected in 314 (2.54%) of the 12,341
patients within the study. Of the 314 cases found to have LRV variations, 227
(1.84%) had RLRV, and 87 (0.70%) had CLRV. There was no statistical difference
in total LRV variations (p = 0.083) and CLRV variation (p = 0.96) groups in terms
of gender. However, the RLRV variation was found to be 1.32 times higher in
males than in females (p = 0.039). Of the 314 patients with LRV variations, 73
(23.2%) had any sort of concomitant malignancy.
Conclusions: A high incidence of malignancy was detected in patients with LRV
variations. Of the LRV variations, RLRV variation is more common than CLRV variation. The presence of total LRV variations and CLRV variations is not associated
with gender; whereas the presence of RLRV variation is more common in males.
(Folia Morphol 2020; 79, 4: 793–798)
Key words: renal vein, variation, abnormality, malignancy, computed
tomography, circumaortic, retroaortic

INTRODUCTION

into the IVC by crossing anteriorly over the abdominal
aorta in the majority of cases. However, the anomalies
arising in the LRV during the complex embryogenesis
lead to the formation of variations [2, 10, 16].
Left renal vein variations occur in 0.8–10.2% of
the population, although it varies depending on the
research method (Table 1). The most common LRV

Inferior vena cava (IVC) and renal vein variations
originate from the anomalies in the anastomoses of
the three paired veins, including subcardinal, supracardinal and postcardinal veins, during embryonic
development, and they may have numerous forms
[8, 14]. Normally, a single left renal vein (LRV) drains
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Table 1. Frequency of left renal vein variations in studies using different methods
Study (year) [Ref.]

Method

Sample size

RLRV

CLRV

Total LRV

1. (2008) [9]

CT

153

0.7%

1.3%

2%

2. (1982) [13]

CT

433

1.8%

4.4%

6.2%

3. (2016) [1]

PET-CT

222

2.70%

3.15%

5.85%

4. (2013) [5]

CT

1204

3.1%

2.1%

5.2%

5. (2007) [10]

CT

1120

4.7%

5.5%

10.2%

6. (2012) [6]

MRI

2644

1.66%

1.02%

2.68%

7. (2017) [7]

MRI

3000

2.1%

0.5%

2.6%

8. (2017) [17]

Autopsy

550

4.2%

3.8%

8.0%

9. (2014) [3]

CT

746

7.4%

2.4%

9.8%

10. (2015) [19]

CT

1452

2.1%

2.1%

4.2%

11. (2004) [18]

CT

984

2.3%

0.9%

3.2%

12. (1999) [16]

Autopsy and in-vivo

1008

0.5%

0.3%

0.8%

13. (2016) [4]

CTA

504

4.2%

5.2%

9.7%

CLRV — circumaortic left renal vein; CT — computed tomography; CTA — computed tomography angiography; LRV — left renal vein; MRI — magnetic resonance Imaging; PET-CT —
positron emission tomography-computed tomography; RLRV — retroaortic left renal vein
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Figure 1. Circumaortic left renal veins in a 66-year-old male patient (A, B) with colon cancer, a 20-year-old male patient (C, D) without concomitant malignancy and a 56-year-old female patient (E, F) with non-Hodgkin lymphoma. Contrast-enhanced computed tomography scans
show the left renal veins coursing anterior (red arrows in panels A, C, E) and posterior (red arrows in panels B, D, F) to the aorta.

variations are retroaortic left renal vein (RLRV) and
circumaortic left renal vein (CLRV) (Figs. 1, 2). With
recent developments in imaging techniques and frequent use of imaging modalities, these abdominal
vein variations are identified more frequently during
routine examinations. Although it is known that the
detection of LRV variations is clinically important for

both surgical and diagnostic reasons, the relationship between these variations and malignancy is not
known [7, 10, 13, 16, 19].
In this study, we aim to determine the frequency of LRV variations in a large series on computed
tomography (CT) and to investigate the association
between LRV and malignancy development.
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Figure 2. Retroaortic left renal veins in a 62-year-old female patient (A) with colon cancer, a 57-year-old male patient (B) without concomitant
malignancy and a 79-year-old female patient (C) with non-Hodgkin lymphoma. Contrast-enhanced computed tomography scans show the left
renal veins (red arrows in panels A, B, C) coursing posterior to the aorta.

MATERIALS AND METHODS

the IVC by passing posteriorly over the aorta is defined
as RLRV. An LRV complex that drains into the IVC by
passing anteriorly and posteriorly around the aorta
and forming a venous circle was defined as CLRV.

Patient characteristics
Approval was obtained from the Marmara University Ethics Committee (No: 09.2018.347) before the

study began. The clinical and demographic data of
cases were obtained from the hospital information
management system and patient files.
The patients abdominal CTs, which were taken for
any reason during the 2-year period between January
2015 and January 2017 in Marmara University Pendik
Training and Research Hospital, were retrospectively
reviewed. Patients whose vascular structures could
not be evaluated due to previous abdominal surgery
or intraabdominal mass were not included in the
study. Only one abdominal CT examination per patient of those who has had multiple CT examinations
was included in the study. In total, abdominal CTs of
12,341 patients, which were evaluated by a radiologist with 20 years of abdominal radiology experience,
were included in the study.

Statistical analysis

Descriptive analysis was carried out for the case
characteristics. The continuous variables were reported as mean ± standard deviation. The rates were expressed in numbers and corresponding percentages.
The percentages are indicated by confidence intervals
(CIs). The data obtained were analysed using the SPSS
17.0 statistical package programme (SPSS Inc., Chicago, IL, USA), and the statistical analysis was assessed
at a significance level of p < 0.05. The correlations of
the categorical variables were determined using the
c2 test. The male and female cases were compared
using probability rates and CIs.

RESULTS
Left renal vein variations were detected in 314
(2.54%) of the 12,341 cases within the study.
Of these cases, 5505 (44.6%) were female, 6836
(55.4%) were male and the median age was 46.5
(distribution: 4–88 years). Of the 314 cases found
to have LRV variations, 227 (1.84%) had RLRV, and
87 (0.70%) had CLRV.
In females, the total number of cases with LRV
variations, RLRV variation and CLRV variation (with
corresponding percentages) was 125 (2.27%), 86
(1.56%) and 39 (0.71%), respectively. In males, the
total number of cases with LRV variations, RLRV variation and CLRV variation (with corresponding percentages) was 189 (2.76%), 141 (2.06%) and 48 (0.70%),

CT protocol and image interpretation

Examinations were carried out with 256-slice CT
scanner or 16-slice CT scanner devices. The obtained
axial images were loaded into a Picture Archiving
Communication System workstation and the imaging
findings were evaluated using the axial slices and, if
necessary, the reformatted multiplanar reconstruction
images. The image analysis was performed by the
same radiologist using consecutive axial CT images.
The course of the LRV was shown uninterruptedly
from the kidney hilus to the IVC. An LRV that drains
into the IVC by crossing anteriorly over the aorta is
accepted to be normal, whereas an LRV draining into
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Table 2. The frequencies and distribution of left renal vein (LRV) variations in cases
Total (n = 12341)
No. of patients (%)

Females (n = 5505)
No. of patients (%)

Males (n = 6836)
No. of patients (%)

227 (1.84%)

86 (1.56%)

141 (2.06%)

Retroaortic LRV variations
Circumaortic LRV variations

87 (0.70%)

39 (0.71%)

48 (0.70%)

Total LRV variations

314 (2.54%)

125 (2.27%)

189 (2.76%)

Table 4. Cancers distribution according to location/system in
patients with left renal vein variation

Table 3. The frequencies and distribution of retroaortic (RLRV)
and circumaortic (CLRV) left renal vein (LRV) variations
Variation

Gender
Female

Number

Per cent of total

Digestive/gastrointestinal

27

37.0%

Gastric cancer

11

15.1%

Total
Male

CLRV
39

48

87

Colon cancer

7

9.6%

% within CLRV

44.8%

55.2%

100.0%

Pancreatic cancer

6

8.2%

% within gender

31.2%

25.4%

27.7%

Rectal cancer

2

2.7%

27.7%

Oesophageal cancer

1

1.4%

Haematologic/blood

25

31.5%

Non-Hodgkin lymphoma

9

12.3%

7

9.6%

7

9.6%

Lung cancer

4

5.5%

314

Genitourinary cancer

4

5.5%

3

4.1%

3

4.1%

Count

% of total

12.4%

15.3%

RLRV
Count

86

141

227

% within RLRV

37.9%

62.1%

100.0%

Hodgkin lymphoma

% within gender

68.8%

74.6%

72.3%

Haematologic malignancy

72.3%

Others

% of total

27.4%

44.9%

Total LRV
Count

125

189

% within LRV

39.8%

60.2%

100.0%

Gynaecologic cancer

% within gender

100.0%

100.0%

100.0%

Breast cancer

% of total

39.8%

60.2%

100.0%

Miscellaneous

9

12.3%

Total

73

100.0%

respectively. The frequencies and distribution of LRV
variations are given in Tables 2, 3.
The correlation of LRV variations with gender was
determined using the c2 test. No statistically significant correlation was found between gender and
total LRV variations (p = 0.083). CLRV variation was
found to be approximately equally frequent in both
males and females. Likewise, no statistically significant correlation was found between CLRV variation
and gender (p = 0.96). However, the RLRV variation
was found to be 1.32 times higher in males than in
females (95% CI 1.01–1.72), which was statistically
significant (p = 0.039). Thus, the RLRV variation was
determined to be related to gender.
Of the 314 patients with LRV variations, 73
(23.2%) had any sort of concomitant malignancy,
the most common of which were gastrointestinal system malignancy, which appeared in 27 (37.0%) cases
and haematological malignancy which appeared in

23 (31.5%) cases (Table 4). There was no statistical
difference in the retroaortic LRV and circumaortic LRV
groups in terms of gender (p = 0.269) and malignancy frequency (p = 0.59).

DISCUSSION
The development of renal veins and IVC are highly complex processes associated with each other.
This process covers the period between the fourth
and eighth weeks of the embryogenesis, and consequently, IVC develops from a network of three
parallel vascular pairs, including posterior cardinal,
lower cardinal, and supracardinal vessels, in order
of appearance. During this period, anastomotic communication occurs between the subcardinal and supracardinal canals with a vascular collar surrounding
the anterior and posterior aorta. The dorsal arch of
the circumaortic collar regresses and the progression
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of the ventral arch of the circumaortic collar forms
a normal LRV. Conversely, the RLRV is caused by the
persistence of the dorsal arch of the renal collar and
the regression of the ventral arch, so that a single LRV
passes through posterior to the aorta. CLRV results
from the persistence of both the dorsal and ventral
arches of the renal ring so that the LRVs pass through
both anterior and posterior to the aorta [2, 14].
Although the clinical and imaging findings of the
mesoaortic compression of the LRV (nutcracker phenomenon) are well described in the literature, there
is limited information on RLRV and CLRV. With the
increased use of imaging modalities, the identification
of these variations has become clinically important
for both surgical and diagnostic reasons. Recognition
of vascular variations before renal venous sampling,
preoperative evaluation of renal donors, splenorenal
shunt placement, vena cava filter placement, nephrectomy, aortic surgery, and staging of renal cell
carcinoma is crucial to preventing misdiagnosis and
complications, such as retroperitoneal haemorrhage,
nephrectomy, and even death. Recognition of these
variations is also important in the differential diagnosis of retroperitoneal pathology [8–10].
Even though abdominal venous structures can be
evaluated with different radiological modalities, such
as CT, CT angiography, Doppler, magnetic resonance
and ultrasonography, CT is the preferred imaging
modality for the evaluation of abdominal venous
vascular structures due to higher patient compliance,
lower cost, fast and easy applicability and reliability
[1, 3, 4, 7].
The prevalence of RLRV and CLRV was reported to
be 0.5–7.4% and 0.3–6.3%, respectively, in a newer
various studies conducted by using autopsy series,
CT, CT angiography, magnetic resonance, and positron emission tomography-computed tomography
[1, 3–7, 9, 10, 13, 16–19]. The reported incidence
of LRV variations varies widely (Table 3). The high
difference between the study results may be due
to the different modalities of the studies, patient
characteristics included in studies or the number of
patients. However, in general, the incidence of LRV
variations is around 2%.
Our study included the CT images of 12,341 patients which is one of the most comprehensive studies
in the literature in terms of investigation of LRV variations. Similar to previous studies in the literature, the
incidences of LRV, RLRV, and CLRV variations were also
found to be 2.27%, 1.56%, and 0.71%, respectively,

in our study. The results of our study show that the
incidence of total LRV variations in the Turkish population is similar to that of other races [9, 13, 15, 17, 19].
Similarly to our results, most of the studies reported that the incidence of RLRV variations was higher
than that of CLRV variations [3, 5–7, 16–18]. However,
some studies found that the incidence of CLRV variations higher that RLRV variations [1, 9, 10, 13]. RLRV
variations are less complex than CLRV variations. This
may be due to different embryological development
processes of these renal vein variations.
While there was no gender correlation regarding
LRV in some previous studies, Dilli et al. found that
RLRV was more common in females than in males
[5, 6, 18, 19]. In our study, there was no correlation
between total LRV and CLRV; and gender. In contrast
to Dilli et al. [5], we found that the incidence of RLRV
was statistically significantly higher in males than in
females. This difference between the studies may be
due to differences in the number, characteristics of
patients included in the studies or due to differences
in investigation modalities.
Interestingly, there was a concomitant malignancy
in 73 (23.2%) of 314 cases with LRV variations in
our study. The majority of concomitant malignancies
were gastrointestinal system (37.0%) or haematologic
(31.5%) malignancies. Of the 27 (37.0%) concomitant gastrointestinal system malignancies, 11 (15.1%)
were gastric cancer, 7 (9.6%) were colon cancer,
6 (8.2%) were pancreatic cancer, 2 (2.7%) were rectal
cancer and 1 (1.4%) was oesophageal cancer. Of the
25 (31.5%) accompanying haematologic malignancies, 9 (12.3%) were Hodgkin’s lymphoma, 7 (9.6%)
were non-Hodgkin’s lymphoma and 7 (9.6%) were
other haematologic malignancies (Table 4). There is
no comprehensive information in the literature other
than a few cases with left renal variation accompanied
by malignancy [11, 12]. More extensive studies are
needed to demonstrate whether there is a correlation
between the embryological development of the renal
vein variation and malignancy development.
Limitations of the study

Our study has some limitations. Abdominal CT
examinations of all the cases included in the study
were performed for any reasons such as trauma scan,
diagnosis of abdominal pathology, and cancer screening or follow-up, however, the results of the study
cannot be generalised to the entire population since
healthy people were not included in the study because
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of the radiation risk. Despite that, the size of the study
population is the main strength of this study.

7.

CONCLUSIONS
In conclusion, CT is a fast and reliable method for
detecting renal vein variations. Of the LRV variations,
RLRV variation is more common than CLRV variation.
The presence of total variations in LRV and CLRV is
not associated with gender; whereas the presence of
RLRV variations is more common in males.
The incidence of LRV variation is above 2% and
incidentally identified vascular variations during routine CT scans should always be reported since they
are of clinical and surgical importance. During routine
abdominal CT reporting, it should be kept in mind
that LRV variation will be detected in approximately
one of every 50 patients, and if not detected, the
renal vascular structures should be evaluated more
carefully.
Because of the high rate of malignancy detected in patients with LRV variations in our study, we
suggest that patients with LRV variations in imaging
modalities should be carefully evaluated especially
for gastrointestinal and haematologic malignancies.
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Background: The aim of the study was to establish computed tomography (CT)
characteristics, distribution and provide normative data about size of normal
inguinal lymph nodes in a paediatric population.
Materials and methods: Four hundred eighty-one otherwise healthy children (147
girls, mean age: 8.87, range 0–17 years) underwent pelvic CT in the setting of
high-energy trauma were included in the study. Both axial and coronal 1.25-mm
reconstructions were evaluated for the presence, location (deep or superficial),
number, presence of fat attenuation, and shape of the lymph nodes, short-axis
diameter of the biggest lymph node for each of right and left inguinal regions.
Results: A total of 7556 lymph nodes were detected in 481 subjects (the mean
count of superficial and deep inguinal lymph nodes was 13.35 [range 6–23] and
2.36 [range 0–7] per subject, respectively): 15% (1135/7556) deep located, 85%
(6421/7556) superficially located, 86.6% (6547/7556) with fat attenuation, 99.2%
(7496/7556) oval in shape, 0.8% (60/7556) spherical. The short-axis diameter of
the lymph nodes increased with age. Pearson’s correlation coefficient for superficial
and deep lymph nodes in boys and girls, respectively: 0.538 (p < 0.001), 0.504
(p < 0.001), 0.452 (p < 0.001) and 0.268 (p < 0.001). The mean maximum
short-axis diameters in different age groups and gender varied between 6.33 ±
± 0.85 mm and 8.68 ± 1.33 mm for superficial, 3.62 ± 1.16 mm and 5.83 ±
± 1.05 mm for deep inguinal lymph nodes.
Conclusions: Inguinal lymph nodes were multiple, commonly contained fat, and
were oval in shape. The data determined about inguinal lymph node size in different paediatric age groups may be applicable as normative data in daily clinical
CT evaluation practice. (Folia Morphol 2020; 79, 4: 799–804)
Key words: paediatric, inguinal, computed tomography, lymph node

INTRODUCTION

cluding being round than oval in shape, disappearance of fatty hilum, asymmetrical thickening of the
cortex and enlargement have been reported to be
associated with abnormal lymph nodes [3]. Inguinal

Lymphadenopathy is a commonly encountered
clinical sign indicating either infectious or malignant
pathologies in children. Imaging characteristics in-
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lymph nodes are usually identified incidentally in the
field-of-view of pelvic or abdominopelvic computed
tomography (CT) examinations. In order to differentiate normal lymph nodes from pathologic ones on
CT, to be aware of normal imaging characteristics and
size limits is crucial.
There have been very few studies providing information about size range and imaging characteristics
of normal inguinal lymph nodes in adult age group
[1, 4, 9, 10]. However, to our knowledge, there have
been neither established size criteria nor a study
assessing imaging characteristics and distribution of
inguinal lymph nodes on CT in children.
Computed tomography is a frequently used imaging modality to evaluate patients suffered from
high-energy trauma. Because of well-known harmful
effects of exposure to the radiation, ethically it is impossible to obtain CT examinations with a healthy paediatric volunteer study group. However, we suggest
that otherwise healthy children who underwent CT in
the setting of high-energy trauma could be considered
as a sample study group and may represent normal
healthy children population. Therefore, in this study
we aimed to establish CT characteristics, distribution
and provide normative data about size of inguinal
lymph nodes in children with high-energy trauma.

ical Systems, Waukesha, WI, USA) with 16 × 0,625
collimation. The exposure settings were adjusted to
patient size and ranged from 40 to 340 mAs and
from 80 to 120 kV. A data matrix of 512 × 512 was
chosen. Axial images with slice thickness of 1.25 mm
were reconstructed including the abdominopelvic or
pelvic area. 90.2% (434/481) of examinations were
performed with 1 cc/kg intravenous iodinated contrast medium administration.
CT image analysis

All CT examinations were retrospectively evaluated
by a paediatric radiologist with 6 years of post-residency experience (M. S. D). To accurately investigate
inguinal lymph nodes, both axial images and coronal
plane reformatted images were evaluated. According
to the location, inguinal lymph nodes were grouped
as superficial and deep. The former included lymph
nodes located at anterior or lateral to the superficial
femoral vessels and the saphenous veins at or inferior
to the level of inguinal ligament in the subcutaneous
tissue, whereas the latter consisted of lymph nodes
located along the common femoral vessels, generally
medial to the common femoral vein (Fig. 1) [1, 5, 8].
The inguinal ligament and the origins of the circumflex iliac and inferior epigastric vessels were regarded as landmarks to differentiate the deep inguinal
lymph nodes from the medial chain of external iliac
nodes [8]. Thus, inguinal lymph nodes were defined
as superficial or deep for each of left and right sides
and subsequently four inguinal areas (right and left
superficial/deep) were described for each subject. The
number of lymph nodes was counted for each area,
and the presence of fat attenuation and shape (as
spherical or oval) of the lymph node were noted for
each of lymph nodes. The short axis diameter of the
biggest inguinal lymph node for each of four areas
was measured by using an electronic calliper tool on
an available diagnostic screen.

MATERIALS AND METHODS
The current study complied with the Declaration
of Helsinki and was approved by the Ethics Committee of the institution. (Approval number: 2016/445,
date: 29.07.2016).
Subjects

Due to ethical considerations of CT associated radiation exposure, a retrospective study was conducted.
A search of radiology information system and medical
records for the paediatric patients who underwent
abdominopelvic or pelvic CT in the setting of high-energy trauma between July 2012 and December 2015
revealed 485 otherwise healthy children. Of these,
4 patients were excluded due to causes (motion artefacts in two, and subcutaneous emphysema in rest)
that compromised the evaluation of inguinal lymph
nodes. Therefore, 481 children (147 girls, mean age:
8.87, range 0–17 years) were recruited for the study.

Statistical analysis

Statistical analyses were carried out using SPSS
v.22.0 (IBM Corp., Armonk, NY, USA). Data were
expressed either as frequencies or mean ± standard
deviation (SD). Shapiro-Wilk’s test was implemented, a histogram and q-q plot were examined to
assess the data normality. Levene’s test was used
to assess the variance homogeneity. Paired samples
t-test was applied to compare variables between
deep and superficial location and left and right

CT examination procedure

The CT examinations were performed on a clinical
CT scanner (GE Light Speed 16; General Electric Med-
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Figure 1. Pelvic computed tomography after contrast-medium injection in an 11-year-old boy revealed bilateral superficial inguinal lymph
nodes (long thick arrows) and left deep inguinal lymph node (short thick arrow). All lymph nodes in this image had central hypodensity
compatible with fat attenuation. (Thin arrows: superficial femoral arteries, dashed thin arrows: deep femoral arteries, curved arrows: common
femoral veins, arrowheads: saphenous veins).

The overall mean short axis diameter of the biggest lymph node (mean maximum short axis diameter) of superficial lymph nodes (mean 7.45 ± 1.59
mm, range 3.6–15.4 mm) was significantly higher
(p < 0.001) compared to deep lymph nodes (mean
4.68 ± 1.38 mm, range 1.3–10.2 mm; p < 0.001).
In point of short axis diameters of superficial and
deep lymph nodes, there was no statistical difference
between left versus right side (p = 0.739, p = 0.121,
respectively) whereas there were statistical differences
between male versus female (p = 0.044, p = 0.010,
respectively). The mean maximum short axis diameters of the biggest lymph node for superficial and
deep lymph nodes were 7.55 ± 1.67 mm (range 3.7–
–15.4 mm) and 4.79 ± 1.42 mm (range 1.3–10.2 mm)
in boys and 7.23 ± 1.39 mm (range 3.6–11.5 mm)
and 4.41 ± 1.27 mm (range 1.5–8 mm) in girls.
The short-axis diameters of the lymph nodes were
detected to increase with age. Pearson’s correlation coefficient for superficial and deep lymph nodes in boys
and girls was: 0.538 (p < 0.001), 0.504 (p < 0.001),
0.452 (p < 0.001) and 0.268 (p < 0.001), respectively. According to the different age groups, the mean
maximum short-axis size of lymph nodes ranged from
6.33 ± 0.85 to 8.68 ± 1.33 mm and 3.92 ± 0.84
to 5.83 ± 1.05 mm for superficial and deep lymph
nodes in boys respectively. In girls, it ranged from
6.34 ± 1.55 to 8.51 ± 1.43 mm and 3.62 ± 1.16 to
5.16 ± 1.44 mm for superficial and deep lymph nodes,
respectively. For superficial and deep lymph nodes
in boys and girls age-related maximum values at
2 SD above the mean of 11.34, 9.1, 11.37 and 8.04 mm

side. Student t-test was used to compare variables
between males and females. Pearson’s correlation
analysis was implemented to determine the relationship between lymph node size and age groups.
Scatter charts were drawn with ± 2 SD values besides means. A p-value < 0.05 was considered statistically significant.

RESULTS
A total of 7556 lymph nodes were detected in 481
subjects. Of these, 99.2% (n = 7496) were oval in
shape, whereas 0.8% (n = 60) were spherical. There
were a total of 6421 (85%, 3209 on right side) superficial and 1135 (15%, 584 on right side) deep inguinal
lymph nodes. The mean count of superficial and deep
inguinal lymph nodes was 13.35 ± 3.27 (range 6–23)
and 2.36 ± 1.46 (range 0–7) per subject, respectively.
In 12.9% (n = 62) of the subjects, no deep inguinal
lymph nodes were detected in neither side. With regard to number of superficial and deep lymph nodes,
there was no statistical difference between left versus
right side (p = 0.994, p = 0.109) or between male
versus female (p = 0.099, p = 0.505, respectively).
However, there was statistically significant difference
in number of lymph nodes between superficial and
deep regions (p < 0.001).
Fat attenuation was detected in 86.6% (n = 6547,
73.9% [839/1135] of deep, 88.9% [5708/6421]
of superficial) of all lymph nodes. The presence of
fat attenuation was significantly more common on
superficial lymph nodes compared to deep ones
(p < 0.001).
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Table 1. The mean maximum short-axis diameter of superficial and deep inguinal lymph nodes in girls
Age groups [year]

Subjects (n = 147)

Diameter for superficial lymph nodes*

Subjects (n = 128)

Diameter for deep lymph nodes*

0–1

20

6.34 ± 1.55

17

3.62 ± 1.16

2–3

23

6.92 ± 1.12

18

4.66 ± 1.35

4–5

18

6.92 ± 1.28

17

4.39 ± 1.16

6–7

14

6.22 ± 0.84

12

3.65 ± 0.7

8–9

14

7.02 ± 0.75

11

4.06 ± 1.06

10–11

7

6.68 ± 1.46

7

3.76 ± 0.95

12–13

14

8.51 ± 1.43

13

5.16 ± 1.44

14–15

20

8.23 ± 0.91

16

5.04 ± 1.25

16–17

17

7.99 ± 1.07

17

4.85 ± 1.14

*Lymph node sizes were expressed as mean ± standard deviation in millimetres.

Table 2. The mean maximum short-axis diameter of superficial and deep inguinal lymph nodes in boys
Subjects (n = 334)

Diameter for superficial lymph nodes*

Subjects (n = 291)

Diameter for deep lymph nodes*

0–1

Age groups [year]

28

6.33 ± 0.85

22

3.92 ± 0.84

2–3

32

6.44 ± 0.98

32

3.93 ± 1.08

4–5

34

6.62 ± 1.22

30

4.02 ± 0.63

6–7

37

6.81 ± 1.29

33

4.24 ± 1.05

8–9

29

6.91 ± 1.42

22

4.48 ± 0.87

10–11

40

7.89 ± 1.64

35

4.72 ± 1.27

12–13

39

8.27 ± 1.31

34

5.28 ± 1.48

14–15

60

8.61 ± 1.85

55

5.72 ± 1.69

16–17

35

8.68 ± 1.33

28

5.83 ± 1.05

*Lymph node sizes were expressed as mean ± standard deviation in millimetres.

Short-axis diameter [mm]

were calculated. Detailed results are revealed
in Tables 1 and 2. Graphic illustrations of the mean
maximum short axis diameters of the superficial and
deep lymph nodes for both boys and girls according
to age groups are shown in Figures 2–5.

DISCUSSION
The lymph nodes in either superficial or deep
location are encountered on almost every pelvic CT
examinations in children. In our opinion, the most
striking result of this study is that it has provided information about normal limits of short-axis diameters
per location and age for children aged 0–17 years.
We have founded short axis diameter values at 2 SD
above the mean, increasing with age up to 11.34 mm,
9.1 mm, 11.37 mm, and 8.04 mm for superficial and
deep lymph nodes in boys and girls, respectively. In
the clinical approach, while a maximum diameter of
10 mm is being considered as normal for lymph nodes

12
11
10
9
8
7
6
5
4
3
2
1
0

+2SD
Mean
–2SD

0–1

2–3

4–5

6–7

8–9 10–11 12–13 14–15 16–17
Age [year]

Figure 2. The mean maximum short-axis diameter of superficial
lymph nodes plotted against age for girls. The x-axis represents
age in years and the y-axis represents the short-axis diameter in
millimetres; SD — standard deviation.

in general, some authors have suggested a maximum diameter of 15 mm for inguinal lymph nodes
as normal in children [6, 7]. However, these criteria
are used in the clinical practice and do not depend on
any imaging method. In a limited number of studies
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lymph nodes [1]. To our knowledge, there has been
no study assessing normal inguinal lymph nodes on
CT in children. We also aimed to determine lymph
node sizes separately for superficial and deep location
according to gender.
Furthermore, this study revealed the positive correlation of short-axis diameter of inguinal lymph nodes
and age for both superficial and deep located lymph
nodes in boys and girls. However, the positive correlation was found to be stronger in boys than girls.
The mean maximum short axis diameter-age curves in
boys were smoother compared to that found in girls
(Figs. 2–5). All these differences may be attributed to
relatively large number of boys compared to that of
girls to represent more accurately normal population.
Our study has also established CT characteristics
and distribution of normal inguinal lymph nodes in
children. Inguinal lymph nodes were multiple and symmetrical in size and number, commonly contained fat,
and oval in shape similar to the CT study in adults [1].
The mean count of superficial lymph nodes was 13.35
(range 6–23), and the mean count of deep inguinal
lymph nodes was 2.36 (range 0–7) per subject. These
data are similar to the results of a cadaveric dissection
study [2] in which the mean numbers of superficial
and deep lymph nodes were observed as 13.60 and
1.71, respectively. Our result of mean count of superficial lymph nodes also agree with the CT study [1] in
which the mean number of superficial lymph nodes
was detected as 11.7, whereas the mean number
of deep lymph nodes (1.2 per patient) in that study
differs from that of ours.
This study showed that there was a significant difference between superficial and deep lymph nodes in
terms of number and size in favour of superficial, consistent with the literature [1, 2]. The ratio of presence of
fat attenuation in superficial lymph nodes (88.9%) was
significantly higher than in deep lymph nodes (73.9%)
as in the literature [1]. This may be due to smaller size of
deep lymph nodes compared to superficial ones, which
interfered appreciation of fat attenuation.
Similar to the literature, there was no significant
difference between male and female with regard to
number of superficial and deep lymph nodes [1].
However, mean maximum short axis diameter of
lymph nodes in boys was statistically higher than in
girls. The overall mean short axis diameters of the
biggest lymph node for superficial and deep lymph
nodes were noted as 7.55 mm and 4.79 mm in boys

9
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Figure 3. The mean maximum short-axis diameter of deep lymph
nodes plotted against age for girls. The x-axis represents age in years
and the y-axis represents the short-axis diameter in millimetres; SD —
standard deviation.
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Figure 4. The mean maximum short-axis diameter of superficial
lymph nodes plotted against age for boys. The x-axis represents
age in years and the y-axis represents the short-axis diameter in
millimetres; SD — standard deviation.
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Figure 5. The mean maximum short-axis size of deep lymph nodes
plotted against age for boys. The x-axis represents age in years
and the y-axis represents the short-axis diameter in millimetres;
SD — standard deviation.

assessing size of normal inguinal lymph nodes on
different imaging modalities in adults, upper limit of
short axis diameter of inguinal lymph nodes varies between 7 and 15 mm [1, 4, 9, 10]. The study evaluated
inguinal lymph nodes in asymptomatic patients on
CT revealed a mean short axis of 5.4 mm, and a value
of 8.8 mm at 2 SD above the mean for all inguinal
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Limitations of the study

There are several limitations to be considered.
First, since it’s ethically impossible to perform the CT
examinations on a study group of healthy children
due to well-known harmful effects of radiation exposure, we retrospectively evaluated previously acquired
CT examinations of paediatric patients suffered from
trauma. Second, the medical records of some patients
were limited to trauma incident and consisted of no
history of other diseases. So that, to accept all study
patients as otherwise healthy may be inaccurate.
Third, we did not have any histopathological proof
verifying normality of lymph nodes. Lastly, as mentioned above, the number of girls recruited in the
study, particularly in the age group of 10–11, was
relatively less compared to boys.

CONCLUSIONS
Inguinal lymph nodes were multiple, symmetrical
in size and number, commonly contained fat, and oval
in shape in children. There was statistically significant
difference between superficial and deep lymph nodes
with regard to number, size and fat attenuation.
Statistical difference was also detected between male
and female in terms of short axis diameter in favour
of male. The data determined about inguinal lymph
node size in different paediatric age groups may
be applicable as normative data in daily clinical CT
evaluation practice.
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Background: Didelphis aurita is a marsupial with wide distribution in the South
American continent and highly adapted to urban centres. The objective of this
study was to describe the measurements and skeletopy of the kidneys and renal
vascularisation of this species.
Materials and methods: With this aim, 29 cadavers (14 males and 15 females)
of D. aurita collected on highways were analysed. The rostrum-sacral length of
specimens, kidney measurements (length, width and thickness) and the length of
the renal vessels were measured and the renal skeletopy registered.
Results: In the right kidney, average length, width, thickness and ellipsoid
volume were 28.6 ± 5.0 mm, 15.6 ± 2.9 mm, 12.8 ± 3.0 mm and 3.3 ±
± 2.4 cm3, respectively; in the left kidney, 31.0 ± 3.8 mm, 14.5 ± 3.6 mm,
12.6 ± 2.6 mm and 3.2 ± 2.2 cm3, respectively. There was no significant difference in the comparison of averages of renal dimensions between sexes and
between antimeres. The right renal artery (13.2 ± 2.6 mm) was significantly longer
(p < 0.01) than the left renal artery (10.7 ± 2.3 mm). In contrast, the left
renal vein (13.9 ± 3.5 mm) was longer (p < 0.01) than the right renal vein
(7.0 ± 2.3 mm). The skeletopy of the right kidney predominated between
T13–L1 in 58.6% of the cases and the skeletopy of the left kidney between L1–L3
in 41.4%. The average length of the kidneys corresponded to 6% to 8% of the
rostrum-sacral length of the specimens.
Conclusions: The data of the present study characterised the measurements
and topography of kidneys and renal vessels in D. aurita and can support the
interpretation of clinical, experimental and pathological findings in this species.
(Folia Morphol 2020; 79, 4: 805–810)
Key words: animal anatomy, big-eared opossum, marsupial, nephrology,
urogenital system

INTRODUCTION

distributed from southern Canada to the central part
of Argentina, in a wide variety of habitats, from flat
areas to mountainous regions [14, 33]. Six species
were described in the genus: Didelphis marsupialis

The opossums are marsupials of the order Didelphimorphia, family Didelphidae, genus Didelphis
Linnaeus, 1758. On the American continent, they are
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(Linnaeus, 1758), D. virginiana (Kerr, 1792), D. aurita
(Wied-Neuwied, 1826), D. albiventris (Lund, 1840),
D. pernigra (Allen, 1900), and D. imperfecta (Mondolfi and Pérez-Hernández, 1984) [13, 18, 24].
The species Didelphis aurita, known as big-eared
opossum, is distributed in the east, midwest and south
of Brazil, Paraguay and Argentina [3, 4, 6, 13, 22].
It is abundant throughout its area of coverage, with
great ecological plasticity and good adaptation to
urban centres [5, 15].
The kidneys are a pair of structures, retroperitoneal, compressed against the dorsal abdominal wall
of both sides of the spine. Predominantly located in
the sublumbar region, they can protrude cranially
under the last ribs [2, 17]. The knowledge of topography and renal measurements is fundamental in the
diagnosis of kidney diseases. Some renal pathologies
determine changes in renal size due to hypertrophic
or atrophic processes [9]. In humans it was established that size and mass of the kidneys vary according
to sex, also, it was established that the left kidney was
larger than the right one [20].
Specimens of the Didelphidae family have been
used as alternatives for animal experimentation, including researches on the urogenital system [8, 19, 31].
Even so, data on measurements and vascularisation
of the kidneys are scarce for this species. Therefore,
the objective of this study is to describe kidney measurements and renal pedicle in specimens of D. aurita
and contribute to the diagnosis of nephropathies and
interpretation of experimental findings in this species.

diluted 1:1 with red dye (xadrez®). Finally, the corpses
were immersed in low density polyethylene boxes
containing 10% formaldehyde solution to complete
the fixation process.
After at least 7 days of fixation, the cadavers had
the peritoneal cavity open and the kidneys and renal
vessels dissected. Next, the skeletopy of the kidneys
was determined in relation to the vertebrae. In order to
determine skeletopy, part of the hipaxial musculature
was removed until the articulation of the last pair of
ribs with the last thoracic vertebra and lumbar transverse processes were identified. Skeletopy was defined
between the cranial and the caudal pole of each kidney.
A calliper (0–150 mm, 0.01 mm resolution, accuracy ± 0.02 mm, Eda®) was used to measure the
dimensions of the kidneys and their vessels. In the
kidneys, the craniocaudal length, the medial-lateral
width and the dorsal-ventral thickness were measured. In the vessels was measured the length. The
ellipsoid volume of each kidney was calculated by the
equation (length × width × thickness × 0.5236), as
established previously by other study [26].
Statistical analysis

Data were tabulated in spreadsheets and expressed as arithmetic mean and standard deviation.
Unpaired Student’s t-test was used to compare means
between sexes and antimeres. Chi-square test was
used to verify if there was a difference between left
and right kidney skeletopy. Pearson’s linear correlation
was performed to observe the correlation between
the rostrum-sacral length and the renal dimensions.
The value of p < 0.05 was considered significant.
The analysis was performed in the Graphpad Prism
5® software.

MATERIALS AND METHODS
The present study was approved by the Animal
Use Ethics Committee of Federal Rural University
of Rio de Janeiro (number 018/2017). Twenty-nine
(14 males and 15 females) adult specimens of D. aurita were dissected with no evidence of renal alterations
on macroscopic examination. The corpses were collected after roadkill on highways of Serra dos Órgãos,
Rio de Janeiro, Brazil. Samples with advanced stage
signs of autolysis were discarded from this study.
Initially the specimens were sexed, identified and
had their rostrum-sacral length measured. Then, the
thoracic aorta artery was dissected and cannulated.
The arterial system was flushed with 0.9% sodium
chloride and then fixed with 10% formaldehyde
solution. After formaldehyde infusion, a latex solution (Petrolátex S-65, Refinery Duque de Caxias-REDUC-Petrobras, Duque de Caxias-RJ) was injected,

RESULTS
In all the individuals the renal arteries emerged
directly from the abdominal aorta as a single vessel
and emitted branches to the adrenal and ureter. The
renal veins drained directly into the caudal vena cava
in all the animals, except for one female whose left
renal vein was double (Fig. 1).
The average rostrum-sacral length of the animals
was 42.2 ± 5.6 cm, 42.0 ± 5.1 cm in males and
42.4 ± 6.2 cm in females, with no significant difference between sexes (p = 0.84).
The right kidney presented a format that resembles
a “bean seed”. The left kidney had a longer elliptical
shape. The kidneys were brownish, pale, smooth in

806

S.V. Peçanha et al., Kidneys of Didelphis aurita

Table 1. Mean and standard deviation (in mm) of kidney and
renal vessels measurements of Didelphis aurita (n = 29),
separated by sex

Figure 1. Ventral view of both kidneys and renal vessels in a female
specimen of Didelphis aurita; aa — aorta artery; crma — cranial
mesenteric artery; cvc — caudal vena cava; lag — left adrenal
gland; lk — left kidney; lra — left renal artery; lrv — left renal vein;
lu — left ureter; rag — right adrenal gland; rk — right kidney;
rra — right renal artery; rrv — right renal vein; ru — right ureter;
ub — ureteral branch. Scale bar: 20 mm.

surface, and devoid of lobation. Measurements of
the kidneys and renal vessels of D. aurita did not differ between males and females (Table 1). The means
of length, width, thickness and volume also did not
differ significantly between the left and right kidneys
(p = 0.08, p = 0.18, p = 0.81 and p = 0.91, respectively). In contrast, the mean length of the right renal
artery was longer than the left (p < 0.01) and the left
renal vein longer than the right (p < 0.01) and the corresponding contralateral vessels. When comparing the
measurements of kidneys and renal vessels between
antimeres in same-sex individuals (Table 2), it was observed that the length of the right and left renal arteries
and the right and left renal veins differed significantly
in males (p < 0.01). In females, only the length of the
renal veins differed (p < 0.01) (Tables 1, 2).
The most frequent skeletopy of the right kidney
was at T13–L2 level (58.6%), while the skeletopy of
the left kidney was between L1–L3 (41.4%) (Table 3).
However, in both sexes were found right kidneys
whose cranial pole was at the level of T12 (20.7%)
and kidneys of females with caudal pole at the level
of L4 (6.9%) (Table 3).
All measurements of both kidneys showed
a positive linear correlation, moderate to high and
significant, with the rostrum-sacral length (r > 0.5,

Measurement
[mm]

All
specimens
(n = 29)

Male
(n = 14)

Female
(n = 15)

P

Length of the right
kidney

28.6 ± 5.0

27.7 ± 3.8

29.4 ± 6.0

0.40

Length of the left
kidney

31.0 ± 3.8

29.9 ± 3.3

31.9 ± 4.3

0.29

Width of the right
kidney

15.6 ± 2.9

15.2 ± 2.6

16.0 ± 3.2

0.53

Width of the left
kidney

14.5 ± 3.6

13.9 ± 3.2

15.0 ± 4.0

0.43

Thickness of the
right kidney

12.8 ± 3.0

12.2 ± 2.2

13.3 ± 3.6

0.36

Thickness of the left
kidney

12.6 ± 2.6

12.3 ± 2.8

12.8 ± 2.6

0.60

Ellipsoid volume of
the right kidney [cm3]

3.3 ± 2.4

2.8 ± 1.1

3.7 ± 3.1

0.33

Ellipsoid volume of
the left kidney [cm3]

3.2 ± 2.2

2.8 ± 1.4

3.6 ± 2.8

0.38

Length of the right
renal artery

13.2 ± 2.6

13.5 ± 3.0

12.9 ± 2.2

0.50

Length of the left
renal artery

10.7 ± 2.3

10.2 ± 2.0

11.1 ± 2.5

0.32

Length of the right
renal vein

7.0 ± 2.3

7.3 ± 2.4

6.8 ± 2.3

0.60

Length of the left
renal vein

13.9 ± 3.5

14.4 ± 2.5

13.5 ± 4.2

0.47

The p-value refers to the unpaired Student’s t-test to compare means between sexes.

Table 2. P-value in the comparison of kidney and kidney vessels measurements between antimeres in same-sex animals
Measurement [mm]

Male
(n = 14)

Female
(n = 15)

Length of the kidneys

0.15

0.24

Width of the kidneys

0.22

0.47

Thickness of the kidney

0.91

0.71

Ellipsoid volume of the kidneys [cm3]

0.98

0.91

Length of the renal arteries

< 0.01*

0.06

Length of the renal veins

< 0.01*

< 0.01*

*Significant difference (p < 0.05)

p < 0.01), with the exception of the length of the left
renal artery (r = 0.24, p = 0.22) (Fig. 2).

DISCUSSION
Morphometry based on linear measurements of
anatomical structures of different organisms is useful
to characterise proportions and define parameters of
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Table 3. Absolute and percentage frequencies of right and left
kidney skeletopy, separated by sex in Didelphis aurita (n = 29)
Skeletopy

Males (n = 14)

mestic dogs (60–90 × 40–50 × 30 × 40 mm) [27],
L. gymnocercus (45 × 24 × 21 mm and 11–12 cm3)
[30], of domestic cats (38–44 × 24–31 × 20–25 mm
and 9–12 cm3) [32] and slightly larger than the mustelid Mustela putorius furo (24–30 × 12–13.5 × 11
× 13.5 mm) [10].
The mean length of the left kidney (31 mm) was
higher than the right one (28.6 mm), although there
was no significant difference in the comparison between the averages of both kidneys (p = 0.08). In
domestic dogs, no differences were observed in the
dimensions between right and left kidneys [27], as
well as in New Zealand rabbits [28] and domestic
cats [32]. In the wild canid L. gymnocercus, there was
also a tendency, although not significant, of the left
kidney to be longer (p < 0.06) and wider (p < 0.07)
than the right one [30]. In humans, the left kidney is
larger in both length [12, 21, 25, 26] and width [16].
In D. aurita, there was also no difference in renal
measures between animals of opposite sexes, such as
in the domestic dog [27], New Zealand rabbits [28]
and L. gymnocercus [30]. This differs from the human
species, in which the kidneys are larger in males [21].
In domestic cats the left kidneys have greater length
in males [32].
Although the measurement of the kidney in the
fresh state was desirable, it would be difficult to
obtain a satisfactory sample because D. aurita is
a wild species. In rabbits, it was evaluated that the

Females (n = 15)

Right

Left

Right

Left

T12–L2

4 (29%)

–

2 (13%)

–

T13–L1

–

–

1 (07%)

–

T13–L2

9 (64%)

6 (43%)

8 (54%)

1 (07%)

T13–L3

1 (07%)

2 (14%)

2 (13%)

3 (20%)

L1–L3

–

5 (36%)

2 (13%)

7 (47%)

L1–L4

–

1 (07%)

–

2 (13%)

L2–L4

–

–

–

2 (13%)

normality [23]. The length of the kidneys of D. aurita
corresponded between 6% and 8% of the rostrum-sacral length of the specimens. This percentage can be
extrapolated as a reference for individuals of D. aurita
of different sizes, since the linear correlation between
the rostrum-sacral length and the renal measures was
positive and significant for all renal measures. In domestic cats and in the canid Lycalopex gymnocercus there
was a positive correlation between the rostrum-sacral
length and renal volume [30, 32]. In domestic dogs,
there was a correlation between the size of the kidneys
and the body mass of the animals [27].
In the comparison with mammals of approximate
size, the kidneys of D. aurita had smaller measurements and ellipsoid volume than the average of do-

0.73

0,70
0,60

0.80

0.79

0,80

0.73
0.66

0.62

0.80

0.69

0.51

r-value

0,50

0.45

0.45

LRRA

LLRV

0,40
0,30
0.24
0,20
0,10
0,00
LLK

LRK

WLK

WRK

TLK

TRK

VLK

VRK

LLRA

LRRV

Figure 2. “r” values in Pearson’s linear correlation test between rostro-sacral length and renal dimensions in Didelphis aurita (n = 29);
LLK — lenght of the left kidney; LRK — lenght of the right kidney; WLK — width of the left kidney; WRK — width of the right kidney;
TLK — thickness of the left kidney; TRK — thickness of the right kidney; VLK — volume of the left kidney; VRK — volume of the right kidney;
LLRA — lenght of the left renal artery; LRRA — lenght of the right renal artery; LLRV — lenght of the left renal vein; LRRV — lenght of the
right renal vein.
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length and width of the rabbit kidneys were unchanged by fixation in formaldehyde solution, while
only the height and volume varied from 3% to 7% [3].
Therefore, in wild specimens, measuring formaldehyde-preserved kidneys becomes a viable option with
a presumptive small distortion margin.
The right renal artery longer than the left in D. aurita is explained by the fact that the abdominal aorta
is located to the left of the median plane. Similarly,
the left renal vein was longer by the position of the
caudal vena cava to the right of the median plane.
This observation was recorded in domestic dogs [11]
and L. gymnocercus [30]. However, in New Zealand
rabbits [1, 28] the right renal artery is smaller than
the left.
The skeletopy of the right kidney was always
cranial in relation to the left, even leaving a renal
impression of the liver. Because of this positioning,
the right renal vessels also exhibited a more cranial
location than the contralateral ones. This observation
is quite consistent in mammals [3, 7, 28, 32], with
the exception of pigs, where the left kidney is more
cranial in most cases [17, 29].
The skeletopy of the right kidney was the same
(T13–L1) in more than half of the cases (58.6%),
while the most frequent left kidney skeletopy (L1–L3)
occurred in less than half (41.6%). Therefore, the skeletopy of the left kidney was more variable. Possibly,
the right kidney has less room for accommodation
due to the cranial restriction imposed by the relationship with the liver. This would explain the smaller
variation of skeletopy and possibly the shorter length
of the right kidney compared to the left.

References
1. Ahasan A, Islam MS, Kabria A, et al. Major variation in
branches of the abdominal aorta in New Zealand white
rabbit (Orycotolagus cuniculus). Int J Nat Sci. 2013; 2(4):
91–98, doi: 10.3329/ijns.v2i4.13218.
2. Barone R. Comparative anatomy of domestic mammals:
Angiology. 2nd ed. Vigot, Paris 1996.
3. Bolat D, Bahar S, Selçuk ML, et al. Morphometric investigations of fresh and fixed rabbit kidney. Eurasian J Vet
Sci. 2011; 27(3): 149–154.
4. Brown BE. Atlas of new world marsupials. Fieldiana Zoology New Series, Chicago 2004.
5. Cáceres NC, Monteiro-Filho ELA. Reproductive biology
of the common opossum, Didelphis marsupialis (Mammalia, Marsupialia), in southern Brazil. Brenesia. 1997;
47: 117–122.
6. Cerqueira R, Lemos B. Morphometric differentiation
between Neotropical black-eared opossums, Didelphis marsupialis and D. aurita (Didelphimorphia, Didelphidae). Mammalia. 2000; 64(3), doi: 10.1515/
mamm.2000.64.3.319.
7. Culau POV, Azambuja RC, Campos R. Ramos colaterais
viscerais da artéria aorta abdominal em Myocastor coypus
(nutria). Acta Sci Vet. 2008; 36(3): 241–247.
8. D´Andrea PS, Roque ALR, Teixeira BR. Alternativas para
Animais de Laboratório: uso de animais não-convencionais
– roedores silvestres. In: Andrade A, Pinto SC, Oliveira RS
(Eds.). Animais de Laboratório: criação e experimentação.
Editora Fiocruz, Rio de Janeiro 2002: 353–360.
9. Elkin M. Radiology of the urinary system. Little, Brown
and Company, Boston 1980.
10. Evans H, An N. Anatomy of the Ferret. Biology and Diseases
of the Ferret. Wiley Online Library, Hoboken. 2014: 23–67,
doi: 10.1002/9781118782699.ch2.
11. Evans HE, DeLahunta A. Miller’s Anatomy of the Dog.
4ª ed. Elsevier, St. Louis 2013.
12. Fernandes MM, Lemos CC, Lopes GS, et al. Normal renal
dimensions in a specific population. Int Braz J Urol. 2002;
28(6): 510–515.
13. Fonseca GAB, Herrman G, Leite YLR, Mittermeier RA,
Rylands AB, Patton JL. Lista anotada dos mamíferos do
Brasil. 4º Ed. Conservation International & Fundação Biodiversitas, Belo Horizonte 1996.
14. Gardner AL. Order Didelphimorphia. In: Wilson DE, Reeder DM.
(Eds.) Mammal species of the world: a taxonomic and
geographic reference. 2nd ed. Smithsonian Institution
Press, Washington DC 1993: 15–23.
15. Graipel ME, Santos-Filhos M. Reprodução e dinâmica populacional de Didelphis aurita Wied-Neuwied (Mammalia:
Didelphimorphia) em ambiente periurbano na Ilha de Santa Catarina, Sul do Brasil. Biotemas. 2006; 19(1): 65–73.
16. Gupta S, Devi ND, Sinam SS, et al. Ultrasonographic renal
dimensions in normal adult population of North-East
India. Int J Med Health Sci. 2013; 2(4): 433–437.
17. König HE, Maierl J, Liebich HG. Sistema Urinário (Systema
Urinarium). In: Liebich HG (eds.). Anatomia dos Animais
Domésticos: Texto e atlas colorido. 6 Ed. Artmed, Porto
Alegre 2016: 399–412.
18. Lemos B, Cerqueira R. Morphological differentiation
in the white-eared opossum group (Didelphidae:

CONCLUSIONS
The kidneys of D. aurita retain characteristics
found in other mammal species, such as retroperitoneal localisation, more cranial level positioning of
the right kidney and dimensions that did not differ
between sexes or antimeres. The results of the present study can support procedures in wild animal
medicine and pathological or experimental findings
in this species.
Acknowledgements

This study was financed in part by National Council
of Technological and Scientific Development (CNPq),
Rio de Janeiro State Research Foundation (FAPERJ)
and Coordination of Superior Level Staff Improvement
(CAPES) Finance Code 001.

809

Folia Morphol., 2020, Vol. 79, No. 4

19.

20.
21.

22.

23.

24.
25.

Didelphis). J Mammal. 2002; 83(2): 354–369, doi:
10.1644/1545-1542(2002)083<0354:mditwe>2.0.co;2.
Liapis H, Vogler G, Steinhardt GF. North American
opossum Didelphis virginiana as a fetal nephrotoxicity model: histologic and ultrastructural assessment
of uranyl nitrate (UN)-induced damage. Microsc Res
Tech. 1997; 39(3): 285–296, doi: 10.1002/(SICI)10970029(19971101)39:3<285::AID-JEMT7>3.0.CO;2-J,
indexed in Pubmed: 9372500.
Möell H. Size of normal kidneys. Acta Radiol. 1956; 46(5):
640–645, indexed in Pubmed: 13381548.
Oyuela-Carrasco J, Rodríguez-Castellanos F, Kimura E, et
al. [Renal length measured by ultrasound in adult mexican
population]. Nefrologia. 2009; 29(1): 30–34.
Paglia AP, Fonseca GAB, Rylands AB, Herrmann G, Aguiar LMS,
Chiarello AG, Leite YLR, Costa LP, Siciliano S, Kierulff MCM,
Mendes SL, Tavares VC, Mittermeier RA, Patton JL.
Lista Anotada dos Mamíferos do Brasil / Annotated
Cheklist of Brazilian Mammals. 2ª ed. Conservation International, Arlington 2012.
Peters M, Jäncke L, Zilles K. Comparison of overall brain
volume and midsagittal corpus callosum surface area as
obtained from NMR scans and direct anatomical measures:
a within-subject study on autopsy brains. Neuropsychologia. 2000; 38(10): 1375–1381, doi: 10.1016/s00283932(00)00048-8.
Reis NR, Peracchi AL, Pedro WA, Lima IP. Mamíferos do
Brasil. Nelio Reis, Londrina 2006.
Sampaio FJ, Mandarim-de-Lacerda CA. [Morphometry of
the kidney. Applied study in urology and imaging]. J Urol
(Paris). 1989; 95(2): 77–80, indexed in Pubmed: 2659677.

26.

27.

28.

29.

30.

31.

32.

810

Sampaio FJ. Theoretical kidney volume versus real kidney
volume: comparative evaluation in fetuses. Surg Radiol
Anat. 1995; 17(1): 71–75, doi: 10.1007/BF01629504,
indexed in Pubmed: 7597570.
Sampaio K, Araújo RB. Ultra-sonografia de características
lineares e estimativas do volume de rins de cães. Arq Bras
Med Vet Zootec. 2002; 54(3): 248–254, doi: 10.1590/
s0102-09352002000300005.
Santos-Sousa CA, Stocco AV, Mencalha R, et al. Morphometry and vascularization of the rabbit kidneys (Oryctolagus
cuniculus). Int J Morphol. 2015; 33(4): 1293–1298, doi:
10.4067/s0717-95022015000400017.
Sisson S. Sistema urogenital do suíno. In: Getty R. (Ed.)
Anatomia dos Animais Domésticos. 5. ed. Guanabara
Koogan, Rio de Janeiro 1986: 1216–1221.
Souza EC, Leao Neto LF, Santos EAR, et al. Caracterización
anatómica de los riñones del Zorro Pampeano (Lycalopex
gymnocercus): morfometría y vasos renales. Rev Electrón
Vet. 2018; 19: 1–8.
Steinhardt G, Salinas-Madrigal L, Farber R, et al. Experimental Ureteral Obstruction in the Fetal Opossum.
I. Renal Functional Assessment. J Urol. 1990; 144(2 Part 2):
564–566, doi: 10.1016/s0022-5347(17)39524-1.
Stocco AV, Sousa C, Gomes MS, et al. Is there a difference
between the right and left kidney? A macroscopic approach in Brazilian Shorthair Cat. Arq Bras Med Vet Zootec.
2016; 68(5): 1137–1144, doi: 10.1590/1678-4162-8339.
Ventura J, Salazar M, Pérez-Hernández R, et al. Morphometrics of the genus didelphis (didelphimorphia: didelphidae)
in venezuela. J Mammal. 2002; 83(4): 1087–1096, doi:
10.1644/1545-1542(2002)083<1087:motgdd>2.0.co;2.

ORIGINAL

ARTICLE

Folia Morphol.
Vol. 79, No. 4, pp. 811–816
DOI: 10.5603/FM.a2019.0125
Copyright © 2020 Via Medica
ISSN 0015–5659
journals.viamedica.pl

Three-dimensional modelling and morphometric
investigation of computed tomography images
of brown bear’s (Ursus arctos) ossa cruris
(Zeugopodium)
İ. Demircioğlu1, G. Kirbaş Doğan2, F. Aksünger Karaavci3, İ. Gürbüz4, Y. Demiraslan4
Department of Anatomy, Faculty of Veterinary Medicine, Harran University, Sanliurfa, Turkey
Department of Anatomy, Faculty of Veterinary Medicine, Kafkas University, Kars, Turkey
3
Department of Anatomy, Faculty of Veterinary Medicine, Bingol University, Bingöl, Turkey
4
Department of Anatomy, Faculty of Veterinary Medicine, Mehmet Akif Ersoy University, Burdur, Turkey
1
2

[Received: 10 August 2019; Accepted: 4 November 2019]

Background: This study was aimed to examine the detailed morphometrical and
morphological characteristics of the bone by creating three-dimensional images
through multidetector computed tomography images of ossa cruris in brown bears.
Materials and methods: Four brown bear ossa cruris were used in the study.
Results: It was observed that tibia and fibula articulated at proximal and distal
epiphysis and they combined, and ossa cruris were shaped in this way. Cochlea
tibiae were determined to be sagittally oriented. The length of the tibia was determined to be 268.97 mm and 266.32 mm at right and left sides, respectively.
The length of the fibula was determined to be 249.16 mm and 250.19 mm on
average at the right and left sides, respectively. In consequence of the correlation
analysis, statistical relationships at different rates were detected between the
measured values.
Conclusions: Detailed anatomical examinations are very important in terms of
determining the similarities and differences of bear bones with those of the other
species in the order Carnivora. Therefore, it is thought that this study will reveal
detailed characteristics of ossa cruris of bears and provide data for further studies
on archaeological and forensic sciences. (Folia Morphol 2020; 79, 4: 811–816)
Key words: brown bear, ossa cruris, three-dimensional modelling,
morphometry

INTRODUCTION

and destructions of forests [1, 5]. Because of these
reasons, Brown bear (Ursus arctos) has been listed
among the species of the least concern in the red
list that the International Union for Conservation of
Nature and Natural Resources published in 2017 [14].
The skeletal system of brown bears is like the
basic skeletal system of carnivores. But, as its body
weight is greater when compared with the other

Brown bears (Ursus arctos) are one of the biggest
carnivores commonly found in Turkey. They have large
habitats dating back to 20 million years ago and ranging from seashores to steppes [13, 22]. The habitats
of brown bears, which have a wide range in also our
country, have been limited to Black Sea and Eastern Anatolian Regions today due to human impacts
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carnivores, the bones that make up its skeletal system are shorter and more durable. Although many
carnivores are digitigrade, bears are plantigrade.
Being plantigrade helps them to stand on their two
legs comfortably [8, 13]. As the bears have existed
throughout many periods of human history, the
findings of bears are commonly found in archaeological excavations and they can be confused with
human bones [10].
In mammals, ossa cruris consist of two bones, tibia
and fibula. Tibia is a long bone that joins the structure
of the knee joint in all mammals; the surface of tibial
cochlea shows anatomical differences according to
ankle’s degree of stabilisation and ability to move
[20]. While fibula is found shrunken in ruminants and
equidae, its length is equal to that of the tibia in sus
and carnivores [4].
Today, three-dimensional (3D) modelling technology is among the most frequently preferred methods
in the fields of medicine and veterinary. Detailed examinations can be performed in tissues and organs
that are viewed three-dimensionally using the medical
imaging techniques that take cross-sectional images.
Also, while these models provide a better understanding of complicated anatomical and pathological structures, they also provide benefit for forensic sciences
and anthropological studies [6, 23].
There are various studies on the osteology of lynxes
[19], dogs [9], martens [3], badgers [18], and Van
cats [25], which are among the various species in the
order Carnivora. However, no information on ossa
cruris of today’s brown bears could be reached in the
literature reviews. Therefore, our study was planned to
reveal the 3D model of brown bear’s ossa cruris using
multidetector computed tomography (MDCT) images
and examine its macroanatomical and morphometric
characteristics through these 3D modelling.

Figure 1. Reference measurement points of ossa cruris; A —
craniocaudal diameter of cavum medullare; B — lateromedial
diameter of cavum medullare; GLI — length of tibia; GLII — length
of fibula; SD — the smallest width of tibia diaphysis; Bd — distal
width of tibia; Bp — proximal width of tibia.

ence. After the scanned images were saved in DICOM
format, they were transferred into the MIMICS 20.1
(The Materialise Group, Leuven, Belgium) programme
to create a 3D model and the relevant measurements
and examinations on the bone were carried out. Osteometrical measurements were taken on the created
3D images (Fig. 1). Von Den Driecsh [7] was taken as
reference in determining these measurement points.
The measurement points that were taken on
the models obtained from the computed tomo
graphy images of ossa cruris: GL1 — length of tibia;
GL2 — length of fibula; Bp — proximal width of tibia;
Bd — distal width of tibia; Sd — the smallest width of
tibia diaphysis; TMD (Cr-c) — craniocaudal diameter
of tibia’s cavum medullare; TMD (LM) — lateromedial
diameter of tibia’s cavum medullare; TV — tibia volume; TSA — tibia surface area; FV — fibula volume;
FSA — fibula surface area.

MATERIALS AND METHODS
Ossa cruris of four male brown bears (8 ossa cruris) were used in our study. General Directorate of
Nature Conservation and National Parks, Ministry of
Agriculture and Forestry of the Republic of Turkey
(E.2242114/2018) granted the necessary permission
for the study. The bone materials that were used in
the study were scanned with 64-detector computed
tomography (General Electronic Revolution) device
with 80 kV, 200 MA, 639 mGY and cross-sectional
thickness of 0.625 mm. In determining the dose and
scanning protocol, Prokop [21] was taken as refer-

Statistical analysis

SPSS (22.0 version) software package was used
for the statistical analyses in the study. Mean values
and standard deviations of the measured parameters,
and correlation coefficients between these parameters were detected and statistical evaluations were
made. Shapiro-Wilk test was used to determine the
normality of the data. The relationship between the
measurement parameters was determined with the
Pearson correlation (r) test.
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Figure 2. View of tibia from proximal; A. Three-dimensional view;
B. Macroanatomical view; a — condylus lateralis; b — condylus
medialis; c — eminentia intercondylaris; *incisura poplitei.

Figure 4. View of ossa cruris from cranial; A. Three-dimensional
view; B. Macroanatomical view; a — tibia; b — fibula; c —
tuberositas tibia; d — eminentia intercondylaris; e — sulcus
extensorius; f — distal of the fibula; g — cochlea tibiae; *spatium
interosseum.

pits. Malleolus medialis was found to exist in the medial
of the tibia and a distinct sulcus malleolaris was detected on it (Fig. 3). The fibula was found to extend to
distal, retaining its bone-shaped thickness and end by
shaping malleolus lateralis. Also, the distal part of the
fibula was determined to exceed tibia. It was observed
that spatium interosseum, found between tibia and
fibula, was fixed along the lengths of the bones (Fig. 4).
The morphometric values found in the study were
presented in Table 1. Based on this, the length of
the tibia was determined to be 268.97 mm and
266.32 mm in the right and left side, respectively. The
length of the fibula was measured to be 249.16 mm
and 250.19 mm in the right and left side, respectively.
When all the determined morphometric parameters
were compared in terms of direction (right-left), no
statistical difference was found (p > 0.05).
The correlation values of the morphometric data
obtained in the study were presented in Table 2. In
consequence of the correlation analysis, it was found
that the GL1 value showed a highly positive correlation (p < 0.05) with the Bp, SD, Bd, GL2, TV, TYA,
FV values, but it showed a weak negative correlation
with the TME (Cr-C) value (p > 0.05).

Figure 3. View of ossa cruris from distal; A. Three dimensional
view; B. Macroanatomical view; a — cochlea tibiae; b — distal
of fibula.

Canon EOS-700D camera was used in taking macro photographs. The study was based on Nomina
Anatomica Veterinaria (2017) [24].

FINDINGS AND RESULTS
It was observed that in brown bears ossa cruris
were fully developed and made up of tibia and fibula
that articulated at proximal and distal with each other.
Condyles, which are found in the epiphysis proximalis
of tibia, were found to separate from each other via
incisura poplitei in the caudal aspect. Eminentia intercondylaris, a nonarticular area between condylus
lateralis and condylus medialis, were observed to exist
(Fig. 2). It was detected that this area was divided
into two as tuberculum intercondylare mediale and
tuberculum intercondylare laterale, and tuberculum
intercondylare mediale was slightly higher than tuberculum intercondylare laterale.
It was observed that cochlea tibiae, which is located
in the distal part of the tibia, had two straight articular

DISCUSSION
Many different conservation measures are implemented so that brown bears, which have a very
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Table I. Analyses of mean values and standard deviations of the osteometric measurements
Direction

Mean value

Standard deviation

P-value

Right

268.97

25.62

> 0.05

Left

266.32

24.92

> 0.05

Bp [mm]

Right

75.32

4.66

> 0.05

Left

75.17

5.94

> 0.05

SD [mm]

Right

23.89

1.64

> 0.05

Left

24.41

1.08

> 0.05

Bd [mm]

Right

59.48

5.86

> 0.05

Left

58.75

3.82

> 0.05

GL2 [mm]

Right

249.16

27

> 0.05

Left

250.19

24.28

> 0.05

GL1 [mm]

TMD [Cr-c] [mm]

Right

11.5

0.12

> 0.05

Left

11.6

0.08

> 0.05

TMD [LM] [mm]

Right

11.3

0.08

> 0.05

Left

11.3

0.01

> 0.05

TV [mm3]

Right

151062.79

57225.78

> 0.05

Left

150286.72

50416.1

> 0.05

TSA [mm ]

Right

79879.21

9230.88

> 0.05

Left

83670.6

23798.94

> 0.05

FV [mm3]

Right

19676.2

2426.2

> 0.05

Left

19197.31

3719.88

> 0.05

Right

14242.95

1302.94

> 0.05

Left

13757.08

2694.82

> 0.05

2

FSA [mm ]
2

Abbreviations — see text

Table 2. Correlation analyses of the osteometric measurements [mm]

GL1
Bp
SD

GL1

Bp

SD

Bd

GL2

TMD
(Cr-C)

TMD
(LM)

TV

TSA

FV

FSA

—

0.879**

0.716*

0.950***

0.836**

–0.103

0.201

0.944***

0.917**

0.874**

0.601

—

0.827*

0.826*

0.771*

–0.059

–0.050

0.972*** 0.977***

0.801*

0.403

—

0.584

0.438

–0.457

–0.359

0.843**

0.851**

0.516

–0.003

—

0.884**

0.084

0.338

0.898**

0.850**

0.791*

0.593

—

0.451

0.588

0.819*

0.751*

0.878**

0.801*

—

0.764*

–0.077

–0.152

0.183

0.520

—

0.047

–0.053

0.343

0.751*

—

0.969***

0.830*

0.447

—

0.797*

0.400

—

0.825*

Bd
GL2
TMD (Cr-C)
TMD (LM)
TV
TSA
FV
FSA

—

*p < 0.05; **p < 0.01; ***p < 0.001; abbreviations — see text

common habitat on earth, sustain their potentials.
Despite these measures, reductions are observed in
the populations of brown bears due to poaching or
conservation [2]. When considered along with the

other species that are extinct or endangered, it is
important to increase the brown bear population or
preserve the number in terms of the presence of the
species and the other species affected. In this sense,
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bone materials of 4 male brown bear were used in the
study to record the morphological and osteometric
data of ossa cruris of brown bear, one of the wild animals that exist today, to transfer them to the future.
The limitations of the study have been the number of
bone materials belonging to this animal, which is forbidden to hunt and kill. Therefore, it was not possible
to compare female and male samples and reveal the
osteometric means in more samples.
Tibia and fibula, which make up the ossa cruris of
brown bears, were observed to articulate and combine at proximal and distal. Özgel and Aykut [19],
Atalar and Özdemir [3], Özdemir and Karan [18], reported similar findings in their studies on lynx (Lynx
lynx), martens (Martens foina), and badger (Meles
meles), respectively. However, Yılmaz et al. [26] reported that these two bones knitted at proximal and
articulated at distal in Indian porcupines (Hystrix
cristata). Dyce et al. [8] reported that spatium interosseum extended to distal along the entire course of
the bone in sus, and this aperture was limited to the
proximal part in canis. In this study, spatium interosseum was found to extend from proximal to distal.
It was observed that tuberculum intercondylare
mediale, found in the epiphysis proximalis of tibia,
was higher than tuberculum intercondylare laterale
with a slight difference. The obtained finding was
found to be in parallels with the other domestic
mammals [12] except for sus [12] and wild boars [11].
While cochlea tibiae was reported to be sagittally
oriented in humans [10], Indian porcupines (Hystrix
cristata) [26], wild boars (Sus scrofa) [11], squirrels
(Sciurus vulgaris) [17], it was reported to be obliquely
oriented in lynxes (Lynx lynx) [19] and dogs [9]. In the
study, cochlea tibiae of brown bears were observed
to be sagittally oriented.
In their studies on humans and American black
bears, Orcholl et al. [16] reported the length, mediolateral diameter, and anteroposterior diameter of
the tibia to be 359.6 mm and 230 mm, 20.4 mm and
20.1 mm, and 29.9 mm and 26.7 mm, respectively.
The length of the fibula was determined to be 359.8 in
humans and 209.9 mm in American black bears. In
the measurements of canine tibiae that were excavated in the Van-Yoncatepe excavations, Onar and
Belli [15] reported the length of tibia to be 181.3 mm
at the right side, 179.2 mm at the left side, and the
middle diaphysis diameter to be 12.2 mm at the right
and 12.4 mm at the left. In our study, the length of the
tibia, craniocaudal and lateromedial diameters were

found to be 268.97 ± 12.81 mm, 11.5 ± 0.06 mm,
and 11.3 ± 0.04 mm at the right side, and 266.32 ±
± 12.46 mm, 11.6 ± 0.014 mm, and 11.3 ± 0.05 mm
at the left side, respectively. Based on this, it is seen
that the brown bear tibia is longer when compared
with American black bear [16] and canine [15] tibia,
and shorter than human tibia [16].

CONCLUSIONS
The literature was reviewed and no study in which
MDCT technique was used in the macroanatomical
and morphometric analysis of brown bear’s (Ursus
arctos) ossa cruris was reached. With this study,
parameters of ossa cruris of the brown bear were
obtained and it is thought that these values may be
a reference to studies in the field of osteoarchaeological and forensic sciences in the taxonomical
classification of species because of their similarities
with human osteology. Also, we are of the opinion
that the basic anatomical data on brown bears will
be enriched with this study.
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Background: The abductor pollicis longus (APL) originates from the lateral part
of the dorsal surface of the body of the ulna below the insertion of the anconeus
muscle, from the interosseous membrane, and from the middle third of the dorsal
surface of the body of the radius. However, the number of its accessory bands
and their insertion vary considerably.
Materials and methods: Fifty upper limbs (2 paired, 31 male, 19 female) were
obtained from adult Caucasian cadavers, and fixed in 10% formalin solution
before examination.
Results: The APL muscle was present in all specimens. The muscles were divided
into three main categories, with type II and III being dived into subtypes. Type I
was characterised by a single distal attachment, with the tendon inserting to the
base of the I metacarpal bone. Type II was characterised by a bifurcated distal
attachment, with the main tendon inserting to the base of the first metacarpal
bone; this type was divided into three subtypes (a–c). Type III was characterised
by the main tendons inserting to the base of the first metacarpal bone, while the
accessory band was characterised by mergers (fusion) with other tendons. This
type was divided into two subtypes (a, b).
Conclusions: The abductor pollicis longus is characterised by high morphological
variability. (Folia Morphol. 2020; 79, 4: 817–822)
Key words: abductor pollicis longus, abductor pollicis longus tendon,
tendon graft, anatomical variations

INTRODUCTION

cle, from the interosseous membrane, and from the
middle third of the dorsal surface of the body of
the radius [10]. The muscle belly of the APL passes obliquely downward and lateralward, becoming
a tendon which, together with the tendon of the EPB,
runs through a groove on the lateral side of the distal
part of the radius and inserts at the radial side of the
base of the first metacarpal bone [10]. The APL itself
is innervated by the posterior interosseous nerve,

The forearm bears three muscles that move the
thumb, these being the extensor pollicis brevis (EPB)
and extensor pollicis longus (EPL), known as the deep
extensors, and the abductor pollicis longus muscle
(APL). The APL lies immediately below the supinator,
and is sometimes united with it. It originates from
the lateral part of the dorsal surface of the body of
the ulna below the insertion of the anconeus mus-
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—— the type of APL tendon insertion (location, shape
of tendon insertion);
—— morphometric measurements of the APL;
—— an electronic digital calliper was used for all measurements (Mitutoyo Corporation, Kawasaki-shi,
Kanagawa, Japan). Each measurement was carried
out twice with an accuracy of up to 0.1 mm. The
size of each band was measured. Consent was
obtained from the Local Bioethical Commission
to perform the anatomical stage (RNN/09/19/KE).

a branch of the radial nerve [10]. Its primary function
is to abduct the thumb at the carpometacarpal joint,
thereby moving the thumb anteriorly, and to assist
in extending and rotating the thumb.
The dorsal surface of the hand typically includes
a number of muscles divided between six compartments: the EPB and the APL are in the first compartment, the extensor carpi radialis longus and extensor
carpi radialis brevis in the second, the EPL in the
third, the extensor digitorum and extensor indicis in
the fourth, the extensor digiti minimi muscle in the
fifth, and the extensor carpi ulnaris in the sixth [10].
Both the first and the third compartment serve as the
limits of the “anatomical snuffbox”.
The APL demonstrates a high degree of variability
with regard to the number of its accessory bands
and their insertion [2–6, 9, 13–15]. The presence of
multiple tendons originating from the APL is clinically
relevant, as it can lead to the development of de
Quervain’s syndrome, which is caused by stenosing
tenosynovitis. In addition, these accessory bands may
also serve as a potential source of transplant material,
especially for tendon reconstruction [3].
The primary aim of the study is to characterise the
morphology of the APL and its accessory bands; however, it is also intended to prepare a classification for
distinguishing different types of APL when planning
surgical procedures in the area.

Ethical approval and consent to participate

The anatomical protocol of the study was accepted by Bioethics Committee of Medical University of
Lodz (resolution RNN/09/19/KE).
The Local Bioethics Commission gave consent for
the study (agreement no. RNN/09/19/KE).
The cadavers belong to the Department of Normal and Clinical Anatomy of the Medical University
of Lodz.
This article does not contain any studies with
human participants or animals performed by any of
the authors.
Statistical analysis

Statistical analysis was performed with Statistica
12 software (StatSoft Polska, Cracow, Poland). The
c2 test with contingency tables was used to evaluate
differences between the distribution of APL types
according to gender and body side. The normality
of the data distribution was checked with the Shapiro-Wilk test. As the data was not normally distributed, the morphological measurements of different APL
types were compared using the Mann-Whitney U-test
(two groups) or the Kruskal-Wallis test by ranks with
a dedicated post hoc test (more than two groups).
A p-value lower than 0.05 was considered significant. The results are presented as mean and standard
deviation unless otherwise stated.

MATERIALS AND METHODS
Fifty upper limbs (31 male, 19 female) were obtained
from adult Caucasian cadavers, and fixed in 10% formalin solution before examination. The upper limbs were
stored in a pool of preservative liquid for 3 to 8 years.
The cadavers were the property of the Department
following donation to the university anatomy program.
The inclusion criteria comprised sufficient specimen
quality and the lack of evidence of surgical intervention in the examined area; this is needed to allow for
complete identification of the tendon insertion. The
dissection of the forearm and hand areas was performed
according to the standard technique [11, 12]:
Dissection started with the removal of the skin,
subcutaneous tissue and superficial fascia. Following
this, starting proximal to the retinaculum, the tendon
and muscle belly of the APL was exposed and precisely
dissected to the bony attachment. Following this, the
entire tendon was separated to the distal attachment.
Upon dissection, the following morphological
features of the APL were assessed:

RESULTS
The APL was present in all specimens. Based on
its morphology, three main types were distinguished:
—— type I: this type possesses a single distal attachment. The tendon inserts to the base of the
I metacarpal bone. This type was observed in
5 upper limbs (Fig. 1).
—— type II: this type is characterised by a bifurcated
distal attachment. The main tendon inserts to the
base of the first metatarsal bone. This type was
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Figure 1. Type I of abductor pollicis longus insertion; APL —
abductor pollicis longus; EPL — extensor pollicis longus; EPB —
extensor pollicis brevis; RA — radial artery.

Figure 3. Type IIb of abductor pollicis longus insertion; APL —
abductor pollicis longus; EPL — extensor pollicis longus; EPB —
extensor pollicis brevis.

Figure 2. Type IIa of abductor pollicis longus insertion; APL —
abductor pollicis longus; EPL — extensor pollicis longus; EPB —
extensor pollicis brevis.

Figure 4. Type IIc of abductor pollicis longus insertion; APL —
abductor pollicis longus; EPL — extensor pollicis longus; EPB —
extensor pollicis brevis.

present in 6 cases. Two subtypes were determined
based on the place of attachment:
—— subtype a: the accessory band inserts to the
shaft of the first metacarpal bone. This subtype
was found in 3 upper limbs (Fig. 2),
—— subtype b: the accessory band inserts to
the trapezius bone. This subtype occurred in
3 cases (Fig. 3),
—— subtype c: the accessory band was divided into
two: the first band connected with the abductor
pollicis brevis, while the second connected with
the opponens pollicis muscle. This subtype was
present in 12 cases (Fig. 4);
—— type III: this type is also characterised by a double tendon; however, the main band inserts to
the base of the first metacarpal bone, while the
accessory band fuses with other tendons. It was
further divided into two subtypes:
—— subtype a: where the accessory band fuses
with the APB. This subtype was present in 25
cases (Fig. 5),

—— subtype b: where the accessory band fuses with
the EPB, and inserts to the trapezius bone. This
type was present in 2 cases (Fig. 6).
The morphological characteristics of the tendons
and muscle bellies according to body side, gender
and each APL type are presented in Tables 1 and 2.

DISCUSSION
Our work provides a systematic classification of
the accessory bands of the APL and their type of
insertion. The proposed classification is the first to
systematize the relevant APL insertion variants into
three main types (I–III), with type II and III being divided into two or three subtypes.
Different types of accessory band insertions have
been described in the literature [1–6, 9, 13–15],
and such great morphological variability is believed
to have an embryological basis. The APL and EPB
differentiate from a common muscle mass and are
characterised by different anatomies in other primates [7], with a continuum of differentiation of
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Figure 5. Type IIIa of abductor pollicis longus insertion; APL —
abductor pollicis longus; EPL — extensor pollicis longus.

Figure 6. Type IIIb of abductor pollicis longus insertion; APL —
abductor pollicis longus; EPL — extensor pollicis longus; EPB —
extensor pollicis brevis.

Table 1. The morphological characteristics of the abductor pollicis longus tendons and muscle bellies according to body side and gender
Parameter

Gender
Female

P
Male

Mean

SD

Mean

Body side
Right

SD

Mean

P
Left

SD

Mean

SD

Forearm length

25.19

1.61

27.03

1.35

0.0005

26.07

1.61

26.71

1.76

0.1948

Width of the main tendon in the
musculo-tendinous junction

5.11

1.66

5.83

1.67

0.1418

5.40

1.73

5.75

1.64

0.3532

Width of the accessory tendon in the
musculo-tendinous junction

3.40

0.87

3.55

1.33

0.8836

3.07

0.98

3.86

1.18

0.1939

Thickness of the main tendon in the
musculo-tendinous junction

1.55

0.41

1.91

0.52

0.0258

1.74

0.39

1.83

0.62

0.4756

Thickness of the accessory tendon
in the musculo-tendinous junction

1.49

0.52

1.41

0.21

0.6604

1.39

0.36

1.49

0.38

0.6304

Length of the main tendon

57.37

19.04

68.15

12.71

0.0576

63.44

19.59

64.84

10.60

0.9299

Length of the tendon 2A

30.91

21.27

50.66

20.16

0.0406

43.05

22.78

42.80

23.09

0.9755

Length of the tendon 2B

20.10

14.70

33.15

24.70

0.2225

28.57

25.34

27.07

19.31

0.7363

Width of the main tendon distal attachment

4.61

1.91

4.09

1.49

0.4898

4.23

1.81

4.36

1.51

0.6655

Width of the tendon 2A distal attachment

3.50

1.45

4.40

2.71

0.8397

4.38

2.80

3.72

1.71

0.6784

Width of the tendon 2B distal attachment

2.99

1.23

3.36

1.36

0.7871

3.26

1.13

3.15

1.53

0.7040

Thickness of the main tendon at the distal attachment

1.22

0.32

1.41

0.56

0.2416

1.26

0.44

1.43

0.53

0.2748

Thickness of the tendon 2A at the distal attachment

1.41

0.86

1.57

0.80

0.5144

1.46

0.87

1.56

0.77

0.6312

Thickness of the tendon 2B at the distal attachment

1.22

0.61

1.36

0.59

0.5369

1.33

0.72

1.28

0.42

1.0000

Length of the accessory tendon

34.67

25.58

57.01

22.64

0.0491

51.85

24.02

46.18

28.86

0.6836

Width of the accessory tendon origin

2.47

0.96

2.99

1.15

0.3364

2.95

1.10

2.60

1.12

0.5150

Thickness of the accessory tendon origin

1.07

0.44

1.26

0.48

0.3983

1.24

0.48

1.11

0.46

0.6304

Width of the accessory tendon at the distal attachment

3.53

1.60

3.18

0.95

0.7486

3.28

1.30

3.32

0.97

0.6919

Thickness of the accessory tendon at the distal
attachment

0.99

0.44

1.15

0.34

0.1999

1.08

0.33

1.13

0.45

0.8874

SD — standard deviation

common muscle mass observed between species:
the APL inserts to the radial side of the shaft of the
first metacarpal bone in chimpanzees, but inserts to
the trapezium bone in gorillas. Phylogenetically, the
process is still visible in infancy and therefore it is

not surprising that anatomical variations are found
in man [7].
Anatomical variations of APL tendons were first
described in detail by Anson [1], who reported seven
different types, the most common being one char-
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Table 2. The morphological characteristics of the tendons and muscle bellies of each abductor pollicis longus (APL) type
Parameter

APL type
I

P

II

III

Mean

SD

Mean

SD

Mean

SD

Forearm length

25.60

1.82

26.47

1.61

26.43

1.75

0.5863

Width of the main tendon in the musculo-tendinous junction

6.81

1.88

4.79

1.34

5.83

1.69

0.0325

3.49

1.13

1.68

0.54

1.44

0.36

69.73

13.09

Width of the accessory tendon in the musculo-tendinous junction
Thickness of the main tendon in the musculo-tendinous junction

1.92

0.37

Thickness of the accessory tendon in the musculo-tendinous junction
Length of the main tendon

65.03

10.20

1.82

0.51

0.3167
-

60.10

17.98

0.0972

Length of the tendon 2A

42.60

25.03

43.68

16.52

0.9202

Length of the tendon 2B

33.04

24.41

18.12

11.54

0.2090

4.15

1.76

4.21

1.64

0.2261

Width of the tendon 2A at the distal attachment

Width of the main tendon at the distal attachment

5.12

2.99

1.12

5.56

2.78

0.0037

Width of the tendon 2B at the distal attachment

2.47

0.86

4.33

0.98

0.0014

Thickness of the main tendon at the distal attachment

1.52

1.45

1.16

0.45

1.44

0.51

0.1666

Thickness of the tendon 2A at the distal attachment

0.36

1.25

0.72

1.88

0.82

0.0189

Thickness of the tendon 2B at the distal attachment

0.96

0.36

1.83

0.46

0.0014

Length of the accessory tendon

40.63

31.52

50.93

25.20

0.5524

Width of the accessory tendon origin

2.82

1.10

–

Thickness of the accessory tendon origin

1.20

0.46

–

Width of the accessory tendon at the distal attachment

3.29

1.17

–

Thickness of the accessory tendon at the distal attachment

1.10

0.37

–

SD — standard deviation

acterised by insertion into both the first metacarpal
and the greater multangular bones (45.8%) [1]. In the
second most common type, the APL inserts into the
first metacarpal and, additionally to the abductor pollicis brevis and the greater multangular (14.1%) [1].
The third most frequent insertion was into the first
metacarpal bone and the APB (12.8%). The other
four types were characterised by a variable distal attachment, such as fusions with the opponens pollicis
and insertion to the styloid process of the radii and
the volar carpal ligament; however, these variations
were much more rarely observed and were not found
among our specimens [1]. Differences between variations described by other authors and these found
in our work are presented in Table 3.
Our prosed classification is intended to assist
clinicians while preparing for surgery or during diagnosis. In this case, a classification based on ten,
eight or even seven types is too unwieldy; a simpler
and more practical approach would be to divide the
types based on single, bifurcated (with subtypes) and
trifurcated types (with subtypes), as in the proposed
classification.

A good knowledge of the variations of the APL is
important from the clinical point of view. For example, de Quervain’s tenosynovitis often develops due
to repetitive and continued strain of the APL and EPB
tendons as they pass under a thickened and swollen
extensor retinaculum [8]. Symptoms include pain at
the radial side of the wrist, spasms, tenderness, an
occasional burning sensation in the hand and swelling
over the thumb side of the wrist, and difficulty gripping with the affected side of the hand. The onset is
often gradual and pain is made worse by movement of
the thumb and wrist, and may radiate to the thumb or
the forearm [8]. The presence of additional APL bands
running in separate sheaths may influence the choice
of treatment, as they can reduce the penetration of
steroids used in conservative approaches and prevent
full surgical release, thus resulting in failure. Similarly,
abnormal insertion into the phalanx or metacarpal can
cause trapezio-metacarpal subluxation or arthritis. In
addition, ABL is also commonly used as material for
tendon grafts; hence, the presence of additional bands
might affect the grafting procedure, the quality of the
graft and the remaining function of the thumb [3, 8].
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Table 3. The differences between the classifications given in the present study and those of other authors
Types of insertion
of the APL

Tewari
et al. [%]

Type I

Mansur
et al. [%]

Rosa
et al. [%]

Kocabiyik
et al. [%]

Gurude Sarikcioglu
Rabi
Sarikcioglu Mehta
et al. [%] et al. [%] et al. [%] et al. [%] et al. [%]

4

Type IIa

4

Type IIb

58

Present
[%]
10
6

Case

Type IIc

6
26

Type IIIa

Case

48

Type IIIb

4

APL — abductor pollicis longus

Limitations of the study

5. El-Beshbishy RA, Abdel-Hamid GA. Variations of the
abductor pollicis longus tendon: an anatomic study.
Folia Morphol. 2013; 72(2): 161–166, doi: 10.5603/
fm.2013.0027, indexed in Pubmed: 23740505.
6. Fabrizio PA, Clemente FR. A variation in the organization of
abductor pollicis longus. Clin Anat. 1996; 9(6): 371–375,
doi: 10.1002/(SICI)1098-2353(1996)9:6<371::AIDCA2>3.0.CO;2-E, indexed in Pubmed: 8915615.
7. Giles KW. Anatomical variations affecting the surgery of
de Quervain’s disease. J Bone Joint Surg Br. 1960; 42-B:
352–355, indexed in Pubmed: 13850049.
8. Goel R, Abzug JM. de Quervain’s tenosynovitis: a review of the
rehabilitative options. Hand. 2015; 10(1): 1–5, doi: 10.1007/
s11552-014-9649-3, indexed in Pubmed: 25762881.
9. Mahakkanukrauh P, Mahakkanukrauh C. Incidence
of a septum in the first dorsal compartment and
its effects on therapy of de Quervain’s disease. Clin
Anat. 2000; 13(3): 195–198, doi: 10.1002/(SICI)10982353(2000)13:3<195::AID-CA6>3.0.CO;2-V, indexed in
Pubmed: 10797626.
10. Moore K, Arthur F, Dalley I. Clinically Oriented Anatomy.
Lippincott Williams & Wilkins 2013.
11. Olewnik Ł, Podgórski M, Polguj M, et al. Anatomical variations of the pronator teres muscle in a Central European
population and its clinical significance. Anat Sci Int. 2018;
93(2): 299–306, doi: 10.1007/s12565-017-0413-y, indexed
in Pubmed: 28849397.
12. Olewnik Ł, Wysiadecki G, Polguj M, et al. Anatomical variations of the palmaris longus muscle including its relation to
the median nerve: a proposal for a new classification. BMC
Musculoskelet Disord. 2017; 18(1): 539, doi: 10.1186/
s12891-017-1901-x, indexed in Pubmed: 29258498.
13. Opreanu RC, Wechter J, Tabbaa H, et al. Anatomic variations of the first extensor compartment and abductor
pollicis longus tendon in trapeziometacarpal arthritis.
Hand. 2010; 5(2): 184–189, doi: 10.1007/s11552-0099234-3, indexed in Pubmed: 19834771.
14. Thwin SS, Fazlin F, Than M. Multiple variations of the tendons of the anatomical snuffbox. Singapore Med J. 2014;
55(1): 37–40, doi: 10.11622/smedj.2013216, indexed in
Pubmed: 24452976.
15. Tripathy SK, Tewari J, Mishra PR, et al. Anatomical variation of abductor pollicis longus in Indian population:
A cadaveric study. Indian J Orthop. 2015; 49(5): 549–553, doi:
10.4103/0019-5413.164038, indexed in Pubmed: 26538762.

The present study has some limitations: no sample
size calculation was performed and a relatively low
number of dissected limbs were examined. Nevertheless, based on available material, we were able to propose classification that can cover all variations of the
APL and can serve as a basis for further studies, and
as a foundation for communication with surgeons in
clinical practice. One final limitation is that the study
explores only variations of the APL and not the EPB,
despite the fact that it might also present variants
with a significant influence important on the aetiology and treatment of de Quervain’s tenosynovitis.

CONCLUSIONS
The APL is characterised by high morphological
variability associated with the presence of additional
bands and fusion with neighbouring muscles. Our
proposed classification is simple and serves as a foundation for further development with rare variants.
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Background: The study of the association between superior semicircular canal
and other dehiscences in the temporal bone.
Materials and methods: We have studied computed tomography of radiologically
diagnosed people with superior or posterior semicircular canal dehiscences, in four
health centres. In addition, we have studied one isolated human temporal bone,
one skull and one cadaver head belonging to the collection of the Department of
Human Anatomy and Histology of the University of Zaragoza that had dehiscence
in the superior semicircular canal.
Results: The most frequent association that we observed was between superior
semicircular canal dehiscence and tegmen tympani dehiscence (37.33%). Three
cases (two clinical cases and one isolated temporal bone) showed multiple associated dehiscences (tegmen tympani, mastoid antrum, posterior semicircular canal,
internal auditory canal, glenoid cavity, tympanum bone and geniculate ganglion)
associated with superior semicircular canal dehiscence
Conclusions: When the superior semicircular canal dehiscence is associated to
other in the petrous bone (tegmen tympani, mastoid antrum, posterior semicircular
canal, internal auditory canal) could be grouped into the same syndrome called
“otic capsule syndrome”, since they have the same origin and common aetiology
(otic capsule). (Folia Morphol 2020; 79, 4: 823–828)
Key words: bony labyrinth, otic capsule, bony defects group,
third window

INTRODUCTION

middle cerebral fossa. Since that date, studies
have been conducted to investigate its prevalence,
pathophysiology, clinical variables, diagnosis and
surgical procedures.
There are currently two theories about the genesis of dehiscence: congenital (stop or delay in the
ossification of the canal during its development) and
acquired (bone layer rupture covering the canal as

A milestone in the study of superior semicircular canal (SSC) pathology was the manuscript by
Minor [22] in 1998, who first described the presence of dehiscence in the canal. This dehiscence is
a rare and uncommon peripheral vestibulopathy,
which is characterised by a lack of bone coverage
of the SSC in the area closest to the dura of the

Address for correspondence: Dr. A.I. Cisneros, Anatomy and Histology Department, School of Medicine, Zaragoza University, Spain,
e-mail: aicisner@unizar.es
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Table 1. Distribution of superior semicircular canal (SSC)
dehiscence and posterior semicircular canal (PSC)
dehiscence

a result of another event, as increased intracranial
pressure, trauma, even after childbirth or coitus).
The association of SSC dehiscence with other ear
diseases [4, 9, 27] and other dehiscences produced
in the bone labyrinth is currently being investigated.
In this line, associations between dehiscence of
the SSC and dehiscence of the posterior semicircular canal have been described [6, 15, 18, 20, 21].
Both dehiscences show a similar, nonspecific clinical presentation, sometimes the auditory symptoms
(hypoacusis, tinnitus) and sometimes the vestibular
ones (dizziness, nystagmus, Tullio phenomenon) predominate; they may not even present any.
There may also be cases where there are dehiscences in other structures such as the tegmen tympani [1, 5, 24], geniculate ganglion [10, 13, 17] and
internal auditory canal [19].
The objective of this study is to determine radiologically on the one hand, the possible associations
between dehiscence in the superior and posterior
semicircular canal, and on the other, both dehiscences
with other morphological alterations in the temporal
bone (glenoid cavity and internal auditory canal).

Right side

Left side

Bilateral

SSC

31/71 (43.67%)

20/71 (28.17%)

20/71 (28.16%)

PSC

1/4 (25%)

1/4 (25%)

2/4 (50%)

The following radiological protocols for the acquisition and formatting of the images have been used:
2 × 0.6 mm collimation, 0.65 mm splice thickness,
0.32 mm splice increase, 0.75 s rotation time, 0.38 pitch,
120 CV, 300 mAs, 1024 × 1024 matrix, 180 mm
field of vision, 0.5 mm reconstruction thickness and
0.5 mm reconstruction increase.
The CT scans were updated by 3 radiologists with
more than 10 years of experience in neuroradiology
and reviewed by the signatories of the manuscript,
all of them with extensive experience in dehiscence
of semicircular canals.

RESULTS
We have performed a radiological study on a total
of 61 patients (20 men, 41 women) with an average
age of 55.98 years (ranging 2–89), in terms of the
possible associations between (superior and posterior) vertical semicircular canal dehiscence, and other
dehiscences located in the temporal bone. Two of the
patients, who presented unilateral SSC dehiscence,
were sisters.
Seventy one cases of SSC dehiscence and 4 of posterior semicircular canal dehiscence were detected.
Thirty-one dehiscences were detected on the right
side in the SSC, 20 on the left side, and bilateral
dehiscences (28.16%) were observed in 10 patients
(20 cases) (Table 1). Two dehiscences were detected
on the right side in the posterior semicircular canal,
and another two on the left side, and there was one
bilateral case.
The most frequent association that we observed
was between SSC dehiscence and tegmen tympani dehiscence, which was verified in a total of 28
(39.44%) cases.
Two cases presented multiple associated dehiscences (Fig. 1). Thus, the first case presented bilateral
superior semicircular dehiscences (Fig. 1A), bilateral
tegmen tympani dehiscences, and dehiscence in the
glenoid cavity of the temporomandibular joint on the

MATERIALS AND METHODS
We have studied computed tomography (CT) of
radiologically diagnosed people with superior or posterior semicircular canal dehiscences, in four health
centres: Basurto and Cruces Hospital, General Hospital of the Defence and Miguel Servet Hospital in
Zaragoza. An informed consent form was signed
by every participating patient. All the patients acknowledged that they cannot be identified via the
paper; the researchers fully anonymised them. The
ethics committee of each centre approved this study
in accordance with the guidelines of the Helsinki
Declaration of 1983.
The studies have been performed with multi-splice
helical CT equipment (Philips Brilliance 6), obtaining
the images on the axial plane and with the patient’s
neck in hyperextension to avoid direct radiation damage to crystalline. Later, coronal reconstructions have
been carried out in all the cases, in the plane of the
SSC of each ear (Pöschl plane) and in axial planes
for the posterior semicircular canals. The roof of the
glenoid cavity has been studied with sagittal plane
reconstructions.
The “raw data” have been reconstructed using
a bone algorithm.
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A

B

C

D

Figure 1. Different associations between superior semicircular canal dehiscence with others in the temporal bone; A. Superior semicircular
canal dehiscence (black arrow); B. Tegmen tympani (black arrow), glenoid cavity (white arrow); C. Tegmen tympani (black arrow), internal
auditory canal (IAC; white arrow); D. Posterior semicircular canal dehiscence (PSCD; white arrow).

Table 2. Association of temporal bone dehiscences
TTD

IACD

GFD

SSCD

28/71 (39.44%)

1/71 (1.41%)

1/71 (1.41%)

PSCD

2/4 (50%)

1/4 (25%)

0/4 (0%)

related to this pathology. Five years later it would be
Krombach et al. [14] who described posterior semicircular canal dehiscence.
The first authors who described associations between defects of the bony coverage of the SSC and
other parts of the bony labyrinth was Minor [23] who
observed an association between tegmen dehiscence
and the SSC. One year later, Gianoli [10] underlined
the high incidence of patients who also presented radiographic superior canal dehiscence with geniculate
ganglion dehiscence. Later, Manzari and Modugno
[18] and Chen et al. [3] described isolated cases of SSC
dehiscences associated with posterior canal dehiscences, the former in adults, and the latter in children.
In large series of persons with SSC dehiscence, the
affectation was found to be bilateral, in percentages
that varied between 16% and 37%. These data are
very similar to those observed by us, as we have registered an incidence of 34.48%.

SSCD — superior semicircular canal dehiscence; PSCD — posterior semicircular canal
dehiscence; TTD — tegmen tympani dehiscence; IACD — internal auditory canal dehiscence; GFD — glenoid cavity dehiscence

right side (Fig. 1B). The other cases showed bilateral
superior and posterior semicircular canal dehiscences
(Fig. 1D), bilateral tegmen tympani dehiscences, and
dehiscence of the roof of the internal auditory canal
(Fig. 1C) on the right side (Table 2).

DISCUSSION
Superior semicircular canal dehiscence, as a structural cause of dizziness and hypoacusis, is only
20 years old [22], so there are still knowledge gaps
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The presence of bilateral posterior semicircular canal dehiscences is not very frequent, and they are limited to isolated cases such as those described by Saxby
et al. [30] and Bear et al. [2]. We have also observed
one single isolated case of bilateral dehiscence, but
we must consider that posterior semicircular dehiscence is much less frequent than superior semicircular
dehiscence, being 3.6% and 0.6%, respectively [5].
The association between superior and posterior canal dehiscence has been described by Krombach et al.
[14], who observed 8 patients with posterior and SSC
dehiscences. Chen et al. [3] also obtained 1 case with
both dehiscences. Gopen et al. [11] observed that
2 of the 12 patients with posterior semicircular canal
dehiscences also presented SSC dehiscences. Russo
et al. [29] described that in 3 of the 5 cases with posterior semicircular canal dehiscence were associated
to dehiscences in the superior canal. Saxby et al. [30]
communicated 1 case of a child with bilateral superior
unilateral and posterior canal dehiscence. Kundagari
et al. [15] also presented a case of a patient with bilateral posterior semicircular canal dehiscence, together
with right superior canal dehiscence. We found only
1 case in which the 2 dehiscences were associated,
among the 61 patients studied, which denotes the
low frequency of this association since they were
selected patients.
The most frequent association found, which has
clinical repercussion, was with the tegmen tympani.
Crovetto et al. [5] found a 36.4% incidence of dehiscent tegmens associated with SSC dehiscence, and
Nadaraja et al. [24] found 76%. In the reverse study,
El Hadi et al. [7] found a 56.5% incidence of dehiscent semicircular canals in patients who presented
verified dehiscence of the tegmen tympani. We have
observed this association in 28 of the cases studies
(37.33%) and we think that the explanation would
be, as proposed by Fraile Rodrigo et al. [8], that both
structures have a common origin, the otic capsule,
and that the primary centres of the external or lateral
SSCs, which, when they grow, extend to the base of the
tegmental prolongation, collaborate in the ossification
of the tegmen tympani. In addition to this, the external
periostium layer, which separates the tegmen from the
middle cranial fossa, is a continuation of the layer that
covers the SSC. We have not found in the literature any
manuscript that relates the posterior semicircular canal
dehiscence with the absence of tegmen tympani, while
we have found it in in 2 of the 4 cases of posterior
semicircular canal dehiscence (50%).

The association of SSC dehiscences with internal
auditory canal dehiscences has only been described
in literature by Manzari and Scagnelli [19]. We have
observed 1 case in which SSC dehiscences were associated with internal auditory canal and posterior
canal dehiscence.
In the literature consulted, we have not observed any
association between SSC dehiscence and glenoid cavity
dehiscence of the temporomandibular joint or of the
tympanic bone, and only Kurt et al. [16] associates SSC
dehiscence with symptoms in the temporomandibular
joint, describing the flattening of the condyle, irregularities on the surface and formation of osteophytes, as
radiological findings. We have seen these associations
in a radiological study which leads us to consider that
one same cause could act during development, both
in the squamous portion of the temporal bone and in
the otic capsule, although the origin is not yet clear.
Therefore, we have observed that the cases of
SSC dehiscence associated with other temporal bone
dehiscences are few and far between, either located
in the petrous apophysis, in the squamous portion of
the temporal bone or in the tympanic bone.
To understand the aetiology of multiple dehiscences, an embryological cause that acts upon the otic capsule must be sought. Thus, Isaacson and Vrabec [13]
and Park et al. [26] observed that the bony otic capsule was significantly thinner in patients with associated SSC dehiscence. Gracia-Tello et al. [12] concludes
that the existence of superior semicircular dehiscence
is associated with the thinning of the bone of the canal on the opposite side, and Manzari and Modugno
[18] think that the association between two bone
structures that present dehiscences, and derive from
the otic capsule, is presented as support to the idea
that it is a congenital type disorder.
Niesten et al. [25] inform of three families in which
the first-degree relatives show SSC dehiscences, and
El Hadi et al. [7] registered two twins in the series
that they studied, with both SSC dehiscence and
tegmen tympani dehiscence. These events suggest
genetic aetiology. In our study, we have found SSC
dehiscence in 2 sisters, which suggests, in that case,
a genetic component. However, in our studies about
COACH syndrome and in the studies conducted by
Roknic et al. [28], demonstrating a constant genetic
disorder associated with these dehiscences has not
been possible.
Wackym et al. [31] coins a new term, “otic capsule
syndrome”, to define the existence of associated de-
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hiscences between the different semicircular canals,
and he bases this on the fact that these pathologies
have very similar symptoms, whether implanted in
(superior and posterior) vertical canals or in the (lateral) horizontal canal. We would use this term for when
in the CT scans find multiple dehiscences of structures
derived from the otic capsule (tegmen tympani, mastoid antrum, posterior semicircular conduct, internal
auditory canal).
We have not found clinical features to distinguish
patients with SSC dehiscence from the posterior, and
both with other temporal bone dehiscences.

6. Dang PT, Kennedy TA, Gubbels SP. Simultaneous, unilateral plugging of superior and posterior semicircular
canal dehiscences to treat debilitating hyperacusis.
J Laryngol Otol. 2014; 128(2): 174–178, doi: 10.1017/
S0022215113003605, indexed in Pubmed: 24480590.
7. El Hadi T, Sorrentino T, Calmels MN, et al. Spontaneous
tegmen defect and semicircular canal dehiscence: same
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semicircular canal dehiscence association. Acta Otorrinolaringol Esp. 2016; 67(4): 226–232, doi: 10.1016/j.
otorri.2015.09.006, indexed in Pubmed: 26738982.
9. Gartrell BC, Gentry LR, Kennedy TA, et al. Radiographic
features of superior semicircular canal dehiscence in the
setting of chronic ear disease. Otol Neurotol. 2014; 35(1):
91–96, doi: 10.1097/MAO.0b013e3182a03522, indexed
in Pubmed: 24136312.
10. Gianoli G. Deficiency of the superior semicircular canal.
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336–341, doi: 10.1097/00020840-200110000-00016.
11. Gopen Q, Zhou G, Poe D, et al. Posterior semicircular canal
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31(2): 339–344, doi: 10.1097/MAO.0b013e3181be65a4,
indexed in Pubmed: 19841602.
12. Gracia-Tello B, Cisneros A, Crovetto R, et al. Effect of
semicircular canal dehiscence on contralateral canal
bone thickness. Acta Otorrinolaringol Esp. 2013; 64(2):
97–101, doi: 10.1016/j.otorri.2012.10.004, indexed in
Pubmed: 23298437.
13. Isaacson B, Vrabec JT. The radiographic prevalence of
geniculate ganglion dehiscence in normal and congenitally
thin temporal bones. Otol Neurotol. 2007; 28(1): 107–110,
doi: 10.1097/01.mao.0000235968.53474.77, indexed in
Pubmed: 17031323.
14. Krombach GA, DiMartino E, Schmitz-Rode T, et al. Posterior
semicircular canal dehiscence: a morphologic cause of
vertigo similar to superior semicircular canal dehiscence.
Eur Radiol. 2003; 13(6): 1444–1450, doi: 10.1007/s00330003-1828-5, indexed in Pubmed: 12764665.
15. Kundaragi NG, Mudali S, Karpagam B, et al. Intracranially
protruded bilateral posterior and superior SCCs with multiple dehiscences in a patient with positional vertigo: CT
and MR imaging findings and review of literature. Indian
J Radiol Imaging. 2014; 24(4): 406–409, doi: 10.4103/09713026.143904, indexed in Pubmed: 25489134.
16. Kurt H, Orhan K, Aksoy S, et al. Evaluation of the superior
semicircular canal morphology using cone beam computed tomography: a possible correlation for temporomandibular joint symptoms. Oral Surg Oral Med Oral Pathol
Oral Radiol. 2014; 117(3): e280–e288, doi: 10.1016/j.
oooo.2014.01.011, indexed in Pubmed: 24528799.
17. Lookabaugh S, Kelly HR, Carter MS, et al. Radiologic classification of superior canal dehiscence: implications for surgical
repair. Otol Neurotol. 2014; 36(1): 118–125, doi: 10.1097/
MAO.0000000000000523, indexed in Pubmed: 25122602.
18. Manzari L, Modugno GC. Bilateral dehiscence of both superior and posterior semicircular canals. Otol Neurotol. 2009;

CONCLUSIONS
Therefore, and in conclusion, we think that SSC
dehiscence may have a congenital cause and be associated with other dehiscences, and in our clinical
practice, we must seek these associations whenever
we encounter a disorder in the bony coverage of
the temporal bone, as already recommended when
a tegmen tympani or SSC dehiscence is diagnosed.
In agreement with our observations, reviews and
after analysing the embryological development, we
consider that the existence of malformation syndromes in which there is an association of multiple
structure dehiscences, both of the otic capsule and
of the temporal bone, is very likely.
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Background: The aim of this study was to compare the trabecular bone microstructure of the mandibular condyle in edentulous, unilateral edentulous (Kennedy
Class II), and fully dentate patients.
Materials and methods: The study used the cone-beam computed tomography
(CBCT) images of 17 fully dentate (34 condyles), 16 edentulous (32 condyles), and
17 unilateral edentulous patients (34 condyles) aged 19 to 80 years. The trabecular
bone microstructure of the mandibular condyle was evaluated on 8 consecutive
cross-sectional images of these patients. In the microstructure analysis, structural
model index (SMI), ellipsoid factor (EF), bone volume fraction (BV/TV), trabecular
thickness (Tb.Th) and trabecular seperation (Tb.Sp) were measured.
Results: There was no significant difference between the mean SMI, BV/TV, EF and
Tb.Th microstructure values of each group (p = 0.243, p = 0.095, p = 0.962,
p = 0.095, respectively). However, there was significant difference in terms of
mean Tb.Sp between the groups (p = 0.021). The trabecular structure in all three
groups was more rod-shaped. No correlation was found between age factor and
microstructure values.
Conclusions: Considering the in vivo microstructure analysis of CBCT images, it
can be said that teeth loss does not have a significant effect on the microstructure
parameters excluding Tb.Sp of mandible condyles and does not affect mandibular
condyle trabecular endurance. (Folia Morphologica 2020; 79, 4: 829–834)
Key words: mandibular condyle, cone-beam computed tomography,
quantitative evaluation, bone tissue

INTRODUCTION

joint structure [22]. Furthermore, sudden changes in
masticatory functions may deteriorate the ongoing
delicate balance between dental occlusion, masticatory muscles and TMJ structure, and the deteriorated
balance may concentrate on a different system [19,
23]. Loss of occlusal support deteriorating the balance
in the masticatory system may be one of the factors
that accelerate TMJ deterioration. Premature contacts

The facial profile, as well as environmental and
genetic factors, may affect the masticatory system of
individuals and subsequently affect bone morphology in the mandible [3, 21]. The temporomandibular
joint (TMJ) may be exposed to degenerative changes
when there are changes in masticatory functions or
when force is applied powerful enough to disrupt the
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have been found to be present in patients with TMJ
disorder and this abnormal relationship has been
observed to be more frequent in these patients than
people with normal joints. This imbalance can lead to
degenerative changes due to increased stress on the
masticatory muscles and excessive pressure on the
joint surface [26]. In the literature, techniques such
as electromyography and kinesiography have been
used to analyse the relationship between dental malocclusion and TMJ disorder. However, no significant
correlation has been found between dental malocclusion and TMJ disorder with the above-mentioned
techniques [20].
Edentation, teeth movements, and parafunctional
habits such as bruxism are effective in the formation
of occlusal force. Parameters such as dentition status,
occlusal force, internal structure and morphology
of TMJ are known to be correlated with each other.
Considering the correlation between these parameters, it is possible that the trabecular structures of
the mandibular condyle of the edentulous and fully
dentate patients are of different types [5]. In other
words, properties such as density, thickness, and
seperation of the trabecular structure may change
due to the above-mentioned external factors [14].
For instance, it has been reported that the density
and bone volume fraction (BV/TV) of mandibular
condyle trabeculae are lower in edentulous patients
than in fully dentate patients [13]. Similarly, in a different study [11], patients with high bone densities
were found to have a plate-like trabecular structure
whereas patients with low bone densities had a rodlike trabecular structure considering the relationship
between mandibular condyle trabecular structure and
density of related bone of the fully dentate patients.
Different imaging techniques such as plain radiographs, computed tomography (CT), magnetic
resonance imaging (MRI) and cone-beam CT (CBCT)
have been used to examine the TMJ [20, 23, 26].
A three-dimensional (3D) image of the mandibular
condyle can be obtained, analysis of surrounding
tissues and morphological changes in bones can be
examined, and the cavity and dynamic functioning
of the TMJ can be analysed using CT, MRI and CBCT
techniques. There is an increasing demand for CBCT
devices because it has voxel dimensions of up to
0.075 mm, has exact measurement capability, and
requires low dose and cost compared to multi-slice
CT (MSCT) devices [1, 16, 17]. Although Hounsfield
unit values could not be determined exactly with

CBCT, bone microstructure values were measured
using CBCT in some studies [18, 24]. Microstructure
evaluation values close to micro-CT devices, which
are accepted as the gold standard for the evaluation
of bone microstructure, have been reported to be
obtained with CBCT with the help of images taken
at low voxel dimensions [24].
To the best of our knowledge, there is no study in
the literature that compares the mandibular condyle
trabecular structure parameters of edentulous, unilateral edentulous, and fully dentate patients. The aim of
this study was to compare the bone volume fraction
(BV/TV), structural model index (SMI), ellipsoid factor (EF), trabecular thickness (Tb.Th) and trabecular
seperation (Tb.Sp) parameters of the groups and
to determine the effect of loss of occlusion on the
trabecular bone structure of the mandibular condyle.

MATERIALS AND METHODS
A total of 50 patients (25 female and 25 male)
aged 19–80 years were classified according to their
edentation status. Of these patients, 17 were fully
dentate with 34 condyles (mean age 40.7), 16 were
edentulous with 32 condyles (mean age 52.3), and
17 were unilateral edentulous with 34 condyles (mean
age 56.9). Trabecular bone microstructures of mandible condyle were analysed on their cross-sectional
images. Patients with systemic diseases that can affect
the bone metabolism and microstructure, deformity,
fracture, or tumoral lesion in the mandibular condyle
region and those having cross-sectional images with
poor quality were excluded from the study. KaVo 3D
eXam (Biberach, Germany) tomography device was
used to obtain the images. Scanning parameters
were selected as follows: 20.27 mA, 14.7 s, 120 kVp,
16 × 6 cm field of view, and 0.2 mm isotropic voxel.
The gonion of the patients was fixed with a plastic
holder to prevent movement artifact during screening. This study was conducted following the receipt of
approval from University Ethical Committee (Approval
no: Van YYU-2018/04/04-05).
Cone-beam CT scanning data was converted to
digital imaging and communications in medicine
(DICOM) format. Cross-sectional images of the patients’ mandibular condyle region were imported into
ImageJ software (U.S. National Institutes of Health,
Bethesda, Maryland, USA). Eight consecutive sections
without intersection gaps between each other were
stacked into ImageJ software. In microstructure analysis, 2 mm apical of the cortical bone at the head of
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Figure 1. Selection of region of interest in axial sectional image (A), and conversion of sectional image into binary image format to make
suitable for microstructure analysis (B).

Table 1. Descriptive statistics of bone trabeculae parameters

the condyle and trabecular bone area within 2 mm
of the cortical bone of the condyle in each axial
sectional image were included while selecting the
region of interest (ROI). The ROI was duplicated to
be measured and then the images were converted
to binary image form to make them suitable for
microstructure evaluation (Fig. 1). Then, SMI, BV/TV,
EF, Tb.Th and Tb.Sp values were measured by BoneJ
plugin in the software. Measurements were made
by an oral and maxillofacial radiologist who have
been analysing CBCT images for 3 years and performing microstructure analysis with related software
for 2 years.

Parameters

Number

SMI

100

BV/TV

100

EF

100

Tb.Th

100

Tb.Sp

100

Minimum Maximum
0.80

Mean ± SD

4.73

2.83 ± 0.72

0

0.96

0.29 ± 0.20

–0.51

0.72

0.4 ± 0.18

0.46

5.16

1.11 ± 0.61

0.62

5.76

1.99 ± 1.15

SMI — structure model index; BV/TV — bone volume fraction; EF — ellipsoid factor;
Tb.Th — trabecular thickness; Tb.Sp — trabecular seperation; SD — standard deviation

lous group, and 2.69 in the unilateral edentulous
group. In other words, the trabecular microstructure
of the condyle was more rod-shaped in each group.
The highest BV/TV value was measured in the fully
dentate group whereas the highest EF and Tb.Th
values were in the fully dentate group and unilateral edentulous group, respectively, and the highest
Tb.Sp value was in the edentulous group. In the
microstructure analysis of mandibular condyle of
each group, no statistically significant difference was
observed between the groups in terms of mean SMI,
BV/TV, EF, and Tb.Th values (p = 0.243, p = 0.095,
p = 0.962, p = 0.095, respectively). However, there
was significant difference in terms of mean Tb.Sp
between the groups; the mean Tb.Sp of edentulous
group was significantly higher than the mean of fully
dentate group’s (p = 0.021; Table 2). When the correlation between age and microstructure values were
examined, no correlation was observed between age
and SMI (r = –0.062, p = 0.540), BV/TV (r = 0.037,
p = 0.715), Tb.Th (r = –0.014, p = 0.889), Tb.Sp

Statistical analysis

Statistical analysis of the data obtained was performed using SPSS version 20.0 software (IBM SPSS
Statistics 20.0; IBM Co., Armonk, NY, USA). The relationship between loss of occlusion and SMI, BV/TV,
EF, Tb.Th and Tb.Sp values was analysed by one-way
ANOVA test. Mann-Whitney U test was used to compare the trabecular microstructure parameters of condyles belonging to edentulous and dentate sides in
unilateral edentulous patients. Intra-class correlation
coefficient (ICC) was calculated to measure intra-rater
reliability. Randomly selected trabecular bone microstructures of 34 condyle heads were analysed by an
observer twice in 1-month intervals.

RESULTS
Descriptive statistics of the parameters are presented in Table 1. Mean SMI value was found to be
2.80 in the fully dentate group, 2.99 in the edentu-
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Table 2. Comparison of trabecular microstructure parameters of edentulous, unilateral edentulous and fully dentate patients using
one-way ANOVA (mean ± SD)
Group
Fully dentate
Edentulous
Unilateral edentulous
P

SMI

BV/TV

EF

Tb.Th

Tb.Sp

2.80 ± 0.67

0.32 ± 0.16

0.05 ± 0.17

0.93 ± 0.25

1.56 ± 1.14

3 ± 0.70

0.23 ± 0.20

0.04 ± 0.16

1.16 ± 0.53

2.31 ± 1.05

2.70 ± 0.79

0.31 ± 0.22

0.04 ± 0.20

1.24 ± 0.85

2.11 ± 1.16

0.243

0.095

0.962

0.095

0.021

SMI — structure model index; BV/TV — bone volume fraction; EF — ellipsoid factor; Tb.Th — trabecular thickness; Tb.Sp — trabecular separation; SD — standard deviation

(r = 0.008, p = 0.935) and EF (r = –0.038, p = 0.707)
values. In the comparison of SMI, BV/TV, EF, Tb.Th
and Tb.Sp parameters of two sides in the unilateral
edentulous group, there was no significant difference
between two sides in terms of relevant parameters
(p = 0.708, p = 0.518, p = 0.760, p = 0.454, p = 0.160,
respectively). Good intra-rater reliability was observed
in repeated measurements of SMI (ICC = 0.706),
BV/TV (ICC = 0.774), EF (ICC = 0.747) and Tb.Sp
(ICC = 0.859) in terms of intra-rater reliability values,
whereas excellent intra-rater reliability was observed
in Tb.Th (ICC = 0.986).

60% of the MRI images of the patients with anterior
open bite showed pathological changes in the bone
[27]. In patients with malocclusion, canine guidance
and posterior occlusion are not ideal. It has been reported that condyles can make unusual deviations to
compensate for these imbalances and these unusual
movements may cause damage to the joint structures
[10]. Furthermore, in a study including about 300 patients, the proportion of open bite patients with and
without TMJ disorder complaints was reported to be
the same with the abovementioned ratio (about 6%)
and malocclusion was reported to be not associated
with TMJ disorder [4]. Similarly, de Sousa et al. [7]
reported in their study of 100 patients that there was
no significant difference in joint disorder between
patients with and without an anterior open bite,
posterior crossbite and more than five posterior teeth
lost. Furthermore, in unilateral edentulous cases, the
masticatory muscles on both the dentulous and edentulous sides must work harmonically and there is
a decrease in the force load on the muscles on both
sides. This explains why the resorption process on
both sides continues in parallel with each other [6].
Similarly, the condyle trabecular structures on both
sides of our patients in the unilateral edentulous
group were similarly affected by teeth loss and no
significant difference was observed in terms of the
microstructure parameters.
Structural model index refers to the average shape
of the trabecular structure of the bone. An SMI of 0 is
referred to as plate-shaped trabeculae, SMI of 3 is referred to as rod-shaped trabeculae, and SMI of 4 is referred to as sphere-shaped trabeculae [25]. Doube [9]
reported that there were concave curvatures to
a large extent in the real bone, it was not possible
to accurately measure this bone trabecular structure
with SMI, and using EF, instead of SMI, in the analysis
of trabecular structure can provide more accurate
results. They have further reported that EF gets values

DISCUSSION
The results of our study have shown that there was
no significant difference between the groups in terms
of condyle microstructures excluding Tb.Sp. MRI is the
gold standard for demonstrating cartilage structures
in TMJ, position of the joint disc, and pathologies
such as effusion. However, it is inadequate in the
analysis of changes in condyle trabecula due to its
relatively low resolution [2]. Methods such as micro-CT, histomorphometric measurements and high-resolution peripheral quantitative CT have been used
to evaluate the trabecular structure of the condyle.
However, sacrificed dead animal tissues are generally
used for these methods [15, 28].
In a study by Parsa et al. [24], mandibular images
of 20 dry edentulous patients were obtained through
CT, micro-CT, and CBCT and a strong correlation was
observed between CBCT and CT (r = 0.89) and between CBCT and micro-CT (r = 0.82) when the trabecular microstructure correlations were examined.
Therefore, we preferred to use CBCT to obtain images
in vivo, it has relatively lower radiation dose, is cost-effective, and has lower acquisition time.
In orthodontic patients with various malocclusion, malocclusion has been shown to increase the
prevalence of TMJ disorder. For instance, more than
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between –1 and +1. It gets –1 when discus-shaped
ellipsoids are the majority, it gets 0 when there are
discus- and javelin-shaped ellipsoids, and it gets +1
when javelin-shaped ellipsoids are the majority. Although there was no significant difference between
the three groups in terms of SMI in the present study,
the highest mean SMI value was found to be 3 in the
edentulous patient group and the lowest mean SMI
value was 2.70 in the unilateral edentulous patient
group, meaning that the trabecular structure in all
three groups was more rod-shaped. When the mean
values in all three groups were analysed according
to the EF, the trabecular structure was found to be
more javelin-shaped. In other words, we can state
that SMI and EF parameters reflect trabecular structure similarly.
In a study by Giesen et al. [12] comparing the
condyles of the fully dentate and edentulous patients,
the edentulous patient group was found to have
lower BV/TV values and their bone trabecula was
seen to be not as stiff and strong as in fully dentate
patients. This reduction in BV/TV was reported to be
associated with the conversion of the trabecula to
a more rod-like structure, but not associated with the
reduction in Tb.Th. In their study, it was not known
when edentulous patients lost their teeth or whether
they were using dentures. Similarly, in the present
study, it was not known how long the edentulous
patients had no teeth or whether they were using
dentures. No difference was observed between bone
microstructure values due to teeth loss in our study.
As the BV/TV, i.e. the strength of the bone structure
decreased, the trabecula was observed to turn into
a more rod-like structure. For instance, the mean
BV/TV values of the fully dentate and edentulous
group were 0.32 and 0.23, respectively, whereas the
mean SMI values were 2.80 and 3, and Tb.Th values
were 0.93 and 1.16, respectively. As can be seen, the
bone trabecular volume in the edentulous group was
lower, and its structure turned into a more rod-like
pattern. However, the decrease in BV/TV was seen to
be not parallel to the decrease in Tb.Th. Findings obtained in our study are compatible with the findings
reported by Giesen et al. [12] in their study.
Ding and Hvid [8] analysed the age-related changes in the tibial bone trabecular microstructure values
of 40 patients aged 16–85. They reported that the
trabecular structure became more rod-like with the
increasing age, however, it was further reported that
there was no significant change in Tb.Th in patients

in the age group of 20–80 and no difference was
observed in microstructural values due to the low
time-dependent remodelling activity of the tibial bone.
In the present study, the duration of teeth loss may not
have been long enough to cause remodelling in the
trabecular structure of the condyles of the edentulous
patients and to affect microstructural values.
Limitations of the study

This study has some limitations. Firstly, it was not
known how long the patients have been edentulous
and whether they were using dentures. Secondly, we
only used the images of patients participating from
the Eastern Anatolia Region of Turkey and the results
of our study are, therefore, shaped according to the
characteristics of the ethnic structure in this region.
In our study, CBCT images with a high resolution of
200 μm were used. Since the value range of Tb.Th
and Tb.Sp dimensions vary between 0.46–5.16 mm
and 0.62–5.76 mm, it can be said that the voxel size
used in our study is sufficient to evaluate the related
structures. Furthermore, bone microstructure measurements were seen to be performed in vitro in most
of the studies [5, 8, 11–14, 24, 25] in the literature
whereas our study was carried out in vivo thanks to
lower acquisition time and radiation dose provided
by CBCT than micro-CT.

CONCLUSIONS
Although there was no significant difference between the fully dentate, edentulous, and unilateral
edentulous patient groups in terms of the trabecular
microstructure excluding Tb.Sp of condyle, the trabecular structure of the edentulous group was more
rod-like and the mean Tb.Sp of edentulous group was
significantly higher than the mean of fully dentate
group’s. As the trabecular structures of the condyle
turned into more rod-like structures, BV/TV value
reflecting the strength of the trabecular bone was
found to decrease. Moreover, no significant change
was observed in trabecular bone microstructure parameters with increasing age.

References
1. Al-Saleh MAQ, Alsufyani NA, Saltaji H, et al. MRI and
CBCT image registration of temporomandibular joint:
a systematic review. J Otolaryngol Head Neck Surg. 2016;
45(1): 30, doi: 10.1186/s40463-016-0144-4, indexed in
Pubmed: 27164975.
2. Badel T, Marotti M, Savić Pavičin I, et al. Temporomandibular disorders and occlusion. Acta Clin Croat. 2012; 51:
419–424, indexed in Pubmed: 23339268.

833

Folia Morphol., 2020, Vol. 79, No. 4

3. Bogin B, Rios L. Rapid morphological change in living
humans: implications for modern human origins. Comp
Biochem Physiol A Moll Integr Physiol. 2003; 136(1):
71–84, doi: 10.1016/s1095-6433(02)00294-5.
4. Chiappe G, Fantoni F, Landi N, et al. Clinical value of 12 occlusal features for the prediction of disc displacement with
reduction (RDC/TMD Axis I group IIa). J Oral Rehabil. 2009;
36(5): 322–329, doi: 10.1111/j.1365-2842.2009.01942.x,
indexed in Pubmed: 19382297.
5. Choi DY, Sun KH, Won SY, et al. Trabecular bone ratio of
the mandibular condyle according to the presence of
teeth: a micro-CT study. Surg Radiol Anat. 2012; 34(6):
519–526, doi: 10.1007/s00276-012-0943-x, indexed in
Pubmed: 22354526.
6. Chou HY, Satpute D, Müftü A, et al. Influence of mastication and edentulism on mandibular bone density.
Comput Methods Biomech Biomed Engin. 2015; 18(3):
269–281, doi: 10.1080/10255842.2013.792916, indexed
in Pubmed: 23682930.
7. de Sousa ST, de Mello VV, Magalhães BG, et al. The role
of occlusal factors on the occurrence of temporomandibular disorders. Cranio. 2015; 33(3): 211–216, doi:
10.1179/2151090314Y.0000000015, indexed in Pubmed:
25027731.
8. Ding M, Hvid I. Quantification of age-related changes in
the structure model type and trabecular thickness of human tibial cancellous bone. Bone. 2000; 26(3): 291–295,
doi: 10.1016/s8756-3282(99)00281-1.
9. Doube M. The ellipsoid factor for quantification of rods,
plates, and intermediate forms in 3D geometries. Front
Endocrinol. 2015; 6: 15, doi: 10.3389/fendo.2015.00015,
indexed in Pubmed: 25762979.
10. Garcia-Fajardo PC, Casado AC, Trigo AF, et al. La oclusión
como factor etiopatológico en los trastornos temporomandibulares. RCOE. 2007; 12(1-2), doi: 10.4321/s1138123x2007000100003.
11. Giesen EBW, Ding M, Dalstra M, et al. Architectural measures of the cancellous bone of the mandibular condyle identified by principal components analysis. Calcif Tissue Int.
2003; 73(3): 225–231, doi: 10.1007/s00223-002-0002-4,
indexed in Pubmed: 14667134.
12. Giesen EBW, Ding M, Dalstra M, et al. Changed morphology and mechanical properties of cancellous bone in the
mandibular condyles of edentate people. J Dent Res. 2004;
83(3): 255–259, doi: 10.1177/154405910408300314,
indexed in Pubmed: 14981130.
13. Giesen E, Ding M, Dalstra M, et al. Reduced mechanical
load decreases the density, stiffness, and strength of
cancellous bone of the mandibular condyle. Clinical
Biomech. 2003; 18(4): 358–363, doi: 10.1016/s02680033(03)00018-4.
14. Hongo T, Yotsuya H, Shibuya K, et al. Quantitative and morphological studies on the trabecular bones in the condyloid
processes of the Japanese mandibles. Comparisons between
dentulous and edentulous specimens. Bull Tokyo Dent Coll.
1989; 30(2): 67–76, indexed in Pubmed: 2635090.
15. Ibrahim N, Parsa A, Hassan B, et al. Diagnostic imaging
of trabecular bone microstructure for oral implants:
a literature review. Dentomaxillofac Radiol. 2013; 42(3):
20120075, doi: 10.1259/dmfr.20120075, indexed in Pubmed: 23420864.

16. Koç A, Eroğlu CN, Bilgili E. Assessment of prevalence and
volumetric estimation of possible Stafne bone concavities
on cone beam computed tomography images. Oral Radiol.
2020; 36(3): 254–260, doi: 10.1007/s11282-019-00402-4,
indexed in Pubmed: 31327093.
17. Koç C, Sönmez G, Yılmaz F, et al. Comparison of the
accuracy of periapical radiography with CBCT taken at
3 different voxel sizes in detecting simulated endodontic
complications: an ex vivo study. Dentomaxillofac Radiol.
2018; 47(4): 20170399, doi: 10.1259/dmfr.20170399,
indexed in Pubmed: 29376737.
18. Liang X, Liu S, Qu X, et al. Evaluation of trabecular structure changes in osteoarthritis of the temporomandibular
joint with cone beam computed tomography imaging.
Oral Surg Oral Med Oral Pathol Oral Radiol. 2017; 124(3):
315–322, doi: 10.1016/j.oooo.2017.05.514, indexed in
Pubmed: 28732700.
19. Liu ZJ, Yamagata K, Kasahara Y, et al. Electromyographic
examination of jaw muscles in relation to symptoms and occlusion of patients with temporomandibular joint disorders.
J Oral Rehabil. 1999; 26(1): 33–47, doi: 10.1046/j.13652842.1999.00356.x, indexed in Pubmed: 10080323.
20. Manfredini D, Castroflorio T, Perinetti G, et al. Dental
occlusion, body posture and temporomandibular disorders: where we are now and where we are heading for.
J Oral Rehabil. 2012; 39(6): 463–471, doi: 10.1111/j.13652842.2012.02291.x, indexed in Pubmed: 22435603.
21. Merrot O, Vacher C, Merrot S, et al. Changes in the edentate mandible in the elderly. Surg Radiol Anat. 2005; 27(4):
265–270, doi: 10.1007/s00276-005-0323-x, indexed in
Pubmed: 16215657.
22. Milam SB. Pathogenesis of degenerative temporomandibular
joint arthritides. Odontology. 2005; 93(1): 7–15, doi: 10.1007/
s10266-005-0056-7, indexed in Pubmed: 16170470.
23. Nassif NJ, Al-Salleeh F, Al-Admawi M. The prevalence
and treatment needs of symptoms and signs of temporomandibular disorders among young adult males.
J Oral Rehabil. 2003; 30(9): 944–950, doi: 10.1046/j.13652842.2003.01143.x, indexed in Pubmed: 12950977.
24. Parsa A, Ibrahim N, Hassan B, et al. Bone quality evaluation
at dental implant site using multislice CT, micro-CT, and
cone beam CT. Clin Oral Implants Res. 2015; 26(1): e1–e7,
doi: 10.1111/clr.12315, indexed in Pubmed: 24325572.
25. Sugisaki M, Agematsu H, Matsunaga S, et al. Three-dimensional analysis of the internal structure of the mandibular
condyle in dentulous and edentulous jaws using micro-CT.
Cranio. 2009; 27(2): 78–87, doi: 10.1179/crn.2009.013,
indexed in Pubmed: 19455918.
26. Wang C, Yin X. Occlusal risk factors associated with temporomandibular disorders in young adults with normal
occlusions. Oral Surg Oral Med Oral Pathol Oral Radiol.
2012; 114(4): 419–423, doi: 10.1016/j.oooo.2011.10.039,
indexed in Pubmed: 22841427.
27. Wang MQ, Xue F, He JJ, et al. Missing posterior teeth and
risk of temporomandibular disorders. J Dent Res. 2009;
88(10): 942–945, doi: 10.1177/0022034509344387,
indexed in Pubmed: 19783804.
28. Zhang J, Jiao K, Zhang M, et al. Occlusal effects on longitudinal
bone alterations of the temporomandibular joint. J Dent Res.
2013; 92(3): 253–259, doi: 10.1177/0022034512473482,
indexed in Pubmed: 23340211.

834

ORIGINAL

ARTICLE

Folia Morphol.
Vol. 79, No. 4, pp. 835–844
DOI: 10.5603/FM.a2019.0128
Copyright © 2020 Via Medica
ISSN 0015–5659
journals.viamedica.pl

A study of the symmetry of roots and root canal
morphology in mandibular anterior teeth using
cone-beam computed tomographic imaging in
a Polish population
M. Sroczyk-Jaszczyńska1, J. Kołecki1, M. Lipski2, M. Puciło3, G. Wilk1, A. Falkowski5,
K. Kot2, A. Nowicka4
Department of General and Dental Radiology, Pomeranian Medical University in Szczecin, Poland
Department of Preclinical Conservative Dentistry and Preclinical Endodontics,
Pomeranian Medical University in Szczecin, Poland
3
Individual Dental Practice, Zielona Gora, Poland
4
Department of Conservative Dentistry and Endodontics, Pomeranian Medical University in Szczecin, Poland
5
Department of Interventional Radiology, Pomeranian Medical University in Szczecin, Poland
1
2

[Received: 12 July 2019; Accepted: 12 October 2019]

Background: The purpose of the study was to analyse mandibular anterior teeth
in a Polish population and determine the symmetry of root and root canal morphology between the right and left side using cone-beam computed tomography
(CBCT) scanning.
Materials and methods: From 111 CBCT examinations, 303 pairs of equivalent
mandibular anterior teeth were analysed on the right and left sides to evaluate
symmetry. Axial, sagittal, and cross-sectional slices with a thickness of 0.2–0.25 mm
were used. The number of root canals and their internal patterns were classified
following Vertucci’s criteria.
Results: All incisors in this study had 1 root. Canines usually had a single root
and much less often had 2 roots. Type I and III root canal configurations were
found most often, while type V and II configurations were less frequent. Significant compatibility between the left and right side was observed in all evaluated
variables. Incisors had the highest symmetry with regard to the number of roots
(100%). Second canals were observed more often in males than females, but only
the results in lateral incisors were significant.
Conclusions: This study provides supplemental information for dentists and should
help them to better predict the morphology of mandibular anterior teeth in complicated cases in the Polish population. Symmetry was observed in roots and root
canal morphology in all examined parameters. (Folia Morphol 2020; 79, 4: 835–844)
Key words: cone-beam computed tomography, canal configuration,
root anatomy, symmetry, mandibular incisor, mandibular canine

INTRODUCTION

successful endodontic treatment [33]. The omission
of a root canal can be catastrophic during endodontic
treatment, because some infectious areas could be
left intact [29]. Therefore, efficient assessment of

Both tooth anatomy and its variability from one
patient to another are important factors when considering the proper cleaning of the root canal system and
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the anatomic pattern of tooth structures should be
performed using the most accurate imaging methods, such as conventional periapical radiography and
cone-beam computed tomography (CBCT), before endodontic treatment [10, 16]. Conventional periapical
radiography provides two-dimensional (2D) images
in which the roots may overlap with the surrounding
tissue [32]. CBCT imaging represents an innovative
technique that allows the acquisition of three-dimensional (3D) images [14, 19].
In the last decade, Sommer et al. [29] proposed
that mandibular incisors generally have a single root
and root canal, but subsequent studies showed that
there is a high prevalence of 2 canals in mandibular
incisors. Further studies focused on root canal configurations and their high variability among different
populations [12, 17]. In the literature, the presence of
a second root canal has been observed in 14.1–27.3%
of teeth [12, 17]. The classification of canals is based
on the research of Vertucci, who classified canals into
I–VIII types [32]. Subsequent studies of the anatomy
of roots revealed the complexity of the root canal
system, and their classification system was therefore
extended [1, 15, 20, 26].
A review of the literature revealed that using CBCT
to assess symmetry in roots and/or root canal morphology in the mandibular anterior teeth has been
performed only in Chinese, Turkish, Chongqing, and
Israeli populations [2, 12, 27, 36]. There is little data
in the literature concerning procedures in which two
opposite teeth are treated in the same patient, even
though this topic is highly clinically relevant [17,
20]. Therefore, the purpose of the study was to analyse mandibular anterior teeth in a Polish population
and determine the symmetry of root and root canal
morphology between the right and left side using
CBCT scanning. The null hypothesis was that there
are no differences between the left and right side
roots and root canal morphologies of mandibular
anterior teeth.

approved by the Local Ethics Committee of the Pomeranian Medical University in Szczecin (approval
number KB–0012/78/02/17). The patients consisted
of 47 males and 64 females with ages between 9 and
72 (average, 40.47 years old).
The samples were selected based on the following
Han et al. [12] criteria:
1. CBCT images of mandibular anterior teeth with
complete root formation were available;
2. Absence of root canal treatment;
3. Absence of coronal or post coronal restorations;
4. Absence of root resorption or periapical lesions;
5. The examined teeth were located in the imaging
field.
Image evaluation

Cone-beam computed tomography images were
obtained using a Cranex 3D (No. SE 1100155, Software Version Scanora 5.1.0.9; Soredex, Tuusula, Finland), and source data (the original DICOM images)
were imported into image-analysis software (Horos,
v. 2.1.1.) and evaluated in the multiplanar reconstruction module of the 3D viewer (Fig. 1). The roots and
canals of mandibular anterior teeth were observed
independently by two trained investigators. Each
tooth was evaluated separately. After virtual isolation
of the tooth, its long axis and two other lines perpendicular to the long axis were established (Fig. 1). Axial,
sagittal, and cross-sectional slices with a thickness of
0.2–0.25 mm were used. The contrast and brightness
of the images were adjusted using the software to ensure optimal visualisation. The following parameters
were recorded and evaluated: tooth position (right
or left), the number and shapes of roots, the lengths
and widths of teeth, the number of root canals, and
the root canal configuration.
1. The number of root canals and their internal
patterns were classified according to Vertucci’s
criteria [32]:
—— type I: a single canal appears from the pulp
chamber to the apex,
—— type II: 2 separate canals leave the pulp chamber but merge into 1 canal at the exit,
—— type III: 1 canal leaves the pulp chamber, divides into 2 canals within the root, and then
merges at the exit,
—— type IV: 2 distinctly separate canals are present
from the pulp chamber to the apex,
—— type V: a single canal leaves the pulp chamber
but divides into 2 canals,

MATERIALS AND METHODS
Sample selection
From 111 CBCT examinations performed in the

Department of General and Dental Radiology, Pomeranian Medical University in Szczecin, 624 mandibular anterior teeth qualified for an evaluation
of their anatomy. Of these, 303 pairs of equivalent
teeth on the right and left sides of the same patient
were analysed to evaluate symmetry. This study was
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Figure 1. Identification and linear measurements of mandibular anterior teeth in the multiplanar reconstruction module of three-dimensional
viewer.

—— type VI: 2 separate canals leave the pulp
chamber, join at the midpoint, and then divide again into 2 canals with 2 separate apical
foramina,
—— type VII: 1 canal leaves the pulp chamber,
divides into two, unites in the body of the
root, and finally divides again into 2 separate
canals with 2 separate apical foramina,
—— type VIII: 3 separate and distinct canals begin
in the pulp chamber and persist to the root
apex,
—— supplemental types were also renamed, which
and these were assigned next numbers type IX
(2-1-2-1), type X (1-2-1-2-1) and type XI (1-3);
2. The length of the tooth from edge to apex;
3. The root width at the halfway distance from
cementoenamel junction to the apex.

symmetry between the left and right sides, McNemar
and Stuart-Maxwell (marginal homogeneity test) tests
were performed. When p < 0.05, it was understood to
indicate that symmetry was not maintained.
Correlations between noncontinuous serial variables
as well as nominal and continuous variables were examined using Spearman’s and Pearson’s tests. The results
are described as the correlation coefficient (r), and probability (p), and in Pearson’s analysis, the equations for
the regression line were also described. Differences in
the mentioned tests were considered statistically significant at the probability p < 0.05. All statistical analyses
were performed using the statistical program STATA 11
with the license number 30110532736.

Statistical analysis

than lateral incisors. The medium length and width
of a central incisor with 1 root canal were 2.05 and
0.53 cm, respectively; the same measurements in
lateral incisors were 2.20 and 0.56 cm, respectively;
and in canines, they were 2.47 and 0.69 cm, respectively (Table 1). There was a significant relationship
between tooth length and width and the number of
canals. The parameters analysed above (length and,
width) showed that incisors with 2 root canals were
higher and significantly wider. The median lengths of
canines with 2 root canals were significantly shorter
than those of canines with 1 root canal, at 2.28 and
2.47 cm, respectively (p < 0.05) (Table 1). All central

RESULTS
Anatomy of teeth
The data showed that central incisors were smaller

All continuous random variables were verified
with the use of the Kolgomorov-Smirnov test due
to the normality of their distribution. Verification of
significant differences between the two groups was
carried out using Student’s t-test for independent
variables. For continuous variables related to the
symmetry between the right and left sides of a tooth,
the Mann-Whitney test and Student’s t-test were used.
Noncontinuous variables are described as the number
and frequency of occurrence. For statistical dependences between noncontinuous variables, the c2 Pearson’s test were used. For discreet variables, to verify
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Table 1. Anatomy of mandibular anterior teeth
Tooth
Central incisor

Lateral incisor

Canine

Number of root
canals
1
2
3
P value
1
2
3
P value
1
2
3
P value

Gender, N (tooth)

Width [cm]

Length [cm]

F

M

Min.

Max.

Median

Medium

Min.

Max.

Median

Medium

86
33
1

50
36
0

0.41
0.41
0.52

0.67
0.64
0.52

0.53
0.55
0.52

1.63
1.64
2.28

2.70
2.38
2.28

0.40
0.50
0.42

0.70
0.71
0.42

0.56
0.59
0.42

1.72
1.78
1.83

2.58
2.58
1.83

73
10
0

0.55
0.48
0.67

0.91
0.82
0.67

0.69
0.70
0.67

1.02
2.07
2.47

3.33
2.60
2.47

2.04
2.07
2.28
> 0.05
2.20
2.25
1.83
> 0.05
2.47
2.28
2.47
< 0.05

2.05
2.07
2.28

51
36
0

0.52
0.54
0.52
< 0.05
0.56
0.58
0.42
< 0.05
0.70
0.71
0.67
> 0.05

> 0.05
88
31
1
< 0.05
99
18
1
> 0.05

2.20
2.25
1.83
2.47
2.32
2.47

F — female; M — male; Max. — maximum; Min. — minimum

Figure 2. Characteristic images; A, A’–F, F’. Canines with two roots; G, G’–H, H’. Root canals that leave (divided) the tooth chamber.

had a type I root canal configuration. The next largest configuration was type III (Table 2). Most of the
second canals did not extend through the whole root
length. In most cases, 1 canal began at the orifice and
then divided into 2 before remaining separate canals
or fusing again and forming 2 or 1 root foramen,
respectively. Alternatively, 2 canals sometimes began
from 2 orifices and then fused into 1 canal before separating again or continuing as a single canal (Fig. 3).

and lateral incisors evaluated in this study had 1 root.
Canines usually had a single root but much less often
had 2 roots (Fig. 2, Table 2).
Anatomy of root canals

Canal types I and III were observed in all anterior
teeth groups of the mandible. Other types were rare
and were not present in all groups. The largest proportions of central and lateral incisors and canines
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Table 2. Symmetry of mandibular anterior teeth
Root canal configuration

Tooth, N (%)
31

Number of roots
1
2
N (%)
Symmetry
Number of root canals
1
2
3
N (%)
Symmetry
Type of canal
Type I (1-1)
Type II (2-1)
Type III (1-2-1)
Type IV (2-2)
Type V (1-2)
Type VI (2-1-2)
Type VII (1-2-1-2)
Type VIII (3-3)
Type IX (2-1-2-1)
Type X (1-2-1-2-1)
Type XI (1-3)
N (%)

Symmetry
Root canal splitting level
No splitting
Coronal (c)
Middle (m)
Middle and apical (ma)
Apical (a)
N (%)

Symmetry

41

32

42

33

43

106 (100)
106 (100)
–
–
1 root 106 (100)
2 root 0
+ (yes)

106 (100)
102 (100)
–
–
1 root 102 (100)
2 roots 0
+ (yes)

92 (92)
100 (96.15)
8 (8)
4 (3.85)
1 root 86 (90.53)
2 roots 1 (1.05)
+ (yes)

69 (66.35)
67 (64.42)
34 (32.69)
37 (35.58)
1 (0.96)
–
1 root canal 58 (54.86)
2 root canals 20 (19.19)
+ (yes)

67(63.21)
72 (71.28)
39 (36.79)
28 (26.73)
–
1 (1.98)
2 root canals 24 (23.53)
1 root canal 70 (75.27)
+ (yes)

82 (82.83)
90 (88.24)
17 (17.17)
11 (10.78)
–
1 (0.98)
1 root canal 55 (56.12)
2 root canals 4 (19.19)
+ (yes)

69 (66.35)
67 (64.42)
2 (1.92)
–
24 (23.07)
31 (29.8)
–
–
5 (4.81)
6 (5.78)
–
–
2 (1.92)
–
–
–
1 (0.96)
–
–
–
1 (0.96)
–
Type I 59 (56.73)
Type III 14 (13.46)
Type V 3 (2.88)
+ (yes)

67 (63.21)
72 (71.28)
–
2 (1.98)
35 (33.01)
17 (16.83)
–
1 (0.99)
3 (2.83)
6 (4.95)
–
–
–
–
–
–
1 (0.96)
1 (0.99)
–
1(0.99)
–
1 (0.99)
Type I 55 (56.12)
Type III 13 (13.27)
Type IX 1 (1.02)
+ (yes)

82 (82)
90 (88.24)
4 (4)
–
4 (4)
4 (3.85)
1 (1)
–
8 (8)
6 (5.88)
–
1 (0.98)
–
–
–
–
–
–
–
–
–
1 (0.98)
Type I 70 (75.27)
Type V 1 (1.06)

69 (66.35)
67 (64.42)
11 (10.58)
9 (8.65)
22 (20.75)
27 (25.96)
1 (0.96)
–
1 (0.96)
1 (0.96)
No splitting 58 (55.77)
c: 5 (4.81)
m: 13 (12.26)

67 (63.21)
72 (71.28)
14 (13.72)
10 (9.9)
23 (21.70)
15 (14.84)
–
–
2 (1.89)
4 (3.96)
No splitting 55 (56.12)
c: 8 (8.16)
m: 9 (9.18)
a: 1 (1.02)
+ (yes)

82 (82.83)
90 (88.24)
7 (7.07)
4 (3.92)
9 (9.09)
8 (7.8)
–
–
1 (1.01)
No splitting 70 (75.53)
c: 2 (2.13)
m: 1 (1.06)

+ (yes)

Most other configuration types were type V or II.
Types IV, VI, and VII were also found but at relatively
lower frequencies. Type IX (2-1-2-1), type X (1-2-1-2-1)
and type XI (1-3) were also observed (Fig. 4).
Canal divisions were observed in the coronal part of
the root in 8.65–10.58% of central incisors, 9.9–13.72%

+ (yes)

+ (yes)

of lateral incisors, and 3.92–7.07% of canines. Canal
divisions occurred in the middle part of the root in
20.75–25.96% of central incisors, 14.84–21.70% of
lateral incisors and 7.8–9.09% of canines (Table 2).
In incisors, a second canal was found more often
in men than in women, but this difference was only
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Figure 3. A–E. Root canal configurations, type I–V. Sagittal and axial sections of roots revealed variations in canal morphology; A1–4: type I;
B1–4: type II; C1–4: type III; D1–4: type IV; E1–4: type V.

significant in lateral incisors (p < 0.05). In canines,
women were more likely than men to have 2 canals,
but this difference was not significant (p > 0.05). In
each group of teeth, single teeth with 3 canals were
observed (Table 1).

tooth anatomy can be simultaneously or separately
observed from different angles by reconstructing
3D images, and the characteristics of a tooth can be
both qualitatively and quantitatively assessed. CBCT
images of teeth can reveal their anatomy in sagittal
and horizontal sections [4, 6, 12, 13, 18, 20]. Analyses of the number of roots in mandibular anterior
teeth have reported results in different populations:
in India, Verma et al. [30] found that 100% of incisors had a single root; in Iran, Aminsobhani et al. [4]
found that all incisors and 96.3% of canines had
1 root; Martins et al. [20] showed that 100% of incisors
had a single root, while 2.8% of canines had 2 roots;
and in China, by Zhengyan et al. [36] showed that
central incisors had a single root (100%), while lateral
incisors and canines had 2 roots in 0.3% and 0.8% of
cases, respectively. Similar results were observed in
Turkey, where Kayaoglu et al. [17] found that 100%
of central incisors were single-rooted, while 0.1%
of lateral incisors and 3.1% of canines had 2 roots.
In our research, all incisors had a single root, while

Anatomic symmetry

An analysis of symmetry in roots and root canal
morphologies showed that there were no significant
differences between right and left side mandibular
anterior teeth with regard for the number of roots,
the number of canals and the Vertucci type. The highest symmetry in the number of roots was observed
in incisors (100%) (Table 2).

DISCUSSION
Cone-beam computed tomography provides
technique for performing a more precise investigation
of root canal systems and facilitates a detailed investigation of both the external and the internal anatomy
of teeth [8, 9, 18, 22, 23, 25]. Using this approach,
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Figure 4. A–E. Root canal configurations, type VI, VII, IX–XI. Sagittal and axial sections of roots revealed variations in canal morphology;
A1–4: type VI; B1–4: type VII; C1–4: type IX; D1–4: type X; E1–4: type XI.

2 roots were observed only in canines. The lengths
of teeth have been studied in a variety of ways, with
some studies evaluating the total lengths of the teeth
[4] or the lengths of their roots [3, 28] and others
studying the length of the crown and the length of
the root separately [31]. In our research, we focused
our analysis on the total length of the teeth (from
cusp to apex). Our measurements showed that the
lengths of each group of teeth were slightly longer
than those described in Aminsobhani et al. [4].
An analysis of scans showed that not all authors
consider the locations of teeth and their postanterior
tilt. As a consequence, the dimensions of teeth viewed
in axial sections (its anterior-posterior width) are extended [12]. In the course of our own research, we
analysed scans in three planes after defining a new
axis: the axis of the tooth. After establishing this axis,
a dentist can measure the width of the tooth and
analyse the configuration of its canals. Our research
shows that lateral incisors are wider than central
incisors, but this difference was not significant. No
similar comparisons were found in the literature.

An analysis of the shapes of root sections revealed
some diversity. The mesial and/or distal surfaces often contained long depressions known as radicular
grooves in agreement with other studies [36]. Amardeep et al. [3] presented scans of sagittal sections
showing the configurations of root canals in which
there were visible changes in the structures of the
tooth chambers that affected the initial and further
course of the canals. These changes in the structure of
the chamber matched our observations in teeth with
type II and VI configurations. During our research,
attention was given to the type 2-1 configuration,
and we found that its division in the initial course
was based not only on the root canal but also on
its connection with the crown of the pulp (Fig. 2).
Changes in the chamber contributed to the canal
being divided into 2 canals during the initial phase
of its course.
Although the types of canals evaluated in this
study were based on the classification of Vertucci
[32], not all studies have used these I–VIII types. Other
studies have also included configurations described in
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Table 3. Prevalences of the canals in central incisors, lateral incisors and canines
Type of test

n

Teeth

Vertucci type
CBCT: %
In vitro: (n)

CBCT
(OnDemand)
CBCT
(Planmeca)

1472
1508
1160
1191
1200
300

Central incisor
Lateral incisor
Central incisor
Lateral incisor
Canine
Canine

59.5
62.1
72.3
69.8
90.2
89.7

4
4.3
2.5
6.3
3.3
3.7

33.7
31.9
24.2
23.1
2.7
5.7

800

Central incisor
Lateral incisor
Central incisor
Lateral incisor
Canine
Central incisor
Lateral incisor
Canine
Canine

76
63.9
93.8

12.5
12
0.6

14
17
4.2

1.5
4
0.2

2
5.5
0.8

84.29
72.64
93.73
79.6

3.42
4.02
0.62
3.2

6.53
15.53
3.25
13.6

1.17
2.32

3.89
5.10
0.54
2

Type I
Shemesh et al.
[27] 2017
Martins et al.
[20] 2017
Soleymani et al.
[28] 2017
Verma et al.
[30] 2017

CBCT
(OnDemand)
CBCT (Galileos)

Zhengyan et al.
[36] 2016

CBCT (i-Cat)

9646

Han et al.
[12] 2014

CBCT (Galileos)

Amardeep et al.
[3] 2014

CBCT (Galileos)
Extracted teeth
CBCT (i-CAT)

1286
1294
1291
250

Altunsoy et al.
[2] 2014
Liu et al.
[18] 2014

CBCT (i-CAT)

Aminsobhani et al.
[4] 2013

CBCT
(Planmeca)

Boruah et al.
[5] 2011
Sert and Bayirli
[26] 2004

In vitro

Kartal and Yanikoglu
[15] 1992

In vitro

In vitro

1582
1603
1604
1553

Type II Type III Type IV Type V Type VI Type VII Type VIII Other
0.8
0.4
0.1
1.4

0.5
0.05
0.3
0.3
2.3
1

632
614
608
4802

Central incisor 80.7–88.2 0.2–2.7 0.3–1.3 4.2–4.3 7–13.1
Lateral incisor 76.7–83.7 0.3–0.6 0.6–1.4 4.9–5.9 9.8–14.4
Canine
91.6–94 1.6–2.6 0.9–1.5 0.9–1.8 1.8–3.5
Central incisor
91.1
2.0
5.3
1.3
0.3
Lateral incisor
82.5
3.9
10.4
2.8
0.3
Central incisor
72.7
11.3
4.7
7.7
3.6
Lateral incisor
70.6
7.1
3.7
15.4
3.2
Canines
71.8
10.3
2.8
12.8
2.3
Incisor
(63.75) (7.06) (22.9)
(6.25)

200
200
200
100

Central incisor
Lateral incisor
Canines
Central incisor

(65)
(74)
(152)
(55)

(54)
(53)
(31)
(16)

(52)
(52)
(13)
(20)

(18)
(18)
(3)
(4)

(1)

(3)

1.2
0.8
0.4
0.2

0.1
0.3
0.1

0.4

0.15

0.31
0.15

0.39
0.08
1.6

(2)

(2)
(3)
(2)

Lateral incisor

CBCT — cone-beam computed tomography

other less widely cited studies, with some researchers
considering only I–V types [2, 5, 28, 30]. Detailed diagnoses of teeth with rare root canal configurations
were performed by Martins et al. [20] and Sert and
Bayirli [26]. They observed that supplemental configurations could be marked with subsequent numbers
(IX and X, etc.). In analysing the construction of root
canals in our study, we observed that a majority of
root canal morphologies were type I, followed by
types III and V. This finding confirms the observations
of other authors, who have found that the most

common canal configurations are type I [2–6, 12, 15,
17, 28, 30] or, in the case of 2-canal teeth, type III
[1–3, 7, 11, 12, 17, 23, 27, 28, 30, 36]. Haghanifar
et al. [11] obtained different results; in their study,
they observed the following Vertucci types, in order
from most to least common: I, III, II, and V. Type V
was observed in 0.3% of teeth. The type I configuration has been shown to be the most common in
mandibular anterior teeth (59.5–91.1%), while the
type III configuration has been observed in 2.8–33.7%
and the type V configuration in 0.05–14.4% of teeth
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[2–5, 12, 18, 20, 28, 30] (Table 3). The methodology used and the number of tested samples had
an influence on whether higher percentages were
found in different variations. In the literature, one
can also find studies that have evaluated only the
number of canals. Previous studies have found that
a second canal is observed more often in lateral than
in central incisors [12, 18, 30]. However, we found
that a second canal was more frequently observed
in central incisors than in lateral incisors. A study of
the placement of canal divisions was performed by
Martins et al. [20]. They found that in central incisors,
the most common division occurred in the middle of
the root (17.2%), while in the lateral incisors, it was in
the coronal part (13.3%). These findings agree with
our own observations.
An analysis of symmetry in the morphologies of
roots and root canals showed that there were no significant differences between the right and left sides
in mandibular anterior teeth [36], mandibular canines
[28] and mandibular and maxillary molars [23]. Altunsoy et al. [2] found that there was a likelihood of morphological symmetry in 95% of cases; this discovery
helps dentists to better predict the morphology of
canines in complicated cases. Zhengyan et al. [36]
found no significant difference in the prevalence of
multiroot canals between the left and right sides. In
a study by Plotino et al. [23], the rate of symmetry in
first mandibular molars was 70.6%, while in maxillary
molars, it was 71.1%. With regard for second molars,
81% of mandibular and 79.6% of maxillary molars
were symmetrical. In our study, there were no statistically significant differences between the right and left
sides in symmetry with regard for the number of roots,
the number of canals and the Vertucci type.
Research on the relationship between the presence of a second canal in mandibular teeth and sex
has produced various results among different studies.
According to Verma et al. [30], Zhengyan et al. [36],
Kayaoglu et al. [17], second canals are observed more
often in women than in men. In study by Verma at
al. [30], 15.2% of men and 20.4% of women had
a second main canal. Zhengyan et al. [36] reported that
a second canal was observed in the lateral incisors in
9.4% of men and 11.9% of women. This result revealed
a significant difference between the sexes (p < 0.05).
Kayaoglu et al. [17] found no significant difference in
this relationship and showed that canines with 2 roots
were longer in men than in women in both buccal
and lingual roots. Different results were obtained by

Altunsoy et al. [2], Liu et al. [18] and Soleymani et
al. [28]. According to their research, the prevalence
of teeth with two canals was higher in men than in
women. In a study by Liu at al. [18], 14.6% of males
and 11.9% of females had a second canal, and this
difference was not significant (p > 0.001). The results
of our research were similar: men had second canals
more frequently than women, but these results were
significant only in lateral incisors. Collectively, we found
that observations in different groups of teeth have
yielded different results [7, 21, 24, 34, 35].

CONCLUSIONS
This study provides supplemental information for
dentists about the anatomy and symmetry of mandibular anterior teeth in a Polish population. All incisors had
a single root, while 2 roots were observed only in canines. The largest proportions of central and lateral incisors and canines had a type I root canal configuration,
and the next most common configuration was type III.
The presence of a second canal in the central and lateral
incisors was more prevalent in men than women. Symmetry was observed in roots and root canal morphology
in all examined parameters. CBCT is a useful technique
for endodontic diagnostics and treatment.
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Background: Microscopic structures of the ossification centres of the odontoid
process were studied from the micro-computed tomography (CT) images of the
axis, and the potential influence of the ossification centres with different microscopic structures on odontoid process fractures was analysed.
Materials and methods: Eighteen odontoid process specimens were randomly
collected and scanned by micro-CT. The obtained images were then input into
the software for further observation and measurement. Incomplete absorption
of the ossification centres in the base was observed, along with the anatomic
structure of the regions with incomplete ossification and structural parameters
of the trabecular bones.
Results: The microscopic structures of the trabecular bones in the ossification
centres in the base of the odontoid process could be clearly visualised from the
micro-CT images. Among the 18 odontoid process specimens, 11 specimens
were found with incomplete absorption of the ossification centres in the axis, the
prevalence reaching up to 61%. Regions with incomplete ossification varied in
size and morphology, and their three-dimensional morphology was predominantly
oval. Of all structural parameters examined for the trabecular bones, there were
only significant differences in the degree of anisotropy between the regions with
incomplete absorption of ossification centres and the average vertebral trabecular
bones (p < 0.05).
Conclusions: Incomplete absorption of the ossification centres in the base of the
odontoid process is a relatively prevalent condition. The cavitation effect of the
trabecular bones may be the primary cause for odontoid process fractures. (Folia
Morphol 2020; 79, 4: 845–850)
Key words: odontoid process, ossification centre, micro-computed
tomography, cavitation effect
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INTRODUCTION

Method

Micro-CT scanner was used (Hiscan XM Micro
CT, Suzhou Hiscan Information Technology Co., Ltd.,
Suzhou, China). After filtering and air calibration,
the bone specimens were placed on the rotation
stage and scanned segment by segment, in 25 µm
resolution. Uniform parameters were configured for
the micro-CT scanner: voltage 60 kV, current 133 µA,
single exposure time 50 ms and scan angle interval
0.5 degree.
The cross-sectional images of the bone specimens
thus obtained were imported into the Hiscan Reconstruct software in the Digital Imaging and Communications in Medicine (DICOM) format. The segmental
images of the bone specimens were integrated by
using the image fusion technique in Hiscan Analyser
software, and the intact micro-CT images of the axis
specimens were obtained. These images contained
all intact cancellous bone tissues of the axis, and the
trabecular bones could be clearly visualised. Ossification centres in the base of the odontoid process
and axis vertebrae were delineated as regions of
interest (ROI) on the cross-sectional images using
Hiscan Reconstruct software. The following parameter values of the trabecular bones were calculated
using the built-in software: bone volume fraction
(BV/TV), bone surface/bone volume (BS/BV), bone
surface density (BS/TV), trabecular thickness (Tb.Th),
trabecular number (Tb.N), trabecular spacing (Tb.Sp),
degree of anisotropy (DA), and bone density [14]. The
parameters were analysed statistically.

The odontoid process originates from the mesenchyme of the first cervical vertebra at the embryonic
stage. During the growth and development of the
odontoid process, the original two ossification centres gradually fuse into one. The epiphyseal plate of
this fused ossification centre is located between the
odontoid process and the axis vertebra. Under normal
conditions, complete ossification occurs at about
6 years of age, leading to complete fusion between
the odontoid process and the axis vertebra. However,
residual ossification centres will appear if the ossification is incomplete, which unfortunately becomes
an anatomical structure of mechanical weakness. This
will further result in the fractures of the odontoid
process of axis and hence the instability of the entire
atlantoaxial complex and even the compression injury
of the cervical spine. The pathogenesis of incomplete
absorption of the ossification centres in the base of
the odontoid process still remains unclear [6, 10,
11, 13]. Most researches [1, 2, 4] prefer the use of
ordinary imaging techniques such as conventional
computed tomography (CT), plain X-ray or magnetic
resonance imaging (MRI) to characterise the absorption of the ossification centres in the axis. However,
these imaging techniques can hardly visualise the
absorption of the small trabecular bones in the ossification centres. Micro-computed tomography (micro-CT), known for its micro-grade (μm) resolution,
can clearly visualise the microscopic structure of the
sample without destroying it. At present, micro-CT
has been applied to the observation of the microscopic structure of the femoral trabecular bone [5, 7–9].
In the present study, micro-CT was used to visualise
the absorption of the ossification centres of the axis,
so as to further analyse the influence of the ossification centres in the base of the odontoid process on
odontoid process fractures.

Statistical method

The data were input into Excel and SPSS17.0
for sorting and statistical analysis. The data were
expressed as mean ± standard deviation (x ± s).
Non-parametric test was performed at the significance level of a = 0.05. P < 0.05 was taken to indicate
significant difference.

MATERIALS AND METHODS

RESULTS

Baseline data
According to the identification criteria of anthropology, 18 dry odontoid process specimens from

Clear images of the overall structure of the axis
were obtained by the micro-CT scan, and the trabecular bones were clearly visible for each vertebra. Of the
18 specimens of the axis, 11 specimens were found
with incomplete absorption of the ossification centres
in the base of the odontoid process, accounting for
about 61%. As a result of incomplete ossification,
cavities were formed and the connections between
the trabecular bones were easily differentiable. That

adults (provided by the Teaching and Research Office
of Human Anatomy at Inner Mongolia Medical University) were randomly selected. These specimens were
aged between 45 and 63 years, with an average of
58.2. All specimens were of intact internal structure
and no anatomical deformity by conventional X-ray,
which satisfied the experimental requirements.
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A

B

C

D

E

Figure 1. A, B. Coronal micro-computed tomography angiography images showing no unclosed ossification centres in the base of the
odontoid process; C–E. Respectively sagittal, coronal and horizontal images showing unclosed ossification centres in the base of the odontoid
process.

A

B

C

Figure 2. A–C. Each structure of the unclosed ossification centres in the base of the odontoid process and the micro-computed tomography
image after three-dimensional reconstruction.

is, the ossification centres were continuous with the
trabecular bones of other vertebrae. The internal
margins of the cavities were presented as smooth and
regular calcification shadows and were hyperintense
on the micro-CT images.
Regions with incomplete ossification varied in size
and morphology, and their three-dimensional (3D)
morphology was predominantly oval. Some of them
were of triangular pyramidal shape or flat oval shape.
There was even one case with double oval shape in
the axis. These regions were usually of a small size
in 3D view. The transverse and vertical diameters
of the maximum cavities measured on the coronal

plane accounted for less than 10% of the transverse
and vertical diameters in the same planar vertebral
structure, respectively. Such observations occurred in
8 patients, accounting for about 80%. Larger cavities
were sometimes formed in the regions of incomplete
ossification. For these cavities, the transverse and
vertical diameters measured on the coronal plane
accounted for about 30% of the transverse and vertical diameters in the same planar vertebral structure,
respectively. Such observations occurred in 3 patients,
accounting for about 20% (Figs. 1, 2).
Regions of interests were selected from the micro-CT images of incomplete ossification in the base
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Table 1. Comparison of trabecular bone parameter values at different sites of the axis (x ± s, n = 11)
BS/BV [%]

BV/TV [%]

BS/TV [%]

Tb.Th [mm]

Tb.Sp [mm]

Tb.N [mm-1]

DA

Overall axis vertebrae

15.99 ± 6.23

0.43 ± 0.06

6.77 ± 2.71

0.13 ± 0.01

0.30 ± 0.07

2.37 ± 0.46

0.33 ± 0.31

Regions with incomplete ossification

17.53 ± 10.24 0.40 ± 0.14

7.94 ± 7.42

0.14 ± 0.01

0.36 ± 0.13

2.12 ± 0.48

0.64 ± 0.23*

*P < 0.05 as compared with the incomplete ossification group; abbreviations — see text

of the odontoid process in 11 specimens. Calculations
showed that except for DA (p < 0.05), no significant
differences were found between the following parameters of the trabecular bones in ROIs with incomplete
ossification and the overall values of the vertebral
trabecular bones: BV/TV, BS/BV, BS/TV, Tb.Th, Tb.N,
Tb.Sp and BD (p > 0.05) (Table 1).

Recent years have witnessed a progress in high-resolution imaging techniques, especially micro-CT scan,
with a reduction in cost. This provides a better pathway to studying the mechanism of odontoid process
fractures and towards a refined classification of odontoid process fractures. In normal axis vertebrae, the
rod-like trabecular bones in the ossification centres
form a complex network structure through the transverse or oblique connections with trabecular bones in
other vertebrae. Energy from the stressed axis can be
transmitted along the trabecular bones to other sites
of the axis. In other words, the atlantoaxial complex
can stably transmit the energy through the entire
axial bone. However, the cavitation effect induced by
incomplete ossification of the trabecular bones has an
adverse impact on energy transmission. Anderson and
D’Alonzo [1], using the conventional X-ray, believed
that type II and III odontoid process fractures occurred
in the base. In the type III fracture, the fracture line
extended to the axis vertebrae. However, Anderson’s
classification system can only roughly analyse the axis
fractures, but may fail to accurately differentiate between different types of odontoid process fractures.
Grauer et al. [4] provided an accurate analysis of
the distribution of the fracture line on the odontoid
process: the fracture line extended from deep inside
the vertebra to the outside, and the classification of
the fractures varied with or without the involvement
of the superior articular surfaces of the axis. We also
believe that if an ossification centre with incomplete
absorption is close to the line connecting the highest points on the bilateral superior articular surfaces
of the axis, it will be easily affected by the energy
transmitted to this position, leading to fractures. If
an ossification centre with incomplete absorption is
farther away from the line connecting the highest
points on the bilateral superior articular surfaces
of the axis, the energy will be dissipated by other
trabecular bones of the axis vertebrae, which makes
the fractures unlikely.
In our study, the size and morphology of the ossification centres with incomplete absorption should

DISCUSSION
Ossification centres of the axis in human usually
fuse into trabecular bones before the age of 6. The
trabecular bones formed after complete absorption of
the ossification centres are uniform and consistent as
those in other vertebrae. Since fusion of the ossification centres is already complete after reaching adulthood without any traces of ossification, no regions of
mechanical weakness will be found in the normal axis
vertebrae. However, cavities will be formed instead if
the ossification is incomplete for some reasons and
become the sites of mechanical weakness, leading
to odontoid process fractures. The pathogenesis of
incomplete ossification still remains unclear. Aydin and
Cokluk [2] studied fusion of the ossification centres
in the cartilage of the base of odontoid process in
children by using MRI. They found that the true lower
bound of the odontoid process should be located in
the ossification centres in the cartilage in the central
base of odontoid process. We also found by using the
micro-CT scan of the entire axis that the ossification
centres were all below the line connecting the highest
points on the bilateral superior articular surfaces of the
axis. The ossification centres were connected to the
trabecular bone at the inferior end of the odontoid
process via the trabecular bone. Anatomically, this is
considered the lower margin of the base.
In the present study, the formation of cavities due
to incomplete ossification of the axis vertebrae was
a common condition, and these cavities varied in
size and morphology. Given the significant cavitation
effect, these cavities are considered to be of greatly
importance for understanding the mechanism and
for the classification of odontoid process fractures.
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Figure 3. Type III fracture in the unclosed ossification centres in the base of the odontoid process (red arrowheads).

values of the vertebral trabecular bones. We found that
except for DA, there were no significant differences in
other parameters between the two groups of trabecular
bones. By combining with the analysis of the micro-CT
images, we can reasonably believe that significant ossification and absorption effect exists on the medial margin
of the cavities in the ossification centres in the base of
the odontoid process where the ossification is incomplete. Taken together, our results shed new light on the
imaging diagnosis of odontoid process fractures. If there
are hyperintense shadows upon conventional CT scan,
cavities with incomplete ossification can be considered.

be closely associated with the mechanism and classification of the odontoid process fractures. The larger
the size of the ossification centres with incomplete
absorption, the more significant the cavitation effect
would be, and also the greater the potential influence on the fractures in the base of the odontoid
process. When the odontoid process is under the
stress imposed by the head from different directions,
the energy will be transmitted to the inside of the
axis vertebrae via the trabecular bones in the odontoid process. If, in the 3D view, the cavities in the
unclosed ossification centres account for a smaller
proportion of the total volume of the vertebra, the
energy transmitted to the unclosed ossification centres will not be large enough to tear the mechanically
weak trabecular bones on the medial side. Rather,
the energy will be transmitted to the surrounding
along the normal trabecular bones. But if the cavities
are sufficiently large, the cavitation effect will be much
greater. As a result, when the energy is transmitted
to the cavities in the unclosed ossification centres,
the mechanically weak trabecular bones on the medial side may be first torn. After that, the energy will
be transmitted to different directions along the torn
trabecular bones, and the vertebral bodies of the axis
will be fractured, probably with the involvement of
unilateral or bilateral articular surfaces of the axis. This
may be the possible mechanism of the occurrence of
odontoid process fractures in clinic [3, 12, 15] (Fig. 3).
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Background: The aim of this study was to investigate the association between
chronological age and the pulp/tooth volume ratio (PTR) of specific teeth using
cone-beam computed tomography (CBCT) enhanced with Materialise-Mimics Research software 21.0 in children and young adult population from Eastern China.
Materials and methods: CBCT scans of 230 patients (119 males, 111 females),
aged 8.18–19.92 years were analysed by two well-trained examiners in this retrospective study. The intraclass correlation coefficient value was calculated to test
the intra- and inter-examiner agreement. The volumetric analysis of the pulp and
calcified tissues was performed on the maxillary left central incisors and canines.
The correlation and regression analyses were then performed.
Results: The Pearson correlation analysis showed a strong coefficient of correlation (r) for maxillary left canines (–0.81 for girls and –0.88 for boys) as compared
to central incisors (–0.63 for girls and –0.70 for boys). Regarding performance,
the canine model was more powerful than the central incisor model. The derived
regression equation from maxillary left canines had high coefficients of determination (Age = 21.979 – 105.42 × PTR, R2 = 0.69).
Conclusions: Our study proved that the PTR value of canines had a negative correlation relationship with a subadult’s chronological age and volumetric analysis of
CBCT scans using the software may become an efficient method to estimate the
chronological age of children and young adults. (Folia Morphol 2020; 79, 4: 851–859)
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INTRODUCTION

inner point of the open apical foramen and the
length of the teeth [6].
In fact, even after completion of tooth development, the tooth’s morphology continues to show
age-related changes. With the deposition of secondary dentin along the inner walls of the pulp chamber,
the pulp/tooth ratio (PTR) reduces continually [4, 17].
Hence, there is an obvious inverse correlation relationship between chronological age and the PTR
value and many studies started using this parameter
to estimate the chronological age of adults [1–3,
8, 10–12, 14, 20]. Cameriere et al. [6] collected orthopantomograms of 100 Italian, White, Caucasian
subjects, between 18 to 72 years of age. PTR, tooth
length, pulp/tooth length ratio, pulp/tooth area and
pulp/root width ratios of maxillary right canines at
three different levels were computed and the ratio
between pulp and tooth area correlated best with
age (r2 = 0.85) [5].
However, all the methods mentioned above are
based on the two-dimensional (2D)-panoramic radiographs and there is always some detailed information
of teeth is lost.
With the development of medical technology,
cone-beam computed tomography (CBCT) has become a valuable tool in dental clinics. This is due to its
lower radiation dose and cost-efficacy as compared to
traditional medical computed tomography. Moreover,
it has greater metric accuracy with isotropic voxel
resolutions [19]. The CBCT image analysis can be
enhanced by Materialise-Mimics Research software
21.0. Using its segment function, we can now generate the three-dimensional (3D) model of the scanned
structure and acquire its superficial area and volume
[26], then the pulp/tooth ratio could be calculated.
In addition, many previous studies focusing on
the relationship between chronological age and the
pulp/tooth volume ratio included samples of all age
groups from young to old, not a specific age group
[2, 3, 12, 29]. Thus far, no study to date has used PTR
value to estimate dental age of children.
So, our interest was aroused that if the PTR value
derived from CBCT data could be utilized to estimate
the chronological age of children.
As the canines are the most stable teeth in situ
and subject less wearing [8, 24], the central incisors
had been studied in many researches which are convenient to be compared and both teeth types are
mono-radicular. So, we selected the maxillary left canines and the central incisors to examine the efficacy

Age estimation has vital importance in civil and
criminal proceedings and clinic work and was generally utilised in identity verification of human remains,
adjudication of criminal responsibility and determination of clinical treatment plans [15, 18]. Dental age is
an efficient method to estimate the chronological age
of humans. The advantages of dental age assessment
over other methods are its simplicity and less time
consumption. In many circumstances, tooth tends
to be the only remained tissue of human remains
we could utilize to estimate the chronological age
quickly, since dental enamel is the hardest tissue in
the human body with exceptional resistance to physical and chemical forces and tooth development is
regulated under strict genetic control [7, 13, 16, 21].
Systematic research continued for several decades
[23], and many methods were proposed to estimate
the dental age of children. The most widely used
methods included the qualitative methods that relied on the manual assessment of the shape of the
developing tooth by the naked eye, such as Demirjian’s method [9] and Willems’s method [27], and
qualitative method, such as Cameriere’s method [6].
As most of the techniques were based on samples
from a foreign population, many scientists attempted
to test their applicability to the Chinese population.
Ye et al. [28] selected 941 orthopantomograms of
7–14-year-old children from Eastern China and found
that the Willems’s method was more accurate in estimating the dental age than the Demirjian’s method
[28]. For the 11–18-year-olds from Eastern China, the
Demirjian’s method was more reliable compared to
the Willems’s method according to Wang et al. [26].
They conclude that the Demirjian’s method was unsatisfactory for 11–18-year-olds from Eastern China
[26]. Evidently, several researches showed different,
even contradictory results. This could be because
manual observation of the shape of the tooth was
readily influenced by the personal interpretation.
The shape of a tooth changes throughout life,
especially during its developing stage. The apical
foramen becomes smaller in diameter; the crown
develops with the formation of enamel. Under this
circumstance, Cameriere et al. [6] estimated the
dental age of children quantitatively by the extent
of the apical foramen’s opening (the Cameriere’s
method). They assessed the maturity of teeth by
recording the number of teeth with completely
closed apical foramen, the distance between the
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Table 1. The distribution of samples according to age and sex

of the CBCT technique for dental age estimation of
children from Eastern China.

Boys

Girls

Total

8

10

8

18

9

8

8

16

10

10

10

20

11

12

7

19

12

8

10

18

13

11

10

21

14

9

8

17

Sample and eligibility criteria

15

10

9

19

Cone-beam computed tomography data were
randomly selected from 8–19-year-old patients at
Shanghai Ninth People’s Hospital between January
2015 and May 2019. All CBCT data was obtained for
diagnosis and therapeutic purposes, and no subjects
suffered additional radiation exposure.
The inclusion criteria were Han Chinese between
8 to 19 years of age and clear CBCT image.
The exclusion criteria were severe jaw defects
or deformities, missing maxillary central incisors or
canines, severe caries or defects on maxillary central
incisors or maxillary canines, and severe systemic
disease.

16

12

9

21

17

9

10

19

18

9

11

20

Age

MATERIALS AND METHODS
Ethics issues
The research was approved by the independent

ethics committee of the Shanghai Ninth People’s
Hospital affiliated with Shanghai Jiao Tong University,
School of Medicine (No: 2017-284-T212).

19

11

11

22

Total

119

111

230

Table 2. The distribution of examined teeth according to age
group and sex
Age [years]

Data collection

All the CBCT data were acquired using the same
Planmeca ProMax 3D Max machine. The pixel size was
200, and the slice thickness was 0.2 mm. The selected
scans had an exposure parameter of 96 kV, 8.0 mA,
and the exposure time was approximately 12 s. The
dose area product was 1289 mGy × cm2.
A total of 230 children (aged 8–19 years) were
included in our study. The samples were divided into
12 groups, according to age. Ten boys and ten girls
were included in each group to ensure balance in
data component distribution. For each subject of
our study, we collected the following details: age,
sex, date of birth, date of CBCT scan, and the DICOM
information of the CBCT data. Our study included 228
maxillary left incisors and 229 maxillary left canines.
The specific composition of our samples is shown in
Tables 1 and 2.

Tooth 21

Tooth 23

Total

Boy

Girl

Boy

Girl

8

10

8

10

8

36

9

8

8

8

8

32

10

10

10

10

10

40

11

12

7

12

7

38

12

8

10

8

10

36

13

11

10

11

10

42

14

9

8

9

8

34

15

10

9

10

9

38

16

12

9

12

9

42

17

7

10

9

9

35

18

9

11

9

11

40

19

11

11

11

11

44

Total

117

111

119

110

457

and remeasured by one examiner with 2 weeks’ interval to test the intra-examiner agreement. Then we
measured the PTR value of the maxillary left central
incisor and canines for each sample. If the maxillary
left central incisor or canine was missing or could
not be analysed due to severe caries or defects, its
counterpart on the other side was analysed.
Firstly, the DICOM files, which contained 651 independent subfiles, were imported into the software
to construct the 3D models. The number of slices
was sufficient to obtain the precise volume of the
hard tissue and pulp for each tooth. The more slices

Measurements

For the training group, 10 samples were randomly
selected to calculate the intraclass correlation coefficient (ICC). The PTR values of these 10 maxillary left
canines were measured separately at the same time by
two examiners to test the inter-examiner agreement
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Figure 1. Threshold range selecting process.

Figure 2. Multiple slice editing process (axial plane).

one CBCT sample had, the smaller slice thickness it
would have, and we could precisely define the tooth
structure and obtain more accurate data.
Secondly, the appropriate threshold range was
set to highlight the hard tissue of the tooth (Fig. 1).
Once determined, it would not be altered during
the entire process of 3D model construction. The
false-positive highlight area around the hard tissue
of the tooth, that generated due to the short width
of periodontal attachment, the similar density of the
bone around the tooth cementum, or other mixed
pixels, was manually removed from the highlight area
using multiple slice editing function in the axial plane
to ensure the accuracy of the volume data obtained.
(Figs. 2, 3) The region growing function was used to

separate the tooth from other tissues and generated
a new mask with a different colour.
Thirdly, we separated the hard tissue from the
pulp cavity of the tooth by cavity fill function. The
pulp cavity area of the tooth was surrounded by the
highlight area of the hard tissue, which could be filled
in using another highlight colour and a new mask
representing the pulp cavity was then constructed.
For those teeth whose apical foramen were still open,
we sealed the mask in the apical foramen of the tooth
using the adding functions of the multiple slice editing functions to turn the pulp cavity from an open
space into a closed space. Since we analysed two
teeth for each sample, the hard tissue area and the
pulp cavity area of each tooth needed two highlight
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Figure 3. Multiple slice editing process (sagittal plane).

Figure 4. Construction of the three-dimensional model and the volume measuring process.

Statistical analysis

colours, respectively. In that way, five different masks
with five different colours would be created for each
sample in the end.
Lastly, the four masks which represented the hard
tissue and the pulp cavity of the maxillary central
incisor and the maxillary canine respectively were
transformed to 3D models, and the volume (mm3)
of each part could be calculated by the properties
function (Fig. 4). In the end, the pulp/tooth value of
each tooth could be obtained.

All statistical values were analysed using Microsoft
Excel 2019 and the SAS V8 and the significance level
for this study was set to 5%. The following morphological variables were recorded for each sample’s
maxillary left central incisor and canine: pv = the
volume of pulp cavity, tv = the volume of the entire
tooth, and PTR = pulp/tooth volume ratio. The Pearson correlation coefficient between the PTR value and
the chronological age was calculated.
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Table 3. The mean, standard deviation (SD), minimum (Min)
and maximum (Max) of the ages of all boys and girls

Fisher Z test analysis was performed to test the statistical difference in the correlation coefficient values
between the central incisor model and canine model.
Linear regression was performed using chronological age as the dependent variable and PTR value
as the independent variable. The standard errors of
estimate were then calculated to analyse the reliability
of different regression equations.

Sex

Mean

SD

Min

Max

Boy

13.99

3.45

8.19

19.92

Girl

14.29

3.47

8.48

19.92

Table 4. The mean, standard deviation (SD), minimum (Min)
and maximum (Max) of the pulp/tooth volume ratio values of
all the analysed teeth

RESULTS
The main error came from two points: 1) The
threshold range selected for the segment process;
2) The multiple slices editing operation to separate
the tooth from the surrounding tissues.
To eliminate the error, we calculated the inter-examiner (ICC = 0.989, 95% CI(L) = 0.955, 95%CI(U)
= 0.997) and intra-examiner (ICC = 0.973, 95%CI(L)
= 0.973, 95%CI(U) = 0.993) agreement, which showed
an excellent reproducibility of this measurement.
The sample comprised of 119 boys and 111 girls.
The mean, standard deviation, minimum and maximum of the ages of all boys and girls was shown in
Table 3. The mean, standard deviation, minimum and
maximum of the PTR values of all the analysed teeth
were shown in Table 4.
There was a significant correlation between chronological ages and PTR of central incisors or canines
for both boys and girls (p < 0.01). The correlation
coefficients were –0.70 (boy group), –0.63 (girl group)
and –0.67 (global samples) for central incisors, and
–0.88 (boy group), –0.81 (girl group) and –0.83 (global samples) for canines, respectively. Fisher Z test
showed a significant difference in the correlation coefficient values between maxillary central left incisor
and maxillary left canine. However, there was no significant difference in the correlation relationship between genders for both tooth positions (Tables 5, 6).
In this circumstance, we combine the data and two
regression equations were derived from the acquired
data. The higher R2 = 0.69 was found from the regression equation derived from the maxillary canines
which meant that the regression equation could explain 69% of the total variance of age. The standard
error of estimate (SEE) of two estimation models was
calculated. The results showed that the maxillary left
canine model had the smaller SEE than the central
incisor model (Table 7).
The scatter plot of chronological age-pulp/tooth
ratio for all three models is shown in Figures 5
and 6.

Sex

Mean
21

SD

23

21

Min
23

21

Max
23

21

23

Boy

0.053 0.080 0.024 0.030 0.016 0.032 0.137 0.148

Girl

0.049 0.069 0.020 0.022 0.006 0.022 0.105 0.124

Total

0.051 0.075 0.022 0.027 0.006 0.022 0.137 0.148

Table 5. Fishers Z test to test the significant difference in the
correlation coefficient between maxillary left central incisor and
canine
Correlation coefficient

Fishers Z test

21

23

Z value

P value

–0.665

–0.833

12.07

< 0.05

Table 6. Fishers Z test to test the significant difference in the
correlation coefficient between genders for both tooth position
Model
type

Correlation coefficient

Fishers Z test

Boy

Girl

Z value

P value

21

–0.70

–0.63

0.94

> 0.05

23

–0.88

–0.81

1.72

> 0.05

Table 7. The comparison of the regression equation between
the maxillary left central incisor group and canine group
Tooth

N

R2

Regression equation

SEE

21

228

23

229

0.44

Age = 19.35 – 102.73 × PTRI

2.58

0.69

Age = 21.979 – 105.42 × PTRC

1.91

PTRC — the pulp/tooth ratio value of canine; PTRI — the pulp/tooth ratio value of central
incisor; SEE — standard error of estimate

DISCUSSION
Several scientists have studied the correlation
between age and decrease in pulp volume caused
by the deposition of secondary dentin and applied
this phenomenon to age estimation. As the tooth is
a 3D structure, dental age could not be accurately
assessed from 2D orthopantomograms, especially
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25
20
Age

studies also analysed the maxillary central incisors or
the maxillary canines using CBCT data but without
calculating the PTR value. Asif et al. [2] analysed both
the PTR and the pulp chamber/crown ratio and found
that the second method had a higher R2 (0.775) than
the PTR method. Ignoring the tooth position, Zhang
et al. [29] found that the scope of R2 by CBCT images
for age estimation was about 0.21–0.70.
In general, the strength of correlation in our study
seems stronger than the previous studies. The reason
may the decrease of PTR value was caused by different
factors in subadults and adults. For subadults, the
shape of tooth mainly changed with the deposition
of enamel, dentin, and cementum and the closure
of apical foramen. For adults, the shape of the tooth
principally changed with the deposition of the secondary dentin. In that circumstance, it was reasonable
to find different extents of correlation relationship
between young people and people of all age.
Most studies showed a stronger correlation in
the maxillary central incisor than the maxillary canines, which was contrary to our study. So, we may
conclude that the PTR value of a central incisor was
the better reference variance to estimate the age of
adults comparing to a canine, while a canine is better
when estimating the age of subadults. This could be
because the age of apex formation for canines was
13–15 years, but for central incisors, it was around 10
years. Since the age range of our samples was 8–19
years, the variation of shape was more apparent and
more sustainable in maxillary canines than the central
incisors. Hence, it is quite reasonable to find that the
association between PTR values and the chronological
age in maxillary canines was stronger than the maxillary central incisors for children and young adults.
Our study didn’t show a distinct sex dimorphism in
age estimation. However, there are differences in the
growth pattern between boys and girls. The growth
spurt of girls precedes that of boys by approximately
2 years. Many methods for estimating chronological
ages of children, such as the Demirjian’s method
and the Willems’s method, showed significant sex
dimorphism. However, most studies analysing the
PTR values found no significant difference in the
correlation coefficient values between genders for
each type of investigated teeth [3, 12]. This might be
because all the subjects were adults and the dentin
deposition pattern probably the same for males and
females whose growth and development had ceased.
For our study, the relatively small number of samples

y = –102.73x + 19.351
R2 = 0.4426

15
10
5
0

0

0.02

0.04

0.06 0.08 0.1
PTR value

0.12 0.14

0.16

Figure 5. The relationship between the chronological age and the
pulp/tooth ratio (PTR) value of the maxillary central incisor.

25

y = –105.42x + 21.979
R2 = 0.6933

Age

20
15
10
5
0

0

0.02

0.04

0.06 0.08 0.1
PTR value

0.12 0.14

0.16

Figure 6. The relationship between the chronological age and the
pulp/tooth ratio (PTR) value of the maxillary left canines.

when we could not get enough teeth from human
remains [11, 20].
Many studies have proved that there exists no
statistically significant difference between the right
and left counterpart teeth in determining the efficacy of dental age estimation [3, 29]. Hence, we only
analysed the teeth on the left side or the counterpart
tooth in the contralateral quadrant, if the tooth on
the left side was lost or malformed.
In our study, the correlation between the PTR
and the chronological age in maxillary canines
(r = –0.833) was higher than that found in maxillary
central incisors (r = –0.665). The maxillary left canine
estimation model, that was better than the central
incisor estimation model, had a coefficient of determination of 0.77 for boys and 0.66 for girls. Gulsahi
et al. [12] observed both maxillary central incisors
and maxillary canines in one study, and the strongest
correlation strength was found between the chronological age and PTR measured on maxillary central
incisors (r2 = 0.532). Asif et al. [3] also calculated
the PTR ratio of maxillary canines and central incisors
using CBCT data and got the similar results. Some
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may be the cause. In fact, the Z value (Z = 1.72) was
quite close to 1.96 when we compared the R values
between genders. If we had collected more samples,
the result may well be different.
In addition, the method we used to acquire the
pulp and tooth volume was different from other studies, and the differences were shown in the modelling
setup process after the CBCT data in DICOM files
were imported into the software. In previous studies,
new masks were created for the pulp cavity and the
entire tooth after setting different grayscale threshold values for each of the investigated teeth [3]. In
our opinion, multiple sets of grayscale values meant
a higher probability of error. In our study, we set the
grayscale value once to separate the hard tissue of the
tooth and used the cavity filling function to define the
pulp area. It was not only more accurate, but also less
time-consuming. Most of the studies reported that
the entire time of importing the DICOM files to the
software, thresholding, and 3D reconstruction took
around 2–3 hours per tooth [3, 22, 25]. Pinchi et al.
[20] simplified dental volume measurement through
a geometric approximation of the different parts of
the tooth and spent less than 15 minutes per tooth.
Through one-step thresholding and multiple slice editing, we could finish the 3D reconstruction process in
about 20 minutes without geometric approximation.
We couldn’t compare the efficiency of our new
equation with Demirjian’s or Williems’s method since
there wasn’t an independent validation group, whereas it is very important. Since the 2D technique is less
time-consuming, our method merits application only
if it is more accurate than the Demirjian’s or Williems’s
method. We decided to screen samples who took
CBCT and panoramic radiographs on the same day
to conduct the follow-up investigation.

accuracy of this estimation method is considerably
high, whereas it is necessary to compare the accuracy
of our new regression equation with other widely used
methods using independent validation samples. Hence,
there is a need to carry out further studies in the future.
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CASE REPORT

Anatomical variation of a trifid (trifurcation)
lateral root origin of the median nerve
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Anatomic variations of the brachial plexus are common. Awareness of these variations is of paramount importance in clinical practice mainly in achieving best results
in minimal invasive or surgical procedures. The aim of our study was to depict
a case of a trifid lateral root origin of the medial nerve. This anatomical variation
in the brachial plexus was encountered after dissection in upper extremities in
a 90-year-old male cadaver. (Folia Morphol 2020; 79, 4: 860–862)
Key words: anatomical variations, median nerve, brachial plexus

INTRODUCTION

a “V”-shaped formation that embraces the lower or
third part of the axillary artery, to form the MN [14].
The aim of our study was to depict an anatomical
variation of trifid lateral root origin of the MN. These
findings were observed after dissection of a cadaver
at the Department of Anatomy, School of Medicine,
in National and Kapodistrian University of Athens,
Greece.

Anatomical variations in nerves’ course and formation are quite common, especially those of the
brachial plexus. It is remarkable that even half of
anatomical variations in neural structures that have
been described in human cadavers, arise from the
brachial plexus and might be attributed to embryological development [9].
Deep knowledge of these variations is crucial in
clinical practice especially for surgeons and anaesthesiologists, to avoid a neural injury or damage. For
instance, this may occur in radical neck dissection and
other surgical operations of the axilla or the upper
arm. The results of an injury can cause severe motor
and sensory complications [8].
The brachial plexus supplies either motor or sensory innervation to the upper limb. Normally it is formed
by the ventral rami of C5 to C8 and Tl. The plexus
arises in the neck and then crosses inferiorly over rib I.
Afterwards, it enters the axillary cavity.
The median nerve (MN) arises, as known, from the
plexus brachialis and is normally formed by two roots;
a lateral (Lr) from the outer cord and a medial (Mr)
one from the inner cord of the plexus brachialis. It
receives filaments from the lower three cervical nerves
as well as the first dorsal nerve. The Lr and Mr unite in

MATERIALS AND METHODS
Four cadavers, of which two were males and two
females, were dissected in the dissection room of
the Department of Anatomy of the National and
Kapodistrian University of Athens. Thiel solution was
used for the embalmment and the cadavers remained
then in the refrigerators (–16/–18oC) for an average
4-months interval prior to dissection.
After dissection of the upper limb for medical
undergraduate students, a variation of the MN nerve
was found in the right upper limb of a 94-year-old
male cadaver in the Department of Anatomy, School
of Medicine, in the National and Kapodistrian University of Athens Greece.
This cadaver was fixed in 10% formalin and had
a medical history of septic shock. As reported, no
surgical or traumatic lesions to the right upper limb
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anterior interosseous nerve was cleaned and found
normal. The formation, course and distribution of
the rest final nerves of the right brachial plexus were
found without any deviation of the normal pattern.
No irregularity was identified during the dissection
in the course and branches of neither the axillary, nor
the brachial artery.

DISCUSSION
Cases of MN formation by more than two roots
are less usual in comparison with cases of communication branches between the MC and the MN or
its Lr. There also exists an embryological background
of such abnormities’ cause. Precisely, the upper limb
buds are formed opposite to lower cervical and upper thoracic segments (C5–T2). However, it has been
reported that incomplete contact of ventral primary
rami of spinal nerves that enter the mesodermal buds,
might lead to anatomical variations, either of the
brachial plexus nerves or the MN. In addition, trophic
agents that enter the circulation may be the reason
of developmental anomalies or anatomical variations
of peripheral nerves. A growth cone is formed at the
top of axon growing to target tissue by providing
molecules that are secreted by surrounding tissue.
Uncontrolled expression of molecules such as N-CAM,
L1 and cadherins act as transcriptional factors. Finally,
these molecules and components of the extracellular
matrix might have as a potential result irregular development of neural structures [2, 4].
Although there are many anatomical articles published referring to the plexus brachialis and especially
the MN and variations related to its origin and course,
not as much have been written for the unique type
of formation, described above. The described cases
of an anastomotic branch between the musculocutaneous nerve (MCN) either the MN or its Lr, and an
existence of a trifid Lr or a four-root MN formation
is comparatively less common. Satyanarayana et al.
[12] reported in 2009 a similar case.
Such anatomical variations in the formation of
the MCN and its communicating branches have been
described by Le Minor in 1992. Five types of variations have been reported between the MCN and the
median nerve [10].
—— type I: no communication between the MCN and
the MN The MCN penetrates the coracobrachialis
muscle, as normally and divides into three branches to innervate the coracobrachialis, biceps and
brachialis muscles;

Figure 1. Cadaveric dissection showing a trifid median nerve arising from brachial plexus; AA — axillary artery; AV — axillary vein;
CB — coracobrachialis muscle; Lr1, Lr2, Lr3 — roots of median
nerve; UN — ulnar nerve; MC — musculocutaneous nerve; RN —
radial nerve.

were found. The anatomical specimen of the axillary
region was properly cleaned.
Our dissection protocol was in accordance with
Cunningham’s manual [5] of practical anatomy. Both
upper limbs on the right and left sides were meticulously dissected.
In this case report, the right side was found to
have an anatomical variation. Finally, photographs
were taken in order to depict the anatomical variation (Fig. 1).

RESULTS
During the dissection of the cadaver referred, we
found a MN formed anterior-laterally of the axillary
artery (the normal position) by a normal Mr and a trifid Lr. The first/outer branch of the Lr (Lr1) is the most
sizeable of the three, while the inner one (Lr3) is the
thinnest and resembles a precocious communicating
branch between the two roots which form finally the
MN (Fig. 1). This finding was observed unilaterally, id
est only in the dexter axillary of the cadaver.
The course of the formed MN in the arm, forearm and carpal tunnel was found normal as well as
its distribution in the forearm and palm. Also, the
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—— type II: fibres of the lateral and medial root of the
MN pass through the MCN and join to the MN
distally the coracobrachialis muscle;
—— type III: the MCN arises from the lateral cord
and after some distance provides communicating
fibres to connect with the MN that is formed by
the medial cord;
—— type IV: fibres of the MCN and the lateral root of
the MN merge together. MCN stems from the MN
and then divides into branches to innervate the
biceps, coracobrachialis and brachialis muscles.
Various publications report, the presence of
additional root in the formation of MN [1, 6, 15]. The
incidence of formation of MN by two lateral roots
and one medial root has been described by Sharmila
et al. [13]. Three roots forming the MN was the most
frequent anatomic variation that was reported in
about 36.4% (8) in left upper limb and 18.2% in right
one by Mat Taib et al. [8]. MN may also be formed
by four routs. Our finding is also in accordance with
Budhiraja et al. [3] who found two types of variation:
median nerve formed by three roots and four roots
in 22.4% (44/196) and 3.57% (7/196), respectively.
The median nerve was formed by two lateral roots
from lateral cord and one medial root from the medial
cord in six cadavers by Emamhadi et al. [7]. Sargon
et al. [11] reported the formation of the median
nerve by three roots in that one of the lateral cord
roots was located with a very close course over the
axillary artery.
It should be noted that this type of variation might
increase the risk of median nerve injury in surgical operations of the axilla and may lessen the blood supply
of the upper extremity by compressing the vessel due
to the very close course of the second lateral root of
the median nerve to the axillary artery.

sensory deficiency in the lateral compartment of the
forearm [16].
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CONCLUSIONS
Anatomical variations of the formation of the brachial plexus nerves and especially of the MN should
be identified and recorded in order to advance the
practice of medicine and the science of anatomy as
well. Such variations as the one depicted, are of great
significance and have a clinical or surgical impact.
Anaesthesiologists that perform axillary block or surgeons that operate in the arm or the axillary cavity
may cause unintentional injury to the MN. This may
lead to paralysis of the anterior compartment muscles
of arm (biceps brachii, brachialis, and coracobrachialis), motor disability of the elbow joint (flexion) and
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Damage to the great auricular nerve, with consequent clinical deficits, is a common
surgical complication in facial aesthetic and in head and neck procedures such as
parotidectomy, neck dissection, rhytidectomy and platysma flap operations. Hence,
a thorough knowledge of nerve anatomy, particularly its potential variations, is
critical in reducing the associated operative morbidity. Accordingly, we report an
unusual variation of the anterior branch of the great auricular nerve noted in an
81-year-old female cadaver. The nerve was observed to course into the submandibular region anterior and superficial to the internal jugular vein, communicating
with the cervical branch of the facial nerve, while independently innervating the
platysma muscle. Although several anatomical variations of the branches of the
cervical plexus have been documented, our report describes unique innervation
of the platysma muscle by the great auricular nerve, which provides a new insight
on the motor component of the nerve. (Folia Morphol 2020; 79, 4: 863–866)
Key words: anatomic variation, great auricular nerve, rhytidectomy,
parotidectomy, platysma muscle

INTRODUCTION

and terminating in the postauricular area to give sensation to the posterioinferior aspect of the auricle [8].
Clinically, injury to the great auricular nerve is a common complication in surgical procedures in face,
head and neck, notably rhytidectomy, parotidectomy
and platysma flap surgery, occurring at a rate of 6%
to 7% during rhytidectomy [2, 7, 8]. Iatrogenic or
inevitable amputation of the nerve during such procedures could incur significant complications such
as dysesthesia or allodynia in the involved skin area,
otalgia, discomfort on cold exposure, and traumatic
neuroma [11]. To minimise the risk of injury to the
great auricular nerve during head and neck surgical
procedures, it is important to fully appreciate the potential variations in its anatomical disposition. In the
present report, we describe an anatomic variation of

The great auricular nerve arises from the ventral rami of the second and the third cervical spinal
nerves, to fuse into its main trunk before emerging
from the posterior border of the sternocleidomastoid
muscle at the junction of its upper and middle third,
where it resides in its most superficial location — the
great auricular point [1, 3]. It courses superiorly and
anteriorly, and divides into the anterior and posterior branches. The anterior branch continues in
a plane between the sternocleidomastoid muscle and
the parotid gland prior to its terminal arborisation,
providing sensation to the skin overlying the parotid
gland and anteroinferior aspect of the auricle [8]. The
posterior branch courses on the surface of the sternocleidomastoid muscle before reaching the mastoid area
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Figure 1. Dissection of the left side of the neck showing the anterior branch of the great auricular nerve innervating the platysma muscle;
A. Superficial dissection; B. Magnified view with the platysma muscle reflected; GAN ant — great auricular nerve, anterior branch;
GAN post — great auricular nerve, posterior branch; COM — communicating branch; Par — parotid gland; SCM — sternocleidomastoid muscle;
LON — lesser occipital nerve; FN — facial nerve; FN mand — mandibular branch of facial nerve; FN cerv — cervical branch of facial nerve;
Pla — platysma muscle; FV — facial vein; RMV — retromandibular vein; IJV — internal jugular vein; SSG — submandibular salivary gland.

the nerve observed during a cadaver dissection — an
anterior branch of the great auricular nerve coursing
into the submandibular region and supplying the
platysma muscle, additional to the cervical branches
of the facial nerve.

giving two superficial (fascial) and one deep (lobular)
branch providing sensory innervation to the skin overlying the parotid gland and inferior part of the auricle.
The anterior branch ascended obliquely over the
sternocleidomastoid muscle and turned anteriorly
inferior to the apex of the parotid gland, crossing
the retromandibular and the internal jugular veins.
In the submandibular region the anterior branch of
the great auricular nerve entered the deep surface of
the platysma muscle. The cervical branch of the facial
nerve divided just inferior to the apex of the parotid
gland into the thinner anterior and thicker posterior
branches, entering separately into the deep surface
of the platysma muscle. A short communication connected the thicker cervical branch of the facial nerve
and the anterior branch of the great auricular nerve
(Fig. 1B).
On the right side, the great auricular nerve coursed
over the mid-body of the sternocleidomastoid muscle posterior to the external jugular vein as a single
branch and distributed to the skin over the parotid
gland.

CASE REPORT
During the dissection of the left side of the neck
of an 81-year-old female formaldehyde-embalmed
cadaver, an unusual course of the anterior branch of
the great auricular nerve was observed to supply the
platysma muscle, in addition to the cervical branches of the facial nerve (Fig. 1A). The dissection was
performed with the aid of the magnifying lens (4×).
There were no signs of previous trauma or surgical
scars on the face and neck. The parotid fascia and the
superficial cervical layer were exposed by dissection
of the whole dermal layer from the neck and face.
The great auricular nerve was observed arising
from and winding around the posterior border of
the sternocleidomastoid muscle, coursing 1 cm superiorly before dividing into the anterior and posterior
branches. Both branches then ascended beneath the
platysma muscle on the surface of the sternocleidomastoid muscle. The thicker posterior branch trifurcated at the posterior lobe of the parotid gland by

DISCUSSION
The present report describes a cadaveric finding of
an unusual anatomic variation of the anterior branch
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of the great auricular nerve supplying the platysma
muscle additional to the cervical branch of the facial
nerve, with communication between both nerves.
The communications between the cervical plexus
and the facial nerve are well known and are reported
to originate during the seventh week of the embryonic life [5]. Gasser [6] reported that early in embryonic
life (7th week), the peripheral part of the facial nerve
divides into several bundles from which the most
caudal bundles communicate with nerves from the
second and third cervical ganglia in a plexus located
in the caudal and ventral part of the second arch.
Another bundle of the facial nerve, the future cervical branch, pursues a ventral course and terminates
just deep to the myoblastic lamina from which the
platysma muscle develops. The observed anatomical
variation could be a consequence of the anterior
branch of the great auricular nerve termination deep
to the myoblastic lamina rather than in the ventral
part of the second arch [6].
Previous reports have already described communications between the great auricular nerve and several
cranial nerves. Pillay et al. [9] described a variation in
the branching pattern of the great auricular nerve,
as well as a communication between the transverse
cervical nerve and the great auricular nerve in human
foetuses. Yang et al. [11] and Diamond et al. [5] both
reported an unusual variation where the posterior
branch of the great auricular nerve sends a small
nerve twig (or several small twigs) into the parotid
parenchyma and connects with the trunk and temporal branch of the facial nerve, the auriculotemporal
nerve and the auricular branch of the vagus nerve
[5, 10, 11]. Furthermore, Brennan et al. [4] described
a communication between the great auricular nerve
and the marginal mandibular branch of the facial
nerve seen during an elective neck dissection surgery.
In this case, by stimulating the anterior branch of the
great auricular nerve that communicated with the
marginal mandibular nerve, a motor activity in the
lower lip was observed.
Although the great auricular nerve is traditionally
treated with little interest on the assumption that it
is clinically inconsequential, emerging evidence have
provided compelling insights into its clinical significance. Toure [10] recently reported that the great
auricular nerve is the principal nerve that underlies the
gustatory sweating syndrome. Anatomical dissection
and histological examination of the great auricular
nerve revealed well-formed nerve bundles to small

salivary duct and blood vessels that suggested a possible role in the secretory mechanisms of the parotid
salivary gland [12]. In addition, it has been proposed
that the great auricular nerve might be involved in the
coordination of proprioceptive information from the
muscle via the motor nerve which it communicates
with [11]. Previous reports have consistently shown
that the great auricular nerve variants communicate
with the facial nerve by terminating in to the nerve
trunk [4, 5, 10, 11].

CONCLUSIONS
Although a distinction has been made in the
literature for the great auricular nerve not having
a motor component [4], our case report showed that
after communicating with the cervical branch of the
facial nerve, the anterior branch of the great auricular
nerve independently entered the platysma muscle,
which suggests a motor function.
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Duplication of the spleen, classified as a polysplenia syndrome, is a very rare anomaly. Polysplenia is a complex syndrome with a broad spectrum of abnormalities.
Other abnormalities accompanying polysplenia have been previously reported. In
this paper, we present a case of duplication of the spleen accompanied by multiple
anomalies in the thorax and abdomen. (Folia Morphol 2020; 79, 4: 867–870)
Key words: spleen, duplication, computed tomography

INTRODUCTION

cough, shortness of breath. The patient had no pain
with palpation and coughing. The physical exam was
completely normal including auscultation of the heart
and lungs. Vital signs were stable. Common causes
of sudden chest pain were investigated (Table 1).
Chest X-ray was unremarkable. Electrocardiogram and
cardiac enzymes were in the normal range. Echocardiographic measurements were within standard normal limits. Computed tomography (CT) angiography
showed pseudocoarctation of the aorta characterised
by kinking and post-stenotic dilatation at the isthmus
level of the aorta (Fig. 1A, E) and dilated azygos vein
(Fig. 1B, C). The position of the heart was normal.

Duplication of the spleen is a rare seen anomaly
which is classified in polysplenia syndrome. Polysplenia
refers to the situation in which the splenic tissue is
divided into two or more equal parts [4]. It is often associated with various visceral anomalies [4]. Polysplenia
is a rare embryological disease reported in 1 in 250,000
people, resulting from failure in the development of
normal asymmetry of left-right visceral organs [8].
Genetic studies showed that polysplenia is multifactorial inheritance [16]. Polysplenia is reported more
frequently in women [1]. It must be distinguished
from accessory spleen which defines the situation in
which a normal sized spleen and one or more small
spleen tissues are present [4]. Kim et al. [7] used the
duplication of the spleen term to express similarly
shaped splenic tissues that have their own arteries
and veins.
In this paper, we present a case of duplication
of the spleen accompanied by new thoracic and abdominal anomalies.

Table 1. Differential diagnosis of diseases frequently seen at
sudden onset chest pain
Common causes of chest pain
Acute coronary syndrome
Pericarditis
Aortic dissection
Pulmonary embolism

CASE REPORT

Oesophageal rupture

In April 2018, a 44-year-old female patient presented to the emergency department with sudden
onset of left sided chest pain. She denies any fever,

Pneumonia
Pleurisy
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Figure 1. A. Sagittal reformed contrast-enhanced thorax computed tomography (CT) shows kink (arrow) and post-stenotic dilatation (hollow
arrow) at the isthmus level of the aorta; B. Coronal reformed contrast-enhanced thorax CT shows dilated azygos vein (arrow); C. Dilated azygos vein (arrow) before joining the superior vena cava on axial contrast-enhanced thorax CT; D. Coronal reformed contrast-enhanced thorax
CT shows compression of the trachea by the aorta; E. Volume rendering aortic pseudocoarctation in left lateral view; F. Sagittal reformed
contrast-enhanced thorax CT with continuous inferior vena cava.

Indentation of the aorta to the trachea was observed
(Fig. 1D). Both lungs were bilobulated. Inferior vena
cava (IVC) showed continuity with the dilated azygos
vein at the entrance into the thorax after the inclusion
of the left retro-aortic renal vein and right renal vein
(Fig. 1F). The hepatic veins were opened directly into

the right atrium. At CT examination, contrast phase
was not sufficient to evaluate pulmonary embolism.
When D-dimer elevation and thrombosis consistent
with acute deep vein thrombosis were detected in the
left lower extremity veins, the patient was evaluated
as pulmonary embolism and treated.
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Figure 2. Duplication of the spleen; A. The contrast-enhanced coronal abdominal computed tomography (CT) shows superior spleen and its
own vascular structures (arrow) in CT maximum intensity projection images. Accessory spleens (hollow arrows) are also monitored; B. Inferiorly located spleen and vascular structures (arrow) are observed. Splenic artery branch from the lower spleen hilus feeding the lower pole of
the upper spleen (hollow arrow); C. Short pancreas (arrow) on axial contrast enhanced abdominal CT; D. Coronal reformed contrast-enhanced
abdominal CT shows that the colon segments are completely located on the left side of the abdomen (arrow).

She was admitted to our hospital with pelvic pain
in September 2019. Physical examination revealed
tenderness in the pelvic region. Complete blood count
revealed leukocytosis and ultrasound shown a complicated cystic lesion in the left ovary. Abdominal
contrast enhanced CT revealed a 4 cm large cyst
in the left ovary and stranding of the surrounding
fatty tissue so the patient was diagnosed as pelvic
inflammatory disease. In addition, two spleens of
~9 × 4 cm and ~9.5 × 3.5 cm in size located in
the superior and inferior aspects, respectively. There
was a characteristic staining of a zebra pattern in the
abdominal sections of the images. The two spleens
had their own vascular structures (Fig. 2A, B). They
were also in close proximity to each other, but had
not merged. Both spleens were supplied from the
splenic artery branches and their venous drainage was
to the splenic vein. In our case, the splenic artery had
emerged from the coeliac trunk and with significant
tortuosity in the distal half, was sending the lateral
branch to the superior spleen first. This side branch

was then divided into end branches extending to the
upper and middle portions of the upper spleen. The
terminal part of the splenic artery was divided into
two end branches feeding the upper and lower poles
of the lower spleen and a third end branch feeding the
lower pole of the upper spleen. The splenic vein first
emerged from the spleen located on the lower side
and then drained from the upper spleen and formed
the superior mesenteric vein and portal vein. Unusually, the distal half of the splenic vein was tortuous.
Rather than the classic “J” shape, the pancreas
was ovoid in appearance, with the body being thicker
than the head. The pancreatic tail ended at the level
of the medial half of the left kidney (Fig. 2C). The
colon segments were located in the left half of the
abdomen (Fig. 2D).

DISCUSSION
Duplication of the spleen can be confused with
splenic cleft, splenic lobulation, and an accessory
spleen. However, in cases with splenic duplication,
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both spleens have their own vascular structures, and
both spleens do not merge with each other. This
finding provides differentiation of splenic duplication
from other splenic anomalies.
Duplication of the spleen was first described in
2009 by Kim et al. [7] on abdominal CT to investigate
metastasis in a 71-year-old male patient with small
cell lung cancer. This patient also had short pancreas
and preduodenal portal vein. In our case, there is also
a short pancreas which has also been reported in other polysplenia syndromes [5, 12, 15]. Later in 2013,
Sharma et al. [13] reported a 43-year-old male patient
presenting with upper gastrointestinal bleeding. In
this case, the reason of bleeding was the varicose
veins due to the abnormal venous drainage of the
upper part of the spleen to the gastric fundus veins.
Endoscopy, endosonography, angiography and CT
findings were reported without any additional visceral
anomalies. Finally, in 2014, Paramasivam et al. [9]
reported the cadaveric findings of a 60-year-old man.
Duplication of the spleen is classified in polysplenia syndrome with accompanying similar pathologies.
Gastrointestinal system anomalies, liver anomalies, and IVC anomalies have been described in patients with polysplenia [3]. In a study, 7 of 8 patients
with polysplenia were reported to have continuous
IVC with azygos vein [3]. Azygos continuation of
the IVC is the most common anomaly seen in polysplenia syndromes [3]. The coexistence of aortic
pseudocoarctation and polysplenia has also been
previously reported [2, 11], which is consistent with
the kink and post-stenotic dilatation observed at
the aortic isthmus level in the current case. The left
retro-aortic renal vein is usually isolated.
Embryologically, the left renal vein normally develops from inter-subcardinal anastomosis [6] while
the retro-aortic vein develops from inter-supracardinal
anastomosis and accompanies azygos continuation
of IVC and polysplenia [14]. Bilobulated right lung
has been described in patients with polysplenia and
occurs in slightly more than half of the cases [10].
Polysplenia generally is associated with intestinal malrotation [3] and also in our case intestinal malrotation
has been presented.

anomalies in these patient groups is important in the
planning of surgical and interventional procedures in
order to avoid undesirable outcomes.
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CONCLUSIONS
In conclusion, our case of duplication of the spleen
showed similar aortic, IVC, pulmonary, pancreatic,
and intestinal abnormalities to other polysplenia
syndromes. The presence of multiple anatomical
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