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2.1	 �Inner Ear Fluid

2.1.1	 �Perilymph and Endolymph

In 1760, Domenico Cotugno (Italian anatomist, 1736–1822) 
discovered the presence of fluid in the inner ear, which was 
thereafter called the “liquid of Cotugno.” Later, Henri Marie 
Ducrotay de Blainville (French anatomist, 1777–1850) 
named the fluid “perilymph.” The fluid within the membra-
nous labyrinth was called “endolymph of Breschet” (Gilbert 
Breschet, French anatomist, 1784–1845). The vestibular 
membrane was described in 1854 by Ernst Reissner (German 
anatomist, 1824–1878), and has been called Reissner’s 
membrane since that time.

2.1.2	 �Cortilymph

A third fluid space exists within the organ of Corti. 
Morphological studies have found no direct communication 
between the endolymphatic or perilymphatic spaces and the 
fluid within the organ of Corti. In 1960, Hans Engström [1] 
proposed the name “cortilymph” for the fluid filling the tun-
nel of Corti, the space of Nuel, the region around the hair 
cells, and the outer tunnel (Fig. 2.1).

Schuknecht and Seifi [2] perfused the scala tympani of a 
cat with a histochemical acetylcholinesterase staining solu-
tion, and found deposits of reaction product extending from 
holes in the lower shelf of the osseous spiral lamina to inside 
the organ of Corti (Fig. 2.2). Schuknecht believed that these 
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All sensory hair cells of the inner ear exist in extracellular fluid, but in some areas the fluid 
has the characteristics of intracellular fluid, as far as concentrations of K+ and Na+ are con-
cerned. The membranous labyrinth contains the intracellular fluid-like endolymph, and is 
surrounded by a distinct extracellular fluid, the perilymph. The sensory hair cells of the 
cochlea are surrounded by extracellular fluid called cortilymph in a separate compartment. 
Excessive accumulation or leakage of any of these fluids may affect the functions of the 
whole or partial inner ear.

This chapter is concerned with perilymphatic fistula, signs and symptoms of which 
mimic Meniere’s disease and sudden deafness. Because the pathophysiology of perilym-
phatic fistula formation is not clear, we have attempted to experimentally induce leakage of 
perilymph from the cochlear windows of guinea pigs by injecting artificial perilymph into 
the subarachnoid space or by suctioning a small amount of perilymph through the round 
window membrane. In these studies, the membranous labyrinth demonstrated various 
changes. The cochlea developed endolymphatic hydrops. The vestibular membranous laby-
rinth collapsed to a greater or lesser degree. In some experimental conditions, the organ of 
Corti showed cortilymphatic hydrops.
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Fig. 2.1  The cortilymph occupies the space within the organ of Corti [1]. Engström H (1960) Acta Morphol Neerl Scand 3:195 Taylor & Francis 
Ltd. www.tandfonline.com

Fig. 2.2  Staining solution for acetylcholinesterase enters the osseous 
spiral lamina of a cat through a hole in the lower shelf. Reaction prod-
uct is observed from the osseous spiral lamina to the organ of Corti. 

Arrow: Canaliculi perforantes Schuknechtii. Koelle’s method (Courtesy 
of Dr. Schuknecht)
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were communicating perilymph channels from the scala 
tympani to the organ of Corti. The holes in the lower shelf of 
the osseous spiral lamina were named the “canaliculi perfo-
rantes Schuknechtii.” They are located 0.2  mm from the 
habenula perforata in the cat. The staining solution flowed 
from the osseous spiral lamina through the habenula perfo-
rata into the organ of Corti. In a frozen specimen, however, 
no acetylcholinesterase reaction deposit could be found in 
the lower shelf of the osseous spiral lamina (Fig. 2.3).

Masuda et al. [3] demonstrated perilymphatic communi-
cation routes between the perilymph of the scala tympani 
and the cortilymph in guinea pigs by injecting inulin-
methoxy-H3 through the round window membrane. Inulin 
accumulated not only in the habenula perforata and basilar 
membrane, but also in the cortilymph spaces, suggesting that 
the habenula perforata and basilar membrane are communi-
cation routes between the two spaces.

Nomura [4] perfused the scala tympani of guinea pigs 
using staining solution for succinic dehydrogenase with 
phenazine methosulfate. There were numerous holes in the 
lower shelf of the osseous spiral lamina through which the 
solution penetrated into the osseous spiral lamina (Fig. 2.4). 

Formation of reaction product, formazan, was rapid with 
phenazine methosulfate. Staining was observed along nerve 
fibers in the osseous spiral lamina. The staining solution 
passed from the osseous spiral lamina through the habenula 
perforata to the space in the organ of Corti (Fig. 2.5). The 
entire basilar membrane was eventually stained blue. But the 
first very rapid passage of solution into the organ of Corti 
was via a passageway between Deiters’ cells and Hensen’s 
cells (Fig. 2.6) [4]. According to Beagley [5], normal histo-
logical preparations showed fine canal-like intercellular 
spaces between Deiters’ cells and Hensen’s cells. Near the 
membrana reticularis, however, strong desmosomes join 
Hensen’s cells to the outermost phalangeal process of Deiters’ 
cells and this area seemed quite stable under the stress of acous-
tic trauma. By contrast, the base of the Hensen-Deiters’ junc-
tion showed a wide cleft in some acoustically stimulated guinea 
pigs. Beagley was of the opinion that the Hensen-Deiters’ split 
had protected the hair cells from acoustic stimuli.

From an electron microscopic study, Ishiyama and 
Ishiyama [6] noted that there was a wide gap between 
Deiters’ cells and Hensen’s cells adjacent to the basilar 
membrane (Fig. 2.7).

Fig. 2.3  Acetylcholinesterase activity in efferent fibers within the osseous spiral lamina of the cat. Strong activity is found in the intraganglionic 
spiral bundle and in the many small bundles adjacent to the upper and lower bony shelves. Frozen section, Gomori’s method (original ×6.5)
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Fig. 2.4  Numerous holes (arrows) seen in the lower shelf of the osseous spiral lamina of the guinea pig. Staining solution for succinic dehydro-
genase with phenazine methosulfate was introduced in the scala tympani (original ×16) [4]

Fig. 2.5  Fluid passageway from the scala tympani to the organ of 
Corti. The solution entered through holes in the lower osseous spiral 
lamina to the inside the osseous spiral lamina of the guinea pig. The 

nerve fibers were stained. The solution entered the organ of Corti 
through the habenula perforata and basilar membrane (original ×6.5)
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Fig. 2.6  Fluid passageway through the basilar membrane. Marker 
solution rapidly passed through the localized area of basilar membrane, 
and entered the organ of Corti through the space between Deiters’ cell 

and Hensen’s cell in the guinea pig (arrow). Arrow indicates a route for 
fluid into the organ of Corti (original ×40) [4]

In Nomura’s study, after perfusion of the solution 
containing phenazine methosulfate, the organ of Corti 
became hydropic. Hensen’s cells were pushed laterally, 
detached from the basilar membrane, and ballooned, so that 
there was a large space in the lateral part of the organ of 
Corti including the outer tunnel. This is the initial sign of 
formation of cortilymphatic hydrops. If hydropic condi-
tions progress, the lateral portion of the membrana reticu-
laris will be lifted (Fig. 2.8).

The pillar cells and Deiters’ cells contain large numbers 
of tonofibrils. The pillar cells are firmly fixed to the basilar 
membrane. These cells together with the membrana reticu-
laris strongly support the architecture of the organ of Corti. 
Hensen’s cells have no contact with Deiters’ cells at the base. 
The lateral aspect of the organ of Corti, where Hensen’s cells 
are found, is the weakest and least able to tolerate increased 
pressure. Although the functions of Hensen’s cells are not 
well understood, one role may be to release pressure within 
the organ of Corti.

As hydrops of the organ of Corti progresses with increas-
ing osmotic pressure and/or diffusion from the scala tym-
pani, the phalangeal processes of Deiters’ cells and the pillar 

cells become slender, and hair cells disappear. The mem-
brana reticularis and Hensen’s cells become thin, but as a 
tough membrane they maintain the boundary of the organ of 
Corti (Fig. 2.9).

Djeric and Schuknecht [7] reported two cases of Hensen’s 
cell cyst of the organ of Corti in human temporal bones. The 
cysts were bilaterally symmetrical. The authors postulated 
that the cysts might represent coalesced lipid droplets from 
Hensen’s cells.

2.1.3	 �The Cochlear Aqueduct

The cochlear aqueduct and fundus of the internal auditory 
canal are communicating routes between the cerebrospinal 
fluid (CSF) and the perilymph (Fig. 2.10). The internal aper-
ture of the cochlear aqueduct is located near the round win-
dow and the inferior cochlear vein (Fig. 2.11).

Gopen et al. [8] evaluated 101 temporal bones from sub-
jects aged 0–100 years, and reported that the mean diameter 
of the narrowest portion of the cochlear aqueduct was 
138 ± 58 μm, which occurred 200–300 μm from the cochlear 
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Fig. 2.7  There is a wide space between the junction (asterisk) of Deiters’ cell and Hensen’s cell. The inset shows the area of observation. Arrow 
indicates a route for fluid into the organ of Corti. HC Hensen’s cell, scale: 1 μm (Courtesy of Drs. Ishiyama and Ishiyama) [6]
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end of the aqueduct. They noted four types of aqueduct 
patencies: central lumen patent throughout the length of the 
aqueduct (34 %), lumen filled with loose connective tissue 
(59 %), lumen occluded by bone (4 %), and obliteration of 
the aqueduct (3 %). There was no correlation between age 
and narrowest diameter, or between age and type of patency.

The cochlear aqueduct is not a route for cerebrospinal 
fluid in cases of stapes gusher. Stapes gusher occurs in the 
cochlea when the fundus of the internal auditory canal is 
missing, and a wide communication exists between the inter-
nal auditory canal and the scala vestibuli (Fig. 2.12).

2.1.4	 �Perilymph and the Limbus Spiralis

The portion of the limbus spiralis facing the scala vestibuli 
was named the vasculoepithelial zone by Borghesan [9]. 
The zone is believed to be related to the production of peri-
lymph constituents and is lined by osmiophilic cells [6, 10, 11]. 

The cells have also been shown to have Na+/K+-ATPase 
activity [12].

Hsu and Nomura [13] demonstrated strong carbonic 
anhydrase activity in the vasculoepithelial zone (Fig. 2.13). 
Carbonic anhydrase is an enzyme that assists the rapid con-
version of carbon dioxide and water into carbonic acid, 
hydrogen, and bicarbonate ions.

	 CO H O HCO H2 carbonic anhydrase2 3+  → + +−

Carbonic anhydrase is an important enzyme in the regula-
tion of pH and fluid balance in different parts of the body, 
including the inner ear. Light and electron microscopic stud-
ies have shown diverse distribution of the enzyme in the inner 
ear. The stria vascularis and dark cells have strong carbonic 
anhydrase activity [13]. The neuroepithelia of the crista 
ampullaris show strong activity in the supporting cells, but 
sensory cells with nerve chalices show no activity, although 
the reaction products are found on the stereocilia (Fig. 2.14).

Fig. 2.8  Cortilymphatic hydrops. The organ of Corti is stained blue. 
Hensen’s cell is detached from the basilar membrane. The split between 
Deiters’ cell and Hensen’s cell is enlarged. Hensen’s cells are ballooned 

(arrows). Lateral part of the membrana reticularis is lifted. The inner pillar 
cell is crushed. Perfusion of the solution for staining succinic dehydroge-
nase with phenazine methosulfate, Guinea pig, original ×40
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The inner ear maintains its functions through the actions 
of various cells and of enzymes such as carbonic anhydrase, 
Na+/K+-ATPase, and adenyl cyclase.

2.1.5	 �Endolymph

Endolymph is produced mainly in the stria vascularis and 
dark cell areas. Electrolyte concentrations in the endolymph 
are quite different from those in the perilymph. In 1954, 
Smith et al. [14] demonstrated a high potassium ion concen-
tration and a low sodium ion concentration in the endolymph, 
while the reverse was found in the perilymph.

Unlike the utricle and ampullae of the semicircular canals, 
the saccule has no dark cell areas. Hydrops of the saccule is 
often quite marked in patients with Meniere’s disease. The 
origin of the endolymph in these cases is probably the stria 
vascularis.

The membrana reticularis divides the cortilymph from the 
endolymph. When the cuticular plate of the outer hair cells 
disappears, repair of the membrana reticularis will take place 
simultaneously. The area of the cuticular plate is tightly 
enclosed by the surrounding phalanxes of Deiters’ cells and 
the heads of the pillar cells, so that no contamination occurs 
between the endolymph and the cortilymph. When the stria 
vascularis is damaged by laser irradiation, rapid repair takes 
place to maintain the scala media.

Endolymphatic hydrops is described in the chapter on 
Meniere’s disease.

2.2	 �Perilymphatic Fistula

2.2.1	 �Clinical Aspects

Perilymph may leak into the tympanic cavity from the 
inner ear in cases of temporal bone trauma, including ear 
surgery. However, leakage can occur without apparent 
cause, leading to signs and symptoms of inner ear mal-
function. This condition is called spontaneous perilym-
phatic fistula.

Perilymphatic fistula is suggested if any of the following 
symptoms is evident:
•	 Tinnitus, hearing loss, fullness of the ear, dizziness, 

and disequilibrium, occurring immediately after strain-
ing, nose blowing, or any other physical activity that 
causes a rapid increase of cerebrospinal fluid (CSF) 
pressure. The same symptoms can also occur with a 
rapid change of atmospheric pressure that affects the 
middle ear pressure.

•	 Sensorineural hearing loss developing over a period of 
hours or a few days.

•	 Tinnitus or a sensation of running water within the ear.
•	 Dizziness when pressure in the external ear is artificially 

increased or decreased.
•	 Fullness of the ear, hearing loss, tinnitus, dizziness, and 

disequilibrium following a popping sound.
Perilymphatic fistula can also occur without hearing 

loss or dizziness. A definitive diagnosis can be made by 
confirming perilymph leakage or fluid from the oval and/
or round window at exploratory tympanotomy or endo-
scopic inspection. The pathophysiology of perilymphatic 
fistula remains unclear, mainly because of the paucity of 
histopathological studies of the inner ear in patients with 
the disorder.

With exploratory tympanotomy, the areas near the oval 
and round windows can be reached. Fluid may be observed 
oozing around the stapes footplate without an apparent slit.

Because the round window membrane is nearly paral-
lel to the floor of the external auditory canal in most 
cases, it is difficult to directly observe the membrane 

Fig. 2.9  Schema showing the process of cortilymphatic hydrops for-
mation. Fluid enters the organ of Corti through the Deiters–Hensen’s 
cell slit and habenula perforata. As the pillar cells and Deiters’ cells are 
hardy, Hensen’s cells are pushed laterally. As hydrops progresses, the 
pillar cells and Deiters’ cell become elongated. The outer hair cells 
disappear
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(Fig.  2.15). Furthermore, a round window niche mem-
brane is often observed in that area. Nomura [15] evalu-
ated 100 temporal bones and found that only 30 lacked a 
recognizable membranous structure in the round window 

niche. Of the remaining 70, 13 had closed niches, 54 were 
perforated, and 3 had a reticulated structure. The closed 
type niche membrane may be mistaken for the round win-
dow membrane [15] (Fig. 2.16).

Fig. 2.10  Human cochlea and cochlear aqueduct. The internal aperture of the cochlear aqueduct is near the round window. Sudan Black B stain 
(original ×2.5)

2.2  Perilymphatic Fistula
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Fig. 2.11  The cochlear aqueduct’s internal aperture near the round window. The inferior cochlear vein runs within the canal of Cotugno (original ×6.5)

Fig. 2.12  This temporal bone is from a patient with otopalatodigital 
syndrome. The bone shows fixation of the stapes, scala communis, 
defective modiolus, and a large communication between the internal 

auditory canal and scala vestibuli. No fundus of the internal auditory 
canal is observed. There is a risk of stapes gusher occurrence (Courtesy 
of Dr. Schuknecht)

2  Inner Ear Fluid
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In the same study, rupture of the oval window or round 
window membrane was observed when pressure was 
applied through the cochlear aqueduct or scala tympani of 
cadaver temporal bones. In the round window membrane,  

a slit-like fistula was observed, running parallel to the 
direction of the round window membrane fibers [15, 16] 
(Figs.  2.17 and 2.18). Round fistulae were not detected 
[15].

Fig. 2.13  Carbonic anhydrase activity in the limbus spiralis. The vasculoepithelial zone demonstrates strong enzyme activity. The interdental cell 
and its vicinity show no reaction. Guinea pig [13]

Fig. 2.14  Carbonic anhydrase activity in the neuroepithelia of the crista ampullaris. Supporting cells show carbonic anhydrase activity. The sen-
sory cell and nerve chalice show no activity. The stereocilia show deposits of reaction products. Guinea pig (original ×40) [13]

2.2  Perilymphatic Fistula
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In cases of confirmed perilymph leakage, diagnosis of 
perilymphatic fistula can be made. In cases without confirmed 
perilymph leakage, can perilymphatic fistula be ruled out? 
The answer is “No.” The signs and symptoms of the condition 
depend on the underlying pathology of the membranous laby-
rinth. Therefore, if the pathology persists after the fistula has 
been closed, patients may show ongoing signs of inner ear 
disease. The condition should be diagnosed as perilymphatic 
fistula even without confirmed perilymph leakage.

It has recently been reported that cochlin-tomoprotein is 
specifically present in the perilymph and can thus be used as a 
perilymph marker. Serum and CSF do not contain cochlin-
tomoprotein. Perilymph is a mixture of plasma filtrated 
through the blood-labyrinth barrier [17], CSF, and constituents 
produced in the inner ear. The volume of perilymph is about 
150 μL. If perilymphatic fistula occurs, the first few microliters 

that leak from the inner ear contain cochlin-tomoprotein. 
However, if leakage persists, the fluid may no longer contain 
the protein, or the protein concentration may be below the cut-
off value of the test. In such cases, plasma filtrate and CSF 
leak from the inner ear.

Taking these circumstances into consideration, a diagnosis 
of perilymphatic fistula should be made clinically without 
performing exploratory tympanotomy, just as we routinely 
diagnose sudden deafness and Meniere’s disease. Otherwise, 
clinical studies of perilymphatic fistula will not be promoted.

2.2.2	 �Changes of CSF and Middle Ear 
Pressures in Daily Life

Nose blowing is a not infrequent cause of perilymphatic fistula. 
Because patients usually do not recognize nose blowing as the 
cause of the condition, it is ignored. A diagnosis of spontane-
ous perilymphatic fistula may be made in such patients.

Goodhill [18] proposed the explosive and implosive 
routes in the pathogenesis of perilymphatic fistula. In the 
explosive route, high CSF pressure extends to the inner ear, 
resulting in fistula formation in the oval and/or round win-
dow. Conversely, high pressure in the middle ear exerts con-
comitant pressure on one or both of the windows, producing 
a fistula or fistulae via the implosive route.

2.2.2.1	 �Changes in CSF Pressure
To examine changes in CSF pressure in daily life, Sakikawa 
et al. [19] performed spinal taps on 23 hospitalized patients 
who required CSF examination for diagnosis of their medi-
cal problems. Their clinical diagnoses were vertigo (seven 
patients), sudden deafness (6), facial nerve paralysis (4), 
perilymphatic fistula (3), and other conditions (3).

During CSF pressure recording, the patients were asked 
to perform the following four actions: nose blowing with one 
nostril closed, nose blowing with both nostrils closed, breath 
holding, and sniffing. The results showed that nose blowing 
with both nostrils closed resulted in the greatest pressure 
elevation of the four actions. Resting CSF pressures ranged 
from 60 to 170 mmH2O (mean, 112) in the 20 patients with-
out perilymphatic fistula, and from 60 to 120 mmH2O (mean, 
120) in the three perilymphatic fistula patients. The mean 
value of maximum CSF pressure when nose blowing with 
both nostrils closed was 406 mmH2O (range: 177–666) in 20 
patients without fistula, while it was 523  mmH2O (range: 
449–598) in the three perilymphatic fistula patients.

Patients with perilymphatic fistula showed greater pres-
sure changes than other patients (Fig. 2.19a). In some patients, 
nasopharyngeal pressure was measured in addition to CSF 
pressure (Fig. 2.19b). The study indicated that CSF pressure 
rose to more than 400 mmH2O with nose blowing with both 
nostrils closed in 10 of 23 cases (7 of 20 non-perilymphatic 

Fig. 2.15  The round window membrane can hardly be seen, even with 
exploratory tympanotomy. (a) Before tympanotomy, (b) during tympa-
notomy. Edge of the round window niche and the floor of the external 
auditory canal are removed

2  Inner Ear Fluid
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Fig. 2.16  The round window niche membrane closes the round window niche (closed type). The niche membrane may be mistaken for the round 
window membrane [15]

Fig. 2.17  Schema of the round window membrane (cross section). The membrane consists of three layers: the outer layer, which is a continuation 
of the mucosa of the tympanic cavity, the middle fibrous layer, and the inner mesothelial cell layer [16]

2.2  Perilymphatic Fistula
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fistula cases, and all perilymphatic fistula cases). Conversely, 
sniffing lowered CSF pressure in all cases.

2.2.2.2	 �Changes in Middle Ear Pressure
Changes in middle ear pressure in daily life have also been 
examined [20]. Eighteen patients with eardrum perforation 
were enrolled. Changes in middle ear pressure before and 
during nose blowing with both nostrils closed were recorded 
using a pressure monitor. Effects of sniffing and Eustachian 
catheterization were also examined.

During nose blowing with both nostrils closed, the mean 
pressure change was 252 mmH2O (range: 163–340 mmH2O). 
In 10 of 18 patients, middle ear pressure was unchanged 
during sniffing. These results suggest that sniffing only 
slightly influences middle ear pressure in people with com-
petent Eustachian tubes. During Eustachian catheterization, 
the middle ear pressure changes ranged from 408 to 
1,033 mmH2O (mean, 776 mmH2O).

The study showed that changes in middle ear pressure 
during nose blowing with both nostrils closed were large and 
rapid (Fig. 2.20). The amplitude of the pressure change in the 
middle ear during nose blowing was 230 mmH2O.

2.2.2.3	 �Pressure Gradient
Nose blowing influences CSF pressure as well as middle ear 
pressure. The mean maximum CSF pressure during nose 
blowing was more than 400 mmH2O. The mean middle ear 

pressure during nose blowing was 252 mmH2O. Therefore, 
the pressure gradient across the cochlear windows is about 
150 mmH2O during nose blowing. During sniffing, middle 
ear pressure is unchanged. These results suggest that nose 
blowing may be an important cause of perilymphatic fistula 
via the explosive route, while sniffing is not likely to cause 
perilymphatic fistula.

Rupture of the cochlear windows was observed when 
artificial perilymph was injected into the subarachnoid 
spaces of guinea pigs. Ten of 14 ears showed cochlear win-
dow rupture. The pressure applied was 400 mmH2O in nine 
of ten ears. Three animals in which no rupture occurred with 
pressure increases of 400  mmH2O showed rupture of the 
round window membrane when the middle ear pressure 
decreased to −1,000 mmH2O. The pressure gradient across 
the round window membrane is very important in the devel-
opment of perilymphatic fistula [15].

2.2.3	 �Experimental Perilymphatic Fistula

With Goodhill’s concept of explosive and implosive routes of 
fistula formation in mind, Hara et  al. [21] injected artificial 
perilymph into the CSF of guinea pigs to produce high CSF 
pressure. This resulted in rupture of one or both windows on 
one or both sides. This method is an experimental perilym-
phatic fistula model of the explosive route. An alternate 

Fig. 2.18  The middle layer of the human round window membrane. Bundles of collagen fibers are seen. The fibers fan out from the crista 
semilunaris toward the bony edge of the round window. Scale: 3 μm (original ×4,500) [15]
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method of producing an explosive route model is suctioning a 
small amount of perilymph (4 μL) through the round window. 
Hara and colleagues found that these methods produce similar 
changes in the membranous labyrinth. The speed of injection 
or suction and the volume of injected artificial perilymph or 
suctioned perilymph are important factors affecting changes in 
the membranous labyrinth and should be measured. However, 
in the preliminary experiment, no measurements were made.

It is interesting that these procedures resulted in the for-
mation of endolymphatic hydrops in the cochlea (Fig. 2.21). 
This condition appeared to be temporary and resolved by the 
time the fistula closed. The organ of Corti remained normal. 
Decreased perilymph pressure and relatively increased endo-
lymph pressure may be responsible for the formation of 
hydrops. Not only bulging of Reissner’s membrane, but also 
bowing of the basilar membrane was observed in some ani-
mals (Fig. 2.22) [22]. The organ of Corti was compressed. 

The membrana reticularis showed a marked indentation 
between the first and second rows of the outer hair cells. The 
tectorial membrane was trapped and kinked. Another inden-
tation occurred at the junction of the membrana reticularis 
and Hensen’s cells. The pillar cells and outer hair cells were 
markedly bent (Fig. 2.23) [23].

In one case, marked hydrops was found in a guinea pig 
two months after injection of artificial perilymph (Fig. 2.24) 
[24]. The scala vestibuli disappeared because of marked dis-
tension of Reissner’s membrane. The organ of Corti and stria 
vascularis were atrophic. A marked loss of connective tissue 
cells was observed in the limbus spiralis. The saccule was 
completely collapsed. This caused blockage of the longitudi-
nal flow of endolymph, resulting in the formation of marked 
hydrops of the cochlea (Fig. 2.25).

Other findings observed in this series of experiments were 
collapse of Reissner’s membrane (Fig. 2.26a), degeneration 

Fig. 2.19  (a) Changes in cerebrospinal fluid pressure (CSF-P) with 
nose blowing and other actions in a 75-year-old woman with perilym-
phatic fistula. Maximum CSF-P (mmH2O) from the top: at rest, 136; 
nose blowing with one nostril closed, 381; nose blowing with both nos-
trils closed, 598; breath holding, 503; and sniffing, 290. Black bar indi-

cates duration of actions. (b) Changes in CSF-P and nasopharyngeal 
pressure (NP-P) in a 70-year-old woman with facial palsy on the left 
side. When she blew her nose, both the CSF-P and NP-P increased 
equally. In breath holding, the NP-P was unchanged, while CSF-P 
increased. When she sniffed, both CSF-P and NP-P decreased [19]

2.2  Perilymphatic Fistula
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of the organ of Corti (Fig. 2.26b) and cortilymphatic hydrops 
with a marked loss of the cellular elements of the organ of 
Corti (Figs. 2.9 and 2.27).

2.2.4	 �Early Hearing Change with 
Perilymphatic Fistula

In clinical cases of perilymphatic fistula, most patients com-
plain of ear fullness, tinnitus, hearing impairment, and 
hyperacusis. Pure-tone audiometry reveals every kind of 
hearing impairment.

Audiograms taken soon after onset show low-tone senso-
rineural hearing loss [25] (Fig.  2.28a). Fullness of the ear 
with low-tone hearing loss may lead to misdiagnosis of 
Eustachian tube disorder.

Recovery of acute hearing loss in a case of perilym-
phatic fistula is presented in Figure  2.28b. Audiogram 1 
was taken 16  h after onset and audiogram 2 taken 48  h 
after onset. Exploratory tympanotomy was performed on 
the fifth day. Fluid leakage from the round window niche 
was confirmed. A small amount of absorbable gelatin was 
placed to cover the round window membrane. Audiogram 
3 shows the patient’s hearing 12  days after onset. Low-
tone sensorineural hearing loss and dominant negative SP 
in the electrocochleogram strongly suggest endolymphatic 

hydrops in the early stage of idiopathic perilymphatic fis-
tula [25, 26].

2.2.5	 �Vestibular Changes in Experimental 
Perilymphatic Fistula

A characteristic finding of the vestibular labyrinth in cases of 
perilymphatic fistula is collapse. There is a trabecular mesh 
between the membranous labyrinth and surrounding bony 
wall in the pars superior of the inner ear (Fig. 2.29). When 
this mesh tears from the membranous labyrinth because of 
perilymph compromise, endolymph seepage occurs, result-
ing in collapse of the membranous labyrinth. The area and 
degree of collapse vary. The collapse of the pars superior can 
be classified as one of five types [27] (Fig. 2.30).

When the utricular wall is slightly collapsed, the trabecu-
lar mesh in that area disappears. The utricular macula 
remains intact (Figs. 2.30a and 2.31). However, the collapsed 
wall may touch the utricular macula if the degree of collapse 
is severe. The collapsed wall may scrape the otolithic mem-
brane, stimulating the sensory cells of the utricular macula 
(Figs. 2.30b and 2.32). As the perilymph leaks, the collapsed 
utricular wall may vibrate, stimulating the sensory epithe-
lium, resulting in dizziness (floating [irritable] labyrinth) 
[28] (Fig.  2.33). In the clinical setting, dizziness is often 
resolved after closure of the fistula, probably because the 
vibration of the membranous labyrinth ceases. Complete col-
lapse of the utricular wall will not induce vibration of the 
wall (Fig. 2.30e).

The semicircular ducts show various changes in cases of 
experimental perilymphatic fistula. Collapse of the semicir-
cular duct is the most common finding, and is particularly 
severe in the posterior ampulla (Fig. 2.34a–c). Marked col-
lapse of the ampullary wall covers the crista ampullaris 
(Fig. 2.35). This resembles the histopathology of vestibular 
atelectasis [29] (Fig. 2.36).

Separation of two layers of the ampullary wall was 
observed without collapse in guinea pigs immediately after 
injection of artificial perilymph. The mesothelial lining of 
the ampulla maintained its normal shape. No tear in the 
trabecular mesh was observed. It is interesting to observe 
that the top of the cupula pulled down the epithelial lining of 
the ampullary wall. Perhaps the endolymph within the semi-
circular duct was suctioned, so that the epithelial lining 
together with the cupula was pulled, resulting in dissociation 
of the ampullary wall. The tip of the cupula seemed to adhere 
fairly tightly to the epithelial lining of the ampullary wall 
(Fig. 2.37a, b).

Caloric tests in guinea pigs with experimental perilym-
phatic fistulae revealed various changes: normal, no response, 
recovery, and caloric irregularity (Fig. 2.38). These responses 

Fig. 2.20  Changes in middle ear pressure (ME-P) in a 21-year-old 
man with traumatic perforation. Both ME-P and nasopharyngeal 
pressure (NP-P) increased during nose blowing with both sides 
closed, but the amplitude of change of ME-P was less than half that of 
NP-P. The passive opening pressure of the Eustachian tube was 
450  mmH2O. When sniffing, NP-P decreased, while ME-P was 
unchanged. When politzerization was performed, ME-P increased 
slightly after NP-P increased to 400  mmH2O. Black bar indicates 
duration of actions: from the top, nose blowing with both sides 
closed, sniffing, and politzerization [20]
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may change with time. For example, no caloric response was 
observed 1 week after surgery in a particular animal, but it 
had recovered after another week [30–32] (Fig. 2.39).

Generally speaking, cochlear hydrops was observed with a 
normal vestibular system, although the saccule showed con-
comitant hydrops. Collapse of the vestibular system accompa-
nied collapse of the scala media. However, the area and degree 
of collapse of the membranous vestibular labyrinth differs 
greatly from partial mild collapse to severe total collapse.

The experimental methods to produce perilymphatic fis-
tulae described in this chapter are far from physiological 
conditions. Some of the results are difficult to understand. 
However, we can see mysteries hidden in the inner ear.

The variety of morphological changes observed in experi-
mental perilymphatic fistula help us to consider the patho-
physiology of inner ear disease when we see patients with 
the disorder. Keeping in mind the potential occurrence of the 
condition is of paramount importance.

Fig. 2.21  Endolymphatic hydrops produced by experimental perilymphatic fistula in a guinea pig (injection method) [21]

2.2  Perilymphatic Fistula
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Fig. 2.22  Indentation of the membrana reticularis with hydrops in the guinea pig. The tectorial membrane is trapped at the indentation of the 
membrana reticularis (arrow). The basilar membrane shows a downward bowing (apical turn: original ×6.5) [22]

Fig. 2.23  Two notches (arrows) on the surface of the organ of Corti in 
the guinea pig. The right arrow indicates the area of the membrana 
reticularis between the first and second rows of outer hair cells. The 

tectorial membrane is trapped at the tip. The left arrow indicates the 
junction between the membrana reticularis and Hensen’s cells (injec-
tion method, 1 month post-injection) (original × 40) [23]
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Fig. 2.24  Marked hydrops after experimental perilymphatic fistula 
formation in the guinea pig (injection method, 2 months post-injection). 
(a) The scala vestibuli is occupied by marked endolymphatic 

hydrops (arrows). The organ of Corti, limbus, and stria vascularis 
are atrophic. (b) Collapsed saccular wall covers the atrophic saccular 
macula [24]

Fig. 2.25  Schema of cochlear hydrops formation by the collapsed saccule. Experimental perilymphatic fistula (b). The collapsed saccule inhibits the lon-
gitudinal flow of perilymph from the cochlea. (a) Normal membranous labyrinth, SM scala media, S saccule, U utricle, A ampulla, ES endolymphatic sac
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Fig. 2.26  Other cochlear changes in experimental perilymphatic fistula. (a) Collapsed Reissner’s membrane (injection method, 1 month post). (b) 
Degeneration of the organ of Corti (suction method, 3 months post)

Fig. 2.27  Marked cortilymphatic hydrops. Most of the cells within 
the organ of Corti have disappeared. A few Deiters’ cells and pillar 
cells remain in elongated shape. Marked loss of spiral ganglion cells. 

Massive hemorrhage remains in the scala tympani 1  month after 
injection (original ×16) [23]
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Fig. 2.28  Hearing changes in patients with perilymphatic fistula. (a) 
Hearing of four patients soon after the onset of perilymphatic fistula 
[25]. (b) Recovery of hearing after closure of the fistula. (1) Sixteen 
hours after onset, (2) forty-eight hours after onset, (3) exploratory 

tympanotomy was performed on the fifth day. Leakage from the round 
window niche was confirmed. The niche was closed using a small 
piece of absorbable gelatin. Audiogram was taken on the 12th day 
after onset [26]

Fig. 2.29  Trabecular mesh in the vestibulum of the pars superior (guinea pig). The mesh exists between the membranous wall and surrounding bony wall 
(original ×25)
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Fig. 2.30  Schema showing several types of vestibular collapse. (a) 
Mild collapse of the utricle. (b) Moderately collapsed utricular wall 
attaching to the utricular macula. (c) Collapse of the ampulla. (d) 

Marked collapse of the ampulla with moderate utricular collapse. (e) 
Marked collapse of the utricle and ampulla [27]

Fig. 2.31  Mild collapse of the utricular wall after experimental perilymphatic fistula. The trabecular mesh disappears only in the collapsed area 
(arrow: original ×2.5) [28]
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Fig. 2.32  Utricular wall partly collapsed onto the normal neuroepithelium of the macula (original ×16) [28]

Fig. 2.33  Concept of the floating (irritable) labyrinth. The collapsed utricular wall stimulates the macula, causing dizziness [28]
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Fig. 2.34  Collapse of the ampullary wall of the guinea pig (suction method). (a) The cupula is compressed (original ×16). (b) Partial collapse of 
the posterior ampulla (original ×2.5). (c) Partial collapse (arrow) of the posterior ampulla ×10
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Fig. 2.35  Marked collapse of the ampullary wall in the guinea pig Fig. 2.36  Vestibular atelectasis. A human temporal bone specimen 
showing marked collapse of the ampullary wall (Courtesy of Dr. 
Merchant)
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Fig. 2.37  Dissociation of ampullary wall. The epithelial cell layer is 
pulled from the mesothelial cell layer by the cupula. The trabecular 
mesh shows no change. (a) Anterior ampulla. The cochlea and saccule 

show mild hydrops. (original × 6.5) (b) Posterior ampulla. No change 
in the cochlea or other vestibular organs (immediately after injection). 
(original × 6.5) Guinea pigs
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Fig. 2.39  Canal paresis converts to normal caloric response in an elec-
tronystagmogram (ENG). The caloric test 1 week after experimental 
perilymphatic fistula showed canal paresis, which had normalized 
1 week later. L operated side, R normal side, SPV slow-phase velocity. 

Calculated from ENG recordings of the original nystagmus curve. 
Upper trace: Time base at 1 mark per second Second trace: Eye move-
ment Third trace: Differentiated eye movements (eye velocity). Guinea 
pig (suction method) [32]

Fig. 2.38  Postoperative caloric test showing caloric irregularity. L 
Irregular waves of a longer duration are observed 1 week after surgery, 
R normal side, Upper trace: time base at 1 mark per second, Second 
trace: eye movement, Third trace: differentiated eye movements (eye 
velocity). Guinea pig (suction method) [22]
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