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ABSTRACT:

Individual differences in ear-canal acoustics introduce variability into hearing aid output that can affect speech audi-
bility. Measuring ear-canal acoustics in young children can be challenging, and relying on normative real-ear-to-
coupler difference (RECD) transforms can lead to large fitting errors. Acoustic immittance measures characterize the
impedance of the ear and are more easily measured than RECD. Using 226 Hz tympanometry to predict the RECD is
more accurate than using age-based average RECD values. The current study sought to determine whether wideband
acoustic immittance measurements could improve predictions of wideband real-ear-to-coupler difference (WRECD).
150 children ages 2—10years with intact tympanic membranes underwent WRECD and wideband acoustic immit-
tance measures in each ear. Three models were constructed to predict each child’s measured wRECD: the age-based
average WRECD, 226 Hz admittance wRECD, and wideband absorbance wRECD. The average age-based wRECD
model predicted the child’s measured wRECD within 3dB in 62% of cases, but both the 226 Hz admittance and
wideband absorbance wWRECD were within 3 dB in 90% of cases. Using individual 226 Hz or wideband absorbance

to predict WRECD improved the accuracy and precision of transforms used for pediatric hearing aid fitting.
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I. INTRODUCTION

Electroacoustic verification of hearing aids is essential
for providing appropriately fitted amplification for children
with hearing loss and ensuring that speech is consistently
audible. Over the last two decades, hearing aids have been
fitted for infants with hearing loss within the first few
months of life, to provide access to the acoustic cues that are
needed to support spoken language development (Halpin
et al., 2010; Holte et al., 2012). In situ probe microphone
measurements of hearing aid output in the ear canal are the
most accurate method of verifying speech audibility across a
range of input levels and ensuring that the maximum output
of the hearing aid is safe (Cox and Alexander, 1990;
Bagatto et al., 2005). Infants and young children, however,
are often unable to cooperate or remain sufficiently quiet to
allow multiple measurements of hearing aid output in the
ear canal (Bagatto er al., 2016; McCreery et al., 2015). As
an alternative when in situ probe microphone measures can-
not be completed, an acoustic transform, known as the real-
ear-to-coupler difference (RECD; Bagatto et al., 2002), can
be measured to relate the child’s ear-canal acoustics to a
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standard coupler. Measurements of RECD are used to incor-
porate a child’s individual ear-canal acoustics into hearing
aid output measurements in the coupler.

However, nearly 40% of infants and young children are
unable to cooperate for an individualized measure of their
RECD (Bagatto et al., 2016; McCreery et al., 2015). In
cases where the RECD cannot be measured, an age-related
average RECD can be used, but individual variability in ear-
canal acoustics for children who are the same age can intro-
duce fitting errors of *10-15dB (Feigin et al., 1989;
Bagatto et al., 2002). In a recent study (McCreery et al.,
2015), nearly 50% of children with hearing loss had a fitting
error greater than S5dB for the frequency range
(5004000 Hz) that is most important for speech audibility.
Fitting errors were larger in cases where an average RECD
was used (8 dB) compared to fitting where the child’s mea-
sured RECD was used to fit the hearing aid (5 dB). Errors
can be even more substantial when hearing aids are fitted
with average RECD values for children with abnormal
middle-ear function, including otitis media (Martin et al.,
1996) and tympanostomy tubes (Martin et al., 1997) or tym-
panic membrane perforations (Martin et al., 2001). To date,
average RECD normative data have been derived only from
children with normal middle-ear function, which contributes
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to these inaccuracies when average RECD data are used to
fit hearing aids for children with abnormal middle-ear
function.

The potential for over- or under-amplification in cases
where an individual RECD cannot be measured has led to
the exploration of alternative methods for estimating indi-
vidual differences in ear-canal acoustics. In ears with intact
tympanic membranes, normal middle-ear status, and roughly
symmetrical ear-canal anatomy, measurements of RECD in
one ear can be reasonably applied to the opposite ear as the
two ears are correlated and within =3dB in most cases
(Munro and Buttfield, 2005). However, measuring a single
RECD still requires cooperation from the child and is not
possible in many cases. Other studies have examined the use
of individual physical characteristics that are easier to mea-
sure or more readily available in medical settings, including
an individual’s height, weight, and head circumference, as
proxy variables to predict individual differences in RECD.
For example, an evaluation of height, weight, and head cir-
cumference as predictors of individual RECD in 68 children
who were 3—11 years old indicated that a child’s head cir-
cumference was a statistically significant predictor of their
RECD (Blumsack et al., 2014). A follow-up analysis of
head circumference to predict individual differences in
RECD that included 278 children from 1 month to 11 years
of age and 109 adults showed that head circumference had
roughly the same predictive utility as age for individual dif-
ferences in the RECD (Watts et al., 2020). While head cir-
cumference may be easier to measure than using a probe
microphone to measure the RECD in the ear canal of an
individual child, head circumference produces similar fitting
errors as using age-related RECD normative data.

The use of clinical middle-ear immittance data to pre-
dict individual differences in ear-canal acoustics for children
has also been examined as an alternative to individual mea-
sures of RECD. Single-frequency tympanometry and wide-
band acoustic immittance characterize the impedance of the
ear canal and middle-ear system by measuring relative
sound absorbance using a probe with a receiver and a micro-
phone. The impedance at the tympanic membrane alters the
sound levels in the ear canal (Zwislocki 1962), which can
lead to individual differences in ear-canal sound levels, even
when the middle ear is healthy and intact. The effects of
impedance on ear-canal sound levels with transducers used
for audiological assessment suggest that individual differ-
ences in impedance of the ear canal and middle ear play a
large role in the variability in measured sound pressure level
in the ear canal. In two papers, Voss and colleagues mod-
elled impedance changes related to specific middle-ear
pathologies that predicted individual differences between
ear-canal sound levels and coupler measures of up to 35dB
for insert earphones (Voss et al., 2000b) and then confirmed
the predictions of these models in adult patients with these
pathologies (Voss et al., 2000a). A follow-up study exam-
ined differences between infants and adults across trans-
ducers and found differences in ear-canal sound levels that
were up to 15dB between infants and adults based on the
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ear-canal size and geometry, as well as the impedance char-
acteristics of the outer and middle ear (Voss and Herrmann,
2005). Thus, clinical immittance measures, such as tympan-
ometry and wideband acoustic immittance, that characterize
the equivalent volume and impedance and are more easily
measured in infants and young children might provide a
way to predict an individual RECD when it cannot be mea-
sured as part of hearing aid verification.

Predictions of RECD based on 226 Hz tympanometry
have shown mixed results in previous studies. Nelson-
Barlow et al. (1988) correlated the equivalent ear-canal vol-
ume derived from 226 Hz tympanometry to the peak ampli-
tude of the RECD for 15 children and 15 adults with hearing
loss. Small to moderate correlations (r=0.23-0.43) were
reported for ear-canal volume and RECD for children,
depending on the coupler used for the RECD. A later study
by Feigin er al. (1989) showed that ear-canal volume
accounted for nearly half of the variance in RECD measures
from 300 to 4000 Hz. The authors concluded that the rela-
tionship between RECD and ear-canal volume was not suffi-
ciently strong to serve as a clinical predictor of individual
differences in ear-canal acoustics for children or adults. In
another study (Martin et al., 1996), the relationship between
ear-canal volume derived from 226 Hz tympanometry and
the peak of the RECD was examined for 14 young children
with flat tympanograms (no peak in the tympanog-
ram >0.1 ml from —200 to + 200 daPa). The RECD values
were 3.5 dB higher in children with flat tympanograms, but
the correlation between ear-canal volume and the peak of
the RECD was small (r=0.15) and not statistically signifi-
cant. Together, these studies suggest that ear-canal volume
derived from 226 Hz tympanometry is not sufficient to accu-
rately predict individual differences in ear-canal acoustics.
The association between ear-canal acoustics and ear-canal
volume in previous studies may have been limited by small
sample sizes that precluded any associations between ear-
canal volume and ear-canal acoustics or reliance on the cor-
relation of ear-canal volume with the overall peak of the
RECD averaged across frequencies.

More recently, we used a large dataset of 226 Hz tym-
panometry and RECD data from a longitudinal study of chil-
dren with hearing loss (Moeller and Tomblin, 2015) to
determine whether using a larger sample of children across
a wider age range and a multivariate Bayesian statistical
model could help to improve predictions of RECD based on
clinical immittance measures (McCreery et al., 2023). Data
from 2491 visits of 266 children between the ages of
7 months and 12 years who had intact tympanic membranes
with both normal and abnormal middle-ear status were col-
lected. We used a Student’s ¢ model to generate model
parameter estimates and associated uncertainty for an
immittance-predicted RECD for each child based on age,
equivalent ear-canal volume, tympanometric peak pressure,
and static admittance from 226 Hz tympanometry. One of
the benefits of the Bayesian modeling approach for this
research question is that the model parameters allowed us to
derive frequency-specific RECD and estimates of
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uncertainty for each ear of each child, which was not possi-
ble in previous studies that used correlational or frequentist
statistical approaches. Immittance-predicted RECDs were
compared to the child’s measured RECD and an age-based
average RECD to quantify the magnitude of the relative fit-
ting error and uncertainty that would result from using either
age-based average RECD or immittance-predicted RECD in
place of the child’s measured RECD. The age-based average
RECD was within 3dB of the measured RECD in approxi-
mately 50% of cases regardless of the child’s middle-ear sta-
tus. The immittance-predicted RECD was within 3dB in
69% of cases where the child had normal middle-ear func-
tion and 74% of cases where the child had abnormal middle-
ear function. A frequency-specific analysis of the
immittance-predicted and average RECD indicated that both
alternatives to the child’s measured RECD had larger errors
and greater estimates of uncertainty at 4000 and 6000 Hz
than at lower frequencies.

Although the immittance-predicted RECD produced
more accurate estimates of a child’s measured RECD than
using age-related normative RECD values, there may be
limitations to using an immittance measure that character-
izes the ear canal and middle ear at a single, stiffness-
dominated low frequency under pressurization, given the
RECD is measured at ambient pressure across a wide range
of frequencies. In contrast to single-frequency tympanome-
try, wideband acoustic immittance uses broadband stimuli to
characterize the impedance of the ear canal and middle ear
across the same range of frequencies that are measured with
the RECD (Hunter et al., 2013). Further, recent increases in
the high frequency bandwidth of hearing aids (Van
Eeckhoutte et al., 2020) have necessitated an instantiation
of the RECD that can characterize ear-canal acoustics at fre-
quencies above 6000 Hz, known as the wideband real-ear-
to-coupler difference (WRECD; Vaisberg et al., 2018). The
wRECD is measured in a 0.4 cm® coupler instead of a 2 cm®
coupler to provide higher output above the microphone
noise floor at frequencies above 5000 Hz [International
Electrotechnical Commission (IEC), 2006]. The prediction
of wRECD from immittance measures may require data
from a broader range of frequencies than are assessed with
226 Hz tympanometry.

In summary, the current practice of characterizing ear-
canal acoustics for hearing aid verification in children with
hearing loss relies on individual measurement of the
RECD or wRECD, which is not always possible. Clinical
tympanometric measures have shown promise for charac-
terizing ear-canal acoustics when the RECD cannot be
measured, but the application of wideband acoustic immit-
tance for predicting wRECD has not been assessed or com-
pared with single-frequency tympanometry as a predictor
of wRECD. In this study, we used wideband acoustic
immittance and wRECD data from a large group of chil-
dren to determine whether immittance-predicted wRECD
from a Bayesian statistical model produces estimates of
measured wRECD that could lead to improved hearing aid
fitting accuracy for children when the wRECD cannot be

J. Acoust. Soc. Am. 154 (2), August 2023

directly measured due to the child’s limited cooperation or
other factors.

Il. METHODS
A. Participants

150 children were recruited and provided data for this
analysis, including children with varying degrees of hearing
loss and children with normal hearing. Children ranged in
age from 2 to 10 years. Inclusion criteria for the study were
that English had to be the primary language spoken in the
home and that the child must have had normal outer-ear and
ear-canal anatomy. A total of 280 ears were included in the
analysis. The sample included 75 males and 68 females.
Institutional Review Board (IRB) approval was obtained for
the procedures completed by the IRB at Boys Town
National Research Hospital (Omaha, NE). Children were
monetarily compensated and received a book or a prize for
their participation.

B. Materials

Wideband acoustic immittance was measured using the
Interacoustics Titan (Eden Prairie, MN) probe and the clini-
cal Titan Suite software. Wideband acoustic immittance was
completed in response to a click stimulus (220-8000 Hz) in
a pressurized condition with down-swept pressure ranging
from 4200 to —300 at a rate of approximately 100 daPa/s.
The system was calibrated yearly by a technician per manu-
facturer recommendations. Wideband acoustic immittance
data were exported from the clinical Titan Suite into xML
files, which were then parsed using R statistical software (R
Core Team, 2022) to extract the measures of interest.
Extracted measures included the absorbance response at or
nearest to 0 daPa (ambient absorbance) as well as the tym-
panometric peak pressure, the peak static admittance nearest
to 226 Hz, and the equivalent ear-canal volume. Ambient
absorbance was chosen over absorbance at tympanometric
peak pressure given that WRECD measures are collected at
ambient pressure. Absorbance is the ratio of the absorbed
portion of the click stimulus to the incident stimulus.
Absorbance responses were inspected for the presence of air
leaks using criteria described in Groon et al. (2015) based
on absorbance <0.29 between 200 and 500 Hz. Absorbance
responses were averaged across frequency in 1/6 octave
bands for analysis. An Audioscan Verifit II probe micro-
phone system (Dorchester, Canada) was used to measure
individual wRECD in 1/3 octave bands from 250to
12500 Hz.

C. Procedure

Otoscopy was completed to confirm the absence of
occlusive cerumen or other ear-canal anomalies. Wideband
acoustic immittance was conducted once in each ear, and
measures of ear-canal volume, peak static admittance at
226 Hz, tympanometric peak pressure, and ambient absor-
bance nearest to 0 daPa were extracted. Wideband acoustic
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immittance measures were repeated only if the child was
noisy during the measurement. Middle-ear status was classi-
fied as normal or abnormal based on ear-canal volume,
admittance, and tympanometic peak pressure using the
226 Hz tympanogram derived from the pressurized wide-
band acoustic immittance measurement. An equivalent ear-
canal volume of 0.4-2.0cm?’, admittance of >0.3ml, and
tympanometric peak pressure >—150 daPa on 226 Hz tym-
panometry were the criteria for normal middle-ear status.
Abnormal middle-ear status was given to data from ears
where one or more of the equivalent volume, admittance,
and/or tympanometric peak pressure were outside of the
normal range (Alaerts et al., 2007).

Individual wRECDs were measured for all children.
The participant was seated approximately 2 ft from the
probe microphone verification system. A flexible probe
microphone was placed into the ear using the constant inser-
tion method (Moodie et al., 1994), where the probe is placed
in the ear canal approximately 10 mm past the medial termi-
nation of a pediatric insert foam plug. The transducer that
delivered sound into the ear canal was connected to a foam
insert. A Verifit 2 default RECD stimulus of 60dB SPL
pink-shaped noise was delivered to the ear through the insert
foam tip for approximately 10s or until the response stabi-
lized. The same broadband noise was presented via the
transducer to a 0.4 cm® coupler used for hearing aid verifica-
tion. The WRECD was the difference between the 0.4 cm®
coupler response and the response measured in the child’s
ear canal. Frequency-specific age-based average wRECD
data for each child were based on the child’s age at the time
of the study visit taken from the normative RECD data in
Audioscan Verifit 2.

D. Statistical analyses

We conducted our analyses under a Bayesian frame-
work as we were interested in directly estimating the most
probable set of parameter values, including distributional
parameters, that explain our data as well as quantifying the
uncertainty surrounding parameter estimates. All models
were constructed using the Stan programming language
(Carpenter et al., 2017) through the cmdstanr (Gabry and
Cesnovar, 2021) and brms (Biirkner, 2017) packages in R
statistical computing software (R Core Team, 2022).

To address our research questions about the potential
benefits of incorporating individual measures of ear-canal
acoustics from standard clinical tympanometry as well as
wideband acoustic immittance to enhance predictions of the
child’s wRECD, we constructed three models to predict
each child’s measured wRECDs. The average age-based
wRECD model included population-level effects of fre-
quency, age, and average wWRECD. The 226 Hz admittance
wRECD model was generated as a replication of the model
completed in our previous study (McCreery et al., 2023) and
included the same effects of the average age-based wRECD
model but added data from 226 Hz tympanometry derived
from the wideband acoustic immittance measure, including
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ear-canal volume (ECV), the peak static admittance
nearest to 226 Hz, and interaction terms for average WRECD
x frequency, middle-ear status x frequency, and middle-ear
status X absorbance. The wideband absorbance wRECD
model included the same predictors as the 226 Hz admittance
model but included an effect for frequency-specific absor-
bance at ambient pressure in place of the 226 Hz admittance
at tympanometric peak pressure. All models included varying
(group-level) effects of frequency and middle-ear status by
subjects’ individual ears. We estimated distributional effects
of variance (0) and degrees of freedom () with varying
effects of frequency and middle-ear status.

lll. RESULTS

We compared the wideband absorbance wRECD,
226 Hz admittance wRECD, and average age-based wRECD
models using Pareto smoothed importance sampling leave-
one-out cross-validation (PSIS-LOO; Vehtari et al., 2017) to
estimate the expected log predictive density (ELPD) and
evaluate and compare the fit of the three models to the data.
A difference in PSIS-LOO ELPD of 3-5 times greater than
the standard error (SE) is considered a significant improve-
ment. Comparing our models, our wideband absorbance
wRECD model was a significantly better fit to the data rela-
tive to the average age-based wWRECD model with a differ-
ence in ELPD of 1452.2 (SE of 55.6) in favor of the
wideband absorbance wRECD model. However, ELPD was
equivocal between the 226 Hz admittance wRECD model
and the wideband absorbance wRECD model (ELPD differ-
ence: 1.2, SE: 8.1), consistent with no differences in model
fit between the two models that included individual immit-
tance data.

Figure 1 shows the wideband absorbance wWRECD
model predictions as a function of the measured wRECD. In
general, the model predictions of wRECD were concen-
trated along the diagonal for frequencies from 250to
4000 Hz for children with normal and abnormal middle-ear
function, indicating good agreement between model predic-
tions and measured wRECD with low uncertainty. Greater
uncertainty of model estimates was observed at 6000 and
8000 Hz, as evidenced by larger circles and circles off the
diagonal line. The mean difference between ears was
0.08dB (SE: 3.4dB), so additional figures display model
predictions collapsed across ears of the same participants.

Figure 2 shows the differences between the average
wRECD and measured wRECD as a function of frequency
and middle-ear status. The interquartile range of the differ-
ences between the average age-based wRECD model pre-
dictions and measured wRECD were within =5dB for
frequencies from 250to 3000Hz and =*10dB for
4000-6000 Hz. Figure 3 shows the differences between the
wideband absorbance wWRECD model and measured
wRECD as a function of frequency and middle-ear status.
The differences between the average age-based wWRECD
model predictions and measured WRECD were within
*2dB for frequencies from 250to 8000 Hz. The wideband
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FIG. 1. Wideband absorbance wRECD vs measured wRECD by frequency, ear (R, right; L, left), and middle-ear status (normal vs abnormal). Perfect pre-
diction is indicated by the diagonal dashed line. Uncertainty is represented by the width of the 89% highest-density CI around the prediction and is depicted

as the size of the circles.

absorbance model resulted in much smaller interquartile
ranges for predictions of each child’s measured wRECD
than the average age-based wRECD model.

To further quantify the differences between the three
models, the root mean square error (RMSE) of predicted
wRECDs for predicting each child’s measured RECD was
calculated by frequency and middle-ear status. A criterion
of 3dB was chosen as a meaningful degree of accuracy
based on previous studies of test-retest reliability of the
RECD (Bagatto et al., 2005) and wRECD (Vaisberg et al.,
2018) procedures. Figure 4 shows the RMSE by frequency
and model by middle-ear status. An RMSE of 3dB or less
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would indicate a degree of accuracy between predicted and
actual wRECD within the limits of test-retest, while an
RMSE greater than 3 dB would indicate a prediction outside
of the test-retest reliability for measured wRECD. For chil-
dren with normal or abnormal middle-ear status, the RMSE
of the 226 Hz admittance and wideband absorbance wRECD
models fell within test-retest reliability of the measured
wRECD from 250to 6000 Hz with larger errors at 8000 Hz
for both models. For the average age-based wRECD model,
the RMSE was larger and had a broader credible interval
(CI) range, indicating greater uncertainty in wRECD esti-
mates for both normal and abnormal middle-ear status
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FIG. 4. Comparison of model RMSE by frequency (columns) and middle-ear status (upper panel, normal middle-ear status; lower panel, abnormal middle-
ear status). The wideband absorbance, 226 Hz admittance, and average age-based wRECD models are shown within each panel. Points represent median
estimates; horizonal bars indicate the 89% highest-density CI around the median estimates.

groups. The RMSEs for the 226 Hz admittance and wide-
band absorbance wRECD models were smaller than the
average age-based wRECD model by approximately 1 dB at
500, 750, 1000, 1500, 2000, and 3000 Hz for both middle-
ear status groups.

To further compare the accuracy of the three models for
predicting the measured wRECD, we calculated the propor-
tion of cases where each model was within 3dB of each
child’s measured wRECD. Figure 5 shows the percentage of
cases for each model that were within 3 dB of each child’s
measured wRECD. For children with normal middle-ear sta-
tus, the wideband absorbance model had a higher proportion
of cases within 3dB of the measured wRECD at every fre-
quency except 6000 Hz than the average age-based wRECD
model. The average age-based wRECD model was within
3dB in 62.3% (89% CI 60.7%—63.7%) of cases across fre-
quency, whereas the proportion of cases within 3 dB for the
wideband absorbance model was 90.1% of cases (89% CI
89.0%-91.4%), and 90.0% of cases (89% CI 88.6%—-91.1%)
were within 3dB with the 226 Hz admittance model. A
larger proportion of cases had smaller errors by incorporat-
ing individual immittance data into predictions of wRECD
compared to using an average wWRECD. Figure 6 contrasts
the average WRECD and wideband absorbance wRECD
across age by frequency and middle-ear status.

The conditional effects of age, equivalent ear-canal vol-
ume, and absorbance collapsed across frequency from the
wideband absorbance model are shown in Fig. 7. There was
a negative relationship between WRECD and age, with
wRECD values decreasing as age increased. Likewise,
WRECD decreased as absorbance and ear-canal volume
increased. Absorbance showed the same negative relation-
ship with wRECD in both middle-ear status groups, but the
89% CI was larger for the children with abnormal middle-
ear function, indicating greater model uncertainty for chil-
dren in that group. These trends are consistent with the
anticipated relationships between these variables and the
wRECD from previous studies (Feigin et al., 1989; Voss
and Herrmann, 2005).
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IV. DISCUSSION

The goal of this study was to determine whether predic-
tions of individual ear-canal acoustics using an age-based
average WRECD could be improved by incorporating clinical
middle-ear immittance measures when an individual
wWRECD cannot be measured. Data extracted from wideband
acoustic immittance measurements from 150 children with
intact tympanic membranes were used to construct three
Bayesian statistical models using measured wRECD: a wide-
band absorbance wRECD model, a 226 Hz admittance
wRECD model, and an age-based average age-based
WRECD model. Our hypothesis was that the wideband absor-
bance wWRECD model would provide the most accurate esti-
mates of the child’s measured wRECD by characterizing the
impedance of the ear at a broader range of frequencies at
ambient pressure. The 226 Hz admittance wRECD model
was expected to provide more accurate estimates of WRECD
than the age-based average age-based WRECD model.
However, these expectations were only partially confirmed.
Our results suggest that model predictions of wRECD that
incorporate individual measures of immittance from either
wideband absorbance or 226 Hz tympanometry provide an
estimate of wWRECD that is within 3 dB of the child’s mea-
sured RECD in approximately 90% of cases (Fig. 5). In this
analysis, the wideband absorbance measures did not improve
the accuracy or reduce the uncertainty of model predictions
of measured wRECD compared to the 226 Hz admittance
model. The age-based average age-based wWRECD model
produced estimates of measured wRECD that were within
3dB in approximately 62% of cases. Incorporating individ-
ual immittance measures to predict wRECD can improve
the accuracy and reduce uncertainty of predictions of the
WRECD transform that is used in hearing aid fitting for
infants and young children when a child’s ear-canal acous-
tics cannot be directly measured. This approach has the
potential to improve the accuracy of hearing aid fittings for
infants and young children when immittance data are avail-
able, but individual wRECD measures cannot be completed
due to limited child cooperation or other factors.
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FIG. 5. Bar plots indicating the percentage of cases for each model within 3 dB of the measured wWRECD by frequency and middle-ear status (left panel, nor-
mal middle-ear status; right panel, abnormal middle-ear status). Dark gray bars represent the wideband absorbance model, light gray bars represent the
226 Hz admittance model, and white bars represent the average wRECD predicted model. The whiskers on each bar represent the 89% CI for model predic-

tions at each frequency.

We hypothesized in this study that using measures of
middle-ear absorbance from wideband acoustic immittance
could improve predictions of RECD, particularly for
wRECD, due to the availability of immittance data across
the same broad frequency range of the wRECD compared
with the single, low frequency used for 226 Hz tympanome-
try. Contrary to this prediction, both the 226 Hz admittance
wRECD and wideband absorbance wRECD produced simi-
lar estimates that were within 3 dB of the child’s measured
wWRECD in 90% of cases regardless of whether the child had
normal or abnormal middle-ear function (Fig. 5). For indi-
viduals with intact tympanic membranes, the relationship
between immittance and ear-canal acoustics appears to be
sufficiently predictable based on the limited number of
parameters provided by 226 Hz tympanometry.

These findings are consistent with models of ear-canal
acoustics that suggest that individual differences in imped-
ance in the coupling of audiometric headphones with the ear
canal can produce large individual variation in sound levels
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in the ear canal up to 35dB in some cases (Voss et al.,
2000a; Voss et al., 2000b; Voss and Herrmann, 2005). The
conditional effects of equivalent ear-canal volume and
absorbance were consistent with predictions from the previ-
ous literature, with decreasing WRECD as ear-canal volume
and absorbance increased (Fig. 7). Even characterizing the
equivalent volume and impedance of the ear canal and
middle-ear system using a 226 Hz probe tone appeared to
provide sufficient data to model an accurate representation
of ear-canal acoustics for children with intact tympanic
membranes. Using absorbance from wideband acoustic
immittance to predict the wRECD did not improve predic-
tions compared to 226 Hz admittance, potentially because
the predictions of wRECD using the 226 Hz tympanometry
and ear-canal volume were already accurate for such a high
proportion of cases.

A model using the age-based wRECD to predict the
child’s measured wRECD produced estimates that were
within 3dB in 62% of cases, which suggests that the current
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clinical practice of using an age-based average when the  were fitted by audiologists who self-reported that they did
RECD or wRECD cannot be measured is still a more accu-  not conduct electroacoustic verification of the child’s hear-
rate approach than relying on predictions from manufacturer  ing aid fitting at all (McCreery et al., 2013). Large fitting
hearing aid fitting software or not performing hearing aid  errors can lead to reduced audibility, which has been associ-
verification at all. An examination of hearing aid verification = ated with poorer language (Tomblin et al., 2014; Tomblin
practices and hearing aid fitting outcomes for a large number et al., 2015) and academic (Tomblin et al., 2020) outcomes
of children suggested that 55% of children with hearing loss  for children who wear hearing aids. The reasons are unclear
had average fitting errors >5dB in at least one ear asto why coupler-based verifications are not completed, but
(McCreery et al., 2015). Further, average fitting errors were  even in studies with experienced pediatric audiologists and
approximately =8dB for children with hearing loss who the necessary equipment, RECD can only be successfully
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FIG. 7. The conditional effects of age (left panel), equivalent ear-canal volume (middle panel), and absorbance (right panel) on wWRECD from the wideband
absorbance wRECD model. The solid line represents the average effect of age and equivalent ear-canal volume for all participants and the effect of absor-
bance for children with normal middle-ear function. The dashed line in the absorbance panel represents the conditional effect of absorbance on RECD for
children with abnormal middle-ear function. The shaded area around each line represents the 89% CI around the average from the model.
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measured in 60%—70% of cases for infants and young chil-
dren (McCreery et al., 2015; Bagatto et al., 2016). Recent
studies suggest that immittance can be measured in nearly
100% of clinical audiology visits for typically developing
infants and young children (Skretta et al., 2022). Thus, a clin-
ical procedure that leverages the models developed here to
predict individual RECD or wRECD based on tympanometry
or wideband acoustic immittance has the potential to improve
hearing aid fitting outcomes for children with hearing loss.

All three models considered in this analysis produced
estimates within 3 dB of the child’s measured wRECD in a
higher proportion of cases than the average RECD and
226 Hz immittance-predicted models from our previous
study (McCreery et al., 2023). The previous average-RECD
model was within the child’s measured RECD for approxi-
mately 50% of ears (compared to 62% within 3 dB for the
average age-based wWRECD model here), and the 226 Hz
admittance model was within 3dB in 71% of ears (com-
pared to 90% within 3dB for the 226 Hz admittance and
wideband absorbance wRECD models). There are several
differences in the study procedures and subject populations
that could have led to these differences in findings between
studies. The previous study was conducted as part of a lon-
gitudinal study where data were collected by multiple pedi-
atric audiologists at three clinical sites and using a
combination of traditional clinical, laboratory, and mobile
data collection sites. These conditions could have led to
greater variability in the measured RECD and immittance
data used for these models compared to the data for this
analysis that were collected by a single examiner in one lab-
oratory using the same equipment for all participants. The
data collected by multiple audiologists across different clini-
cal sites could be a more accurate reflection of the precision
and variability that would be observed if these models were
implemented clinically.

The largest discrepancies and highest uncertainty
between measured wWRECD and model-predicted wRECD
for all three models occurred at frequencies between
4000and 8000Hz (Figs. 1 and 3). Greater variability of
model predictions at higher frequencies was also observed
in our previous study using 226 Hz tympanometry to predict
RECD (McCreery et al., 2023). Increased variability in ear-
canal measurements at higher frequencies has been well-
documented in the literature (Gilman and Dirks, 1986; Chan
and Geisler, 1990) and in previous studies that have mea-
sured the RECD (Bagatto et al., 2005) and wRECD
(Vaisberg et al., 2018). The variability in probe microphone
measures in the ear canal has been attributed to acoustic
standing waves in the ear canal from reflected energy from
the tympanic membrane or other surfaces in the ear canal
(Siegel, 1994). At the position of the probe microphone in
the ear canal, acoustic reflections lead to frequency-specific
variation in measurements of ear-canal dB SPL that reduce
reliability (McCreery et al., 2009). Alternatives to character-
izing dB SPL in the ear canal have been developed that use
source and load impedance of the transducer and ear canal
to estimate incident sound levels without contamination
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from reflections, including estimating dB forward pressure
level (dB FPL; Neely and Gorga, 2010) or dB integrated
pressure level (dB IPL; Lewis et al., 2009). These
approaches have shown promising results in laboratory stud-
ies for minimizing artifacts from acoustic reflections in ear-
canal sound level measurements for otoacoustic emissions
(Scheperle et al., 2008), probe microphone measures for
hearing aid verification (McCreery et al., 2009), and audio-
metric measures calibrated to the ear canal (Lapsley-Miller
et al., 2018). Future research should determine whether
immittance-predicted wRECD measures referenced to dB
FPL or dB IPL could provide better estimates with a smaller
range of uncertainty than wRECD measures referenced in
dB SPL in the ear canal.

The presence of tympanostomy tubes and tympanic
membrane perforation has a significant impact on the RECD
related to substantial changes in impedance that occur with
these conditions (Voss and Herrmann, 2005). Nearly 15% of
children with hearing loss in one previous study had at least
one visit where their tympanic membrane was not intact
(McCreery et al., 2015). The RECD for a child with a tym-
panostomy tube or perforation of the tympanic membrane
can be 20dB lower than the average RECD values, particu-
larly at frequencies <1000 Hz. At present, this difference
precludes the use of average RECD values for children with
tympanostomy tubes or perforations and creates potential
for substantial inaccuracies when such results are applied to
predict the output of a hearing aid in the child’s ear canal
when the RECD or wRECD cannot be measured directly.
Although all the children in this analysis and our previous
study (McCreery et al., 2023) had intact tympanic mem-
branes, future studies should apply these concepts to
develop RECD and wRECD predictions of children with
non-intact tympanic membranes.

In conclusion, we used clinical measures of immittance,
including 226 Hz tympanometry and wideband acoustic
immittance absorbance, to develop statistical models to pre-
dict the wRECD in a large group of children to improve
hearing aid verification outcomes when the individual
WRECD cannot be measured. Compared to a model using
the age-based average wRECD, both 226 Hz admittance and
wideband absorbance wWRECD models produced estimates
of a child’s measured wRECD that were within 3 dB in 90%
of cases. These results highlight the potential for improving
the hearing aid fitting process for infants and young children
by incorporating individual measures of middle-ear immit-
tance from widely available clinical measures. Development
of a clinical implementation of these models for further vali-
dation by audiologists is a logical next step to determine
whether these models can be replicated in a clinical context
and produce improved hearing aid fitting outcomes.
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