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ABSTRACT

Objective: To obtain norms for wideband absorbance tympanometry in adults with normal
hearing and normal middle ear, and to clinically validate the results with ear related

disordered populations.

Methods: Three groups in the age range of 22 to 50 years were considered in the study.
Group | consisted of normal middle ear functioning with normal hearing sensitivity
(n=1127 ears), Group Il consisted of middle ear disorders [Tympanic membrane
perforation (n=109), Middle ear effusion without perforation (n=122 ears), Otosclerosis
(n=140 ears), and Eustachian tube dysfunction (n=106 ears)], and Group Il consisted of
Sensorineural hearing loss (n=140 ears). All the participants have undergone WBA

measurements across frequencies and wideband average tympanometry.

Results: The WBA measured in Group | across frequencies and average tympanogram
showed a significant difference only for pressure conditions. Though the gender showed a
significant effect on WBA at low frequencies, the effect size was small, whereas no
significant difference was seen for ears. The WBA at peak pressure was higher compared
to the ambient pressure conditions. The WBA was lowest at 250 Hz, increased steeply with
increasing frequency to about 1250 Hz, rose to a second maximum at about 2000 Hz, and
reduced to a minimum absorbance at 6000 Hz and above. Also, the analysis of reliability
measures (test re-test and Inter-tester) had shown a moderate to good reliability. Further,
the study had shown a reduction in WBA for all the middle ear pathological groups
compared to the normal ear group, specifically at the lower frequencies below 2000 Hz.

ROC also showed high sensitivity and specificity at the lower frequencies for the



identification of middle ear disorders. However, there was no specific frequency
absorbance value which can be used to differentiate different middle ear disorders from
each other. However, a unique pattern for each pathological group was estimated in the
study. While in ears with Sensorineural hearing loss, the WBA pattern is indistinguishable

from normal ears having similar WBA values with lower sensitivity and specificity.

Summary and conclusions: The study has estimated the WBA norms at peak and ambient
pressure. This study demonstrated the clinical utility of wideband absorbance

tympanometry in detecting ear-related disorders.

Keywords: Wideband absorbance tympanometry, middle ear disorders, Peak pressure,

and ambient pressure.



Chapter 1

INTRODUCTION

Sound transmission through the auditory system is a complex process that
depends on the middle ear’s acoustic transmission characteristics. The efficiency in
transmitting sound from the environment to the inner ear may be altered and/or
disrupted if there are any abnormalities in the middle ear structure. This results in
greater impedance mismatch due to variations in the middle ear's mass and stiffness
components (Shaver, 2010). Therefore, the precise functioning of the middle ear plays
a major role in the efficient transmission of sound to the inner ear.

Many basic auditory tests are available, including pure tone audiometry,
tympanometry, acoustic reflex measurements, and otoacoustic emission measurements,
which provides information about the process of sound transmission to the auditory
system (Baiduc et al., 2013). Immittance measurement is one of the key components of
the test battery widely used to assess the middle ear system (Lantz et al., 2004). The
earliest method of measuring the immittance of middle ear function was performed
using ear canal pressure and plotted as a function of acoustic reactance and resistance
with respect to frequency (Lilly & Margolis, 2013). Based on the reactance and
resistance pattern, the differential diagnosis was made to identify conductive hearing
loss (Lilly, 1984). Later, immittance measurements had undergone further
modification, such as introducing changes in air pressure in the closed ear canal; single-
component tympanogram with low-frequency probe tones; and multi-frequency Multi-
component tympanometric measurements (Lilly & Margolis, 2013). In addition to
these, wideband absorbance tympanometry measurements are the latest development

to aural acoustic-immittance measurements to study the middle ear function.



To date, single-frequency tympanometry using a probe tone frequency of 226
Hz has been a widely applied diagnostic procedure for evaluating middle ear
transmission function (Ibraheem, 2014). Despite the fact that tympanometry is the most
commonly used diagnostic tool for the evaluation of the middle ear system (Hunter &
Sanford, 2014; Margolis et al., 1999), a few research findings reported low accuracy in
identifying middle ear pathologies (Hunter et al., 2017; Kaf, 2011; Shahnaz & Polka,
1997). This is because of the extent of change in the middle ear structures, i.e. ossicular
mass, stiffness of tympanic membrane and supporting structures due to middle ear
pathologies, resulting in frequency-specific attenuation or filtering (Norrix et al., 2013).
Thus, there is a substantial overlap in clinical findings indicating false-positive results
even in normal-hearing individuals (Keefe & Levi, 1996; Shahnaz & Polka, 1997).
Research on test-retest reliability of low-frequency probe tone tympanometry have
observed higher admittance on repeated testing (Gaihede & Ovesen, 1997; Karzon,
1991). Studies have shown elevation of middle ear admittance by an average of 14%
between the ninth and the first trials (Gaihede, 1996).

An increasing number of studies have indicated that tympanometry with single
probe tone frequency has poor sensitivity and specificity for identifying middle ear
pathologies, especially in those who have slightly altered mechanical aspects of the
tympanic membrane (Kaf, 2011) and pathologies affecting the ossicular chain such as
otosclerosis (Browning et al., 1985; Shahnaz & Polka, 1997). In the literature, the lack
of sensitivity and specificity has been attributed to the inability to detect subtle changes
in the resonance frequency of the middle ear (lacovou et al., 2013; Vanaja & Manjula,
2003), which is one of the key parameters used in the detection of middle ear

pathologies (Shahnaz & Bork, 2008; Suat Terzi et al., 2017).



Multi-frequency tympanometry (MFT) is considered superior to 226 Hz probe
tone tympanometry, which provides information from 226 Hz up to 2000 Hz (Keefe &
Feeney, 2009). High impedance pathological conditions such as middle ear effusion,
otosclerosis, and chronic otitis media are accurately detected with the inclusion of
several probe tone frequencies (Keefe & Levi, 1996; Shahnaz, Bork, etal., 2009). Thus,
MFT was found to be highly sensitive than single probe tone frequency tympanometry
in detecting middle ear pathology (Shahnaz & Polka, 1997). However, the use of MFT
in clinical practice has limitations. The presence of standing waves above 1500 Hz,
which causes a large deviation in sound pressure, can affect and prevent valid
measurements at high frequencies (Keefe & Feeney, 2009; Margolis et al., 1999). There
is also no standard calibration for these high probe tone frequencies, which would
provide inaccurate information about the middle ear, especially at higher frequencies
(Keefe & Feeney, 2009). Thus, existing tympanometric measurements can lead to
misdiagnosis, either false-positive or false-negative results. Therefore, an alternative
measure that accurately detects middle ear pathology with greater sensitivity and
specificity is needed, even for mild pathology.

Wideband absorbance or reflectance tympanometry (WBT) is a new technique
that has been introduced recently to measure the transfer functions of the middle ear
(Allen, 1986; Shahnaz & Bork, 2006). WBT provides clinical information regarding
the impedance over a wide frequency range from 226 Hz up to 8000 Hz than the single
probe tone tympanometry, which provides information regarding admittance at a
specific frequency (Vander Werff et al., 2007). In recent years, much more information
has emerged in the literature showing that WBT can identify pathologies of the middle

ear, including subtle pathologies that affect the ossicular chain (Hunter et al., 2013;



Hunter, Bagger-Sjoback, et al., 2008; Keefe & Simmons, 2003; Shahnaz & Polka,
1997).

The researchers had found several benefits of WBT in evaluating the middle
ear, over 226 Hz and multi-frequency tympanometry. WBT uses multiple frequencies
simultaneously using transient stimuli so that no interference from myogenic noise is
generated by patient movements (Prieve et al., 2013). WBT can also be recorded even
without applying any pressure to the ear canal (Feeney et al., 2003; Huang et al., 2000;
Keefe & Levi, 1996; Keefe & Simmons, 2003). In-addition, the positioning of the probe
tip in the ear canal does not influence the WBT measurements (Keefe & Levi, 1996;
Voss et al., 2008), while the tympanometric measurements are strongly influenced by
the depth of the probe tip insertion (Margolis et al., 1999; Shanks & Lilly, 1981).
Therefore, the WBT is emerging as a promising tool for identifying middle ear
pathologies with high accuracy and possibly replacing the single probe tone and multi-

frequency tympanometry (Sanford et al., 2013).

1.1 Need for the study

Keeping in view of all the reported advantages of WBT, it appears that WBT is
a concept that has gained momentum in recent years for routine audiological evaluation.
Researchers have been working in this direction to strengthen the application of WBT
for middle ear assessment as part of the routine audiological evaluation. With lots of
advantages using WBT over conventional single frequency and multi-frequency
tympanometry, there is a need to establish the norms in the concerned area. This will
facilitate differential diagnosis of middle ear conditions and precise identification of the

pathology in the human middle ear.



1.1.1 Need for establishing normative data

1.1.1.1 Variation in WBT values across studies: Understanding that the WBT
seems to be a lot more advantageous in detecting middle ear disorders than conventional
single frequency tympanometry, there is a need to develop the norms for WBT.
Normative reflectance/absorbance pattern was estimated in a few Western studies for
different age groups (Margolis et al., 1999; Merchant et al., 2010; Werner et al., 2010).
However, these normal reflectance/absorbance patterns were reported to vary across
studies. Most published normative data for middle ear measures have not specified the
subject’s ethnicity related information.

Shahnaz and Bork (2006) estimated the normative reflectance across
frequencies in Caucasians and Chinese populations and compared it with already
existing data (Feeney & Sanford, 2004; Keefe et al., 1993; Mimosa Acoustics, 2002;
Voss & Allen, 1994). It was observed that the mean reflectance value reported in
Shahnaz and Bork (2006) study was relatively lower than what was reported in the
already existing studies from 250 Hz to 3000 Hz. This clearly indicates that WBT does
not have a unique pattern across frequencies (Feeney & Sanford, 2004; Keefe et al.,
1993; Mimosa Acoustics, 2002; Voss & Allen, 1994). Hence, it is crucial to estimate

WBA across frequencies for different population having healthy middle ear function.

1.1.1.2 Structural variation across regions/races: Research on structural and
size differences of the outer and middle ear observed differences among the individuals
differing in ethnicity, gender and age that could affect the middle ear transfer function
(Shahnaz, 2010). The difference that exists among different ethnicities could be due to
the differences in melanin level in the cochlea (Solano, 2014; Sun et al., 2014), genetics
(Lin et al., 2011, 2012) and also anatomical and body-size differences (Chan &

McPherson, 2001; Shahnaz & Davies, 2006). It has been shown that the average height
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and weight of the body are larger in the Caucasian than the Chinese group (Bell et al.,
2002; Shahnaz & Bork, 2006). Several researchers observed that the increase in body
size leads to increased middle ear air space compliance. At the same time, the frequency

at which the reflectance minimum occurs decreases with body size (Huang et al., 2000).

1.1.1.3 Variation of immittance test results across regions/races: Middle ear
measures have exhibited differences across racial groups. It has been indicated that
Asians have lower admittance, smaller ear-canal volume, wider tympanometric width
and higher middle ear resonant frequencies than Caucasians (Chan & McPherson, 2001;
Shahnaz & Davies, 2006; Wan & Wong, 2002). It was also reported that American
black infants and preschoolers had different mean admittance values than the respective
Caucasian group (Robinson et al., 1988; Robinson & Allen, 1984; Wei De, 2020).
Studies have also reported higher resonant frequencies for Asians than Caucasians
(Shahnaz & Davies, 2006) and lower acoustic reflex thresholds for African Americans
than Asians and Caucasians (Whitehead et al., 1993). Wan and Wong (2002) reported
that 48% of Chinese children failed tympanometry screening when the same norms
developed on Caucasians were used. Similarly, studies on WBT showed a significant
difference between Caucasians and Chinese individuals (Shahnaz & Bork, 2006; Wang
etal., 2019).

It is understood from the studies that even small variation in anatomy and
physiology between ethnicities likely to underlie the differences in middle ear sound
transmission. Thus, the studies implicate that body size differences could be a crucial
factor in the variations noted in the middle ear transfer function between the different
ethnic groups. Using ethnic-specific norms and comparing the individuals' results could
assess the presence of an exact middle ear problem (Shahnaz et al., 2013). Studies had

also reported that hit rates for detecting otosclerosis improved when ethnic-specific



norms were applied (Shahnaz & Bork, 2006). This indicates that ethnic-specific norms

are warranted for precise identification of middle ear abnormalities.

1.1.2 Need for estimating gender-specific WBT patterns

Among the factors that need attention are the gender-specific differences in
reflectance patterns. Few researchers have found slightly lower peak admittance and
broader tympanometric width in females when compared to males (Roup et al., 1998;
Wiley et al., 1996), whereas others have reported no gender effect (Holte, 1996;
Margolis & Goycoolea, 1993; Wan & Wong, 2002). In general, there exist a difference
in length of the adult ear, and the cross-sectional area of the ear canal in male adults is
larger than in female adults (Maroonroge et al., 2009; Rosowski et al., 2012). This
difference could be contributing to variation in middle ear transfer function between
males and females.

Studies on WBT and its effects on gender were reported to be uncertain.
Rosowski et al. (2012) observed small differences in the power reflectance but not
significant. Studies also reported that the female ear is stiffer than the male ear
acoustically (Keefe et al., 2000; Margolis et al., 1999; Mazlan et al., 2015). There are
also studies indicating no significant difference in gender on WBT measures in adults
(Shahnaz & Bork, 2006; Sliwa et al., 2020) and children (Beers et al., 2010; Hunter,
Tubaugh, et al., 2008).

Since the studies on the effects of gender variation are inconclusive, there is a
need to estimate the reflectance/absorbance patterns across frequencies between the
genders to see if there is any variation in WBA pattern between males and females in

the Indian population.



1.1.3 Need to study the effect of pressure change on WBT

Some of the studies investigated the reflectance with the change in pressure
mode and had observed changes of reflectance pattern significantly (Liu et al., 2008;
Margolis et al., 1999; Robinson et al., 2016). Margolis et al. (1999) compared WBR
across the broad range of discrete ear canal pressure (+300 to — 300 daPa) with that of
ambient pressure (0 daPa). The study results showed increased reflectance from 250 Hz
through 3000 Hz and decreased reflectance above 3000 Hz for the pressure change
compared with the ambient pressure of 0 daPa. The authors have attributed this to the
increase in stiffness of the tympanic membrane.

The effect of two pressure mode (ambient pressure, tympanometric peak
pressure) was studied by Kenny (2011) in Caucasian and Chinese young adults. The
results indicated that there exists significant interaction between ethnicity, frequency,
and mode of measurement. During ambient pressure measurement, absorbance from
250 to 2500 Hz was less for both the groups, whereas higher absorbance was seen
between 4000 to 5000 Hz only in the Caucasian group. Also, the 90% range of the
dynamic measurement is notably higher than that of the static measurements in the low
to mid-frequency region. These observations were consistent with the measurements
reported by Liu et al. (2008).

Even though the literature in this area is very limited, the existing studies had
indicated the change in reflectance patterns across the pressure mode. Thus, there is a
need to conduct a comprehensive study of different pressure modes in estimating the

reflectance/ absorbance patterns.
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1.1.4 Need for validating WBT on different middle ear disorders

The widely used middle ear transfer function tests currently available can detect
only the middle ear status. However, it does not provide appropriate information related
to various middle ear disorders. For example, patients with otosclerosis often have
conductive hearing loss and normal or low compliance tympanogram. Similar
observations are also seen in other conditions such as middle ear effusion or a low-
compliance eardrum that may confuse this profile (Browning et al., 1985; Browning &
Gatehouse, 1992). Moreover, it shows poor diagnostic accuracy in detecting
otosclerosis (Margolis et al., 1999; Muchnik et al., 1989). The sensitivity and specificity
of 226 Hz in identifying otosclerotic ears were low (Shahnaz & Polka, 1997, 2002).

The development of objective methods with superior test performance, such as
WBT, may enhance middle ear pathology identification. It was found to be more
sensitive than traditional 226 Hz tympanometry and Multi-frequency tympanometry in
diagnosing otosclerosis (Shahnaz, Longridge, et al., 2009). Hunter, Bagger-Sjoback, et
al. (2008) found a higher sensitivity of WBT in detecting otitis media in infants and
children with a cleft palate. Feeney et al. (2003) suggested a distinctive WBT pattern
in different pathologies of the middle ear. However, the reflectance profiles of different
middle-ear pathologies are not well-established. There is a need to establish the
sensitivity and specificity of a variety of middle-ear disorders, including otosclerosis
and tympanic membrane perforations that can be detected using WBT. Thus, there is a
need for population-specific norms to improve any test’s sensitivity and specificity
(Shahnaz et al., 2013).

Similarly, the tympanometry accuracy in identifying different middle ear
pathologies can be increased compared to 226 Hz or 1000 Hz tympanometry, with the

inclusion of additional frequencies. The test's sensitivity would significantly improve
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as the results would greatly differ between normal and pathological ears (Sanford et al.,
2009). Sanford et al. (2009) indicated that the mid-frequencies from 800 Hz to 2000 Hz
had the largest difference in absorbance values between normal and pathological ears
and probably should be considered to detect middle ear problems. Thus, the wideband
average tympanometry that averages the absorbance values across frequencies between
375 Hz to 2000 Hz (Interacoustics, 2020) might provide distinct values that might help
identify different middle ear pathologies. Further, it provides reliable results even in
noisy conditions, as it averages over 30 tympanogram to obtain a single curve in a
shorter time that cancels out the noise and artefacts (Martin, 2019). However, there are
very limited studies (Karuppannan & Barman, 2020, 2021; Kaya et al., 2019; Kim et
al., 2019; Sliwa et al., 2020; Terzi et al., 2015) which has used wideband absorbance
average to identify different middle ear pathologies. Thus, there is also a need to study
the wideband average tympanometry and to establish normative data that could become
a potential tool to detect middle ear disorders.

The above summary suggests that there could be a lot of variation in reflectance
patterns reported and observed in the literature. The studies’ sample sizes have
generally been small, and only sparse data are available on clinically feasible wideband
reflectance criteria and procedures in disordered individuals. To date, there are also no
such studies in the Indian population on WBT. Considering all the above and the
importance of WBT in the clinical decision-making process over single frequency and
Multi-frequency tympanometry, there is a need to establish specific normative data with
outsized samples that could lead to precise diagnosis and identification of middle ear
disorders. There is also a need to clinically validate the absorbance results in various
middle ear conditions, facilitating WBT that can fit into the routine clinical protocol for

assessing middle-ear function in adults.
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1.2 Aim of the study

The present study aimed to obtain norms for wideband absorbance
tympanometry in adults with normal hearing and normal middle ear and clinically

validate the results with ear-related disordered populations.

1.3 Objectives of the study

1. To estimate the wideband absorbance across frequencies in normal (healthy)
ears.

2. To compare the wideband absorbance in normal (healthy) ears between males
and females.

3. To compare the wideband absorbance measured at peak pressure to that of the
ambient pressure in normal (healthy) ears.

4. To compare the wideband absorbance between middle ear disorders (Tympanic
membrane perforation, Middle ear effusion without perforation, Otosclerosis,
and Eustachian tube dysfunction) and normal (healthy) ears. Also, to estimate
sensitivity and specificity of wideband absorbance in identifying different
middle ear disorders.

5. To compare the wideband absorbance between the ears with sensorineural
hearing loss and normal (healthy) ears and to estimate sensitivity and specificity
of wideband absorbance in identifying sensorineural hearing loss.

6. To compare wideband absorbance across different pathological conditions.

13



1.4 Hypotheses of the study

1. There is no significant difference in wideband absorbance in normal (healthy)
ears between males and females.

2. There is no significant difference in wideband absorbance measured at peak
pressure to that of the ambient pressure in normal (healthy) ears.

3. There is no significant difference in wideband absorbance between middle ear
disorders (Tympanic membrane perforation, Middle ear effusion without
perforation, Otosclerosis, and Eustachian tube dysfunction) and normal
(healthy) ears.

4. There is no significant difference in wideband absorbance between the ears
with sensorineural hearing loss and normal (healthy) ears.

5. There is no significant difference in wideband absorbance across different

pathological conditions.

14



Chapter 2

REVIEW OF LITERATURE

The auditory system is dependent on the mechanical transmission of sound
transmitted through the tympanic membrane to the inner ear. The sound waves vibrate
the tympanic membrane and the middle ear’s ossicles, which set the fluid motion in the
cochlea. The cochlea’s fluid motion causes neurochemical changes that help transmit
the sound to the brain (Martin & Clark, 2019). Any structural or physiological changes
in the middle ear can affect the sound transduction to the inner ear (Norrix et al., 2013).
This change may be due to a variety of factors, such as the presence of middle ear
pathology or anatomical differences observed by gender, ethnicity, and maturation,
which can attenuate frequency-specific sound transmission (Beers et al., 2010; Mazlan
et al., 2015; Shahnaz & Davies, 2006).

The change in sound transmission through the middle ear is usually assessed
using a middle ear analyser, which uses a single or multiple frequencies tones and
measures transmission of sound energy across the pressure (Keefe et al., 1993; Margolis
et al., 1999; Shahnaz & Polka, 2002; Voss & Allen, 1994). However, the introduction
of WBA tympanometry in recent years has the potential to assess the middle ear
function at a wide range of frequencies and can also be measured even without any
change in pressure (Keefe et al., 1993; Liu et al., 2008). The recent addition of WBA
tympanometry showed good sensitivity in identifying middle ear disorders (Aithal,
Aithal, Kei, Anderson, et al., 2019; Lilly & Margolis, 2013; Margolis et al., 1999;
Nakajima et al., 2013; Shahnaz & Polka, 2002). Thus, the literature review focuses on
the principles of WBA tympanometry and several sources of variability that influence

the WBA measurements.
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2.1 Wideband tympanometry (WBT)

WABT is the proportion of acoustic energy absorbed or reflected by the middle ear,
i.e. when a calibrated transient broadband stimulus is directed towards the tympanic
membrane in a sealed ear canal, the amount of energy that is absorbed or reflected at
the tympanic membrane is calculated across frequencies (Hunter & Shanaz, 2014; Liu
et al., 2008; Margolis et al., 1999). The parameters measured in WBT measurements
include reflectance or absorbance, generally called Wideband absorbance (WBA) or
Wideband reflectance (WBR). Other terms used in the literature are acoustic
reflectance/acoustic absorbance (Margolis et al., 1999); Power reflectance/Power
absorbance (Nakajima et al., 2013) and Energy reflectance (Jaffer, 2016; Wang et al.,
2019)/ Energy absorbance (Burdiek & Sun, 2014; Hougaard et al., 2020; Liu et al.,
2008). However, “Wideband acoustic immittance (WAI)” is an alternative term of
WBT, which includes both WBA and WBR measurements (Feeney, 2013).

WBA is represented as a percentage equal to the ratio of acoustic energy absorbed
by the middle ear to the acoustic energy of a stimulus presented in the ear canal (Liu et
al., 2008). Conversely, WBR is the inverse ratio of WBA or the acoustic energy
reflected, to the total acoustic energy delivered to the ear canal, i.e. WBR equals 100%
minus WBA (Keefe & Feeney, 2009; Neely et al., 2013; Sanford et al., 2013). Both
WBA and WBR are optimal measures of the middle ear's mechanical properties (Liu et
al., 2008). The present study uses the term wideband absorbance (WBA) to quantify
the amount of sound energy entering the middle ear. The WBA measurements are
quantified in a real number that ranged between ‘0’ and ‘1’ and are expressed only in
magnitude without dimension and phase (Feeney et al., 2013; Liu et al., 2008; Stinson,

1990). The value ‘one’ in WBA indicates that the middle ear absorbed all the sound
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energy, while ‘zero’ indicates that all sound energy is reflected to the ear canal (Liu et
al., 2008; Stinson, 1990).

WBA measurements are currently available in three equipment, namely Otostat
and HearID systems from Mimosa Acoustics, USA and Titan from Interacoustics,
Denmark. Mimosa Acoustics use the chirp and pure-tone stimuli to measure power
reflection and power absorbance (Mimosa Acoustics, 2002; Shahnaz & Bork, 2006).
The difference in stimuli (Chirp, Pure-tone) on power reflectance/absorbance
measurements in infants with a normal middle ear showed similar results, indicating
that both stimuli were equivalent (Santos et al., 2015). Although there exists no
significant difference between the stimulus, the pure-tone stimuli provide reliable
results in noisy situations, while the chirp stimulus provides good frequency resolution
(Mimosa Acoustics, 2014). The Titan system from Interacoustics, Denmark, uses the
click stimulus and measures only the WBA (Hein et al., 2017; Interacoustics, 2020).

As similar to the 226 Hz tympanogram, the WBT data was presented in a two-
dimensional graph representing frequency (226 Hz to 8000 Hz) in the x-axis and
absorbance (0 to 1) in the y-axis, called as ‘Wideband tympanogram’. In addition, the
Titan system provides a three-dimensional graph, called as 3-D tympanogram with
pressure (y-axis), frequency (x-axis), and absorbance (z-axis) to represent WBT data
(Hein et al., 2017; Interacoustics, 2020).

Although the WBA is a new middle ear analyser to assess the middle ear's status,
studies have shown more advantages than traditional tympanometry and multi-
frequency tympanometry (Keefe et al., 1993). The main advantage of the WBA is the
use of a wide range of frequency to assess the condition of the middle ear (Hein et al.,
2017; Shahnaz et al., 2013). It supports evidence for comparison with other hearing

tests such as pure tone audiometry, otoacoustic emissions, and auditory brainstem
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response that uses a wide range of frequencies important for speech and language
comprehension (Hunter & Shanaz, 2014). In addition, the WBA can be measured
without applying pressure in the ear canal, i.e. at ambient pressure, which would be
beneficial for infants, post-operative conditions and even in cases where the ear canal
seal is difficult to maintain. Another advantage is that the WBA measurement is not
affected by the depth of the probe insertion. Therefore, the probe's position is not a
decisive factor than traditional tympanometric measurements (Allen et al., 2005;
Margolis et al., 1999; Voss & Allen, 1994). Studies have also shown that the WBA is
sensitive in detecting middle ear disorders over multi-frequency and single-frequency
tympanometry (Kim et al., 2019; Nakajima et al., 2013; Shahnaz, Longridge, et al.,
2009).

However, several factors such as age, gender, ethnic difference, and pressure
variations can influence the WBA measures, affecting its sensitivity (Feeney et al.,
2014; Voss et al., 2008, 2013). The sources of variability in wideband absorbance

measurements are described further in the review section.

2.2 Effect of gender on WBA measures

Earlier studies on WBA had shown inconclusive results, with few indicating a
significant effect on gender and a few other studies showing no effects. Feeney and
Sanford (2004) investigated the effect of gender on WBA at ambient pressure in 40
young adults (mean age - 21.4 years) and 30 older adults (mean age - 71.6 years). The
results showed a significant reduction in absorbance for female than young male adults
in the low frequencies at 794 and 1000 Hz, but higher absorbance at 5040 Hz. A similar
WBA pattern trend as that of young adults was also reported in elderly individuals but
did not show any significance. Feeney et al. (2014) demonstrated a reduction in mean

absorbance at frequencies below 3000 Hz and a higher mean absorbance above 3000
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Hz for females than in male participants aged 23.9 — 51.4 years. Mazlan et al. (2015)
also have noted lower WBA in frequencies ranging from 2830 to 4490 Hz in males
compared to females and higher WBA in males at frequencies below 1000 Hz.

Males had higher WBA values at all frequencies except for the range of 3150-
5000 Hz. Certain studies showed a significant difference in increased absorbance values
only at higher frequencies around 3000 Hz to 6000 Hz in females than young male
adults (Jaffer, 2016; Kenny, 2011; Polat et al., 2015; Rosowski et al., 2012; Shahnaz et
al., 2013). Whereas, Riddler (2017) had shown higher WBA values at all frequencies
in males except for the range of 3150-5000 Hz. Kenny (2011) had reported a significant
interaction between gender, ethnicity and frequency at ambient pressure, showing
higher absorbance between 4000 and 5000 Hz for Chinese females than males, while
the Caucasian group did not show any difference. Whereas at peak pressure, both the
Chinese and Caucasian group showed a significant difference, with females having
higher absorbance than males at 5000 Hz. Jaffer (2016) studied the gender difference
on WBTavg measurements and had shown higher averaged absorbance values in males
than females at both the peak and ambient pressure.

Several authors had attributed this gender difference to the difference in sizes
of the body, middle ear cavity, and ear canal (Brucker et al., 2003; Jaffer, 2016). Males
found to have a larger body size than females that could probably have larger ear canal
volume and middle ear cavity, leading to an increase in the middle ear’s mass
component. Studies have also shown that males had less stiffness dominated tympanic
membrane and greater middle ear resistance for frequencies below 1000 Hz but had
less resistance between 2000 Hz and 4000 Hz (Margolis et al., 1999; Mazlan et al.,
2015). Females had higher reactance magnitudes and resistance magnitudes at low

frequencies below 600 Hz than males (Werner et al., 2010). This contributes to the large
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impedance and leads to decreased absorbance at low-frequencies and increased
absorbance at high frequencies (Allen et al., 2005; Beers et al., 2010; Feeney et al.,
2014; Shahnaz & Bork, 2006). Keefe et al. (2000) found lower WBA values below
2000 Hz in males than female neonates, and the authors had related to the middle ear
stiffness where female ears were stiffer than male ears.

However, few other studies have shown no significant differences between
males and females in adults (Shahnaz & Bork, 2006; Sliwa et al., 2020; Werner et al.,
2010), children (Beers et al., 2010; Hunter, Tubaugh, et al., 2008) and in neonates
(Aithal et al., 2013; Werner et al., 2010) at ambient pressure conditions. Though most
of the studies had shown a significant gender effect, especially in adults, there is no

uniformity and showed variable results in WBA across frequencies.

2.3 Effect of ear on WBA measures

The effects of the ear on WBA measurements have not been studied extensively.
Researches on the effect of the ear on WBA showed variable results, with the majority
of the studies showing no significant difference between right and left ears (Burdiek &
Sun, 2014; Feeney & Sanford, 2004; Jaffer, 2016; Kenny, 2011; Liu et al., 2008;
Riddler, 2017; Shahnaz & Bork, 2006; Shaw, 2009; Sliwa et al., 2020). Few studies
have found higher WBA for the left ear than the right ear (Feeney & Sanford, 2004;
Rosowski et al., 2012; Werner et al., 2010). In contrast, Feeney et al. (2014) showed
higher absorbance in the right ear than in the left. This difference of higher absorbance
could be due to reduced stiffness in the left ear than the right ear (Feeney & Sanford,
2004; Rosowski et al., 2012; Werner et al., 2010).

Though the studies have shown a significant difference in WBA between the ears,
the difference is relatively small (Feeney & Sanford, 2004; Werner et al., 2010) and

may have little or no impact on WBA norms.
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2.4 Effect of maturation and age on WBA measures

Several changes in the human auditory system can occur during their
developmental and ageing progress. It was reported that the middle ear is not matured
until six years and undergoes lots of changes during their infancy and continues across
the life span (Hunter et al., 2016; Mishra et al., 2017). Studies have investigated the
effect of maturational changes on WBA and have shown higher absorbance at low and
mid-frequencies compared to adults (Aithal et al., 2014; Hunter et al., 2008, 2016;
Keefe et al., 1993; Keefe & Levi, 1996; Sanford & Feeney, 2008; Werner et al., 2010)

Keefe et al. (1993) compared the WBA obtained from 78 infants aged 1 to 24
months with ten adults and found changes in absorbance with increasing age. The study
showed a significant decrease in absorbance from birth to six-month for frequencies
below 1000 Hz, attributed to the flaccid ear canal movement. Similar results of higher
absorbance at low and mid-frequencies was reported in the literature during the infancy
period (Sanford & Feeney, 2008; Werner et al., 2010). The WBA decreases as the age
progress with lower mean absorbance in young adults than neonates and infants up to
6 months (Feeney & Sanford, 2004; Hunter et al., 2016).

Hunter et al. (2016) observed that the WBA pattern was flat at birth and changes
to a peaked pattern similar to adult by six months of age. Further, the maximum
absorbance was obtained slightly below 2000 Hz in infants compared to adults with a
broad maximum around 2000 to 4000 Hz. Shahnaz et al. (2014) study on infants from
birth to six months showed decreased absorbance at low frequencies and increased
absorbance at high frequencies as a function of age with little change around 600 to
1600 Hz. Few studies had reported a slight difference in absorbance across frequencies
in infants from birth to six months but not significant except at 2000 Hz (Merchant et

al., 2010) and 6000 Hz (Hunter, Tubaugh, et al., 2008). The authors attributed the
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differences to the methods, equipment and probe tips used (Hunter, Tubaugh, et al.,
2008; Merchant et al., 2010).

WBA values also vary between paediatric and adult populations. Shahnaz (2008)
compared the WBA obtained from 26 NICU neonates infants with normal hearing
adults. Results showed higher absorbance for NICU babies below 727 Hz compared to
Normal hearing adults. Beers et al. (2010) compared the energy reflectance of 78
school-aged children to adult data from Shahnaz and Bork (2006). Lower energy
reflectance (high absorbance) was reported between 2500 and 5000 Hz in children than
adults. Mazlan et al. (2015) indicated higher mean absorbance values in the high-
frequency region (2000 to 5000 Hz) for young adults than middle-aged and older adults.

Feeney et al. (2014) did a longitudinal study and found that the absorbance values
were significantly higher at low-frequency in middle-aged adults (30 to 39 years)
compared to older (40 to 49 years) and younger adults (20 to 29 years). In contrast, the
younger and older age group did not show any significant difference in WBA. Feeney
and Sanford (2004) study on young (18-28 years) and older adults (60- 85 years)
showed a reduction in energy reflectance (increase in absorbance) from 800 to 2000 Hz
in young adults while an increase in reflectance (decreased absorbance) around 4000
Hz in older adults. The study suggested that this could be due to a reduction in stiffness
in older adults compared to younger adults. Similar results of decrease in energy
reflectance (increased absorbance) from 1007 to 5039 Hz in young adults (18—25 years)
than older adults (50-65 years) were reported by Carpenter et al. (2012). The authors
attributed the change in energy reflectance to the difference in hormones between the
age groups. In contrast, Rosowski et al. (2012) did not report any difference in energy

reflectance as a function of age except at 1000 Hz.
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Further, studies have shown the difference in WBA pattern among the age groups.
Feeney and Sanford (2004) showed two reflectance minima (maximum absorbance)
around 1000 to 2000 Hz and between 4000 and 5000 Hz in the majority of the older
adults (63%), while only 15% of the young adults had a similar pattern. They attributed
this to the reduction in stiffness in older adults than younger adults. Similarly, Margolis
et al. (1999) reported two maxima around 1200 Hz and 3500 Hz in 20 adults aged
between 20 and 53 years, while other studies had shown a single broad maximum
absorbance around 1000 to 4000 Hz (Keefe et al., 1993; Sanford & Feeney, 2008; VVoss
& Allen, 1994).

It is understood that there is a change in absorbance from infancy to older adults
indicating the developmental change to WBA, and these changes are not consistent.
This variation in WBA from infancy through older adults could be the difference in
body size and also change in stiffness characteristics of the middle ear, i.e. increased
stiffness for adults while decreased stiffness for paediatrics and older adults was
reported (Howarth & Shone, 2006; Ruah et al., 1991; Shahnaz et al., 2013). Thus, age-
specific normative WBA data separately for paediatric and adults is essential, as

Shahnaz et al. (2013) suggested.

2.5 Effect of Ethnicity on WBA measures

Reports from previous studies have indicated the variation in WBA on different
ethnic populations due to the difference in the middle ear’s acoustical properties
(Shahnaz, 2010; Shahnaz & Bork, 2006; Shaw, 2009). Shahnaz and Bork (2006)
studied ethnicity's effect on energy reflectance in 126 normal-hearing adults in the age
of 18 to 32 years. The Chinese individuals had a higher mean energy reflectance (lower
mean WBA) in the lower frequencies from 469 Hz to 1500 Hz and lower mean

reflectance (higher mean WBA) from 3891 Hz to 6000 Hz than the Caucasian
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individuals. Also, the energy reflectance pattern of Chinese individuals had a single
minimum near 3141 Hz, while the Caucasian individuals had two minima, around 1617
Hz and 3164 Hz. These findings are in consensus with other studies, which also found
interactions between ethnicity and frequency for mean WBA in adult subjects (Jaffer,
2016; Kenny, 2011; Shaw, 2009).

Likewise, two maxima in the 1200 Hz and 4000 Hz region were reported in
Singaporean adults (Tan & Martin, n.d.), similar to the Caucasian individuals reported
in Shahnaz and Bork (2006)'s study. Similarly, there are reports of increased energy
reflectance in the lower frequency regions, with the maximum absorbance seen around
4000 to 5000 Hz in Danish Caucasians adults (Hougaard et al., 2020). Although exact
reasons for the difference among the ethnic groups are unknown, body size variations
between ethnic groups are considered as a contributing factor according to several
scholars (Jaffer, 2016; Kenny, 2011; Shahnaz & Bork, 2006; Shaw, 2009). Generally,
the average height and weight are larger in Caucasian than in Chinese individuals
(Rosowski et al., 2013; Shahnaz & Bork, 2006). Large body size may have larger ear
canal and middle ear volume that could alter the middle ear stiffness, thereby increasing
low-frequency energy for Caucasian than Chinese individuals (Hunter & Shanaz, 2014;
Shahnaz, 2010). Also, an increase in body size tends to have increased size of the
middle ear structures that could increase the middle ear mass component (Jayesh et al.,
2014; Werner et al., 1998; Werner & Igi¢, 2002). This could reduce absorbance at
higher frequencies in the Caucasian group than the Chinese group (Allen et al., 2005;
Shahnaz & Bork, 2006).

These differences are also noted in paediatric subjects of varying ethnicities
(Abbott, 2018; Aithal et al., 2014; Beers et al., 2010). Beers et al. (2010) on 78 school

going children had reported lower WBA values over the mid-frequency range in
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Caucasian children compared to Chinese children. Similarly, Aithal et al. (2017)
reported a significant difference in WBA obtained at ambient pressure between
aboriginal and non-aboriginal neonates. Aboriginal neonates who passed the screening
test showed reduced WBA from 400 Hz to 2000 Hz than non-aboriginal babies.
Likewise, those aboriginal neonates who failed the screening tests also showed lower
absorbance values between 1500 Hz and 3000 Hz than non-aboriginal neonates. Such
variation in WBA was attributed to the difference in birth weight, with non-aboriginal
neonates have higher birth weight than Australian aboriginal.

In contrast, few studies showed no significant difference among the ethnic groups
considered in their study (Aithal et al., 2019; Wali & Mazlan, 2018). Wali and Mazlan
(2018) studied the difference in WBA measured at 0 daPa in well nursery neonates of
three ethnic groups, i.e. Malays, Chinese, and Indians. The study did not report any
significant difference among the ethnic groups. However, the lower absorbance values
were observed in Chinese babies between 1250 Hz and 5000 Hz, while identical WBA
response across frequencies was seen in Malays and Indians neonates. This could be
because of the similarity in the average height and weight between Chinese, Malays
and Indians (Wali & Mazlan, 2018). Similarly, Aithal et al. (2019) compared WBA
measurements in Caucasian and Australian Aboriginal children at peak and ambient
pressure (0 daPa). The study showed a significant effect of ethnicity with a small effect
size on WBA measured at peak pressure, with Caucasian children showing higher
absorbance values than Aboriginal children at 3000, 4000 and 8000 Hz.

Thus, irrespective of the age group, studies showed a significant difference in
WBA among different ethnicities. It shows the importance of measuring ethic specific

norms to validate with the clinical population.
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2.6 Effect of instrument on WBA measures

Widely available wideband reflectance/absorbance instruments reported in the
literature are Mimosa Acoustics HearlD, Otostat Mimosa Acoustics, Titan
Interacoustics and Reflwin Interacoustics. Several researchers have proven that the
absorbance varies among the instrument used to measure WBA (Kenny, 2011; Shahnaz

et al., 2013; Shaw, 2009).

Shaw (2009) had reported higher absorbance at ambient pressure for frequencies
below 2000 Hz measured using the Reflwin Intercoustics system compared to those
obtained with the Mimosa Acoustics HearlD system. In comparison, Kenny (2011)
found a higher estimate of absorbance only at 5000 Hz in Caucasian individuals
measured using Reflwin Interacoustics than those measured using Mimosa Acoustics
HearID system, while Chinese individuals did not show any significant difference.
Jaffer (2016) studied the difference in WBA at ambient pressure obtained using HearlD
and Otostat from Mimosa Acoustics; and Titan and ReflWin from Interacoustics. The
study showed a significant difference in mean absorbance across frequencies between
the instruments. Interestingly, the difference was also observed significantly between
the devices of the same company, i.e. Titan and Reflwin of Interacoustic devices (400
Hz to 2000 Hz and 3150 to 5000 Hz); and HearlID and Otostat from Mimosa acoustics

(6300 Hz).

The authors above had attributed this variation in WBA to the difference in
calibration procedures used among the devices, the estimation of ear canal area and the
variation in the ear tip used to achieve a seal. However, the observed difference was
found to be small between these systems compared to the difference in absorbance

obtained among the different middle ear pathologies that are reported in the literature
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(Feeney et al., 2003; Shahnaz et al., 2013; Shahnaz, Bork, et al., 2009; Shahnaz & Bork,

2006).

2.7 Effect of pressurization method on WBA measures

WBA measurements can be performed at ambient pressure, i.e. static pressure
present in the ear canal (Shahnaz, Longridge, et al., 2009) and at tympanic peak
pressure (Hunter & Shanaz, 2014; Keefe & Levi, 1996). During the pressurized
conditions, the tympanic membrane and ossicular chain are stiffened at extreme
positive and negative pressures leading to reduced WBA values. While at tympanic
peak pressure, the ear canal's pressure approximates pressure in the middle ear cavity
and has the highest WBA because of the tympanic membrane's maximum mobility
(Hunter & Shanaz, 2014).

Studies have shown the difference in WBA measured between ambient and peak
pressure (Aithal, Aithal, Kei, & Manuel, 2019; Feeney et al., 2017; Keefe et al., 2015;
Liu et al., 2008; Sun, 2016). The WBA at ambient pressure was reported to be lower at
low frequencies, increasing to a maximum around 1000 Hz to 4000 Hz and decreasing
at high frequencies in ears with normal middle ear (Kenny, 2011; Shahnaz & Bork,
2006; Shaver, 2010). While at peak pressure, it was reported an increase in absorbance
at low frequencies and decreases at high-frequency just above the resonance frequency
(Margolis et al., 1999). Also, the maximum absorbance at peak pressure was slightly
towards higher frequencies compared to the ambient pressure. The increase in the
middle ear's stiffness due to pressurisation could explain the difference in absorbance
between pressure conditions (Margolis et al., 1999).

Liu et al. (2008) compared energy absorbance obtained at peak and ambient
pressure. The study found higher energy absorbance at peak pressure than ambient

pressure at low frequencies and slightly lower at high frequencies. The author attributed
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this variation to the positive residual pressure present during the probe insertion for
ambient-pressure measurement. Also, the study measured energy absorbance at
different pressure-sweep speed (75, 100, 200, and 400 daPas) and direction (ascending
and descending directions) at peak pressure. The results showed similar energy
absorbance for the pressure speed of 75, 100, and 200 daPa’s while there is a difference
in pressure sweep direction.

Aithal et al. (2019) compared WBA obtained between peak and ambient pressure
on 171 ears from 171 Caucasian children and 87 ears from 87 Aboriginal children. The
study reported differences in WBA obtained between peak and ambient pressure
conditions at frequencies ranging from 250 Hz to 1500 Hz for Caucasian children and
up to 1250 Hz for aboriginal children. Similarly, a large difference of WBA up to 2000
Hz has been observed in young adults (Feeney et al., 2017; Liu et al., 2008; Sun, 2016).
Sun (2016) on 84 healthy young adults showed a significant difference in energy
absorbance between the pressure conditions with lower absorbance seen at ambient
pressure than peak pressure. Shaver (2010) reported higher power absorbance measured
at peak pressure than ambient pressure for Caucasians and Chinese groups. Similar
results of higher absorbance at peak pressure than ambient pressure in the low and mid-
frequencies up to 2000 Hz were reported in the Indian population aged 22 to 50 years
(Karuppannan & Barman, 2021b). In another study on the Indian population by
Karuppannan and Barman (2021a), WBA at peak pressure was higher than ambient
pressure for low and mid-frequencies but significant only at 250 and 500 Hz. While
Karuppannan and Barman (2020) observed similar results with higher WBA at peak
pressure than ambient pressure in the normal hearing individuals but did report any

significant difference between the two pressure conditions. This could be because of
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the limited sample size in their study and the negligible pressure difference between
peak and ambient pressure.

Several studies had examined WBA by varying middle ear pressure towards
negative and compared with normal middle ear pressure (Karuppannan & Barman,
2021b; Margolis et al., 1999; Shaver & Sun, 2013; Sun & Shaver, 2009). A large
difference with the decrease in WBA at low and mid-frequencies was reported for
negative middle ear pressure compared to normal middle ear pressure. This difference
was greatest at ambient pressure conditions, while no difference was observed at peak
pressure (Karuppannan & Barman, 2021b; Margolis et al., 1999; Shaver & Sun, 2013).

There is a dearth of literature on Wideband average absorbance tympanometry
and its comparison between peak and ambient pressure. Jaffer (2016) showed slightly
higher WBTayg at peak than the ambient pressure for both the Chinese and Caucasians.
The author had attributed this difference to the increase in stiffness of the eardrum due
to pressurization. While no significant difference in WBTayg between peak and ambient
pressure was reported on the Indian population having a normal middle ear
(Karuppannan & Barman, 2020, 2021a).

On the whole, there is a difference in WBA between the pressure conditions
mostly reported in low and mid-frequencies and limited research on WBTayg. A Separate

normative WBA data at both ambient and peak pressure is recommended.

2.8 Effect of WBA measures on middle ear disorders:

Generally, the presence of middle ear disorders affects the transmission of
sound to the inner ear. This may be due to changes in the middle ear's mass and/or
stiffness properties (Kim & Koo, 2015). Studies have shown that conditions related to
stiffness, such as otosclerosis, negative middle ear pressure, or middle ear effusion,

reduce low-frequency sound transmission. In contrast, the reduction of high-frequency
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sound energy is related to the increased mass of the middle ear bones, usually seen in
the tympanic membrane perforation or ossicular chain discontinuity (Allen et al., 2005;
Kim & Koo, 2015). Thus, the use of WBA at all frequencies provides valuable
information of the middle ear's stimulus characteristics reaching the inner ear. There
are a few reports on reflectance or absorbance measures on specific middle ear disorders

that are reported to alter the WBA pattern across frequencies and are given below:

2.8.1 Effect of Tympanic membrane perforation (TmP) on WBA measures

The tympanic membrane plays a key element of the tympano-ossicular system
for sound transmission. Few studies have reported the effect of tympanic membrane
perforation on WBA measurements (Allen et al., 2005; Feeney et al., 2003; Nakajima
et al., 2013; Voss et al., 2001c, 2001b, 2001a, 2012). The effect of different sized
tympanic membrane perforation on energy reflectance was extensively studied in
cadaveric specimens by Voss et al. (2012). The study demonstrated a reduction in
energy reflectance, i.e. increase in WBA at low frequencies up to 2000 Hz. Further, the
effect of perforation size showed a large variation, with the smallest perforation
showing the largest effect. The authors attributed this large effect to the low-frequency
mass-generated due to air accumulation in the perforation region. This reduces the
impedance, thereby allowing the low-frequency sound transmission into the middle ear
(Jeng et al., 2008). As the tympanic membrane perforation size increases, the resonance
moves relatively towards the high-frequency region.

Similarly, Ibraheem (2014) measured energy reflectance in tympanic membrane
perforation individuals who had ‘B’ type tympanogram with high ear canal volume and
compared with the control adult group's results having ‘A’ type tympanogram. The
tympanic membrane perforation group showed reduced energy reflectance (higher

absorbance) at low frequencies and higher energy reflectance (lower absorbance) at
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higher frequencies above 1000 Hz. A similar pattern was reported in the literature with
reduced energy reflectance (increased WBA) up to 800 Hz and increased reflectance
(decreased WBA\) at higher frequencies (Feeney et al., 2003), while Allen et al. (2005)
described a lower than normal energy reflectance (higher WBA) below 1500 Hz. On
the contrary, Kim et al. (2019)’s study on human subjects demonstrated lower
absorbance values (higher energy reflectance) at ambient pressure condition in the low
and mid-frequency region, especially below 1000 Hz.

Similarly, there is a dearth of research on WBTayg in ears with TmP. To date,
there is only one study in the literature that had reported an average absorbance
measured at ambient pressure (Kim et al., 2019). It was observed that ears with TmP
had a flat absorbance curve without any measurable peaks, i.e. ‘B’ type tympanogram.
The study also reported measurable peak pressure in a few of the individuals. However,
WBTavyg measurements at those peak pressure were not reported.

On the whole, there is no uniformity in the frequencies with highly variable
energy reflectance/absorbance pattern reported on TmP individuals. In addition, these
studies were conducted with limited sample size. Further, there is a lack of research on
WBTayg measurements in ears with TmP, and no studies have estimated the accuracy

of identifying TmP from normal ears.

2.8.2 Effect of middle ear effusion (MEE) on WBA measures

The middle ear is an air-filled cavity that allows the tympanic membrane and
ossicles to vibrate efficiently for sound transmission to the inner ear. Loss of aeration
results in the secretion of fluid in the middle ear leading to effusion (AAP/AAFP
Guidelines, 2004). This reduces the middle ear space, thereby increase in cavity’s
impedance, and affects the transmission of sound to the inner ear (Nakajima et al.,

2013). Research has focused on the effects of middle ear effusion on WBA
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measurements primarily in children (Allen et al., 2005; Beers et al., 2010; Ellison et al.,
2012; Keefe et al., 2012; Piskorski et al., 1999; Terzi et al., 2015) and limited studies
on adults (Feeney et al., 2003). Studies had shown increased reflectance, i.e. decreased
absorbance at all frequencies and further, absorbance decrease with increased fluid in
the middle ear (Dai et al., 2008; Voss et al., 2012).

The effect of fluids on wideband reflectance measurements was performed on
cadaver specimens by Voss et al. (2012). In their experiments, the change in reflectance
pattern was minimal when the middle ear was filled with fluid lesser than 50%. When
the middle ear's fluid exceeded 50%, there was an increase in reflectance across
frequencies. In addition, a drastic reduction in absorbance was observed at lower
frequencies (200 to 500 Hz), where the middle cavity was almost filled with fluid.
Similar experiments have been conducted to study the umbo velocity in the fluid-filled
middle ear cavity (Gan et al., 2006; Ravicz et al., 2004). The results showed a decrease
in umbo velocity across frequencies. This difference at low frequencies was attributed
to the decrease in the middle ear volume and at high frequencies due to increased fluid
in the middle ear and tissue load on the tympanic membrane.

Studies on human ears have also shown increased reflectance, i.e. decreased
absorbance (Allen et al., 2005; Beers et al., 2010; Ellison et al., 2012; Piskorski et al.,
1999) as similar to the experimental studies, except the sharp minima at lower
frequencies. However, Feeney et al. (2003) showed increased energy reflectance below
4000 Hz in adults, while there was a notch at high frequencies nearing the normal value.
Further, the increment in reflectance value is constant over all the frequencies,
especially below 4000 Hz (Allen et al., 2005; Jeng et al., 2008).

Few studies have compared the WBA obtained at the peak and ambient pressure

in ears with middle ear effusion (Keefe et al., 2012) and the WBTayg measurements
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(Terzi et al., 2015). As similar to the existing studies on MEE, Keefe et al. (2012)
showed a reduction in absorbance in children with MEE for both pressure conditions.
However, the study did not show any significant difference in WBA measured between
peak and ambient pressure in ears with MEE. Terzi et al. (2015) had measured WBTayg
(375 Hz to 2000 Hz) at ambient pressure in children. They reported lower average
absorbance in the otitis media with effusion group than the otitis media and healthy ear
groups.

The precision of WBA measurements in MEE has previously been studied in
infants and children (Beers et al., 2010; Ellison et al., 2012; Terzi et al., 2015). Beers
et al. (2010) found a high test performance in identifying MEE from normal ears for
frequencies above 800 Hz with the largest AUROC at 1250 Hz with a sensitivity of
96% and specificity of 95%. While Terzi et al. (2015) had reported a high diagnostic
value for frequencies at 1000 Hz and 1500 Hz, as well as for wideband average
absorbance tympanometry in identifying MEE. Likewise, Ellison et al. (2012) had
determined the accuracy of wideband acoustic transfer functions measured at ambient
pressure in children with MEE. The authors have reported that the mid-frequencies of
800 Hz to 2000 Hz are most sensitive in identifying MEE. Overall, there is a reduction
in absorbance across frequencies in ears with MEE than a normal ear and are evident
at mid frequencies. However, most of the studies are performed in children with a
limited sample size. Further, there is dearth of literature on adults with MEE, and
further, no studies have used WBTayg measurements in ears with MEE. In addition, no
studies have reported the accuracy of WBA in identifying MEE from normal ears in the

adult population.
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2.8.3 Effect of Otosclerosis on WBA measures

Otosclerosis is generally seen in the adult, due to the fixation of the stapes
footplate in the oval window causing conductive hearing loss (Nakajima et al., 2012;
Shahnaz & Polka, 1997). This fixation increases the tympanic membrane's stiffness,
thereby decreasing the sound transmission to the middle ear, especially at the low-
frequencies (Mgller, 2014). Recent studies on WBA measurements have shown to
differentiate otosclerosis from normal ears (Allen et al., 2005; Feeney et al., 2003;
Karuppannan & Barman, 2020, 2021; Keefe et al., 2017; Kelava et al., 2020; Shahnaz,
Bork, et al., 2009; Wang et al., 2019).

Shahnaz, Bork, et al. (2009) had considered surgically confirmed otosclerotic ears
to evaluate the wideband reflectance measurements across frequencies in adults. The
results showed a statistically significant increase in energy reflectance (decrease
absorbance) below 1000 Hz compared to the normal ears. Similar results of higher
energy reflectance (decrease absorbance) below 1000 Hz were reported by Feeney et
al. (2003) in two otosclerotic adult patients. Energy reflectance at high frequencies was
similar to the normal ears. Whereas Allen et al. (2012) reported an increase in energy
reflectance (decrease absorbance) below 800 Hz in bilateral otosclerosis patients. Few
other studies had shown a reduction of energy absorbance (increase in reflectance)
beyond 1000 Hz, and this could be due to the severity of the stapes fixation at the oval
window (Karuppannan & Barman, 2020, 2021a; Neto et al., 2014; Shahnaz, Bork, et
al., 2009).

According to the literature, the reduction of absorbance (increase in reflectance)
at lower frequencies has been related to the increased tympanic membrane and annular
ligament stiffness. This creates a high impedance, thus reflecting most of the low-

frequency energy into the ear canal (Allen et al., 2005; Feeney & Keefe, 1999). While
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at high frequencies, the studies had reported no difference in wideband
reflectance/absorbance compared to normal ears (Feeney et al., 2003; Pickles, 2012).
In contrast, the study reported higher energy reflectance for frequencies below 4000 Hz
in Chinese otosclerotic patients compared to the normal ear group (Wang et al., 2019).
Ibraheem (2014) also showed similar results of higher reflectance at frequencies up to
4000 Hz but did not find a significant difference.

There are limited studies that have noted the difference in WBA obtained between
peak and ambient pressure conditions in otosclerosis (Karuppannan & Barman, 2020,
2021a). Studies on WBA at peak pressure in Indian adults have shown a significantly
higher absorbance up to 1500 Hz than ambient pressure conditions (Karuppannan &
Barman, 2021a). Another study also found differences between peak and ambient
pressure conditions in the otosclerosis group but did not reach significance
(Karuppannan & Barman, 2020). This could be because of the negligible pressure
difference between peak and ambient pressure in the Otosclerosis group.

The findings of the wideband average absorbance tympanometry (375 Hz to 2000
Hz) showed significantly lower average absorbance values in the otosclerosis group
than the normal ear group (Karuppannan & Barman, 2021; Kim et al., 2019). Likewise,
Neto et al. (2014) showed a high reflectance rate, i.e. lower absorbance in ears with
Otosclerosis, averaged between 250 Hz and 6000 Hz. In contrast, Niemczyk et al.
(2019) had reported a similar average absorbance (250 Hz and 4000 Hz) in the
Otosclerosis group with that of a normal ear. Thus, there exists no consistency in the
average absorbance measurements that are reported in the literature.

Only limited studies have demonstrated ROC analysis and reported the sensitivity
and specificity in-ears with otosclerosis (Karuppannan & Barman, 2021a; Nakajima et

al., 2012; Shahnaz, Longridge, et al., 2009). Most studies have shown a decrease in
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absorbance till 1000 Hz in otosclerosis. Also, the frequencies of 315 Hz and 500 Hz
have shown to be a better indicator in identifying otosclerosis with a sensitivity of 82%
at 500 Hz (Shahnaz, Longridge, et al., 2009). Whereas, Karuppannan and Barman
(2021) reported high sensitivity and specificity for all the frequencies from 250 Hz to
1000 Hz, with the highest accuracy (>90%) seen at 1000 Hz (Karuppannan & Barman,
2021a). Another WBA study that averaged over 600 Hz and 1000 Hz at peak pressure
showed 86%sensitivity and 100% specificity to differentiate otosclerosis in
combination with an air-bone space at an average of 1 to 4 kHz (Nakajima et al., 2012).
Regarding WBTavyg measurements, there was one study by Karuppannan and Barman
(2020) that had reported high accuracy in detecting otosclerosis from normal ears only
at ambient pressure conditions.

To conclude, the WBA for otosclerosis have demonstrated reduced low-
frequency WBA values, but studies report that individual WBA results for otosclerotic
ears overlap with the normal range. Also, there is variation in WBA values among the

studies reported in the literature.

2.8.4 Effect of Eustachian tube dysfunction/negative middle ear pressure on WBA
measures

One of the most common middle ear conditions is the negative middle ear
pressure caused by Eustachian tube dysfunction (Shaver, 2010). It affects the
transmission of sound to the inner ear due to abnormal negative middle ear pressure
caused due to ETD (Shaver & Sun, 2013). Only a few studies have investigated WBA
in ears with ETD in adults, and most of these studies were based on the stimulated
conditions in healthy individuals/cadaveric ears (Ibraheem, 2014; Margolis et al., 1999,

2001).
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Ibraheem (2014) measured energy reflectance at ambient pressure in three adult
patients with ETD. The study results showed a high reflectance (reduced absorbance)
ratio at low and mid frequencies. Further, as the middle ear pressure decreases towards
negative, the energy reflectance increases to the maximum (decrease in absorbance),
especially at the low and mid-frequencies up to 4000 Hz. These results were consistent
with the outcome reported by Feeney et al. (2003). The mid-frequencies showed a large
gap in admittance between normal and negative middle ear pressure conditions
compared to the lower frequencies (Shaver & Sun, 2013). Karuppannan and Barman
(2021b) had studied WBA at peak and ambient pressure in adults with normal middle
ear pressure, positive middle ear pressure and negative middle ear pressure. The study
indicated a significant difference between the groups with a greater reduction in WBA
seen till 3000 Hz for positive and negative middle ear pressure conditions than the
normal middle ear pressure in peak and ambient pressure. Even in children, the change
in WBA is similar to that of adults and are evidently seen around 400 Hz to 2000 Hz in
children with negative middle ear pressure (Aithal, Aithal, Kei, Anderson, et al., 2019;
Beers et al., 2010; Hunter, Tubaugh, et al., 2008; Sanford & Brockett, 2014).

In a simulated study by Robinson et al. (2016), the evaluation of WBA in eight
ears having negative middle ear pressure had shown a reduction in WBA across
frequencies with the largest reduction seen between 800 Hz and 2000 Hz compared to
WBA measured at ambient pressure and peak pressure. Similarly, Voss et al. (2012)
studied the effect of negative middle ear pressure on WBA in cadaveric ears. In their
experiment, the absorbance values decreased with a corresponding decrease in middle
ear pressure for frequencies less than 2000 Hz. This was due to an increase in middle
ear stiffness caused by negative middle ear pressure, which produces high impedance

at the tympanic membrane level, reflecting most of the energy to the ear canal
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(Robinson et al., 2016). While at high frequencies, there exhibited an increase in WBA
(Robinson et al., 2016; Voss et al., 2012). Further, the change in WBA with the change
in middle ear pressure is supported by the umbo-displacement measurements. In the
negative middle ear pressure conditions, reduced umbo movements for frequencies
below about 2000 Hz were reported. Whereas the umbo displacement at high
frequencies showed an asymmetry above 2000 Hz with either increase or no change in
umbo velocity (Dai et al., 2008; Gan et al., 2006; Murakami et al., 1997).

Although the studies had reported of reduction in WBA at ambient pressure in
ears with negative middle ear pressure, while the WBA at peak pressure showed similar
absorbance values to that of the normal ear (Aithal, Aithal, Kei, Anderson, et al., 2019;
Karuppannan & Barman, 2021b; Margolis et al., 1999; Robinson et al., 2016; Shaver
& Sun, 2013; Voss et al., 2012). Margolis et al. (1999) had measured WBA in a 10-
year-old having recurrent otitis media and negative middle ear pressure. The WBA
measurement at ambient pressure seen to have reduced, while a normal WBA pattern
was observed at peak pressure. Aithal et al. (2019) had investigated the effect of WBA
in children with ETD. They had demonstrated a differential absorbance pattern with
significant lower WBA only at ambient pressure compared to the normal ears.

Similarly, the difference between peak and ambient pressure was studied in ears
with positive, negative and normal middle ear pressure. The negative middle ear
pressure group had the largest difference in WBA between peak and ambient pressure,
followed by the positive middle ear pressure group. The normal middle ear pressure
group had the smallest difference, and this difference in WBA was mostly seen between
600 Hz and 1000 Hz.

Thus, applying pressure in the ear canal compensates for the negative middle ear

pressure, i.e. the pressure across the tympanic membrane is the same, making it more
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effective in the transmission of sound to the middle ear as similar to that of the normal
ears (Onusko, 2004; Robinson et al., 2016; Schlagintweit, 2018). Hence, it is suggested
to measure WBA at peak pressure and ambient pressure in ears with negative middle
ear pressure (Margolis et al., 1999; Robinson et al., 2016).

On the whole, the effect of middle ear pressure had shown a significant reduction
in WBA at ambient pressure. While similar absorbance compared to that of the normal
ear was reported at peak pressure. However, none of the studies has been performed on
adults who are diagnosed with ETD. Further, WBTayy measurements and the accuracy

of WBA in detecting ETD are not studied till date.

2.8.5 Effect of Ossicular chain discontinuity on WBA measures

Feeney et al. (2009) used five cadaver temporal bones to examine the wideband
energy reflectance in ossicular chain discontinuity. In their experiment, the energy
reflectance was measured in the baseline condition, disarticulated condition, and after
ossicular repair. The energy reflectance for the discontinuity condition showed a notch,
i.e. decreased reflectance (increased absorbance) in the low-frequency region between
561 Hz and 841 Hz, while an increase in energy reflectance (decreased absorbance)
was seen at high frequencies below 2000 Hz. The low-frequency notch was disappeared
after ossicular repair and was similar to that of the baseline conditions. Voss et al.
(2012) performed a similar experiment in cadaver ears showed decreased reflectance
with a distinctive minimum below 1000 Hz.

Likewise, in-ears with ossicular chain discontinuity showed a prominent notch
around 400 Hz to 800 Hz (Feeney et al., 2003; Karuppannan & Barman, 2020;
Nakajima et al., 2012). This has been attributed to the increase in the middle ear mass

component because of the discontinuity of the ossicles (Karuppannan & Barman,
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2020). Thus, this limits the transfer of acoustic energy at high frequencies and allows
maximum energy at low frequencies (Kim & Koo, 2015).

Karuppannan and Barman (2020) compared WBA measured at peak and ambient
pressure conditions in ears with ossicular chain discontinuity. The study found no
difference between the two across the frequencies. Similarly, the wideband average
absorbance tympanometry (375 Hz to 2000 Hz) showed similar average absorbance
values to that of the normal ears, with no significant difference in pressure conditions.
Nakajima et al. (2012) measured average WBA accuracy (600 Hz to 1000 Hz) in
identifying the ossicular chain discontinuity in combination with air-bone gap
measurements. The results showed high sensitivity and specificity of 83% and 96%,

respectively.

2.8.6 Effect of hypermobile tympanic membrane on WBA measures

Studies on the hypermobile tympanic membrane using wideband energy
reflectance demonstrated a low-frequency notch below 1000 Hz, like that of ossicular
chain discontinuity (Feeney et al., 2003; Ibraheem, 2014). There are variations in the
reflectance pattern observed among the studies. Ibraheem (2014) reported reduced
reflectance in the low-frequency region around 2800 Hz, with a significant reduction
seen below 1000 Hz. Also, few studies had indicated a deep notch around 500 to 600
Hz and an increase to normal range beyond that (Feeney et al., 2003; Nakajima et al.,
2012). However, no significant difference at higher frequencies beyond 1000 Hz was
reported (Feeney et al., 2003; Ibraheem, 2014; Nakajima et al., 2012). The variation in
reflectance pattern could be due to the difference in the scared part of the tympanic
membrane and the absence of a mass component of the tympanic membrane.

Further, the energy reflectance pattern is found to be similar to ossicular

discontinuity and are indistinguishable. In such conditions, Feeney et al. (2003) had
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suggested using the other audiological test findings to differentiate between the two.
However, more research is warranted to study the wideband reflectance pattern in ears
with hypermobile tympanic membrane and differentiate it from other middle ear

disorders.

2.8.7 WBA measures in children with Down syndrome

Handful studies have examined the effect of WBA on individuals with Down
syndrome, as they are prone to have middle ear disorders (Durante et al., 2019; Hunter
et al., 2017; Kaf, 2011; Soares et al., 2016). Kaf (2011) measured wideband energy
reflectance in children with Down syndrome, having ‘A’ type tympanogram on 226 Hz
tympanometry. The energy reflectance of Down syndrome children was similar to that
of the normal ear with a smaller difference below 4000 Hz. In contrast, abnormally
lower reflectance (increased absorbance) was reported at high frequencies. This
abnormal reflectance pattern could suggest associated congenital middle ear anomalies
in them (Kaf, 2011). While Soares et al. (2016) reported a similar reflectance pattern
across frequencies for both the control group (children with normal hearing) and Downs
syndrome having intact middle ear with normal tympanometry curves.

Whereas Durante et al. (2019) observed lower energy absorbance in children with
Down syndrome than the control group, centred at 2520 Hz for ‘A’ type tympanogram
and 226-4000 Hz with type ‘B’ tympanogram for both peak and ambient pressure.
Hunter et al. (2017) demonstrated significantly lower wideband absorbance at 1 to 4
kHz in-ears with conductive hearing loss than normal hearing in the Downs syndrome
group. Thus, it clearly indicates that children with Downs syndrome having intact
middle ear had similar absorbance pattern to that of normal hearing, while with

conductive hearing loss showed reduced absorbance. Thus, lower absorbance, even in
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the presence of a normal tympanogram, may indicate that children with downs

syndrome might have middle ear abnormalities (Durante et al., 2019).

2.8.8 Effect of cochlear hearing loss and other inner ear abnormalities on WBA
measures

Very few researchers had measured WBA in ears with sensorineural hearing
loss (Feeney et al., 2003) and other inner ear abnormalities such as third window lesions
including superior semicircular canal dehiscence (Demir et al., 2019; Nakajima et al.,
2012, 2013), large vestibular aqueduct syndrome (Olszewski et al., 2017); inner ear
malformations (Kaya et al., 2019); and Meniere’s disease (Cakir Cetin et al., 2019;

Demir et al., 2020; Li et al., 2019; Tanno et al., 2020).

2.8.8.1 Cochlear hearing loss: One study in the literature evaluated WBA
pattern in the adult with bilateral sensorineural hearing loss without any other
associated conditions (Feeney et al., 2003). The energy absorbance measured across
frequencies in the sensorineural hearing loss was similar to that of the normal ear and
are indistinguishable. The cochlea's damage does not impact the WBA measurements,
as the lesion occurs within the cochlear structure while the middle ear remains intact

(Davis, 2015).

2.8.8.2 Inner ear malformations: Another study by Kaya et al. (2019)
evaluated the WBA in ears with cochlear hypoplasia, incomplete partition I, incomplete
partition 11, cochlear aplasia and complete labyrinthine aplasia having sensorineural
hearing loss and compared the results with the WBA measured in normal-hearing
individuals. The authors reported distinctive effects of inner ear malformations on
WBA measurements at peak and ambient pressure. Although the WBA was lower for

all the malformations group than the normal hearing group, the complete labyrinthine
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aplasia showed a large difference. A significant difference was seen for frequencies
from 226 Hz to 1000 Hz between complete labyrinthine aplasia and other groups. At
high frequencies between 4237 Hz and 6535 Hz, a significant difference was reported
between normal hearing and other malformation groups, while no difference was seen
between the malformation groups. In addition, reduced wideband average absorbance
was reported for the malformation groups with the largest reduction in absorbance
reported for the complete labyrinthine aplasia group. The authors attributed this
difference to the change in stiffness of the middle ear especially for the complete
labyrinthine aplasia group. Thus, the authors suggested that the presence of low
absorbance values, flat average wideband absorbance and high resonance frequency in

ears with profound SNHL could indicate the presence of complete labyrinthine aplasia.

2.8.8.3 Third window lesions: WBA was measured in a patient with a bilateral
sensorineural hearing loss having enlarged vestibular aqueduct syndrome and cochlear
abnormalities (Olszewski et al., 2017). The WBA values reported being slightly
abnormal with a large reduction near 1200 Hz in the right, while WBA in the left ear
was within normative range with unusual peaks near 500 Hz and 1500 Hz. The
difference in the WBA pattern obtained in the study was attributed to some
abnormalities that might be present in the cochlea, as middle ear is intact (Olszewski et
al., 2017). This difference in WBA pattern was almost similar to the values obtained
in the superior semicircular canal dehiscence disorder (Nakajima et al., 2013).

Studies on semicircular canal dehiscence showed a notch in energy reflectance,
i.e. maximum absorbance at around 750 Hz to 1000 Hz than other frequencies
(Nakajima et al., 2012). A similar WBA pattern of increase in absorbance was also
reported in ears with Ossicular chain discontinuity, but at a lower level around 400 to

800 Hz (Feeney et al., 2003; Karuppannan & Barman, 2020; Nakajima et al., 2012).
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However, the increase absorbance was higher for OCD with a broader peak compared
to Superior semicircular canal dehiscence (Nakajima et al., 2013). Further, the accuracy
of average absorbance over 600 Hz to 1000 Hz in combination with the air-bone gap
averaged over 1000 to 4000 Hz showed 100% sensitivity and 95% specificity in
identifying the semicircular canal dehiscence disorder.

Likewise, other measurements such as resonance frequency, maximum
absorbance frequency and maximum absorbance ratio were measured in ears with
semicircular canal dehiscence and compared with normal hearing ears (Demir et al.,
2019). A significant reduction of resonance frequency and maximum absorbance
frequency was reported in the semicircular canal dehiscence group. In contrast, a high
maximum absorbance ratio was reported compared to the control group. Further, ROC
analysis showed 81% sensitivity and 77% specificity for maximum absorbance ratio of
above 86%; 86% sensitivity and 81% specificity for resonance frequency below 728
Hz; and 79% sensitivity and 67% specificity for maximum absorbance frequency below
1835 Hz.

2.8.8.4 Meniere’s disease/ Endolymphatic hydrops: Generally, an increase
on the endolymphatic fluid in the inner ear due overproduction or inadequate
reabsorption is considered as Meniere’s disease/Endolymphatic hydrops (Mirza &
Gokhale, 2017). In ears with Meniere’s disease, there is an increase in perilymphatic
pressure that pushes the stapes footplate towards the middle ear, thereby restricting the
movement of the ossicles and reducing the middle's compliance ear (Bianchedi et al.,
1996; Darrouzet et al., 2007). In recent years, multi-frequency tympanometry was used
to diagnose the ears with Meniere’s disease. However, it is reported to have limited

diagnostics accuracy (Franco-Vidal et al., 2005; Sugasawa et al., 2013). However,
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studies on WBA measurements on endolymphatic hydrops indicated information about
the inner ear’s status when the middle ear is intact (Darrouzet et al., 2007).

A cross-sectional study of WBA on ears with symptomatic and asymptomatic
Meniere’s disease was performed at two pressure conditions (ambient, peak) and
compared with the normal hearing ears (Tanno et al., 2020). Reduced absorbance was
reported at lower frequencies up to 1000 Hz for symptomatic cases, while it is extended
to 1260 Hz for asymptomatic cases, with the lowest absorbance being symptomatic
individuals. In contrast, increased absorbance was observed in higher frequencies, i.e.
at 2520 Hz, 3175 Hz and 4000 Hz, with a maximum change in absorbance was reported
for symptomatic cases. In normal-hearing ears, the maximum absorbance was reported
at mid-frequencies at 1000 Hz, 1260 Hz, and 1587 Hz. The symptomatic and
asymptomatic groups had maximum absorbance at higher frequencies between 2520
Hz and 3175 Hz. This reduction could be due to the increased pressure in the inner ear
that increases the stiffness of the cochlear windows and influences the ossicles'
stiffness. This would reduce the transmission of low-frequency sounds to the inner ear
and allow maximum sound energy at frequencies above 2000 Hz.

Similar results of low-frequency difference with reduced absorbance up to 1000
Hz was reported in unilateral Meniere’s Disease, while no difference was observed at
higher frequencies (Demir et al., 2020). Also, the accuracy in detecting Meniere’s
disease from normal ears using ROC analysis was reported to be high at 500 Hz and
1000 Hz. Other study had measured the integral area of the WBA absorbance curve,
i.e. area formed by the absorbance curve on peak pressure and frequency in adult
patients with unilateral Meniere's disease (Li et al., 2019). The integral area calculated
in the absorbance graph was large in the affected side, showing high sensitivity but poor

specificity in detecting Meniere's disease from the normal ears.
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Li et al. (2019) showed no significant difference in WBA across frequencies
and also average absorbance at low and high frequencies in an acute episode of
Meniere’s Disease with low-frequency sensorineural hearing loss, compared to the
contralateral ear without sensorineural hearing loss/Normal hearing ears (Cakir Cetin
etal., 2019).

Based on the study's review, it was observed that there is a greater difference in
WBA measurement for different middle ear disorders. At the same time, it is least
affected in the sensorineural hearing loss. However, the difference in WBA values

depends on the extent of middle ear conditions and structural defects in the inner ear.

2.9 Reliability on WBA measures

Studies evaluating WBA reliability measures in adults have reported good
reliability (Feeney et al., 2014; Rosowski et al., 2012; Vander Werff et al., 2007; VVoss
et al.,, 2013; Werner et al., 2010). Vander Werff et al. (2007) evaluated reliability
measurements on WBA in ten adults. The study compared WBA values obtained from
baseline measurements to the second measurement without change in probe placement
and with re-insertion. The results indicated excellent reliability measures for all the
conditions, i.e. with and without re-insertion having a mean difference of less than 0.05
across the frequencies.

Werner et al., 2010 studied test-retest reliability measures in 183 young adults
(18 - 30 years). Absolute test-retest correlation measured after two weeks showed a
high correlation in low and mid-frequencies with a small difference in mean absorbance
than at high frequencies, indicating greater stability of the WBA measurements. Feeney
et al. (2014) compared WBA measured annually for 05 years on 112 normal-hearing

adults (27.7 - 45.9 years). The results showed the test re-test variance of 0.1 for
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frequencies at 1000 Hz, 2000 Hz and 4000Hz. A similar result was also reported by
Rosowski et al. (2012), where WBA was measured for a period of four weeks.
Burdiek and Sun (2014) investigated the effects of consecutive trials on WBA
measurements on 29 normal-hearing young adults. Increased absorbance at low
frequencies (<1500 Hz) and decreased absorbance at high frequencies around 2000 and
6000 Hz were reported over the WBA trails. The change in absorbance was slightly
greater in the ambient pressure than at peak pressure measurements. Similar results
were also reported by Sun (2016), indicating the slight variation in WBA and WBTayg
measured on seven consecutive trials. However, such differences in WBA across
frequencies was reported to be very minimal and hence can be used as a reliable tool.
In summary, the earlier studies had indicated variation in WBA across
frequencies in terms of age, gender, ear, ethnicity, instrumentation and pressure
conditions. Due to its large variation and no uniformity on WBA results across studies,
most researchers recommend a separate set of normative data for different populations
(Keefe et al., 2000; Shahnaz & Bork, 2006). Also, studies had indicated the difference
in WBA among middle ear disorders. Shahnaz and Bork (2006) also suggested using
composite norms to improve test accuracy in detecting middle ear disorders. However,
there are limited normative studies in the literature focused on the western population,
while there are no studies on WBA in the Indian population. Most of the studies have
measured WBA at one pressure condition and have not compared across the pressure
conditions. Also, wideband average tympanometry measurements were reported only
in a few studies with a limited sample size. Thus, more research is needed to obtain
ethnic-dependent norms and determine the WBA pattern in various middle ear

disorders.
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Chapter 3

METHODS

This study attempted to investigate the effect of gender and pressure conditions
on WBA and determine the norms in a healthy adult population with normal hearing
and normal middle ear function. The study also determined the effect of middle ear
disorders and sensorineural hearing loss (SNHL) on WBA and compared the same with
the WBA obtained in normal healthy individuals. The study is a cross-sectional research
study design with standard group comparison (Orlikoff, Schiavetti, & Metz, 2015)
performed in an academic institution. The participants were recruited through a
purposive non-random sampling method (Pope & Mays, 1995), wherein all eligible and

interested participants are enrolled for the study.

3.1 Participants

Three groups of participants in the age range of 22 to 50 years were recruited.
The sample size for the current study was determined by G*Power analyses (Faul et al.,
2007). G*Power suggests a minimum total sample size of 232 participants for normal
ear group to detect an effect of np?= 0.04 as suggested by Richard et al. (2003) with
95% power and alpha p=0.05 for repeated measures ANOVA, within-between groups
interactions (02 groups). For the pathological group, G*Power suggests a minimal
sample size of 50 participants in each of the group (n= 245) to detect an effect of
Np?=0.04 (Richard et al., 2003) with 95% power and alpha, p=0.05 for within and
between-groups repeated measures ANOVA (05 groups). However, the present study's
objective was to develop WBA norms and clinically validate the results with the
pathological groups. Also, there are no previous studies on WBA in the Indian

population, and hence, the larger sample size has been considered in the present study.
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Thus, Group | consisted of 802 healthy adults (1127 ears) with normal middle
ear functioning with normal hearing sensitivity. Normal hearing with the normal middle
ear is defined as healthy ears, and hereinafter, Group | will be referred to as the Normal
ear group. Among those, 325 healthy individuals had a normal hearing with normal
middle ear functioning in both ears. Group Il consisted of 378 participants (477 ears)
with different middle ear disorders that included Tympanic membrane perforation
(TmP), Middle ear effusion (MEE) without perforation, Otosclerosis, and Eustachian
tube dysfunction (ETD) without effusion. Group 111 consisted of 90 adults (140 ears)
diagnosed as having SNHL. Details of the number of participants/ears under each group

and the different pathological conditions are provided in Table 3.1.

Table 3.1
Details of the number of participants/ears in each group along with the mean age and

Standard deviation

No. of Participants (No. of ears)

Groups Diagnosis Mean age +
p g _Males Females Total SD (in years)
(Right/Left) (Right/Left) (Ears)
Group I Normal hearing 455 (322/310) 347 (266/229) 802 (1127) 34.41+8.64
Tympanic membrane
Perforation (TmP) 49 (28/28) 47 (27/26) 96 (109) 34.22 +9.04
s . Middle ear Effusion (MEE) 52 (31/31) 50 (30/30) 102 (122)  37.53+8.91
rou
P Otosclerosis 52 (37/33) 50 (29/41) 102 (140) 35.79+8.71
Eustachian tube
+
dysfunction (ETD) 38 (20/30) 40 (36/20) 78 (106) 37.44 £ 9.63
Group 11 Sonsorineural hearing loss )0 6 46 (35/35) 90 (140)  34.04+8.45

(SNHL)

Note. Right - Total no. of Right ears; Left - Total no. of Left ears; SD — Standard deviation

3.2 Inclusion/Exclusion criteria

3.2.1 Group |

Group I consisted of healthy individuals having normal hearing with the normal

middle ear, and subsequently, Group | will be mentioned as a Normal ear group. The

participants in Group | had air conduction hearing thresholds within 15 dB HL at octave
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frequencies between 250 Hz and 8000 Hz with an air-bone gap of less than 10 dB HL
from 250 Hz and 4000 Hz (ANSI, 2019). The speech identification score was greater
than 90% having more than 100 dB HL of uncomfortable level for speech. All the
participants had a normal middle ear and cochlear function confirmed by the
immittance measurements [Type 'A' tympanogram with the presence of ipsilateral and
contralateral reflexes (Feldman, 1977)] and Transient evoked otoacoustic emission
(TEOAE) responses [>3 dB SNR with reproducibility of >70% and stimulus
reproducibility of >75% (McPherson et al., 2006)]. Based on a structured interview and
otoscopic examination, it was ascertained that none of the participants had any history
of middle ear pathology, including ear discharge and or eardrum abnormalities. Also,

the ear canal was devoid of cerumen which the experienced Otologist confirmed.

3.2.2 Group Il

Group Il consisted of participants with middle ear disorders, which was further
divided into four subgroups, i.e., Tympanic membrane perforation (TmP) group,
Middle ear effusion (MEE) group, Otosclerosis group, and Eustachian tube dysfunction
(ETD) group. All the Group Il participants had conductive hearing loss that ranged from
mild to moderately severe degree based on the four frequency (500, 1000, 2000 and
4000 Hz) pure tone average threshold with abnormal immittance findings and absence
of TEOAE responses. An experienced otologist made the diagnosis of those specific
middle ear disorders mentioned in the subgroups. Clinically, a qualified audiologist also

diagnosed the middle ear disorders based on the following tests and criteria.

3.2.2.1 Tympanic membrane perforation group (TmP):

The inclusion of participants in the TmP group was based on the otoscopic

examination, immittance measurements and confirmation from the experienced
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Otologist. The participants considered in this group had a perforated eardrum, large ear
canal volume (>2.0 ml), 'B' type tympanogram using 226 Hz probe tone tympanometry
and absent ipsi/contralateral acoustic reflexes (AAP/AAFP Guidelines, 2004). Those
participants who had middle ear effusion with perforation, cholesteatoma, disorders of

ossicles and/or any other associated middle ear disorders/infections were excluded.

3.2.2.2 Middle ear effusion group (MEE):

The participants' diagnosis in the MEE group was based on the clinical practice
guidelines on Otitis media with effusion (Rosenfeld et al., 2016). The MEE group
participants had air-fluid filled middle ear cavity or bubbles with retracted/bulging of
tympanic membrane visualized through otoscopic examination. In addition, the 226 Hz
probe tone frequency showed 'B' type tympanogram and absence of ipsi/contralateral
acoustic reflexes with the ear canal volume of 0.3 to 2.0 ml. Exclusion criteria were the
presence of otitis media with perforation, injury to ossicles or the presence of any other
associated middle ear disorders/infections. Experienced Otologist confirmed the

presence of MEE without any other associated middle ear disorders.

3.2.2.3 Otosclerosis group:

The clinically accepted criteria suggested by Danesh et al. (2018) was considered
for diagnosing the Otosclerosis, i.e., participants who had a history of progressive
hearing loss, low-frequency conductive hearing loss (raising pattern), 2 kHz Carhart
notch in bone conduction threshold measured using pure tone audiometry; speech
identification scores >90%; Presence of 'As' type tympanogram with absent/atypical
(biphasic) acoustic reflex patterns measured using 226 Hz probe tone frequency
measurements; and intact tympanic membrane with no other middle ear pathologies

visualized using an otoscope were considered in this group (Danesh et al., 2018). Also,
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participants who had a positive family history based on the structured interview were
considered cofactors to confirm the disorder. Participants with tympanic membrane
abnormalities, middle ear fluid, cholesteatoma, ETD, and other associated mass related
pathologies were excluded. Along with the clinical findings, Otosclerosis cases with no

associated middle ear disorders were confirmed by the Otologist.

3.2.2.4 Eustachian tube dysfunction group (ETD):

The ETD group consisted of participants diagnosed with ETD without effusion
and no other middle ear disorders, confirmed by the Otologist. All the ETD group
participants had either normal/abnormal but intact tympanic membrane with a type 'C’'
tympanogram having a middle ear pressure of <—100 daPa determined by 226 Hz
probe tone tympanometry and an air-bone gap of > 15 dB HL (Browning & Gatehouse,
1992). The participants also had either or all of the clinical signs and symptoms of 'aural
fullness' or 'popping’ or discomfort/pain, tinnitus, and muffled hearing. Participants
with other associated middle ear disorders such as otitis media with effusion, tympanic

membrane perforation, and cholesteatoma were excluded.

3.2.3 Group 111

The participants in Group 111 were diagnosed as having SNHL with air conduction
pure-tone audiometric thresholds of not less than 30 dB HL at octave frequencies (250
Hz to 8000 Hz) and an air-bone gap of <10 dB HL (250 Hz to 4000 Hz) with appropriate
speech identification scores corresponding to their degree of hearing loss. An
experienced Otologist ruled out the presence of external or middle ear pathology.
Further, it was confirmed with immittance evaluation showing an A/As-type
tympanogram with absence or elevated ipsi/contralateral reflex thresholds. In-addition,

they had absent TEOAE responses revealing cochlear hearing loss.
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3.3 Ethical consent

The study was approved by the institutional Ethical Committee for Bio-
Behavioral Research Involving Human Subjects at the All India Institute of Speech and
Hearing, Mysuru, India (WOF-0404/2014-15, dated 12.11.2015, see Annexure 3.1).
Prior to testing, all the participants were explained about the test procedures as well as
the potential risks and benefits. Written consent from each of the participants was
obtained for their voluntary participation. A copy of the informed consent document,
approved by the Institutional review board and signed by the participant, is given in

Annexure 3.2.

3.4 Instrumentation

The data was collected using the following equipment:

1. Horus HD digital video scope system (Medimaging Integrated Solution Inc.,
Taiwan) examines the ear canal and tympanic membrane status.

2. Ear Check™ Middle ear monitor (Innovia Medical, Lenexa) to detect fluid in
the middle ear.

3. GSI AudioStar Pro™ dual-channel clinical audiometer (Grason-Stadler Inc.,
Eden Prairie, USA) for estimating pure tone thresholds and speech
identification scores.

4. GSI TympStar Version 2 (Grason-Stadler Inc., Eden Prairie, USA) clinical
middle ear analyzer for measuring tympanogram and acoustic reflex thresholds
using 226 Hz probe tone.

5. Echoport 292 11 with ILOvV6 ver. 6.40.0.0 (Otodynamics Ltd, Hatfield, United

Kingdom) otoacoustic emission analyzer software for measuring TEOAE.
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6. Titan Suite IMP440/WBT440 advanced research module (Interacoustics A/S,
Middelfart, Denmark) connected to a laptop for measuring wideband
absorbance tympanometry.

All the tests were carried out in a sound-treated audiometric room with the
background permissible noise levels as per ANSI/ASA S3.1-1999 (R2018) standards
(ANSI, 2018). The audiological equipment was calibrated once in three months as per
the recommendations of ANSI/ASA S3.6-2004 (R2010) standards (ANSI, 2010) and
ANSI/ASA S3.39-1987 (R2012) standards (ANSI, 2012) during the period of the data

collection.

3.5 Test Procedure:
All the participants had undergone the following audiological test procedure to

confirm the eligibility criterion prior to the experimental test procedure.

3.5.1 Preliminary evaluations

3.5.1.1 Structured Case history: A structured case history interview was
conducted with all the participants before testing. The detailed information regarding
the status of the ear and hearing, along with clinical signs and symptoms, were
collected. Also, the participants' medical records indicating any confirmed middle ear

pathologies or SNHL diagnosed by the Otologist were recorded.

3.5.1.2 Otoscopic Examination: All the participants were subjected to visual
inspection using an otoscope to examine the ear canal's status and tympanic membrane.
Each participant was seated comfortably on a chair. The physical inspection of the
external ear was carried out to ensure no abnormalities in the ear canal and the tympanic

membrane and the absence of excessive cerumen. The presence of middle ear effusion
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was estimated by observing the tympanic membrane's fluid level using an Ear-check

middle ear monitor.

3.5.1.3 Pure tone and speech audiometry: After confirming the ear's status,
participants were subjected to pure-tone audiometry and speech audiometry testing. Air
conduction (0.25, 0.5, 1, 2, 4, and 8 kHz) and bone conduction (0.25, 0.5, 1, 2, and 4
kHz) thresholds were estimated using a modified version of Hughson and Westlake
procedure (Carhart & Jerger, 1959). Speech identification scores were measured at the
most comfortable level using a standardized phonemically balanced word list (Yathiraj
& Vijayalakshmi, 2005). The degree of hearing loss was based on Clark’s classification
(Clark, 1981) by averaging four frequency’s hearing thresholds (0.5, 1, 2 & 4 kHz). The

diagnosis was made for each of the participants based on the audiometric results.

3.5.1.4 Immittance Audiometry: Tympanogram at 226 Hz probe-tone and
acoustic reflex thresholds (Ipsi/contralateral at 0.5, 1, 2 and 4 kHz) were measured to
determine the middle ear status of each participant. They were made to sit comfortably
and instructed to be quiet while the test was performed. Ear canal volume, static
admittance, and tympanometric peak pressure were recorded from 226 Hz probe-tone
tympanometry. Feldman (1977) classification system was used to determine the type of
pathology. Acoustic reflex pattern (Jerger & Jerger, 1977) based on the presence or
absence of ipsilateral and contralateral reflexes was also used to identify the disorders.

3.5.1.5 Transient evoked otoacoustic emissions (TEOAE): TEOAEs were
measured using non-linear click trains presented at 80 dB peSPL to confirm normal
hearing and cochlear hearing loss. The signal-to-noise ratio of >03 dB SPL with >70%
reproducibility and stimulus strength of >75% (McPherson et al., 2006) indicated the

presence of TEOAE. Participants with the presence of TEOAE without any neural
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pathology was considered normal hearing, while the absence of TEOAE without any
middle ear pathology or any obstruction in the ear canal was considered as SNHL.
Prior to participating in the study, all the participants had undergone preliminary
evaluations for inclusion and exclusion criterion. Table 3.2 shows a summary of the
clinical criterion that was used for the diagnosis of each participant. Based on the
clinical findings, diagnosis and medical report of the Otologist, participants were
considered for each of the designed groups and were enrolled for performing wideband

absorbance tympanometry.

Table 3.2

Summary of the clinical criterion used for grouping the participants

Groups Audiometric findings Immittance findings TEOAE findings
Group | Normal Normal Normal
Normalear - <15dBHLacrossall - ‘A’ type tympanogram SNR: >3dB
group octaves - Normal Ipsi/Contra Reproducibility:
-  ABG<I0dBHL acoustic reflexes >75
- No Middle ear fluid Stimulus
Stability:>70
Group |1 Conductive hearing loss Abnormal Absent
Tympanic - >26dBHLand<70dB - ‘B’ type tympanogram SNR: <3dB
membrane HL across all octaves - ECV:>2ml Reproducibility:
perforation for air conduction - Absent Ipsi/Contra <75
(subgroup) thresholds acoustic reflexes Stimulus
- <10 dB HL across all - No Middle ear fluid Stability:<70
octaves for bone
conduction thresholds
- ABG >10dB HL
Group |1 Conductive hearing loss Abnormal Absent
Middleear - >26dBHLand<70dB - ‘B’ type tympanogram SNR: <3dB
effusion HL across all octaves - ECV:0.3to2.0ml Reproducibility:
for air conduction - Absent Ipsi/Contra <75
(subgroup) thresholds acoustic reflexes Stimulus
- <10 dB HL across all - Moderate to high risk Stability:<70
octaves for bone of Middle ear fluid
conduction thresholds
- ABG >10dB HL
Group 11 Conductive hearing loss Abnormal Absent
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Otosclerosis -

>26 dB HL and < 70
dB HL across all

‘As’ type tympanogram

ECV:0.5t0 2.0 ml

SNR: <3dB
Reproducibility:

(subgroup) octaves for air - Absent ipsi/Contra <75
conduction thresholds acoustic reflexes - Stimulus
- <10dBHLacrossall - No Middle ear fluid Stability:<70
octaves for bone
conduction thresholds
- ABG>10dB HL
Group 11 Conductive hearing loss Abnormal Absent
Eustachian - >26dBHLand< - ‘C’type SNR: <3dB
tube 70 dB HL across all tympanogram Reproducibility:

dysfunction

octaves for air

Absent ipsi/Contra

<75

conduction acoustic reflexes Stimulus
(subgroup) thresholds - No Middle ear fluid Stability:<70
- <10 dB HL across
all octaves for bone
conduction
thresholds
- ABG>10dB HL
Group I Sensorineural hearing Normal Absent
loss
Sensorineural - > 26 dB HL across - ‘A/As’ type SNR: <3dB
hearing loss all octaves for air tympanogram Reproducibility:

conduction and bone
conduction
thresholds

ABG <10 dB HL

Elevated/Absent
ipsi/Contra acoustic
reflexes

No Middle ear fluid

<75
Stimulus
Stability:<70

3.5.2 Experimental test procedures - Wideband absorbance tympanometry

Before initiating WBA measurements, calibration of the Interacoustics Titan
Suite IMP440/WBT440 was performed daily by placing the probe assembly in each of
four metal calibration units of 0.2, 0.5, 2 and 5 cc volumes. The source reflectance and
incident pressure were determined for carrying out the WBA measurements. It was
ensured that the reflectance value remains below 15% up to 2 kHz and below 30%
thereafter, as recommended by the manufacturer (Interacoustics, 2016; Liu et al., 2008).

All the participants who met the inclusion criteria were subjected to experimental
test procedures. The participants were seated comfortably and asked to relax during
testing without any active involvement. A brief testing procedure, including the
insertion of a probe tip into the ear canal to achieve an airtight seal, the building of

pressure and presentation of click stimuli, were informed to each of the participants.
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The participants were also instructed not to swallow, cough, talk and avoid unnecessary
body or head movements while the test is being carried out.

The probe tip with a suitable size was firmly placed in the participant's ear canal.
Wideband click stimulus of 100 dBpeSPL was presented at a fixed rate of 21.5 Hz
(Interacoustics, 2017). The pressure was automatically swept between +200 daPa and
— 600 daPa at the medium level pump speed corresponded to 200 daPa/sec. The WBA
values were measured automatically at 1/24" octave frequencies between 226 Hz and
8000 Hz (121 frequencies) by averaging the click stimuli response with 32 sweeps. The
WBA values were displayed in a 3-dimensional graph with frequency (in Hz from 226
Hz to 8000 Hz) on the x-axis; pressure (in daPa from +200 to -600 daPa) on the y-axis;
and absorbance values (in percentage from 0 to 100%) on the z-axis (as shown in Figure

3.1).

Figure 3.1. Interacoustics Titan IMP/WBT440 equipment used in this study and a three-
dimensional WBA graph displayed in Titan Suite module.

Generally, WBA values range between 0.0 and 1.0, where ‘1’ indicates that the
middle ear absorbs all the sound energy while ‘0’ indicates that all the sound energy is
reflected from the middle ear (Stinson, 1990). The Titan IMP/WBT440 module
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provides WBA measurements at two pressure conditions, i.e., Tympanometric peak
pressure and ambient pressure (corresponding to 0 daPa, within the pressure sweep)
across the frequencies. Further, frequency averaged tympanogram was also measured
that includes Ear canal volume (ECV), Tympanometric peak pressure (TPP), Wideband
averaged absorbance (WBTayg) at TPP and ambient pressure and also the resonance
frequency.

Wideband averaged absorbance (WBTayg) tympanometry value is an averaged
absorbance value obtained from 375 to 2000 Hz by sweeping pressure from positive to
negative (Hunter & Shanaz, 2014). The tympanometric peak pressure was measured as
a point at which the maximum peak, i.e., maximum absorbance was detected by the
equipment (Interacoustics, 2016), which is considered for eliciting WBA across the
frequencies. Similarly, the ECV is calculated at 226 Hz tympanometry using the
susceptance value calculated from the positive tail of the pressure sweep
(Interacoustics, 2016). The resonance frequency was calculated by obtaining the lowest
frequency at which the magnitude of the mass susceptance is equal to the stiffness,
resulting in zero susceptance (Interacoustics, 2016). All the measurements were
performed automatically by the Titan Suite and displayed in the 3-D graph. WBA
measurements were performed thrice for each participant to check for consistency in
WBA pattern/results and eliminate the abnormal WBA pattern, which could be an
artifact elicited due to involuntary movements or swallowing, etc. If all the three
recordings showed a similar pattern, then the second recording value was considered
for the analysis.

The study extracted WBA at tympanometric peak pressure and ambient pressure
at 1/24"M-octave bands (121 frequency data points), which were averaged into 1/3™

octave bands (16 frequency data points) to reduce the inflated type | errors for the
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current analysis. Apart from WBA at each frequency, wideband average tympanogram
(WBTavg) at peak and ambient pressure were also extracted. The extracted data were
exported into an excel sheet using MATLAB software version 9.7 (MATLAB R2019b,
Math Works, Inc., Natick, US) and then transferred into IBM SPSS Statistics for

Windows, version 21.0 (IBM Corp., Armonk, NY, USA) for statistical analysis.

3.6 Reliability measures

Reliability measures were performed for WBA measurements, i.e. absorbance
across 1/3™ octave frequencies and wideband average tympanogram (WBTayg) at peak
and ambient pressure. A total of 120 ears (minimum 10% of the total participants) was
selected randomly from Group | (Normal ears) for investigating the test re-test
reliability and inter-tester reliability. The ear was chosen alternatively, i.e. if the right
ear was chosen for test re-test reliability, then the left ear was considered for inter- tester
reliability for the same participants during the re-test measurement and vice versa for
the other participants.

Testing was repeated immediately by removing and re-inserting the probe to the
ear canal after the first measurements for measuring the test-retest reliability. Similarly,
another qualified audiologist had repeated the WBA measurements to the same
participants' opposite ear to investigate the inter-tester reliability. The audiologist was
not revealed about the first measurements' results and the probe tip selection for testing.
The data obtained at the initial and repeated measurements from each of the selected
participants were extracted for further analysis to study WBA measures' consistency
and inter-tester reliability.

Thus for analysis, the WBA data across 1/3™ Octave frequencies from 226 Hz to
8000 Hz (16 frequency) and the average absorbance (WBTavg) Were obtained for two

ears (right, left), two pressure conditions (Peak, ambient pressure), and gender (Male,
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Female) from all the groups. These variables were considered to study the effect of
gender and pressure conditions on WBA from Group | participants and establish the
WBA norms. Further, the WBA across the frequencies and WBTayg measurements
obtained from Group Il and Group 11l were compared with the Group | data to study

the effect of various middle conditions and SNHL on WBA measurements.

3.7 Statistical analysis

The distribution of WBA measurements obtained across the frequencies and
wideband averaged (WBTayg) absorbance tympanogram in both pressure conditions
was assessed for normality using the Shapiro-Wilks test. The results showed that the
data were normally distributed for frequencies from 250 Hz to 800 Hz and 4000 Hz
(p>0.05), as shown in Table 3.3. Similar results were also obtained using the

Kolmogorov-Smirnov Test for Normality.

61



Table 3.3
Shapiro-Wilks test statistics for normality of WBA obtained at peak and ambient

pressure conditions

Frequency Peak pressure Ambient pressure
(H2) Statistic p-value Statistic p-value
(df=1127) (df=1127)
250 0.994 0.30* 0.987 0.13*
300 0.994 0.33* 0.982 0.08*
400 0.986 0.07* 0.992 0.09*
500 0.993 0.15* 0.992 0.09*
600 0.989 0.06* 0.992 0.09*
800 0.994 0.24* 0.997 0.89*
1000 0.990 0.03 0.984 <0.01
1250 0.967 <0.01 0.958 <0.01
1500 0.965 <0.01 0.956 <0.01
2000 0.951 <0.01 0.937 <0.01
2500 0.959 <0.01 0.954 <0.01
3000 0.985 <0.01 0.985 <0.01
4000 0.994 0.26* 0.991 0.06*
5000 0.981 <0.01 0.976 <0.01
6000 0.954 <0.01 0.954 <0.01
8000 0.861 <0.01 0.859 <0.01
WBTay 0.968 <0.01 0.988 0.01

Note. *Significant different at p>0.05.

Though the study sample did not follow the normal distribution (p<0.05) for most
variables, parametric inferential statistics were still considered for statistical analysis.
This is because the study has a large sample size with multiple within- and between-
subject factors that include pressure conditions (02 levels), ears (02 levels), gender (02
levels) and frequencies (16 levels) to determine the significant difference of WBA
(Altman & Bland, 1995; Ghasemi & Zahediasl, 2012). Hence, to investigate the main
effect and their interactions, the parametric test was used. However, an equivalent non-
parametric test was also performed for all the analysis to confirm the statistical test
results obtained from the parametric test.

A mixed model analysis of variance (Mixed ANOVA) was used to analyze the

normal and pathological groups. The WBA data collected were fitted with mixed
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ANOVA statistics to study the main effect and its interactions. Initially, four-way
mixed ANOVA was done with pressure conditions (peak, ambient) and ear (right, left)
as within-subject factors; gender (male, female) as between-subject factors; and
frequency (16 center frequencies of 1/3" octave bands from 250 Hz to 8000 Hz) as a
repeated measure. The initial analysis was done to study the ear's effect as within-
subject factors along with other factors (pressure conditions, gender), as the participants
who had a normal hearing with the normal middle ear in both ears were 325 individuals.
Thus, both ear’s (right, left) WBA data obtained from each of the participants, i.e. from
325 individuals were considered for initial analysis, among the total participants of 802
(1127 ears) from Group I. As the test results of mixed ANOVA did not show a
significant effect (p<0.05) only for the ear across the frequencies and WBTayg (details
are given in results section), the data obtained from both ears were merged, and further
analysis was done for a total of 1127 ears. This 1127 ears data has been considered to
establish normative on WBA across the frequencies and WBTayg for both the pressure
conditions.

Further, three-way mixed ANOVA was performed with pressure conditions
(peak, ambient) as within-subject factors; gender (male, female) as between-subject
factors; and frequency (250 Hz to 8000 Hz) as a repeated measure to study the main
effect and its interactions. Multivariate ANOVA (MANOVA) was performed to those
groups where statistically significant differences were observed between the subject
factors for the repeated measures without any Bonferroni corrections (Feise, 2002;
Perneger, 1998). Differences in within-subject factors of pressure conditions (peak,
ambient) were evaluated in each of the frequencies using a paired T-test with
Bonferroni corrections. Equivalent non-parametric Mann-Whitney U test for between-

subject factors (Gender) and Wilcoxon signed-rank test for within-subject factors
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(pressure conditions) was also performed to confirm the significant difference obtained
from the parametric test. Descriptive statistics that include mean, standard deviation,
median (50" percentile), range, 95% confidence interval (CI), and the percentile (10",
25M 75M and 90™) were measured to provide the norms for WBA for each of the
pressure conditions. The normative range for absorbance was defined as the region
between the 10" and 90" percentiles ( Aithal et al., 2013; Hunter et al., 2010; Liu et al.,
2008).

For comparison of the pathological groups (TmP, MEE, Otosclerosis, ETD and
SNHL) with the normal ear group (Group 1), two-way mixed ANOVA was performed
with pressure conditions (peak, ambient) as within-subject factors; pathological group
(TmP, MEE, Otosclerosis, ETD and SNHL) as between-subject factors; and frequency
(250 Hz to 8000 Hz) as a repeated measure. However, the study group comparison has
an unequal sample size of a having large gap between the Normal ear group [n=1127]
and the pathological group [TmP - 109 ears; MEE — 122 ears; Otosclerosis — 140 ears;
ETD — 106 ears and SNHL — 140 ears]. Thus, 150 ears from the Group I (Normal ear
group) were randomly selected (from the total sample size of 1127 ears) using an online
random number generator (Stattrek.com) to compare with the pathological group. This
is performed to improve the statistical analysis's power and avoid the heterogeneity of
variance with the reduction of type I error rates (Rusticus & Lovato, 2014). MANOVA
and Paired T-test with Bonferroni corrections were performed to determine the
frequency range over which the significant difference existed between- and within-
groups factors. An equivalent non-parametric Mann-Whitney U test for between-group
factors and Wilcoxon signed-rank test for within-subject factors were also used.
Independent Sample-T test was performed for WBTayg, as the average absorbance

values are obtained only at ambient pressure for all the groups and not at peak pressure.
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For comparison between the pathological group, MANOVA and the equivalent
non-parametric Kruskal-Wallis Test were performed to study the significant difference
of WBA obtained across the frequencies among the pathological group. For WBT ayg,
an Independent Sample T-test was performed for peak pressure conditions, as the
average absorbance was elicited for only two pathological groups (Otosclerosis and
SNHL). At the same time, Univariate ANOVA was performed for WBTavg at ambient
pressure. A post hoc Tukey’s Honestly Significant Difference (HSD) test was
administered to those groups where statistically significant differences were observed
in WBA across the frequencies and WBTayg at ambient pressure conditions. This post-
hoc analysis was selected because it is considered an acceptable and conservative
method of controlling for multiple comparisons, where sample sizes are unequal
(Bender & Lange, 2001). An equivalent non-parametric Mann-Whitney test was
administered for multiple comparisons of the pathological group.

A Greenhouse-Geisser Correction (Greenhouse & Geisser, 1959) was applied to
all outcome measures to accommodate the violation of the sphericity assumption
characteristic of this experimental design and avoid inflated type | errors. The
Bonferroni alpha correction for between-subject factors was not required for multiple
outcomes (Feise, 2002). The statistical significance level was set at p<0.05 for all the
statistical analyses along with the measured effect size using partial Eta square (np?)/
Correlation coefficient (r). However, Bonferroni corrections with an adjusted p-value
0f 0.003 (o altered =0.05/16 pairs of analysis) were considered significant for studying
the multiple comparisons for within-subject factors and avoiding type | error.

Effect size criteria considered in this study to determine the true significance were
small effect, np?= 0.01 [<0.06]; medium effect, np?= 0.06 [>0.06 to <0.14]; and large

effect, np>=0.14 [>0.14] (Cohen, 2013). Similarly, the effect size for a non-parametric
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test, i.e. Correlation coefficient (r), was calculated as Z value divided by the square root
of the sample size. The interpretation values for r used in this study were: 0.1 to <0.3
as a small effect, 0.3 to < 0.5 as a moderate effect and > 0.5 as a large effect (Cohen,
1992).

Intra-class Correlation Coefficients (ICC) of 2-way mixed-effects model (Koo &
Li, 2016) were used to determine the test-retest and inter-tester reliability of WBA in
the normal group (10% of the total participants from Group I) for each of the 16 test
frequencies and WBTayg in both the pressure conditions. ICC statistic was chosen, as
the analysis consists of repeated measures, but the observations' pairs do not have an
obvious order (Shrout & Fleiss, 1979). The reliability values of less than 0.5 indicate
poor reliability, values between 0.5 and 0.75 indicate moderate reliability, values
between 0.75 and 0.9 indicate good reliability and values greater than 0.90 indicate
excellent reliability (Dunn et al., 2014; Koo & Li, 2016). The 95% confidence interval
and a critical alpha level of the p-value of 0.05 were computed for every ICC to
determine statistical significance (Koo & Li, 2016).

A Receiver Operating Characteristic (ROC) analysis was used to determine the
clinical utility of WBA for the identification of each pathological group along with 95%
Cl as a function of WBA (Salkind, 2012). The variables were selected at the tests
frequencies, which showed a significant difference in absorbance values between the
groups of both pressure conditions. The ROC curve interpretation was also based on
calculating the area under the ROC (AUROC) value (Kumar & Indrayan, 2011). All
ROC analyses and AUROC were automatically calculated using MedCalc for
Windows, trail version 19.4.1 (MedCalc Software, Ostend, Belgium). The AUROC
ranges between 0.5 and 1.0, where ‘0.5’ indicates that WBA at that frequency for

distinguishing healthy middle ear from the pathological group is at a chance level and
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‘1.0’ indicates perfect test performance in distinguishing between the two (Kumar &
Indrayan, 2011). A significant p-value of <0.05 was considered to confirm the
testability to differentiate between the groups. The sensitivity and specificity of each
WBA univariate predictor were extracted based on the Youden Index criterion
[max(sensitivity + specificity — 1)] of 50% (Youden, 1950), as the disease prevalence
is unknown. Also, the Youden index reflects the intension to maximize the correct
classification rate (Kumar & Indrayan, 2011; Perkins & Schisterman, 2006). Table 3.4
shows the summary of the test statistics used in the study to determine the test

significance.
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Table 3.4

Statistical analyses used to achieve the objectives of the study

Study effects

Parametric Test Equivalent
Non-parametric test

Objectives 1, 2, & 3

Main effect across the subjects factors Mixed ANOVA --
(Gender/Pressure conditions of Group

I with frequency as a repeated

measure)

Between the subject factors across MANOVA Mann-Whitney U test
frequencies (Gender)

Within-subject factors across Paired T-test with Bonferroni Wilcoxon signed-rank
frequencies corrections test with Bonferroni

(Pressure conditions)

corrections

Establishment of WBA norms (from
Group 1)

Descriptive statistics
[Mean, Median (50" percentile), SD, Range, 95% Cl, and
Percentile (10, 251, 751 and 90™)]

Test-retest and Inter-tester reliability
measures

Intra-class correlation coefficients
(2-way mixed-effects model)

Objectives 4 & 5
Main effect across the Groups (Normal Mixed ANOVA --
vs Pathological Groups)
Between the Normal ear group and MANOVA Mann-Whitney U test
Pathological Group (TmP, MEE,
Otosclerosis, ETD and SNHL)
Within-subject factors for each of the Paired T-test with Bonferroni Wilcoxon signed-rank
pathological Group (Pressure corrections test with Bonferroni

conditions)

corrections

Sensitivity and Specificity measures

Receiver Operating Characteristic (ROC) analysis and
Area under ROC (AUROC)

Obijective 6
Comparison of between the - MANOVA (Across the - Kruskal-Wallis Test
pathological group frequencies)
- Univariate ANOVA - Kruskal-Wallis Test
(WBTayg at ambient
pressure) - Mann-Whitney U
- Independent T-test test
(WBTayg at peak pressure)
Post-hoc analysis between the Tukey's HSD Mann-Whitney U test
pathological group comparison
Effect size measures Partial Eta square (np?) Correlation coefficient

(For all the analysis)

Q)
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Chapter 4

RESULTS

The present study aimed to obtain the norms for wideband absorbance in adults
having normal middle ear with normal hearing sensitivity and clinically validate the
results with the ear-related disordered population. To address the objectives of the
present study, the data were analyzed both quantitatively and qualitatively and are given
under the following headings:

1. Comparison of WBA between the gender in Normal ears.
2. Comparison of WBA between the pressure conditions in Normal ears.
3. Establishment of norms for WBA with reliability measures.
4. Comparison of WBA obtained in Normal ears with different ears with
middle ear pathologies.
a) Tympanic membrane perforation (TmP)
b) Middle ear effusion (MEE)
c) Otosclerosis
d) Eustachian tube dysfunction (ETD)
5. Comparison of WBA obtained in Normal ears with Sensorineural hearing
loss.

6. Comparison of WBA obtained between the pathological group.

4.1 Effect of ear, pressure and gender on WBA in Normal ears

Prior to establishing the normative, effect of ears, pressure conditions, and gender
on WBA across the frequencies were done using mixed ANOVA. This was done to
know whether there is any significant effect of the ear, gender, and pressure conditions

on WBA pattern and whether normative needed to be established for each ear, gender,
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or pressure condition. If no significant effect is found for any one of these variables,
the data could be combined for further analysis to establish the normative. To do so, a
total of 325 (650 ears) out of 802 participants who had normal hearing with normal
middle ear functioning in both the ears (right, left) were considered as the WBA could
be obtained from both the ears. WBA was measured from both ears in 325 participants,
and the rest of 477 participants’ data were obtained only from one ear.

A Mixed ANOVA was fitted to the data with the ear (right, left) and pressure
conditions (peak, ambient) as within-subject factors; gender (male, female) as between-
subject factors; and frequency as a repeated measure-factor. Results showed a
significant main effect of gender [F (1, 323) = 17.21, p<0.05, np? =0.05], pressure
conditions [F (1, 323) = 66.94, p<0.05, np? =0.02] and frequency [F (3.08, 995.99) =
3271.24, p<0.05, np? =0.91]. However, the study did not show a significant main effect
of ear on WBA [F (1, 323) = 3.19, p>0.05, np? =0.00] and all its interaction effect, i.e.
Ear*Gender [F (1, 323) = 3.03, p>0.05, np? =0.01]; Ear* Pressure [F (1, 323) = 3.60,
p>0.05, np? =0.01]; Ear*Frequency [F (4.035, 1303.45) = 10.81, p<0.05, np? =0.01];
Ear*Pressure* Gender [F (1, 323) = 2.05, p>0.05, np? =0.00]; Ear*Frequency*Gender
[F (4.035, 1303.45) = 1.61, p>0.05, np?> =0.00]; Ear*Frequency*Pressure [F (4.209,
1359.56) = 1.57, p>0.05, np? =0.00]; and Pressure * Frequencies * Ear * Gender [F
(4.209, 1359.56) = 0.68, p>0.05, np> =0.00]. The mean WBA across the frequencies
were comparable for both right and left ears, as shown in Figure 4.1. The mean WBA
for the left ear was marginally lower than the right ear for frequencies from 250 Hz to
1500 Hz; no difference at 2000, 2500 and 3000 Hz, and increased for frequencies above

4000 Hz.
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(a). WBA measured across frequencies at peak pressure between
the ears (Right, Left) in Normal ear group
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(b). WBA measured across frequencies at ambient pressure between
the ears (Right, Left) in Normal ear group
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Figure 4.1 Graphical representation of mean WBA [vertical lines denoting 95% CI]
measured between the ears at (a) peak pressure and (b) ambient pressure across

frequencies in the Normal ear group.
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Similarly, Wideband average tympanogram (WBTayg) measurements were
analyzed using mixed ANOVA to determine the effect of ear, pressure conditions and
gender on average absorbance values. The WBTayg data were fitted with pressure
conditions (peak, ambient) and ear (right, left) as within-subject factors and gender
(male, female) as between-subject factors. Results showed a significant main effect of
gender [F (1, 323) = 11.31, p<0.05, np?=0.03], and pressure [F (1, 323) = 13.02, p<0.05,
np? =0.04]. However, the study did not show any significant main effect of ear on
WBTayg [F (1,323, 0.001) = 2.54, p>0.05, np? =0.01]. The mean WBTayg absorbance
values between the right and left ear were identical for peak and ambient pressure
conditions.

As there is no significant main effect of ears on WBA across the frequencies and
WBTavg, the non-parametric Wilcoxon Signed Rank test with a Bonferroni correction
was also performed between the ears to confirm the results of the parametric test. The
results showed no significant difference in WBA between the ears (p>0.003) or the
significant difference (p<0.003) with negligible effect size (r<0.3), and the statistical
results are shown in Annexure 4.1. Thus, both ears data were combined with the
remaining data of 447 normal-hearing ears for further analysis to see the effect of
gender and pressure conditions on large data from 1127 ears and subsequently establish
the normative.

A total of 1127 ears from 802 participants in Group | (Normal ear group) was
considered for establishing WBA norms. All the ears in Group I had ‘A’ type
tympanogram with a mean tympanometric peak pressure of -9.28 daPa (SD=16.60;
Range = +50 to -97 daPa) and the mean static admittance of 1.07 mmho (SD=0.15;
Range=0.50 to 1.55 mmho) measured at 226 Hz probe tone frequency. The average ear

canal volume obtained was 1.16 cc (SD = 0.27; Range = 0.55 to 2.25 cc) and the mean
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resonance frequency was 903.33 Hz (SD =78.33; Range = 800 Hz to 1192 Hz). Also,
the mean TPP obtained from WBT measurements that were used to record the WBA
across the frequencies was -7.45 daPa (SD=16.15; Range = +50 to -92 daPa). The mean,
SD, median and range for the WBA obtained across the frequencies at two different
pressure conditions (peak, ambient) and gender (male, female) are given in Table 4.1.
Between the genders, irrespective of pressure conditions (peak, ambient), the
mean WBA was the least at 250 Hz, increased steeply with increasing frequency
reaching a maximum at 1250 Hz and increased further at 2000 Hz; and thereafter, the
absorbance decreased moderately to a minimum at 6000 Hz and beyond. Thus, the mid-
frequencies between 1000 Hz and 2500 Hz showed a maximum absorbance, whereas
the lower absorbance was seen at low and high frequencies. In addition, the
distributions of mean and median WBA of both the genders were comparable and
superimposed to each other. The mean WBTayg values obtained at peak pressure and

ambient pressure were also identical for both the genders, as shown in Table 4.1.
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Table 4.1

Descriptive statistics of WBA obtained in two pressure conditions [peak, ambient]

and genders [male, female] in the Normal ear group

Pressure  Frequency Male (n=632) Female (n=495)
conditions (Hz) Mean SD Median Range Mean SD Median Range
250 014 005 0214 0.02-028 0.12 0.04 0.12 0.02-0.23
300 0.17 006 016 0.03-033 014 0.05 0.14 0.02-0.28
400 024 008 023 0.04-045 021 0.08 0.20 0.03-041
500 034 012 033 0.07-065 029 011 0.28 0.05-0.59
600 045 015 044 012-080 040 014 0.39 0.09-0.79
800 063 015 065 0.24-096 059 015 0.60 0.22-0.94
1000 075 011 077 044-099 0.74 012 0.75 0.43-0.99
1250 081 009 082 055-099 081 0.09 081 0.57 - 0.99
Peak 1500 083 009 084 058-099 0.83 0.08 0.83 0.60 - 0.99
Pressire 2000 086 009 087 058-099 0.87 0.08 0.88 0.63-0.99
2500 077 013 079 041-099 081 013 0.83 0.42 - 0.99
3000 063 016 062 029-099 0.67 0.16 0.67 0.27-0.98
4000 039 015 038 0.00-080 043 015 042 0.08 - 0.84
5000 023 010 022 0.00-059 0.22 0.09 021 0.04 -0.53
6000 0.16 007 014 0.00-042 0.14 0.06 0.12 0.02-0.40
8000 017 011 013 0.01-054 0.12 0.08 0.10 0.02-0.52
WBTay 060 0.10 0.62 0.33-0.82 0.60 010 0.62 0.4--0.82
250 013 005 012 0.00-028 0.11 0.04 011 0.01-0.26
300 015 006 014 0.02-033 0.13 0.05 013 0.02-0.31
400 022 008 021 0.04-045 019 0.08 0.8 0.02-0.44
500 030 011 029 0.05-059 0.27 011 0.25 0.03-0.60
600 041 014 040 0.08-080 037 013 0.35 0.11-0.80
800 059 015 060 0.17-094 056 0.15 0.56 0.21-0.98
1000 073 012 074 036-099 0.72 013 0.73 0.40-0.98
. 1250 081 010 082 054-099 080 0.09 082 0.53-0.99
Ambent 1500 083 009 08 058-099 0.83 0.09 084 0.58-0.99
presstre 2000 086 009 088 051-099 0.87 0.09 0.89 0.60 - 0.99
2500 078 013 080 040-099 081 013 0.84 0.41-0.99
3000 063 015 063 0.29-098 0.67 0.16 0.68 0.28 - 0.99
4000 040 015 039 0.00-0.78 043 015 042 0.08-0.80
5000 023 010 022 0.00-059 0.22 0.09 021 0.04-0.53
6000 0.16 007 014 0.00-041 014 0.06 0.12 0.02-0.37
8000 018 011 014 0.01-057 0.12 0.08 0.10 0.02-0.50
WBTayg 060 009 061 034-08 059 009 059 0.33-0.82
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To study the effect of gender (male, female) and pressure conditions (peak,
ambient) on WBA across the frequencies, mixed ANOVA was applied with pressure
conditions as within-subject factors, gender as between-subject factors, and frequency
as a repeated measure-factor. The summary of the repeated measure ANOVA on WBA
is tabulated in Table 4.2. The results indicated a significant main effect of gender,
pressure conditions and frequency. Further, all the interactions between gender,
pressure and frequency were significant. However, the partial eta-squared value that
reflects the main and the interaction effect's strength had shown good strength of
significance for pressure conditions and frequency only. In contrast, a small effect size

was seen for gender and its interactions.

Table 4.2

Mixed ANOVA results on WBA obtained from the independent variables (genders,
pressure conditions) and dependent repeated-measure variable (frequency) in the
Normal ear group

Variables df, Error F p Np?
Gender 1, 1125 13.03 <0.01* 0.01
Pressure conditions 1, 1125 314.59 <0.01* 0.22
Pressure conditions * Gender 1, 1125 10.10 <0.01* 0.01
Frequency 3.37,3792.70 9199.33 <0.01* 0.89
Frequency * Gender 3.37,3792.70 20.73 <0.01* 0.02
Pressure conditions * Frequency 3.55, 3992.04 182.08 <0.01* 0.14
Pressure conditions * Frequency * Gender 3.55, 3992.04 10.03 <0.01* 0.01

Note. df—Degrees of freedom, F—F-test statistic, p - Significant level, and Partial Eta-squared (n,?)—
Effect size. *The actual p-value was not depicted as the initial three values after decimals were zero. The
shaded region indicates a significant difference with medium to large effect size.

Similarly, Mixed ANOVA on WBTayg Was performed with pressure conditions
(peak, ambient) as within-subject factors and gender (male, female) as between-subject
factors. The results showed a significant main effect of pressure [F (1, 1125) = 3.957,

p<0.05, np? = 0.00] and gender [F (1, 1125) = 4.332, p<0.05, np? = 0.00] with negligible

effect size for both the variables. Also, the interaction between pressure and gender [F
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(1, 1125) = 5.772, p<0.05, np? = 0.00] was significant with negligible effect size. The
results of the main effect and the interaction effect of WBA across the frequencies and

WBTayg are discussed under each of the variables.

4.2 Comparison of WBA between the gender in Normal ears

The mean, standard deviation, median and range of WBA values on genders
across frequencies in both the pressure conditions are given in Table 4.1. Irrespective
of the pressure conditions (peak, ambient), the mean WBA for males was marginally
higher than females from 250 to 1000 Hz and identical at mid-frequencies from 1250
to 2000 Hz. Further, WBA was lesser for high frequencies up to 4000 Hz for males and

increased beyond, as shown in Figure 4.2.

Results of mixed ANOVA on WBA across the frequencies showed a significant
main effect of gender [F (1, 1125) = 13.03, p<0.05, ny% =0.01]. Further, its interaction
with pressure and frequency were also significant, as indicated in Table 4.2. Though it
showed a significant effect, it can be seen that the effect size on the main effect and its
interaction on frequency and pressure were small (ny? <0.06). Thus, gender has a

minimal or negligible effect on WBA measurements.
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(a). WBA measured across frequencies between the gender (Male, Female)

at peak pressure in Normal ear group
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(b). WBA measured across frequencies between the gender (Male, Female)

at ambient pressure in Normal ear group
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Figure 4.2 Graphical representation of mean WBA [vertical lines denoting 95% CI]

measured at (a) peak pressure and (b) ambient pressure across frequencies for both the

genders in the Normal ear group.
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MANOVA was performed further to explore the significant effect of gender on
WBA at different frequencies, and the statistical results are shown in Table 4.3. The
mean WBA differed significantly between male and female participants for all the
frequencies except at 1250 Hz, 1500 Hz, 2000 Hz and 5000 Hz (p>0.05) for both peak
pressure and ambient pressure. However, the difference in mean WBA between males
and females were meagre, i.e. less than 0.05 for both the pressure conditions. The effect
size also showed small (ny? <0.06) for those significant frequencies, indicating
negligible differences between genders. Interestingly, the maximum absorbance
occurred at those mid-frequencies (1250 Hz to 2000 Hz) where no gender difference
exists. Similar results were also obtained with the non-parametric Mann-Whitney U
test, and the statistical significance value across the frequencies at peak and ambient

pressure are shown in Annexure 4.2.
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Table 4.3
Summary of MANOVA results of WBA obtained between genders (male, female) in the

Normal ear group

Frequency Peak Pressure Ambient pressure
(H2) F (df, Error =1, p np? F (df, Error =1, p np?
1125) 1125)
250 43.723 <0.01* 0.04 17.154 <0.01* 0.02
300 43.552 <0.01* 0.04 22.187 <0.01* 0.02
400 39.647 <0.01* 0.03 22.807 <0.01* 0.02
500 42.533 <0.01* 0.04 26.774 <0.01* 0.02
600 35.429 <0.01* 0.03 19.574 <0.01* 0.02
800 22.926 <0.01* 0.02 9.328 <0.01* 0.01
1000 6.560 <0.01* 0.01 2.290 0.13 0.00
1250 0.528 0.47 0.00 0.331 0.57 0.00
1500 0.006 0.94 0.00 0.500 0.48 0.00
2000 2.617 0.11 0.00 0.988 0.32 0.00
2500 16.464 <0.01* 0.01 13.169 <0.01* 0.01
3000 17.267 <0.01* 0.02 15.446 <0.01* 0.01
4000 13.200 <0.01* 0.01 13.267 <0.01* 0.01
5000 3.583 0.06 0.00 3.790 0.05 0.00
6000 28.506 <0.01* 0.03 30.015 <0.01* 0.03
8000 64.482 <0.01* 0.05 74.644 <0.01* 0.05
WBTay 10.605 <0.01* 0.00 0.979 <0.01* 0.00

Note. df—Degrees of freedom, F—F-test statistic, p—Significant level, and ny,>—Effect size (Partial Eta-
squared). *The actual p-value was not depicted as the initial three values after decimals were zero.

With respect to the WBTayg, the mean average WBA obtained at peak pressure
for both males (Mean = 0.60 + 0.01 SD) and females (Mean = 0.60 + 0.01 SD) were
identical. At ambient pressure condition, the mean WBTayg for males was marginally
higher (Mean = 0.60 + 0.09 SD) compared to females (Mean = 0.59 + 0.09 SD) with a
mean difference of 0.01. Results of mixed ANOVA on WBTayg showed a significant
main effect on gender [F (1, 1125) = 4.332, p<0.05, np? =0.00] with negligible effect
size, indicating the difference has no practically significant. An equivalent non-
parametric Mann-Whitney U test also showed no significant difference between males

and females at peak pressure [U=156155.00, p>0.05, r=0.0] whereas, a significant
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difference (p<0.05) with negligible effect size [U=138294.50, p<0.05, r=0.1] was

observed at ambient pressure.

4.3 Comparison of WBA between the pressure conditions in Normal ears

Descriptive statistics (Mean, Median, SD and Range) for WBA across
frequencies measured at peak pressure and ambient pressure was given in Table 4.1.
The mean WBA measured at peak pressure was slightly higher than the ambient
pressure condition in the lower frequencies from 250 Hz to 1000 Hz, whereas, at the
higher frequencies above 1000 Hz, the difference was negligible for both genders.

The results of mixed ANOVA showed a significant main effect of pressure
conditions [F (1, 1125) = 314.59, p<0.05, ny% =0.22] having a large effect size (np?
>0.14). Further, the interaction of pressure conditions with frequency [F (3.55, 3992.04)
=182.08, p<0.05, n,® = 0.14] also showed a significant effect, indicating that mean
WBA values varied significantly between the two pressure conditions across the
frequencies. Though there was a significant interaction with gender [F (1,1125) =10.10,
p<0.05, np? =0.01], there exists a small effect size. Paired T-test with Bonferroni
corrections was performed to determine the frequencies at which the WBA differed
between the pressure conditions. For this, both the genders' data were combined for
analysis, as the negligible effect size of gender has been noticed.

The Paired T-test results showed a significant difference in absorbance values
for frequencies from 250 Hz to 1500 Hz, 3000 Hz, and 4000 Hz (p<0.003) as shown
in Table 4.4. The WBA at peak pressure had slightly higher absorbance values than
the ambient pressure, as shown in Figure 4.3. However, the effect size using partial
eta square showed a large effect size (np>>0.14) for the frequencies from 250 Hz to
1000 Hz and a small effect (1,2<0.06) for other frequencies above 1000 Hz. Similarly,

an equivalent non-parametric Wilcoxon signed-rank test with Bonferroni corrections
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was performed to determine the significant difference in WBA between the pressure
conditions in each of the frequencies. The Wilcoxon signed-rank test results showed
identical results as that of the parametric (Paired-T) test and are shown in Annexure
4.3.

Table 4.4
Summary of Paired T-test result and its significant level of WBA obtained between

pressure conditions (peak, ambient) in the Normal ear group

Frequency (Hz) t (df=1126) p Np?
250 16.557 <0.001* 0.2
300 17.321 <0.001* 0.2
400 17.384 <0.001* 0.2
500 18.928 <0.001* 0.2
600 18.034 <0.001* 0.2
800 18.616 <0.001* 0.2
1000 14.382 <0.001* 0.2
1250 2.129 0.033 0.0
1500 -4.57 <0.001* 0.0

2000 -1.677 0.094 0.0
2500 -1.182 0.237 0.0
3000 -3.539 <0.001* 0.0
4000 -3.275 <0.001* 0.0
5000 -0.368 0.713 0.0
6000 1.018 0.309 0.0
8000 -2.883 0.004 0.0
WBTayg -1.706 <0.001* 0.0

Note. t- t-test statistics value, n,? - Effect size of Partial Eta square values, and p - Significance level. *corrected
required significant level is p<0.003 for WBA across frequencies and p<0.05 for WBTay, and also the
actual p-value was not depicted as the initial three values after decimals were zero. The shaded region
indicates a significant difference with medium to large effect size.

Similarly, mixed ANOVA for WBTayg (Gender, Pressure) showed a significant
main effect of pressure [F (1, 1125) = 3.957, p<0.05, np? =0.00] with negligible effect
size. Further, paired T-test was performed to determine any difference between the

pressure conditions. The results showed no significant difference [t(1126) = -1.706,

p>0.05, np?=0.00] between the pressure conditions with the mean average WBA of 0.61
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+0.10 SD at peak pressure and 0.60 + 0.06 SD at ambient pressure. The non-parametric
Wilcoxon signed-rank test also showed no significant difference in WBTayg between

the pressure conditions [Z=-1.747, p<0.05, r=0.1].
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Figure 4.3 Graphical representation of mean WBA [vertical lines denoting 95% CI] for
both pressure conditions (peak, ambient) across the frequencies in the Normal ear
group. *indicates corrected significant difference, p<0.003 with medium to large effect
size.
4.4 Establishment of norms for WBA with reliability measures

The current study results showed no significant effect on ears, whereas significant
gender and pressure effect was seen. Though there is a significant effect of gender, the
effect size is very small and can be considered negligible. Hence, the data obtained
across the gender and ear were pooled together to provide WBA norms. However, a

significant difference in WBA was exhibited between the pressure conditions showing

large effect size in low and mid frequencies up to 1000 Hz. Therefore, WBA across the
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frequencies was analyzed independently for each pressure conditions to establish the
clinical norms.

Figure 4.4 shows the trend of mean, median and normative range (percentile of
absorbance between 10" and 90™ percentile) across the frequencies for both peak and
ambient pressure. Irrespective of the pressure mode, the mean WBA was lowest at 250
Hz, increased steeply with increasing frequency to about 1250 Hz, rose to a second
maximum at about 2000 Hz, and reduced to a minimum absorbance at 6000 Hz and

above.

(a). WBA measured across frequencies at peak pressure in Normal ear group
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{b). WBA measured across frequencies at ambient pressure in Normal ear group
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Figure 4.4 Graphical representation of WBA (Mean, Median) and Normative range
(10" and 90™ percentile) at (a) peak and (b) ambient pressure across the frequencies in

the Normal ear group.

Table 4.5 show the WBA and WBTayg norms developed in the current study at
peak and ambient pressure conditions, including the mean, standard deviation, 95% ClI,
percentiles (10, 25%, 50™, 75% and 90™) along with interquartile range (25" and 75"
percentiles) and normative range (10" and 90" percentiles). The inter-quartile (25" -
75" percentile) and normative ranges (10" - 90" percentile) of the WBA are slightly
narrower at mid-frequencies from 1000 to 2000 Hz compared to other frequencies. The
95% CI was small for all the frequencies that fall around mean/median values. The
established WBA values in each of the 1/3™ octave frequencies and WBTayg at peak

and ambient pressure can be used in clinics to determine an adult's middle ear status.
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Table 4.5
Descriptive statistics [Mean, SD, Range, and 95% CI], percentiles (10", 25" 501, 75" and 90™), Interquartile range and Normative range of

WBA measured at peak and ambient pressure in the Normal ear [n=1127] group

Pressure Frequency Percentiles Inter-quartile Normative
conditions (H2) Mean SD Range 95% CI 10 25 50_ 75 90 range range
(Median)
250 0.13 0.05 0.02-0.28 0.13,0.13 0.07 0.09 0.13 0.16 0.20 0.07 0.13
300 0.16 0.06 0.02-0.33 0.15,0.16 0.09 0.11 0.15 0.20 0.24 0.09 0.16
400 0.22 0.08 0.03-0.45 0.22,0.23 0.12 0.16 0.22 0.28 0.34 0.12 0.22
500 0.31 0.12 0.05 - 0.65 0.31,0.32 0.17 0.22 0.30 0.39 0.48 0.17 0.32
600 0.43 0.14 0.09 - 0.80 0.42,0.44 0.24 0.32 0.42 0.53 0.63 0.21 0.39
800 0.61 0.15 0.22-0.96 0.60, 0.62 0.40 0.49 0.62 0.73 0.81 0.23 0.41
1000 0.75 0.12 0.43-0.99 0.74,0.75 0.58 0.66 0.76 0.83 0.89 0.17 0.31
1250 0.81 0.09 0.55-0.99 0.80,0.81 0.68 0.75 0.82 0.88 0.92 0.13 0.24
przggllj(re 1500 0.83 0.09 0.58-0.99 0.82,0.83 0.71 0.76 0.84 0.90 0.94 0.13 0.24
2000 0.86 0.09 0.58-0.99 0.86,0.87 0.74 0.80 0.88 0.94 0.97 0.13 0.23
2500 0.79 0.13 0.41-0.99 0.78,0.80 0.60 0.69 0.81 0.90 0.95 0.20 0.35
3000 0.64 0.16 0.27-0.99 0.64, 0.65 0.44 0.53 0.64 0.77 0.87 0.24 0.43
4000 0.41 0.15 0.00-0.84 0.40,0.42 0.22 0.31 0.40 0.51 0.60 0.20 0.38
5000 0.23 0.10 0.00 - 0.59 0.22,0.23 0.12 0.16 0.21 0.29 0.36 0.13 0.25
6000 0.15 0.07 0.00 - 0.42 0.14,0.15 0.07 0.10 0.14 0.18 0.24 0.09 0.17
8000 0.15 0.10 0.01-0.54 0.14,0.16 0.06 0.08 0.11 0.19 0.29 0.12 0.23
WBTavyg 0.60 0.10 0.33-0.82 0.59, 0.60 0.47 0.53 0.62 0.66 0.74 0.13 0.27
250 0.12 0.05 0.00-0.28 0.12,0.12 0.06 0.08 0.11 0.15 0.19 0.07 0.13
300 0.14 0.06 0.02-0.33 0.14,0.15 0.08 0.10 0.14 0.18 0.23 0.08 0.15
400 0.21 0.08 0.02 - 0.45 0.20,0.21 0.11 0.14 0.20 0.26 0.32 0.12 0.22
500 0.29 0.11 0.03 - 0.60 0.28,0.29 0.16 0.20 0.28 0.36 0.43 0.16 0.28
600 0.39 0.14 0.08 - 0.80 0.38,0.40 0.22 0.29 0.38 0.49 0.58 0.20 0.36
800 0.57 0.15 0.17-0.98 0.57,0.58 0.37 0.46 0.58 0.69 0.77 0.23 0.40
1000 0.72 0.12 0.36-0.99 0.72,0.73 0.55 0.63 0.74 0.82 0.88 0.19 0.32
. 1250 0.81 0.09 0.53-0.99 0.80,0.81 0.67 0.74 0.82 0.88 0.93 0.14 0.26
';‘rr:gjp; 1500 0.83 0.09 0.58-0.99 0.83,0.84 0.71 0.77 0.84 0.90 0.94 0.13 0.24
2000 0.86 0.09 0.51-0.99 0.86,0.87 0.73 0.80 0.88 0.94 0.97 0.13 0.24
2500 0.79 0.13 0.40 - 0.99 0.78,0.80 0.60 0.70 0.82 0.90 0.95 0.20 0.35
3000 0.65 0.16 0.28-0.99 0.64, 0.66 0.44 0.53 0.65 0.77 0.87 0.23 0.43
4000 0.41 0.15 0.00-0.80 0.40,0.42 0.22 0.31 0.40 0.51 0.61 0.21 0.38
5000 0.23 0.10 0.00 - 0.59 0.22,0.23 0.12 0.16 0.21 0.29 0.36 0.13 0.25
6000 0.15 0.07 0.00-0.41 0.14,0.15 0.07 0.10 0.14 0.19 0.24 0.09 0.17
8000 0.15 0.10 0.01-0.57 0.15,0.16 0.06 0.077 0.115 0.196 0.30 0.12 0.24
WBTavyg 0.60 0.09 0.33-0.86 0.60, 0.61 0.48 0.53 0.6 0.66 0.71 0.13 0.23
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4.4.1 Reliability measures of WBA obtained at peak and ambient pressure
Intra-class correlation coefficients (ICC) of the two-way mixed-effect model was
administered to examine test-retest reliability and inter tester reliability. It was done on
WBA at 16 frequencies (250 Hz to 8000 Hz) and WBTayg data obtained in 120 ears
from Group | participants for each reliability measures. After the first measurements
(baseline), the repeated test was done immediately by removing and re-inserting the
probe to the ear canal by the same tester for measuring the test-retest reliability and
another qualified audiologist for measuring the inter-tester reliability measures. The

results are shown in Table 4.6.

Table 4.6
Test-retest and inter-tester reliability measures (ICC coefficient at 95% CI) of WBA

obtained at peak and ambient pressure in the Normal ear group

Frequency Test-retest reliability [n=120] Inter-tester reliability [n =120]
(H2) Peak Pressure Ambient pressure Peak Pressure Ambient pressure
ICC 95% ClI ICC 95% ClI ICC 95% CI ICC 95% CI

250 0.77r 060-087 075 056-085 | 068 0.44-082 0.60 0.36-0.75
300 0.78 0.62-087 076 058-086 | 0.73 053-0.84 061 0.38-0.77
400 0.79 0.63-088 075 057-086 | 0.73 053-0.84 062 0.35-0.78
500 079 0.63-088 075 056-085 | 0.70 0.49-083 059 0.39-0.77
600 079 0.63-088 076 059-086 | 0.72 051-084 059 0.39-0.76
800 0.72 052-084 072 052-084 | 084 0.71-091 066 041-0.80
1000 0.74 055-085 076 059-086 | 083 0.70-0.90 0.77 0.60-0.87
1250 085 0.74-091 087 0.77-092 | 073 053-0.84 066 042-081
1500 080 065-088 081 068-089 | 065 040-0.72 0.63 040-0.75
2000 072 052-084 072 052-084 | 062 0.38-0.78 0.66 0.41-0.80
2500 0.74 054-085 076 059-086 | 066 041-080 0.62 0.39-0.78
3000 062 035-078 064 037-079 | 058 0.38-0.76 058 0.36-0.74
4000 066 041-080 067 044-081 | 056 045-0.74 058 0.35-0.60
5000 0.76 058-086 076 058-086 | 060 037-0.77 0.60 0.38-0.77
6000 083 0.70-090 083 0.70-0.90 | 0.67 0.43-081 0.67 042-081
8000 086 0.75-091 086 076-091 | 0.78 0.62-087 0.79 0.63-0.88
WBTay 0.78 0.63-088 0.77 0.60-0.87 | 066 041-0.80 0.62 0.39-0.78

Note. ICC values <0.5 - Poor reliability; 0.5 to 0.75 - Moderate reliability; 0.75 to 0.9 - Good reliability;
and > 0.90 - Excellent reliability
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The results of the intra-class correlation coefficient showed significant (p<0.05)
evidence of moderate to good reliability that ranged between 0.6 to 0.9 across the
frequencies and WBTayg, with most of the frequencies falling in the range of good
reliability (>0.75) for test-retest reliability measures. This suggests good reliability of
the test on multiple evaluations. Similarly, the inter-tester reliability measurement also
showed moderate to good reliability that ranged between 0.6 to 0.9 across the
frequencies and WBTavg, With most of the frequencies falling in the range of moderate
reliability (0.5 to 0.75). Figure 4.5 shows the reliability of WBA measured twice for

both peak and ambient pressure across the frequencies.

(a). Test re-test reliability measures of WBA obtained across
frequencies at peak pressure in Normal ear group
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(b). Test re-test reliability measures of WBA obtained across
frequencies at ambient pressure in Normal ear group
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(c). Inter-tester reliability measures of WBA obtained across
frequencies at peak pressure in Normal ear group
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(d). Inter-tester reliability measures of WBA obtained across
frequencies at ambient pressure in Normal ear group
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Figure 4.5 Graphical representation of Test re-test reliability measures of mean WBA
[vertical lines denoting 95% CI] at (a) peak and (b) ambient pressure; and inter-tester
reliability measures at (c) peak and (d) ambient pressure across the frequencies in the

Normal ear group.

4.5 Comparison of WBA obtained in Normal ears with different ears with
middle ear pathologies

To investigate the effect of pathological conditions on WBA, i.e. Group Il (TmP,
MEE, Otosclerosis and ETD) and Group Il (SNHL), the WBA data of 150 randomly
selected ears from Group | (Normal ear group) was compared with each of the
pathological group. This random selection of Group | participants was performed to
improve the statistical analysis's power and avoid the heterogeneity of variance due to

unequal sample size (Rusticus & Lovato, 2014).

All the participants from the Normal ear group (Group I) had ‘A’ type

tympanogram for 226 Hz probe tone with the mean static admittance of 0.66 £ 0.15
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mmho (Range = 0.50 to 1.5 mmho), and tympanometric peak pressure (TPP) of -9.23
+ 14.06 daPa (Range = -69 to 46 daPa). The mean ear canal volume and the mean
resonance frequency obtained were 1.21 + 0.28 ml (Range = 0.60 to 1.90 ml) and
903.23 + 74.58 Hz (Range = 801 to 1134 Hz) respectively. The TPP obtained in the
WBT measurement was similar to the TPP of 226 Hz probe tone, with the mean TPP
of -9.13 + 12.70 daPa (Range = -55 to 48 daPa). Table 4.7 shows the descriptive
statistics (mean, SD, and median) of the WBA measurements obtained at peak and

ambient pressure in the Normal ear and pathological groups.
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Table 4.7

Descriptive statistics (mean, SD, and median) of the WBA obtained at peak and ambient pressure conditions in Normal ear [n=150] and

Pathological ear groups

CE;S?;%:Z Fre(?_L'Jze)ncy Normal Ear group TmP group MEE group Otosclerosis group ETD group SNHL group

Mean SD Median Mean SD Median Mean SD Median Mean SD Median Mean SD Median Mean SD  Median

250 0.14 0.04 0.14 0.08 0.04 0.07 0.08 0.06 0.06 0.06 0.03 0.05 0.11 0.06 0.10 0.11 0.04 0.11

300 0.17 0.05 0.16 0.10 0.06 0.09 0.09 0.07 0.08 0.06 0.04 0.06 0.13 0.08 0.13 0.14 0.05 0.13

400 0.24 0.06 0.24 0.17 0.10 0.15 0.13 0.09 0.11 0.09 0.06 0.08 020 0.10 0.19 020 0.08 0.19

500 0.33 0.07 0.33 0.25 0.16 0.23 0.17 0.10 0.15 0.13 0.10 0.11 0.27 0.14 0.26 0.28 0.11 0.27

600 0.45 0.07 0.45 0.37 0.23 0.32 0.20 0.10 0.19 0.18 0.12 0.16 0.36 0.17 0.34 0.38 0.13 0.37

800 0.66 0.07 0.66 051 0.24 0.51 024 011 0.23 027 0.14 0.26 051 0.21 0.54 056 0.14 0.56

1000 0.81 0.08 0.81 059 0.20 0.59 029 0.13 0.26 0.40 0.15 0.38 063 0.22 0.65 070 0.13 0.72

Peak 1250 0.85 0.08 0.86 0.60 0.17 0.59 034 0.14 0.32 057 0.5 0.58 070 0.21 0.72 0.80 0.10 0.82

pressure 1500 0.85 0.09 0.86 057 0.16 0.55 037 0.14 0.36 069 0.15 0.70 0.73 0.9 0.76 0.83 0.10 0.86

2000 0.87 0.08 0.88 056 0.22 0.51 042 0.14 0.42 080 0.14 0.82 075 0.18 0.78 0.87 0.09 0.89

2500 080 0.13 0.82 064 021 0.64 041 011 0.40 080 0.12 0.82 0.67 0.18 0.68 078 0.15 0.78

3000 0.67 0.16 0.67 0.63 0.18 0.63 0.36 0.09 0.36 0.70 0.16 0.69 053 0.17 0.52 0.63 0.16 0.60

4000 041 0.15 0.40 040 0.17 0.36 024 0.11 0.22 0.45 0.16 0.44 038 0.15 0.37 035 0.15 0.34

5000 0.23 0.09 0.22 035 0.18 0.29 0.17 0.09 0.16 025 0.10 0.23 026 0.11 0.24 020 0.08 0.19

6000 0.15 0.07 0.14 034 021 0.29 0.11 0.06 0.10 0.15 0.07 0.14 0.15 0.06 0.15 0.12 0.04 0.12

8000 0.15 0.10 0.12 0.18 0.15 0.13 0.19 0.20 0.09 0.15 0.5 0.09 0.18 0.18 0.10 0.17 0.8 0.10

WBTavg 0.61 0.10 0.62 --- --- --- --- --- --- 056 0.14 0.58 0.60 0.11 0.61

250 0.14 0.04 0.14 0.08 0.04 0.07 0.08 0.06 0.06 0.06 0.03 0.05 0.11 0.06 0.10 0.11 0.04 0.11

300 0.17 0.05 0.16 0.10 0.06 0.09 0.09 0.07 0.08 0.06 0.04 0.06 0.13 0.08 0.13 0.14 0.05 0.13

400 0.24 0.06 0.24 0.17 0.10 0.15 0.13 0.09 0.11 0.09 0.06 0.08 020 0.10 0.19 020 0.08 0.19

500 0.33 0.07 0.33 025 0.16 0.23 0.17 0.10 0.15 0.13 0.10 0.11 027 0.14 0.26 0.28 0.11 0.27

600 0.45 0.07 0.45 0.37 0.23 0.32 0.20 0.10 0.19 0.18 0.12 0.16 0.36 0.17 0.34 0.38 0.13 0.37

800 0.66 0.07 0.66 051 0.24 0.51 024 0.11 0.23 027 0.14 0.26 051 0.21 0.54 056 0.14 0.56

1000 0.81 0.08 0.81 059 0.20 0.59 0.29 0.13 0.26 0.40 0.15 0.38 0.63 0.22 0.65 0.70 0.13 0.72

. 1250 0.85 0.08 0.86 0.60 0.17 0.59 0.34 0.14 0.32 0.57 0.15 0.58 0.70 0.21 0.72 0.80 0.10 0.82

’::::S'SP; 1500 0.85 0.09 0.86 0.57 0.16 0.55 037 0.14 0.36 069 0.15 0.70 0.73 0.19 0.76 0.83 0.10 0.86

2000 0.87 0.08 0.88 0.56 0.22 0.51 042 0.14 0.42 0.80 0.14 0.82 0.75 0.18 0.78 0.87 0.09 0.89

2500 080 0.13 0.82 064 0.21 0.64 041 011 0.40 080 0.12 0.82 0.67 0.18 0.68 0.78 0.15 0.78

3000 0.67 0.16 0.67 0.63 0.18 0.63 0.36 0.09 0.36 0.70 0.16 0.69 053 0.17 0.52 063 0.16 0.60

4000 0.41 0.15 0.40 040 0.17 0.36 024 0.11 0.22 0.45 0.16 0.44 0.38 0.15 0.37 0.35 0.15 0.34

5000 0.23 0.09 0.22 0.35 0.18 0.29 0.17 0.09 0.16 025 0.10 0.23 026 0.11 0.24 0.20 0.08 0.19

6000 0.15 0.07 0.14 0.34 021 0.29 0.11 0.06 0.10 0.15 0.07 0.14 0.15 0.06 0.15 0.12 0.04 0.12

8000 0.15 0.10 0.12 0.18 0.15 0.13 0.19 0.20 0.09 0.15 0.15 0.09 0.18 0.18 0.10 0.17 0.18 0.10

WBTavg 0.61 0.10 0.62 --- --- --- --- --- --- 056 0.14 0.58 0.60 0.11 0.61
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The mean WBA obtained in the Normal ear group was minimal at 250 Hz, increased
as a function of frequency to a maximum at 1250 Hz. Further, the WBA gradually increased
to a second maximum at 2000 Hz and decreased moderately at the higher frequencies
beyond 2000 Hz, reaching a minimum at 6000 Hz and above. Thus, it was observed that
the WBA was least at 250 Hz, 6000 Hz and 8000 Hz; and highest at the mid-frequencies
range between 1000 Hz and 2500 Hz. The WBA pattern was broader and relatively non-
evident maximum peak at 1250 Hz and 2000 Hz, as shown in Figure 4.6. The WBA
measured at peak pressure and ambient pressure was almost similar and followed a similar
pattern across the frequencies. Similarly, the WBTayg absorbance values are also similar
between the peak pressure (0.61 £ 0.10 SD, range = 0.40 to 0.75) and ambient pressure

(0.60 £ 0.06 SD, Range = 0.40 - 0.74).

WBA at peak and ambient pressure across frequencies

in Normal ear group [n=150]
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Figure 4.6 Graphical representation of mean WBA (vertical lines indicates 95% CI)
measured at peak pressure and ambient pressure across frequencies in the Normal ear
(n=150) group. *indicates corrected significant difference, p<0.003 with medium to large
effect size.
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Paired-T test with Bonferroni corrections showed a significant difference between
the pressure conditions (p<0.003) for frequencies from 250 Hz to 1000 Hz in the Normal
ear group, as shown in Table 4.8. The WBA at peak pressure showed slightly higher mean
absorbance values than ambient pressure, as shown in Figure 4.6. While the WBTayg
measurements showed no significant difference between the pressure conditions (p>0.05)
with identical mean WBTayg values for peak and ambient pressure conditions. The
equivalent non-parametric Wilcoxon signed-rank test between the pressure conditions in
the Normal ear group also showed similar results and is shown in Annexure 4.4.

Table 4.8
Summary of Paired T-test results and its significant level of WBA obtained between the

pressure conditions (peak, ambient) in the Normal ear [n=150] group

Frequency (Hz) t (df = 149) p Np?
250 6.751 <0.001* 0.23
300 8.168 <0.001* 0.31
400 8.333 <0.001* 0.32
500 8.949 <0.001* 0.35
600 8.455 <0.001* 0.32
800 7.566 <0.001* 0.28

1000 5.702 <0.001* 0.18
1250 0.528 0.599 0.00
1500 -1.589 0.114 0.02
2000 0.272 0.786 0.00
2500 0.685 0.494 0.00
3000 -0.194 0.846 0.00
4000 -1.77 0.079 0.02
5000 -1.609 0.110 0.02
6000 -0.521 0.603 0.00
8000 -1.709 0.090 0.02
WBTayg 2.838 0.005 0.05

Note. t- t-test statistics value, n,? - Effect size of Partial Eta square values, and p - Significance level. *corrected
required significant level is p<0.003 for WBA across frequencies and p<0.05 for WBTayg, and also the actual
p-value was not depicted as the initial three values after the decimal were zero. The shaded region indicates
a significant difference with medium to large effect size.
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To study the effect of WBA across the study groups, i.e. Normal ear and Pathological
groups, the Mixed ANOVA was performed with pressure conditions (02 levels) as within-
subject factors, study group (06 levels) as between-subject factors and frequency (16
levels) as a repeated measure. The summary of the Mixed ANOVA results is tabulated in
Table 4.9. The results indicated a significant main and interaction effect of group, pressure
conditions and frequency (p<0.05) with large effect size (p>>0.14). Hence, further analysis
using two-way mixed ANOVA was performed between each of the pathological group
(TmP, MEE, Otosclerosis, ETD and SNHL) with the Normal ear group to study the main
and interaction effect as it is one of the main objectives of the study. This has also helped
to obtained sensitivity and specificity to identify each pathological condition. If there is
any significant main effect and/or interaction effect in the two-way mixed ANOVA,
MANOVA and Paired-T test with Bonferroni correction were performed to see the
significant difference between the groups and within-groups, respectively. The results are

given under each of the pathological conditions.
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Table 4.9
Mixed ANOVA results on WBA obtained from the independent variables (Group,

pressure conditions) and dependent repeated-measure variable (frequency) across the

groups
Variables df, Error F p N’
Group 5,761 30.59 <0.01* 0.63
Pressure conditions 1,761 573.09 <0.01* 0.43
Pressure conditions * Group 5, 761 214.03 <0.01* 0.58
Frequency 5.02, 3822.71 2906.91 <0.01* 0.79
Frequency * Group 25.17, 3822.71 84.12 <0.01* 0.36
Pressure conditions * Frequency 4.48, 3399.34 153.85 <0.01* 0.17
Pressure conditions * Frequency * Group 22.33, 3399.34 54.29 <0.01* 0.26

Note. df—Degrees of freedom, F—F-test statistic, p - Significant level, and n,? - Effect size of Partial Eta square
values. *The actual p-value was not depicted as the initial three values after the decimals were zero. Shaded
region indicates significant difference with medium to large effect size.

With regard to the WBTayg measurements, the average absorbance values were
obtained for all the study groups in ambient pressure conditions. Whereas at peak pressure,
the WBTayg Was obtained in only three study groups, i.e. Normal ear group, Otosclerosis
group and SNHL group. Therefore, WBTayq at peak and ambient pressure were analyzed

in each pathological group in comparison to the Normal ear group. The results obtained

are given under each pathological condition.

4.5.1 Tympanic membrane perforation (TmP)

The WBA data of 109 ears with tympanic membrane perforation was compared with
150 randomly selected normal ears from Group 1. All the TmP group participants showed
‘B’ type tympanogram at 226 Hz probe tone frequency and had the average ear canal
volume of 3.53 £ 0.97 ml (Range = 2.6 to 5.14 ml). However, the WBT measurement
showed tympanometric peak pressure even for the ears with TmP, and the mean TPP was

-269.22 + 113.80 daPa (Range = -81 to -398 daPa). This could be due to the use of a wider
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frequency range stimulus for the measurement of WBA. Some variation in the change of
transmission of sound energy took place with the change in ear canal pressure at the high
frequencies. The external ear canal pressure at which maximum sound energy took place,
the instrument probably considers it as a peak and displayed as peak pressure. Thus, the
WBA obtained at the peak pressure, i.e. at TPP and the ambient pressure (0 daPa) across
the frequencies in ears with TmP was considered for analysis. However, the WBTayg could
only be obtained at ambient pressure condition and not at peak pressure from the
instrument. This could probably be due to the lack of changes in absorbance values with
the variation of pressure in the ear canal at each of the frequencies (270 Hz and 2000 Hz)

that are considered to calculate WBTavg. This could be the limitation of the equipment.

The WBA measured at the peak and ambient pressure exhibited three maxima at
1000 Hz, 3000 Hz and 6000 Hz, as shown in Figure 4.7. A minimum mean absorbance
value was observed at 250 Hz and also at 8000 Hz. Whereas a smooth and almost single
broad peaked pattern was observed in the Normal ear group. Overall, the mean WBA
observed in ears with TmP was lesser for low and mid frequencies up to 2500 Hz; identical
at 3000 Hz, 4000 Hz, and 8000 Hz; and higher at 5000 Hz and 6000 Hz compared to the
normal ear group. The mid-frequencies of 1000 Hz to 2500 Hz showed the largest
difference in WBA values between the groups, as shown in Figure 4.6. The WBA obtained
at the peak and ambient pressure was comparable for within-group comparison and
followed a similar pattern for both TmP and Normal ear groups. The descriptive statistics

(mean, SD and median) of WBA obtained in the TmP group was provided in Table 4.7.
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(a). WBA measured across frequencies between Normal ear [n=150]
and Tympanic membrane perforation [n=109] group at peak pressure

1.0
-— Normal ear group
- TmP group g * *
Normative range (10-90%) . . N
0.8
2 0.6
[=
©
o
=
o
a
a
< 0.4+
0.2+
0-0 T 1 1 T ] 1 T T ] 1 T ] 1 1 T 1
250 300 400 500 600 800 1000 1250 1500 2000 2500 3000 4000 5000 6000 8000
Frequency (Hz)
(b). WBA measured across frequencies between Normal ear [n=150]
and Tympanic membrane perforation [n=109] group at ambient pressure
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Figure 4.7 Mean WBA of Tympanic membrane perforation and Normal ear [n=150]
groups obtained at (a) peak pressure and (b) ambient pressure across frequencies [Colour

shaded region represents 95% CI; *indicates significant difference, p<0.05 with medium

to large effect size].
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The results of the mixed ANOVA showed a significant main effect of Group [F(1,
257)=130.025, p<0.05, np>=0.34], pressure conditions [F(1, 257)=75.807, p<0.05,
Mp?=0.23] and frequency [F(6.33, 1626.739)=1002.205, p<0.05, 1np>=0.80]. A significant
interaction effect was seen between frequency and pressure conditions [F(5.136,
1319.968)= 32.885, p<0.05, n,?>=0.11]; frequency and Group [F(6.33, 1626.739)= 78.381,
p<0.05, np?=0.23], demonstrating that WBA varied between the groups and pressure
conditions across the frequency range. However, the interaction between pressure
conditions and Group [F(1,257)=1.44, p>0.05, n,>=0.00] and the third-order interaction,
i.e. pressure conditions, frequency and Group [F(5.136, 1319.968)= 2.076,

p>0.05,1,2=0.00] were not significant.

The MANOVA was performed to study the significant difference in absorbance
values at each frequency between the groups. The results did show a significant difference
in mean absorbance values between the two groups at all frequencies (p<0.05), except for
3000 Hz and 4000 Hz (p>0.05) for both the pressure conditions, as shown in Table 4.10.
As indicated earlier, the mean absorbance was lower for TmP group at low and mid-
frequencies (250 Hz to 2500 Hz) and higher at 5000 and 6000 Hz. Similar results were also

obtained using the non-parametric Mann-Whitney U test and are provided in Annexure 4.5.
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Table 4.10
Summary of MANOVA results and its significant level of WBA obtained between TmP

group and Normal ear group [n=150] at peak and ambient pressure conditions

Frequency Peak pressure Ambient pressure
(H2) F p np? F p 1p?
(df, error = 1, 257) (df, error = 1, 257)
250 161.092 <0.01* 0.39 112.181 <0.01* 0.30
300 112.797 <0.01* 0.31 102.75 <0.01* 0.29
400 52.302 <0.01* 0.17 60.684 <0.01* 0.19
500 23.586 <0.01* 0.08 30.177 <0.01* 0.11
600 16.039 <0.01* 0.06 18.401 <0.01* 0.07
800 50.814 <0.01* 0.17 48.467 <0.01* 0.16
1000 155.174 <0.01* 0.38 152.448 <0.01* 0.37
1250 256.216 <0.01* 0.50 245.981 <0.01* 0.49
1500 321.932 <0.01* 0.56 325.23 <0.01* 0.56
2000 253.868 <0.01* 0.50 230.444 <0.01* 0.47
2500 58.22 <0.01* 0.19 46.922 <0.01* 0.15
3000 3.122 0.08 0.01 1.744 0.19 0.01
4000 0.057 0.81 0.00 0.025 0.87 0.00
5000 44,251 <0.01* 0.15 44.094 <0.01* 0.15
6000 105.996 <0.01* 0.29 100.844 <0.01* 0.28
8000 2.361 0.13 0.01 1.484 0.22 0.01

Note. df—Degrees of freedom, F—F-test statistic, p - Significant level, and n,? - Effect size of Partial Eta square
values. *The actual p-value was not depicted as the initial three values after the decimals were zero. The
shaded region indicates a significant difference with medium to large effect size.

Within-group comparison between the pressure conditions, the mean WBA
measured at ambient pressure was lower for frequencies from 300 Hz to 1000 Hz and
slightly higher at 2000 Hz to 3000 Hz than peak pressure in the TmP group. Other
frequencies, i.e. 1250 Hz, 1500 Hz and above 3000 Hz, were similar for both the pressure
conditions, as shown in Figure 4.8. Analysis using Paired-T test with Bonferroni corrections
for TmP group showed a significant difference between peak and ambient pressure
(p<0.003) only for frequencies from 300 to 1000 Hz, 2000 Hz and 2500 Hz with the effect
size ranging from medium to large as shown in Table 4.11. The non-parametric Wilcoxon
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signed-rank test results for the TmP group also showed similar statistical significance
results and are provided in the Annexure 4.6.

WBA at peak and ambient pressure across frequencies in

Tympanic membrane perforation group
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Figure 4.8 Graphical representation of mean WBA [vertical lines denoting 95% CI]
measured at peak pressure and ambient pressure across frequencies in the Tympanic
membrane perforation group. *indicates corrected significant difference, p<0.003 with

medium to large effect size.
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Table 4.11
Summary of Paired T-test results and its significant level of WBA obtained between the

pressure conditions (peak, ambient) in Tympanic membrane perforation group

Frequency (Hz) t (df = 108) p np?
250 1.798 0.08 0.03
300 3.381 <0.001* 0.10
400 5.626 <0.001* 0.23
500 6.013 <0.001* 0.25
600 6.609 <0.001* 0.29
800 4.78 <0.001* 0.17
1000 3.751 <0.001* 0.12
1250 0.42 0.675 0.00
1500 -0.725 0.470 0.00
2000 -3.796 <0.001* 0.12
2500 -4.177 <0.001* 0.14
3000 -2.327 0.022 0.05
4000 -1.839 0.069 0.03
5000 -0.247 0.805 0.00
6000 1.056 0.293 0.01
8000 -0.339 0.736 0.00

Note. t- t-test statistics value, p - Significance level, n,? - Effect size of Partial Eta square values. *corrected
required significant level is p<0.003 for WBA across frequencies and also the actual p-value was not
depicted as the initial three values after the decimal were zero. The shaded region indicates a significant
difference with medium to large effect size.

Further, the WBTayy measured only at ambient pressure for the TmP group was
compared with the Normal ear group. The mean WBTayg absorbance values of TmP group
at ambient pressure was lower (0.45 £+ 0.15 SD, Range: 0.09 - 0.82) compared to the
Normal ear group (0.60 = 0.06 SD, Range: 0.40 - 0.74). The results of the Independent-
sample T-test showed a significant difference [t(132.96) = 12.232, p<0.05, np? = 0.92]

between the TmP group and Normal ear group with large effect size. A similar result was

also obtained using a non-parametric Mann-Whitney U test [U=2188, p<0.05, r=0.6].
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Receiver Operating Characteristic (ROC) analysis was performed for those
frequencies at which significant difference in absorbance values was observed between the
groups, i.e. from 250 Hz to 2500 Hz, 5000 Hz, 6000 Hz in both pressure conditions and
WBTayg at ambient pressure. This analysis was performed to evaluate the test's accuracy in
classifying the ear as normal or having a TmP. The ROC curve is plotted as a function of
sensitivity and 1-specificity. Figure 4.9 shows the ROC obtained at 250 Hz to 2500 Hz,
5000 Hz, 6000 Hz for both pressure conditions and WBTayg at ambient pressure. The ROC
is passed over the diagonal line with an area under the ROC value >0.5, indicating perfect
discrimination at all the significant frequencies. Among those, the frequencies of 250 Hz,
300 Hz, and 1000 Hz to 2000 Hz and WBTavg at ambient pressure were closer to the top
left-hand corner, indicating better prediction performance with a higher AUROC value of

0.8 and above.
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(a). ROC curves comparing WBA of Tympanic membrane perforation and
Normal ear [n=150] groups at peak pressure
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(b). ROC curves comparing WBA of Tympanic membrane perforation and
Normal ear [n=150] groups at ambient pressure
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Figure 4.9 ROC curves and AUROC (A) values of WBA measured across the frequencies
and WBTayg at which significant difference has been obtained for (a) peak pressure and (b)
ambient pressure between the Tympanic membrane perforation and Normal ear [n=150]
groups.

The sensitivity and specificity calculated at the established criterion point based on
the Youden index showed high specificity of greater than 88% in almost all frequencies.
In contrast, the sensitivity was found to be below 88% in all these frequencies. The
sensitivity and specificity were seen to be highest for mid-frequencies at 1250 Hz, 1500

Hz and 2000 Hz with identical cut-off criterion values for both the peak and ambient

pressure conditions, as shown in Table 4.12.
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Table 4.12

The AUROC, 95% CI, Youden Index point, criterion point with sensitivity and specificity
measured at peak and ambient pressure across frequencies between the Tympanic
membrane perforation and Normal ear [n=150] groups

Cut-off o e
cz;?;ilijorr?s Frequency (HZ) AUROC  95% CI IT} g‘ége(;‘) Criterion Se”(i'/i')v Ity Spe(co'/f)')c'ty
point
250 086  08L-091 059  <0.10 68.81 90.00
300 082  076-087 054  <0.11 64.20 90.00
400 073  066-080 047  <0.15 55.05 92.00
500 069  062-077 046 <026 63.39 83.33
600 0.66  058-074 046 <030 49.54 96.67
800 071  063-078 055  <0.53 58.72 96.67
Peak 1000 084  078-089 063  <0.69 68.81 94.00
Pressure 1250 090 086-094 073  <0.69 76.15 97.33
1500 093  090-096 075  <0.74 87.16 88.00
2000 088  083-092 069  <0.74 76.15 93.30
2500 073  067-079 038  <0.64 50.46 88.00
5000 069  062-075 03 >0.27 56.88 73.30
6000 079  073-085 048  >0.25 55.05 93.33
WBTag - . . . . .
250 082  077-08 054 <007 60.55 94.00
300 080  075-086 054  <0.09 58.72 95.33
400 075  069-08 050  <0.13 56.80 93.33
500 072  065-079 048 <020 55.05 93.33
600 068  061-076 046 <030 53.21 93.33
800 072  064-079 050  <0.48 56.88 93.33
Ambient 1000 085  079-090 060  <0.66 69.72 90.67
pressure 1250 0.89 0.85-0.94 0.73 <0.66 74.31 98.67
1500 093  090-096 076  <0.74 86.24 90.00
2000 087  082-092 067 <074 7431 92.67
2500 071  065-078 036  <0.63 47.71 88.67
5000 068  061-075 032  >0.26 63.30 68.67
6000 078  072-084 046  >0.28 50.46 96.00
WBTag 087 081-092 072 <054 77.06 94.67

Note. AUROC — Area under ROC curve, Cl — Confidence interval. Shaded area indicates high sensitivity
and specificity
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In summary, the WBA measured at the peak, and ambient pressure was lesser at low
and mid-frequencies up to 2500 Hz for ears with TmP compared to the normal ears. The
pattern observed for WBA measurements across the frequencies showed three evident
maxima for TmP group, compared to two relatively non-evident maximum peaks seen for
the Normal ears. High sensitivity (>70%) and specificity (>90%) was observed in the mid-
frequency region from 1250 Hz to 2000 Hz. Further, WBTayg is obtained only at ambient
pressure for ears with TmP and is lower than the Normal ears. The sensitivity and
specificity of WBTayg at ambient pressure was 77% and 95%, respectively, at a cut-off
criterion point of <0.54 average absorbance value. The summary of the findings and the
differential criteria compared to the normal ear is provided in Table 4.13.

Table 4.13

Summary of the findings of TmP group and differential criteria in comparison to Normal

ear
Parameters TmP Group (in-comparison to Normal ear)

WBA across frequencies from - Lower absorbance value up to 2500 Hz and

250 Hz to 8000 Hz higher at 5000 and 6000 Hz

WBA pattern - Three maxima peak at 1000 Hz, 3000 Hz and
6000 Hz, compared to 02 relatively non-evident
broad peaks at 1250 Hz and 2000 Hz.

WBTavg - Lower WBTayg compared to the normal ear with
77% sensitivity and 95% specificity at ambient
pressure.

Differential criteria Mid-frequencies from 1250 Hz to 2000 Hz

showed maximum sensitivity and specificity
and suggested using these frequencies
absorbance values for differentiation.
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4.5.2 Middle ear effusion (MEE)

The middle ear effusion group consisted of 122 ears without having tympanic
membrane perforation and are compared with 150 randomly selected normal ears from
Group 1. The details of the Normal ear group (Group I) have been given under section 4.4.
A 226 Hz tympanometry for the MEE effusion group showed a ‘B’ type tympanogram and
had the average ear canal volume of 1.16 + 0.27 ml (Range = 0.57 - 1.94 ml). Though the
TPP was not obtained for 226 Hz probe tone, WBT measurements showed a peak pressure
(the reason has been given under 4.4a), and the mean TPP was -244 + 179.83 (-395 to - 60
daPa). Thus, with the estimated TPP of WBT measurements, the WBA at peak pressure
was extracted from the MEE group for all frequencies and compared with the Normal ear
group along with ambient pressure conditions. Whereas the WBTayg Was obtained only at
the ambient pressure condition and not at peak pressure. The descriptive statistics (mean,
SD, and median) of the MEE group are shown in Table 4.7.

The MEE group exhibited a significant reduction in the absorbance values at all the
frequencies compared to the Normal ear group for both the pressure conditions, as shown
in Figure 4.10. The WBA of the MEE group was minimal at 250 Hz, 6000 Hz and 8000
Hz, similar to that of the Normal ear group. It increased gradually as the frequency
increased to a maximum at around 2000 Hz and 2500 Hz. Beyond 2500 Hz, the WBA
decreases sharply, reaching a minimum at 6000 Hz. The WBA obtained at the peak and

ambient pressure is similar for the MEE group.
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(a). WBA measured across frequencies between Normal ear [n=150]
and Middle ear effusion [n=122] group at peak pressure
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(b). WBA measured across frequencies between Normal ear [n=150]
and Middle ear effusion [n=122] group at ambient pressure

1.0

Absorbance

0.0

=— Normal ear group
== MEE group x *
Normative range (10-90%)

T T T ] ] ] T T T T T ] T 1 T ]
250 300 400 500 600 800 1000 1250 1500 2000 2500 3000 4000 5000 6000 8000
Frequency (Hz)

Figure 4.10 Graphical representation of mean WBA of Middle ear effusion and Normal
ear [n=150] groups obtained at (a) peak pressure and (b) ambient pressure across

frequencies [Colour shaded region represents 95% CI; *indicates significant difference,

p<0.05 with medium to large effect size].
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The mixed ANOVA was performed to study the effect of pressure conditions and
groups. The results showed a significant main effect of Group [F(1,270)=2059.77, p<0.05,
Mp?=0.88], pressure conditions [F(1,270)=43.512, p<0.05, m?>=0.14] and frequency
[F(4.409, 71.524)=1190.734, p<0.05, np>=0.82]. A significant interaction effect was seen
between frequency and Group [F(4.509,16.627)= 276.816, p<0.05, np?=0.51]; Pressure
conditions and frequency [F(4.254, 1148.613)= 18.554, p<0.05, np>=0.06]; and between
pressure conditions, frequency and Group [F(4.254, 1148.613)= 4.736 p<0.05, n,?=0.02],
indicating that the WBA varied between the groups and pressure conditions across the
frequency range. The interaction between pressure conditions and Group [F(1,270)=0.011,
p>0.05, 1p2=0.00] was not significant.

Further, the statistical analysis using the MANOVA was done to identify the
frequencies at which there exists a significant difference in WBA between the groups. A
statistically significant at all frequencies (p<0.05) was observed for both the pressure
conditions, as shown in Table 4.14. However, the effect size was small for 8000 Hz
indicating the difference between groups is not truly significant. The non-parametric

Mann-Whitney U test also showed similar results and are provided in Annexure 4.7.
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Table 4.14
Summary of MANOVA results and its significant level of WBA obtained between Middle

ear effusion and Normal ear [n=150] groups at peak and ambient pressure conditions

Frequency Peak pressure Ambient pressure

(Hz) (df, errorF:1,27O) P e’ (df, errorF:l,270) P e’

250 112.305 <0.01* 0.29 90.447 <0.01* 0.25
300 115.199 <0.01* 0.30 82.764 <0.01* 0.24
400 148.022 <0.01* 0.35 97.6 <0.01* 0.27
500 235.801 <0.01* 0.47 185.374 <0.01* 0.41
600 513.349 <0.01* 0.66 421.887 <0.01* 0.61
800 1427.605 <0.01* 0.84 1149.32 <0.01* 0.81
1000 1624.344 <0.01* 0.86 1507.974 <0.01* 0.85
1250 1435.475 <0.01* 0.84 1513.579 <0.01* 0.85
1500 1152.315 <0.01* 0.81 1145.586 <0.01* 0.81
2000 1065.726 <0.01* 0.80 1113.634 <0.01* 0.81
2500 709.075 <0.01* 0.72 696.451 <0.01* 0.72
3000 388.068 <0.01* 0.59 376.387 <0.01* 0.58
4000 107.25 <0.01* 0.28 117.078 <0.01* 0.30
5000 29.971 <0.01* 0.10 40.357 <0.01* 0.13
6000 24.182 <0.01* 0.08 36.469 <0.01* 0.12
8000 4.981 0.03 0.02 7.027 0.01 0.03

Note. df—Degrees of freedom, F—F-test statistic, p - Significant level, and n,? - Effect size of Partial Eta square
values. *The actual p-value was not depicted as the initial three values after the decimals were zero. The
shaded region indicates a significant difference with medium to large effect size.

Comparison of WBA obtained between the pressure conditions showed slightly
lower absorbance at ambient pressure for low frequencies and slightly higher at high
frequencies than peak pressure in the MEE group, as shown in Figure 4.11. A similar
pattern is also observed in the Normal ear group (Figure 4.5). The Paired-T test with

Bonferroni corrections showed a significant difference in absorbance values between the

pressure conditions (p<0.003) for frequencies between 500 Hz and 1000 Hz having
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medium to large effect size as shown in Table 4.15. The non-parametric Wilcoxon signed-

rank test also had similar results and are provided in Annexure 4.8.

WBA at peak and ambient pressure across frequencies in

Middle ear effusion group
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Figure 4.11 Graphical representation of mean WBA [vertical lines denoting 95% CI]
measured at peak pressure and ambient pressure across frequencies in the Middle ear

effusion group. *indicates corrected significant difference, p<0.003 with medium to large

effect size.
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Table 4.15
Summary of Paired T-test results and its significant level of WBA obtained between the

pressure conditions (peak, ambient) in Middle ear effusion group

Frequency (Hz) t (df = 121) p np?
250 1.374 0.172 0.02
300 0.868 0.387 0.01
400 1.397 0.165 0.02
500 3.179 0.002 0.08
600 4.955 <0.001* 0.17
800 5.486 <0.001* 0.20

1000 4,726 <0.001* 0.16
1250 2.372 0.019 0.04
1500 1.397 0.165 0.02
2000 2.45 0.016 0.05
2500 2.242 0.027 0.04
3000 1.043 0.299 0.01
4000 2.509 0.013 0.05
5000 2.496 0.014 0.05
6000 3.442 0.001 0.09
8000 -1.859 0.065 0.03

Note. t- t-test statistics value, ny? — Effect size of Partial Eta square values, and p - Significant level. *corrected
required significant level is p<0.003 for WBA across frequencies and also the actual p-value was not depicted
as the initial three values after the decimal were zero. The shaded region indicates a significant difference
with medium to large effect size.

With regard to WBTayg, the analysis was done only at the ambient pressure in ears
with MEE. The MEE group had a lower WBTayg absorbance value of 0.26 + 0.09 (Range:
0.10 to 0.48) compared to the Normal group at ambient pressure. The Independent Sample
T-test was used to evaluate the difference in WBTayg absorbance value between the groups
(MEE vs Normal group). The results showed a statistically significant WBTavg absorbance
values [t(198.275) = 38.336, p<0.05, np> =0.88] between the groups with a large effect size
(np? >0.14). A similar result was also obtained using a non-parametric Mann-Whitney U

test [U=14.00, p<0.05, r=0.9].
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The sensitivity and specificity were established for the MEE group at a specific cut-
off criterion point for all the frequencies identified as significant using the ROC analysis.
WBA data considered were the frequencies from 250 Hz to 6000 Hz for both the pressure
conditions and WBTayg at ambient pressure. The ROC curve for each of the significant
frequencies at both the pressure conditions was above the diagonal line with an AUROC
value greater than 0.5, indicating good discrimination between the ear with MEE and
without disorders, as shown in Figure 4.12. Among those, the frequencies from 800 Hz to
3000 Hz are most sensitive, having a high AUROC of 0.96 and above. These frequencies
have high sensitivity and specificity of greater than 85% for both the pressure conditions
in the estimated cut-off criterion point. While the frequencies from 250 Hz to 600 Hz and
4000 Hz has AUROC value that ranged between 0.8 and 0.9 with sensitivity and specificity
of above 72%. However, the high frequencies at 5000 Hz and 6000 Hz has poor sensitivity
of less than 55%, but the specificity is above 70%, with an AUROC value between 0.67
and 0.75. The cut-off criterion point estimated using the Youden index point for each
frequency is shown in Table 4.16.

The WBTayg absorbance value has an AUROC value of 1, indicating perfect
discrimination between MEE and Normal ears. It has a 100% sensitivity and 98.67%
specificity at a cut off criterion point of <0.48 absorbance value. As a whole, mid-
frequencies from 800 Hz to 3000 Hz and WBTayg Were the most sensitive in identifying

the MEE from the Normal ear group.
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Table 4.16

The AUROC, 95% CI, Youden Index point, criterion point with sensitivity and specificity
measured at peak and ambient pressure across frequencies between the Middle ear
effusion and Normal ear [n=150] groups

s e AUROC mect VoM O S S
250 0.84 0.79-0.88 0.64 <0.11 78.69 85.33
300 0.84 0.78-0.88 0.64 <0.12 75.41 88.67
400 0.84 0.79-0.88 0.64 <0.17 74.60 89.33
500 0.88 0.84 - 0.93 0.69 <0.21 73.77 95.33
600 0.96 0.92-0.97 0.79 <0.30 86.07 92.67
800 1.00 0.99 - 1.00 0.97 <0.52 100.00 97.33
1000 1.00 0.98 - 1.00 0.97 <0.58 96.72 96.72
Peak 1250 1.00 0.98 - 1.00 0.97 <0.66 97.54 99.33
Pressure 1500 1.00 0.98 - 1.00 0.97 <0.64 97.54 99.33
2000 1.00 0.97 - 1.00 0.97 <0.70 100.00 97.33
2500 0.99 0.98 - 1.00 0.89 <0.62 98.67 90.67
3000 0.96 0.93-0.98 0.81 <0.48 92.62 88.67
4000 0.82 0.77 - 0.87 0.49 <0.30 73.77 75.33
5000 0.70 0.64 - 0.77 0.33 <0.16 52.46 80.67
6000 0.67 0.61-0.74 0.29 <0.11 54.92 74.00
250 0.80 0.75-0.85 0.59 <0.07 64.75 94.00
300 0.80 0.75-0.85 0.60 <0.08 64.75 95.33
400 0.80 0.74 - 0.86 0.60 <0.13 63.93 96.00
500 0.86 0.81-0.90 0.65 <0.23 78.70 86.00
600 0.95 0.92-0.97 0.79 <0.30 86.07 92.67
800 1.00 0.98 - 1.00 0.98 <0.45 100.00 98.00
1000 1.00 0.99 - 1.00 0.95 <0.56 96.72 98.67
Ambient 1250 1.00 0.99 - 1.00 0.97 <0.64 97.54 99.33
pressure 1500 1.00 0.98 - 1.00 0.95 <0.64 96.72 98.67
2000 1.00 0.98 - 1.00 0.95 <0.68 99.18 96.00
2500 0.99 0.96 - 1.00 0.90 <0.62 100.00 90.00
3000 0.96 0.94 - 0.98 0.81 <0.49 93.44 88.00
4000 0.83 0.78 - 0.87 0.53 <0.34 84.43 68.67
5000 0.75 0.69 - 0.80 0.40 <0.18 65.57 74.00
6000 0.72 0.66 - 0.77 0.35 <0.10 56.56 78.00
WBTayg 1.00 0.99 - 1.00 0.99 <0.48 100.00 98.67

Note. AUROC — Area under ROC curve, Cl — Confidence interval. Shaded area indicates high sensitivity
and specificity
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ROC curves comparing WBA of Middle ear effusion and Normal ear [n=150] groups at

(a). Peak pressure (b). Ambient pressure
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Figure 4.12 ROC curves and AUROC (A) values of WBA measured across the frequencies
and WBTayg at which significant difference has been obtained for (a) peak pressure and (b)
ambient pressure between the Middle ear effusion and Normal ear [n=150] groups.

In summary, the MEE group had a lower WBA for all the frequencies than the normal
ear in both pressure conditions. However, the WBA pattern was almost similar for both
groups, with a broad and higher absorbance pattern for the Normal ear group and a
gradually rising pattern for the MEE group. High sensitivity and specificity of greater than
70% were seen for all the frequencies except at 5000 Hz and 6000 Hz, with the most
sensitive being mid-frequencies from 600 Hz to 3000 Hz. Further, WBTayg at ambient
pressure for ears with MEE found to have high sensitivity and specificity of greater than
98%. The summary of the findings and the differential criteria compared to the Normal ear

group is provided in Table 4.17.
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Table 4.17
Summary of the findings of Middle ear effusion group and differential criteria in

comparison to Normal ear group

Parameters MEE group (in comparison to the Normal ear)

WBA across frequencies from Drastic reduction of absorbance for all the

250 Hz to 8000 Hz frequencies compared to the Normal ear group.

WBA pattern - A gradually rising pattern with a single peak
around 2000 Hz and 2500 Hz, compared to 02
relatively non-evident broad peaks at 1250 Hz
and 2000 Hz.

WBTavg - Lower WBTayg compared to the normal ear at
ambient pressure with the sensitivity and
specificity of 100% and 98.67%.

Differential criteria - Mid-frequencies from 800 Hz to 3000 Hz
showed maximum sensitivity and specificity
and suggested using these frequencies

absorbance values for differentiation.
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4.5.3 Otosclerosis

The WBA data of 140 ears of having Otosclerosis were compared with 150 randomly
selected normal ears from the Group I. All the participants in the Otosclerosis group had
‘As’ type tympanogram, with the mean static admittance of 0.30 + 0.35 mmho (Range=
0.15 to 0.48 mmho), TPP of -10.84 + 21.28 daPa (Range = -97 to 47 daPa) and the mean
ear canal volume of 0.96 + 0.24 ml (Range=0.51 to 1.92 ml). The mean TPP obtained in
WBT measurements for ears with Otosclerosis was -9.87 + 20.28 daPa (Range = -85 to 50
daPa).

Figure 4.13 shows the WBA measured across frequencies in ears with Otosclerosis
compared to the Normal ear group. The Otosclerosis group showed a minimum absorbance
at 250 Hz and gradually increased steeply with an increase in frequency to a maximum
absorbance value around 2000 Hz and 2500 Hz. Further, the absorbance values decreased
steeply to a minimum value at 6000 Hz and beyond. Moreover, the WBA pattern observed
in the Otosclerosis group is a single narrow peak with a maximum absorbance seen at 2000
Hz and 2500 Hz. Table 4.7 showed the descriptive statistics (mean, SD, and median) of the
Normal ear group and the Otosclerosis group. The Otosclerosis group has lower absorbance
value for the low and mid-frequencies up to 2000 Hz compared to the Normal ear group.
At high frequencies above 2000 Hz, the absorbance values were similar for both the groups.
Also, the WBA data obtained at peak pressure and ambient pressure were similar for both

the groups.
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(a). WBA measured across frequencies between Normal ear [n=150]
and Otosclerosis [n=140] group at peak pressure

0.8+

Absorbance
o
>

1L

o
a
1

0.2+

== Normal ear group
-=- QOtosclerosis group x
Normative range (10-90%)

T T T T T T T T T T T T T T T T
250 300 400 500 600 800 1000 1250 1500 2000 2500 3000 4000 5000 6000 8000

Frequency (Hz)

(b). WBA measured across frequencies between Normal ear [n=150]
and Otosclerosis [n=140] group at ambient pressure
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Figure 4.13 Graphical representation of mean WBA of Otosclerosis and Normal ear
[n=150] groups obtained at (a) peak pressure and (b) ambient pressure across frequencies
[Colour shaded region represents 95% CI; *indicates significant difference, p<0.05 with

medium to large effect size].
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Using a mixed ANOVA, the significant main effect of the group [F(1,288)=569.667,
p=0.00, 11p>=0.66], pressure [F(1,288)=112.784, p<0.05, ny>=0.28] and frequency [F(3.6,
1036.809) = 2167.754, p<0.05, n,>=0.88] was observed. A significant interaction effect
was also seen between frequency and pressure [F(3.597, 1036.23)=39.066, p<0.05,
Mp?=0.12]; and frequency and Group [F(3.6, 1036.809)= 160.468, p=0.00, p<0.05,
Mp?=0.36]; demonstrating that WBA varied with pressure and group across the frequency.
Though the third-order interaction between pressure conditions, frequency and Group
[F(3.597, 1036.23)= 8.696, p<0.05, np>=0.00] was significant, the effect size is too small
to be considered as truly significant. Whereas, the interaction between pressure conditions
and Group [F(1,288)=0.319, p>0.05, 1,2=0.00] was not significant.

To investigate the frequencies at which a significant group difference occurred,
MANOVA was performed. The results showed statistically significant differences in
absorbance values between the two groups for low and mid-frequencies up to 2000 Hz for
both pressure conditions. The effect size for those significant frequencies from 250 Hz to
1500 Hz was large, and the medium effect size was seen at 2000 Hz, as shown in Table
4.18. Similar results were obtained using the non-parametric Mann-Whitney U test with
significant difference seen up to 2000 Hz. The statistical results of the Mann-Whitney U

test are provided in Annexure 4.9.
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Table 4.18
Summary of MANOVA results and its significant level of WBA obtained between the

Otosclerosis and Normal ear [n=150] groups at peak and ambient pressure conditions

Peak pressure Ambient pressure
Frequency F p Np? F p N’
(H2) (df, Error =1, 288) (df, Error =1, 288)
250 408.715 <0.01* 0.59 337.013 <0.01* 0.54
300 414.268 <0.01* 0.59 367.649 <0.01* 0.56
400 481.6 <0.01* 0.63 475.572 <0.01* 0.62
500 415.237 <0.01* 0.59 462.819 <0.01* 0.62
600 534.234 <0.01* 0.65 569.577 <0.01* 0.66
800 904.296 <0.01* 0.76 904.058 <0.01* 0.76
1000 921.86 <0.01* 0.76 921.265 <0.01* 0.76
1250 404.092 <0.01* 0.58 473.856 <0.01* 0.62
1500 117.317 <0.01* 0.29 139.758 <0.01* 0.33
2000 27.047 <0.01* 0.09 24.654 <0.01* 0.08
2500 0.07 0.79 0.00 0.138 0.71 0.00
3000 3.002 0.08 0.01 2.632 0.11 0.01
4000 4.184 0.06 0.01 4.094 0.06 0.01
5000 1.857 0.17 0.01 1.296 0.26 0.00
6000 0.039 0.84 0.00 0.084 0.77 0.00
8000 0.003 0.96 0.00 0.126 0.72 0.00
WBTayg 9.591 0.00 0.03 661.504 <0.01* 0.697

Note. df—Degrees of freedom, F—F-test statistic, p - Significant level, and n,? - Effect size of Partial Eta square
values. *The actual p-value was not depicted as the initial three values after the decimals were zero. The
shaded region indicates a significant difference with medium to large effect size.

In comparing pressure conditions (peak, ambient) within the Otosclerosis group, a
lower WBA at lower frequencies and higher absorbance values at high frequencies were
observed in the ambient pressure compared to the peak pressure conditions and is similar
to that has been observed in Normal ear group. However, such a difference was seen only

at low and mid-frequencies of up to 1500 Hz, as shown in Figure 4.14. Paired T-test with

Bonferroni corrections showed a significant difference (p<0.003) in absorbance values
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between the pressure conditions up to 1250 Hz for the Otosclerosis group, as shown in
Table 4.19. The effect size was large (ny? >0.14) for frequencies from 250 Hz to 1000 Hz
and medium at 1250 Hz (n,®> >0.06). The non-parametric Wilcoxon signed-rank test
showed similar statistical significance results (p<0.003), and the results are tabulated in
Annexure 4.10.

WBA at peak and ambient pressure across frequencies in

Otosclerosis group
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Figure 4.14 Graphical representation of mean WBA (vertical lines denoting 95% CI)
measured at peak pressure and ambient pressure across frequencies in the Otosclerosis

group. *indicates corrected significant difference, p<0.003 with medium to large effect

size.
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Table 4.19
Summary of Paired T-test results and its significant level of WBA obtained between the

pressure conditions (peak, ambient) in the Otosclerosis group

Frequency (Hz) t (df =139) p Np?
250 4.38 <0.001* 0.12
300 4.565 <0.001* 0.13
400 5.144 <0.001* 0.16
500 5.079 <0.001* 0.16
600 5.126 <0.001* 0.16
800 6.497 <0.001* 0.23
1000 7.303 <0.001* 0.28
1250 6.616 <0.001* 0.24
1500 3.871 <0.001* 0.10
2000 -0.657 0.512 0.00
2500 -0.029 0.977 0.00
3000 0.819 0.414 0.00
4000 -3.044 0.003 0.06
5000 0.753 0.453 0.00
6000 0.947 0.345 0.01
8000 -2.743 0.007 0.05

WBTayg -7.728 <0.001* 0.17

Note. t- t-test statistics value, n,? — Effect size of Partial Eta square, and p - Significant level. *corrected required
significant level is p<0.003 for WBA across frequencies and p<0.05 for WBTayg, and also the actual p-value
was not depicted as the initial three values after the decimals were zero. The shaded region indicates a
significant difference with medium to large effect size.

Apart from WBA across the frequencies, the WBTayg measurements obtained at peak
and ambient pressure were compared between the Otosclerosis and Normal ear group. The
mean WBTavg 0f Otosclerosis group at peak pressure and ambient pressure was 0.56 + 0.14
(Range = 0.16 to 0.75) and 0.37 + 0.10 (Range= 0.09 to 0.78) respectively. The
Independent Sample T-test was used to evaluate the difference in WBTayg absorbance value

between the groups (Otosclerosis vs Normal ear group) at peak pressure and ambient

pressure conditions. The results showed a statistically significant in WBTayg absorbance
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values at peak pressure [t(217.093) = 25.269, p<0.05, np?> =0.04] having small effect size
(np? <0.06) and at ambient pressure [t(242.179) = 3.057, p<0.05, np? =0.75] with a large
effect size (np?>0.14). The mean WBTayg Was lower for Otosclerosis group than the Normal
ear group with a greater mean difference of 0.26 seen at ambient pressure and 0.05 at peak
pressure. A similar result was also obtained using a non-parametric Mann-Whitney U test
at peak pressure [U=8996.5, p<0.05, r=0.1] and ambient pressure [U=618.50, p<0.05,
r=0.8].

Within-group comparison using paired T-test showed a significant difference
between pressure conditions [t(139) = -14.08, p<0.05, n,>=0.59] having a large effect size
in the Otosclerosis group. The mean WBTayg of the Otosclerosis group was lower at
ambient pressure compared to the peak pressure. Similar results were obtained using the
non-parametric Wilcoxon signed-rank test [Z= -6.626, p<0.05, = 0.6].

A ROC analysis was performed to investigate the sensitivity and specificity and
establish a cut-off criterion point. The WBA data considered for ROC analysis were from
250 Hz to 2000 Hz and WBTayg at peak and ambient pressure. The ROC curve for all the
frequencies (250 Hz to 2000 Hz) and also for WBTayg lying above the diagonal line
indicating good discrimination (p<0.05) between the groups, i.e. Normal ear and
Otosclerosis group (Figure 4.15). However, high sensitivity and specificity were seen for
frequencies up to 1250 Hz. Table 4.20 shows the AUROC value with 95% CI obtained for
WBA for each of the frequencies and WBTayg at peak and ambient pressure conditions.
The sensitivity and specificity obtained at specific cut-off criteria based on the Youden

index point are also shown in Table 4.20.
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ROC curves comparing WBA of Otosclerosis and Normal ear [n=150] groups at
(a). Peak pressure (b). Ambient pressure
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Figure 4.15 ROC curves and AUROC (A) values of WBA measured across the frequencies
and WBTayg at which significant difference has been obtained for (a) peak pressure and (b)

ambient pressure between the Otosclerosis and Normal ear [n=150] groups.

The AUROC value was high that ranged above 0.95 for frequencies from 250 Hz to
1250 Hz in both the pressure conditions with high sensitivity and specificity of greater than
80%. However, reduced sensitivity and specificity with lower AUROC values (<0.8) were
seen at 1500 and 2000 Hz. The cut-off criterion point estimated using the Youden index
was identical in peak and ambient pressure conditions at 300 Hz and from 800 Hz to 1250
Hz, as shown in Table 4.20. The cut-off criterion points for other frequencies are almost
similar in both pressure conditions. Similarly, ROC measured for WBTayg showed high
accuracy (>95% sensitivity and specificity) in differentiating the Otosclerosis from the

normal ear with a high AUROC value (0.97) at ambient pressure.
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Table 4.20

The AUROC, 95% CI, Youden Index point, criterion point with sensitivity and specificity
measured at peak and ambient pressure across frequencies and WBTayg between the
Otosclerosis and Normal ear [n=150] groups

Pressure Frequency o Youden Cut-off Sensitivity  Specificity
conditions (Hz) AUROC  95% Cl Index (j)  Criterion point (%) (%)
250 0.95 0.92 - 0.97 0.82 <0.12 94.29 87.33
300 0.95 0.92-0.98 0.84 <0.14 87.86 96.00
400 0.96 0.93-0.98 0.87 <0.22 92.14 94.67
500 0.96 0.93-0.99 0.92 <0.30 94.29 97.33
Peak 600 0.96 0.94-0.99 0.95 <0.47 95.71 99.33
ea
800 0.97 0.95-1.00 0.93 <0.61 93.57 99.33
Pressure
1000 0.98 0.96 - 1.00 0.79 <0.73 87.86 91.33
1250 0.96 0.93-0.98 0.48 <0.75 83.57 84.00
1500 0.81 0.58-0.70 0.26 <0.82 50.00 76.00
2000 0.64 0.45-0.56 0.06 <0.85 66.00 41.00
WBTayg 0.57 0.50-0.64 0.21 <0.47 30.71 90.00
250 0.94 0.91-0.97 0.80 <0.09 85.00 95.33
300 0.95 0.92 -0.97 0.83 <0.14 90.71 92.67
400 0.96 0.94-0.98 0.85 <0.18 90.71 94.67
500 0.96 0.94 - 0.99 0.89 <0.26 95.71 93.33
600 0.97 0.95-0.99 0.94 <0.43 96.43 98.00
Ambient
800 0.98 0.96 - 1.00 0.94 <0.61 96.43 97.33
pressure
1000 0.98 0.96 - 1.00 0.82 <0.73 92.14 90.00
1250 0.97 0.95-0.99 0.53 <0.75 85.71 87.33
1500 0.84 0.79-0.88 0.26 <0.87 67.14 59.33
2000 0.64 0.58-0.71 0.06 <0.87 60.00 33.33
WBTayg 0.97 0.95-0.99 0.21 <0.50 95.00 97.33

Note. AUROC — Area under ROC curve, Cl — Confidence interval, the shaded area indicates high sensitivity
and specificity

In summary, the WBA at low and mid-frequencies from 250 Hz to 2000 Hz was
lower for the Otosclerosis group than the Normal ear group. However, the high sensitivity
and specificity were seen up to 1250 Hz for both the pressure conditions. The Otosclerosis

group has a single maximum at 2000 Hz with a narrow peak around 2000 to 2500 Hz.
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Further, WBTavg measured at ambient pressure has high accuracy at a cut-off point of 0.50
absorbance value and can be considered for differentiating Otosclerosis from the Normal
ears. The summary of the findings and the differential criteria compared to the normal ear

is provided in Table 4.21.

Table 4.21
Summary of the findings of Otosclerosis group and differential criteria in comparison to

Normal ear group

Parameters Otosclerosis group (in-comparison to Normal ear)

WBA across frequencies
from 250 Hz to 8000 Hz

Lower absorbance value up to 2000 Hz

WBA pattern - Assingle sharp maximum peak at around 2000 Hz
and 2500 Hz in the Otosclerosis group

WBTavg - Lower absorbance only at ambient pressure
condition with a sensitivity of 95% and specificity
of 97.33%.

Differential criteria - High sensitivity and specificity at lower and mid-

frequencies up to 1250 Hz can be considered for
differential diagnosis of Otosclerosis from the
normal ear.
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4.5.4 Eustachian tube dysfunction (ETD)

In the ETD group, data were obtained from 106 ears and compared with 150
randomly selected normal ears from Group 1. All the participants in the ETD group had ‘C’
type tympanogram having the mean TPP of -191.28 + 78.84 daPa (Range = -397 to -101
daPa), and the mean static admittance of 0.64 + 0.39 mmho (Range = 0.24 to 1.46 mmho)
obtained using 226 Hz probe tone frequency. The average ear canal volume obtained in
ETD group was 1.12 + 0.25 cc (Range = 0.52 to 1.88 cc). Also, the TPP recorded during
WBT measurements for the ETD group was -157.18 + 144.14 daPa (Range = -399 to -101
daPa).

The descriptive statistics (mean, median, and SD) of WBA across the frequencies
and WBTayg measured in the ETD group for both the pressure conditions are shown
previously in Table 4.7. The WBA obtained in the ETD group was minimal at 250 Hz and
increased as the frequencies increased up to 2000 Hz. The WBA reached a maximum at
2000 Hz and thereon reduced further, reaching a minimum absorbance value at 6000 Hz
and above. Though the WBA pattern was similar to that of the Normal ear group, reduced
absorbance was seen for all frequencies up to 3000 Hz in both the pressure conditions, as
shown in Figure 4.16. However, the reduction in absorbance in the ETD group was more
at ambient pressure conditions compared to the peak pressure. At high frequencies above

3000 Hz, the WBA are nearly similar between the groups in both pressure conditions.
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(a). WBA measured across frequencies between Normal ear [n=150] group
and Eustachian tube dysfunction [n=106] group at peak pressure
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(b). WBA measured across frequencies between Normal ear [n=150]
and Eustachian tube dysfunction [n=106] group at ambient pressure
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Figure 4.16 Graphical representation of mean WBA of Eustachian tube dysfunction and
Normal ear [n=150] groups obtained at (a) peak pressure and (b) ambient pressure across
frequencies [Colour shaded region represents 95% CI; *indicates significant difference,
p<0.05 with medium to large effect size].
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A mixed ANOVA was performed to study the effect of pressure conditions as within-
subject conditions and groups as between-subject conditions. There were a significant main
effect of Group [F(1,254)=335.47, p<0.05, np>=0.57], pressure conditions [F(1,254)=
476.3, p<0.05, np?=0.65] and frequency [F(3.767, 956.801)= 1414.464, p<0.05, np>=0.87].
Further, the analyses showed a significant second order interaction effect between
frequency and Group [F(3.767, 956.801)= 65.399, p<0.05, np?=0.21]; Group and pressure
conditions [F(1,254)= 344.809, p<0.05, n?>=0.58]; and the frequency and pressure
conditions [F(3.964, 1006.745)= 121.122, p<0.05, np?=0.21]. Also, the third order
interaction effect between frequency, pressure conditions and Group [F(3.964, 1006.745)

= 86.768, p<0.05, np>=0.26] was significant.

Further analysis was done to see whether there exists a significant difference in
absorbance values between the groups in each of the frequencies. Analysis using the
MANOVA showed a significant difference for all frequencies (p<0.05) except the higher
frequencies from 4000 Hz and above, for both the pressure conditions, as shown in Table
4.22. At peak pressure condition, the effect size was medium (np>>0.06) for the lower
frequencies from 250 Hz to 600 Hz and large (n,>>0.14) for mid frequencies from 800 Hz
to 3000 Hz. A large effect size (1p?>>0.14) was seen in ambient pressure condition for all
those significant frequencies (250 Hz to 3000 Hz). As indicated earlier, the mean
absorbance values were lower for the ETD group for the low and mid-frequencies up to
3000 Hz, with a large difference seen at ambient pressure conditions. The non-parametric
Mann-Whitney U test also showed similar results of significant difference, and the

statistical values are provided in Annexure 4.11.
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Table 4.22
Summary of MANOVA results and its significant level of WBA obtained between the
Eustachian tube dysfunction and Normal ear [n=150] groups at peak and ambient

pressure conditions

Peak pressure Ambient pressure
Frequency

F 2 F 2
(Hz) (df, error =1,254) P e (df, error =1,254) P e
250 28.697 <0.01* 0.10 205.286 <0.01* 0.45
300 21.273 <0.01* 0.08 215.404 <0.01* 0.46
400 17.417 <0.01* 0.06 278.235 <0.01* 0.52
500 17.807 <0.01* 0.07 406.021 <0.01* 0.62
600 31.714 <0.01* 0.11 564.704 <0.01* 0.69
800 66.065 <0.01* 0.21 696.730 <0.01* 0.73
1000 81.951 <0.01* 0.24 656.380 <0.01* 0.72
1250 71.143 <0.01* 0.22 411.621 <0.01* 0.62
1500 46.019 <0.01* 0.15 224.997 <0.01* 0.47
2000 46.102 <0.01* 0.15 139.067 <0.01* 0.35
2500 45,191 <0.01* 0.15 75.846 <0.01* 0.23
3000 47.556 <0.01* 0.16 53.491 <0.01* 0.17
4000 1.796 0.18 0.01 4.803 0.06 0.02
5000 3.84 0.06 0.02 0.030 0.86 0.00
6000 0.332 0.57 0.00 0.145 0.70 0.00
8000 2.787 0.10 0.01 11.261 0.07 0.04

Note. df—Degrees of freedom, F—F-test statistic, p - Significant level, and n,? - Effect size of Partial Eta square
values. *The actual p-value was not depicted as the initial three values after the decimals were zero. The
shaded region indicates a significant difference with medium to large effect size.

The WBA measured at peak pressure and ambient pressure was compared within the
group to check which of the frequencies showed significant differences. In the ETD group,
the Paired-T test with Bonferroni corrections showed a significant difference between the
pressure conditions from 250 Hz to 2500 Hz (p<0.003) having large effect size up to 2000
Hz (1p>>0.14) and medium effect at 2500 Hz (np>>0.06) as shown in Table 4.23. There

exhibits a drastic reduction of absorbance at ambient pressure condition from 250 Hz to
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2500 Hz compared to the peak pressure in the ETD group (Figure 4.17). However, the
mean difference of WBA obtained at the peak and ambient pressure in the ETD group was
larger than the observed WBA in the Normal ear group. It ranged from 0.15 to 0.29,
especially at the low and mid-frequencies between 500 Hz and 1500 Hz. Similar results
were also obtained from the non-parametric Wilcoxon signed-rank test, and the statistical

results are shown in Annexure 4.12.

Table 4.23
Summary of Paired T-test results and its significant level of WBA obtained between the

pressure conditions (peak, ambient) in Eustachian tube dysfunction group

Frequency (Hz) t (df = 105) p Np?
250 10.584 <0.001* 0.52
300 11.175 <0.001* 0.54
400 13.205 <0.001* 0.62
500 13.445 <0.001* 0.63
600 13.824 <0.001* 0.65
800 15.606 <0.001* 0.70
1000 15.375 <0.001* 0.69
1250 12.306 <0.001* 0.59
1500 8.938 <0.001* 0.43
2000 6.158 <0.001* 0.27
2500 3.831 <0.001* 0.12
3000 0.833 0.407 0.01
4000 3.106 0.004 0.04
5000 5.029 0.006 0.03
6000 3.258 0.004 0.05
8000 -3.051 0.005 0.03

Note. t- t-test statistics value, % — Effect size of Partial Eta square values, and p—Significance level. *corrected
required significant level is p<0.003 for WBA across frequencies, and also the actual p-value was not depicted
as the initial three values after the decimal were zero. The shaded region indicates a significant difference
with medium to large effect size.
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WBA at peak and ambient pressure across frequencies in

Eustachian tube dysfunction group
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Figure 4.17 Graphical representation of mean WBA (vertical lines denoting 95% CI)
measured at peak pressure and ambient pressure across frequencies in the Eustachian tube
dysfunction group. *indicates corrected significant difference, p<0.003 with medium to

large effect size.

For the measurement of WBTayg, the absorbance value was obtained for all the ears
(n=106 ears) at ambient pressure conditions whereas, only16 ears (out of 106 ears) had
absorbance values at the peak pressure in the ETD group. This may be because of the
increase in middle ear stiffness due to decreased pressure in the middle ear (Kim & Koo,
2015). This would restrict the low-frequency energy transmission to the middle ear and
allow the high-frequency energy transmission that could probably be above 2000 Hz. Thus,
the absorbance values obtained from WBTayg at ambient pressure was only considered for

analysis.

131



The mean absorbance value of WBTayg at ambient pressure condition was 0.34 £ 0.14
SD (Range = 0.04 to 0.71). The mean WBTayg absorbance value was lower in the ETD
group compared to the normal ear group. Between-group comparison using independent
sample T-test showed a significant difference [t(131.242) = 19.889, p<0.05, ny? = 0.75],
with large effect size. A similar result was also obtained using a non-parametric Mann-

Whitney U test [U=693.5, p<0.05, r=0.8].

ROC analysis was performed for those frequencies that are found to be significant
between the Normal ear group and ETD group, i.e. from 250 Hz to 3000 Hz at peak and
ambient pressure conditions, and the results are depicted in Figure 4.18. The AUROC
values for WBA measured at peak pressure ranged from 0.66 to 0.75. The ROC curves fall
closer to the diagonal line, indicating the moderate accuracy in differentiating ETD from
the Normal ears. In contrast, the AUROC values for WBA at ambient pressure were above
0.75 with the ROC lines that lie to the top left corner of the ROC curve, indicating the good

accuracy in detecting ETD from the Normal ears.
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Figure 4.18 ROC curves and AUROC (A) values of WBA measured across frequencies
and WBTayg at which significant difference has been obtained for (a) peak pressure and (b)

ambient pressure between the Eustachian tube dysfunction and Normal ear [n=150] groups.

Further, the sensitivity and specificity were calculated at a cut-off criterion point
based on the Youden index and are shown in Table 4.24. Though the specificity was above
78%, the sensitivity was lower (<62%) for all the frequencies measured at peak pressure.
In contrast, the sensitivity and specificity were higher for WBA measured at ambient
pressure. Among those, the mid-frequencies from 500 Hz to 1000 Hz showed high
sensitivity and specificity of greater than 90%. Whereas the low frequencies from 250 Hz
to 400 Hz had a sensitivity and specificity of around 85%. The sensitivity was reduced for
frequencies (<75%) above 2000 Hz, with specificity ranging between 78% and 86%, as

shown in Table 4.24.

The WBTayg obtained at ambient pressure had an AUROC value of 0.96 with the

ROC curve that falls closer to the top-left corner, indicating high accuracy in differentiating
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the ETD from normal ears (Figure 4.18). The sensitivity and specificity at the cut-off

criterion point of 0.55 average absorbance value was 90.57% and 94.67%, respectively.

Table 4.24

The AUROC, 95% ClI, Youden Index point, criterion point with sensitivity and specificity
of WBA measured at peak and ambient pressure across frequencies and WBTayg at
ambient pressure between the Eustachian tube dysfunction and Normal ear [n=150]

groups
Pressure Frequency AUROC  95% CI Youden Cut-off Sensitivity Specificity
conditions (Hz) Index (j) Criterion point (%) (%)

250 0.70 0.63-0.77 0.42 <0.11 57.55 84.67

300 0.69 0.62-0.76 0.40 <0.13 55.66 84.00

400 0.66 0.59 - 0.74 0.36 <0.20 57.55 78.00

500 0.68 0.60 - 0.75 0.38 <0.27 56.60 81.33

600 0.71 0.63-0.78 0.45 <0.36 58.49 86.67

Peak 800 0.71 0.64 -0.78 0.47 <0.55 53.83 94.00

Pressure 1000 0.75 0.68 - 0.82 0.50 <0.72 62.26 87.33

1250 0.73 0.66 - 0.80 0.46 <0.76 57.55 88.00

1500 0.70 0.63-0.77 0.37 <0.73 46.23 90.67

2000 0.70 0.63-0.77 0.40 <0.81 61.32 78.67

2500 0.71 0.64-0.78 0.32 <0.68 50.94 81.33

3000 0.73 0.67-0.79 0.34 <0.54 55.66 78.67

250 0.91 0.87-0.95 0.71 <0.09 84.91 86.00

300 0.91 0.87-0.95 0.71 <0.11 86.79 84.67

400 0.93 0.89-0.96 0.74 <0.15 86.79 87.33

500 0.96 0.94 - 0.98 0.82 <0.21 90.57 91.33

600 0.98 0.96 - 0.99 0.88 <0.27 92.45 96.00

800 0.97 0.94 - 0.99 0.90 <0.48 96.23 93.33

Ambient 1000 0.96 0.92-0.99 0.89 <0.57 90.57 98.67

PIESSIE 1250 0.93 0.88-0.97 0.85 <0.66 85.85 98.67

1500 0.89 0.84-0.93 0.69 <0.70 7547 93.33

2000 0.84 0.79-0.90 0.61 <0.78 75.47 85.33

2500 0.77 0.71-0.83 0.45 <0.68 63.21 81.33

3000 0.75 0.68 - 0.81 0.41 <0.55 63.21 78.00

WBTayg 0.96 0.93-0.98 0.85 <0.55 90.57 94.67

Note. AUROC — Area under ROC curve, Cl — Confidence interval, shaded area indicates high sensitivity and
specificity
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In summary, the ETD group had lower absorbance values from 250 Hz to 3000 Hz
than the normal ears for both the pressure conditions. However, the drastic reduction was
seen for WBA at ambient pressure condition. The mean WBA difference between peak
and ambient pressure was greater for the ETD group than the Normal ear group. Further,
the sensitivity and specificity were higher for WBA measurements at ambient pressure
conditions. Thus, the use of WBA measured at ambient pressure with a greater difference
and lesser difference at peak pressure could hint the presence of ETD. The summary of the

findings and the differential criteria compared to the Normal ear is provided in Table 4.25.

Table 4.25
Summary of the findings of Eustachian tube dysfunction group and differential criteria in

comparison to Normal ear group

Parameters ETD group (in comparison to the Normal ear)

WBA across frequencies from Drastic reduction of absorbance only for
250 Hz to 8000 Hz ambient pressure condition from 250 Hz to 3000
Hz, compared to the Normal ear group.

WBA pattern - ldentical WBA pattern with reduced absorbance
compared to the normal group.

WBTavg - Lower WBTayg at ambient pressure with
sensitivity and specificity of 90.57% and
94.67% respectively.

Differential criteria - Mid-frequencies from 500 Hz to 1000 Hz
showed maximum sensitivity and specificity
only at ambient pressure. These frequencies
can be considered for differential diagnosis of
the ETD from the normal ear.
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4.6 Comparison of WBA obtained in healthy ears and ears with Sensorineural
hearing loss

WBA measurements from 140 ears with SNHL were compared with 150 randomly
selected normal ears from Group I. Conventional 226 Hz tympanometry for ears with
SNHL showed ‘A’ or ‘As’ type tympanogram with the mean static admittance of 0.51 +
0.22 mmho (Range= 0.31 to 1.59 mmho) and the mean TPP of -11.01 + 14.79 daPa (-44 to
38 daPa). The mean resonance frequency obtained in the SNHL group was 971.60+227.63
Hz (Range = 803 Hz to 1287 Hz) and had an ear canal volume of 1.11 + 0.24 ml (Range =
0.68 — 1.9 ml). The TPP obtained in WBA measurement was -7.67 + 13.67 daPa (-39 to 43
daPa). The WBA measurements were performed at the peak pressure and ambient pressure,
and the descriptive statistics (mean, median, and SD) is given previously in Table 4.7.

The WBA measured at the peak and ambient pressure is depicted in Figure 4.19. It
can be clearly seen that the WBA pattern of the SNHL group is identical to that of the
Normal ear group with marginally lower absorbance values at all the frequencies except at
2000 Hz and 8000 Hz. The SNHL group showed minimal absorbance at 250 Hz and
increased as the frequency increased, reaching a maximum at 1250 Hz and 2000 Hz, similar
to that of the Normal ear group. Further, the WBA decreased beyond 2000 Hz, reaching a
minimum value at 6000 Hz and 8000 Hz. The WBA measured at peak pressure and ambient

pressure were also similar for both groups.
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(b). WBA measured across frequencies between Normal ear [n=150] group
and Sensorineural hearing loss [n=140] group at ambient pressure
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Figure 4.19 Graphical representation of mean WBA of Sensorineural hearing loss and
Normal ear [n=150] groups obtained at (a) peak pressure and (b) ambient pressure across
frequencies [Colour shaded region represents 95% CI; *indicates significant difference,

p<0.05 with medium to large effect size].
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A mixed ANOVA was performed to observe the main effect of group (between-
subject factor), pressure condition (within-subject factor) and the frequencies on WBA.
Results showed a significant main effect of group [F(1,288)=61.146, p<0.05, 1,%=0.18],
pressure conditions [F(1,288)=120.794, p<0.05, np?=0.30] and frequency [F(3.56,
1025.306) = 2538.665, p<0.05, 1p>=0.90]. A significant interaction effect was seen
between the frequency and pressure conditions [F(3.427, 987.053)=56.763, p<0.05,
Mp?=0.17] having large effect size (np>>0.14); and between frequency and Group [F(3.56,
1025.306)= 7.872, p<0.05, np?>=0.03] with small effect size (1,°<0.06). However, no
significant interaction effect was found between pressure conditions and Group
[F(1,288)=0.35, p>0.05, np>=0.00]; and between pressure conditions, frequency and group
[F(3.427, 987.053)=0.764, p>0.05, np>=0.00].

Further analysis was performed to investigate the significant difference of WBA
between the group in each of the frequencies. The results of the MANOVA showed a
significant difference between the groups for frequencies from 250 Hz to 1250 Hz and from
3000 Hz to 6000 Hz (p<0.05) as shown in Table 4.26. The mean absorbance value of the
SNHL group in those frequencies was significantly lower than the Normal ear groups.
However, the effect size is small for high frequencies (np><0.06), indicating the difference
in WBA between the group is not truly significant. The non-parametric Mann-Whitney U
test also showed identical results with the parametric test result, and the statistical results

are shown in Annexure 4.13.
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Table 4.26
Summary of MANOVA results and its significant level of WBA obtained between
Sensorineural hearing loss group and Normal ear [n=150] group at peak and ambient

pressure conditions

Frequency Peak pressure Ambient pressure
(Hz) (df, ErrorF =1, 288) P L Errolr: =1, 289) P e’
250 35.855 <0.01* 0.11 28.822 <0.01* 0.09
300 32.997 <0.01* 0.10 29.979 <0.01* 0.09
400 27.667 <0.01* 0.09 24.052 <0.01* 0.08
500 19.677 <0.01* 0.06 21.746 <0.01* 0.07
600 25.047 <0.01* 0.08 24.788 <0.01* 0.08
800 54.488 <0.01* 0.16 47.313 <0.01* 0.14
1000 70.759 <0.01* 0.20 61.421 <0.01* 0.18
1250 25.946 <0.01* 0.08 29.853 <0.01* 0.09
1500 1.793 0.18 0.01 2.563 0.11 0.01
2000 0.007 0.94 0.00 0.143 0.71 0.00
2500 2.291 0.13 0.01 1.899 0.17 0.01
3000 4,956 0.03* 0.02 4,814 0.03 0.02
4000 11.6 <0.01* 0.04 11.852 <0.01* 0.04
5000 11.429 <0.01* 0.04 12.013 <0.01* 0.04
6000 18.757 <0.01* 0.05 18.625 <0.01* 0.05
8000 1.716 0.19 0.01 0.921 0.34 0.00
WBTayg 0.317 0.57 0.001 5.611 0.07 0.01

Note. df—Degrees of freedom, F—F-test statistic, p - Significant level, and n,? - Effect size of Partial Eta square
values. *The actual p-value was not depicted as the initial three values after the decimals were zero. The
shaded region indicates a significant difference with medium to large effect size.

The comparison of WBA between the pressure conditions (peak, ambient) within the
group showed slightly lower WBA at ambient pressure condition than the peak pressure in
the SNHL group, which is similar to that observed in the normal ear group as shown in
Figure 4.20. Paired T-test with Bonferroni corrections showed a significant difference

(p<0.003) between the pressure conditions up to 1000 Hz with a large effect size (1% >0.14)
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as shown in Table 4.27. The non-parametric Wilcoxon signed-rank test showed similar
results in terms of statistical significance (p<0.003), and the results are shown in Annexure

4.14.

WBA at peak and ambient pressure across frequencies in

Sensorineural hearing loss group
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Figure 4.20 Graphical representation of mean WBA (vertical lines denoting 95% CI)
measured at peak pressure and ambient pressure across frequencies in the Sensorineural
hearing loss group. *indicates corrected significant difference, p<0.003 with medium to

large effect size.
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Table 4.27
Summary of Paired T-test results and its significant level of WBA obtained between the

pressure conditions (peak, ambient) in Sensorineural hearing loss group

Frequency (Hz) t (df =139) p Np?
250 6.317 <0.001* 0.22
300 6.796 <0.001* 0.25
400 5.67 <0.001* 0.19
500 8.42 <0.001* 0.34
600 8.018 <0.001* 0.32
800 7.713 <0.001* 0.30

1000 5.151 <0.001* 0.16
1250 2.183 0.004 0.03
1500 -0.264 0.792 0.00
2000 -1.655 0.100 0.02
2500 -0.108 0.914 0.00
3000 -0.86 0.391 0.01
4000 -2.974 0.004 0.06
5000 0.238 0.812 0.00
6000 -0.358 0.721 0.00
8000 0.131 0.896 0.00
WBTayg -1.82 0.071 0.02

Note. t- t-test statistics value, n? — Effect size of Partial Eta square, and p—Significance level. *corrected required
significant level is p<0.003 for WBA across frequencies and p<0.05 for WBTayq and also the actual p-value
was not depicted as the initial three values after the decimal were zero. Shaded region indicates significant
difference with medium to large effect size.

Further, the WBTayg measurements obtained at peak and ambient pressure were
compared between the SNHL and the Normal ear group. The mean WBTayg absorbance
value at peak pressure was identical for both the groups, i.e. 0.60 £ 0.11 (Range = 0.30 to
0.82) for the SNHL group and 0.61 + 0.10 (Range = 0.40 to 0.75) for the Normal ear group.
Similarly, the mean WBTayg absorbance value at ambient pressure for SNHL group was

0.58 + 0.09 (Range = 0.28 to 0.77) and 0.60 + 0.06 (Range= 0.40 to 0.74) for the Normal

ear group.
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The Independent Sample T-test was used to evaluate the difference in WBTayg
absorbance value between the groups (SNHL vs Normal ear group) at peak pressure and
ambient pressure conditions. The results showed a no significant difference in WBTayg
absorbance values at peak pressure [t(271.598) = 0.560, p>0.05, n,*>=0.00] and at ambient
pressure [t(236.503) = 1.885 p>0.05, %> =0.01]. Similar results were obtained using non-
parametric Mann-Whitney U test for both peak [U=10152.00, p>0.05, r = 0.0] and ambient
pressure [U=6448.50, p>0.05, r = 0.1]. Within-group comparison using paired T-test did
not showed any significant difference between pressure conditions [t(139) = -1.82, p>0.05,
Mp?=0.02] in the SNHL group. The mean WBTayg of SNHL group was slightly lower at
ambient pressure compared to the peak pressure. Similar results were obtained using the

non-parametric Wilcoxon signed-rank test [Z=-1.455, p>0.05, = 0.1].

ROC analysis was performed to investigate the sensitivity and specificity and
establish a cut-off criterion point based on the Youden index. The WBA data considered
for ROC analysis were from 250 Hz to 1250 Hz. The ROC curve for these frequencies
passes closer and above the diagonal line, as shown in Figure 4.21. The AUROC value
ranged between 0.66 and 0.75 for both pressure conditions indicating a moderate
differentiation level between the groups. The AUROC value with 95% CI, Youden index
value and the cut-off criterion point with sensitivity and specificity measured at peak and

ambient pressure are tabulated in Table 4.28.

142



ROC curves comparing WBA of Sensorineural hearing loss and Normal ear [n=150] groups at
(a). Peak pressure (b). Ambient pressure
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Figure 4.21 ROC curves and AUROC (A) values of WBA measured across frequencies
and WBTayg at which significant difference has been obtained for (a) peak pressure and (b)
ambient pressure between Sensorineural hearing loss and Normal ear [n=150] groups.

The sensitive and specificity were calculated at a cut-off point based on the Youden
index. The specificity was better (>70%) for both the pressure conditions, while the
sensitivity is lower by around 50% in most of the frequencies, as shown in Table 4.28. This

suggests that WBA values across frequencies are likely to be similar.
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Table 4.28

The AUROC, 95% CI, Youden Index point, criterion point with sensitivity and specificity
of WBA measured at peak and ambient pressure across frequencies between the
Sensorineural hearing loss and Normal ear [n=150] groups

Pressure Frequency AUROC  95% Cl  Youden Index Cut-off Sensitivity  Specificity

conditions (Hz2) M Criterion point (%) (%)
250 0.71 0.65-0.77 0.35 <0.12 55.00 80.00

300 0.70 0.64 -0.76 0.35 <0.13 51.43 83.33

400 0.69 0.63-0.75 0.33 <0.21 56.43 76.67

Peak 500 0.67 0.61-0.74 0.35 <0.28 55.00 80.00
Pressure 600 0.68 0.62-0.74 0.39 <0.39 57.86 81.33
800 0.72 0.66 - 0.78 0.42 <0.60 61.43 80.67

1000 0.75 0.69 - 0.80 0.41 <0.71 48.57 92.00

1250 0.66 0.59-0.72 0.25 <0.86 76.43 48.67

250 0.70 0.64-0.76 0.34 <0.11 63.57 70.00

300 0.70 0.64-0.76 0.33 <0.13 62.14 70.67

400 0.69 0.63-0.76 0.34 <0.18 53.57 80.00

Ambient 500 0.69 0.63-0.75 0.33 <0.23 47.14 86.00
pressure 600 0.69 0.63-0.75 0.34 <0.36 57.86 76.00
800 0.71 0.65-0.77 0.39 <0.55 59.29 79.33

1000 0.73 0.68 -0.78 0.40 <0.73 60.71 79.33

1250 0.67 0.61-0.73 0.25 <0.90 90.00 35.33

Note. AUROC — Area under ROC curve, Cl — Confidence interval.

In summary, the WBA at low and mid-frequencies from 250 Hz to 1250 Hz was
slightly lower for the SNHL group than the Normal ear group. However, the WBA pattern
was almost identical between the groups with no difference between the pressure
conditions. ROC analysis showed low to moderate accuracy in differentiating the SNHL
group from the Normal ears. The WBTay Were not significantly different between the
groups. The summary of the findings and the differential criteria compared to the normal

ear is provided in Table 4.29.
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Table 4.29

Summary of the findings of Sensorineural hearing loss group and differential criteria in

comparison to Normal ear group

Parameters

Sensorineural hearing loss group
(in comparison to the Normal ear)

WBA across frequencies

from 250 Hz to 8000 Hz

WBA pattern

WBTavg

Differential criteria

Marginally lower absorbance value up to 1250

Hz, compared to the Normal ear group.

Identical WBA pattern for both the pressure

conditions.

Identical WBTayg for both the pressure conditions

between the groups.

Findings of SNHL group were almost similar to
that of the Normal ear group. There exists no
good demarcation to distinguish between the

SNHL and Normal ear group.
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4.7 Comparison of WBA obtained between the pathological group

The current study results, as delineated under each of the pathological conditions
above, showed that WBA obtained at low and mid-frequencies up to 3000 Hz are
significantly lower than the normal ears. Among these, the frequencies from 250 Hz to
1250 Hz are significantly lower, having a larger effect size for all the middle ear
pathological groups than the Normal ear group. In the current section, an attempt has been
made to compare the WBA data across frequencies and WBTayg Obtained in different
pathological ears and established the pattern among the pathological groups, i.e. middle ear
disorders and SNHL groups. The WBA obtained across frequencies and WBTayg in
different pathological ears were tabulated, and descriptive statistics (mean, SD and median)
are given in Table 4.7.

The multivariate analysis (MANOVA) was performed to study at which frequencies
the absorbance values are significantly different among the study groups (Pathological
conditions and Normal ear group) at both the peak and ambient pressure conditions. The
results indicated a statistically significant difference in WBA among the study groups at
peak pressure [F (64, 2339.43) = 31.42, p < 0.05; Wilk's A = 0.088, np? = 0.45] and at
ambient pressure [F (64, 2339.43) = 31.56, p < 0.05; Wilk's A = 0.088, np> = 0.46] across
the frequencies. Further analysis in each of the frequencies at peak and ambient pressure
conditions showed a significant difference (p<0.05) for all the frequencies from 250 Hz to
6000 Hz, as shown in Table 4.30. At 8000 Hz, a significant difference was seen only at
ambient pressure condition with a small effect size (np2<0.06), indicating the difference is

not truly significant. The equivalent non-parametric Kruskal-Wallis test for WBA obtained
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at the peak and ambient pressure among the study groups also showed similar results. The

significant values were tabulated in Annexure 4.15.

Table 4.30
Summary of MANOVA results and its significant level of WBA obtained between the

pathological group at peak and ambient pressure conditions

Frequency Peak pressure Ambient pressure
(Hz) F p np’ F p np’
(df, Error =4, 612) (df, Error = 4, 612)
250 31.46 <0.01* 0.17 30.65 <0.01* 0.17
300 32.85 <0.01* 0.18 30.39 <0.01* 0.17
400 39.01 <0.01* 0.20 36.84 <0.01* 0.19
500 40.56 <0.01* 0.21 46.27 <0.01* 0.23
600 53.27 <0.01* 0.26 66.65 <0.01* 0.30
800 97.34 <0.01* 0.39 115.63 <0.01* 0.43
1000 134.60 <0.01* 0.47 148.01 <0.01* 0.49
1250 155.08 <0.01* 0.50 151.40 <0.01* 0.50
1500 175.52 <0.01* 0.53 151.24 <0.01* 0.50
2000 177.21 <0.01* 0.54 177.66 <0.01* 0.54
2500 126.78 <0.01* 0.45 135.42 <0.01* 0.47
3000 94.53 <0.01* 0.38 100.88 <0.01* 0.40
4000 35.13 <0.01* 0.19 36.94 <0.01* 0.19
5000 38.76 <0.01* 0.20 40.42 <0.01* 0.21
6000 92.63 <0.01* 0.38 92.12 <0.01* 0.38
8000 1.01 0.40 0.01 3.13 0.01 0.02

Note. df—Degrees of freedom, F—F-test statistic, p - Significant level, and n,? - Effect size of Partial Eta square
values. *The actual p-value was not depicted as the initial three values after the decimals were zero. The
shaded region indicates a significant difference with medium to large effect size.

Further, multiple pairwise comparisons using Tukey's HSD post-hoc tests were
performed for WBA across the frequencies to study the significant difference between the
study groups at both pressure conditions. The results are tabulated in Table 4.31. In

comparing the TmP group with other pathological groups, significant higher WBA

absorbance values were seen in the TmP group at all the frequencies except at 250 Hz, 300
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Hz and 8000 Hz in both the pressure conditions compared to the MEE group. Similarly,
with the Otosclerosis group, a significant higher mean absorbance values up to 1250 Hz,
and at 5000 Hz and 6000 Hz; whereas lower absorbance values were observed from 1500
Hz to 3000 Hz for both the pressure conditions in the TmP group. Compared to the ETD
group, the mean WBA values for the TmP group were significantly lower at 250 Hz, 300
Hz, 1250 Hz to 2000 Hz and significantly higher at 3000 Hz, 5000 Hz and 6000 Hz at the
peak pressure. Whereas at ambient pressure, the TmP group showed significantly higher
WBA absorbance at 250 Hz to 400 Hz, 1000 Hz to 1500 Hz, 2500 Hz to 4000 Hz and
significantly lower absorbance at 2000 Hz and 8000 Hz. With the SNHL group, the TmP
group showed a significant lower WBA value at 250 Hz to 400 Hz and 1000 Hz to 2500
Hz, whereas higher WBA values were observed from 4000 Hz to 6000 Hz for both peak
and ambient pressure conditions.

A significantly lowered mean absorbance was observed in most frequencies in the
MEE group than other pathological groups. With the Otosclerosis group, a significantly
lower mean WBA value was obtained at all frequencies for both pressure conditions except
at 600 Hz, 800 Hz and 8000 Hz in the MEE group. Likewise, with the ETD group,
significantly lower mean absorbance values were observed at peak pressure in all the
frequencies except at 8000 Hz for the MEE group. In ambient pressure conditions, lower
mean absorbance was seen from 250 Hz to 400 Hz and 1000 Hz to 6000 Hz. With the
SNHL, the MEE group showed a significantly reduced WBA from 250 Hz to 4000 Hz for

both pressure conditions.
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Similarly, the Otosclerosis group at peak pressure conditions had significantly
reduced mean absorbance value up to 1250 Hz and higher absorbance values at 3000 Hz
and 4000 Hz compared to the ETD group. At ambient pressure, a significant higher
absorbance was observed for the Otosclerosis group for frequencies from 1250 Hz to 4000
Hz and lower absorbance at 8000 Hz, compared to the ETD group. Between Otosclerosis
and SNHL group, a significant difference was seen for all frequencies in both the pressure
conditions except at 2500 Hz, 6000 Hz and 8000 Hz. The mean absorbance values were
lower for the Otosclerosis group up to 2000 Hz and higher beyond 2000 Hz, compared to
the SNHL group. Comparing the ETD group with SNHL showed a significant difference
with lower WBA values obtained for the ETD group from 1000 Hz to 3000 Hz and higher
WBA values at 5000 Hz at the peak pressure condition. Significant lower WBA values
were seen at ambient pressure from 250 Hz to 3000 Hz for the ETD group compared to the
SNHL group.

Similarly, the study also measured the WBTayg at peak and ambient pressure in most
of the group. Among the pathological group, the WBTayg was observed only for the
Otosclerosis group and the SNHL group at peak pressure conditions. The TmP group, MEE
group and ETD group did not elicit the WBTayg values at peak pressure. Thus, an
Independent Sample T-Test was performed to evaluate the difference in WBTayg
absorbance value at peak pressure between the Otosclerosis and SNHL group. The results
showed a statistically significant in WBTayg absorbance values [t(266.627) = -2.385, p
<0.05, np? =0.02] between the two, but with a small effect size indicating the difference is
not truly significant. Mann-Whitney U test showed no significant difference between

Otosclerosis and SNHL group [U= 8658.500, p>0.05, r=0.10].
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At ambient pressure conditions, the WBTayg absorbance was observed for all the
pathological groups. Hence, the Univariate ANOVA was performed for each of the
pressure conditions. The results of the Univariate  ANOVA at ambient pressure
[F(5,761)=236.115, p<0.05, 1,?>=0.61] showed a significant difference between the groups.
The post hoc analysis using Tukey’s HSD test was performed for WBTayg at ambient
pressure to study the significant difference between the pathological groups. The results
are tabulated in Table 4.31.

The TmP group showed significantly higher WBTayvg average absorbance values than
the MEE group, Otosclerosis group, and ETD group. Whereas significant lower WBTayg
average values are seen compared to the SNHL group. With regard to the MEE group, the
WBTayg absorbance values were significantly lower compared to all other pathological
conditions (Otosclerosis, ETD, and SNHL). In the Otosclerosis group, the WBTavg Was
significantly lower compared to the SNHL group. However, there exhibit no significant
difference between the Otosclerosis and ETD group. Likewise, the ETD group showed
lower average absorbance values than the SNHL group.

An equivalent non-parametric Post hoc Mann-Whitney U test was also done, and a

similar result was obtained. The details are given in Annexure 4.16.
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Table 4.31
A Post hoc Tukey’s HSD test results of WBA obtained between the pathological groups at
peak and ambient pressure conditions

Peak pressure Ambient pressure
Frequency Otosc- Groups Otosc-
(Hz) TmP  MEE " ETD TmP  MEE " ETD
lerosis lerosis
250 NS MEE NS
wx *x Otosclerosis *x *x
*% *% *% ETD *%* *%* NS
** *% ** NS SN H L ** ** *% *%
300 NS MEE NS
wx *x Otosclerosis *x *x
** ** ** ETD ** ** NS
*%* *%* *%* NS SN H L *%* *%* ** **
400 ol MEE NS
wx *x Otosclerosis *x *x
NS ** ** ETD ** ** NS
*%* *%* *%* NS SN H L *%* *%* ** **
500 ol MEE w*
wx *x Otosclerosis *x *x
NS ol ol ETD w* NS NS
NS *%* *%* NS SNHL NS *%* ** **
600 ol MEE w*
wx NS Otosclerosis wx NS
NS ol ol ETD kol NS NS
NS *%* *%* NS SNHL NS *%* ** **
800 ol MEE kol
wx NS Otosclerosis *x NS
NS ol ol ETD kol NS NS
NS *%* *%* NS SNHL NS *%* ** **
1000 ol MEE okl
wx wx Otosclerosis *x *x
NS ** ** ETD ** ** NS
*%* *%* *%* *%* SN H L *%* *%* ** **
1250 ol MEE kol
NS wx Otosclerosis ke ke
**k ** ** ETD ** ** **
*%* *%* *%* *%* SN H L ** ** ** **
1500 ol MEE okl
wx wx Otosclerosis ke ke
** ** NS ETD NS ** **
*%* *%* *%* *%* SN H L ** ** ** **
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2000 ** MEE *x

** ** Otosclerosis ** **
fola bl NS ETD fola fola x%
** ** ** ** SN H L ** ** ** **
2500 fola MEE **
** ** Otosclerosis ** **
NS bl bl ETD NS ** foled
** ** NS ** ** ** ** NS **
3000 fola MEE ok
** ** Otosclerosis ** **
fola bl bl ETD ** ** foled
NS faled faid faid SNHL NS w* faied faied
4000 fola MEE **
NS ** Otosclerosis NS **
NS bl ok ETD NS ** **
*k kel *k NS SNHL *k *k kel NS
5000 fola MEE **
** ** Otosclerosis *x **
fola bl NS ETD ok ok NS
*k NS *k *k SNHL *k NS kel NS
6000 fola MEE **
** ** Otosclerosis ** **
fola bl NS ETD ok ok NS
*k NS NS NS SNHL ol NS NS NS
8000 NS MEE NS
NS NS Otosclerosis NS NS
NS NS NS ETD NS NS foled
NS NS NS NS SNHL NS NS NS NS
WBTayg -- MEE i
-- -- Otosclerosis ** **
-- - - ETD folad folad NS
-- -- *k - SNHL *k *k *x *x

Note. ** indicates significant different at p<0.05; NS — Not significant at p>0.05.

As awhole, it is important to note that there are no unique common WBA values that
can differentiate between the groups in any of the frequencies at both the peak and ambient
pressure conditions. Thus, the results suggest that there are no common WBA criteria to
differentiate the conditions. However, the WBA pattern was different among the disorders
and is unique compared to the normal ear group and different from each pathological
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condition, as shown in Figure 4.22. This difference was mostly seen at low and mid-
frequencies, whereas the high frequencies were almost similar across the groups for both

the peak and ambient pressure conditions.

(a). Mean WBA at peak pressure across frequencies obtained between the groups
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Figure 4.22 Graphical representation of mean WBA pattern across the frequencies at (a)

peak and (b) ambient pressure among the groups.
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It is evident in Figure 4.22 that the WBA of the normal ear group is wider and having
higher absorbance across frequencies with a relatively non-prominent two peaks compared
to any other pathological group. The SNHL also followed a similar pattern but narrower
WBA pattern having a single peak. Whereas in the Otosclerosis group, the WBA pattern
further narrowed down, having maxima at a relatively higher frequency region than any
other group. In the TmP group, the WBA values reduced significantly across frequencies
with three broader peaks that differentiate TmP from other conditions. Whereas the ETD
and MEE showed a similar pattern having single broader peaks with reduced absorbance.
However, the MEE group showed the least absorbance values among all the groups
considered in the study, making it unique from other groups. Further, it is observed that the
WBA obtained at peak and ambient pressure is similar for all the groups except the ETD
group showing the difference in patterns between the two.

On the other hand, the middle ear disordered group showed lower average
absorbance values of less than 0.5, whereas the Normal ear and SNHL groups showed
absorbance of greater than 0.5. However, there exhibit a lot of overlap in WBTayg values
for all the study groups, and hence, WBTayg at ambient pressure is not suitable for

differentiating the disorders
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Chapter 5

DISCUSSION

The purpose of the current study was to determine the normative values of
wideband absorbance measurements and to evaluate its clinical utility while assessing the
middle ear function in adults having middle ear disorders and SNHL. This study measured
the WBA at peak pressure and ambient pressure across the frequencies from a sample of
1127 ears with a normal hearing having normal middle ear function. Prior to the
establishment of normative, the study investigated the effect of gender (male, female), ear
(right, left) and pressure conditions (peak, ambient) on WBA measurements in the normal
ear group. Further, the study also evaluated the diagnostic accuracy of the WBA
measurement in detecting middle ear disorders (Tympanic membrane perforation, Middle
ear effusion, Otosclerosis and Eustachian tube dysfunction) and SNHL on a total sample
of 617 pathological ears in comparison with the Normal ear group. A mixed ANOVA and
ROC curve analyses were performed for statistical comparison and its significance to meet

these objectives. The results of the study are discussed under the following categories:

1. Effect of ears on WBA in Normal ears

2. Effect of gender on WBA in Normal ears

3. Effect of pressure conditions on WBA in Normal ears
4. WBA norms at peak and ambient pressure

5. Reliability measures of WBA in Normal ears

6. Effect of middle ear disorders on WBA

a. Tympanic membrane perforation
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b. Middle ear effusion
c. Otosclerosis
d. Eustachian tube dysfunction
7. Effect of WBA on Sensorineural hearing loss

8. Effect of between-pathological groups comparison on WBA

5.1 Effect of ears on WBA in Normal ears

With regard to the ear differences, the mean WBA for the left ear was marginally
lower than the right ear for frequencies from 250 Hz to 1500 Hz; no difference at 2000,
2500 and 3000 Hz, and increased for frequencies above 4000 Hz was seen. Whereas
identical WBTayg absorbance values between the right and left ear were obtained at peak
and ambient pressure. However, no significant differences in WBA across frequencies and
WBTavg Were seen between the ears at both peak and ambient pressure in the present study.
The results of the current study are consistent with the previously reported WBA studies
(Burdiek & Sun, 2014; Feeney & Sanford, 2004; Kenny, 2013; Liu et al., 2008; Shahnaz
& Bork, 2006; Shaw, 2009; Sliwa et al., 2020) where the significant difference was not
reported. Similarly, Jaffer (2016) compared the WBA between the ears and found that the
mean absorbance values did not differ significantly at either the peak or ambient pressure.

Few studies contradict the current findings showing significant differences between
ears (Feeney et al., 2004, 2014; Rosowski et al., 2012; Werner et al., 2010). In Werner et
al. (2010) study, the energy reflectance measured in both infants and adults at ambient
pressure showed a significant high reflectance value (low absorbance) across the
frequencies in the right ear than the left ear. A few investigations have shown lower

absorbance values in the right than the left ear in specific frequencies measured at ambient
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pressure, i.e. at 300 Hz in the middle-aged adults (Rosowski et al., 2012) and 6350 Hz in
the older adults (Feeney et al., 2004). This distinction was ascribed to the physiological
contrast between the ears where the right ear is somewhat stiffer than the left ear (Feeney
& Sanford, 2004; Rosowski et al., 2012; Werner et al., 2010). On the other hand, Feeney
et al. (2014) reported lower absorbance values across the frequencies in the left ear
compared to the right ear in adults. With regard to WBTavg, to my knowledge, this is the
first study to determine the effect of the ear, showing identical average absorbance values
with no significant difference between the ears at peak and ambient pressure conditions.
There is a discrepancy in WBA measurements between the ears, with most studies
that do not significantly differ. Though few studies have shown significant differences in
WBA values, the difference was relatively small between the ears (Feeney et al., 2004;
Werner et al., 2010). This indicates that the transmission of sound energy through the
middle ear is similar, whether it is right or left. This means that ear-specific WBA
measurements are likely not a significant factor in WBA measurements and may have little

or no impact on setting WBA norms.

5.2 Effect of gender on WBA in Normal ears

The current results showed that males have higher WBA values than females at lower
frequencies (250 -1000 Hz) and above 5000 Hz. On the other hand, females showed high
mean WBA values at frequencies from 2500 Hz to 4000 Hz. Although these distinctions
are significant, the effect size was too little to be considered as critical. Nonetheless,
indistinguishable mean WBA values were seen at frequencies from 1250 to 2000 Hz and
at 5000 Hz. Similarly, WBTayg had significant differences, with males showing higher

absorbance values than females with a small effect size.
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The results of this study are consistent with the results of the previous studies that
found statistically significant differences in WBA measurements at the higher and or lower
frequencies between the genders (Feeney & Sanford, 2004; Keefe et al., 2000; Mazlan et
al., 2015; Polat et al., 2015; Rosowski et al., 2012; Shahnaz et al., 2013; Shahnaz & Bork,
2006). Generally, higher absorbance for males below 1000 Hz and lower absorbance
between 2000 and 4000 Hz than females were reported in the literature (Margolis et al.,
1999; Shahnaz & Bork, 2006), which is similar to that of our findings. Mazlan et al. (2015)
also have noted lower WBA in frequencies ranging from 2830 to 4490 Hz in males
compared to females and higher WBA in males at frequencies below 1000 Hz.

In contrast, there are inconsistencies in the WBA results showing variation across
frequencies. Feeney and Sanford (2004) observed higher absorbance values at 794 Hz and
1000 Hz and lower absorbance values at 5040 Hz for males, while higher admittance
(absorbance) were reported in males between 1781 Hz and 2367 Hz (Shahnaz & Bork,
2006). Feeney et al. (2014) study showed a lower mean absorbance pattern down to 3000
Hz at ambient pressure and higher mean absorbance values above 3000 Hz for males than
for females. Few studies have shown a significant difference only at high frequencies of
having increased absorbance in females than in males (Jaffer, 2016; Polat et al., 2015;
Rosowski et al., 2012). However, these difference were not consistent across the
frequencies, i.e. Polat et al. (2015) reported higher absorbance in females than in males
from 3100 to 6900 Hz; Jaffer (2016) reported similar findings at 4000 and 5000 Hz; and
Rosowski et al. (2012) indicated only at 4000 Hz. Whereas, few other studies have not

shown any significant differences between males and females in adults (Shahnaz & Bork,
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2006; Sliwa et al., 2020) and children (Beers et al., 2010; Hunter, Tubaugh, et al., 2008) at
ambient pressure conditions.

Researchers have indicated that such a trend could be because of the lesser stiffness-
dominated middle ear system for males than females (Margolis et al., 1999; Mazlan et al.,
2015). Margolis et al. (1999) found that males had less stiffness dominated eardrums,
higher middle ear resistance below 1000 Hz and lowered middle ear resistance between
2000 and 4000 Hz relative to females. This increased stiffness in females makes a larger
contribution to impedance, thereby decreasing absorbance at low-frequencies and
increasing absorbance at high frequencies (Allen et al., 2005; Beers et al., 2010; Feeney et
al., 2014). The changes in the middle ear characteristics between the gender were attributed
to differences in body size, head circumference, size of the middle ear cavity, and the ear
canal size (Brucker et al., 2003; Jaffer, 2016). Males found to have a larger body size than
females that could probably have larger ear canal volume and middle ear cavity, leading to
an increase in the middle ear's mass component. This could increase the impedance, thereby
reducing absorbance at high frequencies in males (Allen et al., 2005; Shahnaz & Bork,
2006). This could possibly explain the observed differences in WBA between genders in
the current study.

With respect to the WBTavg, the present study showed no significant difference
between gender at peak pressure having identical mean average absorbance values.
Whereas at ambient pressure, slightly higher average absorbance values were seen for
males than females, which was significant with smaller effect sizes. There is very limited
research that had demonstrated WBTayg On gender difference and had shown higher

averaged absorbance values in males than females at both the peak and ambient pressure
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(Jaffer, 2016). The difference was attributed to the smaller middle ear cavities and ear canal
sizes in females generating more stiffness, resulting in lesser absorbance at low and mid-
frequencies (Kenny, 2013; Shahnaz & Bork, 2006; Shahnaz & Davies, 2006; Wan &
Wong, 2002). As the average WBT is the derivative of WBA elicited at low and mid-
frequencies, thus reducing WBTayg absorbance in females compared to males (Jaffer,
2016). However, more research on WBTayg is necessary for conclusive remarks.

In summary, higher absorbance was seen for males below 1000 Hz consistently and
lower absorbance at high frequencies anywhere between 4000 to 6300 Hz, compared to
females and identical WBTayg absorbance values. Although a similar trend was noticed in
the present study, the effect size is small, demonstrating that the significance is
insignificant. Hence, the null hypothesis stating that “There is no significant difference in
wideband absorbance in normal (healthy) ears between males and females” is partially

accepted.

5.3 Effect of pressure conditions on WBA in Normal ears

The study evaluated the WBA measures obtained at the peak and ambient pressure
conditions in the Normal ear group. WBA measure at peak pressure was slightly higher but
significant at 250 Hz to 1000 Hz than the WBA values obtained at ambient pressure. The
present study did not find significant differences in WBA between two pressure conditions
at high frequencies. These findings are in-line with the previously reported studies (Aithal,
Aithal, Kei, & Manuel, 2019; Feeney et al., 2017; Keefe et al., 2015; Liu et al., 2008; Sun,
2016).

Several studies have investigated the WBA at peak pressure and ambient pressure

across the frequencies, but only limited studies reported differences between the two
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(Burdiek & Sun, 2014; Kenny, 2011; Liu et al., 2008; Shaw, 2009). Aithal et al. (2019)
reported differences in WBA obtained between peak and ambient pressure conditions at
frequencies ranging from 250 Hz to 1500 Hz for Caucasian children and 1250 Hz for
aboriginal children. Similarly, a large difference of WBA up to 2000 Hz has been observed
in young people (Feeney et al., 2017; Liu et al., 2008; Sun, 2016). As in the present study,
Margolis et al. (1999) also showed reduced absorbance at ambient pressure in the lower
frequencies and unchanged at higher frequencies. However, despite the difference in WBA
values, the pattern obtained at peak and ambient pressure was comparable (Jaffer, 2016;
Wali et al., 2017), similar to the present study's findings.

In general, the pressurized WBA measurements, i.e., peak pressure, exhibit the
eardrum'’s greatest mobility (Schlagintweit, 2018). This improves the sound energy
transmission to the middle ear and predicts the middle ear status (Onusko, 2004). Thus, the
WBA at peak pressure allows the maximum energy into the middle ear, and it gets reflected
as a greater absorbance in the WBA measurements. At ambient pressure, reduced
absorbance was usually seen at the lower frequencies than the peak pressure (Aithal, Aithal,
Kei, & Manuel, 2019; Feeney et al., 2017; Keefe et al., 2015; Liu et al., 2008; Sun, 2016).

During the ambient pressure condition, the ear canal pressure is not equal to the
middle ear pressure (Sun, 2016). There can either be positive or negative pressure induced
in the ear canal with reference to the middle ear pressure (Liu et al., 2008; Shaver & Sun,
2013). This will result in pulling or pushing the tympanic membrane, resulting in increased
stiffness and generating larger impedance, thereby reflecting more energy to the ear canal

(Allen et al., 2005; Feeney & Keefe, 1999; Robinson et al., 2016). Due to this, there is a
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reduction in the absorbance at low frequencies in the ambient pressure conditions than the
peak pressure (Feeney et al., 2017; Shaver & Sun, 2013; Voss et al., 2012).

Further, the study indicated no significant difference in WBA obtained at peak and
ambient pressure conditions at high frequencies. This could be because the transmission of
sound energy at high frequencies is not stiffness controlled (Pickles, 2012). Hence, the
WBA values at those frequencies are not affected and have a similar pattern despite the
pressure difference. Irrespective of the difference in WBA between the pressure conditions,
studies have shown the importance of measuring WBA at peak pressure (Liu et al., 2008;
Margolis et al., 1999) along with the ambient pressure. Margolis et al. (1999) suggested
that a WBA measurement at peak pressure could correctly identify middle ear pathology
in those whose WBA appeared normal at ambient pressure.

Regarding WBTavg, the present study showed a slight difference between the pressure
conditions with slightly lower average absorbance at ambient pressure than peak pressure
and are insignificant. However, limited studies in the literature had reported the difference
in wideband average absorbance tympanometry between the pressure conditions (peak,
ambient) in adults. Jaffer (2016) had measured wideband average absorbance
tympanometry averaged between 375 and 2000 Hz at peak and ambient pressure for both
Chinese and Caucasians. Though the study did not compare the WBA between the pressure
conditions, the mean average absorbance values for peak pressure were slightly higher than
the ambient pressure for both ethnic groups. The authors attributed this difference to the
increase in the eardrum’'s stiffness due to pressurization (Gaihede, 1996). Thus, this would

have resulted in the differences in WBTayg between the pressure condition observed in the
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current study. While no significant difference between peak and ambient pressure on
WBTavg was reported on the Indian population (Karuppannan & Barman, 2020, 2021a).
In summary, there is a significant difference in WBA at low frequencies obtained
between the pressure condition across frequencies. This could be due to slight variation in-
ear canal pressure compared to middle ear pressure when measured in ambient pressure
condition. However, the difference in WBA is likely to be negligible in Normal ears, and
if it exists, it would be only at the low frequencies. Hence, the null hypothesis as “There
is no significant difference in wideband absorbance measured at peak pressure to that of
ambient pressure in healthy ears”, is partially rejected. The null hypothesis as “There is
no significant difference in wideband average absorbance measured at peak pressure

to that of ambient pressure in normal (healthy) ears”, is accepted.

5.4 WBA norms at peak and ambient pressure

Normative WBA data at peak and ambient pressure were developed in the adult
population aged 22 to 50 years. The present study did not affect the ears or gender for peak
and ambient pressure conditions significantly. However, a significant difference was
observed for the WBA between the pressure conditions (peak, ambient) at low frequencies.
Considering all these and the importance of measuring WBA at peak pressure and ambient
pressure (Margolis et al., 1999), a separate normative was established for WBA at peak
and ambient pressure, as recommended by researchers (Burdiek & Sun, 2014; Kenny,
2013; Liu et al., 2008; Shaw, 2009).

The current investigation demonstrated that the mean WBA values were minimum
at 250 Hz, and absorbance values increased with the increase in frequencies, reaching a

maximum at 1250 Hz. It remains almost constant with a second maximum absorbance
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value obtained at 2000 Hz. Further, the absorbance values progressively decreased with
increased frequency, thereafter having a minimum value at 6000 Hz and above. In the
current study, maximum absorbance values were obtained between 1000 Hz and 2500 Hz.
On the other hand, a gradual reduction in absorbance values is observed on either side of
these frequencies. This reflects the middle ear's nature dominated by either stiffness or
mass properties of the middle ear (Kim & Koo, 2015).

Reduced absorbance for lower frequencies below 1000 Hz could be due to the
stiffness controlled middle ear system generated by the tympanic membrane, middle ear
cavity, and the annular ligament (Lynch et al., 1982). As the frequencies increases, i.e. at
higher frequencies, the middle ear system is mass dominated generated by the ossicles
(Allenetal., 2005). The stiffness and mass component can cause high impedance mismatch
in the middle ear, where most of the sound energy (below 1000 Hz and above 3000 Hz) is
reflected in the ear canal (Allen et al., 2005; Puria & Allen, 1998). At mid-frequencies
between 1000 and 3000 Hz, both stiffness and mass component equals and cancel each
other, thereby allowing most of the energy into the middle ear (Allen et al., 2005). This
trend is evidently seen in the WBA pattern, where high absorbance was seen at mid-
frequencies. Keefe et al. (1993) also reported that transmission of sound energy to the
middle ear is most efficient at mid-frequencies, and generally, these frequencies are
important for speech perception.

Due to the middle ear's mass and stiffness properties, the WBA values obtained were
lower at low frequencies, higher at mid-frequencies and lower at high frequencies
(Margolis et al., 1999, 2001; Shahnaz, Bork, et al., 2009). This pattern is in line with

previous research showing that the WBA at ambient and peak pressure reaches a maximum
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anywhere from 1000 to 4000 Hz in adults and lowest at the extreme low and high
frequencies (Feeney & Sanford, 2004; Keefe et al., 1993; Kenny, 2013; Margolis et al.,
1999; Sanford & Feeney, 2008; Shahnaz & Bork, 2006; Shaver, 2010; Shaw, 2009; Wang
et al., 2019; Werner et al., 2010). A study by Wang et al. (2019) on Chinese individuals
showed two maxima, at 1000 Hz and around 2500 to 3000 Hz, for both the peak and
ambient pressure conditions, similar to the current findings. Further, there is no significant
difference in WBA between Chinese and Indians reported in the literature, as the average
height and weight are comparable between Chinese and Indians (Wali & Mazlan, 2018).
Similarly, other studies on WBA measured at ambient pressure condition showed high
absorbance values at 1200 Hz and 3500 Hz (Feeney et al., 2004; Keefe et al., 1993; Voss
& Allen, 1994). However, there are reports of variation in WBA norms established among
the adult population. The absorbance measured in Caucasian and Chinese young adults
showed a single maximum around 3000 Hz in the Chinese individuals whereas, two
maxima (around 1617 Hz and 3164 Hz) in the Caucasian individuals (Shahnaz & Bork,
2006).

Several reasons can be attributed to the difference in WBA among the studies
available in the literature. However, the major one could be the racial difference among the
subjects (Kenny, 2013; Shahnaz & Bork, 2006; Shaw, 2009; Wang et al., 2019). Such
difference could be due to the disparity in body size between races, with Caucasians having
a greater average height and weight than Chinese people (Shahnaz & Bork, 2006). Larger
body size tends to have a larger ear canal cross-sectional area, differing ear canal
geometries, and longer ear canal lengths at the probe's measurement location (Rosowski et

al., 2013). Thus, the middle ear's acoustic transfer function is influenced by such

165



anatomical and physiological differences of the conductive pathway (Hunter & Shanaz,
2014; Shahnaz, 2010).

Another reason could be the differences in the methodology, such as the age of
subjects, procedures used to measure WBA, the type of probe microphone and ear tip used,
and the calibration method for ear-canal volume (Feeney et al., 2004). Due to the variation
in WBA among the races and difference in the method used, several researchers had
suggested determining the ethnically homogeneous sets of normative data for WBA (Beers
et al., 2010; Shahnaz et al., 2013; Shahnaz & Bork, 2006). Henceforth, the present study
had developed WBA norms at the peak and ambient pressure conditions in the Indian adult
population using Interacoustic Titan WBT equipment and the same was used for clinically
validating the WBA in the pathological conditions.

Similarly, the study attempted to develop norms for wideband average absorbance
tympanometry calculated between 375 Hz and 2000 Hz at peak pressure and ambient
pressure conditions. The present study showed that the average absorbance is similar for
both pressure conditions, ranging between 0.33 and 0.82 for peak pressure; and 0.34 and
0.86 for ambient pressure. Similar findings were also reported in the literature
(Karuppannan & Barman, 2020, 2021; Kaya et al., 2019; Kim et al., 2019; Sliwa et al.,
2020; Terzi et al., 2015). Jaffer (2016) had reported the mean WBTayg0f 0.47 in Caucasians
and 0.44 in Chinese at peak pressure, whereas 0.44 in Caucasians and 0.42 in Chinese at
ambient pressure. These differences were attributed to the difference in body size, middle
ear cavities and the ear canal sizes among the ethnic groups (Jaffer, 2016; Kenny, 2013;
Shahnaz & Bork, 2006; Wang et al., 2019), as similar to the difference obtained for WBA

across frequencies. However, some studies used different bandwidth based on absorbance
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obtained at different frequencies to measure WBTayg (Neto et al., 2014; Niemczyk et al.,
2019; Sliwa et al., 2020). Thus, there exists no consistency in the average absorbance
measurements that are reported in the literature.

The wideband average absorbance tympanometry is advantageous as it contains
information of wider frequency range depicted in a single-peaked tympanogram and is easy
to interpret compared to WBA across frequencies (Jaffer, 2016). Also, studies pointed out
that WBA at mid-frequencies is more sensitive in identifying conductive hearing loss than
the 226 Hz tympanometry (Piskorski et al., 1999). Thus, further studies on wideband
average absorbance tympanometry are warranted with fixed frequency bandwidth to

measure the average absorbance and to differentiate with the middle ear pathologies.

5.5 Reliability measures of WBA in Normal ears

The test-retest and inter-tester reliability were examined for the WBA measured
across frequencies at peak and ambient pressure conditions. The study revealed that the
intraclass correlation coefficient (ICC) values of WBA measured at peak and ambient
pressure conditions were comparable. The ICC values across the frequencies for
absorbance values and WBTay in the test-retest reliability measures ranged between 0.62
and 0.85, with the most frequencies showing good reliability (>0.75). However, the ICC
values were slightly lower than the inter-tester reliability measures that ranged between
0.56 and 0.84.

The test-retest reliability measures were similar for all the frequencies in the present
study, which is similar to that reported in the previous studies obtained in adults (Feeney
et al., 2014; Rosowski et al., 2012; Werner et al., 2010). A study on test-retest reliability

of WBA in an adult population with and without the reinsertion of probe tube indicated a
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small difference in WBA at high frequencies above 1000 Hz in the reinsertion method
(Vander Werff etal., 2007). A similar observation was reported in Beers et al. (2010) study,
where they showed no significant difference following reinsertion. While the test-
reliability correlations measured in adults after two weeks’ gap showed high reliability at
low and mid-frequencies and low reliability at frequencies above 3000 Hz (Werner et al.,
2010). Reliability measures were also performed on the middle ear disorders subjects, and
they had reported lower reliability measures, i.e. large change in WBA was observed in
those with middle ear disorders conditions compared to those with intact middle ear (Beers
et al., 2010; Vander Werff et al., 2007). The differences could be due to the change in the
severity of the pathological conditions.

Although previous studies have shown a small difference in test-retest measures, they
are attributed to changes in static ear canal pressure or fluid levels between tests (Voss et
al., 2013). The proper probe fit, especially the probe's orientation in the ear canal during
the reinsertion, might also lead to the difference in WBA measures (Beers et al., 2010;
Voss et al., 2013). However, no studies on inter-tester reliability of WBA have been
performed previously in the Normal ears or the pathological conditions. The test-retest
measures have shown good test-retest reliability and inter-test reliability measures for most
frequencies at the peak and ambient pressure conditions in the present study. Hence, it can

be used as a clinical tool beyond doubt.

5.6 Effect of middle ear disorders on WBA
The present study compared the difference in WBA across frequencies and wideband
average absorbance tympanometry in different middle ear disorders with Normal ear group

(Group 1) at peak and ambient pressure conditions. The middle ear disorders included in
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the study were Tympanic membrane perforation, Middle ear effusion without perforation,

Otosclerosis, and Eustachian tube dysfunction.

5.6.1 Tympanic membrane perforation

The study compared the WBA across frequencies and WBTayg absorbance value
obtained at peak and ambient pressure in the TmP group with the Normal ear group. TmP
group demonstrated lower absorbance values at low and mid-frequencies with significant
reduction up to 2500 Hz and higher absorbance beyond 4000 Hz. Further, the WBA pattern
of TmP group had three maxima at 1000 Hz, 3000 Hz and 6000 Hz, with the greatest
reduction seen in the mid-frequency region (1000 — 2500 Hz).

The present study's findings are consistent with Kim et al. (2019) study
demonstrating lower absorbance values in the low and mid-frequency region, mostly below
1000 Hz. At high frequencies, studies had shown a wide range of variability with few
reporting of near-normal reflectance/absorbance at higher frequencies above 1000 Hz
(Feeney et al., 2003; Voss et al., 2012) and few others reporting higher transmittance
(absorbance) above 4000 Hz (Allen et al., 2005; Jeng et al., 2008), as similar to the current
findings. However, the reason for having three maxima in the present study is not clear.
One would expect either increase in absorbance values at low or high-frequency region
depending upon pathological changes, making the middle ear either mass or stiffness
dominated system. However, it is a unique finding and pattern observed in ears with
Tympanic membrane perforation and the reason for the same need to be explored.

Contradictory findings are also reported in the literature of reduced reflectance, i.e.,
increased absorbance for frequencies between 250 Hz and 1000 to 2000 Hz in-ears with

perforations (Allen et al., 2005; Feeney et al., 2003; Jeng et al., 2008; Voss et al., 2012).
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The authors attributed this difference to the increase in the middle ear's mass component
due to tympanic membrane perforation that allows low-frequency energy into the middle
ear (Kim & Koo, 2015). Further, the studies had shown that the size of the perforation
alters the absorbance, with the smallest perforations showing the largest effect below 1000
Hz, while no change at high frequencies above 2000 Hz (Allen et al., 2005; Feeney et al.,
2003; Voss et al., 2001c, 2001b, 2001a, 2012). This could be because of the presence of
low-frequency mass generating lower impedance, thereby reducing the reflectance
(increase in absorbance) at lower frequencies (Nakajima et al., 2013; Voss et al., 2012). As
the diameter of the perforation enlarges, most of the energy is absorbed by the middle ear
cavity and conducted into ossicles (Jeng et al., 2008). However, the present study did not
consider the perforation's size while measuring the WBA across frequencies, which could
have influenced the WBA results.

Generally, there exist no measurable peak in ears with tympanic membrane
perforation. In the present study, WBA measurements were obtained even at peak pressure
for the TmP group. This could probably be due to the use of a wider frequency range
stimulus in the WBA measurements. Some variation in the change of transmission of sound
energy took place with the change in ear canal pressure at the high-frequency region. The
instrument probably considers this change as maximum sound energy reaching the middle
ear as a peak and displayed as peak pressure. There are no studies that had measured WBA
at peak pressure to support our findings. The present study showed a significant difference
between peak and ambient pressure conditions with lower absorbance from 300 Hz to 1000

Hz and higher values between 2000 Hz and 3000 Hz. This increase in absorbance at peak
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pressure could be because of the contribution of stiffness due to pressurization (Shahnaz et
al., 2013) in addition to the existing mass component due to the TmP (Voss et al., 2012).

Interestingly, the WBTavg Was not present at peak pressure in ears with the TmP
group. This could probably be due to the lack of changes in the absorbance with the
variation of pressure in the ear canal at each frequency (375 Hz and 2000 Hz) that is
considered to calculate WBTavg. Thus, the WBA across frequencies and WBTayg results
indicate that the variation in the transmission of sound energy took place beyond 2000 Hz
with the change in ear canal pressure, which could be a limitation of the equipment.
However, no study in the literature had commented on WBTayg at peak pressure for the
TmP group. Kim et al. (2019) had reported TPP in ears with TmP in the wideband average
tympanometry measurements. Although the TPP was reported, the study measured WBTayg
only at ambient pressure indicating a ‘B’ type pattern without any measurable peaks and
absorbance. In the present study, the WBTavgObtained at ambient pressure was significantly
lower than the Normal ear group. Thus, further studies are warranted to understand the
difference in average absorbance obtained between the studies.

Receiver Operating Characteristic (ROC) analysis performed in the TmP group
showed a high sensitivity (>74%) and specificity (>85%) for frequencies at 1250 Hz, 1500
Hz and 2000 Hz in both the pressure conditions and WBTayg at ambient pressure. This is
because there is a significant reduction in absorbance values at these frequencies due to
high impedance, resulting in better differentiation between the TmP from the Normal ear.
However, there are no supporting studies to compare the findings of the present study.

It can be concluded that WBA is useful for distinguishing tympanic membrane

perforation from the Normal ear with high accuracy at mid-frequencies (1250 Hz, 1500 Hz
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and 2000 Hz) and WBTayg in ambient pressure conditions. Thus, the null hypothesis
stating that ""There is no significant difference in wideband absorbance between

Tympanic membrane perforation and normal (healthy) ears™ has been rejected.

5.6.2 Middle ear effusion

The effect of middle ear effusion without perforation was compared with the normal
ear. The result showed a significant reduction in absorbance from 250 Hz to 6000 Hz in
both pressure conditions. The findings of this study are in agreement with previous research
that has used reflectance measurements (Allen et al., 2005; Feeney et al., 2003; Piskorski
etal., 1999; Voss et al., 2012) and absorbance measurements (Beers et al., 2010; Ellison et
al., 2012; Keefe et al., 2012; Terzi et al., 2015). Studies had shown increased reflectance,
i.e. decreased absorbance at all frequencies, mostly seen below 3000 Hz, and it depends on
the amount of fluid-filled in the middle ear (Dai et al., 2008; VVoss et al., 2012). Experiments
on cadaver ears had indicated that the reflectance was increased (decreased absorbance) at
all frequencies when the middle ear space was filled with fluid with the significant
reduction seen below 3000 Hz (Voss et al., 2012). Also, the magnitude of change in
absorbance was constant across frequencies, especially below 4000 Hz, indicating the
effect of fluid is independent of frequencies (Jeng et al., 2008). The findings were
supported by umbo-displacement studies where there was a reduction in the umbo velocity
across the frequencies when the fluid was filled in the middle ear space (Gan et al., 2006;
Ravicz et al., 2004).

Similar findings of reduced absorbance were also reported on human ears with MEE
(Allen et al., 2005; Beers et al., 2010; Feeney et al., 2003; Keefe et al., 2012; Piskorski et

al., 1999; Terzi et al., 2015) with few reporting a notch between 4000 and 7000 Hz (Feeney
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et al., 2003). Although the present study did not account for the amount of fluid present
inside the middle ear cavity, it was observed that the reduction was seen across the
frequencies up to 3000 Hz. No significant difference was observed at 8000 Hz, similar to
the Terzi et al. (2015) study.

Further, the study had measured the WBA across frequencies at peak and ambient
pressure. The reason for the occurrence of WBA at peak pressure and not for WBTayg in
ears with middle ear effusion has been discussed earlier in section 5.5.1. A significant
reduction in absorbance at ambient pressure than peak pressure for frequencies between
500 Hz and 1000 Hz, similar to the Normal ear group, was observed in the present study.
This difference could be due to the pressurization at the tympanic membrane that slightly
increases the middle ear's stiffness and improves the sound energy entering the middle ear
at peak pressure (Liu et al., 2008; Shahnaz & Bork, 2006; Wang et al., 2019). In contrast,
Keefe et al. (2012) had reported no significant difference in absorbance across frequencies
measured between ambient and pressure sweep method in ears with conductive hearing
loss due to Otitis media with effusion. While Terzi et al. (2015) had indicated that only a
few of the ears with MEE were able to elicit TPP, the WBA measurements at peak pressure
were not considered in their study.

Regarding WBTavg, a significant reduction in average absorbance at ambient pressure
was observed in the MEE group than the Normal ear group. Similar results were reported
in the literature showing reduced average absorbance for otitis media group and lowest for
otitis media with effusion group at ambient pressure compared to the normal ear (Terzi et
al., 2015). While WBTayg was not elicited at peak pressure and the reasons has been

discussed earlier in section 5.5.1.
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Reduction in absorbance across frequencies and WBTayg absorbance values was
attributed to an increase in the middle ear cavity impedance due to loss of aeration and
accumulation of fluids in the middle ear space (Nakajima et al., 2013). This accumulation
of fluid in the middle ear reduces the middle ear space, resulting in reduced tympanic
membrane stiffness (Von Unge et al., 1995) and umbo velocity (Ravicz et al., 2004). This
could be one of the possible reason for reduced absorbance at low frequencies. At high
frequencies, the reduction of absorbance was due to the increased mass caused by the fluid
attached to the tympanic membrane in the middle ear and reduction in umbo velocity (Gan
et al., 2006; Ravicz et al., 2004).

The accuracy of WBA measurements in MEE has been investigated previously on
infants and children. Studies have shown good sensitivity and specificity in identifying the
MEE (Beers et al., 2010; Ellison et al., 2012; Terzi et al., 2015). Beers et al. (2010) and
Terzi et al. (2015) had shown the higher AUROC in the frequency range of 1000 to 1600
Hz, while Ellison et al. (2012) had suggested 800 Hz to 2000 Hz as the most sensitive
frequencies in identifying MEE. A similar observation was seen in the present study
showing high AUROC in the broader frequency range of 800 Hz to 3000 Hz having high
sensitivity (>92%) and specificity (>88%) for both the pressure conditions. Further, the
WBTavg measurements at ambient pressure also had higher AUROC with 100% sensitivity
and 98% specificity in differentiating MEE from the normal ear. The findings were
supported by Terzi et al. (2015) where 100% sensitivity and 94% specificity on WBTayg
measurements was reported.

It can be concluded that WBA is effective in distinguishing MEE from the Normal

ear with high accuracy at mid-frequencies (800 Hz to 3000 Hz) for both pressure conditions
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and WBTayg in ambient pressure condition. Thus, the null hypothesis stating that **There
IS no significant difference in wideband absorbance between Middle ear effusion and

normal (healthy) ears' has been rejected.

5.6.3 Otosclerosis

The present study compared the WBA across frequencies of the Otosclerosis group
with that of the Normal ear group at both pressure conditions. The WBA of the Otosclerosis
group measured at the peak and ambient pressure showed reduced absorbance at low and
mid-frequencies up to 2000 Hz significantly and slightly higher absorbance values beyond
2000 Hz for both pressure conditions compared to the Normal ear group.

The present study results were in agreement with previously reported studies (Allen
etal., 2005; Feeney et al., 2003; Karuppannan & Barman, 2020, 2021a; Kelava et al., 2020;
Shahnaz, Bork, et al., 2009; Sliwa et al., 2020), which showed a decrease in absorbance
values at frequencies below 1000 Hz for the Otosclerosis group. This reduction depends
largely on the severity of the Otosclerosis and can be observed even at frequencies higher
than 1000 Hz (Karuppannan & Barman, 2021a; Neto et al., 2014; Shahnaz, Bork, et al.,
2009). The decline in WBA at low frequencies may be due to the annular ligament
stiffening, which generates a large impedance and reflects much of the energy below 2000
Hz into the ear canal (Allen et al., 2005; Feeney & Keefe, 1999; Sliwa et al., 2020). In
contrast, the transmission is not stiffness-controlled at higher frequencies, i.e., above 2000
Hz, and hence, WBA values are less affected (Pickles, 2012). However, the absorbance
values at high frequencies are highly variable (Allen et al., 2005). Few studies had indicated
reduced absorbance at 1260 Hz, 2520 Hz, and 4000 Hz in-ears with otosclerosis (Feeney

et al., 2003; Wang et al., 2019). In contrast, increased absorbance was also reported from
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5000 Hz to 8000 Hz (Kelava et al., 2020; Wang et al., 2019). However, the present study
did not observe any significant difference in absorbance values at higher frequencies,
although slightly higher values were observed in the Otosclerosis group.

Studies on changes in pressure in the middle ear have shown a significant effect on
absorbance patterns in the Normal ear group with a lower WBA at ambient pressure than
peak pressure (Karuppannan & Barman, 2020, 2021a; Liu et al., 2008; Shahnaz & Bork,
2006; Wang et al., 2019). However, limited studies have compared the WBA obtained at
peak pressure with ambient pressure in the Otosclerosis group (Karuppannan & Barman,
2020, 2021a). Karuppannan and Barman (2021) showed reduced absorbance at ambient
pressure for lower frequencies up to 1500 Hz than at peak pressure in-ears with
otosclerosis. Similar results were obtained in the present study. This could be because of
the stiffening of the tympanic membrane as a result of pressurization, i.e. at peak intensity,
which increases sound energy transmission to the middle ear (Shahnaz et al., 2013). While
at ambient pressure, there is a minimal amount of pressure gradient between the ear canal
and middle ear, resulting in a slight change in the tympanic membrane's stiffness and thus
influencing the WBA measurements (Kenny, 2013). In contrast, Karuppannan and Barman
(2020) reported no significant difference between pressure conditions (peak, ambient), and
this could be because of the limited sample size considered in their study.

Studies on WBTayg in the literature are limited. Kim et al. (2019) had measured
WBTayg at ambient pressure (375 Hz — 2000 Hz), and it was found that the average
wideband absorbance pattern was relatively low in Otosclerosis compared to the Normal
ear. The current study showed a similar pattern with a significant reduction in average

absorbance values at ambient pressure for Otosclerosis than in the Normal ear group. While
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at peak pressure, although the WBTavg measurement was lower than the Normal ear group,
it did not show any significant differences. Similar findings were also reported in the
literature with reduced WBTavgat ambient pressure in Otosclerosis compared to the Normal
ear, while no significant difference at peak pressure (Karuppannan & Barman, 2020,
20214a).

However, few studies have reported average absorbance measured from the WBA
measurements in different bandwidth across frequencies (250 Hz to 8000 Hz). Niemczyk
et al. (2019) averaged the WBA obtained between 250 Hz and 4000 Hz in Otosclerosis and
had reported the average absorbance value that ranged between 0.64 and 0.92. Whereas
Neto et al. (2014) had shown a higher overall reflectance rate (>70%), i.e. lower absorbance
rate in ears with Otosclerosis, averaged between 250 Hz and 6000 Hz. Though there are
variations in average absorbance values between studies, it cannot be directly compared to
the current study results due to the difference in frequency range considered and the method
used to obtain the average absorbance values.

In addition, no study has compared the wideband average absorbance values between
peak and ambient pressure conditions. However, the present study showed significantly
reduced average absorbance at ambient pressure compared to peak pressure. This could be
due to a change in the tympanic membrane's stiffness that would further reduce the
transmission of sound to the middle ear across low frequencies (Allen et al., 2005; Feeney
& Keefe, 1999), resulting in lower WBTavg. A greater decrease in ambient pressure than
peak pressure may be due to the further increase in stiffness at the tympanic membrane due

to pressurization, which improves the transmission of sound to the middle ear at peak
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pressure condition (Shahnaz et al.,, 2013). However, more studies are warranted to
understand whether WBTayg could be a useful tool in detecting Otosclerosis.

ROC analysis was performed to measure the sensitivity and specificity in detecting
Otosclerosis from the Normal ear. In the present study, ROC analysis of WBA at peak
pressure and ambient pressure showed high sensitivity and specificity of > 80%, especially
at low and mid-frequencies (250 Hz to 1250 Hz). Among those, the frequencies from 400
Hz to 800 Hz at peak pressure and 300 Hz to 1000 Hz at ambient pressure showed the
highest sensitivity and specificity (>90%). This is because there is a significant reduction
in absorbance values at these frequencies due to high impedance, resulting in better
differentiation between the otosclerosis ear from the normal ear. Also, ambient pressure
conditions showed better sensitivity than peak pressure due to a more significant reduction
of absorbance.

Only limited studies had performed ROC analysis and had reported the sensitivity
and specificity. Shanaz et al. (2009) had shown a significant difference in low and mid
frequencies below 1000 Hz, exhibiting high AUROC values at 315 Hz and 500 Hz with a
sensitivity of 82% at 500 Hz in Otosclerosis ears. Similarly, Karuppannan and Barman
(2021) indicated that low frequencies up to 1500 Hz are sensitive in identifying otosclerosis
with a high diagnostic value of >90% at 1000 Hz. While Kelava et al. (2020) have shown
high AUROC values in the frequency range >0.5 to <1 kHz and >4 to <8 kHz to identify
Otosclerosis. Sliwa et al. (2020) had suggested that WBA measurements are highly
effective, for frequency centred around 650 Hz, with a sensitivity and specificity of over
85%. Hence, the low and mid-frequencies are found to be sensitive in the identification of

Otosclerosis.
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Karuppannan and Barman (2020) on WBTayg measurements had indicated high
accuracy in detecting otosclerosis at ambient pressure conditions at a criterion point of 0.45
having high sensitivity (92.2%) and specificity (97%). While the study had shown low
accuracy at peak pressure. However, no other studies had performed WBTayg
measurements with a frequency range of 375 Hz to 2000 Hz. Nakajima et al. (2012) study
had averaged the absorbance values between 600 Hz and 1000 Hz at peak pressure in
combination with an air-bone space at an average of 1000 to 4000 Hz, showed high
sensitivity (86%) and specificity (100%) to differentiate otosclerosis. The sensitivity and
specificity of WBT for frequencies averaged between 226 Hz and 2000 Hz were observed
to be lower (80%) compared to the average absorbance values between 500 and 700 Hz
(Sliwa et al., 2020). The present study indicated high accuracy (>95% sensitivity and
specificity) in detecting Otosclerosis only at ambient pressure conditions. The difference
in WBTayg Only at ambient pressure and not at peak pressure needs to be speculated through
further research on WBTavyq measurements.

Thus, it can be concluded that low and mid frequencies are efficient in differentiating
Otosclerosis ears from Normal ears. Therefore, the null hypothesis stating that “There
is no significant difference in wideband absorbance between Otosclerosis and normal

(healthy) ears” is partially rejected.

5.6.4 Eustachian tube dysfunction

In the present study, the comparison of the ETD group with that of the Normal ear
group showed a similar WBA pattern with a significant reduction of absorbance values
across frequencies up to 3000 Hz for both the pressure conditions. Further, the reduction

was more significant at ambient pressure than at peak pressure conditions. At high
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frequencies above 3000 Hz, the WBA was almost similar between the groups except at
8000 Hz showing higher absorbance.

ETD is one of the most commonly occurring middle ear disorders that affect the
transmission of sound to the inner ear due to abnormal negative middle ear pressure
(Shaver & Sun, 2013). Limited studies had reported a change in WBA measured in
abnormal middle ear pressure and are performed mostly in young children (Aithal, Aithal,
Kei, Anderson, et al., 2019; Beers et al., 2010; Hunter, Tubaugh, et al., 2008; Sanford &
Brockett, 2014). Few efforts have been made to examine the effect of negative middle ear
pressure on WBAs in adults (Karuppannan & Barman, 2021b). Most of these studies were
based on the stimulated conditions in healthy individuals/cadaveric ears (Margolis et al.,
1999, 2001).

Studies had shown that any alteration in middle ear pressure increased the energy
reflectance (decrease in absorbance) below 3000 to 4000 Hz and decreased (increase in
absorbance) at higher frequencies beyond 4000 Hz (Karuppannan & Barman, 2021b;
Margolis et al., 1999; Shaver & Sun, 2013; Voss et al., 2012). Our findings appear to be
well supported by earlier studies on negative middle ear pressure showing a reduction in
absorbance for frequencies below 3000 Hz. The mid-frequencies showed a considerable
reduction in WBA at peak pressure compared to the lower frequencies, as similar to the
findings reported in the literature (Karuppannan & Barman, 2021b; Shaver & Sun, 2013).
The amount of reduction in absorbance at low and mid-frequencies could be because of the
increased stiffness of the middle ear due to the presence of negative middle ear pressure
(Robinson et al., 2016). This generates a large impedance at the level of the tympanic

membrane due to the increase in stiffness, thereby reflecting most of the energy to the ear
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canal (Allen et al., 2005; Feeney & Keefe, 1999; Robinson et al., 2016). Further, it is
supported by the umbo-displacement measurement studies performed in the negative
middle ear pressure conditions where reduced umbo movements for frequencies below
about 2000 Hz was reported (Gan et al., 2006; Murakami et al., 1997).

In general, studies have reported a large reduction in absorbance below 1000 Hz with
minimal changes above 2000 Hz with varying degrees of negative middle ear pressure
(Karuppannan & Barman, 2021b; Shaver, 2010). However, there is no consistency in WBA
results at the higher frequencies across the studies. Margolis et al. (1999) reported an
increase in absorbance from 3000 to 8000 Hz, while the studies in young children had
shown an increase in energy reflectance (decrease in absorbance) for frequencies up to
4000 to 5000 Hz (Beers et al., 2010; Hunter, Tubaugh, et al., 2008). Variations in the
absorbance at the higher frequency region have been attributed to the TPP magnitude and
change in the middle ear stiffness (Shaver & Sun, 2013). This was supported by the Beers
et al. (2010) study where the reduction in absorbance was observed for frequencies from
630 to 2000 Hz in children with mild pressure in the middle ear, and the effect was observed
up to 5000 Hz for severe middle ear pressure conditions. Further, the umbo displacement
at high frequencies showed an asymmetry above 2000 Hz with either increase or no change
in umbo displacement (Gan et al., 2006; Murakami et al., 1997) for negative middle-ear
pressure condition that could have resulted in inconsistency findings at high frequencies.

The current WBA results in the ETD group did not significantly differ above 3000
Hz for both pressure conditions with slightly higher absorbance at 8000 Hz. Similar results
of increased absorbance at 8000 Hz have been reported in the literature (Dai et al., 2008).

This could be due to an increase in umbo movements compared to other frequencies,
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measured by laser Doppler velocimetry in human cadavers' temporal bones (Dai et al.,
2008).

Furthermore, literature studies have reported a significant reduction in WBA at
ambient pressure compared to the peak pressure seen below 2000 Hz in ears with negative
middle ear pressure/ETD (Aithal, Aithal, Kei, Anderson, et al., 2019; Karuppannan &
Barman, 2021b; Robinson et al., 2016; Shaver & Sun, 2013; Voss et al., 2012). Aithal et
al. (2019) had investigated the effect of WBA in children with ETD and had demonstrated
a differential absorbance pattern with significant lower WBA only at ambient pressure
compared to the normal ears. Similar findings of reduced absorbance below 2000 Hz at
ambient pressure than peak pressure conditions were observed in the present study. This is
because the TPP plays a significant role in equalizing the pressure between the ear canal
and middle ear, thereby allowing maximum energy to enter into the middle ear (Robinson
et al., 2016). Thus, applying pressure to compensate for the negative middle ear pressure
restores the WBA values near to the baseline values (Aithal, Aithal, Kei, Anderson, et al.,
2019; Karuppannan & Barman, 2021b; Robinson et al., 2016; Shaver & Sun, 2013; VVoss
et al., 2012). There is a significant pressure gradient between the middle ear and ear canal
at ambient pressure, resulting in an increase of the tympanic membrane's stiffness. This
would have resulted in the reduction of absorbance values, especially at low frequencies.
Thus, the WBA for those with negative middle ear pressure would show higher absorbance
at peak pressure than the ambient pressure and reaches the absorbance values near to the
Normal ear group.

Whereas the WBTavg measurement was obtained only at ambient pressure condition

and not at peak pressure in the current study. This may be because of the increase in the
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middle ear stiffness due to the decrease in middle ear pressure (Kim & Koo, 2015), which
restricts the low-frequency energy transmission to the middle ear and allows only the high-
frequency energy transmission virtually. This could probably lead to flat average peak
absorbance values in the frequency range (375 Hz and 2000 Hz) considered to calculate
WBTavg. At ambient pressure, WBTayg Was lower for the ETD group than the Normal ear
group. This could be because of the physiological changes in the middle ear structures due
to negative middle ear pressure, affecting the transmission of sound to the inner ear.
However, no studies have been reported to measure WBTayg On ETD to support our
research.

ROC analysis in the ETD group with the Normal ear group showed good sensitivity
only at the ambient pressure conditions with high accuracy (> 90%) seen in the mid-
frequencies (500 Hz to 1000 Hz) and WBTayg. This is because there is a significant
reduction in absorbance values at these frequencies due to high impedance, resulting in
better differentiation of ETD from the normal ear. Whereas at peak pressure, though it has
shown good specificity (>85%) from 600 Hz to 1500 Hz, the sensitivity is found to be
lower. However, there are no studies that have performed a ROC analysis to support our
findings. As indicated in the literature, there is a significant decrease in absorbance for
frequencies below 1000 Hz, with varying negative pressure levels in the middle ear
(Shaver, 2010). Thus, it could have led to a significant reduction in WBTayg also.

Thus, it can be concluded that WBA is useful for distinguishing ETD from the normal
ear with high accuracy at mid-frequencies (500 to 1000 Hz) and WBTayg in ambient

pressure conditions. Thus, the null hypothesis stating that "There is no significant
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difference in wideband absorbance between Eustachian tube dysfunction and normal

(healthy) ears” has been partially refuted.

5.7 Effect of WBA on Sensorineural hearing loss

The WBA across frequencies and WBTayg Were measured at peak pressure and
ambient pressure conditions in the SNHL group and was compared with the Normal ear
group. The present study results showed a similar WBA pattern to that of normal ears, with
significantly lower absorbance at frequencies at 1250 Hz and below for SNHL in both
pressure conditions. Although it shows a significant difference in the lower frequencies,
the WBA values are within the normative range. At the same time, the WBTavg absorbance
was identical without any significant difference between the groups. Nonetheless, there are
no reports of WBA measures on SNHL individuals in the literature.

Feeney et al. (2003) had evaluated WBA measures in bilateral SNHL subjects who
also had a history of ETD, having negative middle-ear pressure. The authors had indicated
that the ears with SNHL are indistinguishable from normal ears, indicating that damage to
the cochlea does not impact the WBA measurements. In general, the middle ear's mass and
stiffness properties affect the transfer of acoustic energy to the middle ear across
frequencies (Kim & Koo, 2015). The low-frequency transmission function is mainly
affected by the middle ear stiffness, primarily due to the middle ear cavity. In contrast, the
high-frequency transfer function was affected by the middle ear's mass component largely
due to middle ear bones (Kim & Koo, 2015). However, in SNHL, the lesion occurs within
the cochlear structure, while the middle ear remains intact (Davis, 2015). Therefore, the

middle ear stiffness and mass characteristics have little or no effect on the SNHL (Kim &
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Koo, 2015) and perform as similar to the normal ear. This could be probably a reason for
identical WBA values across frequencies in the SNHL and Normal ear.

Like the Normal ear group, the comparison of WBA between pressure conditions
(peak, ambient) in the SNHL group showed slightly reduced absorbance at ambient
pressure condition than the peak pressure with significant reduction observed below 1000
Hz. While the WBTayg oObtained between the pressure conditions also showed a slightly
reduced average absorbance at ambient pressure than the peak pressure conditions, but it
did not reach significance. At TPP, the pressure across the tympanic membrane makes it
more effective to transmit sound (Onusko, 2004; Schlagintweit, 2018). Whereas at ambient
pressure, there is a pressure gradient across the tympanic membrane, leading to the
increased stiffness. This would have resulted in reduced absorbance values at low
frequencies, similar to those observed in the normal ears.

Further, at higher frequencies, the study showed no significant difference in WBA
obtained at peak and ambient pressure conditions in the SNHL group. This may be because
the transmission of sound energy at high frequencies is not controlled by stiffness (Pickles,
2012). As a result, the WBA values did not change at these frequencies and have a similar
WBA pattern despite the pressure difference.

ROC analysis on WBA measures showed low to moderate sensitivity (50 — 60%) and
specificity (70 — 80 %) in differentiating the SNHL group from the Normal ears in the
current study for both pressure conditions. Though there exist a significant reduction in
absorbance values at the low and mid-frequencies (250 Hz — 1250 Hz) for the SNHL group,
the difference is small, resulting in lower sensitivity. Thus, it can be concluded that WBA

measures are indistinguishable between the SNHL and Normal ear group. The null
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hypothesis stating that ""There is no significant difference in wideband absorbance
between the ears with sensorineural hearing loss and normal (healthy) ears."" has been

accepted.

5.8 Effect of between-pathological groups comparison on WBA

Research on WBA has suggested that it is significantly sensitive enough to detect
middle ear pathologies (Keefe et al., 2017; Keefe & Simmons, 2003; Kim et al., 2019;
Sanford & Brockett, 2014; Shahnaz, Bork, et al., 2009), specifically those disorders that
are failed to detect using 226 Hz tympanometry (Shahnaz & Davies, 2006). Previous
studies on WBA had shown a notable change in absorbance value across frequencies for
each of the middle ear disorders, and most of them are compared only with normal ears
(Hunter & Margolis, 1997; Keefe & Levi, 1996; Margolis et al., 1999; Piskorski, Keefe,
Simmons, & Gorga, 1999). Similar findings were obtained in the current study with
distinctive WBA patterns for each of the middle ear disorders. None of the studies had
compared all the middle ear disorders and its effect of WBA across frequencies.

The current study attempted to study the differences in absorbance between middle
ear disorders. However, the study did not find any common absorbance value that can
differentiate between the groups in any of the frequencies at both peak and ambient
pressure conditions. Interestingly, the study showed a distinct WBA pattern among middle
ear disorders and are different from the normal ear group. These differences are seen at the
low and mid-frequencies for all the middle ear disorders consistently. In contrast, the high
frequencies were almost similar for most middle ear disorders for both the peak and
ambient pressure conditions. Among the disorders groups, the MEE group demonstrated

the lowered WBA pattern with the reduction in absorbance at all the frequencies, while the
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SNHL group showed an increased WBA pattern near to that of the normal ear. The TmP
group showed a reduction of absorbance up to 2500 Hz with three prominent maxima; and
Otosclerosis had shown reduction up to 2000 Hz for both peak and ambient pressure. The
only conditions that differed between the pressure conditions were the ETD group, where
the WBA pattern of ETD is similar to the MEE group for ambient pressure conditions,
whereas the WBA pattern was near to normal at peak pressure. Thus based on the holistic
pattern, the middle ear disorders can be differentiated. The reason for having a different
pattern in different pathological conditions has been elaborated under each disorder
condition compared to the normal middle ear group. VVoss et al. (2012) suggested that the
WBA could help identify the middle ear pathology if used in conjunction with other
immittance measurements. Thus, the null hypothesis stating that "There is no
significant difference in wideband absorbance across the pathological conditions™ has

been partially accepted.
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Chapter 6

SUMMARY AND CONCLUSIONS

The present study aimed to obtain the norms for wideband absorbance in adults
with normal middle ear and normal hearing sensitivity and clinically validate with the
disordered group results. To achieve this, the current study had five primary objectives: (a)
to study the effect of gender on wideband absorbance tympanometry results in healthy
adults having a normal middle ear; (b) To study the effect of two different pressure
conditions (peak and ambient pressure) on wideband absorbance tympanometry results; (c)
to obtain the norms (absorbance value) across the frequencies using wideband absorbance
tympanometry in healthy adults with the normal middle ear; (d) to study the effect of
various middle ear disorder (Tympanic membrane perforation, Middle ear effusion without
perforation, Otosclerosis, and Eustachian tube dysfunction) on wideband absorbance
tympanometry and compared it with the values obtained in normal healthy middle ears;
and (e) to study the effect of SNHL on wideband absorbance tympanometry findings and
compare it with the values obtained in normal healthy middle ears.

The study used a cross-sectional research study design with standard group
comparison. Three groups in the age range of 22 to 50 years were considered in the study.
Group | consisted of normal middle ear functioning with normal hearing sensitivity
(n=1127 ears), Group Il consisted of middle ear disorders [Tympanic membrane
perforation (n=109), Middle ear effusion without perforation (n=122), Otosclerosis
(n=140), and Eustachian tube dysfunction (n=106)], and Group Il consisted of SNHL
(n=140). All the participants had undergone WBA measurements across frequencies and
wideband average tympanometry.
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Before derivative of WBA norms, the study assessed the difference in ears (right,
left), genders (male, female) and pressure conditions (peak, ambient) in the normal ear
group. The study had demonstrated a significant difference in WBA between pressure
conditions, showing a lower estimate of absorbance values at ambient pressure than at peak
pressure in the lower frequencies (250 Hz to 1000 Hz). Analysis between the genders
showed a significant difference in most frequencies with a small effect size and hence not
considered a true difference between males and females. While ear differences were not
observed on WBA measurements in the normal ear group. Therefore, the present study had
analyzed WBA across frequencies and WBTayg measurements independently for each
pressure conditions and successfully established the clinical norms. The WBA was lowest
at 250 Hz, increased steeply with increasing frequency to about 1250 Hz, rose to a second
maximum at about 2000 Hz, and reduced to a minimum absorbance at 6000 Hz and above.
The reliability measure analysis (test re-test and Inter-tester) showed a moderate to good
reliability across the frequencies and WBTayg, indicating a reliable tool to be used.

Further, with the established WBA norms, the study had evaluated the significant
difference of different middle ear disorders across the frequencies and between pressure
conditions. In general, the study had shown a reduction in WBA for all the groups,
specifically at the lower frequencies. In-ear with tympanic membrane perforation, a
significant reduction was observed from 250 Hz to 2500 Hz. The largest reduction was
seen at mid-frequencies, while higher absorbance estimates were noticed 5000 Hz and 6000
Hz for both pressure conditions. ROC analysis had shown the highest sensitivity and

specificity in the mid frequencies between 1250 Hz and 2000 Hz. In ears with middle ear
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effusion, a significant reduction of WBA was seen at all the frequencies up to 6000 Hz,
with high sensitivity and specificity reported between 800 Hz and 3000 Hz.

Similarly, the otosclerosis ears illustrated a significant reduction of WBA up to 2000
Hz with high sensitivity and specificity obtained from 250 Hz to 1250 Hz. ETD group
showed a significant reduction up to 3000 Hz with the largest reduction seen at ambient
pressure condition. The WBA of the ETD group showed good sensitivity and specificity
only at ambient pressure condition between 500 Hz and 1000 Hz. Though the significant
difference was seen up to 1250 Hz for the SNHL group, the WBA pattern fell within the
established WBA norms and had shown low sensitivity and specificity across the
frequencies. The difference in absorbance obtained in the lower frequencies was attributed
to the change in the middle ear's stiffness component, thereby increasing the low
frequencies' impedance.

The study had also analyzed the difference in WBA obtained between the pressure
conditions in each of the middle ear disorders. The study showed a significant difference
in WBA across the study groups, concentrating at the lower frequencies with higher
estimates of absorbance at peak pressure than ambient pressure. The frequencies at which
the significant difference obtained were from 300 Hz to 1000 Hz and 2000 Hz to 2500 Hz
for the Tympanic membrane perforation group; 500 Hz to 1000 Hz for the Middle ear
effusion group; 250 Hz to 1500 Hz for the Otosclerosis group; 250 Hz to 2500 Hz for ETD
group; and from 250 Hz to 1250 Hz for SNHL group. These difference between the
pressure conditions were attributed to the pressurization in the ear canal, i.e. balancing the
middle ear and ear canal's pressure to allow the sound energy into the middle ear most

effectively.
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With regard to wideband average absorbance tympanometry, the average absorbance
values at peak pressure were obtained only for the Normal ear, Otosclerosis and SNHL
group. The Otosclerosis group had a significantly lower average absorbance than the other
two, while no significant difference was seen between SNHL and Normal ear. The middle
ear effusion group had the lowest average absorbance value at ambient pressure conditions,
followed by Eustachian tube dysfunction, Otosclerosis and Tympanic membrane
perforation group. The SNHL had similar average absorbance compared to the normal ear.
Interestingly, all the middle ear disordered groups had lower average absorbance values of
less than 0.5, whereas the Normal ear and SNHL groups showed greater than 0.5

absorbance value. However, they exhibit a lot of overlap between the groups.

6.1 Strength and limitations of the study

e The main advantage of this study is the large sample size used to evaluate the WBA
norms, and thus the outcome measures can be generalized.

e The current study validated the WBA results in a clinical population with the
estimated normative. This study highlighted the importance of WBA in various
clinical groups and identified each of these disorders using WBA measurements.

e However, the current study's data are pooled according to the audiometric findings
and diagnosis by the Otologist. There was no surgical confirmation, especially the
ossicles related disorders. Further, the study did not consider the severity of middle
ear disorders, which would lead to variation in the absorbance across frequencies.
For instance, an earlier study had shown the amount of reduction in absorbance
depends on the quantity of fluid present in the middle ear (\Voss et al., 2012), size

of the tympanic membrane perforation (Voss et al., 2001b), the severity of the
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otosclerosis (Shahnaz & Polka, 2002) and change in pressure in the middle ear
(Robinson et al., 2016).

The study did not find any uniformity in absorbance value across the frequencies
that could differentiate middle ear disorders. However, it has shown a uniqgue WBA
pattern that can be considered signature finding in differentiating from each other.

Further, the current study performed ROC analysis for all pathological groups and
estimated sensitivity and specificity for each frequency. The best criterion to
provide high sensitivity and specificity for each frequency was also estimated in the
current study, which provides future research insights.

Though there are not many studies that had analyzed the WBTavyg measurements in
disordered populations, the present study showed good sensitivity in identifying
middle ear disorders. This averaged absorbance measurement contains the single
peaked tympanogram that contains wider bandwidth from 375 to 2000 Hz for easier
interpretation. However, as indicated in the current findings, the low frequencies
had reduced absorbance while the mid-frequencies have higher absorbance values.
This might weaken the sensitivity of the WBTavg measurements, as it contains the
broader frequency range from low to mid-frequencies.

The study did not compare the single component and multi-component
tympanometry findings with the WBA measurements that could have provided the

difference in sensitivity with the existing middle ear analyzing tool.
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6.2 Clinical implications

The present study’s findings have several implications for the clinical use of WBA.
It has been well established that WBA norms are dependent on ethnicity showing
a significant difference in absorbance among the Chinese and Caucasian
participants (Jaffer, 2016; Shahnaz & Bork, 2006; Shaw, 2009). Thus, the present
study had developed specific WBA norms that could help identify middle ear
disorders in the Indian adult population.

The present study findings clearly indicate that WBA depends on pressure
conditions, while ear and gender did not significantly affect the WBA results.
Thus, it suggested establishing separate norms for pressure conditions that can be
used to identify the middle ear's status more precisely. Measuring WBA at peak
and ambient pressure may increase the specificity of certain pressure-related
middle ear disorders, specifically the Eustachian tube dysfunction showing
abnormal WBA pattern for ambient pressure and normal range at peak pressure
conditions. This provides insight into the identification of middle ear pathologies
if WBA is assessed at both pressure conditions.

The estimated normative values of WBA is from a large sample size, and this
norm can be considered necessary for future research. Also, the WBA measures'
reliability across frequencies was consistent and can be used as a clinical
diagnostic measure for identifying middle ear disorders.

The study also considered wideband average absorbance tympanometry

measurements. It is unique in this study, which has shown good sensitivity in
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identifying middle ear disorders. Most studies have not demonstrated the efficacy
of WBTayg in clinical populations, which would add to the literature.

The study suggests that WBA measurements in middle ear disordered conditions
are distinguishable from the normal ears. The most useful frequencies were low
and mid-frequency, mostly below 2000 Hz, while the high frequency is variable.
Thus, the WBA measurement can be used as a diagnostic tool to assess middle ear

conditions and identify middle ear disorders.
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Annexure 3.2

A sample copy of the informed consent from a participant

pical validation of-wide band absorbance tympanometry in detecting middle ear disorders”
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Name of the Participant: nv :'v ' ':_. ¥ » Mother tongue: IU/‘A M/l/
Age/Gender: L \F‘— : Date of Birth: 94 [\ ‘ : ,\’ 3
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UM 0 Six EERuT
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ABOUT THE STUDY

The purpose of the study is to obtain the norms for wideband absorbance in adults having normal middle
ear and clinically validate the resulfs with the disordered group. This study includes the basic audiological
test procedures (Puretone audiometry, Immitance & OAE) and wide band absorbance tympanometry
which is completely a non-invasive test procedure. It approximately takes one hour to complete the entire
test procedure for the study. Tt will not have any anticipatory risk for your participation. Your

participation is purely voluntary and any information that is obtained in connection with the study will be
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CONSENT FORM

1 have been informed -about the aims, objectives and the procedure of the study. The possible risks-
benefits of my participation as human subjects in the study are clearly understood by me. I understand
that I have a right to refuse participation as a subject or withdraw my consent at any time without
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Annexure 4. 1
Wilcoxon signed-rank test results of WBA obtained between ears (right, left) at peak and

ambient pressure with effect size in Normal ear [n=325] group

Peak Pressure Ambient pressure
Frequency (Hz)
Z p r Z p r
250 -6.384 <0.001* 0.2 -5.645 <0.001* 0.2
300 -6.100 <0.001* 0.2 -4.056 <0.001* 0.2
400 -4.598 <0.001* 0.2 -3.596 <0.001* 0.1
500 -4.313 <0.001* 0.2 -3.026 0.002 0.1
600 -3.405 <0.001* 0.1 -3.161 0.002 0.1
800 -1.946 0.052 0.1 -1.788 0.074 0.1
1000 -1.496 0.135 0.1 -0.523 0.601 0.0
1250 -2.544 0.011 0.1 -1.049 0.294 0.0
1500 -3.039 0.002 0.1 -1.960 0.050 0.1
2000 -0.186 0.852 0.0 -0.380 0.704 0.0
2500 -2.509 0.012 0.1 -2.042 0.041 0.1
3000 -2.312 0.021 0.1 -2.490 0.013 0.1
4000 -7.381 <0.001* 0.2 -7.473 <0.001* 0.2
5000 -2.600 0.009 0.1 -2.383 0.017 0.1
6000 -6.030 <0.001* 0.2 -5.170 <0.001* 0.2
8000 -3.286 <0.001* 0.1 -3.005 0.003 0.1
WBTayg -6.384 <0.001* 0.0 -5.645 <0.001* 0.1

Note. *Corrected required significant level is p<0.003 for WBA across frequencies and p<0.05 for WBT ayg,
and also the actual p-value was not depicted as the initial three values after decimals were zero.
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Annexure 4. 2
Mann-Whitney U test results of WBA obtained between genders (male, female) with effect

size at peak and ambient pressure in Normal ear [n=1127] group

Frequency Peak pressure Ambient pressure

(Hz2) U 4 p r ] Z p r
250 124105 -5.959 <0.01* 0.2 135760 -3.810 <0.01* 0.1
300 123336 -6.101 <0.01* 0.2 132071.5 -4.490 <0.01* 0.1
400 122964.5 -6.169 <0.01* 0.2 129842.5 -4.901 <0.01* 0.1
500 122155.5 -6.319 <0.01* 0.2 127621.5 -5.311 <0.01* 0.2
600 124763.5 -5.838 <0.01* 0.2 131414.5 -4.611 <0.01* 0.1
800 130412.5 -4.796 <0.01* 0.1 139389 -3.141 <0.01* 0.1
1000 143063.5 -2.463 <0.01* 0.1 147990.5 -1.554 <0.01* 0.1
1250 151349.5 -0.935 0.35 0.0 152715 -0.683 0.49 0.0
1500 153750.5 -0.492 0.62 0.0 151716.5 -0.867 0.39 0.0
2000 149717 -1.236 0.22 0.0 153305.5 -0.574 0.57 0.0
2500 132811 -4.354 <0.01* 0.1 134730.5 -4.000 <0.01* 0.1
3000 133492.50 -4.228 <0.01* 0.1 134666 -4.012 <0.01* 0.1
4000 138806 -3.248 <0.01* 0.1 139236 -3.169 <0.01* 0.1
5000 145323 -2.046 0.40 0.1 145392 -2.034 0.40 0.1
6000 128597 -5.131 <0.01* 0.2 128688.5 -5.114 <0.01* 0.2
8000 112405 -8.117 <0.01* 0.2 110355 -8.495 <0.01* 0.2

WBTayg 156155 -0.049 0.96 0.0 138294.50 -3.342 <0.01* 0.1

Note. *indicates significant different at p<0.05. The actual p-value was not depicted as the initial three values
after decimals were zero.
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Annexure 4. 3
Wilcoxon Signed rank test results of WBA obtained between pressure conditions (peak,

ambient) with effect size in Normal ear [n=1127] group

Frequency (Hz) Z p r
250 -18.993 <0.001* 0.6
300 -19.515 <0.001* 0.6
400 -19.61 <0.001* 0.6
500 -20.729 <0.001* 0.6
600 -20.012 <0.001* 0.6
800 -20.736 <0.001* 0.6
1000 -17.025 <0.001* 0.5
1250 -0.79 0.430 0.0
1500 -8.116 <0.001* 0.2
2000 -5.733 <0.001* 0.2
2500 -6.166 <0.001* 0.2
3000 -9.191 <0.001* 0.3

4000 -10.953 <0.001* 0.3
5000 -1.432 0.152 0.0
6000 -3.752 <0.001* 0.1
8000 -2.486 0.013 0.1
WBTayg -1.747 <0.001* 0.1

Note. *corrected required significant level is p<0.003 for WBA across frequencies and p<0.05 for WBT ayg,
and also the actual p-value was not depicted as the initial three values after decimals were zero. The shaded
region indicates a significant difference with medium to large effect size.
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Annexure 4. 4
Wilcoxon signed-rank test results of WBA obtained between peak and ambient pressure

with effect size in Normal ear [n=150] group

Frequency (Hz) Z p r
250 -7.251 <0.001* 0.6
300 -7.147 <0.001* 0.6
400 -7.296 <0.001* 0.6
500 -7.522 <0.001* 0.6
600 -7.333 <0.001* 0.6
800 -7.149 <0.001* 0.6
1000 -6.522 <0.001* 0.5
1250 -0.428 0.669 0.0
1500 -2.735 0.006 0.2

2000 -1.278 0.201 0.1
2500 -1.032 0.302 0.1
3000 -2.253 0.024 0.2
4000 -1.872 0.004 0.2
5000 -1.028 0.304 0.1
6000 -0.694 0.488 0.1
8000 -0.307 0.759 0.0
WBTayg -2.489 0.013 0.2

Note. *corrected required significant level is p<0.003 for WBA across frequencies and p<0.05 for WBT ay,
and also the actual p-value was not depicted as the initial three values after decimals were zero. The shaded
region indicates a significant difference with medium to large effect size.
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Annexure 4. 5
Mann-Whitney U test results of WBA obtained between Tympanic membrane perforation

group and Normal ear [n=150] group with effect size at peak and ambient pressure

conditions
Frequency Peak pressure Ambient pressure

(Hz) U z p r U Z p r
250 2275 -9.913 <0.01* 0.6 2880 -8.896 <0.01* 0.6
300 3015.5 -8.669 <0.01* 0.5 3207.5 -8.346 <0.01* 0.5
400 4365 -6.401 <0.01* 0.4 4032 -6.961 <0.01* 0.4
500 5001 -5.333 <0.01* 0.3 4632.5 -5.952 <0.01* 0.4
600 5553 -4.405 <0.01* 0.3 5218 -4.968 <0.01* 0.3
800 4789.5 -5.688 <0.01* 0.4 4635.5 -5.947 <0.01* 0.4
1000 2616.5 -9.339 <0.01* 0.6 2511 -9.516 <0.01* 0.6
1250 1603 -11.042  <0.01* 0.7 1773.5 -10.756  <0.01* 0.7
1500 1138.5 -11.822  <0.01* 0.7 1132.5 -11.833  <0.01* 0.7
2000 1992.5 -10.388  <0.01* 0.6 2193.5 -10.05 <0.01* 0.6
2500 4391 -6.358 <0.01* 0.4 4738.5 -5.774 <0.01* 0.4
3000 7236 -1.578 0.12 0.1 7459.5 -1.202 0.23 0.1
4000 7621 -0.931 0.35 0.1 7689 -0.817 0.41 0.1
5000 5139 -5.101 <0.01* 0.3 5174.5 -5.041 <0.01* 0.3
6000 3423 -7.984 <0.01* 0.5 3543.5 -7.782 <0.01* 0.5
8000 7665.5 -0.856 0.39 0.1 7870 -0.512 0.61 0.0

WBTavg -- -- - - 2188 -10.059  <0.01* 0.6

Note. *The actual p-value was not depicted as the initial three values after decimals were zero. The shaded
region indicates a significant difference with medium to large effect size.
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Annexure 4. 6
Wilcoxon signed-rank test results of WBA obtained between peak and ambient pressure

with effect size in Tympanic membrane perforation group

Frequency (Hz) A p r
250 -1.122 0.06 0.1
300 -4.15 <0.001* 0.4
400 -6.023 <0.001* 0.6
500 -6.155 <0.001* 0.6
600 -7.341 <0.001* 0.7
800 -5.669 <0.001* 0.5
1000 -4.383 <0.001* 0.4
1250 -0.581 0.561 0.1
1500 -0.244 0.817 0.0
2000 -4.28 <0.001* 0.4
2500 -4.709 <0.001* 0.5
3000 -0.965 0.334 0.1
4000 -0.963 0.345 0.1
5000 -0.739 0.460 0.1
6000 -1.375 0.179 0.1
8000 -1.259 0.218 0.1

Note. *corrected required significant level is p<0.003 for WBA across frequencies and p<0.05 for WBT ayg,
and also the actual p-value was not depicted as the initial three values after decimals were zero. The shaded
region indicates a significant difference with medium to large effect size.
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Annexure 4. 7
Mann-Whitney U test results of WBA obtained between Middle ear effusion group and

Normal ear [n=150] group with effect size at peak and ambient pressure conditions

Frequency Peak pressure Ambient pressure

(Hz) U z p r u Z p r
250 2890 -9.702 <0.01* 0.6 3640 -8.54 <0.01* 0.5
300 2987.5 -9.551 <0.01* 0.6 3656.5 -8.514 <0.01* 0.5
400 2907 -9.676 <0.01* 0.6 3589 -8.619 <0.01* 0.5
500 2161 -10.832 <0.01* 0.7 2593.5 -10.162 <0.01* 0.6
600 686.5 -13.117 <0.01* 0.8 939 -12.726 <0.01* 0.8
800 12 -14.163 <0.01* 0.9 28 -14.138 <0.01* 0.9
1000 49 -14.105 <0.01* 0.9 74 -14.067 <0.01* 0.9
1250 425 -14.115 <0.01* 0.9 41 -14.118 <0.01* 0.9
1500 40 -14.119 <0.01* 0.9 88 -14.13 <0.01* 0.9
2000 22 -14.147 <0.01* 0.9 34.5 -14.128 <0.01* 0.9
2500 219 -13.842 <0.01* 0.8 268 -13.766 <0.01* 0.8
3000 731 -13.048 <0.01* 0.8 771 -12.986 <0.01* 0.8
4000 33185 -9.038 <0.01* 0.5 31195 -9.346 <0.01* 0.6
5000 5407 -5.801 <0.01* 0.4 4590 -7.067 <0.01* 0.4
6000 5995 -4.89 <0.01* 0.3 51715 -6.166 <0.01* 0.4
8000 8399 -1.164 0.24 0.1 8430 -1.116 0.26 0.1

WBTavg -- -- -- -- 14 -14.16 <0.01* 0.9

Note. *The actual p-value was not depicted as the initial three values after decimals were zero. The shaded
region indicates a significant difference with medium to large effect size.
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Annexure 4. 8
Wilcoxon signed-rank test results of WBA obtained between peak and ambient pressure

with effect size in Middle ear effusion group

Frequency (Hz) 4 p r
250 -1.658 0.097 0.2
300 -1.827 0.068 0.2
400 -2.148 0.032 0.2
500 -3.02 0.003 0.3
600 -4.341 <0.001* 0.4
800 -5.639 <0.001* 0.5
1000 -4.556 <0.001* 0.4
1250 -2.061 0.039 0.2
1500 -0.732 0.464 0.1
2000 -2.427 0.015 0.2
2500 -2.007 0.045 0.2
3000 -0.513 0.608 0.0
4000 -2.263 0.024 0.2
5000 -2.213 0.027 0.2
6000 -2.932 0.003 0.3
8000 -1.775 0.076 0.2

Note. *corrected required significant level is p<0.003 for WBA across frequencies and also the actual p-value
was not depicted as the initial three values after decimals were zero. The shaded region indicates a significant
difference with medium to large effect size.
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Annexure 4.9
Mann-Whitney U test results of WBA obtained between Otosclerosis group and Normal

ear [n=150] group with effect size at peak and ambient pressure conditions

Peak pressure Ambient pressure
Frequency (Hz)
) VA p r U Z p r
250 1145.0 -13.109 <0.01* 0.8 1325.0 -12.857 <0.01* 0.8
300 10925 -13.183 <0.01* 0.8 11355 -13.123 <0.01* 0.8
400 925.0 -13.418 <0.01* 0.8 832.0 -13.548 <0.01* 0.8
500 8925  -13.463 <0.01* 0.8 787.0 -13.611 <0.01* 0.8
600 7505  -13.662 <0.01* 0.8 6355 -13.823 <0.01* 0.8
800 602.0 -13.87  <0.01* 0.8 403.0 -14.149 <0.01* 0.8
1000 3775 -14.185 <0.01* 0.8 403.0 -14.149 <0.01* 0.8
1250 9420 -13.394 <0.01* 0.8 6915 -13.745 <0.01* 0.8
1500 40225  -9.077 <0.01* 0.5 34245 9915 <0.01* 0.6
2000 7567.0 -4.11 <0.01* 0.3 7531.5 -4.16  <0.01* 0.3
2500 10422.5 -0.109 0.91 0.0 10448.5 -0.072 0.94 0.0
3000 9362.0  -1.595 0.11 0.1 9479.0 -1.431 0.15 0.1
4000 9153.0 -1.888 0.06 0.1 9131.0 -1.918 0.06 0.1
5000 9853.0  -0.907 0.37 0.1 99885  -0.717 0.47 0.0
6000 10259 -0.338 0.74 0.0 10240.0 -0.364 0.72 0.0
8000 86135 -2.644 0.06 0.2 8631.0 -2.619 0.08 0.2
WBTayg 8996.5  -2.108 0.03 0.1 618.5  -13.847 <0.01* 0.8

Note. *The actual p-value was not depicted as the initial three values after decimals were zero. The shaded
region indicates a significant difference with medium to large effect size.
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Annexure 4. 10
Wilcoxon signed-rank test results of WBA obtained between peak and ambient pressure

with effect size in Otosclerosis group

Frequency (Hz) Z p r
250 -7.125 <0.001* 0.6
300 -7.121 <0.001* 0.6
400 -7.54 <0.001* 0.6
500 -7.81 <0.001* 0.7
600 -7.856 <0.001* 0.7
800 -7.929 <0.001* 0.7
1000 -8.073 <0.001* 0.7
1250 -7.116 <0.001* 0.6
1500 -3.7 <0.001* 0.3
2000 -1.328 0.184 0.1
2500 -0.549 0.583 0.0
3000 -0.242 0.809 0.0

4000 -4.662 0.000 0.4
5000 -1.401 0.161 0.1
6000 -2.162 0.031 0.2
8000 -2.395 0.017 0.2
WBTayg -6.626 <0.001* 0.6

Note. *corrected required significant level is p<0.003 for WBA across frequencies and p<0.05 for WBT ayg,
and also the actual p-value was not depicted as the initial three values after decimals were zero. The shaded
region indicates a significant difference with medium to large effect size.
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Annexure 4. 11
Mann-Whitney U test results of WBA obtained between Eustachian tube dysfunction

group and Normal ear [n=150] group with effect size at peak and ambient pressure

conditions
Frequency Peak pressure Ambient pressure

(Hz) U z p r U z p r
250 4732 -5.515 <0.01* 0.3 1488 -11.074 <0.01* 0.7
300 4941 -5.157 <0.01* 0.3 1457 -11.127 <0.01* 0.7
400 5375 -4.413 <0.01* 0.3 1191 -11.583 <0.01* 0.7
500 5118.5 -4.852 <0.01* 0.3 660 -12.493 <0.01* 0.8
600 4649.5 -5.656 <0.01* 0.4 335 -13.05 <0.01* 0.8
800 4624 -5.7 <0.01* 0.4 521 -12.731 <0.01* 0.8
1000 3949 -6.856 <0.01* 0.4 693.5 -12.435 <0.01* 0.8
1250 4329.5 -6.204 <0.01* 0.4 1175.5 -11.609 <0.01* 0.7
1500 4770.5 -5.449 <0.01* 0.3 1806 -10.529 <0.01* 0.7
2000 4752 -5.48 <0.01* 0.3 2512 -9.319 <0.01* 0.6
2500 4565 -5.801 <0.01* 0.4 3622 -7.417 <0.01* 0.5
3000 4365.5 -6.143 <0.01* 0.4 4039 -6.702 <0.01* 0.4
4000 7138 -1.392 0.16 0.1 6689.5 -2.16 0.06 0.1
5000 7167 -1.342 0.18 0.1 7507.5 -0.758 0.45 0.0
6000 7555.5 -0.676 0.50 0.0 77415 -0.357 0.72 0.0
8000 73555 -1.019 0.31 0.1 7487 -0.793 0.43 0.0

WBTavg -- -- -- -- 693.5 -12.435 <0.01* 0.8

Note. *The actual p-value was not depicted as the initial three values after decimals were zero. The shaded
region indicates a significant difference with medium to large effect size.
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Annexure 4. 12
Wilcoxon signed-rank test results of WBA obtained between peak and ambient pressure

with effect size in Eustachian tube dysfunction group

Frequency (Hz) z p r
250 -8.334 <0.001* 0.8
300 -8.461 <0.001* 0.8
400 -8.652 <0.001* 0.8
500 -8.739 <0.001* 0.8
600 -8.743 <0.001* 0.8
800 -8.771 <0.001* 0.9
1000 -8.649 <0.001* 0.8
1250 -8.107 <0.001* 0.8
1500 -6.841 <0.001* 0.7
2000 -5.189 <0.001* 0.5
2500 -3.088 0.002 0.3
3000 -0.424 0.672 0.0

4000 -2.818 0.005 0.2
5000 -6.204 0.027 0.1
6000 -4.48 0.004 0.2
8000 -3.768 0.076 0.4

Note. *corrected required significant level is p<0.003 for WBA across frequencies and also the actual p-value
was not depicted as the initial three values after decimals were zero. The shaded region indicates a significant
difference with medium to large effect size.
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Annexure 4. 13
Mann-Whitney U test results of WBA obtained between Sensorineural hearing loss group

and Normal ear [n=150] group with effect size at peak and ambient pressure conditions

Peak pressure Ambient pressure
Frequency (Hz)
z p r u z p r

250 6159 -6.083 <0.01* 0.4 6350 -5.815 <0.01* 0.3
300 6375.5 -5.78 <0.01* 0.3 6277.5 -5.917 <0.01* 0.3
400 6517 -5.581 <0.01* 0.3 6395 -5.752 <0.01* 0.3
500 6857 -5.105 <0.01* 0.3 6514.5 -5.585 <0.01* 0.3
600 6708 -5.314 <0.01* 0.3 6531 -5.562 <0.01* 0.3
800 5853.5 -6.511 <0.01* 0.4 6058.5 -6.224 <0.01* 0.4
1000 5348.5 -7.219 <0.01* 0.4 5651.5 -6.794 <0.01* 0.4
1250 7207 -4.615 <0.01* 0.3 6854 -5.109 <0.01* 0.3
1500 9882.5 -0.865 0.39 0.1 9674.5 -1.157 0.25 0.1
2000 10089 -0.576 0.57 0.0 9963 -0.753 0.45 0.0
2500 9562 -1.314 0.19 0.1 9516 -1.379 0.17 0.1
3000 8907 -2.232 0.03 0.1 89385 -2.188 0.03 0.1
4000 8093 -3.373 <0.01* 0.2 8090 -3.377 <0.01* 0.2
5000 8009 -3.491 <0.01* 0.2 80135 -3.484 <0.01* 0.2
6000 7862 -3.697 <0.01* 0.2 7945.5 -3.58 <0.01* 0.2
8000 9145 -1.899 0.06 0.1 91305 -1.919 0.06 0.1
WBTavg 10152 -0.488 0.626 0.0 6448.5 -2.678 0.07 0.1

Note. *The actual p-value was not depicted as the initial three values after decimals were zero. The shaded
region indicates a significant difference with medium to large effect size.
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Annexure 4. 14
Wilcoxon signed-rank test results of WBA obtained between peak and ambient pressure

with effect size in Sensorineural hearing loss group

Frequency (Hz) z p r
250 -7.462 <0.001* 0.6
300 -7.339 <0.001* 0.6
400 -7.541 <0.001* 0.6
500 -7.66 <0.001* 0.6
600 -7.662 <0.001* 0.6
800 -1.724 <0.001* 0.7
1000 -6.083 <0.001* 0.5
1250 -2.282 0.023 0.2
1500 -1.738 0.082 0.1

2000 -2.522 0.012 0.2
2500 -0.812 0.417 0.1
3000 -1.268 0.205 0.1
4000 -2.27 0.004 0.2
5000 -1.346 0.178 0.1
6000 -0.412 0.680 0.0
8000 -0.936 0.349 0.1
WBTay -1.455 0.146 0.1

Note. *corrected required significant level is p<0.003 for WBA across frequencies and p<0.05 for WBT ayg,
and also the actual p-value was not depicted as the initial three values after decimals were zero. The shaded
region indicates a significant difference with medium to large effect size.
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Annexure 4. 15
Kruskal-Wallis test results of WBA obtained at peak and ambient pressure conditions

with effect size across the groups

Peak pressure Ambient pressure
Frequency (Hz)
x2 (df=5) p r ¥2 (df=5) p r
250 256.067 <0.01* 0.6 265.163 <0.01* 0.6
300 250.453 <0.01* 0.6 266.868 <0.01* 0.6
400 251.719 <0.01* 0.6 277.342 <0.01* 0.6
500 270.737 <0.01* 0.6 312.568 <0.01* 0.6
600 315.166 <0.01* 0.6 368.493 <0.01* 0.7
800 380.424 <0.01* 0.7 436.842 <0.01* 0.8
1000 436.860 <0.01* 0.8 478.814 <0.01* 0.8
1250 438.540 <0.01* 0.8 474.813 <0.01* 0.8
1500 415.302 <0.01* 0.7 439.044 <0.01* 0.8
2000 370.470 <0.01* 0.7 397.406 <0.01* 0.7
2500 308.710 <0.01* 0.6 322.603 <0.01* 0.6
3000 277.252 <0.01* 0.6 288.455 <0.01* 0.6
4000 134.941 <0.01* 0.4 141.923 <0.01* 0.4
5000 117.568 <0.01* 0.3 128.885 <0.01* 0.4
6000 159.534 <0.01* 0.4 167.669 <0.01* 0.4
8000 14.123 0.02 0.0 15.141 0.01 0.0
WBTay 5.012 0.08 0.0 472.741 <0.01* 0.6

(df = 2)

Note. x2— Chi-Square value. *The actual p-value was not depicted as the initial three values after decimals
were zero. The shaded region indicates a significant difference with medium to large effect size.
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Annexure 4. 16
Mann-Whitney U Post hoc test results of WBA obtained between the pathological groups

at peak and ambient pressure conditions

Peak pressure Ambient pressure
Frequency
(Hz) TmP MEE Otosc- ETD Groups TmP MEE Otosc- ETD
lerosis lerosis
NS MEE NS
wx *x Otosclerosis *x *x
250 *% *% *% ETD *%* *% NS
** *% *% NS SN H L ** **% ** **%
NS MEE NS
wx *x Otosclerosis *x wx
300 ** ** ** ETD ** ** NS
*%* *%* *%* NS SN H L *%* *%* *%* *%*
X MEE NS
wx *x Otosclerosis *x wx
400 NS ** ** ETD ** ** NS
002 *%* *%* NS SNHL *%* *%* *%* *%*
** MEE **
500 wx *x Otosclerosis *x wx
NS okl okl ETD *x NS NS
NS *%* *%* NS SNHL NS *%* *%* *%*
** MEE **
600 wx NS Otosclerosis *x NS
NS okl okl ETD wx NS NS
NS *%* *%* NS SNHL NS *%* *%* *%*
** MEE **
800 wx NS Otosclerosis *x NS
NS okl okl ETD wx NS NS
NS *%* *%* NS SNHL NS *%* *%* *%*
** MEE **
wx wx Otosclerosis *x wx
1000 NS ** ** ETD ** ** **
*%* *%* *%* *%* SN H L *%* *%* *%* *%*
** MEE **
NS wx Otosclerosis ke wx
1250 **k ** ** ETD ** ** **
*%* *%* *%* *%* SN H L ** *%* *%* *%*
**k MEE **
1500 e il Otosclerosis ** **
**k ** NS ETD NS ** **
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*%*
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*%
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*%*
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**
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*%*
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SNHL

**

NS
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**

MEE

**

**

*%*

Otosclerosis

**

*%*

**

**

NS

ETD

**

**

**

NS

*%*

*%*

SNHL

**

NS

NS

6000

**

MEE

**

**

Otosclerosis

**

*%*

**

**

NS

ETD

**

**

NS

**%

NS

NS

NS

SNHL

**

NS

NS

NS

8000

NS

MEE

NS

NS

NS

Otosclerosis

NS

NS

NS

NS

NS

ETD

NS

NS

**

NS

NS

NS

NS

SNHL

NS

NS

NS

NS

WBTay

MEE

**x

Otosclerosis

**

**

ETD

**

*%*

NS

**

SNHL

**

**

**

**

Note. ** indicates a significant different at p<0.05. NS indicate no significant different at p>0.05.
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ABSTRACT

Objectives: Evidence from previous literature had shown that the use of a single frequency probe
tone is not sensitive enough to detect middle ear pathologies, especially related to the ossicles,
which hinders accurate diagnosis. The goal of the present study was to compare the outcome of
wideband absorbance (WBA) tympanometry and to determine the difference in WBA pattern in
adults with otosclerosis and ossicular chain discontinuity.

Materials and methods: Estimated adult cases of otosclerosis (10 ears) and ossicular chain
discontinuity (06 ears) along with healthy individuals (10 ears) in the age range of 24 to 48
years (mean age: 38.6 years) were considered for the study. WBA was measured at peak and
ambient pressure along with resonance frequency and compared with the data obtained from the
healthy individuals to determine the WBA pattern.

Results:  Data analysis revealed a distinct WBA pattern showing high absorbance at 750 Hz
for ossicular chain discontinuity compared to healthy individuals, whereas the otosclerosis group
showed reduced absorbance (p < 0.05) at low frequencies (250 Hz to 1500 Hz). WBA measured
at the peak and ambient pressure did not elicit any significant difference across the frequen-
cies. Also, the average WBA tympanogram measured between 375 Hz and 2000 Hz showed
a significant difference in ambient pressure only in the otosclerosis group. In comparison to
healthy individuals (901 Hz). ossicular chain discontinuity showed a significant reduction in res-
onance frequency (674 Hz), whereas in cases with otosclerosis had higher resonance frequency
(1445 Hz).

Conclusions and significance: The present study showed different WBA patterns between the
groups and the absorbance values were significantly different at the low frequencies. This suggests
that WBA has the potential to differentiate ossicles related pathologies from normal and also
between the ear with otosclerosis and ossicular chain discontinuity.

© 2020 Oto-Rhino-Laryngological Society of Japan Inc. Published by Elsevier B.V. All rights
reserved.

Abbreviations: WBA, Wideband Absorbance; OCD, Ossicular Chain Dis-

1. Introduction

The middle ear is a complex mechanical system that
collects sound energy from the external ear canal, con-

continuity; TPP. Tympanometric Peak Pressure; dB HL. Decibel Hearing verts the signal into vibration, and passes to the inner ear.

Level; dB peSPL, Decibel Peak Sound Pressure Level; daPa, Decapascals.
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The primary functions of the middle ear are to match the
impedance between the ear canal and the fluid-filled cochlea.
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thereby smooth transferring of sound energy into the cochlea.
However, ease of flow of sound energy is highly frequency-
dependent. It is influenced by the mass and stiffness
component generated by the movements of the tympanic
membrane, ossicular chain, and supporting ligaments [1].
Usually, the presence of fluid in the middle ear, perforation
in the eardrum, ossification, or separation of ossicles would
alter the stiffness and mass component, leading to hearing
loss [2]. Although pure tone audiometry and tympanometry
are performed to identify and confirm most middle ear
disorders, they lack in providing a precise diagnosis of the
middle ear abnormalities, especially the ossicular fixation or
discontinuity [3].

The occurrence of conductive hearing loss with a large
air-bone gap in the audiogram, having intact eardrum and
aerated middle ear, could be because of the presence of ossic-
ular chain abnormalities, i.e., either fixation or discontinuity,
or third window lesion of the inner ear [4]. Further, addi-
tional information on the type of lesion can be obtained from
the static admittance measurements of 226 Hz tympanometry
and establishing resonance frequency. The fixation of ossicles
leads to the enhancement of the stiffness component, affecting
low-frequency sound transmission [5,6]. and discontinuity en-
hances the mass component affecting mainly high-frequency
sound transmission [1]. Thus, the frequency-specific infor-
mation on the transmission of sound would be missed out
with the use of single-frequency tympanometry and cannot
reliably differentiate the nature of ossicular chain abnormal-
ities [7]. Also, there is an overlap of admittance values and
resonance frequency with that of normal-hearing individuals
[3.8].

Wideband absorbance (WBA) tympanometry is a recent
development that provides promising results in differentiat-
ing middle ear disorders [3,5,9]. WBA tympanometry uses
either a click or chirp stimulus, and it measures the amount
of absorption of sound energy entering the middle ear or the
reflection of sound energy back to the ear canal across the
broad frequency range (226 to 8000 Hz) and pressure. WBA
overcomes the limitations of conventional 226 Hz tympanom-
etry and has the potential to predict the cause of conductive
hearing loss [10]. It would also provide insight into the man-
agement options, including surgical intervention and decision
making [11].

Researchers have explored the characteristics of wideband
absorbance in the population with ossicles related disorders
[9,12]. Though limited studies are available, there seems to be
a typical consistent pattern caused by middle ear disorders.
Otosclerotic ear showed decreased absorbance till 1000 Hz
[7,13] whereas ossicular chain discontinuity (OCD) showed
increased absorbance of sharp peak around 500 and 800 Hz
[3.8], compared to the normal individuals. This suggests the
importance of WBA in identifying the population with os-
sicles related disorders. However, clinical data on WBA re-
mains limited. Also, most of the studies reporting WBA in
OCD were performed in the human cadaver temporal bones
[14].

Further, studies showed that pressure variations would in-
fluence the absorbance measurements. Wideband absorbance

can be measured either at the peak pressure or at ambient
pressure [15]. Researchers had shown that WBA estimated at
peak pressure would provide a reliable measure in differenti-
ating the middle ear disorders rather than at ambient pressure
[15,16]. Given such differences reported on WBA and also,
there are not enough studies that have compared WBA on
individuals with ossicles related disorders and determined the
typical pattern.

Thus, the present study aimed at investigating the differ-
ences in WBA obtained across the frequencies at peak and
ambient pressure and also to determine the WBA patterns in
adults with estimated otosclerosis and OCD.

2. Materials and methods

The present study considered two groups of subjects from
the Indian population with the age range of 24 to 48 years.
The pathological group composed of ossicular disorders, viz.
Otosclerosis (10 patients with a mean age of 37.5 £ 6.9
years) and OCD (06 patients with a mean age: 40.8 £ 7.8
years). These patients were diagnosed as having Otosclero-
sis or OCD and had recommended for exploratory middle
ear surgery for confirmation by the experienced Otolaryngolo-
gist. All the patients had undergone pre-operative audiological
evaluation (Pure-tone audiometry and tympanometry) along
with otoscopic examination and results were correlated well
with the diagnosis made by Otolaryngologist. Patients with
otosclerosis included in the study had a history of progres-
sive conductive hearing loss of raising pattern with a 2000 Hz
Carhart notch and presence of ‘A’ type tympanogram with
an absent acoustic reflex threshold [17]. Those patients with
suspected OCD had flat or high-frequency conductive hearing
loss with “Ag’ type tympanogram and absent acoustic reflex
threshold [18,19]. The average pure tone threshold in hearing
level (HL) calculated using four frequency average (500 Hz,
1000 Hz. 2000 Hz. and 4000 Hz) was 36.5+13.8 dB for the
Otosclerosis group and 39.3 £ 12.4 dB for the OCD group.
All the patients had an intact tympanic membrane with the
absence of confounding pathologies, such as middle ear effu-
sion, tympanic membrane lesions, and retro-cochlear pathol-
ogy.

The control group comprised 10 subjects (mean age: 39.3
+ 6.18 years) who had normal hearing thresholds (<15 dB
HL at octave frequencies), ‘A’ type tympanogram with the
presence of acoustic reflexes thresholds, and an intact tym-
panic membrane with no history of any middle ear abnormal-
ities in the ear structure. In those subjects who had normal
hearing in both the ears, only one ear was considered ran-
domly to include in the control group [20]. In individuals
with pathological groups, we considered the ears where the
surgery was recommended.

The institutional ethical committee for Bio-behavioural re-
search involving human subjects reviewed and approved the
study. All the subjects had given informed consent before
the administration of WBA test procedures. Interacoustics Ti-
tan Suite IMP440/WBT440 equipment (Interacoustics A/S,
Middelfart, Denmark) used for WBA measurements was cal-
ibrated as recommended by the manufacturer [10]. The sub-
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jects were instructed to sit quietly during the WBA tympa-
nometry, and the probe tip was inserted gently into the ear
canal, ensuring proper hermetic seal. The pressure was swept
using a descending sweep method from 4200 to —400 daPa
at a rate of 200 daPa/s. A click stimulus at an intensity level
of 100 dB peSPL was presented to the ear canal at the click
rate of 21.5 Hz. The absorbance values were measured at
peak pressure (pressure at which maximum admittance oc-
curred) and ambient pressure (0 daPa) as a function of fre-
quency that ranges from 226 to 8000 Hz. Static admittance
of 226 Hz probe tone tympanometry, resonance frequency.
and the average WBA tympanometry (375-2000 Hz), along
with frequency-specific WBA measurements at the octave and
inter-octave frequencies were extracted. The obtained data
was automatically transferred to an excel sheet [Microsoft
Excel 2016 (Microsoft; Redmond. Washington, USA)] us-
ing MATLAB software version 9.7 (MATLAB R2019b, The
MathWorks, Inc., Natick, US) and further into IBM Statis-
tical Package for the Social Sciences (SPSS) for Windows,
version 21.0 (IBM Corp., Armonk, NY, USA) for statistical
analysis.

We performed descriptive and inferential statistics to
compare the group differences for the WBA at peak and
ambient pressure across the frequencies, average WBA tym-
panometry, and resonance frequency. Kruskal-Wallis test was
used to compare the control group with the corresponding
pathological groups (Otosclerosis and OCD). The pair-wise
comparisons using the Mann-Whitney U test without Bon-
ferroni alpha correction [21] were performed to test for
significant differences between the groups. The pathological
groups were compared with not only the control group but
also with each other. The significance level of p < 0.05 was
used in all statistical analyses.

1.0

0.8

0.6

Absorbance

0.4

0.2

0.0

250 500 750 1000 1500 2000

3. Results

At 226 Hz. the mean admittance value for the control
group was 0.59+0.32 cc with the mean tympanometric peak
pressure (TPP) of —7.45+16.60 daPa. The otosclerosis group
had a mean admittance value of 0.3420.12 cc with TPP of
—10.84£21.28 daPa, whereas the OCD group had mean ad-
mittance of 2.06£0.35 cc with TPP of —17.334+33.60 daPa.
Fig. 1 shows the WBA across the frequencies (226 Hz to
8000 Hz) of both control and pathological groups. In the con-
trol group, the WBA increases with an increase in frequency
with a maximum absorbance occurred at 2000 Hz and de-
creases further to a minimum for higher frequencies. Whereas
in the otosclerosis group, a drastic shift in the absorbance pat-
tern was seen towards the higher frequency region with the
maximum absorbance occurred at 3000 Hz.

In contrast, the OCD group showed increased absorbance
at low frequencies, reaching a maximum at 750 Hz and re-
duced beyond that. However, there exists no significant differ-
ence of WBA between peak and ambient pressure within the
groups. The Kruskal-Wallis test indicated that WBA across
the frequencies was significantly different between the groups
(p < 0.05) for both peak pressure and ambient pressure. The
post-hoc Mann-Whitney U test revealed that the otosclero-
sis group had a significant reduction of mean and median
WBA values from 250 Hz to 1500 Hz and slightly increased
absorbance from 4000 to 8000 Hz, compared to the control
group. However, no significant difference was observed at mid
frequencies between 2000 Hz and 3000 Hz. In contrast, the
mean and median values of the OCD group were significantly
higher at 750 Hz and 1000 Hz, with a slight reduction at 1500
Hz to 3000 Hz, and absorbance values reduced insignificantly
beyond 3000 Hz.

Wideband absorbance at peak and ambient pressure

3000 4000 5000 6000 7000 8000

Frequency (Hz)

——Normal ears at peak pressure
Otosclerotic ears at peak pressure

—-QCD ears at peak pressure

-=-Normal ears at ambient pressure
Otosclerotic ears at ambient pressure

-=-0CD ears at ambient pressure

Fig. 1. Wideband absorbance pattern across frequencies at peak and ambient pressure of the control group (Normal ears), Otosclerosis and Ossicular chain

discontinuity.

Nasus Larynx, https:/doi.org/10.1016/j.an1.2020.10.019

Please cite this article as: A. Karuppannan and A. Barman, Wideband abso?gngc pattern in adults with otosclerosis and ossicular chain discontinuity, Auris




JID: ANL

4

[mNS;November 10, 2020;20:4]

A. Karuppannan and A. Barman/Auris Nasus Larynx xxx (xxxx) xxx

WBA Plot (3-Dimensional) WBA pattern (2-dimensional)
100%
— Absorbance
s 90%
@ 80%
© 0%
£ o
[*]
z 50%
‘;'. %
3 3%
2 )
- 0%
[+] w‘ Frequeney (Mz)
—
1= 125 250 500 1000 2000 400 8000
(=]
O —— Ambient Pressure —— Peak Pressure
100%
Absorbance
0%
100%
8%
7] 80% 0%
()
E so X o
L g =
Q 2 0%
"] 0% S
2 i w
(@) 209 0%
10%
0% " Frequency (Hz)
125 20 500 1000 2000 4000 8000
—— Ambient Pressure ——Peak Pressure
100%
- Absorbance
= 0%
g 100% 8%
E 80% o
g m
E 60% E W
£ g O
© /
= 0% § 0% /
(5] 2 %
- <
E 200% 0%
3 0% 0% Frequency (Hz)
G 125 20 500 1000 2000 4000 8000
7]
o —— Ambient pressure — Peak pressure

Fig. 2. Wideband absorbance pattern (3- and 2-dimesional plot) of one of the participants in each group (Control, Otoscleorsis and Ossicular chain discontinuity).

The most striking observation was that low frequencies
showed a distinct pattern of differentiation between patho-
logical groups. Below 1000 Hz, the otosclerosis group had
reduced absorbance, whereas the OCD group had high ab-
sorbance significantly, and negligible WBA difference was
observed above that. Fig. 2 reflects the 3-dimensional and
2-dimensional WBA plot of one of the subjects from each
group. A noticeable absorbance pattern was seen between the
groups in the lower frequency region.

Further, the study also analysed the average WBA tym-
panogram (375-2000 Hz) for peak and ambient pressure, and

the resonance frequency obtained from the control and patho-
logical groups, and the descriptive statistics (mean, median,
and SD) are shown in Table 1. The mean average WBA was
similar across the groups at peak pressure. In contrast, the
mean average WBA wvalue at ambient pressure was lower
for the otosclerosis group compared to the control and OCD
group. The average WBA tympanogram analysis using the
Kruskal-Wallis test showed a significant difference at ambi-
ent pressure, ¥°(2) = 17.849, p = 0.00. but not at peak
pressure ¥ 2(2) = 4.519, p = 0.10. Post hoc Mann-Whitney
U test revealed a significant reduction in mean and median
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Mean, Median and Standard deviation (SD) of average wideband absorbance tympanogram at peak and ambient pressure and the resonance
frequency in ears with normal hearing (Control group), otosclerosis and OCD.

Control group (N = 10) Otosclerosis (N = 10) OCD (N = 6)
Parameters Mean (Median) SD Mean (Median)  SD Mean (Median) ~ SD
Average absorbance at peak pressure 0.63 (0.65) 0.06 0.58 (0.63) 0.13 0.58 (0.58) 0.03
Average absorbance at ambient pressure 0.59 (0.59) 0.06 0.37 (0.37)* 0.06 0.60 (0.61) 0.02
Resonance Frequency (Hz) 901.20 (918.50)** 110.47 1445 (1434.5)** 167.79 673.67 (654)* 109.67

* Otosclerosis group is significantly different from other two groups at p < 0.05.
** All three groups are significantly different from each other at p < 0.05.

average WBA values in the otosclerosis group compared to
the control group (U = 0.00, z = —3.787, p = 0.00) and
OCD group (U = 0.00, z = —3.266, p = 0.00). In contrast,
no difference was seen between the OCD and control group
(U = 2750, z = -0.272, p = 0.792).

Similarly, the analysis of the resonance frequency in
the otosclerosis group showed increased resonance (Mean:
1445168 Hz: Range: 1216-1731 Hz) compared to the
control group (Mean: 901£110 Hz: Range: 753-1130 Hz)
whereas the OCD group showed lower resonance frequency
(Mean: 674+110 Hz; Range: 548-848 Hz), as indicated
in Table 1. A Kruskal-Wallis test showed a statistically
significant difference in resonance frequency across the
groups, ¥2(2) = 20.866, p = 0.00, with a mean rank value
of 11.10 for the control group, 21.50 for the otosclerosis
group, and 4.17 for the OCD group. The pair-wise analysis
showed a significant difference between the groups indicating
each group having a distinct feature (Control vs. Otoscle-
rosis: U = 0.00, z = —3.781, p = 0.00; Control vs. OCD:
U = 4.00, z 2.820, p = 0.00: Otosclerosis vs. OCD:
U = 0.00, z = =3.256, p = 0.00).

4. Discussion

In the control group, the maximum WBA occurred at mid
frequencies at 1000 Hz and 2000 Hz and reduced WBA in the
extreme low and high frequencies. The findings of our study
are in agreement with the previous results reported in the
literature [22,23]. A complex interaction of stiffness and mass
reactance that occurs in the mid-frequency region gets cancels
each other, allowing a maximum flow of sound energy into
the middle ear in those frequencies. In contrast, the eardrum
resistance is small compared to its reactance in the low and
high-frequency region and thus reflecting most of the energy
into the ear canal [24].

Previous literature on WBA results suggests that ab-
sorbance measure is a potential tool to detect the middle ear
pathologies [8,25]. In our study, the WBA results obtained
from otosclerosis and OCD were opposite to each other, in-
dicating a clear boundary between the two, compared to the
control group. In the otosclerosis group, a sharp decrease in
absorbance was observed at low frequencies up to 1500 Hz
whereas, an abrupt increase in absorbance around 750 Hz
was seen in the OCD group. Our study supports the pre-
vious research, showing a distinctive WBA pattern at lower

frequencies for individuals with otosclerosis [3.8.23,24] and
OCD [3,14,26].

Sound transmission through the middle ear is affected by
both stiffness and mass component of the middle ear [1]. Re-
duction in absorbance below 1000 Hz in the otosclerotic ear
could be because of the increase in stiffness of the middle ear
caused by the fixation of stapes footplate. This generates huge
impedance at the level of the tympanic membrane, thereby re-
flecting most of the low-frequency energy into the ear canal
[24,27]. Conversely, OCD makes the middle ear system as a
mass-dominating system by reducing the stiffness component
due to the discontinuity of the ossicles. Thus, the increased
contribution of the mass component decreases the transmis-
sion of high frequencies and allows the low-frequency energy
to the middle ear [1]. This could be the reason for an increase
in absorbance around 750 Hz in-ears with OCD [14,26].

There are very limited studies on average WBA tym-
panogram in ears with otosclerosis and OCD. A recent study
on WBA averaged over 600 Hz to 1000 Hz along with the
air-bone gap averaged between 1000 Hz and 4000 Hz, showed
a good accuracy in identifying otosclerosis and OCD disor-
ders [3]. However, our data showed no significant difference
in wideband average absorbance values for all the groups ex-
cept for ears with otosclerosis at ambient pressure. This could
be because of the inclusion of a wide frequency range in ob-
taining average absorbance values calculated from 375 Hz to
2000 Hz, which could have probably led to no significant
difference. However, the reason for the difference in aver-
age WBA for the otosclerosis group obtained only at ambient
pressure needs to be further explored.

Studies have shown that changes in characteristics of the
middle ear alter the tympanometric findings obtained with
higher probe frequencies, shifting the resonant frequency of
the middle ear [6,14,28]. As earlier mentioned, increased stift-
ness due to otosclerosis would increase the resonance fre-
quency of the middle ear [6.29] beyond the normal range of
800 Hz to 1200 Hz [30]. as seen in our present study. In con-
trast, disarticulation or erosion of ossicular joint decreases the
stiffness of the middle ear system, i.e. an increase in the mass
component. It thus shifts the resonance frequency towards the
lower frequencies [29.31].

Earlier studies had shown that resonance frequency is
a better sensitive tool compared to 226 Hz tympanometry
[6.28,32], but less sensitive than WBA [5], to detect even
the slight changes in the transmission characteristics of the
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middle ear system. There were reports of extensive overlap
in static admittance and resonance frequency measures with
the normal hearing individuals and thus limits the diagnos-
tic value [6]. Studies had shown that the admittance value
of 226 Hz/678 Hz probe tone frequency was mostly within
the normal range in individuals with otosclerosis [6,32,33].
Thus, standard 226-Hz tympanometry is typically inadequate
for distinguishing middle ear disorders. However, the inclu-
sion of higher frequencies would improve the sensitivity of
the results, as observed in the resonance frequency and WBA
measurements.

In summary, the findings of the present study had shown
a difference in WBA, especially in the lower frequencies, to
differentiate otosclerosis and OCD from the normal ear. Be-
sides, it is interesting to note that pathologies related to os-
sicles have a unique WBA pattern, which makes it easy to
identify the disorders related to ossicles. However, the diag-
nosis of having otosclerosis and OCD were made based on
the criteria given by Nadol [17] and Farahmand et al. [18] and
the experienced Otolaryngologist also made a similar diagno-
sis. But the diagnosis was not confirmed through the surgical
operation in the present study. Also, the study groups were
globally matched without consideration of gender due to its
limited sample size.

5. Conclusion

In the present study, the WBA pattern and the absorbance
values obtained at different frequencies showed that it has
the potential to differentiate different ossicular chain related
pathologies from normal hearing individuals and also differ-
entiating otosclerosis from OCD. However, the outcome of
WBA values should be used in caution until it is validated
with the large sample size of confirmed cases.
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Abstract

Purpose The purpose of the study was to know whether the wideband absorbance measurements can be a useful tool to
identify ears with otosclerosis. The present study analyzed WBA measurements and highlighted its effectiveness in identify-
ing ears with otosclerosis and differentiating from healthy normal ears.

Methods The study included 42 ears with otosclerosis which were compared with an equal sample size of healthy normal
ears. WBA across frequencies and wideband average absorbance (375-2000 Hz) at the peak and ambient pressure, and
resonance frequency were measured and analyzed.

Results Results showed that WBA levels increased with an increase in frequencies up to 2000 Hz and decreased thereafter,
both in the otosclerosis and healthy normal ears. The mean WBA in the otosclerosis group was significantly lower in the
250-2000 Hz frequency range than in the healthy normal ear group. The WBA values at ambient pressure reduced signifi-
cantly up to 500 Hz for the healthy normal ear group and 1500 Hz for otosclerosis group, compared with peak pressure.
Further, the analysis of wideband average absorbance at ambient pressure showed reduced absorbance (0.35) and higher
resonance frequency (1350.33 Hz) in the otosclerosis group compared with the healthy normal ear group (0.60 and 930.14 Hz,
respectively). ROC analysis indicated that WBA is suitable for identifying otosclerotic ears and also in differentiating from
healthy normal ears based on WBA values from 250 to 1500 Hz. High diagnostic values of WBA (>90% sensitivity and
specificity) were observed at a frequency of 1000 Hz.

Conclusions The inclusion of WBA into clinical routine test procedures could be a useful tool for detecting otosclerosis.
Further research is required to validate its clinical use in combination with other middle ear measures.

Keywords Wideband absorbance - Resonance frequency - Tympanometry - Otosclerosis

Introduction

Otosclerosis is an ontological condition that occurs when
sclerotic bone growth involves the oval window and the sta-
pedial footplate, often called stapedial otosclerosis. Individ-
uals with otosclerosis present with progressive conductive
hearing loss of mild low frequency at initial stages to a flat,
severe conductive/mixed hearing loss in the late stages of the
disease [1]. This disease influences the ossicular mass, stiff-
ness of the tympanic membrane, and supporting structures in
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the middle ear. Usually, it occurs in early adulthood between
15 and 40 years of age, affecting women twice as compared
with men [2]. Although the etiology of otosclerosis remains
a matter of debate, family history is present in more than
50% of cases [1].

Clinical diagnosis of otosclerosis is based on the combi-
nation of medical history, audiological test (pure-tone audi-
ometry and tympanometry) results, and imaging findings
[3]. Individuals with otosclerosis present with an audiogram
showing air—bone gap greater than 10 dB HL with increased
air conduction thresholds, especially at the lower frequencies
and presence of 2 kHz notch in the bone conduction thresh-
olds [4]. This could be because of fixation of the stapes foot-
plate, enhancing the stiffness causing the diminished con-
tinuation of the sound wave entering the cochlea [5]. Along
with pure tone audiometry, single-component low-frequency
tympanometry with 226 Hz probe tone has been commonly
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used for the diagnosis of patients with otosclerosis [5, 6].
Clinical findings of single-component tympanometry with
226 Hz probe tone show ‘A/As’ type tympanogram with
absent/abnormal middle ear muscle reflexes. However, these
tympanogram patterns are not unique to otosclerosis and
often mimic the findings of normal hearing individuals [5].
Many researchers have suggested that a conventional 226 Hz
tympanogram is less sensitive in differentiating otosclerosis
ears from other middle ear disorders [5, 7].

The normal middle ear is primarily dominated by the
stiffness of low-frequency sounds (226 Hz) and is sensitive
in the identification of various middle ear disorders [5, 8].
However, any change in the stiffness or the mass component
of the middle ear alters the tympanogram obtained with the
higher probe frequencies and influences the resonant fre-
quency of the middle ear transmission system [8, 9]. In ears
with otosclerosis, there is an increase in the stiffness of the
middle ear that shifts the resonance frequency to the higher
value compared with the normal middle ear system [5, 10].
Thus, this would result in decreased admittance for low
frequencies. Studies have shown that the multi-frequency
tympanometry is more appropriate than the traditional
single-frequency tympanometry to detect small changes in
the middle ear system and has high sensitivity in diagnos-
ing the ossicular chain disorders [5, 7, 10-12]. However,
it has received little attention in clinical practice and is
not included in the audiological testing battery for testing
patients with suspected otosclerosis. The possible reasons
are complex tympanogram obtained at higher frequencies
compared with traditional 226 Hz tympanogram, leading to
difficulty in interpretation [11]. Also, there are reports of the
large overlap in the results of normal ears with other middle
ear-related disorders such as ossicular chain discontinuity
with fibrosis [5, 7, 11, 13]. Apart from these tests, high-
resolution computed tomography (HRCT) has been the pre-
ferred method for diagnosing otosclerosis [3], despite its low
sensitivity and high cost [14]. A non-invasive, less expensive
clinical tool to identify otosclerosis from other ontological
conditions would be beneficial for otolaryngologists and also
patients.

Wideband absorbance tympanometry (WBT) is being
introduced recently to overcome these drawbacks and to
assess middle ear functioning. Recent research has revealed
WBT to have good sensitivity compared with 226 Hz and
multi-frequency tympanometry [15, 16]. Instead of using
a single probe tone (226 Hz) or the multi-frequency probe
tone to measure the admittance at a particular frequency,
the WBT uses a transient wideband stimulus with either
click or chirp and measures the absorbance from 226 to
8000 Hz range in small increments [17]. With a single pres-
sure sweep, WBT performs a comprehensive analysis of
middle ear status over a frequency range at a shorter time.
Besides this, tympanometric peak pressure and resonance
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frequency are also measured, resulting in an increase of
WBT’s sensitivity in identifying middle ear disorders [5,
15]. In addition, WBT measurements are less susceptible to
myogenic noise due to the presence of multiple frequencies
in the transient stimuli [18]. However, this procedure is still
in the research phase, with only limited studies revealing
distinct wideband absorbance (WBA) patterns for middle
ear disorders [19-21].

A few researchers have explored the characteristics of
wideband absorbance in the population with otosclerosis.
Energy reflectance measured in patients with otosclero-
sis has shown increased reflectance at low frequencies
(< 1000 Hz) compared with normal individuals [22]. Fol-
lowing this, a few other investigators have made similar
observations [23-25]. Recent investigation on the otoscle-
rosis group showed reduced absorbance at ambient pressure
for 4 kHz [20]. Further, these investigators have suggested
that the difference in absorbance at low frequency plays a
critical role in identifying the population with otosclero-
sis. However, clinical data on WBA related to otosclerosis
remain limited. To date, there are no studies that have inves-
tigated wideband average absorbance measurements in ears
with otosclerosis and have not attempted to set criteria in
detecting otosclerosis using WBA measurements.

Hence, the current study aimed at obtaining absorbance
measurements across the frequencies, wideband average
absorbance, and resonance frequency in ears with otoscle-
rosis and compared those with the healthy normal ear. Fur-
thermore, the present study also assessed the sensitivity and
specificity of WBA and delineated a criterion to identify
otosclerosis.

Materials and methods

The study was conducted in an institutional setup and fol-
lowed the non-experimental standard group comparison
design. The procedure followed in the study adheres to the
tenet of the 2013 Declaration of Helsinki [26] with prior
approval from the institutional ethical committee. In addi-
tion, informed consent was obtained from all the participants
before the testing.

Participants

The otosclerosis group consisted of 42 ears from 26 adults
with a mean age of 36 years (range 22-50 years) and diag-
nosed with otosclerosis by an experienced otorhinolaryn-
gologist. The diagnosis was confirmed based on the clini-
cally accepted criteria [27], i.e. the presence of a history of
progressive hearing loss, negative Rinne’s test, conductive
hearing loss of raising pattern with a 2 kHz Carhart notch
in the pure tone audiometry, and presence of A/A( type
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tympanogram with an absence of acoustic reflex. The audio-
gram results showed mild-to-moderately severe conductive
hearing loss with the pure tone average thresholds ranging
from 26 to 70 dB, indicating the severity of otosclerosis. All
the participants had an intact tympanic membrane with no
other associated middle ear pathologies that were confirmed
by an experienced otorhinolaryngologist.

The otosclerosis group was compared with 42 healthy
normal ears from 24 adults with a mean age of 38 years
(range 22-50 years). The healthy ears had normal pure
tone threshold of < 15 dB HL at octave frequencies with no
air—bone gap, normal otoscopic findings, intact middle ear
functions showing A-type tympanogram with the presence
of acoustic reflexes, and the presence of transient evoked
otoacoustic emission (>3 dB SNR).

Test procedure

All participants had undergone audiological evaluation that
included pure-tone audiometry, immittance measurements
using 226 Hz probe tone, and otoacoustic emission in a
sound-treated room. The entire testing for the otosclerosis
group was performed before the initiation of their medi-
cal treatment. Interacoustics Titan Suite IMP440/WBT440
version 3.3.1 advanced research module (Interacoustics
A/S, Middelfart, Denmark) was used to measure wideband
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absorbance. Calibration of the Titan WBT equipment was
performed using the couplers before performing the WBA
measurements [28].

The participants were made to sit comfortably and quietly
to measure WBA. With the help of a suitable eartip, the
probe was placed in the ear canal to obtain an airtight seal.
A wideband click stimulus at 100 dB peSPL was presented
to the ear canal at a click rate of 21.5 Hz. The pressure was
swept from + 200 to — 400 daPa at a rate of 200 daPa/s [22,
28]. WBA was measured across a wide frequency range
of 226-8000 Hz, and the results were plotted on a three-
dimensional graph (Fig. 1). The value of the measured
absorbance lies between 0 and 1, where ‘0O’ indicates all
acoustic energy reflected on the ear canal, and ‘1’ indicates
all acoustic energy being absorbed by the middle ear [28].
WBA that is measured at peak pressure and ambient pres-
sure was automatically stored in MATLAB format (.m-file
extension). The WBA values at 1/24th octave frequencies
(121 frequencies) were extracted into an Excel spread-
sheet using the MATLAB version 9.7 software (MATLAB
R2019b, The MathWorks, Inc., Natick, USA). However, to
reduce the number of samples for analysis, absorbent values
at octave and inter-octave frequencies from 250 to 8000 Hz
(12 frequencies) were considered. Apart from WBA values,
resonance frequency (RF), and wideband average absorb-
ance (375-2000 Hz) at peak pressure (AvgWBApp), and

(b). WBA - 3D Plot
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Fig. 1 a WBA pattern at peak pressure and ambient pressure for normal and otosclerosis ears. b WBA 3D plot of normal ear and otosclerotic ear
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ambient pressure (AvgWBA) provided by the equipment
were also considered for the analysis.

Analysis

Statistical analysis was performed using IBM SPSS Statis-
tics for Windows, version 21.0 (IBM Corp., Armonk, NY,
USA). Shapiro—Wilk test was used to check the normality of
WBA values at each of the frequencies from 250 to 8000 Hz,
resonance frequency, AvgWBApp, and AvgWBA, However,
the test results revealed that the data were not normally dis-
tributed (p <0.05). Hence, the non-parametric Mann—Whit-
ney U test without any alpha corrections [29] was used to
check for the significant difference in WBA between the
otosclerotic and healthy normal ears. Wilcoxon’s signed-
rank test was used to compare WBA values measured at peak
pressure and ambient pressure within the groups. Receiver
operating characteristic (ROC) curves were obtained to esti-
mate the sensitivity and specificity for each of the param-
eters. The area under the ROC (AUROC) value was esti-
mated to quantify the accuracy of the test with a statistically
significant value of p <0.05.

Results
Wideband absorbance across frequencies

The WBA was measured at peak and ambient pressure at
12 different octaves and inter-octave frequencies from 250
to 8000 Hz. The WBA pattern for otosclerosis and healthy
normal ear group was found to be similar regardless of the
pressure conditions, as shown in Fig. 1. The WBA values
tend to increase with increasing frequency from 250 Hz,
reaching its maximum at 2000 Hz and decreased thereafter,
reaching a minimum value at 5000 Hz and beyond. Although
the pattern was similar, there was a significant difference in
WBA values between the groups at all frequencies except at
8000 Hz. The WBA values for the otosclerosis group were
significantly lesser up to 2000 Hz, above which, an increase
in WBA values was observed compared with the healthy
normal ear group. This can be observed for both peak pres-
sure and ambient pressure measurements. Similarly, the
difference in WBA values obtained at peak and ambient
pressure within the group revealed significant reductions in
WBA values for ambient pressure. This reduction is seen
at low and mid-frequencies compared with absorbance val-
ues at peak pressure. In the healthy normal ear group, the
WBA values at ambient pressure were reduced up to 500 Hz,
whereas the reduction was seen up to 1500 Hz for the oto-
sclerosis group significantly, compared with peak pressure.

Further, ROC analysis with AUROC was computed
to determine the efficiency of WBT to differentiate the

@ Springer

otosclerosis from healthy normal ears at each octave and
inter-octave frequency based on the WBA values. Figure 2
indicates that ROC at low and mid-frequencies from 250
to 1500 Hz lie close to the left and top border of the ROC
space above the diagonal line for both peak and ambient
pressure. AUROC value obtained was 0.7 and above, which
is statistically significant (p < 0.05). It shows the accu-
racy of the WBA for detecting the otosclerosis from the
healthy normal ears at low and mid-frequency regions up
to 1500 Hz. As the frequencies increase beyond 2000 Hz,
the ROC curve flattens and falls below the diagonal line.
The AUROC value for higher frequencies falls below the
chance level (<0.5), indicating poor efficiency in detect-
ing otosclerosis. The cut-off criterion was estimated based
on the results of the ROC analysis along with sensitivity
and specificity, and the values are summarized in Table 1.
ROC analysis showed that WBA is suitable for differentiat-
ing between otosclerotic and healthy normal ears at low and
mid-frequency regions, i.e. up to 1500 Hz. High diagnostic
value of WBA with sensitivity >83% and specificity >95%
has been observed for frequency up to 1000 Hz, having a
maximum sensitivity (92.86%) and specificity (100%) at
1000 Hz with an absorbance value of 0.55. Similar cut-off
criteria were observed for WBA measured at both peak and
ambient pressure conditions.

Wideband average absorbance

Descriptive statistics for wideband average absorbance at
peak pressure and ambient pressure were computed. The
mean wideband average absorbance value obtained at peak
pressure for the otosclerosis group is 0.58 with a standard
deviation (SD) of 0.10, and for the healthy normal ear group
is 0.61 with an SD of 0.07 and are not statistically differ-
ent (U=703.50, p=0.11). At ambient pressure, the mean
wideband average absorbance of otosclerotic group is lesser
(mean: 0.35+0.08 SD) compared with the healthy normal
ear group (mean: 0.60+0.07 SD), and the values were found
to be significantly different (U=35.50, p <0.01).

The ROC curve for wideband average absorbance at
ambient pressure showed higher accuracy in detect-
ing otosclerosis (Fig. 3a) with an AUROC value of 0.98
(p <0.05). However, the ROC curve for wideband aver-
age absorbance at peak pressure is relatively flattened and
low with an AUROC value of 0.60 and failed to reach a
significant level (p > 0.05). A dot plot graph was drawn to
understand the distribution of values for each of the groups
with a cut-off criterion (Fig. 3c, d). A clear demarcation
in wideband average absorbance values at ambient pres-
sure was observed between the otosclerosis and healthy
normal ear group. The otosclerosis group had an average
absorbance value ranging below 0.45 at ambient pressure
compared with the healthy normal ear group that ranged
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(a) ROC Curves of WBA at peak pressure

(b) ROC Curves of WBA at ambient pressure
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Fig.2 ROC curve analysis for WBA as a function of frequencies at (a) peak pressure and (b) ambient pressure along with AUROC values

Table 1 AUROC values, cut-off

o ol Frequencies AUROC value Cut-off value Sensitivity (%) Specificity (%)

value, sensitivity and specificity

of WBA at peak pressure and WBA at peak pressure

ambient pressure 250 Hz 0.976 <0.06 90.48 100.00
500 Hz 0.970 <0.17 95.24 97.62
750 Hz 0.908 <0.17 83.33 97.62
1000 Hz 0.981 <0.55 92.86 100.00
1500 Hz 0.874 <0.78 80.95 90.48
2000 Hz 0.723 <0.90 80.95 59.52

WBA at ambient pressure

250 Hz 0.951 <0.06 92.86 95.24
500 Hz 0.958 <0.13 88.10 97.62
750 Hz 0.927 <0.16 85.71 95.24
1000 Hz 0.987 <0.52 95.24 97.62
1500 Hz 0.907 <0.75 83.33 90.48
2000 Hz 0.732 <091 80.95 59.52

above 0.45, with a sensitivity and specificity of 92.2% and
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97%, respectively. In contrast, the distribution of average
absorbance was similar for both groups at peak pressure.
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Fig.3 a ROC curve of RF, average absorbance at peak pressure, and ambient pressure; dot plot graph of (b) RF, (c) average absorbance at peak

pressure, and (d) ambient pressure

Resonance frequency

The mean RF of the healthy normal ear group was
930.14 Hz with an SD of 130.78 Hz, whereas higher
mean RF of 1350.33 Hz with an SD of 275.20 Hz was
obtained in ears with otosclerosis. Statistical results using
Mann—Whitney U test on RF showed significant differ-
ences between the groups (U=113.00, p <0.01). The
AUROC value of RF was found to be 0.94 (p <0.05), with
the ROC curve lying close to the left and top border of
ROC space (Fig. 3a). High sensitivity (92.9%) and speci-
ficity (90.5%) were obtained at a cut-off value of 1069 Hz,
where a healthy normal ear had an RF of less than 1069 Hz
and individuals in the otosclerosis group had a higher RF
(Fig. 3b).
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Discussion

The present study measured the WBA across the frequen-
cies, wideband average absorbance, and resonance frequency
in ears with otosclerosis and compared with those with the
healthy normal ear. The results indicated a significant dif-
ference in WBA and RF measurements between the oto-
sclerosis and healthy normal ear groups. The study findings
are discussed under each of the parameters considered for
analysis.

WBA across frequencies

WBA measured at peak and ambient pressure showed
reduced absorbance at low frequencies (250—1500 Hz) and
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slightly increased absorbance at high frequencies above
2000 Hz in otosclerotic ears. This finding was consist-
ent with the previously reported WBT studies where low
absorbance values were observed between 400 and 1000 Hz.
[11, 22, 23]. This reduction depends on the severity of the
otosclerosis and can be seen even beyond 1000 Hz [11].
The decline of WBA at low frequencies could be because of
the stiffening of annular ligament generating large imped-
ance, reflecting most of the energy below 2000 Hz on the ear
canal [23, 30]. In contrast, the transmission is not stiffness
controlled at higher frequencies, i.e., above 2000 Hz, and
therefore, has less impact on WBA values [31]. However,
the absorbance values at high frequencies are highly vari-
able [23]. Few studies have shown reduced absorbance at
1260 Hz, 2520 Hz, and 4000 Hz in ears with otosclerosis
[13, 22]. In contrast, an increase in absorbance from 5000
to 8000 Hz has also been reported [13], similar to the results
of this study.

ROC analysis of WBA at peak pressure and ambient pres-
sure showed high accuracy, especially in the detection of oto-
sclerosis at low and mid-frequencies. To our knowledge, few
researchers have used ROC analysis to estimate the accuracy
of distinguishing between otosclerotic and healthy normal
ears. Studies on the effectiveness of WBA have shown high
AUROC values at 315 Hz and 500 Hz with 82% sensitivity
in otosclerotic ears [11]. Similarly, the results of this study
confirmed high sensitivity of over 83% and 95% specificity
at frequencies up to 1000 Hz. At 1000 Hz, maximum sen-
sitivity (92.86%) and specificity (100%) were observed at
0.55 absorbance value. Though the current finding warrants
for verification with other middle ear pathologies, it can be
considered valid if a person has ‘A’ or ‘As’ type of tympa-
nogram for 226 Hz probe tone, as this type of tympanogram
is uncommon in other middle ear pathologies. Thus, it can
be concluded that low and mid-frequencies are efficient in
differentiating otosclerosis ears from normal ears.

Studies on changes in pressure in the middle ear have
shown significant effects on absorbance patterns [13]. Sev-
eral studies have reported lower WBA in ambient pressure
compared with peak pressure [28, 32]. The WBA measured
in Caucasian and Chinese subjects showed low absorbance
at ambient pressure for frequencies from 250 to 2500 Hz,
while higher WBA for Caucasians at 4000 and 5000 Hz
[33]. In the present study, reduced absorbance at ambient
pressure was found up to 2000 Hz for both the groups com-
pared with peak pressure. However, a significant difference
was obtained between the pressure conditions at 250 Hz and
500 Hz in the healthy normal ears and up to 1500 Hz for ears
with otosclerosis. This is because the increase in stiffness of
the middle ear due to pressurization, i.e. at peak pressure,
improves the transmission of sound energy to the middle ear
[34]. However, measuring WBA at ambient pressure causes
a negative or positive pressure relative to the middle ear

pressure in the ear canal, resulting in a slight change in the
stiffness of the tympanic membrane.

Thus, there exists a minimal amount of pressure gradi-
ent between the ear canal and middle ear at ambient condi-
tions which would influence the WBA measurements [33].
However, there are no studies that have compared the peak
pressure with ambient pressure in the pathological group. In
our study, the WBA values at ambient pressure were lesser
compared with peak pressure for frequencies from 250 to
1500 Hz in ears with otosclerosis.

Wideband average absorbance

Wideband average absorbance (average of absorbance val-
ues obtained between 375 and 2000 Hz) was measured at
peak pressure and ambient pressure. The present study com-
pared the average absorbance of otosclerosis with that of
the healthy normal ear group at peak and ambient pressure.
The study revealed a significantly reduced average absorb-
ance at ambient pressure in the otosclerosis group compared
with the healthy normal ear group, and no differences were
observed between the groups at the peak pressure. However,
only limited research has focused on this area. The result
of one of the studies indicated that the average absorbance
measured at peak pressure ranged from 0.64 to 0.92 [35]. In
another study, results showed reduced overall absorbance
rate at peak pressure (<30%) in both the ears for individuals
with otosclerosis, compared with normal hearing individuals
[36]. However, the average absorbance of the current study
at peak pressure ranged between 0.33 and 0.68 in ears with
otosclerosis. Currently, there are no studies that compare
the average absorbance measured at ambient pressure in the
pathological groups.

A WBA study, averaged over 600 Hz and 1000 Hz at peak
pressure, in combination with an air-bone gap averaged over
10004000 Hz, showed 86% sensitivity and 100% specificity
to differentiate otosclerosis [25]. The present study on the
wideband averaged absorbance between 375 and 2000 Hz at
ambient pressure showed a sensitivity of 92.2% and a speci-
ficity of 97% at a cut-off point of 0.45 absorbance value.

Resonance frequency

Analysis of resonance frequency of the middle ear showed
increased resonance frequency for the otosclerosis group.
Several studies have shown an increase in resonance fre-
quency, as one of the indicators for identifying otosclerosis
[5, 13]. Typically, the mass component limits high-frequency
transmission, while the stiffness component limits low-fre-
quency transmission [8]. In ears with otosclerosis, there is
an increase in the stiffness of the middle ear, which limits
the low frequencies and enhances the high-frequency trans-
missions [8]. However, in the present study, a significant
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overlap of the resonance frequency was observed between
otosclerosis (659-1989 Hz) and the normal healthy ear
group (710-1288 Hz), which limits the effectiveness of the
diagnosis of otosclerosis [5, 13]. ROC curve analysis for
the resonance frequency showed a high sensitivity (92.9%)
and specificity (90.5%) at the cut-off frequency of 1069 Hz.
Earlier, such an investigation has shown similar results with
high sensitivity and specificity of 80% and 82%, respec-
tively, at a cut-off value of 1025 Hz [37]. In contrary, a few
studies have reported similar resonance frequency findings
between the two groups [5, 13], and this similarity has been
attributed to the severity of otosclerosis that changes the
stiffness of the middle ear [5, 11, 22]. Studies are also indi-
cating high resonance frequency in other pathological cases
such as tympanosclerosis or Meniere’s disease [37]. Thus,
the use of resonance frequency as an independent test tool is
critical and hence should be used cautiously while diagnos-
ing otosclerosis.

The results of the current study suggest high sensitivity
and specificity of >90% for all the parameters analyzed, with
resonance frequency showing the least sensitivity and speci-
ficity and WBA measured at 1000 Hz showing the highest
sensitivity and specificity. Thus, the results of the current
study indicate that WBA measurement is probably the best
tool to identify ears with otosclerosis.

Limitations of the study

The current study has shown differences in WBA and RF
measurements in otosclerosis with healthy, normal ears, but
with some limitations. First, the number of samples recruited
for this study was relatively small. Thus, the power of the
statistical analysis could have reduced. Second, the criteria
for enrollment of participants in the otosclerosis group were
based solely on clinically accepted criteria [27] and confir-
mation from an otolaryngologist. However, administration
of computed tomography (CT) would have objectively con-
firmed the diagnosis of all participants in the otosclerosis
group. Third, the present study had shown that 1000 Hz is
the most sensitive to identify otosclerotic ears, which needs
to be evaluated with other middle ear disorders to know
whether it is unique to ears with otosclerosis or can be seen
in other conditions also.

Conclusion

The present study showed a high sensitivity and specificity
of WBA measurements in differentiating ears with otoscle-
rosis from the healthy normal ears. This also suggests that
the WBA pattern obtained at frequencies below 1500 Hz
could effectively identify ears with otosclerosis from healthy
normal ears, especially the absorbance value obtained at

@ Springer

1000 Hz. Wideband average absorbance obtained at ambi-
ent pressure could also be used to identify ears with otoscle-
rosis. However, it should always be supplemented by other
audiological test findings suggesting otosclerosis. Though
resonance frequency for individuals with otosclerosis was
higher compared with the healthy normal ear, it cannot
be utilized as an independent tool due to a wider overlap
of resonance frequency with that of healthy normal ears.
The current study results suggest that WBA findings can
effectively improve identification of otosclerosis along with
the existing middle ear measurements. However, further
research is required to standardize the test and incorporate
it into routine clinical practice.
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Abstract

Background: Middle ear pressure plays a vital role in the transmission of sound to the inner ear. However, limited research data exists to under-
stand the effect of abnormal middle ear pressure on wideband absorbance (WBA) tympanometry. The purpose of the study was to evaluate
WBA at peak pressure and ambient pressure in adults with abnormal positive and negative middle ear pressure and compare them with normal
adult ears having normal middle ear pressure.

Material and methods: Three groups of adults - normal middle ear pressure group (56 ears), negative middle ear pressure group (30 ears),
and positive middle ear pressure group (15 ears) — in the age range 22 to 50 years were considered. WBA was measured at peak and ambient
pressures across the frequencies from 250 to 8000 Hz.

Results: WBA at peak pressure was observed to be higher than at ambient pressure in all the groups, with the difference seen mostly at low and
mid-frequencies up to 2000 Hz. The negative middle ear pressure group showed the most considerable difference in mean WBA, seen between
600 Hz and 1000 Hz, followed by the positive middle ear pressure group, with a negligible difference for the normal middle ear pressure group.

Conclusions: The study highlighted the importance of measuring WBA at peak pressure and ambient pressure. The results suggest that the
comparison of WBA at peak and ambient pressures, especially from lower to mid-frequencies up to 2000 Hz, would help in differentiating
abnormal negative/positive pressure from normal middle ear pressure and also between ears having negative and positive pressure.

Key words: absorbance « peak pressure « middle ear pressure « ambient pressure

OCENA ABSORBANCJI SZEROKOPASMOWE] U DOROSEYCH Z PODCISNIENIEM
I NADCISNIENIEM W UCHU SRODKOWYM

Streszczenie

Wstep: Cisnienie w uchu srodkowym odgrywa istotng role¢ w przekazywaniu dzwigku do ucha wewnetrznego. Jednak istniejg ograniczone
dane badawcze pozwalajace zrozumie¢ wptyw nieprawidlowego ci$nienia w uchu $rodkowym na tympanometrie absorbancji szerokopasmowej
(WBA). Celem pracy byla ocena WBA przy ci$nieniu szczytowym i ci$nieniu otoczenia u dorostych z podcisnieniem i nadci$nieniem w uchu
$rodkowym i poréwnanie ich z wynikami u dorostych z prawidtowym ci$nieniem w uchu srodkowym.

Material i metody: W badaniu udziat wziety trzy grupy dorostych w wieku od 22 do 50 lat: grupa z normalnym ci$nieniem w uchu srodkowym
(56 uszu), grupa z podcisnieniem w uchu srodkowym (30 uszu) i grupa z nadci$nieniem w uchu $rodkowym (15 uszu). WBA mierzono przy
ci$nieniu szczytowym i ci$nieniu otoczenia w zakresie czestotliwoéci od 250 Hz do 8000 Hz.

Wyniki: Zaobserwowano, ze WBA przy ci$nieniu szczytowym jest wyzsze niz przy ci$nieniu otoczenia we wszystkich grupach, z réznicg obser-
wowang gléwnie przy czestotliwo$ciach niskich i $rednich do 2000 Hz. Grupa z podci$nieniem w uchu $rodkowym wykazata najwieksza réznice
w $rednim WBA, obserwowang migdzy 600 Hz a 1000 Hz. Nastepna byla grupa z nadci$nieniem w uchu $rodkowym, natomiast w grupie
z normalnym ci$nieniem w uchu $rodkowym réznica byta nieistotna.

Whioski: Badanie wskazuje na znaczenie oceny WBA przy ci$nieniu szczytowym i ci$nieniu otoczenia. Wyniki sugeruja, ze poréwnanie
WBA przy ci$nieniu szczytowym i ci$nieniu otoczenia, zwlaszcza w przedziale od niskich do $rednich czestotliwoéci do 2000 Hz, pomogloby
w odroéznieniu podci$nienia/nadcisnienia od normalnego ci$nienia w uchu $rodkowym, a takze rozréznieniu podci$nienia i nadci$nienia
pomiedzy obojgiem uszu.

Stowa kluczowe: absorbancja « cisnienie szczytowe e ci$nienie w uchu srodkowym e ci$nienie otoczenia

Introduction by varying air pressure in the ear canal to measure the

admittance of the middle ear. The transmission of sound
Conventional tympanometry is carried out using energy is usually maximum at the level where the pres-
either a single probe tone frequency or multiple frequencies sure is equal on both sides of the tympanic membrane [1].
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In individuals with a healthy middle ear, the maximum
energy flows into the middle ear at a pressure closest to
that of the atmosphere [1]. Any deviation of middle ear
pressure (MEP) from atmospheric pressure is likely to
hinder the effective transmission of sound to the inner
ear. Abnormal MEP is indicative of some abnormality in
the middle ear, perhaps leading to middle ear disorders.
Thus, air pressure plays a significant role in the transmis-
sion of sound to the middle ear.

Recent studies have indicated that wideband absorbance
(WBA) is a sensitive tool in assessing middle ear func-
tion compared to conventional tympanometry [2] and in
the differential diagnosis of middle ear disorders [3,4].
WBA is a non-invasive middle ear analysis technique that
measures either the absorbance or reflectance of sound
energy across a wide range of frequencies between 200 to
8000 Hz [5]. Studies have shown a distinct pattern of WBA
for various pathological conditions such as otosclerosis,
ossicular chain discontinuity, tympanic membrane perfo-
ration, and fluid in the middle ear cavity [2,3,6].

The most common occurring middle ear pathology that
affects the transmission of sound to the inner ear is abnormal
negative or positive MEP [7]. In the condition of Eustachian
tube dysfunction (ETD), maximum energy flows at a neg-
ative pressure; on the other hand a positive pressure range
is usually seen in the early stages of acute otitis media with-
out effusion, where there is a bulging tympanic membrane
[1,8]. Such abnormal pressure characteristics can be effec-
tively studied by measuring middle ear absorbance across
frequency, and also at different pressures, improving the
accuracy with which middle ear disorders can be diagnosed.

Few efforts have been made to study the effect of abnor-
mal MEP on WBA measurements [7,9-11], and most
of these studies were based on simulated conditions
in healthy individuals or cadavers. Studies have shown
that any alteration in MEP increases energy reflec-
tance (decreases absorbance) below 3 to 4 kHz and
decreases reflectance (increases absorbance) at frequen-
cies beyond 4 kHz [12]. On the other hand, studies on
young children who had tympanometric peak pressure
(TPP) more negative than —100 daPa have shown increased
energy reflectance (decreased absorbance) for frequencies
up to 4 to 5 kHz [9,10]. Thus, there is an apparent incon-
sistency in the findings of WBA under altered MEP con-
ditions, especially at higher frequencies.

Further, the effect of pressure variations (ambient and peak)
on WBA tympanometry readings has indicated a reduc-
tion in absorbance below 2 kHz under ambient pressure
conditions compared to WBA at peak pressure [4,7,13]. To
date, only one study has evaluated the difference in pres-
sure variation on children with ETD and compared the
result in children with normal ears [11]. Interestingly, the
study showed a differential absorbance pattern with sig-
nificant lower WBA only at ambient pressure for children
with ETD, compared to normal ears [11]. On the other
hand, no attempts have been made to use WBA tympa-
nometry to evaluate the effect of positive MEP.

It is well known that a variation in MEP induces physio-
logical changes in middle ear structures and thereby affects
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transmission of sound to the inner ear. Thus, it is cru-
cial to understand the effect of MEP on WBA across fre-
quency and to quantify the effects of positive and negative
MEDP. Also, to the best of our knowledge, there has been
no previous report of WBA findings on an adult popula-
tion who have abnormal positive or negative MEP. Thus,
the purpose of this study was to examine WBA tympa-
nometry findings on adults who had abnormal negative
or positive MEP (as indicated by conventional tympa-
nometry). The study also sought to determine the dif-
ferences in WBA between peak and ambient pressures in
those abnormal MEP subjects compared with the results
from subjects with normal MEP.

Materials and methods

A total of three groups of adult subjects in the age range
22 to 50 years (mean age 36.0 + 10.1 years) were consid-
ered for the study. The control group (normal MEP group)
consisted of 37 healthy individuals (56 ears) having nor-
mal MEP of +50 to -100 daPa (mean —-10.89 + 12.28 daPa;
range —32 to 12 daPa) as given by Jerger [14]. This mid-
dle ear pressure was obtained using conventional 226 Hz
probe tone tympanometry by inserting a probe into the
ear canal. The ear canal pressure at which the peak of the
tympanogram occurred was considered as the TPP/MEP
[28]. All participants in this group had normal hearing
thresholds of less than 15 dB HL at all octave frequencies,
static admittance of <1.6 mmho (mean 0.73 + 0.34; range
0.22 to 1.54) with the presence of normal acoustic reflex
thresholds, and the presence of transient evoked otoacous-
tic emission (=3 dB SNR).

The clinical study group consisted of two sub-groups
that included adults having ‘negative middle ear pressure’
more negative than —100 daPa (MEPx) and a ‘positive
middle ear pressure’ group having pressure greater than
50 daPa (MEPp), measured using conventional 226 Hz
probe tone tympanometry [14]. The MEPy group included
25 participants (30 ears) with a mean static admittance of
0.70 mmho + 0.41 SD (range 0.16 to 1.87) and mean TPP
of —207.0 daPa + 99.9 SD (range —-353 to —-108 daPa). MEPp
consisted of 14 participants (15 ears) who had mean TPP
of 156.9 daPa +43.6 SD (range 75 to 168 daPa) and mean
static admittance of 0.58 mmho * 0.24 SD (range 0.15 to
1.17 daPa). Both study groups had hearing thresholds that
ranged between minimal to mild conductive hearing loss,
with elevated or absent acoustic reflex thresholds. However,
all groups had an intact tympanic membrane without any
perforation or active ear discharge. The institutional Ethics
committee of bio-behavioural research involving human
subjects reviewed and approved this study (No. WOF-
0404/2014-15 with effect from 04.06.14). Informed con-
sent was obtained from each of the subjects before enroll-
ing in the present study.

Wideband absorbance measurement was performed using
the Interacoustics Titan IMP/WBT 440 equipment and it
measured absorbance values under two conditions: at peak
pressure (WBApp) and ambient (0 daPa) pressure (WBAy).
The peak pressure is the ear canal pressure that was obtained
using the wideband average tympanometry (i.e. average of
WBA from 375 to 2000 Hz) that was automatically gener-
ated during WBA measurement in the Titan equipment.

41

Journal of Hearing Science -

251



Original papers - 40-47

However, the mean TPP obtained from WBA measure-
ment and the conventional 226 Hz probe tympanometry
were identical. The probe was inserted into the ear canal,
and a click stimulus of 100 dB peSPL (approx. 65 dBnHL)
at a rate of 21.5 Hz was delivered. WBA was measured
across frequencies (250-8000 Hz) while ear canal pressure
was swept from +200 to —400 daPa at a rate of 200 daPa/
sec. Before administrating the test, daily calibration of the
WBA equipment was performed using four couplers as
recommended by the manufacturer. The study extracted
WBA values at 1/3rd octave frequencies (16 frequencies)
at peak pressure and ambient pressure which were placed
in an Excel spreadsheet and transferred to SPSS version
21.0 for statistical analysis.

Statistical analysis

Data were analysed using descriptive and inferential sta-
tistics. Parametric analysis was performed as the absor-
bance data followed a normal distribution as indicted
by a Shapiro-Wilk normality test (p>0.05). A mixed-
model ANOVA was carried out to analyse WBA between
the groups (normal MEP, MEPx, and MEPp) and pres-
sure conditions (peak, ambient) across 16 frequencies
(250 to 8000 Hz). A Greenhouse—Geisser approach [15]
was used to compensate for violation of compound sym-
metricity and sphericity. A post hoc Tukey’s Honestly Sig-
nificant Difference (HSD) was administered for multiple
pair-wise comparisons with a p-value of 0.05 as the level of
significance. A paired-sample T-test was performed within
the subject groups to compare peak and ambient pressure
across the frequencies.

Results

Descriptive statistical results (mean and standard error) for
WBAppand WBA( measured across frequencies for the three
groups are illustrated in Figure 1. It can be observed that
in the normal MEP group, at both peak and ambient pres-
sure, WBA increases gradually as the frequency increases
from 250 Hz, reaches a maximum at 2000 Hz, and reduces
thereon to a minimum at 6000 Hz. At peak pressure, the

(a) Wideband absorbance at peak pressure

MEPp group showed a biphasic pattern, i.e., an increase then
plateau at mid-frequencies, followed by a rise to a maximum
at 2500 Hz, and then a further decline. At peak pressure the
MEPN group showed a similar pattern to the normal MEP
group with a lower absorbance from frequencies between
250 Hz and 3000 Hz. However, at ambient pressure, all three
groups showed a similar pattern, though the absorbance
for the clinical groups was significantly lower than the nor-
mal group. On the other hand, at and above 4000 Hz there
was no noticeable difference in mean absorbance across the
groups for either WBApp or WBA,.

A mixed ANOVA model was used to analyse the WBA,
with pressure conditions (WBApp and WBAy) and fre-
quency (250 to 8000 Hz) as within-subject factors, and the
study groups (normal MEP, MEP, and MEPp) as between-
subject factors. The main effects of pressure conditions
(F=1.775, p = 0.00, 5,2 = 0.634), groups (F = 49.850, p = 0.00,
#p? = 0.507), and frequency (F = 281.32, p = 0.00, 7,*> = 0.744)
were significant. The interaction effect between groups
and pressure conditions (F = 112.42, p = 0.00, 77> = 0.699),
groups and frequency (F = 15.60, p = 0.00, 7> = 0.243),
and pressure conditions and frequency (F = 38.16, p = 0.00,
#p* = 0.282) were also significant. Further, MANOVA was
performed to investigate the frequencies at which the group
differences occurred under the two different pressure con-
ditions (peak, ambient). The result revealed a significant
difference between the groups at low and mid-frequen-
cies until 3000 Hz (p<0.05) for both pressure conditions,
whereas high frequencies (4000-8000 Hz) did not show
any significant difference (p>0.05).

To further investigate the interaction between groups and
frequency across the pressure conditions, a post hoc Tukey’s
HSD test was performed. In comparison to the normal MEP
group, a significant decrease in absorbance at WBApp was
observed from 250 to 3000 Hz for the MEPp group, and from
600 to 3000 Hz for the MEP\ group. Whereas between the
MEPx and MEPp groups, a significantly lower absorbance
was seen between 1000 and 2000 Hz for MEPp compared
to MEPN. Compared to the normal MEP group, MEPp had
the most significant reduction in absorbance up to 3000 Hz,

(b) Wideband absorbance at ambient pressure
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Figure 1. Comparison of mean absorbance and standard error (whiskers) measured at (a) peak pressure (WBApp) and (b)

ambient pressure (WBAy) for each of the three groups
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(a) Wideband absorbance in Normal middle ear pressure (Control group)
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Figure 2. Comparison of WBA measured at peak pressure and ambient pressure in (a) Normal MEP group; (b) Negative MEP
group; (c) Positive MEP group; and (d) Mean difference in WBA between pressure conditions (WBApp — WBAo)

followed by MEPx (as seen in Figure la). In examining
WBA (Figure 1b), it was noted that both MEPxand MEPp
showed a significant difference (p<0.05) in comparison to
the normal MEP group, indicating a decrease in absorbance
for frequencies between 250 and 3000 Hz. However, no sig-
nificant difference was found between the MEPyand MEPp
group, showing similar absorbance values across frequencies.

In comparing WBAppand WBA( between the groups, the
normal MEP group had similar mean absorbance values
across the frequencies for both peak and ambient pressures
(Figure 2a). In contrast, lower absorbance was observed
for ambient pressure up to 1250 Hz for the MEPp group
(Figure 2¢) and up to 2500 Hz for the MEPy group (Fig-
ure 2b). The results of a paired T-test performed between
peak and ambient pressure within groups showed a signif-
icant difference at low and mid-frequencies between any
two groups. Though little difference in absorbance values
was observed for the normal MEP group, there was a small
but significant difference between 250 and 1000 Hz (Figure
2a). Also, there was a significant difference for frequencies
between 500 and 1000 Hz for the MEPp group, and from
250 to 2500 Hz for the MEP group.

Journal of Hearing Science - 2020Vol. 10 - No.4

The most marked observation that emerged from the data
comparison, as seen in Figure 2d, was the mean difference
in absorbance between peak and ambient pressure. For
the normal MEP group, the difference in WBA across fre-
quencies are hardly distinguishable, ranging from 0.02 to
0.04 absorbance units between 300 and 1000 Hz. Whereas,
for the MEPp group there was a marginal increase in mean
difference between 500 and 1000 Hz (0.07 to 0.11 units). Of
most interest, the mean difference was most significant for
the MEPx group, which increased from 0.07 absorbance at
250 Hz to a maximum of 0.36 absorbance at 1000 Hz and
decreased beyond. At frequencies above 2500 Hz, there
was a negligible mean difference for all the study groups.

Table 1 summarises the mean difference of WBApp—WBA for
each of the groups and the significance level obtained
between the groups. Overall, the findings show a sig-
nificant mean absorbance difference across the groups
[F(32,166) = 9.17, p <0.000; Wilk’s A = 0.131, 17,2 = 0.639].
Further analysis across frequencies revealed a significant dif-
ference for all frequencies up to 2500 Hz (p<0.05), with the
effect size (#,?) increasing from 0.31 at 250 Hz to 0.64 up to
1000 Hz and reducing to <0.3 above 1500 Hz. Additionally,
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post hoc Tukey’s HSD analysis revealed significant differ-
ences between the normal MEP group and MEPy up to
2500 Hz, and MEPy and MEPp up to 2000 Hz, whereas a sig-
nificant difference was obtained only at 1000 Hz between
the normal MEP group and the MEPp group. On the whole,
WBA at 1000 Hz showed a significant difference in all the
groups, pointing to it being a distinctive indicator that
could be considered for differentiating the abnormal pres-
sure group from the normal MEP group.

To summarise, WBA at peak pressure was higher than
at ambient pressure, especially at low and mid frequen-
cies, irrespective of the study group. However, the dif-
ference in magnitude was more significant for the MEPx
group, negligible for the normal MEP group, and inter-
mediate for the MEPp group. The most notable mean dif-
ference between WBApp and WBA( was seen between
600 and 1000 Hz, with a significant difference at 1000 Hz
for all the groups and this could be a distinctive indica-
tor for differentiation. Also, in the MEPy group the differ-
ence in absorbance between the two pressure conditions
was extended across a wider frequency range. In contrast,
for the MEPp group it is restricted to a smaller frequency
range. The findings of the study confirm the usefulness of
measuring WBApp and WBA,. Further, the difference in
absorbance values between pressure conditions seems to
be most sensitive across the mid-frequency range.

Discussion

The purpose of this study was to compare WBA at peak
pressure and ambient pressure in ears with an abnormal

positive and negative pressure with that of normal individu-
als having normal middle ear pressure. The WBA was least
at 250 Hz, increased gradually as the frequency increased
and reached a maximum at 2000 Hz in ears with normal
hearing. At higher frequencies, the absorbance reduced
gradually to a minimum at 6000 Hz and beyond. These
findings are very similar to what has been found previ-
ously and have an identical absorbance pattern. However,
the reported frequencies of maximum absorbance are not
exactly consistent across studies and are reported to be
anywhere between 2000 and 4000 Hz [16-18]. A few stud-
ies have shown other maxima in the region of 1000 Hz to
1500 Hz [16,19], whereas the present study found maxi-
mum absorbance at 2000 Hz. This variation in absorbance
values might be attributed to racial differences, since stud-
ies have reported differences in absorbance in different eth-
nic populations [17,20].

The outcomes of the present study indicate that, especially
in the negative MEP group, there is a significant difference
in WBA at low and mid-frequencies, with lower absorbance
at ambient pressure compared to peak pressure. In con-
trast, a negligible difference in WBA occurs for adults with
normal MEP. Limited studies have reported a change in WBA
measured at abnormal MEP, and these have been performed
mostly in young children [9-11,21]. Few efforts have been
made to examine the effect of negative MEP on WBA in
adults. Earlier studies on negative MEP indicated a decrease
in absorbance for frequencies below 3 to 4 kHz and a small
increase in absorbance at higher frequencies [4,7,12]. Our
findings appear to well support the earlier studies. The pres-
ent study showed decreased absorbance at low and mid

Table 1. Mean difference of WBApp—WBAo for three groups and its significance level

Mean difference of WBApp-WBAo

Significance level (p-value)

mi?uencv cG MEP» MEPy CGvs.MEP,  CGvs.MEPy  MEPy vs. MEPp Eﬁﬁ:;f)ize
250 0.01 0.00 0.07 0.66 0.00* 0.00* 031
300 0.02 0.00 0.09 0.68 0.00* 0.00* 034
400 0.02 0.03 0.14 0.94 0.00* 0.00* 037
500 0.03 0.07 0.19 043 0.00* 0.00* 038
600 0.04 0.09 0.24 0.18 0.00% 0.00% 041
800 0.03 0.11 032 0.09 0.00* 0.00* 053
1000 0.02 0.09 036 0.05% 0.00% 0.00% 0.64
1250 0.00 0.03 0.28 0.65 0.00* 0.00* 052
1500 0.00 -0.01 0.20 0.99 0.00% 0.00% 033
2000 0.00 0.01 0.09 091 0.00* 0.04* 0.14
2500 0.00 0.02 0.06 0.50 0.00* 0.14 0.15
3000 0.00 0.01 0.02 0.48 0.09 0.89 0.05
4000 -0.01 -0.01 0.01 0.88 0.08 0.07 0.07
5000 0.00 -0.03 0.02 0.95 0.12 0.06 032
6000 0.00 -0.02 0.01 074 031 056 0.28
8000 -0.02 -0.02 -0.05 0.95 0.69 0.66 0.01

*Significance level p<0.05

CG - Control group (Normal MEP); MEPy - Negative middle ear pressure group; MEPp - Positive middle ear pressure group
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frequencies up to 2500 Hz, with increased absorbance at
high frequencies and a noticeable change of WBA between
1.0 to 1.5 kHz. Also, at ambient pressure, studies have
reported a decrease in absorbance up to 4000 Hz for chil-
dren with mild negative MEP of < -100 daPa [10]. Simi-
lar findings of reduced WBA from 0.5 to 1.5 kHz with self-
induced negative MEP varying from -40 to —-125 daPa were
reported in adults, compared to baseline ambient pressure
measurements [22].

In ears with positive MEP, the present study shows a decrease
in WBA up to 3000 Hz, with the most significant reduction
seen around 1000 to 2000 Hz for both the peak and ambient
pressure. These results agree well with another study that
has reported WBA in ears with positive MEP compared in
normal MEP, a decrease in WBA of around 0.2 absorbance
units at 1000 Hz, with a decrease to 0.11 absorbance units
at 2850 Hz [23]. However, studies of the effect of positive
MEP on WBA have rarely been reported.

Similarly, studies in the literature have reported a signifi-
cant reduction in WBA at ambient pressure compared to the
peak pressure, irrespective of the middle ear pressure con-
ditions [7,11,13]. In the present study, WBA at peak pres-
sure was higher than the ambient pressure conditions for
both the normal MEP group and the clinical group. In the
normal MEP group, the mean difference calculated between
peak and ambient pressure was small, having a maximum
mean difference of about 0.03 at 800 Hz. In the clinical
group, the mean difference was most considerable for the
negative MEP group, which had a mean difference rang-
ing from 0.90 to 0.36 between 300 and 2000 Hz and reach-
ing a maximum at 1000 Hz. On the other hand, positive
MEP elicited a maximum difference of 0.11 at 800 Hz. Sim-
ilar findings have also been reported in a recent study that
showed the highest mean difference of 0.12 to 0.42 between
250 and 2000 Hz in an ETD group, i.e., individuals with
negative MEP and a minimum difference for the normal
MEP group of 0.06-0.09 from 600 to 1500 Hz [11].

The amount of reduction in absorbance at low and mid fre-
quencies could be due to increased stiffness of the middle
ear due to the presence of negative or positive MEP [13].
This generates a larger impedance at the level of the TM
by increasing its stiffness, thereby reflecting more energy
back to the ear canal [6,13,24]. Further, at higher frequen-
cies the study indicated no significant difference in WBA
regardless of a change in MEP, and the WBA values were
similar across the study groups. This could be because
the transmission of sound energy at high frequencies is
not stiffness controlled [25]. Hence, the WBA values at
those frequencies are not affected and have a similar pat-
tern despite pressure variations.

However, for those with negative MEP, the WBA was sig-
nificantly higher at peak pressure compared to ambient
pressure, and reached absorbance values similar to those
with normal MEP. This is because the TPP plays a signif-
icant role in equalising the pressure between the ear canal
and middle ear, thereby allowing maximum energy to enter
the middle ear [13]. Thus, applying ear canal pressure to
compensate for the negative MEP helps restore the WBA
values nearer to baseline values [7,11,13]. By way of con-
trast, in the positive MEP group the WBA did not improve
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much with compensated pressure, i.e. at TPP. Though there
is no research focused on positive MEP, similar findings
of reduced WBA at low and mid-frequencies with a mini-
mum difference between peak and ambient pressures were
reported in the early stages of otitis media [11].

In an apparent contradiction, there are studies which report
similar WBA findings irrespective of the MEP, i.e. positive
or negative. This might be attributed to a situation in which
the position of TM and the direction of umbo displacement
are generally similar, generating stiffness at the level of the
TM for both conditions [12,23]. As indicated earlier, the
stiffness of the TM significantly alters the transmission of
low-frequency sounds more than the transmission of high-
frequency sounds [6,13,24]. This is probably the reason
why significantly lower absorbance values are measured at
low frequencies. However, the reason for having different
absorbance values at TPP between negative pressure and
positive pressure groups is not clear. This difference sug-
gests that, in addition to altered TM stiffness which is the
major contributing factor, there may be different mecha-
nisms that affect the transmission of sound. To the best of
the authors” knowledge there have so far been no explana-
tions that can support these differences.

However, there are two different mechanisms that could
be postulated to explain the difference, both of which con-
sider physiological changes due to MEP.

First, despite maintaining the ear canal pressure which is
equal to MEP, the fact of the matter is that the MEP remains
either positive or negative or might make it more positive
or negative due to a change in position of the TM. Gen-
erally, positive pressure tends to push the mucous layer
against the bony wall of the middle ear, leading to a more
rigid surface that tends to reflect more sound. Whereas
negative pressure tends to push the mucous layer against
the wall making it more flaccid, and it tends to absorb
sound [26]. The TM moves to and fro with the sound
wave, which results in movement of the air particles pres-
ent in the middle ear in a similar fashion having the same
frequency. In the case of positive pressure in the middle
ear, which increases the rigidity of the middle ear wall,
would reflect the sound waves [26]. Thus, it might restrict
the movement of TM, leading to a reduction in transmis-
sion of sound, which is more likely to affect the lower fre-
quencies compared to high frequencies because of its wave-
length properties.

Another possible reason could be that positive pressure in
the middle ear would push the round window inside the
scala tympani, leading to a reduction in volume. This would
probably increase the pressure and restrict the movement
of the stapes footplate, leading to reduced transmission of
sounds [27]. However, an opposite action can be expected
in case of negative MEP.

These two reasons could have altered the WBA; however,
it has to be experimentally verified in vivo or in vitro.

As shown in our current results and also in support of
the earlier literature [4,7,9,13], the mid-frequency region
between 600 and 1000 Hz can be considered as a way to
identify individuals with abnormal positive or negative
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pressure. Any difference in mean WBA between peak and
ambient pressure of more than 0.19, observed from 600 to
1000 Hz, indicates negative pressure; a difference of around
0.03 to 0.11 indicates positive pressure; and no change or
negligible change of less than 0.03 can be considered as an
indicator of a healthy middle ear with normal MEP. Also,
concerning the WBA pattern, one can expect a lesser change
in absorbance between the peak and ambient pressure in
individuals with normal MEP and normal hearing. Simi-
larly, a more significant change in WBA observed only at
ambient pressure is an indication of abnormal negative pres-
sure, whereas individuals with abnormal positive pressure
will show a more considerable change in WBA observed
at both peak and ambient pressure.

Clinical implications

An important implication of these findings is the impor-
tance of the difference in WBA value obtained between
peak and ambient pressure in ears with positive and nega-
tive MEP. The difference in WBA patterns obtained at TPP
and ambient pressure could indicate the type of pressure
within the middle ear. The deterioration of WBA at peak
pressure to the level of ambient pressure without any dif-
ference between the two, suggests the presence of posi-
tive MEP, and thus the possibility of having an early stage
of acute otitis media without effusion. Therefore, under-
standing the effects of MEP on WBA can aid in improving
the diagnostic accuracy and differential diagnoses of mid-
dle ear pathologies. Although the study showed interesting
results on the effect of MEP on WBA, it suffers from some
limitations due to small sample size and the participants
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tification of middle ear pathologies, in particular abnor-
mal MEP due to middle ear effusion or ETD, and thereby
could promote effective treatment.
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