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Objective: Intracranial pressure increase is known
to affect inner ear pressure through the cochle-
ar and vestibular aqueducts. This finding forms a
good model for inner ear pressure studies. Stan-
dard techniques used to detect this pressure in-
crease are neither reliable nor easily repeatable
or cheap. Studies with immitancemetry and oto-
acoustic emissions have been giving hopeful re-
sults. This study aims to confirm the results in the
literature with wideband tympanometry and add a
new parameter of otoacoustic emissions to inner
ear pressure testing.

Methods: Wideband tympanometry (WBT)
and distortion product otoacoustic emissions
(DPOAE) tests were applied to 40 healthy par-
ticipants in sitting, supine, and Trendelenburg
positions. DPOAE were measured under am-

bient or peak pressure. Resonance frequency,
tympanic peak pressure, 1000, 1500, 2000, 3000,

Introduction

It is a well-known assumption that some of the
inner ear diseases become symptomatic with the
pressure change in the inner ear compartment. The
most famous example is Méniere’s disease. Besides
Meéniere’s disease, viral, autoimmune, traumat-
ic disorders of the inner ear may cause the same
problem. Therefore, estimating the inner ear pres-
sure accurately is an important goal in audiology.
Up to now, electrocochleography, glycerol test,
vestibular evoked myogenic potentials (VEMP),
otoacoustic emissions (OAE), tympanic mem-
brane displacement analyzer, three-dimensional
fluid-attenuated recovery magnetic resonance im-
aging (MRI) with intratympanic or intravenous
gadolinium were used for this purpose (1-4). The

4000, and 6000 Hz frequencies in DPOAE were
measured.

Results: The increase in the tympanic peak pressure
and the decrease in resonance frequency (RF) due to
position change were found statistically significant
(p<0.01). Signal noise ratio (SNR) decrease at 1 kHz
frequency and SNR increase at 2, 3, 6 kHz in the nor-
mal protocol, SNR decrease at 1 kHz in the pressurized
protocol were found statistically significant (p<0.01).

Conclusion: RF in WBT and 1 kHz DPOAE
SNR parameters were found useful in supporting
the diagnosis in pathologies that increase intracra-
nial pressure and inner ear pressure. Future research
may ease their widespread use in clinical practice as
they are non-invasive and rapidly applicable.

Keywords: Inner ear, resonance frequency analysis,
tympanometry, otoacoustic emission, intracranial
pressure

reliability, repeatability, and convenience of these
methods have been studied continuously.

One of the first tests introduced for the inner ear
pressure was electrocochleography (ECoG). In-
creased ratio of summating potential to the com-
pound action potential over >0.40 is generally ac-
cepted as a significant sign of inner ear hydrops.
Hornibrook et al. (1) tested patients with defi-
nite Méniére’s disease and found that tone burst
ECoG, click ECoG and MRI showed positivity
in 83%, 30%, and 47% of the patients, respective-
ly. Kahn et al. (2) reported that the sensitivity of
VEMP was 43%, while sensitivity and specificity
of 3 Tesla (3T) MRI intravenous (IV) contrast
were 88% and 89%, respectively. The tympanic
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membrane analyzer was sensitive to inter-individual differences,
ossicular chain and middle ear status, and perforations of tym-
panic membrane. State-of-the-art MRI devices seem to provide
the highest accuracy rate for detecting inner ear pressure in-
crease; however, the technique is expensive, hard to repeat, and
requires the use of contrast medium that may have side effects.

We still need simple, reliable, and easily repeatable tests. Some
researchers focused on immittance tests for this purpose. When
inner ear pressure increases, the stapes footplate moves towards
the middle ear and stiffness of the annular ligament increases.
'This, in turn, increases the tension of the ossicular chain, thereby
decreases middle ear compliance. All immittancemetric studies
that aimed to measure inner ear pressure were based on this as-
sumption (5). There are publications reporting using traditional
226 Hz tympanometry or multifrequency tympanometry (6, 7).
It was reported that 2 kHz admittance graphs in the multifre-
quency tympanogram was affected most by the change of inner
ear fluid mechanics. Multifrequency tympanometry (MFT) was
believed to measure the pressure of perilymph in direct contact
with stapes footplate. A decrease in resonance frequency (RF)
and widening of the conductance tympanogram were also noted

(4).

Wideband tympanometry (WBT) is a relatively new method.
It is an immittancemetric test method that examines the sound
transfer function of the middle ear. It uses click stimulus at a

range of frequencies between 226 Hz to 8000 Hz (8, 9).

Several models have been used in inner ear pressure studies. One
of these is the glycerol test. Glycerol is an osmotically active
compound which reduces the water content of the inner ear and
changes the osmolarity (10). The second method is manipulating
the posture. Chapman et al. (11) showed that intracranial pres-
sure changed when the posture changed. In two separate studies,
Carlborg et al. (12, 13) carried out a series of experiments and
reported that when the hydrostatic pressure in the subarach-
noid space was manipulated, the pressure in the perilymphat-
ic space was affected immediately when the cochlear aqueduct
was open. When the cochlear duct was closed, the transfer time
was delayed. They postulated that the endolymphatic sac and
duct might play a role in this delayed pressure transfer when
the cochlear aqueduct is closed. Arterial pressure has a little role
in this mechanism. Hypobaric pressure was also a conditional
effect depending on the rate of pressure change, patency of the
cochlear aqueduct and the Eustachian tube. In another study,

Main Points
*  Postural change from sitting to Trendelenburg affects the in-
ner ear.

*  'The possible mechanism is the reflection of intracranial pres-
sure increase via the cochlear aqueduct.

*  RF decreases and tympanic peak pressure increases with the
postural change in wideband tympanometry.

*  1kHzsignal noise ratio decreases with the postural change in

DPOAE.
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OAE was also subject to these experiments. A phase increase
and level decrease were found especially at frequencies lower
than 2 kHz (14). Preliminary studies also showed that posture
change created a shift in hearing threshold, OAE, and middle
ear impedance (15).

This study aimed to confirm the results reported in the literature
for wideband tympanometry and add a new parameter of oto-
acoustic emissions to inner ear pressure testing in healthy adults.

Methods

Subjects

Forty healthy adult volunteers were included in the study. All
volunteers underwent detailed otolaryngologic examination.
Those with normal ear examination, normal middle ear pressure
with 226 Hz tympanometry, and a hearing threshold over 15 dB
were included, and those with a history of ear disease, neuro-
logic disorder, ototoxic drug use, and ear or cranial surgery were
excluded. Volunteers were informed about the procedure and
their consents were obtained in writing. The ethical approval of
the study was obtained from the Pamukkale University Eth-
ics Committee (Approval Date: February 26, 2016; Approval
Number: 60116787-020/13170).

Intervention

Each ear of participants was measured individually, hence, a to-
tal of 80 ears were studied. All subjects were asked not to speak,
cough, yawn, or gulp during the procedure.

WBT and OAE measurements were done in three positions,
sitting (O), supine (S), and Trendelenburg (T) (15-20° head
down position), using Titan clinical tympanometry (Titan Suite
software; Interacoustics, Denmark). All tests were done imme-
diately after position change.

WBT was performed by narrow band clicks for every 100 Hz
at frequencies changing between 226 to 8000 Hz and pressure
changing between +200 to -400 daPa. Resonance frequency
(RF) at tympanic peak pressures (TPP) and pressure values were
noted.

Distortion product OAE (DPOAE) was measured using {1 65
dB SPL, 2 55 dB SPL and f1/f2 ratio 1.22. Each test was done
twice at ambient and middle ear peak pressure. DP-Gram of
frequencies between 1-6 kHz were recorded. Signal noise ratio
(SNR) of 1000, 1500, 2000, 3000, 4000, and 6000 Hz frequen-

cies were used for comparison.

Statistical Analysis

SPSS version 12.0 (SPSS Inc.; Chicago, 1L, USA) was used
for statistical analysis. Continuous variables were noted as
meanzstandard deviation. Categorical variables were shown as
numbers and percentages. The Kolmogorov-Smirnov test was
used to analyze normal distribution, and as the distributions
were not normal, nonparametric tests were used for statistical
evaluation. A paired sample t-test was done for parametric vari-
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ables. Friedman Test and Wilcoxon signed-rank tests were used
for nonparametric variables. We considered p values <0.05 as
statistically significant.

Results

A total of 80 ears of 40 volunteers were tested. Twenty-three
(57.5%) were female and 17 (42.5%) were male. Their mean age
was calculated as 28.32+6.

'The average RF of 80 ears in O, S, and T positions were 867.68
Hz,855.99 Hz and 849.99 Hz, respectively. The decrease in RF
was found statistically significant (p<0.05) (Table 1). The av-
erage TPP for O, S, T positions were measured as -1.95, 7.63,
18.76 daPa, respectively. The increase was also found statistically
significant (p<0.05) (Table 1). There were no statistical differ-
ences between right and left ears in RF and TPP.

DPOAE measurements were done under two pressure condi-
tions: ambient and middle ear peak pressure. SNR decreased
under an ambient pressure of 1 kHz, but increased at 2, 3, and 6
kHz with position changes. The changes in SNR, whether de-
creasing or increasing, at 1, 2, 3, 6 kHz were found statistically
significant (p<0.05). But the differences in SNR values at 1.5
and 4 kHz were not significant (p>0.05) (Table 2). The right-left

Table 1. WBT measurements during postural change

Sitting Supine Trendelenburg  p
Resonance

frequency (Hz) 867.68+191.67 855.99+166.34 849.99+192.5 0.002
Tympanic

peak pressure
(daPa) -1.95+8.51

7.63+9.69 18.76+12.77  0.0001

Table 2. DP-Grams under ambient pressure were measured and
Signal to Noise Ratios were plotted on the table

Sitting Supine Trendelenburg P
1000 Hz 7.07£6.59 6.35+5.82 3.04£6.49 0.0001*
1500 Hz 16.96+6.5 17.54+6.56 16.87+6.5 0.181
2000 Hz 20.4426.43 21.2+6.57 22.7+6.32 0.003*
3000 Hz 25.42+5.17  26.47+5.48 27.35+5.2 0.004*
4000 Hz 25.71+6.47 26.76%5.5 26.06+7.26 0.359
6000 Hz 29.65+5.89 30.2+5.68 31.2+6.03 0.007*

Table 3. DP-Grams under peak pressure were measured and signal to
noise ratio values were plotted in the table

Sitting Supine Trendelenburg P
1000 Hz 7.85£6.08 6.24x4.97 4.016.72 0.0001*
1500 Hz 17.42+6.18 17.75+6.17 16.56+7.28 0.078
2000 Hz 20.9+6.07 21.62+6.21 22.41+6.76 0.056
3000 Hz 26.38+4.66 26.515.56 26.7+6.14 0.6
4000 Hz 27.04x5.68 26.525.12 26.5:5.93 0.62
6000 Hz 29.84+5.83 29.67+5.61 30.86+5.14 0.465
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difference was only significant in 3 kIHz in the sitting position.
When we evaluated the DPOAE under peak pressure, only a
decrease in 1 kHz SNR was found significant (Table 3). When
we compared right and left ears, 3 kHz SNR under peak pres-

sure was found statistically different in all positions.

Discussion

In this study, we investigated the change in middle ear RE, TPP,
and pressurized/ambient DPOAE while manipulating the pres-
sure of CSF and inner ear by the postural change. We found that
RF decreased and TPP increased when subjects changed from
sitting position to the Trendelenburg position. Immediate mea-
surements also showed that 1 kHHz SNR decreased with position
change under ecither ambient or peak pressure conditions. The
2,3 and 6 kHz SNRs increase, but this increase was significant
only under ambient pressure.

Normal RF value has been subject to investigations for a long
time. Lutman (16) reported RF as 871 Hz in 1984. Kaya et al.
(17) used MFT to measure RF in normal-hearing adults and
found that RF was 1020.8 Hz in right ears and 978.3 Hz in left
ears. Polat et al. (18) focused on the differences between genders
and measured mean RF as 933 Hz and 992.5 Hz in males and
females, respectively. They found this difference to be statisti-
cally significant. Another study that evaluated the gender and
age differences reported that there were no statistical differences
between genders and age groups except in 0-1-month-old ba-
bies. In this group, mean RF was detected as 330.4 in the right
ear and 347.6 Hz in the left ear (19). We found the mean RF as
867.68+191.67 Hz in sitting position. In the literature, normal
RF was reported to change between 800-1000 Hz. It was pos-
tulated that this wide range was due to the changing structure
of the outer and middle ears according to age and hereditary
traits (20).

WRBT is superior to classic tympanometry in many aspects. But
the lack of generally accepted normative values is an import-
ant limitation. WBT has been widely studied in middle ear
diseases. But its capacity for detecting inner ear disorders has
always drawn the attention of investigators. One of the major
targets was Méniere’s disease. To that end, different models
were constructed to simulate inner ear pressure increase. One
of these is position change. The assumption supporting the po-
sitional test with WBT is based on the interaction between
the inner ear pressure and the cerebrospinal fluid (11). It has
been postulated that when inner ear pressure increases, the
stiffness of annular ligament increases, and elasticity of the os-
sicles decreases. This change could be measured with different
techniques. RF is one of these. But there are conflicting re-
sults. Franco-Vidal et al. (21) investigated RF and the width of
tympanogram change in MFT in different postural positions.
When the position was changed from supine to Trendelen-
burg, the width increased from 141.7 daPa to 184 daPa and RF
increased from 763.7 Hz to 795.8 Hz. The change in RF was
found insignificant. In another study, same investigators found
that RF decreased, and the width of 2 kHz tympanogram in-

creased in Méniere’s disease patients (4). So, they focused on
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2 kHz tympanogram width and concluded that intracochlear
pressure could increase between attacks in Méniere’s disease
(21). Sato et al. (22) tested patients with enlarged vestibular
aqueduct syndrome (EVA). They found an RF decrease in
EVA. The increase in endolymphatic volume and area of the
third window were proposed mechanisms. Sugasawa et al. (23)
compared Méniére’s disease patients with normal and found
decreased RF in Méniére’s disease affected ears. They calculat-
ed the sensitivity and specificity as 41.3 and 84.2% when 875
Hz frequency was chosen as a cutoff point. The normal values
in Sugasawa et al.’s (23) series were 1123+274.8 Hz, which was
higher than ours. Kato et al. (24) also reported a good correla-
tion between significant hydrops in MRI and 2 kHz tympa-
nometry width. They concluded that peak width in MFT was
an important indicator of Méniere’s disease. They also found
a tendency of decreasing RF with hydrops, but without any
statistically significant difference (24). Cakir Cetin et al. (25),
on the other hand, measured RF, absorbance and 2 kHz peak
width during the acute attack of Méniére’s disease and did not
find any significant differences between the affected ears and
the non-affected or control ears despite the tendency for in-
creased RF in their results. We found a significant decrease in
RF when position was changed from sitting to Trendelenburg.
This finding showed that middle ear stiffness was not the only
factor affecting RF change. Darrouzet et al. (5) claimed that
RF was not only affected by the stiffness of the annular lig-
ament, but also by the mechanical resistance of the inner ear.

DPOAE was also one of the proposed tests for inner ear pressure
studies. Mom et al. (3) investigated the effects of glycerol and
postural change in Méniére’s disease with transient OAE and
found that there was a positive phase shift in Méniére’s disease
patients, whereas this shift was inconsistent in the control group.
Avan et al. (26) reported that phase shift in Méniere’s disease
patients was apparent below 1 kHz and increased with postural
change, but not significantly, since Méniére’s disease had already
created a phase shift, postural change did not much affect the re-
sult. They also wrote that in 13 Méniére’s disease patients, phase
shift became normal in the asymptomatic period after having
increased phase shift with the symptoms (26). Mom et al. (27)
also evaluated the phase shift in Méniére’s disease with postural
change and reported that phase shift changed between -30° to
+45°%in healthy patients, and between -80° to +145°in Méniere’s
disease patients. Most of the studies in the literature worked
with phase shift, but we evaluated the SNR from DPOAE and
found that 1 kHz SNR decreased with the postural change
measured either under ambient or peak pressure.

All the OAE studies agreed on the vulnerability or change in
low frequencies. Also, in endolymphatic hydrops, hearing loss
occurs starting from low frequencies. Densert et al. (28) pro-
posed that hydrops might distort the basilar membrane and
cause an abnormal asymmetry in hair cell conductance. Frank
and K&ssl (29) claimed that this might be due to the mechanical
distortion of the outer hair cells only. We found a significant
decrease in 1 kHz SNR under ambient and peak pressure with
postural change. It was generally recommended that SNR had
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to be over 6 dB for good DPOAE measurement. Avan et al.
(26) did not find any significant difference in SNR during their
phase shift experiments. But all these hypotheses show that the
basilar membrane and the outer hair cells are aftected by the
pressure increase. So, the increase of noise floor might be anoth-
er parameter for detecting inner ear pressure.

Studies on measuring the changes in the inner ear pressure with
immittancemetric tests and DPOAE also brought about a new
approach estimating intracranial pressure. Spinal needles or
intraventricular catheters are invasive techniques used for this
purpose. Avan et al. (30) and Biki et al. (31) studied this subject
on computer models, gerbil model, and human subjects, and re-
ported that stiffness of annular ligament affected mostly 1 kHz
in DPOAE phase. Experimental studies on cats showed that
intracranial pressure immediately affected perilymphatic pres-
sure when the cochlear aqueduct was open; whereas its transfer
to the inner ear was delayed when the cochlear aqueduct was
closed (13). The assumption and the results were impressive and
gave hope for a new widespread application.

Conclusion

We found that RF decreased and TPP increased when the po-
sition of the subject was changed from sitting to Trendelenburg.
We also found that especially 1 kHz SNR in DPOAE decreased
with the same position change. The increase in other frequencies
was not consistent with middle ear pressure change. The high
variability of RF makes it hard to compare the results of dif-
ferent studies. Using right-left difference as a factor might be a
more reliable criteria. We recommend the use of positional test
with WBT in large cohorts before using it in clinical practice.
Also, 1000 Hz DPOAE SNR is worth investigating in these
subjects. Further studies in different patient groups with intra-
cranial pressure increase will also enhance our understanding on
the relationship between the cerebrospinal fluid and the inner
ear.
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