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Abstract

Background: Although wideband absorbance (WBA) provides important information about middle ear

function, there is limited research on the use of WBA to evaluate eustachian tube dysfunction (ETD). To
date, WBA obtained under pressurized condition has not been used to evaluate ETD.

Purpose: The objective of the study was to compare WBA at 0 daPa and tympanometric peak pressure
(TPP) conditions in healthy ears and ears with ETD.

Research Design A cross-sectional study design was used.

Study Sample A total of 102 healthy ears from 79 participants (mean age5 10.0 yr) and 43 ears from 32
patients with ETD (mean age5 16.0 yr) were included in this cross-sectional study. WBA was measured

at 0 daPa (WBA0) and TPP WBA at TPP (WBATPP).

Data Collection and Analysis: WBA results were analyzed using descriptive statistics and t-tests with

the Bonferroni correction. An analysis of variance with repeated measures was applied to the data.

Results: WBA0 was significantly lower in the ETD group than in the control group. The WBA0 of the

control group demonstrated a broad peak between 1.25 and 4 kHz, whereas the WBA0 of the ETD group
had a peak between 2.5 and 4 kHz. WBATPP of the ETD group approached values close to that of the

control group. In the control group, WBATPP was only 0.06 to 0.09 higher than WBA0, whereas in the ETD
group, WBATPP was 0.29 to 0.42 higher than WBA0 between 0.6 and 1.5 kHz. A differential pattern of

WBA at TPP relative to 0 daPa was observed between ears with ETD and ears with otitis media with
effusion (OME) and negative middle ear pressure (NMEP).

Conclusions: Hence, a comparison of WBA0 and WBATPP can provide potentially useful diagnostic in-
formation, and hence can be used as an adjunct tool to evaluate ETD. This is important especially in young

children or some adults who are unable to perform maneuvers such as Toynbee or Valsalva during ETD
assessment. Further research is needed to verify the results using test performance measures to deter-

mine whether WBA0 and WBATPP can objectively determine the presence of ETD or OME with NMEP.
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INTRODUCTION

E
ustachian tube dysfunction (ETD) is one of the

most common problems seen in ear nose and
throat (ENT) clinics with an estimated preva-

lence of about 1% in adults (Tysome, 2015). With

ETD, the pressure behind the tympanic membrane

cannot be equalized to ambient atmospheric pressure,

which results in negative middle ear pressure (NMEP)

(Bluestone and Klein, 2007). Lildholdt (1980) studied a

group of unselected 352 children during a 12-month pe-

riod and reported that 25–50% of the children had
NMEP. The eustachian tube (ET) plays a pivotal role

in the pathogenesis of otitis media with effusion

(OME) and cholesteatoma and has a major impact on

the outcome of middle ear surgery (Podoshin et al,

1996; Schröder et al, 2015). Hence, it is important to ac-

curately determine the status of the prior ET function.

There are several tests to assess the ET function.

Tympanometry is a reliable method to determine the
middle ear pressure (MEP) when the tympanic mem-

brane is intact. The ear canal pressure at which the

peak of the tympanogram occurs is the tympanometric

peak pressure (TPP). A resting pressure that is highly

negative is associated with some degree of ET obstruc-

tion. However, TPP is an indicator, but not a directmea-

sure of the pressure in themiddle ear space (Hunter and

Shahnaz, 2014). Elner et al (1971) demonstrated that
the mobility of tympanic membrane increases in cases

with a slightly reduced ET function as compared with

cases with normal ET function. In an experimental

study on human temporal bones, Renall and Holmquist

(1976) demonstrated that there is a discrepancy be-

tween the tympanometrically (indirectly) recorded MEP

and the MEP as measured manometrically, directly

from the middle ear.
A single measurement of normal resting MEP is not

always indicative of normal ET function, as it does not

provide indication of the pressure regulation function

of the ET under various conditions of induced MEP.

Hence, tests such as Toynbee and Valsalva were devel-

oped to provide serial determinations of MEP and indi-

cate the dynamics of the tubal function. However, one

obvious problem with these tests is that it is impossible
to control the relative amounts of overpressure or under-

pressure generated in each individual (Bluestone, 2005).

Inaddition, thereareother tests suchasnine-step inflation–

deflation test and questionnaires for diagnosis and follow-

up such as Eustachian tube dysfunction questionnaire 7.

However, these are not suitable for routine application

with young childrenwhereETD is very common. Further-

more, current tympanometric method of clinical assess-
ment in ears with NMEP cannot rule out the presence

of OME (Shaver, 2010).

Wideband absorbance (WBA) is becoming a popular

diagnostic tool to assess middle ear function over a wide

range of frequencies (Allen et al, 2005; Vander Werff

et al, 2007; Hunter et al, 2008; Shahnaz, 2008; Prieve

et al, 2013). In recent years, several studies have shown

WBA to be effective in identifying middle ear dysfunc-
tion and conductive disorders in infants (Sanford et al,

2009; Hunter et al, 2010; Aithal et al, 2014), children

(Keefe and Simmons, 2003; Beers et al, 2010; Ellison

et al, 2012; Keefe et al, 2012; Prieve et al, 2013), and

adults (Margolis et al, 1999; Shahnaz and Bork,

2006; Shahnaz et al, 2009; Nakajima et al, 2012).

Thus far, there are only a few studies that have inves-

tigated WBA at ambient pressure in ears with ETD.
These studies vary greatly in terms of methodology

and clinical samples. For instance, Ibraheem (2014) re-

ported WBA in three adult patients with ETD and

reported a significant difference between ETD and con-

trol groups at 0.25 kHz only. Beers et al (2010) reported

a decrease in absorbance from 0.25 to 6.3 kHz in 54 ears

with static NMEP in 5- to 7-year-old children. In a sim-

ulated NMEP condition in eight normal ears, Robinson
et al (2016) reported the largest and most significant

reduction in absorbance from 0.8 to 1.9 kHz. Voss

et al (2012) studied WBA in cadaveric ears and de-

monstrated that WBA at frequencies less than 2 kHz

decreased with corresponding decrease in NMEP. How-

ever, NMEP resulted in increased WBA at frequen-

cies .3 kHz.

WBA can also be measured under pressurized condi-
tions (wideband tympanometry [WBT]). The orderly be-

havior of WBT and their apparent sensitivity to middle

ear disorders might be useful for middle ear assessment

(Margolis et al, 1999; Sanford et al, 2013). WBT is re-

ported to be either equal or better thanWBA at ambient

pressure in identifying middle ear status (Margolis

et al, 1999; Keefe and Simmons, 2003; Sanford et al,

2009). Because admittance is highest when the pres-
sures on both sides of the tympanic membrane are

equal, it can be hypothesized, that in ears with ETD,

the absorbance too will improve when the ear canal is

equal to the MEP as compared with ambient pressure.

One method to circumvent the effect of NMEP is to

apply a compensatory pressure in the ear canal or mea-

sure at TPP. Margolis et al (1999) presented a case

study of a 10-year-old boy with a history of recurrent
otitis media, conductive hearing loss, and NMEP. They

found that although the WBA was reduced at ambient

MEP, normal WBA pattern was observed at TPP. Marg-

olis et al suggested that it would be advantageous to as-

sess the middle ear at ambient and TPP in ears with

NMEP.

Shaver and Sun (2013) examined WBA in the same

ears under normal and experimentally induced NMEP
conditions. For the NMEP condition, they reported a de-

crease in absorbance for low-to-mid frequencies with

the largest change occurring between 1 and 1.5 kHz.

Measurements at compensated NMEP (i.e., positive
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ear canal pressure equal to the negative shift in MEP

self-induced by a participant) shifted the WBA to near

baseline values. Shaver and Sun, therefore, suggested

that the compensation procedure adequately mitigates
the effects of NMEP on WBA.

WBA results at any single ear canal pressure do not

completely characterize the effects of middle ear pa-

thology, including ETD. Comparison of WBA measure-

ments under pressurized conditions could provide

additional clinical information about the dynamics of

the ET function that is not available by testing at a sin-

gle ear canal pressure alone. Despite the demonstration
of improvement in WBA under pressurized conditions

in laboratory situations, to date, there are no clinical

studies that have systematically evaluated pressurized

WBA in ears with ETD. The objective of the present

studywas to compareWBAat TPP (WBATPP) and 0 daPa

(WBA0) in healthy ears and ears with ETD.

METHOD

Subjects

The study was approved by the Townsville Hospital

and Health Service Ethics Board. Information brochure

about the study was provided to the adults and parents

or legal guardians of children and their written consent

was obtained. An information brochure was also pro-

vided to older children who could read and understand

the information.

Control Group

The control group consisted of children who presented
to the ENT and Audiology clinics at the Townsville Hos-

pital with no history of ear or hearing difficulties. De-

tails of participants in the control group are provided

in Table 1. This group included 102 healthy ears from

79 participants (54males and 25 females). Inclusion cri-

teria for the control group were (a) normal otoscopy

findings and aerated middle ear as judged by an ENT

surgeon, (b) negative history of middle ear infection
at the time of testing, (c) Jerger’s A type tympanograms

with MEP between 150 and 2100 daPa and static ad-

mittance between 0.3 and 1.6 mmho, (d) air conduction

thresholds less than 20 dB HL between 0.25 and 8 kHz,

(e) air bone gap of ,l5 dB at frequencies between 0.25

and 4 kHz, and (f) a pass in transient evoked otoacoustic

emissions (TEOAEs) as determined by a signal-to-noise

ratio of at least 3 dB at 2, 3, and 4 kHz.

ETD Group

The ETD group consisted of patients diagnosed with

ETD without effusion. This group consisted of 43 ears

from 32 patients (23 males and 9 females) with a

diagnosis of ETD and NMEP in at least one ear (Table

1). Diagnosis of ETDwasmade based on clinical presen-

tation and otomicroscopy by the ENT surgeon. NMEP

was determined by 226-Hz tympanometry and partici-

pant data were only included in the ETD group if the
TPP was ,2100 daPa. WBA assessment and audiom-

etry were performed following tympanometry.

Procedure

Tympanometry, otoacoustic emission testing, pure-

tone audiometry, and WBA assessment were per-

formed by a clinical audiologist. Tympanometry was
performed using the Interacoustics Titan version 3.1

(IMP440; Interacoustics, Assens, Denmark). A 226-Hz

probe tone was swept from 1200 to 2400 daPa using

a positive to negative sweep direction. Peak MEP and

static admittance were recorded.

TEOAE screening test was performed to verify nor-

mal cochlear function up to and including the outer hair

cells and as an indirect screening of the middle ear sta-
tus. TEOAEs were performed in a quiet room using the

Interacoustics Titan version 3.1 (IMP440). Clicks were

presented at 80 dB SPL under ambient pressure condi-

tion. Absolute value and signal-to-noise ratio of the

emissions were recorded.

Pure-tone audiometry was conducted using a AC-40

clinical audiometer (Interacoustics, Middelfart, Den-

mark) at the Townsville Hospital. Measurements were
made with TDH-39 earphones (Telephonics, Farmingdale,

NY). All testing was carried out in a sound-treated

booth with ambient noise less than 30 dBA. Hearing

thresholds were determined for octave frequencies be-

tween 0.25 and 8 kHz using the Hughson–Westlake

method.

Wideband Absorbance Measurements

and Analysis

WBA was measured using the Titan (IMP440/
WBT440) module. The probe was fitted with an appro-

priately sized rubber probe tip and placed in the ear ca-

nal. Testing started only when the probe light turned

Table 1. Subject Details

Normal Eustachian Tube Dysfunction

No. of subjects 79 32

Males 54 23

Females 25 9

No. of ears 102 43

Right 55 18

Left 47 25

Age (in years)

Mean 10.0 16.0

SD 4.9 14.8

Range 3.7–3.0 3.1–48.1
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green, indicating an adequate probe seal. Click stimuli

were presented at 100 dB SPL (65 dB nHL) with a rate

of 21.5 Hz (Interacoustics, 2015), whereas ear canal

pressure was swept from 1200 to 2300 daPa at a rate
of 200 daPa/sec. A three-dimensional plot of WBA was

automatically generated as a function of ear canal pres-

sure and frequency from 0.25 to 8 kHz. The Titan device

also automatically generated two WBA plots, namely,

WBA0 and WBATPP. The TPP was determined from a

wideband averaged Tympanogram which shows that

WBA against ear canal pressure averaged across a fre-

quency range from 0.8 to 2 kHz.
WBA0 and WBATPP were recorded at 1/24th octave be-

tween 0.23 and 8 kHz. Data extraction from the Titan

device was performed using MATLAB. For this study,

both WBA0 and WBTPP were averaged to 16 frequency

bands centered at one-third octave frequencies from

0.25 to 8 kHz.

Statistical Analysis

Statistical analysis was performed using the IBM

SPSS software version 23 (IBM Corporation, Armonk,

NY). Amixedmodel analysis of variance (ANOVA) was

used to analyze data for ears with and without NMEP.

The Greenhouse and Geisser (1959) G-G approach was
used to compensate for the violation of compound sym-

metry and sphericity. Datawere analyzed using ear sta-

tus (normal versus ETD) and WBA condition (WBA0

versus WBATPP) as between group factor and frequen-

cies as within group factor. Post hoc analyses were per-

formed using multiple pair-wise comparison tests with

Bonferroni adjustments to determine the frequencies at

which significant differences existed between control
and experimental groups. A p value of ,0.05 was con-

sidered statistically significant for all analyses.

RESULTS

The tympanogram classification was based on the sys-

tem illustrated by Jerger (1970). All 102 ears in the
control group had A type tympanograms with a mean

TPP of 221.09 daPa (standard deviation [SD] 5 35.27,

range 5 2100 to 50 daPa) and mean static admittance

of 0.72mmho (SD50.34mmho; range50.25–2.13mmho).

In the ETD group, all 43 ears had C type tympanograms

with a mean TPP of2265.81 daPa (SD5 73.61; range5

2121 to2441 daPa) andmean static admittance of 0.91

mmho (SD 5 0.40 mmho; range 5 0.22–1.88 mmho).
TPPwas alsomeasured in the control andETD groups

under pressurized condition. Mean TPP obtained in the

pressurized condition was similar to that obtained with

the 226-Hz tympanogram. In the pressurized condition,

meanTPP in control groupwas218.21 daPa (SD5 32.70

daPa; range 5 2113 to 49 daPa) and the mean TPP in

the ETD group was 2244.40 daPa (SD 5 84.05 daPa;

range 5 240 to 2399 daPa).
All ears in the control group had normal hearing with

air conduction thresholds less than 20 dB HL at each of

the octave frequencies from 0.25 to 8 kHz. Bone conduc-

tion thresholds were within 10 dB HL from 0.25 to

4 kHz and the air-bone gap was within 10 dB at each

frequency. The ETD group demonstrated slight to mild

conductive hearing loss with mean air conduction

thresholds between 20 and 25 dB HL at 0.25–8 kHz
and mean bone conduction thresholds between 5 and

10 dB HL at 0.25–4 kHz.

Figure 1 illustrates the mean WBA0 and WBATPP

from 0.25 to 8 kHz for both control and ETD groups.

In both groups, WBA0 was reduced in the low frequen-

cies and gradually increased with frequency until a

peak was reached and reduced .4 kHz. The control

group demonstrated a broad peaked pattern between

Figure 1. WBA0 and WBATPP in the control and ETD groups.
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1.25 and 4 kHz with WBA0 achieving the highest value

of 0.77 at 4 kHz. There was a 50% increase in WBA0

from 0.25 to 1.25 kHz. In comparison, WBA0 of the

ETD group demonstrated a peak in the high frequencies
between 2.5 and 4 kHz, with the WBA0 achieving the

highest value of 0.61 at 4 kHz. The ETD group demon-

strated only 20% increase in WBA0 between 0.25 and

1.5 kHz. WBA0 increased steeply .1.5 kHz, reaching

a maximum value of 0.61 at 4 kHz and reduced

.4 kHz. The mean WBA0 of the ETD group was lower

than the meanWBA0 of the control group at all frequen-

cies, except 8 kHz.
The WBA0 results were analyzed using an ANOVA

with repeated measures, with WBA as the dependent var-

iable and ear status as the independent variable. ANOVA

results showed a significant difference in WBA0 between

the control and ETD groups [F(1, 144) 5 132.46, p5 0.00].

ThemeanWBA0 of theETDgroupwas significantly lower

than that of the control group at all frequencies between

0.25 and 8 kHz except at 6 kHz (Table 2). Partial eta
square was the highest between 0.8 and 2 kHz (0.32–

0.58) and reduced ,0.8 and .2 kHz (0.08–0.22).

As seen in Figure 1, the overall pattern of WBATPP

was similar for both groups in that the WBATPP was

high between 1 and 4 kHz and reduced ,1 kHz and

.4 kHz.WBATPP for the control group showed two large

peaks, with the first peak occurring at 1.25 kHz and

the second peak at 4 kHz. The WBATPP of the ETD
group also demonstrated two large peaks occurring

at 1.25 kHz and 3 kHz, respectively. Mean WBATPP

of the ETD group was higher than that of the control

group between 0.25 and 0.8 kHz and lower than that

of the control group between 1.5 and 6 kHz.

An ANOVAwith repeated measures with WBATPP as

the dependent variable and ear status as independent

variable showed no significant main effect for ear status

(normal versus ETD) [F(1,144) 5 0.49, p . 0.05]. How-
ever, the interaction between frequency and middle

ear condition was significant [F(4, 596) 5 11.40, p 5

0.00]. The meanWBATPP was significantly different be-

tween the two groups at frequencies from 0.25 to 0.6

kHz and from 4 to 6 kHz (Table 3) with the partial

eta square values ranging between 0.06 and 0.1.

Table 4 shows the difference between WBATPP and

WBA0 (WBATPP-WBA0) for both control and ETD
groups. As seen from the table, the difference between

WBATPP and WBA0 was small at all frequencies for the

control group compared with the ETD group. There

was only 0.02 to 0.09 increase in WBATPP between

0.25 and 1.5 kHz relative to the WBA0 condition in

the control group. In comparison, for the ETD group,

the WBATPP increased from 0.25 until it reached a

peak value of 0.42 at 1.25 kHz and reduced greater
than 1.25 kHz. The ETD group demonstrated a 0.12

to 0.42 increase in absorbance between 0.25 and

1.25 kHz.

An ANOVA with repeated measures was performed

with WBATPP-WBA0 as the dependent variable and

ear status as the independent variable. The main ef-

fect of WBATPP-WBA0 was significantly different for

both control [F(1, 204) 5 5.26, p 5 0.02] and ETD
[F(1, 84)5 70.86, p5 0.00] groups. Results of the ANOVA

analysis (Table 4) demonstrated that for the control

group,WBATPP-WBA0was significantly different at fre-

quencies between 0.25 and 1.5 kHz with partial eta

square varying from 0.02 to 0.09. In the ETD group,

Table 2. Mean, SEM, and Significance of Difference in WBA0 Between the Control and ETD Groups

Control Group n 5 102 Ears ETD Group n 5 43 Ears Significance of Difference Between

Control and ETD GroupsFrequency (kHz) Mean 6 SEM Mean 6 SEM

0.25 0.14 6 0.01 0.10 6 0.01 0.00*

0.3 0.18 6 0.01 0.13 6 0.01 0.00*

0.4 0.21 6 0.01 0.15 6 0.01 0.00*

0.5 0.27 6 0.01 0.18 6 0.02 0.00*

0.6 0.37 6 0.01 0.24 6 0.02 0.00*

0.8 0.47 6 0.01 0.28 6 0.01 0.00*

1 0.59 6 0.02 0.31 6 0.01 0.00*

1.25 0.66 6 0.01 0.29 6 0.02 0.00*

1.5 0.67 6 0.01 0.31 6 0.03 0.00*

2 0.68 6 0.01 0.44 6 0.03 0.00*

2.5 0.69 6 0.02 0.56 6 0.04 0.00*

3 0.74 6 0.02 0.59 6 0.04 0.00*

4 0.77 6 0.02 0.58 6 0.03 0.00*

5 0.62 6 0.02 0.49 6 0.03 0.00*

6 0.42 6 0.02 0.35 6 0.03 0.09

8 0.23 6 0.02 0.30 6 0.04 0.04*

Notes: SEM 5 standard error of mean.

*Significant difference with p , 0.05.
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WBATPP-WBA0 was significantly different from 0.25 to

2 kHz with effect size ranging from 0.3 to 0.7.
Furthermore, an ANOVA with repeated measures

was performed to compare WBATPP-WBA0 between

the control and ETD groups. The results demonstrated

that the main effect of ear condition (control versus

ETD) was significant [F(1, 144) 5 187.74, p5 0.00)]. Fur-

ther analysis using the Bonferroni correction revealed

that WBATPP-WBA0 was significantly between the two

groups at all frequencies, except 5 kHz.
Figure 2 illustrates the magnitude of difference between

WBATPP and WBA0 as a function of MEP. The ETD group

was classified into three groups—(a) MEP between 2101

and2200 daPa, (b) MEP between2201 and2300 daPa,
and (c)MEP between2301 and2400 daPa. Overall, in all

three groups, WBATPP-WBA0 increased gradually from

0.25 kHz, reached a peak value at 1.25 kHz, and reduced

greater than 1.25 kHz. Between 0.25 and 0.8 kHz,

WBATPP-WBA0 was reduced with a decreasing MEP. Be-

tween 1.25 and 2 kHz, WBATPP-WBA0 for the 2201 to

2300 daPa MEP group was lower than the other two

groups. Between 3 and 8kHz,WBATPP-WBA0was smaller
for theMEPbetween2101and2200daPagroup, compared

with the other two groups that had MEP ,2200 daPa.

Table 3. Mean, SEM, and Significance of Difference in WBATPP Between the Control and ETD Groups

Control Group n 5 102 Ears ETD Group n 5 43 Ears Significance of Difference between

Control and ETD GroupsFrequency (kHz) Mean 6 SEM Mean 6 SEM

0.25 0.16 6 0.01 0.22 6 0.02 0.00*

0.3 0.20 6 0.01 0.28 6 0.02 0.00*

0.4 0.24 6 0.01 0.35 6 0.02 0.00*

0.5 0.31 6 0.01 0.43 6 0.03 0.00*

0.6 0.43 6 0.01 0.53 6 0.03 0.00*

0.8 0.55 6 0.01 0.59 6 0.03 0.15

1 0.68 6 0.01 0.68 6 0.02 0.72

1.25 0.73 6 0.01 0.71 6 0.03 0.49

1.5 0.71 6 0.01 0.67 6 0.03 0.12

2 0.68 6 0.01 0.61 6 0.03 0.01*

2.5 0.68 6 0.02 0.63 6 0.04 0.18

3 0.73 6 0.02 0.66 6 0.04 0.06

4 0.76 6 0.02 0.61 6 0.03 0.00*

5 0.57 6 0.02 0.41 6 0.03 0.00*

6 0.40 6 0.02 0.29 6 0.03 0.03*

8 0.22 6 0.02 0.23 6 0.03 0.73

*Significant difference with p , 0.05.

Table 4. WBATPPWBA0 Significance of Difference and Partial Eta Square for WBATPP-WBA0 in Control and ETDGroups

Control Group ETD Group

Frequency

(kHz) WBATPP-WBA0

Significance of

Difference

WBATPP-WBA0

Partial eta Square for

WBATPP-WBA0 WBATPP-WBA0

Significance of

Difference

WBATPP-WBA0

Partial eta

Square

WBATPP-WBA0

0.25 0.02 0.02* 0.03 0.12 0.00* 0.33

0.3 0.03 0.02* 0.03 0.15 0.00* 0.24

0.4 0.03 0.01* 0.03 0.2 0.00* 0.36

0.5 0.04 0.00* 0.04 0.25 0.00* 0.39

0.6 0.06 0.00* 0.05 0.29 0.00* 0.45

0.8 0.08 0.00* 0.07 0.32 0.00* 0.57

1 0.09 0.00* 0.09 0.37 0.00* 0.68

1.25 0.07 0.00* 0.08 0.42 0.00* 0.62

1.5 0.04 0.03* 0.02 0.36 0.00* 0.43

2 0.01 0.81 0 0.16 0.00* 0.14

2.5 20.01 0.56 0 0.07 0.17 0.02

3 20.01 0.59 0 0.07 0.2 0.02

4 20.01 0.54 0 0.03 0.44 0.01

5 20.05 0.07 0.02 20.07 0 0.03

6 20.02 0.58 0 20.06 0.18 0.02

8 20.01 0.85 0 20.07 0.19 0.02

*Significant difference with p , 0.05.
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The results of the present study were compared with

meanWBA at 0 daPa and TPP in a separate group of six
ears with surgically confirmed OME and with NMEP

(not included in the Participants section). The partici-

pants were 2.8–6.2 years of age and their MEP ranged

from 2110 to 2335 daPa. Audiometry, tympanometry,

and WBA measurements were performed a few hours

before the surgery, and confirmation of fluid was pro-

vided by the ENT surgeon following surgery. As illus-

trated in Figure 3, WBA0 of the OME group was
lower than that of the control group at all frequencies.

WBA0 of the OME group was lower than the WBA0 of

ETD group from 0.25 to 1 kHz and higher from 1.25 to

1.5 kHz. WBA0 of both ETD and OME groups was sim-

ilar greater than 1.5 kHz. By contrast, WBATPP of the

OME group was lower than that of the control group at

all frequencies except 0.4 and 0.5 Hz. WBATPP of OME

group was lower than that of the ETD group at all fre-
quencies. However, the difference was larger between

0.8 and 2 kHz.

The magnitude of difference between WBATPP and

WBA0 for the three groups is shown in Figure 4. As il-

lustrated in this figure, the control group showed the

least difference between WBATPP and WBA0 across en-

tire frequency region between 0.25 and 8 kHz. WBATPP

in the control group was only 0.06 to 0.09 higher than
WBA0 between 0.6 and 1.25 kHz and between 0.01 and

0.04 at other frequencies. In the ETD group, the

WBATPP was 0.12 to 0.42 higher than the WBA0 be-

tween 0.25 and 2 kHz, with the highest value of 0.42

at 1.25 kHz. The difference between the two conditions

was more evident between 0.6 and 2 kHz with .0.2

Figure 2. Difference between WBATPP and WBA0 as a function of MEP.

Figure 3. WBA0 and WBATPP in the control, ETD, and OME groups.
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improvement in absorbance at TPP relative to 0 daPa.

The WBATPP of the OME group was 0.08–0.27 higher

than WBA0 between 0.25 and 1.5 kHz, with the highest

value of 0.27 at 0.6 kHz.

DISCUSSION

This study compared WBA at 0 daPa and TPP in
healthy ears and ears with ETD without effusion.

WBA0 was significantly lower for the ETD group than

for the control group across all frequencies except 6 and

8 kHz (see Figure 2). The largest difference inWBA0 be-

tween the two groups occurred in the frequency range

from 1 to 1.5 kHz, which is a characteristic attribute of

ears with ETD. As expected,WBATPP for the ETD group

restored to normal levels comparable to that for the con-
trol group.

Results of the present study concurwith the results of

previous studies that have demonstrated reduced WBA

at ambient pressure in ears with ETD or NMEP, espe-

cially between 0.8 and 1.5 kHz. There are not many

studies that have studied WBA in ears with confirmed

ETD. Ibraheem (2014) studied WBA at ambient pres-

sure in three patients with ETD and NMEP ranging
from 2155 to 2318 daPa. The overall pattern of

WBA in ETD patients showed reduced WBA at low to

mid frequencies up to 2.2 kHz and the reduced WBA ef-

fect spread to higher frequencies with the severity of

ETD. However, a significant difference in WBA between

the normal and ETD patients was found only at 0.25

kHz. Ibraheem (2014) attributed the possibility of a

missed underlying pathology besides ETD as a possible
cause for this finding.

Several studies have reported similar findings in

ears with NMEP, which is a consequence of ETD. NMEP

increases the stiffness of the middle ear system, result-

ing in alterations to the sound conduction characteris-

tics (Gyo and Goode, 1987; Murakami et al, 1997). Hunter

et al (2008) compared WBA at ambient pressure in 124

ears with normal MEP with nine ears with mild NMEP

(TPP , 2100 daPa) and reported that average WBA was

lower in the NMEP group for all frequencies up to z4

kHz. Beers et al (2010) analyzed WBA at ambient pres-
sure in school-aged children with normal middle ear sta-

tus and NMEP and reported that with a mild degree

of NMEP (2100 to 2199 daPa), a 0.2 mean reduction

in absorbance was present between 0.4 and 1.8 kHz.

Similarly, Sanford andBrockett (2014) also reported de-

creased absorbance between 0.5 and 2 kHz in eight chil-

dren with NMEP.

Shaver (2010) studied WBA at ambient pressure and
self-induced NMEP varying from 240 to 2125 daPa in

eight healthy adults. Shaver reported significantly re-

duced WBA from 0.5 to 1.5 kHz with NMEP compared

with baseline ambient WBA, with maximum reduction

occurring at 1 kHz for pressures down to295 daPa and

at 1.4 kHz for pressures down to2125 daPa. There was

a corresponding smaller increase in WBA in the high

frequencies between 4 and 6 kHz.
Margolis et al (1999) and Sanford and Feeney (2008)

described absorbance measures in adults at various ear

canal pressures. Positive ear canal pressure can be com-

pared with NMEP because of the similarity in tympanic

membrane position. According to Sanford and Feeney

(2008), the application of positive ear canal pressure

resulted in 0.17 to 0.2 decrease in WBA z 1 kHz,

whereas WBA increased with frequency greater than
2.2 kHz with the largest increase of 0.11 z 2.85 kHz.

In the present study,WBATPP was higher thanWBA0

in both groups. In the control group, WBATPP was 0.06

Figure 4. Difference between WBATPP and WBA0 for the control, ETD, and OME groups.

788

Journal of the American Academy of Audiology/Volume 30, Number 9, 2019

T
hi

s 
do

cu
m

en
t w

as
 d

ow
nl

oa
de

d 
fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 U
na

ut
ho

riz
ed

 d
is

tr
ib

ut
io

n 
is

 s
tr

ic
tly

 p
ro

hi
bi

te
d.



to 0.09 higher than WBA0 between 0.6 and 1.5 kHz and

only 0.01 to 0.04 higher than WBA0 at other frequen-

cies. On the other hand, WBATPP in the ETD group

demonstrated 0.12 to 0.42 increase between 0.25 and
2 kHz compared with WBA0. WBATPP was 0.29 and

0.42 higher between 0.6 and 1.5 kHz. Presently, there

are no clinical studies on pressurized WBA in ears with

ETD for comparison with the present study. However,

comparable results are available from studies investi-

gating WBA under compensatory (positive ear canal

pressure equal to the negative shift in MEP self-induced

by a participant) conditions. Shaver (2010) reported
0.2–0.4 improvement in WBA between 1 and 1.5 kHz.

Significant decrease in WBA was also found between

6 and 8 kHz.

As shown in Figure 2, maximal improvement of

WBATPP was observed in the ETD group in the fre-

quency region from 0.8 to 1.5 kHz. This concurs with

the findings of other studies that have reported the

mid frequency region between 0.8 and 2 kHz being op-
timal for detecting NMEP (Beers et al, 2010; Voss et al,

2012; Shaver and Sun, 2013; Robinson et al, 2016). If

the ear canal pressure differs from the MEP, a reduc-

tion in low frequency transmission occurs (MØller,

2000). Human cadaver temporal bone studies have

shown that the formation of pressure gradients across

the tympanic membrane results in alteration of the

middle earmechanics. Even a small NMEP of250 daPa
reduced peak-to-peak umbo displacement less than z1

to 1.2 kHz. As the pressure difference across the tym-

panic membrane increased, the highest frequency at

which umbo displacement occurred shifted upward be-

tween 1.4 and 3 kHz (Gyo and Goode, 1987; Murakami

et al, 1997; Shaver, 2010).

Measurement of WBA at TPP compensates for the

pressure differential across the tympanic membrane
and, hence, improves the energy transmission, espe-

cially in the low-to-mid frequencies. Acoustic reflex

and otoacoustic emission studies have shown improve-

ment in response detection when theMEPwas compen-

sated. For instance, applying ear canal pressure to

counteract nonzero MEP during acoustic reflex mea-

surement allows for detection at lower intensity levels

compared with measurements at ambient pressure
(Rizzo and Greenberg, 1979; Ruth et al, 1982). Sun

and Shaver (2009) measured distortion product otoa-

coustic emissions at ambient pressure and self-induced

NMEP conditions. They reported a reduction in otoa-

coustic emissions with NMEP with the largest reduc-

tion occurring at 1 kHz and below, with minimal

changes at 2 kHz. Hof et al (2005) measured TEOAEs

under ambient pressure (uncompensated) and at MEP
(compensated) and found that with compensated MEP,

the TEOAE response increased by about 2 dB. They re-

ported the largest increase z1 and 2 kHz with no sig-

nificant changes in TEOAE responses at 3 and 4 kHz.

Hof et al concluded that equalizing the MEP via alter-

ation of pressure in the external ear canal increased

TEOAE amplitude. They suggested that this would

be beneficial for children with NMEP, as it would allow
the clinicians to quickly evaluate compensated OAEs,

and help rule out a sensorineural hearing loss.

Implications of the Study

It is important for clinicians to understand howWBA

is affected in middle ear pathologies, including ETD.

Understanding the effects of NMEP on WBA will assist
in better differential diagnosis of similar pathologies.

Although TPP is commonly used as an indicator of

MEP, it does not describe the effects of altered MEP

on sound transmission through the middle ear system.

Instead, comparison of WBA at TPP and 0 daPa may

provide additional and potentially diagnostically useful

information about the conductive conditions of individ-

ual ears. Margolis et al (1999) presented a case in which
middle ear pathology coexisted with NMEP. Although

the absorbance at ambient pressure was similar to

the pressurized absorbance pattern of a normal ear,

an abnormal pattern was obtained, indicating patho-

logic middle ear changes in addition to NMEP. Hence,

Margolis et al suggested that it may be necessary to

compensate for MEP (by varying the ear canal pres-

sure) to detect middle ear pathology.
In the present study, a differential pattern of WBA at

TPP relative to 0 daPa was observed between ears with

ETD and ears with OME and NMEP. WBA0 was re-

duced in both ETD and OME conditions. However, in

ears with ETD,WBATPP restored to near normal values

between 0.6 and 1.5 kHz, whereas in ears with OME

and NMEP, WBATPP remained significantly low in

the low to mid frequencies.
Thus, assessment of WBA at 0 daPa and TPP has the

potential to identify ETD with or without effusion. This

is important especially in young children or some adults

who are unable to perform maneuvers such as Toynbee

or Valsalva during ETD assessment. Nonetheless, fur-

ther research is needed to verify the results using test

performance measures to determine whether WBA at

TPP and 0 daPa can objectively determine the presence
of ETD or OME with NMEP.

Limitations of the Study

The large age range of patients in the present study

could have confounded the results in the present study.

The control group had participants in the age range of

3–23 years, whereas the ETD group had participants in
the age range of 3–48 years. It has been shown that the

elastic properties of the middle ear vary with age and

are reflected in the acoustic characteristics. It is possi-

ble that the WBA in the ETD group could have been
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influenced by age as young normal-hearing children

may have a preexisting slight NMEP. Therefore, it

is highly preferable to include participants with com-

parable age for both the control and experimental
groups.

Conclusions

Although theWBA0 in the ETD groupwas lower than

that of the control group, the WBATPP improved signif-

icantly and approached normative values, especially be-

tween 0.8 and 1.5 kHz. A similar improvement in
absorbance at TPP was not noted in ears with OME

and NMEP. Hence, a comparison of WBA0 andWBATPP

can provide potentially useful diagnostic information,

and hence can be used as an adjunct tool to evaluate

ETD. However, age appropriate normative values for

WBA need to be developed to determine objective indi-

cators of ETD in clinical population.
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