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Abstract

Background: The purpose of providing amplification for children with hearing loss is to make speech audible
across a range of frequencies and intensities. Children with hearing aids (HAs) that closely approximate pre-
scriptive targets have better audibility than peers with HA output below prescriptive targets. Poor aided au-
dibility puts children with hearing loss at risk for delays in communication, social, and academic development.

Purpose: The goals of this study were to determine how well HAs match prescriptive targets across
ranges of frequency and intensity of speech and to determine how level- and frequency-dependent de-
viations from prescriptive target affect speech recognition in quiet and in background noise.

Study Sample: One-hundred sixty-six children with permanent mild to severe hearing loss who were
between 6 months and 8 years of age and who wore HAs participated in the study.

Data Collection and Analysis: Hearing aid verification and speech recognition data were collected as
part of a longitudinal study of communication development in children with HAs. Hearing aid output at
levels of soft and average speech and maximum power output were compared with each child’s prescrip-
tive targets. The deviations from prescriptive target were quantified based on the root-mean-square
(RMS) error and absolute deviation from target for octave frequencies. Children were classified into
groups based on the number of level-dependent deviations from prescriptive target. Frequency-specific
deviations from prescriptive target and sensation levels (SLs) were used to estimate the proximity of fittings
across the frequency range. Lexical Neighborhood Test (LNT) word recognition in quiet and Computer-
Assisted Speech Perception Assessment (CASPA) phoneme recogpnition in noise were compared across
level-dependent error groups and as a function of SL at 4 kHz.

Results: Children who had deviations from prescriptive target at all three input levels had poorer LNT
word recognition in quiet than children who had fittings that matched prescriptive target within 5 dB RMS
at all three input levels. Children with lower 4 kHz SLs through their HAs had poorer LNT recognition in
quiet and CASPA phoneme recognition in noise than children with higher aided SLs.

Conclusions: Children with HAs fitted to provide audibility for speech across a range of inputs and fre-
quencies had better speech recognition outcomes than peers with HAs that were not optimally fitted to
prescriptive targets.
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Abbreviations: CASPA = Computer-Assisted Speech Perception Assessment; DSL m i/o = Desired
Sensation Level multistage input/output; HA = hearing aid; LNT = Lexical Neighborhood Test; MPO =
maximum power output; NAL-NL2 = National Acoustics Laboratories Nonlinear Formula, Version 2;
OCHL = OQOutcomes of Children with Hearing Loss study; RECD = real-ear-to-coupler difference;
RMS = root-mean-square; Sl = speech Intelligibility Index; SL = sensation level; SNR = signal-to-

noise ratio

INTRODUCTION

earing aids provide auditory access for chil-
H dren with mild to severe hearing loss when fit-

ted in a manner that optimizes audibility for
speech. Children who have higher aided audibility
through their hearing aids (HAs) have stronger general
language abilities (Tomblin et al, 2014; Tomblin, Walker,
et al, 2015), better parent ratings on auditory develop-
ment questionnaires, and higher speech-recognition
scores in quiet and in noise (McCreery et al, 2015a) than
peers with poorer aided audibility. However, children’s
HAs may not be fitted in a manner that promotes aided
audibility across the range of input levels and frequen-
cies that are necessary for speech understanding. Sev-
eral recent studies indicate that up to one-third of
children who wear HAs may not have adequate aided au-
dibility for average input levels of speech based on their
degree of hearing loss, and more than half may have sig-
nificant deviations from prescriptive targets (Strauss
and van Dijk, 2008; McCreery et al, 2013; McCreery
et al, 2015b). Most previous studies of HA fitting accu-
racy in children have focused on the overall accuracy
at an input level equivalent to average speech (60 or
65 dB SPL), averaged across frequencies. This broad ap-
proach has helped to identify that a subset of children
who wear HAs have poorer audibility than what would
be prescribed based on their degree of hearing loss. How-
ever, an analysis that describes deviations from prescrip-
tive target across a broader range of input levels and
frequencies may help to identify more specifically the ef-
fects of underamplification in children. The goals of this
study were to examine level- and frequency-specific devi-
ations from prescriptive targets in a large cohort of chil-
dren who wear HAs and to determine if specific patterns
of fitting errors affected aided speech recognition.

Hearing Aid Prescription for Children

Hearing aid prescriptions determine the amount of
amplification that is recommended for a given listener
based on their frequency-specific audiometric thresh-
olds. Prescriptive approaches are a systematic ap-
proach to providing audibility for speech while also
preventing discomfort or overamplification at higher in-
put levels (Ching et al, 2013b). Two prescriptive meth-
ods have been widely validated for children who wear
HAs: the National Acoustics Laboratories Nonlinear
Formula, Version 2 (NAL-NL2; Keidser et al, 2011)

and the Desired Sensation Level multistage input/output,
Version 5 (DSL m i/o; Scollie et al, 2005). Both formulae
have been validated for use with children, including a
randomized controlled trial where equivocal results
were observed among children fitted with each formula
(Ching et al, 2013a). Hearing aid fittings that more
closely approximate prescriptive targets have been
shown to provide more consistent speech audibility
across a range of degrees of hearing loss than fittings
with significant deviations (McCreery et al, 2013).

With the widespread use of multichannel amplitude
compression in HAs, the amount of amplification can be
adjusted for different input levels across the dynamic
range for speech. With amplitude compression, the
gradual reduction in the amount of amplification as
the input level increases helps to balance audibility
and comfort across a wide range of listening environ-
ments with varying sound levels (Jenstad et al,
2000). Before the development of multichannel ampli-
tude compression, linear amplification strategies made
it difficult to achieve audibility for low-level speech in-
formation without sacrificing listening comfort at high-
level inputs. Both NAL-NL2 and DSL m i/o provide
prescriptive targets across a range of input levels for
speech, as well as prescribed limits for the swept pure-
tone signal that is used to measure the maximum
power output (MPO) of the HA. Verifying that the
HA gain and output closely approximate prescriptive
targets at multiple input levels is recommended in pe-
diatric amplification clinical practice guidelines to
ensure audibility and comfort are achieved in every-
day listening environments (American Academy of
Audiology, 2013).

The extent to which prescriptive targets are approx-
imated at multiple input levels and across the fre-
quency range for speech has been documented in a
few studies. Most studies that have investigated the
proximity of HA fittings to prescriptive targets have ex-
amined an average speech-input level (Strauss and van
Dijk, 2008; McCreery et al, 2013; 2015a). The proximity
of the fitting to target can be expressed as either an ab-
solute difference between the output of the HA and the
prescriptive target or an average of deviations from spe-
cific frequencies. Strauss and van Dijk (2008) examined
how closely HA fitting approximated average speech
and MPO using absolute deviation from targets in a
group of twenty 3- to 6-year-old children. They found
that many children had substantial deviations from
prescriptive target for both average speech and MPO.
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The proximity of the fittings for soft speech was not re-
ported in that study. McCreery et al (2013) also reported
root-mean-square (RMS) average deviations from pre-
scriptive targets at 500, 1000, 2000, and 4000 Hz.
The study examined soft and average speech input lev-
els for 195 children who wore HAs, but did not report
data for MPO. Based on a criterion of =5 dB RMS error,
more than half of the children in the study had signif-
icant deviations from prescriptive target for average
speech. More positive results were reported in a recent
cross-sectional study conducted in Canada (Moodie
et al. in press). Unlike some of the previous studies, ap-
proximately 80% of the children who wore HAs were
within 5 dB RMS error of prescriptive targets across
frequencies for soft, average, and loud speech. In addi-
tion, 72% were within 5 dB RMS error of prescriptive
targets for MPO. These studies highlight the consider-
able variation in fitting outcomes that are observed
among different groups of children who wear HAs.
The impact that deviations from target may have on
aided audibility and speech recognition have not been
elaborated.

The Importance of Level- and Frequency-
Specific Audibility

The effects of level- or frequency-specific deviations
from prescriptive targets and the effects that such de-
viations might have on speech recognition have not
been widely reported. Children may have deviations
from prescriptive target that cause audibility deficits
only for specific input levels or specific frequency
ranges, particularly frequencies above 4 kHz (Kimlinger
et al, 2015). These high-frequency deviations could neg-
atively impact their auditory access and language abil-
ities (Koehlinger et al, 2015), but may not be apparent
from measures of average speech audibility or when fit-
ting errors are averaged into a single RMS error value
across frequencies. An examination of the specific level-
and frequency-dependent patterns of fitting errors
might help to identify challenges in HA verification
practices for children and better optimize audibility
and comfort across different listening situations. The per-
ceptual consequences of level- and frequency-dependent
fitting errors may have varying effects depending on how
audibility is affected or if unnecessary distortion is intro-
duced. There are several different mechanisms by which
failure to match prescriptive targets across different in-
put levels and frequencies could negatively impact per-
ception for children.

The MPO of the HA is the response of the HA to a
high-level (generally 85 or 90 dB SPL) pure-tone sweep
and is thought to represent the upper limit of amplifi-
cation. The rationale for measuring the MPO as part of
the verification process is to ensure that the HA does not
exceed predicted loudness discomfort levels at high in-
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put levels and to prevent amplification-induced hearing
loss (Ching et al, 2013b). The risks of permanent thresh-
old changes due to amplification among children with
mild to severe hearing losses appear to be small
(McCreery et al, 2016). The perceptual effects of setting
the MPO below prescribed levels have not been directly
studied in children, but evidence from adults with hear-
ing loss suggests that setting the MPO below prescribed
levels may limit aided speech recognition in noise and
reduce sound quality (Kuk et al, 2011). An MPO that is
below prescribed levels may reduce audibility or in-
crease the amount of compression that is applied to
speech at lower input levels, causing reduced speech
recognition. There is evidence that MPO may be consis-
tently below prescribed levels for many children.
Strauss and van Dijk (2008) found that many pre-
schoolers who wore HAs had MPO settings that were
below prescribed levels, even in some cases when aver-
age speech matched prescriptive targets.

Similarly, failure to verify the match to prescriptive
targets for input levels equivalent to soft (50 or 55 dB
SPL) or loud (75 or 80 dB SPL) speech may also lead
to inadequate or excessive amounts of amplitude com-
pression. Inadequate amplitude compression may limit
the audibility of input levels equivalent to soft speech,
whereas excessive amplitude compression may lead to
unnecessary distortion of the speech input. Research
with adults has suggested that both inadequate and ex-
cessive amplitude compression can negatively impact
speech-recognition abilities for listeners who wear
HAs (Brennan and Souza, 2009; Jenstad and Souza,
2007). While studies with children suggest that appro-
priately prescribed amplitude compression can improve
speech recognition compared with linear amplification
(Jenstad et al, 1999; or see McCreery et al, 2012 for re-
view), inadequate or excessive amplitude compression
might result in differences in audibility for speech that
are only apparent when assessing multiple input levels.
Differences in audibility across input levels could neg-
atively affect perception in children with hearing loss.

The perceptual and developmental effects of limited
high-frequency bandwidth have been more widely stud-
ied than the effects of level-dependent deviations in pre-
scriptive target. Moodie et al (in press) reported that
the most significant deviations from prescriptive tar-
get in their sample of relatively well-fit children with
HAs were at 4 kHz. Reductions in speech recognition
(Stelmachowicz et al, 2004), phoneme acquisition (Moeller
et al, 2007), word learning (Pittman, 2008), and mor-
phosyntactic development (Koehlinger et al, 2015) for
children who wear HAs have all been linked to reduced
high-frequency bandwidth through HAs. In particular,
a study by Koehlinger et al (2015) found that the sen-
sation level (SL) of speech at 4 kHz predicted individual
differences in morphosyntactic development in children
who wore HAs, whereas a broader measure of speech
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audibility across frequencies, the aided Speech Intelli-
gibility Index (SII), did not. Some limitations of the au-
dible bandwidth may be related to the bandwidth of
the HA receiver or the child’s degree of hearing loss
(Kimlinger et al, 2015). High-frequency bandwidth also
may be limited by deviations from prescriptive target in
the high frequencies, but the relative contributions of
these factors to audibility has not been described in a
large group of children who wear HAs. High-frequency
deviations from prescriptive target may not be reflected
in aggregate measures of deviation from target across
the range of average speech, such as the RMS error,
which is based on the geometric mean of the deviations
at 500, 1000, 2000, and 4000 Hz. Although limited high-
frequency bandwidth is known to negatively impact
speech recognition in children with hearing loss in lab-
oratory studies where the bandwidth is restricted
through filtering (Stelmachowicz et al, 2001), the mag-
nitude of this effect in children who wear HAs with a
range of high-frequency audibility has not been
reported.

Rationale and Hypotheses for the Current Study

Aided audibility has been shown to affect outcomes in
children who wear HAs, but the effect that level- and
frequency-dependent variabilities in aided audibility
have on children’s aided speech recognition has not
been widely examined. Hearing aid verification and
speech recognition data from a large cohort of chil-
dren who participated in the Outcomes of Chil-
dren with Hearing Loss study (OCHL; Moeller and
Tomblin, 2015) were analyzed to address two re-
search questions:

(1) How prevalent are level- and frequency-dependent
deviations from prescriptive targets in children
who wear HAs? Based on previous research on devi-
ations from prescriptive target for average speech,
more than 50% of children who wear HAs were pre-
dicted to have deviations more than 5 dB RMS error
from prescriptive target that occurred for either soft-
input levels or MPO. The SL of speech at 4 kHz was
expected to decrease in some children because of a
combination of increasing degree of hearing loss
and greater deviations from prescriptive target.

(2) How do level- and frequency-dependent deviations
from prescriptive targets impact speech recognition
in quiet and in noise? Children with level-dependent
deviations from prescriptive target were expected to
have poorer speech recognition in quiet and in noise
than children with fittings that better approximated
prescriptive targets. Children with greater devia-
tions from prescriptive target at 4 kHz were
expected to have lower SLs for speech at 4 kHz
and poorer speech recognition in quiet and in noise

864

than children with smaller deviations and higher SLs
for speech.

These questions were selected to provide evidence to
support the notion that clinical verification of level- and
frequency-dependent audibility is an important prac-
tice for children who wear HAs.

METHOD
Participants

Two hundred and ninety-two children with mild-to-
severe permanent hearing loss between the ages of 6
months and 8 years who wore air-conduction HAs were
considered for inclusion. The cohort was recruited as part
of alarge, multicenter study of developmental outcomes in
children who use HAs, known as the OCHL study. A bat-
tery of developmentally appropriate speech, language,
and hearing assessments was given annually to each child
older than the age of two and twice a year for children
under the age of two over the time course of four years
(Tomblin, Harrison, et al, 2015). To be included in the cur-
rent analyses, children needed to have at least one visit
during the OCHL study where ear- and frequency-specific
audiometric threshold and measured HA verification data
were obtained. Children with frequency lowering signal
processing in their HAs were excluded from this analysis
because of challenges in estimating frequency-specific
deviations when the output of the HA is shifted in the
frequency domain. A subset of children in the study
who could not participate in in situ verification or provide
a measured real-ear-to-coupler difference (RECD) re-
ceived verification based on age-related average RECD
values, but data from those visits were excluded. One hun-
dred and sixty-six children met the inclusion criteria
for the first aim of the study, which examined level-
and frequency-dependent deviations from prescriptive
targets. A subset of 145 children between 4 and 8 years
of age who had audiometric, HA verification, and open-
set speech-recognition data from the same visit were
included in analyses related to the effects of level- and
frequency-dependent deviations in HA fitting on aided
speech recognition under the second aim of the study.
For children with multiple measurements of speech rec-
ognition of the same stimulus type across different study
visits, only the speech recognition data from the first visit
were analyzed to minimize violations of assumptions of
independence from correlated measures over time within
the same participant. The number of participants at
each study visit is shown in the first column of Table 1.

Assessment of Audiometric Thresholds

Audiologists assessed audiometric thresholds at each
study visit in a sound-treated audiometric test booth or
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Table 1. Total Number of Children for Each Visit, Ear, and
Input Level

Level 50dB SPL  65dBSPL  MPO (85 dB SPL)
Right Left Right Left Right Left
Visit 1 (n = 144) 144 140 141 140 51 49
Visit2 (n = 156) 156 151 152 150 88 85
Visit 3 (n = 166) 165 157 166 159 140 132
Visit4 (n=117) 113 107 114 109 113 107

mobile test suite. Audiometric thresholds for air- and
bone-conduction were measured for as many octave
frequencies (250-8000 Hz) as possible during the test
session using insert earphones with foam tips unless
contraindicated. Interoctave frequencies were tested
for cooperative participants if a difference of =15 dB
was observed between octave test frequencies. De-
velopmentally appropriate behavioral methods of
audiometric assessment were used depending on
the child’s age and developmental abilities, includ-
ing visual reinforcement audiometry, conditioned
play audiometry, or conventional audiometry. Only
audiometric results judged by the audiologist of fair
or good reliability were included in the analyses that
follow.

Hearing Aid Verification

Probe microphone measures were completed at each
visit to estimate the output of the HA in the child’s ear
for verification purposes. The speech stimulus for ver-
ification was the carrot passage from the Audioscan Ver-
ifit (Dorchester, ON, Canada). In situ probe-microphone
measurements with the HA in the child’s ear were com-
pleted when the child’s cooperation permitted. Individ-
ually measured RECD values with the child’s personal
earmolds or insert foam tips were applied to measure-
ments of HA output in the 2-cm? coupler of the Audio-
scan Verifit to simulate the output of the HA in the
child’s ear canal. The clinical audiologists who fitted
the children in the study with their HAs reported using
the DSL prescriptive method for all but two of the chil-
dren in the study (McCreery et al, 2013). The two chil-
dren fitted using a different prescriptive reference were
excluded. The frequency-specific deviations from pre-
scriptive targets at 250, 500, 1000, 2000, 4000, and
6000 Hz for soft (50 dB SPL) and average (65 dB
SPL) speech and the MPO were estimated in dB when-
ever data at these frequencies were available (i.e., in
cases where an audiometric threshold was not available
at a specific frequency). The RMS error for each fitting
was calculated for each child using the geometric mean
of the deviations from prescriptive targets for each in-
put level (soft and average speech and MPO) at 500,
1000, 2000, and 4000 Hz for purposes of comparison
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with frequency-specific deviations. Table 1 summarizes
the number of data points that were available for each
input level across each study visit.

Aided Audibility for Speech

The SII (ANSI, 1997) was used to calculate aided au-
dibility. The aided audibility of the long-term average
speech spectrum was calculated for each listener, ear,
and input level using the 1/3-octave-band calculation
method. The standard band-importance weighting
function from the ANSI SII standard was applied.
The free field to eardrum transform from the SII was
used to convert levels of speech to free field. The levels
of speech and threshold-equivalent noise in each fre-
quency band were entered into a spreadsheet to calcu-
late SL for each 1/3-octave band. The SL in each
frequency band was divided by 30 dB. The SII for each
condition was generated by multiplying the SL by the
importance weight for each band and summing the
products for all bands.

Aided Speech Recognition in Quiet and in Noise
The Lexical Neighborhood Test

The Lexical Neighborhood Test (LNT) was completed
with the children wearing their HAs as part of the
4- and 5-year-old study visits (Kirk et al, 1995). One-
hundred twenty-one children had LNT and HA verifica-
tion data for the same visit. The average age of the
children who provided LNT data for this analysis was
5.1years. The LNTis an open-set monosyllabic-word rec-
ognition task. The LNT stimuli are organized into Easy
and Hard lists based on lexical frequency and neigh-
borhood density. Easy lists contain words with high lex-
ical frequency and low lexical neighborhood density,
whereas Hard lists contain words with low lexical fre-
quency and high lexical neighborhood density. For the
current study, the LNT-Hard was used to represent per-
formance, as previous analyses did not show differences
in performance between LNT-Easy and LNT-Hard for
this cohort (McCreery et al, 2015b). The LNT was pre-
sented in quiet using recorded stimuli at a presentation
level of 65 dBA from a speaker at 0° azimuth.

The Computer-Assisted Speech
Perception Assessment

The Computer-Assisted Speech Perception Assess-
ment (CASPA) was administered to the children with
and without their HAs on, as part of the seven-, eight-,
and nine-year-old visits (Boothroyd, 1999). Eighty-three
children had CASPA and HA verification data for the
same visit. The average age of the children who provided
CASPA data for this analysis was 8.3 years. CASPA is
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a measure of monosyllabic word recognition and con-
sists of 30 stimulus lists that each includes 10 monosyl-
labic words. Each list is balanced for phonemic content
and can be scored based on the percentage of words or
phonemes correct. Recordings of CASPA stimuli were
presented via loudspeaker at 0-degree azimuth with
the steady-state speech spectrum noise level at 55 dBA
and the level of the talker at 50, 65, and 75 dBA.
Steady-state, speech-spectrum noise was presented at
a constant 55 dBA, resulting in three signal-to-noise ra-
tios (SNRs) (=5, +10, and +20 dB). The scores used in
this analysis were the percent correct of 30 phonemes
for the aided conditions only.

Statistical Analyses

The R software interface (Version 3.1.1; R Core Team,
2014) with the lme4 (Bates et al, 2014) and ggplot2
(Wickham and Chang, 2014) packages were used to
generate statistical models and plots of the data, re-
spectively. Linear mixed models were used to assess
relationships between variables of interest while
acknowledging correlations between observations
obtained from the same participants over time or be-
tween ears. In each linear mixed model, a random in-
tercept was included for each participant. In some
models, a second level factor for ear was included
when left and right ears of the same participant were
analyzed in the same model. All possible interactions
of predictor variables were included in each model,
but higher-order interactions that were not signifi-
cant are not reported to simplify the discussion of
the results. Type I error rate was controlled using
the False Discovery Rate (Benjamini and Hochberg,
1995). Inspection of the distribution of residuals for
each statistical model was completed to determine
if assumptions of normality were met.

The effects of deviations from prescriptive target on
speech recognition were evaluated by placing children
into categories based on the number of input levels
where the RMS error was >5 dB. The proximity of
the fitting to prescriptive targets at soft (50 dB SPL),
average (65 dB SPL), and MPO (90 dB SPL) input levels
was used to create categories where children had devi-
ations >5 dB at none, one, two, or all three input levels.
In addition, the proximity of the HA fitting to prescrip-
tive target at 4 kHz and the SL (HA output minus
threshold) at 4 kHz were estimated to characterize
the proximity of HA fittings to targets in the high fre-
quencies and the effects of audible bandwidth on aided
speech recognition. Speech recognition was compared
across each category of error for level-dependent error
groups and across SL at 4 kHz to determine the influ-
ence of level- and frequency-dependent deviations from
prescriptive target on perception.

RESULTS

Proximity of Fitting to Prescriptive Target by
Input Level in RMS Error

Figure 1 shows the RMS error across level for each
ear. A linear mixed model with a random intercept
for each participant was used to evaluate differences
in RMS error across the verification input level, visit,
and ear. The mean RMS error for average speech across
all participants was 7.7 dB. There was no significant dif-
ference in the RMS error between right and left ears
(Fr1, 20201 = 3.01, p = 0.09). The main effects for level
(F[g’ 2943] = 667, p < 0001) and visit (F[3, 31781 —
9.79, p < 0.001) were significant. Post hoc comparisons
for level indicated that the RMS error between 50 and
65 dB inputs was not significantly different (p = 0.04;
mean difference = 0.31 dB), but the RMS error was sig-
nificantly lower at 90 dB than at 65 dB (p = 0.01; mean
difference = 0.5 dB) and 50 dB (p < 0.001; mean differ-
ence 0.81 dB). Post hoc comparisons for visit indicated
that RMS error decreased significantly at each study
visit. Significant improvements were noted across Visit
1-Visit 2 (p < 0.0001; mean difference = 0.92 dB), Visit
2-Visit 3 (p < 0.0001; mean difference = 1.3 dB), and
Visit 3-Visit 4 (p < 0.0001, mean difference = 1.5 dB).
Table 2 shows the percentage of children at each visit
who exceeded the 5 dB RMS error criterion for each
ear and verification input level. For 50-dB and 65-dB
SPL input levels, one-half to two-thirds of the sample
had RMS errors >5 dB in at least one ear for each visit.

To determine the impact of RMS error on audibility
for speech across different input levels, a linear mixed
model with a random intercept for each participant was
conducted with the RMS error, input level, and visit as
predictors of the aided SII. The effect of RMS error on
aided SII was significant (F|1, 31851 = 549.7, p < 0.001)
with increasing RMS error associated with poorer aided
audibility, as expected. Aided audibility did not differ
across study visits or between ears. As would be
expected, the aided SII increased from soft to average
speech input levels. There was no significant interac-
tion between RMS error and level (Fis, 31881 = 3.29,
p = 0.52), suggesting that the negative effect of RMS
error on aided audibility was similarly negative across
input levels.

To analyze the different combinations of deviations
from prescriptive target across levels, children were
categorized based on the RMS error from prescriptive
target for soft and average speech and MPO. Because
there was no significant effect of ear in the mixed model
examining RMS error by input level and visit, the cat-
egorization of RMS error across level was based on the
better-fitted ear, which was defined as the ear with the
smallest RMS error for average speech. Table 3 shows
the number of children in each group based on the RMS
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Figure 1. The RMS error for soft speech (50 dB SPL), average speech (65 dB SPL), and MPO (85 dB SPL) as a function of visit. The boxes
represent the interquartile range (25th—75th percentiles), the horizontal line across each bar represents the median and the whiskers
represent the range of the 5th to 95th percentiles. Black circles represent individual data points that fall outside of the range of the 5th to

95th percentiles.

errors at each input level. Across visits, 34% of children
had HA fittings that were within 5 dB RMS error of pre-
scriptive targets at all levels, and 21% of children had
HA fittings where the RMS error was >5 dB for soft and
average speech and MPO. Smaller subsets of the sam-
ple had RMS errors >5 dB at a single input level or a
combination of two input levels.

Absolute Deviations from Prescriptive Target by
Frequency and Input Level

Figure 2 shows the frequency-specific deviations from
the prescriptive target by level for each ear. The
frequency-specific deviation from the prescriptive tar-
get (HA output—prescriptive target at each frequency)
and frequency-specific SL (HA output—audiometric
threshold converted to dB SPL using the conversion
from the ANSI SII standard) were calculated. The
frequency-specific deviation from the prescriptive tar-
get was used as a metric of fitting quality across fre-
quency. Because the prescribed SL varies depending
on the child’s degree of hearing loss, the SL was used
to estimate the frequency-specific audibility of speech.
A linear mixed model with ear, level, and frequency as

factors was used to evaluate differences in the deviation
from prescriptive target as a function of these factors.
As with the level-specific model, the overall difference
between ears was not significant (p = 0.09). The level
by frequency interaction was significant (Fi10, 14,205 =
28.03, p < 0.001). The results from post hoc compari-
sons across level and frequency are shown in Table 4.
The level by frequency interaction revealed that devia-
tions from prescriptive target decreased as the input
level increased for each frequency, except at 6 kHz
where the deviation from target increased between av-
erage speech and MPO. In addition, deviations from
prescriptive target increased as frequency increased.

Table 2. Number and Percentage of Children with RMS
Error >5 dB by Level, Ear, and Visit

Level 50 dB SPL 65 dB SPL MPO (85 dB SPL)
Right Left Right Left Right Left

Visit 1 99/69% 95/68% 92/65% 92/66% 26/51%  24/48%
Visit 2 90/58% 91/60% 81/53% 87/58% 35/40%  44/52%
Visit 3 81/49% 93/59% 78/47% 84/53% 63/45%  66/50%
Visit 4 60/53% 55/51% 57/50% 45/41% 52/46%  48/45%
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Table 3. Classification of Fitting Errors by Input Level in the Better-Fitted Ear for Each Visit

Visit 1 Visit 2 Visit 3 Visit 4 Total
All levels <5 dB RMSE 3 (22%) 7 (30%) 52 (31%) 5 (30%) 167 (34%)
Only Soft >5 dB RMSE 2 (8.1%) 10 (6.3%) 22 (13.1) 6 (14%) 0 (12%)
Only Average >5 dB RMSE 1(7.4%) 13 (8.2%) 9 (5.4%) 3 (2.6%) 6 (7%)
Only MPO > 5 dB RMSE 8 (5.4%) 8 (5.4%) 5(9%) 7 (15%) 8 (10%)
Soft and average >5 dB RMSE 8 (38.9%) 48 (30%) 5 (14.9%) 7 (15%) 6 (9%)
All levels >5 dB RMSE 5 (16.8%) 23 (14.6%) 4 (20.2%) 2 (19%) 104 (21%)
Other 2 (1.4%) 9 (5.7%) 11 (6.6%) 5 (4.4%) 27 (6%)

Notes: Better-fitted ear is defined as the ear with the smallest RMS error for average speech. Other category included ears with less frequently
occurring error patterns >5 dB RMS error for soft and MPO or >5 dB RMS error for both average and MPO. RMSE = RMS error.

Figure 3 shows the frequency-specific SLs for average
speech for each child’s better-fitted ear. The SL pre-
scribed for DSL decreases as the audiometric threshold
increases, leading to variance in SL across participants
that is related to their degree of hearing loss. To esti-
mate the amount of variance in SL that was related
to frequency-specific deviations from prescriptive target
while accounting for differences in degree of hearing
loss, linear regression models were conducted with au-

diometric threshold and deviation from prescriptive
target as predictors of SL for average speech at 500,
1000, 2000, and 4000 Hz. Models were completed using
the better-fitted ear for each child consistent with the
previous analysis. Table 5 shows the model results
for each linear regression. For each frequency, audio-
metric threshold and fitting error were significant pre-
dictors of SL. Lower audiometric thresholds and lower
fitting errors led to higher SLs for average speech across
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Figure 2. Absolute deviations from prescriptive target in dB as a function of frequency for soft speech (50 dB SPL), average speech (65 dB
SPL), and MPO (85 dB SPL). Each panel represents a separate frequency. Black boxes represent right ears and gray boxes represent left
ears. The boxes represent the interquartile range (25th—75th percentiles), the horizontal line across each bar represents the median and
the whiskers represent the range of the 5th to 95th percentiles. Black circles represent individual data points that fall outside of the range

of the 5th to 95th percentiles.
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Table 4. Post Hoc Comparisons for Input Level by
Frequency Interaction

Frequency (Hz) Difference 65 — 50 dB Difference MPO — 65 dB

500 1.4dB 2.0dB
1000 2.9dB 23 dB
2000 1.3dB 2.5dB
4000 4.2 dB 5.3 dB
6000 1.9dB -2.1dB

Note: Bold numbers are significantly different based on post hoc test
using Benjamini and Hochberg False Discovery Rate adjustment
(1995).

all four frequencies, accounting for 51-68% of the var-
iance in SL. This suggests that increased deviations
from target reduce the SL for speech, even after ac-
counting for variation related to differences in audio-
metric threshold.

Effects of Level- and Frequency-specific
Deviations from Target on Speech Recognition

To examine the effects of level-dependent fitting errors
on aided speech recognition abilities in quiet and in noise,
differences in speech recognition for LNT-Hard in quiet

50- :
$
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o
B
|
n
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500 1000
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and CASPA in noise were compared across groups based
on the classification of their level-dependent fitting errors
(Table 3). Owing to the small number of participants in
some categories, participants were collapsed into four
groups based on the number of levels where fitting errors
>5 dB were observed: no deviations, one level >5 dB, two
levels >5 dB, or all levels >5 dB. The resulting groups did
not differ in terms of their better-ear pure-tone average
based on a between-groups analysis of variance (ANOVA)
(Fiz605) = 0.12, p = 0.947, 1%, = 0.01). Next, an ANOVA
was completed for LNT-Hard in quiet and CASPA in noise
across groups. Post hoc comparisons were completed us-
ing Dunnett’s test, where the group with no deviations
from prescriptive target served as the comparison group
for each of the other groups.

Figure 4 shows LNT-Hard by fitting-error group. For
LNT, the no-error group included 29 children, the
single-level error group included 29 children, the two-
level error group included 37 children, and the all-level
error group included 26 children. The one-way ANOVA
indicated significant differences in LNT-Hard percent-
correct scores across groups (Fi3 1171 = 3.76, p = 0.013,
nzp = 0.10). The post hoc comparison indicated that the
group with fitting errors at all input levels had 16.9%

2000 4000

Frequency (Hz)

Figure 3. The SL for an average speech input level (65 dB SPL) across frequency for each child’s better-fitted ear (the ear with the
smallest RMS error for average speech). The boxes represent the interquartile range (25th—75th percentiles), the horizontal line across
each bar represents the median and the whiskers represent the range of the 5th to 95th percentiles. Black circles represent individual data

points that fall outside of the range of the 5th to 95th percentiles.
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Table 5. Linear Regression Models for Sensation Level for Each Frequency

Predictors
Adjusted R Threshold Fitting error
500 Hz 064, p < 0.001 —0.69, p < 0.001 B = 037 p< 0001
1000 Hz 0.54, p < 0.001 ~0.60, p < 0.001 B = —0.38, p < 0.001
2000 Hz 051, p < 0.001 ~0.49, p < 0.001 B = —0.45, p < 0.001
4000 Hz 0.68, p < 0.001 ~0.63, p < 0.001 B = —0.40, p < 0.001

Note: Threshold in dB SPL and fitting error as predictors of sensation level for each frequency in the better-fitted ear for each child.

lower scores than the group without fitting errors (p =
0.004). The groups with a single-level error and two-level
errors were 9% (p = 0.169) and 6% (p = 0.491) lower on
average than the no-error group, respectively, but these
differences were not statistically significant.

Figure 5 shows CASPA scores for each group for the
poorest SNR (=5 dB). A repeated-measures ANOVA
was completed to assess differences in CASPA percent-
correct phoneme recognition in noise across groups with
SNR (-5, +10, and +20) as a within-subject factor. The
no-errors group included 27 children, the single-level
error group included 26 children, the two-level error
group included 13 children, and the all-level error group
included 17 children. The main effect of SNR was
significant (Fiy 158) = 520.9, p < 0.001, 1>, = 0.87), con-
sistent with the expected pattern of increasing perfor-
mance as SNR improved. Post hoc testing using false
discovery rate revealed that significant differences
were only observed between —5 dB and +10 dB (p =
0.002) and —5 dB and +20 dB (p < 0.001) as the aided
phoneme recognition at +10 dB and +20 dB was near
ceiling. The main effect of error group (5 791 = 0.21,p =
0.89, ~q2p = (0.008) and the interaction of error group and
SNR (Fi6 1581 = 0.9, p = 0.489, n*, = 0.03) were not sig-
nificant, indicating no significant differences in pho-
neme recognition in noise or pattern of performance
across SNR based on the error groups.

To evaluate the effects of high-frequency audibility
on speech recognition in quiet and in noise, the SL at
4 kHz was used to predict LNT-Hard monosyllabic word
recognition in quiet and CASPA phoneme recognition
in noise at the —5-dB SNR with linear regression.
The —5-dB SNR condition for CASPA was selected
for the regression analysis to avoid ceiling and floor ef-
fects, because the average performance in that condi-
tion was closest to 50% correct for each error group.
Each participant’s aided SII was included to control
for variance in speech recognition related to broadband
audibility. Sensation level at 4 kHz was included to es-
timate the additional effect of high-frequency audibil-
ity on speech recognition. For LNT-Hard recognition,
the overall model was significant (adjusted R? = 0.42,
p < 0.001). Higher aided SII (3 = 0.81, p < 0.001) and
higher 4 kHz SL (B = 0.24, p = 0.03) were associated with
higher LNT-Hard percent correct in quiet. For CASPA
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recognition, the overall model was significant (adjusted
R? = 0.21, p < 0.001). Consistent with the results
from LNT-Hard recognition in quiet, higher aided SII
(B = 0.23, p = 0.04) and higher 4 kHz SL (8 = 0.26,
p = 0.02) were associated with higher CASPA phoneme
recognition at the —5-dB SNR.

DISCUSSION

he goal of the current study was to assess the ex-

tent to which children’s HAs are fitted to provide
audibility across a range of input levels and frequencies.
In addition, the study sought to assess the impact of
level- and frequency-dependent deviations in fitting
from prescriptive target on aided speech recognition
outcomes in quiet and in noise. Hearing aid verification
and speech recognition data were collected from a large
cohort of children who wear HAs. The key findings of
the study were:

(1) Approximately 50—70% of children in the study had
an RMS error for soft speech input levels (50 dB)
that was >5 dB in at least one ear, compared with
40-65% for average speech input levels (65 dB SPL)
and 40-50% for MPO. Only 34% of children in the
study had HA fittings that were within 5 dB of pre-
scriptive targets for soft and average speech and
MPO for at least one study visit in their better-fitted
ear. Whereas size of the RMS error decreased across
visits as children got older, the percentage of chil-
dren with fitting errors >5 dB RMS error did not
change across study visits. Children with larger
RMS errors had poorer aided audibility than peers
with smaller RMS errors. Children with level-
dependent deviations from prescriptive target had
poorer word recognition in quiet than peers with fit-
tings that were in closer proximity to prescriptive
targets. Phoneme recognition in noise was not af-
fected by group differences in level-dependent pat-
terns of fitting error.

(2) Many children had limited audible bandwidth as
measured by the SL at 4 kHz as the result of devi-
ations from prescriptive target at 4 kHz and above.
Increasing degree of high-frequency hearing loss
and larger deviations from prescriptive target had
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Figure 4. Percent correct for LNT-Hard in quiet for children with RMS errors >5 dB at zero, one, two, or all input levels. The boxes
represent the interquartile range (25th—75th percentiles), the horizontal line across each bar represents the median, and the whiskers
represent the range of the 5th to 95th percentiles. Black circles represent individual data points that fall outside of the range of the 5th to

95th percentiles.

negative effects on the SL of speech at 4 kHz. Chil-
dren with limited audible bandwidth through their
HAs, because of deviations from prescriptive target
and degree of hearing loss, had poorer aided speech
recognition in quiet and in noise.

These findings represent an important extension of the
existing literature on the effects of aided audibility and de-
viations from prescriptive targets. Specifically, the results
provide a more detailed description of how HA fitting errors
for specific input levels and frequency affect perception.

Prevalence of Level- and Frequency-dependent
Deviations in Hearing Aid Fittings

Most children who wore HAs in the current study had
significant deviations from prescriptive targets for their
HA fittings. Only about one-third (34%) of children in
the study had hearing aids that were fitted within 5-
dB RMS error for soft speech, average speech, and
MPO. Some previous studies based on average speech
suggest that about half of children fitted with HAs have
deviations from prescriptive target that are =5 dB for
soft or average speech (McCreery et al, 2013) and that

those deviations for average speech input levels persist
over time (McCreery et al, 2015a). A study by Strauss
and van Dijk (2008) found that only 25% of preschool
children had HA fittings that approximated prescrip-
tive targets at three or more frequencies for average
speech. The current findings suggest that a majority
of children who wear HAs do not have HAs that are op-
timized to allow audibility for speech at soft and average
input levels. The RMS error for the fittings improved as
children progressed through the study, but the number
of children in the study with errors >5 dB did not
change across the four study visits represented in this
analysis.

The improvement in the proximity of the fittings
to prescriptive target as the study progressed could
have been related to several factors. As the cohort in-
creased in age, verification practices shifted from sim-
ulated real-ear measures in the coupler with RECD to
in situ measurements with the HA measured in the
child’s ear. This shift in verification methods could have
increased the proximity of HA fittings to target over the
course of the study. Alternatively, the improvement
in the proximity of the fitting to prescriptive targets
may have also been related to changes in audiologists’
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Figure 5. Percent correct for Computer-Assisted Speech Perception Assessment (CASPA) at a —5 dB SNR for children with RMS errors
>5 dB at zero, one, two or all input levels. The boxes represent the interquartile range (25th—75th percentiles), the horizontal line across
each bar represents the median, and the whiskers represent the range of the 5th to 95th percentiles.

verification practices during the course of the five-year
study. Although the absolute proximity of the fittings
improved over the course of the study, the percentage
of children with RMS errors >5 dB did not shift appre-
ciably. This suggests that any improvements in clini-
cians’ fitting practices over the course of the study
were insufficient to result in a clinically acceptable re-
duction in fitting errors. Furthermore, aided audibility
did not increase across study visits, suggesting that any
improvements in RMS error that occurred over the
course of the study were insufficient to improve aided
audibility for speech.

Across all study visits, 60-70% of children had devi-
ations from prescriptive target >5 dB RMS for soft
speech in at least one of their HAs. The greater likeli-
hood of clinically significant deviations from the pre-
scriptive target at soft levels than for average speech
or MPO could occur for several reasons. One potential
explanation is that clinicians who fitted the children
with HAs may not be performing probe microphone ver-
ification of the HA output beyond average speech and
MPO. Some clinicians may not be performing verifica-
tion at all or may be using methods such as aided sound
field thresholds that have been associated with larger
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deviations from prescriptive target (McCreery et al,
2013). The verification method used by the clinicians
was not evaluated for the current study, so a definitive link
between the fitting errors described here cannot be made.

The occurrence of deviations from prescriptive target
that were >5 dB RMS was lowest for MPO. Approxi-
mately 40-50% of the children in the sample had devi-
ations from prescriptive target >5 dB RMS for MPO for
at least one visit. Similar to the previous study by
Strauss and van Dijk (2008), average deviations from
prescriptive target for MPO tended to be in the direction
of fitting below prescriptive targets, potentially reflect-
ing a conservative approach to setting the MPO for chil-
dren who wear HAs or limited verification of the HA
output beyond average speech. Interestingly, children
with greater degrees of hearing loss were not more or
less likely to have fittings that approximated prescrip-
tive targets across multiple input levels than peers with
milder degrees of hearing loss. The lack of differences in
better-ear pure-tone average across error groups sug-
gests that concerns about overamplification based on
degree of hearing loss are not the only contributing fac-
tor to the level-dependent deviations from prescriptive
target.
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The frequency-specific deviations from prescriptive
target were consistent with the high prevalence of de-
viations from prescriptive target based on the RMS er-
ror. Frequency-specific deviations from prescriptive
target were highest for soft speech input levels and de-
creased as the input level increased. The magnitude of
the deviations from target also increased as frequency
increased with the most significant deviations at 4 and 6
kHz, consistent with recent data from Moodie et al (in
press). The frequency-specific deviations from prescrip-
tive target contributed to reduced SL at 500, 1000, 2000,
and 4000 Hz, even after controlling for differences in SL
related to degree of hearing loss. Children with larger
RMS error from prescriptive target had poorer audibil-
ity for speech. The increased deviations from prescrip-
tive target at higher frequencies may be related to
limited high-frequency bandwidth of HAs in some cases
(Kimlinger et al, 2015). However, the potential high-
frequency bandwidth of HAs decreases as the degree
of high-frequency hearing loss increases, and the devi-
ation from prescriptive target had an additional influ-
ence on the SL at 4 kHz after controlling for the
high-frequency threshold. This suggests that the audi-
bility of speech could have potentially been further op-
timized at higher frequencies for some of the children in
the study.

The high prevalence of level- and frequency-dependent
deviations from prescriptive target observed in this
sample has important clinical implications because of
the potential to limit the benefit children received from
their HAs. Prescriptive targets provide clinicians with a
method of optimizing audibility for speech across a
range of frequencies and input levels (Scollie et al,
2005). Poor aided audibility has been observed for chil-
dren with larger deviations from prescriptive targets
compared with peers with HAs fitted in closer proximity
to prescriptive target (McCreery et al, 2013). These re-
sults suggest that further work needs to be done to im-
plement protocols and procedures to ensure that HA
verification is completed for a wide range of input levels.
A recent study using data from the Ontario Infant
Hearing Program (Moodie et al, in press) reported much
smaller deviations from prescriptive target and better
aided audibility than have been reported from the current
cohort. The sample from the current study was collected
from a wide range of localities in 17 states in the United
States, where implementation of recommended fitting
and verification protocols may be varied. The Ontario data
were collected through the provincial health program
where verification protocols and quality improvement
programs are consistently used to improve the fitting
practices of audiologists who serve infants and young
children (Bagatto et al, 2010). This contrast between
studies suggests that better fitting outcomes may be
possible with the appropriate monitoring and support
mechanisms.

Hearing Aid Prescription in Children/McCreery et al

As highlighted in another work by Moodie et al
(2011), the existence of clinical practice guidelines that
dictate best practices for pediatric HA verification is in-
sufficient to encourage the implementation of these
practices among practitioners. Alternatively, a system-
atic approach to knowledge translation may be more ef-
fective. Barriers to implementation of HA verification
practices are likely to exist at multiple levels, including
the clinical practice guideline, practitioner, workplace,
and broader health system. A contextualized approach
to integrating research findings related to pediatric HA
outcomes may help to address these barriers more effec-
tively than hierarchical models that simply mandate
best practices through guidelines.

Effects of Level- and Frequency-dependent
Deviations from Prescriptive Target on Aided
Speech Recognition

A key prediction of the study was that level- and
frequency-dependent deviations from prescriptive tar-
get would have a negative effect on aided speech recog-
nition in quiet and in noise for children who wear HAs.
This prediction was partially supported. Children were
grouped based on varying degrees of level-dependent
deviations from prescriptive target. Degree of hearing
loss was not different between the resulting groups.
For word recognition in quiet, children with deviations
at soft and average speech inputs and MPO had poorer
recognition than children with no significant deviations
from target at any levels. Children with fittings that
had =5 dB RMS errors for one or two levels were lower
than the children without errors, but those differences
were not statistically significant. For CASPA phoneme
recognition in noise, there were no significant differ-
ences between groups based on the level-dependent dif-
ferences in the deviations from prescriptive targets,
which ran counter to the predictions of the study.

The discrepancy between results for error groups for
speech in quiet and speech in noise could be explained
by several factors. For speech in noise, reductions in au-
dibility for soft input levels may not have led to addi-
tional decrements in performance because the speech
cues at those levels were masked by the background
noise. Therefore, the reduction in audibility for soft in-
put levels might only be important when those cues are
available to the listener as they are in quiet. In addition,
whereas most of the deviations from prescriptive target
were negative and of reduced audibility, the RMS error
does not indicate whether the overall deviation from
prescriptive target is positive or negative. As a result,
some of the children in the error categories might have
had greater audibility than the peers with more limited
errors. The exact effect of overfitting is difficult to ascer-
tain. For example, overfitting could have not only
resulted in improved audibility but also increased
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distortion (Ching et al, 1998) or updward spread of
masking (Scollie et al, 2005). In these ways, overfitting
might have increased the variability of speech recogni-
tion performance in the groups with different configu-
rations of fitting errors.

For frequency-specific errors, however, the negative
effects of deviation from prescriptive target were more
apparent. The SL of the long-term average speech spec-
trum at 4 kHz was used as a predictor of word recogni-
tion in quiet and phoneme recognition in noise while
controlling for differences in aided audibility. Children
with higher aided audibility for average speech had
higher word recognition in quiet and phoneme recogni-
tion in noise, as expected. In addition, children with
higher SLs at 4 kHz also had higher speech recognition
in quiet and in noise than peers with lower SLs at 4 kHz,
even after considering the influence of broadband audi-
bility from the SII. This suggests that the reduction in
audibility at 4 kHz from prescriptive target was signif-
icant enough to affect speech recognition in quiet and
in background noise for children who wear HAs. This
finding is consistent with earlier studies of speech per-
ception (Stelmachowicz et al, 2001), phonological devel-
opment (Moeller et al, 2007), word learning (Pittman,
2009), and morphosyntactic development (Koehlinger
et al, 2015) that suggests that children with hearing loss
who experience limited high-frequency bandwidth from
their hearing aids may have delays in these domains.
In some cases, frequency-dependent deviations from
prescriptive target were present in children with overall
RMS errors <5 dB, which highlights the importance of
ensuring audibility at higher frequencies, even if the over-
all audibility meets the 5-dB RMS error criterion.

Limitations and Future Directions

This study was a longitudinal analysis of HA verifi-
cation and aided speech recognition data from a large
cohort of children, but is not without several notable
limitations. Given the effects of frequency lowering
on HA output, children with nonlinear frequency com-
pression or other frequency lowering signal processing
in their HAs were not included in this analysis despite
the fact that this represents an increasing portion of the
population of children who wear HAs. Although the
study included data from more than 160 children
who wore HAs, the numbers of children who contrib-
uted data for both verification data and speech recogni-
tion was considerably smaller. Larger samples may be
needed to more accurately assess the impacts of specific
level-dependent fitting-error patterns on speech recog-
nition. Future studies may attempt to determine if the
speech recognition deficits observed in this cohort ex-
tend to more distal outcomes in children with hearing
loss, including language, academic, and cognitive do-
mains.
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CONCLUSIONS

his study examined the prevalence and impact of de-

viations from prescriptive targets for children who
wear HAs. A majority of children in the study had signif-
icant deviations from prescriptive target, which were more
prevalent for lower input levels and in the high frequen-
cies. Children with deviations from prescriptive target
across multiple input levels and at 4 kHz had poorer speech
recognition in quiet and in noise than children with HAs
fitted closer to prescriptive targets. These data support
HA verification protocols that ensure the audibility of
speech is quantified across a range of input levels and fre-
quencies that will support speech recognition and other
communication outcomes in children with hearing loss.
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