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BACKGROUND: Middle ear effusion (MEE) and tympanic membrane perforation (TMP) are difficult to distinguish using existing immittance tech-
niques, necessitating the use of a separate test battery. Wideband absorbance (WBA) tympanometry is a new enhanced technique, and studies
have shown a reliable WBA pattern to identify middle ear disorders. Thus, the study was performed to determine the WBA across the frequencies
in ears with MEE, TMP, and compared with normal hearing individuals.

METHODS: A total of 109 ears with TMP and 122 ears with MEE in the age range of 22-50 years were compared with 150 normal hearing ears.
Otoscopic examination, middle ear fluid monitor, pure tone audiometry, and immittance measurements were performed to categorize the sub-
ject ears into groups. The absorbance levels at peak and ambient pressure across one-third octave frequencies in each group were statistically
evaluated at a=0.05.

RESULTS: Wideband absorbance for the normal ear group was lowest at low (<800 Hz) and high frequencies (>3000 Hz) and highest at mid-
frequency regions (800-3000 Hz). The MEE group had significantly lower WBA at all frequencies, and TMP group showed reduced WBA at low and
mid-frequencies (<2500 Hz). Wideband absorbance at peak pressure was slightly higher than ambient pressure in all the groups. Receiver operat-
ing characteristic analysis demonstrated a high diagnostic value in the mid-frequency region for both the TMP and MEE groups.

CONCLUSION: Wideband absorbance provides high reliability in discriminating between MEE and TMP and has a unique WBA pattern. Thus, WBA
can be a useful diagnostic tool for the identification of middle ear disorders.
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INTRODUCTION

The human middle ear system is important in effectively transmitting sound to the inner ear and acting as an impedance balancer
between the outer ear, i.e., low impedance of air, and the inner ear of high impedance fluid.' Any change or alteration in the middle
ear system would change the mechno-acoustic properties of the middle ear and affect sound transmission.? Thus, the physical
state of the tympanic membrane and the middle ear structures is critical in determining the middle ear status and effective sound
transmission.

Sound transmission varies depending on the etiology, severity, and location of the lesion within the middle ear structure. This
would result in variable degrees of conductive hearing loss.> Conditions such as middle ear effusion (MEE) and tympanic mem-
brane perforation (TMP) reduce the impedance-matching capacities of the middle ear, which degrade hearing acuity, resulting in
minimal to moderate conductive hearing loss.* Middle ear effusion is the most frequent type of middle ear infection resulted from
Eustachian tube dysfunction or inflammation of the middle ear mucosa due to bacterial or viral infection. This generally goes unno-
ticed in its early stages due to the absence of symptoms. If left untreated, it can progress to hearing loss and more serious disorders
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such as chronic otitis media.* Further, the amount and viscosity of the
fluid may both have effects on the tympanic membrane and affects
the middle ear function.

The diagnosis of MEE and TMP is normally based on the findings of
otoscopy, pneumatic otoscopy, and immittance, along with pure
tone audiometry.® Otoscopic examination can detect TMP; how-
ever, MEE can be detected only when signs of effusion are evident.®
Pneumatic otoscopy is used to detect the presence of MEE. However,
the accuracy of detecting disorders is largely dependent on physician
expertise and has been reported to range between 40% and 70%.’

Tympanometry has been used as a routine tool for several decades to
measure the admittance properties of the middle ear with changes
in pressure, indicating middle ear functioning. These conditions are
typically distinguished by a large air-bone gap in pure tone audiom-
etry, conductive hearing loss, and a “B” type tympanogram in 226 Hz
probe tone tympanometry with absent acoustic reflexes.? However,
there is insufficient information to distinguish between conditions,
i.e, TMP and MEE. Though ear canal volume (ECV) may provide some
information between the 2 (high ECV in TMP and lower ECV in MEE
than normal ECV), acute otitis media may also produce a high ECV
secondary to tympanic membrane perforation.’ Additionally, early
stages of MEE may go undetected in immittance findings, especially
when fluid levels are below or in the effective area of the tympanic
membrane. Thus, it is essential to identify the condition early and
take the necessary steps to cure.

The wideband absorbance (WBA) overcomes those limitations of
conventional tympanometry by showing promising clinical utility.
The WBA tympanometry is a recent advanced technique used to
assess the middle ear status across frequencies.'®' The click stimuli
used as a probe tone comprise a wide range of frequencies with
flat spectrum, which resolves many limitations of clinically utilized
single-tone tympanometry at 226 Hz. Studies have shown that WBA
helps in the differential diagnosis of conductive hearing loss condi-
tions''¢'® with higher sensitivity than that of 226 Hz tympanome-
try." However, the studies reported in the literature on identifying
MEE and TMP are in infants and children, and they are primarily
concerned with measuring WBA at ambient pressure conditions.''2
Middle ear effusion has been linked to lower power absorbance
across all frequencies,'?" while only a few studies have been pub-
lished for ears, with TMP3122223 showing reduced absorbance at low
and mid-frequencies.

MAIN POINTS

. The human middle ear plays a crucial role in sound transmission,
balancing air and fluid impedance
Changes in the middle ear’s physical state, especially the tympanic
membrane, affects the sound transmission.
Middle ear conditions such as effusion (MEE) and perforation (TMP)
can lead to hearing loss, and thus early detection is crucial.
Diagnosis relies on methods like pneumatic otoscopy, and immit-
tance testing. Wideband absorbance (WBA) tympanometry is a
promising tool for distinguishing these conditions, offering higher
sensitivity than traditional tests, though more research is needed.
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Although research has shown that WBA at tympanometric peak
pressure (TPP) is more sensitive to middle ear disorders in children
and adults,'>'172425 none of the studies on MEE and TMP have com-
pared the results of WBA at ambient pressure and TPP for differential
diagnosis. Furthermore, to the best of our knowledge, no study has
been conducted to investigate the effect of MEE and TMP on WBA
measurement in the adult population. In addition, the sensitivity and
specificity measurements are not adequately studied in these condi-
tions. Thus, the purpose of this study was to determine the WBA pat-
tern to distinguish between MEE and TMP, and how both conditions
differ from normal middle ear. The WBA measured was compared to
ambient pressure and TPP, and the diagnostic value (sensitivity and
specificity) was calculated for each disorder at varied frequencies.

MATERIAL AND METHODS

A total of 328 adults in the age range of 22-50 years (mean age 35.35
+9.09 years) were randomly recruited. The study groups were divided
into 3 groups: the TMP group (n=96) with 109 ears; the MEE group
(n=102) with 122 ears; and the normal ear (control) group (n=130)
with 150 ears. The details of the participants are shown in Table 1.

The TMP group included patients diagnosed with isolated or dry tym-
panic membrane perforation without any active ear discharge. The
MEE group includes patients with otitis media with effusion without
any TMP. Both groups of pathological ears had conductive hearing
loss (air-bone gap >10 dB) of less than 70 dB HL pure-tone aver-
age and no measurable peak in the 226 Hz probe tone, i.e. “B” type
tympanogram with absent acoustic reflexes between the octaves
500 Hz and 4000 Hz. Participants with any other confirmed middle
ear pathologies such as cholesteatoma, tympanosclerosis, ossicles-
related disorders, and congenital malformations, as assessed by an
experienced and proficient otorhinolaryngologist, were excluded
from the study. Further, participants with a near total TMP were also
excluded due to the difficulty in measuring WBA, especially at TPP.
The control group includes participants with normal hearing sensi-
tivity (< 15 dB HL between 0.25 and 8 kHz octave frequencies) and
no air-bone gap; an “A” type tympanogram for 226 Hz probe tone
tympanometry; and the presence of acoustic reflexes.

The study was carried out in accordance with the Ethical Principles
for Medical Research Involving Human Subjects outlined in the
Helsinki Declaration (2013) and also approved by the Institutional
Ethical Committee for Bio-Behavioral Research Involving Human
Subjects of the All India Institute of Speech and Hearing (Approval
No: WOF-0404). Informed consent was obtained for their voluntary
participation.

Table 1. Details of the Number of Participants/Ears in Each Group Along
with Mean Age and SD

No. of Participants (No. of ears)

Mean age

Groups Males Females Total o+ sD

(Right/Left) (Right/Left)  (Ears)  (inyears)
Normal Ear 68 (42/33) 62 (47/28) 130(150) 34.40 +9.01
Tympanic 49 (28/28) 47 (27/26) 96 (109) 34.22 +9.04
Membrane
Perforation
Middle Ear Effusion 52 (31/31) 50(30/30) 102(122) 37.53+8.91
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Table 2. Descriptive Statistics [Mean (SD)] of Wideband Absorbance Obtained at Tympanometric Peak Pressure and Ambient Pressure in Normal Ear and

Pathological Ear Groups

Normal Ear Group

Tympanic Membrane Perforation Group

Middle Ear Effusion Group

Frequency (Hz) : ; ;

Tympanometric Peak Ambient Tympanometric Peak Ambient Tympanometric Peak Ambient

Pressure Pressure Pressure

250 0.14 (0.04) 0.13 (0.04) 0.08 (0.04) 0.07 (0.05) 0.08 (0.06) 0.07 (0.06)
300 0.17 (0.05) 0.16 (0.05) 0.1 (0.06) 0.09 (0.06) 0.09 (0.07) 0.09 (0.07)
400 0.24 (0.06) 0.22 (0.06) 0.17 (0.1) 0.15 (0.09) 0.13 (0.09) 0.13(0.1)
500 0.33(0.07) 0.3 (0.07) 0.25 (0.16) 0.22 (0.15) 0.17 (0.1) 0.15(0.11)
600 0.45 (0.07) 0.42 (0.08) 0.37(0.23) 0.33(0.22) 0.2(0.1) 0.18 (0.11)
800 0.66 (0.07) 0.62 (0.09) 0.51(0.24) 0.48 (0.23) 0.24 (0.11) 0.22(0.11)
1000 0.81(0.08) 0.79 (0.09) 0.59(0.2) 0.57 (0.19) 0.29 (0.13) 0.28 (0.13)
1250 0.85 (0.08) 0.85(0.08) 0.6 (0.17) 0.6 (0.17) 0.34 (0.14) 0.33(0.14)
1500 0.85 (0.09) 0.85 (0.09) 0.57 (0.16) 0.57 (0.16) 0.37 (0.14) 0.36 (0.15)
2000 0.87 (0.08) 0.87 (0.08) 0.56 (0.22) 0.58 (0.21) 0.42(0.14) 0.4 (0.14)
2500 0.8 (0.13) 0.8 (0.13) 0.64 (0.21) 0.65 (0.21) 0.41(0.11) 0.4(0.11)
3000 0.67 (0.16) 0.67 (0.16) 0.63 (0.18) 0.64 (0.17) 0.36 (0.09) 0.35(0.09)
4000 0.41(0.15) 0.41 (0.16) 0.4 (0.17) 0.41(0.18) 0.24(0.11) 0.23(0.11)
5000 0.23 (0.09) 0.23 (0.09) 0.35(0.18) 0.35(0.18) 0.17 (0.09) 0.16 (0.09)
6000 0.15 (0.07) 0.15 (0.07) 0.34(0.21) 0.33(0.21) 0.11 (0.06) 0.1(0.05)
8000 0.15(0.1) 0.16 (0.1) 0.18 (0.15) 0.18 (0.15) 0.19(0.2) 0.21(0.22)
Test Procedure RESULTS

The participants were first examined by the otorhinolaryngolo-
gist using otomicroscopy, followed by administration of pure-tone
audiometry (Inventis Piano Clinical audiometer), a middle ear fluid
monitor (Ear Check, Innovia Medical-Lenexa), and 226 Hz tympa-
nometry with acoustic reflex thresholds (Interacoustics Titan IMP440
Ver. 3.1.024). Wideband absorbance measurements were performed
on all study participants using Interacoustics Titan IMP440/WBT440,
version 3.1.024, and it was calibrated on a daily basis.* The probe was
inserted into the ear canal with an appropriate airtight probe tip, and
a click stimulus of 100 dB peSPL was presented at a constant rate
of 21.5 Hz. Pressure was swept from +200 daPa to —600 daPa with
a medium pump speed of 200 daPa/sec, and WBA was measured
across the frequencies ranging from 226 to 8000 Hz. The WBA values
were extracted at TPP and ambient pressure at one twenty-fourth-
octave band (121 frequency data points), which were averaged into
one-third-octave bands (16 frequency data points) for analysis. The
MATLAB software version 9.7 (Math Works, Inc., Natick, US) was used
to extract the data, which was then uploaded to Statistical Package
for Social Sciences Statistics software for Windows version 21.0 (IBM
SPSS Corp.; Armonk, NY, USA) for statistical analysis.

Statistical Analysis

Multivariate analysis was used to distinguish the WBA obtained
across the groups as a function of one-third octave frequencies rang-
ing from 250 Hz to 8000 Hz. A Pairwise multiple comparison using
the Bonferroni post-hoc test was used to differentiate between the
groups across the frequencies. Within the group, a paired T-test with
Bonferroni corrections (P < .003) was used to determine the differ-
ence in WBA obtained by TPP and ambient pressure. The diagnostic
value (sensitivity and specificity) of the WBA measurement was cal-
culated using receiver operating characteristic (ROC) analysis.

The WBA data obtained in 2 pressure conditions at one-third-octave
frequencies (16 frequencies) across the study groups (3 groups) were
analyzed using mixed analysis of variance. The results indicated a sig-
nificant main effect of groups (P <.001,n,*=0.75), pressure conditions
(P<.001,n,>=1.4), and frequencies (P <.001,n,’=1.4). Further, a signif-
icant interaction effect was seen only for pressure conditions: frequen-
cies (P<.001, Tlp2 =0.07); and groups: frequencies (P < .001, npz =0.37).

Tympanometric peak pressure was obtained even in ears with TMP
(—269.22 + 113.80 daPa) and MEE (—244 + 179.83 daPa). This could
be due to the use of a wider frequency range stimulus for WBA mea-
surement, which would cause some variation in the transmission of
sound energy at high frequencies. The instrument probably consid-
ers this variation as a peak and displays it as peak pressure. Table 2
shows the descriptive statistics (mean + SD) for WBA measured at
TPP and ambient pressure in the normal ear and pathological ear
groups across the frequencies.

The mean WBA obtained in the normal ear group (Figure 1A) was max-
imum at mid-frequency region (1250 Hz-2000 Hz), having broader
and less obvious peaks and reduced absorbance for frequencies
below 1000 Hz and above 2000 Hz in both pressure conditions. The
WBA in ears with TMP (Figure 1B) revealed reduced absorbance at
low and mid frequencies up to 2500 Hz compared to the normal ear
group; identical at 3000 Hz, 4000 Hz, and 8000 Hz; and higher at 5000
Hz and 6000 Hz. Furthermore, the TMP group had 3 maxima at 1000,
3000, and 6000 Hz. Pair-wise multiple comparisons using Bonferroni
post-hoc analysis between the normal ear and TMP groups showed
significant differences (P < .01) for all frequencies except at 3000 Hz,
4000 Hz, and 8000 Hz (P> .05). The MEE group revealed a substantial
decline in absorbance values at all frequencies (Figure 1C), compared
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Figure 1. Graphical representation of mean wideband absorbance and 10%-90% range measured at tympanometric peak pressure and ambient pressure
across frequencies in the (A) normal ear group; (B) tympanic membrane perforation group; and (C) middle ear effusion group.

to the normal ear group and TMP group. Post-hoc Bonferroni analysis
showed a significant difference (P < .01) between the normal ear and
MEE groups for all frequencies except at 8000 Hz (P > .05). Similarly,
a significant difference was observed between the TMP group and
MEE group across all frequencies (P < .01), except for 250 Hz, 300 Hz,
and 8000 Hz (P> .05).

Figure 2 depicts the WBA measured at TPP and ambient pressure
conditions for normal ear and pathological groups (TMP and MEE)
across the frequencies. The WBA measured at ambient pressure was
slightly lower than the TPP. Analysis using a paired t-test showed a
significant difference between the TPP and ambient pressure for fre-
quencies below 1000 Hz (P < .05), irrespective of the group. In addi-
tion, the MEE group showed lower absorbance at TPP for 2000 Hz and
3000 Hz (P < .05) compared to the ambient pressure.

The Area under the Receiver Operating Characteristic (AUROC) curve
was used to estimate the diagnostic value for each pathological
group by comparing it to the normal ear group for those signifi-
cant frequencies (P < .05). The highest AUROC values were within
600 Hz-3000 Hz for the MEE group and 1250 Hz-2000 Hz for the
TMP group, with high sensitivity and specificity at those frequen-
cies. Table 3 shows the diagnostic values, sensitivity and specificity,
and the cut-off criterion point for each frequency in both pressure
conditions.

ABSORBANCE

0.25 0.3 0.4 0.5 0.6 0.8 1

1.25 1.5 2 2.5 3 4 5 6 8

FREQUENCIES (HZ)

Normal Ear Group 4= TPP 4 Ambient TMP Group TPP «+%- Ambient MEEGroup ~ —+—TPP 4+ Ambient

Figure 2. Graphical representation of mean wideband absorbance measured
at tympanometric peak pressure and ambient pressure across frequencies in
Normal ear group and Pathological ear group (tympanic membrane
perforation and middle ear effusion)

DISCUSSION

The WBA measured across the frequencies and its pattern in the nor-
mal ear group are consistent with previous research showing that
the WBA at TPP and ambient pressure reaches a maximum anywhere
from 1000 Hz to 4000 Hz in adults and a minimum at the extreme
low and high frequencies. This could be due to the mass and stiffness
properties of the middle ear.’®'*'> Two maxima around 1000 Hz and
2500 Hz were reported in the literature for both peak and ambient
pressure conditions,''® which is consistent with the current findings.

The TMP group showed lower absorbance at low and mid-frequen-
cies with a significant reduction up to 2500 Hz and higher absorbance
beyond 4000 Hz with 3 maxima at 1000 Hz, 3000 Hz, and 6000 Hz. The
results are consistent with previous research showing reduced absor-
bance in the low and mid-frequency regions below 1000 Hz.3>'"'2 At
high frequencies, studies have shown a wide range of variability, with
few reporting near-normal absorbance above 1000 Hz''* and few
reporting increased absorbance above 4000 Hz.” None of the studies
have specifically mentioned the number of maxima that they could
observe. The rationale for having 3 maxima in this study, however,
is unclear. One would expect either an increase in absorbance val-
ues at low or high-frequency region depending upon pathological
changes, making the middle ear either mass dominated or stiffness
dominated system. It is, however, a unique finding and WBA pattern
observed in ears with TMP. The 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 pressure condi-
tions with unique cut-off WBA values.

In the current study, the MEE group had a reduced WBA across the
frequencies, mostly seen below 3000 Hz, similar to the earlier stud-
ies.’”?! Reduction in WBA depends on the amount of fluid filled in
the middle ear.? Although the current study did not account for the
amount of fluid present inside the middle ear cavity, a reduction was
observed across all frequencies. The reduction in absorbance at low
frequencies was attributed to fluid accumulation in the middle ear,
which resulted in reduced tympanic membrane stiffness and umbo
velocity. At high frequencies, the decrease in absorbance could be
due to the increased mass caused by the fluid attached to the tym-
panic membrane and the decrease in umbo velocity.?®

Earlier investigations on sensitivity and specificity were reported only
in infants and children with middle ear effusion'?' demonstrating
higher AUROC in the frequency range of 800 Hz-2000 Hz. A similar
observation was made in the current investigation with high AUROC
in the frequency range of 600 Hz-3000 Hz, with high sensitivity
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Table 3. Summarize of the AUROC Values, Cut-off Criterion Point, Sensitivity (%), and Specificity (%) of Those Significant Frequency (P < .01) at

Tympanometric Peak Pressure and Ambient Pressure

Peak Pressure

Ambient Pressure

Frequency (F2) AUROC Critecr‘ijct)-::oint Sensitivity (%)  Specificity (%)  AUROC Crit;‘i‘;:’goim Sensitivity (%)  Specificity (%)
Middle Ear Effusion

250 0.84 <011 78.69 8533 0.80 <007 64.75 94.00
300 0.84 <012 75.41 88.67 0.80 <008 64.75 95.33
400 0.84 <017 74.60 89.33 0.80 <013 63.93 96.00
500 0.88 <021 73.77 95.33 0.86 <023 78.70 86.00
600 0.96 <030 86.07 9267 0.95 <030 86.07 9267
800 1.00 <052 100.00 97.33 1.00 <045 100.00 98.00
1000 1.00 <058 96.72 96.72 1.00 <056 96.72 98.67
1250 1.00 <066 97.54 99.33 1.00 <064 97.54 99.33
1500 1.00 <064 97.54 99.33 1.00 <0.64 96.72 98.67
2000 1.00 <0.70 100.00 97.33 1.00 <068 99.18 96.00
2500 0.99 <062 98.67 90.67 0.99 <062 100.00 90.00
3000 0.96 <048 9262 88.67 0.96 <0.49 93.44 88.00
4000 0.82 <030 73.77 75.33 0.83 <0.34 84.43 68.67
5000 0.70 <0.16 5246 80.67 0.75 <018 65.57 74.00
6000 067 <0.11 5492 74.00 0.72 <0.10 56.56 78.00
Tympanic Membrane Perforation

250 0.86 <0.10 68.81 90.00 0.82 <007 60.55 94.00
300 0.82 <0.11 64.20 90.00 0.80 <0.09 58.72 95.33
400 0.73 <0.15 55.05 92,00 075 <0.13 56.80 93.33
500 0.69 <026 63.39 83.33 0.72 <0.20 55.05 93.33
600 0.66 <030 4954 96.67 0.68 <030 53.21 93.33
800 071 <053 58.72 96.67 0.72 <048 56.88 93.33
1000 0.84 <069 68.81 94.00 0.85 <0.66 69.72 90.67
1250 0.90 <069 76.15 97.33 0.89 <0.66 74.31 98.67
1500 0.93 <074 87.16 88.00 0.93 <074 86.24 90.00
2000 0.88 <0.74 76.15 93.30 0.87 <074 74.31 9267
2500 073 <0.64 5046 88.00 0.71 <063 4771 88.67
5000 0.69 027 56.88 73.30 0.68 026 63.30 68.67
6000 0.79 025 55.05 93.33 078 028 50.46 96.00

The closer to 1, the greater the diagnostic value. AUROC, area under the curve.

(>92%) and specificity (>88%) for both pressure conditions. The max-
imum sensitivity (100%) and specificity (97.3%) were seen for 800 Hz
and 2000 Hz.

Wideband absorbance obtained at TPP and ambient pressure indi-
cated a substantial difference, notably at lower frequencies below
1000 Hz for both the normal ear group and pathological ear groups.
Generally, no measurable peak exists in ears with TMP and/or MEE.
The presence of TPP in the current study is most likely due to the use
of a wider frequency range of stimulus in the WBA measurements.
Relevantinvestigations measuring WBA at TPP in the pathological ear
group, particularly in ears with MEE in children, have been reported,
and the results are comparable to ambient pressure.>?° Most studies
onTPP and ambient pressure conditions are performed in the normal

ear and the findings are similar.>>?° The presence of either positive
or negative pressure induced in the ear canal in ambient pressure
conditions with reference to the middle ear pressure?® increases the
stiffness, resulting in a larger impedance and thus reflecting sound
energy into the ear canal. Regardless of the WBA differences, the pat-
tern observed at peak and ambient pressure was comparable.'®'7:3

While the study presented notable findings, it is imperative to
acknowledge a certain limitation of the study—specifically, the inclu-
sion of CT scan data could have improved the analysis. Despite the
study’s substantial sample size, the current study did not consider
the location of the tympanic membrane perforation or the volume of
fluid within the middle ear, both of which have an impact on sound
transduction and consequently on hearing. Future research can focus



on the absorbance at various tympanic membrane perforation sites
and different stages of middle ear effusion (acute, serous, or chronic).
In this study, comparisons were made between the normal and
pathological ear groups (TMP and MEE). Wideband absorbance in
ears with TMP and MEE were significantly different from that of a nor-
mal ear for both TPP and ambient pressure. The findings also show
a distinct WBA pattern that distinguishes each pathological condi-
tion from the normal ear. Furthermore, high sensitivity and specificity
were observed, demonstrating that WBA is an efficient testing tech-
nique for distinguishing middle ear disorders.
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