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Chapter 1

General introduction

This chapter introduces the main topics that will be encountered in this
thesis. First, the ear’s anatomy and functioning will be treated shortly.
Second, the topic of otoacoustic emissions will be brought forward, and,
third, the history of Menière’s disease will be considered briefly. In the final
section, the outline of the body of this thesis will be discussed.

1.1 The ear

Since this thesis deals with research of the ear, the various parts of the
human ear will be introduced, with a short historical notion, for the most
part taken from Wever and Lawrence (1954), to which the reader is referred
for the precise historical references.

In the beginning of the sixteenth century, two of the three middle ear
ossicles, the malleus and the incus, were discovered; they were given their
present names by Vesalius in 1543 (see Fig. 1.1). The third ossicle, the
stapes, as well as the two windows of the cochlea, were discovered shortly
later by Ingrassa (1546). In 1561, Fallopius described the three ossicles and
their articulations and distinguished the two principal parts of the inner ear:
the cochlea and the labyrinth. Also, Eustachius (1564) described the tube
connecting the tympanic cavity with the pharynx. After that, in 1566, the
first systematic account of the transmission of sound by the ear was presented
by Coiter. In the next century, DuVerney (1683) published a book with a
careful description of the anatomy and function of the various parts of the

11



12 CHAPTER 1. GENERAL INTRODUCTION

Figure 1.1: The external, middle and inner ear in man. Sounds entering the
ear canal are conducted to the cochlea by the eardrum and the three ossicles.
In the cochlea, the vibrations are transformed into electrical signals, which
are transmitted to the brain by the cochlear nerve. Drawing by Max Brödel.

ear. In the eighteenth century, the basilar membrane (Fig. 1.2) was accepted
as the true receptor organ (Valsalva, 1707). Furthermore, it was discovered
that the cochlear spaces are filled with fluid and not with air (Cotugno,
1760). When, in about 1830, the compound microscope became available
as a practical instrument, the inner ear structures were revealed further.
In 1851, Reissner discovered a new membrane which divides the cochlear
space on the vestibular side in two parts: the scala vestibuli and the scala
media (or cochlear duct). Most important was the discovery of Corti (1851)
of the sensory structure lying on the basilar membrane, now named after
him. By the work of Retzius and Held, at the end of the nineteenth century,
the hair cells were finally identified as the receptor elements of the auditory
apparatus.
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Figure 1.2: A cross-section of one turn of the cochlea. Reissner’s membrane
and the basilar membrane divide the cochlear duct in the scala vestibuli, the
scala media and the scala tympani. The organ of Corti is located on the
basilar membrane and contains the hair cells, which are the receptor cells.
Picture by D. W. Fawcett.

1.2 Otoacoustic emissions

After the 13th International Congress of Audiology in 1976, in Firenze, Italy,
the view on the functioning of the inner ear would fundamentally change.
Here, for the first time, the later so-called otoacoustic emissions (OAEs) were
recognized by David Kemp. Subsequently, in 1978, an article was published
in which he showed that in response to a click presented to the ear, a weak
acoustic signal could be detected in the ear canal (Kemp 1978). It was
demonstrated that this signal was not an ordinary echo, but energy was
actually emitted from the cochlea (e.g., the time span between stimulus and
response is too long for an echo, given the ear’s dimensions; also, the level
of the response does not grow linearly with the stimulus level, as it would
in the case of an echo). Thus, it became clear that the ear could not only
receive, but also emit sound.

Thereafter, measurements of these so-called click-evoked OAEs were con-



14 CHAPTER 1. GENERAL INTRODUCTION

1000 2000 3000 4000 5000

-20

-10

0

10

Frequency (Hz)

S
p
e
c
tr

a
l 
d
e
n
s
it
y
 (

d
B

 S
P

L
)

Figure 1.3: A spectrum of the acoustical signal in the ear canal, while no
stimulus was applied. Each peak in the spectrum represents one continuous
tone, a so-called spontaneous otoacoustic emission.

firmed by Wit and Ritsma (1979) and many others. Little later, also spon-
taneous otoacoustic emissions were discovered (Kemp 1979a; Wilson 1980).
These emissions appear as one or more steady tones with a distinct frequency,
which can be measured with a microphone in a person’s ear canal, without
any stimulation at all (see Fig. 1.3). These emissions were found to be
approximately constant over time, regarding frequency as well as loudness;
they constitute more or less a fingerprint of the ear. Later, Bialek and Wit
(1984) showed that spontaneous emissions could not be generated by some
noise source, but by a self-sustaining oscillator. This result was in agreement
with the hypothesis already formulated by Gold (1948). He predicted the
existence of otoacoustic emissions, being a product of the amplifiers in the
inner ear, which may become unstable — and start oscillating — due to the
feedback loop that would be present in these amplifiers.

In the past 20 years, several additional ways to elicit otoacoustic emis-
sions were found. These emissions are now known by names like distortion
product OAEs (Kemp 1979a), stimulus frequency OAEs (Kemp and Chum
1980), and noise-evoked OAEs (Maat et al. 2000). A detailed overview of
the various OAE types was written by Probst et al. (1991).

From the very first publication, it was noted that the existence of otoa-
coustic emissions was related to hearing (Kemp 1978). He noted that OAEs
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were not present in ears with cochlear deafness. Numerous reports have
since shown that OAEs are highly affected by cochlear pathology, although
some disagreement exists on the amount of hearing loss at which OAEs are
absent. The observations are frequency dependent; that is, OAEs are not
found in frequency regions where hearing is below approximately 30 dB HL,
while OAE components may be present in adjacent frequency regions, in
the same ear, where hearing is relatively normal (e.g., Tognola et al. 1999).
Nowadays, OAEs are widely used as an objective screening tool for cochlear
hearing loss.

Moreover, the frequency of spontaneous otoacoustic emission peaks was
found to coincide with local sensitivity peaks in the audiogram (Kemp 1979b;
Wilson 1980). Quasi-periodic behavior, as it was known to exist in the audio-
gram (Elliot 1958), was later also observed in various OAE types (Zwicker
and Peisl 1990). In addition to its appearance in the audiogram, this so-
called fine structure was identified in all otoacoustic emission types, and is
used in mathematical modeling of otoacoustic emissions (e.g., Zweig and
Shera 1995; Van Hengel et al. 1996; Talmadge et al. 2000).

1.3 Menière’s disease

In 1861, Prosper Menière described a syndrome made up of continuous or
intermittent perception of noises, accompanied by hearing loss and inter-
mittent attacks of vertigo, giddiness, unsteady gait, nausea, vomiting, and
syncope (Menière 1861). Although these symptoms had been described be-
fore, he was the first to hypothesize the ear as the anatomic location of this
disorder. Until then, the central nervous system had been held responsi-
ble for this syndrome associated with auditory and vestibular symptoms.
Based on the experiments of Flourens (1830) on pigeons, he supposed the
site of lesion to be at the semicircular canals. Duplay (1872) was then the
first to refer to this condition as “maladie de Ménière”. In the subsequent
decades, additional clinical details like aural fullness and fluctuating hearing
thresholds were described.

Years later, Yamakawa (1938) and Hallpike and Cairns (1938) indepen-
dently reported the observation of endolymphatic hydrops (i.e., an increase
of the endolymphatic space) in temporal bones from patients who had suf-
fered from Menière’s disease. Since this time, endolymphatic hydrops was
believed to be the underlying mechanism causing the symptoms. However,
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this idea has not yet been conclusively confirmed. That is, there are reports
of cases diagnosed as “Menière’s disease” during life that have no demonstra-
ble endolymphatic hydrops at death, and, vice versa, endolymphatic hydrops
was found in temporal bones of people who were not known to have exhib-
ited the clinical symptoms. Therefore, it is argued about whether the term
syndrome or disease would be more appropriate (Kiang 1989).

1.4 Outline of the thesis

The following part of this thesis starts with three chapters about experiments
in which the posture of persons was altered. During and after these posture
changes, measurements related to hearing were performed. For these experi-
ments, we designed and constructed a special kind of tilting table (see Fig. 3.1
on page 42). Using this equipment, we were able to alter the body position
of our subjects in a controlled manner. By altering a person’s posture from
upright to supine, the intracranial pressure is known to increase, probably
mainly due to gravity (Chapman et al. 1990). In addition, the intracra-
nial and intracochlear fluid pressures are closely related, since both spaces
are connected via the cochlear aqueduct (Carlborg et al. 1982). Thus, by
altering posture, we induced changes in the ear, which were evaluated by
different measurements in the ear canal.

Chapter 2 describes the behavior of spontaneous otoacoustic emissions in
normal-hearing humans during and after postural changes. Emission differ-
ences between upright and supine body position are analyzed. Furthermore,
we study the transitional process of the emissions after a posture change.

The experiments described in chapter 3 are similar to those of chapter 2.
However, in this case, click-evoked and stimulus frequency otoacoustic emis-
sions are studied. Here, also stationary as well as dynamical aspects of
the emission changes are investigated. Furthermore, the results of the ex-
periments described in these two chapters are compared with findings from
similar experiments and with calculations from a mathematical model.

Chapter 4 also describes experiments in which posture is changed. In
this case, however, patients suffering from Menière’s disease are tilted. In
view of the fact that these patients by definition have certain hearing loss
and therefore in general have reduced otoacoustic emissions (OAEs), mea-
surements of the middle-ear impedance are performed, which do not require
the presence of OAEs. Since this measurement is equivalent to an stimulus
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frequency OAE measurement with fixed frequency, a comparison is made
between ears of Menière’s patients and ears of people with normal hearing
(from chapter 3).

In chapter 5, measurements are described of click-evoked, as well as dis-
tortion product otoacoustic emissions in affected and unaffected ears of pa-
tients with Menière’s disease. It is investigated whether emissions from these
patients are different from emissions of other people (with or without hearing
loss).

Finally, in chapter 6, the results obtained in this thesis are summarized
and discussed.
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Chapter 2

The behavior of spontaneous
otoacoustic emissions during
and after postural changes

Abstract

Spontaneous otoacoustic emissions (SOAEs) were studied in humans during
and after postural changes. The subjects were tilted from upright to a re-
cumbent position (head down 30 deg) and upright again in a 6-min period.
The SOAEs were recorded continuously and analyzed off-line. The tilting
caused a change in the SOAE spectrum for all subjects. Frequency shifts of
10 Hz, together with changes of amplitude (5 dB) and width (5 Hz), were
typically observed. However, these changes were observed in both directions
(including the appearance and disappearance of emission peaks). The most
substantial changes occurred in the frequency region below 2 kHz. An in-
crease of the intracranial pressure, and consequently of the intracochlear fluid
pressure, is thought to result in an increased stiffness of the cochlear win-
dows, which is probably mainly responsible for the SOAE changes observed
after the downward turn. The time for the spectrum to regain stability af-
ter a postural change differed between the two maneuvers: 1 min for the
downward and less than 10 s for the upward turn.

19
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2.1 Introduction

Otoacoustic emissions (OAEs) are acoustic signals generated in the inner ear
and measured in the external ear canal. The generation of OAEs is found
to be linked to the presence of an intact inner ear. Therefore, OAEs are
now widely used as a clinical tool for the screening of hearing (for a review,
see Probst et al. 1991). Because the generation site of the OAEs and the
location of measurement do not coincide, attention has to be paid to the
boundary conditions of the OAE measurement.

One factor influencing the OAE measurements is the subject’s posture.
Measurements of spontaneous OAEs (SOAEs) in standing versus supine po-
sition have shown an upward shift in the SOAE frequency (Bell 1992). The
postural dependence of evoked OAEs (EOAEs) has also been studied and
has shown more complex changes (e.g., Antonelli and Grandori 1986; Büki
et al. 1996; Ferguson et al. 1998). In addition, postural changes have been
shown to affect the audiogram fine structure, which is thought to be closely
related to OAEs (Wilson 1980).

Postural changes affect the intracranial pressure (ICP) in a regular man-
ner (Chapman et al. 1990). Because the intracranial space and the cochlea
are connected by the cochlear aqueduct, the pressures in the intracranial
and the intracochlear fluid compartments are closely related. In fact, several
authors have studied ICP changes by means of measurements performed in
the ear canal (e.g., Densert et al. 1977; Magnæs 1978; Casselbrant 1979;
Marchbanks and Reid 1990; Büki et al. 1996). Increase of the inner ear fluid
pressure is thought to lead to a slight bulge in the cochlear windows, and
hence to increase the stiffness of the windows. Therefore, the changes due to
the altered fluid pressure are typically described in terms of an impedance
change of the middle ear (Büki et al. 1996).

Presumably, the relation between OAE properties and posture is due
to changes in the intracochlear pressure. Thus, these OAE measurements
may possibly reflect pathological conditions in cochlear fluid regulation, as
is hypothesized to be the case in Menière’s disease (for a review, see Horner
1993).

In this report, the behavior of SOAEs is studied before, during, and after
postural changes. Part 1 of the results section describes the dynamics of the
changes in the SOAEs resulting from the postural changes (from upright
to lying down and vice versa). In particular, time constants of the SOAE



2.2. MATERIALS AND METHODS 21

changes are determined. These may reflect properties of the inner ear fluid
control. The second part discusses the influence of the altered boundary
conditions on SOAEs. Stationary properties of the SOAEs in standing and
recumbent position are compared. The peaks in the SOAE spectrum are
analyzed and characterized by their height, width, and center frequency.

2.2 Materials and methods

Spontaneous otoacoustic emissions (SOAEs) were recorded from 14 normal-
hearing ears. The ears were screened beforehand for the presence of at
least one detectable SOAE. An ER-10C microphone system from Etymotic
Research was used with 40-dB gain. The microphone was connected to the
subject’s ear canal with a foam eartip. The microphone signal was filtered
and amplified with a Krohn-Hite 3550 filter (0.7 – 10-kHz band-pass) and a
Stanford Research Systems SR560 preamplifier (300-Hz high-pass and 20-dB
gain). The microphone system was calibrated in a Zwislocki coupler. All
SOAE recordings were performed in a sound-proofed chamber.

For the screening measurement, the microphone signal was analyzed on-
line with a Stanford Research Systems SR 760 Spectrum Analyzer. This
measurement was performed with the subject sitting comfortably in a chair.
After the screening measurement, the subject was positioned on a reclinable
bed, standing upright. The eartip was inserted in the external auditory canal
and the recording of the microphone signal was begun. The microphone
signal was stored continuously on a Denon DAT recorder with a 48-kHz
sampling rate. After 1 min, the subject was tilted, within 3 s, to a head-down
position, face up (−30 deg with respect to the horizontal plane). About 2.5
min later, the reverse procedure was carried out (subject standing upright
again). After another 2.5 min, the recording was stopped, resulting in a total
recording of 6 min. Off-line, the recorded signals were digitally transferred
to a computer disk using a Singular Solutions A/D64x connected to a NeXT
computer.

Averaged spectra were computed of subsequent segments of the resulting
sound file (typically 32 768 points). Time windows overlapping 50% were
used to calculate the averaged spectra. A simple level-crossing artefact re-
jection method was used to exclude windows which were contaminated by
(strong) unwanted sounds, such as swallowing and coughing of the subject.

For the averaged spectra, each spectral SOAE peak was modelled with
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a Lorentzian curve

L(fc, h, w; f) =
h

1 + 4[(f − fc)/w]2
+ C, (2.1)

where fc, h, and w represent the peak’s center frequency, height and width,
and C is the (local) noise background. Only peaks that exceeded the local
background by 3 dB were included in the analyses to be reported. For a
spectrum containing multiple SOAE peaks, each peak was fitted separately.

In addition to these spectral parameters, the instantaneous frequency and
amplitude of SOAE peaks were calculated using the adaptive least-squares
fit time-domain filtering described by Long and Talmadge (1997).

2.3 Results

Experiments were performed on 14 ears, each with a least one SOAE peak
present. All ears demonstrated an SOAE alteration during the postural
changes, although some individual peaks did not. In part 1 of this section
we focus on the dynamics of the SOAE changes, that is, the process of change
from one position into another. In part 2 we discuss the eventual effects on
SOAE spectrum after a postural change. In other words, the steady states
of the SOAE spectrum in the distinct positions are compared.

Dynamic aspects

Figure 2.1 displays a typical example of the changes in the SOAE spectrum
in one ear during the 6-min period of the experiment. During this period, the
posture of the subject was altered twice, as indicated alongside the ordinate.
Each individual curve in the waterfall plot represents the average spectrum
of the recorded microphone signal of a duration of 10.9 s.

During the first 60 s, with the subject standing upright, the center fre-
quency of the main SOAE peak was 1065 Hz. After tilting the subject back-
ward (at t = 60 s) to the recumbent position, the center frequency gradually
shifted to 1090 Hz. Furthermore, the width of the peak could be seen to
increase, while its height decreased. At t = 210 s, the subject was turned
upright again. The center frequency returned to 1065 Hz (the same value as
for t < 60 s) within one period of averaging and remained at this frequency.
The width of the peak decreased again after the upward turn.
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Figure 2.1: Waterfall plot of successive SOAE spectra during a 6-min period.
The subject’s body position is indicated alongside the time axis; the arrows
mark the moments at which the subject was tilted. Each spectrum represents
the average of a period of 10.9 s and was shifted by 10 dB. Initially, the
strongest emission was at 1065 Hz, 15 dB SPL.

Besides the changes in the main peak at 1065 Hz, a second peak appeared
after the downward tilt at about 1170 Hz. A more detailed inspection re-
vealed that this smaller peak started at 1150 Hz for the upright position and
shifted to 1173 Hz after the downward turn (cf. Fig. 2.2). The height of this
peak increased and its width decreased in the supine position. As a result
of a return to the upright position at t = 210 s, the peak height decreased
again, and also the center frequency and width of the peak returned to their
original values (i.e., the values for the initial upright position, t < 60 s).

Regarding the time course of the changes in this waterfall plot, it should
be noted that the time for the spectrum to regain stability after a postural
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Figure 2.2: The SOAE spectra of the final minute of each of the three stages
of one experiment in which the spectrum was stable. Lower trace: upright,
0 − 60 s; middle trace: recumbent, head down 30 deg, 150 − 210 s; upper
trace: upright, 300 − 360 s. The upper two traces were shifted by 15 and
30 dB, respectively. Same measurements as Fig. 2.1.

change differed strongly between the downward and upward turn (Fig. 2.1).
After the first postural change (from +90 deg to −30 deg, t = 60 s), the fre-
quency shift took approximately 50 s whereas after the second change (from
−30 deg back to +90 deg, t = 210 s) it took maximally 10 s. In Fig. 2.3,
the time course of the relative frequency shift of four SOAE peaks from one
ear is shown (dashed lines; same ear as Fig. 2.1). Although the direction
of frequency shift differed for different SOAEs, all SOAEs shifted in fre-
quency with a similar time course: a slow adjustment after body position
was changed to supine, and a rapid readjustment after it was returned up-
right. The solid line represents the average of the absolute values of the
other four lines. The time constant of the average slow modification was
20 s, whereas the time constants for the individual peaks ranged from 15 to
31 s (fitted with e−t/τ , where t denotes time and τ is the time constant).
Similar time courses were also observed for other ears, especially for strong
emission peaks. We did not observe any changes caused by an upward turn
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Figure 2.3: The relative SOAE frequency shift throughout one experiment.
The relative shift of the center frequency of four SOAE peaks from one
ear (dashed lines), and the average of the absolute value of these four curves
(solid line). The subject’s posture was altered at about t = 60 s and t = 210 s,
as indicated. The average frequency of the first 60 s was defined as 100%,
and is denoted in the legend. Same measurements as Fig. 2.1.

taking more than 10 s.
In addition to the appearance of SOAE peaks, we also observed the dis-

appearance of some peaks after the downward turn. This, of course, can be
regarded as an amplitude change. These peaks reappeared after the subject
was tilted upright. In one case, a transient SOAE peak was observed after
the posture change (Fig. 2.4): about 20 s after the downward postural turn,
a new SOAE peak appeared at 1234 Hz (see arrow [a]), though within 50 s,
it disappeared again. Simultaneous with the appearance or disappearance
of the transient SOAE peak, the peak at 1337 Hz (arrow [b]) disappeared or
appeared, respectively, suggesting a strong interaction between these SOAE
peaks.
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Figure 2.4: Waterfall plot; as in Fig. 2.1. A transient SOAE peak arose
20 s after the downward turn at 1234 Hz, but disappeared again within 1
min (arrow [a]). The peak at 1337 Hz disappeared simultaneously with the
appearance of the transient peak (arrow [b]). One trace was omitted; the
corresponding spectrum was excessively contaminated by noise during the
supine-to-upright rotation.
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Stationary changes

The previous section described how the changes in the SOAE spectrum oc-
curred within one min after tilting the subject (see Fig. 2.1). To make
a detailed comparison between the stationary properties corresponding to
the different body positions, we calculated the frequency spectra of the final
minute of each of the three phases of the experiment (i.e. 0−60 s, 150−210 s,
300− 360 s) in which the spectra were stable. Figure 2.2 shows the average
SOAE spectra from one ear for each of the three stationary phases of the
experiment. The spectrum for the subject lying down clearly differs from
the spectra corresponding to the upright position. The latter two virtually
coincide.

1

-1

0

2

Frequency (Hz)

R
e

la
ti
v
e

 f
re

q
u

e
n

c
y
 s

h
if
t 

(%
)

1000 2000 5000

Figure 2.5: Frequency shift of SOAE peaks resulting from a postural change
(tilt from +90 deg to −30 deg). The relative frequency shift (f2−f1f1

) versus
the initial center frequency of the SOAE peak (60 peaks from 13 ears).

In order to quantify these changes, we fitted the major peaks of the three
respective spectra with a Lorentzian curve [Eq. (2.1)]. Thus, three parame-
ters were obtained for all peaks: the peak height, width and center frequency.
Typically, SOAE peaks displayed a reversed frequency shift during the ex-
periment [i.e., sign(f2 − f1) = sign(f2 − f3), where fi denotes the average
center frequency of part i of the experiment]. Across all ears, 73 SOAE peaks
were monitored. Of these 73 peaks, 6 SOAE peaks did not display a reversed
shift, whereas 4 peaks only existed in the upright position, and 3 peaks only
in the supine position. For the remaining 60 peaks for which we did observe
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Figure 2.6: Change of SOAE peak height and width resulting from a postural
change (tilt from +90 to −30 deg). The height difference (h2−h1) versus the
width difference (w2−w1) for each SOAE peak (60 peaks from 13 ears). The
open and closed symbols correspond to low- and high-frequency emissions,
respectively.

a reversed shift, the relative frequency shift (f2−f1f1
) was computed. Figure

2.5 shows the relative frequency shift of these peaks as a function of their
initial center frequency f1. Figure 2.5 demonstrates that a change in posture
from upright to supine resulted in positive as well as negative shifts of the
center frequency of the SOAE peaks. Even within one ear, both positive
and negative shifts could be observed (see Fig. 2.2). No intra-subject cor-
relations were found. Frequency shifts ranged from −22.8 Hz to +26.2 Hz,
with an average of +3.4 Hz. The largest changes in center frequency were
observed for SOAE peaks with center frequencies below 2 kHz. Of all 60
peaks, 70% showed a positive frequency shift.

For all of the 60 SOAE peaks considered above, we also calculated the
change in the peak height (h2 − h1) and width (w2 − w1), where hi denotes
the peak height in part i of the experiment and wi the peak width. Figure
2.6 shows the height change versus the width change for all peaks after the
postural change. The average change in height equals −2.3 dB. Here 33% of
the peaks showed a height increase and 67% a decrease. The average width
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Figure 2.7: Detailed spectrum of one SOAE peak (cf. Figs. 2.1 and 2.2).
The dashed line was calculated from the recording in upright position (+90
deg), whereas the solid line represents the (shifted) peak corresponding to
supine position (−30 deg). The broadening of the latter peak was caused
by an increased frequency fluctuation (see Fig. 2.8). The peak for upright
posture clearly shows side bands at about 1.5 Hz. A time window of 131 072
points (5.5 s) was used, yielding a frequency resolution of 0.18 Hz.

change equals +2.7 Hz. Here 67% of the peaks showed a width increase and
33% a decrease. The largest changes occurred for frequencies below 2 kHz.
For 50 of the 60 peaks, an increase of peak width went with a decrease
of peak height (35), or vice versa, a decrease of peak width went with an
increase of peak height (15). No obvious dependence on center frequency
was present.

We further examined the nature of the changes in the SOAE peaks by
computing a spectrum with a high frequency resolution: a time window of
131 072 points was used, yielding a frequency resolution of 0.18 Hz. Fig-
ure 2.7 displays the spectra obtained from part 2 and 3 of the experiment
(cf. Fig. 2.2). The SOAE spectrum related to the upright position shows a
narrow peak whereas the peak associated with the supine position is much
broader (note the 1-Hz side bands in the first spectrum, indicating a 1-
Hz modulation). The origin of this increase of width becomes clear from
Fig. 2.8, in which the instantaneous frequency of this SOAE peak is plotted.
The instantaneous frequency and amplitude were computed using the adap-
tive least-squares fit time-domain filtering technique as described in Long
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Figure 2.8: The instantaneous frequency of one SOAE from one recording,
during two separate periods of 30 s. The subject was standing upright in (a),
whereas she was in a recumbent position with head down 30 deg in (b). The
tilting was performed at t = 60 s. In panel (b), the frequency fluctuation
can be seen to have two components, with a periodicity of about 1 s and 5 s.
(Same SOAE as Fig. 2.7)

and Talmadge (1997), with a window length of 0.34 s (computation of the
instantaneous frequency from the Hilbert transform gave the same results).
The peak’s center frequency could be seen to fluctuate during the recording.
Substantial differences between the two body positions were present. In the
case of the subject standing upright [panel (a)], the frequency fluctuated
over approximately 1 Hz with a period of about 1 s (cf. the 1-Hz side bands
in Fig. 2.7). In the supine position [panel (b)], the frequency fluctuated over
about 5 Hz with two periodicities: one with a period of about 1 s and one
with a period of 4 s. For the supine position, a corresponding fluctuation of
the emission amplitude was present: both instantaneous amplitude and fre-
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quency increased in parallel [see Fig. 2.9(a)]. Amplitude modulation could
not be detected in the upright position. The Fourier transform of the in-
stantaneous SOAE frequency [Fig. 2.9(b)] clearly shows the two peaks of the
modulation at 0.2 and 1.2 Hz. These data show that both the amplitude and
frequency modulation were stronger in the recumbent body position than in
the upright position.
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Figure 2.9: (a) The instantaneous amplitude and frequency of one SOAE,
during a 30-s period with the subject in supine position (−30 deg). (b)
Fourier transform of the instantaneous frequency from (a), showing two
peaks at 0.2 and 1.2 Hz (indicated by the arrows), probably representing
modulation by breathing and heartbeat, respectively.
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2.4 Discussion

Posture affects hearing in various ways. We observed that posture changes
caused alterations in the SOAE spectrum. Emission peaks showed both
upward and downward shifts in amplitude, width, and center frequency, and
these shifts could be different for different SOAEs in the same ear (see for
example, Fig. 2.2). Frequency shifts in SOAEs have also been studied by
Bell (1992), who showed a rise in frequency for three SOAE peaks after a
body tilt from horizontal to −30 deg (about 5 Hz at 1.5 kHz). The postural
dependence of click-evoked OAEs (CEOAEs) was first described in Johnsen
and Elberling (1982), and showed no significant differences between sitting
and lying down flat. Also, Froelich et al. (1994) and Ferguson et al. (1998)
found no overall effect of posture on OAE amplitude. Antonelli and Grandori
(1986) observed decreasing latency and amplitude for click-evoked and tone-
burst-evoked OAEs, resulting from a downward body tilt from sitting to
lying (−40 deg), whereas others found systematic changes in latency only
(Phillips and Farrell 1992; Büki et al. 1996). The experiments presented
by Büki et al. (1996) showed that posture affected CEOAEs in a fairly
systematic way. A postural tilt (from +90 deg to −30 deg) effected a phase
lead (i.e., shorter latency), mainly for frequency components below 2 kHz.
The effect of posture on distortion product OAEs (DPOAEs) consisted of
a phase lead and a decrease of level at low frequencies (Büki et al. 2000).
Furthermore, for inverted position, the acoustic impedance and the auditory
threshold increased (Macrae 1972), and the audiogram fine structure showed
an interchange of the peaks and valleys (Wilson 1980). Horst and Ritsma
(1984), however, found no audiogram differences between sitting and lying
horizontally.

Posture is believed to modulate the pressure of the intracochlear flu-
ids. The intracochlear space is connected to the intracranial space via the
cochlear aqueduct and several minor pathways (e.g., Carlborg et al. 1982).
Because the cochlear aqueduct is connected to the perilymphatic space, the
perilymphatic pressure will be altered primarily. However, in normal (guinea
pig) ears no difference can be measured between the perilymphatic and the
endolymphatic pressure (e.g., Andrews et al. 1991), even after infusion of
artificial endolymph (Takeuchi et al. 1991). Thalen et al. (1998) showed
that modulation of intracranial fluid pressure in the guinea pig gave a cor-
responding pressure change in the intracochlear fluid.
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From observations during neurosurgical procedures we know that posture
changes result in a modulation of the intracranial fluid pressure (Magnæs
1976, 1978; Chapman et al. 1990). Thus, given the connection between the
cochlear and cranial fluids, posture influences the intracochlear fluid pressure
in a straightforward way.
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Figure 2.10: The intracranial pressure as a function of the body position,
from supine (−30 deg) to upright (+90 deg); derived from Chapman et al.
(1990). Different symbols represent different subjects. The solid line denotes
the least-squares fit of all points: ICP = a(sin θ − 1)2 − b, with a = 10.5 cm
water, and b = 0.81 cm water.

Figure 2.10 shows intracranial pressure data from 5 subjects, taken from
Chapman et al. (1990). The relation between the ICP (in cm water) and
the angle of rotation θ can be described by

ICP = 10.5(sin θ − 1)2 − 0.81, (2.2)

and is plotted as the solid line in Fig. 2.10 (the parameters were determined
by a least-squares fit). Note that the largest increase of the ICP occurs for
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θ < 0 and this is why we compared upright and recumbent position, head
down (θ = −30 deg). Presumably, the relation between posture and the
steady state of the intracochlear fluid pressure shows a great resemblance to
Fig. 2.10.

The exact mechanisms of the effects of the intracochlear fluid pressure
on hearing are unknown. Most authors suggest that the increased fluid pres-
sure causes a slight bulge in the cochlear windows, and hence increases the
stiffness of the windows (e.g., Wilson 1980; Büki et al. 1996). In terms
of a mechanical cochlear model, this corresponds to a modification of the
cochlear boundary conditions. In agreement with this suggestion, the ob-
served changes for click-evoked OAEs are consistent with predictions from
a simple model with altered stiffness of the annular ligament of the stapes
(Büki et al. 1996). In general, postural changes are accompanied by a small
increase in middle-ear pressure (Büki et al. 1996; Ferguson et al. 1998).
Pressure changes of ambient air are known to alter OAEs in a compara-
ble manner (e.g., Hauser et al. 1993). The latter authors, however, used
higher pressures (∼ 400 daPa) than those observed with postural changes
(∼ 40 daPa). Therefore, middle-ear pressure effects alone can not explain the
OAE changes. Since the exact origin of spontaneous OAEs is not fully un-
derstood, it is difficult to determine the mechanisms involved in the observed
SOAE changes. The OAEs are thought to be generated by linear (coherent)
reflection and nonlinear distortion in the cochlea (Shera and Guinan 1999).
The location of the individual SOAE peaks shows close resemblance to the
fine structure observed in the audiogram (and evoked OAEs), and probably
finds its origin in wave reflections via distributed spatial cochlear inhomo-
geneities (Talmadge et al. 1998). Considering the alterations of SOAEs,
we have to look at the complex way in which the individual peaks in the
spectrum interact. The SOAE peaks are influenced by external stimuli (e.g.,
suppression and synchronization), but also by each other (Burns et al. 1984;
Wit 1990; Long et al. 1993; Murphy et al. 1995; Van Dijk and Wit 1998).
It seems clear that an SOAE peak is not an isolated phenomenon, which is
confirmed by our observations (see Figs. 2.2 and 2.4). Given the complexity
of generation and interactions, an increase of the stiffness of the cochlear
windows may well be responsible, at least in part, for the phenomena ob-
served.

Modification of outer- or middle-ear pressure also induces changes in both
amplitude and frequency of OAEs. These pressure changes are realized by
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manipulation of the atmospheric or closed ear canal pressure, or by Valsalva
maneuvers. Generally, for both negative and positive pressure changes, the
SOAE amplitude decreases, whereas the center frequency increases (Kemp
1981; Wilson and Sutton 1981; Schloth and Zwicker 1983; Hauser et al.
1993). In some cases, an increase of amplitude or a decrease of frequency
has also been detected. Furthermore, the appearance of new SOAE peaks
has been observed during pressure changes. The SOAEs are affected most at
the lower frequencies (< 2 kHz). The amplitude of click-evoked OAEs is in-
fluenced by both positive and negative ear canal (and atmospheric) pressure
in a similar manner (Naeve et al. 1992; Hauser et al. 1993). The amplitude
is greatest at ambient pressure and decreases for deviating pressures; again
predominantly for the lower frequencies. Wilson (1980) reported an inter-
change of peaks and valleys in the audiogram after a Valsalva maneuver,
similar to that due to a postural change (see above). This interchange was
observed for both positive and negative middle-ear pressures too. In conclu-
sion, direct manipulation of boundary conditions through outer ear pressure
yields results comparable to those induced by posture changes. Thus, it is
likely that boundary condition manipulation is an important factor in the
phenomena we observed.

We observed strong SOAEs with 1-Hz sidebands (Fig. 2.7), as previously
noted in adults by Bell (1992) and Van Dijk et al. (1994). Involvement of
heartbeat was suggested in this fluctuation (∼ 60 beats/min = 1 Hz). Long
and Talmadge (1997) performed a detailed analysis of SOAEs and found that
all strong SOAEs have sidebands at multiples of approximately 1 Hz. They
showed the sidebands to stem from frequency modulation correlated to the
subject’s heartbeat. Emission amplitude modulation was not detected. In
Fig. 2.8 we show that frequency modulation increases substantially after a
body tilt from upright to supine posture (head down). Two periodicities can
be observed clearly in the latter case. In Fig. 2.9 the instantaneous amplitude
and frequency of another SOAE are plotted for recumbent body position.
In this position, amplitude modulation as well as frequency modulation can
be detected. Both modulations are in phase; in other words, increasing
amplitude goes with increasing frequency. From the Fourier transform of
the instantaneous frequency, the two components of the modulation can be
clearly discerned: a 0.2- and a 1.2-Hz periodicity, most probably related to
breathing and heartbeat. Long and Talmadge (1997) and Ren et al. (1995)
suggested several mechanisms which could lead to the modulation of emis-
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sions by heartbeat (and respiration): (1) acoustic interaction of the pulse
beat with SOAEs near the ear canal; (2) modulation of the pressure of the
cochlear fluids, which are connected to the cerebrospinal fluid (CSF) through
the cochlear aqueduct, with the CSF pressure being known to be modulated
by breathing and heartbeat (Marchbanks and Reid 1990); (3) blood flow
through the vessel of the basilar membrane, which could modulate the mass
of the basilar membrane; (4) electrical activity in the cochlea generated by
heartbeat; (5) modulation of the cochlear pressure by blood flow through
the stria vascularis; and (6) modulation of the nonlinear stiffness, a non-
physiological parameter from the model as described by Long and Talmadge
(1997). The latter authors conclude that the most likely origin of the heart-
beat modulation is a change in the mass of the organ of Corti, probably
through blood flow through the vessel of the basilar membrane. In addition
to reproducing their measurements, not only have we observed heartbeat
modulation, but also modulation by respiration. The CSF pressure is mod-
ulated by breathing even more strongly than by heartbeat (Marchbanks and
Reid 1990). However, the transmission of transient pressure changes to the
cochlea is doubtful because of the characteristics of the cochlear aqueduct.
On the other hand, the inner ear pressure in cats and guinea pigs clearly
shows modulation by respiration and heartbeat (Beentjes 1972; Wit 1999).
Moreover, Beentjes (1972) reported this modulation to be absent after clos-
ing the cochlear aqueduct. To summarize, we expect SOAE modulation via
the CSF pressure to also play an important role.

We have also recorded the time course of alterations of the SOAE spec-
trum caused by postural changes. Typical examples of the time course of
these alterations are depicted in Figs. 2.1 and 2.3. The time for the spectrum
to regain stability after a downward postural change is of the order of 1 min
(τ = 20 s), whereas this takes less than 10 s after an upward turn. It is re-
markable that the characteristic times of the SOAE changes after the upward
and downward change of position differ this much. Note that our subjects
were in supine position for only 2.5 min, whereas they were in upright posi-
tion for a long time prior to the experiment; this fact may be reflected in the
observed time courses. Possibly, the changes would have continued further
after 2.5 min in supine position. Looking at Figs. 2.1 and 2.3, however, it
seems likely that the main changes occur within the periods we studied. If
the observed changes are effected by changes in the inner ear pressure, via
an alteration in the intracranial pressure, the characteristic time of these
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changes will reflect properties of the pressure relation of the two compart-
ments. Therefore, some authors (e.g., Marchbanks and Reid 1990; Rosingh
et al. 1998b) have associated this characteristic time with the patency of the
cochlear aqueduct (i.e., larger patency yields a smaller time constant). The
patency of the cochlear aqueduct was observed to be dependent on the flow
direction through the aqueduct, for cats (Beentjes 1972; Densert et al. 1986)
and guinea pigs (Wit et al. 1999). However, the directional dependence of
the patency described in these studies differed, and was not as strong as
the one we observed. On the other hand, the ICP changes were not in-
stantaneous, but showed a complex kind of adaptation to the altered body
position. Magnæs (1978) reported the pressure changes of the ventricular
CSF (i.e., ICP) as having a rapid (∼ 2 s) and a slow secondary component
(after ∼ 10 s) for both sitting up and lying down. Furthermore, our subjects’
facial color also showed adaptation: within 10 s after the downward turn, it
had become rather red, whereas about 20 s later the color was paler again;
after the upward turn no color changes were obvious. This probably reflects
the complex response of the venous system on the posture changes (Mag-
næs 1978). Thus, the remarkable asymmetry observed for the time course
of the SOAE changes is possibly caused (1) by asymmetric properties of the
cochlear aqueduct, or (2) by an asymmetric behavior of the ICP changes, or
(3) by a combination of these two.

In view of the possible relation with the patency of the cochlear aque-
duct, as mentioned earlier, postural experiments have been performed to
study this patency and its possible pathologies (e.g., Rosingh et al. 1998b).
The patency of the cochlear aqueduct has been suggested to be an impor-
tant factor in intracochlear hydromechanics (Marchbanks and Reid 1990)
and was found to decrease with increasing age (W lodyka 1978), although
this finding could not be confirmed in a recent anatomical study (Gopen
et al. 1997). Disturbed patency has also been hypothesized to be related to
endolymphatic hydrops (i.e., an increased volume of the scala media), which
is assumed to be a primary pathology in Menière’s disease (for a review,
see Horner 1993). We think that postural experiments, similar to those de-
scribed in this article, may be useful in revealing pathological conditions of
cochlear fluid regulation.

In conclusion, we observed nonuniform changes in the SOAE spectrum
(that is, various alterations of height, width, and center frequency) after
a posture change. Altered stiffness of the cochlear windows as a result of
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altered intracochlear pressure may be responsible, at least partly, for the
phenomena observed. In accordance with the model predictions of Büki et al.
(1996) for evoked OAEs, the major changes occurred for the lower emission
frequencies. The remarkable asymmetric behavior of the SOAE changes in
time is possibly due to a combination of the patency of the cochlear aqueduct
and an asymmetric behavior of the intracranial pressure.



Chapter 3

The behavior of evoked
otoacoustic emissions during
and after postural changes

Abstract

Click-evoked and stimulus frequency otoacoustic emissions (CEOAEs and
SFOAEs, respectively) were studied in humans during and after postural
changes. The subjects were tilted from upright to a recumbent position
(head down 30 deg) and upright again. Due to the downward posture change,
CEOAEs showed a phase increase (80 deg at 1 kHz) and a level decrease (0.5
at 1 kHz), especially for frequency components below 2 kHz. For SFOAEs,
the typical ripple pattern showed a positive shift along the frequency axis,
which can be interpreted as a phase shift of the inner ear component of the
microphone signal (90 deg at 1 kHz). This also occurred mainly for frequen-
cies below 2 kHz. The altered posture is thought to cause an increase of the
intracranial pressure, and consequently of the intracochlear fluid pressure,
which results in an increased stiffness of the stapes system. The observed
emission changes are in agreement with predictions from a model in which
the stiffness of the cochlear windows was altered. For CEOAEs, the time to
regain stability after a downward turn was of the order of 30 s, where this
took about 20 s after an upward turn. For SFOAEs, we found this asymme-
try not to be present (about 11 s, both for up- and downward turns).

39



40 CHAPTER 3. EVOKED OAES AND POSTURE

3.1 Introduction

Otoacoustic emissions (OAEs) are sounds generated in the inner ear, which
are measurable in the ear canal. They can be divided into two categories:
spontaneous and evoked otoacoustic emissions (SOAEs and EOAEs, respec-
tively). Within the category of evoked OAEs one can discern OAEs elicited
in different manners, like click-evoked, stimulus frequency, distortion prod-
uct, and noise-evoked OAEs (see Probst et al. 1991; Maat et al. 2000).
Since the prevalence of OAEs is related to hearing loss, to date, OAE mea-
surements are widely used to probe cochlear functioning.

Posture affects different aspects of hearing. First of all, posture has
been shown to affect the audiogram fine structure, which is related to OAEs
(Wilson 1980). In addition, the effects of posture have been studied for
various OAE types like SOAEs (De Kleine et al. 2000), different kinds of
transient evoked OAEs (e.g., Antonelli and Grandori 1986; Büki et al. 1996),
and distortion product OAEs (Büki et al. 2000). Hitherto, posture effects
on stimulus frequency OAEs (SFOAEs) have not been studied.

Commonly, postural effects on hearing are attributed to changes in the
static inner ear pressure, which are thought to alter the transmission of the
OAE from the inner ear to the ear canal. Posture is known to affect the
intracranial pressure (ICP), probably mainly by gravity (Chapman et al.
1990; see also Fig. 10 of De Kleine et al. 2000). Since the cochlear aqueduct
connects the intracranial space to the inner ear, their respective pressures are
closely related. The properties of the cochlear aqueduct patency, however,
are not fully clear. Therefore, the exact relation between ICP and inner
ear pressure is not trivial, especially during pressure manipulations (Gopen
et al. 1997; Thalen et al. 1998). Postural experiments might give additional
information on the aqueduct patency. Furthermore, this patency might play
a role in the disturbed fluid regulation, which is hypothesized to be connected
to Menière’s disease (for a review, see Horner 1993).

The present report describes the behavior of click-evoked and stimulus
frequency OAEs before, during, and after controlled postural changes. For
both these emission types, we first focused on the stationary (i.e., long-
term) changes of the emission. Secondly, we studied the time course of
the alterations, that is, the dynamic behavior of the changing OAE after a
postural change.
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3.2 Materials and methods

Materials

Click-evoked otoacoustic emissions (CEOAEs) and stimulus frequency otoa-
coustic emissions were recorded. For all recordings, an ER-10C microphone
system from Etymotic Research was used with 40 dB gain. The microphone
was connected to the subject’s ear canal with a foam eartip. The microphone
system was calibrated in a Zwislocki coupler. All recordings were performed
in a sound-proofed chamber. Subjects were aged 19–35 years; 9 male and 19
female; all subjects had no known hearing loss. Only one subject was used
in both experiments. Over 50% of the subjects showed one or more SOAEs,
of which only one was analyzed in previous research (De Kleine et al. 2000).

Click stimuli were generated using a Stanford Research Systems DS345
function generator, which was connected to one speaker of the ER-10C micro-
phone system. The — electrical — clicks consisted of 25-µs wide rectangular
pulses with a 50 Hz repetition rate, according to a commonly used nonlinear
paradigm (one positive pulse was followed by three negative pulses, with an
amplitude of one-third). The microphone signal was filtered and amplified
with a Krohn-Hite 3550 filter (0.7 – 10 kHz band-pass) and a Stanford Re-
search Systems SR560 preamplifier (300 Hz high-pass and 20 dB gain). The
timing was controlled by a personal computer and a CED 1401plus intelli-
gent interface (suitable for generating and receiving waveform, digital and
timing signals). The speaker and microphone signal were simultaneously
stored on a Denon DAT recorder with a 48 kHz sampling rate. Off-line, the
recorded signals were digitally transferred to a computer disk using a Singu-
lar Solutions A/D64x connected to a NeXT computer. The CEOAEs were
computed by averaging an integer multiple of four click responses (henceforth
to be called a ‘block’), yielding the nonlinear part of the response.

Stimulus frequency OAEs were measured with an EG&G 5206 lock-in
amplifier in (r, θ)-mode, with a 300-ms time constant. The output of a Brüel
& Kjær 1051 sine generator was fed to the reference channel of the lock-in
amplifier and was delivered to one speaker of the ER-10C microphone sys-
tem. The microphone signal was filtered and amplified with the preamplifier
described above and returned to the signal channel of the lock-in amplifier.
The r- and θ-outputs of the lock-in amplifier (amplitude and phase) were
sampled by the CED interface described above, with a 6 Hz sampling rate.
After the experiment, the data were transferred to a personal computer.
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Methods

Click-evoked and stimulus frequency OAEs were measured from normal-
hearing subjects in upright and supine (−30 deg) position. For both emission
types, stationary as well as dynamic aspects of the changes were studied.

(a)

(b)

Figure 3.1: The experimental setup with the subject (a) in upright position
(+90 deg) and (b) in supine position (−30 deg).

The CEOAE experiments were carried out as follows. The subject was
positioned on a reclinable bed, standing upright (Fig. 3.1a). The eartip was
inserted in the external ear canal and measurement was begun. After 1 min,
the subject was tilted, within 3 s, to a head-down position, face up (−30 deg
with respect to the horizontal plane; Fig. 3.1b). About 2.5 min later, the
reverse procedure was carried out (subject standing upright again). After an
intervening 2.5-min interval, the recording was stopped, resulting in a total
recording of 6 min.

The SFOAE measurements were carried out in two ways. In the first
place, for three subjects, a tone sweep (10 Hz/s) of constant voltage was
used as stimulus. This measurement was performed in upright as well as
in supine position (−30 deg), with an intermediate period of 2.5 min. Sec-
ond, in studying the dynamics, a tone of constant amplitude and frequency
was used as a stimulus, for a 5.5-min period. During this 5.5 min, the
subject’s posture was manipulated as in the case of the CEOAE experi-
ment above (upright–supine–upright). Referring to this measurement as an
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SFOAE measurement is disputable, since the frequency of the tone was not
swept; the method of measurement is nevertheless identical. Note that this
measurement is equivalent to an impedance measurement, as performed in
standard audiological practice, and could therefore as well be called accord-
ingly. Results of this second type of SFOAE measurement were fitted with
an exponential curve:

f(t) = a
(

1− e−α(t−t0)
)

+ c, (3.1)

which satisfies the conditions:{
t = t0 f(t) = c
t→∞ f(t)→ a+ c

, (3.2)

where τ = α−1 is the related time constant. Here, f(t) is either amplitude
or phase. The fitting was done by a least-squares algorithm.

3.3 Results

Click-evoked otoacoustic emissions

Click-evoked otoacoustic emissions were measured continuously during a 6-
min period, as described in the Materials and Methods section. This ex-
periment was performed on 16 ears. Figure 3.2a shows a typical example
of two broadband filtered CEOAEs from one ear; the two traces correspond
to the upright and supine body position, as indicated. Emissions were com-
puted by averaging the responses of two separate periods of about 57 s (i.e.,
700 ‘blocks’) of one recording: the final stages of the first (upright; 3–60 s)
and second part (supine; 153–210 s) of the experiment. The averaged sig-
nal was filtered by a broadband eighth-order Butterworth filter (0.5–10-kHz
band-pass). The two traces differ clearly; mainly by phase, but also by ampli-
tude. For all measurements, the CEOAEs related to the two positions could
be distinguished easily. That is, the differences between the two CEOAEs
in upright position were much smaller than the differences of each of these
with the CEOAE in supine position.

In order to examine the frequency dependence of the changes in the
CEOAEs, we filtered the emission responses with an eighth-order Butter-
worth band-pass filter with a 300-Hz bandwidth. This filtering was carried
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Figure 3.2: A click-evoked otoacoustic emission in upright and supine posi-
tion (+90 and −30 deg, respectively); (a) after a broad-band filtering (500–
5000 Hz), and (b) after a narrow-band filtering (1300–1600 Hz). Solid lines:
upright (+90 deg), dashed lines: supine position (−30 deg). All signals
represent an average of a stationary period of 57 s.

out for nine adjacent frequency bands, with center frequencies from 850 to
3250 Hz. For these nine frequency bands, we compared the stable (averaged)
response in upright and supine body position (cf. Fig. 3.2b). This compar-
ison was made by fitting the CEOAE in upright position [fupright(t)] to the
CEOAE in supine position [fsupine(t)], where only a change in amplitude
and a shift in time were permitted: fsupine(a, dt; t) = afupright(t + dt). In
other words, the fitting procedure yielded a gain factor a and a time shift dt
which optimally transformed the upright response fupright(t) into the supine
response fsupine(t). Thus, for each frequency band two parameters were ob-
tained to describe the CEOAE changes due to the postural change: (1) an
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amplitude scaling a, and (2) a time shift dt.
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Figure 3.3: The averaged amplitude and phase changes of CEOAEs, due to a
postural change from upright to supine (+90 and −30 deg, respectively). (a)
Amplitude scaling for nine adjacent frequency bands of 300 Hz wide (from
700 to 3400 Hz). (b) Same data, for the phase shift. Error bars indicate
the standard deviation around the average, implying a large variability. The
shapes of the individual measurements were similar. The average values
represent 16 ears.

Following Büki et al. (1996), we calculated the phase change dφ from the
time shift dt by the relation dφ = 2πfc dt, where fc is the center frequency
of the band filter. Figure 3.3 shows the averaged changes in amplitude and
phase for all 16 experiments. In panel (a) the amplitude scaling, and in
panel (b) the phase shift was plotted versus the center frequency of the
band filter. Altogether, the postural change resulted in a decrease of the
amplitude, and a positive phase shift. These influences were observed mainly
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for lower frequencies (f < 2 kHz). The inter-individual results showed great
variability and therefore resulted in a huge deviation around the average.
However, for individual subjects, measurements showed behavior similar to
the average. A spectral analysis of the CEOAE alterations did not yield
additional information. Due to the short duration of the signal (20 ms), the
frequency resolution was only 50 Hz, which is insufficient to probe subtle
phase changes.
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Figure 3.4: A detail of the process of change of one CEOAE after a postural
change from upright to supine position (+90 and −30 deg, respectively). The
solid lines denote the (stationary) CEOAEs in upright and supine position, as
indicated. The dashed lines denote the CEOAEs for the transitional period
after the upright-to-supine rotation. Signals were averaged for subsequent
periods of 10 s.

The time course of the changes in the CEOAEs was studied also. Since
multiple responses (approximately 100 blocks) are needed to gain an aver-
aged CEOAE, we reduced the time between stimulus pulses to be minimal,
that is, 20 ms. Thus, one block took 80 ms and, consequently, 100 blocks
could be averaged in 8.2 s. Figure 3.4 shows an example of a band filtered
CEOAE (1100–1400 Hz), for separate periods within the 6-min experiment:
the solid lines denote the steady CEOAEs for the upright and supine po-
sition, whereas the dashed lines denote CEOAEs from the transitional pe-
riod after the upright-to-supine rotation. In this case, the transition of the
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CEOAE after the downward change of position took approximately 1 min.
After the upward rotation (at t = 210 s), it took about 20 s to regain a
stable emission signal. In our experiments, the transition after downward
turn always lasted longer than after the upward turn, except for one. For
the downward turn the average time to regain stability was 30 s; for the
upward turn 20 s, where the accuracy for separate measurements was only
one period of averaging, that is, 8.2 s. It should be noted that excessive
noise from the subject could also be responsible for a delaying the stability
of the signal.
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Figure 3.5: (a) The amplitude and (b) the phase of one stimulus frequency
OAE measurement, with the subject in upright position. The solid lines
designate the characteristics of the microphone signal during a frequency
sweep, as measured by a lock-in amplifier. The dashed lines were obtained
by smoothing the solid lines with a Fourier interpolation method.



48 CHAPTER 3. EVOKED OAES AND POSTURE

A
m

p
lit

u
d
e
 (

d
B

 S
P

L
)

A
m

p
lit

u
d
e
 d

if
fe

re
n
c
e
 (

d
B

)

1000 1500 2000 2500
Frequency (Hz)

(b)

32

34

36

38

40

42
(a)

-1.0

-0.5

0.0

0.5

1.0

Figure 3.6: (a) The amplitude of a SFOAE measurement for upright
(+90 deg; lower traces) and supine position (−30 deg; upper traces, shifted
by 2.5 dB). Solid lines designate the amplitude of the microphone signal dur-
ing a frequency sweep, measured by a lock-in amplifier. Dashed lines were
obtained by smoothing the solid lines with a Fourier interpolation method.
(b) The fine structure of the amplitude of an SFOAE measurement, derived
from panel (a) by subtracting the smooth from the rippled traces. Solid line:
upright (+90 deg), dashed line: supine position (−30 deg). The pattern was
shifted by about 30 Hz down to 1 Hz. Calculations on the phase gave similar
results; see also Fig. 3.7.

Stimulus frequency otoacoustic emissions

In three ears, we measured stimulus frequency otoacoustic emissions in the
two distinct positions (upright and supine, −30 deg). For each position, the
measurement lasted 150 s, in which the stimulus frequency was swept from
1000 to 2500 Hz. Before the measurement in supine position, an intermedi-
ate 2.5-min period of rest was taken, after which we assumed the emission
response being stable again. Figure 3.5 shows a typical example of such an
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SFOAE measurement: the amplitude and phase of the microphone signal,
where the phase is relative to the electrical stimulus signal. The dashed lines
denote the smoothed background of the actual signal (solid lines), obtained
by a Fourier interpolation method.

Figure 3.6 compares the amplitudes of the SFOAE measurements in up-
right and supine position (cf. Fig. 3.5a). In panel (a) the amplitudes are
plotted; the traces corresponding to the supine position were shifted by 10
dB. The differences between the actual trace and the background (the rip-
ples; usually considered to be the nonlinear part of the SFOAE) were plotted
in panel (b), for both postures. Here, the dashed line represents the SFOAE
in supine position and the solid one the SFOAE in upright position. The
two SFOAEs show great resemblance, but differences can be observed clearly.
The dashed line appears as a horizontally shifted version of the solid one.
This shift along the frequency axis is of the order of magnitude of 10 Hz (a
least-squares fit with af + b gave a = −0.021 and b = 54 Hz; corresponding
to a shift of 33 Hz at 1000 Hz, down to 1.5 Hz at 2500 Hz).

Rippled magnitude patterns, such as the ones in Figs. 3.5 and 3.6, are
obtained as a result of interference between two vectors (see lower inset of
Fig. 3.7): a large one pS corresponding to the external stimulus as it is de-
livered to the ear, with a smooth frequency dependence, and a smaller one
pOAE corresponding to the emission, whose phase ϕOAE rapidly rotates, when
frequency f is increased. The peaks in the rippled pattern appear at fre-
quencies where the two vectors happen to have the same phase and reinforce
each other while the dips correspond to negative interference. Figure 3.7
shows the emission phase ϕOAE as a function of the stimulus frequency f ,
for each posture. The data were derived from the amplitude and phase
data as shown in Figs. 3.5 and 3.6, where the stimulus sound pressure ps

was taken as the smooth (dashed) background. The phase difference be-
tween supine and upright posture could reasonably be described by a phase
shift with linear frequency dependence (a least-squares fit with af + b gave
a = −3.4 · 10−4π/Hz and b = 0.86π; in effect a shift of 0.52π at 1 kHz, down
to 0.07π at 2.3 kHz).

Since SFOAE measurements take a considerable amount of time (in our
case 2.5 min), the time course of the alterations is difficult to study. There-
fore, we performed SFOAE measurements in which the subject’s posture
was altered, while a fixed frequency stimulus tone, with f = 1210 Hz, was
presented (i.e., as mentioned, an impedance measurement). This experiment
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Figure 3.7: The phase ϕOAE of the SFOAE as a function of the stimulus
frequency, for two postures. This phase was derived from the measurements
presented in Figs. 3.5 and 3.6. Solid line: upright (+90 deg), dashed line:
supine position (−30 deg). The phase difference between supine and upright
posture could reasonably be described by a phase shift with linear frequency
dependence; from 0.52π at 1 kHz, down to 0.07π at 2.3 kHz (a least-squares
fit with af + b gave a = −3.4 · 10−4π/Hz and b = 0.86π). Lower inset: the
sound pressures of the stimulus tone pS and of the emission pOAE add up to
the sound pressure in the ear canal pEC.
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Figure 3.8: A typical example of the phase of an SFOAE — of constant
frequency — during an experiment in which the subject’s posture was altered
at about t = 60 s and t = 200 s, as indicated. Such measurements could be
described by a simple exponential function [Eq. (3.1)]. For supine position,
the phase shows a 4-Hz fluctuation, probably caused by breathing.

was performed on 35 ears from 25 subjects. During these experiments, a vast
majority of the measurements showed clear alterations in the microphone sig-
nal. As the phase appeared to be more sensitive to postural changes than the
amplitude, we focused on the phase of the microphone signal. More specific,
the amplitude not always returned to its initial value, and changes some-
times were very small. Also, both positive and negative amplitude changes
were observed (ranging from −4 to +2 dB), where 57% showed an amplitude
increase, in supine position. Figure 3.8 shows a typical example of the phase
throughout one experiment. During the 5.5-min experiment, the subject’s
posture was altered twice, as indicated in the graph. After each postural
changes a gradual change in the phase was observed. The phase differences
between both upright positions were much smaller than the phase difference
between upright and supine position. The phase behavior was quantified by
fitting it with a simple exponential function, yielding an amplitude a and a
time constant τ for each postural change [see Eq. (3.1)]. In 26 of the 35 ex-
periments, the phase behavior was comparable to Fig. 3.8, in three cases no
evident phase change could be observed, and in six cases the phase behavior
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Figure 3.9: Histogram of all 52 time constants of 26 SFOAE tilting experi-
ments, with 2-s wide bins. Dark and light grey parts of the histogram identify
the time constants of the up- and downward postural changes, with average
time constants of 11.1 s (SD = 6.4) and 11.7 s (SD = 5.6), respectively. The
average of all time constants was 11.4 s (SD = 6.1).

was different from Fig. 3.8, and thus could not be fitted with the exponen-
tial curve from Eq. (3.1). So, from 26 experiments, 52 time contstants were
obtained (one from the up- and one from the downward turn). Figure 3.9
shows a histogram of all the values of these time constants. The time con-
stants of the downward change of position were shaded. The average of all
time constants equaled 11.4 s, with a standard deviation of 6.1 s. For the
up- and downward postural changes the averages were 11.1 s (SD = 6.4) and
11.7 s (SD = 5.6), respectively. The difference between these averages was
not statistically significant.

3.4 Discussion

The effects of posture on hearing have been investigated in various ways.
In this report, we studied the effects of postural changes on click-evoked
and stimulus frequency otoacoustic emissions. Due to a downward posture
change, CEOAEs showed a phase increase and an amplitude decrease, espe-
cially for frequency components below 2 kHz (see Fig. 3.3), confirming previ-
ous findings of Büki et al. (1996). Changes of stimulus frequency OAEs after
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a downward posture change, could be described by a positive phase shift of
the inner ear component; also mainly for low frequencies (Fig. 3.7). The time
for both these OAE types to regain stability after a postural change, how-
ever, gave deviant results (Figs. 3.4 and 3.9). Test-retest differences for these
transition times were not examined, and need further research. Previously,
posture has already been shown to affect the auditory threshold (Wilson
1980), acoustic impedance (Macrae 1972; Magnano et al. 1994), tympanic
membrane displacement measurements (Phillips and Farrell 1992), and dif-
ferent kinds of otoacoustic emissions (Büki et al. 1996, 2000; De Kleine
et al. 2000). The exact origin of these changes has not been elucidated yet.
Specifically, the question whether these changes stem from inner or middle
ear alterations is still not clarified. It is, however, generally assumed that
changes of the hydrostatic intracochlear pressure play an elemental role (e.g.,
Büki et al. 2000; De Kleine et al. 2000).

Intracochlear pressure is tightly related to intracranial pressure; the con-
nections between the corresponding fluid systems being major factors in
describing this relation. The patency of the cochlear aqueduct, the main
connection between the cochlear and the cerebrospinal fluid (CSF) compart-
ment, has been examined in several studies (e.g., Carlborg et al. 1982).
Recent histological studies have indicated that most cochlear aqueducts are
rather narrow (about 0.1 mm) and are filled with loose connective tissue
and are thus likely to transmit low-frequency pressure waves from CSF to
cochlear compartments (Gopen et al. 1997). Because the aqueduct is con-
nected to the scala tympani, such pressure waves will alter the perilym-
phatic pressure. Since no — substantial — pressure difference can endure
between the perilymphatic and the endolymphatic compartment (Andrews
et al. 1991; Wit et al. 2000), any pressure waves from the CSF will affect
the intracochlear pressure throughout the cochlea in a uniform fashion.

The mechanisms governing the OAE alterations due to posture changes
are still not clear. Since a downward posture change induces an increase
of the inner ear pressure, most authors assume that this results in a slight
outward bulge in the cochlear windows, which increases their stiffness. In
experiments with human temporal bones, Ivarsson and Pedersen (1977) have
shown this stiffness to be variable. The increased stiffness is thought to alter
properties of the ear, which alter the OAE characteristics (Wilson 1980; Büki
et al. 1996). Calculations from a middle-ear model with variable stiffness of
the stapes system do confirm these ideas for CEOAEs and DPOAEs, yielding
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phase changes (and to a lesser extent also amplitude changes) mainly at
frequencies below 2 kHz (Avan et al. 2000; Büki et al. 2000). This middle-
ear model consequently only includes transmission changes; no intracochlear
mechanisms are taken into account. Interpretation of experimental results
from spontaneous OAEs (SOAEs) are complex, but seem in agreement with
these computations (De Kleine et al. 2000).

At first sight, the changes of the steady state of SFOAEs showed certain
resemblance with the SOAE and auditory threshold changes: an upward
frequency shift of the fine structure, mainly at low frequencies (< 2 kHz).
However, when regarding the SFOAE as the sum of two vectors (Dallmayr
1987), the changes in the inner ear part of the signal could be described
as a phase shift with linear frequency dependence (Fig. 3.7). This is in
agreement with findings on CEOAEs and DPOAEs and the middle-ear model
mentioned earlier. Experiments on cadaver ears in cat (Lynch et al. 1982)
and cattle (Kringlebotn 2000b) showed static pressure variations in the inner
ear to affect sound transmission. Kringlebotn (2000b) notes, however, that
with an intact ossicular chain these influences are only minor. Since in evoked
OAE measurements the cochlear windows are passed twice, we expect that
transmission changes can not be disregarded. Altogether, an alteration of
the stiffness of the stapes system is likely to be a factor of importance in our
postural experiments.

In accordance with these ideas on the stiffness of the stapes system, vari-
ations of middle- and outer-ear pressure affect OAEs in a manner similar
to the way postural experiments do affect OAEs. In general, both positive
and negative pressures induce a decrease of amplitude (for CEOAEs and
DPOAEs), a phase shift (for CEOAEs and DPOAEs), or an increase of cen-
ter frequency (for SOAEs); all effects predominantly at frequencies below
2 kHz (e.g., Schloth and Zwicker 1983; Naeve et al. 1992; Hauser et al.
1993; Büki et al. 1996; Avan et al. 2000). No data of effects of middle-ear
pressure on SFOAEs are known to the authors. For the auditory threshold,
Wilson (1980) reported posture and middle-ear pressure changes to give sim-
ilar results, namely an interchange of the peaks and valleys in it. In cadaver
ears of humans, Voss et al. (2000) have shown the impedance measured
in the ear canal to be dominated by compliance (i.e., stiffness). Also, in
cattle cadaver ears the acoustic input impedance at the oval window was
shown to be stiffness controlled up to 1 kHz; this impedance is determined
mainly by the stiffness of the annular ligament at low frequencies, and by the
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cochlear input impedance at higher frequencies (Kringlebotn 2000a). Static
pressure differences at the footplate were shown to affect the amplitude and
phase of the impedance; at higher frequencies (above 5 kHz) it was hardly
affected. Thus, besides transmission alterations, we consider alterations of
the middle-ear and cochlear window impedances to play an important role
in the phenomena observed in our experiments.

The dynamics of the observed OAEs after the postural changes, showed
some noticeable phenomena. Most authors, though, did not investigate the
time courses of the changes. For CEOAEs, the time to regain stability after
a downward turn was about 30 s, and about 20 s after an upward turn
(see also Fig. 3.4). As mentioned, these times are not very precise, due
to the measurement protocol. Faster measuring techniques might improve
accuracy here (see Ferguson et al. 1998). De Kleine et al. (2000) have
shown comparable results for SOAEs: 1 min for the downward and less than
10 s for the upward turn. For DPOAEs, Büki et al. (2000) have observed
a slow change (∼25 s) after the downward postural change (their Fig. 5),
they do not mention the time after the upward turn (their protocol was not
symmetrical). From a personal communication with the authors we know
that after an upward turn the rate of change was always very fast, so that a
stable phase was reached within 4 s. For SFOAEs — or the impedance —
we found the two time constants of the up- and downward turn to be of
same magnitude: approximately 11 s (see Figs. 3.8 and 3.9). Since all OAEs
are assumed to arise by common mechanisms (e.g., Zwicker and Schloth
1984; Shera and Guinan 1999), this difference was not expected. It could
be speculated that in the latter case (SFOAE) transmission changes are
relatively of smaller importance than impedance changes and that these two
alter at different rates. So, SOAEs, CEOAEs, as well as DPOAEs show slow
alterations after a downward turn, and fast alterations after an upward turn.
The impedance, however, showed equal time courses for both maneuvers.

Noninvasive measurements directly associated with intracochlear pres-
sure are of potential interest for intracranial pressure monitoring. For this
purpose, Marchbanks (1984) developed a method for measuring the tym-
panic membrane displacements during stapedius reflex contraction. This
technique was used in different circumstances of altered ICP, such as hy-
drocephalus and posture (e.g., Reid et al. 1990; Phillips and Farrell 1992),
and to study pressure regulation in patients with Menière’s disease (Rosingh
et al. 1998b). Alternatively, impedance or OAE measurements could also



56 CHAPTER 3. EVOKED OAES AND POSTURE

be useful in detecting ICP differences (Magnano et al. 1994; Büki et al.
1996, 2000; De Kleine et al. 2000). One should, however, realize that the
relation between the ICP and the inner ear pressure is not trivial, especially
in dynamic situations (Thalen et al. 1998). Then, as mentioned before, the
dynamical properties of the cochlear aqueduct come into play. Impedance
changes during jugular compression, probably due to pressure changes of the
CSF transmitted via the cochlear aqueduct to the perilymph, were shown
to occur within a few seconds (Magnano et al. 1994). Moreover, we ob-
served the time courses of different OAE measurements having discordant
properties (see previous paragraph). Given the complexity of these pressure
regulations, it is not sure whether ICP is reflected by such audiological mea-
surements. Further, Magnæs (1978) reported the pressure changes of the
ventricular CSF (i.e., ICP) as having a rapid (∼2 s) and a slow secondary
component (after ∼10 s), for both sitting up and lying down. Nevertheless,
we think that OAEs could well form a suitable tool for monitoring changes
of the intracranial — and intracochlear — pressure, especially when the time
of interest exceeds 10 s.

In conclusion, we observed changes of click-evoked OAEs after a posture
change, mainly characterized by a phase shift; confirming previous findings.
For stimulus frequency OAEs, we observed a positive frequency shift of the
fine structure due to a postural change. The changes for both OAE types
mainly occurred at the lower frequencies. These findings are consistent with
a model in which posture affects cochlear window impedance due to modi-
fication of the intracochlear fluid pressure. The time courses of OAEs after
the posture changes require a closer examination.



Chapter 4

Postural effects on the ear’s
input impedance in patients
with Menière’s disease

Abstract

Impedance measurements were performed during and after postural changes,
in patients with Menière’s disease. The patients were tilted from upright to
a recumbent position (head down 30 deg) and upright again, during a 5.5-
min period. In most measurements, the phase behavior after both changes
could reasonably be described with exponential curves. On average, the rate
of change after a downward turn was lower than after an upward turn; with
time constants of 15.4 s and 11.4 s, respectively. We observed no differences
between the behavior from the affected and unaffected (i.e., contralateral)
ears of our patient group. Furthermore, time constants of our patients did
not differ significantly from the time constants obtained from measurements
with normal-hearing subjects. Given the complexity of intracranial pressure
changes in response to a posture change, it is not sure to what extent the
changes we measured, are related to properties of the cochlear aqueduct
patency.

57
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4.1 Introduction

Patients with Menière’s disease suffer from symptoms like hearing loss, tinni-
tus, and attacks of dizziness. Since endolymphatic hydrops (i.e., an increased
endolymphatic space) was found in temporal bones from patients who had
suffered from Menière’s disease during life (Hallpike and Cairns 1938), it
was hypothesized that this might be the underlying mechanism causing the
symptoms. Several models have been proposed by which an endolymphatic
hydrops could be generated, and by which then the symptoms could be ac-
counted for (e.g., Horner 1993). However, despite extensive research, the
etiology of the disease has not yet been clarified (for a review, see Kiang
1989 and Merchant et al. 1995).

Postural changes are known to induce changes of the intracranial pres-
sure, primarily by gravity (Chapman et al. 1990). Since intracranial and in-
tracochlear spaces are connected by several small pathways, posture changes
probably affect inner ear pressure, and have been used accordingly (e.g.,
Phillips and Marchbanks 1989; Büki et al. 2000). Furthermore, a disturbed
patency of the cochlear aqueduct, being the main pressure communication
route of the cochlea (Carlborg et al. 1982), has been suggested to be related
to endolymphatic hydrops (e.g., Konrádsson et al. 2000). Because changes
of inner ear pressure are reflected in measurements of impedance and otoa-
coustic emissions, the rate of change of these measurements may well reflect
the speed at which the inner ear pressure changes take place (e.g., De Kleine
et al. 2001).

In our clinic, an ongoing comprehensive project is being carried out to
study Menière’s disease and its pathology in order to gain insight in the stag-
ing of the disease and to eventually develop a suitable therapy. Our patients
are subjected to a set of otological, audiological, vestibular, radiological and
laboratory examinations (e.g., Rosingh et al. 1998b; Mateijsen et al. 2000).
In this paper, we present measurements of the ear’s input impedance during
a period of time, in which the patient’s posture was altered twice. The rate
of the impedance changes after the posture changes is studied in particular.
Also, a comparison is made between the affected and unaffected ears of the
patients, as well as with a group of ears from normal-hearing persons.
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4.2 Materials and methods

Materials

Patients were diagnosed as suffering from Menière’s disease when they (1)
had a history of at least two vertigo attacks, (2) suffered or had suffered
from tinnitus, and (3) had a cochlear hearing loss of at least 20 dB at one of
the frequencies of the standard audiogram (aural fullness was omitted; see
Mateijsen et al. 2000). Further, other underlying pathologies were excluded
by a comprehensive set of otological examinations and audiological tests. A
total number of 56 patients with Menière’s disease (27 males and 29 females)
was examined. The average age of the patients equaled 51 years [standard
deviation (SD) 10]. Of these patients, 29 were unilaterally, and 27 were
bilaterally affected. Hence, 83 affected and 29 unaffected (i.e., contralateral)
ears were included in our analyses.

Impedance measurements (see also De Kleine et al. 2001) were performed
with an ER-10C microphone system from Etymotic Research with 40 dB
gain; which was calibrated in a Zwislocki coupler. The microphone was
connected to the patient’s ear canal with a foam eartip. The impedance
was measured with an EG&G 5206 lock-in amplifier in (r, θ)-mode, with a
300-ms time constant. The output of a Brüel & Kjær 1051 sine generator
was fed to the reference channel of the lock-in amplifier and was delivered to
one speaker of the ER-10C microphone system. The microphone signal was
filtered and amplified with a Stanford Research Systems SR560 preamplifier
(300 Hz high-pass and 20 dB gain) and returned to the signal channel of the
lock-in amplifier. The r- and θ-output of the lock-in amplifier (amplitude
and phase) were sampled by a CED 1401plus intelligent interface, with a 6 Hz
sampling rate. After the experiment, the data were transferred to a personal
computer. All recordings were performed in a sound-proofed chamber.

Further, pure-tone audiograms were obtained for 6 frequencies: 0.25,
0.5, 1, 2, 4, and 8 kHz (with an accuracy of 5 dB; down to 10 dB HL, the
lowest value routinely applied in our audiometric practice). Click-evoked
and distortion product otoacoustic emissions were measured using the ILO
equipment from Otodynamics Ltd. (see De Kleine et al. 2001). Data on the
severity and duration of the distinct symptoms were gained by means of a
questionaire.
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(a)

(b)

Figure 4.1: The experimental setup with the subject (a) in upright position
(+90 deg) and (b) in supine position (−30 deg).

Methods

The experiments were carried out as follows. The subject was positioned on
a reclinable bed, standing upright (Fig. 4.1a). The eartip was inserted in the
external ear canal and measurement was begun. After 1 minute, the subject
was tilted, within 3 seconds, to a head-down position, face up (−30 deg with
respect to the horizontal plane; Fig. 4.1b). About 21

4 min later, the reverse
procedure was carried out (subject standing upright again). After another
21

4 min the recording was stopped, resulting in a total recording of 51
2 min.

This procedure was carried out for both ears of the patient. As stimulus, a
tone of constant amplitude and frequency [1210 Hz] was used. Results of an
impedance measurement were fitted with an exponential curve:

f(t) = a
(

1− e−α(t−t0)
)

+ c, (4.1)

where a and c are determined by the boundary conditions, and τ = α−1

is the related time constant. Here, f(t) is either amplitude or phase. The
fitting was done with a least-squares algorithm.

Statistical analyses were performed using SPSS software. The main
methods we used were the t test and the Mann-Whitney test. Through-
out this paper, a significant result for the different tests implies P < 0.001
and a nonsignificant result implies P > 0.05, unless stated otherwise.
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4.3 Results

Postural experiments were performed on 56 patients suffering from Menière’s
disease, according to the criteria mentioned earlier. Figure 4.2 shows the
averaged pure-tone audiograms of our patient group. Left and right panel
represent the affected and unaffected ears, respectively. From this picture,
it is clear that affected ears show greater hearing losses than unaffected ears
(with average values of 45 versus 21 dB HL); moreover it demonstrates that
the unaffected ears do not have normal hearing. Since the hearing losses
were not normally distributed, we plotted the quartile values instead of the
standard deviation to quantify the variability.
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Figure 4.2: Averaged pure-tone audiograms of the affected (N = 83) and
unaffected ears (N = 29) of 56 patients with Menière’s disease. The circles
indicate the averaged values; the grey area represents the inter-quartile range
(i.e., it covers the central 50% of the observed threshold values). The mean
average hearing loss (for all frequencies) for affected and unaffected ears was
45 and 21 dB HL, respectively.

During the experiments in which the patient’s posture was changed, an
alteration of the microphone signal was observed in nearly all ears. Since
the phase of the microphone signal proved to be more sensitive to these
changes than the amplitude, we concentrated on the phase. To be precise,
the amplitude showed very small changes and not always returned to its
initial value (see also De Kleine et al. 2001). Figure 4.3 shows an example of
an experiment in which two time constants (τdown and τup) could be assigned
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Figure 4.3: A typical example of the phase of the impedance during an
experiment in which the subject’s posture was altered at about t = 70 s
and t = 200 s, as indicated. Phase alterations after posture changes could
be described by simple exponential functions e−αt [see Eq. (4.1)], which are
depicted as the solid lines; values of τ = 1/α are denoted. The phase shows a
4-Hz fluctuation, for supine position stronger than for upright; it is probably
caused by breathing.

to the phase alterations, by fitting with two exponential curves, as defined
in Eq. (4.1). In 58 of the 112 ears the phase behavior was like in Fig. 4.3,
and thus two time constants were obtained. Of the remaining ears, in 13
ears only one of the two alterations could be fitted this way; and in 41 ears
the shape of the phase change was not exponential, so no time constants
could be assigned. Below, the results from the 58 ears in which the phase
behavior was fitted with two exponential curves, are analyzed further (45
affected and 13 unaffected ears). The average audiogram of these ears was
equivalent to the audiogram presented in Fig. 4.2. Also, the in- or exclusion
of the 13 ears with only one exponential alteration did not alter the results
presented below. No relations or associations with respect to other medical
and audiological examinations and tests could be found for the group of ears,
from which no time constants were obtained.

The 58 ears for which the phase changes were fitted with two exponential
curves, yielded 58 values for τup and 58 for τdown, being the time constants
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Figure 4.4: Histogram of all 58 values of τ , for (a) downward positional
changes, τdown; and (b) upward positional changes, τup (see Fig. 4.3). The
mean value of τdown equaled 15.4 s (SD = 9.0); the mean of τup equaled
11.4 s (SD = 7.7). The mean difference of 4.0 s was significant (P < 0.02).

for the up- and downward posture changes, respectively [see Eq. (4.1)]. A
histogram of the values of τ is shown in Fig. 4.4; panel (a) shows the values
for the downward posture changes, τdown, and panel (b) shows the values for
the upward posture changes, τup. The mean value for τdown equaled 15.4 s,
whereas the mean for τup equaled 11.4 s. According to a t test, the difference
between the means was statistically significant (P < 0.02). Comparing the
values for α [= 1/τ , see Eq. (4.1)], yielded mean values of αdown = 0.093 s−1

and αup = 0.142 s−1. The alpha values differed significantly also (P < 0.01;
note also that τmean 6= 1/αmean). Although 48 of the 58 ears showed a
negative phase change due to the posture change from upright to supine (as
in Fig. 4.3), also 10 ears showed a phase increase (an inverted version of
Fig. 4.3). Excluding these ears did not alter the results, but increased the
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significances slightly.
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Figure 4.5: Histogram of all values of τ (τup and τdown), for (a) the affected,
and (b) the unaffected ears, with mean values of 13.41 s (SD = 8.81) and
13.37 s (SD = 7.94), respectively. The difference is statistically not signifi-
cant. Dark and light grey parts identify values for τup and τdown, respectively.
Naffected = 90 and Nunaffected = 26.

In comparing the affected and unaffected (i.e., contralateral) ears of our
patient group, the values of τ were plotted in panels (a) and (b) of Fig. 4.5.
This histogram shows the values for all τ , where τup and τdown were printed
in different shades. For the affected and unaffected ears, the means equaled
τaffected = 13.41 s and τunaffected = 13.37 s. This (small) difference in τ , as
well as the difference in means between the α values, was not statistically
significant. Also, no statistically significant differences existed between af-
fected and unaffected ears, when τup, τdown, and the magnitude of the phase
change were analyzed separately. Furthermore, the difference between τup

and τdown, as it existed for all ears (see Fig. 4.4), was not significant for the
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separate groups of affected and unaffected ears.
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Figure 4.6: Histogram of all values of τ (τup and τdown for each ear), for
(a) ears of patients with Menière’s disease, and (b) ears of normal-hearing
persons, taken from De Kleine et al. (2001). In panel (a), light and dark
grey parts identify values for affected and unaffected ears, respectively. Mean
values for τ equaled τnormal = 11.4 s (SD = 6.1) and τMenière = 13.4 s (SD =
8.6); with τaffected = τunaffected. The mean difference between the patients’
ears and the normal ears was not significant. Nnormal = 26 and NMenière = 58,
of which 45 affected and 13 unaffected ears.

In addition, we compared our results with results from normal-hearing
subjects, as described by De Kleine et al. (2001). They performed the same
experiment with 26 subjects with no known hearing problems. Figure 4.6
shows a histogram of the time constants τ (τup, as well as τdown values were
included), for (a) patients with Menière’s disease and (b) normal subjects.
The mean value for the patients’ ears was τMenière = 13.4 s, and for the
normal-hearing subjects τnormal = 11.4s. According to a t test, the difference
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in means was not significant. The mean difference between τ of the affected
or unaffected ears only, and τ of the normal ears was likewise not significant.
Furthermore, we remark that in this case of a comparison with normal-
hearing ears, α values did not show significant differences also.

Results obtained from our tilting experiment, as presented above, did
not show any associations or correlations with other variables like hearing
threshold, otoacoustic emission data, age, gender, and duration or severity
of the different aspects of the disease.

4.4 Discussion

We performed measurements of the ear’s input impedance in patients with
Menière’s disease. During this measurement, the patient’s posture was al-
tered twice. Although in most measurements both changes could be de-
scribed with exponential curves, almost 50% showed no orderly behavior
after one or both posture changes. This finding might indicate that in gen-
eral the measurement is more complex than the way we described it.

Menière’s disease is usually defined by the diagnostic triad of episodic ver-
tigo, fluctuant sensorineural hearing loss, and tinnitus; although sometimes
a feeling of fullness in the ear is included also (for an overview, see Kiang
1989 and Merchant et al. 1995). The pathophysiology of Menière’s disease is
thought to be an endolymphatic hydrops, although this hypotheses has still
not been demonstated conclusively. In the course of time, researchers have
brought forward a number of possible factors leading to, or contributing to
the development of this hydrops. In most cases, hydrops models come down
to an imbalance between the secretion and reabsorbtion of the cochlear fluids
(e.g., Kimura 1982; Horner 1993; Dunnebier et al. 2000). Since the cochlear
aqueduct is the main fluid outlet (or inlet) of the cochlea, a disturbed patency
of it has been put forward as a possible cause for endolymphatic hydrops
(Phillips and Marchbanks 1989).

The dynamical behavior of the inner ear pressures has been studied in
different species. Carlborg et al. (1982) blocked the cochlear aqueduct in
cats and showed this canal to be the main pressure release route from the
cochlea. In guinea pigs, direct measurements of inner ear pressure have
been performed, showing nonlinear behavior, governed by a pressure de-
pendent flow resistance and/or membrane compliance (Wit et al. 1999; In
humans, only indirect measurements of inner ear pressures, or changes in it,
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are possible. From neurosurgical measurements, it is known that posture in-
fluences intracranial pressure (ICP), probably mainly by gravity (Chapman
et al. 1990). Further, because the intracranial space and the cochlear space
are connected by the cochlear aqueduct, pressure changes are transmitted
through it, as Thalen et al. (1998) found in the guinea pig. Thus, changing
posture seems to be an adequate way of manipulating inner ear pressure in
humans.

Postural effects on hearing have been studied in different ways, in sub-
jects with normal hearing, as well as in patients. Changes could be ob-
served between upright and supine posture, for measurements of the auditory
threshold (Wilson 1980); impedance measurements (Magnano et al. 1994);
measurements of otoacoustic emissions (e.g., De Kleine et al. 2000; Büki
et al. 2000); and measurements with the tympanic membrane displacement
analyser (e.g., Rosingh et al. 1998b; Konrádsson et al. 2000). In most cases,
authors attributed the observed changes to alterations of the inner ear pres-
sure. We observed differences between the upright and supine body position
also. Findings on stimulus frequency OAEs, in which the same method of
measurement was used as here (De Kleine et al. 2001), in combination with
finding from a middle-ear model (Büki et al. 1996; Avan et al. 2000) suggest
that the observed changes stem mainly from inner ear pressure alterations.

The time in which these various measurements regain stability after a
postural change, show certain differences. Measurements with the tympanic
membrane displacement (TMD) analyser take a about 1 min, so its tem-
poral resolution is limited; Rosingh et al. (1998b) conclude the changes to
occur within 1 min after the positional change. For spontaneous otoacoustic
emissions, De Kleine et al. (2000) showed that the time to regain stabil-
ity differed between both maneuvers: 1 min for the downward and 10 s for
the upward turn. A similar asymmetry was observed for distortion product
otoacoustic emissions, where the time to regain stability after down- and
upward turns equaled 25 s and 4 s, respectively (Büki et al. 2000; the lat-
ter time was obtained via a personal communication). Also for click-evoked
otoacoustic emissions the changes after the downward turn were slower than
after the upward turn (30 s and 20 s, respectively; De Kleine et al. 2001).
When performing an impedance measurement, identical to the experiment
discussed in the current paper, the latter authors observed no difference be-
tween up- and downward turn (11 s, for each positional change). We, on the
other hand, found a difference in the time constant τ between up- and down-
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ward turns, when all ears of our patient group were included (τdown = 15.4 s
and τup = 11.4 s; see Fig. 4.4). So, on average, the rate of change after a
downward turn was slower than after an upward turn. The fact that we did
find a difference, where De Kleine et al. (2001) did not, might be due to our
greater sample number. The fact that the rate of change after a downward
turn is slower than after an upward turn, is in correspondence with postural
measurements of different kinds of otoacoustic emissions.

Objective differences between affected and unaffected ears of patients
with Menière’s disease, or between ears of Menière’s patients and ears of
people with normal hearing, are seldom found. From measurements with the
TMD analyser, however, Konrádsson et al. (2000) report the observed dif-
ferences between upright and supine posture — of the so-called Vi values —
to be significantly larger for the affected ears than for the unaffected ears (of
unilaterally affected patients). On the contrary, Rosingh et al. (1998b) per-
formed similar measurements, and found no differences between affected and
unaffected ears of patients with Menière’s disease, and ears of normal-hearing
subjects. Besides, this measurement technique was shown to give large test-
retest variations, so individual results are of limited value and should be
interpreted with care (Rosingh et al. 1998a). We observed no differences
between the affected and unaffected ears of our patients (Fig. 4.5). Further-
more, time constants τ of our patients did not differ significantly from the
time constants obtained from normal-hearing subjects by De Kleine et al.
2001 (see Fig. 4.6). This finding does not support the hypothetical smaller
patency of the cochlear aqueduct in Menière’s patients, which then would
have led to greater time constants from patients’ ears (Phillips and March-
banks 1989). On the other hand, intracranial pressure changes due to a
posture change do not occur instantaneously; Magnæs (1978) reported the
ICP change having a rapid and slow component (after 2 and 10 s), after
both sitting up and lying down. Given this complexity of ICP changes in re-
sponse to a posture change, it is not sure to what extent the — secondary —
changes we measured, reflect properties of the cochlear aqueduct patency.

In conclusion, we observed changes in the input impedance of the ear
of patients with Menière’s disease after a posture change. The time course
of these changes could be observed in detail, on the order of seconds; this
in contrast with TMD measurements, which take up to about one minute
and probably reflect similar properties of the ear. After a downward pos-
ture change, it lasted longer for the signal to stabilize than after an upward
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change; corresponding to findings for previous postural measurements on
otoacoustic emissions. Finally, we observed no differences between the time
constants from affected and unaffected ears of patients with Menière’s dis-
ease, nor with time constants from ears of people without hearing problems.
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Chapter 5

Evoked otoacoustic emissions
in patients with Menière’s
disease

Abstract

Click-evoked, as well as distortion product otoacoustic emissions (OAEs),
were measured in 100 patients with Menière’s disease. The incidence of the
emissions in affected ears (56%) was lower than in unaffected — or contralat-
eral — ears (85%). The mean emission amplitude in affected ears was also
significantly lower (2.6 dB), and, in turn, the mean amplitude in unaffected
ears was lower than in normal-hearing ears (5.3 dB). These differences are
likely to be caused by the hearing loss involved. Further, ears with OAEs
clearly showed smaller hearing losses than ears without OAEs (24 dB dif-
ference). The average hearing loss did show correlations with the emission
amplitudes, although this was not very strong; when plotted against the
smallest hearing loss, a certain upper boundary for the emission amplitude
was present. Also, the amplitude of click-evoked OAEs showed a consid-
erable correlation with the largest of the three distortion product OAEs.
These observations confirm the view that OAEs are associated with normal
or near-normal hearing.

71
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5.1 Introduction

Patients with Menière’s disease suffer from symptoms like hearing loss, tin-
nitus, and attacks of dizziness. Despite extensive research, the etiology of
the disease has not yet been clarified. It is, however, hypothesized that an
increased amount of endolymph (i.e., endolymphatic hydrops) may be the
underlying mechanism causing the symptoms. Several models have been
proposed by which an endolymphatic hydrops could be generated, and by
which then the symptoms could be accounted for (for a review, see Kiang
1989 and Horner 1993).

Otoacoustic emissions (OAEs) are sounds generated in the inner ear
which are measurable in the ear canal. They can either appear sponta-
neously or be evoked by a stimulus (for a review, see Probst et al. 1991).
Since the prevalence of OAEs is connected to hearing loss, OAE measure-
ments are nowadays widely used to probe cochlear functioning. In view of
the fact that Menière’s disease is probably related to inner-ear pathology,
OAE measurements in patients might well provide more insight into the dis-
ease (e.g., Harris and Probst 1992; Van Huffelen et al. 1998; Cianfrone et al.
2000).

In our clinic, an ongoing comprehensive project is being carried out to
study Menière’s disease and its pathology in order to gain insight in the stag-
ing of the disease and to eventually develop a suitable therapy. Our patients
are subjected to a set of otological, audiological, vestibular, radiological and
laboratory examinations (see e.g., Horst and De Kleine 1999; Mateijsen et al.
2000). In this paper, we present the results of measurements of click-evoked
and distortion product OAEs (CEOAEs and DPOAEs, respectively) in pa-
tients with Menière’s disease. A comparison is made between the affected
and unaffected ears of the patients, as well as with a group of ears from
normal-hearing persons.

5.2 Materials and methods

Patients were diagnosed as suffering from Menière’s disease when they (1)
had a history of at least two vertigo attacks, (2) suffered or had suffered
from tinnitus, and (3) had a cochlear hearing loss of at least 20 dB at one
of the frequencies of the standard audiogram (aural fullness was omitted;
see Mateijsen et al. 2000). Furthermore, other underlying pathologies were
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excluded by a comprehensive set of diagnostic examinations. A total num-
ber of 111 patients with Menière’s disease (54 males and 57 females) was
examined. The complete set of otoacoustic emission measurements was —
technically — successfully performed on 100 of these, yielding the results of
200 ears. This group of 100 patients consisted of 51 males and 49 females.
The average age of the patients equaled 50 years [standard deviation (SD)
11]. Of these patients, 58 were unilaterally and 42 were bilaterally affected.
Hence, 142 affected and 58 unaffected (i.e., contralateral) ears were included
in our analyses.

Emission measurements were performed with the ILO equipment from
Otodynamics Ltd. (for details, see Van Huffelen et al. 1998). Click-evoked
otoacoustic emissions were measured using the nonlinear mode with 80-µs
rectangular pulses. The emissions discussed below were obtained with a
stimulus of 90–95 dB. The criteria for a valid CEOAE were a successful
probe fit, a reproducibility greater than 55%, and an amplitude of at least
0 dB SPL. Frequency-specific data on CEOAEs were not stored. Distortion
product otoacoustic emissions at 2f1 − f2 were measured with stimulus fre-
quencies f2 = 1, 2 and 4 kHz, and frequency ratio f2/f1 = 1.2 (they will be
referred to as DPOAEs at these f2 frequencies). The level of both stimulus
tones was 70 dB. Emissions were regarded to be present when the signal ex-
ceeded the local noise level, and had a minimum amplitude of −10 dB SPL.
Pure-tone audiograms were obtained for 6 frequencies: 0.25, 0.5, 1, 2, 4, and
8 kHz (with an accuracy of 5 dB; down to 10 dB HL, the lowest value being
carried out in our audiometric practice). The average hearing loss was cal-
culated as the average of these 6 threshold values; the smallest hearing loss
was calculated as the minimum value of the 6 threshold values. For three
ears, no reliable audiogram could be obtained. Data on the severity and
duration of the distinct symptoms were gained by means of a questionaire
(see Mateijsen et al. 2000).

Statistical analyses were performed using SPSS software. The main
methods we used were the Chi-squared test and the t test; further, Pearson’s
rank-correlation coefficient was used (several variables were not normally dis-
tributed). Throughout this paper, a significant result for the different tests
implies P < 0.001 and a nonsignificant result implies P > 0.05, unless stated
otherwise.
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5.3 Results

Figure 5.1 shows the averaged pure-tone audiograms of our patient group.
Left and right panel represent the affected and unaffected ears, respectively.
From this picture, it is clear that affected ears show greater hearing losses
than unaffected ears (44 versus 20 dB HL); moreover it demonstrates that
the unaffected ears do not have normal hearing. Since the hearing losses
were not normally distributed, we plotted the quartile values instead of the
standard deviation to quantify the variability.
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Figure 5.1: Averaged pure-tone audiograms of the affected (N = 142) and
unaffected (N = 58) ears of patients with Menière’s disease. The circles
indicate the averaged value; the grey area represents the inter-quartile range
(i.e., it covers the central 50% of the observed threshold values). The mean
average hearing loss (for all frequencies) for affected and unaffected ears was
44 and 20 dB HL, respectively.

Figure 5.2 shows the incidence numbers of each type of otoacoustic emis-
sion (OAE). For all ears, each particular emission type was measurable (i.e.,
exceeded the noise) in approximately 65% of the ears. Overall, in 82 ears
(41%) all four OAEs were measured, and 36 ears (18%) showed no OAEs
at all. Comparing the affected and unaffected (i.e., contralateral) ears, an
average of 56% (range: 50–58) of the affected ears showed OAEs and 44%
did not, whereas for the unaffected ears an average of 85% (range: 71–93)
showed OAEs and 15% did not. The differences between these percentages
were evaluated by performing a Chi-squared test. This gave strong evidence
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Figure 5.2: Incidence of otoacoustic emissions in patients with Menière’s
disease. The circles indicate the incidence of click-evoked and the three dis-
tortion product OAEs in all 200 ears: 142 affected and 58 unaffected. Light
and dark grey parts, respectively, indicate ears with and without emission.
Absolute numbers are indicated in each part. Incidence in affected ears
ranged from 50–58%, in unaffected ears from 71–93%. On the whole, in
82 of all ears (41%) all four OAE types could be measured, and in 36 ears
(18%) no OAEs could be measured at all. According to a Chi-squared test,
a relation between OAE presence and affectedness was present.

in support of an association between affectedness and the presence of each
OAE type (P < 0.01 for DPOAEs at 4 kHz). The strength of these relations,
as expressed by Cramer’s V (ranging from 0 to 1, for no relation and a per-
fect relation, respectively) ranged from 0.19 for DPOAEs at 4 kHz, to 0.34
for CEOAEs. Thus, a relation between affectedness and presence of OAEs
existed but was not very strong. The Chi-squared test further indicated
that the differences in OAE incidence between the affected ears of uni- and
bilaterally affected patients were not significant.

The association between otoacoustic emissions and hearing loss was ex-
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Figure 5.3: Amplitudes of click-evoked otoacoustic emissions as a function
of hearing loss, for all affected ears. The open circles indicate ears from
which an emission was measured (NCEOAE+ = 82); the filled triangles in-
dicate ears from which no emission could be measured (NCEOAE− = 58),
the latter points’ amplitude is consequently meaningless. (a) Emission am-
plitude versus average hearing loss. The mean average hearing loss for the
“CEOAE+” ears was 33 dB (SD 13), for the “CEOAE−” ears 61 dB (SD
17). The mean OAE amplitude equaled 8.2 dB SPL (SD 4.0). For the 82
measurements, Spearman’s correlation coefficient rs = −0.39. (b) Emission
amplitude versus the smallest hearing loss of the audiogram. Same as (a);
note the fact that many points coincide.
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Figure 5.4: Amplitudes of distortion product otoacoustic emissions at 1 kHz
as a function of (a) the average hearing loss, and (b) the smallest hearing loss
(as Fig. 5.3). The mean average hearing loss for the “DP1+” ears was 36 dB
(SD 16), for the “DP1−” ears 55 dB (SD 20). The mean OAE amplitude
equaled −0.2 dB SPL (SD 5.6). For the open circles of panel (a), Spearman’s
correlation coefficient rs = −0.36. NDP1+ = 79, NDP1− = 61.

amined with the scatter plots in Figs. 5.3–5.7. Figure 5.3(a) shows the
average hearing loss versus the amplitude of the CEOAEs, for the affected
ears. Ears with (“CEOAE+” ears; open circles) and without measurable
emissions (“CEOAE−” ears; filled triangles) were included in the graph, the
amplitudes of the “CEOAE−” ears consequently being meaningless. As can
be observed from this figure, the association between CEOAE amplitude
and average hearing loss was weak; Spearman’s rank correlation coefficient
rs = −0.39 (for the “CEOAE+” ears). According to a t test, the mean
values of the average hearing loss for the “CEOAE+” and the “CEOAE−”
ears differed significantly, by 28 dB. Panel (b) shows the smallest hearing
loss versus the amplitude of the CEOAEs, for the same ears. Thus, all points
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Figure 5.5: Amplitudes of distortion product otoacoustic emissions at 2 kHz
as a function of (a) the average hearing loss, and (b) the smallest hearing loss
(as Fig. 5.3). The mean average hearing loss for the “DP2+” ears was 33 dB
(SD 15), for the “DP2−” ears 59 dB (SD 16). The mean OAE amplitude
equaled 0.8 dB SPL (SD 5.9). For the open circles of panel (a), Spearman’s
correlation coefficient rs = −0.29. NDP2+ = 80, NDP2− = 60.

from panel (a) were, in fact, shifted to the left (by minimally 0 dB, in the
case of a flat audiogram), especially in audiograms with one or more better
points. Plotted this way, the spread of the points was clearly smaller, show-
ing a maximum value for the emission amplitude for a certain hearing loss.
The same procedures were followed for DPOAEs and the outcomes yielded
similar results (Figs. 5.4–5.6). For DPOAEs at 1 kHz, Spearman’s rank cor-
relation coefficient rs = −0.36; the mean values of the average hearing loss
for the “DP1+” and the “DP1−” ears differed significantly by 19 dB. For
DPOAEs at 2 kHz, rs = −0.29, the mean hearing loss differed significantly
by 26 dB. For DPOAEs at 4 kHz, there was no correlation; the mean hearing
loss differed significantly by 24 dB.
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Figure 5.6: Amplitudes of distortion product otoacoustic emissions at 4 kHz
as a function of (a) the average hearing loss, and (b) the smallest hearing loss
(as Fig. 5.3). The mean average hearing loss for the “DP4+” ears was 32 dB
(SD 13), for the “DP4−” ears 56 dB (SD 19). The mean OAE amplitude
equaled −0.1 dB SPL (SD 5.6). The open circles of panel (a) were not
correlated. NDP4+ = 70, NDP4− = 70.

Distinct points of the audiometric threshold also showed some correla-
tions with OAEs (for affected ears). Considering the value of the hearing
threshold at 1, 2, or 4 kHz, this variable correlated most strongly with the
DPOAE of the same frequency (with rs = −0.45, −0.29, and −0.34, re-
spectively); the opposite, that is, starting from the DPOAE value, was not
the case. CEOAEs correlated most strongly with the threshold at 1 kHz
(rs = −0.43). Therefore, the improvement of correlation with respect to
the average hearing loss was small. Furthermore, the outcomes of speech
audiometry showed certain correlations with OAE amplitudes: for the max-
imum speech discrimination and the CEOAE amplitude rs = 0.42, this being
the greatest value.
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Figure 5.7: Emission amplitude versus the average hearing loss, for the un-
affected ears (cf. Figs. 5.3–5.6, note the scale differences). (a) Click-evoked
OAEs: mean amplitude = 10.1 dB SPL (SD 4.4); Spearman’s correlation
coefficient rs = −0.50; NCEOAE+ = 53, NCEOAE− = 4. (b) Distortion prod-
uct OAEs at 1 kHz: mean amplitude = 3.6 dB SPL (SD 6.6); rs = −0.35
(P = 0.013); NDP1+ = 49, NDP1− = 8. (c) Distortion product OAEs at 2
kHz: mean amplitude = 3.0 dB SPL (SD 5.6); no correlation; NDP2+ = 51,
NDP2− = 6. (d) Distortion product OAEs at 4 kHz: mean amplitude = 2.3
dB SPL (SD 5.6); no correlation; NDP4+ = 40, NDP4− = 17. Smallest hear-
ing losses were not plotted since 83% of the unaffected ears had a smallest
hearing loss of 10 dB.

For the unaffected ears, the correlation of the CEOAE amplitude with
average hearing loss was higher in comparison with the affected ears (rs =
−0.50). For all DPOAEs, correlations were smaller when present at all. The
latter fact was probably due in part to the smaller spread in the hearing
losses. Figure 5.7 shows data of the unaffected ears. The mean average
hearing losses for ears with and without OAEs were not compared, due to
the small number of ears without OAEs. Since most unaffected ears (83%)
had a smallest hearing loss of 10 dB, OAE data were not plotted against
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Figure 5.8: Mean amplitudes of different otoacoustic emission types. The
mean amplitudes (and SDs) of click-evoked and distortion product OAEs
as measured in (1) the affected and (2) unaffected ears of patients with
Menière’s disease (cf. Figs. 5.3–5.7), and (3) normal-hearing ears. The left
and right ordinate denote the amplitudes of the click-evoked and distortion
product OAEs, respectively. Significant differences in mean existed between
affected, unaffected, and normal-hearing ears for all emission types (P <
0.05). The mean differences between the affected ears of uni- and bilaterally
affected patients were not significant for all emission types. Normal-hearing
data were taken from Van Huffelen et al. (1998), with N = 26.

smallest hearing loss. The mean amplitudes of the OAEs for unaffected ears
were larger than for the affected ones (see also Fig. 5.8).

Considering the ears in which an OAE was actually measured, the mean
amplitudes of the OAEs were calculated and compared (Fig. 5.8). In addition
to the data of the affected and unaffected ears of our patient group, data
of normal-hearing ears was included (taken from Van Huffelen et al. 1998).
These data were also obtained in our clinic, with the same equipment and
experimental setup; therefore, a good comparison could be made. The mean
amplitudes of the unaffected ears were larger than those of the unaffected
ears for all OAE types (P < 0.01, and P < 0.05 for DPOAEs at 4 kHz). In
turn, the mean amplitudes of the normal-hearing ears were larger than those
of the unaffected ears, also for all four OAE types (P < 0.05). No significant
difference between affected ears of uni- and bilaterally affected patients was
present. The mean average hearing loss and the mean smallest hearing loss
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(cf. Fig. 5.1) for affected ears were 44 resp. 20 dB HL; for unaffected ears, 20
resp. 11 dB HL; and for normal-hearing ears both values equaled 10 dB HL
(strongly influenced by our audiometric limit of 10 dB HL).
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Figure 5.9: The maximum value of the 3 distortion product amplitudes
versus the amplitude of the click-evoked otoacoustic emissions, for (a) the
affected, and (b) the unaffected ears. The open circles indicate ears from
which an emission was measured (OAE+); the filled triangles indicate ears
from which no emission could be measured (OAE−). The latter points’
amplitude is consequently meaningless [(a): NOAE+ = 82, NOAE− = 60; (b):
NOAE+ = 54, NOAE− = 4]. For the affected and unaffected ears, Spearman’s
correlation coefficients equaled rs = 0.63 and rs = 0.74, respectively.

Relating the different OAEs, Fig. 5.9 shows the amplitude of the click-
evoked otoacoustic emissions versus the maximum value of the 3 distortion
product amplitudes (at 1, 2, and 4 kHz), for (a) the affected, and (b) the
unaffected ears. In this way, Spearman’s rank correlation coefficient rs was
larger than for any of the separate distortion products. For the affected ears,
rs = 0.63 and for the unaffected ears, rs = 0.74. As was noted above, the
mean OAE amplitudes for unaffected ears were larger than for affected ears.

For affected ears, the duration of the affection differed significantly be-
tween the ears with and without DPOAEs at 2 kHz: 5.9 versus 8.8 years
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(P < 0.05). Furthermore, the duration of the hearing loss showed an associ-
ation with the presence of three OAEs (click-evoked, and distortion products
at 2 and 4 kHz); the mean duration for ears with these OAEs was 4.7–5.0
years, and for ears without OAEs 7.9–8.5 years (P < 0.01). Other variables,
such as age, gender, and severity of the different aspects of the disease, did
not show any correlation or association with OAE incidence or amplitude.

5.4 Discussion

The characteristics of click-evoked and distortion product otoacoustic emis-
sions in ears of patients with Menière’s disease were investigated. We com-
pared the properties of the affected and unaffected (i.e., contralateral) ears
of 100 patients. The incidence of OAEs in affected ears (56%) was lower
than in unaffected ears (85%; see Fig. 5.2). The mean emission amplitude in
affected ears was also significantly lower (2.6 dB). The affected ears of uni-
and bilaterally affected patients showed no differences. Further, ears with
OAEs clearly showed smaller hearing losses than ears without OAEs (24 dB
difference). Correlations between average hearing loss and the various emis-
sion amplitudes were present, although these were not very strong; when
plotted against the smallest hearing loss, a certain upper boundary for the
emission amplitude was present (see Figs. 5.3–5.6).

Menière’s disease is usually defined by the diagnostic triad of episodic
vertigo, fluctuant sensorineural hearing loss, and tinnitus, although some-
times a feeling of fullness in the ear is also included (for an overview see
Kiang 1989 and Horner 1993). The hearing loss involved in Menière’s dis-
ease is described as increasing; its nature is thought to be related to hair-cell
pathology. Although still uncertain, the pathophysiology of these symptoms
is thought to be an endolymphatic hydrops. Various causes have been hy-
pothesized for this increased amount of endolymph, mostly tracing back to
an imbalance between the secretion and reabsorbtion of the cochlear fluids
(e.g., Kimura 1982; Horner 1993; Dunnebier et al. 2000). Mechanisms yield-
ing a possible endolymphatic hydrops via a pressure-buildup in the inner ear
have also been studied by many authors through manipulation of the endo-
and perilymphatic pressures (e.g., Takeuchi et al. 1991; Wit et al. 2000).
In addition, histological studies in the guinea pig point out that induced en-
dolymphatic hydrops is accompanied by hair-cell damage (Dunnebier et al.
2000).
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Since the publication of Kemp (1978), many authors have performed
measurements of otoacoustic emissions. At present, OAEs are commonly
regarded as originating from the inner ear, presumably through the elec-
tromotile responses of outer hair cells (for a review see Probst et al. 1991).
From the very first measurements (Kemp 1978), it was noted that OAEs were
not present in ears with cochlear deafness; nowadays, OAEs are widely used
as an objective screening tool for cochlear hearing loss. Numerous reports
have shown that OAEs are highly affected by cochlear pathology, although
some disagreement exists on the amount of hearing loss at which OAEs are
absent. Generally, otoacoustic emissions are detectable when average hear-
ing (from 0.25 to 8 kHz) is better than 20 dB HL, and are undetectable if
the average hearing loss exceeds approximately 45 dB HL (e.g., Probst et al.
1987; Bonfils et al. 1988; Prieve et al. 1993; Wagner and Plinkert 1999).
The observations are frequency dependent; that is, OAEs are not found in
frequency regions where hearing is below approximately 30 dB HL, while
OAE components may be present in adjacent frequency regions, in the same
ear, where hearing is relatively normal (e.g., Collet et al. 1993; Gorga et al.
1993; Prieve et al. 1996; Tognola et al. 1999). Nevertheless, a strict rela-
tion with which the audiogram could be predicted from OAE measurements
could not be established (e.g., Mauermann et al. 1999; Gorga et al. 2000).
Tognola et al. (1999) conclude that the presence of a CEOAE component is
always associated with thresholds ≤ 25 dB HL, while, on the other hand, an
absence is equally associated with normal or abnormal hearing. We studied
ears with various types and degrees of hearing loss and observed all four
OAEs correlating weakly with the — averaged — thresholds. Considering
the fact that partly-normal hearing possibly yields OAEs, we plotted the
OAE amplitudes against the smallest hearing loss (for the affected ears).
This indeed showed a more determinate upper boundary for the OAE am-
plitudes at a certain value of the smallest hearing loss (Figs. 5.3–5.6). It
could be argued that not all threshold frequencies equally contribute to the
OAEs (Probst et al. 1987). However, since this may be due to external fac-
tors and it is not clear to what extent the dependence holds, we included all
threshold values. Furthermore, we note that, regarding CEOAEs, measures
like signal-to-noise ratio and reproducibility could have yielded beneficial
information. However, Prieve et al. (1993) report these measures to iden-
tify hearing loss equally well. Altogether, our observations confirm the view
that OAEs are associated with normal or near-normal hearing, whereas, on
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the other hand, absent or weak OAEs are either associated with normal or
abnormal hearing.

Otoacoustic emissions in patients with Menière’s disease have previously
been investigated. Firstly, otoacoustic emissions of affected and unaffected
ears were found to differ in level (Harris and Probst 1992; Pérez et al. 1997;
Van Huffelen et al. 1998) and spectral composition (Harris and Probst
1992); however, these were strongly influenced by the audiometric config-
uration. Moreover, OAEs from unaffected and normal-hearing ears differed,
although hearing was not always completely normal in these ears. These
findings were confirmed by our observations. The OAE incidence, as well
as the mean amplitude, were lower in affected than in unaffected ears; and,
in turn, the mean amplitude in unaffected ears was lower than in normal-
hearing ears. Our audiometric limit of 10 dB HL caused the comparison
between the smallest hearing losses of the various groups to be restricted.
Secondly, the duration of the disease was of no influence in the study of Har-
ris and Probst (1992), whereas Cianfrone et al. (2000) found a difference in
duration between the emitting and non-emitting ears (2.7 versus 5.9 years).
Furthermore, Pérez et al. (1997) report a correlation with a certain staging,
however, not being the duration. We found a difference in duration of the
disease only between the ears emitting and non-emitting a DPOAE at 2 kHz
(5.9 versus 8.8 years; P < 0.05). The duration of the hearing loss was found
to differ between the emitting and non-emitting ears for three OAE types
(P < 0.01). These findings could offer possibilities for a certain staging. In
the third place, most authors mention the — surprising — presence of OAEs
in ears with large hearing loss (e.g., Harris and Probst 1992; Van Huffelen
et al. 1998; Cianfrone et al. 2000). Our observations also include ears with
considerable loss and still OAEs, but they fit into the complete picture (see
Fig. 5.3b). In summary, OAEs in affected and unaffected ears of patients
with Menière’s disease clearly show properties differing from each other and
from OAEs in normal-hearing ears. There is no strong reason not to ascribe
these differences to the hearing loss involved. A more precise comparison can
hardly be realized because OAEs show a large spread in ears with various
degrees of hearing loss.

Considering the fact that the various OAE types correlate with hearing
loss, it is likely that OAEs correlate with each other. Spectral relationships
between OAEs have been demonstrated before (e.g., Zwicker and Schloth
1984). Since we measured one broadband OAE (click-evoked) and three
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narrowband OAEs (the distortion products), we plotted the CEOAE ampli-
tude against the maximum value of the three DPOAEs (Fig. 5.9). In this
way, a cochlea partially generating emissions yields high values for both vari-
ables (see previous paragraph). The fact that the unaffected ears yielded a
stronger correlation (0.74) than the affected ears (0.63), cannot yet be ex-
plained. Thus, the correlations we observed between the OAEs confirm the
view that OAEs are interrelated, although a precise spectral examination
could not be made.

In conclusion, we observed the incidence as well as the mean amplitude
of click-evoked and three distortion product OAEs being lower in affected
than in unaffected ears; and, in turn, the mean amplitude in unaffected ears
to be lower than in normal-hearing ears. These differences are likely to be
caused by the hearing loss involved, although a more accurate information
of the audiogram could yield additional insight. Information concerning the
hearing threshold at more frequencies (e.g., by Békésy-tracking; see Horst
and De Kleine 1999) and a precise determination of the level (above and be-
low 0 dB HL) could eventually yield a more definite relation with otoacoustic
emissions.



Chapter 6

Summary and conclusions

In chapters 2 and 3, we studied the postural influences on three types of
otoacoustic emissions (OAEs). Persons with normal hearing were tilted in
the course of an experiment during which otoacoustic emissions were mea-
sured continuously. In virtually all ears, otoacoustic emissions differed be-
tween upright and supine posture (with head down 30 degrees). In chapter 2
it was observed that spontaneous otoacoustic emissions (SOAEs) typically
show a shift of center frequency (on the order of 10 Hz), together with a
change of amplitude (5 dB) and width (5 Hz). These changes, however,
occurred in positive as well as negative sense. That is, both up- and down-
ward shifts were observed for all parameters; even within one ear. Chapter 3
shows that the differences of click-evoked otoacoustic emissions (CEOAEs)
between both postures could appropriately be described by an amplitude
scaling and a time shift. To be exact, due to the downward posture change,
CEOAEs showed an amplitude decrease (about 0.5 at 1 kHz) and a phase
increase (∼ 80 degrees at 1 kHz), where the latency change was interpreted
as a phase shift. For stimulus frequency otoacoustic emissions (SFOAEs),
the typical ripple pattern showed a positive shift along the frequency axis on
the order of 10 Hz, when the supine position was compared to the upright
position. Since this emission’s name refers to the frequency at which the
emission is elicited, it is rather strange to speak of a frequency shift. When
the microphone signal was interpreted as the sum of stimulus and emission,
this frequency shift could therefore be apprehended as a positive phase shift
of the emission (∼ 90 degrees at 1 kHz). For all three emissions considered,
alterations occurred mainly for frequencies below 2 kHz. Experiments from

87
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literature, in which emissions were observed during manipulations of outer-
and middle-ear pressure, showed comparable results, suggesting that similar
mechanisms are involved (Hauser et al. 1993; Büki et al. 1996).

Changes of posture induce a change of the intracranial pressure (ICP),
primarily because of gravity (Chapman et al. 1990). Moreover, since in-
tracranial and intracochlear spaces are connected, pressures in both com-
partments are closely related (Carlborg et al. 1982). Accordingly, posture
changes from upright to supine are thought to cause an increase of the in-
tracranial pressure, and consequently of the intracochlear fluid pressure. As
a result of the latter pressure increase, the cochlear windows are thought
to bulge outward slightly, which, in turn, causes an alteration of the stiff-
ness of the stapes’ annular ligament. Calculations from a middle-ear model
in which this stiffness was changed (Büki et al. 1996), showed amplitude
and phase changes of middle-ear transmission, similar to the observations
mentioned earlier. In effect, an increased stiffness caused a positive phase
shift and a small amplitude decrease, mainly for frequencies below 2 kHz.
This corresponds well with observations from click-evoked OAEs, stimulus
frequency OAEs and distortion product OAEs (e.g., chapter 3; Büki et al.
2000). Spontaneous OAEs showed more complicated changes, but these
changes also seem to be in agreement with the model calculations (chap-
ter 2). Thus, OAE measurements can well be tool in monitoring stationary
pressure differences of the intracochlear (and intracranial) fluid.

Furthermore, we studied the rate of change of the various otoacoustic
emissions, after a posture change. Since our measurements are thought to
reflect inner ear pressure — or, actually, pressure changes — the rate of
change is probably related to the speed at which pressure changes take place
(chapters 2 and 3). After up- and downward postural changes, the time for
various emissions to regain stability showed certain differences. For sponta-
neous OAEs, click-evoked OAEs and distortion product OAEs, the changes
after a downward turn occurred more slowly than after an upward turn (see
also Büki et al. 2000). Time spans in which the changes occurred were on
the order of 10 s; varying from a few seconds to one minute. A measurement
of the impedance, or evenly well called a stimulus frequency OAE with fixed
frequency, showed no temporal differences after up- and downward turns,
however. In this case, both time constants were approximately 11 s.

In chapter 4, the latter experiment was also used to investigate impedance
changes in ears of patients with Menière’s disease. Here, we did observe a
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difference between the time constants of the up- and downward posture
changes, where alterations after the downward change were slower again
(time constants of 11 versus 15 s). No differences were observed between
ears of patients and ears of people with normal hearing, nor between the
affected and unaffected — or contralateral — ears of these patients. Thus,
the hypothetically disturbed patency of the cochlear aqueduct in patients
with Menière’s disease is not supported by these findings. It should, however,
be noted that intracranial pressure changes after a posture change do not
occur instantaneously; the ICP changes were reported to show a rapid and
slow component after both sitting up and lying down (Magnæs 1978). Given
this complexity of the ICP changes on the one hand, and the diverse time
courses we observed on the other, it is questionable to what extent the
changes we measured reflect properties of the cochlear aqueduct patency. We
conclude that pressure changes due to postural changes are too complicated
for studying inner ear pressure dynamics, unless the intracranial pressure is
measured simultaneously.

Finally, in chapter 5, click-evoked, as well as distortion product otoacous-
tic emissions in patients with Menière’s disease were analyzed. The incidence
of the emissions in affected ears was lower than in unaffected ears. Moreover,
the mean emission amplitude in affected ears was lower than in unaffected
ears, and, the mean amplitude in unaffected ears was lower than in normal-
hearing ears. These differences may well be attributed to the hearing loss
involved. Hearing loss did not correlate strongly with emission amplitude;
moreover a certain upper boundary for the amplitude was defined by it. Our
observations show that also for patients with Menière’s disease, otoacoustic
emissions are associated with normal or near-normal hearing.
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Chapter 7

Samenvatting

Het oor is bedoeld om mee te horen. Geluidstrillingen in de lucht worden
opgevangen door de oorschelp en via de gehoorgang, het trommelvlies en
de middenoorbeentjes (hamer, aambeeld en stijgbeugel) doorgegeven aan
het slakkenhuis (de cochlea; zie Fig. 1.1, pag. 12). Doordat de stijgbeugel
verend in het ovale venster van het binnenoor is bevestigd, wordt de vloeistof
in het binnenoor in beweging gebracht. Deze vloeistofbeweging zorgt er ver-
volgens voor dat het basilaire membraan gaat trillen (Fig. 1.2). Het trillen
van het basilaire membraan is sterk afhankelijk van de toonhoogte van het
inkomende geluid: hoge tonen veroorzaken voornamelijk trillingen vóór in
het slakkenhuis, lage tonen vooral verderop in het slakkenhuis. De haar-
cellen — onderdeel van het orgaan van Corti — die op het basilaire mem-
braan staan, geven dan ter plaatse van de grootste trillingsamplitude van het
membraan een stroompje aan de gehoorzenuw. Deze zenuwsignalen worden
doorgegeven aan de hersenen; ontvangst aldaar wordt door de eigenaar van
het oor ervaren als “geluid”.

Er gaat echter niet alleen geluid het oor ı́n, het oor kan zelf ook geluid
maken! Deze geluiden zijn nu bekend onder de naam “otoakoestische emis-
sies” (OAE’s; oto is Grieks voor oor). Eind jaren zeventig van de afgelopen
eeuw ontdekte men dat er op verschillende manieren geluid gemeten kan
worden, dat door het oor wordt gemaakt. De emissie die het eenvoudigst
kan worden gemeten, is de spontane otoakoestische emissie (SOAE: sponta-
neous OAE). In dit geval wordt een gevoelige microfoon op de gehoorgang
aangesloten en het signaal geregistreerd. In het frequentiespectrum van het
signaal zijn de SOAE’s dan te herkennen als scherpe pieken die uitsteken
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boven de ruis (Fig. 1.3). Spontane OAE’s zijn dus zwakke zuivere tonen die
door het oor worden uitgezonden. Ze worden gewoonlijk niet door de per-
soon in kwestie gehoord. Ook met een klik kan een emissie worden opgewekt
(CEOAE: click-evoked OAE). Hiertoe wordt in de gehoorgang een klikgeluid
gemaakt, waarna de emissie korte tijd later (enige milliseconden) met een
microfoon in de gehoorgang meetbaar is. Dit is ook de manier waarop de
eerste emissies door de Engelsman David Kemp werden gemeten. Verder
kan met een continue toon een emissie worden opgewekt (SFOAE: stimulus
frequency OAE). Deze toon wekt als respons eveneens een continue toon op.
Afhankelijk van de toonhoogte, versterken of verzwakken beide tonen elkaar,
waardoor stimulus en emissie toch kunnen worden onderscheiden. Ten slotte
kan een emissie met twee continue tonen worden opgewekt (DPOAE: distor-
tion product OAE). De emissie is in dit geval een derde toon, die als gevolg
van vervorming van de twee stimulustonen tevoorschijn komt. De frequentie
van de emissie wordt bepaald door de frequenties van de stimuli; de sterkste
emissie is gewoonlijk te zien bij 2f1 − f2, waar f1 en f2 de frequenties van
de twee aangeboden tonen zijn.

Spontane OAE’s zijn te meten in zo’n 50% van de normaal horende oren;
OAE’s die met een stimulus worden opgewekt, zijn zelfs in zo’n 95% van de
oren meetbaar (bij vrouwen overigens duidelijk vaker en sterker dan bij man-
nen). De meeste OAE’s hebben een frequentie tussen de 1 en 2 kHz. Analyse
van de diverse soorten emissies heeft tot de conclusie geleid dat emissies hun
oorzaak vinden in trillingen in het binnenoor; naar alle waarschijnlijkheid
spelen de buitenste haarcellen hierbij een cruciale rol. Deze gedachte is
ook goed te rijmen met het feit dat otoakoestische emissies niet of nauwe-
lijks worden gemeten in oren met een zekere mate van gehoorverlies. Dit
gehoorverlies zou dan zijn oorzaak hebben in een niet goed functioneren van
de buitenste haarcellen. De klinische waarde van OAE’s is dan ook gebaseerd
op het feit dat voor toenemende slechthorendheid de kans op OAE’s afneemt;
omgekeerd is het echter niet zo dat in alle oren met een normale gehoor-
drempel een emissie kan worden gemeten. Een precieze relatie tussen de
gehoordrempel en (een combinatie van) de verschillende OAE’s is er helaas
niet. Toch kan een meting van OAE’s, met name bij jonge kinderen, zeer
bruikbaar zijn om een indruk te krijgen van het gehoor: als er OAE’s worden
gemeten, functioneert het oor.

Het is de vraag of OAE’s een functie hebben. Het lijkt erop dat ze
ontstaan door een actief proces in het binnenoor. Het actieve element is



93

erin gelegen dat de binnenkomende geluidstrilling wordt versterkt; er wordt
energie toegevoegd. Het binnenoor kan zo worden gezien als een serie ver-
sterkers. De fysicus Thomas Gold beredeneerde al in 1948 dat het oor op een
dergelijke manier zou moeten werken. Spontane OAE’s zijn in deze visie het
gevolg van een iets te grote versterking, waardoor het verschijnsel rondzingen
optreedt; de “rondzingtoon” is dan de SOAE. Otoakoestische emissies zijn
niet alleen bij mensen, maar ook bij diverse zoogdieren, en zelfs bij vogels en
amfibieën gemeten. Dit suggereert dat OAE’s op een fundamentele manier
bij het gehoor horen. Een beter begrip van OAE’s zal dus een beter inzicht
in de werking van het oor geven.

Dit proefschrift beschrijft experimenten waarin bij mensen verschillende
soorten OAE’s zijn gemeten. Gedurende deze metingen werd de lichaams-
houding van de proefpersonen veranderd en werden de eventuele verande-
ringen van de OAE’s onderzocht. De vraag hierbij was op welke wijze een
verhoogde druk in het binnenoor de emissiemetingen zou bëınvloeden. Het
is namelijk bekend dat houdingsveranderingen een verandering van de druk
van de hersenvloeistof veroorzaken. Verder weten we dat de ruimte waarin
de hersenvloeistof zit, middels een nauw kanaaltje (de aqueductus cochlearis)
verbonden is met het binnenoor. Een houdingsverandering veroorzaakt dus
naar alle waarschijnlijkheid ook een drukverandering van de vloeistof in het
binnenoor. In onze experimenten werden de OAE’s van de proefpersoon in
rechtopstaande positie vergeleken met die waarbij hij of zij 30 graden met
het hoofd naar beneden lag (zie Fig. 3.1). De verschillen bij spontane OAE’s
bestonden uit kleine veranderingen van de frequentie, hoogte en breedte van
de pieken in het frequentiespectrum. Bij click-evoked en stimulus frequency
OAE’s zagen we, naast kleine veranderingen in de emissiesterkte, vooral
veranderingen van de fase van deze OAE’s (d.w.z. een verschuiving langs de
tijdas). Voor alle OAE’s werden de grootste veranderingen waargenomen
voor de lage frequenties (onder de 2 kHz). Berekeningen met een wiskundig
model van het oor toonden aan dat de waargenomen veranderingen van
OAE’s inderdaad goed veroorzaakt kunnen worden door een verhoogde druk
van de vloeistof in het slakkenhuis. Deze verhoogde druk zorgt ervoor dat
de beide elastische vensters van het slakkenhuis iets naar buiten worden
gedrukt, waardoor ze moeilijker bewegen. De hiermee gepaard gaande ver-
andering in stijfheid geeft, in het model, OAE-veranderingen die kwalitatief
overeenkomen met onze waarnemingen.

Het idee bestaat dat bij patiënten met de ziekte van Menière, de vloeistof-
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druk in het binnenoor verstoord is. De ziekte van Menière kenmerkt zich
door gehoorverlies, oorsuizen en aanvallen van draaiduizeligheid. Alhoewel
deze symptomen al eerder waren beschreven en aan het centrale zenuwstelsel
waren toegekend, was de Fransman Prosper Menière in 1861 de eerste die
ze aan het oor toeschreef. In de volgende decennia werden als aanvullende
klinische details nog “een vol gevoel in het oor” en gehoorverliezen, waarvan
de sterkte varieert, beschreven. Bovendien rapporteerden in 1938 twee on-
derzoekers, onafhankelijk van elkaar, dat in de oren van overleden patiënten
een uitgerekt membraan van Reissner, oftewel een vergrote endolymfatis-
che ruimte, was gevonden. Sindsdien wordt deze “endolymfatische hydrops”
door veel onderzoekers en artsen verantwoordelijk gehouden voor de ziekte
van Menière. In levende patiënten kan helaas (nog) niet worden onderzocht
of er een hydrops bestaat. Er zijn veel modellen ontwikkeld die een oorzaak
voor endolymfatische hydrops beschrijven, alsmede de symptomen als gevolg
van de hydrops. Aangezien endolymfatische hydrops een uitrekking van het
membraan van Reissner is, ligt de gedachte voor de hand dat er bij patiënten
met de ziekte van Menière iets mis is met de druk van de binnenoorvloeistof-
fen, of met de regulering hiervan.

Om de regulering van deze vloeistofdrukken te bestuderen, werd in dit
onderzoek de snelheid waarmee de OAE’s na een wijziging van de lichaams-
houding veranderden, geanalyseerd. Bij experimenten met normaal horende
proefpersonen bleek dat SOAE’s en CEOAE’s na een neerwaartse beweging,
van rechtop naar liggend, duidelijk langzamer veranderden dan na een be-
weging van liggend naar rechtop (tijdconstanten van tientallen versus enkele
seconden). Bij een wat eenvoudiger meting, waarbij de reflectie van een
constante stimulustoon werd gemeten, werd dit verschil tussen een op- en
een neerwaartse beweging echter niet gevonden. Omdat zij vaak geen, of
slechts zwakke OAE’s hebben, werd alleen dit laatste experiment ook bij
een groep patiënten met de ziekte van Menière uitgevoerd. Er waren geen
verschillen tussen de tijdconstanten van de patiënten en die van de normaal
horende personen, noch tussen die van de aangedane en de niet-aangedane
oren van de patiënten (patiënten kunnen naast een ziek oor, ook een gezond
oor hebben). Onze bevindingen geven geen bevestiging voor de hypothese
van de verstoorde drukregulering in het binnenoor bij patiënten met de ziekte
van Menière. Er moet echter worden opgemerkt dat de drukveranderingen
van de hersenvloeistof ten gevolge van een houdingsverandering al tamelijk
complex zijn. Houdingsveranderingen lijken dus niet geschikt om de — dy-
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namische — drukregulering in het binnenoor te bestuderen, tenzij tegelijk-
ertijd ook de vloeistofdruk in de hersenruimte gemeten kan worden.

Ten slotte werden bij een groep patiënten met de ziekte van Menière de
eigenschappen van zowel click-evoked als distortion product OAE’s in kaart
gebracht. In de aangedane oren werden minder OAE’s gemeten dan in de
niet-aangedane oren. De sterkte van de OAE’s was voor de aangedane oren
ook kleiner; bovendien was de sterkte voor de niet-aangedane oren weer
kleiner dan voor normaal horende oren. Deze verschillen kunnen echter
goed worden verklaard vanuit de gehoorverliezen van de betrokken oren.
Het gehoorverlies correleerde niet sterk met de emissieamplitude; het geeft
wel een bovengrens voor de amplitude. Onze bevindingen geven aan dat
ook bij patiënten met de ziekte van Menière otoakoestische emissies alleen
voorkomen in oren met een normaal, of bijna normaal, gehoor.
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