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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.
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58 CHAPTER 4. POSTURE AND MENIÈRE’S PATIENTS

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.



4.3. RESULTS 61

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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