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In 2019, the updated and extended version of Terminologia Anatomica was
published by the Federative International Programme for Anatomical Terminology
(FIPAT). This new edition uses more precise and adequate anatomical names
compared to its predecessors. Nevertheless, numerous terms have been modified,
which poses a challenge to those who prefer traditional anatomical names, i.e.
medical students, teachers, clinicians and their instructors. Therefore, there is
a need to popularise this new edition of terminology and explain these recent
changes. The anatomy of the head, including the cranium, the extracranial bones
of the head, the soft parts of the face and the encephalon, poses a particular
challenge for medical students but also engenders enthusiasm in those of them
who are astute learners. The new version of anatomical terminology concerning
the human skull (FIPAT 2019) is presented and briefly discussed in this synopsis.
The aim of this article is to present, popularise and explain these interesting
modifications that have recently been endorsed by the FIPAT. Based on teaching
experience at the Division of Anatomy/Department of Anatomy at Wroclaw
Medical University, a brief description of the human skull is given here. This text
can be useful to medical students, teachers, authors and researchers who might
want to use the current version of anatomical terminology concerning the human
skull. (Folia Morphol 2021; 80, 3: 477-486)

Key words: anatomical terminology, anatomical nomenclature, bones of

the head, cranium, skull, Nomina Anatomica, Terminologia Anatomica

INTRODUCTION

The skeleton of the head consists of the cranium
and the extracranial bones of the head, i.e. the man-
dible and the hyoid bone [5]. The cranium consists of
two parts, i.e. the cerebral cranium called neurocrani-
um and the visceral cranium called viscerocranium.
The term splanchnocranium is not used. Both parts of
the cranium are composed of individual bones that
are joined by cranial sutures and cranial syndesmoses.
Noteworthy, the cranium is not the entire skeleton
of the head. Although the traditional term ‘skull” has

been discarded in order to classify the mandible as
one of the extracranial bones of the head, the skull
consists of the cranium and the mandible. In physical
anthropology and osteology, the following terms are
often used: cranium (the skull), calvarium (the brain
case), calvaria (the skull vault), calva and calotta (the
skull cap).

In early ontogeny, cranial bones develop in con-
nective tissue as membrane bone (Me) forming des-
mocranium, which is called the calvaria at the later
stages of ontogeny. Bone that develops in cartilage (C)
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constitutes the cartilaginous part of embryological
cranium, i.e. chondrocranium, that later forms the
cranial base. If some parts of a bone develop in mem-
brane and other parts develop in cartilage, the term
a mixed bone (Mi) is used [6].

Based on developmental biology and comparative
anatomy, the bones of the head can be divided into
three types: (1) bones forming the calvarium (the
brain case), including bones developing in membrane
that form the calvaria (the skull vault) and bones
developing in cartilage that form the cranial base
(basicranium, the skull base; basis cranii in Latin),
(2) bones associated with the nasal capsule that develop
in connective tissue (i.e. the nasal bone, the lacrimal
bone and the vomer) and bones that develop in car-
tilage (i.e. the ethmoid bone and the inferior nasal
concha) and (3) bones that develop from the visceral
arches that can be divided into two groups: (a) im-
mobile bones, i.e. the maxilla, the zygomatic bone
and the palatine bone, and (b) mobile bones, i.e. the
mandible, the hyoid bone and the auditory ossicles,
ossicula auditus seu ossicula auditoria in Latin [5, 6].

THE FRONTAL BONE

In adults, the anterosuperior aspect of the cranium
forming the forehead is composed of one pneuma-
tised bone, i.e. the frontal bone (os frontale, from
‘frons’ meaning ‘the bone of the forehead’, Me),
which encases the cranial cavity anteriorly and con-
tributes to the formation of the calvaria, although this
bone is made up of two separate portions at birth
and in some individuals throughout life (then the
frontal suture, sutura frontalis persistens seu sutura
metopica, is present) [8].

The frontal bone consists of: (1) the unpaired
squamous part of the frontal bone (squama frontalis),
(2) the paired orbital part of the frontal bone (pars or-
bitalis ossis frontalis) and (3) the unpaired nasal part of
the frontal bone (pars nasalis ossis frontalis). The squa-
ma has three surfaces, i.e. the external, internal (inner,
cerebral) and temporal surface [4, 5]. Two centres of
ossification are visible on the external surface of the
squamous part as two frontal eminences (frontal
tubers, frontal tuberosities) that are situated over the
frontal sinuses. The term ‘frontal eminence’ (eminentia
frontalis) is believed to be more appropriate than
‘frontal tubers’ as these elevations are subtle in men
and more pronounced but not prominent in women.
Therefore, this term has recently been changed by the
Federative International Programme for Anatomical
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Terminology (FIPAT) [cf. 4, 5]. The superciliary arches
are situated above the supraorbital margins (previ-
ously referred to as the supraorbital borders or ridges)
which form the inferior border of the squamous part.

The internal (inner) surface of the frontal bone
has poorly defined impressions for cerebral gyri
(impressiones gyrorum seu impressions digitatae)
[5], eminences of cerebral sulci (juga cerebralia) and
inconstantly present arterial grooves (sulci arteriosi).
In the midline, there is the groove for the superior
sagittal sinus (sulcus sinus sagittalis superioris) that
is inferiorly continuous with the frontal crest (crista
frontalis) that reaches to the foramen caecum of
the frontal bone (foramen caecum ossis frontalis).
Although this small foramen is sometimes not blind
(in about 1% of cases) and then it can transmit a small
vein from the nasal mucous membrane to the superior
sagittal sinus, this well-established term has not been
changed by the FIPAT [5], which is a sensible decision.

The temporal surface of the frontal bone forms the
anterior part of the temporal fossa (fossa temporalis)
that is located posterior to the zygomatic process of
the frontal bone. This surface is separated from the
external surface of the frontal bone by the temporal
line (linea temporalis) that converges to the supraor-
bital margin to form the zygomatic process.

The nasal part is situated between the two orbital
parts where the squama projects inferiorly. This is the
smallest part of the frontal bone and it demarcates
anteriorly the ethmoidal notch (incisura ethmoidea
seu incisura ethmoidalis) [5] in an arch-like fashion.
The pointed median structure projecting downwards
and forwards from the nasal part of the frontal bone
towards the nasal bones is called the nasal spine of
the frontal bone (spina nasalis ossis frontalis) [5].
This term has been changed by the FIPAT as this
spine should be clearly distinguished from other
nasal spines.

Table 1 provides examples of how the modern version
of the anatomical terminology (FIPAT 2019) differs from
its predecessors (FCAT 1998 and FIPAT 2011).

THE SPHENOID BONE

The unpaired and pneumatised bone that forms
the central part of the cranial base is termed os sphe-
noideum seu os sphenoidale (sphenoid(al) bone,
Mi), although the shorter and traditional term was
os sphenoides [1-5]. The shape of this bone resem-
bles a flying bat with its wings extended or a flying
wasp [3]. Hence, the historical names os vespiforme,
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Table 1. Comparison of terms from Terminologia Anatomica (1998, 2011) and New Terminologia Anatomica (2019) concerning the skull

Terminologia Anatomica (2019)

Terminologia Anatomica (1998, 2011)

English Equivalent (2019)

Alveoli dentales mandibulae
Alveoli dentales maxillae
Apertura externa canalis carotidis
Apertura interna canalis carotidis
Bulla ethmoidea ossea

Canalis carotidis

Canalis facialis

Canalis hypoglossus

Cellulae ossis ethmoidei

Choana cranii

Condylus mandibulae

Crista ethmoidea maxillae

Crista ethmoidea ossis palatini
Crista petrosa

Crista sphenoidea

Crista supramastoidea

Foramen alveolare inferius
Foramen ethmoideum anterius
Foramen ethmoideum posterius
Hiatus semilunaris osseus
Infundibulum ethmoideum osseum
Jugum sphenoideum

Lingula sphenoidea

0Os ethmoideum

Os sphenoideum

Recessus sphenoethmoideus cranii
Rostrum sphenoideum

Sulcus carotidis

Sulcus chiasmaticus

Alveolus dentalis
Alveolus dentalis
Apertura externa canalis carotici
Apertura interna canalis carotici
Bulla ethmoidalis
Canalis caroticus
Canalis nervi facialis
Canalis nervi hypoglossi
Cellulae ethmoidales
Choana
Caput mandibulae
Crista ethmoidalis
Crista ethmoidalis
Crista petrosa®
Crista sphenoidalis
Crista supramastoidea™
Foramen mandibulae
Foramen ethmoidale anterius
Foramen ethmoidale posterius
Hiatus semilunaris
Infundibulum ethmoidale
Jugum sphenoidale
Lingula sphenoidalis
Os ethmoidale
Os sphenoidale
Recessus sphenoethmoidalis
Rostrum sphenoidale
Sulcus caroticus
Sulcus prechiasmaticus

Dental alveoli of mandible
Dental alveoli of maxilla
External opening of carotid canal
Internal opening of carotid canal
Bony ethmoidal bulla
Carotid canal
Facial canal
Hypoglossal canal
Cells of ethmoid bone
Choana of cranium
Mandibular condyle
Ethmoidal crest of maxilla
Ethmoidal crest of palatine bone
Petrous ridge
Sphenoidal crest
Supramastoid crest
Inferior alveolar foramen
Anterior ethmoidal foramen
Posterior ethmoidal foramen
Bony semilunar hiatus
Bony ethmoidal infundibulum
Sphenoidal yoke
Sphenoidal lingula
Ethmoidy(al) bone
Sphenoid(al) bone
Sphenoethmoidal recess of cranium
Sphenoidal rostrum
Carotid sulcus
Chiasmatic sulcus

os sphexoideum and os sphecoides (from the Greek
words ‘vespa’ and ‘sfex’, which means ‘a wasp’).
Interestingly, the name ‘sphenoid(al)’ has appeared
by mistake. In Galen’s manuscripts, this bone was
referred to as the ‘sphecoid bone’, which means the
‘bone that resembles a wasp’, but the copyist made
a mistake and wrote ‘sphenoid’, in Greek ‘sfen’ means
a ‘'wedge’ [6].

The sphenoid has several parts: the body of the
sphenoid bone (corpus ossis sphenoidei seu cor-
pus ossis sphenoidalis) [5], the greater wings (alae
majores ossis sphenoidei seu alae majors ossis
sphenoidalis), the lesser wings (alae minores ossis
sphenoidei seu alae minores ossis sphenoidalis) and
the pterygoid process (processus pterygoideus). The
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body of the sphenoid bone is cuboid in shape and has
six surfaces. The anterior surface bears the sphenoi-
dal crest (crista sphenoidea seu crista sphenoidalis)
[5], a ridge that is a part of the superior wall of the
nasal cavity. This crest continues down towards the
sphenoidal rostrum (rostrum sphenoideum seu
rostrum sphenoidale) [5]. A thin and curved plated
called the sphenoidal concha (concha sphenoidea
seu concha sphenoidalis) [5] can be observed on
both sides. Laterally, there are small openings called
openings of sinus of sphenoid(al) bone (apertu-
ra sinus ossis sphenoidei seu apertura sinus ossis
sphenoidalis) [5].

Although the preferred name for this bone is
‘sphenoid’ and the term ‘sphenoidal’ is a synonym,
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only the latter is used in two compounds (i.e. ‘sinus of
sphenoidal bone’ and ‘opening of sinus of sphenoidal
bone’), which is rather surprising. This is an example
of inconsistencies in the new edition of Terminolo-
gia Anatomica. The posterior surface fuses with the
occipital bone to form the sphenooccipital synchon-
drosis. The superior surface has planum sphenoide-
um et jugum sphenoideum that lie in front of the
chiasmatic sulcus (sulcus chiasmaticus) [cf. 4, 5].
The sella turcica is bounded anteriorly by the tuber-
culum sellae and posteriorly by the dorsum sellae.
A depression for the pituitary gland (glandula pitu-
itaria seu hypophysis) is called hypophysial (UK)/
/hypophyseal (US) fossa (fossa hypophysialis in Lat-
in) [5], although this is inconsistent with the name
of this gland both in Latin and English. The medial
ends of the posterior edges of the lesser wings have
anterior clinoid processes (sing. processus clinoideus
anterior) because they are located in the vicinity of
the anterior part of the hypophysial fossa. The lateral
parts of the dorsum sellae that project forwards are
termed posterior clinoid processes (sing. processus
clinoideus posterior). The inconstantly present middle
clinoid process (processus clinoideus medius) can be
sometimes observed on both sides of the sella turcica.

Each greater wing has five surfaces: the cerebral
surface, the temporal surface, the infratemporal sur-
face, the maxillary surface and the orbital surface. The
part of this bone that lies in front of the chiasmatic
sulcus (sulcus chiasmaticus seu sulcus prechiasmaticus
seu sulcus praechiasmaticus in Latin, traditionally
termed sulcus chiasmatis) [7] and connects the lesser
wings is currently called jugum sphenoideum seu
jugum sphenoidale [5]. Interestingly, the sulcus that
stretches from the foramen lacerum to the medial side
of the anterior clinoid process, lying laterally on both
sides of the sella turcica, is officially termed sulcus
carotidis seu sulcus caroticus [5].

The lesser wings are two flat and small triangular
plates arising by two roots from the anterosuperior
edge of the body of the sphenoid bone. At the base
of each lesser wing, medially to the anterior clinoid
process, there is a bony canal for the optic nerve (CN 1),
which is called the optic canal (canalis opticus). The
superior orbital fissure (fissura orbitalis superior) can
be found between the greater and lesser wings where
nerves and veins pass.

The paired pterygoid process drops vertically
downwards from the junction of the body of the
sphenoid bone with the greater wings. Each of them
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is made up of two laminae: the medial pterygoid
plate (lamina medialis) and the lateral pterygoid
plate (lamina lateralis) [5]. Between these plates the
pterygoid fossa (fossa pterygoidea) can be observed
at the posterior aspect. Anteriorly, these plates fuse
in the vicinity of the sulcus palatinus major ossis pa-
latini. Since the pterygoid processes are not involved,
the term sulcus pterygopalatinus was discarded. The
base of this process is pierced by the pterygoid canal
(canalis pterygoideus) whose anterior opening com-
municates with the pterygopalatine fossa. An oblong
depression at the root of the medial pterygoid plate
is called the scaphoid fossa (fossa scaphoidea, pre-
viously known as fossa scaphoides). The tensor veli
palatini originates from its lateral end. The pterygos-
pinous process (processus pterygospinosus) [5] is
a small and inconstantly present spine that extends
from the posterior border of the lateral pterygoid
plate where the pterygospinous ligament (ligamen-
tum pterygospinale) attaches.

THE ETHMOID BONE

The unpaired and pneumatised bone of the neuro-
cranium (although developmentally and topograph-
ically this bone belongs to the viscerocranium as it
develops as C within the nasal capsule from three cen-
tres) that is located in the superior, medial and lateral
parts of the nasal cavity is termed the ethmoid(al)
bone, os ethmoideum seu os ethmoidale (from the
Greek word ‘ethmos’ meaning a ’sieve’), although
the shorter and traditional name for this bone is os
ethmoides [3-5].

Two bony plates of this bone include: (1) the cri-
briform plate and (2) the perpendicular plate. The
cribriform plate is the horizontal plate that is perfo-
rated by numerous cribriform foramina (foramina
cribrosa) [5] transmitting the olfactory nerve (nervus
olfactorius, CN 1) from the nasal mucous membrane
to the olfactory bulb. This plate fills the ethmoidal
notch between the orbital parts of the frontal bone
and forms part of the roof of the nasal cavity and the
middle part of the anterior cranial fossa. The small
bony crest, rising above the cribriform plate and
resembling a cock’s comb, which gives attachment
to the anterior part of the falx cerebri in the anterior
cranial fossa, is called the crista galli. The perpendic-
ular plate has two parts, i.e. the smaller superior part
above the cribriform plate and the larger inferior part
below this plate. This plate descends as the upper part
of the nasal septum. Its anterosuperior part articu-
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lates with the nasal spine of the frontal bone and the
nasal bones. Its anteroinferior border articulates with
the septal cartilage. The posterior border is directed
towards the sphenoidal crest, and the inferior border
articulates with the vomer.

The main and paired part of this bone that lies
on each side of the perpendicular plate is called
labyrinthus ethmoideus seu ethmoidalis (ethmoidal
labyrinth or so-called ‘pannier’ of this bone) [5].
This box-shaped and pneumatised portion contains
anterior, middle and posterior groups of air cells in
paper-thin compartments. The walls of these cellular
cavities are so thin and delicate that they are often
broken in the disarticulated bone. They are closed by
adjacent bones in the intact cranium. Noteworthy,
these air cells are currently termed cellulae ossis
ethmoidei seu cellulae ethmoideae osseae but not
‘cellulae ethmoidales' [5]. The superior surface of
the labyrinth has a number of incompletely closed
cells. Their walls are completed in the articulated
cranium by the edges of the ethmoidal notch of
the frontal bone. Crossing this surface on each side
are two groves that are converted into canals by
articulation with the frontal bone; these are the
anterior ethmoidal foramen (foramen ethmoide-
um anterius seu foramen ethmoidale anterius; old
term canalis orbitocranialis) [5] and the posterior
ethmoidal foramen (foramen ethmoideum posterius
seu foramen ethmoidale posterius; old term canalis
orbitoethmoideus) [5] which open on the medial
wall of the orbit. The inferior surface of the labyrinth
articulates with the maxilla and the palatine bone.
The anterior surface of the labyrinth is covered by
the lacrimal bone and the upper part of the frontal
process of the maxilla. The posterior surface of the
labyrinth presents large and irregular cellular cavities
that are closed by articulation with the sphenoidal
conchae and orbital processes of the palatine bones.
The lateral surface of the labyrinth is termed lamina
orbitalis labyrinthi ethmoidei or the orbital plate
of the ethmoidal labyrinth (previously referred to
as lamina papyracea). It constitutes the main part
of the medial orbital wall and it covers the middle
and posterior ethmoidal cells. This plate articulates
anteriorly with the lacrimal bone, posteriorly with the
sphenoid bone, superiorly with the orbital plate of
the frontal bone and inferiorly with the maxilla and
the orbital process of the palatine bone. The medial
surface of the labyrinth forms the lateral wall of the
nasal cavity. The anterior elevation that is formed by
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an especially large ethmoidal air cell is termed the
bony ethmoidal bulla (bulla ethmoidea ossea seu
bulla ethmoidalis) [5]. This bulla compresses the bony
ethmoidal infundibulum (infundibulum ethmoide-
um osseum seu infundibulum ethmoidale osseum)
[5], i.e. a deep and curved passage where the anterior
ethmoidal cells open.

THE OCCIPITAL BONE

The unpaired bone that forms the posteroinferior
part of the neurocranium is the occipital bone (os oc-
cipitale, Mi). Thus, it is a part of the calvaria and a part
of the cranial base. This bone is made up of four parts
that encircle the foramen magnum, i.e. the squa-
mous part of the occipital bone (squama occipitalis),
the basilar part of the occipital bone (pars basilaris
ossis occipitalis) and the paired lateral part (clinically,
the ‘condylar part’) of the occipital bone (pars lateralis
ossis occipitalis) [6]. The squamous part has two sur-
faces, which remain unnamed, i.e. the convex external
surface and the concave internal surface. The former
has a site of appearance of the ossification nucleus
in the centre where the bone is most convex which
is called the external occipital protuberance (protu-
berantia occipitalis externa). There are two ridges
that diverge laterally from this site that are called
superior nuchal lines (sing. linea nuchalis superior),
although the previous term (linea nuchae superior)
is often used. Supreme (highest, Terminologia
Anatomica 1998) nuchal lines (sing. linea nuchalis
suprema, previously linea nuchae suprema) [cf. 4, 5]
are encountered above and parallel and are less con-
spicuous. The trapezius muscle attaches between
these two paired lines. Transverse ridges between
the superior nuchal lines and the foramen magnum
are called inferior nuchal lines (sing. linea nuchalis
inferior, previously linea nuchae inferior). The exter-
nal occipital crest descends from the external occipital
protuberance towards the foramen magnum.

The internal (inner, cerebral) surface of the squa-
mous part bears the cruciform eminence (eminentia
cruciformis, previously eminentia cruciata) [5] that
gives rise to the groove for the transverse sinus pass-
ing laterally on each side, the ascending grove for
the superior sagittal sinus and the internal occipital
protuberance (protuberantia occipitalis interna) in the
middle from which the internal occipital crest (crista
occipitalis interna) descends to the posterior semi-
circumference of the foramen magnum. The upper
depressions for the occipital lobes of the cerebrum
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are called cerebral fossae (sing. fossa cerebralis) and
the lower depressions for the cerebellum are called
cerebellar fossae (sing. fossa cerebellaris). Each lat-
eral part contributes to the union of the cranium
with the vertebral column and therefore carries the
occipital condyle (condylus occipitalis) on its inferior
surface. Interestingly, the name for the short canal
that is located at the base of the occipital condyle,
i.e. posteroinferiorly to the jugular tubercle and be-
tween the jugular process and the occipital condyle
has been changed from canalis nervi hypoglossi to
canalis hypoglossus, hypoglossal canal in Eng-
lish [5]. Similar changes occurred in respect of other
bony canals for nerves. Interestingly, the small and
shallow depression that is sometimes present at the
dorsal aspect of the foramen magnum in the midline
between the cerebellar fossae at the lower end of
the internal occipital crest, is officially termed fossa
vermiana, i.e. the vermian fossa in English [5], which
is a traditional term, although the term eminentia
triangularis is also used in the anatomical literature
for its common variant. The basilar part fuses with
the body of the sphenoid bone at age 18 to form
a single bone and a smooth and sloping area for the
medulla oblongata and the pons, i.e. clivus, this bone
is sometimes referred to as os basilare [6].

THE PARIETAL BONES

The parietal bone (os parietale, from ‘paries’
meaning ‘wall’, Me) is a paired bone that forms the
middle part of the calvaria (the skull vault). It has
the external surface and the internal surface and
four borders (frontal, sagittal, occipital and squa-
mosal — not ‘squamous’) that are separated by four
angles (frontal, occipital, mastoid and sphenoidal).
The prominence that is located near the midline of
the external surface is called the parietal eminence
(or parietal tuber), eminentia parietalis seu tuber
parietale [5]. The curved line for the attachment of
the temporalis is termed the inferior temporal line
(linea temporalis inferior) and the curved line for
the attachment of the temporal fascia is termed the
superior temporal line (linea temporalis superior). In
the vicinity of the posterosuperior part of the parietal
bone there is a small opening for an emissary vein
called the parietal foramen (foramen parietale).

THE TEMPORAL BONES
The temporal bone (os temporale, Mi, from
the Latin word ‘tempus’ meaning ‘time’, so this is
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the "time bone’ just like the temporalis is the ‘time
muscle’; noteworthy, first grey hairs often appear in
the pertinent region of the head, which is a critical
juncture in life) contributes to the formation of the
lateral wall and the base of the cranium. The struc-
ture of this bone is complicated because it contains
important nerves, vessels and peripheral receptors
for both the special sense of hearing and the main-
tenance of equilibrium. A number of muscles and
ligaments attach to this bone. It also articulates with
the mandible by a movable joint, i.e. the temporo-
mandibular joint (TMJ).

Developmentally, each temporal bone consists of
three parts: the squamous part (pars squamosa), the
petrous part (pars petrosa, including the mastoid
part, pars mastoidea) and the tympanic part (pars
tympanica) [6]. In clinical anatomy, the mastoid part
and the ‘styloid part’ are sometimes distinguished.
Noteworthy, the mastoid part does not have a nu-
cleus for independent ossification and arises from
the petrous part, while the styloid part comprises
the styloid process (from the Greek word ‘stylos’
meaning a ‘pillar’) which together with the stylohyoid
ligament is a remnant of the second visceral arch [6].
Therefore, this traditional and clinical description is
unfortunate from an embryological standpoint.

The squama is a thin, vertical and often translu-
cent plate that forms the anterosuperior part of this
bone. Its smooth external surface is called the tempo-
ral surface (facies temporalis ossis temporalis). This
surface affords attachment to the temporalis muscle
and is marked posteriorly by the middle temporal
artery grooving sulcus arteriae temporalis mediae.
The mandibular fossa (the glenoid fossa of the tem-
poral bone, fossa mandibularis) is bounded anteriorly
by the articular tubercle (tuberculum articulare) and
articulates with the mandibular condyle to form the
TMJ. The cerebral surface bears marks of the brain
and arteries, i.e. impressiones gyrorum (seu digitatae),
juga cerebralia et sulci arteriosi.

The zygomatic process of the temporal bone
(processus zygomaticus ossis temporalis) is a narrow
bony arch that projects forwards from the inferior
part of the squama to join the temporal process of
the zygomatic bone and form the zygomatic arch
(arcus zygomaticus).

The zygomatic process has two roots, i.e. the an-
terior root (the articular tubercle) and the posterior
root, with the mandibular (glenoid) fossa between
them, and two borders, i.e. the thin superior border
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that serves for the attachment of the temporal fascia
and the inferior border that affords attachment to
some fibres of the masseter. Interestingly, the tradi-
tional name for the crest that projects posteriorly as
the continuation of the suprameatic line stretching
from the base of the zygomatic process, forming the
posteroinferior border of the temporal fossa, has
been endorsed by the FIPAT and is officially termed
supramastoid crest (crista supramastoidea) [5].

The longest bony canal of the temporal bone
that originates on the floor of the internal acoustic
meatus (internal auditory canal), stretching laterally
to the axis of the petrous part and ending with the
foramen stylomastoideum (stylomastoid foramen)
is officially termed canalis facialis seu canalis nervi
facialis (facial canal in English) [5] to match other
similar modifications. Interestingly, the widest canal
of the temporal bone is termed canalis carotidis seu
canalis caroticus and the official names for its two
openings are: apertura externa canalis carotidis
et apertura interna canalis carotidis (seu apertura
externa canalis caroticus et aperture interna canalis
caroticus, respectively) [5].

THE FACIAL BONES

The facial bones are either associated with the
nasal capsule or immobile (fixed) bones that are de-
rived from the visceral arches, see Introduction. The
mandible is neither part of the cranium nor part of
the facial skeleton. Therefore, it has been classified
as the extracranial bone of the head [5].

The nasal bone (os nasale) is a small and paired
bone that has two unnamed surfaces, i.e. the external
and the internal surface and four unnamed borders,
i.e. superior, inferior, medial and lateral. It joints the
contralateral bone to form the skeletal support for
the nasus externus. Only two terms in the new edition
of Terminologia Anatomica [5] refer to this bone,
i.e. the ethmoidal groove (sulcus ethmoideus seu
sulcus ethmoidalis) and the nasal foramen (foramen
nasalis). These bones are remarkably variable in dif-
ferent people

The lacrimal bone (os lacrimale) is a paired and
exceptionally small and fragile bone of the face that
is located in the anterior part of the medial wall of
the orbit, just behind the frontal process of the max-
illa. This bone presents two unnamed surfaces and
four unnamed borders. Thus, this bone resembles an
open booklet and the spine-like part is termed the
posterior lacrimal crest (crista lacrimalis posterior).
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To the front of this crest runs the lacrimal groove
(sulcus lacrimalis ossis lacrimalis). Together with the
adjacent groove and the anterior lacrimal crest of the
frontal process of the maxilla they form the fossa for
the lacrimal sac, fossa sacci lacrimalis (Terminologia
Anatomica, section Orbita) [5]. The posterior lacrimal
crest ends inferiorly in a small bony hook termed
the lacrimal hamulus (hamulus lacrimalis) which
articulates with the lacrimal tubercle of the maxilla.

The zygomatic bone (os zygomaticum, after
Riolan), which is casually referred to as the ‘cheekbone’
(os malare) and ‘zygoma’ (Galen) in clinical anatomy,
is a paired bone that is one of the strongest bones of
the cranium [6]. It connects the frontal bone with the
temporal bone, thereby contributing to the zygomatic
arch (arcus zygomaticus), i.e. the site of origin of the
masseter, and strengthening the facial skeleton. Its
central part is often referred to as the ‘body of the
zygomatic bone’ (corpus ossis zygomatici) in clinical
anatomy, although this term remains unofficial [5]
and has not been endorsed by the FIPAT. The body
has three surfaces, i.e. the surface and the zygo-
maticofacial foramen (foramen zygomaticofaciale).
The zygomatic bone presents three surfaces, i.e. the
lateral (malar), orbital and temporal surfaces, five
borders and two processes, i.e. the superior frontal
process which articulates with the zygomatic process
of the frontal bone and the lateral temporal process
which articulates with the zygomatic process of the
temporal bone.

The maxilla is a paired, pneumatised and the
largest bone of the face [6]. This bone comprises the
body of the maxilla (corpus maxillae) with its four
surfaces, i.e. anterior, infratemporal, nasal and orbital,
and four processes of the maxilla, i.e. the frontal
process, the zygomatic process, the palatine pro-
cess and the alveolar process. The body contains
alarge sinus called the maxillary sinus (sinus maxillae
seu sinus maxillaris osseus) [5], which communicates
with the nasal cavity through an opening on the me-
dial (nasal) wall of the maxilla that is termed hiatus of
maxilla (hiatus maxillae seu hiatus maxillaris osseus)
[5]. Posterior to the frontal process and anterior to
this hiatus, the lacrimal groove of maxilla (sulcus
lacrimalis maxillae) can be observed, which together
with the lacrimal bone and the inferior nasal concha
form the nasolacrimal canal (canalis nasolacrimalis).
The anterior (traditionally termed ‘malar’) surface
(facies anterior maxillae) has the infraorbital foramen
(foramen infraorbitale) and the canine fossa (fossa
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canina) below, where the Levator anguli oris origins.
The infratemporal surface (facies infratemporalis max-
illae) is separated from the anterior surface by the
zygomatic process and has several small perforations
for the nerves and vessels to the upper teeth. The
maxillary tuberosity (tuber maxillae seu eminentia
maxillae) [5] is a rounded and roughened elevation on
the infratemporal surface of the body of the maxilla
that is located posterior to the most distal molar of
the maxillary arch. This important landmark is perfo-
rated by the posterior superior alveolar foramina
(foramina alveolaria superiora posteriora), where the
posterior superior alveolar nerve along with blood
vessels enter the bone from the posterior. The na-
sal surface is continuous inferiorly with the superior
surface of the palatine process. The orbital surface
of the body is flat, smooth and triangular in shape.
The lacrimal notch (incisura lacrimalis) is located just
behind the frontal process. The infraobrital groove
(sulcus infraorbitalis) originates in the vicinity of the
posterior border of the orbital surface and is ante-
riorly converted into the infraorbital canal (canalis
infraorbitalis) which opens on the anterior surface
as the infraorbital foramen (foramen infraorbitale).
The frontal process of the maxillae (processus fron-
talis maxillae) projects upwards and joints the nasal
part of the frontal bone. Its lateral surface is divided
into two parts by the anterior lacrimal crest (crista
lacrimalis anterior), which is continuous downwards
with the infraorbital margin. The zygomatic process
of the maxillae (processus zygomaticus maxillae)
articulates with the zygomatic bone. The palatine
process (processus palatinus) forms most (about
three quarters) of the hard bony palate by joining
the contralateral process in the midline where the
nasal crest of maxilla (crista nasalis maxillae) rises
on the superior surface. This part faces the nasal
cavity and articulates with the inferior edge of the
vomer. Both openings that lead into the incisive
canals (canales incisivi) are located in the vicinity of
the anterior end of the nasal crest on the superior
surface. The alveolar process (processus alveolaris
maxillae) is the thickest and most spongy part of the
maxilla. Its inferior border is called the alveolar arch
of the maxilla (arcus alveolaris maxillae). This part has
eight dental alveoli or dental sockets of the maxilla
(alveoli dentales maxillae) for the eight upper teeth.

The palatine bone (os palatinum) is an L-shaped
bone that is situated in the posterior part of the nasal
cavity, between the maxilla and the pterygoid process
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of the sphenoid bone. Each palatine bone extends from
the posterior quarter of the hard palate to the floor of
the orbit. It also contributes to the formation of the
floor and lateral wall of the nasal cavity. It enters into
the formation of the pterygopalatine, pterygoid and
infratemporal fossae [6]. Thus, although this bone is
small, it contributes to the formation of some of the
cranial cavities, including the orbit, the oral cavity,
the nasal cavity and the three fossae. Each palatine
bone has two plates, i.e. the horizontal plate (lamina
horizontalis ossis palatini, previously lamina palatina
ossis palatini) and the perpendicular plate (lamina
perpendicularis ossis palatini). The former complements
the palatine process posteriorly to form the hard bony
palate. Its medial border meets the medial border of
the contralateral bone to form the nasal crest with the
vomer between its lips. The latter is longer and adjoins
the nasal surface of the maxilla. On its nasal surface it
has ethmoidal and conchal crests. The palatine bone
has three processes, i.e. the pyramidal process (proces-
sus pyramidalis), which projects posteriorly and laterally
from the junction of the horizontal and perpendicular
plates, the larger orbital process (processus orbita-
lis) and the smaller sphenoidal process (processus
sphenoideus seu processus sphenoidalis) [5] with the
sphenopalatine notch (incisura sphenopalatina) be-
tween them. The sphenoid bone covers this notch and
converts it into the sphenopalatine foramen.

The inferior nasal conchae (concha nasalis inferi-
or), previously termed the ‘inferior nasal turbinate’, is
a paired curved bony plate that extends horizontally
along the lateral wall of the nasal cavity. Unlike the
other conchae (parts of the ethmoid bone), this is an
independent bone. It has three processes: maxillary
(processus maxillaris), lacrimal (processus lacrimalis)
and ethmoidal (processus ethmoidalis). This bone
has two surfaces (lateral and medial), two borders
(superior and inferior) and two extremities.

The vomer (vomer, after Fallopio, Bartholin used
the term aratrum, both these terms refer to the fact
that this bone resembles the Roman ploughshare)
is an unpaired and roughly quadrilateral plate that
forms part of the bony nasal septum [6]. Its superior
edge is thicker that the other edges and embraces
the sphenoidal rostrum with the wings called alae
vomeris (sing. ala of vomer, ala vomeris). The upper
half of the anterior edge articulates with the perpen-
dicular plate of the ethmoid, and the lower part with
the cartilaginous nasal septum. The inferior edge
articulates with the nasal crest of the maxilla and the
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palatine bone. The free posterior edge constitutes
the free posterior border of the bony nasal septum
separating the right and left posterior nasal aperture
of cranium, i.e. right and left choana of cranium
(choana cranii in Latin) [5].

EXTRACRANIAL BONES OF THE HEAD:
THE MANDIBLE

The mandible (mandibula, which is derived from
the Latin word mandere, which means ‘to chew, mas-
ticate or devour’) is classified as the extracranial bone
of the head [5] and the only mobile skull bone. This is
the largest and the strongest facial bone that is heavily
formed to carry the lower teeth and the muscles of mas-
tication [6]. This bone affords attachment to the muscles
of the tongue and floor of the mouth. Its horseshoe
shape is determined by its development and function.

The body of the mandible (corpus mandibulae)
has two unnamed surfaces: facies externa and facies
interna. On the external surface in the midline there
is a vertical ridge where two halves are fused to form
the junction called symphysis (syndesmosis) man-
dibulae seu menti [5]. In general, the structure and
relief of the body are determined by the teeth and
the function of this part which form the mouth. The
inferior border is called the base of the mandible
(basis mandibulae). The upper part, i.e. the alveolar
part (pars alveolaris mandibulae) bears lower teeth.
Consequently, the alveolar arch has the dental alveoli
(alveoli dentales mandibulae) with the interalveolar
septa (septa interalveolaria mandibulae) with the
interradicular septa (septa interradicularia man-
dibulae) that can be found in some alveoli. Corre-
sponding depressions for the former septa that are
visible on the external surface of the body are called
the alveolar yokes of mandible (juga alveolaria
mandibulae). On the external surface of the body
there is a ridge at the symphysis, which is known as
the mental protuberance (protuberantia mentalis).
The mental tubercle (tuberculum mentale) lies
on each side of this protuberance. Laterally, there is
the mental foramen (foramen mentale), which is
an opening of the mandibular canal (canalis man-
dibulae), transmitting nerves and vessels. To the back
of the mental foramen is the oblique line (linea
obliqua mandibulae), which runs upwards. Two
mental spines or ‘genial tubercles’ (spinae mentales
— spina mentalis superior et inferior) project from
the inner surface of the symphysis as the side of at-
tachment of the genioglossus muscle. Inferiorly and

485

on both sides of the mental spine lies the digastrics
fossa (fossa digastrica) as the side of attachment
of the digastric muscle. The mylohyoid line (linea
mylohyoidea) runs backwards and upwards and
passes obliquely towards the ramus.

The ramus of the mandible or ‘mandibular ra-
mus’ (ramus mandibulae) is quadrilateral in shape
and has two surfaces, i.e. the external and internal
surfaces (facies lateralis et medialis), four unnamed
borders (superior, inferior, anterior et posterior) and
two processes (processus coronoideus mandibulae
et processus condylaris). On the inner surface of the
ramus is the inferior alveolar foramen (foramen al-
veolare inferius, previously ‘foramen mandibulae’) [5],
leading to the mandibular canal mentioned above.
The medial edge of this foramen projects as the lin-
gula mandibulae, to which the sphenomandibular
ligament attaches. The mylohyoid groove (sulcus
mylohyoideus) originates behind the lingula and
passes downwards and forwards. The inferior and
posterior borders of the ramus arise from the body
obliquely and posteriorly to form the angle of the
mandible or ‘mandibular angle’ (angulus mandib-
ulae). The anterior border of the ramus bears the
temporal crest (crista temporalis) [5], where the
temporalis attaches. The superior border has two
processes: the condylar process has the mandibular
condyle (condylus mandibulae seu caput mandibu-
lae seu capitulum mandibulare) [5] which is covered
by cartilage. The condyle or head is continuous with
the neck of the mandible (collum mandibulae) which
has the pterygoid fovea (fovea pterygoidea) on its
inner surface. The coronoid process of the man-
dible (processus coronoideus mandibulae) [5] is
the ‘'muscular’ and anterior process that has a rough
area for attachment of the temporalis muscle. Both
processes are separated by the mandibular notch
(incisura mandibulae).

EXTRACRANIAL BONES OF THE HEAD:
THE HYOID BONE

The hyoid bone (os hyoideum, previously os
hyoides), named from its resemblance to the Greek
letter U, is situated at the base of the tongue, be-
tween the mandible and the larynx, and is suspended
from the tips of the styloid processes by the stylohy-
oid ligaments. It consists of the body (corpus ossis
hyoidei) and two pairs of horns, i.e. the lesser horns
and the greater horns, cornu minus et cornu majus
ossis hyoidei, respectively.
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CONCLUSIONS

The new terminology concerning the cranium and
the extracranial bones of the head uses more appro-
priate anatomical terms. Although the old tradition
has been respected, more precise and anatomically
adequate terms are currently being used. Therefore,
the new version of the anatomical terminology de-
serves attention and should be used in both didactic
and clinical practice.
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Brain-derived neurotrophic factor (BDNF) is an important neurotrophin involved
in an integration of the brain activity in physiological and pathological conditions,
with formation of a short- and long-term functional and structural neuroplasticity.
This process proceeds, with a changeable dynamics, in the subsequent stages of
ontogenesis. In addition to many other functions in the central nervous system,
BDNF is also involved in shaping a response to stress stimuli in the form of precisely
adjusted behavioural reactions involving the limbic system, and the endocrine
system with stimulation of the hypothalamic-pituitary-adrenal axis (HPA). Although
almost every stressor increases the activity of the HPA, the neuronal response to it
can vary substantially. This may be due to involvement of different neurotransmit-
ter pathways, neuromodulators and neurohormones, as well as changes in gene
expression. It is widely accepted that BDNF synthesis and secretion are modulated
by stress. Furthermore, age is an important factor influencing the BDNF expression
in response to different stressors. In this work, we focused on the analysis of the
role of mild stressful stimuli, which commonly occur in the natural environment,
on changes in BDNF expression at various stages of ontogenetic development.
Although, the presented data comes from animal studies, probably similar mech-
anisms of stress requlation are also present in humans.

This comprehensive review shows that the influence of stressors on the BDNF
expression depends on many factors, including a type and duration of a stressor,
time of neurotrophin detection, animal’s resistance to stress, brain area, and
genotypic characteristics of an individual. A more detailed understanding of the
mechanisms shaping stress reactions, including the role of BDNF, may be of both
theoretical and practical importance, allowing designing more effective strategies
for preventing and treating stress itself and the stress-related disorders. (Folia
Morphol 2021; 80, 3: 487-504)

Key words: aging, brain-derived neurotrophic factor (BDNF),
glucocorticoids, ontogenesis, stress
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INTRODUCTION

Animal behaviour is a result of a coordinated ac-
tion of functional systems within the central nervous
system (CNS). The behaviour is a consequence of
a reaction to external stimuli of different modali-
ties, as well as the effect of a response to constantly
changing parameters of internal environment in the
organism. Finally, it is a consequence of elaborated
reactions resulting from the conscious integration of
stimuli in the brain cortical areas, reflexes, and instinc-
tive or emotional reactions arising in subcortical struc-
tures of the brain. Stress stimuli of various natures,
constantly affecting the body, play an important role
in shaping the behaviour. Therefore, answering to
these stimuli is an integral part of functioning in the
natural environment. The reaction to stressful stimuli
requires involvement and activation of many systems.
In addition to the sensory and motor systems, they in-
clude the vegetative, endocrine and limbic systems, as
well as various neurotransmitters, neuromodulators
and signalling pathways, leading to changes in ex-
pression of transcription factors and gene activation.
It is worth noting that the reaction to stressful stimuli
is plastic and depends on interaction of numerous ex-
ternal and internal factors. It also changes its charac-
teristics along ontogenetic development. One of the
important factors shaping the response to stressful
stimuli is brain-derived neurotrophic factor (BDNF).
Despite systematic research, the role of this factor
in shaping responses to different types of stressors
at various stages of ontogenetic development is not
fully elucidated. In research on the role of this factor
many experimental models have been introduced to
approximate the conditions of the stressors’ action in
the natural environment. This review summarises the
current knowledge on the role of BDNF in stress at
various stages of ontogenesis. A brief overview of the
most commonly used tests to assess the expression of
BDNF in response to stress stimuli is also presented.

STRESS REACTION MECHANISMS
INTEGRATE FUNCTIONS
OF THE ENDOCRINE, LIMBIC
AND AUTONOMIC SYSTEMS

One of the most important functions of the nerv-
ous system is perception and transfer of information
from both external and internal environment to the
complex functional systems of the brain. This enables
integration of stimuli and maintenance of physiological
homeostasis, as well as elaboration of an adequate
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behavioural response. One of the most important
systems involved in these processes is the hypotha-
lamic-pituitary-adrenal axis (HPA) [67, 112, 157, 162].
Hypothalamus enables transfer and integration of neu-
rogenic signals to the endocrine, limbic and autonomic
systems. Within hypothalamus, the paraventricular
nucleus (PVN) and, to a lesser extent, the supraoptic
nucleus (SON) are the two areas involved in the stress
response initiation [26, 169] and shaping this reaction,
depending on the stressors’ specificity [52, 105].

Taking into account the anatomical aspects related to
the stimuli transfer between different functional systems
in the brain, it can be suggested that influence of stress-
ors on the HPA occurs in two ways: direct and indirect.
The first one is used by physical stressors activating HPA
directly [42, 67]. The second one is used by emotional
stressors, influencing the HPA through activation of im-
portant structures of the limbic system, such as amygdala
and hippocampus [23, 55, 130]. Activation of hypo-
thalamus results in a rapid secretion of corticotrophin
releasing hormone (CRH) — from the small cellular part
of the PVN, and arginine-vasopressin (AVP) — from the
large cellular part of this nucleus and from the supraoptic
nucleus (SON). It is followed by a release of the adrenocor-
ticotropic hormone (ACTH) from the pituitary gland [15,
108] and, ultimately, glucocorticoids or corticosterone
from the adrenal cortex [69, 112]. Glucocorticoids, due
to the negative feedback, influence hypothalamus and
pituitary gland and inhibit the production of CRH and
ACTH, respectively. This, in turn, results in reduction the
HPA activity [68]. Despite the adaptive action of gluco-
corticoids in the short term, their long-term action lowers
the body'’s ability to cope with stress and may affect the
synaptic plasticity [100, 102].

INTERACTION OF GLUCOCORTICOIDS,
NEUROTRANSMITTERS, AND
BDNF IS NECESSARY TO ELABORATE
THE STRESS REACTION

Stress may evoke changes in BDNF expression
through signalling pathways triggered by glucocor-
ticosteroids (glucocorticoids) [48, 86]. Barbany and
Persson [16] reported that excessively high or low
levels of glucocorticoids may alter the BDNF expres-
sion. It has been suggested that BDNF may reduce
some of the negative effects of glucocorticoids [90]
and its direct administration is able to restore the
stress-reduced content of this neurotrophin, e.g. in
the hippocampus [27, 82]. However, the results of
these studies are inconclusive and not commonly ac-
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cepted [63]. The interaction between glucocorticoids
and BDNF can occur, among others, through their
influence on expression of the TrkB receptor [72]. The
studies conducted in animals with adrenalectomy
(removal of adrenal glands) indicated that glucocor-
ticoids negatively affected the BDNF expression in
hippocampus and other cortical areas [71, 119, 150,
151]. However, adrenalectomy does not completely
block the effects of stress on the BDNF concentra-
tion [151]. There is evidence that other factors, such
as interleukin-1B, also contribute to the changes in
the BDNF expression in hippocampus [17]. Also the
animal activity is an important factor regulating the
BDNF production in the rat hypothalamus [97]. The
regulation involves classical neurotransmitters, such
as glutamate, acetylcholine, serotonin and GABA [65,
76, 96]. It has been suggested that whereas gluta-
mate, acetylcholine and serotonin increase the BDNF
expression, GABA reduces its content in the CNS.

BDNF CONTRIBUTES TO MODIFICATION
OF THE HPA ACTIVITY IN STRESS
CONDITIONS

The role of stress as modulator of BDNF synthesis
and release is well documented [108, 109]. The long-
term stress affects the expression of genes responsible
for signalling pathways related to glucocorticoids
and neurotrophins, among them also BDNF [51, 54,
114, 159, 178]. Transcription of BDNF is under con-
trol of promoters which react differently to endog-
enous and exogenous stimuli (e.g. glucocorticoids
and environmental factors, respectively) [80]. These
stimuli are also responsible for triggering epigenetic
modifications [155]. It is believed that epigenetic
processes cause long-lasting or permanent changes
in BDNF gene expression, which is reflected in the
behavioural responses occurring during early devel-
opment [130, 168]. Methylation of the BDNF gene is
an important epigenetic process affecting its expres-
sion, thus inducing changes in the protein content
initiated by stress. However, the consequences of
this modification are differently interpreted by some
authors [114]. The reason for this could be epigenetic
changes at different loci within the same gene [91].
Additionally, there is evidence showing that changes
in BDNF expression were also related with age [91].
It has been suggested that epigenetic modification
of BDNF gene may be responsible for an occurrence
of some pathologies induced by chronic stress, such
as mental disorders or cognitive decline [167, 177].
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Animal studies showed that chronic social stress in
mice reduced BDNF expression in the hippocampus
as a result of methylation within its gene [156].
Brain-derived neurotrophic factor plays an im-
portant role in integrating neuronal and endocrine
responses to different stressors [140]. This is due to
the direct influence of this neurotrophin on the HPA
[73, 154]. Studies showed that both endogenous
(already existing pool) and de novo synthesised BDNF
regulated the HPA functioning and elaboration of an
adaptive stress response [108]. It has been shown
that a single injection of BDNF causes activation of
the HPA [58]. Importantly, by modifying the HPA ac-
tivity, BDNF facilitates adaptation to environmental
conditions [140] and contributes to the maintenance
of the physiological homeostasis [154]. By counter-
acting the adverse effects of glucocorticoids, BDNF
is an important factor reducing the stress-induced
psychosocial and psychological symptoms [90]. As
mentioned before, the BDNF function in response to
stressors relays on regulation of synthesis and release
of hormones and neuropeptides, such as CRH and AVP
in PVN and SON [4, 58, 97, 119]. The stress-induced
increase in the BDNF concentration stimulates AVP
and CRH synthesis [58, 97, 119]. It may also affect the
intracellular content of neuropeptides [58].

REGULATORY ROLE OF BDNF IN
SHAPING THE BEHAVIOURAL RESPONSE
IS DETERMINED BY NEURONAL ACTIVITY

AND FUNCTION, AS WELL AS STAGE
OF ONTOGENETIC DEVELOPMENT

Brain-derived neurotrophic factor has important
regulatory functions in neurons within the CNS, re-
gardless of the stage of ontogenetic development
[154]. The role of this neurotrophin is related to the
activity of neural networks and synaptic plasticity,
and it can differ depending on the stage of ontogen-
esis [58, 60, 90, 93, 146]. Neural activity affects the
BDNF gene transcription, as well as synthesis of the
BDNF protein. It also determines an expression of TrkB
receptor, which is one of the most important signal
transducers of this neurotrophin [61].

In the earliest stage of ontogenetic development,
BDNF is involved in differentiation of neural stem cells
into neurons, their growth and maturation [31, 175].
This is a consequence of BDNF regulatory function
upon cell proliferation and migration, neuronal sur-
vival, as well as maturation of the axodendritic system
and synaptogenesis [123, 175].
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In the mature brain, BDNF regulates synap-
tic transmission [160] and has a protective func-
tion upon neurons [7, 89]. Consequently, BDNF has
a role in promoting learning, cognitive and memory
skills, as well as reduction of anxiety [37, 38]. During
aging, BDNF is responsible for preventing neuronal
degeneration, as well as for an enhancement of the
regenerative and repair processes [98, 145, 154]. In
many brain areas, including limbic structures such
as hippocampus, amygdala and the hypothalamic
nuclei, BDNF has been suggested to modulate the
behavioural responses to stress [109, 116, 119]. How-
ever, its role in this process differs depending on the
stage of development and brain area [93].

The variety of BDNF functions in the CNS suggests
that alterations in the expression of this neurotrophic
factor could be involved in the pathophysiology of the
stress-related behaviours caused by long-term effects
of stressful stimuli, such as orientation, memory and
cognition disturbances and mental illnesses, such as
depression, Parkinson'’s, Alzheimer’s and Hunting-
ton’s diseases [5, 104, 114]. Therefore, BDNF could be
considered in future research on therapeutic agents
aimed at treatment of several stress-related disorders.

CHANGES IN BDNF EXPRESSION
DURING ONTOGENESIS AFFECT
STRESS REACTIONS

Stimulation of the CNS with a mild stress evokes
multidirectional effects. One of the ways in which
this modification occurs is through activation of the
HPA and its relationship with BDNF. This is indirectly
related to involvement of BDNF in development of
synaptic plasticity [58, 60, 79]. The intensity of this
process varies during different stages of ontogenesis,
which can be a consequence of changes in BDNF
concentration [58, 108]. Following, we briefly discuss
the CNS effects induced by the selected mild stressors
(i.e. causing neither structural damage nor pain) often
present in the animal’s natural environment.

Early development

An early developmental stage, in rodents lasting
approximately 2 weeks after birth, is called a stress
hypo-responsive period (SHRP) [87, 132, 137]. During
this time, activation of the HPA and a complete devel-
opment of the stress response occur only after action
of very strong psychological or physical stimuli [43,
139]. One can suspect that attenuation of the stress
response during that time may protect the developing
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brain from negative effects of stress hormones (e.g.
glucocorticoids) [132]. The high threshold of the HPA
activation could be a consequence of the incomplete
development of structures which control the stress
response, one of which is PVN [125, 128]. It is also
associated with a less efficient cooperation of the
structures controlling the HPA [44].

Stress in the early period of life negatively affects
development and functioning of the brain. It may
be responsible for inducing anxiety, depression, and
aggression also persisting later in life [2, 29, 70, 166].
However, in general, connection of stress occurring
in the early life with psychopathological symptoms
observed in adulthood is poorly understood and re-
quires further research [167].

Maternal separation and social isolation. Ma-
ternal separation (MS) and social isolation (SI) are
regarded as the most common causes of stress in the
early life. Early periodic postpartum MS, as well as
siblings Sl are examples of stress that can cause distur-
bances in the HPA activity resulting in structural and
functional impairments in later life [122, 126, 174,
177]. These two forms of stress in the early life also
affect the BDNF mRNA and protein levels. The long-
-term MS-induced changes in the BDNF expression
level in the hippocampus [21, 41] have been linked
to learning and memory disorders [2, 30, 70, 174].
Ohta Ken-ichi et al. [111] showed that a long-term
separation (6-h) from a mother, between postnatal
day P2 and P20, reduced the expression of the BDNF
genes in hippocampus of the Sprague-Dawley rats
at P7. However, it had no effect on BDNF-ERK sig-
nalling after P14. MS between P2 and P14 induced
a transient increase in the BDNF levels in hippocam-
pus, prefrontal cortex [126], and amygdala of the
Wistar rats [34]. Other studies showed that an early
weaning (during the first week of life) had no effect
on the BDNF levels in hippocampus [179]. BDNF in-
crease was observed in the olfactory bulb, where
this neurotrophic factor may play an important role
in learning of the olfactory association [179]. The
results confirm that stress sensitivity is lower and the
HPA axis response is decreased in the early postnatal
period [87, 132]. They also suggest that period of
hyporesponsiveness to stress and duration of the
postpartum MS may be important factors inducing
changes in the BDNF expression in the various brain
regions. It has been assumed that BDNF plays an
important role in neuroprotection [92]. Hence, an
increase of its expression could counteract the effects
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of MS. However, there are data indicating that MS
induced a decrease in the BDNF expression within
3 weeks after birth [33]. This stressor also induced
a reduction in the BDNF mRNA in P16, followed by
an increase in P30 and P60 in hippocampus [83]
and in the medial prefrontal cortex (mPFC) of Wistar
rats [174]. A long-term MS induces reduction in the
number of dendritic spines and delay in maturation of
the pyramidal neurons in hippocampus [111]. Thus,
the MS may influence the BDNF-associated signal-
ling during synaptogenesis [111]. These processes
and an increased apoptosis coexist in the early post-
natal period [29]. These observations indicate that
the MS-induced abnormalities in hippocampus are
associated with disturbances in the BDNF signalling
pathway during the early brain development [111].
Studies showed that the burden of MS in rodents
was responsible for changes in BDNF expression in
adulthood and aging, often leading to emotional
and cognitive disturbances [122]. Hence, MS causes a
decrease in the BDNF concentration, which may lay at
the basis of some characteristic functional disorders.
A potential factor contributing to these processes are
epigenetic changes in the BDNF gene, which may
increase susceptibility to stress later in life [141].

In adult and older rodents, the long-term MS
also resulted in reduction of BDNF expression in hip-
pocampus [2, 45, 94, 152]. Furthermore, in adult
rats, a decrease in BDNF was observed in amygdala
[124] and prefrontal cortex [126]. However, in adult
rats additionally subjected to prolonged swimming
stress, no further reduction in BDNF expression in the
prefrontal cortex was reported [126]. It is possible
that a decrease in BDNF expression in the CNS early
in life can result in an impairment of the plasticity
mechanisms later on.

The results of studies investigating changes in
BDNF expression after MS are not equivocal. Récam-
ier-Carballo et al. [122] observed an increase in BDNF
concentration in hippocampus and amygdala and
a decrease in the frontal cortex in adult mice after the
long-term MS. Study by Greisen et al. [62] showed
an increase in BDNF concentration in hippocampus
in adult rats subjected previously to MS in their early
life, although they found no changes in the frontal
cortex and PVN. On the contrary, van Zyl et al. [164]
showed no effect of MS and a restraint stress on
BDNF content in hippocampus of adult rats. These
differences could be explained by the selection of
various species and strains of experimental animals,

491

differences in the experimental conditions and pro-
tocols concerning for example the time-point of the
expression measurement of the neurotrophic factor.

Thus, various changes in BDNF expression were
demonstrated in different brain areas, both in an-
imals after MS and those subjected to additional
stress in adulthood. This suggests the complexity of
the regulatory mechanisms. The increase in BDNF
expression in hippocampus of rats after MS could
be a compensatory response to neonatal separation,
keeping neurogenesis unchanged in adult animals.
Reports on the Sl effects on the CNS and especially
their pathophysiological consequences are not equiv-
ocal. Biggio et al. [21] have shown that both 3 h MS
between P3 and P14 and S| after weaning induce
asignificant reduction in BDNF expression in hippocam-
pus of Sprague-Dawley rats. Despite the opinion that
early SI exacerbates responses to stressors [167], its
effects in adulthood are poorly understood.

Maturation

The maturation (from P14 to P90) is a phase of
a rapid structural and functional changes relaying on
an intense development and reorganization of brain
structures, including final shaping of their connec-
tions. In this phase, the structures involved in the
stress response undergo further development. During
this period, they are more sensitive to aversive stim-
uli then in the adulthood [99, 106]. In adolescence,
a response of the HPA to stressors is increased and
prolonged [9, 93, 107]. This results in an increased
concentration of glucocorticoids and a prolonged time
of their secretion after a repeated exposure to a stress-
or [99, 165]. It may be a consequence of the incom-
plete development of the HPA feedback inhibition [59,
93]. According to some authors, this can explain the
insufficient control of its activity [9, 93, 99]. Numer-
ous studies have shown that exposure to potentially
traumatic stressors in adolescence has a significant
impact on the further development of brain structures
and formation of their connections [9, 36, 158]. In
development, stress triggers processes resulting in
permanent changes in the neuronal plasticity and
efficiency of the synaptic connections, which require
the BDNF activity [18, 63]. Many authors emphasize
that changes of environmental conditions influenc-
ing sexually immature animals, with not completely
formed neuroendocrine regulatory mechanisms and
neuronal connections, may lead to the long-term
physiological and behavioural dysfunctions [24, 66].
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Predator odour and social isolation. The preda-
tor smell is a strong, unconditional and psychogenic
stressor for the rodents [18, 153, 180]. Animals ex-
posed to this stressor demonstrate changes in activ-
ity, long-lasting and augmented anxiety behaviour
[153, 180]. They are accompanied by an increased
level of glucocorticoid release and an altered BDNF
concentration [18]. The nature of the response to
a predator’s threat early in life is a species-specific
feature. It is often associated with development of
defensive behaviour and sensitivity to stress during
later development [18, 153, 180].

Bazak et al. [18] assessed BDNF expression in the
frontal associative cortex, CA1, CA3 sectors of hip-
pocampus and the dentate gyrus (DG), after a single
(10 min) and multiple exposures to a predator urine
scent in the Sprague-Dawley rats at P24. The exper-
iment was repeated at P60. It was found that both
the early and late effects of the stressor induced
a significant reduction in the BDNF mRNA and BDNF
protein levels in the hippocampal CA1. The effect of
re-exposure to stress was greater in rats exposed to
the same stressor again, indicating a cumulative effect
of this kind of stimulus.

Exposure to a chronic psychosocial stress may
also alter the BDNF expression. A long-term Sl caused
changes in functioning of the HPA and an increase of
anxiety and depressive behaviours [177]. They were
accompanied by a reduction of the BDNF mRNA and
BDNF protein concentration in hippocampus of the
adolescent rodents. This suggests an important role
of this type of stressor in the regulation of the BDNF
content in the limbic system and, thus, in shaping
the adequate behavioural responses during further
stages of ontogenesis. However, consequences of
these processes for the synaptic plasticity and the
brain structure in the adulthood remain unknown.

Chronic mild stress. Several procedures can
induce mild forms of stress. Among the most fre-
quently used are: temporary deprivation of food or
water, overcrowding in a cage, social isolation, using
a soaked sawdust in a cage or tilting frames (45°),
inversion of the light/dark cycle, and a short-term
(5 min) forced swimming test [155]. These stress-
ors applied in the Spraque-Dawley rats resulted in
a reduction of BDNF mRNA in hippocampus and an
induction of morphological and functional changes
in the spino-dendritic system [155]. A decrease in
the BDNF mRNA expression in hippocampus was also
reported after application of a chronic, unpredictable,
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mild stress, in form of the open field test, for 8 to
28 days, in 2-month-old Spraque-Dawley rats [142].
These results confirm the possibility of using many
types of mild stressors in modelling responses to
harmless stimuli present in the natural environment
of rodents. This gives the possibility of their use in
studies on behavioural responses in animals at dif-
ferent ages and under influence of stimuli of various
nature and duration.

Immobilisation. An immobilisation stress (IM)
induces the BDNF expression [95]. It is responsible
for the structural plasticity changes in hippocampus
and amygdala, i.e. areas involved in development
of cognitive and affective symptoms of stress [136].
The effects of an acute and chronic immobilisation
stress on the level of BDNF expression were observed
in the 8-week-old Wistar rats [84]. A day following
2 h immobilisation, the BDNF level increased in neu-
rons of the basolateral amygdala (BLA), although it
did not change in the CA3 sector of hippocampus.
However, after a long-term (8 h) immobilisation, the
BDNF level increased in the BLA and decreased in CA3.
Additionally, the BLA neurons hypertrophy and the
hippocampal CA3 neuronal atrophy were observed. In
line with these results, Ueyama et al. [161] reported
a reduction of the BDNF mRNA level after 8 h immo-
bilisation stress in hippocampus of the 6-week-old
male Wistar rats.

Forced swimming. A forced swimming (FS) stress
is a type of stimulus experienced by rats in their
natural environment [40]. Chronic FS combines psy-
chological stimuli of novelty and an aquatic envi-
ronment with a physical stimulus in the form of the
forced motor activity [42]. In the 2-month-old juvenile
Sprague-Dawley rats, a short-term (10 min) FS testin
cold water caused a rapid increase in the BDNF mRNA
and BDNF protein concentration in hippocampus,
already 15 min after the end of stimulation. However,
after chronic FS (10 min/21 days in 25°C water), the
BDNF mRNA and protein expression in hippocampus
decreased after 60 min from its termination [143].
Badowska-Szalewska et al. [13] assessed the effects
of the long-term FS (15 min/21 days in 22°C water) on
the density of BDNF-containing neurons in the pyram-
idal layer of the hippocampal CA1, CA3 sectors and
the granular neurons of DG, as well as in SON and PVN
nuclei of the hypothalamus, in juvenile (P28) and mid-
dle-aged (P360) Wistar rats [13, 53]. They reported
a decrease in the density of the BDNF-ir neurons in
CA1 and DG and in the nuclei of the hypothalamus.
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It was concluded that the type of the stressor deter-
mined the changes in number of the BDNF-ir cells
in juvenile rats. The different density of BDNF-ir in
juvenile versus middle-aged rats can be explained by
age-related changes in the demand for BDNF [13,
53]. Exposure to a mild long-term stress early in life
is believed to attenuate the HPA inhibition, which
may lead to an increase in the glucocorticoid levels
[74, 99], as well as to a decrease in BDNF expression.
Importantly, this may result in an impairment of the
neuroplasticity and of the normal brain development
at subsequent stages of ontogenesis. Consequently,
this may also initiate formation of improper behav-
ioural reactions during subsequent life periods.

High light-open field stress. The high light-open
field (HL-OF) test reflects conditions in which the rats
actively explore a new environment [46, 53]. The aver-
sive stimulus in the form of a bright light can trigger
emotional reactions and anxiety behaviours [64, 118].
However, a chronic exposure to HL-OF (15 min/21 day
cycle), changed the density of the BDNF-ir neurons
neither in the large-cell (PVm) and small-cell (PVp)
part of the PVN, nor in the SON of the hypothalamus,
in the Wistar rats in P28 [53]. This can be explained
by an adaptation to the particular types of stressors
[46]. According to some authors, it may be the result
of the BDNF-dependent plasticity within particular
brain structures, and it suggests a protective role of
BDNF in the neurons of these areas [146].

Adulthood

Reaching a complete morphological and func-
tional maturity the animal’s activity and behaviour
becomes characteristic for the adult representatives of
particular species. This is related to the intensification
of its interaction with the surrounding environment
and, thus, an increased susceptibility to the stressful
stimuli. As a result, in stress studies on adult animals
a wide range of tests approximating the impact of
stressors occurring in the natural environment is used
[4, 6, 58, 108, 119]. Adulthood is characterised by
the HPA functional efficiency [6, 58]. Most of studies
investigating the role of BDNF in hypothalamus and/
/or other structures involved in the HPA regulation
in response to stress are performed in the adult rats.

It is worth mentioning that neurogenesis in the
adult brain occurs in two main areas, the subventricu-
lar zone of the lateral ventricles and the subgranular
zone of the dentate gyrus of the hippocampus [39].
Especially the latter area of proliferation is important
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for the proper shaping of processes related to spatial
and contextual memory of stress-related events and
reactions [49, 50, 101]. The effect of stressful stim-
uli is related to the reduction of neurogenesis and,
consequently, it is also associated with a decrease
in BDNF expression [47]. A further consequence of
these processes is the disturbance of structural and
functional plasticity in the hippocampus.

Restraint and immobilisation. Restraint and
immobilisation stresses (RS and IM, respectively)
combine the effects of psychological and physical
stimuli [32, 147]. This combination of stressors occurs
sporadically in the natural environment of rats. As
expected, a complete immobilisation of an animal is
more aversive than restricting its movements. Most
studies on the effect of such stimulation on BDNF
expression were focused on hippocampus. However,
the results of studies investigating the BDNF mRNA
and its protein level after stimulation by the acute or
chronic RS or IM are unequivocal and inconclusive.
Both acute (6 h) RS and chronic RS (lasting from
1 to 3 weeks) induced a marked reduction in the BDNF
MRNA levels in hippocampus of the Sprague-Dawley
rats [107] and C57BL/6J mice, and BALB/cJ mice [3].
Similarly, a decrease in BDNF level in the hippocampal
pyramidal cell layer and in the granular layer of the
DG was reported after 1 day in the 4 h/3days RS rat
model [172]. In line with the previous results, Xu et
al. [171] observed a decrease in BDNF expression and
the neuronal proliferation in hippocampus after long-
term (6 h/14 days) RS. Other authors showed that
although the chronic RS leads to decrease in BDNF
and the BDNF mRNA expression in the hippocampal
CA3, it could initiate its increase in the BLA [19].
A ssignificant decrease in the BDNF level after a single
3 h RS was also observed in the prefrontal cortex
(PFC) of the Wistar rats [120]. However, Naert et al.
[108] showed an increase in BDNF levels after chron-
ic RS (3 h/21 days), not only in the hippocampus
but also in the hypothalamus and pituitary gland
in the Sprague-Dawley rats. Interestingly, there are
also reports stating that an acute (3 h) and chronic
(6 h/14 days) RS did not induce any changes in the
BDNF mRNA levels or BDNF protein concentration in
hippocampus and amygdala [121, 127].

Immobilisation for 2 h caused a decrease in
the level of BDNF mRNA in hippocampus in the
Sprague-Dawley rats, immediately after the end of
the experiment [176]. Chronic IM reduced the BDNF
levels and BDNF immunoreactivity in the hippocampal
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pyramidal neurons, as well as in the DG granular neu-
rons, in the Sprague-Dawley rats [173]. A comparison
of the effect of 7-day vs. 21-day IM on the BDNF level
in the C57BL/6J mice showed that after 21 days of
this type of stress the BDNF level in hippocampus was
lower than in the 7-day group [25].

The available data suggest an importance of the
time of BDNF concentration measurement after per-
forming the experiment, stressing the possibility of its
fluctuations. Marmigeére et al. [95] have shown that
after a short-term (15 or 60 min) IM the BDNF mRNA
level increased rapidly and then decreased approxi-
mately 2-3 h after the stressor termination. Similarly,
after 180 min exposure to IM, BDNF expression initial-
ly increased, then decreased to the level observed in
the control group [95]. Moreover, it was also revealed
that IM as a stressor can transiently increase BDNF ex-
pression, despite high levels of stress hormones [95].
These observations suggest that the rapid changes in
BDNF concentration in hippocampus may be a part
of the strong compensatory response triggered to
maintain homeostasis, or suggest induction of the
neuronal plasticity mechanisms triggered in animals
when confronted with new stimuli.

Interesting effects on BDNF expression were ob-
served in experiments with combination of stress
and learning stimuli. In response to both acute and
repeated IM stress, BDNF expression decreased in
hippocampus [133]. However, animals additionally
subjected to learning showed an increased expression
of BDNF in comparison to those which were only
stressed. Thus, learning and stress have the opposite
effect on BDNF level and the effect of learning, lead-
ing to an increase in BDNF, is outweighing the stress
effect. This observation may be of important practical
significance for modifying animals’ behaviour.

An analysis of impact of the IM on the level of the
BDNF mRNA in various brain areas showed significant
differences between them. One-time 2 h or 8 h im-
mobilisation, as well as chronic (2 h/day, for 7 days)
immobilisation caused a decrease in the BDNF mRNA
level not only in the hippocampal sectors, DG but
also in hypothalamus and several cortical areas of the
Sprague-Dawley and Fischer 344/N rats [149-151].
On the other hand, a short-term (15 min) IM caused
a significant increase in the BDNF mRNA and protein
expression in PVN and SON in hypothalamus [119].
Numerous studies showed that both short-term
(2 h) and longer, repeated (7 days/2 x daily) immobil-
isation increased the level of BDNF mRNA in the PVN,
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lateral part of the hypothalamus and pituitary in the
Sprague-Dawley and Fischer 344/N rats [149-151].
Fluctuations in the BDNF content, resulting from
changes in the expression of genes regulated by the
concentration of stress hormones, may contribute to
alterations in a density of dendritic spines in struc-
tures of the limbic system [19]. A consequence of
decreased BDNF expression may be structural changes
and neuronal loss [148].

The diversity of the presented results, and a high
dependence of BDNF level on duration of exposure
to the stressor and its type, suggests the existence
of complex regulatory mechanisms responsible for
expression of BDNF mRNA and its protein in the CNS.
One can expect significant differences in these mech-
anisms among various brain areas.

Social stress, social defeat stress. Pattern of
BDNF expression in rodents, resulting from changing
social hierarchy and living conditions modified in ex-
periments, were the subject of previous studies [10,
134, 138]. Modified housing conditions and social hi-
erarchy in the experimental animals (social stress) are
natural stressors that can influence physiological pa-
rameters and behaviour [134]. A short-term (10 min)
social stress in mice led to a decrease in BDNF mRNA
content, 24 h after stimulation, in the CA1, CA3 sec-
tors of hippocampus, DG, BLA, piriform cortex, thala-
mus and hypothalamus [116]. The BDNF mRNA levels
normalised after approximately 5 days. According to
the authors, the BDNF changes may be responsible
for reactions relaying on inhibition of the territory
defence behaviours and anxiety.

Changes in housing conditions and social stress
are long-term acting stressful factors [10, 138]. Nei-
ther 7 nor 21 days of the social stress, based on ex-
changing animals in cages, influenced the BDNF level
in hippocampus in C57BL/6J mice [25]. An exposure of
the NMRI mice to 4 weeks of an intermittent stressor
(by placing animals in a new cage or social hazard
conditions) increased the BDNF expression in hip-
pocampus among the socially endangered animals,
but not in the mice placed in a new cage [113]. This
can be explained by the role of BDNF in supporting
mechanisms promoting behaviour related to defence
of territory and offspring.

Other interesting observations come from studies
conducted in a model which mimics conditions of
the “isolation syndrome” and is based on depriving
animals of social stimuli by placing them individual-
ly in cages [163]. The assessment of BDNF levels in
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hippocampus, frontal cortex, hypothalamus, striatum
and midbrain in C57BL/6J mice subjected to long-term
social stress or social deprivation showed significant
differences compared to the group with a stable social
structure [20]. In the group of animals subjected to
the social deprivation, an increased activity of the HPA
and a lower level of BDNF were demonstrated in the
examined brain areas, in comparison to animals from
the group with the stable social structure. Thus, the
chronic social deprivation, as opposed to the social
instability, has been found to lead to emotional distur-
bance and neuroendocrine activation, combined with
decreased BDNF levels [20]. In order to evaluate the
effect of a long-term, 8 weeks partial social isolation
on BDNF changes in hippocampus, the concentra-
tion of this neurotrophic factor was measured in the
Sprague-Dawley rats placed in cages either single
or in pairs [134]. Lower concentrations of the BDNF
protein were present in the animals living in isolation.
Reduction in the level of BDNF mRNA and protein
after the chronic social isolation (social defeat stress)
in rodents’ hippocampus has also been reported by
other authors [156, 177]. A recent study by Viana
Borges et al. [167] presenting a comparison of the
effects of a social isolation (breeding in isolation)
and a social support (breeding in pairs) on the level
of BDNF in hippocampus of the Wistar rats addition-
ally subjected to chronic unpredictable stress (CUS)
confirmed the above-mentioned results. Furthermore,
in animals subjected to isolation the decrease in the
BDNF level in hippocampus was accompanied by
the long-term memory impairment [167]. Therefore,
higher expression of BDNF in animals living in social
groups indicates the important role of this factor
in stimulation of the mechanisms developing social
relationships and maintaining mental health [35]. It
has also been suggested that a social support may
contribute to protecting against some effects of the
stress-induced epigenetic modulation of BDNF genes
[167]. This may be manifested by the preservation of
cognitive functions. However, the detailed explana-
tion of these regulatory mechanisms requires further
research.

Predator odour. To assess reactions caused by fear
of predators (predator scent stress), a test involving
exposure of rodents to a smell of predator urine has
been developed [80, 81]. After a single, short-term
(10 min) exposure to the stress factor, the level of
BDNF mRNA in the CA1 sector of hippocampus was
assessed 7 days after the exposure. Cat smell in-
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creased anxiety behaviour, which correlated with the
long-term decline in BDNF mRNA [81]. It has been
suggested that the action of the aforementioned
stressor, via changes in BDNF expression, may lead
to remodelling of the neuronal connections in hip-
pocampus [81].

Chronic mild stress. In order to simulate un-
predictable situations that may occur in the rodents
environment, a model of chronic mild stress (CMS)
was developed [170]. This model reflects many types
of stimuli inducing anxiety behaviour. However, oc-
casionally changes in physiological parameters and
behavioural responses after its use are ambiguous. In
hippocampus of the rats exposed to CMS an increase
in the BDNF mRNA expression was reported, not a de-
crease, as it could be expected, despite a behavioural
response resembling depression [85]. Other authors
have reported reduced [78] or increased anxiety [77]
after using this stress model. It has been suggested
that this type of stressor affects emotional behaviour
and, indirectly, also the activation of the HPA and the
level of BDNF [110]. The substantial discrepancies in
the results may be due to the interplay of different
neurobiological variables. This means that various
signalling pathways responsible for regulation of the
BDNF expression may be activated, adapting the brain
to different situational contexts and emotional states.

Osmotic stress. The sensitivity of the hypotha-
lamic nuclei to the osmotic stimuli was the basis for
elaboration of a test which is useful for detection of
the BDNF protein and mRNA level changes [4, 6, 28].
Three and 4.5 h after intraperitoneal administration of
3 mL of hypertonic 1.35% Nacl solution, an increase
in the BDNF mRNA and BDNF protein concentration in
the PVN and SON was reported in the Sprague-Dawley
and Wistar rats [4, 6, 28]. The obtained results suggest
the existence of a mechanism regulating the BDNF
content, associated with sensitive to the osmotic
stimuli areas located in hypothalamus.

Forced swimming. There is a documented evi-
dence that the FS is responsible for inducing com-
pensatory homeostatic mechanisms to prevent or
reduce cytokine activation during a stress response
[115, 117]. Although mechanisms of such reactions
are not completely understood, there are premises
indicating that neurotransmitter systems (e.g. glu-
tamatergic or monoaminergic) as well as the HPA
axis are involved [115, 117]. Interestingly, studies
showed that both a single (20 min) and a chronic
(20 min/21 day) FS episodes did not cause changes in
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the density of BDNF-ir neurons in the PVN and SON
nuclei in hypothalamus of the adult Wistar rats [12].
One can assume that the relatively low harmfulness
of the applied stimulus could have prevented changes
in the density of BDNF-ir neurons.

High light-open field stress. HL-OF is a relative-
ly strong stressor which may initiate structural and
functional changes in several brain areas [64, 118].
The numerical density of BDNF-ir neurons in the PVN
and SON was analysed in the Wistar rats undergoing
HL-OF [12]. After a single 20 min exposure to HL-OF, an
increase in BDNF-ir in the SON was observed, which
most likely was related to an increase in the level of
neurohormones (e.g. AVP), synthesized depending on
the HPA axis activity. However, the long-term 21-day
stimulation with HL-OF did not affect the density of
BDNF-ir neurons. One can presume that the activity
of the HPA was not maintained at a sufficiently high
level for such a long period of time or that the ex-
perimental animals adapted to this type of stressor.

Aging

It is commonly accepted that animal’s response
to stress changes with age [93, 115]. Aging is a life
period related with apparent changes of many func-
tions of the limbic system and the neuroendocrine
activity [112, 115]. One of the consequences of aging
is an increased lability of the HPA, which can lead
to changes in its activation [22, 103, 115]. This is
due to an impairment of the controlling the stress
response mechanisms regulating the HPA activity
which involve several brain structures, among which
the most important are hypothalamus, hippocampus,
and amygdala [115, 144, 146]. All this limits the
ability to response adequately to stress [112, 115].
The dysregulation of the system controlling stress
response is manifested by a decreased inhibition
of the HPA activity and termination of the stress
response [57, 115].

An impairment of the negative feedback regulato-
ry mechanisms of the HPA significantly modifies the
action of glucocorticoids and their receptors [115].
It also influences the stress-dependent synthesis and
secretion of the other neurohormones such as cat-
echolamines [14, 93, 129], and increases the neuronal
sensitivity to apoptosis [30, 131]. Importantly, during
aging a stronger stimulus is required to induce a stress
response, which in some cases may even increase
the intensity of the reaction [112]. Finally, there are
compensatory mechanisms activated during aging
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that enable adaptation to changing environmental
conditions [56]. Activation of systems involved in the
stress response was observed even in the absence of
the stressor, which could be regarded as a state of
readiness [56].

Immobilisation and chronic mild stress. Data
about changes in BDNF expression in aging animals
under influence of a mild stressor is still incomplete.
Immobilisation reduced BDNF expression in hippocam-
pus in older rodents [149]. This effect was present
both after short- and long-term immobilisation. In
the 24 month-old Fischer 344/N rats, a decrease in the
BDNF mRNA in the DG was observed immediately after
2 h immobilisation [149]. The chronic immobilisation
(2 h/7 days) reduced the BDNF mRNA in hippocampus
in old (24 month) male Fischer 344/N rats [148].

A CUS model has been used to evaluate changes
in BDNF expression in hippocampus [88, 142]. After
an exposure of different duration (up to 28 days)
on chronic unpredictable mild stress, a decrease in
the BDNF mRNA expression in hippocampus was
reported in the 22-month-old Sprague-Dawley rats
[142]. Similarly, a 3-week exposure to CUS induced
a decreased expression of BDNF in the hippocampal
CA3 and DG in the 15-month-old Wistars [88]. A mild
stress-induced decrease in BDNF expression in the
hippocampal neurons is of a particular importance
due to enhancement of changes in cognitive func-
tions, learning, and memory during aging [1]. They
could be a result of the impaired long-term synaptic
enhancement observed at this stage of ontogenesis
[8, 75]. Less effective synaptic transmission prevents
repeated neuronal stimulation which, in turn, may
result in receptor desensitization and finally, prevents
neuronal damage [154]. This process can be regarded
as one of the positive compensatory mechanisms
preventing structural and functional damage in the
CNS during aging.

Forced swimming. The FS is useful for assessing
changes in BDNF expression during aging. A short-
term stressor of 10 min swimming in cold water at 4°C
induced a rapid increase in BDNF and the BDNF mRNA
in hippocampus in the 22-month-old Sprague-Daw-
ley rats, already 15 min after its completion [143].
A long-term FS of 10 min for 21 days in 25°C water
reduced expression of the BDNF mRNA and protein
after 60 min [143]. FS stimulation was also used to
assess changes in the density of BDNF-ir neurons of
the hippocampal pyramidal cell layer of CA1, CA3,
and granular neurons in DG, and in the PVN and
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SON nuclei of hypothalamus in P360 and P720 Wistar
rats [11-13, 53]. After 20 min FS, an increase in the
density of BDNF-ir neurons in CA2 and CA3 sectors
of hippocampus was reported in the aged animals
(P720) [11]. However, no difference was observed
in the density of BDNF-ir neurons after exposure to
chronic FS of 20 min/21 days in P360 and P720 age
groups compared to the control groups [11-13, 53].
The explanation of these results may provide a hy-
pothesis assuming that the increase in expression of
neurotrophins, including BDNF, after a short-term
stress may be associated with the consolidation of
information about a harmless event in order to pre-
pare the future response to a new stressful stimulus
[95]. The lack of increase in BDNF expression after
prolonged stimulation with a harmless stimulus can
be also explained by habituation.

High light-open field stress. An effect of stimula-
tion with the HL-OF stressor on the density of BDNF-ir
neurons was assessed in the pyramidal cell layer in
the CA1, CA2, CA3 sectors of hippocampus, granule
cells layer in the DG, and in the PVN and SON nuclei
of hypothalamus in the Wistar rats [11, 12, 53]. While
after exposure to an acute 20 min stress the density
of BDNF-ir neurons increased in CA1-CA3 regions of
hippocampus, it decreased in the PVN in P720 [11,
12]. However, a chronic 21-day HL-OF stimulation
did not change the density of BDNF-ir neurons in the
examined brain structures in both P360 and P720
[11,12, 53].

The increase in the density of BDNF-ir neurons
after a single HL-OF stressor stimulation can be ex-
plained by the change in the HPA activation leading
to the raised release of neurohormones. Interesting-
ly, the increase in the BDNF-ir density of pyramidal
neurons after the short-term stressor exposure may
stimulate memory in the aged animals [135]. The
above-mentioned “state of readiness” or alert, may be
responsible for prevention of the reduction in BDNF
level after the chronic stress in the older animals [56].
The repeated exposure to the same stressor may also
cause habituation [88].

CONCLUSIONS

Although almost each stressor is believed to in-
crease the activity of the HPA, the response of neurons
to individual stressors varies considerably. This may
result from the number of involved neurotransmitters,
neurohormones and neurotrophic factors, including
BDNF. Based on the presented data, one can conclude
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that the effect of stressful stimuli on BDNF expression
in the various brain areas at the specific stages of the
ontogenetic development depends on several factors,
such as species and genotypic characteristics of ex-
perimental animals, and their individual resistance
to stress. In addition, the psychophysical condition
seems to be of great importance, as it determines the
way of coping with the stressful situations. Important
factors to consider that may affect the results of re-
search on stress mechanisms are: a type of stressor
used, an experimental model of stress, an analysed
brain area, the precision of the BDNF detection meth-
od, time of assessment of the neurotrophin level after
stress stimulation, the tested form of neurotrophin
(precursor or mature form of BDNF) and, finally, the
BDNF mRNA level. The presented data, on the one
hand, indicate participation of BDNF in response to
a wide range of stressors. On the other hand, they
point to a different dynamics of changes in this neu-
rotrophin level, depending on the type of stressor and
the stage of ontogenetic development. Results of the
studies using various experimental stress models in-
dicate the multidirectional effect of BDNF on shaping
the response to stress. Further studies are warranted
to better understand the role of this neutrophin in
the CNS during a stress response, and to consider its
potential use in designing new, effective strategies
of stress prevention or treatment.
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In this review we described the anatomy and biomechanics of popliteus muscle and
its tendon. Furthermore, we combined the anatomy with clinics and discussed a wide
spectrum of disorders regarding the popliteus and its musculotendinous complex.
There are three main anatomical regions of the popliteus musculotendinous com-
plex: the proximal origin, the mid-portion, the distal part on the tibia. The unique
localisation and various origins of the tendon, connected with structures such as
fibular head, Wrisberg, Humphrey and posterior cruciate ligament, lateral meniscus,
medial collateral ligament, give an implication to diagnosis and treatment. Popliteus
dysfunction is often overlooked, that is the reason why diagnosis and treatment of
its injuries is mostly insufficient. Repetitive or acute direct varus forces, when the
tibia is in external rotation, and knee hyperextension or flexion with forced external
rotation of the tibia, are the main mechanisms of trauma. Popliteus injuries mainly
affect the athletic population and lead to severe activity limitations. Chronic disorders
of the popliteus tendon, less known, are often described as tendinopathy and are
frequently seen in runners. Their symptoms can mimic the lateral meniscal tears.
On the other hand, high-energy traumatic injuries of the popliteus tendon often
accompany complex, multi ligamentous injuries seen in competitive sports. We also
presented the implication of popliteus tendon in knee arthroplasty, due to its par-
ticular exposition to iatrogenic trauma during surgery. The issues such as proper tibial
component location and well-designed cut systems are crucial to avoid the popliteus
impingement and preserve its structure. (Folia Morphol 2021; 80, 3: 505-513)
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ANATOMY

Popliteus muscle originates from the lateral fem-
oral condyle. It connects with the proximal fibula as
a popliteofibular ligament and the posterior horn of
the lateral meniscus as a tendinous attachment, and
inserts into the posterior surface of tibia above the
soleal line [8, 34]. Taylor and Bonney [48] in their com-
parative study concluded that the popliteus muscle is
analogous to the deep portion of the pronator teres
muscle. They both originated primitively from the
fibula and the ulna, respectively. During the evolution,
the origins of these muscles migrated proximally to
the lateral femoral condyle and medial humeral epi-
condyle. Moreover, in reptiles and primitive mammals,
the fibula articulates with the femur and subsequently,
during the evolution, the fibula has moved distally to
the proximal tibiofibular articulation [11].

The popliteus tendon, forming a strong cord, is
intra-capsular structure that runs deep to the lateral
collateral ligament (LCL), and passes through the pop-
liteal hiatus [37]. Nevertheless, the popliteus tendon
lies extra-articular and extra-synovial [19, 34]. The
average total length of the popliteus tendon to its
musculotendinous junction is 54.5 mm [26].

There are three main anatomical regions of the popli-
teus musculotendinous complex: the proximal origin (A),
the mid-portion (B), the distal part on the tibia (C).

A. The proximal origin. The popliteus tendon
passes beneath the LCL, and its fibres are attached
to the popliteal groove, however, the main fascicle of
fibres is inserted underneath the LCL (Fig. 1, 2) [50].
Moreover, it was found that the centre of the femoral
insertion of the popliteus muscle-tendon complex is
situated posterior and distal to the lateral epicondyle
of femur [50].

B. The mid-portion. The popliteus complex has
mainly the following origins: the small pit on the later-
al femoral condyle, the posterior aspect of the fibrous
capsule of the knee joint, the ligamentous band ex-
tending between the popliteal tendon and the supe-
rior portion of the posterior horn of the lateral menis-
cus and the popliteofibular ligament [34]. Moreover,
the connections with the ligaments of Wrisberg and
Humpbhrey, and the posterior cruciate ligament (PCL)
were described [33]. The presence of a fibular attach-
ment of the popliteus, known as popliteofibular (PFL)
ligament, was described by numerous authors and is
considered as part of the normal anatomy now [8].
Popliteomeniscal fascicles are synovial structures be-
tween the lateral meniscus and popliteus tendon. The
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Figure 1. Scheme of the popliteus musculotendinous unit; FH —
fibular head; LCF — lateral condyle of the femur; LCL — lateral col-
lateral ligament; LCT — lateral condyle of the tibia; ML — lateral
meniscus; PLT — popliteus tendon.

anterosuperior, posterosuperior, and posteroinferior
popliteomeniscal fascicles, serve as struts, stabilising
the posterior horn of the lateral meniscus [2, 37].
Nevertheless, numerous variabilities of the origins
were observed [3]. Tria et al. [49], in cadaveric study,
reported that 18/40 specimens (45%) had an isolat-
ed popliteus tendon insertion to the lateral femoral
condyle, with no connection to the lateral meniscus.
However, this results could be biased by the dissec-
tion technique or previous morbidities, and on the
other hand, Aman et al. [2] revealed the presence
of minimum 2/3 of popliteomeniscal fascicles in all
examined by them cadaveric limbs. Disruption of the
popliteomeniscal fascicles may lead to the abnormal
mobility of the lateral meniscus. Simonnet et al. [42]
identified the three types of meniscal attachments
of the popliteus complex. The authors showed fewer
alterations in the lateral meniscus and tibiofemoral
cartilage in specimens with more popliteomeniscal
fascicles. However, injuries to the popliteomeniscal
fascicles are extremely difficult to identify by physical
examination and even magnetic resonance imaging
(MRI). The MRI is a well-established non-invasive im-
aging technique in recognition of normal poplite-
omeniscal fascicles; however, the gold standard for
diagnosis and treatment of their tears is arthroscopy
[17]. The popliteus tendon is localised in the postero-
lateral corner of the knee (PLC), in the bony groove,
which also has an essential impact on further clinical
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issues [11, 27]. The proximal part of the popliteus unit
is separated from the lateral collateral ligament, cap-
sule, and lateral femoral condyle by a synovial bursa.
If the bursa becomes inflamed, a fluid collection can
be seen on MRI or ultrasound imaging [12].

C. The distal part on the tibia. The muscle belly
of the popliteus inserts above the soleal line at the
proximal and posterior part of the tibia, forming the
floor of popliteal fossa [13, 14]. Song et al. [43] with
a three-dimensional reconstruction of the human
knee showed that the popliteus tendon is divided
into two bundles (medial and lateral) at the popliteal
fossa. The popliteus muscle is composed of deep and
superficial layers [37]. Some of its distal fibres are
interconnected with fascial fibres attached to the
distal region of the medial (tibial) collateral ligament
(MCL) [33].
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Figure 2. A. Lateral view of the knee
joint showing the femoral attachments
of popliteus tendon (PLT) and fibular col-
lateral ligament (FCL) to the lateral con-
dyle of the femur (LCF). The PLT passes
beneath the FCL, which distal attach-
ment is the fibular head (FH). Moreover,
the relation between the lateral menis-
cus (ML) and the popliteus tendon is
visible. Lateral condyle of the tibia (LCT);
lateral head of the gastrocnemius mus-
cle (LHGM); B. The sonographic scan of
the lateral aspect of the knee joint with
the proximal attachments of FCL and
beneath the PLT origin; C. Lateral view
of the knee joint showing the PLT and its
relation to ML, the FCL is separated by
the probe. Posterior capsule (PC);

D. Arthroscopic view of the lateral
compartment of the knee joint and the
relations of the PLT to concomitant
structures.

BIOMECHANICS

The popliteus complex acts as static and dynamic
stabilizer of the knee joint. Its primary function is
to rotate the femur externally when the foot is in
contact with the ground and to internally rotate the
tibia when the foot is not fixed, which is crucial while
walking. During concentric activation, the popliteus
internally rotates the tibia; contrary, during eccentric
activation, it serves as a secondary restraint to external
tibial rotation [33]. This dynamic and static resistance
to external rotation is more noticeable, with higher
degrees of knee flexion [39].

When the foot is in contact with the ground and
the knee is in full extension, the knee is “locked”, and
initiation of the flexion of the joint requires the popli-
teus function. It plays a key role that unlocks the knee
by rotating the femur externally on the tibia while the
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Figure 3. The general classification of the popliteus complex disorders; PLC — posterolateral corner of the knee.

knee is locked, facilitating the initial flexion [19]. Mean-
while, the popliteus’ connections to the lateral menis-
cus and posterior capsule protect the lateral meniscus
from impingement during movement. LaPrade et al.
[27] defined the popliteus tendon as the “fifth major
ligament of the knee"”. Some studies emphasized that
popliteus helps PCL and quadriceps muscle carrying the
load, which prevents the femur from excess dislocation.
The connection between popliteus and PCL is provided
by the Wrisberg and Humphrey ligaments and the main
role plays the medial aponeurosis of the popliteus
complex [35, 36]. In a biomechanical in vitro study,
it has been shown that when the popliteus tendon is
stretched with 50 N, the tibia rotates 4-5 degrees (°)
while the knee is fully extended. The amount of rota-
tion increases up to 12° as the knee is flexed 90° [23].
Moreover, authors transected the popliteofibular
ligament, LCL, popliteus tendon sequentially during
cyclic biomechanical testing. They noted gradually
increased tibial external rotation with a lateral shift
of the position of neutral tibial alignment. During the
first 30-degree knee flexion, LCL contributes more to
prevent the tibial varus, while the popliteus contrib-
utes more to limit the external rotation and posterior
translation of the tibia [33].

CLASSIFICATION OF THE PATHOLOGY

Commonly, the popliteus muscle and tendon dis-
orders are classified into isolated pathology of ten-
don, muscle belly and complex posterolateral corner
injuries of the knee (Fig. 3). Posterolateral corner
injuries are divided into three groups: A, B, and C,
according to lesions occurring in different structures
[13]. Type A involves the PFL and popliteus tendon;
in this group, only an increase in the external tibial
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rotation is observed. In type B, the PFL, popliteus
tendon, and LCL are affected. In this group, a lateral
gapping occurs under the varus stress test at 30° of
knee flexion along with an increase in tibial external
rotation. In type C, the injury to the PFL, popliteus
tendon, LCL, lateral capsule (avulsion) and cruciate
ligament tear are observed. Severe varus instability at
30° of knee flexion and in extension is typical. The lack
of a comprehensive, prognostic classification system
was one of the concepts of the consensus on PLC
of the knee presented by Chahla et al. [9]. A future
classification system should allow differentiation be-
tween structure involved, the type of injury (avulsion
versus intrasubstance), the chronicity, the treatment
strategy, and it should reflect the prognosis.

MECHANISM OF TRAUMA

There are various types of specific pathomecha-
nisms that cause popliteus injury. These are: a direct
varus force when the tibia is in external rotation and
knee hyperextension or flexion with forced external ro-
tation of the tibia [11, 32, 38]. Brown et al. [6] empha-
sized that the mechanism of trauma is more complex
than thought and still has unknown aspects. While
the musculotendinous junction is the weakest part of
the popliteus complex, the tendon is the most durable
structure. The strength of the muscle belly is between
these two. The tendon is susceptible to strain at the
joint line or avulsion at its origin on the lateral femoral
condyle. Moreover, complications related to the pop-
liteus may also occur during total knee arthroplasty.
Takubo et al. [47] revealed that the femoral origins
of LCL and popliteus tendon are especially exposed
to iatrogenic trauma during the knee arthroplasty,
due to anatomic conditions. Furthermore, Takakashi
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et al. [45] demonstrated the special design of the cut
systems, preserves the popliteus tendon, particularly
endangered in a female cohort. The size of the tibial
component in the knee arthroplasty also may have
an impact on popliteus biomechanics and disorders.
Bonnin et al. [5] presented in their cadaveric study,
using the computed tomography, the importance of
the tibial components location on the tibial plateau
and the association with tibio-popliteus impingement.
Regarding to knee arthroplasty and stability, Kesman
et al. [22] showed that role of the popliteus complex
in the stability of the knee joint during the arthroplasty
was not clinically important and significant. Contrary,
Cottino et al. [10] in their laboratory study showed
that popliteus dissection caused both the lateral and
medial instability of the knee joint; however, the great-
er impact was in the lateral compartment.

ISOLATED POPLITEUS TRAUMA
AND TENDINOPATHY

Isolated injuries of the popliteus are rare and usual-
ly occur in athletes. Musculotendinous unit lesions are
divided into three groups according to the severity of
the trauma. Accordingly, grade-1 indicates microtrau-
ma, while grade-3 corresponds to isolated high-energy
injuries [30]. Repetitive stress and microtrauma can
lead to popliteus tendinopathy. Patients present with
persistent and chronic pain in the posterolateral region
of the knee, around the popliteus insertion site on the
femur, along the tendon and its attachment to the
muscle belly [16, 19, 38]. In some cases, symptoms can
mimic the lateral meniscal tear. Sometimes, there may
be difficulty with walking on uneven ground or going
up and down stairs [8]. As stated above, the function
of the popliteal unit is to restrain the lateral femoral
condyle movements and maintain its relationship with
lateral tibial plateau. The downhill running or walking
can exacerbate the pathology, causing increased stress
on popliteus musculotendinous unit [36]. Patients can
run for short distances, but posterolateral knee pain
can develop with continued running. In sports such as
basketball, tennis, and running, the balance between
the femur and the tibia may be impaired due to the
development of quadriceps failure. In this case, the
load on popliteus increases, and an injury may occur.

COMPLEX POPLITEUS TRAUMA
AND PLC INJURY
On the other hand, high-energy trauma can cause
acute haemarthrosis and lateral knee pain. Depend-
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ing on preserved stability of the joint, the isolated
injury of the popliteus muscle-tendon unit should be
evaluated. Avulsion of the femoral attachment of the
popliteus has also been reported [31, 32]. This form
of injury is rare (< 10%) and is often seen as part of
complex knee injuries [19]. The structure of the pos-
terolateral corner was once regarded as the “dark side
of the knee” due to the complex and variable anatomy
with inconsistent terminology used in the literature to
describe the structures in this region [39]. However, in
recent years, a significant contribution was made to
understand the anatomy and biomechanics of the PLC
[8]. Today, it is understood that inadequate diagnosis
and treatment of injuries involving the posterolateral
corner are associated with poor results and knee
instability. Popliteus injury is seen in 60% to 68% of
patients operated for posterolateral corner instability
[20, 27]. Moreover, complete tears of popliteus unit
usually are linked with multi-ligamentous injuries
of the knee and subsequently need more advanced
surgical procedures [8]. Cruciate ligament rupture
(ACL or PCL) can mask the presence of PLC instability.
Isolated ACL or PCL reconstruction without regard to
PLC injury may result in graft failure. Posterolateral
corner injuries are commonly associated with ACL
or PCL rupture, but also medial compartment bone
bruises [8, 15]. Inadequate reconstructive surgery,
omitting the PLC deficiency, can lead to early de-
generative changes of the knee joint [8, 43]. There
are three major static stabilizers, known as primary
stabilizers of the PLC: the fibular (lateral) collateral
ligament, the popliteus tendon and the popliteofib-
ular ligament [26, 39]. In recent studies, the group
of structures forming the PLC were extended and ac-
cording to these studies, the iliotibial tract, long and
short heads of the biceps femoris muscle, mid-third
lateral capsular ligament, fabellofibular ligament,
also known as gastrocnemiofibular ligament, pop-
liteofibular ligament, lateral meniscotibial ligament
and posterior capsule also form the PLC [20, 46]. LCL
and PFL act as static stabilizers against varus stress
and external tibial rotation during knee flexion below
30°. Popliteus acts as a dynamic stabilizer against
external rotation and posterior translation of the tibia
[46]. The relationship between LCL and the insertion
of popliteus on the lateral femur condyle has been
studied in detail [46]. LCL is usually inserted in the
postero-distal slope of the apex of the lateral epicon-
dyle, while the popliteus is inserted to the anterior
end of the popliteal sulcus [46].



Folia Morphol., 2021, Vol. 80, No. 3

DIAGNOSTICS

Tests that must be performed in evaluating PLC
injuries and simultaneous popliteus injuries are:
(1) varus stress test (in full extension: FCL, PLC and
cruciate ligament injury; in 20-30° of knee flexion:
FCL and potentially the secondary stabilizers of
the PLC), (2) the dial test (conducted in 30 and 90°
of knee flexion: an increase in the external tibial ro-
tation of more than 10° in 30° of flexion compared
to the opposite knee suggests PLC injury and an
increase in the external tibial rotation of more than
10°in 30 and 90° of flexion compared to the oppo-
site knee suggests PLC and PCL injury), (3) reverse
pivot shift test (valgus force is applied when the knee
is flexed at 90°, and the tibia is forced to external
rotation, then the knee is slowly extended, if the
subluxated lateral tibial plateau is reduced when the
flexion is decreased to 35-40° the test is positive),
(4) the external rotation recurvatum test (the patient
is in the supine position, knee joint extended, the
great toe is grasped and the leg lifted from the table,
while securing the femur to the table by applying gen-
tle pressure to the anterior distal femur, recurvatum
is measured by the amount of heel height in cm, test
is performed bilaterally to compare) (Fig. 4) [8, 9].

If isolated popliteus pathology or complex PLC
lesion is suspected after medical interview and phys-
ical examination, the proper radiological imaging
is necessary. Firstly, standard radiographic imaging
should be performed, including anteroposterior (AP),
lateral (LAT), and sunrise views of the knee [16]. Stress
radiographs are more sensitive for the diagnosis of
PLC injuries; however, taking these radiographs can be
challenging due to pain in the acute phase of injury.

LaPrade et al. [25] showed that isolated FCL rup-
ture created an average of 2.7 mm gapping in the
lateral joint space in the varus stress radiograph com-
pared to the intact knee, and more than 4 mm gap-
ping was associated with grade-3 PLC injury. MRI is
essential to assess concomitant injuries and to deter-
mine the exact location of the injured structures [24].
Standard MRI sequences are often sufficient to evalu-
ate complex knee injuries. Still, PLC structures can be
better visualised using a coronal oblique plane view;
however, one must be aware that PFL can be missed to
the slice thickness. The popliteus musculotendinous
complex lesions are detected in 1% of all knee MRI
studies [19]. They may appear on MRI as an avulsion
of the femoral attachment, an irregular contour of
the tendon at the popliteal hiatus with surrounding
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high signal intensity changes due to oedema, or as
swollen disorganised muscle fibres with high signal
intensity changes within the popliteus muscle [19].
On the other hand, the avulsion of the head of the
fibula (arcuate sign) may be an important indicator
of posterolateral structures tear. This minor fractured
bone fragment is often associated with popliteofibu-
lar and fabellofibular ligaments attachment rupture.
Moreover, it is an important clinical predictor of pos-
terolateral instability and surgical outcomes [17].

ANATOMICAL IMPLICATIONS
INTO TREATMENT

Regarding the extent of pathology, popliteus in-
juries can be treated conservatively (grade-1-2 tears)
or surgically (grade-3 tears and non-response to con-
servative treatment after three months).

Non-operative treatment is usually recommend-
ed for grade-1 and -2 of popliteus injury with good
clinical outcomes [8]. Minimal radiographic changes
at 8-year follow-up were found after conservative
treatment with early mobilisation protocol [21].

Partial-thickness tendon or muscle tears can be
treated with open or minimally-invasive debridement
[21]. The intraarticular part of the surgery can be done
arthroscopically with favourable outcomes [4, 16,
18]. However, in extra-articular cases, open surgery
can be necessary depending on the level of stumps
retraction. In avulsion injuries, it is necessary to fix the
tendon the attachment site using a screw or anchor
[7, 29, 31]. Isolated popliteus reconstruction can
be performed in PLC injuries with primary external
rotation instability pattern. Furthermore, early and
aggressive treatment of grade-3 PLC injuries and
surgical reconstruction improve long-term outcomes.
It prevents persistent instability, varus thrust, chronic
pain, and accelerated cartilage damage [39].

Doucet et al. [12] presented a clinical case of
a patient with acute calcific tendinopathy of the
popliteus tendon. On ultrasound imaging, hypoechoic
changes specific to tendinopathy and calcification
in the tendon were seen. The patient underwent ul-
trasound-guided glucocorticoid injection with good
clinical results.

Persistent instability and poor functional out-
comes were observed in grade-3 PLC injuries that
were treated non-operatively [14]. Thus, several PLC
surgical reconstruction techniques were described in
the literature [8, 20, 27]. Better results are obtained
when PLC injuries are repaired or reconstructed in the
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Figure 4. The varus stress test in full extension (A) and in
20-30° of knee flexion (B). The reverse pivot shift test with
the knee flexed to 90° (C) and slowly extended (D); E, F. The
external rotation recurvatum test; G. The dial test.

acute stage [41]. Shelbourne et al. [40] reported that significantly better outcome than a repair performed
repairing the PLC by 4 weeks post-injury resulted in between 4 to 6 weeks post-injury.
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Non-anatomic reconstruction aims to provide pos-
terolateral stability by applying tension on the unin-
jured posterolateral structures (extracapsular iliotibial
band sling, augmentation technique, bicep tenodesis)
[41]. Anatomic reconstruction of the injured LCL,
popliteus tendon and PFL is recommended [41]. The
reconstructive procedures tend to be more anatom-
ical to restore the knee biomechanics. Stannard et al.
[44] and Levy et al. [28] reported lower reoperation
rates after PLC reconstruction than PLC repair. Ahn
et al. [1] described a novel arthroscopic technique
for anatomical reconstruction of the posterolateral
corner of the knee joint. This technique reconstructs
three key components (LCL, popliteus tendon, PFL)
of the posterolateral corner. To obtain better results
in the future, surgical techniques that allow early
rehabilitation should be developed [8].

SUMMARY

Popliteus is an essential structure to maintain the
knee stability with its sophisticated anatomical and
biomechanical features. Its disorders are often over-
looked in complex knee injuries. On the other hand,
the isolated injuries of popliteus are less frequent,
occur mainly in athletes and are characterised by
pain around the insertion to the femur, along the
tendon and its attachments to the local structures.
Thus, in some cases the symptoms can mimic the lat-
eral meniscal tear. Moreover, the imbalance between
quadriceps muscle and posterolateral structures can
lead to the increase of the load on the popliteus
tendon, which can be observed in basketball, tennis,
and downhill running. Further studies are needed to
improve diagnosis and treatment outcomes, especial-
ly in isolated popliteus tendon pathology.
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Background: One of the important mechanisms that requlate the stress response
of the body is hypothalamic pituitary adrenal axis. One of the structures activating
this axis is amygdala. We have seen people around who react calmer and cooler to
very stressful situations. Are people with smaller amygdala really calmer? Or, can
we say that the bigger the amygdala, which is the trigger of the body’s response
to stress, the more a person panics? Aim of the study is to compare the saliva
cortisol levels and amygdala volume.

Materials and methods: Study conducted with 63 male students. Magnetic
resonance images of students were taken before their final exam to calculate
amygdala volumes. Saliva samples of all students were taken two times to detect
cortisol levels in saliva. First one was 20 days before the final exam and second one
was on the exam day. We assumed that the students were stressful on exam day.
Results and Conclusions: No statistically significant correlation was found be-
tween saliva cortisol levels and amygdala volume in the study. (Folia Morphol
2021; 80, 3: 514-519)

Key words: amygdala volume, saliva cortisol, stress, magnetic resonance
images

INTRODUCTION

One of the most basic problems of today’s hu-
man beings is stress. Stress, which is defined as the
sensual tension [2, 35] that occurs as a result of the
deterioration of physiological and spiritual well-being
of the organism due to environmental factors, has
negative influences on individuals’ self-respect and
productivity. Since stress plays a significant role in the
occurrence of many diseases, one of the most impor-
tant goals of health professionals is to eliminate stress
and if this is not possible, to manage stress [22]. The
response given by organism to stress in acute period
is a useful tool that activates the resources of the

organism to protect it against a dangerous situation
[26]. Low levels of stress can even be instructional for
the organism and can cause the organism to find new
solutions to a problem [27]. What causes distress is
the persistence and chronicity of stress. While acute
and low intensity stress is useful for a person, chronic
stress damages cognitive functions and neurological
structures such as the hippocampus [10, 20].

One of the important mechanisms that regulate
the stress response of the body in case of a stressful
situation is hypothalamic pituitary adrenal axis (HPA
axis) [29]. The function of HPA axis is sensing the ex-
ternal stimulus, assessing the stimulus and creating
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a fight-or-run response, completing the fight in the
shortest time possible and bringing the organism back
to its normal state. One of the structures activating
this axis is amygdala. Amygdala is an almond-shaped
subcortical structure in the temporal region of our
brain. Amygdala, which is part of the limbic system,
assesses the sensory direction of the external stimulus
[31]. In addition, it realizes the activation or inhibition
of responses like fear and anxiety [18]. It protects the
organism from danger and enables its survival. It plays
an active role in triggering emotions against external
stimuli [32]. Amygdala assesses every situation and
every object and makes this assessment roughly with
questions such as “is it something that I like?”, “can
this harm me?”, and if it is accepted as dangerous as
a result of the assessment, amygdala starts the crisis
situation. Long before an external sensory stimulus
reaches the cortex after being filtered from the thal-
amus; it reaches the amygdala in a much faster way.
By the time the sense has reached the cortex and
has been assessed, amygdala has already started the
process [16, 21]. When amygdala that has sensed the
danger is activated, it sends a signal to hypothalamus
and corticotrophin releasing factor (CRF) is released
from the hypothalamus. CRF causes the pituitary
to release adrenocorticotropic hormone (ACTH) and
ACTH enables cortisol release from adrenal gland [11].
Cortisol regulates the physiological response of the
organism against stress.

The thought that there might be an association
between amygdala size and responses given under
stress does not seem to be unreasonable because
stimulating the amygdala causes fear and anxiety.
We have seen people around who react calmer and
cooler to very stressful situations. Are people with
smaller amygdala really calmer? Or, can we say that
the bigger the amygdala, which is the trigger of the
body’s response to stress, the more a person panics?
In our study, our aim was to compare the saliva cor-
tisol levels of healthy university students exposed to
the same stressor and their amygdala size in order
to find an answer to this question.

MATERIALS AND METHODS

Ethical approval for our study was obtained from
the Malatya Clinical Researches Ethical Board (No.
2018/111). The participants in our study were in-
formed about the study and they read and signed
the informed consent form. We conducted our study

515

with 63 male students from Inénii University, Faculty
of Medicine who were not using cigarette, alcohol or
drugs, who did not have any psychological disease,
who did not have any seizures in childhood and
later, who did not have any head trauma or surgical
operation and who were right-handed. Median age
of students were 21 (min: 19, max: 27) years.

We accepted 20 days before the final exam as
relaxed period. Exam day is accepted as stressed pe-
riod. We assumed that the students were stressed on
exam day. To support this idea we used cortisol levels
and State Trait Anxiety Inventory-I (STAI-I). The STAI-|
was given to students during relaxed and stressed
periods. Also saliva samples were taken during relaxed
and stressed periods to detect cortisol levels in sali-
va. The STAI-1 is one of the common scales to assess
anxiety [4]. According to STAI-I, < 36 points means
“no anxiety”, 37-42 points means “mild anxiety”,
> 42 points means “high anxiety”.

Neuroimaging

We got the magnetic resonance (MR) images of
students a day before exam. 3T Siemens scanner
(Skyra syngo MR E11 version, Germany) was used for
neuroimaging. T1-weighted three-dimensional (3D)
(MPRAGE) sequence was used in sagittal plane to get
structural images and the following parameters were
used: TE/TR: 2300 ms/2.32 s, flip angle: 8°, field of
view: 240 mm?, slice thickness: 0.9 mm. MR T1 data
was downloaded from the scanner and by using dif-
ferent software, they were transferred and processed.
MR images were kept in hdr and img formats. To do
this, a personal computer on a 32-bit Dell PC, running
Windows 10 operating system was used. Volume
was calculated with mricloud (www.mricloud.org).
Installation, configuration or training are not required
to use the web based module. Through a web inter-
face, mricloud volumetric analysis system functions
remotely to provide a report including volumetric
information from any submitted case.

Analysis saliva cortisol

Saliva samples of all students were taken before
they entered the exam. Saliva samples were collected
by using passive drool method [8]. Samples collected
were kept in a laboratory freezer at —20°C. After thaw-
ing, the samples were centrifuged for 10 min at4000 g
and enzyme-linked immunosorbent assay (ELISA)
analyses were conducted by using the supernatant.
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Table 1. Values of cortisol levels and State Trait Anxiety Inventory-I (STAI-I) scores of volunteers

Variables Relaxed Stressed P
Median Minimum-Maximum Median Minimum-Maximum

Cortisol levels 8.34 2.87-24.16 15.45 2.99-122.78 0.000

STA score 32 21-68 58 24-T 0.000

Table 2. Correlation analysis of amygdala volumes with cortisol
level differences and State Trait Anxiety Inventory-I (STAI-I)
score differences between relaxed and stressed periods

Variables Test Cortisol STAHH score
statistics difference difference
Right amygdala r -0.120 0.120
volume p 0.350 0.351
Left amygdala r -0.156 0.136
volume 0 0222 0267
Total amygdala r -0.146 0.120
volume D 0253 0347

Table 3. Numbers of volunteers in relaxed and stressed periods
according to State Trait Anxiety Inventory-I (STAI-) scores

Period STAHH scores
< 36 (no 37-42 (mild > 42 (high
anxiety) anxiety) anxiety)
Relaxed 35 (55.6%) 19(30.1%) 9(14.3%)
Stressed 4(6.3%) 6 (9.6%) 53 (84.1%)

All samples were diluted at 1:5 and assayed in tripli-
cate by using the assay buffer. Carbonate buffer, pH
9.6 was used to dilute cortisol-bovine serum albumin
stock solution (1 mg/mL) by ELISA procedure and this
was added to 96-well microtiter plate at 200 uL/well.
Later, the microtiter plate was incubated at +4°C for
a night and washed 5 times with washing buffer by
using an 8-channel pipette. Some of the binding plac-
es that did not include coating antigen were blocked
for 2 hours at 37°C with blocking buffer (200 ul/
/well). Following the process of washing, diluted first
Ab (antiserum) (40 uL/well) and standard solutions
or samples (40 uL/well) were placed in duplicate and
incubated at 37°C for 45 min. After the washing pro-
cess, biotinylated anti-rabbit antibody (100 uL/well)
was added and the plate was incubated at 37°C for
30 min. After washing for 5 times, Streptavidin per-
oxidase solution (100 uL/well) was added and the
plate was incubated for 15 min at +4°C. Follow-
ing another 5 times of washing, substrate solution
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(150 uL/well) was added to the plate and incubated in
dark for 10 min. Following incubation, stop solution
(50 ul/well) was also added and absorbance was
measured at 450 nm by using the microplate reader.
Inter-assay variation was found to be 7.8%, while
inter-assay coefficients of variation was 5.6%.

Statistical analysis

Kolmogorov-Smirnov test was used to find out
whether the data were normally distributed. The
Wilcoxon paired-samples test was used to analyse the
data which were not normally distributed. Spearman
Rho correlation analysis was conducted on the data to
find out how the cortisol level differed with amygdala
volume and STAI-I scores. Minimum (min) and maxi-
mum (max) values of data which were not normally
distributed were given with median. Mann-Whitney U
test was performed to compare the right and left
amygdala volumes. P < 0.05 values were considered
as statistically significant. IBM SPSS Statistics 22.0 for
Windows program was used in statistical analyses.

RESULTS

The median value of saliva cortisol increased in
stressed period. Also STAI-I score increased in stressed
period. The Wilcoxon paired-samples test was con-
ducted on data and statistically significant increase
was found in relaxed and stressed period saliva cor-
tisol and STAI-I scores (Table 1).

As a result of Spearman rho correlation analysis
of amygdala volumes and difference in cortisol val-
ues between relaxed period and stressed period, it
was found that there was no correlation. Also there
was no correlation between amygdala volumes and
STAI-I score differences of relaxed and stressed pe-
riods (Table 2).

For the STAI-I score, there is a decrease in num-
bers of “no anxiety” and “mild anxiety” volunteers in
stressed period compared to relax period. But there is
a high increase in stressed period for the numbers of
“high anxiety” volunteers compared to relax period
(Table 3).
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Table 4. Right, left and total amygdala volumes of volunteers

Variables Amygdala volume [mm?] P
Right amygdala 1974 (1533-2356) 0.000
Left amygdala 1781 (1480-2063)

Total amygdala 3681 (3055-4349)

Median value of the right amygdala volume of
our volunteers was found as 1974 (1533-2356) mm?,
while the median value of their left amygdala volume
was 1781 (1480-2063) mm?3. Median value of total
amygdala volume of our volunteers was found 3681
(3055-4349) mm?3. Mann-Whitney U test was con-
ducted on the data to find out whether the difference
was significant. We found a statistically significant
difference between the volumes of right and left
amygdala (Table 4).

DISCUSSION AND CONCLUSIONS

For a high efficiency from personnel working in
occupations with high stress; mainly security staff,
surgeons and athletes; individuals need to be able
to cope with these stressful situations. Of course, it
is important to show quantitatively at the beginning
of personnel choice whether the individual has such
an ability. We conducted this study with the thought
that we could obtain a parameter in the detection
of personnel to be employed in the aforementioned
stressful fields if we could find an association between
amygdala volume and cortisol level.

In our study, we received the saliva cortisol level
as an indicator of stress. As mentioned above, the
ultimate product of the HPA axis, which is activated
as a result of stress, is cortisol that is released in the
circulation [17]. Cortisol level in saliva reflects the
serum cortisol level [5, 13]. We chose to use saliva
cortisol as an indicator of stress due to reasons such
as its being non-invasive, not putting the samples in
an extra stress and the ease of taking samples.

As a result of our study, we could not find an
association between amygdala size and cortisol val-
ues we obtained from the samples as a quantitative
parameter. In studies conducted, a big amygdala size
has been associated with increased anxiety [1], being
sensitive to negative experiences [6] and negative
affectivity [9]. On the other hand, studies conducted
in patients with unipolar depressive disorder have not
shown a significant association between amygdala
size and basal cortisol release [12, 25]. In another
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study conducted in patients with major depression,
a positive correlation was found between amygdala
size and average cortisol level [19]. In another study,
a correlation was found between amygdala activities
of university students exposed to the same stressor
and the environment they lived in. While the bigger
and more stressful place individuals lived in the more
amygdala activity they had, subjects who lived in rural
areas were found to have low amygdala activity [15].
Being exposed to the same stressor but responding
differently can also be associated with amygdala size.
In a study conducted with healthy female children,
a positive correlation was found between fear and
amygdala size [33]. In a study conducted on children
who spent the first 2 years of their lives in an orphan-
age and who were exposed to abuse, amygdalae of
these children were found to be big [30]. Observa-
tionally, individuals dealing with religious, mystic
and meditative disciplines have a general state of
calmness. In another study conducted, it has been put
forward that meditation and yoga were associated
with smaller amygdala [7].

Generally, studies conducted on patient groups
have given different results. The common character-
istic of these patient groups is having a chronic stress
state. Exposition to this long-term stress, mostly since
childhood, causes damages in limbic system struc-
tures such as amygdala [34] and hippocampus which
have glucocorticoid receptor on them. However, our
study was conducted on completely healthy young
adults and the purpose of the study was to compare
the cortisol level released against sudden stress and
amygdala size.

Volumetric measurements have gained impor-
tance through imaging techniques. Symmetry or
asymmetry of neuroanatomical structures distrib-
uted to both hemispheres is used as a prediction
tool for clinicians in pathological processes [3]. An
asymmetry is mentioned in the literature between
right and left amygdala in terms of both function
and size. In a meta-analysis [23] which examined 82
studies conducted on healthy individuals between
1990 and 2002 showed that the right amygdala size
was bigger than that of the left amygdala. In our
study, we found the right amygdala size statistically
significantly bigger than that of the left hemisphere.

State-TraitAnxiety Inventory is one of the most
used scales to assess anxiety. Anxiety has two compo-
nents: state anxiety and trait anxiety [4]. In contrast
trait anxiety, state anxiety shows psychological and
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physiological transient reactions directly associated
with adverse situations at the given time [14]. So, we
used state part of STAI to see anxiety scores of volun-
teers before exam. Occasional anxiety is part of life.
People can feel anxious when faced with problems
in work/school, before tests, before taking important
decisions. Our volunteers got high anxiety scores
before exam. Our findings are in line with the studies
about exam stress [24, 28].

Conflict of interest: None declared

10.

REFERENCES

Baur V, Hanggi J, Jancke L. Volumetric associations be-
tween uncinate fasciculus, amygdala, and trait anxiety.
BMC Neurosci. 2012; 13: 4, doi: 10.1186/1471-2202-13-4,
indexed in Pubmed: 22217209.

Beheshtifar M, Hoseinifar H, Moghadam M. Effect pro-
crastination on work-related stress. Eur J Econ Finance
Admin Sci. 2011; 38: 59-64.

Duboc V, Dufourcq P, Blader P, et al. Asymmetry of
the brain: development and implications. Annu Rev
Genet. 2015; 49: 647-672, doi: 10.1146/annurev-gen-
et-112414-055322, indexed in Pubmed: 26442849.
Fernandez-Blazquez MA, Avila-Villanueva M, Lopez-Pina
JA, et al. Psychometric properties of a new short version
of the State-Trait Anxiety Inventory (STAI) for the assess-
ment of anxiety in the elderly. Neurologia. 2015; 30(6):
352-358, doi: 10.1016/j.nrl.2013.12.015, indexed in
Pubmed: 24484757.

Gatti R, Antonelli G, Prearo M, et al. Cortisol assays and di-
agnostic laboratory procedures in human biological fluids.
Clin Biochem. 2009; 42(12): 1205-1217, doi: 10.1016/j.
clinbiochem.2009.04.011, indexed in Pubmed: 19414006.
Gerritsen L, Rijpkema M, van Oostrom |, et al. Amygdala
to hippocampal volume ratio is associated with negative
memory bias in healthy subjects. Psychol Med. 2012; 42(2):
335-343, doi: 10.1017/5003329171100122X, indexed in
Pubmed: 21740626.

Gotink RA, Vernooij MW, lkram MA, et al. Meditation and
yoga practice are associated with smaller right amygdala
volume: the Rotterdam study. Brain Imaging Behav. 2018;
12(6): 1631-1639, doi: 10.1007/s11682-018-9826-z,
indexed in Pubmed: 29417491.

Granger DA, Kivlighan KT, el-Sheikh M, et al. Salivary
alpha-amylase in biobehavioral research: recent develop-
ments and applications. Ann N Y Acad Sci. 2007; 1098:
122-144, doi: 10.1196/annals.1384.008, indexed in
Pubmed: 17332070.

Holmes AJ, Lee PH, Hollinshead MO, et al. Individual
differences in amygdala-medial prefrontal anatomy link
negative affect, impaired social functioning, and polygenic
depression risk. J Neurosci. 2012; 32(50): 18087-18100,
doi: 10.1523/JNEUROSCI.2531-12.2012, indexed in Pu-
bmed: 23238724.

Kim EJ, Pellman B, Kim JJ. Stress effects on the hippocam-
pus: a critical review. Learn Mem. 2015; 22(9): 411-416,
doi: 10.1101/Im.037291.114, indexed in Pubmed:
26286651.

518

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

Koob GF. The role of CRF and CRF-related peptides in the
dark side of addiction. Brain Res. 2010; 1314: 3-14, doi:
10.1016/j.brainres.2009.11.008, indexed in Pubmed:
19912996.

Kronenberg G, Tebartz van Elst L, Regen F, et al. Re-
duced amygdala volume in newly admitted psychiatric
in-patients with unipolar major depression. J Psychiatr
Res. 2009; 43(13): 1112-1117, doi: 10.1016/j.jpsy-
chires.2009.03.007, indexed in Pubmed: 19394960.
Kudielka B, Hellhammer DH, Wust S. Why do we respond
so differently? Reviewing determinants of human sal-
ivary cortisol responses to challenge. Psychoneuroen-
docrinology. 2009; 34(1): 2-18, doi: 10.1016/j.psyneu-
en.2008.10.004.

Leal PC, Goes TC, da Silva LC, et al. Trait vs. state anxiety
in different threatening situations. Trends Psychiatry Psy-
chother. 2017; 39(3): 147-157, doi: 10.1590/2237-6089-
2016-0044, indexed in Pubmed: 28813110.

Lederbogen F, Kirsch P, Haddad L, et al. City living and
urban upbringing affect neural social stress processing in
humans. Nature. 2011; 474(7352): 498-501, doi: 10.1038/
nature10190, indexed in Pubmed: 21697947.

LeDoux J. The emotional brain, fear, and the amyg-
dala. Cell Mol Neurobiol. 2003; 23(4-5): 727-738,
doi: 10.1023/a:1025048802629, indexed in Pubmed:
14514027.

Lee DoY, Kim E, Choi MHo. Technical and clinical as-
pects of cortisol as a biochemical marker of chronic
stress. BMB Rep. 2015; 48(4): 209-216, doi: 10.5483/
bmbrep.2015.48.4.275, indexed in Pubmed: 25560699.
Lee SC, Amir A, Haufler D, et al. Differential recruitment
of competing valence-related amygdala networks during
anxiety. Neuron. 2017; 96(1): 81-88.e5, doi: 10.1016/j.
neuron.2017.09.002, indexed in Pubmed: 28957678.
Malykhin N, Travis S, Sereshki A, et al. 132. Effects of
cortisol on hippocampal subfields and centromedial
amygdala volumes in healthy subjects and patients with
major depressive disorder. Biol Psychiatry. 2018; 83(9):
S54, doi: 10.1016/j.biopsych.2018.02.150.

Marin MF, Lord C, Andrews J, et al. Chronic stress, cognitive
functioning and mental health. Neurobiol Learn Mem.
2011; 96(4): 583-595, doi: 10.1016/j.nim.2011.02.016,
indexed in Pubmed: 21376129.

Morris JS, Ohman A, Dolan RJ. A subcortical pathway to
the right amygdala mediating “unseen” fear. Proc Natl
Acad Sci U S A. 1999; 96(4): 1680-1685, doi: 10.1073/
pnas.96.4.1680, indexed in Pubmed: 9990084.

Ozel Y, Karabulut AB. Daily living and stress management.
Turkish J Health Sci Res. 2018; 1(1): 48-56.

Pedraza O, Bowers D, Gilmore R. Asymmetry of the hip-
pocampus and amygdala in MRI volumetric measurements
of normal adults. J Int Neuropsychol Soc. 2004; 10(5):
664-678, doi: 10.1017/S1355617704105080, indexed in
Pubmed: 15327714.

Ping LT, Subramaniam K, Krishnaswamy S. Test anxiety:
state, trait and relationship with exam satisfaction. Ma-
lays J Med Sci. 2008; 15(2): 18-23, indexed in Pubmed:
22589620.

Schuhmacher A, Mdssner R, Jessen F, et al. Association
of amygdala volumes with cortisol secretion in unipolar
depressed patients. Psychiatry Res. 2012; 202(2): 96-103,


http://dx.doi.org/10.1186/1471-2202-13-4
https://www.ncbi.nlm.nih.gov/pubmed/22217209
http://dx.doi.org/10.1146/annurev-genet-112414-055322
http://dx.doi.org/10.1146/annurev-genet-112414-055322
https://www.ncbi.nlm.nih.gov/pubmed/26442849
http://dx.doi.org/10.1016/j.nrl.2013.12.015
https://www.ncbi.nlm.nih.gov/pubmed/24484757
http://dx.doi.org/10.1016/j.clinbiochem.2009.04.011
http://dx.doi.org/10.1016/j.clinbiochem.2009.04.011
https://www.ncbi.nlm.nih.gov/pubmed/19414006
http://dx.doi.org/10.1017/S003329171100122X
https://www.ncbi.nlm.nih.gov/pubmed/21740626
http://dx.doi.org/10.1007/s11682-018-9826-z
https://www.ncbi.nlm.nih.gov/pubmed/29417491
http://dx.doi.org/10.1196/annals.1384.008
https://www.ncbi.nlm.nih.gov/pubmed/17332070
http://dx.doi.org/10.1523/JNEUROSCI.2531-12.2012
https://www.ncbi.nlm.nih.gov/pubmed/23238724
http://dx.doi.org/10.1101/lm.037291.114
https://www.ncbi.nlm.nih.gov/pubmed/26286651
http://dx.doi.org/10.1016/j.brainres.2009.11.008
https://www.ncbi.nlm.nih.gov/pubmed/19912996
http://dx.doi.org/10.1016/j.jpsychires.2009.03.007
http://dx.doi.org/10.1016/j.jpsychires.2009.03.007
https://www.ncbi.nlm.nih.gov/pubmed/19394960
http://dx.doi.org/10.1016/j.psyneuen.2008.10.004
http://dx.doi.org/10.1016/j.psyneuen.2008.10.004
http://dx.doi.org/10.1590/2237-6089-2016-0044
http://dx.doi.org/10.1590/2237-6089-2016-0044
https://www.ncbi.nlm.nih.gov/pubmed/28813110
http://dx.doi.org/10.1038/nature10190
http://dx.doi.org/10.1038/nature10190
https://www.ncbi.nlm.nih.gov/pubmed/21697947
http://dx.doi.org/10.1023/a:1025048802629
https://www.ncbi.nlm.nih.gov/pubmed/14514027
http://dx.doi.org/10.5483/bmbrep.2015.48.4.275
http://dx.doi.org/10.5483/bmbrep.2015.48.4.275
https://www.ncbi.nlm.nih.gov/pubmed/25560699
http://dx.doi.org/10.1016/j.neuron.2017.09.002
http://dx.doi.org/10.1016/j.neuron.2017.09.002
https://www.ncbi.nlm.nih.gov/pubmed/28957678
http://dx.doi.org/10.1016/j.biopsych.2018.02.150
http://dx.doi.org/10.1016/j.nlm.2011.02.016
https://www.ncbi.nlm.nih.gov/pubmed/21376129
http://dx.doi.org/10.1073/pnas.96.4.1680
http://dx.doi.org/10.1073/pnas.96.4.1680
https://www.ncbi.nlm.nih.gov/pubmed/9990084
http://dx.doi.org/10.1017/S1355617704105080
https://www.ncbi.nlm.nih.gov/pubmed/15327714
https://www.ncbi.nlm.nih.gov/pubmed/22589620

26.

27.

28.

29.

30.

M. Canbolat et al., Is amygdala size correlated with stress?

doi: 10.1016/j.pscychresns.2011.09.007, indexed in Pu-
bmed: 22698761.

Sharma D. Physiology of stress and its management.
J Med Study Res. 2018; 1(1): 1-5, doi: 10.24966/msr-
5657/100001.

Sharma M, Rush SE. Mindfulness-based stress reduc-
tion as a stress management intervention for healthy
individuals: a systematic review. J Evid Based Com-
plementary Altern Med. 2014; 19(4): 271-286, doi:
10.1177/2156587214543143, indexed in Pubmed:
25053754.

Spangler G. Psychological and physiological responses
during an exam and their relation to personality character-
istics. Psychoneuroendocrinology. 1997; 22(6): 423-441,
doi: 10.1016/s0306-4530(97)00040-1.

Spiga F, Walker JJ, Terry JR, et al. HPA axis-rhythms. Com-
pr Physiol. 2014; 4(3): 1273-1298, doi: 10.1002/cphy.
c140003, indexed in Pubmed: 24944037.

Tottenham N, Hare TA, Quinn BT, et al. Prolonged in-
stitutional rearing is associated with atypically large
amygdala volume and difficulties in emotion regula-

519

31.

32.

33.

34.

35.

tion. Dev Sci. 2010; 13(1): 46-61, doi: 10.1111/j.1467-
7687.2009.00852.x, indexed in Pubmed: 20121862.
Tottenham N, Sheridan MA. A review of adversity, the amyg-
dala and the hippocampus: a consideration of developmental
timing. Front Hum Neurosci. 2009; 3: 68-77, doi: 10.3389/
neuro.09.068.2009, indexed in Pubmed: 20161700.

Tufan AE, Yalug i. Love phenomenon and neurobiology of
love relations. Curr App Psychiatry. 2010; 2(4): 443-456.
van der Plas EAA, Boes AD, Wemmie JA, et al. Amygdala
volume correlates positively with fearfulness in normal
healthy girls. Soc Cogn Affect Neurosci. 2010; 5(4):
424-431, doi: 10.1093/scan/nsq009, indexed in Pubmed:
20150341.

Wang Q, Verweij EWE, Krugers HJ, et al. Distribution of the
glucocorticoid receptor in the human amygdala; chang-
es in mood disorder patients. Brain Struct Funct. 2014;
219(5): 1615-1626, doi: 10.1007/s00429-013-0589-4,
indexed in Pubmed: 23748930.

Yildiz M, Glg K, Erdem S. Examine attitudes to cope with
stress in terms of human values: a study on public employ-
ees. Sci J Turkish Military Academy. 2015; 25(1): 41-61.


http://dx.doi.org/10.1016/j.pscychresns.2011.09.007
https://www.ncbi.nlm.nih.gov/pubmed/22698761
http://dx.doi.org/10.24966/msr-5657/100001
http://dx.doi.org/10.24966/msr-5657/100001
http://dx.doi.org/10.1177/2156587214543143
https://www.ncbi.nlm.nih.gov/pubmed/25053754
http://dx.doi.org/10.1016/s0306-4530(97)00040-1
http://dx.doi.org/10.1002/cphy.c140003
http://dx.doi.org/10.1002/cphy.c140003
https://www.ncbi.nlm.nih.gov/pubmed/24944037
http://dx.doi.org/10.1111/j.1467-7687.2009.00852.x
http://dx.doi.org/10.1111/j.1467-7687.2009.00852.x
https://www.ncbi.nlm.nih.gov/pubmed/20121862
http://dx.doi.org/10.3389/neuro.09.068.2009
http://dx.doi.org/10.3389/neuro.09.068.2009
https://www.ncbi.nlm.nih.gov/pubmed/20161700
http://dx.doi.org/10.1093/scan/nsq009
https://www.ncbi.nlm.nih.gov/pubmed/20150341
http://dx.doi.org/10.1007/s00429-013-0589-4
https://www.ncbi.nlm.nih.gov/pubmed/23748930

VEd

VIA MEDICA

Folia Morphol.

Vol. 80, No. 3, pp. 520-526

DOI: 10.5603/FM.a2020.0096

ORIGINAL ARTICLE Copyright © 2021 Via Medica
ISSN 0015-5659

elSSN 1644-3284

journals.viamedica.pl

Is the middle cerebral artery bifurcation
aneurysm affected by morphological
parameters of bifurcation?

T. Benlice', A. Idil Soylu'®, O. Zel Terzi?, F. Uzunkaya', H. Akan'

'Department of Radiology, OndokuzMayis University, Faculty of Medicine, Samsun, Turkey
2Department of Public Health, OndokuzMayis University, Faculty of Medicine, Samsun, Turkey

[Received: 10 June 2020; Accepted: 25 June 2020; Early publication date: 14 August 2020]

Background: Aneurysm formation is a multifactorial process involving genetic,
anatomical and environmental risk factors. A research focusing on the relation-
ship between the presence of aneurysm and the morphology of the arteries will
help in the pathogenesis and prediction of intracranial aneurysms. In this studly,
the relationship between the presence of aneurysm and various morphological
parameters of aneurysm-related arteries was evaluated in patients with saccular
middle cerebral artery (MCA) bifurcation aneurysm.

Materials and methods: The archival images of 74 patients (62.2% women) were
evaluated retrospectively. In this study, the angle between the ipsilateral MCA
M1 segment and the dominant truncus (D7), the angle between the M1 segment
and the recessive truncus (©2), and the bifurcation angle (©1 + ®2) were com-
pared. Bilateral internal carotid artery (ICA), MCA M1 segment, dominant and
recessive truncus diameters and these diameters ratios were compared with the
aneurysmal side and the contralateral side without aneurysm.

Results: When the dominant truncus, recessive truncus angles and bifurcation
angle were compared, a significant difference was found on the aneurysmal side
(p < 0.0001). In the receiver operating characteristic analysis, when the bifur-
cation angle of 147.5° was accepted as the limit value, 78.4% sensitivity, 79.7%
specificity, 79.5% positive predictive value and 78.7% negative predictive value
were determined (area under the curve: 0.85).

Conclusions: Our study of the morphological features of arteries associated with
MCA bifurcation aneurysms showed that the presence of MCA aneurysms was signif-
icantly associated with large bifurcation angles. (Folia Morphol 2021; 80, 3: 520-526)

Key words: intracranial aneurysm, bifurcation morphology,
haemodynamic changes

INTRODUCTION
Saccular intracranial aneurysms (lA) are potentially stage [22]. Bifurcation of the middle cerebral artery
life-threatening vascular lesions. Due to the increase (MCA), which is one of the most common localisations
in the use of imaging techniques, 3-6% of the an- of 1A, accounts for approximately 20% of all IAs [6].
eurysms can be detected during the non-ruptured Although many studies have been conducted on the
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pathogenesis and localisation of IAs, the factors as-
sociated with aneurysm are still poorly understood.

Aneurysm formation is a multifactorial process
involving genetic, anatomical and environmental
risk factors. Familial inheritance and environmental
factors such as smoking, alcohol use, hyperlipi-
daemia and hypertension increase the risk of 1A
development [9, 17, 21]. In addition to genetic
and environmental factors, arterial morphology is
thought to play an important role in aneurysm
formation. Haemodynamic stress in the arterial bi-
furcation region can trigger aneurysm formation
by triggering focal degenerative mechanisms in
the vessel wall. Therefore, a research focusing on
the relationship between the presence of aneurysm
and the morphology of the arteries will help in the
pathogenesis and prediction of |1As [23].

In this study, the relationship between the mor-
phological parameters of the arteries around the
aneurysm and the presence of aneurysm in patients
with MCA bifurcation aneurysm was evaluated by
comparing with the normal contralateral side.

MATERIALS AND METHODS

This study was approved by the institutional ethics
committee. The requirement of informed consent was
waived, as this was a retrospective study.

Study population

Between July 2015 and December 2018, patients
who underwent brain computed tomography an-
giography (CTA) for cerebral aneurysm or suba-
rachnoid haemorrhage in our hospital were retro-
spectively analysed. One hundred and nine patients
with MCA aneurysm were selected for the study.
Thirty five patients were excluded from the study:
10 patients with artefact images, 1 patient with
severe atherosclerotic stenosis in internal carotid
artery (ICA), 6 patients with bilateral aneurysm,
4 patients with trifurcation in MCA, 3 patients with
severe vasospasm due to subarachnoid haemor-
rhage, 2 patients with M3 segment aneurysm and
9 patients with M1 segment aneurysm. Finally, 74
patients were included in the study. In order to
minimise the effect of genetic and environmental
risk factors on the development of aneurysm, the
aneurysmal side and the contralateral side without
aneurysm were compared in the same patient. We
excluded patients with trifurcation due to the very
low number of patients.
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CTA examinations

Multidetector computed tomography (MDCT)
shots were performed with Light Speed 64 General
Electric Discovery CT750HD 2015 (Milwaukee, Wis-
consin, USA). After 60-100 mL Optiray (Dublin, Ire-
land), a non-ionic contrast agent, was administered
at a rate of 3.5 ml/s; arterial phase cranial imag-
es with slice thickness of 0.625 mm, 120 kV, 400-
—500 mA, pitch 0.98 and rotation time 0.4 s were
obtained from the skull base level to the vertex at 25 s.

Image interpretation

Image interpretation was performed using
a workstation with OsiriX-64 bit software (Lite Digital
Imaging and Communications in Medicine Viewer,
version 5.6, Geneva, Switzerland). Images were ex-
amined independently by 2 radiologists. An inter-
ventional radiologist (A.L.S.) with 17 years of expe-
rience and a senior radiology resident (T.B., 5% year
radiology resident) performed image interpretation.
Multiplanar reformat series were reconstructed for
each dataset. Axial, coronal, and sagittal reformat-
ted images were interpreted as maximum intensity
projections with 10 mm slice thickness and volume
rendering techniques.

The definitions and measuraments of
morphological parameters

Morphological measurements of the ICA supra-
clinoid segment, MCA M1 segment, dominant trun-
cus and recessive truncus were taken. Aneurysmal
bifurcation and non-aneurysmal contralateral MCA
bifurcation were compared in terms of proximal and
distal artery diameters, rates of these diameters, and
bifurcation angles.

The MCA was segmented into three parts, M1
(originating from the terminal bifurcation of the ICA
and terminating at the MCA bifurcation), dominant
and recessive truncus (originating at the MCA bifur-
cation and terminating cerebral cortex). The larger
trunk was considered the dominant trunk. ICA supra-
clinoid segment, MCA M1 segment, dominant truncus
and recessive truncus diameters were measured on
multiplanar reconstruction images. ICA supraclinoid
segment diameter was measured 5 mm proximal to
the ICA apex, MCA M1 segment diameter was meas-
ured 5 mm proximal to the bifurcation apex; superior
and inferior truncus diameters were measured 5 mm
proximal to the bifurcation apex. After adjusting the
planes parallel to the axis of the artery in the sagittal
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and coronal planes, the diameter was measured in
the axial plane. Where the shape of the vessel appears
closest to the circle in a plane perpendicular to the
diameter flow axis, it was averaged by measuring
from 3 or 4 different axes.

In this study, the ratio of M1 diameter to the sum
of the dominant and recessive truncus diameters was
defined as DA, the ratio of upper truncus diameter to
lower truncus diameter as KA, the ratio of dominant
truncus diameter to M1 segment diameter as BA, the
ratio of recessive truncus diameter to M1 segment
diameter as CA and the ratio of M1 diameter to ICA
diameter as LA.

The angle between the MCA M1 segment and
the dominant truncus was called ®1 and the angle
between the MCA M1 segment and the recessive
truncus was ®2. The sum of the angles ®1 and ®2
was defined as the bifurcation angle. In each patient,
the M1 segment plane continued laterally on the
sagittal planes. The angle between this plane and
the corresponding truncus plane was measured by
angle measurement tool of the software. ®1, ®2 and
bifurcation angle were recorded.

Interobserver reproducibility was evaluated in
15 randomly selected subjects. The mean interob-
server difference was 0.06 *+ 0.39% (95% limits of
agreement), the mean intraobserver difference was
0.05 *= 0.32% (95% limits of agreement).

Statistical analysis

Statistical Package for Social Sciences for Win-
dows, version 22 (SPSS Inc., Chicago, IL, USA) was
used for statistical analysis. For the analysis of bi-
furcations, it was divided into two categories as the
aneurysmal side and the contralateral side without
aneurysm. Continuous variables with normal distri-
bution were reported as mean =+ standard deviation
and continuous data with abnormal distribution were
reported as median (minimum-maximum). Categori-
cal variables were reported as frequency (%).

Pearson y? test or Fisher’'s exact test were used
to compare categorical variables. In the comparison
of continuous variables, Student t test was used for
continuous normally distributed data and Wilcoxon
rank sum test was used for non-normally distributed
data. They were tested independently.

In the statistical analysis of the study, p value
< 0.05 was considered statistically significant. Receiv-
er operating characteristic (ROC) curves were used
to determine the optimal cut-off values of predictor.
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Table 1. Bilateral comparison of artery diameter and diameter
ratios associated with aneurysm

Aneurysm  Contralateral P
side side

M1 segment diameter [mm| 22+x052 22+052 082
Dominant truncus diameter 182+045 181048 094
[mm]

Recessive truncus diameter 123040 125+041 082
[mm]

ICA diameter [mm] 3.1+064 3+06 0.22
LA ratio 071+014 074+014 019
KA ratio 068017 070+019 0.83
DA ratio 074+014 074+012 086
BA ratio 083018 082015 097
CA ratio 055+014 056015 0.95

DA ratio — the ratio of M1 diameter to the sum of the dominant and recessive truncus
diameters; KA ratio — the ratio of upper truncus diameter to lower truncus diameter;
BA ratio — the ratio of dominant truncus diameter to M1 segment diameter; CA — the
ratio of recessive truncus diameter to M1 segment diameter; LA — the ratio of M1
diameter to ICA diameter as LA

RESULTS

The study group consisted of 74 patients (62.2%
female) aged between 24 and 79 years (mean age
58.41 years). 52.7% (39) of the aneurysms were on
the right, while 47.3% (35) were localised to the
left. 66.2% (49) of the aneurysms were not ruptured
whereas 33.8% (25) were ruptured.

There was no statistically significant difference be-
tween ICA, MCA M1 segment, dominant and recessive
truncus diameters and the ratios of these diameters
in the aneurysmal side and in the contralateral bifur-
cation side as control group (Table 1).

The dominant truncus angle (®1) on the aneurysm
side was 81.5 + 33.1°, whereas this angle (1) on
the contralateral side was 55.8 + 21.1° (p < 0.0001).
The recessive truncus angle (®2) on the aneurysm
side was 98.2 + 30.9°, while this angle (®2) on the
contralateral side was 68.2 + 25.7° (p < 0.0001). The
bifurcation angle on the aneurysm side was 179.7 =
+ 42.9° as it was 124 = 33.3° on the contralateral
side (p < 0.0001). When the dominant, recessive
truncus and bifurcation angles were compared to the
aneurysm side and the contralateral side, it was found
that the mean of all three angles on the aneurysm
side was significantly higher (p < 0.0001) (Table 2).

The diagnostic feature of bifurcation angle for
predicting aneurysm formation was examined by
ROC curve analysis (Fig. 1). Significant limit value
was determined. Then sensitivity, specificity, positive
predictive value and negative predictive value were
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Table 2. Middle cerebral artery (MCA) bifurcation angle
measurements on ipsilateral and contralateral sides

Aneurysmal Contralateral P
MCA(n=74) NCA (n=74)
1 81.5 + 331 55.8 + 21.1 < 0.0001
@2 98.2 + 309 68.2 + 25.7 < 0.0001
Bifurcation angle 1797 +429 12418 =33.37 < 0.0001
10 ROC curve
0.8
= 0.6
.E
% 0.4
0.21
0.0 T T T T
0.0 0.2 0.4 0.6 0.8 1.0
1-Specificity

Diagonal segments are produced by ties

Figure 1. Diagnostic feature of the sum of upper and lower angle
measurement for predicting aneurysm formation according to
receiver operating characteristic (ROC) curve analysis.

Table 3. Diagnostic feature of bifurcation angle for predicting
aneurysm formation, values of three angles obtained according
to receiver operating characteristic curve analysis

Limit  Sensitivity Specificity Positive pre-  Negative pre-
value dictive value dictive value
146.5 78.4% 78.4% 78.4% 78.4%
1415 78.4% 79.7% 79.5% 78.7%
148.5 77% 79.7% 79.2% 77.6%

calculated for this value. In the evaluation of the area
under the curve (AUC), when the type 1 error level was
below 5%, the diagnostic value of the test was inter-
preted as statistically significant. In the ROC analysis,
when the bifurcation angle of 147.5° was accepted
as the limit value, 78.4% sensitivity, 79.7% specificity,
79.5% positive predictive value and 78.7% negative
predictive value were determined (AUC: 0.85; Table 3).
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DISCUSSION

The pathophysiological mechanism of IA forma-
tion is controversial. The development of IAs is as-
sociated with acquired factors such as smoking and
hypertension, as well as with congenital and genetic
factors [23]. If the patient has certain risk factors
(female gender, smoking, alcohol, age and hyper-
tension) or family history, aneurysm development is
more likely [14]. However, it is almost impossible to
predict precisely the localisation of the aneurysm, and
thus the onset and early development of the aneu-
rysm. In addition to the genetic and acquired factors
mentioned above, haemodynamic stress is thought to
play an important role in the formation of aneurysms
by triggering focal degenerative mechanisms in the
vessel wall [17]. Middle cerebral artery bifurcation
has a very complex morphology due to angulations
as well as varying diameters and variations of M1
segment and truncal branches. Because of this com-
plex morphology, haemodynamic stress in different
localizations of this structure is not homogeneous
[18]. In order to minimise the confounding effects of
acquired risk factors in our study, we compared the
bifurcation in the aneurysmal side and contralateral
side without aneurysm in the same patient. We ex-
cluded patients with bilateral aneurysms.

It is essential that the branching and bifurcation
zones in the cerebral arteries are optimally arranged
to generate a constant wall shear stress (WSS) by
consuming minimum energy along the main artery
and branches. Haemodynamic factors such as WSS
are affected by the geometry of the vascular tree [3].
The optimal principle of minimum work minimises
wall tension stress due to both vascular diameters
and bifurcation angles [11]. Ingebrigtsen et al. [7]
assumed that normal MCA bifurcations would follow
the minimum work principles and the presence of an
aneurysm would be associated with deviations from
the optimum bifurcation geometry.

The bifurcation apex is the maximum stress zone
in the artery due to the direct effect of blood flow.
This region is exposed to high WSS variations that
are believed to cause endothelial damage to the ves-
sel wall. As the angle of bifurcation increases, the
forces applied to the lateral branches try to balance
each other more but compensate less for the forces
applied to the apex of the parent artery [15]. It has
been shown that high pressure caused by increased
bifurcation angle in apex may be associated with
endothelial dysfunction and aneurysm progression



Folia Morphol., 2021, Vol. 80, No. 3

secondary to endothelial proliferation and apopto-
sis [8]. In their study, Roach et al. [15] found that
aneurysms localised to wide bifurcation angles were
associated with a large stagnation area and high
WSS at the bifurcation apex. These haemodynamic
changes could cause them to grow more than those
settled in narrow-angle bifurcations [15]. Finlay et
al. [4] described a collagen tendon-like medial pad
that is thought to protect the bifurcation apex where
flow is divided into side branches and has the highest
WSS and spatial wall shear stress gradient (WSSG) [4].
Meng et al. [10] reported the presence of an “in-
timal pad” in the stroke area of the flow jet in the
bifurcation. In both studies, it was found that as the
bifurcation angles increased, the stroke area of the
blood moved away from the bifurcation apex where
the arterial wall was preserved, and the blood flow
forming larger vortices needed a longer distance to
return to the laminar state. This has been reported
to cause greater damage to the vessel wall adjacent
to the dense collagen fibre area. It has been report-
ed that these dynamics changes in wide bifurcation
angles lead to aneurysm formation as a result of high
WSS and WSSG exposure in the vulnerable artery wall
around the bifurcation apex [4].

The effects of MCA M1 segment, branch diam-
eters and branch angles can be conceptualised as
haemodynamics of the bifurcation point in the artery.
Since the bifurcation angles are relatively larger in
aneurysmatic bifurcations, we assume that blood
flow has to make a deeper deviation at this point.
In studies evaluating bifurcation geometry in Willis
polygon, aneurysmal bifurcations have been reported
to have wider bifurcation angles than non-aneurysmal
bifurcations [2, 7]. Sadatomo et al. [16] reported that
aneurysmal MCA bifurcations had narrower lateral an-
gles than non-aneurysmal bifurcations in their studies
evaluating MCA bifurcations. In this study, unlike
other studies, the lateral angle which is accepted as
the angle associated with the aneurysm, is comple-
mentary to the angle in other studies. Therefore, the
correlation with the narrow angle was reported as
the opposite of our study. In our study, truncal angles
and bifurcation angles on the side of the aneurysmal
MCA bifurcation were significantly wider than the
control group (p < 0.0001).

Baharoglu et al. [1] reported that changes in
bifurcation vessel geometry were associated with
increased risk of aneurysm formation by altering
haemodynamic forces at the apex of the bifurcation
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in their study of localised aneurysms in MCA bifur-
cation. In this study, 140° for bifurcation angle (93%
sensitivity and 93% specificity, AUC: 0.98), 69° for
upper trunk angle (63% sensitivity and 96% specific-
ity, AUC: 0.84) and 83° for lower trunk angle (78%
sensitivity and 91% specificity, AUC: 0.91) have been
reported [1]. Total bifurcation angle has been report-
ed to perform best in differentiating aneurysmal and
non-aneurysmal MCA. In another study, Gao et al. [5]
reported that stent-mediated treatment effectively
reduced the angle of bifurcation in the postoperative
period and reduced wall damage caused by abnor-
mal hemodynamic stress at the bifurcation apex.
Therefore, not only the individual angles between the
parent artery and the branches (©1 and ®2), but also
the bifurcation angle were examined. In our study,
when the 147.5° bifurcation angle was accepted as
the limit value, 78.4% sensitivity, 79.7% specificity,
79.5% positive predictive value and 78.7% negative
predictive value were determined (AUC: 0.85). The
data of our study is consistent with the results of the
study of Baharoglu et al. [1].

Our other hypothesis is that if the sum of the
dominant and recessive truncus diameters forming
the distal bed is larger than the diameter of the M1
segment, the blood can proceed freely without caus-
ing a haemodynamic imbalance in the distal bifurca-
tion region, but in the opposite case the changing
flow dynamics might trigger the development of the
aneurysm. According to the principle of flow protec-
tion, the distal bed should be at least equal to the
proximal so blood can flow freely without encoun-
tering a high resistance [12]. The smaller main vessel
diameter causes higher jet flow at the bifurcation
apex and increases the haemodynamic stress which
the arterial wall is exposed [13]. Therefore, simple
morphological parameters like large bifurcation an-
gles, disproportionate diameters and haemodynamic
changes, may be useful in predicting aneurysm for-
mation in high-risk patients. In the study examining
the relationship between anterior communicating ar-
tery (ACoA) formation and environmental geometry,
a positive correlation was observed not only between
A1 and A2 diameter ratio and aneurysm formation
but also the incidence of A1 dominance to feed both
A2 [20]. Soylu et al. [19] reported that increased
contralateral ICA/A1 ratio, increased ipsilateral A1/A2
ratio and narrow bifurcation angle were the most
important determinants for aneurysm development
in their study evaluating the morphological factors
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affecting ACoA aneurysms. In this study, we did not
find any significant difference when we compared
ICA, M1 segment, dominant and recessive truncus
diameters and the ratio of these diameters. In our
study group, normal physiological flow pattern was
present in M1 and its branches. Therefore there was
no effect of flow rate in main and branch arteries on
the development of aneurysm.

Limitations of the study

The main limitation of this study is related to ret-
rospective design. We cannot conclude that a larger
bifurcation angle causes aneurysm formation. Be-
cause of the lack of data on geometry before and after
aneurysm formation, we cannot ignore the possibility
that aneurysm formation affects adjacent vessel geo-
metry. Therefore, all outcome about the parameters
examined can only be related to the presence of an-
eurysm and are not necessarily predictors of the risk
of occurrence. This study, it does not give information
about the clinical course of the disease or haemody-
namic properties of the flow. Also the measurements
are performed manually in our study. Although the
results vary slightly, this is a much more applicable
technique in the clinical setting. Care is taken to avoid
any changes in diameter measurements between
observers but the resulting bias cannot be ruled out.

CONCLUSIONS

In conclusion, our study showed that the presence
of MCA aneurysms was significantly associated with
large bifurcation angles. In patients with clinical risk
factors large bifurcation angle might be interpreted
as additional risk factor. Measurement of these sim-
ple morphological factors can be easily performed
by radiologists.
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Background: Posterior circulation of brain is important because of vital organs’
blood supply provided by them. In this study, we evaluate the relationship of
posterior circulation measurements with age, gender and side by using computed
tomography angiography (CTA) images.

Materials and methods: A total 199 brain CTA examinations were retrospec-
tively analysed for all posterior circulation arteries (vertebral artery, basilar artery,
posterior cerebral artery [PCA], superior cerebellar artery [SCA], anterior inferior
cerebellar artery, and posterior inferior cerebellar artery [PICA]) to compare the
difference based on age, gender and side.

Results: There is no correlation between age and the mean diameters of all ves-
sels (p > 0.05). The mean diameter of left vertebral artery was higher than right
vertebral artery in all genders (p = 0.004 for males and p < 0.001 for females).
The mean diameter of left SCA and PICA were higher than right SCA and PICA in
females (o = 0.032 and p = 0.027, respectively). The mean diameters of basilar,
left PCA, left SCA, left vertebral, right PCA, right SCA, right PICA and right verte-
bral artery were higher in males and that differences were statistically significant
(p <0.001,p=0.002, p=0.006, p=0.004, p=0.001, p=0.003, p = 0.002,
and p = 0.006, respectively).

Conclusions: The posterior circulation vessel diameter is not affected by aging.
The mean diameters of basilar artery, both PCAs, both SCAs, right PICA, both
vertebral arteries were higher in males. The mean diameter of left vertebral artery
is higher than that of right vertebral artery in all genders. (Folia Morphol 2021;
80, 3: 527-532)

Key words: cerebral arteries, cerebellar arteries, posterior circulation,
morphometric measurements, computed tomography
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INTRODUCTION

Posterior circulation consists of vertebral, basilar,
posterior cerebral, superior cerebellar, anterior infe-
rior cerebellar and posterior inferior cerebellar arter-
ies, as well as their branches. It is very variable and
sometimes complex. Posterior circulation vascularizes
the posterior part of the brain, in which many vital
structures, such as the cerebellum, thalamus, and
brainstem, are located. Although digital subtraction
angiography (DSA) is the gold standard in vascular
imaging, it has been shown that computed tomog-
raphy angiography (CTA) has become as effective as
DSA with the advances in technology [2]. A brain CTA
examination is a non-invasive evaluation method.
There are several morphologic studies which evaluate
the brain arterial system [2, 6, 8, 12]. There are several
studies investigating the variations in the posterior
circulation system [2, 6, 11]; however, those involving
the measurement of arterial diameter are limited in
number [8, 13]. To our knowledge, the current study
is the first in English language literature that explored
the relationship between posterior circulation arteries
and age, gender, and side simultaneously.

MATERIALS AND METHODS

This retrospective study included the data from the
patient files gathered from the local picture archiving
and communication systems between January 2019
and January 2020. A total of 256 brain CTA exami-
nations were included. CTA examinations were per-
formed on a 320-row detector computed tomography
(CT) (Aquillion ONE Vision; Toshiba Medical Systems
Corporation, Otawara, Japan), or a 256-row detector
CT (Somatom® Definition Flash, Siemens Healthcare,
Forchheim, Germany). The CT acquisition protocol was
also performed with the following parameters: 0.5-s
gantry rotation time, 0.5 mm slice thickness, 128 X
X 0.6-mm or 192 x 0.6-mm collimation using a z-fly-
ing focal spot, 200 mAs tube current at 120 kVp tube
voltage. For optimal intraluminal contrast enhance-
ment, the delay time between start of contrast material
administration and start of scanning was determined
for each patient individually by using a bolus-tracking
technique. A total of 60-75 mL iopromide (Ultravist
370 mg/mL, Bayer Schering Pharma, Berlin, Germany),
an automatic injector was used (MCT Plus; Medrad,
Pittsburgh, PA) over 15 s through an 18-gauge intra-
venous line placed into the right antecubital vein at
a rate of 4-5 mL/s. The contrast produced a sensation
of “hot flash”. Immediately following the injection of
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the iodinated contrast, 50 mL saline was infused by
the same injector via the same route.

The cases with trauma, tumour or vascular pathol-
ogies, paediatric cases, and repetitive examinations
were excluded (Fig. 1). As a result, a total of 199 brain
CTA examinations were evaluated on axial, coronal, or
sagittal images by 2 radiologists with 3 and 10 years
of neuroradiology experience. The diameter of the
vertebral artery (VA) was measured on the intracra-
nial segment (V4), 1 cm before the confluence. The
diameters of the posterior cerebral artery (PCA) were
measured on the P1 segment. If there was no P1 or
V4 segment, the measurement was not performed.
The diameter of the basilar artery (BA) was measured
from the mid-part. The diameters of the superior
cerebellar artery (SCA), anterior inferior cerebellar
artery (AICA), and posterior inferior cerebellar artery
(PICA) were measured from the proximal part (Fig. 2).
The measurements and patients’ demographic data
were recorded.

Statistical analysis

Statistical analyses were performed using SPSS
v. 22.0 (SPSS Inc., Chicago IL, USA). The suitability of
the data for normal distribution was evaluated by
the single-sample Kolmogorov-Smirnov test. Levene's
statistics were used for the homogeneity analysis of
group variances. The independent-samples t-test was
conducted to determine the differences between
male and female biometric measurements, and the
paired-samples t-test was utilised to determine those
between the left and right measurements of men
and women. The significance level was accepted as
p < 0.05.

RESULTS

The mean age of the patients was 48.55 + 15.82
(range 18-91) years. Of the patients, 105 (52.76%)
were female. The mean diameters were calculated
as 3.34 = 0.59 (range 1.35-5.3) mm for BA, 1.79 +
+ 0.47 (range 0.52-3.50) mm for the left PCA, 1.12 =
+ 0.33 (range 0.40-2.18) mm for the left SCA, 1.02 +
+ 0.34 (range 0.33-1.98) mm for the left AICA, 1.26 +
+ 0.36 (range 0.40-2.20) mm for the left PICA, 2.99 +
+ 0.70 (range 0.95-5.13) mm for the left VA, 1.76 =
+ 0.47 (range 0.80-2.94) mm for the right PCA, 1.06 +
+ 0.31 (range 0.36-2.10) mm for the right SCA, 0.95 +
+ 0.31 (range 0.30-1.76) mm for the right AICA, 1.18 +
+ 0.36 (range 0.43-2.56) mm for the right PICA, and
2.68 = 0.71 (range 0.94-4.52) mm for the right VA.
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Figure 1. Study flow diagram; CTA — computed tomography angiography.

Figure 2. Axial (A), coronal (B) and three-dimensional volume rendered (C) computed tomography images of a 51-year-old male. The meas-
urements of right vertebral artery (r vertebral) and left vertebral artery (1 vertebral) are shown on axial image (B). The measurements of right
anterior inferior cerebral artery (r aica) and left anterior inferior cerebral artery (I aica) are shown on axial image; r pica — right posterior infe-
rior cerebellar artery; | pca — left posterior cerebral artery; r pca — right posterior cerebral artery; | sca — left superior cerebellar artery;

r sca — right superior cerebellar artery.

There was no correlation between age and the mean
diameters of any of the arteries (p > 0.05)

The mean diameters of BA, left PCA, left SCA, left
VA, right PCA, right SCA, right PICA, and right VA
were statistically significantly higher in males than in
females (Table 1). Left foetal-type PCA was observed
in 4 males and 5 females. Right foetal-type PCA was
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detected in 2 males and 2 females. There was no
statistically significant difference in foetal-type PCA
variations between the genders (p = 0.95). The left
SCA could not be visualised in 1 male, the right SCA
in 1 female, the left AICA in 34 males and 39 females,
the right AICA in 30 males and 33 females, the left
PICA in 2 males and 5 females, the right PICA in
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Table 1. The intergroup comparison of the posterior circulation arteries measurements by gender

Artery Gender Number Mean Standard deviation t df P

Basilar Male 9% 3.52 0.61 4.033 197 0.000
Female 105 3.18 0.58

Left PCA Male 20 191 0.47 3.195 188 0.002
Female 100 1.68 048

Left SCA Male 923 1.18 0.35 2.768 196 0.006
Female 105 1.06 0.29

Left AICA Male 60 1.01 0.37 -0.155 124 0.877
Female 66 1.02 0.3

Left PICA Male 92 1.30 0.37 1.520 190 0.130
Female 100 1.22 0.35

Left vertebral Male 9% 3.14 0.75 2.924 197 0.004
Female 105 2.85 0.62

Right PCA Male 92 1.88 049 3514 193 0.001
Female 103 1.65 0.43

Right SCA Male 9% 1.13 0.35 2.965 167 0.003
Female 104 0.99 0.25

Right AICA Male 64 0.95 0.31 -0.137 134 0.892
Female 12 0.96 0.31

Right PICA Male 92 1.26 0.38 3.065 187 0.002
Female 97 1.10 0.32

Right vertebral Male 9 2.82 0.7 2.765 195 0.006
Female 103 2.55 0.69

PCA — posterior cerebral artery; SCA — superior cerebellar artery; AICA — anterior inferior cerebellar artery; PICA — posterior inferior cerebellar artery

2 males and 8 females, and the V4 segment of the
right VA in 2 females.

The mean diameters of SCA, PICA, and VA were
statistically significantly higher on the left side com-
pared to the right side (Table 2). However, in gen-
der-based subgroup analyses, a statistically significant
result was observed in only 1 artery (VA) in both gen-
ders (Table 3). The mean diameters of SCA and PICA
were higher on the left side in both males and females
but the differences were not statistically significant
in males (Table 3). The mean diameter of the left VA
was higher than that of the right VA in both genders.

DISCUSSION

In this study, a total of 13 foetal-type PCA varia-
tions (6.53%) were observed, which is a lower per-
centage than reported in the literature [6, 11]. Han
et al. [2] showed that CTA with 1-mm slice thickness
underestimated cerebral arteries compared to DSA.
In the current study, we used 0.5-mm slice thickness
for CTA. Thus, we consider that our different results
were due to our CT device being able to show smaller
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vessels. This is supported by similar results obtained
from cadaver studies [9, 13]. Another explanation
may be that there is a difference in the rate of varia-
tion in different societies. Further thin-slice CTA and
cadaver studies on this subject can provide a better
explanation.

In this study, the diameters of VA, BA, PCA, PICA
and AICA were similar to the ranges in the literature
(2.8 mm vs. 2.2-2.8 mm, 3.3 mm vs. 2.7-3.6 mm,
1.8mmyvs. 1.6-2.2 mm, 1.2 mmyvs. 1.2-1.7 mm, and
1 mm vs. 1 mm, respectively) [4, 7, 8, 10, 12, 13].
However, the SCA diameter was lower than the liter-
ature range (1.1 mm vs. 1.3-1.4 mm) [1, 5, 7]. This
could be related to the differences in the method
(cadaver versus CTA), technique (1 mm vs. 0.5 mm
slice thickness), or patient selection (inclusion and
exclusion criteria).

Rai et al. [8] revealed that the vessel calibre was
affected by age. However, Ichikawa et al. [3] found
no correlation between age and vessel calibre. Fur-
thermore Vitosevic et al. [12] showed that the calibre
of BA was higher in the elderly but those of VA and
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Table 2. The intergroup comparison of the posterior circulation arteries measurements by side

Artery Side Number Mean Standard deviation t df P

PCA Right 186 1.76 047 -0.624 185 0.533
Left 186 1.78 049

SCA Right 197 1.06 0.31 -2.692 196 0.008
Left 197 1.12 0.33

AICA Right 120 0.95 0.31 -1.657 19 0.100
Left 120 1 0.32

PICA Right 187 1.18 0.36 -2.214 186 0.024
Left 187 1.25 0.36

Vertebral Right 197 2.68 0N —4.816 196 0.000
Left 197 29 0.7

PCA — posterior cerebral artery; SCA — superior cerebellar artery; AICA — anterior inferior cerebellar artery; PICA — posterior inferior cerebellar artery
Table 3. The subgroup comparison of the posterior circulation arteries measurements by gender

Artery Side Number Mean Standard deviation t df P

Male

PCA Right 88 1.86 0.49 -0.672 87 0.503
Left 88 19 047

SCA Right 93 1.13 0.35 -1.619 92 0.109
Left 93 1.18 0.35

AICA Right 56 0.95 0.31 -0.934 55 0.354
Left 56 0.99 0.35

PICA Right 91 1.26 0.38 -0.939 90 0.350
Left 91 1.30 0.37

Vertebral Right 9% 2.82 0.7 -2.973 93 0.004
Left 9% 3.14 0.75

Female

PCA Right 98 1.66 043 -0.192 97 0.848
Left 98 1.67 0.48

SCA Right 104 0.99 0.25 -2.168 103 0.032
Left 104 1.06 0.29

AICA Right 64 0.95 0.32 -1.393 63 0.169
Left 64 1 0.31

PICA Right 96 1.1 0.32 -2.242 95 0.027
Left 96 1.2 0.34

Vertebral Right 103 2.55 0.69 -3.962 102 0.000
Left 103 2.86 0.63

PCA — posterior cerebral artery; SCA — superior cerebellar artery; AICA — anterior inferior cerebellar artery; PICA — posterior inferior cerebellar artery

PCA were similar. In the current study, we observed
no correlation between age and vessel calibre.

In this study, the mean diameters of BA, left PCA,
right PCA, left SCA, right SCA, right PICA, left VA and
right VA were higher in males. Rai et al. and Ichikawa
et al. revealed similar results in that the mean diame-
ters of BA and VA were higher in males [3, 8]. On the
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other hand, Vitosevic et al. [12] showed no diameter
difference in BA by gender. However, the authors did
not evaluate SCA, AICA, and PICA; therefore, we could
not compare our results.

In this study, the mean diameters of SCA, PICA
and VA were higher on the left side. Vitosevic et
al. showed no statistically significant diameter dif-
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ference in VA and PCA depending on the side [12].
However, several studies including the current study
showed that the left VA diameter was higher than
the right VA diameter [4, 7, 8, 10, 13]. Shrontz et al.
[10] revealed that there was no diameter difference
between the left and right sides for PCA, PICA, and
AICA. Pai et al. [7] reported that the diameters of the
left AICA and SCA were higher than those of the right
side while two other studies showed no side-based
diameter differences in SCA [1, 5]. The current study
has both similarities and differences compared to the
literature, which can be attributed to the differences
in the technique used, number of patients evaluated,
and the anatomical variations between the samples.

Limitations of the study

There are several limitations of this study. First,
a CTA study cannot provide as comprehensive data as
a cadaveric study. Second, we used the slice thickness
as 0.5 mm; thus, we were not able to evaluate vessels
that were smaller than 0.5 mm in diameter; how-
ever, 0.5 mm is the lowest available cross-sectional
thickness of devices in current medical use. Another
limitation concerns the small sample size. Finally, we
excluded patients with vascular diseases, which may
have affected our age-related evaluation.

CONCLUSIONS

A CTA examination is a valuable technique for
vascular evaluation even in small vessels, such as PICA
and AICA. The posterior circulation vessel diameter
was not affected by normal aging. The mean diam-
eters of the left VA were found to be higher than
those of the right. Lastly, the mean diameters of BA,
left PCA, right PCA, left SCA, right SCA, right PICA,
left VA and right VA were higher in males compared
to females.
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Background: Localisation of the greater occipital nerve (GON) is essential for the
achievement of several procedures performed in the occipital region especially the
treatment of occipital neuralgia. This study proposed to investigate the location of
GON subcutaneous (Sc) and semispinalis capitis (SSC) piercing points related to the
intermastoid and external occipital protuberance (EOP) to mastoid process (MP) lines.
Materials and methods: The Sc piercing point, relation to SSC and obliquus capitis
inferior (OCl) muscles of 100 GONs from 50 cadaveric heads (23 males, 27 females)
were dissected. Distances from EOP to MP (EM line) on both sides and between MPs
(MM line) were measured. Perpendicular lines from Sc and SSC piercing points to EM
and MM lines were created and measured. Distances from EOP to the perpendicular
lines of SSC piercing point and from MP to the perpendlicular lines of Sc piercing point
were measured and calculated into percentage of EM and MM length, respectively.
Results: Three types of Sc piercing points (I, Il and Ill) were obtained. The percent-
age of GON piercing trapezius muscle (TP) (type 1), aponeurosis of TP (type 1) and
aponeurosis between TP and sternocleidomastoid muscle (SCM) (type Ill) were 2, 67
and 31, respectively. In addition, 95% of GON pierced SSC, 2% pierced its tendinous
band and 3% travelled between its medial fibres and the nuchal ligament. 94% of
the GON turned around the lower edge of the OCl, while 6% pierced the lower edge
of this muscle. Sc piercing point was always located above the MM line, but it could
be above, below or on the EM line. In contrast, all of the SSC piercing points were
located below the EM line except in one specimen, but it could be above, below
or on the MM line. Therefore, the MM and EM lines were used as reference lines
for locating the Sc and SSC piercing points, respectively. The mean EM line length
was 81.26 = 5.26 mm with statistically significant differences between genders and
sides in female. The mean MM line length was 121.77 = 8.54 mm with a statistically
significant difference between genders. Sc piercing point could be located at 44%
of MM line length from ipsilateral MP with a mean vertical distance of 18 mm. No
statistically significant difference was found between genders and sides in these
parameters, but a statistically significant difference was found in the percentage
of MB to MM line between type Il and type | (p = 0.02). SSC piercing point of
all types could be located at the point of 25% of EM line length from EOP with
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a vertical distance of 18 mm below EM line. No statistically significant difference
was found between genders, sides and types of both piercing points.

Conclusions: MM and EM lines are potential reference lines for locating the Sc and
SSC piercing points of GON, respectively. (Folia Morphol 2021; 80, 3: 533-541)

Key words: external occipital protuberance, greater occipital nerve,
localisation, mastoid process, piercing point, semispinalis capitis muscle,

trapezius muscle

INTRODUCTION

According to the definition of the International
Headache Society (IHS) in 2004, occipital neuralgia
(ON) is described as a paroxysmal shooting or stab-
bing pain of the occipital area innervated by the
greater occipital nerve (GON), lesser occipital nerve
(LON) and third occipital nerve [9]. Several aetiol-
ogies of ON including trauma, tumours, infection,
degenerative changes and anatomical features were
reported [4]. Anatomic consideration of ON especially
the localization of GON, LON and third occipital nerve
were reviewed and further investigated [4, 6, 14-19,
21-24]. Entrapment of GON was reported to correlate
with ON in a majority of cases [8, 10]. GON derives
from the medial branch of posterior ramus of the
second cervical spinal nerve and emerges between
axis and obliquus capitis inferior (OCl) then ascends
through the semispinalis capitis (SSC) and pierces
the trapezius (TP) to the subcutaneous tissue of the
occipital region. Possible sites of the GON irritation
and entrapment are also reported including the point
at which the nerve emerged between the atlas and
the axis [20] and the point where the GON pierces the
OCl, SSCand TP muscles [2, 23]. Moreover, Janis et al.
(2010) [11], reported six major compression points
along its course in 25 fresh cadaveric heads which
were: between the SSC and OCl, at the entrance and
the exit from the SSC, at the entrance and exit from
the TP and at the crossing point with the occipital
artery. Treatment options of ON include posture cor-
rection, pharmacological treatment, local anaesthetic
injection, botulinum toxin infiltrations, pulse radiof-
requency therapy and surgery [1, 5]. Occipital nerve
block using a local anaesthetic with corticosteroids
was injected at 2 cm lateral and 2 cm inferior to the
external occipital protuberance (EOP) for blocking
the GON [13]. Jose et al. (2018) [12] evaluated the
effectiveness of surgical decompression of GON at
the level of SSCand TP tunnel in 11 patients suffering
from ON. Complete elimination and significant relief
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of pain was reported in three and six patients respec-
tively. Therefore, the anatomic variation of the course
of the GON is essential for the treatment of ON. The
subcutaneous (Sc) piercing point of GON is classified
into two or three types based on whether it pierced
TP muscle fibre (type 1), TP aponeurosis (type Il) or
the aponeurosis between TP and sternocleidomastoid
(SCM) muscles (type 1) [3, 22, 24]. Furthermore, the
localization of the Sc and SSC piercing points using
bony landmarks and reference lines including EOP,
MP, EOP-MP line, intermastoid (MM) line and superior
nuchal line have been evaluated extensively by several
methods of measurement [3, 7, 14, 16-18, 21, 23].
Major obstacles to locate the exact location of GON
are the variations of its Sc and SSC piercing points.
This study aimed to evaluate the location of Sc and
SSC piercing points by using the appropriate surface
landmarks and testing its significant differences be-
tween genders and sides. Moreover, statistical differ-
ences of the location between types and patterns of
Sc and SSC piercing points were also analysed.

MATERIALS AND METHODS

This study was performed in 50 formalin-fixed
Thai cadavers (23 male and 27 female) supported
by the Department of Anatomy, Faculty of Medicine,
Chulalongkorn University. The average age of the
cadavers was 77 years (range 41-99). All cadavers
did not have any damages or history of operation in
the occipital region. A horizontal skin incision was
made along the line joining the upper border of the
auricles and a midline vertical incision was made
downward. The skin was removed from medial to
lateral. The piercing point of GON to subcutaneous
tissue was identified. Then the TP was detached lat-
erally to observe the pattern of the GON in relation
to the SSC. Next, the SSC was detached laterally to
follow the GON until the suboccipital triangle was
identified. The type of the GON in relation to OCI
was identified.
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Figure 1. Schematic diagram illustrating the lines joining the three
bony landmarks: external occipital protuberance and mastoid pro-
cess (EM line), line between mastoid processes (intermastoid or
MM line), the perpendicular lines from the subcutaneous piercing
point to MM line (TP-B), semispinalis capitis piercing point to EM
line (SSC-C) and surface localisation of GON; EOP — external oc-
cipital protuberance; GON — greater occipital nerve; M — mastoid
process; SCM — sternocleidomastoid muscle; SSC — semispina-
lis capitis piercing point; TP — subcutaneous piercing point.

To determine the location of Sc and SSC piercing
points, the most prominent point of EOP and lowest
points of MP on both sides were identified and marked.
Then, the lines joining these bony landmarks were creat-
ed as EM and MM lines (Fig. 1). The locations of all pierc-
ing points were determined in relation to the EM and
MM lines. The perpendicular lines from the Sc and SSC
piercing points to the EM and to MM lines were created
(Fig. 1). The length of EM line, MM line and the perpen-
dicular line was measured using a standardised digital
Vernier calliper (GuangLu® 0-100 mm; range 100 mm,
resolution 0.01 mm). Each measurement was done twice
and the average was used. The same digital Vernier
calliper was used to assure measurement consistency.
All measurements were done by the same investigator.

Statistical analysis

Statistical analysis was performed using Stata ver-
sion 15.1 (Stata Corp. 2017 Stata Statistical Software:
Release 15. College Station, TX: Stata Corp LLC). Mean
and standard deviation (SD) of each parameter were
obtained. Paired Student’s t-test was used to examine
the difference between right and left side, and un-
paired Student'’s t-test was used to compare results
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between male and female. The statistical difference
between types was analysed using One-Way ANOVA
followed by Tukey test. For all analyses, an alpha level
of 0.05 was adopted for statistical significance.

Ethical consideration

This cadaveric study has been approved by the
Institutional Review Board (IRB) of the Faculty of
Medicine, Chulalongkorn University (IRB NO. 594/59).

RESULTS

Sc and SSC piercing points of GON and its relation
to OCI muscle

Three types of Sc piercing points of 100 GON were
observed (Fig. 2). The prevalence of each type is shown
in Table 1. The most frequent was type Il, in which the
GON pierced the aponeurosis of the TP (67%). Type |,
in which the GON pierced the muscular part of TP
was found in only 2%. GON pierced the aponeurosis
between TP and SCM (type IIl) in 31%. Symmetrical
type was observed in 54% of cases of type Il and 18%
of type lll. The course of GON in the SSC as shown
in Figure 2 was found in three patterns: piercing
the muscle (95%), piercing its tendinous band (2%)
and coursing between its most medial fibres and
the nuchal ligament (3%). Symmetry was found in
94% of cases whose GON pierced the SSC muscle.
GON turned around the lower edge of OCl in 94%
and pierced the lower edge of OCl in 6% (Table 1).
Symmetry was found in 90% and 2% of cases in both
courses, respectively. In one cadaveric head, the right
GON was split into 2 branches by SSC muscle fibre,
then piercing the aponeurosis of TP. The left GON of
that case split into 2 branches before piercing the TP.

Localisation of Sc and SSC piercing points

The results of Sc and SSC piercing points in rela-
tion to EM and MM lines are illustrated in Table 2.
Observation data revealed that the Sc piercing point
was always located above the MM line, but it could
be above, below and on the EM line. Although, the
SSC piercing points of all cases were located below
the EM line except one male right GON, it could be
above, below and on the MM line (Table 2). Therefore,
the MM line was used as a reference line for locating
the Sc piercing point and the EM line was suitable
for locating the SSC piercing point. Aforementioned,
the GON of both sides in one cadaver split into two
branches. This cadaver was not included in the meas-
urement. Therefore, all parameters were measured in
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Figure 2. Posterior view of the occipital regions showing types of subcutaneous piercing points (A, B), patterns of semispinalis capitis
piercing point (C, D). A. Right GON pierced the trapezius muscle (type ), left GON pierced the aponeurosis of trapezius muscle (type Il);

B. GONs of both sides pierced the aponeurosis between trapezius and sternocleidomastoid muscle (type lll); C. GON of both sides pierced the
semispinalis capitis muscle; D. Right GON coursed between the medial fibre of semispinalis capitis and nuchal ligament, left GON pierced the
tendinous band of semispinalis capitis muscle; GON — greater occipital nerve; SCM — sternocleidomastoid muscle; SpC — splenius capitis;
SSC — semispinalis capitis; T SSC — tendinous band of semispinalis capitis.

Table 1. Prevalence of subcutaneous piercing point type, patterns of semispinalis capitis (SSC) piecing point and the relation of

greater occipital nerve to obliquus capitis inferior (OCI)

Type Male (n = 23) Female (n = 27) Total
Left, n (%) Right, n (%) Left, n (%) Right, n (%) N (%)

Subcutaneous piercing point

Typel 0(0%) 1(1%) 1(1%) 0(0%) 2 (2%)

Typell 13 (13%) 14 (14%) 18 (18%) 22 (22%) 67 (67%)

Typell 10 (10%) 8 (8%) 8 (8%) 5 (5%) 31(31%)

Semispinalis capitis piercing point

Muscle 21(21%) 21(21%) 27 (27%) 26 (26%) 95 (95%)

Tendinous band 1(1%) 1(1%) 0(0%) 0(0%) 2 (2%)

Between SSC and Nuchal ligament 1(1%) 1(1%) 0(0%) 1(1%) 3(3%)

Relation to OCI lower edge

Turn around 23 (23%) 23 (23%) 24 (24%) 24 (24%) 94 (94%)

Piercing muscle 0(0%) 0(0%) 3(3%) 3(3%) 6 (6%)

49 cadavers. The results and analysis of the length of
EM, MM, perpendicular line from Sc piercing point to
MM line (TP-B), from MP to TP-B on MM line (M-B),
perpendicular line from SSC piercing point to EM line
(SSC-C) and from EOP to SSC-C on EM line (E-C) are
illustrated in terms of mean = SD in Table 3. The mean
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EM line length was 81.26 + 5.26 mm with statistically
significant differences between genders and sides.
The mean MM line length was 121.77 = 8.54 mm
with a statistically significant difference between gen-
ders. The mean length of TP-B was 17.97 = 5.8 mm
and had no statistically significant difference between
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Table 2. Prevalence of subcutaneous and semispinalis capitis piercing points in relation to the distance from external occipital
protuberance to mastoid process (EM line) and distance between mastoid processes (MM line)

Gender Subcutaneous piercing point Semispinalis capitis piercing point
EM line MM line EM line MM line

Above  Below On Above  Below On Above  Below On Above  Below On
Male
Left 1" 8 3 22 0 0 0 22 0 15 7 0
Right 10 11 1 22 0 0 1 21 0 13 8 1
Total 2 19 4 44 0 0 1 43 0 28 15 1
Female
Left 12 13 2 27 0 0 0 27 0 22 5 0
Right 12 14 1 27 0 0 0 27 0 23 4 0
Total 24 27 3 54 0 0 0 54 0 45 9 0

genders and sides. Moreover, there was no statistically
significant difference of TP-B length between types of
Sc piercing point. The mean M-B length was 53.96 +
+ 6.53 mm without a statistically significant differ-
ence between sides but with a statistically significant
difference between genders (p =0.02). The mean
percentage of M-B to MM was 44.36 + 4.52 without
a statistically significant difference between genders
and sides. However, there was a statistically signif-
icant difference of this parameter between type Il
and type | of Sc the piercing point (p = 0.02).

The mean length of SSC-C was 18.10 £ 5.13 mm
perpendicular to EM line and had no statistically sig-
nificant difference between genders and sides. More-
over, there was no statistically significant difference of
this parameter between types of SC and SSC piercing
points. The mean E-C length and percentage of E-C to
EM was 20.49 = 4.29 mm and 25.25 = 4.83% respec-
tively. There was no statistically significant difference
of the percentage of E-C to EM between genders,
sides and types of both piercing points.

DISCUSSION

The most common location of Sc piercing pointin
the aponeurosis of TP (type Il) was reported in several
previous studies [3, 22, 24]. A comparison of the prev-
alence of types of Sc piercing point, characteristic of
SSC piercing point and its relation to OCl in the previ-
ous and current studies is illustrated in Table 4. Results
of this study confirmed those of two previous reports
[3, 24] that type Il was the most common and type |
was found in a lesser number. However, the finding
of type lll in 31% of cases was different from Won et
al. (2018) (62.5%) [24]. The number of specimens and
ethnicity may have an influence on the prevalence of
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each type. In addition, the GON was shown to pierce
the SSC muscle in 95% of our cases. The rest pierced
the tendinous band of SSC in 2% and travelled be-
tween SSC and nuchal ligament in 3%. This result was
similar to those of the previous studies (Table 4). In
addition, the prevalence of GON turning around the
lower edge of OCl was the most common. Only one
pervious study reported an atypical course of GON
passing through the suboccipital triangle [18]. Tubbs
etal. (2014) [22] reported 10 atypical courses of GON
from 30 specimens; two cases of type Il in which the
GON pierced the lower edge of OCl, 5 cases of GON
piercing the tendinous band of SSC which were type |
(1 case) and type Il (4 cases), and 3 cases of GON
travelling between its most medial fibres and the
nuchal ligament which were type | (1 case) and type lI
(2 cases). This study revealed 11 atypical courses of
GON from 100 specimens. The prevalence was lower
and included six cases of type Il piercing the lower
edge of OCl, one cases of type | and one case of typell
piercing the tendinous band of SSC, and 3 cases of
GON travelling between its most medial fibres and
the nuchal ligament which were type Il (2 cases) and
type Il (1 case). This issue is clinically important be-
cause atypical courses of GON might be associated
with a higher incidence of nerve entrapment and ON
[2, 23]. In general, the GON divided into 2 branches
after exiting to the subcutaneous tissue but it could
be split by the muscle fibre of SSC and often recon-
nected [6]. The splitting of GON before exiting to the
subcutaneous tissue occurred on both sides of one
male cadaveric head, where the right GON was split
by SSC muscle fibre and pierced the aponeurosis of
the TP without reconnection. The left GON split be-
fore piercing the aponeurosis of the TP. This variation
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Table 3. The mean = standard deviation length of EM, MM, TP-B, MB, SSC-C, E-C, percentage of EC/EM and MB/MM

Gender Side Total P
Left Right

EM [mm] Male (n = 22) 84.43 +4.35 85.16 + 5.56 84.30 = 5.01 0.09
Female (n = 27) 77.61 +3.99 79.95 +3.79 78.78 + 4.03 0.02*
Total (n = 49) 80.22 = 5.05 82.26 = 5.31 81.26 = 5.26 0.00*
P 0.00* 0.00%

MM [mm] Male (n = 22) - - 127.18 = 8.85
Female (n = 27) - - 117.36 £5.12
Total (n = 49) - - 121.77 £ 8.54
P 0.00*

TP-B [mm] Male (n = 22) 18.35 + 3.93 17.92 = 6.70 18.14 + 5.43 0.77
Female (n = 27) 17.77 £ 5.75 17.88 + 6.59 17.82 + 6.12 0.91
Total (n = 49) 18.03 + 4.97 17.90 + 6.57 1797 +538 0.87
P 0.69 0.98

MB [mm] Male (n = 22) 55.72 + 153 56.77 + 6.65 56.25 + 7.04 0.51
Female (n = 27) 50.93 + 6.72 53.28 + 3.63 5211 +=5.48 0.05
Total (n = 49) 53.08 + 7.42 54.85 + 5.44 53.96 + 6.53 0.07
P 0.02* 0.02*

SSC-C [mm] Male (n = 22 L, 21 R) 18.34 + 5.28 19.09 + 6.71 18.71 + 5.96 0.51
Female (n = 27) 18.23 = 4.43 16.98 + 4.28 17.61 + 4.36 0.07
Total (n =491, 48 R) 18.28 = 4.77 17.9 = 551 18.10 £5.13 0.59
P 0.94 0.19

E-C [mm] Male (n = 22) 2023 +48 22.08 + 4.68 215477 0.13
Female (n = 27) 19.46 + 3.61 20.45 + 4.03 19.95 + 3.82 0.15
Total (n = 49) 19.80 + 4.16 2118 = 4.36 2049 + 4.29 0.04*
P 0.52 0.20

EC/EM [%] Male (n = 22) 2421 £5.39 25.87 = 4.88 25.04 = 4.34 0.17
Female (n = 27) 25.07 £ 4.39 25.56 = 4.91 2531 £4.23 0.52
Total (n = 49) 2468 + 4.83 2570 + 4.85 2525 + 4.83 0.13
P 0.54 0.83

MB/MM [%] Male (n = 22) 43.82 £5.09 44.69 = 4.78 44.25 = 397 0.50
Female (n = 27) 4337 £5.10 45.42 + 2.76 4439 + 322 0.047*
Total (n = 49) 4357 +5.05 45.09 = 3.78 44.36 = 4.52 0.06
P 0.76 0.51

*Statistical significance; EM — distance from external occipital protuberance to mastoid process; MM — distance between mastoid processes; TP-B — perpendicular distance from
subcutaneous piercing point to MM line; MB — distance from mastoid process of the ipsilateral side to the point of TP-B on MM line; SSC-C — perpendicular distance from subcutaneous
piercing point to EM line; E-C — distance from external occipital protuberance to the point of SSC-C on EM line; EC/EM — percentage of EC to EM length; MB/MM — percentage of MB

to MM length

should be made aware of when performing the GON
block since anaesthetic could affect only one branch
of the GON. Nevertheless, it was found in only 2% of
specimens. Furthermore, symmetrical patterns of Sc
and SSC piercing points were found in a high percent-
age, thus reducing the concern of asymmetry.

A comparison of locations of the GON in relation
to EOP, midline, intermastoid (MM) and EM lines in
the previous and current studies is demonstrated in
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Table5[3, 7, 14, 16-18, 21, 23]. The Sc piercing point
was above MM line at a mean distance of 17.79 +
+ 5.80 mm and is similar to that of Givencer et al.
2011 (17.1 = 2.58 mm) [7]. However, dissimilarity
might be due to the number of samples, method of
measurement and ethnicities. Moreover, comparisons
of GON location in each type of Sc and SSC piercing
points were not taken into account in the previous
studies. Our data revealed that the Sc piercing point
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Table 4. Comparisons of the prevalence of subcutaneous piecing point type, patterns of semispinalis capitis (SSC) piercing point and
relation of greater occipital nerve (GON) to obliquus capitis inferior (OCI) in this and previous studies

Authors, year Bovim et al. Mosser et al. Natsis et al. Tubbs et al. Won et al. This study,
1991 [3] 2004 [17] 2006 [18] 2014 [22] 2018 [24] 2020
Race Norwegian American German American Korean Thai
Number (sides) 20 (40) 20 (40) 40(80) 15(30) 28 (56) 50(100)
Pierce trapezius muscle (type l) 18 (45%) - - 5(16.7%) 14 (50%) 2(2%)
Pierce trapezius aponeurosis 22 (55%) - - 25(83.3%) 7(12.5%) 67 (67%)
Pierce between trapezius and 0(0%) - - 0(0%) 35 (62.5%) 31(31%)
sternocleidomastoid
Pierce SSC muscle 36 (90%) 40 (100%) - 22 (73.3%) - 95 (95%)
Pierce tendinous band of SSC 0(0%) 0(0%) - 5(16.7%) - 2 (2%)
Between SSC and nuchal ligament 4(10%) 0(0%) - 3(10%) - 3(3%)
Turn around lower edge of OCI 37 (92.5%) - 76 (95%) 28 (93.3%) - 94 (94%)
Pierce muscle of lower edge of OCI 3(7.5%) - 3(3.75%) 2(6.7%) - 6 (6%)
Passes through suboccipital triangle 0(0%) - 1(1.25%) 0(0%) - 0 (0%)

Data are shown as number (%).

was always located above the MM line, therefore,
the intermastoid or MM line was used to locate the
Sc piercing point which was similar to the result of
Loukas et al, (2006) [16]. The Sc piercing point could
be located approximately 44% (44.36 + 4.52%) of the
distance along MM line from the ipsilateral MP with
a mean vertical distance of about 18 mm (17.97 =
+ 5.80 mm) (Fig. 1). No statistically significant dif-
ference was found between genders and sides. How-
ever, a statistically significant difference was found
between type lll and type | (p = 0.02). Nevertheless,
type | was found only in 2% of cases. As previously
mentioned in the results, Sc piercing points could
be located either above, below and on the EM line
similar to the result of Won et al. (2018) [24]. They
located the Sc piercing point of GON by drawing
a circle with a radius of 2 cm and divided into four
equal sectors at the medial transaction point of EM
line. The GON pierced the fascia within the circle in
85.7% of specimens and most frequently (42.9%)
in the inferomedial sector of the circle [24]. Shin et
al. (2018) [19] used a three-dimensional digitizer to
locate the GON on the superior nuchal and EM line.
The GON was on the medial third of EM line and
33.5 mm from the EOP on the superior nuchal line.
They recommended the safe injection points on the
EM line at about 3 cm from EOP, 1 cm inferior and
parallel to the EM line and 3 cm from MP [19].
Tubbs et al. (2007) [21], reported that the GON
pierced the SSC on an average of 2 cm superior to the

539

intermastoid line, similar to Loukas et al. (2006) [16]. In
contrast, our data revealed that GON might pierce the
SSC above, below or on the MM line. Moreover, almost
all of the SSC piercing points were located below the
EM line (except one male right GON). Therefore, we
decided to use the EM line to locate the SSC piercing
point. The SSC piercing point of all types could be
located at approximately 25% (25.25 + 4.83%) of the
distance along EM line from the EOP with a mean verti-
cal distance of about 18 mm (18.10 = 5.13 mm) below
EM line (Fig. 1). No statistically significant difference
was found between genders, sides and types of the
piercing points. These morphometric data are useful for
performing GON block or avoiding GON injury during
procedures in the occipital region in Asian population.

CONCLUSIONS

Type and location of Sc piercing points, patterns
and location of SSC piercing point and the relation of
GON to OCl were examined in 50 embalmed cadaveric
heads. Three types of Sc piercing points were found.
The most prevalent was type Il followed by type llland I,
respectively. Sc and SSC piercing points were located
with reference to the intermastoid (MM) and EOP to MP
(EM) lines, respectively. Most parameters demonstrated
no statistically significant differences between genders,
sides and type of Sc and SSC piercing points. Knowl-
edge of the anatomical variations of the GON piercing
points and its location may optimize the efficacy and
safety of relevant procedures in the occipital area.
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Background: The aim of this study was to compare the histological structure
(cross-sectional area [CSA] and number of nerve fascicles) of the distal part of
the tibial nerve (TN) and its terminal branches (medial plantar nerve [MPN], lat-
eral plantar nerve [LPN]) in the fresh and fresh-frozen cadavers using computer
assisted image analysis.

Materials and methods: The TNs with terminal branches (MPN and LPN) were
dissected from the fresh and fresh-frozen cadavers. Each nerve was harvested
5 mm proximally and respectively 5 mm distally from the TN bifurcation, marked,
dehydrated, embedded in paraffin, sectioned at 2 um slices and stained with
haematoxylin and eosin. Then the specimens were photographed and analysed
using Olympus cellSens software.

Results: The fresh cadavers’ group comprised 60 feet (mean age 68.1 = 15.2
years). The mean CSA and the number of nerve fascicles were respectively
15.25 = 4.6 mm?, 30.35 = 8.45 forthe TN, 8.76 = 1.93 mm?, 20.75 = 7.04 for
the MPN and 6.54 + 2.02 mm?, 13.40 =+ 5.22 for the LPN. The fresh-frozen ca-
davers’ group comprised 21 feet (mean age 75.1 = 9.0 years). The mean CSA and
the number of nerve fascicles were respectively 13.71 = 5.66 mm?, 28.57 = 8.00
forthe TN, 7.55 += 3.25 mm?, 18.00 = 6.72 for the MPN and 4.29 + 1.93 mm?,
11.33 + 1.93 for the LPN. Only LPNs showed statistical differences in the CSA
and the number of nerve fascicles between examined groups (p = 0.000,
p = 0.037, respectively). A positive correlation was found between donors age
and tibial nerve CSA in the fresh cadavers group (r = 0.44, p = 0.000). A statis-
tical difference was found between the MPN and LPN both in the CSA and the
number of nerve fascicles (p < 0.001, p < 0.001, respectively).

Conclusions: The CSA and the number of nerve fascicles of the tibial and medial
plantar nerves were similar in the fresh and fresh-frozen cadavers whilst different
in the LPN. The TN showed increasing CSA with the advanced age in the fresh
cadavers. The MPN had larger CSA and more nerve fascicles than the LPN. (Folia
Morphol 2021; 80, 3: 542-548)

Key words: tibial nerve, cross-sectional area, medial and lateral plantar
nerves, fresh cadavers, fresh-frozen cadavers
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INTRODUCTION

The tibial nerve (TN) is a peripheral sensorimotor
nerve arising as a branch of sciatic nerve bifurcation
in the popliteal fossa [40]. It runs vertically on the
tibialis posterior muscle together with the poste-
rior tibial vessels. Postero-inferiorly to the medial
malleolus it terminates emitting medial plantar nerve
(MPN) and smaller lateral plantar nerve (LPN) [28].
The TN bifurcation level shows a great variability as
so depending on the study its localisation is referred
to the medial or lower located lateral malleolus [24,
43]. Most commonly it is described below the tip of
the medial malleolus, inside the tarsal tunnel [42].
Tibial nerve and its branches provide innervation to
the posterior lower leg, the muscles and skin of the
sole of the foot [21].

For many years ankle arthroscopy has proved to
be a useful diagnostic and therapeutic procedure for
ankle and foot disorders. Although it is a minimally
invasive surgery neurological complications are most
frequently reported referring to the tibial, sural, su-
perficial peroneal and deep peroneal nerves [1, 45,
47]. According to Freedman and Barron [13] all neu-
rovascular impairments are caused by distractor pin or
portal placement. In order to avoid iatrogenic injuries
and to perform safe and reproducible arthroscopy
constant training is highly recommended.

Nowadays necessity of constant practicing of sur-
gical skills is emphasized by professionals [2]. They
clearly highlight the superiority of fresh cadavers
among any frozen or anatomically preserved. How-
ever, due to ethical and technical problems as well
as limited access to the fresh bodies, fresh-frozen
cadavers proved to be convenient surgical training
model [35]. Because of their most lifelike features they
are used by surgeons, orthopaedics, radiologists and
anaesthesiologist to practice and improve operating
skills [12, 17]. Fresh-frozen bodies also found appli-
cation in the research and bioengineering, allowing
development of new instruments and procedures.

The aim of this study was to compare the histo-
logical structure of the TN and its terminal branches
in the fresh and fresh-frozen cadavers.

MATERIALS AND METHODS

The study was conducted on 60 lower limbs of
the fresh cadavers and on 21 lower limbs of the
fresh-frozen cadavers in the Department of Anatomy
between December 2016 and March 2019. The group
of fresh-frozen cadavers composed of already ampu-
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tated lower limbs at the level of the knee originating
from mixed donors with known medical record. The
exclusion criteria were any deformation of the lower
limb or the lower limb trauma, surgical or radiother-
apeutic procedures of the lower limb, chronic disease
of the lower limb in the medical record of the donor.

The research protocol was approved by the local
Ethics Committee (Registry No. 122.6120.315.2016).
The study has been performed in accordance with the
ethical standards established in the 1964 Declaration
of Helsinki and its later amendments.

Dissection technique

The incision was made in the midline between the
tip of the medial malleolus and the Achilles tendon. It
continued 10 cm proximally along the Achilles tendon
and 10 cm distally curving anteriorly 2 cm below the
tip of the medial malleolus. Upon dissecting the skin
and the subcutaneous tissue the TN was visualised
together with the posterior tibial artery and two pos-
terior tibial veins. After meticulous dissection the TN,
its bifurcation and LPN and MPN were exposed. The
plantar nerves were marked 2 cm distally from the
TN bifurcation point with the following pattern: blue
thread — lateral plantar nerve, white thread — medial
plantar nerve. The TN was left without any marking.
Then 3 cm proximally to the bifurcation the TN was
cut out from the main nerve trunk. Accordingly, 3 cm
distally the MPN and LPN were cut out. The excised
tibial nerve and its terminal branches were removed
en bloc from the cadaver. The incision was closed
with the running subcuticular suture. In the group of
fresh-frozen cadavers the dissection was performed
after thawing of the specimens overnight at room
temperature. The harvesting was carried out by the
same surgeon.

Preparation of histological slide

The excised block of nerves was fixed in a 10%
solution of the formaldehyde (pH 7.4). After 2-5 days
it was removed from the formaldehyde. The TN was
cut transverse to the nerve axis 5 mm and 10 mm
proximally to the TN bifurcation point as were the
MPN and LPN 5 mm and 10 mm distally to the TN
bifurcation point. Obtained 5 mm long nerve frag-
ments were dehydrated separately and embedded in
paraffin according to its initial marking. Each paraffin
cube was transverse sectioned with the microtome
providing one 2 um thick slice. Subsequently each
slice was stained with haematoxylin and eosin (Fig. 1).
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Figure 1. Cross-section of tibial
nerve (TN), medial plantar nerve
(MPN) and lateral plantar nerve
(LPN) of the fresh cadaver (on
the left) and fresh-frozen cadav-
er (on the right). Haematoxylin
and eosin staining.

LPN

Table 1. Measured nerve parameters for tibial nerve, medial plantar nerve, and lateral plantar nerve — comparison between fresh and

fresh-frozen cadavers

Measurement Fresh cadavers Fresh-frozen cadavers P
N Mean+SD Median Lower Upper N Mean=SD Median Lower  Upper
quartile quartile quartile quartile
(a1) (Q3) (a1) (a3)

Cross-sec-  Tibial nerve 60 1525+465 14.66 11.77 1729 21 1371 +£566 12.84 9.50 16.15  0.094
E‘T’]r[‘sl]area Medial plantarnerve 60 876193 845 719 990 21 755+325 753 461 1036 015
Lateral plantar nerve 60  6.54 + 2.02 6.44 512 141 21 429+193 4.31 2.52 576  0.000
Number Tibial nerve 60 30.35+845 31.00 25.00 3525 21 2857800 31.00 22.00 35.00 0403
gs’l?a’:s Medial plantarnerve 60 2075+7.04 2000 1600 2500 21 1800+672 1800 1200 2200 0123
Lateral plantarnerve 60 13.40 £5.22  13.50 10.75 1500 21 1133193 11.00 7.00 14.00 0.037

Numbers in bold indicate statistically significant differences between fresh and fresh-frozen cadavers (p < 0.05); SD — standard deviation

Micromorphometry

The cross-sectional area (CSA) and the number of
nerve fascicles of the TN, MPN, and LPN were assessed
using a light microscope (Olympus BX53, 20X magni-
fication). Each cross-section was photographed (20 x
magnification), afterwards the CSA was measured
semi-automatically using Olympus cellSens Standard
2.3 software with the producer’s precision of 10 um,
whilst the number of nerve fascicles was calculated
manually. Each slice was assessed once by the same
pathologist. Then the values of the CSA and the num-
ber of nerve fascicles were tabulated according to the
group (fresh or fresh-frozen cadavers).

Statistical analysis

Obtained data were statistically processed using
descriptive statistics such as percentage, mean, me-
dian, standard deviation, upper and lower quartiles.
A p-value of < 0.05 was considered as statistically
significant. Two groups were compared using the
Mann-Whitney test or t-test depending on normal
distribution. To compare CSA and number of nerve
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fascicles between TN, MPN and LPN paired t-test or
Wilcoxon rang test were used depending on wheth-
er data was normally distributed. Correlation coef-
ficients were calculated to establish any statistical
dependence between parameters. All analyses were
performed using MedCalc version 16.8.

RESULTS

There were 30 fresh cadavers dissected (n = 60
lower limbs) with a mean age of 68.1 = 15.2 (range
from 27 to 91 years). 28 (46.7%) feet were female
and 32 (53.3%) were male. In the group of fresh-fro-
zen cadavers 21 lower limbs were dissected with
amean age of 75.1 + 9.0 (range from 60 to 92 years).
Twelve (57.1%) feet were female and 9 (42.9%) were
male. The mean CSA and number of nerve fascicles of
the TN, MPN, and LPN in the fresh and fresh-frozen
groups are presented in Table 1. Gender differences
between examined groups are presented in Table 2.
In both examined groups males’ tibial nerves showed
larger CSA and more nerve fascicles than females’.
Only LPNs showed statistical differences in the CSA
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Table 2. Measured nerve parameters for tibial nerve, medial plantar nerve, and lateral plantar nerve — comparison by gender

between fresh and fresh-frozen cadavers

Gender Measurement Fresh cadavers Fresh-frozen cadavers P
N Mean Median Lower Upper N Mean Median Lower  Upper
+SD quartile quartile +8D quartile quartile
(1) (03) @) (03
Women  Cross-sec- Tibial nerve 28 1227 11.85 10.35 1431 12 1270 13.46 9.28 15.27  0.802
tional area + 245 +3.90
MM Medialplantarneve 28 781 737 670 910 12 777 741 58 1078 0968
+1.41 +3.38
Lateral plantar nerve 28 5.83 5.71 4.61 686 12 447 4.56 2.70 579  0.030
+1.25 + 205
Number  Tibial nerve 28 2632 25.00 1950 3400 12 2808 3150 2050 3425 0.555
of nerve +8.87 +9.13
fascicles  Mogial plantarnerve 28 1771 1800 1450 2050 12 1650 1700 1200 1975 0426
+528 +123
Lateral plantarnerve 28 11.50 12.00 9.00 1400 12 1142 9.00 6.00 1425 0417
+3.72 +1.23
Men Cross-sec-  Tibial nerve 32 1786 17.10 15.02 1990 9 15.06 1257 10.09 16.29  0.053
tional area + 457 +7.45
[mm’] Medial plantar nerve 32 9.58 9.16 8.40 1066 9 7.26 7.64 4,61 9.83  0.092
+1.95 +3.25
Lateral plantar nerve 32 7.17 7.08 5.18 8.35 9 405 3.35 2.28 566  0.001
+2.36 +1.86
Number  Tibial nerve 32 3388 3400 2850 3800 9 2922 3000 2500 3500 0.119
of nerve +6.31 + 6.67
fascicles  \jegial plantarnerve 32 2341 2250 1750 2950 9 2000 2000 1700 2400 0270
+7.37 +577
Lateral plantarnerve 32 1506  14.50 12.50 1650 9 1122 1200 9.00 13.00 0.020
+5.81 +2.73
Numbers in bold indicate statistically significant differences between males and females (p < 0.05); SD — standard deviation
and number of nerve fascicles between examined DISCUSSION

groups. The LPN also proved statistical difference
among males (CSA and number of nerve fascicles)
and females (CSA) in fresh and fresh-frozen cadavers.
In the fresh cadavers no statistically significant differ-
ences between right and left foot of the individual
were found (p > 0.05). Such comparison was not
possible to perform in the fresh-frozen cadavers as
the examined lower limbs originated from different
individuals. There is statistically significant difference
between MPN and LPN in CSA and number of nerve
fascicles in both groups (p < 0.001). CSA of the MPN
confirmed to be 1.3 times and 1.8 times larger than
the lateral plantar nerves’ in the fresh and fresh-fro-
zen specimens, respectively. The MPN also proved
to have more nerve fascicles than the LPN in both
examined groups. A positive correlation was noted
between the age of donors and the CSA of the TN
in the fresh cadavers group (r = 0.44, p = 0.000;
Table 3).
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The present study compares histological structure
(CSA and number of nerve fascicles) of the distal part
of the TN and its terminal branches (MPN and LPN)
in the fresh and fresh-frozen cadavers assessed using
computer-assisted measurements. Literature analysis
shows that in the previous studies the CSA of the
tibial nerve was evaluated by ultrasound or magnetic
resonance imagining on the living patients or volun-
teers [5, 15, 22]. To the best of our knowledge this is
the first publication analysing histological differenc-
es in peripheral nerves obtained from the fresh and
fresh-frozen cadavers. It is also the first study revealing
TN, MPN, and LPN CSA measured directly on the nerves
harvested from the fresh cadavers. Furthermore no
reference values for the CSA of the medial and lateral
plantar are available in the literature.

In the present study the TN, MPN, and LPN har-
vested from the 60 fresh cadavers were compared to
21 collected from the fresh-frozen cadavers. The fresh
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Table 3. Association between age and measured nerve parameters for tibial nerve, medial plantar nerve, and lateral plantar nerve in

fresh and fresh-frozen cadavers

Measurement Fresh cadavers Fresh-frozen cadavers
N R P N R P

Cross-sectional area [mm?] Tibial nerve 60 0.439 0.000 21 0.112 0.629

Medial plantar nerve 60 0.083 0.531 21 0.040 0.862

Lateral plantar nerve 60 0.110 0.401 21 -0.045 0.847
Number of nerve fascicles Tibial nerve 60 0.086 0512 21 -0.161 0.485

Medial plantar nerve 60 -0.224 0.085 21 -0.140 0.545

Lateral plantar nerve 60 -0.104 0.428 21 —-0.204 0.376

Numbers in bold indicate statistically significant age correlation (p < 0.05).
Table 4. Studies of the tibial nerve cross-sectional area (CSA) measured at the level of medial malleolus
Group (n) Meanage CSA of the tibial nerve at the level ~ Reference range Type of study
of medial malleolus [mm?] [mm?]

He etal., 2019 [16] 40 55.2 116=16 - US 4-15 MHz
Lothet et. al., 2019 [25] 15 2.7 12.3 - US 18 MHz
Bedewi et al., 2018 [5] 138 38.3 12745 2.0-30.0 US 18.5 MHz
Grimm et al., 2018 [15] 100 51.2 10220 - US 14 MHz
Kronlage et al., 2017 [22] 60 305 8.1 +£2.0* 4.0-121 MRI
Singh et al., 2017 [36] 75 39.5 124 =11 10.0-14.0 US 7-18 MHz
Kang et al., 2016 [20] 20 65.0 12429 - US 7-12 MHz
Boehm et al,, 2014 [7] 56 50.2 9.6+22 9.0-10.2 US 12-15 MHz
Seok etal,, 2014 [33] 9% 439 121 =31 8.5-22.8 US 5-12 MHz
Riazi et al., 2012 [31] 43 46.8 17.7+65 - US 6-13 MHz
Tagliafico et al., 2012 [38] 58 410 9.6 +40 7.2-13.7 US 17.5 MHz
Cartwright et al., 2008 [11] 60 459 13743 5.1-22.3 US 15 MHz
Lee etal,, 2005 [23] 24 51.4 120 - US 10-12 MHz

*Measured at the proximal third of the calf; MRI — magnetic resonance imaging; US — ultrasonography

cadavers group composed of younger donors (mean
age: 68.1 vs 75.1) and presented slightly higher values
of CSA (TN: 15.25 vs. 13.71; MPN: 8.76 vs. 7.55; LPN:
6.54 vs. 4.29) and more nerve fascicles (TN: 30.35 vs.
28.57; MPN: 20.75 vs. 18.00; LPN: 13.40 vs. 11.33).
Nevertheless tibial nerve CSA measured in both groups
is in line with results of ultrasound and magnetic reso-
nance imaging performed on living patients (Table 4).
The statistical analysis proved that the tibial and medial
plantar nerves are similar in the fresh and fresh-frozen
groups. On the other hand the lateral plantar nerves
appeared to be statistically different. Such discrepancy
may be the result of anatomical differences of the ex-
amined nerves. The LPN is the smaller terminal branch
of the TN bifurcation [21]. Because of that it may be
suggested that freezing process does not alter larger
nerves (TN, MPN) whilst impacts smaller ones (LPN).
Although the differences proved to be statistically
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insignificant (except for LPN) their slightly decreased
values in fresh-frozen cadavers is worth noticing. Be-
sides micromorphometric assessment some differenc-
es between two examined groups appeared during
its histological preparation. Fresh-frozen specimens
showed grater stiffness and hardness of the nerve
trunks, poorly stained with haematoxylin and eosin and
revealed more artefacts in the microscopic analysis.
Decreased CSA of the assessed nerves may be ex-
plained by Bakhach [4] who described changes occur-
ring in biological tissues during freezing using thermo-
dynamic and biophysical laws. Emphasizing that water
may reach up to 70% of tissues volume he examined
its transfer between intra and extracellular compart-
ments throughout crystallisation process. Intracellular
formation and aggregation of ice crystals destroy its
structures and cause mechanical stress on the cell walls
resulting in deformation and fragmentation. Moreover
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water transition into a solid state leads to changes in
extracellular chemical composition with the increased
ion accumulation. Such concentration gradient between
cell membrane makes water run out of the intracellular
space causing its dehydration. These may elucidate
rigidness of the nerve samples, artefacts in the micro-
scopic assessment and slightly decreased CSA of the
fresh-frozen cadavers registered in the present study.

Although fresh cadavers retain biomechanical fea-
tures and are most suitable for the surgical training,
they putrefy and are available only for the short time [3].
Searching for the best fresh body equivalent brought
to many studies on its preservation [9, 12]. Along
with proved advantages each method revealed some
limitations, as so: formalin fixation makes the speci-
mens stiff and discoloured, Thiel embalming requires
infrastructure for the process and is not suitable for all
tissues, fresh-freezing brings the risk of infection and
needs time for thawing [39]. Nevertheless, fresh-fro-
zen cadavers seem to be the most flexible and realistic
[19]. They appeared to be even better than the virtual
reality stimulator [34].

While literature provides comparative analysis of
the fresh and fresh-frozen tendons [6, 18], bones [10,
26, 41], and osteochondral allografts, [29] there is
lack of such comparison for the human peripheral
nerves. Hohmann et al. [18] revealed that the long
head of biceps tendons showed higher loads to failure
and lower elasticity in the fresh-frozen samples when
compared to the fresh specimens. At the same time
fresh tendons were wider and presented larger CSA.
On the contrary, Bitar et al. [6] state that fresh-frozen
tendons of the semitendinosus muscle show no histo-
logical differences referring to the fresh ones. Similar-
ly Panjabi et al. [30] deny any physical or histological
changes in the fresh-frozen specimens. Opposite to
that, Giannini et al. [14] noted an increased CSA in the
fresh-frozen tendons of the posterior tibial muscles
as well as increased stiffness and decreased ultimate
load. An interesting study was performed by Zarb
et al. [46] who analysed the quality of the magnetic
resonance images of living patients’, fresh-frozen and
Thiel embalmed bones, ligaments, tendons and mus-
cles of the ankle. The image quality of the fresh-frozen
specimen appeared to be higher when compared
to that of living patient. Unfortunately no nerves of
the ankle were included in the research which might
have been beneficial for the present study reference.

Fresh-frozen peripheral nerves were examined most-
ly in relation to their biomechanical properties [8, 44].
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Stouthandel et al. [37] compared Thiel embalmed and
fresh-frozen median nerves showing slight increase of
CSA in the embalmed group, no significant difference in
elasticity and similar biomechanical patterns. Enlarged
CSA of the nerves preserved with the Thiel method is
interpreted to be the result of the embalming fluid
uptake. Sargon et al. [32] counted the myelinated nerve
fibres of the fresh-frozen facial nerve terminal branches
concluding that both fresh and fresh-frozen human
specimens are better than formalin-fixed in order to
perform the anatomic dissection and find tiny nerves.
To the best of our knowledge there has not been
any publication which compared histological struc-
ture of the fresh-frozen human nerves to the fresh
ones. As so, such analysis of the peripheral nerves
together with biomechanical experiments may con-
stitute a valuable subject for the future studies.
Albeit there were relatively high number of lower
limbs examined in the present study (81 feet) their une-
ven distribution among the compared groups (60 vs. 21)
and low number of fresh-frozen cadavers might have
influenced the results. Only 9 males in the fresh-frozen
cadavers group would have significantly hindered the
gender comparison. Second limitation is the fact that
lower limbs included in the group of fresh-frozen ca-
davers originated from different donors which imped-
ed the intra-individual left-right comparison. Another
restriction is the various age of the analysed groups
which is proved to correlate with peripheral nerves
CSA [15, 27]. Narrow range of age in the fresh-frozen
cadavers (from 60 to 92 years) might have also biased
the age correlation which was confirmed for the tibial
nerve CSA in the fresh cadavers (range of age from
27 to 91 years). Therefore, for the sake of future studies,
the authors would recommend to collect and compare
specimens from the contralateral sides of the individual
(followed by the left-right difference exclusion).

CONCLUSIONS
To conclude, the authors of the present study
proved that freezing process alters tissue properties
of the smaller nerves on top of impacting biomechan-
ical features of the peripheral nerves. Histological
structure of the larger nerves remains uninfluenced
by the freezing process.
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Background: It is critical for surgeons to have a full understanding of the com-
plex courses and ramifications of the human internal iliac artery and its parietal
branches. Although numerous anatomical studies have been performed, not
all variations at this site are currently understood. Therefore, we characterised
these blood vessels in foetal pigs to provide additional insight from a comparative
anatomical perspective.

Materials and methods: Eighteen half-pelvis specimens from foetal pigs were
dissected and examined on macroscopic scale.

Results: Among our findings, we identified the internal iliac artery as a descend-
ing branch of the abdominal aorta. A very thick umbilical artery arose from the
internal iliac artery. The superior gluteal, inferior gluteal, and internal pudendal
arteries formed the common arterial trunk. Although the superior gluteal artery
emerged from the common trunk from inside the pelvis, the inferior gluteal and
internal pudendal arteries bifurcated at deep layer within the gluteus muscles
after leaving pelvic cavity. We were unable to detect an typical obturator artery
emerging from the internal iliac artery. A branch supplying the hip adductors was
identified as arising from the inferior epigastric artery which itself was derived
from the distal end of the external iliac artery.

Conclusions: We identified the anatomic characteristics of the internal iliac artery
and its parietal branches in the foetal pig. Our findings provide new insight into
the comparative anatomy of the internal iliac artery and will promote understand-
ing of related morphogenetic processes. (Folia Morphol 2021; 80, 3: 549-556)

Key words: hypogastric artery, pelvic artery, gross anatomy, comparative
anatomy, anatomical variation, domestic animal

INTRODUCTION compartment of thigh, and the intrapelvic viscera in

The internal iliac artery arises from a bifurcation of humans [14, 15, 18, 26]. These branches are classi-
the common iliac artery which generates numerous fied into two groups on the basis of the pattern of
branches that feed the gluteal region, the medial blood supply (Table 1). Group 1 includes the parietal
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Table 1. General anatomy of the parietal and visceral branches
of the human internal iliac artery

Group Artery

Superior gluteal artery

Main blood supply

Parietal branch Gluteal muscles

Inferior gluteal artery Gluteal muscles

Parietal wall of
ischio-anal fossa

Internal pudendal artery

Obturator artery Hip adductor muscles
lliolumbar artery Intrapelvic muscles
Lateral sacral artery Spinal cord
Visceral branch  (Cord of) umbilical artery -
Superior vesical arteries Urinary organs
Inferior vesical arteries Urinary organs

Artery to ductus
deferens/uterine artery

Internal genitalia

Middle rectal artery Rectum

branches, which are the arteries that feed the parietal
muscles, e.g., the gluteal and hip adductor muscles.
Group 2 are the visceral branches that provide blood
supply to the intrapelvic organs, including the internal
genitalia, urinary organ, and the rectum. The superior
gluteal (SG), iliolumbar and lateral sacral arteries typ-
ically arise from the posterior division of the internal
iliac artery, while all other branches originate from
the anterior division [15, 18].

The ramifications and courses characteristic of
these branches of the internal iliac artery can be quite
complex in human subjects, and there are many pub-
lished studies that survey the anatomy of this region
[1,2,8,9,17,23,24,27,30,32,36,39,41,42]. The
anomalies identified in the main parietal branches,
the SG, inferior gluteal artery (1G), internal pudendal
artery (IP), and obturator artery (Ob) have been a sub-
ject of great interest among anatomists and clinicians
due to their morphological and surgical significance.

In the past few years, morphogenetic and topo-
graphic studies focused on the origin and course of
variations identified among the parietal branches of
the internal iliac artery have been subjected to conven-
tional statistical analyses. As but one example, Honma
et al. [17] examined the formation of an arterial ring
in the human pelvic artery and suggested that specific
ramifications of the parietal branches were associated
with the site of disappearance of the arterial ring. Fur-
thermore, previous study examined variations in the
course taken by the SG, including its relationship with
the lumbosacral plexus; we found that the route taken
by the SG varied in accordance with the segmental
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variations of the lumbosacral plexus [4]. However, not
all anatomical variations among the parietal branches
are clearly understood; for example, the branching
patterns and course variations observed among the
IG and Ob have not been fully considered.

There are very few published studies that focus
on embryologic and comparative anatomical descrip-
tions of anomalies of the internal iliac artery and its
parietal branches; likewise, precise embryological and
anatomical descriptions of the internal iliac artery
during foetal development have not been reviewed
since 1919 [35]. Anatomic investigations of the in-
ternal iliac artery have been conducted in a several
primate, rodent, and artiodactyl species, although
very few comparative studies have emerged [2, 6,
13, 16, 21, 22]. As such, it is clear that the standard
anatomy of the internal iliac artery with respect to
commonalities shared with other mammalian species
has not been fully addressed; strong basic findings
would be crucial prior to any discussion of variations
or aberrancies. In the present study, our goal was
to identify the anatomical characteristics of the pa-
rietal branch arising from the internal iliac artery in
a foetal pig (Sus scrofa domestica). This would be an
important first step toward systematising all available
information on the standard structure of the common
parietal branches as well as the identification of spe-
cific findings characteristic of each species.

MATERIALS AND METHODS

The present study performed in 18 half-pelvis
specimens (12 right and 6 left) from foetal pigs (Sus
scrofa domestica) which had been used for anatom-
ical studies as part of the curriculum of the Depart-
ment of Physical Therapy, Faculty of Health and Med-
ical Care, Saitama Medical University. In the present
study, experiments involving animals were carried out
in accordance with the Guidelines for Proper Conduct
of Animal Experiments (Science Council of Japan), as
revised in 2006.

All specimens were obtained as scientific teach-
ing materials from Bio Corporation (Alexandria, MN,
USA) and were embalmed with 1.8% formalin, 2.7%
phenol, and 5.0% ethylene glycol. Additionally, the
specimens were injected with red latex in the arterial
systems. The distance between the crown and rump
of the specimens was 30-35 mm.

The internal iliac artery and its parietal branches
were identified through conventional macroscopic
dissection procedures. The origin, course and dis-
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Figure 1. Typical ramification
and branches from the iliac
artery; A. Drawing of the iliac
artery and peripheral structures
in the foetal pig. The internal
iliac artery and its branches

are shown in bright red;

B. Photograph of a dissected
right iliac artery and peripheral
structures in the foetal pig;

C. Schematic of the arterial tree
of dissected right iliac artery in
the foetal pig. Black and white
arrowheads indicate the com-
mon arterial trunk formed by
the superior gluteal artery (SG),
inferior gluteal artery (IG), and
internal pudendal artery (IP).
The dotted line indicates the
outlet of the pelvic cavity;

AA — abdominal aorta;

Ad — hip adductor muscles;
AW — abdominal wall; El
external iliac artery; Fe — fem-
oral artery; GMe — gluteus me-
dius; GMi — gluteus minimus;
GS — gluteus superficialis;

|IE — inferior epigastric artery;

Il — internal iliac artery; lli
iliolumbar artery; L — lumbar
vertebra; MCF — medial
circumflex femoral artery; MS
— medial sacral artery; PMj —
psoas major; Um — umbilical
artery; Vi — visceral branch.

tribution of the all parietal branches were recorded
by accurate sketches and photographs that were
organised following the classifications described by
Adachi [1] and Yamaki et al. [42].

RESULTS

Ramifications of the iliac artery

In all cases examined, the external and internal
iliac arteries arose directly from the abdominal aorta
at the level of the last lumbar vertebra; there was no
blood vessel corresponding to the common iliac artery
in the foetal pig. The internal iliac artery descended
from its point of origin into the pelvic cavity and then
generated several branches. Its ramifications and the
courses of several parietal branches were as shown
in Figure 1. Of all branches, the umbilical artery ex-
tended from the internal iliac artery with a strong and
consistent pattern. This artery first descended, and
turned toward the umbilicus and ascended.
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Ramifications, course, and distributions
of SG, IG, and IP

In all 18 half-pelvis specimens, the SG, IG, and IP
were the three main parietal branches that form the
common arterial trunk (black and white arrowheads
in Fig. 1A, B) that emerged from the internal iliac
artery. The SG emerged from the common arterial
trunk as an oblique descending branch. In the 15 of
18 specimens examined, the SG passed through the
upper part of the sacral plexus, below the lumbosacral
trunk and the suprapiriform foramen to reach gluteal
muscles (“a” in Fig. 2 and Table 2). The relation of the
SG course to the sacral plexus was nearly constant
even in cases in which the root of the plexus shifted
cranially or caudally due to a smaller or larger number
of thoracolumbar vertebrae (Table 2).

The arterial trunk of the remaining two branches,
the IP-IG trunk, descended and passed through the
infrapiriform foramen to appear outside the pelvis.
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Figure 2. Positional relation of the gluteal artery route to the sacral
plexus. The superior gluteal artery (SG) passed through the upper (a)
or occasionally the middle part (b) of the sacral plexus. The lower
part of the plexus was intersected by the atypical gluteal artery (c).
The lumbosacral trunk consistently originated from the last two
lumbar nerves; LT — lumbosacral plexus; S — root of the sacral
nerves; Sc — sciatic nerve.

After leaving the pelvic cavity, the common arterial
trunk divided immediately into two branches; the IG
provided blood supply to the gluteus superficialis
muscle from the deep surface along with the inferior

gluteal nerve and the IP entered into the pudendal
canal together with the pudendal nerve.

The origin, course, and distribution of the Ob

There was no Ob originating from the internal
iliac artery. Although this artery as an extremely slen-
der branch was occasionally detected as emerging
from the common trunk or iliolumbar artery and
descending toward the obturator foramen, it did not
reach the obturator foramen and the hip adductors.
Meanwhile, an arterial branch supplying blood to the
hip adductor muscles, similar to the human Ob, was
found to be arising from the inferior epigastric artery
which extended from distal end of the external iliac
artery (Fig. 1). This artery passed under the inguinal
ligament and extended around hip adductors. Most
of cases exhibited this single-branch anatomy save
a few cases that exhibited two branches; this branch
corresponded to the medial circumflex femoral artery
that extended from the deep femoral artery observed
generally in veterinary anatomy [28].

Other minor parietal branches

The iliolumbar artery arose from either the exter-
nal and internal iliac arteries, and included multiple

Table 2. Number of thoracolumbar vertebra, origin of the lumbosacral trunk, and the course of the superior gluteal artery (SG), refer to

Figure 2, in all 18 cases examined

Specimen number Number of vertebrae Total number of Origin of the lumbosacral SG course
Thoracic Lumbar thoracolumbar vertebrae trunk
1 15 7 2 a
2 15 7 22 a
3 15 6 21 a
4 15 6 21 a
5 15 6 21 a
6 15 6 21 a
7 14 6 20 a
8 16 6 22 a
9 16 6 22 All originated from b
10 14 7 21 the last two lumbar nerves a
" 14 7 21 b
12 14 7 21 b
13 14 8 2 a
14 15 7 22 a
15 15 7 2 a
16 15 7 2 a
17 16 6 22 a
18 16 7 23 a
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Figure 3. Atypical ramification
and branches from the iliac

al 7 artery; A. Drawing of right iliac

; artery and peripheral structures

in the foetal pig. The internal
iliac artery and its branches are
shown in red; B. Photograph of
the right iliac artery and periph-
eral structures in the foetal pig;
C. Schematic of the arterial tree
of the iliac artery in the foetal
pig. Black and white asterisks
denote the atypical gluteal ar-
tery. The dotted line shows the
outlet of the pelvic cavity;
AA — abdominal aorta;

D Ad — hip adductor muscles;

AW — abdominal wall; El

external iliac artery; Fe — fem-

oral artery; GMe — gluteus me-

dius; GMi — gluteus minimus;

GS — gluteus superficialis;

IE — inferior epigastric artery;

IG — inferior gluteal artery;

Il — internal iliac artery; lli

iliolumbar artery; IP — internal

pudendal artery; L — lumbar

vertebrae; MCF — medial cir-

cumflex femoral artery; MS —

medial sacral artery; PC — pan-

niculus carnosus; PMi — psoas

minor; PMj — psoas major;

Sc — sciatic nerve; SG —

superior gluteal artery;

TFL — tensor fasciae lata;

Um — umbilical artery;

Vi — visceral branch.

branches that provided blood supply to the psoas
major, psoas minor, and iliacus muscles. The iliolum-
bar artery emerged from the common arterial trunk
as a first branch and had a tendency to pass above
or below the lumbosacral trunk.

Although the medial sacral artery arose from the
posterior division of the lower end of the abdominal
aorta as a well-developed long descending branch,
the lateral sacral artery was absent.

Atypical gluteal artery

Of the 18 specimens examined, we identified
1 case with a second gluteal artery (black and white
asterisks in Fig. 3A, B). In this case, the SG emerged
from the common arterial trunk after the iliolumbar
artery and a second gluteal artery was detected imme-
diately distal to this point from remaining descending
branch. The SG passed through the middle sacral
plexus, between the ventral rami of S1 and S2 spinal

roots (“b” in Fig. 2 and Table 2), and through the
suprapiriform foramen to reach the gluteus muscles.
By contrast, the atypical gluteal artery passed through
the lower part of the sacral plexus, between the spinal
roots of S2 and S3 (“c” in Fig. 2) as well as the supra-
piriform foramen. After leaving the pelvic cavity, the
atypical branch bifurcated immediately; one branch
provided blood supply to the gluteus medius and the
other distributed blood to the gluteus medius, gluteus
superficialis muscles, and sciatic nerve (Fig. 3A). In this
case, the IG and IP arose at the bifurcation of the IG-IP
trunk after leaving the pelvic cavity as was typical for
the 18 foetal pig specimens examined.

DISCUSSION
Origin of the parietal branch in the foetal pig
In the present study, the patterns of several parietal
branches arising from the internal iliac artery were
evaluated in the foetal pig. In all specimens, the SG,
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IG, and IP formed the common descending trunk; the
SG emerged from the common arterial trunk in the
pelvic cavity. Meanwhile, the remaining IG-IP trunk
bifurcated into the I1G and IP after leaving the pelvic
cavity. This branching pattern observed in the foetal
pig corresponds to type IV as classified by Adachi in his
study of the human internal iliac artery [1], although
Adachi’s classification did not consider whether the
trunk bifurcates to the IG and IP at a location inside
or outside of pelvic cavity. According Yamaki’s mod-
ification of Adachi’s classification system, this pat-
tern of ramification corresponds to type IV/group 4
and is detected in only 0.5% of human subjects [42].
Although several branching patterns of human in-
ternal iliac artery have been examined based on the
morphogenetic analysis of the specific case of arterial
ring formation, type IV/group 4 is an exception [17].

The IG has been identified as a persistent axial
artery (which corresponds to the sciatic artery) in the
lower extremity that develops in the primordial stage
[5, 7, 12, 34, 35, 43]. The bifurcation of the common
arterial trunk outside of pelvis reflects the fact that
the IP originates from the IG. The IP originated from
the IG in 40-90% in humans and there are remarkable
variations among ethnic groups and specific published
reports [1, 3, 9, 23, 32, 39]. Interestingly, in the ground
squirrel (Citellus citellus), the IP originates from the
external iliac artery [6]. To understand the branching
patterns of the common arterial trunk formed by the IG
and IP, it is clearly crucial to establish the origin of the IP

Course of the SG

The SG typically passed through the upper sacral
plexus, below the lumbosacral trunk; this is the case
even if the root of the plexus and the lumbosacral
trunk shift cranially or caudally due to a smaller or
larger number of thoracolumbar vertebrae (Fig. 2,
Table 2). We suggest that this observation implies
that the course taken by the SG relates directly to the
observed segmental variations in the plexus including
the lumbosacral trunk; this observation reflects similar
findings from human cadaveric dissections [4].

The atypical gluteal artery

The atypical gluteal artery arose from the descend-
ing common arterial trunk after the emergence of
the typical SG; it passed through the lower part of
the sacral plexus and between the spinal roots of S2
and S3 (Fig. 2). This artery distributed blood to the
gluteus medius, gluteus superficialis muscles, and
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sciatic nerve after emerging from the suprapiriform
foramen and dividing into two branches (Fig. 3A).
According to its origin, course, and distribution, this
atypical artery has the anatomical characteristics that
are similar to those both the SG and the IG. However,
the fact that it supplies the sciatic nerve indicates that
this atypical artery corresponds more closely to the
IG, because the artery feeding the sciatic nerve has
been identified as a persistent form of the sciatic ar-
tery which was present in the primordial stages prior
to birth [14, 18]. Analysis of this and other atypical
cases may help toward our understanding of the
morphogenesis of the sciatic artery.

Comparative anatomy of the internal iliac artery
and its main parietal branches

The anatomy of the iliac artery has been evaluated
in a several primate, artiodactyl, and rodent species;
we have summarised the ramification patterns in
Figure 4. As shown, the common iliac artery is absent
in foetal pigs and llamas (Lama glama) [16], both of
which belong to Artiodactyla. Although absence of
the common iliac artery has been reported in human
subjects, this anomaly is extremely rare [10, 25, 37].
Interestingly, aplasia of the common iliac artery has
also been observed in other artiodactyls, including
sheep (Ovis aries) and pampas deer (Ozotoceros
bezoarticus) [11, 40] and as such, appears to be
a phylogenetically defined phenomenon.

In both primates and rodents, the common il-
iac artery bifurcates into the external and internal
iliac arteries (Fig. 4B, C). The SG has a tendency to
emerge from the iliac artery before other main pari-
etal branches; this branching pattern may reflect the
fact that the SG originates from a root of the sciatic
artery in humans during foetal development [35].

The IG and IP are frequently detected together and
form the common arterial trunk; however, the IP can
originate from the external iliac artery, as described
above for ground squirrels. In progressive stage of hu-
man development in utero, the sciatic artery (which
corresponds to the IG) and the IP were derived from
a posterior division of the umbilical artery while the ex-
ternal iliac artery originates from the proximal part of the
umbilical artery at a site in close proximity to the origin
of the sciatic artery [35]. Therefore, the IP could originate
from the IG and proximal part of the external iliac artery.

The medial circumflex femoral artery in the foetal
pig provided blood to the hip adductors in place of
the Ob. The medial circumflex femoral artery arose
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A] Artiodactyls

AA

Foetal pig: Typical type

(Sus scrofa domestica) Llama (Lama glama)

Primates

AA

Human: Type la
(Homo sapience)

Taiwan macaque
(Macaca cyclopis)

¢/ Rodents

AA

Ob 5

Pobic

Type B

Ground squirrel
(Citellus citellus)

Persian squirrel

(Sciurus anomalus) Rat (Rattus norvegicus)

Figure 4. Summary of the ramification pattern of the iliac artery in several mammals including artiodactyls (A), primates (B), and rodents (C).
Modified schematics of arterial tree of the internal iliac artery in each species, the foetal pig (present study), Llama (Graziotti, 2003), Human
(Adachi, 1928), Taiwan macaque (Fujita, 1963), Ground squirrel (Blagojevic, 2013), Persian squirrel (Akibari, 2016) and Rat (Kigata and Shibata,
2019) are shown. The dotted line shows the outlet of the pelvic cavity; AA — abdominal aorta; Cl — common iliac artery; El — external iliac
artery; Il — internal iliac artery; IG — inferior gluteal artery; IP — internal pudendal artery; MCF — medial circumflex femoral artery;

0 — obturator artery; SG — superior gluteal artery; Um — umbilical artery.

from the inferior epigastric artery, and reached the
hip adductors without passing through the obturator
foramen. The inferior epigastric artery has a close
morphogenetic relationship with the Ob, and the
origin of the medial circumflex femoral artery in the
foetal pig is similar to “corona mortis” which is well-
known to surgeons as a prominent and significant
anatomic variation of the human Ob [19, 20, 29,
31, 33, 38]. Furthermore, in rats, the origin of the
medial circumflex femoral artery is similar to that
in a typical human Ob (Fig. 4C). Therefore, a more
careful evaluation of the anatomical characteristics of
the medial circumflex femoral artery in non-human
mammals may help in understanding the variations
in the human Ob including the corona mortis.

CONCLUSIONS

These findings in the present study can represent
an important addition to the anatomical research
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into variations in the internal iliac artery. These find-
ings will help us to understand the morphogenetic
process and will be useful for surgical treatment of
domestic animals.
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Background: Identifying the arterial variation of the lateral circumflex femoral
artery (LCFA) is a vital step in planning surgical and radiological approach. The
aim of the study was to evaluate the variations and discuss the clinical correlates
of the LCFA.

Materials and methods: Fifty eight adult cadavers (male 45, female 13) with
115 usable sides were used to assess and classify the origin and branches of the
LCFA. Also its external diameter, distance from mid-inguinal ligament to sites of
origin from the profunda femoris artery or femoral arteries.

Results: There were seven types of LCFA variations in this sample. We classified
them as types A to G, of which type A was normal, that is, the one showing
a single LCFA arising from the profunda femoris artery. Nearly 50.43% of the
sample had type B-G variations, each having 13, 10, 23, 4, 4, and 3 cases, ac-
counting for 11.30%, 8.70%, 20.00%, 3.48%, 3.48%, and 2.61%, respectively.
Conclusions: There are many variant types in the LCFA. To avoid iatrogenic in-
juries, clinicians must have a sound understanding of the variation types of this
important blood vessel. (Folia Morphol 2021; 80, 3: 557-566)

Key words: lateral circumflex femoral artery, variation, anatomy, clinical
significance

INTRODUCTION

The lateral circumflex femoral artery (LCFA)
branches from the lateral part of the root of the pro-
funda femoris artery (PFA) and runs horizontally and
laterally on the back of the sartorius and rectus femo-
ris muscles. It divides into ascending, transverse, and
descending branches [25]. There are several reports
of variations of the LCFA and PFA [8, 17, 19] includ-
ing many case reports in domestic and international
literature. Statistically, there is a dearth of published
literature analysing the morphometric, types of vari-
ations, and clinical significance of the LCFA. With the

continued development of vascularised skin flap and
vascularised bone reconstruction transplantations
as well as the improvement in radiological diagnosis
and treatment of peripheral vascular diseases, PFA
and its branches have become of important clinical
value [13]. In particular, the LCFA and its branches are
of great significance in the vascular transplantation
and reconstruction surgery [1, 15, 23]. Therefore, this
study was designed to provide detailed anatomical
data for clinical use by analysing the variations of the
LCFA in a sample of 58 cadavers.
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Figure 1. Type A variation in
which one single lateral cir-
cumflex femoral artery (LCFA)
originated from the profunda
femoris artery (PFA). A picture:
1 — femoral artery (FA);

2 —PFA; 3 —LCFA.

MATERIALS AND METHODS

Materials

Fifty-eight (male 45, female 13) formalin-fixed
adult cadavers from the Department of Human Anat-
omy, Sun Yat-sen School of Medicine were used in
this study resulting in 115 usable LCFAs. Dissection
instruments for routine use in gross anatomy such as
scalpels, haemostatic forceps, etc. were used. A cal-
ibrated Vernier calliper was used for measurement
(accuracy 0.01 mm). The specimens were preserved
in 10% neutral formalin fixative solution.

Methods

The formalin-fixed and undissected cadavers des-
tined to be used in gross anatomy teaching/dissec-
tions (i.e. the skin of the lower abdomen and upper
thigh did not have any surgical marks or signs of
having been dissected) were selected for meticulous
exposure of the femoral artery, its profunda branch
as well as the LCFA. The origin of femoral artery (FA)
and LCFA and their branches were carefully exposed
and observed following a pre-established protocol
of lower limb femoral region dissection described
previously [11]. Verification of the identities, cours-
es, and branches of the FA, PFA, and LCFA, as well
as any variations, were done by two senior anato-
mists (X.D.Z. and J.M.H., corresponding authors).
The external diameters of the FA, PFA and LCFA,
the distance between the starting point of the PFA
and the midpoint of the inguinal ligament, and the
distance between the starting point of the LCFA and
the starting point of the PFA were measured with
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a Vernier calliper and string tracing method. The (Z3i,
vivo, China) smartphone was used for recording the
images of the in situ anatomy and any variations
encountered.

RESULTS

Our team conducted an anatomical study on
115 extremities of 58 cadavers. There were seven
types of origin variations of the LCFA, namely type A
(onessingle LCFA originated from the PFA, Fig. 1); type B
(one single LCFA originated from the FA, Fig. 2); type C
(one single LCFA and PFA that arose from a common
stem, Fig. 3); type D (two LCFAs both originated from
the PFA, Fig. 4); type E (one LCFA originated from the
PFA, while the other originated from the FA, Fig. 5);
type F (one LCFA originated from the PFA, the other
arose from a common stem with the PFA, Fig. 6); type G
(one LCFA originated from the FA, the other arose
from a common stem with the PFA, Fig. 7).

Type A was the most prevalent variation (58 out
of 115, 50.43%) while 13 out of the 115 (11.30%)
specimens were type B. The average distances from
the midpoint of the inguinal ligament to the origins
of the LCFA and the PFA from the FA were 42.65 +
+ 13.87 mm and 33.15 = 16.37 mm, respective-
ly. The average external diameter of the FA was
9.50 = 2.53 mm while that of the PFA and the LCFA
were 4.79 = 1.26 mm and 4.37 = 1.13 mm, respec-
tively (Tables 1 and 2).

Ten out of 115 (8.70%) femoral region specimens
had type C variation of the LCFA origin. The average
distance between the midpoint of the inguinal lig-
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Figure 2. Type B variation in
which one single lateral cir-
cumflex femoral artery (LCFA)
originated from the femoral
artery (FA). A picture: 1 —FA;
2 — profunda femoris artery
(PFA); 3 — LCFA.

Figure 3. Type C variation in
which one single lateral circum-
flex femoral artery (LCFA) and
profunda femoris artery (PFA)
that arose from a common stem.
A picture: 1 — femoral artery
(FA); 2— PFA; 3 — LCFA.

Figure 4. Type D variation in
which two lateral circumflex
femoral arteries (LCFAs) both
originated from the profunda
femoris artery (PFA). A picture:
1 — femoral artery (FA); 2 —
PFA; 3 — the proximal LCFA
(LCFA-a); 4 — the distal LCFA
(LCFA-b).
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Figure 5. Type E variation in
which one lateral circumflex
femoral artery (LCFA) originated
from the profunda femoris artery
(PFA), while the other originated
from the femoral artery (FA).

A picture: 1 — FA; 2— PFA;

3 — LCFA originates from FA
(LCFA-a); 4 — LCFA originates
from PFA (LCFA-b).

Figure 6. Type F variation in
which one lateral circumflex
femoral artery (LCFA) originated
from the profunda femoris ar-
tery (PFA); the other arose from
a common stem with the PFA.
A picture: 1 — femoral artery
(FA); 2— PFA; 3— LCFA
arises from the common origin
with PFA (LCFA-a); 4 — LCFA
originates from PFA (LCFA-b).

LCFA a Figure 7. Type G variation in
PFA which one lateral circumflex
femoral artery (LCFA) originated
from the femoral artery (FA);
the other arose from a common
stem with the profunda femoris
artery (PFA). A picture: 1 — FA;
2 — PFA; 3 — LCFA arises
from a common origin with PFA
(LCFA-a); 4 — LCFA originates
from FA (LCFA-b).

LCFA b
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ament and the common origin of the PFA and the
LCFA from the FA was 34.23 = 9.96 mm. The average
external diameter of the FA was 9.50 + 2.53 mm while
that of the PFA and the LCFA were 4.79 = 1.26 mm
and 4.37 + 1.13 mm, respectively (Tables 3 and 4).
Twenty-three out of 115 (20.00%) specimens bear-
ing the origin of the LCFA were of type D. In this type,
the proximal LCFA was defined as LCFA-a, while the
distal one defined as LCFA-b. The average distances
from the inguinal ligament midpoint to the origin of
the LCFA-a and the LCFA-b from the PFA were 17.26 +
+ 13.26 mm and 30.22 = 13.84 mm, respectively. The
average distance from the midpoint of the inguinal
ligament to the exit point of the PFA from the FA was
42.51 = 14.55 mm. The average external diameters were
as follows: the FA was 8.44 + 2.41 mm, that of the PFA

Table 1. Summary of the origin and branches of lateral circum-
flex femoral artery for type B

ltem N X*s Minimum  Maximum
(branch) [mm] [mm] [mm]
PFA-MIL 13 42,65 = 13.87 16.23 60.64
EDFA 13 9.50 + 2.53 5.21 13.23
EDPFA 13 479 +1.26 2.93 6.68
LCFA-MIL 13 33.15 £ 16.37 6.64 66.38
EDLCFA 13 437 +1.13 240 5.52

PFA-MIL — the distance from the midpoint of the inguinal ligament to the origin of the pro-
funda femoris artery; EDFA — the external diameter of the femoral artery; EDPFA
—the external diameter of the profunda femoris artery; LCFA-MIL — the distance
from the midpoint of the inguinal ligament to the origin of the lateral circumflex femoral
artery; EDLCFA — the external diameter of the lateral circumflex femoral artery

was 5.91 = 1.89 mm, the LCFA-a was 3.77 = 1.10 mm
and the LCFA-b was 3.17 = 1.16 mm (Tables 5 and 6).
Four out of 115 (3.48%) specimens were variation
type E. In this type, the LCFA that originatced from the FA
was designated LCFA-a, while the one coming from the
PFA was designated LCFA-b. The average distances from
the midpoint of the inguinal ligament to the origins of the
PFA and the LCFA-a from the FA were 46.84 = 4.09 mm
and 47.25 + 26.48 mm, respectively. The LCFA-b sprung
from the PFA about 18.55 = 7.03 mm from where the
PFA exited the FA. The average external diameters of the
arteries were as follows: the FA 9.14 = 2.65 mm, the
PFA was 5.54 + 1.36 mm, LCFA-a 3.16 = 1.28 mm, and
the LCFA-b was 4.23 + 1.28 mm wide (Tables 7 and 8).
The type F variations were also encountered in 4 of
the 115 (3.48%) specimens. In this variation type, the
LCFA and the PFA shared a common origin defined as
LCFA-a, while the other one independently arose from
the PFA and was named the LCFA-b. The mean length of
the LCFA-a from the midpoint of the inguinal ligament to
its FA origin was 49.64 = 12.40 mm. The LCFA-b exited
the PFA about 25.26 + 6.64 mm down the course of the
PFA. The average external diameters of the arteries as fol-
lows: FA 10.24 = 0.78 mm, PFA6.20 + 0.77 mm, LCFA-a
4.48 +1.91,and LCFAb 3.04 =+ 1.43 mm (Tables 9 and 10).
Only 3 (2.61%) out of 115 specimens were type G
variations. In this type, the LCFA arising from a com-
mon origin with PFA was defined as LCFA-a, while
the one arising directly from the FA named LCFA-b.
The average distance from the midpoint of the in-

Table 2. Details of the origin and branches of lateral circumflex femoral artery for type B

Gender Age Side (left orright)  PFA-MIL [mm] EDFA [mm] EDPFA [mm] LCFA-MIL [mm] EDLCFA [mm]
Male Old Right 53.21 6.84 3.73 52.09 3.82
Male Old Right 52.76 10.63 6.18 21.32 5.37
Male Oid Right 31.57 5.30 3.06 9.95 2.40
Male Old Left 56.28 9.17 4.70 24.66 3.61
Male Old Right 19.88 8.97 5.40 66.38 5.46
Male Old Right 54.98 121 6.10 33.02 5.14
Male Old Right 60.64 12.20 4.23 28.32 5.02
Male Old Left 54.09 11.91 5.84 42.78 5.03
Right 4143 13.23 6.68 34.96 4.96
Female Old Left 44.87 9.90 5.99 6.64 5.16
Female Old Left 29.58 8.63 4.08 52.83 5.52
Female Old Right 16.23 8.79 293 25.26 2.78
Female Old Right 38.89 5.21 3.30 32.69 2.53

PFA-MIL — the distance from the midpoint of the inguinal ligament to the origin of the profunda femoris artery; EDFA — the external diameter of the femoral artery; EDPFA — the
external diameter of the profunda femoris artery; LCFA-MIL — the distance from the midpoint of the inguinal ligament to the origin of the lateral circumflex femoral; EDLCFA — the

external diameter of the lateral circumflex femoral artery
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Table 3. Summary of the origin and branches of lateral circum-
flex femoral artery for type C

Table 5. Summary of the origin and branches of lateral circum-
flex femoral artery for type D

ltem N X*s Minimum  Maximum ltem N X*s Minimum  Maximum
(branch) [mm] [mm] [mm] (branch) [mm] [mm] [mm]
CPFALCFA-MIL 10 3423+996 2422 56.73 PFA-MIL 23 4251 + 14.55 2418 82.25
EDFA 10 937221 5.51 134 EDFA 23 8.44 = 2.41 413 13.33
EDPFA 10 550+1.88  3.06 8.92 EDPFA 23 591 +1.89 3.09 10.17
EDLCFA 10 451 +1.47 207 141 LCFA a-PFA 23 17.26 = 13.26 4.32 59.55
CPFALCFA-MIL — the distance from the common origin of the profunda artery and LCFA b-PFA 23 3022 =13.84 11.14 59.55
extoma dimetr of th s rr. EDPP - the el dmtr fhe rfunc ENCFAa 23 377100 228 656
femoris artery; EDLCFA — the external diameter of the lateral circumflex femoral artery EDLCFA b 23 3.17 + 1.16 1.35 5.95

guinal ligament to the common origin of the PFA
and the LCFA-a from the FA was 92.92 + 4.40 mm.
The average distance from the midpoint of the ingui-
nal ligament to the origin of LCFA-b on the FA was
45.72 + 6.18 mm. The average external diameters of
the arteries were as follows: FA 9.85 = 0.73 mm, PFA
6.04 = 0.54 mm, LCFA-a 3.61 = 1.11, and LCFA-b
5.11 = 0.76 mm (Tables 11 and 12).

DISCUSSION

The profunda artery and the lateral circumflex
femoral artery are prone to having many types of var-
iations. Previously, Shi et al. described the variations
of the LCFA and, divided them into four categories
namely those originating from the profunda femoris
artery and those from the femoral artery as well as
the number of roots of origin [21] accounting for
25.00% and 76.56%; 90.62% and 9.38%, respectively.
If classified according to this method, the four types
of data measured by the author account for 15.15%
and 84.84%; 70.43%, and 29.57%, respectively. The
frequency with which the LCFA emanated from the

PFA-MIL — the distance from the origin of the profunda femoris artery to the midpoint of
the inguinal ligament; EDFA — the external diameter of the femoral artery; EDPFA —

the external diameter of the profunda femoris artery; LCFA a-PFA — the distance from the
origin of the LCFA a to the origin of the profunda femoris artery; LCFA b-PFA — the distan-
ce from the origin of the LCFA b to the origin of the profunda femoris artery; EDLCFA a —
the external diameter of the LCFA a; EDLCFA b — the external diameter of the LCFA b

profunda femoris artery was higher than that from
the femoral artery, and the number of cases with
a single circumflex femoral artery was also more than
those with a double. These findings were consistent
with the results of Shi et al. [21]. The majority of the
LCFAs originated from the profunda femoris artery
while a fewer were from the femoral artery or the
common stem with the profunda femoris artery [22].
Daksha Dixit et al. [3] studied 114 cases (228 speci-
mens) and found that the LCFA originated from the
profunda femoris artery in 171 (75%) specimens,
from the femoral artery in 18 (7.89%) specimens
and also from a common stem in 31 (13.59%) spec-
imens. Labetowicz et al. [11] found that the LCFA
arises from the profunda femoris artery or the femoral
artery in 78.75% and 21.25% of cases, respectively.
Also, Tomaszewski et al. [26] reported that the lat-

Table 4. Details of the origin and branches of lateral circumflex femoral artery for type C

Gender Age Orientation CPFALCFA-MI [mm] EDFA [mm] EDPFA [mm] EDLCFA [mm]
Male Old Right 34.82 10.09 5.90 5.61
Male Old Right 29.44 10.70 6.88 411
Male Young Left 42.55 5.51 3.89 2,07
Male Old Left 56.73 11.57 5.07 4.66
Male Old Left 2443 10.64 8.16 141
Male Old Right 43.42 13.40 8.92 5.81
Female Old Left 32.83 8.82 4.93 4.40
Right 28.28 8.18 4.98 3.65
Female Old Right 24.22 7.10 3.2 3.98
Female Old Left 25.55 7.69 3.05 2.72

CPFALCFA-MIL — the distance from the common origin of the profunda artery and lateral circumflex femoral artery to the midpoint of the inguinal ligament; EDFA — the external diameter
of the femoral artery; EDPFA — the external diameter of the profunda femoris artery; EDLCFA — the external diameter of the lateral circumflex femoral artery
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Table 6. Details of the origin and branches of lateral circumflex femoral artery for type D

Gender Age Orientation ~ PFA-MIL EDFA EDPFA LCFAa-PFA  LCFA b-PFA EDLCFA a EDLCFA b
[mm] [mm] [mm] [mm] [mm] [mm] [mm]
Male Oid Left 32.69 8.85 5.04 19.18 25.58 2.80 2.29
Right 82.25 8.65 4.45 4.32 2042 2.35 2.18
Male Oid Left 33.31 8.98 6.20 40.54 58.69 2.19 2.35
Male Old Left 2418 174 5.42 5.83 23.26 2.69 293
Male Young Left 28.78 413 41 1.70 19.39 3.89 3.16
Right 26.27 5.83 5.39 5.64 15.97 4.10 3.83
Male Old Right 4.4 10.23 8.61 15.96 20.55 4.87 5.08
Male Oid Right 4344 5.23 3.68 6.93 13.29 3.23 2.60
Male Young  Right 39.65 4.44 3.09 8.76 31.74 3.15 2.26
Male Old Left 48.01 10.02 7.88 14.91 32.85 6.56 1.35
Right 37.02 9.60 121 18.97 35.22 5.76 5.95
Male Old Left 36.91 9.65 7.03 4.63 23.63 452 2.50
Right 27.10 9.50 1.07 29.19 53.74 3.69 1.55
Male Old Left 5247 490 350 21.38 4214 3.46 2.53
Male Middle Right 46.91 6.95 3.99 13.63 11.14 3.12 2.20
Male Old Left 4755 11.05 7.90 2245 2398 3.38 4.36
Male Old Right 47.23 10.20 5.53 59.55 59.55 2.23 3.06
Male Old Right 36.70 9.56 6.88 11.37 40.18 319 399
Male 0Old Right 29.19 9.69 4.94 9.78 29.28 4.04 3.07
Male Old Left 42.26 10.14 8.89 18.62 18.62 5.62 478
Male Oid Right 38.21 13.33 10.17 34.56 47.82 468 4.56
Female  Old Right 80.50 10.67 5.12 10.37 29.90 3.04 1.89
Female  Old Left 39.86 490 3.94 6.70 18.15 350 3.87

PFA-MIL — the distance from the origin of the profunda femoris artery to the midpoint of the inguinal ligament; EDFA — the external diameter of the femoral artery; EDPFA — the
external diameter of the profunda femoris artery; LCFA a-PFA — the distance from the origin of the LCFA a to the origin of the profunda femoris artery; LCFA b-PFA — the distance
from the origin of the LCFA b to the origin of the profunda femoris artery; EDLCFA a— the external diameter of the LCFA a; EDLCFA b — the external diameter of the LCFA b

eral circumflex artery was a branch of the profunda
femoris artery and the femoral artery in 76.1% and
19.6%, respectively. Liu et al. [13] divided branches of
the profunda artery into four types based on clinical
application. In the present sample of 115 cases, the
lateral circumflex femoral arteries were classified ac-
cording to their origin and number of roots giving rise
to seven types (six of which were variations). The prev-
alence of the variations, named herein type A to G,
was 50.43%, 11.30%, 8.70%, 20.00%, 3.48%, 3.48%,
and 2.61%, respectively.

Based on the variation type, the distance from the
mid-point of the inguinal ligament to the origin of
the profunda femoris artery was 40.41 = 13.72 mm
(minimum 13.73 mm, maximum 83.64 mm). Nasr et
al. found that the mean distance between the mid-
point of the inguinal ligament and the origin of PFA
and was 51.5 = 1.9 mm on the right side and 49.7 +
+ 1.9 mm on the left side in males, and 48.5 + 2.2 mm
on the right side and 48.9 + 2.2 mm on the left side
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in females [16]. This difference in morphometric data
could be the result of individual and racial differenc-
es in anthropometric characteristics. Interventions
involving cannulation of the femoral artery are being
widely used in clinical practice [3]. During the pro-
cess of puncturing the femoral artery and inserting
a cannula, the profunda femoris artery should be
avoided as much as possible to prevent the guidewire
and catheter straying into it. If the profunda femoris
artery is abnormally placed or the origin too high,
the guidewire and catheter might easily stray into it
[6]. This study provides anatomical data that can help
access the femoral artery during clinical intubation,
and doctors should pay attention to the unique situ-
ation of each patient during femoral artery puncture.

According to the variation type, the diameter of the
lateral circumflex femoral artery was 4.30 = 1.43 mm
(minimum 1.01 mm, maximum 7.91 mm) and the
average point of origin of the LCFA was 56.98 mm
below the inguinal ligament. The deep branch (ascend-
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Table 7. Summary of the origin and branches of lateral circum-
flex femoral artery for type E

Table 9. Summary of the origin and branches of lateral circum-
flex femoral artery for type F

Item N X*s Minimum  Maximum Item N X*ts Minimum Maximum
(branch) [mm] [mm] [mm)] (branch) [mm] [mm] [mm]
PFA-MIL 4 46.84 = 4.09 4232 51.44 CPFALCFA a-MIL 4 4964 1240  37.88 68.55
EDFA 4 9.14 £ 265 5.29 11.81 EDFA 4 10.24 +0.78 9.52 11.56
EDPFA 4 5.54 + 1.36 3.97 . EDPFA 4 6.20 = 0.77 4.88 6.79
LCFA a-MIL 4 4725+2648  18.69 78.49 LCFA b- PFA 4 2526 =664 17.24 35.70
LCFA b-PFA 4 18.55 = 7.03 8.59 21.88 EDLCFA a 4 448 =191 3.25 7.79
EDLCFA a 4 3.16 £ 1.28 1.01 4.26 EDLCFA b 4 3.04 +1.43 1.31 4.98
EDLCFA b 4 423 +1.28 2.80 6.00 CPFALCFA a-MIL — the distance from the common origin of the profunda artery and

PFA-MIL — the distance from the origin of the profunda femoris artery to the midpoint of the
inguinal ligament; EDFA — the external diameter of the femoral artery; EDPFA —
the external diameter of the profunda femoris artery; LCFA a-MIL — the distance from
the origin of the LCFA a to the midpoint of the inguinal ligament; LCFA b-PFA — the distance
from the origin of the LCFA b to the origin of the profunda femoris artery; EDLCFA a — the
external diameter of the LCFA a; EDLCFA b — the external diameter of the LCFAb

LCFA a to the midpoint of the inguinal ligament; EDFA — the external diameter of the
femoral artery; EDPFA — the external diameter of the profunda femoris artery; LCFA
b-PFA — the distance from the origin of the LCFA b to the origin of the profunda femoris
artery; EDLCFA a — the external diameter of the LCFA a; EDLCFA b — the external
diameter of the LCFA b

Table 8. Details of the origin and branches of lateral circumflex femoral artery for type E

Gender Age Orientation PFA-MIL EDFA EDPFA LCFAa-MIL LCFAb-PFA  EDLCFAa EDLCFA b
[mm] [mm] [mm] [mm] [mm] [mm] [mm]
Male Oid Right 43.24 11.39 5.17 68.38 21.21 4.26 6.00
Male Old Right 50.37 8.08 5.31 18.69 8.59 3.92 2.80
Male Od Right 51.44 11.81 n 2343 27.88 347 3.26
Male Middle  Left 42.32 5.29 3.97 78.49 16.51 1.01 4.86

PFA-MIL — the distance from the origin of the profunda femoris artery to the midpoint of the inguinal ligament; EDFA — the external diameter of the femoral artery; EDPFA — the external
diameter of the profunda femoris artery; LCFA a-MIL — the distance from the origin of the LCFA a to the midpoint of the inguinal ligament; LCFA b-PFA — the distance from the origin of
the LCFA b to the origin of the profunda femoris artery; EDLCFA a — the external diameter of the LCFA a; EDLCFA b — the external diameter of the LCFA b

Table 10. Details of the origin and branches of lateral circumflex femoral artery (LCFA) for type F

Gender Age Orientation CPFALCFA a-MIL EDFA EDPFA LCFAb-PFA  EDLCFAa EDLCFA b
[mm] [mm] [mm] [mm] [mm] [mm]
Male Oid Left 52.89 11.56 6.60 23.58 3.60 2.08
Male 0Old Right 37.88 9.52 4.88 35.70 119 1.31
Male Oid Left 68.55 10.01 6.52 17.24 3.29 498
Male Oid Right 39.22 9.85 6.79 2453 3.25 3.7

CPFALCFA a-MIL — the distance from the common origin of the profunda artery and LCFA a to the midpoint of the inguinal ligament; EDFA — the external diameter of the femoral artery;
EDPFA — the external diameter of the profunda femoris artery; LCFA b-PFA — the distance from the origin of the LCFA b to the origin of the profunda femoris artery; EDLCFA a —

the external diameter of the LCFA a; EDLCFA b — the external diameter of the LCFA b

ing branch) of the LCFA nourishes the femoral head
and neck, and the diameter and position of the vessel
should allow for catheter insertion. This feat can easy
and safe to treat avascular necrosis of the femoral head
[4]. Therefore, data contained in this article provide an
anatomical basis for safe endovascular interventions
in the treatment of avascular necrosis of the femoral
head via the ascending branch of the LCFA.

The applied anatomy of the LCFA, an important
branch of the profunda femoris artery, is of great
significance in the clinical practice. For instance,
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it is responsible for vascularisation of the greater tro-
chanter, head, and neck of the femur as well as the
vastus lateralis muscle and the knee complex [26]. The
lateral circumflex femoral artery is closely associated
with the soft tissues around the hip joint and the
head and neck of the femur, putting it at risk during
traumatic damage to the hip joint and femoral neck
[5, 10]. Knowledge of the anatomical variations of the
profunda femoris artery and its circumflex branches
is vital in angiographic diagnostic procedures and
during surgical or radiological interventions involv-
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Table 11. Summary of the origin and branches of lateral circu-
mflex femoral artery for type G

Item N X*ts Minimum Maximum
(branch) [mm] [mm] [mm]
CPFALCFA a-MIL 3 9292 +440  86.71 96.19
EDFA 3 9.85 +0.73 9.12 10.85
EDPFA 3 6.04 + 0.54 5.55 6.79
LCFA b-MIL 3 4572 +6.18  40.92 54.44
EDLCFAa 3 364 1.1 2.23 4.94
EDLCFA b 3 511+ 0.76 4.04 5.65

CPFALCFA a-MIL — the distance from the common origin of the profunda artery and
LCFA a to the midpoint of the inguinal ligament; EDFA — the external diameter of the
femoral artery; EDPFA — the external diameter of the profunda femoris artery; LCFA
b-MIL — the distance from the origin of the LCFA b to the midpoint of the inguinal
ligament; EDLCFA a — the external diameter of the LCFA a; EDLCFA b — the external
diameter of the LCFA b

ing the femoral region. Orthopaedic surgeons and
interventional radiologists must be aware of potential
variations of the site of origin and course of the lateral
circumflex femoral artery when performing clinical
operations such as femoral triangle surgery and hip
joint replacement, and vascular radiological interven-
tion such as arterial catheterisation and arteriography
[18, 27], as a means to avoid iatrogenic injury and
decrease the risks of intra-operative posthaermor-
rhage, as well as post-operative complications. For
instance, the popular anterior approach of hip surgery
routinely requires the ligation of the ascending branch
of the LCFA. It may jeopardize vascularisation of the
proximal femur, especially in conditions of anatomical
variations [7].

It is also widely used and of surgical value in thigh
flaps [14]. The thigh flap supplied by LCFA and its
branches has a great clinical significance in flap plastic
surgery, including repairing large soft tissue defect of the
extremities [9], head-and-neck region [20] and knee [2],
as well as reconstructing defects resulted from perineal
and hypogastric tumour resection [24]. For example,
the retrograde anterolateral femoral flap with a de-
scending lateral branch of the femoral circumflex artery

and the perforating branch of the lateral superior genu
artery can better repair soft tissue defects around the
knee and middle and upper leg, with sufficient blood
supply and satisfactory outcomes [28]. Nevertheless,
the anatomical variability of the LCFA complicate the
harvest of thigh flaps, thus adequate awareness of
these anatomical properties will be conducive to flap
refinements and donor-site management [12].

The expanding scope of vascular transplantation
and reconstruction has prompted this study on the
variations of LCFA and its branches. In patients with
iliofemoral artery thrombosis, the LCFA can provide an
alternative outflow route for the main artery bypass
[23]. Besides, it can be utilized as a high-flow conduit
in extracranial-intracranial (EC-IC) bypass surgery in
patients with intracranial disease requiring sacrifice
of the parent vessel, for example, aneurysm [1]. In
recent era, the descending branch of the LCFA has
gained popularity in coronary artery bypass grafting.
It is worth noting that related clinical trial group
encountered an 18% to 20% abandonment rate sec-
ondary to anatomical factors [15].

In order to prevent iatrogenic injury and minimise
complications, it is of vital importance for radiologists
and surgeons to take the variations of LCFA into ac-
count during operations in the femoral region and
diagnostic interventional procedures, as well as in the
field of vascular, plastic and reconstructive surgery.
Therefore, a careful examination of blood vessels
should be emphasized prior to performing any inva-
sive procedure in femoral region.

CONCLUSIONS

The data of this study provided anatomical varia-
tions of the LCFA and recommend that doctors should
have a sound understanding of its variations along with
those of the profunda artery. This important to prevent
iatrogenic injuries and improve clinical outcomes.

Conflict of interest: None declared

Table 12. Details of the origin and branches of lateral circumflex femoral artery for type G

Gender Age Orientation CPFALCFAa-MIL  EDFA[mm] EDPFA[mm] LCFAb-MIL  EDLCFAa EDLCFA b
[mm] [mm] [mm] [mm]
Male Old Left 86.71 9.57 6.79 40.92 3.75 5.65
Male 0Old Right 95.87 10.85 5.71 41.80 4.94 5.64
Male Old Left 96.19 9.12 5.55 54.44 2.23 4,04

CPFALCFA a-MIL — the distance from the common origin of the profunda artery and LCFA a to the midpoint of the inguinal ligament; EDFA — the external diameter of the femoral artery;
EDPFA — the external diameter of the profunda femoris artery; LCFA b-MIL — the distance from the origin of the LCFA b to the midpoint of the inguinal ligament; EDLCFA a — the external

diameter of the LCFA a; EDLCFA b — the external diameter of the LCFA b

565



12.

13.

Folia Morphol., 2021, Vol. 80, No. 3

REFERENCES

Baskaya MK, Kiehn MW, Ahmed AS, et al. Alternative vascular
graft for extracranial-intracranial bypass surgery: descending
branch of the lateral circumflex femoral artery. Neurosurg
Focus. 2008; 24(2): E8, doi: 10.3171/FOC/2008/24/2/E8,
indexed in Pubmed: 18275304.

Bhogesha S, Rimal D, Song C. The descending branch of
lateral circumflex femoral artery (LCFA) as recipient pedicle
for free flap cover of complex defects around the knee. Mi-
crosurgery. 2019; 39(6): 573-574, doi: 10.1002/micr.30459,
indexed in Pubmed: 30968429.

Daksha Dixit DMK, Sureshbhai Rathod P, Mital Pateld M, et
al. A study of variations in the origin of profunda femoris
artery and its circumflex branches. Int J Biol Med Res. 2011;
2(4): 1084-1089.

Dan Z, Zhao L, Wang X. Applied anatomy of avascular necrosis
of femoral head treated by interventional treatment of deep
branch of medial circumflex femoral artery and ascending
branch of lateral circumflex femoral artery. Sichuan J Anat.
2002; 2(02): 73-75.

Dewar DC, Lazaro LE, Klinger CE, et al. The relative contribu-
tion of the medial and lateral femoral circumflex arteries to
the vascularity of the head and neck of the femur: a quanti-
tative MRI-based assessment. Bone Joint J. 2016; 98-B(12):
1582-1588, doi: 10.1302/0301-620X.98B12.BJJ-2016-0251.
R1, indexed in Pubmed: 27909118.

Fu W. The variation of profunda artery and its management
in interventional intubation. J Int Radiol. 1999; 2: 61.
Hartog C, Metzler C, Meier C, et al. Anatomy of the lateral
circumflex femoral artery: Does the direct anterior approach
to the hip jeopardize vascularization of the proximal femur?
Orthop Traumatol Surg Res. 2019; 105(7): 1257-1264, doi:
10.1016/j.0tsr.2019.07.013, indexed in Pubmed: 31537495.
Hyun Kwon J, Hoon Shin Ji. Hypoplastic superficial femoral
artery combined with connection of the deep femoral artery
to the popliteal artery. Radiology Case Reports. 2018; 13(1):
39-42, doi: 10.1016/j.radcr.2017.10.028.

JinW, Wei Z, Deng C, et al. Clinical application of free descend-
ing branch of lateral circumflex femoral artery perforator
tissue flap and its impact on donor site. Zhongguo Xiu Fu
Chong Jian Wai Ke Za Zhi. 2015; 29(10): 1284-1287, indexed
in Pubmed: 26749740.

. Kalhor M, Beck M, Huff TW, et al. Capsular and pericapsular

contributions to acetabular and femoral head perfusion.
J Bone Joint Surg Am. 2009; 91(2): 409-418, doi: 10.2106/
JBJS.G.01679, indexed in Pubmed: 19181985.

. tabetowicz P, Olewnik t, Podgdrski M, et al. Amorphological

study of the medial and lateral femoral circumflex arteries:
a proposed new classification. Folia Morphol. 2019;
78(4): 738-745, doi: 10.5603/FM.a2019.0033, indexed
in Pubmed: 30906974.

Lee YC, Chen WC, Chou TM, et al. Anatomical variability of
the anterolateral thigh flap perforators: vascular anatomy
and its clinical implications. Plast Reconstr Surg. 2015; 135(4):
1097-1107, doi: 10.1097/PRS.0000000000001 103, indexed
in Pubmed: 25502859.

Liu H, Shao D, Guo J, et al. Applied anatomy of the profunda
artery and its branches. Sichuan J Anat. 2001(03): 137-140.

. LiuY, Ding Q, Zang M, et al. Classification and application of

the distally-based thigh flap based on the lateral circumflex
femoral artery system. Ann Plast Surg. 2017; 78(5): 497-504,
doi: 10.1097/SAP.0000000000000946, indexed in Pubmed:
28118225.

566

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25

26.

27.

28.

Luo XJ, Wang YT, Wang W, et al. Application of the descending
branch of the lateral circumflex femoral artery in coronary
artery bypass grafting. J Thorac Cardiovasc Surg. 2021;
161(4): 12661271, doi: 10.1016/j.jtcvs.2019.09.172, indexed
in Pubmed: 31767359.

Nasr AY, Badawoud MH, Al-Hayani AA, et al. Origin of pro-
funda femoris artery and its circumflex femoral branches:
anatomical variations and clinical significance. Folia Morphol.
2014; 73(1): 58-67, doi: 10.5603/FM.2014.0008, indexed in
Pubmed: 24590524.

Peng C, Ge S, Zhong H, et al. case of left deep femoral artery
with lateral circumflex femoral artery variation. Sichuan
J Anat. 2015; 23(03): 62-63.

Prough H, Alsayouri K. Anatomy, Bony Pelvis and Lower
Limb, Lateral Circumflex Femoral Artery. StatPearls. StatPearls
Publishing LLC, Treasure Island (FL) 2020.

Shang Y, Li Y, Ning Y, et al. One case of lateral circumflex
femoral artery variation. Progress of Anatomical Sciences.
2014; 20(03): 300.

Shen Yi, Lu LG, Low DW, et al. Perforator navigation using
color Doppler ultrasound and three-dimensional reconstruc-
tion for preoperative planning of optimal lateral circumflex
femoral artery system perforator flaps in head and neck
reconstruction. J Plast Reconstr Aesthet Surg. 2019; 72(6):
990-999, doi: 10.1016/j.bjps.2018.12.025, indexed in Pu-
bmed: 30880047.

Shi E, Fang G, Fu Y, et al. Applied anatomical investigation of
femoral artery and its branches. J Baotou Med Coll. 2005; 04:
349-350.

Sinkeet SR, Ogeng’o JA, Elbusaidy H. Variant origin of the
lateral circumflex femoral artery in a black Kenyan popula-
tion. Folia Morphol. 2012; 71(1): 15-18, indexed in Pubmed:
22532179.

Sugawara Y, Sato O, Miyata T, et al. Utilization of the lateral
circumflex femoral artery as a midway outflow for aor-
to-popliteal grafting: report of a case. Surg Today. 1998;
28(9): 967-970, doi: 10.1007/s005950050264, indexed in
Pubmed: 9744412.

Tang X, Wei Z, Wang B, et al. Application of the lobulated
flap or unilobular flap pedicled with the descending branch of
lateral femoral circumflex artery in reconstruction of defects
resulted from perineal and hypogastric tumor resection].
Zhonghua Zheng Xing Wai Ke Za Zhi. 2016; 32(2): 111-114,
indexed in Pubmed: 30024686.

. Tanyeli E, Uzel M, Yildirim M, et al. An anatomical study of the

origins of the medial circumflex femoral artery in the Turkish
population. Folia Morphol. 2006; 65(3): 209-212, indexed
in Pubmed: 16988917.

Tomaszewski KA, Vikse J, Henry BM, et al. The variable origin
of the lateral circumflex femoral artery: a meta-analysis and
proposal for a new classification system. Folia Morphol. 2017;
76(2): 157-167, doi: 10.5603/FM.a2016.0056, indexed in
Pubmed: 27714726.

Vazquez MT, Murillo J, Maranillo E, et al. Patterns of the
circumflex femoral arteries revisited. Clin Anat. 2007; 20(2):
180-185, doi: 10.1002/ca.20336, indexed in Pubmed:
16617441.

Wang H, Li X, Li S, et al. Clinical application of anterolateral
femoral flap with descending branch of circumflex lateral
femoral artery and perforating branch of superior lateral
genicular artery. Chin J Anat Clin. 2017; 22(6): 515-8, doi:
10.3760/cma.j.issn.2095-7041.2017.06.014.


http://dx.doi.org/10.3171/FOC/2008/24/2/E8
https://www.ncbi.nlm.nih.gov/pubmed/18275304
http://dx.doi.org/10.1002/micr.30459
https://www.ncbi.nlm.nih.gov/pubmed/30968429
http://dx.doi.org/10.1302/0301-620X.98B12.BJJ-2016-0251.R1
http://dx.doi.org/10.1302/0301-620X.98B12.BJJ-2016-0251.R1
https://www.ncbi.nlm.nih.gov/pubmed/27909118
http://dx.doi.org/10.1016/j.otsr.2019.07.013
https://www.ncbi.nlm.nih.gov/pubmed/31537495
http://dx.doi.org/10.1016/j.radcr.2017.10.028
https://www.ncbi.nlm.nih.gov/pubmed/26749740
http://dx.doi.org/10.2106/JBJS.G.01679
http://dx.doi.org/10.2106/JBJS.G.01679
https://www.ncbi.nlm.nih.gov/pubmed/19181985
http://dx.doi.org/10.5603/FM.a2019.0033
https://www.ncbi.nlm.nih.gov/pubmed/30906974
http://dx.doi.org/10.1097/PRS.0000000000001103
https://www.ncbi.nlm.nih.gov/pubmed/25502859
http://dx.doi.org/10.1097/SAP.0000000000000946
https://www.ncbi.nlm.nih.gov/pubmed/28118225
http://dx.doi.org/10.1016/j.jtcvs.2019.09.172
https://www.ncbi.nlm.nih.gov/pubmed/31767359
http://dx.doi.org/10.5603/FM.2014.0008
https://www.ncbi.nlm.nih.gov/pubmed/24590524
http://dx.doi.org/10.1016/j.bjps.2018.12.025
https://www.ncbi.nlm.nih.gov/pubmed/30880047
https://www.ncbi.nlm.nih.gov/pubmed/22532179
http://dx.doi.org/10.1007/s005950050264
https://www.ncbi.nlm.nih.gov/pubmed/9744412
https://www.ncbi.nlm.nih.gov/pubmed/30024686
https://www.ncbi.nlm.nih.gov/pubmed/16988917
http://dx.doi.org/10.5603/FM.a2016.0056
https://www.ncbi.nlm.nih.gov/pubmed/27714726
http://dx.doi.org/10.1002/ca.20336
https://www.ncbi.nlm.nih.gov/pubmed/16617441
http://dx.doi.org/10.3760/cma.j.issn.2095-7041.2017.06.014

VEd

VIA MEDICA

Folia Morphol.

Vol. 80, No. 3, pp. 567-574

DOI: 10.5603/FM.a2020.0079

ORIGINAL ARTICLE Copyright © 2021 Via Medica
ISSN 0015-5659

elSSN 1644-3284

journals.viamedica.pl

Types of inferior phrenic arteries: a new point
of view based on a cadaveric study

B. Szewczyk’, P. Karauda', t. Olewnik’, M. Podgorski?, A. Wasniewska?, R. Hatadaj?,
E. Rapacka?, P. Oszukowski4, M. Polguj?

'Department of Anatomical Dissection and Donation, Medical University of Lodz, Poland

2Department of Diagnostic Imaging of Polish Mother’s Memorial Hospital Research Institute, Lodz, Poland
3Department of Normal and Clinical Anatomy, Chair of Anatomy and Histology, Medlical University of Lodz, Poland
“Department of Clinical Morphology, Medical University of Lodz, Poland

[Received: 23 April 2020; Accepted: 22 June 2020; Early publication date: 21 July 2020]

Background: The diaphragm is supplied by the superior and inferior phrenic ar-
teries. This present study focusses on the latter. The inferior phrenic arteries (IPA)
usually originate from the abdominal aorta. The two arteries have different origins,
and knowledge of these is important when performing related surgical interventions
and interventional radiological procedures. The aim of this study was to identify
variations in the origin of the IPA and conduct relevant morphometric analyses.
Materials and methods: The anatomical variations in the origins of the left inferior
phrenic artery (LIPA) and the right inferior phrenic artery (RIPA) were examined in
48 cadavers fixed in 10% formalin solution. A dissection of the abdominal region of the
cadavers was performed according to a pre-established protocol using traditional tech-
nigues. Morphometric measurements were then taken twice by two of the researchers.
Results: In the cadavers, six types of origin were observed. In type 1, the most
common type, the RIPA and LIPA originate from the abdominal aorta (AA)
(14 = 29.12%). In type 2, the RIPA and the LIPA originate from the coeliac trunk
(CT) (12 = 24.96%). In type 3, the RIPA and the LIPA originate from the left gastric
artery, with no CT observed (3 = 6.24%). Type 4 has two subtypes: 4A, in which
the LIPA originates from the AA and the RIPA originates from the CT (9 = 18.72%)
and 4B, in which the RIPA originates from the AA and the LIPA originates from
the CT (6 = 12.48%). In type 5, the LIPA originates from the AA and the RIPA
originates from the AA (1 = 2.08%). Type 6 is characterised by the RIPA and LIPA
forming a common trunk originating from the CT (3 = 6.24%).

Conclusions: Our findings suggest the presence of six different types of LIPA and
RIPA origin. The most common form is type 1, characterised by an IPA originating
from the abdominal aorta, while the second most common is type 2, in which
the IPA originates from the AA by a common trunk. The diversity of other types
of origin is associated with the occurrence of coeliac trunk variation (type 3). No
significant differences in RIPA diameter could be found, whereas LIPA diameter
could vary significantly. No significant differences in RIPA and the LIPA diameter
could be found according to sex. (Folia Morphol 2021; 80, 3: 567-574)

Key words: inferior phrenic arteries, left inferior phrenic artery, right
inferior phrenic artery, diaphragm, coeliac trunk
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INTRODUCTION

The inferior phrenic artery (IPA) usually origi-
nates from the abdominal aorta (AA) and consists
of two vessels, i.e. the left inferior phrenic artery
(LIPA) and the right inferior phrenic artery (RIPA).
The two give rise to the ascending (anterior) and the
descending (posterior) branches. Although the IPA
mainly supplies the diaphragm, it also gives small
branches to the liver, stomach, the cardiac part of
the oesophagus, the adrenal glands, and retroper-
itoneum [1, 4, 36].

The anterior branch of the LIPA gives rise to the
oesophageal and accessory splenic branches while
the RIPA rises along with inferior vena cava [1, 36].
However, the posterior branches of both IPAs run
to the lateral crus and can form anastomoses with
the musculophrenic artery and the lower posterior
intercostal arteries [7, 29, 31].

The LIPA usually runs behind the oesophagus,
and goes anteriorly to the left side of the oesopha-
geal hiatus. The ascending branch divides into two
trunks: the larger anterior and the smaller posterior.
The anterior trunk directly supplies the area of the
oesophagogastric junction and the dome of the dia-
phragm [9]. Additionally, a small number of branches
may also attach to the superior pole of the spleen
[2, 6,18, 30].

The RIPA usually passes behind the left hepatic
lobe and the inferior vena cava [25, 35]. The ascend-
ing branch is usually located cranially and contacts
the bare area of the liver [29, 36].

In most cases, the LIPA and RIPA arise separately
from the AA above the origin of the coeliac trunk
(CT) [25, 30, 36]; however, they may demonstrate
various types of origin [13, 20, 23, 35]. Information
on the possible position of this artery can be valuable
for understanding and treating the source of arterial
bleeding at the oesophagogastric junction [9, 39].

The most commonly recognized clinical feature of
the RIPA is that it may serve as an extrahepatic collat-
eral arterial supply route to hepatocellular carcinomas
[3, 34]. This is important information for surgeons
since, in such a case, transcatheter embolisation of
RIPA may help in the treatment of unresectable hepa-
tocellular carcinoma [3, 16, 34].

This vessel is one of the main sources of post-
operative bleeding in liver transplant recipients. In
living donors undergoing right hepatic lobectomy,
ligation of the artery is necessary for the donor and
for hepatectomy in the recipient [17].
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However, previous studies have so far examined
each of the arteries separately and none have pro-
posed any classifications. Therefore, the aim of our
study was to investigate the anatomy of IPA types
by classical anatomical dissection, and to propose
a classification based on the origin of both the RIPA
and LIPA.

MATERIALS AND METHODS

Anatomical studies

The study was performed on upper abdominal
region of 48 adult Caucasian cadavers (29 males
and 19 females) that had been fixed in 10% formalin
solution before examination. The cadavers were the
property of the Department, having been donated to
the university anatomy programme. Cadavers with
any evidence of surgical intervention in the dissected
area were excluded from the study.

Description of the dissection protocol

Firstly, the abdominal cavity was opened by mak-
ing incisions along the linea alba from the xiphoid
process to the pubic symphysis. Next, after making
sure there was no evidence of trauma, pathology or
prior surgery in the upper abdominal organs, the
origin of the RIPA and LIPA was recorded

Upon dissection, the morphological features of
the IPA were assessed:

— origin of the LIPA and the RIPA;

— diameter of the LIPA (measurement taken at the
origin);

— diameter of the RIPA (measurement taken at the
origin).

All measurements were performed using an elec-
tronic digital calliper gauge (Mitutoyo Corporation,
Kawasaki-shi, Kanagawa, Japan). Each measurement
was carried out twice with an accuracy of up to
0.1 mm. The consent for the anatomical studies
was obtained from the Local Bioethical Commission
RNN/404/19/KE

Statistical analysis

In the statistical analysis, IPA types were compared
according to genders and sides with the y? test. The
normality of the morphometric data distribution was
checked with the Shapiro-Wilk test. As the data was
not normally distributed, the Mann-Whitney test and
the Wilocoxon sign-rank test were used to compare
anthropometric measurements between the sexes
and sides, respectively. Differences in morphometric



B. Szewczyk et al., Inferior phrenic artery

Figure 1. Type 1 — the RIPA and LIPA originate from the abdominal
aorta. PHA — proper hepatic artery; GDA — gastro-duodenal ar-
tery; RIPA — right inferior phrenic artery; CHA — common hepatic
artery; LGA — left gastric artery; SA — splenic artery; LIPA — left
inferior phrenic artery; CT — coeliac trunk; SMA — superior mes-
entery artery; St — stomach; Li — liver; AA — abdominal aorta.

measurements between the types were assessed with
the Kruskal-Wallis ANOVA with a dedicated post hoc
test. Statistica 13 software (StatSoft Polska, Krakow,
Poland) was used for the analysis and a p-value lower
than 0.05 was considered significant. The results are
presented as mean and standard deviation unless
stated otherwise.

Ethical approval and consent to participate

The cadaver belonged to the Department of Ana-
tomical Dissection and Donation, Medical University
of Lodz.

RESULTS

In all the specimens, both IPAs were present. Based
on the point of branching, six types of IPA could be
identified:

— type 1 — the RIPA and the LIPA originate from
the AA (Fig. 1). This type occurred in 14 cadavers;
— type 2 —the RIPA and the LIPA originate from the

CT (Fig. 2). This type was observed in 12 cadavers;
— type 3 — the RIPA and the LIPA originate from

the left gastric artery (LGA) (Fig. 3). In this type

the CT was absent. This type occurred in 3 ca-
davers;
— type 4 — this type was divided into two subtypes

(A, B):

¢ A — the LIPA originates from the AA, and the

RIPA originates from the CT (Fig. 4). This type
occurred in 9 cadavers,

¢ B — the RIPA originates from the AA, and the

LIPA originates from the CT (Fig. 5). This type
occurred in 6 cadavers;
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Figure 2. Type 2 — the RIPA and LIPA originate from the coeliac trunk.
PHA — proper hepatic artery; GDA — gastro-duodenal artery; RIPA —
right inferior phrenic artery; CHA — common hepatic artery; LGA —

left gastric artery; SA — splenic artery; LIPA — left inferior phrenic
artery; CT — coeliac trunk; SMA — superior mesentery artery; St —
stomach; Li — liver; AA — abdominal aorta; PA — pancreas.

Figure 3. Type 3 — the RIPA and LIPA originate from the left gas-
tric artery. RIPA — right inferior phrenic artery; CHA — common
hepatic artery; LGA — left gastric artery; SA — splenic artery;
LIPA — left inferior phrenic artery; St — stomach; Li — liver;

AA — abdominal aorta.

Figure 4. Type 4A — the LIPA originate from the abdominal aorta,
and the RIPA originate from the coeliac trunk. PHA — proper he-
patic artery; GDA — gastro-duodenal artery; RIPA — right inferior
phrenic artery; CHA — common hepatic artery; LGA — left gastric
artery; SA — splenic artery; LIPA — left inferior phrenic artery; CT —
coeliac trunk; St — stomach; Li — liver; AA — abdominal aorta.
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Figure 5. Type 4B — the RIPA originate from the abdominal aorta,
and the LIPA originate from the coeliac trunk. RIPA — right inferior
phrenic artery; CHA — common hepatic artery; LGA — left gastric
artery; SA — splenic artery; LIPA — left inferior phrenic artery; CT —
coeliac trunk; Li — liver; AA — abdominal aorta; Pa — pancreas.

Figure 6. Type 5 — the LIPA originate from the abdominal aorta,
and on the right side common trunk for the left accessory hepatic
artery and RIPA originate from the abdominal aorta. PHA — proper
hepatic artery; GDA — gastro-duodenal artery; RIPA — right inferi-
or phrenic artery; CHA — common hepatic artery; LGA — left gas-
tric artery; SA — splenic artery; LIPA — left inferior phrenic artery;
St — stomach; Li — liver; AA — abdominal aorta; LAHA — left
accessory hepatic artery; HPV — hepatic portal vein; RGA — right
gastric artery.

— type 5 — the LIPA originates from the AA and the
RIPA originates from the accessory hepatic artery
(Fig. 6). This type occurred in one cadaver;

— type 6 — the RIPA and the LIPA form a common
trunk which originates from the AA (Fig. 7). This
type occurred in 3 cadavers.

In Figure 8 we have presented all the types we
established in the form of diagrams.

Table 1 presents the origin of LIPA and RIPA accord-
ing to given type. In almost all types, the LIPA and RIPA
are single arteries and have different origins. However,
both IPAs originate from the CT by a short common
trunk in type 6.
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Figure 7. Type 6 — the common trunk for the RIPA and LIPA, which
originate from the abdominal aorta. RIPA — right inferior phrenic
artery; CHA — common hepatic artery; SA — splenic artery;

LIPA — left inferior phrenic artery; Li — liver; AA — abdominal
aorta, Pa— pancreas.

Table 1. Comparison of particular types of left inferior phrenic
artery (LIPA) and the right inferior phrenic artery (RIPA) origin

LIPA RIPA
Type 1 AA AA
Type2 CT CT
Type 3 LGA LGA
Type 4A AA CT
Type 4B CT AA
Type 5 AA AHA
Type 6 CT

AA — abdominal aorta; AHA — accessory hepatic artery; CT — coeliac trunk; LGA —
left gastric artery

Table 2. Comparison of types according to sex (number and %
for each gender)

Men Women
Type 1 5(35.71) 9(26.47)
Type 2 5(35.71) 7(20.59)
Type 3 1(7.14) 2(5.88)
Type 4A 3(21.43) 6(17.65)
Type 4B - 6(17.65)
Type 5 ~ 1(2.94)
Type 6 - 3(8.82)

Table 2 presents the distribution of IPA types
according to sex. Although no significant differ-
ence in distribution was observed (p = 0.4916), it
is important to note that types 4B, 5 and 6 did not
occur in men.

Table 3 presents diameters of the LIPA and the RIPA
according to sex. In general, no significant difference
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RIPA
\
\

Figure 8. Scheme presents all types of left inferior phrenic artery (LIPA) and the right inferior phrenic artery (RIPA) origins; A. Type 1; B. Type 2;

C. Type 3; D. Type 4A; E. Type 4B; F. Type 5; G. Type 6.

Table 3. Comparison of left inferior phrenic artery (LIPA) and
the right inferior phrenic artery (RIPA) diameter according to
type and sex

LIPA [mm] RIPA [mm]
Men Women Men  Women
Type1  Maximum 3.07 3.19 2.90 320
Minimum 2.54 1.66 221 2.01
Average 2.80 2.45 2.59 2.50
Type2  Maximum 3n 214 3.57 2.74
Minimum 1.86 1.88 2.46 1.69
Average 2.36 2.01 3.04 2.25
Type3  Maximum 2.61 2.21 3.19 241
Minimum 2.31 2.21 2.85 241
Average 2.46 2.21 3.02 241
Type 4A  Maximum 355 3.49 4.03 n
Minimum 244 2.61 2.74 2.95
Average 3.02 3.05 3.44 3.01
Type 4B Maximum - 2.50 - 210
Minimum - 1.98 - 2.04
Average - 224 - 2.55
Type5  Maximum - 2.56 - 2.86
Minimum - 2.56 - 2.86
Average - 2.56 - 2.86
Type6  Maximum - 2.28 - 2.28
Minimum - 2.02 2.02
Average - 2.15 2.15
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in mean LIPA or RIPA diameter was observed between
sexes: LIPA, 2.46 = 0.44 mm for women compared to
2.66 = 0.47 mm for men (p = 0.1846); RIPA, 2.59 +
+ 0.46 mm for women compared to0 2.73 + 0.63 mm
for men (p = 0.6830).

Regarding the types, LIPA diameter was signif-
icantly greater in type 4A than in types 1 and 4B
(p = 0.0045). For the RIPA, the differences were not
significant.

DISCUSSION

Vascular abnormalities are very common in the
abdomen; the area undergoes many modifications
during the formation of the adult vascular system.
In addition, it is possible for multiple arterial var-
iants to develop within a single person [14]. The
type of IPA varies depending on the occurrence of
other abdominal vascular variations; in particular,
different origins of both LIPA and RIPA may be
observed in the presence of variations of the CT
[19, 22, 26, 41].

This correlation can be explained by the embryo-
logical development of the CT [4, 10, 11, 24, 27, 32,
37]. The aorta has posterior, lateral and abdominal
branches, which form the CT and the longitudinal
anastomoses between them. The growth of the lon-
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gitudinal anastomoses and regression of the abdom-
inal branches affects the formation of various types
of the CT division. The IPA primarily arises from the
abdominal roots of the aorta and most likely from
the same level as the CT [12, 33, 35, 40].

For example, Olewnik et al. proposes that the
variant of the CT branching into the common he-
patic artery, the LGA, splenic artery and LIPA should
be called the coeliacophrenic trunk. This type was
observed in 14.5% of a group of 40 cadavers, i.e. the
second most common type [2, 23].

We propose the following 6-fold classification of
IPA origin based on our findings. In type 1, the lower
diaphragmatic arteries are branches of the AA above
the CT. Previous studies have found this type to occur
in over 50% of preparations [29], while it was ob-
served in about 29.12% of cases in the present study.

Type 2 is characterised by both lower diaphrag-
matic arteries forming separate branches arising from
the CT. It was found to be the most common type
by Basile et al. (41% of preparations) [3]; however,
it was present in about 24.96% of cadavers in the
present study.

In type 3, the RIPA and the LIPA arise from the LGA.
It was observed in 6.24% of the cadavers, which was
much less common than recorded by other authors,
e.g. Loukas et al. [18] note it was present in about
2% of specimens.

In type 4, one IPA originates from the CT and the
other from the AA. This type was divided into two
subtypes. Subtype 4A, where the LIPA originates from
the AA and the RIPA originates from the CT, was ob-
served in about 18.72% of the cadavers. Subtype 4B,
in which RIPA originates at the AA and the LIPA at the
CT, occurred in 12.48% of the tested specimens. As
these subtypes have not been discussed in any previ-
ous study, it is not possible to make any comparisons
regarding the frequency of occurrence.

In type 5, the LIPA runs directly from the AA, while
both RIPA and left accessory hepatic artery originate
from the AA. this is a comparatively rare type, oc-
curring in only 2.08% of the examined cadavers. As
with type 4, this type has not been discussed in any
other previous study.

In our final proposed type, type 6, the LIPA and
RIPA form a common trunk arising from the AA. This
type was observed in only 6.24% of the studied ca-
davers; however, Basile et al. [3] reported it in about
21% of specimens.
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Table 4. Overview of previous studies which investigated the
origin of inferior phrenic artery types and the present study

Type Type Type Type 4 Type Type

1 2 3 ﬁ 5 6
Adachi " 6 1 - - - _
etal. 1928
Pickand Anson 37 26 4 - - - -
etal. 1941
Greigetal. 1951 77 52 3 - - - _
Kahnetal. 1967 13 - - - - - -
Lippert and 8% 14% 1% - - - -

Pabst et al. 1985

Piao et al. 1998 6 4 - - - _ _
Loukas et al. 22 12 - - - - _
2005
Gwon et al, - - - — - - _
2007
Basile et al. 42 32 - - - - _
2008
Ozbulbul et al. 16 18 - - - - _
2011
Our study 14 12 3 9 6 1 3

Our proposed type 4 (A, B), type 5 and type 6 and
their LIPA and the RIPA origins’ configurations have
not been reported in previous studies (Table 4).

Inferior phrenic arteries are one of the most impor-
tant collateral arteries that provide blood to hepato-
cellular carcinoma located in the peripheral segments
and bare area of the liver [3, 15].

One of the priorities for successful treatment of
hepatocellular carcinoma is the complete embolisa-
tion of the blood supply. To ensure this, and prevent
complications due to embolisation of the non-tar-
geted branches, computed tomography angiography
identification of the arteries supplying the tumour
is an important clinical step [8, 21, 25]. In addition
to RIPA embolisation, gastroesophageal complica-
tions may occur if the ascending branch of the LIPA
originates from the RIPA [16, 28]. The same type
should also be kept in mind if an IPA embolisation
is planned in patients with upper gastroesophageal
bleeding [5, 38].

Limitations of the study

The present study does have some limitations. Being
based on several morphological details, such as type of
the origin, the classification is of quite a heterogeneous
nature; as this is only an anatomical study, a spectrum
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of variation could be presented, and further studies
should examine the potential value of angiography
or CT for this purpose. Nonetheless, our findings help
raise awareness of “what and where"” to look for, and
offers a uniform classification and terminology which
can be used as a foundation for communication with
surgeons, particularly those harvesting tendons for
transplants. Another limitation is the small research
sample (48); however, this group is nevertheless larger
than used in similar studies of this type.

CONCLUSIONS

Our work adds a new perspective to our under-
standing of IPA anatomy by measurements its diam-
eter. Our results indicate that while no significant
differences can be found in RIPA diameter, LIPA diam-
eter varies significantly. No significant differences in
RIPA or LIPA diameter were found according to sex.

We therefore propose a 6-fold classification cre-
ated by analysing the departure of the RIPA and LIPA.
In contrast to previous studies, we considered the
arteries as a pair and not as separate vessels.

Conflict of interest: None declared
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Background: The current study aims to determine the prevalence of variations
of the aortic arch using computed tomography angiography (CTA), as well as
morphometries and gender correlations.

Materials and methods: A retrospective, transverse, observational and descriptive
study of 220 CTA was performed. The branching pattern, most cranial vertebral
level of the aortic arch, area of the proximal, middle and distal segments of the
arch, area of each branch, and the path of atypical arteries were recorded. Results
were analysed and stratified by gender.

Results: The typical aortic arch branching pattern was present in 77.7% without
statistical significance between genders. The most common variant was
a two-branch pattern with a common trunk and a left subclavian (13.6%), fol-
lowed by a typical branching pattern with an added left vertebral artery (7.3%).
T3 was the most frequent cranial level (32.3%), followed by T2-T3 (26.8%),
and T3-T4 (23.2%). The mean areas of the aortic arch were 685.5 + 183.9,
476.1 = 124.1, and 445.0 = 145.1 mm? for the proximal, middle and distal
segments, with statistical difference between men and women in the middle
and distal segments. Three paths of atypical arteries were identified: bifurcated
vertebral artery (0.5%), aberrant right subclavian artery (0.5%), and left subclavian
ostium obstruction (0.5%).

Conclusions: Mexican population has one of the highest prevalence of variations
in the aortic arch branching pattern. The high probability of finding these should
be taken into consideration when assessing patients. A standardised classification
method would contemplate future un-reported findings, without causing con-
fusion by the different numbers assigned by each author. (Folia Morphol 2021;
80, 3: 575-582)
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INTRODUCTION

The aorta is the main arterial trunk in the hu-
man body. It originates as the ascending aorta and
becomes the aortic arch, which begins anteriorly
and ends posteriorly towards the left in the superior
mediastinum, at the transverse thoracic plane (an
imaginary plane drawn from the angle of Louis [joint
between the manubrium and sternal body] to the
mid-point between thoracic vertebrae IV-V) [16].

The aortic arch has a classic branching pattern
originating from the superior margin, from right to
left: brachiocephalic trunk (BT), left common carotid
artery (LCQ), and left subclavian artery (LS). This pat-
tern is present in 65-80% of individuals [3, 13, 26].

The circulatory system is one of the first systems
to be established in the embryo. The primary arterial
arches develop from the arterial sac between the
6t and 8" weeks of intrauterine life. The 4t left arch
will proceed to become the aortic arch, which will
later undergo through exponential growth and join
the dorsal aorta. This primary arterial system suffers
many changes during its development, and that may
constitute one of the causes for the many anatomical
variations found in the blood vessels [13, 23].

Variations in the branches of the aortic arch have
been described in different populations with a prev-
alence of up to 35% [16, 26]. These may repercuss
during surgical procedures involving the superior
mediastinum and neck, as well as in minimally inva-
sive vascular procedures [2, 16, 25]. Some authors
suggest a correlation between variations in the aortic
arch and other pathologies such as intracranial an-
eurysms [22] and plates of atheroma at the level of
its origin [28]. Patients with congenital heart disease
have been linked to higher variability, presenting the
normal 3-branch-pattern in only half (50.5%) of the
cases [24].

Data regarding aortic arch branch variants are
scarce in Latin American [19]. The aim of our study
was to determine the prevalence of variants of the
aortic arch using computed tomography angio-
graphy (CTA), as well as morphometries and gender
correlations.

MATERIALS AND METHODS

A retrospective, transverse, comparative, observa-
tional study was performed. CTA studies were obtained
from the database of the Radiology and Imaging Depart-
ment at the University Hospital. All images were acquired
using a 64-slice tomography (General Electric CT99 Light
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Speed VCT) Software 2978195VCT, with a rotation of
0.4 s helical acquisition, detector coverage of 20 mm,
400 mAs at 120 kV; thickness of cut of 0.625 mm, pitch
of 0.53: 1 mm/rot, field of view of 22 to 33 cm.

Studies were included consecutively from adult
patients (> 18 years old), without gender distinction,
and adequate vascular anatomy visualisation. Those
with technical errors that distorted the anatomy, had
a history of thoracic surgery or vascular procedures,
or alteration of the anatomy due to trauma or other
pathologies were excluded.

Measurements were performed by an expert radi-
ologist, with aid of an anatomist. Data obtained was
transferred and analysed in a Work Station AW Vol-
ume Share2 workstation using multiplanar reformat-
ting with maximum projection intensity and rendering
volume. During the measurements, a window range
of WW: 4000 and WL: 1000 was used in a standard-
ised manner in all the subjects.

The number of arteries originating within the
limits of the aortic arch and the branching pattern
were classified according to Natsis et al. [17]. The
most cranial vertebral level of the aortic arch was
recorded, along with the luminal area of the aorta in
the proximal, middle, and distal segments (using the
transverse thoracic plane) (Fig. 1). For the proximal
and distal segments, a line was drawn from the Louis
angle (manubriosternal junction) to the midpoint be-
tween the inferior edge of T4 and the superior edge
of T5 in a sagittal section of the CTA where the entire
aortic arch was seen. The area of these segments
was measured at the point where this line crossed
respectively using the reconstructed transverse tho-
racic plane in three-dimensional (3D) for the luminal
area (adjusting the plane to visualise a completely
transverse view of the aortic arch). The cut-off point
for the area in the middle segment was the most
cranial vertebral level of the aortic arch where the
reconstructed 3D plane was also adjusted to view
the real area. The area of each branch (measured at
its origin’s height) originated in the arch of the aorta
and the path of the atypical arteries originating in the
arch of the aorta were also evaluated.

Statistical analysis

Sample size was previously calculated based on
the variability reported in the literature. This resulted
in a sample of 202 individuals with 95% confidence
interval. A total of 220 CTA were included. Data were
inputinto a database. The statistical analysis was car-
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Figure 1. Thorax side view representation; A. Graphic representation of the transverse (Louis angle) and longitudinal (most cranial point of the
aortic arch) planes used as the reference to mark the segment where the area of the aortic arch will be measured in its proximal, middle and
distal segments; B. Louis angle plotted from the manubrial-sternal joint to the midpoint between the thoracic vertebrae T4 and T5. Cut lines

in the proximal, middle and distal segment of the aortic arch in a computed tomography angiography (the inclination of the lines is due to the

study adjustment for a correct visualisation of the vessel area).

ried out using the SPSS software version 20.0 (SPSS
Inc., Chicago, IL) for Windows XP. Central tendency
tests were performed (mean, standard deviation,
frequency). Non-parametric tests with Mann-Whitney
U were made to obtain the correlations between
genders. Descriptive statistics and measures of central
tendency for the prevalence of the evaluated variables
were used.

Ethical approval

The study was previously reviewed and approved
by the University’s ethics and research committees
with the registration number AH17-00007. The au-
thors declare no financial or commercial gain for the
realisation of this study. Also, the authors declare no
conflict of interest. No patient was radiated for the
purposes of this study.

RESULTS
A total of 220 CTA were included (114 men,
and 106 women), with a mean age of 52.7
= 17.6 years. The classic branching pattern (type 1)
was the most prevalent (77.7%, n = 171). Anatom-
ical variations were present in the remaining 22.3%
(n = 49); 13.6% (n = 30) with a type 2 (common

—+
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trunk [CT], left subclavian [LS]) and 7.3% (n = 16)
with a type 3 (BT, LCC, left vertebral [LV], and a LS)
aortic arch (Fig. 2). Individual cases of type 5 (n = 1,
0.5%) (right common carotid [RCC], LCC, LS, and
aberrant right subclavian [ARS]), type 1 inversus
(n =1, 0.5%) (aortic arch to the right: right aortic arch
[RAA], BT, LCC, and LS), and an unclassified type or as
a proposed type 9 (n = 1, 0.5%) (CT, LS, and LV) were
identified (Table 1). The most cranial vertebral level
of the aortic arch was obtained using a plane parallel
to the transverse thoracic plane (Fig. 1). The majority
(82.3%) were between T2-T4 vertebral levels (Fig. 3),
with the highest prevalence at T3 (32.3%) (Table 2).
The mean areas of the proximal, middle and distal
segments of the aortic arch were 685.5 + 183.9,
476.1 = 124.1, and 445.0 = 145.1 mm?, respectively.
Statistical differences between men and women were
found in the middle and distal segments (Table 3).
There was no statistical difference in the areas ac-
cording to the branching pattern (p = 0.27, p = 0.30,
p = 0.56 for the proximal, middle, and distal seg-
ments, respectively). The morphological characteris-
tics of the branches are shown in Table 4. Three paths
of atypical arteries were found: bifurcated vertebral
artery (n = 1, 0.5%), aberrant right subclavian artery
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Figure 2. Three most common aortic branching patterns. Upper row demonstrates a graphic representation of the pattern; lower row is
a computed tomography angiography slice to demonstrate all branches of the specific pattern; A. Classic branching pattern (type 1); B. Two-
-branch pattern (type 2); C. Four-branch patter (type 3); BT — brachiocephalic trunk; CT — common trunk; LCC — left common carotid;

LS — left subclavian; LV — left vertebral.

Table 1. Branching pattern prevalence

Branching pattern N (%)
BT, LCC, LS 171 (77.7%)
CT LS 30 (13.6%)
BT, LCC, LV, LS 16 (7.3%)
RCC, LCC, LS, ARS 1(0.5%)
RAA, BT, LCC, LS 1(0.5%)
CT LS v 1(0.5%)
Total 220 (100%)

BT — brachiocephalic trunk; LCC — left common carotid; LS — left subclavian; CT —
common trunk; LV — left vertebral; RCC — right common carotid; LV — left vertebral;
ARS — aberrant right subclavian; RAA — right aortic arch; N — sample

(n =1, 0.5%) and ostium obstruction left subclavian
artery (n = 1, 0.5%).

DISCUSSION

The prevalence of classic aortic arch branching
pattern in a Mexican population is similar to that
reported in the literature, although anatomical vari-
ations were higher than most populations (Table 5)
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[3,7, 11,12, 16, 17, 21, 27]. There are only two
other studies that include Latin populations, one
performed with imaging in a Peruvian population [9]
with similar results to our study. A cadaver-based Ar-
gentinian study focused on correlating variations to
atheroma, concluding a common trunk had a higher
incidence of atheroma plaques, therefore a possible
increased risk of thromboembolism in clinical scenar-
ios [28]. Three other studies carried out in Colombia,
reporting anatomical variations of 25.71%, 28.7%,
and 40.1% [8, 20, 21]. The latter with a similar prev-
alence to ours.

The importance of these variations extends not
only to surgical procedures of the superior medias-
tinum, but also neck, as well as minimally invasive
intravascular procedures [18]. For example, right
trans-radial coronary angiogram becomes difficult
to do satisfactorily with the presence of the right
aberrant subclavian artery, increasing the time of the
angiogram, increasing manipulation (therefore the
risk of intramural hematomas), decreasing the success
of the procedure (60%), and the number of catheters
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Figure 3. Most cranial level of the aortic arch. The bracket shows
that 82.3% of the most cranial level of the aortic arch will be locat-
ed in that area (T2-T4).

Table 2. Most cranial vertebral level of the superior border of
the aortic arch

Vertebral level Prevalence, n (%)

T 1(0.5%)
T1-T2 0(0.0%)
T2 9(4.1%)
T2-T3 59 (26.8%)
T3 71(32.3%)
T3-T4 51(23.2%)
T4 23(10.5%)
T4-T5 6 (2.7%)
n— sample

needed [2, 10, 25]. These problems occur especially
when the presence of this anatomical variant is un-
known [2]. Identification of these may reduce the risk
of complications such as haemorrhages [16]. Other
studies suggest these anatomical variations may be
related to other pathologies such as intracranial an-
eurysms, higher prevalence of thoracic aortic disease,
of bicuspid aortic valve, and aortic arch pathology,
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although lower risk of arterial hypertension [6, 22].
It has been shown that patients with bovine arch
pattern required medical attention at younger ages
along with rapid disease progression and an increased
need for surgical intervention, along with a higher
prevalence of aortic aneurysm and dissections [13].

A two-branch (type 2, CT and LS) variation was
the most common variation (13.6%), similar to most,
but significantly lower than United States (24.6%),
Colombia (27.9%) and Jordan (31.6%) [6, 16, 20].
This was followed by the four-branch pattern (type
3, BT, LCC, LV, and LS), which was one of the highest
(7.3%), surpassed by India (8%, 15.3%) [4, 18] and
Colombia (8.2%, 8.5%, 9.9%) [8, 20, 21] (Table 5).

A direct relationship between the branch’s origin
area and the branching pattern was evident in our
results. The fewer the branches, the higher the area
of origin in each, and vice versa (Table 4).

Using the classification proposed by Natsis et al.
[171], types IV-VIIl are rarely reported. In our study, one
other variant of branching was identified. Great vari-
ation according to classification or nomenclature is
shown in the literature of the aortic arch branch; each
author reports a different classification or classifies
the patterns according to their findings, generating
confusion when referring to a specific pattern. This
is the case with the Natsis type 2 branching pattern
(BT, LS); other authors mention it as: type B, pattern C,
bovine pattern and type IIA [1, 5, 6, 18]. In the case
of the Natsis type 3 (BT, LCC, LS, LV), it has also
been referred to as type D, type VI, and type 4 [14,
16, 26]. The Natsis type 5 (RCC, LCC, LS, ARS) has
been identified as type F, pattern E, type D, type H,
type 6b, and so on with all reported variants [1, 5,
12, 15, 16]. A standardisation of branching pattern
classification is necessary to contemplate unclassified
findings, easy understanding by the readers without
having to memorize the types, and avoid confusion
between studies, to better compare results in future
evidence-based analysis.

Our study has several strengths. A previous sam-
ple size calculation was performed to assure signif-
icance of our findings. It includes morphological
variations not previously described, such as the most
cranial point of the aortic arch and its comparison
with the vertebral level, although this was limited by
the supine decubitus position of the patient during
the study, and not taken in an anatomical position.
No other study has reported this data. We also com-
pared the prevalence of variations in Table 5. Due to
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Table 3. Aortic arch areas compared between genders

Mean Men Women P
Proximal 685.5 = 183.9 708.4 +198.4 660.9 + 164.2 0.05
Middle 476.1 = 124.1 4933 £ 1278 456.6 = 117.6 0.02*
Distal 445.0 = 145.1 466.5 = 151.0 421.9 + 1354 0.02*

Values expressed in mm? (millimetres squared); *Statistically significant difference. T-test was used for independent samples, compared to gender. Values expressed in squared millimeters
+ standard deviation. Statistically significant p value < 0.05.

Table 4. Morphological characteristics of the branches

Areas, mean = standard deviation [mm?]

BT LcC LS cT v Aortic arch
Proximal Medial Distal
Overall(n=220) 1283+478 580+249 923+276 3995+5997 141+6.7 6855+1839 476.1+1241 4450=145.1
Type1(n=171) 1298 +483 586+255 921+274 DNR DNR 675.1 £ 1815 47021202 440.9(+1473
Type 2 (n = 30) DNR DNR 109.3 =458 401.6 = 609.9 DNR 7338 +2105 507.2+1380 4685+ 136.0
Type3(n=16) 1142+426 502=177 59.7+28.1 DNR 132 +57 689.9+1627 4634+138.2 426.6+143.1

Type 1 — three-branch pattern; Type 2 — two-branch pattern; Type 3 — four-branch pattern; BT — brachiocephalic trunk; LCC — left common carotid; LS — left subclavian; CT — com-
mon trunk; LV — left vertebral; DNR — data no reported

Table 5. Prevalence of anatomical variants in different populations

Author (country, year) Study Sample (n) Type 1 Anatomical Two-branch Four-branch
variations pattern pattern
Grande et al. (Portugal, 1995) Cad 33 82% 18% DNR DNR
Natsis et al. (Greece, 2009) DSA 633 83% 17% 15% 0.79%
Alsaif et al. (Saudi Arabia, 2010) Cad 30 75% 25% 16.5% 5.5%
Jakanani et al. (UK, 2010) CcT 861 74% 26% 20% 6%
Miiller et al. (Germany, 2011) CTA 2033 86.7% 13.3% 8% 4.1%
Patil et al. (India, 2012) Cad 75 71.3% 22.66% 14.66% 8%
Ortiz et al. (Colombia 2012) Cad 122 71.3% 28.7% 17.2% 8.2%
Budhiraja, et al. (India, 2013) Cad 52 36.5% 63.5% 19.2% 15.3%
Karacan et al. (Turkey, 2014) CTA 1000 19.2% 20.8% 14.1% 4.1%
Lale et al. (Turkey, 2014) CTA 881 87.4% 12.6% 1.2% 2.8%
Huapaya et al. (Peru 2015) CTA 361 78.1% 21.9% 11.3% 2.2%
Dumfarth et al. (USA, 2015) CcT 556 66.5% 33.5% 24.6% 6.3%
Tapia et al. (China, 2015) CcT 525 76.68% 23.32% 11.8% 4.85%
Jalali et al. (Iran, 2016) MRA 226 84.9% 15.1% 12.4% 0.9%
Mustafa et al. (Jordan, 2016) CTA 500 61.2% 38.8% 31.6% 5%
Wang et al. (China, 2016) CcT 23170 83.8% 16.2% 10.24% 4.95%
Prada et al. (Colombia, 2016) CTA 444 59.9% 40.1% 21.9% 9.9%
Rojas et al. (Colombia, 2017) Cad 35 74.29% 25.711% 11.43% 8.57%
Tapia-Nafiez et al. (Mexico, 2020) CTA 220 71.1% 22.3% 13.6% 1.3%

Cad — cadaveric; CT — computed tomography; CTA — computed tomography angiography; MRA — magnetic resonance angiography; DSA — digital subtraction angiographies;
DNR — data no reported
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the retrospective design of our study, findings were
not correlated to the clinical history of patients. The
presence of dyslipidaemia as well as atherosclerotic
lesions can significantly affect the area of blood ves-
sels. Measurements were performed by an expert
radiologist and anatomist at the same time, with-
out an interobserver index calculation. Although the
sample was obtained from a large reference centre
for the northeastern part of Mexico, it is not rep-
resentative of all Mexican populations, due to the
ethnical difference between regions in the country.
Standardisation of branch classification has not been
obtained, with differences between types, making
result comparison difficult.

CONCLUSIONS

There is a high prevalence (22.3%) of anatomic
variants in the aortic arch. We report a variant unclas-
sified by Natsis et al. [17]. The luminal areas in the
proximal, middle, and distal segments of the aortic
arch are bigger in men than in women, with statistical
difference in the middle and distal segments. Most
(82.3%) aortic arches are within T2-T4 vertebral level.
These should be taken into consideration when evalu-
ating patients for vascular or mediastinal procedures.
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Which morphological abnormalities better
define the elongation of transverse aortic arch:
a magnetic resonance angiography study
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Background: The aim of the study is to investigate the relation between mor-
phological abnormalities that might indicate elongation of transverse aortic arch
(ETA) and various aortic and thoracic measurements, and to determine which
morphological criteria define the elongated transverse arch better.

Materials and methods: Patients under 40 years of age who underwent contrast
enhanced thoracic magnetic resonance angiography were included in the studly.
Images were evaluated for the presence of morphological arch abnormalities such
as late take off (LTO) of left subclavian artery (LSA), flattening of the arch, and
kinking at the posterior or anterior contour of the lesser curvature. Various aortic
and thoracic measurements, including the distance between the orifices of the left
common carotid artery (LCCA) and LSA, were made. Statistical relation between
morphological abnormalities and these measurements was analysed. The effect
of morphological abnormalities and their combinations on the distance between
LCCA and LSA orifices was evaluated by linear regression analysis.

Results: Ninety three cases were included in the study. All morphological abnor-
malities and most of their combinations show statistically significant relation with
longer LCCA to LSA distance. The parameters that most affected this distance were
combination of flattening with LTO of LSA, anterior kinking and combination of
anterior kinking with both flattening and LTO, respectively.

Conclusions: Our study showed that the finding which best defines ETA is the
combination of LTO and arch flattening. Therefore, we recommend using this com-
bination in the diagnosis of ETA instead of the classical diagnostic criteria including
combination of LTO and posterior kinking. (Folia Morphol 2021; 80, 3: 583-589)

Key words: elongation of transverse aortic arch, cardiovascular
abnormalities, anatomy, magnetic resonance angiography

INTRODUCTION frequency of 37-49%, and it is more common in adults

Elongation of transverse aortic arch (ETA) was first than in younger patients [1, 4, 5, 7, 12]. ETA is not

defined by Ho et al. [6]. It is the most common aortic specific to Turner syndrome and can be seen in 1.1%
abnormality seen in Turner syndrome with the reported of the population without Turner syndrome [3, 11].
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Ho et al. [6] defined typical characteristics of ETA
as the increase in the distance between the origins
of left common carotid artery (LCCA) and left sub-
clavian artery (LSA) with flattening of transverse arch
and kinking along its lesser curvature. Although their
definition emphasis on the increase in the distance
between the origins of LCCA and LSA it is not based
on a study that directly measures this distance. Their
definition of ETA included two morphological criteria:
origin of LSA at a level posterior to the trachea on
axial images and indentation or convex kinking in the
inferior aortic contour along the course of the lesser
curvature [6]. In their study and in others related to
ETA, the definition of convex kinking points to the
angulation in the posterior contour of the aortic arch,
also known as aortic isthmus. This anomaly which
is also named as “box-shaped” appearance may be
associated with angulation in the anterior contour of
the arch in addition to the posterior contour; however,
kinking in the lesser curvature is defined as posterior
kinking in the isthmic region [7]. Although Ho et al. [6]
described flattening of the arch as a typical feature
of ETA, they didn’t add it to the two morphological
criteria that they specified for the diagnosis of ETA.
Similarly, except Ece et al.’s study [3], it is not clear
whether flattening of the arch is used as a criterion of
ETA by other studies conducted in the following years.

Mortensen et al. [8] investigated the relation be-
tween ETA and the distances between the origins
of the arch branches. To the best of our knowledge
their study is the only one investigating the relation
between ETA and aortic measurements. In the pres-
ent study we investigated the relation between each
aortic morphological abnormality (and combinations
of them) that may indicate ETA and various aortic
measurements and thoracic diameters and we aimed
to determine which morphological criteria define the
elongated transverse arch better.

MATERIALS AND METHODS

The study was performed retrospectively and was
approved by the institutional review board (approval
number 4322). Patients under the age of 40 who
underwent contrast enhanced thoracic magnetic
resonance (MR) angiography between 2009 and
2019 were retrieved from picture archiving and com-
munication system and reassessed. Informed consent
was obtained from all patients prior to MR imaging.

Two 1.5 tesla MR imaging systems (Signa HDi,
GE Healthcare, Milwaukee, WI, USA) with 8 channel
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phased array torso surface coil and (Magnetom Aera,
Siemens AG, Erlangen, Germany) 18 channel phased
array torso surface coil were used. MR angiography
examinations were performed as three-dimension-
al (3D) contrast enhanced angiography or four-di-
mensional (4D) high temporal resolution contrast
enhanced MR angiography (TRICKS, time-resolved
imaging of contrast kinetics or TWIST, time-resolved
angiography with interleaved stochastic trajectories).
Gadolinium based contrast agent was administered
with a 0.1-0.2 mmol/kg dose at a rate of 1.8 mL/s
via automatic injector which was followed by 20 mL
of saline with the same injection protocol. For opti-
mal scan timing automatic triggering or fluoroscopic
triggering was used in 3D contrast enhanced MR
angiography. High resolution angiography images
were obtained as 10-19 temporal phases.

The inclusion criteria for the study cases were
being under 40 years of age and having contrast-en-
hanced MR angiography examination with diagnostic
image quality. Patients under the age of 40 were in-
cluded to avoid the effect of atherosclerotic changes
on the accurate diagnosis of ETA. The main exclusion
criterion was having aortic abnormalities such as
interrupted aortic arch, double aortic arch etc. that
could significantly change the arch morphology and
prevent the evaluation of ETA. Data corrected accord-
ing to body surface area (BSA) were used therefore
patients whose BSA could not be calculated due
to lack of height and/or weight information were
excluded from the study. The cases with insufficient
image quality were also excluded.

The image analysis was performed by a radiolo-
gist that has 11 years of experience in cardiovascular
imaging. In contrast enhanced MR angiography both
maximum intensity projection and volume rendering
images were evaluated for the presence of morpho-
logical abnormalities that might indicate ETA. Origin of
LSA at a level posterior to the trachea on axial images
(late take off sign: LTO), flattening of the arch (loss of
typical upward convexity of the arch), kinking at the
posterior or anterior contours of the lesser curvature
of the aortic arch were the abnormalities searched
for (Fig. 1). Then aortic measurements, including the
distance between the orifices of LCCA and LSA, max-
imum distance between ascending and descending
aorta at a level caudal to the aortic arch and ascending
and descending aorta diameters at the level of pul-
monary trunk, were made. Antero-posterior, right-left
and supero-inferior diameters of thoracic cavity were
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measured on three plane localizer images. All meas-
urements were corrected according to BSA and this
corrected data was used in statistical analysis. Mostell-
er formula taking into account the height and weight
was used to calculate the BSA [9].

Statistical analysis

Student t test and Mann-Whitney U test were used
to evaluate the relation between morphological ab-
normalities that indicate ETA (and their double, triple,
or quadruple combinations) and aortic and thoracic
measurements. We used Student t test for normally
distributed variables and Mann-Whitney U test for the
variables without normal distribution. Linear regres-
sion analysis of the morphological abnormalities (or
their combinations) that are associated with statisti-
cally significant lengthening of the distance between
LCCA and LSA orifices was performed to determine the
abnormalities that most affected this distance. Statis-
tical analysis was performed with SPSS Statistics for
Windows, version 22 (IBM Corp., Armonk, NY, USA).

RESULTS

One hundred forty-nine patients under the age
of 40 who underwent thoracic aorta MR angiogra-
phy were retrieved from picture archiving and com-
munication system. Among them those who didn't
have height and weight records and those who had
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Figure 1. Volume rendering (A) and maximum intensity projection (B) angiographic
images show posterior kinking (arrow) and anterior kinking (double arrow) in lesser
curvature and flattening of aortic arch (open arrow). Axial image (C) shows the late
take off of left subclavian artery (asterisk) behind trachea (T).

abnormalities that significantly changed the aortic
morphology and may prevent its evaluation for ETA
were excluded from the study. The abnormalities
found in the excluded group was as follows: dou-
ble outlet right ventricle, aortopulmonary window,
transposition of great arteries, coarctation or pseu-
docoarctation of the aorta, interrupted aortic arch,
aortic aneurysm, aberrant right subclavian artery,
pulmonary atresia, aortic hypoplasia, double aortic
arch, aortic dissection, right sided aortic arch.

Ninety-three cases, 68 (73.1%) female and
25 (26.9%) male, aged 2-39 years were included in
the study. Mean age was 17.18 + 6.88 and median
age was 16. Forty-five (48.4%) cases had Turner syn-
drome and 24 (25.8%) had surgically corrected te-
tralogy of Fallot. Thirteen (14%) cases had congenital
anomalies that wouldn't interfere with the evaluation
of ETA. These were situs inversus totalis, pulmonary
stenosis, persistent left superior vena cava, partial
anomalous pulmonary venous return, hypoplastic
right ventricle, Ebstein anomaly and bicuspid aortic
valve. Remaining 11 (11.8%) cases didn’t have a con-
genital anomaly or an aortic abnormality.

The frequencies of morphological findings that
indicate ETA are shown in Table 1. In Tables 2 and 3,
results of the statistical analysis evaluating the re-
lation between morphological findings of ETA with
aortic measurements and thoracic diameters are
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given along with p values. P < 0.05 was considered
as statistically significant. All measurements that
had significant correlation with the morphologic
findings were larger in those that had these mor-
phologic findings.

When LTO or flattening or posterior kinking or
any combination of them were present, the distance

Table 1. Morphological findings sorted according to frequency

Morphologic findings Total (per cent)
PK 42 (45.2%)
LTO 39(41.9%)
Flat. 33(35.5%)
Flat. + LTO 23 (24.7%)
Flat. + PK 23 (24.7%)
PK + LTO 21 (22.6%)
LTO + Flat. + PK 17 (18.3%)
AK 12 (12.9%)
AK+LTO 8(8.6%)
Flat. + AK 6 (6.5%)
PK + AK 6 (6.5%)
LTO + Flat. + AK 5(5.4%)
Flat. + PK + AK 4 (4.3%)
LTO + PK + AK 3(3.2%)
LTO + Flat. + PK + AK 3(3.2%)

PK — posterior kinking; LTO — late take off; Flat. — flattening; AK — anterior kinking

between LCCA and LSA was significantly longer
(p < 0.05). In addition, there was significant asso-
ciation between each of these findings or any com-
bination of them and ascending and/or descending
aorta diameters (p < 0.05). Except posterior kinking,
these morphological findings or any combination of
them had significant association with one or more
thoracic measurements. With anterior kinking or its
combination with flattening and/or LTO, both the
distance between LCCA and LSA and all thoracic di-
ameters were significantly longer (p < 0.05). Some
of the morphological findings were also significantly
associated with the increase in the distance between
ascending and descending aorta. They are also shown
in Table 2.

According to multivariate linear regression analysis
the parameters that most affected the distance be-
tween LCCA and LSA were a combination of flattening
with LTO, anterior kinking and a combination of ante-
rior kinking with both flattening and LTO, respectively
[F (3, 89) = 21.81, p = 0.00, adjusted R? = 0.40].

DISCUSSION

To the best of our knowledge this is the first study
that investigates the relation between each compo-
nent of ETA (and their combinations) and thoracic
diameters and various aortic measurements, including
the distance between LCCA and LSA. This study also

Table 2. P values for the relation between morphological findings and measurements

Variables LCCAtoLSA  AAtoDA Thorax AP Thorax RL Thorax SI AA DA
distance distance diameter diameter diameter diameter diameter

LT0 0.000* 0.196 0.057 0.029* 0.173 0.034* 0.079
Flat. 0.000* 0.037* 0.005* 0.036* 0.079 0.004* 0.005*
PK 0.025* 0.299 0.218 0.228 0.695 0.051 0.001*
AK 0.008* 0.663 0.035* 0.008* 0.036* 0.701 0.292
Flat. + LTO 0.000* 0.115 0.002* 0.004* 0.025* 0.001* 0.015*
PK + LTO 0.000* 0.009* 0.025* 0.024* 0.147 0.009* 0.012*
Flat. + PK 0.000* 0.029* 0.030% 0.049* 0.328 0.005* 0.007*
Flat. + AK 0.012* 0.373 0.047* 0.006* 0.033* 0.254 0.107
AK +LTO 0.009* 0.373 0.015* 0.002* 0.016* 0.480 0.150
PK + AK 0.133 0.975 0.200 0.122 0.326 0.467 0.164
LTO + Flat. + PK 0.000% 0.029* 0.003* 0.004* 0.037* 0.010% 0.006*
LTO + Flat. + AK 0.023* 0.283 0.046* 0.007* 0.012* 0.201 0.066
LTO + PK + AK 0.215 0232 0.134 0.050 0.263 0.373 0.170
Flat. + PK + AK 0.107 0.353 0.135 0.043* 0.440 0.443 0.256
LTO + Flat. + PK + AK 0.215 0.232 0.134 0.050 0.263 0.355 0.158

*Statistically significant relation; LCCA — left common carotid artery; LSA — left subclavian artery; AP — antero-posterior; RL — right-left; SI— supero-inferior; AA — ascending aorta;
DA — descending aorta; PK — posterior kinking; LTO — late take off; Flat. — flattening; AK — anterior kinking
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Table 3. Relation between morphological findings and left common carotid artery (LCCA) to left subclavian artery (LSA) distance

measurements
Variables LCCA to LSA distance [mm/m?] (mean = standard deviation)
Positive Negative P

LTO 10.83 = 5.69 6.62 + 3.27 0.000*
Flat. 11.99 + 4.88 6.41 = 3.62 0.000*
PK 9.61 £5.39 7.38 £4.23 0.025*
AK 11.39 + 4.06 7.94 + 487 0.008*
Flat. + LTO 13.58 = 4.90 6.68 = 3.51 0.000*
PK + LTO 12.24 + 5.63 7.26 + 4.05 0.000*
Flat. + PK 11.99 + 5.38 7.20 = 4.11 0.000*
Flat. + AK 12.72 + 3.52 8.09 + 4.84 0.012*
AK +LTO 12.58 + 4.26 7.99 + 478 0.009*
PK + AK 10.08 + 2.93 8.27 +4.99 0.133
LTO + Flat. + PK 1341 + 545 7.26 =399 0.000*
LTO + Flat. + AK 12.88 + 3.91 8.13 +4.83 0.023*
LTO + PK + AK 10.65 + 3.40 8.31 +4.93 0.215
Flat. + PK + AK 10.97 + 2.85 8.27 +4.94 0.107
LTO + Flat. + PK + AK 10.65 + 3.40 8.31 +4.93 0.215

*Statistically significant relation; PK — posterior kinking; LTO — late take off; Flat. — flattening; AK — anterior kinking

evaluates the anterior kinking of aortic arch which
wasn’t mentioned in the previous studies.

Ho et al. [6] hypothesized that there may be a dis-
proportion between thoracic cage and great vessel
development and this may be the cause of great vessel
abnormalities in Turner syndrome; however, contrary
to what they expected, they found several thoracic
cavity dimensions corrected according to BSA to be
higher in these patients when compared to the con-
trol group [6]. Their study demonstrated a significant
association only between thoracic antero-posterior
diameter and ETA; however, in our study we found
statistically significant relation between morphologi-
cal findings that classically define ETA (flattening is in-
cluded or not) and all thoracic diameters. In addition,
we observed a significant association between one
or more thoracic diameters and each component of
ETA mentioned in its definition by the present study.
Anterior kinking, which was first defined by our study,
and its combination with flattening and/or LTO were
also found to be significantly associated with thoracic
diameters. We also found an association between
some of the findings of ETA (and their combinations)
and the increase in distance between ascending and
descending aorta.

Mortensen et al. [8] investigated the relation be-
tween ETA and the distance between LCCA and LSA
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and between innominate artery and LSA in adult
Turner syndrome patients. They accepted a combi-
nation of posterior kinking and LTO as the diagnostic
criteria of ETA. These distances which were not cor-
rected according to BSA were found to be significantly
higher in ETA patients when compared to the ones
without ETA. Except ours this is the first and the only
study which shows that the combination of posterior
kinking and LTO indicate a transverse arch that is
really elongated. In our study, in which morpholog-
ical findings were detailed and each morphological
finding and their various combinations were inves-
tigated separately, each morphological finding that
might indicate ETA and most of their double or triple
combinations were found to be associated with the
increase in the distance between LCCA and LSA. Mul-
tiple regression analysis showed that a combination
of LTO and flattening had the greatest association
with the increase in this distance. Interestingly, pos-
terior kinking and associated combinations which are
among the diagnostic criteria of ETA had lesser associ-
ation with this distance. Instead of posterior kinking,
anterior kinking and its combination with flattening
and LTO had greater association with the increase
in distance between LCCA and LSA. However, in our
study group anterior kinking was much less common
than the other three main findings, and this may



Folia Morphol., 2021, Vol. 80, No. 3

have affected the results of the statistical analysis of
anterior kinking and related combinations. Since the
combination of LTO and flattening has the greatest
association with the increase in the distance between
LCCA and LSA, we think that the combination of
LTO and flattening should be evaluated instead of
the combination of posterior kinking and LTO when
investigating ETA.

In the present study we also evaluated the relation
between aortic measurements and morphological
findings of ETA. Morphological findings and most
of their combinations were significantly associated
with increased ascending and descending aortic di-
ameters. In the previous studies conducted on pa-
tients with Turner syndrome association of ETA with
aortic dilatation has been mentioned; however, those
studies do not directly evaluate the relation between
ETA and aortic diameters [5]. In line with our study,
Mortensen et al. [8] reported significant association
between the diameter of descending aorta and ETA;
however, they didn’'t use aortic measurements that
were corrected according to BSA. They reported that
the distance between innominate artery and LSA
showed a positive correlation with ascending and
descending aorta diameters in adult patients with
Turner syndrome, but this correlation was not ob-
served in the control group. In Kim et al.’s study [7]
the diameter of aortic sinus and descending aorta
were found to be higher in patients with ETA; how-
ever, they didn't find a relation between standardised
Z-scores of aortic diameters and ETA [7]. Although we
did not include patients with aortic aneurysms in our
study group, it should be taken into consideration
that in our heterogeneous study group there may
be different factors affecting aortic diameters which
may hinder the evaluation of the relationship between
aortic diameters and presence of ETA.

The clinical significance of ETA which is the most
frequent aortic abnormality observed in Turner syn-
drome is controversial. It is thought that the presence
of ETA alone does not have a clinical significance but
may be an indicator for an abnormal wall structure
prone to dilatation and maybe dissection [1, 5]. The
studies investigating the effects of aortic abnormal-
ities on blood flow revealed changes in flow char-
acteristics of the arch in patients with ETA [2, 10].
Systolic and diastolic blood pressures in patients with
ETA are also reported to be significantly higher when
compared to the ones without ETA [6].

Limitations of the study

The present study has some limitations. First, mor-
phological findings, especially flattening of the arch,
were determined based on a subjective assessment.
Second, evaluation was performed by only one ob-
server; therefore, interobserver variability was not
calculated. Third, majority of paediatric and young
adult patients who underwent thoracic MR angio-
graphy at our centre had Turner syndrome, hence
the frequency of morphological abnormalities in the
aortic arch cannot be adapted to the general pop-
ulation. However, being frequency of ETA high in
the present study population enabled us to evaluate
the morphological findings indicating ETA in detail.
Although our study group has cases with normal MR
angiography findings, it is a limitation that we do not
have a control group consisting entirely of healthy
volunteers. There may be unpredictable factors that
may affect aortic and thoracic diameters in these pa-
tients even if they didn’t have ETA or morphological
findings indicating ETA.

CONCLUSIONS

Although classical diagnostic criteria of ETA in-
clude LTO of LSA and kinking at the posterior contour
of aortic arch, our study showed that the finding
which has the greatest association with ETA is the
combination of LTO and arch flattening. Posterior
kinking and associated combinations are associated
with the increase in distance between LCCA and LSA
less than anterior kinking and associated combina-
tions. Therefore, we recommend using the combina-
tion of LTO and arch flattening in the diagnosis of ETA
instead of the classical diagnostic criteria including
the combination of LTO and posterior kinking.
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Background: In this study, we investigated the relationship between the portal
vein and hepatic artery variations and the remaining liver volume in living donors
in liver transplantation.

Materials and methods: In the study, triphasic abdominal computed tomography
images of 180 live liver donor candidates were analysed retrospectively. Portal
veins were divided into four groups according to the Nakamura classification and
seven groups according to the Michels classification. The relationship between
vascular variations and remnant liver volume was compared statistically.

Results: According to the Nakamura classification, there were 143 (79.4%) type A,
23 (12.7%) type B, 7 (3.9%) type C and 7 (3.9%) type D cases. Using the Michels
classification, 129 (71%) type 1, 12 (6.7%) type 2, 24 (13%) type 3, 2 (2.2%) type 4,
10 (5.6%) type 5, 1 (0.6%) type 6, and 2 (1.1%) type 7 cases were detected.
There was no significant difference in the percentage of the remaining volume
of the left liver lobe between the groups (p = 0.055, p = 0.207, respectively).
Conclusions: Variations in the hepatic artery and portal vein do not affect the
remaining liver volume in liver transplantation donors. (Folia Morphol 2021; 80,
3: 590-595)

Key words: portal vein, hepatic artery, anatomic variations, liver remnant
volume, liver transplantation, living donor

INTRODUCTION

An accurate evaluation of potential living donors
before liver transplantation is important in prevent-
ing postoperative liver failure [19]. There are many
factors related to donor safety, such as obesity, age,
liver volume, fatty liver, medical problems, anatomical
variations, surgical process, and operative procedures
[20]. The correct assessment of liver vascularity and
volume is very important for both the donor and
the recipient [15, 19]. Post-transplantation liver fail-

ure has been reported in the right lobe donors at
around 10% [15]. On the other hand, the low liver
volume of the recipient is an important problem that
affects the recovery rate [8, 15]. Triphasic abdominal
computed tomography (CT) imaging has minimised
errors in vascular and volume assessment [15]. The
determination of vascular variations is essential for
the operative procedure because they can affect de-
cisions regarding the resection line or the use of
grafts [20, 22] A minimum of 30% of liver remnant
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Figure 1. A. The operation resection line (arrows) is made to pass right of the middle hepatic vein (arrowheads); B. Liver volume is calculated
by distinguishing it from vascular structures through the three-dimensional volume programme.

volume after post-transplantation is considered as
the critical limit [8, 19]. Therefore, researchers have
explored the relationships between liver volume and
vascular structures [3, 9, 12, 18]. Similarly, in this
study, we examined the relationship of the portal
and hepatic artery variations, which are surgically im-
portant parameters before liver transplantation, with
the remnant liver volume in liver transplant donors.

MATERIAL AND METHODS
Patient selection
This study was approved by the local ethics com-
mittee (number file: B.30.2.ATA.0.01.00/163). All
donors were informed about the examination and
study procedure, and their written consent was ob-
tained. Of the healthy volunteers who presented to
the radiology department of our hospital between
July 2018 and January 2020 as potential transplant
donors, those aged 18 to 45 years were included in
the evaluation. A routine laboratory evaluation, hae-
mogram analysis, liver ultrasonography, and triphasic
abdominal CT were performed. After the laboratory
and radiological evaluation, 25 patients with fatty liv-
er, 2 with an abdominal aortic aneurysm, and 13 with
diffuse atherosclerosis in vascular structures were
excluded from the study. The data of the remaining
180 volunteers were evaluated in the study.

CT examination

In this study, a 320-row multi-detector CT device
(Aquillion ONE Vision; Toshiba Medical Systems Cor-
poration, Otawara, Japan) was used for liverimaging.
All CT scans were performed using the parameters
recommended by the manufacturer (slice thickness:
0.5 mm; rotation time: 0.5 s; and scan interval:
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240 mm [480 slices, 0.5 mm]). Using a pressure in-
jector, 1.5 mL/kg contrast enhancement (300 mg/mL
iohexol) was applied at a rate of 3.5 mL/s. Triphasic
images were obtained in the arterial, portal, and he-
patic vein phases. The images were evaluated on the
radiological workstation (Syngo Via Console, software
version 2.1, Siemens AG Medical Solutions, Erlangen,
Germany) by a single radiologist (B.Y.C.) with 10 years'
experience in the field. The volumetric volume assess-
ment of the liver was undertaken using another work-
station (Myrian Pro; Intrasense, Montpellier, France).

Image evaluation

The images were divided into groups according
to Nakamura et al.’s [16] anatomic classification of
portal veins and Michels et al.’s [5] classification of he-
patic arteries. In a three-dimensional (3D) volumetric
image processor, the liver parenchymal volume was
distinguished from vascular structures (Fig. 1A). Along
the Cantlie line used during transplantation (Fig. 1B),
the liver was volumetrically divided into two lobes
as right and left. The percentage of the remnant left
lobe relative to the total liver volume was determined
after liver transplantation.

Statistical evaluation

Statistical evaluation was performed using Med-
calc statistics (v. 12, Mariagerke, Belgium). The
D’Agostino-Pearson test was used to determine
whether the data was parametric. The left liver lobe
percentages of the four groups formed according to
the portal vein classification were compared using the
Kruskal-Wallis test. The left liver lobe percentages of
the five arterial variation groups formed according to
the hepatic artery classification were compared by the
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Figure 2. Computed tomography (A) and three-dimensional (3D) volume rendering imaging (B) show the Nakamura type A portal bifurcation
structure. The 3D volumetric programme (C) demonstrated liver left lobe volume values in the donor with Nakamura type A.
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Figure 3. Statistical graph of percentages of left lobe percentage volume according to Nakamura classification.

Kruskal-Wallis test. The demographic data between groups in terms of the left lobe remnant percent-

the groups were comparatively evaluated using the age relative to the liver transplantation resection line

t-test for age and the y? test for gender. P values of (p = 0.055; Figs. 2, 3). The related data and statistical
< 0.05 were considered as statistically significant. results are shown in Table 1.

According to the Michels classification, the follow-

RESULTS ing seven groups were observed: type 1 (n = 129;

The mean age of the 180 volunteers evaluated 71%), type 2 (n = 12; 6.7%), type 3 (n = 24; 13%),
was 28 + 8.5 years. The number of female volun- type 4 (n = 2; 2.2%), type 5 (n = 10; 5.6%), type 6
teers was 76 (41.1%). According to the Nakamu- (n =1; 0.6%), and type 9 (n = 2; 1.1%). There was
ra classification, there were 143 (79.4%) type A, no statistical difference in age and gender distribu-
23 (12.7%) type B, 7 (3.9%) type C, and 7 (3.9%) tion between these groups (p = 0.341 and 0.132,
type D patients. There was no statistically significant respectively). In the hepatic artery groups (types 1, 2,

difference in age and gender distribution between 3, 4,5, 6, and 9), the median values of the left liver
the groups (p = 0.54 and 0.096, respectively). The lobe volume (95% ClI) were found to be 36 (35-37),
data of the left liver lobe volume were non-para- 34.5 (30.3-38.8), 35 (32-37), 39, 36.5 (33-42), 42,
metric and did not show normal distribution. In the and 30. No significant difference was determined
portal vein groups (types A, B, C, and D), the median between the Michels groups in relation to the per-
values (95% confidence interval [Cl]) of the left liver centage of the left lobe remnant volume relative to
lobe volume were found to be 36 (35-37), 35 (33-37), the liver transplantation resection line (p = 0.207;
33(30.5-35.5), and 32 (30.5-38.5), respectively. There Figs. 4, 5). Table 2 presents the related data and
was no significant difference between the Nakamura statistical results.
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Table 1. Nakamura groups, the left lobe remnant percentage relative to the liver transplantation resection line (source: [16])

Portal vein statistics data Nakamura type A Nakamura type B Nakamura type C Nakamura type D P
Number of cases 143 23 1 7

Age [year] 30484 304 87 31.2+104 26.1 +6.8 0.54
Male gender (%) 85 (59%) 9(39%) 5(71%) 5(71%) 0.096
Left lobe volume percentage, 36 (35-37) 35(33-37) 33(30.5-35.5) 32(30.5-38.5) 0.055
median (95% Cl)

Cl — confidence interval

Table 2. Michels groups, the left lobe remnant percentage relative to the liver transplantation resection line (source: [16])

Hepatic artery Michels Michels Michels Michels Michels Michels Michels P
statistics data type 1 type 2 type 3 type 4 type 5 type 6 type 9

Number of cases 129 (71%) 12 (6.7%) 24(13%)  2(2.2%) 10 (5.6%) 1(0.6%) 2(1.1%)

Age 308+84 235+517 305+88 21+28 309+96 260 24+28 034
Male gender (%) 76 (58.9%) 5(41.7%) 13(13.3%)  2(100%) 6 (60%) 1(100%) 1 (50%) 0.132
Left lobe volume percentage, 36(35-37) 34.5(30.3-38.8) 35(32-37) 39(-) 36.5(33-42) 42 (- 30(-) 0.207
median (95% Cl)

Cl — confidence interval

Figure 4. Computed tomography (A) and three-dimensional (3D) volume rendering imaging (B) show the Michel's type 1 hepatic artery varia-
tion. The 3D volumetric programme (C) demonstrated liver left lobe volume values in the donor with Michel's type 1 hepatic artery variation.
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Figure 5. Statistical graph of percentages of left lobe percentage volume according to Michel’s classification.
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DISCUSSION

In this study, we found that the volume of the left
liver lobe was not affected by the portal vein and he-
patic artery variations which are important pre-trans-
plantation parameters that determine donor safety and
success of the procedure. In the literature, there are
some studies that has investigated the effects and rela-
tionship of vascular structures concerning liver volume
[3, 12, 18]. Since 3D software providing preoperative
volumetric evaluation is not available in every centre,
researchers have attempted to perform this evaluation
using various formulas [14]. In this study, we examined
the relationship of the liver remnant volume with the
portal vein and hepatic artery anatomical variations,
which, to the best of our knowledge, has not been
previously evaluated in the literature.

Some external anatomic landmarks can be used to
divide the liver into the lobes; however, this approach
is not sufficient when planning a liver surgery. Further
division of the liver into the segments based on the bil-
iary and vascular trees was introduced previously [4, 7].
On the other hand, various anatomical variations of the
liver were reported [17] which can affect the volumetric
evaluation. The development of the portal and hepatic
venous system is completed at the end of 6" week of
development. Embryological origin of the liver veins can
conflict with Couinaud’s model and segmental anatomy
is closely related with an adaptive mechanism of the liver
which varies with metabolic demand and perfusion [7].

Abdalla et al. [1] performed the volumetric evalu-
ation of the left lobe and left lobe segmentation and
found differences between the patients with a certain
standard deviation. It was reported that these dif-
ferences might be due to anatomical differences [1].
Therefore, they may result from either physical dif-
ferences or vascular variations between patients. In
another study, Altunkaynak et al. [2] showed that
the body mass index of the patients was associated
with their liver volume. Kokuda et al. [13] detected
differences between study groups in terms of liver
volume and attributed it to the thoracic width. Such
studies demonstrate that liver volume can vary ac-
cording to the populations examined and their ana-
tomical differences. The current study was conducted
in a Turkish population, and no significant difference
was observed between the groups in terms of age
and gender. Therefore, we focused on the effects of
vascular variations on the liver volume in our study.

Vascular variations are important anatomical
markers that determine liver segmentation [10]. In
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particular, portal and hepatic variations are vascular
components used in liver segmentation. Therefore,
variational changes can affect segmentation (including
the right-left lobe separation) [10]. Besides, the proper
functioning of the portal vein, hepatic artery, and he-
patic vein structures that provide tissue vascularisation
allows for the volumetric and functional development
of the related tissues [6, 11, 21]. Due to the changes
in liver function caused by these functional variations
in vascular structures, the differences in anatomical
structures and their features may also affect the liver.
Similarly, Choi et al. [3] reported that the portal vein
flow was related to the volume ratios of the right and
left liver lobes; thus, they concluded that vascular
drainage might affect the liver volume and functional
capacity. However, in the same study, it was shown
that the portal vein area was not associated with liver
volume [3]. Although no variational assessment was
undertaken in this study, the portal vein area was not
associated with liver volume which was an important
finding revealing that the differences in anatomical
structures did not affect the volume. Our results con-
firmed that the anatomical variations did not result in
any changes in the liver volume percentage.

Limitations of the study

Our study had several limitations. First, the num-
ber of our patients was not sufficient. Thus, some
vascular variations might not be observed, and some
were few in statistical terms. The second limitation
of our study was that we did not take our patients’
body mass indices into account. However, we believe
that this parameter would not have had a significant
impact on the results as there was no difference in
age or gender distribution in the study population.

CONCLUSIONS

In conclusion, variational changes in the hepatic
artery and portal vein are important markers that
affect decisions concerning the surgical procedure;
however, they do not affect the remnant liver volume
in liver transplant donors.

Conflict of interest: None declared
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Background: Cryptorchidism, one or both hidden testes, is the most common
abnormality of male sexual development. Subfertility or infertility is associated
with both unilateral and bilateral cryptorchidism. In this study, we investigate the
possible ameliorative effect of curcumin (Cur) on the induced-unilateral cryptor-
chidism testicular injury in both cryptorchid (Cryp) and non-cryptorchid (non-Cryp)
scrotal testes through histological, immunohistochemical and morphometrics.
Materials and methods: Forty adult male albino rats were divided into: control
group, Cur control group, Cryp group, and Cryp+Cur group. The rat model was
surgically established by fixing the left testis in the abdomen. The treated groups
were subjected to surgically induced-unilateral cryptorchidism on the left side then were
given Cur (80 mg/kg) orally, for 20 days. Histological analysis using haematoxylin and
eosin and periodic acid Schiff's reaction was done. Immunohistochemistry was per-
formed for proliferating cell nuclear antigen (PCNA), to estimate the proliferation
in the germinal epithelium, and vimentin, to evaluate Sertoli cells. The results were
confirmed by statistical evaluation of the spermatogenic epithelium height, the
seminiferous tubules diameter, the basement membrane thickness, the number
of PCNA immunostained cells and the area per cent of vimentin immunostaining.
Results: Distorted seminiferous tubules, substantial degeneration of the germinal
epithelium, thickening of the basement membrane with a significant decrease
in PCNA and vimentin immunostaining were observed in Cryp group, mainly in
the cryptorchid testis. These structural changes were significantly reversed in
Crypt+Cur group.

Conclusions: Curcumin proved to be an important and effective medical line for
protecting against the unfavourable sequels of cryptorchidism in a rat model.
(Folia Morphol 2021; 80, 3: 596-604)

Key words: testis, unilateral cryptorchidism, curcumin, proliferating cell
nuclear antigen (PCNA), vimentin
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INTRODUCTION

Cryptorchidism, one or both hidden testes, is
the most common abnormality of male sexual de-
velopment occurring in about 2.4-5% of full-term
newborns [14]. The ratio rises to 30% of premature
neonates. Related complications of infertility, malig-
nant transformation, depression and trauma have
been recorded [15].

Subfertility or infertility is associated with both
unilateral and bilateral cryptorchidism. One-third of
unilateral undescended testis complained of fertility
impairment with incidence of azoospermia in about
13% of cases [11]. The impact of cryptorchidism in-
cluded not only degeneration of germ cells in response
to elevated temperature [17] but also increased intra-
testicular oxidative stress that produced deleterious
testicular changes with reduced spermatogenesis [7].
A previous study has demonstrated that unilateral
cryptorchidism was associated with increased number
of mast cells in both testes, resulting in fibrosis and
deterioration of spermatogenesis [1]. The structural
defects of both the retained and scrotal testis have
been concluded in other studies [15, 35].

The concept of ‘early orchidopexy’ has established
as the primary treatment for cryptorchidism. How-
ever, orchidopexy alone is insufficient to completely
restore spermatogenesis and there is a domain for
a germinal epithelial protective substance [6]. Hu-
man spermatogonial from cryptorchid (Cryp) patients
can piecemeally differentiate into haploid spermatids
when treated with retinoic acid and stem cell factor
[36]. Antioxidants have proved to significantly increase
the sperm count and germ cell count in Cryp rats [3].

Curcumin (Cur), the active ingredient of the die-
tary spice turmeric (curcuma longa), is widely used
in medical practice. Its efficacy is due to its phenol-
ic group [33]. It is known to be anti-inflammatory,
antineoplastic, cardioprotective and renoprotective
reagent [36]. Moreover, it has bi-functional antioxi-
dant effects by protecting the cell against the reactive
species and stimulating up regulation of cytoprotec-
tive proteins [34].

The aim of our study is to evaluate the possible
ameliorative effect of Cur on the induced unilateral
cryptorchidism in both Cryp and non-Cryp testes.

MATERIALS AND METHODS
Experimental design

This study included 40 adult male albino rats,
each of 200-250 g body weight. The animals were
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bred in the Animal House of Faculty of Medicine,
Cairo University. Each group, or subgroup, was kept
in separate wire cage at room temperature, fed ad
libitum with free water supply. All procedures were
held under ethical guidelines of Animal Care and Use
Committee of Cairo University. The rats were divided
equally into four groups (n = 10).

Control group (Gpl): the rats were equally sub-
divided into two subgroups (n = 5): Blank control
(Gpla): the rats were not exposed to any surgical pro-
cedure; and Sham (Gplb): subjected to sham operation
on day 1 of the experiment. Under anaesthesia and
complete aseptic conditions, a lower midline abdominal
incision was performed. The left testis was displaced into
the abdomen then replaced again into the scrotal sac,
and then the incision was closed. The rats were admin-
istered buprenorphine 0.05 mg/kg by intraperitoneal
injection/8 h; as post-operative analgesic for 7 days. Be-
sides, they were given 1 mL dimethyl sulfoxide (DMSO)
orally once daily for 20 days.

Curcumin (Cur) control group (Gpll): were given
Cur at a dose of 80 mg/kg, dissolved in 1 mL DMSO, once
daily orally, for 20 days.

Cryptorchid (Cryp) group (Gplll): rats were sub-
jected to surgically induced-unilateral cryptorchidism
on the left side. Animals were subjected to the same
surgical procedures as Gplb but the left testis was dis-
placed into the abdomen and fixed. The gubernaculum
on the left side was separated, the testis was displaced
into the abdomen, and the inguinal canal was closed
[7]. The incision was sutured and the rats were admin-
istered post-operative analgesic. The animals were left
for 20 days after surgery without any treatment [22].

Cryptorchid plus curcumin (Cryp+Cur) group
(GplV): rats were subjected to surgically induced-unilat-
eral cryptorchidism on the left side as described in Gplil
then were given Cur orally, for 20 days.

All rats were euthanized at the end of the experi-
ment by intraperitoneal injection of thiopental sodi-
um (50 mg/kg). Testis specimens were fixed in Bouin
solution and embedded in paraffin. Serial sections of
5 pum thickness were cut and subjected to histological
and immunohistochemical studies.

Histological studies
Haematoxylin and eosin stain (HE) to illustrate the
morphological change and periodic acid Schiff’s (PAS)
reaction to demonstrate the basement membrane.
Immunohistochemistry for proliferating cell nucle-
ar antigen, using a mouse monoclonal antibody (Ab)
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(Thermo Scientific Laboratories, USA, Cat.# MS106P)
as a criterion for the proliferating cells.

Vimentin intermediate filament, using monoclonal
antibody (Cell Marque Corporation, Toll-Free North
America, Cat.# 347M-18).

Morphometrics

Employing “Leica-Qwin 500 C" image analyser
(Cambridge, England), 10 non-overlapping fields/rat
testes were examined and the following parameters
were estimated:
height of the spermatogenic epithelium (SEp)
and the diameter of the seminiferous tubules in
HE sections;
thickness of the basement membrane in PAS
stained sections;
number of positive (+ve) proliferating cell nuclear
antigen (PCNA) immunostained cells;
area per cent of +ve vimentin immunostaining.

Statistical studies

The estimated measurements were compared
and analysed using one-way analysis of variance of
SPSS software version-19. Comparison between the
different groups was followed by post-hoc Tukey
test. Quantitative representative data was obtained
and summarised as means * standard deviations
(SD). Probability (p) values < 0.05 were considered
statistically significant.

RESULTS

Clinical observation. No mortality was recorded
in the experimental rats and no changes were noted
in their behaviours in water and food consumption.

HE stain. Testicular sections of control rats and
rats from Gpll displayed normal architecture of
the seminiferous tubules and the interstitial tissue
(Fig. 1A, B). The Cryp testes of Gplll revealed severely
distorted seminiferous tubules and partial separation
of the basement membrane in some areas. In most of
the examined fields, there was obvious degeneration
of the germinal epithelium with some shed cells in the
lumen. The non-Cryp testes from Gplll showed mild
disorganisation of the seminiferous tubules. The lin-
ing epithelium showed spermatogonia, primary sper-
matocytes with absence of late stage of germ cells
(Fig. 1C, D). The GplV revealed obvious protection
of the abdominal and scrotal testes. There were nor-
mal structure of the seminiferous tubules containing
spermatozoa in the lumen and the interstitial tissue
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in both abdominal and scrotal testes. Seminiferous
tubule displayed all germinal cell layers with sperm
in the lumen (Fig. 1E, F).

PAS stain. Sections from Gplll revealed strong thick
+ve PAS reaction in the thick irregular basement mem-
brane in both scrotal and abdominal testes. In GplV, thin
strong + ve PAS reaction in the basement membrane of
both abdominal and scrotal testes was illustrated (Fig. 2).

Immunohistochemistry (Fig. 3). Using PCNA im-
munostaining, the Cryp testes from Gplll showed few
+ve PCNA immunostained cells near the basement
membrane in severely degenerated SEp. The non-Cryp
testes revealed many +ve PCNA immunostained cells
in the early stages of the SEp and weak or absent im-
munostaining in the late stages of the spermatogenic
cells. GplV revealed diffuse +ve PCNA immunostain-
ing in both testes.

In vimentin immunohistochemistry, Cryp testes of
Gplll showed +ve vimentin immunostaining in Sertoli
cells in the perinuclear region. The right scrotal testes
of the same rats revealed +ve vimentin immunostain-
ing mainly in the perinuclear region of Sertoli cells
with few +ve apical immunostaining. In GplV, both
testes revealed numerous +ve vimentin immunos-
taining of Sertoli cells in the perinuclear regions and
throughout the cytoplasm extending into the apices.

Statistical analysis (Table 1)

The height of the SEp and seminiferous tu-
bules diameter. Gplll showed a significant decrease
in both parameters as compared to Gpl, Gpll, and
GplV. Meanwhile, both parameters in the Cryp testes
of Gplll were significantly decreased as compared to
the scrotal testis of Gplll. In GplV, the mean height of
SEp and the mean diameter of seminiferous tubules
in the Cryp testes were significantly decreased as
compared to Gpl, Gpll and non-Cryp testes of GplV.

The thickness of the basement membrane. In
both testes of Gplll, the mean thickness of the base-
ment membrane displayed a significant increase as
compared with Gpl, Gpll, and GplV. In addition, the
mean thickness of basement membrane in Cryp tes-
tes of Gplll was significantly increased compared to
the non-Cryp testes of Gplll. The mean thickness of
basement membrane in Cryp and non-Cryp testes of
GplV were comparable.

The mean cell count of +ve PCNA immunos-
tained cells. In both testes of Gplll, the mean cell
count of +ve PCNA immunostained cell was sig-
nificantly decreased as compared to Gpl, Gpll and
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Figure 1. Haematoxylin and eosin (HE)-stained rat testes (% 200) showing Group | (Gpl; A) and Group Il (Gpll; B): the seminiferous tubules
containing spermatozoa (star) in the lumen, the interstitial tissue (IS) harbouring clusters of Leydig's cells (L), the spermatogenic epithelium
(SEp) resting on basal lamina with Sertoli cells (arrowheads), attached mature spermatids (curved arrows), numerous spermatogonia (arrows)
and primary spermatocytes (Ps); C. Cryptorchid testis in Group Il (Gplll): substantial distortion and collapse of the seminiferous tubules with
partial separation of the basement membrane (wavy-arrow), obvious degeneration of the germinal epithelium. Some cells are sloughed in the
lumen (bifid-arrow); D. Non-cryptorchid testis in Gplll: mild disorganisation of the seminiferous tubules with expansion of interstitial space,
the SEp illustrating Sertoli cells (arrowhead), spermatogonia (arrows), Ps, and absence of sperms; Cryptorchid and (E) and non-cryptorchid
testes (F) in Group IV (GpIV): normal structure of the seminiferous tubules with all germinal cell layers, mature spermatids and spermatozoa

(star) in the lumen, and IS containing clusters of Leydig’s cells (L).

GplV. Besides, it was significantly decreased in the
Cryp testes of Gplll as compared to the non-Cryp
testes of Gplll. The mean cell count of +ve PCNA
immunostained cell in the Cryp testes of GplV was
significantly decreased as compared with Gpl, Gpll
and non-Cryp testis of GplV.

The mean area per cent of vimentin immu-
nostaining. Both testis of Gplll showed a significant
decrease as compared to Gpll and GplV. In the ab-
dominal testes of GplV, it was significantly decreased
as compared to Gpl, Gpll and scrotal testes of GplV.
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DISCUSSION

Cryptorchidism is a common congenital malforma-
tion in the male reproductive system. It is documented
to have long-term sequels such as infertility, depression,
and testicular cancer. The impacts included degenera-
tion of germ cells in response to elevated temperature
[17] and increased intratesticular oxidative stress [7]. The
objectives for cryptorchidism management are to pre-
serve fertility and ameliorate the risk of malignancy [29].

Experimentally induced unilateral cryptorchid-
ism is stellar method to study undescended testis in
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Figure 2. Periodic acid Schiff’s (PAS)-stained rat testes (< 400) showing: Group | (Gpl; A) and Group Il (Gpll; B): thin strong +ve PAS reaction
in the basement membrane (arrows); Cryptorchid (C) and non-cryptorchid (D) testes in Group Il (Gplll): strong +ve PAS reaction in the thick
irregular basement membrane (arrows). Cryptorchid (E) and non-cryptorchid (F) testes in Group IV (GplV): thin strong +ve PAS reaction in the

basement membrane (arrows).

relevance to spermatogenesis against temperature
gradient in both testes [12]. In the present work,
cryptorchid testes of Gplll revealed severely distorted
seminiferous tubules and SEp. The non-Cryp testes
of Gplll displayed mild disorganisation of the sem-
iniferous tubules with absence of sperm in most of
fields. However, a significant difference in the height
of germinal epithelium and the diameter of semi-
niferous tubules was noted between the Cryp and
the non-Cryp testes of Gplll. These findings were in
accordance with previous study of Moon et al. [25].
It was postulated that histological changes associated
with cryptorchidism resulted in a significant reduc-
tion in the number and the diameter of seminiferous
tubules with amelioration of the number and prolif-
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eration of spermatogonia. Besides, most of the pro-
liferating cells detected were Sertoli cells suggesting
increased risk of Sertoli cell tumours. Also, structural
defects of both the retained and scrotal testes were
reported [4, 35].

High temperature was suggested to induce dis-
ruption of spermatogenesis in cryptorchid testis [12].
Lin et al. [20] found that hyperthermia initiates oxida-
tive stress and apoptosis in spermatogenic cells with
subsequent affection of fertility. This was explained
by Tekayev et al. [32] that testicular tissues are rich in
polyunsaturated fatty acids and poor in antioxidant
defence. Thus, they are prone to be attacked by re-
active oxygen species (ROS) which are able to oxidize
proteins, lipids and deoxyribonucleic acid leading to
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Figure 3. Proliferating cell nuclear antigen (PCNA) and vi-
mentin immunohistochemically stained rat testes (< 400).
PCNA immunohistochemistry showing: Group | (Gpl; A)
and Group Il (Gpll; C): diffuse +ve PCNA immunostaining
in the nuclei of spermatogenic cells (arrow) and in the in-
terstitial tissue (IS) (star); E. Cryptorchid testis in Group Il
(Gplll): few +ve PCNA immunostained cells (arrow) near
the basement membrane in severely degenerated sper-
matogenic epithelium (SEp); G. Non-cryptorchid testis in
Group Il (Gpllll): many PCNA immunostained cells in the
early stages of the spermatogenic cells (arrow) with weak
(curved-arrow) or absent (arrowhead) immunostaining in
the late stages of the spermatogenic cells; Cryptorchid (1)
and (K) non-cryptorchid testes in Group IV (GplV): diffuse
+ve PCNA immunostaining in the nuclei of spermatogenic
cells (arrow). Vimentin immunohistochemistry showing:
Group | (Gpl; B) and Group Il (Gpll; D): +ve vimentin im-
munostaining of Sertoli cells in the perinuclear region (ar-
rows), throughout the cytoplasm (bifid-arrow) and apically
from nucleus (wavy-arrows). Positive immunostaining is
noted in myoid cells (arrowhead), endothelium (curved-
-arrow) and IS cells (star); F. Cryptorchid testis in Gplll:
+ve vimentin immunostaining around the nuclei of Sertoli
cells (arrows), in myoid cells (arrowhead) and IS cells
(star); H. Non-cryptorchid testis in Gplll: 4-ve vimentin
immunostaining mainly in the perinuclear region of Sertoli
cells (arrows) with few +ve immunostaining extending
through the cytoplasm apically (wavy-arrow); Cryptorchid
(J) and non-cryptorchid (L) testes in GplV: +ve vimentin
immunostaining of Sertoli cells in the perinuclear region
(arrows), throughout the cytoplasm (bifid-arrow) and api-
cally from nucleus (wavy-arrows); Cryp — cryptorchid.

Table 1. Curcumin significantly protected the testicular tissue and improved the germinal epithelium proliferation in both cryptorchid
(Cryp) and non-cryptorchid testes

Groups Mean height Mean diameter Mean diameter of the Mean cell count Mean area per
of spermatogenic of seminiferous basement membrane  of PCNA immunos- cent of vimentin
epithelium [um] tubule [um] thickness [um] tained cells immunostaining
Group | 97.01 + 5.64 362.27 + 16.48 0.85 = 0.15 36.7 £ 2.93 2623
Group Il 97 =547 357.29 = 10.13 09=+013 38.1 £2.92 26.23 = 2.66
Cryp; Group lll 9.18 + 2.25*1# 141.94 + 14.62*1# 561 + 0.61*1# 6.7 £ 1.49%1# 10.89 + 2.09*#
Non-Cryp; Group lll 69.87 = 7.49*# 202.93 + 23.96*# 467+ 0.72°# 11.6 = 2.01*# 11.51 + 1.76*#
Cryp; Group IV 89.29 + 2.38*$ 297.12 = 14.99*$ 113 £0.32 32.1 + 2.08*$ 20.28 + 2.37*$
Non-Cryp; Group IV 95.90 + 3.89 348.62 + 14.58 0.84 £0.15 36.6 = 2.07 243 +205

Data presented with means + standard deviation. *Significant as compared to Group I; ! Significant as compared to Cryp Group llI; #Significant as compared to Cryp and non-Cryp group IV;
$ Significant as compared to non-Cryp Group IV; PCNA — proliferating cell nuclear antigen
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cellular damage. The equalisation between produc-
tion and clearance of ROS provides an important role
in the spermatogenesis as physiological level of ROS
maintains the body’s normal physiological functions,
whereas excessive ROS can cause apoptosis.

Interestingly, Acikgoz et al. [1] found that unilat-
eral cryptorchidism was associated with increased
number of mast cells in both testes, resulting in de-
terioration of spermatogenesis. According Aydin et
al. [5], the unilateral cryptorchidism causes endocrine
dysfunction in the body, influencing the secretion
of sex hormone and occurrence of allergic reaction.
Recent study has revealed that cryptorchidism leads to
hypothalamic-pituitary-gonadal dysfunction, which
was assumed to interfere with the contralateral tes-
ticular function and morphology [30]. Moreover, it
was documented that affection of sensory branch of
genito-femoral nerve is a finding in cryptorchidism
[17]. The abnormal environment in the Cryp testis has
deleterious effects on the genito-femoral nerve that
induces changes in blood circulation and the microen-
vironment in the contralateral non-Cryp testis [26].

Rats from GplV that received curcumin treatment
after induction of unilateral cryptorchidism revealed
obvious protection of the abdominal and scrotal tes-
tes. They exhibited normal architecture of the sem-
iniferous tubules and SEp. This result was approved
by the significant increase in the mean height of
germinal epithelium and the mean diameter of the
seminiferous tubules as compared to Gplll. However,
the means in the non-Cryp testes of GplV was compa-
rable to Gpl and significantly increased as compared
to the Cryp testes of GplV. Thus, indicating substantial
protective effect of Cur in the Cryp testis and full
protection in the contralateral non-Cryp testis.

In the current study, Gplll displayed significant-
ly thickened irregular basement membrane in both
testes as compared to Gpl. However, GplV revealed
thin basement membrane of both testes that was
comparable to Gpl. In the study of Hassanin et al.
[16], the thickening of the basement membrane was
detected and explained by the harmful effect of ox-
idative stress on the testis induced by acrylamide.
The protective effect of Cur could be referred to its
antioxidant effect similar to the antioxidant vitamin E
that protected the testis from the oxidative stress.

In PCNA immunohistochemistry, control rats
showed diffuse nuclear immunostaining in the sper-
matogenic cells in addition to the interstitial tissue.

602

Thus, indicating healthy high proliferative capacity of
the testicular tissue [28]. In Gplll, significant decrease
in PCNA immunostained cells was noted as compared
to Gpl. If any in the cryptorcid testes, the PCNA im-
munostained cells were noted near the basement
membrane. The scrotal testes showed +ve PCNA
immunostained cells, mainly in the early stages of
the spermatogenic cells and weak or absent PCNA im-
munostaining in the late stages. It was reported that
the testicular tissues obtained from rats treated with
cadmium had a harmful effect on the testis through
its oxidative stress activity [27]. This was supported
by Dutta et al. [12] who proved that oxidative stress
ameliorate the proliferation and induces apoptosis in
the highly differentiated spermatogenic cells causing
its degeneration in the order of; sperms, spermatids,
spermatocytes then spermatogonia.

Testicular sections of rats from GplV revealed
substantial +ve PCNA immunostaining in both ab-
dominal and scrotal testes. However, this significant
preservation of the proliferative capacity was still
partial in the Cryp testes of GplV as compared to the
scrotal testes of the same group. This is in agreement
with Yang et al. [37] who reported that human sper-
matogonial stem cells from cryptorchid patients can
progressively differentiate into haploid spermatids
when treated with the antioxidant retinoic acid and
stem cell factor. Previous studies proved that anti-
oxidants significantly increase the sperm count and
germ cell count in cryptorchid rats [2, 3].

In addition to antioxidant role, it was indicated
that curcumin enhances the proliferation, stemness
and colony formation in dose dependent manner. In
small doses, it increased the expression of marker
proteins coupled with the cell growth, telomerase
activity and stemness acting signalling pathways
[19]. Furthermore, it was reported that curcumin is
a favourable anticancer drug due to its beneficial
induction of proliferation arrest and cell death in
a variety of tumour cells through down-regulation
of specific proteins [18]. According to the study of
Cao et al. [8] Cur inhibited cancer cell proliferation
and augmented apoptosis of osteoclastoma cells
via repression of matrix metalloproteinase-9 and
nuclear factor kappa beta, and stimulation of c-Jun
N-terminal kinases signalling pathways. In addition
to the study of Srivastava et al. [31], it synergistically
modulated Wnt/beta-catenin signalling pathways
and possessed anti-proliferative activity in multi-
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ple cancer cell lines. All these findings support the
advantageous use of Cur in cryptorchidism, not
only to enhance the stemness and proliferation of
spermatogonia but also to protect against cancer
development.

Vimentin immunohistochemistry in control rats
illustrated +ve immunostaining of Sertoli cells basally
with characteristic apical projections. Vimentin is
an intermediate filament detected in mature Sertoli
cells. Its distribution pattern is harmonic with its
pivotal role in maintaining tissue integrity and pres-
ervation of spermatogenesis. It radiates apically in the
cytoplasm to become attached with the specialized
membrane junctions, desmosome-like junctions that
connect germ cells with Sertoli cells [24].

Cryptorchid testes of Gplll showed substantial
reduction in the vimentin immunostaining; mostly
detected basally around nuclei of Sertoli cells indi-
cating collapse of the vimentin intermediate fila-
ments and their disorganization in the basal region
of the Sertoli cells. The scrotal testes of the same
rats revealed few apical vimentin immunostaining
besides the perinuclear region denoting partial sep-
aration of vimentin away from the plasma membrane
[13]. In agreement, Mohammed et al. [23] detected
significant decrease of vimentin immunostaining in
astaxanthin-induced-testicular damage. The damage
was triggered by chronic stress through excessive
production of free radicals.

It was reported that cytoskeleton, adherence pro-
teins and cellular adhesion molecules functionally
work inter-dependently rather than independently in
the homeostasis of spermatogenic cellular junctions
[10]. Besides, the disrupted inter-Sertoli germ cell
junctions have been demonstrated to cross talk with
the defective spermatogenesis in cryptorchidism [9].
On the other hand, the anchoring junction proteins
are involved in the regulation of germ cell apopto-
sis. They can disrupt vimentin filaments at the site of
Sertoli germ cell anchoring junction, thus inducing
up-regulation surge of the testicular Fas-receptor with
subsequent germ cell apoptosis [38].

In GplV, the mean area per cent of vimentin immu-
nostaining was significantly increased as compared
to Gplll. However, the Cryp testes of GplV displayed
significant difference as compared to Gpl and scrotal
testes of GplV. These findings signalize that curcumin
is capable of preventing disaggregation of Sertoli
germ cells contacts and spermatogenic cell apoptosis
that was induced by hyperthermia [21].
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Limitations of the study

The limitations of this work were the genetic and
the hormonal factors that should be included in the
estimation of curcumin on the unilateral cryptorchid-
ism for upcoming clinical trials.

CONCLUSIONS

In conclusion, curcumin proved to be an im-
portant and effective medical line for protecting
against the unfavourable sequels of cryptorchidism
parallel to orcheopexy. It is one of the antioxidants
that improve the fertility after surgery with poten-
tial role to protect against cancer transformation.

Conflict of interest: None declared
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Background: Probiotics and zinc are commonly used and beneficial in pig
production. This work aimed to assess the effects of probiotic and zinc on the
mucosal cells of the small intestine in respect to digestive capacity and immunity
in pre- and post-weaned piglets.

Materials and methods: Eighteen Large White Yorkshire piglets were divided
equally into control and treatment groups. The piglets were maintained in stand-
ard management conditions and were weaned at 28 days of age. The treatment
group of piglets fed a mixture of probiotics orally at 1.25 x 10° CFU/day and
zinc at 2000 ppm/day from birth to 10 days of age. At three different age-groups
viz. day 20 (pre-weaning) and, day 30 and day 60 (post-weaning), the animals
were sacrificed. For histomorphology, the tissue samples were processed and
stained with Mayer’s haematoxylin and eosin for routine study, combined periodic
acid-Schiff-Alcian blue for mucopolysaccharides and Masson-Hamper! argentaffin
technique for argentaffin cells. The stained slides were observed under the micro-
scope. The samples were processed as per the standard procedure for scanning
and transmission electron microscopy. The statistical analysis of the data using
the appropriate statistical tests was also conducted.

Results: The mucosal epithelium of villi and crypts were lined by enterocytes,
goblet cells, argentaffin cells, microfold (M-cell) cells, tuft cells and intraepithelial
lymphocytes. The multipotent stem cells were located at the crypt base. The length
of the enterocyte microvilli was significantly longer (p < 0.05) in the treatment
group of piglets. The number of different types of goblet cells and argentaffin
cells was more in treated piglets irrespective of segments of intestine and age.
The intraepithelial lymphocytes were located in apical, nuclear and basal positions
in the lining epithelium of both villus tip and base with their significant increase
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in the treatment group of piglets. The transmission electron microscopy revealed
the frequent occurrence of tuft cells in the lining mucosa of the small intestine

in treated piglets.

Conclusions: Dietary supplementation of probiotic and zinc induced the number
of different mucosal cells of villi and crypts in the small intestine that might suggest
the greater absorptive capacity of nutrients and effective immunity in critical pre
and post-weaned piglets. (Folia Morphol 2021; 80, 3: 605-617)

Key words: probiotic, zinc, lining cells, small intestine, piglets

INTRODUCTION

Piglets during the suckling period, exposed to
a variety of stresses. Weaning stress in piglets is the
major cause for economic loss to pig farmers [52].
The weaned piglets have limited digestive capaci-
ty that might trigger fermentation of undigested
protein by opportunistic pathogens residing in the
gastrointestinal tract results in diarrhoea [20, 30]. In
pig production, diarrhoea has been one of the most
frequently encountered clinical signs of disease in
neonatal pigs [1]. Enteric diseases in newborn piglets
are estimated to account for 5-24% of the overall
pre-weaning mortality [51]. The economic impact
of such high death rates is huge. The immunology
of the porcine intestinal tract is important to resist
the piglets from disease, which may lead to retarded
growth and death.

There has been considerable interest in using
some probiotic microorganisms and antioxidants in
feeds. Probiotics are viable microorganisms and sup-
portive substances that, once ingested by animals,
produce beneficial physiology effects by assisting in
the establishment of an intestinal population, which
is beneficial to the host entity and antagonistic to
harmful bacteria.

Zinc is an important trace element that is naturally
present in the feed and involved in various physio-
logical functions. Feeding supplemental zinc in the
form of zinc oxide to nursery pigs has decreased the
incidence of nonspecific post-weaning diarrhoea [40].
Zinc is virtually present in all body tissues, but only
a small amount is stored in the body. Zinc can imme-
diately be mobilised if the intake of the element is
reduced or too low. Therefore, daily consumption of
sufficient zinc is necessary, as the body can only com-
pensate for a minimal extent by the use of internal
zinc pools for even a short temporary deficiency [6].

There is a paucity of available literature regarding
the effects of probiotic and zinc in the cellular struc-
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ture of intestinal epithelium in pre and post-weaned
piglets. Therefore, the present study was undertaken
to evaluate and compare the combined effects of
probiotic and zinc on different mucosal cells of villi
and crypts of the small intestine in the control and
treatment group of piglets that are responsible for
digestive capacity and immunity in critical pre and
post-weaned periods.

MATERIALS AND METHODS

Animals

Eighteen healthy Large White Yorkshire (LWY) pig-
lets, irrespective of sex obtained from three sows,
were utilised for the study. Care and management of
the animals were provided in Instructional Pig Farm,
College of Veterinary Sciences and Animal Husbandry,
Central Agricultural University (1), Selesih, Aizawl,
Mizoram, India. The Institutional Animal Ethics Com-
mittee (IAEC) ethically approved the animals used for
the experiment vide Approval No. 770/ac/CPCSEA/
/FVSc/AAU/IAEC/17-18/490 dated 09.08.2017.

Selection, dose and period of treatment

A mixture of probiotic consisted of Lactobacillus
acidophilus (650 million), Lactobacillus rhamnosus
(400 million) and Bifidobacterium longum (200 million)
was orally administered to the treatment group of pig-
lets at 1.25 X 10° CFU/day from birth to 10 days of age
[35]. The zinc oxide was given orally to the treatment
group of piglets at 2000 ppm/day from birth to 10 days
of age [8]. The piglets of the control group were given
the same volume of sterilised saline solution.

Experimental design

Each of 6 numbers of piglets was selected from
3 sows at different stages of development as age-
-group of 20, 30 and 60 days. Out of the 6 piglets,
3 piglets from each litter were used as the control
group (C) with basal diet and the other 3 piglets
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were fed orally with combined probiotic and zinc
supplement along with the basal diet and used as
treatment group (T). The basal diet used in this ex-
periment was in pellet form and was formulated to
provide the nutrient requirements [38]. The piglets
were weaned at 28 days of age.

Sample preparation

The experimental animals were first anesthetised
using diazepam at 2 mg/kg body weight followed
by ketamine at 10 mg/kg body weight intravenously
and then exsanguinated the animals. The animals
were sacrificed at day 20, 30 and 60 from both the
groups. After sacrifice, the abdominal cavity of the an-
imal was opened and parts of the small intestine were
observed [24]. Tissue samples were taken immediately
after sacrifice from the duodenum (5 cm caudal to the
pylorus), jejunum (In the middle of the jejunum) and
ileum (5 cm cranial to the ileocaecal valve).

Preparation for light microscopic examination

For histomorphology, the tissue samples (0.5 cm)
from each location were fixed in 10% neutral buffered
formalin for 24 to 48 hours. All the tissues were dehy-
drated, cleared and embedded in paraffin wax as per
Luna [36]. The paraffin blocks were sectioned at 5 um
thicknesses, dried in room temperature overnight
and stained with Mayer’s haematoxylin and eosin for
routine study [36], combined periodic acid-Schiff-Al-
cian blue (PAS-AB) for mucopolysaccharides [37] and
Masson-Hamperl argentaffin technique for argen-
taffin cells [47]. The stained slides were visualised
in Olympus BX 51 microscope and the images were
captured with a ProgRes C5 Cool CCD camera.

Preparation for electron microscopic examination

For transmission electron microscopy (TEM) and
scanning electron microscopy (SEM), the tissue sam-
ples were cut into small pieces of 1-2 mm size and
were fixed in Karnovsky’s fixative (2.5% glutaralde-
hyde in 0.1 M sodium cacodylate buffer at pH 7.2)
for 4 hours at 4°C. After washing in 0.1 M buffer
(3 changes of 15 min each), the samples were fixed
in 0.2 M sodium cacodylate buffer till further use.
The processing of samples for SEM was done as per
Skrzypek et al. [48]. The viewing of the samples was
carried out with a Zeiss SEM operated at 20 kV at
the Institute of Advanced Study in Science and Tech-
nology (IASST), Guwahati, Assam. The processing
of samples for TEM was done at the Sophisticated
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Analytical Instrument Facility (SAIF), North-Eastern
Hill University (NEHU), Shillong as per the standard
method [39]. The semi-thin sections were cut with an
ultramicrotome at 400 nm thicknesses and stained
with toluidine blue before making the ultra-thin sec-
tions. Ultra-thin sections were made at 50 nm thick-
nesses with an ultramicrotome, mounted on copper
grids and contrasted with uranyl acetate and lead
citrate. The viewing of the sections was carried out
with Joel (JEM-2100) TEM operated at 120 kV at SAIF,
NEHU, Shillong, Meghalaya.

Statistical analysis

The data obtained were analysed using statistical
package SPSS version 20. General Linear Model of
two way ANOVA based on Fisher’s least significant
difference method was used to determine the sig-
nificant difference among days (20, 30 and 60 days)
for control and treatment groups. The significant
values in the ANOVA were further tested through
the Duncan multiple range test. The obtained results
were presented as mean + SEM and differences were
considered significant when p < 0.05. An independ-
ent sample t-test has been applied between groups
(control and treatment) on different days to see the
significant changes.

RESULTS

The mucosal epithelium of villi and crypts of the
small intestine was covered by lining cells consist-
ing of enterocytes, goblet cells, enteroendocrine
(argentaffin) cells, microfold (M-cell) cells, tuft cells
and intraepithelial lymphocytes (IEL). In addition,
multipotent stem cells were located at the crypt base
irrespective of the group of piglets and age.

The enterocytes were simple columnar cells with ba-
sally located nuclei in villi (Fig. 1A) and crypts (Fig. 1B).
The enterocyte microvilli were significantly higher
(p < 0.05) in the treated piglets (Fig. 1C) than the
control animals (Fig. 1D) in jejunum and ileum at
day 30 and day 60. An abundance of mitochondria,
Golgi bodies, rough endoplasmic reticulum (ER), and
lysosomes were observed in the enterocyte cytoplasm
in treated piglets (Fig. 1E) than the control group of
animals (Fig. 1F).

The goblet cells were located in the epithelial layer
of villi (Fig. 2A) and crypts (Fig. 2B). The apical portion
was distended by abundant mucus laden granules
(Fig. 2C) and the basal portion shaped like a stem
(Fig. 2D). Numerous rough endoplasmic reticulum,
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Figure 1. Enterocytes. A. Photomicrograph showing basally located nuclei (arrow) in duodenal villi of 20 days old treated piglet (H&E, x400);
B. Photomicrograph showing basally located nuclei (arrow) in jejunal crypts of 60 days old treated piglet (H&E, < 100); C. Transmission elec-
tron microscopy (TEM) micrograph showing longer microvilli (arrow) in the jejunum of 60 days old treated piglet; D. TEM micrograph showing
shorter microvilli (arrow) in the jejunum of 60 days old control piglet; E. TEM micrograph showing macrophage (A) and enterocyte (B) with an
abundance of mitochondria (M), rough endoplasmic reticulum (R), lysosomes (L) and Golgi bodies (G) in the jejunum of 60 days old treated
piglet; E. TEM micrograph showing nucleus (N) and inadequacy of mitochondria (M) and rough endoplasmic reticulum (R) in the jejunum of

60 days old control piglet.

mitochondria and secretory vesicles were recorded
in the goblet cells of treated piglets (Fig. 2E). PAS-AB
sequential staining showed neutral, acidic and mixed
neutral-acidic mucin goblet cells (Fig. 2F), irrespective
of group and age. In most segments of the small
intestine in treated piglets, the mixed, neutral and
acidic mucin goblet cells were significantly higher
both in the villi and crypts at different age-groups
than the control group of animals (Table 1).

The argentaffin cells were scattered singly in villi
(Fig. 3A) and crypts (Fig. 3B) among other cells within
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the lining epithelium. Their populations were more
in the crypts than villi (Fig. 3C) in both the groups
of all ages. They had a narrow apex, wide base and
contained many small, spheroidal, electron-dense
granules (Fig. 3D). In duodenum at day 60, the num-
ber of argentaffin cells was significantly higher in villi
(p < 0.05) and crypts (p < 0.01) in the treatment
group of piglets (Table 2).

The M-cells were mostly found in the follicle asso-
ciated epithelium of Peyer’s patches in jejunum and
ileum. They had less developed brush border with
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Figure 2. Goblet cells. A, B. Photomicrographs showing goblet cells in villus epithelium (arrow) and crypt epithelium (G) in the duodenum of
60 days old treated piglet (H&E, x400); C. Transmission electron microscopy (TEM) micrograph of goblet cell showing abundant mucous
laden granules in the ileum of 60 days old treated piglet; D. Photomicrograph of the semi-thin section showing goblet cells with distended
apical portion and stem-like basal portion (arrow) in the jejunum of 60 days old treated piglet (toluidine-blue, x400); E. TEM micrograph of
goblet cell showing mitochondria (M), Golgi bodies (G), rough endoplasmic reticulum (R), nucleus (N) and secretory vesicles (V) in the ileum
of 60 days old treated piglet; F. Photomicrograph showing neutral (A), acidic (B) and mixed (C) mucins goblet cells in the jejunum of 60 days

old treated piglet (AB-PAS, % 100).

irregular microvilli (Fig. 4A) and basolateral indenta-
tions or pockets for transportation of antigens and
microbes across intestinal epithelium (Fig. 4B). The
cytoplasm of villus M-cells was less electron-dense
(Fig. 4C) that contained few secretory granules and
lysosomes, rich in mitochondria and numerous small
vesicles (Fig. 4D).

Under TEM, the mucosal epithelium of the small
intestine showed tuft cell in between the enterocytes
(Fig. 5). These pear-shaped cells had a broad base, narrow
apex, and a “tuft” of microvilli projecting into the lumen.
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In this study, these cells were encountered more in the
duodenum than jejunum and ileum. The frequent occur-
rences of tuft cells were noted in the treatment group of
piglets in comparison to the control group of animals.
The IELs were unevenly distributed at apical, nu-
clear and basal positions in the lining mucosa of the
small intestine (Fig. 6A) in both the groups. In most of
the segments of the intestine, the number of IEL popu-
lation was significantly higher in the treatment group
of piglets both in the villus tip and base (Table 3).
The treatment group of piglets had a significantly



Folia Morphol., 2021, Vol. 80, No. 3

Table 1. Numbers of Alcian blue-periodic acid Schiff (AB-PAS) positive goblet cells in the small intestine of piglets fed with probiotic

and zinc
Parameter Intestinal Pre-weaning Post-weaning P-value
segment Day 20 Day 30 Day 60
Control Treatment Control Treatment Control Treatment  Control Treatment
Villus neutral  Duodenum  0.33 =0.11® 087 =013 073019 103+029 087+021" 120019 008 0.55
per2004m  jenum 057 +016° 097+015 093+016% 133+013% 110+015 160+028 005 0.08
lleum 0.67+0.12¢ 1.07+0.18' 103+020® 150=+0.18% 123+023" 193=026= 0.10 0.02
Villus acidic ~ Duodenum 023 =0.09* 073=019% 070+0.19 093+021 080+017° 107+025 003 0.55
per 200 um Jejunum 047+012 087+018 080+024 120022 093+021 150+026 022 0.14
lleum 047012 087=015 093+0.17% 143+029 1.10+027" 180+046 007 0.13
Vilus mixed Duodenum 2.83+029 290+028° 290+027 303+034° 340043 497+038% 044 0.001
per 200 um Jejunum 297+036 357034 357+042 477+030% 373034 5170319 032 0.002
lleum 30+024 370*032° 377042 503+025 393034 557=x027% 0.12 0.001
Villustotal ~ Duodenum  3.40 +0.29% 450 + 037" 433 +035® 50+036° 507=045% 7.23+049% 0.0 0.001
per 200 um Jejunum 40045 540+041% 530+047* 7300360 577+039% 827+047% 002 0.001
lleum 413+032 563=034™ 573054 797+039% 6.27+046° 9300537 0003 0.001
Cryptneutral Duodenum 050 +0.15° 093 +0.17° 083 +0.19% 123+022° 130+025% 20=032% 002 0.009
per 200 um Jejunum 077 £017* 1430189 113021 177 +0.15% 160=+028 213+032 004 0.1
lleum 080 =024 147+023* 123+020 1.83+027* 140+024 233+029 016 0.07
Cryptacidic Duodenum 0.20 +0.12% 067 +0.12¢ 063=+0.14® 087+015 077+0.12% 093+018 0.1 0.44
per 200 um Jejunum 030 +0.09% 077 =015% 073+0.14% 1.07+017¢ 087 =0.12% 147+019= 0.003 0.02
lleum 047 +0.10 083 +0.16> 083+020® 137+019% 1.0=021" 163+019 010 0.006
Cryptmixed Duodenum 430 =034 463+037 440+028 477+042* 473+036° 590+042= 062 0.06
per 200 um Jejunum 443+037 473+034° 450+048 540+039° 483+040 60x042 077 0.07
lleum 473+046 50+038 480+032 560x052 510+044 620038 080 0.15
Crypttotal ~ Duodenum 5.0 +0.37* 6.23 +0.44% 587 +0.38* 6.87 =046° 6.80=043% 8830609 0.01 0.001
per 200 um Jejunum 550 +032*® 693 +041% 637 057 823+ 047" 730+057* 9.60+05% 004 0.001
lleum 60054 730=051° 687046 880=060" 750=056° 10.17 0499 0.13 0.001

Data are presented as goblet cells/200 um (mean = scanning electron microscopy) in different age-groups.
ABMeans with different superscripts between control groups significantly differ (p < 0.01);
PEFMeans with different superscripts between treatment groups significantly differ (p < 0.01);
#®Means with different superscripts between control groups significantly differ (p < 0.05);
deMeans with different superscripts between treatment groups significantly differ (p < 0.05);
*sMeans with different superscripts within groups significantly differ (p < 0.01);

“Means with different superscripts within groups significantly differ (p < 0.05).

higher number of basally located IEL (Fig. 6B) fol-
lowed by nuclear level both in villus tip and base at
different age-groups.

At the bases of the crypts, TEM analysis revealed
the presence of crypt base columnar (CBC) stem cells,
goblet cells, enteroendocrine cells and absorptive
enterocytes in all segments of the small intestine
(Fig. 7). The stem cells were irregularly shaped, small,
columnar cells with basally located nuclei and scarce
cytoplasm. They were found in between the goblet
cells, enterocytes or enteroendocrine cells in pig-
lets. The CBC stem cells could be differentiated from
the mature absorptive enterocytes with their irregular
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columnar cells containing uneven elongated nuclei in
between the goblet cells (Fig. 7).

DISCUSSION

The results of the current study revealed that treat-
ment with probiotic and zinc significantly increased
(p < 0.05) the length of microvilli in jejunum and ile-
um at day 30 and day 60 in post-weaned piglets. This
might be showing the greater surface area, which
could attribute more absorption of nutrients by the
small intestine in piglets fed with probiotic and zinc.
The comparison of the present finding could not be
discussed with the available literature due to the
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Figure 3. Photomicrographs of argentaffin cells. A, B. Argentaffin cells (arrow) in the villus and crypt epithelium of duodenum in 20 days old
treated piglet (H&E, % 100); C. Abundant numbers of argentaffin cells (arrow) in the crypts of the duodenum of 30 days old treated piglet (H&E,
% 100); D. Semi-thin section showing argentaffin cells (arrow) in the crypts of jejunum in 30 days old treated piglet (toluidine blue, < 400).

Table 2. Numbers of argentaffin cells in the small intestine of piglets fed with probiotic and zinc

Parameter  Intestinal Pre-weaning Post-weaning P-value
segment Day 20 Day 30 Day 60
Control Treatment Control Treatment Control Treatment  Control  Treatment
Villus Duodenum 040 +0.10 047 +010* 043+009 060+0.10° 053+013 10+016% 068 0.009
‘:L(Ille"taﬁi“ Jejunum 050013 077018 050012 067011 053+010 060+014 097 0.72
lleum 033+013 043009 050+009 063+011 057011 070+0.12 033 0.20
Crypt Duodenum 127010 140+011" 133=010 153+009" 143011 203+0.16% 052 0.002
‘égllle"taﬁi“ Jejunum 140013 153014 140=012 160+017 143+016 167=015 098 0.83
lleum 080+012 107+013 090+012 117+014 10+015 127014 057 057

Data are presented as the argentaffin cells/0.24 mm?area (mean = scanning electron microscopy) in different age-groups.

A8Means with different superscripts between treatment groups significantly differ (p < 0.01);
PdMeans with different superscripts within groups significantly differ (p < 0.01);
Means with different superscripts within groups significantly differ (p < 0.05).

dearth of information in this regard. In the current
study, the electron microscopy studies confirmed the
high activation of enterocytes after dietary inclusion
of probiotic and zinc in pre- and post-weaned piglets
as compared to the control group. This finding might
indicate that probiotic and zinc interacted and acti-
vated the intestinal epithelial cells (IECs), which could
improve their functions and activate the immune cells
present in the small intestine. This fact is in line with
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previous reports where probiotic strains interact and
activate the intestinal epithelial cells [21, 32].
Goblet cells containing different mucins acted as
an innate defence mechanism, acting as a diffusion
barrier and providing a microecological barrier in
the gut [33]. Acid glycoconjugates especially helped
the intestinal mucosa to counteract microorganisms
and resisted bacterial enzymes [16]. The secretion of
mucous from goblet cells was also affected by wean-
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Figure 4. Photomicrographs of M-cells. A. Semi-thin section showing M-cell with irregular microvilli (arrow) in 60 days old treated piglet
(toluidine-blue, x400); B. Semi-thin section showing M-cell with basolateral pockets (yellow arrow) and trapped antigens (black arrow) in
30 days old treated piglet (toluidine-blue, % 400); C. Transmission electron microscopy (TEM) micrograph showing less electron-dense M-cell
(M) adjacent to enterocytes (E) in 30 days old treated piglet; D. TEM micrograph of M-cell containing small vesicles (A), mitochondria (B)

and lysosomes (C) in 30 days old treated piglet.

Figure 5. Transmission electron microscopy micrograph showing pear-shaped, wide base and narrow apex tuft cell containing tuft (arrow) in

the jejunum of 30 days old treated piglet.

ing and age of the animals [11], the composition of
intestinal microbiota [12], and dietary treatment [27].
In our study, the goblet cells were observed both in
the villi and crypts of the small intestine as reported
by Liu et al. [34] in piglet. These cells appeared as an
accumulation of mucous granules with a stem-like

612

basal portion. Similar type of observation was also
recorded by Hodges and Dartt [28] in the conjunctiva
of eye. In the current study, the number of goblet cells
with different mucins increased significantly in most
of the segments of the small intestine at different age-
-groups of treated piglets as compared to the control
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Table 3. Numbers of intraepithelial lymphocytes (IEL) in the small intestine in piglets fed with probiotic and zinc

Parameter  Intestinal Pre-weaning Post-weaning P-value
segment Day 20 Day 30 Day 60
Control Treatment Control Treatment Control Treatment  Control Treatment
ApicallEL  Duodenum 157 021 163+021° 190=026° 3170258 213026 230+019 026 0.001
;’}'}gi};‘:per Jejunum 147029 127+024% 087 =0.17% 160+019% 073+0.16° 090+0.12 004 0.04
lleum 097 +0.19° 087017 060=013* 073+0.14%* 047+012 037=+0.11° 005 0.04
NuclearlEL  Duodenum 127 +0.16* 137017 230+026° 207+017° 217+017% 190+020°  0.001 0.02
;’}'}gi};‘q’per Jejunum 097 = 0.19% 313+026% 210+0245 207+030° 1.17+0.19% 280+ 0.34% 0001 0.05
lleum 167+021" 10+015% 173+021° 180+020° 107+0.17 140+0.19% 004 0.01
BasallEL  Duodenum 220+ 019 247 018" 277=0.18® 330032 340+029% 430=025° 0001 0001
;’}'}gi};‘q’per Jejunum 110018 167+023 160=020* 230+023 273+029% 173+0.19°  0.001 0.08
lleum 207 +027% 327+043% 250+019" 263+018 377+024° 393+021° 0001 0.01
Total IEL Duodenum  5.03 032" 547 +029° 697 +040% 853+033% 770+033 850=031 0001  0.001
;’}'}gi};‘q’per Jejunum 353 +023* 607+040° 457+035% 597+033" 463+036° 543+027 003 0.36
lleum 470025 513+049 483+032 523+028 530034 570+025 035 0.49
ApicallEL  Duodenum 163015 170015 210+028 127+028% 20+021° 107+017% 030 0.09
‘éf:‘fé’;;‘:n Jejunum 110019 097+020° 087+0.16> 173+0200 073+012 113+017 025 0.014
lleum 113+0.164 090+0.17° 127+0144 127+014° 050+010° 037=0.13 0001 0001
NuclearlEL  Duodenum 137 +0.18 147018 243+031°8 260+022 240025 273+01% 0004 0001
;ﬂj:‘fé’;;‘:n Jejunum 090+ 0.15% 183+0.14° 193+020° 20=019 107+017% 223+0219  0.001 0.30
lleum 093+0.14° 060+0.14° 153+0.15 160+0.15 117015 073+0.15> 0014 0001
BasallEL  Duodenum 187 +020* 210+0.18" 280+023% 4600345 370024 440+027F 0001 0001
‘éf:‘fé’;;‘:n Jejunum 147 +017* 197+026 210+022* 220+026 303+030% 203+020° 0.001 0.78
lleum 177 +020" 260 =035 250+ 024" 263+023 203+024% 410+022% 0.07 0.001
Total IEL Duodenum ~ 4.87 £ 041~ 527 +037° 733+062° 847+035 810+031° 820=034 0001 0001
‘éf:‘fé’;;‘:n Jejunum 343 +028% 477+038 490+033 583+035 483+035 540+039  0.002 0.13
lleum 3830200 410=040° 530+023 550+021° 370027 520+027% 0001  0.004

Data are presented as IEL/100 um (mean =+ scanning electron microscopy) in different age-groups.

A8 CMeans with different superscripts between control groups significantly differ (p < 0.01);
bEFMeans with different superscripts between treatment groups significantly differ (p < 0.01);
2bMeans with different superscripts between control groups significantly differ (p < 0.05);
deMeans with different superscripts between treatment groups significantly differ (p < 0.05);
raMeans with different superscripts within groups significantly differ (p < 0.01);

"*Means with different superscripts within groups significantly differ (p < 0.05).

group of animals. Many researchers studied goblet
cells in piglets after feeding with probiotic and zinc
[5, 7, 14, 17, 34, 42]. Most of the results obtained
from these researchers were in agreement with the
present findings. In the present study, the higher
number of different types of goblet cells recorded
in the treatment group piglets might be concluded
with the better enhancement of epithelial barrier and
defence mechanism. This might result in effective
immunity and digestibility in this group of piglets.
The distribution of argentaffin cells in the small
intestine of control and treated piglets was studied
to know the effects of probiotic and zinc on these
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cells. These cells were concentrated more in the je-
junum, followed by duodenum and ileum. However,
Sadeghi et al. [45] reported more number of argentaf-
fin cells in the first part of the duodenum in rats. The
reports of the present study were not consistent with
the above findings, which might be due to variation
in species. These argentaffin cells were located as
a single cell within the lining epithelium of both villus
and crypt in a large population on non-endocrine
cells as previously reported by Sadeghi et al. [45]
in rats. Under the TEM of this study, these cells had
narrow apex, wide base with many small, spheroidal,
electron-dense granules in the cytoplasm. The present
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Figure 6. Photomicrographs of jejunum in 30 days old treated piglet (H&E, %< 400); A. Intraepithelial lymphocytes (IEL) in apical (A), nuclear

(B) and basal (C) positions; B. IEL located in basal positions (arrow).

Figure 7. Transmission electron microscopy micrograph of jejunal
crypt showing the presence of stem cells (A), goblet cells (B), ar-
gentaffin cell (C) and enterocytes (D) in 60 days old treated piglet.

findings were similar to the findings of Gonzalez et
al. [23] in pigs. The mean number of argentaffin cells
in the current study was significantly higher in villi
(p < 0.05) and crypts (p < 0.01) of the duodenum
at day 60 in the treatment group of piglets. More
number of these cells revealed in the treatment group
of the present study might be correlated with more
production of gastrointestinal hormones for better
digestion of food [41, 49]. The increase of serotonin
secretion by the argentaffin cells created a greater
peristaltic movement of the small intestine resulting
in effective digestion of food particles [25], which
supported the current observation.

The M-cells were specialized epithelial cells of the
mucosa-associated lymphoid tissue. They were mostly
dispersed in the Peyer’s patches of jejunum and ile-
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um. This finding was in consonance to the finding of
Hsieh and Lo [29] in mice. In our study, the M-cells
showed less developed brush border with irregular
microvilli. They transport antigens from the lumen of
the intestine to the dome epithelium and neutralise
them with a variety of mechanisms. This finding was
in agreement with the report of Gebert et al. [22] in
pig. The TEM revealed less electron-dense cytoplasm
containing abundant mitochondria, lysosomes and
small vesicles with few secretory granules. The present
findings had a close resemblance to the findings of
Renfeng et al. [43] in piglets. In the present study, the
differences in M-cells between control and treatment
group piglets could not be made due to constraints
in enough exposure availability of TEM.

In the present investigation, the mucosal epi-
thelium of the small intestine showed a tuft cell in
between the enterocytes. This pear-shaped cell had
a broad base, narrow apex, and a “tuft” of microvilli
projecting into the lumen as also reported by Ethan
[19]in humans. In this study, these cells were encoun-
tered more in the duodenum than jejunum and ileum
as revealed by Cheng et al. [10] in mouse intestine.
The role of tuft cells in epithelial cell survival/self-re-
newal was reported by Chandrakesan et al. [9], in
mucosal healing by Banerjee et al. [3] and possible
contacts with nerve fibres relating to endocrine cells
by Cheng et al. [10] in mouse intestine. In the present
study, the counting of tuft cells in the small intestine
of control and treatment group of piglets could not
be made as these cells could be identified only with
TEM and some special staining. However, frequent
occurrences of these cells were noted in the treatment
group of piglets in comparison with the control group
of animals. This finding might be suggestive of better
survival/self-renewal, mucosal healing and digestive
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ability in the gut of piglets fed with probiotic and
zinc compared to control animals.

The intraepithelial lymphocytes were unevenly
distributed in the apical, nuclear and basal positions
of the lining mucosa of the small intestine in both
the groups, as also opined by Deng et al. [15] in hen.
In the villus tip of the treatment group of piglets,
the number of these IEL was significantly increased
(p < 0.01) atday 30 in the duodenum and, day 20 and
day 30 in the jejunum. Similarly, in the villus base of
the treatment group, the total IEL population was
significantly higher (p < 0.01) at day 20 in jejunum
and day 60 in the ileum. In agreement with the pres-
ent result, several authors had reported an increased
number of IEL after probiotic treatments in pig [46]
and in chicken [2, 13, 15, 31]. The slight but signifi-
cant increase in the number of IEL in the treatment
group of the present study could be the result of
a nonspecific stimulation of the local immune system,
possibly by certain antigens of probiotic bacteria. In
the present study, most of the IELs were localised at
the basement membrane of the epithelium, numer-
ous at the enterocyte nuclear level and relatively few
apically in the epithelium. The present findings were
in support of the findings of Rieger et al. [44] and
Vega-Lopez et al. [50] in the porcine small intestine.
In most of the segments of intestine, the number
of basally located IEL was significantly increased in
the treatment group of piglets as compared to the
control group of animals both in villus tip and base.
The basal IEL belongs to the “conventional type”, i.e.,
antigen-experienced cells originated from peripheral
T cells and homed the gut mucosa, which had immu-
nologic memory function and mounted an adaptive
response as reported by Hayday et al. [26] in human.
In the present study, the treatment group of piglets
had more basally located IEL that might be correlat-
ed with effective adaptive immune response in this
group of piglets. A significantly higher population
of IEL was also recorded at the nuclear level of villus
tip and base in the jejunum of treated piglets. The
more number of IEL present in the nuclear level of
the epithelium was explained by Hayday et al. [26].
According to them, the IEL found at the nuclear lev-
el belongs to the “unconventional type”. They had
functions in between adaptive and innate responses
and responsible for the protection of epithelial integ-
rity. Further, Edelblum et al. [18] demonstrated the
ability of an IEL population fitting to the “unconven-
tional type” to contact multiple epithelial cells over
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a short time and thus provide a potential mechanism
by which they could prevent epithelial injury and
infection. The significantly higher numerical values
for nuclear IEL recorded in the present study might
conclude with better epithelial cell integrity against
injury and infection in the piglets fed with probiotic
and zinc compared to control piglets.

The TEM revealed the presence of CBC stem cells
along with goblet cells, enteroendocrine cells and
absorptive enterocytes, irrespective of segments of
intestine and group. These stem cells were irregularly
shaped, small, columnar cells with basally located
nuclei and scarce cytoplasm. They were found in
between the goblet cells, enterocytes or enteroen-
docrine cells in piglets. The present findings were in
agreement with the findings of Gonzalez et al. [23] in
pigs. However, Barker et al. [4] reported the presence
of stem cells in between Paneth cells on the crypt base
in mice. This finding slightly deviated from the present
investigation might be due to the absence of Paneth
cells in the crypt base of piglets. In the current study, the
CBC stem cells could be differentiated from the mature
absorptive enterocytes with their irregular columnar
cells containing uneven elongated nuclei in between
the goblet cells, as described earlier by Gonzalez et al.
[23] in pigs. The alterations of CBC stem cells in the
present study in between control and treatment group
piglets could not be made due to a lack of sufficient
view under transmission electron microscopy.

CONCLUSIONS

From the present investigation, it can be concluded
that dietary supplementation of probiotic and zinc in-
duced the length of enterocyte microvilli, increased the
number of different goblet cells, argentaffin cells, tuft
cells and intraepithelial lymphocytes in pre and post-
weaned piglets. These alterations might provide better
absorption of available nutrients and stimulation of local
and adaptive immune responses that resulted in effective
digestibility and immunity in the treatment group of
piglets as compared to the control group of animals.
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Background: The aim of the study was to compare the effects of rosmarinic acid
and dexpanthenol in a rat experimental wound model.

Materials and methods: Twenty-four Wistar albino rats weighing 200-250 g
were randomly divided into three groups. After 2-cm full-thickness skin defects
were created, the wounds were washed with sterile 0.9% NaCl solution. After
washing, the control group was left untreated, the second group received 5%
dexpanthenol cream, and the third group received 10% rosmarinic acid cream.
Before excision, the skin was evaluated macroscopically by measuring the re-
duction in wound size, after excision, histological examination (epithelisation,
inflammation, fibrosis, granulation) was performed.

Results: Macroscopic comparison of the wound sizes showed that group 3 showed
a statistically significant difference in wound size reduction compared to the other
two groups. Histopathological examination showed that there was no statistically
significant difference between the groups. We found that the rosmarinic acid
group had greater wound size reduction than the other two groups. However,
epithelialisation was detected in fewer cases.

Conclusions: We believe that rosmarinic acid can be used as a topical cream
for wound healing, as it leads to significant reduction in wound size, resulting in
fewer scars. (Folia Morphol 2021; 80, 3: 618-624)

Key words: wound healing, rosmarinic acid, dexpanthenol, rat

INTRODUCTION

Wound healing is a serious issue that may be as-
sociated with postoperative morbidity. Wound dehis-
cence and delayed wound healing remain important,
serious problems in surgery. The basic principle of
wound healing is to maintain adequate tissue perfu-

sion and oxygenation, the anatomical and functional
integrity of the affected area, and to ensure proper
nutrition and moisture environment [17]. Various
pharmacological agents have been studied for ac-
celerating wound healing and preventing necrosis
or ischaemia, and extensive efforts are still ongoing.
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Sympatholytics, vasodilators, calcium channel block-
ers, anti-haemorrhagic agents, prostaglandin inhibi-
tors, honey, anticoagulants, glucocorticoids, and free
oxygen radical-inhibiting agents have been studied,
and achieving various degrees of success. The most
important disadvantages of many pharmacological
agents are their relatively high doses and systemic
use, which means that they have various potential
adverse effects and risks. Local application, on the
other hand, is more advantageous in terms of these
risks [1, 6].

Dexpanthenol is widely used in wound healing in
clinical practice. Pantothenate is a stimulant for mi-
gration, proliferation, and gene regulation in human
dermal fibroblast cultures. Topical dexpanthenol is
used both in wound care and for treating dermatolog-
ical diseases because it stimulates skin regeneration
and promotes wound healing [6].

Topical application of antioxidant-containing com-
pounds is beneficial for wound healing and for pro-
tecting tissues from oxidative damage [8]. In chemical
and cellular systems, rosmarinic acid (RA) and its basic
metabolites have antioxidant activity [5]. RA also has
anti-bacterial and nematicide effects and important
anti-inflammatory properties [5, 7, 10, 21]. As far as
we know, the effect of RA on topical wound healing
has not been investigated.

Dexpanthenol is widely used for small wounds
and abrasions. Although dexpanthenol has been in-
vestigated widely for its effects on skin disorders,
there has been insufficient evaluation of the effects
of both RA and dexpanthenol on wound healing. In
the present study, we evaluated the effects of topi-
cal RA and dexpanthenol on wound healing in a rat
experimental wound model.

MATERIALS AND METHODS

This experimental study was submitted to the
Ethics Committee of our University and approved by
decision 2016/17 on 13 April, 2016. The experiments
were performed in the University’s Research and Ap-
plication Centre Laboratory.

Animals

Twenty-four Wistar albino rats, each weighing an
average of 200-250 g, were used. Starting 1 week
before the study, the animals were prepared for the
experiment, and were kept in a 12-h day/night en-
vironment in separate cages and given standard rat
feed. The animals were randomly divided into three
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Figure 1. A, B. Incision model created in rats.

groups, and fasted 12 hours before the experiment;
they were allowed to drink only water.

Skin defect model

All animals were anesthetised by intramuscular
administration of 50 mg/kg ketamine hydrochloride
(Ketalar®, Pfizer, Istanbul) and 5 mg/kg xylazine hy-
drochloride (Rompon®, Bayer, Sisli, Istanbul) under
aseptic conditions. The rats were anesthetised in the
prone position, shaved, and povidone iodine was
administered for antisepsis. A full-thickness skin de-
fect 2 cm in length was created with a #11 scalpel
blade (Fig. 1). The wounds of all animals were cleaned
with 0.9% Nadl solution, and then the animals were
divided into three groups.

Rosmarinic acid (96% ALDRICH Chemistry Product,
UK of United Kingdom) and dexpanthenol (Bepan-
thol®, Bayer Turk Kimya San. Ltd. Sti. Istanbul) were
used in the study. We used 18 g cold cream (cera alba,
Olei Amygdalanum, Boracis, aqua rosae, oleum rosae)
and 2 g powdered RA to prepare 10% RA cream.

Group 1: Control group. After receiving
a full-thickness skin incision of approximately 2 cm
on the dorsum, the wound was cleaned daily with
isotonic saline solution, dressings were performed,
and each rat was kept in a separate cage.

Group 2: Dexpanthenol group. After receiving
a full-thickness skin incision of approximately 2-cm
diameter on the dorsum, the wound was cleaned
with isotonic saline solution, and then dexpanthenol
(5% cream) was applied daily; each rat was kept in
a separate cage.

Group 3: Rosmarinic acid group. After receiving
a full-thickness skin incision of approximately 2-cm
diameter on the dorsum, the wound was cleaned



Folia Morphol., 2021, Vol. 80, No. 3

with isotonic saline solution, and then RA cream
(10% cream) was applied daily; each rat was kept in
a separate cage.

Wound healing assessment

The wound healing process was evaluated as fol-
lows: macroscopically, the reduction in wound size
was calculated, and the excised wound tissue was
evaluated by histological examination.

Macroscopic evaluation

Following the surgical procedure, the course of
healing in all wounds was calculated using Walker’s
formula [20] after fixation of the rats’ drawing on
acetate paper on day O, 3, 5, 7, 10, 14, and 21. In
addition, rats whose wound healing was completed
were recorded during the daily control.

Walker formula

Wound area on day X

% Wound area = X 100

\Wound area measured on day 1

Histological evaluation

On day 21, all animals were sacrificed, and 5 X
x 3 cm full-thickness skin, including the incision
line, was removed from the dorsum for histological
examination. A qualified pathologist evaluated the
histopathological examinations. The tissues were
fixed in 10% buffered formaldehyde solution for
2 days, and routine follow-up was performed. The
tissues were embedded in paraffin blocks after the
follow-up phase. Sections (4 um) obtained from the
prepared paraffin blocks were stained with haema-
toxylin and eosin stain, examined under a light micro-
scope, and photographed by a microscope-mounted
camera. Inflammation, granulation tissue formation,
and vascularisation were evaluated morphological-
ly. Morphological findings, epithelialisation, cellular
content (neutrophils, macrophages, fibroblasts), col-
lagen regeneration, and vascularisation were scored
as follows: 0 — no change; 1 — little change; 2 —
moderate change; 3 — considerable change.

Statistical analysis

Statistical analysis was performed using SPSS for
Windows 13.0 (SPSS Inc., Chicago, IL, USA). Categorical
data were evaluated using the y2 test. Continuous data
were evaluated using the Kruskal-Wallis test, and the
Mann-Whitney U test was used for comparison of two
groups. P < 0.05 was considered statistically significant.
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Figure 2. Reduction in wound size according to day.

RESULTS

Evaluation of wound healing scores

The wound healing scores calculated ac-
cording to Walker's formula in the control, dex-
panthenol, and RA groups are given in Figure 2
and Tables 1 and 2. The macroscopic and histopatho-
logical evaluations of the groups are as below.

Macroscopic evaluation

In postoperative day 3, the greatest reduction in
wound size was observed in the control group, but on
day 10 and later, the greatest reduction in the wound
size was observed in the RA group. The difference
was statistically significant. However, no significant
difference was observed in wound sizes between the
groups on days 5 and 7.

Histopathological evaluation

When the histopathological examination findings
were compared statistically, no statistically significant
difference was found between the groups in terms
of epithelialisation, inflammation, fibrosis, and gran-
ulation (Figs. 3-5, Table 2).

DISCUSSION

Wound dehiscence and delayed wound heal-
ing are still important, serious problems in surgery.
A proper wound healing process aims to improve the
structure and function of the injured tissue. The healing
process starts during an injury and can last for years
[7, 10, 20]. Various clinicians use many agents topically
and systemically for wound healing. Agents that are
suggested to be useful in wound healing are reported
to have antioxidant, antimicrobial, antibacterial, and
anti-inflammatory properties [11, 13, 18]. Topical ap-
plication of antioxidant-containing compounds for
wound healing and for protecting tissues from oxi-
dative damage has been shown to be beneficial [8].
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Table 1. Distribution of wound healing score measurements.

Group Day — median (range)
3 5 7 10 14 21
Control 85 (80-95) 68 (51-80) 54.5 (47-75) 34 (32-40) 19.5(11-23) 9(6-11)
Dexpanthenol 89.5 (85-93) 70(65-72) 59 (51-64) 40.5 (37-50) 22 (17-28) 9.5 (7-14)
Rosmarinic acid 94 (89-96) 72.5 (66-83) 52. (44-64) 30(16-36) 11.5(9-17) 45(3-7)
P-values (Kruskal-Wallis test) 0.005903 0.397919 0.240973 0.000369 0.000743 0.000712
Table 2. Comparison of histopathological evaluation results between groups
Parameters Control (%) Dexpanthenol (%) Rosmarinic acid (%) P
Epithelisation Present 6 (75%) 5(62.5%) 3(37.5%) 0.1797
Absent 2(25%) 3(37.5%) 5 (62.5%)
Inflammation 0 1(12.5%) 0(0%) 0(0%) 0.3302
1 3(37.5%) 3(37.5%) 3(37.5%)
2 3(37,5%) 2(25%) 5 (62.5%)
3 1(12.5%) 3(37.5%) 0(0%)
Fibrosis 0 0(0%) 0(0%) 0(0%) 0.4932
1 1(12.5%) 0(0%) 0(0%)
2 5 (62.5%) 6 (75%) 4(50%)
3 2(25%) 2(25%) 4 (50%)
Granulation tissue Present 6 (75%) 4 (50%) 5 (50%) 0.6056
Absent 2 (25%) 4 (50%) 3(50%)

Figure 3. Microscopic view of wound tissues on day (control group). The area between the two red lines in the section belongs to the in-
cision line (haematoxylin-eosin, x40) (A). The yellow arrow indicates epithelialisation on the surface of the incision line; the blue arrows
indicate the fibrotic line and vascular structures (haematoxylin-eosin, X200) (B). The red arrows indicate the pigmented macrophages of
hemosiderin in brown at the bottom of the incision line (haematoxylin-eosin, x200) (C).
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Figure 4. Microscopic view of wound tissues on day (dexpanthenol group). The area between the two red lines in the section belongs to the
incision line (haematoxylin-eosin, x40) (A). The yellow arrow indicates epithelialisation on the surface of the incision line; the blue arrows
indicate the fibrotic line and vascular structures (haematoxylin-eosin, %200) (B). The red arrows indicate the pigmented macrophages of
hemosiderin in brown at the bottom of the incision line (haematoxylin-eosin, x200) (C).

Figure 5. Microscopic view of wound tissues on day (rosmarinic acid group). The area between the two red lines in the section belongs to
the incision line (haematoxylin-eosin, x<40) (A). The yellow arrow indicates epithelialisation on the surface in the incision line (haematoxylin-
-eosin, x200) (B). The red arrows indicate the hemosiderin pigmented macrophages, and the blue arrows indicate the vascular structures
at the bottom of the incision line (haematoxylin-eosin, % 200) (C).

Mushtaq et al. [14] reported that RA has a pro- by affecting the production of cytoprotective genes
tective effect against liver and kidney oxidative stress in the liver, affecting the antioxidant system and
in diabetic rats. RA has an indirect antioxidant effect nuclear factor-erythroid 2-related factor-2 (NRF2)-de-

622



M.C. Kuiba et al., Comparison of local rosmarinic acid and topical dexpanthenol applications

pendent phase Il enzymes [1, 16]. The antibacterial
and anti-inflammatory effects of RA have also been
demonstrated previously [5, 10, 21].

In the present study, a significant reduction in
wound size was detected in the RA group. On day 3,
there was a statistically significant difference between
the three groups in the reduction of wound area. This
difference is probably due to the anti-inflammatory
effect of RA. In early postoperative phase (day 3), the
greatest reduction in wound size was observed in the
control group, but in late postoperative phase (day 10
and later), the greatest reduction in wound size was
observed in the RA group. The difference was statis-
tically significant. However, no significant difference
was observed in wound sizes between the groups on
days 5 and 7. However, histopathological examination
did not reveal a significant difference in epithelisa-
tion, inflammation, fibrosis and granulation. Wound
healing takes place in a multi-stage, multi-factorial
mechanism. The reduction in wound size in favour of
RA may be due to the effect of RA on fibroblast cells.
Although RA reduced wound size more than dexpan-
thenol and the control group, the wound healing
time was also partially prolonged in this group. This
may be due to the blocking of the direct and indirect
effects of mediators released from inflammatory cells
due to the anti-inflammatory effect of RA. This may
explain the inconsistency between the macroscopic
findings and histomorphological findings.

Aramwit and Sangcakul [2] applied sericin cream
and achieved 90% improvement on day 11 and
achieved full recovery on day 15. Kwon et al. [9]
observed 90% improvement on day 10 and com-
plete closure on day 14 with 14-day administration
of topical recombinant human epidermal growth
factor. In the present study, based on the significant
statistical findings (approximately 90% on day 14;
> 95% improvement on day 21), we concluded that
the clinical effect of RA would be seen after day 7
and that RA should be applied for at least 3 weeks for
maximum effect. Although the recovery times in our
study appear slightly longer than that in the above
studies, we believe that this may have been affected
by the rat type, wound type, or other environmental
factors used, as the recovery time in our control group
was longer than that of their control groups.

Dexpanthenol is widely used in wound healing
in clinical practice. Pantothenate is a stimulant for
migration, proliferation, and gene regulation in hu-
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man dermal fibroblast cultures. Topical dexpanthenol
is used both in wound care and in the treatment of
dermatological diseases because it stimulates skin
regeneration and promotes wound healing [6]. In
a wound healing model, Ulger et al. [19] showed
significantly better healing in the dexpanthenol and
nebivolol groups than in the control group. Similar-
ly, Oguz et al. [15] observed better recovery in the
N-acetylcysteine and dexpanthenol groups than in
the control group. In our study, wound healing in the
dexpanthenol group was similar to that of the control
group, although RA group showed significantly better
recovery than the dexpanthenol group. In addition,
dexpanthenol caused more epithelialization than RA.

In the RA group, especially on day 7 and later,
there was greater reduction in wound size compared
to the other two groups. Histomorphological evalu-
ation did not reveal a significant difference, but the
evaluation of fibrosis showed that the number of
RA rats with grade 3 fibrosis was higher than that of
the other two groups. This finding partially supports
the above results. Wound contraction is most active
in the wound healing process between 7 and 10
days, when fibroblastic cell activation is also high.
We believe that RA caused an increase in fibroblastic
activity. More comprehensive studies are needed to
demonstrate this precisely.

Our histopathological results do not statistically
support our macroscopic observations. We did not
find any significant difference in terms of inflamma-
tion between the groups. However, RA has known
anti-inflammatory effects [4]. On the other hand,
this effect is usually expressed through the levels of
anti-inflammatory molecules. However, we did not
analyse the level of pro-inflammatory molecules. Luo
et al. [12] reported that RA had an anti-inflamma-
tory effect on acute lung injury by decreasing the
levels of pro-inflammatory molecules. Chen et al. [3]
showed that RA ameliorated the fibrosis of pterygium
epithelial cells by decreasing type | collagen produc-
tion and downregulating transforming growth factor
B1/Smad signalling. However, we did not find a sta-
tistically significant effect of RA on fibrosis and fi-
broblast activity. This may indicate a need for new
studies on the histopathological and anti-inflamma-
tory effects of RA in a wound healing model. Unlike
dexpanthenol, RA also has antibacterial and antiviral
effects. These effects may lead RA being more effec-
tive than dexpanthenol in wound healing.
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CONCLUSIONS

In conclusion, there was greater reduction of
wound size in the RA group compared to the dex-
panthenol and control groups, but wound healing
time was prolonged. In addition, epithelialisation
was detected in fewer RA cases than in the other two
groups. Significant reduction in wound size will result
in less scarring during wound healing. Therefore, we
believe that RA can be used in a topical cream for
wound healing. However, additional experimental
and clinical studies are needed for the duration and
amount of use.

Conflict of interest: None declared
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Background: The base of the skull, particularly the pterygomaxillary region, has
a sophisticated topography, the morphometry of which interests pathologists,
maxillofacial and plastic surgeons. The aim of the study was to conduct ptery-
gomaxillary morphometrics and test relevant hypotheses on sexual and laterali-
ty-based dimorphism, and causality relationships.

Materials and methods: We handled 60 dry skulls of adult Asian males (36.7%) and
females (63.3%). We calculated the prime distance D [prime] for the imaginary line
from the maxillary tuberosity to the midpoint of the pterygoid process between the
upper and the lower part of the pterygomaxillary fissure, as well as the parasagittal
D [x-y inclin.] and coronal inclination of D [x-z inclin.] of the same line. We also
took other morphometrics concerning the reference point, the maxillary tuberosity.
Results: Significant sexual as well as laterality-based dimorphism and bivariate
correlations existed. The univariate models could not detect any significant effect
of the predictors. On the contrary, summative multivariate tests in congruence
with neural networks, detected a significant effect of laterality on D [x-y inclin.]
(p-value = 0.066, partial eta squared = 0.030), and the interaction of laterality
and sex on D [x-z inclin.] (p-value = 0.050, partial eta squared = 0.034). K-means
clustering generated three clusters highlighting the significant classifier effect of
D [prime] and its three-dimensional inclination.

Conclusions: Although the predictors in our analytics had weak-to-moderate
effect size underlining the existence of unknown explanatory factors, it provided
novel results on the spatial inclination of the pterygoid process, and reconciled
machine learning with non-Bayesian models, the application of which belongs
to the realm of oral-maxillofacial surgery. (Folia Morphol 2021; 80, 3: 625-641)

Key words: artificial intelligence, cerebral dominance, laterality,
masticatory apparatus, osteology, pterygoid process, pterygopalatine
fossa, stomatognathic system
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INTRODUCTION

The pterygomaxillary region and the maxillary
alveolus are unique from the anatomical and clinical
standpoint and can be affected by several pathologies
[40, 46]. Besides, these regions have peculiar biome-
chanical properties, blood supply, as well as lymphatic
drainage [36]. They neighbour and communicate with
some critical areas, including middle cranial fossa,
the pterygopalatine fossa, the adjacent part of the
base of the skull, the carotid sheath, the nasopharynx
and the “danger triangle” of the face [25]. Follow-
ing a posterior maxillary molar tooth extraction, the
management routinely involves dental prostheses and
implants. The implant site may require bone graft-
ing techniques that involve the maxillary tuberosity
and the pterygoid process of the sphenoid bone, to
ensure an implant that closely resembles the nor-
mal anatomy and attains biomechanical stability [2].
The clinical applications for studies on morphome-
try and pathologies affecting the pterygomaxillary
junction are valuable for traumatology physicians,
oral and maxillofacial surgeons, plastic surgeons and
dentists [2, 11].

The configuration of the skull is mainly deter-
mined by the development of the brain and the
masticatory apparatus and the relationships between
the brain capsule and the latter [26]. In mammals,
the cranial cavity grows with the enlargement of
the brain and approaches the nasal cavity [14]. In
humans, the nasal cavity altogether with the facial
part of the skull, moves under the braincase, not only
because of the evolutionary expansion of cerebral
hemispheres but also due to the reduction of the
masticatory apparatus [27]. These features distin-
guish the human skull from the skulls of the lowest
mammals as well as anthropoid apes [13]. In animals,
the sphenoid bone forms as the result of the fusion
of several bones that coexist independently [34]. It,
therefore, develops as a mixed bone from several
paired and unpaired foci of ossification merging at
the time of birth into three parts, which, in turn, fuse
to form a single bone by the end of the first year of
neonatal life [30].

The primary objective of the current study is to
measure several morphometric parameters for the
pterygomaxillary region, considering various ana-
tomical landmarks. Morphometry will principally
include measuring the distance from the maxillary
tuberosity to the midpoint of the pterygoid process
located between the upper and the lower part of
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the pterygomaxillary fissure. We shall also estimate
the posterior-superior-medial three-dimensional
(3D) inclination, i.e., the parasagittal (x-y plane)
and the coronal (x-z plane) inclination, of the line
connecting both points. Morphometry will also
include other covariables, including the distance
from the maxillary tuberosity to the pterygoid ha-
mulus, the greater palatine foramen, the centre of
the cruciform suture, foramen ovale, and foramen
spinosum. We shall implement non-Bayesian sta-
tistical inference and machine learning models to
test three hypotheses. The first two will examine the
potential sexual dimorphism and laterality-based
differences in connection with our morphome-
try. The third hypothesis will attempt to explore
patterns of causations and the interaction effect
among different explanatory factors with a par-
ticular interest in explaining the variables affecting
the 3D inclination of the pterygoid process relative
to the maxillary tuberosity. We will also discuss
the relevant evolutionary lines of the skull, clinical
applications in oral and maxillofacial surgery, as
well as reporting anecdotal pathologies of interest.
Following a pragmatic review of the literature, we
confirm that our study is first of its kind regarding
its objective and methodology.

We opine that the present study is novel for five
reasons. Firstly, our study is the only one in the litera-
ture to address the spatial inclination of the pterygoid
process in relation to the maxillary tuberosity within
the Asian population. Secondly, we are approaching
our research question using an unprecedented meth-
odology, in anatomical sciences, by implementing and
contrasting classical non-Bayesian statistics versus
machine learning techniques. Thirdly, we implement-
ed several models of regression analytics, multivariate
tests, and neural networks to attempt finding the
model that best describe and explain the pterygomax-
illary morphometrics of interest. Fourthly, we argue
that this robust approach in analysing data is external-
ly valid and replicable by other researchers, thereby,
serving as a foundation of future research within the
discipline of anatomical and morphological scienc-
es. Finally, we are analysing our research question and
study objectives not only from an anatomical sciences
perspective but also from the viewpoint of evolution-
ary biology and comparative anatomy, which renders
our research genuinely interdisciplinary, combining
aspects of human anatomy, vertebrates’ evolution,
data science, and artificial intelligence.
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MATERIALS AND METHODS
Ethics and code of conduct, the osteology
sample, morphometry and tools

The study was conducted following the stand-
ard protocol of Ethics and Scientific Committee of
the College of Medicine (study protocol 155-19 on
29 December 2019), the declaration of Helsinki by
World Medical Association, the European Union (EU)
protocol on protection of animals used for scientific
purposed (EU Directive 210/63/EU), and the ethical
principles of Framingham consensus of 1997.

We used a convenience sampling method and
calculated the optimal sample size using IBM SPSS
version 24. Following the exclusion of defective spec-
imens, we collected 60 normal dry skulls (n = 60)
from the Department of Anatomy. These skulls
belonged to adults, males (n1 = 22, 36.7%) and
females (n2 = 38, 63.3%) (male-to-female ratio
1:1.73), of the Asian ethnicity who had no evident
pathologies and had an intact base of the skull.
Adulthood was determined by the overall ossi-
fication and the status of sutures [49]. We also
determined the gender (sex) for each skull using
a combination of established criteria from the ex-
isting literature on the Asian population, by relying
on specific anthropometrics, including the mastoid
process measurement [32], features of the temporal
bone [29], other craniometric traits and parameters
of exocranial surfaces [37, 42], the size and shape
of the foramen magnum [48], and the external mor-
phology of the frontal bone and frontal sinuses [20,
24, 32, 37, 42, 48]. We did our measurements after
fixing each skull on a rigid manoeuvrable platform,
and fine adjusting the 3D axes (x-y-z) to a standard
anatomical position in which the Frankfort horizon-
tal plane is parallel to the ground.

We used Neiko 01407A electronic Vernier calliper,
which is accurate in measuring the nearest percen-
tile of a millimetre. We measured two-dimensional
(2D) morphometric parameters at the base of the
skull, including the prime measurement of the dis-
tance from the maxillary tuberosity to the midpoint
of the pterygoid process located between the upper
and the lower part of the pterygomaxillary fissure
(D [prime]). We did not choose any other landmark on
the pterygoid process to measure the 3D inclination
due to the high variation in the shape as well as the
spatial orientation of the sphenoid bone as a whole,
including the medial and lateral pterygoid plates,
pterygoid hamulus, and processus tubarius. We also
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recorded the distance from the maxillary tuberosity
to the pterygoid hamulus (D [hamulus]), the greater
palatine foramen (D [greater palatine foramen]), the
centre of the cruciform suture (D [cruciform suture]),
foramen ovale (D [ovale]), and foramen spinosum
(D [spinosum]). We used Neoteck aluminium digital
angle finder protractor and a digital protractor ap-
plication (Toolbox pro v5.4.0), which is accurate to
the nearest percentile of a degree. In relation to the
vertical line, we measured the parasagittal (x-y) and
coronal (x-z) inclination of D [prime] imaginary line. To
measure these angles, we approached the skull from
the lateral aspect and towards the midsagittal plane
of the skull, and took measurements, in millimetres
for distances and degrees for inclinations, for each
side of the skull, right and left (DR and DL). To avoid
measurement errors and biases, we measured the
morphometric parameters for each skull twice, and
we recorded the average of these for subsequent
data analysis.

Data collection and statistical packages, the
Bradford Hill criteria, and our hypotheses

We tabulated raw data using Microsoft Excel
2016 with the integrated Analysis ToolPak, an Excel add-
in. We imported the data from Excel using the Statistical
Package for the Social Sciences (IBM SPSS version 24) to
conduct descriptive and inferential statistics as well as
to deploy machine learning to our data array. We are
using an alpha (a) value of 0.05 as the threshold for
significant inferential statistics, and a beta (8) value of
0.20 as the cut-off margin for statistical power.

In 1965, English statistician Austin Bradford Hill
proposed criteria to provide evidence for understand-
ing the causality between a predictor and an outcome
[45]. Hill mandates the analysis of the strength of
association and the effect size, the replicability of
the results, the specificity of association, the tempo-
rality of causation, the gradient effect relationship,
plausibility, coherence and consistency, experimental
validation, and analogy [45]. Some authors also add
reversibility as an additional element to the criteria
[21, 45]. In correspondence with Bradford Hill criteria
of causation, we shall test three hypotheses, some of
which stem from the general notion of physics and
astrophysics that 3D traits represent a derived feature
from 2D traits in space [28]. Hence, the 3D topo-
graphy of the skull, for instance, the inclination of
D [prime], are secondary to the basic 2D morphomet-
ric parameters that we measured.
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For instance, the spatial inclination of D [prime]
represents a manifestation of D [prime] itself. On
the other hand, D [prime] is also affected by the in-
clination. Therefore, a bidirectional interaction exists
between these two parameters. Our first and second
hypotheses will test the effect of laterality and sex,
i.e., right versus left and males versus females, re-
spectively, on all the parameters that we measured.
In the third hypothesis, we shall test D [prime] and
its 3D inclination, D [x-y inclin.] and D [x-z inclin.], as
outcome variables while considering sex and laterality
as predictors, and controlling for other morphometric
parameters as covariates using three models of uni-
variate and multivariate analysis of variance. Using
a form of artificial general intelligence, we shall de-
ploy collateral artificial neural networks (supervised
machine learning), in addition to clustering analysis
(unsupervised machine learning) [4, 35, 39].

Validity and the level-of-evidence

We evaluated the level-of-evidence according
to the Oxford Centre for Evidence-based Medicine
(OCEBM) [24]. According to the OCEBM, our study
represents an amalgam of an observational cross-sec-
tional data analytic of the osteology sample and an
internet snapshot for the systematic review of data-
bases of literature [24, 38].

RESULTS

Descriptive statistics

The total sample size was 60 (n = 60) distributed
into males and females (n1 = 22 [36.7%], n2 = 38
[63.3%], male-to-female ratio = 1.73). The mean, the
standard error, skewness, and kurtossis for D [prime]
was 10.76, 0.24, 0.330, and 0.395, D [x-y inclin.] was
13.23, 0.47, 0.120, and 0.058, D [x-z inclin.] was
10.70, 0.43, 0.552, and -0.025), D [hamulus] was
12.32, 0.17, 0.133, and -0.245, D [greater palatine
foramen] was 13.59, 0.19, -0.266, and —-0.243, D [cru-
ciform suture] was 29.44, 0.23, 0.074, and -0.530,
D [ovale] was 33.89, 0.30, -0.674, and 0.618, and
D [spinosum] was 34.88,0.37,-0.117, and -0.024. We
also explored descriptive statistics while stratifiing the
sample by sex and laterality (Table 1).

Hypothesis 1: Sexual dimorphism

Firstly, when comparing in between males and
females, there were no statistically significant dif-
ferences for all the variables except for D [greater
palatine foramen] and in favour of the male group
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(t =2.689, df = 118, p-value = 0.008, mean difference
= 1.04, 95% confidence interval [CI] = 0.28-1.81,
Cohen’s d = 0.52). Two variables, D [x-z inclin.] and
D [ovale], did not meet the assumptions for run-
ning an independent t-test, and therefore, we ran
a Mann-Whitney U test. Nevertheless, there was no
statistically significant difference between the males
and females concerning these two non-normally dis-
tributed variables.

Secondly, we stratified the sample based on lat-
erality while comparing males versus females, and
we retrieved supplementary results. For the right
side of the skull, there was no statistically significant
difference between males and females except for
D [greater palatine foramen] and in favour of males
(t = 2.20, df = 52.53, p-value = 0.032, mean
difference = 1.29, 95% Cl = 0.12-2.45, Cohen's
d = 0.61). For the left side of the skull, there was
only a statistically significant difference for D [spi-
nosum] and in favour of males as well (t = 2.69,
df =58, p-value = 0.009, mean difference = 2.60, 95%
Cl = 0.67-4.53, Cohen’s d = 0.73). We infer that
the skulls of males and females are sexually dimor-
phic for a few morphometric parameters, includ-
ing the distance between the maxillary tuberosity
and the greater palatine foramen for both sides
of the skull, and the distance from the maxillary
tuberosity to foramen spinosum for the left side
of the skull only. All sexually dimorphic param-
eters had a medium effect size and in favour of
males. Accordingly, causation may potentially exist
between sex and the morphometric parameters
of the pterygomaxillary region. Therefore, we are
going to incorporate sex as an independent var-
iable, within our three models of univariate and
multivariate tests as well as neural networks, for
testing the third hypothesis.

Hypothesis 2: Laterality-based dimorphism

Firstly, we compared the right versus the left side
of the skull and found no statistically significant dif-
ference for all the variables with an exception for
D [x-y inclin.] in favour of the left side of the skull
(t = -2.54, df = 118, p-value = 0.012, mean dif-
ference = -2.35, 95% Cl = -4.19 to —-0.52, Cohen’s
d = 0.46), and D [hamulus] in favour of the right side
of the skull (t = 3.060, df = 118, p-value = 0.003,
mean difference = 1.02, 95% Cl = 0.33-1.67, Cohen’s
d = 0.56). Besides, the variable D [x-z inclin.] and
D [ovale] did not satisfy the prerequisites of an inde-
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Table 1. Descriptive statistics: Stratification by sex and laterality

Sex Laterality Mean Skewness Kurtosis
Statistic Standard Statistic Standard Statistic Standard
error error error
Female
Left
D [prime] 11.1642 0.49963 0.487 0.383 0.502 0.750
D [x-y inclination] 14.4336 0.86614 -0.367 0.383 0.800 0.750
D [xz inclination] 11.7788 0.75495 0.639 0.383 -0.337 0.750
D [hamulus] 11.8062 0.25373 -0.097 0.383 -0.941 0.750
D [greater palatine foramen] 13.3338 0.32180 -0.362 0.383 0.478 0.750
D [cruciform suture] 29.0013 0.39891 0.201 0.383 0.610 0.750
D [ovale] 33.4967 0.68618 -0.502 0.383 -0.123 0.750
D [spinosum] 34.6055 0.60021 -0.089 0.383 -0.628 0.750
Right
D [prime] 10.1075 0.36145 0.180 0.383 -1.032 0.750
D [x-y inclination] 11.6114 0.72981 0.214 0.383 0.322 0.750
D [xz inclination] 9.4439 0.71725 0.969 0.383 0.290 0.750
D [hamulus] 12.8698 0.35227 0.113 0.383 -0.385 0.750
D [greater palatine foramen] 13.0736 0.38045 0.082 0.383 -0.637 0.750
D [cruciform suture] 29.6582 0.42875 -0.017 0.383 -0.966 0.750
D [ovale] 34.5466 0.34226 -0.104 0.383 -0.970 0.750
D [spinosum] 34.0616 0.71976 -0.029 0.383 0.222 0.750
Male
Left
D [prime] 11.0308 0.43402 0334 0.491 -0.978 0.953
D [x-y inclination] 14.3481 1.28436 0.408 0.491 -0.815 0.953
D [xz inclination] 10.1321 0.85152 -0315 0.491 0.649 0.953
D [hamulus] 11.8183 0.34684 0.361 0.491 -1.227 0.953
D [greater palatine foramen] 14.1356 0.39723 -0.637 0.491 -0.467 0.953
D [cruciform suture] 29.7637 0.56540 -0.211 0.491 -0413 0.953
D [ovale] 32.9981 0.76586 -0.031 0.491 -0.973 0.953
D [spinosum] 37.2012 0.72911 0.161 0.491 0.595 0.953
Right
D [prime] 10.9345 0.63520 -0.038 0.491 0.340 0.953
D [x-y inclination] 12.8071 0.98168 -0.329 0.491 0.521 0.953
D [x-z iinclination] 11.5779 1.21917 0.276 0.491 -0.140 0.953
D [hamulus] 12.74817 0.38554 -0.968 0.491 1.292 0.953
D [greater palatine foramen] 14.3595 0.39371 -0.163 0.491 0.893 0.953
D [cruciform suture] 29.4954 0.54688 0.270 0.491 -0.776 0.953
D [ovale] 34.3200 0.49321 -1.129 0.491 2521 0.953
D [spinosum] 34.4622 0.88644 -0.071 0.491 -0.012 0.953
pendent t-test. Hence, we conducted an additional Secondly, we made a stratification of the sample
Mann-Whitney U test. Nevertheless, there was no based on sex while contrasting the differences of
statistically significant difference between the two the right versus the left side of the skull, and we
groups. acquired auxiliary results. For males, laterality had
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only a statistically significant differential effect on
D [spinosum] and in favour of the left side of the
skull (t = -2.386, df = 42, p-value = 0.022, mean
difference = -2.74, 95% Cl = -5.06 t0 —0.42, Cohen'’s
d = 0.72). For females, laterality had a significant
differential effect on three variables only, including
D [x-y inclin.] in favour of the left side of the skull
(t=-2.492, df = 74, p-value = 0.015, mean difference
=-2.82,95% Cl =-5.08 to -0.57, Cohen’sd = 0.57),
D [x-z inclin.] in favour of the left side of the skull
as well (t = -2.24, df = 74, p-value = 0.028, mean
difference = -2.34, 95% Cl = -4.41 10 -0.26, Cohen’s
d = 0.51), and D [hamulus] in favour of the right
side of the skull (t = 2.45, df = 74, p-value = 0.017,
mean difference = 1.06, 95% Cl = 0.20-1.93, Cohen’s
d = 0.56). To summarise, we deduce that there is an
evident dimorphism, based on laterality, regarding
the parasagittal inclination of D [prime] and for the
distance from maxillary tuberosity to the pterygoid
hamulus. Further, laterality-based dimorphism exists
within males for the distance from maxillary tuberos-
ity to foramen spinosum, and within females for the
parasagittal and the coronal inclination of D [prime]
as well as for the distance for from the maxillary tu-
berosity to the pterygoid hamulus. Almost all of these
morphometric parameters had a medium effect size.

In contrast to sex-based dimorphism which was
fully predominant in males, laterality-based dimor-
phism was heterogeneous for both sides of the skull,
including when stratifying the sample based on sex.
Accordingly, causation can exist between laterality
and the pterygomaxillary morphometrics. Therefore,
we are going to incorporate laterality as another
predictor variable within our three models for testing
the third hypothesis on causation.

Bivariate correlations and correlation matrices
Bivariate correlations: The whole sample. We
used Pearson correlation for all the morphometric
parameters with an exception of the non-normally
distributed D [x-z inclin.] and D [ovale], for which we
used nonparametric tests, including Kendall rank cor-
relation and Spearman correlation. However, we inter-
preted the results in accordance with the Kendall rank
correlation due to its robustness with regard to com-
mitting a type-1 statistical error. SPSS computed Pear-
son’s r and Kendall’s tau-b correlation coefficients,
and the statistical significance for each variable, for
one side of the skull versus the contralateral side of
it, including D [prime] (Pearson’s r = 0.220, p-value
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= 0.091), D [x-y inclin.] (Pearson’s r = —0.064, p-val-
ue = 0.627), D [x-z inclin.] (Kendall’s tau-b = 0.247,
p-value = 0.005), D [hamulus] (Pearson’s r = 0.086,
p-value = 0.515), D [greater palatine foramen] (Pear-
son’s r = =0.110, p-value = 0.403), D [cruciform
suture] (Pearson’s r -0.146, p-value 0.267),
D[ovale] (Kendall’s tau-b = 0.017, p-value = 0.848), and
D [spinosum] (Pearson’s r = 0.088, p-value = 0.504).
To summarise, only D [x-z inclin.] had a significant

positive correlation but of a weak effect size.

We also made bivariate correlations, as correlation
matrices, for each morphometric parameter with the
others, i.e., inter-variable correlations. There was only
a statistically significant negative correlation between
D [prime] and D [hamulus] (Pearson’s r = —-0.181,
p-value = 0.048), and a significant positive correlation
between D [ovale] and D [greater palatine foramen]
(Kendall’s tau-b = 0.127, p-value = 0.040), each had
a weak effect size.

Bivariate correlations: Stratification by sex. We

stratified the sample by sex and calculated the corre-
lation coefficients and the statistical significance for
males and females respectively within each group
for D [prime] (males: Pearson’s r = —0.050, p-value
= 0.825; females: Pearson’s r 0.385, p-value
= 0.017), D [x-y inclin.] (Pearson’s r = 0.055, p-value
= 0.807; Pearson’s r = —-0.142, p-value = 0.396),
D [x-zinclin.] (Kendall's tau-b = 0.229, p-value = 0.135;
Kendall's tau-b = 0.245, p-value = 0.031), D [hamu-
lus] (Pearson’s r =—0.114, p-value = 0.612; Pearson’s
r = 0.185, p-value = 0.266), D [greater palatine fora-
men] (Pearson’s r = -0.266, p-value=0.231; Pearson’s
r = —0.138, p-value = 0.409), D [cruciform suture]
(Pearson’s r = -0.233, p-value = 0.297; Pearson’s
r = —-0.090, p-value = 0.592), D [ovale] (Kendall's
tau-b = -0.048, p-value = 0.756; Kendall's tau-b
= 0.031, p-value = 0.782), and D [spinosum] (Pear-
son’sr = 0.159, p-value = 0.479; Pearson’sr = 0.037,
p-value = 0.825). To summarise, strictly females had
a significant positive correlation for two variables
only, including D [prime] and D [x-z] inclination, with
a weak-to-medium effect size.

Concerning the inter-variable correlations within
males, there was only a statistically significant correla-
tion for D [ovale] versus D [greater palatine foramen]
of a medium effect size (Kendall’s tau-b = 0.338,
p-value = 0.001), D [spinosum] versus [greater pal-
atine foramen] of a medium effect size of a medium
effect size (Pearson’s r = 0.471, p-value = 0.001),
D [x-y inclin.] versus D [greater palatine foramen] of
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a medium effect size (Pearson’s r = 0.315, p-value
= 0.037), and D [x-z inclin.] versus D [spinosum] of
a weak effect size (Kendall's tau-b = —-0.236, p-value
= 0.024). Concerning the inter-variable correlations
within females, there was only a significant negative
correlation of a weak effect size for D [prime] versus
D [hamulus] (Pearson’s r = —0.228, p-value = 0.047).
To summarise, significant bivariate correlations exist
in between few pterygomaxillary morphometric pa-
rameters.

Hypothesis 3: Univariate and multivariate statistics
Model 1A: Univariate analysis of variance
without covariates (ANOVA). To test the causality
relationship for the third hypothesis via this model,
we used a two-factor (two-way) analysis of variance
without controlling for any covariates (ANOVA) by
feeding the model with D [prime] as the dependent
variable, and sex and laterality as the independent
variables (model predictors). According to ANOVA
corrected model, sex and laterality, as well as the
interaction of these two factors, did not have any sig-
nificant effect on D [prime] (df = 3, F = 1.18, p-value
= 0.320, partial eta squared = 0.030, adjusted
R? = 0.005). Pair-wise comparison, via Post-hoc test-
ing using Bonferroni correction, also failed to detect
a significant difference in connection with D [prime]
based on sex (mean difference 0.35, p-value
= 0.489) and laterality (mean difference = -0.58,
p-value = 0.251). To summarise, model 1A predictors
did not have any significant effect on D [prime].
Model 1B: Univariate analysis of variance
with covariates (ANCOVA). In this model, we used
a two-factor analysis of variance with covariates
(ANCOVA). Model 1B has the same architecture of
model 1A except that we added seven covariates,
including D [x-y inclin.], D [x-z inclin.], D [hamulus],
D [greater palatine foramen], D [cruciform suture],
D [ovale], and D [spinosum]. Albeit controlling for
the covariates, the corrected model also failed to
detect any significant effect of sex and laterality on
D [prime] (df = 10, F = 1.155, p-value = 0.329, partial
eta squared = 0.096, adjusted R?> = 0.013). Further,
subsequent pairwise comparison, using Bonferroni cor-
rection, yielded no significant differences in between
males versus females (mean difference = 0.20, p-value
= 0.700), and the right side of skull versus the left side
of the skull (mean difference = -0.58, p-value = 0.298).
As with model 1A, the predictors in model 1B did not
have a significant effect on the outcome, D [prime].
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Model 2A: Multivariate analysis of variance
without covariates (MANOVA). In model 2A, we
will use a three-way multivariate analysis of variance
(MANOVA) without covariates. Here, we will study
the effect of three independent variables, including
sex, laterality, and D [prime] versus the three-dimen-
sional inclination of D [prime] represented by the two
dependent variables D [x-y inclin.] and D [x-z inclin.].
All the prerequisites to run the multivariate model
were satisfied, including Box’s test for equivalence
of covariance matrices (Box's M = 9.626, F = 1.033,
df1 =9, df2 = 65056.903, p-value = 0.410). Hence,
we will interpret the results of the multivariate test
using Wilks’ lambda. Neither D [prime] nor sex had
a significant effect on the outcome. Nonetheless, at
an alpha value of 0.10, laterality assumed a signif-
icant effect on the spatial inclination of D [prime]
(Wilks' lambda = 0.952, F = 2.863, hypothesis df = 2,
error df = 114, p-value = 0.061, partial eta squared
= 0.048), and the interaction of sex and laterali-
ty as well (Wilks' lambda = 0.956, F = 2.653, hy-
pothesis df = 2, error df = 114, p-value = 0.075,
partial eta squared = 0.044). Tests of between-sub-
jects effects validated the results of the multivariate
tests. Laterality had a significant effect on D [x-y inclin.]
(df =1, F=5.521, p-value = 0.020, partial eta squared
= 0.046) but not on D [x-z inclin.]. On the contrary,
the interaction of sex and laterality had a significant
effect on D [x-z inclin.] (df = 1, F = 4.945, p-value
= 0.028, partial eta squared = 0.041) but not on
D [x-y inclin.]. To summarise, only two predictors of
model 2A had a significant effect on the parasagittal
and coronal inclination of D [prime], and each had
a weak effect size.

Model 2B: Multivariate analysis of variance
with covariates (MANCOVA). In this model, we will
run a multivariate analysis of variance while con-
trolling for covariates (MANCOVA) (Box's M = 9.626,
F=1.033,df1 =9, df2 =65056.903, p-value = 0.410).
The design is similar to model 2A except that we
added the rest of the morphometric parameters as
covariates. The multivariate model 2B failed to infer
any significant effect of the predictors in connec-
tion with the outcome variables. However, when
considering an alpha value of 0.10 for tests of be-
tween-subjects effects, there was a significant effect
of laterality on D [x-y inclin.] (df = 1, F = 3.741,
p-value = 0.056, partial eta squared = 0.033), and
a significant effect of the interaction of sex and lat-
erality on D [x-z inclin.] (df = 1, F = 4.301, p-value
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= 0.040, partial eta squared = 0.038). To summarise,
the MANCOVA-based model 2B is harmonious with
model 2A. However, model 2B is more accurate in
terms of predictive power due to the consideration
of covariates in multivariate testing.

Model 3A: Multivariate analysis of variance
without covariates (MANOVA). Model 3A will run
a two-way multivariate analysis of variance without
covariates (MANOVA) (Box's M = 24.177, F = 1.274,
df1 = 18, df2 = 28191.950, p-value = 0.193). We
fed the model with laterality and sex as inputs (pre-
dictors), and three outcome variables represented by
D [prime], D [x-y inclin.], and D [x-z inclin.]. At an
alpha value of 0.10, the multivariate analysis con-
firmed a significant effect of laterality on D [prime]
and its spatial inclination (Wilks’ lambda = 0.941,
F = 2.366, hypothesis df = 3, error df = 114, p-val-
ue = 0.075, partial eta squared = 0.059). Tests of
between-subjects effects verified the results of the
multivariate tests; it is evident that laterality had
a significant effect only on D [x-y inclin.] (df = 1,
F = 5.110, p-value = 0.026, partial eta squared
= 0.042), while the interaction of sex and lateral-
ity also had a significant effect but only on D [x-z
inclin.] (df = 1, F = 4.537, p-value = 0.035, partial
eta squared = 0.038). The results of model 3A are in
line with the previous multivariate models, and each
of its predictors had a weak effect size.

Model 3B: Multivariate analysis of variance
with covariates (MANCOVA). Model 3B is summative
for all the previous three multivariate models. We
will use multivariate analysis of variance while con-
trolling for covariates (MANCOVA) (Box's M = 24.177,
F=1.274,df1 =18, df2 =28191.950, p-value = 0.193).
The model has the same layout of the model 3A,
but here, we are also incorporating the rest of the
morphometric parameters as covariates. MANCO-
VA-based multivariate tests of model 3B could not
detect any significant effect for the predictors on the
outcome variables. However, tests of between-sub-
jects effects at an alpha value of 0.10, detected a sig-
nificant effect of laterality on D [x-y inclin.] (df = 1,
F = 3.443, p-value = 0.066, partial eta squared
= 0.030), and another significant effect of the inter-
action of sex and laterality on D [x-z inclin.] (df = 1,
F = 3.926, p-value = 0.050, partial eta squared
= 0.034). To recapitulate the multivariate analytics,
only laterality, and the interaction of sex and laterality,
had a significant effect. The former influenced the
parasagittal inclination, while the latter affected the
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coronal inclination of the imaginary line connecting
the maxillary tuberosity to the midpoint of the ptery-
goid process between the upper and the lower part
of the pterygomaxillary fissure. The significant predic-
tor effect persists to be true even when integrating
covariates to the multivariate models. However, the
effect size remains weak, and none of the predictors
had a significant effect on D [prime].

Hypothesis 3: Multiple linear regression

Model A. In all three regression models, we used
dummy coding of sex and laterality to fit the line-
ar nature of the analysis, and each model allowed
feeding one dependent variable at a time. Here, we
designated D [prime] as the dependent variable while
all other morphometric parameters, as well as sex
and laterality, represented the independent variables.
As per the model A summary, the predictors did
not have any significant effect on the outcome
(R =0.290, R? = 0.084, adjusted R? = 0.009, R? change
= 0.084, F change = 1.121, df1 = 9, df2 = 110,
p-value = 0.354).

Model B. In model B, we specified D [x-y inclin.] as
the outcome, while other morphometric parameters
and the dummy-coded string variables as the model
predictors. Similar to the previous model, model B
failed to detect any significant effect of the independ-
ent variables in connection with the parasagittal incli-
nation of D [prime] (R = 0.290, R? = 0.084, adjusted
R? = 0.018, R? change = 0.084, F change = 1.273,
df1 = 8, df2 = 111, p-value = 0.265). Nevertheless,
“tweaking” the « value for hypothesis testing up to
0.10, it is apparent that laterality had a significant
effect on the parasagittal inclination and in favour of
the left side of the skull (standardized beta coeffecient
= 0.198, t = 1.968, p-value = 0.052).

Model C. The architecture of model C is some-
what similar to the previous model except that we
allocated D [x-z inclin.] as the dependent variable. In
correspondence with the model C summary, multiple
linear regression also failed to infer any significant
effect of the predictors on the outcome, the coronal
inclination of D [prime] (R = 0.258, R? = 0.067, adjust-
ed R? = 0.008, R? change = 0.067, F change = 1.144,
df1 =7, df2 = 112, p-value = 0.341). Nevertheless,
if we “update” the alpha value to 0.10, D [spinosum]
will have a significant effect in connection with
D [x-z inclin.] (standardized beta coeffecient = —0.185,
t = -1.912, p-value = 0.058). We are concluding,
based on all three regression models, that only a few
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predictors, including laterality and D [spinosum], had
a significant effect on the spatial inclination of
D [prime], and strictly conditioned by manipulating
the cut-off margin of the significance level.

Hypothesis 3: Supervised machine learning

Neural networks: Model 1A. We ran a neural
network analysis that is complementary to the ear-
lier univariate analysis of variate without covariates
(ANOVA) in connection with model 1A for testing the
third hypothesis on causality relationship. Here, we used
sex and laterality as the input layer (independent var-
iables) and D [prime] as the output layer (dependent
variable). Independent variable importance and syn-
aptic weights were superior for laterality (importance
= 0.910, normalized importance = 100%) compared
to sex (importance = 0.090, normalized importance
= 9.9%) in predicting D [prime].

Neural networks: Model 1B. This model is parallel
to the univariate analysis of variance while controlling
for covariates (ANCOVA) that we implemented to
test the third hypothesis using model 1B. For the
input layer, we used sex and laterality as independent
variables, while considering D [x-y inclin.], D [x-z in-
clin.], D [hamulus], D [greater palatine foramen],
D [cruciform suture], D [ovale], and D [spinosum] as
covariates. For the output layer, D [prime] represent-
ed the dependent variable. As per the independent
variable importance analysis, this model allocated the
highest values to D [x-z inclin.] (importance = 0.234,
normalized importance = 100.00%), D [x-y inclin.]
(0.203, 86.70%), D [hamulus] (0.193, 82.80%),
D [greater palatine foramen] (0.132, 56.50%), lat-
erality (0.064, 27.30%), D [ovale] (0.06, 25.70%),
D [spinosum] (0.055, 23.40%), D [cruciform suture]
(0.038, 16.40%), and sex (0.021, 9.20%). Still, it ap-
pears that laterality is more important than sex in
predicting D [prime] in aggreement with the nerual
network analysis of model 1A. On the other hand, the
coronal and the parasagital inclination of D [prime]
assumed the highest weights among the covariates.

Neural networks: Model 2A. We implemented
neural networks to fulfil the multivariate analysis of
variance (MANOVA) for testing the causation in model
2A. We used sex, laterality, and D [prime] as inputs
(predictors) versus D [x-y inclin.] and D [x-z inclin.]
as outputs (outcome variables). The model’s inde-
pendent variable importance analysis designated the
magnitudes for D [prime] (0.483, 100.00%), laterality
(0.397, 82.20%), and sex (0.121, 25.00%). According
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to this model, the spatial orientation of D [prime] is
predicted most accurately by D [prime] itself, lateral-
ity, and sex as well.

Neural networks: Model 2B. This model is in
line with the multivariate analysis of variance with
covariates (MANCOVA) that we ran to test the cau-
sality relationship of model 2B of the third hypothe-
sis. The input layer included sex and laterality, as well
as six covariates, including D [prime], D [hamulus],
D [greater palatine foramen], D [cruciform suture],
D [ovale], and D [spinosum] as the explanatory varia-
bles. Similar, to the neural network of model 2A, the
output layer had D [x-y inclin.] and D [x-z inclin.] as the
response variable. Independent variable importance
analysis quantified the highest values for D [prime]
(0.194, 100.00%), D [spinosum] (0.178, 91.50%),
D [greater palatine foramen] (0.162, 83.10%), lateral-
ity (0.129, 66.30%), D [ovale] (0.127, 65.10%), D [ha-
mulus] (0.120, 61.70%), D [cruciform suture] (0.049,
25.40%), and sex (0.041, 21.10%). In harmony, with
the neural network of model 2A, it appears that
D [prime], as well as laterality and sex, are important
predictors of the parasagittal and coronal inclination
of the imaginary line connecting the maxillary tuber-
osity and midpoint of the pterygoid process located
between the upper and the lower part of the ptery-
gomaxillary fissure. However, when controlling for
the covariates via this model, it is obvious that the
normalized importance of laterality and sex is lower
when contrasted with those of model 2A.

Neural networks: Model 3A. We used a neural
network that is supportive of the multivariate sta-
tistical analysis (MANOVA) in model 3A of the third
hypothesis on causation. Here, the inputs had lat-
erality and sex as the only predictors without taking
any covariates into account (Fig. 1). The output layer
included D [prime], D [x-y inclin.], and D [x-z inclin.]
as the dependent variables. The predictor importance
analysis showed different results from the neural net-
works in the previous four models. Here, the neural
network assigned more importance for sex (0.597,
100.0%) than laterality (0.403, 67.6%). Nonetheless,
this neural network model is still in agreement with
our previous results validating that males and females
are sexually dimorphic in connection with the mor-
phometry of the pterygomaxillary landmarks.

Neural networks: Model 3B. We are concluding
the supervised machine learning analytics with a sum-
mative neural network model that is analogous to
the multivariate statistical analysis of variance with
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Importance

Figure 1. Neural networks with synaptic weights (Model 3a) and independent variable importance analysis (Model 3B).

covariates (MANCOVA) from model 3B of the third
hypothesis. Here, the architecture of the network is
the same as that of model 3A except that we added
five covariates to the input layer including D [ha-
mulus], D [greater palatine foramen], D [cruciform
suture], D [ovale], and D [spinosum] (Fig. 1). The
independent variable importance analysis assigned
the highest importance for D [ovale] (0.34, 100.00%),
D [hamulus] (0.185, 54.50%), D [spinosum] (0.149,
43.70%), D [cruciform suture] (0.122, 35.90%), lat-
erality (0.080, 23.60%), D [greater palatine foramen]
(0.067, 19.50%), and sex (0.056, 16.50%). Here, the
predictor importance analysis departs from that of
model 3A by generating a higher weight for lateral-
ity when compared to sex, and in harmony with the
rest of the neural networks, which is in agreement
that laterality-based dimorphism exists among the
morphometric parameters. Among all the models,
we opine that model 3B neural network is supreme
in predicting D [prime] and its spatial inclination by
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analyzing the interaction between the several predic-
tors, including covariates, on the outcome variables.

Unsupervised machine learning

Two-step cluster analysis. We used two-step
clustering by feeding the clustering algorithm with sex
and laterality as categorical variables, and the mor-
phometric parameters as continuous variables. For
the whole sample, the algorithm generated three
clusters of decent quality (Silhouette measure of co-
hesion and separation = 0.3 out of 1). The largest
cluster contributed to 36.7% of the total sample,
while each of the other two clusters accounted for
31.7% (largest cluster to smallest cluster ratio = 1.16).
Predictor importance analysis assigned the highest
importance for sex (predictor importance = 1), lat-
erality (0.63), D [greater palatine foramen] (0.06),
D [hamulus] (0.05), D [x-y inclin.] (0.05), D [x-z inclin.]
(0.04), D [spinosum] (0.03), D [prime] (0.03), D [ovale]
(0.02), and D [cruciform suture] (0.01). The largest
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cluster included males only (100%), and each of the
other two clusters included females only (100%). The
predictor importance analysis, cluster comparison,
and the cell distribution within each cluster go in
line with the earlier results that males and females
are sexually dimorphic in addition to the existence of
laterality-based dimorphism within skull specimens.
Upon stratifying the sample based on sex, the two-
steps cluster analysis generated a total of four clus-
ters, two clusters for each of males and females. For
males, the cluster quality was fair (Silhouette measure
of cohesion and separation = 0.3), and each cluster
had 50% of the total sample size (largest cluster to
smallest cluster ratio = 1). Predictor analysis allo-
cated the importance values for laterality (predictor
importance = 1), D [spinosum] (0.16), D [hamulus]
(0.10), D [ovale] (0.08) D [x-z inclin.] (0.05), D [x-y
inclin.] (0.04), D [greater palatine foramen] (0.02),
and D [cruciform suture] (0.01). For females, The
clustering quality was also similar (average silhouette
= 0.3), and each cluster contributed to 50% of the
total sample (cluster ratio = 1). The clustering algo-
rithm designated the highest importance to laterality
(predictor importance = 1), D [x-y inclin.] (0.10),
D [hamulus] (0.10), D [x-z inclin.] (0.09), D [prime]
(0.06), D [ovale] (0.04), D [cruciform suture] (0.03),
D [spinosum] (0.01), and D [greater palatine foramen]
(0.01). The clustering within males and females gave
somewhat similar results and corresponded primarily
with our earlier results on the existence of a laterali-
ty-based dimorphism while assigning relatively higher
importance for D [prime] among females.
Stratification of the sample based on laterality
also generated four clusters, two for each of the right
side of the skull and the left side of the skull, and
each cluster was purely made of one of the two sex-
es, either males or females. For the right side of the
skull, the cluster quality was fair (average silhouette
= 0.3), and the largest cluster accounted for 63.3%
(cluster size ratio = 1.73). The algorithm computed
the highest importance for sex (predictor importan-
ce = 1), D [greater palatine foramen] (0.11), D [x-z
inclin.] (0.07), D [prime] (0.05), D [x-y inclin.] (0.03),
D [ovale] (0.01), D [spinosum] (0.01), D [cruciform
suture] (0.01), and D [hamulus] (0.01). For the left
side of the skull, the clustering parameters were
the same as those for the right side. The algorithm
calculated the highest importance for sex (predictor
importance = 1), D [spinosum] (0.14), D [greater
palatine foramen] (0.06), D [x-z inclin.] (0.05),
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Figure 2. K-means cluster analysis: Final cluster centres.

D [curicform suture] (0.04), and D [ovale] (0.01). Fi-
nally, the stratification of the sample based on both
sex and laterality together failed to yield any clus-
ters. We conclude that the two-step cluster analysis
validates our preexisting results, from independent
t-tests and the multivariate models as well as the neu-
ral networks, on sex and laterality-based dimorphism
in connection with the pterygomaxillary junction
morphometrics.

K-means and hierarchical cluster analysis. In
SPSS, k-means clustering did not allow to feed string
variables to the model, including sex and laterality,
and therefore, the results of this algorithm are unique
from those of the two-step cluster analysis, as it
relied strictly on feeding the model with continuous
variables. The k-means clustering yielded three dis-
tinguished clusters (Fig. 2), and calculated the final
cluster centres for D [prime] (1%t cluster = 11.39,
2™ cluster = 10.94, 3" cluster = 9.01), D [x-y inclin.]
(11.05, 19.47, 10.03), D [x-z inclin.] (7.81, 11.82,
16.24), D [hamulus] (11.90, 12.23, 13.46), D [greater
palatine foramen] (13.57, 13.72, 13.45), D [cruciform
suture] (29.58, 29.38, 29.19), D [ovale] (34.48, 33.03,
33.60), and D [spinosum] (34.17, 36.11, 34.94).
ANOVA testing confirmed that only four morphomet-
ric parameters significantly differed among the three
clusters, including D [prime] (cluster df = 2, error df
= 117, F = 8.135, p-value < 0.001), D [x-y inclin.]
(cluster df = 2, error df = 117, F = 82.390, p-value
< 0.001), D [x-zinclin.] (cluster df = 2, error df = 117,
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F = 56.875, p-value < 0.001), and D [hamulus]
(cluster df = 2, error df = 117, F = 6.827, p-value
= 0.002). Compared with the neural network from
model 3B, our k-means clustering algorithm conveyed
novel results in connection with the importance of
D [prime] and its 3D inclination in classifying our sam-
ple regardless of sex and laterality for each specimen.
We concluded the clustering analysis by conducting
a hierarchial clustering which was also successful in
creating a dendrogram of multiple levels.

DISCUSSION

Concerning our first hypothesis, significant sex-
ual dimorphism existed in favour of males, and as
per our pre-study anticipation. However, these were
in connection with two morphometric parameters
only, including D [greater palatine foramen] and
D [spinosum]. For the second hypothesis, significant
laterality-based dimorphism was more diversified
as it did not favour one side of skull even when
stratifying the sample based on sex, and it involved
more morphometric parameters including D [x-y in-
clin.], D [x-z inclin.], D [hamulus], and D [spinosum].
Each of sexual and laterality-based dimorphism had
a medium effect size. Further, significant intra-var-
iable and inter-variable correlations existed for the
whole sample and within males and females as well.
However, contrary to our expectations, these corre-
lations involved few morphometric parameters and
had a weak-to-medium effect size. Testing the third
hypothesis using the univariate analysis of variance
and multiple linear regression failed to detect any sig-
nificant predictors. In contrary, multivariate statistical
models were triumphant in elucidating the significant
effect of laterality, and the interaction of sex and lat-
erality on the parasagittal and coronal inclination of
D [prime], respectively. However, the weak effect size
for those explanatory variables entails the existence
of covert predictors, and perhaps an abundance of
them interacting to manifest the full variance within
the outcome. Supervised and unsupervised machine
learning, using neural networks and clustering analysis,
reconciled with the non-Bayesian statistical models,
especially the multivariate tests, and across all of our
three hypotheses. Besides, k-means cluster analysis
highlighted the significant classifier effect of D [prime],
its three-dimensional inclination, and D [hamulus].

Concerning the evolutionary lines of the skull, the
interrelationship between the brain and the mastica-
tory apparatus determined the overall morphology of
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the skull [13, 27, 30]. At first, the orbit, the nasal, and
the oral cavities were located in front of the cranium
[13, 26]. With the enlargement of the brain in mam-
mals, the cranial cavity approached the nasal cavity
[19, 34]. In man, the nasal cavity and the facial skel-
eton moved under the braincase (cranium), not only
because the brain is enlarged but also because the
masticatory apparatus is minimised [14, 26, 27, 30].
The singularity of the sphenoid bone also emerged
because of the fusion of several independent bones
that still exist in animals [30]. Therefore, it developed
as a mixed bone from several paired and unpaired
ossification foci merging at the time of birth into three
parts, which, in turn, form a single bone by the end
of the first year of life [30]. Throughout evolution, the
number of teeth got reduced, and the third molar is
still undergoing evolutionary pressure to disappear
in humans [13, 14, 26, 30]. Further, the bulging of
the forehead and the receding of the snout gave
rise to the delicate proportions of the human face
[13]. These anatomical features distinguished the
human skull from those of lower mammals as well
as the nearest anthropoid apes [19, 34]. The evolu-
tion of the craniofacial complex took place through
natural selection, and yet it is constrained by the
interplay of the genotype and phenotype [13, 19,
271. If "modules” are understood as localised areas of
genotypic and phenotypic integration, then we need
to define the spatio-temporal boundaries of these
modules and enumerate their attributes and testable
properties [13, 14]. In 2006, Polanski and Franciscus
(2006) [41] pointed out that “evolutionary biology
has long maintained that morphological systems go
from being more integrated to more modularised
throughout evolution” [41]. Hence, intricate anatom-
ical structures like the vertebrate skull become even
more modularised [13, 19, 26, 27, 30, 34]. Scholars
also refer to “heterochrony” which describes the evo-
lution of ontogeny by modifications in the rate and
timing of essential constituents of ontogenetic tra-
jectories, such as the onset, the offset, and the rates
of growth and development [51, 52]. Thus, causality
can be questionable for craniofacial ontogeny as it is
a four-dimensional process encompassing a temporal
axis (time), and most evolutionary modifications of
development may cause some deviations in the course
of events along that axis [30, 34]. Nevertheless, devel-
opmental processes others than heterochrony, namely
spatial integration, dissociation, and constraints do
happen during evolution [14, 51, 52].
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The pterygoid plates assume a crucial function
from a biomechanical perspective in connection with
the stomatognathic system, specifically the mastica-
tory apparatus, palatal muscles, and the pharyngeal
constrictors [31]. Several muscles attach to or operate
via, the maxillary tuberosity and the pterygoid pro-
cess of the sphenoid bone, including the buccinator,
the pterygoid muscles, levator veli palatini (levator
palati), and tensor veli palatine (tensor palati) [31].
Likewise, the pterygoid hamulus mimics Archimedean
mechanical systems, having a pulley-like structure for
the tensor palati, while the hamulus itself anchors
a critical mechanical structure, the pterygomandib-
ular raphe (pterygomandibular ligament) [31, 43].
Besides, several notable neurovascular structures exist
in the vicinity of the pterygoid process, primarily the
mandibular branch of the trigeminal nerve, the mid-
dle meningeal artery, nervus spinosus, the petrosal
nerves, as well as the neurovascular elements of the
vidian canal [31, 43]. Accordingly, the current study
is of prime importance for medicine, surgery, and
biomimetics. Implant dentistry specialists also do
have interests in the pterygomaxillary junction, which
grew exponentially following the introduction of the
osseointegration theory by Branemark in the early
1960s [see 1]. Researchers found that rehabilitation
of missing teeth in the anterior segment of the max-
illary alveolus is far more straightforward than the
posterior sesgment [1]. Reconstruction of the posterior
maxilla is a challenge due to several obstacles, some
of which relate to the anatomy of the maxillary sinus,
and numerous surgical procedures were tried, such
as bone augmentation, sinus lift, tilted and short
implants, and zygomatic implants [1, 12]. Each of
these procedures has restrictions, while the ptery-
gomaxillary region provided an excellent venue
for infallible rehabilitation of the posterior maxilla
[12]. Balaji et al. [12] described using pterygoid
implants for restoring an atrophic posterior maxilla,
and they have higher success rates, fewer compli-
cations, and better acceptance by patients to man-
age atrophic posterior maxilla when compared to
conventional implants [12]. In 2012, Candel et al.
[18] referred to two anatomical sites for retromolar
implants, including the pterygoid process and the
pterygomaxillary region. According to the system-
atic review by Bidra and Huynh-Ba (2011) [15], the
cumulative survival rate for those implants over ten
years, and based on data from one of the studies
was 91%.
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On the other hand, the maxillary tuberosity is
nearby the third molar, and it relates to a critical con-
dition in oral and maxillofacial surgery, alveolar ostei-
tis, which is the most frequent postoperative compli-
cation following a tooth extraction, especially for an
impacted third molar nearby the maxillary tuberosity
[2,15, 17, 22]. Crawford [22] was the first to describe
the condition in 1896. In their meta-analytic study,
Bienek and Filliben (2016) [16] declared that the use
of oral contraceptives significantly increased the risk
of developing alveolar osteitis. Taberner-Vallverdu et
al. (2016) [47] wrote on the heterogeneity of ther-
apeutic modalities for alveolar osteitis, including
curettage and irrigation, antiseptics, low-level laser
therapy, zinc oxide eugenol, and platelet-rich plas-
ma. Marcussen et al. (2016) [33] found that a single
preoperative oral dose of amoxicillin or penicillin-V
substantially reduced the incidence of alveolar os-
teitis. From 2012 to 2016, chlorhexidine was the
centre of several metareviews. In 2012, Yengopal and
Mickenautsch [50] inferred that chlorhexidine had no
more adverse reactions compared to a placebo. In
the same year, Daly et al. [23] validated that rinsing
the alveolar sockets with chlorhexidine (0.12% and
0.2%) or using chlorhexidine gel (0.2%), prevented
alveolar osteitis. Sdnchez et al. (2017) [44] conclud-
ed that chlorhexidine, in any formulation, was also
useful for prophylaxis, although the gel was more
efficacious. Zhou et al. (2017) [53] deduced the same
on the higher efficacy of chlorhexidine gel.

The current study does have limitations, includ-
ing the sample size, which is relatively small. Other
parameters that are unique for the sample cannot be
fully known, for example, the exact age, the sub-eth-
nicities of individuals to whom the skulls belong.
Besides, other demographic variables are obscure,
including the patterns of cerebral dominance for
each individual, the existence of underlying pathol-
ogies affecting the skeletal system or other corporeal
systems in the premortem. Finally, there are some
limitations of statistical analyses. For instance, the
immoderate type-1 statistical error that may mani-
fest as a consequence of carrying out multiple data
analytics. Some tests, including correlation analytics,
were more conservative than others as in the case
of Kendall rank correlation versus Spearman correla-
tion, and the same applies to parametric tests when
compared to nonparametric tests. Additionally, the
interpretation of causality in our hypotheses and
different models that we implemented may accept
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Figure 3. Pragmatic review of the literature [Date: 21 August 2020].

different interpretations from a philosophical per-
spective, including arguing the basis of Hill’s criteria
when classifying specific variables into independent
(predictors) and dependent (outcomes). Furthermore,
the multivariate statistical analyses have inherent
limitations of their own as per the aphorism of the
renowned British statistician George Box, “All models
are wrong, but some are useful” [5]. There are also
implicit constraints of the statistical packages, SPSS
included, when it comes to loading a specific type or
a count of variables into a model, including multiple
regression, univariate and multivariate analysis of
variance, supervised neural networks, and cluster
analysis. For example, one may argue that the ptery-
gomaxillary region is of utmost surgical importance
to faciomaxillary surgeries, including reconstructive
surgeries, and taking all the anthropometric points,
lines, and angles into account is mandatory. However,
that will render the data analyses too complicated
to be executed, especially in connection with the
multivariate and neural networks of the third hypoth-
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esis. Future research can consider the reciprocation of
an abundance of anthropometrics and morphomet-
rics while using advanced statistical packages running
on a powerful supercomputer.

Nevertheless, we opine that our study is novel
and should be impactful as a base for follow-up
research. On 21 August 2020, we scraped the sur-
face web by conducting a systematic review of the
medical databases of literature, using Medical Subject
Headings (MeSH) and generic keywords, to detect
publications of relevance to the present study (Fig. 3).
We searched the PubMed (the United States National
Library of Medicine), Embase (Elsevier Database),
and the Cochrane Library (the Cochrane Database
of Systematic Reviews). We deployed a composite of
MeSH-based keywords and generic terms, in addition
to truncations, and Boolean operators as well. We in-
cluded keywords related to six main themes, including
morphometry, osteology, population demographics,
applications in medicine, non-Bayesian statistics, and
artificial intelligence. Our systematic review strat-
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egy generated a total count of 44,432,018 papers
distributed to PubMed (22,908,863, 51.56%), Em-
base (21,492,621, 48.37%), and the Cochrane Library
(30,534, 0.07%). The combination of all themes of
keywords retrieved 961 publications, allocated to Pub-
Med (747, 77.73%) and the Cochrane Library (214,
22.27%) (Fig. 3). Hence, most of the publications were
indexed in the PubMed database and Embase. However,
Embase represented a lot of “noise” with publications
that were not relevant to our study, its objectives,
and methodology. Using the combination of themes,
we filtered the search volume indexed in PubMed
(747 publications) down by one-third of the original
search volume (518 publications), by limiting the search
results to articles written strictly in English, involving
human species only, and the adults’ age group (19+
years). We retrieved the full-text articles and scanned
through the titles and abstracts, and we found very few
articles that are relevant to the current study. Nonethe-
less, we concluded that our study is novel and the first
of its kind, given its distinct objectives and pragmatic
methodology, using an elaborate array of non-Bayesian
statistics in parallel with machine learning.

Future studies should incorporate a larger sample
size with a male-to-female ratio that is representative
of the underlying population. Researchers can also
attempt to use state-of-the-art equipment for the
pursuit of exquisite morphometry, including the use
of more advanced Vernier calliper and protractor that
have fewer measurement errors. Besides, morpho-
metry enthusiasts can record additional parameters,
including surface areas and volumetrics, to enhance
the accuracy and the predictive power of statistical
as well as machine learning models [6]. Overcoming
the limitations of data analytics, machine learning
algorithms, and the statistical package can also serve
as a leverage for reliable subsequent studies in line
with the methodology of the present study [3, 7, 9].
Researchers should attempt to study osteology as well
as radiology-based samples and compare the results
from each to contrast premortem and postmortem
specimens. They should also study and compare dif-
ferent ethnicities, age groups, patterns of laterali-
zation of brain functions for the potential modifier
effect on the stomatognathic system [8, 10]. Research
can involve individuals with pathologies and condi-
tions of interest, for example, those with alveolar
osteitis, pterygoid implants, dental prostheses, and
ailments that can affect bone density and microstruc-
ture. We encourage conducting studies that are not
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purely observational, studies of quasi-experimental
design, randomized case-control trials, aggregate
studies, and meta-analytic studies of the supreme
level-of-evidence [38].

CONCLUSIONS

Significant sexual, as well as laterality-based di-
morphism, and bivariate correlations, existed. For the
first hypothesis, significant sexual dimorphism existed
favouring males and as per the pre-study anticipa-
tion. However, these were in connection with two
morphometric parameters only, including D [greater
palatine foramen] and D [spinosum)]. For the second
hypothesis, significant laterality-based dimorphism
was more diversified as it did not favour one side of
the skull even when stratifying the sample based on
sex, and it involved more morphometric parameters
including D [x-y inclin.], D [x-z inclin.], D [hamulus],
and D [spinosum]. Each of sexual and laterality-based
dimorphism had a medium effect size. Significant
intra-variable and inter-variable correlations exist-
ed for the whole sample. However, contrary to the
expectations, these correlations involved few mor-
phometric parameters and had a weak-to-medium
effect size. Testing the third hypothesis using the
univariate analysis of variance failed to detect any
significant predictors. On the contrary, multivariate
statistical models were triumphant in elucidating the
significant effect of laterality, and the interaction of
sex and laterality on the inclination in the parasagittal
and coronal planes for D [prime], respectively. These
results were consilient with the alternative hypothesis
in connection with causality relationships. The weak
effect size for those explanatory variables entails cov-
ert predictors and perhaps an abundance of them
interacting to manifest the total variance within the
outcome variables. Supervised and unsupervised ma-
chine learning, using neural networks and clustering
analysis, reconciled with the non-Bayesian statistical
models, especially the multivariate tests, and across
all of the three hypotheses. The k-means cluster anal-
ysis highlighted the significant classifier effect of
D [prime], its 3D inclination, and D [hamulus].

Future studies should incorporate a larger sam-
ple size with a male-to-female ratio representing
the underlying population. Researchers can also at-
tempt to use state-of-the-art equipment to pursue
exquisite morphometry, including the use of Vernier
calliper and protractor that have fewer measurement
errors. Clinical researchers should explore the rele-
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vant morphometry of the maxillary sinus, including
its mucosal lining, also known as the Schneiderian
membrane, which is of prime importance for max-
illofacial surgeons and implant dentists. Morphom-
etry enthusiasts can record additional parameters,
including surface areas and volumetrics, to enhance
the accuracy, predictive power, and machine learn-
ing models. Researchers should attempt to study
osteology and radiology-based samples, and com-
pare the results from each to contrast premortem
and postmortem specimens. Researchers should also
study and compare different ethnicities, age groups,
patterns of lateralization of brain functions for the po-
tential modifier effect on the stomatognathic system.
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Background: Many reports have previously indicated the vast number of ana-
tomical variations of the sphenoid sinuses, e.g. presence of the recesses. Notwith-
standing, there are a few crucial neurovascular structures directly neighbouring
with the sinuses. The following research aimed to evaluate frequency prevalence
of the carotid canal’s protrusion into the sphenoid sinuses in adult population.
Materials and methods: Computed tomography (CT) scans of the paranasal
sinuses of 296 patients (147 females, 149 males) were analysed in this retrospec-
tive study. The patients did not present any pathology in the sinuses. Spiral CT
scanner Siemens Somatom Sensation 16 was used in the standard procedure in
the option Siemens CARE Dose 4D.

Results: Protrusion of the carotid canal was found in the majority of the patients
— 55.74%, more frequently in males (65.1% of the patients) than in females
(46.26% of the patients). The said variant — regardless of gender — was noted
more often bilaterally (41.55% of the cases: 29.93% females, 53.02% males)
than unilaterally (14.19% of the cases: 16.33% females, 12.08% males). In the
unilateral type (regardless of gender), the protrusion was more common for the
left sphenoid sinus — 10.81% of the patients (12.24% females, 9.4% males) than
for the right — 3.38% of the patients (4.08% females, 2.68% males).
Conclusions: Complicated structure of the paranasal sinuses, derived from the
high prevalence of their anatomical variations, may perplex routine surgical
interventions. Henceforth, referral for a CT scan is imperative in order to abate
the risks associated with an invasive procedure in the said region. (Folia Morphol
2021; 80, 3: 642-649)
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INTRODUCTION

Sphenoid sinuses may be found within the diaph-
ysis of the sphenoid bone. Their antrum is lined with
the mucous membrane. There is a high prevalence of
anatomical variations surrounding them. Size, shape,
number of septa present and degree to which they
fill in with air are just a few examples of the diversity
encountered in the sinuses [15-17].

Vascular and neural structures are located in the
proximity of the sphenoid sinuses — they adjoin them
through the sinuses’ wall. The closeness of these
structures and the varied morphological features of
the sinuses are crucial factors that have an impact
upon a surgery in this region. In order to curtail the
surgical risks and potential complications associated
with the invasive intervention (including endoscopy),
itis advisable for medical professionals to analyse the
anatomical parameters of the sinuses [1, 11, 13, 19,
21, 22,27, 29, 32, 34, 41].

The carotid canal is an osseous structure within
the petrous temporal bone that enables the internal
carotid artery, the sympathetic nerve plexus and the
internal carotid venous plexus to enter the cranium
[37]. The internal carotid artery has been divided by
Bouthillier et al. [6] into 7 distinct parts, with the
petrous segment (C2) and the lacerum segment (C3)
related to the carotid canal.

A clear-cut representation of the osseous structures
in the paranasal sinuses is the best obtained via a com-
puted tomography (CT) scan, as this method allows sep-
arating the diverse anatomical variants of the sinuses.

Functional endoscopic sinus surgery (FESS) is
a method that develops quite dynamically these days
[4, 5]. The number of the classical extensive surgical
interventions carried out on the paranasal sinuses
has diminished thanks to the use of the minimally
invasive endoscopic procedures.

Since the 1990s, chronic sinusitis has been com-
monly treated by the FESS that became the method
of choice for this type of surgery. Shorter recovery
period, smaller number of iatrogenic injuries, as well
as excellent insight into the hardly accessible areas,
made the endoscopic procedures more preferable to
the classical operations [11, 23].

Detailed knowledge of the variant anatomy of the
sphenoid sinuses is warranted prior to conducting an
invasive procedure e.g. the FESS, the transsphenoidal
approach for a pituitary adenoma surgery or closure
of the cerebrospinal fluid leakage. Henceforth, the
following study aimed to present the prevalence of
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the protrusion of the carotid canal into the lumen of
the sphenoid sinus by retrospectively analysing CT
scans of Polish adult population. One of the possible
iatrogenic injuries is damaging the carotid canal what
might lead to a hard to control bleeding [14, 28]. We
hope that by utilising the CT and providing a fresh
view onto the carotid canal’s protrusion, our study
will contribute towards a higher efficacy and safety of
the surgeries carried out within the sphenoid sinuses.

MATERIALS AND METHODS

There were 296 patients (147 females, 149 males)
referred to the Department of Diagnostic Imaging of the
University Hospital in Krakow, that were included in this
retrospective analysis. The patients had to be over 18
years old and present no pathologies in the paranasal
sinuses. They were excluded if they had a history of:
a head trauma or a record of nasal, orbital or cranial
basis surgery, and this group comprised of 63 patients.

The medical images were obtained using a spiral
CT scanner Siemens Somatom Sensation 16. Standard
procedure applied in the option Siemens CARE Dose
4D. Furthermore, no contrast medium was adminis-
tered to any of the patients. Thanks to the use of the
multiplans reconstruction tool, both frontal and sagit-
tal planes were visualised via secondary reconstruction
from the transverse planes. Siemens Volume Wizard
diagnostic station applied during the data analysis.

The analysis of the medical images involved the
presence of the protrusion of the carotid canal into the
sphenoid sinuses, including its bilateral and unilateral
arrangements. The authors decided that for the protru-
sion to be noted, it has to modify shape of the wall of
the sinus near the carotid canal, so that a part of the
carotid canal is convex towards the lumen of the sinus

Statistical analysis

STATISTICA version 13.3 by TIBCO Software Inc.®
was used to perform the statistical analysis within
this manuscript. Chi? test and Fisher’s exact test were
utilised whilst probing for differences between the
various laterality of the protrusion present and gen-
der. A statistically significant value of p < 0.05 was
chosen for all the results.

RESULTS

The carotid canal’s protrusion was prevalent in
the majority of the patients — in total this variant
was found in 165 patients, more frequently in males
(97 patients) than in females (68 patients) (Table 1).
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Table 1. The prevalence of the protrusion of the carotid canal in the total research group

PCC F F% M M% F+M F + M%
Present 68 46.26% 97 65.1% 165 55.74%
Absent 79 53.74% 52 34.9% 131 44.26%

PCC — the protrusion of the carotid canal; F — females; F% — the percentage derived from all the females studied; M — males; M% — the percentage derived from all the males studied

Table 2. The prevalence of the protrusion of the carotid canal unilaterally or bilaterally in the total research group

PCC F F% M M% F+M F + M%
Unilaterally 24 16.33% 18 12.08% 42 14.19%
Bilaterally 44 29.93% 79 53.02% 123 41.55%
Absent 79 53.74% 52 34.9% 131 44.26%

PCC — the protrusion of the carotid canal; F — females; F% — the percentage derived from all the females studied; M — males; M% — the percentage derived from all the males studied

Table 3. The prevalence of the unilateral protrusion of the carotid canal in the patients with the unilateral protrusion present

PCC F F% M M% F+M F + M%
RSS 6 4.08% 4 2.68% 10 3.38%
LSS 18 12.24% 14 9.4% 32 10.81%

PCC — the protrusion of the carotid canal; RSS — right sphenoid sinus; LSS — left sphenoid sinus, F — females; F% — the percentage derived from all the females studied; M — males;

M% — the percentage derived from all the males studied

The prevalence of the carotid canal’s protrusion
differed significantly between females and males (p =
= 0.001, x? test). The protrusion was noted more
often in males (97/165 of all the cases with the protru-
sion present, 58.8%), but was absent in the majority
of females (79/131 of all the cases with the protrusion
absent, 60.3%).

The said variant — regardless of gender — was
prevalent more often bilaterally (123 patients:
44 females, 79 males) than unilaterally (42 patients:
24 females, 18 males) (Table 2).

The prevalence of the carotid canal’s protrusion
unilaterally, bilaterally or its absence differed sig-
nificantly between females and males (p < 0.001,
x? test). The unilateral protrusion was found more
often in females (24/42 cases of the total unilateral
protrusion, 57.1%), similarly to the protrusion’s ab-
sence — also more common in females (79/131 cases
with the protrusion absent, 60.3%), but the bilateral
protrusion was prevalent more frequently in males
(79/123 cases of the total bilateral protrusion, 64.2%).

In case of the unilateral arrangement (42 cases),
regardless of gender, the protrusion was found more
frequently in the left sphenoid sinus — 32 patients
(18 females, 14 males) than in the right sphenoid
sinus — 10 patients (6 females, 4 males) (Table 3).

Notwithstanding, gender was not a significant
factor determining the side of the presence of the
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Figure 1. The prevalence of the protrusion of the carotid canal in
the total research group (including its location) — cumulative data;
1 — absent; 2 — bilaterally present; 3 — present on the right
side; 4 — present on the left side.

unilateral protrusion (p = 0.999, Fisher’s exact test).
In both female and male groups, the protrusion on
the left side predominated in the majority of cases
(approximately 75% of the patients of the respective
gender with a unilateral protrusion) (Fig. 1).
Protrusion of the carotid canal was found in total of
almost half of the sinuses studied — in 288 sinuses out
of the 592 sinuses researched (294 female sinuses, 298
males sinuses), slightly more common on the left side
— 155 sinuses (62 in females, 93 in males), than on the
right side — 133 sinuses (50 in females, 83 in males).
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Table 4. The prevalence of the protrusion of the carotid canal in the total number of the sphenoid sinuses studied

PCC altogether F F% M M% F+M F+ M%
Present 112 38.1% 176 59.06% 288 48.65%
Absent 182 61.9% 122 40.94% 304 51.35%

PCC — the protrusion of the carotid canal; F — female sinuses; F% — the percentage derived from all the female sinuses studied; M — male sinuses; M% — the percentage derived from

all the male sinuses studied

Table 5. The prevalence of the unilateral protrusion of the carotid canal in the total number of the sphenoid sinuses studied

PCC altogether F F% M M% F+M F + M%
RSS 50 17.01% 83 21.85% 133 22.41%
LSS 62 21.09% 93 31.21% 155 26.18%

PCC — the protrusion of the carotid canal; RSS — right sphenoid sinus; LSS — left sphenoid sinus; F — female sinuses; F% — the percentage derived from all the female sinuses stu-
died; M — male sinuses; M% — the percentage derived from all the male sinuses studied

Figure 2. Axial computed tomography scan of the paranasal sinus-
es showing absence of the protrusions of the carotid canals.

The proportion of the present and absent pro-
trusions differed significantly between female and
male groups (p < 0.001, y? test). In females, it was
not noted in approximately 62%, whereas in males
it was prevalent in approximately 60% (Tables 4, 5).

The proportion of the presence of the unilateral
protrusion of the carotid canal on the right and left
sides did not differ significantly between females
and males (p = 0.676, y? test). In both female and
male groups, the unilateral protrusion of the carotid
canal on the left side was slightly more common (it
comprised approximately 55% of the sinuses of the
respective gender with a unilateral protrusion) than
on the right.
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Figure 3. Axial computed tomography scan of the paranasal sinus-
es showing unilateral protrusion of the carotid canal into the left
sphenoid sinus.

Figures 2-5 present examples of the carotid ca-
nal’s protrusion into the sphenoid sinuses, evaluated
during this research.

DISCUSSION

Protrusion of the carotid canal was prevalent in
the majority of the patients — in total this variant
was noted in 55.74% of the patients, more frequently
in males (65.1%) than in females (46.26%). The said
variant — regardless of gender — was present bilat-
erally more often (41.55% of the patients: 29.93%
females, 53.02% males) than unilaterally (14.19%
of the patients: 16.33% females, 12.08% males). In
case of the unilateral variant, regardless of gender,
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Figure 4. Axial computed tomography scan of the paranasal sinus-
es showing unilateral protrusion of the carotid canal into the right
sphenoid sinus.

Figure 5. Axial computed tomography scan of the paranasal si-
nuses showing bilateral protrusions of the carotid canals into the
sphenoid sinuses.

the protrusion was found more frequently in the
left sphenoid sinus (10.81% of the cases: 12.24%
females, 9.4% males) than in the right sphenoid sinus
(3.38% of the cases: 4.08% females, 2.68% males).
To the best knowledge of the authors, it is so far the
first study that has comprehensively taken into the
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consideration the possible correlation between the
carotid canal’s protrusion and gender, probing for its
statistical significance in all presented here variants
amongst the Polish population. Most notably, we
have found that the protrusion was absent in 62% of
the females studied, whereas in males it was present
in approximately 60% of the patients, a statistically
significant result (p < 0.001, x? test).

The results presented in this work are in accor-
dance with the data provided by other scientists.
Mamatha et al. [28] stated the total prevalence of
the carotid canal’s protrusion as 50% (their research
material: 20 CT scans), where it was bilaterally present
in 15% and unilaterally in 35% (on the right side in
5%, on the left side in 30%).

On the other side, Lupascu et al. [26] provided
the prevalence of the protrusion of the carotid canal
as 55% (in case of the C3 segment of the artery) and
as 57% (in case of the C4 segment of the artery).
Moreover, Ozturan et al. [31] also noted this variant
very often —in 64.5%, as well as Tan and Chong [40]
— 65-72%, and Tan and Ong [39] — 67.7%.

Slightly lower prevalence was given by Hewaidi
and Omami [14] — 41% (11.3% on the right side, 7%
on the left side, 22.6% bilaterally). They researched
300 CT scans of people of Lebanese origins.

Elwany et al. [10], stated the prevalence of the
protrusion of the carotid canal basing on the division
into three types relative to the segments of the carotid
canal: the presellar segment (42.7%), the subsellar
segment (29.5%) and the postsellar segment (17.7%),
noting that the protrusion may involve the carotid
canal as a whole (18.2%), but they did not provide
the criteria of the evaluation of the protrusion.

Kantarci et al. [19] evaluated the presence of this
variant as 16% (bilaterally) and 7% (unilaterally).
The study was conducted on the Turkish population
(512 CT scans), but the age of the patients was not
provided. Similar results were given by Kajoak et al.
[18] — 25.4%, Tomovic et al. [42] — 28.2%, Chinese
researchers — Li et al. [25] — 29.25% (8.68% unilat-
erally, 20.57% bilaterally), Turkish scientists — Badem-
ci and Unal [3] — 31.1%, and Thai researchers —
Nitinavakarn et al. [30] — 32.4% (17% unilaterally,
24% bilaterally).

Definitely lower prevalence of this variant was
found by Anusha et al. [2] — 10% (36.7% on the
right side, 53.3% on the left side and 10% bilat-
erally) in their study of 300 CT scans of the adult
Malaysians. Even lower prevalence was provided
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Table 6. The prevalence of the protrusion of the carotid canal

Author (materials and methods) Present Unilateral ~ Ontherightside  Onthe leftside  Bilateral
Mamatha et al. (20 CT scans) 50% 35% 5% 30% 15%
Lupascu et al. (200 CT scans) 55%/57% - - - -
Ozturan et al. (999 CT scans) 64.5% - - - -
Tanand Chong (-) 65-72% - - - -
Tan and Ong (48 skulls, dissection and endoscopic study) 67.7% - - - -
Hewaidi and Omami (300 CT scans) 4% 18.3% 11.3% 1% 22.6%
Elwany et al. 1999 (93 skulls, dissection and endoscopic study) 89.9% - - - -
Kantarci et al. (512 CT scans) 23% 7% - - 16%
Kajoak et al. (201 CT scans) 25.4% - - - -
Tomovic et al. (170 HRCT) 28.2% - - - -

Li et al. (350 CT scans) 29.25% 8.68% - - 20.57%
Bademci and Unal et al. (45 CT scans) 31.1% - - - -
Nitinavakarn et al. (88 CT scans) 32.4% 17% - - 24%
Anusha et al. (300 CT scans) 10% 90% 36.7% 53.3% 10%
Kazkayasi et al. (267 CT scans) 5.2% 2.6% - - 2.6%
Cope (-) ? - - - -
Priyadarshini et al. (100 CT scans) 0% - - - -
Jaworek-Troc et al. (296 CT scans) 55.74% 14.19% 3.38% 10.81% 41.55%

CT — computed tomography; ? — the authors were aware of this variant but did not provide numerical values

by Kazkayasi et al. [21] — 5.2% (2.6% unilaterally,
2.6% bilaterally) — study of 267 CT scans of Turkish
population.

Cope noted that the protrusion of the carotid
canal may happen, but did not provide the frequency
and location of the said variant [8].

Priyadarshini et al. [33] stated completely different
results in their research of 100 CT scans of the patients,
as they did not find even one case of the protrusion of
the carotid canal. The research material studied (people
of the Indian origins) and/or the evaluation criteria of
the presence of the protrusion (not provided in the
work) might have influenced the data (Table 6).

Precise and current anatomy of the sphenoid sinus-
es is of immense importance, especially whilst trying
to gain access to the sella turcica using endoscopic
or microscopic approaches [28]. One of the possible
iatrogenic injuries caused during a transsphenoidal in-
tervention is damaging the internal carotid artery or
the optic nerve. Ciric et al. [7] have found that for the
transsphenoidal approach to the pituitary surgery, the
risk of injuring the internal carotid artery was 1.1%.
Notwithstanding, the rate of iatrogenic vascular dam-
age during expanded endoscopic endonasal resection
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of suprasellar craniopharyngomas was noted in 5% by
Gardner et al. [12]. Interestingly, patients with acromeg-
aly were found to have the protrusion of the carotid
canal into the sphenoid sinuses present more often than
the control group (33.5% vs. 13.3%) [35], although the
limited number of patients studied (45 with acromegaly
and 45 controls) might diminish the significance of the
research, as also noted by the authors.

Henceforth, it is crucial for surgeons to become ac-
quainted with the various anatomies of the sphenoid
sinuses, particularly with the protrusion of the carotid
canal into the sphenoid sinuses. Its unawareness
might lead to fatal complications due to the arterial
bleeding from the internal carotid artery that would
not be easy to repair within the closed and narrow
space of the sphenoid sinus [14, 28]. Lastly, it might
also be a case that an infectious disease of the sphe-
noid sinuses may make the protruded internal carotid
artery more prone to injuries [36].

In furtherance of avoiding the injury to the in-
ternal carotid artery, it is possible to utilise three-di-
mensional CT angiography or micro-Doppler probe
to help localise the vessel [9, 24]. Notwithstanding,
even when the micro-Doppler probe was applied,
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there were mistakes with proper identification of the
artery [9]. Stecco et al. [38] have found the use of
virtual dissection tables very helpful whilst diagnosing
perplexing Le Fort fractures (all of them involve the
pterygoid process of the sphenoid bone) that were
noted as doubtful on the standard Picture Archiving
and Communication System, and hence allowed for
a more confident diagnosis. It might be possible that
the virtual dissection tables will also prove useful in
preoperational planning involving the sphenoid sinus,
which is well known to be the least accessible of the
paranasal sinuses. Yet another novel technology is the
use of virtual endoscopy, which in the study led by
Kapakin [20] allowed presence of transmural lesions
to be visualised in addition to expected visualisation
of the inner surface of the paranasal sinuses. It is
undoubtedly prudent to know as much about the lo-
cation of the internal carotid artery prior to surgery as
possible. Furthermore, we would like to acknowledge
Sasagawa et al. [35] and emphasise that there is still
need to correlate and report the intraoperative findings
with preoperative imaging investigations (i.e. the CT).

CONCLUSIONS

As shown in our study, the protrusion of the ca-
rotid canal was found in the majority of the patients
and the said variant was bilateral more frequently
than unilateral. In case of the unilateral arrange-
ment, the protrusion into the left sphenoid sinus was
noted more commonly. In order to conduct a safe
procedure in the paranasal sinuses, it is advisable for
medical professionals to refer their patients for a CT
scan before the planned operation, so as to become
acquainted with the anatomical variations that may
be present in the sinuses.
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Background: Few studies have investigated the volumetric relationship between
the condyles and the mandible bilaterally.

Materials and methods: Condylar and mandibular segmentations from a sample
of cone-beam computed tomography for 37 individuals were selected. T-test, cor-
relation and linear regression analyses were performed to assess the relationships
between the volumes of the condyles and mandible.

Results: The volume of the condyles and the mandible was significantly different
between genders (p < 0.05). There was a significant but moderate correlation
between the volumes of the condyle and the rest of the mandible on the same
side (p < 0.01). A regression analysis model demonstrated that condylar volume
is related to the volume of the mandible.

Conclusions: The relationship between the condylar volume and the rest of the
mandible was found to be moderate. The relation between the condylar volume
and mandibular volume is described by the regression equations for each side
of the jaw. Sexual dimorphism exists in condylar and mandibular volumes. (Folia

Morphol 2021; 80, 3: 650-656)

Key words: cone-beam computed tomography, volume, condyle,
mandible, segmentation

INTRODUCTION

The mandible has many vital roles for humans,
such as mastication, and facial aesthetics [1]. More-
over, the relationship between the mandible and the
condyle has been the focus of some studies [4, 16].
Most of the researches that studied the mandible uti-
lised two-dimensional imaging such as cephalometric
radiographs which have limitations in accuracy and
reliability [10, 11, 20].

Condylar growth was suggested to be regulated
by the function of the temporomandibular joint [23].
An example of the effect of function on growth is the
presence of structural asymmetry due to functional
shift causing more growth on the protruded side [23].
Also, mandibular asymmetry was found in patients
suffering from unilateral anterior disc displacement
that caused the condylar height to be shorter on the
affected side [25].
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MEC
(Mandible
excluding
condyle)

Figure 1. A. Orientation of the mandible in the coronal plane; B. Orientation of the mandible in the transverse plane; C. Segments of mandible
used for volumetric measurement. The condyle is segmented out of mandible using landmarks shown; D. Identification of mandibular midline
using line passing above condyles and perpendicular line to lingual foramen between genial tubercles.

Three-dimensional imaging using cone-beam
computed tomography (CBCT) has become an inte-
gral part of dentistry [9]. High-resolution images of
the craniofacial structures enable accurate volumetric
and linear measurements [5, 21]. In dentistry, CBCT
is commonly used before the placement of dental
implants, assessment of impacted teeth and tempo-
romandibular joint [2]. CBCT is also used to measure
the volume of craniofacial structures [5, 7, 21].

To the best of our knowledge, few studies, have
investigated the volumetric relationship between the
condyles and the mandible bilaterally. The main ob-
jective of this study was to assess the relationship
between the volume condyle and the mandible, using
the CBCT segmentation method. A secondary objec-
tive was to evaluate if the mandibular volume can be
predicted by the volume of the ipsilateral condyle.

MATERIALS AND METHODS
This study was approved by the Research Ethics
Committee (No. 084-09-18). The sample consisted of
consecutive patients who had CBCT imaging at the
Radiology Department at the Faculty of Dentistry with
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the following inclusion criteria: 1) patients 17 years
or older, 2) adequate resolution of the CBCT images
of all the mandible and condyles, 3) no craniofacial
deformity, pathology, fractures or jaw surgery, and
4) no dental anomalies such as supernumerary, fusion
or impacted teeth.

Using the G*Power software (Heinrich Heine Uni-
versitat Dusseldorf, Germany), a priori power analysis
was performed to calculate the appropriate sample
size. For the correlation analysis (2-tailed) with alpha
set as 0.05 and power of 0.80, the required total
sample size was 13 individuals. While, with alpha set
as 0.01 and power of 0.95, the required total sample
size was 26 individuals.

Cone-beam computed tomography images were
taken using iCAT (Imaging Sciences International, Hat-
field, PA, USA) with settings of 120 Kvp and 5 mA, and
segmented separating the mandible from the skull using
OnDemand software (build 1.0.10.7462 by cybermed,
Seoul, Korea). The mandible was oriented using inter-
condylar line tangent to the most superior and posterior
aspect of condyles and was parallel to a horizontal line
in the coronal and transverse planes (Fig. 1A, B).
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Table 1. Comparison of total condyle and mandible excluding condyle (MEC) volumes between males and females

Males (n = 13) Females (n = 24) P
Total condyle volume 5,757.7 (1441.6) 4,671.9(1205.1) 0.02
Total MEC volume 75,177.4 (10976.8) 61,226.0 (10905.4) 0.001
Data are presented as mean (standard deviation) in mm?
Table 2. Comparisons between right and left condyle and mandible excluding condyle (MEC) volumes for the total sample
Volume [mm?] P
Right (n = 37) Left (n = 37)
Condyle 2496.5 (708.7) 2556.7 (719.5) 0.718
MEC 33201.3 (6687.2) 32926.51 (6120.6) 0.854

Data are presented as mean (standard deviation)

Digital segmentation of the condyle was done
using landmarks that were derived from the guide-
lines of the AOCMF classification system [17]. A tan-
gent line to the most posterior part of the mandible
touching both the condylar and gonial regions was
drawn. From this line, another perpendicular line
passing the most inferior point of the sigmoid notch
was formed. The volume above the sigmoid notch line
was the condylar volume; while the remaining volume
was the mandible and was referred to as “mandible
excluding condyle” (MEC) (Fig. 1C). To segment the
mandible into two halves, a line perpendicular to
the intercondylar line and passing through lingual
foramen between the two genial tubercles in the
anterior lingual aspect of the mandible (Fig. 1D). This
perpendicular line was found to be a stable midline
structure for the mandible [12].

All measurements were performed using OnDe-
mand software by one investigator with more than
5 years of experience from the Maxillofacial Radiolo-
gy Department. The measurements were performed
twice with at least 2 weeks interval to test the intra-ex-
aminer reliability. The interclass correlation coefficient
showed that the intra-examiner reliability ranged
from 0.967 to 0.994.

Statistical analysis

Data on the condylar and MEC volumes were
collected and analysed using Statistical Package for
Social Sciences (SPSS Version 25, Armonk, NY: IBM
Corp., USA). The Shapiro-Wilk test showed a normal
distribution of the data. Comparisons between vari-
ables were performed using the t-test. Pearson corre-
lation coefficient and linear regression analysis were
performed. A significant level was set at p < 0.05.
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RESULTS

The sample included 74 segmentations for 37 pa-
tients, 13 (35.1%) males and 24 (64.9%) females. The
mean age was 29 = 13 years for males and 40 =
+ 14 years for females. There was a significant dif-
ference in age between sexes (p = 0.031).

Table 1 shows comparisons of the total condyle
and MEC volumes between males and females. The
total condylar volume and MEC were significantly
larger in males than in females (p = 0.02 and 0.001,
respectively).

Table 2 shows comparisons between right and
left condylar and MEC volumes for the total sam-
ple (combined males and females). The volume of
the left condyles was larger (mean = 2556.7 mm?3)
than the right condyle (mean = 2496.5 mm?); how-
ever, the difference was not statistically significant
(p = 0.718). Interestingly, the right MEC volume
(mean = 33201.3 mm?3) was larger than the left MEC
(mean = 32926.5 mm?3), but this difference was also
not statistically significant (p = 0.854).

Table 3 shows in detail the comparisons be-
tween gender and sides of the condyle and MEC
volumes. There were no significant differences be-
tween the right and left volumes of the condyles in
males or females (p > 0.05). However, the right and
left condyles were statistically significantly different
between males and females, p = 0.024 and 0.026,
respectively. MEC volume was not different between
the right and left in both males and females, p > 0.05.
However, males had a significantly larger right and
left MEC compared to females, p = 0.001.

There was a strong correlation between the vol-
umes of the right and left condyles and the right and
left MEC (r = 0.859 and 0.972, respectively). The cor-



H.Y.A. Marghalani et al., 3D volumes of condyle and mandible

Table 3. Comparisons between gender and sides of condyle and mandible excluding condyle (MEC) volumes.

Males (n = 13) Females (n = 24) Difference P

Condyle
Right 2,848.6 (649.1) 2,305.8 (676.9) 542.8 0.024
Left 2,908.55 (827.4) 2,366.18 (587.6) 5424 0.026
Difference 59.9 60.4
P 0.84 0.74
MEC
Right 37,972.7(5,917.3) 30,616.9 (5,646.9) 7355.8 0.001
Left 37,204.7 (5,164.0) 30,609.2 (5,364.2) 6595.6 0.001
Difference 767.9 11
P 0.73 0.996
Total (Condyle + MEC)
Right 40,821.3 (6361.8) 32,922.7 (5884.1) 7898.6 0.001
Left 40,113.3(5,671.4) 32,975.3 (5,587.7) 7379 0.001
Difference 708.0 52.7
P 0.77 0.975

Data are presented as mean (standard deviation) in mm?

Table 4. Correlations analysis of condylar and mandible excluding condyle (MEC) volumes

Condyle Right Condyle Left MEC Right MEC Left

Condyle Right
Condyle Left 0.859**
MEC Right 0.528* 0.535*
MEC Left 0.535* 0.525* 0.972**

*p = 0.001, **p < 0.001

relations between the right condyle and right MEC as
well as the left condyle and left MEC were moderate
(r = 0.528 and 0.525, respectively) (Table 4).

Linear regression analysis showed that there was
a significant linear relationship between condyle vol-
ume and the rest of the MEC on each side (p < 0.001)
(Figs. 2-4). The equation to predict the volume of
the right MEC from the right condyle (Condyle Rt) is:
Volume of right MEC = 20764.1 + 4.98 (Condyle Rt).
For the prediction of left MEC from the left condyle
(Condyle Lt) the equation is: Volume of left MEC =
= 21508.1 + 4.47 (Condyle Lt).

DISCUSSION

In this study, a volumetric comparison was made
between the right and left condyles and the rest of
mandible in males and females. There was a signifi-
cant difference in the total volumes of condyles and
MEC between males and females with higher means
in males. In the current study, the mean age of fe-
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males was larger than males. This difference might be
due to the larger number of females visiting ortho-
dontics clinics than males in the sample. This study
may suggest that sexual dimorphism exists in the
volume of the condyles and rest of the mandible in
each side in individuals who completed their growth,
with males having larger volumes than females. Oth-
er studies also confirmed sexual dimorphism in the
mandible [3, 24]. The mean maximum bite force in
males was shown to be significantly higher than in
females [8], which could explain the difference in
volume between males and females.

Perfect facial symmetry is usually found in high
quality individuals who maintain symmetric facial
development even during genetic and environmental
stressors [18]. In our study, when comparing the vol-
ume of the condyles and MEC between the right and
left sides, no differences were found when comparing
the total sample or dividing it based on gender (Table 3).
This could be attributed to the fact that our sample
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Figure 2. Correlation between right condylar volume and right mandible excluding condyle volume; MEC — mandible exluding condyle.
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Figure 3. Correlation between left condylar volume and left mandible excluding condyle volume; MEC — mandible exluding condyle.

did not present with significant facial or mandibular
asymmetry.

Sella-Tunis et al. [19] found that the function of
muscles of mastication, especially the temporalis mus-
cle, in addition to condyles, has a contributing factor
to the volume of MEC. This finding might be the cause
of larger mean volume in the right MEC but smaller
volume in the right condyle than the other side. This
finding could be attributed to the fact that most of
the patients might be chewing on the right side [22].
Another study was demonstrated by Miyazaki et al.
[14] who investigated the effect of muscle activity on
the condyle, found that the difference in the lateral
activity of the masseter muscle affects the chondro-
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genesis of the condyle for growing patients. Also,
the function of both the masseter and temporalis
muscles were found to contribute to the shape of
the mandible [19].

In this study, the positive correlation between
condyle and mandible is supported by other stud-
ies. For example, it was found that the growth of the
condyle by itself is related to the vertical and hori-
zontal growth of the ramus [13]. Mandibular growth
has been postulated to be affected by the condylar
cartilage. According to the functional matrix theory,
the mandible grows in response to the soft tissue
matrix surrounding it [15]. Moreover, if the condyle
was fractured on one side, asymmetry will be caused
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Figure 4. Matrix showing various relationships between condylar and mandible excluding condyle volumes; MEC — mandible exluding condyle.

by the decrease of both the condylar process and the
associated side of the mandible [6]. These studies
show that there is a relationship between condyle
and mandible. Our study analysed this relationship
in further detail.

In the current study, the volume of each condyle
was found to be related to the volume of the rest of
the mandible (MEC) where we found a moderate to
strong positive correlation between the condyles and
the MEC on each side. Our results are in agreement
with Meikle [13].

The linear regression model between the volume of
MEC and the condyles demonstrate that condylar vol-
ume has an influence on the MEC volume. So, as the
condylar volume increases, the MEC volume increases.

The current study has some limitations such as
gender and age distribution were not equal. This
could be attributed to the stringent inclusion criteria.
Future prospective longitudinal multicentre studies
with a larger sample size are needed.

CONCLUSIONS
Within the limitations of this study, we found
that sexual dimorphism exists in the volume of the
condyles and rest of the mandible in each side in
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individuals who completed their growth, with males
having larger volumes than females. It also confirms
using CBCT segmentation that the condyle, at a spe-
cific time point, is related to the volume of the rest of
the mandible on each side. Also, this study shows that
the condylar volume can predict the volume of MEC.

Conflict of interest: None declared
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The influence of antero-posterior dentoskeletal
pattern on the value of nasal soft tissue angles:
a cephalometric study
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Background: The aim of this study was to examine the influence of sagittal
dentoskeletal pattern on the value of profile nasal soft tissue angles and estimate
the significance of examined differences for each angle.

Materials and methods: Lateral cephalograms were used to examine the naso-
frontal angle, nasofacial angle, nasal tip angle, and nasolabial angle of 120 adult
Caucasian subjects (60 male and 60 female) from the central Balkan area. Subjects
were divided into four groups according to the ANB angle and incisors inclination:
class I as the control group, class Il division 1, class Il division 2 and class IlI.
Results: By evaluating the influence of sagittal dentoskeletal relationships on the
values of examined angles, significant differences were found among subjects
with class I and class l/2 (p = 0.028), so as class lll (p = 0.002) for nasal tip angle.
The nasofacial angle was found to differ among subjects with class | and class Il/1
(p = 0.002), so as class Il (p = 0.007).

Conclusions: Different dentoskeletal patterns have significant influence on values
of the nasal tip angle and nasofacial angle, and don't have influence on the values
of the nasofrontal and nasolabial angle. (Folia Morphol 2021; 80, 3: 657-664)

Key words: cephalometry, nose, dentoskeletal pattern

INTRODUCTION

The nose is central and most prominent part of
the middle segment of the face, which is crucial
for assessing facial harmony and attractiveness. The
nasal pyramid plays a notable cosmetic role in the
appearance of the whole face; providing harmony
and balance to the face [22]. This segment as well
as shape of the nose represents a “signature” in-
dicating ethnicity, race, age, and gender [18, 19,
22, 23, 31, 32]. Farkash was the first who began to
apply selective anthropometric parameters that later
researchers standardised and created “ideal nose”

(cited by Lazovic [15]). Some of the shapes are purely
racial-specific [22], so as angles that nose create with
the nearby profile contours [33].

Are changes in the nasal profile angles correlated
with different antero-posterior dentofacial pattern
and to what extent? Since the midfacial segment
and nose form the nasomaxillary complex, each ante-
ro-posterior jaw discrepancy is expected to influence
the profile angles of this facial segment. Contours of
the facial soft tissue differ from the contours of basic
skeletal structures in certain areas, especially in the
nasal third of the profile [12, 24, 28, 29]. Therefore,
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Figure 1. Skull with class | dentoskeletal pattern (source [26]).

facial profile angles are influenced by composite ef-
fect of skeletal and soft tissue profile. This fact in-
dicates a possibility of difficult facial reconstruction
based on the skull, because nose can have any shape.
Likewise, angles that nose makes with nearby facial
components can have any value inside the range of
variations (racial, age and gender).

Dentoskeletal patterns highly influence the facial
profile and facial aesthetics [24], especially the lower
part of the face profile. However, some of the dentoskel-
etal patterns can imply a certain shape of the nose [23].

According to angle, class | dentoskeletal pattern
is usually related to normal anteroposterior jaw rela-
tionship (Fig. 1), the straight profile and pleasant face.

Class Il division 1 pattern present retroposition of
the lower jaw in relation to the upper jaw (Fig. 2) and
indicates a convex profile with the chin set posterior,
therefore the dominant nose.

Class Il division 2 pattern indicates a convex profile
with characteristically emphasized tip of the nose and
chin, having the tendency of mutual convergency
(Fig. 3) [23]. This specific facial profile morphotype
exists due to retropositioned dentoalveolar segment.

Class Il pattern indicates overdeveloped lower
jaw (Fig. 4) that is dominant in relation to other facial
features (nose, forehead, lips). Persons with class llI
have a concave profile. This pattern is considered the
least aesthetic [2, 24].

The aim of this study is to determine the values of
facial profile angles of the midfacial (nasal) segment
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Figure 2.
[26]).

Figure 3. Skull with class Il division 2 dentoskeletal pattern (source
[26]).

in subjects with class I, class Il division 1, class Il divi-
sion 2, and class lll, in order to, examine, in this way,
the influence of dentoskeletal pattern on the value
of angular profile parameters of the nose region, as
well as to examine the significance of the established
variations for each angle individually.

MATERIALS AND METHODS

The study was conducted at the Faculty of Med-
icine, Nis, Serbia. Before the commencement of the
study, each volunteer gave an informed consent as to
the purpose and nature of the study. All work was per-
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Figure 5. The cephalometric ANB angle and the angle of inclination
of upper incisors.

formed in accordance with the Declaration of Helsinki
and was approved by the Faculty’s Ethics Committee
(General project title of Clinical and Experimental
Examination of the Stomatognathic System and
Modern Therapeutic Procedures, Project Number 11,
March 8™, 2017, Nis, Republic of Serbia).

This study included the examination and the
analyses of cephalometric radiography data (later-
al cephalograms) obtained from the profile angles
of 120 adult Caucasian subjects (60 male and 60
female) from the central Balkan area (Serbia). The
cephalograms were taken from the archives of the
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subjects. Lateral cephalograms were recorded during
the routine diagnostic procedures for subjects who
were examined at the Department of Dentofacial
Orthopaedics at the Clinic of Dentistry in Nis, aged
18-30 years, and who underwent orthodontic ther-
apy for the first time. The subjects with a history of
trauma, craniofacial anomalies, cleft lip and palate,
and previous orthodontic, prosthetic or orthognathic
treatment were excluded from the study. Cepha-
lometric radiographs of the head were done using
a cephalostat (head-holding device). All subjects in-
cluded in the study underwent a detailed clinical
assessment and analyses of their dental and skeletal
profiles, as well as soft tissue profiles on cephalomet-
ric radiography. The equipment used for the imaging
analyses was the Rotograf Plus (20090 Buccinasco
Ml Italy) (Number and series: 00036045), and the
CEI-OPX/105 X-ray tube (CEIl, Bologna) with a pro-
tective filter (2.5 mm aluminium-equivalent). Lateral
cephalometric films were taken from a distance of
165 cm away from the tube, using a cephalostat to
ensure rigid head fixation. The subjects were placed
in the cephalostat in such a way that the sagittal
plane of the head was at a 90° angle to the path of
the X-rays. The Frankfort horizontal plane (from the
lower edge of foramen orbitale and upper rim of the
external auditory canal) was parallel to the ground,
the teeth were in the central occlusion position, and
the lips were in relaxed position. No corrections of
the magnification factors were required, since all the
radiographs were taken with the same equipment and
the same proportions. Each cephalogram was fixed
on the viewing box with the profile to the right, and
the acetate tracing paper was fixed by a tape at the
top. The soft tissue and skeletal features were traced
manually in a darkened room, using a 0.5 mm lead
pencil. All the image tracing was done by the main
investigator. Subjects were divided into four groups.
The size of the ANB angle according to Steiner and
the angle inclination of the upper incisors were the
criteria used to categorise the subjects in this study.
The cephalometric ANB angle was the parameter
that defined the sagittal relationship between the
upper and lower jaw as orthognathic, distal, or me-
sial (Fig. 5).

The points that determined the ANB angle in-
cluded, point N, the nasion, located on the suture
between the frontal and nasal bones; point A, the
deepest point on the line between the anterior nasal
spine and the prosthion (alveolar point); and point B,
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Table 1. Facial landmarks (with abbreviations) used for the
determination of angular parameters

Glabella (G) The most anterior point of the middle line
of the forehead
Nasion (N) The point in the middle line located at the nasal

root
Nasal dorsum (Nd)
Pronasale (Pm)

The middle point the external ridge of the nose
The most prominent point of the tip of the nose

Columella (Cm) The most inferior and anterior point of the nose

Subnasale (Sn) The point where the upper lip joins the columella

Labiale superior (Ls)  The point that indicates the mucocutaneous
border of the upper lip

Pogonion (Pg) The most anterior point of the chin

the deepest point from the line between the infraden-
tale and the pogonion (midline of the chin).

The first group was with a eugnathic dentoskele-
tal relationship (class I) and the ANB angle between
2° and 4°. The second group was with a distal den-
toskeletal pattern, an ANB angle > 4°, and the in-
clination angle of the upper incisor > 22° (class I,
division |, or class 1I/1). The third group was with
a distal pattern, an ANB angle > 4° and the inclination
angle of the upper incisors inclination < 22° (class I,
division 2, or class 11/2). The fourth group was with
a mesial pattern and an ANB angle < 1° (class Ill).
Each group consisted of 30 subjects (15 males, 15
females). Since subjects with class | generally had
a harmonic facial profile due to the eugnathic jaw
relationship, this group was taken as the control and
then compared to the other three groups.

Then, on the radiograph of each patient, the fol-
lowing anthropometric soft tissue points were deter-
mined (Table 1, Fig. 6).

By pulling the lines from these points, the follow-
ing profile angles were formed (Fig. 7):

— nasofrontal angle (G-N-Nd) — angle between gla-
bella (G) to nasion (N) line and nasion to nasal
dorsum (Nd) line;

nasofacial angle or nasal projection angle
(Prn-N-Pg) — angle between nasion (N) to pogo-
nion line (Pg) and nasion to tip (Prn) line;

nasal tip angle (N-Prn-Cm) — angle between
nasion (N) to tip/pronasale line (Prn) and tip to
columella (Cm) line;

nasolabial angle (Cm-Sn-Ls) — angle between
columella point (Cm) to subnasale (Sn) line and
subnasale to labiale superior (Ls) line.

Since these were angular measures, all results
were expressed in degrees (°).
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Figure 6. The landmarks used in this investigation: glabella (G),
nasion (N), nasal dorsum (Nd), pronasale (Prn), columella (Cm),
subnasale (Sn), labiale superior (Ls), pogonion (Pg).

Figure 7. Angular parameters: 1 — nasofrontal angle (G-N-Nd);
2 — nasofacial angle (Pr-N-Pg); 3 — nasal tip angle (N-Prn-Cm);
4 — nasolabial angle (Cm-Sn-Ls).

Statistical analysis

Statistical analysis of obtained morphometric data
was performed by IBM SPSS Statistics (version 25).
Results of the Kolmogorov-Smirnov test showed that
majority of the morphometric parameters were not
normally distributed. Consequently, significance of
detected differences was evaluated by non-paramet-
ric Mann-Whitney U test.
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Table 2. Descriptive statistics for class |, class Il division 1, class Il division 2 and class Il

Class | Class I/ Class 112 Class Il
G-N-Nd 138.80 = 9.39 138.50 = 9.91 138.70 = 6.63 134.23 = 12.58
117.0-153.0 111.0-152.0 121.0-148.0 110.0-160.0
Pm-N-Pg 29.63 + 3.61 33.13 = 4.61 31.00 = 4.16 26.07 = 4.08
25.0-39.0 26.0-47.0 23.0-38.0 20.0-35.0
N-Pm-Cm 91.00 = 5.39 88.87 = 6.28 86.57 = 11.15 86.20 = 8.21
79.0-98.0 75.0-102.0 60.0-108.0 12.0-114.0
Cm-Sn-Ls 111.67 = 10.76 114.30 = 8.56 1M11.37 =143 106.47 = 10.94
90.0-130.0 92.0-133.0 80.0-135.0 86.0-132.0
Data are shown as mean value + standard deviation and minimum-maximum.
Table 3. Statistical differences between class | and other groups
Z value; P — probability value HiA Hi2 i
G-N-Nd—ZP -0.044; 0.965 -0.333; 0.739 -1.480; 0.139
Pm-N-Pg—Z; P -3.162; 0.002** -1.577;0.115 -3.401; 0.001%***
N-Pm-Cm—Z P —1.704; 0.088 -2.201; 0.028** -3.132; 0.002**
Cm-Sn-ls—ZP -1.030; 0.303 -0.163; 0.871 -1.701; 0.089

**Highly significant 0.01 > p > 0.001; ***Very highly significant p < 0.001

In the statistical assessment, the following levels
of significance were used: not significant p > 0.05;
significant 0.05 > p > 0.01 (*); highly significant
0.01 > p > 0.001 (**); very highly significant
p <0.001 (***); p = probability value.

RESULTS

Descriptive statistics of average angular values for
different parameters in four groups with different den-
toskletal pattern (class |, class II/1, class 1I/2, class IIl) were
shown in Table 2. The statistical differences of average
values of the examined angles between the group with
class 1 and the other three groups were shown in Table 3:
— nasofrontal angle: the average value for subjects
in current study with class | was 138.80 + 9.39°,
that was similar to other groups without signifi-
cant differences;
nasofacial angle: the average value for subjects
with class | was 29.63 + 3.61°, and for the group
with class 1I/1 (33.13 = 4.61°) that's significantly
higher. Average value in the group with class llI
(26.07 = 4.08°) that's significantly lower related
to the control group;
nasal tip angle: the average value for subjects with
class I was 91 + 5.39°. Significant differences were
established by comparing class | and class 1I/2, so
as class I and Il subjects;
nasolabial angle: the average value of this angle in
subjects with class | was 111.67 = 10.76°. There
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were no significant differences between the sub-
jects with class | and other patterns.

DISCUSSION

Protrusion or retrusion of midfacial (nasal) seg-
ment influences the facial aesthetics and can be ob-
jectively determined by measuring the facial angles
of this segment. Protrusion of this segment is racially
characteristic for Africans, retrusion for Asians [6, 11,
17]. In Caucasians, retrusion of nasal third is rarely
connected to normal racial anthropological varia-
tions. It is the consequence of dentofacial deform-
ity or existence of adenoid face. In case of adenoid
face, middle third of the face is short and depressed
with nose that undeveloped in all three dimensions.
External physiognomy of the nose is divided into its
component, aesthetic parts.

The nasofrontal angle is more open in females
than in males, revealing a less convex nasal radix [16].
It demonstrates a higher nasal tip rotation in females,
which is considered aesthetically favourable [4, 7, 8,
20]. According to various authors, in Caucasian eug-
nathic subjects, it has a value of 132.39 + 8.015°[1],
133.16 = 8.88°[32], 137.13 = 7.98°[5], to 139.1 =
+ 6.35°[3], that’s similar to mean values in the current
study (Table 2). The nasofrontal angle is independent
of the sagittal dentoskeletal pattern as indicated by
these results. Based on reported results, among mem-
bers of different races, there are higher differences
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in values of nasofrontal angle than among subjects
with different pattern. Results indicate large standard
deviations and a large degree of individual variability.
Accordingly, comparisons should be performed with
the range of normal values not mean values.

The nasofacial angle indicates its prominence in
relation to the entire facial massif [6]. The average
values for eugnathic subjects range, according to
various authors, from 30° to 40.5° [3, 8, 20]. In the
current study, for subjects with class I it is 29.63 +
= 3.61°, being lower than values published by other
authors. This value is significantly lower than average
in the group with class 1l/1 and higher than average in
the group with class lll (Tables 2, 3). The result was the
effect of the pogonion point position. The pogonion
has an anterior position in subjects with class Ill, thus
reducing the nose projection in relation to the N-Pg
line. On the other hand, in subjects with class 1l/1, the
distal pogonion projection, due to posterior mandible
position, leads to a larger projection of the nose tip
in relation to the N-Pg line. Because of this finding, it
would be better if this angle was reduced at class Il
division 1, so distal position of mandible can be cam-
ouflaged. On the other hand, it would be better if
that angle was increased at class Ill, so domination
of mandible is camouflaged. Insignificant differences
were found in values of this angle between the group
with class | and class 1I/2, since the pogonion position
of both groups, due to the specific skeletal pattern of
this class, is similar to the one with class I. Fortes et
al. [10] by comparing this angle to Caucasian subjects
with pleasant and unpleasant facial profiles, found
the values of 32.73 = 2.77° for pleasant facial profiles
and the values of 33.43 + 3.01° for unpleasant facial
profiles. The difference is statistically insignificant.
Accordingly, the aesthetic impression is not affected
by the value of the nasal projection angle [10].

The average value of the nasal tip angle in
the Caucasian eugnathic subjects is 70.1° to 84.3°
[1,3,5, 20, 31, 32], in the current study 91 + 5.39°,
indicating higher values compared to subjects from
other reference studies. Significant differences were
established by comparing class | and class 11/2, so as
class | and Il (Table 3). Mentioned differences in the
nose tip angle between class | and class 1I/2 may be
explained by a specific nose tip in subjects with this
dentoskeletal pattern. A smaller nose tip angle char-
acterizes these subjects, therefore the tip of the nose
has a tendency of convergence with the chin, being
a frequent characteristic class 11/2 [23]. Subjects with
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class lll are found to have a significantly smaller nose
tip angle thus indicating a compensatory tendency of
the nose tip to mask the skeletal discrepancy. Conse-
quently the nasomaxillary complex is positioned more
posterior in relation to the lower jaw. The sharper
nasal tip (reduced nose tip angle) is responsible for
the reduced nasolabial angle [4, 5, 21].

The nasolabial angle is important in the assess-
ment of the relationship between the nasal base and
the upper lip. Itis a strategic part of the facial profile.
Burstone defines the nasolabial angle as a representa-
tion of the maxilla inclination — when increased, this
angle represents the maxillary retroclination, and
when decreased, it represents the maxillary proclina-
tion [9]. Some authors consider this angle to be of
great clinical importance with its size depending on
the anteroposterior position and the inclination of the
upper incisors respectively [21]. Other authors believe
that analyses of this angle can’t provide the answer
which segment of the nasomaxillary complex causes
the problem. Therefore identification of the exact
cause of decreasing the nasolabial angle is difficult to
achieve. This angle is formed of two lines, one from
the base of the nose, and the other from the upper
lip. They are independent as the measurement of this
angle does not reveal the component responsible
for its variability. It could be either a nose or a lip,
or both [9, 10]. It is believed that the larger angle is
aesthetically more favourable for women, whereas
the sharper one for men [13, 19, 25, 27]. The average
value of this angle in subjects of current study with
classlis 111.67 = 10.76°. In other studies performed
on the Caucasian eugnathic subjects, slightly lower
values were obtained: Ballin et al. [5] in Brazilian
Caucasian 105.41 = 10.66° [5], Ani¢-Milosevi¢ et
al. [3] for males 105.49° and for females 109.78¢,
Lapter-Varga et al. [14] 106.39°, Uysal et al. [30] for
males 102.9 = 10.5°, for females 107.7 + 8.6° in
Turkey and for Caucasian North American 112.6 =
+ 10.6° for malesand 111.1 = 9.7° for females, being
close to the average values of nasolabial angle in our
sample. Fortes et al. [10] when comparing this angle
with Caucasian subjects, found the following average
values: 104.37 + 7.25° for pleasant facial profiles and
104.53 = 12.91° for unpleasant facial profiles. The
difference is statistically insignificant.

In the current study the values of the nasolabial
angle in subjects with different patterns are approx-
imate, with insignificant differences (Table 3). The
result is unexpected since different dentoskeletal pat-
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terns indicate different projections of the nasomaxil-
lary complex. Consequently, thickness of the upper lip
compensates the development of the nasomaxillary
complex, which most likely masks skeletal discrepancy
and maintains an angle relationship with columella
[25, 27], making insignificant the established differ-
ences on our sample.

During forensic facial reconstruction based on the
skull, as the most defined angles were determined
nasofrontal and nasolabial angle. These angles, with
knowing average thickness of the soft tissues on
specific places, are possible to determine with a lot
of accuracy. However, when it comes to the nose
tip angle and the nasofacial angle we need to take
into consideration dentoskeletal pattern because the
values of these angles are conditioned with the den-
toskeletal class, which is established in the current
study.

CONCLUSIONS

By comparing the average values of the profile
angles of the midfacial segment, it was established
that the nasal tip angle is significantly lower in sub-
jects with class Il division 2 as well as class Ill. The
nasofacial angle was significantly higher in subjects
with class Il division 1 and significantly lower with
class Ill. The frontonasal and nasolabial angle were
independent of the sagittal dentoskeletal pattern.

Conflict of interest: None declared
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Background: The aim of the study was to analyse the anatomical parameters of
the thoracolumbar spine spinous process and lamina space for Chinese anatomic
study, and provide an anatomical reference for its clinical operation.

Materials and methods: Samples from 24 adult autopsy subjects were ob-
tained from the thoracolumbar spine spinous process and lamina space at levels
T1 through L5. Direct measurements were made for the spinous process spacing
distance, spinous process length, width, thickness and inclination angle, and the
lamina space width and height.

Results: 1. Distance of the spine spinous process spacing: Thoracic part: The
maximum tip distance was observed at T4~T5 level, and the minimum tip distance
was observed at T9~T10 level. The maximum centre distance and root distance
were observed at T11~T12 level, and the minimum were observed at T5~T6
level separately. Lumbar part: distance of spinous process spacing in lumbar part
showed a decreasing pattern from L1~L2 to L5~S1. 2. Length, width, thickness
of the spine spinous process: 1) The length of the spinous process: The upper
border gradually increased from T1 to T6 and then decreased till T12 region. The
centre region is T8 maximum, T11 minimum. The lower border length showed
a decreasing trend from T1 to T12. Lumbar part: The length increased from
L7 and reached maximum value at L3. Then, the length decreased gradually to reach
minimum value at L5. 2) The width of the spinous process: The width showed an
increasing trend from T1 to T12. Lumbar part: Maximum width was seen at L3 and
a minimum L5. 3) The thickness of the spinous process: Tip thickness > Centre
thickness > Root thickness in each thoracic and lumbar vertebra. Thoracic part:
the maximum tip thickness is T1, T7 minimum, The maximum centre thickness is
T12, T7 minimum. The maximum root height is T6, T9 minimum. Lumbar part:
Maximum tip thickness was seen at L1, and a minimum L3. Maximum centre
thickness was seen at L5, and a minimum L2. Maximum root thickness was seen
at L2, and a minimum L1. 3. Inclination angle of the spine spinous process: The
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inclination angle gradually decreased from T1 to T7 to minimum value at T7 and
then increased till T12 region. 4. Width and height of lamina space: 1) The width
of lamina space: For thoracic part, the data became shorter gradually from T1~T2
to T5~T6, and then increased till to T11~T12. For lumbar part, the width of
lamina space increased from T12~L1 to L5~S1. 2) The height of lamina space:
In the thoracic vertebrae, the maximum height of centre region was observed at
T11~T12 and the minimum mean value was observed at T3~T4. In the lumbar
vertebrae, the height of the lamina space was gradually increased from T12~L1
to L5~S7.

Conclusions: This study reports morphometric data of the thoracolumbar spine
spinous process and lamina space in the Chinese population, which provides an
anatomic basis for thoracolumbar spine design of internal fixation, posterior sur-
gery, puncture and epidural anaesthesia. (Folia Morphol 2021; 80, 3: 665-674)

Key words: thoracolumbar spinous process, lamina space, anatomy,

morphology

INTRODUCTION

Lumbar spinous processes (SPs) are an appealing
target for applications in spine surgery, which are
relatively superficial and easy to access anatomically.
Currently, a number of devices and techniques use
lumbar SPs or the lamina space for instrumentation
[2, 11, 16-18, 30, 39]. Thoracic part of vertebral
column is even more complex [8, 9, 29, 33]. Knowl-
edge of morphology of the thoracic spine is essential
for the anaesthetic and surgical procedures carried
out in this part of the vertebral column, to achieve
desired results and to avoid complications. Thoracic
epidural anaesthesia and pedicle screw fixation of
thoracic spine have made the morphometric analysis
of the thoracic pedicle a clinical necessity for all the
surgeons practicing this procedure [28, 34]. Recently,
the anatomical parameters of lumbar spine process
have been well described [4, 27, 31], and previously
studies have provided information regarding tho-
racic SP [13, 15, 26, 35, 38]. There are only few re-
ports on the measurement of lamina space. However,
a comprehensive description of the related parame-
ters of the thoracolumbar SP and lamina space has
not been reported. Meanwhile, to our knowledge,
spine morphology varies across different races [19].
There have been few reports of SP morphometry in
the Chinese population.

Therefore, it is essential to understand the precise
anatomy of the SP and lamina space. The purpose of
this study was to determine the morphometric pa-
rameters of the thoracolumbar SP and lamina space,
and to provide an anatomic basis for lamina space
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stabilisation devices, other posterior surgery, puncture
and epidural anaesthesia for the Chinese population.

MATERIALS AND METHODS

Materials

Twenty-four formalin-fixed intact adult male cadav-
ers from the Department of Anatomy of North China
University of Science and Technology ages ranged from
35 to 69 years, with a mean of 47 years. And height
ranged from 160 to 175 cm, with a mean of 168 cm.
There were no malformations and local pathological
changes of the spine. Measurement instruments con-
sist of electronic vernier calliper and compass.

Measuring parameters

The cadavers were placed in a prone position for
numbering the vertebra. The posterior lumbar spine
(T1-T12) (S1-S5) was exposed, and the SP, vertebral
plate, and articular process were revealed (Fig. 1).
Symmetric structures were measured bilaterally.
Measurements were made using an electronic ver-
nier calliper accurate to 0.01 mm and a compass.
After each measurement, compass and electronic
vernier calliper were restored the initial state of zero.
All data were measured 3 times to take its average
value. Statistical analysis was used to determine the
average (mean), standard deviation and minimum
and maximum values. The main measuring parame-
ters were as follows:

Distance of the spine spinous process spacing,
which is between the lower border of the upper adja-
cent SP and the upper border of the lower adjacent SP.
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Figure 1. The thoracic and lumbar vertebral lamina and articular
process after removed all muscles and ligaments.

Figure 3. The distance, length, height of the spine spinous process
in the lumbar part.

Figure 2. The distance, length, width, height of the spine spinous
process in the thoracic part.

The tip distance (TD), centre distance (CD) and
root distance (RD) between the adjacent SPs were
measured respectively (Figs. 2, 3). The TD in this
article has the same meaning as distance between
the two adjacent spinous processes (DB) in other
articles [4, 27].

Length, width, thickness of the spine spinous
process: 1) The length of the SP was evaluated in
the upper border (UL), centre region (CL) and lower
border (LL) (Figs. 2, 3). 2). The width of the SP was
measured in the tip border (TW), centre region (CW)
and root border (RW). 3) The thickness of the SP was
evaluated in the tip border (TT), centre region (CT)
and root border (RT).

Inclination angle of the spine spinous process:
The inclination angle of SP was measured by measur-
ing the angles between the straight line of the upper
edge (Ul), the centre (Cl) and the lower edge (LI) of
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Figure 4. The lamina space after removed all the spinous process
and the surrounding connective tissue.

spinous process and the tangent line of the spines,
which is in the state of natural bending.

Width and height of lamina space: After re-
moved all the SP and the surrounding connective
tissue, the lamina space were fully exposed (Fig. 4).
Two feet of a compass were put into the lamina space
to measure the width of lamina space (WI), and the
height between the upper and lower lamina from
the left side (LHI), centre region (CHI) and right side
(RHI) (Fig. 5).

Collected data were analysed and compared with
other studies. The schematic diagram of relevant
anatomical indicators of SP was shown at Figure 6.

Ethics statement

This study was conducted in accordance with the
Declaration of Helsinki (Edinburgh 2000 revised). The In-
stitutional Review Board of North China University of Sci-
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e

Figure 5. The height of the centre region of lamina space measured
with compasses.

ence and Technology approved this study, confirm that
the study was performed in accordance with relevant
guidelines/regulations and informed consent was ob-
tained from family members or their legal guardian(s).

RESULTS
Distance of the spine spinous process spacing
(Table 1)

The TD > the CD > the RD in each thoracic verte-
bra. The TD: The maximum was observed at T4~T5
(16.80 = 2.34 mm) level, and the minimum was
observed at T9~T10 (9.82 + 1.93 mm) level. The CD:
The maximum was observed at T11~T12 (10.98 =
+ 1.91 mm) level, and the minimum was observed at
T5~T6 (7.56 = 2.44 mm) level. The RD: The maximum
was observed at T11~T12 (9.14 = 2.80 mm) level,
and the minimum was observed at T5~T6 (4.94 +
+ 1.92 mm) level.

The CD > the TD > the RD in L1~L2 and L2~L3
levels. The CD > the RD > the TD in L3~L4, L4~L5
and L5~S1 levels. The TD is L2~L3 maximum
(11.94 2.01 mm), L5~S1 minimum (6.51
+ 1.47 mm). The CD is L1~L2 maximum (12.48 =+
+1.21 mm), L5~S1 minimum (7.74 = 1.82 mm). The
RD is L2~L3 maximum (10.69 = 2.02 mm), L4~L5
minimum (7.46 + 2.26 mm). Distance of spinous
process spacing in lumbar part showed an decreasing
pattern from L1~L2 to L5~S1.

+

—+

Length, width, thickness of the spine spinous
process (Table 2)
The length of the spinous process

Thoracic part: the UL > the CL > the LL in each
thoracic SP. The UL gradually increased from T1 to
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Figure 6. The schematic diagram of relevant anatomical indicators
of spinous process. 1 — the tip distance (TD) of the spine spinous
process spacing; 2 — the centre distance (CD) of the spine spinous
process spacing; 3 — the root distance (RD) of the spine spinous
process spacing; 4 — the upper length (UL) of the spine spinous
process; 5 — the centre length (CL) of the spine spinous process;
6 — the lower length (LL) of the spine spinous process; 7 — the
tip width (TW) of the spinous process; 8 — the centre width (CW)
of the spinous process; 9 — the root width (RW) of the spinous
process; A — the inclination angle of spinous process upper edge
(Ul); B— the inclination angle of spinous process centre edge (Cl);
C — the inclination angle of spinous process lower edge (LI).

T6 to maximum value at T6 with mean of 33.38 =
= 2.94 mm and then decreased till T12 region with
mean of 25.25 + 2.36 mm. The CLis T8 (30.75 + 2.59
mm) maximum, T11 (22.52 = 2.12 mm) minimum.
The LL length showed a decreasing trend from T1 to
T12. Maximum LL was seen at T1 (29.82 + 2.54 mm)
and a minimum T12 (20.35 = 1.57 mm). Lumbar
part: the UL > the CL > the LL in each lumbar SP. The
length increased from L1 and reached maximum value
at L3 with mean of 29.17 + 2.35 mm (UL), 27.23 =
+ 2.23 mm (CL), 24.89 = 2.04 mm (LL). Then, the
length decreased gradually to reach minimum val-
ue at L5 with the mean of 25.12 = 2.37 mm (UL),
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Table 1. Distance of the spine spinous process spacing (mean = standard deviation, mm)

Spinous process spacing Tip distance (TD)

Centre distance (CD) Root distance (RD)

T1~T2
T2~T3
T3~T4
T4~T5
T5~T6
T6~T7
T1~T8
T8~T9
T9~T10
T1~T12
L1~L12
L2~13
L3~L4
L4~L5
L5~$1

10.54 = 1.91
12,66 + 1.97
14.56 = 1.91
16.80 = 2.34
1210 = 1.82
1221 =273
10.82 = 2.04
10.28 = 2.17
9.82 +1.93
11.99 = 1.90
11.70 = 1.30
11.94 = 2.01
9.29 + 1.47
6.76 + 1.63
6.51 = 1.47

9.18x 1.7
9.38 + 2.51
9.85 + 2.03
991 £224
1.56 + 2.44
8.71 £ 244
852 £ 1.73
8.03 £ 1.69
759 +1.32
10.98 + 1.91
1248 +1.21
12.38 + 1.61
10.27 £ 2.32
1771 +£1.12
1.74 £ 1.82

582 =129
5.54 + 1.40
5.67 = 1.62
544 +1.94
494 +1.92
599 + 2,53
6.13 + 2.02
5.68 + 1.82
5.65 = 1.61
9.14 + 2.80
10.23 = 1.44
10.69 = 2.02
9.72 + 2.42
7.46 + 2.26
151 +2.28

Table 2. Length, width and thickness of spine spinous process (mean = standard deviation, mm)

T1~L5 Length

Width

Thickness

Upper (UL)  Centre (CL)  Lower (LL) Tip (TW)

Centre (CW)

Root (RW) Tip (TT) Centre (CT)  Root (RT)

T
T2
T3
T4
T5
T6
T
T8
T9
T10
™
T2
L1
L2
L3
L4
L5

3248 +3.28
31563 £2.96
33.03 £3.74
3143 321
32.98 + 2.44
33.38 = 2.94
3185+ 277
3265 = 2.74
31.50 = 2.92
29.62 +2.80
2549 =290
2525 +2.36
2559 + 213
27.09 +2.10
2917 £ 235
27.88 = 2.44
2512 =237

29.69 + 2.61
29.86 = 2.60
30.35 + 2.68
2951 £ 275
27.50 + 2.46
29.94 + 2.86
29.64 + 2.42
30.75 + 2.59
23.07 £2.33
23.09 = 252
2251 £ 212
2313 £ 244
2552 +2.85
2578 = 2.52
2123 £223
26.33 £ 232
23.76 = 2.82

29.82 + 2.54
28.67 = 2.50
2847 +2.38
2155+ 240
28.39 = 2.53
28.24 =240
27.80 = 3.08
25.15 = 2.60
2290 + 2.69
2153 =287
20.77 = 2.15
2035 = 1.57
21.66 = 2.34
24.05 +2.22
24.89 + 2.04
22.68 + 2.84
20.80 = 2.75

11.38 = 0.99
11.72 = 1.10
13.30 = 0.84
13.83 = 0.91
2839 £ 253
28.24 =240
27.80 = 3.08
25.15 £ 260
2290 = 2.69
2153 £ 287
20.77 £ 2.15
2035 £ 1.57
2268 = 2.17
2223 £0.72
2368 = 1.41
2359 + 1.44
19.54 = 0.78

10.99 + 0.80
12.95 = 1.38
1411 =142
15.05 + 0.86
15.73 = 0.80
16.07 = 1.09
1539 = 1.79
15,62 = 1.21
16.93 + 0.91
17.37 = 0.84
18.56 = 0.90
19.88 + 1.53
2199+ 1.10
2248 =149
2356 = 1.36
21.26 = 0.91
17.91 £ 1.85

15.82 = 1.42
16.12 = 1.53
17.92 + 1.55
18.52 = 1.28
19.80 = 1.64
20.14 = 1.60
20.36 = 1.54
2042 = 1.56
2218 £ 1.52
22.56 = 1.50
2260 = 1.30
23.80 = 0.81
2494 + 148
2519130
25.83 = 0.96
233511
17.20 = 1.72

7.57 +1.03
6.52 +0.94
547 +0.77
518 £ 0.73
507 = 0.62
4.76 = 0.80
441 =077
4.89 + 0.67
5.26 +0.74
6.03 = 1.10
6.50 = 0.80
7.03 £ 1.11
7.70 = 1.26
7.16 £ 1.32
112 £1.14
7.63 = 1.19
7.25 £ 092

7.68 = 1.00
7.38 £ 0.97
6.88 + 0.93
6.41 +0.92
6.79 = 1.01
6.36 = 1.01
573 +0.99
5.95 + 0.84
6.22 +0.73
6.93 + 0.85
7.87 £ 0.86
8.50 +0.98
175074
7.28 £0.95
147 £ 051
7.39 = 0.67
8.11 083

9.76 + 1.33
12.14 = 1.00
1277122
12.69 = 1.58
12.05 + 1.42
13.67 = 1.52
10.13 = 2.05
843 +£0.78
1.87 £ 1.69
10.27 = 1.70
10.98 + 1.28
1214 =145
9.74 = 1.51
11.43 = 1.76
9.93 + 1.51
11.43 = 0.89
10.69 = 1.80

23.76 = 2.82 mm (CL), 20.80 = 2.75 mm (LL). Upper
border length of the lower spine > lower border
length of the upper adjacent spine.

The width of the spinous process
Thoracic part: RW > CW > TW in each thoracic
vertebra approximately, and the width mentioned
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showed an increasing trend from T1 with the mean
of 11.38 = 0.99 mm (TW), 10.99 + 0.80 mm (CW),
15.81 = 1.42 mm (RW) to T12 with the mean of
20.28 = 1.57 mm (TW), 19.88 = 1.53 mm (CW),
23.80 = 0.81 mm (RW). Lumbar part: Maximum width
was seen at L3 with the mean of 23.68 + 1.41 mm (TW),
23.56 = 1.36 mm (CW), 25.83 = 0.96 mm (RW) and
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Table 3. The inclination angle of spinous process (mean =+ standard deviation, °)

T1~T12 Upper edge inclination angle (Ul) Centre edge inclination angle (Cl) Lower edge inclination angle (LI)
T 61.20 = 2.17 62.63 = 3.38 67.70 = 3.50
T2 58.33 = 3.50 60.50 + 3.12 64.80 = 3.77
T3 54.30 + 4.14 57.38 = 3.46 59.20 + 3.03
T4 49.40 = 1.95 52.50 = 3.78 55.00 = 3.16
T5 40.57 + 3.74 45.83 + 3.66 48.40 + 2.70
T6 38.29 +3.25 41,50 + 3.82 43.67 + 343
T 3725 £ 3.15 38.14 + 248 39.50 + 3.70
T8 40.89 + 2.57 41.44 +3.28 4214 + 3.34
T9 42.63 + 3.89 4538 + 3.93 52.88 + 1.96
T10 51.67 = 3.93 57.44 = 2.46 61.11 = 2.67
™ 59.50 + 2.33 71.38 + 3.50 78.00 + 2.65
T12 74.29 + 350 78.20 + 3.70 86.50 + 2.38

a minimum L5 with the mean of 19.54 + 0.78 mm
(TW), 17.91 = 1.85 mm (CW), 17.20 = 1.72 mm (RW).

The thickness of the spinous process

Tip thickness (TT) > centre thickness (CT) > root
thickness (RT) in each thoracic and lumbar vertebra.
Thoracic part: the maximum TTis T1 (7.57 = 1.03 mm),
T7 minimum (4.41 = 0.77 mm), The maximum CT is
T12(8.50 = 0.98 mm), T7 minimum (5.73 = 0.99 mm).
The maximum RT is T6 (13.67 = 1.52 mm), T9 mini-
mum (7.87 = 1.69 mm). Lumbar part: Maximum TT
was seen at L1 with the mean of 7.70 + 1.26 mm,
and a minimum L3 with the mean of 7.12 = 1.14 mm.
Maximum CT was seen at L5 with the mean of 8.11 =
+ 0.83 mm, and a minimum L2 with the mean of
7.28 = 0.95 mm. Maximum RT was seen at L2 with
the mean of 11.43 = 1.76 mm, and a minimum L1
with the mean of 9.74 + 1.51 mm.

Inclination angle of the spine spinous process
(Table 3)

The inclination angle gradually decreased from T1
to T7 to minimum value at T7 with mean of 37.25 +
+ 3.15° (Ul), 38.14 + 2.48° (Cl) and 86.50 + 2.38°
(L1) and then increased till T12 region with mean of
74.29 + 3.50° (Ul), 78.20 = 3.70° (Cl) and 39.50 =
+ 3.70° (LI). And the lower edge inclination angle
(L) > the centre edge inclination angle (Cl) > the
upper edge inclination angle (Ul) in each thoracic
vertebra. Generally, the inclination angle of lumbar
spine is basic 90 degrees, which is of little signifi-
cance. Thus we did not measure the inclination angle
of lumbar spine.
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Width and height of lamina space (Table 4)

The width of lamina space: For thoracic part, the
data became shorter gradually from T1~T2 (11.73 =
+ 2.51 mm) to T5~T6 (9.63 *= 3.63 mm), and then
increased till to T11~T12 (10.70 = 4.67 mm). For
lumbar part, the width of lamina space increased
fromT12~L1(12.18 = 1.43 mm) to L5~S1 (15.64 +
+ 1.73 mm). Among them, the increment of L5~S1
width was the largest, and larger about 2 mm than
L4~L5 width.

The height of lamina space: In the thoracic ver-
tebrae, the maximum height of centre region was
observed at T11~T12 (7.47 + 2.78 mm) and the
minimum mean value was observed at T3~T4 (5.20 +
+ 1.77 mm). Since the thoracic space height is small,
the left and right sides are difficult to measure, so
this study did not measure this two indicators. In
the lumbar vertebrae, the height of the lamina space
was gradually increased from T12~L1 to L5~S1. The
height of the centre region was greater than the
height of the left and right sides, and there was no
significant difference between the heights of the left
and right sides. The centre height increased from
9.68 + 1.76 mmto 11.88 = 1.78 mm, the left height
increased from 6.91 £+ 1.16 mmto 7.79 = 1.19 mm,
and the right height increased from 7.04 = 0.92 mm
t07.79 = 1.06 mm.

DISCUSSION

At present, lumbar spine process-related indica-
tors have been reported [4, 27, 31], and there are
a few reports on the measurement of thoracic SPs
[13, 15, 26, 35, 38]. There are also some studies
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Table 4. The width and height of lamina space (mean = standard deviation, mm)

Lamina space Width (W) Height
Centre region (CHI) Left side (LHI) Right side (RHI)

T1~T2 11.73 = 2,51 6.20 + 2.49 — —
T2~T3 11.53 + 2.87 6.01 +2.25 — —
T3~T4 10.20 + 3.44 520 = 1.77 — —
T4~T5 10.62 + 3.84 549 + 210 — —
T5~T6 9.63 + 3.63 5.65 + 2.03 — —
T6~T7 10.92 = 4.95 532 + 2.14 — —
T7~T8 10.80 + 4.94 5.91 + 2.67 — —
T8~T9 10.33 + 4.28 5.52 + 2.17 — —
T9~T10 10.20 = 4.54 6.00 = 2.57 — —
T10~T 9.72 £ 5.12 6.92 + 4.28 — —
T11~T12 10.70 + 4.67 147 + 278 — —
T12~L1 12.18 + 1.43 9.68 + 1.76 691+ 1.16 7.04 =0.92
L1~12 12.81 +2.12 10.24 + 0.91 7.06 + 0.66 7.18 £ 0.66
L2~13 12.92 + 1.80 11.19 + 0.83 730 £ 0.77 7.29 + 0.56
L3~L4 13.10 + 1.91 11.20 + 1.37 743 £ 057 7.44 + 0.84
L4~L5 1371 +1.37 11.32 £ 0.77 7.60 = 0.87 7.56 + 0.88
L5~S1 15.64 + 1.73 11.88 + 1.78 779+ 1.19 779+ 1.06

that report measurements of thoracic and lumbar
spine-related indicators separately, which are not
comprehensive enough. In the morphology of lum-
bar spine processes studied by Cai et al. [4], only
the distance, height, thickness of the upper, middle
and lower borders of the lumbar spine were stud-
ied. Bo Ran et al. [27] performed lumbar spine mor-
phology in Chinese population by three-dimensional
computed tomography reconstruction. Kiranpreet
Kaur et al. [15] only reported the inclination angle of
the thoracic spine. Jeremy D. Shaw et al. [31] analysed
the length, width, height, slope and tail morphology
of lumbar spine, but did not measure the distance
between SPs spacing. In our study, more relevant indi-
cators of thoracolumbar spine and lamina space were
measured based on intact corpses, which include
distance of SPs spacing, SP length, width, thickness,
and inclination angle of the SP, and width, height
(centre, left and right) of the lamina space.

The experimental results of the SP spacing dis-
tance in each thoracic vertebra show that the tip
distance > the centre distance > the root distance.
The maximum of the tip distance was observed at
T4~T5, and the minimum was T9~T10. The maximum
of the centre distance was observed at T11~T12, and
the minimum was T5~T6. The maximum of the root
distance was observed at T11~T12, and the minimum
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was T5~T6. Thus, the thoracic SP spacing distance is
wedge-shaped. In the sagittal plane, the front is high
and the back is low. To avoid damage caused by stress
concentration of the implant, the internal fixation
device should have a wedge-shaped structure, which
is high in front and low in back. The maximum tip dis-
tance of lumbar SP spacing was noted at L2~L3, while
the minimum tip distance was L5~S1. The maximum
centre distance of lumbar SP spacing was noted at
L1~L2, then it gradually decreased to the minimum
root distance (L5~S1). The maximum root distance
of lumbar SP spacing was noted at L2~L3, while the
minimum root distance was L4~L5. The above results
are different from the data of Cai et al. [4], which
considered that distance between lumbar spines was
gradually decreased from L1~L2 to L5~S1. And our
results differ from Bo Ran [27] and others’ opinion,
which hold that the distance between lumbar spines
was gradually decreased from L1~L2 to L4~L5, and
then increased from L4~L5 to L5~S1. Cai et al. [4]
and Bo Ran et al. [27] measured the above parame-
ter at only one point, while our study performed it
at three points (tip, centre and root), which is more
comprehensive and detailed. Recently, numerous
lamina space implants have been introduced and
have shown favourable outcomes in the treatment
of degenerative disc disease, herniated nucleus pul-
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posus, lumbar spinal stenosis, lumbar instability, and
degenerative lumbar spondylolisthesis [2, 7, 23, 32,
37]. Nevertheless, there are still complications with
lamina space implants. Therefore, choosing optimal
sizes of implants is important to avoid unnecessary
complications and the size of the device should be
carefully evaluated [3, 14]. The data in this study can
help clinicians grasp the optimal size of the implant,
which is one way to reduce complications.

By measuring the length of the spine SP, we can
learn that the upper border > the centre region
> the lower border in each thoracic and lumbar SP.
In the lumbar part, L3 is the maximum and L5 is the
minimum, which is consistent with the conclusions
drawn by Cai et al. [4] and Bo Ran et al. [27]. Usually,
spinal lesions are treated with a posterior approach,
where surgeons can remove the posterior part of the
spine in order to expand the field of vision. In this
process, the knowledge of the length, width and
thickness of the spine SPs provides a comprehensive
reference for the type of instrument chosen and the
location of the occlusal site. With known length,
width, and thickness, we can estimate the size of
the SPs of the spine, which is important for lum-
bar interbody fusion [12]. In addition, the designing
of SP internal fixation provides an equivalent pain/
function improvement compared to conventional
posterior-lumbar-interbody-fusion pedicle screw
fixation, reducing the number of hospitalisations
and operations [5]. So, the above indicators are also
important reference indicators for the design of SP
internal fixation devices.

The SP of the thoracic spine is obliquely posteriorly
downward, but the specific values of the inclination
angle are rare. Kiranpreet Kaur et al. [15] used the
scanner software to measure the SP angle of volun-
teers, showing that the SP angle increased from T1
and reached maximum value at T6 level, then de-
creased gradually and reached minimum value at T12
level. In our study, the intact cadaver specimens were
used to expose the SPs of the thoracic spine. The in-
clination angle of SP was measured by measuring the
angles between the straight line of the upper edge,
the centre and the lower edge of SP and the tangent
line of the spines, which is in the state of natural
bending. The inclination angle gradually decreased
from T1 to T7 to minimum value and then increased
till T12 region, which is slightly different from result
of the above document. In clinical application, the
setting of the inclination angle of the upper and
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lower edges of the SP internal fixation needs to refer
to the inclination angle of the SP to be inserted into
the internal fixation.

Laminar space plays an important role in spinal
surgery. Clinically, most of the procedures such as disc
herniation, spinal stenosis, and intraspinal schwan-
nomas need to be taken from the lamina space.
Therefore, the study of anatomical parameters of the
laminar space can provide a basis for relevant clinical
operations. For example, in the treatment of disc
herniation, percutaneous endoscopic laser-assisted
discectomy (PELD) has been widely used in clinical
practice in recent years [1, 20, 22]. The outer diam-
eter of the required endoscope is 7.5 mm, and the
working channel is at the centre of the lamina space.
According to the data obtained in this experiment,
it is not difficult to implement PELD in L4~L5 and
L5~S1. For another example, spinal stenosis is also
a common disease in the spinal region, which is due
to a cascade of degenerative processes starting with
degeneration of posterior annulus to disc herniation
and dehydration, then to loss of disc height, over-
riding of the facets, and/or infolding of ligamentum
flavum, and ultimately stenosis. This condition occurs
as a result of age-related spinal degeneration, par-
ticularly in the lamina space disc and ligamentum
flavum. Common symptoms include radicular pain
and neurogenic claudication, which is mainly treat-
ed by surgical intervention [6, 24, 36]. This requires
some anatomical parameters of the lamina space
to guide the operation. In addition, the removal of
schwannomas in the spinal canal also requires from
lamina space [21, 25], whose anatomical parameters
are particularly important. In addition to the surgical
approach, the measurement of the width and height
of the lamina space provides an anatomical basis
for the intraspinal puncture approach. According
to reports in the literature, emergency doctors can
quickly obtain lumbar anatomical markers by ultra-
sound [10], These data can also provide reference
and experience for clinicians to help clinical first aid
and other treatments.

CONCLUSIONS

More related indicators of the thoracolumbar
spine spinous process and intervertebral space were
measured based on intact cadavers in our study,
including the distance, length, width, thickness, in-
clination angle of the spinous process and the width,
height of the intervertebral space, to provide com-
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prehensive anatomic basis for thoracolumbar spine
design of internal fixation, posterior surgery, puncture
and epidural anaesthesia for the Chinese population.
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Background: Based on computed tomography images of the thoracolumbar in-
tervertebral foramen and its surrounding parameters, and analysing the interverte-
bral foramen morphology and the correlation between the measured parameters,
to provide an anatomical basis for clinical minimally invasive transvertebral surgery.
Materials and methods: Ten fresh adult cadaveric specimens (32—50 years old) with
bilateral (T=S,) spinal segments were selected for a total of 20 sides, a total of 340
intervertebral foramens and were measured with vernier callipers in the Department
of Anatomy, Inner Mongolia Medical University. The intervertebral foramen height, the
minimum sagittal diameter of the foramen, the width of the spinal ganglion, the sagittal
diameter of the spinal ganglion and the sagittal diameter of the intervertebral foramen
were measured. This study was reviewed and approved by the local Ethics Committee.
Results: The results of the minimum sagittal diameter of the T, , ~L /S, intervertebral
foramen were (6.93 + 1.99) mm, (7.33 + 1.44) mm, (7.41 = 0.63) mm, (6.85 =
+1.08mm, (6.79 = 1.86)mm, (7.82 =3.25)mm, (8.23 =2.27)mm, (9.17 =2.33)mm,
(8.38 = 1.63) mm, the average height of the T2/3 to L5/S1 intervertebral space was
(4.82 +1.88) mm, (3.95 + 0.80) mm, (4.04 = 0.52) mm, (4.26 += 0.78) mm, (4.39 +
+71.16)mm, (5.15=1.59mm, (5.51 = 1.49) mm, (5.97 = 2.60)mm, (7.13 = 2.07)mm,
(8.94 = 1.37) mm, (9.01 = 1.47) mm, (11.63 = 1.63) mm, (14.20 = 1.37) mm,
(14.22 = 2.33) mm, (14.22 = 2.33) mm, (13.32 = 1.37) mm intervertebral foramen
height, intervertebral foramen minimum sagittal diameter, spinal ganglion width,
spinal ganglion sagittal diameter. P > 0.05 for comparison of the left and right sides
of the intervertebral space, with no statistically significant difference. L, L/S, seg-
ment left and right bilateral contrast with the middle height of the vertebral space
p < 0.05, the difference is statistically significant. The remaining segments left and
right bilaterally contrasted p > 0.05, and the difference was not statistically significant.
Conclusions: The minimum height of intervertebral foramen in the thoracolumbar
segment was T,,,, and L, ,was the minimum height in the lumbar segment. When
placing a spinal endoscopic working channel safely into intervertebral foramen,
it is necessary to perform an enlarging foraminoplasty to reduce the risk of injury
to the exiting nerve root. (Folia Morphol 2021; 80, 3: 675-682)
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INTRODUCTION

The nucleus pulposus of the intervertebral disc de-
creases with age, leading to disc degeneration, which
is the major cause of herniated discs. Thoracic disc
herniation (TDH) has a low incidence of TDH, which has
been reported to account for 0.25-0.75% of spinal disc
herniation, compared to 0.1-0.0001% in the general
population [9]. It mainly occurs between T,-L,, most
often in patients aged 30-50 years, with an equal pro-
portion of men and women, with complex and varied
clinical manifestations, diagnostic difficulties and surgi-
cal difficulties [3]. Lumbar disc herniation is a common
orthopaedic condition. The prevalence of lower back
pain is estimated at 4.8% in men aged 35 years, and
2.5% in women of that age. Spinal nerve entrapment
due to intervertebral foramen stenosis, or spinal space
herniation is more common [2]. For patients who have
failed to respond to conservative treatment, surgery
is often used, and minimally invasive surgery is used
to treat herniated discs through lumbar intervertebral
spondylolisthesis. The results are significant, and there
is a large body of literature confirming the clinical su-
periority of the transforaminal path for lumbar disc
herniation over traditional surgical approaches [1, 6].
Treatment of herniated discs using intervertebral endo-
scopic techniques can reduce peri-spinal muscle and soft
tissue injury, increase spinal stability, and is associated
with a small trauma, rapid recovery and short hospital
stay [8]. With the increasing development of a large
number of intervertebral foramen techniques, there is
a need for clinicians to further improve their understand-
ing of intervertebral foramen anatomy. In this paper, we
use adult cadaveric specimens to study the anatomical
and morphological changes of intervertebral foramen in
the thoracolumbar spine and to investigate the normal
intervertebral foramen, spinal nerves and intervertebral
space morphology, measurement of its diameter line,
and correlation analysis of the spinal ganglion with the
size of the intervertebral foramen. It provides anatomical
basis for selection of position and angle for minimally
invasive clinical transvertebral foramen path surgery.

MATERIALS AND METHODS

Ten fresh cadaver specimens were collected, rang-
ing in age from 32 to 50 years, with an average age
of 43.2 years, on the intact spine of a normal fresh
adult cadavers (T, to S,), bilaterally on 20 sides with
a total of 340 intervertebral foramen. This study was
reviewed and approved by the local Ethics Committee.
The data in the literature are varied, mainly because
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of individual variations and the different degrees of
degenerative change in the spine. In this study, none
of the subjects had symptoms or any degenerative
changes of the spine. Therefore, our results provide
the normal morphometric anatomy for the nerve
roots and dorsal root ganglion.

Observational indicators

Use of vernier callipers (Japan Mitutoyo, accuracy
0.02 mm), compasses, stainless steel rulers (accuracy
1 mm), medical power saws. Drill (Shanghai Bojin Med-
ical Instrument Co., Ltd., BYJ-1) tools, surgical instru-
ments: scalpels, surgical scissors, haemostatic forceps,
dissecting instruments, etc. forceps, hacksaw. Measure
the height (vertical diameter) of the intervertebral fora-
men bilaterally at each spinal segment with reference
to Wu Bo (2017) [13] defining the intervertebral level
at the upper margin of the intervertebral space The
distance from the anterior boundary of the foramen to
the posterior boundary of the intervertebral foramen
is the minimum sagittal diameter of the intervertebral
foramen, the wide spinal ganglion, the sagittal diameter
of the spinal ganglion, and the intervertebral space. Left,
middle, and right heights’ measurements were taken
by the same measurer familiar with the anatomical
landmarks for which the relevant indexes were collected,
and the recording length/mm (d/mm) was Unit.

Specimen production dissect the thoracic and lum-
bar segments of 10 adult cadaveric specimens, remove
internal organs, and use a hacksaw to saw the upper
end of the spinal specimen from the bulge. Horizontal
dissociation, marking the 12 rib, identifying the lum-
bar segment, inferiorly dissociating horizontally from
the hip joint, followed by local dissociative manoeu-
vres, removing the skin The lumbaris major muscle is
carefully resected to expose the entire thoracic spine,
lumbar spine, intervertebral space, intervertebral fo-
ramen, and the muscles and surrounding soft tissue
structures. Nerve root structures, keeping the position
of nerve roots within the intervertebral foramen intact,
and making morphological observations of the interver-
tebral foramen, nerve roots, and intervertebral spaces
(Fig. 1). The upper end of the scalpel was detached from
the vertebral space at the C/T, segment with a scalpel,
and the lower end of the scalpel was used to divide
the ribs one by one along the rib joint with a medical
electric saw drill and the thoracic vertebrae (Fig. 2).
The intervertebral foramen height was measured, i.e.,
the distance from the superior to the inferior margin
of the foramen; the minimum sagittal diameter of
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Figure 1. Lumbar intervertebral foramen of the thoracic vertebrae,
measuring the height of the intervertebral disc.

Figure 3. A. Sympathetic dry; B. Grey white traffic branch; C. Lumbar artery; D. Vertebral; E. Pedicle anterior branch.

the foramen, i.e., the distance between the posterior
margin of the intervertebral space and the distance; ob-
servation of the intervertebral foramen walking nerves
(Fig. 3A-C); measurement of the intervertebral space
height, i.e., the superior and inferior endplate levels
distance between them (Fig. 4); the spinal sagittal
diameter, which is the maximum distance between
the axial edges of the spinal ganglia; the spinal width,
which is the distance perpendicular to the maximum
distance between spinal ganglion edges (Fig. 5).

Statistical methods

GraphPad Prism 8.0 was used and the measures were
expressed as mean * standard deviation (x =+ s). Paired
t-tests were used between left and right lateral com-
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parisons and between ipsilateral comparisons; one-way
ANOVA was used between comparisons of different seg-
ments; determination of intervertebral foramen index and
spinal ganglion index by bivariate correlation Pearson’s
correlation coefficient test the correlation between. Us-
ing Pearson's correlation coefficient test, the correlation
coefficient (r) is interpreted as follows: < 0.2 indicates
a weak correlation. 0.2-0.4 indicates weak correlation,
0.4-0.7 moderate correlation, 0.7-0.9 high correlation,
> 0.9 indicates almost perfect correlation. The test level
was alpha = 0.05; p < 0.05 was statistically significant.

RESULTS
Left and right bilateral comparison p > 0.05 for
the left and right sides of each measure, the differenc-
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es are not statistically significant, and the statistical
data are combined.T, ,~L./S, segment intervertebral
foramen height comparison p < 0.0001, the differ-
910~ Ls/S, segment.
The minimum sagittal diameter of intervertebral
foramen was p > 0.05, and the difference was not

statistically significant.T, ~L./S, segment interspinal
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Figure 4. Measuring the right side of the intervertebral disc; a —
vertebral body; b — intervertebral disc.

nerve (p < 0.05), statistically significant difference.
P < 0.05 for T, ,~L/S, intersegmental chiropractic
width. The differences were statistically significant
(Tables 1, 2).

Measurement of anatomical parameters of the
intervertebral space p > 0.05 for comparison of the
left and right heights of the intervertebral space,

Figure 5. Measurement of spinal ganglion; a — spinal ganglion
wide; b — spinal ganglion sagittal diameter; ¢ — dural sac; d —
pedicle; e — spinal nerve posterior root.

Table 1. Measurements of the high of intervertebral foramens, minimal sagittal diameter of intervertebral foramen (mean =+ standard

deviation)

The high of intervertebral foramens [mm] (n = 340) Minimal sagittal diameter of intervertebral foramen [mm] (n = 180)

Left Right Bilateral P Left Right Bilateral P
T, 938+070 903110 920x091 0.516 - - - -
T 944 +083  952+139  948+1.06 0.909 - - - -
T 943+155 895+x173  919+155 0.359 - - - -
Tos 729124 751129 740x114 0.799 - - - -
Tos 6.26 +1.07 6.09+126  6.17+1.09 0.754 - - - -
Tﬁﬂ 549125 6.35 = 1.52 592 +1.20 041 - - - -
T 728 +368 769+x340 748+334 0.504 - - - -
Tas 1001 +£597 900+6.14 946 +5.75 0.006 - - - -
oo 931+509 910474 921 +464 0.626 6.63 = 0.52 7.23+3.36 6.93 = 1.99 0.815
Tom 9.84 + 341 9.85 + 341 9.71 £3.03 0.07M 7.22 £ 1.00 7.44 =085 7.33 = 1.44 0.792
T 1044 +168 1057174 1051173 0842 740+056  742+082 741063 0.976
T.h 900+107 1023+168 95014 0.371 7.38 £ 1.01 6.32 = 0.83 6.85 = 1.08 0.104
L, 1222210 1232+152 1227 =134 0.854 7.48 +2.35 6.00 = 1.29 6.79 + 1.86 0.218
L 1471+229 1501 +126 14.86 =236 0.799 8.70 + 3.90 6.94 + 2.56 7.82 +3.25 0.468
Lm 16.68 =227 1521253 1594243 0.435 8.83 £2.93 162 =1.241 823221 0.317
Lys 1544 £223 1540+275 1542 +234 0.964 9.02 + 2.61 9.30 + 2.22 917 £ 233 0.789
LS, 1337202 1240+206 1288 =213 0.194 8.85 + 2.07 7.92 +1.78 8.38 + 1.63 0.128
F-value 1n.21 P < 0.0001 1.91 P> 0.05
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Table 2. The transverse diameter of the dorsal root ganglion (n = 240) and longitudinal diameter of the dorsal root ganglion (n = 220)

(mean = standard deviation)

The transverse diameter of the dorsal root ganglion [mm]

Longitudinal diameter of the dorsal root ganglion [mm]

Left Right Bilateral P Left Right Bilateral P
Ter 503 +1.80 479149 491 +148 0.556 - - - -
T 438 £0.85 439+1.18 438 +0.92 0.984 6.22 +0.35 7.33+£1.00 6.95 + 0.95 0.251
Tas 494+190 5.10 = 2.00 502 +1.75 0.216 7.35 142 6.56 + 0.22 6.96 = 1.03 0.283
Tono 5.05 + 1.52 474 £ 167 4.90 + 151 0.068 7132093 6.10 £ 1.21 6.71 £1.05 0.467
Tom 587 +1.38 5.46 + 1.65 5.66 + 1.42 0433 8.37 £ 253 701 £1.07 769 + 1.94 0.384
T 577113 5.46 + 0.81 561 +141 0.647 761124 703+ 1.14 131 £1.07 0.675
T.b 596 + 1.38 7.66 = 1.65 6.64 +2.18 0433 8.37 £ 153 701 £1.07 6.52 = 1.24 0.384
L, 6.65 = 2.10 6.37 = 2.56 6.51+1.24 0.602 6.50 = 1.55 6.29 = 1.51 167 +1.80 0.806
L, 6.42 = 2.26 6.80 = 2.47 6.61 +2.70 0472 931 =121 780 = 1.41 8.55 + 1.64 0.499
Ly, 8.15 411 171 £4.72 796 4.8 0.681 1201 +220 1037170 11.19=1.14 0.207
Lys 899 =441 9.20 = 6.10 9.08 =471 0.632 11.46 + 1.54 943 +=1.36 10.82 = 1.09 0.343
L, 4.65 = 0.46 4.24 +0.86 444 =0.70 0.198 10.41 = 1.61 1M1 =181 10.46 = 1.49 0.144
F-value 3.494 P <0.05 3.068 P <0.05
Table 3. Intervertebral disc height [mm] (n = 320) (mean * standard deviation)
Left Right P1 Middle Bilateral P2

T 380137 3.67 = 0.58 0.851 578 +2.11 482+188 0.256

T 3.90 = 0.62 3.62 = 0.60 0.724 441£105 395=08 0.388

Tos 392038 371049 0.657 449038 3.99 = 0.51 0.1

Tos 401 +050 4.00 + 0.84 0.974 479 084 426 =078 0.268

Ter 4.03 =091 4.86 +1.30 0.072 4271139 439+1.16 0.368

T 5.48 = 2.07 528 =0.73 0.88 482 +1.15 52115 0.651

Tos 525 +2.21 592 +1.08 0.634 493 £1.23 551 =149 0.497

Too 6.40 = 4.05 6.17 £ 247 0.824 4.84 = 1.82 6.61 = 2.87 0.3

Tom 6.34 = 1.83 8.66 = 1.65 0.148 6.42 = 2.55 753 = 1.84 0.421
Tine 9.70 = 0.61 8.83 = 0.81 0.003* 8.62 = 1.02 8.94 =137 0.674
T4 9.29 = 1.54 8.94 +1.12 0.551 8.81+1.89 9.01 £147 0.787

L, 13.39 = 3.00 10.06 + 2.32 0.229 11.45 = 1.67 11.63 = 1.63 0.888

L 15.27 = 2.53 1313 +2.38 0.059 14.19 + 2.37 14.18 £ 2.15 0.993

Ly, 1456 = 2.73 12.83 + 1.85 0.236 15.26 = 2.21 13.69 + 2.35 0.293

Lys 13.72 = 2.06 14.40 = 0.70 0.558 1822 £ 2.21 14.06 = 1.47 0.002*

Ly, 13.47 = 1.54 13.16 = 1.34 0.631 20.00 = 0.82 1332 £1.37 0.000*

*P < 0.05 — the difference is statistically significant; P1 — for left-right side comparison; P2 — for middle and bilateral comparison

the difference was not statistically significant, and
statistical data were combined. L, L/S, p < 0.05 for
the comparison between the left and right sides
of the S, segment and the middle height of the
intervertebral space, the difference was statistically

significant. The remaining segments left and right
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bilateral and vertebral space intermediate height
contrast p > 0.05, the difference was not statistically
significant (Table 3).

Correlation analysis of spinal ganglion width
and spinal ganglion sagittal diameter with interver-
tebral foramen height and intervertebral foramen
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Figure 6. The minimum sagittal diameter of the intervertebral foramen
is positively correlated with the sagittal diameter of the spinal ganglia.

minimum sagittal diameter, spinal ganglion sagittal
diameter. The minimum sagittal diameter of the
intervertebral foramen (r = 0.728), with r between
0.7 and 0.9, positively correlated and highly corre-
lated (Fig. 6).

Analysis of the correlation between intervertebral
foramen height and the left, right, and median height
of the intervertebral space (Fig. 7). The intervertebral
foramen height is positively correlated with the left
and right bilateral height of the intervertebral space
(r = 0.917), with r between 0.7 and 0.9, and height
correlation. The intervertebral foramen height is pos-
itively and highly correlated with the median height
of the intervertebral space (r = 0.877), with r ranging
from 0.7 to 0.9.

DISCUSSION

There are broadly two methods for measuring
intervertebral foramen morphology in China: one is
direct measurement and the other is indirect meas-
urement. The direct measurement tool is used to
collect data from cadaveric specimens, while the
indirect measurement mainly uses X-ray technique,
three-dimensional computed tomography imaging
and magnetic resonance imaging measurement [4].

1 —= Bilateral intervertebral disc height
| —— Middle intervertebral disc height
—e— The high of intervertebral foramen

2021, Vol. 80, No. 3

In addition, after software post-processing to recon-
struct the intervertebral foramen image, the meas-
urement is performed, while the presence of soft
tissue shadowing affects the experiment using X-ray
and magnetic resonance imaging. In this paper, we
collected 10 fresh cadaveric specimens and directly
measured the morphology of the intervertebral fo-
ramen, which enabled direct, realistic and accurate
observation of the intervertebral foramen. Zi-xuan et
al. [16] measured cadavers under the X-ray technique
similar to the measurements in this paper. The result-
ant anterior disc heights were (11.8 = 1.2) mm, (13.0 +
+1.6)mm, (13.6 £ 1.9)mm, (14.3 =+ 2.0) mm, (14.7 +
+ 2.5 )mm. This the study is consistent with previous
literature and the results are reliable and accurate. Rihli
et al. [10] measured cadaveric specimens using vernier
callipers. Comparing men and women revealed that the
width of the intervertebral foramen was larger in wom-
en than in men at the lumbar segment. All specimens in
this study were male, and the difference between the
left and right sides of each measurement comparing
the same individual was not statistically significant.
The bony border morphology of the interverte-
bral foramen has been described in the literature as
an inverted teardrop, inverted pear shape, or oval
shape, affecting the intervertebral foramen. There
are many factors that contribute to size, such as
degenerative changes in the bony borders of the in-
tervertebral foramen, herniated discs, subluxation of
the small joints, and hypertrophy of the ligamentum
flavum [10]. Zhu et al. [15] retrospectively analysed
the changes in intervertebral foramen morphology
before and after unilateral transverse lumbar inter-
body fusion. Compared to the oblique or transverse
cage approach, the transverse approach is preferred
to reduce lumbar lordosis without affecting the con-
tralateral side. The size of intervertebral foramen is
good for decompression of lumbar spinal stenosis,
and it is easy to determine the normal size of interver-
tebral foramen stenosis. The study observed that

<P ,\«g“ /\“\% &° /\‘OQ <P

N S
,\%} /\0.3\\

Spine level

SR SRR ARV RN IS

Figure 7. High correlation analysis between the
height of intervertebral foramen and the left and
right sides and the middle of intervertebral space.
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the transverse section of the spinal nerve root was
oval in shape, the transverse section of the thoracic
spinal nerve was smaller, and the intervertebral fora-
men went outward and backward, and the lumbar
section was smaller. The spinal nerve cross-section
is large and goes obliquely outward and downward
after exiting the intervertebral foramen. The wide
thoracic segment of the spinal ganglion, T-T,,, has
a gradually increasing trend; the lumbar segment,
L,-S,, has an essentially unchanged trend of L.,
L, maximal, L./S, minimal. The trend of the sagittal
diameter of spinal ganglion was not obvious in the
thoracic segment from T, to T,,,
segment from L, to S, I4/5 maximal, L,/S, minimal.
The height of the intervertebral gap was larger in the
middle and smaller in the left and right sides of the
L/S, and L, segments compared to the right and
left sides of the L /S, and L, segments. Because the
intervertebral space morphology dictates that artifi-
cial intervertebral space designs cannot be designed
to be directly rectangular [11], this study also found
that the intervertebral gap height median height in
the L /S, and L, segments compared to the right and
left sides of the spine. Large in the middle and small
on the left and right side need to be designed to
have a large middle height of the vertebral space and
a small height of the vertebral space on both sides,
which can improve the biomechanics of the spine.
There are now five types of surgical access for the
treatment of TDH, including anterior access, lateral
access, pedicle access, intervertebral access, thoraco-

but in the lumbar

scopic access. According to the literature, anterior sur-
gical access is more difficult to learn and has a higher
incidence of complications [9]. When encountering
large disc size, disc calcification and central TDH, the
intervertebral approach is not applicable, and there is
a lack of treatment in the current literature. Evidence
for the safety of surgical access for TDH is attributed
to, among other reasons, the low incidence of TDH.
Currently, percutaneous endoscopic lumbar discec-
tomy has become the most promising treatment of
lumbar intervertebral disc protrusion and minimal-
ly invasive spinal surgery. Percutaneous endoscopic
lumbar discectomy is widely used in clinical practice
with its advantages of less trauma, quicker recovery,
shorter operation time, less pain, and improved lumbar
spinal cord function [5]. Hoyland et al. [7] found that
neural tissue accounted for less than 35% of the total
intervertebral foramen. Other studies found the largest
at L/S, and the smallest at L, On the contrary, the
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L,/S, intervertebral foramen was the smallest. In the
study of Ruhli et al. [10], osseous intervertebral fora-
men at the L, level was found to be the largest. The
value of the intervertebral foramen sagittal diameter
is less than the L, level. The size of the working trocar
used for minimally invasive interbody surgery is chosen
to be less than the height of the intervertebral space
measured in this paper, and the outer diameter of
the annular saw is often chosen to be 7.5 mm [14],
without articular projection enlargement, in interver-
tebral foraminoscopy. The operative space is small,
and the lower intervertebral foramen is relatively safe
compared to the upper, due to the small number of
vital structures. The YESS technique requires Kambin
triangle entry, this paper found that the spinal ganglion
sagittal diameter is positively correlated with the min-
imum sagittal diameter of the intervertebral foramen,
and careful attention should be paid during surgery.
Identify the structures surrounding the intervertebral
foramen to avoid damage to the surrounding spinal
nerves. The TEYESS requires clipping of the supra-ar-
ticular foramina to enlarge the intervertebral foramen
without entering the intervertebral space through
Kambin's triangle. The trocar is more easily accessed
by the enlarged intervertebral foramen.

In addition, T,, to L/S, intervertebral foramen
height observes that the thoracic intervertebral fo-
ramen height changes in T, to T,, with a trend of
decreasing first. The trend of change from T, to
L/S, in the thoracic and lumbar segments is that
the first one gradually increases, the second one
increases after T, and the third one is the smallest
inT,,,,- Decreasing to T,, minimum, then increasing
to T, greater, then decreasing, Toro smaller, then in-
creasing, reaching larger at L, ,. Lumbar intervertebral
foramen height is greater at L, , L,., smallestatL,,,
smaller at L/S,; lumbar L -S, the minimum sagittal
diameter of the intervertebral foramen tends to in-
crease and then decrease, being smallest at L, and
largest at L, .. Vialle et al. [12] measured the lumbar
segments of eight male adult specimens. The mean
value of the maximum longitudinal diameter of the
spinal ganglion was 13.25 mm and the mean value of
the minimum sagittal diameter of the spinal ganglion
was 7.05 mm, which is similar to that of this paper.
The findings were consistent. The intervertebral fo-
ramen height in the same segment was greater than
the minimum sagittal diameter of the intervertebral
foramen. The minimum sagittal diameter of interver-
tebral foramen in different segments is not statistical-
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ly significant, and the influence of different vertebral
sequence changes can be ignored when designing.
Knowing the change of intervertebral foramen in
different segments of the thoracolumbar spine and
choosing the correct intervertebral perforator trocar
will help to improve the success rate of surgery and
reduce the number of cases.

CONCLUSIONS

The minimum height of intervertebral foramen in
the thoracolumbar segmentwas T, ,, and L, , was the
minimum height in the lumbar segment. When plac-
ing a spinal endoscopic working channel safely into
intervertebral foramen, it is necessary to perform an
enlarging foraminoplasty to reduce the risk of injury
to the exiting nerve root.
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Background: Injury to the menisco-fibular ligament (MFiL) is not commonly rec-
ognised. The anatomy of the lateral meniscus is complex and structure-function
relationships are only partly understood. The purpose of the present study was
to evaluate the MFiL, an anatomic structure rarely discussed that stabilises the
lateral meniscus at the level of the hiatus popliteus and may have a crucial role
in pathology of lateral meniscus injury.

Materials and methods: The MFilL was dissected from its attachment at the lateral
meniscus to its insertion on fibular head in 12 human normal cadaver knees. The
dimensions were determined and its anatomic position visualised throughout
a 90° range of motion. Findings were documented on digital photographs and
on video. Results were compared against the magnetic resonance imaging (MRI)
appearance of the injured MFiL in 20 patients. Concomitant knee injuries in those
patients were also analysed to determine the most frequent pattern of injuries.
Results: The normal MFIL showed an inverted trapezoid-shape with a mean
width proximally of 13 mm, mean width distally of 8.5 mm and a mean length of
18.4 mm. MRl visualisation of the ligament was possible even in reqular sequenc-
es, however, additional radial plane sequences were also used. Arthroscopic
visualisation and manipulation was optimal when the camera was inserted into
the postero-lateral gutter with full knee extension.

Conclusions: The MFiL stabilises the postero-lateral knee in concert with the
menisco-femoral ligaments. Injury to the MFIL can be a cause of chronic pos-
tero-lateral pain syndrome with associated instability. Further anatomical and
biomechanical studies are needed in order to fully evaluate its importance. (Folia
Morphol 2021; 80, 3: 683-690)

Key words: menisco-fibular ligament, lateral meniscus, anatomy, knee,
arthroscopy, postero-lateral corner
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INTRODUCTION

A thorough understanding of anatomic struc-
ture-function relationships is necessary for optimal
surgical repair following injury. The purpose of the
present study was to evaluate the menisco-fibular
ligament (MFiL) — a stabilising structure that main-
tains the lateral meniscus at the level of hiatus pop-
liteus. This ligament is a relatively unknown ligament
and there are only a few studies describing it. On the
other hand injuries to lateral meniscus at the level of
hiatus popliteus are common, but also hard to han-
dle. Results of suturing lateral meniscus in that area
are not always favourable. And failing to save lateral
meniscus inevitably leads to early osteoarthrosis [6].

Comparative anatomy in mammals offers insight
into structure-function relationships in the human
knee. The fruit bat (Pteropus), for example, which
has only flexion and extension capability with no
rotational movement of the knee joint, has no me-
nisci. On the other hand, lower monkeys (ex. Rhesus,
Capuchin), have greater rotational movement in the
knee than man, and has a medial meniscus that is
similar to man. However, the lateral meniscus is not
attached to tibia, but continues obliquely, posterior
to posterior cruciate ligament and finds its insertion
on femur (similarly to posterior menisco-femoral lig-
ament, Wrisberg's ligament in humans) [10]. There-
fore, logically the human lateral meniscus (Fig. 1)
anatomy and biomechanics are somewhere between
the fruit bat and the monkey and is characterised
by both medial and lateral menisci and rather rigid
fixation with its posterior root attachment to tibia.

Development of menisco-fibular ligament

In lower vertebrates, as well as during human
embryonic development, both the tibia and fibula
(with attached popliteus tendon) articulate with the
femur. However, at 7-8 weeks gestation, the fibula
moves distally and the popliteus tendon forms a new
attachment to the femur, concomitantly retaining its
original insertion to fibula, which later is called the
popliteo-fibular ligament. As a result, humans have an
intra-articular popliteus tendon and a hiatus popliteus
[3, 5]. At 11 weeks of embryonic development, a di-
rect connection between fibula and lateral meniscus
is formed: the MFiL (Fig. 2) [1]. The MFiL is a thick
fibrous band connecting inferior edge of posterior
part of lateral meniscus with the head of fibula, and
to a limited extent, provides reinforcement of the
coronary ligament (menisco-tibial ligament). Accord-
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Figure 1. Cadaveric dissection of human right knee; MM — medial
meniscus; LM — lateral meniscus; ACL — anterior cruciate liga-
ment; PCL — posterior cruciate ligament; PT — patellar tendon;

1 — posterior menisco-femoral ligament (Wrisberg ligament);

2 — anterior menisco-femoral ligament (Humphrey ligament);

3 — popliteus tendon; 4 — lateral collateral ligament.

Figure 2. Cadaveric dissection of human right knee; posterior view;
LM — lateral meniscus; PCL — posterior cruciate ligament; LTC —
lateral tibial condyle; 1 — posterior menisco-femoral ligament;

2 — anterior menisco-femoral ligament; 3 — superior joint capsule
of proximal tibio-fibular joint (marked with blue arrow). Menisco-
-fibular ligament is marked with yellow arrows.

ing to Bozkurt et al. [1] the mean thickness of MFiL is
3.84 mm (including the capsule to which it adheres).

The coronary ligament attaches just below artic-
ular margin of proximal lateral tibial condyle, while
the distal attachment of MFiL is on fibular head [8].
This relatively large ligament is believed to stabilise
the lateral meniscus and thus have a significant im-
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pact on the biomechanics of the lateral meniscus
and play a role in lateral meniscal tears. The pres-
ence of the MFiL may biomechanically explain lateral
meniscus longitudinal tears at the level of hiatus
popliteus. While the knee moves from flexion to ex-
tension and the lateral meniscus moves anteriorly
following the femoral condyles and being pulled by
menisco-femoral ligaments, the MFiL, together with
menisco-popliteal fascicles acts to limit that move-
ment (Fig. 3). If that balance gets interrupted by an
external force for example, meniscal injury can occur.

In this study we are investigating anatomy and
pathology of this unknown MFiL from three different
perspectives: anatomical dissection, magnetic reso-
nance imaging (MRI) and arthroscopic appearance.

MATERIALS AND METHODS

Twelve cadaver knees, 9 right and 3 left, were
dissected. Ten of the knees were in males and two
in females. The mean age was 67 years with a range
of 52 to 74 years. Knees with severe osteoarthritic
changes (grade IV according to Outerbridge clas-
sification of osteochondral injuries) were excluded
from the study. Classical anatomical dissection was
conducted with careful layer by layer removal of tissue
within the postero-lateral corner until the MFiL was
clearly identified in all specimens. The length and
the width of the ligament was measured and the
anatomical findings were documented with digital
photographs and video recordings.

The present study also included retrospective
evaluation of the MRI of an injured MFiL in 20 pa-
tients. These patients included 13 males and 7 fe-
males, with a mean age of 37 years and a range of
18 to 53 years. These MRl included 12 left and 8 right
knees. All MRI were performed in 1.5 T Signa HDxt
1.5T, GE Medical Systems, in 8chHD Knee Array Coil.
The following sequences were performed: sagittal PD
FSE, sagittal PD FSE Fat Sat (slice thickness 2.0 mm);
coronal PD FSE (slice thickness 3.0 mm) and axial STIR
(slice thickness 3.5 mm).

RESULTS

Anatomic dissection

The MFiL in 12 cadaveric knees was an inverted trap-
ezoid-shaped structure, with a mean width proximally
of 13 mm (range: 9-17 mm), a mean width distally
of 8.5 mm (range: 4.3-12 mm) and a mean length of
18.4 mm (range: 14-26 mm) (Fig. 4). The proximal at-
tachment of the MFiL began at the inferior edge of pos-

Figure 3. Cadaveric dissection of human right knee; posterior view;
LM — lateral meniscus; LFC — lateral femoral condyle; PCL —
posterior cruciate ligament; F — fibula; 1 — posterior menisco-
-femoral ligament (Wrisberg ligament); 2— menisco-fibular liga-
ment. Notice the way in which menisco-femoral ligament works
against menisco-fibular ligament — marked with blue arrows.

UL -

Figure 4. Schematic drawing of measurements taken of menisco-
-fibular ligament; 1 — proximal width; 2 — distal width;
3 — length; LM — lateral meniscus.

terior part of lateral meniscus. At the level of the articular
surface of lateral tibial condyle: the medial, vertical edge
of ligament began at about the level where popliteus
tendon crosses the lateral meniscus, however its lateral
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Figure 5. Cadaveric dissection of human right knee; posterior view;
LTC — lateral tibial condyle; LM — lateral meniscus, being elevat-
ed from tibial plateau; F — fibula; 1 — menisco-fibular ligament,
notice its distal, fibular attachment (marked with yellow arrow);

2 — menisco-tibial (coronary) ligament, notice its distal (tibial)
attachment (marked with red arrow). Menisco-fibular ligament on
its lateral margin becomes menisco-tibial ligament, and only way
to distinguish those two, is by observing its distal attachment.

edge could be distinguished from the coronary liga-
ment only by observing its distal attachment (coronary
ligament attached to tibia, while MFiL to fibula) (Fig. 5).
Stated differently, the ligaments are confluent proximally
and are separate and distinct structures distally.

The distal attachment of the MFiL on fibular head
is deeper than the distal attachment of fibular col-
lateral ligament. The MFiL attaches just behind the
cartilage margin of articular surface of fibular head
at the proximal tibio-fibular joint.

In 4 of the 12 knees the MFiL was positioned
superficial to the coronary ligament. While flexing
the knee, the posterior margin of MFiL is positioned
more horizontal, while extension of the knee results
in more vertical and tense positioning of the ligament.

Magnetic resonance (MR) evaluation

We retrospectively evaluated 20 patients with
injury to MFiL. We also analysed other concomitant
knee injuries in those patients.

The 12 patients with MFiL injury showed a vari-
ety of different injury patterns: oedema, partial and
complete tears. There was only 1 of the 20 patients
with isolated MFiL injury. All remaining patients had
complex, multiligament injuries (Table 1). The most
common knee injury associated with MFiL injury was
a complete anterior cruciate ligament tear.

The ligament may be best visualised in sagittal PD FSE
sequence, especially if there is contrast or haemarthrosis
(Fig. 6). In acute cases, local oedema may be the only
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indicator of MFiL injury. Radial plane images (often used
in hip, but also knee MRs [11]) (Fig. 7A, B) can facilitate
visualisation of MFiL injury. Proton density weighted
radial sequences are planned on the axial image of the
knee. The centre of the radial plane is set at the middle
of the joint on the tibial eminence. Three-dimensional
volumetric reconstruction in the plane of the ligament
may also give excellent visualisation.

Arthroscopic evaluation

Findings of the present study were used to develop
a protocol for arthroscopic visualisation and treatment
of the MFiL. The knee is positioned in full extension and
the camera is placed in the postero-lateral gutter of the
knee joint, anteriorly to intraarticular part of popliteus
tendon, through superior-lateral portal. The “working
portal” is standard antero-lateral portal (Fig. 8A-C). In
this position the MFiL may be easily evaluated and treat-
ed (Fig. 9A, B). The MFiL maybe also visible from anterior,
beneath the lateral meniscus (Fig. 10). Suturing of the
ligament is best performed with a small pig-tail device.

DISCUSSION

The anatomy of the lateral meniscus is complex
and structure-function relationships are only part-
ly understood. Injury to the MFiL is not commonly
recognised. The purpose of the present study was
to evaluate the MFiL, an anatomic structure rarely
discussed that stabilises the lateral meniscus at the
level of the hiatus popliteus and may have a crucial
role in pathology of lateral meniscus injury.

According to Seebacher et al. [12] and Davies
et al. [4], the lateral compartment of the knee joint
consists of three layers:

— | — superficial layer is formed by iliotibial band
and biceps femoris tendon;

Il — middle layer consists of fibres to lateral pa-
tellar retinaculum (patello-femoral ligament and
patello-meniscal ligament);

Il — deep layer, being the most complex one,
which may be further divided into superficial (with
lateral collateral ligament and fabello-fibular lig-
ament) and deep (with coronary ligament and
arcuate ligament) lamina.

Although not described in above mentioned stud-
ies: the MFiL would be a part of the deep lamina of
the third layer of the lateral compartment.

Obaid et al. [9] evaluated the MFiL in 160 MRI
studies of 152 patients. He described the MFiL as
a curvilinear or straight hypointense structure, an-
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LM / .\ ‘\

\

fibula

Figure 6. Magnetic resonance imaging scan in sagittal plane:
intact menisco-fibular ligament (marked with yellow arrow);
LM — lateral meniscus.

Figure 7. Magnetic resonance imaging scan in special radial
plane; A. Intact menisco-fibular ligament (marked with red arrow);
1 — lateral meniscus; 2— popliteus tendon; LTC — lateral tibial
condyle; BF — biceps femoris tendon; Fib. — Fibula; B. Magnetic
resonance imaging axial image showing the way in which radial
plane was planned, perpendicular to the plane of menisco-fibular
ligament (also marked with red arrow).
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Figure 8. A. Arthroscopic visualisation of menisco-fibular ligament.
The knee is in full extension. Camera is placed in the postero-lateral
gutter of the knee joint, anteriorly to intraarticular part of popliteus
tendon, through superior-lateral portal; Panels B and C demonstra-
tion of camera’s positioning on cadaver specimen; LFC — lateral
femoral ligament; 1 — popliteus tendon; 2 — menisco-popliteral
superior fascicles.

terior and lateral to popliteus tendon, running from
inferior margin of lateral meniscus to the apex of
fibular head. The visualisation of the ligament was
determined by the presence or absence of joint fluid.
In his study the presence of the MFiL was confirmed
in approximately half of the cases. Lee et al. [7] per-
formed MR arthrography with 70 degrees of knee
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Figure 9. Arthroscopic view of postero-lateral gutter. The knee is in full extension. Camera is placed in the postero-lateral gutter of the knee
joint, anteriorly to intraarticular part of popliteus tendon, through superior-lateral portal — see details on Figure 8. A. (¥) — intact menisco-
-fibular ligament of the right knee; B. (*) — complete rupture of menisco-fibular ligament of the left knee; LM — lateral meniscus;

PT — popliteus tendon; LTC — lateral tibial condyle.

Figure 10. Arthroscopic appearance of torn menisco-fibular lig-
ament (marked with red arrows) in the left knee joint. Camera is
placed through standard antero-lateral portal, arthroscopic hook
through standard antero-medial portal. Arthroscopic hook is elevat-
ing lateral meniscus (LM); LTC — lateral tibial condyle;

1 — menisco-fibular ligament.

flexion in 19 patients. Adding intraarticular contrast
and knee flexion increased detectability of the MFiL
up to almost 90% of cases. Aforementioned study by
Ciszkowska et al. [2] correlated MRl images with gross
anatomic dissection of MFiL in 25 cadaver knees. The
presence of the MFiL was confirmed in both MRI and
gross anatomic dissections of knees. With MRI, the
linear, hypointense line of thin ligament extending
between the posterior third of the lateral meniscus
and the apex of the fibula was best defined on sag-
ittal images. The ligament could be also visualised
on axial and coronal images. The mean thickness of
the ligament in the midsubstance was 1.37 mm (min
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0.71 mm; max 2.15 mm). The length and width were
difficult to define in MRI because of the small size and
spatial shape of the ligament. The gross anatomic
dissections confirmed the trapezoid shape of flat lig-
ament. The mean length of the ligament was 19 mm,
proximal width 12 mm, distal width 7.5 mm. There
are different ways to visualise the MFiL in MR exami-
nation. MRI radial planes were described by Quinn et
al. [11]. These planes, when evaluated in correlation
with regular planes (especially sagittal) may further
improve accurate interpretation of the MFiL integrity.

To the best of our knowledge, there are no oth-
er studies describing arthroscopic visualisation and
treatment of the MFiL. The protocol proposed herein
is minimally invasive and does not require an exces-
sive surgical approach. Based upon the frequency of
injury and association with anterior cruciate ligament
injuries, it is advisable to routinely evaluate the MFiL,
especially in cases of lateral meniscus injury or chronic
pain in the postero-lateral knee corner.

CONCLUSIONS

The MFiL is a rarely discussed anatomic structure
that is important for stabilisation of the lateral me-
niscus. Further anatomical and biomechanical studies
are needed to fully evaluate its clinical importance.
In cases of chronic postero-lateral pain syndrome
it may be helpful to evaluate postero-lateral corner
structures, as well as the MFiL as a possible cause of
pain and instability. The reconstruction of this liga-
ment during lateral meniscus allograft implantation
may also be considered.
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Background: The anterior belly of the digastric muscle (ABDM) presents highly
variable and frequent anatomical variations. Since the ABDM functions as a land-
mark for clinical procedures involving the submental region, it is important to
have a comprehensive understanding of its variations. In this study, we sought to
improve our knowledge of ABDM variations in the ethnically diverse whole-body
donor population in Northern California. Specific aims were: (1) to determine the
frequency of ABDM and anterior belly (AB) accessory muscle variations in cadavers
donated to the UC Davis Body Donation Programme, (2) to classify these varia-
tions identified in this population using the previously proposed nomenclatures
by Yamada (1935) and Zlabek (1933), and (3) to investigate the innervation and
arterial supply to the representative ABDM and AB accessory muscle variations.
Materials and methods: During the 2018 and 2019 gross anatomy dissection
laboratories at the UC Davis School of Medicine, the submental regions of
48 cadavers were examined and classified.

Results: Fifteen (31.2%) cadavers presented ABDM and AB accessory muscle
variations. These variations were clearly categorised using the morphology of the
ABDM s and attachments of the AB accessory muscles. We also identified three
previously unreported types of variations, two of which presented the fusion
of right and left ABDMs and one presenting an ectopic tubercle beneath the
mandibular symphysis to which a pair of AB accessory muscles were attached.
Conclusions: Anterior belly of the digastric muscle variations were found in
1 in 3 individuals in the local Northern California population. Knowledge of the
prevalence and common patterns of ABDM variations in the general population
would be valuable information when an operation or examination is performed
in the submental region. (Folia Morphol 2021; 80, 3: 691-698)

Key words: anatomical variation, submental region, suprahyoid muscle,
cadaver, gross anatomy laboratory

INTRODUCTION shares with the posterior belly of the digastric muscle.

The anterior belly of the digastric muscle (ABDM) Variations in this arrangement were reported as early
typically originates from the digastric fossa of the man- as in the 18" century [25], in the 19* century (e.g.
dible and inserts onto the body and greater horn of [11]), and a broad range of variations were classified by

the hyoid bone and the intermediate tendon that it Zlabek [28] and Yamada [25]. The frequency of ABDM
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Figure 1. Summary of 1 standard and 8 variations of anterior belly of the digastric muscle (ABDM) observed in the 2018 gross anatomy labora-
tory. The age of each cadaver and brief description of the observed variations are summarised; A. 76-year-old male presenting a standard pat-
tern of the ABDM and the mylohyoid muscle; B. 62-year-old male with fused sheet-like ABDMs. Atavistic type; C. 55-year-old male with a pair
of anterior belly (AB) accessory muscles. Bilateral origin (anterior) type; D. 60-year-old male with three AB accessory muscles (1-3). All three
accessory muscles insert into the fibrous tendinous arch. Bilateral origin (anterior) type; E. 63-year-old male with an AB accessory muscle on
the right side. Unilateral origin (anterior) type; F. 85-year-old male with two AB accessory muscles on the right side. Unilateral origin (anterior)
type; G. 90-year-old female with an AB accessory muscle on the right side. Unilateral insertion (posterior) type; H. 70-year-old male with an AB
accessory muscle on the left side. Unilateral insertion (posterior) type; I. 57-year-old female with an AB accessory muscle traversing across the
midline. The insertion side of the accessory muscle is bifurcated. Mixed type with variation of bifurcation; ab — anterior belly of the digastric
muscle; hb — hyoid bone; asterisk — accessory anterior belly muscles; arrows — fibrous tendinous arch. The scale bar corresponds to 1 cm.

anatomical variations in dissected cadavers reported
in the literature differs significantly, ranging from 5%
to 70% [8, 13, 17, 25, 28]. These differences could be
attributed to the small sample size in some studies as
well as characteristics stemming from the common
ancestry of the sample population. Types of structural
variations reported for the ABDM and its accessory
muscles also demonstrate significant diversity, includ-
ing non-standard morphology of the ABDM itself, the
location and number of anterior belly (AB) accessory
muscles, and relationships of AB accessory muscles with
the mylohyoid muscle [3, 8, 25, 28]. These complexities
present a challenge in categorising ABDM variations.
In the current study we examined 48 cadavers for
the incidence and types of variations in the ABDM and
AB accessory muscles. These variations were classified
according to the schema proposed by Yamada (1935)
[25] and Zlabek (1933) [28]. During the course of this
investigation three previously undescribed variations
were found, and the blood supply and innervation
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of the representative variants were investigated. Our
study confirms that variations in the ABDM are com-
mon, and that many novel variations may remain
to be described. These variations may be of interest
to developmental biologists studying the origins of
the suprahyoid muscles as well as to clinicians who
perform examination and surgeries in the submental
and digastric triangles of the neck.

MATERIALS AND METHODS

Forty-eight cadavers (male 23, female 25, average
age 75) dissected by first year medical students in the
gross anatomy laboratory over a 2-year period (2018
and 2019) at the UC Davis School of Medicine were
included in this study. Bodies were originally donated
to the UC Davis Body Donation Programme. During the
dissection of the submental region in the laboratory,
an atypical arrangement of the ABDM, being accom-
panied with bilateral accessory muscle bundles, was
identified in 1 cadaver (Fig. 1C). This finding prompted
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Figure 2. Summary of 1 standard and 8 variations of anterior belly of the digastric muscle (ABDM) observed in the 2019 gross anatomy labo-
ratory. The age of each cadaver and brief description of the observed variations are summarised; A. 95-year-old female presenting a standard
pattern of the ABDM and the mylohyoid muscle; B. 70-year-old female with fused sheet-like ABDMs. Atavistic type; C. 87-year-old female
with a pair of thin anterior belly (AB) accessory muscle strips. Bilateral origin (anterior) type; D. 88-year-old female with an AB accessory
muscle on the left side. Unilateral insertion (posterior) type; E. 66-year-old female with an AB accessory muscle on the right side. Unilateral
insertion (posterior) type; F. 94-year-old female with 4 sprigs of AB accessory muscles on the left side. Unilateral insertion (posterior) type;
G. 83-year-old male with 3 AB accessory muscles, origin and insertion types on the right and insertion type on the left. Complex type;

H. 81-year-old male with bilateral AB accessory muscles. Complex type. Arrow head indicates the ectopic tubercle and arrow indicates the
fibrous bundle (origin type variation) connecting the tubercle and the two-insertion type AB accessory muscles; I. A magnified view of the
tubercle and fibrous bundle shown in panel H; ab — anterior belly of the digastric muscle; hb — hyoid bone; asterisk — accessory anterior
belly muscles; arrows — fibrous tendinous arch. The scale bar corresponds to 1 cm.

examinations of anatomical variations in the submen-
tal region, leading to identifying 15 cadavers with
non-standard muscle arrangements in the submental
region involving the ABDM and the mylohyoid muscle
(Figs. 1, 2). Two cadavers (Fig. 1B, C) were also exam-
ined further for the innervation and blood supply to
the ABDM and its accessory muscle (Fig. 3).

RESULTS

Structural variations of the submental region
muscles

We have identified anatomical variations com-
prising atypical arrangements of the ABDM with or
without the involvement of the mylohyoid muscle.
From 48 cadavers, 15 exhibited submental muscle
variations (8 out of 24 cadavers in the year of 2018
and 7 out of 24 cadavers in the year of 2019). Of these
15 cadavers, 8 were male and 7 were female. The av-
erage frequency of the bodies with ABDM variations
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in the 2 years was 31.2%, and year-to-year frequency
was comparable (2018, 33.3% and 2019, 29.2%).
In the current study, in an attempt to provide con-
sistency for organizing ABDM variations, we applied
the classifications proposed by Yamada (1935) [25]
and Zlabek (1933) [28]. Their classification system of
non-standard ABDM comprises six types, primarily
based on the position(s) of the AB accessory muscles.
They are: 1) atavistic type, 2) origin (anterior) type,
3) insertion (posterior) type, 4) mixed type, 5) complex
(composite) type, and 6) deletion type. In our study,
the deletion type, which is characterised by the lack
of the ABDM, was not observed. Below, the 5 types
of AB variations identified in 15 cadavers in our gross
anatomy laboratory sessions are described.

Atavistic type
The atavistic type ABDM is characterised by its
broad attachment at the origin site (mandibular side)
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as well as the insertion site (hyoid side). The medial
borders of the right and left AB muscles touch at the
midline to cover the surface of the mylohyoid [25, 28].
The term “atavistic” was proposed because this type
of ABDM arrangement has been reported as a stand-

ard form in certain non-human primates [4, 22, 25].
In the current study, 2 cadavers exhibited symmetric
atavistic type variations (Figs. 1B, 2B). Both of them
presented a sheet of ABDM, formed by fusion of the
right and left anterior bellies. The ABDM sheet and
the mylohyoid muscle below were physically separate.

In the atavistic variation shown in Figure 1B, the
muscle width at the origin and insertion sites were
equally broad and each ABDM presented as a rectan-
gular muscle. Over the mylohyoid raphe the two lower
angles of the right and left ABDM rectangular sheets
merged, creating a small reverse triangular window
below the mandibular symphysis (Fig. 1B). The ABDM
attachment on the mandible extended laterally from
the digastric fossa and the muscle attachment on the
hyoid side extended from the midline on the fibrous
tendinous arch towards the intermediate tendon of the
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Figure 3. Arterial blood supply and innervation to
the anterior belly of the digastric muscle (ABDM)
and anterior belly (AB) accessory muscle of the
atavistic and origin variations. The submental
regions of the atavistic type variation (Fig. 1B)
and origin type variation (Fig. 1C) were further
dissected to follow the paths of the submental ar-
tery and the nerve to mylohyoid. The ABDM and
AB accessory muscle were detached from the
mandible and reflected to show the arterial sup-
ply and innervation; A, A'. The dissection of the
left side of the submental region of the cadaver
shown in Figure 1B; B, B'. The dissection of the
right side of the submental region of the cadaver
shown in Figure 1C. In panels A and B, black
arrow indicates the submental artery and arrow-
head indicates the nerve to mylohyoid. In panels
A’ and B’ the paths of the submental artery and
the nerve to mylohyoid are indicated in red and
yellow, respectively. The asterisk indicates the
location where a branch of the submental artery
penetrates the mylohyoid muscle to enter the
oral cavity. The white broken line indicates the
border of the ABDM and AB accessory muscle;
ab — the anterior belly of the digastric muscle;
am — the anterior belly accessory muscle;

m — mylohyoid; mb — mandible. The scale

bar corresponds to 1 cm.

digastric muscle. The right and left tendinous arches
angled upward and fused at the midline (Fig. 1B).
This type of fibrous tendinous arch was initially de-
scribed by Reid (1886) [16] as “aponeurotic-like ten-
don” and described also in more recent reports [18,
24]. In the atavistic variation shown in Figure 2B, the
medial borders of the right and left ABDMs met at
the mandibular symphysis. This positional shift of the
attachments resulted in a fully fused ABDM sheet at the
midline, forming a symmetric trapezoid muscle sheet
overlaying the mylohyoid muscle. In these two atavistic
variations (Figs. 1B, 2B), there was no recognizable ac-
cessory muscle and the ABDM itself appeared to have
broadened to develop a muscle sheet. To the best of
our knowledge, these atavistic type variations, in which
right and left ABDMs are fused to form a symmetric
muscle sheet, have not been reported in the literature.

Origin (anterior) type

The origin type is characterised by an AB accessory
muscle conjoined to an ABDM at the origin (anteri-
or) side that inserts into the fibrous tendinous arch



H. Anderson, R.P. Tucker, Anatomical variations of digastric muscle

attached to the hyoid bone [25, 28]. This variation
may be presented bilaterally or unilaterally. The or-
igin type is further subdivided into the continuous
origin type, in which the AB accessory muscle overlaps
with the ABDM with no space in-between, and the
muscle-bundle origin type, in which the AB accessory
muscle is visibly separated from the ABDM [25]. In
the current study, we observed 5 muscle-bundle ori-
gin type variations; 3 were bilateral (Figs. 1C, D, 2C)
and 2 were unilateral (Fig. 1E, F). In the bilateral origin
type variations, 2 cadavers presented 2 AB accesso-
ry muscles (Figs. 1C, 2C) and 1 cadaver presented
3 accessory muscles (Fig. 1D). In the variation shown
in Figure 1C, a robust pair of AB accessory muscles
traversed from the mandible to the fibrous tendinous
arch. This specific variation likely resembles the vari-
ation type previously described as “mento-hyoid” or
“m. mentohyoideus” [11, 22] and in a more recent
report, as bilateral AB accessory muscles inserting on
the fibrous band [24]. The AB accessory muscles ob-
served in the rest of origin type variations were much
smaller and thinner. In the bilateral origin type vari-
ation shown in Figure 1D, all three accessory muscle
strips originated from the medial border of the ABDMs
and inserted into the fibrous tendinous arch. In the
third bilateral origin type variation (Fig. 2C), the left
accessory muscle strip originated from the mandible
and inserted into the tendinous arch near the midline,
while the right accessory strip originated from the
anterior medial border of the ABDM and merged into
the mylohyoid muscle. In the two unilateral origin type
variations (Fig. 1E, F), accessory muscle strips were
found on the right. In the variation shown in Figure 1E,
the accessory muscle strip originated from the man-
dible medial to the digastric fossa and merged with
the mylohyoid muscle near the hyoid bone. In the
variation shown in Figure 1F, one accessory muscle
strip originated from the medial border of the ABDM
and the other originated from the mandible medial
to the ABDM. Both AB accessory muscles inserted on
the hyoid bone.

Insertion (posterior) type

The insertion type is characterised by the pres-
ence of an AB accessory muscle emerging from the
intermediate tendon of the digastric muscle medial
to the ABDM [25, 28]. The AB accessory muscle then
extends anteromedially to the inter-digastric area. In
the majority of cases, an insertion type AB accesso-
ry muscle merges with the mylohyoid muscle, most
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often at the mylohyoid raphe. When there is a space
physically separating the AB accessory from the ABDM,
the variation is classified as a muscle-bundle insertion
type. Alternatively, when the AB accessory muscle
overlaps with the ABDM and extends to the mandible,
itis classified as the continuous insertion type [25]. In
the current study, we observed 5 cadavers presenting
unilateral muscle-bundle insertion type variation (Figs.
1G, H, 2D-F). Asingle AB accessory muscle fanned out
from the intermediate tendon medially to merge into
the mylohyoid at the posterior half of the raphe (Figs.
1G, H, 2D) or at the anterior half of the raphe (Fig. 2E).
In one of the insertion type variations, four very del-
icate sprigs of AB accessory muscles emerged from
the intermediate tendon, all of which merged into the
mylohyoid muscle at the raphe (Fig. 2F).

Mixed type

The mixed type is characterised by an AB accessory
muscle traversing across the midline in the submental
region [25, 28]. In the current study, we identified
1 cadaver presenting this variation (Fig. 11). This AB
accessory muscle originated from the right side on
the mandible and divided into 2 muscle segments
on the hyoid side, with the lateral segment inserting
on the left digastric intermediate tendon and the
medial segment inserting into the mylohyoid muscle
at the raphe.

Complex (composite) type

The complex type is characterised by the coexist-
ence of multiple variations described above, the origin
(anterior), insertion (posterior), and mixed types, in
one individual [25, 28]. We identified 2 cadavers pre-
senting bilateral complex type variations (Fig. 2G, H).
The complex variation shown in Figure 2G contained
two insertion type AB accessory muscles and one
origin type AB accessory muscle. The two insertion
type AB accessory muscles were fan shaped, emerg-
ing from the right and left intermediate tendons
(muscles 1 and 2) and merged with the mylohyoid
muscle and with each other at the raphe. The origin
type AB accessory muscle (muscle 3) emerged from
the upper medial border of the ABDM and inserted
into the mylohyoid muscle at the superior border of
the AB accessory muscle 2 (Fig. 2G). The arrangement
of these three AB accessory muscles is similar to the
variation reported by Zdilla et al. (2018) [27]. The
second complex type variation, shown in Figure 2H,
consisted of insertion and origin type variations. How-
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ever, it was unique in the sense that there was an
ectopic bony tubercle directly beneath the mandib-
ular symphysis. The presence of this type of ectopic
tubercle has not been reported previously. Bundles of
tendinous fibres connected the superior angle of the
pair of insertion type accessory muscles to this ectopic
tubercle (Fig. 2H, 1). These fan-shaped AB accessory
muscles emerged from the right and left intermediate
tendons and merged at the midline with each other
and with the mylohyoid muscle at the raphe (Fig. 2H).

Arterial blood supply and innervation to the
ABDMs and AB accessory muscles

Arterial blood to the submental region is typically
supplied by the submental artery, a branch of the
facial artery [6]. Innervation to the anterior belly of
the digastric muscle and mylohyoid muscle is typically
provided by the nerve to the mylohyoid, a branch of
the mandibular division of the trigeminal nerve [12].
To examine whether the arterial blood supply pattern
may be altered by the presence of ABDM variations,
we dissected the submental region of the 8 cadavers
shown in Figure 1B-l and confirmed that the sub-
mental artery was the source of the blood supply in
all of these cadavers. Innervation to the submental
region was also examined in the atavistic type and
origin type variations (Fig. 1B, C, respectively). Figure 3
summarises the passages of the submental artery
and the nerve to mylohyoid in the submental regions
of these cadavers. In the atavistic type ABDM varia-
tion (Fig. 3A, A), the nerve to mylohyoid (indicated
by the arrowhead) travelled between the mylohyoid
muscle and the ABDM sheet to provide innervation
to the both muscles. The submental artery (indicated
by the arrow) travelled in parallel with the nerve to
mylohyoid and then penetrated the mylohyoid muscle
(indicated by the asterisk in Fig. 3A’), entering the oral
cavity to supply the sublingual gland. This pattern of
the submental artery supplying the sublingual gland
is relatively common [7] and it is not associated with
particular structural variations of the submental tri-
angle muscles. In the bilateral origin type variation
(Fig. 3B, B’), the nerve to mylohyoid also travelled in
parallel with the submental artery to pass between the
external surface of the mylohyoid muscle and the inner
surface of the ABDM, and then continued to innervate
the AB accessory muscle. Also, in this cadaver, a branch
of the submental artery penetrated the mylohyoid
muscle to enter the oral cavity to supply the sublingual
gland (indicated by the asterisk in Fig. 3B’).
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DISCUSSION

The digastric muscle is a suprahyoid muscle that
depresses the mandible to assist chewing and speech,
and also to stabilise the hyoid bone during swallow-
ing and speaking [2, 20]. Reflecting the digastric mus-
cle’s contribution to these vital human activities, it has
been reported that declined volume of the digastric
muscle is correlated with the severity of dysphagia
in stroke patients [21].

Developmentally, the digastric muscle is a hybrid
muscle consisting of two muscle bellies derived from
separate embryological origins; the anterior belly
originates from the first pharyngeal arch, whereas the
posterior belly originates from the second pharyngeal
arch. The mylohyoid muscle, located adjacent to the
anterior belly muscle, shares a common embryolog-
ical origin with the ABDM. Accordingly, innervation
and blood supply are typically shared between these
two muscles, i.e., both are innervated by the nerve to
the mylohyoid and supplied by the submental artery,
respectively [14, 19].

Schematic representations of the types of varia-
tions identified in this report, “atavistic, origin, inser-
tion, mixed, complex” are summarised in Figure 4.
In the origin type variations, two AB accessory mus-
cles had their distal end fused with the mylohyoid
muscle (Figs. 1E, 2C). All of the insertion type AB
accessory muscles found in the insertion type only
variations (Figs. 1G, H, 2D-F) and in the complex type
variations (Fig. 2G, H) consistently had their proximal
ends fused with the mylohyoid muscle at the raphe. In
the literature, fusion of AB accessory muscle and the
mylohyoid has also been repeatedly reported [8, 25,
28]. The frequent fusion of the AB accessory muscle
and the mylohyoid muscle may indicate that these
two muscles develop from a common embryonic
primordium during embryogenesis.

In this study, we observed three variations that
have not been previously reported in literature. Two
are the atavistic type variations (Figs. 1B, 2B) in which
right and left ABDMs are fused to form a symmetric
muscle sheet. No AB accessory muscles were observed
in these variations. The closest variation to these at-
avistic variations we could find in the literature was
a variation in which right and left AB accessory muscles
fused at the midline of the submental triangle. In this
case, the ABDMs and the accessory muscles were still
visibly discernible by distinct striations of the muscle
fibres [1]. Another is the complex type variation with
an ectopic tubercle elongated from the mandible at
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Atavistic

type

Complex
type

Figure 4. Schematic representations of the anterior belly of the
digastric muscle (ABDM) and anterior belly (AB) accessory mus-
cle variations identified in this report. Sketches highlighting the
arrangements of the ABDM and AB accessory muscle variations
are shown. Among the 15 variations we have identified, 2 were
atavistic type, 5 were origin type, 5 were insertion type, 1 was
mixed type and 2 were complex type. Letters in parenthesis shown
below the drawings correspond to the listings in Figures 1 and 2.
An arrowhead indicates an AB accessory muscle; FTA — fibrous
tendinous arch; FB — fibrous band; HB — hyoid bone; IT — inter-
mediate tendon; R-AB, L-AB — right or left anterior belly of the di-
gastric muscle; R-AM, L-AM — right or left AB accessory muscle;
MR — mylohyoid raphe; TB — tubercle; T — tendon.

the symphysis, to which a pair of insertion type AB ac-
cessory muscles are attached via a tendinous fibre (Fig.
2H). These three newly identified variations suggest the
fluidity of muscle development in the submental region.

Utilising three-dimensional reconstructions of
human embryos, it has been reported that the de-
veloping mylohyoid and ABDM initially establish an
anterior attachment with Meckel's cartilage at the
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late embryonic stages. While Meckel's cartilage is
being encased by the mandibular bone during the late
embryonic and early foetal stages, the attachment of
these muscles shifts from Meckel's cartilage to the
mandibular bone that is extending over the cartilage
[15]. Such transitions could lead to erroneous muscle
reattachment, possibly causing fragmentation of de-
veloping muscles as well as ectopic insertion, which
may result in the formation of AB accessory muscles
as well as their fusion with the mylohyoid muscle (as
described in numerous previous reports) and the AB
accessory muscle variations (in the current report).
Radlanski et al. (2001) [15] also described that during
the early stage of mylohyoid muscle development,
some of the muscle fibres gained the direction of
striation corresponding to that of developing digastric
muscle nearby. This observation may imply a possible
developmental process for the origin type AB acces-
sory muscles that are presented in Figure 1C in this
report and also the “mento-hyoid muscle” and “m.
mentohyoideus” described by Macalister (1875) [11]
and Stracker (1908) [22], respectively.

It has been proposed that the relative spatial rela-
tionship of an AB accessory muscle with the nerve to
mylohyoid, superficial or deep, indicates the origin of
muscular primordium from which the AB accessory
muscle developed [18]. These authors suggest that
the nerve to the mylohyoid penetrates into the middle
of the common muscular primordium of the mylohy-
oid and ABDM during embryogenesis. Consequently,
the ABDM develops superficial to, and the mylohyoid
muscle develops deep to, the nerve to the mylohyoid.
According to this classification system, the sheet-like
atavistic type ABDM variation (Fig. 1B) originated from
the primordium of the ABDM, not from the primordium
of the mylohyoid muscle, since it is positioned superfi-
cial to the nerve to the mylohyoid (Fig. 3A’). Similarly,
the origin type AB accessory muscle shown in Figure 1C
originated from the primordium of the ABDM, since
it is located superior to the nerve to the mylohyoid
(Fig. 3B’). Although it is often challenging to dissectintact
innervation to small AB accessory muscles, this classi-
fication system would be useful to ascertain their em-
bryological origin in relation to the mylohyoid muscle.

Clinically, structural variations of the ABDM have
implications in surgeries involving the muscles of the
submental region such as correction of facial paralysis
and an array of cosmetic surgeries for improving the
frontal neck contour [5, 9, 10, 23, 26]. The ABDM
variations, especially those with atavistic type varia-
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tion and robust AB accessory muscles, could cause
misidentification of the suprahyoid muscle groups
which affects diagnosis involving the submandibular
region [1, 26, 27]. Therefore, attracting attention to
the frequent occurrence and morphological complex-
ity of ABDM variations in the general population has
significant clinical importance.

CONCLUSIONS

In our current report, we examined 48 cadav-
ers and found that 15 cadavers presented ABDM
variations (31.2%) in the ethnically diverse donor
population in Northern California. Since the ABDM is
an important landmark for procedures involving the
submental region, the high prevalence of non-stand-
ard arrangements calls for close attention.

Acknowledgements

The authors are grateful to the staff of the UC
Davis Body Donation Programme for their support
and wish to express gratitude to the individuals who
donated the bodies for the advancement of medical
education and research. The authors declare that they
have no conflict of interest to report.

Conflict of interest: None declared

REFERENCES

1. Buffoli B, Lancini D, Ferrari M, et al. Symmetrical anatomical
variant of the anterior belly of the digastric muscle: clinical
implicat. Folia Morphol. 2016; 75(1): 112-116, doi: 10.5603/
FM.a2015.0077, indexed in Pubmed: 26365851.

2. Coquerelle M, Prados-Frutos J, Rojo R, et al. The fetal origin of
the human chin. Evol Biol. 2017; 44(3): 295-311, doi: 10.1007/
s11692-017-9408-9.

3. De-Ary-Pires B, Ary-Pires R, Pires-Neto MA. The human digas-
tric muscle: patterns and variations with clinical and surgical
correlations. Ann Anat. 2003; 185(5): 471-479, doi: 10.1016/
S0940-9602(03)80110-3, indexed in Pubmed: 14575275.

4. Diogo R, Wood B. Soft-tissue anatomy of the primates:
phylogenetic analyses based on the muscles of the head,
neck, pectoral region and upper limb, with notes on the
evolution of these muscles. J Anat. 2011; 219(3): 273-359,
doi: 10.1111/j.1469-7580.2011.01403.x, indexed in Pubmed:
21689100.

5. Edgerton MT. Surgical correction of facial paralysis: a plea for
better reconstructions. Ann Surg. 1967; 165(6): 985-998, doi:
10.1097/00000658-196706000-00014, indexed in Pubmed:
6026317.

6. Hamparian AM. Blood supply of the human fetal mandible.
Am J Anat. 1973; 136(1): 6775, doi: 10.1002/aja.1001360106,
indexed in Pubmed: 4682141.

7. KatsumiY, Tanaka R, Hayashi T, et al. Variation in arterial supply
to the floor of the mouth and assessment of relative hemor-
rhage risk in implant surgery. Clin Oral Implants Res. 2013;
24(4): 434-440, doi: 10.1111/j.1600-0501.2011.02348.x,
indexed in Pubmed: 22092873.

8. Kim SD, Loukas M. Anatomy and variations of digastric
muscle. Anat Cell Biol. 2019; 52(1): 1-11, doi: 10.5115/
acb.2019.52.1.1, indexed in Pubmed: 30984445,

9. Labbé D, Giot JP, Kaluzinski E. Submental area rejuvenation
by digastric corset: anatomical study and clinical application

698

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21

22.

23.

24.

25.

26.

27.

28.

in 20 cases. Aesthetic Plast Surg. 2013; 37(2): 222-231, doi:
10.1007/s00266-013-0083-7, indexed in Pubmed: 23435506.
Langsdon PR, Velargo PA, Rodwell DW, et al. Submental mus-
cular medialization and suspension. Aesthet Surg J. 2013;
33(7): 953-966, doi: 10.1177/1090820X13502220, indexed
in Pubmed: 23986490.

Macalister A. Additional observations on muscular anomalies in
human anatomy. (Third series) With a catalogue of the principal
muscular variations hitherto published. Trans Roy Irish Acad
Sci. 1875; 25: 1-134.

Moore KL, Dalley AF, Agur AMR. Clinically oriented anatomy.
8th ed. Wolters Kluwer, 2018: 1010-1011.

Ozgur Z, Govsa F, Celik S, et al. An unreported anatomical
finding: unusual insertions of the stylohyoid and digastric
muscles. Surg Radiol Anat. 2010; 32(5): 513-517, doi: 10.1007/
s00276-009-0553-4, indexed in Pubmed: 19763380.

Pinar YA, Govsa F, Bilge O. The anatomical features and sur-
gical usage of the submental artery. Surg Radiol Anat. 2005;
27(3): 201-205, doi: 10.1007/500276-005-0317-8, indexed in
Pubmed: 16003485.

Radlanski RJ, Renz H, Tabatabai A. Prenatal development of
the muscles in the floor of the mouth in human embryos
and fetuses from 6.9 to 76 mm CRL. Ann Anat. 2001; 183(6):
511-518, doi: 10.1016/S0940-9602(01)80057-1, indexed in
Pubmed: 11766522.

Reid RW. Anterior belly of the digastric muscle of both sides,
arising from the lower border of the horizontal ramus of the
inferior maxillary bone. J Anat Physiol. 1886; 21(Pt 1): 78,
indexed in Pubmed: 17231671.

Sargon MF, Onderoglu S, Surtcu HS, et al. Anatomic study of
complex anomalies of the digastric muscle and review of the
literature. Okajimas Folia Anat Jpn. 1999; 75(6): 305-313, doi:
10.2535/0faj1936.75.6_305, indexed in Pubmed: 10217948.
Sakamoto Y, Akita K. Supernumerary muscle bundles in the
submental triangle: their positional relationships according
to innervation. Surg Radiol Anat. 2004; 26(3): 245-253, doi:
10.1007/s00276-004-0227-1, indexed in Pubmed: 14872289.
Som PM, Laitman JT. Embryology, Variations, and Innervations
of the Human Neck Muscles. Neurographics. 2017; 7(3):
215-242, doi: 10.3174/ng.3170206.

Sowman PF, Flavel SC, McShane CL, et al. Asymmetric activation
of motor cortex controlling human anterior digastric muscles
during speech and target-directed jaw movements. J Neuro-
physiol. 2009; 102(1): 159-166, doi: 10.1152/jn.90894.2008,
indexed in Pubmed: 19420123.

. Sporns PB, Muhle P, Hanning U, et al. Atrophy of swallowing

muscles is associated with severity of dysphagia and age in
patients with acute stroke. J Am Med Dir Assoc. 2017; 18(7):
635.e1-635.e7, doi: 10.1016/j.jamda.2017.02.002, indexed
in Pubmed: 28363443.

Stracker O. Die Haufigkeit interponierter Muskelkérper zwis-
chen den vorderen Bauchen des M. digastricus Anat Anz.
1908; 33: 117-236.

Tan ST. Anterior belly of digastric muscle transfer: a useful
technique in head and neck surgery. Head Neck. 2002; 24(10):
947-954, doi: 10.1002/hed.10150, indexed in Pubmed:
12369074.

Uzun A, Aluclu A, Kavakli A. Bilateral accessory anterior bel-
lies of the digastric muscle and review of the literature. Auris
Nasus Larynx. 2001; 28(2): 181-183, doi: 10.1016/s0385-
8146(00)00100-0, indexed in Pubmed: 11240328.

Yamada S. Beobachtungen tiber den Venter anterior des Mus-
culus digastricus mandibulae bei japanishen Erwachsenen und
Foeten. Acta Anat Nippon. 1935; 8: 303-347.

Zdilla MJ, Pancake AR, Lambert HW. Morphometrics of the
anterior belly and intermediate tendon of the digastric
muscle: sexual dimorphism and implications for surgery.
J Craniofac Surg. 2016; 27(5): 1321-1326, doi: 10.1097/
SCS.0000000000002708, indexed in Pubmed: 27258716.
Zdilla MJ, Mangus KR, Swearingen JV, et al. The submental ar-
rowhead variation of the mylohyoid and anterior belly of the di-
gastric muscles. Surg Radiol Anat. 2018; 40(12): 1429-1436, doi:
10.1007/s00276-018-2110-5, indexed in Pubmed: 30306209.
Zlabek K. Contribution a la connaissance des anomalies du
ventre anterieur du digastrique de I'Homme. Arch Anat Histol
Embryol. 1933; 16: 357-406.


http://dx.doi.org/10.5603/FM.a2015.0077
http://dx.doi.org/10.5603/FM.a2015.0077
https://www.ncbi.nlm.nih.gov/pubmed/26365851
http://dx.doi.org/10.1007/s11692-017-9408-9
http://dx.doi.org/10.1007/s11692-017-9408-9
http://dx.doi.org/10.1016/S0940-9602(03)80110-3
http://dx.doi.org/10.1016/S0940-9602(03)80110-3
https://www.ncbi.nlm.nih.gov/pubmed/14575275
http://dx.doi.org/10.1111/j.1469-7580.2011.01403.x
https://www.ncbi.nlm.nih.gov/pubmed/21689100
http://dx.doi.org/10.1097/00000658-196706000-00014
https://www.ncbi.nlm.nih.gov/pubmed/6026317
http://dx.doi.org/10.1002/aja.1001360106
https://www.ncbi.nlm.nih.gov/pubmed/4682141
http://dx.doi.org/10.1111/j.1600-0501.2011.02348.x
https://www.ncbi.nlm.nih.gov/pubmed/22092873
http://dx.doi.org/10.5115/acb.2019.52.1.1
http://dx.doi.org/10.5115/acb.2019.52.1.1
https://www.ncbi.nlm.nih.gov/pubmed/30984445
http://dx.doi.org/10.1007/s00266-013-0083-7
https://www.ncbi.nlm.nih.gov/pubmed/23435506
http://dx.doi.org/10.1177/1090820X13502220
https://www.ncbi.nlm.nih.gov/pubmed/23986490
http://dx.doi.org/10.1007/s00276-009-0553-4
http://dx.doi.org/10.1007/s00276-009-0553-4
https://www.ncbi.nlm.nih.gov/pubmed/19763380
http://dx.doi.org/10.1007/s00276-005-0317-8
https://www.ncbi.nlm.nih.gov/pubmed/16003485
http://dx.doi.org/10.1016/S0940-9602(01)80057-1
https://www.ncbi.nlm.nih.gov/pubmed/11766522
https://www.ncbi.nlm.nih.gov/pubmed/17231671
http://dx.doi.org/10.2535/ofaj1936.75.6_305
https://www.ncbi.nlm.nih.gov/pubmed/10217948
http://dx.doi.org/10.1007/s00276-004-0227-1
https://www.ncbi.nlm.nih.gov/pubmed/14872289
http://dx.doi.org/10.3174/ng.3170206
http://dx.doi.org/10.1152/jn.90894.2008
https://www.ncbi.nlm.nih.gov/pubmed/19420123
http://dx.doi.org/10.1016/j.jamda.2017.02.002
https://www.ncbi.nlm.nih.gov/pubmed/28363443
http://dx.doi.org/10.1002/hed.10150
https://www.ncbi.nlm.nih.gov/pubmed/12369074
http://dx.doi.org/10.1016/s0385-8146(00)00100-0
http://dx.doi.org/10.1016/s0385-8146(00)00100-0
https://www.ncbi.nlm.nih.gov/pubmed/11240328
http://dx.doi.org/10.1097/SCS.0000000000002708
http://dx.doi.org/10.1097/SCS.0000000000002708
https://www.ncbi.nlm.nih.gov/pubmed/27258716
http://dx.doi.org/10.1007/s00276-018-2110-5
https://www.ncbi.nlm.nih.gov/pubmed/30306209

VEd

VIA MEDICA

Folia Morphol.

Vol. 80, No. 3, pp. 699-706
DOI: 10.5603/FM.a2020.0078
Copyright © 2021 Via Medica
ISSN 0015-5659

elSSN 1644-3284
journals.viamedica.pl

CASE REPORT

Carotid paragangliomas: case report and
imaging review

R.A. Baz'

, C. Scheau?®, N. Sarbu?, D.O. Costea?, A. Dijmarescu®®, P. Bordei®

'Department of Radiology, “Sf. Apostol Andrei” County Hospital, Constanta, Romania
2Department of Physiology, Carol Davila University of Medicine and Pharmacy, Bucharest, Romania
3Department of Radiology, Faculty of Medicine and Pharmacy “Dundrea de Jos” Galati, Romania
“Department of Surgery, “Sf. Apostol Andrei” County Hospital, Constanta, Romania

>Department of Radiology, Fundeni Clinical Institute, Bucharest, Romania

®Department of Anatomy, Faculty of Medicine, Constanta, Romania

[Received: 4 June 2020; Accepted: 29 June 2020; Early publication date: 21 July 2020]

Background: Presentation of case reviews depicting the imaging characteristics
of carotid paragangliomas, associated with a thorough analysis of the anatomical
morphological features and the current therapeutic strategies.

Materials and methods: We present the cases of 3 patients diagnosed with
carotid paragangliomas in our clinic, illustrating diagnostic imaging elements by
computer tomography (CT) and magnetic resonance imaging (MRI), but also the
postoperative aspect of the carotid system, with respective anatomical, clinical
and surgical considerations.

Results: The imaging aspect of the carotid paragangliomas is characterised by
a mass of soft tissue with intense contrast enhancement and with “salt and pep-
per” MRI appearance on conventional spin-echo sequences. The postoperative
evolution of the patients included in the article was favourable, without any
perioperative complications or signs of local tumour recurrence.

Conclusions: Carotid paragangliomas are rare, often asymptomatic tumours, but
with potential for increased malignancy, which raises the need for good knowledge
of the cervical region pathology as well as the features of neuroendocrine tumours.
CT and MRI examinations are essential for diagnosis, staging and, implicitly, for
establishing the therapeutic strategy. (Folia Morphol 2021; 80, 3: 699-706)

Key words: paraganglioma, carotid body tumour, carotid arteries,
diagnostic tools, imaging, therapeutic strategy

INTRODUCTION

Carotid paragangliomas (CPs), also known as ca-
rotid body tumours, are neuroendocrine tumours
originating in the parenchymal cells of the neuroec-
toderm and neural crests, but also in the mesodermal
elements of the third branchial arch [1, 17, 19, 28,
30]. Thus, the cells that make up paragangliomas are

similar to the cells in the amine precursor uptake and
decarboxylation system and can release catechola-
mines, cholecystokinin, serotonin, somatostatin, and
vasoactive intestinal peptide [20].

Paragangliomas have variable localisation and
may develop in the head, neck, thorax, or abdomen.
Head and neck paragangliomas can show the follow-
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Figure 1. Magnetic resonance imaging investigation consisting of coronal short tau inversion recovery (STIR) (A), axial T2 fat-saturated WI (B),
sagittal T1 WI (C), and gadolinium-enhanced axial T1 fat-saturated images depicting a inhomogeneous oval solid mass (star) with intermediate
signal on T1 WI and high signal on T2 W/, intralesional foci in signal void that create an overall “salt and pepper” appearance, developed at the
level of left carotid bifurcation (D); the lesion shows intense early enhancement, widens the angle of bifurcation of the common carotid artery and
spreads the left external carotid artery (ECA) and internal carotid artery (ICA), without altering their permeability and rapid blood flow signal;

IJV — internal jugular vein.

ing topography: carotid (carotid glomus), tympanic
(glomus tympani), jugular (glomus jugulare) or vagal
(glomus vagale) [22]. These tumours are rare [1, 26,
30], can be single or multifocal tumours, and are con-
sidered benign but with malignant potential in 6-12%
of cases [14, 19, 28, 34]. CPs represent 0.6% of head
and neck neoplasms, accounting for 60-70% of para-
gangliomas of the head and neck region, and make up
0.5% of tumours affecting the entire body [1, 14, 34].

The majority of paragangliomas are sporadic;
however, in about 40% of cases, family history is
demonstrated [5]. Hereditary tumours are more often
multicentric and tend to occur earlier than sporadic
forms, with a peak incidence at 30-35 years of age
[18]. Familial paragangliomas exhibit autosomal dom-
inant transmission and are commonly seen in patients
with von Hippel-Lindau disease, type | neurofibroma-
tosis, and type Il multiple endocrine neoplasias [23].

The scope of this paper is to mark the essential
diagnostic elements of CPs useful to the clinicians
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and surgeons in planning the therapeutic strategy.
Starting from the presentation of 3 illustrative cases
investigated in our clinic, we analysed the specific liter-
ature data and detailed the most important elements
involved in the management of these tumour types.

CASE REPORTS

Case 1

A 42-year-old woman was admitted to the hos-
pital for a painless left cervical tumour measuring
close to 3 cm, with a soft consistency, and mobile in
the transverse plane. The ultrasound showed a sub-
mandibular hypoechogenic mass that displaced the
internal carotid artery. The magnetic resonance im-
aging (MRI) examination revealed a hypervascular
lesion with a “salt and pepper” appearance located
in the left carotid space, at the terminal bifurcation
of the common carotid artery, with suggestive char-
acteristics for CP (Fig. 1). The patient refused surgery,
but 90 days later she returned determined to receive
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Figure 2. Computed tomography (CT) examination: axial CT angiography (A), coronal-oblique maximum-intensity-projection reformatted ima-
ge (B), curved-planar reformatted image of the left internal carotid artery (ICA) (C), and three-dimensional volume-rendered reformatted image (D).
Large solid mass (star), with intense and slightly inhomogeneous enhancement, located at the level of the left carotid bifurcation, separating
the external carotid artery (ECA) and ICA. The described lesion encases about 50% of the circumference of the ICA, without modifying its
lumen (type Il Shamblin) and is adjacent to the internal jugular vein (IJV). Macroscopic appearance (E) of the carotid body tumour after com-
plete excision with a pseudo capsule (black arrow) and multiple feeding vessels (orange arrow). Microscopic specimen (F): uniform polygonal
cells with abundant eosinophilic granular cytoplasm and large, regular, central nuclei.

treatment. Computed tomography (CT) angiography
confirmed a bright and rapidly enhancing mass locat-
ed at the level of the left carotid bifurcation compat-
ible with a diagnosis of a type Il Shamblin CP (Fig. 2).
The chosen treatment course implied the surgical
cure of the tumour with a favourable postoperative
evolution, without incidents, and with no detectable
tumour recurrence on imaging follow-up at 3 months
and, subsequently, at 6 and 12 months.

Case 2

A 55-year-old woman with no particular patho-
logical background was admitted with a right cervical
mass showing slow dimensional progression with-
in a year, with no other associated symptoms. The
clinical examination and ultrasound confirmed the
presence of a tumour with soft consistency adjacent
to the right internal carotid artery. The MRI and CT
examinations revealed a type Illa Shamblin CP, with
a characteristic “salt and pepper” appearance at the
level of the right carotid bifurcation, with a small
extension to the submandibular space and the right
postero-lateral wall of the pharynx (Fig. 3). The pa-
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tient showed favourable postoperative outcome with
a good evolution and is periodically evaluated in our
clinic, without complications or tumour recurrence
at 3.5 years after surgery.

Case 3

A diabetic 46-year-old woman presented with
a left-cervical mass manifested in the last 2 years, with
a gradual increase in size and associating dysphonia at
the time of hospitalisation. The ultrasound examina-
tion suspected a CP by highlighting a hypoechogenic
mass at the carotid bifurcation, which splayed the
external and internal carotid arteries, extending me-
dially to the retropharyngeal space, anteriorly to the
submandibular branch, and posteriorly through the
soft prevertebral tissues. CT angiography established
the diagnosis of a type Illb Shamblin CP (Fig. 4). No
incidents occurred during the surgical procedure and
intraoperative observations confirmed the inclusion
and infiltration of the internal carotid artery. The fol-
low-up examinations performed at 3 and 12 months
did not reveal any complications or local tumour
recurrence.
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Figure 3. Magnetic resonance imaging saturated T2 axial fat image (A) and gadolinium-enhanced T1 fat axial image (B), and axial computed
tomography postcontrast-arterial phase (C) showing a solid mass (star) with well-defined contour, inhomogeneous signal, “salt and pepper”
aspect, and intense early contrast enhancement, located at the level of the right carotid bifurcation, separating the right internal carotid artery
(ICA) and external carotid artery (ECA). The lesion splays the carotid arteries, encloses the ICA and ECA without infiltrating them. Intraoperati-

ve view of the carotid body tumour before complete excision (D).

Imaging review of paragangliomas

Imaging is an essential part of the diagnostic
protocol in the management of carotid glomus tu-
mours. CT and MRI examinations using contrast me-
diums are useful in lesion detection, thus obtaining
valuable information regarding the lesion size, the
relationship with the adjacent anatomical structures,
and the degree of vascularisation. Additionally, blood
flow downstream of the lesion can be ascertained, and
the presence of collateral circulation, anatomic vari-
ants, and other synchronous paragangliomas in other
regions of the body can also be demonstrated [33].

Ultrasonography is a first-line imaging method
for determining the location and features of later-
al-cervical masses. CP appears as a well-delimited
round-oval hypoechogenic mass located at the level
of the carotid sinus, causing the carotid bifurcation
to flare. Colour Doppler or Doppler duplex highlights
the hypervascular character of the lesion and allows
differentiation from other tumours, but with limited
possibilities in detecting local invasion [15].
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Computed tomography shows CP as a soft tissue
mass located in the carotid space, with intense and ho-
mogeneous early enhancement due to its highly vascular
nature. Large tumours may exhibit a heterogeneous struc-
ture due to the presence of thrombi or focal haemorrhag-
es. Flaring (splaying) of the external and internal carotid
arteries, a hallmark of CP, can also be easily visualised on
CT (Fig. 5). Irradiation and the allergic risk to the iodinated
contrast substance are the main disadvantages of CT [32].

Magnetic resonance imaging has proven its supe-
riority to other imaging techniques in offering a more
accurate appreciation of lesion margins and invasion of
adjacent structures [24]. Using native and contrast-en-
hanced spin-echo sequences with fat suppression, MRI
examination can determine vascular invasion more
accurately compared to CT, and can also provide more
detailed vascular morphometry measurements [9];
additionally, MRI can reveal lesions smaller than 5 mm,
while CT usually depicts lesions larger than 8 mm [31].
The typical MRI aspect of CP is given by the presence of
multiple punctiform or serpentine shaped intralesional
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Figure 4. Computed tomography angiography coronal-oblique volume-rendered images pre- (A, B) and postoperatively (C) highlighting a large
hypervascular mass (star) at the level of the left carotid bifurcation that splays the carotid arteries and infiltrates the internal carotid wall,
correspondingly to a type Illb Shamblin tumour. Imaging performed 1 year after surgery demonstrates the absence of recurrence and normal
appearance of the left carotid arteries. Intraoperative appearance of the carotid body tumour (D). Gross pathology specimen with a meaty
appearance with a bulging surface (E). Photomicrograph of the histologic specimen (haematoxylin and eosin, x<400) showing highly vascula-
rised fibrous septa surrounding the chief neoplastic cells (F); ICA — internal carotid artery; ECA — external carotid artery.

Figure 5. Contrast-enhanced computed tomography: axial images (A) and coronal-oblique maximum-intensity-projection (B) showing a wi-
dening of the distance between the left carotid arteries (black arrow) as a result of the development of a carotid body tumour (star). Left side
vessels are marked: vertebral (VA), common carotid (CCA), internal carotid (ICA) and external carotid (ECA) arteries.
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Figure 6. Magnetic resonance imaging aspect of a carotid body tumour with “salt and pepper” sign generated by signal void areas due to
numerous intratumoural vessels (arrowheads); A. T1 WI; B. T2 FS WI; C. Short tau inversion recovery (STIR) images; ICA — internal carotid

artery; ECA — external carotid artery.

foci with signal void. These are caused by the higher
flow velocity in the intratumoural vessels and give the
whole lesion a “salt and pepper” appearance (Fig. 6).
The “salt” represents areas of hyperintensities due to
slow vascular flow or microhaemorrhages, while the
“pepper” corresponds to the above-mentioned areas
with markedly decreased T1 and T2 signals (signal void)
[15]. This imaging pattern is rarely found in lesions
smaller than 1 cm, and can also be observed in other
hypervascular tumours such as renal cell carcinoma
metastases and thyroid carcinoma metastases [12].
Conventional digital subtraction angiography
is the gold standard for evaluating the vascular ar-
chitecture of these tumours. The typical angiographic
aspect of paragangliomas is that of a hypervascular
mass which splays the internal and external carotid
arteries and presents large feeding arteries, intense
arterial flash, and quick contrast washout. The tributary
arteries of CPs are the ascending pharyngeal artery and
the ascending cervical artery. As the tumour increases
in size, contributions from other arterial sources such
as the facial, lingual, or thyroid arteries may add up.
It is mandatory to note the patency of the internal
jugular vein, which may be thrombosed in large CPs [6].
Differential imaging diagnosis of paragangliomas
should include nerve sheath tumours that displace the
carotid arteries medially and anteriorly while the in-
ternal jugular vein is pushed posteriorly, as compared
to CPs that splay the carotids; other diagnoses include
vagal glomus tumours which display similar morpho-
logical characteristics but are more rostrally located,
and also hypervascular metastatic adenopathies from
renal or thyroid malignancies, which are difficult to
distinguish from CPs [6, 32]. Histopathology is not
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necessary for the diagnosis and performing a biopsy
may even be very dangerous due to the high degree
of tumour vascularisation [21, 29].

DISCUSSION

Carotid paragangliomas generally affect women
[1, 19, 28, 30, 34], are bilateral in about 10% of
cases [6], and the involvement of hereditary factors
is described in 4-9% of cases [28, 30, 34].

From a clinical standpoint, CPs are slow-evolving
tumours which may remain painless and generally
asymptomatic and for a long period of time, and are
located anteriorly to the lateral sternocleidomastoid
muscle, showing mobility in the lateral plane, but fixed
in the cephalocaudal plane (Fontaine's sign) [31]. CPs
significantly alter the loco-regional anatomy, both
through their dimensions and their position. There-
fore, any lesion that develops adjacent to the terminal
bifurcation of the common carotid artery will induce
changes in the muscular, vascular, and nervous anatom-
ical relations. Taking into account the vascular nature of
the lesion in question, the most apparent altered index
could be the angle between the origins of the internal
and external carotid arteries. As carotid body tumours
grow in size they can invade the parapharyngeal space
causing a bulging of the lateral oropharyngeal wall
inducing dysphagia, odynophagia, or syndromes asso-
ciated with cranial nerves IX-XII disorders [35].

Carotid body tumours are paragangliomas that
show high malignant capacity, a feature that occurs
in 6-12% of cases [14, 19, 28, 34]. In the absence
of specific histopathological criteria, malignancy is
marked by the anatomical presence of metastases
[10], with a predilection for regional lymph nodes,
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and very rare distant metastases [3]. The therapeutic
method of choice for carotid body tumours is surgi-
cal removal, which in select cases may be preceded
by angiographic embolisation [8, 25]. Embolisation
may reduce the size of the tumour and promote
its disconnection from the vascular system, thereby
reducing intraoperative bleeding [13, 36]. Among
the significant complications of surgical treatment
are secondary bleeding, cranial nerve deficiency, and
perioperative stroke; therefore, the intervention re-
quires caution in aged patients, especially in patients
with cardio-ischaemic pathology despite the general
addressability of the surgery [7, 8, 13, 25, 36].

The key element in choosing the right therapeutic
conduit is the assessment of the extent of tumoural vas-
cular involvement through medical imaging, a method
that also provides insight regarding the prognosis and
possible complications. As such, a classification system
for CP was proposed by Shamblin et al. [27]in 1971 and
is currently in use despite its shortcomings regarding
the degree of tumour infiltration into the carotid wall,
a critical element to be factored when the preservation
of the arteries is considered. According to Shamblin et
al. [27], type | tumours are located at the bifurcation of
the common carotid artery, with minimal contact area
with blood vessels, type Il encompasses tumours that
have a diameter generally less than 5 cm, and include
about 50% of the circumference of the main arterial
axis, entailing difficulties for the surgical cure, while
type Ill is reserved for generally large tumours with
a diameter greater than 5 cm, that completely enclose
the main arterial axis [27].

Luna-Ortiz et al. [16] emphasizes that imaging by axial
sections does not accurately approximate the carotid wall
tumour infiltration preoperatively, but it highlights the cir-
cumferential ratio of the tumour to the adjacent vascular
structures. Thus, in 2006, Luna-Ortiz et al. [16] proposed
the introduction of a grade lllb to the carotid paragan-
gliomas, which, regardless of their size, infiltrate the ca-
rotid wall. According to Luna-Ortiz et al. [16], type llla is
superimposed on the old (Shamblin) type IlI, respectively
CPs that include the vessels without infiltrating them.

A study by Arya et al. [2] sustains a good correla-
tion between the radiological aspects of the Shamblin
classification and surgical results, and concludes that
without taking into account the tumour size, the
maximum degree of circumferential tumour/artery
contact should be the only criterion for the Shamb-
lin classification, therefore predicting the degree of
vascular viability [2].
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Radiation therapy, alone or associated with sur-
gery, is another therapeutic strategy that can be
chosen in the case of carotid glomus tumours. The
treatment is based on the induction of local fibrosis,
which can stop tumour development and is indicated
in inoperable cases or postoperative relapses [4, 11].

CONCLUSIONS

Carotid paragangliomas are hypervascular tu-
mours, with imaging features of a soft tissue mass
with intense enhancement and “salt and pepper” ap-
pearance on MRI in conventional spin-echo sequences.

The radiological examination is essential for diagno-
sis and establishing of the therapeutic strategy. Firstly,
the tumour must be detected and characterised, and
secondly, the lesion extension must be appreciated
in regard to the surrounding vascular structures. Last
but not least, the presence of concomitant tumours
should be verified, considering that paragangliomas
are multifocal lesions in 30% of patients.

Considering all the information presented, the
medical team managing a CP case should benefit
from a mindful preoperative planning and a correct
selection of patients, in order to obtain a successful
therapeutic result.
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local institutional research ethics committee and was
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The coracobrachialis longus muscle (CBL) is an extremely rare variant of the
coracobrachialis muscle (CRM). The CBL originates from the apex of the coracoid
process together with the short head of the biceps brachii and inserts on the
olecranon of the ulna. The CBL consists of three parts: a superior part (classical
CRM — length 137.88 mm), a middle fibrous layer (23.41 mm), and an inferior
part (185.37 mm). A rare relationship between the CBL and median, musculocu-
taneous and ulnar nerves was observed with potential compression at these three
parts. In addition, this case report describes a connection between CBL and the
medial head of the triceps brachii, as well as a third head of the biceps brachii,
which originate from the fibrous layer. This case report highlights the relationships
between the CBL and the median, ulnar and musculocutaneous nerves. (Folia
Morphol 2021; 80, 3: 707-713)

Key words: anatomical variations, coracobrachialis longus muscle,
median nerve, musculocutaneous nerve, ulnar nerve

INTRODUCTION

The coracobrachialis muscle (CRM) originates from
the apex of the coracoid process of the scapula in com-
mon with the short head of the biceps brachii muscle. It
inserts by means of a flat, short tendon into the medial
surface of the humerus, between the attachments of
the triceps brachii and brachialis muscles [36].

The musculocutaneous nerve (MCN) arises from
the lateral cord of the brachial plexus and contains

fibres from the C5-C7 ventral rami. The MCN passes
through the CRM and descends between the biceps
brachii and brachialis muscles both of which it inner-
vates [35]. The median nerve (MN) arises from the
medial and lateral cords of the brachial plexus and is
innervated by the C6, C7, C8 and T1 ventral rami [35].
The MN provides motor and sensory function to the
forearm and hand [35]. The ulnar nerve (UN) is com-
prised of C8 and T1 ventral rami. The UN innervates
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two muscles of the forearm, the flexor carpi ulnaris
and ulnar half of the flexor digitorum profundus. It
has branches extending to the hand over the distal
forearm and wrist [35].

Many earlier works describe the various types of
morphological variations occurring within this CRM.
They mainly concern the morphological variability of
the proximal and distal attachment, but also addi-
tional bands or the occurrence of additional muscle
bellies or heads [4, 16-18, 24, 27, 32]. However, little
is reported for one of its variants, the coracobrachialis
longus muscle (CBL). While Wood [51] was probably
the first to describe such a variant in 1867, a similar
discovery was made by Kyou-Jouffroy et al. [30].
A description of the CBL was more recently made by
Georgiev et al. [18].

Morphological variations have been previously
observed between the CRM and even the MCN or
MN. The presence of an extra muscle head or belly
can place pressure on the MCN or proximal MN.
More importantly, the presence of the CBL can place
pressure on the MCN, MN or UN.

Peripheral neuropathies can be classified as com-
pressive/entrapment and non-compressive forms
[2, 11]. Although peripheral nerve compression or
entrapment is possible anywhere along the course
of a nerve, it tends to occur more often where the
nerve passes through fibro-osseous or fibromuscular
tunnels or penetrates muscles [11, 26].

This study describes a very rare and undescribed
variation of the CBL and its extremely rare relationship
with the MN, MCN and UN. Knowledge of such a very
rare type can make it easier to understand disease in
this region and improve its treatment.

CASE REPORT

The left upper limb from a male cadaver that was
78-year-old at death underwent routine anatomical
dissection for research and teaching purposes in the
Department of Anatomical Dissection and Donation,
Medical University of Lodz, Poland [38, 45, 46].

Morphology of the coracobrachialis longus muscle

The proximal part of the CRM corresponded to
the classical description, and originated from the
apex of the coracoid process together with the short
head of the biceps brachii. The width of the mus-
cle belly origin was 9.94 mm, while the thickness
was 4.13 mm. The length of the belly muscle was
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Figure 1. The coracobrachialis longus muscle and relation to the
median and musculocutaneous nerve; LC — lateral cord of the
brachial plexus; MC — medial cord of the brachial plexus; C —
communicating branch; UN — ulnar nerve; MN — median nerve;
MCN — musculocutaneous nerve; RN — radial nerve; BB — bi-
ceps brachii; 3 — third head of the biceps brachii. The red circle
shows the potential compression site of the median nerve, while
the blue circle shows the potential compression site of the muscu-
locutaneous nerve.

137.88 mm. The muscle then inserted on the me-
dial surface of the shaft of the humerus between
the attachments of the triceps brachii and brachi-
alis muscles. This part continued as a thin fibrous
layer (length — 23.41 mm) with the second part
of the muscle (Fig. 1). The length of the muscle
belly was 185.37 mm; the muscle belly passed the
tendon (13.95 mm length) and inserted on the
olecranon of the ulna. The distal part of the CBL
connected with the brachii triceps tendon (Fig. 2).
The thin fibrous layer included an accessory band
(length 25.83 mm) that connected to the medial
head of the triceps brachii, and the thin fibrous layer
was the origin of the third head of the biceps brachii
muscle (Figs. 1, 3).
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Figure 2. Distal part of the arm. Insertion of the coracobrachialis
longus muscle; LaHTB — lateral head of the triceps brachii;

LHTB — long head of the triceps brachii; MTB — medial head

of the triceps brachii; CBL — coracobrachialis longus muscle;

0 — olecranon of the ulna; ME — medial epicondyle; UN — ulnar
nerve. The white arrowheads show the potential compression site
of the ulnar nerve.

CBL relation to MN, MCN and UN

Median nerve. The MN arose from both the lat-
eral and medial cords of the brachial plexus. The
lateral cord fibres travelled under the CBL and then
connected with those arising from the medial cord
of the brachial plexus. After 100.09 mm, the lateral
cord fibres combined with the medial cord fibres.
The medial cord fibres were 97.2 mm in length. The
CBL was in the characteristic loop of the MN. The
MN passed under the muscle and had a diameter of
5.10 mm, while the CBL at this point was 28.36 mm
wide and 3.31 mm thick (Fig. 1).

Musculocutaneous nerve. The MCN arose from
the lateral cord of the brachial plexus and passed
under the CBL at a point 53.25 mm from the place
of origin. The MCN passed under the muscle and had
a diameter of 4.95 mm, while the CBL at this point
was 21.95 mm wide and 3.19 mm thick (Fig. 1).
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Figure 3. Coracobrachialis longus muscle. Nerves are removed to
reveal the coracobrachialis longus muscle; SSM — subscapularis
muscle; CBL — coracobrachialis longus muscle; BB — biceps bra-
chii; 3 — third head of the biceps brachii; TB — triceps brachii;

TF — tendinous fibrous. The white arrowheads show the slip of
the coracobrachialis longus muscle which attaches to the medial
head of the triceps brachii. Blue arrowheads show the place of
origin of the third head of the biceps brachii.

Ulnar nerve. The UN arose from the medial cord
of the brachial plexus, and ran along the CRM, lying
exactly on top of it; in the distal part, it was located
between the CBL and medial epicondyle, with a di-
ameter of 2.85 mm, while the CBL at this point was
8.90 mm wide and was 3.31 thick (Fig. 2).

Detailed morphometric measurements were tak-
en. After photographic documentation, the CRM was
carefully dissected in order to minimise any errors in
measurement. The measurements were performed
using two methods:

— with an electronic calliper (Mitutoyo Corporation,
Kawasaki-shi, Kanagawa, Japan). Each measure-
ment was carried out twice with an accuracy of
up to 0.1 mm;

— an analysis of digital photographic images was
processed using MultiScanBase 18.03 (Computer



Folia Morphol., 2021, Vol. 80, No. 3

Scanning System |l, Warsaw, Poland). The value

and precision of this method have been confirmed

in previous studies [20, 29, 40, 42].

The posterior cord of the brachial plexus was
removed to more accurately visualise the neuromus-
cular structures described in this case. The variant
muscle was innervated by the MCN. No medical or
surgical history of the cadaver was available. No sim-
ilar variation was observed in the contralateral upper
limb.

DISCUSSION

Embryologically, the biceps brachii, CRM, and
brachialis muscle are intimately fused together at
a very early stage and probably arise from a common
premuscle mass. The origins of the two heads of the
biceps brachii at this early stage are close together
and only become separated with the later growth of
the scapula. The three muscles can be recognized in
embryos 14 to 16 mm in length, and the tendon of
the long head in embryos of 14 mm in length. The
distal end of the common muscle mass differentiates
later than the proximal end [3, 47]. The presence of
the CBL could be explained as a result of the prema-
ture termination of this regression process.

The CRM is characterised by variability in both
proximal and distal attachments. Variations regard-
ing additional heads of this muscle are uncommon
[8, 12-14, 17, 18, 24, 51] and the CBL itself has
been described much less often [5, 18, 51, 52]. The
CBL might attach to the humerus, to a fibrous band
of the medial intramuscular septum, i.e. Struthers’
ligament, or to the medial epicondyle [5, 18, 51,
52], it may also insert to the tendinous part of the
latissimus dorsi [5, 51].

The current study describes an extremely rare type
of CBL. The proximal attachment was identical to
the normal CRM; however, its distal attachment was
not located on the humerus, medial intramuscular
septum, Struthers’ ligament, medial epicondyle or
latissimus dorsi but only on the olecranon of the
ulna. In the present study, the thin fibrous layer is
characteristic, from which an additional CBL band
begins, connecting it to the medial head of the triceps
brachii, and gives rise to the origin of the third head
of the biceps brachii (Figs. 1, 3).

Recent years have seen a growth in the diagnosis
of neuropathies occurring as a consequence of nerve
entrapment or compression by muscles. These condi-
tions are most commonly observed in the upper limb
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and most commonly involve the MN, UN, radial nerve
or MCN [6, 9-11, 19, 21-23, 33, 38, 39, 41, 43].

Musculocutaneous nerve neuropathy is not as
common as MN or UN neuropathy. Most often, it
is due to muscular compression by the CRM, biceps
brachii, or brachialis muscles [1, 5, 7, 12-14, 28, 37,
49, 50]. The course of the MCN is closely related to
that of the CRM. The MCN can pierce or pass deep
to the CRM [12, 15, 24, 31, 48]. It is believed that
the CRM is the most common site of MCN entrap-
ment and additional heads can place pressure on the
MCN [4, 14, 16, 17, 27, 32]. A potential site of MCN
entrapment was also observed in the present case:
at this point, 53.25 mm from its origin, the MCN
(4.95 mm in diameter) passed under the CBL with
the CRM being 21.95 mm in width and 3.19 mm. MN
entrapment within the CRM muscle leads to weak-
ness and atrophy of the biceps brachii and brachialis
muscles and a loss of sensation in the lateral fore-
arm. Active young individuals that frequently engage
in shoulder and elbow flexion with the forearm in
a pronated position are most susceptible [44]. It also
often occurs following chronic overuse of the CRM
and consequent hypertrophy. The nerve compressed
within the CRM has already given off its motor branch
to the CRM, therefore no loss of CRM muscle function
will be observed.

Median nerve compression can occur at various
sites along its course [2, 33]. The most common type
of MN neuropathy is carpal tunnel syndrome [11, 33].
The next most common site of MN compression is
at the pronator teres i.e., pronator teres syndrome,
symptoms of which can be manifested by entrapment
of MN between the humeral and ulnar heads of the
pronator teres muscle [38]. MN compression in the
arm is much less common and when present, is due
to compression by Struthers’ ligament i.e., supra-
condylar process syndrome [25, 38]. Supracondylar
process syndrome is one of the rarest types of MN
neuropathy at about 0.5% [33, 34]. MN compression
can also occur with the presence of a third head of
the biceps brachii [53]; lastly, MN compression can
occur more proximal in the arm, with additional heads
of the CRM [13, 31], and the additional head of the
CRM causing compression of the lateral cord of the
brachial plexus [16].

Another potential site of MN entrapment was
also identified in the present study. The MN had
a diameter of 5.10 mm when passing under the mus-
cle, while the CBL at this point was 28.36 mm wide and
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3.31 mm thick. Complaints from compression of the
MN by a CBL include loss of fine motor skills and
a burning sensation or numbness in the palm.

The second most commonly seen entrapment
neuropathy of the upper limb after carpal tunnel
syndrome is UN neuropathies. The UN passes over
the lateral wall of the axilla and passes to the medial
side of the arm. It enters into the groove for the UN
behind the medial epicondyle [5, 35]. This groove
is the most common entrapment site of the UN. In-
terestingly, in the current case, the distal part of the
CBL might also cause UN compression at the level of
the medial epicondyle. At this location, the UN was
found to have a diameter of 2.85 mm, while the CBL
at this point was 8.90 mm wide and 3.31 thick; any
hypertrophy of this muscle could cause compression.
UN neuropathy at the elbow can be recognized by
numbness of the 4" and 5% digits, hypoesthesia of
the medial palm, atrophy and paraesthesia of the
hand muscles innervated by the UN.

CONCLUSIONS

The present case report describes a very rare
variant of the CBL and its relationship between the
MN, MCN and UN. Unfortunately, due to the lack of
an adequate number of descriptions of such a rare
muscle, confusion may occur during surgery, and the
assessment of imaging of this region may be com-
plicated. A greater understanding of the potential
compression sites of individual nerves is needed for
the correct diagnosis of unrecognised compression
sites, and such knowledge of rare variations is an
essential part of every clinician’s daily practice.

The CBL can have anatomical variants. Along its
course, compression of the MN, MCN and UN can
occur. Knowledge of such rare muscle variations and
their relation to the MN, UN and MCN is required for
effective daily clinical practice.

Ethical approval and consent to participate

The cadaver belonged to the Department of Ana-
tomical Dissection and Donation, Medical University
of Lodz, Poland.

Conflict of interest: None declared
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Unusual echocardiographic evidence of
hypercoagulation in usual left atrial appendage
as the first and only sign of COVID-19
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Coronavirus disease 2019 (COVID-19) is a condition caused by a novel virus,
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). The disease’s
course ranges from entirely asymptomatic to severely ill patients. Hypercoagu-
lation is often a complication of this disease, worsening the prognosis, which is
extremely important in patients at higher risk of thromboembolic events, such
as atrial fibrillation (AF), where thrombus formation in the left atrial appendage
(LAA) is frequent. LAA could be of various sizes, volumes, and shapes, distinguish
several morphologies, from which the WindSock LAA is the most frequent. In
contrast, thromboembolic complications occur most frequently in patients with
AF and the Cactus LAA. We present a clinical case of a 70-year-old woman with
an initial negative real-time polymerase chain reaction (RT-PCR) test for SARS-
-Co\~+2, suspicion of device-related infection after dual pacemaker implantation,
AE and LAA without thrombus in the initial transoesophageal echocardiography
(TEE). Despite apixaban treatment, spontaneous restoration of sinus rhythm, and
WindSock LAA morphology, the sludge in LAA was diagnosed in control TEE. The
patient did not present any typical clinical COVID-19 symptoms but re-checked
the RT-PCR test for SARS-CoV-2 infection was positive. The described case presents
echocardiographic evidence of hypercoagulation as the first and only feature
of SARS-CoV-2 condition besides the usual morphological presentation of the
WindSock LAA. (Folia Morphol 2021; 80, 3: 714-717)

Key words: COVID-19, SARS-CoV-2, coronavirus, atrial fibrillation, left
atrial appendage

INTRODUCTION
Coronavirus disease 2019 (COVID-19) is a condi-
tion caused by a novel virus, severe acute respirato-
ry syndrome coronavirus 2 (SARS-CoV-2) [10]. The
real-time polymerase chain reaction (RT-PCR) test
is the most reliable in diagnosing COVID-19. The
disease’s course ranges from entirely asymptomatic

to severely ill patients. Hypercoagulation is often
a complication of this disease, worsening the prog-
nosis [3]. This complication seems to be aggravated
in patients at higher risk of thromboembolic events,
such as patients with atrial fibrillation (AF), in whom
a thrombus formation in the left atrial appendage
(LAA) is frequent. Additional factors that increase
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Figure 1. The figures visualise the image in transoesophageal echocardiography performed twice in the described patient. On admission to
the Cardiology Department, the patient had linear echoes on the atrial electrode (panel A — arrows) and a clean left atrial appendage (LAA)
(panel B — arrow). In a follow-up study after the spontaneous return of sinus rhythm and a week of apixaban (5 mg BID) therapy, the linear
echoes on the atrial lead disappeared, while the left atrium filled with highly hyperechogenic blood (panel C — arrow) and LAA with the
sludge (panel D — arrow) were visualised. Additionally, the long persistence of the bubbles of midazolam in the right atrium was observed
(panel E— arrows). Panel F presents the dimensions of the LAA in the described patient; 1 — 1.7 cm, 2— 0.8 cm, 3 — 2.4 cm.

the risk of formation of thrombus in the LAA are the
specific anatomy of the LAA and the low left ventric-
ular ejection fraction. We present a clinical case that
presents SARS-CoV-2 infection as an additional cause
of LAA thrombus formation.

CASE PRESENTATION
A 70-year-old woman with AF and negative RT-
-PCR test for SARS-CoV-2 was transferred from the
district hospital to the Cardiology Department with
suspicion of device-related infection after dual pace-
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maker implantation, performed 1 week before the
admission. Additionally, the urinary tract infection
was diagnosed, and empirical antimicrobial therapy
was initiated, leading to a quick reduction of inflam-
matory markers. There were no pathologies connect-
ed with ventricle lead; however, in transoesophageal
echocardiography (TEE), using two- and three-di-
mensional techniques, linear echoes associated with
the atrial electrode were visualised (Fig. 1A). Due to
the short time after the implantation and negative
blood culture results, the thrombus was anticipated,
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Figure 2. General scheme showing the four most common
types of the left atrial appendage (LAA); A. The WindSock
LAA; B. The ChickenWing LAA; C. The Cauliflower LAA;
D. The Cactus LAA.

not bacterial vegetation. The LAA had typical mor-
phology and sizes, as presented in Figure 1. Despite
AF, there was no sludge or thrombus in the LAA
(Fig. 1B). The spontaneous restoration of sinus rhythm
was observed. The treatment with apixaban (5 mg
BID) was initiated, and empirical antibiotic therapy
was continued. After 1 week of the treatment, TEE
was repeated with no linear echoes within the atri-
al electrode. Interestingly, despite permanent sinus
rhythm and anticoagulation therapy with apixaban,
the left atrium was filled with highly hyperechogenic
blood (Fig. 1C) and the LAA with a sludge (Fig. 1D).
Moreover, the long persistence of the bubbles of
midazolam in the right atrium has been observed
(Fig. 1E). The patient did not present any typical clin-
ical COVID-19 symptoms [2], but had neutropenia,
lymphopenia, low procalcitonin, hypoalbuminaemia,
and increased C-reactive protein. We re-checked the
RT-PCR test for SARS-CoV-2 infection, and the result
was positive.

DISCUSSION

The LAA lies within the pericardium, in the left
atrioventricular sulcus atop the left circumflex artery’s
proximal part and extends between the anterior and
the lateral walls of the LA near the left pulmonary veins
[11]. The LAA could be of various sizes, volumes, and
shapes and often has several lobes [5, 8, 11]. Veinot et
al. [11] found that the most common is the presence
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of 2 (54%) lobes, the second most frequent are an LAA
with 3 (23%) lobes, then with 1 (20%) lobe and the least
frequent is the presence of 4 (3%) lobes. The orifice of
the LAA leads through the neck to the central append-
age cavity, which can have a different shape depending
on the type of an LAA. According to Wang et al. [12], the
most frequent LAA anatomy is the WindSock LAA (Fig.
2A), which has no obvious bands, and one dominant
lobe of sufficient length is the basic structure. Variations
of this type of LAA appear with the different locations
and number of secondary lobes descending downward
from the dominant lobe. The second most frequent
anatomy is the Cauliflower LAA (Fig. 2C), which, like
the previous type, does not have obvious bands; an LAA
is characterized by a limited overall length and more
complex internal features. Its varieties are described by
a more irregular shape of the orifice of the LAA, the
number of significant lobes, and the lack of the dom-
inant lobe. The ChickenWing LAA (Fig. 2B) is the third
most common type; the main feature of that type of
LAA is an obvious band in the proximal or middle part
of the dominant lobe or a backward fold of the LAA at
some distance from the orifice of the LAA. This type may
differ in the presence or absence of additional lobes or
twigs, with a different measured distance to this bend,
and with different orientations of the bends to the main
lobe. The last most common type is the Cactus LAA
(Fig. 2D); its main feature is the dominant lobe with
secondary lobes extending from the dominant lobe to
the superior and inferior directions [12].

According to the literature, thromboembolic com-
plications occur most frequently in patients with AF
and the Cactus LAA [4]. Additionally, the small size
of LAA, the presence of secondary lobes, the narrow
orifice of the LAA, and excessive trabeculations result
in low LAA peak flow velocities that could significantly
increase the risk of thrombus formation LAA [1]. It
should also be emphasized that the large size of the
left atrium and the reduced left ventricular ejection
fraction are additional risk factors for the develop-
ment of thromboembolic complications.

In the described case, we presented echocardi-
ographic evidence of hypercoagulation as the first
and only feature of SARS-CoV-2 infection in the usual
morphological presentation of the WindSock LAA
(Fig. 1F). Despite the use of apixaban treatment, the
lack of features promoting thrombus formation in
the LAA (Fig. 1D), such as excessive trabeculations,
a narrow junction of the proximal lobe of the LAA,
a narrow junction between the distal lobe of the LAA
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and its proximal lobe, or the presence of additional
LAA lobes, there has been a sludge in the LAA. The
coagulation abnormalities in COVID-19 are postulated
to result from acute inflammation in the organism
and increased activity of inflammatory mediators [7].
The urinary tract infection could additionally attenu-
ate the hypercoagulation status in our patient.

CONCLUSIONS

The connection between hypercoagulation
features and COVID-19 in a patient without other
typical infection indicators seems to be particular-
ly difficult, as in the presented case. Based on the
available literature about COVID-19 management,
low-molecular-weight heparin should be considered
for thromboembolic complications prophylaxis [6].
In contrast, oral anticoagulant therapy is not recom-
mended due to its limited effectiveness, confirmed
in our patient. The LAA in the case presented above
did not show any features predisposing to thrombus
formation; the LAA was of standard size and not
narrow. Besides, a thrombus developed despite the
patient’s persistent sinus rhythm and anticoagu-
lant treatment, which suggests a hypercoagulability
state in the course of COVID-19. The presented case
additionally shows that a negative test for SARS-
CoV-2 infection does not always give a full guarantee
that the patient is not infected, and the patient’s
clinical manifestation should be taken into account
in further clinical decisions. It is worth emphasizing
that modern echocardiography, including three-di-
mensional techniques, can be recognised as a part
of comprehensive imaging technology that could be
helpful in COVID-19 diagnosis [9].
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Vascular anatomical variations of the abdomen are very common. Awareness of
these variations is of paramount importance in clinical practice mainly in achieving
best results in minimal invasive or surgical vascular procedures. From surgical point
of view, the preoperative knowledge of vascular anatomy and the relations to the
surrounding structures and tissues aims to minimise inadvertent complications.
Agenesis of the coeliac trunk is one of the rare anatomical variations of the abdom-
inal aorta. Limited number of cases have been reported in the medical literature,
most of which are based on angiographic and cadaveric studies of adult humans.
In this paper, we report a case of absence of the coeliac trunk that has been de-
tected as an incidental radiological finding in a female patient who was admitted

with abdominal pain. (Folia Morphol 2021; 80, 3: 718-721)

Key words: coeliac trunk agenesis, tripus Halleri absence, anatomical

variation

INTRODUCTION

Albrecht von Haller, a Swiss anatomist and physi-
ologist described the trifurcation of the coeliac trunk
in 1756, also known as tripus Halleri and it is still
considered to be the normal appearance of the coeliac
trunk, although numerous variation patterns have
been described [27].

Anatomical variations of the unpaired branches
of the coeliac trunk may be the result of anoma-
lous embryogenesis of primitive ventral segmental
(splanchnic) arteries which supply the gut and its
derivatives based on Tandler’s hypothesis in 1904 [24].
The 10 primitive root of the ventral segmental artery
becomes the left gastric artery, the 11t becomes the
splenic artery and the 13t becomes the common he-
patic artery. In case of agenesis of the coeliac trunk,
the roots of the ventral segmental arteries do not

regress and the longitudinal anastomoses regress
completely [4, 11, 25].

The coeliac trunk, also known as the coeliac artery,
is the first branch of the abdominal aorta arising
anteriorly at the level of T12-L1 vertebral body. It
is 1.5-2 ¢cm in length and trifurcates into the left
gastric artery, the common hepatic artery and the
splenic artery which supply the liver, the stomach,
the abdominal oesophagus, the spleen, the superior
duodenum and the pancreas [23].

The tripus Halleri is still considered to be the nor-
mal appearance of the coeliac trunk, although numer-
ous anatomical variations have been reported such
as bifurcation or incomplete coeliac trunk, common
origin with superior mesenteric artery, additional
branches and common origin with superior or inferior
mesenteric arteries.
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CASE REPORT

A 69-year-old female with no prior history of ab-
dominal surgery was presented in the Out-patient
Department of Surgery of our Hospital complaining
of a 10 hour abdominal pain of sudden onset. Her
examination was unremarkable except for epigastric
tenderness with no presentation of rebound sign.
Ultrasonogram was undertaken without significant
results. An abdominal computed tomography (CT),
enhanced with oral and intra venous medium con-
trast was performed without remarkable findings.
However, a complete agenesis of the coeliac trunk
was revealed incidentally (type V according to Mori-
ta’s classification). In this case the left gastric, the
common hepatic and the splenic artery arose in-
dependently from the abdominal aorta (Fig. 1). In
three-dimensional (3D) reconstruction we clarified
that the left gastric artery arose from the anterior
wall of the abdominal aorta (diameter 4 mm) while
the splenic (diameter 3.5 mm) and common hepatic
artery (diameter 3.3 mm) were arising lower from the
abdominal aorta (Fig. 2).

Although we consider this incidental finding un-
related, the patient’s symptoms were attributed to
indigestion and she was treated with proton pump
inhibitors. A gastroscopy was arranged on a regular
basis, in order to exclude peptic ulcer disease.

DISCUSSION

Awareness of vascular anatomical variations in
the abdominal cavity is important either from topo-
graphical anatomy or from a surgical perspective due
to their relations with the surrounding structures.

Knowing the anatomy preoperatively assists sur-
geons during hepatobiliary and pancreatic surgery
in order to dissect the coeliac trunk branches during
liver and pancreatic resections. Any vascular variation
could complicate any operation due to inadvertent
vascular injury. Furthermore, oesophagogastric resec-
tion and total gastrectomy involve the ligation of left
gastric vessels near their origin.

Lymph node dissection performed due to oesoph-
ageal, gastric, hepatobiliary or pancreatic cancer re-
quires accurate knowledge of the vascular anatomy,
in order to be performed meticulously avoiding any
possible and preventable complications.

Transplant surgeons must be extremely cautious
in order to dissect and preserve the common hepat-
ic artery and the coeliac trunk integrity when they
perform liver transplantation. The risk of damaging
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Coeliac trunk agenesis

Figure 1. Abdominal computer tomography depicting separate ori-
gin of the left gastric, splenic artery (arrow 1) and common hepatic
artery (arrow 2) from the abdominal aorta.

Figure 2. Abdominal computer tomography with three-dimensional
reconstruction depicting absence of the coeliac trunk. Left gastric,
diameter 4 mm (arrow 1), common hepatic, diameter 3.3 mm
(arrow 2) and splenic artery, diameter 3.5 mm (arrow 3) arising
directly from the abdominal aorta.

these arteries is higher during the cold phase of dis-
section and if there is a case any arterial anomaly the
involved vessel may have to be reconstructed before
proceeding to implantation. In the case of pancre-
atic transplantation the gastroduodenal, the splenic
and the superior mesenteric arteries are vital as they
provide its blood supply [11, 17].
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Moreover, preoperative knowledge of coeliac
trunk anatomy and its possible variations is extremely
important during vascular operations, performed for
thoracoabdominal aneurysm repair. The two thera-
peutic surgical options for this disease are an open
and an endovascular procedure. Both, for technically
different reasons demand preoperative topographic
information of the involved vessels, to avoid intraop-
erative complications.

Interventional radiologists should be aware of the
coeliac trunk variations when performing a diagnostic
or a therapeutic angiography. Pseudoaneurysms can
be treated by selective embolisation and possible ar-
terial variations should always be taken into account
during the procedure [17].

There are numerous classifications of the coeli-
ac trunk morphology (Lipshutz 1917, Adachi 1928,
Morita 1935, Michels 1955) [1, 9, 12, 14].

The pattern of tripus Halleri is considered to be
normal and any abnormal branching is considered
as an anatomical variation. Agenesis of the coeliac
trunk was not described in Adachi’s classification [1]
though Morita in 1935 [14] proposed five types for
the coeliac trunk where type | is normal coeliac trunk,
type Il — hepatogastric trunk, type lll — gastrosplenic
trunk, type IV — hepatogastric trunk, and type V —
the absence of the coeliac trunk [14]. The anatomical
variation reported in our case is of the fifth type (V)
in Morita’s classification and it is considered to be
extremely rare (0-2.6%) [10, 19, 22, 25, 26, 29].

Geofry Saint-Hillaire reported the first case of this
rarevariationin 1832 asdescribed by Okadain 1983 [15].
Rossi and Cova in 1904 [21] reported such a case and
one was reported by Picquand in 1910 according
to the statements by Eaton in 1917 [5] and Morita
in 1935 [14]. In 1969, Itoh reported the first ca-
daveric case [7]. Petrella et al. in 2007 [18] reported
1 case of agenesis of the coeliac trunk in a study of
69 (1.12%) cadavers. Yi et al. [29] described such
a case during routine gross dissection in 2008 where
the coeliac trunk was absent and the arteries arose
independently from the abdominal aorta. Yadav et al.
[28] reported a case of a female cadaver in 2014 while
another case of an adult male cadaver was reported
by Badagabettu et al. in 2016 [2]. Lee et al. [8] report-
ed a case of a male cadaver in 2016. However since
the first report of Saint-Hillaire only 31 reported cases
of such variation have been demonstrated by lacob et
al. 2014 [6]. Since then 4 additional cases have been
reported to the best of our knowledge [2, 8, 20, 28].
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The majority of these cases reported worldwide were
observed during anatomical dissections in cadaveric
studies, while others were detected by imaging stud-
ies. In 1965, Morettin et al. [13] reported a case based
on arteriography prior to surgical exploration. Basar
et al. [3] reported a case presented in angiography
in 1995. In 2011, Matusz et al. [11] reported a case
based on multidetector-row CT while another case
was reported by Rastogi et al. in 2016 [20].

Agenesis of the coeliac trunk was observed in
0.19% of cases according to Matusz et al. [11] based
on a large series of 10,750 cases from 19 studies
including anatomical dissection, surgical procedures
and radiological studies. The reported prevalence
of the case reports noted above varies from 0.1%
according to Vandamme and Bonte [25] to 2.6%
according to Venieratos et al. [26] in cadaveric stud-
ies of adult humans. The latest cadaveric study by
Olewnik et al. [16] in 2017 reported a prevalence of
2.5% of agenesis of the coeliac trunk. In this study
the left gastric artery, the common hepatic artery and
the splenic artery arose directly from the abdominal
aorta, as reported in accordance with our case as well.

Finally, in comparison to most of the previous
reported studies, this rare anatomical variation is
mainly detected in post-mortem examinations or
during cadaveric anatomical dissections. In our case,
the agenesis of the coeliac trunk was an incidental
finding with clinical significance, revealed during an
abdominal CT with 3D reconstruction.

CONCLUSIONS

The knowledge of vascular anatomical variations
of the coeliac artery and its branching pattern is of
paramount importance during various operative, di-
agnostic and endovascular procedures. Agenesis of
the coeliac trunk is a rare anatomical variation.

Preoperative awareness of coeliac trunk absence
is of paramount importance assisting hepatobiliary,
pancreatic, upper gastrointestinal and vascular sur-
geons to perform meticulously a wide range of op-
erations in the coeliac trunk.

Conflict of interest: None declared
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CASE REPORT

A case of solitary kidney with duplex collecting
systems and renal vascular variants in an adult

male cadaver
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We describe a unique solitary kidney with duplex collecting system and vascular
variation observed in an 86-year-old white male formaldehyde- and phenol-fixed
cadaver during routine academic dissection. The left renal fossa was empty with an
intact adrenal gland, and the right renal fossa contained a fused renal mass with
apparent polarity between the superior and inferior regions and two renal pelves
converging into a single ureter. There were three right renal arteries supplying
the renal mass, the superior and middle arteries were noted to be postcaval and
the inferior artery was precaval. There were also two right renal veins draining
into the inferior vena cava and following a regional distribution with the supe-
rior vein draining the inferior portion of the renal mass. Despite generally being
asymptomatic, the detection of renal anatomical variants is clinically important
for appropriate patient management and surgical interventions. (Folia Morphol
2021; 80, 3: 722-725)

Key words: renal artery, renal vein, renal pelvis, anatomic variation,
multiple renal arteries, multiple renal veins

INTRODUCTION

The kidneys form between weeks 4 and 12 of
development. Congenital solitary kidney (CSK), also
known as unilateral renal agenesis, is the failure of
one kidney to develop. The estimated prevalence of
CSK based on autopsy study is 1 in 1000 cases, oc-
curring slightly more frequently in males and on the
left side [20]. CSK is typically asymptomatic, but can
be associated with contralateral vesicoureteral reflux,
hydronephrosis, hydroureteronephrosis, proteinuria,
and genital anomalies [15, 20].

Each kidney is typically supplied by a single renal
artery arising from the abdominal aorta and one
renal vein draining into the inferior vena cava (IVC).
Variation in the origin, number, course, division, and

penetration of renal arteries is common [15]. The es-
timated incidence of additional renal arteries arising
from the aorta is between 25% and 30% [22, 19],
and this incidence varies among populations [7].
Variation in the number of renal veins is less common
than in the renal arteries [22]; one study of multiple
renal veins showed a prevalence of 21.6% on the
right side [4].

We report a unique case of a solitary kidney with
two renal pelves draining into a single ureter with
accompanying vascular variations.

CASE REPORT

During academic dissection of a formaldehyde-
and phenol-fixed 86-year-old white male cadaver, we
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Figure 1. Solitary kidney with dual collecting systems and vascular variation in an adult cadaver. A. In-situ photograph of the renal mass and
associated vasculature; B. Ex-situ photograph of the renal mass and associated vasculature; the inferior vena cava (IVC) has been reflected to
demonstrate the course of the two cranial renal arteries; C. Sagittal section of the renal mass demonstrating two renal pelves converging into
a single ureter; AA — abdominal aorta; CA — coeliac artery; RA — renal artery; RP — renal pelvis; RTA — right testicular artery; RTV —
right testicular vein; RV — renal vein; SMA — superior mesenteric artery; Ur — ureter.

noted an empty left renal fossa. The left adrenal gland
was present and its vascular supply arose from the
abdominal aorta and drained into the IVC. The left
testicular vein was not preserved during dissection
and its drainage could not be confirmed. The left
testicular artery arose from the abdominal aorta. In
the right renal fossa, we exposed an enlarged renal
mass (Fig. 1), measuring approximately 16 cm from
the superior to inferior poles and 5.5 cm from the
lateral to medial borders. The renal hilum was below
L1, the expected vertebral level. Upon removal of the
capsule, we observed a protrusion on the anterior
inferior pole of the renal mass.

Further dissection revealed two distinct medial-
ly-oriented renal pelves — one draining the upper
portion of the kidney and one draining the lower por-
tion of the kidney. Two distinct tributaries converged
into a single ureter (Fig. 1C), which descended to the
bladder. No additional ureters were encountered in
the dissection, and the bladder was not preserved
sufficiently to detect the ureteric orifice(s).

Three right renal arteries originated from the ab-
dominal aorta and we refer to them as they arose
from the aorta: superior, middle, and inferior. The
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superior and middle arteries were postcaval and arose
from the aorta at approximately the L2 vertebral level,
and the inferior artery was precaval and arose from
the aorta at approximately the L4 vertebral level. The
superior artery crossed anteriorly to the middle artery
and bifurcated prior to entering the inferior hilum
to supply the more anterior and inferior portion of
the kidney. The middle artery crossed posterior to
the superior artery and bifurcated into an anterior
and posterior branch. The anterior branch gave rise
to two polar arteries supplying the superior pole of
the kidney before entering the hilum to supply the
anterior aspect of the superior (more posterior) por-
tion of the kidney. The posterior branch of the middle
artery was distributed to the posterior aspect of the
superior portion of the kidney. The inferior artery
entered the inferior hilum to supply the anterior in-
ferior portion of the kidney. We identified two right
renal veins draining into the IVC. The superior vein
crossed anterior to the inferior vein and drained the
inferior portion of the kidney, while the inferior vein
drained the superior portion. The sagittal dissection
of the kidney precluded any attempt to trace the
vessels more distally.
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DISCUSSION

We report a unique case of CSK with duplex col-
lecting system and atypical vasculature (i.e., three
right renal arteries and two right renal veins) in an
elderly male cadaver. There has been one other re-
ported case of CSK with multiple renal arteries in
a female patient with uterine didelphys [15]. This
report did not comment on the renal veins, renal
pelves, or ureters. The combination of bifid ureters or
duplex collecting systems and renal vascular variants
(multiple renal arteries and/or renal veins) has been
previously reported, but with both kidneys present
[2, 10, 21]. The combination of variants described in our
report, namely CSK, multiple renal arteries and veins,
and two renal pelves converging into a single ureter,
has not been reported previously to our knowledge.

An alternative explanation for this morphology is
cross-fused renal ectopia (CFRE) with a single ureter.
This phenomenon that has been described elsewhere
in various contexts [8, 9, 12]; however, these reports
exhibited characteristics not seen in our case, namely
“pancake morphology”, anterior orientation of the
renal pelves, and atypical location of the renal mass.
The presence of multiple renal vessels is also com-
mon in cross-fused renal ectopia [11, 16-18], with
many cases reporting atypical origins of the renal
arteries, such as the common iliac artery [7]. We
report all renal arteries arising from the right side
of the abdominal aorta. In CFRE with a single ureter,
a scar for the second ureteric orifice is still present
on the internal surface of the urinary bladder [8].
The urinary bladder was not preserved sufficiently
to detect a second ureteric orifice on the left side;
thus, we cannot confirm that our case is one of CFRE.
Nonetheless, many of the clinical implications and
possible complications of CFRE are similar to those
related to general anomalies of upper urinary tract
anatomy [13, 18].

Ureteral duplication has a reported frequency of
0.6-1.0% [1]. The ureteric bud, an extension of the
mesonephric duct, is the precursor to the ureter. The
ureteric bud penetrates the primitive kidney by day 32
of development and elongates and bifurcates to form
the ureter, renal pelvis, and major and minor calyces
by week 7. The duplicated pelvis and partially bifid
ureter described here could be the result of early bi-
furcation of the ureteric bud. Bifid ureters are typically
asymptomatic, though recurrent urinary infections,

724

flank pain, incontinence, and haematuria may arise
as a result of stagnation or reflux of urine from one
collecting system into another [5, 21].

Clinicians should be aware of these renal anoma-
lies and understand that genitourinary complications
may arise from them. There may also be associations
between urinary tract anomalies and anomalies of the
cardiovascular, central nervous, genital tract, skeletal
system, and the gastrointestinal tract. Despite requir-
ing a unique surgical approach, bifid ureters do not
affect the complication rate or outcomes of renal
transplantation [1].

We also report vascular variation in this donor
specimen: two twisting, more cranially-located renal
arteries and one additional caudal, precaval renal
artery. During development, the kidneys are supplied
by transient aortic branches. As the kidneys ascend
during weeks six through nine of gestation, these
transient branches disintegrate and reform repeatedly
to accommodate the ascent. The final pair of arteries
to form becomes the renal arteries. If one or more
pairs of transient renal arteries fail to regress, they
remain as accessory renal arteries. The presence of
additional renal arteries can also be explained by ge-
netic background, oxygenation, and haemodynamic
changes [3].

Co-occurrence of renal artery and renal vein varia-
tions is likely: Cinar and Turkvatan found an associa-
tion of renal artery and renal vein variation in 15.5%
of 504 patients [4]. The renal veins are formed by the
anastomosis of the supracardinal and subcardinal
segments of the primitive IVC. Dorsal and ventral
renal veins form, but the dorsal typically regresses
and the ventral vein persists as the renal vein [14].
Persistence of the dorsal renal vein could account for
the two renal veins seen in this case.

Renal vascular variations are typically asympto-
matic but may have clinical symptoms such as ischae-
mia or hypertension [21]. Multiple renal vessels also
create surgical challenges during nephrectomy and
during aortic reconstruction surgery. Vascular sur-
geons should be prepared to preserve or revascularise
the anomalous renal arteries [6]. In addition, these
variants put patients at risk for catastrophic bleeding,
so it is crucial for urologists and pelvic surgeons to
be vigilant for variant vasculature [9]. Angiography
is recommended prior to any surgical procedure in-
volving renal vasculature.
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CONCLUSIONS

Congenital solitary kidney is a renal anomaly that
may be asymptomatic throughout life and remain
undetected until incidental finding on autopsy, or
it may present with genitourinary symptoms, such
as vesicoureteral reflux. Physicians should consider
the possibility of CSK in the context of unexplained
genitourinary complications and conduct imaging
studies to identify such cases and prevent further
complications. As seen in our case and another report
[15], variations in arterial supply and venous drainage
is common in CSK, and variation in ureteric anatomy is
also possible. If a patient with CSK undergoes invasive
surgery, it is important for the surgeon to plan for
potential anatomical and vascular variations.
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In early embryogenesis, aortic anomalies occur as a consequence of disorders in
the development of the primitive aortic arches system. Aberrant right subclavian
artery, also known as arteria lusoria, is one of the important congenital anomalies
of the aortic arch, in which the right subclavian artery arises from the arch of
aorta instead of the brachiocephalic trunk. During routine dissection of a female
cadaver, we observed retro-oesophageal aberrant right subclavian artery arising
as the fourth branch from the aortic arch. In this case, the brachiocephalic trunk
was absent. Early detection of aortic arch anomalies through diagnostic interven-
tions is helpful to avoid complications during surgical procedures. (Folia Morphol
2021; 80, 3: 726-729)

Key words: anatomical variant, aortic arch, retro-oesophageal, arteria

lusoria

INTRODUCTION

Anatomical variations in the human body do
exist externally and internally where the latter may
be presenting some pathological consequences or
a life-threatening factor during surgical procedures.
Aberrant right subclavian artery (ARSA) is the com-
monest congenital aortic arch anomaly with an
incidence of 0.5% to 1.8% [25]. ARSA, or arteria
lusoria, is a rare anatomical variation in the general
population and has a female predominance [13,
23]. Right subclavian artery (RSA) normally orig-
inates from the brachiocephalic trunk, but when
this anomaly is present, the brachiocephalic trunk
is absent. Therefore, four large arteries (i.e. right

common carotid artery, left common carotid artery,
left subclavian artery and RSA) arises from the aortic
arch, in which the RSA has an aberrant origin arises
from the most distal left side [16, 23]. This anom-
aly is frequently asymptomatic; however, in some
cases, it may be associated with clinical symptoms
such as compression, dysphagia (dysphagia lusoria),
cough, and chest pain [3, 16, 24, 25]. According to
Vucurevic¢ et al. [27] aortic arch branching classifi-
cation, type 4 pattern was found in this case report.
Here, we report a case of a female cadaver with an
ARSA and reviewed the aortic arch branching vari-
ations, its embryological development and clinical
significances.
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During a routine dissection at the Anatomy De-
partment of King Khalid University, a female cadaver
of unknown age was presented with a retro-oesoph-
ageal ARSA. The branches were carefully dissected to
identify their courses and photographed.

We measured the diameters of the arch of aorta
and its branches with a calliper. The diameter of the
aortic arch was measured prior to the origin of the
right common carotid artery. The descending aorta
diameter was performed at a distance of 1 cm from
the origin of the branching of ARSA. The diameters
of the right common carotid, left common carotid,
and left subclavian and aberrant right subclavian
were measured at 1 cm from their origins (Table 1).

In the present case, we observed absences of
brachiocephalic trunk and presences of four branches
namely, right common carotid, left common carotid,
left subclavian artery and ARSA from right to left side
of the aortic arch (Fig. 1).

DISCUSSION

Normally during embryological development, the
distal right dorsal aorta degenerates in the double
aortic arches system. RSA develops from the right
4t aortic arch and 7 cervical intersegmental artery.
In the case of ARSA, the right 4t aortic arch, 7t
intersegmental artery, proximal and persistent distal
right dorsal aorta involve in the formation of this
cardiac malformation [3, 25, 26]. When aberrant,
the RSA arises from the aortic arch distal to the left
subclavian artery and crosses the midline causing
compression [19, 25].

Despite the fact that the ARSA is a common aortic
developmental anomaly, it is relatively a rare aber-
ration in the general population with a female pre-
dominance [20]. The occurrence was more common
in females (55.3%) than males (44.7%) [23], which
is consistent with other reported studies [13, 18]. In
the current case, ARSA arises from the left side of
the aortic arch as the last branch and passes behind
the oesophagus.

This anomaly is mostly having a retro-oesophageal
course (dorsal to the oesophagus) in the reported
cases (80%), passes between the trachea and the
oesophagus (15%), or anterior to the trachea in 5%
of the cases [10, 19]. Although most of the patients
(60-70%) are asymptomatic throughout their lives
[14, 24], they are frequently diagnosed by incidental
evaluations obtained for other reasons (i.e. imaging
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Table 1. Measured diameters of the aortic arch and its bran-
ches in millimetres

Aortic arch 28
Descending aorta 22
Left common carotid artery 8
Right common carotid artery 8
Left subclavian artery 9
Aberrant right subclavian artery 16

Figure 1. Right common carotid artery (A), aortic arch (B), retro-
-oesophageal aberrant right subclavian artery (C), left common
carotid artery (D) and left subclavian artery (E).

and aortic dissection) [5, 11, 24]. If symptomatic,
in adult patients ARSA usually produces dysphagia
(dysphagia lusoria), cough, chest pain, shortness of
breath and weight loss due to the compressive effect
of the nearby structures [19, 23]. An aneurysmal
aortic dilatation, Kommerell’s diverticulum occurs at
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the origin of the ARSA [9, 26]. Increased frequency
of pulmonary infections is more common in infants
than adult patients; this is due to the absence of tra-
cheal stiffness, in combination with dysphagia and
aspiration of food particles [4].

In our case, the ARSA was 16 mm in diameter;
same finding had been reported in another study
[21]. The calibre of the aortic arch branches depends
on the position of their origin. There is an association
between the origin of the branches and the diameter
of the aortic arch [17].

In right transradial approach for coronary angi-
ography and angioplasty procedures, the presences
of the ARSA increase the number of catheters and
prolong angiography time. Before proceeding the
techniques, the operator must gain a sound knowl-
edge of the anatomical variations to decrease the
complication rate [1, 2].

Many studies [6, 7, 15] reported the correlation
between foetal ARSA, intracardiac malformations and
chromosomal abnormalities such as trisomy 21, 22q11
deletion of the long arm of the chromosome and
Turner syndrome. Prenatal diagnosis of the ARSA is
a useful marker for the ultrasonographic detection of
foetal chromosomal abnormalities. In such cases, pre-
natal cytogenetic analysis is strongly recommended.

Treatment options such as conservative meas-
ures and surgical intervention mainly depend on the
severity of the patient’s symptoms and the pres-
ence of aneurysms [22]. Conservative measures are
non-invasive treatments including dietary and lifestyle
modifications often used for patients with mild to
moderate symptoms [19, 22]. This includes reducing
or avoiding exacerbating foods, eating small bites of
the food at a slower rate with adequate chewing, and
having more liquids [22].

Several non-invasive angiography methods such as
multislice and multidetector computed tomography,
Doppler sonography, transthoracic echocardiography
and the magnetic resonance imaging are essential for
preoperative diagnosis of the ARSA. These methods
help to avoid unintentional injury of this artery during
surgical procedures [8, 12, 28]. Patients with severe
symptoms, consideration for surgery should be taken
as a variety of safe and effective surgical approaches
have been proposed [22, 23].

CONCLUSIONS
Conclusively, anatomical variations are frequent,
and the ARSA is a well-known anomalous with or
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without pathological consequences. Prenatal diag-
nosis of the ARSA through non-invasive angiography
methods helps to detect the foetal chromosomal
abnormalities. Sound knowledge of the course and
relations of the ARSA is helpful to reduce the risk and
complications in surgical procedures.
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Background: The fibular collateral ligament is a permanent and extracapsular
ligament of the knee joint. It is located on the lateral aspect of the knee and
extends from the lateral epicondyle of the femur to the lateral surface of the
head of the fibula. As one of the main knee joint ligaments it is a stabilizer of the
posterolateral corner of the knee and resists varus stress. The case report displays
the bifurcated variant of the fibular collateral ligament. The aim of this study is to
determine which of those bands should be considered dominant.

Materials and methods: Classical anatomical dissection was performed on the
left knee joint. The fibular collateral ligament was thoroughly cleansed around its
origin, distal attachments, and course. Appropriate morphometric measurements
were collected.

Results: A bifurcated variant of the fibular collateral ligament with inverted pro-
portions of its two bands (main and accessory one) constitutes our findings. It
originated on the lateral epicondyle of the femur. Then it divided into two bands
(AT and A2). Band A1 inserted to the head of the fibula. A bony attachment
of band A2 was located on the lateral aspect of the lateral condyle of the tibia.
Conclusions: Although the fibular collateral ligament is a permanent structure it
presents morphological variations. It is important to constantly extend morpho-
logical knowledge for all scientists concerned in anatomy. (Folia Morphol 2021;
80, 3: 730-734)
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INTRODUCTION are divided into two main groups, extracapsular and

The knee joint is considered the biggest and one of intracapsular. It is due to these ligaments that the

the most complex joints in the human body. It consists knee joint can maintain proper stabilisation during
of various structures including many ligaments, which different movements.
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The fibular collateral ligament (FCL) is one of the
main extracapsular knee joint ligaments. It is located
within the lateral aspect of the knee and originates,
traditionally, on the lateral epicondyle of the femur. It
then runs distally and attaches to the lateral surface of
the head of the fibula [3, 17, 28]. There is no connec-
tion between it and the knee joint capsule [3]. The bi-
omechanical functions of the FCL are well known and
the most important of them is to resist varus forces.
Additionally, it can preclude excessive posterolateral
rotation of the tibia relative to the femur [8, 10, 15].

Lesions of the FCL are not rare, especially among
athletes [16]. However, isolated FCL injuries seldom
occur, so clinicians have to face so-called multi-liga-
ment knee injuries. Co-occurrence of lesions of both
cruciate ligaments of the knee, anterior and posterior,
and structures of the posterolateral corner of the
knee, are most frequent [19]. Those in most danger
of FCL rupture are sportsmen exposed to shifting
strains on a fully extended knee [16]. The FCL can
tear as a result of hyperextension, direct varus stress,
or twisting movement when a foot is fixed on the
ground and the athlete rapidly changes direction of
movement [14].

Anatomical structures tend to vary and can sur-
prise us with their morphological variations [12, 26,
27]. Such fluctuations are quite common among
ligaments, muscles, and their tendons [1, 6, 7, 11,
21-25]. Although scientists know a lot about the
morphology of the FCL, it can still present some new
features. Therefore, a proper and accurate classifi-
cation system of the FCL based on morphological
variations has been created [23].

This study presents a case of the bifurcated FCL
with inverted size proportions of its two bands. It is
important to collect such knowledge for all scientists
involved in anatomy.

CASE REPORT

The cadaver of a 71-year-old female was subjected
to routine anatomical dissection at the Department of
Normal and Clinical Anatomy, Medical University of
Lodz, for the purposes of research and the education
of medical students. The knee joint was dissected
using standard techniques according to a strictly
specified protocol [22, 23].

During dissection of the lateral aspect of the knee
joint, a bifurcated FCL was recognised. The whole
ligament was thoroughly cleansed around its origin,
distal attachments, and course. It originated on the
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Figure 1. The presented variant of the fibular collateral ligament;

a lateral view of the left knee joint; LFE — the lateral femoral epi-
condyle; DF — the deep fascia of leg; HF — the head of the fibula;
A, — the main band of the fibular collateral ligament; A, — the
accessory band of the fibular collateral ligament.

lateral epicondyle of the femur. Then the common

part (band A) divided into two bands (A1 and A2).

After the cleansing, it was noted that two bands

differed in their proportions.

— band A1 ran towards the lateral surface of the
head of the fibula and inserted at this point;

— band A2 descended anterior to A1, went under
the deep fascia of leg and presented a broad bony
attachment on the lateral aspect of the lateral
condyle of the tibia.

There were no other morphological abnormalities
(Fig. 1).

Appropriate morphometric measurements were
acquired. Length and width were taken from dig-
ital photographic images and processed through
MultiScanBase 18.03 (Computer Scanning System lI,
Warsaw, Poland), while thickness was measured with
an electronic calliper (Mitutoyo Corporation, Kawa-
saki-shi, Kanagawa, Japan). All results are presented
in Table 1.
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Table 1. Measurements of the fibular collateral ligament bands

Band

A1 A2
Length from the bifurcation point [mm] 2434 1840
Width at the bifurcation point [mm] 259 463
Width at the middle point [mm] 305 498
Width of the insertion [mm] 521  11.33
Thickness at the bifurcation point [mm] 032 041
Thickness at the middle point [mm] 034 040
Thickness of the insertion [mm] 029 040

DISCUSSION

Among clinicians, including orthopaedists, there
is increasing interest in and hence awareness of ana-
tomical variations. Many morphological classification
systems have been published to facilitate better diag-
nosis and plan more advanced treatment approaches
[22-24].

The fibular collateral ligament is a variable struc-
ture as demonstrated in some studies. Most of these
have focused on abnormalities of its origin around
the lateral epicondyle of the femur [2, 5, 13, 17, 29].
Nevertheless, some have presented morphological
variations involving different numbers of FCL bands
and points of distal attachments. Specifically, bifur-
cated and trifurcated FCLs have been recognised
[3, 4, 23]. One study even presented a double FCL [23].
According to Olewnik et al. [23], there are four types
of FCL (I, lla, llb, Ill, IV). Among the types that occur
as multibands, we can distinguish a main band and
one or two accessory band(s). The main band always
inserts to the head of the fibula, while the accessory
band(s) has/have two points of insertion, the deep
fascia of the leg and the styloid process of the fibula.
Chappell et al. [3] found all additional bands attached
to the anterior or posterior aspect of the head of the
fibula. In our study, we recognised two bands, A1 and
A2. A1l inserted to the lateral surface of the head of
the fibula, while A2 inserted to the lateral aspect of
the tibial lateral condyle. The FCL described in this
study appeared to be similar to type lla described by
Olewnik et al. [23] because of the bifurcation and
the descending direction of the bands. However,
there was a difference in the attachment point of
the accessory band (A2); it presented a bony attach-
ment, while in Olewnik et al. [23] the accessory band
inserted to the deep fascia of the leg. On the basis
of this information about the insertional points, we
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could consider band A1 the main one and band A2
an accessory one. The question arises whether it
is appropriate reasoning in each case and whether
the main band is always dominant. In our work, all
measurements revealed (Table 1) that the band at-
tached to the lateral aspect of the lateral condyle of
the tibia (A2) was more massive than A1. This could
imply that despite the atypical “non-main” insertion
in such cases, the accessory band can be functionally
dominant.

An embryological study found the mesenchymal
condensation that provides rise to the FCL in 7-week-
-old embryos. At 9 weeks it was described as a thin
but well-defined cellular band which descended from
the lateral epicondyle of the femur to merge with
the perichondrium of the head of the fibula. The FCL
reached a structural similarity with the adult knee at
14 weeks, presenting groups of cells separated by
a lot of bundles consists of collagenous fibres [9].
According to Merida-Velasco et al. [18], the FCL de-
velops independently from the knee joint capsule in
contrast to the medial collateral ligament. It is inter-
esting whether, in the case of bifurcated variants of
the FCL, both bands (main and accessory) develop
simultaneously.

The FCL is a significant knee joint stabilizer. It
resists varus forces at all knee flexion angles and stabi-
lises the posterolateral corner of the knee. Moreover,
it resists external rotation of the knee over the flexion
span 0°-30°. Above 30° it loses tension and becomes
insufficient as a stabilizer of external rotation of the
knee [5, 8, 10, 15, 20]. It is possible that some kinds
of multibanded FCL can provide extra stabilisation
functions, but specialist biomechanical examination
will be needed to establish this.

Although injuries to the FCL are less common than
injuries to the medial collateral ligament, appropriate
diagnosis, treatment, and rehabilitation are key to
ensuring sufficient recovery and postoperative sta-
bilisation [15, 29]. The treatment method depends
on the “grade” of FCL injury, and surgical procedures
include primary repair and total reconstruction. Pri-
mary repair is used in acute bony avulsions around the
proximal or distal attachment of the FCL, while total
reconstruction is preferable for midsubstance tears
or chronic lateral knee instability after the FCL injury
[19, 20]. Our findings suggest that in some surgical
treatment approaches to ligaments or tendons with
accessory bands, surgeons should be more careful
and verify which band is truly dominant; this should
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be given most focus in order to restore the primary
and essential function.

Limitations of the study

The study has some limitations. Although the ana-
tomical examination was thorough, this is only a case
report, presenting the topic for the first time. Further
anatomical, biomechanical, and imaging examina-
tions are required to investigate the variation more
deeply and create useful tips for clinicians specialising
in treatment of ligaments and tendons. Nevertheless,
we think it important to collect all new morphological
information, and to enrich and integrate anatomical
knowledge for all anatomists.

CONCLUSIONS

The fibular collateral ligament is an anatomical struc-
ture with the potential for novel, extremely rare mor-
phological variations. Besides bifurcated, trifurcated, or
double FCLs, the size proportions between the main and
accessory bands can be inverted. Assembling complete
anatomical knowledge, even including such rare cases,
is valuable for clinicians involved in anatomy.

Ethics approval and consent to participate

The protocol of the study was accepted by Bio-
ethics Committee of Medical University of Lodz (res-
olution RNN/297/17/KE). The cadavers belong to the
Department of Normal and Clinical Anatomy of the
Medical University of Lodz.
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Bilateral double-layered patella in a patient with
advanced knee osteoarthritis
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Double layered patella (DLP) is a rare anomaly of the patella that may go un-
diagnosed, especially in patients with progressive knee dysfunction and early
degenerative changes. Clinical symptoms such as motion-dependent pain and
anterior knee pain most typically occur in adolescents or young adults; however,
gradually increasing pain and early generalised degenerative changes have also
been seen in patients over 40 years old.

Diagnosis of DLP could be difficult, especially in cases with coexisting arthrosis.
DLP is considered to be pathognomonic for the diagnosis of multiple epiphyseal
dysplasia and usually coexists with other anomalies seen in this syndrome, such
as hip dysplasia. In extremely rare cases, DLP can occur as a solitary disorder. The
prevalence of such cases, however, is unknown, and they could be easily misdi-
agnosed. Computed tomography and magnetic resonance imaging are the most
sensitive radiological methods used in DLP diagnosis. This case report presents
a case of a bilateral DLP incidentally found in a 47-year-old patient with advanced
arthritis referred for arthroplasty because of increasing symptoms of knee joint
failure with no other abnormalities recorded. An important goal of our case study
is to raise the awareness of this abnormality with radiologists and orthopaedic
surgeons. (Folia Morphol 2021; 80, 3: 735-738)

Key words: bilateral double-layered patella, osteoarthritis

INTRODUCTION

Medical literature reports only a few cases of
double layered patella (DLP). DLP is considered to be
pathognomonic for the diagnosis of multiple epiphy-
seal dysplasia (MED) [7].

Early onset of clinical symptoms, such as increasing
anterior knee pain and motion-dependent pain, are
characteristic of young patients; however, dysfunctions
as well as early, generalised degenerative changes have
also been seen in patients over 40 years old with no
history of trauma [10]. Because there are therapeutic
implications to distinguishing DLP from other causes of

knee failure in non-traumatic painful patients, imaging
findings should be used to guide differential diagnosis.

This case report presents a case of an incidentally
found bilateral DLP in a 47-year-old patient with
advanced arthritis referred for arthroplasty because
of increasing symptoms of knee joint failure with no
other abnormalities recorded.

CASE REPORT
The patient (M.G.), aged 47, was referred from
a county health centre to the Orthopaedic Clinic of
the Medical University in Lublin, Poland, with in-
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Figure 1. Lateral X-ray views of double-layered patella; A. Right patella (white arrow); B. Left (white arrow), additional separated segment in

upper part of left patella (red arrow).

creasing symptoms of knee dysfunction and pain.
On physical examination, the patient felt severe pain
in both knees during movement and physical effort,
especially the left knee, with a slight contracture in
flexion and motor impairment of the left leg extension
resulting in abnormal gait. The patient had not been
diagnosed previously for these complaints. Physical
examination also revealed a limited range of motion
of 0 to 100 degrees of flexion for the right knee and
0 to 70 degrees for the left knee. The patient reported
pain in both compartments in the area of the joint
space. Antero-posterior and lateral view radiographs
of both knees showed advanced arthritis, with more
advanced lesions in the left knee. In lateral views two
separated, parallel segments of both patellas were
found (Fig. 1). The patient was referred for arthro-
plasty of the left knee. Computed tomography (CT)
was performed a month later to assess bone struc-
ture. CT scans confirmed the presence of advanced
degenerative changes in both knees and coexisting
bilateral double-layered patella (Fig. 2). Additionally,
several small segments were detected in the upper
outer quadrant of the superficial surface of the left
knee patella (Fig. 2B, D). During the arthroplasty,
patellar segments were removed or fused. The artic-
ular surfaces of the distal femur and proximal tibia
were replaced with prosthesis. Osteophytes that had
formed on the patella and the edges of both bones
were reduced. Following surgery, the patient under-
went standard postoperative rehabilitation. Despite
reminders, the patient never reported for follow-up.
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DISCUSSION AND CONCLUSIONS

The patella, being the largest sesamoid bone in the
human body, serves as an anatomic pulley (trochlea)
for the quadriceps tendon. One of the most common
patellar abnormalities is multipartite patella, which
occurs in 0.2-6% of the population. A bipartite pa-
tella is the most prevalent form of this condition
[12]. The partition is most often considered to be
the consequence of a failed fusion of patellar ossi-
fication centres, but, other causes, such as trauma,
tendon pulling on the patella, or insufficient vascular
supply have also been proposed in the literature [11].
Available classifications of multipartite patella do not
include a DLP [9]. DLP is currently considered to be
pathognomonic for the diagnosis of MED, but single
cases of this anomaly without coexistence of MED
have also been described [1, 7]. The dominant form
of MED occurs in 0.01% of the population, but the
prevalence of the recessive form is unknown [1]. It has
been suggested that mutations in the COMP, DTDST,
MATN3, COL9AT, COL9A2, and COL9A3 MED genes
may be responsible for the occurrence of MED, while
mutations in the DTDST and COL9A2 genes have been
shown to coexist with the DLP phenotype [1, 5, 10].

It is extremely difficult to estimate the prevalence
of solitary DLP, because until now only a few cases
have been reported in the literature available to the
authors. First described by Buttner in 1925, DLP is an
anomaly in which there are two patellar segments
separated by a coronal septum: an anterior segment
which is embedded in the quadriceps femoris tendon
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Figure 2. Computed tomography scans reconstructions; A. Axial view of right knee; B. Axial view of left knee, multiple segments in upper
part of anterior layer are seen (red arrow); C. Three-dimensional reconstruction of right patella; D. Three-dimensional reconstruction of left

patella.

and patellar tendons, and a posterior segment, which
forms the articulating surface for the femur [7]. It is
thought that DLP is bilateral in up to 40% of patients [3].
The interface between the two segments is cartilag-
inous [4, 7]. Apart from complete DLPs, partial DLPs
have also been described in the literature, often in
association with fracture [5]. A partial DLP can also
occur in patients without MED [3].

Double layered patella is sometimes asymptomat-
ic, but it can also cause a variety of clinical problems.
Clinical symptoms such as motion-dependent pain
and anterior knee pain, clicking, locking or patellar
dislocation most typically occur in adolescents or
young adults [4, 7]; however, gradually increasing
pain and early, generalised degenerative changes
have also been seen in patients over 40 years old [10].
A delayed and painful movement of the posterior
patellar segment that has no tendinous insertions,
which causes painful snapping of the patella has
also been reported [4]. DLP can be suspected based
on clinical examination, especially in patients with
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a history of MED [7]. The diagnosis is confirmed
following imaging (X-ray, CT or magnetic resonance
imaging [MRI] scans) [8]. CT and MRI are the only
modalities that enable precise morphological eval-
uation of both patellar segments. As a method that
allows performing multiplanar and three-dimensional
reconstructions, CT is an important preoperative tool.
The layers can also be seen in ultrasound images,
because the posterior segment is not entirely covered
by the anterior segment.

Because DLP is a very rare abnormality, no stand-
ard treatment has been established so far. This means
that therapeutic interventions are individually tailored
to the patients’ needs. Surgery has been performed in
symptomatic patients both with and without a history
of trauma. Resection of the posterior segment was
proposed previously [2]; however, more recent work
describes a good clinical outcome in patients who
have undergone a surgery involving decortication of
the separated bone segments and fixation using mul-
tiple stabilising elements [4, 5] or a single screw [6].
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Patients who are referred for surgery may need
a more extensive evaluation, including CT scanning,
as CT scans can be used for planning treatment and
printing three-dimensional models of the patella.
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A bifurcated plantaris muscle: another
confirmation of its high morphological
variability? Another type of plantaris muscle
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The plantaris muscle usually begins with a short, narrow belly in the popliteal fossa
at the lateral supracondylar line of the femur and the knee joint capsule. Then it
forms a long and slender tendon and usually inserts into the calcaneal tuberosity
on the medial side of Achilles tendon. Nevertheless, many anatomical variations
of distal attachment have been described. Cases of atypical proximal origin are
reported less frequently. In this paper, we have presented a case of a two headed
plantaris muscle. First head attached to the condyle of the femoral bone, medially
and inferiorly to the lateral head of the gastrocnemius muscle. The second one
originated from the popliteal surface of the femur, just above the intercondylar
fossa. According to present literature, no such case with atypical proximal origin
was presented. Such information has potentially clinical significance during the
surgical procedures performed in the area of the popliteal fossa. (Folia Morphol
2021; 80, 3: 739-744)

Key words: anatomical variations, plantaris muscle, plantaris tendon,
rare variant

INTRODUCTION

The plantaris muscle (PM) is a small, flat, spin-
dle-shaped muscle located in the posterior region of
the knee, slightly above and medially to the lateral
head of the gastrocnemius muscle (GM) [16]. The
proximal attachment is located on the popliteal sur-
face of the femoral bone above the lateral condyle on
the articular capsule [16]. From this origin, the short
muscle belly develops into a long, thin tendon, which
usually runs in the “space” between the GM and the
soleus muscle inserting on to the medial calcaneus
and adjacent fibrous tissues [28].

Due to its attachments, it is involved in plantar
flexion of the foot at the ankle joint and in knee
flexion at the knee joint. In reality, however, it weakly
assists the gastrocnemius and soleus muscles to
perform these two movements. The PM contains
a large number of muscle spindles, so it's consid-
ered as a proprioceptive organ for the larger, more
powerful flexors of the ankle joint, transferring in-
formation about the position of the foot and about
movement [16, 28].

But still, since neither proprioceptive or flexor
functions are affected when plantaris is absent or
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Figure 1. A. Right plantaris muscle with two bellies (PM — plantaris muscle, PT — plantaris tendon); GM — gastrocnemius muscle;
B. The plantaris muscle, Mallory staining, mag. 400 x. Muscle transitions to the tendon are marked (red circles).

removed, some authors consider this muscle to be
vestigial in humans.

It should be noted that PM is not always pres-
ent. According to different data, this muscle is not
present in 4-20% of subjects [3, 7, 21, 26]. Cases of
a double PM, unilaterally [11] or bilaterally [10], have
also been reported.

Anatomical variability in the morphology of the
muscle and its attachments may affect both the
function of the lower limb (potential predisposition
to Achilles tendon tendinopathy) [21, 30] and the
surgical procedures, including those involving the
use of the plantaris tendon for reconstruction pro-
cedures. The tendon of this muscle is long and can
be used for the reconstruction of anterior talofibu-
lar ligaments, calcaneofibular ligaments and flexor
tendons in the lower extremities. Removal of the PM
does not typically hinder the patient’s lower extrem-
ity function in the presence of a normal soleus and
gastrocnemius. Injury to the PM either on its own, or
in combination with gastrocnemius, or soleus dam-
age, can represent the cause of the clinical condition
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known as tennis leg [6]. It must be noted that some
cases of the use of this tendon for the repair of the
atrioventricular valve have also been reported [25].

Findings related to deep venous thrombosis in the
calf can be mistaken for those of tennis leg and thus
must be kept in mind in the differential diagnosis of
clinical findings suggestive of this condition. Other
differentials may include a ruptured Baker's cyst, and
calf neoplasms [13].

In the present paper, we describe a case of a PM
with two completely separate heads, which confirms
the introduced classification of origin (rare cases) by
Olewnik et al. [22].

CASE REPORT

In the Chair and Department of Forensic Medi-
cine, a forensic autopsy of a 68-year-old woman was
carried out. During the dissection of the muscles, it
was found that the right PM had two heads (Fig. 1A).
The heads were carefully assessed in situ with respect
to their length and width, as were the proximal and
distal attachment and the course of the tendon.



A. Smedra et al., Another type of plantaris muscle

Table 1. Measurement results in millimetres

Belly length 63.64 58.21
Tendon length to the connection point 8.21 2.21

Tendon width at muscle-tendon junction 1.96 1.10
Whole tendon length 328.21 328.21

The first (lateral) head was attached to the lateral
condyle of the femur and to the lateral head of the
GM, whereas the second (medial) head originated
from the femoral popliteal surface, just above the in-
tercondylar fossa. The bellies then passed into a long
tendon oriented towards the medial side of the calf.
Photographic documentation with a measuring tape
was prepared. The muscle was cut and measured
using an electronic calliper (Mitutoyo Corporation,
Kawasaki-shi, Kanagawa, Japan). Measurement re-
sults are given in the Table 1.

The muscle was then fixed in 4% buffered formalin
solution for histological investigations. After fixation,
the microscopic specimens stained with haematoxylin
and eosin as well as with Mallory’s method were pre-
pared. Inspection under the microscope revealed that
the heads of the investigated muscle had a normal
histological structure (Fig. 1B).

DISCUSSION

Based on the literature, the PM may be a residual
structure, a remnant of the primitive flexor of the
toes. According to this assumption, the tuberosity
of the calcaneus bone has then become a junction
between the two parts of the primary flexor (plan-
taris tendon and plantaris aponeurosis), which are
attached to it but not connected with each other. Ac-
cording to Cruveilhier [4], the change in the position
of the foot relative to the remainder of the extremity
was the result of the loss of connection between the
PM and the plantaris aponeurosis. It is worth noting
that the situation is different in the case of the pal-
maris longus, which has not lost connection with the
palmar fascia [23].

The loss of the plantaris tendon connection to
the plantaris aponeurosis gave rise to the secondary
connection to the calcaneus [4]. In many mammals,
including apes, the plantaris is attached to the plantar
aponeurosis. In most ruminants and horses; however,
the plantaris attaches to the Achilles tendon similar
as in humans. A study of the comparative anatomy of
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mammals reveals no phylogenetically coherent story
based on either the size or the location of the attach-
ments of the plantaris. Embryological development in
man supports the idea supported by McMurrich that
the plantaris is a derivative of the deeper portion of
the lateral head of the gastrocnemius. When absent,
it is likely that this separation has failed to take place
during ontogeny [15].

While the human PM is clearly in a position to flex
the knee and to plantarflex the foot at the ankle, its
motor functions are obviously trivial. A point often
overlooked in the assessment of a muscle’s function;
however, is that most muscles have a sensory function
in addition to their more obvious motor function.
While all muscles contain scattered muscle spindles
among their more numerous and larger motor fi-
bres, some small muscles have an exceptionally high
number of spindles and should be thought of as
sensory or proprioceptive organs rather than as motor
organs. Often these small sensory muscles are found
to be in close association with much larger motor
muscles — PM goes together with gastrocnemius
and soleus.

The PM is a structure characterized by high ana-
tomic variability. First, it may not be present at all, sec-
ond, there are many variations in its attachments and
third, it can have two or even three bellies (heads) [22].

As it was previously mentioned, according to
different data, this muscle is not present in 4-20%
of subjects. Studies usually do not show significant
statistical differences in occurrence between sexes
and body sides.

The plantaris is exceedingly variable in origin. It
may take origin from the inferior extremity of the
lateral limb of the linea aspera; the posterior ligament
of the knee at the intercondylar space; the fascial cov-
ering of the popliteus; the fibula, between the flexor
hallucis longus and the peroneus longus; the oblique
line of the tibia, under cover of the soleus; the fascia
of the leg; the lateral condyle of the femur above
the origin of the lateral head of the gastrocnemius
and when bicipital, any two of the above mentioned
areas [5]. With regard to the differences in proximal
attachment, Olewnik et al. [18] described six types of
origin and proposed a new classification of plantaris
origin. The most common was type | (48.4%) divid-
ed into two subtypes (A-B): subtype A, attaching to
the lateral head of the GM, lateral femoral condyle
and to the capsule of the knee joint, and subtype B,
attaching to the lateral head of the GM, the lateral
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femoral condyle, knee joint capsule and the popliteal
surface of the femur. The second most common type
was type Il (25%), attaching to the capsule of the
knee joint and, indirectly, to the lateral head of the
GM through the lateral femoral condyle. The third
most common type was type Il (10.15%), attaching
to the lateral femoral condyle and the knee joint
capsule. Type IV (6.25%), the rarest type, attached to
the lateral femoral condyle, knee joint capsule and
to the iliotibial band. Type V (8.6%) originated only
from the lateral condyle of the femur. Type VI (1.6%)
was separated for “rare cases” [18].

The distal attachment of the plantaris varies — it
usually inserts into the posterosuperior aspect of the
calcaneus via the Achilles tendon; however, it can
insert into neighbouring structures along it's normal
course deep to the gastrocnemius and superficial to
the medial aspect of the gastrocnemius and soleus,
the flexor retinaculum, the dorsomedial border of the
calcaneal tendon near or at its insertion, or distally
into the fascia overlying the calcaneus or the plan-
tar aponeurosis [1, 12, 17, 20, 21, 24, 27, 29]. The
specific course of the PT and type of insertion may
significantly affect the onset of Achilles midportion
tendinopathy. Especially type Il (characterised by in-
sertion to the calcaneal tuberosity on the medial
side, along with the Achilles tendon of the plantaris
tendon which was beaded in common parathendon
with the calcaneal tendon) may predispose a patient
to this condition [20].

Regarding the cases of bifurcated PM, it has been
reported to occur unilaterally [11] and bilaterally [10].
According to Herzog (2011) [8], PM with accesso-
ry belly has a prevalence of 6.3% in 1000 consec-
utive magnetic resonance imaging exams of the
knee. However, cadaveric studies suggest a much
lower incidence [10, 24]. In fact, in autopsy study
of 750 bodies, Daseler and Anson (1943) [5] did
not report the identification of such muscle. When
the muscle has two bellies, one of them may have
a typical attachment, and the other may be attached
in a different area; both bellies can be attached typi-
cally or both atypically. Christy and Sathialakshmi [3]
described a case in which one of the bellies was
attached on the supracondylar line above the lateral
condyle, while the other was attached to the oblique
popliteal ligament. The popliteal artery was medial to
the PM attachment [3]. By contrast Sawant et al. [24]
described a rare variation of the muscle with pres-
ence of two heads taking origin together from lower
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part of lateral supracondylar line and oblique pop-
liteal ligament [17]. In the present case, the muscle
with two bellies was located unilaterally, as in the
publication of Christy and Sathialakshmi (2019) [3].
However, such a case, in which one of the heads is
attached to the lateral femoral condyle, medially
and below the lateral head of the GM and the other
originates on the popliteal surface of the femoral
bone just above the intercondylar fossa, has not yet
been described. The cases described so far relate to
attachments located in other areas. For example,
Kotian et al. (2013) [9] described a case in which the
muscle had a typical origin on the lateral condyle
and then bifurcated into two bellies, one superior
and one inferior, whose location differed in relation
to the popliteal vessels and the sciatic nerve. The
superior head ran in front of these structures, and
the inferior head was posterior to them [9]. It should
be added that in the case in question, a histological
examination was performed, which revealed that
there were actually two bellies — two areas of muscle
transition to the tendon were clearly visible. Previous
publications also did not describe the histological
structure of the identified bifurcated PM, which may
raise doubts since macroscopic assessment might not
always be accurate.

Using the classification prepared by Olewnik et al.
2020 [18], this type should be allocated in type VI
— "rare cases”. However, it should be emphasized
that such type has not yet been described.

According to the authors, the second belly size,
location and potential impact on adjacent structures
determine how its presence affects the function of
the extremity. The presence of the second belly may
be mistaken for the presence of a tumour during
the examination, so orthopaedists and rehabilitation
specialists should be aware that a patient may present
such anatomical variation. In the authors’ opinion,
it would be necessary to consider whether the PM
with two bellies may be more prone to disruption.
As is known from the literature, plantaris tendon
rupture may cause symptoms similar to deep vein
thrombosis [14], which can be a significant clinical
problem. The second belly may also interfere with the
structures located in its vicinity, other muscles, vessels
and nerves, especially when muscular hypertrophy
occurs. In cases of compression of the vessels or
nerves, symptoms suggesting other conditions such
as neuropathy, varicose veins or the aforementioned
thrombosis may occur. It should be noted that any
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anatomical variability may affect the functioning of
the patient. With regard to the differences in proxi-
mal attachment, Olewnik et al. [19] described a case
in which the PM was attached to the capsule of the
knee joint, medially to the lateral head of the crural
GM, which resulted in abnormalities in the further
course of the muscle.

The presence of a two-headed PM may result
in symptoms and disorders that normally do not
occur, hinder the diagnostics of the popliteal region
and affect the surgical procedures performed in that
area (e.g. the tibial nerve, the common fibular nerve,
and the popliteal artery and vein). In the authors’
opinion, all cases of anatomical variations, not only
in the vicinity of the distal attachment but also in
that of the initial attachment, should be published,
as this may be essential for clinicians, for example,
in connection with planned surgical procedures in
the popliteal area.

CONCLUSIONS

The PM is characterised by high morphological
variability. The presence of two bellies may poten-
tially affect the surgical procedures performed in the
area of the popliteal fossa. Knowledge of anatomical
variants of the PM is crucial during surgery in that
region. The classification of the PM origin should be
extended to include described variant in “type VI".
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