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Abstract

Objective: This study aimed to assess whether resonance frequency changes occur with induced pressure variations in
the middle ear using pressure-less acoustic immittance measurements. Subjects and Methods: PLAI and tympanometric
measurements were conducted on three healthy volunteers who kept their Eustachian tubes closed for as long as possible.
The results were compared to measurements taken during the day, following the Valsalva and Toynbee maneuvers. Results:
Serial measurements from all three participants demonstrated a continuous decrease in middle ear pressure, as indicated by
tympanometry (Ap = -30 daPa to -54 daPa), alongside an increase in resonance frequency over time. A moderate to strong
negative correlation was observed between the frequency measures and the TPP values. Both the Valsalva and Toynbee
maneuvers, which induce under- and over-pressure in the middle ear, increased the stiffness of the tympanic membrane
and the ossicular chain. However, tympanometry type A and PLAI diagnoses of “normal finding” remained unchanged.
Conclusions: PLAI measurements displayed an opposite pattern compared to tympanometric measurements. Significant
artificial changes in middle ear pressure (the Toynbee and Valsalva maneuvers) resulted in increased stiffness of the tym-

panic membrane and ossicular chain, with greater stiffness observe following the Valsalva maneuver. Avoiding the opening

of the Eustachian tube caused a continuous increase in resonance frequency due to increased stiffness.

Introduction

Wideband admittance measurement, introduced in the early
1980s, was developed to improve the differentiation of various
middle ear pathologies compared to single-frequency tympa-
nometry [1]. While tympanometry primarily monitors pressure
conditions within the middle ear, WAI provides parameters such
as resonance frequency (RF) and peak admittance. Modern de-
vices measure these parameters and generate diagnoses such as
“soft,” “perforation,” “normal,” and “stiff/OME” [2]. Previous
pilot studies found that patients with ventilation problems, such
as retraction of the tympanic membrane, showed variable results
influenced by factors such as the thickness of the tympanic mem-
brane, the degree and localization of the retraction pocket, and
the presence of adhesion [2]. Even within a single eardrum, atro-
phic areas, calcifications, and scars can be present. Additionally,
ossicular chain disconnection and fixation can yield contradic-
tory results, suggesting that RF is the final outcome of various

conditions affecting the outer ear canal, tympanic membrane,
and middle ear. Therefore, interpreting single parameters may
not enhance the differentiation of various middle ear conditions.

This study examines whether pressure-less acoustic imped-
ance (PLAI) measurements can monitor the increasing stiffness
of the eardrum caused by artificially induced under-pressure in
the middle ear. The investigation builds on a simple, noninvasive
self-experiment conducted by Pau et al. in 2009 [3]. In that ex-
periment, volunteers refrained from swallowing for 20—120 min-
utes to keep the Eustachian tube closed. Single-frequency tym-
panometry revealed that in all three subjects, middle ear pressure
decreased by up to 150 daPa over time. These findings supported
experimental data from animal models that demonstrated bidi-
rectional gas exchange through the middle ear mucosa.

The goal of the present study is to determine whether RF
changes with artificially induced variations in middle ear pres-
sure.
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Materials and Methods

Three volunteers (authors M.A., A.M., and T.J.) participated
in the study. All three had normal-appearing tympanic mem-
branes, normacusis, and clean, moderately wide outer ear canals.
Both ears were tested, but only the results from one ear were
presented.

The participants were positioned upright, and their tongues
were stretched out and gently fixed with their front teeth and lips.
A cotton compress was placed under the tongue, hanging partly
out of the mouth to drain saliva. Participants were instructed not
to swallow and to avoid any movement of the soft palate for as
long as possible. The experiment concluded immediately after
swallowing. The experimental setup closely resembled that of
the 2009-study. However, since we found that the Valsalva ma-
neuver might change the RF(2], we avoided equalizing middle
ear (ME) pressure while performing the Toynbee (pinching the
nose and swallowing) or Valsalva maneuver (a forceful exha-
lation against a closed airway) before starting the experiment.
Thus, an ME pressure of 0 daPa + 10 daPa was not a prerequisite
for initiating the experiment.

PLAI measurements were conducted first, followed by tympa-
nometric measurements at five-minute intervals. Both measure-
ments were recorded.

To reliably interpret the results, additional separate measure-
ments were taken for one subject after the Toynbee and Valsalva
maneuvers throughout the day, from 8 a.m. to 3 p.m., every hour.
Blank measurements were taken without equalizing the ME
pressure, followed by measurements after both the Toynbee and
Valsalva maneuvers.

PLAI (Pressure-Less Acoustic Immittance)

The end of a MedWave® probe was inserted into the later-
al portion of the external ear canal. This test system applied a
signal ranging from 100 to 3000 Hz. Evaluating the responses
resulted in the calculation of the complex acoustic admittance.
MedWave® provides objective numerical values: the frequency
at which the maximum value of the admittance curve occurs (Fr
[Hz]) and peak admittance value (P [*10?mmbho]).

Conventional Tympanometry

Tympanometry was performed using the Madsen® Zodiac
(type 1096; Otometrics) at 226 Hz from -400 to +200 daPa. The
following results were used for calculation: tympanometric peak
pressure (TPP), tympanic width (TW), equivalent ear canal vol-
ume (ECV), and static peak compliance (SC).

Statistical analysis

To measure the stability and precision of the PLAI and con-
ventional measurements, Cronbach’s reliability statistic was
performed. Statistical tests (Kolmogorov test and Shapiro-Wilk
test) indicated a non-normal distribution for all parameters, with
all p-values < 0.05. Pearson statistic was used for the correla-
tional analyses. The alpha level was set at 0.05. SPSS version
30.0 (SPSS Inc., Chicago, IL, USA) was used for the statistical
analyses.

Results

Figure 1 shows the pressure development over a period of 128

minutes for subject 1, ranging from +2 daPa to -52 daPa (Ap =
-54 daPa). The corresponding course of the RF is presented in
Figure 2, ranging from 371 Hz to 431 Hz. A fairly strong nega-
tive correlation was found between the frequency measures and
the TPP values (r,, = -0.876, p < 0.001).

Measurements for subjects 2 and 3 began at TPP values of
approximately 4045 daPa. A similar trend in both RF and TPP
measures for subject 2, RF, and TPP, is presented in Figures 3
and 4. Within 110 minutes, we observed a TPP shift of Ap =
-30 daPa, while the frequency increased to 420 Hz. Correlational
analyses revealed a moderate negative correlation between the
frequency measures and the TPP values (r,, = -0.695, p < 0.001).

For subject 3, the underpressure increased from -45 daPa to
-70 daPa (Ap = -25 daPa) over a period of 110 minutes, while the
RF increased from 366 Hz to 401 Hz. Correlational analyses re-
vealed a fairly strong negative correlation between the frequency
measures and the TPP values (r,,=-0.851, p <0.001).

Figures 7 and 8 demonstrate both the blank values of RF and
TPP and the values after the Toynbee and Valsalva maneuvers.
The mean RF (341 Hz + 7.00 Hz) increased after the Toynbee
maneuver (359 Hz £+ 17.9 Hz) and the Valsalva maneuver (392
Hz + 17.3 Hz), while the TPP changed differently.

Discussion

The serial tympanometric measurements of a single subject
revealed that changes in ME pressure throughout the day corre-
sponded with RF (blank, Figures 7 and 8). Under normal condi-
tions, large variations in gas pressure and volume are not expect-
ed, as gas ventilation through the Eustachian tube compensates
for gas exchange through the mucosa. This state is known as the
steady-state situation of the ME [4-6]. Our tympanometric mea-
surement findings align with direct ME pressure measurements
conducted over 24 hours in 1999 [7]. The pressure recordings
were taken from the ME via a tympanic membrane perforation
in patients with a patulous Eustachian tube. The study found that
ME pressure varied during the day and night, indicating that Eu-
stachian tube function changed over time from a closed to an
open state. Patients with a patulous Eustachian tube exhibited
a long-term pressure pattern significantly different from that of
the normal group [7]. In a recumbent position during the night,
normal subjects demonstrated a slight positive mean pressure,
while patients with a patulous Eustachian tube exhibited nega-
tive pressure more frequently.

Artificial maneuvers, such as the Toynbee and Valsalva ma-
neuvers, led to the expected large variations in gas pressure and
volume. While the Toynbee maneuver decreased ME pressure,
the Valsalva maneuver increased it. Both maneuvers resulted in
an increase in RF due to the increased stiffness of the tympanic
membrane and the ossicular chain caused by artificial changes in
ME pressure. These findings suggest that RF measures are not
strongly related to tympanometric measures.

The question arose as to whether RF correlates with ME pres-
sure when subjects avoid swallowing. Previous studies in hu-
mans have shown that ME pressure is influenced by the frequen-
cy of swallowing actions [4-6]. During sleep, swallowing actions
decrease, leading to a reduction in ME pressure. In contrast, oth-
er studies have demonstrated an increase in ME pressure during
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Figure 1. Pressure development without swallowing in subject 1.
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Figure 3. Pressure development without swallowing in subject 2.
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Figure 5. Pressure development without swallowing in subject 3.

sleep, linking it to sleep itself rather than the number of tube
openings [8]. Pau et al. conducted a simple experiment showing
that ME pressure decreases if the Eustachian tube does not open
[3]. Animal experiments have shown alterations in ME gas or
pressure, describing a three-phase course of changes: a prima-
ry transient increase in nitrogen, followed by a linear decrease
(phase II), and finally a gradual decrease (phase III) [9]. In this
experiment, the ME was flushed with pure nitrogen or room
air, resulting in a disturbed ME gas composition. In the pres-
ent study, the steady state remained unchanged. No equaliza-
tion of ME pressure was performed before measuring pressure
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Figure 2. Resonance frequency development without swallowing in
subject 1.
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Figure 4. Resonance frequency development without swallowing
in subject 2.
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Figure 6. Resonance frequency development without swallowing in
subject 3.

and RF. Therefore, we assumed a steady-state situation between
gas composition, pressure, and volume for all three volunteers
prior to testing. In this experiment, we found a linear pressure
decrease corresponding to phase II in all three healthy subjects
but no phase I. Phase III was observed in one subject (subject 3)
after 60 minutes without swallowing, which may be attributed to
ME mucosal reactions [9].

In daily practice, single-frequency tympanometry is commonly
used to analyze the pressure condition of the ME. However, this
method’s accuracy is poor [10-11]. Cinamon and Sade demon-
strated in a model with a larger “mastoid” that tympanometry
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Figure 8. Resonance frequency development after the Toynbee and
Valsalva maneuvers.

measurements can be unreliable, with errors ranging from 20% to
40%. Even in a model with a small mastoid and slightly negative
ME pressure, they found an error of more than 400% [10]. They
concluded that tympanometry does not accurately reflect ME
pressure, especially in patients with chronic otitis media, which
is characterized by small and often unaerated mastoids, resulting
in small negative pressures. Since tympanometry measures the
ECV when the tympanic membrane is intact, and additionally
the volume of the ME cavity and mastoid cells in patients with
tympanic membrane perforation, the question arose as to whether
ME aeration, as measured by tympanometric volume in those pa-
tients, could predict tympanoplasty success. Ribeiro et al. found
significantly higher interaural tympanometric volumes in the
surgical success group compared to the failure group [12]. The
authors subtracted the volume of the healthy ear from the affected
ear, reaching the volume of the ME and mastoid. They concluded
that greater interaural volume differences, which indicate better
acration of the ME and mastoid, may predict the success of type
I tympanoplasty. However, other authors found no influence of
mastoid ventilation on the success of type I tympanoplasty [13].

In contrast to direct measurement of ME pressure, tympanom-
etry provides high negative readings in patients with secretory
otitis media [11]. The discrepancies in measuring ME pressure
have been explained by the volume displacement of the tym-
panic membrane according to Boyle's Law. Using an ME mod-
el, researchers demonstrated that tympanometrically estimated
pressure decreased by approximately 38 daPa when ME volume
changed from 21 to 1 cm?®. These findings explain why negative
tympanometric recordings and B curves can be found in ears
with normal pressure due to small ME volumes. Additionally, in
patients with chronic otitis media, air replacement with effusion
occurs [11]. This finding also explains the discrepancy between
direct and tympanometric measurements. Similar findings were
demonstrated by Anbari et al. Healthy subjects with normal-ap-
pearing tympanic membranes and normal hearing ability exhib-
ited abnormal tympanogram types in a small percentage of cases
[2,14]. Interestingly, PLAI measurements indicated that subjects
with tympanogram type B had increased RF, while those with
tympanogram type Ad had decreased RF, corresponding to in-
creased and decreased stiffness of the tympanic membrane, re-
spectively. Therefore, the question arose as to whether PLAI can

provide additional information about the ME beyond tympa-
nometry. To investigate this, a simple experiment from 2009 was
repeated. Restricting swallowing for approximately two hours
demonstrated a moderate to strong negative correlation between
PLAI measures and tympanometric measurements. With a slight
decrease in ME pressure, the RF slightly increased, resulting in
higher stiffness of the tympanic membrane due to a linear de-
crease in nitrogen within the ME. These subtle changes in RF
altered the PLAI diagnosis of neither the “normal” nor the tym-
panogram type A.

Limitations

1. The extent of changes in tympanometric and PLAI measures
appears to vary among human subjects. Therefore, a larger sam-
ple size is needed to validate the results.

2. Equalizing ME pressure before starting the measurements
may yield different findings within the first 10-20 minutes.

3. Our findings suggest that in normal ears, artificially induced
under-pressure correlates with a slight increase in stiffness of
the tympanic membrane and the ossicular chain. However, this
does not imply that underpressure in healthy, unaerated ears is
followed by increased RF.

4.Various pathologies of the ME and/or tympanic membrane
may lead to different results.

Ethical Considerations

The Ethics Committee of the General Medical Council
of Mecklenburg-West Pomerania approved the study design
(A2024-0183). This prospective study was conducted in strict ad-
herence to the revised version of the Helsinki Declaration and is
registered with the German Register of Clinical Studies (DRKS
00035288).

Conclusions

PLAI measurements show a pattern opposite to tympano-
metric measures. Strong artificial changes in ME pressure (the
Toynbee and Valsalva maneuvers) resulted in increased stiffness
of the tympanic membrane and the ossicular chain, with great-
er stiffness observed after the Valsalva maneuver. Avoiding the
opening of the Eustachian tube led to a continuous increase in
RF, indicating increased stiffness. These findings should be con-
sidered when interpreting single PLAI measures in patients with
various ear pathologies.
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