JARO: 739-750 (2022)
DOI: 10.1007/510162-022-00867-x

Research Article

Journal of the Association for Research in Otolaryngology

®

Check for
updates

Vibration Measurements of the Gerbil Eardrum Under

Quasi-static Pressure Sweeps

ORHUN Kost', W. RoBERT J. FUNNELL'?/3

, AND SAM J. DANIEL>

2

! Department of BioMedical Engineering, McGill University, 3775 rue University, Montréal, QC H3A 2B4,

Canada

2 Department of Otolaryngology — Head and Neck Surgery, McGill University, Montréal, Canada

3 Department of Pediatric Surgery, McGill University, Montréal, Canada

Received: 18 September 2021; accepted: 13 August 2022; Online publication: 13 September 2022

ABSTRACT

Tympanometry provides an objective measurement of the
status of the middle ear. During tympanometry, the car-
canal pressure is varied, while the response of the ear to
sound pressure is measured. The effects of the pressure on
the mechanics of the middle ear are not well understood.
This study is a continuation of our previous work in which
the vibration response of the gerbil eardrum was measured
in vivo under quasi-static pressure steps. In this study, we
delivered a continuous pressure sweep to the middle ear
and measured the vibration response at four locations
for six gerbils. Vibrations were recorded using a single-
point laser Doppler vibrometer and glass-coated reflective
beads (diameter ~40 pum) at the umbo and on the mid-
manubrium, posterior pars tensa and anterior pars tensa.
The vibration magnitudes were similar to those in the
previous step-wise pressurization experiments. Most gerbils
showed repeatability within less than 10 dB for consecutive
cycles. As described in the previous study, as the frequency
was increased at ambient pressure, the vibration magnitude
on the manubrium increased slightly to a broad peak
(referred to as R1) and then decreased until a small peak
appeared (referred to as R2), followed by multiple peaks
and troughs as the magnitude decreased further. The
low-frequency vibration magnitude (at 1 kHz) decreased
monotonically as the pressure became more negative except
for a dip (about 500 Pa wide) that occurred between — 700
and — 1800 Pa. The lowest overall magnitude was recorded
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in the dip at mid-manubrium. The vibration magnitudes
also decreased as the middle-car pressure was made more
positive and were larger than those at negative pressures.
R1 was only visible at negative and small positive middle-
ear pressures, while R2 was visible for both positive and
negative pressures. R2 split into multiple branches after the
middle-ear pressure became slightly positive. No magnitude
dip was visible for positive middle-ear pressures.

The low-frequency vibration magnitudes at negative
middle-ear pressures on the pars tensa were higher than
those on the manubrium. R1 was not visible for large
negative middle-car pressures on the pars tensa. R2
appeared as a multi-peak feature on the pars tensa as
well, and a higher-frequency branch on the posterior pars
tensa appeared as a trough on the anterior pars tensa.
The magnitude dip was not present on the pars tensa.
The largest overall magnitude was recorded at the R2
peak on the posterior pars tensa.

The results of this study expand on the findings of the
step-wise pressurization experiments and provide further
insight into the evolution of the vibration response of the
eardrum under quasi-static pressures.

Keywords: Middle ear, Eardrum, Vibration, Laser
Doppler vibrometry, Static pressure, Tympanometry

INTRODUCTION

Tympanometry provides a fast, objective and noninvasive
measurement of the acoustic input admittance (and related
quantities) of the external and middle ear in the presence
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of quasi-static pressures. In a tympanometer, a probe
tip in the ear canal combines a speaker that introduces
an acoustic signal, a microphone that records the sound
pressure and a pump that provides the quasi-static
pressure sweeps. Clinical tympanometers typically use a
low-frequency pure-tone acoustic signal (around 220 Hz),
with pump speeds of somewhere between 2000 and
4000 Pa/s and pressures swept in one or both directions
between 0 Pa and 2000 to 4000 Pa. In early work, Lidén
et al. [1] assessed tympanometry for detecting ossicular-
chain disruption by collecting tympanograms of healthy
subjects as well as those with conductive and sensorineural
hearing loss. They noted several changes in the admittance
due to abnormalities in the middle ear and suggested using
800 Hz as a probe-tone frequency for better sensitivity to
abnormalities. Creten and Van Camp [2] measured the
admittance at 220 and 660 Hz at various pressurization
rates and found that the most accurate measure was
achieved at very low rates (about 10 Pa/s). They also
observed the different tympanogram shapes that occur
at 660 Hz for normal ears. Their group later concluded
that tracking the tympanometric peak pressure (TPP, the
pressure at which the admittance magnitude is maximal)
in a single sweep did not provide an accurate assessment
of the middle-ear pressure and suggested averaging the
TPPs of sweeps in opposite directions [3]. Therkildsen and
Gaihede [4] compared clinical tympanometers and found
that higher pressurization rates did not affect TPP and
attributed the observed small differences to differences in
the direction of the static pressure sweep. More recently,
wide-band tympanometry (admittance measurements
over a range of frequencies instead of a single pure tone)
has been used to identify patients with otosclerosis [5],
Eustachian tube dysfunction [6] and Ménieére’s disease [7],
among other conditions.

There have been a number of studies that tried to
provide more insight by studying the movements of
the eardrum and ossicles under static pressures in
human temporal bones. For example, Huttenbrink
[8] performed extensive measurements for various
conditions such as fixing the incudomallear joint and
simulating the activation of the middle-ear muscles. He
observed a complex 3D movement of the stapes during
static pressurization of the middle ear. He also saw that
the effect of muscle activation diminished as the static
pressure on the eardrum became larger. Among other
things, he concluded that ‘gliding’ movements in the
incudomallear and incudostapedial joints are important
and that the middle-ear muscles are incapable of
counterbalancing large static pressures but that the sheath
of the tensor-tympani tendon provides a strong support.
Dirckx and Decraemer [9] recorded the shape of the
eardrum while pressurizing the middle ear and concluded
that the effects of positive and negative pressures were
significantly different and that the displacement of the
malleus could not be modelled as undergoing a simple

fixed-axis rotation at higher static pressures. Murakami
et al. [10] measured the vibration magnitudes of the umbo
and the stapes with a tympanometer probe placed in the
Eustachian tube to pressurize the middle ear. They saw
that, for both positive and negative middle-ear pressures,
the low-frequency vibration magnitudes decreased as
the pressure was increased, and the frequency—response
peaks shifted to higher frequencies. The displacements
at higher frequencies increased as the pressure was
increased. Gan et al. [11] measured the effects of static
pressure (and also of middle-ear fluid) and reported the
displacements at the umbo and the stapes footplate.
They found that increasing middle-ear pressures up to
about+ 2 kPa reduced vibration magnitudes uniformly
up to 1.5 kHz but had less effect for higher frequencies.
For negative middle-ea r pressures, the umbo vibration
magnitude decreased up to 1.5 kHz, but increased for
higher frequencies. They also found that the cochlea had
its greatest effect on the eardrum vibrations at 4 kHz.
Homma et al. [12] measured the effects of static pressures
on bone conduction as well as air conduction and found
that the bone-conduction resonance also shifted to higher
frequencies in the presence of static pressures. Warnholtz
et al. [13] experimentally reduced the flexibility of the
incudomallear joint and measured the effects on sound
transmission in the presence of static pressures. They
concluded that the flexible joint allows better sound
transmission in the presence of static pressures.

The effects of static pressures on admittance during
tympanometry are not well understood, especially for
infants (e.g. [14], and animal models for the vibration
response of the eardrum under tympanometry-like pressure
sweeps can help provide insight by allowing for extensive
in vivo measurements that are not possible in humans. For
example, von Unge et al. [15] recorded in vivo admittance
[15] and also post-mortem eardrum shape [16] in
gerbils using a series of pressure steps in the ear canal. They
noted that disrupting the ossicular chain increased the
admittance, while fixation reduced it. They also compared
tympanograms at 220 and 660 Hz and described the
emergence of multiple peaks at the higher frequency. Lee
and Rosowski [17] measured in vivo vibration responses at
the umbo and on the pars flaccida in gerbils with pressure
steps in the middle ear. They confirmed the existence of
the asymmetry observed in previous studies in gerbils,
with the largest admittance changes occurring for negative
middle-ear pressures. They also identified the existence of
a multiple-peak tympanogram when the frequency was
increased to 1 kHz or higher.

Other species have been used in addition to the
gerbil. Ladak et al. [18] measured the shape of the
cat eardrum under middle-ear pressure steps. They
observed that an immobilized malleus produced a more
symmetric response to static pressures than a mobile
malleus did. Wang et al. [19] measured in vivo chinchilla
eardrum surface vibrations and recorded the changes
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due to the release of a built-up middle-ear pressure of
around 1.4 kPa. They observed a magnitude increase
in all quadrants of the eardrum up to 2 kHz, at which
frequency all of the eardrum was vibrating in phase,
with the largest amplitude in the posterior pars tensa.
For higher frequencies, the vibration magnitude stayed
approximately constant after the release of the middle-
ear pressure. Salih et al. [20] measured rabbit ears post-
mortem to quantify the nonlinearity in the middle ear
due to harmonic quasi-static pressures. They found that
the harmonic distortion was less than 10 % for pressures
less than 0.1 kPa, but the distortion increased rapidly
when the pressure was increased to 1 kPa. The harmonic
distortion also increased as the frequency of the sinusoidal
quasi-static pressure was increased.

In a recent paper [21], we presented in vivo gerbil
vibration responses on the pars tensa, pars flaccida
and manubrium under a step-wise middle-ear
pressurization protocol for 11 gerbils. We illustrated
shifts of the vibration peaks, in both frequency and
magnitude, and studied their behaviour throughout
the pressurization cycle. We described the first two
peaks that were present at similar frequencies on the
pars tensa, pars flaccida and manubrium; these peaks
changed rapidly for small pressures. After the second
peak, other closely spaced peaks specific to each region
were also discussed.

In order to be more relevant to tympanometry, the
mechanics of the middle ear should be investigated with
pressure sweeps rather than steps. Dirckx et al. [22]
measured the displacement of the rabbit umbo and stapes
under quasi-static pressure sweeps in the ear canal. For
pressurization rates lower than 1 kPa/s, they observed a
significant change in the pressure at peak displacement.
They also saw more hysteresis at the umbo than on the
stapes. They suggested that lower pressurization rates
could provide additional clinical information about
friction in the ossicular chain.

Since the admittance of the middle ear is highly
dependent on the vibration of the eardrum, measuring
vibrations at multiple points on the eardrum is
essential for understanding the admittance measured
in tympanometry. In this study, we present multi-point
in vivo gerbil eardrum vibration responses to pressure
sweeps. The vibration magnitudes at two points on the
manubrium and two points on the pars tensa are shown
as functions of both frequency and middle-ear pressure,
and the evolution of the magnitudes and frequencies of
the peaks and troughs is explored in detail.

MATERIALS AND METHODS

This study was reviewed by the Facility Animal Care
Committee of the McGill University Health Centre
Research Institute (protocol number 2011-5201). Male

Mongolian gerbils (Meriones unguiculatus) were used,
with body weights ranging from 50 to 100 g (Charles
River Laboratories, St-Constant, QC). Of the eight
most recent gerbils, we present results for the six who
survived until the end of the experiment with good
middle-ear pressurization. The anaesthetic regimen and
the surgical process were almost identical to those that
we used previously [21]. Pentobarbital was administered
intraperitoneally to ensure proper anaesthesia throughout
the experiment (for induction, 35 mg/kg if the animal
was less than 6 months old, or 50 mg/kg if 6 months
old or older; for maintenance, half of the induction dose
every 30 min or when needed). The xylazine doses that
we used previously were omitted due to issues with slow
induction and inconsistent levels of anaesthesia.

After an incision between the jaw and the shoulder,
the bulla was exposed starting posteriorly and moving
clockwise and then the ear canal was removed down
to the bony meatus. A small hole was created in the
bulla to allow access to the middle ear for pressurization.
A 3D-printed acoustic coupler was attached to the
ear canal with dental cement to provide an enclosed
access to the eardrum. A glass window, coated to be
anti-reflective around the frequency of the measurement
laser, allowed access for the laser beam to focus on the
glass-coated beads on the eardrum. One bead was placed
at the umbo and another one roughly midway along the
length of the manubrium. One bead was placed on the
posterior pars tensa and one on the anterior pars tensa,
at the level of the mid-manubrium and roughly halfway
between the manubrium and the annulus [21, Fig. 2].
It should be noted that neither pars-tensa bead was
placed to necessarily coincide with the highest vibration
magnitude on the TM. These bead locations were the
same as four of those reported in our previous paper [21].
The pars flaccida was omitted in this study due to its large
static displacements that quickly moved the bead out of
focus, even for small pressures and the slow pressurization
rate used here.

The pressurization system consisted of a peristaltic
pump controlled by a microcontroller (Arduino Uno,
SmartProjects, Strambino, Italy) which pressurized the
middle ear via a small hole in the bulla. The system was
the same as in Kose et al. [21] except for the addition of
a larger and adjustable buffer volume to provide a low
pressurization rate during pressure sweeps. The static
pressure was varied over a range of 2500 Pa. A full
pressurization cycle included decreasing continuously
from 0 Pa to—2500 Pa, increasing back to 0 Pa,
increasing to +2500 Pa, and decreasing back to 0 Pa. The
full pressure-cycle period was adjusted to be 210+5 s, to
match the length of one cycle of our previous step-wise
pressurization protocol. As in our previous study, and
in contrast to clinical tympanometric practice, the static
pressure was applied in the middle-ear cavity, but not
in the ear canal. The pressure values here are reported
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in terms of the actual middle-ear pressure. The pressure
sensor was accurate to within 12 Pa.

The vibrational velocities of beads on the manubrium
and the pars tensa were measured using a laser Doppler
vibrometer (LDV) (HLV-100, Polytec, Irvine, CA) and
were recorded using Polytec’s VibSoft software (version
5.5). Both the sound pressure and the vibration velocity as
functions of time throughout the pressurization cycle were
stored 1in files with a unique identifier for each cycle, and
a MATLAB script used their timestamps and identifiers to
synchronize the measurements. A Python script (running
on the same computer that managed the VibSoft output
under Microsoft Windows 10) transmitted the target
pressure extremes (2500 Pa) and the target pressurization
speed to the Arduino microcontroller. After recording,
the vibration velocities during each individual acoustic
chirp (linear frequency sweep from 0.2 to 10 kHz) were
integrated to obtain displacements and then converted to
the frequency domain using a fast Fourier transform. The
vibration displacement magnitudes (normalized by the sound
pressure) were then plotted using a MATLAB script for all
of the figures in the next section.

All measurements were recorded in a sound-isolation
chamber where the animal and the microscope were
placed on an anti-vibration pad on a table. The noise
floor was recorded by focusing the vibrometer on the
inside wall of the acoustic coupler at the beginning of
each experiment. For the range of frequencies considered
here, the measured magnitudes were at least an order
of magnitude larger than the noise floor. The sound
pressure level of the acoustic chirp was about 70 dB. No
indications of middle-ear muscle reflexes were seen, and
the sound pressure was assumed to be well below the
reflex activation threshold even for waking gerbils. The
level of anaesthesia was maintained such that the toe and
eye twitch reflexes were absent.

At the beginning of each experiment, at least three
consecutive pressurization cycles at the bead on the umbo
were recorded. After three or more cycles at each of
one or more of the other beads had been recorded, one
or more final cycles were recorded at the umbo before
sacrifice of the gerbil (pentobarbital overdose followed by
pneumothorax). Figure 1 shows an example of the middle-
ear pressure (black line) and the resulting umbo vibration
magnitude (red line) at a single frequency (1.0 kHz) as a
function of time throughout one pressurization cycle. The
pressure signal consistently showed a slower linear loading
phase (equivalent to a rate of 40 Pa/sec) and a faster
nonlinear unloading phase (starting at a rate of ~70 Pa/
sec and slowing to~ 50 Pa/sec near 0 Pa). In order to
display the vibration responses as functions of pressure in
the spectrogram figures of Results section, each chirp was
matched to the static pressure at the corresponding time.

We chose the peaks based on peak width and height,
as well as prioritizing continuity when the pressure was
changed. Moreover, the locations of the peaks where they
were harder to see were confirmed in other pressurization
cycles at the same location for the same specimen. Details
of the peak-finding criteria were described in Kose et al.
[21]. Each identified peak in the vibration response
coincided with a significant negative slope in the phase,
while the troughs coincided with positive slopes.

The laser was manually aimed at the target bead at
the beginning of each cycle and re-aimed throughout the
cycle when needed (e.g. when the bead moved outside
the laser beam’s diameter of ~ 35 pum). Especially near
ambient pressure, the bead displacements were large in
response to the quasi-static pressure change and the time
required for the manual re-aiming sometimes resulted in
an artefact due to a brief loss of the signal (as at =7 s
and t= 105 s in Fig. 1). In this particular measurement,
the bead was also re-aimed near the highest positive
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Fic. 1 Middle-ear pressure (black) and corresponding vibration response (red) at 1.0 kHz for gerbil G47 at the umbo, for a single cycle. Green
lines indicate the manual readjustments of the laser beam throughout the cycle
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pressure to ensure good signal strength (at =160 s). When
higher pressurization rates were attempted, the manual
re-aiming of the bead was no longer feasible.

As discussed in the previous paper [21], when the middle-
ear pressure was made more negative, the low-frequency
vibration magnitude decreased. At =48 s in the loading
phase and =78 s in the unloading phase, there is a
magnitude dip as the vibration magnitude becomes larger
for more negative pressures. This phenomenon will be
discussed further in the following sections.

RESULTS

Inter-specimen Variability

Figure 2 shows the comparison of the inter-specimen
variability of the unpressurized umbo responses of the six
gerbils of this study with the responses of the 12 gerbils in
Maftoon et al. [23] (blue shading) and the 11 gerbils in
our previous paper [21] (red shading). The low-frequency
magnitude (at 0.5 kHz) varied between 40 and 80 nm/
Pa for our six gerbils, while Maftoon et al. recorded
between 30 and 100 nm/Pa and we previously recorded
between 25 and 85 nm/Pa. The vibration magnitude
increased as the frequency increased, up to a broad peak
(referred to here as R1, as in our previous paper) between
1.5 and 2.5 kHz, very similar in peak frequency and
magnitude to what was shown in our previous paper [21].
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Fic. 2 Unpressurized vibration magnitude (top) and phase (bot-
tom) at the umbo for all six gerbils. Red and blue shaded areas
are the vibration magnitude and phase ranges for the 11 gerbils
reported in Kose et al. [21] and the 12 gerbils reported in Maftoon
et al. [23], respectively

This peak coincides with a phase of around —90°. After
the peak, the vibration magnitude decreased irregularly.
The phase settled at around — 180° above 6 kHz. The
vibration magnitudes and the frequencies of the peaks,
as well as the corresponding phase changes, were mostly
within the ranges of those in our previous paper, with
some small exceptions at higher frequencies.

For the following sections, gerbil G47 was chosen to
show the vibration responses at various measurement
locations because it was typical and it had the least noise
and the fewest tracking artefacts.

Manubrial Response

In order to compare the present pressure-sweep responses
with the pressure-step responses from our previous paper,
vibration frequency responses have been sampled at
roughly 500-Pa intervals throughout the pressurization
cycle. Figure 3 displays these sampled umbo vibration
magnitudes (top panels) and phases (bottom panels)
for the negative-pressure half-cycle (left panels) and
the positive-pressure half-cycle (right panels), in the
same format as for Fig. 8 of our previous paper. At
0 Pa (solid black), the vibration magnitude increases
from 35 nm/Pa at 0.5 kHz to a broad peak (R1, filled
circular marker). This broad peak mostly coincides with
a negative slope in phase, around —90°. After R1, the
magnitude decreases until a hint of a peak (R2, as in the
previous paper, filled square marker). R2 coincides with
another negative phase slope, around — 140°. For higher
frequencies, the vibration magnitude decreases, more or
less monotonically with multiple small peaks and troughs
(including R3), to 5.6 nm/Pa at 10 kHz, where the phase
becomes mostly flat at around — 160°. All three peaks
are difficult to discern in this pressure cycle, but they
were clearer in other cycles. The vibration magnitudes
at 0.5 kHz decrease as the pressure is made more
negative, reaching 6 nm/Pa at—500 Pa and 1.8 nm/
Pa at—1000 Pa, while the slope between 0.5 kHz and
R1 becomes flatter; beyond R1, the vibration magnitude
decreases slightly before rising to R2. The phase is
similar to what it was at 0 Pa, but the decrease to—90°
occurs at a higher frequency as R2 shifts. The phase
responses at the highest frequencies stay around — 170°,
with multiple small peaks and troughs corresponding
to those seen in the magnitude. At— 1500 Pa, the low-
frequency vibration magnitude decreases to a very low
value (around 0.09 nm/Pa) before rising slightly to R1;
after R1, the vibration magnitude decreases again and
then rises sharply to R2. The phase at this pressure
kept on decreasing beyond 5 kHz, reaching — 540° at
7 kHz (around R2) and —800° around 9 kHz. When the
pressure is reduced to—2000 and —2500 Pa, the vibration
magnitude stays more or less the same at 0.5 kHz, but
then, instead of decreasing sharply with increasing
frequency, it increases gradually until R1 and then
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— 0 Pa (0/-36)
———-500 Pa (-516/-552)
———-1000 Pa (-984/-984)

——-1500 Pa (-1440/-1524)
~2000 Pa (-2052/-1992)
-2500 Pa (-2388/-2388)

Magnitude (nm/Pa)

Phase (deg)

Frequency (kHz)

Fic. 3 Vibration magnitude (top panels) and phase (bottom panels)
of G47 at the umbo for negative-pressure half-cycle (left panels)
and positive-pressure half-cycle (right panels). Solid curves=load-
ing phase; dashed=unloading phase. The inset in the bottom left
panel shows the larger negative phases at high frequencies. Circles

decreases slightly before rising to R2. The phase follows
a pattern similar to the ones at—500 and — 1000 Pa,
but reaches —360° after R2. This decrease in the mid-
frequency magnitudes, from about 0.5 kHz to 6 kHz, and
for pressures between about— 1000 Pa and —2000 Pa,
was also observed in our previous paper, where it was
described as a magnitude ‘dip’.

At 0 Pa, R1 and R2 start as shallow peaks at 1.5 and
2.6 kHz with peak magnitudes of 100 nm/Pa and 54 nm/
Pa, respectively. As the pressure becomes negative, both
R1 and R2 rapidly shift to higher frequencies, while their
peak magnitudes decrease, reaching 2.8 and 4.5 kHz
with peak magnitudes of 18 and 36 nm/Pa, respectively,
at—500 Pa. As the pressure becomes more negative, R1
and R2 slowly shift further, reaching 3.0 and 6.8 kHz,
respectively, at— 1500 Pa. The R1 magnitude also shows a
dip at— 1500 Pa, decreasing to 0.12 nm/Pa. after which it
recovers to 1.2 nm/Pa at—2500 Pa while shifting slightly
to 3.1 kHz. The R2 peak magnitude, on the other hand,
stays more or less constant around 9.2 nm/Pa at 7.8 kHz.

In the unloading phase of the negative-pressure
half-cycle, the vibration magnitude is higher than
or similar to that in the loading phase for pressures
lower than —1000 Pa, especially at the magnitude dip
at— 1500 Pa. As the pressure is increased from — 2500 Pa
to— 1000 Pa, the low-frequency magnitudes between
0.5 kHz and R1, and those between R1 and R2, start to
decrease. The magnitude between R1 and R2 is lowest
around — 1000 Pa during the unloading phase, similar to
what is seen at— 1500 Pa in the loading phase. The phase
response is similar as well, reaching —820° around 9 kHz.
When the magnitude dip is not present (i.e. on the pars tensa

—_— 0 Pa (-36/36)
—— 500 Pa (492/480)
—— 1000 Pa (960/1020)

——1500 Pa (1536/1584)
2000 Pa (2088/1932)
2500 Pa (2328/2328)

100¢..

Magnitude (nm/Pa)

Phase (deg)

0.5 1 2 4 6 8 10
Frequency (kHz)
(R1) and squares (R2) show the locations of the resonances in the
loading (filled symbols) and unloading (empty symbols) phases,

respectively. (Actual pressure values are given in parentheses for
both loading and unloading phases.)

in the negative-pressure half-cycle and at all locations in
the positive-pressure half-cycle), the lowest low-frequency
magnitude is usually at the extreme (2500 Pa) pressure.
For pressures more positive than those of the dip, the
vibration magnitudes for frequencies up to R2 recover
rapidly but remain slightly less than in the loading phase.

The pattern is much simpler in the positive-pressure
half-cycle. The low-frequency vibration magnitudes
decrease monotonically when the pressure is increased,
with very little change beyond +2000 Pa. R1 disappears
for positive pressures in the loading phase, while R2 shifts
rapidly from 2.7 kHz at 0 Pa to 7.7 kHz at+ 1000 Pa
and then more slowly to 8.7 kHz at+2500 Pa. The phase
response 1s also simple, starting around 0° and decreasing
slowly until R2 where it reaches —90°. The phase stays
around — 180° for higher frequencies. When the pressure
1s reduced back to zero, the vibration magnitude increases
to higher values than it had during the loading phase.
R1 reappears as a shallow peak at 2.7 kHz and + 500 Pa
before shifting back to 1.4 kHz at 0 Pa, and R2 shifts
back to an almost buried peak at about 2.2 kHz at 0 Pa,
both frequencies less than what was seen at the beginning
of the negative-pressure half-cycle.

The overall trends here are very similar to what
was seen with the step-wise pressurization protocol in
our previous paper. For both negative-pressure and
positive-pressure half-cycles, the low-frequency vibration
magnitudes and the R1 and R2 frequencies and
magnitudes in different pressurization cycles and in other
gerbils were within the ranges of the ones in Kose et al.
[21]. R3 was also observed in those earlier experiments
but was not explicitly labelled.
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To illustrate the continuous frequency-response
evolution throughout the pressurization-sweep cycle, Fig. 4
shows a spectrogram of the vibration magnitude at the
umbo for G47 (the same data as shown in Fig. 3). The
horizontal axis is the quasi-static middle-ear pressure, while
the vertical axis is the frequency on a linear scale. Both R1
and R2 were traced where they were visible. Between 0 Pa
and — 300 Pa, both R1 and R2 are difficult to discern.
After —400 Pa, R1 becomes faintly visible at about
2.7 kHz as a slight rightward convexity of the isomagni-
tude contours, and it then rises slowly to about 3.1 kHz
at—2500 Pa. R2, on the other hand, appears as a sharp
peak at 4 kHz by about—200 Pa and shifts rapidly to
7.8 kHz at—2500 Pa. Multiple higher-frequency peaks
and troughs start to appear between 0 and— 300 Pa,
shifting rapidly to higher frequencies. The peak with the
lowest frequency after R2 can be tracked throughout
the cycle, but peaks at higher frequencies shift beyond
10 kHz as the pressure becomes more negative.

When the pressure is decreased from zero to
about— 1100 Pa, the magnitude dip (described above)
appears at about 5.9 kHz, near R2. The low-frequency
edge of the dip very rapidly shifts to 3.6 kHz at—1250 Pa,
its range broadening until it extends from 0.5 to 5.1 kHz
at— 1400 Pa. The magnitude at the centre of this dip is
about 0.2 nm/Pa. After being effectively buried in the
dip, R1 reappears as a broad peak at about 3 kHz as
the pressure drops to about— 1700 Pa, reaching a mag-
nitude of about 1 nm/Pa at—2500 Pa. The R2 magni-
tude also rapidly recovers after the dip, to 5.5 nm/Pa
at— 1300 Pa, and it continues to increase to 11 nm/Pa
at 8.0 kHz by —2500 Pa. When the pressure is increased
from — 2500 Pa back to 0 Pa, the behaviour of the peaks
is approximately the reverse of what happened in the
loading phase, with a slight asymmetry. The magnitude

Frequency (kHz)

0 -1000 -2000 -2000 -1000
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dip occurs between about— 1200 and —900 Pa in the
unloading phase.

In the positive-pressure half-cycle, the vibration
magnitudes are seen to change much less than in the
negative-pressure half-cycle, as also shown in Fig. 3.
The R1 peak rapidly shifts to 2.8 kHz with a peak
magnitude of 20 nm/Pa at+ 350 Pa (it is partially
hidden due to the artefact between + 150 and + 300 Pa)
before disappearing for more positive pressures. The R2
frequency rapidly shifts from 0 Pa to+200 Pa and then
is seen with two separate branches: first one appears
at 6.5 kHz at+ 700 Pa and the second one appears at
7.7 kHz at+ 1200 Pa. Both shift further as the pressure
reaches +2500 Pa, to 7.8 kHz and 8.8 kHz, respectively.
After a sharp trough that follows a trajectory similar to
that of the second branch of R2, another substantial
peak also shifts to higher frequencies as the pressure is
increased. In the unloading phase, the two branches of
R2 converge at about 6.9 kHz at+ 1300 Pa, before shift-
ing back to lower frequencies. R1 reappears at 4 kHz
at+500 Pa and shifts to lower frequencies when the pres-
sure is reduced back to 0 Pa.

Figure 5 shows a collage of the spectrograms for
all six gerbils. The features described for G47 are all
also seen for the other gerbils, with some quantitative
differences. All of the gerbils display a magnitude dip
in the negative-pressure half-cycle, but there are some
qualitative differences. For G49, the dip is divided by R1
(around 4 kHz), while the magnitude dip for G51 has
two splits, being divided by R1 (around 3.5 kHz) and
by a trough after R1 (around 4.2 kHz). The magnitude
dip for G50 occurs for even higher frequencies than R2
(around 7 kHz in the loading phase). The magnitude
dip in G49 occurs at a more negative pressure, and the
vibration magnitude does not recover much at— 2500 Pa.

Magnitude
(nm/Pa)

100

1000 0

1000 2000 2000

Middle-ear pressure (Pa)

Fic. 4 Vibration response of G47 at the umbo over the pressurization cycle as a spectrogram. The vertical axis shows the frequency on a lin-
ear scale. The trajectories of R1, R2, and R3 and their branches are highlighted
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Fic. 5 Vibration response of all six gerbils at the umbo over the pressurization cycle as a spectrogram. The vertical axis shows the frequency

on a linear scale

The splitting of R2 in the positive-pressure half-cycle is
present in all of the gerbils, with some differences in the
pressure and frequency at which they converge again.
Figure 6 shows another way of looking at the same
data, with the vibration responses at several individual
frequencies, from 0.5 to 10 kHz, shown as functions of
the static pressure. Black lines indicate the loading phases,
while the red lines indicate the unloading phases. The green
boxes show the locations of the R2 peaks in each half-cycle
at each frequency. The vertical and horizontal dashed
lines help locate the ambient pressure and the vibration

magnitude at— 2500 Pa, respectively. At 0.5 kHz, the
vibration magnitude is quite noisy. The largest magnitude
occurs at 0 Pa and the smallest magnitudes occur at the
ends of the sweeps (£2500 Pa). As described in Figs. 3 and
4, the magnitude decreases more in the negative-pressure
half-cycle than in the positive-pressure half-cycle. From 1
to 5 kHz, magnitude dips are clearly visible in the negative-
pressure half-cycle. From 1 kHz to about 2 kHz, the largest
magnitude occurs at 0 Pa. The first three panels (0.5, 1
and 2 kHz) show curves analogous to clinical single-peak
low-frequency tympanograms. At higher frequencies, the
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Fic. 6 Vibration responses of G47 at the umbo as functions of the middle-ear pressure, at several frequencies. Green boxes show the loca-
tions of the highest magnitude (at 0.5, 1 and 2 kHz) or of R2 (for frequencies>2 kHz)
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magnitudes at—200 Pa and at+ 150 Pa become larger than
the magnitude at 0 Pa. At 3 kHz (not shown); the largest
magnitudes correspond to R2, at —250 Pa and at+250 Pa.
At 4 and 5 kHz, the R2 peaks in the negative-pressure
and positive-pressure half-cycles have similar magnitudes.
The result is comparable to a W-shaped impedance
tympanogram (or M-shaped admittance tympanogram)
where admittance peaks occur at positive and negative ear-
canal pressures, rather than there being a single peak at
zero pressure [24]. At 6 kHz, the magnitude dip is no
longer visible, and the largest magnitude occurs at+600 Pa
instead of in the negative-pressure half-cycle. At 8 and
10 kHz, there is a broad magnitude dip in the negative-
pressure half-cycle between — 600 Pa and — 2000 Pa. The
largest magnitude at 10 kHz corresponds to the higher-
frequency peak (R3 in Fig. 4), at+2000 Pa.

The vibration responses at mid-manubrium were very
similar to the ones at the umbo. For each gerbil, the
frequencies of R2 and of the higher-frequency peaks
were within 0.5 kHz of the ones at the umbo in the
negative-pressure half-cycle and within 0.8 kHz in the
positive-pressure half-cycle. The low-frequency magnitude
dip occurred at more negative pressures (from — 1800
to — 2200 Pa) than at the umbo.

Pars-Tensa Response

Figure 7 shows a spectrogram for the vibration response
on the posterior pars tensa for the same gerbil as shown in
Fig. 4 (G47). Due to larger displacements of the pars tensa
in response to the static pressure, more readjustments
of the laser beam were necessary than for the umbo,
resulting in more artefacts in the vibration response
(such as from 0 to—600 Pa, from —2200 to—2400 Pa,
between the negative-pressure and positive-pressure
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half-cycles, etc.). As observed in our previous paper, the
vibration responses on the pars tensa are similar overall
to those at the umbo but with some key differences: the
overall vibration magnitudes are larger; the magnitude
dip in the negative-pressure half-cycle is absent for
both pars-tensa points; and R1 disappears rapidly for
large pressures, both negative and positive. The low-
frequency magnitude on the posterior pars tensa (at
0.5 kHz) slowly decreases from 15 nm/Pa at—600 Pa
to 1.8 nm/Pa as the pressure is reduced to—2500 Pa.
Although hard to distinguish due to artefacts, Rl
is an almost buried peak at 1.4 kHz (confirmed
in other pressurization cycles at the same location in
this ear) at 0 Pa and shifts to 2.1 kHz at—400 Pa before
disappearing for more negative pressures. The behaviour
of R2 is similar to that seen at the umbo, shifting from
2.6 kHz at 0 Pa (peak magnitude 110 nm/Pa) to 3.8 kHz
at— 500 Pa (peak magnitude 100 nm/Pa) and then to
7.8 kHz at—2500 Pa (peak magnitude 39 nm/Pa). At
about — 300 Pa, a cluster of peaks separates from R2,
extending from 4.5 kHz to 6.8 kHz. (They are obscured
due to the tracking artefact here, but they are confirmed
by other cycles.) The peak with the lowest frequency
within the cluster (R3) shifts more slowly than the oth-
ers, reaching 8.8 kHz at—2500 Pa with a magnitude of
40 nm/Pa. This peak has about the same frequency as
the trough between R2 and R3 in Fig. 4. As the pres-
sure 1s increased back to zero, the low-frequency mag-
nitude increases, reaching 61 nm/Pa at 0 Pa, and all
of the peaks shift back to lower frequencies.

In the positive-pressure half-cycle, the low-frequency
magnitude drops from 61 nm/Pa at 0 Pa to 3.3 nm/
Pa at+2500 Pa. R1 shifts to 3.1 kHz at+ 300 Pa and
is not visible when the pressure is increased further.
R2 and the cluster of peaks quickly diverge and shift
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Fic. 7 Vibration response of G47 on the posterior pars tensa over the pressurization cycle as a spectrogram. The vertical axis shows the fre-
quency on a linear scale. The trajectories of R1, R2, and R3 and their branches are highlighted
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to higher frequencies until +450 Pa where R2 reaches
4.1 kHz with a peak magnitude of 30 nm/Pa. R2 reaches
7.1 kHz at+ 2500 Pa with a peak magnitude of 1.5 nm/
Pa, while the second branch reaches 8.9 kHz with a peak
magnitude of 30 nm/Pa. The highest frequency peak of
the cluster reaches 9.9 kHz at+2000 Pa. A minimum lies
between the two lowest frequency branches of R2. This
minimum reaches 7.3 kHz at+ 2500 Pa and stays about
0.1 to 0.3 kHz higher in frequency than the first branch
of R2. When the pressure is reduced back to 0 Pa, the
low-frequency vibration magnitude increases back to
90 nm/Pa, while R1 becomes visible at+ 500 Pa around
3.5 kHz and shifts back to 1 kHz at 0 Pa. R2 shifts back
to 4.4 kHz at+ 300 Pa, where it joins the cluster of peaks
and shifts back to 3.6 kHz with a peak magnitude of
181 nm/Pa. The trough between the clusters disappears
at about 6.3 kHz at+ 700 Pa.

The anterior pars-tensa response for the same gerbil
(Fig. 8) was generally similar to that of the posterior
pars tensa. The R2 frequency in the negative-pressure
half-cycle was within 0.5 kHz of that for the posterior
pars tensa (as well as those of the umbo and mid-
manubrium). The sharp peak that diverged from the
cluster of peaks (R3) on the posterior pars tensa in
the negative-pressure half-cycle was replaced by a
sharp minimum on the anterior pars tensa. On the
other hand, the sharp trough that followed the lowest
frequency branch of R2 on the posterior pars tensa in
the positive-pressure half-cycle was replaced by a sharp
peak on the anterior pars tensa. The 500-to-1000-Hz
vibration magnitudes for the two pars-tensa points
were similar to each other throughout the pressure
cycle, with the exception of pressures more negative
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than — 1500 Pa, where the vibration magnitudes on
the anterior pars tensa were generally larger than
those on the posterior pars tensa. The pars-tensa
magnitudes were similar to that at the umbo at 0 Pa,
about 100 nm/Pa. As the static pressure was decreased
to— 2500 Pa, the umbo low-frequency magnitude
decreased to less than 1 nm/Pa, while the posterior and
anterior pars-tensa magnitudes stayed above 3.5 nm/Pa
and 2 nm/Pa, respectively. In the positive-pressure half-
cycle, the ratio of umbo to low-frequency magnitude at
both pars tensa points remained at about unity for all
pressure levels.

In other gerbils, the pars-tensa responses were
very similar to what is described here for G47 except
that in G46 and G52 even the cluster peak with the
lowest frequency shifted rapidly to higher frequencies
on both the anterior and posterior pars tensa as the
pressure was made more negative, and in some G50
and G52, the sharp minimum on the anterior pars tensa
(which appeared in the place of the sharp peak in the
posterior pars tensa) also split for pressures lower than
about— 1500 Pa.

DISCUSSION

In this paper, we have expanded upon the findings of
Kose et al. [21], by observing the gradual changes in the
vibration response under quasi-static pressure sweeps.
The vibration magnitudes and peak frequencies found
here with the sweeps were the same as those identified in
the previous paper using steps, within the range of inter-
specimen variability. This is consistent with the idea that
the pressure sweep was slow enough to be similar to the
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FiG. 8 Vibration response of G47 on the anterior pars tensa over the pressurization cycle as a spectrogram. The vertical axis shows the fre-
quency on a linear scale. The trajectories of R1, R2, and R3 and their branches are highlighted
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series of steps in terms of viscoelastic effects (after the initial
transient of the step subsides). With the sweeps, the rapid
shifts of the peaks for small pressure changes (smaller than
the 500-Pa steps of the previous paper) could be studied,
as could the shifts of the numerous high-frequency features.

The pressurization rate was non-uniform but
consistently so. The effect of this non-uniform rate
was presumably small since the greatest rate change
occurred at the beginnings of the unloading phases
of the pressurization cycle, near the extreme pressure
values where the changes in displacement were smallest.

For both the manubrial and pars-tensa points, the
dependence of the vibration magnitude on static pressure
resembled a single-peak tympanogram at low frequencies
(Fig. 6, 0.5 kHz). However, as the frequency increased, more
complex shapes were caused by the local peaks and troughs
and by the dip at about— 1500 Pa. Lee and Rosowski
[17] showed complex displacement curves in gerbils at
frequencies as low as 4 kHz, which is in line with our umbo
response. The separate peaks in the negative-pressure and
positive-pressure half-cycles (Figs. 4, 5 and 6 kHz) coincide
with our R2 peaks, and as the frequency is increased further,
they create more complex displacement curves.

Lee and Rosowski [17] observed magnitude dips at
negative middle-ear pressures between 1 kHz and 4
or 6 kHz, while in our experiments the dip was visible
from 0.5 kHz up to 5 or 6 kHz. Their dip was visible
around — 2000 Pa when they swept the pressures from
negative to positive, and around — 1000 Pa when they
swept from positive to negative. In our results, the
effect of the sweep direction was smaller, with the dip
occurring around — 1400 Pa for negative-to-positive
sweeps and around — 1100 Pa for positive-to-negative
sweeps. They attributed the differences between the
directions to viscoelastic effects in the middle ear. They
also suggested that the behaviour for negative middle-
ear pressures could be affected by the pars flaccida
sticking to the head of the malleus. Feizollah [25]
observed a phenomenon that might be relevant to the
magnitude dip: under quasi-static pressure sweeps, the
displacements of the incudostapedial joint increased as
the ear-canal pressure increased up to+ 1000 Pa and
then decreased for more extreme pressures.

As described in our previous paper, the low-frequency
peak (designated as R1) occurs at all of the measured
locations, but with differences in the range of pressures
where it is visible: on the manubrium, it disappears at
large positive middle-ear pressures but is still visible at
negative pressures, while on the pars tensa it disappears
at both positive and negative large pressures. It is not
clear whether this might be related to the conclusion
by Homma et al. [12], based on a combination of
experimental measurements and modelling, that for
positive ear-canal pressures (or negative middle-ear
pressures) the stiffening of the eardrum may be greater

than that of the ligaments that act on the malleus, while
for negative ear-canal pressures (or positive middle-ear
pressures) their degrees of stiffening may be similar.

The largest peak (designated as R2) was visible on
both the manubrium and the pars tensa. It seems to be
a superposition of multiple resonances at small pressures,
since at higher pressures it appears to split into multiple
peaks on the pars tensa. The lowest frequency branch of
R2 on the posterior pars tensa appears to correspond in
frequency to a trough on the anterior pars tensa. This is
consistent with previous studies that have shown peaks at
high frequencies that are local to specific regions of the
pars tensa and are out of phase with vibrations in other
regions (e.g. [26] in cat, as cited by [27, 28] in human
[23], in gerbil).

The observations of the gradual changes of vibration
magnitudes in response to slow pressure sweeps provide
insight into the mechanoacoustical response of the middle
ear under tympanometric pressures. In particular, the
fine resolution for both the static pressure and the
frequency allows a detailed look at the evolution of the
tympanograms from single-peak V-shaped curves to more
complex shapes as various parts of the middle ear start
resonating at different frequencies. The mechanisms
underlying the evolution of the peaks and the presence of
the magnitude dip could be explored with a computational
model validated using the present experimental data. To
be more closely related to tympanometry, however, the
effects of pressurization rates closer to those of clinical
tympanometers should be investigated experimentally.
Measurements at faster pressurization rates could be
achieved by an automated bead-tracking system. In
addition, faster bead tracking could allow measurements
in regions with faster displacement changes, such as
the pars flaccida. Simultaneous pressurized shape
and vibration measurements of the eardrum could be
invaluable in understanding the mechanics of the middle
ear during tympanometry.
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