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Abstract

The International Society of Audiology

Objective: The study investigated the effect of ear canal pressure and age on wideband absorbance (WBA) in healthy young infants.

Design: Using a cross-sectional design, WBA at 0.25 to 8 kHz was obtained from infants as the ear canal pressure was swept from +200 to
—300 daPa. Study sample: The participants included 29 newborns, 9 infants each at 1 and 4 months and 11 infants at 6 months of age who
passed distortion product otoacoustic emissions test. Results: In general, negative-ear canal pressures reduced WBA across the frequency
range, while positive-ear canal pressures resulted in reduced WBA from 0.25 to 2kHz and above 4kHz with an increase in absorbance
between 2 and 3 kHz compared to WBA at ambient pressure. The variation in WBA below 0.5 kHz, as the pressure was varied, was the
greatest in newborns. But, the variation was progressively reduced in older infants up to the age of 6 months, suggesting stiffening of the ear
canal with age. Conclusions: Significant changes in WBA were observed as a function of pressure and age. In particular, developmental

effects on WBA were evident during the first six months of life.
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Introduction

Outer and middle ear of infants undergo rapid developmental
changes in the first few months of life. Some of these develop-
mental changes include increase in length and diameter of the
external auditory canal (Qi et al, 2006), decrease in the cartilaginous
portion and increase in the bony portion of the canal wall (Fung,
1993), changes in tympanic membrane orientation (Ikui et al, 1997),
reduction in the thickness of the tympanic membrane (Ruah et al,
1991) and vascular and cellular content (Richany et al, 1954),
increase in the volume of the tympanic cavity (Ikui et al, 2000) and
increase in weight and size of the ossicles (Anson & Donaldson,
1981). Assessment of the conductive system (outer and middle ears)
using a single-frequency measure, such as high-frequency tympa-
nometry (HFT), does not reflect the maturational changes in infants.
On the other hand, wideband immittance that uses a click signal and
measures acoustic responses from 0.25 to 8 kHz has emerged as a
promising tool for the assessment of middle ear function in neonates
(Sanford et al, 2009; Hunter et al, 2010; Aithal et al, 2015).
Wideband absorbance (WBA) is one of the wideband acoustic
immittance measures, which were designed to assess the function of
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the outer and middle ear. WBA represents the sound energy
absorbed by the middle ear when a wideband stimulus is presented
in the ear canal. It ranges from 1 (where the majority of the sound
energy is absorbed by the middle ear) to 0 (where the majority of
the energy is reflected back from the middle ear) (Stinson, 1990).
Several studies have also shown that WBA could be used to detect
middle ear disorders or conductive hearing loss in children (Keefe et
al, 2000, 2003; Vander Werff et al, 2007; Hunter et al, 2008; Beers
et al, 2010; Ellison et al, 2012; Feeney and Sanford, 2012; Keefe et
al, 2012; Prieve et al, 2013).

WBA can be studied under both ambient and pressurised
conditions. Several researchers have described developmental
characteristics of WBA at ambient pressure in infants between
birth and 12 months of age (Keefe et al, 1993; Hunter et al, 2008;
Merchant et al, 2010; Werner et al, 2010; Aithal et al, 2014,
Shahnaz et al, 2014). Nevertheless, ambient aural acoustic measures
do not directly account for middle ear pressure effects.
Measurement of WBA under pressurised condition [known as
wideband tympanometry (WBT)] provides information about WBA
under various ear canal pressures. WBT could provide a better
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Abbreviations

AABR  Automated auditory brainstem response

ANOVA Analysis of variance

DPOAE Distortion product otoacoustic emissions

HFT High frequency tympanometry

OAE Otoacoustic emissions

SPL Sound Pressure Level

TPP Peak tympanometric pressure

WAI Wideband acoustic immittance

WBA Wideband absorbance

WBAgp Wideband absorbance at a given static ear canal
pressure

WBA,  Wideband absorbance at ambient pressure

WBR Wideband reflectance

WBT Wideband tympanometry

understanding of the variations in acoustic measures caused by
rapid developmental changes in the outer and middle ears compared
to ambient WBA measures. It is important to distinguish between
variations in WBA attributable to maturation aspects and those
attributable to disorders in the conductive system (Kei et al, 2013).

To date, there have been very few studies that have systemat-
ically investigated the effect of ear canal pressure on WBA in
newborns and infants (Sanford & Feeney 2008; Sanford et al 2009;
Hunter et al, 2016). Sanford et al (2009) reported that WBA under
pressurised conditions performed better than WBA at ambient
pressure in predicting the conductive status of 230 neonates who
passed or failed a distortion product otoacoustic emission (DPOAE)
test. Nonetheless, they did not describe the variations of WBA
under various ear canal pressures. Sanford and Feeney (2008)
investigated the effect of ear canal pressure on WBA measurements
in 4-, 12- and 24-week-old infants. They found minimal WBA
changes with positive and negative pressure from 0.75 to 2 kHz for
all age groups. However, between 2 and 6 kHz, negative pressures
were associated with decreased absorbance and positive pressures
were associated with increased absorbance. As such effects were
not observed in other infant groups, the authors concluded that the
outer and middle ear system of 4-week-old infants was still
developing.

In a recent study, Hunter et al (2016) followed 182 infants
longitudinally from birth to 12 months of age using WBA under
ambient pressure and WBT. Their results showed large effects of
age in the first six months. In particular, immature absorbance and
group delay patterns were apparent in the low frequencies at birth
and one month, but changed substantially to a more adult like
pattern by 6 months of age for both ambient pressure and WBT.

To date, there have been very few studies on the effects of ear
canal pressure on WBA in newborns and young infants at various
age intervals during the first 6 months of life. Investigation of
effects of pressure on WBA in young infants not only advances
knowledge in the acoustic-mechanical properties of the outer and
middle ear, but it also provides useful information on the maturation
aspects of the outer and middle ear in this population. This
information is very useful in differentiating normal from abnormal
ears. Hence, it is necessary to understand variations in WBA as a
function of ear canal pressure in healthy infants. The objective of
the present study was to investigate the changes in WBA as a
function of ear canal pressure using WBT in healthy newborns and
young infants.

Methods

Ethical approval for the study was obtained from the Townsville
Hospital and Health Service Institutional Ethics Committee and the
University of Queensland Behavioural and Social Sciences Ethical
Review Committee. Infants were recruited from the maternity unit
at the Townsville Hospital. All the parents consented via a consent
form approved by the Institutional Ethics committees.

Participants

All infants were born at term without any risk factors, with normal
birth weight and no medical complications. The number of
participants included in the data analyses were 28 newborns
(36 ears), 9 infants aged 1 month (13 ears), 9 infants aged 4 months
(13 ears) and 11 infants aged 6 months (16 ears). Details of
participants included in the study are provided in Table 1.

Test environment
Testing was offered at birth with follow up testing at 1, 4 and
6 months of age. When an infant attended more than one
appointment, data obtained at only one of the appointments were
included for analysis. Hence, this study provides cross-sectional
WBA data of infants at various age intervals. All tests with
newborns were performed in a quiet room in the maternity unit.
Evaluations with infants aged 1 to 6 months were performed in a
sound treated booth at the Audiology department. The mean
ambient noise level in the maternity room and the sound booths
were 35.7 and 32.0 dBA, respectively. Infants at all ages were seen
after feeding while in natural sleep or in an awake but quiet state.
For infants in each age group, only ears that passed a DPOAE
test were included in the study. Although the number of infants
recruited for this study included 23 infants (42 ears) at 1 month, 28
infants (52 ears) at 4 months and 30 infants (55 ears) at 6 months,
the final numbers of ears available for analysis were low due to
several factors, including inclusion of data from only one visit when
the infant attended appointments at various ages, unsettled infant
and incomplete test results. Our experience testing infants revealed
that the older the infant, the more difficult it was to complete all
testing (Table 1).

Test battery

DPOAE testing was performed using a Biologic Navigator Plus.
DPOAEs were measured in response to pairs of primary tones with
F2 set at 2, 3, 4 and 6kHz. The F2/F1 ratio was 1.2 for each
primary pair. The level of F1 was 65dB SPL and F2 was 55dB
SPL. Pass criteria included (i) DPOAE-to-noise ratio of at least 6 dB
in at least three out of four frequencies from 2 to 6 kHz (Sanford et
al, 2009; Hunter et al, 2010) and (ii)) DPOAE amplitude of at least
-6dB at 2, 3, 4 and 6kHz (Sanford et al, 2009; Merchant et al,
2010).

WBT was carried out using a research prototype, Interacoustics
Reflwin research system, which consisted of a Windows-based
computer, a 24-bit resolution sound card, a pressure pump and
controller system contained in an acoustic immittance instrument
(AT235), and custom software for stimulus generation and data
acquisition. Calibration was performed every day to determine the
source reflectance and incident sound pressure associated with the
probe and its transducers based on acoustic measurements in two
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Table 1. Details of infants included in the study (inclusion criteria — pass in DPOAE).

Number of subjects Number of ears Age
Age group
(Month) Male Female Total Right Left Total Mean SD Range
0 18 10 28 19 17 36 37.42h 13.8 11.30-64.38 h
1 3 6 9 7 6 13 33.4 days 3.9 31-42 days
4 7 2 9 5 8 13 125 days 10.9 113-147 days
6 10 1 11 8 8 16 180 days 8.4 169-190 days

rigid-walled cylindrical calibration tubes of lengths 226.7 and
61 mm, and same diameter of 4.76 mm as described by Keefe and
Simmons (2003). The adequacy of each calibration was determined
by the algorithm of the software. A calibration was accepted as long
as the root-mean-squared reflectance error (AR) did not exceed
0.009 and the loss parameter x was in the range from 1 to 1.09
(Keefe & Simmons 2003; Sanford et al, 2009). If the results of
calibration were not accepted, the calibration was repeated until it
was judged acceptable.

WBT measures were obtained under dynamic pressure condition
wherein the ear canal pressure was swept from +200 to —300 daPa
at a rate of 75 daPa/s. During the pressure sweep, acoustic responses
were measured for a train of clicks with an inter-click interval of
46 ms. Approximately 145 acoustic responses were obtained across
a pressure change of 500 daPa. During the test, visual display of the
tympanometric curve alerted the tester for any leaks in the pressure
seal. In addition, a visual prompt also alerted the tester for leaks
with an option to either save the results or redo the test.

Data analysis

WBA was measured as a function of both frequency and ear canal
pressure. The frequency grid consisted of a total of 60 frequencies
from 0.25 to 8 kHz that were analysed in 1/12 octave intervals. The
pressure grid included 101 pressures, spaced in 5-daPa increments,
from +200 to —300 daPa. Thus, WBA was specified across 6060
pairs of frequency and pressure. For the purpose of analysis of this
study, one-third-octave averaged WBA results were considered at
seven ear canal pressures [—300, —200, —100, 0.+100 and+200
daPa and tympanometric peak pressure (TPP)]. This resulted in 112
(16 frequencies x7 pressures) WBA data points for each ear. Mean
WBA for each of the one-third octave frequency at each of the
seven different ear canal pressures was determined for all four age
groups.

Given the difficulty of completing all tests for infants, it was
decided to include all ears that passed the test battery in the
analyses. Given the relatively small numbers in all age groups
except for the newborns and the large number of independent
variables (4 age groups, 16 frequencies, 2 ears and 2 genders) for
evaluation, it would be more appropriate to apply parametric
statistical procedures, while acknowledging that the dependent
variables (WBA under each condition) might not necessarily be
normally distributed and of equal variances.

Results

An analysis of variance (ANOVA) with repeated measures was
applied to the data to evaluate the effects of ear on WBA. In this
model, for each pressure condition, ear served as between-subject
factors, and frequency (16 levels) as a within-subject factor.

The Greenhouse and Geisser (G-G) (1959) approach was used to
compensate for the violation of compound symmetry and sphericity.
The ANOVA results revealed that there was no significant main
effect for ear (p>0.05) across all age groups. In view of the
insignificant ear differences, data were pooled across ears across all
age groups.

Similarly, effect of gender was analysed using an ANOVA with
repeated measures for each pressure condition in 0- and 1-month-
old infants. Gender served as between subject factor and frequency
served as within subject factor. The effect of gender was not
significant (p>0.05) for either the 0- or 1-month-old infants. The
effect of gender was not analysed in the 4- and 6-month-old infants
since there were more males than females in these age groups.

Figure 1 illustrates mean WBA plotted against one-third octave
frequencies from 0.25 to 8 kHz for each age group at+200,+100, 0,
—100, —200, —300 daPa and TPP. The TPP was obtained from the
peak pressure that was automatically provided with the absorbance
plot. The mean TPP was 4.86 daPa (SD =47.83 daPa, range 80 to
—105 daPa) for 0-month-old infants, —7.69 daPa (SD =28.69 daPa,
range = —50 to 35 daPa) for 1-month-old infants, —53.0.8 daPa (SD
57.17 daPa, range = —150 to 10 daPa) for 4-month-old infants and
—31.6 daPa (SD =421.2 daPa, range = —105 to 30 daPa).

The mean WBA at TPP for 0-, 1- and 4-month-old infants
exhibited multi-peaked patterns across various ear canal pressures
except for the 0-month group for negative pressures. The multi-
peaked pattern was less distinct for the 6-month-old group. The two
WBA maxima for newborns (0-month) occurred at 1.25 and 5kHz,
while the maxima for the 1- and 4-month-olds occurred at around 2
and 5kHz. In comparison, the WBA maxima for 6-month-olds
occurred at 2 and 4kHz. The mean WBA at ambient pressure
(WBA,) was very similar to that at TPP (WBApp) throughout the
frequency range for infants in all the age groups.

Standard deviations (SDs) were calculated as a measure of
variability (Figure 2). In general, across all ages, SDs were slightly
higher for negative-middle ear pressures for all age groups relative
to ambient and positive-ear canal pressures. SD of WBA remained
steady across the frequency range except at 6 and 8 kHz for 1-
month-old infants, while there was an increase in SD with
frequency for 0- and 6-month-old infants. The SD of WBA was
highest between 0.8 and 2kHz for the 4-month-old infants
compared to other age groups.

In order to examine the effect of ear canal pressure on WBA, the
difference between WBA at a given static pressure condition
(WBAgp) and WBA at 0 daPa (WBA,) were analysed. The Y axis
for the panels in Figure 3 illustrates WBA difference
(WBAgp—WBAy) plotted against frequencies from 0.25 to §kHz
for each age group. A positive value on the Y axis for right panel in
Figure 3 indicates an increase in WBA at a given static pressure
relative to WBA at 0 daPa, whereas a negative value indicates a
decrease in WBA relative to WBA at 0 daPa. Generally, the
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Figure 1. Mean WBA plotted as a function of frequency across
various ear canal pressures for different age groups (0-, 1-, 4- and
6-month).

introduction of ear canal pressure (positive or negative) resulted in a
reduction of WBAgp relative to WBA,. The greatest pressure
induced difference in WBA for all age groups occurred between 1
and 1.5kHz, and to a lesser extent between 4 and 6kHz. In
particular, positive-ear canal pressures resulted in reduced absorb-
ance (relative to WBA,) from 0.25 to 1.5kHz and 4 to 8§ kHz and
increased absorbance between 2 and 3 kHz for infants aged between
0 and 6 months. The greatest reduction was observed between 1.25
to 1.5kHz.

0 Month

1 Month

Absorbance
(=}
(%)
i

—& — daPa -300
0.30 = = _daPa-200

--#--daPa-100
0.25 ——TPP

6 Months

—X¥—daPa 0
—6— daPa +100
—+—daPa +200

Frequency (kHz)

Figure 2. Standard deviation of WBA plotted as a function of
frequency across various ear canal pressures for different age
groups (0-, 1-, 4- and 6-month).

In comparison, negative-ear canal pressures demonstrated a
different pattern of WBA across various age groups. WBA_ ¢
showed only slight reduction of WBA compared to WBA at other
negative-ear canal pressures. WBA _;(, was reduced between 0 and
10% relative to WBA across all age groups except for 0-month-old
infants between 3 and 6kHz (Figure 3). WBA 5o and WBA 3¢9
were reduced compared to WBA_ ¢, across the entire frequency
range for 0-month-old infants. For 1-month-old infants, WBA_ ¢,
was reduced between 0.25 and 2kHz whereas WBA_3,0 was
reduced across the entire frequency range when compared to
WBA,. With 4- and 6-month-old infants, WBA _,,q and WBA _53¢,
were reduced from 0.25 to 2 kHz and 4 to 8 kHz, but increased at 2.5
to 3 kHz relative to WBA,.

As illustrated in Figure 3, the WBA difference
(WBAgp—WBA() across the frequencies reduced with age.
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Figure 3. Mean WBA differences plotted as a function of
frequency across various ear canal pressures for different age
groups (0-,1-,4-,6-months and 4 to 6 years).

The 0-month-old infants demonstrated the largest variation of WBA
(40 to 60%), while the 1-, 4- and 6-month-old infants’ demonstrated
moderate WBA variations (10 to 40%).

Mean WBA data were plotted along with standard errors of the
mean for all age groups for OdaPa and TPP (Figure 4), positive
pressures (+100 and +200) (Figure 5) and negative pressures (—100,
—200 and —300 daPa) (Figure 6). The standard error of mean was
large between 0.8 and 2 kHz with the 4-month-old infants especially
for all the positive-pressure conditions.

A two-way analysis of variance (ANOVA) (age x frequency)
with repeated measures was performed at each ear canal pressure
to analyse the effect of (i) ear canal pressure on mean WBA, and
(i1) pressure differences at various frequencies. An « level of
0.05 was used for all analyses. Frequency was used as a within-
subject variable, and age and pressure difference as between-subject
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Figure 4. Mean WBA as a function of frequency for all age groups

at 0 daPa and TPP. Error bars indicate +1 standard error of mean.

1.00
(a) WBA at +100 daPa

Absorbance

Frequency (kHz)

Figure 5. Mean WBA as a function of frequency for all age groups
at positive-ear canal pressures, namely, +100 and +200 daPa. Error
bars indicate £1 standard error of mean.

variables. The results indicated a significant age effect across the
pressures and frequencies. Post hoc analyses using Bonferroni’s
correction were computed to test for significant differences between
age groups for each frequency, and results are summarised in Table 2.
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Figure 6. Mean WBA as a function of frequency for all age groups
at negative-ear canal pressures, namely, —100, —200 and —300
daPa. Error bars indicate +1 standard error of mean.

Table 2 illustrates the frequencies and pressures at which the
mean WBA were significantly different between the age groups.
In general, across all the pressure conditions, the WBA of newborns
(0-month-old group) was significantly different between 0.25 and
5kHz from WBA of 4- and 6-month-old infants, and was
significantly different between newborns and 1-month-olds from
1.5 to 6kHz (Figures 4-6). WBA of 1-month-old infants was
significantly different from that of 4- and 6-month-old infants
predominantly between 0.25 and 2kHz. WBA of 4-month-old
infants was also significantly different from that of 6-month-old
infants between 0.25 and 2 kHz.

Next, an ANOVA with WBA differences between a given ear
canal pressure and ambient pressure conditions as dependent
variable, and age and frequency as independent variables was
performed. The results indicated a significant age effect across the
pressures and frequencies. Post hoc analyses with Bonferroni’s
correction were applied to test for significant differences
between age groups for each frequency and results are summarised
in Table 3.

As illustrated in Table 3, significant age effects were observed
across WBA differences between ambient and ear canal pressure
conditions except between WBApp and WBA,. Across all the
infant age groups, significant differences were observed below
0.8 kHz and between 2 and 4 kHz. The difference in WBA was most

evident between the 0- and 6-month-old infants compared to other
infant groups.

Discussion

The present study described changes in WBA as the static ear canal
pressure was varied between —300 to +200 daPa in 0-, 1-, 4- and 6-
month old infants. Although, there is adequate research on WBA at
ambient pressure (Keefe et al, 1993; Hunter et al, 2008; Merchant et
al, 2010; Werner et al, 2010; Aithal et al, 2014; Shahnaz et al,
2014), to date, there have been very few developmental studies that
describe WBA under pressurised conditions (Sanford & Feeney,
2008; Hunter et al, 2016).

The middle ear is expected to be more efficient at absorbing
sound energy at TPP, where the mobility of the eardrum is maximal
(Feeney & Keefe, 2012). WBA, was similar to WBArpp at most
frequencies with the infants. This finding is similar to that reported
by Sanford and Feeney (2008) and Hunter et al (2016). The
similarity between WBATpp and WBA, is attributed to the fact that
the mean TPP was close to the ambient pressure for all the infants
(4.86 daPa in 0-month-old, -7.69 daPa in 1-month-old, -53.1 daPa in
4-month-old and -31.6 daPa in 6-month-old infants). It will be
interesting to compare the WBArpp and WBA, in infants with
negative-middle ear pressures. Margolis et al (1999) suggested that
WBT is sensitive to middle ear status and therefore, with negative-
middle ear pressures, it may be advantageous to assess the middle
ear system at both ambient pressure and TPP.

Development of the infant’s external and middle ear strongly
influences impedance and absorbance measures (Keefe et al, 1993).
Results of the present study concur with the findings of other
developmental studies (Sanford & Feeney, 2008; Aithal et al, 2014;
Shahnaz et al, 2014; Hunter et al, 2015) and illustrate maturational
effects on WBA under various ear canal pressures. First, multi-
peaked WBA curves that were observed at different ear canal
pressures for 0-, 1- and 4-month-old infants were less clear in 6-
month-old infants. Second, the WBA for 0- and 1-month-old infants
differed significantly from 6-month-old infants, especially at
frequencies below 800 Hz and between 2 and 4 kHz. Third, with
younger infants (0- and 1-month-old), negative-ear canal pressures
resulted in reduced WBA across the frequency range while positive
pressures resulted in reduced WBA up to 2 kHz and increased WBA
from 2 to 4kHz. There were significant differences in WBA
between each of the age groups in the study. However, the true
nature of difference between the age groups may not be evident due
to the small number of ears in infants in 1-, 4- and 6- month age
groups. Fourth, the magnitude of change in WBA with both
positive- and negative-ear canal pressures at and below 0.5 kHz was
greatest for 0-month-old infants and reduced as the age increased
from 0 to 6 months.

The differential effects of pressure found in the present study
concur with the findings of Sanford and Feeney (2008) and Hunter
et al (2016) who have reported similar findings with WBT in
infants. The differential pressure effects in young infants are due to
anatomical differences in their outer and middle ears. The decrease
in WBA in low frequencies with age has been attributed to the
stiffening of the compliant ear canal wall due to the development of
the osseous portion of ear canal, which becomes stiffer with the
introduction of ear-canal pressure and in turn absorbs less acoustic
energy (Keefe et al 1993; Keefe and Simmons, 2003; Sanford and
Feeney, 2008).
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An increase in WBA at high frequencies (above 2kHz) with
positive-ear canal pressures that is reported in 4-week old infants
in Sanford and Feeney (2008) study concurs with results of the
present study and Hunter et al (2016). Sanford and Feeney
hypothesised this marked increase in WBA to a combination of
factors associated with ossicular chain, namely, its coupling,
histological immaturity and changes in orientation, compared to
older infants. They suggested that the negative-ear canal
pressures in these infants could lessen the efficiency of middle
ear system by functionally disarticulating the ossicular chain as
the tympanic membrane is pulled outward into the ear canal,
thus, accounting for decrease in WBA with increasing negative
pressure. They also suggested that positive-ear canal pressure
could enhance ossicular coupling due to the ossicles being
pushed more closely together. This could result in a more
acoustically efficient middle ear transmission system due to better
coupling of the ossicles in the pressurised infant middle ear and
thus more closely matching the impedance of the ear canal that is
shown as an increase in WBA between 2 and 6kHz.

The compliant properties associated with the ear canal wall
motion of neonates with the introduction of ear canal pressure are
thought to influence the interpretation of WBA measurements,
particularly, at frequencies below 1kHz. Therefore, researchers
recommend that WBA results at frequencies below 1 kHz should be
weighted less strongly in predicting middle ear dysfunction
(Piskorski et al, 1999; Keefe et al, 2000; 2003). Sanford and
Feeney (2008) found that WBA in the range of frequencies from 0.8
to 2kHz did not change significantly with age, and therefore,
suggested that this frequency range may be the frequency region of
interest in future studies. The results of the present study also found
that the effects of pressure were most noticeable below 0.8 kHz and
above 2kHz. Several ambient WBA studies in neonates have
reported that the absorbance was highest between 1 and 4kHz
compared to that at frequencies below 1kHz and above 4kHz
(Keefe et al, 2000; Vander Werff et al, 2007; Shahnaz, 2008;
Sanford et al, 2009; Hunter et al, 2010; Aithal et al, 2013). In view
of differential frequency effect on WBA, future studies could focus
on the changes in absorbance at frequencies between 1 and 4 kHz
during evaluation of middle ear function in neonates and young
infants. Previous studies have indicated that WBA at this frequency
range provide the greatest discriminability between the ears with a
DPOAE pass or refer result (Sanford et al, 2009; Hunter et al, 2010;
Aithal et al, 2015).

WBA attained the lowest values at —200 and —300 daPa with
the neonates with a relatively flat pattern (approximately 0.3 at
—200 and 0.2 at —300 daPa) across frequencies. Highly reduced
WBA at these extreme negative-ear canal pressures suggest the
possibility of ear canal collapse in neonates. Murakoshi et al (2013)
and Aithal et al (2016) studied dynamic behaviour of conductive
system using sweep frequency impedance and reported that more
than 90% of ears showed signs of collapsed ear canals at —200
daPa.

The present study demonstrated significant changes to WBA as a
function of pressure in infants who passed a battery of tests. The
differential effects of pressure and frequency suggest that the outer/
middle ears of young infants respond differently to changes in
pressure compared to older infants. It is important to distinguish
between variations in WBA attributable to maturation aspects and
those attributable to disorders in the conductive system (Kei et al,
2013). Since the maturational effects have been described in this
study, the results can be used to differentiate the variations in WBA
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Table 3. Results of post hoc analyses with Bonferroni’s correction indicating the ages (in months) at which WBA differences
(WBAgp—WBA)) in infants were significantly different from each other (= 0.05).

Ear canal pressure (daPa)

Frequency

(kHz) —300 —200 —100 TPP 100 200

0.25 0-4,0-6,1-4,1-6,4-6 0-4,0-6,1-4,1-6,4-6 0-6 0-4,0-6,1-4,1-6,4-6 0-1,0-4,0-6,1-4,1-6.4-6
0.3 0-4,0-6,1-4,1-6,4-6 0-4,0-6,1-4,1-6,4-6 1-6 04 0-1,04,0-6,1-4,1-6 0-4,0-6,1-4,1-6,4-6
0.4 0-4,0-6,1-4,1-6,4-6 0-6,1-6 0-1,1-4,1-6 0-1,0-6,1-4,1-6,4-6
0.5 0-1,0-6,4-6 0-6,1-4,4-6 0-1,0-4,0-6,1-4,4-6 0-1,04,4-6

0.6 0-1,0-4,0-6,1-4 0-1 0-1,0-4,0-6,1-4,1-6 0-1,0-4,0-6,1-4,4-6
0.8 0-1,04,0-6 0-1,04,0-6 0-1,04,0-6 0-4,1-6,4-6 1-6

1 0-4,0-6,1-4 0-4,0-6 0-4,0-6 04

1.25 0-4,0-6,1-4,1-6 04,14 0-6 14 04

1.5 0-1,0-4,0-6,1-4,4-6 0-1,0-4,0-6 0-1,04,0-6 0-4,1-4,4-6 0-4,0-6,1-6,4-6 0-1,0-4,0-6

2 0-1,0-40-6,1-6 0-1,04,0-6 0-1,04 0-1,0-6,1-6 0-1,04,0-6,1-4,1-6
25 0-1,0-4,0-6 0-1,0-4,0-6, 0-1,0-4,0-6 0-6 04

3 0-1,04,0-6 0-1,04,0-6 0-1,04,0-6 04,14 0-4,4-6

4 0-1,04,1-6 0-1,0-4,0-6 0-1,0-4,0-6 0-1,04,0-6,1-4 0-4,0-6,1-4,1-6,4-6
5 0-6 0-4,0-6 0-1,04,0-6 0-4,0-6,1-4,1-6 0-4,0-6,1-4,1-6

6 0-4,0-6 0-1,0-4 0-6

8 0-1,04,0-6,1-4 0-1,04,0-6,1-4 0-1,0-4,0-6

A blank space indicates the lack of a statistically significant difference between any of the infant age groups.

due to conductive pathology during assessment of middle ear
function in infants.

While such qualitative measures may be useful for comparison
of individual cases, further quantitative measures are needed for
interpretation of results in a clinical setting (Sanford et al, 2013).
Lack of clinical use of WBT in neonates can partly be attributed to
the lack of fast and efficient methods for interpreting WBA results.
If WBT is to be used as an effective clinical tool, it is important to
develop efficient approaches to interpret results quickly as well as
identify predictive indices from the large amount of data obtained
from WBT.

Strengths and limitations

This is one of the few studies to analyse the effects of ear canal
pressure on WBA in healthy newborns and compare with infants
who passed both the HFT and DPOAE tests. Since the WBT
provides information about the middle ear over a range of pressures
and frequencies, the normative patterns provided in the present
study may be useful in understanding age-related changes while
assessing middle ear function in this population.

The study had some limitations that could have been affected the
interpretation of results. First, the sample size was small for infants
at 1, 4 and 6 months of age. Furthermore, there were more males
than females in the 4- and 6-month-old groups. Consequently, this
limits the generalisation of the results to this population. Hence, it is
necessary to develop age-specific normative data by using large
sample sizes with equitable gender distribution and establish middle
ear reference standards, such as acoustic reflex threshold testing
along with tympanometry, as well as diagnostic otoacoustic
emission tests.

Second, when an infant passed the test battery in both ears, data
from both ears were included since analyses showed no significant
differences between right and left ears. Although this maximised
available data, analyses should be interpreted with the knowledge

that there could be some correlation between measurements from
right and left ear of an infant.

Third, in the study, only a few pressure and frequency points
from a large data set of 6060 samples were selected. However, it is
not known whether significant diagnostic information is thereby lost
in this process. Further studies are needed to determine if the seven
pressure values used in the present study are adequate to differen-
tiate ears with and without middle ear dysfunction.

Lastly despite the similarity of results, there were methodo-
logical differences between the present study and other develop-
mental studies. While the present study measured WBA at absolute
ear canal pressures, Sanford and Feeney (2008) measured WBA at
ear canal pressures relative to TPP. The present study studied WBA
in a cross sectional design while Hunter et al’s (2016) study was
longitudinal. Further, age range of participants in each of the age
groups in Hunter et al’s (2016) study was larger than the present
study.

Summary

In conclusion, the present study demonstrated effects of ear canal
pressure on WBA in young infants and children with normal middle
ear function. Positive- and negative-ear canal pressures had
differential effects on WBA in younger infants compared to older
infants and children, suggesting a maturational effect due to
development of outer and middle ear system in the first few months
of life. Future studies need to develop normative quantitative WBT
measures that can assist in the quick and easy interpretation of the
middle ear status in neonates.

Acknowledgements

This study was supported by Healthy Hearing, Queensland Health.
The authors thank Private Practice Research and Education Trust



Fund and Health Practitioners Research grants; NAHSSS for
providing a scholarship to the first author towards travel and
presentation at conferences; Dr Andrew Swanston, Shirley Glennon,
Healthy Hearing Programme and Institute of Women’s and
Children’s Services at The Townsville Hospital, for their support
towards the study; Katrina Roberts, Marissa Edmondson, Rowena
Lyons, Jewelie-Ann Wright, Nicky Audas and Jackie Bunt for their
help in data collection; Karen Nielsen for her help with adminis-
trative duties and data entry.

Declaration of interest: The authors report no conflicts of interest.
The authors alone are responsible for the content and writing of this
article

ORCID

Sreedevi Aithal http://orcid.org/0000-0001-9654-7104
Venkatesh Aithal (&) http://orcid.org/0000-0003-2683-7944
Joseph Kei (#) http://orcid.org/0000-0001-6645-402X

References

Aithal, V., Kei, J., Driscoll, C., Murakoshi, M. & Wada, H. 2016. Effects of
ear canal static pressure on the dynamic behaviour of outer and middle
ear in newborns. /nt J Pediatr Otorhinolaryngol, 82, 64-72.

Aithal, S., Kei, J., Driscoll, C., Khan, A. & Swanston, A. 2015. Wideband
absorbance outcomes in newborns: A comparison with high frequency
tympanometry, automated brainstem response and transient evoked and
distortion product Otoacoustic emissions. Ear Hear, 36, 237-250.

Aithal, S., Kei, J. & Driscoll, C. 2014. Wideband absorbance in Australian
Aboriginal and Caucasian neonates. J Am Acad Audiol, 25, 482-494.

Aithal, S., Kei, J., Driscoll, C. & Khan, A. 2013. Normative wideband
reflectance measures in healthy neonates. Int J Pediatr
Otorhinolaryngol, 77, 29-35.

Anson, B.J. & Donaldson, J.A. 1981. Surgical anatomy of the temporal bone
and ear. Philadelphia (PA): Saunders.

Beers, A.N., Shahnaz, N., Westberg, B.D. & Kozak, F.K. 2010. Wideband
reflectance in normal Caucasian and Chinese school-aged children and
in children with otitis media with effusion. Ear Hear, 31, 21-233.

Ellison, J.C., Gorga, M., Cohn, E., Fitzpatrick, D., Sanford, C.A., et al. 2012.
Wideband acoustic transfer function predict middle ear effusion.
Laryngoscope, 122, 887-894.

Feeney, M.P. & Keefe, D.H. 2012. Physiological mechanisms assessed by
aural acoustic transfer functions. In: K Tremblay and R Burkard. (eds).
Translational Perspectives in Auditory Neuroscience. San Diego: Plural
Publishing.

Feeney, M.P. & Sanford, C.A. 2012. Application of wideband acoustic
transfer functions to the assessment of the infant ear. In: J. Kei, F. Zhao.
(eds). Assessing middle ear function in infants. San Diego: Plural
Publishing, 131-161.

Fung, Y.C. 1993. Biomechanics: Mechanical properties of living tissues
(2nd ed). Berlin, Germany: Springer-Verlag.

Greenhouse, S.W. & Geisser, S. 1959. On the methods in the analysis of
profile data. Psychometrika, 24, 95-112.

Hunter, L.L., Bagger-Sjobiack, D. & Lundberg, M. 2008. Wideband
reflectance associated with otitis media in infants and children with
cleft palate. Int J Audiol, 47 Suppl 1, S57-S61.

Hunter, L.L., Feeney, M.P., Miller, J.A.L., Jeng, P.S. & Bohning, S. 2010.
Wideband reflectance in newborns: Normative regions and relationship
to hearing-screening results. Ear Hear, 31, 599-610.

Wideband absorbance in young infants 9

Hunter, L.L., Keefe, D.H., Feeney, P.M., Fitzpatrick, D.F. & Lin, L. 2016.
Longitudinal development of wideband reflectance tympanometry in
normal at and at risk infants. Hear Res, 340, 3—14.

Ikui, A., Sando, 1., Haginomori, S. & Sudo, M. 2000. Postnatal development
of the tympanic cavity: A computer-aided reconstruction and measure-
ment study. Acta Oto-Laryngologica, 120, 375-379.

Ikui, A., Sando, I., Sudo, M. & Fujita, S. 1997. Postnatal change in angle
between the tympanic annulus and surrounding structures: Computer-
aided three-dimensional reconstruction study. Ann Otol Rhinol Laryngol,
106, 33-36.

Keefe, D.H., Bulen, J.C., Arehart, K.H. & Burns, E.M. 1993. Ear-canal
impedance and reflection coefficient in human infants and adults.
J Acoust Soc Am, 94, 2617-2638.

Keefe, D.H., Folsom, R.C., Gorga, M.P., Vohr, B.R., Bulen, J.C., et al. 2000.
Identification of neonatal hearing impairment: Ear-canal measure-
ments of acoustic admittance and reflectance in neonates. Ear Hear,
21, 443-461.

Keefe, D.H., Gorga, M.P., Neely, S.T. & Zhao, F. 2003. Ear-canal acoustic
admittance and reflectance measurements in human neonates. II.
Predictions of middle-ear dysfunction and sensorineural hearing loss.
J Acoust Soc Am, 113, 407-422.

Keefe, D.H. & Simmons, J.L. 2003. Energy transmittance predicts
conductive hearing loss in older children and adults. J Acoust Soc Am,
114, 3217-3238.

Keefe, D.H., Sanford, C.A., Ellison, C.J., Fitzpatrick, D.F. & Gorga, M.P.
2012. Wideband aural acoustic absorbance predicts conductive hearing
loss in children. Int J Audiol, 51, 880-891.

Kei, J., Sanford, C.A., Prieve, B.A. & Hunter, L.L. 2013. Wideband acoustic
immittance measures: Developmental characteristics (0 to 12 months).
Ear Hear, 34 (Suppl), 17S-26S.

Margolis, R.H., Saly, G.L. & Keefe, D.H. 1999. Wideband reflectance
tympanometry in normal adults. J Acoust Soc Am, 106, 265-280.

Merchant, G.R., Horton, N.J. & Voss, S.E. 2010. Normative reflectance and
transmittance measurements on healthy newborn and 1-month-old
infants. Ear Hear, 31, 1-9.

Murakoshi, M., Yoshida, M., Sygaya, Y., Ogawa, S., Hamanishi, H., et al.
2013. Dynamic characteristics of the middle ear in infants. /nt J Pediatr
Otorhinolaryngol, 77, 504-512.

Piskorski, P., Keefe, D.H., Simmons, J.L. & Gorga, M.P. 1999. Prediction
of conductive hearing loss based on acoustic ear canal response using a
multivariate clinical decision theory. J Acoust Soc Am, 105, 1749-1764.

Prieve, B.A., Vander Werff, K., Preston, J.L. & Georgantas, L. 2013.
Identification of conductive hearing loss in young infants using
tympanometry and wideband reflectance. Ear Hear, 34, 168—178.

Qi, L., Hiu, H., Lutfy, J., Funnell, W.R. & Daniel, S.J. 2006. A nonlinear
finite-element model of the newborn ear canal. J Acoust Soc Am, 120,
3789-3798.

Richany, S.F., Bast, T.H. & Anson, B.J. 1954. The development and adult
structure of the malleus, incus and stapes. Ann Otol Rhinol Lanryngol,
63, 393-434.

Ruah, C.B., Schachern, P.A., Zelterman, D., Paperella, M. & Yoon, T. 1991.
Age related morphologic changes in the human tympanic membrane: A
light and electron microscopic study. Arch Otolaryngol Head Neck Surg,
117, 627-634.

Sanford, C.A. & Feeney, M.P. 2008. Effects of maturation on tympano-
metric wideband acoustic transfer functions in human infants. J Acoust
Soc Am, 124, 2106-2122.

Sanford, C.A., Keefe, D.H., Liu, Y.W., Fitzpatrick, D.F., McCreery, R.W.,
et al. 2009. Sound-conduction effects on distortion-product otoacoustic
emission screening outcomes in newborn infants: Test performance of
wideband acoustic transfer functions and 1-kHz tympanometry. Ear
Hear, 30, 635-652.

Sanford, C.A., Hunter, L.L., Feeney, M.P. & Nakajima, H.H. 2013.
Wideband acoustic immittance: Tympanometric measures. Ear Hear,
34, 65S-718.

Shahnaz, N., Cai, A. & Qi, L. 2014. Understanding the developmental
course of the acoustic properties of the human outer and middle



10 S. Aithal et al.

ear over the first 6 months of life by using a longitudinal analysis of power
reflectance at ambient pressure. J Am Acad Audiol, 25, 495-511.
Shahnaz, N. 2008. Wideband reflectance in neonatal intensive care units.
J Am Acad Audiol, 19, 419-429.
Stinson, M.R. 1990. Revision of estimates of acoustic energy reflectance at
the human eardrum. J Acoust Soc Am, 88, 1773—-1778.

Vander Werff, K.R., Prieve, B.A. & Georgantas, L.M. 2007. Test-retest
reliability of wideband reflectance measures in infants under screening
and diagnostic test conditions. Ear Hear, 28, 669—681.

Werner, L.A., Levi, E.C. & Keefe, D.H. 2010. Ear-canal wideband acoustic
transfer functions of adults and two- to nine-month-old infants.
Ear Hear, 31, 587-598.



	Effect of ear canal pressure and age on wideband absorbance in young infants
	Introduction
	Methods
	Results
	Discussion
	Strengths and limitations
	Summary
	Acknowledgements
	References


