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Stellingen 
behorende bij het proefschrift 

Non-invasive perilymphatic pressure measurement 
with special emphasis on Meniere's disease 

1 .  Na verandering van 1ichaamshouding verandert de niet-invasief gemeten peri
lymfatische druk binnen een minuut. 

2 .  De MMS-1 0 Tympanic Displacement Analyser is  bete r  bruikbaar om verande
ringen van de perilymfatische druk in groepen patienten te vergelijken dan om 
individue le patienten te vervo1gen. 

3. Symptomen bij de ziekte van Meniere veranderen onafuankel ij k  van elkaar. 

4 .  Perilymfatische drukveranderingen b ij de ziekte van Meniere zijn niet gerela
teerd aan de emst van de klachten. 

5 .  More1e ondersteuning b1ijft een be1angrijke pij1er bij de behandeling van 
Meniere patienten. 

6. Druk(te) speelt een essentiele ro1 bij de ziekte van Meniere. 

7. Een endoscopist dient te beschikken over zowel starre als flexibele scopen. 

8. De toegenomen medische mogel ijkheden leiden ook tot een stijging van het 
aantal chronisch zieken. 

9. In de gezondheidszorg stijgen de beheers- en bestuurskosten re latief het sne lst. 
Steeds meer beleidsmakers, stafmedewerkers en personeel scoordinatoren, met 
"colbert en stropdas" vergaderen. 

1 0. Wetgeving loopt voortdurend achter bij maatschappel ijke ontwikkelingen. De 
rechter wordt gedwongen, in strijd met de principes van de trias politica, rniddels 
zijn uitspraken tot regelgeving te komen. 

1 1 .  Een promotie gaat net als de Tour de France over bergen en  door dalen en is  
een individuele prestatie die slechts in ploegverband en met goede ploegleiders 
tot stand kan komen. 

1 2. Het vinden van de laatste taalfout in een proefschrift is een onmogel ijke opgave. 

1 3 .  De uitspraak van destijds "Voetbal i s  oorlog" zal niet z o  letterlijk bedoeld zijn als 
heden het geval is. 

14.  De nieuwe studieprogramma's zorgen ervoor dat een student steeds meer scholier 
wordt. 

1 5 .  Historisch besef is  de beste toekomstvisie. 
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Chapter 1 

GENERAL INTRODUCTION 



General Introduction 

The inner ear or labyrinth contains the important sense organs for hearing and spa
tial equilibrium. The labyrinth of vertebrates can be divided into the membranous 
part which is suspended within the osseous part. The membranous compartment, 
containing the sensory receptor cells, is a system of epithelial spaces and tubes and 
is filled with endolymph, which resembles intracellular fluid. The endolymph is 
mainly a solution of potassium chloride which is electrically positive polarized with 
respect to the surrounding perilymph. The osseous labyrinth is filled with perilymph, 
which resembles a plasma ultrafiltrate with a low potassium concentration. The laby
rinth transduces mechanical stimuli, such as sound pressure waves and movements of 
the head into electrical responses. The functions of the inner ear depend on both inner 
ear fluids homeostasis as well as osmotic and hydrostatic pressure. The homeostasis 
is influenced by the production and resorption of both inner ear fluids and involves a 
complex interaction of hormonal and neural mechanisms ( I  ,2). The hydrostatic pres
sure of inner ear fluids depends on the fluid volume and is influenced by the cerebro
spinal fluid pressure through several pressure transfer routes. The cochlear aqueduct 
transverses the petrous pyramid from the perilymphatic compartment of the scala 
tympani to the cerebrospinal fluid compartment of the fossa posterior. The endo
lymphatic compartment is connected with the subarachnoid space of the fossa poste
rior by the endolymphatic duct and sac. 
Disturbances of the inner ear fluid homeostasis and hydrostatic pressure cause an 
imbalance between the endolymphatic and perilymphatic compartment and can con
tribute to inner ear disorders, such as Meniere's disease (3,4,5,6). Meniere's disease 
includes the classical symptomatology of episodic attacks of vertigo, fluctuating sen
sorineural hearing loss, tinnitus and is mostly accompanied with pressure sensations 
in the affected ear. 
Hydrops of the endolymphatic compartment is generally considered to be the histo
pathological substrate of Meniere's disease. Hydrops of the endolymphatic compart
ment leads to distention and bulging of Reissner's membrane towards the scala vesti
buli. Distention of Reissner's membrane is the result of a mechanical force, and in 
fluid compartments, the acting force on a surface is proportional to hydrostatic pres
sure (3). In animal experiments, the inner ear hydrostatic pressure has been extensi
vely investigated by means of (micro)pipettes placed into the labyrinth and connected 
with pressure transducers (7). However, these invasive measurement techniques are 
not suitable for human inner ears. In the last three decades, attemps have been made 
to measure the human inner ear pressure non-invasively (8,9, I 0, 1 1  ). During the eigh
ties the MM S- I 0 Tympanic Displacement Analyser was developed to enable a non
invasive assessment of perilymphatic pressure in humans ( 1 2) .  It is the only com
mercially available device for non-invasive measurement of the inner ear pressure. 
The measurement technique is based on the principle that volume displace ments in 
the external auditory canal, caused by movements of the tympanic membrane indu
ced by the stapedial reflex, depend on the perilymphatic pressure. A high perilym
phatic pressure displaces the resting position of the stapes footplate laterally which 
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results, after contraction of the stapius muscle, in an inward displacement of the tym
panic membrane and a volume increase in the external auditory canal after hermetic 
sealing by the measurement probe of the device. Conversely, a low perilymp hatic 
pressure displaces the stapes footplate more medially, resulting in a outward dis
placement of the tympanic membrane after contraction of the stapedius muscle. 
Different directions of tympanic membrane displacement correlate with either higher 
or lower perilymphatic pressures. Use of the MMS- 1 0  Tympanic Displacement 
Analyser has made measurement of inner ear pressure variations in humans feasible. 

Objectives of this study 

In this study, the tympanic membrane displacement technique was used to measure 
perilymphatic pressure alternations non-invasively with the aim of improving the 
knowledge of the inner ear pressure regulation mechanisms and potential pressure 
variations related to inner ear symptoms. Special emphasis was given to perilymphat
ic pressure alternations in patients with Meniere's disease. 
Perilymphatic pressure dynamics in patients with Meniere's diseas were compared 
with normal hearing subjects to investigate potential differences between affected, 
non-affected and control ears and to explore relations between Meniere's disease and 
inner ear hydrostatic pressure. 
The physiology of the inner ear fluids, endolymph and perilymph, is reviewed in 
Chapter 2. Production, composition, interrelationship and the regulation of hydrostat
ic pressure of both inner ear fluids are discussed. 
In Chapter 3, the principles and the measurement method of the MM S- I 0 Tympanic 
Displacement Analyser are presented. All non-invasive perilymphatic measurements 
in this study were performed using this device. 
Chapter 4 contains the results of non-invasive perilymphatic pressure measurements 
in normal hearing subjects in different conditions using the MM S- I 0 Tympanic 
Diplacement Analyser. Measurements were performed in different body positions, 
before and after physical exertion and at different times during the day. 
In Chapter 5, the reliability and the reproducibility of the technique has been inves
tigated by means of repeated consecutive measurements in normal hearing ears under 
identical conditions. 
Chapter 6 contains the non-invasive perilymphatic pressure measurements in patients 
with Meniere's disease. The results are compared with measurements in normal 
hearing subjects. 
In Chapter 7, longitudinal variations of perilymphatic pressure in patients with 
Meniere's disease are examined in relation to changes in the severity of the symp
toms: hearing loss, vertigo, tinnitus and pressure sensation in the affected ears. 
Perilymphatic pressure dynamics, as measured non-invasively, following change of 
body position from upright-sitting position to supine position and conversely were 
assessed in patients with Meniere's disease and in controls. The results are presented 
and discussed in Chapter 8 .  
Chapter 9 contains non-invasive perilymphatic pressure measurement results in  a 
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double-blind, placebo-controlled, randomized, cross-over drug study of spironolacto
ne treatment in patients with an exacerbation of Meniere's disease. 
In the final Chapter the results of this study are summarized and discussed. 
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Chapter 2 

DYNAMICS OF INNER EAR FLUIDS 



Introduction 

The inner ear is capable of transducting mechanical stimuli from sound and motion 
into electrical responses. These responses provide vertebrates the opportunity to hear 
and to maintain their spatial equilibrium. The composition of the inner ear fluids, the 
electrical potentials and the hydrostatic pressure are essential for proper transmission 
of mechanical stimuli during mechano-electrical transduction processes in the coch
lea and the vestibular organs.  The membranous labyrinth is filled with endolymph in 
which the apex of the sensory cells is embedded. The surrounding spaces outside the 
membranous labyrinth are filled with perilymph. Both fluids are extracellular but 
differ much in composition. Endolymph is a solution with a high concentration of K• 
and low concentration ofNa · (Table 1 ). It has a positive potential with respect to peri
lymph. Perilymph resembles a plasma ultrafiltrate in different aspects ( 1 ,2). 
The fluid compartments of the inner ear have mutual relations and connections with 
the cerebrospinal fluid. The basal turn of scala media, fiiled with endolymph com
municates with the saccule through the ductus reuniens. The perilymph of scala tym
pani has a connection with the cerebrospinal fluid compartment through the cochle
ar aqueduct. Scala tympani communicates with scala vestibuli through the helicotre
ma at the apex of the cochlea. Scala vestibuli has a wide connection with the peri
lymphatic space of the vestibule. The endolymphatic compartment is connected with 
the subarachnoidal space of the posterior fossa through the endolymphatic duct and 
sac. These communications between the fluid-filled compartments are essential for 
the dynamics of inner ear fluids. They contribute to a constant hydrostatic pressure 
inside the inner ear and to a possibility for adaptation of the pressure variations 
occuring in one of the fluid compartments. 

Table I 

Electro-chemical constitution of the cochlear fluids 

Na' 

Concentration 

asparatate/glutamate 

Potential 

Osmolality 

Ionic concentrations in mmol/1 

6 

Endolymph 

1 50 

1 30 

high 

+80 mV 

high 

Perilymph 

1 50 

3-5 

1 25 

low 

0 

low 



Composition and origin of perilymph 

Although perilymph has similarities with plasma there are differences in composi
tion. Perilymph is not identical to a plasma ultrafiltrate. The chemical composition of 
perilymph differs somewhat depending on whether the perilymphatic sample is col
lected from the scala vestibuli or from the scala tympani ( 1 -6). The concentrations of 
K·, glucose, several amino acids and proteins in the perilymph of scala vestibuli are 
higher than in the perilymph of the scala tympani. However, in scala tympani the con
centration of Na· is higher than in the perilymph of scala vestibuli. 
Several arguments suggest that the origin of the perilymph of the scala vestibuli 
differs from the perilymph of the scala tympani. Firstly, the composition of perilymph 
of the scala tympani was modified after blockage of the cochlear aqueduct whereas 
the composition of the perilymph of the scala vestibuli was not changed (4,5,7,8). 
Secondly, after intravenous administration of radiolabeled hydrophylic molecules, 
mannitol and sucrose, the molecules appeared earlier and reached higher concentra
tions in the scala vestibuli than in the scala tympani (9). The sucrose entry into the 
perilymph of the scala tympani was similar to that the entry into the cerebral spinal 
fluid. Thirdly, admission of radiolabeled mannitol and sucrose into the cerebral ven
tricle indicates that the cerebral spinal fluid accounts for about 80% of the produc
tion of the perilymph of the scala tympani whereas it accounts for not more than 1 0% 
of the production of the perilymph of the scala vestibuli (I ,2,9). These three facts plus 
the differences in chemical composition provide evidence that the perilymph of the 
scalae differ in origin. Cerebrospinal fluid has an important influence on the forma
tion of the perilymph of scala tympani. Plasma is the main precursor of perilymph of 
scala vestibuli. 
The perilymph of the scala vestibuli originates mainly from plasma across the blood
perilymph barrier comparable with the blood-cerebrospinal fluid barrier. The blood
perilymph barrier is formed by the endothelial cells of the perilymphatic capillaries. 
These capillaries are tightly sealed (zonula occludens) (I 0, 1 1  ). The permeability of 
the blood-perilymph barrier for small hydrophilic solution depends on the molecular 
weight of the solution. The permeability of hydrophilic solutes is low, probably the 
result of only few hydrophilic pores of the cellular membrane. The transfer rates of 
Na", K', CL·, D-glucose and glycerol are higher than the rates of urea, L-glucose, 
mannitol and sucrose (I ,2,6, 1 2). The fact of a more rapid entry of D-glucose than of 
L-glucose into the perilymph of scala vestibuli suggests a facilitated transport sys
tem localized at the blood-perilymph barrier (9). Glucose is the main source of ener
gy for the cochlea. Besides the production of perilymph of the scala vestibuli by 
transport of molecules from plasma across the endothelial wall there is second ori
gin: epithelial secretion of perilymph, comparable with the cerebral spinal fluid, 
which is partly formed by secretion of the choroid plexus. The secretion of fluid and 
electrolytes is an active process partly dependent on carbonic anhydrase (9). After the 
inhibition of carbonic anhydrase by intravenous injection of acetazolamide, the Cl· 
entry into the perilymph was decreased ( 1 3  ). The hypothesis of secretion is also sup
ported by studies in which the K· and the pH did not change by modified plasma con-
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centrations of K' and plasma pH (9). The possible epithelial secretion might be located 
in vasculoepithelial zone of the spiral limbus. 
The origin of perilymph of scala tympani is different from perilymph of scala vesti
buli. Until now it is still unclear whether cerebrospinal fluid or plasma is the precur
sor of the perilymph of scala tympani. The main reason for this uncertainty is metho
dological. Up to now the perilymph of the scala tympani has been studied at the base 
of the cochlea which is near the cochlear aqueduct. 
On this side the perilymph mingles with the cerebrospinal fluid comming through the 
aqueduct, so there is a strong interference between both fluids. The perilymph of 
scala tympani sampled through the round window at the base of the cochlea may not 
be representative for the whole perilymphatic system. 

Composition and origin of endolymph 

The endolymph, which fills the membranous labyrinth, is characterized by high con
centrations of K' and Cl , low concentration ofNa·, high osmolality in the cochlea 
and a positive potential ( 1 ). The high concentration of K• and low concentration of 
Na· in the endolymph is maintained by the Na!K pump in the marginal cells of the 
stria vascularis and in the dark cells of the utricle and the ampullae ( 1 4- 1 7) .  This 
transport mechanism depends on the membrane bound enzyme Na-K-adenosine-tri
phosphatase (Na!K - ATPase) located in the basolateral membranes of the marginal 
cel ls and the dark cells. Potassium is actively transported into the cells by action of 
ouabain-sensitive Na!K - ATPase ( 1 8, 19). Transport into the endolymphatic com
partment is possibly facilitated by ion channels in the apical membrane of the mar
ginal cells (20,2 1 ). The endolymph has small but significant differences in ionic con
centrations between the cochlea and the vestibule on one hand and along the cochlea 
from base to the apex on the other hand. Firstly, the endolymph in the vestibule has 
a lower concentration of K' and a higher concentration ofNa' than the endolymph of 
the cochlea. Secondly, longitudinal chemical gradients were demonstrated along the 
cochlea, decreasing from the base to the apex for K' and Cl· concentrations and incre
asing from base to apex for Na· concentrations ( 1 ,2,22). In the vestibule, Ca2' and 
Mg2' concentrations are higher than in the cochlea (23). The concentration of Ca2' in 
the endolymph of vestibule is higher than in the cochlea, which may be accounted by 
the resorption of the Ca2•- rich otoconia which are only present in the vestibule. The 
concentrations of proteins in the endolymph are very low in the utricle, even lower 
than in the cochlea (22,24,25). The amino acids asparatate and glutamate show high 
concentrations in the cochlea as well as in the utricle (5). 
These amino acids were found in a much higher concentration in the endolymph than 
in the perilymph. D-Glucose concentration in the endolymph is low (25). 
The origin of endolymph is perilymph. Studies with tracers of radioactive electroly
tes after perilymphatic or intravenous administration showed that perilymph is the 
precursor of endolymph ( 12,26,27). After perilymphatic perfusion, tracers radioacti

ve K' and CJ· appeared rapidly into the endolymph. After intravenous administration 
of the same tracers penetration in endolymph was much slower. The differences in 
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composition of endolymph at different sites of the inner ear can be the result of either 
an unequal transport capacity of epithelia or a different distribution of secreting epi
thelia (I). 

Osmolality 

The endolymph in animals has a higher osmolality than perilymph and plasma 
(28,29). A longitudinal osmotic gradient within the endolymph of the cochlea is pre
sent. The osmolality declines from the base to the apex of the cochlea and cor
responds to the K ' and Cl gradients. The difference in osmolality between endo
lymph and perilymph is independent of the hydrostatic pressure (30,3 1 ) .  The pH 
value of the endolymph of the cochlea of the rat and guinea pig is 7 .4 (32). 

Endolymphatic transepithelial potential 

In 1 952 von Bekesy recorded a large positive transepithelial potential of the scala 
media in the mammalian cochlea (33). The magnitude of this endolymphatic poten
tial of the cochlea is 80- 1 00 m V, with respect to perilymph and plasma. In the vesti
bular organs of the mammalian inner ear the transepithelial potential is much lower: 
only a few millivolts (4,34,35). The endolymphatic transepithelial potential in the 
semicircular canals and in the utricle, but not in the saccule, is independant of the 
endocochlear potential (36,37). The value of the cochlear endolymphatic potential 
declines from the base to the apex of the cochlea (29,38,39). The formation of the 
positive endolymphatic potential is mainly influenced by the enzym Na/K - ATPase. 
The Na/K - ATPase is identified in the marginal cells of the stria vascularis and in the 
dark cells of the utricle and cristae ampullaris of the semicircular canals 
( 1 6, 1 8,40,4 1 ,42). The activity of the Na/K - ATPase decreases parallel with the endo
lymphatic potential from the base to the apex of the cochlea. Together with the 
decreasing enzymatic activity and the potential, the osmolarity and the concentra
tions of K and CJ· decline from base to apex. The endolymphatic potential is main
tained by oxidative metabolism (43). Suppression of the oxygen supply is found to 
reduce the potential leading to a negative potential, in the cochlea and vestibule ( 1 5) .  

Hydrostatic pressure of the inner ear 

The hydrostatic pressure of the inner ear fluids forms a complex facet in the physio
logy of the labyrinth. Audiological responses of the cochlea arise from inner ear fluid 
movement caused by pressure changes in the cochlea. Also, vestibular functions 
depend on alterations in inner ear hydrostatic pressure. The regulation of inner ear 
pressure is not fully understood until now. Anatomically, the labyrinth is a rigid cavi
ty with several communications to the environment. The oval and round windows 
form the border with the middle ear. The cochlear aqueduct forms together with the 
endolymphatic duct and sac the connection with the cranial cavity. Also perivascular 
and perineural spaces along the cochleovestibular nerve provide passages to the cra
nium. The inner ear pressure is determined by the following variables: production, 
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absorption, cerebrospinal fluid pressure, blood pressure and pressure in the middle 
ear. Besides these external factors, the endolymphatic and perilymphatic hydrostatic 
pressures ear are affected mutually (44,45,46). 

production an� absorption � 
PERILYMPHATIC PRESSURE ..------

1 b+ P"""" -----.. 

ENDOLYMPHATIC PRESSURE..------

t 
production and absorption 

middle ear 

via round/oval window 

cochlear aqueduct 

t 
CSF pressure 

t 
endolymphatic sac and duct 

Relation endolymphatic - perilymphatic pressure 

In normal ears the endolymphatic pressure is always equal to the perilymphatic pres
sure. Measurements of hydrostatic pressure in both inner ear compartments show a 
rigid coupling because of the highly compliant Reissner's membrane which is pro
posed to equalize each pressure difference (46). Respiratory and pulsatory variations 
applied to one compartment are immediately transmitted to the other. The border 
between the endolymphatic compartment and the perilymphatic compartment is for
med by the basilar membrane and the Reissner's membrane. The basilar membrane 
has a low compliance but the thin Reissner's membrane has a high compliance. In 
normal ears, Reissner's membrane immediately equalizes an instantaneous pressure 
difference between endolymph and perilymph by shifts towards the compartment 
with the lower pressure (46). Auditory thresholds are not affected by simultaneous 
hydrostatic pressure changes in both inner ear fluids. 

The production and absorption of endolymph 

The hydrostatic pressure of the endolymphatic compartment depends on the ratio 
between production and absorption. In the inner ear the Na/K pump is essential in the 
production of the unique electrolyte content of the endolymph and the positive endo
lymphatic potential. The Na/K pump is affected by the enzyme Na/K - ATPase 
( 4 7 ,48). The absorption of endolymph is mainly located in the endolymphatic sac. In 
1 965, Kimura and Schuknecht performed a surgical obliteration of the endolymphatic 
sac and duct in animal experiments resulting in an impaired absorption of endo
lymph, leading to an endolymphatic hydrops (49,50). Since that time many investi
gators have obliterated the endolymphatic sac and duct to induce endolymphatic 
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hydrops. The epithelial cells of the endolymphatic sac are involved in transepithelial 
fluid transport and possibly have a phagocytic function. The epithelial cells  have a 
low Na/K - ATPase activity resulting in a low concentration of K in the lumen of the 
endolymphatic sac. Besides the influence on the absorption of endolymph, the endo
lymphatic sac has probably also a function in the local immunodefence (5 1 ), degra
dation and absorption of otoconia (52,53) and secretion of endolymph (54,55).  

The production and absorption of perilymph 

The perilymph is formed by filtration of plasma across the so-called blood-perilymph 
barrier located in the endothelial wall of the perilymphatic capillaries. Secondly, the 
perilymph is possibly formed by secretion in the vasculo-epithelial zone of the spiral 
limbus. The secretory process is presumably an active process which partly depends 
on activity of the enzyme carbonic anhydrase (I ,2, 1 1  ,29,56). The location of peri
lymph resorption is still unclear. Whether the cochlear aqueduct, as the means of 
communication between the cerebrospinal fluid and perilymphatic compartments, 
has a function in the resorption is not known at present. Whereas perilymph is a pre
cursor of endolymph, the volume of perilymph may also be affected by the produc
tion of endolymph. 

Relation inner ear fluid-cerebrospinal fluid-blood pressure 

Cerebrospinal fluid pressure changes are reflected to the inner ear fluids. The coch
lear aqueduct connects the cerebrospinal fluid compartment with the perilymphatic 
compartment (30,44,57). Other suggested routes for transmission of hydrostatic pres
sure are the endolymphatic duct, the vascular tissue of the inner ear and the peri
neural spaces which enter the labyrinth (57,58). Since, in normal ears, perilymphatic 
pressure is equal to endolymphatic pressure, the cerebrospinal fluid pressure changes 
will affect pressure in both inner ear fluids (46). The normal adult human cerebro
spinal fluid pressure ranges between 40 mm saline and 1 90 mm saline with a mean 
of 140 mm saline (44). 
Numerous physiological factors affect the cerebrospinal fluid pressure such as vas
cular pressure, posture, respiration, coughing and sneezing (57). None of these phys
iological factors damage the inner ear. The cochlear aqueduct is suggested to be a low 
pass filter preventing inner ear damage after large and rapid pressure change of the 
cerebrospinal fluid (57). Blood pressure influences the inner ear pressure directly via 
the inner ear vascular tissue and indirectly via the cerebrospinal fluid, which is 
affected by the blood pressure. 

Non-physiological situations affecting the inner ear pressure 

In 1 965 Kimura and Schuknecht used light microscopy to demonstrate an endo
lymphatic hydrops within 24 hours after experimental surgical obliteration of the 
endolymphatic sac and duct in guinea pigs ( 49). This hydrops model is widely used 
for investigations in Meniere 's disease which is characterized by a hydrops of the 
endolymphatic compartment (49,50,59,60). Recently, a two phase endolymphatic 
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hydrops model has been developed based on an impaired resorptive function of the 
endolymphatic sac after surgical destruction of the distal portion in combination with 
a periodic overproduction of endolymph (6 1 ,62). Endolymph production is stimula
ted by Na/K - ATPase which is influenced by the circulating gluco- and mineralo
corticosteroids. Endolymphatic hydrops results in bulging and distention of 
Reissner's membrane towards the scala vestibuli .  Bulging of Reissner's membrane 
can only be the result of a mechanical force. In fluid compartments this acting force 
is proportional to hydrostatic pressure (46). In normal ears the endolymphatic and 
perilym-phatic pressure are equal. By head down position or inversion the hydrosta
tic pressure of both inner ear fluids of guinea pigs increases by the same amount 
(46,63). However, in experimental hydrops the endolymphatic and perilymphatic 
pressures change differently (46). The endolymphatic pressure was found to be sig
nificantly higher than the perilymphatic pressure, 2 to 3 months after obliteration of 
the endolymphatic sac in guinea pigs with histologically confirmed endolymphatic 
hydrops. However, endolymphatic and perilymphatic pressure were equal during the 
first 5 weeks after obliteration of the endolymphatic sac ( 46). Based on these direct 
invasive hydrostatic pressure measurements in guinea pigs, Bohmer supposed that, in 
early stages of hydrops, distention of Reissner's membrane results in a volume 
increase without pressure change. 
In this condition, the endolymphatic and perilymphatic pressure remains equal. In 
longstanding hydrops, the compliance of the Reissner's membrane decreases with the 
progressive distension. Then any additional increase of the endolymphatic volume is 
no longer fully compensated by further distension of the Reissner's membrane. In this 
condition, the endolymphatic pressure becomes significantly higher than the peri
lymphatic pressure (46). Anoxia is found to increase inner ear pressure, while various 
drugs as glycerol, mannitol and urea decrease the inner ear pressure ( 46,64,65). 
The inner ear pressure regulation in physiological and in pathological situations 
remains not fully understood until now. Measurement of the hydrostatic inner ear 
pressure in animal experiments and in human inner ears is essential to further in
crease the knowledge of inner ear functioning and to find potential new treatment 
modalities for inner ear disorders. 
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Chapter 3 

THE MMS-10 TYMPANIC MEMBRANE DISPLACEMENT 
ANALYSER 



Introduction 

Invasive inner ear pressure measurement 

Inner ear hydrostatic pressure has been studied invasively in animal experiments for 
a long time. The first invasive recording of inner ear pressure was performed in 1 926 
by Szasz in dogs ( I ). He used glass capillaries stuck through the round window into 
the perilymph. His results were strongly influenced either by the capil lary forces in 
small pipettes or by the volume displacement in thicker pipettes. Thirty years later 
Weille used microcanules with a small tip (2). The microcanulas were introduced 
through a small fenestra drilled either into the perilymph or into the endolymph of a 
guinea pig cochlea. The microcanulas were connected to a capacitance electromano
meter. Later, in 1 964 Wiederhielm developed the so-called servo-controlled micropi
pette system (SCMPS) to measure pressure in small fluid compartments (3). In 1 975 
this method was employed for the first time to measure inner ear fluid pressure (4). 
Using the SCMPS a micropipette is stuck into a small compartment filled with a low 
molar electrolyte fluid, like the inner ear. The micropipette is filled with a high molar 
fluid and connected to a conventional pressure tranducer and plotter (Fig. I ). The low 
molar electrolyte solution at the tip interfaces with the high molar electrolyte solu
tion in the micropipette. In the tip of the micropipette small shifts in the high molar
low molar fluid interface are introduced by pressures changes in the small compart
ment. These shifts change the electrical resistance of the loop between the small com
partment with the low molar solution and the micropipette with the high molar solu
tion. This electrical loop influences a pump which changes the pressure in the micro
pipette to keep the interface between both fluids in the tip at a constant level. 
This pressure in the micropipette is than measured with a conventional pressure 
transducer. The SCMPS has several 
advantages over other pressure meas
urement systems. There is no volume 
displacement. The capillary micropi
pette has a very small tip so it affects 
the inner ear minimally. The electrical 
potential at the tip of the micropipette 
can be measured simultaneously. In the 
past years extensive invasive measure
ment of inner ear hydrostatic pressure 
were performed in animals like guinea 
pigs, rats and cats (5,6). 

Figure I 

Principle of the servo-controlled 

micropipette system (SCMPS). 
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Non-invasive inner ear pressure measurement 

Hydrostatic pressure in the human inner ear can not be measured by these direct inva
sive methods, because introduction of micropipettes in the labyrinth may result in a 
dead ear with complete loss of inner ear function. In 1 966, Klockhoff et al reported 
changes of acoustic impedances of the middle ear after an increase of intracranial 
pressure (7). These impedance changes were attributed to the transmission of intra
cranial pressure to the inner ear fluids resulting in change of mobility of the stapes. 
Later experiments confirmed the possibility to measure inner ear pressure variation 
non-invasively (8,9). In 1984 Marchbanks proposed a method to measure inner ear 
pressure non-invasively by analysing tympanic membrane displacements, and later a 
pilot study using a device for a non-invasive indirect measurement of the intracoch
lear pressure was reported ( I  0, 1 1  ). This device, the MM S- I 0 Tympanic 
Displacement Analyser (TDA) is now commercially produced and marketed by 
Marchbanks Measurement Systems Limited, United Kingdom. The TDA provides a 
non-invasive indirect measurement method for inner ear hydrostatic pressure in 
humans ( 1 2- 1 6) .  

Figure 2 

The set-up of the 
MMS-1 0 Tympanic 
Displacement Analyser 
consisting of the 
measurement device, 
a personal computer 
(in the center), 
a monitor (above) 

and a printer (below). 

• 
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The instrument consists of a measuring device in a disk-drive slot of a personal com
puter connected to a headset with a measurement probe which is sealed in the extern
al auditory canal during measurements (Fig 2,3). The technique of the TDA is based 
on the principle that displacements of the tympanic membrane, induced by the sta
pedial reflex, produce nanolitre volume alternations in the external auditory canal. 
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These volume variations can be measured by the TDA in the hermetically sealed 
external auditory meatus. The displacement of the tympanic membrane depends on 
the resting position of the footplate of the stapes which alters at different inner ear 
pressures. A high perilymphatic pressure displaces the resting position of the stapes 
footplate laterally, leading to a more inward-going of the tympanic membrane on 
contraction of the stapedius muscle (Fig I ,  Chapter 5). Conversely, a low perilym
phatic pressure displaces the resting position of the stapes footplate more medially, 
which results in a more outwards-going displacement of the tympanic membrane on 
stapedial contraction . 

• /J 

Figure 3 
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Detail of the measurement device with the headset and the probe for the external auditory 

canal. 

Stapedial reflex 

The tympanic membrane is connected to the middle ear ossicles, the malleus, incus 
and stapes. The stapedial reflex is an acoustic reflex that affects the acoustic impe
dance of the middle ear. The stapedial reflex can be elicted by either ipsilateral or 
contralateral acoustic stimulation. Its neural pathway includes the cochlear nerve, the 
ventral cochlear nucleus, the trapezoid body, the medial superior olivary complex, 
the medial portion of the facial motor nucleus and the stapedial muscle. Contraction 
of the stapedial muscle causes a change in the axis of rotation of the stapes footpla
te, thus changing the compliance of the middle ear system. This change in conducti-
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vity through the middle ear can be measured indirectly as a change in the acoustic 
impedance. Testing the stapedial reflex is performed with a closed external canal and 
without a pressure gradient across the tympanic membrane. 
Measurement of the stapedial reflex is not possible in the presence of a tympanic 
membrane perforation or in otitis media with effusion. For each ear, stapedial reflex 
thresholds can be determined by ipsilateral and contralateral stimulation. The reflex 
threshold is defined as the lowest stimulus level that elicits a measurable change in 
acoustic impedance. In normal hearing ears stapedial reflex thresholds occur between 
70 and 90 dB for frequencies in the 500 to 2000 Hz range. When the pure tone loss 
exceeds 75 dB, 90% of the patients with cochlear hearing loss will not exhibit 
reflexes at any stimulus level ( 1 7). Clinically the stapedial reflex measurement is 
mostly used for testing the ossicular chain mobility and to assess the afferent (audi
tory) limb of the reflex; but in cases of facial paralysis it also can be used to assess 
the efferent facial nerve. 

Clinical applications 

The TDA has important advantages over other measurement systems. The measure
ment technique is non-invasive, hardly burdening and easy to handle. The measure
ment takes about 1 5-20 minutes for one ear and the results are available immediate
ly. There are also limitations. The technique does not permit the assessment of abso
lute perilymphatic pressure values, can not be used with an absent stapedial reflex 
and is not suitable for continuous pressure monitoring. Restlessness of the patient 
will make measurements difficult. Clinical applications are found in investigations in 
Meniere's disease, Idiopathic Sudden Sensorineural Hearing Loss (ISSHL), tinnitus 
and in the neurological/neurosurgical disorders such as intracranial hypertension and 
peri-operative monitoring of ventricular shunt surgery ( 1 1 - 1 6, 1 8-2 1 ). Prior to the 
measurements, a normal middle middle ear pressure has to be confirmed and the 
ipsilateral and contralateral stapedius reflex threshold at I 000 Hz should be determi
ned. The middle ear pressure and stapedial thresholds can be determined by a pro
perly calibrated conventional middle ear analyser. In the standard setting test stimu
lus intensities of I 0, 20 and 25 dB above stapedial reflex threshold at I 000 Hz are 
used for the pressure measurements. The stimulus duration is adjusted at 500 milli
seconds, the measurement duration at I ,5 seconds and the inter stimulus interval at 7 
seconds. Ipsilateral as well as contralateral acoustic stimuli are presented. The dis
placements caused by I 0 consecutive stimuli are averaged and displayed on the 
screen of the personal computer monitor as a function of time. The shape of the graph 
is related to displacement in the following way: A bidirectional graph is related to a 
normal inner ear pressure (Fig 4). In this case the footplate of the stapes rests cen
trally in the oval window. 
On contraction of the stapedial muscle the tympanic membrane displacement starts 
in the inward direction, followed by an outward displacement. A negative going 
graph represents a medial or inward displacement of the tympanic membrane (Fig 5). 
This is the result of a greater freedom of movement in a medial direction, which is 
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related to a high perilymphatic pressure. A positive going graph represents an out
ward displacement of the tympanic membrane and a relative low perilymphatic pres
sure (Fig 6). 

The displacement of the tympanic membrane can be quantified by two measurement 
parameters: 

Vi = the maximum inward displacement of the tympanic membrane achieved while 
the acoustic stimulation is present. 

V m =  the mean displacement of the tympanic membrane from the time at which Vi 
is reached until acoustic stimulus offset. 
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Figure 4 

Example of a graph related to a normal perilymphatic pressure. The time axis (X - axis) starts 
at t = 0 with the onset of the stimulus to elicit the stapedial reflex. This stimulus ends at t = 

500 ms. The Y - axis represents the volume displacement in nl. 
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Figure 5 

Example of a graph with a negative onset related to a high perilymphatic pressure. The time 
axis (X - axis) starts at t = 0 with the onset of the stimulus to elicit the stapedial reflex. This 
stimulus ends at t = 500 ms. The Y - axis represents the volume displacement in nl. 
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Figure 6 

Example of a graph with a positive onset related to a low perilymphatic pressure. The time axis 
(X - axis) starts at t - 0 with the onset of the stimulus to elicit the stapedial reflex. This sti
mulus ends at t = 500 ms. The Y - axis represents the volume displacement in nl .  
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Chapter 4 

NON-INVASIV E PERILYMPHATIC PRESSURE 
MEASUREMENT IN NORMAL HEARING SUBJECTS USING 
THE MMS-10 TYMPANIC DISPLACEMENT ANALYSER 

Rosingh HJ, Wit HP, Albers FW J. Non-invasive perilymphatic pressure measurement 
in normal hearing subjects using the MM S- I 0 Tympanic Displacement Analyser. 
Acta Otolaryngol (Stockh) 1 996; 1 1 6:382-7. 



Introduction 

Hydrostatic pressure in the endolymphatic and perilymphatic compartments of the 
inner ear in animals can be detected invasively by means of (micro )pipettes and pres
sure tranducers ( I  ,2). For obvious reasons these direct invasive methods are not sui
table for human inner ears, so many investigations are performed in order to find 
methods and procedures for non-invasive measurements. In 1 966 Klockhoff et al. 
showed that an increase in intracranial pressure, produced by compression of the cer
vical veins, produces changes in the acoustic impedance of the middle ear (3). These 
impedance changes were attributed to transmission of intracranial pressure to the 
inner ear fluids resulting in a mechanical load to the stapes footplate. In experimen
tal research on human temporal bones a relation was found between perilymphatic 
pressure and tympanic membrane displacement at standarized elicited pull on the sta
pedius tendon (4). Later experiments confirmed the possibility of indirect non-inva
sive measurement of perilymphatic pressure variations on the outside of the tympa
nic membrane by means of a microflow method on the condition of no pressure 
variations across the tympanic membrane (5). The micoflow method is based on the 
recording of tympanic membrane movements velocity and its volume displacements 
during ambient pressure variations (6). Based on these principles the MMS- 1 0  

+ 
V 

a 

b 

Figure I a+b 

Stapes movement and resulting tympanic membrane displacement on stapedius muscle con
traction in case of high perilymphatic pressure (a} and low perilymphatic pressure (b). The 
dotted line represents the position of the stapes when the perilymphatic pressure is normal. The 
X-axis on the graph represents the time. The Y-axis represents the volume displacement: nega

tive when the tympanic membrane goes inward and positive when outward. 
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Tympanic Displacement Analyser (TDA) was developed. It is a commercially availa
ble device coupled to a personal computer to measure variations of perilymphatic 
pressure non-invasively by recording displacements of the tympanic membrane (7- 1 1 ) .  
The TDA is based on the principle that movements of the tympanic membrane, indu
ced by the stapedial reflex, produce small volume displacements in the external audi
tory canal. These variations in nanolitres can be measured by the TDA. 
A transducer probe, attached to a headset, hermetically seals the external auditory 
canal and the instrument allows the measurement of small volume displacements 
under simultaneous elicitation of the stapedial reflex. The stapedial muscle contracts 
in response to loud auditory stimuli and alters the position of the stapes and the tym
panic membrane. The displacement of the tympanic membrane depends on the rest
ing position of the stapes footplate within the oval window. A high perilymphatic 
pressure displaces the resting position of the stapes footplate laterally and allows a 
higher degree of freedom for motion in a medial direction and correspondingly a 
more inward displacement of the tympanic membrane (Fig I a). Conversely a low 
perilymphatic pressure displaces the footplate more medially, resulting in more 
motion in a lateral direction and a more outward displacement of the tympanic mem
brane (Fig 1 b). The intracranial pressure is related to the perilymphatic pressure and 
thu to tympanic displacement (5,8,9, I 0). First, TDA measurements were used in intra
cranial hypertension (8) and peri-operative monitoring of ventricular shunt surgery 
( 1 1 ). Later they were also employed in otological disorders, such as Meniere's dis
ease and tinnitus ( 1 2, 1 3) .  In this study, the perilymphatic pressure of normal hearing 
subjects was measured by means of the TDA in three different conditions with spe
cial attention to external factors that could possibly influence perilymphatic pressure: 
I .  sitting-upright and supine; 2. in the morning and afternoon; 3. before and after 
physical exertion. The aim of this study was to obtain standards for normal hearing 
subjects that can be used in future studies of patients with inner ear disorders. 

Material and methods 

Fifty healthy normal hearing volunteers (one hundred ears with no otological histo
ry) were investigated. This population was divided in three different groups. 
Group I :  Twenty subjects ( 1 1 male, 9 female) with a mean age of 26.7 years (range 
22-32); Group 2: Twenty subjects ( 1 3  male, 7 female) with a mean age of 23.3 years 
(range 20-30); and Group 3: Ten subjects (6 male, 4 female) with a mean age of26.9 
years (range 22-34). 

Group I was examined in upright-sitting position and in supine position to investi
gate the role of posture on perilymphatic pressure. Group 2 was examined in the morning 
and late in the afternoon on the same day, to look for a possible fluctuation of the 
perilymphatic pressure during the day. Group 3 had the TDA examination before and 
immediately after physical exertion (20 deep knee-bends), to examine a possible 
relationship with exertion. 
The subjects of groups 2 and 3 were all measured in upright-sitting position. 
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The perilymphatic pressure was measured non-invasively by the MM S- I 0 Tympanic 
Displacement Analyser (Marchbanks Measurement Systems Ltd, United Kingdom). 
Prior to the measurements, tympanometry was performed to ensure that the middle 
ear pressure was normal and the stapedial reflex thresholds were determined, both 
ipsilaterally and contralaterally, at a frequency of I 000 Hz, using a conventional sta
pedial reflex and impedance meter, the GSI 33 middle ear analyser. In each subject, 
the probe tip of the TDA was inserted into the external auditory canal. 

Hermetic sealing was checked before each measurement. Tympanic membrane dis

placement measurement was carried out during the application of auditory test sti
muli of I 0, 20 and 25 dB above the stapedial reflex threshold at a frequency of I 000 
Hz. Each auditory test stimulus was given I 0 times every 7 s for duration of 500 ms. 
Measurement time was 1 .5 s per stimulus. In each subject both ears were stimulated 
ipsilaterally as wel l as contralaterally at the three intensities. Measurement variables 
Vi and V m were determined for every test. The Vi is defined as the maximum inward 
displacement of the tympanic membrane. The V m is the mean displacement from the 
time at which Vi is reached until the acoustic stimulus offset. Both variables are in 
nanol itres (nl). 
Results were analysed using the Student's t-test. Results with p values < 0.0 1 were 
considered to be statistical ly significant. 

Results 

The measurement results of the total population of 50 normal hearing subjects ( I  00 
ears) showed large inter-individual differences for the measured Vi and V m variables. 
In sitting position and before physical exertion, the mean Vi of the total population 
was - 1 67 nl, median - 1 08 nl, standard deviation 1 49 nl and range -568 to -5 nl. In the 
same conditions, the mean Vm was 33 nl, median 1 0  nl, standard deviation 2 1 2  nl 
and range -4 1 0 to 604 nl. 

Group I 
Group I was tested in two positions, sitting upright and supine. The average Vi and 
V m of all 20 subjects in relation to body position are shown in Table I. The average 
Vi and Vm in both ears in supine position were smaller than in upright- sitting posi
tion. The differences are statistically significant (p < 0.0 I ). 
The absolute value difference between the right and left ear within one subject meas
ured in upright-sitting position for Vi was on average 36% with a standard deviation 
of24% and for V m 33% with a standard deviation of27%. These differences between 
right and left ears were not significant because, on average the Vi of the left ear was 
3 nl smaller than that of the right ear and the Vm of both ears was the same. 
The results of the Vi in all right ears of the 20 subjects are shown in Fig. 2. The Vi 
was in all cases, except two, smaller in supine position than in upright-sitting posi
tion. The V m values of the right ears, shown in Fig. 3, were smaller in 1 8  of the 20 
ears in supine position than in upright sitting position. No deviating results of a higher 
Vi and V m in supine position were found within one subject. The results of all left 
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ears were comparable to those of the right ears with, in the majority of cases, smal
ler values in supine position than in sitting position. 
Although the measurement results of the Vi and V m showed large variation in all sub
jects, they were consistent within one subject. The correlation coefficients between 
measurements in upright-sitting and in supine position were 0.93 for Vi and 0.97 for V m. 

Table I 

Mean with standard deviation of the measurement variables, Vi and Vm, in nanolitres 
in upright-sitting and supine position (n=20). 

Vi Right ear 

Left ear 

V m Right ear 

Left ear 

Figure 2 

Individual measurement 
results of subjects i n  
group 1 arranged i n  in
creasing values of Vi in 
sitting position. The X
axis represents the sub
jects and the Y-axis the 
maximum inward dis
placement (=Vi) for the 
right ears m nanolitres 
measured in upright-sit
ting position (shaded bar) 
and in supine position 

(black bar). 

Sitting upright Supine 

Mean (SD) 

- 1 42 ( 1 44) 

- 1 6 1  ( 1 80) 
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400 .----------------------------------

400 - - - -- - -----

Figure 3 I I I I I ' I I I I I I I I I I I I 
Individual measurement results of the subjects in group I arranged in increasing values of V m 
in sitting position. The X-axis represents the subjects and the Y-axis the mean displacement 
{=Vm) for the right ears in nanolitres measured in upright sitting position (shaded bar) and in 
supine position (black bar). 

Group 2 
Group 2 was examined in the morning and in the late afternoon in sitting position. 
The average values for Vi and V m across all 20 subjects are shown in Table Il. The 
difference between the Vi and Vm in the morning and Vi and Vm in the afternoon 
was not significant (p > 0.0 1 ) .  Although Vi and Vm values showed large variations 
within group 2, the correlation between the results for Vi and V m in the morning and 
in the afternoon within one subject was high (Fig. 4) (for Vi, r = 0.87 and for V m, 
r = 0.9 1 ). 

Group 3 
Subjects in group 3 were measured before and immediately following physical exer
tion. In accordance with the other two groups, the Vi and V m in group 3 showed large 
inter-individual variations, but high intra-individual correlations.  The correlation 
coefficient between the Vi before and after physical exertion was 0 .95; for the Vm it 
was 0.99. 
The average Vi and V m of group 3 are shown in Table Ill. There were no significant 
differences between the results of the TDA measurements in either condition (p > 0.01 ) .  
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Table 11  

Mean and standard deviation of the measurement variables, Vi and V m, in nanolitres 
in the morning and in the afternoon (n=20). 

Morning Afternoon 

Mean (SD) Mean (SD) 

Vi Right ear - 1 20 ( 1 1 3) - 1 2 1  ( 1 40) 

Left ear - 1 95 ( 1 72) -2 1 1  (223) 

V m Right ear 76 (2 1 1 ) 85 (233)  

Left ear 25 (225) - 1 7  (257) 

Table Ill 

Mean and standard deviation of the measurement variables, Vi and Vm, in nanolitres 
before and after exertion ( n= I 0) 

Before After 

Mean (SD) Mean (SD) 

Vi Right ear - 1 73 (206) - 1 82 (209) 

Left ear -270 (3 1 4) -265 (302) 

V m Right ear 87 (300) 69 (307) 

Left ear 67 (353) 42 (345) 
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Figure 4 

l OO r---- --
-- --- ----

200 

400 

- ---------- ---

- - -- --- --- --- ---

500 1-•---�-----------

Measurement results of the subjects in group 2. The X-axis represents the subjects and the Y
axis the maximum inward displacement (""Vi) for the right ears in nanolitres measured in the 
morning (shaded bar) and in the afternoon (black bar). The difference between Vi in the mor
ning and Vi in the afternoon is not significant (p >0. 0 1 ). 

Discussion 

The MMS- 1 0 Tympanic Displacement Analyser is a device for measurement and 
analysis of the perilymphatic pressure in the human inner ear. The TDA has impor
tant advantages over other pressure measurement instruments. The technique is non
invasive, easy to handle and can be used for repeated measurements. It is the only 
commercially available system for measuring perilymphatic pressure in humans. 
Despite these advantages the application of the TDA has some limitations. The in
strument can not detect absolute pressure values, but only relative variations. 
Pathologies of the ear, such as ossilar interruption, tympanic membrane perforation 
and severe hearing loss without a stapedius reflex makes measurements impossible. 
Middle ear pressure has to be equilibrated with atmospheric pressure. 
Our results confirmed the presence of large inter-individual differences in the regis
tered Vi and V m variables ( 1 2). However, the intra-individual values of Vi and V m in 
each condition were comparable and the correlation coefficients were high (about 0.9). 
In our series, the perilymphatic pressure in supine posture was found to be signifi
cantly higher than in upright-sitting position. This confirms the results of former stu
dies (5, 1 4, 1 5) .  In supine position, the cerebrospinal fluid pressure rises by means of 
gravity ( 1 6) .  In sitting position, the pressure of the cerebrospinal fluid at the base of 
the spine is higher than the intracranial pressure. The intracranial hydrostatic pressure 
of the spinal subarachnoid fluid column elevates when the subject is moved from 
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upright-sitting to a supine position. Besides the hydrostatic change, the blood pres
sure in the head rises in supine posture which may be responsible for vascular dis
tension and in this way also for an increase of the cerebrospinal fluid pressure ( I  7). 
Cerebrospinal fluid pressure changes are reflected in the inner ear. 
The perilymphatic spaces of the inner ear communicate with the cerebrospinal fluid 
compartment by means of the cochlear aqueduct ( 1 8, 1 9). The cochlear aqueduct pro
vides a pathway between the cerebrospinal fluid and the perilymph, through which 
fluid and pressure exchange can take place (20). The endolymphatic spaces are con
nected with the subarachnoid spaces of the fossa posterior by the vestibular aqueduct 
including the endolymphatic duct and sac. In normal ears, the perilymphatic pressure 
is equal to the endolymphatic pressure because of the high compliance of Reissner's 
membrane, which equalizes pressure differences between endolymph and perilymph (2). 
Physical exertion is known to influence blood pressure (2 1 ). We were interested in 
changes of inner ear pressure caused by physical exertion, but we found no signifi
cant effect. Unfortunately, no information could be found in the literature about a 
possible relationship between exertion and cerebrospinal fluid pressure in humans. 
Daytime variability of blood pressure is mainly determined by the degree of mental 
and physical activity (2 1 ). In our series we found that the time of the day at which the 
perilymphatic pressure measurement was performed was not important. This makes 
it l igitimate to consider the measurements in group 2 as a test-retest investigation. 
The high intra-individual correlations between both measurements make the TDA 
technique appropriate for clinical follow-up studies of inner ear and cerebrospinal 
fluid pressure disorders. 
Impairment of the auditory threshold after body inversion has been attributed to an 
increase of the hydrostatic pressure of the perilymphatic fluid (22,23).These acoustic 
threshold shifts are very small and will not affect our measurements, in which loud 
auditory stimuli are used. The TDA measurement technique can only be used on the 
condition of no pressure gradients across the tympanic membrane. The middle ear 
and Eustachian tube fuction has to be normal. In our series, all subjects had normal 
middle ear function with a normal tympanogram. 
The large inter-individual differences of the TDA measurement results can probably 
be explained by differences in the elasticity of the annular ligaments or in the anato
mical relations between the pyramidal eminentia, stapes, stapedial tendon and incu
dostapedial joint. The high correlations of measurement results within one subject 
and one ear makes the method suitable for follow-up investigations in patients with 
periods of increased intracranial pressure and in evaluation of therapies such as ven
tricular shunt surgery (8, 1 1  ). The TDA technique is also useful in otological disor
ders with inner ear pressure disturbances, such as Meniere's disease. In cases of un
known origin such as idiopatic sudden sensorineural hearing loss (ISSHL) and tinni
tus, the TDA may represent a useful method of investigation ( 1 2, 1 3  ). 
The TDA measurement technique provides a useful non-invasive method for the 
assessment of perilymphatic and cerebrospinal fluid pressure variations when middle 
ear function is normal and pressure gradients across the tympanic membrane are 
absent. 
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Chapter 5 

LIMITATIONS OF THE MMS-10 T YMPANIC DISPLACEMENT 
ANALYSER 

Rosingh HJ, Wit HP, Albers FW J. Limitations of the MMS- 1 0 Tympanic Displacement 
Analyser. Audiology. In press. 



Introduction 

In the early eighties Marchbanks proposed a new method to measure inner ear hydro
static pressure non-invasively by analysing tympanic membrane displacement { l  ) .  
The method is based on ideas of Casselbrandt, who found middle ear impedance 
changes after variations of intracranial pressure (2,3 ). Consequently the MMS- 1 0 
Tympanic Displacement Analyser (Marchbanks Measurement Systems Ltd, United 
Kingdom) was developed, which consists of a small measuring device in a disk-drive 
slot of a personal computer, connected to a headset. During measurements a trans

ducer probe is sealed into the external auditory canal. The instrument measures small 
volume variations in the external auditory canal caused by tympanic membrane dis
placements, after contraction of the stapedial muscle induced by an acoustic stimu
lus. Tympanic membrane displacement is related to perilymphatic pressure. High 
perilymphatic pressure displaces the stapes footplate laterally and leads to a inward
going motion of the tympanic membrane on contraction of the stapedius muscle. 
Conversely, low perilymphatic pressure displaces the stapes medially and results in a 
outward-going motion of the tympanic membrane. Tympanic membrane displace
ment is quantified by the device into two measurement parameters: Vi and Vm, 
expressed in nanolitres (nl). Vi is defined as the maximum inward displacement and 
V m is the mean displacement of the tympanic membrane, calculated from the time 
at which Vi is reached until the time of acoustic stimulus offset. 

Since the introduction of the Tympanic Displacement Analyser, the device has been 
used in several studies on patients with cerebrospinal pressure alternations after ven
tricular shunt surgery, and it was also used in normal hearing subjects after change of 
body position, as well as in patients with otological disorders such as Meniere's dis
ease, Gusher-syndrome and round window rupture (4- 1 5). But as far as we know, the 
reliability of the measuring method has not been investigated extensively to this date. 
When performing 20 consecutive measurements in the first authors' ear under exact
ly the same circumstances and without removing the headset, we found substantial 
variations in the values obtained for V m, as shown in figure I .  Results for Vi showed 
similar large variations. We therefore decided to study intra-subject variability for 
V m and Vi in a systematic way in a group of normal hearing subjects. 
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Cumulative distribution for 20 Vm values measured immediately after each other in a single 
ear, without removing the measurement probe from the ear. The dashed line is a least square 
fit to the data points with the integral of a gaussian curve. The curve yields a standard devia

tion of 29 nl for the distribution. 

Material and methods 

Ten subjects (twenty ears) without otological history participated in this study. This 
group consisted of I male and 9 female subjects with a mean age of 27 years (range 
2 1 -58 years). Prior to the non-invasive perilymphatic pressure measurement tym
panometry was performed in all subjects to confirm a normal middle ear pressure. 
Stapedial reflex thresholds were also determined, with ipsilateral and contralateral 
stimuli, at a frequency of 1 000 Hz, using a conventional middle ear analyser. The 
actual measurements were performed using a MMS- 1 0 Tympanic Displacement 
Analyser. The manufacturers recommend measurement of tympanic membrane dis
placement using acoustic test stimuli of 1 000 Hz at 1 0, 20 and 25 dB above stapedial 
threshold. These acoustic stimuli are to be presented ipsilaterally and contralaterally. 
Following these instructions single measurements were performed using acoustic test 
stimuli of 1 000 Hz at I 0, 20 and 25 dB over stapedial reflex threshold under the follow
ing conditions: 1. ipsilateral stimulation, 2. contralateral stimulation, 3. in upright-sit
ting position and 4. in supine position. This yielded 1 2  possible combinations of 
measurement conditions for one ear and one ear was measured three times consecu
tively in each combination without removing the measuring probe from the external 
auditory canal. In a single measurement the auditory test stimuli was presented ten 
times during 500 ms. Single record duration was set at 1 .5 seconds and inter stimu
lus duration at 7 seconds. Responses to I 0 acoustic stimuli were averaged and Vi and 
V m were determined by the computer. If no artefacts were rejected a single meas
urement lasted approximately 2 minutes. As 72 measurements were performed per 
subject a complete session took several hours. The average Vi and V m for three con-
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secutive measurements in a certain combination of measurement conditions were cal
culated. 
In order to have a measure for the variation in Vi and V m between consecutive meas
urements, the standard deviation for the three consecutive Vi and Vm values was 
determined with the usual formula. This seems appropriate since at least V m values 
show a more or less normal distribution, as shown in figure I .  (The behaviour of the 
Vi values will be discussed in the following sections). 

Results 

As an illustration of the repeatability of the individual measurements figure 2 shows, 
for all 20 investigated ears the relation between the firstly and the secondly obtained 
V m value, for a certain combination of measurement conditions (20 dB above stape
dial reflex threshold, contralateral stimulation, sitting position). Other measurement 
conditions showed similar results. From this figure can be concluded that differences 
between ears are larger than differences between two measurement results for indivi
dual ears. Furthermore these intra-ear variations of V m seem to be independent of the 
actual Vm value. In figure 3 for all 20 ears and for all 1 2  possible combinations of 
measurement conditions, the Vm variation as defined in the methods section was 
plotted against the actual Vm value, averaged over 3 consecutive measurement per 
ear. The dashed line in figure 3 is at Vm � 72 m!, the overall average value for the 
variation ofVm. 
For Vi the results are slightly different: a clustering of points towards Vi ,. 0 nl can 
be seen in figure 4. In figure 5, which is a detail of figure 4, it can be seen that the 
variation ofVi is approximately proportial to Vi. This should be expected if the mini
mum in the measurement curve, which is defined as Vi, is a noise-like artefact. For 
Vi values below -30 nl no relation between Vi and the variation in Vi can be obser
ved, simular to the situation for V m. Therefore only measurements for which Vi was 
< -30 nl were included for further statistical analysis. The average value for the varia
tion in Vi, over all included measurements, is 60 nl .  The mean variations over all ears, 
classified in the twelve possible combinations of measurement conditions, are pre
sented in Table I .  No measurement condition with a statistically smaller variation 
than others was found (p > 0.0 1 ) . With respect to Vi the variations were slightly but 
not significantly smaller using contralateral stimuli instead of ipsilateral stimuli. 
Variations were not dependent on the loudness of the stimulus or body position. 

42 



Figure 2 
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Comparison between Vm values for the first and the second measurement for the fol lowing 
parameter combination: 20 dB contralateral stimulation in sitting position. All points would 
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Figure 6 
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position for all ears and all stimulus parameter condition (n = 1 20). The solid line is a least 
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Vi 

Sitting ipsilateral 

Sitting contralateral 

Supine ipsilateral 

Supine contralateral 

V m 

Sitting ipsilateral 

Sitting contralateral 

Supine ipsilateral 

Supine contralateral 

Table 1 .  

lQ_QH 

80 

37 

64 

77 

10 dB 

70 

48 

76 

82 

20 dB 25 dB 

59 62 

45 52 

79 69 

54 47 

20 dB 25 dB 

75 68 

70 89 

7 1  92 

63 54 

Mean variations ofVi and Vm in nl over all 20 ears using test stimuli of 1 000 Hz at 1 0,20 and 
25 dB above stapedial reflex threshold under the following conditions: I .  ipsilateral stimula
tion, 2. contralateral stimulation, 3. upright-sitting position and 4. supine position. 
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Discussion 

The variations in Vi and Vm values between consecutive measurements in the same 
subject without removing the headset are in the order of I 00 nl. (If the headset is 
removed between successive measurements, as done in follow-up studies, even 
larger variations should be expected.) No measurement condition with a significant 
smaller variation was found. This makes that changes in perilymphatic pressure in the 
same subject, measured non-invasively with the MMS- 1 0 Tympanic Displacement 
Analyser, should be interpreted with great care. For instance, the tympanic displace
ment analyser technique has been used to assess the patency of a ventricular shunt in 
patients with hydrocephalus, or to investigate changes of intracochlear pressure in 
patients with inner ear disorders ( 1 6, 1 7). In these reports intra-individual V m changes 
of I 00 - 300 nl have been fully attributed to changes of inner ear or cerebrospinal 
fluid pressure. 
As an illustration of the possibilities and limitations of the measurement method 
figure 6 was constructed. The figure shows the cumulative distribution for the differ
ence between the V m measured in upright sitting position and in supine position for 
all investigated ears and all stimulus conditions. Inner ear pressure is supposed to be 
lower in sitting position than in supine position (5). And indeed, averaged over all 
ears the difference is positive (mean Vm = 92 nl), showing that in upright-sitting 
body position the Vm (the same was found for Vi) is higher than in supine position, 
in accordance with the lower inner ear pressure in sitting position, as already men
tioned in the introduction section. However, more than 30% of our measurements 
gave a negative difference, due to the large variation. From the formula for the fitted 
curve in figure 6 a standard deviation of 1 69 nl can be derived for the distribution of 
the difference values. This standard deviation is not too far from our expectation 
based on the uncertainty of the order of 1 00 nl in both Vm in sitting position and V m 
in supine position. 
The origin of the variation ofVi and Vm values is unclear to us at this moment. Most 
probably interfering low frequency noise in the ear canal disturbs the measurements. 
If the noise has a random character signal-to-noise ratio can be improved by taking 
more averages. However, ten averages already last 2 minutes in the standard setting 
of the instrument. But based on a short pilot study we have the impression that also 
non-random low frequency signals, due to cardiovascular activity, are present in the 
ear canal. Such deterministic signals can not simply be disminished by averaging. 
At this moment, the Tympanic Displacement Analyser is the only commercially avai
lable non-invasive instrument for perilymphatic pressure measurements in humans. 
The technique is hardly burdensome, can be used for repeated measurements, and the 
measurement results are available immediately. Besides these advantages the appli
cation has some l imitations which were mentioned previously (5): the device does not 
produce absolute perilymphatic pressure values but only relative variations, the inter
individual differences of the measurement results are large. Middle ear pathologies, 
such as ossilar interruptions and tympanic membrane perforation or the absence of a 
stapedial reflex makes the measurements impossible. Besides these limitations the 
present study also showed substantial test-retest variations in consecutive measure
ments in the same ear under identical conditions. 
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Chapter 6 

NON-INVASIV E PERILYMPHATIC PRESSURE 
MEASUREMENT IN PATIENT WITH MENIERE'S DISEASE 

Rosingh HJ, Wit HP, Albers FWJ. Non-invasive perilymphatic pressure measurement in 
patients with Meniere's disease. Clinical Otolaryngol 1 996;2 1 :335-8. 



Introduction 

In animal experiments, measurement of the hydrostatic pressure in the endolym
phatic and perilymphatic compartments of normal ears and ears with endolymphatic 
hydrops is performed using small micropipettes and pressure transducers ( I  ,2,3 ). 
However, these direct invasive measurement techniques are not suitable for human 
inner ears. The MM S- I 0 Tympanic Displacement Analyser (March banks Measure
ment Systems Ltd, United Kingdom) provides a non-invasive measurement system 
for analysis of inner ear pressure in humans. This instrument is based on the principle 
that displacement of the tympanic membrane, induced by the stapedial reflex, 
depends on the resting position of the stapes footplate. The resting position alters 
with different perilymphatic pressure levels. Displacement of the tympanic membra
ne can be evaluated as small volume variations in the external auditory canal (4,5). 
The Tympanic D isplacement Analyser has proved to be useful in studies of intra
cranial pressure changes. The cerebrospinal fluid compartment is connected to the 
perilymphatic spaces through the cochlear aqueduct (6). Pressure variations of the 
cerebrospinal fluid are reflected in the perilymphatic pressure (7). Using the 
Tympanic Displacement Analyser, hydrocephalic patients with a ventricular shunt 
and patients with spina bifida were compared with normal subjects (8,9, 1 0). Other 
applications are described in studies of otological disorders such as Meniere's dis
ease ( 1 1 , 1 2) .  Meniere's disease is defined as the well known triad of periodic hearing 
loss, vertigo and tinnitus. Since Hallpike and Cairns ( 1 3) and also Yamakawa ( 1 4) 
described hydrops of the endolymphatic system in the inner ear of patients with 
Meniere's disease, endolymphatic hydrops is generally accepted as the histopatholo
gical lesion in this condition ( 1 3 , 14). 
Endolymphatic hydrops represents swelling of the endolymphatic space of the inner 
ear, leading to distension and bulging of Reissner's membrane into the scala vestibu
l i .  In 1 965, Kimura and Schuknecht reported endolymphatic hydrops in guinea pigs 
after surgical obliteration of the endolymphatic duct and sac. From this it is suggested 
that in Meniere's disease there is impaired absorption of endolymph in the endo

lymphatic sac ( 1 5). Other experiments have demonstrated endolymphatic hydrops as 
a result of excessive production of endolymph after pharmacological stimulation of 
Na/K - ATPase in the inner ear ( 1 6, 1 7) .  Recently, a new dynamic two-phase concept 
in Meniere's disease has been proposed which is based on decreased absorption in 
the endolymphatic sac in combination with a periodic overproduction of endolymph 
by hormonal stimulation ofNa/K - ATPase in the inner ear ( 1 8). Distension and bulg
ing of Reissner's membrane towards the perilymphatic space, as seen in endolym
phatic hydrops, can occur only when a mechanical force from the endolymphatic to 
the perilymphatic compartment is in action. In fluid compartments the acting force 
on a surface is proportional to the hydrostatic pressure. In a closed fluid compart
ment, such as the endolymphatic and perilymphatic spaces, the hydrostatic pressure 
depends on the fluid volume and the compliance of the walls. In normal ears, the 
highly compliable Reissner's membrane immediately equalizes pressure differences 
between endolymph and perilymph by movement towards the compartment with the 
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lower pressure. In longstanding endolymphatic hydrops, the compliance of Reissner's 
membrane decreases with increasing distension. Additional increase of endolym
phatic volume is no longer fully compensated by further distension of Reissner's 
membrane. In this condition, endolymphatic-perilymphatic pressure gradients are 
found. In experimental endolymphatic hydrops after surgical obliteration of the endo
lymphatic sac, periodic pressure gradients between the endolymphatic and perilym
phatic spaces occur, which contribute to the deterioration of the auditory thresholds 
(2). By means of the M MS- 1 0 Tympanic Displacement Analyser it becomes feasible 
for the first time to measure the inner ear pressure in patients with Meniere's dis
ease. In this study the perilymphatic pressure was measured in 25 patients with 
Meniere's disease and compared with the perilymphatic pressure in 50 young nor
mal hearing subjects. Perilymphatic pressure measurement was performed at the 
beginning and at the end of a four day hospital stay, in order to detect possible peri
lymphatic pressure variations in Meniere's disease. 

Patients and methods 

Twenty-five patients suffering from Meniere's disease were extensively investigated 
according to a diagnostic protocol during a four day stay in the Department of 
Otorhinolaryngology of the University Hospital Groningen. The diagnosis of 
Meniere 's disease was defined by simultaneous fulfilment of three criteria: cochlear 
hearing loss, tinnitus and periodic attacks of vertigo. Of these 25 patients ( 1 3  men, 
1 2  women, mean age: 47 years, range: 27-64 years) 22 suffered from unilateral and 
3 from bilateral Meniere's disease. In total 28 ears were affected. The diagnostic pro
tocol consisted of routine ENT examination, audiovestibular tests, routine laborato
ry investigations, measurement of blood pressure, electrocochleography (ECoG), 
oto-acoustic emission examination and magnetic resonance imaging (MRI) of the 
temporal bones and the cerebellopontine angle. 
The perilymphatic pressure of all 25 patients was measured non-invasively by means 
of the M M  S- I 0 Tympanic Displacement Analyser at the beginning and at the end of 
the stay in hospital. Prior to the tests, the middle ear pressure and the stapedial reflex 
threshold at I 000 Hz were determined by a conventional impedance measurement 
instrument: the GSI 33 middle ear analyser. Test stimuli of 1 000 Hz with an intensi
ty of I 0, 20 and 25 dB above stapedial reflex threshold were used for the Tympanic 
displacement tests. No stimuli louder than 1 1 5 dB (HL) were used. Stimulus duration 
was 500 mill iseconds, measurement duration I ,5 seconds and the inter-stimulus 
interval was 7 seconds. In all cases the measurement parameters Vi and Vm were 
determined. Vi is defined as the maximum inward displacement in nanolitres of the 
tympanic membrane. Vm is the mean displacement in nanolitres from the time at 
which Vi is reached until the acoustic stimulus offset. 
The results of the perilymphatic pressure measurement of patients with Meniere's 
disease were compared with values for a group of 50 young normal hearing subjects 
(30 men, 20 women, mean age: 25.4 years, range 20-34 years. These subjects had no 
otological complaints. The measurement results were analysed using Student's t-test. 
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Results 

The parameters Vi and Vm showed large inter-individual differences in the affected 
ears as well as in the non-affected ears (tables I and 2). For the affected ears as well 
as the non-affected ears the Vi and V m of patients with Meniere's disease did not 
change significantly during their stay in the hospital. For Vi and for V m no signifi
cant differences were found between the affected and non-affected ears in the same 
patient. 
The measurement parameters Vi and V m did not differ significantly from the control 
group of 50 normal hearing subjects ( I  00 ears) measured under the same conditions 
(p > 0.01). The average values for this control group was - 1 67 nl for Vi (standard 
deviation 149 nl) and 33 nl (standard deviation 2 1 2  nl) for Vm (Table 3). The inter
individual variation in our control group was large. Nevertheless, the correlation of 
the test-retest results within one subject and one ear was high ( 1 9) .  The individual Vi 
results of the 28 affected ears are shown in figure 2. Although the measurement 
results showed large variations over all patients, for each patient the correlation 
between the measurement at the beginning and at the end of the hospital stay was 
high (r = 0.8). No significant correlation could be found between perilymphatic pres
sure measurement results and hearing thresholds, blood pressure, gender and age. 

Figure I 
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Individual measurement results of 28 affected ears. The X-axis represents 28 ears and the Y
axis the maximum inward displacement (=Vi) in nanolitres at the beginning ofthe hospital stay 
(shade bar) and at the end of the hospital stay (black bar). 
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Table 1 

Vi Vi 

on admission end of admission 

mean - 1 74 - 1 64 

standard deviation 1 82 1 62 

minimum -808 -7 1 8  

maximum - 1 5  -8 

range 793 7 1 0  

n = 28 

Vi in nanolitres 

Table 2 

V m V m 

on admission end of admission 

mean - 1 9  1 6  

standard deviation 2 1 4  1 67 

minimum -4 1 4  -323 

maximum 602 556 

range 1 0 1 6  879 

n =  28 

Vm in nanolitres 
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Table 3 

Vi V m 

mean - 1 67 33 

standard deviation 1 49 2 1 2  

minimum -567 -4 1 0  

maximum -5 604 

range 562 1 0 14 

n = 1 00 

Vi and Vm in nanolitres 

Discussion 

In animal experiments inner ear pressure has been extensively measured by means of 
(micro)pipettes and pressure transducers ( 1 ,2,3). However, these invasive methods 
can not be used in humans. The MMS- I 0 Tympanic Displacement Analyser is the 
only commercially available device to measure the human inner ear pressure non
invasively. In this study perilymphatic pressure in patients with Meniere's disease was 
compared with controls. 
Our results showed large inter-individual variations of the parameters Vi and Vm. 
This fact is in concordance with our series of normal hearing subjects and also accor
ding to the literature concerning patients with other otological, neurological and neu
rosurgical disorders (7,8,9, 1 0, 1 1 ,  1 2, 1 9,20). 
No significant differences were found between the perilymphatic pressure measure
ments at the beginning and the end of 4 day period. The differences found between 
the beginning and the end of the stay can therefore be considered as a result of differ
ences between test and retest measurements, as also found in normal hearing subjects 
measured in the mornirig and late in the afternoon ( 1 9) .  On average the difference 
between the perilymphatic pressure in patients with Meniere's disease and in young 
normal hearing subjects was not significant. Endolymphatic hydrops is considered to 
be the histopathological correlate of Meniere's disease. Increased endolymphatic 
hydrostatic pressure causes the distension and bulging of Reissner's membrane (2). 
In normal guinea pig ears the endolymphatic pressure is always equal to the peri
lymphatic pressure (2,2 I) .  Simultaneous invasive measurement in guinea pigs 
demonstrates a rigid coupling between the hydrostatic pressure of both inner ear 
compartments (2). 

54 



Also, in the early stages of experimental endolymphatic hydrops, no endolymphatic
perilymphatic pressure gradients are observed and the perilymphatic pressure can be 
considered representive for the endolymphatic pressure. However, when Reissner's 
membrane loses its high compliance, as seen in Iongstanding endolymphatic hydrops, 
further endolymph volume increase causes an endolymphatic-perilymphatic pressure 
gradient. 
In animal experiments, auditory thresholds are not affected by simultaneous in
creases of both endolymphatic and perilymphatic pressure (2). Endolymphatic-peri
lymphatic pressure gradients may cause the so-called leaky membranes, subsequent 
ruptures of Reissner's membrane and saccular membranes and contribute to the dete
rioration of the auditory thresholds (2). In our series of patients with longstanding 
Meniere's disease, patients presumably had periodic endolymphatic perilymphatic 
pressure gradients in the past, which had contributed to their hearing impairment. 
Inner ear dysfunction such as sensorineural hearing loss, has also been described as 
a result of cerebrospinal fluid changes (22,23). The cerebrospinal fluid compartment 
communicates with the perilymphatic space through the cochlear aqueduct (6). The 
pathophysiology of hearing impairment has been attributed to changes in perilym
phatic pressure caused by transmission of cerebrospinal fluid pressure through the 
cochlear aqueduct. In these patients short, periodic endolymphatic perilymphatic 
pressure gradients may occur, resulting in reversible or irreversible hearing impair
ment. 
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Introduction 

The inner ear provides the mechano-electrical transduction of stimuli for hearing and 
equilibrium. The homeostasis of the endolymphatic and perilymphatic fluid com
partments is essential for this transmission. Sound pressure waves, which are trans
mittted from the stapes footplate along the scala vestibuli and scala tympani, consist 
of pressure oscillations and are superimposed onto the hydrostatic pressure in the 
perilymph ( I ). The hydrostatic pressure of the inner ear fluids is regulated by the pro
duction and resorption of these fluids, osmotic and metabolic processes and exter
nal influences. The inner ear fluids are connected to the intracranial cavity by means 
of several passages through the temporal bone, allowing cerebrospinal fluid pressure 
to affect inner ear pressure (2,3). Furthermore, inner ear pressure is affected by blood 
pressure and ambient pressure. Several reports indicate that fluctuations of the hydro
static pressure in the inner ear can affect inner ear symptoms. Intracranial hyperten
sion and cerebrospinal fluid loss affect inner ear pressure by transmission through the 
cochlear aqueduct and can contribute to audiovestibular symptoms such as hearing 
impairment, tinnitus and vertigo (4,5,6). Sudden sensorineural hearing loss and inner 
ear symptoms in patients with Meniere's disease can be affected by changes in 
ambient pressure (7). Ambient pressure is transferred from the external auditory 
canal through the middle ear to the perilymphatic compartment of the inner ear. 
Objective electrocochleographic recordings have been found to change after induced 
middle ear pressure change in patients with Meniere's disease (8). Endolymphatic 
hydrops is generally accepted to be the histopathological substrate in Meniere's dis
ease leading to distension and bulging of Reissner's membrane into the scala vesti
buli. Distension and bulging can only occur when a mechanical force acts from the 
endolymphatic to the perilymphatic compartment. 
In fluid compartments, this acting force must be proportional to the hydrostatic pres
sure. In patients with longstanding Meniere's disease, the compliance of Reissner's 
membrane decreases with increasing distension and bulging. In this condition, the 
endolymphatic pressure can rise above perilymphatic pressure which results in endo
lymphatic-perilymphatic pressure gradients. In animal experiments, higher endo
lymphatic than perilymphatic pressures have indeed been detected in ears with long
standing endolymphatic hydrops and this contributes to further sensorineural hearing 
loss ( I ). Leaking or rupturing of the membranous labyrinth may result in intoxication 
of the perilymphatic space with potassium rich neurotoxic endolymph causing dama
ge to sensorineural structures (9). Quantitative investigation of the inner ear hydro
static pressure will contribute to the knowledge of physiological and pathophysiolo
gical processes in the inner ear. Invasive techniques for inner ear fluid pressure meas
urement can obviously only be used in animal experiments. The M M  S-I  0 Tympanic 
Displacement Analyser is thought to provide a non-invasive method for the assess
ment of perilymphatic pressure changes in the human inner ear. The device measures 
volume variations in the external auditory canal as a consequence of tympanic mem
brane displacement after contraction of the stapedial muscle induced by an acoustic 
stimulus. The displacement of the tympanic membrane depends on the resting posi-
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tion of the stapes footplate, which alters according to perilymphatic pressure varia
tions. In previous studies the measurement results show large inter-individual diffe
rences, but repeated measurements in the same conditions show good intra-individu
al correlations ( I  0, 1 1 ). This instrument has proven to be reliable in fol low-up studies 
on patients with intracranial pressure disorders and on patients with otological disor
ders ( 1 1 , 1 2, 1 3). 
The instrument has also been used for tympanic membrane displacement measure
ment in normal hearing subjects during different experimental conditions and we 
consider this technique to be suitable for monitoring perilymphatic pressure varia
tions in humans ( 1 4). We performed measurements in patients with Meniere's dis
ease with the M MS- 1 0 analyser. In contrast with Ernst et al. we found no significant 
differences in the average tympanic membrane displacement between patients with 
Meniere's disease and controls ( 1 5, 1 6). In the present study, we examined possible 
intra-individual perilymphatic pressure variations in relation to changes in the follo
wing inner ear symptoms of Meniere's disease: hearing loss, vertigo, tinnitus and 
pressure sensation. 

Patients and methods 

In this study, 1 8  patients with Meniere's disease were included ( I  0 male, 8 female, 
mean age 49 years, range 32-64 years). Of these 1 8  patients, 16 suffered from unila
teral and 2 from bilateral Meniere's disease, resulting in a total of 20 affected ears. 
Meniere's disease was defined according to the following criteria: sensorineural 
hearing loss, tinnitus and periodic attacks of vertigo. In order to confirm the diagno
sis, all patients were examined according to an extensive diagnostic protocol. In addi
tion to perilymphatic pressure measurements, the diagnostic protocol consisted of 
routine ENT examination, audiovestibular tests, registration of oto-acoustic emis
sions, extensive laboratory investigations, electrocochleograph and magnetic reso
nance imaging of the temporal bones and cerebellopontine angle. 
In this study only patients with a measurable stapedial reflex were included, because 
this is a prerequisite for our measurement technique. In all patients, the tympanic 
membrane displacement was measured in an upright-sitting position using the M M  S
I 0 Tympanic Displacement Analyser (March banks Measurement Systems Ltd, 
United Kingdom). Test stimuli of I 000 Hz with an intensity of I 0, 20 and 25 dB 
above the stapedial reflex threshold were presented both ipsilaterally and contra
laterally. Measurement time was 1 .5 s per stimulus, with 500 ms acoustic stimulus 
presentation. The inter-stimulus interval was 7 s. In all patients, the displacement of 
the tympanic membrane after acoustic stimulation was quantified using two meas
urement parameters, Vi and Vm, which are expressed in nanolitres. Vi is defined as 
the maximum inward displacement of the tympanic membrane. Vm is the mean dis
placement from the time at which Vi is reached until the acoustic stimulus offset. 
Both parameters are considered to be related to perilymphatic pressure 
(2,3, 1 0, 1 2, 1 3 ,  14, 1 6). 
Large negative values of Vi and V m are thought to correlate with high perilymphatic 
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pressure, while Vi values near zero and positive V m values correspond with low peri
lymphatic pressures. At each visit, for each ear the Vi and V m obtained from all pre
sented stimuli, I 0, 20 and 25 dB above the stapedial reflex threshold, ipsilaterally and 
contralaterally, were averaged. 
The severity of the symptoms including hearing loss, vertigo, tinnitus and pressure 
sensation were measured via scores on a questionnaire. All patients were examined 
every 3 to 4 months during a follow-up period of 1 2  months. Eight patients, of whom 
2 had bilateral Meniere's disease, visited the outpatient department 4 times and I 0 
patients, all with unilateral disease, presented 3 times. In total 52 visits of affected 
ears could be compared with a previous visit. At each follow-up visit, tympanic mem
brane displacement measurement was performed. The measurement parameters, Vi 
and Vm were related to the previous visit. 
Changes in Vi and Vm were correlated to changes in subjective symptoms including 
hearing loss, vertigo, tinnitus and pressure sensation, which were registered in a 
follow-up questionnaire and classified, with regard to the previous visit, as increased 
(- I ), unchanged (0) or decreased ( I ). Changes in subjective hearing loss were con
firmed by standard audiological tests. Significant differences were evaluated with 
analysis of variance, and relations between parameters were determined with corre
lation coefficients. Results with p values < 0.0 I were considered to be statistically 
significant. 

Results 

During the follow-up period the subjective symptoms including hearing loss, verti
go, tinnitus and pressure sensation showed significant variation. Vertigo changed in 
15 of all 1 8  patients. Complaints of tinnitus changed in I I and of pressure sensation 
in 1 4  of all 20 affected ears. Hearing loss was mostly stable. Only 4 patients ( 4 ears) 
perceived hearing improvement or deterioration. None of the patients were comple
tely free of complaints during the follow-up period. Fluctuations in the severity of the 
four symptoms were not mutually correlated (p > 0.0 I ). The perilymphatic pressure 
measurement results showed large inter-individual differences for the registered Vi 
and Vm parameters. The average Vi for all ears was - 1 68 nl (standard deviation 1 49 
nl, range -808 to -30 nl) and the average Vm was -57 nl (standard deviation 1 1 9 nl 
and range -4 1 4  to 1 82 nl). During the follow-up period the mean Vi and Vm for all 
patients did not change significantly. Variations of Vi and V m in the same subject 
were highly correlated (p < 0.0 l ). 
No significant correlations were observed between the change in average Vi and V m 
across al l  ears and symptoms. Measurements with the MMS- 1 0  Tympanic 
Displacement Analyser are characterized by a test-retest variability, in patients with 
Meniere's disease as well as in normal hearing subjects ( I  0, 1 5) .  We suppose that the 
variability is at random, and therefore we have chosen to compare averaged results. 
Table I shows the relation between the change of hearing loss and mean change of 
Vm, the range of the Vm change, the standard deviation and standard deviation of the 
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mean. Figures 1 -4 show the relations between the change in mean Vm and the change 
in the severity of complaints: hearing loss, vertigo, tinnitus and pressure sensation. 
Increase in hearing loss is slightly related to increasing values ofVm. 
Increases in vertigo, tinnitus and aural fullness are slightly but not significantly rela
ted to decreasing values of Vm. Vi measurements showed the same non-significant 
correlations with the symptoms. For all symptoms no significant correlations could 
be found between the severity of symptoms and the measurement variables Vi and 
V m (p > 0.0 I ). Provided the Vi and V m are a good measure of perilymphatic pres
sure, no significant relation was found between changes in perilymphatic pressure 
and symptoms of Meniere's disease. 
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Relation between changes in perilymphatic pressure measurements and subjective hearing 
loss. The horizontal axis represents the change in hearing loss compared to the previous visit: 
-I = increased, 0 = unchanged, and I = decreased. The vertical axis displays changes in Vm, 
also with respect to the previous visit, averaged over all ears, with the standard deviation of the 
mean. n - Number of ears. 
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Figure 2 

Relation between changes in 
perilymphatic pressure meas-
urements and vertigo. The hori-
zontal axis represents the chan-
ge in severity of vertigo compa-
red to the previous visit: -1 = 

increased, 0 = unchanged, and I 
decreased. The vertical axis 

displays the changes in Vm, 
also with respect to the previous 
visit, averaged over al l  ears, 
with the standard deviation of 
the mean. n - Number of ears. 

Figure 3 

Relation between changes m 
perilymphatic pressure meas
urements and tinnitus. The hori
zontal axis represents the chan
ge in severity of tinnitus com
pared to the previous visit: -1 = 

increased, 0 = unchanged, and I 
= decreased. The vertical axis 
displays the changes in Vm, 
also with respect to the previous 
visit, averaged over a l l  ears, 
with standard deviation of the 
mean. n = Number of ears. 
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Figure 4 20 

Relation between changes in  0 
perilymphatic pressure meas-
urements and aural fullness. 
The horizontal axis represents -20 
the change in severity of pres-
sure sensation compared to the -40 
previous visit: - 1  = increased, 
0 = unchanged, and I = decreased. -60 
The vertical axis displays the 
changes In V m, also with 
respect to the previous visit, -80 
averaged over al l  ears, with the 
standard deviation of the mean. - 1 00 
n = Number of ears. 
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Relation between change of hearing loss and Vm values. Mean Vm is the mean change 
ofVm over all ears when hearing loss was deteriorated (- 1 ), unchanged (0) or impro
ved (+ 1 ). SD = Standard deviation of the change ofVm; SD of the mean = SD/..Jn. 
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Discussion 

The inner ear mechanisms involved in the regulation of hydrostatic pressure are still 
not fully understood. Endolymphatic pressure, perilymphatic pressure and cerebro
spinal fluid pressure are closely related to each other. It is reasonable to assume that 
in normal human ears, as in other mammalian ears, the endolymphatic and peri
lymphatic pressure are equal, because the highly compliant Reissner's membrane 
immediately equalizes pressure differences by shifting towards the compartment with 
the lower pressure. The cerebrospinal fluid is directly connected to the perilymphatic 
compartment by the cochlear aqueduct, through which fluid and pressure exchange 
can take place. The function of the cochlear aqueduct has been examined extensive
ly in animal experiments, and its relevance for lower animals is generally accepted 
( 1 7, 1 8). In humans, post mortem temporal bone studies are performed, but the pre

cise physiological function of the cochlear aqueduct in humans remains unclear 
( 1 9  ,20). Anatomical studies have shown a decrease in patency of the aqueduct with 
advancing age ( 1 9). The endolymphatic compartment is connected with the sub
arachnoid space of the posterior fossa by the endolymphatic duct and sac. 
Endolymphatic pressure may be affected by intracranial cerebrospinal fluid pressure 
along this pathway, although no direct communication exists between the endolym
phatic compartment and the intracranial cavity. Endolymphatic hydrops in Meniere's 
disease has been attributed to a decreased absorption of endolymph in the endo
lymphatic sac and a periodic overproduction of endolymph (2 1 ). Hypoplasia of the 
endolymphatic duct and sac has been found in affected and non-affected ears of 
patients with Meniere's disease by means of special magnetic resonance imaging 
techniques and can be regarded as a predisposing factor in the pathogenesis (2 1 ). 
In longstanding endolymphatic hydrops, as seen in Meniere's disease, the complian
ce of Reissner's membrane is l ikely to deteriorate with increasing distension and bulg
ing. In this condition, the endolymph volume increase cannot be fully compensated 
by further distension and the endolymphatic pressure becomes higher than the peri
lymphatic pressure. Under these conditions a borderline communication capacity of 
the cochlear aqueduct can lead to further deterioration of the pressure regulation of 
the inner ear fluids. 
This study represents a longitudinal investigation of perilymphatic pressure meas
urement in patients with Meniere's disease in relation to the characteristic symptoms 
hearing loss, vertigo, tinnitus and pressure sensation. As in our group of patients 
symptoms were not mutually related, all symptoms were correlated separately to peri
lymphatic pressure. In our series no significant correlations were observed between 
the changes in Vi or Vm values and the severity of one or more symptoms of 
Meniere's disease. Hearing impairment may be related to a decrease in perilymphat
ic pressure and increasing complaints of vertigo, tinnitus and aural fullness to eleva
tion of perilymphatic pressure. In this series the symptoms of Meniere's disease are 
not significantly related to changes in perilymphatic pressure as measured non-inva

sively by the MMS- I 0 Tympanic Displacement Analyser. However, the endolymphat
ic pressure in our patients may be related to symptoms of Meniere's disease. In our 

64 



series of patients who have suffered from Meniere's disease for at least I year, a dete
riorated compliance of Reissner's membrane might exist and additional endolymph 
volume increase could result in an elevated endolymphatic pressure without change 
in perilymphatic pressure. Until now, endolymphatic pressure has not been measured 
in humans. By means of the MMS- 1 0 Tympanic Displacement Analyser non-invasi
ve measurement of perilymphatic pressure variations in humans becomes feasible for 
the first time. 
However, this technique has some limitations. The Tympanic Displacement Analyser 
does not permit the detection of absolute pressure values. The inter-individual differ
ences of the measurement parameters are large and the test-retest variability also 
cannot be ignored. This variability is superimposed on possible perilymphatic pres
sure variations in our series, which results in the high standard deviation of the meas
urement values. Secondly, in concordance with other studies on Meniere's disease, 
quantification of the subjective symptoms is arbitrary. Symptoms such as vertigo, 
tinnitus and pressure sensations can not be measured in absolute values and although 
hearing loss can be quantified using audiological measurement, in our group only 4 
patients experienced a subjective change in hearing. 
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Chapter 8 

PERILYMPHATIC PRESSURE DYNAMICS FOLLOWING 
POSTURE CHANGE IN PATIENTS WITH MENIERE'S 
DISEASE AND IN NORMAL HEARING SUBJECTS 

Rosingh HJ, Wit HP, Albers FWJ. Perilymphatic pressure dynamics following postu
re change in patients with Meniere's disease and in normal hearing subjects. Acta 
Otolaryngol (Stockh). In press. 



Introduction 

The hydrostatic pressure of the inner ear fluids is essential for the normal functioning 
of hearing and equilibrium. Perilymphatic and endolymphatic pressure are closely 
related to the cerebrospinal fluid pressure ( I ). The influence of the cerebrospinal 
fluid pressure on the inner ear depends on its pressure transfer routes. The perilym
phatic compartment of the inner ear is directly connected with the cerebrospinal fluid 
in the fossa posterior through the cochlear aqueduct and through several perineural 
and perivascular spaces. The cochlear aqueduct is a bony canal which tranverses the 
petrous pyramid of the temporal bone from the scala tympani of the basal cochlear 
turn to the subarachnoid space of the fossa posterior. The length of the human 
aqueduct varies considerably, as shown in different studies, from 6 to 1 3  mm (2,3,4). 
The patency of the cochlear aqueduct is variable and seems to decrease with age 
(5,6). The cochlear aqueduct is filled with loose connective tissue with macrophages, 
erythrocytes and fluid, constituting the periotic duct (7). The cochlear aqueduct has 
clinical relevance as a connection for fluid and hydrostatic pressure between the inner 
ear and the cerebrospinal fluid. It may serve a conduit for spread of infection in two 
directions. A suppurative labyrinthitis may cause a otogenic meningitis or a menin
gitis may spread through the aqueduct to cause a labyrinthitis. Under normal condi
tions the connections between the cerebrospinal and intralabyrinthine fluid compart
ments formed by several perivascular and perineural spaces are probably not clini
cally relevant. After experimental closure of the cochlear and vestibular aqueduct in 
cats, no changes in inner ear pressure could be observed following a change in cere
brospinal fluid pressure (8,9). 
Besides these direct connections between the perilymphatic compartment and the 
cerebrospinal fluid space, an indirect pressure transfer also exists. The endolymphat
ic compartment is connected with the subarachnoid space of the fossa posterior via 
the endolymphatic sac and duct. In normal ears, perilymphatic pressure is closely 
related to endolymphatic pressure because the highly compliant Reissner's membra
ne immediately equalizes each pressure difference ( l 0). When the cochlear aqueduct 
is fully patent, cerebrospinal fluid pressure variations will directly reflect on peri
lymphatic and endolymphatic pressure ( 1 1 ,  1 2, 1 3, 1 4). In cats, variations of cerebro
spinal fluid pressure following a change in body position affected the perilymphatic 
pressure with a time delay of less than a second ( 1 2). However, the pace at which this 
happens in cats may be different to humans, because in human inner ears the cochle
ar aqueduct is narrower and covered with more connective tissue. The cochlear 
aqueduct can be considered as a low pass filter, preventing labyrinthine damage as 
perilymph fistula following large and rapid changes in cerebrospinal fluid pressure 
( 1 2, 1 3). 
Inner ear disorders, such as Meniere's disease, are associated with disturbances of 
inner ear fluid regulation, resulting in endolymphatic hydrops ( 1 5, 1 6, 1 7) .  Until now 
it is not fully understood how the patency of the cochlear aqueduct influences the 
pressure regulation mechanism of the human inner ear under normal and pathologi
cal conditions ( 1 8, 1 9). Direct investigations of the patency of the human cochlear 
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aqueduct are limited to anatomical or cadaver studies. However, the MMS-1 0 
Tympanic Displacement Analyser provides a non-invasive measurement system for 
the assessment of perilymphatic pressure of the human inner ear. By measurement of 
small volume variations in the external auditory canal, the instrument can determine 
displacements of the tympanic membrane following stapedial muscle contraction. 
The displacement of the tympanic membrane depends on the resting position of the 
stapes footplate, which alters with different perilymphatic pressure levels (20,2 1 ). 
Using the tympanic membrane displacement technique changes of perilymphatic 
pressure after alternation of cerebrospinal fluid pressure can be detected non-invasi
vely. In normal hearing subjects and in patients with Meniere's disease the perilym
phatic pressure in supine body position was significantly higher than in upright-sit
ting position, in accordance with a increased intracranial cerebrospinal fluid pressure 
in supine body position (2 1 ,22,23). No significant differences between patients with 
Meniere's disease and normal hearing subjects were found with respect to measure
ments in upright-sitting position and a persistent supine position. In this study, we 
focussed on the time course of the perilymphatic pressure change following change 
of posture in patients with Meniere's disease and in normal hearing subjects in order 
to detect a possible difference in the patency of the cochlear aqueduct between both 
groups. 

Material and methods 

In this study, 27 patients with Meniere's disease ( 1 5  male, 1 2  female, mean age: 47 
years, range: 28-68 years) and 1 2  normal hearing subjects (8 male, 4 female, mean 
age: 24, range: 1 8-32) were involved. Twenty patients suffered from unilateral and 7 
from bilateral Meniere's disease. All patients suffered from a chronic Meniere's dis
ease for at least one year. No patients had a acute exarcebation of the disease. The 
diagnosis of Meniere's disease was defined by the simultaneous occurence of three 
symptoms: sensorineural hearing loss, tinnitus and periodic attacks of vertigo. In 
order to confirm the diagnosis all patients were examined according to an extensive 
diagnostic protocol, which consisted of routine ENT examination, audiovestibular 
tests, laboratory tests and MRI-scanning of the temporal bones and cerebel lopontine 
angle. Ears without a measurable stapedial reflex were excluded. All included ears 
were divided in three different groups; group I :  affected ears (n=28), group 2 :  non
affected ears (n=l 6) and group 3: controls (n= 1 8) .  
In al l  ears the change in perilymphatic pressure after posture change was assessed 
non-invasively using the MM S- I 0 Tympanic Displacement Analyser (March banks 
Measurement Systems Ltd. United Kingdom). The perilymphatic pressure in each ear 
was measured seven times consecutively without removing the headset: I :  in upright
sitting position (up), 2: in supine position (sp) immediately after lying down, 3 :  in sp 
I minute after lying down, 4: in sp 3 minutes after lying down, 5 :  in sp 5 minutes after 
lying down, 6: in sp 1 0  minutes after lying down, and finally 7: in upright-sitting 
position (up) again. For each of the 7 measurements, 1 0  test-stimuli of 20 dB above 
stapedial reflex threshold were presented contralaterally. The acoustic stimulus pre-
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sentation lasted 0.5 seconds and the inter-stimulus duration was 5 seconds. For each 
measurement the average tympanic membrane displacement of I 0 test-stimuli was 
quantified by two measurement parameters, Vi and V m, both expressed in nanoliters. 
Large negative values of Vi and V m correspond with high perilymphatic pressures, 
while Vi values near zero and positive Vm values indicate low perilymphatic pres
sures (20,2 1 ). The mean values of Vi and V m over all affected ears, non-affected ears 
and control ears were compared and statistically analysed. Statistical analysis were 
performed by ANOVA and results with p values < 0.05 were considered to be statis
tically significant. 

Results 

The Vi and V m values over all ears showed large inter-individual differences. No sig
nificant differences were found between the averaged Vi and Vm values between 
patients with Meniere's disease, for affected as well as non-affected ears, and control 
ears. For the three groups the mean Vi and V m with standard-deviation of the first 
measurement in upright-sitting position and the first measurement in supine position 
are shown in tables I and 2. In order to study the changes in perilymphatic pressure 
despite the large inter-individual differences, the Vi and Vm values of the consecuti
ve measurements were related to the values of the first measurement of the same ear 
in upright-sitting position. Changes of the Vi and V m values in relation to the first 
measurement are shown in Fig I and 2 for affected ears (group I ), in Fig 3 and 4 for 
non-affected ears (group 2) and in Fig 5 and 6 for control ears (group 3). For all 
groups differences for Vi and V m between the measurements in upright-sitting posi
tion and supine position were statistically significant (p < 0.05). For all groups the Vi 
and Vm values of the last measurement in upright- sitting position (measurement 7) 
did not significantly differ from the first measurement in upright-sitting position 
(measurement I )  (p > 0.05). No significant differences were found in the time course 
of the Vi and V m changes in affected ears, non-affected ears and control ears. After 
a initial decrease of the Vi and V m in the first minute after lying down, the values did 
not change significantly untill the upright-sitting body position has been restored, 
which leaded to Vi and V m values in accordance to the first measurements in upright
sitting position. 
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Change of Vi in group I (affected ears, n = 28) after change of body position. The X-axis repre
sents the time in minutes after change from upright-sitting position to supine position. The Y
axis represents the Vi change averaged over all ears of group I with standard-deviation of the 
mean in nanolitres with respect to the first measurement in upright-sitting position. 
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Change of V m in group I (affected ears, n = 28) after change of body position. The X-axis 
represents the time in minutes after change from upright-sitting position to supine position. 
The Y-axis represents the V m change averaged over all ears of group I with standard-deviation 
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Figure 3 
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represents the time in minutes after change from upright-sitting position to supine position. 
The Y-axis represents the Vi change averaged over all ears of group 2 with standard-deviation 
of the mean in nanolitres with respect to the first measurement in upright-sitting position. 
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Change ofVm in group 2 (non-affected ears, n = 1 6) after change of body position. The X-axis 
represents the time in minutes after change from upright-sitting position to supine position. 
The Y-axis represents the V m change averaged over all ears of group 2 with standard-deviation 
of the mean in nanolitres with respect to the first measurement in upright-sitting position. 

72 



time in minutes 

sitting supine - - - - - - - - - - - - - - - - - - - - - - - - - - - - supine sitting 
- 1 0 2 3 4 5 6 7 8 9 1 0  1 1  0 : 

(/) l 
Q) -20 t .� 
0 

-
40 t c 

C1l -60 c 
c -80 f > - 100 t 

-120 T 

Figure 5 

- 140 f -160 
- 180 

Change of Vi in group 3 (normal hearing ears, n = 1 8) after change of body position. The X
axis represents the time in minutes after change from upright-sitting position to supine posi
tion. The Y-axis represents the Vi change averaged over all ears of group 3 with standard-devia
tion of the mean in nanolitres with respect to the first measurement in upright-sitting position. 
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Change ofVm in group 3 (normal hearing ears, n = 1 8) after change of body position. The X
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tion. The Y-axis represents the V m change averaged over all ears of group 3 with standard
deviation of the mean in nanolitres with respect to the first measurement in upright-sitting 
position. 
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Table I .  

Mean Vi  values in  nl with standard-deviation (SO) for patients with Meniere's disease (affect
ed and non-affected ears) and for control ears in upright-sitting position and in supine position. 

Vi sitting Vi supine 

mean SD mean SD 

Affected ears (group I )  - I l l  1 38 - 1 88 1 93 
n - 28  

Non-affected ears (group 2) - 1 12  1 02 -2 1 7  1 86 
n = 1 6  

Controls (group 3) - 1 34 207 - 1 75 229 
n = 1 8  

No significant differences between group I ,2 and 3 (p < 0.05). 

Table 11.  

Mean V m values in nl with standard-deviation (SO) for patients with Meniere's disease (affect
ed and non-affected ears) and for control ears in upright-sitting position and in supine position. 

Vm sitting Vm supine 

mean so mean SD 

Affected ears (group I )  42 237 -75 25 1 
n = 28 

Non-affected ears (group 2) -29 1 4 1  - 1 09 285 
n = 1 6  

Controls (group 3) 45 239 -46 2 1 3  
n � 1 8  

No significant differences between group I ,  2 and 3 (p < 0.05). 

74 



Discussion 

Meniere's disease is characterized by endolymphatic hydrops which is presumably 
related to an impaired absorption of endolymph in the endolymphatic sac and a period
ic overproduction by hormonal stimulation of Na/K - ATPase (24,25). The increase 
of endolymph volume causes an increase of endolymphatic pressure leading to the 
bulging of Reissner's membrane which is generally known to be the histopathologi
cal substrate of Meniere's disease. The relation between endolymphatic and peri
lymphatic pressure depends on the compliance of Reissner's membrane. The peri
lymphatic pressure changes are also influenced by the patency of the cochlear 
aqueduct and the compliance of the round and oval window. The perilymphatic and 
endolymphatic hydrostatic pressure are affected by blood pressure and by the cere
brospinal fluid pressure, mainly through the cochlear aqueduct. However, the coch
lear aqueduct may serve as an overflow channel for periodic increase of perilym
phatic and endolymphatic pressure. In animals, the patency of the cochlear aqueduct 
is large and there is a tight and fast relation between pressure changes in the perilym
phatic compartment and the cerebrospinal fluid compartment ( 1 2). However, in 
human ears the cochlear aqueduct is narrower and the patency varies, possibly influ
encing Meniere's disease. 
In this study, we compared indirectly in a non-invasive way the patency of the coch
lear aqueduct in patients with Meniere's disease with the patency in control ears. As 
measured non-invasively using the tympanic membrane displacement technique, the 
averaged changes of perilymphatic pressure in the affected ears and non-affected ears 
as well as in control ears were completed in the first minute after posture change and 
did not alter significantly during the following ten minutes. 
After resuming the upright-sitting position, the Vi and Vm values equalized again 
within one minute compared to the values of the first measurement in upright-sitting 
position. The change in perilymphatic pressure correlates directly with the change in  
cerebrospinal fluid pressure after change of body position. Inter-individual differ
ences in the changes of perilymphatic pressure are possibly caused by inter-indivi
dual differences in the patency of the cochlear aqueduct, but we found no significant 
differences in averaged perilymphatic pressure changes between the affected ears, 
non-affected ears and control ears. However, in control ears an interesting trend can 
be seen in a slightly more delayed change in perilymphatic pressure. In contrast with 
the affected and non-affected ears, the Vi and Vm in controls continue to decrease 
after 5 minutes. The mean age of the controls was more than 20 years younger than 

the group of patients with Meniere's disease. Since the patency of the cochlear 
aqueduct has been suggested to decrease at advanged age we did not expect this 
delayed change in the controls. Possibly the cochlear aqueduct in both the affected 
and non-affected ears may be more patent than in controls and the so-called low pass 
filter capacity may have deteriorated. In that case, large and rapid variations of cere
brospinal fluid pressure will more easily affect the inner ear pressure, which can con
tribute to inner ear damage as seen in Meniere's disease. 
No prenouncement can be made for perilymphatic pressure changes in the first minu-
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te after change of body position. For each single measurement, the Vi and V m para
meters consisted of the averaged results of ten consecutive stimuli of 500 ms with 5 
seconds inter-stimulus duration which leads to a measurement time of about one 
minute. Therefore, we can not evaluate changes in perilymphatic pressure within the 
first minute. Possible differences between patients with Meniere's disease and con
trol subjects shorter than one minute in perilymphatic pressure cannot be detected 
using our measurement technique. 
If the measurement technique can be improved, leading to a representative result after 
only one acoustic stimulus, the method will be faster and probably suitable for the 

detection of changes in perilymphatic pressure within a time scale of seconds. 
Further combined clinical and experimental research is needed to provide more 
detailed data on the physiology and pathophysiology of inner ear fluid regulation and 
related disturbances. 
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Chapter 9 

SPIRONOLACTONE TRIAL IN MENIERE'S DISEASE WITH 
SPECIAL EMPHASIS ON PERILYMPHATIC PRESSURE 

Rosingh HJ, Albers FWJ, Wit HP. Spironolactone trial in Meniere's disease with spe
cial emphasis on perilymphatic pressure. Submitted. 



Introduction 

Endolymphatic hydrops of the inner ear is generally accepted as the histopathologi
cal substrate of Meniere's disease ( 1 ,2). The origin of the endolymphatic hydrops has 
been attributed to either an impaired endolymph absorption in the endolymphatic sac 
or an excessive production of endolymph in the lateral cochlear wall and the dark 
cells of the vestibular labyrinth (3,4,5). Recently, a new dynamic two-phase model 
for endolymphatic hydrops has been proposed which is based on a decreased absorp
tion of endolymph in the endolymphatic sac in combination with a hormonal in
duced periodic overproduction of endolymph (6,7). In histological and radiological 
studies, hypoplasia of the vestibular aqueduct and endolymphatic sac was demon
strated for the affected as well as the non-affected ears in patients with Meniere's dis
ease (6,8,9, 1 0) .  These findings may indicate a decreased resorption capacity in the 
endolymphatic sac. The production of endolymph depends on membrane bound 
Na/K - ATPase in the marginal cells of the stria vascularis and the dark cells of the 
vestibular labyrinth. The Na/K - ATPase activity is found to be influenced by circu
lating adrenal steroids (glucocorticoids: cortisol and corticosterone; mineralocorti
coids: aldosterone) ( 1 1 ,  1 2). Mental stress, which is frequently found to initiate 
Meniere's disease, leads to an increased secretion of adrenocorticotropic hormone 
(ACTH) in the anterior pituitary, followed by an increased adrenal production of ste
roids. The periodic increase of endolymph production in combination with a deterio
rated re-sorption capacity of the endolymphatic sac will result in the formation of 
endolym-phatic hydrops, which, finally, will lead to audiovestibular dysfunction. In 
recent animal experiments, the two-phase model for endolymphatic hydrops was con
firmed by distal dissection of the endolymphatic sac and the application of the miner
alcorticosteroid aldosterone resulting in endolymphatic hydrops (7). In these animal 
experiments, aldosterone significantly contributed to the development of endolym
phatic hydrops. 
In accordance with these findings, a placebo-controlled, randomized, double-blind, 
cross-over study was performed to investigate the effect of spironolactone, an aldos
terone antagonist, in patients with an instable Meniere's disease. The results of the 
clinical drug study will be reported extensively in a future article. In this study, the 
perilymphatic pressure of the inner ear was measured non-invasively using the MMS-
1 0 Tympanic Displacement Analyser (March banks Measurement Systems Ltd, UK). 
The preliminary results of perilymphatic pressure measurements in relation to spiro
nolactone treatment are presented in this report. 

Subjects and methods 

Subjects 
In this study 1 0  patients with Meniere's disease were included (7 male, 3 female, 
mean age: 47 years, range: 1 9-57 years). Three patients suffered from bilateral 
Meniere's disease. Meniere's disease was strictly defined by simultaneous fulfilment 
of three criteria: cochlear hearing loss, periodic attacks of vertigo and tinnitus. In 
order to confirm the diagnosis, all patients were examined according to a diagnostic 
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protocol which consisted of routine ENT examination, extensive audiovestibular 
tests, laboratory investigations and magnetic resonance imaging (MRI) of the tem
poral bones and the cerebellopontine angle. 
Patients were included in the trial when they experienced an acute manifestation of 
their disease, including at least a deterioration of I 0 dB HL in three consecutive fre
quencies on pure-tone audiometry in the affected ear. Excluded from the trial were 
patients with: hypertension, renal insuffiency, cardiovascular diseases or diabetes 
mellitus. Patients were informed about the design and the aim of the trial and gave 
their written informed consent. They were free to withdraw from the trial at any time. 

Design of the study 
The clinical trial was designed as a randomized, double-blind, placebo-controlled, 
cross-over study during 16 weeks. During a period of 8 weeks patients used 50 milli
grams spironolactone twice daily followed by 8 weeks placebo, or conversely. 
Patients were assigned randomly to one of the two groups. The study did not include 
a wash-out period. The active drug medication containing spironolactone was identi
cal to the placebo. 
Subjective symptoms, scored in a questionnaire, audiovestibular and laboratory data 
were collected during the study and will be presented in a future article. 

Perilymphatic pressure measurement 
The perilymphatic pressure was measured non-invasively using the MMS- 1 0 

Tympanic Displacement Analyser. Measurements were performed in all affected and 
non-affected ears at the start and at the end of each 8 weeks period. Tympanic mem
brane displacement measurements were performed in upright-sitting body position 
using ipsi- and contralateral test stimuli of I 0, 20 and 25 dB HL above stapedial 
reflex thresholds. Each auditory test stimulus was given I 0 times during 500 ms with 
a inter-stimulus duration of 7 seconds. The displacement of the tympanic membrane 
after contraction of the stapedial muscle depends on the resting position of the stapes 
footplate, which alters at different perilymphatic pressures ( 1 3, 1 4) .  The displacement 
of the tympanic membrane is quantified by two measurement parameters Vi and V m. 
Vi is defined as the maximum inward displacement and Vm as the mean displace
ment from the time at which Vi is reached until stimulus offset. Low values of Vi and 
Vm indicate higher perilymphatic pressures and, conversely, high values are related 
to lower perilymphatic pressures ( 1 3, 1 4). The averaged Vi and V m of all acoustic sti
muli were determined for each ear. 

Statistical analysis 
In order to study potential changes of the perilymphatic pressure related to the use of 
spironolactone versus placebo, the intra-individual Vi and Vm changes with respect 
to the previous measurements were determined for each patient. For each ear, the Vi 
and Vm values averaged over all acoustic stimuli at 8 weeks were compared to the 
measurement results at the start of the trial, whereas the results at the end of the trial 
were compared to those after 8 weeks. The results were statistically analysed using 
ANOVA and results with p values < 0.0 1 were considered to be significant. 
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Results 

Eight patients with Meniere's disease completed the study period of 1 6  weeks. Two 
patients refused to continue during the first four weeks of the trial because they did 
not experience enough benefit from the medication and prefered alternative treat
ment modalities. 
At the start of the trial, the mean Vi for the affected ears was -92 nl (standard devia
tion (SD): 75 nl) and for the non-affected ears -82 nl (SD: 72 nl); the mean V m was 
-5 nl (SD: 66 nl) for the affected ears and -3 7 nl (SD: 90 nl) for the non-affected ears. 
These differences of absolute Vi and Vm values between affected and non-affected 
ears were not significant. 
The intra-individual Vi and Vm changes in relation to the previous measurement, 
averaged over all affected and non-affected ears during the spironolactone and the 
placebo period, are shown in figure I and 2. In the affected as well as the non-affect
ed ears the mean Vi decreased during spironolactone treatment, whereas the mean Vi 
increased during the placebo period. The difference of Vi change between both 
periods is statistically significant (p < 0.0 I ) . In the affected ears the mean V m also 
showed an decrease during spironolactone, but the difference with the V m change in 
the placebo period was not found to be significant (p > 0.0 I ). In non-affected ears the 
mean Vm showed no significant change during spironolactone and placebo period. 

Figure 1 
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Mean change of Vi in affected (n = 8) and in non-affected (n = 8) ears during spironolactone 
treatment (black bars) and during use of a placebo (white bars). Differences between the Vi 
change during spironolactone and the placebo are significant (p < 0.0 1 ). 
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Figure 2 
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Mean change of V m in affected (n = 8) and in non-affected (n = 8) ears during spironolactone 
treatment (black bars) and during use of a placebo (white bars). Differences between V m change 
during spironolactone and the placebo are not significant (p > 0.0 1 ). 

Discussion 

In the-two phase endolymphatic hydrops model for Meniere's disease, periodic endo
lymph overproduction by adrenocortical stimulation in combination with a dys
function of the resorptive capacity of the endolymphatic sac results in the formation 
of endolymphatic hydrops. Aldosterone is the mean mineralocorticosteroid of the 
adrenal cortex. Spironolactone is an aldosterone antagonist, which competes with 
aldosterone for the distal tubular receptor involved in the sodium-potassium exchange. 
The possible benefical effect of spironolactone in the acute phase of Meniere's disease 
is investigated in a placebo-controlled, randomized, double-blind, cross-over study. In  
this report the effect of spironolactone on the perilymphatic pressure in  the affected 
and non-affected ears is examined non-invasively using the Tympanic Displacement 
Analyser. 
A significant decrease of the Vi (and a substantial but not significant decrease ofVm) 
was observed during spironolactone treatment. These findings may indicate an in
crease of the perilymphatic pressure in the inner ear during spironolactone in the 
affected as well as the non-affected ears in patients with Meniere's disease. However, 
these interesting findings require a careful interpretation because our series of 8 
patients is small and the measurement technique has specific limitations. The tech
nique does not permit the determination of absolute pressure values and is characte
rized by substantial test-retest variations in measurements under identical conditions ( 1 5) .  
In normal ears the endolymphatic and perilymphatic pressure is equal because the 
highly compliant Reissner s membrane equalizes every pressure difference. 
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However, in ears with a Iongstanding endolymphatic hydrops the compliance of 
Reissner's membrane is deteriorated and with further increment of endolymph volu
me a higher endolymphatic than perilymphatic pressure can be found ( 1 6). It is rea
sonable to assume that in our series of patients with longstanding Meniere's disease 
the compliance of Reissner's membrane indeed was deteriorated and endolymphatic
perilymphatic pressure gradients occurred. 
Generally, in fluid compartments, an increase of hydrostatic pressure is caused by an 
increase of fluid volume. Perilymph of the scala vestibuli is mainly a plasma ultra
filtrate and the production is independent ofNa/K - ATPase, wheras perilymph of the 
scala tympani is formed by plasma, cerebrospinal fluid and epithelial secretion ( 1 7). 
Perilymph is regarded as the precursor of endolymph. Blockage of the Na/K - ATPase 
activity after spironolactone admission is proposed to result in a decreased produc
tion of endolymph. Subsequently, less perilymph is needed for the limited production 
of endolymph, which may lead to an increase of perilymph volume and pressure as 
suggested by our measurements. 
Invasive measurement of the inner ear fluid pressure in animal experiments can pro
vide additional information on the effect of aldosterone and the aldosterone antago
nist. Furthermore, the significance of the effects of spironolactone treatment regard
ing the perilymphatic pressure in patients with Meniere's disease needs future study 
in more patients. Differentation between early and late stage of Meniere's disease 

would be highly relevant. In early stages of Meniere's disease a beginning endo
lymphatic hydrops can possibly be limited by spironolactone in order to prevent per
manent sensorineural hearing loss which is found in later stages of the disease. 
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Chapter 1 0  

SUMMARY AND CONCLUSIONS 



The homeostasis and the hydrostatic pressure of both inner ear fluids, endolymph and 
perilymph, are essential for normal functioning of hearing and spatial equilibrium. 
The hydrostatic pressure of the inner ear has been extensively measured in animal 
experiments by invasive measurement methods. However, these invasive methods are 
not suitable for human inner ears. Recently the MMS- 1 0 Tympanic Displacement 
Analyser has been developed to measure the perilymphatic pressure in the humans 
inner ear non-invasively. Using this technique extensive perilymphatic pressure 
measurements in normal hearing subjects and in patients with Meniere's disease were 
performed. 

In Chapter 2 the composition, production, resorption, osmolality, electric potentials 
and hydrostatic pressure of the inner ear fluids are discussed. Both inner ear fluids 
differ widely from composition and origin. The perilymph resembles a plasma ultra
filtrate and is a Na· rich solution with a low concentration of K'. Endolymph is char
acterized by a high concentration of K' and a low Na' concentration, high osmolali
ty and a positive transepithelial potential ( +80 m V) with respect to perilymph and 
plasma. The precursor of perilymph is blood plasma, whereas the origin of endo
lymph is perilymph. The production of endolymph and the generation of the 
transepithelial positive potential depends on the Na/K pump in the marginal cell of 
the lateral wall of the cochlea and the dark cells in the utricle and the ampullae. The 
Na/K pump is regulated by the enzym Na/K - ATPase located on the basolateral 
membrane of the marginal and the dark cells. The regulation of inner ear hydrostatic 
pressure is not fully understood. The pressure is influenced by production and 
absorption of inner ear fluids and by cerebrospinal fluid, blood and middle ear pres
sure. The cerebrospinal fluid pressure affects the inner ear pressure through several 
routes: the cochlear and vestibular aqueduct and by several perivascular and peri
neural canals. Measurement of hydrostatic pressure will improve the knowledge of 
the inner ear fysiology and pathofysiology. 

The MMS- 1 0 Tympanic Displacement Analyser (TDA) is descriped in Chapter 3.  

The TDA is a commercially available device for non-invasive perilymphatic pressure 
measurements in human ears. The TDA is based on the principle that movements of 
the tympanic membrane, induced by the stapedial reflex, produce small volume dis
placements in the external auditory canal. These volume variations of several nano
litres can be measured by means of the TDA. The instrument consists of a measuring 
device in a disk-drive slot of a personal computer and is connected to a headset with 
a transducer probe which hermetically seals the external auditory canal during meas
urements. The device allows the measurement of small volume displacements under 
simultaneous elicitation of the stapedial reflex. The stapedius muscle contracts in 
response to loud auditory stimuli and alters the position of the stapes and the tympa
nic membrane. The displacement of the tympanic membrane after contraction of the 
stapedial muscle depends on the resting position of the stapes footplate within the 
oval window. A high perilymphatic pressure displaces the resting position of the sta
pes footplate laterally and allows a higher degree of freedom for motion in a medial 
direction and correspondingly a more inward displacement of the tympanic mem-
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brane. Conversely, a low perilymphatic pressure displaces the footplate more medial
ly, resulting in more motion in a lateral direction and a more outward displacement 
of the tympanic membrane. The displacement of the tympanic membrane after elicita
tion of the stapedial reflex can be quantified by to measurements parameters, Vi and 
V m both expressed in nanolitres. Vi is defined as the maximum inward displacement 
of the tympanic membrane while the acoustic stimulus is present and V m is the mean 
displacement from the time at which Vi is reached until the acoustic stimulus offset. 

Chapter 4 presents the non-invasive perilymphatic pressure measurements in normal 
hearing subjects using the MM S- I 0 Tympanic Displacement Analyser. The measure 
ments were performed in 50 normal hearing subjects ( 1 00 ears) in three different 
conditions: I .  in upright-sitting and supine body position; 2. in the morning and after
noon; 3. before and after physical exertion. No significant differences were found 
between the right and left ears. The perilymphatic pressure in supine position was 
found to be significantly higher than that in upright-sitting position. The perilym
phatic compartment communicates with the cerebrospinal fluid through the cochlear 
aqueduct. In supine position the intracranial cerebrospinal fluid pressure increases 
which affects the perilymphatic pressure. The measurement results did not alter 
during the day, indicating the absence of diurnal variation. Also, the perilymphatic 
pressure did not change significantly following physical exertion. The Vi and Vm 
measurement variables showed large inter-individual differences. Nevertheless in this 
study, the correlation of the test results within one subject and one ear was high 
(about 0.9). 

Chapter 5 moderates the TDA and discusses the reliability and reproducibility of the 
tympanic membrane displacement measurement method. In an examination of three 
consecutive non-invasive perilymphatic pressure measurements in 20 normal hearing 
ears under identical conditions the test-retest variation is determined. In individual 
ears the variations of measurement results of subsequent identical measurements 
were substantial and in the order of changes, which were in previous study fully attri
buted to perilymphatic pressure or cerebrospinal fluid alternations. Consequently, the 
measurements results of the TDA have to be interpreted with care and the device 
seems to be more suitable for comparative studies of groups of patients or subjects 
than for clinical follow-up of an individual patient. No measurement condition had a 
significantly smaller test-retest variation. Measurements with ipsilateral stimuli per
mit slighly larger test-retest variations probably caused by the noise waves by these 
ipsilateral stimuli, which produce small volume displacements in the external audi
tory canal. The reason for these test-retest variations is discussed. Possibly cardio
vascular pulsations of blood vessels in the external auditory canal or in the tympanic 
membrane affects the tympanic membrane displacement. 

In Chapter 6 the non-invasive perilymphatic measurement results in 25 patients with 
Meniere's disease (28 affected ears) were compared with the results in 50 young 
normal hearing subjects. The diagnosis of Meniere's disease was defined by simul
taneous fulfilment of three symptoms: cochlear hearing loss, tinnitus and periodic 
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attacks of vertigo. Perilymphatic pressure measurements in patients with Meniere's 
disease were performed at the beginning and at the end of a four day hospital stay, 
during which the diagnosis of Meniere's disease was confirmed according to an 
extensive diagnostic protocol. The diagnostic protocol consisted of routine ENT exa
mination, audiovestibular tests, laboratory investigations and magnetic resonance 
imaging (MRI) of the temporal bones and the cerebellopontine angle. No significant 
differ-ences were found in perilymphatic pressure measurements results between 
affected, non-affected ears and controls. In patients with Meniere 's disease, no rela
tionship was found between non-invasive perilymphatic pressure measurement 
results and hearing thresholds, blood pressure, gender or age. 

Chapter 7 contains a longitunal study in which 1 8  patients with Meniere's disease (20 
affected ears) were followed during a period of one year. At regular intervals non
invasive perilymphatic pressure measurements were performed in order to detect pos
sible pressure variations in relation to the symptoms: hearing loss, vertigo, tinnitus 
and pressure sensation. The four concerning symptoms of Meniere's disease changed 
mutually independently. Increase of hearing loss is slightly but not significantly rela
ted to increasing values of V m. Increases of vertigo, tinnitus and aural fullness are 
slightly but not significantly related to decreasing values of V m. Vi measurements 
showed the same non-significant correlations with the symptoms. 
As measured non-invasively by means of the MMS- 1 0 Tympanic Displacement 
Analyser, symptoms of Meniere's disease were not significantly related to changes of 
perilymphatic pressure. In normal ears the endolymphatic and perilymphatic pressure 
are equal, because the highly compliant Reissner's membrane equalizes every pres
sure difference by shifts towards the compartment with the lower pressure. However 
in longstanding endolymphatic hydrops, as seen in Meniere's disease, endolymphatic 
perilymphatic pressure gradients may occur. Potential endolymphatic pressure varia
tions in relation to symptoms of Meniere's disease could not be investigated using our 
non-invasive measurement technique. 

Chapter 8 presents the dynamics of perilymphatic pressure changes following postu
re changes. The perilymphatic compartment of the inner ear is connected with the 
cerebrospinal fluid compartment of the fossa posterior by the cochlear aqueduct. The 
hydrostatic pressure of the perilymphatic compartment is closely related to the cere
brospinal fluid pressure. The time course of inner ear pressure change following rapid 
change of intracranial CSF pressure, is influenced to the patency of the cochlear 
aqueduct. In this chapter the patency of the cochlear aqueduct in patients with 
Meniere's disease and in normal hearing subjects was assessed non-invasively by 
means of the tympanic membrane displacement technique. After a rapid change of 
body position, changes of intracranial cerebrospinal fluid pressure were found to 
influence perilymphatic pressure within one minute. No prenouncement can be made 
for perilymphatic pressure changes in the first minute after change of body position 
because our measurement technique takes about one minute for each single measure 
ment. After change of body position no significant differences were found in peri-
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lymphatic pressure measurement results between affected, non-affected and control 
ears. However, in control ears an interesting trend can be detected of a slightly more 
delayed change of perilymphatic pressure after lying down. In contrast with the affect
ed and non-affected ears, the perilymphatic pressure in controls, as measured non
invasively, still increase after 5 minutes. The mean age of the controls was more than 
20 years younger than the investigated group of patients with Meniere's disease. 
Since the patency of cochlear aqueduct is suggested to decrease at advanged age we 
did not expect this delayed change in the controls. When the cochlear aqueduct in the 
affected as well as the non-affected ears may more patent than in controls, the so-called 
low pass filter capacity of the cochlear aqueduct may be deteriorated. The low pass 
filter capacity of the aqueduct is suggested to protect the inner ear against large and 
rapid pressure changes. In case of a deteriorated function of the aqueduct, large and 
rapid variations of cerebrospinal fluid pressure can affect the inner ear pressure more 
easily, which can contribute to inner ear damage as in Meniere's disease. The influ
ence of the cochlear aqueduct patency on audiovestibular symptoms might be subject 
for further investigations. 

Chapter 9 contains the preliminary results of a randomized, double-blind, placebo
controlled, cross-over study of the effects of spironolactone on perilymphatic pres
sure in patients with a exarcebation of Meniere's disease. The two-phase dynamic 
model for endolymphatic hydrops in Meniere's disease is based on the proposal of an 
impaired absorption function of endolymph in the endolymphatic sac in combination 
with a hormonal induced periodic overproduction of endolymph. The production 
depends on the membrane bound Na!K - ATPase activity in the marginal cells of the 
stria vascularis and the dark cell of the vestibular labyrinth. The Na/K - ATPase acti
vity is found to be influenced by circulating adrenal corticosteroids (cortisol, corti
sone and aldosterone). Spironolactone, an aldosterone antagonist, blocks the renal 
Na·fK• activity and may also affect the endolymph production in Meniere's disease. 
As measured non-invasively the perilymphatic pressure in affected as well in non
affected ears increased significantly using spironolactone in contrast to placebo. In 
normal ear the endolymphatic and perilymphatic pressures are equal because the 
highly compliant Reissner's membrane equalizes each pressure difference. However, 
in ears with longstanding endolymphatic hydrops the compliance of Reissner's mem
brane is deteriorated and endolymphatic perilymphatic pressure differences may 
occur. Whereas perilymph is the precursor of endolymph and after spironolactone 
admission the Na!K - ATPase is blocked resulting in a decreased production of endo
lymph, possibly less perilymph is used for the production of endolymph. 
Subsequently the volume of perilymph increases leading to a higher perilymphatic 
pressure as measured in our patients. More results of this spironolactone clinical drug 
trial will be presented in the future. Despite extensive experimental and clinical 
research the etiology and pathogenesis of Meniere's disease is poorly understood 
until now and an effective therapy is not found. Moral support in combination with 
additional medical therapy is still the base of treatment. 

9 1  



Samenvatting 

Het binnenoor of labyrint i:; gelegen in het rots been en bestaat uit een benig en een 
membraneus deel. Het benige labyrint bestaat uit een stelsel van gangen en holtes 
uitgespaard in het rotsbeen. Het membraneuze labyrint, gelegen in het benige laby
rint, is omgeven door perilymfe en gevuld met endolymfe. De perilymfatische ruim
te is verbonden met de intracraniele ruimte via de aquaductus cochlearis. De zin
tuigcellen voor het gehoor en evenwicht zijn gelegen in de endolymfatische ruimte. 
De werking van het binnenoor is athankelijk van de chemische samenstelling, de 
electrische potentiaal, de osmotische druk en de hydrostatische druk van de binnen
oorvloeistoffen. Meting van de hydrostatische druk kan bijdragen tot de kennis van 
de fysiologie en pathofysiologie van het binnenoor. De druk kan invasief worden 
gemeten door het inbrengen van (micro)pipetten in de perilymfatische en endolym
fatische ruimten en deze aan te sluiten op druktransducers. Deze invasieve meetme
thoden worden uitgebreid toegepast in dierexperimenteel onderzoek, maar zijn voor 
het menselijk binnenoor onbruikbaar. Inbrengen van pipetten zou tot een totale uit
val van de binnenoorfuncties leiden. Recentelijk is de MM S- I 0 Tympanic 
Displacement Analyser ontwikkeld, waardoor het mogelijk is op een niet-invasieve 
wijze de binnenoordruk te meten. Door het opwekken van de stapediusreflex treden 
kleine bewegingen van het trommelvlies op, die leiden tot volumeveranderingen in 
de uitwendige gehoorgang. De bewegingsrichting van het trommelvlies en volume
verandering in de gehoorgang zijn athankelijk  van de stand van de stapesvoetplaat in 
de ovale nis. De stand van de voetplaat hangt af van de hydrostatische druk in het 
perilymfatische compartiment van het binnenoor. 

In Hoofdstuk 2 wordt de fysiologische samenstell ing, produktie, resorptie, osmolari
teit en electrische potentialen van de binnenoorvloeistoffen besproken. De regulatie 
van hydrostatische druk van endolymfe en perilymfe in fysiologische en pathologi
sche situaties wordt belicht. 

De principes van de MM S- I 0 Tympanic Displacement Analyser worden uitgelegd in 
Hoofdstuk 3 .  De Tympanic Displacement Analyser is een commercieel verkrijgbaar 
apparaat om op een niet-invasieve wijze de perilymfatische druk van het menselijk 
binnenoor te meten. De meetmethode is gebaseerd op het principe dat bewegingen 
van het trommelvlies in aansluiting op een contractie van de musculus stapedius klei
ne volumeveranderingen in de uitwendige gehoorgang veroorzaken. Het apparaat 
bestaat uit een meetinstrument geplaatst in een personal computer, dat verbonden is 
met een koptelefoon en een probe welke de gehoorgang tijdens de meting hermetisch 
kan afsluiten onder gelijktijdige produktie van akoestische stimuli. Via de stapedius 
reflex veroorzaken akoestische stimuli contracties van de musculus stapedius en 
daardoor bewegingen van het trommelvlies. De bewegingsrichting van het trommel
vlies en de daarbij behorende volumeverandering van de uitwendige gehoorgang han
gen af van de perilymfatische druk. Een hoge perilymfatische druk leidt tot een meer 
laterale positie van de stapes voetplaat in de ovale nis. Door contractie van de mus-
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musculus stapedius na akoestische stimulatie wordt de stapes naar mediaal getrok
ken, resulterend in een verplaatsing van het trommelvlies in een mediale richting. Bij 
een !age perilymfatische druk is de stapes voetplaat meer naar mediaal gepositio
neerd in de ovale nis. Contractie van de musculus stapedius leidt dan een trommel
vliesverplaatsing in een laterale richting. De volumeverandering in de uitwendige 
gehoorgang na verplaatsing van het trommelvlies kan door de Tympanic 
Displacement Analyser gekwantificeerd worden door 2 parameters, de Vi en V m. De 
Vi is gedefinieerd als de maximale volumeverplaatsing naar mediaal tijdens de aan
wezigheid van de akoestische stimulus en de V m is de gemiddelde verplaatsing vanaf 
het moment van Vi tot het einde van de stimulus. Lage waarden voor Vi en V m zijn 
gerelateerd aan een hoge perilymfatische druk, terwij l hoge waarden voor Vi en V m 
duiden op een !age perilymfatische druk. 

Hoofdstuk 4 bevat de resultaten van niet-invasieve perilymfatische drukrnetingen bij 
50 normaal horende proefpersonen ( l OO oren). De proefpersonen werden in 3 groep
en verdeeld. Groep I (n = 20) werd gemeten in zittende en vervolgens in liggende 
houding; groep 2 (n = 20) werd gemeten vroeg in de morgen en laat in de middag; 
groep 3 (n = I 0) onderging de meting voor en na inspanning door middel van I 0 
diepe kniebuigingen. Tussen de rechter en linker oren werden geen significante ver
schillen gemeten. Bij metingen in liggende houding werden significant lagere waar
den voor Vi en V m gevonden dan bij metingen in zittende houding. Lagere waarden 
voor Vi en Vm duiden op een hogere perilymfatische druk in liggende houding dan 
in zittende houding. Het perilymfatische compartiment van het binnenoor is via de 
aquaductus cochlearis verbonden met de intracraniele liquor. In liggende houding 
stijgt de intracraniele l iquordruk en belnvloedt via de aquaductus cochlearis de peri
lymfatische druk die met de Tympanic Displacement Analyser werd gemeten. De 
resultaten van de perilymfatische drukmeting veranderden niet gedurende de dag en 
na inspanning. De Vi en V m parameters vertoonden een grote inter-individuele sprei
ding, doch goede intra-individuele correlaties. 

In Hoofdstuk 5 wordt de meettechniek genuanceerd en wordt de betrouwbaarheid 
van de MM S- I 0 Tympanic Displacement Analyser getoetst. Bij I 0 normaal horende 
proefpersonen (20 oren) werden onder identieke omstandigheden, zonder verwijde
ren van de probe uit het oor, steeds 3 opeenvolgende metingen uitgevoerd ter bepa
ling van de test-retest variatie. Deze test-retest variatie bleek aanzienlijk en verge
Iijkbaar met verschillen in Vi en Vm die in andere studies volledig werden toege
schreven aan veranderingen van perilymfatische of liquordruk. Bij de interpretatie 
van de meetresultaten dient rekening gehouden te worden met deze test-retest varia
ties. De meettechniek lijkt geschikter om groepen patienten of proefpersonen te ver
gelijken dan voor follow-up studies in individuele patienten. Er werd geen meetcon
ditie gevonden met een significant lagere test-retest variatie. Metingen met ipsilate
rale stimuli geven iets grotere variaties dan die met contralaterale stimuli, mogelijk  
als gevolg van de storingen die deze luide stimuli geven in  de uitwendige gehoorgang 
waarin ook de subtiele volumeveranderingen worden gemeten. De test-retest varia-
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ties, die de meetresultaten belnvloeden, worden mogelijk veroorzaakt door cardio
vasculaire pulsaties in de gehoorgang of het trommelvlies. Mogelijk zou de TDA 
gemodificeerd kunnen worden door de akoestische stimulus synchroon met de hart
slag aan te bieden of door de cardiovasculaire pulsaties te verwerken in de volume
veranderingen opdat de test-retest variatie kleiner wordt. 

In Hoofdstuk 6 worden resultaten van de niet-invasieve perilymfatische drukmetingen 
bij 25 patienten met de ziekte van Meniere (28 aangedane oren) vergeleken met de 
meetresultaten bij 50 normaal horende proefpersonen ( I  00 controle oren). De diag
nose ziekte van Meniere werd gedefinieerd door het gelijktijdig voorkomen van drie 
symptomen: periodieke aanvallen van draaiduizeligheid, cochleair gehoorsverlies en 
oorsuizen in het aangedane oor. Gedurende een klinische opname werd de diagnose 
bevestigd en andere oorzaken voor de symptomen uitgesloten door middel van een 
uitgebreid diagnostisch protocol. Dit protocol bestond uit routine KNO-onderzoek, 
uitgebreide audio-vestibulaire testen, laboratoriumonderzoek en een MRI-scan van 
de rotsbeenderen inclusief de brughoek regio. Perilymfatische drukmetingen vonden 
plaats aan het begin en aan het einde van de opname. Tussen de resultaten aan het 
begin en aan het einde van de opname werden geen significante verschillen gemeten. 
Ook tussen aangedane, niet aangedane en controle oren werden geen significante 
verschillen gevonden. De meetresultaten waren niet afhankelijk van de gehoordrem
pels, bloeddruk, leeftijd of geslacht. 

Hoofdtuk 7 beschrijft een longitudinale studie waarin 1 8  patienten met de ziekte van 
Meniere (20 aangedane oren) gedurende een jaar werden vervolgd. De perilym
fatische druk werd iedere 3 tot 4 maanden niet-invasief gemeten met het doe! een 
mogelijke relatie te vinden tussen veranderingen van binnenoordruk en de ernst van 
de symptomen passend bij de ziekte van Meniere: gehoorsverlies, klachten van draai
duizeligheid, oorsuizen en druksensaties in het aangedane oor. De symptomen 
varieerden in ernst onafhankelijk  van elkaar. Geen significante relaties tussen de niet
invasief gemeten perilymfatische druk en de ernst van de klachten werden gevonden. 
Verergering van het gehoorsverlies was enigszins gerelateerd aan hogere waarden 
voor Vi en V m; verergering van draaiduizeligheid, oorsuizen en druk in geringe mate 
met lagere waarden voor Vi en Vm. Mogelijke endolymfatische drukveranderingen 
kunnen met de gebruikte niet-invasieve drukmetingen niet worden gemeten. In nor
maal horende oren zijn de endolymfatische en perilymfatische druk aan elkaar gelijk 
omdat de zeer elastische membraan van Reissner ieder drukverschil tussen beide 
compartimenten teniet doet door een beweging naar het compartiment met de lagere 
druk. In oren met een langdurig bestaande endolymfatische hydrops, zoals in de ziek
te van Meniere, is de elasticiteit van de membraan van Reissner verminderd en in 
deze situatie kunnen er endolymfatische perilymfatische drukverschillen voorkomen. 

In Hoofdstuk 8 wordt de invloed van verandering van lichaamshouding op de peri
lymfatische druk besproken. Het perilymfatische compartiment van het binnenoor is 
via de aquaductus cochlearis verbonden met de cerebrospinale ruimte van de achterste 
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schedelgroeve. Druk-veranderingen van de cerebrospinale vloeistof bei'nvloeden via 
de aquaduct de druk in het binnenoor. De mate van bei'nvloeding hangt af van de 
doorgankelijkheid van de aquaductus cochlearis. In dit onderzoek werden perilym
fatische drukveranderingen na een snelle verandering van lichaamshouding niet
invasief gemeten met Tympanic Displacement Analyser. De resultaten in de aange
dane oren en de niet-aangedane oren van patienten met de ziekte van Meniere wer
den vergeleken met die van normaal horende proefpersonen (controle oren). Na een 
snelle verandering van zittende naar liggende houding en omgekeerd verandert de 
perilymfatische druk in de aangedane, de niet-aangedane en de controle oren binnen 
I minuut. Omdat de gebruikte meetmethode ongeveer I minuut nodig heeft voor een 
enkele meting, kunnen geen uitspraken worden gedaan omtrent eventuele verschillen 
tussen de verschillende groepen oren binnen de eerste minuut. Een mogelijk interes
sante trend wordt gevonden in een licht verlengde aanpassing van de perilymfatische 
druk bij de controle oren na het gaan liggen. De niet-invasief gemeten perilymfati
sche druk neemt bij de controle oren 5 minuten na het gaan liggen nog steeds toe in 
tegenstelling tot de aangedane en niet-aangedane oren van de Meniere patienten. 
Deze vertraagde drukverandering is verrassend omdat de controle groep gemiddeld 
meer dan 20 jaar jonger was dan de groep Meniere patienten en de doorgankelijkheid 
van de aquaductus cochlearis met het stijgen van de leeftijd afneemt. Als de door
gankelijkheid van de aquaductus cochlearis in zowel de aangedane als niet-aangeda
ne oren van Meniere patienten groter zou zijn dan in controle oren, betekent dit dat 
het binnenoor van patienten minder goed beschermd is tegen grote en snelle druk
veranderingen van de cerebrospinale vloeistof. De zogenaamde low-pass filter capa
citeit van de aquaductus cochlearis zou dan bij patienten verslechterd zijn en bij kun
nen dragen tot binnenoorschade passend bij de ziekte van Meniere. De betekenis en 
de invloed van de aquaductus cochlearis op de f)rsiologie en pathof)rsiologie van het 
binnenoor is onderwerp voor verder onderzoek zowel in dierexperimenteel als in kli
nisch onderzoek. 

Hoofdstuk 9 bevat de eerste resultaten van een gerandomiseerde, dubbel-blinde, 
placebo gecontroleerde, cross-over studie waarin de effecten van spironolacton bij 8 

patienten met een exacerbatie van de ziekte van Meniere worden beoordeeld. Het 
dynamische twee-fase model voor de endolymfatische hydrops in de ziekte van 
Meniere gaat uit van een verminderde resorptie van endolymfe in de saccus endolym
faticus in combinatie met een hormonaal gei'nduceerde overproduktie van endo
lymfe. De produktie van endolymfe is afhankelijk Na/K - ATPase activiteit in het bin
nenoor. De activiteit van de Na/K - ATPase blijkt te worden bei'nvloed door circule
rende bijnierschorshormonen (cortisol, cortison en aldosteron). Spironolacton, een 
aldosteron-antagonist, remt de Na/K activiteit in de nieren en wordt gebruikt als anti
hypertensivum. Mogelijk kan spironolacton ook de Na/K activiteit in het binnenoor 
en zo de endolymfe produktie afremmen. Bij niet-invasieve metingen werd een sig
nificante stijging van de perilymfatische druk gevonden tijdens het gebruik van spi
ronolacton, in tegenstelling tot het gebruik van placebo. Endolymfe wordt gevormd 
uit perilymfe. Indien na blokkade van de Na/K activiteit door spironolacton minder 
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endolymfe wordt geproduceerd, is mogelijk minder perilymfe nodig voor de produk
tie van endolymfe.  
In deze situatie zal het volume van perilymfe toenemen. Bij een toegenomen perilym
fatisch vloeistofvolume stijgt de hydrostatische druk zoals bij de metingen werd 
gevonden. De uitgebreide resultaten van deze spironolacton trial zullen in de toe
komst worden gepubliceerd als meer patienten hebben deelgenomen aan deze studie. 
Ondanks ruim honderd jaar uitgebreid experimenteel en klinisch onderzoek is de 
oorzaak voor de ziekte niet geheel opgehelderd en is een alom bevredigende therapie 
voor de ziekte van Meniere nog niet ontdekt. Naast medicamenteuze therapie blijft 
morele ondersteuning en begeleiding een belangrijke pij ler in de behandeling en 
daarom verdient de patient met de ziekte van Meniere al onze aandacht. 
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Dankwoord 

Velen hebben hun zeer gewaardeerde bijdrage gegeven aan dit proefschrift. 
Enigen van hen ben ik speciale dank verschuldigd. 
Prof. dr. F.WJ. Albers, beste Frans. Jouw nooit aflatende energie en enthousiasme 
hebben mij zeer gemotiveerd. Het is een voorrecht met jou te werken aan onderzoek 
en patientenzorg in de Groninger KNO-kliniek. 
Prof. dr. H.P. Wit, beste Hero. Jouw inspirende begeleiding heeft mij aangezet tot 
wetenschappelijk onderzoek en dieper inzicht gegeven in de materie. 
Prof. dr. G. Holstege, prof. dr. E.H. Huizing en prof. dr. J.J.A. Mooy. Dank u voor de 
bereidheid om in de promotiecommissie plaats te nemen en het manuscript aandach
tig te lezen. 
Arend Sulter. Veel dank voor de statistische bewerkingen van mijn onderzoeksresul
taten en geduldige uitleg en advies. 
Jan van Dijk. Dankzij jouw technische ondersteuning konden de metingen worden 
uitgevoerd. Ik dank jou voor de hulp in de voor mij ondoorzichtige electronica. 
Joke Wilkens-Gietema dank ik voor de ondersteuning bij het vervaardigen van het 
manuscript en het oplossen van WP problemen. 
Egbert Lenters en Jurgen te Rijdt, mijn paranimfen, dank ik voor de inspanningen om 
naast de wetenschappelijke kant van mijn promotie ook de gezellige en feestelijke 
zijde te verzorgen. 
Joke, Rudolf, Pieter en Martijn hebben gezorgd voor een warm thuis. Zonder jullie 
was ik nooit zover gekomen. Zeer veel dank •••. 
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Curriculum V itae 

De auteur van dit proefschrift werd op 1 1  april 1 958 geboren in Meerssen. Na het 
beha1en van het eindexamen VWO (gymnasium P) aan het Rijnlands Lyceum in 
Wassenaar werd in 1 976 begonnen met de studie Neder1ands Recht aan de Rijksuni
versiteit Groningen. Het candidaats-examen werd in 1 980 behaa1d. Na ingeloot te 
zijn, werd in 1 978 gestart met de studie Geneeskunde. Het artsexamen werd in 1 986 
behaa1d. Van 1 987- 1 99 1  werd de opleiding tot KNO-arts gevolgd aan de KNO-k1i
niek van het Academisch Ziekenhuis Groningen. Sinds 1 99 1  is de auteur als statlid 
werkzaam aan deze kliniek. Hij is getrouwd met Joke Fuhri Sneth1age en heeft 3 

zoons: Rudolf, Pieter en Martijn. 
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