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 Introduction

Contained within the temporal bone of the skull, the human 
middle ear (Fig. 4.1) comprises a system of air-filled cavi-
ties, communicating with the nasopharynx via the Eustachian 
tube (ET). The tympanic membrane, which separates the 
external meatus from the middle ear cavity, is connected to 
the malleus, the first of the three auditory ossicles that cross 
the cavity to communicate acoustic vibrations through to the 
inner ear. Two small muscles insert on these ossicles, and 
several nerves and arteries pass through or near the middle 
ear region. The embryology and adult anatomy of this region 
is complex and is often covered only briefly in textbooks and 
undergraduate medical courses. However, a knowledge of 
the structural relationships between the middle ear compo-
nents and how they come to develop is essential for under-
standing the function of the middle ear and necessary for the 
provision of safe surgical care. In this chapter, we shall first 
review middle ear development before providing an over-
view of adult anatomy.

 Part 1: Development of the Middle Ear

Many of the structures in the head and neck, including the 
middle ear, arise from the pharyngeal apparatus of the 
embryo (Fig. 4.2). The development of the pharyngeal appa-
ratus and its derivatives has been extensively studied in 
humans and model organisms [1, 2]. In humans, this appara-
tus consists of five pairs of arches (I–IV and VI), which form 
on either side of the developing foregut. Although it is some-
times said that arch V appears transiently but then regresses, 
it has recently been argued that it does not exist at all in 
amniotes and the other arches should be renumbered accord-
ingly [3]. The arches appear between the second and fourth 
weeks of gestation [4]. Externally, the pharyngeal arches are 
covered with ectoderm, which invaginates to form pharyn-
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Fig. 4.1 Diagrammatic representation of the human peripheral audi-
tory system (right ear, anterior view). C, cochlea; EAM, external audi-
tory meatus; ET, Eustachian tube; I, incus; IAM, internal auditory 
meatus; ICA, internal carotid artery; M, malleus; MAC, mastoid air 
cells; S, stapes; TC, tympanic cavity; TM, tympanic membrane
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Fig. 4.2 Schematic representation of the pharyngeal apparatus in the 
early human embryo, demonstrating the contribution of the three germ 
cell layers (ectoderm  =  red; mesoderm  =  grey; endoderm  =  green). 
A1–6, pharyngeal arches I–VI (there is no arch V); B, developing brain; 
C1, pharyngeal cleft I; CS, cervical sinus; P1–4, pharyngeal pouches 
I–IV
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Fig. 4.3 Development of the middle ear cavity. (a) Middle ear ossicles 
condensing between the developing external auditory meatus and the 
tubotympanic recess. (b) The ‘endodermal model’ in which the epithe-
lium covering the middle ear cavity is entirely endodermal in origin. (c) 
The ‘mesenchymal model’ in which the epithelium of the dorsal wall 
and the majority of the lateral wall of the middle ear cavity is mesen-
chymal in origin, whereas the medial and ventral walls are endodermal. 
(d) Schematic representation of the findings of van Waegeningh et al. 
[7] in a 25-week fetus, which these authors argue support the ‘endoder-
mal model’. They demonstrated cavitation to the level of the ossicles, 
with the loose connective tissue remaining in the attic, and a continuous 
epithelium. Both models agree that the tympanic membrane is com-
posed of thin layers of ectoderm, endoderm and mesoderm. EAM, 
external auditory meatus; ET, Eustachian tube; MEC, middle ear cavity; 
TM, tympanic membrane; TTR, tubotympanic recess. Red = ectoderm; 
green  =  endoderm; grey  =  mesoderm; blue  =  auditory ossicles; 
orange = middle ear cavity lining that has undergone a mesenchymal- 
to- epithelial transition

geal clefts. In humans, there is one distinct cleft (I) between 
arches I and II, whereas a cavity called the cervical sinus 
represents the combined equivalent of clefts II, III and IV 
[1]. Internally, the endodermal lining invaginates to form 
pharyngeal pouches. As the clefts and pouches extend 
towards one another, they separate the intervening tissue into 
individual pharyngeal arches.

The mesodermal core of the pharyngeal arches is sur-
rounded by mesenchyme arising from the neural crest, the 
cells of which migrate from the nearby regions on the dorsal 
surface of the developing neural tube. The mesodermal core 
gives rise to the skeletal muscles, whereas the neural crest- 
derived cells give rise to bony and cartilaginous structures, 
including the ossicles. The arches are innervated by particular 
cranial nerves, for example V3 to the first arch and VII to the 
second: this has been used to establish muscle origins. The 
pharyngeal arches grow at differing rates during embryogen-
esis, leading to arches I and II becoming larger in volume 
than the others. These two arches and their intervening struc-
tures will form the components of the external and middle 
ears, discussed in more detail in the following sections.

Congenital abnormalities of pharyngeal arch develop-
ment are well-documented in the literature. They can include 
complete fistulae arising from the first or second pharyngeal 
cleft and pouch contact, persisting into postnatal life [5].

 The Middle Ear Cavity

Using the chick as a model of ear development, studies have 
shown that the endodermal cells of the pharyngeal pouches 
contain a web of actin fibres, just underneath their apical 

plasma membranes, which appear to constrain pouch mor-
phology and direct their expansion [6]. The first pharyngeal 
pouch in humans begins to expand outwards in the fourth 
week of gestation [4]. It forms the tubotympanic recess, a 
wing-like evagination of the pharynx, which will ultimately 
form the middle ear cavity and Eustachian tube (ET; 
Figs. 4.3a and 4.4). The second pharyngeal pouch may con-
tribute to the posterior part of the recess, at least initially 
[8–10]. The recess reaches the middle ear region at around 8 
weeks of gestation and reaches the antrum by 29 weeks [11].

The middle ear region is originally entirely cellular in the 
embryo. As it develops, an epithelium-lined cavity forms, 
filled with fluid in utero, which contains the auditory ossicles 
and the inserting tendons of the two middle ear muscles. This 
process by which the mesenchymal cells surrounding the 
ossicles and developing muscle tendons are cleared is 
referred to as ‘cavitation’. In humans, cavitation begins in 
the third month and is normally complete prior to birth [12], 
although residual mesenchyme is frequently found in both 
children and adults (see later).

How exactly cavitation happens is linked to the origins of 
the epithelial lining of the middle ear cavity. There are two 
main theories describing the origins of the middle ear cavity 
epithelium: the ‘endodermal model’ and the ‘mesenchymal 
model’ [13]. The endodermal model, originally proposed by 
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Fig. 4.4 Diagrammatic rostral views of five stages of pharyngeal 
development in human embryos, based on WinSurf reconstructions; not 
to scale. The pharynges are curved in these embryos: each opens into 
the oral and nasal cavities towards the top of the diagram, while at the 
bottom, it tapers into the oesophagus. Derivatives of the first pharyngeal 
arch mesenchyme are colour-coded blue, derivatives of second pharyn-
geal arch mesenchyme cream. These are shown, where apparent, on 
each embryo’s left side only. The first and second pharyngeal arch mes-
enchyme is beginning to condense into ossicular precursors in stage C; 
just in front of the first pouch, the two mesenchymal populations cannot 
be separated. The developing stapes is hidden behind the first pouch and 
first-arch derivatives, and hence is not visible in the figures. The origi-
nal contact between pouch I and the caudodorsal end of pharyngeal 

cleft I is visible in the stage A embryo but later disappears. The external 
auditory meatus develops as a separate invagination from the rostroven-
tral end of cleft I. (Reprinted with the permission of John Wiley & Sons, 
Inc. from Burford, C.M. & Mason, M.J. (2016) Early development of 
the malleus and incus in humans. Journal of Anatomy 229:857–870. 
©2016 Anatomical Society). Key: A1–2 mesenchymal condensations 
within pharyngeal arches I–II; C1 pharyngeal cleft I; CS lateral cervical 
sinus from which pharyngeal clefts II–IV originate; EAM external audi-
tory meatus; I incus; M malleus; MC Meckel’s cartilage; PW pharyn-
geal ‘wing’ (precursor of tubotympanic recess); P1–4 pharyngeal 
pouches I–IV; RC Reichert’s cartilage; TR tubotympanic recess. Stage 
A, 7–9 mm crown-rump length (CRL); Stage C, 10–15 mm CRL; Stage 
E, 14–18 mm CRL; Stage F, 20–22 mm CRL; Stage G, 24–28 mm CRL

Wittmaack [14], states that the expanding tubotympanic 
recess invades the middle ear region and envelopes the devel-
oping middle ear structures. In this model, the entire middle 
ear cavity is lined with an epithelium which is wholly endo-
dermal in origin (Fig. 4.3b). How the endoderm might come 
to enwrap the ossicles is unclear, but it might potentially rup-
ture at some point, continue to migrate around the cavity and 
later reunite to create a complete lining [13]. The mesenchy-
mal model was first proposed by Schwarzbart [15] after his-
tological examination of more than 100 human temporal 
regions, aged from four fetal months to adulthood. According 

to this model, the endoderm of the tubotympanic recess rup-
tures and the lining of much of the middle ear cavity is 
instead formed from the mesenchyme, which migrates and 
retracts to the edges of the cavities (Fig. 4.3c).

These competing theories were put to the test by 
Thompson and Tucker [16]. Immunostaining for E-cadherin 
in a mouse model showed that the intact endodermal lining 
of the first pharyngeal pouch on embryonic day 15.5 breaks 
down to allow an influx of mesenchyme by day 17.5. 
Transgenic mouse lines were used to investigate the origin of 
the cells ultimately lining the middle ear cavity: Sox17- 
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2AicreR26R reporter lines for tissues with endodermal ori-
gins and Wnt1creR26R for neural crest-derived cells. 
Thompson and Tucker found that the epithelium covering 
the dorsal wall of the mouse middle ear cavity, and the major-
ity of the medial wall including the cochlear promontory, 
originates from neural crest mesenchyme, whereas that cov-
ering the medial side of the tympanic membrane, much of 
the ventral wall and the Eustachian tube is endodermal. In 
addition, they studied the expression of the epithelial- specific 
protein cytokeratin 14 and demonstrated that this protein was 
expressed in the neural crest-derived region between postna-
tal days 14 and 16. This mesenchymal-to-epithelial transi-
tion occurred concomitant with the formation of the final 
middle ear cavity. Retraction of mesenchyme consistent with 
this model has also been observed in shrew and opossum, 
suggesting that it is widespread among mammals [13].

Thompson and Tucker [16] found that the component of 
the lining of the mouse middle ear cavity derived from endo-
derm was ciliated and contained mucus-secreting goblet 
cells, whereas the part derived from mesenchyme was a sim-
ple, non-ciliated epithelium. In humans, the lining of the 
Eustachian tube, anterior tympanic cavity and hypotympa-
num are ciliated, with goblet cells around the ET region, 
whereas the epitympanum, antrum and mastoid are covered 
with a squamous epithelium, which normally shows very 
few cilia [17–19]. The similar histological pattern between 
mice and humans is consistent with a similar dual origin of 
the middle ear epithelium in humans.

However, the ‘mesenchymal model’ of the human middle 
ear cavity epithelium is not universally supported. van 
Waegeningh et al. [7] carefully examined the epithelial lin-
ing of the middle ear cavity using immunohistological sec-
tions from one 25-week gestation fetus. The process of 
cavitation had only just passed the level of the ossicles in 
their specimen, as the loose mesenchyme remained around 
the attic. Significantly, the whole cavitated region was cov-
ered by an intact epithelium, which, these authors argued, 
could represent endoderm, which had expanded to enwrap 
the ossicles without rupturing (Fig. 4.3d).

Irrespective of whether the epithelium of the human mid-
dle ear is derived entirely from endoderm, or from both 
endoderm and mesenchyme, the mesenchyme that fills the 
middle ear cavity prenatally must somehow be replaced with 
fluid and, later, air. Based on observations and measurements 
made from postnatal human temporal bones, Piza et al. [20, 
21] suggest that the mesenchyme recedes as the middle ear 
cavity expands, thinning as it does so and thus contributing 
to the submucosal lining of the cavity, from which it is not 
easily distinguished. Other studies suggest that mesenchy-
mal cells disintegrate. Terminal deoxynucleotidyl transferase 
dUTP nick end labelling (TUNEL) assays, which detect 
DNA fragmentation, have been used to demonstrate apopto-
sis of the middle ear mesenchyme, thus contributing to cavi-

tation in rodents, from the 16th embryonic day until after 
birth in rats [22] but only on postnatal day 1 in mice [23]. 
Degenerating mesenchymal cells were also observed in 
human temporal bones, postnatally [24]. The association 
between retained mesenchyme in the middle ear cavity and 
otitis media is discussed later.

 The Tympanic Membrane and the External 
Auditory Meatus (EAM)

The tympanic membrane is made up of three layers (Fig. 4.3). 
The outermost layer is an invagination of the ectodermal lin-
ing of the external auditory meatus, whereas the inner layer 
consists of the middle ear cavity lining, which the studies 
mentioned above agree would be endodermal in origin at this 
location. Fibrous mesenchyme forms a middle layer between 
the outer and inner layers. It is often, although mistakenly, 
believed that the tympanic membrane forms where the first 
pharyngeal cleft meets the first pharyngeal pouch. However, 
the primitive connection between the first cleft and the first 
pouch is, in fact, lost [25], and a secondary connection forms 
between the true external auditory meatus (EAM) and the 
tubotympanic recess [8]. Mouse models of EAM develop-
ment show the definitive EAM developing in mesenchyme, 
which is entirely Hoxa2-negative and therefore seemingly of 
first-arch origin only [26]. The plane of the tympanic mem-
brane is nearly horizontal in the early human fetus, becom-
ing more vertical throughout fetal life and also increasingly 
inflected at the umbo [27].

It was suggested that the formation of the middle ear cav-
ity and tympanic membrane is coordinated by an ‘epider-
moid formation’, identified at the primitive connection where 
pouch I meets cleft I [28, 29] and persisting in some speci-
mens postnatally, at the junction between the middle ear and 
the ET epithelia, just anterior to the tympanic membrane 
[30]. Later molecular studies have focused instead on the 
role of the tympanic ring, which undergoes intramembra-
nous ossification to provide a frame for the tympanic mem-
brane and will go on to form part of the temporal bone (see 
later). Mouse molecular genetic investigations have strongly 
suggested that tympanic ring development is necessary for 
the invagination of the external meatus and for the develop-
ment of the tympanic membrane [31]. For example, mice 
deficient in expression of Goosecoid (Gsc) fail to develop a 
tympanic ring, a tympanic membrane and an EAM and also 
have other craniofacial defects [32–34]. Defects, including 
bilateral EAM atresia, have been linked to the human syn-
drome SAMS (a syndrome of short stature, auditory canal 
atresia, mandibular hypoplasia and skeletal abnormalities), 
which is also caused by Gsc genetic mutations [35]. 
Experimental evidence in mice suggests that the develop-
ment of the manubrium of the malleus, which is attached to 
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the interior surface of the tympanic membrane, depends on 
the normal development of the external meatus [36], and this 
appears to be the case in humans too [37]. In one study, 98% 
of those with severely defective external ear development 
were found to have ossicular dysplasias, and other middle 
ear defects were also commonly observed [38].

 Eustachian Tube Development

The Eustachian tube (ET), named after the sixteenth century 
Italian anatomist Bartolomeo Eustachi (1500–1574) [39], is 
also known as the auditory tube or pharyngotympanic tube. 
Beginning as an expansion from the first pharyngeal pouch 
around the fourth week of gestation [4], the tube is trans-
formed by epithelial differentiation and the development of 
cartilage and muscle from around the ninth week [40]. The 
development of the ET is of specific clinical interest due to 
its postulated links to pathologies such as otitis media 
[41–43].

The cartilage of the ET develops between about the 12th 
and 20th weeks of gestation, beginning at the pharyngeal end 
and progressing towards the middle ear [40]. The tube 
increases in length throughout gestation [40], with the main 
period of extension of the cartilaginous part occurring 
between weeks 16 and 28 [44]. Mouse models have shown 
that most of the ET cartilage is mesodermal in origin, but 
there is a small, dorsal component derived from the neural 
crest [45]. The bony portion of the Eustachian tube under-
goes upward expansion in the late fetal stage, and this con-
tinues through childhood, thus contributing to the supratubal 
recess [46]. The lumen of the tube begins as round in cross 
section, becoming oval, and then, from around the 27th 
week, slit-shaped [40], but it is said to remain patent through-
out prenatal life [47].

In neonates, the ET has a narrower diameter than in adults, 
especially the cartilaginous region [48, 49]. A child’s ET has 
a rather uniform cross section along much of its length, 
whereas in an adult, it is more gradually tapering from a 
large pharyngeal orifice towards the narrowest portion, 
which is near the tympanic end of the cartilaginous zone 
[50]. The tube is also shorter in absolute length in children, 
with a relatively shorter bony section, and it is straighter than 
that of adults [51]. At 6 months’ gestation, the ET is horizon-
tal; by 6 months of age, it forms an angle of around 10° to the 
skull base [52]. Although the ET is shorter and more hori-
zontally inclined in children under the ages of around 7, 
compared to adults, the fact that older children are more 
similar in these respects to adults, and that no difference was 
found between children with and without otitis media, sug-
gests that the length and inclination of the tube may not con-
tribute to susceptibility to this disease [53]. Other studies, 
however, have suggested that such a link might exist [54].

 Muscles of the Eustachian Tube
Derived from the first pharyngeal arch, the tensor veli pala-
tini (TVP) is first seen around week 6 in the human embryo, 
arising with the medial blastema of the muscles of mastica-
tion, together with the medial pterygoid and tensor tympani 
muscles [55]. All were found to be innervated by the medial 
root of the mandibular nerve (V). By week 7, the TVP is dif-
ferentiated and related to the pterygoid hamulus, and it 
becomes continuous with the palatine aponeurosis by week 
9. At week 13, there is a connective tissue link between the 
TVP and the goniale of the malleus. By birth the TVP has 
reached its adult relationship with the ET mesenchyme at 
one end, and at the other end with the palatine aponeurosis. 
The pterygoid hamulus, around which the TVP tendon 
glides, chondrifies around week 8 [55] and ossifies around 
week 16 [40]. The TVP remains in mesenchymal and later 
tendinous connection with the tensor tympani muscle 
throughout its development [56].

The levator veli palatini (LVP) is first seen around week 8, 
just ventromedial to the pharyngeal aperture of the ET; by 
week 9, it is found to run along the full length of the ET [57]. 
Kishimoto et al. found the LVP to receive innervation from 
the lesser palatine nerve, a branch of VII. Although inner-
vated via the pharyngeal plexus [58] and classically believed 
to derive from pharyngeal arches IV–VI, Kishimoto et  al. 
[57] suggest that the LVP may actually originate from pha-
ryngeal arch II, based on its anatomical relationship with the 
ET and the component of its innervation from the facial 
nerve. Both Tbx1+/− and Df1/+ mice, used as models of 
DiGeorge syndrome in humans, were found to have smaller 
LVP muscles than wild-type mice, and this was associated 
with an increased incidence of otitis media [59].

Very little is known about the development of the salpin-
gopharyngeus muscle. It is closely associated with the other 
longitudinal pharyngeal muscles, representing part of the 
palatopharyngeus complex [60, 61]. As such, its innervation 
and pharyngeal arch origin are probably similar to those of 
the LVP. The salpingopharyngeus muscle was not found to 
be present by week 8 of development [62].

 Middle Ear Ossicle Development

The three middle ear ossicles, found in all mammals, are the 
malleus, incus and stapes. These are the Latin terms for a 
hammer, anvil and stirrup, respectively, reflecting their 
shape.

The pharyngeal arch origins of the ossicles have been 
much debated [63, 64]. The currently favoured theory, ini-
tially proposed by Reichert [65], states that the malleus and 
incus develop from the caudal end of Meckel’s cartilage, 
which arises within pharyngeal arch I, whereas the stapes 
develops from the cartilage of pharyngeal arch II (Reichert’s 
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cartilage: Figs. 4.4 and 4.5). Meckel’s cartilage, a long rod 
which forms the lower jaw in embryonic life, separates from 
the malleus during later development [66]. The anterior pro-
cess of the malleus develops as a separate, intramembranous 
ossification referred to in the embryo as the goniale [67–69]. 

The view that the bulk of the malleus and all of the incus are 
derived from pharyngeal arch I has been supported by more 
recent evidence from mouse genetic models. Mice with 
homozygous mutations in Hoxa2, a gene expressed in arch II 
which is known to play a role in early embryonic facial 
development, show duplication of first-arch structures, 
including the malleus and incus, but lack a stapes [70, 71].

However, others have argued for a ‘dual-arch’ origin of 
the malleus and incus in humans, claiming that whilst the 
bodies of the incus and malleus are derived from the first 
pharyngeal arch, the manubrium of the malleus and the long 
process of the incus are actually second-arch structures. The 
earliest evidence supporting this theory comes from Hanson 
et  al. [72], who examined human embryonic specimens 
between approximately 6 and 9.5 weeks of gestational age. 
They described the primitive blastemal mass, which will 
later form the malleus and incus, extending across the first 
pharyngeal cleft into the second pharyngeal arch region. 
Tracing the development of this blastemal mass suggested 
that the manubrium of the malleus and the long process of 
the incus actually developed from the region of pharyngeal 
arch II. This finding was corroborated by Louryan [73], who 
independently examined embryonic specimens of a similar 
age. Whyte et  al. [74] also supported the dual-arch origin 
theory but described the long process and the manubrium 
fusing with the ossicular bodies at a later stage, around 
9.5 weeks in their series. Further support for this theory came 
from observations that the stapedius muscle tendon can have 
a small insertion onto the long process of the incus as well as 
the stapes [72, 75], the stapedius being of second-arch ori-
gin. This ‘dual-arch’ theory was presented in the form of a 
figure in the 37th, 38th and 39th editions of Gray’s Anatomy 
[76–78].

More recent histological examinations of human embry-
onic specimens have failed to find any clear evidence to sup-
port the dual-arch hypothesis [8, 79]. In mouse Hoxa2 
mutants, the long process of the incus was duplicated with 
the undisputed first-arch structures and was fused with its 
counterpart distally; the duplicated malleus shared one 
manubrium, which was longer than that in the wild-type 
[71]. O’Gorman [80] used lineage tracing to determine the 
second-arch contributions to the middle ear in mice. The 
manubrium was found to be only first arch, but O’Gorman 
did identify a short process near the manubrium of the mal-
leus that was a second-arch derivative. Although this process 
was referred to as the ‘processus brevis’, an alternative term 
for the lateral process of the malleus, it was subsequently 
identified as  the orbicular apophysis [81]. The orbicular 
apophysis is a process of the mouse malleus, which is not 
found in the human ossicle and which is not homologous 
with the human lateral process. Louryan et al. [82] showed 
that Hox-A2 immunostaining, for second-arch derivatives, 
labelled the orbicular apophysis and Reichert’s cartilage of 
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Fig. 4.5 Photomicrographs of sections through the left ear region of 
six human embryos, between around 5.5 and 8 weeks of gestation, from 
the Boyd Collection, University of Cambridge. (a) 9.5-mm crown-rump 
length (CRL); (b) 13.5-mm CRL; (c) 14.5-mm CRL; (d) 17 mm-CRL; 
(e) 20-mm CRL; (f) 24-mm CRL. In the early embryo, the first pharyn-
geal pouch meets the first cleft, visible in panel (a), but this transient 
spiracular union soon disappears. Sections b–f are rostroventral to this, 
where the true external auditory meatus is developing. In panel (b), the 
incipient meatus is visible as the indentation to the left of the chorda 
tympani nerve. The meatus converges on the extension of the pharynx 
that will become the tubotympanic recess, leaving the manubrium of 
the malleus sandwiched in between (c–f). The tissue between the 
meatus and recess will continue to narrow and the tympanic membrane 
will develop here. A1, A2, mesenchyme condensing in pharyngeal 
arches I and II, respectively; C1, pharyngeal cleft I; CT, chorda tympani 
nerve; EAM, external auditory meatus; Ma, body of the malleus; Mm, 
manubrium of the malleus; P1, P2, pharyngeal pouches I and II, respec-
tively; PW, pharyngeal ‘wing’ (precursor of the tubotympanic recess); 
RC, Reichert’s cartilage; TR, tubotympanic recess; VII, facial nerve. 
Scale bar for all photomicrographs = 1 mm
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mice very strongly, as expected. However, the rest of the 
ossicular chain, including the stapes, picked up diffuse label-
ling. This result is difficult to interpret, but Louryan et  al. 
argued that it keeps alive the possibility of a second-arch 
contribution to the malleus and incus bodies.

The stapes is believed to largely arise from the pharyngeal 
arch II cartilage. A contribution of the human otic capsule to 
the stapes footplate had been suggested, based on histologi-
cal observation [72, 83], but this was denied by Rodríguez- 
Vázquez [84]. However, O’Gorman [80] found that the 
peripheral footplate and the annular ligament did not label as 
second-arch neural crest derivatives, in mice. These portions 
were later shown to be mesodermally derived [85]. Thompson 
et al. found that the neural crest component is necessary for 
the normal formation of the mesodermal component, and the 
oval window.

 Ossicular Embryology in More Detail
The loose, mesodermal condensations representing the first 
signs of the malleus and incus appear at around 5.5 weeks of 
gestation [72]. The malleus becomes precartilaginous by the 
seventh week and separates from the incus [67]. It begins to 
ossify around 15–16 weeks and reaches its maximum size at 
around 17–21  weeks, after which point Meckel’s cartilage 
degenerates into fibrous tissues contributing to the anterior 
ligament. Meanwhile, the goniale appears at around 
8.5  weeks and fuses with the rest of the malleus between 
around 18 and 21 weeks [11, 67].

Studies in rodents [86] and humans [8, 72, 87] suggest 
that the malleus and incus are part of a single mesenchymal 
condensation, with a joint forming between the two ossicles 
later. In humans, the articular cavity starts to form in the 
ninth week of gestation and the capsular ligament becomes 
visible in the following week [88]. In patients with Treacher 
Collins syndrome (TCS), the malleus and incus are often 
fused together, hypothesised to occur as the result of disrup-
tion to this joint formation process [89, 90]. A more recent 
study has suggested that the earliest trace of the incus forms 
independently of Meckel’s cartilage within the first arch, 
appearing as a separate mesenchymal condensation to that 
of the malleus at 6 weeks’ gestation and only joining the 
malleus shortly afterwards [79]. Rodríguez-Vázquez et  al. 
[91] found that a transient cartilaginous union between what 
will become the short process of the incus and the otic cap-
sule forms from week 8 onwards. Having passed through a 
stage where there is a narrow joint cavity between the short 
process and the otic capsule, laterally, the articulation 
becomes fully fibrous from 17 weeks onwards. The incus 
begins to ossify just before the malleus, at around 16 weeks 
[11, 92].

The incudostapedial joint starts as densely-packed mes-
enchyme between the distal long process and what will 
become the stapes head, at 7–8 weeks’ gestation [88]. The 

lenticular apophysis of the incus forms at around 9 weeks, 
and the incipient incudostapedial joint cavity first appears at 
13 weeks. The cavity is completed by around 16 weeks [88].

A variable amount of remodelling of both the malleus and 
incus occurs in postnatal life [67]. Yokoyama et  al. [93] 
described bone marrow spaces persisting in the malleus and 
incus until 25  months of age, after which point they are 
replaced by narrow, vascular channels. Vestiges of embry-
onic cartilage have been described within the adult malleus 
and incus [94], and cartilage is found around the periphery of 
the manubrium [95] and lateral process [96]. The anterior 
process of the malleus appears to shorten slightly, postna-
tally [97].

The stapedial anlage, first visible at around 4.5  weeks’ 
gestation [72], begins as an ovoid, mesenchymal condensa-
tion, which is connected to Reichert’s cartilage through a 
separate condensation representing the interhyale [84]. The 
developing stapes is penetrated by the stapedial artery. This 
artery degenerates at around 7 weeks, during which time the 
stapes chondrifies, but the ossicle is left with its characteris-
tic intercrural foramen [84]. Rarely, a stapedial artery pass-
ing through the stapes may persist through to adulthood in 
humans: variations in its morphology and its pharyngeal arch 
origins have been reviewed by Hitier et al. [98].

The developing stapes footplate is juxtaposed to the otic 
capsule by the end of the embryonic period, during which 
time the stapes takes the form of a bulky ring. The annular 
ligament begins as a mesenchymal condensation between the 
footplate and the otic capsule, visible at around 9 weeks, 
completing its differentiation into fibrous tissue by week 12 
[88]. Stapes ossification begins at around 19  weeks [83]. 
Unlike the malleus and incus, which thicken over the course 
of prenatal development, the stapes undergoes considerable 
thinning. Attaining its maximum size at around 5 months’ 
gestation, it subsequently develops into a much more deli-
cate ossicle with internally hollowed crura and a wider inter-
crural foramen, reaching near-adult morphology after around 
7 months. However, the vestibular aspect of the footplate 
remains cartilaginous even in children [83].

 Middle Ear Muscle Development

The two smallest skeletal muscles in the human body, the 
tensor tympani and stapedius, lie in the middle ear and insert 
on the malleus and stapes, respectively. The tensor tympani 
is derived from pharyngeal arch I and is hence innervated by 
the mandibular branch of the trigeminal nerve (V3), whereas 
the stapedius is from arch II and is innervated by the stape-
dial branch of the facial nerve (VII).

The developing tensor tympani is already connected to 
the malleus at 6 weeks; its anlage is in communication with 
that of the tensor veli palatini via a mesenchymal connection 
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[56]. The processus cochleariformis develops at around 
15–16 weeks’ gestation [56]. Like the levator veli palatini, 
the tensor tympani was found to be smaller in heterozygous 
Tbx1+/− mice than in wild-type [59].

The stapedius muscle develops from two initially separate 
parts. The tendon is derived from the interhyale, which 
develops as a mesenchymal condensation between the stapes 
and Reichert’s cartilage around week 6 [84, 99]. The belly 
forms as a separate anlage, medial to the facial nerve, which 
joins with the interhyale around week 8; the external portion 
of the interhyale disappears by around 9 weeks, detaching 
the muscle and its tendon from Reichert’s cartilage. The sta-
pedius tendon is of variable length and angle in adults, which 
may depend on the position of attachment of the belly of the 
muscle to the interhyale during development [100]. The 
pyramidal eminence appears between 12 and 14 weeks [99].

 Temporal Bone Development

The human temporal bone is a composite structure compris-
ing petromastoid, styloid, tympanic and squamous compo-
nents. It houses the bony external meatus, middle ear cavity 
and inner ear. The cartilaginous otic capsule, containing the 
inner ear, contributes to the petromastoid component of the 
temporal bone. It has been shown to be mesodermally 
derived in mice [85], except for a small component derived 
from second-arch neural crest [80]. The styloid process, 
which is joined to the otic capsule in the embryo, is derived 
from the cranial segment of Reichert’s cartilage and so is of 
second-arch neural crest origin [85, 101]. The tympanic and 
squamous components of the temporal bone are also derived 
from the neural crest [102] but ossify directly in mesen-
chyme [91, 103].

From around 11 weeks’ gestation, the tympanosquamous 
fissure begins to close and the tegmen tympani forms [104]. 
The tegmen tympani, which forms on the roof of the middle 
ear cavity, is considered part of the petromastoid component 
of the temporal bone. It initially forms as an independent 
cartilage, becoming almost fully ossified by 17 weeks [104]. 
The petromastoid, squamous and tympanic components of 
the temporal bone remain separate in the fetus, fusing only 
postnatally [105]. The development of the hypotympanum is 
considered in detail by Spector and Ge [106] and that of the 
facial recess and associated structures by Eby [107].

 The Otic Capsule
The inner ear arises from the otic placode, a non-neural ecto-
dermal thickening near the hindbrain region, associated with 
cranial nerve VIII [108, 109]. At 5–6  weeks, the otocyst, 
which will develop into the membranous labyrinth, is sur-
rounded by mesenchyme, which has developed into the car-
tilaginous otic capsule by 8.5  weeks [108]. This becomes 

increasingly complex in shape as the labyrinth develops 
within it. The otic capsule ossifies from a large number of 
separate centres, which first appear between around 16 and 
21 weeks of gestation, and it reaches adult size in the fetus 
[11, 110]. The first signs of ossification in the otic capsule 
visible by computed tomography were seen at the age of 
18.5 weeks [111].

 The Tympanic Ring
The tympanic ring is an intramembranous ossification, 
developing from pharyngeal arch I [31]. Representing the 
border between the outer and middle ears, it contains a 
groove, the tympanic sulcus, to which the tympanic mem-
brane attaches circumferentially. The tympanic ring appears 
as a distinct mesenchymal condensation in the eighth week 
of gestation [103]. It then begins to ossify without any carti-
laginous precursor and increases in diameter. By 10 weeks, it 
is C-shaped, lying between Meckel’s and Reichert’s carti-
lages and lateral to a region which will later become the tym-
panic cavity. By 19  weeks, it forms an almost complete 
annulus but for a gap in its upper part known as the notch of 
Rivinus (incisura tympanica). Its rostral free end expands in 
the region of the anterior process of the malleus, where 
Meckel’s cartilage begins to degenerate and the goniale fuses 
with the rest of the malleus [103].

Fetal tympanic rings are located below the auricle and 
are more horizontally inclined than they are in adults [112]. 
The ring nearly reaches adult diameter by around 34 weeks 
and begins to fuse with the otic capsule [103]. The orienta-
tion of the sulcus tympanicus, supporting the tympanic 
membrane, gradually becomes more vertical in later fetal 
and early postnatal life [27]. The ring remains open but is 
incorporated into the temporal bone near term [103]; lateral 
growth later leads to the formation of the bony external 
meatus [27, 113].

Molecular studies have found evidence of a role of the 
Gsc gene in condensation of the tympanic ring in the first- 
arch tissue: this fails in Gsc-null mice [114]. Hoxa2 expres-
sion in pharyngeal arch II seems to inhibit the Gsc-expressing 
mesenchymal cells in that arch from developing a second 
tympanic ring [31].

 The Mastoid
The small rodents most often used as model species in ear 
development studies lack cellular mastoid processes like 
those of humans [115], so what we know about mastoid 
development has had to come directly from observations on 
human specimens.

The connective tissue extending from the middle ear 
reaches the antral region at around 22 weeks’ gestation; by 
29 weeks, the epithelium of the tympanic cavity has arrived 
and begins to invade the diploic bone from there, resulting in 
the development of a cavity [116]. The future air cells begin 
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to extend outwards from the antral region into the mastoid 
before birth [116]. At birth, the antrum is well-pneumatised; 
most of the mastoid pneumatisation occurs from then until 
around 6 years of age, with continued expansion until the age 
of puberty, taking the air cells all the way to the petrous apex 
in some [117]. The possible pathways for the pneumatisation 
of the mastoid are illustrated by Halewyck et al. [118]. The 
overall extent of pneumatisation is highly variable between 
individuals, following a normal distribution [119]. The 
growth of the mastoid process of the temporal bone, which is 
largely independent of its internal excavation, occurs fastest 
in the first postnatal year but continues until puberty [117].

Mastoiditis in children may result in the formation of new 
bone and sclerosis, leading to failure of pneumatisation even 
after the infection is resolved; an infection can also obliterate 
pre-existing air cells [120].

 Middle Ear Development and Otitis Media

Although it is generally held that the mesenchyme within the 
middle ear cavity should disappear within about a year of 
birth, its presence has been well-documented in some chil-
dren and even in adults [12, 121, 122]. One study found mes-
enchyme in 2% of 1404 temporal bones of patients aged 
5–81  years [123]. It has been suggested that this mesen-
chyme might block the aeration routes through to the rest of 
the middle ear cavity [122]. If this interferes with the drain-
age of exudate from the middle ear through the ET into the 
pharynx, then this may explain the association between 
retained mesenchyme in the middle ear and the development 
of otitis media [122–125]. Retained mesenchyme in the mid-
dle ear cavity has also been cited as a possible cause of con-
ductive hearing loss in Down syndrome patients [126, 127]. 
Given this evidence, it has been suggested that cases of 
recurrent suppurative otitis media in young children could be 
better treated with tympanic paracentesis than with antibiot-
ics [128]. Mesenchymal remnants may adversely affect the 
tympanic membrane and ossicular chain function and may 
also play a role in the formation of cholesteatoma [129].

Retained mesenchyme in the middle ear cavity seems to 
be most commonly found in the epitympanum/mastoid 
region [122, 123]. A poorly pneumatised mastoid is associ-
ated with a blocked tympanic isthmus [130], which may 
restrict aeration and drainage of the epitympanum and mas-
toid. This may help explain why underdevelopment of the 
mastoid air cells, a condition that has a hereditary element, is 
associated with more frequent presentations of acute otitis 
media [131]. However, what represents cause and what rep-
resents effect in these associations remains unclear.

Underdevelopment of the ET can result in fluid accumu-
lating in the tympanic cavity, and this is considered to be an 
important cause of otitis media with effusion in children 

[132]. It has been proposed that the evolution of larger brain 
volumes leading to the requirement for earlier birth in 
humans, alongside the flattening of the face and adaptations 
of the palate and its musculature associated with speech, 
may have reduced the functionality of the ET, predisposing 
humans to develop this condition [133]. As an experimental 
model of this condition, mice with mutations of Eya4 have 
been found to have an narrower, malpositioned ET and 
inflammation of the middle ear cavity, and they also suffer 
from middle ear effusion and hearing loss [134].

 Part 2: Anatomy of the Adult Middle Ear

 The Tympanic Cavity

The Eustachian tube, tympanic cavity and mastoid complex 
(Fig. 4.6) are collectively described as the ‘middle ear cleft’. 
Of these, the tympanic cavity contains the key structures 
involved in sound transmission from the external to inner 
ears. The human tympanic cavity is commonly subdivided 
into three compartments. The epitympanum (epitympanic 
recess) contains the head of the malleus and the dorsal incus. 
It is separated from the mesotympanum below by the ossi-
cles and the lateral incudal and tensor mucosal folds that 
 surround them, but remains in communication with the 
mesotympanum by means of the narrow tympanic isthmus in 
the posteromedial quadrant [135]. The mesotympanum is 

Fig. 4.6 Computed tomographic image of a preserved human temporal 
bone, in an approximately horizontal plane. The bone is white, the soft 
tissue and fluid are grey and air is black. The internal carotid artery and 
internal auditory meatus are both empty in this specimen but would not 
be in real life. C, cochlea; CM, condyle of the mandible; EAM, external 
auditory meatus; ET, Eustachian tube; IAM, internal auditory meatus; 
ICA, internal carotid artery; MAC, mastoid air cells, some of which are 
filled with fluid; S, stapes; TC, tympanic cavity; TM, tympanic mem-
brane (the manubrium of the malleus is visible centrally); V, vestibule. 
Scale bar = 10 mm
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that part of the middle ear cavity at the level of the tympanic 
membrane, and the hypotympanum is the region below the 
inferior extent of the tympanic sulcus.

The anterior wall of the tympanic cavity is superiorly 
comprised of the bony portion of the Eustachian tube, sepa-
rated by a thin plate of bone from the tensor tympani muscle. 
Inferior to these structures runs the internal carotid artery 
(Fig. 4.6), which enters the temporal bone medial to the sty-
loid process and initially runs vertically, anteroinferior to the 
cochlea. It then turns anteromedially and runs under the 
Eustachian tube towards the foramen lacerum, whence it 
enters the cranial fossa. Knowledge of the normal and aber-
rant courses of the carotid artery is essential for safe middle 
ear surgery.

The posterior wall of the middle ear cleft is pene-
trated superiorly by the aditus ad antrum, the opening that 
connects the epitympanum and the mastoid antrum (dis-
cussed later). Below the aditus is the pyramidal eminence, 
the bony prominence that contains the stapedius muscle 
belly; the tendon projects anteriorly and inserts on the stapes. 
The lower portion of the posterior wall of the tympanic cav-
ity may be subdivided into two. ‘Facial recess’ is the term for 
the groove between the facial nerve and the tympanic annu-
lus, whereas the sinus tympani is an extension of air cells 
into the posterior wall, deep to the facial nerve.

The bony medial wall of the tympanic cavity (Fig. 4.7) 
features the rounded elevation of the cochlear promontory, 
which is crossed by the tympanic branch of the glossopha-
ryngeal nerve (IX). Posterosuperior to the promontory lies 
the oval window (fenestra vestibuli), which contains the sta-
pes footplate held in place by the annular ligament. Inferior 
to this lies the round window niche, separated from the oval 
window by the subiculum. The round window niche is a 
small channel containing at its base the ‘secondary tym-
panic membrane’, which covers the round window itself, 
separating the middle ear cavity from the perilymph [136]. 
The round window (fenestra cochleae), accessed via a pos-
terior tympanotomy into the facial recess from the mastoid 
antrum, is a common insertion point during cochlear implan-
tation [137].

A large portion of cranial nerve VII, the facial nerve, runs 
in an anterior to posterior direction along the medial aspect 
of the tympanic cavity, prior to its descent through the mas-
toid. The nerve travels within the Fallopian canal, just supe-
rior to the oval window. The processus cochleariformis, a 
bony projection over which the tendon of the tensor tympani 
muscle runs, is a landmark for the anterior portion of the 
Fallopian canal. Posterosuperior to the Fallopian canal, the 
bone covering the lateral semicircular canal forms the medial 
part of the epitympanum.

The lateral boundary of the tympanic cavity consists of 
the tympanic membrane and bony walls of the epitympanum 
and hypotympanum, located superior and inferior to the 

membrane, respectively. The wedge-shaped bony lateral 
wall of the epitympanum, termed the ‘scutum’, may be 
eroded by cholesteatoma.

 The Tympanic Membrane

The tympanic membrane separates the external auditory 
meatus from the tympanic cavity (Fig. 4.6). In adults, this is 
a thin membrane about 9–10  mm in diameter, attached 
around its circumference to the sulcus of the tympanic bone. 
The taut pars tensa is connected to the sulcus by means of 
the tympanic annulus (annulus fibrosus tympanicus), the 
thickened rim of the membrane [138]. The smaller, thicker 
but more flexible pars flaccida fills the notch of Rivinus 
superiorly.

The tympanic membrane appears as a semi-transparent, 
oval structure when examined from the external ear canal. 
From the lateral aspect, the division between pars tensa and 
pars flaccida is demarcated by the lateral process of the mal-
leus, which forms a bulge in the membrane known as the 
malleolar prominence. The manubrium of the malleus 
extends from here to the centre of the pars tensa, attaching to 
its medial side. From the medial aspect, the division between 
the pars tensa and the pars flaccida is demarcated by the 
ligamentous anterior and posterior malleolar folds, which 

Fig. 4.7 Micro-CT reconstruction of the medial wall of the middle ear 
cleft, right ear. Scale bar  =  3  mm. C, stapedial anterior crus; CP, 
cochlear promontory; FN, bony impression of the facial nerve; FP, 
footplate of stapes in the oval window; H, handle of the malleus (manu-
brium); JN, bony impression of Jacobson’s nerve; LaP, lateral process 
of the malleus; LoP, long process of the incus; PE, pyramidal emi-
nence; RWN, round window niche; SE, styloid eminence; ST, sinus 
tympani, TT, bony canal of the tensor tympani muscle; TU, subcochlear 
tunnel
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hold the lateral process of the malleus in place. Within these 
folds lies the chorda tympani nerve, as it passes medial to the 
tympanic membrane.

The pars tensa takes the shape of a shallow cone, and the 
apex of this cone as seen from the ear canal is known as the 
umbo. Although the umbo is indented into the middle ear 
cavity, the membrane surrounding this bulges outwards, 
except where it is connected to the manubrium. The outer 
circumference of the tympanic membrane is oriented at an 
angle to the external auditory meatus, such that the surface 
area of the pars tensa is increased relative to the perpendicu-
lar meatus cross section [139].

Incoming sound waves cause vibration of the pars tensa, 
with the energy being transmitted to the inner ear by the cou-
pling of the membrane to the ossicular chain via the manu-
brium. Vibratory amplitude can be modulated by contraction 
of the tensor tympani, which pulls the manubrium medially, 
increasing the tension of the pars tensa [140]. The pars flac-
cida is believed to play only a minor acoustic role in humans 
[141].

 The Eustachian Tube

The Eustachian tube (Fig. 4.8a) comprises three anatomical 
parts: a bony lateral third, a fibrocartilaginous anteromedial 
portion and a junctional region where the bone and cartilage 
overlap over 3–4 mm [144]. Surrounded by soft tissue and 
muscles, it connects the tympanic orifice in the anterior wall 
of the middle ear to the nasopharyngeal orifice, which is pos-
terior to the inferior nasal concha and lateral to the adenoid 
pad. The Eustachian tube is predominantly lined by a cili-

ated, pseudostratified, columnar epithelium, with non- 
ciliated and goblet cells being more crowded at the 
bone–cartilage junction [17, 145]. The cilia assist in secre-
tion clearance by sweeping the mucus and debris towards the 
nasopharynx.

In a study of 286 non-cadaveric Eustachian tubes imaged 
with cone beam computed tomography (143 subjects), the 
shortest measured adult tube was 34.5 mm and the longest 
47.2 mm [146]. The average length was 40.3 mm. The bony 
portion was approximately 1  mm longer in males than in 
females, and the cartilaginous portion was 1.5  mm longer 
[146]. The narrow ET descends anteromedially, with the car-
tilaginous part at an angle of approximately 35° in adults 
[146]. The slope of the fibrocartilaginous portion of the 
Eustachian tube relative to the horizontal plane was approxi-
mately 2° shallower on the right side, with a corresponding 
increase of 0.5 mm in the length of the right bony portion, 
explained by the lower fossa cranii media on the right [146].

The 12-mm-long bony portion [146] passes through the 
petrous temporal bone where it is crossed by the horizontal 
segment of the internal carotid artery passing medially in its 
carotid canal [147]. Bone rigidity prevents tubal occlusion 
by external pressure along this portion. The fibrocartilagi-
nous portion is comprised of a flanged plate of cartilage pos-
teromedially, with fibrous tissue making up the anterolateral 
wall [148].

The pharyngeal and tympanic ends of the ET are both 
wider than the central section. In the nasopharynx, the 
ostium is visible as the tubal elevation known as the torus 
tubarius, where the mucosa is lifted by the end of the carti-
lage [146]. Posterior to this lies the fossa of Rosenmüller, a 
common site for nasopharyngeal carcinoma. The narrowest 

a b

Fig. 4.8 (a) Schematic cross section of the Eustachian tube. Dilatator 
tubae adjoins the membranous Eustachian tube at the isthmus. The 
medial tensor veli palatini attaches to the lateral lamina of the cartilagi-
nous Eustachian tube. The levator veli palatini is not pictured. (b) 
Dilatation of the Eustachian tube lumen (central white space) by the 
contraction of associated muscles, based in part on the studies by 
Ishijima et al. [142] and Smith et al. [143]. The tensor veli palatini acts 

on the superior and medial portions of the Eustachian tube, whereas the 
levator veli palatini predominantly acts on the inferior portion. CT, car-
tilaginous portion of the Eustachian tube; DT, dilatator tubae; EAM, 
external auditory meatus; ICA, internal carotid artery; LL, lateral lamina 
of the tubal cartilage; LVP, levator veli palatini; ML, medial lamina of 
the tubal cartilage; OF, Ostmann fat pads (medial and lateral); TVP, 
tensor veli palatini
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part of the Eustachian tube lumen, known as the isthmus, 
usually lies within the cartilaginous part of the tube, near the 
junctional region [50, 144]. In a study of nine temporal 
bones, the narrowest part of the tube measured 
0.65  mm2  ±  0.22  mm2 in cross-sectional area and lay 
3.1 mm ± 1.6 mm from the pharyngeal margin of the junc-
tional region [144].

 Functions of the Eustachian Tube
The Eustachian tube has three main functions in adults: (1) 
periodic ventilation of the middle ear cavity to equalise pres-
sure with ambient atmospheric pressure, a requirement for 
appropriate impedance matching across the middle ear, (2) 
unidirectional mucociliary drainage of middle ear secretions 
and (3) protection of the middle ear from ascending nasopha-
ryngeal microorganisms and sound.

At rest, the fibrocartilaginous part of the tube in the para-
pharyngeal space is passively closed by elastic recoil of the 
elastin hinge found between the lateral and medial cartilagi-
nous laminae [149] and pressure from the adjacent Ostmann 
fat pads [150]. It opens actively for brief periods (around 
200  ms: [151]) on swallowing and yawning and passively 
with high nasopharyngeal pressures such as those achieved 
by the Valsalva manoeuvre. Three muscles are generally 
believed to be involved in active Eustachian tube functions: 
the tensor veli palatini, levator veli palatini and salpingopha-
ryngeus. Their innervation was considered in the earlier sec-
tion on their development.

The medial bundle of the tensor veli palatini typically 
arises from the middle to superior lateral lamina of the fibro-
cartilaginous portion of the Eustachian tube [142]. Where it 
attaches to and dilates the isthmus it is known as the dilatator 
tubae muscle [152]. It joins the lateral bundle of the tensor 
veli palatini to wrap around the hamulus of the medial ptery-
goid, before inserting into the palatal aponeurosis and poste-
rior edge of the hard palate [142]. Tensor veli palatini 
contraction is believed to open the middle and superior carti-
laginous portions of the Eustachian tube, including the isth-
mus [142]. A diagrammatic illustration of how the tube is 
opened is presented in Fig. 4.8b.

The most inferior cartilaginous portion of the Eustachian 
tube is believed to be opened primarily by the contraction of 
the levator veli palatini muscle [142]. Arising from the infe-
rior aspect of the petrous temporal bone, the levator veli 
palatini descends to pass between the tensor veli palatini and 
salpingopharyngeus to attach to the superior surface of the 
soft palate aponeurosis. This muscle does not attach to the 
Eustachian tube but forms a sling, passing in close proximity 
to the medial cartilaginous lamina [142]. By increasing its 
cross-sectional area, levator veli palatini contraction is 
believed to displace the medial lamina, elevating and rotating 
it to open the inferior lumen of the cartilaginous Eustachian 
tube [142].

The salpingopharyngeus muscle originates from the carti-
laginous portion of the Eustachian tube and courses inferi-
orly to form the salpingopharyngeal fold, eventually 
attaching to the lateral pharyngeal wall. The size and pres-
ence of this muscle has been reported to be variable across 
individuals [153], leading to the suggestion that it lacks any 
significant role in Eustachian tube function. However, sal-
pingopharyngeus dysfunction has been implicated in myo-
genic tinnitus associated with palatal tremor [154].

Two additional muscles have been implicated in normal 
Eustachian tube function: the medial and lateral pterygoid 
muscles. Innervated by V3 [155], contraction of these mus-
cles appears to enhance Eustachian tube dilatation achieved 
by the tensor veli palatini and levator veli palatini, but it is 
not necessary or sufficient to achieve Eustachian tube open-
ing [156]. In fact, the exact mechanism by which muscular 
contraction results in middle ear aeration remains disputed.

 The Ossicular Chain

As in all mammals, the human ossicular chain consists of 
three tiny bones suspended within the tympanic cavity. These 
bones conduct sound from the tympanic membrane to the 
fluid-filled inner ear, via the oval window. Although largely 
made of compact bone, there are vascular channels and cavi-
ties within the ossicles, which are in communication with the 
external supplying vessels, as described and illustrated by 
Manoharan et al. [157].

The adult human malleus (Figs. 4.7 and 4.9a) measures 
approximately 8 mm along its longest axis, from the manu-
brial tip to the top of the head, and typically weighs around 
25 mg [158]. The malleus is likened to a hammer because of 
its long, tapering manubrium (‘handle’), above which is a 
rounded head. The head has a posterior articulation facet for 
the incus, described later; between the head and the manu-
brium is a more constricted region called the neck. The lat-
eral edge of the manubrium is attached to the pars tensa of 
the tympanic membrane; dorsally, it projects out from the 
neck of the malleus to form the lateral process (‘processus 
brevis’), which is attached to the dorsal margin of the pars 
tensa. The connection between the manubrium and mem-
brane is tightest at the umbo and lateral process, although 
there is substantial inter-individual variability in the size of 
this connection that must be accounted for in finite element 
models [159]. The thin anterior process of the malleus 
extends from the neck region to form an articulation with the 
anterior wall of the tympanic cavity, by means of the anterior 
malleal ligament [97]. The smaller lateral and superior liga-
ments attach to the lateral process and malleus head, respec-
tively, whereas the tensor tympani tendon inserts on the 
manubrial base, medially [160, 161]. The positions of these 
attachments vary significantly between individuals.
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a b c

Fig. 4.9 Micro-CT reconstructions of the human ossicular chain. (a) 
Right malleus, lateral view; (b) right incus, lateral view; (c) right stapes, 
ventral view. Scale bars = 1 mm. AF, articulation facet (of the malleus 
or incus); AP, anterior process; BI, body of the incus (corpus incudis); 
C, stapedial crus (anterior and posterior); FP, footplate (basis stapedis); 

H, handle (manubrium mallei); HM, head of the malleus (caput mallei); 
HS, head of the stapes (caput stapedis); LaP, lateral process; LoP, long 
process (crus longum); N, neck (collum mallei); SP, short process (crus 
brevis)

The second bone of the ossicular chain, the incus (Figs. 4.7 
and 4.9b), measures roughly 6.5 mm along the axis of the 
long process and has a mass of around 27–28 mg [158]. The 
bulky body of the incus has an anterior articulation facet for 
the malleus and two processes extending from it. The long 
process is narrow, extending ventrally and bending medially 
at its tip, where it tapers into a narrow pedicle that supports 
the lenticular apophysis for articulation with the stapes. The 
tiny, disc-shaped lenticular apophysis was once believed to 
represent a fourth ossicle [162], but a thin pedicle connecting 
it to the incus was confirmed in 97% of 270 human speci-
mens [163]. The blood supply to this region comes from 
intraosseous vessels running down the incudal long process 
as well as from mucosal vessels [164]. Erosion of the long 
process can disrupt the internal vessels, potentially making 
the distal part of the process more vulnerable to surgical 
insults [157]. The short process of the incus is stout and coni-
cal, extending posteriorly from the body. The main ligamen-
tous attachment of the incus is its posterior ligament, which 
connects the end of the short process to the fossa incudis in 
the posterior tympanic cavity. This ligament extends both 
laterally and medially to the short process and is thicker lat-
erally [161]. A thin superior ligament of the incus is also 
described [160]. Additional support is provided by the incu-
domalleolar articulation as well as the articulation between 
the lenticular apophysis and the head of the stapes.

The smallest bone of the ossicular chain is the stapes 
(Figs. 4.7 and 4.9c). The head is little more than a flattened, 
oval articulation facet for the lenticular apophysis of the 
incus. It is attached to a neck region, which, on its posterior 
aspect, provides the insertion point for the stapedius muscle. 
The neck diverges medially to form the two crura, which 
attach to either end of the footplate. The crura and neck are 
internally hollowed by a sulcus, which opens into the inter-

crural foramen. The stapes footplate itself fits snugly within 
the oval window (Fig. 4.7); its thickened rim is anchored to 
the rim of the oval window by means of an annular ligament. 
Although usually regarded as a fibrous connection, small 
joint cavities were found in 70% of human stapediovestibu-
lar joints [165]. The perpendicular distance from the foot-
plate to the most distant point of the stapes head is 
approximately 3.3 mm, whereas the length of the long axis 
of the footplate averages around 2.8 mm [166]. The mass of 
the entire ossicle is approximately 3 mg [158]. The stapes 
provides input to the cochlea through motion of the footplate 
within the oval window.

Two joints separate the bones of the ossicular chain. The 
malleus head and incus body within the epitympanum have 
been likened in shape to ‘two lovers kissing in a small closet’ 
[167]. More prosaically, the malleoincudal articulation is a 
diarthrodial joint with saddle-shaped articular surfaces cov-
ered by a layer of hyaline cartilage [168]. Another diarthro-
dial joint, the incudostapedial articulation, connects the 
lenticular apophysis of the incus and the head of the stapes. 
A narrow space lined by synovium is located between these 
two cartilaginous joint surfaces, which are enveloped by a 
substantial joint capsule [163]. Whilst modelling suggests 
that these flexible joints will reduce the transmission of 
sound energy through the ossicular chain, they may protect 
the inner ear from high-amplitude static pressure changes 
[169].

 Middle Ear Muscles

The tensor tympani muscle, around 25  mm long, attaches 
medially to the greater wing of the sphenoid, passes around 
the cochleariform process and inserts on the medial side of 
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the malleus, where the manubrium meets the neck. Recent 
work has confirmed the anatomical connection by means of 
a common tendon between the tensor tympani and tensor 
veli palatini muscles in adult humans [170, 171], reflecting 
the embryonic connection mentioned earlier. The functional 
significance of this connection remains unclear, as indeed is 
the function of the tensor tympani itself [172, 173].

The 6-mm-long stapedius muscle inserts on the neck of 
the stapes after arising from the pyramidal eminence of the 
posterosuperior mesotympanum (Fig. 4.7). Reflex contrac-
tion in response to intense acoustic stimulation results in 
stiffening of the annular ligament, which connects the sta-
pes footplate to the rim of the oval window, which should 
serve to reduce low-frequency sound transmission [174]. 
Evidence suggests that this protects the inner ear from noise 
damage, minimises the masking of speech frequencies by 
loud background noise and reduces self-stimulation from 
vocalisation [175].

 The Nerves of the Middle Ear

Four cranial nerves provide innervation to the structures of 
the middle ear. These are the trigeminal nerve (V), facial 
nerve (VII), glossopharyngeal nerve (IX) and vagus nerve 
(X).

The lateral surface of the tympanic membrane receives 
sensory innervation from the auriculotemporal branch of the 
trigeminal nerve, the glossopharyngeal nerve and the auricu-
lar branches of the facial and vagus nerves. The medial sur-
face of the tympanic membrane is innervated by the tympanic 
nerve (a branch of the glossopharyngeal nerve also named 
Jacobson’s nerve), which also provides general sensory 
innervation to the tympanic cavity via the tympanic plexus. 
Motor function is provided by the medial pterygoid branch 
of the trigeminal nerve to the tensor tympani and the stape-
dial branch of the facial nerve to the stapedius muscle. 
Sympathetic innervation is provided by the caroticotympanic 
nerve, which arises from the internal carotid sympathetic 
plexus to join the tympanic plexus.

The motor root of the facial nerve and nervus intermedius 
(containing sensory and parasympathetic fibres) pass through 
the internal auditory meatus to enter the Z-shaped facial 
(Fallopian) canal, wherein they fuse to form the facial nerve. 
The facial canal passes between the cochlea and vestibule, 
turning posteriorly at the geniculate ganglion. Within this 
part of the facial canal, the labyrinthine segment of the facial 
nerve gives off three branches: the greater superficial petro-
sal nerve (carrying parasympathetic innervation to the lacri-
mal gland and taste sensation from the palate), the lesser 
petrosal nerve and the external petrosal nerve. The facial 
nerve then traverses the medial wall of the middle ear cavity 

within the facial canal, directly inferior to the lateral semicir-
cular canal, as the tympanic segment. In the facial canal 
between the pyramidal eminence and stylomastoid foramen, 
the facial nerve is termed the ‘mastoid segment’, giving off 
three further branches:

• The motor nerve to the stapedius muscle
• The chorda tympani, which provides taste sensation to the 

anterior two-thirds of the tongue and parasympathetic 
innervation to the submandibular and sublingual salivary 
glands [176]

• A sensory branch that joins the auricular branch of the 
vagus nerve, conveying sensation from the pinna and ear 
canal

The facial nerve leaves the facial canal at the stylomastoid 
foramen, providing motor function to the m.  digastricus, 
m.  stylohyoideus and muscles of facial expression [177]. 
Dehiscence of the canal of the facial nerve can occur, result-
ing in an exposed facial nerve.

When originating from the lateral side of the facial nerve, 
the chorda tympani ascends and courses anteriorly into the 
middle ear [178]. However, when originating from the pos-
terolateral side, the chorda tympani forms a posteriorly con-
vex curve on ascending, before passing anteriorly into the 
middle ear, thus bulging into the anterior portion of the mas-
toid complex [178]. Occasionally, the chorda tympani origi-
nates inferior to the stylomastoid foramen, outside the facial 
canal [178]. The chorda tympani enters the tympanic cavity 
via the posterior canaliculus, on a level with the handle of the 
malleus and round window. It arches upwards and forwards 
to cross the pars flaccida, passing medially to the neck of the 
malleus and just dorsally to the insertion of the tensor tym-
pani tendon, before exiting the tympanic cavity through the 
anterior canaliculus [176].

As the first branch arising from the petrous ganglion of 
the glossopharyngeal nerve, the tympanic nerve ascends 
through the tympanic canaliculus to emerge onto the cochlear 
promontory, where it branches and coalesces with branches 
of the caroticotympanic nerve to form the tympanic plexus. 
The plexus is variably located in submucosal open grooves 
and bony canals over the promontory, supplying sensation 
and autonomic innervation [179] to the tympanic cavity and 
medial surface of the tympanic membrane. Tympanic plexus 
somatic fibres are postulated to provide the afferent pathway 
by which middle ear aeration could be regulated [180]. 
However, evidence in humans is inconclusive [181]. The 
tympanic nerve exits the middle ear through or near the canal 
for the tensor tympani muscle as the lesser superficial petro-
sal nerve [182], conveying presynaptic parasympathetic 
fibres to the otic ganglion. Post-ganglionic fibres travel with 
the auriculotemporal nerve (a branch of V3) to provide para-
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sympathetic secretomotor innervation to the parotid gland. 
Tympanic neurectomy has been used in the management of 
Frey’s syndrome [183].

 The Mastoid Complex

Lying within the mastoid process of the temporal bone, the 
mastoid complex (Figs. 4.1 and 4.6) is a collection of inter-
connected, air-filled spaces lined by a thin, flat epithelium 
with a dense underlying capillary network [184]. These air- 
filled spaces are in communication with the epitympanum 
via the aditus ad antrum. This connection allows unrestricted 
movement of gas between the mastoid complex and middle 
ear cavity.

As mentioned earlier, the extent of pneumatisation of the 
mastoid can vary greatly between individuals, from well- 
pneumatised to acellular or sclerotic. The well-pneumatised 
adult mastoid cavity can be subdivided into two areas: the 
mastoid antrum (and central tract) and the peripheral area 
[119]. Lying at the same level as the spine of Henle in the 
external ear canal, the mastoid antrum is a cave-like space 
that extends inferiorly and laterally to form the oblong cen-
tral tract. It is surrounded by smaller, thin-walled cavities 
known as the peripheral air cells that can be subdivided by 
location but are variable in size, number and distribution 
[119]. As a result, the total gaseous volume of the pneuma-
tised mastoid complex can vary greatly. A recent high- 
resolution micro-computed tomography (micro-CT) study 
has produced volumes of 2.7–13.6 cm3, with a corresponding 
mucosal surface area of 81–326 cm2 [185].

The tegmen tympani forms the roof of the mastoid com-
plex, separating the mastoid air cells from the middle cranial 
fossa [186]. On the surface, this margin is approximated by 
the temporal line at the inferior limit of the temporal muscle 
[186]. The anterior boundary of the mastoid complex com-
prises the aditus ad antrum superiorly and the bony canal for 
the descending facial nerve inferiorly. A thin plate of bone 
separates the mastoid antrum from the descending sigmoid 
sinus, marking the posterior limit of the mastoid complex. 
However, pneumatisation can occur throughout the temporal 
bone. Thereby, peripheral air cells can be present outside the 
boundaries of the mastoid complex.

On the medial wall of the mastoid complex, the bony 
prominence demarcating the lateral semicircular canal can 
be located near the aditus ad antrum. The posterior semicir-
cular canal lies deep to the remainder of the medial wall of 
the mastoid complex. The medial wall itself is defined as the 
thin plates of bone overlying these semicircular canals. The 
lateral wall is a thick, bony layer identifiable as the squa-
mous part of the temporal bone inferior to the supramastoid 

crest. Towards the occiput, up to four mastoid emissary veins 
may perforate the superficial petromastoid surface, on aver-
age 35 mm along a line drawn from the mastoid tip to the 
asterion [187]. In some subjects, these vessels may be absent 
[187].

Within the mastoid, a bony plate dividing the superficial 
squamous air cells from the petrous air cells and mastoid 
antrum may be present in some individuals. Known as 
Körner’s septum, this structure results from the incomplete 
fusion and obliteration of the fetal petrosquamosal suture. 
This is believed to contribute to attic blockage and has been 
correlated with the presence of chronic otitis media and its 
complications [188]. It has surgical relevance during mas-
toidectomy, as failure to remove Körner’s septum results in 
failure to locate the mastoid antrum. MacEwen’s (supramea-
tal) triangle [189] is used to locate the mastoid antrum from 
surface anatomy.

The mastoid cavities are widely believed to contribute to 
middle ear pressure regulation via membrane gas exchange 
[190, 191] and passive ‘air buffering’ [192]. Gas exchange 
and aeration of the mastoid complex are dependent on an 
intact mastoid mucosa [193]. The mucosa has two character-
istics supporting this function: (1) a short diffusion distance 
provided by the flattened epithelial cells and proximity to the 
underlying capillaries and (2) a high surface area generated 
by cellular pneumatisation. Through its communication with 
the middle ear cavity, gas exchange across the mastoid 
mucosa can produce gradual pressure changes within the 
middle ear cavity [191]. This pressure regulation activity 
may complement that of the Eustachian tube, which acts to 
produce larger and more rapid changes in pressure [191], and 
the mastoid cavities have been postulated to slow down the 
decline of middle ear pressure during periods of Eustachian 
tube dysfunction [190]. However, a mastoid cavity is not 
required to achieve normal middle ear pressure in the context 
of a functioning Eustachian tube [194], and some mathemat-
ical modelling has opposed the postulated function of the 
mastoid complex as a gas reserve [195].

Alternative or additional functions of the mastoid cavi-
ties, which have been proposed, include frequency- dependent 
impedance modulation affected by the anatomical layout of 
air cell networks [196], middle and inner ear temperature 
regulation [197], protection of intracranial structures from 
lateral trauma [198] and reduction of skull density [199]. 
However, the variability in development of the mastoid cavi-
ties among individuals shows that a well-defined morphol-
ogy and volume of the mastoid complex is not vital to 
function; indeed, cellular mastoid cavities are lacking in 
most non-primates, including all common laboratory mam-
mals. Some authors have suggested that the mastoid complex 
in humans has no adaptive function [200].
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 Conclusions

Our current knowledge of middle ear development comes 
from nearly two centuries of research, with much of it based 
on the detailed comparison of wax-embedded, serial sec-
tions. What we know about postnatal middle ear anatomy in 
humans comes largely from surgical observations and tem-
poral bone dissections, again dating back centuries. 
However, the advent of molecular biology techniques has 
led, over the last 30 years, to a revolution in our understand-
ing of the mechanisms of middle ear development while the 
increased availability and resolution of micro-computed 
tomography allows us to explore the anatomy in even more 
detail. This work is not yet finished. Questions remain 
regarding how appropriate mice are as models for human 
middle ear development, given the many differences in ear 
structure between the two species. Although adult human 
middle ear morphology is extremely well-described, the 
functions of some of its prominent features, including the 
tensor tympani, mastoid complex and pars flaccida of the 
tympanic membrane, are still very poorly understood. More 
detailed studies of how anatomical variations correlate with 
middle ear pathologies may help address this. After a long 
period of relative stasis, our knowledge of the human mid-
dle ear is now increasing exponentially; we very much 
expect that there will be many changes to be made in the 
future editions of this book!
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