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Following the great success of the first edition of 
Comprehensive and Clinical Anatomy of the 
Middle Ear, our publisher invited the team of 
authors to produce a second edition. We worked 
diligently to present new anatomical facts and 
concepts, which build upon continuing surgical 
experience and advanced correlated endoscopic 
and imaging acquisitions.

Although human anatomy is a stable basic 
knowledge, when it concerns the ear, it remains a 

dynamic discipline where nothing is set in stone. This second edition reports 
the latest observations to enable better otology training and enhance surgical 
approaches.

Most of the anatomy described in the first edition is still valid and perti-
nent. However, additional anatomical details and their functional importance 
are reported in this second edition. These additions and other refinements 
provide improved diagnostic orientations and suggest more precise surgical 
procedures in the middle ear.

In every chapter of this second edition, subchapters and subdivisions 
report and illustrate updated elements of embryology and anatomy, as well as 
relevant modern endoscopic and imaging illustrations to better perform oto-
logical surgery. Additional knowledge concerning the mechanics of middle 
ear anatomical content is introduced to assist in the understanding of its clini-
cal significance and its importance to the surgical setting.

We have also added a new chapter to explain the fragile structure of the 
middle ear as an organ and its comparative evolution during phylogenesis, 
aiming to offer a holistic vision for handling the middle ear.

Most illustrations, anatomical plate dissections, endoscopic and micro-
scopic pictures, and imaging demonstrations were revisited for the purposes 
of this second edition. This allows us to better highlight normal middle ear 
anatomical details, congenital abnormalities, and conflictual pathological 
presentations. We wish to offer students and teachers a complete and up-to- 
date reference book concerning the functional anatomy of the middle ear. To 
do so, we not only draw from our knowledge and experience as practitioners 
but also discuss current modern otology research. This second edition reviews 
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the recent literature relative to the discipline and references many new and 
interesting sources.

This second edition is the result of close collaboration among good friends 
and colleagues. It is a tribute to their dedication to medical teaching and their 
desire to expand the knowledge of practitioners everywhere.

Beirut, Lebanon Salah Mansour  
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A second edition gives the opportunity to revisit 
our knowledge, expand upon our experiences, 
and offers an updated presentation. I also think of 
it as confirmation that the Comprehensive and 
Clinical Anatomy of the Middle Ear met the 
expectations of our fellow specialists. So, again 
under the guidance of Prof. Salah Mansour, it was 
a great pleasure to work with the same enthusias-
tic team. New anatomical pictures have been 
added. This edition reconfirms the notion that 
temporal bone dissection is an indispensable step 
for the theoretical teaching of surgery.

Colombiers, France Jacques Magnan  
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The great success of the first edition of this book 
motivates us to go further in depth digging for a 
complete and most interesting knowledge con-
cerning middle ear anatomy and its complex func-
tional architecture. Our aim was to update 
advances recently found following correlated dis-
ciplines, especially ear endoscopy, in order to 
make available a complete reference book for 
learners and teachers. 

I am thankful for the active collaboration 
between all members of the team of authors; their 

central collaboration and conjugate efforts render the present work most 
enjoyable and informative.

Doha, Qatar Hassan Haidar  
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Computed tomography is the most precise radio-
logic modality available for the study of the anat-
omy of the middle ear. The otologist’s practice 
and teaching during clinical, preoperative, and 
postoperative work are supported by the knowl-
edge of the usual CT aspects of the walls, con-
tents, and compartments neighboring the noble 
anatomic structures of the temporal bone. Such 
knowledge should be a baseline for any otology 
candidate.

This second edition showcases new CT images 
to illustrate the detailed anatomy of middle ear 
structures. Anatomical variants and pathological 

aspects have been added to enlarge the imaging spectrum in several 
sections.

I want to thank Professor Mansour and my coauthors for their constructive 
and active collaboration: their contribution was essential to the orientation of 
imaging studies to the needs of the otologist.

I hope this book will encourage continued dialogue among radiologists 
and surgeons in their daily practice. I firmly believe such collaboration is key 
to advancing both disciplines.

Mount Lebanon, Lebanon Karen Nicolas  
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This second edition adds data concerning 
the developmental genetics and compara-
tive anatomy of the middle ear structures.

Embryology progressively gives place 
to developmental biology, which offers 
ways to understand congenital malforma-
tions. Some of these abnormalities can be 
understood in the light of evolution and 
comparative anatomy. The close relation-
ships of middle ear ossicles with the tem-

poro-mandibular joint are also discussed and can explain some pathological 
signs, such as tinnitus.

The precise embryological origin of middle ear ossicles is still debated, and 
this second edition takes account of such controversy.

The human embryo histological sections come from collections of the 
Louis Deroubaix anatomy and embryology Museum, Université libre de 
Bruxelles.

Brussels, Belgium Stéphane Louryan  
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The temporal bone is situated at the inferior and 
lateral part of the skull and lateral to the temporal 
cortex. It is the center of anatomy knowledge to 
the otologist because it contains the hearing 
organ and equilibrium with various cavities and 
recesses associated with the ear.

The temporal bone is the most complex bone 
in the human body and further complicated by 
the small size and three-dimensional orientation 
of associated structures.

Temporal bone has multiple embryologi-
cal origins and shows adverse developmental 

aspects. It houses several important structures 
such as the outer ear, the middle ear and inter-
nal ear apparatus, the facial nerve (VII), the ves-
tibulocochlear nerve (VIII), the internal carotid 
artery, and the jugular vein, which contract major 
impacts on the ME surgical anatomy.

This chapter will be mostly oriented, not to 
study the temporal bone as such but to address 
it in a specific and restricted scope aiming to 
describe precisely the developmental and ana-
tomical environment in which the middle ear 
achieves its final architecture.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-15363-2_1&domain=pdf
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Our target will be to demonstrate the relation-
ship of critical structures around and inside the 
middle ear. Knowledge about the anatomical 
details of the temporal bone surfaces is a mile-
stone for any surgical approach, which will be 
briefly illustrated when the corresponding ana-
tomic area is described.

1.1  Embryology of the Temporal 
Bone

Temporal bone formation results from the fusion 
and growth of four bones: the squamous, the 
petrous, the tympanic, and the styloid bone. 
These bones interact to build up the final tempo-
ral bone.

Being a part of the skull, the temporal bone 
development is an integral part in the process of 
skull development. The human skull is developed 
from three components:

 1. The cartilaginous neurocranium or chondro-
cranium is the part of the skull formed by 
endochondral ossification; it constitutes the 
majority of the skull base (ethmoid bone and 
portions of the occipital, temporal, and sphe-
noid bones). Endochondral ossification takes 
place in a cartilaginous anlage; chondroblasts 
become hypertrophied and progressively 
change into osteoblasts, which elaborate the 
bony matrix. The corresponding area is the 
“ossification center.”

 2. The membranous neurocranium or neuroskull 
is the part of the skull formed by intramem-
branous ossification; it constitutes the vault of 
the skull (frontal, parietal portions of the tem-
poral, occipital, and sphenoid bone). 
Intramembranous ossification happens when a 
cluster of mesenchymal cells in a membra-
nous structure gives rise to osteoblasts, in the 
absence of any cartilaginous matrix.

 3. The viscerocranium or visceroskull is the 
part of the skull derived from the visceral 
(branchial) arches and is suspended to the 
rest of the cranium [1]. It includes the facial 
bones.

These three components of the skull contrib-
ute actively in the formation of the temporal bone 
in the following way:

The deep part of the petrous bone is derived 
from the cartilaginous neurocranium, but the 
more superficial parts are derived from the mem-
branous neurocranium. The squamous bone is 
derived from the membranous neurocranium, 
and the tympanic bone is a part of the visceral 
skull [2].

1.1.1  Cartilaginous Neurocranium

The majority of the skull base develops from the 
cartilaginous neurocranium. The formation of the 
human skull base is a complex process that begins 
during the fourth week of fetal development. 
Neural crest cells and paraxial mesoderm derived 
from occipital somites migrate to sit between the 
emerging brain and foregut. These cells migrate 
around and in front of the notochord to form con-
densations accumulating within the emerging 
cranial base. The chondrocranium begins to form 
when these cells condense into cartilage early in 
the seventh week; these cells are named para-
chordal cartilages and contribute to the creation 
of the basal plate. These parachordal cartilages 
give rise to the body, greater and lesser wings of 
the sphenoid bones as well as the perpendicular 
plate of the ethmoid and the crista galli. These 
embryonic cartilages fuse around the existing 
cranial nerves and blood vessels to create the pri-
mordia of neural foramina.

1.1.1.1  The Cartilaginous Otic Capsule
Between the eighth and ninth week of gestation, 
the cartilaginous otic capsule appears as budge in 
the base of the cartilaginous cranium. It develops 
from the mesenchymal tissue that surrounds the 
otic vesicle. Later, the otic capsule becomes sur-
rounded by membranous layers (internal and exter-
nal periosteal layers); these layers will become the 
extracapsular part of the petrous bone [3] (Fig. 1.1).

Shortly after this process, the lateral and supe-
rior boundaries of the otic capsule begin to appear 
with the earliest development of the mastoid 
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 process and tegmen tympani [4]. A cartilaginous 
flange grows from the lateral and superior part of 
the otic capsule and goes downward and outward 
superior to the tubotympanic recess and above 
the Meckel’s cartilage to form the tegmen tym-
pani and the lateral wall of the Eustachian tube 
(ET) (Fig.  1.2) (see Sect. 2.5.1). Thus, the tym-
panic cavity and the bony part of the ET origi-
nate from the petrous bone. Furthermore, from the 
lateral and inferior part of the cartilaginous otic 
capsule, another flange grows below the tubotym-
panic recess to form the jugular plate and the floor 
of the tympanic cavity. Anteromedially, another 
periosteal layer grows to form the petrous apex 
(Fig. 1.2).

By the 16th week, the labyrinth reaches its 
adult size. Only at this time, the first part of the 
petrous bone starts to ossify by the endochondral 
ossification process. There are 14 different ossifi-
cation centers in the otic capsule, which progres-
sively fuse during the fetal period [4].

The ossification proceeds and continues in 
the remaining part of the petrous bone to gain its 
final aspect by about midterm. By the 23rd week 
of gestation, the rest of the ossification process 
of the extracapsular parts of the temporal bone 
continues by extension of the surrounding peri-
osteum forming the mastoid process, the tegmen 
tympani, the middle ear floor, and the walls of 

the Eustachian tube (Figs. 1.2 and 1.3). The floor 
of the middle ear ossifies between the 24th and 
29thweek from an extension of the jugular plate 
ossification center [5]. Ossification of the otic 
capsule is completed only shortly before birth 
[5]. A delay or a focal lack of the ossification pro-
cess may explain the dehiscence of the superior 
semicircular canal [6, 7].

1.1.2  Membranous Neurocranium 
and the Squamous Bone

The squamous part of the temporal bone devel-
ops from intramembranous ossification; it is 
formed from one ossification center that appears 

Fig. 1.1 The left temporal bone in a 6-month, 250 mm, 
human fetus. The mastoid area contains external perios-
teal layer bone (arrow) and will transform into the mastoid 
bone. Notice that the mastoid antrum (A) and the cochlea 
are already developed. M malleus, I incus, EAC external 
auditory canal

Tegmen

Otic Capsule

Inferior Wall

TM

TR

S

1

2

3

4

I

M

T

Squam
ous Bone

Petrous bone

Fig. 1.2 Schematic drawing, frontal plane (34-week-old 
fetus). Schema showing the cartilaginous flanges running 
out from the otic capsule: (1) Lateral and superior flange 
or the tegmental plate growing from the otic capsule supe-
rior to the tubotympanic recess (TR) to form part of the 
tegmen tympani and the walls of the Eustachian tube. (2) 
Lateral and inferior cartilage flange, growing from the otic 
capsule to form the jugular plate and the floor of the tym-
panic cavity. (3) Anteromedial flange growing from the 
otic capsule anteromedially to form the petrous apex. The 
inferior wall of the middle ear is built up by the inferior 
plate of the petrous bone (2) which runs laterally to join 
the tympanic bone (T); the plane of fusion constitutes the 
hypotympanic fissure(*). The tympanic bone (T) and the 
tympanic membrane (TM) form the lateral wall of the 
middle ear cavity. The tegmen tympani is formed by 
fusion of the tegmental process of the petrous bone (2) 
and the transverse plate of the squamous bone (4). M mal-
leus, I incus, and S stapes
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during the eighth week of gestation [8]. The 
development of the upper and lower halves of the 
bone primordium differs:

• The upper part is flat and thin; it becomes the 
vertical portion.

• The lower part, due to the presence of the tym-
panic bone by the 16th week, bulges and 
grows rapidly into three directions (Fig. 1.2):
 1. The anterior part extends anteriorly around 

the tympanic ring toward the zygomatic 
bone primordium. It is fixed to the anterior- 
superior part of the tympanic bone. It forms 
the zygomatic process of the squamous 
bone and is involved in the formation of the 
roof of the temporomandibular joint.

 2. The middle part sinks medially above the 
tympanic ring to form the superior wall of 
the external auditory canal, the attic outer 
wall, and the lateral part of the tegmen 
tympani [9].

 3. The posterior part extends posteriorly 
behind the tympanic ring to cover a major 
part of the base of the petrous bone. It forms 
the anterior portion of the mastoid process.

1.1.3  The Viscerocranium

1.1.3.1  The Styloid Process
The styloid process derives directly from the 
Reichert’s cartilage of the second visceral arch. It 
develops from two parts:

 1. The proximal part or the base, also named the 
tympanohyale, is situated close to the tym-
panic bone. Its ossification center appears 
before birth and continues to grow until the 
age of 4 years. It fuses with the petromastoid 
component during the first year of life [10].

 2. The distal part, the stylohyale, starts its ossifi-
cation only after birth. It fuses with the proxi-
mal part only after puberty.

 3. The stylohyoid ligament can ossify, which 
causes dysphagia (Eagle’s syndrome) (Fig. 1.9).

1.1.3.2  The Tympanic Bone
The tympanic ring is a C-shaped bone that  
provides physical support to the tympanic mem-
brane. It is formed by intramembranous ossifica-
tion (Fig. 1.4).

At the eighth week of gestation, the tympanic 
ring appears as a condensation in the cephalic 
part of the mandibular part of the first branchial 
arch, which is situated ventral to the first pha-
ryngeal cleft and lateral to Meckel’s cartilage. 

Fig. 1.3 Transversal CT scan of a 22-week-old 220 mm 
fetus, showing ossification of the otic capsule (OC) and 
beginning of the ossification process in the extracapsular 
parts of the petrous bone (EC) extending to form the mastoid 
process. The inferior part of the squamous bone with its 
three parts: S1 anterior part forming the zygomatic process, 
S2 middle part forming the roof of the EAC and part of the 
tegmen, and S3 the posterior part forming the anterior part 
of the mastoid process. Notice that the petrous bone and the 
squamous bone are not yet fused. M malleus, I incus

Fig. 1.4 An intramembranous area of ossification (arrow) 
corresponding to the tympanic bone in an E17 mouse 
embryo (sagittal section, toluidine blue). The cartilagi-
nous primordial of the malleus (M) and incus (I) are also 
visible. Tubotympanic recess (TTR). Toluidine blue stain-
ing at pH4

1 Temporal Bone
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This condensation will extend in a circumfer-
ential fashion around the first pharyngeal cleft 
resulting in the C-shaped structure [11]. Within 
2 weeks, the ossification is first detected in the 
part of the condensation adjacent to Meckel’s 
cartilage, and then, it progresses through the rest 
of the condensation to form a fully developed 
tympanic ring that is well recognized by the 11th 
week of gestation (Fig. 1.5).

At 12th week, growth of the tympanic ring 
proceeds rapidly with a consequent increase in 
its overall size. The tympanic ring is never closed 
superiorly, giving rise to the incisura tympanica 
(notch of Rivinus) where the pars flaccida of the 
tympanic membrane will insert.

Fusion of the tympanic ring with the other 
components of the temporal bone starts first at 
31st week in the posterior part. The anteromedial 
segment of the tympanic bone does not join the 
temporal bone until 37th week. Its fixation to the 
temporal bone is complete at birth.

The tympanic bone is 9  mm in diameter at 
birth, almost its definitive size. At this time, it is 
ring shaped and is open superiorly [12–16].

The formation of the external auditory meatus 
and the formation of the manubrium are in close 
association with the tympanic ring formation 
[11]. The tympanic ring plays an instructive role 
for the external auditory canal development. 
Very likely, aural atresia results from the failure 

of the tympanic ring to develop [17]. In addition, 
the formation of the tympanic ring is essential 
for the insertion of the manubrium of the mal-
leus into the tympanic membrane [18]. Several 
experimental conditions leading to a lack of 
external auditory meatus formation also result 
in a severe underdevelopment of the manubrium 
with a normal aspect of the rest of the malleus. 
This fact is confirmed in cases of major aural 
atresia, showing an absence of the manubrium 
with otherwise normal looking of the rest of the 
malleus [18, 19].

1.2  Perinatal Changes 
of the Temporal Bone

At the time of the perinatal period, the squa-
mous and tympanic bones have already fused 
together; but the resultant segment is still sepa-
rated from the petrous segment [20]. Early in 
the perinatal period, these two segments begin 
to fuse simultaneously at several locations, 
beginning with the medial surface of the squa-
mous part to the lateral edge of the tegmental 
process of the petrous bone. This zone of fusion 
becomes the internal petrosquamous suture [7]. 
The fusion continues posteriorly between the 
petrous and squamous parts of the mastoid pro-
cess; failure of complete fusion of the two parts 
leads to formation of a bony septum inside the 
mastoid process, called Koerner’s septum [21] 
(see Sect. 5.1). The external petrosquamous 
suture present on the outer surface of the mas-
toid process marks the plane of fusion between 
these two parts.

Finally, the inferior portion of the tympanic 
ring fuses medially to the inferior process of the 
petrous bone, thus forming the inferior wall of 
the tympanic cavity.

1.3  Postnatal Changes 
of the Temporal Bone

Expansion pressures and antagonist forces exerted 
by the cephalic neuroskull and the muscular 
visceroskull, in addition to the pneumatization 

Fig. 1.5 Skeletal staining of a mouse E 16 embryo. In 
blue, the Meckel’s (M) and Reichert’s (R) cartilages 
appear in close relationship with the ossicles rudiment (*). 
In red, we can see maxillary (Max) and mandibular (Man) 
bones around the oral cavity (double arrow). The tym-
panic ring (T) is also red and ossifies following intramem-
branous process

1.3  Postnatal Changes of the Temporal Bone



6

process, are the main factors for the remodeling 
process and postnatal changes of the temporal 
bone.

Bone growth around the tympanic ring fol-
lowing its fusion to the petrous bone proceeds 
laterally around its circumference. This results 
in the development of the bony external auditory 
canal [22]. This lateral extension of the tympanic 
ring results from the growth of two tympanic 
tubercles, one from the anterior aspect of the 
ring and the second from the posterior aspect 
(Fig. 1.6). These projections grow laterally and 
then toward each other inferiorly to form the 
inferior wall of the external auditory canal. By 
doing so, these projections delimit two open-
ings: the first is in the upper part, the notch of 
Rivinus, and the second is inferior, the foramen 
of Huschke [23].

Enclosure of the base of the styloid process 
occurs simultaneously with the lateral extension 
of the tympanic bone as well. In addition, the 
tympanic ring changes its orientation relative to 
the rest of the cranium.

At birth, the tympanic ring lies beneath the 
skull in an almost horizontal plane. By the third 
month, because of the upward and lateral rotation 
of the petrous bone caused by a rapid enlargement 
of the forebrain, the tympanic ring appears on the 
inferolateral aspect of the skull; few months later, 
it attains its final near vertical orientation [21].

The mastoid process is flat at birth. The sty-
lomastoid foramen is superficial with the facial 
nerve lying on the lateral surface behind the tym-
panic bone. Due to pneumatization process in the 
mastoid process, its lateral portion grows down-
ward and forward so that the stylomastoid fora-
men is pushed medially onto the undersurface of 
the temporal bone (see Sect. 5.2).

The styloid process does not make its appear-
ance until after birth. It becomes attached to the 
tympanic bone during its lateral extension. The 
progression by which the styloid process grows 
and ossifies is variable, explaining the variable 
size and shape of the styloid process in adult 
skulls [24].

The squamous part of the temporal bone 
grows rapidly along with the cranial vault during 
the first 4 years of life and continues at a much 
slower pace until adulthood [7, 20].

Clinical Pearl
Usually the foramen of Huschke closes by 
the age of 5  years by additional bone 
growth. This foramen remains patent in 
about 7% of adults; in such cases, the skin 
of the external auditory canal may invagi-
nate into the residual foramen and migrate 
under the inferior wall of the external bony 
canal, leading to the formation of a canal 
cholesteatoma (Fig. 1.7).

Fig. 1.6 Neonate skull with tympanic annulus bone (*) 
with its anterior tubercle (white arrow) and posterior 
tubercle (black arrow). The external auditory meatus is 
short and ossicles are completely visible

Clinical Pearl
Parallel to the orientation changes of the 
tympanic bone, changes also occur in tym-
panic membrane orientation. At birth, the 
tympanic membrane is in almost horizontal 
plane; this explains the difficulty of expo-
sure of the tympanic membrane in new-
borns during otoscopy for paracentesis. 
Associated to the tympanic ring changes of 
orientation, the inferior tympanic sulcus 
lateralizes accordingly so the tympanic 
membrane becomes more vertical and 
more accessible for examination.

1 Temporal Bone
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1.4  Anatomy of the Temporal 
Bone

The temporal bone, a paired and symmetrical 
bone, participates in the formation of the base 
and the calvarium of the skull. It is formed from 
the fusion of four different embryological bones: 
the petrous bone, the squamous bone, the tym-
panic bone, and the styloid bone.

The auditory system is disposed on two axes: 
the yellow text is original from the introduction.

 1. Anteroposterior air axis consisting of the 
Eustachian tube, middle ear, and mastoid 
antrum.

 2. Latero-medial sensorial axis consisting of the 
external and internal auditory canals.

These two axes intersect at the level of the 
middle ear cavity (Fig. 1.8).

The temporal bone connects with four bones: 
the occipital bone posteriorly and laterally, the 
parietal bone superiorly, the sphenoid bone ante-
riorly and the zygomatic bone laterally.

1.4.1  The Petrous Bone

Petrous comes from the Latin word “petra” 
meaning rock; it is the hardest bone of the human 
skull. It houses the inner ear, the internal carotid 
artery, the Fallopian canal, and the major part of 

the middle ear. It results from the ossification of 
the otic capsule and its flanges.

The petrous bone is shaped like a pyramid that 
project anteromedially forming a 45° angle with 
the transverse axis. This pyramid has a postero-
lateral base (the mastoid) and an anteromedial 
summit (the petrous apex). It is wedged between 
the basioccipital and the greater wing of the sphe-
noid. Its anterosuperior surface is endocranial 
and participates in the formation of middle cra-
nial fossa floor. Its posterosuperior surface is also 
endocranial and forms the anterolateral wall of 

b

Petrotympanic
fissure

Glenoid
fossa

Tympanic
bonePersistent Huschke

foramen

Stylomastoid
foramen

a b

Fig. 1.7 Persistent foramen of Huschke. (a) Cadaveric 
temporal bone, inferior surface, showing a persistent fora-
men of Huschke. (b) Transversal computed tomography 

of the external auditory canal of a right ear, showing a 
persistent foramen of Huschke (white arrow) with a sec-
ondary cholesteatoma (arrowhead)

Fig. 1.8 Transverse cut through a left (view from below) 
temporal bone showing the middle ear cavity (*) hollowed 
out in the center of the temporal bone between the exter-
nal auditory canal (EAC) and the inner ear (IE). The mid-
dle ear lies at the intersection of two axes (black dotted 
arrows), external - internal auditory canal (EAC-IAC) axis 
and mastoid - Eustachian tube (Mastoid cells - ET) axis. 
ICA internal carotid artery
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the posterior cranial fossa. Its inferior surface is 
exocranial and corresponds to the posteromedial 
part of the mastoid process.

1.4.2  The Squamous Bone

The squamous bone constitutes the major part of 
the lateral surface of the temporal bone. The 
squamous bone presents two parts:

 1. The vertical part is a flat and a thin plate of 
bone that extends upward to form part of the 
lateral wall of the middle cranial fossa.

 2. The horizontal part is prolonged anteriorly as 
the zygomatic process, which originates from 
two roots: a sagittal posteroexternal root that 
overhangs the external auditory canal forming 
its superior part and a transversal anterointer-
nal root that forms the condyle of the tem-
poromandibular joint.

1.4.3  The Tympanic Bone

The tympanic portion of the temporal bone is a 
gutter-shaped plate of the bone. It is situated below 
the squamous bone between the glenoid fossa 
anteriorly and the mastoid process posteriorly. The 
inferior surface of the tympanic bone presents a 
plate of bone called the vaginal process, which 
surrounds the styloid process and merges with the 
petrous bone near the carotid canal.

The tympanic bone forms the anterior, infe-
rior, and posterior walls of the bony external 
auditory canal. Its attachment to the mastoid 
and the squamous delineates two suture lines: 
the tympanosquamous suture anterosuperiorly 
and the tympanomastoid suture posteroinferi-
orly. Medially, the tympanic bone articulates 
with the petrous bone to form the petrotym-
panic fissure.

The junction between the tympanic bone and 
the squamous bone superiorly corresponds to the 
notch of Rivinus.

Medially, the tympanic bone presents a nar-
row furrow: the tympanic sulcus to which the 
tympanic membrane annulus is inserted.

1.4.4  The Styloid Bone

The styloid process is a long, slender, and pointed 
bone of variable length averaging from 20 to 
25 mm. It lies anteromedial to the stylomastoid 
foramen.

The tip of the styloid bone is located between 
the external and internal carotid arteries, lateral 
to the pharyngeal wall, and immediately behind 
the tonsillar fossa.

Three muscles and two ligaments are attached to 
the styloid process: the stylopharyngeus muscle, the 
stylohyoid muscle, and the styloglossus muscle. 
The stylohyoid ligament extends from the tip of the 
styloid process to the lesser horn of the hyoid bone 
and the stylomandibular ligament, which starts 
under the attachment of the styloglossus muscle and 
ends on the mandibular angle [10, 22, 25–27].

Clinical Pearl
The ossification process of the styloid 
ligament may involve the whole length 
of the ligament, giving rise to a bony 
prolongation between the skull and the 
hyoid bone; this may manifest clini-
cally by odynophagia, Eagle’s syndrome 
(Fig. 1.9).

Fig. 1.9 Computed tomography with 3D reformation 
showing complete ossification of the stylohyoid ligament 
from the styloid process (upper arrow) to its insertion on 
the hyoid bone (lower arrow)
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1.4.5  Temporal Bone Fissures

Four intrinsic fissures form at the fusion lines of 
the four bones forming the temporal bone.

1.4.5.1  The Petrosquamous Fissure
The petrosquamous fissure or suture connects the 
petrous bone and the squamous bone and opens 
directly into the mastoid antrum. It is a narrow 
fissure and continuous with the petrotympanic 
fissure.

The external petrosquamous fissure, which links 
the squamous and the petrous parts of the mastoid 
process, is sometimes visible on the outer surface of 
the mastoid process (Fig. 1.10). The internal petro-
squamous fissure is located in the tegmen tympani 
and joins its squamous and petrous portions.

1.4.5.2  Tympanomastoid Fissure
The tympanomastoid fissure or suture anchors 
the tympanic bone to the mastoid process.  
This suture is situated in the posteroinferior part 
of the external auditory canal (see Fig. 1.12).

The auricular branch of the vagus nerve, 
Arnold’s nerve, emerges through the tympano-
mastoid suture to innervate part of the external 
auditory canal skin.

1.4.5.3  Tympanosquamous Fissure
The tympanosquamous fissure connects the 
tympanic bone to the squamous bone. The 

tympanosquamous fissure is seen in the anter-
osuperior part of the external auditory canal 
and continues medially into the petrotympanic 
and petrosquamous fissures (see Figs.  1.11 
and 1.12).

1.4.5.4  The Petrotympanic Fissure
The petrotympanic fissure or Glaserian fissure is 
situated between the medial aspect of the tym-
panic bone and the mandibular fossa. It trans-
mits the chorda tympani, the anterior tympanic 
artery, and the anterior malleal ligament 
(Fig. 1.11).

Fig. 1.10 Transversal computed tomography of the right 
temporal bone of a child with hereditary cleidocranial 
dysostosis: prominent petrosquamous suture (black 
arrow) that could be misinterpreted as a temporal bone 
fracture. S squamous bone, P petrous bone

Clinical Pearl
In the context of trauma, these normal fis-
sures, especially if evident, may be misinter-
preted as temporal bone fractures (Figs. 1.10 
and 1.11).

The petrosquamous fissure may remain 
open until the age of 20  years, providing 
a route for a spread of infection from the 
middle ear to the intracranial cavity.

Fig. 1.11 Transversal computed tomography of a left ear, 
showing the three different sutures appearing with a Y 
shape. They form together the Glaserian fissure, (1) the 
tympanosquamous fissure, (2) the anterior petrosquamous 
fissure, and (3) the posterior petrotympanic fissure. ICA 
internal carotid artery, EAC external auditory canal, TMJ 
temporomandibular joint

1.4 Anatomy of the Temporal Bone
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1.4.6  Temporal Bone Surfaces

The temporal bone exhibits four surfaces: the lat-
eral, posterior, superior, and inferior surface.

1.4.6.1  The Lateral Surface (Fig. 1.12)
The squama constitutes the major part of the lat-
eral surface of the temporal bone and extends 
upward as a flat bone to cover part of the tempo-
ral lobe of the cerebrum.

The lateral surface of the squama shows a 
vertical groove for the middle temporal artery 
and serves as an area of attachment for the tem-
poralis muscle. The medial surface of squama 
is grooved for the branches of the middle men-
ingeal artery. Inferior to the squama, the exter-
nal auditory canal is located. The tympanic 
bone forms the anterior, inferior, and posterior 
walls of the bony external auditory canal. The 
hiatus between the tympanic bone and the squa-
mous bone corresponds to the notch of Rivinus. 
Anterior to the external auditory canal is the 
temporomandibular joint; a thin bony shell sep-
arates them from each other.

Several important landmarks characterize the 
lateral surface of the temporal bone:

• The mastoid process refers to the bony process 
located on the posteroinferior border of the lat-
eral surface of the temporal bone. Two distinct 
bones contribute to the formation of the mastoid 
process: the anterosuperior portion is formed by 
squamous bone, and the petrous bone forms the 
posteroinferior portion. These processes serve 
laterally for the attachment of the sternocleido-
mastoid muscle and medially to the posterior 
belly of the digastric muscle (see Sect. 5.2).

• The zygomatic process originates above the 
external auditory canal. It leaves the squama 
and projects anteriorly to unite the zygomatic 
bone. On the inferior surface of the zygomatic 
process is the mandibular or glenoid fossa, 
which accommodates the condyle of the man-
dible. The anterior limit of the glenoid fossa is 
demarcated by the articular eminence; the post-
glenoid process demarcates its posterior limit. 
The glenoid fossa communicates with the mid-
dle ear through the petrotympanic fissure.

• The temporal line or supramastoid crest: pos-
terior to the external auditory canal, the zygo-
matic process prolongs as a faint line or the 
supramastoid crest. This crest serves for the 
attachment of the temporal muscle. It is an 

Glenoid
cavity

Tympanic
bone

Styloid
process

Mastoid
process

Petrotympanic
suture

Lateral surface of squamous bone

s

2

VP

EAC

1

Temporal line

zygoma

*

Fig. 1.12 Lateral 
surface of a left temporal 
bone.  
1 tympanosquamous 
fissure,  
2 tympanomastoid 
fissure, EAC external 
auditory canal, S Henle’s 
spine, * suprameatal 
triangle, VP vaginal 
process
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important landmark for the level of middle 
cranial fossa dura.

• Suprameatal Mac Ewen’s triangle: located 
between the posterosuperior wall of the 
external auditory canal and the temporal line. 
This triangle corresponds medially to the 
antrum.

• Henle’s spine: it is a bony spine implanted on 
the posterosuperior edge of the external audi-
tory canal; it corresponds to the aditus ad 
antrum medially.

• The scutum is a sharp bony spur formed at the 
junction of the lateral wall of the middle ear 
cavity and the superior wall of the external 
auditory canal, part of the squamous bone.

1.4.6.2  Posterior Surface
The posterior surface of the temporal bone is 
formed exclusively by the petrous part. It repre-
sents the anterolateral wall of the posterior cra-
nial fossa. This surface is limited superiorly by 
the sulcus for the superior petrosal venous sinus, 
which separates the superior and the posterior 
surfaces of the petrous bone. Laterally it presents 
the sigmoid sinus sulcus and the internal orifice 
of the emissary vein canal.

The most important feature of the posterior 
surface is the internal auditory meatus, which lies 
in the center of this surface midway between the 
apex and the anterior border of the sigmoid sinus 

sulcus. An important structure situated at the lat-
eral part of this surface is the endolymphatic sac; 
this sac lies medial to the level of the posterior 
semicircular canal (Fig. 1.13).

The average dimensions of the internal audi-
tory canal are 1  cm horizontally and 0.5  cm 
vertically. The mean distance from the highest 
border of the jugular bulb to the inferior border 
of the internal auditory canal is about 0.5 cm [28] 
(Fig.  1.14). The mean distance from the lateral 
border of the internal auditory canal to the endo-
lymphatic sac is about 1 cm [29].

Cochlear
canaliculus

Internal
auditory canal

Petrous
apex

Subarcute
fossa

Superior petrosal
sinus sulcus

Eminentia arcuata

Mastoid tip Jugular foramenantero-lateralborder

Medial surface ofsquamous bone

Emissary vein
internal orifice

Sigmoid sinus
sulcus

Endolymphatic
sac fossa

Fig. 1.13 Posterior surface of a left temporal bone

Fig. 1.14 Posterior surface of a right temporal bone 
showing the relation of the internal auditory canal (*) with 
the sigmoid sinus (black arrow), the middle cranial fossa 
(MCF) (white arrow), and the jugular bulb (JB). SPS 
superior petrosal sinus, IPS inferior petrosal sinus, PA 
petrous apex, V fifth CN, VI sixth cranial nerve in 
Dorello’s canal, IX, X, XI ninth, tenth, and eleventh CN
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Based on these measurements mentioned 
above, 0.5 cm of bone can be safely drilled away 
from the posterior lip of the canal without injur-
ing any structure.

1.4.6.2.1 Retrosigmoid Approach (Fig. 1.15)
The retrosigmoid approach is versatile for the treat-
ment of different pathologies of the posterior sur-
face of temporal bone and cerebellopontine angle. 
The narrow corridor created by this approach pro-
vides adequate exposure of the contents of the cer-
ebellopontine angle and IAC. It is the most common 
approach for exposing the IAC with a trajectory 
parallel to the petrous surface. It allows resection of 
tumors of different sizes with the possibility of pre-
serving facial and cochlear function.

1.4.6.3  Superior Surface (Fig. 1.16)
The superior surface of the temporal bone forms 
part of the middle cranial fossa floor; it is lim-
ited posteromedially by the superior petrosal 
sinus sulcus.

The superior surface presents from lateral to 
medial several structures that serve as important 
surgical landmarks during middle cranial fossa 
approach.

• Tegmen Tympani
The most lateral part of this surface contains 
the tegmen tympani, which separates the mid-
dle cranial fossa from the middle ear. It is 
formed partly from the caudal portion of the 
squamous bone, which extends medially to join 
the petrous bone. The petrous bone forms the 
major part of the tegmen. The fusion line of the 
two bones forms the petrosquamous fissure.

• Eminentia Arcuata
The eminentia arcuata is an important surgi-
cal landmark. It lies on the posterior part of 
the superior surface, near the superior petro-
sal sinus, about 20–25  mm from the inner 
tablet of the cranium [30, 31]. It corresponds 
to the wall of the superior semicircular canal. 
Usually the posterior aspect of the eminentia 
arcuata is rotated lateral to the posterior crus 

Surgical Implications
During retrosigmoid approach for hearing 
preservation surgery in vestibular schwan-
noma, drilling of the posterior lip of the 
internal auditory canal may be necessary in 
order to remove the intrameatal portion of 
the tumor. This step carries a risk of injur-
ing the posterior semicircular canal or a 
high-riding jugular bulb.

Fig. 1.15 Retrosigmoid approach. (a) Craniotomy site 
(black hole) is just behind the sigmoid sinus (red line) and 
below the lateral sinus (green line), it allows full exposure 
of the posterior surface of the temporal bone and cerebel-
lopontine angle. (b) Left cerebellopontine angle: tent ten-
torium, IV trochlear nerve, SPS superior petrosal sinus, 

DV Dandy vein, V trigeminal nerve, VII facial nerve, VIII 
cochleovestibular nerve, AICA anterior inferior cerebellar 
artery, VI abducens nerve, XII hypoglossal nerve, IX glos-
sopharyngeal nerve, X vagus nerve, XI accessory nerve, 
Ce cerebellum

1 Temporal Bone
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of the superior semicircular canal, but the 
anterior aspect of the eminentia arcuata is 
located over the anterior crus of this canal 
[30, 32].

• Greater Superficial Petrosal Nerve and 
Geniculate Ganglion (Fig. 1.17)
The superior surface of the temporal bone 
is marked also by the geniculate ganglion 
and the greater  superficial petrosal nerve, 
which runs from the geniculate ganglion 
to the middle cranial fossa. The distance 

from the geniculate ganglion and the 
inner tablet of the  cranium is of 2.7  mm. 
Embryologically, two bony plates form the 
bony roof of the geniculate ganglion  and 
the proximal part of the greater superficial 
petrosal nerve bony canal: a medial plate, 
which is a periosteal derivative of the 
petrous bone, and a lateral plate, which is a 
membranous derivative from the squamous 
bone.

Internal auditory canal

Petrous apex

Carotid canal

MMA groove

Tegmen tympani

Medial surface of squamous bone

Petrosquamous
suture

Facial hiatus &
GSPN groove

Superior petrosal
sinus groove

Eminentia arcuata

Fig. 1.16 Superior 
view of a left temporal 
bone. The red lines 
represent the relation of 
the internal auditory 
canal with respect to the 
eminencia arcuata and 
the greater superficial 
petrosal nerve (GSPN), 
middle meningeal artery 
(MMA)

Fig. 1.17 Middle cranial fossa view of a right-side facial 
nerve. View after drilling off the bone covering the genic-
ulate ganglion (*). G.C. geniculate crest; (1) labyrinthine 
segment of facial nerve; (2) tympanic segment of facial 
nerve (Courtesy of Dr Tardivet [33])

Surgical Implication
The geniculate ganglion could be dehiscent 
in 15–20% of cases. In these cases, the risk 
of injuring the facial nerve during middle 
cranial fossa approach is very high while 
elevating the dura mater from the superior 
surface of the temporal bone [30, 34, 35]. 
(Fig. 1.18).

In middle cranial fossa approach, the 
internal auditory meatus is within 3–8 mm 
distant from the superior border of the 
petrous bone. The bisection of the angle 
formed by the greater superior petrosal 
nerve and the eminence arcuate marks the 
position of the internal auditory meatus 
(Fig. 1.16).

1.4 Anatomy of the Temporal Bone
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• The Petrous Apex
The petrous apex is situated in the angular 
interval between the posterior border of the 
sphenoid and the basilar part of the occipi-

tal bone. The main portion of the apex lies 
anterior to the cochlea. Through the apex, the 
internal carotid artery exits the petrous bone 
through the foramen lacerum, which is found 
between the apex and the sphenoid bone 
(Fig. 1.19).

1.4.6.3.1 Middle Cranial Fossa Approach
The middle cranial fossa approach is an extradu-
ral access route to approach the superior surface 
of temporal bone and IAC.  The access through 
this approach is via a small temporal craniotomy, 
and visualization can be difficult owing to the 
limited extradural space available and desire not 
to apply too much retraction on the temporal lobe 
(Fig. 1.20).

Common neurotologic indications for middle 
cranial fossa approach are facial nerve decom-
pression, superior semicircular canal dehiscence 
repair (Fig. 1.20), repair of large tegmen defects 
and meningoencephalocele, and removal of small 
intracanalicular acoustic neuroma.

Petrousquamous
suture

Squamous bone

TTM semi-canal

ET isthmus

Peritubal cells

Styloid process

Mastoid process

Digastric notch

Zygoma

Petrous apex

Facial hiatus

CA

Fig. 1.19 Anteromedial 
view of a left petrous 
bone showing the 
petrous apex and the exit 
orifice of the carotid 
canal (CA) from the 
temporal bone 
anterolateral to the 
petrous apex. Notice the 
position of the ET 
isthmus and the tensor 
tympani muscle (TTM) 
semicanal lateral to the 
carotid canal

Fig. 1.18 Left middle cranial fossa approach showing 
geniculate ganglion (GG) dehiscence. T tympanic seg-
ment, L labyrinthine segment, GSPN greater superficial 
petrosal nerve
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The lack of definitive landmarks on the 
 superior surface of the temporal bone makes 
this approach technically difficult. Two impor-
tant landmarks are the GSPN and the eminentia 
arcuata (see above). Using the middle cranial 
fossa approach to access the IAC requires in-
depth knowledge of the anatomy of temporal 
bone to avoid injury to vital structures such as the 
cochlea, labyrinth, and facial nerve (Fig. 1.21).

1.4.6.4  Inferior Surface (Fig. 1.22)
The inferior surface of the temporal bone repre-
sents posterolaterally the inferior part of the mas-
toid and the digastric notch. Anterior to the 
digastric notch and posterior to the styloid pro-
cess is the stylomastoid foramen, from which the 
facial nerve leaves the temporal bone. Medial to 
the digastric notch is a shallow groove for the 
occipital artery.

More anteriorly lies the inferior surface of the 
tympanic bone, which forms the posterior bound-
ary of the mandibular fossa and expands inferi-
orly to form the vaginal process.

Anteromedial to the stylomastoid foramen 
and styloid process is the jugular foramen; it is 
formed by the petrous bone anterolaterally and 
the occipital bone posteromedially.

The jugular foramen is separated by the 
jugular spine and a fibrous band into two fibro- 
osseous compartments:

 1. Pars vascularis: posterolateral vascular com-
partment, which is larger and receives the 
internal jugular vein, the vagus nerve (CN X) 
with Arnold’s branch, the spinal nerve (CN 
XI), and the posterior meningeal artery

 2. Pars nervosa: anteromedial nervous compart-
ment, which is smaller and receives the 

Fig. 1.20 Middle cranial fossa approach for left super semi-
circular dehiscence plugging, (a) Incision and elevation of 
skin flaps: from tragus up 4–5  cm above helical root and 
curve slightly to forehead; skin incision to level of TP fascia. 
Elevate skin flap in plane of TP fascia. Muscle flap elevation. 
Elevate the temporalis off the calvarium using periosteal 
elevator. Temporal craniotomy/bone flap of 4 × 5 cm cen-
tered over zygoma (zygoma estimates level of floor of mid-
dle fossa). Remove the bone flap and set aside for later. (b) 

Retraction of temporal lobe (bipolar cautery can be used 
judiciously to contract the dura and decrease the need for 
mechanical retraction). Carefully dissect the dura off of the 
middle fossa floor in a posterior to anterior direction (pre-
vents avulsion of the GSPN). Dissect dura off the GSPN tak-
ing care to leave the nerve down while elevating the dura up 
with the temporal lobe. Arcuate eminence and SSCC dehis-
cence identified clearly (black arrow). Notice the associated 
tegmental defect (white arrow)

Fig. 1.21 Middle cranial fossa approach to the right 
internal auditory canal using retrograde technique. After 
identification of petrosal nerve, retrograde drilling is car-
ried on until the geniculate ganglion is identified, and then 
the labyrinthine segment of facial nerve is identified and 
tracked medially until the internal auditory canal dura is 
exposed

1.4 Anatomy of the Temporal Bone
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 glossopharyngeal nerve (CN IX), the 
Jacobson’s branch, and the inferior petrosal 
sinus [36]
• Posterior to the jugular fossa lies the small 

canal of Arnold’s nerve.
• Medial to the jugular fossa, there is the 

groove of the inferior petrosal sinus and the 
opening of the cochlear aqueduct.

The foramen of the internal carotid artery lies 
anterior to the jugular foramen and is separated 
from its anterior border by the jugulo-carotid spine 
through which we find a canal for the passage 
of Jacobson’s nerve (IX) to the tympanic cavity 
(Fig. 1.23).

Medially, near the petrous apex, the inferior 
surface presents the site of insertion of the levator 
veli palatini and the cartilaginous portion of the 
Eustachian tube.

1.4.6.4.1 Fish Infratemporal Fossa (ITF) 
Approach

Management of tumors of the inferior surface of 
temporal bone and of base of skull is one of the 
most challenging surgeries. The intimate associa-
tion of these tumors with the carotid artery, jugu-
lar vein, and the V through XII cranial nerves has, 
in the past, rendered many patients inoperable.

The development of the infratemporal fossa 
approaches, as pioneered by Fisch, has allowed 
the excision of lateral skull-based lesions which 
were previously deemed unresectable.

These approaches are classified as Fisch type 
A, B, and C.

• Type A Approach (Fig. 1.24)
This approach is used for removal of tumors 
of the jugular foramen involving the vertical 
segment of petrous internal carotid artery, pri-
marily class C and D glomus tumors. Surgical 

Cochlear canaliculusJugulo-carotid spine &
inferior tympanic

canaliculus

Jugular
fossa

Digastric
notch

Mastoid
process

Stylomastoid
foramen

Styloid
process

Huschke
foramen

Zygomatic
process

Mandibular
fossa

Vaginal process

Carotid canal

Petrous apex

Petrotympanic
fissure

Fig. 1.22 Inferior view 
of a left temporal bone. 
The red arrow passes 
through the carotid 
canal.

Fig. 1.23 Axial CT-scan of the skull base, intrapetrous 
carotid (CC), inferior petrous sinus (IPS), pars nervosa 
(thin arrow), topography of the nerve IX ganglion (circle), 
jugular spine (thick arrow), pars vascularis with internal 
jugular vein (IJV), inferior tympanic canaliculus 
(arrowheads)
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steps are resumed in (Fig. 1.24).The key point 
of this approach is the anterior transposition of 
the facial nerve, which provides optimal con-
trol of the infralabyrinthine and jugular fora-
men regions, as well as the vertical portion of 
the internal carotid artery.

• Type B Approach
This approach provides access to the clivus and 
petrous apex and is applicable to glomus tumors 
involving the horizontal petrous carotid artery, 
clival chordoma, and congenital cholesteatoma 
of the petrous apex. In this approach, the skin 
incision is extended anteriorly, the zygomatic 
arch is divided, and the petrous carotid artery is 
skeletonized. The temporomandibular joint is 
then disarticulated, the Eustachian tube detached 
anteriorly with associated soft tissue, and the 
middle meningeal artery and mandibular nerve 
divided as needed.

• Type C Approach
This approach is an anterior extension of type 
B and allows for exposure of the parasellar 
region, nasopharynx, pterygomaxillary fossa, 
and Eustachian tube. It has been used primar-
ily for extensive juvenile nasopharyngeal 

angiofibroma and post-radiation failure squa-
mous cell carcinoma.

1.5  Conclusion

The vital neurovascular structures, the intricate 
three-dimensional relationships involved, and the 
manner the ear is encased in the temporal bone 
pose major learning challenges to trainees and sur-
geons. Structured sessions of cadaver’s dissections 
are mandatory to enable good progress in the 
understanding of the normal and surgical anatomy 
of the temporal bone.

Success in ear surgery depends on the hands-
on, mastered knowledge of temporal bone ana-
tomical landmarks: only methodological learning 
provides skills.
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The middle ear cavity is an irregular air-filled 
space hollowed out in the center of the temporal 
bone between the external auditory meatus later-
ally and the inner ear medially (Fig. 2.1). It lies at 
the intersection between two important axes: one 
latero-medial between the external and the inter-
nal auditory canal and the other one posteroante-
rior between the mastoid antrum and the 
Eustachian tube (see Fig. 1.8).

For descriptive purposes, the tympanic cavity 
may be considered as a box with four walls, a roof, 
and a floor. Because of the convexity of the medial 
wall and the concavity of the lateral wall, the mid-
dle ear cavity is constricted at its center. The width 
of the middle ear cavity is 2  mm at the center, 
6 mm superiorly in the attic, and 4 mm inferiorly 
in the hypotympanum. In the sagittal plane, the 
middle ear cleft measures about 15 mm both in the 
vertical and horizontal directions (Fig. 2.2).

The middle ear cavity is in contact with the 
outside world by the lateral wall and is delimited 
inferiorly by its floor or the jugular wall, posteri-
orly by the mastoid wall, superiorly by the roof or 
tegmen, anteriorly by the carotid wall, and finally 
medially by the cochlear wall.

2.1  The Lateral Wall

The lateral wall of the middle ear is formed by 
the tympanic membrane, the bony tympanic ring, 
and the attic outer wall (Fig. 2.2). It is the only 

wall accessible to clinical examination, and it is 
the site of most middle ear pathologies. In addi-
tion, the lateral wall represents the classic 
entrance way to the middle ear during ear 
surgery.

2.1.1  Embryology of the  
Lateral Wall

The development of the tympanic bone and mem-
brane starts as early as the fourth week of intra-
uterine life [1]. All the embryological events take 
place in an area smaller than 1  mm wide. A 
funnel- shaped ectodermal groove invaginates 
inward from the first pharyngeal (branchial) cleft 
until it reaches an endodermal pouch that 
 evaginates laterally from the first pharyngeal 
pouch, known as the tubotympanic recess. The 
contact between the ectodermal and the endoder-
mal pouches is short-living.

By the fifth week of the embryological life 
and due to the growth of the cephalic extremity 

Fig. 2.1 Oblique cut of a right temporal bone. The mid-
dle ear cavity lies in the center of the temporal bone 
between the outer ear (EAC) and the inner ear. T the tym-
panic membrane, i incus, m malleus, sscc superior semi-
circular canal, ET Eustachian tube, IAC internal auditory 
canal, ICA internal carotid artery
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Fig. 2.2 Schematic drawing of the middle ear cavity 
showing its different dimensions. VII facial nerve, CP 
cochleariform process
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with its flexion and secondary extension posi-
tions, the region of the future neck creates two 
types of forces: an expansive force and a depres-
sive force. Under the expansive cephalic flexion, 
the mesenchyme interposes between the ectoder-
mal and the endodermal pouches. At the seventh 
week, this mesenchyme contributes to the forma-
tion of the fibrous stratum of the tympanic mem-
brane and the handle of the malleus (Fig. 2.3).

At the eighth week, the epithelial cells at the 
bottom of the ectodermal pouch proliferate and 
form a compact epithelial plate reaching the 
endoderm. Later, this ectodermal plate gives rise 
to the bony external auditory canal with the tym-
panic membrane at its end. When the tympanic 
membrane appears, it consists already of three 

layers and has an elliptical form with a horizontal 
diameter of approximately 2 mm.

At birth, the tympanic membrane is almost 
lying in an horizontal plane (Fig.  2.4a). As the 
tympanic ring changes its orientation, the caudal 
tympanic sulcus is pushed laterally, and the tym-
panic membrane becomes more vertical 
(Fig. 2.4b) (also see Sect. 1.3). This explains the 
difficulty of a good exposure of the tympanic 
membrane in newborns during otoscopic exami-
nation or paracentesis.

2.1.2  Lateral Wall Anatomy

The lateral wall of the tympanic cavity is partly 
bony and partly membranous. The central portion 
of the lateral wall is formed by the tympanic 
membrane and the incomplete tympanic ring to 
which the membrane is attached. Above the tym-
panic membrane, there is a bony wall forming the 
attic outer wall.

Inner ear
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Fig. 2.3 Tympanic membrane formation. The tympanic 
membrane is formed from the three germ layers: ectoderm 
(1), mesoderm (2), and endoderm (3)

a b

Fig. 2.4 (a) Coronal CT reconstruction of a fetal tempo-
ral bone, anterior third, showing horizontalization of the 
tympanic membrane (measured at 14° on the left side) in 
comparison to (b) coronal CT reconstruction of an adult 

left ear (inclination of the tympanic membrane measured 
at 31°); incudomalleolar chain (white arrow), cochlea 
(black arrow)

Clinical Pearl
Congenital Cholesteatoma
Congenital cholesteatomas consist of 
residual squamous inclusion cysts that 
arise from epithelial rests in the middle ear. 
These epithelial rests are normally seen 
during fetal development and usually dis-
appear by the third trimester. The failed 
involution of these epithelial rests leads to a 
congenital cholesteatoma [2, 3].

2.1  The Lateral Wall
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2.1.2.1  The Attic Outer Wall
The attic outer wall, part of the squamous bone, 
is the bony lateral wall of the attic. It is a wedge- 
shaped plate of bone that separates the attic from 
the zygomatic mastoid cells laterally (Fig. 2.5).

The portion of the attic outer wall lying below 
the plane tracing the roof of the external auditory 
canal is called the scutum (means shield in Latin).

The scutum is a thin sharp bony spur formed 
by the junction of the attic outer wall and the 
superior wall of the external auditory canal. The 
scutum forms part of the superior deep portion of 
the external meatus and gives attachment to the 
pars flaccida of the tympanic membrane, which is 
the lateral wall of the Prussak’s space (Fig. 2.5).

2.1.2.2  The Tympanic Ring
The tympanic ring is the most medial portion of the 
tympanic bone; it is C shaped and represents the 
frame in which inserts most of the tympanic mem-

brane’s periphery. In the inner aspect of the tympanic 
ring, there is a gutter, the tympanic sulcus, which 
houses the annulus of the tympanic membrane.

The tympanic ring is deficient superiorly 
forming the notch of Rivinus. The pars flaccida 
inserts directly on this notch; due to the absence 
of a sulcus and the lack of the tympanic ring at 
this site, the pars flaccida is lax and more predis-
posed to retraction along with invagination of the 
skin canal (Fig. 2.6).

2.1.2.2.1 The Tympanic Sulcus
Situated at the inner end of the external meatus, 
the tympanic sulcus houses the annulus of the 
tympanic membrane. The lateral edge of the tym-
panic sulcus is higher than the medial edge. The 
average depth of the sulcus is about 1 mm; how-
ever this depth is not constant; it is maximal at 6 
o’clock and decreases gradually as it goes up 
toward the tympanic spines where it disappears 
superiorly completely at the notch of Rivinus. 
The posterosuperior part of the sulcus is 
shallow.

2.1.2.2.2 Tympanic Spines
At the junction of the tympanic ring and the 
attic outer wall, we can identify two spines—the 
anterior and the posterior tympanic spines 
(Fig. 2.6):

Clinical Impact
The scutum is the first bony structure to be 
eroded by an attical cholesteatoma second-
ary to a pars flaccida retraction pocket 
(Fig. 2.5b).

a b

Fig. 2.5 (a) Coronal CT reconstruction of a right ear, 
showing the scutum as a sharp bony spur (arrow) and the 
attic outer wall (white arrowhead) that separates the attic 
(*) from the zygomatic cells (ZC). (b) Coronal CT recon-

struction of a right ear: erosion of the scutum (long arrow), 
due to a retraction pocket in the Prussak’s space with kera-
tin debris (short arrow). Tympanic membrane (arrowhead); 
M malleus, EAC external auditory canal
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 1. Anterior tympanic spine: present at the anter-
osuperior end of the tympanic ring and repre-
sents the anterior limit of the notch of Rivinus

 2. Posterior tympanic spine: present at the pos-
terosuperior end of the tympanic ring and repre-
sents the posterior limit of the notch of Rivinus

2.1.2.2.3 Tympanic Canaliculi
The medial surface of the tympanic ring, near the 
tympanic spines, presents three openings 
(Fig. 2.7):

 1. The Petrotympanic Fissure (Glaserian Fissure)
The petrotympanic Glaserian fissure 

opens anteriorly just above the attachment of 
the tympanic membrane. It is a slit about 
2 mm long, which receives the anterior mal-
leal ligament and transmits the anterior tym-
panic artery, a branch of the internal 
maxillary artery to the tympanic cavity (see 
Fig. 1.11).

 2. The Iter Chordæ Anterius (Canal of 
Huguier)

The canal of Huguier is a separate canalic-
ulus placed in the medial end of the petrotym-
panic fissure; through this canal of Huguier, 
the chorda tympani nerve leaves the tympanic 
cavity toward the infratemporal fossa.

 3. The Iter Chordæ Posterius
The iter chordæ posterius is situated medial 

to the posterior tympanic spine. It leads into a 
minute canal through which the chorda tym-
pani nerve exits to enter the tympanic cavity. 
It lies immediately medial to the tympanic 
membrane at the level of the upper limit of the 
malleus handle.

Fig. 2.6 Left tympanic membrane showing the notch of 
Rivinus (*) limited by the anterior (1) and posterior (2) 
tympanic spines. Notice the direct insertion of the tympanic 
membrane on the scutum (S) and the absence of annulus in 
this zone. Also notice the difference in size between the 
anterior part (A) and the posterior part (P) of the annulus

AML

Post. tympanic spine

Iter Chordae
posterius

Canal of Huguier

Petrotympanic F.

Ant. tympanic spine

Glaserian F.

Fig. 2.7 Schematic 
drawing of the medial 
surface of a right 
tympanic membrane 
showing the Glaserian 
fissure containing the 
anterior malleal 
ligament (AML), the 
more medial canal of 
Huguier giving exit for 
the chorda tympani to 
the infratemporal fossa. 
The chorda tympani 
enters the middle ear 
through the iter chordæ 
posterius
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2.1.2.3  The Tympanic Membrane
The tympanic membrane (TM) separates the 
external auditory meatus from the middle ear. It 
is a thin semitransparent membrane that is nearly 
circular in form and is approximately 8 mm wide, 
9–10 mm high, with a mean total area of 85 mm2 
and a thickness of 0.1 mm.

The tympanic membrane, situated at the end of 
the outer ear canal, shows a particular oblique ori-
entation which allows to the eardrum a larger sur-
face than the ear canal section itself. The inferior 
part of the tympanic membrane lies more medially 
than its superior part with an inclination of about 
40° relative to the inferior wall of the external audi-
tory meatus (Figs.  2.1 and 2.9). A typical angle 
between the TM and the superior and  posterior 
wall of the ear canal is 140°, while between the TM 
and the inferior and anterior wall, it is 30°.

The TM is almost conical in cross section, its 
apex points medially toward the middle ear. In 
physiological conditions, its curved conical shape 
has a cone angle of 132–137° [5] with a cone 
depth included in the range 1.42–2 mm [6, 7].

The handle of the malleus is firmly attached to 
the central part of the inner surface of the TM and 
draws it centrally; this particular zone of the TM 
is called the umbo (Fig. 2.21).

The periphery of the TM is firmly anchored to 
the lateral wall of the tympanic cavity by the tym-
panic annulus.

The anterior and posterior malleal ligaments 
divide the TM into two parts, an upper small part 
called pars flaccida and a lower bigger part called 
pars tensa. The pars tensa, the largest part of the 
TM, is taut, thickened peripherally into the annu-
lus inserted into the tympanic sulcus. The pars 
flaccida, or Shrapnell’s membrane, is lax; it occu-
pies the notch of Rivinus and is directly attached 
to the scutum [8].

2.1.2.3.1 The Tympanic Annulus
The tympanic annulus, or Gerlach’s ligament, is 
a horseshoe-like fibrocartilaginous structure that 
maintains the insertion of the tympanic mem-
brane in the tympanic sulcus (Fig.  2.9). The 
annulus is absent superiorly at the level of the 
notch of Rivinus.

In cross section, the annulus shows a trian-
gular form with a summit pointing toward the 

Fig. 2.8 A medial view of the lateral wall of a left middle 
ear showing the incomplete insertion of the posterosupe-
rior part of the annulus (white arrow) in the tympanic sul-
cus. 1 Iter chordæ posterius, 2 iter chordæ anterius, FI 
fossa incudis, TM tympanic membrane, M malleus, I 
incus, * chorda tympani

Fig. 2.9 Left ear tympanic membrane allograft showing 
the annulus (black arrow) and the posterior tympano- 
malleal fold (*). I incus, m malleus, u umbo, s stapes

Clinical Implications
The changes in the depth of the tympanic 
sulcus reflect the stability of the annulus 
insertion; in the posterosuperior quadrant, 
the annulus is not totally inserted into the 
sulcus and is merely supported (Fig. 2.8). 
This weak insertion of the posterosuperior 
quadrant of the tympanic membrane in the 
tympanic ring makes it lax and predisposed 
to retraction and skin canal migration [4].

2 Middle Ear Cavity
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pars tensa and a base inserted on the tympanic 
sulcus [9].

At the level of the tympanic spines, the tym-
panic annulus extends centrally toward the lateral 
process of the malleus constituting two strands: 
the anterior and the posterior tympano-malleal 
strands. These two strands divide the tympanic 
membrane into the pars flaccida superiorly and 
the pars tensa inferiorly. Medially, these two 
strands rise up two slight ridges of mucous mem-
brane on the inner aspect of the tympanic mem-
brane called the anterior and posterior 
tympano-malleolar folds (Fig. 2.9).

The diameter of the annulus is not uniform. 
The mean caliber of the annulus is at 6 o’clock 
level; from this point, the annulus gradually thins 
out in both directions until it reaches about 15% 
of its maximal caliber at the anterior and poste-
rior tympanic spines [4, 10] (Fig. 2.6).

2.1.2.3.2 Microscopic Structure 
of the Tympanic Membrane
The pars tensa and pars flaccida differ in struc-
ture despite the fact that they are both made of 
three layers: a lateral epidermal layer, a medial 
mucosal layer, and an intermediate fibrous layer 
(middle connective lamina propria of mesenchy-
mal origin) (Fig. 2.10).
 1. The Epidermal Layer

The thin epidermal layer is continuous with 
the epidermis of the external canal, and it is a 
typical keratinizing epithelium composed of 
four strata, made of different cell types. 
The epidermis of the TM and the bony part of 
the external ear canal is a specialized type of 
skin: it does not contain any glands or hair fol-
licles, and it has a potential of lateral migration 
not encountered in any epidermis elsewhere. 
Epithelial cells migrate centrifugally outward 
from the center of the drum desquamating only 
when they reach the cartilaginous portion of 
the ear canal. This process accounts for the 
self-cleaning ability of the ear canal [11].

 2. The Mucosal Layer
The mucosal layer of the eardrum is a con-

tinuation of the mucosal lining of the middle 
ear cavity. It is a very thin monocellular layer 
of cells.

Surgical Application
During middle ear surgery, the annulus 
allows an operative delivery of the tympanic 
membrane out of the sulcus without tearing 
it. The most difficult part of the annulus to 
dislodge is the anterior part because of its 
firm attachment to the sulcus.

Fig. 2.10 Schematic drawing of tympanic membrane microscopy showing the three layers of the tym-
panic membrane

2.1  The Lateral Wall
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 3. Lamina Propria
This is the intermediate layer. It consists of 

fibrous tissue. The amount and organization of 
this fibrous tissue represents the main differ-
ence between the pars tensa and the pars flac-
cida of the TM.

Pars Tensa
The lamina propria of the pars tensa is attached to 
the malleus handle and to the tympanic bone and 
consists of two layers of densely packed collage-
nous fibers; one is oriented radially and another 
one oriented circularly [12, 13]: (Fig. 2.11).

 1. The radial fibrous layer (stratum radiatum) is 
attached to the manubrium and radiates out-
ward to the annulus.

 2. The circular fibrous layer (stratum circulare) 
lies medial to the radial layer and has its fibers 
arranged concentrically to insert on the manu-
brium. The circular fibers reinforce the radiat-
ing fibers peripherally to become thickened at 
the margin of the drum, forming the annulus 
tympanicus.

The radial fibers become more packed as they 
converge on the manubrium, while the circular 
fiber layer grows thicker toward the periphery. 
These collagen fibers exhibit a viscoelastic and 
orthotropic behavior with membrane (or in- plane) 
properties different from through- thickness (or 
out-of-plane) properties [5] (Fig. 2.11).

It is to emphasize that the overall membrane 
thickness is not uniform but tapered from the 
periphery to the umbo.

Pars Flaccida
The lamina propria of the pars flaccida is com-
posed of small amounts of elastic and collage-
nous fibers with no special arrangement and 
gradually passes into the dermis of the meatal 
skin [14].

2.1.2.3.3 Blood Supply of the Tympanic 
Membrane

 1. Inner surface of the tympanic membrane: 
supplied by a vascular circle formed by  
anastomosis of the anterior tympanic 
artery  (branch from the internal maxillary 
artery) and a branch from the stylomastoid 
(branch of the posterior auricular artery) 
(Fig. 2.12)

 2. Outer surface of the tympanic membrane: 
supplied by the arteria manubrio having origin 
from the deep auricular branch of the internal 
maxillary artery.

2.1.2.3.4 Nerves of the Tympanic 
Membrane

The tympanic membrane receives its innervation 
from the auriculotemporal branch of the mandib-
ular nerve (CN V3), the tympanic branch of the 
glossopharyngeal nerve (CN IX), and the auricu-
lar branch of the vagus (CN X).

a bLateral side
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Fig. 2.11 (a) A schematic diagram of a typical TM cross section through the pars tensa showing the arrangement and 
thickness of different layers, (b) schematic fiber orientation in human TM
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 1. Outer surface:
Similar to the external ear skin canal, the 

outer surface of the tympanic membrane is 
innervated by several nerve branches (Fig. 2.13).
 (a) The auriculotemporal branch of the man-

dibular nerve V3 supplies the anterior and 
aspects of the external tympanic membrane.

 (b) The auricular branch of facial nerve (CN 
VII) innervates the posterosuperior por-
tion of the tympanic membrane.

 (c) The auricular branch of vagus nerve (CN 
X) innervates the posteroinferior portion of 
the tympanic membrane (Arnold’s nerve).

 2. Inner surface:
The medial surface of the tympanic mem-

brane and middle ear are similarly innervated 
primarily by the tympanic plexus of the glos-
sopharyngeal nerve IX.

Ant. Tympanic
artery

Stylomastoid
artery

Canal of Huguier

Glaserian F.

Fig. 2.12 Medial view 
of a left tympanic 
membrane showing 
tympanic membrane 
vascularization

Clinical Application
Tympanic Membrane Retraction Pockets

Pars flaccida retraction pockets
The pars flaccida is the most common 

area of TM retraction pockets because it is 
the weakest part of the TM.  Two reasons 
stand behind this weakness:
 – Sparse amount of unorganized fibers in 

its lamina propria

 – Direct insertion of the skin of the pars flac-
cida on the scutum in the absence of the 
combination annulus-sulcus, which acts 
like a ligament stabilizing the insertion of 
the TM to the surrounding bone [15]
Pars tensa retraction pockets
 Pars tensa retraction pockets are more 
common in its posterosuperior part. 
Three reasons stand behind this fact:

 – This part of the TM is more vascularized 
and thus more vulnerable to inflamma-
tion, which leads to secretion of collage-
nase and destruction of collagen fibers. 
This renders this part of the TM atrophic 
and prone to retraction in case of middle 
ear negative pressure.

 – The middle fibrous layer of the postero-
superior part lacks a well-developed cir-
cular fibrous layer.

 – The weak annulus insertion on the tym-
panic ring because of a shallow sulcus at 
this level [4].
 In contrary, the anterosuperior quadrant 
of the TM is less prone to retraction 
because of its strong insertion into the sul-
cus, the better arrangement of its circular 
fibers and the presence of the anterior 
malleal ligament acting as a support [4].

2.1 The Lateral Wall
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2.1.3  Mechanics of the Tympanic 
Membrane

During evolution steps, human middle ear had to 
play two major roles: impedance matching sys-
tem and amplifier. As part of the middle ear, the 
tympanic membrane acts essential role in both 
middle ear functions.

The unique anatomical shape and material 
properties of the TM contribute to its motion. 
Thus the function of the TM relies on its specific 
motion and how that motion transduces sound to 
the middle ear ossicles. Certain portions of the 
tympanic membrane move differently depending 
on the frequency of sounds:

• At low frequencies, the entire tympanic mem-
brane moves in one phase (the entire tympanic 
membrane and malleus vibrate as a single 
unit).

• At higher frequencies, the tympanic mem-
brane divides into smaller vibrating portions 
that vibrate at different phases [16].

2.1.3.1  Role in the Middle Ear 
Impedance Matching System

Sounds impinging on the external ear are air-
borne; however, the environment within the inner 

ear, where the sound-induced vibrations are con-
verted to neural impulses, is aqueous. There is an 
impedance mismatch between the outer (air) and 
inner ear (fluid), and the major function of the 
middle ear is to match relatively low-impedance 
airborne sounds to the higher-impedance fluid of 
the inner ear. For instance, in the absence of func-
tioning middle ear structures, 99.9% of sound is 
reflected at the oval window due to high imped-
ance of fluid in the cochlea (only 0.1% of the 
sound is transmitted = −30 dB sound loss from 
air-fluid impedance mismatch, Fig. 2.14).

The tympanic membrane is designed to absorb 
acoustic energy from the external ear canal, 
transform it into a mechanical vibration, and 
transmit it to the ossicular chain (mechanical 
transformer), which in turn transmits the vibra-
tions to the inner ear fluid.

2.1.3.2  Role in the Middle Ear Amplifier 
System

The middle ear amplifies the sound before reach-
ing the inner ear, and this amplification is fre-
quency dependent; it is 20  dB at 250–500  Hz, 
maximal of 28 dB at 1000 Hz, and decreases at 
high frequencies about 6 dB for each additional 
1 kHz above 1000Hz [17].

Three mechanisms for sound amplification 
exist:

 1. Hydraulic Lever
 2. Catenary lever
 3. Lever action of the ossicles (1.3:1)

The tympanic membrane plays a major role in 
the hydraulic and catenary lever system:

 – Hydraulic lever: The hydraulic lever acts 
because of the size difference between the 
tympanic membrane and the stapes footplate. 
Sound pressure collected over the large area of 
the tympanic membrane and transmitted to the 
area of the smaller footplate results in an 
increase in force proportional to the ratio of 
the areas. The average ratio has been calcu-
lated to be 21:1, and gain (+26  dB SPL) is 
boosted by this area ratio between eardrum 
and stapes footplate (Fig. 2.15).

Fig. 2.13 Pattern of neural innervations of the outer sur-
face of the tympanic membrane. Notice its similarity to 
the vascular topography of the external aspect of the tym-
panic membrane

2 Middle Ear Cavity
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 – Catenary lever: buckling of the eardrum
The power of sound in the ear canal is 

matched to the outer rim of the TM, because 
the annular ligament surrounding the  tympanic 
membrane is immobile and sound energy is 
directed away from the edges of the drum and 
toward the center of the drum via waves that 
travel on the TM surface. The attachment of 
the tympanic membrane at the annulus ampli-
fies the energy at the malleus because of the 

elastic properties of the stretched drumhead 
fibers and thus works as a catenary lever 
(ratio of force acting on tympanic membrane 
to that acting on the malleus) where large dis-
placements near the annular ring (the outer 
edge) produce small displacements of the 
malleus, so the ear drum itself can increase 
force when it moves. This buckling effect 
increases pressure by a factor of 2 = 6 dB 
(Fig. 2.16). 

a b

Fig. 2.14 Schematic drawing to show the role of middle 
ear as impedance matching system. (a) in absence of mid-
dle ear, 99.9% of acoustic energy will be reflected at the 
oval window (OW) due to the high impedance of cochlear 
fluid. (b) The middle ear acts as impedance matching sys-
tem, the tympanic membrane which is surrounded by air 

on both sides absorbs the acoustic energy and transforms 
it into mechanical vibrations which will be transmitted by 
ossicles into inner ear fluid. M malleus, I incus, S stapes, 
OW oval window, RW round window, MEC middle ear 
cavity

Fig. 2.15 Schematic drawing to show the hydraulic lever of 
middle ear. The average ratio between the ear drum 21 times 
larger than the oval window, this means that sound pressure 
collected at the large ear drum will be transmitted in an 
amplified manner to the small oval window. M malleus,  
I incus, S stapes, MEC middle ear cavity, RW round window

Clinical Applications

TM Perforations and Their Impact on 
Hearing Loss

The dominant mechanism of tympanic 
membrane perforation on hearing loss is a 
reduction in the pressure difference across 
both sides of the tympanic membrane.
 – Hearing loss is largest at the lowest fre-

quency and decreases with increasing 
frequency.

 – Hearing loss increases as perforation 
size increases.

 – Hearing loss does not depend on the 
location of the perforation.

2.1  The Lateral Wall
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2.2  The Inferior Wall (Jugular Wall)

2.2.1  Embryology of the Inferior Wall

The inferior wall of the middle ear develops 
between the 21st and the 31st gestational week, 
from the fusion of the tympanic bone and the 
petrosal bone. The fusion of these two bones, at 
24th gestational week, closes the hypotympanum 
incompletely and leaves a persistent hypotym-
panic fissure, which houses the inferior tympanic 
canaliculus. The inferior tympanic canaliculus 
transmits the Jacobson’s branch of the glossopha-
ryngeal nerve (located anterior to the jugular 
fossa) and the inferior tympanic artery (branch of 
the ascending pharyngeal artery) [18] to the mid-
dle ear (see Fig. 1.2) (see Sect. 1.1.1)

2.2.2  Development of the Jugular 
Bulb After Birth

The jugular bulb, absent at birth, is a dynamic 
structure which develops after the age of 2 years 
and reaches its definite size in adulthood. Children 
younger than 2 years old do not demonstrate the 
typical bulbous enlargement of the jugular bulb.

The “jugular sinus,” present at the junction of 
transverse sinus and internal jugular vein during 
fetal life until the age of 2 years (from which the 
jugular bulb will originate), is surrounded by car-
tilaginous and bony structures that do not permit 
expansion during fetal life. This needs the pound-
ing effects of ascending negative pulse waves 
originating from the right atrium, traversing 
upward to strike the “jugular sinus.” The ham-

Fig. 2.16 Schematic 
drawing to show the 
catenary lever of the 
tympanic membrane. The 
attachment of the 
tympanic membrane (TM) 
at the annulus amplifies 
the energy at the malleus 
where large displacements 
near the periphery (d1) 
produce small 
displacements of the 
malleus (d2)

Catenary lever
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umbo
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sound pressure (P)
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mering effect (upward forces) of the negative 
pulse waves, hitting the roof of the “jugular 
sinus” at near right angle at the base of the skull 
(jugular foramen), takes place only after the 
infants assume erect posture (as opposed to the 
“fetal” or lying down position maintained in 
utero). These forces create the jugular bulb and 
enlarge the surrounding bony  structures, to form 
the bony jugular fossa [19–21]. According to 
Hirakoh [20], the volume of each jugular bulb in 
adults far exceeds the total combined blood vol-
ume of the sigmoid and the inferior petrosal 
sinuses. (see Figs. 2.17 and 2.18).

As the left brachiocephalic (innominate) vein 
is relatively longer and more curved than the right 
one, it may dissipate the energy of the venous pul-
sations generated from the heart and consequently 

could explain the development of larger jugular 
bulb more frequently seen on the right side (see 
Fig.  2.19). Another possible explanation is that 
the jugular vein is frequently larger on the right 
side because its direct alignment with the superior 
vena cava, allowing a higher flow than at the left 
side.

There are also theories that the mastoid pneu-
matization partly determines the location of the 
jugular bulb; the distance from the external audi-
tory canal to the sigmoid sinus appears to be rela-
tively short in ears with high jugular bulb  
(Fig. 2.18) [22].

The dynamics of venous blood flow and mas-
toid pneumatization will ultimately determine 
the variations in final size and position of the 
jugular bulb [23].

a b

Fig. 2.17 Axial CT of the skull base of a fetus in the last 
trimester (a) in comparison with an adult (b): (a) Slight 
impressions visible on the posterior surface of the tempo-
ral bone, corresponding to the sigmoid sinus (white arrow) 
and the jugular bulb (black arrow). The level of the occipi-
tal bone (O) is very close to the posterior edge of the tem-

poral bone. (b) axial CT-scan of an adult skull base: the 
sigmoid sinus (white arrow) and the jugular bulb (black 
arrow) are predominantly developed on the right side, 
already with a great distance to the occipital bone (O). The 
left sigmoid sinus (white dashed arrow) and the left jugu-
lar bulb (black dashed arrow) are hypoplastic. C clivus

a b

Fig. 2.18 Axial (a) and coronal (b) CT images of a 
7-year-old child at the base of the skull: normal develop-
ment of sigmoid sinus on both sides (SS) but prominent 

jugular bulb, (JB) moderatly on the right, very prominent 
on the left, where it is coming in close contact with the 
tympanic membrane (arrow)

2.2  The Inferior Wall (Jugular Wall)
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2.2.3  The Inferior Wall Anatomy

The floor of the middle ear cavity is narrow and 
consists of a thin plate of bone that separates the 
middle ear from the jugular bulb posteriorly and 
the internal carotid artery anteriorly.

In the bone between the carotid artery canal and 
the jugular bulb fossa, near the medial wall, opens 
a small canal, the inferior tympanic canaliculus, 
localized near the fossula petrosa which houses the 
inferior ganglion of the glossopharyngeal nerve 
(CN IX). It is often a faintly marked depression on 
the inferior surface of the petrous portion of the 
temporal bone (Fig. 2.20).

The inferior tympanic canaliculus transmits 
up to the tympanic cavity the Jacobson’s nerve 
(Fig. 2.20), branch of the glossopharyngeal nerve 
(CN IX), and the inferior tympanic artery (branch 
of the ascending pharyngeal artery) (Fig. 2.21).

The surface of this wall may show irregulari-
ties due to the overlying pneumatized cells. In the 
posterior part of the floor is the root of the styloid 
process which gives rise to a bony eminence, the 
styloid eminence.

Right
subclavian vein

Left
subclavian vein

Fig. 2.19 Because the left brachiocephalic vein is longer 
and more curved than the right one, it may dissipate the 
energy of the venous pulsation generated from the heart 
and consequently could explain the development of larger 
jugular bulb more frequently seen on the right side. 
Another possible explanation is that the jugular vein is 
frequently larger on the right side because its direct align-
ment with the superior vena cava, allowing a higher flow 
than at the left side.

Fig. 2.20 The floor of 
the middle ear cavity is 
narrow and consists of a 
thin plate of bone that 
separates the middle ear 
from the jugular bulb 
posteriorly and the 
internal carotid artery 
anteriorly. The inferior 
tympanic canaliculus (*) 
in the inferior wall gives 
passage for the 
Jacobson’s nerve 
originating from the 
inferior ganglion of IX 
which is located in the 
jugular fossa bulb

2 Middle Ear Cavity
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2.2.3.1  Jugular Bulb Anatomy
The jugular bulb connects the sigmoid sinus to 
the internal jugular vein. It is located in the jugu-
lar fossa; posterolaterally within the pars vascu-
laris of the jugular foramen. The jugular bulb 
inhabits the posterior and largest compartment of 
the jugular foramen. The cranial nerves IX, X, 
and XI pass the skull base juxtaposing this venous 
system. The jugular bulb communicates with the 
cavernous sinus through the inferior petrosal 
sinus. The jugular bulb dome lies at the floor of 
the middle ear cavity below the labyrinth and 
medial to the mastoid segment of the facial nerve 
(Fig. 2.22).

• Anteriorly the jugular bulb is limited by the 
internal carotid artery, cochlear aqueduct, 
inferior petrosal sinus, meningeal branch of 
the ascending pharyngeal artery, lower cra-
nial nerves, and posterior meningeal artery.

• The posterior limits of the jugular bulb include 
the sigmoid sinus, occipital bone, and facial 
nerve.

• The superior limits of the jugular bulb 
include the external auditory canal, hypo-
tympanum, posterior semicircular canal 
(PSCC), vestibule, and the internal auditory 
canal. The upper limit of the jugular bulb is 

commonly found under the hypotympanum 
and an atypical presentation of the jugular 
bulb may be visualized as an upward exten-
sion of the bulb that invades into the hypo-
tympanum [24].

Fig. 2.22 Left temporal bone dissection showing the 
relation of jugular bulb to temporal bone structures. The 
jugular bulb dome lies at the floor of the middle ear cavity 
below the labyrinth and medial to the mastoid segment of 
the facial nerve. Anteriorly the jugular bulb is limited by 
the internal carotid artery, the posterior limits of the jugu-
lar bulb include the sigmoid sinus, the superior limits of 
the jugular bulb include the hypotympanum and otic cap-
sule. tt tensor tympani, IAC internal auditory canal, dig 
digastric crest, gg geniculate ganglion

a b

Fig. 2.21 (a) Right ear after transcanal hypotympanotomy 
and dissection of the vertical portion of internal carotid 
artery (VICA) and the jugular bulb (JB). Notice the emer-
gence of the Jacobson’s nerve (J) between the VICA and 
the JB and its relation to the round window (RW); also 
notice the relation of the horizontal portion of the internal 
carotid artery (HICA) and the Eustachian tube (ET); the 

HICA lies in the medial wall of the Eustachian tube. (b) 
Axial CT-images through the inferior part of the tympanic 
cavity: intrapetrous carotid (CC), internal jugular vein 
(IJV), inferior petrous sinus (IPS). Jugular spine (arrow), 
topography of glossopharyngeal nerve IX (small circle), 
trajectory of the Jacobson`s nerve indicated by the arrow-
heads. Facial nerve (VII) 

2.2  The Inferior Wall (Jugular Wall)
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Right-sided JB dominance is a common finding 
and is present in 70–80% of cases [23]. It is variably 
positioned in relation to the hypotympanum, and its 
distance from the facial nerve laterally and the laby-
rinth superiorly is variable (Fig. 2.23). The distance 
from the jugular bulb to the posterior semicircular 
canal superiorly ranges from 0 to 10  mm (mean 
4 mm). The distance from the jugular bulb to the 
facial nerve laterally ranges from 0 to 12 mm (mean 
7  mm) [25]. A high-riding JB may obliterate the 
round window recess in 9% of temporal bones 
(Fig. 2.24a–c). A high-riding jugular bulb may be 
visualized otoscopically as a blue mass behind the 
tympanic membrane (Fig. 2.24d) [24].

A Valsalva maneuver or ipsilateral jugular 
compression can cause distension of the jugular 
bulb and facilitates its diagnosis during micro- 
otoscopy. When the jugular bulb plate is absent, 
the bulb may protrude into the middle ear cavity, 
which is classified as a dehiscent jugular bulb 
(Fig. 2.15a) [26, 27].

HRCT is the imaging modality of choice for 
evaluating the jugular bulb [28].

2.3  The Posterior Wall

2.3.1  Embryology of the Posterior Wall

The posterior wall develops from the Reichert’s 
cartilage. The facial nerve develops in a groove 
on the otic capsule. By the 20th week, the facial 
canal becomes better defined by fibrous tissue 
lateral to the otic capsule that ossifies medially. 
Reichert’s cartilage persists as a cartilage bar 
interposed between the otic capsule and the 
facial nerve medially and the tympanic annulus 
laterally [29]. Ossification starts in this cartilage 

a

R

JB
JB

L

b

Fig. 2.23 Coronal CT reconstruction on the mastoid seg-
ment of the facial nerve (arrowheads) on both ears and the 
relation to the jugular bulb (JB) and the posterior semicir-
cular canal (PSCC) (black arrow): (a) on the right side 

(R), small jugular bulb (JB) with a large distance (red 
arrow) to the PSCC. (b) On the left side (L), huge JB with 
a short distance (red arrow) to the PSCC

Surgical Application:  
Retrofacial Approach to the Middle Ear
The retrofacial approach to the middle ear 
is done by drilling the area between the 
facial nerve laterally, the jugular bulb 
inferiorly and medially, and the ampulla 
of the posterior semicircular canal superi-
orly. This approach can provide a good 
access to the hypotympanum and the 
related structures without transposing the 
facial nerve or taking down the posterior 
external auditory canal wall. In cases with 
a high and lateral jugular bulb, this 
approach could not be easily done [25] 
(Fig. 2.25).

Anatomical Relations of the JB
 – Superiorly: external auditory canal, 

middle ear, posterior semicircular canal, 
vestibule, internal auditory canal

 – Anteriorly: internal carotid artery, 
cochlear aqueduct, inferior petrosal 
sinus, meningeal branch of the ascend-
ing pharyngeal artery, lower cranial 
nerves, posterior meningeal artery

 – Posteriorly: sigmoid sinus, occipital 
bone, facial nerve

2 Middle Ear Cavity
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bar and continues in the mesenchyme both 
medial and lateral to this cartilage bar, forming 
the facial canal and the posterior wall of the mid-
dle ear cavity. The cartilage remnant of Reichert’s 
bar frequently persists to the time of birth, ossi-

fying separately from the surrounding mesen-
chyme. The first cartilaginous wall of the facial 
canal is the laterohyale connected primitively 
with the interhyale, rudiment of the stapedial 
tendon (Fig. 2.26).

a b

c d

JB

JB

JB

Fig. 2.24 (a) Coronal 
computed tomographic 
view on a right ear with 
a normal jugular bulb 
(JB), round window 
recess (black arrow). 
(b) High-riding JB 
obliterating the round 
window recess (black 
arrow). (c) Protruding 
JB (small white arrow), 
reaching the round 
window recess (black 
arrow). Notice the 
transtympanic 
ventilation tube in place 
(long white arrow), (d) 
otoscopic view of a 
jugular bulb bulging in 
the hypotympanum (*)

a b

Fig. 2.25 (a) Retrofacial approach in a left ear hypotym-
panum. (*) surgical instrument, VII mastoid segment of 
the facial nerve, JB jugular bulb, TM tympanic membrane, 
M malleus, I incus, S stapes, LSCC lateral semicircular 
canal, PSCC posterior semicircular canal; (b) Sagittal 
oblique reconstruction of a computed tomography show-

ing the retrofacial hypotympanotomy approach (red 
arrow). Mastoid segment of the VII nerve (arrowheads), 
hypotympanic air cells (short white arrows), round win-
dow (long white arrow), oval window (dashed arrow), 
basal turn of the cochlea (empty arrow). A antrum, JB 
jugular bulb, PA petrous apex cells

2.3  The Posterior Wall
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2.3.2  Posterior Wall Anatomy

The posterior wall is the highest wall of the mid-
dle ear and measures about 14 mm. It is formed 
essentially by the petrous bone. The posterior 
wall separates the middle ear from the mastoid 
air cells, except at the area of the aditus ad 
antrum, where bone is deficient and permits com-
munication between the attic and the mastoid 
antrum.

The posterior wall can be divided into two dis-
tinct parts: the upper third which corresponds to 
the aditus ad antrum and represents the posterior 
limit of the epitympanum and the lower two- 
thirds which correspond to the posterior wall of 
the retrotympanum.

The two parts are separated by the incudal 
buttress which is a compact bone that runs from 
the tympanic ring laterally to the lateral semicir-
cular canal medially. It houses the incudal fossa 
in its superior surface to lodge the short process 
of the incus (Fig. 2.27).

2.3.2.1  The Upper Part: The Aditus Ad 
Antrum

The aditus ad antrum connects the epitympa-
num of the middle ear to the mastoid antrum 
posteriorly. The aditus is of a triangular shape 
with dimensions of 4  ×  4  ×  4  mm (see Sect. 
5.4.3 and Figs. 5.21 and 5.22).

2.3.2.2  The Lower Part: The Posterior 
Wall of the Tympanum

The posterior wall of the tympanum is a complete 
bony wall; it extends from the bony annulus of the 
tympanicus to the bony labyrinth. It is the exten-
sion of the styloid eminence upward to the pyrami-
dal eminence and to the level of the fossa incudis. 
It houses the vertical segment of the facial nerve.

This wall is wider above than below and pres-
ents three eminences directed anteriorly, seven 
bony ridges, and four sinuses and spaces delimit-
ing the retrotympanum compartment (Fig. 2.28).

2.3.2.2.1 Posterior Wall Eminences
The posterior wall presents three bony eminences: 
the pyramidal, chordal, and styloid eminences.

 1. The Pyramidal Eminence
The pyramidal eminence is situated at the 

center of the posterior wall immediately 
behind the oval window; it is about 2 mm in 
height. Its base is fused with the canal of the 
facial nerve. It lodges the body of the stape-
dial muscle, and its apex gives passage to the 
stapedial tendon. The pyramidal eminence 
communicates with the facial bony canal by a 
minute aperture which transmits the stapedial 
branch of the facial nerve (Fig. 2.29a). Cases 

Fig. 2.27 A medial view of a left middle ear showing the 
posterior wall composed of an inferior closed part separat-
ing the middle ear from the mastoid and a superior open 
part, the aditus ad antrum, which connects the middle ear 
to the mastoid. Notice that the floor of the aditus houses 
the fossa incudis (FI), which lodges the short process of 
the incus (SPI)

Fig. 2.26 Five weeks 15.5 mm embryo coronal section 
showing the laterohyale (arrow) covering facial nerve 
rudiment (*), in connection with the Reichert’s cartilage 
(R). Hematoxylin-eosin staining

2 Middle Ear Cavity
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of very prominent eminences are reported, as 
shown in the figure 2.29b.

 2. The Chordal Eminence
The chordal eminence is situated lateral to 

the pyramidal eminence and 1 mm medial to the 
tympanic membrane. The chordal eminence 
shows a foramen: the iter chordæ posterius, 
where the chorda tympani passes through.

 3. The Styloid Eminences or Styloid 
Complex

The styloid complex is a derivative of the 
superior portion of the second branchial arch 
and composed of the:
• Styloid eminence.
• Styloid peg which is the tympanic part of 

the styloid process.
• Styloid button which is a round button 

medial to styloid eminence. This button is 
not constant; when found, it indicates the 
presence of a retrofacial cellular tract.

2.3.2.2.2 Posterior Wall Ridges
We can identify in the posterior wall seven bony 
ridges which connect the eminences with each 
other and with the promontory Fig. 2.27).

Fig. 2.28 Endoscopic view of a right middle ear showing 
the different ridges of the posterior wall. 1 ponticulus, 2 
subiculum, 3 pyramidal ridge, 4 chordal ridge, PE pyra-
midal eminence, SE styloid eminence, OW oval window, 
RW round window, S stapes, T stapedial tendon, Pr prom-
ontory, HC hypotympanic cells, VII facial nerve

a b

Fig. 2.29 (a) Transversal CT of the posterior wall of the 
cavity. From lateral to medial: chordal eminence (black 
arrow), facial recess (long white arrow), facial nerve (empty 
arrowhead), pyramidal eminence (short white arrow), sinus 

tympani (black arrowhead). (b) transversal CT showing a 
very prominent pyramidal eminence (short arrow) and a 
very short stapedial tendon (long arrow) inserting on the 
head of the stapes, sinus tympani (arrowhead)

2.3  The Posterior Wall
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 1. The Chordal Ridge of Proctor
The chordal ridge runs laterally and trans-

versely from the pyramidal eminence to fuse 
with the chordal eminence.

 2. The Pyramidal Ridge
The pyramidal ridge is very prominent. It 

runs inferiorly from the base of the pyramidal 
eminence to the styloid eminence. It could be 
absent.

 3. The Styloid Ridge
The styloid ridge connects the styloid emi-

nence to the chordal eminence.
 4. The Ponticulus

The ponticulus is a central structure in the 
retrotympanum. It is a bony ridge extending 
from the pyramidal process to the promon-
tory. There are two different variants of the 
ponticulus:

 – Complete ponticulus: when the ponticulus 
is completely formed and extends from the 
pyramidal process to the promontory area. 
In this case, the ponticulus represents the 
superior frontier of the sinus tympani and 
separates the latter from the posterior sinus.

 – Incomplete ponticulus: in this case the pon-
ticulus does not connect with the pyramidal 
process making the sinus tympani and the 
posterior sinus one confluent sinus.

 5. The Subiculum
The subiculum is a smooth bony projection 

that is situated posterior to the promontory and 
extends inferiorly from the posterior lip of the 
round window niche toward the styloid emi-
nence. Therefore, it intervenes between the sinus 
tympani superiorly and the RW niche inferiorly.

 6. The Fustis
The fustis is a thick solid bone projection link-

ing the basal turn of the cochlea with the styloid 
eminence. The fustis gives a strong support to the 
RWM; unnecessary drilling of fustis in cholestea-
toma surgery has to be avoided because of the 
risk of sensorineural hearing loss.

 7. The Finiculus is a bony ridge arising from 
the anterior pillar of the RW and running 
toward the floor of the hypotympanum sepa-
rating the inferior retrotympanum from the 
hypotympanum, where the jugular bulb is 
located (Fig. 2.30).

Due to its eminences and ridges, the posterior 
bony wall lodges five different spaces that are 
completely separated from the mastoid cavity 
(see Sect. 4.4).

2.4  The Superior Wall (The 
Tegmen)

The superior wall of the middle ear cavity, the 
tegmen, is a plate of bone that separates the mid-
dle ear cavity from the overlying middle cranial 
fossa dura and temporal lobe of cerebrum. The 
integrity of the tegmen is essential to avoid 
spread of infection from the middle ear to the 
intracranial cavity, as well as to prevent hernia-
tion of the brain into the middle ear.

Surgical Application
 – During transcanal hypotympanotomy, 

the styloid eminence represents a very 
important landmark for the facial nerve; 
the styloid eminence is always anterior 
to the facial nerve and represents the 
posterior limit of safe drilling in the pos-
terior part of the hypotympanum.

 – During endoscopic endomeatal surgery, 
one should be thoroughly familiar with 
the styloid complex area. In microscopic 
surgery this specific area is not well visu-
alized. Identification of the styloid com-
plex facilitates the faster and safer 
exposure of the VII.  In intact Fallopian 
bridge technique for glomus jugulare sur-
gery, identification of VII and drilling of 
the styloid complex are most important.

 – The styloid button indicates the pres-
ence of a retrofacial cell tract, site of 
possible cholesteatoma invasion.

 – The styloid peg is the tympanic portion 
of the styloid process and is a good 
landmark.

 – Above the styloid complex, the middle 
retrotympanum is a hosting chamber for 
cholesteatomas.

2 Middle Ear Cavity
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2.4.1  Superior Wall Development

The superior wall forms from the fusion of two 
horizontal plates, a small lateral plate (horizon-
tal process) derived from the squamous bone 
and a large medial plate (tegmental process) 

derived from the otic capsule of the petrous 
bone. The lateral plate shows membranous 
ossification, whereas the medial one shows 
endochondral ossification (see Fig. 1.2) (see 
Sect. 1.1.1).

At the line of fusion of both plates, a bony log 
is formed and is called the tignum transversum 
that is the major supporting element of the teg-
men. The tignum transversum extends anteriorly 
to the Glaserian fissure and then beaks medially 
to form the so-called cog [30].

At 19 weeks of gestation, the endosteal ossifi-
cation center of the superior semicircular canal is 
not yet completely developed. At 23 weeks, how-
ever, the center is complete. Scattered intrachon-
dral and endochondral ossification forms the 
middle layer, and outer periosteal bone completes 
the trilaminar structure.

After birth and up to 10  months of age, 
only a thin inner layer of bone covers the 
superior canal in the middle fossa. Thus bone 
is added over the superior canal for almost 
three postnatal years; hence only after the age 
of 3 years can the bone overlying the superior 
semicircular canal be reliably detected on a 
CT scan [31, 32].

Delayed or incomplete ossification of the teg-
men may lead to tegmen defects observed in 
childhood or early adulthood (Fig.  2.31), with 
possible meningocele or spontaneous CSF fistula 
(Fig. 2.32).

a b

Fig. 2.31 Coronal reconstruction of two ears with con-
genital dehiscence of the tegmen (between arrows). (a) 
Right ear, no contact between the middle cranial fossa 
structures and the ossicles. (b) Left ear, herniation of 

endocranial tissue (arrowhead) of the middle cranial fossa 
through the congenital dehiscence of the tegmen reaching 
the incudomalleolar chain

Fig. 2.30 Endoscopic picture of left ear posterior wall 
showing the three eminences: chordal eminence (ce) from 
where the chorda tympani (CT) is emerging to middle ear, 
pyramidal eminence (pe) giving rise to stapedial tendon 
(t), and the styloid eminence (se). The sinus tympani ST is 
located between ponticulus (Po.) superiorly and subiculum 
(sub.) inferiorly. The fustis is a thick solid bone projection 
linking the basal turn of the cochlea with the styloid emi-
nence. The fustis gives a strong support to the round win-
dow membrane RW; the finiculus is a bony ridge arising 
from the anterior pillar of the RW and running toward the 
floor of the hypotympanum separating the inferior retro-
tympanum from the hypotympanum. The  subcochlear 
canaliculus (C) is a deep tunnel between the fustis and fin-
iculus; it may reach the petrous apex cells. S stapes; I 
incus; M malleus; * cochleariform process

2.4  The Superior Wall (The Tegmen)
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2.4.2  Superior Wall Anatomy

The tegmen is a thin bony plate that forms the 
roof of the middle ear cavity and separates it from 
the overlying temporal lobe. The part of the 
 tegmen overlying the Eustachian tube is called 
tegmen tubari, the part overlying the tympanic 
cavity is called the tegmen tympani, and that 
overlying the mastoid antrum is called the teg-
men antri (Fig. 2.33).

The superior surface of the tegmen forms part 
of the middle cranial fossa floor and is covered by 
the dura; the inferior surface of the tegmen is lined 
by middle ear mucosa. The tegmen separates the 
cerebrospinal fluid superiorly from the air space of 
the middle ear inferiorly [36].

Fig. 2.33 A sagittal cut 
of the temporal bone, 
showing the superior 
wall of a left middle ear 
(ME). MCF middle 
cranial fossa, ET 
Eustachian tube

Clinical Implications
Middle Ear Meningoencephalocele

Middle ear meningoencephalocele is a 
herniation of brain tissue through a bony 
defect into the middle ear. Middle cranial 
fossa meningoencephaloceles are the most 
common, and this is related to tegmen tym-
pani dehiscence under the weight of the 
temporal brain lobe and CSF pulsations 
effect [33, 34]. The most frequent bony 
defect in the tegmen tympani is in the 
region next to the geniculate ganglion [35] 
(see Fig. 2.31).

Posterior cranial fossa meningoenceph-
alocele into the middle ear is rare.

Fig. 2.32 Coronal T2-weighted MR image showing 
encephalocele (black arrow) herniating through a tegmen 
defect (between the white arrows) into the tympanic cav-
ity that is filled with hyperintense fluid (o)
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The tegmen tympani is formed from two unequal 
bony plates. The largest medial portion develops 
from the tegmental plate of the petrous bone, and 
the smaller lateral portion develops from the hori-
zontal plate of the squamous bone (Fig. 2.34).

The suture line between these two plates is 
known as the internal petrosquamous suture. In 
newborns, this suture is not ossified and is filled 
with connective tissue; it does not close until adult-
hood [37]. In adults, the dura of the middle cranial 
fossa is tightly adherent to this suture; sharp dis-
section may be required for elevation of the dura at 
this level during middle cranial fossa approach.

In the middle ear, the surface of the petrosqua-
mous fissure serves as a point of attachment to 
the superior malleal and superior incudal 
ligaments.

In the anterior attic, the tegmen is formed 
completely by the tegmental plate of the 
petrous bone. In the posterior attic and in the 
antrum, the horizontal plate of the squamous 
bone contributes to the formation of the teg-
men tympani [35].

At the level of fusion between the tegmental 
plate and anterior limit of the horizontal plate, the 
cog appears (Fig. 2.34a). The cog is a 0.5-mm- 
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Fig. 2.34 (a) Superior view of the tegmen from the mid-
dle cranial fossa demonstrates the setup of the tegmen 
tympani formed by two distinct bony plates of the tempo-
ral bone, with the horizontal process of the squamous part 
laterally and the tegmental process of the petrous part 
medially. Both plates meet at the petrosquamous fissure. 

(b) Section made through the protympanum shows that 
the roof of the protympanum is built up only by the teg-
mental process. (c) Section made through the mesotympa-
num showing that the squamous part contributes to the 
formation of the tegmen tympani in this area
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long transversal hard and dense bony crest situ-
ated 1–2  mm anterior to the malleus head and 
heading vertically toward the cochleariform pro-
cess. Its medial part may eventually prolong to 
reach the cochleariform process [38, 39].

2.4.2.1  Supportive Mechanisms 
of the Tegmen

As described above, the tignum transversum is the 
major supporting element of the tegmen. In addi-
tion to the tignum transversum, the carrying capac-
ity of the tegmen depends on the lateral and medial 
processes of the tignum as well. The tignum trans-
versum and the medial and lateral processes estab-
lish a structure similar to the nervation of a leaf. 
This aspect of a nervation insures an evenly dis-
tributed mechanical support for the thin and even-
tually perforated plate of the tegmen. Thus, the 
resistivity of a thin tegmen against the weight of 
the temporal lobe and cerebrospinal pulsations is 
determined more by the complete structure of the 
described network of the bone rather than by the 
thickness of the plate [30] (Fig. 2.35).

2.4.3  Surgical Anatomy of the Tegmen

Mastoid surgery and atticotomy require complete 
conservation of the tegmental plate. Since the teg-
men shows a variable shape and inclination and 
because the dura and the arachnoid are closely 
adherent to the bone in the middle fossa region, 
iatrogenic injuries by drilling could lead to cere-
brospinal fluid leak, pneumocephalus, brain her-
niation, or cerebral abscess. Thus, a thorough 
knowledge of the tegmen slopes as well as its 
relationship with the external auditory canal is 
essential for a safe and successful atticomastoid 
surgery. The tegmen is not a simple horizontal 
plane, but it is an irregular plate of bone with 
undulating slopes.

There are two distinct slopes in the configura-
tion of the tegmen: one is oriented from lateral to 
medial and the second one in the posterior to 
anterior direction.

2.4.3.1  Lateral-to-Medial Slope
In the lateral-to-medial direction, the tegmen 
presents an inferiorly directed hang before 
heading up to its highest point above the 
superior semicircular canal (Fig.  2.36). This 
shape of hanging down laterally and rising up 
medially concerns the whole course of the 
tegmen throughout its anterior to posterior 
extension [40].

Above the external auditory canal (Fig. 2.37), 
the majority of the population has a narrower 
bony thickness laterally than medially [40].

Antrum

Medial
Lateral

a

TEGMEN

b

Fig. 2.36 (a) 3D image of the tegmen in the coronal 
plane. The tegmen slopes down above the antrum and then 
goes up to cover the superior semicircular canal SSCC, 
PSCC posterior semicircular canal, LSCC lateral semicir-

cular canal. (b) Computed tomography of a right ear 
showing the shape variations of the tegmen relatively to 
the antrum (*) and the superior arch of the SCCC (white 
arrow)

Fig. 2.35 The carrying capacity of the tegmen depends 
on the tignum transversum (black line) and its associated 
lateral and medial processes establishing a structure simi-
lar to the nervation of a leaf

2 Middle Ear Cavity
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2.4.3.2  Posterior-to-Anterior Slope
In the sagittal plane, the tegmen shows also a 
descending slope in the posterior to anterior 
direction and becomes close to the superior part 
of the external auditory canal [40]. The tegmen is 
higher posteriorly by about 1–10 mm than anteri-
orly (Figs. 2.38 and 2.39).

2.4.4  The Tegmen Dehiscence 
and Association to SSCC 
Dehiscence

The tegmen tympani and the superior semicir-
cular canal originate from the same structure: 
the otic capsule; therefore they have the same 
type of endochondral ossification. Minor was 
the first author who demonstrated dehiscent 
defects of the tegmen concurrent with dehis-
cence of the superior semicircular canal [41] 
(Fig. 2.40).

Superior canal dehiscence is a pathologic 
condition of the otic capsule responsible of an 
aberrant third window of the inner ear and 
cochleovestibular syndrome.

The lack of bone coverage in the tegmen tym-
pani seems to take place before the dehiscence of 
the superior semicircular canal [42, 43]. It was 
shown that patients diagnosed with superior 
semicircular canal dehiscence presented about 10 
times greater probability of presenting tegmen 
dehiscence than patients with a normal SSCC 
bone coverage [44]. Also several other associated 
abnormalities are encountered which include teg-
men defects, geniculate ganglion dehiscences, 
temporal lobe encephalocele, and cerebrospinal 
fluid fistula.

Cases of SSCC dehiscence caused by an 
enlarged superior petrosal sinus receiving 
drainage from a large cerebellar developmental 
venous abnormality are reported [45]. In fact, 
this type of dehiscence is not rare and also 
encountered as an anatomical variant in 
patients without developmental venous abnor-
malities [46].

Different theories are described about the eti-
ology of these dehiscences, and the most accepted 
one is the developmental abnormalities.

2.5  The Anterior Wall (Carotid Wall)

The anterior wall separates the middle ear cav-
ity from the petrous carotid artery canal. It 
houses the tympanic orifice of the Eustachian 
tube.

Surgical Application
During mastoid dissection anteriorly, it is rec-
ommended to start first inferiorly and then 
progress back around superiorly. Therefore, 
while approaching the superior wall of the 
external auditory canal and knowing that the 
dura hangs down laterally, the surgeon, while 
drilling, must work from medial to lateral to 
avoid lowering or injuring the canal wall or 
hitting the dura. The tegmen can be easily 
damaged laterally where the dura is low 
lying. Also this lateral overhang can obscure 
the disease tissues hidden medially.

In addition, if the medial level of the 
dura is wrongly expected to be at the same 
lower lateral level, the drilling may wrongly 
progress much lower medially and could 
traumatize the lateral semicircular canal or 
facial canal [40].

The sagittal plane is especially relevant 
when extending the drilling from the 
antrum to the attic region anteriorly: the 
tegmen slopes inferiorly as the drilling pro-
gresses anteriorly. One should expect a 
much lower dura anteriorly at the level of 
root of the zygoma; this is of most concern 
during anterior epitympanic recess 
approach (Figs. 2.38 and 2.39).

The space available to work between the 
EAC wall and the dural plate in canal wall- up 
atticomastoidectomy is smaller than posteri-
orly. Basically this finding confirms that the 
root of zygoma is a surgically challenging 
area, especially when approaching the anterior 
attic with conservation of the ossicular chain in 
place. In this procedure care must be taken not 
to penetrate the external canal wall nor to 
injure the dura in a canal wall-up technique.

2.5  The Anterior Wall (Carotid Wall)
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2.5.1  Anterior Wall Development

The development of the anterior wall and the pro-
tympanum is in close relationship to that of the 
carotid canal and the Eustachian tube. The ante-
rior wall arises completely from the petrous bone.

After the development of the otic capsule at 
the 16th week of gestation, multiple plates extend 
laterally from the otic capsule around the devel-
oping tubotympanic recess and ICA to build up 
almost the entire protympanum (Fig. 2.41). The 
tympanic bone, which forms the posterior border 
of the lateral wall of the protympanum [47], 
appears in the 18th week.

The developmental junction between the 
petrous and the tympanic bone is marked by the 
petrotympanic fissure, or Glaserian fissure, which 
continues laterally into the tympanosquamous 
fissure.

EAC

ba Medial
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Fig. 2.37 (a) 3D image in the coronal plane showing the 
relationship between the tegmen and the bony external ear 
canal. Notice that the tegmen rises up as we move medi-
ally (arrow). EAC external auditory canal, T tympanic 

membrane, M malleus. (b) Coronal computed tomogra-
phy of a right ear showing the slope of the tegmen (arrow) 
upward in relation to the superior wall of the external 
auditory canal (EAC) in lateral-to-medial direction

a bFig. 2.38 (a) Sagittal CT 
reconstruction along the 
lateral part of the temporal 
bone, showing the 
descending slope (blue 
arrow) and its close 
relation (red double headed 
arrow) to the superior wall 
of the EAC (external 
auditory canal). A antrum. 
(b): Sagittal CT 
reconstruction passing by 
the center of the middle ear 
cavity showing M malleus, 
I incus and A antrum

Fig. 2.39 Sagittal oblique CT reconstruction through the 
tympanic cavity showing the different parts of the tegmen 
and the cog. Note that the tegmen slopes downward from 
posterior (Post) to anterior (Ant). TTM tensor tympani 
muscle, ET Eustachian tube
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2.5.1.1  Development of the  
Carotid Canal

The development of the carotid canal has a close 
relationship with the internal carotid artery (ICA) 
development. In the early embryonic period, the 
ICA lies on the anterior part of the cartilaginous 
otic capsule; ossification of the otic capsule that 
starts in the 18th week produces two plates 
around the ICA, the superior and the inferior 
plate. At birth, the plates of the carotid canal have 

enclosed the ICA in a bony channel in the medial 
wall of the protympanum [47] (Fig. 2.41).

If the ICA is not directly located beside the 
otic capsule, the bony canal of the ICA will not 
be formed [26]. Consequently ICA dehiscence 
encountered in children is the result of incom-
plete fusion of the superior and inferior bony 
plates of the carotid canal. Furthermore, agene-
sis of the internal carotid artery is associated to 
an absence of the carotid canal [48] (see Sect. 
3.5.1).

2.5.2  Anterior Wall Anatomy

The anterior wall of the tympanic cavity is very 
narrow because the medial and lateral walls of 
the middle ear cavity converge anteriorly in an 
acute angle. The anterior wall is formed entirely 
from the petrous bone and can be divided into 
three portions: the lower, the middle, and the 
upper portion (Fig. 2.42).

2.5.2.1  The Lower Portion
The lower portion of the anterior wall is the larg-
est portion and represents the anterior wall of the 
hypotympanum. It is a thin plate of bone that 
separates the middle ear cavity from the vertical 
segment of the petrous carotid artery. This bony 
plate has two tiny openings for the caroticotym-
panic nerves: the upper opening transmits the 
superior caroticotympanic nerve and the inferior 
opening transmits the inferior caroticotympanic 
nerve. These nerves originate from the peri-
carotid sympathetic chain; they transmit 

a b

Fig. 2.40 (a) Coronal CT reconstruction of a right ear 
after tympanoplasty for CHL, but no post-op closure of 
the AB gap. CT shows a large dehiscence of the SSCC 

(between short arrows) associated to a dehiscent tegmen 
(empty arrow). (b) Per-operative findings: dehiscence of 
the SSCC (white arrow) and the tegmen (black arrow)
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Fig. 2.41 Schematic drawing of the developing protym-
panum and its surroundings in the frontal plane (34-week- 
old fetus). The walls of the protympanum are built up by 
several processes of the petrous bone: the tegmental plate 
(1) forming the roof, the superior lamina of the carotid 
canal (2), and the inferior lamina of carotid canal (3) 
forming the inferomedial wall. The medial wall of the pro-
tympanum is created by the promontory itself. M tensor 
tympani muscle, TR tubotympanic recess, ICA internal 
carotid artery, * chorda tympani
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sympathetic fibers coming from the superior cer-
vical ganglia to the tympanic plexus of the mid-
dle ear.

2.5.2.2  The Middle Portion
The middle portion of the anterior wall corre-
sponds to the protympanum. The middle portion 
has two tunnels placed one below the other: the 
upper tunnel transmits the tensor tympani  muscle, 
and the lower tunnel corresponds to the bony por-
tion of the Eustachian tube. A thin horizontal 
plate of bone, the septum canalis musculotubar-
ius, separates these two tunnels from each other.

• The semicanal for the tensor tympani (semica-
nalis tensor tympani) is cylindrical and lies 
beneath the tegmen tympani. It extends to join 
the cochleariform process.

• The septum canalis musculotubarius passes 
posteriorly below the tensor tympani semica-
nal; it expands above the anterior end of the 
oval window and terminates by curving later-
ally forming a pulley, the cochleariform pro-
cess, over which the tendon of the tensor 
tympani muscle passes [49].

• The bony portion of the Eustachian tube is situ-
ated below the septum canalis (see Sect. 7.3.1).

2.5.2.3  The Upper Portion
The upper portion of the anterior wall corre-
sponds to the root of the zygoma which repre-
sents the anterior wall of the epitympanum.

2.5.2.4  The Carotid Artery 
and the Anterior Wall

The carotid artery enters the temporal bone 
through the carotid foramen. It ascends vertically 
in the anterior wall of the hypotympanum and in 
the medial wall of the bony Eustachian tube at the 
area just beneath the cochlea (the vertical seg-
ment); then it turns anteromedially at almost a 
right angle toward the petrous apex, forming the 
horizontal segment anteroinferiorly to the cochlea 
(Figs. 2.21 and 2.43).

a b

Fig. 2.43 (a) CT angio-scan of the supra-aortic right vessels, 
with a sagittal oblique reconstruction, showing the trajectory 
of the internal carotid artery with its cervical (C), vertical (V) 
horizontal (H) and ascending (A) cavernous segment. (b) 

another sagital oblique reconstruction displayed in the bone 
window showing the proximity of the basal turn of the 
cochlea (white arrow) with the intrapetrous cartoid artery, 
vertical (V) and horizontal (H) portion of the carotid artery

Fig. 2.42 Anterior wall of a right middle ear. (1) Upper 
third, (2) middle third, (3) inferior third; notice the inter-
nal carotid artery dehiscence (white arrow) in the medial 
wall of the Eustachian tube (ET); TTM tensor tympani 
muscle canal, * cochleariform process, VII tympanic por-
tion of the facial nerve, FP footplate, RW round window, 
P promontory
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2.5.2.4.1 The Vertical Segment 
of the Petrous Carotid Canal

The vertical segment of the petrous carotid canal 
is 5.0–12.5  mm in height and 4.0–7.5  mm in 
diameter. The vertical segment is separated from 
the middle ear cavity by a thin plate of bone of 
about 0.25 mm. There is no difference in thick-
ness between pediatric and adult subjects. A 
dehiscence of carotid canal is observed in about 
5% of temporal bones, usually located at the 
medial wall of the bony portion of Eustachian 
tube (Fig. 2.42).

The intrapetrous carotid artery may also 
present in a more posterolateral position regard-
ing the cochlea that is usually completely poste-
rior to the posterior genu between the horizontal 
and the vertical portion of the artery. This ana-
tomical variant (lateralized IC) may lead to a 
partial to total obliteration of the entry to the 
Eustachian tube and may come in a relatively 
close contact to the tympanic membrane 
(Fig. 2.44) [50].

Another congenital anomaly of an aberrant 
internal carotid artery is rarely encountered (see 
Fig. 3.52), when the vertical segment of the IC 
passes through an enlarged inferior canaliculus 
tympanicum possibly associated to a persistent 
stapedial artery [50].

The tympanic bone is anterolateral to the ver-
tical segment [51]. The distance from the anterior 
margin of the tympanic annulus to the nearest 
point of carotid canal is about 5 mm [27].

The average distance between the carotid 
canal and the cochlea is about 1  mm near the 
basal turn, 2 mm near the middle turn, and 6 mm 
near the apical turn (Fig. 2.45) [52].

a b

Fig. 2.44 (a) Axial CT image showing the horizontal 
part (H) of the intrapetrous carotid artery that becomes 
prominent at the level of the posterior genu (PG), pro-
truding in the protympanum and almost completely 
obliterating the bony part of the Eustachian tube (thick 

arrows). It is also very close to the anteroinferior tym-
panic membrane (thin arrow). (b) Coronal reconstruc-
tion, showing the obstruction of the inferior part of the 
ET by the protruding posterior genu of the carotid 
artery (PG)

Fig. 2.45 Left ear with drilling of the medial wall to show 
the relationships between the carotid artery and turns of the 
cochlea: the vertical segment approximates the basal turn of 
cochlea (1) by about 1 mm (red arrow) and the middle turn 
(2) by about 2 mm and the apical turn by about 6 mm (a). S 
stapes, pp pyramidal process, * cochleariform process

2.5  The Anterior Wall (Carotid Wall)



48

2.5.2.4.2 The Horizontal Segment 
of the Petrous Carotid Canal

The horizontal segment of the petrous carotid 
canal is directed anteromedially by a path of 
14.5–24 mm long and 4.5–7.0 mm in diameter 
[51].

2.6  The Medial Wall (Cochlear Wall)

The medial wall is formed mainly by the cochlear 
promontory in addition to several important 
structures: the tympanic segment of the facial 
nerve, the oval and the round windows, the tensor 
tympani canal, the cochleariform process, and 
the lateral semicircular canal.

2.6.1  Embryology of the Medial 
Wall Structures

2.6.1.1  Facial Nerve: Tympanic 
Segment (See Chap. 6)

The horizontal segment of the facial nerve is recog-
nized by the sixth week of gestation when it passes 
between the developing membranous labyrinth and 
the primitive stapes [53]. By the eighth week, soon 
after the stapes blastema reaches the otic capsule, a 
sulcus forms within the lateral margin of the carti-
laginous otic capsule, initiating the formation of 
the horizontal facial nerve canal; this groove forms 
by the tenth week. If this canal is deep and well 
formed, the facial nerve will be “locked in” to its 
normal anatomic position against the otic capsule 
[53]. The facial nerve groove will begin to enclose 
the facial nerve in the fourth gestational month. 
Ossification of the canal is completed during or 
shortly after the first year of life [54].

2.6.1.2  Oval Window
The oval window is derived from the lateral sur-
face of the otic capsule. Its development is related 
directly to the development of second branchial 
arch structures and most importantly the stapes 
and the facial nerve. As early as the fifth week, 
the blastemal mass of the stapes becomes 

a b

Fig. 2.46 Coronal reconstruction of a computed tomog-
raphy of a left ear with (a) normal bony separation (*) 
between the cochlea and the internal carotid artery (ICA); 

(b) a dehiscent internal carotid artery (arrow) into the 
basal turn of the cochlea

Surgical Implication
Rarely, there is partial absence of septation 
between the cochlea and the carotid canal. 
In these cases, preoperative imaging of the 
temporal bone shows the anatomical rela-
tionship between the cochlea and petrous 
carotid canal and may help to prevent inad-
vertent penetration of the carotid canal dur-
ing cochlear implant surgery (Fig. 2.46).
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recognizable as a ring-shaped structure around 
the stapedial artery. This rudimentary stapes 
grows medially and then contacts and indents the 
developing otic capsule at the future oval window 
during the seventh week. The mesenchyme in 
this depression fuses with the stapedial ring to 
form the stapes footplate [55, 56]. Once the base 
of the stapes has fully developed, dedifferentia-
tion of the oval window cartilage occurs, and a 
rim of fibrous tissue forms to produce the annular 
ligament [54].

2.6.1.3  Fissula Ante Fenestram
The fissula ante fenestram is part of the perilym-
phatic labyrinth, and it is unique to humans. The 
fissula is first apparent in the ninth week (embryo 
of 34 mm) [60], as a strip of precartilage in the 
lateral wall of the cartilaginous otic capsule 
immediately anterior to the oval window. During 
the next 3 weeks, this extension of periotic tissue 
stretches as a connective tissue ribbon from the 
vestibule to the middle ear. The fissula continues 
to grow until mid-fetal life about 21st week, at 
which time the ossification of the otic capsule is 
almost completed (Fig. 2.50). The cartilage bor-
der, that separates the connective tissue of the fis-
sula from the bony border of the otic capsule, is 
gradually replaced by endochondral bone.

Because of the metamorphosis of the lining 
cartilage rests, the fissula is thought to be the 
area of histological instability. Later in life the 
new bone-forming process may be enhanced 
and expand to become an active focus of oto-
sclerosis [61].

Fig. 2.47 Right ear with oval window aplasia. Per-
operative view showing the congenital absence of the oval 
window (*) and abnormal trajectory of the facial nerve 
(VII), rudimentary incus (I)

Clinical Implications
Oval Window Atresia
When the primitive stapes fails to fuse 
with the primitive vestibule, the oval win-
dow cannot develop, resulting in its con-
genital absence (Fig.  2.47). One widely 
accepted explanation for the congenital 
absence of the oval window proposes that 

during the fifth and sixth weeks of gesta-
tion, the developing facial nerve becomes 
anteriorly displaced and interposed 
between the otic capsule and the stapes 
blastema. As a result, the contact between 
the stapes and the otic capsule is prevented; 
thus, the development of the oval window 
is not initiated [53, 57, 58]. An abnormal 
appearance of the stapes is often associ-
ated with congenital absence of the oval 
window.

In addition, a congenital absence of the 
oval window could be associated with dif-
ferent anomalies of the tympanic segment 
of the facial nerve canal such as a low-
lying facial nerve relative to the oval win-
dow or a canal situated within or below 
the expected location of the oval window 
or a dehiscent large facial nerve [59] 
(Figs. 2.48 and 2.49).

Failure of development of the annular 
ligament results in a congenital fixation of 
the stapes footplate.

2.6  The Medial Wall (Cochlear Wall)
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2.6.1.4  Round Window
The round window area appears during the 11th 
week. By this time, ossification has started in the 
otic capsule. During the ossification of the otic 
capsule, the round window niche is surrounded 
by a thickened ring of cartilage which isolates 
the round window mesenchyme from the ossify-
ing otic capsule and prevents the ossification of 

the round window opening. Further differentia-
tion of the cartilage ring forms the round  window 
niche, and the round window membrane appears 
inside the niche with an epithelial layer of 
mucous membrane. Mesenchymal tissue left 
unabsorbed in the round window niche may 
form a separate outer membrane, closing off the 
actual niche.

a b

Fig. 2.48 (a) Axial CT image showing the abnormal 
low-lying tympanic segment of the facial nerve (between 
the black arrows) on the promontory (thin white arrow). 
Anomalies of the stapes (empty arrow) seen in continuity 
with the thickened stapes muscle tendon (thick white 

arrow). (b) The coronal view shows the almost complete 
atretic plaque of the oval window, just a rudimentary 
opening is visible (dashed black arrow). Notice the low- 
lying facial nerve running on the promontory (white 
arrow)

a b

Fig. 2.49 (a) Axial CT image of a right ear showing an 
important hypoplasia of the round window recess (white 
arrow) and a very small round window (long black arrow). 
Important hypoplasia of the scala tympani of the basal turn 

of the cochlea (small black arrow). (b) Axial CT image of 
a right ear showing an important hypoplasia of the round 
window recess (long black arrow). Normal size and aspect 
of the basal turn of the cochlea (short black arrow)
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The ossification of the walls of the round win-
dow niche starts at the 16th week and is established 
by both membranous and endochondral ossifica-
tion. However, related to the different degrees of 
this double ossification types, there will be a great 
variability in the phenotypes of the round window 
niche. Depending on the state of development of 
the upper and anterior walls of the niche, the plane 
of the opening of the round window niche can be 
horizontal, dorsal, or lateral. Anterior, superior, and 
posterior walls are the first to appear, while the 
inferior wall is completely absent at this time. One 
week later, a bony process grows into the niche 
forming its inferior wall, but this process will only 
reach the anterior wall by the 18th week [8].

A process of the otic capsule, called the carti-
lage bar, forms the inferior wall of the round win-
dow niche. The anterior and superior walls of the 
niche form by intramembranous ossification, 
whereas the posterior and inferior walls 
 predominantly form by endochondral ossifica-
tion. The uneven growth of different walls of the 
round window niche can alter the shape of the 
entrance, which results in eight different types of 
niches: extremely narrow, descending tegmen, 
anterior septum, bony membrane, open fundus, 
exostosis, jugular dome, and trabeculae [62].

In the 23-week-old fetus, the bony structure 
forming the inferior wall appears, the so-called 
fustis. This structure runs in the middle of the 
inferior wall and points to the crest of the round 
window. After the 20th exponential prenatal week, 

an intensive growth can be observed in the ante-
rior wall where the inferior tympanic artery and 
the tympanic nerve run [8]. During this week 
some form a complete bony canal around the 
tympanic nerve and the inferior tympanic artery; 
this bony structure arises from the anterior pillar 
and runs inferiorly to the hypotympanic cells, 
forming the so-called finiculus [8].

2.6.2  Medial Wall Anatomy

The medial wall of the tympanic cavity sepa-
rates the middle ear cleft from the adjacent 
inner ear.  The canal of the tensor tympani 
muscle anteriorly and the tympanic Fallopian 
canal posteriorly are two landmarks that divide 
the medial wall into upper third part and lower 
two third part. The upper third forms the 
medial wall of the epitympanum and is demar-
cated posteriorly by the lateral semicircular 
canal (LSCC). The lower two-thirds form the 
medial wall of the mesotympanum and include 
the cochlear promontory on the center, the 
oval window posterosuperiorly, and the round 
window posteroinferiorly (Figs.  2.51, 2.52, 
and 2.53).

When the cartilage ring does not develop, 
osseous obliteration will occur and lead to 
congenital round window atresia [63].

Fig. 2.50 Transverse 
cut of a left temporal 
bone of a 28-week-old 
embryo showing the 
fissula ante fenestram 
(*) in front of the 
footplate (FP) and the 
fossula postfenestram 
posterior to the footplate 
(white arrow). VII facial 
nerve, I incus, M 
malleus
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a b

Fig. 2.52 (a) Reference line for a sagittal oblique recon-
struction on an axial CT image, along the axis of the TTM 
and the VII nerve. (b) The sagittal oblique reconstruction 
along the reference line shows two landmark structures, 

anteriorly the TTM (small arrows), posteriorly the VII 
nerve (plain arrows). These two structures overlap at the 
cochleariform process (situated between the two red 
arrows). ant anterior, post posterior

a b

Fig. 2.53 Coronal CT reconstruction of a right ear show-
ing the anatomical structures of the medial wall: (a) pass-
ing through the anterior third of the cavity: TTM (empty 
arrow), cochleariform process (between the red lines), 

AER (*); (b) passing through the mid-third of the cavity, 
SSCC (dashed arrow), LSCC (thick plain arrow), VII 
nerve (small arrow), oval window niche (long arrow), 
promontory (arrowhead), EAC external auditory canal

Fig. 2.51 Endoscopic view of a left middle ear. VII 
tympanic facial nerve, * cochleariform process, TTM 
tensor tympani muscle, RW round window, ET Eustachian 
tube, FP footplate, P promontory, HC hypotympanic cells, 
ST sinus tympani, Pon ponticulus, Sub subiculum

2 Middle Ear Cavity



53

2.6.2.1  Tensor Tympani Muscle Bony 
Canal and the Cochleariform 
Process (Fig. 2.54)

The semicanal of the tensor tympani muscle 
(semicanalis m. tensor tympani) is cylindrical 
and extends from the protympanum on to the 
labyrinthine wall of the tympanic cavity and 
ends immediately in front of the oval window 
niche.

The medial wall of the tympanic cavity is 
marked by a slightly curved bone protruding 
laterally called the cochleariform process which 
is situated anterosuperior to the oval window 
and just inferior to the tympanic segment of the 
facial nerve. It represents the posterior end of 
the bony canal of the TTM. This curved projec-
tion of bone is concave anteriorly, and it houses 
the tendon of the tensor tympani muscle. This 
tendon turns laterally and attaches at the medial 
aspect of the malleus handle.

The apex of the cochleariform process, at 
which the TTM turns sharply laterally, is the 
landmark for the position of the turn between the 
anterolateral and the posteriorly directed hori-
zontal portion of the facial nerve.

The cochleariform process is the termination 
of the bony septum separating the Eustachian 
tube and the canal of the tensor tympani 
muscle.

2.6.2.2  Facial Nerve Canal
The prominence of facial nerve canal is an impor-
tant anatomical structure present in the upper part 
of the medial wall of the mesotympanum. This 
nerve canal runs obliquely above the promontory 
and above the oval window in an anteroposterior 
direction from above the cochleariform process 
anteriorly down below and medial to the dome of 
the lateral semicircular canal. It presents its 
 second genu at the turning point between the 
 horizontal tympanic portion and the vertically 
descending mastoid portion in the posterior wall 
of the tympanic cavity.

In the medial wall, the bony canal of VII could 
be dehiscent to leave the VII only covered with a 
submucosa or even prolapsing lying over the oval 
window (see Chap. 6). This situation is highly at 
risk during middle ear surgery. Even infections of 

Fig. 2.54 Endoscopic view of a right middle ear through 
a posterior tympanotomy showing the tympanic segment 
of the facial nerve (VII) and its relationship with the 
cochleariform process (*) and stapes (S). TTM tensor 
tympani muscle, TTT tensor tympani tendon, P promon-
tory, ET Eustachian tube, M malleus

Surgical Application

 – The cochleariform process is the most 
resistant bony part to cholesteatoma.

 – The facial nerve is superior and poste-
rior to the cochleariform process.

 – The Jacobson’s nerve passes perpendic-
ular to the cochleariform process at the 
hypotympanic level, so the cochleari-
form process is a useful anatomic land-
mark to Jacobson neurectomy.

 – Medial to the cochleariform process, the 
basal turn of the cochlea ends and the 
second turn starts.

 – The cog is situated anterior and superior 
to the cochleariform process.

Surgical Pearl
The cochleariform process is a highly 
important anatomical and surgical land-
mark to identify the facial nerve and the 
oval window in invasive pathologies 
(Fig. 2.54).

2.6  The Medial Wall (Cochlear Wall)



54

the middle ear mucosa can cause facial nerve 
palsy in patients with an exposed facial nerve 
(Figs. 2.52, 2.53, 2.54, and 2.55).

2.6.2.3  Lateral Semicircular Canal
The region above the level of the facial nerve canal 
forms the medial wall of the attic. The dome of 
the lateral semicircular canal extends a little lat-
eral to the facial canal and is the most prominent 
structure of the posterior portion of the epitympa-
num (Figs. 2.52, 2.53, and 2.56).

2.6.2.4  The Cochlear Promontory
The promontory is a prominent eminence occu-
pying most of the central portion of the medial 
wall of the middle ear and lodges between the 
oval and round windows. The promontory repre-
sents the underlying basal turn of the cochlea 
(Figs. 2.57 and 2.58).

The promontory surface is grooved to accom-
modate the branches of the tympanic plexus 
(Jacobson’s nerve), which enters the temporal 
bone through the tympanic canaliculus, just ante-
rior to the jugular foramen.

Surgical Pearl
The basal turn of the human cochlea is a 
bony canal. The least covered portion is 
located behind the apex of the promontory. 
The lower half of the basal turn of the cochlea 
can be approached from the facial recess or 
external auditory canal during cochlear 
implantation. The second and third turn of 
the cochlea are also approachable from the 
tympanic cavity; nevertheless, to be able to 
reveal the second and third turns fully, the 
tensor tympani muscle and the semicanal 
must be completely removed (Fig. 2.59).

Fig. 2.56 Medial wall of the attic. LSCC lateral semicir-
cular canal, VII facial nerve, M malleus, PIL posterior 
incudal ligament, SIL superior incudal ligament, SML 
superior malleal ligament, * incudal fossa

Fig. 2.55 Left middle ear exploration showing dehiscent 
facial nerve (VII) and prolapse on stapes (*). LPI long 
process of incus, CT chorda tympani

Surgical Application
Occasionally, the facial nerve is not cov-
ered with bone in its canal, most often in its 
tympanic segment right above the oval 
window niche. In these cases, the nerve 
may prolapse over the niche, tilting the sta-
pes toward the promontory and partially 
covering the stapes footplate. Any surgical 
manipulation in the OW niche must take 
into account this vulnerability of an uncov-
ered nerve: any soft structure in this region 
has to be addressed potentially as being the 
nerve, until proven otherwise!
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2.6.2.5  The Oval Window Niche
The oval window niche (fenestra vestibuli) is 
located in the medial wall of the posterior part of 
the mesotympanum behind and above the prom-
ontory inferior to the facial nerve canal.

The oval window niche is limited anteriorly 
and superiorly by the cochleariform process 
and posteriorly by the ponticulus and pyramidal 
eminence. It is situated in a depression called 
the fossula vestibuli where its depth depends on 
the facial nerve position and the variable prom-
inence of the promontory (Fig. 2.59).

The oval window leads to the inner ear vesti-
bule (scala vestibuli). The long diameter of the 
oval window is horizontal, and its convex border 

is directed upward. It is closed by the stapes 
footplate which is surrounded by the annular 
ligament. The dimensions of the oval window 
are in average 3.25 mm long and 1.75 mm wide.

The fossula vestibuli is surrounded by four 
walls [64]:

• The upper wall is formed by the facial canal.
• The lower wall is formed by the promontory.
• The anterior wall is formed by the bony 

lamella of the medial wall and part of the 
cochleariform process.

• The posterior wall is formed by the bony 
lamella of the medial wall of the tympanic 
cavity.

a cb

Fig. 2.57 Relationship of medial wall to cochlear turn. 
(a) Before drilling of the medial wall, showing the 
promontory (Pro.), the round window (RW), the stapes 
(s), the pyramidal process, the tensor tympani superi-
orly, and the carotid artery anteriorly. (b) After drilling 
the apex of the promontory, the basal turn of cochlea 
(1) is exposed, further drilling anterosuperiorly exposed 

the second turn (2), st scala tympani (2). (c) Deeper and 
superior drilling exposed the second (2) and apical turn 
(a) of the cochlea, to be able to fully expose the apical, 
the tensor tympani muscle and the semicanal must be 
removed. Notice the modiolus (m) and its axis (black 
arrow). St scala tympani, * cochleariform process, pp 
pyramidal process

a b

Fig. 2.58 Transversal computed tomography of a right 
ear. The medial wall of the middle ear in relation to (a) the 
basal turn of the cochlea (arrowheads), the promontory 
(white arrowhead). (b) The second turn of the cochlea 

(black arrows) is hidden by the tensor tympani muscle 
(white arrowhead), extended until the cochleariform pro-
cess (white arrow)
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Measurements of the OWN height on CT scan 
provide an accurate and relevant evaluation of 
this region before surgery: a height below 1.4 mm 
should be considered at risk for technical diffi-
culties during stapes surgery. A height of the oval 
window niche below 1.1  mm is considered in 
favor of a narrow OW niche [65].

In such conditions, also surgical removal of a 
cholesteatoma from the niche may be challeng-
ing (Fig. 2.60).

2.6.2.5.1 Fissula Ante Fenestram
The fissula ante fenestram is a cleft, special to 
human, seen less often with advancing age 
mainly due to bone remodeling of the otic cap-
sule. It is considered as an appendage of the peri-
lymphatic labyrinth; it is a strip of periotic 
connective tissue extending from the vestibule 
just anterior to the oval window through an irreg-
ular still-like space in the bony otic capsule to 
join the mucoperiosteum of the tympanic cavity 
below the pulley of the tensor tympani muscle. 
Usually it is obliterated by fibrous tissue and 
immature cartilage (Fig.  2.61). The cartilage 
border that separates the connective tissue of the 
fissula ante fenestram from the bone of the otic 
capsule becomes gradually replaced by an endo-
chondral bone [66].

a b

Fig. 2.60 Different pathologies of the oval window 
niche: (a) Reduced height of the oval window niche 
(between arrows). (b) Mesotympanic cholesteatoma 
(short white arrow) invading the oval window niche (black 

arrow) with invisible stapes superstructure. The facial 
nerve (long white arrow) shows lysis of its bony canal, 
(the VII is indistinguishable from the condensation images 
of the cholesteatoma)

Fig. 2.59 Right ear showing oval window (OW) after 
removal of footplate. OW upper wall is formed by the 
facial canal, the lower wall is formed by the promontory, 
the anterior wall is formed by the bony lamella of the 
medial wall and part of the cochleariform process (*)
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2.6.2.5.2 Fissula Postfenestram
This is an evagination of the periotic tissue into 
the otic capsule just posterior to the oval window 
at a point about one-third of the way between the 
window and the non-ampullary end of the lateral 
semicircular canal.

2.6.2.6  The Round Window
The round window region is rich of anatomical 
details which imply important surgical concerns. 
We will describe the following: the round win-
dow niche, the round window skeleton, and the 
round window membrane.

2.6.2.6.1 The Round Window Niche
The round window niche is located in the pos-
teroinferior aspect of the promontory in the 
medial wall of the tympanic cavity. The round 
window niche is defined as an anatomical bony 
entrance to the cochlear membrane. Its bony 
structures are confluent posteriorly and laterally 
toward the inferior retrotympanum which lies 
between the subiculum (posteriorly, laterally, and 
slightly superiorly) and the finiculus (anteriorly, 
laterally, and inferiorly).

The round window niche is of an average 
of 2 mm from the inferior margin of the oval win-
dow and is separated from the  promontory by the 
subiculum. The mean width of the RW niche is 
around 2 mm. Its height varies up to 1 mm.

Fig. 2.61 Transversal computed tomography of a 2 yr 
old child, showing the normal appearance of the cochlear 
cleft (arrow) at the site of the fissula ante fenestram - its a 
physiologic aspect

Clinical Application
In cases of otosclerosis, the oval window 
can be the site of different degrees of inva-
sion, ranging from a typical focal anteroin-
ferior thickening to a complete obliteration 
(Fig. 2.62).

Perilymph leakage through the fissula 
ante fenestram was reported as a potential 
cause of sudden hearing loss [67].

a b c

Fig. 2.62 Transversal computed tomography of the left 
ear: (a) normal thin aspect of the footplate (black arrow), 
very small prevestibular otospongiosis focus (white 

arrow); (b) moderate otosclerotic footplate thickening 
(black arrow) with a large prevestibular focus (white 
arrow); (c) obliterative footplate otosclerosis (black arrow)
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Fig. 2.63 Endoscopic picture of right ear posterior 
wall showing the three eminences: chordal eminence 
(CE) from where the chorda tympani (CT) is emerging 
to middle ear, pyramidal process, and styloid process 
(ST). The sinus tympani ST is located between 
ponticulus (Po.) superiorly and subiculum (sub.) 
inferiorly. The fustis is a thick solid bone projection 
linking the basal turn of the cochlea with the styloid 
eminence. The fustis gives a strong support to the 
round window membrane RW; the finiculus is a bony 
ridge arising from the anterior pillar of the RW and 
running toward the floor of the hypotympanum 
separating the inferior retrotympanum from the 
hypotympanum. The subcochlear canaliculus (blue 
arrow) is a deep tunnel between the fustis and 
finiculus; it may reach the petrous apex cells. FP 
footplate, I incus, M malleus, Pr promontory

2.6.2.6.2 Ridges of the RW Niche  
(Fig. 2.63)

 – The fustis is a thick smooth bone ridge linking 
the basal turn of the cochlea with the styloid 
eminence. The fustis gives a strong support to 
the RWM; unnecessary drilling of the fustis in 
cholesteatoma has to be avoided because of a 
possible secondary SNHL.

 – The finiculus is a bony ridge arising from the 
anterior pillar and running toward the floor of 
the hypotympanum where the jugular bulb is 
located; it divides the inferior retrotympanum 
from the hypotympanum cells anteroinferiorly.

2.6.2.6.3 Spaces of the RW Niche
The funiculus and the fustis divide the round 
window niche in three spaces situated below the 
subiculum and in continuity with the inferior 
retrotympanum:

• The sinus subtympanicus is the space between 
the subiculum superiorly and the finiculus infe-
riorly forming a deep space into the inferior 
retrotympanum below the sinus tympani 
(Figs. 2.63 and 2.64).

• The area concamerata of Proctor: is an ana-
tomical area composed by bony cells devel-
oped around the fustis bone.

• The subcochlear canaliculus (Fig. 2.64) is a 
deep tunnel between the fustis and finiculus; it 
may reach the petrous apex cells. The subco-
chlear canaliculus was found in 81% with a 
pneumatisation directly extended to the 
petrous apex in 48%.

2.6.2.6.4 The Round Window Chamber
The round window chamber is defined as the 
three dimensional space lying between the round 
window niche and the round window membrane 
(Fig. 2.63).

Clinical Application (Residual 
Cholesteatoma)
Conformation and limits of the round win-
dow niche may influence the surgical view 
of the round window membrane. Hence 
endoscopic approach enables a comprehen-
sive exploration of the round window region; 
accurate knowledge of the anatomical rela-
tionships of this region has important advan-
tages during middle ear surgery [68].
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a b c

d e f

Fig. 2.64 Axial CT-images displayed in cranio-caudal 
sequence from the round window level down to the hypo-
tympanum: (a) round window chamber (arrow), sinus 
tympani (dashed arrow) (b) round window niche (black 
arrow), entry of the subcochlear canaliculus (white 
arrow), (c) subcochlear canaliculus (long arrow) in conti-
nuity with the aerated cells of the petrous apex (short 
arrow). (d) otoscopic view of a cholesteatoma invading 

the retrotympanum and the RW niche (e) axial and (f) 
coronal CT view of a large meso et retrotympanic choles-
teatoma in an 11 year old child, insinuating into the sub-
cochlear canaliculus (long black arrow), inferior to the 
round window chamber (short arrow). The jugular bulb 
(JB) is moderately prominent and reaches the subcochlear 
canaliculus. No further aerated subcochlear cells are visi-
ble in this case

2.6.2.6.5 The Round Window Skeleton 
(Fig. 2.66)

The round window is the second opening of 
the labyrinth into the middle ear. The round 
window is not always round but could show 
different forms. Adult dimensions are reached 
early during fetal development. The average 
height of the RW was found to be 
1.91 ± 0.78 mm, and the average width was 
1.37 ± 0.43 mm [69].

The RW shows the following bony 
structures:

 – The tegmen of the RW: is defined as the 
oblique dorsolateral edge of the promontory 
forming a convex edge over the entrance of 
the RW. The configuration of the tegmen of 

the round window may influence the surgical 
view of the round window membrane.

 – The posterior pillar: is a pillar located near 
the bony edge of the round window niche 
entrance. In its posterior and superior aspect, 
it forms an acute angle with the tegmen.

 – The anterior pillar: is a pillar located in the 
anterior and superior aspect of the round 
window niche, fusing with the anterior por-
tion of the tegmen.

The posterosuperior and posteroinferior 
walls of the RW meet posteriorly, leading to 
the sinus tympani (Fig. 2.66).

The anterior and posteroinferior margins of 
the round window overlie a crest, the crista 
fenestrae. It forms the anteroinferior sharp bony 
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 margin of the round window, with a variable 
shape, covering about 36–50% of the round 
 window [70]. The membrane of the round win-
dow arises from the free edge of the crista.

The crista fenestra projects at a mean distance 
of 0.2 mm from the border of the RW; due to its 
location in the inferior and anterior border of the 
window, it represents the most important barrier to 
the scala tympani. The crista fenestra can be 
defined as a “doorstep” at the entrance of the basal 
turn of the cochlea [ 71]. During cochlear implanta-
tion, it could push the electrodes toward the 
modiolusleading to increased insertion resistance 
and possible electrode tip kincking.

The superior border of the niche (the tegmen) 
and the posterior pillar are important anatomical 
obstacles to proper visualization of the round 
window membrane through the posterior tympa-

nostomy. A good view along the basal turn of the 
cochlea is achieved when the anteroinferior 
 overhang and the crista fenestrae are removed to 
facilitate a tangentially cochlear implant inser-
tion [72]. Narrower bony niches tend to house 
small crests. In this situation, removal of the 
crista fenestra could not provide enough addi-
tional room in the circumference of the niche 
(Fig. 2.65).

2.6.2.6.6 Topographic Anatomy of the 
Round Window

Preoperative awareness of possible anatomical 
variations of the RW and its relationships to the 
carotid canal (CC), jugular bulb (JB), facial 
nerve (FN), and oval window (OW) can help 
reduce complications in CI surgery (see 
Fig. 2.67).

a b

Fig. 2.65 Anatomy of 
round window and basal 
turn of cochlea. (a) 
Before drilling. (b) After 
drilling of round 
window niche and 
promontory to expose 
the round window 
membrane (m) and basal 
turn of cochlea (Co.). 
The round window leads 
to scala tympani (st). 
Red arrow is the crista 
fenestrae
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• Distance between RW and carotid canal (RW-
CC): average 2–4 mm

• Distance between RW and roof of jugular 
fossa (RW-JF): average of 2–4 mm

• Distance from RW to the horizontal facial 

canal (RW-HFC): average 2–3  mm and 
between RW and vertical facial canal 
(RW-VFC): average range of 2–4 mm

• Distance between RW and oval window (RW-
OW): average of 2–4 mm

• Distance between pyramidal eminence and ante-
rior round window (PE-RW): average 2.5 mm

• Maximum height of RW is 1 mm and maxi-
mum width is 2 mm

2.6.2.6.7 The Round Window Membrane 
(Fig. 2.68)

The RW membrane has a saddle point shape. The 
visible central portion is concave toward the cav-
ity, but its edges are convex. The internal aspect 
of the RW membrane faces the scala tympani of 
the basal turn of the cochlea.

The thickness of the RW membrane is of 70 μm 
which does not change with advancing age [73]. Its 
length is 1.70 mm and its width is 1.35 mm. Like 
the tympanic membrane, the RW membrane is 
composed of three layers: an outer epithelium of 
low cuboidal cells lining the middle ear, an inner 

Fig. 2.66 pp posterior pillar, ap anterior pillar, teg teg-
men, fu fustis, f finiculus, su subiculum, rw round win-
dow, pr promontory, t tunnel of subcochlear canaliculus, 
st sinus tympani, po ponticulus, s stapes

Fig. 2.67 A schema 
illustration of the topographic 
anatomy of the Round Window 
(RW) in relation to middle ear 
structures. PE pyramidal 
eminence, OW oval window, 
LSCC lateral semicircular 
canal, AER anterior 
epitympanic recess, TTM tensor 
tympani muscle, STR 
supratubal recess
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Fig. 2.68 Endoscopic picture of left ear round window 
niche showing the round window membrane (*). Notice 
that the round window membrane (RWM) is perpendicu-
lar to stapes footplate (s) plane. The RWM inserts inferi-
orly to a crest of bone, crista fenestra (red arrow). The 
fustis is a thick solid bone projection linking the basal turn 
of the cochlea with the styloid eminence (s.e.). The fustis 

gives a strong support to the RWM; the finiculus is a bony 
ridge arising from the anterior pillar of the RW and 
 running toward the floor of the hypotympanum separating 
the inferior retrotympanum from the hypotympanum. The 
subcochlear canaliculus (C) is a deep tunnel between the 
fustis and finiculus; it may reach the petrous apex cells

epithelium of squamous cells bordering the inner 
ear, and a layer of connective tissue between the 
epithelial layers. The connective tissue layer con-
sists of fibroblasts, collagen, and elastic fibers. 
The distance between the hinge of the RW niche 
and the center of the RW membrane ranges from 
1.39 to 2.12 mm [74].

In the posterior part, the membrane lies very 
close to the lamina spiralis ossea with a distance 
of around 0.1 mm. In the center, this distance is 
around 1 mm [75]. The membrane does not lie at 
the end of the scala tympani but forms part of its 
floor. The hook region of the scala tympani is 
slightly posterior and superior to the RW mem-
brane (see Fig. 2.65). The superior margin of the 
RWM has a close relation to the basilar 
membrane.

Only the anterior half of the RWM is visi-
ble through the surgical facial recess approach. 
The posterosuperior overhang is much smaller 
than the anteroinferior overhang. After 
removal of the posterosuperior overhang via a 

posterior  tympanotomy, the posterior portion 
of the round window membrane is still diffi-
cult to see as it lies in the plane of vision. 
RWM is not directly posterior to the scala 
tympani; the scala is present just anterosupe-
rior to the RWM.

The RW membrane transports macromole-
cules to the inner ear either by diffusion or pino-
cytosis. Micromolecules of 1  mue easily pass 

Pearl
• Drilling the niche overhang increases 

the visible surface area of the RW mem-
brane by a factor of 1.5–3 times and 
provides an unrestricted access of the 
electrode to the scala tympani [76].

• The inferior part of RWM neighbors the 
cochlear aqueduct and vein and must be 
protected from surgical damage 
(Fig. 2.69).
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Surgical Application
The ampulla of the posterior semicircular 
canal is the closest vestibular structure to 
the round window. The singular nerve, 
supplying this ampulla, lies close to the 
round window niche. The round window 
represents a landmark for the position of 
the singular nerve. The singular canal, 
which contains the nerve, lies immediately 
inferior to the posterior attachment of the 
round window membrane.

Surgical Applications
Large hypotympanic cells in the hypotym-
panum border inferiorly the round window 
niche. These prominent cells must not to be 
mistaken for the round window niche, espe-
cially during cochlear implant surgery.

The round window membrane is obscured 
to a variable degree by a bony overhang, 
which extends over the membrane anteriorly 
and superiorly for a distance of up to 1 mm. 
The round window membrane is oriented at 
a right angle to the plane of the footplate.

The more the distance between the oval 
window and the round window niche 
increases (>4  mm), more the visibility of 
the entry of the round window becomes dif-
ficult through the facial recess.

Clinical Applications
 – The RW membrane releases mechanical 

energy to the labyrinthine fluids, permit-
ting movement of the inner ear fluids con-
secutive to the movements of the stapedial 
footplate; thus, patency of the niche is 
essential for efficient acoustic transmis-
sion; it can serve as an alternative route 
for sound energy to enter the cochlea.

 – Infectious pathologies increase the thick-
ness of RWM possibly to double, due to 
its collagen constituents; this offers a pro-
tective effect to the inner ear against infec-
tion or toxics. Nevertheless, the most 
common route of spread of middle ear 
enzymes and inflammatory interleukins 
(exotoxins or endotoxins) into the inner 
ear occurs through the round window 
membrane, (awareness about high fre-
quency SNHL in chronic otitis media!)
Post-inflammatory increased thickness 
and hardening of the round window mem-
brane and shrinkage of the membrane area 
reduce the maximum displacement of the 
membrane gradually, leading to a decrease 
in its sound transmission [69].

 – Permeability of the RWM can be affected 
by factors such as molecular size, configu-
ration, concentration, liposolubility, elec-
trical charge level, and membrane 

a b c

Fig. 2.69 Computed tomography in the transversal plan 
of the right ear showing (a) normal round window mem-
brane (between the small black arrows), very thin limit 
between the air-filled round window recess (arrowhead) 
and the endolymph in the scala tympani of the basal turn of 
the cochlea (*); (b) otosclerotic foci on the promontory 

(white arrow) and of the round window (black arrow), 
presence of air in round window recess (arrowhead), but 
separated from the scala tympani (*) by the otosclerotic 
focus, RW3; and (c) condensation of the round window 
membrane (black arrow), scala tympani (*), complete 
obliteration of the round window recess (arrowhead), RW4
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through the RWM, but micromolecules more 
than 3  mue cannot pass through the membrane 
(this has to be considered during injection of 
intratympanic gentamicin, not to add sodium 
bicarbonate in gentamicin solution)

Surgical Implications of Anatomical Variations 
of the OW and RW Niche
• In addition to surgical concerns in stapedo-

plasty and cochlear implant, the variable 
 anatomic dimensions and shape of the RW 
and OW have an impact on vibroplasty tech-
nique applications: the main concern is to 
achieve good stabilization of the device [82].

TM

CT

F
P

Incus

2

RW

s Inner ear

VII

1

Fig. 2.70 Schematic drawing showing the round window 
(RW) with its false membrane (1) and true membrane (2). 
S stapes, TM tympanic membrane, FP footplate, CT 
chorda tympani

Clinical Implication
The round window is the second most com-
mon site of otosclerosis. Round window 
involvement varies from mild involvement 
of the edge to a complete obliteration of the 
niche. Round window involvement could 
be diagnosed and staged by HRCT scan 
with thin cuts and classified from RW1 to 
RW5 [78] (Fig. 2.69).

Clinical Application
The promontory covers completely the 
round window membrane which is oriented 
inferiorly and posteriorly. Therefore, in a 
transcanal approach, it is difficult to see the 
membrane per se directly even through 
endoscope. The correct assessment of a 
diseased round window membrane such as 
in otosclerosis with its different stages or 
an invasive tympanosclerosis is only pos-
sible with thin cut computed tomography 
[78]. In addition, a good access to the 
membrane requires surgical removal of the 
superior overhang of the niche. Moreover, 
some strands draped over the RW niche, 
remnants of embryonic connective tissue, 
render the RW membrane difficult to be 
seen (Fig. 2.70).

Clinical Application
Passage through the membrane is possi-
ble for small molecules by passive diffu-
sion and for larger molecules probably 
by endocytosis [79, 80]. The round win-
dow membrane acts as the main gateway 
for local therapy of inner ear diseases. 
Drugs (such as dexamethasone and gen-
tamicin) or bacterial exotoxins (in case 
of acute and chronic otitis media) present 
in the middle ear may pass through the 
round window membrane to reach the 
inner ear [81].

thickness. Regarding size, in vivo experi-
ments have revealed that 1  μm micro-
spheres can traverse chinchilla RWMs, 
whereas 3 μm spheres cannot [77].
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• Stimulation of the RW membrane with an 
active middle ear implant (AMEI) without 
drilling the niche is sufficient for successful 
hearing outputs. However, the resection of 
the bony rim of the RW niche improved sig-
nificantly the RW stimulation at medium 
and higher frequencies. Drilling the niche 
enhances the exposure of the RW mem-
brane and facilitates positioning of the 
implant tip [83].

2.6.2.7  Cochlear Aqueduct
Neighboring the round window, close to its 
posterior border, medial to the opening for the 
carotid canal in front of the jugular fossa, supe-
rior to the tympanic canaliculus, just anterior 
to the crista semilunaris, there is a triangular 
opening in the petrous bone that continues lat-
erally a small only faintly visible canaliculus 
until the medial side of the basal turn of the 
cochlea: the cochlear aqueduct. The cochlear 
aqueduct lodges a tubular prolongation of the 
dura mater, establishing a communication 
between the perilymphatic space and the sub-
arachnoid space (CSF); it transmits a vein from 
the cochlea (cochlear vein) to join the internal 
jugular vein; generally, the cochlear aqueduct 
is located 7  mm below the internal acoustic 
meatus and at the upper edge of the jugular 
foramen [84, 85] (Fig. 2.71).

The cochlear aqueduct contains the perilym-
phatic duct and is filled with a loose mesh of 
connective tissue that, although permeable to 
fluid, limits the patency of the CA.  Therefore, 
unlike the vestibular aqueduct, the cochlear 
aqueduct does not contain a true epithelium-
lined duct [86].

The CA provides a conduit between the poste-
rior fossa and the inner ear, thereby permitting 
transmission of perilymphatic fluid, which origi-
nates partly from cerebrospinal fluid, into the 
inner ear [87, 88].

The narrow diameter of the CA is thought to 
buffer the inner ear from the wide pressure varia-
tions present within the posterior fossa subarach-

noid spaces; CA is supposed to filter out cardiac 
and respiration-induced pulses of CSF not to 
affect cochlear function [89].

CA enlargement was defined as a diameter 
of more than 1 mm in the whole otic capsule; 
some authors support the thesis that the 
enlargement of the cochlear aqueduct can 
cause a gusher [89].

However, in a recent study, there was no evi-
dence of CA enlargement found, not even in 
patients with inner ear malformations [90].

2.6.2.8  Singular Nerve
The singular canal conveys vestibular nerve 
fibers from the ampulla of the posterior semicir-
cular canal to the posteroinferior border of the 
internal auditory meatus; it originates from the 
internal auditory canal, passes below and behind 
the inferior vestibular nerve, the porus acusticus, 
to the vestibule and posterior canal ampulla. The 
shortest distance between the singular nerve and 
round window membrane was 0.7 mm in aver-
age; the nerve could be found at a depth of 
1.3 mm [91].

Fig. 2.71 Axial CT image showing the proximal part of 
the cochlear aqueduct (between empty arrows) with its 
characteristic triangular shape and its thin distal part 
(black arrows)
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The singular canal is approximately 4.5 mm 
long and 1 mm wide; the singular nerve lies very 
close to the round window membrane, which can 
be located 1–2  mm deep to its posteroinferior 
margin [92] (Fig. 2.72).
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Traditionally, the ossicular chain is con-
sidered as the essential content of the middle 
ear. It is suspended inside the cavity by liga-
ments and muscles, which will be addressed 
in their embryological development and their 

anatomical details in this chapter. Also devel-
opment and functional anatomy of middle 
ear articulations, muscles, vessels, nerves, 
and folds will be studied in a comprehensive 
methodology.
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Nowadays, it is admitted through middle ear 
mechanic studies that in addition to the ossicular 
chain, the most important content of the middle 
ear to assure a normal sound transmission is air. 
The tympanic cavity contains an average of 
1–2 cm3 of air. The minimal volume of air neces-
sary for a normal function of the middle ear is at 
least 0.5 cm3. Air transmits the sound wave from 
outside to the tympanic membrane (as a vehicle) 
and serves inside the middle ear air as an isolator 
(impedance matching system). The air content’s 
exchange and pathways of ventilation will be dis-
cussed in Chap. 4.

3.1  The Auditory Ossicles

The auditory ossicles, the malleus, incus, and sta-
pes, are named after the objects they resemble to 
(hammer, anvil, and stirrup). The ossicles are sus-
pended in the middle ear cavity by numerous sus-
pensory ligaments, and they are covered by the 
mucous membrane of the middle ear cavity. The 
auditory ossicles are responsible for transmission 
of sound-induced vibrations from the tympanic 
membrane to the oval window. This system, 
along with the aeration, is the cornerstone of 
middle ear mechanics.

3.1.1  Embryology of the Auditory 
Ossicles

The ossicles, muscles, and tendons of the middle 
ear are formed from the mesenchyme of the mid-
dle ear and are covered by the epithelial lining of 
the first pharyngeal pouch [1].

The mesenchyme forming the ossicles is 
derived from neural crest cells present in the first 
and second visceral (branchial) arches. These 
cells migrate to the branchial arch from the dorsal 
part of the developing neural tube during the 
fourth week of gestation [2].

There is a controversy about the specific con-
tribution of each arch to the ossicular formation; 
there are two main theories regarding this issue:

• The classical theory postulates that the incus 
and the malleus are derived from Meckel’s 
cartilage of the first branchial arch; the stapes 
is derived from Reichert’s cartilage of the sec-
ond branchial arch [3–7].

• The alternative theory proposes that the 
head of the malleus and the body of the incus 
originate from the first arch, while the handle 
of the malleus, the long process of the incus, 
and most of the stapes originate from the sec-
ond arch (Fig. 3.1) [8–13].

Fig. 3.1 Destination of 
the first and the second 
branchial arches. M 
malleus, I incus, S 
stapes, AP anterior 
malleal process, (*) 
double origin of the 
footplate
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In both theories, the labyrinthine aspect of the 
footplate was considered to originate from the 
mesenchyme of the otic capsule. However, some 
normal and teratologic observations in the litera-
ture support the idea that the stapes could entirely 
derive from the Reichert’s cartilage without any 
contribution of the otic capsule [14–16].

Recent morphological observations in the 
human embryo could suggest that malleus and 
incus derived from the first arch only, with eventual 
exception for the short process of the malleus [17]. 
However, molecular data support a new theory, 
suggesting that both pharyngeal arches could con-
tribute to malleus and incus rudiments [18]. This 
makes obsolete the opposite anterior theories.

Ossicular development in the human embryo 
starts at the fourth week of gestation as an inter-
branchial mesenchymal bridge connecting the 
mesenchyme of the upper part of the first bran-
chial arch and the central part of the second 
branchial arch. This condensed mesenchyme 
gives rise to the primordial malleus and incus 
[12, 19, 20]. This mesenchymal mass is crossed 
by the chorda tympani that divide it in two parts: 
the malleal primordium laterally and the incudal 
primordium medially (Fig.  3.2). This common 
rudiment keeps connection with the Reichert’s 

cartilage, supporting the “alternative” theory 
that all of the stapes blastema derives from the 
second arch mesenchyme.

During the sixth week, a precartilage forms 
the future ossicles. A rapid transformation into 
true cartilage occurs during the seventh week. By 
the end of the eighth week, the cartilaginous mal-
leus resembles the adult aspect. Thereafter, pro-
gressive and extensive ossicular growth occurs, 
and, by the 20th week, the ossicles reach adult 
size and have begun to ossify.

Ossification of the incus takes place slightly 
earlier than that of the malleus. In the 25th to 26th 
week, both the incus and malleus are fully ossi-
fied (see Chap. 1, Fig. 1.3) with the exception of 
the distal extremity of the malleus handle. 
Meanwhile, the pneumatization process of the 
tympanic cavity extends into the epitympanum 
and antrum, making the ossicles free, only teth-
ered to the tympanic cavity in a mesentery-like 
fashion.

3.1.1.1  Developmental Genetics 
of the Middle Ear  
and Its Contents

The craniofacial development is largely con-
trolled by Homeobox (Hox) genes. These genes 
are segmentally expressed in the rhombomeres 
and in the branchial arches, except the first one.

Knockout of Hoxa-2 gene in the mouse gives 
rise to a “duplication” of the first arch derivatives 
inside the second arch, with a double “mirror- 
shaped” malleus and incus complex, without any 
stapes [21]. Hox genes expression can be modi-
fied by retinoic acid because of the presence of a 
specific sequence called “rare” (for retinoic acid 
response elements). Administration of retinoic 
acid to pregnant mice extends the expression of 
Hoxb1 and Hoxb2  in the mandibular arch [22] 
and gives rise to severe ossicular malformations 
(Fig. 3.3), with increase of the apoptotic process 
in the first arch [23].

Some middle ear malformations can be 
allowed by the loss of function of genes Hoxa-2, 
Prx1 and 2, and Goosecoid (responsible for tym-
panic ring development) [24, 25].

Fig. 3.2 Five weeks 13-mm human embryo. The com-
mon blastema of the handle of the malleus and the long 
crus of the incus (the two arrows) crossed by the chorda 
tympani (*). TR tubotympanic recess of the first branchial 
pouch, (G) the first ectodermal groove, VII facial nerve in 
the second branchial arch. Hematoxylin-eosin staining
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3.1.1.2  Stapes Development
The stapes, the first ossicle to appear, develops 
from an independent anlage derived from the cra-
nial end of the cartilage of the second branchial 
arch (Fig. 3.1). The stapedial anlage connects to 
the remaining Reichert’s cartilage by a formation 
called the interhyale; the internal part of the inter-
hyale gives rise to the tendon of the stapedial 
muscle. The stapedial anlage will be crossed by 
the stapedial artery during embryonic period, 
giving the stapes its characteristic ring shape 
(Fig. 3.4).

3.1.1.2.1 Footplate Development
There are two theories regarding the origin of sta-
pedial footplate. Despite the fact that there are 
several differences between both theories, there 

is a consensus that footplate development is char-
acterized by a progressive replacement of undif-
ferentiated mesenchyme by chondroblasts and 
differentiation of the peripheral mesenchyme 
into the annular ligament around the presumptive 
footplate, as demonstrated by Jaskoll in the chick 
embryo [26] (Fig. 3.5).

Classical Theory of Footplate Origin
The classical theory presumes that the footplate 
has two origins: the tympanic side derived from 
the stapedial ring and the vestibular side derived 
from the lamina stapedialis of the otic capsule 
[16]. The medial border of the stapedial ring 
comes in contact with a facing depression in the 
lateral wall of the otic capsule. This depression, 
called the lamina stapedialis, is the future oval 
window. The medial border of the stapedial ring 
fuses with the lamina stapedialis to form the sta-
pedial footplate (Fig. 3.6).

Alternative Theory of Footplate Origin
According to this theory, the otic capsule is not 
involved in the formation of the base of the 
 stapes, and the entire stapes derives from the sta-
pedial anlage of the Reichert’s cartilage [14, 15, 
26, 27] (Fig. 3.7).

3.1.1.2.2 Annular Ligament
At the beginning, the footplate is attached to the 
otic capsule by a band of mesenchyme that later 
transforms into the annular ligament, once the 
footplate reaches adult size [26, 27]. The stape-

a b

Fig. 3.3 Mouse embryos whose mothers were exposed to 
4 mg/kg of 13-cis retinoic acid at embryonic day 9 (E9). 
(a) E13 embryo showing a curved Meckel’s cartilage 
medially displaced (arrow). (b) E17 embryo. A “mirror” 

structure crosses the tympanic area and joins both first and 
second branchial arches and suggests a duplicated handle 
of the malleus (arrow). G1 first branchial groove, P1 first 
pharyngeal pouch. Toluidine blue staining

Fig. 3.4 13-mm human embryo section showing the sta-
pedial rudiment (*) passed by the stapedial artery (arrow). 
Hematoxylin-eosin staining
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a

c

e

b

d

f

Fig. 3.5 Footplate 
development in the bird 
(According to Jaskoll 
1980 [26]. (a–f): 
Successive stages of 
development of the 
footplate and related 
structures. This material 
is reproduced with 
permission of John 
Wiley & Sons, Inc.). 
Chondroblasts of the 
otic capsule and stapes 
are initially separated by 
undifferentiated 
mesenchyme. This 
mesenchyme 
progressively disappears 
and becomes present in 
the “isthmus” (arrows) 
in which will develop 
the annular ligament. FP 
footplate, AL annular 
ligament, OC otic 
capsule

diovestibular joint—stapes and the inner ear 
being decoupled—shows its definitive character-
istics at 12th week (Figs. 3.4 and 3.5).

3.1.1.2.3 Stapes Ossification
Stapes endochondral ossification starts at the end 
of the fourth month from a single ossification 
center present at the center of the footplate. The 
ossification extends to the two branches and then 
to the head of the stapes [28]. 3.1.1.3  Incus Development

The incus is the second ossicle to appear but the 
first to be ossified. The body of the incus derives 
from the cranial part of the Meckel’s cartilage. 
The origin of the incus was attributed to 
Reichert’s cartilage (Figs.  3.1 and 3.8). 
However, a recent work in 2016 [17], based 

Clinical Application
Congenital stapes anomalies are sometimes 
related to an aberrant facial nerve develop-
ment. During the crucial time period of 

sixth week, anterior displacement of the 
second genu region of the VII hinders the 
normal fusion of the stapedial ring with the 
lamina stapedialis, resulting in a mal-
formed stapes associated to abnormal facial 
nerve trajectory (cf examples below).

3.1  The Auditory Ossicles
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Mesenchymal Otic
Capsule

Stapedial
blastema

cartilogenous
stapedial ring

Fusion of the
stapedial ring
with the lamina
stapedialis

differentiation of
mesenchyma into
annular ligament

ossification of the otic
capsule and stapes with
persistance of cartilage
in the region of fissula
ante fenestrum.
disappearance of
stapedial artey

Cartilogenous Otic
Capsule

Persistance of
mesenchyma

around lamina
stapedialis

Lamina
stapedialis Mesenchymal Stapedial ring

with stapedial artery inside

Mesenchyma

Cartilage

Bone

Fig. 3.6 Stapes development according to the classical theory

Fig. 3.7 E16 mouse embryo whose mother 
received a teratogen molecule (methyl triazene) 
disturbing ossicle formation. A complete stapes 
develops independently from the otic capsule 
(arrow). In front of the stapes, we observe a 
narrowing of the otic capsule cartilage. Toluidine 
blue staining at pH2
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upon morphological observations, stated that 
the early anlagen of the malleus handle and the 
long process of the incus are very difficult to 
identify on very young embryos. Thus, the 
authors conclude that their evidences support 
the “classical” theory that the entire malleus 
and incus derive from the first arch. Meanwhile, 
this opinion neglects the in vitro and teratologic 
evidences, favorable to the alternate hypothesis 
previously described [20, 29].

Burford and Mason [17] suggested to explore 
the Hoxa2 gene (specific of second arch) expres-
sion in developing ossicles. Preliminary results 
[18] demonstrate that the ossicle’s development 
is less schematic than supposed: the entire mal-
leus and incus rudiments seem to include cells 
arising from both first branchial arches.

Endochondral ossification starts at the begin-
ning of the 16th gestational week from the ante-
rior face of the long process and ends at the 24th 
week reaching adult size.

3.1.1.4  Malleus Development
The head of the malleus (Figs. 3.1, 3.8, and 3.9) 
appears as a mass connected to the cranial 
extremity of the Meckel’s cartilage. This connec-
tion disappears later to be replaced by the ante-
rior process of the malleus and anterior malleal 
ligament. The anterior process, which can be up 
to 10 mm in neonates, remains in the adult mal-
leus only as a small prominence. A lack of bony 

involution can keep the malleus fixed at the pet-
rotympanic fissure [30].

The handle of the malleus has close relation-
ships with the long process of the incus in a 
 blastema originally connected to the Reichert’s 
cartilage. Failure of resorption of this connection 
with Reichert’s cartilage leads to the formation of 
a malleus handle bony bar. Later, the handle of 
malleus becomes inserted in the tympanic mem-
brane rudiment.

This different origin of the head and of the 
handle and lateral process of the malleus explains 
why in aural atresia the handle is missing whereas 

Fig. 3.8 Sagittal section 
of E17 mouse embryo 
displaying the 
cartilaginous malleus 
(M), incus (I), and 
stapes (S) in close 
relationship with the otic 
capsule (O). The 
incudomalleolar joint is 
just forming (*). 
Toluidine blue staining 
at pH4

Fig. 3.9 Coronal section of a 6-week 19  mm human 
embryo revealing the coalescence of the handle of malleus 
(Ha) and the head of malleus (He). The handle projects 
between the first ectodermal groove (G) and the first endo-
dermal pouch (TR). At this stage, the ossicles are carti-
laginous. Hematoxylin-eosin staining
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Sq

MeTGMa
C

Fig. 3.10 Reconstruction of the middle ear primordium 
of a 87 mm fetus, showing the disco-mandibular ligament 
(arrows) (modified after Smeele [32]). C condyle, G goni-
ale bone (anterior process of the malleus), Ma malleus, Me 
Meckel’s cartilage, Sq squamous part of the temporal bone

a b

Fig. 3.11 Ossicular malformations in atresia of the exter-
nal auditory canal (EAC): (a) Coronal CT image of a right 
ear showing the head of the malleus (long arrow). The neck 
of the malleus (short arrow) inserting on the outer attic wall. 
Absence of EAC, the tympanic membrane and the malleus 

handle. Condylar process (CP). Incus (arrowhead). (b) 
Axial CT image of the same ear, showing a rounded aspect 
of the incus (arrowhead) because of rotation and a short-
ened hypoplastic long process of the incus (long arrow), in 
discontinuity with the head of the stapes (short arrow)

the head of the malleus is present. Malleus ossifi-
cation ends by the sixth month of fetal life [31].

The development of the temporomandibular 
joint and the malleus is reciprocal. Several ana-

tomical and embryological researches have 
shown that the intermediate lamina of the TMJ 
disk continues via the petrotympanic fissure to 
the malleus [32], forming the disco- malleolar 
ligament (Fig. 3.10) [33]. Furthermore, the sphe-
nomandibular ligament connects with the TMJ 
disk and with the malleus [34].

These connections and relationships could 
explain several clinical associations between 
TMJ disorders and ear complaints.

3.1.1.5  Congenital Ossicular 
Malformations

Congenital ossicular malformations could be 
associated with aural atresia and microtia 
(Figs. 3.11 and 3.12) or could be isolated with-
out external ear anomaly as in minor ear atresia. 
Ossicular anomalies in minor atresia are subdi-
vided into incudomalleal fixation, stapes fixa-
tion, and incudostapedial disconnection [35]. 
Incudomalleal fixations are the least common, 
where the malleus head and incus body are usu-
ally fused or fixed to the epitympanic walls 
[36]. Triple  ossicular malformations are rare 
and could be associated with inner ear anoma-
lies [37].
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Fig. 3.12 Left ear with atresia plate (*) replacing the 
tympanic membrane, absence of the malleus handle, 
chorda tympani (CT) below the bony atresia plate overly-
ing incus (I) and below the malleus neck (M); S stapes

a b c

Fig. 3.13 Epitympanic fixation of the malleus head (arrow) on axial (a), coronal (b), and sagittal (c) CT images

Fig. 3.14 Left ear transmastoid atticotomy view showing 
aplasia of the malleus handle (M) and lenticular process 
of the incus. Stapes is present. M malleus head, * short 
process of incus, VII facial nerve, LSCC lateral semicircu-
lar canal

Malleus Congenital Anomalies
The incidence of malleus anomalies is 
lower than anomalies of the incus or stapes. 
Hypoplasia or aplasia of the malleus results 
from a failure of embryogenesis between 
7th and 25th week. Given the common pha-
ryngeal arch origin, hypoplasia of the mal-
leus is often associated with hypoplasia of 
the incus (Fig. 3.13) [38].

Epitympanic fixation of the head of 
malleus is by far the most congenital 

anomaly of the malleus (Fig.  3.14). This 
anomaly is related to an incomplete pneu-
matization of the epitympanum during 
malleus head ossification. Temporal bone 
exploration in these patients reveals bony 
bridges between the head of the malleus 
and the lateral epitympanum in the major-
ity of cases [30, 36].

Malleus bar is a persistent bony bridge 
that connects the malleus handle to the pos-
terior tympanic wall [39, 40].
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Incus Congenital Anomalies
Hypoplasia or aplasia of the incus typically 
occurs in conjunction with hypoplasia of 
the malleus but may occur in isolation. The 
incus is also susceptible to fixation to the 
epitympanum (Fig.  3.15). Congenital 
absence of the long process of the incus 
might be associated with aplasia of the sta-
pes and of the handle of malleus, support-
ing the hypothesis of their common origin 
[38, 41] (Fig. 3.16).

Congenital absence of the long process 
of the incus results in a near-maximal con-
ductive hearing loss [38, 41].

Stapes Congenital Anomalies
Congenital stapes footplate fixation is the 
most common isolated ossicular anomaly, 
approximately 40% of all congenital ossic-
ular malformations. It is thought to result 
from ossification of the peripheral mesen-
chyme of the footplate instead of differen-
tiating into the annular ligament [42]. 
Although aplasia of the stapes is rare, mul-

Fig. 3.15 Transversal CT image of a left ear with fixation 
of the incus on the Fallopian canal (black arrow), malleus 
head (white arrow)

tiple forms of hypoplasia that include small 
or absent crura and blob-like stapes have 
been described. In contrast, isolated hyper-
plasia of the stapes is often an incidental 
finding that does not require therapy; this 
anomaly is thought to result from a failure 
of the resorption and remodeling that 
occurs during the final stages of stapes 
development. Several crural anomalies 
have been described, including thin, absent, 
fused, and angled crura (Figs.  3.17 and 
3.18). The crura may also be replaced with 
a columella-like structure. Congenital sta-
pes disorders are often related to aberrant 
facial nerve development [10, 38, 43].

3.1.2  Anatomy of the Auditory 
Ossicles

3.1.2.1  The Malleus
The malleus is shaped like a hammer and is the 
largest of the three middle ear ossicles. It is 
8–9 mm in length and weighs about 20–25 mg. It 
consists of a head, neck, handle, and two pro-
cesses arising below the neck (Fig. 3.19).

3.1.2.1.1 The Malleus Head
The malleus head lies in the attic region of the 
middle ear and is 2.5 by 2 mm in size. On its pos-
teromedial surface, there is an elongated saddle- 
shaped facet to articulate with the incus. This 
facet is covered by an articular cartilage.

Malleus Head Fixation
Malleus head fixation is not an uncommon 
pathology. It may be a congenital anomaly 
(as shown above in Fig. 3.15) or acquired 
as in tympanosclerosis (Figs.  3.20 and 
3.21). Clinically it manifests as a 15–25 dB 
conductive hearing loss [44].
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a c

b

Fig. 3.16 A case of left CHL with normal tympanic 
membrane. (a, b) Coronal CT scan showing the absence 
of the long process of incus (arrow). (c) Intraoperative 
view showing the complete absence of the incus which is 

replaced by a fibrotic band (*) connecting the head of sta-
pes (S) to the malleus; notice that the chorda tympani 
(CT) is unusually large: Second arch anomaly. VII facial 
nerve, fp footplate

a b

Fig. 3.17 Axial CT images of left ears: (a) Hypoplasia of 
the stapes (white arrow), the posterior part of the oval 
window is dense and thick (black arrow). (b) Fusion of the 

proximal parts of the crura (long arrow) and two very 
small distal parts of the crura (small arrows) inserting on 
the footplate
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Fig. 3.18 Left ear with posteriorly displaced stapes 
(white arrow), persistent tiny stapedial artery (*) passing 
between the posterior crura and anterior crura (AC) above 
the footplate (FP)
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Fig. 3.19 Schematic drawing of the malleus

a b
Fig. 3.20 Attical 
tympanosclerosis of a 
left ear, (b) coronal CT 
reconstruction showing 
tympanosclerotic 
calcifications (arrows) 
surrounding and fixing 
the malleus to the 
tegmen, and (c) surgical 
aspect of TS (*) fixing 
the malleus head. M 
malleus, I incus

Fig. 3.21 Left ear atticotomy showing attical 
tympanosclerosis involving the head of malleus and 
body of incus intraoperative endoscopy after raising 
the drum (T) and endaural atticotomy showing 
incudomalleal complex fixation by epitympanic 
tympanosclerosis (*) fixing the malleus (M) and the 
incus (I); the stapes (S) is free
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3.1.2.1.2 The Neck
The neck is a narrow and flattened portion. The 
tendon of the tensor tympani muscle inserts on its 
medial surface, and the chorda tympani crosses 
its medial surface above the insertion of this ten-
don. Its lateral surface forms the medial wall of 
the Prussak’s space.

3.1.2.1.3 The Manubrium (The Handle)
The handle forms with the malleus head a supero- 
posteriorly open angle of 135–140°. It runs 
downward, medially, and slightly backward 
between the mucous and fibrous layers of the 
tympanic membrane. The inferior end of the han-
dle is flattened and firmly attached to the tym-
panic membrane as the pars propria splits to 
envelop it forming the umbo.

In surgical procedures, the tympanic mem-
brane can be readily separated from the malleus 
except at the umbo where the periosteum of the 
handle continues directly with the fibrous layer. 
Midway between the lateral process and the 
umbo, the handle has a gentle medial curvature. 
At this level the handle is not embedded in the 
tympanic membrane, rather it is linked to the 
tympanic membrane by a mucosal fold, the plica 
mallearis. A prosthesis clamped to the manu-
brium in this area may have little or no contact 
with the pars propria of the normal tympanic 
membrane and therefore carries a very low risk of 
extrusion (Fig. 3.22).

3.1.2.1.4 Malleus Processes
The malleus has two processes located at the 
union of the neck and the malleus handle.

• The lateral process: The lateral process is a 
small conical eminence of 1 mm. It protrudes 
laterally to the side of the tympanic membrane 
and gives attachment to the anterior and poste-
rior tympano-malleal ligaments.

• The anterior process (processus gracilis): The 
anterior process is a 3–5-mm long thin bony 
spine which extends from the neck of the mal-
leus into the petrotympanic Glaserian fissure. 
On its medial aspect runs the chorda tympani 
nerve to enter anteriorly the petrotympanic fis-
sure. It gives origin to the anterior malleal 
ligament, which also traverses the 
 petrotympanic fissure to reach the angular 
spine of the sphenoid bone.

Clinical Application
Usually the malleus handle lies midway 
between the anterior and posterior borders 
of the tympanic membrane but may 
occupy a more anterior position. Surgical 
procedures on the tympanic membrane are 
especially difficult when an anteriorly 
located malleus is associated with bulging 
of the anterior canal wall. Rarely, the mal-
leus handle is fixed to the tympanic bone 
posteriorly by a bony bar, a malleus bar 
[39, 40, 43].

Fig. 3.22 Posterior view of a right middle ear cavity. The 
inferior end of the handle (Ha) is firmly attached to the 
tympanic membrane (TM) forming the umbo (white 
arrow). Relation of the middle part of the handle and the 
lamina propria of the tympanic membrane, plica mallearis 
(*). LPI long process of the incus, S stapes, N neck of the 
malleus, He head of the malleus, VII facial nerve, TTM 
tensor tympani muscle, T tensor tympani tendon
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3.1.2.1.5 Malleus Ligaments (Figs. 3.23 
and 3.24)

The malleus is stabilized in place by five liga-
ments, one articulation, one tendon, and the tym-
panic membrane. Three of the five ligaments are 
outside the axis of rotation: they offer only a sus-
pensory function. They are:

• The anterior suspensory ligament (ASL) lies 
superior to the anterior malleal ligament and 
attaches the head of the malleus to the anterior 
wall of the epitympanum.

• The lateral suspensory ligament (LSL) 
attaches the neck of the malleus to the bony 
margins of the tympanic notch (the notch of 
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Fig. 3.23 Schema showing malleal ligaments and tensor 
tympani muscle tendon (TTM). SSL superior suspensory 
ligament, ASL anterior suspensory ligament, LSL lateral 

suspensory ligament, AML anterior malleal ligament, 
PML posterior malleal ligament. The AML and PML in 
blue color represent the rotation axis of the malleus
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Rivinus) and forms the superior wall of the 
Prussak’s space.

• The superior suspensory ligament (SSL) 
bridges the gap between the head of the 
 malleus and the tegmen of the epitympanum 
and carries the superior tympanic artery 
branch of the middle meningeal artery.
These three ligaments apparently do not inter-
fere with sound transmission because of the 
small movements of the ossicles at their points 
of attachment. The suspensory ligaments do 
not play a role in middle ear mechanics.

• The anterior malleal ligament (AML) together 
with the posterior incudal ligament serves to 
establish the axis of rotation of the ossicles. 
The anterior malleal ligament must not be con-
fused with the anterior suspensory ligament of 
the malleus. The anterior malleal ligament 
extends from the angular spine of the sphenoid 
bone, passes through the petrotympanic fis-
sure, accompanied by the anterior tympanic 
artery, and inserts on the neck of the malleus at 
the base of the anterior process of the malleus.

• The posterior malleal ligament (PML) extends 
from the neck of the malleus to the posterior 
tympanic spine.

• The superior malleal ligament attaches the 
malleus head to the tegmen and separates the 
posterior attic from the anterior attic.

Clinical Application:  
Anterior Malleal Ligament Fixation
Undetected concurrent malleus fixation may 
account for 0.8–4.0% of stapedotomy revi-
sion, with anterior malleus ligament fixation 
being the most common origin [45]. Fixation 
of the malleus head can be caused by tympa-
nosclerosis (Fig. 3.25) or new bone forma-
tion due to chronic otitis media or as a result 
of a congenital anomaly. The malleus can 
also be “fixed” by increased stiffness of the 
anterior malleal ligament. Stiffening of the 
anterior malleal ligament by hyalinization or 
calcification results in decreased transduc-
tion of sound to the cochlea (Fisch et  al. 
2001; [46]). However, stiffening of the ante-
rior malleal ligament resulted in only insig-
nificant decrease (about 5  dB) of stapes 
velocity (Nakajima et al. 2005b; Dai et al. 
2007). The little impact on hearing of such 
stiffening of the anterior malleal ligament is 
due to the fact that the anterior malleal liga-
ment is along the ossicular axis of rotation 
for low-frequency stimuli, the stiffening 
torque at the axis itself would be expected to 
be small, and this torque is proportional to 
the distance between the stiffening element 
and the axis of rotation.

a b

Fig. 3.24 Right transversal CT image: (a) Thickened and 
calcified anterior malleal ligament (long slim arrow), 
angular spine (thick arrow) of the sphenoid bone, and 
anterior process of the malleus body (short arrow).  

(b) Anterior suspensory ligament with insertion on the 
attic wall (thick arrow), malleus head (thin long arrow), 
and posterior incudal ligaments (small arrows)
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Fig. 3.25 Left ear endoscopy showing tympanosclerosis 
of the anterior malleal ligament (*). M malleus head, CT 
chorda tympani

Surgical Implications
 1. The malleus is a very important bone in 

ossiculoplasty: it contributes to restore 
the function of catenary lever, ossicular 
lever, and prosthesis stabilizer.

 2. In contrary to the head of the malleus, 
the manubrium plays an important role 
in sound transmission.

 3. The handle moves more than other ossi-
cles: 4.5 nm at 80 dB.

 4. The vibrations of the manubrium are 
bigger outward than inward

 5. For each sneeze, the malleus handles 
move 1 mm laterally.

 6. The handle is oval in shape with 0.9 mm 
of diameter.

 7. At lower frequencies, the malleus neck 
does not vibrate; above 4 kHz it vibrates 
a little; this is why piston prosthesis, in 
malleo-stapedial reconstruction, must 
be fixed not at the center of the neck but 
on the manubrium.

6 mm

7 mm

Body

Lenticular p
rocess

Pe

PI

Long process

Facet for M
alleus

Fig. 3.26 Schematic 
drawing of the incus.  
Pe lenticular process 
pedicle, Pl lenticular 
process plate

3.1.2.2  The Incus (Fig. 3.26)
The incus measures about 5 by 7 mm and weighs 
about 30 mg. It has a trapezoidal body, a short and 
a long process, and a rounded lenticular process.
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3.1.2.2.1 Body of the Incus
The body of the incus is flat. Its anterior surface 
houses an elliptical articular surface to receive the 
head of the malleus. Both body of the incus and 
head of the malleus are situated in the attic. Two 
spines arise from the lower posterior part of the 
body, the long and short processes. These two 
processes diverge from each other in a right angle:

3.1.2.2.2 Short Process of the Incus
The short process of the incus extends posteriorly 
from the body as a thick and triangular process; 
its major axis is horizontal. Its dorsal end lies on 
the incudal fossa situated in the floor of the aditus 
ad antrum.

3.1.2.2.3 Long Process of the Incus
The long process or vertical process of the incus 
follows a direction similar to the handle of the 
malleus but in a more posterior and medial plane. 
Its caudal end forms a hook at a right angle to end 
up with the lenticular process. The horizontal, 
cross-sectional configuration of the long process 
of the incus is circular, in contrary to the ovoid 
shape of the manubrium of the malleus. The 
mean diameter of the distal extremity of the long 
process is 0.63 mm [47]. Because of its terminal 
and poor vascularization, the long process of the 
incus is highly susceptible to osteitic resorption 
secondary to several conditions such retraction 
pocket, adhesive otitis media, or extremely tight-
ened stapes prosthesis.

3.1.2.2.4 Lenticular Process
The lenticular process connects the long process 
of the incus to the head of the stapes. The lenticu-
lar process consists of a narrow bony pedicle and 
a flattened distal plate.

The bony pedicle is surrounded by a joint cap-
sule of thick fibers. The mean diameter of the bony 
pedicle (0.26  mm) is less than half of the mean 
diameter of the distal long process (0.63 mm) and 
less than half of the mean diameter of the distal 
plate (0.71 mm) [47]. The bony pedicle is flexible 
and plays a role in the piston- like transmission of 
the incus movement to the stapes, lateral to medial, 
by the rotation movement of the incus. All other 
movements are reduced by the bending of this 
pedicle before reaching the stapes [48].

The lenticular process of the incus shows a 
second facet for the stapes distal plate which is 
perpendicularly located to the axis of the long 
apophysis of the incus which, in turn, is located 
parallel and medial to the malleus handle and the 
tympanic membrane.

3.1.2.2.5 Ligaments of the Incus 
(Fig. 3.28)

The incus has the smallest number of ligaments 
and is therefore more susceptible to traumatic 
dislocation compared to other ossicles. Two liga-
ments stabilize the incus in place:

• The posterior incudal ligament (PIL) secures 
the short process in the incudal fossa (Fig. 
3.24b). It is in the axis of rotation of the ossic-
ular chain.

• The superior incudal ligament (SIL) descends 
from the tegmen to the incus body. It could be 
reduced to a single mucosal fold only. It sepa-
rates the upper lateral attic from the upper 
medial attic.

Clinical Application
Chronic otitis media (COM) is the most 
common cause of ossicular chain necrosis 
and concerns most frequently the long pro-
cess of the incus (Fig. 3.27a). It is the most 
vulnerable part of the ossicles because of its 
poor blood supply [49–51]. The malleus and 
the footplate are more resistant to necrosis 
[50, 51]. The blood supply of the long pro-
cess of the incus is provided by end vessels, 
which descend down along the long process 
of the incus. Persistent or repeated infection 
in some cases of COM, or pressure from a 
retracted eardrum (Fig.  3.27b), or over-
crimped stapes prosthesis, combined with 
the lack of collateral blood supply, is thought 
to be the cause of aseptic necrosis [49].

Occasionally, dissolution is complete 
with total incudostapedial separation, but 
more frequently slow dissolution leads to 
replacement of the bone by a fibrous tissue 
[50, 51].
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a b

Fig. 3.27 Incus erosion: (a) Axial CT image: discontinu-
ity of the incudostapedial articulation, between the stapes 
head (short arrow) and the shortened end of the long pro-
cess of the incus (long arrow). (b) Coronal reconstruction: 

part of the tympanic membrane is retracted (small arrows) 
on the stapes head (plain arrowhead) and the long process 
of the incus (empty arrowhead)—myringostapediopexy 
and lysis of the long process
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Fig. 3.28  
Schematic drawing 
of incudal 
ligaments. SIL 
superior incudal 
ligament, PIL 
posterior incudal 
ligament
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3.1.2.3  The Stapes
The stapes (Fig. 3.29) is the smallest bone of the 
human body; it is 3.25 mm high and 1.4 mm wide 
with a weight of 3–4 mg [52]. It is situated in an 
almost horizontal plane between the lenticular 
process and the oval window and below the facial 
nerve canal. The stapes consists of a round head, 
a short neck, anterior and posterior crura, and an 
oval footplate.

3.1.2.3.1 The Head
The head is the most lateral part of the stapes. 
It is cylindrical or discoid in shape and bears 
laterally a glenoid cavity, the fovea, which cor-
responds to the articular surface of the lenticu-
lar process. Its medial end is constricted, 
forming the neck. Its anterior edge is smooth. 
Its posterior edge presents a small rough sur-

face for the insertion of the stapedial muscle 
tendon.

3.1.2.3.2 The Crura
The stapes presents two crura of unequal size: 
the posterior and the anterior crura. The poste-
rior crus is longer, thicker, and more curved than 
the anterior one. The relative thickness, the cur-
vature, and the excavation of the crura vary 

Surgical Implication
Partial ossicular replacement requires 
implants (PORP) which fit onto the head of 
the stapes alone, thus necessitating the 
knowledge of the dimensions of the stape-
dial head. The width of the stapes head is 
about 1–1.5 mm (Fig. 3.30) [52].
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Fig. 3.29 Schematic drawing of the stapes in the oval 
window niche and its relationship with the underlying 
saccule and utricle. Stapedial tendon in red. (*) annular 

ligament, P pyramidal eminence, H head, N neck, AC 
anterior crus, PC posterior crus, FP footplate
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among individuals. The area delimited by the 
concave arches of the crura is the obturator fora-
men, sometimes bridged by a veil of mucous 
membrane. The two crura could be very close to 
the walls of the niche of the oval window.

3.1.2.3.3 The Footplate
The footplate is a thin and oval lamella of bone. 
Its length is about 3  mm; its width is about 
1.5 mm; its thickness is about 0.25 mm [53].

The lateral or tympanic surface of the foot-
plate is covered by mucoperiosteum of the mid-
dle ear; it is slightly twisted around its polar axis 
so that the anterior half looks to the floor of the 
vestibule and the posterior part looks up to the 
tegmen. The distance from the long process of 
the incus to the tympanic surface of the footplate 
is about 4 mm. The medial or vestibular surface 

of the footplate is flat; it is lined by the endos-
teum of the otic capsule and is in close relation 
with the saccule and utricle. The saccule is 1 mm 
deep from the anterior part of the vestibular sur-
face of the footplate, and the utricle is at 1.5 mm 
deep from its posterior part (Fig. 3.29).

3.1.2.3.4 The Annular Ligament
The annular ligament of the stapes is a ring of 
elastic fibers that attaches the cartilaginous mar-
gin of the footplate to the border of the oval win-
dow. The annular ligament is a typical viscoelastic 
material with hysteresis, nonlinear shear stress- 
shear strain relationship and stress relaxation 
function.

The fibers of the annular ligament fuse with 
the periosteum and endosteum all around the oval 
window borders. The ligament is thinner anteri-
orly than posteriorly, thus more mobile anteriorly 
[54]. Because of the differential thickness between 
its anterior and posterior aspects, the annular 
ligament works as a hinge-like attachment of the 
stapes into the oval window.

This type of attachment allows a rocking oscil-
lation of the footplate in the oval window, which 
is the essential movement for the transmission of 
high-frequency sounds. Low-frequency sound 
transmission depends on piston-like movements 
of the stapes that necessitate the elasticity of the 
whole annular ligament.

Surgical Implication
During stapedectomy, it is safer to cut the 
posterior crus of the stapes rather than to 
fracture it because of a risk of footplate 
luxation. This is not the case of the anterior 
crus which is thinner and can be safely 
fractured.

Surgical Implication
During reconstructive ear surgery, total 
ossicular replacement prosthesis (TORP) 
may be used to bridge the gap between the 
tympanic membrane or the malleus and the 
stapes footplate. It corresponds to columellar 
effect which comes from the bird columella 
ossicle. The positioning of the TORP shaft 
on the footplate has a significant impact on 
the eventual hearing outcome of the surgery. 
Putting the prosthesis on the anterior part of 
the footplate is preferable because the annu-
lar ligament is thinner and wider and thus the 
footplate is more mobile [54].

Fig. 3.30 Axial CT image showing a PORP (thick 
arrow), connecting the tympanic membrane laterally with 
the stapes medially, the head of the stapes (thin arrow) is 
entirely surrounded by the prosthesis
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The piston-like and rotational forms of stapes 
motion induce shear deformation of the annular 
ligament where its mechanical properties affect 
directly the mechanical-acoustic transmission 
from the middle ear to the cochlea [55].

3.2  Ossicular Articulations

3.2.1  Embryology of Ossicular 
Articulations

3.2.1.1  The Incudostapedial Joint
At the seventh to eighth week of gestation, the 
outlines of the lenticular process and of the 
stapes head are separated by a condensed mes-
enchyme interzone. After the 12th week of ges-
tation, cavitation phenomena begin in this 
interzone. The different cavitations consoli-
date then to form the incudostapedial joint at 
the 16th week of gestation.

The primordium of the capsular ligament 
develops from the surface of the interzone 
by a condensation of the surrounding mes-
enchyme which forms a layer that is contin-
ued with the perichondrium of the ossicles 
[57].

3.2.1.2  The Incudomalleal Joint
The incus and malleus, previously one collection 
of mesenchyme, separate with formation of the 
incudomalleal joint at eighth to ninth week by the 
same mechanism as the incudostapedial joint 
(Fig. 3.8). Failure of this step results in a fused 
malleus-incus mass that is commonly found in 
patients with aural atresia.

3.2.2  Anatomy of the Ossicular 
Articulations

The articulating surfaces between the ossicles are 
lined by cartilage, and there may or may not be 
an intra-articular disc. Each articulation has a 
true capsule composed of ligamentous fibers 
originating from the periosteum of the linked 
bones and lined by a synovial membrane.

3.2.2.1  The Incudomalleal Articulation
The incudomalleal articulation is situated in the 
epitympanum and is classified as a synovial joint. 
The head of the malleus articulates with the body 
of the incus (Fig. 3.31).

Clinical Application
In otosclerosis, the otosclerotic changes 
induce increased stiffness of the stape-
dial annular ligament, which can range 
from 10 to 100 times of its normal value 
[46, 56].

Otosclerotic involvement of the anterior 
aspect of the annular ligament hinders the 
piston-like movement of the stapes rather 
than the rocking movement. This explains 
why in early stages of otosclerosis, there is 
only a low-frequency conductive hearing 
loss. In addition, the posterior part of the 
annular ligament conserves its insulator 
capacity; this explains the on/off stapedial 
reflex phenomena found in early stages of 
otosclerosis.

Atticotomy

Malleus
neck

IMJ

ISJ

EAC

Fig. 3.31 Left middle ear after large mastoidectomy and 
anterior and posterior tympanotomy, showing both incu-
domalleal joint (IMJ) and incudostapedial joint (ISJ). 
EAC external auditory canal
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The joint contains a synovial cavity lined by a 
synovial membrane and articular cartilage. It is 
made up of curved reciprocal concave-convex 
surfaces (“saddle-shaped surfaced”), separated 
on average by 150 μm. The joint cavity is incom-
pletely divided into two compartments by a 
wedge-shaped articular disk or meniscus.

An elastic tissue capsule surrounds the articu-
lar margin and holds the articular surfaces in inti-
mate contact. The capsule is trilaminar with (1) 
the synovial membrane lining the cavity, (2) the 
mucous membrane of the middle ear, and (3) an 
intervening fibrous layer.

Partial subluxation of the incudomalleal joint, 
happening during middle ear surgery, usually heals 
without sequelae. Complete luxation will not heal, 
and ossicular reconstruction is recommended.

3.2.2.1.1 Mechanics of the Malleus-Incus 
Complex (MIC)

Due to its particular shape, the mobility is restricted 
to a rotatory movement on an anteroposterior axis 
which passes through the short process of the incus 
and the anterior process of the malleus:

• Complete ossicular disarticulation, in the 
presence of an intact tympanic membrane, 
leads to a reduction of middle ear transmis-
sion of 40–60  dB depending on frequency 
(Merchant et al. 1997, Nakajima et al. 2012, 
Peake et  al. 1992). It has been showed that 

such a loss of ossicular coupling is consistent 
with the situation when the cochlea is respond-
ing only to the pressure difference at its oval 
and round windows (i.e., acoustic coupling).

• Partial ossicular disarticulation (fibrous con-
nection) generally results in less conductive 
hearing loss at low frequencies as compared 
to high frequencies (Nakajima et al. 2012).

3.2.2.2  The Incudostapedial 
Articulation (Figs. 3.31 and 3.32)

The incudostapedial articulation is a synovial 
diarthrodial articulation; it joins the convex len-
ticular process of the incus and the concave sur-
face of the head of the stapes, thus forming a ball 
and socket joint which are held bound by a tissue 
capsule. The concave articular surface of the sta-
pes head is covered with cartilage and synovium 
overlying the cartilage. An intra-articular carti-
lage is not usually present. The outer surface of 
the joint is covered by a fibrous capsule. The joint 
capsule is attached to the full length of the len-
ticular process and extends medially to the rim of 
the stapes head [47].

At the inferior aspect of the articulation, the 
posterior capsular fibers merge sometimes with 
those of the tendon of the stapedius muscle, with 
a result that contraction of the stapedius muscle, 
in addition to pulling the head of the stapes pos-
teriorly, also draws the long process of the incus 
posteriorly [58].

a b

Fig. 3.32 Computed tomography of the normal aspect of 
the incudomalleal joint. (a) In the transversal view: conti-
nuity between the long process of the incus (arrowhead) 
and the head of the stapes (long arrow). Malleus handle 

(short arrow). (b) Coronal reconstruction: “ossicular V” 
(long arrow) = continuity between the long process of the 
incus and the head of the stapes

3 Middle Ear Contents



91

This joint is fragile. Delicate movements of 
the incus with an instrument create a line where 
the joint capsule bends. During incudostapedial 
joint separation, there is a risk of damaging the 
lenticular process especially in cases where its 
pedicle is very thin.

The ossicular chain is especially fragile at its 
articulations. The most often encountered frac-
tures along the ossicular chain are at the incudo-
stapedial joint and the incudomalleal joint 
(Figs. 3.33 and 3.34), whereas the malleus is the 
most resistant ossicle with the less common post- 
traumatic injuries.

Causes of nontraumatic disjunction of the 
incudostapedial joint are retraction pocket, 
chronic otitis media, mesotympanic cholestea-
toma, traumatic or iatrogenic injuries, and con-
genital malformations.

3.2.2.2.1 Mechanics of the 
Incudostapedial Joint (ISJ)

• In negative middle ear pressure, the malleus is 
moving medially, but the incus moves inferi-
orly causing stapes rotation along its long 
axis [59].

• Temporary surgical ISJ separation without 
distanced joint surfaces may not result in an 
appreciable conductive hearing loss and does 
not need reconstruction; however a secondary 
healing process can potentially lead to anky-
losis which would result in moderate conduc-
tive hearing loss [22].

3.2.2.3  The Stapediovestibular Joint (SVJ)
The SVJ is the junction between the stapes foot-
plate and the oval window. It is a half-joint (syn-
desmosis). The annular ligament holds the 

a b

Fig. 3.33 Traumatic lesions of the ossicular chain. (a) 
Complete disconnection and luxation laterally of the long 
process of the incus (long arrow) far away from the stapes 
suprastructure (short arrow) secondary to traumatic incu-

dostapedial luxation. (b) Horizontal temporal bone frac-
ture (long arrows) with incudomalleal joint interruption 
(short arrow) and luxation of malleus head anteriorly

a bFig. 3.34 (a) Right ear 
otoscopy showing 
discontinuity of the 
incudostapedial joint 
(arrow) (b) axial CT 
image: large diastasis of 
the incudostapedial joint 
(arrow)
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footplate attached to the oval window borders. 
Peripherally, the connective fibers of the annular 
ligament fuse with the periosteum and endos-
teum of oval window niche.

3.2.2.3.1 Mechanics of the Stapes 
and Stapediovestibular Joint

The stapes has two types of movement:
 – Piston like movement for low-frequency 

sounds.
 – Rocking like movement for high frequency 

sounds.

In early stages of otosclerosis, fixation of the 
anterior pole of footplate affects the piston like 
movement only and thus leads to low frequency 
conductive hearing loss. In more advanced 
involvement, both movements will be restricted 
and hearing loss will affect both low and high fre-
quency sounds.

The rigidity of the annular ligament represents 
90% of the total impedance of the human middle 

ear at lower frequencies and thus dominates the 
sound transmission for speech frequencies through 
the normal middle ear. The sound pressure at the 
entrance of the cochlea is directly proportional to 
the volume velocity of the stapes. This corresponds 
to the volume of the liquid that is displaced by the 
movement of the footplate. This volume velocity is 
defined by the product of footplate area and stapes 
amplitude of movement. Otosclerotic changes in 
stiffness of the annular ligament increase signifi-
cantly its rigidity and hinder sound transmission 
to inner ear fluids; these changes affect first the 
transmission of low-frequncy sounds, however, 
when the involvement is more advanced, all fre-
quencies are affected. Replacement of an otoscle-
rotic stapes by a piston prosthesis eliminates the 
annular ligament as the dominating factor of the 
impedance of the middle ear. A piston prosthesis 
move with a much larger amplitude at equivalent 
sound pressures. This increased linear velocity of 
the smaller piston compensates for the decrease in 
the surface area (Fig. 3.35).

Sound
energy

Sound
energy

Output of Middle ear with mobile stapes
is Volume Velocity of Stapes. Us

AFP= Surface area of footplate
US= AFP x VS UP= AP x VP

Output of Middle ear after stapedotomy
is Volume Velocity of Piston, UP

VS= Linear Velocity of Stapes
AP= Surface area of Piston

VP= Linear Velocity of Piston

AP

VP

AFP

VS

Fig. 3.35 Biomechanics of stapedotomy: The stapes 
footplate has an area of approximately 3.2  mm2. This 
exerts vibrations with amplitudes of only a few nanome-
ters for displacement of a large amount of fluid to transmit 
sound pressure into the cochlea at physiologic sound pres-
sures. Following stapedotomy, the annular ligament effect 
is canceled, and the piston will have increased linear 
velocity. At the same time, the effective vibrating area is 

reduced to the area where the prosthesis has been inserted. 
A stapes prosthesis, with its smaller contact area (3.2 mm2 
area of footplate vs. 0.28 mm2 area of fenestra in a 0.6 mm 
stapes prosthesis), can vibrate with much larger amplitude 
at equivalent sound pressures. Compensation takes place 
because the increased linear velocity of the smaller piston 
compensates for the decrease in the surface area
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3.2.2.3.2 Ossicular Coupling (Fig. 3.36)
Ossicular coupling refers to the true sound pres-
sure gain that occurs through the actions of the 
tympanic membrane and the ossicular chain:

• The hydraulic lever acts because of the size 
difference between the tympanic membrane 
and the stapes footplate. Sound pressure col-
lected over the area of the tympanic mem-
brane and transmitted to the area of the 
smaller footplate results in an increase in 
force proportional to the ratio of the areas. 
The average ratio has been calculated to be 
21:1. Taking the three levers together, the mid-
dle ear offers a theoretical gain of approxi-
mately 34 dB. But the true gain of the middle 
ear is less than the theorized 34 dB.

• The pressure gain provided by the normal 
middle ear with ossicular coupling is 
 frequency dependent. The actual mean middle 
ear gain is 20 dB at 250–500 Hz, reaching a 
maximum of 25 dB at 1 kHz and then decreas-
ing about 6 dB per octave at frequencies above 
1 kHz.

• Patients with ossicular disruption behind an 
intact tympanic membrane suffer of a maximal 
conductive hearing loss of 60 dB. The intact 
eardrum reflects sound energy back into the 
external auditory canal, causing an additional 
conductive loss of 17  dB above what was 
expected from removal of the hydraulic and 
catenary-ossicular lever action.

3.3  Middle Ear Muscles

3.3.1  Embryology of Middle Ear 
Muscles

The embryological origin of middle ear muscles 
follows the same patterns as the other muscles in 
the craniofacial area [60]. They develop from the 
paraxial mesoderm (mesenchyme) that migrates 
into the branchial arches.

3.3.1.1  Tensor Tympani Muscle
The tensor tympani muscle develops from the 
mesoderm of the first branchial arch. It is inner-
vated by a branch from the trigeminal nerve, the 
nerve of the first branchial arch.

3.3.1.2  Stapedial Muscle
The stapedial muscle starts to develop, at the ninth 
week, as a condensation of blastema cells in the 
mesenchyme of the interhyale (which connects 
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Fig. 3.36 (a) Middle ear mechanics in normal ear.  
(b) Middle ear mechanics in the ear with tympanic mem-
brane perforation and ossicular chain discontinuity. 
Acoustic coupling with sound pressure difference on oval 
window and round window is the main mechanism for 
transmitting sound energy into the cochlea. Sound energy 
through ossicular coupling will not reach the cochlea. (c) 
Middle ear mechanics in the ear with intact tympanic 
membrane perforation and ossicular chain discontinuity. 
Sound energy will not reach the cochlea neither through 
ossicular coupling nor through acoustic coupling which 
will result in a maximal conductive hearing loss
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the stapedial anlage to the second branchial arch) 
close to the facial nerve. The internal segment of 
the interhyale gives rise to the tendon of the stape-
dial muscle. Moreover, the interhyale contributes 
to the development of the facial nerve canal, as 
well as the pyramidal eminence [61] (see Fig. 
2.23). The bone of the pyramidal eminence hous-
ing the muscle derives from the precartilaginous 
cells of the second branchial arch [62].

3.3.2  Anatomy of the Middle Ear 
Muscles

3.3.2.1  The Tensor Tympani Muscle 
(TTM)

The TTM is fusiform in shape and is around 
20  mm in length. The intratympanic portion of 
this muscle is 2.5 mm long. It arises from the car-
tilage of the Eustachian tube, from the walls of its 
enveloping bony semicanal, and from the adja-
cent portion of the greater wing of the sphenoid 
bone (Fig. 3.37). The fibers converge to form a 
central fibrous core which, proceeding posteri-
orly, forms the tendon of the muscle. The most 
medial fibers of the tendon attach to the cochle-
ariform process, at which point the main body of 
the tendon turns laterally into the cavity to attach 
to the medial surface of the junction of the neck 
and the manubrium of the malleus (Figs. 3.37 and 
3.38). It is innervated by the trigeminal nerve, via 
the nerve to the medial pterygoid muscle.

Although the distal tensor tympani tendon 
inserts on the malleus in the middle ear, the muscle 
location and major functions of the tensor tympani 
predominantly characterize a peritubal muscle. 
Repetitive contraction of the tensor tympani assists 
the tensor veli palatini and other peritubal muscles 
with opening and closing the tube during a variety 
of speech and swallowing activities.

Within the middle ear, contraction of tensor 
tympani pulls on the malleus to dampen TM 

a b

Fig. 3.37 (a) Axial CT image of a right ear: TTM (white 
arrows), along the Eustachian tube to the cochleariform 
process (black arrow); (b) coronal reconstruction of the 

right ear—at the cochleariform process (black arrow), the 
TTM tendon (long white arrow) turns laterally to insert on 
the malleus neck (small white arrow)

Fig. 3.38 Endoscopic view of a left middle ear showing 
the stapedial tendon(s) rising from the pyramidal process 
(p), the tensor tympani muscle (1) turning around the 
cochleariform process (*) to give the tensor tympani ten-
don (2) that inserts on the neck of malleus (M); I incus, ET 
Eustachian tube
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vibrations and damping the movements of the 
ossicular chain [63, 64]. This action is primarily 
described in the context of preventing autophony 
associated with the palatal actions of chewing 
and swallowing and is considered less important 
during vocalization.

Tensor tympani muscle spindles have also 
been described as having barometric properties, 

reflexively contracting in response to pressure 
changes [65].

Cadaveric human samples indicated that tensor 
tympani muscle hypercontraction should result 
in a low-frequency HL, with a decrease in ME 
compliance [66].

3.3.2.2  Stapedial Muscle
The stapedial muscle is the smallest skeletal mus-
cle in the body measuring only 1 mm. It lies in a 
bony cavity in the posterior wall of the tympanic 
cavity to emerge from the pyramidal eminence. 
The fibers of this muscle converge into a tendon 
which variably attaches to the head and/or poste-
rior crus of the stapes (Fig. 3.40) [63, 64].

In normal conditions, the pull of the TTM 
is opposed by the elasticity of the pars 
tensa of the tympanic membrane. In a long-
standing large perforation of the tympanic 
membrane, the unopposed pull of the TTM 
causes a medial displacement of the infe-
rior end of the manubrium (so called mal-
leus handle medialization) (Fig. 3.39).

Fig. 3.39 Coronal CT image showing medialization of 
the malleus handle (small arrow) due to tympanic perfora-
tion (thick arrow)

a b

Fig. 3.40 Axial CT scan on left ears: (a) Visibility of the 
thin stapedial tendon (small arrow) emerging from the 
pyramidal eminence and inserting on the stapes head. 

Stapes muscle (empty arrowhead). VII facial nerve.  
(b) Thickened and calcified stapedial tendon in tympano-
sclerosis (arrow)
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The stapedial muscle is innervated by the stape-
dial branch of the facial nerve. Its contraction pro-
vokes a tilting of the stapes by moving the anterior 
border of the footplate laterally and the posterior 
border medially. This tilting of the  stapes stretches 
the annular ligament, thus fixing the footplate and 
damping its movements. It protects the inner ear 
from damage caused by loud noise. Lack of action 
of this muscle from nerve section or facial nerve 
palsy induces hyperacusis [63, 64].

The brain stem-mediated acoustic reflex 
between the vestibulocochlear nerve, the supe-
rior olive, and the facial nerve is routinely evoked 
to measure indirectly the stapedius function via 
tympanometry.

3.4  Middle Ear Nerves

The middle ear receives and transmits branches 
from the facial nerve VII, the glossopharyngeal 
nerve IX, and the sympathetic carotid plexus. 
The branches of the glossopharyngeal nerve and 
sympathetic carotid plexus contribute to the for-
mation of an important middle ear neural plexus, 
the tympanic plexus.

3.4.1  Facial Nerve Branches

One branch of the facial nerve, the chorda tym-
pani, passes through the middle ear cavity on its 
route to the infratemporal fossa. This is a sensory 
and secretory-motor branch of the facial nerve. It 
enters the middle ear cavity through the iter chor-
dae posterior. It runs across the medial surface of 
the tympanic membrane lateral to the long pro-
cess of the incus and passes medial to the upper 
portion of the handle of the malleus above the 
tendon of the TTM.  It leaves the middle ear 
through the canal of Huguier within the petro-
tympanic fissure. It joins the lingual branch of the 
mandibular nerve in the infratemporal fossa (see 
Sect. 6.2.3.6).

3.4.2  Tympanic Plexus (Fig. 3.41)

The tympanic plexus consists of a network of 
nerves lodged in small grooves on the cochlear 
promontory of the medial wall of the middle ear. 
It is formed by the tympanic nerve and two or 
three filaments from the carotid plexus.

• The tympanic (Jacobson’s) nerve, carrying 
parasympathetic fiber, arises from the infe-
rior ganglion of the glossopharyngeal nerve 
when it exits the jugular foramen and enters 
the inferior tympanic canaliculus accompa-
nied by the inferior tympanic artery. The 
inferior tympanic canaliculus, with a mean 
length of 9.5 mm, is located in the medial 
hypotympanic fissure medial to the styloid 
process and the stylomastoid foramen 
between the internal carotid foramen medi-
ally and the internal jugular foramen later-
ally [67] (see Figs. 2.18 and 3.42). After 
entering the tympanic cavity, the tympanic 
nerve traverses superiorly on the promon-
tory anterior to the inferior half of the round 
window, and then it branches repeatedly 
within shallow bony channels overlying the 
promontory to form the tympanic plexus. 
Two or three filaments, the caroticotym-
panic nerves, coming from the carotid 

Surgical Application
During microsurgical dissection around the 
stapes, for instance, a removal of the cho-
lesteatoma matrix from the stapes, it is 
advisable to work parallel to the plane of 
the stapedial tendon, from posterior to 
anterior, so that the tendon prevents luxa-
tion of the stapes.

Clinical Application

Middle ear myoclonus tinnitus is com-
monly characterized as clicking (suggested 
to be due to the tensor tympani movement) 
or buzzing (suggested to be due to stape-
dius movement): objective tinnitus.
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Fig. 3.41 The tympanic (Jacobson’s) nerve, carrying 
parasympathetic fiber, arises from the inferior ganglion of 
the glossopharyngeal nerve when it exits the jugular fora-
men and enters the inferior tympanic canaliculus (*). 
After entering the tympanic cavity, the tympanic nerve 
traverses superiorly on the promontory. Two or three fila-
ments, the caroticotympanic nerves, coming from the 

carotid plexus and carrying sympathetic fibers join the 
tympanic plexus on the promontory (this figure) to exit the 
middle ear through its own canal (**) underneath the 
cochleariform process to give the lesser superficial petro-
sal nerve. TTM tensor tympani muscle, STR supratubal 
recess, AER anterior epitympanic recess

Fig. 3.42 Axial CT image through the inferior part of 
the tympanic cavity: intrapetrous carotid (CC), internal 
jugular vein (IJV), inferior petrous sinus (IPS). Jugular 
spine (thick arrow), pars nervosa (thin arrow), 
topography of glossopharyngeal nerve IX (small 
circle), trajectory of the Jacobson’s nerve indicated by 
the arrowheads. Facial nerve VII (large circle)
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plexus and carrying sympathetic fibers, join 
the tympanic plexus on the promontory 
(Figs. 3.43 and 3.44) to exit the middle ear 
through its own canal underneath the 
cochleariform process to give the lesser 
superficial petrosal nerve (Fig.  3.44)  
[68, 69]

The tympanic plexus gives off:
 – The lesser superficial petrosal nerve: 

parasympathetic fibers to the parotid. The 
mean length of the LPN is 15 mm. It origi-
nates from the tympanic plexus at the 
level of the cochleariform process and 
leaves the middle ear through a small 
canal below the tensor tympani muscle 
(Fig. 3.44). It passes through the temporal 
bone to emerge on the floor of the middle 
cranial fossa lateral to the greater superfi-
cial petrosal nerve (Fig. 3.45). It exits the 
middle cranial fossa through the foramen 
ovale together with the mandibular nerve 
to join the otic ganglion in the infratempo-
ral fossa. From there, the postganglionic 
fibers travel with the auriculotemporal 
nerve, a sensory branch of the mandibular 
division of the trigeminal nerve to provide 
the parasympathetic innervation of the 
parotid gland. The lesser petrosal nerve 
carries preganglionic parasympathetic 
fibers of the glossopharyngeal nerve (IX) 
to the parotid gland via the otic ganglion. 
After synapsing in the otic ganglion, post-
ganglionic fibers supply secretory fibers 
to the parotid gland by the way of the 
auriculotemporal nerve [70].

 – Branches to the tympanic cavity mucosa: 
somatic fibers to the tympanic cavity 

TTM
CT

Malleus

ISJTympanic 
plexus

Fig. 3.43 Endoscopic view of a left middle ear showing 
the Jacobson’s nerve (1), the caroticotympanic nerve (2), 
and the lesser petrosal superficial nerve (3) passing out-
side the middle ear below the cochleariform process (*). 
ISJ incudostapedial joint, CT chorda tympani, TTM tensor 
tympani muscle

Fig. 3.44 Endoscopic view of a left middle ear showing 
the Jacobson’s nerve, the caroticotympanic branches (CT 
br.), and the lesser petrosal superficial nerve passing out-
side the middle ear below the cochleariform process (*). 
M malleus, I eroded incus, s stapes, VII facial nerve

Fig. 3.45 Middle cranial fossa view of a right side show-
ing the lesser superficial petrosal nerve (LSPN) which 
emerges on the floor of the middle cranial fossa lateral to 
the greater superficial petrosal nerve (GSPN). Ge genicu-
late ganglion, Co cochlea, LS labyrinthine segment of 
facial nerve, SCC superior semicircular canal

3 Middle Ear Contents



99

involved in the aeration pressure regulation 
of the middle ear cleft, taking part in a neu-
ral pathway between the glomus bodies of 
the tympanic nerve, the tympanic plexus, 
the pons, and the Eustachian tube function 
(see paragraph of aeration regulation of the 
middle ear).

3.5  Middle Ear Vessels

3.5.1  Embryology of Middle Ear 
Vessels (Fig. 3.47)

During the fourth week of gestation, the first and 
second aortic arches begin to involute, and they 
leave behind the mandibular and hyoid arteries, 
respectively. At the same time, the third arch 
artery becomes the internal carotid artery.

During the fourth to fifth week of gestation, the 
ventral pharyngeal artery arises from the aortic sac. 
This artery supplies the bulk of the first two bran-
chial bars and is subsequently involved in the forma-
tion of the stapedial and external carotid arteries.

During the sixth week, the stapedial artery 
arises as a small offshoot of the hyoid artery near 
its origin from the internal carotid artery. It 
extends cranially and passes through the stapes 
blastema to enter the mandibular bar (Fig. 3.3). 
The stapedial artery divides into two arteries: the 
maxillomandibular artery and the supraorbital 
artery (which supplies the primitive orbit). The 
maxillomandibular division of the stapedial 
artery joins the distal part of the ventral pharyn-
geal artery, the future external carotid artery [72].

Over the seventh week, the two major divisions 
of the stapedial artery are annexed by the internal 
maxillary artery (from the external carotid artery) 
and the ophthalmic artery, respectively. The trunk of 
the maxillomandibular division becomes the stem 
of the middle meningeal artery. As the stapedial 
artery withers proximal to the stapes, its more distal 
stem becomes the superior tympanic branch of the 
adult middle meningeal artery. The hyoid artery, 
which gave rise to the stapedial artery, involutes to 
become a caroticotympanic branch of the internal 
carotid artery [72].

Clinical Applications
 – Anatomic topography and cochlear 

implant surgery: The tympanic nerve 
has a close anatomical relationship 
with the cochlea and represents a use-
ful marker in identifying the anterior 
and posterior parts of the basal seg-
ment of the scala tympani being of 
particular relevance in cochlear 
implantation [71].

 – Tympanic nerve section: For post- 
parotidectomy Frey syndrome (facial 
transpiration during eating) and croc-
odile syndrome (paradoxical gusta-
tory lacrimal reflex). In some 
anatomic situations, when the nerve is 
covered by bone, a hypotympanic 
drilling could be indicated to be able 
to do a total resection of the tympanic 
nerve.

 – Middle ear surgery and the importance 
of its preservation with its supposed role 
in aeration control and tympanoplasty 
success.

Clinical Application
Tympanic paragangliomas are mostly 
small-sized tumors originating from the 
tympanic plexus of the middle ear.

Clinically, these tumors are symptom-
atic as pulsatile tinnitus and conductive 
hearing loss. Tympanic paragangliomas are 
diagnosed by careful otoscopic examina-
tion; they appear as a reddish retrotym-
panic mass behind a translucent tympanic 
membrane.

Frequently, the glomus tumor is 
extended to the jugular plexus and the jug-
ular bulb. To determine the extensions of 
the entire tumor, computed tomography 
(Fig. 3.46) or magnetic resonance imaging 
is imperative, to decide of the need of a pre-
operative embolization.

3.5  Middle Ear Vessels
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a b

Fig. 3.46 (a) Transversal CT image of a left ear with IV con-
trast: large contrast uptake around the jugular vein (*) with 
erosion of the adjacent hypotympanic osseous structures 
(black arrow) and continuity with a process of the same den-

sity in the hypotympanum (white arrow). (b) Coronal CT 
reconstruction of the same ear: the process is extended along 
the entire tympanic membrane (short white arrow), encasing 
the mesotympanic ossicular chain. The attic is spared (long 
white arrow) and still aerated
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Fig. 3.47 Schema illustrating normal development of mid-
dle ear vessels. (a) Approximately 6  weeks. (b) 
Approximately 8 weeks. (c) Adult configuration. BOS base 
of skull, FH facial hiatus, SA stapedial artery, blue disk, otic 
capsule, HA hyoid artery, ICA internal carotid artery, FS 
foramen spinosum, VPA ventral pharyngeal artery, 1 supra-

orbital artery, 2 maxillomandibular artery, APA ascending 
pharyngeal artery, ITC inferior tympanic canaliculus, MMA 
middle meningeal artery, IMA internal maxillary artery, 
ECA external carotid artery, ITA inferior tympanic artery, 
CTA caroticotympanic artery, STA superior tympanic artery, 
S stapes

Persistent Stapedial Artery
Persistent stapedial artery is a rare vascu-
lar anomaly of the middle ear. The 
reported prevalence is of 0.5% in cadav-
eric studies [73] and less than the 0.02–
0.05% in surgical series [74, 75]. Usually 
asymptomatic, it may cause pulsatile tin-
nitus and hearing loss [76].

Normally, the stapedial artery atrophies 
by 3  months of fetal development; how-
ever, in very rare cases, it may persist as a 
1.5–2.0 mm branch of the petrous internal 
carotid artery [76].

A persistent stapedial artery arises 
from the petrous part of the internal 
carotid artery, enters the hypotympanum 
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Fig. 3.48 Schema illustrating the development of per-
sistent stapedial artery (PSA). (a) Embryonic phase: 
failure of development of foramen spinosum (*) and 
communication between maxillomandibular branch (2) 
of stapedial artery (SA) and ventral pharyngeal artery 
(VPA). (b) Adult configuration of persistent stapedial 

artery. BOS base of skull, FH facial hiatus, SA stapedial 
artery, HA hyoid artery, ICA internal carotid artery, 
APA ascending pharyngeal artery, ITC inferior tym-
panic canaliculus, MMA middle meningeal artery, IMA 
internal maxillary artery, ECA external carotid artery, S 
stapes

through the medial hypotympanic fissure, 
crosses the cochlear promontory, and 
passes through the obturator foramen of 
the stapes. It enters the Fallopian canal 
behind the cochleariform process and 
travels anteriorly with the greater superfi-
cial petrosal nerve to enter the middle cra-
nial fossa through the facial hiatus where 

it ends up as the middle meningeal artery 
(Fig. 3.48).

On CT studies, in case of a persistent sta-
pedial artery, the foramen spinosum will be 
absent [77] (Fig. 3.49).

If it occurs in cases of otosclerosis, it may 
render the acces to the footplate difficult, or 
even unfeasable (Fig. 3.50).

a

c d

bFig. 3.49 (a) Axial CT image left 
ear: typical otosclerosis in the 
fissula ante fenestram (black 
arrow), a rounded isodense 
structure in close contact with the 
footplate (white arrow), is not 
specific but raises the suspicion of 
a persistent stapedial artery; (b) 
coronal CT image of the same ear: 
atypical round soft tissue formation 
along the oval window niche 
(arrow); (c) absent foramen 
spinosum at the skull base (empty 
arrow) (d) compared with a normal 
image of the skull base: FO 
foramen ovale, FS foramen 
spinosum
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3.5.2  Anatomy of the Middle Ear 
Vessels (Fig. 3.54)

The blood supply of the middle ear and mastoid 
cavity originates from the internal and external 
carotid arteries. We recognize the following 
important feeding arteries of the middle ear:

3.5.2.1  The Anterior Tympanic  
Artery

The anterior tympanic artery is a terminal 
branch of the internal maxillary artery. It gives 
rise to an important branch, the ossicular branch, 
which provides the main blood supply for the 
malleus

a

Fig. 3.50 (a) Right ear otosclerosis with persistent stape-
dial artery (PSA). (a) The posterior half of the footplate is 
visible (*) and could be accessible for fenestration. (b) 

Left middle ear exploration showing persistent stapedial 
artery (black arrowheads) passing above the footplate; F 
facial nerve, st stapedial tendon

canaliculus, passing through the middle 
ear, it joins the horizontal petrous carotid 
artery anteriorly (Fig. 3.51). It appears as a 
red mass in the anteroinferior quadrant of 
the middle ear (Fig. 3.52). Otologists 
should be aware of the possibility of an 
aberrant ICA when the patient presents 
with a tympanic mass. If mistaken for a 
tumor and biopsied, the results can be 
disastrous. Imaging is required to make the 
differential diagnosis (Fig. 3.53).

A temporal bone CT scan in patients with 
carotid agenesis shows the complete absence 
of carotid bony canal (see Sect. 2.6.1.1).

Aberrant Internal Carotid Artery
An aberrant internal carotid artery (ICA) is 
a variant of the ICA that passes through the 
middle ear. Clinical signs and symptoms 
include pulsatile tinnitus, otalgia, aural 
fullness, vertigo and hearing loss [77, 78]. 
The most accepted theory of the etiology of 
an aberrant internal carotid artery is the 
agenesis of the vertical internal carotid 
artery with compensatory vascular commu-
nication branches of the developing exter-
nal carotid artery system. The ascending 
pharyngeal artery gives rise to the inferior 
tympanic artery, which is the aberrant 
internal carotid artery; then it enters the 
middle ear through the inferior tympanic 
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Fig. 3.51 Schema 
illustrating the development 
of aberrant internal carotid 
artery. (a) Embryonic phase, 
failure of development of 
vertical part of internal 
carotid artery (ICA). (b) 
Adult configuration of 
aberrant carotid artery. 
Notice the absence of 
development of the carotid 
canal. BOS base of skull, 
ICA internal carotid artery, 
APA ascending pharyngeal 
artery, ITC inferior tympanic 
canaliculus, MMA middle 
meningeal artery, IMA 
internal maxillary artery, 
ECA external carotid artery, 
ITA inferior tympanic artery

a b

c

Fig. 3.52 Case of left ear aberrant carotid artery. (a) 
Otoscopic view showing the carotid artery (black arrow) 
passing in the middle ear and in touch with the malleus. 
(b, c) Coronal CT reconstruction after iv contrast, (b) is 

slightly more posterior than (c): Comparison between 
the trajectory of the right and left ICA. Black arrow in 
(a) and white arrow in (b) show the intracavitary trajec-
tory of the aberrant internal carotid artery on the left

3.5  Middle Ear Vessels



104

3.5.2.2  The Posterior Auricular Artery
The posterior auricular artery is another branch 
of the internal maxillary artery which provides 
two branches to the vascular ring of the tympanic 
membrane. A posterior branch supplies most of 
the tympanic membrane, whereas the anterior 
branch supplies a lesser portion of the anterior 
and inferior region.

3.5.2.3  Branches of the Middle 
Meningeal Artery

3.5.2.3.1 The Superior Petrosal Artery
The superior petrosal artery enters the middle ear 
through the facial hiatus; it enters the Fallopian 

canal and provides blood supply to the geniculate 
ganglion and the tympanomastoid segment of the 
facial nerve. Also it provides vascularization of the 
incudostapedial joint and posterior part of stapes 
by giving rise to the superior and inferior arteries 
of the stapedial tendon and posterior crural artery.

3.5.2.3.2 The Superior Tympanic Artery
The superior tympanic artery enters the middle 
ear adjacent to the lesser petrosal nerve. The 
artery supplies the tensor tympani and a portion 
of the epitympanic space. It also forms an anasto-
motic plexus with the inferior tympanic artery, 
giving rise to the anterior stapedial artery and the 
anterior crural artery.

a

c

b

dc

Fig. 3.53 Transverse CT imaging of an aberrant internal 
carotid artery: (a) Dilatation of the tympanic canal 
(TC)  =  Jacobson’s canal, (b) by the inferior tympanic 
artery (TA), (c) that becomes the intratympanic carotid 

artery (ICA) in case of agenesis of the tympanic segment 
of the “true” internal carotid artery. (d) Mass effect of 
the intracavitary component on the ossicles
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3.5.2.4  The Caroticotympanic Arteries
The caroticotympanic arteries are branches of the 
internal carotid artery that pass through the bony 
wall of the carotid canal to enter the middle ear 
cleft and eventually anastomose with branches of 
the inferior tympanic artery.

3.5.2.5  The Inferior Tympanic Artery
The inferior tympanic artery is a branch of the 
ascending pharyngeal artery; it enters the middle 
ear cleft with the tympanic (Jacobson’s) nerve. 
This artery, along with the caroticotympanic 
arteries, provides the major blood supply to the 

mucosa of the promontory and the lower tym-
panic cavity (hypotympanum).

3.6  Middle Ear Mucosal Folds

In this section, a detailed description of the 
mucosal folds of the middle ear will be presented 
in order to clarify their anatomical organization. 
A good understanding of the anatomy of these 
folds and their relationships inside the middle 
ear cavity is fundamental in the learning process 
of functional middle ear surgery. These folds 

Fig. 3.54 Middle ear vessels. ICA internal carotid artery, 
LSCC lateral semicircular canal, OW oval window, RW 
round window, AER anterior epitympanic recess, STR 
supratubal recess, TTM tensor tympani muscle, ET 

Eustachian tube and incus. The anterior tympanic artery 
also gives rise to branches that supply the bone and 
mucosa of the superior and lateral walls of the epitym-
panic cavity
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delimit different compartments, spaces, and 
recesses, which will be described in detail in 
Chap. 4.

3.6.1  Mucosal Fold Development

Between the third and seventh fetal month, the mes-
enchymal tissue of the middle ear cleft is gradually 
absorbed. At the same time, the primitive tympanic 
cavity develops by a growth of an endothelium-
lined fluid pouch extending from the Eustachian 
tube into the middle ear. Four primary sacci bud out 
to define the different middle ear spaces. They are 
the saccus anticus, the saccus medius, the saccus 
superior, and the saccus posticus [79] (see Chap. 
4). These sacci or pouches start to enlarge in the 
middle ear cleft to replace the preexisting mesen-
chyme. The walls of the pouches become the muco-
sal lining of middle ear cavity. At the plane of 
contact between two neighboring pouches, mucosal 
folds are formed. Between the mucosal layers of the 
folds, there are remnants of the mesenchyme that 

will transform into ligaments and blood vessels 
supplying the “viscera” of the tympanic cavity.

3.6.2  Mucosal Fold Anatomy

Middle ear mucosal folds pass from the walls of 
the middle ear to its contents and carry ligaments 
and blood vessels to the ossicles. Bruce Proctor is 
the first to describe the development of the mid-
dle ear spaces [80]. However, his description and 
figures have been difficult to understand and to 
teach. The clinical relevance of these folds lies in 
their role in chronic inflammatory otitis and their 
impact on selective dysventilation syndrome and 
the pattern of cholesteatoma spread.

Despite the fact that these folds may orient 
the progress of middle ear pathologies, they 
are not true barriers against their extension. 
Hence the clear anatomic description is crucial 
to understand the topographic architecture of 
middle ear compartments (Figs.  3.55, 3.56, 
3.57 and 3.58).

Fig. 3.55 Superior view of a right middle ear, showing 
middle ear ossicles and their ligaments after removal of all 
mucosal folds. AML anterior malleal ligament, LML lat-
eral malleal ligament, PIL posterior incudal ligament, 

TTM tensor tympani muscle tendon, CP cochleariform 
process, PE pyramidal eminence, LSCC lateral semicircu-
lar canal, PB petrous bone. (Reproduced from Tos [81], 
(Fig. 83) with permission from Thieme publishers)
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Fig. 3.57 Posterolateral view of a right middle ear show-
ing middle ear ossicles and mucosal folds. SMF superior 
malleal fold, SIF superior incudal fold, LMF lateral mal-
leal fold, AMLF anterior malleal ligamental fold, MIF 

medial incudal fold, PIL posterior incudal ligament, M 
malleus, LP lateral process of the malleus. The dotted 
arrow represents the ventilation tract of the Prussak’s 
space

Fig. 3.56 Superior view of a right middle ear showing 
middle ear ossicles, ligaments, and mucosal folds. AML 
anterior malleal ligament, LML lateral malleal ligament, 
PIL posterior incudal ligament, TTM tensor tympani mus-
cle tendon, CP cochleariform process, PE pyramidal emi-

nence, LSCC lateral semicircular canal, TTF tensor 
tympani fold, AMLF anterior malleal ligament fold, LMF 
lateral malleal fold, SMF superior malleal fold, MIF 
medial incudal fold, LIMF lateral incudomalleal fold, SIF 
superior incudal fold, PIF posterior incudal fold
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Fig. 3.58 Right ear showing 
interossicular fold (IOF) 
extending between malleus 
handle (M) and long process of 
incus (I) and medial incudal 
fold extending between incus 
and stapes (S). P pyramidal 
process, t tendon, CT chorda 
tympani

There are two different types of mucosal 
folds: composite folds and duplicate folds.

• The composite folds, like the anterior mal-
leal ligament fold, the lateral malleal liga-
ment fold, and the posterior incudal fold, 
have an essential common feature: a com-
bination of a ligament and lining mucosa, 
with a varying degree of mucosal exten-
sion over the ligamental limits and ending 
with free edges. They are formed when 
the expanding air sacs meet the preexist-
ing ligament and cover it with mucosal 
membrane.

• The duplicate folds, like the tensor tympani 
fold (TTF) and lateral incudomalleal fold 
(LIMF), are thin mucosal structures arising 
from the fusion of two expanding air sac walls 
in the absence of any interposing structure. 
Their position changes because the extent of 
the expansion of each air sac varies in differ-
ent individuals [82, 83].

3.6.2.1  The Posterior Tympano-Malleal Fold
The posterior tympano-malleal fold, a ligamen-
tal fold, inserts on the posterior portion of the 

neck of the malleus. It involves the upper por-
tion of the handle of the malleus and merges 
superiorly with the downturn of the anterior 
portion of the lateral incudomalleal fold. It 
inserts posteriorly on the posterior tympanic 
spine and represents the medial wall of the pos-
terior pouch of von Tröltsch. Its medial edge 
envelops the posterior portion of the chorda 
tympani [84] (Fig. 3.59).

3.6.2.2  The Anterior Tympano-Malleal 
Fold

The anterior tympano-malleal fold arises from 
the anterior portion of the neck of the malleus 
and inserts anteriorly on the anterior tympanic 
spine. It forms the medial wall of the anterior 
pouch of von Tröltsch [84] (Figs. 3.59 and 3.60).

3.6.2.3  The Anterior Malleal Ligament 
Fold (AMF)

The anterior malleal ligament fold was described 
by von Tröltsch in 1856. It is part of the tympanic 
diaphragm. It originates from the neck of the 
malleus and extends to the anterior attic bony 
wall. It is reflected from the lateral wall of the 
middle ear over the anterior process and ligament 
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of the malleus and the anterior part of the chorda 
tympani. Its low posterior part is broad and repre-
sents the anterior limit of Prussak’s space [84] 
(Fig. 3.61).

3.6.2.4  The Lateral Malleal Ligament 
Fold (LMF)

The lateral malleal ligament fold is a thick fold; it 
is first described by Helmholtz in 1868 [86]. This 
fold starts from the middle portion of the neck of 
the malleus to develop a fanlike spread before 
attaching to the attic outer wall; posteriorly, it is 
confluent with the anterior descending portion of 
the lateral incudomalleal fold (Fig. 3.62).

This fold is usually complete; it represents the 
roof of the Prussak’s space and the floor of the 
lateral malleal space. It is considered to be strong 
to prevent progression of pars flaccida retraction 
pockets [87].

Defects in this fold, usually in its thin poste-
rior membranous part, are observed in 7%. In 
such cases, the defect provides a direct small 
communication between the upper and lower epi-
tympanic units [82, 83] (see Sect. 4.5).

3.6.2.5  The Superior Malleal Fold (SMF)
The superior malleal fold extends between the 
superior surface of the malleus head and the teg-
men in a transversal plane. It contains the supe-
rior malleal ligament and divides the attic into 
anterior and posterior parts (Figs. 3.56 and 3.57).

3.6.2.6  The Lateral Incudomalleal  
Fold (LIMF)

The lateral incudomalleal fold is a part of the 
tympanic diaphragm. It lies superiorly in relation 
to the lateral malleal ligament fold and separates 
the upper lateral attic space from the lower lateral 
attic space. The level of this fold is about 1 mm 
higher than the roof of the Prussak’s space [86]. 
This fold presents a defect in its anterior portion 
in about 20% of cases [83].

The lateral incudomalleal fold has a posterior 
and a lateral extension: posteriorly, it presents a 
horizontal extension to insert medially onto the 
body of the incus and the incudomalleal joint. 
Laterally, it inserts onto the medial surface of the 
bony wall of the scutum.

Fig. 3.60 Right ear after removal of pars flaccida to expose 
the Prussak’s space showing the lateral malleal fold (mlf) 
and the anterior malleal ligamental fold (amlf). IOF inter-
ossicular fold, M malleus, I incus, CT chorda tympani

Fig. 3.59 Lateral view of a right middle ear after removal 
of the tympanic membrane, showing the anterior (amf) and 
the posterior (pmf) malleal folds. as anterior tympanic 
spine, ps posterior tympanic spine. The yellow arrow rep-
resents the route of ventilation of the Prussak’s space (prs). 
Blue arrow represents the complete closure of the Prussak’s 
space floor anteriorly, mlf lateral malleal fold, amlf anterior 
malleal ligamental fold, ma manubrium. (Reproduced with 
modification from Marchioni [85], (figure 1). With kind 
permission from Springer Science and Business Media, 
Springer and the original publisher)
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The anterior portion of this fold bends infe-
riorly toward the neck of the malleus and 
merges with the posterior portion of the lateral 

malleal ligament fold, representing the poste-
rior limit of the lateral malleal space (Figs. 3.57, 
3.63 and 3.64).

Fig. 3.61 Superior 
view of a right middle 
ear showing the anterior 
malleal ligamental fold 
(AMLF). AML anterior 
malleal ligament, LML 
lateral malleal ligament, 
PIL posterior incudal 
ligament, TTM tensor 
tympani muscle tendon, 
CP cochleariform 
process, PE pyramidal 
eminence, LSCC lateral 
semicircular canal, PB 
petrous bone

Fig. 3.62 Superior 
view of a right middle 
ear showing the lateral 
malleal fold (LMF). 
AML anterior malleal 
ligament, LML lateral 
malleal ligament, PIL 
posterior incudal 
ligament, TTM tensor 
tympani muscle tendon, 
CP cochleariform 
process, PE pyramidal 
eminence, LSCC lateral 
semicircular canal, PB 
petrous bone

Fig. 3.63 Superior view of the right middle ear, showing 
the superior incudal fold (SIF), the medial incudal fold 
(MIF), the lateral incudomalleal fold (LIMF), and the pos-
terior incudal fold (PIF). TTM tensor tympani muscle, ST 

stapedial tendon, AML anterior malleal ligament, LML 
lateral malleal ligament, CP cochleariform process, VII 
facial nerve, * posterior incudal ligament, S stapes, PE 
pyramidal eminence, LSCC lateral semicircular canal
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3.6.2.7  The Medial Incudal Fold (MIF)
The medial incudal fold is located between the 
long process of the incus and the tendon of the 
stapedial muscle as far as the pyramidal emi-
nence (Fig. 3.63).

3.6.2.8  The Superior Incudal Fold (SIF)
The superior incudal fold extends like the supe-
rior incudal ligament from the superior surface of 

the incudal body to the tegmen (Fig.  3.63). It 
separates the lateral posterior attic from the 
medial posterior attic (Fig. 3.63).

3.6.2.9  Posterior Incudal Fold (PIF)
The posterior incudal fold is the fold that runs 
between the fibers of the posterior incudal liga-
ment (Fig. 3.63). It is a part of the tympanic dia-
phragm (Fig. 3.63).

3.6.2.10  The Tensor Tympani Fold 
(TTF)

The TTF is a major part of the tympanic dia-
phragm (Figs. 3.65 and 3.66). It arises posteriorly 
from the tensor tympani tendon, about 1.5  mm 
lower than the roof of Prussak’s space [88]. It 
runs anteriorly toward the anterior wall of the 
attic inserting into a transverse crest: the supra-
tubal ridge. Medially it inserts on the bony canal 
of the TTM, and laterally it inserts on the anterior 
malleal ligament. The lateral part of the tensor 
fold keeps a close relationship with the most 
anterior portion of chorda tympani. It separates 
the anterior epitympanic recess superiorly from 
the supratubal recess inferiorly.

Embryologically, the TTF results from the 
fusion of the saccus anticus and the anterior sac-
cule of the saccus medius. The inclination angle 
of the TTF varies between 80° and 120° depend-

Fig. 3.64 Transattic superior view of the right middle ear 
showing the inter-attico-tympanic diaphragm with the lat-
eral incudal fold (1), lateral malleolar fold (2), anterior 
malleolar fold (3), and the superior malleolar fold (black 
arrow). M malleus, I incus

Fig. 3.65 Superior view of a right middle ear showing 
the tensor tympani fold (TTF) that inserts posteriorly on 
the tensor tympani muscle tendon (TTM), laterally on the 
anterior malleal ligament (AML), and anteriorly on the 

anterior attic wall. LML lateral malleal ligament, PIL pos-
terior incudal ligament, CP cochleariform process, PE 
pyramidal eminence, LSCC lateral semicircular canal, PB 
petrous bone
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ing on the variable growth of each saccus [89, 
90]. The size of the supratubal recess and the 
anterior epitympanic recess is dependent on the 
vertical orientation of the TTF. The more vertical 
the TTF is, the wider is the supratubal recess [88] 
(Figs. 3.67 and 3.69). A horizontal TTF results in 

a very small or even inexistent supratubal recess 
[89]. A direct aeration of the epitympanum, from 
the supratubal recess through an incomplete TTF, 
prevents the development of attic dysventilation 
[90].

The peripheral portion of the TTF is thick, while 
the central portion is thin and transparent. Palva 
and colleagues stated that the TTF is incomplete in 
only 25% of ears; this allows a direct communica-
tion from the Eustachian tube and supratubal recess 
to the anterior epitympanic recess and then to the 
posterior attic (anterior route of attic aeration) 
(Figs. 3.70 and 3.71). In ears with a complete TTF, 
the anterior epitympanum and protympanum are 
totally separated. These ears lack the anterior route 
of aeration and become more susceptible of selec-
tive dysventilation syndrome (see 4.8.1.1).

3.6.3  The Tympanic Diaphragm

Chatellier and Lemoine introduced the concept 
of the “epitympanic diaphragm” in 1946 [91] that 
raised the modern theories of tympanic ventila-
tion. The authors described how the diaphragm 
was made up of various fold structures and mem-
branous ligament that form together with the 
malleus and the incus the floor of the epitym-
panic compartment.

Fig. 3.66 Left ear showing the tensor tympani fold 
(TTF) extending between the tensor tympani muscle canal 
(TTM) to the lateral wall of middle ear and from the ten-
sor tympani tendon (t) to the anterior wall. M malleus, I 
incus, CT chorda tympani, * cochleariform process. 
Courtesy Dr Murthy Sreeram

Fig. 3.67 Lateral view of a left ear showing the tensor 
tympani fold (*) with its variable anterior insertion (1 high 
insertion, 2 intermediate insertion, 3 low insertion). The 
variable insertion of the TTF determines the volume of the 
anterior epitympanic recess (AER) which lies above the 
TTF and the supratubal recess (STR) which lies below the 
TTF. TTM tensor tympani muscle, M malleus, GG genicu-
late ganglion

Fig. 3.68 Superior view of a right middle ear showing the 
tympanic diaphragm. Amlf anterior malleal ligament fold, 
TTF tensor tympani fold, LMF lateral malleal fold, Lat. 
IMF lateral incudomalleal fold, PIF posterior incudal 
fold, t tensor tympani muscle tendon, CP cochleariform 
process, S stapes, I incus, M malleus, VII facial nerve, 
LSCC lateral semicircular canal, SP short process of incus
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Palva et al. revised Chatellier’s concept of the 
epitympanic diaphragm and added two other 
important folds: the TTF and the lateral incudom-
alleal fold [92, 93]. According to them, the com-
plete tympanic diaphragm is made up of the three 
malleal ligament folds (anterior, lateral, and pos-
terior), the posterior incudal fold, the TTF, the 
lateral incudomalleal fold, and the incus and the 
malleus [88, 94] (Figs. 3.68 and 3.72).

The tympanic diaphragm is not fully horizon-
tal because its components are on different levels. 
It separates the upper unit of the attic superiorly 
from the mesotympanum and the lower unit of the 
attic, the Prussak’s space, inferiorly. The lateral 
malleal fold separates Prussak’s space from the 
upper unit of the epitympanum; this is why we 

call the Prussak’s space the lower unit of the attic 
[88] (see Sect. 4.5).

The lateral incudomalleal fold separates the 
epitympanum and mesotympanum in the poste-
rior part of the tympanic cavity, and the tensor 
fold separates the epitympanum from the pro-
tympanum in the anterior part of the tympanic 
cavity. All the compartments delimited by the 
epitympanic diaphragm receive air through the 
only ventilation way that is always present, the 
tympanic isthmus route, located between the 
medial aspect of the posterior incudal ligament 
and the tensor fold. Post-inflammatory pathologi-
cal and irreversible changes may involve the tym-
panic diaphragm ventilation routes to promote 
chronic middle ear diseases.

a b

Fig. 3.69 Sagittal reconstructions showing different degrees of inclination of the TTF (white arrow) between the STR 
(o) and the AER (*), resulting in different sizes of both compartments. Cog (empty arrow), EAC external auditory canal

Fig. 3.70 Superior 
view of a right middle 
ear showing incomplete 
tensor tympani fold 
(TTF). AML anterior 
malleal ligament, LML 
lateral malleal ligament, 
PIL posterior incudal 
ligament, TTM tensor 
tympani muscle tendon, 
CP cochleariform 
process, PE pyramidal 
eminence, LSCC lateral 
semicircular canal, PB 
petrous bone
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3.6.4  The Tympanic Isthmus

The mesotympanum is connected with the 
Eustachian tube. However, the attic and the mas-
toid are isolated from the mesotympanum by the 
tympanic diaphragm. Attic aeration occurs 
through a 2.5 mm opening in the tympanic dia-
phragm called the tympanic isthmus (Fig. 3.73).

The entire attic is ventilated through the 
tympanic isthmus. The Prussak’s space is venti-
lated through the posterior pouch of von 
Tröltsch [92, 94].

The tympanic isthmus extends from the tensor 
tympani muscle anteriorly to the posterior incu-
dal ligament posterosuperiorly and the pyramidal 
eminence posteroinferiorly. The distance from 
the TTM to the anterior edge of the posterior 
incudal ligament is around 6 mm [88]. The tym-
panic isthmus is limited medially by the attic 
bone and laterally by the body and short process 
of the incus and the head of the malleus.

The tympanic isthmus is divided by the medial 
incudal fold into two portions (Fig. 3.73):

3.6.4.1  The Anterior Tympanic Isthmus
The anterior tympanic isthmus, most important, 
is situated between the TTM anteriorly and the 
stapes posteroinferiorly. The diameter of this 
pathway is from 1 to 3 mm (Fig. 3.73).

3.6.4.2  The Posterior Tympanic 
Isthmus

The posterior tympanic isthmus, less important, 
is situated between the short process of the 
incus and the stapedial muscle [80, 92]. The 
posterior tympanic isthmus is inconstant and 
often closed by the posterior tympanic fold; 
when it is open, it can have a role in the aeration 
of the upper retrotympanum, epitympanum, 
and the mastoid through the incudal fossa 
(Figs. 3.73, 3.74 and 3.75).

Fig. 3.71 Left ear endoscopic exploration where the 
endoscope is placed anterior to the malleus handle (M) to 
show the tensor tympani fold (TTF) which is incomplete 
(black arrow). ET Eustachian tube, STR supratubal recess, 
TTM tensor tympani muscle, t tensor tympani tendon, * 
cochleariform process

Fig. 3.72 Superior view of a right middle ear showing 
the tympanic diaphragm. AMLF anterior malleal ligament 
fold, TTF tensor tympani fold, LMF lateral malleal fold, 
LIMF lateral incudomalleal fold, AML anterior malleal 

ligament, LML lateral malleal ligament, PIL posterior 
incudal ligament, TTM tensor tympani muscle tendon, CP 
cochleariform process, PE pyramidal eminence, LSCC 
lateral semicircular canal, PB petrous bone
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The middle ear cavity is anatomically and 
functionally not only a sole chamber, but a com-
plex of interconnected compartments. The objec-
tive of this chapter is to present a detailed and 
exhaustive description of these compartments, 
their frontiers, their relationship, and their com-
munication pathways in order to better under-
stand the pathogenesis of inflammatory middle 
ear diseases and cholesteatoma.

The middle ear cavity used to be divided into 
five compartments: the mesotympanum in the 
center, the epitympanum superiorly, the protym-
panum anteriorly, the hypotympanum inferiorly, 
and the retrotympanum posteriorly (Fig. 4.1).

However, based on the descriptive anatomy of 
the middle ear folds (see Chap. 3), this chapter 
will illustrate several anatomo-functional units 

inside the middle ear beyond the traditional divi-
sion of its compartments, due to the implications 
of the tympanic diaphragm. A new comprehen-
sive knowledge of such a functional anatomy 
remains the key of success of any middle ear 
reconstructive surgery.

4.1  Embryology of Middle Ear 
Compartments

The tympanomastoid system appears in the third 
week of life from an outpouching of the first pha-
ryngeal pouch called the tubotympanic recess. 
The endodermal tissue of the dorsal end of this 
pouch becomes the Eustachian tube and the tym-
panic cavity [1].
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By the seventh week, a concomitant growth of 
the second pharyngeal arch constricts the mid-
portion of the tubotympanic recess, placing the 
primary tympanic cavity lateral to this constric-
tion and the primordial Eustachian tube medial to 
this constriction [1]. The future development of 
the Eustachian tube is marked by a lengthening, a 
narrowing, and a mesodermal chondrification to 
establish the fibrocartilaginous Eustachian tube 
(see Sect. 7.1).

The terminal end of the tubotympanic recess 
buds into four sacci: the saccus anticus, the sac-
cus medius, the saccus superior, and the saccus 
posticus [1–3]. These sacci expand progressively 
to replace middle ear and mastoid mesenchyme 
(Fig. 4.2). As described in the previous chapter, 
the walls of the expanding sacci envelop the 
ossicular chain and line the walls of middle ear 
cavity; the interface between two sacci gives rise 
to several mesentery-like mucosal folds, trans-
mitting blood vessels and ligaments to middle ear 
contents.

4.1.1  The Saccus Anticus

The saccus anticus is the smallest saccus. It 
extends upward anterior to the tensor tympani 
tendon to form the anterior epitympanic recess 
and the anterior pouch of von Tröltsch. At the 
level of the tensor tympani muscle canal, it fuses 
with the anterior saccule of the saccus medius to 
form the important mucosal fold, the tensor 
tympani fold. The tensor tympani fold separates 
the anterior epitympanic recess superiorly from 
the supratubal recess inferiorly [2] (Figs.  4.2 
and 4.3).

4.1.2  The Saccus Medius

The saccus medius forms the attic. It extends 
upward and divides into three saccules:

 1. Anterior saccule: It develops upward to form 
the anterior compartment of the attic.
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 2. Medial saccule: It forms the superior incudal 
space by its growth over the incudomalleal 
bodies and the posterior incudal ligament. The 
medial saccule sends an offshoot forward to 
form Prussak’s space.

 3. Posterior saccule: It extends posteriorly 
between the long process of the incus and the 
stapes to form the medial portion of the 
 mastoid antrum which is derived from the 
petrous part of the temporal bone [2] (Figs. 4.2 
and 4.3).

4.1.3  The Saccus Superior

The saccus superior extends posteriorly and lat-
erally between the handle of the malleus and the 
long process of the incus to form the posterior 
pouch of von Tröltsch, the inferior incudal space, 
and the lateral part of the antrum which derives 
from the squamous part of the temporal bone.

The plane of fusion between the posterior 
saccule of the saccus medius (which forms the 
medial part of mastoid air cell system) and the 
saccus superior (which forms the lateral part of 
mastoid air cell system) usually breaks down. 

If the breakdown fails, a bony septum persists 
between the two parts, called Koerner’s septum 
[2] (Figs. 4.2 and 4.3).

4.1.4  The Saccus Posticus

The saccus posticus extends along the hypotym-
panum and rises up posteriorly to form the 
round window niche, the oval window niche, 
the facial recess, and the sinus tympani. The 
sinus tympani has a variable size and depth pos-
teriorly; this variation is dependent on the 
degree of extension of the saccus posticus under 
the stapedial tendon during fetal development 
[2] (Figs. 4.2 and 4.3).

4.2  The Protympanum

4.2.1  Development 
of the Protympanum

True ossification of the protympanum walls starts 
only at the 18th fetal week since it depends of the 
bone growth of the otic capsule.
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Starting the 21st fetal week, the walls of the 
protympanum are built up by several processes of 
the petrous bone (Fig. 4.4):

 1. The tegmental plate forming the roof of the 
protympanum

 2. The superior lamina forming the lateral side 
of the carotid canal

 3. The inferior lamina of carotid canal forming 
the inferomedial wall

The medial wall of the protympanum is cre-
ated by the promontory itself.

Similarly, from the 23rd fetal week on, the 
canal of the tensor tympani muscle forms from 
the superior and inferior laminae. In addition, the 
tegmen tympani and promontory help to com-
plete the formation of the superior and medial 
walls of the protympanum, respectively.

4.2.2  Anatomy of the Protympanum

The protympanum is the middle ear compartment 
that lies anterior to a frontal plane drawn through 

the anterior margin of the tympanic annulus 
(Fig. 4.1). This space is widely open posteriorly 
into the mesotympanum and leads anteriorly into 
the Eustachian tube. We include into the protym-
panum the whole bony portion of the Eustachian 
tube which is 1 cm long in adults.

The protympanum starts superior to a bony 
ridge called protiniculum, extending from the 
promontory on the medial wall to the lateral wall. 
The protiniculum extends from the funiculus 
posteriorly to the Eustachian tube orifice anteri-
orly. The protiniculum marks the end of the most 
anterior hypotympanic air cells (Fig. 4.5).

4.2.2.1  Walls of the Protympanum
The protympanum is situated between its lateral 
bony wall, the lateral lamina, a thin plate of the 
tympanic bone (which separates the protympa-
num from the mandibular fossa), and its medial 
wall, with the cochlea posteriorly and the carotid 
canal anteriorly. Its roof is composed of the bony 
semicanal for the tensor tympani muscle and the 
tensor tympani fold. The TTF separates the pro-
tympanum from the anterior epitympanic recess 
(Fig. 4.6).

Fig. 4.4 A schematic 
drawing illustarting the 
development of the 
protympanum from several 
processes of the petrous 
bone: 1 tegmental plate,  
2 superior lamella,  
3 inferior lamella,  
M tensor tympani muscle, 
TR tubotympanic recess

4.2  The Protympanum
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Surgical Boundaries of the Protympanum
• Superior: the tegmen tympani and entire tensor 

tympani canal, merging posteriorly and includ-
ing the supratubal recess delimited here by the 
tensor fold.

• Inferior: from the protiniculum (an oblique 
bony ridge demarcating the transition between 
protympanum and hypotympanum).

• Anterior: confluent with the junctional and car-
tilaginous portion of the ET.

• Posterior: confluent with the mesotympanum.
• Medial: the cochlea posteriorly and the lateral 

wall of the carotid canal anteriorly, extending 
from the caroticocochlear recess, with carotico-
tympanic vessels and nerves including anterior 
branches from Jacobson’s nerve (IX).

• Lateral: called the lateral lamina separating this 
space from the mandibular fossa and extending 
to the anterior annulus, from the level of the pro-
tiniculum inferiorly to the anterior limit of the 
notch of Rivinus at the anterior tympanic spine. 
It is more commonly convex toward the lumen, 
but may also be concave. A convex conformation 
appears to result in a narrower lumen and may 
obstruct the view of the anterior boundary.
In conditions when the tensor tympani bony 
canal is prominent and raised superiorly, an 
area of pneumatization is developed in the 
protympanum, mostly recognized with endos-
copy, inferomedial to the tensor tympani 
canal, and it is called the subtensor recess 
(SbTR) (Fig. 4.7).

Fig. 4.5 The protympanum starts superior to a bony 
ridge called protiniculum (P), extending from the prom-
ontory (Pro.) on the medial wall to the lateral wall. The 
protiniculum marks the end of the hypotympanum. T teg-
men, TTC tensor tympani muscle canal, M malleus

Fig. 4.6 Endoscopic view of a left cadaveric middle ear 
showing the protympanum (Pro) which is limited superi-
orly by the canal of the tensor tympani muscle (TTM) and 
the tensor tympani fold (TTF). (*) cochleariform process, 
M malleus, I incus, P promontory, RW round window, CT 
chorda tympani

Anatomic Variants: Carotid Canal Dehiscence
Carotid canal dehiscence on the medial wall of 
the protympanum has been identified in up to 
7.7% of temporal bones and was more com-
mon in patients younger than 2 years and older 

Fig. 4.7 Endoscopic picture of a left ear showing the 
subtensor recess (blue arrow). T tegmen, TTC tensor tym-
pani muscle canal, M malleus
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4.2.2.2  The Supratubal Recess (STR)
The supratubal recess is the superior extension of 
the protympanum. It corresponds to the space lying 
between the superior border of the tympanic orifice 
of the Eustachian tube and the tensor tympani 
fold. It lies below the anterior attic from which it 
is separated by the tensor tympani fold (TTF).

The size of the supratubal recess depends on 
the anatomy of the TTF (see Sect. 3.6.2.10). The 
TTF forms the roof of the protympanum and has 
variable orientations depending on the level of its 
anterior insertion. For instance, a more horizontal 
TTF results in a small or even absent supratubal 
recess, and a more vertical TTF gives place to a 
large supratubal recess [6–8] (see Fig. 3.68).

4.3  The Hypotympanum

The hypotympanum is a crescent-shaped space 
located at the bottom of the middle ear. It extends 
from the funiculus posteriorly to the protinicu-
lum inferiorly and the Eustachian tube orifice 
anteriorly.

The craniocaudal dimension of the hypotym-
panum is variable from 1 to 6 mm, the anteropos-
terior distance is 10  mm, and the mediolateral 
diameter is 4 mm.

4.3.1  Walls of the Hypotympanum

• The anterior wall is formed by the carotid 
canal medially.

• The posterior wall is formed by the funicu-
lus and the inferior part of the styloid com-

plex. The funiculus separates the sub- 
tympanic sinus from the hypotympanum. 
Frequently, the posterior wall of the hypo-
tympanum is pneumatized by air cells (retro-
facial air cells) which extend from the 
mastoid antrum to the hypotympanum medial 
to the facial nerve. The posterior wall of the 
hypotympanum corresponds to a vertical 
plane from the posterior semicircular canal 
to the junction of the sigmoid sinus with the 
jugular bulb.

• The lateral wall is formed by the tympanic 
bone.

• The medial wall is formed by the lower 
part of the promontory and a part of the 
petrous bone which extends under the 
promontory. This wall is usually pneuma-
tized; its air cell system may extend beneath 
the cochlea to reach the petrous apex air 
cells (Fig. 4.8).

• The inferior wall or the floor is dome 
shaped and corresponds to a thin bony plate 
separating the hypotympanum from the jug-
ular bulb (Fig. 4.8). In cases of a high jugu-
lar bulb, the hypotympanum is significantly 
reduced in size.

than 40  years [4]. The dehiscence generally 
arises from a failure of the laminae to fuse 
congenitally. The mean thickness of the thin-
nest bone overlying the carotid artery was 
1.5 mm (range 0–3 mm), and bulging of the 
carotid artery into the protympanum was 
barely mentioned in 31%, moderately notice-
able in 56%, and markedly noticeable in only 
13% [5] ( See also Sect. 3.5.1.).

Fig. 4.8 Endoscopic view of a left ear showing the hypo-
tympanum and some hypotympanic cells. Notice that the 
hypotympanum lies below the level of the tympanic sul-
cus (S). In this case, the inferior wall of the hypotympa-
num is smooth and consists of a thin plate of bone 
separating the middle ear from the jugular bulb. RW round 
window
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Normally, the hypotympanum is occupied by 
trabeculae of variable heights usually about 
7–9  mm, and the anterior long ones are called 
trabeculae longae, whereas the posterior long 
ones are called trabeculae profundae. When the 
trabeculae are absent, the jugular wall raises up to 
the cochlear capsule. After opening the hypotym-
panum, surgery is safe when the trabeculae are 
present, because the jugular dome is 6 mm deeper 
and the sigmoid sinus is posterior.

4.3.2  Air Cells in the 
Hypotympanum

The air cells of the hypotympanum are divided 
into the following.

4.3.2.1  Hypotympanic Air Cells
The hypotympanic air cells, present in the medial 
and inferior wall of the hypotympanum, may 
extend below the labyrinth to reach the petrous 
apex cells (infralabyrinthine tract) (Fig. 4.10 and 
see Fig. 2.21b).

4.3.2.2  Retrofacial Cells
The retrofacial cells extend from the mastoid 
tract posterior and medial to the facial nerve and 
drain into the hypotympanic cells.

By dissecting these cells, one is able to iden-
tify the facial nerve, the endolymphatic sac, and 
the lateral portion of the jugular bulb. Once the 
Fallopian canal is identified, removal of the retro-
facial air cells between the facial nerve and the 
jugular bulb determines the feasibility of a retro-
facial approach toward the sinus tympani or the 
petrous apex aiming the eradication of otherwise 
hidden disease.

The boundaries of the retrofacial approach 
include the facial nerve and stapedius muscle 

Anatomical Variants
In 16% of cases, the bony jugular wall is 
dehiscent; the surgeon should be very care-
ful during cholesteatoma surgery while ele-
vating the matrix or removing the disease. A 
high jugular bulb may be associated with an 
anteriorly placed sigmoid sinus, in such 
case translabyrinthine and intact Fallopian 
bridge techniques are challenging (Fig. 4.9).

Fig. 4.9 Axial CT image passing by a very prominent 
jugular bulb (VJB) that is in contact with the tympanic 
membrane (white arrow), associated with an anteriorly 
advanced sigmoid sinus (SS), leading to a significant 
decrease of the thickness of the retro metal tympanic bone 
(double headed arrow)

Fig. 4.10 Endoscopic view of a right ear showing hypo-
tympanic cells in the inferior and medial wall of the hypo-
tympanum. M malleus, I incus, S stapes, CT chorda 
tympani, VII tympanic segment of the facial nerve

Surgical Applications: Infracochlear Approach
Through a transcanal hypotympanotomy, 
removal of the bone and the cells of the 
medial wall of the hypotympanum, between 
the carotid artery anteriorly and the jugular 
bulb posteriorly, offers a direct surgical 
approach for the drainage of the petrous 
apex [9–11].
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laterally, the lateral semicircular canal superi-
orly, the posterior semicircular canal postero-
medially, the vestibule anteromedially, and the 
jugular bulb inferiorly. When the sinus tympani 
is well developed, saucerization within these 
boundaries gives wide access into the sinus tym-
pani and round window niche [12].

4.4  The Retrotympanum

The retrotympanum is the most complex com-
partment of the middle ear. It includes several 
separate spaces lying in the posterior aspect of 
the tympanic cavity, medial and posterior to the 
tympanic annulus (Fig. 4.1). The retrotympanum 
is the site of the highest incidence of middle ear 
pathologies especially retraction pockets and 
cholesteatoma (Fig. 4.11).

From an anatomical point of view, the retrotym-
panum consists of lateral and medial spaces rela-
tive to the facial nerve and pyramidal eminence:

• Two lateral spaces lying lateral to the VII and 
the pyramidal eminence

• Two medial spaces lying medial to the vertical 
segment of the VII and the pyramidal eminence

These spaces are separated from each other by 
the posterior wall bridges and eminences of the 
middle ear cavity. The pyramidal eminence is the 
fulcrum of the retrotympanum (Fig.  4.12) (see 
Sect. 2.4.2).

Surgical Application: Retrofacial 
Hypotympanotomy
Dissecting the retrofacial cells medial to 
the vertical segment of the facial nerve 
between the jugular bulb inferiorly and the 
posterior semicircular canal superiorly pro-
vides a good access to the hypotympanum 
and the related structures without transpos-
ing the facial nerve or taking down the pos-
terior external auditory canal wall 
(retrofacial hypotympanotomy) [13]. A 
high-riding jugular bulb obstructs this 
approach (see Fig. 2.20).

Fig. 4.11 Otoscopic view of a left ear showing adhesive 
otitis media and a posterior pars tensa retraction pocket 
into the retrotympanum (*). I incus with lysis of its long 
process, M malleus, S stapes, P pyramidal eminence, RW 
round window
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Fig. 4.12 Schematic drawing of the retrotympanum as 
viewed from the mesotympanum. PE pyramidal emi-
nence, CE chordal eminence, SE styloid eminence, VII 
tympanic segment of facial nerve, * second genu of 
facial nerve, FI fossa incudis, In.b. incudal buttress, PTS 
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4.4.1  Lateral Spaces

The lateral spaces of the retrotympanum form the 
facial recess. The facial recess is bordered medi-
ally by the facial nerve canal and the pyramidal 
eminence and laterally by the chorda tympani.

• Superiorly, the facial recess is bounded by the 
incudal buttress, bony boundary of the incudal 
fossa, which lodges the short process of the 
incus. The incudal buttress separates the facial 
recess from the aditus ad antrum.

• Inferiorly, the facial recess is limited by 
the chordo-facial angle which varies from 
18 to 30°.

The distance between the origin of the chorda 
tympani and the short process of the incus ranges 
from 5 to 10 mm [14].

The size of the facial recess is variable among 
individuals; however, it does not differ between 
age groups ranging from newborns to adults, 
indicating that it is near adult size at birth [15–
17]. It measures about 2 mm latero-medial at the 
level of the round window and 3 mm at the level 
of the oval window [18, 19].

The chordal ridge, which runs between the 
pyramidal eminence and the chordal eminence, 
divides the facial recess into the facial sinus 
superiorly and the lateral tympanic sinus 
inferiorly.

4.4.1.1  Facial Sinus
The facial sinus is the superior part of the facial 
recess. It is a small pouch that is situated between 
the incudal buttress superiorly, the chordal ridge 
inferiorly, and the second genu of the facial nerve 
medially. There is no connection of the facial 
sinus with the air cells of the aditus, the attic or 
mastoid process.

4.4.1.2  Lateral Tympanic Sinus
The lateral tympanic sinus is the inferior part of 
the facial recess and is the most lateral and nar-
rowest sinus of the retrotympanum. It occupies 
the space between the three eminences: pyrami-
dal eminence, styloid eminence, and chordal 

eminence. It lies medial to the chordal emi-
nence, inferior and lateral to the pyramidal emi-
nence, and superior to the styloid eminence. The 
craniocaudal dimensions of the lateral tympanic 
sinus vary from 1.5 to 2.5 mm [20, 21]; it does 
not have connection with the attic or the antrum.

4.4.2  Medial Spaces

The medial spaces of the retrotympanum are 
divided in two areas: the superior retrotympanum 
and the inferior retrotympanum.

4.4.2.1  The Superior Retrotympanum
Also called the tympanic sinus, it includes the 
depressions in the posterior wall of the middle 
ear that lies between the facial nerve and pyrami-
dal eminence laterally and the labyrinth medially 
(Figs.  4.12, 4.14, and 4.15). The ponticulus, 
which runs from the promontory to the pyramidal 
eminence, divides the tympanic sinus in two 
spaces: the posterior tympanic sinus superiorly 
and the sinus tympani inferiorly.

Surgical Application: Transmastoid Posterior 
Tympanotomy or Facial Recess Approach
The facial recess serves as a posterior win-
dow to reach the middle ear from the mas-
toid cavity, enabling the visualization of 
the oval window and ponticulus superiorly 
and the round window and subiculum infe-
riorly. This important surgical approach is 
called transmastoid posterior tympanot-
omy; it is done by a transmastoid drilling of 
the posterior wall of the facial recess, 
between the chorda tympani laterally and 
the facial nerve medially (Fig. 4.13).

In cases of a narrow facial recess or 
incomplete exposure of the targeted middle 
ear structure, an extended facial recess 
approach could be done. In this technique, 
the chorda tympani nerve is sacrificed, and 
the space between tympanic annulus and 
the VII nerve is drilled out.

4 Middle Ear Compartments
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4.4.2.1.1 Posterior Tympanic Sinus
The posterior tympanic sinus is present in most 
middle ears [22]; it lies superior to the ponticu-
lus and medial to the pyramidal eminence and 
facial nerve. It is about 1 mm deep and about 
1.5 mm long [23]. In ears where the ponticulus 
does not reach the posterior wall of the middle 
ear, the posterior tympanic sinus merges with 

the sinus tympani to form one confluent sinus 
(in 10% of the population) [23].

Chordofacial
angle

Chorda
tympani

Posterior tympanotomy

Incus

LSCC

Mastoid segmentDigastric ridge

Fig. 4.13 Left ear, transmastoid posterior tympanotomy (*). b incudal buttress, LSCC lateral semicircular canal

a b

Fig. 4.14 (a) A transversal computed tomography show-
ing the distance (red double arrow) between the chorda 
tympani (long white arrow) and the mastoid segment of 
the facial nerve (VII); facial recess (short arrow), annulus 
tympani (arrowhead). (b) Sagittal reconstruction of a 
computed tomography showing the emergence of the 

chorda (black arrow) from the facial nerve (VII), the 
chordo-facial angle, and the bony wall (circle) between 
the chorda and the VII (facial recess approach). Facial 
recess (white arrow), short process of the incus (arrow 
head) LSCC lateral semicircular canal, PSCC posterior 
semicircular canal, EAC external auditory canal

Surgical Application
During middle ear surgery, section of the 
stapedial tendon and drilling of the pyrami-
dal process may be required to reach the 
posterior tympani sinus.

4.4  The Retrotympanum
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4.4.2.1.2 The Sinus Tympani
The sinus tympani is the largest sinus of the ret-
rotympanum. It lies medial to the mastoid portion 
of the facial nerve and lateral to the posterior 
semicircular canal. It is limited superiorly by the 
ponticulus and the pyramidal eminence and infe-
riorly by the subiculum and the styloid 
eminence.

The sinus tympani has a great variability in 
size and shape and depth. Its posterior extension 
varies between 0.2 and 10 mm with an average of 
2 mm [24–26] (Fig. 4.16).

Fig. 4.15 Endoscopic view of a right middle ear showing 
the different sinuses and recesses of the retrotympanum. 
PTS posterior tympanic sinus, ST sinus tympani, LTS lat-
eral tympanic sinus, FS facial sinus, PE pyramidal emi-
nence, SE styloid eminence, 1 ponticulus, 2 subiculum, 3 
pyramidal ridge, 4 chordal ridge, OW oval window, RW 
round window, S stapes, T stapedial tendon, Pr promon-
tory, HC hypotympanic cells, VII facial nerve

Sinus Tympani Types and Surgical 
Approaches
Based on its depth, the sinus tympani is 
classified into three types with an equal fre-
quency in the general population [27, 28] 
(Fig. 4.16).

 – Type A is a shallow sinus tympani; it is 
small and does not reach the level of the 
vertical portion of the facial nerve poste-
riorly. In such cases, surgical transcanal 
access to the sinus tympani is feasible.

 – Type B sinus tympani is of intermediate 
depth; it lies medial to the vertical por-
tion of the facial nerve but does not 
extend posteriorly deeper than the level 
of the facial nerve. A total and clear visu-
alization of such sinus tympani could not 
be achieved without the use of an endo-
scope. Any blind dissection in the sinus 
tympani without endoscopic visualiza-
tion carries a risk of residual disease or a 
possible injury to a dehiscent facial nerve 
or a high jugular bulb [29].

 – Type C sinus tympani is very deep; it 
extends posteriorly more deeply than the 
vertical portion of the facial nerve. This 
type is frequently encountered in a well- 
pneumatized mastoid. Despite the use of 
an otoendoscope, the pathology of such 
deep sinus could not be explored entirely 
from the middle ear; therefore, access 
should be obtained through a transmastoid 
retrofacial approach. This approach 
requires enough distance of more than 
2  mm between the facial nerve and the 
posterior semicircular canal (see example 
Fig. 2.20); otherwise, these structures 
could be easily injured. To access the ST 
posterior from the mastoid, it is necessary 
to dissect the compact bone at the area 
located in a triangle formed by the FN, 
LSCC, and PSCC. The dimensions of this 
triangle are almost constant. This triangle 
seems to be isosceles with edges of 5 mm. 
This allows the surgeon a sufficient area 
for bony dissection. Nevertheless, the sur-
gical access to the ST mainly depends on 
the posterior extension of the sinus. The 
more the sinus extends posterior, the less 
will the bone be dissected. The distances 
from the posterior wall of the ST to the 
LSCC dome, PSCC dome, and FN are, on 
average, 4.3, 4.8, and 3.4 mm, respectively 
[30].

4 Middle Ear Compartments
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4.4.2.2  The Inferior Retrotympanum
It includes the space situated between the subic-
ulum superiorly and the finiculus inferiorly.

 – The subiculum (from latin, ‘‘support’’) 
extends from the posterior pillar towards the 
styloid proeminence, limiting the sinus tym-
pani inferiorly.

 – The finiculus (from latin, ‘‘borderline’’) 
extends from the anterior pillar toward the 
jugular dome, separating the retrotympanum 
from the hypotympanum.

The inferior retrotympanum includes the 
following:

4.4.2.2.1 The Sinus Sub-tympanicus
Defined as an anatomical space between the 
subiculum superiorly and the finiculus inferiorly, 
developing medially and posteriorly with respect 
to the styloid eminence, forming a deep space 
into the retrotympanum. It lies inferiorly with 
respect to the subiculum and becomes confluent 
medially with the round window niche.

The sinus sub-tympanicus lies inferiorly to the 
sinus tympani, forming a well delineated space 
(Fig. 4.17) between:

 – The subiculum superiorly and posteriorly
 – The finiculus inferiorly and anteriorly
 – The styloid prominence posteriorly and 

inferiorly

4.4.2.2.2 The “Subcochlear Canaliculus” 
Confound with the “Proctor’s 
Area Concamerata”

The fustis (from latin, ‘‘club’’) is a smooth bony 
structure, which forms the floor of the round win-
dow chamber and seems to indicate the entrance 
to the round window niche. The structure links 
the styloid proeminence with the basal turn of the 
cochlea (Fig. 4.17). Between the fustis and the 
finiculus, often a subcochlear canaliculus is seen 
(Figs. 4.18, 4.19 and 4.20), which is a tunnel that 

a b c

Fig. 4.16 Transversal computed tomographic view of 
right ears with different depths of the sinus tympani. (a) 
Type A, (b) Type B, (c) Type C. Deepest point of the sinus 
tympani (thick black arrow), facial nerve (white arrow), 
round window membrane (thin black arrow), posterior 

semicircular canal PSCC (*). The red double arrow in (a) 
represents the distance between the facial nerve and the 
PSCC.  The red arrow in (c) represents the retrofacial 
approach to the sinus tympani

Fig. 4.17 The sinus sub-tympanicus (white circle) lies 
inferiorly to the sinus tympani (ST), forming a well- 
delineated space between the subiculum superiorly and 
posteriorly and the funiculus inferiorly and anteriorly, the 
styloid eminence (SE) posteriorly and inferiorly. RW 
round window, PE pyramidal eminence

4.4  The Retrotympanum
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onnects the inferior retrotympanum with the 
petrous apex via a series of pneumatized cells.

It is very likely that the formation of the sub-
cochlear canaliculus could arise from the non-
fusion between the fustis area and the finiculus 
during fetal development.

The subcochlear tunnel presents a pathway for 
the extension of cholesteatoma inferior to the otic 
capsule through this tunnel (Fig.  5.25). Using 
microscope, this tunnel is hardly visible but the use 
of endoscope permits the cholesteatoma surgery to 
be performed safely following this tunnel. In case of 
a high jugular bulb in contact with the cochlea, an 
infracochlear approach to the petrous apex is 
impossible to achieve. In contrary, a wide infraco-
chlear space permits to drill and perform an infra-
cochlear drainage of the petrous apex. Note that the 
subcochlear tunnel is in relation to the vertical 
internal carotid; therefore, the surgeon should be 
careful while drilling in this delicate site for choles-
teatoma removal.

4.5  The Epitympanum or the Attic

The attic is the part of the tympanum situated 
above an imaginary plane passing through the 
short process of the malleus. The attic occupies 

approximately one-third of the vertical dimen-
sion of the entire tympanic cavity and lodges the 
head and neck of the malleus, the body, and the 
short process of the incus (Fig. 4.21).

The attic is bounded by the following walls:

• The lateral wall of the attic is formed inferi-
orly by Shrapnell’s membrane and superiorly 

Fig. 4.20 Axial CT image showing the subcochlear cana-
liculus with some subcochlear air cells completely filled 
with condensation images (thick arrows). The most inferior 
part of the basal turn of the cochlea (thin arrow)

Fig. 4.19 The subcochlear tunnel (blue arrow)

Fig. 4.18 Left middle ear endoscopy showing the subco-
chlear canaliculus (white arrow) extending below the round 
window between the finiculus anteriorly and the fustis pos-
teriolry. SE styloid eminence, ST sinus tympani, PE pyrami-
dal eminence
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by a bony wall, called the outer attic wall, le 
mur de la logette des osselets.

• The medial wall of the attic is situated above 
the tympanic segment of the facial nerve and 
tensor tympani muscle. It contains the lateral 
semicircular canal. This wall may be pneuma-
tized by the supralabyrinthine cell tract (see 
Sect. 2.7.2 and Fig. 2.53).

• The posterior wall is occupied almost 
entirely by the aditus ad antrum. It is 5–6 mm 
high and is usually larger superiorly than 
inferiorly. The aditus provides a communica-
tion between the antrum and the rest of the 
tympanic cavity.

• Inferiorly, the tympanic diaphragm divides 
the attic into an upper unit situated above the 
tympanic diaphragm and a lower unit of the 
attic (Prussak’s space), situated below the 
tympanic diaphragm. Medially, the tympanic 
diaphragm separates the upper unit of the attic 
from the underlying upper mesotympanum. 
For ventilation purposes, the upper unit of the 
attic communicates with the mesotympanum 
through a window in the diaphragm called the 

tympanic isthmus [31, 32] (Fig. 4.22) (see 
Sect. 3.6.3).

• The anterior wall is delimited by the zygoma.

4.5.1  The Upper Unit of the Attic

The upper unit of the attic lies above the tym-
panic diaphragm (see Chap. 3, Mucosal Folds).

• Medially, the tympanic diaphragm separates 
completely the upper unit of the attic from the 
underlying upper mesotympanum; its aeration 
is insured by the tympanic isthmus (see Fig. 
3.55). The tympanic isthmus is situated 
between the tensor tympani muscle anteriorly 
and the posterior incudal ligament posteriorly 
(see Sect. 3.6.4).

• Laterally, the tympanic diaphragm separates 
the upper unit of the attic from the lower unit 
of the attic, Prussak’s space.

• Posteriorly, the upper unit of the attic commu-
nicates with the mastoid cavity through the 
aditus ad antrum.

• Anteriorly the zygoma.
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In addition to this separation by the tympanic 
diaphragm in the horizontal plane, several folds 
and ligaments in the perpendicular planes lead to 
further divisions and spaces of the upper unit of 
the attic. They include:

• The superior malleal fold with a coronal orien-
tation divides the upper unit of the attic into two 
different spaces: a posterior (the larger one), the 
posterior attic, and an anterior (smaller one), 
the anterior attic (Figs. 4.22 and 4.23).

4.5.1.1  Posterior Attic or Posterior 
Epitympanum

The posterior attic, posterior to the superior 
malleal fold, is largely occupied by the posterior 
part of the head of the malleus, the body, and 
short process of the incus. In adult, the distance 
from the tip of the incus to the attic roof is about 
6 mm [33].

• The superior incudal fold, oriented in a sagit-
tal plane, divides the posterior attic into the 
medial posterior attic and the lateral posterior 
attic (Figs. 4.22 and 4.24).

4.5.1.1.1 The Medial Posterior  
Attic

The medial posterior attic (or the medial incudal 
space) is the larger compartment of the posterior 
attic; it is bounded by the lateral semicircular 
canal and the Fallopian canal medially and the 
ossicles and the superior incudal fold laterally. 
The distance between the lateral semicircular 
canal and the incus body is 1.7  mm [31]. The 
medial posterior attic contains essentially the 
tympanic isthmus that is divided by the medial 
incudal fold into an anterior and a posterior tym-
panic isthmus. These openings represent the 
main route of aeration of the whole epitympanum 
(Figs. 4.22 and 4.24).

Attic

Upper Unit Tympanic Diaphragm Lower Unit
(Prussak’s space)

Anterior AtticSup. Malleal F.

Sup. Incudal
Fold

Posterior Attic

Medial Posterior
Attic

Lower Lateral
Attic

Upper Lateral
Attic

Lateral Incudo Malleal F.

Lateral Posterior
Attic

Superior Incudal
Space

Anterior Malleal
Space

Anterior
Epitympanic

Recess

Tensor Tympani Fold

Cog

Supratubal
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Fig. 4.22 Organization of the different compartments of the attic, flags with a clear blue background are representative 
for the tympanic diaphragm
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4.5.1.1.2 The Lateral Posterior Attic
The lateral posterior attic is narrower, located 
between the outer attic wall laterally and the mal-
leus head, incus body, and superior incudal fold 
medially.

The lateral posterior attic is further divided 
into three spaces (Figs. 4.22 and 4.24):

 – The superior incudal space
 – The lateral malleal space forming together 

the upper lateral attic

 – The inferior incudal space, called the lower 
lateral attic

The Upper Lateral Attic
The upper lateral attic is formed of two spaces, 
largely opened to each other, but at different 
levels, posteriorly the superior incudal space, 
lying above the lateral incudomalleal fold and 
more anteriorly the lateral malleal space, lying 
above the lateral malleal fold (Figs. 4.22, 4.24, 
and 4.25)

Fig. 4.23 Superior view of a right middle ear, showing 
the attic divided by the superior malleal fold (SMF) into a 
smaller anterior attic and a larger posterior attic. AML 
anterior malleal ligament, LML lateral malleal ligament, 

TTM tensor tympani muscle tendon, PB petrous bone, PIL 
posterior incudal ligament, PE pyramidal eminence, CP 
cochleariform process, VII facial nerve, LSCC lateral 
semicircular canal

Fig. 4.24 Superior view of the right middle ear, showing 
the different compartments of the posterior attic. The 
medial attic lies medial to the superior incudal fold (SIF), 
the superior incudal space lies above the lateral incudom-
alleal fold (LIMF) and superior to SIF, and the lateral mal-
leal space (LMS) lies above the lateral malleal fold 

(LMF). MIF medial incudal fold, AML anterior malleal 
ligament, LML lateral malleal ligament, TTM tensor tym-
pani muscle, PB petrous bone, PIL posterior incudal liga-
ment, PE pyramidal eminence, CP cochleariform process, 
VII facial nerve, LSCC lateral semicircular canal
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• Superior incudal space (SIS): The superior 
incudal space lies in a more superior position 
in relation to the lateral malleal space. It is 
limited inferiorly by the incudomalleolar fold 
which separates it from the inferior incudal 
space.

• Lateral malleal space (LMS): The lateral 
malleal space is a distinct anatomic area, part 
of the lateral attic; it lies above the lateral mal-
leal fold. It is limited:
 – Medially by the malleus head and neck
 – Laterally by the outer attic wall
 – Anteriorly by the anterior malleal fold
 – Posteriorly by the downward turning end 

of the incudomalleal fold [34]

The lateral malleal space is regularly opened 
superiorly; thus, it is in free communication 
with the superior incudal space (Figs.  4.22, 
4.24, and 4.25).

Infrequently, the lateral malleal fold is incom-
plete, and a direct communication exists between 
Prussak’s space and the lateral malleal space [31, 
32, 35–37].

In rare cases, the incudomalleal fold may 
extend over the entire lateral malleal space; that 
means that the lateral incudomalleal fold slopes 
down and joins the posterior malleal fold. In such 
cases, the lateral malleal space is isolated, sepa-
rated from the superior incudal space, but it gets 
in direct communication with the inferior incudal 
space [34].

The Lower Lateral Attic or the Inferior  
Incudal Space (IIS)
The inferior incudal space lies below the lateral 
incudomalleal fold, therefore inferior to the tym-
panic diaphragm. It is located between the more 
dependent portion of the short process and the 
body of the incus medially and the scutum later-
ally (Figs. 4.22 and 4.25).

A particular region of the mesotympanum 
guarantees the ventilation of this space. This 
region of ventilation for the inferior incudal space 
is limited medially by the medial incudal fold and 
anteriorly by the interossicular fold which lies 
between the long process of the incus and the 
upper 2/3 of the malleus handle [33].

4.5.1.2  Anterior Attic or Anterior 
Epitympanum

The anterior attic or anterior epitympanum is a 
separate compartment of varying shape. It is situ-
ated anterior to the head of malleus and the supe-
rior malleal fold.

The anterior epitympanum is divided into two 
spaces by the cog [36]: the anterior malleal space 
and the anterior epitympanic recess (Figs. 4.22, 
4.23, and 4.26). The cog is a bony crest that 
extends inferiorly from the tegmen toward the 
cochleariform process and anterosuperior to the 
malleus head.

• The Anterior Malleal Space (AMS)
The anterior malleal space is of variable size 
and situated between the head of the malleus 
posteriorly and the cog anteriorly (Figs. 4.21 
and 4.25).

Fig. 4.25 Lateral view of a right middle ear after 
removal of the tympanic membrane and the outer attic 
wall, showing the different compartments of the lateral 
attic: the superior incudal space (SIS) above the lateral 
incudomalleal fold (LIMF), the inferior incudal space 
below the LIMF, and the lateral malleal space (LMS) 
above the lateral malleal fold (LMF) on a more inferior 
level than the SIS, but usually in open communication 
with each other. The posterior boundary of the LMS is 
represented by the descending portion of the LIMF. SMF 
superior malleal fold, SIF superior incudal fold, PIL pos-
terior incudal ligament, MIF medial incudal fold, M mal-
leus, LP lateral process of malleus, AMLF anterior 
malleal ligament fold
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• The Anterior Epitympanic Recess (AER)
The anterior epitympanic recess has been given 
different names such as anterior epitympanic 
sinus, anterior epitympanic space, epitympanic 
sinus, and even confused with the supratubal 
recess. However, additional anatomic studies 
identified the supratubal recess (STR) and the 
anterior epitympanic recess (AER) as two dis-
tinct spaces separated by the tensor tympani 
fold (TTF) [8, 33, 37]. Therefore, the term ante-
rior epitympanum should be reserved for the 
whole anatomic entity composed of the ante-
rior malleal space and the AER. The supratubal 
recess is considered as a part of the protympa-
num (see Sect. 4.2.2).

The AER presents the following boundaries 
[37–39]:

• Superiorly: the anterior part of the tegmen 
tympani

• Anteriorly: the zygomatic root
• Posteriorly: the cog
• Laterally: the scutum
• Medially: the anterior portion of the tympanic 

segment of the VII and the geniculate ganglion
• The floor: represented by the cochleariform 

process and the TTF (Fig. 4.26)

The AER is situated above the STR. 
Depending on the inclination of the TTF, the 
floor of the AER may appear on axial CT images 
more laterally than the STR, and the TTF may 
become visible even on axial cuts due to its obliq-
uity (see Fig. 4.29b). It may be easily found on 
coronal images (Fig 4.30b). Note that the AER is 
always situated at the same level as the VII nerve 
and the STR at the same level as the TTM (also 
see Fig. 4.31).

The tensor tympani fold is an integral part of 
the tympanic diaphragm (see Sect. 3.6.3). When 
the TTF is complete, the anterior tympanic recess 
and the supratubal recess form two separate 
spaces. When there is a congenital defect in the 
TTF (in 25–40%), the AER is in direct communi-
cation with the supratubal recess serving as an 
accessory route of aeration to the attic called the 
anterior route of ventilation and the posterior 
route being represented by the anterior and poste-
rior tympanic isthmus [35, 36, 38]. The orienta-
tion of the tensor fold is the determining structure 
that dictates the conformation, limits, and size of 
the anterior epitympanic space (see Fig. 3.66).

The size of the AER is variable between indi-
viduals. CT scan permits the size measurement of 
the recess; its mean size is about 4  ×  4  mm. 
Surgical transmastoid indirect approach to the 

TTM

scutum

TTF

tegmen

Cog

malleus

Fig. 4.26 Schema of a 
medial view of a right 
middle ear showing the 
different spaces of the 
anterior attic: 1 
supratubal recess, TTF 
tensor tympani fold, 2 
anterior epitympanic 
recess, 3 anterior malleal 
space, TTM tensor 
tympani muscle 
(Reproduced with 
permission from the 
Journal of 
Otolaryngology-Head 
And Neck Surgery, 
Decker Publishing 
Publisher [37])
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AER with conservation of the ossicular chain 
requires minimum dimensions of 3 × 3 mm [37] 
(Figs. 4.27, 4.28, and 4.29).

In a study done by the authors, it was found 
that the AER has considerably smaller size in 

patients with chronically affected inflammatory 
ears than in the non-affected ones [37, 40].

In some instances, the AER could be diffi-
cult to visualize by the microscope when bony 
 structures are standing in front the lateral wall 

a b

Fig. 4.27 Axial computed tomographic views of the 
anterior epitympanum. (a) The cog with its largest lateral 
part (black arrow) and its continuity toward the medial 
attic wall (small white arrow); anterior malleal space 
(white long arrow); anterior epitympanic recess AER (*); 

M malleus head, Z zygoma. (b) Mensuration of the rele-
vant transversal diameter of the AER (punctated line), 
perpendicular to the incudomalleal axis (long white line) 
between the lateral limit of the cog (long black arrow) and 
the cochleariform process (short black arrow)

a b

Fig. 4.28 Variable sizes of the AER: (a) axial CT image 
of a right ear, very small AER (arrow), cog (arrowhead); 
the mastoid (M) is sclerotic. (b) Axial CT image of a left 

ear: large AER (arrow); cog (arrowhead), well- 
pneumatized mastoid (M)

4 Middle Ear Compartments



139

of the attic (the external auditory canal and the 
ossicules). The use of the 30° endoscope 
through posterior tympanotomy may provide 
access to the TTF in most cases. Using this 
approach, the TTF could be somehow opened; 
however, in chronic inflammatory otitis, the 
complete excision of the TTF along with the 
cog is required in order to create and maintain 
a wide and permanent anterior route of aera-
tion to the attic.

4.5.2  The Lower Unit of the Attic 
(Prussak’s Space) (Figs. 4.21, 
4.22, and 4.32)

In 1867, Prussak described a superior pouch of the 
tympanic membrane located between Shrapnell’s 
membrane and the neck of malleus and distinct 
from the anterior and posterior pouches of von 
Tröltsch. Later, this superior pouch was renamed 
Prussak’s space [41].

a b

c d

Fig. 4.29 Consecutive axial CT images of a right ear in 
caudocranial direction: (a) STR (o), tensor tympani mus-
cle TTM (empty arrow), (b) the AER (*) lateral and supe-
rior to the STR (o), separated by the tensor tympani fold 

TTF (white arrow), (c) the AER (*) anterior to the cog 
(arrow), (d) AER (*) lateral to the facial nerve and genicu-
late ganglion (plain arrow)

4.5  The Epitympanum or the Attic
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Clinical Applications: The AER in Chronic 
Otitis Media (Figs. 4.30 and 4.31)

The AER is highly important to consider in 
cases of recurrent otorrhea with central or 
anterior perforation not responding to con-
ventional medical therapy or in front of a 
mucoid middle ear effusion that persists or 
recurs despite repetitive myringotomies 
with tube insertion. In addition, the AER 
must be investigated in the presence of a 
retraction pocket especially when it is 
anterosuperiorly oriented. In these cases, 
the TTF is complete and blocks the aeration 
of the anterior epitympanum from the anter-
osuperior mesotympanum creating a dys-
ventilation syndrome. This situation will 
not respond to posterior atticotomy alone.

When performing middle ear surgery 
for dysventilation pathology with isthmus 
blockage, an imaging study of the AER 
with CT scan is mandatory not only to 
assess its involvement but also to obtain its 
dimensions in order to select the surgical 
approach. Resection of the cog and the 
TTF is fundamental to create an anterior 
route of ventilation between the protympa-
num, the supratubal recess, the AER, and 
the posterior attic [35, 37].

a b

Fig. 4.30 (a) Left ear after transmastoid anterior atti-
cotomy showing a complete tensor tympani fold (*) after 
removal of the cog. I incus, M malleus head, EAC exter-
nal auditory canal. Notice that the tensor tympani fold is 
thick and inflammatory secondary to chronic otitis media. 

(b) Coronal CT image passing by the protympanum: ICA 
intrapetrous carotid artery, TTM tensor tympani muscle, 
VII facial nerve, M malleus head. The thickened TTF 
(empty arrow) separating the AER (*) above from the 
STR (o) beyond

Space

AER VII nerve

TTMSTR

Structure

Fig. 4.31 Landmarks for CT reading of anterior spaces

Prussak’s space is formed from the posterior 
pouch of von Tröltsch as a prolongation of either 
a low or a high portion of the superior saccus, 
replacing the mesenchymal tissue between the 
neck of the malleus and Shrapnell’s membrane 
[2]. The aeration pathway remains the same as 
the route of origin which is the posterior pouch of 
von Tröltsch.

Prussak’s space is situated inferior to the tym-
panic diaphragm and represents the lower unit of 
the attic. Laterally, Prussak’s space extends supe-
rior to the roof of the external auditory canal by 
0.4  mm and attains its largest cross section of 
2.6 mm at the level of the roof of the external ear 
canal [6]. It extends from the scutum to the umbo. 
It presents the following frontiers:

• The roof or vault is the lateral ligament mal-
leal fold (LMF) which is at a low portion of 
the tympanic diaphragm. This LMF is also the 
floor of the lateral malleal space. The lateral 
malleal fold separates Prussak’s space from 
the upper unit of the attic.
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• The floor is formed by the neck of the malleus.
• The anterior limit is the anterior malleal fold 

(AMF).
• The lateral wall is formed by the pars flac-

cida and the lower edge of the outer attic wall, 
the scutum.

• The posterior wall is opened to the posterior 
pouch of von Tröltsch and then to the 
mesotympanum.

The ventilation route of Prussak’s space is 
independent of the upper unit of the attic. 
Prussak’s space is ventilated through the poste-
rior pouch of von Tröltsch which is particularly 
rough and narrow, as compared to the tympanic 
isthmus, that is wider and provides large ventila-
tion of the upper unit of the attic [34] (Fig. 4.32). 
The posterior pouch of von Tröltsch is bounded 
laterally by the pars tensa of the tympanic mem-
brane and medially by the posterior malleolar 
ligament fold (PMF), which originates from the 
posterior portion of the malleus neck and the 
upper third of the malleus handle and inserts 
 posteriorly in the posterior tympanic spine. This 
posterior pouch develops in a posteroinferior 
direction and opens at the most cranial portion of 
mesotympanum; for these reasons, closing of the 
posterior pouch by viscous secretions is a plau-
sible cause of a chronic selective dysventilation 
associated with a retraction of Shrapnell’s mem-
brane and its adhesion to the malleus neck.

Although Prussak’s space is anatomically 
inseparable from the epitympanum, in terms of 
ventilation and drainage, it represents an inde-
pendent unit. This space could be diseased alone 
with obliteration without any involvement of the 
compartments above the epitympanic diaphragm, 
like the anterior and posterior epitympanum, the 
aditus, and mastoid cells.

Clinical Applications: Prussak’s Space 
Dysventilation and Attical Cholesteatoma
The possibility of closure of the posterior 
pouch of von Tröltsch by thick mucus 
secretions during chronic inflammatory 
otitis is high. This event may cause a 
selective dysventilation of Prussak’s space 
and development of a pars flaccida retrac-
tion pocket with adhesion to the malleus 
neck (Fig.  4.33). This event may take 
place without any involvement of the 
other compartments of the upper unit that 
are situated superior to the tympanic dia-
phragm [43].

Initially, the sac of the retraction pocket 
remains small and superficial to the ossi-
cles. However, continued retraction and 
keratin accumulation lead to an enlarge-
ment of the sac and its expansion via path-
ways of least resistance.

The growth pathways of attical cholestea-
toma can be one of the following (Fig. 4.34):

• Pathway 1: The cholesteatoma pro-
gresses through the posterior pouch of 
von Tröltsch. The posterior tympano- 
malleolar fold orients this expansion 
toward the inferior incudal space. From 
there, cholesteatoma may extend medial 
to the long process of the incus and then 
through the tympanic isthmus, into the 
medial attic (Fig. 4.35).

• Pathway 2: The cholesteatoma pro-
gresses through a thin part of the lateral 
malleal fold directly to the upper unit of 
the attic and from there to the posterior 
attic, aditus, and then to the antrum 
(Fig. 4.36).

Surgical Application
This physiological concept in the func-
tional anatomy of the middle ear is of 
extreme importance in transcanal endo-
scopic middle ear surgery: restoration of 
ventilation pathways with reunification of 

the upper and the lower unit of the attic 
through the creation of a large tympanic 
isthmus is crucial to avoid tympanic mem-
brane retraction or recurrence of retraction 
after repair.

4.5  The Epitympanum or the Attic
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baFig. 4.33 (a) Attical 
cholesteatoma.  
(b) Coronal CT 
reconstruction of a right 
ear, showing a retraction 
pocket of the pars 
flaccida (empty arrow) 
with scutum amputation 
(long thin arrow), 
cholesteatoma (*), 
ossicular lyses (thick 
arrow). EAC external 
auditory canal

Fig. 4.34 Attical cholesteatoma growth pattern. From 
Prussak’s space, cholesteatoma can extend through one of 
the following three tracts: (1) through the posterior pouch of 
von Tröltsch to the lower lateral attic (inferior incudal space, 
IIS), (2) through a defect in the lateral malleal fold (LMF) to 
the lateral malleal space (LMS) and then to the superior 
incudal space (SIS), or (3) from the lateral malleal space 
through the superior malleal fold defect (SMF) to the ante-
rior attic. SIF superior incudal fold, PIL posterior incudal 
ligament, MIF medial incudal fold, M malleus, LP lateral 
process of malleus, AMLF anterior malleal ligamental fold

Fig. 4.32 Lateral view of Prussak’s space (prs) after 
reflection of Shrapnell’s membrane. mlf lateral malleal 
fold, amlf anterior malleal ligamental fold, ps posterior 
tympanic spine, as anterior tympanic spine. Yellow arrow, 
aeration of Prussak’s space through the posterior pouch of 
von Tröltsch. Reproduced with modification from 
Marchioni [42, Fig.  1] (With kind permission from 
Springer Science and Business Media, Springer and the 
original publisher)

• Pathway 3: The cholesteatoma pro-
gresses from the lateral malleal space to 
the anterior attic and anterior epitym-
panic recess, and then it extends down-
ward to invade the supratubal recess and 
the protympanum (Fig. 4.37).

It should be emphasized that the folds of 
the attic may direct the spread of cholestea-
toma, but they do not constitute effective 
barriers to retain its expansion [6].
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a b

Fig. 4.35 Cholesteatoma growing according to the first 
pathway (illustrated in Fig. 4.34) from the posterior pouch 
of von Tröltsch to the inferior incudal space between the 
malleus handle and the long process of the incus, on trans-
verse CT images of a left ear: (a) Obliteration of the inter-
ossicular space between the malleus handle (short white 

arrow) and the long process of the incus (long white 
arrow) reaching the promontory (black arrow). (b) Large 
extension medially with obliteration of the oval window 
niche (black arrow) and further above around the malleal 
head in the anterior malleal space (white arrow)

a b

Fig. 4.36 Cholesteatoma growing according to the sec-
ond pathway (as illustrated in Fig. 4.34) from the posterior 
pouch of von Tröltsch into the superior incudal space 
along the incudomalleal fold: (a) axial CT image with 

obliteration of the posterior pouch von Tröltsch (arrow) on 
the incudomalleal fold until the posterior attic; (b) axial 
CT image showing the limit of the lateral incudomalleal 
space as a rounded limit posteriorly (arrow)

a bFig. 4.37 Cholesteatoma 
growing according to the 
third pathway 
(illustrated in Fig. 4.34) 
from the anterior pouch 
de von Tröltsch (long 
arrow) directly into the 
anterior epitympanum 
(empty arrow): (a) axial 
CT view, (b) coronal 
oblique CT view

4.5  The Epitympanum or the Attic
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4.6  The Mesotympanum

The mesotympanum is the central and the largest 
compartment of the middle ear cavity. However, 
it is the narrowest one; its depth (the latero- 
medial diameter) is about 2 mm only. It is limited 
medially by the promontory and laterally by the 
pars tensa of the tympanic membrane. It is widely 
open anteriorly, inferiorly, and posteriorly to the 
protympanum, hypotympanum, and retrotympa-
num, retrospectively. Superiorly, it is separated 
from the attic by the tympanic diaphragm.

The mesotympanum acts like a tunnel, allow-
ing air coming from the Eustachian tube to pass 
through the tympanic isthmus upward to provide 
aeration of the whole attic.

The lateral wall of the mesotympanum houses 
two important compartments:

4.6.1  Tympanic Membrane 
Compartments or Pouches 
(Fig. 4.38)

• Anterior Pouch of von Tröltsch
This pouch is situated between the anterior 
malleal fold and the pars tensa of the eardrum; 
it communicates with the supratubal recess 
and the protympanum [44].

• Posterior Pouch of von Tröltsch
This pouch is situated between the posterior 
malleal fold and the pars tensa of the eardrum. 
The posterior pouch of von Tröltsch develops 
posteroinferiorly, and it opens in the most cra-
nial portion of the mesotympanum [44]. It is 
the main route of ventilation of Prussak’s 
space.

4.7  Middle Ear Ventilation 
Pathways

The Eustachian tube ventilates the protympanum 
and the mesotympanum. The tympanic dia-
phragm separates the mesotympanum from the 
epitympanum. Understanding of the tympanic 
aeration pathways as an anatomical entity is 
essential in the management of middle ear and 
attic disease. The contribution of Proctor and 
Aimi in 1970 to explore the aeration pathways of 
different middle ear compartments had an impor-
tant surgical impact [21, 45, 46].

One of the authors demonstrated, in a clinical 
series, the efficiency of a surgical removal of the 
TTF and cog excision to insure the aeration of the 
AER, freeing the anterior route of attic ventila-
tion, in order to control chronic inflammatory oti-
tis media and disease recurrence [37].

Fig. 4.38 Schema of a 
right middle ear lateral 
wall compartments after 
removal of the pars 
tensa, showing the 
anterior pouch of von 
Tröltsch (APV) that is 
isolated from Prussak’s 
space (blue arrow) and 
the posterior pouch of 
von Tröltsch (PPV) that 
is in communication 
with Prussak’s space 
(yellow arrow). as 
anterior tympanic spine, 
ps posterior tympanic 
spine, amf anterior 
malleal fold, pmf 
posterior malleal fold, 
ma malleus handle
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More recently, Marchioni illustrated the endo-
scopic anatomy of the aeration pathways and dis-
cussed the extent of selective dysventilation 
phenomena as a principal factor in influencing 
middle ear pressure homeostasis [47].

Two main ventilatory routes to the upper unit 
of attic are described: the anterior route and the 
posterior route of ventilation.

 1. The Anterior Route: from the protympanum 
to the STR, through an incomplete TTF into 
the AER and anterior attic. This pathway is 
functional only in 25–40% of ears when the 
TTF is incomplete. When the TTF is complete 
(60–75% of ears), the anterior attic ventilation 
relies only on the posterior route (through the 
anterior tympanic isthmus).

 2. The Posterior Route: the main route of venti-
lation of the epitympanum extends through the 
anterior tympanic isthmus and occasionally 
the posterior tympanic isthmus (ventilation to 
the upper unit of the attic and posterior attic).

In addition to the above-described routes of 
aeration, the posterior pouch of von Tröltsch ven-
tilates the lower unit of the attic (Prussak’s 
space). The posterior pouch of von Tröltsch is 

narrow and susceptible of blockage that may lead 
to pars flaccida retraction pocket formation.

In cases with a tympanic isthmus blockage 
associated with a complete tensor tympani fold, 
posterior attic and the AER become completely 
excluded from ventilation.

Furthermore, middle ear pressure is related 
not only to a functioning Eustachian tube but also 
to transmucosal gas exchange through the upper 
unit and mastoid mucosa, depending on the 
extent of mastoid pneumatization (Fig. 4.39).

4.8  “Anatomo-physiological 
Addendum”: Middle Ear 
Aeration Pressure 
Regulation

4.8.1  The Middle Ear Mucosa

The middle ear is lined by cuboidal to columnar 
mucosal epithelium with scattered goblet cells. 
The auditory tube is lined by pseudostratified, 
ciliated columnar epithelium. The goblet cells are 
more prominent proximal to the ET contributing 
to the surfactant nature of the secretions contain-
ing lecithin, lipids, and mucopolysaccharides 

Fig. 4.39 The Eustachian tube ventilates the protympa-
num and the mesotympanum. The tympanic diaphragm 
separates the mesotympanum from the epitympanum. 
Two main ventilatory routes to the epitympanum are 

described the anterior route (1) and the posterior route (2) 
of ventilation. Furthermore, middle ear pressure is related 
not only to a functioning Eustachian tube but also to trans-
mucosal gas exchange through mastoid mucosa

4.8  “Anatomo-physiological Addendum”: Middle Ear Aeration Pressure Regulation
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that decrease surface tension and keep the tube 
patent. The density of cilia increases as the tube 
runs dorsolaterally to open into the nasopharynx 
behind the soft palate, facilitating movement and 
drainage of mucus and other materials.

The ME mucosa is a modified respiratory 
mucosa; non-ciliated cells are the principal secre-
tory cells; the latter have the cytologic character-
istics of goblet cells.

The mucociliary cell system functions princi-
pally in the hypotympanum, protympanum, and 
ET. This mucous floats on an aqueous layer that is 
critical for ciliary function; if this aqueous layer is 
too thick, the cilia will not reach the mucous; if it 
is too thin, the ciliary movement is impeded by 
mucous viscosity.

4.8.1.1  The Middle Ear Cleft: 
A “Miniature Nose  
and Lung System”

The normal middle ear, being a very sensitive 
pressure receptor, responds to atmospheric air 
pressure changes: the direction of gas exchange 
is determined by the difference in partial pressure 
of gases in the middle ear cleft and blood.

The middle ear cleft is affected by Eustachian 
tube obstruction. Also obstruction of the tym-

panic isthmus induces dysventilation and affects 
air flow within the pneumatized temporal bone. 
Thus, the tympanic diaphragm plays a major role 
in partial or complete isolation and hypoxia of 
the middle ear spaces. The tympanic diaphragm 
divides the middle ear cleft into two separate 
compartments: an anteroinferior one, principally 
devoted to the mucociliary clearance function, 
and a posterosuperior one, more devoted to the 
gas exchange function.

• The anteroinferior compartment of the mid-
dle ear cleft, situated below the diaphragm, 
includes the protympanum, mesotympanum, 
and hypotympanum and is covered by secre-
tory ciliated cells that enable mucociliary 
clearance (Figs. 4.40 and 4.41). It communi-
cates with the posterosuperior compartment 
by both the anterior and posterior tympanic 
isthmi. An inflammatory process involving the 
mucosa of the anteroinferior middle ear cleft 
compartment (ET dysfunction with secondary 
global dysventilation) leads to a dysregulation 
of the mucociliary clearance with mucus accu-
mulation and effusion.

• The posterosuperior compartment of the 
middle ear cleft, which is situated above the 

Fig. 4.40 Microphotography of ME mucosa (HE stain-
ing; 40×) showing the pseudostratified epithelium with 
ciliated cells and superficial mucus layer (*). Vessels (V) 
can be seen in the submucosal connective tissue. The aver-
age distance between the blood vessels and the epithelium 

(double head arrows) is 70 μm (From Massachusetts Eye 
and Ear Infirmary, Temporal Bone Consortium, Boston—
http://temporalboneconsortium.org/educational-
resources/atlas/image-library/)
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diaphragm, includes the epitympanum and 
retrotympanum, aditus ad antrum, antrum, and 
mastoid gas cell system (can be compared to 
the lung). It is covered by a richly vascularized 
cuboidal epithelium that is devoted primarily 
to gas exchange (Figs. 4.42 and 4.43).

The net result of mucosal gas exchange is a 
status of gas deficit which is compensated by 
intermittent ET openings and ventilation 
(Fig. 4.44). Inflammation of the mucosa of the 
posterosuperior middle ear cleft compartment 
impairs the gas exchange and leads to the 

development of an “excessive gas deficit sta-
tus.” If it couldn’t be compensated by the ET, 
it will result in negative middle ear pressure.

4.8.2  Combined Mucosal Cell 
and ET Pressure Regulation

According to Magnuson, the ME pressure- 
regulation system depends on three components:

• Intermittent bidirectional gas passage by 
the ET.

• Bidirectional continuous diffusion of gas 
through the mucosal cells [48].

Fig. 4.41 Electronic microscopy slide of middle ear 
mucosa showing a clear view of different types of mucosa 
cells: ciliated cells (C), goblet cells with their mucus con-
taining vacuoles (G), and small undifferentiated cells near 
the basilar membrane (B)

Fig. 4.42 Microphotography of mastoid mucosa (HE 
staining; 40×). Flat monolayer epithelium (*) with under-
lying subepithelial loose connective tissue and abundant 
vessels (V). The average distance between the blood ves-
sels and the epithelium (double head arrows) is 40 μm 
(From Massachusetts Eye and Ear Infirmary, Temporal 
Bone Consortium, Boston—at http://temporalbonecon-
sortium.org/educational-resources/atlas/image-library/)

Fig. 4.43 Electronic microscopy slide of mastoid mucosa 
showing the epithelial mucosal cells forming a unicellular 
layer. Notice the absence of ciliated and goblet cells

Fig. 4.44 Balance between transmastoid gas diffusion 
(blue arrow) and ventilation (red arrow)

4.8  “Anatomo-physiological Addendum”: Middle Ear Aeration Pressure Regulation

http://temporalboneconsortium.org/educational-resources/atlas/image-library/
http://temporalboneconsortium.org/educational-resources/atlas/image-library/
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• The tensor veli palatini, with its dilator fibers, 
moves air to the ME by the pumping  movement 
of the TM, maintaining air pressure at the 
level of ambient atmospheric pressure.

The ME “air” is in fact not air but rather a rela-
tively hypercapnic, hypoxic, hypernitrous gas-
eous mixture (CO2+, O−, N+) fully saturated 
with water vapor. It is the result of a bidirectional 
diffusion between the mucosal blood vessels of 
the ME cleft (partial pressure of gases in the mid-
dle ear cleft and blood) together with periodic air 
pressure regulations via the ET during deglutition 
and yawning; all are done under gas pressure 
regulation phenomena.

The normal ear is a very sensitive pressure 
receptor; the sensation is probably registered by 
stretch receptors in the tympanic membrane [49].

Small fluctuations in pressure gradients of the 
ME can be buffered by the limited mobility of 
TM. However, displacement of the TM can com-
pensate only volume changes of 0.2–0.3 mL [50].

The human mastoid and the Eustachian tube 
were capable of active counter-regulation of the 
middle ear pressure (mastoid and ET function in 
a complementary way). The mastoid provides 
continuous regulation of smaller pressures, 
whereas the ET is involved in intermittent regula-
tion of higher pressures [51].

4.8.3  Neural Control of Middle Ear 
Pressure Regulation

4.8.3.1  Peripheral Neural Receptors
Studies support the hypothesis of neural connec-
tions between the middle ear baroreceptors and 
chemoreceptors, Eustachian tube, and brain cen-
ters to the neural circuits that monitor and regu-
late aeration in the middle ear [52].

Tympanic glomus cells seem to act as middle 
ear chemosensory organs and are involved in the 
regulation of middle ear aeration. Disruption of 

these neural elements has a negative impact on 
middle ear functions and may result in atelecta-
sis[53]. This tissue is a sensory component essen-
tial for neural feedback circuits, which control 
the ET function [54].

The pars flaccida with its unique structure 
plays a key role as a baroreceptor in middle ear 
ventilation [49, 55].

It remains that the precise anatomical site of 
these receptors is unknown, being located in the 
tympanic membrane (pars flaccida), the middle 
ear, and the mastoid. These receptors take part in 
the middle ear pressure control and are governed 
by a neural feedback system possibly similar to 
the neural respiratory and cardiovascular feed-
back control [56].

4.8.3.2  Central Regulatory Mechanism 
for Middle Ear Aeration

A neural loop, between the baroreceptors of 
the ME cleft and the baroreceptors in the naso-
pharyngeal area connecting the solitary nucleus 
of the Pons, regulates the neural control of the 
ET opening and the ME gas exchanges. For 
instance, a decrease in middle ear pressure as 
compared to nasopharyngeal pressure will be 
detected by the solitary nucleus of the Pons 
which will initiate orders for tubal muscles to 
contract and open the ET (increase gaz ventila-
tion) and for mastoid mucosal vessels to con-
strict (decrease mucosal gaz diffusion). Both 
mechanisms will increase middle ear pressure 
(Fig. 4.45). Neural connectivity from the tym-
panic plexus (IX) to the subnucleus of the soli-
tary tract in the brain stem represents sensory 
inputs from chemoreceptors and baroreceptors 
in the ME to regulate the aeration. Myelination 
process of these nerve connections (axonal 
conduction efficiency) is age dependent. 
Delayed maturation of these neural connec-
tions might be an important factor in the patho-
physiology of otitis media with effusion  in 
children [57].

4 Middle Ear Compartments
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The term “mastoid” is derived from the Greek 
word mastós, meaning breast, in reference to 
the shape of this bone. The mastoid process 
projects from the base of the skull and is situ-
ated behind the external auditory meatus at the 
inferior part of the outer surface of the tempo-
ral bone.

The mastoid process houses several important 
structures such as the facial nerve, the sigmoid 

sinus, and the labyrinth; it neighbors the middle 
and the posterior cranial fossa. Therefore, a good 
knowledge of the mastoid process anatomy is 
essential to perform adequate surgical approaches 
and to avoid complications or pitfalls.

In addition, the mastoid process is the site of 
numerous air-filled cavities known as mastoid air 
cells which play an important role in middle ear 
aeration and functions.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-15363-2_5&domain=pdf
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5.1  Embryology of the Antrum 
and Mastoid

The antrum, which is the biggest of all mastoid 
air cells, starts its development between the 22nd 
and the 24th week of fetal life. It reaches its adult 
size on the 35th week of gestation [1–3]. At birth, 
the antrum has a mean surface of 1 cm2 [4].

The antrum develops at the center of the mas-
toid process on both sides of the petrosquamous 
fissure. The medial part of the antrum, the petrous 
part, develops from the saccus medius, while the 
lateral part, the squamous part, develops from the 
saccus superior (Figs. 4.2 and 4.3) (see Chap. 4). 
The fusion plane between the petrous part and the 
squamous part of the antrum corresponds to the 
petrosquamous fissure. Failure of complete 
fusion between the two sacci leads to a residual 
septation of the mastoid antrum by a bony parti-
tion called Korner’s septum [5] (Fig. 5.1).

The mastoid process appears at the 29th week 
of gestation as a result of the fusion of the petrous 
layers of the otic capsule and the tympanic pro-
cess of the squamous bone (see Figs. 1.1 and 
1.3).

The size of the antrum does not change after 
birth; however, it undergoes medial and inferior 
displacement due to the growth of the mastoid 
process. In contrary, the mastoid process contin-
ues to grow until puberty and even beyond.

5.2  Postnatal Mastoid 
Pneumatization

At birth, the mastoid process presents only the 
antrum. The mastoid air cells develop as an out-
growth of the antrum; epithelial air tracts bud 
from the antrum and extend to the adjacent areas 
of the temporal bone to form the mastoid air cells 
(Fig. 5.2). This air cell extension, called mastoid 
pneumatization, is facilitated by the differentia-
tion of bone marrow into loose mesenchyme. 

Fig. 5.1 Transversal CT view of a left ear. The fusion line 
between the squamous and petrosal part of the mastoid, 
resulting in a bi-lamellar Korner’s septum (white arrows). 
Developmental arrest of the vestibule (*)

a b c

Fig. 5.2 Transversal computed tomography of right ears 
from the fetal period third trimester to the age of 1 year. 
(a) Fetal temporal bone CT showing the antrum (A) later-
alized as the only mastoid cell at this age; (b) at birth still 

the antrum is the only aerated mastoid cell; (c) in a 1-year- 
old child, advanced mastoid pneumatization (M) laterally 
to the antrum (A) that became medialized in comparison 
to the previous images

5 The Mastoid



155

Thereafter, the mastoid becomes the site of an 
air-containing cavity called the mastoid air cells. 
The residual dense bone, which did not pneuma-
tized, forms the septations between the mastoid 
air cells (the mastoid intercellular bony septa) [1, 
6–16].

From birth until puberty, three phases of mas-
toid pneumatization take place (Fig. 5.3):

• Phase I (0–1  year): The antrum is found at 
birth with a mean surface of 1 cm2 (Fig. 5.2). 
During the first year of life, there is a rapid 
development of mastoid air cells, adding 
3 cm2 to reach a total surface of 4 cm2 at the 
age of 1 year. During that time, the mastoid 
process increases 1  cm in length and width 
and 0.5 cm in depth.

• Phase II (1–6 years): the mastoid pneumatiza-
tion follows a linear pattern adding about 
1  cm2 per year. Due to this pneumatization 
progress, at the age of 2 years, the mastoid tip 
covers the emergence of the facial nerve at the 
stylomastoid foramen; the mastoid process 
growth increases then by about 0.5  cm per 
year in length and width and 0.25 cm per year 
in depth (Fig. 5.2).

• Phase III (6 years–puberty): at this period, the 
pneumatization process becomes very slow. It 
continues until puberty when the aerated mas-
toid process reaches its adult size. The mean 
adult surface of the mastoid air cell system is 
about 12  cm2 [4, 6]. The last air cells to 
develop are the cells of the petrous apex. 
These air cells are present in about 35–40% of 
adult temporal bones [6, 17, 18].

Postnatal mastoid pneumatization displays 
considerable variations, and this is related to sev-
eral factors including heredity, environment, 
infections, and Eustachian tube function. A con-
troversy still exists concerning the various 
degrees of mastoid pneumatization encountered. 
There are two theories:

 1. Environmental theory: according to this the-
ory, middle ear infectious diseases occurring 
early in childhood are the main cause respon-
sible of the failure of the pneumatization pro-
cess in infants and children [8–11, 19–21].

 2. Genetic theory: this theory relates the extent of 
pneumatization to genetic factors, suggesting 
that an inherited reduced pneumatization pre-
disposes the children to otitis media [6, 12–14].

5.3  The Tracts of Pneumatization

The mastoid air cells represent an extension of 
the air tracts into the mastoid process from the 
first pharyngeal pouch. Pneumatization in the 
mastoid extends from the middle ear cleft through 
the aditus ad antrum to the central air cell tract 
from which further extension in several direc-
tions may occur.

Mastoid pneumatization proceeds through 
several well-established tracts. These tracts of 
pneumatization vary considerably. The two main 
tracts of mastoid pneumatization are:

 1. The anterolateral tract which pneumatizes 
the squamous portion of the temporal bone.
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 2. The posteromedial tract which pneumatizes 
the petrous portion of the temporal bone. This 
tract branches into several tracts as the 
following:
• The posterosuperior cell tract

The posterosuperior tract extends medi-
ally from the antrum at the junction of the 
posterior and middle fossa dural plates and 
above the superior semicircular canal and 
the internal auditory canal. It insures the 
pneumatization of the medial pyramid of 
the temporal bone.

• The posteromedial cell tract (superior 
retrolabyrinthine)

The posteromedial tract extends medi-
ally through the antrum, parallel and infe-
rior to the posterosuperior tract, to perform 
the pneumatization of the medial pyramid.

• The subarcuate cell tract (trans - 
labyrinthine)

The subarcuate tract is situated more 
medially. It arises from the mastoid antrum 
and extends anteromedially passing below 
the superior semicircular canal to insure 
the pneumatization of the petrous apex.

• The perilabyrinthine cell tract
The perilabyrinthine cell tract arises 

from the antrum and pneumatized the laby-
rinthine area. It is divided into the supral-
abyrinthine and the infralabyrinthine tracts. 
It can extend to the petrous apex.

• The peritubal tract
This tract arises from the mastoid antrum 

and pneumatized the tubal and peritubal 
area passing inferior to the labyrinth.

Pneumatization of the petrous apex is the last 
to develop. The petrous apex cells develop from 
the posterosuperior and posteromedial cell tracts. 
The subarcuate cell tract, the perilabyrinthine cell 
tract, and the peritubal cell tract can also partici-
pate in the pneumatization of the petrous apex to 
variable degrees [22, 23].

Some authors suggest that pneumatization of 
the petrous apex may be an independent process 
from those of the middle ear and mastoid air cells 
and may not be influenced by major anatomical 
structures nearby (carotid canal and labyrinth). 

Also it is reported that the well-aerated anterior 
epitympanic recess (AER) is associated with a 
well-pneumatized petrous apex; hence, the ante-
rior saccule of the saccus medius might be a 
major influencing factor in the pneumatization of 
the petrous apex [24].

Temporal bone pneumatization is symmetri-
cal in both sides in 75% of normal individuals. 
Any asymmetric pneumatization found in indi-
vidual cases could indicate a history of previous 
middle ear disease during the period of 
pneumatization.

5.4  Mastoid Process Anatomy

The adult mastoid process has a cone shape 
and is slightly oblique forward and downward. 
Its anterior border is rounded and vertical. Its 
posterior border is inclined about 45° down-
ward and forward. Behind the superior part of 
the mastoid process, the mastoid foramen is 
situated where the mastoid emissary vein 
passes.

The squamous bone forms the anterosuperior 
portion of the mastoid process. The petrous bone 
forms its posteroinferior part. The junction of the 

Clinical Implications
The mastoid process is underdeveloped at 
birth. This situation leaves the facial nerve 
relatively superficial and unprotected 
where it emerges from the stylomastoid 
foramen. During difficult delivery, the use 
of forceps may damage the facial nerve by 
compression at this level.

At the age of 2  years, as the air cells 
develop, the lateral part of the mastoid pro-
cess grows downward and forward to form 
the mastoid tip. In addition, growth of the 
neck, with hyperextension, allow the ster-
nocleidomastoid muscle to pull the mastoid 
tip downwards and slightly outwards to 
cover the stylomastoid foramen and offers 
progressively a better protection to the 
facial nerve.
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two parts forms the petrosquamous suture. The pet-
rosquamous suture runs vertically from the supe-
rior border of the mastoid process to join its 
anteroinferior border just above the mastoid tip 
(Fig. 5.4).

The mastoid process serves as a point of 
attachment for several muscles like the splenius 
capitis, the longissimus capitis, the digastric, and 
the sternocleidomastoid muscles. The mastoid 
process is larger in men because they require 
larger points of attachment for their bigger mus-
cles. The sternocleidomastoid muscle inserts to 
the outer surface of the mastoid tip. The posterior 
belly of digastric muscle inserts on the digastric 
groove situated on the medial surface of the mas-
toid tip. The digastric groove is an infallible 
guide to point the facial nerve emergence from 
the stylomastoid foramen at the anterior end of 
the groove.

5.4.1  Surface Landmarks 
of the Mastoid Process

Along the lateral surface of the mastoid process, 
we distinguish several important surgical 
landmarks:

5.4.1.1  The Temporal Line
The temporal line is a horizontal ridge situated at 
the upper limit of the mastoid process. It extends 
behind the posterior root of the zygomatic process 
and marks the inferior margins of the insertion of 
the temporal muscle (Fig. 5.4). The temporal line 
may be a prominent sharp edge or a broad promi-
nence or it may be absent as well [25].
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Fig. 5.4 Lateral surface 
of a left temporal bone, 
showing the mastoid 
process (black dotted 
line), that formed from a 
squamous part and a 
petrous part, joined by 
the petrosquamous 
suture (white dotted 
line). The mastoid 
process is attached to the 
tympanic bone by the 
tympanomastoid suture 
(TMS); * digastric notch

Surgical Pearl: Temporal Line
It is widely accepted that the temporal line 
is indicative of the inferior level of the mid-
dle fossa dura. Hence, during mastoidec-
tomy, it is always recommended to drill 
along, not above, the temporal line in order 
to avoid inadvertent injury to the dura [26].

Cadaveric studies found that the tempo-
ral line is located about 5  mm inferior to 
the middle fossa dura [27]. This may sug-
gest that the drilling could start even at 
5 mm above the temporal line without dan-
ger to the dura in order to increase the sur-
gical exposure of the mastoid antrum.

The distance between the temporal line 
and the middle fossa dura tends to be  bigger 
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5.4.1.2  Henle’s Spine
Henle’s spine is a prominent bony spine on the 
outer surface of the mastoid process (see also 
Fig.  5.17b). It is situated behind and above the 
posterosuperior quadrant of the external auditory 
meatus and below the origin of the temporal line 
[28]. This lamella is incurved nearly concentri-
cally to the circumference of the meatus, and its 
upper extremity is more anterior than its inferior 
one (Fig. 5.5). Henle’s spine could be small and 
smooth or sharp and long. It is absent in about 
6% of temporal bones [29, 30]. It serves as a 
point of attachment to the ligaments fixing the 
cartilaginous parts of the external acoustic 
meatus.

5.4.1.3  Mac-Ewen’s Triangle
The suprameatal triangle or “Mac-Ewen’s trian-
gle” is a depression on the lateral surface of the 
mastoid process. It is located just between the 

anterior end of the temporal line, Henle’s spine, 
and the posterosuperior quadrant of the external 
acoustic meatus (Fig. 5.5).

5.4.2  Surgical Anatomy 
of the Mastoid Antrum

The mastoid antrum (tympanic antrum, antrum 
mastoideum, Valsalva’s antrum) is the biggest 
mastoid air cell, communicating posteriorly with 
the mastoid cells and anteriorly with the epitym-
panic recess of the middle ear via the aditus to 
mastoid antrum (entrance to the mastoid antrum).

 1. The mastoid antrum is of 1 cm × 1 cm × 1 cm 
in average. It is located posterior to the exter-
nal auditory canal and middle ear, inferior to 
the middle fossa dural plate, and anterior to 
the sigmoid sinus and the posterior fossa dural 
plate. The mastoid antrum communicates 
anteriorly with the attic through the aditus ad 
antrum (Figs. 5.6 and 5.7). The antrum is the 
key landmark in mastoid surgery: high degree 
of pneumatization eases antrum localization. 

Surgical Pearl: Henle’s Spine
Henle’s spine is an excellent landmark dur-
ing mastoidectomy because it indicates the 
location of the deeply seated aditus ad 
antrum. In addition, it may serve as a land-
mark for middle fossa dura when the tem-
poral line is absent; the dura is situated 
about 1 cm superior to Henle’s spine [27].

Surgical Pearl: Mac-Ewen’s Triangle
Mac-Ewen’s triangle is a useful anatomic 
landmark for the surgical access to the 
antrum; the mastoid antrum lies about 
12–15 mm deeper to this triangle. This tri-
angle is absent in 10% of the population 
[31–34].

Fig. 5.5 Left cadaveric mastoid surface showing Henle’s 
spine and Mac-Ewen’s triangle. EAC external auditory 
canal

in temporal bones with an absent Henle’s 
spine [27, 28]. In cases where the temporal 
line is absent, the Henle’s spine could be 
used as an anatomic landmark to presume 
the level of the middle fossa dura.
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Surgical identification of the tegmen and 
 thinning of the posterior canal wall are very 
important surgical steps to reach the antrum. 
Posteriorly, the sigmoid sinus must be looked 
for: it could be situated rather anterior in 
poorly pneumatized mastoid. Failure to iden-
tify the tegmen could cause a dissection that is 
too much inferiorly, exposing the lateral semi-
circular canal or the facial nerve to risk of 
injury.

5.4.2.1  Position of the Antrum 
in Relation to Surface 
Landmarks

The depth of the mastoid antrum is a cardinal 
point in mastoid surgery. Despite the fact that the 
antrum reaches its adult size at birth, its medial 
displacement secondary to the pneumatization 
process renders its depth dependent of the age of 
the subject. Its depth varies also from person to 
person at the same age. In infants less than 1 year 
of age, the distance between the cortical bone and 
the antrum is only 2–4 mm (Fig. 5.2a). At 3 years 
of age, the antrum is at 10 mm from the cortical 
bone, and in adults, the antrum is at about 25 mm 
from the mastoid cortical bone [35].

In young children, the antrum is easily reached 
by curetting the cortical bone. In adults, the 
antrum is situated below the supramastoid ridge, 
above and in front of the petrosquamous suture. 
Mac-Ewen’s triangle is an important indicator of 
the antrum area (compare Figs. 5.5 and 5.8).

The relation of the antrum and Henle’s spine 
is also age-dependent. At about 10 years, it is on 
the horizontal track designed by Henle’s spine; 
after this age, the antrum sets about 1 cm behind 
Henle’s spine.

5.4.2.2  Deep Relationships 
of the Antrum

Several important structures must be considered 
while operating on the mastoid antrum; the most 

Fig. 5.6 Sagittal oblique cut of a left cadaveric temporal 
bone showing the antrum at the level of the aditus ad 
antrum (*). PFP posterior fossa plate, EAC external audi-
tory canal, 1 attic outer wall, 2 anterior wall of the EAC, 3 
posterior wall of the EAC, C cochlea, sscc superior semi-
circular canal, m malleus, VII facial nerve, IC internal 
carotid artery, ET Eustachian tube, ma middle meningeal 
artery, TMJ temporomandibular joint

a b

Fig. 5.7 Sagittal cuts through the temporal bone, show-
ing in (a) the medial wall of the antrum containing the 
labyrinth and in (b) the lateral wall of the antrum. Notice 
that the antrum is posterosuperior to the tympanic cavity 
(T). The tegmen antri slopes down as it goes anteriorly. 

Sinodural angle cells (SD) are located posterior to the 
antrum between the sigmoid sinus (SS) and the tegmen. 
The facial nerve VII is anteroinferior to the antrum. EAC 
external auditory canal, m malleus, i incus, lscc lateral 
semicircular canal, CT chorda tympani
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important are the lateral semicircular canal, the 
facial nerve, the sigmoid sinus, the posterior 
fossa dural plate, and the tegmen antri. Good 
knowledge of the anatomy of the antrum and its 
close relationship with these structures is essen-
tial for a safe mastoid surgery.

5.4.2.2.1  The Lateral Semicircular Canal 
and the Solid Triangle

Medially, the antrum is limited by the solid tri-
angle of the mastoid, which is the compact bony 
triangle formed by the three semicircular canals:

• The lateral semicircular canal (LSCC) is situ-
ated just behind the inner wall of the antrum. 
The canal is surrounded by a solid compact 
bony shell, which by itself offers a strong 
resistance to instruments. The distance from 
the tegmen antri to the lateral semicircular 
canal is about 6 mm [27].

• The superior semicircular canal (LSCC) runs 
perpendicular to the LSCC. It is about 2 mm 
more medially situated. Its anterior crus runs 
superiorly toward the tegmen tympani and 
then curves posteriorly to join the posterior 
semicircular canal forming the common crus.

• The posterior canal also runs perpendicular to 
the LSCC. The superior half of the posterior 
canal is located superior to a line bisecting the 

lateral canal (Donaldson’s line). The inferior 
half of the posterior canal runs inferiorly to 
Donaldson’s line and emerges deep to the ver-
tical portion of the facial nerve to enter the 
vestibule (Fig. 5.9).

antrum

LSSC

Tegmen
antri

Fig. 5.8 A left mastoidectomy showing the antrum, with 
the lateral semicircular canal (LSSC) in its medial wall. 
Notice the relation between Henle’s spine (S) and the 
antrum: the antrum is always superior and posterior to the 
spine (S) and the external auditory canal (EAC)

LSSC

PSCC

PSCCDura

Fig. 5.9 Cadaveric left mastoidectomy showing lateral 
semicircular canal (LSCC), the superior semicircular 
canal (SSCC), and the posterior semicircular canal 
(PSCC). Notice the relationship between the PSCC and 
the facial nerve (VII). Notice Donaldson’s line (the black 
dotted line) and the endolymphatic sac (*)

Surgical Application: Donaldson’s Line
Donaldson’s line is a straight line that runs 
in the axis of the lateral semicircular canal 
and bisects the posterior semicircular canal. 
It is an important landmark for searching 
the endolymphatic sac (Figs. 5.9 and 5.10). 
The endolymphatic sac lies on the posterior 
fossa dura inferior to Donaldson’s line and 
medial to the labyrinth. Surgical exposure 
of the endolymphatic sac is carried out 
through the retrofacial air cells tract in the 
area and bounded anteriorly by the mastoid 
segment of the facial nerve, posteriorly by 
the posterior fossa plate, superiorly by the 
posterior semicircular canal, and inferiorly 
by the jugular bulb.

As the endolymphatic sac extends 
toward and emerges from under the oper-
culum, the distance between the sac and the 
posterior canal increases to about 2 mm of 
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5.4.2.2.2 The Petromastoid Canal
The petromastoid canal runs from the posterior 
cranial fossa to the mastoid antrum; it is usually a 
closed vestige. It starts at the subarcuate fossa, 
situated on the posterior surface of the temporal 
bone superiorly and posteriorly in relation to the 
internal auditory canal. It traverses the temporal 
bone laterally underneath the superior  semicircular 
canal and above the lateral semicircular canal to 
reach the mastoid antrum (Figs. 5.11 and 5.12). It 

RETROLABYRINTHINE 

Fig. 5.10 Retrolabyrinthine approach of right ear after 
dissection of the three semicircular canals to show the 
endolymphatic sac. The blue line represents Donaldson’s 
line. lscc lateral semicircular canal, pscc posterior semi-
circular canal, sscc superior semicircular canal

Fig. 5.11 Left temporal bone mastoidectomy with dis-
section and opening of the three semicircular canals 
showing the mastoid opening of the petromastoid canal 
(red arrow). lscc lateral semicircular canal, pscc posterior 
semicircular canal, sscc superior semicircular canal, SDA 
sinodural angle, DR digastric ridge, SS sigmoid sinus, 
MFD middle fossa dura, PCW posterior canal wall, VII 
mastoid segment of facial nerve, JB jugular bulb

dense bone. The sac would be identifiable 
within the dura immediately inferior and 
lateral to the operculum. However, the 
position of the extraosseous component of 
the sac varies considerably, and it may not 
be present [36].

Poor pneumatization of the mastoid and 
a prominent sigmoid sinus may close the 
way to the sac.

a b c

Fig. 5.12 (a) Schema showing a right petromastoid canal 
taking origin from the posterior cranial fossa (PCF) anter-
osuperior to the internal auditory canal (*) and passing 
below the superior semicircular canal SSCC to the antrum. 
MCF middle cranial fossa. (b) Transversal CT image of a 
left ear with a very thin aspect of the petromastoid canal 
(arrowheads) passing in between the two arms of the 

superior semicircular canal (arrows). SS sigmoid sinus, 
IAC internal auditory canal. (c) Transversal CT image of a 
left ear of a young child with a hypoplastic oval window 
and associated stapes malformation; showing also a patent 
large petromastoid canal (arrowheads), antrum (○) and 
mastoid condensations (*); the two arms of the SSCC 
(arrows)
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establishes a potential communication between 
the mastoid cavity and the endocranium. If it is 
patent, it may be a cause of recurrent meningitis 
secondary to otomastoiditis (Fig. 5.12c).

5.4.2.2.3 The Mastoid Segment 
of the Facial Nerve

The vertical part of the Fallopian canal drops 
down in the anterior wall of the mastoid cavity in 
a plane almost parallel to the posterior wall of the 
external auditory canal. It passes through a com-
pact lamina of bone known under the name of the 
arclied pre-mastoid lamina.

In adults, the inferior part of the antrum neigh-
bors the second genu of the facial nerve. The 
facial nerve must be recognized as it emerges 
from the tympanic cavity between the horizontal 
semicircular canal medial and the short process 
of the incus. The incudal process is always more 
than 2 mm lateral to the facial nerve, and it is an 
important landmark to localize the facial nerve.

In children, the antrum is highly situated in 
relation to the facial nerve; therefore, the surgical 
approach to the antrum has a low risk for an even-
tual VII injury.

The distance from the vertical segment of the 
facial nerve to the posterior fossa dura ranges from 
5 to 10 mm [7]. The distance between the mastoid 
segment of the facial nerve canal and the sigmoid 
sinus is highly variable; it is around 4 mm [37]. 
The distance between the facial nerve and the tym-

panic membrane annulus is about 2–3  mm 
(Fig.  5.13). The lower one-third of the mastoid 
segment of the facial nerve is in close proximity to 
the digastric ridge where the nerve is always 
medial and anterior to this structure. The digastric 
ridge represents a landmark for the facial nerve 
identification. At this level, the  sigmoid sinus 
passes medially to the facial nerve (Fig. 5.14). In a 
poorly pneumatized temporal bone, the digastric 
ridge may be difficult to identify.

The facial nerve exits the Fallopian canal via 
the stylomastoid foramen. The mean depth of the 
facial nerve from the mastoid cortex at the stylo-
mastoid foramen is 13 mm.

Fig. 5.13 Right mastoidectomy with posterior tympano-
tomy (PT) showing the relation of the facial nerve (VII) with 
the sigmoid sinus and jugular bulb (JB). M malleus; I incus

Chordofacial
angle

Chorda
tympani

Posterior tympanotomy

Incus

Mastoid
tip Facial nerve

Sigmoid sinus

Digastric
ridge

LSSC

Mastoid segmentDigastric ridge

ba

Fig. 5.14 (a) Microscopic view of posterior tympanot-
omy and the relationship between the second genu, the 
incus, and the lateral semicircular canal (LSCC). (b) View 

of the mastoid tip showing the relationship between the 
digastric ridge and the facial nerve
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5.4.2.2.4 The Sigmoid Sinus
The sigmoid sinus is a continuation of the trans-
verse sinus. It passes through the mastoid process 
in an anteroinferior direction to join the jugular 
bulb, forming a curvature with an anterior angle. 
The posterosuperior part of the sigmoid sinus is 
the most superficial part; then the sinus lays grad-
ually deeper in the mastoid process. Inferiorly, at 
the level of the mastoid tip, it passes medial to the 
digastric ridge and the facial nerve to join the 
jugular bulb (Fig. 5.15).

At the junction with the jugular bulb, the sig-
moid sinus receives the inferior petrosal sinus, 
which courses along the inferior portion of the 
posterior surface of the petrous pyramid. The 
superior petrosal sinus enters the sigmoid sinus at 
its junction with the transverse sinus. Both the 
superior and the inferior petrosal sinuses are con-
nected to the cavernous sinus. The inferior petro-
sal sinus is also connected to the basilar plexus 
(Fig. 5.16).

The position of the sigmoid sinus with respect 
to the external auditory canal is variable. The dis-
tance from the sigmoid sinus to the posterior 
external auditory canal ranges from 10 to 20 mm 
[37]. This distance is dependent on the degree of 
the mastoid pneumatization. The sigmoid sinus 
could be very anterior in poorly pneumatized 
bones (Fig. 5.17). In a well-pneumatized mastoid 
process, the lateral aspect of the sigmoid sinus 
could be covered by mastoid air cells (Fig. 5.27).

• The superior petrosal venous sinus (SPS) is 
located at the junction between the middle and 
posterior cranial fossae. It originates in the 
cavernous sinus and passes dorsolaterally to 
drain into the transverse-sigmoid junction. It 
runs in the superior petrosal sulcus that begins 
from the posterolateral base of the petrous 
ridge and travels at an anteromedial angle 
toward its apex. It receives drainage from the 

Sinodural angle

MCF
dura

Retro-sinusal dura

SS

Fig. 5.15 Left enlarged mastoidectomy for skull base 
approaches with exposure of sigmoid sinus (SS). MCF 
middle cranial fossa
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Fig. 5.16 Schema 
showing a right sigmoid 
sinus and its connection 
with the cavernous sinus 
through the superior and 
inferior petrosal sinuses. 
JB jugular bulb
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cerebellum, the inferior cerebellar vein, and 
the veins of the tympanic cavity. The SPS runs 
above the trigeminal ganglion and below the 
oculomotor and trochlear nerves.

• The inferior petrosal sinus is situated in the 
inferior petrosal sulcus, formed by the junc-
tion of the petrous part of the temporal bone 
with the basilar part of the occipital bone. It 
begins in the posteroinferior part of the 
 cavernous sinus and, passing through the ante-
rior part of the jugular foramen, terminates in 
the superior bulb of the internal jugular vein. 
It receives the internal auditory veins, veins of 
the medulla oblongata, the pons, and the 
undersurface of the cerebellum.

5.4.2.2.5 The Posterior Fossa Dural Plate
The posterior fossa dural plate is a thin plate of 
bone that separates the mastoid antrum and mas-
toid air cells from the posterior cranial fossa. It is 
demarcated by the superior petrosal sinus superi-
orly, by the sigmoid sinus latero-inferiorly, and 
by the posterior semicircular canal medially 
(Fig. 5.19).

5.4.2.2.6 The Tegmen Antri
The tegmen antri is the part of the tegmen lying 
above the mastoid antrum. It separates the 
antrum from the overlying middle fossa dura and 
the temporal lobe (see Sect. 2.5.2., Figs. 2.30 
and 2.36).

5.4.2.2.7 Trautman’s Triangle
Trautman’s triangle is an imaginary triangle 
bounded by the tegmen, the superior petrosal 
sinus, the sigmoid sinus, and the bony labyrinth 
(Fig.  5.19). Most of the posterior fossa dura is 
included in Trautman’s triangle. In well- 
pneumatized temporal bones, the distance 
between the sigmoid sinus and the labyrinth may 
measure up to 10  mm. This distance may be 
much smaller. Exposure of Trautman’s triangle is 
essential for the most neurosurgical approaches 
through the temporal bone. The access from the 
mastoid cavity to the posterior cranial fossa is 
gained by traversing this triangle.

5.4.2.2.8 The Sinodural Angle  
(The Citelli Angle)

The Citelli angle is the angle between the middle 
fossa and the posterior fossa dural plates 

Surgical Implication: Sigmoid Sinus 
Variations
The most common anatomic variant of the 
sigmoid sinus is its anterior displacement. 
This situation can obscure the view of the 
mastoid structures and pathology and even-
tually require a decompression to improve 
access to the needed structures (Figs. 5.17 
and 5.18). Decompression is accomplished 
by removing bone around the sinus itself 
leaving a bony island plate that can be 
pressed down on the sinus without signifi-
cant risk of tearing the sinus.

Also bipolar cauterization of the sinus 
wall makes the sinus shrink and second-
arily increase the space for a comfortable 
surgical approach.

a bFig. 5.17 Transversal 
computed tomographic 
view of a sclerotic 
mastoid (*) of a right 
ear; (a) advanced and 
lateralized sigmoid sinus 
(SS). JB jugular bulb, 
EAC external auditory 
canal. (b) The thin 
retromeatal cortical bone 
(red double arrow) is 
measured immediately 
behind Henle’s spine 
(white arrow)
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(Figs.  5.19 and 5.20). In a well-pneumatized 
mastoid, this angle is occupied by many small air 
cells, called Citelli cells. These cells must be 
completely exenterated during mastoidectomy 
for chronic suppurative otitis media; otherwise, 
persistent disease, infection, or residual choles-
teatoma in these cells may lead to recurrence of 
the pathology. In certain cases, drilling deep 
enough down into the angle to expose the supe-
rior petrosal sinus is mandatory in order to dis-
sect all these cells.

5.4.2.2.9 Koerner’s Septum
Koerner’s septum is a dense bony plate of the 
bone in the plane of fusion of the two primordia 
sacci of the mastoid antrum: the saccus medius 
and the saccus superior (see Sect. 4.1). This sep-
tum divides the mastoid process into a superficial 
squamous portion and a deep petrous portion. 
Koerner’s septum extends from the posterior wall 
of the external auditory canal; it disperses in the 
air cells close to the middle fossa plate, the sino-
dural angle, and the sigmoid sinus plate; it then 

a bFig. 5.18 Extremely 
advanced sigmoid sinus 
(SS) and very huge 
jugular vein bulb (JVB). 
EAC; external auditory 
canal. (a) Axial CT 
image, the posterior 
tympanic bone is of 
1 mm thickness (arrow); 
(b) coronal CT image 
showing the retracted 
tympanic membrane 
(arrows) on the jugular 
bulb

ST

Sigmoid
sinus

PCF
dura

Sino-dural
angel

MCF
dura

SPS

Fig. 5.19 Cadaveric large mastoidectomy showing the 
middle cranial fossa (MCF) and posterior cranial fossa 
(PCF) dura, the sinodural angle, and the imaginary 
Trautman’s triangle (black lined triangle). ST solid trian-
gle, SPS superior petrosal sinus

Sigmoid sinus SPS

MCF

Sino-dural angel

MCF
dura

Fig. 5.20 Left mastoidectomy, showing the sinodural 
angle. SPS superior petrosal sinus, MCF middle cranial 
fossa
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runs inferiorly lateral to the facial canal as it pro-
ceeds to the mastoid tip.

5.4.3  The Aditus Ad Antrum

The mastoid antrum communicates anteriorly 
with the middle ear attic through a narrow path-
way called the aditus ad antrum.

The aditus ad antrum is a short and restricted 
bony canal situated at the posterior prolongation 
of the attic. It has a triangular shape with dimen-
sions of 4 × 4 × 4 mm. In adults, the aditus is 
present in the upper part of the anterior wall of 
the mastoid antrum. However, in newborns and 
infants, it is present in the middle part of this 
wall. This is because of the postnatal migration of 
the mastoid antrum downward.

The aditus ad antrum is bounded:

• Superiorly by the tegmen
• Medially and inferiorly by the lateral semicir-

cular canal; the second genu of the facial nerve 
being there inferior and medial to the LSCC

• Laterally by the scutum

At the level of the aditus, the lateral semicir-
cular canal, the short process of the incus, and the 
second genu of the facial nerve are all closely 
related. The lateral semicircular canal is seen as a 
solid whitish bony prominence positioned from 
anterosuperior to posteroinferior at approxi-
mately 30° angle from the aditus. The second 
genu of the facial nerve lies just inferior and 

medial to the lateral semicircular canal 
(Figs. 5.21 and 5.22).

5.4.4  The Mastoid Air Cells

The mastoid air cell system is categorized accord-
ing to the various regions of the temporal bone. 
These air cells include:

5.4.4.1  Squamo-mastoid Cells
These air cells are limited to the mastoid process 
itself and are subdivided into:

• The antrum.
• The central mastoid tract, which is the direct 

extension of the antrum inferiorly.
• The peripheral mastoid area arising from the 

antrum; the peripheral tract is further subdi-
vided into:
 – Tegmental cells above the external auditory 

canal
 – Posterosuperior cells (sinodural angle)
 – Sinusal cells posteroinferior (around the 

sigmoid sinus)
 – Facial cells (around the mastoid portion of 

the facial nerve)
 – Mastoid tip cells, which are divided into 

medial and lateral groups by the digastric 
ridge

Surgical Implication: Koerner’s Septum
During mastoid surgery, a well-developed 
Korner’s septum may be mistaken for the 
medial wall of the antrum. If it is not recog-
nized, the deep part of the antrum would 
not be exposed. A preoperative high- 
resolution CT scan of the temporal bone 
may demonstrate the presence of this sep-
tum (Fig. 5.1).

lateral
semicircular

canal

aditus ad
antrum

medial attic

mesos
incus

short
process
of incus

Fig. 5.21 Left mastoidectomy showing the aditus ad 
antrum (imaginary triangle)
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Depending on their extension in regard to the 
sigmoid sinus, the mastoid cells are classified 
into presinusoidal, sinusoidal, and postsinusoidal 
mastoid cells.

5.4.4.2  Petrous Cells
The petrous cells are subdivided into perilabyrin-
thine cells and apical cells (Figs. 5.23 and 5.24).

5.4.4.2.1 Perilabyrinthine Cells
These are the air cells surrounding the labyrinth; 
they include:

 1. The supralabyrinthine cells, subdivided into 
posterosuperior, posteromedial, and subarcu-
ate cells [1, 38]:

• The posterosuperior cells, arising from the 
antrum, are located around the superior 
semicircular canal and along the posterior 
surface of the petrous bone above the inter-
nal auditory canal.

• The posteromedial cells extend along the 
posterior surface of the petrous bone 
beneath the posterosuperior cells toward 
the posterior wall of the internal auditory 
canal [39].

• The subarcuate cells extend through the 
arch of the superior semicircular canal into 
the subarcuate fossa [1, 38].

 2. The infralabyrinthine cells extend inferior to 
the labyrinth. Air cells may be found extend-
ing from the mastoid, middle ear, and follow-

a

c d

b

Fig. 5.22 (a) Transverse CT image passing by the aditus 
ad antrum (arrow) of a left ear. Reference lines for the 
three following reconstructions are drawn inside the fig-
ure. (b) Sagittal reconstruction along the incudomalleolar 
axis showing the position of the short process of the incus 
facing the aditus (arrow). (c) Coronal reconstruction (1) 

passing by the aditus, showing the short incus process 
(thick arrow), the LSCC (short thin arrow), the facial 
nerve at the second genu (long arrow). (d) Coronal recon-
struction (2) more posteriorly than (1): showing the verti-
cal third portion of the facial nerve (short arrow) and the 
facial recess (long arrow)

5.4  Mastoid Process Anatomy
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ing tracts above and below the cochlea and 
into the petrous apex.

Careful inspection of the hypotympanum 
in primary surgery for chronic ear disease and 
exenteration of the hypotympanic and proxi-
mal infralabyrinthine cell tract are advocated 
when these regions contain cholesteatoma 
(Fig.  5.25) or extensive granulomatous dis-
ease [40].

5.4.4.2.2 Apical Cells
The apical cells are located medial to the internal 
auditory canal (IAC) and posteromedial to the 
carotid canal.

The degree of pneumatization of the petrous 
apex is variable, and it is correlated with the 
extent of the mastoid cells [1, 38, 39]. The petrous 

Mastoid
antrum

EAC

ET

Petrous apex
cells

IAC

4

3 pscc
2 SSCC

Is
cc

SS

1

∗

Fig. 5.23 Schematic 
drawing showing 
perilabyrinthine cells: 1 
supralabyrinthine cells, 
2 subarcuate cells, 3 
posteromedial cells, 4 
infralabyrinthine cells, 
(*) peritubal cells, SS 
sigmoid sinus, IAC 
internal auditory canal, 
EAC external auditory 
canal, ET Eustachian 
tube, lscc lateral 
semicircular canal, pscc 
posterior semicircular 
canal, sscc superior 
semicircular canal

Fig. 5.24 Sagittal oblique computed tomographic recon-
struction showing the supralabyrinthine air cells (small 
arrows) and the infralabyrinthine air cells (long arrows). 
Mastoid segment of the facial nerve (arrow heads). 
Jugular bulb (JB)
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apex is usually occupied by a soft bone marrow 
and contains no air cells, so defined as diploic 
petrous apex. However, 30% of patients have a 
petrous apex which contains air cells (pneuma-
tized petrous apex) (Fig. 5.26) [17, 39]. The api-
cal cells communicate with the perilabyrinthine 
cells laterally and with the peritubal cells 
anteriorly.

5.4.4.2.3 Accessory Air Cells
These cells include zygomatic, occipital, squa-
mous, and styloid air cells (Fig. 5.26).

5.5  CT Evaluation

CT scan evaluation of the temporal bone is consid-
ered to be the best modality to assess the mastoid air 
cell system and the type of pneumatization 
(Fig. 5.28).

The pneumatization of the mastoid air cell 
system can be divided into three types:

 1. Sclerotic mastoid—pneumatization is absent.
 2. Diploic mastoid—pneumatization is sparse.
 3. Pneumatic mastoid—normal or very exten-

sive pneumatization.

a b c

Fig. 5.25 Coronal CT-images of left ears: (a) CT-slice 
passing at the level of the round window (black arrow), 
with entry of the subcochlear canaliculus (white arrow). 
(b) CT-slice passing slightly more anterior through the 
level of the oval window (black arrow). Infracochlear cells 

are well aerated (white arrow). (c) same slice level as in 
(b) in another patient with intratympanic cholesteatoma: 
the infracochlear cells are obliterated (white arrows) by 
the pathology. (*) basal turn of the cochlea. IAC internal 
auditory canal, EAC external auditory canal

a b

Fig. 5.26 Computed tomography of right ears. (a) Well- 
pneumatized petrous apex (arrow) with well-pneumatized 
postsinusoidal cells (double arrows), posteromedial retro-

labyrinthine cells (arrowheads), and zygomatic cells 
(ZC). (b) Diploic petrous apex (arrow); SS sigmoid sinus

5.5  CT Evaluation
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5.6  Addendum: Role 
of the Mastoid Air Cell 
System Volume

5.6.1  Gas Exchange

The mastoid air cells please very important roles 
in the physiology and mechanics of middle ear:

The mastoid air cell system is covered with a 
vascularized cuboidal epithelium that lacks cilia 
and goblet cells. The distance between the sub-
mucosal blood vessels and the mucosal surface of 
this epithelium is rather close resembling that of 

the alveoli where extensive gas exchange takes 
place. The surface of this epithelium is greatly 
increased by air cell’s bony septa by which the 
volume is subdivided into multiple small cavities. 
The mastoid gas cell system constitutes the most 
important volume of the middle ear cleft and 
therefore represents the major part of the middle 
ear cleft mucosal area available for vascular gas 
exchange [41]. The total area of mucosal surface 
affects the gas exchange rate; thus increased 
mastoid pneumatization enhances the ability of 
regulating middle ear pressure [42].

5.6.2  Buffer System

The mastoid air cell system serves as a reservoir 
of air and a buffer system to replace air in the 
middle ear cavity temporarily in case of 
Eustachian tube dysfunction.

The tympanic cavity has a volume ranging 
from 0.5 to 1 ml; the mastoid air cell system vol-
ume is reported to be of 1–21 ml. The mastoid air 
volume “dilutes” pressure changes relatively to its 
size: the volume change required to alter a given 
pressure in an average (6 ml) mastoid is six-fold 
that which is needed in a small (1 mL) mastoid.

The cell system can be seen as a passive con-
tainer, an extra volume serving to buffer pressure 
changes for example, when a small volume of gas 
is absorbed from the mastoid air cells by diffu-
sion, and the Eustachian tube is closed, the result-
ing pressure change will be less in the presence 

Clinical Implication
A communication between the mastoid 
antrum and the petrous apex exists through 
the perilabyrinthine cells (Figs.  5.23, 
5.26). The spread of an ear infection can 
involve the air cells around the petrous 
apex leading to osteomyelitis of the 
petrous apex, “petrous apicitis.” 
Inflammation of this region may involve 
the sixth cranial nerve at the Dorello’s 
canal and the fifth cranial nerve in the 
Meckel’s cave giving symptoms of 
Gradenigo syndrome with the triad of a 
discharging ear, retro-orbital pain due to 
the involvement of trigeminal ganglion, 
and diplopia (see Fig. 5.27).

a b

Fig. 5.27 Gradenigo syndrome on the right side: (a) 
axial CT image with condensation images of the whole 
right petrous apex (empty white arrow) and focal thinning 
of the trabeculations. Normal widely pneumatized petrous 

apex on the contralateral side (empty black arrow); clivus 
(*). (b) Axial flair MRI showing a hyperintense petrous 
apex on the right side

5 The Mastoid
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of a well-pneumatized mastoid in comparison to 
a sclerotic mastoid. At the same time, the extra 
volume of the cell system implies negative conse-
quences. Once a certain pressure level is induced, 
as, for example, a negative intratympanic pres-
sure induced by sharp sniffing or when landing in 
an aeroplane, the amount of gas that must ulti-
mately be passed through the Eustachian tube to 
eliminate this pressure change will be larger in 
the presence of a well- pneumatized mastoid, as 
compared with a sclerotic one.

5.6.3  Middle Ear Mechanics

The greater the volume of middle ear cleft air 
cells, the more compliant is the system.

The middle-ear air space in normal ears may 
play a role in some of the variability observed in 
ear-canal based acoustical measurements on nor-
mal populations. For instance, variations in vol-
ume of the middle-ear air space result in variations 
in the middle-ear air space impedance which can 

affect the middle-ear impedance at the tympanic 
membrane by as much as 10 dB at frequencies 
greater than 1000 Hz. This effect can contribute 
to intersubject variations in both impedance mea-
surements and otoacoustic emissions measured at 
the tympanic membrane [43].

The volume of human middle-ear air has 
important acoustical effects and is known to be 
important in determining middle-ear sound trans-
mission in several pathological middle-ear condi-
tions. The volume of the middle-ear air space 
plays a major role in middle-ear function in ears 
with tympanic membrane perforations or tubes at 
frequencies below about 1000 Hz. In some path-
ological ears, the air volume of the middle-ear air 
space can influence the sound produced by hear-
ing aids [44–47]. The mastoid air cell system 
plays a role in middle ear pressure regulation able 
to modify sound transmission. Well-pneumatized 
mastoids had larger volumes which add to the 
resonance of hearing in contrary to sclerotic mas-
toids that offer less resonance. Therefore, in case 
of tympanic membrane perforation, hearing loss 

a

c d

bFig. 5.28 Transversal 
computed tomographic 
views on right ears with 
different pneumatization 
status. Antrum 
(arrowhead), mastoid 
(M): (a) totally sclerotic 
mastoid with tiny 
antrum, (b) poorly 
pneumatized/diploic 
mastoid, (c) normal 
pneumatization of 
mastoid and antrum, (d) 
very well-pneumatized 
mastoid
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varies inversely to the volume of middle ear and 
mastoid (pneumatization status of the mastoid): 
other factors, as size and location of the perfora-
tion, being the same, the air bone gap varies up to 
35 dB depending of the air volume in the ME and 
mastoid. This is an important knowledge with 
regard to the effect of transmission of sound in 
hearing. While treating patients with tympanic 
membrane perforations, the clinician should con-
sider not only the size of the perforation but also 
the mastoid air space volume while evaluating 
hearing loss and chance of success of postopera-
tive hearing recovery.

5.6.4  As Protector

The mastoid air cell system plays a role in the 
absorption and dispersion of kinetic energy dur-
ing direct lateral temporal bone trauma, thus pro-
tecting the vital structures in the temporal bone 
[43].

References

 1. Allam AF. Pneumatization of the temporal bone. Ann 
Otol Rhinol Laryngol. 1969;78:48–64.

 2. Bast TH, Forester HB.  Origin and distribution of 
air cells in the temporal bone. Arch Otolaryngol. 
1939;30:183–205.

 3. Bast TH, Anson BJ. The temporal bone and the ear. 
Springfield: Charles C Thomas; 1949. p. 162–291.

 4. Cinamon U.  The growth rate and size of the mas-
toid air cell system and mastoid bone: a review 
and reference. Eur Arch Otorhinolaryngol. 
2009;266(6):781–6.

 5. Virapongse C, Kirschner JC, Sasaki C, et al. Computed 
tomography of Koerner’s septum and the petrosqua-
mosal suture. Arch Otolaryngol Head Neck Surg. 
1986;112:81–7.

 6. Diamant M.  Otitis and pneumatization of the mas-
toid bone. Acta Otolaryngol (Suppl) (Stockh). 
1940;41:1–149.

 7. Wittmaack K. Über die normale und Pathologische 
Pneumatisation des Schläfenbeins einschließlich ihrer 
Beziehungen zu der Mittelohrerkrankungen. Jena: 
Fischer; 1918. p. 1–64.

 8. Gans H, Wlodyka J. Mastoid pneumatization in chronic 
otitis media. Acta Otolaryngol. 1966;33:343–6.

 9. Palva T, Palva A. Size of the human mastoid air cell 
system. Acta Otolaryngol. 1966;62:237–51.

 10. Hug JE, Pfaltz CR.  Temporal bone pneumatiza-
tion. A planimetric study. Arch Otorhinolaryngol. 
1981;233:145–56.

 11. Tos M.  Mastoid pneumatization. A critical analy-
sis of the hereditary theory. Acta Otolaryngol. 
1982;94:73–80.

 12. Ueda T, Eguchi S. Distribution of pneumatization of 
the temporal bone in chronic otitis media seen during 
the age of antibiotic therapy. J Otol Rhinol Laryngol 
(Japan). 1962;64:1539–42.

 13. Schulter-Ellis F.  Population differences in cellu-
larity of the mastoid process. Acta Otolaryngol. 
1979;87:461.

 14. Sade J, Hadas E. Prognostic evaluation of secretory 
otitis media as a function of mastoidal pneumatiza-
tion. Arch Otorhinolaryngol. 1979;225:39–44.

 15. Holmquist J.  Aeration in chronic otitis media. Clin 
Otolaryngol. 1978;3:278–84.

 16. Sade J.  The correlation of middle ear aeration with 
mastoid pneumatization. Eur Arch Otorhinolaryngol. 
1992;249:301–4.

 17. Virapongse C, Sarwar M, Bhimani S, Sasaki C, 
Shapiro R. Computed tomography of temporal bone 
pneumatization: 1 normal pattern and morphology. 
AJR Am J Roentgenol. 1985;145:473–81.

 18. Hentona H, Ohkubo J, Tsutsumi T, Tanaka H, 
Komatsuzaki A. Pneumatization of the petrous apex. 
Nippon Jibiinkoka Gakkai Kaiho. 1994;97:450–6.

 19. Tumarkin A.  On the nature and significance of 
hypocellularity of mastoid. J Laryngol Otol. 
1959;73:34–44.

 20. Tumarkin A.  On the nature and vicissitudes of the 
accessory air spaces of the middle ear. J Laryngol 
Otol. 1957;71:210–48.

 21. Kolihova E, Abraham J, Blahova O.  Rezidivierende 
Mittelohrentzündung im frühen Kindesalter und 
ihr Einfluss auf die Zellsystementwicklung des 
Schläfenbeins. Radiologie. 1966;12:62–5.

 22. Snow JB Jr, Wackym PA, editors. Ballenger’s oto-
rhinolaryngology head and neck surgery. 17th ed. 
Hamilton, ON: BC Decker; 2008.

 23. Tos M.  Manual of middle ear surgery. New  York: 
Thieme; 1997.

 24. Lee D-H, Kim M-J, Lee S, Hana C.  Anatomical 
Factors Influencing Pneumatization of the Petrous 
Apex. Clin Exp Otorhinolaryngol. 2015;8(4):339–44. 
https://doi.org/10.3342/ceo.2015.8.4.339.

 25. Tos M. Manual of middle ear surgery, Mastoid sur-
gery and reconstructive procedures, vol. 2. Stuttgart: 
Thieme; 1995.

 26. Sanna M, Saleh E, Taibah A, Russo A. Atlas of tem-
poral bone. 1st ed. Stuttgart: Thieme; 1995.

 27. Aslan A, Mutlu C, Celik O, Govsa F, Ozgur T, 
Egrilmez M.  Surgical implications of anatomical 
landmarks on the lateral surface of the mastoid 
bone. Surg Radiol Anat. 2004;26(4):263–7. Epub 
2004 Jun 17.

 28. Williams PL, Bannister LH, Berry MM, Collins P, 
Dyson M, Dussek JE, et al., editors. Gray’s anatomy: 

5 The Mastoid

https://doi.org/10.3342/ceo.2015.8.4.339


173

the anatomical basis of medicine and surgery. 38th ed. 
London: Churchill Livingstone; 1995. p. 56.

 29. Anson B, Donaldson JA. Surgical anatomy of the tem-
poral bone. 4th ed. New York: Raven; 1992.

 30. Peker TV, Pelin C, Turgut HB, Anil A, Sevim 
A.  Various types of suprameatal spines and depres-
sions in the human temporal bone. Eur Arch 
Otorhinolaryngol. 1998;255:391–5.

 31. Williams PL, Warwick R, Dyson M, Bannister 
LH. Gray’s anatomy. 37th ed. Edinburg: ELBS with 
Churchill Livingstone; 1993.

 32. Berkovitz BKB, Moxham BJ. A textbook of head and 
neck anatomy. London: Wolfe Medical; 1988.

 33. Akabori E.  Crania nipponica recentia. Analytical 
inquiries into the non-metric variations in the Japanese 
skull. Jpn J Med Sci I Anat. 1933;4:61–318, 11.

 34. Romanes GJ.  Cunningham’s manual of practical 
anatomy, Head and neck and brain, vol. III. London: 
Oxford University Press; 1992.

 35. Schwartze A. Handbuch der Ohrenheilkunde. Leipzig: 
Vogel; 1893.

 36. Richard R Locke. Anatomy of the transmastoid endo-
lymphatic sac decompression in the management of 
Ménière’s disease. PhD thesis, Faculty of Biomedical 
and Life Sciences, The University of Glasgow; 2008.

 37. Măru N, Cheiţă AC, Mogoantă CA, Prejoianu 
B.  Intratemporal course of the facial nerve: mor-
phological, topographic and morphometric features. 
Romanian J Morphol Embryol. 2010;51(2):243–8.

 38. Pellet W, Cannoni M, Pech A.  Basic anatomy. In:  
Otoneurosurgery. Berlin: Springer; 1990. p. 5–72.

 39. Yamakami I, Uchino Y, Kobayashi E, Yamaura 
A. Computed tomography evaluation of air cells in the 
petrous bone—relationship with postoperative cere-

brospinal fluid rhinorrhea. Neurol Med Chir (Tokyo). 
2003;43(7):334–8.

 40. Nadol JB Jr, Krouse JH.  The hypotympanum and 
infralabyrinthine cells in chronic otitis media. 
Laryngoscope. 1991;101(2):137–41.

 41. Doyle J.  The mastoid as a functional rate- limiter 
of middle ear pressure change. Int J Pediatr 
Otorhinolaryngol. 2007;71:393–402.

 42. Manjuran DJ, Bahuleyan B. Effect of middle ear and 
mastoid air space volume on acoustic transmission of 
sound in tympanic membrane perforation. Int J Res 
Med Sci. 2016;4:2611–4.

 43. Stepp CE, Voss SE. Acoustics of the human middle-
ear air space. J Acoust Soc Am. 2005;118(2):861–71.

 44. Voss SE. Effects of tympanic-membrane perforations 
on middleear sound transmission: measurements, 
mechanisms, and models. PhD thesis, Massachusetts 
Institute of Technology; 1998.

 45. Voss SE, Rosowski JJ, Merchant SN, Peake WT. How 
do tympanic-membrane perforations affect human 
middle-ear sound transmission? Acta Otolaryngol. 
2001a;121:169–73.

 46. Voss SE, Rosowski JJ, Merchant SN, Peake 
WT.  Middle-ear function with tympanic-membrane 
perforations. I.  Measurements and mechanisms. J 
Acoust Soc Am. 2001b;110:1432–44.

 47. Voss SE, Rosowski JJ, Merchant SN, Peake 
WT.  Middle-ear function with tympanic-membrane 
perforations. II. A simple model. J Acoust Soc Am. 
2001c;110:1445–52.

 48. Ilea A, Butnaru A, Sfrangeu SA, et al. Role of mastoid 
pneumatization in temporal bone fractures. AJNR Am 
J Neuroradiol. 2014;35:1398–404.

References



175© Springer Nature Switzerland AG 2019 
S. Mansour et al., Comprehensive and Clinical Anatomy of the Middle Ear, 
https://doi.org/10.1007/978-3-030-15363-2_6

Facial Nerve 6

Contents
6.1  Facial Nerve Development  175
6.1.1  Facial Nerve Connections  178

6.2  Facial Nerve Anatomy  179
6.2.1  The Cerebellopontine Angle (CPA) Segment  180
6.2.2  The Internal Auditory Canal Segment (IAC)  181
6.2.3  The Facial Canal (Fallopian Canal)  183
6.2.4  Vascularization of the Facial Nerve  193

 References  194

The facial nerve, or cranial nerve (CN) VII, is 
the nerve of facial expression. Due to various devel-
opmental events, the trajectory of the facial nerve is 
tortuous and complex from its origin in the brain 
stem to the muscles of the face. The ingenious path-
way of the facial nerve through the middle ear and 
mastoid adds to the complexity and refinement of 
middle ear microsurgery. Thus, a thorough knowl-
edge of the facial nerve anatomy along with its mul-
tiple landmarks is essential for an accurate, safe, 
and effective surgical intervention in the middle ear.

A basic understanding of the developmental 
anatomy of the facial nerve is necessary to antici-
pate the various anatomical situations that can be 
encountered during ear surgery.

6.1  Facial Nerve Development

The facial nerve primordium (nerve of the second 
branchial arch or hyoid arch) is first recognized at 

the fourth week of gestation as a collection of 
cells at the vicinity of the auditory placode, which 
will generate the otocyst (Fig. 6.1). These cells 
are derived from neural crest cells and epibran-
chial microplacodes of the second branchial arch. 
Then, the facial nerve primordium extends to the 
primitive geniculate ganglion region as a narrow 
band; meanwhile, the acoustic nerve has reached 
the otic vesicle [1].

The fibers of the facial nerve arise from the 
fourth and fifth rhombomeres of the brain stem. 
Congenital hypoplasia of the nerve in the mouse 
can result from hypoplasia of the fourth rhombo-
mere, secondary to misexpression of Hoxa1 and 
Hoxb1 homeobox genes, in close association 
with abnormalities of second arch derivatives in 
the middle ear. This kind of pattern can be 
observed in clinical practice (Fig. 6.6) [2].

The intermediate part of the nerve (in fact, the 
sensory and several autonomic fibers) exits the 
brain stem between the vestibulocochlear nerve 
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and the efferent part of the facial nerve. Because 
of the lesser amount of fibers, this component of 
the facial nerve is thinner than the motor part. 
The corresponding neurons lie in the geniculate 
ganglion [3].

In the fifth week, the facial motor nucleus 
can be identified in the developing brain stem. 
Nerve fibers leave the nucleus and pass caudal 
to the region of the geniculate ganglion. These 
fibers bend dorsally to give the horizontal seg-
ment of the nerve which passes between the 
developing labyrinth and the upper end of 
Reichert’s cartilage. The upper end of 
Reichert’s cartilage will become the blastema 
of the stapes (Fig. 6.2). Finally the facial nerve 
bends vertically before passing into the sub-
stance of the second branchial arch, recovered 
laterally by the laterohyale [1] (Fig.  6.3). 
During the fifth week, the chorda tympani con-
stitutes the first branch of the facial nerve to 
appear. At this time, the chorda tympani nerve 
and the facial nerve trunk are of approximately 
equal size; this state could be encountered clin-
ically in adult ears with major atresia [4]. The 
chorda tympani nerve (Fig.  6.3) divides into 
the mandibular arch to terminate in the same 
region as the lingual nerve ends and where the 

submandibular ganglion develops. The chorda 
tympani nerve primordium divides the man-
dibular ossicular blastema into malleus later-
ally and incus medially. By the seventh week, 
however, the chorda tympani nerve is smaller 
than the facial nerve and remains so into adult-
hood [4] (see Fig. 3.2).

At the phylogenetic point of view, the chorda 
tympani is a “pretrematic nerve” joining the sec-
ond arch nerve (the facial nerve) to the first arch 
one (the trigeminal nerve and its lingual part), 
similar to the connections between branchial 
nerves in the first gnathostomes.

Fig. 6.1 Frontal (asymmetric) section of a head of a E9 
mouse embryo. At the right side, we observe facial nerve 
fibers (arrow) in contact with the rhombencephalon (Rh). 
At the left side, rudiment of the geniculate ganglion is vis-
ible (large arrow) at the vicinity of the otic vesicle (O) and 
the anterior cardinal vein (V). I and II first and second 
branchial arches

Fig. 6.2 Transverse section of a 5 week 13 mm human 
embryo, showing the close relationship of the facial nerve 
rudiment (VII) with the stapes (S) anlage, passed by the 
stapedial artery (SA). Hematoxylin-eosin staining

Fig. 6.3 Frontal section in a 5–6-week 15.5 mm human 
embryo. The facial nerve rudiment (VII) is partially cov-
ered by the laterohyale (L), derived from Reichert’s carti-
lage, and crosses the stapes (S), itself passed by the 
stapedial artery (SA). The anterior cardinal vein (V) is 
lateral to the nerve. Hematoxylin-eosin staining
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The mesenchyme around the facial nerve 
develops later into the facial nerve canal. The first 
cartilaginous anlage of the facial canal derives 
from the laterohyale (Figs.  6.3 and 6.4). The 
complex development of the contiguous struc-
tures, such as the stapes, the labyrinthine capsule, 
the mastoid bone, and the tympanic bone, will 
determine the ultimate trajectory of the facial 
nerve canal.

Originally, the facial nerve passes through a 
sulcus in the cartilaginous otic capsule; later this 
sulcus ossifies and becomes the bony canal of the 
facial nerve, where the lateral wall derives from 
the laterohyale (Fig. 6.5), called the periotic pro-
cess [5].

The process of ossification of facial nerve 
canal has two centers:

• An anterior center: it develops at the apical 
cochlear ossification center by the end of the 
20th week gestation.

• A posterior center: it arises at the pyramidal 
eminence by the 25th gestation week [3].

Each ossification center emits two bony projec-
tions that ideally encircle progressively the entire 
length of the facial nerve. A contribution of intra-
membranous bone from the periosteal layer of the 
otic capsule is also involved in the covering of the 
facial canal [2].

Fig. 6.4 A 5–6 week 
15.5 mm human 
embryo, transverse 
section. Facial nerve is 
visible in close 
relationship with 
Reichert’s cartilage (R). 
Chorda tympani (CT) is 
more anterior, between 
first and second arches, 
in relationship with the 
malleus (M). Ph first 
pharyngeal pouch, cleft 
first branchial cleft. 
Hematoxylin-eosin 
staining

Fig. 6.5 Development 
of the laterohyale (L), 
derived from Reichert’s 
cartilage (RC), in a 
sagittal section of a 
14-day mouse embryo 
(A) and in a frontal 
section of a 27.5 mm 
human embryo. The 
laterohyale covers 
earlier the facial nerve 
(VII) and then fuses 
with the otic capsule 
(OC). M handle of 
malleus, S stapes
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At term, about 80% of the tympanic segment of 
the Fallopian canal is ossified; the ossification is 
almost completed around 3  months after birth. 
Facial nerve dehiscence (which occurs in 25% of 
cases) could be related to failure of complete fusion 
of these two ossification centers [6] and/or to loss of 
intramembranous ossification of the periosteal layer 
of the otic capsule at the vicinity of the vestibule [2]. 
Some authors have proposed that the failure of ossi-
fication could be related to the persistent aperture of 
the stapedial artery [5, 7].

Due to the embryonic association of facial 
nerve with other second arch derivatives, a dehis-
cence of the facial canal can be associated with 
some middle ear or inner ear  malformations 
(Fig.  6.6), in clinical situations as well as in 
experimental conditions [8].

At the end of the embryonic period, the defini-
tive path of the facial nerve is completed, and the 
growth in length of the facial nerve is closely asso-
ciated with the enlargement of the fetal head [7].

6.1.1  Facial Nerve Connections

At the seventh week, a ventral offshoot from the 
geniculate ganglion reaches the glossopharyngeal 
ganglion. This will form the lesser superficial petro-
sal nerve (LSPN). At approximately the same time, 

the nerve branch of the stapedial muscle appears 
[9]. Between the 12th and 13th weeks, two twigs 
from the dorsomedial surface of the facial nerve 
between the stapedial muscle and the chorda tym-
pani nerve fuse together and reach the superior gan-
glia of the vagus (CN X) and glossopharyngeal (CN 
IX) nerves to give Arnold’s nerve, that is the auricu-
lar branch of the vagus nerve. Arnold’s nerve tra-
verses the primitive tympanomastoid fissure and 
innervates the subcutaneous tissue of the posterior 
aspect of the external auditory canal (Ramsay Hunt 
area) [9]. By the 17th week, the definitive commu-
nications of the facial nerve, including those with 
the second and third cervical nerves (C2 and C3), 
the trigeminal nerve, the vagus nerve, and the glos-
sopharyngeal nerve, are established.

Clinical Applications: Facial Nerve in Aural 
Atresia
Facial nerve abnormal trajectory is common 
in major aural ear atresia. This is due to the 
abnormal development of the tympanic 
bone, which normally pushes the mastoid 
segment of the facial nerve posteriorly. The 
facial nerve may be placed in the middle ear 
cavity, mostly between the oval and the 
round windows (Figs. 6.7 and 6.8) [10].

a b c

Fig. 6.6 Associated malformations of the middle and 
inner ear with second arch structures in a 9-year-old boy: 
(a) transverse CT image showing a low-lying facial nerve 
(VII, white arrow) running on the promontory. 
Rudimentary head of the stapes (dashed arrow) in contact 
with the stapedial tendon. (b) Associated malformation of 
the LSCC that harbors a very small central island (thin 
arrow) and shows a concave impression on the lateral arm 

(long white arrow). (c) Coronal view showing a very 
small rudimentary opening (black arrow) on the floor of 
the vestibule, in the absence of any oval window opening 
(empty arrow). Aberrant facial nerve trajectory (white 
arrow) covering the promontory. Rudimentary stapes head 
(dashed arrow). This abnormality is similar to experimen-
tal features obtained by knock-out of both Hoxa-1 and 
Hoxb-1 genes
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6.2  Facial Nerve Anatomy

The facial nerve is the nerve of the second bran-
chial arch. It contains motor and somatosensory 
components. The somatosensory fibers of the 
facial nerve are carried by the nervus interme-
dius, or pars intermedia of Wrisberg.

The facial nerve is composed of approxi-
mately 10,000 neurons:

• 7000 myelinated neurons form the motor part 
of the facial nerve that innervates the muscles 
of the face expression and the stapedial 
muscle.

• 3000 neurons form the nervus intermedius 
with secretory and somatosensory compo-
nents. They include:

 – The afferent taste fibers from the chorda 
tympani nerve, coming from the anterior 
two-thirds of the tongue

 – The afferent taste fibers from the soft palate 
via the palatine and greater petrosal nerves

 – The parasympathetic secretory innerva-
tions to the submandibular, sublingual, and 
lacrimal glands

 – The cutaneous sensory component from 
afferent fibers originating from the skin of 
the auricle and postauricular area and con-
cha or Ramsay Hunt area [11]

The facial nerve exits the brain stem at the pon-
tomedullary junction; it traverses the cerebello-
pontine angle (CPA) and enters the internal 
auditory canal (IAC), where it runs in the antero-

a

c d

b

Fig. 6.7 A transversal computed tomographic view of (a) 
Right ear with complete aplasia of the tympanic bone. The 
anterior wall of the mastoid (empty arrow) represents the 
posterior wall of TM Joint. VII nerve in anterior position 
(plain arrow). (b) Normal contralateral side with anterior 
tympanic bone (dashed empty arrow), posterior tympanic 
bone (empty arrow). VII nerve (plain arrow). (c) Cut 

above (a), showing the anteriorly displaced VII nerve 
(white arrow) at the same level (dashed line) as the round 
window (black arrow). (d) Normal contralateral side 
showing the normal situation of the VII nerve (white 
arrow) clearly behind the level (dashed lines) of the round 
window (black arrow)
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superior part of the canal. It traverses the temporal 
bone in a bony canal, the Fallopian canal, until it 
reaches the stylomastoid foramen where it exits 
the temporal bone anterior and medial to the digas-
tric ridge and enters the parotid gland [12, 13] to 
divide into its terminal branches.

6.2.1  The Cerebellopontine Angle 
(CPA) Segment

The facial nerve (CN VII) leaves the brain stem at 
the pontomedullary junction almost 1.5 mm ante-
rior to the vestibulocochlear nerve (VIII) [14]. The 
facial nerve then follows a rostro-lateral course 
through the cerebellopontine angle for a distance of 
15–17 mm, to enter finally the porus of the internal 
auditory canal (IAC) in the temporal bone (Fig. 6.9).

The CPA segment of the facial nerve is 1.8 mm 
in diameter and is smaller than the cochleoves-
tibular nerve (CN VIII) which is of around 3 mm 
[14]. A third smaller nerve, the nervus interme-
dius, emerges between CN VII and CN VIII.

Clinical Application
The root exit zone of the facial nerve 
(REZ) corresponds to a transitional area 
between central and peripheral myelin. At 
this level the facial nerve is covered by a 
thin layer of nerve sheath and is sensitive 
to compression by a vascular loop 
(Fig. 6.9). This neurovascular compression 
is responsible for almost all cases of hemi-
facial spasm [15–18].

a

c d

b

Fig. 6.8 Axial CT images passing in caudal to cranial 
direction through the middle ear. (a) Complete atresia of 
the tympanic bone, visibility of a petrosquamous suture at 
its place (empty arrowheads). Foramen styloideum (plain 
arrow) for the VII nerve. (b) Some mm above (a), the 
advanced VII (white arrow) is seen at the same level as the 

round window (black arrow). (c) Trajectory of the facial 
nerve (white arrow) in front of the oval window (black 
arrow): (VII protrusion). Rudimentary ossicular chain 
(long thin arrow). (d) Coronal CT reconstruction showing 
a high riding second genu of the facial nerve largely above 
the level of the round window
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6.2.2  The Internal Auditory Canal 
Segment (IAC)

The IAC segment of the facial nerve occupies the 
anterosuperior quadrant of the IAC and measures 
8–10 mm; it lies superior to the cochlear nerve, 
and it passes above the crista falciformis [19] 
(Fig.  6.10). The nervus intermedius passes 
between the motor root of the facial nerve and the 
cochlear nerve (Fig. 6.11).

A crest of bone, “Bill’s bar,” hangs in the vertical 
plane of the fundus of the IAC between the superior 
vestibular nerve and the facial nerve, the latter being 

anterior to the vestibular nerve (Fig. 6.12). At the 
fundus of the IAC, the facial nerve enters the 
Fallopian canal. The transit zone between the IAC 
and the Fallopian canal is called the meatal segment 
and is the narrowest zone of the bony facial canal; it 
is around 0.65 mm in diameter [19]. At this zone, 
the nerve is only envelopped by pia mater and an 
arachnoid membrane because the dural investment 
terminates at the fundus of the IAC. The meatal seg-
ment is the most common site of facial nerve entrap-
ment during inflammatory disorders of the facial 
nerve, such as Bell’s palsy and Ramsay Hunt 
syndrome.

Fig. 6.9 Left cerebellopontine angle during endoscopic 
exploration through a retrosigmoid approach showing the 
facial nerve (VII) that exits from the brain stem at the REZ 
zone just medial to the flocculus and extends medial to the 
cochleovestibular nerve (VIII); they enter together the 
meatus of the internal auditory canal; V trigeminal nerve, 
VI abducens nerve, IX glossopharyngeal nerve, X vagus 
nerve, XI accessory nerve

a b

Fig. 6.10 (a) Axial MRI T2 3D drive (0.8 mm) with high 
resolution on the internal auditory canal (IAC), vascular 
loop (arrow) in close contact to the cranial nerves inside 
the canal. Dashed line: reference line for the reconstruc-
tion perpendicular to the auditory canal done in (b) F 

(facial nerve) and C (cochlear nerve) are lying superposed 
in the anterior part (Ant) of the IAC, and SV (superior 
vestibular nerve) and IV (inferior vestibular nerve) are 
lying superposed in the posterior part (Post) of the IAC

Fig. 6.11 Superior view of the right CerebelloPontine 
Angle showing the nervus intermedius (*) passing 
between the facial nerve (VII) and the cochleovestibular 
nerve (VIII) facial nerve (VII). At the fundus of internal 
auditory canal, Bill’s bar (BB) seperates VII from VIII 
posteriorly. D dura of posterior fossa extending to internal 
auditory canal, AICA anterior inferior cerebellar artery, f 
crista falciformis
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a b
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singular nerve

saccular nerve transverse crest
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out his canal

superior
vastibular

nerve

inferior
vestibular nerve
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Fig. 6.12 Left ear translabyrinthine approach to the 
internal auditory canal (a) dura is opened to show the 
superior and inferior vestibular nerves; (b) the singular 
branch of inferior vestibular nerve is pulled out of its 
canal, notice the transverse crest separating the superior 
and inferior vestibular nerves; (c) after cut and reflection 
of inferior vestibular nerve (IVN), showing the cochlear 
nerve (CN); (d) after cut of superior vestibular nerve and 

reflection of the whole vestibular nerve (IVN), showing 
the facial nerve (VII) lying superiorly and the cochlear 
nerve (CN) inferiorly (the VII is anterior to the vestibular 
nerve). Bill’s bar (BB) is present in the fundus of the inter-
nal auditory canal and separates the facial nerve from the 
superior vestibular nerve. TC transverse crest (Courtesy of 
Tardivet [20])
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6.2.3  The Facial Canal (Fallopian 
Canal)

At the fundus of IAC, the facial nerve enters 
through the metal foramen in a bony canal called 
the Fallopian canal (after Gabriel Fallopius): It is 
25–30 mm long [12]. No other nerve in the body 
travels such a long distance through a bony canal. 
The Fallopian canal is divided into three distinct 
anatomic segments defined by two genus 
(Fig. 6.13):

6.2.3.1  The Labyrinthine Segment 
(First Segment)

The labyrinthine segment of the facial nerve is 
3–5 mm long; it is the shortest and the narrowest 
segment of the Fallopian canal. It lies beneath 
the middle cranial fossa and extends from the 
meatal foramen to the geniculate ganglion [21]. 
The narrowest part is at its entrance, the meatal 
segment. The labyrinthine segment travels ante-
riorly, superiorly, and laterally, forming an 
anteromedial angle of 120° with the IAC por-
tion. It lies immediately above the anterior part 
of the vestibule.

The basal turn of the cochlea is anteroinferior 
to the labyrinthine segment.

When the nerve reaches a point just lateral and 
superior to the cochlea, it angles sharply forward, 
nearly at a right angle to the long axis of the petrous 
bone until the geniculate ganglion (Fig. 6.14).

Before reaching the geniculate ganglion, both 
the facial nerve and the nervus intermedius 
remain distinct entities, and they join each other 
just before reaching the geniculate ganglion.

Clinical Application
In case of an inflammatory swelling of the 
facial nerve, Bell’s palsy, for example, the 
bony shell around the nerve may lead to a 
facial nerve compression. A severe facial 
nerve compression for a long time may 
result in a nerve ischemia with a worse 
prognosis for facial paralysis recovery. 
Facial nerve decompression consists of 
opening the facial bony canal in the areas 
of facial nerve inflammation and swelling. 
The inflammatory segment could be identi-
fied with MRI by its strong enhancement 
after injection of Gadolinium.

Fig. 6.13 Left transmastoid-translabyrinthine-transotic 
approach. The Fallopian canal dissected from the IAC to 
the stylomastoid foramen (SMF). It consists of three seg-
ments: labyrinthine segment (L), tympanic segment (T), 
and mastoid segment (M). The three segments are con-
nected by two genus: first genu, the geniculate ganglion 
(gg), between labyrinthine and tympanic segment, and sec-
ond genu (sg) between tympanic and mastoid segment. dig 
digastric ridge, tt tensor tympani muscle

Fig. 6.14 Middle cranial fossa view of a right-side facial 
nerve after drilling the bone covering the labyrinth, the 
facial nerve, and the tegmen tympani. IAC internal auditory 
canal segment of the facial nerve, 1 labyrinthine segment, G 
geniculate ganglion, GSPN greater superficial petrosal 
nerve, 2 tympanic segment, Co cochlear area, M malleus, I 
incus, * cochleariform process, LSCC lateral semicircular 
canal, PSCC posterior semicircular canal, SSCC superior 
semicircular canal (Courtesy of Tardivet [20])
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Fig. 6.15 Transversal CT view on a right ear. 
Labyrinthine segment (short black arrow), geniculate 
ganglion (white arrowhead), tympanic segment of the 
facial nerve (white arrows), oval window niche (long 
black arrow). Notice the acute angle between the first and 
second segment of the facial nerve (circle). IAC internal 
auditory canal

Fig. 6.16 Left middle cranial fossa approach showing 
geniculate ganglion (GG) dehiscence during MCF sur-
gery, T tympanic segment, L labyrinthine segment, GSPN 
greater superficial petrosal nerve

6.2.3.2  The Geniculate Ganglion
The geniculate ganglion is situated at the lateral 
end of the labyrinthine segment. The pain fibers of 
the auricular branch and the taste fibers of the 
chorda tympani synapse with the second sensory 
neuron at the level of the geniculate ganglion; the 
secretomotor fibers to the lacrimal gland pass 
through the geniculate ganglion and form the 
greater petrosal superficial nerve (GSPN).

At the level of the geniculate ganglion, the 
facial nerve takes an abrupt posterior direction, 
forming an acute angle 48–86° between the first 
and the second segments of the facial nerve; this is 
the “first genu” of the facial nerve [22] (Figs. 6.13, 
6.14, and 6.15). The geniculate ganglion is dehis-
cent in 15% of temporal bones, a condition which 
makes the facial nerve vulnerable to injury during 
anterior epitympanic recess surgery or middle cra-
nial fossa surgery (Fig. 6.16).

6.2.3.3  The Greater Superficial  
Petrosal Nerve

The greater superficial petrosal nerve (GPSN) 
is a secretomotor branch of the facial nerve. It 

emerges from the anterior upper portion of the 
geniculate ganglion; it carries secretory fibers 
to the lacrimal glands. This nerve exits the 
petrous temporal bone in an anterointernal 
direction through the facial hiatus to enter the 
middle cranial fossa (Figs.  6.14, 6.16, and 
6.17).

In the middle cranial fossa, the GSPN passes 
deep to the Gasserian ganglion to reach the fora-
men lacerum where it enters the pterygoid canal. 
In the pterygoid canal, the GSPN joins the deep 
petrosal nerve to become the nerve of the ptery-
goid canal or Vidian nerve. This nerve traverses 
the pterygoid canal to reach the sphenopalatine 
ganglion in the pterygopalatine fossa, where the 
sensory fibers have their cell bodies. These sen-
sory fibers are distributed to the soft palate and 
the tongue. Preganglionic secretory fibers from 
the cell bodies in the superior salivary nucleus 
also end in the sphenopalatine ganglion. Their 
corresponding postganglionic fibers innervate 
the lacrimal gland and the nasal cavity.

The greater superficial petrosal canal also 
contains the superficial petrosal artery that 
 supplies the geniculate ganglion region (see Sect. 
6.2.4.1).
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6.2.3.4  The Tympanic Segment  
(Second Segment)

The tympanic segment of the facial nerve 
extends from the geniculate ganglion anteri-
orly to the second genu of the facial nerve pos-

teriorly. The tympanic segment inclines 
inferiorly and posteriorly to descend obliquely 
along the medial wall of the tympanic cavity, 
above the cochleariform process and the oval 
window and below the bulge of the lateral 
semicircular canal. The second genu of the 
facial nerve is situated posterior to the oval 
window (Figs. 6.14 and 6.18).

The length of the tympanic segment of the 
facial nerve varies between 9 and 12  mm. The 
width of the tympanic segment varies between 
1.2 and 1.6 mm [22].

The anterior part of the tympanic segment of 
the facial nerve lies slightly above and medial to 
the cochleariform process [18]. The relationship 
between the facial nerve and the cochleariform 
process is stable and constant. The cochleari-
form process is resistant to necrosis even in the 
presence of aggressive otitis media or cholestea-
toma; therefore, it remains a persistent land-
mark helping to localize the facial nerve during 
middle ear surgery. The mean distance between 
the tympanic segment and the cochleariform 
process is around 2 mm (Fig. 6.19). The mean 
distance between the second genu of the facial 
nerve and the oval window is of 3–4 mm [22] 
(Fig. 6.19). The tympanic segment of the facial 
nerve courses posteriorly below and medial to 
the bulging of the lateral semicircular canal [24, 
25].

Clinical Implications
The greater superficial petrosal nerve 
GSPN represents an important landmark 
for facial nerve identification during mid-
dle cranial fossa approach.

The section of the GSPN or the section 
of Vidian nerve has been proposed in the 
past to treat intractable vasomotor rhini-
tis; this surgery was abandoned because 
of the troublesome side effects of such 
reduction of the lacrimal secretions (dry 
eyes).

Combined damage to the GSPN and 
lesser petrosal nerve could be associated 
with paradoxical phenomena including: 
face hyperemia, abundant salivation, lacri-
mation, and mucus secretion from the nose 
during eating. These phenomena are 
explained by the development of a “false” 
relationship between the damaged nerves 
[23].

a b

Fig. 6.17 CT reconstructions in the sagittal plane of a 
left ear along the different portions of the facial nerve: (a) 
Facial nerve (black arrow), leaving posteriorly the genicu-
late ganglion (black arrowhead). Greater superior petrosal 
nerve (white arrows) leaving anteriorly the geniculate 

ganglion. Hiatus of the facial canal (*), TTM tensor tym-
pani muscle. (b) Tympanic portion of the facial nerve 
(white arrowhead) inferior to the LSCC (black arrows), 
second genu of the facial nerve (empty arrow), mastoid 
segment of the facial nerve (black arrowheads)
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The bony wall of the tympanic segment canal 
can be very thin or even dehiscent, and the mid-
dle ear mucosa may lay in direct contact with the 
facial nerve sheath [26, 27].

Within the Fallopian canal, bundles of nerve 
fibers lie in a definite order: the oral branch lies 
next to the oval window, the frontal branches far-
thest from it, and the ocular branches in between 
[28, 29].

The lateral bony wall of the nerve is well 
visualized by CT scan. Dehiscence of the infe-
rior wall may be difficult to assess correctly on 
the coronal views, but these views are demon-
strative for the different degrees of prolapse of 
the facial nerve in front of the oval window 
niche or even in close contact to the stapes 
(Figs. 6.20 and 6.21).

Fig. 6.18 Endoscopic view of a right middle ear through 
a posterior tympanotomy showing the tympanic segment 
of the facial nerve (VII) and its relationship with the 
cochleariform process (*) and stapes (S) and oval window. 
TTM tensor tympani muscle, TTT tensor tympani tendon, 
P promontory, ET Eustachian tube, M malleus

GSPN
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Fig. 6.19 Tympanomastoid 
segments of the facial nerve 
and their relationship to the 
middle ear structures. 
GSPN greater superficial 
petrosal nerve, GG 
geniculate ganglion, CP 
cochleariform process, RW 
round window, LSCC 
lateral semicircular canal, 
SMF stylomastoid foramen
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Fig. 6.20 Left ear during stapes surgery showing dehis-
cent tympanic segment of facial nerve (VII) and prolaps-
ing on the stapes (*). CT chorda tympani, LPI long process 
of incus

Surgical Implications
In Gusher syndrome, an X-linked congeni-
tal mixed deafness, the IAC is abnormally 
wide. This creates a communication 
between the high-pressure cerebrospinal 
fluid in the IAC and the perilymph of the 
inner ear, leading to a heavy leakage, “sta-
pes gusher,” during stapes surgery. The 
pathological widening concerns also the 
Fallopian canal. The enlarged IAC may be 
seen on CT scan, with a globulous aspect, 
but this aspect is not specific. The widened 
angle between the first and the second seg-
ment of the facial nerve is highly sugges-
tive of the Gusher syndrome, enabling the 
preoperative diagnosis of this pathology 
[30, 31] (Fig. 6.22).

The perigeniculate area is the weakest 
zone of the Fallopian canal; it is the most 
common localization of traumatic facial 
nerve injury in temporal bone fracture [24] 
(Fig. 6.23). It is of interest to note that com-
pression of the nerve due to the bony spic-
ules occurs much more frequently than 
nerve transaction: this is why adequate 
urgent surgery is mandatory.

6.2.3.5  Second Genu
The second genu is at the junction between the 
tympanic and the mastoid segments of the facial 
nerve. Just lateral and posterior to the pyramidal 
eminence, the facial nerve changes its direction 
and courses inferiorly about 2–3 mm to form an 
angulation of about 90–125° called the second 
genu. The second genu lies inferior and medial to 
the lateral semicircular canal and medial to the 
short process of the incus. The mean distance 
between the short process of the incus and the 
second genu is relatively constant and measures 
about 2 mm (Figs. 6.24, 6.25, and 6.26).

6.2.3.6  The Mastoid Segment  
(Third Segment)

The mastoid segment of the facial nerve is the lon-
gest part of the intra-temporal part of the facial 
nerve. This segment is vertical and its length is 
about 15 mm [25]. The mastoid Fallopian canal is 
relatively the largest part of the Fallopian canal; the 
nerve fills only 25–50% of the Fallopian canal 
lumen at this level. Inflammatory entrapment of the 
facial nerve is rare in the mastoid segment [32, 33]. 
The mastoid segment descends downward in the 
posterior wall of the tympanic cavity from the sec-
ond genu superiorly to the stylomastoid foramen 

Surgical Impacts
The second genu of the facial nerve is the 
most susceptible portion of the nerve to 
suffer from a iatrogenic injury during ear 
surgery because it is not visible before 
identifying the nerve itself, especially in 
cases of invasive cholesteatoma and granu-
lation tissues.

Knowing that the second genu is located 
inferior and medial to the aditus, the nerve 
could be at risk of injury while drilling 
toward the aditus during mastoid surgery. A 
sclerotic mastoid or the presence of extended 
chronic ear pathologies may hinder the 
proper identification of the anatomical struc-
tures bordering the aditus and expose the 
facial nerve to a risk of injury [24].
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Fig. 6.22 Transversal CT image of a left ear showing a 
widened angle between the labyrinthine (black arrow) and 
tympanic segment (white arrow) of the facial nerve, sug-
gesting a Gusher syndrome. Geniculate ganglion (white 
arrowhead). Note the bulbous aspect of the IAC

Fig. 6.23 Transversal CT view of a left ear with a longi-
tudinal temporal bone fracture (black arrows), transgress-
ing the geniculate ganglion (white arrow). Labyrinthine 
segment of the facial nerve (arrowhead)

a bFig. 6.24 (a) Axial CT 
image showing a 
denuded facial nerve 
(arrow) at the level of 
the second genu.  
(b) Sagittal oblique 
reconstruction along the 
tympanic segment of the 
facial nerve trajectory 
showing an irregular 
shape of the nerve 
(arrow) at the second 
genu

a bFig. 6.21 Transversal 
computed tomographic 
views of the right ear 
showing (a) moderate 
prolapse of the tympanic 
segment of the facial 
nerve (arrow). (b) A 
bulging tympanic 
segment of the facial 
nerve (short arrow), 
obstructing almost 
completely the oval 
window niche (long 
arrow)
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inferiorly. As the nerve descends inferiorly toward 
the mastoid tip, it becomes more lateral. In many 
cases, the inferior portion of the mastoid segment 
may course lateral to the plane of the posteroinfe-
rior quadrant of the annulus [34] (Fig. 6.27).

6.2.3.6.1 Relationship Between 
the Mastoid Segment 
of the Facial Nerve 
and the Tympanum

The mastoid segment of the facial nerve lies in 
the posterior wall of the tympanum in a posi-
tion lateral to the pyramidal process, stapedial 
muscle, and the sinus tympani. The mean dis-
tance between the mastoid segment of the 
facial nerve and the posterior border of the 
oval window is 4  mm. Also the distance 
between the facial nerve and the round window 
is 4 mm (Fig. 6.21). In addition, the minimal 
distance from the annulus tympanicus to the 
facial nerve is about 1 mm at 9 o’clock posi-
tion [22]. This fact permits to increase surgi-
cally the dimensions of the posterior 
tympanotomy by sacrificing the chorda tym-
pani nerve (see Chap. 4).

Fig. 6.25 Transmastoid view of a left ear after posterior 
and anterior tympanotomy with supralabyrinthine 
approach, showing the relationship between the lateral 
semicircular canal (*) and the second genu of the facial 
nerve between the tympanic segment (2) and the mastoid 
segments (3) of facial nerve. GG geniculate ganglion, (1) 
labyrinthine segment of the facial nerve, SPI short process 
of the incus (Courtesy of Tardivet [20])

Fig. 6.26 A sagittal cut of a left middle ear in the plane of 
mastoid segment of facial nerve (*); notice the relationship 
between the second genu (VII) and the lateral semicircular 
canal (lsc); retrofacial cells (RFC) separate the sigmoid 
sinus (SS) from the facial nerve. SDC sinodural angle 
cells, T tympanic cavity, EAC external auditory canal

Fig. 6.27 Right ear after dissection of the mastoid seg-
ment of the facial nerve (VII), showing its relation with 
tympanic annulus (*); notice that the inferior portion of 
the mastoid facial nerve is lateral to the annulus. CT 
chorda tympani, LSCC lateral semicircular canal, PSCC 
posterior semicircular canal, I incus short process

Clinical Impact
During canaloplasty, the annulus should 
not be considered as a secure landmark for 
facial nerve; the facial nerve may pass lat-
eral to the annulus [34]. In such cases, drill-
ing in the posteroinferior quadrant of the 
external auditory canal, even lateral to the 
annulus, may lead to a facial nerve injury.
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6.2.3.6.2 Relationship Between 
the Mastoid Segment 
of the Facial Nerve 
and the Mastoid Structures

In the mastoid cavity, the mastoid segment runs 
straight downward from below the most overlap-
ping part of the lateral semicircular canal to the 
stylomastoid foramen. The nerve is surrounded 
by the compacta of the bony wall of the ear canal 
and by mastoid cells. Occasionally, there is a 
bony defect in the Fallopian canal, and the nerve 
is dehiscent into the mastoid air cells.

The lower one-third of the mastoid segment of 
the facial nerve is always medial and anterior to 
the digastric ridge which represents an important 
landmark for the facial nerve exposure in a lateral 
skull base approaches (Fig.  6.28). However the 
digastric ridge may be difficult to identify when 
the mastoid is poorly pneumatized.

The sigmoid sinus passes always posterior and 
medial to the facial nerve. The distance between 
the mastoid segment of the VII and the sigmoid 
sinus is highly variable (4 mm average). The dis-
tance from the facial nerve to the jugular bulb 
ranges from 0 to 12 mm [22].

The facial nerve exits the Fallopian canal via 
the stylomastoid foramen. The mean depth of the 
facial nerve from the mastoid cortex at the stylo-
mastoid foramen is 13 mm. As the nerve exits the 
stylomastoid foramen at the anterior margin of 
the digastric groove, an adherent fibrous sheath 
of dense vascularized connective tissue surrounds 
it. The stylomastoid artery and veins are within 
this dense sheath. When it exits the stylomastoid 
foramen, the nerve travels between the digastric 
and stylohyoid muscles and enters the parotid 
gland.

Below the stylomastoid foramen, a sensory 
branch emerges from the facial nerve to innervate 
the posterior wall of the external auditory canal 
and a portion of the tympanic membrane.

The superior landmarks for the mastoid seg-
ment of the facial nerve are the lateral semicir-
cular canal, to which the facial nerve runs 
anteroinferiorly, and the posterior semicircular 
canal, to which the nerve runs 2.5 mm anteri-
orly. The digastric ridge is the inferior land-
mark for the mastoid segment of the facial 
nerve.

Fig. 6.28 Cadaveric left mastoidectomy showing the 
mastoid segment of the facial nerve (VII). Notice that the 
VII is anteromedial to the digastric ridge (D). The rela-
tionship between the tympanic annulus (a), chorda tym-
pani (CT), and VII. The second genu of the facial nerve 
passes medial to the short process of the incus (I) and the 
lateral semicircular canal (LSCC); the VII drops down in 
the mastoid at the level of the midpoint of the LSCC in a 
direction parallel to that of the short process of the incus. 
* incudal buttress

Surgical Applications: Mastoid Segment 
Identification During Mastoid Surgery
Exposure of the mastoid segment of 
facial nerve is done through a cortical 
mastoidectomy. The most important 
landmarks for identifying the facial nerve 
in the mastoid cavity are the lateral semi-
circular canal, the short process of the 
incus, and the digastric ridge [35]. The 
axis of the VII corresponds to the axis of 
the short process of the incus.

The nerve is best identified by first imag-
ining a line that begins just anterior to the 
inferior portion of the lateral semicircular 
canal and travels in an inferior direction 
toward the digastric ridge. The bone of the 
EAC is progressively thinned, in a direction 
parallel to the nerve, until the white sheath 
is identified through the yellow bone.

The drilling must be always done along 
the lateral aspect of the nerve.

6 Facial Nerve
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6.2.3.6.3 The Nerve of Stapedial Muscle
The nerve fibers of the stapedial muscle arise 
centrally from some neurons emerging outside 
the nucleus of the facial nerve, situated below the 
IV ventricle, to join secondarily the motor neu-
rons of the facial nerves [36, 37].

The nerve of the stapedial muscle is a small 
twig coming from the facial nerve as it descends 
in the posterior wall of the tympanic cavity 
behind the pyramidal eminence.

6.2.3.6.4 The Chorda Tympani Nerve
The chorda tympani is the terminal branch of the 
nervus intermedius. The chorda tympani leaves 
the mastoid segment of the facial nerve at a vari-
able level, about 5–6 mm above the stylomastoid 
foramen. The facial nerve and the chorda tym-
pani emergence form Plester’s chordo-facial 
angle which varies between 26° and 35° 
(Figs. 6.29 and 6.30) [22].

The chorda tympani enters the middle ear 
through the chordal eminence. It passes between 
the incus and the handle of the malleus, above the 
tensor tympani tendon to exit through the canal 
of Huguier of the petrotympanic fissure. Then the 
chorda tympani passes on the medial surface of 
the mandibular fossa to finally join the lingual 
nerve in the infratemporal fossa (Fig. 6.31) [38].

The chorda tympani nerve carries:

• Sensory afferent taste fibers: these fibers of the 
chorda tympani nerve have their cell bodies in 
the geniculate ganglion and provide taste sensa-
tion from the anterior two-thirds of the tongue.

• Preganglionic efferent secretory fibers to the 
submaxillary and sublingual glands: these 
fibers have their cell bodies in the superior 
salivary nucleus; they synapse within the sub-
maxillary ganglion, and then it provides secre-
tory motor impulses to the submaxillary and 
sublingual glands.

Clinical Notes
The distinct central origin of the stapedial 
nerve explains the normal finding of sta-
pedial muscle reflex in congenital facial 
palsy (Mobius syndrome) and the isolated 
alteration of stapedial reflex without 
facial palsy in some brain stem lesions.

a b

Fig. 6.29 (a) Left ear: cadaveric cut of a left ear showing 
the chordo-facial angle of Plester (Courtesy of Tardivet 
[20]). (b) Sagittal reconstruction of a CT showing the 
emergence of the chorda (black arrow) from the facial 
nerve (VII) and the bony wall (circle) between the chorda 

and the VII (facial recess approach). Facial recess (white 
arrow), short process of the incus (white arrowhead), 
LSCC lateral semicircular canal, PSCC posterior semicir-
cular canal, EAC external auditory canal

Surgical Impact: Chorda Tympani Nerve (CT) 
Injury During Middle Ear Surgery
Iatrogenic chorda tympani nerve (CTN) 
injury during middle ear surgery is quite 
common. The most frequent type of chorda 
tympani injury is stretching, and cutting the 
nerve is less common. Canal wall down 
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Fig. 6.31 Endoscopic view of a left middle ear showing the 
chorda tympani (CT) entering the middle ear through the 
chordal eminence (C.E.); it then passes between the incus (I) 
medially and the malleus (M) laterally, above the tensor tym-
pani tendon (*) to exit the middle ear from the anterior wall. 
T stapedial tendon, S stapes, TTM tensor tympani muscle

mastoidectomy and posterior tympanot-
omy have the highest risk of chorda tym-
pani injury [39].

Only 25% of patients are aware of the 
symptoms after chorda tympani injury. 
Stretching or cutting the chorda tympani 
could give the same types of symptoms to 
the concerned patients.

Additional studies demonstrated that 
nerve stretching is associated with a greater 
degree of postoperative symptoms than 
nerve transsection, across a range of mid-
dle ear procedures [39, 40].

Nevertheless, these findings are in con-
trast to the results of testing the taste distur-
bance after stapedectomy, in which cutting 
of the nerve was found to cause signifi-
cantly greater symptoms than manipulation 
alone [41]. The most common postopera-
tive complaint is taste disturbance such a 
metallic taste. Although most patients 
experience gradual symptomatic recovery, 
about 90% of the symptomatic patients 
recover completely within 12  months. 
Persisting complaints may be troublesome 
[42]. The risk of taste disturbance should 

a b

Fig. 6.30 Transverse CT images of a left ear from infe-
rior to superior: (a) emergence of the chorda tympani 
(black arrow), lateral to the pyramidal eminence (thin 
white arrow). Facial nerve (thick white arrow). (b) Chorda 

tympani (small arrow) traversing the tympanic cavity, 
emergence of the chorda tympani (black arrow) behind 
the tympanic membrane (thick white arrow)

be addressed in the consent procedure. 
Postoperative chorda tympani symptoms 
are important to reveal in the history espe-
cially when indicating a contralateral sta-
pes surgery.
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6.2.4  Vascularization of the Facial 
Nerve (Fig. 6.32)

The segments of the facial nerve receive their 
blood supply from branches of the vertebrobasilar 
artery and the external carotid artery systems.

Within the pons, the facial nucleus receives 
its blood supply primarily from the anterior infe-
rior cerebellar artery (AICA). The labyrinthine 
artery, a branch of the AICA, enters the internal 
auditory canal (IAC) with the facial nerve and 
provides blood supply to the meatal portion of 
the facial nerve.

The external carotid system gives to the tym-
panomastoid segments of the facial nerve two 
branches: the superficial petrosal artery and the 
stylomastoid artery.

6.2.4.1  Superficial Petrosal Artery
The superficial petrosal artery is an intracranial 
branch of the middle meningeal artery (MMA); it 
enters the middle ear through the facial hiatus 
with the greater superficial petrosal nerve. It sup-

plies the geniculate ganglion and the tympanic 
segment of the facial nerve. It anastomoses with 
the stylomastoid artery at the level of the second 
genu.

6.2.4.2  Stylomastoid Artery
The stylomastoid artery arises from the external 
carotid artery system; it enters the middle ear and 
the facial canal through the stylomastoid fora-
men. It supplies the mastoid segment of the facial 
nerve. It anastomoses with the superficial petro-
sal artery of the MMA at the level of the second 
genu [43].

In 60% of patients, the stylomastoid artery 
arises from the occipital artery, and in 40% of 
patients, it arises from the postauricular artery 
[44]. The superficial petrosal artery and the stylo-
mastoid artery contribute to an arterial arcade 
called the facial arch which supplies the tym-
panic and mastoid segments of the facial nerve. 
In most people, this arcade is supplied predomi-
nantly by the superficial petrosal artery [45] 
(Fig. 6.32). Furthermore, 10% of people lack a 

Fig. 6.32  
Tympanomastoid 
segment vascularization. 
1 stylomastoid artery, 2 
superficial petrosal 
artery, LSCC lateral 
semicircular canal, OW 
oval window, RW round 
window, TTM tensor 
tympani muscle, STR 
supratubal recess, AE 
anterior epitympanum, 
GG geniculate ganglion, 
GSPN greater superficial 
petrosal nerve
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blood supply from the MMA to the geniculate 
ganglion, meaning that the mastoid and tympanic 
segments receive their blood supply only from 
the stylomastoid artery [46].
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The Eustachian tube (ET) or auditory tube is a 
slender tube that connects the middle ear cavity 
with the nasopharynx and serves to equalize air 
pressure on either side of the eardrum.

It is a hollow structure of bone and cartilage 
lined with a respiratory mucosa and equipped by 
a muscular opening mechanism.

It is part of a system of contiguous organs, 
including the nose, the middle ear, and the  mastoid 
air cells that are devoted to middle ear ventilation, 
protection, and clearance. Although the physiol-
ogy of the Eustachian tube is evident, its patho-
physiologic involvement in middle ear 
inflammatory process remains debatable: would 
Eustachian tube dysfunction be the cause or a 
consequence of chronic otitis media?!

7.1  The Eustachian Tube 
Development

The Eustachian tube (ET) derives from the first 
pharyngeal (branchial) pouch, which extends lat-
erally between the first and second pharyngeal 
arches to form the tubotympanic recess (TTR).

The distal part of the TTR becomes the primi-
tive tympanic cavity, and the proximal part con-
stricts to form the lumen of the fibrocartilaginous 
ET. These processes occur between 4 and 6 weeks 
of gestation [1].

Between the second and third week of gesta-
tion, during its lateral extension between the first 
and the second pharyngeal arches, the first pha-
ryngeal pouch gets into contact with the first bran-
chial groove which is the origin of the external 
auditory meatus (Fig. 7.1).

The structures associated with ET lumen 
develop from the mesenchyme surrounding the 
first pharyngeal pouch in a predictable sequence:

• Before the tenth week of gestation, only the epi-
thelial lining of the lumen has differentiated.

• Between the tenth and 12th weeks, the levator 
veli palatini (LVP) and tensor veli palatini 
muscles (TVP) develop and become delineated 
from the surrounding mesenchyme [2, 3] 
(Fig. 7.2).

• The initial differentiation of the cartilage 
begins at the 14th week.

• By the 20th week, the initial center of chondrifi-
cation has increased in size, and a perichondrium 
is clearly differentiated in the anteromedial por-
tion of the tube [2, 3] (Fig. 7.3).

The main growth of the auditory tube concerns 
the length and lumen of the cartilaginous portion 
in the fetal period between weeks 16 and 28.

Fig. 7.1 The tubotympanic recess (TTR) in a mouse 
embryo of gestation day 12. HM handle of malleus; Ph 
pharynx; OC otic capsule; FBG first branchial ectodermal 
groove. This horizontal section demonstrates the continuity 
between the pouch and the pharynx. (Incorporation of 
radioactive sulfur with hematoxylin-eosin counterstaining)

Fig. 7.2 Frontal section of the auditory tube rudiment in 
a 7-week 27  mm human embryo (end of the second 
month). TVP tensor veli palatini muscle anlage; LVP leva-
tor veli palatini muscle anlage. Hematoxylin-eosin 
staining

7 The Eustachian Tube



199

These processes yield an ET structure very 
similar to that observed in the adult. During the 
rest of fetal life, morphometric changes occur in 
the ET structures. The most pronounced change is 
the increase in the length of the cartilaginous por-
tion of the tube from 1 mm at the tenth week of 
gestation to 13 mm at birth.

While the fetus is growing, the tube deviates 
from the horizontal plane only about 10°, because 
the fetal cranial base is relatively flat; this situa-
tion persists until early childhood [2–5].

7.2  Postnatal Growth (Fig. 7.5)

The ET lengthens rapidly during early child-
hood: In infants, it is about 18 mm [8], half as 
long as in adults, and it reaches adult size by 
7 years of age [9, 10]. During this process, the 

Clinical Application
Patients with cardiac anomalies are consid-
ered prone to otitis media due to associated 
ET malformations and dysfunction. This 
association is explained by the fact that 
neural crest cells (NCC) are involved in the 
differentiation of branchial arches, includ-
ing the precursor tissue of the cardiac out-
flow tract and Eustachian tube ([6]; thus 
defects arising from NCCs may lead to this 
association.

It has also been demonstrated that in 
Down syndrome (with associated congeni-
tal heart diseases in 43.3%) [7], the ET was 
extremely small and collapsed in several 
portions. Also in patients with Down syn-
drome, the density of cartilage cells was 
decreased at all ages, predisposing the canal 
to collapse. Also a generalized hypotonia of 
these patients can contribute to a decreased 
function of the TVP of the palate.

Clinical Application
Failure of constriction of the tubotympanic 
recess (TTR) due to a mesenchymal defect 
leads to widening of the presumed 
Eustachian tube and formation of a “persis-
tent tubotympanic recess.” This is illus-
trated in this case of an 18-year-old female 
patient, status post corrective repair of 
tetralogy of Fallot who presented with 
recurrent bilateral otorrhea with bilateral 
tympanic membrane perforations. Temporal 
bone CT scan showed bilateral persistent 
tubotympanic recess (Fig. 7.4).

Fig. 7.3 A transverse cut of the base of skull in a 6- 
month, 250 mm fetus showing the Eustachian tube. Note 
the cartilaginous part is well developed (white arrows) 
and is in the same plane as the bony Eustachian tube (ET). 
LPM lateral pterygoid muscle; Sph sphenoid bone; ICA 
internal carotid artery; TVP tensor veli palatini muscle

This may be explained by the following:

 1. The embryonic TTR, after initial evagi-
nation from the pharynx, could have 
been interrupted at the nasopharynx by 
misdevelopment of the surrounding 
defective mesenchyme.

 2. Failure of the development of tubal car-
tilage and TTM leads to a persistently 
wide TTR. This malformation is attrib-
uted to a field defect arising from NCCs 
that affected at the same time the ET 
and the cardiac outflow tract, leading to 
tetralogy of Fallot.

7.2  Postnatal Growth
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Fig. 7.4 (a, b, c, d) Temporal bone CT scan transverse 
cuts (A, right ear; B, left ear) and multiplanar reconstruc-
tion in the plane of the Eustachian tube (C, right ear; D, 
left ear) showing a bilateral persistent tubotympanic 
recess (T) ending as blind cul-de-sacs near the sphenoid 
sinus (S) with absence of an opening into the nasopharynx 
(N). The cartilaginous ET was absent on both sides. C: 

Horizontal canal of the petrous carotid artery. (e) 
Nasopharyngoscopy showing the presence of small ade-
noid (a) and absence of the torus tubarius. (f) Left ear 
intraoperative endoscopy using a 30° scope showing sig-
nificant widening of the protympanum that continues as a 
persistent tubotympanic recess with a blind end (T). P 
promontory

bony portion growes relatively more than the 
cartilaginous one [11].

In infants, the cartilaginous and bony portions 
forms a linear connection between the pharynx and 

middle ear; but due to the craniofacial growth, the 
cartilaginous tube becomes displaced inferiorly to 
form in adults an angle of approximately 45° with 
the horizontal plane of the osseous portion [2, 12].

7 The Eustachian Tube
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The LVP muscle increases in cross-sectional 
area and in volume and reaches a more suitable 
vector for an efficient active tubal dilatation.

The ET of the infant is floppy and very disten-
sible and lacks recoil phenomena of the hinge 
region. With time, the tubal cartilage stiffens, and 
the elastin component develops in the hinge 
region; this results in a reduced tubal compliance 
and increased recoil, which improves the protec-
tive mechanism of the ET [13].

The lumen of the ET increases almost five 
times from the newborn to a 20-year-old adult; 
the cross-sectional length of the lumen 
increases significantly with age, especially in 
the  pharyngeal area of the tube. The lumen in 
most of the cartilaginous portion of the ET is 
significantly smaller in children than in adults 
[14]. Also the Ostmann fat pad increases in 
volume with age until adulthood, which con-
tributes to a better protective function in adults 
[15].

7.3  Eustachian Tube Anatomy

The ET is a narrow osteocartilaginous channel 
connecting the tympanic cavity to the nasophar-
ynx. Its lumen allows the passage of two different 
substances: one is gaseous for middle ear ventila-
tion, and the second is fluid from the middle ear 
clearance. The ET begins at the tympanic orifice 
of the protympanum and ends at the pharyngeal 
orifice situated on the lateral wall of the naso-
pharynx (Fig. 7.6a). Its trajectory from postero-
lateral to anteromedial and from superior to 
inferior shows two slow curves as an inverted S.

The general shape of the ET resembles to an 
hourglass made of two unequal cones. The posterior 
cone is small and fixed and represents the bony ET; 
the anterior one is elongated and mobile and repre-
sents the fibrocartilaginous ET. Both cones are con-
nected at a junctional zone, the isthmus, with an 
angle of 160° (Fig. 7.6b).

Fig. 7.5 Photomicrographs of cross sections through the 
mid-cartilaginous portion of the Eustachian tube (ET) of a 
3-month-old female (left) and a 34-year-old male (right) 
showing the developmental difference of the Ostmann fat 
pad (OF) and the size of the ET. L lumen; LL lateral lam-
ina of the Eustachian tube cartilage; LVPM levator veli 

palatini muscle; ML medial lamina of the Eustachian tube 
cartilage; TVPM tensor veli palatini muscle (Courtesy of 
I.  Sando, MD) (Reproduced with permission from 
Eustachian tube: Structure, Function, Role in otitis media, 
by Charles D. Bluestone. pmph-usa.com)

7.3  Eustachian Tube Anatomy
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In adults, the tubal axis forms with the plane 
of the hard palate an average angle of 36° (range 
31–40°). The total length of the ET is 33 mm, 
divided as the following (Fig. 7.6):

• The bony part with 6.5 mm [16, 17]
• The junctional part with 3 mm
• The cartilaginous part with 23.5 mm

The bony portion is patent at all times, in con-
trary to the fibrocartilaginous portion that is closed 
at rest and opens during swallowing or when forced 
to open, such as during the Valsalva maneuver.

7.3.1  The Bony Portion 
of the Eustachian Tube

The bony part of ET lies completely within the 
petrous part of the temporal bone. It runs from the 

ostium in the middle ear cavity in an anteromedial 
direction, following the petrous apex, toward the 
petrosphenoid sulcus on the inferior surface of the 
skull base.

The tympanic orifice of the Eustachian tube, 
the ostium, lies in the middle third of the anterior 
wall of the middle ear cavity, 4  mm above the 
floor of the middle ear, close to the carotid canal 
(see Sect. 2.6.2). The ostium is of oval shape, and 
it measures about 5 mm horizontally and 2 mm 
vertically [12] (Fig. 7.6b).

The bony ET lumen is roughly triangular, mea-
suring 2–3 mm vertically and 3–4 mm along the 
horizontal base [18].

The medial wall of the bony portion of the 
Eustachian tube consists of two parts: the cochlea 
posteriorly and the carotid anteriorly. The average 
thickness of the bony wall of the anteromedial 
portion is 1.5–3 mm. This bony wall is dehiscent 
in 2% of individuals, exposing the carotid artery 
[18] (Fig. 7.7).

The upper third of the endoluminal surface 
of the medial wall is covered by the bony canal 
of the tensor tympani muscle. The upper wall 
or roof of the bony tube corresponds to the teg-
men tubari (Figs. 7.7 and 7.8). The lateral wall 
of the bony tube neighbors the canal of Hugier 
and the temporomandibular joint. At the 
ostium, the ET and the internal carotid share 
the same bony wall.

On the inferior surface of the base of skull, 
the anterior end of the bony tube is constricted 
and opens on the posterior part of the tubal 
sulcus.

Mucosal lining of the bony part is the same as 
middle ear: ciliated epithelium with few mucus- 
producing cells.

The petroux apex is pneumatized in almost half 
of examined temporal bones by CT images; of 
these, 92% featured a peritubal cell appearing to 
directly communicate with the tubal lumen [19]. 
These cells may open at any point along the ET, 
although this most frequently occurs posterolater-
ally. Peritubal cells linked to the ET lumen are 
potential points for CSF leakage after ear and skull 
base surgery such as the translabyrinthine approach 
for vestibular schwannoma resection [20].

23 mm
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haryngeal orifice
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panic orifice
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Fig. 7.6 (a) Cadaveric section of left temporal bone along 
the axis of the Eustachian tube showing the bony part and 
the associated tensor tympani muscle and the fibrocarti-
laginous part and associated levator veli palatini muscle as 
well as the isthmus (Is) between the two portions. m mal-
leus head; i incus body; NP nasopharynx; TM tympanic 
membrane; EAC external auditory canal. (b) 
Corresponding schematic drawing of the Eustachian tube 
with its different dimensions (average)
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7.3.2  The Junctional Segment  
or Isthmus

The cartilaginous and bony portions of the ET 
join at a bottleneck area to form the junctional 
segment of the ET.

This segment is 3 mm long, 2 mm in height, 
and 1 mm wide. It lies between the carotid canal 
medially and the temporomandibular joint and the 
foramen spinosum with the middle meningeal 
artery laterally (Fig. 7.7). The junctional part of 
the ET may be a safe landmark to identify and 
protect the ICA during endoscopic endonasal sur-
gery of the cranial base [22].

Due to its reduced caliber, this segment plays a 
protective role for the middle ear in preventing 
reflux of nasopharyngeal secretions and microor-
ganisms to enter the middle ear cavity.

7.3.3  The Fibrocartilaginous Tube

The fibrocartilaginous portion of the ET is 
20–24 mm long; it extends along the base of the 
skull from its junction with the bony portion of 
the tube until the medial pterygoid plate 
(Fig. 7.11). Posteriorly this part of the ET extends 
about 3  mm into the bony part and is firmly 
attached to the basal aspect of the skull by fibrous 
bands. It is angled 30°–40° to the transverse plane 
and 45° to the sagittal plane of the base of the 
skull [12]. At this level the fibrocartilaginous part 

Surgical Application
The majority of temporal bones with pneu-
matized petrous apex harbor peritubal air 
cells that may open directly into the ET 
lumen (Figs.  7.9 and 7.10). This explains 
the probability of cerebrospinal fluid rhi-
norrhea after translabyrinthine approach to 
the cerebellopontine angle, when ET oblit-
eration is not performed sufficiently far into 
the lumen by the end of the procedure [21].

a b

Fig. 7.7 (a) Transverse cut of a left ear showing in (a) the 
bony Eustachian tube (Pr: protympanum)) housing the 
tensor tympani muscle (*), the cartilaginous Eustachian 
tube (ET), and the isthmus (I). Notice the relation of the 
Eustachian tube and the cochlea (C) and the petrous inter-
nal carotid artery (ICA) medially and the temporoman-
dibular joint (TMJ) and middle meningeal artery (ma) 

laterally. EAC external auditory canal; 1 attic outer wall; 2 
anterior wall of EAC; 3 posterior wall of the EAC; m mal-
leus; VII tympanic segment of facial nerve; CSCS superior 
semicircular canal. IAC internal auditory canal. (b) Same 
cut where the inner ear (L) and carotid artery (C) were 
highlighted with special colors. Notice the close relation-
ship of the bony ET and isthmus with the carotid artery

Fig. 7.8 Medial view of a sagittal cadaveric cut through 
a left middle ear (ME), showing the bony Eustachian tube 
(Pr) and the canal of tensor tympani muscle (asterisk), the 
isthmus (I), the cartilaginous Eustachian tube (ET), and its 
inferiorly related levator veli palatini muscle (LVP). The 
superior wall of the bony Eustachian tube is formed by the 
tegmen tubari

7.3  Eustachian Tube Anatomy
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is loosely attached in the sphenoid sulcus (sulcus 
tubae) between the greater wing of the sphenoid 
bone and the petrous portion of the temporal bone 
(Fig. 7.12). The nasopharyngeal end of the tubal 
cartilage crosses the superior border of the supe-
rior pharyngeal constrictor muscle to enter the 
nasopharynx; it is tightly fixed by a broad attach-
ment to a tubercle on the posterior edge of the 
medial pterygoid plate [18].

The fibrocartilaginous tube is composed of two 
components: the cartilaginous part, the major 
component that is complete laterally, and the 
fibromembranous part inferiorly (Figs.  7.13 
and  7.14).

7.3.3.1  The Cartilaginous Part  
(Fig. 7.14)

The cartilaginous portion of the ET is composed 
of one piece of cartilage that is shaped like a tri-
angle at the top rear with a lower concavity. The 
apex or posterolateral end of this triangle joins the 
bony portion at the isthmus; the wider 
antero-medial end lies under the mucosa of the 
nasopharynx.

The tubal cartilage is an elastic cartilage, and 
this elasticity is crucial for the reset forces after 
the contraction of the TVP. The cartilage has an 
inverted J shape in cross section; it is like a dome 
with two arms of different length called laminae, 
described as a short lateral lamina and an elon-
gated medial lamina with a hinge at the junction 
of the two laminae. The radial organization of 
elastic fibers around the dome of the cartilage 
suggests that motion of the lateral arm relative to 
the medial arm of the cartilage is possible.

• The medial lamina, much more voluminous 
than the lateral lamina, starts as a short struc-
ture of 9  mm of height at the isthmus to 

a b

Fig. 7.9 CT images of the ET of a right ear and its rela-
tion to the intrapetrous carotid artery (ICA): (a) on the 
axial standard plan, only the bony part of the ET appears 
between the tympanic orifice (long white arrow) and the 
isthmus (short white arrow). Medially, the ET is sepa-
rated from the intrapetrous carotid artery (ICA) by peri-

tubal cells (black arrow). (b) An oblique reconstruction 
along the trajectory of the cartilaginous portion of the 
ET may allow to follow the visible thin lumen toward the 
pharyngeal orifice (short arrows). Isthmus (arrowhead), 
the osseous portion (long white arrow) until the tym-
panic orifice

Fig. 7.10 A sagittal oblique CT reconstruction shows the 
end of the bony part of the ET (Eustachian tube, long red 
arrow) beneath the TTM (tensor tympani muscle, small 
white arrows) that continues till the cochleariform process 
(short red arrow). VII (thick white arrow, facial nerve)
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Fig. 7.11 Transverse 
section of a cadaveric 
head at the level of skull 
base just below the 
sphenoid greater wings 
showing the 
cartilaginous Eustachian 
tube (Cart. ET) 
extending along the base 
of the skull from its 
junction with the bony 
portion of the tube until 
the medial pterygoid 
plate. ITF infratemporal 
fossa; P medial 
pterygoid plate; C 
petrous portion of 
carotid artery; cor 
coronoid process of 
mandible; NP 
nasopharynx

Hamulus
Hard plate

Foramen magnum

∗

Medial pterygoid lamina

Foramen lacerum

Tubal sulcus

Foramen rotandum

Foramen spinosum
Sphenoidal spine
TMJ socket

Carotid canal

External auditory canal

Styloid process

Jugular foramen

Mastoid process

Stylomastoid foramen

Fig. 7.12 Tubal cartilage (*) insertion in the sulcus tubae
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increase rapidly to 13 mm just posterior to the 
attachment of the cartilage to the medial ptery-
goid plate [18]. The medial lamina extends 
more inferiorly than the lateral lamina to pro-
trude into the nasopharynx and provides the 
skeleton for the torus tubarius. The medial 
lamina is quite mobile in its nasopharyngeal 
end and rotates medially during tubal dilata-
tion principally by action of the levator veli 
palatini.

• The lateral lamina has a constant height of 2 mm 
over all its extension. Since the lateral lamina is 
shorter than the medial lamina, a fibrous mem-
brane completes the remaining lateral wall of the 
Eustachian tube (Figs. 7.13 and 7.14).

• The hinge portion superiorly, rich in elastin, 
serves to return the lateral lamina to its original 
position after active opening of the tube by 
TVP muscle contraction.

The nasopharyngeal end of the Eustachian 
tube lies about 20 mm above the plane of the hard 
palate. The lateral lamina protrudes under the 
mucosa of the nasopharynx to form the torus 
tubarius.

The cartilaginous part of ET forms a valve that 
protects the middle ear from pressure fluctua-
tions in the pharynx and decreases transmission 
of a person’s voice to the middle ear cavity. The 
cartilage provides structural support to the 
Eustachian tube while still allowing mobility, and 
the function of the ET is intimately related to the 
structure, composition, and attachment of the 
cartilage.

7.3.3.2  The Fibrous Part
The fibrous part forms the lateral and the infe-
rior wall of the fibrocartilaginous ET, called 
the salpingopharyngeal fascia of von Tröltsch. 
It is thick and resistant. Laterally, it serves as 
the site of insertion of the TVP muscle. The 
lateral part of the fascia of von Tröltsch is 
inserted to the base of skull at the petrosphe-
noid suture (Proctor’s ligament), close to the 
foramen spinosum, the foramen ovale, and the 
base of the pterygoid process laterally (see 
Figs. 7.11 and 7.12).

The medial part of the fascia of von Tröltsch is 
anchored superiorly to the inferior curvature of 
the lateral lamina of the tubal cartilage. The region 
between the fascia and the ET mucosa is occupied 
by a glandular tissue anteriorly and adipose tissue 
posteriorly.

7.3.3.3  Ostmann Fat Pad
Two different Ostmann fat pads have been ana-
tomically described, the lateral and the medial 
Ostmann fat pad:

• The lateral Ostmann fat pad (LOFP). It is 
the most important fat pad and it has received 
the main attention and work regarding its 
functional anatomy. It is a lympho- adipose 
body, running the length of the cartilaginous 
ET located in the inferolateral aspect of the 
pharyngeal end of the Eustachian tube. It 
occupies the space between the ET membrane 
and the TVP muscle (Figs. 7.13 and 7.14).
In the Würzburg material [25], the Ostmann 
fat pad has an average maximum thickness of 
2.4 mm measured in transverse sections (this 
value is reached 20 mm posterolateral to the 
pharyngeal orifice). The fat pad becomes thin-
ner toward the pharyngeal end of the tube.
The Ostmann fat pad increases in volume dur-
ing childhood, being most voluminous in 
adults, and regresses in the elderly. Schuknecht 
reported a relationship between important 
weight loss and a decrease in size of the fat pad 

Clinical Application
As ET cartilage is made up of elastic carti-
lage (rich in elastin), it does not calcify 
usually; however, ET cartilage calcifica-
tions were reported in the literature, evalu-
ated with a rare prevalence of 0.6% of cases 
[23]. These calcifications concerned almost 
all the medial lamina cartilage and most 
frequently in the torus tubarius region [24]. 
Here the authors report a case of calcifica-
tion of both laminae immediately anterior 
to the junctional zone (Fig. 7.15).
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Fig. 7.13 Mid-cartilaginous portion of a normal left 
Eustachian tube of an adult temporal bone specimen. C 
cartilage; L lumen; GL submucosal glands; LVP levator 
veli palatini muscle; TVP tensor veli palatini muscle; OF 
Ostmann fat pad (Courtesy of I. Sando, MD) (Reproduced 
with permission from Eustachian tube: structure, 
Function, Role in otitis media, by Charles D. Bluestone. 
pmph-usa.com)

Fig. 7.14 Schematic drawing of the mid-cartilaginous 
portion of a normal left Eustachian tube showing the two 
laminae of the tubal cartilage, ML medial lamina; LL lat-
eral lamina, connected by the hinge H. *: lumen, LVP 
levator veli palatini muscle; D.TVP deep part of tensor 
veli palatini muscle; LOMF lateral Ostmann fat pad; F 
fibrous membrane

ba

Fig. 7.15 (a) Axial CT image passing by the posterior 
part of the cartilaginous ET, showing a large calcification 
of the hinge, the lateral (white arrow) and medial lamina 
(dashed arrow). (b) Coronal CT reconstruction of the 

same calcifications in the plan along the ET-axis, the cal-
cifications surround the lumen of the ET almost com-
pletely in this entirely cartilaginous part of the ET without 
intraluminal obstruction
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and the appearance of a patulous ET [26]. 
In malnourished persons this pad of fat van-
ished causing patulous ET.

• Two different roles of the lateral Ostmann fat 
pad have been described:
 – The static pressure of the LOFP supports 

the passive closure of the ET after relax-
ation of the tensor veli palatini to protect the 
ME from ascending secretions and sound 
noises from the nasopharynx to the middle 
ear. It also helps in the evacuation of the 
ME due to sniffing.

 – It serves as a fulcrum for the deep layer of 
the TVP; it transfers the pressure of the 
contracting tensor muscle to the lower 
portion of the ET; hence the LOFP limits 
ET opening to its superior aspect  
(Rüdinger’s safety canal) (Fig. 7.16) [27].

• The medial Ostmann fat pad (MOFP) 
(Fig.  7.16). It is situated between the lateral 
and medial suspensory ligaments, medial to 
the medial lamina, where it may be permeated 
by numerous fiber bundles from the basilar 
fibrocartilage and the medial suspensory 
ligament.

• Imaging of the Ostmann Fat Pads
CT and MR have both the ability to show the 
fat pads, when adapting the reconstruction 
plan three dimensionally. Once images 
obtained along the axis of ET, there is almost 
always a very thin lumen of the ET visible 
(Fig. 7.17b, c), facilitating the orientation.
On CT, the fatty aspect of the lateral fat pat is 
well recognized when focused on this region 
(the density measurement has typical negative 
values about − 20 to − 80 UH), and also the 
medial fat pad can be localized (Fig. 7.17).
On MR, especially T1-weighted images demon-
strate a good contrast between the hyperintense 
aspect of fat, surrounded by isointense muscles, 
and the hypointense air inside the almost col-
lapsed ET lumen (Figs. 7.18 and 7.19).

7.3.3.4  The Pharyngeal End
The pharyngeal end of the ET passes above the 
superior constrictor muscle through the sinus of 
Morgagni to lay under the mucosa of the naso-
pharynx. The pharyngeal orifice lies approxi-

mately at the posterior level of the vomer, about 
1.25 cm behind the posterior end of the inferior 
turbinate and approximately 2 cm above the plane 
of the hard palate (Fig. 7.20) [12].

The pharyngeal orifice is triangular in shape 
with an inferior base; it measures 8–10  mm in 
height and 3–5 mm in width (Figs. 7.6 and 7.21). 
The pharyngeal orifice is closed at rest and 
becomes elliptical or triangular with a superior 
apex during opening [28].

The anterolateral border is a vertical crease, 
called the salpingopalatine crease of Troeltsch. It 
corresponds to the lateral plate of the tubal carti-
lage and the TVP muscle.

The posteromedial border is prominent and 
corresponds to the medial lamella of the tubal car-
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Fig. 7.16 Schematic drawing of mid-cartilaginous por-
tion of a left Eustachian tube and its attachment to skull 
base. The ET is attached to skull base by medial tubal 
ligament m. TL and lateral tubal ligament L. TL. Around 
the ET, two fat pads exist, one medially (medial Ostmann 
fat pad m. OMF) between the medial lamina of the tubal 
cartilage and medial tubal cartilage ligament and one lat-
erally (lateral Ostmann fat pad l. OMF) between the lat-
eral lamina of the tubal cartilage and lateral tubal cartilage 
ligament. *: lumen, LVP levator veli palatini muscle; 
D.TVP deep part of tensor veli palatini muscle; S.TVP 
deep superficial part of tensor veli palatini muscle; F 
fibrous membrane
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Fig. 7.17 (a) Standard axial plan, tensor veli palatini mus-
cle (small arrows) well individualized. (b) Sagittal recon-
struction along the red reference line of (a): demarcation of 
the ET lumen by a thin aeration line (plain arrowheads). 
(c) + (d) Reconstruction of consecutive axial oblique images 
along the red reference line of (b), pharyngeal orifice of the 
ET (*): in (c), a thin lumen of the ET (arrowheads), a thin 

hypodense line corresponding to the medial fat pad (empty 
arrowhead) is seen medially and at distance to the ET lumen. 
In (d), the image inferior to (c), the lateral Ostmann fat pad 
is seen as a long hypodense fusiform structure (short arrows) 
with typically fatty values on density measurements 
(between −20 and − 80 UH) and can be clearly individual-
ized medial to the TVP muscle (long arrows)

a b

Fig. 7.18 MR image 3D T1 Dixon, proton density weighted: 
(a) reconstruction of an axial cut after inclining the volume 
along the oblique axis of the ET: (*) pharyngeal orifice of the 
ET; the lumen of the ET is virtual (thin arrows); the lateral 
Ostmann fat pad is seen as a hyperintense fusiform structure 
(two long arrows), medially to the tensor veli palatini muscle 
(arrowheads). (open circle) Medial lamina of the ET carti-

lage, (b) reconstruction perpendicular to the ET-axis, as indi-
cated by the red line in the a image: the virtual lumen (small 
arrow) of the ET is laterally surrounded/bordered by the fat 
pad, a longitudinal rim of fatty tissue, that is in very close 
contact to the tensor veli palatini (arrowheads). (open circle) 
Medial lamina of the ET cartilage, (empty arrowhead) lumen 
of the Rosenmüller fossa

7.3  Eustachian Tube Anatomy



210

a b

Fig. 7.19 Two axial views of proton density-weighted T1 
MR images with 0.5  mm thickness reconstructed along 
the left ET-axis: (a) medial lamina of the ET cartilage 
(open circle), lateral Ostmann fat pad (thick arrow), 

medial Ostmann fat pad (thin arrow), (b) medial Ostmann 
fat pad (arrows), extended anteriorly until the posterior 
limit of the inferior part of the medial lamina (open 
circle)

tilage pressing against the nasopharyngeal 
mucosa; this prominent surelevation of the 
mucosa is called the torus tubarius (Fig.  7.21). 
The torus tubarius thickness is of 10–15 mm [18]. 
The mucosa of the torus tubarius is rich in glands 
and lymphoid tissue forming the tonsil of Gerlach.

The inferior border of the pharyngeal ori-
fice is bounded by the levator veli palatini 
muscle.

Just medial and behind the torus tubarius, 
there is a recess called the fossa of Rosenmüller, 
which is a triangular recess of about 1.5  cm 
deep. Its apex is in close relationship with the 

carotid canal, and its base is closely related to 
the skull base with the foramen lacerum lying 
medially. Adenoid tissues usually extend into 
this recess giving soft tissue support to the ET 
(Fig. 7.21).

7.4  Topographic Anatomy 
of the ET and ICA

• In the plane of the sphenoid spine and foramen 
spinosum, the distance of the internal carotid 
artery (transverse petrous part) from the upper 

Fig. 7.20 Nasal endoscopy showing both ET pharyngeal 
openings and relation to palate

Fig. 7.21 Endoscopic view of left pharyngeal orifice. FR 
fossa of Rosenmüller, AV adenoid vegetation; TT torus 
tubarius; SPC salpingopalatine crease containing levator 
veli palatini muscle; LVP levator veli palatini muscle in 
the floor of the Eustachian tube; SP soft palate; * 
Eustachian tube lumen

7 The Eustachian Tube
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part of the tubal lumen averaged only 4.4 mm 
(1.4–8).

• In the petrous segment of the internal carotid 
artery only a thin, occasionally dehiscent, bony 
layer separates the artery from the tubal 
mucosa [29].

• The presence of the ICA is necessary for the 
development of the carotid bony canal. In the 
region of the tympanal ostium of the ET, a thin 
bony plate lies between the anterior wall of the 
tube and the ascending portion of the carotid 
artery. Marked bulging of the carotid artery 
into the protympanum was noticed in 13% of 
cases [30]. Cases of ectopic carotid with intru-
sion inside the ET lumen are reported [31].

• The ICA may relate closely to the pharyngeal 
part of the tube; positional variants near the 
pharyngeal orifice can be especially hazard-
ous. Also Poe et al. have proposed that in dis-
eases of the ET, the main focus should be in 
the functional valve area, located within the 
middle to upper portions of the cartilaginous 
ET over a length of about 10–15  mm [32]. 
Hence the potential for complications 
increases while progressing superiorly toward 
the cartilaginous and bony ET junctional 
point because the ICA gets increasingly 
closer to the ET [33].

• Therefore the surgical implications of posi-
tional variants of the internal carotid artery are 
self-evident and merit particular consideration 
when injections are administered for tissue 
augmentation along a patulous Eustachian 
tube.

7.5  Muscles of the Eustachian 
Tube

Four muscles are associated with the ET: the ten-
sor veli palatini (TVP), the levator veli palatini 
(LVP), the salpingopharyngeus, and the tensor 
tympani muscle.

Eustachian tube is closed at rest and opens dur-
ing swallowing or yawning. Active opening of the 
ET is induced by TVP muscle contraction [34–
36]. Closure of the tube is a passive phenomenon 
and is not the result of a muscular contraction. It 

takes place secondarily to the passive reapproxi-
mation of the tubal walls by extrinsic forces 
exerted by the surrounding deformed tissues and 
also by the recoil of elastic fibers of the hinge por-
tion [18].

7.5.1  The Tensor Veli Palatini (TVP) 
Muscle

The tensor veli palatini muscle originates from 
the bony wall of the scaphoid fossa and from the 
entire length of the short lateral lamina of the 
cartilage tube, to descend converging into a 
short tendon that turns medially around the pter-
ygoid hamulus. It then fans out within the soft 
palate and mingles with the fibers from the 
opposite side in the midline raphe. The tensor 
veli palatini separates the Eustachian tube from 
the otic ganglion, the mandibular nerve and its 
branches, the chorda tympani, and the middle 
meningeal artery.

The TVP muscle is composed of two distinct 
bundles of muscle fibers: the lateral bundle (super-
ficial) and the medial (deep) bundle that are sepa-
rated by a fibroelastic layer (Fig. 7.22).

7.5.1.1  The Lateral Bundle
The lateral bundle is not related to the ET function. 
It has an inverted triangular shape with a superior 
base and an inferior apex. It starts superiorly at the 
scaphoid fossa of the sphenoid bone lateral to the 
ET cartilage and descends anteriorly, laterally, and 
inferiorly to converge in a tendon that rounds the 
hamular process of the medial pterygoid lamina. 
From the hamular process, it progresses to insert 
into the posterior border of the hard palate and into 
the palatine aponeurosis [18].

The lateral bundle of the TVP muscle ensures 
the tension of the soft palate.

7.5.1.2  The Medial Bundle
The medial bundle, also called the dilator tube 
muscle, has its superior origin in the posterior half 
of the lateral lamina of the ET cartilage. Its fibers 
descend sharply and converge in a tendon that 
inserts on the hamular process of the medial pter-
ygoid plate.

7.5  Muscles of the Eustachian Tube
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The medial bundle is responsible for the active 
dilatation of the fibrocartilaginous tube by later-
alization of the lateral lamina of the cartilage 
tube. The lateral layer compresses the lower part 
of the tube (membranous wall); thus the medial 
layer supports ventilation, and the lateral layer 
supports drainage and protection (Leuwer) 
[37–39].

Secondary attachments of the medial bundle are 
present sometimes at the maxillary tuberosity and 
the palatoglossal arch. These insertions suggest 
that even if the hamulus is infractured during cleft 
palate surgery, the TVP function could be main-
tained by preserving its maxillary insertion [40].

Both bundles are innervated by the mandibular 
nerve (V3).

Sphenoid Sphenoid
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alate

Soft p
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Fig. 7.22 Schematic representation (a, b) of paratubal 
muscles and the action of tensor veli palatini muscle and 
the corresponding opening of ET lumen (c, d). (a, c) 
During relaxation; (b, d) during contraction. S.TVP super-
ficial bundle of tensor veli palatini muscle; medial bundle 

of DTVP deep bundle of tensor veli palatini muscle; LVP 
levator veli palatini muscle; L tubal ligament; 1 tubal car-
tilage; 2 tubal fibrous membrane; * tubal lumen; H hamu-
lus; ICA internal carotid artery
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There are three points of rotation for the TVP:

• The pterygoid hamulus
• The lateral Ostmann fat pad
• The medial pterygoid muscle

The medial pterygoid muscle is a chewing 
muscle which closes the mouth and helps in pro-
truding the mandible. Its contraction causes a pos-
teromedial movement of the TVP toward the 
cartilage increasing the tubal opening [41].

7.5.2  The Levator Veli Palatini (LVP) 
Muscle (Fig. 7.22)

The LVP muscle arises from the inferior aspect of 
the petrous apex of the temporal bone. Its rounded 
body passes inferomedially, paralleling and lying 
beneath the floor of the fibrocartilaginous tube 
lumen. The fibers of this muscle insert by fanning 
out and blending with the dorsal surface of the soft 
palate [12, 42]. The LVP muscle is related to the 
tube only by a loose connective tissue [34, 43].

It is essentially a muscle serving the soft pal-
ate, but it could also support the ET function by 
elevating the medial lamina of the cartilage at the 
pharyngeal orifice [44, 45]. In addition, being 
located inferolaterally to the ET and with its large 
cross-sectional area in this portion, the LVP may 
be related to the pumping clearance (drainage) 
function of the tube in such a way that the distal 
end of the tube closes first followed progressively 
toward the pharyngeal orifice, thus pumping out 
the middle ear secretions [46].

The levator veli palatini is innervated by the 
glossopharyngeal nerve (IX). Its main function is 
restricted to the competence of the soft palate.

7.5.3  The Salpingopharyngeal 
Muscle

The salpingopharyngeal muscle arises from the 
medial and inferior borders of the tubal carti-
lage via slips of muscular and tendinous fibers. 
Then the muscle courses inferoposteriorly to 
blend with the mass of the palatopharyngeal 

muscle. The salpingopharyngeal muscle is not 
involved in the function of the ET; it could 
keep in position the pharyngeal orifice of the 
ET.

It is innervated by the glossopharyngeal nerve 
IX [12, 43].

7.5.4  The Tensor Tympani Muscle

The tensor tympani muscle arises from the supe-
rior surface of the cartilaginous part of the audi-
tory tube, the greater wing of the sphenoid, and 
the petrous part of the temporal bone. The muscle 
passes posterolaterally and always superiorly to 
the ET in its bony semicanal to the cochleariform 
process on the medial wall of the middle ear. Its 
tendon hooks around the cochleariform process 
to run laterally and insert into the medial aspect 
of the neck of the malleus. Contraction of the ten-
sor tympani pulls the eardrum medially and 
restricts its mobility. Thus, sound transmission 
through the middle ear is attenuated when the 
tensor tympani is contracted.

The TTM is innervated by a branch of the 
mandibular nerve V3.

7.6  Eustachian Tube Blood 
Vessels

The arterial blood supply of the ET is derived 
from the ascending pharyngeal and middle men-
ingeal arteries. The venous drainage is carried to 
the pharyngeal and pterygoid plexus of veins. The 
lymphatic chains drain into the retropharyngeal 
lymph nodes.

7.7  Eustachian Tube Nerves

The ostium and the cartilaginous portion of 
the ET are innervated by the pharyngeal 
branch of the sphenopalatine ganglion deriv-
ing from the maxillary nerve (V2). The bony 
portion of the ET is innervated by the tym-
panic plexus deriving from the glossopharyn-
geal nerve (IX).

7.7  Eustachian Tube Nerves
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7.8  Addendum : Physiology of 
Eustachian Tube Lumen and 
Mucosa

7.8.1  Eustachian Tube Lumen

At the tympanic orifice of the ET, the lumen is of 
2 mm in height and 5 mm in width. The isthmus is 
the narrowest part as a vertical slot from 0.5 to 
2 mm. Such variations have no influence on the 
middle ear ventilation. From the isthmus down-
ward, the lumen expands continuously to become 
about 8–10 mm in height and 1–2 mm in width at 
its pharyngeal orifice.

7.8.2  Eustachian Tube Mucosa

The lumen of the ET is lined by a pseudostrati-
fied, columnar ciliated epithelium, which works 
to sweep material from the middle ear to the 
nasopharynx.

Goblet cells represent about 20% of the cell 
population of ET mucosa. The goblet cells are 
more prominent at the tympanic cavity end, con-
tributing to the surfactant nature of the secretions 
(containing lecithin, lipid, and mucopolysaccha-
rides) that decrease surface tension and keep the 
tube patent [47].

The density of cilia increases as the tube runs 
dorsolaterally to open into the nasopharynx, facil-
itating movement and drainage of mucus and 
other material.

The lumen mucosa presents different aspects 
in regard to its floor or its roof:

• The floor mucosa of the tube contains numerous 
goblet cells, copious ciliated cells, and glands.

• The roof mucosa of the tube has sparse goblet 
cells and cuboidal ciliated cells without sero-
mucous glands.

Therefore, two different morpho-functional 
corridors are recognized in the ET lumen 
(Fig. 7.23):

 1. Superior corridor (Rüdinger’s safety canal): 
This is the upper compartment of the ET which 

is devoted to ventilation. The lumen of the ET 
measures 6.2 mm. Rudinger described in the 
upper part of the tube located in the cartilagi-
nous groove a space 0.4–0.5 mm in diameter 
that is constantly patent and is occupied by air. 
This area is known as Rüdinger’s safety canal 
[48]. It has an average diameter of 0.4 mm and 
commenced about 10 mm behind the pharyn-
geal orifice. It could not always be traced for 
the entire length of the cartilaginous part of the 
tube.

 2. Inferior corridor: the floor, mainly surrounded 
by the muscular or membranous wall of the 
Eustachian tube and partly by the medial lam-
ina of the cartilage. It shows frequently folds 
or micro-turbinates which seem to contribute 
to the mucociliary clearance and to the protec-
tion function of the Eustachian tube [49].

7.8.3  Eustachian Tube Dynamics

Active ventilatory function (active opening) of 
the ET depends heavily upon functional coopera-
tion between the TVPM and the lateral lamina of 
the ET cartilage as well as the lateral membra-
nous wall of the ET lumen. The ET lumen is con-
sidered to open actively by lateral shifting of the 

Fig. 7.23 Endoscopy of right ET showing the two corri-
dors in the ET lumen: the superior corridor (1) or the roof 
is mainly for ventilation function, and inferior corridor (2) 
or the floor is mainly for mucociliary clearance

7 The Eustachian Tube
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lateral luminal wall together with contraction of 
the TVPM, These findings indicate that poor 
development of the lateral lamina of the ET carti-
lage, and/or poor insertion of the TVPM into the 
lateral lamina, could lead to impaired active 
opening of the ET.

The opening of the ET is facilitated by the 
relaxation of the medial pterygoid due to an 
anterolateral movement of the TVPM while 
opening the mouth. Between the TVPM and the 
medial pterygoid muscle, there is the Weber-Liel 
fascia. On both sides of this fascia, Wenzel found 
fibromuscular interconnection [50]. Thus, both 
muscles at the medial third of the ET do not only 
passively shift against each other but represent a 
mechanical functional unit.

The functional unit composed of the TVPM, 
the lateral lamina of the tubal cartilage, the 
Ostmann fat pad, and the lateral suspensory liga-
ment has the effect of dilating the upper portion 
of the tubal lumen while compressing the lower 
portions of the lumen. This creates a bidirectional 
mechanism that transports air toward the tym-
panic end of the tube and mucus toward the pha-
ryngeal end. This mechanism is particularly 
active in the tubal segment where the Ostmann 
fat pad is most prominent, that is, the posterolat-
eral portion of the cartilaginous tube just before 
the isthmus. This concept is supported by the 
absence of cilia in the roof area of the tube and 
the abundance of goblet cells in the lower por-
tions [51].

In summary the action of ET opening is the 
result of an anterior pressure of the lateral part of 
the TVPM inducing a latero-caudal traction of 
the lateral lamina and medio-cranial rotation of 
the medial lamina.

The combination of mucosa, submucosa, 
Ostmann fat pad, and TVPM acts as a valve within 
the cartilaginous tubal lumen which performs a 
protective function by keeping the lateral mucosa 
opposed to the medial mucosa in the resting state.

Ostmann fat pad prevents air from entering 
the nasopharynx in the resting state when there 
is positive pressure in the tympanic cavity. 
Even at rest, the fat pad is believed to exert a 
certain amount of closing pressure on the tubal 
lumen.

7.8.4  Functions of the ET

The ET fulfills three main roles, which together 
facilitate middle ear homeostasis and the trans-
mission of sound from the tympanic membrane 
to the cochlea.

• Equalization of middle ear pressure to the 
ambient atmospheric pressure: a need due to 
external pressure fluctuations and mucosal gas 
exchange.

• Mucociliary clearance of middle ear 
secretions.

• Prevention of the retrograde travel of speech 
sounds and pathogen-laden secretions up the 
ET from the nasopharynx (reflux).

Although the osseous portion of the ET 
remains patent and is not dynamic, the cartilagi-
nous portion of the ET is normally closed and 
opens only for brief periods of time. This situa-
tion blocks the nasopharyngeal secretions or a 
gastric reflux from entering into the middle ear as 
well as it prevents autophony.

Brief intermittent periods of ET opening occur 
in normal individuals to insure middle ear venti-
lation. The ET opens 1.5 times every minute. 
Every opening lasts about 0.5 s, so ET openings 
last about 1 min a day [52]. These openings are 
the result of the contractions of TVPM.

In addition, the ET insures the function of the 
middle ear mucociliary clearance. The ciliated epi-
thelial cells of the lumen floor provide a mucocili-
ary “elevator” to push debris and secretions 
downward from the ET into the nasopharynx.

7.8.5  Neural Control of Eustachian 
Tube Function

A neural loop, between the baroreceptors of the 
ME cleft and the baroreceptors in the nasopha-
ryngeal area connecting the solitary nucleus of 
the Pons, regulates the neural control of the ET 
opening and the ME gas exchanges [53–55]

For instance, a decrease in middle ear pressure 
as compared to nasopharyngeal pressure will be 
detected by the solitary nucleus of the Pons which 

7.8  Addendum : Physiology of Eustachian Tube Lumen and Mucosa
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a b

Fig. 7.24 (a) Transversal computed tomography of a 
15-year-old boy with bilateral adhesive otitis media. Huge 
adenoid hypertrophy (white arrows) in the nasopharynx. 
(b) Transversal injected computed tomography of an adult 

showing a well-encapsulated globulous lesion (schwan-
noma) of the right infratemporal fossa (*), with a mass 
effect (white arrows) on the Eustachian tube

Clinical Application
Impairment of tubal functions can be 
divided into two main categories: 
Eustachian tube dysfunction when the tube 
does not open properly or patulous 
Eustachian tube when the tube remains 
inappropriately patent.

Eustachian Tube Dysfunction (ETD)
Classically ETD is the result of a 

mucosal inflammation with obstruction, 
or anatomical extrinsic obstruction, or 
failure of dilatation from muscular prob-
lems causing dilatory dynamic 
dysfunction.

Dilatatory dynamic dysfunction of the 
ET is a strong contributor for ETD in 
infants [55, 56].

Anatomical extrinsic obstruction must 
always be ruled out (adenoid hypertrophy, 
etc.).

In adults presenting unilateral ETD, 
nasopharyngeal or infratemporal fossa 
tumors must be ruled out (Fig. 7.24).

Intrinsic blockage of the ET is more 
common than anatomical extrinsic obstruc-
tion. It is often the result of mucosal inflam-
mation (mucosal disease), possibly due to 
allergy or laryngopharyngeal reflux. 
Tobacco use results in a loss of the normal 
ciliary clearance of the mucosa and causes 
frequently ETD.

Patulous Eustachian Tube (PET) 
(Fig. 7.25)

PET occurs when the ET tube remains 
patent for long periods of time beyond the 
normal brief interval of opening. This con-
dition could be related to Ostmann fat pad 
atrophy that may develop after substantial 
weight loss or post-pregnancy.

Patients with PET typically complain of 
autophony and aural fullness. When patients 
lie down, the symptoms usually abate due 
to venous engorgement of ET mucosa.

Infantile Eustachian Tube
The differences in the anatomy of the ET 

between infants and adults explain the func-
tional differences that play an important role 
in the inflammatory pathology of the middle 
ear and their complications.

Dilatory dynamic dysfunction of the ET 
is a strong contributor for ET dysfunction 
in infants. In infants, the shallow tubal 
angle affects adversely the muscle vector 
of the TVP, which in addition to the highly 
compliant tubal cartilage leads to a failure 
of active opening of ET by TVP muscle 
contraction [56, 57].

Changes in the tubal angle and the carti-
lage strength until adulthood are responsible 
for more efficient active opening of the ET, 
improved protective role, and an improved 
clearance function (Fig. 7.5 and Table 7.1).

7 The Eustachian Tube
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will initiate orders for tubal muscles to contract 
and open the ET (increase gaz ventilation)  and 
for mastoid mucosal vessels to constrict (decrease 
mucosal gaz diffusion). Both mechanisms will 
increase middle ear pressure (Fig. 7.26).

7.9  Conclusion

The Eustachian tube is a complex anatomical 
structure which communicates the middle ear to 
the nasopharynx.

Imaging studies of the Eustachian tube encoun-
ter difficulties due to its oblique orientation to any 
standard imaging plan and an almost virtual lumen 
in the absence of a pathologic distension.

The ET is still not available for surgical explo-
ration, due to its multiple organizational struc-
tures, its multidimensional orientation, and its 
delicate neighborhood.

a bFig. 7.25 Bilateral 
patulous Eustachian tube 
(a, right side; b, left 
side) in a patient who 
underwent bariatric 
surgery 6 months ago. 
Notice the incompetent 
pharyngeal opening of 
the ET on both sides

brainstem

1 : PF tension receptors 3 : mastoid mucosa

4 : TVP muscle2 : Nasopharynx baroreceptors

PA

3

1
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Fig. 7.26 A neural 
loop, between the 
baroreceptors of the ME 
cleft (1) and the 
baroreceptor in the 
nasopharyngeal 
pre-tubal area (2) 
connecting (green 
arrows) the solitary 
nucleus of the brain 
stem, regulates (red 
arrows) the neural 
control of the ET 
opening (4) and the 
mastoid mucosa gas 
exchanges (3)

Table 7.1 Table of anatomical differences of the 
Eustachian tube between infants and adults: (wider, 
shorter and more horizontal in infant)

Infant Adult
Length (mm) Approximately 

15–18 mm
Approximately 
30–36 mm

Cartilaginous 
portion

Less than 2/3 of 
the tube

longer = 24 mm 
(2/3)

Bony portion Longer (more 
than 1/3) and 
wider than in 
adult

shorter, 
narrower, = 12 
mm (1/3)

Pharyngeal 
orifice

Height 4 mm, 
width 2 mm

Height 8 mm, 
width 2 mm

Angulation 
with respect to 
base of skull (°)

10 degrees 45 degrees

Tensor veli 
palatini muscle 
action

Less efficient More efficient

Ostmann fat 
pad

Less prominent Prominent

7.9 Conclusion
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Different interpretations of the function of the 
different anatomical constituents of the Eustachian 
tube are behind the lack of the full understanding of 
its dysfunction and secondary middle ear 
disorders.
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The human auditory system is the result of the 
way various animal ancestors developed their 
auditory systems. Fish are the first vertebrate to 
develop hearing, perhaps 350 million years ago: 
primitive fish had an internal balance organ 
which eventually came to include an auditory 
receptor. As fish evolved, the labyrinth included 
curved canals and an utricle, as well as a saccule 
and a lagena. The lagena is an extension of the 
saccule and presumed to be the forerunner of the 
cochlea. Amphibia were the first vertebrate land 
dwellers. At first, their ears were poorly equipped 
for air-conduction hearing. To deal with terres-
trial life, the development of the conductive 

apparatus was one of the great landmarks of ver-
tebrate evolution. Amphibians took advantage of 
preexisting structures inherited from fish and 
elaborated them into a tympanic membrane and a 
single ossicle, the columella, to transmit vibra-
tory energy from the air to the inner ear.

Reptiles appeared some 300  million years 
ago. The most common living reptiles nowadays 
are snakes, lizards, turtles, and crocodiles, but 
their most famous members, the dinosaurs, are 
extinct. The dinosaurs’ main living heir, birds, 
arose perhaps 150  million years ago. The 
 reptilian auditory system is more familiar to 
human one because it is the basic design that 

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-15363-2_8&domain=pdf
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was passed to all descendant animals, including 
humans. Mammals seem to have appeared 
around 200  million years ago from synapsid 
reptiles themselves appeared 300 million years 
ago. Reptiles have several jaw bones and one 
auditory ossicle: from the multiple jaw bones of 
the reptile, one became the mandible, and the 
others were modified into mammalian ossicles 
[1] (see below Sect. 8.1) [2]. In addition and in 
relation with these developmental steps, this 
chapter outlines the striking handicap of the 
middle ear due to its special immunity status 
and reports its particular defense mechanisms to 
aggression.

8.1  Comparative Anatomy 
and Phylogenetic Evolution 
of the Middle Ear Ossicles

The only ossicle in the middle ears of nonmam-
malian amniotes (including lizards, crocodilians, 
and their descendants, the birds) is the stapes.

In reptiles, the eardrum is connected to the 
inner ear via a single bone, the columella, while 
the upper and lower jaws contain several bones 
not found in mammals.

The earliest amniotes had a jaw joint com-
posed of the articular (a small bone at the back of 
the lower jaw) and the quadrate (a small bone at 
the back of the upper jaw). Over the course of the 
evolution of mammals, one bone from the lower 
and one from the upper jaw (the articular and 
quadrate bones) lost their purpose in the jaw joint 
and became progressively integrated to the mid-
dle ear, connecting to the already existing stapes 
bone and forming a chain of three bones (the 
ossicles) which transmit sounds more efficiently 
and allow more accurate hearing. Having three 
ossicles in the middle ear is one of the defining 
features of mammals.

The classical Reichert-Gaupp theory consid-
ers as following (Table  8.1) the homologies 
between reptilian skull and jaw bones and mam-
malian middle ear ossicles [3–6].

These homologies are well established by 
numerous studies in the fields of comparative 

anatomy and embryology. It can explain, for 
instance, why the tensor tympani muscle is inner-
vated by the trigeminal nerve, considering that 
this muscle was a masticatory one in reptiles. 
However, the separation between reptiles and 
mammals is not so clear. The new phylogenetic 
classification considers that mammalian reptiles 
(as cynodonts) and “true” mammals belong to the 
same group: the synapsids, which is character-
ized by a single temporal fossa.

In reptiles and birds, the suspension of the 
lower jaw corresponds to the articular-quadrate 
joint. The jaw is constituted by many bones (den-
tary with the teeth, angular, surangular, pre- 
articular, coronoid, articular, etc.) and articulated 
with a skull bone, the quadrate, which is itself a 
remnant of the pterygo-quadrate of the first 
vertebrates.

The transition between the “reptilian” suspen-
sion and the “mammalian” one (dento-squamosal 
joint) was not immediate during evolution; in 
cynodonts (cynodonts probably gave rise to 
mammals about 200 million years ago; however, 
they are not considered to be mammals them-
selves), the posterior bones of the jaw regress 
progressively, and the dentary takes a new con-
tact with the squamosal. Several fossil species 
keep a “double joint” (articular-quadrate and 
dento-squamosal), and it is quite impossible to 
classify these species into reptiles or mammals—
but this question is today obsolete at the light of 
the phylogenetic classification.

Some present mammals, considered as 
“primitive” (monotremata, marsupials), exhibit 
during their embryonic development some tran-
sient features evoking the reptilian pattern. 

Table 8.1 Enumeration of the homologies between the 
different skull and jaw bones of the reptiles corresponding 
to the ossicles of mammals

Reptile skull and jaw 
bones Mammal ossicles
Articular Malleus
Pre-articular Anterior process of the malleus 

(gonial bone)
Angular Tympanic bone
Quadrate Incus
Columella Stapes
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Furthermore, the development of reptilian jaw 
bones seems to be very similar to mammalian 
middle ear ossicles embryogenesis [7–9] 
(Fig. 8.1). As a remnant of phylogenetic origin 
of the mammalian middle ear, the temporoman-
dibular disk continues into the middle ear in 
humans and keeps the continuity of the anterior 
ligament of the malleus [10, 11]. Other connec-
tions between TMJ and the malleus are dis-
cussed in Sect. 3.1.1.4.

In cetaceans (whales, dolphins, etc.) and sire-
nians (aquatic, herbivorous mammals that inhabit 
swamps, rivers, estuaries, marine wetlands, and 
coastal marine waters), the tympanic bone is con-
nected with the sound-conducting apparatus [11]. 
At the light of comparative anatomy, this fact 
could be easily explained. The tympanic bone 
corresponds to the angular reptilian bone and 

develops from an intramembranous anlage at the 
vicinity of the primordium of the anterior process 
of the malleus (the “gonial” bone, corresponding 
to the pre-articular).

The incorporation of the primary jaw joint 
into the mammalian middle ear was only possible 
due to the evolution of a new way to articulate the 
upper and lower jaws, with the formation of the 
dentary-squamosal joint or TMJ in humans. This 
important process gave rise to an increase of the 
bandwidth of hearing to high frequencies [12] 
and constitutes thus a Darwinian advantage 
selected by the evolution process.

The evolution of the three-ossicle ear in 
mammals is intricately connected with the evo-
lution of a novel jaw joint, these two structures 
evolving together created the distinctive mam-
malian skull [13].
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Fig. 8.1 (a, b) Comparison between schematic drawings of 
the middle ear ossicles of a marsupial embryo (Didelphis) 
(A) and of the mandibular-otic area in a cynodont 
(Diademodon) (B), redrawn from Hopson [7]. (c, d) Frontal 
section of the middle ear of a marsupial (Didelphis) (A) and 
sagittal section of the jaw joint of a diapsid reptile embryo 
(Mabuia megalura). The retroarticular process (RAP) of 
the articular bone (A) is classically considered as the 

homologous of the handle (H) of the malleus but several 
recent authors associate also this structure with the proces-
sus brevis. However, several recent works consider this pro-
cess as the homologous of the processus brevis. A angular; 
G goniale; M malleus; Md mandible; Mk Meckel’s carti-
lage; OC otic capsule; PA pre-articular; Q quadrate; RAP 
retroarticular process; RL reflected lamina of the angular 
bone (future tympanic ring); S stapes; SA surangular
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Fig. 8.2 Comparative anatomy between bird middle ear (a) and human middle ear (b). c columella; S stapes ; I incus ; 
M malleus; RW round window; EAC external auditory canal; MEC middle ear cavity; PTT pharyngotympanic tube

8.2  Middle Ear Functions 
Through Phylogenesis

8.2.1  Middle Ear Mechanics

8.2.1.1  The Benefit of the Triple 
Ossicles System

The mammalian middle ear is unique among tet-
rapods (mammals, amphibians, reptiles, and 
birds), in that it contains three distinct ossicles 
(the malleus, incus, and stapes) that form an indi-
rect and flexible coupling path between the ear-
drum and cochlea, for which the majority of the 
ossicular mass is concentrated away from the 
cochlear entry axis. This differs markedly from 
the middle ears of non-mammalian tetrapods, in 
which eardrum motions are transmitted to the 
cochlea more or less in a straight line via a rod-
like columella structure. (Fig. 8.2). Many theo-
ries have been presented as to the functional 
consequences and possible advantages of this 
peculiar arrangement:

• Most importantly, it renders  mammals capa-
ble of hearing to much higher frequencies 
than non-mammals (>100 kHz vs. <12 kHz) 
[14–16].

• It allows the ossicles to adopt lower inertia   
vibrational modes at higher frequencies [17, 18].

• It provides flexibility to the ossicular system 
and thus protect the cochlea against high static 
pressures in the ear canal or impulsive stimuli 
[18–20].

• It allows leveraging the off-axis mass distribu-
tion and joint flexibility to reduce the amount 
of ossicular inertia transmitted the cochlea in 
response to skull vibrations from self-gener-
ated sounds due to vocalizations, breathing, 
pumping blood, etc., and thus allowing more 
attention to be focused on the external sounds 
critical for survival [18].

Due to evolution advances, the middle ear 
gained at the same time a complex and very 
efficient architecture but highly susceptible 
and vulnerable in front of aggressions of mul-
tiple forms.

8.2.1.2 Air as Isolator and Vehicle
Another phylogenetic innovation of the middle 
ear is to use air as an isolator: to isolate the 
ossicular chain from the bony walls of the tem-
poral bone to be able to transmit effectively via 
the eardrum and the ossicular chain the sound 
waves of the external air environment to the 
cochlear fluid environment (no sound dissipa-
tion). This is the columellar effect of the ossic-
ular chain suspended “in the air” by two 
annular ligaments (the eardrum and stapes 
annular ligament), where the air acts as sound 
isolator; for instance, an otosclerosis focus 
provokes the loss of the sound isolation prop-
erty attributed to the annular ligament of the 
stapes.

Air does not have the same role at the external 
ear canal as in the ME: in the first compartment, 
the air vehicles a sound, and in the second, the 
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air isolates the sound wave from any dispersion 
into the skull bones.

Thus, the role of air in the middle ear is pri-
marily to insure sound transmission (compli-
ance), and the respiratory function of the middle 
ear is mostly to assist hearing and insure its 
homoeostasis (hearing loss in mucoid otitis 
media).

8.2.2  Gas Exchange

During phylogenesis, the exit of vertebrates out 
of water to live in air and on land required many 
innovations in the anatomical organization of the 
gill middle ear apparatus, thus finding itself in 
need to adapt and survive in the noxious environ-
ment that the air represents.

The middle ear became an impedance mis-
match transformer for the advantage of an air- 
filled space to accomplish the role of a sound 
transmission system. Thus, the primary function 
of the middle ear was to provide and maintain a 
“gas pocket” at atmospheric pressure. Hence, 
mastoid pneumatization increases the mucosal 
area for gas exchange.

Embryogenesis shows that the lungs devel-
oped at the lower end of the branchial arches sur-
rounding the heart, and the middle ear developed 
at the end of the superior extremity of these 
arches, under the base of the skull and in contact 
with the otic capsule. Also the middle ear devel-
oped from an expansion of the first endodermal 
pouch invading the mesenchyme of the temporal 
bone to be filled later on with air. This air coloni-
zation of the temporal bone will continue after 
birth with the development of the mastoid pro-
cess (pneumatization) aiming to favor the objec-
tive of gas exchange.

The middle ear and the lung shared a neigh-
borhood site of development with a similar task 
to bring air to the body. Middle ear and lung 
have comparative structures covered by a similar 
mucous membrane: to the trachea responds the 
Eustachian tube, to the bronchi and bronchioles 
respond the various tympanic isthmi and com-
partments of the middle ear, and finally the lung 

alveoli respond to the pneumatized mastoid. 
Each of these structures is lined by the same 
respiratory epithelium that gradually dedifferen-
tiate to become at its most distal end only a thin 
single-cell layer to promote air-to-blood gas 
exchange.

However, the ventilation and drainage func-
tion of the Eustachian tube is suitable only for a 
healthy middle ear mucosa, but in the presence of 
an inflammatory process, the gas exchange 
through a hyperplastic thickened mucosa is not 
the same (but increased, leaving a gas deficit); 
hence the ET becomes unable to respond ade-
quately to the need (ET dysfunction), followed 
by global dysventilation and clearance disorders 
with mucus retention. Actually the classic tubal 
dysfunction is thought to be more likely second-
ary to an intrinsic pathology of the middle ear 
rather than to a tube pathology per se.

The presence of air and its renewal in the respi-
ratory system is an obvious vital need to allow 
gas exchange at the take off lung/blood level; also 
the presence of air in the middle ear and mastoid 
is needed for mucosa/blood gas exchange. The 
tubal ventilation is 1 cc per day of air renewal to 
ensure a gaseous equilibrium to the mucosa lining 
the tympanic cavities in healthy conditions. This 
rudimentary but sufficient respiratory function is 
done through a narrow tubal isthmus (0.5–2 mm) 
and allows the ET to remain closed most of the 
time (phenomenon needed to protect the ear from 
internal body sounds and reflux aggressions from 
the aerodigestive pathways). However, pulmo-
nary ventilation ranges at a much higher scale: 
it must ensure renewal of 250 cc of air at each 
inhalation-expiration for an air/blood exchange 
surface of 75 m2.

To illustrate this “respiratory request differ-
ence” between the two organs, one could com-
pare the slim size of a transtympanic tube (TT) 
for the middle ear ventilation and the endotra-
cheal tube size for assisted lung ventilation.

Middle ear and lung use both air as a medium 
for the gas exchange; in addition for a second 
purpose: the middle ear for its original objective, 
the hearing and the lower airways for a second 
objective: the phonation.

8.2 Middle Ear Functions Through Phylogenesis
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8.3  Middle Ear Immunity

Phylogenetically, the immune system is very 
ancient and appeared at very early stages during 
evolution. The adaptive immunity steps with 
their specific immune cells and antibodies 
evolved with the vertebrate lineage which is far 
earlier than the phylogenetic development of the 
middle ear, since the middle ear appeared at the 
time when animals transitioned from aquatic to  
terrestrial existence.

Therefore the late phylogenetic appearance of 
the middle ear rendered it an immunodeficient 
organ; the main defense mechanism against patho-
gens in the middle ear is primarily innate, relying 
on the effective immune system, that is deprived 
from the specific adaptive immunity. The normal 
mucosa of the middle ear possesses neither immu-
nocompetent lymphocytes nor associated lym-
phoid tissues: this is why the mucosa of the 
tympanic cavity is not an immune inductive site.

Both the ineffective immune responses and an 
overzealous inflammatory response secondary to 

aggression are deleterious for the middle ear. For 
example, when the ME mucosa is exposed to 
injury or aggression, it may react by hyperplasia 
and then metaplasia with a transition into a 
mucus- secreting epithelium with numerous gob-
let cells and increased mucus secretion, which 
may result in a glue ear.

8.3.1  Middle Ear Innate Immunity

Innate immunity (also called natural or native 
immunity) provides the early line of defense 
against microbes. The mucosal immunological 
defense in the middle ear manifests by a number 
of mechanisms, including physicochemical bar-
riers of mucus, the mucosal epithelial cells with 
their tight junction barrier, and the innate immune 
responses such as inflammation with a cascade 
of mediators, cellular infiltration, effusion, and 
antimicrobial protein secretions expressing the 
regulation of the middle ear mucosal response 
(Fig. 8.3).
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Fig. 8.3 Middle ear mucosal immunity
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ME innate immunity includes the following 
principal components:

8.3.1.1 Physical and chemical barriers
The mucus layer covering the mucosal epithe-
lium acts as a first physical and biochemical bar-
rier. An additional layer of physical protection 
against microorganisms is provided by a tightly 
interlaced cell-to-cell network of epithelial cells 
which prevent microorganisms from violating the 
mucosa (Fig. 8.4).

Mucins of the mucociliary blanket lining the 
airways surface act by trapping germs and remov-
ing them through ciliary movements toward the 
Eustachian tube.

8.3.1.2 Antimicrobial components
Microorganisms that pass the mucin barrier get 
in contact with a range of soluble mediators 
present in the mucus, such as lysozyme, lacto-
ferrin, and defensin, produced by epithelial 
cells. The production of these molecules can 
directly destroy the invading pathogen (Fig. 8.4).

8.3.1.3 Cellular components
An important mechanism of defense is the inges-
tion of microorganisms by phagocytic cells like 
macrophages, natural killer (NK) cells, and den-
dritic cells. Indeed, the phagocytic and microbi-

cidal activities of these cells are essential for 
maintaining the middle ear in a clean and sterile 
state. During inflammation, these cells are 
recruited in higher number to infiltrate the lamina 
propria by cytokines and chemokines secreted by 
epithelial cells, dendritic cells, natural killer 
(NK) cells, and other innate lymphoid cells [3].

• Dendritic cells (DC) and Langerhans cells 
(LC) play an essential role in linking innate 
and adaptive immune responses as they have 
the ability to internalize a wide variety of 
pathogens and migrate, sensitize, and activate 
T cells in the nasopharynx. They are connec-
tors between innate immune system and the 
adaptive system.

• Fibroblasts are the most common cells of the 
connective tissue; they are “sentinel cells” 
capable of producing various immune 
modulators.

• Mast cells, strongly linked to histamine secre-
tion, are predominantly found in the pars flac-
cida compared to the pars tensa. Mast cells are 
responsible of granulation tissue formation and 
recurrence or chronic course of inflammatory 
disease in chronic suppurative otitis media [4].
The innate immune system of the respiratory 

mucosa detects microbial infections and uses 
pattern recognition receptors (PRRs) to recog-
nize the “molecular signature of pathogens,” 
known as pathogen-associated molecular pat-
terns (PAMPs). PRRs include toll-like receptors 
(TLRs) [5]. There are at least ten different TLRs 
found on the surface of epithelial cells of the 
human middle ear. TLR molecules provide pro-
tection against infection by recognizing intrud-
ing pathogens through their invariant PAMPS 
and then mobilizing the appropriate immune 
defense. The binding action to these receptors 
activates phagocytosis of bacteria by macro-
phages and neutrophils or the release of antiviral 
interferons. It is of interest to recall that toll-like 
receptors (TLRs) are PRRs that have been main-
tained or preserved during evolution from insects 
to humans and have a unique and important 
role in signaling the presence of infection; the 
downregulation of TLR expression during otitis 
media can lead to inefficient host defense in the 

Fig. 8.4 Electronic microscopy slide of middle ear 
mucosa showing a clear view of different types of mucosa 
cells: ciliated cells (C), goblet cells with their mucus con-
taining vacuoles (G)

C

G
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middle ear [24]. Recent advances in oto-patho-
gens recognition via microbial pattern recogni-
tion receptors (PRR) and elucidation of complex 
signaling cascades have improved the under-
standing of the coordination and regulation of the 
middle ear mucosal response. These advances 
support vaccine development aiming to reduce 
the risk of recurrent otitis media in children [25].

8.3.2  Adaptive Immunity 
and Immune Memory

The adaptive immunity system (also called spe-
cific or acquired immunity) is characterized by 
the ability to distinguish different substances, 
called specificity, and the ability to respond more 
vigorously to repeated exposures to the same 
microbe, so known as Immune memory. The 
unique components of adaptive immunity are 
lymphocytes (T cells and B cells). The adaptive 
immune system is only present in vertebrates and 
cartilaginous fish.

Adaptive immunity is found in the nasophar-
ynx and decreases while approaching the 
Eustachian tube mucosa; middle ear mucosa is 
not phylogenetically well prepared to such activ-
ity. ME mucosa lacks the sufficient number of 
such immune cells or follicles needed for the 
adaptive immunity: antibodies detected in the 
middle ear during AOM derive predominantly 
from serum transudation and reflux of nasopha-
ryngeal secretions through containing antibodies, 
with no evidence for independent, local antibody 
production.

For this reason the middle ear is not an induc-
tive site.

8.3.3  Middle Ear Mucosal Response 
to Microorganisms

Following  the transgression of microorganisms 
through the ME mucosa, there are two possible 
response stages, acute and chronic:

• At the acute stage, the middle ear reaction 
is usually effective through production of 

inflammatory mediators as cytokines IL8 via 
NF-KB signaling pathway, which stimulates 
infiltration of neutrophils into the inflamma-
tory site [26]. Bacteria are rapidly killed, and 
infection is usually resolved within 7–10 days.

• At the chronic stage, lymphocytes become the 
major infiltrating inflammatory cells. Among 
them, natural killer (NK) cells secrete IFNγ 
(interferon), and macrophages secrete TNFα.
 – IFNγ is a cytokine that is critical for the 

innate immunity against bacteria and 
viruses. In chronic otitis media, IFNγ is 
highly upregulated in the middle ear 
mucosa and plays an important role in the 
immune response including the activation 
of macrophages (very high expression of 
IFNγ is associated with chronic otitis 
media and its sequelae.) [27].

 – At the same time, IFNγ and TNFα have 
negative effects on the mucociliary barrier 
of the middle ear mucosa, thus weakening 
again part of the innate immunity.

 – TGF-β is present with high level in the 
chronic stages of otitis media with effusion 
indicating that it participates in the sup-
pression of the immune system and the 
proliferation of connective tissues in the 
middle ear cleft [28].

 – Also it has been found that middle ear 
pathogens induce the expression of Id1 and 
Id3  in rats. Id1, in turn, increases the 
expression of TNFα and IFNγ in the mid-
dle ear epithelial cells [29].

8.3.4  Middle Ear Immune Tolerance

Due to its solely innate immune status, with the 
lack of T and B cells in its mucosa, the middle ear 
presents the following phenomena:

• Tolerance to infection: No middle ear immune 
memory is build up against future attacks of 
infectious agents, resulting in recurrent otitis, 
chronic diseases, sequelae, etc. The pathogens 
causing recurrent otitis media (rAOM) are the 
same as those causing acute otitis media 
(AOM).

8 Human Middle Ear and Phylogenetic Impacts
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• Tolerance to homograft without the need of 
immunodepression (success of homograft 
tympanoplasties by J. Marquet). In other 
organs of the body, homografts are subject to 
immune rejection, which it is not the case in 
the middle ear: this is called peripheric immu-
notolerance of the middle ear [30].

8.4  Addendum

Not to miss the latest major morphological phy-
logenetic innovation, the most recent event in 
the evolution process and specific to the mam-
malians, is the formation of the external ear 
canal. The first ectodermic groove forms the 
beginning of the EAC; it proceeds in the fetus by 
a cavitation phenomenon to be completed in the 
postnatal period. The increase in length of the 
bony external ear canal is governed by two 
dynamic phenomena:

 – Parietal expansion of the encephalic growth 
and the tension forces of the masticatory mus-
cle on the tympanal bone along with

 – Tension forces of the cervical musculature on 
the mastoid.

At the bottom of the external ear canal, a 
dedifferentiation of the skin canal appears by a 
cavitation process from outside to inside associ-
ated to an immunological deficiency of the skin at 
this site. The term skin is improper here, because 
skin is characterized by an epidermis and under-
neath dermis, but the bony external canal skin is 
nothing than a pluri-stratified keratinizing epi-
thelium owing special properties (it is the same 
for the term mucosa in the middle ear which is 
mainly an unicellular epithelial layer, both ear 
canal and middle ear cavity have a rudimentary 
layer protection): in the fetal life, it permits the 
cavitation phenomenon, and after birth, it insures 
lateral cell migration as a self-cleaning process 
of the eardrum.

When inflammation takes place, this keratin-
izing epithelium induces hyperplasia with 
enhanced capacity of opposite migration 
toward the inside space of the ME resulting in 

invagination of the epidermis similar to the 
cavitation process observed in the fetal life. 
Therefore, the hypothesis of cholesteatoma for-
mation is held to be a reactivation of the fetal 
cavitation process under the condition of active 
inflammation!

8.5  Conclusion

This chapter has outlined how the middle ear, 
from its origin out of non-auditory structures, has 
been modified by adaptations into an important 
hearing organ. The evolution of the middle ear 
apparatus increased both the sensitivity to air-
borne sound and the frequency range of hearing. 
Phylogenesis and embryogenesis speak very well 
about the particular status and the behavior of the 
middle ear.

During species evolution from water to land 
living, phylogenesis implied the creation of a 
middle ear capable of important functions related 
to terrestrial life: hearing and gas exchange.

To enable the middle ear to accomplish such 
great performances, embryogenesis achieved a 
complex and highly articulated structure made 
out of multiple origins: the first two branchial 
arches, the ectoderm, the endoderm, and the 
mesoderm. Because of this complex original 
architecture, embryogenesis left the middle ear 
subject to organizational and structural difficul-
ties or challenges to be faced with after birth.

Due to its delayed arrival, phylogenesis 
deprived the middle ear from a competent 
immunologic inductive potential, to become a 
fragile organ. Based only on its primitive 
innate immunity, the middle ear response to 
invading microorganisms results often in an 
increased production of mediator cascades, 
rendering itself victim of its own defense 
mechanism.
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surgical implications, 84
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Epitympanic diaphragm, 112
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blood vessels, 213
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neural control, 148, 149, 217
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F
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Facial nerve
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Goblet cells, 145, 214
Greater petrosal superficial nerve (GSPN), 184
Greater superficial petrosal nerve (GPSN), 13, 184

H
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immunity
adaptive immunity, 222, 227, 228
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infection, tolerance to, 227
innate immunity, 222, 223, 225–228
microorganisms, mucosal response to, 227
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gas exchange, 225, 227, 228
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langerhans cells, 226
mast cells, 226

pattern recognition receptors, 227
physical and chemical muco-ciliated barriers, 225
toll-like receptors, 227

Interferon (IFNγ), 227
Internal auditory canal (IAC) segment, 168, 181
Internal carotid artery (ICA), topographic anatomy, 210, 
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J
Jugular foramen, 15
Jugular sinus, 30, 31

K
Koerner’s septum, 5, 165

L
Labyrinthine segment, 184, 188
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Langerhans cells (LC), 225
Lateral bundle (superficial), TVP, 211
Lateral incudomalleal fold (LIMF), 108–110, 113
Lateral lamina (LL), 204, 214
Lateral malleal ligament fold (LMF), 109, 110
Lateral malleal space (LMS), 136
Lateral Ostmann fat pad (LOFP), 206, 208
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Lateral semicircular canal (LSCC), 51
Lateral suspensory ligament (LSL), 82
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canal, 182
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Left mastoidectomy, 165
Lesser superficial petrosal nerve (LSPN), 98
Levator veli palatini (LVP) muscle, 213
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Lower lateral attic/inferior incudal space (IIS), 136
Lymphocytes, 227

M
Malleus development, 75–76, 78, 79

anterior process, 75
congenital ossicular malformations, 76, 77
disco-malleolar ligament, 76
disco-mandibular ligament, 76
E17 mouse embryo, 75
handle of, 75
head of, 75
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Malleus-incus complex (MIC), 90
Mast cells, 226
Mastoid air cell system, 155, 166, 167, 169

absorption and dispersion of kinetic energy, 172
buffer system, 170, 171
gas exchange, 170
middle ear mechanics, 171, 172
pneumatization, 169

Mastoid antrum
aditus ad antrum, 166, 167
surgical anatomy, 158

Citelli angle, 164
horizontal semicircular canal, 160–161
Koerner’s septum, 165
mastoid segment of facial nerve, 162
petromastoid canal, 161
positioning, 159
posterior fossa dural plate, 164
posterior tympanotomy, 162
sigmoid sinus, 163, 164
solid triangle of mastoid, 160
tegmen antri, 164
Trautman’s triangle, 164

Mastoid process, 6, 10, 154
anatomy, 156, 157
Henle’s spine, 158
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temporal line, 157

Mastoid segment of facial nerve, 187, 189
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Medial incudal fold (MIF), 111
Medial lamina, 204
Medial Ostmann fat pad (MOFP), 208
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Membranous neurocranium/neuroskull, 3, 4
ME pressure-regulation system, 147
Mesotympanum, 144
Metaplasia, 222
Middle cranial fossa approach, 14, 15
Middle ear amplifier system, 28, 29
Middle ear cavity, 20, 81

anterior wall (carotid wall)
carotid artery, 46–48
carotid canal development, 45
development, 44
lower portion, 45, 46
middle portion, 46
upper portion, 46

inferior wall/jugular wall
embryology of, 30
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jugular bulb anatomy, 33–35
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Middle ear cavity (cont.)
embryology of, 20, 21
TM (see Tympanic membrane (TM))
tympanic ring, 22, 23

medial wall (cochlear wall), 52
anatomical structures of, 52
cochlear aqueduct, 65
cochleariform process, 53
cochlear promontory, 48, 51, 54, 55
facial nerve canal, 53, 54
facial nerve VII, 48
fissula ante fenestram, 49
lateral semicircular canal, 54
oval window niche (fenestra vestibuli),  

48–50, 55–57
oval window posterosuperiorly, 51
round window, 50, 51
singular nerve, 65, 66
tensor tympani muscle bony canal, 53
tympanic segment, 48
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variations of, 64, 65

posterior wall
aditus ad antrum, 36
chordal eminence, 37, 39
chordal ridge of proctor, 38
embryology of, 34–36
epitympanum, 36
finiculus, 38
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incudal buttress, 36
incudal fossa, 36
ponticulus, 38
pyramidal eminence, 36, 39
pyramidal ridge, 38
retrotympanum, 36
styloid complex, 37, 39
styloid ridge, 38
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tympanum, 36, 37
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petrosquamous fissure, 41
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tegmen antri, 40
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tegmen tubari, 40
tegmen tympani, 40, 41
tignum transversum, 42

temporal bone, 7
width of, 20

Middle ear cleft, 146
antero-inferior compartment, 146
postero-superior compartment, 146, 147

Middle ear compartments
anatomo-physiological addendum (see Anatomo- 

physiological addendum)

attic (see Epitympanum/Attic)
embryology, 121, 122
hypotympanum (see Hypotympanum)
mesotympanum (see Mesotympanum)
middle ear ventilation pathways, 145
protympanum (see Protympanum)
retrotympanum (see Retrotympanum)
VII facial nerve, 120

Middle ear mechanics, 171, 172
Middle ear (ME) mucosa, 145–147
Middle ear muscles

embryology of
stapedial muscle, 93
TTM, 93

stapedial muscle, 95, 96
TTM, 94, 95

Middle ear nerves
facial nerve branches, 96
tympanic plexus, 96–100

Middle ear ventilation pathways, 144, 145
Mucociliary cell system, 146
Mucopolysaccharides, 145
Mucosal folds

anterior malleal ligament fold, 108–110
anterior tympano-malleal fold, 108, 109
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development, 106
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interossicular fold, 108
lateral incudomalleal fold, 109, 110
lateral malleal ligament fold, 109, 110
medial incudal fold, 111
middle ear ossicles and ligaments, 106, 107
posterior incudal fold, 111
posterior tympano-malleal fold, 108
superior incudal fold, 110, 111
superior malleal fold, 109
TTF, 111–114
tympanic diaphragm, 112–114
tympanic isthmus, 114, 115

anterior tympanic isthmus, 114
entire attic, 114
posterior tympanic isthmus, 114

Mucosal immunity, 224

N
Natural/native immunity, see Innate immunity
Nerve fibers of stapedial muscle, 191
Neural control of middle ear pressure regulation, 148
Notch of Rivinus, 6, 8, 10

O
Ossicular articulations

embryology of
incudomalleal joint, 89
incudostapedial joint, 89

incudomalleal articulation, 89, 90
incudostapedial articulation, 90, 91
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Ossicular coupling, 93
Ossification of protympanum, 122
Ostmann fat pads, 215

imaging, 208–210
LOFP, 206, 208
MOFP, 208

Oval window niche (fenestra vestibuli)
after removal of footplate, 56
anterior wall, 55
dimensions of, 55
fissula ante fenestram, 56, 57
height of, 56
location, 55
lower wall, 55
pathologies of, 56
posterior wall, 55
stapes, 87
surgical implications, anatomical variations, 64, 65
upper wall, 55

P
Pars flaccida, 24, 26
Pars tensa, 24, 26
Partial ossicular disarticulation, 90
Pathogen-associated molecular patterns (PAMPs), 227
Pattern recognition receptors (PRRs), 226
Peri labyrinthine cell tract, 156, 167–168
Peripheral neural receptors, 148
Peripheric immunotolerance of middle ear, 227
Peritubal tract, 156
Persistent stapedial artery (PSA), 101, 102
Petromastoid canal, 161
Petrosquamous fissure, 9
Petrotympanic fissure, 9
Petrous apex, 14, 16
Petrous carotid canal, 47, 48
Petrous cells, 167
Plica mallearis, 81
Pneumatic mastoid, 169
Pneumatization process, 71, 155

anterolateral tract, 155
of petrous apex, 156, 168
posteromedial tract, 156

Pneumatization of petrous apex, 156, 168
Posterior attic/epitympanum, 134–136
Posterior fossa dural plate, 164
Posterior incudal fold (PIF), 111
Posterior incudal ligament (PIL), 85
Posterior malleal ligament (PML), 83
Posterior pouch of von Troeltsch, 144, 145
Posterior tympanic isthmus (PTI), 114, 115
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