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ABSTRACT 
 

MØniŁre�s disease affects 1 in 1000 people and produces vertigo and hearing loss 

(Morrison, 1981).  Endolymphatic sac decompression has been advocated on the basis 

that endolymphatic hydrops is the underlying pathology.  The endolymphatic sac is said 

to be the terminal dilatation of the membranous labyrinth.  It has been proposed that 

endolymph flows from the semicircular canals and cochlea to the endolymphatic sac.  

Portman (1927) devised a procedure for �decompressing� the endolymphatic sac by 

removal of the bone from the posterior cranial fossa to relieve the symptoms of MØniŁre�s 

disease.  Surgery on the endolymphatic sac remains controversial. 

 

Shea (1979) and Bagger-Sjöbäck et al (1990, 1993) h ave studied the endolymphatic sac 

using different techniques.  There are discrepancies in the results between the two 

studies. 

 

The hypothesis that the endolymphatic sac can be safely approached and decompressed 

by a transmastoid route was tested.  A total of thirteen cadaver heads and ten isolated 

temporal bones were used.  A series of dissections were performed to examine the 

endolymphatic sac, perform measurements and analyse surgical approaches to the sac.  

Histological and electron microscopic study were performed. 

 

The lumen of the endolymphatic sac was not always identifiable in the dura of the 

posterior cranial fossa or it frequently lay over the sigmoid sinus.  In the dura of the 

posterior cranial fossa where the endolymphatic sac is located was a thickening of the 

dura.  This thickening was present even in the absence of the endolymphatic sac.  The 

endolymphatic sac can be safely approached by a transmastoid approach, if there is an 

extraosseous component to the endolymphatic sac.  The proximal endolymphatic sac can 

be approached by posterior cranial fossa route. 
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FOREWORD 

 

Since I was a second year medical student studying anatomy at the University of 

Glasgow I have always had an interest in head and neck anatomy.  As my career 

progressed I developed a keen interest in Ear, Nose and Throat surgery.  After graduating 

and completing my house officer year I had the unique opportunity to return to the 

University and demonstrate in Anatomy.  It was here that I was able to embark on a 

course of study.  Initially I began with a project studying the temporal bone.  This quickly 

flourished into a formal research project and then into this PhD thesis.  With a particular 

interest in the temporal bone I met with Mr O’Reilly, consultant neuro-otologist.  We felt 

that looking at the endolymphatic sac could provide further scientific evidence in the 

debate over the role of surgery on the sac and MØniŁre�s disease. 

 

My research led me to the Massachusetts Eye and Ear Infirmary in Boston where I had 

the privilege of examining the temporal bone collection founded by Harold Schuknecht.  

I was given the opportunity of presenting some of my work at the British Association of 

Clinical Anatomists meeting where I was awarded the Conrad Lewin Prize.  This thesis 

which was begun whilst I was demonstrating in anatomy was completed when I was 

working as a senior house officer in ENT, having passed my Intercollegiate Membership 

of the Royal College of Surgeons and completed my Basic Surgical Training. 

 

I hope to demonstrate the reasons why surgery on the sac may or may not be of benefit in 

the management of MØniŁre�s disease.  Ultimately I want to show that careful analysis of 

the sac and patient selection may theoretically improve outcomes in endolymphatic sac 

decompression surgery.  

 

This work has been presented in part at the Scottish Otolaryngological Society and the 

British Association of Clinical Anatomists and won the Conrad Lewin Prize.  It has been 

published as an abstract in Clinical Anatomy: LOCKE, Richard R., SHAW-DUNN, John, 

O�REILLY, Brian.  Clinical Anatomy 17; 5, 444    Anatomy of surgical access to the 

endolymphatic sac for the management of MØniŁre�s Disease 
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PREFACE 

MØniŁre�s disease was first described in 1861 by Prosper MØniŁre and consists of 

tinnitus, progressive sensorineural hearing loss and intermittent vertigo.  MØniŁre was the 

first to propose the ear as a source of these symptoms as opposed to the central nervous 

system.    

 

It is commonly believed that patients with MØniŁre�s disease have endolymphatic 

hydrops, a dilatation of the membranous labyrinth.  It is thought that increased volume 

within the endolymph compartment results in tinnitus and sensorineural hearing loss, 

with typical resolution when an area of the membranous labyrinth ruptures allowing the 

endolymh to mix with surrounding perilymph.  The normal membranous labyrinth has a 

dilated blind ending projection that extends out of the petrous temporal bone into the dura 

of the posterior cranial fossa called the endolymphatic sac (Hall-Craggs, 1993). 

 

Surgical treatment of MØniŁre�s disease can include decompression of the endolymphatic 

sac in cases unresponsive to medical management.  There is great debate as to the 

structure and function of the endolymphatic sac and the surgery of decompression 

(Thomsen et al, 1981).  Surgery of the endolymphatic sac is designed to relieve the 

symptoms of hydrops by decompressing the endolymphatic sac and thereby decompress 

the endolymphatic compartment.  Portmann (1927) described the first procedure to 

decompress the endolymphatic sac via a transmastoid approach; this remains the standard 

approach to decompress the endolymphatic sac to this day. 

 

I hope to test the following hypotheses: 

1. The endolymphatic sac is a simple sac like structure with a readily 

identifiable lumen 

2. The endolymphatic sac is constant in size and is always identifiable in the 

dura of the posterior cranial fossa 

3. The transmastoid approach is without hazard to surrounding structures 

4. The endolymphatic sac can be satisfactorily decompressed via a 

transmastoid approach. 
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The one thing that is clear about the inner ear is that there is a lot which is unclear.  

Debate about the structure of the ear dates back to the very first anatomists and their 

descriptions.  Bartholomeas Eustachio (1520-1574) vehemently criticised Vesalius� 

description of the organ of hearing, going so far as to say that Vesalius� entire work 

�failed to contain a shred of truth� (Lustis et al,  1998). 

   

There has also been much debate on the aetiology and management of diseases of the ear.  

In 1837, Joseph Toynebee after hearing one of the best known �aurists� of the time, John 

Harrison Curtis, speak to the Medical Society in London vowed to �rescue aural surgery 

from the hands of quacks.�  He believed that adequa te dissection of temporal bones from 

patients with known inner ear disease would be required to create a strategy for the 

management of ear disease (Baloh, 2000). 

 

THE EAR 

The ear contains the peripheral auditory and vestibular apparatus.  The ear can be divided 

into three parts, the external ear, the middle ear and the inner ear. 

   

 

Figure 1:    Diagram of the external, middle and inner ear 
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In figure 1, the external ear can be seen separated from the middle ear by the tympanic 

membrane.  The middle ear in turn is separated from the inner ear by a bony partition, 

which has two windows, with the oval window being covered by the stapes.  The external 

ear is formed by the auricle and external auditory meatus which has cartilaginous and 

bony components.  Each ear acts as a distance receptor for the collection, conduction, 

modification, amplification and analysis of complex waves of sound reaching them.   

 

The external ear is concerned with directing sound towards the middle ear.  The middle 

ear contains the auditory ossicles: malleus, incus and stapes.  The middle ear 

communicates with the pharynx by the Eustachian, pharyngotympanic, tube.  The internal 

carotid artery passes through the temporal bone in proximity to the inner ear structures.   

 

Due to the structure, human ears are extremely sensitive to alterations in frequency, 

intensity and phase of sound and can locate the source if both ears are used.  The normal 

adult ear is capable of hearing sound frequencies in the range of 20 to 20000 Hertz 

(cycles per second) and is most sensitive to sounds in the range of 1500 to 3000 Hertz 

(Fletcher et al, 1933).  The middle and inner ear lie within the petrous part of the 

temporal bone. 

 

TEMPORAL BONE 

Temporal is derived from the Latin temporalis, originating from tempus, tempor, 

meaning time (Oxford dictionary of English, 1995).  The hair on the temporal region is 

the first to turn white, and therefore the underlying bone was named the temporal bone, to 

mark the passage of time (Oxford English Dictionary).   

 

The following description can be obtained from a standard anatomical text such as Gray�s 

Anatomy (Standring et al, 2004).  The temporal bone consists of four fused parts, 

squamous part, petrous part, tympanic plate and styloid process, and it forms part of the 

lateral wall and base of the skull.  Anteriorly the squamous part articulates with the 

parietal bone and greater wing of the sphenoid to form part of the pterion.  The zygomatic 
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process of the temporal bone articulates with the zygomatic bone anteriorly.  Posteriorly 

and medially the temporal bone articulates with the occipital bone.  The apex of the 

petrous part marks the boundary from the middle to the posterior cranial fossa and the 

tentorium cerebelli attaches to the superior border of the petrous border running medially 

until the posterior clinoid process. 

 

The �Petrous� part of the temporal bone is derived from the Greek, petra meaning rock 

and pertaining to the density of the bone surrounding the inner ear.  The petrous bone lies 

in the skull base; it is pyramidal in shape and is limited posteriorly by the occipital bone 

and anteriorly by the sphenoid bone.  The apex is directed anteromedially, pointing 

towards the posterior clinoid processes.  The anterior surface lies posterolateral to the 

apex and forms the posterior wall of the middle cranial fossa, the posterior wall forms 

part of the anterior wall of the posterior cranial fossa.  The petrous temporal bone 

contains the tympanic cavity and the inner ear.   

 

THE MIDDLE EAR 

The middle ear is formed by two connecting cavities, the mastoid cavity and the 

tympanic cavity.  The tympanic cavity contains the ossicles and two muscles attached to 

them, tensor tympani and stapedius.  The middle ear facilitates the amplification of sound 

waves and acts as an impedance match between the air of the outside and middle ear 

cavity and the fluid cavities of the inner ear.  Due to the small size of the inner tympanic 

membrane, the oval window compared to the size of the outer tympanic membrane, there 

is an increase in the pressure by fifteen to twenty times.  Sound wave vibrations may also 

be suppressed within the middle ear by the contraction of stapedius or tensor tympani, to 

protect the delicate inner ear structures.  The middle ear is connected to the nasopharynx 

by the Eustachian tube.  The basal turn of the cochlea, part of the inner ear, protrudes into 

the middle ear forming the promontory. 

 

THE INNER EAR 

The inner ear contains the sense organs of hearing and balance.  Within the inner ear the 

cochlea is concerned with the conversion of sound wave vibrations into electrical 
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impulses which are then conducted along the cochlear division of the vestibulocochlear 

nerve.  The semicircular canals are concerned with the conversion of angular acceleration 

into electrical impulses which are carried along the vestibular component of the 

vestibulocochlear nerve along with the impulses from the saccule and utricle which are 

concerned with the detection of linear acceleration and gravity. 

 

THE LABYRINTH 

Due to the complexity of the structure the inner ear is referred to as the labyrinth, the 

bony labyrinth and the membranous labyrinth.  Labyrinth is derived from the Greek 

laburinthos meaning a complicated irregular network of passages or paths (Oxford 

Dictionary of English, 2005 

 

THE BONY LABYRINTH 

The description of both the bony and membranous labyrinths are taken from a standard 

anatomical text, Grays Anatomy (Standring et al, 2005) and a specialised text on 

temporal bone anatomy, Anatomy of the Temporal Bone with Surgical Implications 

(Schuknecht et al, 1986).  The bony labyrinth is a series of cavities found within the 

petrous part of the temporal bone and the membranous labyrinth is a series of ducts and 

sacs found within the bony labyrinth.  The three parts of the bony labyrinth are the 

vestibule, the semicircular canals and the cochlea.  The vestibule is situated medial to the 

tympanic cavity with the semicircular canals anteriorly and the cochlea posteriorly.  

There are three semicircular canals, lateral posterior and superior.    

 

The bony labyrinth is lined by periosteum and a very thin serous membrane which 

secretes a fluid called perilymph.  This membrane continues along with the cochlear vein 

along the cochlear duct to communicate with the subarachnoid space. 

 

THE MEMBRANOUS LABYRINTH 

Within the bony labyrinth is the membranous labyrinth which follows the same general 

arrangement as the bony labyrinth, with the exception of the vestibule where the utricle 

and saccule are present.  The membranous labyrinth is filled with a fluid called 
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endolymph which does not communicate with the perilymph.  The membranous labyrinth 

is held in place by membranous bands which span the perilymph from the bony wall. 

 

Figure 5,    Diagram of the membranous labyrinth 

 

Figure 5 shows the saccule, which lies in the spherical recess of the vestibule.  It receives 

innervation form the vestibular nerve, and communicates with the cochlear duct by the 

ductus reuniens of Hensen.  The endolymphatic duct is also given off which is joined by 

the utriculosaccular duct from the utricle.  The endolymphatic duct then continues in the 

vestibular aqueduct to end in a blind sac called the endolymphatic sac on the posterior 

wall of the petrous bone. 

 

The utricle is larger than the saccule and lies posteriorly in the vestibule.  It is oblong in 

shape; the part which lies in the elliptical recess of the vestibule has a thicker lining and 

receives nerve fibres from the vestibular nerve.  The utricle communicates with the 

semicircular ducts by five openings. 
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The semicircular ducts are on average about one quarter of the diameter of the 

semicircular canals and are eccentrically placed within the bony canal.  In the ampulla of 

the semicircular canals lies the transverse septum in which the final divisions of the 

vestibular nerve innervating the canals end.   

 

Within the cochlea the membranous labyrinth forms the cochlear duct which lies upon 

the spiral osseous lamina and basal membrane and is roofed by the vestibular membrane 

which spans from the periosteum of the spiral lamina to the bony wall.  The cochlear 

duct, scala media, is eccentrically located and resembles a triangle with the outer wall 

formed by a thickened layer of periosteum.  This thickened periosteum is called the spiral 

ligament and superiorly it contains vascular loops and is called the stria vascularis.  The 

cochlear duct is closed at the apex and communicates with the saccule proximally. 

 

ANATOMY OF THE ENDOLYMPHATIC DUCT AND SAC 

Within the bony vestibule, on the anteroinferior wall of the utricle, part of the 

membranous labyrinth, is a structure referred to by some as the utricoendolymphatic 

valve.  This valve separates the embryological pars inferior, (saccule and cochlea) from 

the pars superior, utricle and semicircular canals.  The valve is formed by an inward 

projection of the wall of the utricle, thickened to form a rigid lip which is resistant to 

movement and presses against the junction of the inferior wall and the utricular duct.  It 

has been theorised that when endolymph pressure is high the flexible wall is pushed away 

from this more resistant lip and the valve opens allowing endolymph to flow from the 

utricle into the utricular duct.  When pressure is low the wall presses against the lip and 

the valve is closed.  The utricular duct joins with the endolymphatic duct, which arises 

from the saccule, the endolymphatic sinus, a dilatation in the wall occurs distal to this 

union (Schuknecht et al, 1975).   

 

The sinus is located in a depression on the posterior wall of the vestibule.  The sinus 

narrows and forms the endolymphatic duct as it enters into the vestibular aqueduct of the 

petrous bone.  Within 1mm of the vestibular orifice the duct narrows to form the isthmus 

of the endolymphatic duct which at 0.3mm in diameter is the narrowest part.  The 
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endolymphatic duct continues in a posterior direction then it bends to pursue a lateral and 

inferior course within the bony vestibular aqueduct.  The arterial supply of the vestibular 

aqueduct and its contents is from a branch of the posterior meningeal artery and a branch 

of the internal auditory artery.  The venous drainage is through the vestibular aqueduct 

vein.  Within the petrous bone the vestibular aqueduct enlarges to house the part of the 

endolymphatic sac (Schuknecht et al, 1986). 

 

The endolymphatic sac is said to be located partly within the petrous bone covered by a 

scale of bone called the operculum and partly within the layers of dura in the posterior 

cranial fossa.  The sac lies on the posterior surface of the petrous bone in a depression on 

the surface called the foveate impression.  This is located about 10mm lateral to the 

internal auditory meatus and 10mm inferior to the superior petrosal sulcus.  The sac can 

be divided up several ways, e.g. into subosteal and intradural sections.  The length of the 

intradural portion is variable and depends on the degree of pneumatization of the petrous 

bone.  A short intradural and long subosteal section would be associated with rich 

pneumatization.   A diagram of the endolymphatic duct and sac in relation to the other 

parts of the membranous labyrinth can be seen in figure 6. 

 

 

Fig 6:  Diagram of the membranous labyrinth with endolymphatic sac 

From Anatomy of the Temporal Bone with Surgical Implications, Schuknecht, 1986 
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The anatomical structure and variability of the adult endolymphatic sack has been studied 

by Shea et al (1979) and Bagger-Sjöbäck et al (1990 ).  Shea used a method of injecting 

the endolymphatic compartment with dye and then performing a decompression 

procedure,  Bagger-Sjöbäck et al used 3D reconstruc tion of specimens processed 

histologicaly.  The results from the two methods do not correlate.  It also revealed that the 

distal portion is separated into tubules running longitudinally and which do not reunite at 

the termination of the sac.  The sac was fusiform and the extraosseous portion was three 

times the volume of the intraosseous portion. 

 

Studies have shown that there is great variability in the size of the whole endolymphatic 

sac.  This is not random, because there is a correlation between the size of the vestibular 

aqueduct and the size of the sac, for example a small diameter aqueduct was associated 

with a smaller sac (Danckwardt-Lillieström, 2000).   

 

As surgery on the endolymphatic sac is normally performed on the extraosseous portion, 

it is also worth noting the great variability in the size of this particular portion.  In some 

there may be no extraosseous portion or that part may consist of multiple microscopic 

tubules which would not be identifiable at surgery (Bagger-Sjöbäck, 1993).  It has also 

been shown that, the distal portion of the endolymphatic sac, although it may be large in 

size may not have any discernable confluent area within it and that it may also overlap 

the sigmoid sinus (Friberg et al, 1988). 

 

From a mastoidectomy approach it has been suggested that the endolymphatic sac lies on 

a line which is projected from the lateral semicircular canal and bisects the posterior 

semicircular canal (Shambaugh, 1966).  The endolymphatic sac can be visualised in 

Trautmann�s triangle using the dome of the horizontal semicircular canal, the medial 

edge of the sigmoid sinus and the short process of the incus as identifiable landmarks, 

without the need to �blue line� the  posterior semi circular canal which would increases the 

risk of postoperative hearing loss (Shea et al, 1979). 
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PARAVESTIBULAR CANALICULI  

There are normally two paravestibular canaliculi which accompany the vestibular 

aqueduct and the endolymphatic duct.  The course and number are variable with many 

studies giving varied results.  The larger of the two originates at the vestibule, 

superomedial to the aperture of the vestibular aqueduct.  It follows a path terminating at 

the surface of the petrous bone inferior the vestibular aqueduct.  It contains a small artery 

and the vein of the vestibular aqueduct, and it may join with the vestibular aqueduct 

(Ogura, 1971, Stahle et al, 1974).   

 

HISTOLOGY AND ULTRASTRUCTURE OF THE ENDOLYMPHATIC SAC 

The endolymphatic sac can be divided into three morphologically distinct regions in 

mammals, the proximal portion (pars proximalis) leading on to the rugose region (pars 

intermedius) and then expanding into the distal sac (pars distalis).  In humans the pars 

proximalis and pars intermedius are contained within the temporal bone and the pars 

distalis is the intradural portion.  The pars proximalis is the section between the isthmus 

of the endolymphatic duct and the rugose part of the sac (Bagger-Sjöbäck, 1993). 

 

The epithelium is simple in nature, ranging from squamous, through cuboidal to low 

columnar.  The epithelium is thrown into folds with polypoid projections and tubular 

formations.  There are mitochondria rich cells with light cytoplasm, and microvilli on the 

cell surface.  Schindler (1980) describes two major epithelial cell types.  Type I cells 

have an ovoid nucleus which is pale.  Cytoplasm varies from pale to dark.  There is an 

ordered arrangement of microfilaments which appear to arise from the basal region of the 

nuclear envelope and extend into the basilar infoldings of the cell membrane.  There is 

both smooth and rough endoplasmic reticulum, most prominent in the apex near the 

Golgi apparatus.  These cells contain many membrane-bound inclusions and 

mitochondria are seen in the region of the golgi apparatus and along the plasma 

membrane between adjacent cells.  This suggests an active role for these cells, perhaps 

secretory.  Type II cells have smaller irregular edged nuclei, without nucleolus.  The cells 

have fewer microvilli extensions into the sac lumen and there is no well developed 
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microfilament network.  The cytoplasm is often darker.  Type I cells make up 80% of the 

epithelium of the rugose portion and Type II cells make up 20% of the epithelium.  

 

Beneath the basement membrane lies a loose-areolar type connective tissue containing 

macrophages, fibroblasts and occasional smooth muscle cells.  It also contains a rich 

capillary network which extends into the rugose infoldings.  In the distal section the 

connective tissue is denser with prominent collagen filaments and less extensive capillary 

network.  (Schindler, 1980) 

 

BLOOD SUPPLY TO THE LABYRINTH 

The petrous temporal bone encases the internal carotid artery as it passes through the 

carotid canal to gain access to the cranial cavity.  The internal carotid artery arises from 

the common carotid artery and passes up the neck lateral to the pharynx to enter the 

carotid canal in the temporal bone.  The carotid canal is lined by an extremely thin layer 

of bone and it is possible for aneurysms of the artery to invade the middle ear resulting in 

a pulsatile mass in the middle ear with possible pulsatile tinnitus (Rhoton, 2000, Dhillon 

et al, 1999).   

 

The arterial supply is important in considering disease in the ear but also extremely 

important when considering otological surgery.  The large arteries which provide 

branches for the temporal bone and its contained structures are the maxillary artery and 

the anterior inferior cerebellar artery which is a branch of the basilar artery (Schuknecht 

et al, 1986).  

 

The anterior inferior cerebellar artery gives off a branch which forms a loop adjacent to 

the internal auditory meatus.  Occasionally this loop is formed from a branch of the 

accessory anterior inferior cerebellar artery or posterior inferior cerebellar artery.  

Occasionally the middle meningeal artery or accessory meningeal arteries enter the 

temporal bone (Rhoton, 2000). 
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The main vessel supplying the membranous labyrinth is the labyrinthine artery, a 

branch of the anterior inferior cerebellar artery which arises from the basilar artery.  The 

labyrinthine artery arises within the cranial cavity and provides a supply to the dura lining 

the internal auditory canal and the bone surrounding the canal.  It divides to form the 

common cochlear artery and the anterior vestibular artery.  The common cochlear artery 

then divides to form the main cochlear artery, which supplies the upper three quarters of 

the modiolus and cochlea, and the vestibulocochlear artery.  The vestibulocochlear artery 

in turn divides to form the posterior vestibular artery and the cochlear ramus, which 

supplies the remainder of the cochlea and modiolus.  The posterior vestibular artery, 

along with the anterior vestibular artery, supplies the utricle, the saccule and the three 

semicircular canals (Axlesson, 1968).   

 

VENOUS DRAINAGE OF THE LABYRINTH 

The anterior vestibular vein drains the ampullae of the superior and lateral semicircular 

canals and the utricle.  The posterior vestibular vein drains the ampulla of the posterior 

canal, the saccule and the inferior end of the cochlea.  The anterior and posterior 

vestibular veins join with the vein of the round window forming the vestibulocochlear 

vein.  The cochlea is drained by the anterior and posterior spiral veins, which unite to 

form the common modiolar vein.  There are shunts between the anterior and posterior 

spiral veins.  The common modiolar vein and the vestibulocochlear vein join to form the 

inferior cochlear vein which drains into the inferior petrosal sinus (Standring et al, 2004). 

 

The veins of the membranous semicircular canals flow towards the non-ampulated end, 

and join to form the vein of the vestibular aqueduct.  The vestibular aqueduct vein drains 

into the lateral venous sinus.  It reaches this by passing along the vestibular aqueduct or 

one of the paravestibular canaliculi (Orgura, 1971). 

 

FUNCTION OF THE MEMBRANOUS LABYRINTH 

Sound waves crossing the cochlear duct cause the basement membrane to vibrate, and 

vibrations occur at different points on the membrane depending on the frequency.  As the 

basement membrane is displaced the hair cells detect this as they are also fixed by the 
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tectorial membrane.  The result is electrical impulses produced at specific areas within 

the cochlea depending on specific frequencies of sound.  Sound can be distinguished by 

the brain as noise, without repeating pattern, or musical, with repeating pattern (Fletcher, 

1938). 

 

The organ of Corti within the cochlea contains the hair cells, arranged into a row of inner 

hair cells and three rows of outer hair cells.  Each inner hair cell has between 20 and 50 

stereocilia projecting into the tectorial membrane.  Movement of the stereocilia opens 

transduction ion channels allowing entry of potassium and calcium ions and generating a 

transduction current.  This then causes the release of neurotransmitters from the base of 

the hair cell which stimulates the cochlear nerve.  The transduction channels are partially 

open in the resting position, generating spontaneous activity in the auditory nerve.  The 

frequency of movement of the stereocilia is matched by the frequency of the initial sound 

stimulus (Raphael, 2003). 

 

Also contained within the inner ear are the three semi-circular canals and two otoliths, 

concerned with balance and the detection of angular and linear acceleration.  The organs 

of balance are responsible for the conversion of movement into electrical impulses which 

are conducted along the vestibular component of the vestibulocochlear nerve.  Input from 

the semicircular canals is required for balance.  

 

The semicircular canals function by moving with the head as they are fixed in bone.  The 

fluid contained within the canals will move relative to the fixed canal.  Due to the inertia 

of the fluid, this movement of the fluid relative to the bone is measurable and interpreted 

by the brain as acceleration or deceleration.  Hair cells on the ampullary crest have 

stereocilia which project into the cupula.  Movement of the endolymph deflects the 

cupula therefore stimulating the hair cells which in turn send impulses along the 

vestibular nerve.  Depending on the direction of the hair cell movement, the cells are 

either stimulated or inhibited (Pasha, 1993). 
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The three main functions of the vestibular apparatus are to maintain the direction of eye 

gaze during movements of the head, to help maintain upright posture, and to provide 

awareness of position and acceleration of the body.  Abnormal input from the vestibular 

apparatus can result in nystagmus, vertigo and be accompanied with nausea (Pasha, 

1993). 

 

ENDOLYMPH PRODUCTION AND CIRCULATION 

The endolymph which fills the membranous labyrinth is produced by the marginal cells 

of the stria vascularis in the cochlea.  The dark cells of the cristae and maculae share 

many similarities to the marginal cells of the stria vascularis.  Endolymph is reabsorbed 

within the endolymphatic sac, the nonsensory component of the membranous inner ear.  

Endolymph is a unique extracellular fluid due to its ionic composition.  Endolymph has 

low sodium content and high potassium content.  In this respect endolymph resembles 

intracellular fluid in ionic composition.  Recent observations have shown multiple 

possible control mechanisms for endolymph production; strial marginal cells may be 

stimulated by beta 1 adrenergic receptors and inhibited by M3 and / or M4 muscarinic 

receptors (Wangemann, 2002). 

 

Endolymph is maintained within the cochlea and the labyrinth at a resting potential by the 

cycling of potassium ions, creating an ionic gradient.  This charge is essential for sensory 

cell transduction.  There is a cycle in which the potassium ions are transported across the 

cells in the stria vascularis of the cochlea, thus maintaining endolymphatic potential and 

creating endolymph.  Potassium ions enter into hair cells by an apical transduction 

channel, opened when the stereocilia on the hair cell move.  The potassium ions are then 

released into the perilymph by basolateral channels.  Potassium ions are released from 

intermediate cells into the interstitial space via a channel and thus generating the 

endocochlear potential.  Potassium ions are then taken up by the strial marginal cells and 

then finally secreted by apical transporters into the endolymph completing the cycle.  A 

similar cycle exists in the vestibular labyrinth.  Mutations of the potassium ion transporter 

genes can result in deafness in humans.  (Wangemann, 2001) 
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It has been shown in studies that normally there is no measurable flow of endolymph 

within the membranous labyrinth and that a small (70nL) increase in volume results in no 

overall flow.  This would suggest that in the normal state, endolymph is maintained 

without significant volume flow.  However a larger increase in volume has been shown to 

result in longitudinal flow of endolymph towards the endolymphatic duct and sac (Salt, 

1995, 1997).  It has also been shown that if the cochlear fluid volume is reduced, there is 

flow of endolymph from the endolymphatic sac along the endolymphatic duct towards 

the cochlea.  Salt (1995) therefore postulated that the endolymphatic sac may have a role 

in endolymph production as well as resorption. Both studies show (however) small 

volume changes in endolymph are compensated for locally. 

   

It is generally believed that endolymph flows, when the volume is increased, towards the 

endolymphatic duct and sac where it is reabsorbed as part of inner ear homeostasis 

(Guild, 1927).  Studies have shown that obstruction of the absorptive ability of the 

endolymphatic duct and sac, for example by obstruction of the endolymphatic duct, 

results in endolymphatic hydrops (Lohuis et al, 1999). 

 

Further support to the possible secretory role of the endolymphatic sac comes from 

animal studies which have shown that endolymphatic volume changes results in 

morphological changes.  Increasing the volume of fluid in the endolymphatic sac results 

in a decrease in the stainable homogenous substance that can be seen within the lumen of 

the sac.  Decreasing the endolymphatic fluid volume results in an increase in the 

homogenous substance.  Macrophages and the epithelium of the sac have been implicated 

in the process of removal of homogenous substance.  These results show that the 

endolymph volume may be regulated by active secretion and resorption of a lumen 

expanding substance within the sac (Rask-Andersen et al, 1999). 

 

It has also been shown in animal studies that in normal ears the endolymph and 

endocochlear potential are insensitive to volume increases in the scala tympani but are 

sensitive to volume increases in the scala vestibuli.  The authors concluded that as a result 

endolymphatic pressure or movements would not be affected by cerebrospinal fluid 
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pressure, which would be transmitted to the scala tympani along the cochlear aqueduct 

(Salt 1998).  However Konradsson et al using tympanic membrane displacement showed 

that conduction of pressure from cerebrospinal fluid to perilymph was more marked in 

diseased ears of patients with MØniŁre�s disease.  They speculated that this may be part of 

the pathogenesis of MØniŁre�s disease and that cerebrospinal fluid pressure and 

perilymphatic pressure affect endolymphatic pressure and movement (Konradsso et al, 

2000). 

 

FUNCTION OF THE ENDOLYMPHATIC SAC 

The endolymphatic sac is thought to have a role in endolymphatic volume control and 

(possible) pressure regulation.  There are structural and physiological mechanisms 

described along with theories for endolymph production and absorption by the sac.   

Wackym et al (1987) postulated possible mechanisms of pressure regulation by the 

endolymphatic sac.  These theories were derived from electron microscopy of the 

epithelium and structure of the endolymphatic sac.   

 

First was pressure regulation by endolymph resorption, a passive transcellular movement 

of water across the epithelium, and an active transcellular ion exchange and an active 

transcellular vacuolar bulk endolymph outflow.  These mechanisms may regulate 

endolymphatic pressure by resorbing endolymph and lowering the volume in the 

endolymphatic compartment.   

 

Secondly pressure regulation by mechanical factors, the sharp angle between the 

endolymphatic duct and the endolymphatic sac may prevent sudden backflow of 

endolymph, produced for example by an increase intracranial pressure.  The elasticity of 

the sac may be to accommodate transient increases in endolymphatic volume and thus 

prevent the pressure becoming too high.  Schuknecht also described the 

utriculoendolymphatic valve which is thought to maintain endolymphatic volume within 

the cochlear and semicircular ducts and allow endolymph to flow into the endolymphatic 

duct and sac when the pressure rises (Schuknecht et al, 1975). 
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Third, it may regulate pressure by secretory mechanisms, within the smaller tubules a 

homogenous substance was found and identified as proteoglycans with a high affinity for 

water.  Secretion of this homogenous material into the lumen of the endolymphatic sac 

would attract water and thus increase endolymphatic volume.  By the same principle, 

absorption of this material would reduce the water content and thus volume of the 

endolymphatic compartment (Wackym et al, 1987). 

 

There is evidence for possible local control mechanisms for endolymph haemostasis.  

Specific atrial natriuretic peptide receptors have been identified within the endolymphatic 

sac, with a predominance of the ANP-B receptor subclass.  It has been postulated that 

inner ear fluid homeostasis could be regulated by a locally effective paracrine system 

involving the ANP system, analogous to other organ systems of the body.  It would 

involve either endolymph production in the stria vascularis or endolymph absorption by 

the endolymphatic sac.  (Dornhoffer et al, 2002).  Extracts of endolymphatic sacs when 

infused intravenously into live rats has been shown to produce a natriuretic response.  

The active substance has been named saccin (Qvortrup, 1999).   

 

Along with the function of inner ear fluid homeostasis, there is also evidence to suggest 

an immunological role of the endolymphatic sac.  Bui et al (1989) found lymphocytes, 

mainly T suppressor / cytotoxic cells, lymphocytes and plasma cells within the 

endolymphatic sacs of patients with acoustic tumours by immunohistochemical means.  It 

has been shown that after exposure of the nasopharynx to infection, specific antigen-

sensitised memory cells can be located within the endolymphatic sac.  The route by 

which they get to the endolymphatic sac is not known; no antigen could be detected in the 

Eustachian tube or middle ear.  It is speculated that after exposure to antigens or infection 

in the nasopharynx, systemic memory cells from the cervical lymph nodes circulate to the 

endolymphatic sac via the bloodstream or lymphatics (Gloddek et al, 1998). 

 

EVOLUTION OF THE EAR 

The ear is essentially a mechano-electric transducer, to convert movement into electrical 

stimuli that can be conducted along nerve tissue, for example converting the vibrations of 



 33 

sound into electrical impulses in the cochlea nerve and conversion of movement of the 

head into electrical impulses in the vestibular nerve.  The rest of the ear and its 

development are concerned with conveying the movement of the head (angular and linear 

acceleration) towards the transducing hair cells.  The energy of movement is transferred 

from movements of the head through the fixed temporal bone, and sound vibrations are 

conveyed from the outer, through the middle, and into the inner ear.  The evolution of the 

ear can be looked at in many ways.  For example, the evolution of the anatomy of the ear, 

and how the movement detectors or semicircular canals in fish have evolved into the 

semicircular canals in man.  Another eample is the hair cell structure and how it 

compares between simple invertebrates and mammals.  Thirdly at the molecular level, 

examining the genes that form the ear, and look for similarities and how and when new 

genes have been added and where they may have originated from.  

 

A study of the development of the ear in different species, vertebrates and invertebrates 

may give an understanding of how it has evolved over the past 600 million years.  

Fritzsch and Beisel (2001) presented the three major aspects of inner ear evolution as: 

development and evolution of vertebrate hair cells, development and evolution of the 

innervation of ear and development and evolution of the inner ear morphology.   

 

Paramecium putrinum, a slipper shaped ciliate which is found in oxygenated aquatic 

environments feeding near vegetative matter, is able to balance within water by the use of 

hairs immersed in liquid.  The first ear may have developed in the coelenterates, some 

900 million years ago, and is manifest today as the statocyst in the jellyfish.  The 

statocyst is a cystic organ at the base of the tentacles, containing a statolith, small stone 

(Taylor, 1969). 

 

The human ear is likely to have originated from that of the fish with increasing 

complexity and the transition from water to land and air.  Along the sides of fish are the 

lateral line organs, a series of pits called neuromasts formed by pits, cups and ampullae 

and innervated by the seventh, ninth and tenth cranial nerves.  The semicircular canals 
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developed form the head section of the lateral line organs.  The cochlear duct is thought 

to have developed from the lagena on the floor of the saccule (Taylor, 1969). 

 

As the lateral line organ is bathed in sea water and the movement of the water is detected 

and correlates to the movement of the fish, the hair cells of the inner ear are fixed by the 

surrounding bony structure and bathed in endolymph which moves relative to the rest of 

the body allowing detection of motion. 

 

The composition of endolymph is a unique extracellular fluid.  Figure 7 allows 

comparison the perilymphatic fluid within the scala vestibule and the scala tympani with 

endolymph and cerebrospinal fluid. 

 

 

Figure 7:   Graphical representation of extracellular fluid salt concentrations 

From Washington University, Cochlea Fluid Lab 

 

 

 

 

When sea water is examined the percentage weight of sodium is 30.8%, chloride is 

55.3% and potassium is 1.1%.  This is similar in composition to that of endolymph. 
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There are similarities at the cellular and molecular level between invertebrate 

mechanosensory systems and the vertebrate inner ear hair cell system.  To create the 

receptor potential of hair cells, they are bathed in potassium rich endolymph.  A 

discontinuous potassium ion gradient is maintained by the presence of tight junctions in 

the auditory and vestibular organs in Drosophila. 

 

The increasing complexity of the vertebrate inner ear through species is apparent.  The 

formation of the horizontal canal in ratfish correlates with the expression the Otx gene 

which is absent in the more primitive lamprey which has only two semicircular canals.  

Conservation of developmental regulatory genes suggests homology between a subset of 

invertebrate mechanosensory neurones with vertebrate hair cells.  Constraints are 

imposed by certain genes, impairing further evolutionary divergence; one example may 

be the common bilateral mechano-electric transducing system. 

 

Webster (1966) describes greater morphological diversity in the external ear than in the 

middle ear and the least in the inner ear, reflecting developmental stresses.  He noted that 

the semicircular canal system with the utricle and saccule are found in all vertebrates.  

The middle ear with the tympanic membrane and ossicles are only found in tetrapods and 

the pinna is found only in mammals. 

 

DEVELOPMENT OF THE EAR 

The human inner ear is a complex structure, with many identifiable stages in its 

development.  The general principles are outlined in standard textbooks (Larsen 2001, 

Strandring et al, 2004) 

 

The external and middle ear develop form structures of the first and second pharyngeal 

arches and the first pharyngeal cleft and pouch.  The first pharyngeal pouch gives rise to 

tubotympanic recess which then differentiates into the tympanic cavity and the 

Eustachian tube.  The three ossicles are formed from the cartilage of the first and second 

pharyngeal arches.  The pinna forms from six auricular hillocks on the opposing edges of 
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the first and second pharyngeal arches.  The first pharyngeal cleft lengthens to form the 

beginning of the external auditory canal.  The tympanic membrane develops from the 

pharyngeal membrane separating the first pharyngeal pouch and cleft and as such it 

contains a surface ectoderm layer, fibrous, mesoderm layer and an inner endodermal 

layer.  The membranous labyrinth develops from the otic placode which forms from the 

epidermis.  The bony labyrinth develops from calcification of the mesenchymal 

condensation around the membranous labyrinth which forms the otic capsule. 

 

POSTNATAL DEVELOPMENT OF THE EAR 

Postnatal development of the temporal bone is concerned in part with pneumatisation of 

the mastoid and temporal bone, i.e. with the appearance of air cell tracts, which are 

communicating air filled spaces within the temporal bone.  The mastoid communicates 

with the tympanic cavity which is aerated by means of the Eustachian tube. 

 

Conditions that affect aeration of the mastoid, also affect the growth of the temporal 

bone.  Failure of aeration results in altered growth of the bone.  This is an important 

surgical point, in that when operating on ears with pathology there may be abnormal 

anatomical arrangements as a result of reduced or altered pneumatisation.  As well as 

allowing air flow, these communications may allow the spread of infection through the 

temporal bone.  Sometimes accessory regions become pneumatised, via accessory tracts, 

these regions are not normally pneumatised.  These tracts can involve parts of the 

temporal bone or adjacent bones, forming zygomatic, squamous occipital or styloid air 

cells (Schuknecht et al, 1986) 

 

The tracts mark out a path through the temporal bone around most of the important 

structures.  A description of these tracts can be found in �Anatomy of the temporal bone 

with surgical implications� by Schuknecht (1986).  The posterosuperior cell tract 

extends from the mastoid anteriorly and laterally to lie in the angle of bone between the 

posterior and middle cranial fossa.  The posteromedial cell tract extends anteriorly and 

medially from the mastoid to lie under the posterior surface of the petrous bone.  The 

perilabyrinthine tracts extend from epitympanic area of the middle ear to the 



 37 

supralabyrinthine area and from the hypotympanic area to the infralabyrinthine area.  The 

peritubal tract  extends form the Eustachian tube towards the apex anterior to the 

internal carotid artery.  The subarcuate cell tract extends from the mastoid anteriorly 

and medially towards the apex, passing inferior to the arc of the superior semicircular 

canal.   

 

Studies have shown that the maturation of the endolymphatic sac into its definitive adult 

form can occur well after birth in some cases, but most specimens had an adult form by 

one year.  It was shown that development to adult form and growth to adult size are not 

correlated (Matthew, 2000). 

 

MÉNIÈRE’S DISEASE FIRST DESCRIBED 

 

Figure 9:    Portrait of Prosper Ménière 

(Atkinson, 1961) 

 

Prosper Ménière was born in the Loire Valley on 18th June 1799, 10 years after the 

French Revolution.   He became a medical student at the Hotel Dieu in Angers and 

moved to the sister hospital in Paris.  He was awarded the Gold Medal in 1826 and his 

Doctorate in 1828.  Ménière worked as a clinical assistant to Dupuytren. In 1848 Ménière 


